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Preface 
 

This volume consists of 17 short review articles, originally submitted to the Editor under 
the theme of “Muscle Cell”. Muscles are classified into three types, skeletal, cardiac and 
smooth muscles, according to their structure and function. In vertebrate animals 
including humans, skeletal muscle produces body movement, cardiac muscle is 
responsible for the heart function as a pump, and smooth muscle is distributed among 
various visceral organs and blood vessels to keep the animals alive. In all kinds of muscle, 
mechanical activity results from relative sliding of actin and myosin filaments coupled 
with ATP hydrolysis, though the mechanism of the myofilament sliding still remains to 
be a matter for debate and speculation. On the other hand, the mechanical activity of 
muscle is controlled by changes in the intracellular concentration of free Ca2+ ions. In 
skeletal muscle, contraction is initiated by the release of Ca2+ ions from the intracellular 
membranous structure, sarcoplasmic reticulum, while in cardiac muscle contraction is 
mainly coupled with influx of Ca2+ ions from the extracellular space. In smooth muscles, 
the origin of Ca2+ ions activating contraction, i.e. activator Ca2+, is variable and is not yet 
fully understood, reflecting the complex structure of smooth muscle tissues. Fifty years 
ago, smooth muscles were sometimes called “headache muscle” because of extreme 
technical difficulties in studying their function. As the readers will become aware, 
considerable progress has now been achieved on the research field of smooth muscle cells 
and tissues, and smooth muscles are no longer “headache muscle”. 

For the sake of convenience for general readers, the book is divided into three parts 
according to the subjects of articles. Part I includes articles dealing with basic aspects of 
function of skeletal and smooth muscle cells, and also melanocytes which have many 
properties common to those of smooth muscles. Part II contains articles dealing with 
pathological aspects of cardiac and smooth muscle cell functions, while Part III consists 
of articles concerning factors influencing structure and function of cardiac and smooth 
muscle cells and tissues. 

The Editor believes that these articles are extremely stimulating and informative for 
the readers who are interested not only in the basic mechanisms of muscle cell 
function, but also in the pathological and clinical aspects of muscle cells and tissues. 

 
Dr. Haruo Sugi 

Emeritus Professor, Teikyo University,  
Japan 
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The Gas Environmental Chamber  
as a Powerful Tool to Study  
Structural Changes of Living Muscle  
Thick Filaments Coupled with ATP Hydrolysis 

Haruo Sugi, Hiroki Minoda, Takuya Miyakawa,  
Suguru Tanokura, Shigeru Chaen and Takakazu Kobayashi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/39199 

1. Introduction 

The gas environmental chamber (or the hydration chamber) has been developed to observe 
chemical reactions in water solutions under high magnifications with an electron micro-
scope (for an extensive review, see Buttler & Hale, 1981). The gas environmental chamber 
(EC) has been widely used for in situ observation of inorganic substances in the field of 
materials science. Fig.1 shows two different types of the EC. One is film-sealed EC, which is 
insulated from high vacuum of electron microscope with sealing film at is upper and lower 
windows to pass electron beam (Fig.1A). Water vapor (water gas) is constantly circulated 
through the EC to keep the specimen in hydrated state. The other is aperture-limited EC, 
which has apertures to pass electron beam without any sealing film. Water gas is constantly 
injected into the EC, and sucked out of the EC to keep the specimen in hydrated state 
(Fig.1B). 

In the research field of medical and biological sciences, it was a dream of investigators to 
observe living microorganisms moving under an electron microscope with high magnifica-
tions. In order to realize this dream, a number of attempts have hitherto been made to ob-
serve living microorganisms by means of the EC attached to an electron microscope. Such 
attempts have been, however, found to be unsuccessful because the function of living mi-
croorganisms are readily impaired by electron beam irradiation. On the other hand, the 
function of biological macromolecules, such as proteins and lipids, are expected to be much 
more resistant against electron beam irradiation. The experiments to be described in this 
chapter were started to ascertain whether the EC was useful in studying dynamic structural 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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changes of biological macromolecules related to their function. After many considerations, 
we decided to study molecular mechanism of muscle contraction using the EC, which was 
designed and constructed to be suitable for physiological experiments to investigate dynam-
ic structural changes of hydrated muscle myosin filaments coupled with ATP hydrolysis.  
 

 
Figure 1. Two types of the EC. (A) Film-sealed EC. (B) Aperture-limited EC. (Fukushima, 1988) 

As explained in detail in the following sections, the greatest mystery concerning the 
mechanism of muscle contraction is how the myosin heads extending from myosin 
filaments convert chemical energy derived from ATP hydrolysis into mechanical work 
producing force and motion in muscle. Despite extensive studies, the movement of the 
myosin heads still remains as a matter of debate and speculation. The reason for the present 
situation in the field of muscle research arises from the fact that the myosin head movement 
has been determined only indirectly. The most straightforward way to record the myosin 
head movement is to observe the myosin head movement in hydrated myosin filaments, 
which retain their physiological function. In the early 1980’s, we had an opportunity to meet 
Professor Fukami in Nihon University, who succeeded in preparing the carbon sealing film 
for the film-sealed EC at that time and was looking for coworkers to study physiological 
function of biological tissues. 
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We started to work with Fukami’s group using the EC, manufactured by the Japan Electron 
Optics Laboratory (JEOL, Ltd, Co., together with the carbon sealing film developed in 
Fukami’s laboratory. After the period of trials and errors, encompassed over ten years, we 
succeeded in recording the ATP-induced myosin head movement in hydrated myosin 
filaments with a number of unexpected findings, which are described in this chapter. 

2. The gas environmental chamber (EC) 

Fig.2 is a schematic diagram of the film-sealed gas environmental chamber (EC). The EC 
consists of a metal compartment (diameter, 3.5mm; depth, 0.8mm) with upper and lower 
window frames (copper grids) to pass electron beam. Each window frame has nine 
apertures, each having a diameter of 0.1mm. The specimen is placed on the surface of lower 
sealing film, and covered by a thin layer of experimental solution by constantly circulating 
water vapor through the EC. To obtain clear specimen images, the internal pressure of the 
EC is made 60―80 Torr. The flow rate of water vapor is adjusted to 0.1―0.2l/min, so that 
thin layer of experimental solution covering the specimen is in equilibrium with the vapor 
pressure in the EC (Fukushima et al.,1985; Fukami et al.,1991). The EC was attached to a 
200kV transmission electron microscope (JEM 2000EX, JEOL). (Sugi et al.,1997). 

 
Figure 2. Diagram of the film-sealed EC. The upper and lower windows (copper grids with nine aper-
tures) are covered with carbon sealing films held on copper grids. The EC contains an ATP-containing 
electrode to apply ATP to the specimen iontophoretically. The image of the specimen is recorded with 
the imaging plate (IP) (Sugi et al. , 1997). 
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3. Carbon sealing film 

The most important element of the film-sealed EC is the carbon sealing film developed in 
Fukami’s laboratory. In principle, both spatial resolution and contrast of electron 
micrographs taken by the EC increases with decreasing thickness of the sealing film. 
Preliminary experiments made in Fukami’s laboratory indicated that, to obtain a spatial 
resolution < 1 nm, thickness of the sealing film should be 15―20nm. Meanwhile, resistivity 
of a sealing film against pressure difference decreases sharply with increasing its area; the 
thickness of a sealing film covering a circular aperture of 50μm diameter should be ~100nm 
to bear a practical pressure difference. 

 
Figure 3. Photomicrographs of plastic microgrides with holes of small diameters (A), with holes of 
nonuniform diameters (B), and with holes of fairly uniform diameters (5―8nm)(C). (Fikushima, 1988). 

As it is practically difficult to a hole < 50μm into metal wall of the EC, Fukami & Adachi 
(1965) plastic microgrids made from high-molecular organic compound (cellulose 
acetobutylate). Examples of microgrids are shown in Fig. 3. Microgrids with small (A) or 
nonuniform holes (B) were unsuitable, while microgrids with fairly uniform holes of 5―
8nm diameters (C) were suitable for electron microscopic observation of the specimen.  

Fig. 4 illustrates steps to prepare carbon sealing film by covering the microgrid with a thin 
layer of carbon film (thickness, ~20nm). First, plastic microgrids prepared on a glass slide is 
put onto water surface (a), where the microgrids ( having trapezoidal cross-section) are 
floating with longer side dounwards (b). The position of the microgrids are inverted by 
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means of triacetylcellurose (TAC) membrane, and again put oto water surface (c,d). The 
inverted microgrids are then placed on a mica surface, and exposed to evaporated carbon 
gas so that the grids are coated with thin carbon layer (e,f). The carbon sealing film prepared 
on a mica surface are cut into rectangular pieces of appropriate size, and put onto water 
surface (g,h,i). Finally, pieces of the carbon insulating film is placed onto the copper grid, in 
such a way that each piece of the insulating film covers nine apertures of copper grid (k). 

 
Figure 4. Diagram showing steps to prepare carbon insulating film supported by copper microgrids 
(Fukushima,1988). For explanation, see text...  

The carbon insulating film prepared by the above method well resisted against pressure 
difference up to 1 atm (Fukushima, 1981). 
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4. Determination of the critical electron dose to impair function of 
contractile proteins 

Although biological specimens mounted in the EC can be kept in living, hydrated state ,their 
function is gradually impaired by electron beam irradiation, thus giving a serious limitation 
in the use of the EC for physiological experiments. Therefore, the critical incident electron 
dose to impair physiological function of contractile proteins in muscle was determined in by 
Suda et al. (1992). They observed muscle myofibrils, consisting of hexagonal array of actin 
and myosin filaments, in the EC (magnification, 2500X), and activated them with ATP. 

 
Figure 5. Relation between the total incident electron dose and the survival rate of muscle myofibrils, 
expressed as percentage of myofibrils contracted in response to ATP in the microscopic field (Suda et 
al.,1992). Note that contraction of myofibrils in response to ATP disappears when the electron dose 
exceeds 5 x 10-4C/cm2. 

The results are summarized in Fig.5. When the total incident electron dose was < 5 x 10-

4C/cm2, all the myofibrils in the electron microscopic field contracted in response to ATP. If, 
however, the total incident electron dose was further increased, the ATP-induced myofibril 
contraction disappeared in a nearly all-or-none manner, though the myofibrils showed no 
appreciable changes in appearance. 

The critical electron dose to impair physiological function of contractile proteins was con-
firmed by us with respect to both the ATP-induced myosin head movement and the ATPase 
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activity of hydrated myosin filaments mounted in the EC. Based on these results, electron 
microscopic observation and recording of the specimen was made with a total incident elec-
tron dose < 10-4C/cm2, being well below the critical dose to impair function of contractile 
proteins. In order to fulfill this condition, the specimen in the EC had to be observed with 
extremely weak electron beam intensities (at the fluorescent screen) < 5 x 10-13A/cm2. There-
fore, observation and focusing of the specimen required enormous skill and patience. The 
electron beam intensity through the specimen under a magnification of 10,000x was 5 x 10-

13x (10,000)2 = 5 x 10-5A/cm2. Immediately after the focusing of the specimen, electron beam 
was stopped until the time of recording. 

5. Background of experiments with the EC 

Before describing our experimental results, it seems necessary to give a brief overview of the 
experimental work to investigate mechanism of muscle contraction. In the middle1950s, 
H.E. Huxley & Hanson (1954) made a monumental discovery that a skeletal muscle consists 
of hexagonal lattice of actin and myosin filaments, and that muscle contraction results from 
relative sliding between actin and myosin filaments (Fig. 6).  

 
Figure 6. Electron micrographs of longitudinal thin section of rabbi psoas muscle myofibrils (H.E. 
Huxley, 1957). 

Considerable progress has been made with respect to the structure and function of actin and 
myosin filaments after the discovery of sliding filament mechanism in muscle contraction. 
As shown in Fig.7A, a myosin molecule is divided into two parts; (1) a long rod called light 
meromyosin (LMM) and (2) the rest of myosin molecule consisting of a short rod (S2) and 
two heads (S1) is called heavy meromyosin (HMM). In myosin filaments (or thick fila-
ments), LMM aggregates to form filament backbone, which is polarized in opposite direc-
tions on either side of the central part. 

While the S1 heads extend laterally from the filament backbone with an axial interval of 
14.3nm (Fig.7B). The central part of myosin filament is called the bare region (or bare zone), 
where the projection of myosin head is absent. 
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Figure 7. Ultrastructure of myosin (thick) and actin (thin) filaments and their arrangement within a 
sarcomere. (A) Diagram of a myosin molecule. (B) Arrangement of myosin molecules to form a myosin 
filament. (C) Arrangement of actin monomers (G-actin) in an actin filament. (D) Longitudinal arrange-
ment of actin and myosin filaments within a sarcomere. Note that the half sarcomere is the structural 
and functional unit of muscle (Sugi, 1992).  

On the other hand, actin filaments consist primarily of two helical strands of globular actin 
monomers (G-actin) , which are wound around each other with a pitch of 35.5nm. The axial 
separation of actin monomers in actin filaments is 5.46nm (Fig.7C). In vertebrate skeletal 
muscle, actin filaments contain tropomyosin and troponin.  

As shown in Fig.7D, actin filaments extend from the Z-line to penetrate in between myosin 
filaments, which are located centrally in each sarcomere. Within a sarcomere, the region 
containing only actin filaments is called the I-band, whereas the region containing myosin 
filaments and part of actin filaments is called the A-band. It has been confirmed by a num-
ber of experimental methods (H.E. Huxley & Hanson,1954; Page & Huxley,1963; Wray & 
Holmes,1981) that the filament lengths remain constant irrespective of whether a muscle 
shortens or being stretched. Therefore, the central problem in understanding the molecular 
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mechanism of muscle contraction is: what makes actin and myosin filaments slide past each 
other? Since both actin binding site and ATPase activity are localized in the S1 heads of 
myosin molecule, it is generally believed that the S1 heads, extending from myosin filament 
backbone towards actin filaments, play a key role in converting chemical energy of ATP 
hydrolysis into mechanical work producing force and motion in muscle. 

 
Figure 8. Diagrams showing hypothetical attachment-detachment cycle between the myosin S1 head 
extending from myosin filament and the sites on actin filament. The myosin head first attaches to actin 
filament (top diagram), changes its configuration to move actin filament to the right (middle diagram), 
and then detach from actin filament (bottom diagram). Axial spacing of the myosin heads on myosin 
filament differs from that of the sites on actin filament, so that the attachment-detachment cycle takes 
place asynchronously (H.E. Huxley,1969). 

Fig.8 illustrates hypothetical attachment-detachment cycle between the S1 heads and the 
corresponding sites on actin filaments. Extensive studies have been made to prove confor-
mational changes (or movement) of the myosin heads coupled with ATP during muscle 
contraction. Although experimental methods used include muscle mechanics, time-resolved 
X-ray diffraction, chemical probes attached to myosin heads, electron microscopy of quick 
frozen muscle fibers, and nucleotide-dependent changes of myosin head crystals, no clear 
conclusion has been obtained (Cooke,1986; Hibbard & Trentham,1986, Geeves & Holmes, 
1999, A.F. Huxley,1998).  

Thus, the myosin head movement coupled with ATP hydrolysis in muscle still remains to be 
a matter for debate and speculation. The difficulties in this research field seem to arise from 
the fact that numerous myosin heads undergo conformational changes asynchronously, so 
that experimental data are statistical to obscure behavior of individual myosin heads. Since 
the most straightforward way to study conformational changes in individual myosin heads 
electron microscopically, we attempted to record ATP-induced movement of individual 
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myosin head in using the EC, enabling us to keep myofilaments in hydrated, living state. 
As described later, the EC has been proved to be extremely powerful tool in visualizing the 
behavior of individual myosin heads under the electron microscope with high magnifica-
tions. 

6. Experimental methods 

In order to achieve the purpose to record movements of myosin head in hydrated myosin 
filaments, the following problems in experimental technique had to be solved: (1) how to 
record images of the specimen with extremely weak electron beam intensities, (2) how to 
position-mark myosin heads without specimen staining used for conventional electron 
microscopy; and (3) how to apply ATP to the specimen without changing its position in the 
electron microscopic field. We solved these problems in the following ways. 

6.1. Recording of specimen image 

Based on the critical electron dose to impair function of contractile proteins (Fig.5), experi-
ments were performed under electron microscopic magnification of 10,000x, and the speci-
men images were recorded on an imaging plate (IP) system (PIX system, JEOL). The IP is 
10.2 x 7.7cm in size, and has a sensitivity ~60times that of X-ray film. The exposure time was 
0.18s with an electron beam intensity of 1―2 x 10-12A/cm2. The number of pixels in the IP is 
~12,000,000 to give a special resolution mdose, recording of the specimen image can only be 
repeated at most 4times. The IP system was developed by Fuji Photofilm Co., and is now 
used worldwide not noly for transmission electron microscope, but for other purposes like 
time-resolved X-ray diffraction. 

6.2. Preparation of synthetic bipolar myosin filaments and position marking of 
myosin heads 

We decided to use synthetic thick filaments, consisting of myosin-myosin rode mixture, 
prepared from rabbi psoas muscle. Myosin was prepared by the method of Perry (1955), 
while myosin rod was obtained by chymotryptic digestion of myosin by the method of 
Margossian & Lowey (1982). Myosin and myosin rod were mixed at a molar ratio of 1:1, and 
were slowly polymerized by dialysis against a solution of low ionic strength (KCl 
concentration, 120mM) to bipolar myosin filaments (1.5―3μm in length, and 50―200nm in 
diameter at the center) suitable for our experiments. As shown in Fig. 9, the synthetic 
filaments are spindle-shaped, and their polarity is reversed across their central region, as 
judged from the direction of extension of rod part of HMM (myosin S2) from the filaments. 
Though the myosin S1 heads are lost from the filaments, probably due to fixation and 
staining procedures, this indicates that the synthetic filaments are bipolar in structure, being 
similar to native myosin filaments in muscle.  

To position-mark individual myosin heads in the hydrated myosin filaments without stain-
ing procedures, colloidal gold particles (diameter, 20nm; coated with protein A; EY labora-
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tories) were attached to the myosin heads, using a site directed antibody (IgG) to the junc-
tional peptide between 50- and 20-kDa segments of myosin heavy chain (Sutoh et al.,1989). 
The antibody attaches to only one of the two myosin heads near its distal end facing actin 
filaments. Technical details to position-mark individual myosin heads have been described 
elsewhere (Sugi et al., 1997). It was essential to position-mark myosin heads sparsely, so that 
each gold particle was reasonably separated from neighboring particles. 

 
Figure 9. Conventional electron micrograph of synthetic bipolar myosin filaments. Note that the direc-
tion of extension of rod part of HMM (myosin subfragment 2) from the filaments is reversed across their 
central region 

6.3. Application of ATP to the specimen 

To apply ATP to the specimen without causing its displacement, we used conventional glass 
capillary microelectrodes containing 100mM ATP (see Fig.2). By passing current pulses 
through the electrode, negatively charged ATP ions are moved out of the electrode. The 
iontophoretically released ATP ions from the electrode reach to the specimen by diffusion in 
the experimental solution covering the specimen. Normally, a rectangular current pulse 
(intensity, 10nA; duration, 1s) from an electronic stimulator was applied to the electrode 
through a current clamp circuit (Oiwa et al.,1993). Total amount of ATP released from the 
microelectrode was estimated to be ~10―14mol (Oiwa et al.,1991). The time required for the 
released ATP to reach the specimen by diffusion was estimated to be <30s by video record-
ing 

ATP-induced shortening of myofibrils in the EC under a light microscope. Hexokinase 
(50units/ml) and D-glucose (2mM) were added to the experimental solution to eliminate 
contamination of ATP (Oiwa et al.,1991). In some experiments, ADP was also applied to the 
specimen with similar method. 
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6.4. Data analysis 

Under an electron microscopic magnification of 10,000x, the pixel size on the IP is 2.5 x 
2.5nm. In our experimental condition, the number of electrons reaching each pixel is esti-
mated to be at most 7―8. Each IP record of the specimen was divided into a number of 
subframes, and each subframe was observed on the monitor screen of electron microscope. 
Due to electron statistics, the shape of gold particle images was variable. Particles with near-
ly circular shape were selected to be used for analysis, after an appropriate binning proce-
dure, i.e. the procedure to determine each particle configuration consisting of particles with 
electron counts above a certain level. Particle shapes were not markedly altered by the level 
of binning. 

Then, the center of mass position of each selected gold particle was determined with an 
image processor (Nexus Qube System, Nexsus) in the early experiments, and with an ordi-
nary personal computer in the late experiments. The center of mass position was obtained as 
the coordinates (two significant figures) within a single pixel where the center of mass posi-
tion was located, and the coordinates, representing the position of the particle, were also 
taken to represent the position of the myosin head. The position of the myosin head, deter-
mined by the above method, was compared between the two IP records. The absolute coor-
dinates common to the two IP records were obtained from the position of natural markers, 
i.e. bright spots on the carbon sealing film. When the center of mass position was different 
between the two IP records, the distance (D) between the two center of mass positions (with 
the coordinates X1 and Y1 and X2 and Y2, respectively) was calculated as D = √(X1―X2)2 

+(Y1－Y2)２, and this value was taken as the amplitude of myosin head movement. 

7. Experimental results and their interpretation 

Prior to the experiments to be described in the following sections,we first made experiments 
with the EC using myosin-paramyosin hybrid filaments, in which rabbit skeletal muscle 
myosin was bound around the surface of long and thick paramyosin filaments obtained 
from molluscan somatic smooth muscle, because this hybrid filaments were very easy to 
handle experimentally. Although we established our experimental methods already de-
scribed in the preceding sections during the course of experiments, and succeeded in record-
ing the ATP-induced myosin head movement (Sugi et al.,1997), we do not mention the re-
sults obtained on this hybrid filaments because (1) the space available for this chapter is 
limited, and (2) the results obtained from the unusual material may not attract attention of 
general readers.  

7.1. Stability of myosin head position in the absence of ATP 

Fig.10 shows examples of spindle-shaped bipolar myosin filaments with a number of gold 
particles bound to individual myosin heads. The particle image consisted of 20―50 dark 
pixels with a wide range of gradation, reflecting electron statistics. We first examined 
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whether the particle position, representing the myosin head position, was stable or changed 
with time in the absence of ATP, by comparing the center of mass position of the same parti-
cle between the two IP records of the same filament, taken at an interval of 5―10min, and 
then the two IP records were superimposed to detect differences in particle position. 

 
Figure 10.  (a and b) Examples of IP records of single bipolar myosin filaments with a number of gold 
particles attached to individual myosin heads. (c) Enlarged view of myosin filament shown in (a) (Sugi 
et al.,2008).  

An example of superimposed tracings of the two IP records is presented in Fig. 11a, in 
which open and filled circles of 20nm diameter are drawn around the center of mass posi-
tion of particles in the first and the second records, respectively. It was found that filled 
circles in the second record are almost completely covered by open circles in the first record. 
This indicates that (1) the filament stick firmly to the surface of carbon sealing film, and that 
(2) the position of individual myosin heads on the filament remain almost unchanged with 
time. Fig.11b is a histogram showing distribution of the distance between the center of mass 
positions of particles in the first and the second records. Among 120 particles on three dif-
ferent pairs of IP records, 93 particles exhibited no significant changes in position (D < 
2.5nm), while the rest 27 particles showed only small position changes (2.5nm < D > 5nm). 

The stability in position of both the filament and the myosin heads in the absence of ATP pro-
vided an extremely favorable condition for recording the myosin head movement in response 
to applied ATP. Although individual myosin heads are believed to continue thermal fluctua-
tion, their mean position, time-averaged over the exposure time of IP recording (0.18s), re-
mains almost unchanged with time. Since the same stability of myosin heads has also been 
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handle experimentally. Although we established our experimental methods already de-
scribed in the preceding sections during the course of experiments, and succeeded in record-
ing the ATP-induced myosin head movement (Sugi et al.,1997), we do not mention the re-
sults obtained on this hybrid filaments because (1) the space available for this chapter is 
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general readers.  

7.1. Stability of myosin head position in the absence of ATP 
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particles bound to individual myosin heads. The particle image consisted of 20―50 dark 
pixels with a wide range of gradation, reflecting electron statistics. We first examined 
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whether the particle position, representing the myosin head position, was stable or changed 
with time in the absence of ATP, by comparing the center of mass position of the same parti-
cle between the two IP records of the same filament, taken at an interval of 5―10min, and 
then the two IP records were superimposed to detect differences in particle position. 

 
Figure 10.  (a and b) Examples of IP records of single bipolar myosin filaments with a number of gold 
particles attached to individual myosin heads. (c) Enlarged view of myosin filament shown in (a) (Sugi 
et al.,2008).  

An example of superimposed tracings of the two IP records is presented in Fig. 11a, in 
which open and filled circles of 20nm diameter are drawn around the center of mass posi-
tion of particles in the first and the second records, respectively. It was found that filled 
circles in the second record are almost completely covered by open circles in the first record. 
This indicates that (1) the filament stick firmly to the surface of carbon sealing film, and that 
(2) the position of individual myosin heads on the filament remain almost unchanged with 
time. Fig.11b is a histogram showing distribution of the distance between the center of mass 
positions of particles in the first and the second records. Among 120 particles on three dif-
ferent pairs of IP records, 93 particles exhibited no significant changes in position (D < 
2.5nm), while the rest 27 particles showed only small position changes (2.5nm < D > 5nm). 

The stability in position of both the filament and the myosin heads in the absence of ATP pro-
vided an extremely favorable condition for recording the myosin head movement in response 
to applied ATP. Although individual myosin heads are believed to continue thermal fluctua-
tion, their mean position, time-averaged over the exposure time of IP recording (0.18s), re-
mains almost unchanged with time. Since the same stability of myosin heads has also been 
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observed in the hybrid filaments (Sugi et al.,1997), the stability in time-averaged myosin head 
mean position seems to be common to myosin heads extending from myosin filament in all 
kinds of muscle, and is consistent with the contraction model of A.F. Huxley, in which each 
myosin head fluctuates around a definite equilibrium position (A.F. Huxley, 1957). 

 
Figure 11. Stability of time-averaged myosin head position in the absence of ATP. (a) Comparison of 
the myosin head position between the two IP records of the same filament. Open and filled circles 
(diameter, 20nm) are drawn around the center of mass position of each particle in the first and the 
second IP records, respectively. In this and subsequent figures, broken lines indicate contour of the 
filament. Note that filled circles are barely visible because of almost complete overlap of open circles 
over filled circles. (b) Histogram showing distribution of distance between the center of mass positions 
of particles in the first and the second IP records (Sugi et al.,2008). Note also that, in Figs. 11 and 12, the 
term, cross-bridge, is used instead of the term, myosin heads. 

7.2. ATP-induced myosin head movement 

On the basis of the stability of time-averaged myosin head mean position with time, we 
explored myosin head movement in response to iontophoretically applied ATP, by 
comparing two IP records of the same filament, one taken 3―4min before while the other 
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taken 40―60s after ATP application. Since it was not easy to focus part of myosin filament 
including the bare region (see Fig.7B) within the critical electron dose to impair function of 
myosin molecules, we first examined ATP-induced myosin head movement at one side of 
the bare region.  

After ATP application, the position of individual myosin heads on the filament was found to 
move in one direction nearly parallel to the filament long axis, as shown in Fig. 12a (Sugi et 
al.,2008). Fig. 12b is a histogram showing distribution of the amplitude of ATP-induced 
myosin head movement, constructed from 1,285 measurements on 8 different pairs of IP 
records obtained from 8 different myosin filaments. The histogram exhibited a peak at 5―
7nm, and the average amplitude of myosin head movement was 6.5±3.7nm (mean±SD, 
(n=1,210). 

 
Figure 12. ATP-induced myosin head movement. (a) Comparison of the myosin head position between 
the two IP records. Open and filled circles (diameter, 20nm) are drawn around the center of mass posi-
tions of the same particles before and after ATP application, respectively. 

(Inset) an example of superimposed IP records showing the change in position of the same 
particle, before (red) and after (blue) ATP application. (b) Histogram showing distribution 
of the amplitude of ATP-induced myosin head movement, determined from changes in the 
center of mass position of each particle (Sugi et al.,2008). 
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In our experimental condition, gold particles located on both upper and lower side of the 
filaments were equally in focus in the microscopic field. The myosin heads on the filament 
upper side may move freely in response to ATP, while the movement of myosin heads on 
the lower side of the filament may be largely or completely inhibited due to firm attachment 
of the filament to the carbon sealing film. If this explanation is correct, the mean amplitude 
of ATP-induced movement of myosin heads that can move freely would be > 7.5nm. As has 
been the case in the previous study (Sugi, 1997), the ATP-induced myosin head movement 
was eliminated by treatment with N-ethylmaleimide, indicating that the myosin head 
movement is associated with its reaction with ATP. 

 
Figure 13. Examples of IP records showing the ATP-induced myosin head movement at both sides of 
the myosin filament bare region, across which the myosin head polarity is reversed. Open and filled 
circles (diameter, 20nm) are drawn around the center of mass positions of the same particles before and 
after ATP application, respectively. Note that the myosin heads move away from the bare region, indi-
cated by vertical broken lines (Sugi et al., 2008). 

7.3. Direct demonstration of myosin head recovery stroke 

After enormous painstaking efforts, we finally succeeded in recording the ATP-induced 
myosin head movement at both sides of the myosin filament bare region, across which the 
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myosin head polarity was reversed (see Figs. 7 and 9). It was found that, on application of 
ATP, myosin heads moved away from the bare region. Typical examples of IP records 
showing the reversal in the direction of myosin head movement are presented in Fig. 13.  

Fig. 14 is a diagram illustrating generally accepted view on the attachment-detachment cycle 
between the myosin head (M) extending from myosin filament and actin monomer (A) in 
actin filament, based on biochemical studies on the kinetics of actomyosin ATPase reaction 
in water solution (Lymn & Taylor, 1971). M in the form of complex, M・ADP・Pi, attaches 
to A (A), and exerts a power stroke, associated with release of Pi and ADP (from A to B). 
After the end of power stroke, M remains attached to A, taking its post-power stroke 
configuration (B). Upon binding with ATP, M detaches from A, and exerts a recovery stroke, 
associated with reaction, M・ATP → M・ADP・Pi (from C to D). Then M・ADP・Pi again 
attaches to A (from D to A) and the cycle is repeated. 

Though our experimental system does not contain actin filaments, it seems likely that 
myosin heads before ATP application may take configurations analogous to those at the end 
of power stroke (B in Fig. 14), and in response to applied ATP, they bind with ATP to form 
complex M・ADP・Pi, which is known to have average lifetime > 10s due to its slow Pi 
release (Lymn & Taylor,1971). Therefore, majority of myosin heads in the IP record, taken 
after ATP application, may be in the state of M・ADP・Pi, suggesting that the ATP-induced 
myosin head movement, recorded in our EC experiments, is coupled with reaction, M + ATP 
→ M・ADP・Pi, and therefore may correspond to the recovery stroke (C to D, in the 
diagram of Fig. 14.  

 
Figure 14. Diagram of the attachment-detachment cycle between myosin head (M) extending from 
myosin filament and actin monomer (A) in actin filament, based on biochemical studies on actomyosin 
ATPase reactions. For further explanations, see text. (Sugi et al.,2008). 
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In order that myosin heads in muscle repeat attachment-detachment cycles with actin 
filaments, the recovery stroke should be the same in amplitude as, but opposite in direction 
to, the power stroke, in which myosin heads should move towards the bare region of 
myosin filament. As a matter of fact, myosin heads that had moved away from the filament 
bare region, were found to return to their initial position after exhaustion of applied ATP 
with hexokinase and D-glucose serving as ATP scavenger. 

Fig. 15 illustrates 9 examples of superimposed IP records, each record showing sequential 
changes in location of the pixels (2.5 x 2.5nm), in which the center of mass position of the 
corresponding gold particles is included. Red, blue and yellow pixels in each record indicate 
the center of mass positions of the same particle before ATP application, during ATP 
application, and after complete exhaustion of applied ATP, respectively. It can be seen that 
myosin heads returned exactly to their initial position in records a, b and i, and close to their 
initial position in records c to h. The return of myosin heads to their initial position may be 
associated with reaction, M・ADP・Pi → M + Pi + ADP, i.e. detachment of Pi and ADP from 
M. In the presence of actin filaments, this reaction corresponds to the myosin head power 
stroke (A to B in Fig.14).  

To summarize, our findings on the ATP-induced myosin head movement in hydrated, 
living myosin filaments constitute the first direct demonstration of the myosin head 
recovery stroke. On the other hand, the return of myosin head to their initial position after 
exhaustion of applied ATP is not regarded to correspond to myosin head power stroke at 
present, as our experimental system does not contain actin filaments. Nevertheless, our 
results may be taken to indicate that, even in the absence of actin filaments, individual 
myosin head can exhibit cyclic movement coupled with ATP hydrolysis. In other words, 
individual myosin heads can perform cyclic movement analogous to that shown 
diagrammatically in Fig.14 without being guided by actin filaments. Recently, we have 
succeeded in recording the myosin head power stroke in the presence of actin filaments, and 
are obtaining extremely interesting preliminary results, further proving that the EC is a 
powerful tool in making breakthroughs in the field of molecular mechanism of muscle 
contraction.  

8. Electron microscopic evidence for lever arm mechanism of myosin 
head movement 

At the end of this chapter, we will describe our recent piece of work with EC concerning the 
myosin head lever arm mechanism. Fig. 16 is a diagram showing molecular structure of the 
myosin head, consisting of catalytic domain CAD) containing actin binding and ATPase 
sites, and lever arm domain (LD), connected to myosin filament backbone via myosin sub-
fragment 2 (S2). The two domains are connected by small, flexible converter domain (CD). 
Mainly based on crystallographic studies on nucleotide-dependent structural changes in 
myosin head crystals, which are detached from myosin filaments (Geeves & Holmes,1999), 
it has been suggested that the myosin head power stroke is produced by active rotation of 
LD around CD, while CAD remains rigid. It is not clear, however, whether the myosin head 
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power stroke is actually produced by the above lever arm mechanism in muscle, in which 
the myosin heads are not detached from, but are firmly connected to, myosin filament back-
bone. 

 
Figure 15. Examples showing sequential changes in position of 9 different pixels (each 2.5 x 2.5nm) 
where the center of mass positions of corresponding 9 particles are located. In each frame, pixel posi-
tions before ATP application (red), during ATP application (blue), and after exhaustion of ATP (yellow) 
are indicated. Note that myosin heads return towards their initial position after exhaustion of applied 
ATP (Sugi et al.,2008).  

To give answer to this question, we prepared three different monoclonal antibodies (IgG) 
directed to three different regions within a single myosin head. Antibody 1 is identical with 
that used in our previous experiments already described in this chapter, and attaches to 
junctional peptides between 50k and 20k segments of myosin heavy chain. Antibody 2 at-
taches around reactive lysine residue (Lys 83) in CD. Antibody 3 attaches to two peptides 
(Met 58―Ala 70 and Leu 106－Phe 120) in myosin regulatory light chain in LD. The ATP-
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induced movement at three different parts within individual myosin heads was recorded 
using myosin filaments with myosin heads position-marked with antibodies 1, 2 or 3 and 3’ 
by the method previously described. 

 
Figure 16. Myosin head structure showing approximate regions of attachment of antibody 1, 2 and 3, 
indicated by numbers 1, 2 and 3, respectively. The catalytic domain (CAD) comprises 25k (green), 50k 
(red) and part of 20k (dark blue) fragments of myosin heavy chain, while lever arm domain (LD) com-
prises the rest of 20k fragment and essential (ELC, light blue) and regulatory (RLC, magenta) light 
chains. CAD and LD are connected via converter domain (CD). Location of peptides around Lys 83 and 
that of two peptides (Met 58―Ala 70 and Leu 106―Phe 120) in LD are colored yellow. Regions of at-
tachment of antibodies 1,2 and 3 are indicated by numbers 1, 2 and 3 and 3’, respectively (Minoda et 
al.,2011). 

Fig. 17 illustrated the results obtained as well as their interpretation. As can be seen in the 
three histograms. Fig. 17A, B and C are histograms of amplitude distribution of ATP-
induced movement of myosin heads, position-marked with antibody 1, antibody 2 and 
antibody 3, respectively. The mean amplitude of ATP-induced movement was 6.14±0.09 
(mean±s.e.m., n =1,692) at the distal part of CAD (A), and 6.14±0.22 (n = 1,112) at the CAD-
CD boundary (B), indicating no significant difference between the two extreme regions of 
CAD. On the other hand, the average amplitude of ATP-induced movement at the 
regulatory light chain in LD was 3.55±0.11nm (n = 981), being significantly smaller than the 
corresponding values in CAD (t-test, P < 0.01).  

If it is assumed that the cyclic conformational changes of myosin heads in the absence of 
actin filaments (Fig.17D) are in principle similar to the conformational changes of myosin 
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heads in the presence of actin filaments in muscle (Fig.17E), the results shown in Fig.17 A―

C can be accounted for by the lever arm mechanism in the following way.  

 
Figure 17. (A―C) Histograms showing amplitude distribution of ATP-induced myosin head move-
ment, position-marked with antibody 1 (A(, antibody 2 (B), and antibody 3,3, respectively. (D,E) Dia-
grams illustrating myosin head lever arm mechanism in the absence (D) and in the presence (E) of actin 
filament. Attachment regions of ’of antibodies 1, 2 and 3 are indicated by numbers 1, 2 and 3,3’, respec-
tively (Minoda et al.,2011). 

In the absence of actin filaments, the myosin head is initially thought to be in the post-power 
stroke configuration (solid line in D), and on binding with applied ATP it changes its 
conformation to reach the post-power stroke configuration with bound ATP hydrolysis 
products( Pi and ADP) (broken line in D). During this recovery stroke, the myosin head lever 
arm domain rotates not only around the converter domain, but also around the boundary 
between the lever arm domain and myosin S2, connecting the myosin head to myosin filament 
backbone. As a result, the amplitude of ATP-induced movement is definitely larger at both the 
distal and the proximal end of myosin head catalytic domain (indicated by numbers 1 and 2) 
than at the regulatory light chain in myosin lever arm domain (3 and 3’).  

During the myosin head power stroke taking place in muscle, the myosin head is initially in 
the pre-power stroke configuration with bound Pi and ADP, and attaches to actin filament 
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arm domain rotates not only around the converter domain, but also around the boundary 
between the lever arm domain and myosin S2, connecting the myosin head to myosin filament 
backbone. As a result, the amplitude of ATP-induced movement is definitely larger at both the 
distal and the proximal end of myosin head catalytic domain (indicated by numbers 1 and 2) 
than at the regulatory light chain in myosin lever arm domain (3 and 3’).  

During the myosin head power stroke taking place in muscle, the myosin head is initially in 
the pre-power stroke configuration with bound Pi and ADP, and attaches to actin filament 
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(solid line in E). Then it undergoes power stroke releasing Pi and ADP, to take the post-
power stroke configuration (broken line in E). To summarize, the measurement of ATP-
induced movement at three different parts within individual myosin is not only consistent 
with the myosin head lever arm mechanism to produce force and motion in muscle, but 
may also constitute the first success in recording local structural changes taking place within 
a single macromolecule. 

9. Conclusion 

The experiments described in this chapter have proved that the EC is an extremely powerful 
tool in elucidating fundamental mysteries remaining in the research field on molecular 
mechanism of contraction. The greatest advantage of the use of EC for investigating muscle 
contraction is that it enables us to record movement of individual myosin heads coupled 
with ATP hydrolysis in hydrated myosin filaments, which retain their physiological func-
tion in an electron microscope.  

In contrast, all other experimental methods hitherto used by a number of investigators, 
including time-resolved X-ray diffraction and chemical probe experiments (Cooke,1986; 
Hibbard & Trentham,1986), to study myosin head movement can only obtain averaged values 
since these methods inevitably sample numerous number of myosin heads acting 
asynchronously. Crystallographic and electron microscopic studies on myosin S1 crystal and 
acto-S1 complex (Geeves & Holmes,1999) are also concerned only with static structures and the 
results obtained are also statistical in nature. We believe that our work using the EC has made a 
breakthrough to open new horizon in this research field. As a matter of fact, we have already 
succeeded to study the myosin head power stroke in hydrated myosin filaments in the presence 
of actin filaments. A preliminary report of this work has appeared (Minoda et al.,2011). 

Finally, we emphasize that the EC can be used not only for muscle research, but also for a 
number of other research fields to study function of biomolecules. We heartily hope that the 
EC will be used widely by life scientists to elucidate various mysteries in their respective 
research field. The EC system (JEOL,Ltd) is commercially available, and can be attached to 
any 100 or 200kV transmission microscope. Those who are interested in the carbon insulat-
ing film may consult JEOL or H.S. (sugi@kyf.biglobe.ne.jp) about its preparation. 
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1. Introduction 

Calcium ions (Ca2+) are present in low concentrations in the cytosol (~100 nM) and in 
high concentrations (in mM range) in both the extracellular medium and intracellular 
stores (mainly sarco/endo/plasmic reticulum, SR). This differential allows the calcium ion 
to be a ubiquitous 2nd messenger that carries information essential for cellular functions 
as diverse as contraction, metabolism, apoptosis, proliferation and/or hypertrophic 
growth. The mechanisms responsible for generating a Ca2+ signal greatly differ from one 
cell type to another. In the different types of vascular smooth muscle cells (VSMC), 
enormous variations do exist with regard to the mechanisms responsible for generating 
Ca2+ signal. In each VSMC phenotype (synthetic/proliferating1 and contractile2 [1], tonic 
or phasic), the Ca2+ signaling system is adapted to its particular function and is due to 
the specific patterns of expression and regulation of Ca2+ handling molecules (Figure 1). 
For instance, in contractile VSMCs, the initiation of contractile events is driven by mem-
brane depolarization; and the principal entry-point for extracellular Ca2+ is the voltage-
operated L-type calcium channel (LTCC). In contrast, in synthetic/proliferating VSMCs, 
the principal way-in for extracellular Ca2+ is the store-operated calcium (SOC) channel. 
Whatever the cell type, the calcium signal consists of limited elevations of cytosolic free 
calcium ions in time and space. The calcium pump, sarco/endoplasmic reticulum Ca2+ 
ATPase (SERCA), has a critical role in determining the frequency of SR Ca2+ release by 
controlling the velocity of Ca2+ upload into the sarcoplasmic reticulum (SR) and the Ca2+ 
sensitivity of SR calcium channels, Ryanodin Receptor, RyR and Inositol tri-Phosphate 
                                                                 
1Synthetic VSMCs have a fibroblast appearance, proliferate readily, and synthesize increased levels of various 
extracellular matrix components, particularly fibronectin, collagen types I and III, and tropoelastin [1]. 
2Contractile VSMCs have a muscle-like or spindle-shaped appearance and well-developed contractile apparatus 
resulting from the expression and intracellular accumulation of thick and thin muscle filaments [1].  
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Receptor, IP3R. Therefore, it is a major player in determining the spacio-temporal pat-
terns of intracellular calcium signaling. This chapter focuses on the changes in Ca2+ sig-
naling associated with different VSMC phenotypes. We will discuss the physiological 
implications of altered expressions of Ca2+ channels and pumps (referred to as Ca2+ han-
dling proteins) and how they contribute to VSMC dysfunction in vascular disease.  

 
Figure 1. Schematic representation of Calcium Cycling in Contractile and Proliferating VSMCs. Left 
panel: schematic representation of calcium cycling in quiescent /contractile VSMCs. Contractile re-
sponse is initiated by extracellular Ca2+ influx due to activation of Receptor Operated Ca2+ channels 
(through phosphoinositol-coupled receptor) or to activation of L-Type Calcium channels (through an 
increase in luminal pressure). Small increase of cytosolic due IP3 binding to IP3R (puff) or RyR activa-
tion by LTCC or ROC-dependent Ca2+ influx leads to large SR Ca2+ release due to the activation of 
IP3R or RyR clusters (“Ca2+-induced Ca2+release” phenomenon). Cytosolic Ca2+ is rapidly reduced by 
SR calcium pumps (both SERCA2a and SERCA2b are expressed in quiescent VSMCs), maintaining 
high concentration of cytosolic Ca2+ and setting the sensitivity of RyR or IP3R for the next spike. 
Contraction of VSMCs occurs during oscillatory Ca2+ transient. Middle panel: schematic representa-
tion of atherosclerotic vessel wall. Contractile VSMC are located in the media layer, synthetic VSMC 
are located in sub-endothelial intima. Right panel: schematic representation of calcium cycling in 
quiescent /contractile VSMCs. Agonist binding to phosphoinositol-coupled receptor leads to the 
activation of IP3R resulting in large increase in cytosolic Ca2+. Calcium is weakly reduced by SR 
calcium pumps (only SERCA2b, having low turnover and low affinity to Ca2+ is expressed). Store 
depletion leads to translocation of SR Ca2+ sensor STIM1 towards PM, resulting in extracellular Ca2+ 
influx though opening of Store Operated Channel (CRAC). Resulted steady state Ca2+ transient is 
critical for activation of proliferation-related transcription factors ‘NFAT). Abbreviations: PLC - 
phospholipase C; PM - plasma membrane; PP2B - Ca2+/calmodulin-activated protein phosphatase 2B 
(calcineurin); ROC- receptor activated channel; IP3 - inositol-1,4,5-trisphosphate, IP3R - inositol-1,4,5-
trisphosphate receptor; RyR - ryanodine receptor; NFAT - nuclear factor of activated T-lymphocytes; 
VSMC - vascular smooth muscle cells; SERCA - sarco(endo)plasmic reticulum Ca2+ ATPase; SR - 
sarcoplasmic reticulum.  
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2. General aspects of calcium cycling and signaling in vascular smooth 
muscle cells  

Besides maintaining vascular tone in mature vessels, VSMCs also preserve blood vessel 
integrity [2]. In other words, VSMCs are also instrumental for vascular remodeling and 
repair associated with VSMCs proliferation and migration. Interestingly, Ca2+ plays a central 
role in both physiological processes. In VSMCs, calcium signaling involves a cross-
regulation of Ca2+ influx, sarcolemmal membrane signaling molecules and Ca2+ release and 
uptake from the sarco/endo/plasmic reticulum and mitochondria, which plays a central role 
in both vascular tone and integrity.  

2.1. Calcium handling by the plasma membrane’s calcium channels and pumps 

Membrane depolarization is believed to be a key process for the activation of calcium events 
in mature VSMCs. Thus, much attention has been given to uncovering the various mecha-
nisms responsible for triggering this depolarization. Increased intra-vascular pressure of 
resistance arteries stimulates gradual membrane depolarization in VSMCs, increasing the 
probability of opening L-type high voltage-gated Ca2+ channels (Cav1.2) (LTCC) [3, 4]. Al-
ternatively, the calcium-dependent contractile response can be induced through the activa-
tion of specific membrane receptors coupled to phospholipase C (PLC) isoforms3. The vari-
ous isoforms of transient receptor potential (TRP) ion channel family, particularly TRPC3, 
TRPC6 and TRPC7 possibly activated directly by diacyl glycerol (DAG), can also contribute 
to initial plasma membrane Ca2+ influx and subsequent membrane depolarization [5-8]. 
Non-selective receptor-activated canonical TRPC6 channel, that conduct large sodium (Na2+) 
currents was also suggested to contribute to membrane depolarization and subsequent L-
type channel activation [9, 10]. Membrane depolarization can spread to neighboring cells by 
current flow through gap junctions providing a synchronization mechanism for VSMC 
membrane depolarization within the vessel wall [11, 12].  

Among voltage-insensitive calcium influx pathways, the store-operated Ca2+ channels 
(SOC), maintain a long-term cellular Ca2+ signal. They are activated upon a decrease of 
internal store Ca2+ concentration resulting from a Ca2+ release via the opening of SR Ca2+ 
release channels. SOC was first hypothesized in 1986 [13], a paradigm that was confirmed 
by the identification of its two essential regulatory components, the SR/ER located Ca2+ 
sensor STIM1 (stromal interaction molecule) and the Ca2+ channels Orai1 [14-17]. Upon 
decrease of [Ca2+] in the reticulum (<500µM), Ca2+ dissociates from STIM1; then STIM1 
molecules oligomerize and translocate to specialized cortical reticulum compartments 
adjacent to the plasma membrane [18, 19]. There, the STIM1 cytosolic activating domains 
bind to and cluster the Orai proteins into an opened archaic Ca2+ channel known as Ca2+-
release activated Ca2+ channel (CRAC) 4. Furthermore, transient receptor potential ion 
                                                                 
3All isoforms of PLC, catalyze the hydrolysis of phosphatidylinositol4,5-biphosphate (PIP2) to produce the intracellular 
messengers IP3 increase and diacylglycerol (DAG); both of which promote cytosolic Ca2+ rise through activation of 
plasma membrane or sarcoplasmic reticulum calcium channels. 
4 The CRAC is responsible for the “2h cytosolic Ca2+ increase” required to induce VSMCs proliferation [57]. 
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in both vascular tone and integrity.  

2.1. Calcium handling by the plasma membrane’s calcium channels and pumps 

Membrane depolarization is believed to be a key process for the activation of calcium events 
in mature VSMCs. Thus, much attention has been given to uncovering the various mecha-
nisms responsible for triggering this depolarization. Increased intra-vascular pressure of 
resistance arteries stimulates gradual membrane depolarization in VSMCs, increasing the 
probability of opening L-type high voltage-gated Ca2+ channels (Cav1.2) (LTCC) [3, 4]. Al-
ternatively, the calcium-dependent contractile response can be induced through the activa-
tion of specific membrane receptors coupled to phospholipase C (PLC) isoforms3. The vari-
ous isoforms of transient receptor potential (TRP) ion channel family, particularly TRPC3, 
TRPC6 and TRPC7 possibly activated directly by diacyl glycerol (DAG), can also contribute 
to initial plasma membrane Ca2+ influx and subsequent membrane depolarization [5-8]. 
Non-selective receptor-activated canonical TRPC6 channel, that conduct large sodium (Na2+) 
currents was also suggested to contribute to membrane depolarization and subsequent L-
type channel activation [9, 10]. Membrane depolarization can spread to neighboring cells by 
current flow through gap junctions providing a synchronization mechanism for VSMC 
membrane depolarization within the vessel wall [11, 12].  

Among voltage-insensitive calcium influx pathways, the store-operated Ca2+ channels 
(SOC), maintain a long-term cellular Ca2+ signal. They are activated upon a decrease of 
internal store Ca2+ concentration resulting from a Ca2+ release via the opening of SR Ca2+ 
release channels. SOC was first hypothesized in 1986 [13], a paradigm that was confirmed 
by the identification of its two essential regulatory components, the SR/ER located Ca2+ 
sensor STIM1 (stromal interaction molecule) and the Ca2+ channels Orai1 [14-17]. Upon 
decrease of [Ca2+] in the reticulum (<500µM), Ca2+ dissociates from STIM1; then STIM1 
molecules oligomerize and translocate to specialized cortical reticulum compartments 
adjacent to the plasma membrane [18, 19]. There, the STIM1 cytosolic activating domains 
bind to and cluster the Orai proteins into an opened archaic Ca2+ channel known as Ca2+-
release activated Ca2+ channel (CRAC) 4. Furthermore, transient receptor potential ion 
                                                                 
3All isoforms of PLC, catalyze the hydrolysis of phosphatidylinositol4,5-biphosphate (PIP2) to produce the intracellular 
messengers IP3 increase and diacylglycerol (DAG); both of which promote cytosolic Ca2+ rise through activation of 
plasma membrane or sarcoplasmic reticulum calcium channels. 
4 The CRAC is responsible for the “2h cytosolic Ca2+ increase” required to induce VSMCs proliferation [57]. 
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channel (TRPC) family members have also been demonstrated to participate in SOC 
channels functioning via interactions with STIM1 and Orai proteins [20-22].  

The calcium signal is terminated by membrane hyper-polarization and cytosolic Ca2+ removal. 
First, calcium sparks resulting from the opening of sub-plasmalemmal clusters of RyR activate 
large-conductance Ca2+ sensitive K+ (BK) channels. Then, the resulting spontaneous transient 
outward currents (STOC) hyperpolarize the membrane and decrease the open probability of L-
type Ca2+ channels [23]. Cytosolic calcium is extruded at the level of plasma membrane by 
plasma membrane Ca2+ ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) [24, 25]. The 
principal amount of cytosolic Ca2+ (> 70%) is re-uploaded to the internal store.  

2.2. Calcium handling by the sarco/endoplasmic reticulum’s calcium channels 
and pumps 

The initial entry of Ca2+ through plasma membrane channels triggers large Ca2+ release from 
the internal store via the process of Ca2+-induced Ca2+-release (CICR). The mechanism 
responsible for initiating Ca2+ release depends on Ca2+ sensitive SR calcium channels, the 
ryanodin receptor (RyR)5 or the IP3 receptor (IP3R). Indeed, IP3R and RyR are highly 
sensitive to cytosolic Ca2+ concentrations and when cytosolic Ca2+ concentration ranges from 
nM to µM, they open up. On the contrary, a higher cytosolic Ca2+ concentration (from µM to 
mM) closes them [26]. In other words, cytosolic Ca2+ increase first exerts a positive feedback 
and facilitates SR channels opening whereas a further increase has an opposite effect and 
actually inhibits the SR channels opening [27-29]. Importantly enough to be mentioned, RyR 
phosphorylation by the second messenger cyclic ADP ribose (cADPR) and protein kinase A 
(PKA) enhances Ca2+ sensitivity, the phosphorylation induced by the protein kinase C (PKC) 
decreases RyR sensitivity to Ca2+ [29, 30]. The initial release occurs in the vicinity of the 
plasma membrane. It spreads into the cell through the regenerative release of Ca2+ by the 
RyR and /or the IP3R in the form of an intracellular Ca2+ wave travelling down the length of 
the cell [31-33]. When [Ca2+]i is integrated over an entire cell with time, these Ca2+ waves 
appear as rhythmical oscillations [34].  

Sarco/Endoplasmic Ca2+ATPases (SERCA), the only calcium transporters expressed within 
sarco/endoplasmic reticulum (SR), serve to actively return calcium into this organelle. In 
mammals, three SERCA genes ATP2A1, ATP2A2 and ATP2A3 coding for SERCA1, SERCA2 
and SERCA3 isoforms respectively have been identified [35]. Each gene gives rise to a 
different SERCA isoform through alternative splicing (Figure 2); they all have discrete tissue 

distributions and unique regulatory properties, providing a potential focal point within the 
cell for the integration of diverse stimuli to adjust and fine-tune calcium homeostasis in the 
SR/ER [36]. In VSMCs, SERCA2a and the ubiquitous SERCA2b isoforms are expressed; 
besides vascular smooth muscle, SERCA2a is preferentially expressed in cardiac and skeletal 
muscles. SERCA2b differs from SERCA2a by an extension of 46 amino acids that forms an 
                                                                 
5 RyR are structurally and functionally analogous to IP3R, although they are approximately twice as large and have 
twice the conductance of IP3R [27]; RyR channels are sensitive to store loading and IP3R channels are sensitized by the 
agonist-dependent formation of IP3. 
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additional trans-membrane domain setting the SERCA2b C terminus in the SR lumen [37]. 
Functional characterization of SERCA2 isoforms performed in transfected HEK-298 cells 
clearly indicated that the SERCA2a isoform displays a lower affinity for Ca2+ (K0.5 = 0.985 
µM) but has a higher turnover rate (ATP hydrolysis 70 s-1) compared to SERCA2b (K0.5 = 
0.508 µM; 35 s-1) [38]. Diversity of SERCA isoforms in the same cell suggests that each of 
them could be responsible for controlling unique cell functions.  

 
Figure 2. Alternative splicing of the human ATP2A2 genes, protein sizes of the SERCA2 isoforms. A. Repre-
sentation of the 3'-end of the human ATP2A2 gene. Broken lines with letters represent alternative splic-
ings. The position of stop codons for the corresponding isoforms and polyadenylation site are indicated 
by Sa-Sd & pA, respectively. B. Representation of the 3'-end of SERCA2a, SERCA2b, SERCA2c and 
SERCA2d mRNAs expressed in human cells and the sizes of the corresponding proteins. Wide boxes 
represent translated segments; the less wide boxes represent untranslated segments.  

SERCA2’s activity depends on its interaction with phospholamban and is inhibitory in its 
de-phosphorylated form. PKA phosphorylation of phospholamban results in its dissociation 
from SERCA2, thus activating the Ca2+ pumps [39]. Cyclic ADP-ribose was also reported to 
stimulate SERCA pump activity [40].  

As previously mentioned, SR Ca2+ content controls the sensitivity of SR Ca2+ channels, RyR 
and IP3R, as well as functioning of SOC-mediated Ca2+ entry, thereby determining the type 
of intracellular calcium transient. Since SOCs opening depends on Ca2+ content of the store, 
one may suggest that SERCA participates to its regulation. Consistent with this, SOCs open 
up when the leak of Ca2+ from intracellular stores is not compensated with SERCA activity; 
SERCA inhibitors such as thapsigargin which prevent Ca2+ uptake are commonly used to 
chemically induce SOC currents; several works have established that SERCA can cluster 
with STIM1 and Orai1 in various cellular types [41, 42].  
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channel (TRPC) family members have also been demonstrated to participate in SOC 
channels functioning via interactions with STIM1 and Orai proteins [20-22].  
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large-conductance Ca2+ sensitive K+ (BK) channels. Then, the resulting spontaneous transient 
outward currents (STOC) hyperpolarize the membrane and decrease the open probability of L-
type Ca2+ channels [23]. Cytosolic calcium is extruded at the level of plasma membrane by 
plasma membrane Ca2+ ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) [24, 25]. The 
principal amount of cytosolic Ca2+ (> 70%) is re-uploaded to the internal store.  

2.2. Calcium handling by the sarco/endoplasmic reticulum’s calcium channels 
and pumps 

The initial entry of Ca2+ through plasma membrane channels triggers large Ca2+ release from 
the internal store via the process of Ca2+-induced Ca2+-release (CICR). The mechanism 
responsible for initiating Ca2+ release depends on Ca2+ sensitive SR calcium channels, the 
ryanodin receptor (RyR)5 or the IP3 receptor (IP3R). Indeed, IP3R and RyR are highly 
sensitive to cytosolic Ca2+ concentrations and when cytosolic Ca2+ concentration ranges from 
nM to µM, they open up. On the contrary, a higher cytosolic Ca2+ concentration (from µM to 
mM) closes them [26]. In other words, cytosolic Ca2+ increase first exerts a positive feedback 
and facilitates SR channels opening whereas a further increase has an opposite effect and 
actually inhibits the SR channels opening [27-29]. Importantly enough to be mentioned, RyR 
phosphorylation by the second messenger cyclic ADP ribose (cADPR) and protein kinase A 
(PKA) enhances Ca2+ sensitivity, the phosphorylation induced by the protein kinase C (PKC) 
decreases RyR sensitivity to Ca2+ [29, 30]. The initial release occurs in the vicinity of the 
plasma membrane. It spreads into the cell through the regenerative release of Ca2+ by the 
RyR and /or the IP3R in the form of an intracellular Ca2+ wave travelling down the length of 
the cell [31-33]. When [Ca2+]i is integrated over an entire cell with time, these Ca2+ waves 
appear as rhythmical oscillations [34].  

Sarco/Endoplasmic Ca2+ATPases (SERCA), the only calcium transporters expressed within 
sarco/endoplasmic reticulum (SR), serve to actively return calcium into this organelle. In 
mammals, three SERCA genes ATP2A1, ATP2A2 and ATP2A3 coding for SERCA1, SERCA2 
and SERCA3 isoforms respectively have been identified [35]. Each gene gives rise to a 
different SERCA isoform through alternative splicing (Figure 2); they all have discrete tissue 

distributions and unique regulatory properties, providing a potential focal point within the 
cell for the integration of diverse stimuli to adjust and fine-tune calcium homeostasis in the 
SR/ER [36]. In VSMCs, SERCA2a and the ubiquitous SERCA2b isoforms are expressed; 
besides vascular smooth muscle, SERCA2a is preferentially expressed in cardiac and skeletal 
muscles. SERCA2b differs from SERCA2a by an extension of 46 amino acids that forms an 
                                                                 
5 RyR are structurally and functionally analogous to IP3R, although they are approximately twice as large and have 
twice the conductance of IP3R [27]; RyR channels are sensitive to store loading and IP3R channels are sensitized by the 
agonist-dependent formation of IP3. 
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additional trans-membrane domain setting the SERCA2b C terminus in the SR lumen [37]. 
Functional characterization of SERCA2 isoforms performed in transfected HEK-298 cells 
clearly indicated that the SERCA2a isoform displays a lower affinity for Ca2+ (K0.5 = 0.985 
µM) but has a higher turnover rate (ATP hydrolysis 70 s-1) compared to SERCA2b (K0.5 = 
0.508 µM; 35 s-1) [38]. Diversity of SERCA isoforms in the same cell suggests that each of 
them could be responsible for controlling unique cell functions.  
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ings. The position of stop codons for the corresponding isoforms and polyadenylation site are indicated 
by Sa-Sd & pA, respectively. B. Representation of the 3'-end of SERCA2a, SERCA2b, SERCA2c and 
SERCA2d mRNAs expressed in human cells and the sizes of the corresponding proteins. Wide boxes 
represent translated segments; the less wide boxes represent untranslated segments.  

SERCA2’s activity depends on its interaction with phospholamban and is inhibitory in its 
de-phosphorylated form. PKA phosphorylation of phospholamban results in its dissociation 
from SERCA2, thus activating the Ca2+ pumps [39]. Cyclic ADP-ribose was also reported to 
stimulate SERCA pump activity [40].  

As previously mentioned, SR Ca2+ content controls the sensitivity of SR Ca2+ channels, RyR 
and IP3R, as well as functioning of SOC-mediated Ca2+ entry, thereby determining the type 
of intracellular calcium transient. Since SOCs opening depends on Ca2+ content of the store, 
one may suggest that SERCA participates to its regulation. Consistent with this, SOCs open 
up when the leak of Ca2+ from intracellular stores is not compensated with SERCA activity; 
SERCA inhibitors such as thapsigargin which prevent Ca2+ uptake are commonly used to 
chemically induce SOC currents; several works have established that SERCA can cluster 
with STIM1 and Orai1 in various cellular types [41, 42].  
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2.3. Mechanisms of cytosolic Ca2+ oscillations in VSMC 

Ca2+ oscillations are one of the ways that VSMCs respond to agonists [43-47]. These Ca2+ 
oscillations are maintained during receptor occupancy and are driven by an endogenous 
pacemaker mechanism, called the cellular Ca2+ oscillator [12, 33, 34]. Ca2+ oscillators were 
classified into two main types, the membrane oscillators and the cytosolic oscillators [48]. 

Membrane oscillators are those which generate oscillations at the cell membrane by succes-
sive membrane depolarization. In most small resistance arteries, inhibitors of plasma mem-
brane voltage-dependent channels reduce or even abolish the membrane potential oscilla-
tions which precede rhythmical contractions. This suggests that rhythmic extracellular Ca2+ 
influx can be required for calcium oscillatory transient [34]. Besides, membrane oscillators 
greatly depend on Ca2+ entry in order to provide enough Ca2+ to charge up the intracellular 
stores for each oscillatory cycle. Some of the entry mechanisms characterized include the 
Na+/Ca2+ exchanger (NCX) operating in its reverse mode [32, 44, 49], the ATP-sensitive P2X 
receptor responsible for generating junctional Ca2+ transients (jCaTs) [50] or the L-type 
Cav1.2 channels operating as clusters in a “high open probability mode” to produce persis-
tent Ca2+ sparklets [51]. In the case of the latter, entry of Ca2+ through these L-type channel 
clusters does not directly activate RyR to produce sparks, but provides the necessary 
amount of Ca2+ to charge up the ER and sensitize the RyR [52]. Another way of internal store 
reloading is achieved by the various isoforms of the transient receptor potential (TRP) ion 
channel family, activated directly by DAG [5, 6].  

Cytosolic oscillators do not depend on the cell membrane to generate oscillations. Instead, 
they arise from intracellular store membrane instability. The pacemaker mechanism of 
cytosolic Ca2+ oscillator is based on the velocity of luminal Ca2+ loading and luminal Ca2+ 
content [53, 54]. The mechanism responsible for initiating Ca2+ release depends either on 
RyRs or IP3R activation. As soon as stores are sufficiently charged with Ca2+, the SR Ca2+ 
channels become sensitive to cytosolic Ca2+ and can participate to the process of Ca2+-
induced Ca2+-release, which is responsible for orchestrating the regenerative release of Ca2+ 
from the SR/ER. Importantly, extracellular Ca2+ influx is not required for cytosolic oscillator 
function. Indeed, the Ca2+ oscillations can be observed in the absence of extracellular Ca2+ 
[43, 45, 55, 56].  

Finally, it should be mentioned that SERCA proteins play a major role in the establish-
ment of oscillatory Ca2+ transient required for phasic contractile response6, independent-
ly from the type of oscillator. Indeed, the frequency of Ca2+ oscillations depends solely on 
the velocity with which Ca2+ is re-loaded to the SR. This allows the sensitization of SR 
release channels, which determine the timing of the next Ca2+ spike [54, 57]. Thus, as long 
as the IP3 membrane receptor/Ca2+ channel is activated, the next spike is initiated as soon 
as the sensitivity of IP3Rs (RyRs) is restored, resulting in oscillatory mode of calcium 
cycling. 
                                                                 
6Phasic contractions are apparent as rapid peaks, whereas tonic contractions cause gradual changes in force that can be 
maintained for prolonged periods. 
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3. Calcium cycling and signalling in vascular smooth muscle cells 

3.1. Vascular smooth muscle cell phenotype diversity 

VSMCs maintain a considerable plasticity throughout life, exhibiting a diverse range of 
phenotypes in response to local environmental changes [58, 59]. Because studies of smooth 
muscle phenotype have principally focused on mechanisms which control VSMC prolifera-
tion and differentiation [58], VSMC phenotypes are classified into two  
main categories: the synthetic/proliferating/migratory/inflammatory and the contrac-
tile/quiescent/differentiated phenotype. In mature vessels, most VSMCs exhibit a quies-
cent/contractile phenotype and control the vascular tone [58, 59]. Transition of contractile 
VSMCs towards a proliferating/migratory/inflammatory phenotype is one of the initial 
mechanisms leading to pathological vascular remodeling7 [58, 60]. Culturing VSMCs in vitro 
mimics this progression, as primary cultures rapidly lose differentiation markers and exhibit 
a synthetic phenotype [60]. 

Another possibility for classifying VSMCs is to categorize them based on their contractile 
properties which determine whether the smooth muscle is considered phasic or tonic. Phasic 
vascular smooth muscle refers to blood vessels displaying rhythmic contractile activity 
whereas tonic vascular smooth muscle refers to blood vessels displaying continuous con-
tractions [61]. Phasic contraction is the characteristic of small resistance arteries (SRA, 20-50 
µm diameters) which predominantly regulates vascular functions such as pressure and 
flow. In vivo small arteries exhibit a mixture of tonic and phasic contractions (RW: [34, 45, 62, 
63]) and/or conducted vasomotor response termed vasomotion8 [64].  

The contractile capacities of various VSMC phenotypes are determined by expression of 
different isoforms of contractile proteins. For instance, phasic contractions displayed by 
small arteries of the heart and lung, muscular femoral artery, small mesenteric arteries and 
renal afferent arteriole result from the VSMC expression of the fast isoform of smooth mus-
cle myosin heavy chain (MHC) which determines the velocity of shortening during vasomo-
tion (rev. [61]). Of note, lent isoform of smooth muscle myosin, so called “non muscular 
myosin, (NM-B)” is expressed in all types of VSMCs including synthetic/proliferating 
VSMC; it plays a significant role in force maintenance during tonic contraction [58, 61].  

Contractile response is initiated by the rise in cytosolic [Ca2+]i leading to the activation of 
Ca2+/calmodulin-dependent myosin light chain kinase (MLCK) [65]. However the mode of 
contraction, phasic or tonic, is determined by the type of cytosolic Ca2+ cycling. Different 
types of calcium cycling were observed in synthetic and contractile tonic or phasic VSMCs, 
in accordance with differential expression of calcium handling proteins [59, 60, 66].  

                                                                 
7Vascular remodeling was initially defined as the process of arterial enlargement to accommodate the plaque and 
maintain constant flow despite increases in atherosclerotic lesion mass. Experimental and clinical observations indicate 
that blood flow properties influence remodeling after angioplasty, hypertension, and flow diversion as well as 
atherosclerotic plaque progression [60]. 
8 Vasomotion or pulsative flow is suggested to enhance blood flow or tissue oxygenation (rev.[61])  
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tions which precede rhythmical contractions. This suggests that rhythmic extracellular Ca2+ 
influx can be required for calcium oscillatory transient [34]. Besides, membrane oscillators 
greatly depend on Ca2+ entry in order to provide enough Ca2+ to charge up the intracellular 
stores for each oscillatory cycle. Some of the entry mechanisms characterized include the 
Na+/Ca2+ exchanger (NCX) operating in its reverse mode [32, 44, 49], the ATP-sensitive P2X 
receptor responsible for generating junctional Ca2+ transients (jCaTs) [50] or the L-type 
Cav1.2 channels operating as clusters in a “high open probability mode” to produce persis-
tent Ca2+ sparklets [51]. In the case of the latter, entry of Ca2+ through these L-type channel 
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content [53, 54]. The mechanism responsible for initiating Ca2+ release depends either on 
RyRs or IP3R activation. As soon as stores are sufficiently charged with Ca2+, the SR Ca2+ 
channels become sensitive to cytosolic Ca2+ and can participate to the process of Ca2+-
induced Ca2+-release, which is responsible for orchestrating the regenerative release of Ca2+ 
from the SR/ER. Importantly, extracellular Ca2+ influx is not required for cytosolic oscillator 
function. Indeed, the Ca2+ oscillations can be observed in the absence of extracellular Ca2+ 
[43, 45, 55, 56].  

Finally, it should be mentioned that SERCA proteins play a major role in the establish-
ment of oscillatory Ca2+ transient required for phasic contractile response6, independent-
ly from the type of oscillator. Indeed, the frequency of Ca2+ oscillations depends solely on 
the velocity with which Ca2+ is re-loaded to the SR. This allows the sensitization of SR 
release channels, which determine the timing of the next Ca2+ spike [54, 57]. Thus, as long 
as the IP3 membrane receptor/Ca2+ channel is activated, the next spike is initiated as soon 
as the sensitivity of IP3Rs (RyRs) is restored, resulting in oscillatory mode of calcium 
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3.2. Calcium cycling in synthetic/proliferating VSMC 

The hallmark of synthetic status of VSMCs is a lack of functional proteins entity associated with 
the contractile response [60]; we refer to voltage activated L-type calcium channels (LTCC), SR 
calcium release channel RyR and “fast” isoform of SR calcium pump SERCA2a (Figure 3). In 
line with this, large conductance K+ channels (BKCa), which are involved in negative feedback 
regulation of LTCC activity through plasma membrane hyperpolarization, are also down-
regulated in synthetic VSMC [67, 68]. On the other hand, the expression of the molecular enti-
ties modulating the plasma membrane Ca2+-release activated Ca2+ channel (CRAC) functioning 
[57, 69] are highly up-regulated; we refer to the proteins forming the CRAC complex or regulat-
ing the ICRAC (such as ORAI1-3 and STIM1) and to the IP3R [70, 71]. Besides, the expression of 
TRPCs family members, particularly TRPC1 and TRPC6, dramatically increases in synthetic 
cells leading to the increase of whole cell Ca2+ current [72, 73].  

In synthetic VSMC, agonist binding to PLC-coupled membrane receptors activates IP3R, 
resulting in a drastic increase of cytosolic Ca2+ which is weakly pumped by the “slow” calci-
um pump SERCA2b (the only isoform of SERCA expressed in synthetic VSMCs). The de-
pleted store triggers the translocation of STIM1 towards the plasma membrane, which, 
through the opening of CRAC, induces an extracellular Ca2+ influx. This translates into a 
long lasting increase of cytosolic calcium critical for the activation of Ca2+-sensitive transcrip-
tion factor NFAT (nuclear factor of activated T lymphocytes), required for proliferation and 
migration of VSMCs [56, 74]. Since these cells express contractile proteins, such as NM-B [58, 
61], one may suggest that long lasting increase of cytosolic calcium can also produces tonic 
contraction.  

Importantly enough to be mentioned, the restoration of SERCA2a expression by gene trans-
fer in synthetic VSMCs blocks their proliferation and migration via inhibition of transcrip-
tion factor NFAT [56, 75]. Molecular mechanisms of this effect are related to the prevention 
of functional association between STIM1 and Orai1 (CRAC protein entity) which lead to the 
suppression of store-operated calcium influx [56]. It is worth mentioning that SOC influx 
following agonist stimulation is not observed in contractile VSMCs, naturally expressing 
SERCA2a (Bobe & Lipskaia, unpublished data), highlighting again the importance of the 
SERCA isoform(s) expressed in VSMCs. 

3.3. Calcium cycling in contractile tonic and phasic VSMC 

In mature vessels, VSMCs mainly exhibit a tonic or phasic contractile phenotype. In contractile 
VSMCs extracellular calcium influx predominantly takes place through the voltage-dependent 
L-type calcium channel, LTCC9 (Figure 3). Extracellular Ca2+ influx causes a small increase of 
cytosolic Ca2+ generated by the opening of IP3R clusters, called puff and/or RyR2 clusters, 
called spark [28, 57]. These local rises of cytosolic Ca2+ generate a larger SR Ca2+ release through 
the Ca2+-induced Ca2+ release phenomenon. Elevation of free cytosolic calcium triggers VSMC 
contraction. The mode of intracellular calcium transient determines the type of contraction, 
                                                                 
9 In contractile VSMCs, NFAT can be activated by sustained Ca2+ influx (persistent Ca2+ sparklets) mediated by clusters 
of L-type Ca2+ channels operating in a high open probability mode [76, 77].  
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tonic or phasic. Steady state increase in cytosolic Ca2+ triggers tonic contraction; oscillatory 
type of Ca2+ transient triggers phasic contraction. [34, 76]. It is worth mentioning that accumu-
lating evidence indicate that SR Ca2+ATPase functioning/location within the cell (which greatly 
influences the velocity of calcium upload) determines the mode of Ca2+ transient in VSMCs. 
Consistent with this, i) “phasic” VSMCs display a greater number of peripherally located SR 
than “tonic” VSMCs; indeed “tonic” VSMCs exhibit centrally located SR; (rev in [61, 77]); ii) 
drugs which interfere with the IP3 pathway or intracellular stores abolish spontaneous vaso-
motion [11, 78]; iii) blocking SERCA strongly inhibits the Ca2+ oscillations, demonstrating that 
they are induced by SR Ca2+ release; this latter argument is further supported by the fact that 
oscillations are present even in the absence of extracellular Ca2+ [43, 45, 55, 56].  

 
Figure 3. Dynamic schematic representation of calcium cycling in contractile phasic or tonic and syn-
thetic VSMCs. Left panel: initiation of calcium event. Middle panel: resulting calcium transient and related 
physiological function. Right panel: termination of calcium event. The color intensity reflects Ca2+ concen-
trations.  Abbreviations: BK - potassium channel; DAG - diacylglycerol; IP3 - inositol-1,4,5-trisphosphate; 
IP3R - inositol-1,4,5-trisphosphate receptor; LTCC - voltage-gated L-Type Calcium channel; NCX - 
Na+/Ca2+ exchanger; NFAT - nuclear factor of activated T-lymphocytes; PLC - phospholipase C; PMCA – 
plasma membrane Ca2+ ATPase; ROC - receptor activated channel; RyR - ryanodine receptor; SERCA2a 
and SERCA2b - sarco(endo)plasmic reticulum Ca2+ ATPase type 2a and 2b; SOC - store operated Ca2+ 
channel; SR - sarcoplasmic reticulum, STIM1 - stromal interaction molecule 1.  



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

34 
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The “fast” calcium pump SERCA2a, specifically expressed in contractile VSMCs can be 
responsible for the establishment of the “cytosolic oscillator”. Several arguments are in 
agreement with this proposal: i) SERCA2a has a higher catalytic turnover when compared to 
SERCA2b due to a higher rate of de-phosphorylation and a lower affinity for Ca2+; ii) SER-
CA2a is absent in synthetic VSMCs, which only exhibit tonic contraction, iii) transferring the 
SERCA2a gene to synthetic cultured VSMCs modifies the agonist-induced calcium transient 
from steady-state to oscillatory mode [56]. Therefore, one might suggest that the physiologi-
cal role of SERCA2a in VSMCs consists of controlling the “cytosolic oscillator”, thereby 
determining phasic vs tonic type of smooth muscle contraction.  

Despite the fact that agonist-induced Ca2+ oscillations are a characteristic feature of the acti-
vation mechanisms of VSMCs [43-47], oscillatory type of Ca2+ transient is poorly associated 
with phasic contractile response. In some vessels, asynchronous oscillations of individual 
VSMC maintain a particular vascular tonus. However, in small resistance vessels the oscilla-
tions of groups of cells are synchronized through gap-junctions resulting in the pulsative 
contractile response [34, 45, 79, 80]. This oscillatory activity can be regulated by variations of 
neurotransmitters following sympathetic activation and can affect contractile tone through 
the increase of frequency, thereby increasing blood flow or tissue oxygenation [43, 45, 46, 
81]. This frequency modulation could result from PKA phosphorylation of RyR, PLB and 
contractile proteins, as it has been established for cardiomyocytes [82-84]. Micro-vascular 
dysfunction, defined as the intrinsic changes in VSMCs contractility (such as reduction of 
frequency and shortening velocity of phasic contractions), observed in the context of cardio-
vascular [85, 86], may be related to reduced PKA phosphorylation of Ca2+ handling and 
contractile proteins, as observed in failing cardiomyocytes [82].  

4. SERCA2a as a potential target for treating vascular proliferative 
diseases 

Abundant proliferation of VSMCs is an important component of the chronic inflammatory 
response associated to atherosclerosis and related vascular occlusive diseases (intra-stent 
restenosis, transplant vasculopathy, and vessel bypass graft failure). Great efforts have been 
made to prevent/reduce trans-differentiation and proliferation of synthetic VSMCs. Anti-
proliferative therapies including the use of pharmacological agents and gene therapy ap-
proaches are, until now, considered as a suitable approach in the treatment of these disor-
ders [87]. Indeed, coronary stenting is the only procedure that has been proven to reduce the 
incidence of late restenosis after percutaneous transluminal coronary angioplasty ([88]). 
Nevertheless, post-interventional intra-stent restenosis, characterized by the re-narrowing of 
the arteries caused by VSMC proliferation, occurs in 10 to 20 % of patients. These disorders 
remain the major limitation of revascularization by percutaneous transluminal angioplasty 
and artery bypass surgery. The use of drug-eluting stents (stent eluting anti-proliferative 
drug) significantly reduces restenosis but impairs the re-endothelialization process and 
subsequently often induces late thrombosis [89, 90]. In human, trans-differentiation of con-
tractile VSMCs towards a synthetic/proliferating inflammatory/migratory phenotype after 
percutaneous transluminal angioplasty appears to be a fundamental process of vascular 
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proliferative disease [91]. In contrast, phenotypic re-differentiation of neo-intimal VSMCs 
after bare metal stent implantation was reported to be associated with a decline in platelet 
activation and inflammatory cell infiltration, and the regeneration of the endothelial cell 
layer [92]. Thus, defining novel molecular target(s) of DESs, that can simultaneously pre-
vents VSMC proliferation and adverse vascular remodeling while facilitating re-
endothelialization, is crucial. SERCA2a gene transfer prevents neo-intimal proliferation and 
intimal thickening in the rat carotid injury model by normalizing calcium cycling and inhib-
iting NFAT activity [75]. Furthermore, SERCA2a gene transfer prevents VSMC trans-
differentiation in injured segments while allowing re-endothelialization [75]. Thus, SER-
CA2a can be considered as a potential and powerful target for treating vascular proliferative 
disease.  

5. Concluding remarks 

Over the last decade, great progress has been made in the understanding of the various 
intracellular molecular mechanisms in VSMCs which control calcium cycling and excita-
tion/contraction or excitation/transcription coupling. VSMCs employ a great variety of Ca2+ 
signaling systems that are adapted to control their different contractile functions. Alterations 
in the expressions of Ca2+ handling molecules are closely associated with VSMC phenotype 
modulation. Furthermore, these changes in expression are inter-connected and each ac-
quired or lost Ca2+ signaling molecule represents a component of signaling module function-
ing as a single unit. 

In non-excitable synthetic VSMCs, calcium cycling results from the protein module 
ROC/IP3R/STIM1/ORAI1 which controls SOC influx. Agonist stimulation of synthetic 
VSMCs translates into a sustained increase in cytosolic Ca2+. This increase is required for the 
activation of NFAT downstream cellular signaling pathways inducing proliferation, migra-
tion and possibly an inflammatory response. Calcium cycling in excitable contractile VSMCs 
is governed by the protein module composed of ROC/LTCC/RyR2/SERCA2a and controls 
the contractile response. The location of particular ion channels within the smooth muscle 
cell with regards to internal stores, other membrane ion channels, gap junctions as well as 
the expression of fast isoforms of contractile proteins have a significant impact on the result-
ing phasic or tonic contractile response. Future studies unraveling the correlation between 
the dynamic changes in Ca2+ signaling protein expression and specific subcellular localiza-
tion are needed to delineate the mechanisms by which Ca2+ signaling molecules produce a 
phasic or tonic contractile response.  
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1. Introduction 

ASM is a widespread component of the respiratory system. The lung parenchyma, like the 
airways, is a contractile tissue that responds to agonists like histamine and its muscular be-
havior highly impacts respiratory physiology. Asthma, for example, is a common disorder 
characterized by an excessive narrowing of the airways and inflammation in response to 
certain stimulants. Although the relative contribution of each element in this pathology is not 
precisely known, it is clear that smooth muscle relaxants alleviate acute asthmatic episodes. 
All of these points to ASM as an important target for study and therapy related to asthma. 

The contractility of ASM highly depends on intracellular Ca2+ concentration and sensitiza-
tion to Ca2+, which in turn depend on several transport and signaling mechanisms. Ca2+ 
homeostasis can be understood as a balance between Ca2+ entry and exit pathways governed 
by a dynamic web of physical and chemical signals.  Ca2+ entry pathways in ASM include: 
voltage activated Ca2+ channels, non-selective cationic channels, IP3 activated Ca2+ channel 
and Ryanodine receptor-channel. On the other hand, Ca2+- ATPase pumps located in the 
plasma membrane and the Sarcoplasmic Reticulum account for the Ca2+ exit pathways. A 
very peculiar  transporter, the Na+-Ca2+ exchanger (NCX), which is the main subject of this 
chapter, accounts for both Ca2+ exit and entry pathways due to its dual mode of operation. 
The many features and regulation of the NCX have been described mainly for the cardiac 
isoform which was the first to be cloned and characterized. Nevertheless, new research has 
been directed to other isoforms found in several tissues, including ASM, since a physiologi-
cal role in contractility is now evident.  

In this chapter, several aspects of ASM and the NCX will be addressed including: its role in 
Ca2+ homeostasis, contraction and proliferation; history of research related to the NCX; 
molecular and functional characteristics; and clinical implications.  
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1. Introduction 

ASM is a widespread component of the respiratory system. The lung parenchyma, like the 
airways, is a contractile tissue that responds to agonists like histamine and its muscular be-
havior highly impacts respiratory physiology. Asthma, for example, is a common disorder 
characterized by an excessive narrowing of the airways and inflammation in response to 
certain stimulants. Although the relative contribution of each element in this pathology is not 
precisely known, it is clear that smooth muscle relaxants alleviate acute asthmatic episodes. 
All of these points to ASM as an important target for study and therapy related to asthma. 

The contractility of ASM highly depends on intracellular Ca2+ concentration and sensitiza-
tion to Ca2+, which in turn depend on several transport and signaling mechanisms. Ca2+ 
homeostasis can be understood as a balance between Ca2+ entry and exit pathways governed 
by a dynamic web of physical and chemical signals.  Ca2+ entry pathways in ASM include: 
voltage activated Ca2+ channels, non-selective cationic channels, IP3 activated Ca2+ channel 
and Ryanodine receptor-channel. On the other hand, Ca2+- ATPase pumps located in the 
plasma membrane and the Sarcoplasmic Reticulum account for the Ca2+ exit pathways. A 
very peculiar  transporter, the Na+-Ca2+ exchanger (NCX), which is the main subject of this 
chapter, accounts for both Ca2+ exit and entry pathways due to its dual mode of operation. 
The many features and regulation of the NCX have been described mainly for the cardiac 
isoform which was the first to be cloned and characterized. Nevertheless, new research has 
been directed to other isoforms found in several tissues, including ASM, since a physiologi-
cal role in contractility is now evident.  

In this chapter, several aspects of ASM and the NCX will be addressed including: its role in 
Ca2+ homeostasis, contraction and proliferation; history of research related to the NCX; 
molecular and functional characteristics; and clinical implications.  
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2. The role of Calcium in airway smooth muscle 
As with other smooth muscles, cytosolic Ca2+ concentration underlies the most important 
features of ASM: contractility, proliferation and phenotype. Various complex mechanisms 
regulate cytosolic Ca2+ concentration and are strongly influenced by neurotransmitters, 
cytokines and physical forces, to name a few. Since the ASM cell interacts closely with tis-
sues such as nervous terminals, epithelium and lymphocytes that secrete all such substanc-
es, it is not surprising that pathologies such as asthma and COPD are strongly linked to 
alterations in ASM Ca2+ homeostasis. In this section, the role of Calcium in contraction, phe-
notype acquisition and proliferation will be reviewed. 

2.1. ASM Contraction 

ASM contraction induced by agonist stimulation results mainly from two phenomena: 
elevation in cytosolic Ca2+ concentration and sensitization of the contractile machinery to Ca2+ 
[1]. This tissue is constricted directly by agonists such as histamine, cysteinylleukotrienes, 
thromboxanes and acetylcholine released by mast cells or airway nerves [2]. The primary 
signaling mechanism coupled to most contractile receptors is the activation of phospholipase 
Cγ (PLCγ) via a pertussis toxin-insensitive Gq/11-protein [3]. Activation of PLC leads to 
hydrolysis of phosphatidylinositol-bis-phosphate to inositol-1, 4, 5-trisphospate (IP3) and 
diacylglycerol (DAG) to, respectively, cause Ca2+ release from the sarcoplasmic reticulum (SR) 
and activate protein kinase C (PKC). It is known that prolonged stimulation by histamine 
causes intracellular Ca2+ increase in ASM strips which correlates with a sustained contraction 
[4]. As stated above, this is the sum of both sensitization and activation mechanisms involved 
in the contraction of smooth muscle. 

Two key events in smooth muscle contraction are the phosphorylation and dephosphorylation 
of the regulatory light chains of myosin II (rMLC). These reactions are partly catalyzed by the 
Ca2+ and calmodulin-activated myosin light-chain kinase (MLCK) and the type 1 myosin 
phosphatase (MLCP), respectively. The balance of the activity of these enzymes results in the 
extent of contraction or relaxation of smooth muscle. After agonist stimulation, intracellular 
Ca2+ binds to calmodulin and changes its conformation, enabling it to activate MLCK. MLCK 
then phosphorylates rMLC, predominantly at Ser-19, allowing the myosin ATPase to be 
activated by actin. This leads to crossbridge formation between myosin and actin, and 
generates muscle contraction. The coupling between force and rMLC phosphorylation is 
quite variable and non-linear, however dephosphorylation of rMLC generally produces 
relaxation.  

In addition to their effects of Ca2+ concentration changes, contractile agonists increase Ca2+ 
sensitivity of contraction. There are two ways to modulate such Ca2+ sensitivity: 1) altering 
the balance between the activities of MLCK and MLCP at a constant Ca2+ concentration, and 
2) by rMLC phosphorylation-independent mechanisms as in the case of calponin, caldesmon 
and heat shock proteins.  

MLCP is an heterotrimeric enzyme that contains a regulatory subunit referred to as the 
myosin phosphatase target subunit (MYPT) which helps to form the active heterotrimer as 
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well as to increase the substrate specificity of MLCP toward myosin. This subunit is known 
to be phosphorylated by Rho Kinase becoming inhibited and thus favoring contraction. On 
the other hand, CPI-17 is an endogenous inhibitory protein of MLCP expressed in smooth 
muscle tissues which is itself regulated by RhoK and PKC phosphorylation [5-7].  

On the other hand there are other mechanisms independent of phosphorylation of rMLC and 
pertain only to the thin filament actin. Calponin and caldesmon interact with F-actin and 
myosin and inhibit actomyosin ATPase activity. Both are regulated by PKC and ERK-activities 
[8, 9]. Altogether, the specific state of sensitization and intracellular Ca2+ concentration 
during agonist stimulation result in force development or relaxation of smooth muscle. 

2.2. ASM phenotype and proliferation 

ASM remodeling is an important aspect of many atopic respiratory diseases. Among the 
structural changes that the airways undergo include epithelial fibrosis, increase in ASM 
mass, mucous gland hyperplasia and edema. Wall thickening due to ASM hyperplasia and 
hypertrophy are a common hallmark of asthma and constitute the mayor obstruction for air 
flow during a crisis. It is believed that these changes occur as a response to chronic airway 
inflammation and mechanical stretch in which ASM cells take an active role by migrating to 
the epithelium and secreting various adhesion molecules and cytokines. Airway remodeling 
is proposed to begin with ASM cell phenotype change from a contractile to a synthetic and 
migrating type. It is still not very clear how Ca2+ homeostasis is associated with the many 
features of ASM remodeling. It has been reported that the activity of CaV1.2 channels and 
the SERCA pump may underlie this process by an up-regulation of intracellular Ca2+. 
Downstream signaling mechanisms that lead to phenotype change include: Ca2+ 
/calmodulin-dependent protein kinase IV (CaMK.IV), peroxisome proliferator-activated 
receptor γ coactivator-1α (PGC-α), nuclear respiratory factor-1 (NRF-1) and mitochondrial 
transcription factor A (mtTFA). Among these, mtTFA up-regulates mitochondrial DNA 
replication and biogenesis probably leading to ASM cell proliferation. Tissues from 
asthmatic patients tend to show increased intracellular Ca2+ levels, which may render ASM 
cells hyper-proliferative as well as hyperreactive to contractile stimuli [10, 11]. 

3. Calcium transport mechanisms 

Ca2+ is a fundamental second messenger in the mechanisms of remodeling and contraction of 
smooth muscle cells. Under basal conditions, the intracellular Ca2+ concentration in smooth 
muscle cells ranges from 100 to 200 nM [6]. Upon activation by agonists such as acetylcholine 
or histamine, there is a biphasic intracellular Ca2+ response in ASM cells consisting of an 
initial Ca2+ rise followed by a fast decline to a steady-state level that remains above basal 
concentration until agonist is washed out [12]. This biphasic profile reflects the Ca2+ release 
from the SR as well as Ca2+ influx from the extracellular space. On the other hand, there are 
mechanisms that remove intracellular Ca2+ such as the Sarco/Endoplasmic Reticulum Ca2+-
ATPase(SERCA), the plasmalemal Ca2+ ATPase (PMCA) and the mitochondria which become 
evident once agonist is removed and Ca2+ entry is abolished. 
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2. The role of Calcium in airway smooth muscle 
As with other smooth muscles, cytosolic Ca2+ concentration underlies the most important 
features of ASM: contractility, proliferation and phenotype. Various complex mechanisms 
regulate cytosolic Ca2+ concentration and are strongly influenced by neurotransmitters, 
cytokines and physical forces, to name a few. Since the ASM cell interacts closely with tis-
sues such as nervous terminals, epithelium and lymphocytes that secrete all such substanc-
es, it is not surprising that pathologies such as asthma and COPD are strongly linked to 
alterations in ASM Ca2+ homeostasis. In this section, the role of Calcium in contraction, phe-
notype acquisition and proliferation will be reviewed. 

2.1. ASM Contraction 

ASM contraction induced by agonist stimulation results mainly from two phenomena: 
elevation in cytosolic Ca2+ concentration and sensitization of the contractile machinery to Ca2+ 
[1]. This tissue is constricted directly by agonists such as histamine, cysteinylleukotrienes, 
thromboxanes and acetylcholine released by mast cells or airway nerves [2]. The primary 
signaling mechanism coupled to most contractile receptors is the activation of phospholipase 
Cγ (PLCγ) via a pertussis toxin-insensitive Gq/11-protein [3]. Activation of PLC leads to 
hydrolysis of phosphatidylinositol-bis-phosphate to inositol-1, 4, 5-trisphospate (IP3) and 
diacylglycerol (DAG) to, respectively, cause Ca2+ release from the sarcoplasmic reticulum (SR) 
and activate protein kinase C (PKC). It is known that prolonged stimulation by histamine 
causes intracellular Ca2+ increase in ASM strips which correlates with a sustained contraction 
[4]. As stated above, this is the sum of both sensitization and activation mechanisms involved 
in the contraction of smooth muscle. 

Two key events in smooth muscle contraction are the phosphorylation and dephosphorylation 
of the regulatory light chains of myosin II (rMLC). These reactions are partly catalyzed by the 
Ca2+ and calmodulin-activated myosin light-chain kinase (MLCK) and the type 1 myosin 
phosphatase (MLCP), respectively. The balance of the activity of these enzymes results in the 
extent of contraction or relaxation of smooth muscle. After agonist stimulation, intracellular 
Ca2+ binds to calmodulin and changes its conformation, enabling it to activate MLCK. MLCK 
then phosphorylates rMLC, predominantly at Ser-19, allowing the myosin ATPase to be 
activated by actin. This leads to crossbridge formation between myosin and actin, and 
generates muscle contraction. The coupling between force and rMLC phosphorylation is 
quite variable and non-linear, however dephosphorylation of rMLC generally produces 
relaxation.  

In addition to their effects of Ca2+ concentration changes, contractile agonists increase Ca2+ 
sensitivity of contraction. There are two ways to modulate such Ca2+ sensitivity: 1) altering 
the balance between the activities of MLCK and MLCP at a constant Ca2+ concentration, and 
2) by rMLC phosphorylation-independent mechanisms as in the case of calponin, caldesmon 
and heat shock proteins.  

MLCP is an heterotrimeric enzyme that contains a regulatory subunit referred to as the 
myosin phosphatase target subunit (MYPT) which helps to form the active heterotrimer as 
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well as to increase the substrate specificity of MLCP toward myosin. This subunit is known 
to be phosphorylated by Rho Kinase becoming inhibited and thus favoring contraction. On 
the other hand, CPI-17 is an endogenous inhibitory protein of MLCP expressed in smooth 
muscle tissues which is itself regulated by RhoK and PKC phosphorylation [5-7].  

On the other hand there are other mechanisms independent of phosphorylation of rMLC and 
pertain only to the thin filament actin. Calponin and caldesmon interact with F-actin and 
myosin and inhibit actomyosin ATPase activity. Both are regulated by PKC and ERK-activities 
[8, 9]. Altogether, the specific state of sensitization and intracellular Ca2+ concentration 
during agonist stimulation result in force development or relaxation of smooth muscle. 

2.2. ASM phenotype and proliferation 

ASM remodeling is an important aspect of many atopic respiratory diseases. Among the 
structural changes that the airways undergo include epithelial fibrosis, increase in ASM 
mass, mucous gland hyperplasia and edema. Wall thickening due to ASM hyperplasia and 
hypertrophy are a common hallmark of asthma and constitute the mayor obstruction for air 
flow during a crisis. It is believed that these changes occur as a response to chronic airway 
inflammation and mechanical stretch in which ASM cells take an active role by migrating to 
the epithelium and secreting various adhesion molecules and cytokines. Airway remodeling 
is proposed to begin with ASM cell phenotype change from a contractile to a synthetic and 
migrating type. It is still not very clear how Ca2+ homeostasis is associated with the many 
features of ASM remodeling. It has been reported that the activity of CaV1.2 channels and 
the SERCA pump may underlie this process by an up-regulation of intracellular Ca2+. 
Downstream signaling mechanisms that lead to phenotype change include: Ca2+ 
/calmodulin-dependent protein kinase IV (CaMK.IV), peroxisome proliferator-activated 
receptor γ coactivator-1α (PGC-α), nuclear respiratory factor-1 (NRF-1) and mitochondrial 
transcription factor A (mtTFA). Among these, mtTFA up-regulates mitochondrial DNA 
replication and biogenesis probably leading to ASM cell proliferation. Tissues from 
asthmatic patients tend to show increased intracellular Ca2+ levels, which may render ASM 
cells hyper-proliferative as well as hyperreactive to contractile stimuli [10, 11]. 

3. Calcium transport mechanisms 

Ca2+ is a fundamental second messenger in the mechanisms of remodeling and contraction of 
smooth muscle cells. Under basal conditions, the intracellular Ca2+ concentration in smooth 
muscle cells ranges from 100 to 200 nM [6]. Upon activation by agonists such as acetylcholine 
or histamine, there is a biphasic intracellular Ca2+ response in ASM cells consisting of an 
initial Ca2+ rise followed by a fast decline to a steady-state level that remains above basal 
concentration until agonist is washed out [12]. This biphasic profile reflects the Ca2+ release 
from the SR as well as Ca2+ influx from the extracellular space. On the other hand, there are 
mechanisms that remove intracellular Ca2+ such as the Sarco/Endoplasmic Reticulum Ca2+-
ATPase(SERCA), the plasmalemal Ca2+ ATPase (PMCA) and the mitochondria which become 
evident once agonist is removed and Ca2+ entry is abolished. 
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3.1. Ca2+ release from the SR 

In airway smooth muscle, Ca2+ release from SR depends on IP3 and RyR receptor-channels 
[13, 14]. These channels belong to two different families and share significant homology, 
especially in the sequences that are proposed to form the channels´ pore. These Ca2+ release 
channels are large oligomeric structures formed by association of either four IP3R proteins 
(300 KDa each) or four RyR proteins (565 KDa each) [15-17].  

The IP3R channel requires binding of IP3 for Ca2+ release with each monomer of the channel 
binding one molecule of IP3 in a non-cooperative fashion with a KD around 50 nM. An en-
dogenous ligand for the RyR channels has remained elusive, and so far it has been proposed 
that in smooth muscle tissue, Ca2+ released by IP3R activates RyR channels; an event referred 
to as Ca2+ -Induced Ca2+ Release (CICR). Ca2+ release channels are regulated by various fac-
tors. Cytoplasmic Ca2+ shows a biphasic effect on the IP3 -induced Ca2+ release with a maxi-
mum rate at 300 nM. From that concentration on, the channel is inhibited by Ca2+. This in-
hibitory effect is also shared by the RyR channel, although it is not physiologically relevant, 
since millimolar concentrations of Ca2+ (1 – 10 mM) are required to inhibit the channel. 
Therefore, the Ca2+ release from the RyR channel shows only Ca2+-dependent activation in 
the physiological range of Ca2+ concentration (1 – 10 µM). Both channels are activated by 
free ATP, around 10 µM for the IP3R and 300 µM for the RyR channel.  

An important modulator of the RyR channel is the plant alkaloid ryanodine which binds to 
each monomer with high affinity (Kd ‹ 50 nM). Low doses of ryanodine (around 10 nM) are 
reported to increase the frequency of single RyR channel opening. Intermediate ryanodine 
doses (around 1 µM) are reported to induce very long – duration open events and 
simultaneously reduce ion conductance through the pore. High doses of ryanodine (around 
100 µM) are reported to lock the channel in a closed configuration.  

3.2. Ca2+ uptake into the SR 

The SR is continually re-filled with Ca2+ with the aid of the SERCA pumps located in its 
membrane. The SERCA are 110 kDa proteins that belong to the P-type ion pumps family. 
Their activity is a cycle of chemical reactions that lead to conformational changes and Ca2+ 
transport powered by phosphorylation. The activity of SERCA is largely regulated by 
phospholamban which in its phosphorylated state increases Ca2+ uptake. Even in the absence 
of an agonist, SR Ca2+ uptake appears to be critical for ASM basal tone maintenance. This has 
been explored in experiments where the SERCA pumps are inhibited by Cyclopiazonic acid 
(CPA) or Thapsigargin (TG) in resting smooth muscle. Under such conditions, ASM 
spontaneously contracts following an increase in intracellular Ca2+, which can be explained as 
a leak from the SR which cannot be handled by the impaired SERCA function. SERCA 
function is also evident when its inhibition is followed by incubation of ASM in Ca2+- fee 
solutions and agonist stimulation. Upon Ca2+ re-addition in these circumstances, a transitory 
contraction can be observed which is characteristic of a depleted SR and reflects the store-
operated Ca2+ entry (SOCC) which is discussed below. 
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3.3. Ca2+ influx from the extracellular space 

Besides the SR, the other source for Ca2+ in ASM is the extracellular media, but in this 
respect the involved mechanisms are unclear. Three main sources of Ca2+ have been 
proposed to be active in ASM: voltage activated CaV1.2 channels, transient receptor potential 
channels (TRP) and the NCX in reverse mode. The signaling mechanisms that activate each 
of these channels and transporters have not been completely understood, given that some of 
them have been just recently described in this tissue. Another interesting feature is the 
functional interaction among these systems as well as interactions with other channels such 
as the Ca2+-activated chloride channels (ClCa) and the Ca2+ activated potassium channels 
(BKCa). As will be discussed later, these channels regulate membrane potential and thus alter 
the activity of CaV1.2 channels, TRPC channels and the NCX. On the other hand, the ionic 
concentration reached within the vicinity of these channels upon stimulation, has also been 
observed to alter their function regardless of whole membrane potential. 

3.4. ASM resting membrane potential 

It has been established that ASM membrane potential relies mainly on the activity of ClCa, 
BKCa and TRPC channels. ClCa and BKCa channels are activated by intracellular Ca2+ showing 
slightly different sensitivities between the ranges 100 to 900 nM [18, 19], and influence the 
membrane potential in opposite ways. ClCa channels allow Cl- to exit the cell, therefore 
depolarizing the membrane, while BK channels allow K+ to exit causing membrane 
hyperpolarization. It has been reported that Ca2+ released by the SR during histamine 
stimulation causes activation of ClCa channels and membrane depolarization [20]. TRPC 
have also been proposed to impact membrane potential at rest and after agonist stimulation 
causing depolarization. Histamine evokes an inward Na+ current in equine tracheal 
myocytes together with an outward Cl- current. In that work, it was suggested that NSCC of 
the TRPC family were responsible for the cationic current observed [21]. 

3.5. CaV1.2 channels 

In many tissues, smooth muscle dihydropyridine-sensitive channels activated by membrane 
depolarization comprise an important source for external Ca2+ [22]. Interestingly, blockade of 
these channels has not served as a therapeutic tool in asthma, and thus their physiological 
relevance remains unclear. These channels are composed of pore-forming (α subunit) and 
accessory subunits that regulate expression, gating and channel kinetics. The α subunit 
carries the Ca2+ current and provides the voltage- and DHP-sensitivity of these channels 
[23]. Research has shown that voltage-related Ca2+ currents in ASM reflect CaV1.2 channel 
activity [12] which is the main isoform expressed in this tissue [24, 25]. Electrophysiological 
studies have found the threshold potential for these currents to be around -40mV and the 
peak activation between +10 and +20 mV. Although no precise value for resting ASM 
membrane potential has been described, several studies have reported values ranging 
between -60 and -30 mV [26, 27]. Thus, depolarization must occur before CaV1.2 channels 
could participate in agonist ASM induced contraction.  
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3.6. Non-selective cationic channels of the TRP family 

It has been reported that agonists like histamine and carbachol provoke a small and inward 
cationic current through non-selective cationic channels (NSCC) in tracheal smooth muscle 
of different species [28, 29] .There is evidence that points to the transient receptor potential 
channels (TRP) as candidates for this conductance. TRP channels were first described in 
Drosophila melanogaster and then, homologues for these channels in at least 20 mammalian 
species were found to the point that almost all mammalian TRP channels are now known. 
Unlike most ion channels, TRP channels are identified by their homology rather than by ligand 
function or selectivity, because their functions are diverse and mostly unknown. The canonical 
(TRPC) subfamily of these channels comprises seven isoforms: TRPC1-7, and which have been 
detected in guinea pig and human ASM [30, 31]. It is generally accepted that TRPC channels 
are activated downstream by agonist-stimulated PIP2 hydrolysis, but still their exact mode of 
activation and operation is unclear. Both store-dependent and independent mechanisms of 
activation have been proposed, in cases, even for the same channel in different preparations. 
All mammalian TRPC channels can be activated by GPCRs including muscarinic type 1 recep-
tors (TRPC1, TRPC4, TRPC5 heteromers or TRPC4 and TRPC5 homomers); histaminergic type 
1 receptors (TRPC3, TRPC6) and purinergic receptors (TRPC7) [32]. 

It is important to note at this point that Ca2+ release from the SR results in lowering of the 
Ca2+ content in intracellular stores to a certain degree. This lowering in turn activates a 
signaling mechanism that allows Ca2+ entry from the extracellular space. This mechanism 
was originally called [33] store-operated Ca2+ entry (SOCE). Since then, this phenomenon 
has received much attention, but still the complete mechanism and molecular identity of 
SOC channels remain unclear [34]. Experiments performed in our laboratory on guinea pig 
epithelial-free tracheal rings suggest that SOCs are non-selective cation channels that mainly 
permit Na+ entry causing depolarization (unpublished results). We proposed that such 
depolarization and increased levels in Na+ induce the NCX to allow Ca2+ influx which in 
turn activates ClCa, and opening of the Cav1.2 channels [35]. The molecular identity of SOC 
channels points to the protein ORAI1 as well as to TRPC channels [36, 37]. ORAI1 is a four-
transmembrane spanning protein that forms a pore with high selectivity for Ca2+. More 
recent advances have been made regarding the signaling mechanisms that induce SOC 
current. The stromal interacting molecule (STIM) 1 has been found to sense Ca2+ 
concentration within the SR. STIM1 contains an EF-hand Ca2+ binding domain on the N- 
terminal ER luminal portion. When Ca2+ diminishes in the SR, STIM1 suffers a change in its 
distribution on the SR membrane and forms discrete clusters called puncta that interact with 
the plasma membrane. It is now clear that STIM1 couples to Orai1 to refill SR in some cell 
types. Nevertheless, interaction between STIM1 and other channels such as TRPC has also 
been observed and could account for SR refilling [38, 39]. 

3.7. The Na+/Ca2+ exchanger in ASM 

NCX is a membrane associated protein that catalyzes electrogenic exchange of 3 Na+ ions 
and 1 Ca2+ ion across the plasma membrane in a high capacity, and low Ca2+ affinity fashion. 
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This transporter can operate in either the Ca2+ -efflux or Ca2+ -influx mode depending on the 
electrochemical gradients of the substrate ions. Its physiological relevance became apparent 
as the role of extracellular Na+ in regulating contraction of smooth muscle was studied. 
Experiments performed in our laboratory pointed to the NCX as a crucial transporter in-
volved in ASM contraction. In our hands, Na+ substitution by N-Methyl D-glucamine 
(NMDG) or inhibition of Na+/K+ pump with Ouabain produced an increase in intracellular 
Ca2 in cultivated ASM cells [40]. Also, Na+ substitution with NMDG or inhibition of Na+/K+ 
pump with Ouabain increase muscle tension [41], and histamine-pre-contracted guinea-pig 
tracheal rings show decreased relaxation rate when washed in a Na+ -free solution [42]. The 
role of NCX in ASM is still unclear, although much evidence has been mounting towards its 
importance. In further sections of this chapter, various aspects of this transporter will be 
reviewed in detail. 

3.8. The PMCA and Ca2+ extrusion 

Similar to SERCA function during SR Ca2+ uptake, the PMCA is constantly extruding Ca2+ 
outside the cell. The PMCA is a membrane protein that also belongs to the P-type pump 
family. It operates with high Ca2+ affinity and low transport capacity with a Kd ranging 
from 10-30 nM at rest to 0.2-0.5 µM at its optimal activation. It is thus considered to be the 
fine tuner of cytosolic Ca2+ concentration [43]. The PMCA is inhibited by Lanthanum ions 
and Vanadate, as many other transport systems, and for a long time there was no specific 
inhibitor available. Recently, some peptides such as caloxin have been synthesized which 
bind to the extracellular domains of the pump significantly reducing its activity.  

4. Brief history of the NCX 

The existence of the NCX exchanger was proposed in 1963 [44] as a result of studies in cardi-
ac muscle contraction in low Na+ concentrated solutions. However the proposal was the re-
sult of reports from many other investigators who had previously documented the important 
role that Ca2+ and Na+ played in cardiac contraction. For example, it was reported [45, 46] that 
cardiac muscle contraction depended on extracellular Ca2+. On the other hand it was [47] 
described that the force of cardiac contraction increased in the presence of low concentrated 
sodium solutions and years later other group [48] reported that the increase in the cardiac 
contraction force was associated with the quotient between the extracellular Ca2+ concentra-
tion and the extracellular Na+ concentration. Also, it was reported [44] that the decrease in the 
extracellular Na+ concentration is related to an increase in the Ca2+ content in cardiac muscle 
cells. The aforementioned papers and others which will not be mentioned here due to lack of 
space, lead to the conclusion [44] which says that Na+ and Ca2+ ions had to be transported by 
a transporter. During the same decade several papers were published, which allowed to 
suggest the presence of a Na+-Ca2+ transport mechanism in other muscular tissues: skeletal 
muscle [49, 50], vascular smooth muscle [51] and intestinal muscle [52]. It was not until the 
end of the sixties when two groups of researchers working separately proposed the existence 
of a contratransport system coupled for Na+ and Ca2+ [53-58]. Similarly the existence of the 
Na+-Ca2+ exchanger in the smooth airway muscle was suggested by [59, 60]. 
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The strongest evidence of the existence of the Na+-Ca2+ exchanger was given by the partial 
purification of the protein [61] and their posterior molecular cloning [62] from cardiac 
muscle. Other exchangers have been completely or partially cloned in other tissues such as 
photoreceptors [63], airway smooth muscle [64, 65], brain [66], kidney [67], etc. 

We should point out that thanks to the discovery of the Na+-Ca2+ exchanger it was possible 
to give a rational explanation of the inotropic effect of cardiac glycosides and, also, lead the 
group of M.P. Blaustein and J. M. Hamlyn to the discovery of the endogenous ouabain [68] a 
compound that is indistinguishable from plant ouabain, a Na+/K+ ATPase specific blocker. 

5. Molecular aspects of the NCX 

The mammalian Na+-Ca2+ exchanger belongs to a family of at least 3 genes NCX1, NCX2 and 
NCX3 which share a high degree of homology at the DNA and protein sequence level. 
NCX1 is the best characterized and is expressed in most tissues but mainly in heart brain 
and kidney, whereas NCX2 is expressed mainly in brain and NCX3 in brain and skeletal 
muscle [62, 69, 70].  

An additional member of the mammalian NCX gene family recently identified is the 
mitochondrial Na+- Ca2+ exchanger (NCLX). This gene is expressed in various tissues, such 
as pancreas, skeletal muscle and stomach smooth muscle and encodes a 70 KDa protein 
distinct from the other members of the family. This molecule is localized to the inner 
mitochondrial membrane and mediates the mitochondrial Ca2+ efflux in exchange for Na+ or 
Li+, contributing apparently to intracellular Ca2+ homeostasis [71]. 

NCX 1 is the best characterized at the molecular level and its gene consists of a coding re-
gion of 12 exons that encode a protein of 938 amino-acids, and a large upstream regulatory 
region of more than 2000 bp that contains binding sites for several transcription factors such 
as GATA 4 SRF, NF-Y, CREB, C/EBP and AP1, among others [72, 73]. The H1 promoter 
regulates the expression in the heart, K1 in the kidney and Br1 in the brain. The use of each 
of these promoters in a tissue specific manner produces transcripts with different length of 
exon 1 and might enable the response to different stimuli. Exon 1 is part of the 5´-
untranslated regions (5´-UTR) and each of these alternate exons is spliced to the common 
coding exon 2. Although this process does not change the coding sequence, it changes the 
length of the 5´-UTR which might be important for a posttranscriptional regulation.  

In cardiac hypertrophy NCX expression is induced by α-adrenergic stimulation mediated in 
part by p38 MAPK activation and this is dependent on the presence of the proximal CArG 
promoter. Moreover it seems possible that the activation of the ERK kinase induced by 
hypertrophic stimuli plays a role in the transcriptional up-regulation of cardiac NCX. Within 
this region there are at least 3 alternate promoters that confer tissue specificity for NCX 
expression [73-75].  

The major isoform of NCX1 encodes a protein of 120 KDa and NCX2 and NC3 encode 
proteins of approximately 100 kDa, respectively. The actual topological model suggests five 
transmembrane helices followed by a large intracellular loop of about 550 amino-acids, 
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flanked by 2 α-repeats, and then the last four transmembrane segments. Spanning the large 
intracellular loop of NCX1 there is an alternatively spliced region that encompasses 6 exons 
(A, B, C, D, E, and F), which are expressed in a relatively tissue specific manner. Exons A 
and B are mutually exclusive and the others are combined with either of these two to 
produce at least 17 spliced isoforms of the exchanger [69-71]. Exon A appears in excitable 
tissues (heart, brain, skeletal muscle) and exon B mainly in no-excitable tissues (76-78). The 
longest spliced isoform is expressed in heart with exon A, C, D, E, F (NCX1.1) and the 
shortest in brain with the B, D (NCX1.3) isoform. Adjacent to this region there are 2 Ca2+ 
binding sites, CBD1 and CBD2, and close to the latter there is a alternatively spliced variable 
region. The interaction between CBD2 and the variable region seems to influence the 
sensitivity of the NCX isoforms to the regulation by intracellular Na+ and Ca2+ (79).  

Other domains in the intracellular loop include an XIP site (eXchanger Inhibitory Peptide), 
an α-catenin homology region and a putative binding site, within the alternatively spliced 
region, for the ganglioside GM1. This interaction seems to be specific for exon B expressing 
isoforms and allow the localization of NCX1 to the nuclear envelope, where might influence 
not only nuclear Ca2+ but endoplasmic reticulum lumen stores as well, through its vicinity 
with the nuclear envelope. This interaction has been observed in neuronal and non-neuronal 
cells, and it has been suggested that the presence of 4 arginine residues in exon B, instead of 
1 in exon A could favor a major interaction of the negatively charged ganglioside with these 
NCX1 isoforms (80). 

Apparently NCX may be phosphorylated by protein kinase A (PKA) and protein kinase C 
(PKC) but it is still unclear whether these posttranslational modifications confer physiologi-
cal effects directly or indirectly through the interaction with other proteins. It has been re-
ported evidence that the large intracellular loop forms a complex with the PKC and PKA 
kinases subunits, PP1 and 2 phosphatases, and the PKA-anchoring protein AKAP and alt-
hough there are compelling evidence for in vitro NCX phosphorylation by PKA and PKC, 
debate about the functional significance of these findings, still remains. It seems that the 
intracellular loop is necessary for agonist stimulation of NCX activity, but not necessarily 
the direct phosphorylation (81-83). 

Airway smooth muscle cells and tissue express mainly NCX1, and absence of expression of 
the NCX2 and NCX3 isoforms. The first molecular evidence of NCX1 expression in ASM 
was realized in human trachea smooth muscle tissue where the alternatively spliced isoform 
revealed through reverse transcription coupled polymerase chain reaction (RT-PCR) method 
was the alternatively spliced isoform NCX1.3 (64). 

This same isoform was later found in guinea pig tracheal tissue, showing a high grade ho-
mology in the alternatively spliced region among both species, with only minor aminoacid 
conservative changes. This isoform is predominantly expressed in kidney and contains a 102 
amino-acids B exon linked to an 8 aminoacids D exon (84, 65).  

At the protein level, NCX1 expression was demonstrated in bovine tracheal smooth muscle, 
where apparently a 120 kDa and a 110 kDa proteins corresponding to NCX1.1 and NCX1.3 
isoforms, respectively, were identified by Western blotting [85]. Functional and comparative 
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The strongest evidence of the existence of the Na+-Ca2+ exchanger was given by the partial 
purification of the protein [61] and their posterior molecular cloning [62] from cardiac 
muscle. Other exchangers have been completely or partially cloned in other tissues such as 
photoreceptors [63], airway smooth muscle [64, 65], brain [66], kidney [67], etc. 

We should point out that thanks to the discovery of the Na+-Ca2+ exchanger it was possible 
to give a rational explanation of the inotropic effect of cardiac glycosides and, also, lead the 
group of M.P. Blaustein and J. M. Hamlyn to the discovery of the endogenous ouabain [68] a 
compound that is indistinguishable from plant ouabain, a Na+/K+ ATPase specific blocker. 

5. Molecular aspects of the NCX 

The mammalian Na+-Ca2+ exchanger belongs to a family of at least 3 genes NCX1, NCX2 and 
NCX3 which share a high degree of homology at the DNA and protein sequence level. 
NCX1 is the best characterized and is expressed in most tissues but mainly in heart brain 
and kidney, whereas NCX2 is expressed mainly in brain and NCX3 in brain and skeletal 
muscle [62, 69, 70].  

An additional member of the mammalian NCX gene family recently identified is the 
mitochondrial Na+- Ca2+ exchanger (NCLX). This gene is expressed in various tissues, such 
as pancreas, skeletal muscle and stomach smooth muscle and encodes a 70 KDa protein 
distinct from the other members of the family. This molecule is localized to the inner 
mitochondrial membrane and mediates the mitochondrial Ca2+ efflux in exchange for Na+ or 
Li+, contributing apparently to intracellular Ca2+ homeostasis [71]. 

NCX 1 is the best characterized at the molecular level and its gene consists of a coding re-
gion of 12 exons that encode a protein of 938 amino-acids, and a large upstream regulatory 
region of more than 2000 bp that contains binding sites for several transcription factors such 
as GATA 4 SRF, NF-Y, CREB, C/EBP and AP1, among others [72, 73]. The H1 promoter 
regulates the expression in the heart, K1 in the kidney and Br1 in the brain. The use of each 
of these promoters in a tissue specific manner produces transcripts with different length of 
exon 1 and might enable the response to different stimuli. Exon 1 is part of the 5´-
untranslated regions (5´-UTR) and each of these alternate exons is spliced to the common 
coding exon 2. Although this process does not change the coding sequence, it changes the 
length of the 5´-UTR which might be important for a posttranscriptional regulation.  

In cardiac hypertrophy NCX expression is induced by α-adrenergic stimulation mediated in 
part by p38 MAPK activation and this is dependent on the presence of the proximal CArG 
promoter. Moreover it seems possible that the activation of the ERK kinase induced by 
hypertrophic stimuli plays a role in the transcriptional up-regulation of cardiac NCX. Within 
this region there are at least 3 alternate promoters that confer tissue specificity for NCX 
expression [73-75].  

The major isoform of NCX1 encodes a protein of 120 KDa and NCX2 and NC3 encode 
proteins of approximately 100 kDa, respectively. The actual topological model suggests five 
transmembrane helices followed by a large intracellular loop of about 550 amino-acids, 
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flanked by 2 α-repeats, and then the last four transmembrane segments. Spanning the large 
intracellular loop of NCX1 there is an alternatively spliced region that encompasses 6 exons 
(A, B, C, D, E, and F), which are expressed in a relatively tissue specific manner. Exons A 
and B are mutually exclusive and the others are combined with either of these two to 
produce at least 17 spliced isoforms of the exchanger [69-71]. Exon A appears in excitable 
tissues (heart, brain, skeletal muscle) and exon B mainly in no-excitable tissues (76-78). The 
longest spliced isoform is expressed in heart with exon A, C, D, E, F (NCX1.1) and the 
shortest in brain with the B, D (NCX1.3) isoform. Adjacent to this region there are 2 Ca2+ 
binding sites, CBD1 and CBD2, and close to the latter there is a alternatively spliced variable 
region. The interaction between CBD2 and the variable region seems to influence the 
sensitivity of the NCX isoforms to the regulation by intracellular Na+ and Ca2+ (79).  

Other domains in the intracellular loop include an XIP site (eXchanger Inhibitory Peptide), 
an α-catenin homology region and a putative binding site, within the alternatively spliced 
region, for the ganglioside GM1. This interaction seems to be specific for exon B expressing 
isoforms and allow the localization of NCX1 to the nuclear envelope, where might influence 
not only nuclear Ca2+ but endoplasmic reticulum lumen stores as well, through its vicinity 
with the nuclear envelope. This interaction has been observed in neuronal and non-neuronal 
cells, and it has been suggested that the presence of 4 arginine residues in exon B, instead of 
1 in exon A could favor a major interaction of the negatively charged ganglioside with these 
NCX1 isoforms (80). 

Apparently NCX may be phosphorylated by protein kinase A (PKA) and protein kinase C 
(PKC) but it is still unclear whether these posttranslational modifications confer physiologi-
cal effects directly or indirectly through the interaction with other proteins. It has been re-
ported evidence that the large intracellular loop forms a complex with the PKC and PKA 
kinases subunits, PP1 and 2 phosphatases, and the PKA-anchoring protein AKAP and alt-
hough there are compelling evidence for in vitro NCX phosphorylation by PKA and PKC, 
debate about the functional significance of these findings, still remains. It seems that the 
intracellular loop is necessary for agonist stimulation of NCX activity, but not necessarily 
the direct phosphorylation (81-83). 

Airway smooth muscle cells and tissue express mainly NCX1, and absence of expression of 
the NCX2 and NCX3 isoforms. The first molecular evidence of NCX1 expression in ASM 
was realized in human trachea smooth muscle tissue where the alternatively spliced isoform 
revealed through reverse transcription coupled polymerase chain reaction (RT-PCR) method 
was the alternatively spliced isoform NCX1.3 (64). 

This same isoform was later found in guinea pig tracheal tissue, showing a high grade ho-
mology in the alternatively spliced region among both species, with only minor aminoacid 
conservative changes. This isoform is predominantly expressed in kidney and contains a 102 
amino-acids B exon linked to an 8 aminoacids D exon (84, 65).  

At the protein level, NCX1 expression was demonstrated in bovine tracheal smooth muscle, 
where apparently a 120 kDa and a 110 kDa proteins corresponding to NCX1.1 and NCX1.3 
isoforms, respectively, were identified by Western blotting [85]. Functional and comparative 
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studies of the major NCX1.1 and the NCX1.3 isoforms have shown aminoacid differences 
within these variable exons that influence the inhibitory sensitivity de NCX to intracellular 
Na+ (77-79). 

Recently, an advanced molecular approach based on protein expression knocking down at 
the messenger RNA (mRNA) level by interference with small RNA molecules (siRNA), has 
been successfully applied to human airway smooth muscles allowing a better correlation of 
expression level with function in this tissue. Interestingly, these studies show that histamine 
and cytokines, like TNFα and IL-13, are able to induce the expression of NCX. When these 
cells are transfected with siRNA specific for NCX, the protein levels of the exchanger are 
decreased, as well as the Ca2+ influx elicited by these stimuli [86]. Moreover, in one of these 
studies it has been shown that cytokine induction of NCX1 is at the transcription level, me-
diated apparently by a mitogen activated protein kinase (MAPK) and NFκB pathways [87].  

6. Functional aspects of the NCX 

In this section, the basic aspects of NCX function will be reviewed considering the molecular 
mechanics of ion transport, activation of ion transport, interaction between NCX and ionic 
channels and pharmacology of the NCX. 

6.1. Mechanism of Na+/Ca2+ transport 

The mechanism of transport of NCX1 has been widely studied and reveals a consecutive 
mechanism in which only 1 substrate ion is translocated at a time. Interaction of NCX1 with 
Na+ or Ca2+ is asymmetric since the apparent affinity for intracellular Ca2+ is several hundred 
times higher than that for extracellular Ca2+, although affinities for Na+ differ little. Besides 
being transported substrates, Ca2+ and Na+ regulate the NCX1 activity. In both modes of 
operation, the NCX1 is activated only when regulatory intracellular Ca2+ binds to a high-
affinity site showing K1/2 values of 0.1 to 0.4 µM [88]. In contrast, intracellular Na+ exerts an 
inhibitory process upon NCX that occurs when the transport sites in NCX1 are fully loaded 
with Na+ from the cytoplasmic side. This inactivation process is influenced by a variety of 
factors: it is enhanced at low pH but attenuated by intracellular Ca2+, millimolar ATP or 
PIP2. The steady-state activity of the NCX1 also exhibits intracellular pH dependence. At pH 
6, activity is almost null; whereas at pH 9, activity is maximal [89]. Also, NCX activity shows 
voltage dependence, attributed mostly to voltage dependence on behalf of the Na+ transloca-
tion step, or Na+ binding to the NCX, which is rate limiting in overall reaction [90]. 

A very interesting effect occurs when alkali metal ions such as Na+, K+ or Li+ are present on the 
extracellular side: all of them increase NCX activity 2 to 3 times with low affinity. Apart from 
Na+, these cations bind to sites which are different from the transport sites and are not trans-
ported by the NCX [91]. Intracellular metal cations also stimulate the NCX, but apparently 
they need to be present as well in the internal side of NCX to show such effect. Gadsby et al. 
[92] found a striking difference between the outward NCX current-voltage relationships ob-
tained in isolated guinea-pig myocytes when extracellular Na+ was completely replaced with 
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Li+ as compared to replacing with NMDG+. This increase in outward current observed when 
Li+ replaced Na+ suggested that the voltage sensitivity and the magnitude of Na+-Ca2+ ex-
change depend on the nature of the extracellular monovalent cation present. Our group previ-
ously observed that Na+ substitution with Li+ in force experiments performed on guinea pig 
tracheal rings produced a small reproducible increase in tension (Figure 1. upper trace). Once 
histamine was added, a further sustained contraction was observed and the peak tension, 
measured from the previous basal level, showed no significant decrease as compared to con-
trol. We suggested that histamine stimulation produces Li+ influx through TRPC, membrane 
depolarization and activation of CaV1.2 channels. This depolarization is apparently enough to 
completely explain contraction, as observed when verapamil was added causing almost com-
plete relaxation [35]. It is worth noting that Li+ is not transported through the NCX in either 
direction [93] and therefore, NCX function under this condition is expected to be null. 

 
Figure 1. Representative traces of isometric force measurements of histamine-stimulated guinea-pig 
tracheal rings in Na+ -free with LiCl (upper trace), Na+ - free with NMDG+ (middle trace) and PSS (lower 
trace). PSS = Saline Solution. Force measurements were considered 5 min after histamine stimulation for 
comparison between contractions.  

6.2. Functional relationship between NCX and ion channels. 

As mentioned before, the NCX is a transporter whose activity and mode of operation can be 
finely modulated by the electrochemical gradient for Na+ and Ca2+. It has also been 
suggested that its localization and physical association with ion channels and cell organelles 
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studies of the major NCX1.1 and the NCX1.3 isoforms have shown aminoacid differences 
within these variable exons that influence the inhibitory sensitivity de NCX to intracellular 
Na+ (77-79). 

Recently, an advanced molecular approach based on protein expression knocking down at 
the messenger RNA (mRNA) level by interference with small RNA molecules (siRNA), has 
been successfully applied to human airway smooth muscles allowing a better correlation of 
expression level with function in this tissue. Interestingly, these studies show that histamine 
and cytokines, like TNFα and IL-13, are able to induce the expression of NCX. When these 
cells are transfected with siRNA specific for NCX, the protein levels of the exchanger are 
decreased, as well as the Ca2+ influx elicited by these stimuli [86]. Moreover, in one of these 
studies it has been shown that cytokine induction of NCX1 is at the transcription level, me-
diated apparently by a mitogen activated protein kinase (MAPK) and NFκB pathways [87].  

6. Functional aspects of the NCX 

In this section, the basic aspects of NCX function will be reviewed considering the molecular 
mechanics of ion transport, activation of ion transport, interaction between NCX and ionic 
channels and pharmacology of the NCX. 

6.1. Mechanism of Na+/Ca2+ transport 

The mechanism of transport of NCX1 has been widely studied and reveals a consecutive 
mechanism in which only 1 substrate ion is translocated at a time. Interaction of NCX1 with 
Na+ or Ca2+ is asymmetric since the apparent affinity for intracellular Ca2+ is several hundred 
times higher than that for extracellular Ca2+, although affinities for Na+ differ little. Besides 
being transported substrates, Ca2+ and Na+ regulate the NCX1 activity. In both modes of 
operation, the NCX1 is activated only when regulatory intracellular Ca2+ binds to a high-
affinity site showing K1/2 values of 0.1 to 0.4 µM [88]. In contrast, intracellular Na+ exerts an 
inhibitory process upon NCX that occurs when the transport sites in NCX1 are fully loaded 
with Na+ from the cytoplasmic side. This inactivation process is influenced by a variety of 
factors: it is enhanced at low pH but attenuated by intracellular Ca2+, millimolar ATP or 
PIP2. The steady-state activity of the NCX1 also exhibits intracellular pH dependence. At pH 
6, activity is almost null; whereas at pH 9, activity is maximal [89]. Also, NCX activity shows 
voltage dependence, attributed mostly to voltage dependence on behalf of the Na+ transloca-
tion step, or Na+ binding to the NCX, which is rate limiting in overall reaction [90]. 

A very interesting effect occurs when alkali metal ions such as Na+, K+ or Li+ are present on the 
extracellular side: all of them increase NCX activity 2 to 3 times with low affinity. Apart from 
Na+, these cations bind to sites which are different from the transport sites and are not trans-
ported by the NCX [91]. Intracellular metal cations also stimulate the NCX, but apparently 
they need to be present as well in the internal side of NCX to show such effect. Gadsby et al. 
[92] found a striking difference between the outward NCX current-voltage relationships ob-
tained in isolated guinea-pig myocytes when extracellular Na+ was completely replaced with 
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Li+ as compared to replacing with NMDG+. This increase in outward current observed when 
Li+ replaced Na+ suggested that the voltage sensitivity and the magnitude of Na+-Ca2+ ex-
change depend on the nature of the extracellular monovalent cation present. Our group previ-
ously observed that Na+ substitution with Li+ in force experiments performed on guinea pig 
tracheal rings produced a small reproducible increase in tension (Figure 1. upper trace). Once 
histamine was added, a further sustained contraction was observed and the peak tension, 
measured from the previous basal level, showed no significant decrease as compared to con-
trol. We suggested that histamine stimulation produces Li+ influx through TRPC, membrane 
depolarization and activation of CaV1.2 channels. This depolarization is apparently enough to 
completely explain contraction, as observed when verapamil was added causing almost com-
plete relaxation [35]. It is worth noting that Li+ is not transported through the NCX in either 
direction [93] and therefore, NCX function under this condition is expected to be null. 

 
Figure 1. Representative traces of isometric force measurements of histamine-stimulated guinea-pig 
tracheal rings in Na+ -free with LiCl (upper trace), Na+ - free with NMDG+ (middle trace) and PSS (lower 
trace). PSS = Saline Solution. Force measurements were considered 5 min after histamine stimulation for 
comparison between contractions.  

6.2. Functional relationship between NCX and ion channels. 

As mentioned before, the NCX is a transporter whose activity and mode of operation can be 
finely modulated by the electrochemical gradient for Na+ and Ca2+. It has also been 
suggested that its localization and physical association with ion channels and cell organelles 
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(as the SR) might determine its modulation [94]. Activation of NCX in the Ca2+ influx mode 
after agonist stimulation has been observed by different groups. Rosker et al. reported that 
in HEK 293 cells over-expressing TRPC3 channels, stimulation with carbachol was 
associated with an increase of intracellular Ca2+ concentration, which depended on 
extracellular Na+ since its substitution or the NCX inhibition with KB-R7943 reduced such 
effect. In the same cell line they also reported that NCX and TRPC3 are physically associated 
after cellular fractionation in low-density sucrose gradients and co-immunoprecipitation. 
The same group using glutathione S-transferase pull-down technique, which revealed that 
NCX interacts with the carboxy-terminal of TRPC3, confirmed these data. They also showed 
by co-immunoprecipitation experiments that NCX and TRPC3 are physically associated [95]. 

Later, this group tested a similar hypothesis on rat cardiomyocytes, and found that inhibi-
tion of the NCX in reverse mode by KB-R7943 also diminished the Ca2+ entry associated 
with agonist stimulation [96]. Other groups have also observed this functional association 
using models that better resemble in vivo conditions. It was reported that in rat aortic 
smooth muscle cells, the NCX inhibitor KB-R7943 as well as the TRPC inhibitor SKF-96365 
abolished Ca2+ influx after ATP stimulation. They also observed a similar effect when cells 
were transfected with a dominant negative transcript for TRPC6 [97]. 

Hirota et al. [98] have also suggested a functional association between the NCX and TRPC 
activated by store depletion in dog ASM. In that work, several agonists were tested on tra-
cheal rings together with NCX inhibitor KB-R7943 and sensitivity to this drug was observed. 
Also, contraction depended on extracellular Na+, corresponding to our own observations. 
Dai et al. [99] observed in porcine tracheal smooth muscle bundle that Ca2+ waves typically 
obtained by acetylcholine stimulation were sensitive to TRPC blocker SKF-96365 as well as 
to KB-R7943. They also observed this sensitivity at the level of muscle contraction, where 
these drugs, together with nifedipine completely relaxed the muscle.  

In our own experience, this relationship between the NCX and TRPC channels became evi-
dent in guinea pig ASM. We performed several force experiments on guinea pig tracheal 
rings and observed that histamine contraction depends on extracellular Na+ and is sensitive 
to the non-specific NCX blocker KBR-7943 as well as to TRPC non-specific blockers SKF-
96365 and 2-APB. These findings have led us to propose that histamine causes Ca2+ entry 
mediated by the NCX operating in its reverse mode secondary to a cationic influx (primarily 
Na+) through TRPC. We then proposed that histamine stimulates Na+ influx through TRPC, 
cell depolarization and the increase in subplasmalemmal Na+ concentration. These conditions 
might favor first the reverse mode of the NCX and later the activation of CaV1.2 channels 
which have been characterized in this tissue previously [24]. On the other hand, as Na+ is 
replaced by NMDG+, neither depolarization nor Na+ influx through TRPC could be possible. 
Thus Ca2+ release from SR, Ca+2 entries through TRPC and Ca+2 entries through reverse mode 
NCX would provide for the small histamine-induced contraction observed [35]. Pre-
incubation with KB-R7943 allowed us to explore the role of NCX during the beginning of 
histamine contraction as well as throughout tonic force development. In the presence of KB-
R7943 a significant diminishment in maximal force developed as observed, whereas pre-
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incubation with 70 nM nifedipine had no effect. We thus suggest that NCX is active in its 
reverse mode at an early stage of contraction after Ca2+ release from the SR, while CaV1.2 
channels participate somewhat later during stimulation. In addition, this contraction is also 
similar to the one observed when Na+ is substituted for NMDG. Our interpretation for this is 
that when NCX has been inhibited, not only Ca2+ entry is blocked but also membrane depo-
larization does not reach the threshold for CaV1.2 channel activation.  

Ca2+ imaging experiments performed on freshly isolated tracheal smooth muscle cells point-
ed to the same direction as the tension experiments. We first obtained isolated muscle cells 
able to contract and to show an increase in FURA-2 fluorescence ratio after histamine stimu-
lation. Stimulation resulted in a peak in fluorescence ratio followed by a plateau of fluores-
cence just above the basal value (15% of the peak in Ca2+ rise), which persisted until the 
agonist was washed out. Addition of 100 µM KB-R7943 significantly decreased the change 
in peak fluorescence ratio in a second stimulation with histamine as well as during the sus-
tained phase (Figure 2.). External Na+ substitution by NMDG+ showed a significant decrease 
in fluorescence ratio in the sustained phase suggesting that the NCX is operating in the Ca2+ 
influx mode and that the KB-R7943-insensitive component is due to Ca2+ release from the 
stores and perhaps Ca2+ entry through TRPC. We also observed that application of SKF-
93635 and thus inhibition of TRPC significantly lowers the peak fluorescence ratio and com-
pletely abolishes fluorescence in the sustained phase of the curve. This is in agreement with 
results reported by Dai et al. [99] where SKF-96365 inhibits contraction and Ca2+ waves in 
porcine tracheal smooth muscle cells. 

 
Figure 2. Representative traces from fluorescence ratio changes observed during stimulation of isolated 
smooth muscle cells with 10 µM histamine. Cells were stimulated twice with histamine and given a 20 
min recovery time between stimulations. Fluorescence ratio was measured as indicated by arrows. 
During the second stimulation histamine was added together with 100 µM KB-R7943 in PS, A) or 50 µM 
SKF-96365 in PS, B). 

These results led us to propose the following model: Activation of histamine receptors trig-
gers a signaling cascade leading to formation of IP3 and DAG which causes Ca2+ release from 
SR generating initial contraction. Emptying of the SR by such Ca2+ release, activates TRPC 
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(as the SR) might determine its modulation [94]. Activation of NCX in the Ca2+ influx mode 
after agonist stimulation has been observed by different groups. Rosker et al. reported that 
in HEK 293 cells over-expressing TRPC3 channels, stimulation with carbachol was 
associated with an increase of intracellular Ca2+ concentration, which depended on 
extracellular Na+ since its substitution or the NCX inhibition with KB-R7943 reduced such 
effect. In the same cell line they also reported that NCX and TRPC3 are physically associated 
after cellular fractionation in low-density sucrose gradients and co-immunoprecipitation. 
The same group using glutathione S-transferase pull-down technique, which revealed that 
NCX interacts with the carboxy-terminal of TRPC3, confirmed these data. They also showed 
by co-immunoprecipitation experiments that NCX and TRPC3 are physically associated [95]. 

Later, this group tested a similar hypothesis on rat cardiomyocytes, and found that inhibi-
tion of the NCX in reverse mode by KB-R7943 also diminished the Ca2+ entry associated 
with agonist stimulation [96]. Other groups have also observed this functional association 
using models that better resemble in vivo conditions. It was reported that in rat aortic 
smooth muscle cells, the NCX inhibitor KB-R7943 as well as the TRPC inhibitor SKF-96365 
abolished Ca2+ influx after ATP stimulation. They also observed a similar effect when cells 
were transfected with a dominant negative transcript for TRPC6 [97]. 

Hirota et al. [98] have also suggested a functional association between the NCX and TRPC 
activated by store depletion in dog ASM. In that work, several agonists were tested on tra-
cheal rings together with NCX inhibitor KB-R7943 and sensitivity to this drug was observed. 
Also, contraction depended on extracellular Na+, corresponding to our own observations. 
Dai et al. [99] observed in porcine tracheal smooth muscle bundle that Ca2+ waves typically 
obtained by acetylcholine stimulation were sensitive to TRPC blocker SKF-96365 as well as 
to KB-R7943. They also observed this sensitivity at the level of muscle contraction, where 
these drugs, together with nifedipine completely relaxed the muscle.  

In our own experience, this relationship between the NCX and TRPC channels became evi-
dent in guinea pig ASM. We performed several force experiments on guinea pig tracheal 
rings and observed that histamine contraction depends on extracellular Na+ and is sensitive 
to the non-specific NCX blocker KBR-7943 as well as to TRPC non-specific blockers SKF-
96365 and 2-APB. These findings have led us to propose that histamine causes Ca2+ entry 
mediated by the NCX operating in its reverse mode secondary to a cationic influx (primarily 
Na+) through TRPC. We then proposed that histamine stimulates Na+ influx through TRPC, 
cell depolarization and the increase in subplasmalemmal Na+ concentration. These conditions 
might favor first the reverse mode of the NCX and later the activation of CaV1.2 channels 
which have been characterized in this tissue previously [24]. On the other hand, as Na+ is 
replaced by NMDG+, neither depolarization nor Na+ influx through TRPC could be possible. 
Thus Ca2+ release from SR, Ca+2 entries through TRPC and Ca+2 entries through reverse mode 
NCX would provide for the small histamine-induced contraction observed [35]. Pre-
incubation with KB-R7943 allowed us to explore the role of NCX during the beginning of 
histamine contraction as well as throughout tonic force development. In the presence of KB-
R7943 a significant diminishment in maximal force developed as observed, whereas pre-
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incubation with 70 nM nifedipine had no effect. We thus suggest that NCX is active in its 
reverse mode at an early stage of contraction after Ca2+ release from the SR, while CaV1.2 
channels participate somewhat later during stimulation. In addition, this contraction is also 
similar to the one observed when Na+ is substituted for NMDG. Our interpretation for this is 
that when NCX has been inhibited, not only Ca2+ entry is blocked but also membrane depo-
larization does not reach the threshold for CaV1.2 channel activation.  

Ca2+ imaging experiments performed on freshly isolated tracheal smooth muscle cells point-
ed to the same direction as the tension experiments. We first obtained isolated muscle cells 
able to contract and to show an increase in FURA-2 fluorescence ratio after histamine stimu-
lation. Stimulation resulted in a peak in fluorescence ratio followed by a plateau of fluores-
cence just above the basal value (15% of the peak in Ca2+ rise), which persisted until the 
agonist was washed out. Addition of 100 µM KB-R7943 significantly decreased the change 
in peak fluorescence ratio in a second stimulation with histamine as well as during the sus-
tained phase (Figure 2.). External Na+ substitution by NMDG+ showed a significant decrease 
in fluorescence ratio in the sustained phase suggesting that the NCX is operating in the Ca2+ 
influx mode and that the KB-R7943-insensitive component is due to Ca2+ release from the 
stores and perhaps Ca2+ entry through TRPC. We also observed that application of SKF-
93635 and thus inhibition of TRPC significantly lowers the peak fluorescence ratio and com-
pletely abolishes fluorescence in the sustained phase of the curve. This is in agreement with 
results reported by Dai et al. [99] where SKF-96365 inhibits contraction and Ca2+ waves in 
porcine tracheal smooth muscle cells. 

 
Figure 2. Representative traces from fluorescence ratio changes observed during stimulation of isolated 
smooth muscle cells with 10 µM histamine. Cells were stimulated twice with histamine and given a 20 
min recovery time between stimulations. Fluorescence ratio was measured as indicated by arrows. 
During the second stimulation histamine was added together with 100 µM KB-R7943 in PS, A) or 50 µM 
SKF-96365 in PS, B). 

These results led us to propose the following model: Activation of histamine receptors trig-
gers a signaling cascade leading to formation of IP3 and DAG which causes Ca2+ release from 
SR generating initial contraction. Emptying of the SR by such Ca2+ release, activates TRPC 
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channel opening leading to Na+ influx. This Na+ current in turn causes membrane depolari-
zation as well as a local increase in [Na+]i in the vicinity of NCX which promote its reverse 
mode of operation. Ca2+ entry mediated by the NCX may add to Ca2+ released from the SR 
and activate Ca2+-activated Cl- channels [20, 100]. This in turn should cause enough depolar-
ization to activate a larger population of CaV1.2 channels and, together with sensitization 
events, give rise to a characteristic histamine contraction.  

 
Figure 3. Proposed model that explains the functional interaction between NCX and TRPC during 
histamine stimulation. Histamine acts on its specific H1 receptor and initiates a signaling cascade lead-
ing to formation of IP3. IP3 produces Ca2+ release from SR and this in turn causes TRPC opening. The 
Na+ current entering through these channels depolarizes the membrane and locally increases [Na+]i in 
the vicinity of NCX. These conditions would then promote NCX operation in reverse mode as well as 
CaV1.2 channel activation. Ca2+ entry through NCX might activate Ca2+-dependent Cl- channels and 
cause even greater depolarization resulting in an activation of a greater CaV1.2 channel population.  

Recently, the functional interaction between NCX and the SOCC channel activator STIM1 
was observed in human bronchial smooth muscle cells [86]. In this work, electrophysiological 
recordings of isolated cells revealed an outwardly rectifying current characteristic of the NCX 
in reverse mode which was completely abolished by KB.R7943. Interestingly, the current was 
activated by histamine addition and inhibited completely by STIM1 knockdown. STIM is 
proposed as a sensor of SR emptying which interacts with membrane channels, it is possible 
that the TRPC channels are activated by STIM1 causing Na+ influx and NCX activation as was 
previously proposed. This evidence shows again the tight relationship between the NCX and 
other channels which are activated in response to agonist stimulation or SR emptying. 
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6.3. Role of the NCX during ASM relaxation 

The NCX working in reverse mode promotes ASM contraction according to the evidence 
just described. Nevertheless, its mode of operation once agonist is washed seems to be dif-
ferent. In contrast to its alleged role in heart as a fundamental Ca2+ extrusion system [101], 
we observed that inhibition of the NCX with KB-R7943 during relaxation of guinea pig tra-
cheal rings does not alter the process at all [65]. On the other hand, Na+ substitution by 
NMDG during washing does retard the relaxation of the rings, indicating that the NCX is 
turned to the Ca2+ influx mode. This delay in the relaxation process in Na+-free washing 
was abolished by KB-R943, suggesting the participation of the NCX under these conditions. 
In accordance with our results, it has also been shown that the NCX plays at most a minor 
role as a Ca2+ extrusion system during canine ASM relaxation [102]. This is in agreement 
with our results, suggesting that the NCX found in ASM is active during contraction in the 
Ca2+ entry mode, but not during relaxation.  

6.4. Pharmacology of the NCX 

Specific inhibitors of the NCX are not yet available for research or therapeutic use. Many 
divalent and trivalent cations such as La+, Ni2+ and Cd2+, as well as amiloride derivatives or 
the substituted pyrrolidineethanamine have long been used, although their lack of specifici-
ty remain a great handicap for their use. The isothiourea derivative KB-R7943 has been used 
as a potent inhibitor of the NCX [103]. It is 3-fold less potent on NCX1 and NCX2 than on 
NCX3 and has a preferential effect on the Ca2+ influx mode of NCX1 [104]. This drug seems 
to act on specific residues of the NCX1: Val 820, Gln 826 and Gly 833 which lie in a reentrant 
membrane loop [105]. An important handicap for the use of KB-R7943 is the lack of specifici-
ty for NCX, since it has been reported to block ion channels [106], neuronal nicotinic acetyl-
choline receptor [107], N-methyl-D-aspartate receptor [108] and norepinephrine transporter 
at relatively low doses. Another more potent and specific inhibitor of NCX is SEA0400. This 
drug has been reported to be 30 times more powerful than KB-R7943 and to block predomi-
nantly NCX1 in CCL39 cells [109,110]. Analysis performed with NCX1 and NCX3 chimeras 
showed that multiple amino acids are involved in SEA0400 sensitivity encompassing resi-
dues 73-108 and 193-230. Regarding its specificity, SEA0400 at 1 µM does not affect CaV1.2 
channels, CaV2.2 channels or Na+ channels. The affinity reported for NCX in cultured neu-
rons, astrocytes and microglia has IC50 values from 5 to 33 nM [111]. An important draw-
back for the use of SEA0400 is that it is not yet commercially available, limiting its use to the 
general research public. Two other NCX blockers are SN-6 and YM-244769 and are under 
investigation. The blockers mentioned before have the characteristic that they are poorly 
active when the exchanger is working in the forward mode under normal conditions (low 
intracellular Na+) but very active when the exchanger is working in the reverse mode under 
pathological conditions [112].  

7. Clinical implications 

As it has been mentioned in previous sections, the NCX plays a critical role in the regulation 
of intracellular Ca2+ concentration. The direction of Na+ in exchange for Ca2+ depends on the 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

58 

channel opening leading to Na+ influx. This Na+ current in turn causes membrane depolari-
zation as well as a local increase in [Na+]i in the vicinity of NCX which promote its reverse 
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Figure 3. Proposed model that explains the functional interaction between NCX and TRPC during 
histamine stimulation. Histamine acts on its specific H1 receptor and initiates a signaling cascade lead-
ing to formation of IP3. IP3 produces Ca2+ release from SR and this in turn causes TRPC opening. The 
Na+ current entering through these channels depolarizes the membrane and locally increases [Na+]i in 
the vicinity of NCX. These conditions would then promote NCX operation in reverse mode as well as 
CaV1.2 channel activation. Ca2+ entry through NCX might activate Ca2+-dependent Cl- channels and 
cause even greater depolarization resulting in an activation of a greater CaV1.2 channel population.  

Recently, the functional interaction between NCX and the SOCC channel activator STIM1 
was observed in human bronchial smooth muscle cells [86]. In this work, electrophysiological 
recordings of isolated cells revealed an outwardly rectifying current characteristic of the NCX 
in reverse mode which was completely abolished by KB.R7943. Interestingly, the current was 
activated by histamine addition and inhibited completely by STIM1 knockdown. STIM is 
proposed as a sensor of SR emptying which interacts with membrane channels, it is possible 
that the TRPC channels are activated by STIM1 causing Na+ influx and NCX activation as was 
previously proposed. This evidence shows again the tight relationship between the NCX and 
other channels which are activated in response to agonist stimulation or SR emptying. 

 
The Role of Sodium-Calcium Exchanger in the Calcium Homeostasis of Airway Smooth Muscle 

 

59 

6.3. Role of the NCX during ASM relaxation 

The NCX working in reverse mode promotes ASM contraction according to the evidence 
just described. Nevertheless, its mode of operation once agonist is washed seems to be dif-
ferent. In contrast to its alleged role in heart as a fundamental Ca2+ extrusion system [101], 
we observed that inhibition of the NCX with KB-R7943 during relaxation of guinea pig tra-
cheal rings does not alter the process at all [65]. On the other hand, Na+ substitution by 
NMDG during washing does retard the relaxation of the rings, indicating that the NCX is 
turned to the Ca2+ influx mode. This delay in the relaxation process in Na+-free washing 
was abolished by KB-R943, suggesting the participation of the NCX under these conditions. 
In accordance with our results, it has also been shown that the NCX plays at most a minor 
role as a Ca2+ extrusion system during canine ASM relaxation [102]. This is in agreement 
with our results, suggesting that the NCX found in ASM is active during contraction in the 
Ca2+ entry mode, but not during relaxation.  

6.4. Pharmacology of the NCX 

Specific inhibitors of the NCX are not yet available for research or therapeutic use. Many 
divalent and trivalent cations such as La+, Ni2+ and Cd2+, as well as amiloride derivatives or 
the substituted pyrrolidineethanamine have long been used, although their lack of specifici-
ty remain a great handicap for their use. The isothiourea derivative KB-R7943 has been used 
as a potent inhibitor of the NCX [103]. It is 3-fold less potent on NCX1 and NCX2 than on 
NCX3 and has a preferential effect on the Ca2+ influx mode of NCX1 [104]. This drug seems 
to act on specific residues of the NCX1: Val 820, Gln 826 and Gly 833 which lie in a reentrant 
membrane loop [105]. An important handicap for the use of KB-R7943 is the lack of specifici-
ty for NCX, since it has been reported to block ion channels [106], neuronal nicotinic acetyl-
choline receptor [107], N-methyl-D-aspartate receptor [108] and norepinephrine transporter 
at relatively low doses. Another more potent and specific inhibitor of NCX is SEA0400. This 
drug has been reported to be 30 times more powerful than KB-R7943 and to block predomi-
nantly NCX1 in CCL39 cells [109,110]. Analysis performed with NCX1 and NCX3 chimeras 
showed that multiple amino acids are involved in SEA0400 sensitivity encompassing resi-
dues 73-108 and 193-230. Regarding its specificity, SEA0400 at 1 µM does not affect CaV1.2 
channels, CaV2.2 channels or Na+ channels. The affinity reported for NCX in cultured neu-
rons, astrocytes and microglia has IC50 values from 5 to 33 nM [111]. An important draw-
back for the use of SEA0400 is that it is not yet commercially available, limiting its use to the 
general research public. Two other NCX blockers are SN-6 and YM-244769 and are under 
investigation. The blockers mentioned before have the characteristic that they are poorly 
active when the exchanger is working in the forward mode under normal conditions (low 
intracellular Na+) but very active when the exchanger is working in the reverse mode under 
pathological conditions [112].  

7. Clinical implications 

As it has been mentioned in previous sections, the NCX plays a critical role in the regulation 
of intracellular Ca2+ concentration. The direction of Na+ in exchange for Ca2+ depends on the 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

60 

membrane potential and the Na+ and Ca2+ transmembrane ionic gradient. Out of the two 
types of exchange, the reverse mode (Ca2+ influx mode) has received more attention due to 
the fact that its function determines extracellular Ca2+ influx into the cell. When this is given 
in normal conditions is used for either the contraction process or to refill the SR. However, 
there is experimental evidence that suggests that in certain pathological conditions such as 
essential hypertension [113], ischemia-reperfusion injury [113] and certain types of cardiac 
arrhythmia [114] the NCX transports a bigger amount of Ca2+ than necessary.  

The usage of NCX blockers such as KB-R7943, SEA0400, and SN-6 [115] have helped to un-
derstand the physiological role that the exchanger plays in different tissues. Moreover, they 
are now seen as potential therapeutic drugs. Indeed, the experimental evidence accumulat-
ed over the past few years has allowed to establish that, at least in experimental models, the 
blockers of the reverse mode of the NCX are useful to diminish the high blood pressure, to 
abolish cardiac arrhythmias or to reduce the tissue damage after ischemia-reperfusion dam-
age models.  

However, as far as we know no reports regarding the use of the NCX blockers have been 
published in models of airway disease such as Asthma or Chronic Obstructive Pulmonary 
Disease. It is well known that Asthma is an inflammatory chronic disease characterized by 
reversible airflow obstruction and nonspecific airway hyperresponsiveness. In spite of the 
drugs for Asthma treatments available such systemic or local steroids, leukotrienes inhibi-
tors and/or smooth muscle airway relaxants (B2 adrenergic agonist) no absolute control of 
the disease is obtained. Thus, and because the prevalence of Asthma worldwide has in-
creased in the past few years it challenges the discovery of new and better pharmacological 
treatments for it. Throughout the past years it has been suggested that the use of NCX 
blockers could be of some help in the therapeutic management of this disease but the exper-
imental information is scarce. Our group reported [35] that the tonic phase of the contraction 
induced by histamine is partially blocked by KB-R7943 and its effect is not due to the Ca2+ 
voltage dependent channel blockage since these had been previously inhibited by Nifedi-
pine. Other groups have reported similar results to ours [116-118]. Therefore, it is expected 
that in the next years different research groups will proceed to investigate if NCX blockers 
have any kind of therapeutic use in animal Asthma models. 
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1. Introduction 

L-type Ca2+ channels play a dominant role in blood pressure regulation as suggested by the 
fall in mean arterial blood pressure in mice with selective ablation of the channel gene 
(CACN1C) in vascular smooth muscle cells (VSMCs) (Moosmang et al., 2003), the increased 
CACN1C gene expression in VSMCs in rodent models of hypertension (Pesic et al., 2004; 
Rhee et al., 2009), the anti-hypertensive effect of L-type Ca2+ channel blockers (CaBs) 
(Mancia et al., 2007) and the relationship between an autoantibody against vascular L-type 
Ca2+ channels and clinical characteristics of hypertensive patients (Zhou et al., 2008). Tran-
scripts and protein expression of CACN1C are found widely in the cardiovascular system, 
where the ion channels serve the time- and voltage-dependent influx of Ca2+ ions to initiate 
muscle contraction (Akata, 2007; Bers, 2002). It is now recognized, however, that not only 
peripheral resistance but also arterial compliance is of great importance, especially in old 
age (systolic) hypertension (Belz, 1995; Mitchell, 1999; Westerhof et al., 2009). In the large 
conduit arteries, L-type Ca2+ channels are important determinants of their mechanical prop-
erties and compliance, which are such that blood pressure and flow are propagated between 
the heart and arterioles and that thereby pulsatile flow is transformed into steady flow due 
to the “windkessel” effect (Westerhof et al., 2009). For example, CaBs increase vascular 
compliance of large elastic vessels and may be of importance for the pathogenesis and prog-
nosis of cardiovascular complications such as atherosclerosis, left ventricular hypertrophy 
and heart failure (Bellien et al., 2010; Belz, 1995; Essalihi et al., 2007; Safar et al., 1989; Slama 
et al., 1995; Vayssettes-Courchay et al., 2011). Further evidence for a role of L-type Ca2+ 
channels in atherosclerosis was obtained in carotid and femoral VSMCs, where the L-type 
Ca2+ channel gene expression differs between atherosclerotic versus non-atherosclerotic 
regions (Tiwari et al., 2006). Not only Ca2+ channels but also endothelial released nitric oxide 
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(NO) may be involved in these processes. Inhibition of endothelial NO synthase (eNOS) 
with NΩ-nitro-L-arginine methyl ester (L-NAME) or NΩ-nitro-L-arginine (L-NNA) causes 
hypertension and the decrease of basal endothelial NO release or availability may be at the 
basis of increased reactivity to vasoconstrictors in hypertension (Panza et al., 1993). Fur-
thermore, in the beginning of plaque development in animal models and in patients with 
atherosclerotic symptoms or risk factors, eNOS activity and concomitant NO release is al-
tered, especially in atherosclerosis-prone aortic segments (Fransen et al., 2008; Kauser et al., 
2000; Vanhoutte et al., 2009). Recently, we showed that L-type Ca2+ influx and its inhibition 
with CaBs may also have consequences for the capacity of NO to relax constricted mouse 
aorta. The relaxing efficacy of NO in mouse aorta was dependent on the contractile agonist, 
and more specifically, decreased when the contraction was mainly elicited via L-type Ca2+ 
influx, but increased when Ca2+ influx was partially inhibited with CaBs (Van Hove et al., 
2009). The above observations may suggest an interaction between basal NO and VSMC L-
type Ca2+ channels. An inhibitory effect of NO on Ca2+ currents in vascular smooth muscle 
and cardiomyocytes has been described (Blatter & Wier, 1994; Fischmeister et al., 2005; Tsai 
& Kass, 2009), but has not been associated with L-type Ca2+ channel-mediated contractions 
in mouse aorta. This chapter will focus on the specific role of L-type Ca2+ channels in vaso-
constriction and dilation and the interplay between NO and these L-type Ca2+ channels. 

2. Interaction between endothelial and vascular smooth muscle cells in 
intact mouse aorta 

It is generally assumed that the increase of intracellular Ca2+ in vascular endothelial cells 
results in release of NO via complex interactions with calmodulin, caveolin, endothelial 
NOS (eNOS) and tetrahydrobiopterin. NO released from the endothelial cells stimulates 
guanylate cyclase (sGC) to produce cGMP, which causes relaxation of the VSMCs via reduc-
tion of intracellular Ca2+ and the Ca2+-sensitivity of the contractile elements. Reduction of 
intracellular Ca2+ can occur via different mechanisms: inhibition of IP3-mediated Ca2+ release 
from intracellular Ca2+ stores; removal and sequestration of intracellular Ca2+ pump mecha-
nisms and/or both direct and indirect inhibition of influx of extracellular Ca2+ through volt-
age-gated Ca2+ channels (Tsai & Kass., 2009). In baseline conditions, i.e. in the absence of 
receptor-stimulation with agonists such as acetylcholine (ACh), there is basal release of NO 
through constitutive activity of endothelial eNOS in the mouse aorta. In isolated arteries, the 
basal NO production can be assessed by comparing force development by the SMCs in re-
sponse to a vasoconstrictor such as phenylephrine in the absence and presence of NOS in-
hibitors. On the other hand, receptor-stimulated eNOS activity can be determined based on 
its sensitivity for agonists like ACh to induce endothelium-dependent relaxation of pre-
constricted segments. Remarkably, basal and stimulated eNOS activity are differentially 
regulated. In rat aorta, basal NO release is more sensitive to destruction by superoxide ani-
on, and can be selectively inhibited by NΩ-monomethyl-L-arginine (L-NMMA) and asym-
metric NΩ-dimethyl-L-arginine (ADMA) without ACh responses being affected (Al-Zobaidy 
et al., 2011; Frew et al., 1993; Mian & Martin, 1995).  
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Differences between basal and stimulated eNOS activity were also observed in apolipopro-
tein E-deficient (apoE-/-) mice which develop atherosclerotic lesions in the thoracic aorta 
spontaneously at the age of 6 months, a process, which can be effectively accelerated by 
feeding these mice a high cholesterol diet. The mice exhibit preferential lesion formation in 
the aortic root and arch, and the proximal and distal part of the thoracic aorta (Crauwels et 
al., 2003; Nakashima et al., 1998; Reddick et al., 1994). This makes the apoE-/- mouse an inter-
esting model to study differences between atherosclerosis-prone and atherosclerosis-
resistant regions. We have previously shown that at the age of 4 months, hence, before de-
velopment of any visible lesions in the apoE-/- mouse model, basal and agonist-stimulated 
NO release decreased, respectively increased in atherosclerosis-prone aortic segments of 
apoE-/- in comparison with wild-type (WT) mice (Fransen et al., 2008). Because no differ-
ences in eNOS expression were found between aorta of WT and apoE-/- mice, this indicated 
that the release or efficacy of NO differed between both mouse strains. In non-stimulated 
conditions the compromised basal NO release in the apoE-/- mouse might be related to lower 
intra-endothelial Ca2+ concentrations because it could be restored to “normal” wild-type 
levels by experimentally increasing intracellular Ca2+. Agonist (ACh)-stimulated VSMC 
relaxation was temporally and dose-dependently related to the increase of endothelial Ca2+. 
Although the agonist-stimulated increase of endothelial Ca2+ was similar in both strains, 
apoE-/- segments were significantly more sensitive than WT segments in their relaxation to 
ACh. Results of these studies might suggest an important role of basal and stimulated eNOS 
activity in the pathophysiology of atherosclerotic lesions. 

In functional and molecular biological studies we have further demonstrated that before 
development of any visible lesions, not only endothelial cells but also the SMCs of the 
thoracic aorta of apoE-/- mice displayed altered intracellular Ca2+ homeostasis in comparison 
with WT VSMCs (Van Assche et al., 2007) and that within the apoE-/- strain the smooth 
muscle transcriptome is altered at atherosclerosis-prone versus atherosclerosis-resistant 
locations (Van Assche et al., 2011). Hence, not only endothelial, but also VSMC function is 
altered in atherosclerosis-prone versus -resistant segments. Whether the cross-talk between 
both cell types is affected in both directions during the process of atherosclerosis, is far less 
studied. At least, we have shown before that NO-dependent vasodilation is dependent on 
the agonist causing contraction and whenever VSMC function alters during development of 
atherosclerosis, this is also expected to affect the efficacy of endothelial cell stimulation.  

3. Relaxation of VSMCs depends on the agonist causing contraction 

Contractions of isolated arteries are often studied by initiating VSMC intracellular Ca2+ 
increase with two widely used and different stimuli. On the one hand, elevated external K+ 
depolarises the VSMCs and elicits multiphasic Ca2+ signalling and force development 
through influx of extracellular Ca2+ via L-type Ca2+ channels. On the other hand, α1-
adrenoceptor stimulation with phenylephrine also causes multiphasic Ca2+ signalling and 
force development, but the signalling is different from the depolarization-induced 
signalling. The vasodilator effects of NO differ significantly for both contractile agents. 
Bigger contractions produced by increasing concentrations of phenylephrine were all 
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hibitors. On the other hand, receptor-stimulated eNOS activity can be determined based on 
its sensitivity for agonists like ACh to induce endothelium-dependent relaxation of pre-
constricted segments. Remarkably, basal and stimulated eNOS activity are differentially 
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Differences between basal and stimulated eNOS activity were also observed in apolipopro-
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resistant regions. We have previously shown that at the age of 4 months, hence, before de-
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relaxation was temporally and dose-dependently related to the increase of endothelial Ca2+. 
Although the agonist-stimulated increase of endothelial Ca2+ was similar in both strains, 
apoE-/- segments were significantly more sensitive than WT segments in their relaxation to 
ACh. Results of these studies might suggest an important role of basal and stimulated eNOS 
activity in the pathophysiology of atherosclerotic lesions. 
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thoracic aorta of apoE-/- mice displayed altered intracellular Ca2+ homeostasis in comparison 
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muscle transcriptome is altered at atherosclerosis-prone versus atherosclerosis-resistant 
locations (Van Assche et al., 2011). Hence, not only endothelial, but also VSMC function is 
altered in atherosclerosis-prone versus -resistant segments. Whether the cross-talk between 
both cell types is affected in both directions during the process of atherosclerosis, is far less 
studied. At least, we have shown before that NO-dependent vasodilation is dependent on 
the agonist causing contraction and whenever VSMC function alters during development of 
atherosclerosis, this is also expected to affect the efficacy of endothelial cell stimulation.  

3. Relaxation of VSMCs depends on the agonist causing contraction 

Contractions of isolated arteries are often studied by initiating VSMC intracellular Ca2+ 
increase with two widely used and different stimuli. On the one hand, elevated external K+ 
depolarises the VSMCs and elicits multiphasic Ca2+ signalling and force development 
through influx of extracellular Ca2+ via L-type Ca2+ channels. On the other hand, α1-
adrenoceptor stimulation with phenylephrine also causes multiphasic Ca2+ signalling and 
force development, but the signalling is different from the depolarization-induced 
signalling. The vasodilator effects of NO differ significantly for both contractile agents. 
Bigger contractions produced by increasing concentrations of phenylephrine were all 
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equally sensitive to relaxation by ACh (figure 1) or the NO donor DEANO. In contrast, 
when the VSMCs were clamped to depolarized membrane potential (Vm) with high 
extracellular K+ concentrations, relaxation by ACh or DEANO became attenuated as K+-
induced force augmented (figure 1) (Van Hove et al., 2009). 

 
Figure 1. Relaxation induced by ACh-stimulation of mouse aortic segments at different levels of con-
traction induced by depolarization (K+) or phenylephrine (PE). A, C: absolute values; B, D: normalized 
values. Relaxation curves were fitted with sigmoidal concentration-response equations with variable 
slope, which revealed maximal responses (Emax) and the negative logarithm of the concentration result-
ing in 50% of the maximal effect (pEC50). Relaxation curves after contraction by increasing depolariza-
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tion were shifted to the right as external K+ concentration (and force level, A) increased. Not only the 
maximal amplitude produced by ACh declined significantly, but also the logEC50 of ACh was signifi-
cantly shifted to the right (E). In contrast, the normalized relaxation curves after contraction elicited by 
increasing phenylephrine concentrations were identical at each contraction level, and there was only a 
minor shift of the logEC50 (E). ***: P< 0.001 versus 20 mM K+ ###: P<0.001 versus K+; n=5; mean±SEM. 
Modified after figure 2 in (Van Hove et al., 2009) 

Simultaneous measurement of intracellular Ca2+ and force development in SMCs of de-
endothelialised aortic segments revealed important differences between Ca2+ signals in 
depolarization (50 mM K+)- or phenylephrine-constricted segments upon addition of 
DEANO, a donor of exogenous NO (figure 2). For phenylephrine-induced contractions and  

 
Figure 2. Mobilisation of intra-VSMC Ca2+ (Fura-2 technique) and concomitant isometric force before 
and after addition of 10 µM DEANO to 50 mM K+ (A) and 3 µM phenylephrine (PE) in the absence (B) 
and presence of 10 µM cyclopiazonic acid (CPA, C). D shows the mean±SEM of Ca2+ and force decrease 
after addition of DEANO. Data in D: mean±SEM, n=4 endothelium-denuded segments; *, ***: P<0.05, 
0.001 versus phenylephrine. Modified after figure 6 in (Van Hove et al., 2009). 
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VSMC Ca2+ signals, addition of NO resulted in an abrupt decrease of intracellular Ca2+, 
which could be blocked by adding cyclopiazonic acid (CPA), an inhibitor of the sarcoplas-
mic reticulum (SR) Ca2+ pump (SERCA), but not by inhibition of sGC with 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ). Results indicated a direct stimulation by 
NO of Ca2+ re-uptake to the SR by SERCA, which is in accordance with previous reports 
(Cohen et al., 1999; Cohen & Adachi, 2006; Van Hove et al., 2009). Contractions, but not Ca2+ 
signals of VSMCs, depolarized with 50 mM K+, declined upon addition of exogenous NO. 
Nevertheless, as seen for contractions by depolarization with elevated K+, also phe-
nylephrine-induced contractions are associated with depolarization and opening of L-type 
Ca2+ channels (Akata, 2007; Plane et al., 1998; Quignard et al., 2000; Richards et al., 2001; Van 
Hove et al., 2009). If L-type Ca2+ influx is an important determinant of the vasodilator capaci-
ty of NO, why then is there an abrupt decrease of intracellular Ca2+ in the VSMCs after addi-
tion of exogenous NO to phenylephrine-elicited contractions and not to 50 mM K+-evoked 
contractions? Reduction of Ca2+ influx in depolarized segments with CaBs increased NO´s 
capacity to dilate the segments, indicating that not only the depolarized Vm of the VSMCs, 
but also the amount of Ca2+ influx determines the efficacy of NO to cause complete relaxa-
tion (Van Hove et al., 2009). Therefore, it was decided to investigate the phenylephrine- and 
K+-induced isometric contractions in more detail. 

4. Phenylephrine-induced contractions and NO 

Addition of phenylephrine causes intracellular Ca2+ release from intracellular SR Ca2+ stores 
via activation of IP3-receptors (Karaki et al., 1997). Indeed, in the absence of extracellular 
Ca2+ phenylephrine causes emptying of the SR Ca2+ stores and elicits a transient contraction 
(figure 3). This transient contraction in Ca2+-free conditions is higher with the constitutive 
activity of eNOS because inhibition of basal NO release decreased the IP3-mediated contrac-
tion by phenylephrine (figure 3). These results are compatible with previous observations 
that basal NO stimulates SERCA activity (Cohen et al., 1999; Cohen & Adachi., 2006; Van 
Hove et al., 2009). Thereby, the Ca2+ content of the SR stores of the VSMCs may be increased 
and may then lead to higher IP3-mediated contractions. The transient contractions by phe-
nylephrine in the absence of extracellular Ca2+ were dose-dependently inhibited by exoge-
nous NO (DEANO, figures 4A, B). This suggests that although basal NO might stimulate 
Ca2+ uptake to the SR via stimulation of SERCA, it inhibits the IP3-mediated release of Ca2+ 
or the concomitant transient contraction. When these experiments were repeated with addi-
tion of ACh to promote endothelial NO release, however, relaxation of phenylephrine-
induced contractions by increasing concentrations of ACh in the absence of external Ca2+ 
was completely absent (figures 4C, D). These experiments demonstrate the absolute necessi-
ty of external Ca2+ to induce ACh-stimulated release of NO from the endothelial cells. Alt-
hough ACh has been described to release Ca2+ from the SR (Fransen et al., 1998), this release 
does not stimulate eNOS to inhibit IP3-mediated contractions in mouse aortic SMCs. Hence, 
release of endogenous NO is dependent upon influx of extracellular Ca2+ into the endothelial 
cells. It has been observed before that Ca2+ influx into the endothelial cells stimulated NO 
production more potently than Ca2+ released from internal stores, which evokes little NO 
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production (Isshiki et al., 2002; Isshiki et al., 2004). This is also consistent with old observa-
tions that the resting level of cGMP falls after removal of external Ca2+ (White & Martin, 
1989). In other studies, it has been shown that the TRPV4-mediated Ca2+ signal was required 
for eNOS activation by ACh (Adapala et al., 2011; Zhang et al., 2009), also illustrating the 
necessity of Ca2+ influx for endothelial NO release. Isshiki et al. (Isshiki et al., 2004) suggest-
ed that agonist-stimulated eNOS activity in the endothelial cells was sensitive to external 
Ca2+-dependent acute changes in intracellular subcortical Ca2+ signals and that basal eNOS 
activity was maintained and regulated by subplasmalemmal Ca2+ equilibrated with extracel-
lular Ca2+. 

 
Figure 3. Effect of basal NO release on transient contractions by phenylephrine in the absence of exter-
nal Ca2+. A: IP3-mediated contractions by 2 µM phenylephrine in the absence of extracellular Ca2+ (0 mM 
Ca2+ + 2 mM EGTA) before (black, open symbol) and after inhibition (red, closed symbol) basal eNOS 
activity with 300 µM LNAME/LNNA. In B the area under the curve (AUC) shows that the transient 
contraction is significantly larger with eNOS active than with eNOS inhibited. (A: mean contraction 
(n=18) with mean force value±SEM at certain time points). 

Concomitant with the transient contraction, due to IP3-mediated Ca2+ release, α1-
adrenoceptor stimulation with phenylephrine causes also tonic contractions, which are 
measureable only in the presence of external Ca2+ (figure 5A). These contractions are medi-
ated by Ca2+ influx from the extracellular medium via Ca2+-permeable channels (SOCE or 
store-operated Ca2+-entry). The Ca2+ entry occurs via L-type Ca2+ channels, which can be 
inhibited with CaBs (figure 5B) and via non-selective cation channels, which can be inhibit-
ed with 50 µM 2-aminoethoxydiphenylborane (2-APB) (Bootman et al., 2002; Peppiatt et al., 
2003) (figure 5C). Addition of verapamil (CaB) or 2-APB between the phasic and tonic con-
traction (figure 5B, C) results in reduced SOCE and SOCE-related contraction. The SOCE 
contraction in the presence of 2-APB can be completely inhibited with CaBs, indicating it is 
mediated by L-type Ca2+ influx only, whereas the SOCE contraction in the presence of vera-
pamil can be completely inhibited with 2-APB, indicating it is mediated by non-selective 
cation Ca2+ influx only. Figure 6 compares relaxation by ACh of phenylephrine-pre-
constricted aortic segments in control conditions (contractions in the presence of external 
Ca2+), upon re-addition of external Ca2+ (SOCE contractions) and following inhibition of the 
cation channel-mediated Ca2+ influx with 2-APB. 
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Figure 4. Exogenous NO, but not ACh inhibits IP3-mediated contraction evoked by 1 µM phe-
nylephrine in the absence of external Ca2+. A: Force development by 1 µM phenylephrine (PE) after 
eNOS inhibition with 300 µM LNAME/LNNA. Force was measured 3 minutes after switching to 0 mM 
Ca2+. Before the transient contraction increasing concentrations of DEANO (indicated in nM) were 
applied. B: Dose-effect relationship for the inhibition by DEANO of the area under the curve (AUC) for 
the different IP3-mediated phenylephrine-elicited contractions. C: IP3-mediated phenylephrine-elicited 
contractions in segments with eNOS active were not influenced by increasing concentrations of ACh 
(indicated in nM). D: Dose-effect relationship for the inhibition by ACh of the AUC for the IP3-mediated 
phenylephrine-elicited contractions. LogEC50 for DEANO was -8.12±0.20 logM. Data: mean±SEM at 
certain time points; n= 4. 

Relaxation by ACh of these tonic phenylephrine-induced contractions were not different for 
control contractions (normal Krebs-Ringer solution with external Ca2+) or SOCE contractions 
(elicited by re-addition of external Ca2+ after emptying the stores with phenylephrine) 
(figure 6A). When Ca2+ influx via non-selective cation channels during the phenylephrine-
induced SOCE contraction was inhibited with 2-APB, the tonic contraction induced by 
phenylephrine was significantly smaller and relaxation by ACh was reduced by about 50% 
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(figure 6B). Results indicate that the relaxing capacity of NO is small when contractions are 
mediated by Ca2+ influx via L-type Ca2+ channels as shown before for depolarization-
mediated contractions. These results further confirmed the hypothesis that the difference in 
NO-mediated relaxation of segments depolarized with K+ versus phenylephrine, as shown 
in figure 1, is due to the amount of Ca2+ influx via L-type Ca2+ channels and the membrane 
potential (Vm) of the VSMCs. Whereas relaxation of contractions elicited with high external 
K+ was not complete, was not associated with re-uptake of Ca2+ to the SR or with a 
significant decrease of intracellular Ca2+, relaxation of phenylephrine-induced contractions 
was accompanied by inhibition of IP3-mediated contractions, by NO-mediated re-uptake of 
Ca2+ to the SR, by repolarising the VSMC Vm and by inhibition of Ca2+ influx during the tonic 
contraction (Van Hove et al., 2009). To investigate whether the effects of NO on relaxation of 
VSMCs were voltage-dependent, the effects of NO were studied at different external K+ 
concentrations or Vm of the VSMCs. 

 
Figure 5. Phasic (transient) IP3-mediated contraction by 2 µM (PE) in the absence of extracellular Ca2+, 
followed by the tonic (SOCE) contraction upon re-addition of external Ca2+ (+3.5 mM Ca2+) in control (A) 
and after addition of 10 µM verapamil (B) or 50 µM 2-APB (C) between the phasic and tonic contraction. 
Phasic force developed in B is due to non-selective cation Ca2+ influx and in C to L-type Ca2+ influx. The 
figure shows mean force traces with data±SEM at different time intervals; (n=4). 

 
Figure 6. Absolute (A) and relative (B) ACh-induced relaxation of segments constricted with 2 µM 
phenylephrine in control conditions (white) and after eliciting SOCE by previously emptying the Ca2+ 
stores and re-adding external Ca2+ (black). Relaxation curves were fitted with sigmoidal concentration-
response equations with variable slope. After inhibition of SOCE via non-selective cation channels with 
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contraction (Van Hove et al., 2009). To investigate whether the effects of NO on relaxation of 
VSMCs were voltage-dependent, the effects of NO were studied at different external K+ 
concentrations or Vm of the VSMCs. 

 
Figure 5. Phasic (transient) IP3-mediated contraction by 2 µM (PE) in the absence of extracellular Ca2+, 
followed by the tonic (SOCE) contraction upon re-addition of external Ca2+ (+3.5 mM Ca2+) in control (A) 
and after addition of 10 µM verapamil (B) or 50 µM 2-APB (C) between the phasic and tonic contraction. 
Phasic force developed in B is due to non-selective cation Ca2+ influx and in C to L-type Ca2+ influx. The 
figure shows mean force traces with data±SEM at different time intervals; (n=4). 

 
Figure 6. Absolute (A) and relative (B) ACh-induced relaxation of segments constricted with 2 µM 
phenylephrine in control conditions (white) and after eliciting SOCE by previously emptying the Ca2+ 
stores and re-adding external Ca2+ (black). Relaxation curves were fitted with sigmoidal concentration-
response equations with variable slope. After inhibition of SOCE via non-selective cation channels with 
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50 µM 2-APB (blue), relaxation of phenylephrine-induced SOCE contraction by ACh, although very 
small, was completely different and compromised and could not be fitted with sigmoidal concentration-
response equations (B). Data: mean±SEM; n=7; *, ***: P<0.05, 0.001 SOCE versus control; ##, ###: P<0.01, 
0.001 2-APB versus SOCE. 

5. Depolarization-induced contractions and NO 

Aortic segments are unable to produce force upon depolarization with high K+ in 0 mM 
Ca2+. In the presence of extracellular Ca2+, depolarization-induced contractions could be 
completely inhibited with CaBs, but were not affected by blocking the ryanodine receptor 
(15 µM ryanodine) or IP3 receptor of the SR (50 µM 2-APB) (Peppiatt et al., 2003). These 
observations suggested that K+-induced contractions of mouse aortic segments are solely 
supported by influx of Ca2+ via L-type Ca2+ channels. Figure 1 showed that ACh-induced 
relaxations of contractions produced by 20 mM extracellular K+ (mild depolarization) were 
near complete and occurred with a sensitivity close to the ACh-sensitivity for relaxations of 
phenylephrine-induced contractions. However, for stronger depolarization, relaxation was 
severely compromised. The latter results suggest that relaxation of depolarization-induced 
contractions depended upon Vm of the VSMCs. Vm of the endothelial cells did not 
significantly contribute to the sensitivity to ACh because ACh-induced relaxations of 
phenylephrine-induced contractions at high extracellular K+ in the presence of CaB were not 
attenuated (Van Hove et al., 2009). Why are relaxations of depolarized segments dependent 
on Vm of the VSMCs, i.e. complete for phenylephrine-induced contractions, which are also 
accompanied by depolarization of the segments, nearly complete for mild K+-induced 
depolarization and severely attenuated for high K+-induced depolarization? To solve this 
question we investigated the depolarization-induced contraction in more detail.  

5.1. Depolarization-induced window contractions 

Electrophysiological studies in isolated SMCs revealed the occurrence of a voltage range 
(window), in which L-type Ca2+ channels do not inactivate, leading to a “time-independent” 
influx of Ca2+ ions (Curtis & Scholfield, 2001; Fleischmann et al., 1994; Ganitkevich & 
Isenberg, 1990; Matsuda et al., 1990; Smirnov & Aaronson, 1992). This window influx of Ca2+ 
ions has been shown to lead to an increase of intracellular Ca2+ within the SMCs 
(Fleischmann et al., 1994), but has never been associated with the tonus of blood vessels. By 
clamping Vm of the endothelial and SMCs in aortic segments to depolarized potentials by 
elevating extracellular K+, we were able to show a window contraction within the voltage 
range of overlap of activation and inactivation curves of the L-type Ca2+ channels 
(manuscript submitted, see also figure 8). In order to correlate the extracellular K+ with Vm of 
the VSMCs of the aortic segments, Vm was measured with sharp glass intracellular 
microelectrodes (filled with 2 M KCl, tip resistances between 65 and 90 MΩ, HEKA EPC9 
amplifier in the zero current-clamp mode). Deviation of measured Vm from the K+ 
equilibrium potential (Nernstian VK) was largest at physiological K+ concentrations, 
indicating that in non-stimulated VSMCs other ions than K+ contribute in setting the resting 
Vm (figure 7A). However, by adding levcromakalim, a drug that sets Vm to VK by activating 
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ATP-dependent K+ channels (Knot & Nelson, 1998; Weston et al., 2002), Vm of the VSMCs 
could be hyperpolarised to VK. Indeed, when measured with intracellular microelectrodes, 
the resting Vm of VSMCs of aortic segments was -60.1±2.6 mV (n=8), which could be 
repolarized with levcromakalim to -84 mV. 

 
Figure 7. A: Relationship between extracellular K+ and measured Vm (red asterisks) of mouse aortic 
VSMCs. Levcromakalim (green asterisk) caused hyperpolarization of Vm to VK. The Nernstian relation-
ship between VK and extracellular K+ is indicated by the black symbols and dotted line. B: Relationship 
between estimated and measured membrane potential (Vm) of mouse aortic VSMCs. Linear regression 
of the relationship between estimated and measured Vm (open circles, straight line) reveals slope of 0.90 
(95% confidence interval 0.69-1.12), which was not significantly different from unity (dotted line) (R2= 
0.84). Full circle represents Vm in the presence of 200 nM levcromakalim at 5.9 mM K+. 

Taking into account the shift of the contraction curves at different K+ in the presence of 
levcromakalim (see figure 8), Vm of the VSMCs evoked by increasing extracellular K+ (Vclamp) 
could be estimated. Vclamp changed with K+ concentration according to Vclamp = 61*log(([K+]o + 
6)/[K+]i)) with [K+]o the extracellular K+ concentration in mM, which is elevated by 6 mM as 
revealed by the shift induced by levcromakalim (figure 8), and [K+]i the intracellular K+ con-
centration (assumed to be 140 mM). Figure 7B shows that the relationship between the esti-
mated and measured Vm was close to unity. This means that in the following graphs the K+ 
axis could be replaced by a Vclamp axis. This is shown in figure 8, where the effects of 
levcromakalim on K+-induced isometric contractions at different K+ concentrations are con-
sidered. By adding levcromakalim, the aortic segments were all set to the same Vm, i.e. VK.  

Depolarization by elevated K+ causes the isometric contraction to increase until maximal 
force of 100% was attained at 50 mM K+. At higher K+, force decreased again, leading to a 
bell-shape of the force-K+ relationship, which agrees well with the bell-shaped voltage 
dependency of the L-type Ca2+ currents measured with voltage-clamp in single, isolated 
SMCs. The “steady-state” contractions observed at each K+ concentration are window 
contractions, which are due to influx of Ca2+ via non-inactivating L-type Ca2+ channels. 
Differentiation of these contractions (%force/mM K+ change) reveals a K+-dependent 
contraction curve, which fits very well with the intracellular Ca2+ mobilized during the 
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could be estimated. Vclamp changed with K+ concentration according to Vclamp = 61*log(([K+]o + 
6)/[K+]i)) with [K+]o the extracellular K+ concentration in mM, which is elevated by 6 mM as 
revealed by the shift induced by levcromakalim (figure 8), and [K+]i the intracellular K+ con-
centration (assumed to be 140 mM). Figure 7B shows that the relationship between the esti-
mated and measured Vm was close to unity. This means that in the following graphs the K+ 
axis could be replaced by a Vclamp axis. This is shown in figure 8, where the effects of 
levcromakalim on K+-induced isometric contractions at different K+ concentrations are con-
sidered. By adding levcromakalim, the aortic segments were all set to the same Vm, i.e. VK.  

Depolarization by elevated K+ causes the isometric contraction to increase until maximal 
force of 100% was attained at 50 mM K+. At higher K+, force decreased again, leading to a 
bell-shape of the force-K+ relationship, which agrees well with the bell-shaped voltage 
dependency of the L-type Ca2+ currents measured with voltage-clamp in single, isolated 
SMCs. The “steady-state” contractions observed at each K+ concentration are window 
contractions, which are due to influx of Ca2+ via non-inactivating L-type Ca2+ channels. 
Differentiation of these contractions (%force/mM K+ change) reveals a K+-dependent 
contraction curve, which fits very well with the intracellular Ca2+ mobilized during the 
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depolarizing voltage clamp steps in single SMCs (Fleischmann et al., 1994). It is clear that 
levcromakalim, which causes repolarization of Vm from -60 to -80 mV, shifts the window 
contraction to higher extracellular K+, indicating that in the presence of levcromakalim 
higher extracellular K+ is needed to attain the same isometric contraction as in control. When 
contractions at different external K+ concentrations were plotted as a function of Vclamp, 
contraction curves in the absence and presence of levcromakalim were identical (figure 8C, 
D). Hence, levcromakalim shifted the K+-dependence of the isometric contraction, but not 
the voltage-dependence, suggesting that levcromakalim does not affect L-type Ca2+ channel 
gating properties. Results further suggest that at resting Vm of the VSMCs (-50 to -60 mV), 
Vclamp situates within the window voltage range, which results in continuous baseline Ca2+ 
influx and concomitant tonus via open L-type Ca2+ channels.  

 
Figure 8. A and B: Effects of 1 µM levcromakalim on the K+-dependence of the isometric contraction. 
Extracellular K+ was increased from 2 mM to 124 mM in control (+300 µM LNAME/LNNA to inhibit 
eNOS) and in the presence of 1 µM levcromakalim to hyperpolarize the VSMCs to VK. The fitted (sig-
moidal concentration-response curves with variable slope) curves in A were differentiated in B to show 
K+-dependence of the change of force development per mM change of K+. Levcromakalim caused a 
significant rightward shift (± 6 mM) of the curves in A and B. C and D: Effects of 1 µM levcromakalim 
on the voltage-dependence of the isometric contraction. Vclamp was estimated as indicated in the text for 
control, i.e. absence of levcromakalim, and in the presence of levcromakalim, where Vclamp equals VK. 
There was no shift of the voltage-dependence of the L-type Ca2+ channel-mediated contraction and the 
differentiated curves in D were equal. Data: mean±SEM; n=6; *, **, ***: P<0.05, 0.01, 0.001 levcromakalim 
versus control. 
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5.2. Depolarization-induced window contractions and NO 

To investigate the effects of basal NO release on voltage-dependent L-type Ca2+ channel-
mediated contractions, the contraction evoked by the increase of extracellular K+ was 
measured before and after inhibition of eNOS with 300 µM LNAME/LNNA. NO has been 
described to activate voltage-gated K+ channels, to hyperpolarize VSMCs and to decrease 
the intracellular Ca2+ concentration (Edwards et al., 2010; Quignard et al., 2000; Yuan et al., 
1996). To compensate for the hyperpolarizing effects of NO or depolarizing effects of eNOS 
inhibition, 1 µM levcromakalim was added to set Vm of all the segments to VK (figure 9). 
Inhibition of basal NO release shifted the contraction window to hyperpolarized potentials. 
A possible explanation is that S-nitrosylation of cysteine residues of the channel changes the 
voltage-dependence of the L-type Ca2+ channel-mediated contraction. Effects of NO and 
cGMP on L-type Ca2+ current have been described before. They might occur via an indirect 
mechanism through a NO-cGMP-PKG pathway and/or a direct mechanism mediated by S-
nitrosylation (Almanza et al., 2007). The α1C-subunit of the L-type Ca2+ channel contains 
more than 10 cysteine residues that modulate channel gating and is constitutively S-
nitrosylated in the mouse heart (Sun et al., 2006; Tamargo et al., 2010). According to this 
hypothesis, basal NO release should diminish Ca2+ influx via the L-type Ca2+ window at 
physiological Vm, leading to vasodilation. It will be interesting to test this hypothesis with 
intracellular VSMC Ca2+ measurements. Is intracellular Ca2+ decreasing upon addition of NO 
to segments pre-contracted with different K+ (different Vclamp)? Indirect evidence for the 
hypothesis is provided by the experiments of figure 1, where it was shown that the relaxing 
capacity of NO increased when external K+ was decreased. 

 
Figure 9. The contribution of basal NO release to window contractions. Vclamp-force curves for segments 
with active eNOS (blue, control segments) and segments with eNOS inhibited (red, 300 µM 
LNAME/LNNA combination) were constructed in the presence of 1 µM levcromakalim, which allowed 
to express force data as a function of Vclamp (= VK). The fitted (sigmoidal concentration-response curves 
with variable slope) curves in A were differentiated in B to show the voltage-dependence of the change 
of force development per mV change of Vclamp. eNOS-inhibition caused a significant leftward shift of the 
eNOS active curves in A and B. Data: mean±SEM; n=6; **, ***: P<0.01, 0.001 eNOS inactive versus eNOS 
active. 
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Figure 10. Effects of exogenous NO on contraction window in mouse aortic segments following re-
polarization of Vm to VK with 1 µM levcromakalim. eNOS was active (blue circles) or inhibited (red 
circles) and in this situation exogenous NO could be applied (100 nM DEANO, purple circles). The 
fitted (sigmoidal concentration-response curves with variable slope) curves in A were differentiated in 
B to show the voltage-dependence of the change of force development per mV change of Vclamp. Data: 
mean±SEM; n=4; *, **, ***: P<0.05, 0.01, 0.001 eNOS inactive versus eNOS active; #, ##, ###: P<0.05, 0.01, 
0.001 +100 nM DEANO versus eNOS inactive. 

The shift of the contraction window by eNOS inhibition could be completely reversed by 
adding exogenous NO (100 nM DEANO) (figure 10). The addition of exogenous NO to 
segments, in which eNOS activity was inhibited, caused a rightward (depolarising) shift of 
the voltage-dependency of contraction. Also in this situation, effects of eNOS inhibition or 
exogenous NO addition on Vm were avoided by performing the experiments in the presence 
of 1 µM levcromakalim. Results confirmed that NO altered the voltage-dependency of the L-
type Ca2+ channel-mediated contraction, probably by direct effects of NO on the channel´s 
gating properties. It should be noted that for strong depolarization above -20 mV (90 and 
124 mM K+), addition of exogenous NO caused significant relaxation of the pre-constricted 
segments. Hence, the window contraction in the presence of NO is narrower than in the 
absence of NO (figure 10B). Whether these results can also be explained by NO-dependent 
changes of the voltage dependence of activation of the L-type Ca2+ channels needs further 
investigation. 

The above data may provide an explanation for the absence of a decrease of intracellular 
VSMC Ca2+ with relaxation upon addition of NO to segments depolarized with 50 mM K+, 
whereas similar experiments in phenylephrine-constricted segments displayed relaxation 
with an abrupt decrease of intracellular Ca2+ upon addition of NO (see figure 2). Firstly, 
depolarization with elevated K+ did not empty the SR Ca2+ stores, and, hence, did not 
stimulate SOCE via NO-sensitive non-selective cation channels. Secondly, at 50 mM K+ Vm of 
the VSMCs was clamped at depolarized potentials and NO cannot elicit hyperpolarisation 
of Vm. Thirdly, at 50 mM K+, the window Ca2+ influx and concomitant contraction were 
maximal and addition of NO will only cause small relaxations, probably via effects on Ca2+-
sensitivity and not on intracellular Ca2+ concentrations. 
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6. NO efficacy and VSMC L-type Ca2+ channels along the thoracic aorta 

Increased stiffness of elastic arteries represents an early risk factor for cardiovascular 
diseases (O'Rourke & Mancia, 1999) and, therefore, the assessment of mechanical properties 
of the aorta is important to understand the mechanisms of cardiovascular disease. It has 
been shown that in the aorta of C57Bl6 mice, the circumferential modulus is greatest (most 
rigid) near the diaphragm, and that about 85% of volume compliance is in the thoracic 
compared with abdominal aorta (Guo & Kassab, 2003). Because as well NO as CaBs have 
been described to de-stiffen large arteries (Fitch et al., 2006; Safar et al., 1989; Safar et al., 
2011), we wondered whether NO release (basal and stimulated) and L-type Ca2+ channel 
activity differed along the length of the thoracic aorta. 

 
Figure 11. Dissection of the mouse thoracic aorta in five 2 mm wide segments. The mouse aorta was 
removed from the animal, stripped of adherent tissue and dissected systematically. Starting at the 
diaphragm, the ascending thoracic aorta was cut in segments of 2 mm width (TA5 up to TA1). 

In this part of the chapter, we show some preliminary data on aortic segment differences 
with respect to NO and L-type Ca2+ channels. In order to test whether the release or efficacy 
of NO differs between different locations along the thoracic aorta of C57Bl6 mice, the aorta 
was divided into 5 segments (figure 11) and in each segment endogenous and exogenous 
NO efficacy was determined. Basal release of NO and its efficacy to counteract contraction 
was measured in each aortic segment by measuring isometric contractions to the α1-
adrenoceptor agonist phenylephrine before and after inhibition of eNOS with 300 µM 
LNAME/LNNA. The increase of force (Δ force) and the shift of logEC50 (Δ logEC50) by 
eNOS inhibition are an index of the basal release of endogenous NO in each segment 
(figures 12A and B).  

Although not significant, the effects of eNOS inhibition on phenylephrine-induced contrac-
tions were smaller in the atherosclerosis-resistant segments TA2, TA3 and TA4 as compared 
with the atherosclerosis-prone segments TA1 and TA5 (figure 12A). In accordance, inhibi-
tion of eNOS caused a significantly larger shift of the segment´s sensitivity to phenylephrine 
in the atherosclerosis-prone segment TA1 compared with the other segments (figure 12B). 
Results may point to a higher basal eNOS activity or release of basal NO in the atherosclero-
sis-prone segments TA1 and TA5. Subsequently, endogenous release of NO was evoked by 
adding increasing concentrations of ACh to segments pre-contracted with 1 µM phe-
nylephrine. Figures 12C and D show maximal relaxation evoked by and sensitivity (logEC50) 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

82 

 
Figure 10. Effects of exogenous NO on contraction window in mouse aortic segments following re-
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circles) and in this situation exogenous NO could be applied (100 nM DEANO, purple circles). The 
fitted (sigmoidal concentration-response curves with variable slope) curves in A were differentiated in 
B to show the voltage-dependence of the change of force development per mV change of Vclamp. Data: 
mean±SEM; n=4; *, **, ***: P<0.05, 0.01, 0.001 eNOS inactive versus eNOS active; #, ##, ###: P<0.05, 0.01, 
0.001 +100 nM DEANO versus eNOS inactive. 
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6. NO efficacy and VSMC L-type Ca2+ channels along the thoracic aorta 

Increased stiffness of elastic arteries represents an early risk factor for cardiovascular 
diseases (O'Rourke & Mancia, 1999) and, therefore, the assessment of mechanical properties 
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been shown that in the aorta of C57Bl6 mice, the circumferential modulus is greatest (most 
rigid) near the diaphragm, and that about 85% of volume compliance is in the thoracic 
compared with abdominal aorta (Guo & Kassab, 2003). Because as well NO as CaBs have 
been described to de-stiffen large arteries (Fitch et al., 2006; Safar et al., 1989; Safar et al., 
2011), we wondered whether NO release (basal and stimulated) and L-type Ca2+ channel 
activity differed along the length of the thoracic aorta. 

 
Figure 11. Dissection of the mouse thoracic aorta in five 2 mm wide segments. The mouse aorta was 
removed from the animal, stripped of adherent tissue and dissected systematically. Starting at the 
diaphragm, the ascending thoracic aorta was cut in segments of 2 mm width (TA5 up to TA1). 
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of NO differs between different locations along the thoracic aorta of C57Bl6 mice, the aorta 
was divided into 5 segments (figure 11) and in each segment endogenous and exogenous 
NO efficacy was determined. Basal release of NO and its efficacy to counteract contraction 
was measured in each aortic segment by measuring isometric contractions to the α1-
adrenoceptor agonist phenylephrine before and after inhibition of eNOS with 300 µM 
LNAME/LNNA. The increase of force (Δ force) and the shift of logEC50 (Δ logEC50) by 
eNOS inhibition are an index of the basal release of endogenous NO in each segment 
(figures 12A and B).  

Although not significant, the effects of eNOS inhibition on phenylephrine-induced contrac-
tions were smaller in the atherosclerosis-resistant segments TA2, TA3 and TA4 as compared 
with the atherosclerosis-prone segments TA1 and TA5 (figure 12A). In accordance, inhibi-
tion of eNOS caused a significantly larger shift of the segment´s sensitivity to phenylephrine 
in the atherosclerosis-prone segment TA1 compared with the other segments (figure 12B). 
Results may point to a higher basal eNOS activity or release of basal NO in the atherosclero-
sis-prone segments TA1 and TA5. Subsequently, endogenous release of NO was evoked by 
adding increasing concentrations of ACh to segments pre-contracted with 1 µM phe-
nylephrine. Figures 12C and D show maximal relaxation evoked by and sensitivity (logEC50) 
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for ACh in each segment. Although TA1 seemed to have the highest NO efficacy without 
endothelial stimulation (basal NO, figures A and B), this atherosclerosis-prone segment 
caused only relaxations of about 65% and displayed the lowest sensitivity for ACh-induced 
relaxations. This was due to endothelial dysfunction because the effects of exogenous NO 
(DEANO) were not significantly different between the different aortic segments (figures 12 
E and F). Results of these experiments show that endothelial function (basal and stimulated 
release of NO) may differ between atherosclerosis-prone and –resistant segments along the 
thoracic aorta of wild-type mice, which may have important consequences for the tonus and 
compliance of the thoracic aorta.  

 
Figure 12. Basal and agonist-stimulated NO efficacy for different aortic segments. A and B show maxi-
mal increase of force development (Δforce) and the shift of the logEC50 (ΔlogEC50) for phenylephrine 
after inhibition of eNOS with the 300 µM LNAME/LNNA combination (measure of basal NO release). C 
and D show % relaxation and logEC50 for ACh-induced relaxation of the contraction elicited with 1 µM 
phenylephrine (stimulated endogenous NO), hence in the absence of LNAME/LNNA. E and F show % 
relaxation and logEC50 for DEANO-induced relaxation of the contraction elicited with 1 µM phe-
nylephrine (exogenous NO) after inhibition of eNOS with 300 µM LNAME/LNNA. Data: mean ±SEM; 
n=6 or more; *, **, ***: P<0.05, 0.01, 0.001 versus TA1. 
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When the impact of ACh-stimulated eNOS activity on L-type Ca2+ channels was investigated 
further (see figure 6), but now in atherosclerosis-prone and -resistant segments, figures 13 A 
and C show that as well in the presence of external Ca2+ as after eliciting contraction by re-
addition of Ca2+ to zero Ca2+ (SOCE contraction), relaxation in prone segments in comparison 
with resistant segments was attenuated. When SOCE via cation-selective channels was 
inhibited with 50 µM 2-APB, the SOCE contraction by phenylephrine was smaller in the 
resistant than in the prone segments (figure 13B, values at -9 logM ACh). Because this SOCE-
contraction by phenylephrine is due to influx of Ca2+ via L-type Ca2+ channels only (see figure 
5), this suggests that the L-type Ca2+ channel-mediated SOCE contraction in prone segments is 
larger than in resistant segments. This L-type Ca2+ channel-mediated contraction by 
phenylephrine in prone segments displayed attenuated relaxation to ACh (figure 13D), again 
pointing to the lower capacity of NO to relax contractions evoked by L-type Ca2+ influx. 

 
Figure 13. Absolute (mN, A, B) and relative (%, C, D) ACh-induced relaxation of atherosclerosis-prone 
(TA1,white symbols) and atherosclerosis-resistant (TA2/TA3, black symbols) segments constricted with 
2 µM phenylephrine in the presence of extracellular Ca2+ (control conditions, circles) and after eliciting 
contraction by re-addition of external Ca2+ to zero Ca2+ (SOCE, squares). Relaxation curves were fitted 
with sigmoidal concentration-response equations with variable slope and significantly differed between 
prone and resistant segments. After inhibition of SOCE via non-selective cation channels with 50 µM 2-
APB (triangles), the SOCE contraction, which is mediated through L-type Ca2+ influx only, was larger in 
prone than in resistant segments. Relaxation of these phenylephrine-induced SOCE contractions by 
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ACh were compromised more in prone than in resistant segments and could not be fitted with sig-
moidal concentration-response equations (B). Data: mean±SEM; n=7; *, **, ***: P<0.05, 0.01, 0.001 prone 
versus resistant; #, ###: 2-APB versus SOCE. 

7. Conclusions 

The present chapter investigated the relaxing efficacy of NO for contractions induced by α1-
adrenoceptor stimulation with phenylephrine or by depolarization with elevated extracellu-
lar K+ and confirmed previous observations that relaxation by NO is attenuated when the 
contraction was due to L-type Ca2+ influx (Van Hove et al., 2009). Contractions, which were 
initiated by Ca2+ release from the SR as with phenylephrine were very sensitive to endoge-
nous or exogenous NO. Here, NO caused relaxation by inhibiting the IP3-mediated contrac-
tion, by stimulating Ca2+ re-uptake to the SR via stimulation of SERCA, by inhibiting SOCE 
via cation channels and by reducing SOCE via L-type Ca2+ channels. Although phe-
nylephrine has been described to cause depolarization of the VSMCs, Vm is not clamped at 
depolarized values and addition of NO is expected to cause hyperpolarization, thereby 
reducing Ca2+ influx via L-type Ca2+ channels. By clamping Vm to depolarized values with 
elevation of K+, we were able to show contractions due to Ca2+ influx via L-type Ca2+ chan-
nels only and more specifically, to Ca2+ influx via non-inactivating Ca2+ channels (window 
contraction). This window contraction could be decreased by repolarizing Vm of VSMCs 
with levcromakalim (an opener of ATP-dependent K+ channels) or by adding exogenous NO 
as long as the extracellular K+ concentration was below 50 mM. Because NO also shifted the 
voltage-dependence of the window contraction in the presence of levcromakalim, it was 
hypothesized that NO, but not levcromakalim exerted a direct effect on the gating proper-
ties of the L-type Ca2+ channel. Although it has been described that NO affects L-type Ca2+ 
channels directly via S-nitrosylation (Almanza et al., 2007), an effect on the voltage-
dependent contraction has not been directly demonstrated yet. Hence, it is hypothesized 
that in mouse aortic segments NO changed the voltage-dependence of the contraction medi-
ated by L-type Ca2+ influx, probably via S-nitrosylation of the cysteine residues located in 
the gating part of the channel´s α1C-subunit.  

An interplay between NO and L-type Ca2+ channels was also suggested by a number of 
other observations: a) When treated with the CaB, lacidipine, Western-type diet-evoked 
hypertension and atherosclerosis development in apoE-deficient mice was reduced, whereas 
endothelial function was preserved (Kyselovic et al., 2005), b) after partly inhibiting L-type 
Ca2+ influx induced by high K+ with the CaB nifedipine, relaxation by exogenous NO was 
ameliorated (Van Hove et al., 2009) and c) ApoE-/- mice, which spontaneously develop ath-
erosclerotic lesions at the age of 6 months when fed a normal diet, displayed altered Ca2+ 
homeostasis at the age of 4 months, hence, before development of plaques. In comparison 
with wild-type C57Bl6 mice, they showed higher baseline intracellular Ca2+ in the SMCs 
(Van Assche et al., 2007), lower baseline Ca2+ in endothelial cells and decreased basal but 
normal or even enhanced agonist-evoked NO release and efficacy (Fransen et al., 2008). 

The present study might also provide an explanation for the unique features of the antihyper-
tensive classes of CaBs with different chemical structure (phenylalkylamines such as verapamil, 
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benzothiazepines such as diltiazem and dihydropyridines such as nifedipine). They reduce 
blood pressure more effectively in hypertensive than in normotensive subjects (Leonetti et al., 
1982) and they inhibit L-type Ca2+ influx more effectively in vascular tissue than in heart 
(Godfraind et al., 1984; Godfraind, 2005; Striessnig et al., 1998). Several attempts have been 
made to explain these unique features. In hypertension, there is an increase of reactivity to vas-
oconstrictors, which is not only due to a higher number of L-type Ca2+ channels (Godfraind, 
2005; Pesic et al., 2004; Pratt et al., 2002), but also to depolarization of the resting potential of 
hypertensive VSMCs (Morel & Godfraind, 1994; Pesic et al., 2004). Depolarization leads to an 
increased proportion L-type Ca2+ channels in the inactivated state, which according to the 
“modulated receptor theory” may have higher affinity to CaBs than channels in the resting state 
(Bean et al., 1986; Godfraind, 2005; Morel & Godfraind, 1987). Cardiac muscle cells are hyperpo-
larized with respect to VSMC and hence less susceptible to block by CaBs. Another specific 
feature of L-type Ca2+ channels is that their population is not homogeneous because of the oc-
currence of alternatively spliced isoforms (Koch et al., 1990). Among the 55 known human L-
type Ca2+ channel exons 19 undergo alternative splicing and display differences in tissue distri-
bution, physiology, pharmacology and disease-related up- and/or down-regulation (Liao et al., 
2005; Tang et al., 2007; Tiwari et al., 2006). Some of these isoforms were dominant in aorta (> 
50%) and less abundant in heart (<5%). Moreover, the VSM-specific splice variant of the L-type 
Ca2+ channel displayed hyperpolarised window current at voltages where there is overlap be-
tween activation and inactivation curves and enhanced inhibition by nifedipine in comparison 
with the predominant cardiac isoform (Liao et al., 2007). The selective affinity of CaBs for the 
different L-type Ca2+ channel subpopulations may further contribute to the different susceptibil-
ity of VSMC or cardiac cells to CaBs. Because the L-type Ca2+ channel window in VSMCs may 
be responsible for “time-independent” baseline Ca2+ influx at normal resting or slightly depolar-
ized membrane potentials (Fleischmann et al., 1994; Poburko et al., 2004), depolarization of the 
resting potential by hypertension not only favours the inactivated state of the L-type Ca2+ chan-
nel, but is also expected to increase L-type Ca2+ influx via the L-type Ca2+ channel window and 
to evoke inhibition by CaBs (Fleischmann et al., 1994). 

Preliminary results of this chapter, finally, indicate that NO efficacy and L-type Ca2+ channel 
distribution may differ along the length of the thoracic aorta. Basal and stimulated eNOS 
activation or NO release occurred differently along the thoracic aorta. Close to the aortic 
arch, segments released more basal NO but less stimulated NO than segments close to the 
diaphragm. Similarly, L-type Ca2+ channel distribution and related window contraction 
were higher in atherosclerosis-prone than in -resistant segments. These preliminary data 
need to be further explored, but may have important consequences for the compliance of the 
different aortic segments and their susceptibility to the development of atherosclerosis.  
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1. Introduction 

Smooth muscle cells constitute the walls of various organs and tubes in the body, 
including the blood vessels, gastrointestinal tract, respiratory tract, bladder, and 
reproductive tracts. The primary function of smooth muscle contraction is to generate 
force, which is utilized to perform many physiological processes such as blood flow and 
blood pressure maintenance, gastrointestinal motility, bronchial diameter regulation, 
bladder evacuation, and fetus expulsion. Smooth muscle contraction is caused by the 
sliding of myosin and actin filaments over each other. Movement of the two types of 
filaments happens when the globular myosin heads protruding from myosin filaments 
attach and interact with actin filaments to form crossbridges. The myosin head first 
attaches to actin together with the products of ATP hydrolysis, performs a power stroke 
associated with release of hydrolysis products, and detaches from actin upon binding 
with a new ATP. The myosin interacts with the actin to convert chemical energy, in the 
form of ATP, to mechanical energy. The coordinated regulation of contraction is a key 
property of the smooth muscle. When the smooth muscle functions normally, it 
contributes to general health and wellness. Contractile abnormalities of the smooth 
muscle are considered to underlie many diseases and disorders, including hypertension, 
vasospasm, diabetes-associated microvascular abnormalities, bronchial asthma, preterm 
labor, urinary incontinence, megacolon, and irritable bowel syndrome. Not surprisingly, 
inadequate contraction and relaxation of smooth muscle may cause the dysfunction of 
these hollow organs, which is usually associated with morbidity and mortality. Hence, 
the precise regulation of smooth muscle contraction is much more important in smooth 
muscles than in striated muscle. The muscle cells can respond to physiological and 
pathological signals from the environment to adapt to the environmental demands. This  
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adaptation is accomplished through signal transduction, which activates factors that 
signal pathways and ultimately lead to muscle contraction or relaxation. The regulation 
of smooth muscle contraction has two main mechanisms: neuromuscular and myogenic. 
In the neuromuscular mechanism, the smooth muscle receives principally neural 
innervation from the autonomic nervous system inside the same tissue, even though the 
central nervous system may be involved in the regulation of smooth muscle contraction. 
The myogenic mechanism, on the other hand, plays a more important role in the 
regulation of smooth muscle contraction. Under this mechanism, smooth muscle cell 
contraction is regulated principally by the mechanical (stretch) activation of the 
contractile proteins myosin and the actin in the intact body. A change in membrane 
potential, brought by the firing of action potentials or by the activation of stretch-
dependent ion channels in the plasma membrane, can also trigger contraction. These 
smooth muscle cells also develop tonic and phasic contractions in response to changes in 
load or length. In addition, the contractile state of the smooth muscle is controlled by the 
hormones, autocrine/paracrine agents, and other local chemical signals. Regardless of the 
stimulus, the smooth muscle cells use crossbridge cycling between the actin and myosin 
to develop force and calcium ions (Ca2+) that serve to initiate contraction in light of the 
current view. The deep mechanism for both myogenic and neuromuscular regulations is 
involved in cell signaling. Because current therapies for disorders and diseases of smooth 
muscles are costly and primarily palliative and do not target the cause of the disease, 
attention is being focused on the detailed understanding of the molecular basis of 
smooth muscle function and regulation and identification of abnormalities 
(dysfunctional proteins and signaling pathways) that lead to contractile pathologies and 
the development of strategies to reverse such abnormalities. The muscle contraction 
regulation mediated by signaling pathways is the key event. In recent years, a variety of 
signaling pathways has been implicated in the regulation of muscle contraction. A 
growing body of evidence shows a fine vista for the research of pathway-mediated 
regulation of the smooth muscle. One of the widely accepted notions is that the increase 
in Ca2+ concentration activates the Ca2+-calmodulin (CaM)–myosin light chain kinase 
(MLCK) pathway and stimulates the 20-kDa myosin light chain (MLC20) 
phosphorylation. The MLC20 phosphorylation at Ser19 causes a conformational change 
that increases the angle in the neck domain of the myosin heavy chain which mobilizes 
the crossbridges and causes the actin thin filament to slide along the myosin thick 
filament. Through an unknown mechanism, this interaction between the myosin and 
actin activates the ATPase activity of the myosin head region and leads to the 
development of a contractile force. Therefore, in theory, the factors that cause the 
inhibition of the MLCK activity and expression, such as calcium deprivation and 
calmodulin inactivation, could abolish consequentially MLC20 phosphorylation and 
smooth muscle cell contraction. However, increasing evidence supports Ca2+-
independent contraction of smooth muscle (Deng et al., 2001; Harnett & Biancani, 2003; 
Ratz et al., 2009). Here, we will describe an MLCK-independent and mitogen-activated 
protein (MAP) kinase-mediated phosphorylation of MLC20.   
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2. Expression and function of MLC20 and MLCK in smooth muscle 

The myosin II (also called conventional myosin), a hexameric protein complex, is composed 
of two identical 200-kD heavy chains and two sets of light chains: the 17-kD light chain 
(MLC17, also known as ELC) and the 20-kD regulatory light chain (MLC20). The exact 
function of the MLC17 is unclear but it may contribute to the structural stability of the 
myosin head along with the MLC20. The MLC20 is a small ring around the neck region of 
heavy chains of myosin and is also known as the regulatory light chain (also called RLC20, 
RLC2, and LC2). It is believed to participate actively in muscle contraction. The MLC20 is 
expressed not only in smooth muscle, but also in cardiac, skeletal, and nonmuscle cells. 
Only the MLC20 in the smooth muscle appears to play a unique role in increasing the actin-
activated ATPase activity. The MLC20 is activated by phosphorylation at multiple serine 
and threonine residues. The phosphorylation of the MLC20 is thought to play a pivotal role 
in regulating muscle contraction.  

Up to now, the MLC20 is the only known physiological substrate of the MLCK. Protein 
kinase C (PKC), CaM-kinase II, Rho-kinase, p21-activated kinase, and p34cdc2 kinase also 
phosphorylate three residues on the N-terminus of the MLC20, Ser-1, Ser-2, and Thr-9. In 
addition, the integrin-linked kinase and ZIP-kinase are reported to phosphorylate the 
MLC20 in the absence of Ca2+, at Ser19 and Thr18, thus activating the myosin activity (Niiro 
& Ikebe, 2001). In vivo phosphorylation of the MLC20 isoforms is accomplished by raising 
free intracellular Ca2+ and subsequent activation of the Ca2+-calmodulin-dependent MLCK. 
Ca2+/calmodulin-dependent MLCK is considered the primary regulator of MLC20 
phosphorylation among potential regulators of MLC20 phosphorylation. The 
dephosphorylation of phosphorylated MLC20 is catalyzed by the myosin light chain 
phosphatase (MLCP), which counters the MLCK that promotes contraction by 
phosphorylating MLC20. The degree of phosphorylation of the RLC depends on the ratio of 
the activities of the MLCK and MLCP. 

The myosin light chain kinase (MLCK or MYLK) is a Ca2+/CaM-activated kinase found in 
smooth, cardiac, and skeletal muscles as well as in many mammalian nonmuscle cells. It is 
a serine/threonine-specific protein kinase that phosphorylates the MLC20 of myosin II. 
There are three isoforms of the MLCK, i.e., smooth muscle (smMLCK, ~130-kDa), skeletal 
muscle (skMLCK, ~220-kDa), and cardiac muscle (cMLCK). The short MLCK (smMLCK, 
~130kDa) is best known as the conventional smooth muscle MLCK. The smMLCK is 
encoded by the mylk1 gene, which expresses three transcripts in a cell-specific manner 
due to the alternate promoters, long MLCK (210- to 220-kDa), short MLCK (130-kDa), and 
the noncatalytic gene product, called telokin. The short smooth muscle MLCK (130-kDa) 
is ubiquitous in all adult tissues with the highest amounts in smooth muscle tissues. Since 
both the short and long MLCK are found in smooth muscles or cultured/embryonic 
smooth muscle tissues, they are called smooth muscle MLCK (smMLCK). The two 
smMLCKs have been extensively described, and their function is to regulate the activity 
of the nonmuscle and smooth muscle myosin II. Here we will deal only with the short 
smooth muscle MLCK (smMLCK).  
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The activation of myosin motors by the MLCK modulates a variety of contractile processes, 
including smooth muscle contraction, cell adhesion, migration, and proliferation. The 
dysregulation of these processes contribute to a number of diseases. It is widely accepted 
that the MLCK phosphorylates the MLC20 of smooth and nonmuscle myosin II in the 
presence of Ca2+ and calmodulin. The phosphorylation of the MLC20 facilitates myosin 
interaction with actin filaments. Once there is an influx of calcium cations into the muscle, 
either from the sarcoplasmic reticulum or, more important, from the extracellular space, the 
contraction of smooth muscle fibers may begin. First, the elevation of the Ca2+ concentration 
in smooth muscles causes the Ca2+ to bind to the calmodulin (CaM). Then, the complex of 
the Ca2+ and CaM (Ca2+/CaM) activates the MLCK, which would phosphorylate the myosin 
light chain (MLC20) at serine residue 19 to generate phospho-MLC20. The phosphorylation 
of the MLC20 enables the myosin crossbridge to bind to the actin filament and allows 
contraction to begin (through the crossbridge cycle). The Ca2+-CaM activates the MLCK by 
reversal of an auto-inhibited state. In contrast, reducing intracellular calcium concentration 
inactivates MLCK but does not stop smooth muscle contraction since the MLC20 has been 
physically modified through phosphorylation. This regulatory model of myosin 
phosphorylation is widely accepted as the intracellular path for the induction of smooth 
muscle contraction.  

However, to a certain extent, this viewpoint about the Ca2+-, MLCK- and MLC20-dependent 
regulatory mechanism is founded on a presumption. Several observations of smooth muscle 
contraction cannot be explained by the mode of phosphorylation (Kohama K & K., 1995). 
For example, when the uterine smooth muscle is subjected to prolonged incubation in a 
Ca2+-free medium, the oxytocin induces the contraction of the muscle without any signs of 
MLC20 phosphorylation (Oishi et al., 1991). Another example is the MLC20 phosphorylated 
in rat embryo fibroblasts, which contains no detectable MLCK (Emmert et al., 2004). In 
addition, these are increasing evidence to support the calcium- and MLCK-independent 
mechanism of MLC20 phosphorylation (McFawn et al., 2003; El-Toukhy et al., 2006; Cho et 
al., 2011). According to the current mode, the expression of the MLCK in tissues/cells is 
necessarily consistent with the MLC20 phosphorylation. However, there has not been any 
report about the consistence between the MLCK expression and MLC20 phosphorylation. 
Herein, we first investigated the consistency between the MLCK expression and phosphor 
MLC20. In the following section we will describe a recent finding, the significant 
inconsistence between MLCK expression, and MLC20 phosphorylation in multiple smooth 
muscles in mice. 

3. Inconsistence between MLCK expression and MLC20 phosphorylation 

According to the current view, the MLCK expression must co-localize with the MLC20 
phosphorylation in cells or tissues. However, by a series of experiments, we recently found 
that phosphorylation (Ser19) of the MLC20 is inconsistent with 130-kDa MLCK expression 
in mouse aorta, bladder, large/small intestines, stomach, and uterus (Deng et al., 2011) 
(Figure.1A and B). 
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Figure 1. Inconsistence between MLC20 phosphorylation and MLCK expression in smooth muscle 
tissues. *in, intestine; †, MLCK expression; ‡, phosphor MLC20. 

In the experiments, fresh smooth muscle tissues were homogenized on ice with pre-cooled 
small glass homogenizers within ice-cold lysis buffer (50 mM Tris, 300 mM NaCl, 3 mM 
EGTA, 0.1 mM sodium orthovanadate, 10% glycerol v/v, 1% NP-40 v/v, 0.3% SDS w/v, 
protease and phosphatase inhibitor cocktails from Sigma Co., Germany, pH 7.6). Twenty 
micrograms of protein were loaded onto 10% SDS-PAGE gels that were subjected to 
electrophoresis in running buffer (BioRad Co., Hercules, CA). The proteins were then 
transferred to the Immobilon-P Transfer Membrane (Millipore Co., MA), followed by 
blocking it with 5% fat-free milk in TBST buffer. The MLCK was detected with a specific 
antibody. After it was washed with 1PBS for three times, the membranes were re-probed 
with antibody anti-phospho MLC20.  The results show that the levels of MLCK expression 
and phosphorylated MLC20 in different smooth muscles from the same mouse are 
markedly different (Figure 1). For instance, the large intestine of mouse 1 contains a high 
level of phosphor MLC20 but the MLCK expression is low. In contrast, the small intestine 
has low phosphor MLC20 but the MLCK expression is high. Besides, the MLCK expression 
and phosphor MLC20 in the same type of smooth muscle tissue are inconsistent among 
different individuals. For example, the large intestine of mouse 1 contains a low expression 
of MLCK and high phosphor MLC20. Conversely, mice 2 and 5 express high levels of MLCK 
in their large intestines but the MLC20 phosphorylation is low. The conspicuous 
inconsistence between the MLC20 phosphorylation and MLCK expression was 
subsequently verified by Western blotting in independent experiments. These interesting 
results cannot be explained by the current regulatory mode. Obviously, they suggest that an 
alternative regulation system may play an active role in the MLC20 phosphorylation. 
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4. Unknown substance(s) other than MLCK phosphorylates MLC20 

Even though some of the smooth muscle does not show phosphor MLC20 bands (Figure 1), 
those tissues still contain the MLC20 because we noticed in subsequent experiments that all 
these frozen lysates had similar levels of phosphor MLC20 after storage in -80C and several 
cycles of freezing and thawing. The MLC20 in some tissues was not visualized by any 
specific antibody against the phosphor MLC20 only because it was not phosphorylated. The 
MLC20 phosphorylation in MLCK-free tissues suggests that unknown molecule(s) may 
phosphorylate the MLC20 in phosphor MLC20-containing tissues.  

Thus, we proposed a hypothesis that something else other than the MLCK phosphorylates 
MLC20 in the smooth muscle tissues, which contain no detectable MLCK. Even though we 
did not know what kind of substance(s) the phosphorylated MLC20 is/are in the phosphor 
MLC20-containing and MLCK-free tissue, it may mobilize the phosphorylative process of 
the MLC20. To test our hypothesis, we designed an unconventional experiment, and added 
a small amount of tissue extract which was freshly prepared from the phosphor MLC20-
containing tissues without any detectable MLCK (extract 2), to another extract that 
contained the unphosphorylated but had no phosphorylated MLC20 and MLCK (extract 1). 
In other words, we theorized that extract 2 is a catalyst and extract 1 is a substrate of extract 
2. By rapid Western blotting assay (with one-hour incubation at room temperature), we 
chose the tissue extract containing the high phosphor MLC20 but no detectable MLCK as a 
catalyst (extract 2), and the one containing no phosphor MLC20 and detectable MLCK as the 
substrate (extract 1). Then, a small amount of exact 2 was added directly into extract 1, as 
shown in Figure 2A. After the one-hour 37C incubation in water, as expected, the added 
extract 2 phosphorylated strongly MLC20 of the extract 1 (lines 2 and 3 in Figure 2A). This 
suggests that high phosphor MLC20 tissue content may have non-MLCK substance(s) that 
induce/s MLC20 phosphorylation.  

To evaluate the further roles of the MLCK and the possible non-MLCK substance(s) in the 
MLC20 phosphorylation, we assayed the effects of the isolated MLCK on MLC20 
phosphorylation (Figure 2B). Firstly, the MLCK was isolated from the fresh smooth muscle 
tissue by the anti-MLCK monoclonal antibody from Sigma Co., following conventional 
immunoprecipitation protocol. Secondly, the isolated MLCK was immediately added to the 
freshly prepared extract 1, which contains unphosphorylated MLC20 but no detectable 
MLCK (line 2 in Figure 2B). In the meantime, a small amount of extract 2 that contains a 
high level phosphor MLC20 but no detectable MLCK was added into the same ‘substrate’ 
extract 1 as a control (line 3). The mixtures were incubated in 37C water for one hour, 
followed by Western blotting assay. Extracts 1, 2 and isolated MLCK were loaded to lines 1, 
5 and 4, respectively, for assays of its own MLCK and phosphor MLC20. No protease and 
phosphatase inhibitor were added into the reaction system. After the membrane was 
washed with PBS for three times, the actin and phospho-MLC20 were simultaneously 
probed by mixture solution of the antibodies against actin and phospho-MLC20 (Membrane 
was not striped by striping buffer because the sizes of the three targeting proteins were 
much different). The results show that the immunoprecipitated MLCK failed to 
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phosphorylate MLC20, while the extract without detectable MLCK phosphorylated MLC20 
of extract 1 contains no detectable MLCK (line 3). Several independent experiments were 
conducted to verify the results. These experiments suggest that MLC20 can be 
phosphorylated in vitro and that non-MLCK substance(s) may trigger the MLC20 
phosphorylation.  

 
Figure 2. Unknown substance(s) in smooth muscle tissue but not immunoprecipitated MLCK induced 
MLC20 phosphorylation. (A) Small amount of extract 2 without MLCK induced MLC20 phosphoryla-
tion of MLC20 in extract 1 (lines 2 and 3). (B) Precipitated MLCK did not induce MLC20 phosphoryla-
tion (line 2). The extract 2 containing no detectable MLCK increased significantly the phosphorylation 
of MLC 20 in extract 1(line 3). MLCK*, MLCK freshly isolated by co-immunoprecipitation from smooth 
muscle tissue; p-MLC20, phosphor MLC20. 

5. Inhibition of MLCK expression and activity do not affect MLC20 
phosphorylation 

According to the  current regulatory model, intracellular calcium ion is the trigger of smooth 
muscle contraction. The contractile initiation, maintenance, and strength are dependent on 
the control of intracellular free Ca2+ level. The canonical excitation-contraction coupling 
pathway is triggered by neural, hormonal or myogenic stimulation to elicit the influx of 
extracellular or intracellular Ca2+ (from the sarcoplasmic reticulum) into the cytosol. The Ca2+ 
binds to calmodulin to form the Ca2+/CaM complex. At an increased level of Ca2+, rapid 
binding of the Ca2+ to CaM occurs and triggers MLCK activation. Once activated, the MLCK 
phosphorylates MLC20 leads to crossbridges cycling and generation of the contractile force. 
Therefore, several factors may affect the MLC20 phosphorylation, including expression of 
the MLCK gene, MLCK activity, free Ca2+ concentration, and CaM activity. The following 
experiments were designed to access the effects of these factors on the role of the MLCK in 
MLC20 phosphorylation: 1) using siRNA to knockdown the MLCK expression in human 
bladder smooth muscle (hBSM) cells, 2) inactivating the MLCK by inhibitors of calmodulin 
and MLCK, and 3) depriving the calcium ion of cultured hBSM cells. 

We first investigated the effect of alteration in MLCK expression on the MLC20 
phosphorylation. To inhibit the MLCK expression, the siRNA against MLCK (from Santa 
Cruz Biotechnology Inc.) was transfected with Lipofectamine 2000 into cultured hBSM cells 
at a cell density of 40-50% confluence, which were isolated from the peri-cancer tissue of a 
bladder cancer patient. Only lower than seventh passage primary cells were used for 
experiments. Two days after transfection, cells were harvested for Western blotting.  MLCK, 
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pan-actin and phosphor MLC20 were detected by specific antibodies. Western blotting 
analysis showed that no significant alteration of MLC20 phosphorylation level was observed 
while the MLCK expression was knocked down (Figure 3A). Together with the data about 
the expression of MLCK and MLC20 phosphorylation from mice, this experiment provides 
further proof that MLC20 phosphorylation is independent of MLCK gene expression.  

Equally vital to the MLCK gene expression, the MLCK activity or activation may contribute 
to its functions. Then, the subsequent experiments were designed to study the effects of the 
MLCK activity on the MLC20 phosphorylation. The MLCK and its upstream molecule, the 
CaM, were directly inactivated by the corresponding commercial inhibitory peptides (EMD 
Chemicals Inc., NJ) in both permeabilized or unpermeabilized hBSM cells (Figure 3B, C) and 
mouse smooth muscle extracts (Figure 3D). The MLC20 phosphorylation was examined by 
Western blotting. In addition, ethylene glycol tetraacetic acid (EGTA), a Ca2+ chelating agent, 
was added into the medium to prevent the formation of Ca2+/CaM complex in cultured 
hBSM cells (Figure 3B and C). CaM and MLCK inhibitory peptides were added into 
mixtures of smooth muscle extracts 1 and 2, in which small amount of extract 2 was able to 
phosphorylate MLC20 of extract 1 (shown in figure 2). After one-hour incubation at 37C, 
pan-actin and phosphor MLC20 were assayed by Western blotting. Likewise, none of the 
inhibitors of the MLCK and CaM, and EGTA inhibit the MLC20 phosphorylation in both 
cultured hBSM cells and tissue extracts. 

 
Figure 3. Inhibition of MLCK expression and activity does not block MLC20 phosphorylation. (A) 
siRNA-mediated MLCK knockdown did not inhibit MLC20 phosphorylation. (B and C) Inhibitors of 
CaM and MLCK and EGTA did not suppress MLC20 phosphorylation in permeabilized and unperme-
abilized cells. (D) Neither CaM nor MLCK inhibitors blocked MLC20 phosphorylation in smooth mus-
cle extracts.  
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Putting the data together, we firmly believe that an alternative mechanism plays an 
important part in the regulation of MLC20 phosphorylation. This potential regulatory 
mechanism is MLCK-independent. 

 
Figure 4. Two main pathways involved in regulation of smooth muscle cell contraction and migration. 
The contractile response is initiated by a rapid and transient rise in intracellular Ca2+, followed by a 
Ca2+-calmodulin interaction, the MLCK activation to initiate phosphorylation of the MLC20 and there-
fore contraction and cell migration (the blue). Agonists (such as ET-1) bind to serpentine receptors on 
the membrane of the smooth muscle cells to activate the RhoA/Rho kinase signaling pathway, which 
inactivates the MLC phosphatase (MLCP) by phosphorylation, and resulted in increased unphosphory-
lated MLCP and sustained smooth muscle contraction (the green). GAP, GTPase activating protein; 
GEF, GDP/GTP exchange factor. 

6. MAP kinase pathways and functions in smooth muscle cells 

After we verified the MLCK-independent regulation of MLC phosphorylation, we were 
interested in searching for the non-MLCK mechanism that may function as the trigger of 
MLC20 phosphorylation. The cell signaling pathways would be most likely to address this 
intractable issue. In recent years, a multitude of signaling pathways has been suggested to 
regulate the smooth muscle contractility. However, these pathways can be broken down 
into two major pathways (Figure 4): the calcium–calmodulin signalling pathway and 
Rho/Rho-kinase pathway.  The former, the Ca2+/CaM pathway, regulates smooth muscle 
contraction by the binding of increased intracellular calcium ion with CaM, which activates 
the MLCK. The MLCK phosphorylates the MLC20 at the neck of the myosin heavy chains. 
The phosphorylation increases the ATPase activity and thereby produces contraction. In the 
Rho/Rho-kinase pathway, the Rho A-GTP, activated by multiple stimuli, activates the Rho 
kinase (also known as Rok or Rock). The activated kinase phosphorylates the myosin 
phosphatase and therefore modulates the MLC20 phosphorylation. 
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Putting the data together, we firmly believe that an alternative mechanism plays an 
important part in the regulation of MLC20 phosphorylation. This potential regulatory 
mechanism is MLCK-independent. 

 
Figure 4. Two main pathways involved in regulation of smooth muscle cell contraction and migration. 
The contractile response is initiated by a rapid and transient rise in intracellular Ca2+, followed by a 
Ca2+-calmodulin interaction, the MLCK activation to initiate phosphorylation of the MLC20 and there-
fore contraction and cell migration (the blue). Agonists (such as ET-1) bind to serpentine receptors on 
the membrane of the smooth muscle cells to activate the RhoA/Rho kinase signaling pathway, which 
inactivates the MLC phosphatase (MLCP) by phosphorylation, and resulted in increased unphosphory-
lated MLCP and sustained smooth muscle contraction (the green). GAP, GTPase activating protein; 
GEF, GDP/GTP exchange factor. 
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intractable issue. In recent years, a multitude of signaling pathways has been suggested to 
regulate the smooth muscle contractility. However, these pathways can be broken down 
into two major pathways (Figure 4): the calcium–calmodulin signalling pathway and 
Rho/Rho-kinase pathway.  The former, the Ca2+/CaM pathway, regulates smooth muscle 
contraction by the binding of increased intracellular calcium ion with CaM, which activates 
the MLCK. The MLCK phosphorylates the MLC20 at the neck of the myosin heavy chains. 
The phosphorylation increases the ATPase activity and thereby produces contraction. In the 
Rho/Rho-kinase pathway, the Rho A-GTP, activated by multiple stimuli, activates the Rho 
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phosphatase and therefore modulates the MLC20 phosphorylation. 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

102 

In the following sections, we will describe a MAP kinase-mediated phosphorylative 
mechanism of MLC20. 

 
Figure 5. The main components of the three MAP kinase pathways. MAP kinase cascade is typically 
composed of four kinases that establish a sequential activation pathway comprising a MAP kinase 
kinase kinase kinase (MAP4K), MAP kinase kinase kinase (MAP3K), MAP kinase kinase (MAP2K), and 
MAP kinase (MAPK). Extracellular/intracellular stimuli activate MAP4K, MAP3K, MAP2K and MAPK 
sequentially, leading to the multiple biological effects.  

MAP kinases (MAPKs) comprise a family of serine threonine kinases, which include three 
major sets of kinases: extracellular signal-regulated kinases (ERK1 and ERK2), c-Jun amino-
terminal kinase/stress-activated protein kinases (JNKs), and p38 MAPKs (Figure 5). These 
kinases constitute three major discrete cascades and serve as focal points in response to a 
variety of extracellular stimuli. Members of all three MAPK families, the ERK, JNK, and the 
p38 MAPKs, are expressed in various types of tissues and cells, including smooth muscles. 

6.1. ERK pathway 

The best-characterized members of the MAPK family are ERK1 and ERK2, also known as 
p44 MAPK and p42 MAPK, respectively. The canonical ERK cascade comprises Ras, Rafs, 
MEK1/2, ERK1/2 and several MAPK-activating protein kinases (MAPKAPK, such as EIk-1, 
Sap1a and c-Fos). ERK1 and ERK2 are expressed to various extents in all tissues, including 
various types of smooth muscle. ERK1/2 is distributed throughout quiescent cells, but upon 
stimulation, a significant population of ERK1/2 accumulates in the nucleus. Immediate 
upstream kinases that activate ERK cascade are mitogen-activated protein kinase kinase 1/2 
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(MEK1/2). The ERK is activated by a large variety of diverse extracellular stimuli, including 
growth factors, cytokines, virus infection, transforming agents, and carcinogens. Activated 
ERK1/2 phosphorylate numerous substrates, including various membrane proteins 
(CD120a, Syk, and calnexin), nuclear substrates (SRC-1, Pax6, Elk-1, MEF2, c-Fos, c-Myc, 
and STAT3), cytoskeletal proteins, and several MAPK-activated protein kinases (MKs), and 
MAPK-interacting kinases(MNKs). As a consequence of the activation, ERK pathway 
regulates many distinct and even opposing cellular processing, including proliferation, 
differentiation, metabolism, morphology, survival and even apoptosis.  

ERK pathway may be involved in regulation of contraction, migration and proliferation of 
smooth muscle cells. PD-098059, a specific inhibitor of MAP kinase kinase (MEK1/2, the 
upstream of ERK1/2), reduced vascular smooth muscle contraction and increase in blood 
pressure induced by Ang II and phenylephrine, perhaps by inhibiting ERK1/2 activation 
(Escano et al., 2008) and airway smooth muscle contraction by isoprenaline (Lelliott et al., 
2012). Direct inhibition of ERK1/2 by U-0126 attenuates Ang II- and isoprenaline-induced 
contraction of bronchial smooth muscle (Sakai et al., 2010; Lelliott et al., 2012). Similar role of 
ERK1/2 are also observed in other smooth muscle (cells) (Jeong et al., 2011). However, some 
reports show that the inhibitors of ERK and its upstream do not affect vascular smooth 
muscle contraction (Do et al., 2009; Bauer et al., 2011; Sathish et al., 2011). Thus, this role of 
ERK in regulation of smooth muscle contraction is not universal, or even controversial. 

The biological process of cell migration is similar to that of muscle cell contraction. The 
functional role of ERK in the regulation of smooth muscle cell migration is reported by a 
large number of articles (Aitken & Bagl, 2001; Kavurma & Khachigian, 2003). Many reports 
about the regulatory model of ERK1/2 in smooth muscle cell migration are consistent, even 
though it is not entirely clear how ERK activation promotes smooth muscle cell motility. For 
example, inhibition of ERK by inhibitor and antisense oligonucleotide blocks smooth muscle 
migration (Graf et al., 1997; Gerthoffer, 2007). Our study confirmed role of ERK1/2 in smooth 
muscle cell migration by blocking movement by PD-098059(Deng et al., 2011). In addition, 
Raf-1 kinase, the upstream molecule of MEK1/2 that activates ERK1/2, may be involved in 
regulation of smooth muscle contraction (Sathishkumar et al., 2010). 

6.2. p38 pathway 

The p38 cascade is composed of MEKK3, MKK3/4/6, p38 and several MAPKAPKs (EIk-1, 
CHOP, ATF2 and MEF2A). The p38 family includes four splice variants: p38α, p38, 
p38γand p38δ. Like the rest of MAP kinases, p38 are ubiquitously expressed in various 
types of tissues, including various smooth muscle cells. Two main MAPKKs, MEK3 and 
MEK6, function as the upstream molecules of p38, which are known to activate p38. In 
addition, MEK4, an upstream kinase of JNK, can aid in the activation of p38α and p38δ in 
specific cell types. The p38 MAPK cascade is activated by numerous promigratory stimuli, 
including platelet-derived growth factor (PDGF), Ang II, S1P, and thrombin. This kinase is 
also responsive to a wide range of environmental stresses, such as ultraviolet irradiation, 
heat shock, osmotic shock, as well as response to inflammatory cytokines, but less by serum 
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though it is not entirely clear how ERK activation promotes smooth muscle cell motility. For 
example, inhibition of ERK by inhibitor and antisense oligonucleotide blocks smooth muscle 
migration (Graf et al., 1997; Gerthoffer, 2007). Our study confirmed role of ERK1/2 in smooth 
muscle cell migration by blocking movement by PD-098059(Deng et al., 2011). In addition, 
Raf-1 kinase, the upstream molecule of MEK1/2 that activates ERK1/2, may be involved in 
regulation of smooth muscle contraction (Sathishkumar et al., 2010). 

6.2. p38 pathway 

The p38 cascade is composed of MEKK3, MKK3/4/6, p38 and several MAPKAPKs (EIk-1, 
CHOP, ATF2 and MEF2A). The p38 family includes four splice variants: p38α, p38, 
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MEK6, function as the upstream molecules of p38, which are known to activate p38. In 
addition, MEK4, an upstream kinase of JNK, can aid in the activation of p38α and p38δ in 
specific cell types. The p38 MAPK cascade is activated by numerous promigratory stimuli, 
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and growth factors. Substrates of p38 in vivo include transcription factors (ATF2, MEF2C), 
the RNA binding protein tristetraprolin, and several protein kinases, such as MAPKAP 
kinases 2, 3, and 5. The p38 signaling has been implicated in cellular responses including 
inflammation, cell cycle, cell death, development, cell differentiation, senescence, and 
tumorigenesis. Because p38 MAPKs are key regulators of inflammatory cytokine expression, 
they appear to be involved in many human diseases such as asthma and autoimmunity. 

The p38 MAPKs may participate in multiple processes in smooth muscle cells including 
contraction, oxidative stress signaling, and cytokine synthesis . Contraction induced by 
some but not all agonists depends on p38 activity. SB203580, the specific inhibitor of p38, 
blocks spontaneous and agent-induced smooth muscle contraction (Lee et al., 2007; Barona et 
al., 2011). Besides, by using SB203580 and siRNA, researchers have demonstrated that p38 is 
involved in regulation of smooth muscle cell migration (Mugabe et al., 2010).  

6.3. JNK pathway 

The JNK cascade comprises generally MAP-ERK kinase kinase-1 (MEKK1), MKK4/7, JNKs 
and MAPK-activated C-Jun, JunB and ATF2. JNK family, encoded by three genes, jnk1, jnk2, 
jnk3, includes three main spliced forms, JNK1, -2, and -3, also known as SAPK, SAPK, and 
SAPK, respectively. JNK1 and JNK2, are believed to be expressed in every cell and tissue 
type, whereas the JNK3 protein is found primarily in brain (Bode & Dong, 2007). JNK 
activation is much more complex than that of ERK1/ERK2 owing to inputs by a greater 
number of MAP4Ks and MAP3Ks. This diversity of upstream messages allows a wide range 
of stimuli to activate this MAPK pathway, including UV and -irradiation, protein synthesis 
inhibitors (anisomycin), hyperosmolarity, toxins, ischemia/reperfusion injury in heart 
attacks, heat shock, anticancer drugs (cisplatinum, adriamycin, or etoposide), ceramide, 
peroxide, and inflammatory cytokines such as TNF. The activated JNKs translocate to the 
nucleus where they phosphorylate the effector molecules. A well-known substrate for JNKs 
is the transcription factor c-Jun. Besides, several other transcription factors have been shown 
to be phosphorylated by the JNKs, such as ATF-2, NF-ATc1, HSF-1, c-Myc, p53, STAT3, 
DPC4/ SMAD4/MADH4. Some non-transcription factors can also be regulated by JNKs, 
such as Bcl-2, paxillin, and Bcl-xL. The dual role of JNK in both apoptotic and survival 
signaling pathways indicates that the functional role of JNK is complex. JNKs are involved 
in various physiological and pathological processes, such as apoptosis, neurodegeneration, 
neural development, cell differentiation and proliferation, inflammation, cytokine 
production and regulation of responses to stimuli. 

Compared with ERK and p38 MAPKs, less is known about the role of JNK MAPKs in 
contraction and migration of smooth muscle cells. The chemical inhibitors of JNK family 
members are less selective than MEK (then ERK1/2) and p38 MAPK inhibitors and therefore 
somewhat less useful for definitive studies of kinase action in cells. However, recent 
evidences support an important role for JNK in regulation of airway smooth muscle 
contraction (Lei et al., 2011). SP600125, a JNK inhibitor, attenuates vascular smooth muscle 
contraction and human prostate smooth muscle induced by norepinephrine and 
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phenylephrine (Lee et al., 2006; Strittmatter et al., 2012). In addition, overexpression of an 
inactive mutant of JNK partially inhibits migration induced by PDGF-BB and Ang II (Ohtsu 
et al., 2005). The mutant may attenuate natural JNK activity by interfering its binding to the 
up- and down-stream molecules. Besides, SP600125 inhibits smooth muscle migration 
(Kavurma & Khachigian, 2003). 

7. Regulation of MAP kinase pathways on MLC20 phosphorylation 

By using the MAPK inhibitors and adenoviral overexpression, we found a MAP kinase 
pathway-mediated regulatory mechanism of MLC20 phosphorylation. 

7.1. Inhibition of MAP kinase pathways increases phosphorylation level of 
MLC20 

Research on the role of the ERK, p38 MAPK, and JNK is facilitated by effective and 
relatively selective small molecule inhibitors. We first used the p38, JNK, and ERK inhibitors 
to access the effects of MAP kinase signaling on MLC20 phosphorylation in cultured hBSM 
cells (Figure 6A).  

The SB203580, BIRB 796, SB 202190, and VX-702 have inhibitory effects for the p38 kinase 
but only the SB 203580, a specific inhibitor of p38α and p38β isoforms, is widely used for the 
p38 function-related studies. The half maximal inhibitory concentration (IC50) values 
recommended by the manufacturer are 50 and 500 nM for the p38αand p38β, respectively. 
The concentration ranges used in published reports are 10–50 M (Kramer et al., 1996; 
Fatima et al., 2001; Kim et al., 2002). The JNK inhibitors include the SP600125, JNK inhibitor 
I (a peptide), JNK inhibitor IX, and JNK inhibitor VIII. The SP600125, a JNK inhibitor for 
three isoforms of JNKs, is often used to inhibit JNKs in most studies. The recommended 
IC50 values are 40 nM for JNK-1 and JNK-2, and 90 nM for JNK-3. The concentration ranges 
used by most previous researchers are 10–30 µM (Renlund et al., 2008). The recently used 
concentration is 20 µM (Takahashi et al., 2011). The ERK inhibitors include the PD98059, 
ERK Inhibitor II (C18H13N7), U0126, and inhibitory peptide. It is a 13-amino acid peptide that 
corresponds to the N-terminus of MEK1 and functions as a specific inhibitor of ERK 
activation. The IC50 recommended by the manufacturer is 2.5 µM. Different concentrations 
such as 10, 20, 40, and 50 µM were used in previous researches (Mathur et al., 2004; Monick 
et al., 2008). The concentration of 60 µM was used in our studies. Considering the difficulty 
to transport a peptide across a cell membrane, we permeabilized cells before the ERK 
inhibitor treatment, even though the inhibitor peptide is cell-permeable.  

In this study, the cultured hBSM cells were exposed to 30 M of SB203580 (a p38 inhibitor), 
SP600125 (a JNK inhibitor), and 60 M of ERK inhibitory peptide for 40 min. Cells for ERK 
inhibition were previously permeabilized (Deng et al., 2011). Proteins of cell lysates were 
separated by SDS-PAGE electrophoresis and then transferred to PVDF membranes. Actin, 
phosphor MLC20 and MLCK on the same membrane were detected. Inhibition of MAP kinase 
activity increased MLC20 phosphorylation (Figure 6A). To minimize the effects of the 
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used by most previous researchers are 10–30 µM (Renlund et al., 2008). The recently used 
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quantitative difference in protein loading on experimental judgment in Western blotting assay, 
we always incubated membranes with mixed primary antibodies against pan-actin and 
phosphor MLC20, followed by incubation with corresponding and different second antibody 
after PBS washing. The actin gene is a housekeeping gene, which is expressed invariably in 
various cells/tissues usually at different treatments. The pan-actin bands can show us how 
much protein is loaded in the wells of SDS-PAGE gels. Then, the membrane was re-probed 
with specific antibody against the MLCK. Unexpectedly, all of the three MAP kinase inhibitors 
appear to increase the phosphor MLC20 level (Figure 6A), especially treatments by the SB 
203580 and SP600125 in lines 2–3. The MLCK expression was not altered when the phosphor 
MLC20 level increased due to the MAP kinase inhibitor treatment. 

 
Figure 6. Negative regulation of MAP kinase pathway on MLC20 phosphorylation. (A) All of p38, JNK 
and ERK inhibitors raised phosphorylation level of MLC20. (B)Activation of MAP kinases by adenovi-
rus-mediated overexpression of MEKK1 inhibited significantly MLC20 phosphorylation (line 3). MAPK 
inhibitors counteracted inhibition of MEKK1 on MLC20 phosphorylation (line4~6). (C, D) The level of 
MLC20 phosphorylation increased with JNK and p38 inhibitors in hBSM cells. (E, F) MLC phosphoryla-
tion decreased with MEKK1-viral doses. P-MLC20, phosphor MLC20; SB, SB203580; SP, SP600125; adv, 
adenovirus. 
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7.2. Activation of MAP kinase pathways inhibits MLC20 phosphorylation 

Contrary to the MAP kinase-inhibition experiment (Figure 6A), the activity of the MAP 
kinases was to be increased in this experiment. The activity of the MAP kinase in quiescent 
cells is relatively low (Graf et al., 1997; Pizon & Baldacci, 2000; Hatton et al., 2003; 
Kuramochi et al., 2004; Mackeigan et al., 2005), and we observed low activation of MAP 
kinases in the hBSM cells used in this study. It is difficult to observe the alteration of the 
MAP kinase activity during a change of MLC20 phosphorylation. Thus, we increased the 
intracellular levels of the phosphor MAP kinases by adenovirus-mediated overexpression of 
active human MAP-ERK kinase kinase-1 (MEKK1), the upstream molecule of MAP kinases 
in hBSM cells.  

The generation of MEKK1-containing adenovirus is described in brief as follows. To 
overexpress MEKK1, an HA-tagged 4.9-kb cDNA for active human wild-type MEKK1 was 
cloned at the downstream of cytomegalovirus (CMV) promoter of pAdtrack, a shuttle vector 
that transports target gene MEKK1 to the viral plasmid. To prepare the MEKK1-containing 
viral DNA, the shuttle vector was recombined with the adenoviral DNA in bacteria. Then, 
the recombinant adenoviral plasmid was used to produce the adenovirus in packaging cells 
following conventional protocol for adenovirus preparation. Two control adenoviruses were 
prepared in the same procedure but human MEKK1 was replaced by the -galactosidase 
(LacZ) or green fluorescent protein (GFP). The control virus helped us to distinguish the 
MEKK1 effects from that of non-MEKK1 virus infection. After the amplification, the viruses 
were titrated by the agarose overlay plaque assay. 

The viral infection efficiency in the cultured hBSM cells was examined by observing the 
percentage of the GFP-positive living cells under a fluorescence microscope. The viral 
expressive efficiency of MEKK1 was assayed in an independent experiment by Western 
blotting using an antibody against the HA-Tag (Deng et al., 2011). The exogenous 
MEKK1 activity expressed by the adenovirus was estimated by its capacity to activate 
the downstream molecules, including the JNK, ERK, and p38. These results show that the 
infection efficiency of the adenoviruses in the cultured hBSM cells reached up to 99% 
(the cell density was 70% when infected). The MEKK1 expressed by the adenovirus 
activated strikingly JNK1 and JNK2. In the meantime, it also activated the ERK1 and p38 
kinase to a lower extent. Then, the MEKK1 adenovirus was used for the evaluation of the 
roles of the MAP kinase on MLC20 phosphorylation. When the cell density was between 
60–70%, the hBSM cells in 6-well plates were infected with the MEKK1 and the control 
viruses at different doses (Deng et al., 2011). Three days after infection, the cells were 
harvested for Western blotting. The experimental results show that the MEKK1 
adenovirus infection inhibited the MLC20 phosphorylation significantly (line 3 in Figure 
6B). The inhibition of the MAP kinase pathway for the MLC20 phosphorylation is 
already hinted in Figure 6A but the extent of inhibition is beyond our expectation. 
Apparently, the inhibitory efficiency depends on viral infection efficiency, expressive 
capacity of MEKK1 adenovirus, and activating ability of MEKK1 for the downstream 
molecules. 
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7.2. Activation of MAP kinase pathways inhibits MLC20 phosphorylation 
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In addition, we set up other treatments, using MAP kinase inhibitors to counteract the 
activation of the MEKK1 for the MAP kinases so that we could evaluate more accurately 
the role of the MEKK1-activated MAP kinase pathway in the regulation of the MLC20 
phosphorylation. If it is true that the MEKK1 regulates negatively the MLC20 
phosphorylation, the MAP kinase inhibitors would augment the MLC20 phosphorylation 
through suppression of the activity of the MEKK1 downstream molecules. As expected, 
the MAP kinase inhibitors neutralized the inhibition of the MEKK1 adenovirus on the 
MLC20 phosphorylation (lines 4–6 in Figure 6B). Likewise, the actin bands are detected 
to show a similar amount of loaded proteins. Obviously, the experimental results and 
even conclusions depend on the balance between the viral doses and inhibitor 
concentrations. A relatively low-concentration inhibitor may not affect the role of a 
relatively high-dose infection of MEKK1 adenovirus in MLC20 phosphorylation, and 
vice versa. 

The dose-response relationship is a mathematic relationship between the dose and the 
organism's reaction to the dose. It describes the change in reaction or effect on an organism 
caused by differing levels of doses. Herein, we used dose-gradient methods to provide 
additional evidence that the MLC20 phosphorylation is regulated by the MAP kinase 
pathways. In the studies, the hBSM cells were exposed to different concentrations of the 
MAP kinase inhibitors for 40 minutes, followed by Western blotting assays for the phosphor 
MLC20. The results show that phosphor MLC20 level increases with the doses of inhibitors 
(Figure 6C and D, ERK inhibitor not shown) (Deng et al., 2011). A similar method was used 
to examine the effects of the MEKK1 at different infection doses (i.e., pfu/cell) on the MLC20 
phosphorylation. The phosphor MLC20 decreased with doses of the MEKK1 adenovirus 
(Figure 6 E and F). 

At this point, our experiments have demonstrated the negative regulation of MAP kinase 
pathway on the MLC20 phosphorylation. 

8. Suggestions for the future investigation 

The role of the MLC20 phosphorylation in contraction needs to be reassessed, even though it 
is accepted widely as a trigger of muscle contraction. A number of experiments have already 
verified the role of the MAP kinase pathway in the migration of different cell types and 
smooth muscle contraction. Therefore, according to current views, it is reasonable to assume 
that the MAP kinases would phosphorylate the MLC20, either via one or more enzymes. 
However, a series of experiments above showed the negative regulation of the MAP kinase 
pathways on the MLC20 phosphorylation. Because of conflict between our conclusion and 
current views about the mechanism of the MLC20 phosphorylation, we subsequently 
carried out a preliminary experiment to explore the synchrony between the cell migration 
and MLC20 phosphorylation. The migrating cells were fixed immediately and the phosphor 
MLC20 inside cells was immunostained with a specific antibody. However, we did not see a 
difference in the fluorescence intensity of the phosphor MLC20 between the migrating and 
quiescent cells (Deng et al., 2011). 
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In addition, when laboratory animals are killed, the muscle is usually relaxed, or rapidly 
relaxed in seconds (except for some smooth muscles). Because muscle contraction and 
relaxation are rapid, the MLC20 phosphorylation and dephosphorylation are also very fast, 
especially in the skeletal muscle. Even for smooth muscles, the muscle contraction and 
relaxation, such as the bladder emptying by detrusor and relaxation of tracheal/bronchial 
smooth muscle elicited by agents, may be fast. In one word, the MLC20 is phosphorylated in 
contracting muscle but unphosphorylated in relaxed muscle, and the transformation 
between the phosphorylation and nonphosphorylation is rapid. The muscle samples used in 
a lot of published articles for the MLC20 phosphorylation are almost in non–contracting 
status. However, those reports show that the phosphorylated MLC20 in various types of 
muscles are actually in relaxed state. Besides, a lot of data from different laboratories 
demonstrate that the MLC20 is phosphorylated strongly in cultured cells. As we all know, 
cells in culture dishes stop moving and are considered quiescent cells when they reach a 
high density like 90%. This suggests that the MLC20 is heavily phosphorylated in 
nonmigrating cells. Up to now, there is no direct evidence to support that the MLC20 
phosphorylation triggers muscle contraction. 
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1. Introduction 

Muscarinic activation of Airway smooth muscle (ASM) is of major importance to the 
physiological and patho-physiological actions of acetylcholine, which induces 
bronchoconstriction, airway smooth muscle thickening, and the modulation of cytokine and 
chemokine production by these cells as described in [1]. The parasympathetic nervous 
system is the dominant neuronal pathway in the control of airway smooth muscle tone. 
Stimulation of cholinergic nerves causes bronchoconstriction, and mucus secretion as in [2]. 
The human airways are innervated via efferent and afferent autonomic nerves, which regulate 
many aspects of airway function. It has been suggested that neural control of the airways may 
be abnormal in asthmatic patients, and that neurogenic mechanisms may contribute to the 
pathogenesis and pathophysiology of asthma. Although abnormalities of the cholinergic 
innervation have been suggested in asthma, thus far the evidence for cholinergic dysfunction 
in asthmatic subjects is not convincing as mentioned in references  [1,2].  

Acetylcholine (Ach) is the predominant parasympathetic neurotransmitter, acting as an 
autocrine or paracrine hormone in the airways and its role in the regulation of 
bronchomotor tone and mucus secretion from airway submucosal glands in the respiratory 
tract is well established as described in [2]. More recent findings suggest that acetylcholine 
regulates additional functions in the respiratory tract, may promoting airway inflammation 
and remodelling, including airway smooth muscle thickening in inflammatory lung diseases 
as reported in references [3-5]. Another source of ACh is the non-neuronal cells and tissues, 
particularly inflammatory cells and the airway epithelium as described in references [6-8].  

Collectively, these findings indicate that acetylcholine, derived from the vagal nerve and 
from non-neuronal origins such as the airway epithelium, may induce cell responses 
associated with airway wall remodelling and trigger proinflammatory Cytokines as IL-6 and 
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IL-8 release in [9] by structural cells of the airways, including the airway smooth muscle 
itself. In addition, muscarinic receptors regulate proliferative and proinflammatory 
functions of the airway smooth muscle as mentioned in references [9,10]. 

Acetylcholine acting on muscarinic receptors (mAChRs) anchored at the airway smooth 
muscle sarcolemma are involved in the generation of a number of signal transducing 
cascades allowing the activation of the smooth muscle machinery as described in [11]. 
Airway smooth muscle muscarinic activation is mediated through mAChRs, which are 
members of the so called G protein-coupled receptors (GPCR) family, which are cell surface 
receptors, that activate intracellular responses by coupling G proteins as described in [12] to 
specific effectors in [13]. Molecular cloning studies have revealed the existence of five 
mammalian subtypes of muscarinic receptors (m1-m5) as described in [14]. In trachea, 
smooth muscle expresses mRNAs coding for both m2 and m3 receptors as reported in [15]. 
Airways smooth muscarinic receptors have been identified as a mixed population of M2 and 
M3 subtypes roughly in a 4:1 ratio using pharmacological ligand binding studies in [16,17] 
being the M2 subtype, the most abundant muscarinic receptor in tracheal plasma 
membranes as reported in references [16,18,19]. In addition, a muscarinic antagonist 
heterogeneity associated with the M3AchR subtype present in plasma membrane fractions 
from tracheal smooth muscle has been described in [20]. 

It has been claimed that M3AChR represents a primary target of acetylcholine in the air-
ways, involved in the regulation of bronchoconstriction as stated in references [17,18,21,22]. 
Classically, M3AChRs in ASM are coupled to phospholipase C (PLC)/protein kinase C (PKC) 
pathway via pertussis toxin (PTX)-insensitive G proteins of the Gq/11 family. The contractile 
response evoked by M3AChRs stimulation is attributed to the formation of inositol trisphos-
phate (IP3), the subsequent release of Ca2+ from intracellular stores, the additional influx of 
extracellular calcium, and the Ca2+-sensitizing effect of PKC as mentioned in [21,23,24]. 

On the other hand, the stimulation of M2 muscarinic receptors (M2AChRs) in ASM inhibits 
adenylyl cyclase via activation of PTX-sensitive G proteins of the Gi/o family in [25,26] and 
therefore M2AChRs are thought to counteract relaxation as reported in [27]. Experimental 
evidence has been provided that M2AChRs participate directly in ASM contraction but the 
molecular mechanisms by which the M2AChRs in ASM induce contraction is, still unknown.   

Recently, it has been shown that M2AChRs stimulate Gi/o proteins to released βγ dimer, 
which inhibit the Large Conductance Ca2+-activated K+ Channel Activity (BK channels) as 
described in [28]. The inhibition of BK channel activity favors contraction of ASM and these 
BK channels are opposed to the M2AChR-mediated depolarization and activation of calcium 
channels by restricting excitation–contraction coupling to more negative voltage ranges as 
mentioned in [29]. 

In addition, the influence of M2AChRs to modulate the relaxant effects of atrial natriuretic 
peptide (ANP) has been reported. Thus, the stimulation of M2AChRs suppresses ANP-
induced activation of particulate guanylyl cyclase via a PTX-sensitive G protein as reported 
in [30]. 
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More recently, we showed that muscarinic agonists, via M2AChR induced a massive and 
selective α1β1-NOsGC migration from cytoplasm to plasma membranes in a dose-
dependent manner. Such migration was blocked by PTX, suggesting the involvement of 
Go/Gi proteins in [31]. 

Some of the signal cascades activated by mAChRs at TSM are linked to the generation of 
second messengers such as cyclic nucleotides: cAMP and cGMP as described in reference 
[32].  In this review, we address the cGMP generation as a product of the muscarinic 
activation of ASM. It is well known that in mammalian cells, cGMP is produced by the 
action of two distinctive guanylyl cyclases, named the NO-sensitive soluble 
guanylylcyclases (NO-sGC) as reported in [33] and the single membrane-spanning guanylyl 
cyclases as published in references [33-35]. 

2. Body: Cyclic GMP signals during muscarinic activation 

The muscarinic activation of tracheal smooth muscle (TSM) fragments associated with 
smooth muscle contraction, involves the generation of two cGMP signals, at 20-s and 60-s as 
described in reference [36] and a kinetic behavior is shown in Figure 1. 

 
Effect of ODQ on the time course of cGMP signals induced by agonist muscarinic carbachol (1x10-5 M) in TSM. 
Tracheal smooth muscle strips were pre-incubated for 30 min with ODQ (1H-[1, 2,4 ] Oxadiazolo[4,3-a]quinoxalin-1-
one) (■) (100 nM) selective inhibitor of NO-sGC, following the Procedure 2 as described in reference 36. Control 
experiments (□) without drug were run simultaneously under the same conditions. Each value is the mean ± SE of 4 
different tracheas and the cGMP determinations were carried out by triplicate as described in reference [36]. 

Figure 1. Time course of muscarinic agonist action on cGMP levels from TSM in the presence of ODQ. 
Taken from reference [36].   
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Interestingly, the 20-s signal is linked to the onset and the 60s signal is related to the plateau 
of the smooth muscle contraction as described in [36]. The 20-s signal is associated with the 
activity of a Soluble guanylyl cyclases, which are nitric oxide stimulated guanylyl cyclase 
(NO-sGC),  which are described in [33] and the second, the 60-s signal, is linked to 
membrane-bound natriuretic peptide receptor guanylyl cyclase (NPR-GC) in references [33-
35], which has been previously characterized at TSM in [37,38].  

The details of the activation of an NO-sGC, generating the early 20-s cGMP signal, presents 
in the plasma membrane of BTSM, has been previously established in reference [31].  

Soluble guanylyl cyclases are nitric oxide stimulated guanylyl cyclase (NO-sGC) due to the 
fact that the primary and best-studied endogenous activator is nitric oxide (NO).  NO-sGC is 
a heterodimeric hemoprotein formed by two different subunits, α- and β-subunits, which 
exist in four types (α1, α2, β1, and β2), each the product of a separate gene as described in 
[39,40]. Structurally, each subunit consists of N-terminal H-NOX domain, a central domain 
related to the dimerization, and a C-terminal consensus nucleotide catalytic cyclase domain 
as described in [41,42]. For the formation of a catalytically active enzyme, both α- and β-
subunits are required as reported in [43]. Although the α1β1 isoform is ubiquitous, the α2β1 
isoform is less broadly distributed described in [39-43]. 

The best-characterized heterodimers are the α1/β1 and the α2/β1 isoforms as mentioned in 
[44] being the first ones, relevant in our studies as in [31]. At molecular level, His-105 at the 
amino terminus of the β1 subunit of NO-sGC is the axial ligand of the pentacoordinated 
reduced iron center of heme, which is required for NO activation of the enzyme. Thus, NO 
activates sGC by binding to the sixth position of the heme ring, which breaks the bond 
between the axial histidine and iron to form a 5-coordinated ring with NO in the fifth 
position as reported in [45].  

By using several experimental approaches as biochemical, pharmacological and molecular 
biology methods, we established that the first 20-s signal is a product of NO-sGC being 
sensitive to ODQ, as shown in Figure 2, which is translocated from cytoplasm to the inner 
face of the airway smooth muscle sarcolemma under muscarinic activation. 

In addition, there is a coupling mechanism between M2AChRs and NO-sGC involving a 
Go/Gi heterotrimeric proteins as previously demonstrated in [31]. Thus, in intact smooth 
muscle fragments and isolated plasma membranes from bovine tracheal smooth muscle, we 
showed that the heterodimer of NO-sGC involved in such translocation is the α1β1sGC. The 
experimental evidence using Western blotting with specific antibodies against all subunits 
of NO-sGC demonstrate that under muscarinic activation, the α1β1NO-sGC-heterodimer 
isoform is translocated from cytoplasm to plasma membranes of BTSM. These experimental 
data are shown in Figure 3.  

Since the capability of this α1β1-sGC to migrate to plasma membranes under muscarinic 
activation, a purification procedure and further identification of this α1β1-sGC heterodimer 
was also performed. Such NO-sGC translocation involves a M2AChR subtype as previously 
described in [31]. 
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Isolated BTSM strips were incubated in KRB at 37C in the presence and absence of muscarinic agonist Cch (1 x 10−5 M) 
for 70 sec in [36]. After each 10 s, the BTSM strips were removed and immediately frozen in liquid N2 and processed to 
prepare crude membranes fraction as described in [54]. In these membrane sediments, GC assays were performed in 
duplicate as described previously in [53]. Empty symbols represent GC assays performed by duplicate in the presence 
of 3 mM MnCl2, 0.2M GTP, 5 mM creatine phosphate, and 10 IU phospho-creatine kinase in 0.01% defatted BSA. Full 
symbols represent GC activity in the presence of 100 µM SNP. Basal (□), muscarinic agonist CC 1 x 10−5 M (○), basal 
plus SNP (▲), and CC+SNP (■). Each value is the mean of three different BTSM strips. 

Figure 2. Time-course of guanylyl cyclase activity in crude plasma membrane fractions isolated from 
BTSM strips under muscarinic agonist action. Taken from reference [31]. 

 
Figure 3. Western blotting of α1β1 NO-sGC-heterodimer from plasma membranes of BTSM under 
muscarinic activation as described in reference [31]. 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

116 

Interestingly, the 20-s signal is linked to the onset and the 60s signal is related to the plateau 
of the smooth muscle contraction as described in [36]. The 20-s signal is associated with the 
activity of a Soluble guanylyl cyclases, which are nitric oxide stimulated guanylyl cyclase 
(NO-sGC),  which are described in [33] and the second, the 60-s signal, is linked to 
membrane-bound natriuretic peptide receptor guanylyl cyclase (NPR-GC) in references [33-
35], which has been previously characterized at TSM in [37,38].  

The details of the activation of an NO-sGC, generating the early 20-s cGMP signal, presents 
in the plasma membrane of BTSM, has been previously established in reference [31].  

Soluble guanylyl cyclases are nitric oxide stimulated guanylyl cyclase (NO-sGC) due to the 
fact that the primary and best-studied endogenous activator is nitric oxide (NO).  NO-sGC is 
a heterodimeric hemoprotein formed by two different subunits, α- and β-subunits, which 
exist in four types (α1, α2, β1, and β2), each the product of a separate gene as described in 
[39,40]. Structurally, each subunit consists of N-terminal H-NOX domain, a central domain 
related to the dimerization, and a C-terminal consensus nucleotide catalytic cyclase domain 
as described in [41,42]. For the formation of a catalytically active enzyme, both α- and β-
subunits are required as reported in [43]. Although the α1β1 isoform is ubiquitous, the α2β1 
isoform is less broadly distributed described in [39-43]. 

The best-characterized heterodimers are the α1/β1 and the α2/β1 isoforms as mentioned in 
[44] being the first ones, relevant in our studies as in [31]. At molecular level, His-105 at the 
amino terminus of the β1 subunit of NO-sGC is the axial ligand of the pentacoordinated 
reduced iron center of heme, which is required for NO activation of the enzyme. Thus, NO 
activates sGC by binding to the sixth position of the heme ring, which breaks the bond 
between the axial histidine and iron to form a 5-coordinated ring with NO in the fifth 
position as reported in [45].  

By using several experimental approaches as biochemical, pharmacological and molecular 
biology methods, we established that the first 20-s signal is a product of NO-sGC being 
sensitive to ODQ, as shown in Figure 2, which is translocated from cytoplasm to the inner 
face of the airway smooth muscle sarcolemma under muscarinic activation. 

In addition, there is a coupling mechanism between M2AChRs and NO-sGC involving a 
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data are shown in Figure 3.  
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Isolated BTSM strips were incubated in KRB at 37C in the presence and absence of muscarinic agonist Cch (1 x 10−5 M) 
for 70 sec in [36]. After each 10 s, the BTSM strips were removed and immediately frozen in liquid N2 and processed to 
prepare crude membranes fraction as described in [54]. In these membrane sediments, GC assays were performed in 
duplicate as described previously in [53]. Empty symbols represent GC assays performed by duplicate in the presence 
of 3 mM MnCl2, 0.2M GTP, 5 mM creatine phosphate, and 10 IU phospho-creatine kinase in 0.01% defatted BSA. Full 
symbols represent GC activity in the presence of 100 µM SNP. Basal (□), muscarinic agonist CC 1 x 10−5 M (○), basal 
plus SNP (▲), and CC+SNP (■). Each value is the mean of three different BTSM strips. 

Figure 2. Time-course of guanylyl cyclase activity in crude plasma membrane fractions isolated from 
BTSM strips under muscarinic agonist action. Taken from reference [31]. 

 
Figure 3. Western blotting of α1β1 NO-sGC-heterodimer from plasma membranes of BTSM under 
muscarinic activation as described in reference [31]. 
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Identification of α1/β1 sGC heterodimer in membrane fractions isolated from BTSM strips 
under muscarinic agonist exposure. Isolated BTSM were incubated in KRB at 37°C in the 
presence and absence of muscarinic agonist CC (1 x10−5 M) during 0, 20 s and 60 s. The 
samples were immediately frozen and pulverized with a mortar in liquid nitrogen, 
following the protocols described to isolate crude plasma membranes fraction as described 
in [31,54].  The final membranes sediments were electrophoresed in 12% PAGE-SDS, 
transferred to nitrocellulose membranes, and probed with specific antibodies against the α1, 
α2, (A) β1 and β2 (B) of NO-sGC subunits. The specific antibodies against α2 and β2 
produced negative results. This experiment was performed three times with similar results. 

Thus, we demonstrate that the first 20-s cGMP signal is a product of a novel signaling 
cascade involving M2AChR coupled to Go/i proteins, which facilitates the α1β1-sGC isoform 
migration from cytoplasm to the BTSM sarcolemma. These experimental evidences support 
a model for the M2AChR, Gi/o, and heterodimer of α1β1 of NO-sGC novel signal 
transducing cascade as illustrated in Figure 4. 

 
Figure 4. Model for the M2AChR, Gi/o, and heterodimer of α1β1 of NO-sGC novel signal transducing 
cascade in mammalian cells taken from reference [31]. 

Proposed model for a novel signal transducing cascade in mammalian cells involving three 
distinct molecular entities: M2AChR, Gi/o protein, and heterodimer of α1β1 of NO-sGC. (A) 
Basal condition: The hetero-dimer (α1β1NO-sGC) is located in the cytoplasm and the 
M2AChR and Gi/o proteins are macromolecules spanning and associated respectively with 
the plasma membrane bilayer. (B) Under muscarinic exposure, the agonist (Cch) binds at the 
extracellular domains of M2AChR causing the activation of M2AChR. This induces confor-
mational changes at the M2AChR cytoplasm domains stimulating a PTX-sensitive G protein 
(Gi/o), which may induce a migration and further activation of the α1β1 heterodimer NO-
sGC from cytoplasm to the plasma membrane resulting in a fast rise in cGMP production, 
which is related to the 20-s cGMP signal generated during the muscarinic activation of tra-
cheal smooth muscle cell. 
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In the other hand, the 60-s cGMP signal is a product of a Natriuretic Peptide Receptor 
Guanylylcyclase-B (NPR-GC-B), which was previously identified at TSM, using biochemical 
as reported in [38] and molecular biology approaches as described in [37]. The NPR-GC-B 
(GC-B) is a membrane-spanning homodimer form, which contains an extracellular ligand-
binding, trans-membrane, kinase homology, dimerization and carboxyl-terminal catalytic 
domains that was published in references [46,47]. NPR-GC-B, which is also called NPR-B or 
NPR2, is activated by CNP, which exists in 22 and 53 amino acid forms that are structurally 
similar to ANP and BNP as reported in references [48,49].  

Furthermore, this GC-B from TSM is a novel G-protein coupled guanylyl cyclase presents in 
isolated plasma membranes fractions from this smooth muscle subtype as described in [53]. 
This G-protein-coupled NPR-GG-B showed complex kinetics and regulation, which is sum-
marized in a proposed model as shown in Figure 5 as illustrated in reference [38]. This NPR-
B was activated by Natriuretic Peptides (CNP-53>CNP-22>ANP-28) at the Ligand Extracel-
lular Domain, stimulated by Gq-protein activators such as mastoparan, and inhibited by a 
chloride sensitive-Gi/o, interacting at the Juxtamembrane Domain. The Kinase Homology 
Domain was evaluated by the ATP inhibition of Mn2+-activated-NPR-B, which was partially 
reversed by mastoparan. The Catalytic Domain was studied by its kinetics of Mn2+/Mg2+ and 
GTP, and the catalytic effect with GTP analogs with modifications of the βγ phosphates and 
ribose moieties. Most NPR-B biochemical properties remained after detergent-solubilization 
but the mastoparan-activation and chloride-inhibition of NPR-B disappeared. This NPR-GC-
B is a highly regulated nano-machinery with domains acting at crosstalk points with other 
signal transducing cascades initiated by G-Protein Coupled Receptors (GPCR) and affected 
by intracellular ligands such as chloride, Mn2+, Mg2+, ATP and GTP. In addition, this model 
contains a novel GPRM domain, a G-protein-regulatory site, which was identified and char-
acterized as the binding domain for the G proteins subunits  as described in [38]. 

GC-B is abundantly expressed in brain, lung, bone, heart and ovary tissue as reported in 
[50]. GC-B contains three intramolecular disulfide bonds and is highly glycosylated on as-
paragine residues. Moreover, GC-B is highly phosphorylated and dephosphorylation is 
associated with receptor inhibition as described in [51]. ATP increases the enzymatic ac-
tivity of GC-B by reducing the Michaelis-Menten constant for GTP, an order of magnitude 
and this nucleotide seems to be essential for maximal activity as demonstrated in refer-
ence [52]. 

On the other hand, this Natriuretic Peptide Receptor Guanylylcyclase–B (NPR-GC-B), which 
has been previously identified as the predominant functional TSM membrane-bound GC 
subtype by using molecular biology in [37] and biochemical approaches as described in [38]. 
Nucleotide sequence of membrane-bound GC transcripts retrieved by RT-PCR correspond 
to the bovine GC-B isoform, indicating the predominance of this NPR-sensitive GC-B over 
GC-A and GC-C, which are also expressed in TSM in reference [37]. Both ANP and CNP 
stimulates the TSM membrane-bound GC activity in a concentration-dependent manner, but 
the CNP effect (10-8 to 10-5 M) was significantly higher than that exerted by ANP, whereas 
guanylin (a GC-C activator) showed no effect. Given that CNP specifically activates GC-B 
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extracellular domains of M2AChR causing the activation of M2AChR. This induces confor-
mational changes at the M2AChR cytoplasm domains stimulating a PTX-sensitive G protein 
(Gi/o), which may induce a migration and further activation of the α1β1 heterodimer NO-
sGC from cytoplasm to the plasma membrane resulting in a fast rise in cGMP production, 
which is related to the 20-s cGMP signal generated during the muscarinic activation of tra-
cheal smooth muscle cell. 
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In the other hand, the 60-s cGMP signal is a product of a Natriuretic Peptide Receptor 
Guanylylcyclase-B (NPR-GC-B), which was previously identified at TSM, using biochemical 
as reported in [38] and molecular biology approaches as described in [37]. The NPR-GC-B 
(GC-B) is a membrane-spanning homodimer form, which contains an extracellular ligand-
binding, trans-membrane, kinase homology, dimerization and carboxyl-terminal catalytic 
domains that was published in references [46,47]. NPR-GC-B, which is also called NPR-B or 
NPR2, is activated by CNP, which exists in 22 and 53 amino acid forms that are structurally 
similar to ANP and BNP as reported in references [48,49].  

Furthermore, this GC-B from TSM is a novel G-protein coupled guanylyl cyclase presents in 
isolated plasma membranes fractions from this smooth muscle subtype as described in [53]. 
This G-protein-coupled NPR-GG-B showed complex kinetics and regulation, which is sum-
marized in a proposed model as shown in Figure 5 as illustrated in reference [38]. This NPR-
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lular Domain, stimulated by Gq-protein activators such as mastoparan, and inhibited by a 
chloride sensitive-Gi/o, interacting at the Juxtamembrane Domain. The Kinase Homology 
Domain was evaluated by the ATP inhibition of Mn2+-activated-NPR-B, which was partially 
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by intracellular ligands such as chloride, Mn2+, Mg2+, ATP and GTP. In addition, this model 
contains a novel GPRM domain, a G-protein-regulatory site, which was identified and char-
acterized as the binding domain for the G proteins subunits  as described in [38]. 

GC-B is abundantly expressed in brain, lung, bone, heart and ovary tissue as reported in 
[50]. GC-B contains three intramolecular disulfide bonds and is highly glycosylated on as-
paragine residues. Moreover, GC-B is highly phosphorylated and dephosphorylation is 
associated with receptor inhibition as described in [51]. ATP increases the enzymatic ac-
tivity of GC-B by reducing the Michaelis-Menten constant for GTP, an order of magnitude 
and this nucleotide seems to be essential for maximal activity as demonstrated in refer-
ence [52]. 

On the other hand, this Natriuretic Peptide Receptor Guanylylcyclase–B (NPR-GC-B), which 
has been previously identified as the predominant functional TSM membrane-bound GC 
subtype by using molecular biology in [37] and biochemical approaches as described in [38]. 
Nucleotide sequence of membrane-bound GC transcripts retrieved by RT-PCR correspond 
to the bovine GC-B isoform, indicating the predominance of this NPR-sensitive GC-B over 
GC-A and GC-C, which are also expressed in TSM in reference [37]. Both ANP and CNP 
stimulates the TSM membrane-bound GC activity in a concentration-dependent manner, but 
the CNP effect (10-8 to 10-5 M) was significantly higher than that exerted by ANP, whereas 
guanylin (a GC-C activator) showed no effect. Given that CNP specifically activates GC-B 
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receptors and that it activates GC-A receptors only marginally, the significant CNP effect on 
TSM cGMP production indicates that NPR-GC-B is the most abundantly expressed tracheal 
membrane-spanning GC isoform, further confirming the RT-PCR results in [37]. 

 
Figure 5. Proposed model of the  G-protein coupled NPR-GC-B as illustrated in reference [38]. 

This NPR-GC-B is regulated in an opposite way by two MAChRs signaling cascades, acting 
the M2AChR as an inhibitor and the M3AChRs as an activator of this NPR-GC-B as 
mentioned in [55]. 

This novel signal transducing system is illustrated as a model in Figure 6.  The relevant 
feature of these two opposite signal cascades that regulate this NPR-GC-B is the coupling of 
two MAChRs and distinctive G proteins. Thus, this activation system coupled a M3AChR to 
a Gq16 being stimulated by mastoparans (tetradecapeptides from wasp venoms), whereas, 
on the inhibitor cascade of NPR-GC-B, via M2AChR coupled to a Go/Gi protein has been 
previously described in references [35,38,56].   
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Figure 6. Schematic model of signal cascade involving m3AChR/Gq16/NPR-GC-B at BTSM in [56]. 

A model for coupling M3AChR, via Gqα16ßγ to activate NPR-GC-B in plasma membranes 
from BTSM. This model is composed of three separate and different molecular entities, 
M3AChR, a GPCR seven transmembrane receptor, a heterotrimeric G protein and 
homodimeric NPR-GC (cGMP producing enzyme) as the effector. The drawings do not take 
into account the actual structural biology (molecular mass) of these entities; it is a scheme to 
suggest the ow of information in this novel signal transducing cascade, which is indicated 
by the dashed lines. Thus, a muscarinic agonist (ACh) binds at extracellullar domains of 
M3AChR inducing conformational changes at the cytoplasmic i3M3AChR domain, which 
stimulates the Gqα16ßγ, to release its active subunits that interact with NPR-GC. Mastoparan 
and its active analogues may act at the interactions between i3M3AChR domain and the 
Gqα16ßγ protein as indicated in the scheme. 

Mastoparans are tetradecapeptides isolated from wasp venom as reported in [57,58] and 
they are well known as heterotrimeric G-protein activators as described in [59,60]. Moreo-
ver, mastoparan is able to activate the NPR-GC-B associated with plasma membranes frac-
tions from TSM in [56]. Following these results, we evaluate the effect of these peptides on 
TSM contraction. It was found that mastoparan and analogs were able to inhibit in a selec-
tive manner the BTSM contraction induced by muscarinic agonist as carbachol (CC) as 
shown in Figure 7. Thus, our original findings indicated that mastoparans in the nM range 
decreased the contractile maximal responses induced by CC without changing its EC50. One 
explanation for the decrement on the contractile maximal responses by mastoparans may be 
related to the ability of these tetradecapeptides to disturb the function and the contractile 
machinery of the BTSM type through cytotoxic mechanisms, which have been described in 
other biological models, specifically in the µM concentration range as described in [61,62]. 

This assumption is not supported by our results on the effects of classic TSM spasmogens as 
5-HT in as described in reference [63], which produced potent contractions even in the 
presence of mastoparan (nM) as shown in Figure 8. These findings can be explained since 
this bioactive amine has been claimed to exert their physiological effects on TSM through 
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specific GPCRs. These receptors are the 5-HT2A, which induced activation of the Gq/11 
protein and its downstream effector phospholipase C (PLC) leading to intracellular 
phosphatidylinositol turnover and Ca2+mobilization as reported in [64]. These Gq/11 
proteins are mastoparan-insensitive ones. The latter facts can explain the mastoparan-
insensitivity of the serotoninergic transducing cascades at TSM. Furthermore, our results 
demonstrated that mastoparan inhibits selectively the muscarinic activation without altering 
other spasmogens transducing cascades at TSM. 

 
The BTSM strips contractile activity was measured using Procedure 1 as previously described in [36]. Carbachol 
cumulative responses using concentrations from 1x10–9 M to 1x10–4 M were measured in recording period until 3 min. 
Mastoparan was pre-incubated for 10 min before the muscarinic agonist (carbachol) addition. Experimental conditions: 
(■) Control, (▲) 0.5nM (▼) 1 nM (○) 5 nM (□) 10 nM (●) 50nM.  The maximal contractile activity was considered as 
100% (3.2 ± 0.2 g) and this value was used to estimate other contractile responses. Each value is the mean ± SEM of 
three different tracheas assayed in duplicate.  

Figure 7. Carbachol cumulative concentration curves responses from BTSM, pre-treated with masto-
paran. 

From the data above mentioned, mastoparan can affect specifically the signal cascades 
associated with the muscarinic activation at TSM sarcolemma, which are initiated with a 
mAChRs coupled to heterotrimeric G-proteins in reference [65].  These results indicate that 
the most like candidates implicated in mastoparan effects are the heterotrimeric G-proteins 
coupled to these mAChRs. G protein involvement on the mastoparan inhibition on TSM 
muscarinic activation is supported by the ability of this G-protein activator to alter the 
generation of the two GMPc signals at 20-s and 60-s as previously described in [36]. 
Mastoparan (50 nM) induced a potent inhibition of these cGMP signals, as shown in 
Figure 8. After mastoparan pre-incubation, the kinetics of cGMP intracellular levels at 
TSM was evaluated following the muscarinic agonist exposure. Interestingly, the first 
cGMP signal (20-s) decreased in more than 60% and the second signal peak (60-s) 
completely vanished. 
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The disappearance of the second signal of cGMP (60-s) correlates well with a significant 
reduction on the contractile maximal responses as here described in Figure 7. This 60-s 
cGMP signal is a product of NPR-GC-B as above mentioned in references [35,54,55]. 
Recently, we further recognized that muscarinic agonist and mastoparan activations of 
NPR-GC-B in isolated BTSM plasma membranes fraction involve this mastoparan-sensitive-
Gq16 protein in [54]. Thus, the pre-exposure of TSM strips to mastoparan stimulated the Gq16 
protein, disrupting this signal cascade inducing the failure of this muscarinic-dependent TSM 
contraction. However, the serotoninergic-dependent TSM contraction remained functionally 
active indicating that the smooth muscle machinery remains fully active. 

 
BTSM fragments were stabilized for 1 h using a procedure described previously in [36]. Later, mastoparan (50 nM) was 
added for 10 min, followed by carbachol (CC) (1x 10-4 M), serotonin or 5-hydroxytryptamine (5-HT) (1x 10-4 M) and 
Atropine (AT) (1x10-4M) was added. Values between parentheses are the final concentration of drugs in the incubation 
media. This trace is representative of 3 experiments performed with 3 different tracheas fragments. 

Figure 8. Serotonin (5HT) induced contractile responses in mastoparan-treated BTSM strips. 

Until now, the BTSM muscarinic activation is unique biological system that involves two 
cGMP signals as second messengers in references [35,36]. In addition, this activation is a 
highly regulated biological process, which starts with M2/M3AChRs coupled to two different 
heterotrimeric G proteins, leading to a fine time regulation and stimulation of two distinc-
tive guanylyl cyclases that accomplish the generation of these two (20-s and 60-s) cGMP 
signal peaks. 

Based in our results, it can be postulated that the first cGMP signal (20-s) is a product of the 
activation of one M2AChR subtype coupled to a PTX-sensitive-Gi/o protein that leads to the 
translocation and further activation of the heterodimer α1β1 NO-sGC isoform, anchored to 
plasma membrane. Recently, it has been suggested that a plasma membrane-bound GC, 
may provide a localized pool of cGMP in [68], which seems to be in a similar trend suggest-
ed by our work.  The second signal peak is a product of a the activation of M3AChR coupled 
to the stimulation of mastoparan-sensitive Gq16 as reported in reference [54] to turn on a 
transmembrane-homodimer as NPR-GC-B as described in [35,55]. 
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BTSM strips were assayed using following Procedure 2 as described in [36]. Pre-incubation for 10 min with 
mastoparan (□) (50nM) was performed. Control experiments (▲) without drugs were run simultaneously under the 
same conditions. Each value is the mean X ± SEM of four different tracheas, and the cGMP determinations were carried 
out in triplicate as described in references [36,53]. Statistically significant difference between the Control with respect 
to mastoparan as indicated with asterisk (*p<0.05). 

Figure 9. Mastoparan effect on cGMP signal peaks induced by muscarinic agonist (carbachol) in TSM. 

Thus, a dysfunction of these M2/M3AChR signal transducing cascades has been implied in 
the pathophysiological mechanisms of bronchial asthma as mentioned in references [1,3,4] 
and Chronic Obstructive Pulmonary Disease (COPD) in [3]. In this sense, we attempted to 
evaluate these novel signal transducing cascades involving guanylyl cyclase activities above 
discussed, in an experimental asthma model in rats as described in reference [70]. In addi-
tion, it has been claimed that excessive NO production that occurs in asthma induces a 
down-regulation of NO-sGC as reported in [69].  

Following these rationale, we used cultured Airway Smooth Muscle Cells (ASMC) from 
Control and an experimental asthma model (Ovoalbumin exposed rats or OVA-ASMC), 
which were sensitized to Ovoalbumin using a procedure described in [70,71]. In these 
ASMC, we evaluate the cGMP production by NPR-GC-B stimulated by muscarinic agonists, 
mastoparans, natriuretic peptides (ANP, CNP) and for NO-sGC, a classic NO donor as So-
diun NitroPrusside (SNP) and a selective inhibitor for the NO-sGC as 1H-[1, 2,4] Oxadia-
zolo[ 4,3-a]quinoxalin-1-one (ODQ) were used. 

All ASMC exposed to a NO-donor compound as SNP and muscarinic agonist as CC in-
creased cGMP intracellular levels, which were inhibited by ODQ, suggesting that NO-sGC 
is present and this activity is partially responsible for cGMP production in these ASMC. 
However, OVA-ASMC showed low basal cGMP production compared to CONTROL ASMC 
in reference [71] as shown in Figure 10 possibly due to substantial reduced NO-sGC expres-
sion reflected in decrease the steady state levels of NO-sGC subunit mRNAs and protein 
level expression, as described in intact lung tissue from OVA-sensitized mice described 
elsewhere in reference [69].  
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Cyclic GMP (cGMP) production in airway smooth muscle cells (ASMC) from CONTROL and OVA- sensitized rats. 
The ASMC were incubated for 15 min in the presence of IBMX as described in reference [70]. Cyclic GMP production 
was determined in the presence of Cch, SNP and ODQ as described in Methods. The cGMP produced was estimated 
by duplicate using a radioimmunoassay kit from Amersham as described in [70]. Each value is the mean + of   5 
different experiments. In both groups, the amounts of cell cultures plates were obtained for a pool of 5 rats. The 
stadistical significance between CONTROL vs OVA was established as p<0.05 (*) and p< 0.001 (**). 

Figure 10. The effect of NO-sGC activators and inhibitors on total GC activity from Control and OVA 
ASMC. Taken from reference [70]. 

Trying to understand the role of the NPR-GC-B in the ASMC, we studied the effect of sever-
al activators of this NPR-GC such as natriuretic peptides (ANP and CNP) and mastoparans  
as previously described in BTSM in references [37,38,71]. Thus, ASMC from Control and 
OVA-exposed rats were cultured and exposed to these NPR-GC-B activators. Thus, in Fig-
ure 11, the total GC activity at OVA-ASMC was stimulated by CNP, ANP and muscarinic 
agonist (Cch) indicating that NPR-GC-B was present in Control ASMC, which are similar 
results described in intact BTSM strips and isolated plasma membranes from BTSM in refer-
ences [37,38,53,55]. In addition, the OVA-ASMC showed a more significant stimulation by 
these NPR-GC activators. Interestinly, the combination of CC plus ANP and CNP increased 
in more than 6 times the GC activity. As expected, mastoparan, an activator of NPR-GC-B, 
via Gq16 dramatically increased in 5 times, the GC activity as reported in [72]. These data 
showed for the first time that there is an hyperstimulation of M3AChR/Gq16/NPR-GC-B 
cascade in ASMC from a experimental asthma model.  

Taking together all these results indicate that the ASMC from OVA-sensitized rats express a 
reduced NO-sGC activity and an increased in the NPR-GC-B activity. This imbalance be-
tween these two guanylyl cyclases can contribute to airway hyperreactivity and might be 
implicated in the hyperplastic smooth muscle responses and remodeling present in asthma. 
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All these previous experimental data unravels some of complex molecular mechanisms 
associated with the muscarinic activation of ASM. This muscarinic activation is the most 
physiological, pathophysiological and pharmacological relevant mechanisms because Ach is 
the neurotransmitter-linked stimulation of ASM in asthma and COPD. Thus, this works 
opens new trends for the pathophysiological and pharmacological mechanisms, which may 
lead to new therapeutic approaches for the treatment of these chronic respiratory diseases, 
such as asthma and COPD, in which, the ASM is involved. 

 
The effect of NPR-GC activators on total GC activity in Control and OVA ASMC. The OVA and Control ASMC were 
incubated for 15 min in the presence of 100 µM IBMX (non-selective PDEs inhibitor). Cyclic GMP production was 
determined in the presence of Cch (1x10-5 M), Mastoparan (1x10-7M), CNP (1x10-7M) and ANP (1x10-7M). The reaction 
was stopped by removing the medium immediately and freezing with liquid N2 was later 500 µl of TCA 6%, mixed 
vigorously and centrifuged for 1,500 g x 15 min. The acid extract was treated 2 times with ether saturated with water 
and the water phase was then lyophilized and suspended in 0.150 ml of water. The cGMP produced  by these cells 
were determined using a radioimmunoassay kit as previously described in reference [70]. 

Figure 11. The effect of NPR-GC activators on total GC activity in Control and OVA ASMC. 

3. Conclusion 

In this review, we exposed the recent experimental evidences, in relation to the generation 
of cGMP, on the muscarinic activation of ASM, which is the essential element in the bron-
choconstriction presents in asthma.  

Moreover, this muscarinic activation seems to be involved in the remodelling and functional 
changes of ASM described in asthma and COPD as described in references [1-6,73]. We 
discussed the existence of two cGMP signals, at 20-s and 60-s in [36], which are products of 
two distinctive guanylyl cyclases, the NO-sensitive soluble guanylyl cyclases (NO-sGC) and 
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Natriuretic Peptide Receptor Guanylyl Cyclase-B (NPR-GC-B). The 20-s cGMP signal is 
linked to the activation of a M2AChR coupled to Go/Gi proteins inducing a massive and 
transient α1β1-NO-sGC translocation from cytoplasm to plasma membranes of ASM as 
reported in [31].  

The 60-s cGMP signal is associated with a NPR-GC-B in [37], a novel G-protein coupled 
NPR-GC-B as described in references [38,53,55], which is nano-machine regulated by 
GPCR and also modulated, in an opposite way, by an activator M3AChRs coupled to Gq16 
to activate NPR-GC-B (M3AChR/Gq16/NPR-GC-B cascade) that is stimulated by masto-
paran as reported in [56] and an inhibitor M2AChR signal cascade that was partially char-
acterized.  

Mastoparan inhibited in a selective manner the muscarinic-dependent ASM contraction and 
affected the two cGMP signals. The ASM muscarinic activation is unique biological system 
involving two cGMP signals and a dysfunction of these M2/M3AChR cascades has been 
implied in asthma and COPD as published in references [1-6].  

We used another mammalian model as ASM from rats, which are more prone to develop 
experimental asthma using Ovoalbumin leading to the OVA-sensitized rats model as de-
scribed in [70,71]. In isolated and cultured Airway Smooth Muscle Cells (ASMC) from Con-
trol and OVA, we evaluated the cGMP production in these ASM cultured cells. All ASMC 
showed cGMP increments by  a classic NO donor as SNP being ODQ-sensitive, indicating 
that NO-sGC is present, but OVA-ASMC showed low basal cGMP production compared to 
Control ASMC described in [71], which confirmed the molecular biology results reported 
elsewhere in reference [69]. Moreover, NPR-GC-B is present in Control ASMC but OVA 
ASMC displayed an hyperstimulation of M3AChR/Gq16/NPR-GC-B cascade, which is an 
original experimental findings as reported in [72].  

These results indicate that the OVA-ASMC express a reduced NO-sGC and increased NPR-
GC-B activities. This imbalance between these two GCs can contribute to airway hyperreac-
tivity and might be implicated in the abnormal ASM responses present in asthma and 
COPD. 
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1. Introduction 

Melanophores are specialized cells derived from the neural crest that contain membrane 
bound vesicles called melanosomes. Melanosomes are filled with melanin, a dark, non-
fluorescent pigment that plays a principal role in physiological color adaptation of animals. 
Melanophores regulate melanosome trafficking on cytoskeletal filaments to generate a range 
of striking chromatic patterns. The mechanism of physiological color change by these 
melanophores encompasses both physical and biochemical aspects of melanosome 
dynamics. Melanophores aggregate or disperse their melanosomes when the host requires 
changing its color in response to the environmental cues (e.g., social interactions or 
camouflage). Interestingly, morphological, embryological and physiological evidence has 
revealed that melanophores of fish, amphibian and reptiles are functionally modified 
smooth muscle cells [1]. Moreover, during contraction of melanophore there is an 
aggregation of melanin granules which is to be considered the visible counterpart of an 
aggregation of colloidal particles that occur during smooth muscle contraction. The 
biochemical events underlying melanosome dispersion is analogous to those for smooth 
muscle relaxation: both processes result from increase in cAMP levels and require the 
presence of extracellular Ca2+ for their action. 

1.1. Regulation of smooth muscle contraction 

Ligands like neurotransmitters and hormones bind to specific receptors to activate 
contraction in smooth muscle. Subsequent to this binding there is an increase in cellular 
phospholipase C activity via coupling to a G protein resulting into the activation of a 
membrane phospholipid phosphatidylinositol 4, 5-biphosphate (PIP2). Phospholipase C 
(PLC) produces two potent second messengers from PIP2: Diacylglycerol (DAG) and 
inositol 1, 4, 5-triphosphate (IP3). IP3 binds to specific receptors, causing release of 
calcium (Ca2+). Later in the cascade DAG activates PKC, which further phosphorylates 
specific target proteins. In smooth muscles PKC promotes phosphorylation of Ca2+ 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

132 

[61] Jones S, Howl J. Charge delocalization and the design of novel mastoparan analogues: 
enhanced cytotoxicity and secretory efficacy of [Lys5, Lys8, Aib10]MP. Regul Pept. 
2004;15:121-128. 

[62] Sugama J, Yu JZ, Rasenick MM, Nakahata N. Mastoparan inhibits betaadrenoceptor-
G(s) signaling by changing the localization of Galpha(s) in lipid rafts. Cell Signal 2007; 
19:2247-2254. 

[63] Shi J, Damjanoska KJ, Singh RK, Carrasco GA, Garcia F, Grippo AJ, Landry M, Sullivan 
NR, Battaglia G, Muma NA. Agonist induced-phosphorylation of Galpha11 protein re-
duces coupling to 5-HT2A receptors. J Pharmacol Exp Ther. 2007; 323:248-56. 

[64] Shi J, Zemaitaitis B, Muma NA. Phosphorylation of Gq11 Protein Contributes to Ago-
nist-Induced Desensitization of 5-HT2A Receptor Signaling. Mol Pharmacol. 2007; 
71:303-313. 

[65] Murthy KS, Makhlouf GM. Differential coupling of muscarinic m2 and m3 receptors to 
adenylyl cyclases V/VI in smooth muscle. Concurrent M2-mediated inhibition via Gal-
phai3 and m3-mediated stimulation via Gbetagammaq. J Biol Chem. 1997; 272: 21317-
21324. 

[66] Agulló L, Garcia-Dorado D, Escalona N, Ruiz-Meana M, Mirabet M, Inserte J, Soler-
Soler J. Membrane association of nitric oxide-sensitive guanylyl cyclase in cardiomyo-
cytes. Cardiov Res. 2005; 68:65-74. 

[67] Bidmon HJ, Mohlberg H, Habermann G, Buse E, Zilles K, Behrends S. Cerebellar locali-
zation of the NO-receptive soluble guanylyl cyclase subunits-alpha(2)/beta (1) in non-
human primates. Cell Tissue Res. 2006; 326:707-714. 

[68]  Belligham M, Evans TJ. The α2β2 isoform of guanylyl cyclase mediates plasma mem-
brane localized nitric oxide signaling. Cellular Signalling 2007; 19: 2183-2193. 

[69] Papapetropoulos A, Simoes DC, Xanthou G, Roussos C, Gratziou C. Soluble guanylyl 
cyclase expression is reduced in allergic asthma. Am J Physiol Lung Cell Mol Physiol. 
2006; 290: L179-L184. 

[70] Hjoberg J, Shore S, Kobzik L, Okinaga S, Hallock A, Vallone J, Subramaniam V, De 
Sanctis GT, Elias JA, Drazen JM, Silverman ES. Expression of nitric oxide synthase-2 in 
the lungs decreases airway resistance and responsiveness. J Appl Physiol. 2004; 97: 249-
259. 

[71] Placeres-Uray F, de Alfonzo RG, de Becemberg IL, Alfonzo MJ. Soluble guanylyl 
cyclase is reduced in airway smooth muscle cells from a murine model of allergic asth-
ma. World Allergy Organiz J. 2010; 3: 271-276. 

[72] [Placeres-Uray F, de Alfonzo RG, Alfonzo MJ, de Becemberg IL. Hypersensitivity of the 
M3AChR/ Gq16 protein/NPR-GC-B coupling mechanism associated to muscarinic acti-
vation of airway smooth muscle cells in a rat asthma model. World Allergy Organiza-
tion 2011 Annual Meeting. Boston. USA. (Abstract 81). 

[73] Kolahian S, Gosens R. Cholinergic Regulation of Airway Inflammation and Remodel-
ling. J Allergy (Cairo) 2012: 2012:681258. 

Chapter 7 

 

 

 
 

© 2012 Salim and Ali, licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Melanophores: Smooth Muscle Cells in Disguise 

Saima Salim and Sharique A. Ali 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48256 

1. Introduction 

Melanophores are specialized cells derived from the neural crest that contain membrane 
bound vesicles called melanosomes. Melanosomes are filled with melanin, a dark, non-
fluorescent pigment that plays a principal role in physiological color adaptation of animals. 
Melanophores regulate melanosome trafficking on cytoskeletal filaments to generate a range 
of striking chromatic patterns. The mechanism of physiological color change by these 
melanophores encompasses both physical and biochemical aspects of melanosome 
dynamics. Melanophores aggregate or disperse their melanosomes when the host requires 
changing its color in response to the environmental cues (e.g., social interactions or 
camouflage). Interestingly, morphological, embryological and physiological evidence has 
revealed that melanophores of fish, amphibian and reptiles are functionally modified 
smooth muscle cells [1]. Moreover, during contraction of melanophore there is an 
aggregation of melanin granules which is to be considered the visible counterpart of an 
aggregation of colloidal particles that occur during smooth muscle contraction. The 
biochemical events underlying melanosome dispersion is analogous to those for smooth 
muscle relaxation: both processes result from increase in cAMP levels and require the 
presence of extracellular Ca2+ for their action. 

1.1. Regulation of smooth muscle contraction 

Ligands like neurotransmitters and hormones bind to specific receptors to activate 
contraction in smooth muscle. Subsequent to this binding there is an increase in cellular 
phospholipase C activity via coupling to a G protein resulting into the activation of a 
membrane phospholipid phosphatidylinositol 4, 5-biphosphate (PIP2). Phospholipase C 
(PLC) produces two potent second messengers from PIP2: Diacylglycerol (DAG) and 
inositol 1, 4, 5-triphosphate (IP3). IP3 binds to specific receptors, causing release of 
calcium (Ca2+). Later in the cascade DAG activates PKC, which further phosphorylates 
specific target proteins. In smooth muscles PKC promotes phosphorylation of Ca2+ 
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channels that regulates cross-bridge cycling. Ca2+ binds to a calcium modulated protein 
called calmodulin, resulting into the activation of MLC kinase, which is a myosin light 
chain protein [2]. This step initiates the shortening of the muscle cell together with actin 
via cross bridge cycling. The state of contraction is maintained by a Ca2+ sensitizing 
mechanism that is brought about by another protein, Rho kinase also known as ROCK. 
ROCK increases the activity of the motor protein myosin II by two different mechanisms: 
Firstly, phosphorylation of the myosin light chain (MLC) increases the myosin 
II ATPase activity. Thus several bundled and active myosins, which are asynchronously 
active on several actin filaments, move actin filaments against each other resulting in the 
net shortening of actin fibres. Secondly by inactivating MLC phosphatase, leading to 
increased levels of phosphorylated MLC [2, 3, 100]. (Figure 1) 

 
Figure 1. Regulation of Smooth Muscle Contraction and Relaxation. Contraction is triggered by the 
influx of calcium through the transmembrane channels (ligand-gated (noradrenaline) and the voltage-
gated Ca2+-channels). The calcium combines with calmodulin to form a complex that converts myosin 
light chain kinase to its active form (MLCK*). The latter phosphorylates the myosin light chains (MLC), 
thereby initiating the interaction of myosin with actin. Activation of RhoA leads to the activation of 
Rho-kinase (ROCK), which in turn phosphorylates the regulatory myosin-binding subunit of myosin 
phosphatase (MLCP), resulting into the inhibition of the enzyme. Substances that increase the cAMP 
may cause relaxation in smooth muscle by accelerating the inactivation of MLCK and facilitating the 
expulsion of calcium from the cell. (Reproduced with permission from Macmillan Publishers Ltd: [100] 
Internat. Journ. of Impot. Res. 16: 459–469, Copyright © 2004, Nature Publishing Group. 
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1.2. Regulation of smooth muscle relaxation 

The process of relaxation requires a decreased intracellular Ca2+ concentration and increased 
myosin light chain (MLC) phosphatase activity. The plasma membrane contain Ca Mg-
ATPases along with Na+/ Ca2+ exchangers that remove Ca2+ from the cytosol. Also the 
voltage operated Ca2+ channels in the plasma membrane close to the entry of Ca2+ in the cell 
resulting into relaxation [2]. 

In short the contractile activity in smooth muscle is initiated by a Ca2+-calmodulin 
interaction to stimulate phosphorylation of the light chain of myosin. A Ca2+ sensitization of 
the contractile proteins is signaled by the RhoA/Rho kinase pathway to inhibit the 
dephosphorylation of the light chain by myosin phosphatase, maintaining force generation. 
Removal of Ca2+from the cytosol and stimulation of myosin phosphatase initiate the 
process of smooth muscle relaxation [2,100] (Figure 1). 

2. Historical and comparative perspective of melanophores with 
reference to smooth muscles 

The comparison of melanophores to smooth muscle cells dates back as early as 1917 when 
Spaeth provided evidence for the similarity of melanophores with smooth muscle cells. 
Rhythmical pulsations in the isolated scale melanophores of Fundulus heteroclitus were first 
observed by Spaeth [1]. The observation followed by the in depth analysis of the behavior 
and responses of melanophores to various stimuli and their parallelism to smooth muscle 
cells led to the conceptualization of melanophore as a modified derivative of smooth 
muscle. Rhythmical movements are, of course, intimately associated with this latter tissue 
and their persistence for considerable periods of time in isolated strips of the esophagus and 
stomach of frogs and other vertebrates is well known. The rhythmical movements in 
isolated scale melanophores are comparable and perhaps similar to these movements in 
smooth muscle. This discovery opens a new field for research that might contribute in 
understanding the ramifications of inter and intra-cellular dynamics.  

The biochemical events underlying the melanosome dispersion are analogous to smooth 
muscle relaxation since both these processes result from an increase in cyclic AMP (cAMP) 
levels [102]. Unlike cardiac muscle, increased cAMP in smooth muscle causes relaxation. 
The reason for this is that cAMP normally inhibits myosin light chain kinase (MLCK), the 
enzyme that is responsible for phosphorylating smooth muscle myosin and causing 
contraction. It is known that the increase in cAMP initiates the influx of Ca2+ from the 
cytoplasm to the endoplasmic reticulum and/or mitochondria or out of the smooth muscle 
cell. Whereas the melanosome dispersion progresses in the absence of Ca2+ and presence of 
extracellular Ca2+ (from the action of MSH) [4]. The crucial role of Ca2+ and MSH in the 
bidirectional movement of melanophores has been shown in the figure 2. Extracellular 
stimuli (either hormonal; adrenaline or mechanical stimulus) could result in inward 
movement of Ca2+ from the extracellular matrix. This is followed by activation of 
phospholipase C (PLC) promoting 1) inositol trisphosphate (IP3)-dependent release of Ca2+ 
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from intracellular stores and 2) diacylglycerol (DAG)-sensitive activation of protein kinase C 
(PKC), which facilitates Ca2+ entry through voltage-dependent calcium channels, resulting 
into pigment aggregation. Stimulation of alpha MSH receptor that couples to Gsα proteins 
stimulates adenylyl cyclase and increase intracellular cAMP resulting into pigment 
dispersion by activating a calcium pump that drives the expulsion of calcium out from the 
cells resulting into pigment dispersion. In the case of pigment cells the action of Melanocyte 
concentrating hormone (MCH) is enhanced by the absence of intracellular Ca2+ [5, 101] 
which in the case of smooth muscle may be an apparent counterpart triggered by β 
adrenergic receptors (NE or noradrenaline). The actual process of how melanosomes 
translocate from the concentrated to dispersed state and vice versa is not completely 
unfurled. However the mechanism is highly coordinated and requires a multitude of factors 
and entities.  

 
Figure 2. Model for the crucial role of Ca2+ and MSH in the bidirectional movement of melanophores. 
Extracellular stimuli (either hormonal; adrenaline or mechanical stimulus) could result in inward 
movement of Ca2+ from the extracellular matrix. This is followed by activation of phospholipase C (PLC) 
promoting 1) inositol trisphosphate (IP3)-dependent release of Ca2+ from intracellular stores and 2) 
diacylglycerol (DAG)-sensitive activation of protein kinase C (PKC), which facilitates Ca2+ entry 
through voltage-dependent calcium channels, resulting into pigment aggregation. Stimulation of alpha 
MSH receptor that couples to Gsα proteins stimulates adenylyl cyclase and increase intracellular cAMP 
resulting into pigment dispersion by activating a calcium pump that drives the expulsion of calcium out 
from the cells resulting into pigment dispersion  
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3. Experiments 

Since all muscle cells are "excitable cells," i.e., they are capable of responding to appropriate 
stimulation. The response to this is contraction, however the stimulus can vary. It may be an 
electrical signal or depolarization produced at the surface of the muscle cell by the activity 
of neurons. Some muscle cells (particularly smooth muscle) respond not only to neuronal 
signaling, but to direct chemical or mechanical stimulation [6]. Hormonal signals can cause 
contraction in some situations. Interestingly, melanophores have an instinctive ability to 
quickly reposition pigment granules within the cells on given appropriate stimulus. The 
responses of melanophores to external stimuli are highly coordinated; where external 
signals are received and integrated, thereby eliciting a concerted and appropriate response 
[7, 8]. This cellular communication depends largely on the transmission of signal couriers 
(i.e. “ligands/agonist”) which are received via cell surface and intracellular recognition 
molecules (i.e. “receptors”) on the recipient cells, resulting into remarkably coordinated 
bidirectional movement of pigment granules within the cells [7, 8].  

By far the most striking resemblance between the melanophores and smooth muscle cells 
has been furnished on physiological grounds [9, 1]. Also the morphological, as well as 
embryological evidence has been brought to light that supports the idea that color changes 
in the three groups of lower vertebrates; fishes, amphibians and reptiles along with 
crustaceans and cephalopods are brought about by responses of specialized functional 
smooth muscle cells [10, 11, 12]. 

The most striking evidence of resemblance between smooth muscles and melanophores in 
terms of physiological basis was provided as early as 1906 by Franz [13]. He recorded the 
similarity between the physiological responses of the sphincter papillae in Acanthias and the 
dermal melanophores of frog. A number of investigators have demonstrated the 
involvement of nervous system and direct innervations of chromatophores. This view has 
been widely accepted by a number of workers and a significant amount of reports have been 
published [14, 15, 16, 17]. 

3.1. Innervation 

There is a certain resemblance between the mechanisms coordinating the mechanism of smooth 
muscles with that of vertebral melanophores in terms of innervation. Both are controlled by 
sympathetic nervous system and influenced by hormonal secretion during nervous excitement 
[16, 18, 8]. In the case of smooth muscles, however there is an autonomic innervation of 
antagonistic fibers that are morphologically distinct. Interestingly, the neural control of skeletal 
muscles differs significantly from that of smooth muscles. A skeletal muscle fiber has only one 
junction with a somatic nerve fiber, and the receptors for the neurotransmitter are located only 
at the neuromuscular junction [19]. By contrast, the entire surface of smooth muscle cells contains 
neurotransmitter receptor proteins. Neurotransmitter molecules (norepinephrine) are released 
along a stretch of an autonomic nerve fiber that is located some distance from the smooth 
muscle cells and stimulate a number of smooth muscle cells [20]. 
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The innervation of the melanophores has been demonstrated physiologically in several 
species of teleosts [22, 23, 24, 1]. As early as 1876, Pouchet [21] reported that in teleost 
fishes, the sectioning of peripheral nerves or the electrical stimulation of spinal nerves led 
respectively to the darkening or paling in definite areas, claiming the innervation to be of 
sympathetic nature. Interestingly, the surface of melanophores contains numerous 
receptors of neurotransmitters as well as hormones including adrenoceptors [8]. It is now 
generally accepted that the melanophores are sympathetically innervation and the 
catecholamines released from the adrenergic fibers are responsible for causing pigment 
aggregation. 

3.2. Effect of light 

Interestingly it has been demonstrated that the excised iris of certain fishes (elasmobranchs 
and teleosts) and amphibians responds to illumination by contraction of sphincter papillae. 
Also a light induced stimulation in chromatophores of cephalopods, Octopus and Loligo 
have been demonstrated [25], which was a direct result of contraction and relaxation of 
radially arranged smooth muscles. In another report the smooth muscle cells of the frog, 
(Rana pipiens) iris sphincter also showed light-evoked contraction [26]. In general, 
melanosome movements in fish melanophores are controlled by adrenergic nerves. That 
means that the melanosomes aggregate in the presence of epinephrine and the aggregation 
is inhibited by α-adrenergic blocking drugs [104,105]. The light-sensitive cultured 
melanophores also aggregate on application of epinephrine (Wakamatsu, 1978). Dibenamine 
(α-adrenergic blocker) inhibited the response to epinephrine, but did not inhibit the light-
induced melanosome aggregation (Wakamatsu, unpublished observation). These facts 
suggest that light controls the melanosome movements without mediation of the adrenergic 
receptors and acts directly on phosphodiesterase enzyme systems in the light-sensitive 
melanophores. 

3.3. Mechanical stimulation 

It has been reported that gentle stretching or pinching of excised pieces of fish and frog 
stomach and esophagus induced powerful contractions, provided the stimulus has not been 
too violent. Similarly, melanophores from the portions of skin of Loligo resulted into wide 
expansion. Single aggregated melanophores from isolated scales of the 
angelfish, Pterophyllum scalare were submitted to mechanical compression with forces 
ranging from 50–320 µ p. With increasing force melanophores disperse their pigment, the 
degree of dispersion being proportional to the intensity of the force [27]. 

3.4. Electrical stimulation 

The responses of several types of smooth muscles as well as the melanophores from the 
three groups of lower vertebrates show considerable similarity in their contraction to faradic 
stimulation. 
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It has been reported that sphincter papillae of eel and frog (Rana) contracted when stimulated 
electrically. Likewise the radial muscles of the chromatophores of cephalopods also respond to 
electrical stimulation by contracting [15]. Such contractions have been seen in strips of frog 
stomach and the digestive tube of several species of teleosts. Such parallelism in responses to 
melanophores on stimulation with induction currents of sufficient intensity and durations 
have been observed as well. Fundulus melanophores contract invariably when proper strength 
and duration of current and salt concentration of mounting medium was selected [1]. Similar 
results were observed with melanophores of Rana esculenta and Hyla arborea [28]. The reports 
by Bert and Krukenberg [29, 30] were in line with the original observation of Brücke that the 
direct faradic stimulation of excised chameleon skin pieces produced paling or lightening by 
contraction of melanophores. Since the nervous system of lower vertebrates like fish has 
evolved to allow faster chromatic adaptation, the sympathetic division of the autonomic 
nervous system has been shown to be involved in aggregation of pigment in melanophores. 

3.5. Chemical and pharmacological stimulation 

Effect of various chemicals and pharmacological compounds has been extensively studied 
on pigment as well as muscle cells. The responses to various biogenic amines/ compounds 
and neurotransmitters have been analyzed and it is confirmed that the effector cells contain 
several types of receptors for different neurotransmitters and hormones [8]. The 
extracellular signals are translated by the receptor system into an increase or a decrease in 
levels of intracellular second messenger. Until recently three kinds of second messengers 
were known to take part in the motile responses of chromatophores, namely cyclic 
adenosine mono phosphate (cAMP), Calcium (Ca2+), and inositol 1,4,5 tri-phosphate (IP3). 
Interestingly the roles of these second messengers in smooth muscle contraction have been 
described [31, 32].  

Calcium is one of the most important cations in terms of diversity of function and has a 
crucial role in muscle contraction and pigment translocation respectively (due to the extent 
of depth only the role of Ca2+ is discussed). The role of Ca2+ in the process of muscle 
contraction and relaxation has been reviewed by Karaki et al., in quite detail [103]. 

In smooth muscle, the influx of calcium leads to depolarization. There calcium binds to 
calmodulin, causing the calmodulin-caldesmon complex to change its configuration and pull 
the caldesmon away from the myosin binding sites on the actin strand. The myosin heads bind 
to actin resulting into muscle contraction. Calcium ions are required in the medium for the full 
darkening action of melanocyte- stimulating hormone. It has been reported that frog (Rana 
pipiens) skin the action of melanocyte-stimulating hormone involves the production of pigment 
granule movements as a result of the interaction of calcium ions with intracellular 
microfilaments and possibly by the breakdown of microtubules [ 33, 34] In relation to the 
nervous system controlling fish chromatophores [35] first reported that Ca2+ is required for 
catecholamine release from the sympathetic nerve terminals in the goby Chasmichthys gulosus. 
It has been suggested that Ca2+ act as the coupling agent in muscle excitation and contraction. 
Fish chromatophores provide an ideal cell model for studying the regulation of directional, 
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receptors of neurotransmitters as well as hormones including adrenoceptors [8]. It is now 
generally accepted that the melanophores are sympathetically innervation and the 
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3.2. Effect of light 

Interestingly it has been demonstrated that the excised iris of certain fishes (elasmobranchs 
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3.4. Electrical stimulation 
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It has been reported that sphincter papillae of eel and frog (Rana) contracted when stimulated 
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contraction of melanophores. Since the nervous system of lower vertebrates like fish has 
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adenosine mono phosphate (cAMP), Calcium (Ca2+), and inositol 1,4,5 tri-phosphate (IP3). 
Interestingly the roles of these second messengers in smooth muscle contraction have been 
described [31, 32].  

Calcium is one of the most important cations in terms of diversity of function and has a 
crucial role in muscle contraction and pigment translocation respectively (due to the extent 
of depth only the role of Ca2+ is discussed). The role of Ca2+ in the process of muscle 
contraction and relaxation has been reviewed by Karaki et al., in quite detail [103]. 

In smooth muscle, the influx of calcium leads to depolarization. There calcium binds to 
calmodulin, causing the calmodulin-caldesmon complex to change its configuration and pull 
the caldesmon away from the myosin binding sites on the actin strand. The myosin heads bind 
to actin resulting into muscle contraction. Calcium ions are required in the medium for the full 
darkening action of melanocyte- stimulating hormone. It has been reported that frog (Rana 
pipiens) skin the action of melanocyte-stimulating hormone involves the production of pigment 
granule movements as a result of the interaction of calcium ions with intracellular 
microfilaments and possibly by the breakdown of microtubules [ 33, 34] In relation to the 
nervous system controlling fish chromatophores [35] first reported that Ca2+ is required for 
catecholamine release from the sympathetic nerve terminals in the goby Chasmichthys gulosus. 
It has been suggested that Ca2+ act as the coupling agent in muscle excitation and contraction. 
Fish chromatophores provide an ideal cell model for studying the regulation of directional, 
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microtubule-based organelle trafficking [36, 37, 38]. Pigment granules in these cells exhibit 
distinct movements, which are closely associated with and dependent upon a dense radial 
array of microtubules [39, 40, 41]. This transport is either completely retrograde (inward 
aggregation toward the "minus'-ends of microtubules at the cell center) or completely 
anterograde (outward dispersion toward the "plus'-ends at the cell periphery). Thus, the 
cellular events that signal a specific directional organelle movement can be manipulated and 
studied. The data supporting the role of Ca2+ in the regulation of pigment movement is quite 
convincing. Studies using ionophores [42, 43] or lysed cell models [44] have implicated a Ca2+ 

based regulatory system in erythrophores. Raising Ca2+ in these two models causes 
aggregation, and lowering Ca2+ causes dispersion, suggesting that intracellular Ca2+ is the 
exclusive regulatory signal for both aggregation and dispersion. 

Another signaling molecule Nitric oxide (NO) plays a significant role in a number of cellular 
processes like the relaxation of blood vessels, sperm motility, and polymerization of actin. It 
has been found that the signal transduction by NO can be mediated through the activation of 
soluble guanylate cyclase (sGC), which leads to increased production of cGMP and activation 
of cGMP-dependent kinases (PKG) [108]. Studies show that melanosome aggregation depends 
on synthesis of NO, and NO deprivation causes dispersion indicating a crucial role of NO and 
cGMP in regulation of melanosome translocation. Similar results have been reported by other 
workers on teleostean melanophores [109]. Interestingly the parallelism of NO action in terms 
of smooth muscles can be drawn since increased intracellular cGMP by NO, inhibits calcium 
entry into the cell, thereby decreasing intracellular calcium concentrations and causing smooth 
muscle relaxation. NO also activates K+ channels, which leads to hyperpolarization and 
relaxation. Finally, NO acting through cGMP can stimulate a cGMP-dependent protein kinase 
that activates myosin light chain phosphatase that dephosphorylates myosin light chains, 
which leads to relaxation (Figure 3). 

 
Figure 3. NO induced smooth muscle Relaxation, NO; nitric oxide, NOS; nitric oxide synthase, GC; 
guanylyl cyclase, PDE cyclic GMP-dependent phosphodiestrase, MLC lyosin light chain 
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4. Immunocytochemical experiments to reveal the involvement of similar 
intercellular proteins in melanophores and smooth muscle  

Immunocytochemical experiments conducted on the melanophores, xanthophores, and 
iridophores from the skins of the two Antarctic fish species Pagothenia borchgrevinki and 
Trematomus bernacchii tested for a variety of muscle proteins confirmed the presence of actin, 
myosin, and calmodulin, for all three chromatophores types of the two fishes [46]. 
Interestingly, the presence of caldesmon and calponin that are both characteristic proteins of 
smooth muscle fibers have also been found. It has been suggested that calponin's role, in the 
presence of Ca2+ and calmodulin, is that of a modulator and that caldesmon, a molecule that 
competes with calponin for actin binding sites, is in a position in which it can switch on and off 
Ca2+-dependent contractility and relaxation. It is not known at this stage whether these 
proteins occur also in the chromatophores of other fishes and are not restricted to Antarctic 
species. Since the control of pigment translocation in fish chromatophores and the regulation 
of smooth muscle tension both involve the sympathetic nervous system, the presence of 
similar target proteins in both the systems is quite convincing. Also the fact that none of the 
chromatophores tested positive for troponin (a characteristic regulatory protein in skeletal and 
cardiac muscle but not in smooth muscle) shows that there is no close relationship between 
pigment cells and striated muscle. Also the presence of alpha-actinin (a typical actin binding 
protein) in melanophores and xanthophores unlike iridophores could be most likely due to 
greater degree of pigment translocation within the former class of cells [45, 46]. 

5. Implication of motor proteins and their dynamics in pigment 
translocation within melanophores 

The cytoskeleton is now no longer considered to be a rigid scaffold, but instead is viewed as 
a complex and dynamic network of protein filaments that can be modulated by internal and 
external cues. Three cytoskeletal polymers- actin filaments, microtubules and intermediate 
filaments cooperate to maintain the physical integrity of eukaryotic cells and, together with 
molecular motors, allow cells to move themselves and their intracellular organelles like 
melanosomes. Pigment cells provide an excellent model to study organelle transport as they 
specialize in the translocation of pigment granules in response to defined chemical cues. 
Pigment cells of lower vertebrates have traditionally been used as a model for these studies 
as they transport pigment organelles in a highly concerted and coordinated fashion. These 
cells can be cultured and transfected, are ideal for biochemical and in vitro studies. Changes 
in pigment translocation can be easily monitored under light microscopy. Many important 
mechanism of organelle transport like the regulation and interactions of cytoskeletal 
filaments (actin and microtubules) and motor proteins have been studied using pigment 
cells of lower vertebrates. Genetic studies of mouse melanocytes allowed the discovery of 
essential elements involved in organelle transport including the myosin-Va motor and its 
receptor and adaptor molecules on the organelle surface [47]. Future studies of pigment cells 
will contribute in unraveling the mechanisms of regulation of microtubule motors and other 
related mechanisms that may involve the cooperation of motor proteins. 
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5.1. Molecular mechanism of intracellular translocation of pigment granules  

The most interesting example of organelle transport is within melanophores of lower 
vertebrates where the cytoskeletal actin and microtubules act in cooperation. The 
melanophores contain a radial array of ~1000–2000 microtubules [48, 40, 49]. The 
bidirectional movement of pigments occurs along the radially-organized microtubule 
cytoskeleton of these cells and also transported along filamentous actin [50]. Microtubules 
act as tracks for the transport of several intracellular organelles, including pigment vesicles, 
melanosomes. The trafficking of melanosomes is controlled by two classes of microtubule-
associated motor proteins, kinesins, and cytoplasmic dyneins. Kinesins power the plus-end-
directed microtubule-based motility, while cytoplasmic dyneins drive the minus end 
motility [51, 52]. Dyneins and kinesins also have well-established roles in retrograde 
(aggregation) and in anterograde (dispersion) transport of melanosomes [53, 54, 55, 56]. In 
microtubule-poor regions of the cell, pigment granules are transported 
along microfilaments powered by a myosin motor. 

5.2. Xenopus laevis melanophore system: A fascinating example of organelle 
transport 

Xenopus laevis melanophore system represents one of the most interesting mechanisms of 
organelle transport. The pigment transport is regulated by the intracellular levels of cAMP 
(Figure 4). Up-regulation (induces dispersion) and down regulation (induces aggregation) of 
cAMP levels are triggered by Melanocyte stimultating hormone (MSH) and Melatonin 
respectively [57]. This antagonistic action of hormones that regulates pigment translocation 
within the cells is carried by kinase and phosphatase activities [58]. 

 
Figure 4. Involvement of cAMP in melanosome movement 
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5.2.1. Cytoskeletal tracks: Microtubule and actin filaments 

Although actin filaments and microtubules differ in origin and structure, their shared 
features reflects extensive convergence of function. The microtubules and actin filaments 
show tremendous interaction by binding of several motors to the same cargo at the same 
time, and movement of pigment granules along both types of cytoskeleton tracks. Studies 
have demonstrated that the microtubule motor activity is coordinated while the microtubule 
and actin-based transport are competitive [59]. The direction of melanosome movement is 
determined by the orientation of plus and minus ends of microtubules and actin filaments 
within the melanophores [60]. As in most cells, melanophore microtubules are oriented with 
the minus ends located at the nucleus and their plus ends toward the periphery near the 
plasma membrane [61, 47]. In melanophores, melanosome aggregation and dispersion are 
achieved by minus- and plus-end directed movement respectively [59]. In contrast to 
microtubule organization which is typically in the center of the cells, actin filaments are 
randomly oriented in a form of a meshwork close to the plasma membrane. The filaments 
consist of globular subunits arranged head-to-tail into double helical polymers, giving the 
structure polarity [62]. Actin filaments are required for complete melanosome dispersion but 
also for maintenance of the dispersed state [34]. 

5.2.2. Kinesin and dynein 

Kinesin and Dynein are key entities of microtubule-based motion and are termed as 
Microtubule Associated Proteins (MAPs). These two families of motor proteins 
transport membrane-bounded vesicles, proteins, and organelles along microtubules. Purified 
Xenopus melanosomes have been shown to possess bound kinesin and cytoplasmic dynein 
and to move on microtubules in vitro [63]. Nearly all kinesins move cargo toward the (+) 
end of microtubules (anterograde transport) also called plus-end directed motors, whereas 
dyneins transport cargo toward the (−) end (retrograde transport), oriented towards the cell 
center, also called "minus-end directed motors". The structure of molecular motors consists 
of two parts: a motor domain that reversibly bind to the cytoskeleton converting chemical 
energy contained in ATP into mechanical energy (motion) and the tail which is attached to 
the cargo. The divergent tail domains allow the motor to bind various types of organelles 
and particles via interactions with receptor proteins [64]. Xenopus melanophore plus-end 
directed movement (dispersion) has been shown to be driven by kinesin-II, a heterotrimeric 
kinesin of the kinesin super family which is found in many species. Kinesins typically 
contain two heavy chains with motor heads which move along microtubules via a pseudo-
processive asymmetric walking motion. It is formed by two homologous motor subunits of 
85 and 95 kD and a non-motor subunit of 115 kD, called kinesin-associated protein (KAP), 
which is thought to mediate cargo binding [65] (Figure 5).  

Cytoplasmic dynein is responsible for the aggregation of pigment organelles in 
melanophores and consist of two heavy chains containing the motor domains as well as 
various intermediate, light intermediate and light chains [66, 64]. Like kinesin, 
cytosolic dynein is a two-headed molecule, with two nearly identical heavy chains forming 
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the head domains. However, unlike kinesin, dynein cannot mediate transport by itself. 
Rather, dynein-related motility requires a large complex of microtubule-binding proteins that 
link pigment carrying melanosomes to microtubules but by themselves do not exert force to 
cause movement. Dynein has been shown to interact with many of its cargos, including 
pigment organelles, via dynactin [67, 64, 68]; which is a hetero-complex of at least ten 
subunits, including a 150,000-MW protein called Glued or p150 Glued), the actin-capping 
protein Arp1, and dynamatin or p50 [68]. The P150 Glued subunit plays a key role, in 
dynactin-dynein interaction by binding to the cytoplasmic dynein. In addition the 
p150Glued subunit of dynactin interact with the KAP subunit of kinesin II, thus serving as a 
receptor for kinesin II during dispersion of Xenopus melanosomes [68] (Figure 6).  

 
Figure 5. Kinesin II is a heterotrimeric motor protein. Motor heads shown in blue (95 KD) and orange 
(85 KD) and a non motor subunit shown in grey (115 KD) called kinesin-associated protein (KAP).The 
motor domains contain binding sites for cytoskeleton. The coiled-coil domain connects the motor do-
main to the tail domain. Kinesin light chain (KLC) binds through the globular tail domain of kinesin 
heavy chain (KHC).  
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Figure 6. The dynein molecule, itself a complex of heavy (HC), intermediate (IC) and light chains, 
interacts with the p150glued subunit of the dynactin complex through its intermediate chains (arrow), 
although the precise mode of interaction is not known. The most prominent component of the dynactin 
complex is a short filament of the actin-related protein Arp1 (Reproduced with permission from Mac-
millan Publishers Ltd [107], Nature, Copyright © 2003, Nature Publishing Group. 

5.2.3. Myosin V is responsible for melanosome transport along actin filaments in xenopus 

Myosin V is the unconventional class V of the myosin family which is found in many 
different organisms [69,70]. It is composed of: 

 The head domain that binds the filamentous actin, and uses ATP hydrolysis to generate 
force and to "walk" along the filament towards the barbed (+) end. 

 The neck domain acts as a linker and as a lever arm for transducing force generated by 
the catalytic motor domain. The neck domain can also serve as a binding site for 
myosin light chains which are distinct proteins that form part of a macromolecular 
complex and generally have regulatory functions. 

 The tail domain generally mediates interaction with cargo molecules and/or other 
myosin subunits. In some cases, the tail domain may play a role in regulating motor 
activity. 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

144 

the head domains. However, unlike kinesin, dynein cannot mediate transport by itself. 
Rather, dynein-related motility requires a large complex of microtubule-binding proteins that 
link pigment carrying melanosomes to microtubules but by themselves do not exert force to 
cause movement. Dynein has been shown to interact with many of its cargos, including 
pigment organelles, via dynactin [67, 64, 68]; which is a hetero-complex of at least ten 
subunits, including a 150,000-MW protein called Glued or p150 Glued), the actin-capping 
protein Arp1, and dynamatin or p50 [68]. The P150 Glued subunit plays a key role, in 
dynactin-dynein interaction by binding to the cytoplasmic dynein. In addition the 
p150Glued subunit of dynactin interact with the KAP subunit of kinesin II, thus serving as a 
receptor for kinesin II during dispersion of Xenopus melanosomes [68] (Figure 6).  

 
Figure 5. Kinesin II is a heterotrimeric motor protein. Motor heads shown in blue (95 KD) and orange 
(85 KD) and a non motor subunit shown in grey (115 KD) called kinesin-associated protein (KAP).The 
motor domains contain binding sites for cytoskeleton. The coiled-coil domain connects the motor do-
main to the tail domain. Kinesin light chain (KLC) binds through the globular tail domain of kinesin 
heavy chain (KHC).  

 
Melanophores: Smooth Muscle Cells in Disguise 

 

145 

 
Figure 6. The dynein molecule, itself a complex of heavy (HC), intermediate (IC) and light chains, 
interacts with the p150glued subunit of the dynactin complex through its intermediate chains (arrow), 
although the precise mode of interaction is not known. The most prominent component of the dynactin 
complex is a short filament of the actin-related protein Arp1 (Reproduced with permission from Mac-
millan Publishers Ltd [107], Nature, Copyright © 2003, Nature Publishing Group. 

5.2.3. Myosin V is responsible for melanosome transport along actin filaments in xenopus 

Myosin V is the unconventional class V of the myosin family which is found in many 
different organisms [69,70]. It is composed of: 

 The head domain that binds the filamentous actin, and uses ATP hydrolysis to generate 
force and to "walk" along the filament towards the barbed (+) end. 

 The neck domain acts as a linker and as a lever arm for transducing force generated by 
the catalytic motor domain. The neck domain can also serve as a binding site for 
myosin light chains which are distinct proteins that form part of a macromolecular 
complex and generally have regulatory functions. 

 The tail domain generally mediates interaction with cargo molecules and/or other 
myosin subunits. In some cases, the tail domain may play a role in regulating motor 
activity. 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

146 

Myosin Va binds to melanosomes through a complex of melanophilin and Rab27a, a small 
GTP-binding Ras-like GTPase (Figure 6) [71,47]. Rab27a first binds to the melanosome and 
then recruits melanophilin, who’s N-terminal interact with the GTP- bound Rab27a. 
Subsequently myosin Va, requiring binding of both Rab27a and melanophilin to the 
melanosome, is able to interact with the C-terminal portion of melanophilin [70, 71] (Figure 7). 
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Figure 7. Mysoin Va binds to melanosomes through a complex of GTP-bound Rab27a and melanophil-
in. Rab27a binds to the melanosome first and then recruits melanophilin. Myosin Va requires the bind-
ing of both Rab27a and melanophilin before being able to interact with melanophilin. 

During pigment translocation across the cells microtubules and actin filaments interact with 
several motors that bind to the same cargo (melanosome) at the same time. In Xenopus laevis 
melanophores the retrograde transport of melanosomes (aggregation) is driven by the 
molecular motor dynein along microtubules and anterogate movements (dispersion) by 
kinesin II and myosin Va along both microtubules and actin filaments. The actin filaments 
trap melanosomes at the cell periphery assuming an even distribution of pigment 
throughout the cell. It has been demonstrated [59] that the microtubule motor activity is 
coordinated while microtubule-actin based transport is competitive. During aggregation the 
myosin Va dependent transport is down regulated whereas the kinesin based transport 
predominate. The net movement of melanosomes results from the combined action of these 
three motors (Figure 8). 
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However there are two different mechanisms postulated to explain the unidirectional (either 
aggregation or dispersion) transport of melanosomes attached to two opposing motor 
proteins. In the first model, the motors are involved in a competitive manner called the “tug 
of war” with the stronger motor determining the direction of motion at any given time. On 
the other hand the second model, there is coordination, so that when the melanosome 
moves in one direction the opposing motors are inactive. 

  
Figure 8. The external stimulation of pigment cells result into a highly coordinated bidirectional 
movement of pigment granule that either result into aggregation (movement towards the minus ends of 
microtubules, indicated by white arrow) or dispersion (movement towards the plus ends of microtu-
bules and the periphery of the cell, indicated by a blue arrow). Melanosomes that are in the process of 
dispersion, move off microtubule tracks and then move along short, randomly-oriented actin filaments. 
‘Active’ microtubule motors are indicated by red globular motor domains; ‘inactive’ microtubule mo-
tors are indicated by white motor domains. (Figure from reference [97]; Reproduced with permission 
from Elsevier, Copyright © 1998 Elsevier Science Ltd. 

The process of pigment translocation within the pigment cells as evident from above discussion 
is a remarkably regulated phenomenon that involves the coordination of numerous cellular 
entities. Biochemical studies of melanosomes purified from aggregated and dispersed states 
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have indicated that motor proteins remain attached to the melanosome even when their activity 
is not required; for example, kinesin II remains associated with melanosomes in an inactive state 
during melanocortin-induced pigment aggregation [58]. In contrast to mammalian cells, the 
motor activity in melanophores is acutely altered in a cAMP- and protein kinase A (PKA)-
dependent manner. Elevated cAMP results in increased kinesin activity, which leads to 
melanosome dispersion, whereas reduced cAMP results in increased dynein activity, which 
gives rise to aggregation [72]. PKA directly associates with melanosomal kinesin and dynein 
and might be recruited to melanosomes by the small GTPase Rab32 [73, 74]. 

Studies show that one to three dynein molecules can transport each melanosome in the 
minus end direction. The transport in the plus end direction is driven by one –two copies of 
kinesin II. The number of dyneins transporting a melanosome increases during aggregation, 
whereas the number of active Kinesin II stays the same during aggregation and dispersion. 
Thus the direction of net melanosome transport is regulated by the number of active dynein 
molecules [111]. Kinesin-II and dynein compete for the same binding site on p150Glued of 
dynactin [68]. During aggregation, the release of myosin V helps the dynein-mediated 
movement to 'win' over the kinesin-II mediated movement [59]. Also studies show that the 
long-range, bidirectional, microtubule-dependent melanosome movements, coupled with 
actomyosin Va–dependent capture of melanosomes in the periphery, is the predominant 
mechanism responsible for the centrifugal transport and peripheral accumulation of 
melanosomes in mouse melanocytes [71] (Figure 9).  

 
Figure 9. Coordinating several motors: the melanosome paradigm. (Reproduced with permission from 
Macmillan Publishers Ltd [110], Nature, Copyright © 2006, Nature Publishing Group). 

Gross et al.,[59] (Figure 10) have presented a very interesting model (Figure 10) that reflects how 
these motor proteins interact with the cytoskeletal tracks during melanosome transport. They 
have proposed that the pigment organelle can be moved in three different ways, along the 
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microtubule by kinesin II (A and D) or by Dynein (B and E), or along the actin filaments by 
means of myosin V (C and F). It is proposed that the motion at any given moment is dominated 
by the two transport system i.e either action or microtubules. It is now known that the 
microtubule- and actin-based transport is not coordinated but rather competitive like in a “tug-
of-war”. It has been observed that there has been a significant stimulation of microtubule-based 
motion due to a loss of myosin V function [71, 75] that clearly support that the microtubule- and 
actin-based transport are not coordinated but rather in a tug-of-war. , the motors of the other 
transport system are transiently active and interacting with their substrate (i.e., actin or 
microtubules). In their model they postulated that the motors of the other transport system are 
transiently active and interacting with their substrate (i.e., actin or microtubules) and during 
dispersion, these transient interactions (indicated by T) are significant and allow myosin V to 
reduce the velocity of microtubule-based transport (A and B). The interactions also play a role 
in the switch between the two transport systems, that is, between B and C. Since myosin V 
activity predominantly decreases the length of minus end microtubule-based motion, the switch 
from microtubule- to actin-based transport occurs only between state B and C (from dynein 
movement to myosin V movement) and those transitions from kinesin II movement (A) to 
myosin V movement (C) are rare. Because kinesin II but not dynein appears to win in tug-of-
wars with myosin V, we suggest that the C to A transition is possible but not the C to B 
transition; however, we have no direct evidence on this point. During aggregation, myosin V 
activity is decreased, which results in reduced weak transient interactions (indicated by weak T) 
in D and E, and myosin V is no longer able to interfere with microtubule-based motion. Due to 
the weakness of the interactions, any time the microtubule motors are in contact with the 
microtubules they win the tug-of-war with myosin V and there is a transfer (F to D or F to E). 
Similarly, the reverse transfer from microtubules to actin-based transport (D to F or E to F) does 
not occur. M-V, myosin V; K-II, kinesin II; Dy, dynein; Ms, melanosome. 

 
Figure 10. Model for transport of melanosomes by actin- and microtubule-based motors. Figure originally 
published in reference [59]; Gross et al., (2002) Interactions and regulation of molecular motors in Xenopus 
melanophores. J Cell Biol. 4;156(5):855-65.Copyright © 2002.The Rockefeller University Press. 
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6. Melanophores as potential model for drug discovery 

The field of drug discovery is enormous with the development of novel and sensitive 
pharmaceutics and drugs that exert a distinguished response on targeted sites. On these 
grounds the noteworthy contribution of pigment bearing cells, melanophores cannot be 
overlooked. The fact that melanophores are highly specialized in bidirectional and 
coordinated translocation of pigment granules on given appropriate stimulus has conferred 
them as exceptional model system for pharmacological and physiological assays. The 
movement of pigment granules on external cues has been a highly coordinated 
phenomenon that requires an orchestrated and coordinated work of numerous cellular 
entities. This cellular connection depends largely on the transmission of signal couriers 
which are received via cell surface and intracellular recognition molecules (i.e. “receptors”) 
on the recipient cells, resulting into remarkably coordinated bidirectional movement of 
pigment granules within the cells. Extensive pharmacological studies have devised the 
presence of various cell surface receptors (GPCR; G-protein coupled receptors) on these 
melanophores. Selective screening of these receptors has been a subject of investigation 
amongst researchers. The recognition of various ligands (agonists and antagonists) and 
characterizing their effects on pigment motility within the cells has answered many baffling 
questions regarding the complexed phenomenon of cellular motility and the signaling 
pathways that trigger pigment translocation.  

Also the striking chromatic changes that occur are dependent on the cytoskeletal platforms 
that form the intricate networks within the cells and that these pigment motions are clearly 
microtubule dependent, since any disruption of microtubules blocks pigment dispersion 
and prevents directed pigment aggregation [39, 40, 77]. In addition, it is now known that 
melanosome aggregation may be mediated by the retrograde microtubule-dependent motor 
protein dynein [76, 78] and dispersion is supported by the anterograde motor protein 
kinesin [80]. Therefore pigment motion within the melanophores could be a used as a 
revolutionary tool to study the possible relationship between microtubule dynamics and 
intracellular transport. Nonetheless the search is still on to bridge in the gap that still exists.  

6.1. Melanophores as bio-sensory opoids 

Selected G-protein coupled receptors can be functionally expressed in cultured frog 
melanophores. It has been demonstrated that the recombinant frog melanophores can be 
used as a biosensor for the detection of opoids. Transfection of melanophores with selected 
receptors enables the creation of numerous melanophore biosensors, which respond 
selectively to certain substances. The successful generation of in vitro cultures of these cells 
[51] has facilitated further characterization of melanophore cell signaling pathways and has 
made possible their use as a cell based reporter system [81]. The melanophore biosensor has 
potential use for measurement of substances in body fluids such as saliva, blood plasma and 
urine. Since the pigment granules, termed melanosomes, may be stimulated to undergo 
rapid dispersion throughout the melanophores (cells appear dark), or aggregation to the 
center of the melanophores (cells appear light). This simple physiological response, which 
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can easily be measured in a photometer, has been used in a sensitive biosensor for 
catecholamine in blood plasma and pertussis toxin in saliva, based on melanophores in 
isolated fish scales [82, 83]. The melanophores are also an attractive model for studies in 
pharmacology, for drug design and in cytotoxicity screening [84]. Odorant, pheromone, and 
gustatory receptors all belong to the GPCR family, suggesting that melanophore biosensors, 
expressing the appropriate receptor, may also be a new principle for odor, pheromone, and 
taste sensing [86]. In an interesting report by De-Camp et al. [87] a 7-pass trans-membrane 
protein “Smoothened” was investigated for its ability to act as a G-protein-coupled receptor 
in immortalized Xenopus laevis melanophores. Cells expressing the protein showed a 
phenotype of persistent pigment aggregation, a hallmark of constitutive Galpha(i) 
activation. The findings demonstrated that the human Sonic hedgehog receptor complex can 
be functionally reconstituted in melanophores and that it is capable of trans-membrane 
signaling by utilizing endogenous Galpha(i). 

According to Karlsson et al., [85] the melanophores of Xenopus laevis show a fast response 
initially, although it takes about 1h to get maximal aggregation response. However, 
detection of melanosome movement can be noticed after a few minutes. If an even faster 
response is desired, development of fish cell lines might be an interesting alternative. For 
example, fish melanophores aggregate within 5s after sympathetic nerve stimulation [88] 
and within 30s after light stimulation [89]. Owing to the super sensitivity of fish 
melanophores, the detection of signaling cues or compounds may be detected on a faster 
pace. However, a fish melanophore cell line has to be developed to allow efficient 
introduction of foreign receptor genes. The zebra fish stem cell line might be an attractive 
way to achieve above-mentioned goals [90]. Alternatively, the melanophores of frog can be 
manipulated to increase the speed of pigment aggregation [86]. 

6.2. Zebrafish melanophore model 

Zebrafish model system has emerged as one of the most reliable systems for studies related 
to developmental gene function and disease processes in nervous system. During the past 20 
years zebrafish has served as an excellent model for understanding normal development 
and birth defects based on its powerful genetics and exquisite embryology. For example, 
recent breakthroughs made in zebrafish include the isolation of a human skin color gene, the 
development of a melanoma model, and the isolation of a chemical that can correct 
cardiovascular defects. As vertebrates they possess a brain structure similar to that found in 
mammals. The intracellular signaling downstream of hormone stimulation and the 
biomechanical processes involved in zebrafish pigment translocation, has confirmed the 
importance of cyclic adenosine monophosphate (cAMP) as a mediator of pigment 
translocation and the presence of intact microtubules essential for both melanin dispersion 
and aggregation, has rendered it as an experimental model for studying both physiological 
color change and the molecular basis of pigment translocation [91]. Also in the recent years 
zebrash melanophore model has been used to study melanocyte biology and melanoma 
[92]. Due to its prolific reproduction and the external development of the transparent 
embryo, the zebrafish serve as a cutting edge tool for genetic and developmental studies, as 
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well as research in toxicology and genomics. Zebrafish melanophores are externally visible, 
and single cells can be visualized in a living animal. Zebrafish melanocytes retain melanin 
unlike mammals where the melanin pigment-containing melanosomes are transported to 
neighboring keratinocytes. For this reason zebrafish melanocytes can serve as a reliable and 
useful cell-type marker. Furthermore, the characteristic pattern of pigment cells in the 
zebrafish skin, combined with newly developed techniques molecular genetics, makes the 
zebrafish an ideal experimental system for the evaluation of melanogenic regulatory 
compounds and the mechanism of pigmentation pattern formation [93, 95, 96]. 

Since a growing number of diseases, including neuropathology and developmental 
disorders, are thought to result from disrupted transport of organelles, the regulation of 
molecular motor proteins by applying genetics to the problem of melanosome transport in 
zebrafish melanophores could be used as a promising tool in investigating such problems. 
This will be accomplished by screening zebrafish mutants specifically for alterations in 
melanosome dynamics. Mutants of interest can be examined by isolating their 
melanophores via live cell imaging and characterizing their defects in pigment transport 
[94]. 

7. Future directions 

Our earlier impression of cell has been completely reconditioned with the novel concepts 
that has brought cell to be a dynamic rather than a rigid entity. The regulation of normal 
responsiveness of a pigment cell result from dynamic interaction of cytoskeletal processes, 
molecular motor proteins and associated regulatory processes that are viewed as complex 
and integrated array of events. How do cells regulate this complex array of motor proteins 
and their interaction to control the trafficking of same cargo across the cells? Future 
investigations of melanosome dynamics promise to answer questions about how motor 
proteins and their motility are controlled and coordinated. The ability to isolate 
biochemically-defined melanosomes in large quantities from cultured melanophores, 
coupled with in vitro motility assays to test the activity of specific motors under different 
conditions, provide a great opportunity to gain insights into how these complex interactions 
are regulated [97]. Fish melanophores are a classical example [98] of a cell highly specialized 
in intracellular microtubule-dependent transport, and it is worth considering whether 
microtubule polymerization and de-polymerization in these cells may be directly coupled to 
the translocation of pigment organelles [50]. The direct observation and manipulation of 
cultured melanophores will provide ways to draw conclusions from the in vitro 
experiments and expand our understanding of this mechanism. These experiments would 
provide deeper insights into the control and coordination of motility for a variety of cargos 
in different eukaryotic cell systems [97]. It is known that several genetic disorders in mice 
and humans are linked to disrupted intracellular organelle transport. The recent 
characterization of genes defective in these diseases has drawn immense interest in the 
melanosome as a model system for understanding the molecular mechanisms that underlie 
intracellular membrane dynamics [99]. The regulation of normal cellular morphology is a 
highly concerted system that must integrate the temporal-spatial control of multiple cellular 

 
Melanophores: Smooth Muscle Cells in Disguise 

 

153 

processes, including cytoskeletal and membrane dynamics. Since cells interact with other 
cells through their surfaces, therefore cellular phenotypes are a dynamic process that reflects 
the influence of other cells. On these grounds we emphasize upon the role of pigment cells 
and their dynamics that might help to better comprehend the dynamics of other cellular 
entities like the muscle cells and vice versa. The study of these cellular systems would 
significantly contribute towards comprehension of both physiological and pathological 
events related to muscle as well as pigment cells. 
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well as research in toxicology and genomics. Zebrafish melanophores are externally visible, 
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melanosome dynamics. Mutants of interest can be examined by isolating their 
melanophores via live cell imaging and characterizing their defects in pigment transport 
[94]. 
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and integrated array of events. How do cells regulate this complex array of motor proteins 
and their interaction to control the trafficking of same cargo across the cells? Future 
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proteins and their motility are controlled and coordinated. The ability to isolate 
biochemically-defined melanosomes in large quantities from cultured melanophores, 
coupled with in vitro motility assays to test the activity of specific motors under different 
conditions, provide a great opportunity to gain insights into how these complex interactions 
are regulated [97]. Fish melanophores are a classical example [98] of a cell highly specialized 
in intracellular microtubule-dependent transport, and it is worth considering whether 
microtubule polymerization and de-polymerization in these cells may be directly coupled to 
the translocation of pigment organelles [50]. The direct observation and manipulation of 
cultured melanophores will provide ways to draw conclusions from the in vitro 
experiments and expand our understanding of this mechanism. These experiments would 
provide deeper insights into the control and coordination of motility for a variety of cargos 
in different eukaryotic cell systems [97]. It is known that several genetic disorders in mice 
and humans are linked to disrupted intracellular organelle transport. The recent 
characterization of genes defective in these diseases has drawn immense interest in the 
melanosome as a model system for understanding the molecular mechanisms that underlie 
intracellular membrane dynamics [99]. The regulation of normal cellular morphology is a 
highly concerted system that must integrate the temporal-spatial control of multiple cellular 
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1. Introduction 

In recent years, outcome of therapy in patients with heart failure is going up. Many clinical 
trials have demonstrated that renin angiotensin aldosterone system inhibitors and β-
blockers have functional roles in stabilizing and /or reversing cardiac remodeling via sup-
pression of the excessive activation of renin angiotensin aldosterone and the adrenergic 
nervous system. Additively, the cardiac resynchronization therapy and ventricular assist 
device therapy also achieve remarkable success in heart failure therapy. Conversely, in 
many counties that come up against an elderly society, heart failure is a looming public 
health problem. Therefore, much further advancement of heart failure therapy and decre-
ment of patients with heart failure are one of most important assignments in the medical 
services. In this chapter, we describe the recent topics of heart failure including 1,molecular 
basis of cardiomyocyte, 2,mechanisms of progression in heart failure, 3,renin angiotensin 
aldosterone system and heart failure, 4,β-adrenergic receptor and heart failure, 5, non-drug 
treatment and heart failure, 6,heart transplantation and heart failure, 7,Cardiac regeneration 
and heart failure. 

2. Molecular basis of cardiomyocyte 

The heart is a highly organized tissue and consists of ventricular or atrial cardiomyocytes, 
pace maker cells, Purkinje cells, vasculature, and connective tissue. The ventricular 
cardiomyocytes are columnar shaped cells of 20μm in diameter and 60-140μm in length, 
while the atrial cardiomyocytes are ellipsoidal shaped cells of 5μm in diameter and 10-20μm 
in length (Table 1). The ventricular cardiomyocytes occupies approximately 50% of the heart 
weight, and 2-4 billion of them make up the human left ventricle. Approximately 50% of the 
cell volume in an individual contracting cardiomyocyte is made up of myofibrils and 25% of 
the cell volume is occupied by mitochondria. The remainder consists of nucleus, 
sarcoplasmic reticulum (SR), and the cytosol (Fig 1). Myofibril is the rodlike bundle that  
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Table 1. Characteristics of cardiac cells 

 
Figure 1. Ventricular cardiomyocyte 

forms the contractile elements within cardiomyocytes. As one of the specialized structures 
of the cardiomyocyte, there is the sarcolemma, which is a coalescence of the plasma mem-
brane proper and the basement membrane. The sarcolemma iscomposed of a lipid bilayer, 
which contains hydrophilic heads and hydrophobic tails. This structural fabric allows the 
sarcolemma to regulate the interactions with the intracellular and extracellular environment. 
The transverse tubular system (T- tubules) is specialized organo-parts of cardiomyocyte in 
the sarcolemma. The T- tubules are invagination of the sarcolemma into the cardiomyocyte, 
and they form a barrier between the intracellular and extracellular space. When electrical 
action potential reaches T-tubules, the wave of depolarization induces Ca2+ influx into the 
cardiomyocyte through the voltage-sensitive L-type Ca2+ channel of the T-tubules. This leads 
to Ca2+ discharge of the sarcoplasmic reticulum into cytosol resulting in contraction of the 
heart. Thus, the T-tubules are important structural components in the excitation-contraction 
coupling system described later. Myofibril is composed of actin thin filament, myosin thick 
filament and titin, which stabilizes myosin at the Z-line (Fig 2). The cardiomyocyte has ag-
gregation of myofibrils and the fundamental contractile unit within the cardiomyocyte is the 
sarcomere, which has a length of 1.8 μm in the systole and 2.2 μm in the diastole. Other than 
myofibril, the contractile apparatus contains tropomyosin, the troponin complex. Myosin 
has a filamentous tail and a globular head region that contains the site for actin binding. 
Actin has 2 forms G and F. F-actin is the backbone of the thin filament, while G-actin works 
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as a stabilizing protein. Using ATP, the G-actin interacts with the myosin globular head 
leading to the crossbridge formation and sarcomere shorting. Tropomyosin lies on the side 
of actin for rigidity to thin filament. The troponin complex, also present in the thin filament, 
is composed of troponin C, I and T. These proteins regulate crossbridge formation. In the 
systole, an increased Ca2+ binding to the troponin C leads to the actin-myosin interaction 
resulting in initiating crossbridge formation. The troponin I and T suppress actin-myosin 
interaction in decreased Ca2+ of the diastole. The previous report indicates that cTnT1, iso-
form of troponin T that is not expressed under normal heart, is induced expression level in 
heart failure [1]. Ca2+ is the fundamental ion for evoking the excitation-contraction coupling 
complex (Fig 3). Upon the wave of depolarization, the voltage-sensitive L-type Ca2+ channel 
of the T-tubules opens and allows Ca2+ influx. This rapid but small Ca2+ influx causes activa-
tion of large amounts of Ca2+ release from the ryanodine receptor (RyR2) on the sarcoplasmic 
reticulum. Finally, cytosolic Ca2+ level changes from 100 nmol/L to 10 μmol/L in concentra-
tion. Ten μmol/L of Ca2+ also binds to the troponin C. Active relaxation of the cardiomyocyte 
is dependent on the function of the sarcoplasmic reticulum Ca2+-ATPase (SERCA2a in the 
heart). For each 1 mol of ATP hydrolyzed, 2 mol of Ca2+ is transported back into the sarco-
plasmic reticulum. Phospholamban (PLB) regulates the function of SERCA2a. Additionally, 
the Na+/Ca2+ exchanger on the plasma membrane removes Ca2+ from cytosol. Human heart 
excretes 1 ton of blood in a day. Therefore, cardiomyocytes are required to maintain high 
level of ATP. Usually, the heart produces 6kg of ATP in a day. To produce high level of 
ATP, fatty acid and glucose are expended as substrates of ATP.  

 
Figure 2.  

 
Figure 3. Calcium fluxes in myocardium 

3. Mechanisms of progression in heart failure 

Heart failure is observed as a progressive disorder that is initiated after an index event. This 
index event contains myocardial infarction, sustained hypertension, severe arrhythmia, viral 
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reticulum. Finally, cytosolic Ca2+ level changes from 100 nmol/L to 10 μmol/L in concentra-
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Figure 3. Calcium fluxes in myocardium 

3. Mechanisms of progression in heart failure 

Heart failure is observed as a progressive disorder that is initiated after an index event. This 
index event contains myocardial infarction, sustained hypertension, severe arrhythmia, viral 
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infection, stressed environment, or a genetic disease. Finally, the index event damages the 
cardiomyocytes resulting in loss of function or collapses in the pumping of the heart. Heart 
failure is clearly a major clinical and a public health problem. Despite the recent innovations 
in treating heart failure and its predisposing conditions, it still remains highly prevalent and 
lethal due to increasing life spans across the cultures. It is estimated that nearly 23 million 
people have heart failure worldwide. Elderlies consist of 80% of the total heart failure popu-
lation, and the morbidity prevalence of heart failure in the elderly is over 1%. This epidemi-
ological study clearly indicates that human heart failure is an age-related disorder. Heart 
failure evokes the overexpression of biologically active molecules that are capable of exert-
ing deleterious effects on the heart and circulation [2]. Under this pathological environ-
ment, the compensatory mechanisms induce activation of the adrenergic nervous system 
and renin angiotensin system, which is termed “neurohormonal alternation” in heart failure. 
These systems are responsible for maintaining cardiac output through increased retention of 
salt and water, peripheral arterial vasoconstriction, and increased contractility and activa-
tion of inflammatory mediators, which are responsible for cardiac repair and remodeling. 
Although sustained neurohormonal alternation is interpreted to be the key to disease pro-
gression, there is an increasing clinical evidence to suggest against it. Cardiac hypertrophy 
has two basic patterns to response to hemodynamic overload (Fig 4). Pressure overload 
induces concentric hypertrophy, which shows a thick appearance, whereas volume overload 
induces eccentric hypertrophy, which displays an elongated appearance. Cardiac hypertro-
phy induces alterations in the biological phonotype of the cardiomyocyte, which in turn 
reactivates fetal genes that are normally not expressed [3]. The reactivation of these fetal 
genes is associated with a decreased expression of a number of genes that are normally 
expressed in the adult normal heart. This may contribute to the contractile dysfunction that 
develops in the failing heart. During heart failure, the progressive cardiomyocyte loss may 
also contribute to cardiac dysfunction and left ventricular remodeling through necrotic, 
apoptotic or autophagic cell death pathways.  

 
Figure 4. Process of ventricular remodeling 

3.1. Heart failure with a normal ejection fraction 

Now heart failure with a normal ejection fraction (HFnlEF) is a common term of 
cardiologists, because it is possible that the prevalence of HFnlEF has increased over time, 
leading to more widespread recognition. However, in the 20th century, existence of such 
patients with HFnlEF had not been considered. The term HFnlEF has been used in current 
management guidelines. Although consensus of HFnlEF seems to be building toward use of 
EF higher than 50% to designate HFnlEF, the approach to patients with borderline reduction 
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in EF (EF of 40 to 50%) adds to the complexity of the classification [4]. Numerous 
epidemiologic studies and national registers have defined the prevalence of HFnlEF in 
various heart failure populations and have documented a prevalence of 50% to 55% [5]. The 
prevalence of heart failure increases with age and is similar in men and women. The 
prevalence of heart failure with reduced EF increases with age but is more common in the 
men than in women at any age, whereas the prevalence of HFnlEF increases even more 
dramatically with age more than heart failure with a reduced EF and is much more common 
in women than in men at any age [6]. Most large contemporary studies have suggested that 
all-cause mortality for HFnlEF is similar to that of heart failure with reduced EF [13]. 
Meanwhile, there are minimal differences in heart failure readmission rates between 
morbidity of patients with HFnlEF and with heart failure with a reduced EF [7]. Patients 
with HFnlEF have been shown to have pathophysiologic characteristics similar to those of 
heart failure patients with a reduced EF, including severely reduced exercise capacity, 
neuroendocrine activation, and impaired quality of life [8]. Since LV structure and function 
are altered by age, gender, and cardiovascular disease in absence of heart failure, 
understanding of the pathophysiologic mechanisms in HFnlEF dictates a clear 
understanding of LV diastolic and systolic function and the manner under physiological 
and pathological conditions. So there are wide-ranging abnormalities in extracardiac, whole 
heart, extracellular matrix, cardiomyocyte and myofilaments as mechanisms of particular 
current or emerging clinical interests in HFnlEF. 

4. Renin angiotensin aldosterone system and heart failure 

The renin–angiotensin system (RAS) plays pivotal roles in the regulation of the cardiovascu-
lar system under normal and pathological conditions (Fig 5) [9]. Renin is released from the 
juxtaglomerular cells in the kidney, and cleaves the N-terminal end of circulating angioten-
sinogen, which is synthesized in the liver, to form the biologically inactive decapeptide 
angiotensin I (Ang I). Angiotensin-converting enzyme (ACE) cleaves 2 amino acids from 
Ang I to the biological active octapeptide Angiotensin II (Ang II). Ang II binds to two major 
G-protein coupled receptor (GPCR) subtypes, AT1 and AT2. Although both the AT1 and AT2 

receptors are expressed in the human myocardium, expression level of the AT2 receptor is 

less than half the level of the AT1 receptor. Cellular localization of the AT1 receptor in the 
heart is most abundant in nerves distributed in the myocardium. The AT2 receptor is local-
ized more highly in the fibroblasts and the interstitium. Activation of the AT1 receptor 
evokes vasoconstriction, cell growth, aldosterone secretion, and catecholamine release with 
strong effects on cardiac hypertrophy and congestive heart failure (Table 2). In contrast, 
accumulating evidences show that the function of the AT2 receptor is vasodilation, the inhi-
bition of cell growth, and bradykinins release (Table 2) [17]. However, the opposite func-
tions of the AT2 receptor against the AT1 receptor have not yet reached the consensus. Sen-
bonmatsu et al. reported that the AT2 receptor binds to promyelo cyticleukemia zinc finger 
protein (PLZF), which is a transcription factor, and its subsequent translocation into the 
nucleus, where it up-regulates the p85α regulatory subunit of phosphoinositide 3-kinase 
(PI3K) resulting in the development of cardiac hypertrophy similar to the AT1 receptor (Fig 
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6) [10,11]. Since PLAF selectively expresses in the heart but not in the kidney or the vascular, 
the AT2 receptor may have dual effects depending on the cell components.  

It has been thought that RAS plays as the dual manners. One way is that RAS works as the 
neuroendocrine system and thus acts on the heart in an endocrine manner, which is termed 
“the circulating RAS” (Fig 5, Right side). The other way is that Ang II is synthesized directly 
within the myocardium and thus acts in an autocrine and paracrine manner, which is 
termed “the tissue or local RAS” (Fig 5, Left side). The accumulating evidences suggested 
that the pathologic states may be mediated by mainly the local RAS [12]. However, the local 
RAS still remains an enigma because renin is secreted from only the juxtaglomerular cells in 
the kidney. What supplies renin in the local RAS? Plasma concentration of prorenin, which 
is a precursor of renin, is about 10 folds of that of renin because of expressions in various 
tissues. However, prorenin does not display protease activity in the plasma because the 
enzymatic cleft is covered by the prosegment, and is not converted to active renin in the 
plasma. Recently, the (pro)renin receptor ((P)RR) was discovered [13]. (P)RR binds both 
renin and prorenin [14]. Although the binding of renin to (P)RR may increase its catalytic 
activity, the binding affinity between (P)RR and renin is lower than that of (P)RR and 
prorenin [15]. The binding of prorenin to (P)RR evokes conformational change of prorenin 
resulting in the renin activity without removal of its prosegment (Fig 7). This nonproteolytic 
activation of prorenin may contribute to the activation of the local RAS. In addition to the 
enzymatic activity, prorenin has been shown to provide other (P)RR-mediated effects. The 
binding of prorenin to (P)RR induces the activation of intracellular signaling, including the 
p38 MAP kinase-HSP27 cascade, the PI3K pathway and the ERK 1/2 pathway; these effects 
occur independently of Ang II [16]. Coincidentally, the direct renin inhibitor, aliskiren is 
available in clinics and basic scientific experiments. 

 
Figure 5. Renin Angiotensin System 

RAS is activated in patients with heart failure. The presumptive mechanisms for RAS activa-
tion in heart failure include renal hypoperfusion; decreased filtered sodium reaching the 
macula densa in the distal tubule; and increased sympathetic stimulation of the kidney, 
leading to increased renin (Fig 8) [17]. RAS has several important actions that are critical for 
the maintenance of circulatory homeostasis. However, sustained activation of RAS is mala-
daptive and leads to fibrosis of the heart, kidney and other organs. Activated RAS also leads 
to worsening neurohormonal activation by enhancing the release of norepinephrine (NE) 
and stimulating the adrenal cortex to produce aldosterone. The sustained expression of 
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aldosterone also exerts harmful effects by provoking hypertrophy and fibrosis within the 
vasculature and the myocardium. Thus prolonged activation of RAS contributes to reduced 
vascular compliance and increased ventricular stiffness. Hence, the drugs, which counteract 
the excessive activation of RAS and the adrenergic nervous system, hold potential for a 
power to relieve the symptoms of heart failure with a depressed left ventricular function by 
stabilizing and/or reversing cardiac remodeling. From the last decade of the 20th century, 
many clinical trials have been performed for evidence of efficacy of RAS inhibitors against 
patients with heart failure.  

 
Table 2. Physiological Function and Regulation of Angiotensin Receptors 

 
Figure 6. AT2 signalling Mediated with PLZF 

 
Figure 7. Physiology of (pro)renin receptor and prorenin 
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Figure 8.  

4.1. Angiotensin converting enzyme inhibitor and heart failure 

ACEIs should be used in symptomatic and asymptomatic patients with reduced left ven-
tricular function, because there is overwhelming evidence of ACEI to heart failure. ACEIs 
suppress the production of Ang II through inhibition of ACE. ACEIs also have diverse 
effects independent of RAS inhibition in contrast to other RAS inhibitors. This is because 
ACEIs cleave carboxyl-terminal dipeptides of various oligopeptides such as angiotensin 
(Ang) I, kinins, Ang (1-7) or matrix metalloproteases (MMPs) (Fig 9). In Blood Pressure 
Lowering Treatment Traialists’ Collaboration (BPLTTC) suggested that ACEIs but not 
ARBs hold evidence of blood pressure-independent effects on the risk of major coronary 
disease events [18]. Thus it is thought that ACEIs have superior benefits to other RAS 
inhibitors due to their cardioprotective effects. The Cooperative North Scandinavian En-
alapril Survival Study (CONSENSUS), which recruits patients with New York heart asso-
ciation (NYHA) class IV heart failure shows that ACEIs treatment is tremendously advan-
tageous in severe heart failure [19]. ACEIs also exhibit efficacy for patients with mild to 
moderate heart failure [20, 21]. In the Vasodilator in heart failure II (V-HeFT-II) trial, enal-
april had significantly lower mortality than that of the combination of hydralazine plus 
isosorbide dinitrate, which does not directly suppress neurohormonal system, despite 
weaker blood pressure lowering the effects of enalapril [22]. These observations of clinical 
trials support that ACEIs have the power to improve the natural history in a patient with 
broad range of reduced left ventricular function through several mechanisms including 
blood pressure lowering, suppression of neurohormonal system, and RAS independently 
cardioprotective effects. ACEIs should be initiated in low doses, followed by increments 
in each dose if lower doses have been well tolerated. Usually, titration is achieved by 
doubling the dosage every 3 to 5 days. The dose of ACEIs should be increased until the 
doses used are similar to those that have been shown to be effective in clinical trials or 
permissibly maximum dosage in each country. Higher doses of ACEIs are more effective 
than lower doses in preventing hospitalization because of suppression of the sustained 
activated RAS in patients with heart failure. ACEIs should keep being used for patients 
with reduced left ventricular function for reasons other than severe hypotension, severe 
renal dysfunction or high potassium retention associated with ACEIs treatment. The side 
effects of ACEIs that are related to kinin potentiation include a nonproductive cough, 
which is in about 10% of patients, and angioedema, which is in 1% of patients. For pa-
tients who cannot tolerate ACEIs taking because of the cough or angioedema, ARBs are 
the next recommended line of therapy. Patients intolerant to ACEIs because of hyper-
kalemia or renal insufficiency are likely to experience the same side effects with ARBs. 
The combination of hydralazine and an oral nitrate should be considered to the latter 
patients.  
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4.2. Angiotensin II receptor blocker and heart failure 

ARBs are well tolerated in patients who are intolerant of ACEIs treatment because of the de-
velopment of nonproductive cough, angioedema or skin rash. Under such conditions, ARBs 
should be used in symptomatic and asymptomatic patients with reduced left ventricular func-
tion who are ACEI-intolerant for reasons other than hyperkaremia or renal insufficiency. Alt-
hough the target of ACEIs and ARBs is the inhibition of the AT1 receptor, their mechanisms 
are different. ACEIs suppress Ang II production, while ARBs interfere the activation of the AT1 
receptor leading to an unlocking of the negative feedback of RAS, which results in an incre-
ment of the RAS peptides. The increased renin, Ang I, Ang II may evoke an unblocked AT1 
receptor by ARB. Therefore, high-dose ARBs appear to be better than low-dose ARBs for treat-
ing patients with heart failure. The question of high-dose versus low-dose ARB clinical out-
comes was evaluated in the Heart Failure Endpoint Evaluation of Angiotensin II Antagonist 
Losartan (HEAAL) trial [23]. However, this study showed that treatment with high-dose losar-
tan was not associated with a significant reduction in the primary endpoint of all-cause death 
or admission for heart failure when compared to that of low-dose losartan. Although ARBs are 
as effective as ACEIs in some clinical trials, ARBs does not cap ACEIs in a direct comparison of 
ACEIs versus ARBs trails. In the Losartan Heart failure Survival Study (ELITE-II), losartan was 
not associated with improved survival in older heart failure patients when compared to cap-
topril, but was significantly better tolerated [24]. In the Valsartan in Acute Myocardial Infarc-
tion Trail (VALIANT), losartan was not as effective as captopril on all-cause mortality in post 
myocardial infarction patients who developed left ventricular dysfunction associated with 
signs of heart failure, while valsartan was shown to be non-inferior to captopril on all-cause 
mortality [25]. Hence, the general consensus is that ACEIs remain as the first-line drug for the 
treatment of systolic heart failure, while ARBs are strongly recommended for ACE-intolerant 
patients.  

 
Figure 9.  

4.3. Direct renin inhibitor and heart failure 

Direct renin inhibitor, aliskiren, is the 3rd RAS inhibitor and it is available in clinics since the 
21th century. Aliskiren is an orally active renin inhibitor and is a competitively non-peptide 
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inhibitor that binds to the active site in cleft of renin instead of angiotensinogen. Since renin 
is the limiting protease of RAS, aliskiren may be a rationalized RAS inhibitor in three RAS 
inhibitors. In the Aliskiren Observation of Heart Failure Treatment (ALOFT) study in 
patients with NYHA class II to IV heart failure. NT-pro BNP was significantly lower in 
patients who were randomized to aliskiren when compared to placebo [26].  

4.4. Aldosterone blocker and heart failure 

We already described that ACEIs is the first-line drug for patients with heart failure. Alt-
hough ACEIs may transiently decrease aldosterone secretion, long-term usage of ACEIs 
rapidly return of aldosterone to levels similar to those before ACEIs. This is termed “aldos-
terone breakthrough”. The predictable mechanism of aldosterone breakthrough is that RAS 
takes a detour through the tissue chymases but not ACE. The results of the Eplerenone Post-
Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EMPHASIS-HF) 
study, which recruits patients with NYHA class II heart failure and an ejection fraction of no 
more than 35% to receive eplerenone (up to 50 mg daily) or placebo, in addition to recom-
mended therapy, displays that the administration of an aldosterone blocker is an available 
drug in patients with severe heart failure [27]. The dose of aldosterone blocker should be 
increased until the doses used are similar to those that have been shown to be effective in 
clinical trials or permissibly maximum dosage in each country. Patients should be counseled 
to avoid high potassium-containing foods. Potassium levels and renal function should be 
rechecked within 3 days and again, 1 week after initiation of an aldosterone blocker.  

5. β-adrenergic receptor and heart failure 

In the cardiomyocyte, β-adrenergic receptors dominate, and NE evokes increment of heart 
rate and contractile force, while in the arterioles, NE has predominantly vasoconstrictive 
effects acting through postsynaptic α1-receptor. In addition, NE stimulates presynaptic α2-
receptors to invoke feedback inhibition of its own release, thereby modulating excess 
release of NE. Predominant β-adrenergic receptors are β1 subtype in the cardiomyocyte, 
while most non-cardiac receptors are β 2. The left ventricle of the human heart also ex-
presses β 2-receptors that are about 20% of the total β-receptor population, whereas the 
atria express β2-receptors about 40% of total population. The cardiac β1-receptors are col-
ligated stimulatory G protein Gs, which is a component of the G protein-adenylyl cyclase 
system. However on the contrary, the cardiac β2-receptors are colligated both Gs and the 
inhibitory G protein Gi. Therefore, the intracellular signaling of β2-receptors remains con-
troversially. Hypothetically, β2-receptors are more strongly coupled to Gs under normal 
conditions, but this coupling is weakened and the coupling to Gi is strengthened under 
heart failure. The percentage of β2-receptors in the left ventricle during heart failure is up 
to double because of β1-receptor downregulation. The β2-receptors may modulate the total 
valance of the adrenergic receptor system. Upon NE stimulation, the activation of Gs-
adenylyl cyclase system is initiated as the positive inotropic effects in the cardiomyocyte. 
NE stimulation induces the molecular change in β1-receptors, leading to the binding of 
GTP to αs subunit of Gs. The dissociated GTP-αs subunit of Gs from βs, γs subunits stimu-
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lates adenylyl cyclase resulting in the formation of cAMP from ATP. cAMP activates 
cAMP-dependent protein kinase A (PKA). PKA plays important roles as phosphorylation 
of various key proteins and enzymes. PKA is locally bound to A-kinase anchoring protein 
(AKAP), which induces phosphorylation of a sarcolemmal protein p27 leading to in-
creased entry of calcium ion through increased opening of the voltage-dependent L-type 
calcium channels in the sarcolemma. This small influx of calcium ion through the L-type 
calcium channels is a trigger of phosphorylation of the ryanodine receptor resulting in 
greater and more rapid rise of intracellular free calcium ion concentration. High concen-
tration of the intracellular calcium ion increases calcium-troponin C interaction with 
deinhibition of tropomyosin effect on actin-myosin interaction. Thereby, increased rate 
and number of cross bridges interacting with increased myosin ATPase activity are ampli-
fied. Finally the heart procures increased rate and peak of force development. The in-
creased relaxant effect is the consequence of increased PKA-mediated phosphorylation of 
phospholamban. Increased phosphorylation of troponin I also help desensitize the con-
tractile apparatus to calcium ions. Sustained β receptor stimulation rapidly induces the 
activity of the β-agonist receptor kinase (βARK1), G protein-coupled receptor kinase 
(GRK2). βARK1- GRK2 increases the affinity of the β receptor for another protein family, 
arrestins, which cause the dissociation. β-arrestin is scaffolding and signaling protein that 
links to one of the cytoplasmic loops of the GPCR coupled β adrenergic receptor, lessen-
ing activation of adenylyl cyclase to inhibit the function of this receptor. Furthermore, β-
arrestin switches the agonist coupling from Gs to Gi [28]. 

In heart failure, activation of the sympathetic nervous system is one of the most important 
adaptations. This occurs early in the course of heart failure. This activation is 
accompanied by a concomitant withdrawal of parasympathetic tone. This imbalance 
results in a resultant loss of heart rate and variability and increased peripheral vascular 
resistance in patients with heart failure. As a result of the increase in sympathetic tone, 
there is an increase in circulating levels of NE, a potent adrenergic neurotransmitter. The 
elevated levels of circulating NE result from a combination of increased release of NE 
from adrenergic nerve endings, and its consequent “spillover” into the plasma, with 
reduced uptake of NE by adrenergic nerve endings. In patient with moderate heart 
failure, the coronary sinus NE concentration exceeds the arterial concentration, indicating 
increased adrenergic stimulation of the heart. However, as heart failure progresses, there 
is a significant decrease in the myocardial concentration of NE. The mechanism 
responsible for cardiac NE depletion in severe heart failure is not clear and may relate to 
an exhaustion phenomenon resulting from the prolonged adrenergic activation of the 
cardiac adrenergic nerves in heart failure. For this reason, β-blocker therapy represents a 
major advance in the treatment of heart failure patients with reduced left ventricular 
function. Although there are a number of potential benefits to blocking all three receptors 
that are β1, β2 and α1, the blocking of β1-adrenergic receptor display most of the 
deleterious effects of sustained sympathetic activation. Three β blockers have been shown 
to be effective in reducing the risk of death in patients with chronic heart failure [29-31]. 
Sustained –release metoprolol succinate and bisoprolol both competitively block the β1-

adrenergic receptor, and carvedilol competitively blocks the α1-, β1- and β2-adrenergic 
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patients with NYHA class II to IV heart failure. NT-pro BNP was significantly lower in 
patients who were randomized to aliskiren when compared to placebo [26].  
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mended therapy, displays that the administration of an aldosterone blocker is an available 
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to avoid high potassium-containing foods. Potassium levels and renal function should be 
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5. β-adrenergic receptor and heart failure 
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rate and contractile force, while in the arterioles, NE has predominantly vasoconstrictive 
effects acting through postsynaptic α1-receptor. In addition, NE stimulates presynaptic α2-
receptors to invoke feedback inhibition of its own release, thereby modulating excess 
release of NE. Predominant β-adrenergic receptors are β1 subtype in the cardiomyocyte, 
while most non-cardiac receptors are β 2. The left ventricle of the human heart also ex-
presses β 2-receptors that are about 20% of the total β-receptor population, whereas the 
atria express β2-receptors about 40% of total population. The cardiac β1-receptors are col-
ligated stimulatory G protein Gs, which is a component of the G protein-adenylyl cyclase 
system. However on the contrary, the cardiac β2-receptors are colligated both Gs and the 
inhibitory G protein Gi. Therefore, the intracellular signaling of β2-receptors remains con-
troversially. Hypothetically, β2-receptors are more strongly coupled to Gs under normal 
conditions, but this coupling is weakened and the coupling to Gi is strengthened under 
heart failure. The percentage of β2-receptors in the left ventricle during heart failure is up 
to double because of β1-receptor downregulation. The β2-receptors may modulate the total 
valance of the adrenergic receptor system. Upon NE stimulation, the activation of Gs-
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lates adenylyl cyclase resulting in the formation of cAMP from ATP. cAMP activates 
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of various key proteins and enzymes. PKA is locally bound to A-kinase anchoring protein 
(AKAP), which induces phosphorylation of a sarcolemmal protein p27 leading to in-
creased entry of calcium ion through increased opening of the voltage-dependent L-type 
calcium channels in the sarcolemma. This small influx of calcium ion through the L-type 
calcium channels is a trigger of phosphorylation of the ryanodine receptor resulting in 
greater and more rapid rise of intracellular free calcium ion concentration. High concen-
tration of the intracellular calcium ion increases calcium-troponin C interaction with 
deinhibition of tropomyosin effect on actin-myosin interaction. Thereby, increased rate 
and number of cross bridges interacting with increased myosin ATPase activity are ampli-
fied. Finally the heart procures increased rate and peak of force development. The in-
creased relaxant effect is the consequence of increased PKA-mediated phosphorylation of 
phospholamban. Increased phosphorylation of troponin I also help desensitize the con-
tractile apparatus to calcium ions. Sustained β receptor stimulation rapidly induces the 
activity of the β-agonist receptor kinase (βARK1), G protein-coupled receptor kinase 
(GRK2). βARK1- GRK2 increases the affinity of the β receptor for another protein family, 
arrestins, which cause the dissociation. β-arrestin is scaffolding and signaling protein that 
links to one of the cytoplasmic loops of the GPCR coupled β adrenergic receptor, lessen-
ing activation of adenylyl cyclase to inhibit the function of this receptor. Furthermore, β-
arrestin switches the agonist coupling from Gs to Gi [28]. 

In heart failure, activation of the sympathetic nervous system is one of the most important 
adaptations. This occurs early in the course of heart failure. This activation is 
accompanied by a concomitant withdrawal of parasympathetic tone. This imbalance 
results in a resultant loss of heart rate and variability and increased peripheral vascular 
resistance in patients with heart failure. As a result of the increase in sympathetic tone, 
there is an increase in circulating levels of NE, a potent adrenergic neurotransmitter. The 
elevated levels of circulating NE result from a combination of increased release of NE 
from adrenergic nerve endings, and its consequent “spillover” into the plasma, with 
reduced uptake of NE by adrenergic nerve endings. In patient with moderate heart 
failure, the coronary sinus NE concentration exceeds the arterial concentration, indicating 
increased adrenergic stimulation of the heart. However, as heart failure progresses, there 
is a significant decrease in the myocardial concentration of NE. The mechanism 
responsible for cardiac NE depletion in severe heart failure is not clear and may relate to 
an exhaustion phenomenon resulting from the prolonged adrenergic activation of the 
cardiac adrenergic nerves in heart failure. For this reason, β-blocker therapy represents a 
major advance in the treatment of heart failure patients with reduced left ventricular 
function. Although there are a number of potential benefits to blocking all three receptors 
that are β1, β2 and α1, the blocking of β1-adrenergic receptor display most of the 
deleterious effects of sustained sympathetic activation. Three β blockers have been shown 
to be effective in reducing the risk of death in patients with chronic heart failure [29-31]. 
Sustained –release metoprolol succinate and bisoprolol both competitively block the β1-
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receptor. β-blockers should be initiated in low doses followed by gradual increments if 
low doses have been well tolerated. The dose of β-blockers should be increased until the 
doses used are similar to those that have been shown to be effective in clinical trials or 
permissibly maximum dosage in each country. However, the dose titration of β-blockers 
should proceed no sooner than at 2-week intervals, because the initiation and/or increased 
dosing of these agents may lead to worsening fluid retention because of the abrupt 
withdrawal of adrenergic support to the heart and circulation. Therefore, it is important to 
optimize the dose of diuretics before starting of β-blockers.  

6. Non-drug treatment and heart failure 

Other than internal and surgical therapies, there are implantable devices including the car-
diac resynchronization therapy (CRT) or left ventricular assist device (LVAD) for the man-
agement, monitoring and assisted circulation in heart failure. Patients with severe heart 
failure may require the non-drug treatments for the purpose of surviving or facilitating the 
process of heart transplantation. 6-1, Cardiac resynchronization therapy (CRT) and heart 
failure. 

Delays in interventricular or intraventricular electrical activation cause marked abnormali-
ties in the sequence of global and segmental right and left ventricular activation, and impair 
mechanical performance. In patients with moderate to severe heart failure colligating wide 
QRS, a significant improvement was demonstrated an increase in exercise duration, and 
quality of life [32]. CRT was associated with reverse remodeling of left ventricular resulting 
in improved EF, dimensions and volume, and reduced mitral regurgitation. Moreover, CRT 
reduced the risk of complications ant death among patients with moderate or severe heart 
failure owing to left ventricular systolic dysfunction and cardiac dysynchrony, and this 
effect was not limited to ischemic heart disease. The combination of Implantable cardiac 
defibrillator (ICD) and CRT (CRT-ICD) in addition of optimal medical therapy has resulted 
in a 39% reduction in heart failure hospitalization and a 36% reduction in mortality in com-
parison with ICD alone [33]. CRT also has led to a degree of improvement in left ventricular 
volume and EF in patients with mild heart failure similar to that in patients with severe 
heart failure [34]. CRT reduced mortality and hospitalizations among asymptomatic or 
mildly symptomatic heart failure patients [52]. Hence, recent clinical trials are directed to-
ward focus on delaying progression of heart failure in asymptomatic or less symptomatic 
patients.  

6.1. Ventricular assist device (VAD) and heart failure 

Timely referral for mechanical circulatory support (MCS) evaluation and appropriate 
implantation depends on familiarity with recent advances in pump design and clinical 
outcomes. The expansion of durable left ventricular assist device (LVAD) options for 
patients with advanced heart failure came just as the significant shortage of donor hearts 
was becoming apparent. In the U.S., according to the Centers for Medicare and Medicaid 
Services, implant strategies are divided into four groups; such as bridge to transplant (BTT), 
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bridge to candidacy (BTC), destination therapy (DT), and Bride to recovery (BTR). In 
contemporary thinking, the dichotomous decision of either a bridge to transplantation or 
destination therapy is no longer tenable, and one could consider mechanical circulatory in 
the context of a "bridge to decision"[35]. Evolving pump design has driven clinical progress. 
After the invention of a smaller high-speed, rotary impeller pump with a single moving 
part, continuous-flow VADs with enhanced durability and near-silent operation became 
available. The transition from pulsatile technology toward continuous flow has been 
remarkably swift, and this rapid rise of continuous flow has made improved survival and 
performance [36, 37]. Pump complications, such as stroke, bleeding and infection, remain 
substantial risks. Embolic strokes appear more common than hemorrhagic strokes with all 
device designs. The Heatmate II has relatively low thrombotic risk provided patients are on 
an anticoagulation regimen that features an antiplatelet agent such as aspirin along with 
warfarin with an international normalized ratio (INR) goal of 1.5 to 2.0 [38]. Infection related 
to LVAD is reported 11-20%. The importance of infections in the VAD patient prompted the 
creation of a comprehensive set of guidelines and definitions [39]. 

Another pump development is miniaturization along with less invasive surgery. INTER-
MACS profiles have been developed to define clinically important differences in the severity 
of disease among patients with advanced heart failure [40]. Sicker subset of INTERMACS 
profile has been consistently associated with higher perioperative mortality. This trend will 
prompt the application of implantation of mechanical circulatory support to less sick heart 
failure patients in earlier stage. Adequate right ventricular function is necessary for proper 
LVAD function. Right heart failure after LVAD implant results in up to a 6-hold increase 
risk of death and is a major contributing factor in prolonged hospitalizations [41]. Right 
ventricular failure (RVF) results in persistently elevated venous pressure and insufficient 
LVAD preload, which occurs 6 to 35% of LVAD recipients [41]. In DT setting, in addition to 
a right ventricular assist device (RVAD) support, biventricular ventricular assist device 
(BiVAD) support with two continuous flow devices has been reported [42]. However, if RVF 
persists and long-term RV support is required, then the total artificial heart (TAH) is an 
option for those patients who are eligible for transplant. The TAH offers full circulatory 
replacement therapy for patients with irreversible biventricular failure. Freedom Driver, one 
of the smaller-sized TAH may allow discharge from hospital, and is undergoing investiga-
tion [43]. 

7. Heart transplantation and heart failure 

Heart transplantation (HT) is indicated for those with chronic progressive heart failure de-
spite optimal therapy, or with cardiogenic shock requiring mechanical support or high-dose 
inotropes. Heart failure patients with adult congenital heart disease are also taken into con-
sideration for HT [44]. Various organizations for HT in the world have updated the waiting 
list of HT candidates to ensure an equitable system of donor organ allocation under the 
shortage of donor hearts. Cardiopulmonary exercise (CPX) is routinely used in the determi-
nation of candidacy for cardiac transplantation [45, 46]. In the presence of beta-blocker, a 
cutoff for peak VO2 of <14ml/kg/min should be used to guide listing (Class I) [47]. Right 
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part, continuous-flow VADs with enhanced durability and near-silent operation became 
available. The transition from pulsatile technology toward continuous flow has been 
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performance [36, 37]. Pump complications, such as stroke, bleeding and infection, remain 
substantial risks. Embolic strokes appear more common than hemorrhagic strokes with all 
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an anticoagulation regimen that features an antiplatelet agent such as aspirin along with 
warfarin with an international normalized ratio (INR) goal of 1.5 to 2.0 [38]. Infection related 
to LVAD is reported 11-20%. The importance of infections in the VAD patient prompted the 
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(BiVAD) support with two continuous flow devices has been reported [42]. However, if RVF 
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option for those patients who are eligible for transplant. The TAH offers full circulatory 
replacement therapy for patients with irreversible biventricular failure. Freedom Driver, one 
of the smaller-sized TAH may allow discharge from hospital, and is undergoing investiga-
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spite optimal therapy, or with cardiogenic shock requiring mechanical support or high-dose 
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ventricular failure (RVF) and pulmonary hypertension (PH) are factors that prompt to re-
consider suitability for waiting list. PH and elevated pulmonary vascular resistance (PVR) 
should be considered as relative contraindications to cardiac transplantation when the PVR 
is greater than 5 Woods units or the pulmonary vascular index is 6 or the transpulmonary 
gradient exceeds 16 to 20 mm Hg. If the systolic pulmonary arterial pressure exceeds 60 
mmHg in conjunction with any of the aforementioned three variables, the risk of RVF and 
early death is increased [48]. For those with irreversible pulmonary pressures, a combined 
heart-lung transplant is a therapeutic choice.  

Advances in post-transplant care have improved outcomes in older patients. A follow-up of 
HT recipients >65 years of age demonstrated survival rates comparable to those of younger 
patients [49]. Although the Patients older than 70 years have also been reported to have 
acceptable outcome with presumably less donor organ rejection, usually alternate-type 
program or permanent mechanical support should be pursued [50]. Active or recent malig-
nancy is a contraindication to HT due to limited survival rates. However, pre-existing neo-
plasms may be treatable with chemotherapy to induce remission. Therefore it is essential to 
assess each patient as to their risk of tumor recurrence. 

Diabetes with end-organ damage other than nonproliferative retinopathy or poor glycemic 
control with glycosylated hemoglobin (HbA1C) greater than7.5 despite optimal effort is a 
relative contraindication for transplant. It is reasonable to consider the presence of irreversi-
ble renal dysfunction (eGFR greater than 40ml/min) as a relative contraindication for HT. 
Obese patients with BMI > 30 kg/m2 demonstrated nearly twice the 5-year mortality [51]. 
Therefore for this population, weight loss should be mandatory before listing for HT. Other 
comorbidity includes cirrhosis, peripheral vascular disease, addictions (tabacco, excessive 
alcohol) [52]. Psychosocial evaluation is mandatory before listing-up for HT. Immunologic 
evaluation is also needed. Immunocompatibility testing including ABO blood group typing, 
human leukocyte antigen and antibody screening should be completed. Panel-reactive anti-
body (PRA) test, which can identify the presence of circulating anti-human leukocyte anti-
gen (HLA), and should be performed preferably by flow cytometry [53]. In France, single 
center data reported that actuarial survival rates were 75%, 58%, and 42% at 5, 10, and 15 
years, respectively [54]. In Netherland, comparable survival rate was reported with the 
overall 1-, 5-, 10- and 15-year survival was respectively 77%, 67%, 53% and 42% [55]. Recent 
advance in HT technology along with surrounding circumstances has disclosed further 
issues to revise. The proposed challenges in this regard include optimization and individu-
alization of immunosuppressive therapies, expansion and optimization of the donor and 
recipient candidate population, characterization of comorbidities, and understanding of 
antibody mediated rejection [56]. Late outcomes in the HT population remain poor with a 
median cardiac allograft survival of 11 years, a statistic that has not improved in over a 
decade [57]. The major causes of late morbidity and mortality are chronic kidney disease, 
cardiac allograft vasculopathy (CAV), and malignancy [46]. The dosing of calcineurin inhibi-
tor (CNI), cyclosporine or tacrolimus, a purine synthesis inhibitor such as mycophenolate 
mofetil, and corticosteroids, which have a narrow therapeutic index, is typically based on 
the weight and renal function of a patient. A key research priority should be to develop 
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clinical trials that evaluate how CNI sparing and elimination approaches (CNI-free immu-
nosuppression ). Better understanding of individualized immunologic characteristics is a 
key component to perform proper immunosuppressive therapy.  

8. Cardiac regeneration and heart failure 

Since usually heart failure results from deficiency of the cardiomyocyte, heart regeneration 
may become the prospective therapeutic technology of heart failure through regenerating 
lost cardiomyocytes to recovery of cardiac function. However, from the 19th century to the 
early 20th century, there had been the consensus that indicates that the heart is an organ 
incapable of regeneration [58]. Ventricular hypertrophy had been cause by enlargement 
rather than proliferation of the cardiomyocyte. From ‘60s, the investigators have opened up 
the milestone articles that display the evidence of heart regeneration of the human adult 
heart [59]. Pathologically hypertrophied heart demonstrates the evidence of cardiomyocyte 
proliferation when the heart weight exceeds 450g that contains about 210g of myocardium 
[60]. To evaluate cardiomyocyte proliferation, biochemical measurement of tissue DNA 
content and fluorescent analysis of individual nuclear DNA content associated with histo-
pathology have been employed [61]. Most human cardiomyocyte nuclei are polyploid by 
the onset of puberty. In response to pathological overloads, human cardiomyocytes com-
monly reinitiate DNA synthesis without nuclear division [62]. Human cardiomyocytes 
seems to remain mononucleated throughout life. Thus, DNA synthesis is common in the 
adult human heart. Although this cannot be equated to cardiomyocyte proliferation, the 
measurement of cardiomyocyte DNA content is useful for investigation of heart prolifera-
tion. Using these methods, researchers have displayed that the cardiomyocyte nuclear 
number is steady at ~2 billion, which is reached at about 2 months of age, in the range of 
heart weight from 50g to 350g [63]. However, there is a linear increase in nuclear number, 
reaching 4 billion cardiomyocyte nuclei in hypertrophied hearts, which are weighting 700-
900g. Since the number of non-cardiomyocytes such as fibroblasts and vascular cells in-
creases linearly with heart weight throughout life, these results indicate that cardiomyo-
cyte renewal occurs during pathological hypertrophy in the adult human heart [60, 64]. In 
2009, there was definitive evidence of regeneration of the human heart. Employing 14C, 
generated by nuclear bomb tests during the Cold War, infiltrate nuclear and label the DNA 
of dividing cells, the age of the cardiomyocyte composing the human heart was performed 
[65]. Mathematical modeling suggested that cardiomyocyte renewal was age-dependent, 
1% of human cardiomyocytes were renewed at the age of 20, and this rate was reduced to 
0.45% at the age of 75. About 45% of the cardiomyocytes would be predicted to be renewed 
over a normal human life on the basis of this kinetics. Most of the cardiac regeneration 
studies focused on the proliferation of existing cardiomyocytes, and were not designed to 
detect cardiomyocytes formed from progenitor cells or not. To determine whether such 
progenitor cells contribute to cardiomyocyte renewal, the genetic fate-mapping experiment 
was performed using transgenic mice [66]. This system allowed the authors to distinguish 
between cardiomyocyte renewal from existed cardiomyocytes via proliferation and cardi-
omyocyte renewal from progenitor cells. The adult mammalian heart shows that heart 
regeneration depends on replenishment by cardiomyogenic progenitor cells than on re-
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ventricular failure (RVF) and pulmonary hypertension (PH) are factors that prompt to re-
consider suitability for waiting list. PH and elevated pulmonary vascular resistance (PVR) 
should be considered as relative contraindications to cardiac transplantation when the PVR 
is greater than 5 Woods units or the pulmonary vascular index is 6 or the transpulmonary 
gradient exceeds 16 to 20 mm Hg. If the systolic pulmonary arterial pressure exceeds 60 
mmHg in conjunction with any of the aforementioned three variables, the risk of RVF and 
early death is increased [48]. For those with irreversible pulmonary pressures, a combined 
heart-lung transplant is a therapeutic choice.  

Advances in post-transplant care have improved outcomes in older patients. A follow-up of 
HT recipients >65 years of age demonstrated survival rates comparable to those of younger 
patients [49]. Although the Patients older than 70 years have also been reported to have 
acceptable outcome with presumably less donor organ rejection, usually alternate-type 
program or permanent mechanical support should be pursued [50]. Active or recent malig-
nancy is a contraindication to HT due to limited survival rates. However, pre-existing neo-
plasms may be treatable with chemotherapy to induce remission. Therefore it is essential to 
assess each patient as to their risk of tumor recurrence. 

Diabetes with end-organ damage other than nonproliferative retinopathy or poor glycemic 
control with glycosylated hemoglobin (HbA1C) greater than7.5 despite optimal effort is a 
relative contraindication for transplant. It is reasonable to consider the presence of irreversi-
ble renal dysfunction (eGFR greater than 40ml/min) as a relative contraindication for HT. 
Obese patients with BMI > 30 kg/m2 demonstrated nearly twice the 5-year mortality [51]. 
Therefore for this population, weight loss should be mandatory before listing for HT. Other 
comorbidity includes cirrhosis, peripheral vascular disease, addictions (tabacco, excessive 
alcohol) [52]. Psychosocial evaluation is mandatory before listing-up for HT. Immunologic 
evaluation is also needed. Immunocompatibility testing including ABO blood group typing, 
human leukocyte antigen and antibody screening should be completed. Panel-reactive anti-
body (PRA) test, which can identify the presence of circulating anti-human leukocyte anti-
gen (HLA), and should be performed preferably by flow cytometry [53]. In France, single 
center data reported that actuarial survival rates were 75%, 58%, and 42% at 5, 10, and 15 
years, respectively [54]. In Netherland, comparable survival rate was reported with the 
overall 1-, 5-, 10- and 15-year survival was respectively 77%, 67%, 53% and 42% [55]. Recent 
advance in HT technology along with surrounding circumstances has disclosed further 
issues to revise. The proposed challenges in this regard include optimization and individu-
alization of immunosuppressive therapies, expansion and optimization of the donor and 
recipient candidate population, characterization of comorbidities, and understanding of 
antibody mediated rejection [56]. Late outcomes in the HT population remain poor with a 
median cardiac allograft survival of 11 years, a statistic that has not improved in over a 
decade [57]. The major causes of late morbidity and mortality are chronic kidney disease, 
cardiac allograft vasculopathy (CAV), and malignancy [46]. The dosing of calcineurin inhibi-
tor (CNI), cyclosporine or tacrolimus, a purine synthesis inhibitor such as mycophenolate 
mofetil, and corticosteroids, which have a narrow therapeutic index, is typically based on 
the weight and renal function of a patient. A key research priority should be to develop 
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clinical trials that evaluate how CNI sparing and elimination approaches (CNI-free immu-
nosuppression ). Better understanding of individualized immunologic characteristics is a 
key component to perform proper immunosuppressive therapy.  

8. Cardiac regeneration and heart failure 

Since usually heart failure results from deficiency of the cardiomyocyte, heart regeneration 
may become the prospective therapeutic technology of heart failure through regenerating 
lost cardiomyocytes to recovery of cardiac function. However, from the 19th century to the 
early 20th century, there had been the consensus that indicates that the heart is an organ 
incapable of regeneration [58]. Ventricular hypertrophy had been cause by enlargement 
rather than proliferation of the cardiomyocyte. From ‘60s, the investigators have opened up 
the milestone articles that display the evidence of heart regeneration of the human adult 
heart [59]. Pathologically hypertrophied heart demonstrates the evidence of cardiomyocyte 
proliferation when the heart weight exceeds 450g that contains about 210g of myocardium 
[60]. To evaluate cardiomyocyte proliferation, biochemical measurement of tissue DNA 
content and fluorescent analysis of individual nuclear DNA content associated with histo-
pathology have been employed [61]. Most human cardiomyocyte nuclei are polyploid by 
the onset of puberty. In response to pathological overloads, human cardiomyocytes com-
monly reinitiate DNA synthesis without nuclear division [62]. Human cardiomyocytes 
seems to remain mononucleated throughout life. Thus, DNA synthesis is common in the 
adult human heart. Although this cannot be equated to cardiomyocyte proliferation, the 
measurement of cardiomyocyte DNA content is useful for investigation of heart prolifera-
tion. Using these methods, researchers have displayed that the cardiomyocyte nuclear 
number is steady at ~2 billion, which is reached at about 2 months of age, in the range of 
heart weight from 50g to 350g [63]. However, there is a linear increase in nuclear number, 
reaching 4 billion cardiomyocyte nuclei in hypertrophied hearts, which are weighting 700-
900g. Since the number of non-cardiomyocytes such as fibroblasts and vascular cells in-
creases linearly with heart weight throughout life, these results indicate that cardiomyo-
cyte renewal occurs during pathological hypertrophy in the adult human heart [60, 64]. In 
2009, there was definitive evidence of regeneration of the human heart. Employing 14C, 
generated by nuclear bomb tests during the Cold War, infiltrate nuclear and label the DNA 
of dividing cells, the age of the cardiomyocyte composing the human heart was performed 
[65]. Mathematical modeling suggested that cardiomyocyte renewal was age-dependent, 
1% of human cardiomyocytes were renewed at the age of 20, and this rate was reduced to 
0.45% at the age of 75. About 45% of the cardiomyocytes would be predicted to be renewed 
over a normal human life on the basis of this kinetics. Most of the cardiac regeneration 
studies focused on the proliferation of existing cardiomyocytes, and were not designed to 
detect cardiomyocytes formed from progenitor cells or not. To determine whether such 
progenitor cells contribute to cardiomyocyte renewal, the genetic fate-mapping experiment 
was performed using transgenic mice [66]. This system allowed the authors to distinguish 
between cardiomyocyte renewal from existed cardiomyocytes via proliferation and cardi-
omyocyte renewal from progenitor cells. The adult mammalian heart shows that heart 
regeneration depends on replenishment by cardiomyogenic progenitor cells than on re-



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

176 

placement by cardiomyocyte proliferation. Thus, these human and rodent heart studies 
provide strong evidence for plasticity in the adult human heart. Although actually cardio-
myocyte regeneration from progenitor cells probably occurs in the human heart, it seems to 
be a very slow process different from that of the zebrafish, which rapidly promotes cardiac 
regeneration through cardiac proliferation, besides ageing is associated with the loss of ~ 
1g /of myocardium per year in the absence of specific heart disease [67].  

Stem cell biology is one of frontier areas of biomedical research including regeneration medi-
cine. In the latter part of 20th century, bone marrow stem cell (BMCs) transplantation was got-
ten a lot of attention as a next regeneration medicine, however, the accumulating evidences 
indicate that BMC do not work by directly differentiating into new cardiomyocytes. In the 21th 
century, the existence of several types of cardiac stem cells has been reported. Cardiac stem 
cells display cell surface markers as c-kit positive, Sca-1 positive, Abcg2 positive, cardiospere-
drived cells (CDCs) positive and islet-1 positive respectively [68]. These cells can be isolated 
and differentiated into fully mature cardiomyocytes that express contractile proteins, genera-
tion of calcium transients and respond to β-adrenergic stimulation. However, their abundant 
presence in the adult human heart and their capacity to engraft, regenerate myocardium lead-
ing to improving of cardiac function does not reach the sufficient evidence as the consensus. In 
fact, clinical trials using CDCs and c-kit positive cells are underway in California, Louisville 
and Kentucky respectively. Embryonic stem cells (ESC) and induced pluriopotent stem cells 
(iPS) are able to generate any cell type in our body. They have a tremendous potential for 
regeneration associated with obvious problems such as immune rejection, the carcinogenic 
potential. Therefore, they are a potentially inexhaustible supply of the human cardiomyocytes. 
IPS was originally generated by the reprograming of adult somatic cells by the forced expres-
sion of up to four stem cell related transcription factors, which is termed “Yamanaka factors”. 
So the cardiomyocytes from any pluripotent stem cell type are immature and lack the expres-
sion profile, morphology and function of the adult ventricular cardiomyocyte. Therefore, the 
cardiomyocytes from patient-derived iPS cells may play a normal cardiac function. Human 
ESC-derived cardiomyocyte express early cardiac transcription factors such as NKX2.5, as well 
as the expected sarcomeric proteins, ion channels, connexins and calcium-handling proteins. 
They show similar functional properties to those reported for cardiomyocytes in the develop-
ing heart, and undergo comparable mechanisms of excitation- contraction coupling and neu-
rohormonal signaling [69, 70]. Human iPS-derived cardiomyocytes show a very similar pheno-
type [71, 72]. Furthermore, these cells have shown to engraft in infarct mouse, rat, guinea pig 
and pig heart, forming islands of nascent, proliferating human myocardium within the scar 
zone [73, 74]. Furthermore, two research groups achieved directly reprogrammed cardiomyo-
cyte from somatic cells [75, 76]. These results may be one of most important evidences of car-
diac regeneration employing pluripotent stem cell. Final goal of these biochemical tools will 
depend on the long-term engraftment of regenerative cells. 

9. Summary 

We described recent topics of the heart failure in basic and clinical field. To materialize ap-
plicable conditions responding to an elderly society, therapeutic, economic or Social security 
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problems associated with heart failure have to be gotten fixed. Thereby, the research system 
close linkage between basic and clinic is important to prevent and remedy heart failure in 
the elderly societies. 
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fact, clinical trials using CDCs and c-kit positive cells are underway in California, Louisville 
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rohormonal signaling [69, 70]. Human iPS-derived cardiomyocytes show a very similar pheno-
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1. Introduction 

In the last 10 years, microRNAs (miRNAs) have emerged as critical regulators of 
numerous physiological and pathological mechanisms [1-2], including cardiac and 
vascular smooth muscle cell (VSMC) plasticity [3-5]. These small molecules (approx. 20 to 
25 nucleotides) comprise a novel and abundant class of endogenous interfering RNAs. 
More than 1 500 miRNAs are now listed by dedicated internet databases such as miRBase, 
Tarbase, MicroRNA.org or miRdb (See sub-chapter II for URL adresses). They are 
transcribed and matured, in a process known as miRNA biogenesis [6] which starts with 
the transcription of a larger RNA product, called pri-miRNA, by the RNA polymerase II 
in the vast majority of cases. Pri-miRNA, which is a few hundred to a few thousand 
nucleotides long, is then submitted to cleavage in the nucleus by a specific RNase III 
(Drosha) and its protein partner, DiGeorge syndrome critical region 8 (DGCR8), near the 
base of the miRNA hairpin stem. This process releases a pre-miRNA hairpin (of approx. 
60 to 70 nt). The pre-miRNA is then released in the cytoplasm where it is recognized and 
cleaved within its stems by the Dicer RNase III and its protein partners. This results in a 
double stranded RNA, known as the miRNA/miRNA* duplex (approx. 22 bp). This 
complex is unwound to single strands. One strand (guiding strand / mature miRNA) is 
incorporated in the RNA-induced-silencing complex (RISC) that contains Argonaute 2 
(Ago2), another endonuclease, the other strand is usually rapidly degraded. Finally, the 
RISC complex carries the mature miRNA to its target messenger RNAs (mRNAs), which 
results in gene silencing, in a post-transcriptional manner [7]. Figure 1 shows a 
representative example of the biogenesis of miR-143 and miR-145, which are the main 
miRNAs expressed in smooth muscle cells. 
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Figure 1. Schematic representation of the miR-143/145 cluster biogenesis, which expresses the main 
miRNAs in vascular smooth muscle. The transcription factor Myocardin in complex with its cofactor 
Serum Response Factor (SRF) binds CArG box-containing promoters, which then activates the tran-
scription of the miR-143/145 cluster. MiR-143 and 145 are cotranscribed as a single pri-miRNA tran-
script. The Drosha and DGCR8 (DiGeorge Syndrome Critical Region 8) complex processes the pri-
miRNA into a hairpin-structured pre-miRNA. The pre-miRNAs corresponding to miR-143 and 145 are 
exported by a nucleocytoplasmic shuttle protein known as exportin, from the nucleus to the cytoplasm 
and are then cleaved by the Dicer complex into miRNA duplexes. The miRNA duplexes are finally 
unwound to obtain the mature miR-143 and miR-145, which are incorporated into the RNA-induced 
silencing complex (RISC) and bind various mRNA targets in their 3’ untranslated region. In vascular 
smooth muscle cells (VSMCs), miR-143 and 145 inhibit the expression of CaMKII (Ca2+/calmodulin-
dependent protein kinases II) and Elk-1 (E twenty-six (ETS)-like transcription factor 1), which induces a 
repression of VSMC survival and proliferation. Also, the miR-143 and 145 inhibit the expression of 
Fascin, PDGF-Rα (Platelet-derived growth factor receptor α) and PKCε (Protein Kinase Cε) which 
induces a repression of VSMC migration and of the vascular remodeling. Finally, miR-143 and 145 also 
inhibit the expression of KLF4 and 5 which are repressors of Myocardin activity. As a consequence, 
VSMC differentiation is maintained.Adapted from [3]. 

Determining how the RISC complex carries a specific miRNA to its target mRNAs, and thus 
regulates gene expression, remains an intense field of research. The most important feature 
in the miRNA sequence is a short but critical region called the seed sequence, which is only 
7 nts long, and most of the times, located in nucleotides in positions 2 to 8 of the miRNA. 
The base-pairing uses canonical Watson-Crick complementarity. Conversely, this small 
stretch of nucleic acids is a useful tool to classify miRNA into families based on shared seed 
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sequences. Since the miRNA seed is so short, each miRNA can potentially bind hundreds of 
target mRNAs when one considers the large number of possible binding sites in mRNA 
regulatory sequences. This is one of the reasons why one single miRNA can regulate the 
expression of multiple target genes, by binding as many as several hundreds of mRNA 
targets. This clearly shows the role of these small RNAs in the intricate tapestry of gene 
regulations. Another, foremost reason for this complexity is that miRNAs, outside of the 
seed region, bind their mRNA targets mostly as imperfect complements. Similarly, one 
mRNA can be regulated by several miRNAs. All this further explains how the 1 500 
miRNAs known to date are able to regulate the expression of approximately one third of the 
human genes. Thus, microRNAs are likely to impact multiple mechanisms of gene 
regulation and developmental pathways, by using extensive regulatory gene expression 
networks [1-2]. 

The current paradigm states that miRNAs act mostly by inhibiting the translation of their 
target mRNAs, rather than by inducing their degradation. Bartel’s team has however recent-
ly challenged that view by showing that, in a vast majority of cases, mammalian microRNAs 
act by destabilizing their target mRNAs and by decreasing their levels [8]. No matter the 
case, a wide consensus agrees that miRNAs are posttranscriptional regulators which bind to 
their target mRNAs, mostly in their 3’ Untranslated Region (UTR). Note, however, that 
recent unbiased studies have shown that, in some particular cases, miRNAs bind the coding 
region or 5’UTR of respective target mRNAs ([9-11]. 

The miRNA nomenclature is remarkably standardized and straightforward [12]: the pre-
fix "mir" is followed by a dash and an assigned number, reflecting the prevalence of dis-
covery, to experimentally confirmed miRNAs. Gene is referred to in italic, eg mir-143. The 
pre-miRNA is designated by the suffix mir-, eg mir-143. Finally, the mature miRNA is 
abbreviated miR-, eg miR-143. MiRNAs with similar sequences / structure except for 1-2 
nts, will be assigned a supplementary letter, eg miR-29a, miR-29b, miR-29c and often 
originate from the same gene. Different loci will produce different pre-miRNAs, but yield 
a mature miRNA with the precise same sequence. In this case, the nomenclature miR-1-1, 
miR-1-2 etc will be used. In some cases, one pre-miRNA will result in two different ma-
ture miRNAs, one from the 5-prime stem and one originating from the 3-prime stem. 
They will be designated by the suffixes miR-142-5p and miR-142-3p. Species can also be 
taken into consideration: hsa-miR refers to Homo sapiens miRNAs, mmu-miRNAs to Mus 
musculus, etc. 

Mature miRNA sequences and pathways are remarkably preserved throughout phylogeny. 
Also, the evolutionary complexity of multicellular organisms positively correlates with the 
number of miRNA genes, their expression, and the diversity of their targets [13]. This re-
markable conservation is used by most miRNA target prediction algorithms. These dedicat-
ed softwares use a standardized method to evaluate interactions between miRNAs and their 
specific target mRNAs based on (1) complementarity between mRNA 3’ UTR and miRNA 
seed sequence and (2) the degree of conservation of miRNA across species (see subchapter 2 
for url adresses). The end result is straightforward: the higher the conservation, the higher 
the score given. 
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sequences. Since the miRNA seed is so short, each miRNA can potentially bind hundreds of 
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2. Current methods for studying miRNAs: Functional analysis 

Various techniques have been developed over the last decade to quantify the expression of 
miRNAs and study their function (extensively reviewed in [14]). Figure 2 exposes the most 
widely used methods. Northern blotting was first used to quantify miRNAs, but this tedious 
technique, relying on radioactive labeling, was rapidly replaced by the much more conven-
ient qRT-PCR. Two interchanging chemistries can be used for qPCR: (1) Sybr Green, which 
is often associated with a modified oligo(dT) technique, and the adjunction of an universal 
primer for reverse transcription which enables reverse transcription of all transcripts within 
an RNA sample; therefore, target miRNA and normalizing mRNA can be analyzed from the 
same RT reaction; or (2) Taqman chemistry, in association with the use of stem-loop miR-
NA-specific RT primers to produce cDNA, with the advantage of additional specificity. Both 
give accurate results. Each method has its own assets and setbacks. Technically speaking, 
the modified oligo(dT) method requires only a single RT reaction to reverse transcribe both 
miRNA and its target mRNAs and is less time consuming. Both techniques have been opti-
mized and developed to screen most of known miRNAs in one experiment. Indeed, analysis 
of high-throughput miRNA expression remains a challenge since the number of miRNAs 
continues to increase with in silico prediction and experimental verification. Oligonucleotide 
microchip (microarray) was first widely used for high throughput miRNA screening, but a 
novel miRNA expression profiling approach, quantitative RT-PCR array (qPCR-array) is 
now rapidly gaining ground. Comparison between microarray and qPCR-array indicated a 
superior sensitivity and specificity of qPCR-array [15], and qPCR arrays are now rapidly 
becoming the method of choice. 

Over-expressing or inhibiting miRNA activity, using RNA constructs, and examining the 
resulting phenotypic effects is crucial for understanding microRNA involvement, both in 
vitro and in vivo. For that, solutions are readily available for in vitro use [16]. Knock-in is 
most of the time induced by the addition of pre-miR precursors of a particular miRNA, 
often nicknamed ”mimics”. Alternatively, viral vectors have been developed by various 
industrials, most of them relying on modified lentivirus or adeno-associated virus (AAV). 
On the other hand, knock-down is classically induced by transfection of so-called “antago-
miRs”, which have been developed to interfere with expression of a specific miRNA. These 
synthetic RNA inhibitors incorporate the reverse complement of the mature miRNA (which 
represents here the target site). They are chemically modified to enhance binding affinity 
and decrease nucleolytic cleavage by the RISC complex and degradation by other RNAses. 
The last years have also seen the development of miRNAs sponges, which are equivalent to 
the endogenous sponges described below (see sub-chapter V). These long transcripts contain 
repeated regions complementary to specific miRNAs which will bind them instead of their 
dedicated mRNA targets, thus resulting in miRNA silencing. All these techniques can also 
be implemented in vivo, in various animal models. 

Finally, classic knock-out genetic strategies can be applied to miRNA genes [17]. MiRNA-
processing proteins such as Dicer, Dgcr8, Drosha or Ago2 are essential for viability in mice. 
Knock-out mice individually lacking these key miRNA-processing genes die during early 
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gestation with severe developmental defects, including in vessels and heart. However, 
conditional murine knockout of these genes have been developed recently and offer 
valuable tools to study miRNA importance, including in the cardiac organ. Also, one can 
obtain animals models totally devoid of the miRNA of interest. We describe below the 
interesting example of mice knock-outed of the most widely expressed vascular miRNAs, 
miR-143 and miR-145 (see subchapter III, [18-20]). 

 
A- Schematic outline of microRNA RT-qPCR Systemq. (1) A poly-A tail is added to the mature microRNA template. cDNA 
is synthesized using a poly-T primer with a 3’ degenerate anchor and a 5’ universal tag. The cDNA template is then 
amplified using microRNA-specific and LNA™-enhanced forward and reverse primers. SYBR® Green is used for 
detection . (2) Taqman chemistry with the use of specific stem loop RT primers, and of an internal Taqman probe for 
qPCR quantitation. 
B-qRT-PCR arrays: The microRNA PCR array protocol is a two-part protocol consisting of, 1- First-strand cDNA synthesis, 
2- Real-time PCR amplification . Two 384-well plates enable to quantitate more than 700 miRNA in one experiment. 
C-High throughpout sequencing. Nucleotides flow sequentially over Ion semiconductor chip– Direct detection of natural 
DNA extension– A few seconds per incorporation 
D- miRNA sponges interfere with miRNA function. Sponges are ectopically expressed or artificial RNAs that contain 
multiple miRNA target sites. These target sites compete miRNAs away from their natural mRNA targets. miRNA 
sponges are suitable for use in a variety of experimental systems, including cultured cells and transgenic animals. 

Figure 2. Methods currently used to study miRNA expression and function.  
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Websites are dedicated to identification of microRNA gene targets, and experimental valida-
tion of these in silico data: miRBase (http://www.mirbase.org/), Tarbase (di-
ana.cslab.ece.ntua.gr/DianaToolsNew/index.php?r=tarbase/index), MicroRNA.org 
(http://www.microrna.org/microrna/home.do) or miRdb (http://mirdb.org/miRDB). They were 
described above. Unfortunately, as of today, the results given by the various websites are often 
very different from each other and the informations must therefore be subject to careful scruti-
ny. An interesting complement is provided by Patrocles (http://www.patrocles.org/). This 
software attends to the referencing of polymorphisms (Single nucleotide polymorphisms, SNP, 
mostly) and the interactions between target genes and relevant miRNAs in seven vertebrate 
species. Significant progress will certainly come from this sort of research efforts in the next 
few years since it is now increasingly clear that non-coding SNPs provide a potential mecha-
nism for transmission of phenotypes and diseases. Finally, biochemical approaches, using 
affinity purification, are also being developed for direct empirical detection of miRNA associ-
ating with the 3'UTR of mRNA targets [21].  

3. MicroRNAs are implicated in the pathophysiology of vascular smooth 
muscle cells 

VSMCs are not terminally differentiated cells like skeletal and cardiac muscle cells. They have 
a remarkable plasticity which allows them to undergo phenotypic modulation inducing a 
switch from a “synthetic” to a “contractile” phenotype, in response to physiological and patho-
logical environmental cues. On one hand, vascular injury or growth factors like PDGF provoke 
VSMC dedifferentiation which, as a consequence, transdifferentiates the cells into a highly 
migratory and proliferative (“synthetic”) phenotype necessary for vascular repair or angio-
genesis. On another hand, Transforming Growth Factor-β (TGF-β) and its related family 
member Bone Morphogenetic Protein 4 (BMP4) promote differentiation into a less migratory 
and less proliferative phenotype known as the “contractile” phenotype. This VSMC phenotyp-
ic modulation, called transdifferentiation, is characterized by significant changes in cellular 
gene expression pattern. In particular, high expression of VSMC-specific genes, such as 
smooth muscle α-actin (SMαA), calponin1 (CNN), and SM22α (SM22) are associated with the 
contractile phenotype. Transcription of contractile genes is regulated by SRF through a DNA 
sequence motif known as the CArG box (CC(A/T)6GG) which is present in the promoter of 
VSMC-specific genes. A coactivator (and binding partner) of SRF, myocardin, activates VSMC 
expression of key contractile genes ([22-23]. 

The recent emerging role of miRNAs in gene expression regulation via gene silencing 
(through mRNA degradation or translation inhibition) suggests a role for these small nucleic 
acids in VSMC phenotypic regulation. Indeed, numerous publications have documented 
their importance through in vitro and in vivo studies in the cardiac and vascular biology 
fields and their related diseases [24]. This important role of miRNAs in VSMC development, 
differentiation, and related pathologies has been emphasized by two independent teams [25-
26] that independently showed that knock-outing the miRNA processing enzyme Dicer in 
murine VSMCs provokes severe vascular abnormalities, resulting in embryonic lethality. 
Among vascular miRNAs, miR-143 and miR-145 are the most documented to date, and will 
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be explored in greatest detail. They are the most highly expressed miRNAs in smooth mus-
cle cells, and their down-regulation is directly associated with a phenotypic switch from 
contractile, i.e. fully differentiated to synthetic, i.e. proliferative, VSMCs. Other miRNAs 
such as miR-21, miR-221 and miR-222 also have demonstrated roles in VSMC differentia-
tion. Their functions in smooth muscle will also be described. See Figure 3A for a pictorial 
representation of their roles in VSMCs. 

 
Figure 3. (A) Main micro-RNAs involved in the regulation of smooth muscle cell phenotype, including 
transdifferentiation from synthetic to contractile phenotype and (B) main micro-RNAs involved in 
cardiac muscle cell physiopathology.  
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3.1. The miR-143/145 cluster 

The bicistronic unit which encodes miR-143 and miR-145 is critical for maintaining the 
VSMC contractile phenotype. For example, miR-143 and miR-145 are down-regulated in 
synthetic VSMCs [19-20] when VSMC dedifferentiation is induced by PDGF and during 
neointimal formation [27]. On the opposite, TGFβ1 (Transforming Growth Factor 1), a 
strong activator of VSMC differentiation, stimulates both miRNAs expression in a dose- and 
time-dependent manner [27]. The transcription of miR-143/145 is under the control of two 
independent signaling pathways: SRF/myocardin/Nkx2.5 and Jag-1/Notch signaling [28]. 
The expression of miR-143/145 is drastically reduced in several models of vascular disease: 
carotid artery ligation injury in mouse, carotid balloon-injury in rat, and ApoE Knock-out 
mice [27]. In miR-143 or miR-145 KO mice, abnormal vascular tone and reduced contractile 
activity have been detected but VSMCs are functional [29]. Moreover, miR-143/145 levels are 
decreased in aortas from patients with aortic aneurism and lower circulating levels are de-
tected in the serum of patients with coronary artery disease [20-22]. Overexpression of miR-
145 induced lower neointima formation in balloon-injuried arteries [27].  

Dimmeler and colleagues showed recently an example of vesicle-mediated miRNA transfer 
between human vascular endothelial cells and human aortic SMCs [30]. Blood vessels 
exposed to laminar blood flow undergo high shear stress. It is known that under shear stress 
conditions vascular endothelial cells overexpress the transcription factor Krüppel-like factor 
2 (KLF2) which in turn induces up-regulation of miR-143 and miR-145. MiR-143/145 are 
transported in extracellular vesicles such as exosomes and they reduced the expression of 
miR-143 and miR-145 specific targets in co-cultured VSMCs. Additionally, the authors 
showed that extracellular vesicles derived from KLF2-expressing endothelial cells decrease 
atherosclerotic lesion formation in the ApoE KO mice kept on a high fat diet [30]. 

3.2. MiR-21, miR-221, and miR-222 

In contrast to miR-143/145, miR-21, miR-221, and miR-222 are up-regulated in neointimal lesions. 

TGF-β and its related family member BMP4 promote contractile gene expression and VSMC 
differentiation. Interestingly, they induce the transcription of the miR-143/145 cluster and 
promote also an increased expression of miR-21 post-transcriptionally. The critical target of 
miR-21 that is down-regulated in this process is programmed cell death 4 [22]. As a conse-
quence, miR-21 induces VSMCs transdifferentiation to the contractile phenotype in response to 
BMP4 and TGFβ [31]. Additionally, miR-21 promotes VSMC proliferation and reduces apop-
tosis [32]. These miR-21 actions were confirmed in balloon-injured rat carotid arteries [33]. 
Moreover, knock-down of mir-21 using antisense oligonucleotides (antogomiRs) in the rat 
decreases vascular remodeling following balloon injury in carotid arteries [32]. Although an 
increase in differentiation is usually coupled to a decrease in proliferation, this is not necessari-
ly the case in VSMCs. MiR-21 indeed targets a diverse set of genes and mediates differential 
biological outcomes depending on the cellular context [22]. 

Mir-221 and miR-222 genes are clustered on the X chromosome and share a common seed 
sequence. Some reports indicate that they are transcribed from a common promoter [34]. 
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Mir-221 and miR-222 contribute to VSMC dedifferentiation from the differentiated / contrac-
tile to the undifferentiated / synthetic phenotype and thus to increased cellular proliferation. 
Indeed, miR-221 and miR-222 are strongly elevated in vivo in VSMC following balloon inju-
ry of the vessel. Knock-down of mir-221 and miR-222 in the vessel reduced VSMC prolifera-
tion and neointimal lesion formation after angioplasty. Mir-221 and miR-222 are important 
for PDGF-cell mediated proliferation, by repressing tyrosine kinase c-kit, p57Kip2 and the 
cyclin-dependent kinase inhibitor p27Kip1. Interestingly, inhibition of c-kit reduced the ex-
pression of myocardin [32,35]. Overexpression of miR-221 induces an important decrease of 
myocardin expression, even if this miRNA does not target myocardin directly. Instead, it is 
the down regulation of c-Kit that is responsible for the up-regulation of myocardin. MiR-221 
overexpression also increases during VSMC migration but the targets are still unknown. All 
these findings provide an example of the potential of one miRNA to mediate various cellu-
lar outcomes by regulating multiple targets [22,32]. 

4. MicroRNAs are implicated in the pathophysiology of cardiac muscle 
cells 
Cardiovascular pathologies represent the prevalent causes of human morbidity and mortali-
ty in the Western hemisphere. As a consequence, a vast number of research groups consider 
that studying heart molecular and cellular characteristics is a major step in order to develop 
novel diagnostic and therapeutic strategies and to counteract cardiovascular diseases. It is 
now clear that miRNAs are an important part of the complex transcriptional and posttran-
scriptional regulatory circuit essential for the homeostasis of the cardiac tissue. They are 
powerful modulators in virtually all aspects of cardiac biology, from cardiac development to 
cardiomyocyte survival and hypertrophy, which we will now describe in more detail in this 
subchapter. 

In the recent literature, more than a hundred microRNAs have been described as stably 
expressed in the cardiac tissue [36-38]. However, the vast majority (90%) of these miRNAs 
are represented by no more than 18 miRNAs in the mature murine organ. Even more re-
markable is the fact that all these 18 miRNAs show an altered expression in pathological 
conditions, including coronary artery diseases and cardiomyopathies. Interestingly, it has 
been shown that a strong characteristic of these various models of cardiovascular disorders 
is the re-expression of a fetal cardiac miRNA program. This miRNA expression will finally 
trigger the over-expression of several fetal proteins, such as the atrial and brain natriuretic 
factor genes and the fetal isoform of the β-Myosin Heavy Chain gene (βMHC). Exploring 
further how miRNAs regulate gene expression in the heart will thus provide us with unique 
mechanistic insights into cardiac diseases. We will now describe in further details the miR-
NAs which have been the most implicated in the process. See Figure 3B for a pictorial repre-
sentation of their roles in cardiac muscle. 

4.1. Anti-hypertrophic miRNAs 

Muscle miRNAs, such as miR-1 and miR-133, are integrated into myogenic regulatory net-
works: their expression is under the transcriptional and posttranscriptional control of myo-
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3.1. The miR-143/145 cluster 
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decreased in aortas from patients with aortic aneurism and lower circulating levels are de-
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Mir-221 and miR-222 contribute to VSMC dedifferentiation from the differentiated / contrac-
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been shown that a strong characteristic of these various models of cardiovascular disorders 
is the re-expression of a fetal cardiac miRNA program. This miRNA expression will finally 
trigger the over-expression of several fetal proteins, such as the atrial and brain natriuretic 
factor genes and the fetal isoform of the β-Myosin Heavy Chain gene (βMHC). Exploring 
further how miRNAs regulate gene expression in the heart will thus provide us with unique 
mechanistic insights into cardiac diseases. We will now describe in further details the miR-
NAs which have been the most implicated in the process. See Figure 3B for a pictorial repre-
sentation of their roles in cardiac muscle. 

4.1. Anti-hypertrophic miRNAs 

Muscle miRNAs, such as miR-1 and miR-133, are integrated into myogenic regulatory net-
works: their expression is under the transcriptional and posttranscriptional control of myo-
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genic factors, and they in turn have widespread control of the muscle gene expression pro-
gram. Recent studies demonstrated that both miR-1 and miR-133 are significantly downreg-
ulated in hypertrophic and failing hearts. They play major roles in the development of car-
diac hypertrophy, and have thus been nicknamed anti-hypertrophic miRNAs. In addition, 
miR-1 and the related miRNA miR-133 arise from a common precursor RNA which is regu-
lated by the transcription factors Serum Response Factor (SRF) and Myocyte Enhancer Fac-
tor 2 (MEF2, [37]), which clearly suggest their importance in an intricate cardiac regulatory 
network. 

The mature miR-1 transcript is the product of two genes, miR-1-1 and miR1-2, and it is now 
proven that its elevation induces arrhythmia in cardiac disease states. Its expression is spe-
cific for both cardiac and skeletal muscle. Overexpression of mature miR-1 in rat exacerbates 
cardiac arrhythmia whereas its knock-down by an antagomiR in the same animal, in the 
infarcted heart relieves arrhythmogenesis [39]. MiR-1 is also overexpressed in individuals 
with coronary artery disease. Part of miR-1 action is mediated by down regulation of con-
nexin 43 and the inward rectifier K channel (Kir2.1, [39]). Another important role of miR-1 is 
to modulate cardiac excitation–contraction coupling by selectively increasing phosphoryla-
tion of the L-type and RyR2 channels via disrupting localization of PP2A activity to these 
channels [40]. Determining plasma levels of miR-1, using qPCR techniques (see subchapters 
II and VI) can be used as a sensitive biomarker for myocardial infarction and its expression 
is strongly down-regulated in hearts from patients afflicted with myocardial infraction 
compared to healthy adult hearts [41]. 

There are three known mir-133 genes: mir-133a-1, mir-133a-2 and mir-133b found on chromo-
somes 18, 20 and 6 respectively. In the human genome, all three genes encode miRNA with 
identical mature sequence [42]. Actually, miR-133a-1 and miR-133a-2 are each expressed bi-
cistronically with miR-1-1 and miR1-2. Knockdown experiments of miR-133 gave at first puz-
zling results: in vitro overexpression of miR-133 or miR-1 inhibited cardiac hypertrophy while 
infusing mice with antagomiRs against the mature miR-133 sequence induced cardiac hyper-
trophy [43]. On the other hand, genetic models with knockout of either mir-133a gene did not 
display significant cardiac pathologies, or actually any phenotype. However, deleting both 
mir-133a genes resulted in a drastic phenotype: ectopic expression of cardiac-specific markers 
genes in VSMCs, embryonic lethality, and aberrant proliferation of cardiac muscle cells [37]. 
The phenotypic difference between mice treated by antagomiRs at the adult stage, and genetic 
models which have been deprived from miRNAs from conception clearly shows the limits of 
both models. The sum of these studies however clearly emphasizes the role of the miR-133 
mature sequence in cardiac muscle biology. On a mechanistic side, Horie et al. [44] have 
shown a direct role of miR-133 in cardiomyocyte glucose transport: overexpression of the 
miRNA decreased levels of the glucose transporter GLUT4 and reduced insulin-induced glu-
cose uptake. Additionally, this increase of miR-133 reduced Krüppel-like transcription factor 
15 (KLF15) expression, which induces GLUT4 expression.  

4.2. Pro-hypertrophic miRNAs 

The role of mir-21 in cardiac modeling and pathophysiology is clearly controversed. MiR-21 
inhibition by antagomir strategies was first reported as causing an alleviation of murine 
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cardiac hypertrophy [38,45]. A divergence arose when the first team attributed this pro-
hypertrophic effect to an effect on cardiomyocytes [38] whereas the second team claimed the 
primary site of miR-21 action was actually cardiac fibroblasts [45]. In contrast to both team 
results, Cheng et al. [46] reported that miR-21 was indeed increased by fourfold in 
hypertrophic mouse hearts, but that modulating miR-21 via antisense depletion had a 
significant negative effect on cardiomyocyte hypertrophy. Finally, Patrick et al. [47] found 
that a genetic deletion of the mir-21 gene results in mice with a normal phenotype that did 
not respond differently to normal littermates when exposed to cardiac stress conditions. 
Also, in the same study, LNA-modified antagomiRs specific for miR-21 did not block a 
remodeling response of the murine heart to stress conditions. The authors concluded that, 
although miR-21 is highly up-regulated during cardiac remodeling, it is not essential for 
cardiac hypertrophy, a disease state associated with fibrosis in response to heart injury. 
Nonetheless, miR-21 is a miRNA of interest in the cardiac field, at least as an innovative 
biomarker, since it is almost undetectable in the healthy heart, but is strongly over-
expressed in cardiac pathologies. 

The human miR-29 family of microRNAs is encoded by two gene clusters. As a conse-
quence, three matures members exist: miR-29a, miR-29b, and miR-29c. In this instance, the 
miR-29 family has been shown to be expressed in both cardiac fibroblasts and cardiomyo-
cytes [48]. In these cell types, sixteen of their targets are extracellular matrix genes. This 
clearly shows a striking example of a single microRNA mature sequence which is capable to 
target a large group of functionally related genes. As a consequence, miR-29 expression 
induces strong antifibrotic effects in heart and other tissues. MiR-29s have also been shown 
to be pro-apoptotic and involved in cell differentiation. Acute myocardial infarction due to 
coronary artery occlusion also results in a decrease of the expression of the miR-29 family in 
the region of the fibrotic scar [48]. Using up- and down-regulation of miR-29, the same au-
thors showed that this miRNA regulates the expression of collagens, and as a result the 
fibrotic response. Finally, the miR-29 family has also been shown to down-regulate elas-
tin and other extracellular matrix (ECM) genes implicated in elastogenesis [49]. Jones et al. 
[50] have examined miRNA expression using qPCR in aortic tissue collected from patients 
with ascending thoracic aortic aneurysm and shown that miR-29a expression is correlated 
with cardiac tissue proteolytic degradation and aortic size. These last results show the inter-
est of determining specific miRNA levels in human diagnostic. 

Another miRNA of interest in the cardiac field of investigation is miR-208a, which is ex-
pressed strictly in the heart. Mir-208a overexpression in transgenic mice induces hyper-
trophic growth of the cardiac muscle and induces arrhythmias. This hypertrophic growth is 
concomitant with fibrosis and a decrease of contractility, which results from down-
regulation of the faster isoform, α-myosin heavy chain (α-MHC) and up-regulation of the 
fetal specific, slower isoform, β-MHC [51-52]. Thus, cardiac-specic overexpression of miR-
208a induces cardiac remodeling and regulates the expression of hypertrophic proteins, 
including β-MHC. Conversely, the same authors showed that genetic deletion of miR-208a 
in mouse induces a decrease of β-MHC. Additionally, miR-208 targets other proteins, such 
as thyroid hormone-associated protein 1 and myostatin 2, which are both inhibitors of mus-
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genic factors, and they in turn have widespread control of the muscle gene expression pro-
gram. Recent studies demonstrated that both miR-1 and miR-133 are significantly downreg-
ulated in hypertrophic and failing hearts. They play major roles in the development of car-
diac hypertrophy, and have thus been nicknamed anti-hypertrophic miRNAs. In addition, 
miR-1 and the related miRNA miR-133 arise from a common precursor RNA which is regu-
lated by the transcription factors Serum Response Factor (SRF) and Myocyte Enhancer Fac-
tor 2 (MEF2, [37]), which clearly suggest their importance in an intricate cardiac regulatory 
network. 

The mature miR-1 transcript is the product of two genes, miR-1-1 and miR1-2, and it is now 
proven that its elevation induces arrhythmia in cardiac disease states. Its expression is spe-
cific for both cardiac and skeletal muscle. Overexpression of mature miR-1 in rat exacerbates 
cardiac arrhythmia whereas its knock-down by an antagomiR in the same animal, in the 
infarcted heart relieves arrhythmogenesis [39]. MiR-1 is also overexpressed in individuals 
with coronary artery disease. Part of miR-1 action is mediated by down regulation of con-
nexin 43 and the inward rectifier K channel (Kir2.1, [39]). Another important role of miR-1 is 
to modulate cardiac excitation–contraction coupling by selectively increasing phosphoryla-
tion of the L-type and RyR2 channels via disrupting localization of PP2A activity to these 
channels [40]. Determining plasma levels of miR-1, using qPCR techniques (see subchapters 
II and VI) can be used as a sensitive biomarker for myocardial infarction and its expression 
is strongly down-regulated in hearts from patients afflicted with myocardial infraction 
compared to healthy adult hearts [41]. 

There are three known mir-133 genes: mir-133a-1, mir-133a-2 and mir-133b found on chromo-
somes 18, 20 and 6 respectively. In the human genome, all three genes encode miRNA with 
identical mature sequence [42]. Actually, miR-133a-1 and miR-133a-2 are each expressed bi-
cistronically with miR-1-1 and miR1-2. Knockdown experiments of miR-133 gave at first puz-
zling results: in vitro overexpression of miR-133 or miR-1 inhibited cardiac hypertrophy while 
infusing mice with antagomiRs against the mature miR-133 sequence induced cardiac hyper-
trophy [43]. On the other hand, genetic models with knockout of either mir-133a gene did not 
display significant cardiac pathologies, or actually any phenotype. However, deleting both 
mir-133a genes resulted in a drastic phenotype: ectopic expression of cardiac-specific markers 
genes in VSMCs, embryonic lethality, and aberrant proliferation of cardiac muscle cells [37]. 
The phenotypic difference between mice treated by antagomiRs at the adult stage, and genetic 
models which have been deprived from miRNAs from conception clearly shows the limits of 
both models. The sum of these studies however clearly emphasizes the role of the miR-133 
mature sequence in cardiac muscle biology. On a mechanistic side, Horie et al. [44] have 
shown a direct role of miR-133 in cardiomyocyte glucose transport: overexpression of the 
miRNA decreased levels of the glucose transporter GLUT4 and reduced insulin-induced glu-
cose uptake. Additionally, this increase of miR-133 reduced Krüppel-like transcription factor 
15 (KLF15) expression, which induces GLUT4 expression.  

4.2. Pro-hypertrophic miRNAs 

The role of mir-21 in cardiac modeling and pathophysiology is clearly controversed. MiR-21 
inhibition by antagomir strategies was first reported as causing an alleviation of murine 
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cardiac hypertrophy [38,45]. A divergence arose when the first team attributed this pro-
hypertrophic effect to an effect on cardiomyocytes [38] whereas the second team claimed the 
primary site of miR-21 action was actually cardiac fibroblasts [45]. In contrast to both team 
results, Cheng et al. [46] reported that miR-21 was indeed increased by fourfold in 
hypertrophic mouse hearts, but that modulating miR-21 via antisense depletion had a 
significant negative effect on cardiomyocyte hypertrophy. Finally, Patrick et al. [47] found 
that a genetic deletion of the mir-21 gene results in mice with a normal phenotype that did 
not respond differently to normal littermates when exposed to cardiac stress conditions. 
Also, in the same study, LNA-modified antagomiRs specific for miR-21 did not block a 
remodeling response of the murine heart to stress conditions. The authors concluded that, 
although miR-21 is highly up-regulated during cardiac remodeling, it is not essential for 
cardiac hypertrophy, a disease state associated with fibrosis in response to heart injury. 
Nonetheless, miR-21 is a miRNA of interest in the cardiac field, at least as an innovative 
biomarker, since it is almost undetectable in the healthy heart, but is strongly over-
expressed in cardiac pathologies. 

The human miR-29 family of microRNAs is encoded by two gene clusters. As a conse-
quence, three matures members exist: miR-29a, miR-29b, and miR-29c. In this instance, the 
miR-29 family has been shown to be expressed in both cardiac fibroblasts and cardiomyo-
cytes [48]. In these cell types, sixteen of their targets are extracellular matrix genes. This 
clearly shows a striking example of a single microRNA mature sequence which is capable to 
target a large group of functionally related genes. As a consequence, miR-29 expression 
induces strong antifibrotic effects in heart and other tissues. MiR-29s have also been shown 
to be pro-apoptotic and involved in cell differentiation. Acute myocardial infarction due to 
coronary artery occlusion also results in a decrease of the expression of the miR-29 family in 
the region of the fibrotic scar [48]. Using up- and down-regulation of miR-29, the same au-
thors showed that this miRNA regulates the expression of collagens, and as a result the 
fibrotic response. Finally, the miR-29 family has also been shown to down-regulate elas-
tin and other extracellular matrix (ECM) genes implicated in elastogenesis [49]. Jones et al. 
[50] have examined miRNA expression using qPCR in aortic tissue collected from patients 
with ascending thoracic aortic aneurysm and shown that miR-29a expression is correlated 
with cardiac tissue proteolytic degradation and aortic size. These last results show the inter-
est of determining specific miRNA levels in human diagnostic. 

Another miRNA of interest in the cardiac field of investigation is miR-208a, which is ex-
pressed strictly in the heart. Mir-208a overexpression in transgenic mice induces hyper-
trophic growth of the cardiac muscle and induces arrhythmias. This hypertrophic growth is 
concomitant with fibrosis and a decrease of contractility, which results from down-
regulation of the faster isoform, α-myosin heavy chain (α-MHC) and up-regulation of the 
fetal specific, slower isoform, β-MHC [51-52]. Thus, cardiac-specic overexpression of miR-
208a induces cardiac remodeling and regulates the expression of hypertrophic proteins, 
including β-MHC. Conversely, the same authors showed that genetic deletion of miR-208a 
in mouse induces a decrease of β-MHC. Additionally, miR-208 targets other proteins, such 
as thyroid hormone-associated protein 1 and myostatin 2, which are both inhibitors of mus-
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cle growth and hypertrophy, with for final consequence hypertrophic cardiac growth. MiR-
208a is also strongly up-regulated in the diseased human heart as detected in biopsies from 
patients afflicted with myocardial infarction [41]. Also, miR-208a is not detected in plasma 
from healthy patients, but is raised to a detectable level as soon as 1 h after coronary artery 
occlusion [53]. This result is important, since it clearly shows that, at least for this miRNA, 
plasma levels reflect tissue amounts, and thus that miRNA are strong candidates as non-
invasive biomarkers (see subchapter VI for more information on this topic). 

5. The miRNA regulators: Who watches the watchmen? 

Expressional patterns of miRNAs vary according to organs and their developmental stages. 
Indeed, several transcriptional and post-transcriptional processes control the levels of ma-
ture miRNAs. The study of these regulatory mechanisms is still in its very early steps. We 
will review here what is known, starting with other non-coding RNAs which are as long as 
miRNAs are short, we will proceed with transcription factors, and finally explore how cells 
are able to communicate with each other, using microRNAs. 

In the last few years, it has been shown that long non-coding RNAs act as miRNA sponges 
and/or competing endogenous RNAs, are able to regulate miRNA function by binding com-
plementarily with them, thus competing with their dedicated mRNAs targets, and thereby 
to impose an additional level of post-transcriptional regulation. Little is known about the 
mechanisms of action of these exciting new regulatory RNAs in muscle cells. A ground-
breaking result came from Cesana et al [54]: they have identified a long non coding RNA, 
called linc-MD1, in the skeletal muscle. linc-MD1 is stably expressed in mouse and human 
myoblasts, and controls the myogenesis program by binding, and thus “sponging” two 
instrumental miRNAs, miR-133 and miR-135, which in turn regulate transcription factors 
that activate muscle-specific gene expression. By “inhibiting the inhibitors”, linc-MD1 accel-
erates myogenesis. Interestingly, this RNA’s expression is strongly reduced in Duchenne 
muscular dystrophy, a genetic disorder which is characterized by a drastic reduction of 
myoblasts. No equivalent of linc-MD1 has yet been described in smooth muscle biogenesis 
or in cardiogenesis but one can strongly guess that they will be identified in the forseeable 
future. 

Several transcription factors have been characterized as miRNA regulators in smooth, cardi-
ac and skeletal muscle cells, thus revealing novel mechanisms underlying VSMC differentia-
tion. Myocardin is the best characterized in VSMCs and cardiac cells [55]. Myocardin, with 
its co-activator Serum Response Factor (SRF), is a cardiac- and muscle specific trans-acting 
protein, and a master regulator of the smooth muscle phenotype. It has been shown that this 
transcription factor regulates several miRNAs in VSMCs. It induces miR-1 expression, 
which in turn inhibits VSMC proliferation, and increases their differentiation, by targeting 
Pim-1, a serine/threonine kinase [56]. Similarly, myocardin represses versican, a chondroitin 
sulfate proteoglycan of the extra-cellular matrix that is produced by synthetic VSMCs and 
promotes VSMC migration and proliferation, by inducing the expression of miR-143, a miR 
instrumental in VSMC differentiation [57]. SRF has been shown to regulate the expression of 
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several mIRs, including miR-1, miR-133a and miR-21 [58]. Interestingly, myocardin co-
activator SRF regulates microRNA biogenesis, specifically the transcription of pri-
microRNA, thereby affecting the mature microRNA level, by binding to the proximal pro-
moter region of miR genes. Transforming Growth Factor-β1 (TGFβ1), another known stimu-
lus capable of inducing VSMC differentiation, has also been shown to induce both miR-143 
and miR-145 in human coronary artery SMCs [59]. We have already discussed the im-
portance of transcription factors SRF and MEF4 in the regulation of miR-1 and miR-133 (see 
subchapter 5). Finally, although skeletal muscle is outside of the topic of this chapter, it is 
interesting to note that another important muscle-specific transcription factor, MyoD, im-
pacts miR-1 and miR-206 expressions, with strong consequences on myoblast apoptosis 
levels [60]. Although it has not been shown yet, one can speculate that similar systems exist 
in smooth muscle and cardiac muscle cells. 

Decay mechanisms affecting miRNAs in order to regulate their expression are not well un-
derstood. However, new notions have recently been put to the forefront: it seems that 
changes in cellular density and cell adhesion mechanisms affect rapidly miRNAs expression 
[61]. When cells are grown at low density or after cell splitting, some miRNAs are rapidly 
degraded while others remain unaffected. This rapid, and yet unexplained, degradation of 
persistent regulatory molecules such as miRNAs may facilitate cellular plasticity and re-
modeling in response to various stresses. 

Wang et al. [62] have recently shown that several human cell lines from various origins 
(glioblastoma, hepatocytes, lung bronchial epithelium, pulmonary fibroblasts, alveolar basal 
epithelial cells) actively release miRNAs in a short time period of time (approx. 1 h) after 
serum deprivation. Thus, one can hypothesize that, at least some, exported miRNAs are 
used for cell-to-cell communication. More studies will of course be needed to determine 
exactly how miRNAs are specifically targeted to relevant target cells, and what information 
is transduced. It will also be important to determine why evolution has selected several 
different means of transportation for miRNAs: protein complexes, exosomes, Microvesicles, 
High Density Lipoprotein (HDL) or apoptotic bodies (Figure 4). For example, miRNA com-
plexed with proteins, could be targeted to specific cell surface receptors, and miRNAs inside 
vesicles to others targets. All these recent results ask important questions about cell-to-cell 
communication mediated by miRNAs, and raise the possibility that a yet undiscovered 
biological information transduction system exists, and could be important to explain many 
biological processes including development, differentiation, and stress response. In cardio-
vascular diseases, for example, the general decrease in circulating miRNAs detected in pa-
tients with CAD might be caused by a disregulation of this miRNA trafficking system in 
atherosclerotic lesions or in the infarcted myocardium.  

6. MiRNAs: New biomarkers in vascular and cardiac diseases 

Being instrumental players in the fine-tuning of gene regulation networks, microRNAs have 
significant diagnostic and prognostic value, as biomarkers of disease etiology and 
progression. Until recently, however, miRNA quantitation and usefulness as a biomarker 
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cle growth and hypertrophy, with for final consequence hypertrophic cardiac growth. MiR-
208a is also strongly up-regulated in the diseased human heart as detected in biopsies from 
patients afflicted with myocardial infarction [41]. Also, miR-208a is not detected in plasma 
from healthy patients, but is raised to a detectable level as soon as 1 h after coronary artery 
occlusion [53]. This result is important, since it clearly shows that, at least for this miRNA, 
plasma levels reflect tissue amounts, and thus that miRNA are strong candidates as non-
invasive biomarkers (see subchapter VI for more information on this topic). 

5. The miRNA regulators: Who watches the watchmen? 

Expressional patterns of miRNAs vary according to organs and their developmental stages. 
Indeed, several transcriptional and post-transcriptional processes control the levels of ma-
ture miRNAs. The study of these regulatory mechanisms is still in its very early steps. We 
will review here what is known, starting with other non-coding RNAs which are as long as 
miRNAs are short, we will proceed with transcription factors, and finally explore how cells 
are able to communicate with each other, using microRNAs. 

In the last few years, it has been shown that long non-coding RNAs act as miRNA sponges 
and/or competing endogenous RNAs, are able to regulate miRNA function by binding com-
plementarily with them, thus competing with their dedicated mRNAs targets, and thereby 
to impose an additional level of post-transcriptional regulation. Little is known about the 
mechanisms of action of these exciting new regulatory RNAs in muscle cells. A ground-
breaking result came from Cesana et al [54]: they have identified a long non coding RNA, 
called linc-MD1, in the skeletal muscle. linc-MD1 is stably expressed in mouse and human 
myoblasts, and controls the myogenesis program by binding, and thus “sponging” two 
instrumental miRNAs, miR-133 and miR-135, which in turn regulate transcription factors 
that activate muscle-specific gene expression. By “inhibiting the inhibitors”, linc-MD1 accel-
erates myogenesis. Interestingly, this RNA’s expression is strongly reduced in Duchenne 
muscular dystrophy, a genetic disorder which is characterized by a drastic reduction of 
myoblasts. No equivalent of linc-MD1 has yet been described in smooth muscle biogenesis 
or in cardiogenesis but one can strongly guess that they will be identified in the forseeable 
future. 

Several transcription factors have been characterized as miRNA regulators in smooth, cardi-
ac and skeletal muscle cells, thus revealing novel mechanisms underlying VSMC differentia-
tion. Myocardin is the best characterized in VSMCs and cardiac cells [55]. Myocardin, with 
its co-activator Serum Response Factor (SRF), is a cardiac- and muscle specific trans-acting 
protein, and a master regulator of the smooth muscle phenotype. It has been shown that this 
transcription factor regulates several miRNAs in VSMCs. It induces miR-1 expression, 
which in turn inhibits VSMC proliferation, and increases their differentiation, by targeting 
Pim-1, a serine/threonine kinase [56]. Similarly, myocardin represses versican, a chondroitin 
sulfate proteoglycan of the extra-cellular matrix that is produced by synthetic VSMCs and 
promotes VSMC migration and proliferation, by inducing the expression of miR-143, a miR 
instrumental in VSMC differentiation [57]. SRF has been shown to regulate the expression of 
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several mIRs, including miR-1, miR-133a and miR-21 [58]. Interestingly, myocardin co-
activator SRF regulates microRNA biogenesis, specifically the transcription of pri-
microRNA, thereby affecting the mature microRNA level, by binding to the proximal pro-
moter region of miR genes. Transforming Growth Factor-β1 (TGFβ1), another known stimu-
lus capable of inducing VSMC differentiation, has also been shown to induce both miR-143 
and miR-145 in human coronary artery SMCs [59]. We have already discussed the im-
portance of transcription factors SRF and MEF4 in the regulation of miR-1 and miR-133 (see 
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vascular diseases, for example, the general decrease in circulating miRNAs detected in pa-
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was dependent on the availability of the pathological tissue. This was not a major setback 
for the diagnosis of cancer, where biopsies were readily available in most cases, but proved 
to be serious concern when dealing with heart or vascular pathologies. Very recently, these 
concerns were alleviated when several teams showed that miRNAs can be detected and 
precisely measured in human blood (eg [63,64]). These papers, showing a stable presence of 
miRNA in human plasma, came as a surprise. Indeed, any researcher having experience 
with RNA work considers ribonucleic acids as fragile and unable to survive in a liquid like 
serum which contains a wealth of specific and non-specific degrading enzymes.  

 
Figure 4. The various mechanisms of miRNA release from cells in the peripheral blood circulation and 
their uptake in recipient cells. Ago2 Argonaute 2; HDL High density Lipoprotein. 

Stephanie Dimmeler’s pioneer studies show that miRNA can be detected in the serum of 
patients with coronary artery diseases (CAD) and that their levels are altered in patient’s 
serum when compared to healthy counterparts [65] [65-66]. MiRNAs are thus prime 
candidates as novel non-invasive biomarkers in cardiovascular diseases, which can be 
measured in routine clinical diagnosis. The main question here is which endogenous 
referent genes to use as this is instrumental in qPCR. In cardiovascular disease studies, 
various endogenous circulating miRNAs (eg miR-17-5p, miR-454, U6 or RNU6b) have been 
used for normalization of circulating miRNAs, but the use of spiked-in miRNAs, i.e. adding 
a known amount of exogenous non-human miRNA, (eg synthetic Caenhorabditis elegans miR-
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39) is now increasingly common as the experimenter knows clearly the amount of the 
referent miRNA, and no further experimental bias is added [66]. 

An important question is the exact localization of miRNAs in the bloodstream. They exist in a 
highly stable, extracellular form and are remarkably persistent in the RNase-rich environment 
of blood. The first model postulates that circulating miRNAs are protected by encapsulation in 
membrane-bound vesicles such as exosomes, phagosomes, apoptotic bodies…[65-66] Arroyo 
et al. [67] have however recently challenged this view: they used a combination of differential 
centrifugation and size-exclusion chromatography and showed that circulating miRNAs 
cofractionate mostly with protein complexes rather than with vesicles, in human plasma and 
serum. Even more surprising was the fact that the main miRNA binding partner was Ago2, 
the key effector protein of miRNA-mediated silencing, which is considered as a cytosolic pro-
tein. Ago2 seems to be one of the factors protecting circulating miRNAs from plasma RNases, 
since purified miRNAs, devoid of protein partners, were sensitive to RNase treatment. Figure 
4 summarizes the different hypotheses that have been put forward to explain how miRNAs 
can be secreted and exported in human blood. 

Goren et al. [68] have very recently published that four miRNAs, miR-22, miR-92b, miR-320a 
and miR-423-5p were significantly increased in the serum of patients with heart failure. By 
relying on a signature derived from the expression of these miRNAs, the authors were able 
to discriminate between systolic heart failure patients and healthy controls with a sensitivity 
and specificity of 90%. Moreover, there was a significant correlation with important clinical 
prognostic parameters such as an elevated serum natriuretic peptide and a wide QRS. Other 
recent papers have highlighted the interest of determining their levels in serum and other 
body fluids, including urine, feces and saliva [69-70]. This forebodes well for the increasing 
usefulness of specific miRNA expression as non-invasive biomarkers. 

7. Potential of miRNAs as innovative drug targets 

In the last decade, the increasing interest in small RNAs has triggered the arrival of innovative 
drug targets on the pharmaceutical market. Among these small RNAs, miRNAs provide per-
haps the most promising new opportunities for developing new compounds, especially with 
the recent advances in anti-miRNA chemistry. On one hand, therapeutic nucleic acids can be 
administered using lentivirus-mediated antagomir expression, which induces a stable knock-
down phenotype for a specific miRNA [71-72]. On the other hand, the vast majority of anti-
miRs used in trials are in fact altered locked nucleic acids (LNA), also known as inaccessible 
RNA (reviewed in [73]). The canonic nucleic acid ribose sugar backbone is modified with an 
extra bridge connecting the 2' oxygen and 4' carbon [74]. This conformation enhances base 
stacking and backbone pre-organization, which will significantly enhance the hybridization 
properties for the compounds. These poly-anionic molecules tend to distribute broadly but 
also to accumulate in liver, kidney and phagocytes. They are highly hydrophilic, with a mo-
lecular weight ranging from 2 to 6 kD. For the moment, routes of administration used are 
essentially intravenous and subcutaneous injections [75-76]. One has however got to keep in 
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mind that developing innovative drugs is risky, represents a tremendous cost in resources, 
time, etc., and should not be undertaken lightly.  

A first clinical trial, in this post-genome era, is under way in human patients affected by 
viral hepatitis C. Phase IIa results of this promising trial, focusing on the liver-specific miR-
122 [77], aims to develop the related drug called Miravirsen, developed by Santaris Pharma 
A/S as a LNA antagomir, and thus to antagonize miR-122, which is instrumental for Hepati-
tis C virus C (HCV) infection. Langford et al. [78] had already shown in primates that a 
LNA-specific for miR-122 was able to suppress HCV viremia, with no evidence of viral 
resistance or side effects in the treated animals. These promising results are confirmed in 
humans and show that using an antagomir approach induces a decrease of the patient’s 
viral load, and that this revolutionary treatment is less toxic and more effective than current 
medicine (http://www.santaris.com/news/2011/11/05/santaris-pharma-phase-2a-data-
miravirsen-shows-dose-dependent-prolonged-viral-reduct), perhaps due to the specificity 
brought by RNA strand complementarity.  

Concerning cardiovascular diseases, we will now focus on the expanding interest of miR-
NAs in cardiovascular molecular medicine, and the various studies that have been under-
taken, on animal models, for the time being. 

The important role of the miR-29 family of microRNAs has already been evoked in this 
chapter (see subchapter V). A promising study dealt with their effects in two murine models 
of abdominal aortic aneurysm (AAA) (porcine pancreatic elastase [PPE] infusion model in 
C57BL/6 mice and the AngII infusion model in ApoE-/- mice). Antagomirs against miR-29b 
was administered in vivo under the form of LNA. This resulted in an increase of collagen 
expression [79], which resulted in an early fibrotic response in the aortic wall and an actual 
reduction of AAA progression in both models. Conversely, overexpression of miR-29b using 
lentiviral vectors resulted in an aggravation of AAA, and a premature rupture of the aortic 
wall. This miRNA is thus a promising target for creating an innovative treatment for AAA. 

Matkovich et al. [80] have shown that over-expression of miR-133a in the heart of transgenic 
mice prevented TAC-associated miR-133a downregulation and improved myocardial fibro-
sis and diastolic function. In another, more exotic, model, Yin et al. [81] have shown that 
miR-133 restricts injury-induced cardiomyocyte proliferation. 

Very recently, miR-33, although not specific for cardiac or vascular tissues, has gained a 
lot of attention in atherosclerosis treatment [82]. Both miR-33a and miR-33b target the 
adenosine triphosphate-binding cassette transporter A1 (ABCA1), an important regulator 
of high-density lipoprotein (HDL) synthesis and reverse cholesterol transport in a murine 
model. Inhibiting miR-33 using two different methods (overexpression of dedicated lenti-
viral particles or injection of LNA antagomiRs) led to an up-regulation of ABCA1 and 
importantly to an increase of cholesterol influx and concomitant increase in the levels of 
HDL, and thus of atheroprotective effects. These authors show thus clearly that increas-
ing HDL levels in Mouse via miR-33-specific antagomiRs promotes reverse cholesterol 
transport and suggest that it may be a promising strategy to induce atherosclero-
sis regression. Several months later, the same team published similar results in primates, 
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more precisely African green monkeys [83]. In addition to the beneficial effects already 
detected in Mouse, the authors showed a strong decrease of plasma levels of very-low-
density lipoprotein (VLDL)-associated triglycerides. This difference can tentatively be 
attributed to the presence of miR-33b in the SREBF1 gene of medium and large mammals 
and its absence in rodents. Pharmacological use of antagomiRs specific for miR-33a and 
miR-33b is thus able to markedly raise plasma HDL and lower VLDL triglyceride levels 
and therefore a promising therapeutic strategy to treat dyslipidaemias, and their induced 
cardiac consequences in human patients. 

8. In conclusion: MicroRNAs, a bright future? 

In the last decade, many advances have been made to decipher miRNA roles in cardiovascu-
lar development and pathogenesis. New methods have been developed in order to use them 
as innovative biomarkers in diagnostics, and as groundbreaking drugs in pharmacological 
treatments. A first, promising, clinical trial in humans is in progress right now. However, 
many questions remain still to be answered. Each miRNA targets up to one hundred mRNA 
targets, which poses significant challenges to the identification, and specific targeting, of the 
mRNAs that are relevant to a particular pathological process. On the other hand, this prob-
lem could also become a solution, since it is now clear that a particular family of miRNAs is 
associated with the same disease type [84]. So it could prove more efficient to target a prede-
fined network of related miRNAs rather than a single one [85]. 

With the current pace of evolution in understanding the basic ways of miRNA action in 
cardiovascular development and disease, one can safely trust that these small molecules will 
still amaze us with more revelations in the near and not so near future.  
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1. Introduction 

Kawasaki disease (KD) is an acute febrile systemic vasculitis that was first described by 
Kawasaki et al.(1) in 1967 in Japanese(2) and in 1974 in English. Currently, it is the leading 
cause of acquired heart disease in children in developed countries; however, its etiology 
remains unknown.(3-5) KD mainly affects children less than 5 years of age, especially those 
in Asian countries. In Japan, Korea, and Taiwan, the incidence ranges from 69 to 218 cases 
per 100,000 children less than 5 years of age.(6-9) The incidence of KD in Taiwan has in-
creased from 66 to 69 cases per 100,000 children aged less than 5 years.(9-12) Its incidence 
worldwide is increasing, especially in Japan, where, in 2010, Nakamura et al. reported the 
country’s highest rate of 239.6 cases per 100,000 children aged 0–4 years.(13) An epidemio-
logic survey of KD in Taiwan spanning 2003–2006 found that 1.5% of all cases was recurrent 
(having a second episode of KD and receiving intravenous immunoglobulin [IVIG] treat-
ment).(9) In Taiwan, KD occurs most frequently in the summer (April to June) and least 
frequently in the winter; for unknown reasons, its seasonal occurrence varies in other coun-
tries. The most serious complication of KD is the development of coronary artery lesions 
(CAL), including myocardial infarction, coronary artery fistula formation,(14) coronary 
artery dilatation, and coronary artery aneurysm.(15)  

The most commonly used definition of CAL (also known as coronary artery abnormality 
[CAA] or CAL) is based on the Japanese Ministry of Health criteria: maximum absolute 
internal diameter > 3 mm in children younger than 5 years of age or >4 mm in children 5 
years and older, or a segmental diameter 1.5 times greater than that of an adjacent segment, 
or the presence of luminal irregularity.(16-21) Coronary arteries should be corrected relative 
to body surface area (if available) and expressed as standard deviation units from the mean 
(Z scores).(22) Several studies analyzed CAL, including aortic root dimension,(23) and 
transient CAL (the definition of “transient” varies among studies, from 30 days to 6–8 weeks 
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after diagnosis of disease). Thus, KD patients with coronary artery ectasia or dilatation that 
disappears within the first 8 weeks after disease onset are defined as having transient ectasia 
or dilatation (transient CAL). Kuo et al. reported the serious CAL analysis that comprised 
341 KD patients;(24) 35% of KD patients had dilatation during the acute phase of admission, 
17.2% still had dilatation 1 month after disease onset, 10.2% had dilatation at 2 months 
follow-up, and 4.1% had persistent CAL for more than 1 year.(25, 26) Ectasia or transient 
dilatations are somewhat considered to be a risk for a subsequent cardiovascular event or 
inflammation duration, rather than normal status.(27)  

Although the clinical features of KD are recognizable, its underlying immunopathogenetic 
mechanisms are still under investigation, particularly the agent responsible for the devel-
opment of CAL. KD is regarded as an autoimmune disorder rather than an infectious dis-
ease.(23) Kuo et al. reported that persistent monocytosis after IVIG treatment is associated 
with CAL formation.(28) Eosinophils in KD patients were also higher than that in age-
matched febrile controls. In addition, IVIG treatment significantly increased eosinophils in 
KD patients. This increase of eosinophils after IVIG treatment is inversely correlated with 
IVIG treatment failure in KD.(29) Further studies have shown that eosinophil changes after 
IVIG treatment were positively correlated with changes in interleukin (IL)-5 levels. An in-
crease in eosinophils and IL-5 levels after IVIG treatment is inversely correlated with CAL 
formation.(30) Recently, we found that incidence of allergic diseases (asthma and allergic 
rhinitis) after onset of KD were higher than that in age and sex-matched controls in a popu-
lation cohort in Taiwan. 

2. Allergy potential of Kawasaki disease patients 

Brosius et al.(31) showed that the incidence of atopic dermatitis among children with KD 
was 9 times greater than that of controls. Burns et al.(32) reported associations of KD with 
atopic dermatitis and allergy, elevated serum IgE levels, and eosinophilia and that increased 
circulating numbers of monocytes/macrophages expressing the low-affinity IgE receptor 
(FCεR2) may be related to the effects of IL-4. Liew et al.(33) reported that KD may be a risk 
factor for subsequent allergic disease and postulated that KD occurs more frequently in 
children at risk of immune disequilibrium, with an initial abnormal inflammatory response, 
and subsequently, more allergic manifestations. Currently, Webster et al.(34) also reported 
that KD patients were more likely to have been admitted at least once with asthma/allergy 
than controls were. From our previous reports, we found that the T-helper (Th) type 2 im-
mune response was elevated in the acute stage of KD, including eosinophils,(29) IL-4, IL-
5,(35) and eotaxin. The eosinophil changes were correlated to changes of IL-5 levels but not 
to eosinophil cationic protein (ECP) levels, suggesting a Th2 immune reaction in KD. There 
are several lines of evidence pointing to an abnormal Th1/Th2 balance in KD patients.(28, 29, 
35-39) Lin et al.(40) reported the comparison of eosinophils in KD and enterovirus (EV) pa-
tients with IVIG treatment and demonstrated a more significant eosinophil increase in KD 
patients. EV patients also had elevated eosinophil levels after IVIG therapy, but not as high 
as that of the KD patients after IVIG treatment. This may indicate an imbalance of the 
Th1/Th2 immune response, with a skewed Th2 response in KD. 
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3. Clinical phenotype and presentation of Kawasaki disease 

As shown in Figures 1–8, the clinical characteristics of KD patients include fever lasting 
longer than 5 days, diffuse mucosal inflammation, bilateral non-purulent conjunctivitis, 
dysmorphic skin rashes, indurative angioedema over the hands and feet, and cervical 
lymphadenopathy. In addition to the diagnostic criteria, there is a broad range of non-
specific clinical features, including irritability, uveitis, aseptic meningitis, cough, vomiting, 
diarrhea, abdominal pain, gallbladder hydrops, urethritis, arthralgia, arthritis, 
hypoalbuminemia,(5) liver function impairment, and heart failure.(4, 29, 41) 

 
Figure 1. Dysmorphic skin rash of Kawasaki disease 

 
Figure 2. Skin rash and neck lymphadenopathy (right side, >1.5 cm in diameter) 
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Figure 3. Strawberry tongue  

 
Figure 4. Face of Kawasaki disease patient exhibiting conjunctivitis, fissured lips, and skin rashes 

 
Figure 5. BCG injection site indurations 
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Figure 6. Fissured lips and swelling of finger joints 

 

 
Figure 7. Induration change over foot 
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Figure 8. Induration change over palm 

3.1. Diagnosis of Kawasaki disease 

To date, there is no specific diagnostic laboratory test for KD. Diagnosis is based on the 
clinical phenotype, i.e., presence of fever lasting longer than 5 days and fulfillment of 4 of 5 
specific clinical criteria. In Japan, at least 5 of 6 criteria (fever and 5 other clinical criteria) 
should be fulfilled for a diagnosis of KD. However, patients with 4 of the principal clinical 
features can be diagnosed when coronary aneurysm or dilatation is identified.(42) From the 
Japanese Circulation Society Joint Working Groups criteria (JCS 2008, Guidelines for Diag-
nosis and Management of Cardiovascular Sequelae in Kawasaki Disease),(43) KD can be 
diagnosed even when fever lasts less than 5 days. However, according to the American 
Heart Association (AHA) criteria,(15) fever lasting more than 5 days is essential for the di-
agnosis of KD. 

Some patients who do not fulfill the criteria have been diagnosed with “incomplete” or 
“atypical” KD, a diagnosis often based on echocardiographic identification of CAL. The 
term “incomplete” may be preferable to “atypical” because these patients have insufficient 
criteria instead of atypical presentation.(15)  

In countries with a bacillus Calmette-Guérin (BCG) vaccine policy (i.e., Taiwan and Japan), 
KD with erythematous induration or even ulceration of the BCG scar has been observed in 
one-third to half of KD patients (the incidence of BCG site induration is higher than that of 
neck lymphadenopathy in these countries).(3) Uehara et al.(44) reported that redness or the 
formation of a crust at the BCG inoculation site is a useful diagnostic sign for KD in children 
aged 3–20 months. Even if patients exhibit 4 or fewer signs of the clinical criteria for KD, 
physicians should consider the redness or crust formation at the BCG inoculation site as a 
possible indicator of KD.  

Incomplete cases of KD are not uncommon (up to 15–20%). The incidence of CAL in patients 
exhibiting 4 principal symptoms of KD is slightly higher than that in patients with 5 to 6 
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not indicate a milder form of the disease. Patients with at least 4 principal symptoms require 
the same treatment as patients with complete (typical) presentation of KD, and those with 3 
or fewer principal symptoms should be treated similarly when they meet the supplementary 
criteria. Herein, common supplementary criteria for the diagnosis of incomplete KD are 
introduced. 

  
Figure 9. Flowchart of Kawasaki disease management 

Incomplete KD is more common in young infants than in older children, making accurate 
diagnosis and timely treatment especially important in these young patients, who are at 
substantial risk of developing coronary abnormalities.(46, 47) The incidence of KD is 
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Figure 8. Induration change over palm 
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actually higher than that previously reported worldwide, partly because earlier reports did 
not take incomplete forms into account. The AHA criteria (2004), which incorporate 
suggestions for laboratory tests and early echocardiography, are helpful for diagnosing 
incomplete KD.(41, 48) Consultation with an expert (cardiologist, immunologist, or 
rheumatologist) should be sought whenever assistance in making a diagnosis is needed. 
Patients with fever for 5 days or more (with 2 or 3 principal clinical features for KD) without 
other causes should undergo laboratory testing, and if there is evidence of systemic 
inflammation, an echocardiogram should be obtained even if the patient does not fully meet 
the clinical criteria for KD. Likewise, infants 6 months or younger with fever for 7 days or 
more without other causes should undergo laboratory testing, and if evidence of systemic 
inflammation is found, an echocardiogram should be obtained even if the infant fulfills no 
clinical criteria for KD.(15) 

The 2004 AHA supplemental laboratory criteria include (1) albumin ≤ 3.0 g/dL; (2) anemia 
for age; (3) elevation of alanine aminotransferase (ALT); (4) platelets after 7 days ≥ 
450,000/mm3; (5) white blood cell count ≥ 15,000/mm3; and (6) urine ≥ 10 white blood 
cells/high-power field.(15) If a patient has more than 3 supplementary criteria, incomplete 
KD is diagnosed and IVIG should be prescribed before performing echocardiography.(15) 
The flowchart for incomplete KD diagnosis and treatment are depicted in Figure 9. 

4. Treatment for Kawasaki disease 

The standard treatment for KD is IVIG (2 g/kg) infusion for 8–12 hours with high-dose 
aspirin (80–100 mg/[kg·day]).(20, 24, 29) The most serious complication of KD is the 
development of CAL, including myocardial infarction, coronary artery dilatation, coronary 
artery aneurysms, and coronary fistula formation.(25, 30, 49) Coronary artery aneurysms 
occur as a sequela of the vasculitis in 20–25% of untreated children. There are several risk 
factors for developing coronary arteritis, such as low serum albumin, age younger than 1 
year, and long duration of the fever before treatment. Young patients with low albumin run 
a very high risk for CAL and IVIG treatment resistance.(5, 29) Although the introduction of 
IVIG therapy has greatly decreased the rate of coronary aneurysm to 3–10% of patients still 
develop some type of CAL. Durongpisitkul et al. showed that 11.6% patients are 
unresponsive to initial IVIG (2 g/kg) treatment. The worst prognosis occurs in children with 
so-called “giant aneurysms of the coronary arteries” (those with a maximal diameter of >8 
mm), as thrombosis is promoted both by sluggish blood flow within the massively dilated 
vascular space and by the frequent development of stenotic lesions later. The treatment for 
KD are reviewed and introduced as follows. 

4.1. Aspirin 

Aspirin has been used in the treatment of KD for many years, even before the usage of IVIG. 
Although aspirin has important anti-inflammatory (high dose) and anti-platelet (low dose) 
effects, it does not appear to reduce the frequency of CAL formation. During the acute phase 
of the illness, aspirin is administered in 4 doses of 80–100 mg/kg per day (30–50 mg/[kg·day] 
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in Japan)(50) with IVIG. High-dose aspirin and IVIG appear to possess additive anti-
inflammatory effects.  

Practices regarding the duration of high-dose aspirin administration vary across countries 
and centers, many of which reduce the aspirin dose when the patient is afebrile. When high-
dose aspirin is discontinued, low-dose aspirin (3–5 mg/[kg·day]) is administered until there 
is no evidence of CAL and inflammatory markers (including platelets, C-reactive protein 
[CRP], and erythrocyte sedimentation rate [ESR]) have returned to normal levels, which 
usually occurs 6–8 weeks after disease onset. For children who develop CAL, low-dose 
aspirin (or other anti-platelet agents) is continued indefinitely until the inflammatory mark-
ers return to the normal range and the echocardiogram does not display abnormalities. 
Hsieh et al.(50) reported that regardless of timing (before or after day 5 of the illness), single-
infusion, high-dose (2 g/kg) aspirin in the acute stage of KD had no effect on the response 
rate to IVIG therapy, duration of fever, or the incidence of CAL. This review reiterates the 
recommendation that exposing children to high-dose aspirin therapy in the acute phase of 
KD is unnecessary because available data show no appreciable benefit to IVIG therapy re-
sponse, CAL formation, or fever duration.  

Our recent study investigated 609 KD patients from 2 medical centers in Taiwan. The pa-
tients were divided into Group 1, receiving high-dose aspirin (N = 274), and Group 2, with-
out high-dose aspirin (N = 335). There were no significant differences between Groups 1 and 
2 in terms of gender (p = 0.51), IVIG resistance rate (34/274 vs. 26/335, p = 0.06), CAL for-
mation rate (57/274 vs. 74/335, p = 0.64), and total hospital stay (6.3 ± 0.2 vs. 6.7 ± 0.2 days, p 
= 0.13). There were also no significant differences between total white blood cell counts, 
hemoglobin levels, platelet counts, and CRP levels before (within 1 day) and after (within 3 
days) IVIG treatment of the 2 groups (p > 0.1). These results provide evidence that high-dose 
aspirin in the acute phase of KD does not affect the treatment results (CAL and IVIG re-
sistance rate) or inflammatory condition. High-dose aspirin treatment in the acute phase of 
KD appears unnecessary, and further randomized controlled trials are needed. 

However, Reye syndrome is a risk in children who receive salicylates while they are experi-
encing active infection with varicella or influenza and has been reported in patients receiv-
ing high-dose aspirin for a prolonged period after KD.(52) Taken together, it seems unneces-
sary to expose children to high-dose aspirin in acute KD, especially those with G6PD defi-
ciency. However, as reported in the literature, due to the anti-platelet effect, low-dose aspi-
rin has been prescribed for at least 6–8 weeks to prevent thrombocytosis in KD patients.(15) 
If patients are allergic or intolerant to a particular drug, clinicians must avoid using it and 
look for alternatives. Aspirin is used in most patients, often in conjunction with dipyridamo-
le. Dipyridamole has been widely used to treat patients with a coronary aneurysm resulting 
from KD.(43, 53) The relationship between aspirin therapy and hemolytic disorder in G6PD-
deficient patients is unclear. There are also no literature regarding usage of low-dose aspirin 
and the outcome of KD. G6PD deficiency, an X-linked disorder, is the most common enzy-
matic disorder of red blood cells in humans. The clinical expression of G6PD deficiency 
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encompasses a spectrum of hemolytic syndromes. While affected patients are usually 
asymptomatic, some have episodic anemia, while a few have chronic hemolysis. With the 
most prevalent G6PD variants (G6PD A- and G6PD Mediterranean), severe hemolysis is 
induced by the sudden destruction of older, more deficient erythrocytes after exposure to 
drugs with a high redox potential or to fava beans, selected infections, or metabolic abnor-
malities. The likelihood of developing hemolysis and the severity of disease are determined 
by the magnitude of the enzyme deficiency, which in turn is determined by the biochemical 
characteristics of the G6PD variant. The World Health Organization has classified the differ-
ent G6PD variants according to the magnitude of the enzyme deficiency and the severity of 
hemolysis.(54) Class I variants have severe enzyme deficiency (less than 10% of normal) and 
are associated with chronic hemolytic anemia. Class II variants also have severe enzyme 
deficiency, but are usually only intermittently associated with hemolysis. Class III variants 
have moderate enzyme deficiency (10–60% of normal), with intermittent hemolysis usually 
associated with infection or drugs. Class IV variants have no enzyme deficiency or hemoly-
sis. Class V variants have increased enzyme activity, and classes IV and V are of no clinical 
significance. The incidence of hemolysis development in a patient with G6PD deficiency 
after taking aspirin is dosage-related.(55) G6PD deficiency is commonly considered a contra-
indication to aspirin intake. However, just few studies(56) have suggested that aspirin can 
be safely administered in therapeutic doses to G6PD-deficient subjects without nonsphero-
cytic hemolytic anemia. Anti-platelet therapy is most commonly used to prevent thrombotic 
events for adults with atherosclerotic vascular disease, children with certain types of con-
genital heart disease, stroke, and KD.(57) Unfortunately, very little data on the efficacy and 
safety of anti-platelet therapy for pediatric patients, or even G6PD patients, are available. No 
prospective data exist to guide clinicians in selecting an optimal regimen. Therapeutic regi-
mens used in patients with KD depend on the severity of CAL and include anti-platelet 
therapy with aspirin, with or without dipyridamole or clopidogrel; anticoagulant therapy 
with warfarin or low-molecular-weight heparin; or a combination of anticoagulant and anti-
platelet therapy.(15)  

A few articles have reported G6PD-deficient patients with sustained KD.(58) However, the 
question of whether aspirin is suitable for KD patients with G6PD deficiency remains 

4.2. Intravenous immunoglobulin (IVIG or IVGG) responsiveness 

The efficacy of IVIG administered in the acute phase of KD for reducing the incidence of 
coronary artery abnormalities is well established.(59) The mechanism of IVIG action is still 
under investigation. IVIG appears to have a generalized anti-inflammatory effect. Possible 
mechanisms of action include modulation of cytokine production, neutralization of bacterial 
super-antigens or other etiologic agents, augmentation of regulatory T cell activity (TGF-
),(23, 26) suppression of antibody synthesis and inflammatory markers (CD40-CD40L, 
nitric oxide, and iNOS expression),(60-62) provision of anti-idiotypic antibodies, Fc-gamma 
receptor,(63) and balancing Th1/Th2 responses.(28-30)  
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KD patients should be treated with a single 12-hour infusion of 2 g/kg IVIG together with 
aspirin in the acute phase with fever or inflammation progression without fever.(3, 4, 15) 
This therapy should be administered within 10 days of illness onset, and if this is not 
possible, within 7 days of illness onset. Treatment of KD before day 5 of illness appears no 
more likely to prevent cardiac sequelae than treatment on days 5–9. However, it may be 
associated with an increased need for repeat IVIG treatment.(64, 65) In the presence of 4 of 5 
classic criteria for KD, US and Japanese experts agree that only 4 days of fever are necessary 
before initiating treatment with IVIG.(15, 66) 

The efficacy of treating patients using IVIG after 10 days of illness is unknown; therefore, 
early diagnosis and treatment is desired. IVIG should be administered to children 
presenting after day 10 of illness (i.e., children with delayed diagnosis or incomplete KD) if 
they have either persistent fever without explanation or aneurysms and ongoing systemic 
inflammation, as manifested by elevated ESR or CRP.(4, 67-69) Burns et al. also suggested 
that any child with KD who has evidence of persisting inflammation, including fever or 
high concentrations of inflammatory markers with or without coronary artery 
abnormalities, should be treated even if the diagnosis is made after 10 days of illness.(4) 

4.3. IVIG resistance (or IVIG unresponsiveness, initial IVIG treatment failure) 

The incidence of IVIG resistance varies from 9.4% to 23% between centers (but it can be as 
high as 38%, as reported in one US cohort).(70) Recent studies have identified demographic 
and laboratory characteristics as predictors of IVIG resistance, including age, illness day, 
platelet count, ESR, hemoglobin concentration, CRP, eosinophils, lactate dehydrogenase, 
albumin, and ALT.(5, 29, 71-73) As IVIG-resistant patients are at a higher risk for CAL 
formation, it is important to identify those who may benefit from more aggressive therapy. 
As shown in Figure 1 (modified from Newburger et al.(15)), there are no definite treatment 
principles available for the management of KD patients with initial IVIG resistance or 
unresponsiveness to other adjuvant therapies. A second dose of IVIG (1 or 2 g/kg),(15, 74) 
methylprednisolone (MP) pulse therapy,(75) tumor necrosis factor (TNF)- blockade,(76) 
cytotoxic agents (cyclophosphamide, cyclosporine A [CyA], or MTX(77)), plasmapheresis,(78) 
and plasma exchange(79) have been reported to benefit KD patients with initial IVIG 
treatment failure. These other treatment modalities will be discussed. 

4.4. Methylprednisolone pulse therapy 

At present, the usefulness of steroids in the initial treatment of KD is not well 
established.(15) Newburger et al. reported that, compared to conventional IVIG therapy for 
routine primary treatment of KD in children, a single-pulse dose of intravenous MP (IVMP) 
does not improve treatment outcome.(22) However, IVMP therapy appears to benefit IVIG-
resistant KD patients.(80) Miura et al. revealed the effectiveness of IVMP therapy for KD 
patients that were previously unresponsive to initial IVIG treatment. IVMP suppresses 
cytokine levels faster, and subsequently, the outcomes are similar to those of IVIG-
responsive patients who receive a second dose of IVIG.(81) Furukawa et al. reported similar 
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findings.(82) IVMP appears to have the same effect on IVIG-resistant KD patients compared 
to an additional IVIG treatment.(83) The cost-benefit differences between IVMP and 
additional IVIG should be carefully considered, taking into account different medical 
conditions or health insurance policies among countries. The first dose of IVIG is well 
established, while IVMP or additional IVIG for IVIG-resistant KD patients requires further 
investigation. Ogata et al.(83) reported that IVMP was useful for reducing fever duration 
and medical costs for KD patients with initial IVIG resistance. IVMP (N = 13) and additional 
IVIG treatment (N = 14) were not significantly different in terms of preventing the 
development of coronary artery aneurysm. IVMP (30 mg/kg MP per day for 3 days) or a 
second dose of IVIG (2 g/kg) was prescribed to KD patients with fever and marked 
inflammation (i.e., non-exudative conjunctival injection, strawberry tongue, fissured lips, 
and erythematous change at the BCG inoculation site) 48 hours after initial IVIG 
treatment.(22, 82-84)  

The safety of IVMP therapy in patients with KD is uncertain. Miura et al.(85) reported that 
IVMP (N = 11) incurred a higher incidence of sinus bradycardia and hyperglycemia when 
compared with the additional IVIG group (N = 11). Hypertension between IVMP and IVIG 
groups did not differ significantly. All of the adverse effects were transient. There were no 
convulsions, gastrointestinal symptoms, infections, malignant arrhythmias, or sudden death 
in any subject.(85) Taken together, IVMP is safe for KD patients as additional or adjuvant 
therapy of initial IVIG treatment.(22, 86, 87) After additional IVIG therapy, IVMP is 
considered for KD patients with persistently poor responses to the second IVIG 
treatment.(74, 88) Kobayashi et al.(89) reported that the addition of prednisolone (2 
mg/[kg·day] administered over 15 days) to the standard regimen of IVIG improves coronary 
artery outcomes in patients with severe KD in Japan.  

4.5. Tumor necrosis factor- blockade 

TNF- levels are elevated in children with KD,(90) and the TNF- (–308) genetic 
polymorphism is associated with KD susceptibility, suggesting a role for TNF- receptor 
blocking in the treatment of KD, especially for those patients/cases refractory to IVIG. The 
early administration of TNF- receptor antagonists in KD may provide effective adjunctive 
therapy. Infliximab, which binds the pro-inflammatory cytokine TNF-, has been evaluated 
in several studies and shown to have a significant effect in KD patients with IVIG 
resistance.(91-93) Recently, etanercept, a more suitable TNF- receptor blocker for children 
with refractory juvenile idiopathic arthritis,(94, 95) was reported to benefit the treatment of 
IVIG-resistant KD as an adjuvant therapy to initial IVIG.(96, 97) A TNF- receptor blocker 
may be administered after initial IVIG treatment failure or after a second dose of IVIG 
therapy. 

4.6. Statins 

Chronic vascular inflammation and endothelial dysfunction persists in KD patients with 
CAL, even long after the acute stage.(98, 99) There is currently no specific treatment for 
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ongoing vascular inflammation and endothelial dysfunction. Low-dose aspirin can be 
prescribed until CAL normalizes, but it does not have an effect on inflammation or 
endothelial dysfunction. Lipid abnormalities in the acute phase of KD, with decreased 
triglycerides and high-density lipoprotein cholesterol (HDL-C) levels have been reported in 
previous studies.(100, 101)  

Statins, hydroxymethylglutaryl coenzyme A reductase inhibitors, have been shown to re-
duce cholesterol levels as well as improve surrogate markers of atherosclerosis and cardio-
vascular disease.(102) Huang et al.(103) reported that short-term (3 months) statin treatment 
(simvastatin, 10 mg/day as a single dose at bedtime) in KD patients complicated with CAL 
(N = 11) can significantly reduce total cholesterol and low-density lipoprotein cholesterol 
levels and increase HDL-C levels. Chronic vascular inflammation is also significantly im-
proved, as is endothelial dysfunction, with no adverse effects. However, long-term and 
randomized control trials are needed before further conclusions can be drawn.  

Recently, Blankier et al.(104) also reported that atorvastatin is able to inhibit critical steps (T 
cell activation and proliferation, production of the pro-inflammatory cytokine TNF-, and 
upregulation of matrix metalloproteinase-9 and an elastolytic protease) known to be im-
portant in the development of coronary aneurysms in an animal model of KD (murine mod-
el with injection of Lactobacillus casei cell wall extract), suggesting that statins may have 
therapeutic benefits in KD patients. Taken together, statins may be beneficial as an adjuvant 
therapy in KD patients with CAL. However, the association between dyslipidemia and 
atherosclerosis in KD patients is not certain.  

4.7. Other treatments 

Acute KD can lead to the development of large coronary artery aneurysms that may persist 
for years. Abciximab, a platelet glycoprotein IIb/IIIa receptor inhibitor, is associated with 
resolution of thrombi and vascular remodeling in adults with acute coronary syndromes. 
Williams et al.(105) reported that KD patients who were treated with abciximab demonstrat-
ed greater regression in aneurysm diameter at early follow-up than patients who received 
standard therapy alone. McCandless et al.(106) also reported that abciximab treatment might 
be associated with vascular remodeling in patients with aneurysms. Abciximab appears to 
benefit KD patients, especially those who develop aneurysms.  

There are still no well-defined treatments for refractory KD. Suzuki et al.(107) reported that 
CyA treatment is considered safe and well tolerated and may serve as a promising option 
for patients with refractory KD. Hyperkalemia developed in 9 of 28 (32%) patients 3–7 days 
after commencing CyA treatment. Adverse effects such as arrhythmias should be monitored 
with CyA. Kuijpers et al.(108) described a case of mortality, and a review of the literature 
showed that immunosuppressive medication such as CyA may not influence coronary in-
flammation and proliferation. Further trials are needed to clarify the optimal dose, safety, 
and timing of CyA treatment.  
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Specific changes in inflammatory markers (such as white blood cell count, neutrophil count, 
CRP, IL-6, soluble IL-2 receptor [sIL-2R](109), Th17/regulatory T-cell imbalance(110), and IL-
1 pathway(111)) have been reported to disrupt immunological functions and result in KD 
with IVIG resistance and CAL formation. This indicates the possible treatment role of 
plasma exchange (PE) for KD with IVIG resistance. Mori et al.(79) studied 46 children who 
had not responded to the second IVIG treatment and subsequently received PE, and 
compared them with 59 children that received a third dose of IVIG therapy. No 
complications occurred with PE therapy. CAL developed in 8 of the 46 children (17.3%) who 
received PE and in 24 of the 59 (40.7%) who received a third course of IVIG (p < 0.001). PE is 
considered safe and effective in the prevention of CAL in KD that is refractory to IVIG 
therapy. PE can be performed at an early stage, as soon as fractional increases in 
inflammatory markers are found after the first or second dosage of IVIG therapy.(79)  

5. Genetic association study in Kawasaki disease 

The higher incidence of KD in Asia, in conjunction with a higher incidence of the disease in 
Asian descendants compared with other ethnic populations in the United States and Eu-
rope, suggests that genetic predisposition might play an important role in the susceptibility 
to this disease.(3, 4, 9, 15) There is also evidence that the incidence of KD is higher among 
siblings than in the general population.(112) A growing number of research reports provide 
evidence that genetic polymorphisms contribute to the susceptibility to KD. For example, 
single-nucleotide polymorphisms (SNPs) in the monocyte chemoattractant protein 1 (MCP-
1),(113) IL-10,(114-116) CD40L,(117) CD40,(62) IL-4,(32) CASP3,(24) IL-18,(118) IL-1B,(119) 
HLA-E,(120) C-C chemokine receptor 5 (CCR5),(121-124) and ITPKC(20, 125, 126) and TGF- 
receptors(23) have been reported to be associated with the development of KD. Although 
genetic association studies have been widely performed in KD, several studies have pro-
duced inconsistent results. Some genes were proposed in one population; however, the 
findings could not be replicated in another population. In addition, the genes that are re-
sponsible for KD susceptibility may not be involved in CAL formation. Thus, studies ad-
dressing this question are plagued with inconsistencies. Three possibilities may explain 
these inconsistencies. First, some studies were performed in a small sample size that may 
not have been able to provide sufficient power to detect minor genetic effects. Second, it is 
becoming clear that there are different genetic backgrounds within populations that, due to 
variations in allele frequencies or heterogeneity of the phenotypes, may also influence the 
results. Third, the incidence of KD in Asia is much higher than that in other regions. Thus, 
the environmental factors or infectious agents between countries should also be considered 
carefully. 

6. Genetic polymorphisms of the ITPKC signaling pathway in Kawasaki 
disease 

A major advancement in the genetic study of KD was made by the discovery of ITPKC in the 
RIKEN SNP center Japan. In 2008, Onouchi and colleagues first identified a functional pol-
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ymorphism of ITPKC (rs28493229) that significantly associated with the susceptibility of KD 
and CAL in both Japanese and US children.(125) By using cell-based functional studies, 
Onouchi et al. further provided evidence to indicate that the risk C allele of ITPKC can re-
duce the splicing efficiency of the ITPKC mRNA that, in turn, contributes to the hyperactiva-
tion of Ca2+-dependent NFAT pathways in T cells. Thus, in the model of Onouchi et al., IT-
PKC is a negative regulator of T cells, and it may function as a calcium channel modulator 
that is involved in controlling immune systems. Interestingly, replication studies in the 
Taiwanese populations are strikingly controversial. The first replication study was by Chi et 
al. A total of 385 KD patients and 1158 normal subjects were genotyped.(127) However, no 
significant association was observed. Lin et al. took similar approaches in another independ-
ent medical center in Taipei. Their results indicated that the C allele of rs28493229 is associ-
ated with KD susceptibility.(128) Recently, data by meta-analysis support the correlation 
between rs28493229 of ITPKC and susceptibility of KD in the Taiwanese population.(23) Due 
to the increase in genetic diversity between cities in the south or north of Taiwan, we attrib-
ute the controversial results in the Taiwanese population to population migration. 

 
Figure 10. Model depicting the cellular pathways of ITPKC/calcium signaling in T cells. 

In the non-excitable cells such as T and B cells, calcium entry is mainly through store-
operated calcium channels (SOC). The activation of SOC can be controlled by the expres-
sion level of IP3, which is the substrate of ITPKC protein. As ITPKC is involved in the 
Ca2+-dependent NFAT signaling in T cells, genetic association studies between calcium 
pathways and susceptibility of KD were performed. The calcium-dependent downstream 
gene CASP3 is a good example. Onouchi et al. reported that a G-to-A substitution in the 
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5′-untranslated region of CASP3 (rs72689236) is associated with susceptibility to KD in 
Japanese and in Americans of European descent.(129) In the sample year, CASP3 
(rs72689236) was replicated in the KD children in the Taiwanese population.(24) Kuo et al. 
confirmed that the A allele of rs72689236 is very likely a risk allele in the development of 
aneurysms in patients with KD. Another 2 important molecules in the SOC are ORAI1 
(also known as CRACM1) and STIM1. Feske et al. identified ORAI1 in 2006. Modified 
linkage analysis completed on data generated by SNP arrays and RNA interference 
screening led to an important finding. A single missense mutation in ORAI1 was found in 
patients with severe combined immune deficiency syndrome. In 2011, genetic polymor-
phisms of ORAI1 were reported to associate with the risk and recurrence of calcium neph-
rolithiasis(130) and HLA-B27-positive AS(131). In the KD study, no significant association 
between OARI1 genotypes ORAI1 and KD clinical parameters (such as CAL formation or 
IVIG treatment responses) was found. However, a novel genetic polymorphism in the 
STIM1 gene was detected that associated with CAL formation in KD patients (data not 
shown). As STIM1 is a key initiator of SOC, DNA sequencing for the STIM1 gene family in 
a larger population may be helpful to identify novel polymorphisms. Future studies are 
needed to address the mechanism by which calcium signaling contributes to the devel-
opment of KD. (Figure 10)  

7. Genetic polymorphisms of the TGF- signaling pathway in Kawasaki 
disease 

TGF- is an important molecule that is involved in the regulation of cytokine expression and 
immune response. It has been shown that TGF--mediated signaling pathways are mainly 
via transcription factors, Smads, which include at least 3 common proteins: Smad2, Smad3, 
and Smad4. The binding of TGF- to its receptor results in the phosphorylation of Smad2 or 
Smad3, which heterodimerizes with Smad4. The formation of the Smad complex further 
translocates to the nulclus to regulate activation of the target genes. In the cardiovascular 
system, which is an important target of KD, TGF- signaling is involved in the pathogenesis 
of multiple cardiovascular diseases via aberrant vascular remodeling. Low expression levels 
of endogenous TGF- activity in the blood may contribute to the development of atheroscle-
rotic cardiovascular disease. In 2011, a large genetic study revealed a significant association 
between the polymorphisms in TGF- pathways and KD susceptibility or CAL formation in 
the European and US populations. In this study, Shimizu et al.(23) were the first to identify 
16 SNPs in 6 genes (TGFB2, TGFBR2, SMAD1, ENG, ACVRL1, and SMAD3) associated with 
the susceptibility to KD. The significance of genetic variation in 3 genes (SMAD3, TGFB2, 
and TGFBR2) could be replicated in the multiethnic TDT analysis from the independent 
United States/United Kingdom/Australia subjects. 

Kuo et al.(26) performed a replication study of 12 polymorphisms in 950 Taiwanese children. 
It was confirmed that genetic polymorphisms of SMAD as well as TGFB2 contribute to the 
susceptibility of KD. These observations, in combination with those of the recent study, 
support the importance of TGF- pathways for the susceptibility or severity of KD. 
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8. Genome-wide association study (GWAS) in Kawasaki disease 
In 2009, Burgner et al. were the first to perform a genome-wide association study (GWAS) on 
119 Caucasian KD cases and 135 matched controls. Forty SNPs and 6 haplotypes were con-
firmed in an independent cohort of KD families.(132) This insightful work led to the identifica-
tion of an SNP within the N-acetylated alpha-linked acidic dipeptidase-like 2 gene 
(NAALADL2; rs17531088), which was significantly associated with the susceptibility to KD. 
Although the function of NAALADL2 remains unclear, mutations in the gene may be involved 
in the development of Cornelia de Lange syndrome. In 2010, Kim et al. conducted another 
GWAS in a Korean population.(133) In total, 786 subjects (186 KD patients and 600 controls) 
were recruited. A locus in the 1p31 region was identified as a susceptibility locus for KD. Fur-
thermore, the PELI1 gene locus in the 2p13.3 region was confirmed to associate with the devel-
opment of CAL in KD patients. In 2012, two independent research groups by Lee et al.(62) and 
Onouchi et al.(134) published GWAS data from Taiwanese and Japanese populations, respec-
tively. The results suggested that BLK (encoding B-lymphoid tyrosine kinase) and CD40 are 
novel susceptibility genes for KD. Consistent with this findings, Kuo et al. conducted a case–
control genetic association study and identified another polymorphism in the CD40 gene that 
associated with susceptibility to KD. Hence, the results from independent groups support a 
significant role of immune-related genes such as CD40 for KD and CAL formation.(135)  

9. Conclusion 

Several major advances have been made in understanding the genetic effects of the suscep-
tibility and clinical status of KD over the past decade. Very recently, genome-wide associa-
tion led 2 groups (Lee et al. and Onouchi et al.) to identify the same novel susceptibility loci 
as being important for KD in the Asian population. Although the exact functional role of 
these genes in KD is still unclear, at present, these loci could provide a new direction for 
future studies. We can expect to see more insightful research beginning to elucidate the 
genes responsible for KD susceptibility. 
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(NAALADL2; rs17531088), which was significantly associated with the susceptibility to KD. 
Although the function of NAALADL2 remains unclear, mutations in the gene may be involved 
in the development of Cornelia de Lange syndrome. In 2010, Kim et al. conducted another 
GWAS in a Korean population.(133) In total, 786 subjects (186 KD patients and 600 controls) 
were recruited. A locus in the 1p31 region was identified as a susceptibility locus for KD. Fur-
thermore, the PELI1 gene locus in the 2p13.3 region was confirmed to associate with the devel-
opment of CAL in KD patients. In 2012, two independent research groups by Lee et al.(62) and 
Onouchi et al.(134) published GWAS data from Taiwanese and Japanese populations, respec-
tively. The results suggested that BLK (encoding B-lymphoid tyrosine kinase) and CD40 are 
novel susceptibility genes for KD. Consistent with this findings, Kuo et al. conducted a case–
control genetic association study and identified another polymorphism in the CD40 gene that 
associated with susceptibility to KD. Hence, the results from independent groups support a 
significant role of immune-related genes such as CD40 for KD and CAL formation.(135)  

9. Conclusion 

Several major advances have been made in understanding the genetic effects of the suscep-
tibility and clinical status of KD over the past decade. Very recently, genome-wide associa-
tion led 2 groups (Lee et al. and Onouchi et al.) to identify the same novel susceptibility loci 
as being important for KD in the Asian population. Although the exact functional role of 
these genes in KD is still unclear, at present, these loci could provide a new direction for 
future studies. We can expect to see more insightful research beginning to elucidate the 
genes responsible for KD susceptibility. 
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1. Introduction 
Atherosclerosis (ATH) is a condition characterized by thickening of the arterial intima as a 
result of the accumulation of fatty materials (mainly cholesterol and cholesterol esters). 
Lesions of the disease (atheromas or atherosclerotic plaques) have three distinct compo-
nents, (1) the atheroma which is the nodular accumulation of a soft, flaky yellowish material 
at the center of the large plaques, composed of macrophages nearest the lumen of the artery, 
(2) underlying accumulations of cholesterol crystals, and (3) calcification of the older or 
more advanced lesions. In human beings, ATH is major cause of adult mortality in the de-
veloped world [1]. In animals, ATH occurs rarely, and only infrequently leads to a clinical 
disease such as infarction of the heart and brain. Several studies have indicated that the pig, 
rabbit, and chicken are susceptible to experimental induction of the disease through feeding 
of a high- cholesterol diet and that the dog, cat, cow, goat, and rat are resistant. Naturally – 
occurring disease has been reported in aged pigs and birds and in dogs suffering from hy-
pothyroidism that accompanies hypercholesterolemia [2]. 

The smooth muscle cells (SMCs) constitute the predominant cellular element of the vascular 
media, cause vasoconstriction or dilation in response to physiological or pharmacological 
stimuli, synthesize extracellular matrix (collagen, elastin and proteoglycans); elaborate 
growth factors and cytokines; and migrate to the intima and proliferate after vascular injury. 
These activities of SMCs are important in both normal vascular repair and pathological 
processes such as ATH. Physiological regulation of the migratory and proliferative activities 
of the SMCs is regulated by growth promoters and inhibitors. Among the promoters are the 
platelet – derived growth factor derived from platelets (and endothelial cells and macro-
phages), basic fibroblast growth factor, and interleukin 1. Inhibitors include heparin sulfates, 
nitric oxide, interferon γ, and transforming growth factor β.  

Injury of the wall of blood vessels stimulates SMCs growth by disrupting the physiological 
balance between inhibition and stimulation. Repair of the injured vascular wall constitutes a 
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at the center of the large plaques, composed of macrophages nearest the lumen of the artery, 
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more advanced lesions. In human beings, ATH is major cause of adult mortality in the de-
veloped world [1]. In animals, ATH occurs rarely, and only infrequently leads to a clinical 
disease such as infarction of the heart and brain. Several studies have indicated that the pig, 
rabbit, and chicken are susceptible to experimental induction of the disease through feeding 
of a high- cholesterol diet and that the dog, cat, cow, goat, and rat are resistant. Naturally – 
occurring disease has been reported in aged pigs and birds and in dogs suffering from hy-
pothyroidism that accompanies hypercholesterolemia [2]. 

The smooth muscle cells (SMCs) constitute the predominant cellular element of the vascular 
media, cause vasoconstriction or dilation in response to physiological or pharmacological 
stimuli, synthesize extracellular matrix (collagen, elastin and proteoglycans); elaborate 
growth factors and cytokines; and migrate to the intima and proliferate after vascular injury. 
These activities of SMCs are important in both normal vascular repair and pathological 
processes such as ATH. Physiological regulation of the migratory and proliferative activities 
of the SMCs is regulated by growth promoters and inhibitors. Among the promoters are the 
platelet – derived growth factor derived from platelets (and endothelial cells and macro-
phages), basic fibroblast growth factor, and interleukin 1. Inhibitors include heparin sulfates, 
nitric oxide, interferon γ, and transforming growth factor β.  

Injury of the wall of blood vessels stimulates SMCs growth by disrupting the physiological 
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physiologic healing response with the formation of a neointima, in which SMCs: (1) migrate 
from the media to the intima, (2) proliferate as intimal SMCs, and (3) elaborate extracellular 
matrix. During the healing process, the SMCs in the intima lose the capacity to contract and 
gain the capacity to divide. Within the intima, the SMCs may return to the nonproliferative 
state when either the overlying endothelial layer is re – established after acute injury or the 
chronic inflammation ceases. However, intimal thickening occurs when the healing 
response is exaggerated and this can cause stenosis or occlusion of small and medium sized 
blood vessels.  

2. Functional roles of VSMC in atherosclerosis 

Functional roles of VSMC in atherosclerosis include: (1) phenotypic switching (from 
quiescent "contractile "phenotype to active "synthetic "state; (2) extracellular matrix (ECM) 
deposition; (3) proliferation; (4) migration; (5) inflammatory gene expression, (6) oxidant 
stress; and (7) monocyte retention (monocyte – VSMC binding) (Figure 1). 

2.1. Phenotypic switching 

Several studies demonstrated that the vascular smooth muscle cells have phenotypes that 
differ in the media and atherosclerotic lesions, and that phenotypic switching of SMCs plays 
a central role in atherosclerosis according to Ross's hypothesis [3, 4]. It has been proposed 
that before migration from the media into the intima, a transition of the SMCs phenotype is 
required [5]. In the media, the SMCs have a contractile phenotype that enables them to 
regulate the vascular tone. When these cells proliferate they acquire a synthetic phenotype. 
During the proliferative state the SMC requires extensive changes in gene expression and 
protein synthesis [6].  

A major challenge in understanding differentiation of the SMCs is their ability to appear as a 
wide range of different phenotypes at different stages of development, and even in adult 
organism the cells are not terminally differentiated and are capable of major changes in their 
phenotype in response to changes in their local environment [7, 8, 9]. During early stages of 
vasculogensis SMCs are highly migratory and undergo rapid cell proliferation. Many 
studies indicated that there is a remarkable amount of movement of SMCs and SMC 
progenitor cells as part of the complex morphogenic events that leads to the formation of the 
cardiovascular system [10, 11]. During vascular development, SMCs also show high rate of 
synthesis of extracellular matrix components including collagen, elastin, proteoglycans, 
cadherins, and integrins that share the formation of blood vessel mass. In this stage of 
development, SMCs form abundant gap junctions with endothelial cells, and the process of 
investment of endothelial tube with SMCs or pericytes is necessary for vascular maturation 
and vessel remodeling [12]. In comparison, the SMCs in adult blood vessels show very low 
rate of proliferation turnover, are largely nonmigratory, show a very low rate of synthesis of 
extracellular matrix components, and are committed only to carry their contractile function 
[9]. Mature fully differentiated SMCs express a repertoire of appropriate receptors, ion 
channels, signal transudation molecules, calcium regulatory protein, and contractile protein 
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[7]. Following vascular injury the "contractile" SMCs are capable of undergoing transient 
modification of this phenotype to a highly "synthetic ' phenotype, and they play an 
important role in the repair of vascular injury. However, that repair of vascular injury is 
carried out principally (or exclusively) by reversible phenotype modulation of preexisting 
SMCs is a matter of controversy. Many studies proposed two alternative mechanisms 
although in reality none is mutually exclusive. In the first one there is evidence that the 
circulating bone marrow derived SMC progenitor cells play a major role in the repair of 
vascular injury [13, 14, 15]. The second proposed mechanism is supported by the evidence 
that SMC populations within blood vessels are extremely heterogeneous with resident 
stable populations of preexisting SMCs that are phenotypically distinct from the classical 
definition of a contractile SMCs [16, 17] and that these cells accomplish the injury repair [9].   

Some recent studies have provided evidence that circulating cells, presumably derived from 
bone marrow, can contribute to neointima formation and repair of vascular injury [13, 15, 
18]. However, these studies involved very extensive damage to medial SMCs (almost 
complete destruction of the media and SMCs death), and / or immunologic injury due to 
genetic mismatch of host and donor tissues following tissue transplantation combined with 
lack of adequate immunosuppression therapy. However, there is no single study in the 
severe mechanical injury models have provided strong evidence that bone marrow cells 
within lesions express definitive SMC markers such as smooth muscle (SM) myosin heavy 
chain (MHC) and smoothelin. In addition no studies have been made on the possibility of 
fusion of circulating progenitor cells with resident SMCs [9]. 

A number of studies are available demonstrating that there are heterogeneities between 
SMCs within the blood vessel with retention of a resident stable population of cells that 
have a "synthetic phenotype" [17, 19]. In the study of [19] a panel of antibodies specific for 
different markers of SMC differentiation including SMC α – actin, SM MHC, calponin, des-
min, and meta – vinculin were used to perform immunofluorescence labeling studies on 
cryosections of adult and fetal bovine main pulmonary arteries. The authors performed also 
Western analyses of these marker genes in the three different layers of the adult bovine 
pulmonary artery. These authors reported the presence of four distinct populations or clus-
ters of MSCs based on morphology, cell orientation, pattern of elastic lamellae, and im-
munostaining patterns and proposed that these populations may represent unique lineages 
performing different functions within the arterial media, and respond in different ways to 
stimuli. Although strong evidence exists for the presence of heterogenous populations of 
SMCs in vivo no studies were done to demonstrate that these represent distinct stable SMC 
lineages that play a preferential role in carrying out repair of vascular injury in vivo. The 
studies of Clowes and co-workers [20, 21, 22] would seem to refute such a possibility in that 
they showed SMC growth fractions (the fraction of medial SMC at time O that leave Go and 
reenter the cell cycle) of up to 60% following balloon injury of the rat carotid artery, indicat-
ing that the majority of SMCs within the media possess the ability to reenter the cell cycle 
and contribute to repair of vascular injury in adult animals. Thus the preexisting "subpopu-
lation "of SMC capable of phenotypic switching is much greater than frequencies reported 
by [19] and represent a large fraction of SMCs in the vessel wall. [23] using the generation of 
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from the media to the intima, (2) proliferate as intimal SMCs, and (3) elaborate extracellular 
matrix. During the healing process, the SMCs in the intima lose the capacity to contract and 
gain the capacity to divide. Within the intima, the SMCs may return to the nonproliferative 
state when either the overlying endothelial layer is re – established after acute injury or the 
chronic inflammation ceases. However, intimal thickening occurs when the healing 
response is exaggerated and this can cause stenosis or occlusion of small and medium sized 
blood vessels.  

2. Functional roles of VSMC in atherosclerosis 

Functional roles of VSMC in atherosclerosis include: (1) phenotypic switching (from 
quiescent "contractile "phenotype to active "synthetic "state; (2) extracellular matrix (ECM) 
deposition; (3) proliferation; (4) migration; (5) inflammatory gene expression, (6) oxidant 
stress; and (7) monocyte retention (monocyte – VSMC binding) (Figure 1). 
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complex SMC ancestor tables for the entire SMC population within the thoracic and ab-
dominal aorta based on pulse – chase labeling with [3H] thymidine in hypercholesteremic 
swine models of atherosclerosis provided evidence that supports the previous findings. 
They found that the intimal lesions were polyclonal and derived from multiple histological-
ly discrete medial SMCs that initiated DNA replication and subsequently underwent several 
rounds of DNA replication. These findings are in discrepancy with a model in which only a 
small fraction of medial SMCs contribute to lesion formation.   

Results of another study [24] reported that distinct populations of rat cultured SMCs (adult 
and embryonic) when implanted into a rat carotid artery in vivo retained some phenotypic 
differences. These findings suggest that there is considerable stability in the phenotype of 
these cells. However, it is possible that the stable epigenetic reprogramming of these cells 
was a function of their extensive growth in culture. Additionally, since large number of 
cells were transplanted, it is possible that the transplanted cells could created their own 
"microenvironmental domain or milieu "and that autocrine and paracrine effects 
contributed to the retention of phenotypic differences. [25] suggested the existence of a 
subpopulation of terminally differentiated SMC that is incapable of cell cycle reentery. 
Evidence for this suggestion was based on studies showing failure of a subpopulation of 
SMC derived from dog aorta to proliferate in culture. However, this finding may repersent 
the lack of appropriate culture reagents and / or conditions necessary to support growth of 
these cells. 

In summary, it seems that the principal source of SMCs responsible for repair of vascular 
injury under "normal "circumstances are the preexisting SMCs that undergo transient and 
reversible phenotypic modulation. However, circulating bone marrow cells, cells derived 
from the adventitia, and / or preexisting subpopulations of phenotypically modified SMC 
can participate to some extent as well. The role of each of these different populations differs 
according to the nature of the vascular injury or the disease state.    

2.2. ECM deposition 

ECM comprises > 50 % of the atherosclerotic lesion and it consists of a mixture of vastly 
different macromolecules including collagen, elastin, glycoproteins, fibronectin, laminin, 
vitronectin, and thrombospondin. These matrix proteins are produced largely by the 
activated VSMCs  [26, 27] and confers tensile strength and viscoelasticity to the arterial wall. 
Each of these ECM components possesses unique structural properties that determine its 
own roles during the development of atherosclerotic plaques. In addition to its role in 
supporting the plaque, ECM participates in many key events such as cell migration and 
proliferation, lipoprotein retention and thrombosis.  

Matrix metalloproteinases (MMPs) are endopeptidases produced by SMCs and macrophag-
es and they contribute significantly to the degradation and remodeling of the plaque extra-
cellular matrix [29]. MMps that are induced to be expressed by environmental factors pre-
sent within the lesion can actively modify the matrix in which SMCs reside and actively 
contribute to further phenotypic switching of the SMC. SMC phenotype is prone to  

 
Vascular Smooth Muscle Cells and the Comparative Pathology of Atherosclerosis 

 

237 

 
Figure 1. Redrawn and modified from Ross [28]. 

modification by a number of factors including PDGF [30], TGF β [31], intric oxide [32], and 
reactive oxygen species [33]. These factors have been demonstrated to modify MMP pro-
duction in cultured SMCs, although information concerning the mechanisms and factors 
that control expression of MMPs in vivo are still lacking. A major determinant of plaque 
stability is the existence of a balance between production of matrix degrading MMPs, the 
inhibitors MMPs or tissue inhibitor of metalloproteinase (TIMPs), and matrix production 
by SMCs [34, 35]. In normal arteries of human and laboratory animals, MMP – 2 (72 – Kda 
gelatinase) and TIMp – 1 and TIMP – 2 are constitutively expressed at levels creating a 
stable balance between endogenous matrix proliferation and matrix degradation m and a 
normal MMP – to – TIMP ratio [29]. In the developing atherosclerotic lesion, this ratio is 
tipped towards MMPs as described in part by an increase in MMP – 3 (stromelysin) and 
MMP – 9 (92 – Dka gelatinase), and increased MMP – to – TIMP ratio [29]. It would seem 
that MMP overexpression is important for the migration and formation of a SMC – rich 
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fibrous plaque and subsequent plaque stabilization. Galis et al. [36] presented evidence that 
MMP – 3 and MMP – 9 could be also expressed by SMCs in the shoulder region of human 
atherosclerotic plaques. [37] found a correlation between decrease of SM – 1 and SM – 2 
marker expression and increase in PDGF and MIM – 3/ 9 expression in the rabbit neointi-
ma. Knoockout gene studies for MMP – 9 have demonstrated decreased intimal SMC hy-
perplasia and reduced late lumen loss in the mouse carotid artery flow cessation model 
[38] and in the carotid wire injury model [39]. During the natural progression of atheroscle-
rosis in APOE – 1- mice, differential expression of MMP – 9 increases with time in lesional 
areas versus nonlesion areas [40]. Lemaitere et al. [35] showed that in TIMP – 1 / - mice 
crossed to APOE – 1- mice there was increased aortic medial ruptures compared with con-
trol mice after 10 weeks of Western diet feeding, indicating imbalance between MMP ex-
pression and TIMP expression can lead to lesion instability.  

2.3. SMC proliferation 

Immediately following activation by the injury, growth factor, or cytokine, the SMC 
undergoes phenotypic change that leads to a migratory and secretory cell that migrates into 
the neointima [41]. Stimulation by growth factor or cytokine causes the SMCs to proliferate 
and secrete matrix proteins and enzymes. Whereas the complex atherosclerotic lesions 
contain a mixed type of cells including SMCs, lipid laeden macrophages, and lymphocytes, 
the vascular SMCs are the dominant cellular component of the de novo and in-stent 
restenotic lesions. Results of both experimental and randomized clinical trials have shown 
that significant retardation of in-sent stenosis could be achieved through the delivery of 
inhibitors of inflammation and of SMCs proliferation such as sirolimus and paclitaxel to the 
site of intervention on drug – eluting stents [42, 43].  

Proliferative phenotype of vascular SMCs in both physiological and pathological events 
involve critical changes in the gene expression patterns of the proliferating cells. Growth- 
promoting factors such as angiotensin 11 or oxidized low density lipoprotein stimulate the 
vascular SMCs and lead to increased expression of genes coding for iron transporters, extra-
cellular matrix components, cell – cell adhesion molecules, cytoskeletal proteins, transcrip-
tion factors and cell cycle regulatory proteins [44, 45]. Comparison between the healthy 
vascular SMCs and vascular SMCs isolated from various disease conditions, such as prima-
ry atherosclerosis and in – stent stenosis reveals similar changes in gene expression patterns 
[46].  

Changes in gene expression programs are influenced largely by transcriptional events, but 
the contribution of posttranscriptional events (such as mRNA processing, transport, 
turnover, and translation) is becoming increasingly recognized [47]. One of the most 
important of these events, stability of regulated mRNA critically contributes to the 
implementation of gene expression patterns during the cellular response to mitogens, 
immunological triggers, stress, and differentiation agents [48, 49]. A growing list of proteins 
central to the execution of such responses (P21, Hsp70, MnsoD, catalase, Cdc25, cyclin A, 
cyclin B1, c-Fos, c-Jun, c-Myc, Egr-1, etc) are encoded by labile mRNA, which have tightly 
regulated half – lives [47].  
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Among the well – studied determinants of transcript stability are U – rich or A + U rich 
elements (collectively termed AREs) generally present in the 3' -untranslated regions of 
labile mRNA [50]. Several RNA – binding proteins have been found to bind to AREs and 
leads to transcript decay and they include BRF1, AUF1, and KSRP [51, 52, 53]. HuR, a mem-
ber of the Hu / ELAV protein family binds to AREs and instead promote transcript stabiliza-
tion. HuR stabilizes many mRNAs that encode growth factors, cell division proteins, and 
cytokines. An important role of HuR during the response to immune factors and proliferate 
signals has been described in many cell systems [54, 55, 56, 57, 58]. 

HuR was found to regulate cell proliferation in a mouse model of skeletal muscle devel-
opment and regeneration, purportedly through its effect on the expression of proteins 
governing cell growth and differentiation [59, 60]. Pullmann, Jr. et al. [47] found that treat-
ment of hVSMCs with platelet - derived growth factor increased HuR levels in the cyto-
plasm, thereby influencing the expression of metabolic, proliferative, and structural genes. 
In addition, knockdown of HuR expression by using RNA interference was reported to 
cause a reduction of hVSMC proliferation, both basally and following platelet – derived 
growth factor treatment. These authors postulated that HuR contributes to regulating 
hVSMC growth and homeostasis in pathologies associated with VSMC proliferation [47]. 
In other studies, HuR was found to increase the rate of proliferation of human diploid 
fibroblasts, shortened the cell division time of colon cancer cells, and accelerated the devel-
opment of tumors in nude mice [55, 56, 61]. The stimulatory effect of HuR on cell prolifera-
tion is proposed to be though increasing the stability of several mRNAs, including those 
that encode cyclin A, cyclin B1, c- Fos, c – Myc, and cyclin D1, thereby enhancing the ex-
pression of the corresponding proteins,. which promote progression through the cell divi-
sion cycle [62]. Pullmann, Jr. et al. [47] have identified the cDk2 mRNA as a novel target of 
HuR. This is an interesting finding in view of the regulatory influence of cdk2 and cyclin A 
on rat carotid artery VSMC proliferation. It has been proposed that HuR may be a contrib-
uting factor to smooth muscle cell and neointima proliferation and consequently to athero-
sclerosis [47]. 

In summary, the migratory and proliferative activities of VSMCs are regulated by a balance 
between growth promoters such as platelet derived growth factors (PGF), endthelin – 1 (ET 
– 1), thrombin, fibroblast growth factor (FGF), interleukin -1 (IL - 1) and inhibtors such as, 
heparin sulfates, intric oxide (NO), transforming growth factor (TGF) – beta. A role has been 
suggested for matrix metallo – proteinases (MMPs) could catalyze and remove the basement 
membrane around VSMC and facilitate contacts with the interstitial matrix. VSMCs are 
stimulated to proliferate and migrate by some kinds of cytokines, growth factors, and angio-
tensin II (Ang – II). Apoptosis, proliferation and migration of VSMCs are essential features 
of the pathogenesis of atherosclerosis and plaque rupture. Rupture of the plaque is associat-
ed with increased number of fibrous cap macrophages, increased VSMC apoptosis and 
reduced fibrous cap VSMCs. Within the plaques, the VSMCs are the only cells capable of 
synthesizing structurally important collagen isoforms, and the apoptosis of VSMC might 
promote plaque rupture [63]. 
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2.4. SMC migration 

Agents that induce VSMC migration include growth factors (Angiotensin II, PDGF, bFGF, 
HB – EGF, IGF – 1, VEGF, Thrombin), cytokines / chemokines (IL – 1 β,. IL – 6, TL -6, TFβ 1, 
TNF – alpha, MCP – 1), extracellular matrix components (collagen 1, IV , collagen VIII, fi-
bronectin, hyaluronan, laminin, osteopontin thrombospondin, vitronectin), bioactive lipids 
(LPA, Hydroxyeicosatrienoic acids [12 or 15 (s) – HETE ], diabetogenic agents [ high glucose 
(25 mmol / L) ], advanced glycation end products (AGEs), RAGE ligands S 100 B, and other 
molecules (ATP, UTP, norepinephrine, histamine, and serotonin) [64]. Angiotensin II – in-
duces VSMC migration through P38 – MAPK activated c – Src through two distinct but 
redundant pathways, one via Syk, and other via EGFR transactivation through ERK 1/2 and 
partially through p38 MAPK [64]. Receptor for advanced glycation end products (RAGE) 
ligands induce inflammatory genes and VSMC migration via Src kinase [64]. Additionally, 
RAGE ligand (S100B) activates Src and MAP kinases in VSMCs [64]. In diabetic db / db 
mice, it has been found that there was enhancement of RAGE expression, Src activation, and 
migration in VSMCs [64]. 

2.5. Inflammatory gene expression 

The atherogenic cytokines that are released from SMCs, endothelial cells (EC), macrophages, 
T lymphocytes, and B lymphocytes include IFN (released from SMC, macrophages, T lym-
phocytes, and causes increased SMC migration and proliferation, increased ECM remodel-
ing, and increased adhesion molecule expression), IL – 1 (released from SMCs, EC, macro-
phages, and T and B lymphocytes and increases SMC migration and proliferation, monocyte 
accumulation, and adhesion molecule expression) , IL – 18 (released from SMC, EC, and 
macrophages, and causes increased adhesion molecule expression, increased SMC accumu-
lation, and ECM remodeling), MCP – 1 (produced by the SMC, EC, macrophages, and T 
lymphocytes, and increases recruitment of monocytes , SMC migration and ECM synthesis 
and remodeling), PDGF – BB (produced by the SMC, EC, and macrophages, and increases 
SMC migration and increases SMC migration anf proliferation), and TGFβ (elaborated by 
SMC, EC, macrophages, and proliferation and increases SMC migration and proliferation, 
and ECM synthesis) [64]. Cytokines that are involved in atherogenesis include TNF – α, IL – 
1, IL – 6, IL – 8, IL – 12, IL – 15. IL – 18, IL 32, and MCP – 1 produced by macrophages under 
the influence of resisting leptin, and adiponectin elaborated from adipose tissue. Cytokines 
released from macrophages stimulate SMC to produce the cytokines TNF – α, IL – 1, IL – 6, 
and IFN – (?). Those same cytokines also activate the EC to prduce VCAM – 1, ICAM – 1, E – 
selectin, P – selectin, IL – 1, IL – 6, IL – 8, IL – 18, IL PB, and MCP – 1. Other cytokines also 
produced by Tho (IL – 2, IL – 3), Th 1 (IL – 2, INF, IL – 17) Th 2 (IL – 4, IL – 5 < IL – 6, IL – 10, 
IL – 13), Treg (IL – 10, TGFβ), NKT cells (IFN), and macrophages (IL – 10, TGFβ, IL – lra, IL – 
18BP) [64]. 

2.6. Oxidative stress 

An important feature of the pathological porcess in atherogenesis is an increased generation 
of reactive oxygen species (ROS). All components of the atherosclerotic lesion has been 
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shown to increase production of ROS mainly superoxide anion (O2-) [26, 65]. The ROS are 
produced by the VSMCs, endothelial cells, fibroblasts, and infiltrating leukocytes [66]. These 
ROS affect gene transcription, damages DNA, and increases production of inflammatory 
transcription factors [67]. Oxidation of LDL and scavenging of endothelium – derived NO 
are the best studied effects [26]. 

The mechanism of oxidative modification of LDL is unknown but there is always oxidized 
LDL in atherosclerotic lesions. Experimental studies indicated that the level of oxidized 
LDL, as measured by autoantibody titers, is reflective of the atherosclerotic burden [68]. 
Many of the atherogenic processes are induced by the oxidized LDL and these include 
transcription of proatherogenic genes, production of matrix metalloproteinases and tissue 
factor, antagonism of endothelial cell production of NO, and promotion of VSMC apoptosis 
[69]. The increased production of superoxide anion rapidly reacts with NO to produce 
peroxynitrite, a potent oxidant [70]. It has been stated that scavenging of NO increases 
inflammation, platelet activation, and vasoconstriction [26]. 

Studies of antioxidant vitamins, including the Guppo Italiano per 10 Studio della Soprav-
vivenza nell' Infarto myocradico (GISSI) Prevention Trial, the Heart Outcomes prevention 
Evalution Study (HOPE), and the Heart protection Study (HPS), did not show any reduction 
in clinical events with antioxidant vitamin E therapy [71, 72]. However, in these trials there 
were limitations that precluded the adequate test of the hypothesis ([73]. One of these limita-
tions is that the rate constant for reaction of vitamin E or C with superoxide anion is much 
slower than for superoxide anion with NO or endogenous antioxidant enzymes [74]. Oral 
intake only slightly increases the levels of vitamin in plasma and tissue, and this may not 
affects the events in the vascular wall, where it is not concentrated. Vitamin E contributes 
little in the form of antioxidant protection in the cytoplasm, nucleus, or interstitial space 
since it is concentrated in the lipid bilayers. Additionally, a delay in treatment may have 
abolished its effect on the development of lesions and with little effect on plaque rupture 
and clinical events. However, some other therapeutic studies in the same trials (e.g. HOPE 
and HPS) indicated significant benefit [67, 75]. Of equal importance is that conventional 
antipletlet therapy has antioxidant effects as it has the ability to limit ROS production by 
activated platelets. The fact that oxidative stress plays important role in the pathogenesis of 
atherosclerosis makes clear that the limitations of current therapies should not conclude 
therapeutic interest in this area but stimulates studies into new ways of treatment. 

2.7. Monocyte – VSMC binding  

Monocytes in circulation adhere and migrate across the endothelium in response to 
atherogenic stimuli. Initially, these processes may be reversible, whereas subsequent 
accumulation and retention of monocytes – macrophages into the intima become a central 
pathogenic process in atherogenesis [76]. The mechanisms by which the monocytes are 
retained in the subendothelium and the role of VSMCs in this process are not known. 
Adhesive reactions between marginated monocytes and VSMCs have been proposed to 
contribute to monocyte- macrophage retention in the intima. Evidence for the possible 
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(LPA, Hydroxyeicosatrienoic acids [12 or 15 (s) – HETE ], diabetogenic agents [ high glucose 
(25 mmol / L) ], advanced glycation end products (AGEs), RAGE ligands S 100 B, and other 
molecules (ATP, UTP, norepinephrine, histamine, and serotonin) [64]. Angiotensin II – in-
duces VSMC migration through P38 – MAPK activated c – Src through two distinct but 
redundant pathways, one via Syk, and other via EGFR transactivation through ERK 1/2 and 
partially through p38 MAPK [64]. Receptor for advanced glycation end products (RAGE) 
ligands induce inflammatory genes and VSMC migration via Src kinase [64]. Additionally, 
RAGE ligand (S100B) activates Src and MAP kinases in VSMCs [64]. In diabetic db / db 
mice, it has been found that there was enhancement of RAGE expression, Src activation, and 
migration in VSMCs [64]. 

2.5. Inflammatory gene expression 

The atherogenic cytokines that are released from SMCs, endothelial cells (EC), macrophages, 
T lymphocytes, and B lymphocytes include IFN (released from SMC, macrophages, T lym-
phocytes, and causes increased SMC migration and proliferation, increased ECM remodel-
ing, and increased adhesion molecule expression), IL – 1 (released from SMCs, EC, macro-
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SMC migration and increases SMC migration anf proliferation), and TGFβ (elaborated by 
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and ECM synthesis) [64]. Cytokines that are involved in atherogenesis include TNF – α, IL – 
1, IL – 6, IL – 8, IL – 12, IL – 15. IL – 18, IL 32, and MCP – 1 produced by macrophages under 
the influence of resisting leptin, and adiponectin elaborated from adipose tissue. Cytokines 
released from macrophages stimulate SMC to produce the cytokines TNF – α, IL – 1, IL – 6, 
and IFN – (?). Those same cytokines also activate the EC to prduce VCAM – 1, ICAM – 1, E – 
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18BP) [64]. 

2.6. Oxidative stress 

An important feature of the pathological porcess in atherogenesis is an increased generation 
of reactive oxygen species (ROS). All components of the atherosclerotic lesion has been 
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shown to increase production of ROS mainly superoxide anion (O2-) [26, 65]. The ROS are 
produced by the VSMCs, endothelial cells, fibroblasts, and infiltrating leukocytes [66]. These 
ROS affect gene transcription, damages DNA, and increases production of inflammatory 
transcription factors [67]. Oxidation of LDL and scavenging of endothelium – derived NO 
are the best studied effects [26]. 

The mechanism of oxidative modification of LDL is unknown but there is always oxidized 
LDL in atherosclerotic lesions. Experimental studies indicated that the level of oxidized 
LDL, as measured by autoantibody titers, is reflective of the atherosclerotic burden [68]. 
Many of the atherogenic processes are induced by the oxidized LDL and these include 
transcription of proatherogenic genes, production of matrix metalloproteinases and tissue 
factor, antagonism of endothelial cell production of NO, and promotion of VSMC apoptosis 
[69]. The increased production of superoxide anion rapidly reacts with NO to produce 
peroxynitrite, a potent oxidant [70]. It has been stated that scavenging of NO increases 
inflammation, platelet activation, and vasoconstriction [26]. 

Studies of antioxidant vitamins, including the Guppo Italiano per 10 Studio della Soprav-
vivenza nell' Infarto myocradico (GISSI) Prevention Trial, the Heart Outcomes prevention 
Evalution Study (HOPE), and the Heart protection Study (HPS), did not show any reduction 
in clinical events with antioxidant vitamin E therapy [71, 72]. However, in these trials there 
were limitations that precluded the adequate test of the hypothesis ([73]. One of these limita-
tions is that the rate constant for reaction of vitamin E or C with superoxide anion is much 
slower than for superoxide anion with NO or endogenous antioxidant enzymes [74]. Oral 
intake only slightly increases the levels of vitamin in plasma and tissue, and this may not 
affects the events in the vascular wall, where it is not concentrated. Vitamin E contributes 
little in the form of antioxidant protection in the cytoplasm, nucleus, or interstitial space 
since it is concentrated in the lipid bilayers. Additionally, a delay in treatment may have 
abolished its effect on the development of lesions and with little effect on plaque rupture 
and clinical events. However, some other therapeutic studies in the same trials (e.g. HOPE 
and HPS) indicated significant benefit [67, 75]. Of equal importance is that conventional 
antipletlet therapy has antioxidant effects as it has the ability to limit ROS production by 
activated platelets. The fact that oxidative stress plays important role in the pathogenesis of 
atherosclerosis makes clear that the limitations of current therapies should not conclude 
therapeutic interest in this area but stimulates studies into new ways of treatment. 

2.7. Monocyte – VSMC binding  

Monocytes in circulation adhere and migrate across the endothelium in response to 
atherogenic stimuli. Initially, these processes may be reversible, whereas subsequent 
accumulation and retention of monocytes – macrophages into the intima become a central 
pathogenic process in atherogenesis [76]. The mechanisms by which the monocytes are 
retained in the subendothelium and the role of VSMCs in this process are not known. 
Adhesive reactions between marginated monocytes and VSMCs have been proposed to 
contribute to monocyte- macrophage retention in the intima. Evidence for the possible 
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interaction between VSMCs and the monocytes comes from the fact that VSMC express 
adhesion molecules within the atherosclerotic lesions but not in normal vessels [77]. In 
addition, a highly significant association was demonstrated between VSMC vascular cell 
adhesion molecule (VCAM) – 1 expression and the content of the intimal macrophage [78, 
79]. Furthermore, a significant focal expression of intercellular adhesion molecule (ICAM) – 
1 on VSMC in regions prone to atherosclerosis was found preceding mononuclear cell 
infiltration in man, which indicates a causative role in lesion development [80]. It has been 
shown that cell – to – cell interactions between monocytes and VSMC enhanced the 
procoagulant activity of monocytes and increased the production in both cell types of 
atherosclerosis – related materials such as metalloproteinase – 1 [81]. These findings 
indicated that the VSMCs and monocytes – macrophages are not merely neighbors in the 
vessel wall but that VSMC – monocyte interactions constitute additional signals in the 
pathogenesis of atherosclerosis. However, the cellular, molecular, and signal transudation 
mechanisms need to be elucidated. 

A well-known fact is that angiotensin II (ANG II) and platelet – derived growth factor 
(PDGF) – BB have a significant role in vascular remodeling and atherosclerosis [82]. They 
are capable of inducing VSMC migration, hypertrophy, and proliferation [82, 83]. Cai et al. 
[84] investigated the effects of angiotensin II (ANG II) and PDGF – BB on VSMC – monocyte 
interactions. They found that treatment of human aortic VSMC (HVMC) with ANG II or 
PDGF – BB significantly increased binding to human monocytic THP-1 cells and to periph-
eral blood monocytes. This was inhibited by antibodies to monocyte β1 – and β2 – integrins. 
Attenuation of the binding was also achieved through blocking of VSMC arachidonic acid 
(AA) metabolism by inhibitors of 12 / 15 – lipoxygenase (12 / 15 – LO) or cyclooxygenase -2 
(COX - 2). On the other hand, enhancement of binding was obtained by overexpression of 12 
/ 15 – LO or COX – 2. Binding was also enhanced by direct treatment of HVSMC with AA or 
its metabolites. Additionally, VSMC derived from 12 / 15 – LO knockout mice showed re-
duced binding to mouse monocytic cells in comparison with genetic control mice. Using 
specific signal transudation inhibitors, Cai et al. [84] showed the involvement of Src, phos-
phoinositide 3 – kinase, and MAPKs in ANG 11- or PDGF – BB induced binding. These 
authors also found that after coculture with HVSMC, THP – 1 cells surface expression of the 
scavenger receptor CD36 was increased. In conclusion, results of the work of Cai et al. [84] 
indicated that the growth factors may play additional roles in atherosclerosis by increasing 
monocyte binding to VSMC via AA metabolism and key signaling pathways. This process 
can lead to monocyte subendothelial retention, CD36 expression, and foam cell formation. 

3. VSMCs in the pathogenesis of atherosclerosis 

3.1. Humans 

Three major types of cells that are commonly seen in the atherosclerotic lesions are the 
SMCs (which dominates the fibrous cap), macrophages (inflammatory cells) that infiltrate 
around the necrotic core, and the lymphocytes (intracellular and intercellular lipid) which 
have been mainly ascribed to the fibrous cap [85, 86]. A very complex interplay exists 
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between these cells in the various developmental stages of the atherosclerotic lesion. This 
complex interrelation is further complicated by a number of risk factors that contribute to 
the clinical manifestation of the disease, and they include the abnormal vasomotor function, 
the thrombogenicity of the blood vessel wall, the state of activation of the coagulation 
cascade, the fibrinolytic system, SMC migration and proliferation, and inflammation process 
[76, 86, 85]. However, the exact cause of development of the atherosclerosis is not 
completely understood. Similarly much more information is needed concerning regulation 
of the key role of SMCs in vascular injury repair and in the development and / or 
progression of atherosclerosis. Finally, additional work is needed to clarify the specific 
contributions of the SMC versus other cell types within the lesion, such as macrophages and 
endothelial cells, to the end-stage clinical sequelae of atherosclerosis including plaque 
rupture, thrombosis, infarction, vasospasm, myocardial ischemia, and death.  

3.2. Birds 

Various avian species such as pigeons [87, 88], turkeys [89], and chickens [90] have been 
shown to be the convenient experimental animals for induction of atherosclerosis. Shih et 
al. [91] mentioned that the Japanese quail is an ideal laboratory animal for long – term 
experiment because of its small size, short life cycle, and low feed consumption. Athero-
sclerosis was conventionally induced in various experimental animals through feeding of 
cholesterol and fat or oil [88, 89, 90]. Oku et al. [92] demonstrated that dietary feeding of 2 
% cholesterol and 15 % corn oil for 3 months can induce typical atherosclerotic lesions 
more frequently in the ascending aorta and its large branches than in abdominal aorta in 
Japanese quails. This finding is comparable to that reported by Toda et al. [93] in the 
chickens. Atherosclerosis was also induced in quails by feeding them with 2 % cholesterol 
and 0.5 % cholic acid for 15 weeks [94]. Morrissey and Danalbson [95]  demonstrated that 
atherosclerosis could be induced by feeding quails with 1 % cholesterol and 10 % fat for 
10 weeks. Wexler [96] reported that both the male and female Japanese quails developed 
spontaneous atherosclerosis at 2 years of age. Jarrold et al. [97] and Velleman et al. [98] 
have demonstrated that the cholesterol – induced atherosclerosis (CIA) line of Japanese 
quails is a valid animal model to study ECM remodeling induced by hypercholesterole-
mia. Jarrold et al. [97] showed that the proteoglycan decorin was localized in the foam cell 
regions and collagen type I was found to surround the foam cells where decorin accumu-
lated. Velleman et al. [99] showed that remodeling of the collagen component of the dorsal 
aorta extra – cellular matrix during the progression of atherosclerosis in Japanese quails 
selected for CIA. Toda et al. [93] reported that fibroblasts rather than smooth muscle cells 
are the main cellular component in the development of atherosclerosis in Japanese quails 
as in chicken. Oku et al. [92] suggested that phenotype transformation of intimal cell mi-
grating from the tunica media to play an important role in the initiation and the develop-
ment of atherosclerosis. Casale et al. [100] studied the cellular events of quail atherosclero-
sis using monoclonal antibodies to alpha-actin and chicken macrophages and effectively 
identified the presence of SMC and macrophages, respectively, as constituents of the ath-
erosclerotic lesions. The presence of macrophage, as well as SMC proliferation, was ob-
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interaction between VSMCs and the monocytes comes from the fact that VSMC express 
adhesion molecules within the atherosclerotic lesions but not in normal vessels [77]. In 
addition, a highly significant association was demonstrated between VSMC vascular cell 
adhesion molecule (VCAM) – 1 expression and the content of the intimal macrophage [78, 
79]. Furthermore, a significant focal expression of intercellular adhesion molecule (ICAM) – 
1 on VSMC in regions prone to atherosclerosis was found preceding mononuclear cell 
infiltration in man, which indicates a causative role in lesion development [80]. It has been 
shown that cell – to – cell interactions between monocytes and VSMC enhanced the 
procoagulant activity of monocytes and increased the production in both cell types of 
atherosclerosis – related materials such as metalloproteinase – 1 [81]. These findings 
indicated that the VSMCs and monocytes – macrophages are not merely neighbors in the 
vessel wall but that VSMC – monocyte interactions constitute additional signals in the 
pathogenesis of atherosclerosis. However, the cellular, molecular, and signal transudation 
mechanisms need to be elucidated. 

A well-known fact is that angiotensin II (ANG II) and platelet – derived growth factor 
(PDGF) – BB have a significant role in vascular remodeling and atherosclerosis [82]. They 
are capable of inducing VSMC migration, hypertrophy, and proliferation [82, 83]. Cai et al. 
[84] investigated the effects of angiotensin II (ANG II) and PDGF – BB on VSMC – monocyte 
interactions. They found that treatment of human aortic VSMC (HVMC) with ANG II or 
PDGF – BB significantly increased binding to human monocytic THP-1 cells and to periph-
eral blood monocytes. This was inhibited by antibodies to monocyte β1 – and β2 – integrins. 
Attenuation of the binding was also achieved through blocking of VSMC arachidonic acid 
(AA) metabolism by inhibitors of 12 / 15 – lipoxygenase (12 / 15 – LO) or cyclooxygenase -2 
(COX - 2). On the other hand, enhancement of binding was obtained by overexpression of 12 
/ 15 – LO or COX – 2. Binding was also enhanced by direct treatment of HVSMC with AA or 
its metabolites. Additionally, VSMC derived from 12 / 15 – LO knockout mice showed re-
duced binding to mouse monocytic cells in comparison with genetic control mice. Using 
specific signal transudation inhibitors, Cai et al. [84] showed the involvement of Src, phos-
phoinositide 3 – kinase, and MAPKs in ANG 11- or PDGF – BB induced binding. These 
authors also found that after coculture with HVSMC, THP – 1 cells surface expression of the 
scavenger receptor CD36 was increased. In conclusion, results of the work of Cai et al. [84] 
indicated that the growth factors may play additional roles in atherosclerosis by increasing 
monocyte binding to VSMC via AA metabolism and key signaling pathways. This process 
can lead to monocyte subendothelial retention, CD36 expression, and foam cell formation. 

3. VSMCs in the pathogenesis of atherosclerosis 

3.1. Humans 

Three major types of cells that are commonly seen in the atherosclerotic lesions are the 
SMCs (which dominates the fibrous cap), macrophages (inflammatory cells) that infiltrate 
around the necrotic core, and the lymphocytes (intracellular and intercellular lipid) which 
have been mainly ascribed to the fibrous cap [85, 86]. A very complex interplay exists 
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between these cells in the various developmental stages of the atherosclerotic lesion. This 
complex interrelation is further complicated by a number of risk factors that contribute to 
the clinical manifestation of the disease, and they include the abnormal vasomotor function, 
the thrombogenicity of the blood vessel wall, the state of activation of the coagulation 
cascade, the fibrinolytic system, SMC migration and proliferation, and inflammation process 
[76, 86, 85]. However, the exact cause of development of the atherosclerosis is not 
completely understood. Similarly much more information is needed concerning regulation 
of the key role of SMCs in vascular injury repair and in the development and / or 
progression of atherosclerosis. Finally, additional work is needed to clarify the specific 
contributions of the SMC versus other cell types within the lesion, such as macrophages and 
endothelial cells, to the end-stage clinical sequelae of atherosclerosis including plaque 
rupture, thrombosis, infarction, vasospasm, myocardial ischemia, and death.  

3.2. Birds 

Various avian species such as pigeons [87, 88], turkeys [89], and chickens [90] have been 
shown to be the convenient experimental animals for induction of atherosclerosis. Shih et 
al. [91] mentioned that the Japanese quail is an ideal laboratory animal for long – term 
experiment because of its small size, short life cycle, and low feed consumption. Athero-
sclerosis was conventionally induced in various experimental animals through feeding of 
cholesterol and fat or oil [88, 89, 90]. Oku et al. [92] demonstrated that dietary feeding of 2 
% cholesterol and 15 % corn oil for 3 months can induce typical atherosclerotic lesions 
more frequently in the ascending aorta and its large branches than in abdominal aorta in 
Japanese quails. This finding is comparable to that reported by Toda et al. [93] in the 
chickens. Atherosclerosis was also induced in quails by feeding them with 2 % cholesterol 
and 0.5 % cholic acid for 15 weeks [94]. Morrissey and Danalbson [95]  demonstrated that 
atherosclerosis could be induced by feeding quails with 1 % cholesterol and 10 % fat for 
10 weeks. Wexler [96] reported that both the male and female Japanese quails developed 
spontaneous atherosclerosis at 2 years of age. Jarrold et al. [97] and Velleman et al. [98] 
have demonstrated that the cholesterol – induced atherosclerosis (CIA) line of Japanese 
quails is a valid animal model to study ECM remodeling induced by hypercholesterole-
mia. Jarrold et al. [97] showed that the proteoglycan decorin was localized in the foam cell 
regions and collagen type I was found to surround the foam cells where decorin accumu-
lated. Velleman et al. [99] showed that remodeling of the collagen component of the dorsal 
aorta extra – cellular matrix during the progression of atherosclerosis in Japanese quails 
selected for CIA. Toda et al. [93] reported that fibroblasts rather than smooth muscle cells 
are the main cellular component in the development of atherosclerosis in Japanese quails 
as in chicken. Oku et al. [92] suggested that phenotype transformation of intimal cell mi-
grating from the tunica media to play an important role in the initiation and the develop-
ment of atherosclerosis. Casale et al. [100] studied the cellular events of quail atherosclero-
sis using monoclonal antibodies to alpha-actin and chicken macrophages and effectively 
identified the presence of SMC and macrophages, respectively, as constituents of the ath-
erosclerotic lesions. The presence of macrophage, as well as SMC proliferation, was ob-
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served in early lesions. Although it was not possible to acertain the first cell type to be 
involved in the initial stages of atherosclerosis, results suggested early intervention of 
macrophages and SMC. Bavelaar et al. [101] studied the possibility that feeding of α-
linolenic acid instead of linoleic acid or saturated fatty acids would diminish the degree of 
atherosclerosis in cholesterol-fed quails. The authors concluded that a differential effect 
on the development of atherosclerosis of α-linolenic acid, linoleic acid and saturated fatty 
acids could not be demonstrated. 

Fabricant and Fabricant [102] investigated the roles of both Marek's disease herpesvirus 
(MDV) and dietary cholesterol in atherosclerosis in chickens. The birds were examind 7 
months after MDV infection with and without cholesterol feeding for gross and microscopic 
arterial lesions. Typical lesions of atherosclerosis were observed only in infected 
normocholesterolemic or hypercholesterolemic birds. They were not detected in uninfected 
birds even if the birds were hypercholesterolemic. Furthermore, immunization with turkey 
herpesvirus vaccine or SB – 1 vaccine prevented atherosclerotic lesions. Hajjar et al. [103] 
demonstrated histologically that infection of normocholesterolemic, specific-pathogen-free 
chickens with Marek’s disease herpesvirus (MDV) lead to chronic atherosclerosis like that in 
humans (Figures 2 and 3).  

Spontaneous atherosclerosis is of common occurrence in captive parrots [104]. It occurs 
in all parrot species but with the highest occurrence in African Grey parrots and Ama-
zons. Old birds are more commonly affected, and the disease has been seen in both males 
and females. Sudden death is the most common signs, but clinical symptoms include 
dyspnea, lethargy and nervous sign, such as paresis and collapses. Atherosclerosis is 
mostly an unexpected finding at necropsy because clinical signs of the condition are 
seldomly seen and the difficulty associated with diagnosis. In parrots, age and species 
are determinants of atherosclerosis. Risk factors have been suggested to include an ele-
vated plasma cholesterol level, diet composition, social stress, and inactivity [104]. Frick 
et al. [105] studied the incidence of spontaneous atherosclerosis in 62 African grey par-
rots (Psittacus erithacus) and 35 Amazon parrots (Amazona spp.). Incidence of atheroscle-
rosis was 91.9% in African grey parrots and 91.4% in Amazon parrots. According to the 
missing lymphocytes and macrophages and the absence of invasion and proliferation of 
SMCs, the authors concluded that the "response-to-injury hypothesis" is inapplicable in 
parrots. 

3.3. Pigs 

In recent years an increase occurred in use of pigs as a promising species for morphological, 
biochemical, and metabolic studies of cardiovascular diseases particularly atherosclerosis 
[106, 107, 108]. Anatomy and physiology of the cardiovascular system of pigs resemble that 
of man. Among the similarities are size and distribution of arteries, location of thickened 
intima in the normal state, blood pressure, heart rate, plasma lipoprotein patterns, and 
responses to diets rich in fat and cholesterol [108]. Spontaneous atherosclerosis is known to 
develop in pigs with increased age, and have lipoprotein profiles and metabolism similar to  
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Figure 2. a. Heart and major blood vessels of a pigeon (Columba livia). Hyperatrophy of the heart and 
thickening of major blood vessels (arrows) could be visualized. b. Thoracic cavity of a pigeon (Columba 
livia). Hyperatrophy of the heart, fat deposition on the heart, and thickened blood vessels originating 
from the heart (arrows) could be visualized. c. Same heart shown in figure 2 following opening the 
chambers and shows narrowing of chambers as result of myocardial hypertrophy (arrows). d. A view of 
thoracic cavity of a chicken .A rounded hyperatrophied heart (H) with thickened major blood vessels 
(arrows) could be seen. e. Heart and major blood vessels of a chicken following opening of heart to 
show narrowing of ventricles as result of myocardial hyperatrophy. f. Heart and major blood vessels of 
a New Zealand White rabbit. Note fat deposition on pericardium and thickening of the walls of major 
blood vessels.  
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served in early lesions. Although it was not possible to acertain the first cell type to be 
involved in the initial stages of atherosclerosis, results suggested early intervention of 
macrophages and SMC. Bavelaar et al. [101] studied the possibility that feeding of α-
linolenic acid instead of linoleic acid or saturated fatty acids would diminish the degree of 
atherosclerosis in cholesterol-fed quails. The authors concluded that a differential effect 
on the development of atherosclerosis of α-linolenic acid, linoleic acid and saturated fatty 
acids could not be demonstrated. 

Fabricant and Fabricant [102] investigated the roles of both Marek's disease herpesvirus 
(MDV) and dietary cholesterol in atherosclerosis in chickens. The birds were examind 7 
months after MDV infection with and without cholesterol feeding for gross and microscopic 
arterial lesions. Typical lesions of atherosclerosis were observed only in infected 
normocholesterolemic or hypercholesterolemic birds. They were not detected in uninfected 
birds even if the birds were hypercholesterolemic. Furthermore, immunization with turkey 
herpesvirus vaccine or SB – 1 vaccine prevented atherosclerotic lesions. Hajjar et al. [103] 
demonstrated histologically that infection of normocholesterolemic, specific-pathogen-free 
chickens with Marek’s disease herpesvirus (MDV) lead to chronic atherosclerosis like that in 
humans (Figures 2 and 3).  

Spontaneous atherosclerosis is of common occurrence in captive parrots [104]. It occurs 
in all parrot species but with the highest occurrence in African Grey parrots and Ama-
zons. Old birds are more commonly affected, and the disease has been seen in both males 
and females. Sudden death is the most common signs, but clinical symptoms include 
dyspnea, lethargy and nervous sign, such as paresis and collapses. Atherosclerosis is 
mostly an unexpected finding at necropsy because clinical signs of the condition are 
seldomly seen and the difficulty associated with diagnosis. In parrots, age and species 
are determinants of atherosclerosis. Risk factors have been suggested to include an ele-
vated plasma cholesterol level, diet composition, social stress, and inactivity [104]. Frick 
et al. [105] studied the incidence of spontaneous atherosclerosis in 62 African grey par-
rots (Psittacus erithacus) and 35 Amazon parrots (Amazona spp.). Incidence of atheroscle-
rosis was 91.9% in African grey parrots and 91.4% in Amazon parrots. According to the 
missing lymphocytes and macrophages and the absence of invasion and proliferation of 
SMCs, the authors concluded that the "response-to-injury hypothesis" is inapplicable in 
parrots. 

3.3. Pigs 

In recent years an increase occurred in use of pigs as a promising species for morphological, 
biochemical, and metabolic studies of cardiovascular diseases particularly atherosclerosis 
[106, 107, 108]. Anatomy and physiology of the cardiovascular system of pigs resemble that 
of man. Among the similarities are size and distribution of arteries, location of thickened 
intima in the normal state, blood pressure, heart rate, plasma lipoprotein patterns, and 
responses to diets rich in fat and cholesterol [108]. Spontaneous atherosclerosis is known to 
develop in pigs with increased age, and have lipoprotein profiles and metabolism similar to  
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humans [106, 107]. Use of high fat, high cholesterol diets in pigs leads to elevation of total 
and LDL plasma cholesterol [106]. Several studies have shown the ability to induce aortic 
lesions in pigs very similar to those seen in human atherosclerosis disease [106].  

 
Figure 3. a. Microphotography of arterial wall in a pigeon (Columba livia) showing lipid accumulation in 
tunica media . H&E. b. Microphotography of arterial wall in a pigeon (Columba livia) showing lipid 
accumulation in tunica media and destruction of some of the elastic lamellae. H&E.  
c. Microphotography of arterial wall in a pigeon (Columba livia) showing destruction of  the elastic 
lamellae . H&E. d. Microphotography of arterial wall in a chicken showing lipid accumulation in the 
intima. H&E. 

3.4. Rabbits 

Among animals that have been used as models for experimental atherosclerosis, the rabbit is 
the only one that has the tendency to exhibit hypercholesterolemia within a few days of 
administration of a high cholesterol diet [110, 111]. Furthermore, the late stages lesions of 
human atherosclerosis are similar to those caused in rabbits when a diet low in cholesterol is 
administered for extended periods [110]. More advanced lesions in the thoracic and 
abdominal aorta, could be induced in rabbits through a high cholesterol diet can be combined 
with a single or double balloon injury. Balloon injury enhances the formation of atheromatic 
lesions and leads to the production of plaques with a lipid core covered by a fibrous cap with 
a high amount of SMCs. Such lesions are more similar to human atherosclerotic lesions than 
those produced by feeding rabbits with a high cholesterol diet alone [37, 112]. 
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Hypercholesterolemia that is induced in rabbits through diet is caused by the accumulation 
of exogenous cholesterol. Rabbits cannot increase the excretion of sterols and this explains 
their high susceptibility to inducement of atherosclerosis [113]. Consequently, increased 
quantities of lipoproteins rich in cholesterol esters enter the blood circulation. LDL and β – 
VLDL are the main transporters of cholesterol in plasma. They remain for prolonged time in 
blood circulation [113]. 

In rabbits, morphological features of the lesion could be modified by the percentage of 
cholesterol added to the diet and the duration of the diet [111, 113]. Diets with a percentage 
of cholesterol of more than 2 % and given for short duration, cause hypercholesterolemia, 
and atherosclerotic lesions rich in foam cells originate from macrophages. In contrast of this, 
a diet with a low cholesterol content, and long duration causes atherosclerosis lesions, 
which are rich in SMCs and contain cholesterol deposits leading to atherosclerosis lesions 
more similar to those of humans [113]. More advanced lesions were found to be formed not 
with continuous but with intermittent atherogenic diets [113]. Additionally, increasing the 
percentage of cholesterol in the diet to more than 0.15 %, cholesterol esters were detected in 
the lesion [113]. Spagnoli et al. [114] found that the formation of advanced lesion depends on 
the age of the animal. Thus, old rabbits (3 – 4.5 years old) exhibit fibrotic plaques while 
young rabbits (4 months old) do not have such advanced lesions (Figure 2-f). 
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humans [106, 107]. Use of high fat, high cholesterol diets in pigs leads to elevation of total 
and LDL plasma cholesterol [106]. Several studies have shown the ability to induce aortic 
lesions in pigs very similar to those seen in human atherosclerosis disease [106].  

 
Figure 3. a. Microphotography of arterial wall in a pigeon (Columba livia) showing lipid accumulation in 
tunica media . H&E. b. Microphotography of arterial wall in a pigeon (Columba livia) showing lipid 
accumulation in tunica media and destruction of some of the elastic lamellae. H&E.  
c. Microphotography of arterial wall in a pigeon (Columba livia) showing destruction of  the elastic 
lamellae . H&E. d. Microphotography of arterial wall in a chicken showing lipid accumulation in the 
intima. H&E. 

3.4. Rabbits 

Among animals that have been used as models for experimental atherosclerosis, the rabbit is 
the only one that has the tendency to exhibit hypercholesterolemia within a few days of 
administration of a high cholesterol diet [110, 111]. Furthermore, the late stages lesions of 
human atherosclerosis are similar to those caused in rabbits when a diet low in cholesterol is 
administered for extended periods [110]. More advanced lesions in the thoracic and 
abdominal aorta, could be induced in rabbits through a high cholesterol diet can be combined 
with a single or double balloon injury. Balloon injury enhances the formation of atheromatic 
lesions and leads to the production of plaques with a lipid core covered by a fibrous cap with 
a high amount of SMCs. Such lesions are more similar to human atherosclerotic lesions than 
those produced by feeding rabbits with a high cholesterol diet alone [37, 112]. 

a b 
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Hypercholesterolemia that is induced in rabbits through diet is caused by the accumulation 
of exogenous cholesterol. Rabbits cannot increase the excretion of sterols and this explains 
their high susceptibility to inducement of atherosclerosis [113]. Consequently, increased 
quantities of lipoproteins rich in cholesterol esters enter the blood circulation. LDL and β – 
VLDL are the main transporters of cholesterol in plasma. They remain for prolonged time in 
blood circulation [113]. 

In rabbits, morphological features of the lesion could be modified by the percentage of 
cholesterol added to the diet and the duration of the diet [111, 113]. Diets with a percentage 
of cholesterol of more than 2 % and given for short duration, cause hypercholesterolemia, 
and atherosclerotic lesions rich in foam cells originate from macrophages. In contrast of this, 
a diet with a low cholesterol content, and long duration causes atherosclerosis lesions, 
which are rich in SMCs and contain cholesterol deposits leading to atherosclerosis lesions 
more similar to those of humans [113]. More advanced lesions were found to be formed not 
with continuous but with intermittent atherogenic diets [113]. Additionally, increasing the 
percentage of cholesterol in the diet to more than 0.15 %, cholesterol esters were detected in 
the lesion [113]. Spagnoli et al. [114] found that the formation of advanced lesion depends on 
the age of the animal. Thus, old rabbits (3 – 4.5 years old) exhibit fibrotic plaques while 
young rabbits (4 months old) do not have such advanced lesions (Figure 2-f). 
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1. Introduction 

The choroid, the most important vascular tissue of the eye, is made up of vascular layers of 
descending thicknesses, from the large-sized choroidal vessels close to the sclera, to the 
choriocapillaris underlying the retina. Some 85% of the blood flow of the eye circulates 
through the choroidal vessels. The most important functions of the choroid include the regu-
lation of eye temperature and the nutrient supply to the outer retinal layers, in which is-
chaemia would seriously compromise visual function. The integrity of the cells of the vascu-
lar endothelium and of the smooth-muscle cells therefore proves essential to maintain the 
choroidal flow [1]. 

The rise of the plasma-cholesterol levels is known to be accompanied by an overexpression 
of monocytic chemotactic protein-1 (MCP-1) by the macrophages and vascular smooth-
muscle cells, which play a pivotal role in the development of fatty streaks [2]. In this way, an 
endothelium altered by hypercholesterolaemia leads to a pre-thrombosis state that begins 
with the aggregation of platelets. This is contributed to by aggregates that accumulate in the 
intima of the arteriolar wall as a result of the interaction of low-density lipoprotein (LDL) 
with the extracellular matrix [3,4]. Endothelial dysfunction precedes atherosclerosis, which 
is characterized by the expression of two adhesion molecules, the vascular adhesion mole-
cule-1 (VCAM-1) and the inter-cellular adhesion molecule-1 (ICAM-1). Both participate in 
the adhesion and extravasation of the monocytes into the subendothelial space, where they 
are transformed into macrophages. These subendothelial macrophages participate in trans-
forming the LDL into highly oxidized LDL (oxLDL), which after being taken up by the mac-
rophages contributes to the formation of foam cells [5] such as those seen in the large cho-
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roidal vessels and in the suprachoroid of hypercholesterolaemic rabbits [6]. The saturation 
of the foam cells leads to their death and the release of toxic products such as esterified and 
oxidized cholesterol, a scenario that inflicts greater endothelial damage and encourages the 
progression of the atherosclerotic lesion. 

The change in cell activation is measured by factors such as the nuclear factor kappa-beta 
(NF-kB) detected in macrophages, vascular endothelial cells, and smooth-muscle cells of 
atherosclerotic lesions [7]. The proliferation of smooth-muscle cells towards the intima, 
associated with an increase in apoptosis and a decrease in inflammatory cells, could indicate 
an attempt to limit the lesion. These processes described in hyperlipaemic aortas are also 
found in the walls of the large choroidal vessels, where, in addition to hypertrophy of the 
smooth-muscle cells, a great quantity of lipid inclusions appear and, in the case of choroidal 
arterioles, an increase in collagen fibre of the intima and the adventitia [8]. 

Several mechanisms contribute to impaired vascular tone in atherosclerosis, such as the 
activation of the smooth-muscle cells, by e.g. the synthesis of the extracellular matrix in-
duced by the macrophage-derived TGF-beta, the intimal thickening and the changes in the 
vascular endothelium, including the release of mediators that promote vascular constriction 
[9]. Clinical studies have suggested that hyperlipidaemia alone can prompt structural 
changes in the choroidal vascular and retinal system which over time could provoke retinal 
dysfunction [10]. Chronic ischaemia is also present in causes of blindness as prevalent as 
aged-related macular degeneration, glaucoma or diabetic retinopathy [11-13]. 

In summary, this chapter illustrates the structural and ultrastructural changes that occur 
experimentally in the choroids of animals subjected to a hyperlipaemic diet; the changes that 
appear in this tissue when the plasma-cholesterol levels are normalized after the hyper-
lipaemic diet is replaced by a standard one, and the effects in vascular tissue, fundamentally 
the mitochondria and the caveolar system of the endothelial and smooth-muscle cells, 
caused by the treatment with statins at such low rates that they do not alter the high choles-
terol levels (pleitropic effects) but are effective for controlling chronic ischaemia. 

2. Anatomo-physiology of the choroid 

2.1. Anatomy of the choroid 

The choroid constitutes the most posterior region of the tunica intermedia of the eyeball or 
uvea. This is formed by a pigmented vascular tissue underlying the sclera and overlying the 
retina. Histologically, the choroid has three layers, which from the sclera towards the retina 
are: the suprachoroid, the vascular layer, and Bruch’s membrane (Figure 1A). 

2.1.1. Suprachoroid 

The suprachoroid is the outermost layer of the choroid, a transition zone between the 
innermost part of the sclera and the large-sized-vessel layer (Fig. 1A). It is composed of 
tightly packed collagen fibres, melanocytes [14], fibroblasts [15], elastic fibres [16], 
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smooth-muscle cells [16-18], nerve plexus, and intrinsic choroidal neurons (ICNs) [19-21]. 
In primates, birds, and rabbits, this layer contains large, endothelium-lined spaces, which 
empty into veins. 

 
Figure 1. Choroidal vascular layers. A: Histological section (hematoxylin/eosin). B: Tridimensional 
scheme (Modified with permission from Ramírez et al. [19]). 1: Sclera; 2: Suprachoroid; 3: Large-sized- 
vessel layer (Haller´s Layer); 4: Medium-sized-vessel layer (Sattler´Layer); 5: Choriocapillaris; 6: Bruch´s 
membrane; 7: retinal pigment epithelium. 

2.1.2. Choroidal-vessel layers 

Most of the choroid consists of blood vessels that decrease in diameter from outer to inner as 
the vessels branch. It is made up of arteries, veins, arterioles, and a vascular stroma (Figure 
1A,B). The latter contains collagen and elastic fibres, fibroblasts, non-vascular smooth cells, 
numerous melanocytes, mast cells, macrophages, and lymphocytes. The arterial vessels are 
branches of the posterior ciliary arteries (PCAs) (Figure 2) and some recurring branches of 
the major arterial circle of the iris [22]. The vessels become smaller in a branching hierarchy 
towards the capillary bed, enabling the identification of the three vessel layers of decreasing 
calibre [23]: an outer layer of large-sized vessels (Haller’s layer), an intermediate layer of 
medium-sized vessels (Sattler’s layer), and inner layer of interconnected capillaries (the 
choriocapillaris) (Figure 1A,B).  

Large- and medium-sized-vessel layers 

Before penetrating the sclera, the PCAs are subdivided into various branches that surround 
the optic disc: two long posterior ciliary arteries (LPCA) [22,24] and 15-20 short posterior 
ciliary arteries (SPCA) [25] (Figure 2). Depending on their scleral penetration, the SPCA can 
be further subdivided into paraoptic SPCA (closer to the optic disc) and distal SPCA [26,27]. 
Overall, 2 paraoptic SPCA pass through the sclera and surround the optic disc, thus forming 
the Zinn-Haller arterial circle, which provides blood flow to the circumpapillary choroid 
and the prelaminary and laminary regions of the optic nerve head [27,28] (Figures 2,3). The 
rest of the SPCA, both paraoptic as well as distal, once in the vascular choroid, divide secto-
rially, forming triangular areas towards the 4 regions of the eyeball. The macular region is 
irrigated by a dense network of distal branches of the SPCA [29,30].  
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The LPCA penetrate the eyeball at some 4 mm from the optic disc in the horizontal meridi-
ans following a rectilinear path in the most superficial part of the layer of large vessels 
[24,27] (Figure 2). These arteries help constitute the major arterial circle of the iris [25,31,32] 
and sends out recurrent branches toward the peripheral choroid [32,33]. 

As opposed to what happens throughout most of the human vascular system, the arterial 
and venous systems of the choroid are not parallel, as most of the veins are located primari-
ly in the most external choroid [33]. The proportion of arteries to veins varies throughout the 
choroid, as does capillary density. In the latter case, density progressively diminishes from 
the centre to the periphery, coinciding with the fall in the number of photoreceptors of the 
retina. Thus, the submacular choroid is the one with the greatest capillary density (greatest 
quantity of blood per unit of area), this being necessary to nourish the great number of pho-
toreceptors of the macula [23]. In this zone, the arteriole/venule ratio is 3:1, so that the foveal 
cones can have double their blood supply, even at the cost of greater risk of oedema by vein 
blockage. At the posterior pole, the arteriole:veinule ratio is 1:2 to 1:4 [34,35]. As a result, 
these zones of the choriocapillaris could be more susceptible to local blockages of arteries, 
with the consequent risk of ischaemic damage. 

The voriticose veins drain the entire choroid, the ciliary body, and the iris. These veins are 
located at the equator (1 per each quadrant) and form a bottle shape receptacle before pene-
trating the sclera, which in turn is constituted by the meeting of 2 to 4 ampuliform dilations 
[27,36]. The choroidal veins and venules are larger than the arteries and maintain a rectiline-
ar path, joining at many acute angles before ending in the vorticose veins [15,23,33]. 

 
Figure 2. Scheme that represents the entry of the ciliary arteries in the eyeball. LPCA: Long posterior 
ciliary arteries; SPCA: Short posterior ciliary arteries; PCA: Posterior ciliary arteries. (Modified from 
Ramírez et al [72]). 
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Figure 3. Diafanization and repletion with colored polymers of two short posterior ciliary arteries 
(SPCA) forming the Zinn-Haller arterial circle. (Modified from Ramírez et al [72]). 

The choriocapillaris 

The choriocapillaris is made up of capillaries situated between the medium-sized vessel 
layer (Sattler’s layer) and Bruch’s membrane (Figures 1,4). The position of these capillaries, 
flattened and elliptical in transverse section, create a large surface for metabolic exchange 
with the retina. With the same purpose, the vessels of the choriocapillaris are composed of 
tubes of endothelial cells (EC) and pericytes that do not completely surround it, appearing 
only towards the scleral side. Meanwhile, the ratio of pericytes:endothelial cells in the hu-
man retina is 1:1, and in the choriocapillaris it is 1:6 [23]. Given the contractile character of 
these cells, which enables the blood supply to be regulated in other tissues, their lower 
number in the choriocapillaris could suggest that the regulation of the choroidal blood flow 
by contraction is practically nil [23]. 

The EC presents fenestrations in the side oriented towards Bruch’s membrane and retinal 
pigment epithelium (RPE) [37-39] (Figure 5). These fenestrations are of great physiological 
importance, as they permit the passage of nutrients towards the retina. The choroid capillar-
ies are permeable to small molecules such as glucose (20-fold more than in cardiac muscle 
and 80-fold more than in skeletal muscle) [40] and amino acids [41], as well as large mole-
cules such as γ-immunoglobulin and vitamin A [40,42,43]. Endothelial cells send out pro-
longations towards Bruch’s membrane [44] that could physically stabilize the angioarchitec-
ture of the inner choroid [45]. In addition, these prolongations could be involved in process-
es of phagocytosis for the elimination of waste products of Bruch’s membrane [46], which 
would give them an important function in the metabolic exchange between the choroid and 
the RPE [47].  

Among the capillaries of this layer are collagen fibres that form intercapillary septa [48]. 
These septa are reinforced and intermixed with fibres that come from the collagen area of 
Bruch’s membrane [23]. In this way, the capillaries are immersed in a network of relatively 
rigid collagen that prevents collapse [15]. 
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2.1.3. Bruch’s membrane 

The innermost layer of the choroid is Bruch’s membrane. This is an acellular structure, easily 
distinguishable from the retina and the choroid, and contains elements of both tissues. Ac-
cording to studies made with the electron microscope [15] [49][49][49] it can be divided into 
five layers, which, from the choroid side towards the retina are: The basal membrane of the 
choriocapillaris, the outer collagen layer, the elastic-fibre layer, the inner collagen layer, and 
the basal membrane of the RPE (Figure 5). 

The basal membranes, which on one side separate Bruch’s membrane from the choriocapil-
laris, and on the other from the RPE, are not joined by the hemidesmosomes to their adja-
cent layers [50]. The basal membrane of the choriocapillaris is discontinuous [15], being 
present on the side of the endothelium of the capillaries but absent in the intercapillary 
spaces [50]. 

The two collagen layers, with a thickness of 1 μm in young individuals, surround the layer 
of elastic fibres [15]. Some collagen fibres are arranged parallel to the plane of the tissue, 
particularly at the level of the inner collagen. Others pass from one side to the other of the 
elastic-fibre layer, interconnecting both collagen layers [15,33]. Through the external colla-
gen, fibres penetrate the interruptions of the basal membrane to join the collagen fibres of 
the intercapillary septa (as described above). This arrangement can help to join Bruch’s 
membrane to the choriocapillaris. 

The elastic fibre layer lies between the inner collagen layer on the inside and the outer colla-
gen layer on the outside. It is made-up of inter-woven bands of elastic fibres 2-4 μm thick. 
Between these appear irregular spaces through which the collagen fibres pass [15]. 

 
Figure 4. Histologic section of the choriocapillaris (CC), Bruch's membrane (BM) and retinal pigment 
epithelium (RPE). Hematoxylin/eosin. (Modified from Ramírez et al [72]). 
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Figure 5. Electron micrograph of Bruch´s membrane (BM) and choriocapillaris (CC). Bruch´s membrane 
is composed of several layers: the basal membrane of the retinal pigment epithelium (RPE), the inner 
collagenous layer (IC), the elastic layer (E), the outer collagenous layer (OC) and the basal membrane of 
the choriocapillary endothelium. Endothelial cells (EC) of the choriocapillaris present fenestrations 
(arrow-head). 

2.1.4. Choroidal innervation. 

The abundant choroidal innervation is made up of fibre bundles from the sympathetic and 
parasympathetic (autonomic nervous system) and sensitive (central nervous system). The 
sympathetic fibres are from the superior cervical ganglion, the parasympathetic from the 
ciliary and pterygopalatine ganglion, and the sensitive fibres from the trigeminal ganglion. 
These nerve fibres reach the choroid in three ways: i) going around the SPCA, these fibres 
stem from the plexuses of the internal carotid and continue with the ophthalmic artery until 
reaching the SPCA in the choroid; ii) through the short posterior ciliary nerves that stem 
from the ciliary ganglion; or iii) through the long posterior ciliary nerves that come from the 
nasociliary nerve [19,20] (Figure 6). In addition to the nerve fibres, the choroid has intrinsic 
choroidal neurons (ICNs). Both nervous structures are more abundant in the suprachoroid 
than in the rest of the vascular layers, with no innervation in the choriocapillaris [20]. 

Nerve Fibres 

The long ciliary nerves (nasal and temporal) enter the choroid together with the LPCA, in 
the horizontal meridian of the eye, near the optic disc. They head towards the anterior part 
of the eyeball, with few branches in the part towards the suprachoroid or the choroidal 
vessel layers [20] (Figure 6). The short ciliary nerves enter the choroid together with the 
SPCA around the optic nerve and proceed towards the ciliary body. In this trajectory, there 
are many branches for the suprachoroid and the choroidal vessel layers [20] (Figure 6).  

The short and long ciliary nerves send out branches to the large-sized-vessel layer of the 
choroid that are arranged in a paravascular form (Figure 7). Immunohistochemical tech-
niques have demonstrated that these paravascular axons carry information which is sympa-
thetic [NPY(+) and TH(+)] [21]; parasympathetic [(VIP(+)], and sensitive [SP(+) and 
CGRP(+)] [51]. In addition, in the vascular walls, sympathetic perivascular ends [NPY(+) and 
TH(+)] as well as sensitive ones [SP(+) and CGRP(+)] have been described. These perivascu-
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lar fibres can present small end dilations on reaching the vascular wall. Some axons pene-
trate to a deeper level of the medium-sized-vessel layer to form a polygonal plexus. This 
axons are sympathetic [NPY(+) and TH(+)] and sensitive [SP(+) and CGRP(+)]. Innervation 
has not been demonstrated in the choriocapillaris [21,51,52]. 

 
Figure 6. Tridimensional scheme showing the topographic distribution of the short ciliary nerves (SCN) 
and long ciliary nerves (LCN) in human choroid. The short ciliary nerves form a plexus of nerve fibers 
in the suprachoroid. In the vascular layers, the scheme shows branches from this plexus adapting to the 
vessel contours - paravascular fibers (PF) and intervascular fibers (IF). ON: optic nerve; PSCA: short 
posterior ciliary arteries; PLCA: Long posterior ciliary arteries; VV: vorticose vein; asterisk: posterior 
pole. (From Triviño et al. [20] 

 
Figure 7. Human choroidal wholemount. Nerve fibers adapted to the choroidal vascular morphology 
(paravascular fibers) lying parallel to the large arteries (arrow-head). Anti NF-200 PAP. Bar: 250 μm. 
(From Triviño et al. [20]) 
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Intrinsic choroidal neurons (ICNs) 

Besides nerve fibres, the human choroid possesses abundant ICNs (from 1300 to 1500), 
which are located mainly in the suprachoroid (Figure 8). The greatest concentration of ICNs 
is found in the central and temporal region adjacent to the macula. This location could be 
related to the existence of the macula. In humans, ICNs could be responsible for regulating 
the rapid vasoregulatory reflexes, which are so important in the fovea [20]. 

 
Figure 8. Intrinsic choroidal neurons of the suprachoroid forming a microganglion. Double immuno-
fluorescence for NF 200 (green) and TH (red). Bar: 20 μm. (From Triviño et al. [21]) 

The ICNs can present immunoreactivity to VIP (parasympathetic) and to nitric oxide syn-
thase (NOS), indicating the use of nitric oxide (NO) as a neurotransmitter. Both the NO and 
the VIP would be involved in the vasodilation through the regulation of the vascular 
smooth-muscle fibre. Recently, ICNS have been reported to be immunoreactive to NPY and 
TH (sympathetic) (Figure 8) and to SP and CGRP (sensitive) [52]. All these are located pref-
erentially in the central region of the temporal area (submacular choroid). Sympathetic ICNs 
could exert a protective mechanism to prevent over-perfusion and breakdown of barriers 
[21]. Sensitive ICNs could be involved in regulating the ocular blood supply, inflammatory 
processes, and vascular architecture [52]. 

2.1.5. Ultrastructural anatomy 

Choroidal arteries and veins 

The choroidal arteries have the structure of small arteries. They are constituted by a tunica 
intima, which consists of a monolayer of EC, a basal membrane often containing a cluster of 
fine osmophilic particles and of interspersed elastic fibres [15]. The intima is surrounded by 
a thick tunica media made up by one or more layers of smooth-muscle cells (Figure 12A). In 
larger arteries, there are two to three layers of smooth-muscle cells, the innermost arranged 
circumferentially and the outermost obliquely or longitudinally. These cells are separated 
from each other by basal membranes [53]. Over the tunica media lies an adventitia of colla-
gen in a circular arrangement but without an outer elastic membrane. In the adventitia, 
there are often melanocytes and fibroblasts [54]. The choroidal arterioles are constituted by: 
an intima, formed only by an endothelium and a basal membrane without inner elastic; a 
tunica media made up of a discontinuous muscle layer; and an adventitia formed by a fine 
layer of circular collagen [15]. 
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Choroidal veins have a structure similar to the rest of the veins of the organism, are com-
posed of an endothelia, a basal membrane, one or two layers of muscle cells, and an adventi-
tious layer of collagen [23]. Clusters of unmyelinated axons and synaptic terminals reach the 
outer muscle layers of the veins and arteries. Terminal boutons make contact with the 
smooth-muscle cells [53]. 

The EC, both of the arteries as well as of the choroid veins, present evaginations that pro-
trude towards the inside of the vessel and towards the basal membrane. These later pass 
through the membrane and make contact with the closest muscle cells. In the cytoplasm of 
the EC the normal organelles can be found: mitochondria, Golgi apparatus, rough endo-
plasmic reticulum, caveolar system, free polyribosomes, cytoplasmic vesicles and Weibel-
Palade bodies, which are membrane-bound granules containing an electrodense material 
[54,55]. The processes of the EC overlap and are joined together by different types of cell 
bonds: zonula adherens, tight junctions, and long gap junctions [38] (Figure 13A). 

The vascular smooth-muscle cells (VSMC) contain an elongated, highly heterochromatic 
nucleus, a cytoplasm with elongated mitochondria having smooth and rough-surfaces, 
endoplasmic reticulum, and numerous contractile filaments oriented parallel to one other [54]. 
Among the bundles of filaments appear dense osmiophilic structures that resemble Z bands, 
which probably represent areas of attachment of the filaments. Other filaments are oriented 
towards thickenings of the cell membrane; the filaments join these thickenings in the same 
way as hemidesmosomes [15]. Alternating with the dense structures, rows of caveoles appear 
along the surface of the cell membrane [55]. The muscle cells are joined together by macular 
adherent junctions, punctiform junctions, and gap junctions [54] (Figure 13A). 

Choriocapillaris 

The capillaries of the choriocapillaris differ from those of the retina by the great diameter of 
its lumen, in such a way that red blood cells can pass through at least 2 or 3 at a time 
[23].The EC of these capillaries have their nuclei located on the side of the vessels opposite 
Bruch’s membrane and protrude slightly into the lumen. Its cytoplasm, contains scattered 
mitochondria, small portions of Golgi apparatus, short cisterns of rough endoplasmic reticu-
lum, free polyribosomes, cytoplasmic vesicles, caveolar system, and occasional Weibel-
Palade bodies [54]. 

The EC are joined together by thin discontinuous bonds (zonula occludens), desmosomes, 
and communicating junctions (gaps) [37,38,56]. In addition, they have the peculiarity of 
presenting fenestrations on the side oriented towards Bruch’s membrane and the RPE [37-
39]. These fenestrations have a mean pore size of 60-80 nm [15,23] and are crossed by a dia-
phragm with a central density [37] (Figure 5). Endothelial-cell processes protrude into 
Bruch’s membrane, typically at sites of focally thickened, nonfenestrated regions of the EC 
[46]. The endothelium is enveloped by a thin basal lamina which also surrounds the peri-
cytes [14,57,58]. Pericytes appear only on the scleral face of the capillaries, incompletely 
wrapping them [23]. In their cytoplasm, pericytes bear small bundles of microfilaments, 
preferentially located along the plasma membrane [54,59]. 
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The stroma (extravascular tissue) contains collagen and elastic fibres, fibroblasts, non-
vascular smooth-muscle cells and numerous very large melanocytes closely apposed to the 
blood vessels. As in other types of connective tissue, numerous mast cells, macrophages and 
lymphocytes appear ([60] (Figures 11A,12A). 

2.2. Choroidal physiology 

The choroid is one of the most vascularized tissues of the human body and therefore it has 
traditionally been thought that its main function was to nourish the external layers of the 
retina. However, today it is known that it has many other functions, including: light absorp-
tion, elimination of the aqueous humour from the unveoscleral pathway, adjustment of the 
position of the retina by changes in the choroid thickness, help in the control intraocular 
pressure, and thermoregulation. The latter two functions of the choroidal blood flow have a 
fundamental role. 

2.2.1. The role of the choroidal blood flow 

The choroidal blood flow represents some 85% the total blood in the eye [34]. This high flow 
rate considerably surpasses that of other richly vascularized tissues, being 10-fold higher 
than in the grey matter of the brain, and 4-fold that of the kidney. This high choroidal blood-
flow rate (800-2000 ml/min/100 gr of tissue) is probably due to the great calibre of the vascu-
lar lumen of the choriocapillaris, and therefore to its low flow resistance [24,61]. Further-
more, the blood flow is not uniform, as it presents regional differences throughout the cho-
roid, so that on the periphery the flow is 6- to 7-fold lower than in the central regions (foveal 
and peripapillary) [62]. 

The exact function of the high choroidal blood flow is still not known with exactitude. Phys-
iologically, one of the main functions of the choroid is to nourish (supply O2 and glucose) to 
the most external layers of the retina (fundamentally to the photoreceptors and to the RPE). 
In many species, the retina depends entirely on choroidal circulation for its metabolic needs. 
The human choroid provides the metabolic requirements to the entire thickness of the retina 
only in the macular region. The high choroidal blood flow results in a steep gradient for the 
diffusion of O2 towards the external layers of the retina and a low concentration of waste 
products, facilitating their elimination from the retina [1]. If we take into account that vein 
blood is approximately 95% of that found in the arterial blood, we see that the O2-extraction 
rate from choroidal arterial blood is only 3-5% [63]. However, the high blood flow through 
its vessels permit the choroid to provide a high percentage of oxygen consumed by the reti-
na.  

Nevertheless, the choroid appears to be perfused at a proportion that exceeds its nutritive 
needs, suggesting therefore an additional role for the high rate of choroidal flow. Thus, it is 
thought that the choroidal blood flow could help maintain the regulation of the intraocular 
pressure (IOP) [43] and, on the other hand, offer thermoregulation by the following mecha-
nisms: dissipating the heat generated during the visual transduction process [64], prevent-
ing overheating of the outer retina during exposure to bright light [65], and, finally, heating 
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pressure (IOP) [43] and, on the other hand, offer thermoregulation by the following mecha-
nisms: dissipating the heat generated during the visual transduction process [64], prevent-
ing overheating of the outer retina during exposure to bright light [65], and, finally, heating 
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the intraocular structures that could be cooled by exposure to extreme outside conditions 
[66]. 

2.2.2. Regulatory mechanisms of choroidal blood-flow 

The control of circulation in most tissue is quite complex, as there are many factors that 
influence vascular resistance, such as: local myogenic responses, substances derived from 
the endothelium, local metabolic factors, and the autonomous nervous system. The existence 
or not of choroidal self-regulating mechanisms has long been the object of debate. The pres-
sure that promotes blood flow through the tissues is called perfusion pressure. Ocular per-
fusion pressure is the difference between the pressure of the arteries that reach the eye (aP) 
and that of the veins that leave the eye (vP) [1]. The perfusion pressure and vascular re-
sistance (R) determine blood flow (F) according to the following formula: F=(aP-vP)/R. As in 
the eye, the vP is practically equal to the IOP both under normal conditions as well as in 
cases of increased IOP, so that the formula becomes: F=(aP-IOP)/R. According to this formu-
la, a decrease in the perfusion pressure (by relieved arterial pressure or greater IOP) could 
result in a proportional restriction of blood flow without a compensatory reduction in vas-
cular resistance [33]. 

In most tissues, blood flow tends to remain constant despite moderate variations in perfu-
sion pressure, thanks to the mechanism known as self-regulation [24]. However, in the 
choroid, as opposed to the retinal vessels and the prelaminary region of the optic disc, 
increases (even moderate ones) in the IOP, cause concomitant reductions of the choroidal 
blood flow [63]. This circumstance is not controlled by any self-regulated mechanism 
[67,68]. Nevertheless, some authors have considered there to be a certain self-regulatory 
capacity of choroidal circulation under very specific conditions. Thus, it has been demon-
strated that the choroidal circulation is sensitive to tensions of CO2 as well as to acidic 
metabolic products which cause vasodilation. Studies on cats have shown a marked vaso-
dilation in the choroid when the CO2 concentration is raised [69]. It has been observed 
that the flow augments with the respiration of air containing 10% CO2 and diminishes 
with respiration of air saturated with 100% O2 [70]. Other studies reveal evidence of cho-
roidal self-regulation when the average arterial pressure gradually weakens. This mecha-
nism is IOP dependent, so that its effect is far more pronounced at low IOP levels (< 5 
mmHg) and does not occur within normal or higher IOP ranges. Therefore, the choroid 
would be capable of regulating its circulation at extremely low perfusion pressures in-
duced by a fall in average arterial pressure. 

Neural control of choroidal blood-flow 

In recent years, the importance of the neural control in choroidal blood-flow regulation has 
been stressed. Several mechanisms are involved in the neuroregulation of the uveal flow. In 
a direct way, this flow is regulated by perivascular innervation, which permits a balance 
between the vasoconstriction and vasodilation necessary for the maintenance of blood flow. 
Indirect regulation comes from the paravascular fibres, both by means of classical neuro-
transmitters as well as neuropeptides released by sympathetic, parasympathetic, and stro-
ma-sensitive nerve endings, and diffusing factors such as NO [20]. 
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Sympathetic stimulation causes sharp choroidal vasoconstriction and a fall in intraocular 
pressure due to a decline in the ocular blood volume (reductions in choroidal flow of up to 
60%) [62]. This response comes fundamentally from the stimulation of α-adrenergic recep-
tors located in the VSMC [1]. The sympathetic innervation places the choroid under vaso-
constriction tone, suggesting that this could protect the retina and the optic nerve head from 
the hyperfusion and break of the ocular barriers that could appear under certain circum-
stances as for example arterial hypertension. The systemic hypotension would, by barrore-
flex, increase sympathetic activity and depress parasympathetic activity, which would in 
turn bolster vascular resistance in the choroid, with the consequent restriction in choroidal 
blood flow. This situation has not been confirmed in experimental studies [71], indicating 
that there could be a local mechanism in the choroid capable of ignoring neurogenic vaso-
constriction, or the choroidal nerves do not become activated during the discharge of the 
barroreceptors. Other authors [62,63] have demonstrated that, although during the direct 
stimulation of the sympathetic activity, it has little effect on the diminished choroidal flow 
during the hypotension induced by a haemorrhage. The existence of sympathetic neurons in 
the choroid (ICNs) immunopositive for NPY and TH [21], could partly explain the self-
regulatory capacity of the choroid. 

The role of the parasympathetic innervation it is not as clearly defined as the sympathetic 
one. However, it has been observed that the choroid responds to cholinergic parasympathet-
ic stimulation (which arrives through the short ciliary nerves) by vasodilation. This vasodi-
lation would explain the increase light-induced choroidal blood flow [72].  

Recently, it has been postulated that the sensitive peripheral nerves play an important role 
in choroidal blood-flow regulation. Thus, SP could have a viscero-motor function, regulat-
ing the choroidal flow during ocular irritation. In addition, a role in vasodilation has been 
attributed to the CGRP as a cholinergic co-mediator with the SP [52]. 

Neural control of choroidal blood flow in ocular diseases 

The importance exerted by nerve control on the regulation of choroidal blood flow appears 
to imply that damage in the choroidal innervation could be involved in the vascular altera-
tions that occur in some ocular diseases. Experimental studies have demonstrated that sym-
pathetic innervation is critical in the regulation of choroidal vascularization [73], and that 
the chronic loss of sympathetic activity can contribute to the anomalous vascular prolifera-
tion noted in diseases such as age-related macular degeneration (ARMD) [74] and diabetic 
retinopathy [75,76]. Furthermore, the loss of this innervation can cause oedema in the retina 
[71], a circumstance that could be important in illnesses such as diabetes or hypertension, in 
which automatic control is altered [56]. 

The axonal damage in the sympathetic nervous system is a notable fact of diabetic 
neuropathy. In addition, a dysfunction of the sympathetic nerves of the eye in diabetic 
patients has been suggested, postulating that the episodes of hyperglucaemia could 
determine an increase in the choroidal flow and in the pressure of the vessels in the 
submacular choroid, as well as changes in the RPE. In this way, the extravasation of fluid 
from the submacular choroid would be exacerbated. The excess of intraretinal liquid caused 
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by diabetic macular oedema would not come from the retinal vessels alone but also from the 
choroid, reaching the retina through lesions of the RPE near the choriocapillaris affected 
[77]. 

In ARMD, haemodynamic anomalies have been reported as potential causal agents as part 
of the pathological process. By laser Doppler flowmetry, it has been observed that the 
choroidal blood flow diminishes with age [78], and it is lower in the non-exudative stages of 
macular degeneration than in control. This effect is due to a descent in the volume of blood 
flow [79]. 

Recently, it has been postulated that the sensitive nerves could be involved in regulating 
choroidal flow through different inflammatory mechanisms that measure vasodilation 
and plasma extravasation. Also, its role has been examined in processes of maintenance 
and vascular renovation with substantial implications in visual function [23]. Thus, it has 
been suggested that changes in choroidal thickness would play a main role in the regula-
tion of this ocular refractive state, particularly in recuperation from myopia [22]. Addi-
tionally, the diabetes-like conditions induced by streptozotocin reduce the content of 
CGRP in the sensory nerves and exogenous CGRP-mediated vasodilation. CGRP is likely 
an important regulator of vascular tone, and compromising its function could contribute 
to nerve ischaemia and diabetic neuropathy [80]. It has been postulated that the dysfunc-
tion of SP(+) and/or CGRP(+) ICNs could be involved in the physiopathology of ocular 
diseases associated with peripheral innervation damage. The majority distribution of 
sympathetic and sensitive ICNs in the submacular region suggests the possibility that 
vascular pathologies of certain ocular diseases such diabetic macular oedema or age-
related macular degeneration are related to the possible dysfunction of these cells 
[20,21,52]. 

It appears that the peripheral innervation, both sensitive as well as sympathetic, would have 
a broad and significant role in regulating the choroidal vascular architecture. Moreover, 
given the special susceptibility to damage presented by peripheral innervation under a great 
variety of conditions (age, arterial hypertension, ocular hypertension, diabetes), sympathetic 
and sensitive choroidal nerve dysfunction could intervene in the aetiology of ocular diseases 
that appear in association with these conditions [21,52]. 

3. Hypercholesterolaemia as a risk factor for smooth-muscle and 
endothelial cell dysfunction 

Atherosclerosis results from a local imbalance between the production of reactive oxygen 
species (ROS) and antioxidant enzymes. The EC, macrophages, and VSMC are targets for 
ROS-dependent atherogenic signalling [81]. Our data suggest that changes in arterial ROS 
production may occur very early in hypercholesterolaemia. Atherosclerosis is initiated by 
lipids deposited in the subendothelial layer of the artery wall. These lipids and modified 
LDL, oxidized low-density lipoprotein (Ox-LDL), induce the expression of adhesion mole-
cules and chemotactic molecules including monocyte chemoattractant protein-1 (MCP-
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1/CCL2). After activating EC in this way, monocytes/ macrophages enter the intima and 
differentiate [82]. Lipid-laden macrophages, known as foam cells, promote the progression 
of the atherosclerotic plaque [83]. Specifically, pro-inflammatory cytokines and growth fac-
tors secreted by foam cells induce local inflammatory responses, ROS in the lesion, and 
accelerate the migration of VSMC from the media to the intima [84]. Intimal VSMC also take 
up modified lipoproteins, contributing to foam-cell formation, and synthesise extracellular 
matrix proteins (collagen, elastin, and proteoglycans) that lead to the development of a fi-
brous cap [85].  

In VSMC, ROS mediates various functions, including growth, migration, matrix regulation, 
inflammation, and contraction [86], which are critical factors in the progression and 
complication of atherosclerosis. VSMC regulate plaque stability by modulating 
inflammation and apoptosis and by producing or degrading matrix proteins [85,87]. Under 
atherogenic conditions, VSMC in the media of the artery undergo phenotypic changes from 
the normal contractile state to the active synthetic state, which produces collagen, elastin, 
and proteoglycans. Activated VSMC migrate to the intima and proliferate [88]. In addition, 
ROS produced via NADPH oxidase induce VSMC to produce and secrete matrix 
metalloproteinases involved in the degradation and reorganization of the extracellular 
matrix [89]. In VSMC, ROS also mediate inflammation (e.g., MCP-1 expression via TNF-α) 
[90] and apoptosis via p53 and Bax/Bad [91]. 

The junction integrity of EC in blood vessels regulates leukocyte transmigration. In this 
process, ICAM-1 and VCAM-1 clustering prompts actin remodelling and junction disrup-
tion via ROS production [82]. 

It has been reported that Ox-LDL affects endothelium-dependent responses [92]. Some stud-
ies demonstrate that Ox-LDL decreases the endothelial release of NO [93] and that endothe-
lium-dependent relaxations are improved by lipid-lowering therapy in patients with hyper-
cholesterolaemia [94]. Another study suggests a mechanism for the cholesterol-induced 
impairment of NO production through endothelial nitric oxide synthase (eNOS) regulation 
by inhibitory interaction with caveolin [95]. 

4. Animal models of hypercholesterolaemia 

Animal models provide a controlled environment in which to study disease mechanisms 
and to devise technologies for diagnosis and therapeutic intervention for human atheroscle-
rosis. Different species have been used for experimental purposes (cat, pig, dog, rabbit, rat, 
mouse, zebra fish). The larger animal models more closely resemble human situations of 
atherosclerosis and transplant atherosclerosis and can also be easily used in (molecular) 
imaging studies of cardiovascular disease, in which disease development and efficacy of 
(novel) therapies can be monitored objectively and non-invasively. Imaging might also ena-
ble early disease diagnosis or prognosis [96]. On the other hand, the benefits of genetically 
modified inbred mice remain useful, especially in quantitative trait locus (QTL)-analysis 
studies (a genetic approach to examine correlations between genotypes and phenotypes and 
to identify (new) genes underlying polygenic traits [96].  
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4.1. Mice 

Wild-type mice are quite resistant to atherosclerosis as a result of high levels of anti-
atherosclerotic HDL and low levels of pro-atherogenic LDL and very-low-density-
lipoproteins (VLDL). All of the current mouse models of atherosclerosis are therefore based 
on perturbations of lipoprotein metabolism through dietary or genetic manipulations [97].  

ApoE-knockout mice  

In apoliprotein-deficient mice (apoE-/-) the homozygous delection of the apoE gene results in 
a pronounced rise in the plasma levels of LDL and VLDL attributable to the failure of LDL-
receptor (LDLr-) and LDL-related proteins (LRP-) mediated clearance of these lipoproteins. 
As a consequence, apoE-/- mice develop spontaneous atherosclerosis. Of the genetically en-
gineered models, the apoE-deficient model is the only one that develops extensive athero-
sclerotic lesions on a low-fat cholesterol-free chow diet (<40g/kg). The development of ath-
erosclerosis lesion can be strongly accelerated by a high-fat, high-cholesterol (HFC) diet [98]. 
ApoE-knockout mice have played a pivotal role in understanding the inflammatory back-
ground of atherosclerosis, a disease previously thought to be mainly degenerative. The 
apoE-deficient mouse model of atherosclerosis can be used to: i) identify atherosclerosis-
susceptibility-modifying genes; ii) define the role of various cell types in atherogenesis; iii) 
characterize environmental factors affecting atherogenesis; and iv) to assess therapies [99]. 
Because of the rapid development of atherosclerosis and the resemblance of lesion to human 
counterparts, the apoE-/- model have been widely used. However, some drawbacks are asso-
ciated with the complete absence of apoE proteins: i) the model is dominated by high levels 
of plasma cholesterol; ii) most plasma levels are confined to VLDL and not to LDL particles, 
as in humans; and iii) apoE protein has additional antiatherogenic properties besides regu-
lating the clearance of lipoproteins such as antioxidant, antiproliferative (smooth-muscle 
cells, lymphocytes), anti-inflammatory, antiplatelet, and also has NO-generating properties 
or immunomodulatory effects [100-102]. The study of the above processes and the effects of 
drugs thereupon is restricted in this model.  

LDLreceptor-deficient mice (LDLr-/- mice) 

In humans, mutations in the gen for the LDLr cause familial hypercholesterolaemia. Mice 
lacking the gene for LDL receptor (LDLr-/- mice), develops atherosclerosis, especially when 
fed a lipid-rich diet [103]. The morphology of the lesions in LDLr-/- mice is comparable to 
that in apoE-/-, while the main plasma lipoprotein in LDLr-/- mice are LDL and high-density-
lipoprotein (HDL) [104].  

ApoE*3Leiden (E3L) transgenic mouse 

ApoE*3Leiden (E3L) transgenic mice are being generated by introducing a human ApoE*3-
Leiden construct into C57B1/6 mice. E3L mice develop atherosclerosis on being fed cholester-
ol. Because they are highly responsive to diets containing fat, sugar, and cholesterol, plasma 
lipid levels can easily be adjusted to a desired concentration by titrating the amount of cho-
lesterol and sugar in the diet. E3L mice have a hyperlipidaemic phenotype with a prominent 
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increase in VLDL- and LDL-sized lipoproteins fractions [105] and are more sensitive to li-
pid-lowering drugs than are apoE-/- and LDLr-/- mice [97]. 

4.2. Minipigs 

Because of their well-known physiological and anatomical similarities to humans, swine are 
considered to be increasingly attractive toxicological and pharmacological models. Pigs 
develop plasma cholesterol levels and atherosclerotic lesions similar to those of humans, but 
their maintenance is more difficult and expensive than that of smaller animals [96]. The 
minipig, smaller than the domestic swine, has served as a model of hypercholesterolaemia 
for more than two decades now. In 1986, Jacobsson reported that the Göttingen strain had 
more susceptibility to alimentary hypercholesterolaemia and experimental atherosclerosis 
than did domestic swine of the Swedish Landrace [106]. Clawn[107], Yucatan, Sinclair, and 
Handford are among other general minipigs used for experimental use [107-109]. Down-
sized Rapacz pigs are minipigs with familial hypercholesterolaemia caused by a mutation in 
the low-density lipoprotein receptor. It is a model of advanced atherosclerosis with human 
like vulnerable plaque morphology that has been used to test an imaging modality aimed at 
vulnerable plaque detection [110]. The Microminipig (MMP) is the smallest of the minipigs 
used for experimental atherosclerosis [111]. One of its advantages is that in 3 months an 
atherosclerosis very similar in location, pathophysiology and pathology to that in humans 
can be induced [112]. The easy handling and mild character of the MMP make it possible to 
draw blood and conduct CT scanning under non-anaesthesized conditions [113]. 

4.3. Zebra fish 

Cholesterol-fed zebra fish represent a novel animal model in which to study the early events 
involved in vascular lipid accumulation and lipoprotein oxidation [114,115]. Feeding zebra 
fish a high-cholesterol diet results in hypercholesterolaemia, vascular lipid accumulation, 
myeloid cell recruitment, and other pathological processes characteristic of early atherogen-
esis in mammals [113]. The advantages of the zebra-fish model include the optical transpar-
ency of the larvae, which enables imaging studies.  

4.4. Rabbits 

Investigation has continued on hypercholesterolaemic rabbits since 1913, when Anitschkow 
demonstrated that, in rabbits fed a hypercholesterolaemic diet underwent atherosclerotic 
changes at the level of the arterial intima similar to those in atherosclerotic humans. The 
atheromatose lesions in this animal are similar to those in humans also in sequence, as con-
firmed en aortic atherosclerosis [116], making this animal a universal model for studying the 
anti-atherogenic activity of many drugs [117-120]. For the characteristics detailed below, the 
New Zealand rabbit is an excellent model to reproduce human atheromatosis because: i) it is 
possible to induce hypercholesterolaemia in a few days after administration of a high-
cholesterol diet [121]; ii) it is sensitive to the induction of atheromatose lesions [116]; iii) 
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4.1. Mice 

Wild-type mice are quite resistant to atherosclerosis as a result of high levels of anti-
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ApoE-knockout mice  
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receptor (LDLr-) and LDL-related proteins (LRP-) mediated clearance of these lipoproteins. 
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susceptibility-modifying genes; ii) define the role of various cell types in atherogenesis; iii) 
characterize environmental factors affecting atherogenesis; and iv) to assess therapies [99]. 
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increase in VLDL- and LDL-sized lipoproteins fractions [105] and are more sensitive to li-
pid-lowering drugs than are apoE-/- and LDLr-/- mice [97]. 

4.2. Minipigs 

Because of their well-known physiological and anatomical similarities to humans, swine are 
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develop plasma cholesterol levels and atherosclerotic lesions similar to those of humans, but 
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changes at the level of the arterial intima similar to those in atherosclerotic humans. The 
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firmed en aortic atherosclerosis [116], making this animal a universal model for studying the 
anti-atherogenic activity of many drugs [117-120]. For the characteristics detailed below, the 
New Zealand rabbit is an excellent model to reproduce human atheromatosis because: i) it is 
possible to induce hypercholesterolaemia in a few days after administration of a high-
cholesterol diet [121]; ii) it is sensitive to the induction of atheromatose lesions [116]; iii) 
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hypercholesterolaemia results from excess LDL [122]; iv) excess cholesterol is eliminated 
from the tissues to be incorporated in high-density lipoproteins (HDL) [4]; vi) it is capable of 
forming cholesterol-HDL complexes associated with apoE which are transported by the 
blood to the liver [4]; vii) the lipoprotein profile is similar in size to that of humans in the 
highest range, with HDl being practically the same [123]; viii) it presents postprandial hy-
perlipaemia for the existence of chilomicron remnants [124]; ix) the hyperlipaemic diet in-
creases apoE [125]; and x) the sustained alteration of lipids after feeding with a cholesterol-
rich diet is reversible when the diet is replaced by a normal one [121]. 

Studies on hypercholesterolaemic rabbits have improved our knowledge of human athero-
sclerosis by delving into different aspects of the disease such as lipoproteins, mitogenes, 
growth factors, adhesion molecules, endothelial function, and different types of receptors. 
At the vascular level, the importance of endothelial integrity and cell adhesion has been 
investigated [126]. It has been demonstrated that the high levels of lysosomal iron start the 
oxidation of the LDL, spurring the formation of lesions [127]. In addition, the expression of 
VCAM-1 preceding the infiltration of the subendothelial space by macrophages has been 
studied [128], as have the proteins, including MCP-1. In hypercholesterolaemic rabbits, this 
protein is over-expressed when the serum-cholesterol levels rise in macrophages and 
smooth-muscle cells, contributing to the development of fatty streaks [2]. 

In hypercholesterolaemic rabbits, the expression de Fas-L in cells of the arterial wall help us 
to understand the progression of the atherosclerotic lesion, as this expression indicates an 
increase in cell injury, as well as a greater accumulation in the intima of smooth-muscle cells 
[8]. Also, a hyperlipaemic diet causes a selective alteration of the functioning of certain regu-
latory proteins that are involved in gene expression, as occurs with the nuclear B factor, 
which stimulates the proliferation of macrophages and smooth-muscle cells [129]. 

In this model, a study was also made of the pre-thrombosis state triggered by the platelet 
aggregation in an altered endothelium and the possibilities of its inhibition [130], as well as 
the interactions of the LDL with the extracellular matrix to form aggregates that accumulate 
in the intima of the artery wall [9]. 

The consequences of hypercholesterolaemia in ischaemic cardiopathy and cerebrovascular 
pathology are well known. The same does not occur with the functional repercussions of the 
hypercholesterolaemia at the ocular level, partly because the underlying structural changes 
are not well known. The hypercholesterolaemic rabbit constitutes a useful model to explore 
the repercussions of excess lipids at the ocular level. This is because rabbits are susceptible 
to both systemic as well as the ocular alterations. One of the broadest contributions made to 
the implications of experimental hypercholesterolaemia at the ocular level was that of 
Françoise and Neetens [131]. These authors, apart from analysing the changes in the liver, 
spleen, adrenaline glands, heart, aorta, and supra-aortic trunk, described the most signifi-
cant ocular findings, such as the accumulation of lipids in the choroid, retinal disorganiza-
tion, and lipid keratopathy. With respect to the retinal macroglia, the synthesis of the ApoE 
by the Müller cells, its subsequent secretion in vitro, and its being taken up by the axons and 

 
Choroidal Vessel Wall: Hypercholesterolaemia-Induced Dysfunction and Potential Role of Statins 

 

273 

transported by the optic nerve enabled the detection of ApoE in the latter geniculate body 
and in the superior colliculus [132]. 

Studies with electron microscopy on hypercholesterolaemic rabbits have revealed hypercel-
lularity and optically empty spaces in the corneal stroma. These optically empty spaces, 
with an elongated or needle shape, were previously occupied by crystals of cholesterol 
monohydrate or crystals of cholesterol esters [133]. In other studies, the analysis in the form 
adopted for the crystallizations of the different types of lipids revealed that the needles 
corresponded to esterified cholesterol, and the short, thin ones to triglycerides [4]. Both 
crystallizations appear to be associated with other components such as collagen. 

In addition, the formation of foam cells as a consequence of phagocytes from the macro-
phage-oxidized LDL has also been detected, with the retention of cholesterol in the vascular 
wall and the activation of ACAT (acetyl-cholesterol-acyl-transferase) [5], this point being 
key to the role of macrophages in the progression or regression of the lesions [4].  

Watanabe 

The Watanabe heritable hyperlipidaemic (WHHL) rabbit is an animal model for hypercho-
lesterolaemia due to genetic defects in LDL receptors [134] and a lipoprotein metabolism 
very similar to that of humans [135]. These features make WHHL rabbits a true model of 
human familial hypercholesterolaemia. The first paper on the WHHL rabbit was published 
in 1980 [136]. The original WHHL rabbits had a very low incidence of coronary atheroscle-
rosis and did not develop myocardial infarction. Several years of selective breeding led to 
the development of coronary atherosclerosis-prone WHHL rabbits, which showed metabolic 
syndrome-like features, and myocardial infarction-prone WHHLMI rabbits. WHHL rabbits 
have been used in studies of several compounds with hypocholesterolaemic and/or anti-
atherosclerotic effects with special relevance for statins [135]. Recently, WHHLMI rabbits 
have been used in studies of the imaging of atherosclerotic lesions by MRI [137], PET [138] 
and intravascular ultrasound [139]. 

5. Statins 

Hypercholesterolaemia is a known risk factor for cardiovascular disease, and statin therapy 
has led to a significant reduction in morbidity and mortality from adverse cardiac events, 
stroke, and peripheral arterial disease [140,141]. Statins block the enzyme necessary for the 
production of L-mevalonate, an intermediary product in cholesterol synthesis. One of the 
main actions of statins is to lower circulating cholesterol levels. Cholesterol is produced 
from acetoacetyl coenzyme A in a process consisting of 28 steps. Statins block the second 
step, the conversion of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) into L-
mevalonate. This is also the rate-limiting step of cholesterol synthesis, and is catalysed by 
HMGCoA reductase. Lower levels of cholesterol prompt the cell to up-regulate the LDL-
receptor. However, statin treatment also increases LDL-receptor degradation, so that the 
surface expression of the receptor remains unchanged. The receptor cycling is possibly in-
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latory proteins that are involved in gene expression, as occurs with the nuclear B factor, 
which stimulates the proliferation of macrophages and smooth-muscle cells [129]. 

In this model, a study was also made of the pre-thrombosis state triggered by the platelet 
aggregation in an altered endothelium and the possibilities of its inhibition [130], as well as 
the interactions of the LDL with the extracellular matrix to form aggregates that accumulate 
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The consequences of hypercholesterolaemia in ischaemic cardiopathy and cerebrovascular 
pathology are well known. The same does not occur with the functional repercussions of the 
hypercholesterolaemia at the ocular level, partly because the underlying structural changes 
are not well known. The hypercholesterolaemic rabbit constitutes a useful model to explore 
the repercussions of excess lipids at the ocular level. This is because rabbits are susceptible 
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Françoise and Neetens [131]. These authors, apart from analysing the changes in the liver, 
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by the Müller cells, its subsequent secretion in vitro, and its being taken up by the axons and 
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transported by the optic nerve enabled the detection of ApoE in the latter geniculate body 
and in the superior colliculus [132]. 

Studies with electron microscopy on hypercholesterolaemic rabbits have revealed hypercel-
lularity and optically empty spaces in the corneal stroma. These optically empty spaces, 
with an elongated or needle shape, were previously occupied by crystals of cholesterol 
monohydrate or crystals of cholesterol esters [133]. In other studies, the analysis in the form 
adopted for the crystallizations of the different types of lipids revealed that the needles 
corresponded to esterified cholesterol, and the short, thin ones to triglycerides [4]. Both 
crystallizations appear to be associated with other components such as collagen. 

In addition, the formation of foam cells as a consequence of phagocytes from the macro-
phage-oxidized LDL has also been detected, with the retention of cholesterol in the vascular 
wall and the activation of ACAT (acetyl-cholesterol-acyl-transferase) [5], this point being 
key to the role of macrophages in the progression or regression of the lesions [4].  

Watanabe 

The Watanabe heritable hyperlipidaemic (WHHL) rabbit is an animal model for hypercho-
lesterolaemia due to genetic defects in LDL receptors [134] and a lipoprotein metabolism 
very similar to that of humans [135]. These features make WHHL rabbits a true model of 
human familial hypercholesterolaemia. The first paper on the WHHL rabbit was published 
in 1980 [136]. The original WHHL rabbits had a very low incidence of coronary atheroscle-
rosis and did not develop myocardial infarction. Several years of selective breeding led to 
the development of coronary atherosclerosis-prone WHHL rabbits, which showed metabolic 
syndrome-like features, and myocardial infarction-prone WHHLMI rabbits. WHHL rabbits 
have been used in studies of several compounds with hypocholesterolaemic and/or anti-
atherosclerotic effects with special relevance for statins [135]. Recently, WHHLMI rabbits 
have been used in studies of the imaging of atherosclerotic lesions by MRI [137], PET [138] 
and intravascular ultrasound [139]. 

5. Statins 

Hypercholesterolaemia is a known risk factor for cardiovascular disease, and statin therapy 
has led to a significant reduction in morbidity and mortality from adverse cardiac events, 
stroke, and peripheral arterial disease [140,141]. Statins block the enzyme necessary for the 
production of L-mevalonate, an intermediary product in cholesterol synthesis. One of the 
main actions of statins is to lower circulating cholesterol levels. Cholesterol is produced 
from acetoacetyl coenzyme A in a process consisting of 28 steps. Statins block the second 
step, the conversion of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) into L-
mevalonate. This is also the rate-limiting step of cholesterol synthesis, and is catalysed by 
HMGCoA reductase. Lower levels of cholesterol prompt the cell to up-regulate the LDL-
receptor. However, statin treatment also increases LDL-receptor degradation, so that the 
surface expression of the receptor remains unchanged. The receptor cycling is possibly in-
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creased, thus boosting the import of LDL-bound cholesterol into the cell and lowering the 
levels of circulating cholesterol as well [142].  

Statin structure can be divided into three basic parts: an analogue of HMG-CoA, a hydro-
phobic ring structure that aids in binding to HMG-CoA reductase, and side groups on the 
rings. These side groups determine statin solubility and, as a result, many of the pharmaco-
kinetic properties of statins. Atorvastatin, fluvastatin, lovastatin, pitavastatin, cerivastatin, 
and simvastatin are considered lipophilic, whereas pravastatin and rosuvastatin are consid-
ered hydrophilic as a result of polar side groups [140]. Although all statins can enter hepatic 
cells through either active or passive transport, hydrophilic statins, such as pravastatin and 
rosuvastatin are less likely to enter non-hepatic cells, while lipophilic statins, e.g. atorvas-
tatin and simvastatin are more likely to enter hepatic and non-hepatic cells through passive 
diffusion. This difference in tissue permeability and metabolism may account for some of 
the differential pleiotropic effects among the statins [143,144]. Not all statins cross the blood-
brain barrier (BBB). Short-term statin treatment does not alter cholesterol levels in the brain. 
The more lipophobic statins such as pravastatin cannot cross the BBB. However, the lipo-
philic statins lovastatin and simvastatin are capable of such a crossing, although they reach 
only a relatively low concentration [145]. 

Recent compelling evidence suggests that the beneficial effects of statins may be due not 
only to their cholesterol-lowering effects, but also to their cholesterol-independent or plei-
otropic effects [140,142,143]. These cholesterol-independent effects include improving endo-
thelial function, attenuating vascular and myocardial remodelling, inhibiting vascular in-
flammation and oxidation, and stabilizing atherosclerotic plaques [144]. The mechanism 
underlying some of these pleitropic effects is to inhibit the conversion of HMG-CoA to L-
mevalonic acid. This inhibition prevents the synthesis of important isoprenoid intermediates 
of the cholesterol biosynthetic pathway, such as farnesylpyrophosphate (FPP) and geranyl-
geranylpyrophosphate (GGPP) [146]. Both intermediates have indirect but important roles 
in vascular structure and function. These two isoprenoids are both used to provide proteins 
with lipophilic attachments to the cell membrane. Two protein families that require these 
lipophilic attachments for appropriate localization within the membrane and proper func-
tional activity are the Ras and Rho families of small G proteins. Without modification of Ras 
by farnesylation and Rho by geranylgeranylation, neither protein can function properly or 
localize to its appropriate place within the cell membrane. Furthermore, both Ras and Rho 
are vital components of second messenger systems known to affect vascular inflammation, 
hypertrophy, and hyperplasia. These second messenger systems are also intimately in-
volved in promoting vascular remodelling in disease states such as atherosclerosis and dia-
betes [140]. 

Hypercholesterolaemia interferes with endothelial function, resulting in impaired synthesis, 
release, and activity of endothelial NO [147]. The mechanism by which LDL-cholesterol 
(LDL-C) causes endothelial dysfunction and decreases NO bioactivity involves downregula-
tion of endothelial NOS expression, diminished receptor-mediated NO release, and less NO 
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bioavailability owing to greater ROS production [146]. LDL-C apheresis can improve endo-
thelium-dependent vasodilatation, which indicates that statins could restore endothelial 
function, in part by lowering serum LDL-C levels. Cholesterol lowering alters atherosclerot-
ic-plaque biology, thereby decreasing vascular inflammation and leukocyte activation. Thus, 
statins can improve endothelial function by lowering serum cholesterol levels. However, in 
some studies, statins improve endothelial function before significant change in serum-
cholesterol levels. Statins accelerate endothelial NO production by stimulating and upregu-
lating endothelial NO synthase (eNOS), especially in the presence of hypoxia and oxidized 
LDL [147]. 

Statins affect eNOS expression and activity mainly through three mechanisms. First, 
statins increase eNOS expression by prolonging eNOS mRNA half-life rather than by 
inducing eNOS gene transcription. Second, statins reduce caveolin-1 abundance, an inte-
gral membrane protein that binds to eNOS in caveolae, thereby directly inhibiting NO 
production. Third, statins can activate the phosphatidylinositol 3-kinase (PI3K)/protein 
kinase Akt pathway. Akt is a serine/threonine kinase that regulates various cell functions, 
such as survival, growth and proliferation. Because Akt, in turn, phosphorylates and 
activates eNOS, statins can also increase eNOS activity through the PI3K/Akt pathway 
[146]. 

Statins may also improve endothelial function through their antioxidant effects. For ex-
ample, statins enhance endothelium-dependent relaxation by inhibiting production of 
reactive oxygen species, such as superoxide and hydroxyl radicals, from aortas of choles-
terol-fed rabbits [148]. Although lipid lowering by itself can reduce vascular oxidative 
stress, some of these antioxidant effects of statins appear to be cholesterol independent. 
Indeed, they can attenuate angiotensin II-induced production of the highly oxidative (free 
radical) species in VSMC and downregulate angiotensin-1 receptor expression. Because 
NO is scavenged by reactive oxygen species, these findings indicate that the antioxidant 
properties of statins may also contribute to their ability to improve endothelial function 
[147]. 

Vascular smooth-muscle cell migration and proliferation are two other major components of 
both atherogenesis and neointimal hyperplasia, and both of these components are affected 
by statin administration [140]. The small G proteins Ras and Rho, which play a large role in 
VSMC migration and proliferation, are plausible targets for the direct antiproliferative vas-
cular effects of statins [143]. Statin administration is able to attenuate these effects of both 
small G-protein families [140]. Simvastatin inhibits both VSMC proliferation and migration 
in a series of experiments with human saphenous vein grafts [149]. 

In summary, statins could be beneficial not only for their lipid-lowering properties but for 
their other effects referred to as pleiotropic -that is, their capacity to restore endothelial func-
tion, to stabilize atherosclerotic plaque, or to alleviate oxidative stress and vascular inflam-
mation [150-153]. Such effects have been demonstrated in rabbits fed cholesterol at a dose 
insufficient to reduce plasma-cholesterol levels [55,148].  
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bioavailability owing to greater ROS production [146]. LDL-C apheresis can improve endo-
thelium-dependent vasodilatation, which indicates that statins could restore endothelial 
function, in part by lowering serum LDL-C levels. Cholesterol lowering alters atherosclerot-
ic-plaque biology, thereby decreasing vascular inflammation and leukocyte activation. Thus, 
statins can improve endothelial function by lowering serum cholesterol levels. However, in 
some studies, statins improve endothelial function before significant change in serum-
cholesterol levels. Statins accelerate endothelial NO production by stimulating and upregu-
lating endothelial NO synthase (eNOS), especially in the presence of hypoxia and oxidized 
LDL [147]. 

Statins affect eNOS expression and activity mainly through three mechanisms. First, 
statins increase eNOS expression by prolonging eNOS mRNA half-life rather than by 
inducing eNOS gene transcription. Second, statins reduce caveolin-1 abundance, an inte-
gral membrane protein that binds to eNOS in caveolae, thereby directly inhibiting NO 
production. Third, statins can activate the phosphatidylinositol 3-kinase (PI3K)/protein 
kinase Akt pathway. Akt is a serine/threonine kinase that regulates various cell functions, 
such as survival, growth and proliferation. Because Akt, in turn, phosphorylates and 
activates eNOS, statins can also increase eNOS activity through the PI3K/Akt pathway 
[146]. 

Statins may also improve endothelial function through their antioxidant effects. For ex-
ample, statins enhance endothelium-dependent relaxation by inhibiting production of 
reactive oxygen species, such as superoxide and hydroxyl radicals, from aortas of choles-
terol-fed rabbits [148]. Although lipid lowering by itself can reduce vascular oxidative 
stress, some of these antioxidant effects of statins appear to be cholesterol independent. 
Indeed, they can attenuate angiotensin II-induced production of the highly oxidative (free 
radical) species in VSMC and downregulate angiotensin-1 receptor expression. Because 
NO is scavenged by reactive oxygen species, these findings indicate that the antioxidant 
properties of statins may also contribute to their ability to improve endothelial function 
[147]. 

Vascular smooth-muscle cell migration and proliferation are two other major components of 
both atherogenesis and neointimal hyperplasia, and both of these components are affected 
by statin administration [140]. The small G proteins Ras and Rho, which play a large role in 
VSMC migration and proliferation, are plausible targets for the direct antiproliferative vas-
cular effects of statins [143]. Statin administration is able to attenuate these effects of both 
small G-protein families [140]. Simvastatin inhibits both VSMC proliferation and migration 
in a series of experiments with human saphenous vein grafts [149]. 

In summary, statins could be beneficial not only for their lipid-lowering properties but for 
their other effects referred to as pleiotropic -that is, their capacity to restore endothelial func-
tion, to stabilize atherosclerotic plaque, or to alleviate oxidative stress and vascular inflam-
mation [150-153]. Such effects have been demonstrated in rabbits fed cholesterol at a dose 
insufficient to reduce plasma-cholesterol levels [55,148].  
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6. Choroidal changes induced by hypercholesterolaemia 

Few experimental studies examine the effects of hypercholesterolaemia on the posterior 
segment of the eye [154-159]. Hypercholesterolaemic rabbits constitute a useful model to 
delve into the repercussions of excess lipids at the ocular level. Rabbits fed a 0.5% choles-
terol-enriched diet for 8 months showed a statistical increase in total serum cholesterol 
and in the sclera-choroid complex thickness in comparison to control [6,157,158,160,161] 
(Figure 9).  

The increased choroidal thickness is due mainly to clusters of lipid-charged macrophages 
(foam cells) which are surrounded by collagen fibres in the suprachoroid. In some instances, 
the foam cells and fibroblasts have ultrastructural features of necrosis, with a rupture of the 
cytomembranes. In addition, the clusters of foam cells are encircled by cholesterol clefts 
[6,160] (Figure 10A). As a result of the lipid accumulation in the suprachoroid and in the 
large- and medium-size-vessel layers, the lumens of the choroidal vessels are mechanically 
compressed and the choroidal blood flow constricted (Figures 11B,12B). This situation also 
affects the choriocapillaris, which is compressed against Bruch’s membrane, the capillary 
lumens being reduced to the point of collapse in some instances [6,160] (Figure 11B). How-
ever, the lumen reduction in the choroidal vessels of hypercholesterolaemic rabbit is due not 
only to the compression caused by the lipid build-up in the suprachoroid and vessel layers 
but to the changes of the VSMC and EC. The VSMC in the large- and medium-sized-vessel 
layer are hypertrophic with a compact appearance (Figure 12B), while EC in these layers 
and in the choriocapillaris show rarefactions in the cytoplasm that contribute to vascular 
lumen reduction (Figure 12B). The cytoplasm organelles show similar changes in VSMC and 
EC. The endoplasmic reticulum and Golgi cisterns are dilated, the ribosomes are disassem-
bled, the mitochondria appear swollen, the caveolar system is smaller than in normal cho-
roid (Figure 13A,E,F), and the cytoplasm contains droplets of lipids and dense bodies. In 
VSMC the myofilaments are disorganized, with areas of focal necrosis affecting the dense 
plaques (Figure 13F). In the areas where the tissue was highly disorganized, other necrotic 
features (swelling, vacuolization, cytomembrane necrosis, and the disappearance of specific 
ultrastructural characteristics) are visible in both cell types [6,160] (Figure 13E,F). 

The endothelial alterations described above could be explained, at least partly, by the 
Posieulle’s law, which states that tangential tension is directly proportional to the blood-
flow viscosity and inversely proportional to the third power of the inside radius. According-
ly, reduction of the choroidal vascular lumens in hypercholesterolaemic rabbits could in-
crease the local tangential force exerted by the choroidal blood flow on the vessel walls. 
With time, these changes in blood flow could lead to a reorganization of the endothelial 
phenotype, resulting in endothelial dysfunction [162]. Endothelial changes and basal-
membrane thickening of ocular vessels in hypercholesterolaemic rabbits may precede the 
atherosclerotic process. In the hypercholesterolaemic rabbits, the basal membrane of EC and 
VSMC contained electrodense and electrolucent particles and were thicker than in the nor-
mal choroid.  
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In the atherosclerotic process, the adhesion molecules VCAM-1 and ICAM-1 favour mono-
cyte binding and migration to the subendothelial space, where they transform into macro-
phages [3,4]. In iris arterioles of hypercholesterolaemic rabbits, the internalization of lipids 
by macrophages results in the formation of foam cells [163]. Foam cells are also found in the 
suprachoroid and large- and medium-sized-vessel layers of hypercholesterolaemic rabbits 
[6,160]. Before and after dying, foam cells may release products such as cholesterol (oxidized 
and esterified) that increase endothelial damage, thus encouraging the atherosclerotic lesion. 
The foam cells underneath the basal membrane of the large-sized-vessel layer [6,160], where 
the vessels have a diameter of up to 90 μm [15], could represent the microatheromas de-
scribed in brain circulation [164]. In the medium-sized-vessel layer, arterioles with diame-
ters ranging from 20 to 40 micrometers [15], combined with the increased collagen detected 
in the adventitia and the lipid deposits (electron-dense vesicles) inside muscle cells [6,160], 
could produce arteriolar hyalinosis [164].  

  
Figure 9. Thickening of the sclera-choroid complex (double arrow) in the study groups. Semithin sec-
tions (toluidine blue).(C: vascular layers of the choroid; SC-S: suprachoroidea-sclera). [Control: standard 
diet; Hypercholesterolemic: 0.5% cholesterol-enriched diet for 8 months; Reverted: 0.5% cholesterol-
enriched diet for 8 months plus standard diet for another 6 months; Statins: Hypercholesterolemic diet + 
fluvastatin sodium or pravastatin sodium for 8 months]. Scale bar, 100 μm. (Modified from Salazar et al 
[6] and Rojas et al. [55]). 
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Figure 10. Electron micrographs of the suprachoroidea. A: Hypercholesterolemic rabbit. The image 
shows a large amount of lipid containing foam cells as well as collagen fibers and cholesterol clefts 
between them. B: Reverted animals. The collagen fibres predominate over the foam cells and cholesterol 
clefts. C: Statin-treated animals. An increase in collagen is observed. The lipids are located mainly inside 
the fibroblast. [Foam cells (asterisk); lipids (arrowhead); cholesterol clefts (arrow); collagen (C); fibro-
blast (F)]. Scale bars: 5 μm. (Image B from Salazar et al. [6]). 
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Figure 11. Electron micrographs of large- and medium sized-vessel layers and choriocapillaris. A: 
Spongy structure of the choroid of a control animal. B: In the hypercholesterolemic group the vascular 
lumens were reduced to the point of collapse in some instances. C: In the reverted animals, choroidal 
changes make difficult to differentiate the choroidal layers. D: The vascular lumens of statin-treated 
animals were opened in part due to the reduction of suprachoroidal lipids. [Bruch’s membrane (B); 
collagen (C); choriocapillaris (CC); endothelial cell (E); fibroblast (F); vascular lumen (L); lipids (arrow); 
vascular smooth-muscle cells (M); retinal-pigment epithelium (RPE); large- and medium-sized vessel 
layers (S); Red blood cells (*) outside the vascular lumens; macrophage (mac)]. [Bars: A,B, 10 μm; C,D 5 
μm]. (Modified from Salazar et al [6] and Rojas et al. [55]). 

Studies examining the aortic preparations of hypercholesterolaemic rabbits indicate that, at 
sites where the luminal side was covered by fatty streaks, the number of caveolae in the EC 
was significantly lower [165]. Caveolae are distinctive cholesterol-enriched invaginations of 
the plasma membrane of the most mammalian cells. Caveolin is an essential component of 
caveolas, and their expression in cells results in the assembly of caveolae at the cell surface. 
There is an emerging role of caveolae, in organizing and modulating the basic functions of 
smooth muscles [166] and vascular functions dependent on NO and Ca2+ signalling 
[166,167]. Caveolin proteins tightly bind cholesterol and contribute to the regulation of cho-
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lesterol fluxes and distribution within cells [168]. It has been reported that in the early stages of 
hypercholesterolaemia, caveolin-1 synthesis increases to remove the excess cholesterol from 
the cells. However, after long periods of cholesterol feeding, caveolin-1 synthesis was re-
pressed [169]. In [95] reported the cholesterol-induced impairment of NO production through 
the modulation of caveolin abundance in EC as a mechanism that may be involved in the 
pathogenesis of endothelial dysfunction. In hypertensive rats, it has been postulated that a 
decreased number of caveolae could be the reason for the impaired relaxation by NO donors. 
Additionally, in rabbits, after a long period (12 weeks) of ingesting a high-cholesterol diet, both 
the level of caveolin-1 and the activity of NOS declined [169]. EC and VSMC in hypercholes-
terolaemic rabbits (8 months of hypercholesterolaemic diet) exhibit less caveolae than did 
control animals (Figure 13A,F), a situation that could contribute to the deposit of circulating 
molecules, such as LDL, which are detected as electrolucent or electrodense particles of vary-
ing size. A decrease in caveola abundance has been postulated to represent a novel mechanism 
of endothelial dysfunction in atheromatous rabbit aorta [165,170]. This idea is supported by 
the fact that a pharmacological disruption of endothelial caveolae also results in the attenua-
tion of acetylcholine-induced relaxation [165,170]. 

7. Choroidal changes after diet-induced normalization of plasma lipid 
levels  

It has been established that the atherosclerotic lesions can undergo regression in 
experimental animals such as rabbits, dogs, and non-human primates [171]; and the lack of 
progression or even regression can occur in humans, especially with the introduction of new 
therapeutical options [172].  

Knowledge of the changes arising after the normalization of the cholesterol values in a 
vascular tissue such as the choroid can be useful to evaluate the effects of the different drugs 
for hypocholesterolaemia. Animal models offer a useful tool for studying lesion regression 
after cholesterol-serum values normalize. When excessive cholesterol is withdrawn from the 
diet of rabbits, these animals recover some of the biochemical and histological parameters 
that are altered in cholesterol-fed animals [6,173]. It has been reported that the serum 
concentration of total cholesterol, triglycerides, phospholipids, VLDL, HDL, LDL, and 
intermediate-density lipoprotein (IDL) increased in rabbits fed a 0.5% cholesterol-enriched 
diet for 8 months. When the same animals were then fed a standard diet for another 6 
months, (reverted animals), lipid values returned to normal. Notably, the normalization of 
serum values was not followed by a complete recovery of the histology of the retina [158], 
choroid, or thoracic aorta [6]. In reverted rabbits, the sclera-choroid complex thinned 
compared with that of hypercholesterolaemic animals, due to having far fewer clusters of 
foam cells encircled by cholesterol clefts in the suprachoroid (Figure 9). However, these 
tissues had not yet reached the normal thickness values of control due to the increase in 
collagen fibres [6] (Figures 10B,11C). This marked reduction in the suprachoroidal build-up 
of lipids implies less compression of the vessels. Such findings have also been reported in 
the iris and cornea of hypercholesterolaemic reverted rabbits [174]. However, although in 
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most cases fewer lipids were found in the suprachoroidal spaces in reverted rabbits, there 
were still numerous ultrastructural changes in comparison with hypercholesterolaemic and 
normal rabbits. These changes could contribute to chronic ischaemia, for several reasons: i) 
The large- and medium-sized-vessel layers still exhibited alterations in VSMC and EC that 
could impair vascular function. Specifically, the cytoplasm organelles (endoplasmic 
reticulum, Golgi cisterns, ribosomes, mitochondria, and caveolar system) of VSMC and EC 
in the reverted rabbits showed changes similar to hypercholesterolaemic animals. Also, in 
zones where the tissue was highly disorganized, necrotic features (swelling, vacuolization, 
cytomembrane necrosis, and disappearance of specific ultrastructural characteristics) were 
noted [6] (Figures 11C,12C). ii) The EC of the choriocapillaris extended cytoplasmic 
projections that reduced the vascular lumen (Figure 12C). iii) Finally, the intervascular 
spaces of the choroid contained fewer lipids than in hypercholesterolaemic animals but 
more collagen fibres than in control (Figures 11A,C,12A,C).  

 
Figure 12. Electron micrographs of large- and medium sized-vessel layers of the choroid. A: Control 
animals. B: In the hypercholesterolemic animals the vascular lumens are reduced. The muscle cells are 
hypertrophic and contain drops of lipids (*) in the cytoplasm. Additionally, the endothelial cells are 
hypertrophic and/or necrotic. The basal membrane is thick. C: Reverted animals maintained the reduc-
tion of the vascular lumen and the thickening of the adventitia. D: In animals treated with statins vascu-
lar lumens, vascular smooth-muscle cells, endothelial cells and basal membrane were more similar to 
the control group. [collagen (C) ; endothelial cell (E); vascular lumen (L); vascular smooth-muscle cells 
(M); basal membrane (bm); adventitia (Ad)]. [Bars: A,B, D 5 μm; C 2 μm]. (Modified from Salazar et al 
[6] and Rojas et al. [55]). 
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This increase in collagen fibres was also found in the intima, among VSMC and in the ad-
ventitia (Figure 12C) of the large- and medium-sized-vessel layer and in the basal mem-
brane of the EC of the choriocapillaris [6]. It is well known that the reabsorption of both 
esterified and free cholesterol is followed by intense sclerogenic activity [175], due to the 
capacity of cholesterols and their esters to induce inflammation. Some inflammatory cyto-
kines (TNFα and IL-1) control the remodelling activity of macrophages and smooth-muscle 
cells, which have the capacity to produce several matrix metalloproteinases (MMPs) 
[176,177]. It has been observed that such MMPs are synthesised mainly where the concentra-
tion of foam cells is greatest and that there is a relationship between lipid uptake and MMP 
activity [177]. The observations cited above underline the strong connection between in-
flammation, tissue remodelling, and lipid metabolism.  

In summary, in hypercholesterolaemic rabbits the replacement of a hyperlipidaemic diet by 
a standard one normalized serum-lipid levels and eliminated most lipid build-up in the 
posterior segment of the eye. However, this lipid reduction was not followed by a reversal 
of the changes in choroidal vessels, where persisting ultrastructural changes in VSMC, EC, 
and extracellular matrix were compatible with a chronic ischaemia.  

8. Choroidal changes after low-dose statin treatment 

As mentioned above, it is well known that statins can exert cholesterol-independent or plei-
tropic effects which involve the restoration of endothelial function, stabilization of the ath-
eromatous plaque, reduced oxidative stress, lower vascular inflammation, immunomodula-
tion, and inhibition of VSMC proliferation [146,150,153,178]. Fluvastatin sodium (a lipophilic 
synthetic statin metabolised by the liver) and pravastatin sodium (a hydrophilic statin of 
fungal origin) can induce the regression of atherosclerosis besides reducing plasma choles-
terol [148,179]. 

It has been reported that 2 mg/kg/day of fluvastatin sodium and pravastatin sodium exerts 
an anti-atherosclerotic effect that appeared not to be mediated by the lipid-lowering proper-
ties of the drugs [150,180,181]. A 12.5-50 mg/Kg/day dosage of fluvastatin effectively reduces 
plasma lipids in Watanabe heritable hyperlipidaemic rabbits [182]. On the contrary, 2 
mg/Kg/day of fluvastatin did not lower plasma-cholesterol levels but did contribute to the 
impaired endothelium-dependent relaxation response in aortic rings [148] and femoral ar-
teries of cholesterol-fed rabbits [150]. 

According with reference [148], hypercholesterolaemic rabbits treated with fluvastatin sodi-
um and pravastatin sodium at a non-lipid-lowering dosage (2 mg/kg/day) showed a very 
small descent in plasma cholesterol and triglycerides levels [55]. In comparison with hyper-
cholesterolaemic rabbits, low-dose statin-treated animals had far fewer lipids in the supra-
choroid (the foam cells were decreased or absent), triggering a significant thinning of the 
sclera-suprachoroid complex (p< 0.000) (Figure 9). This reduction in the build-up of lipids 
relieved the mechanical compression of the vascular layers of the choroid and lead to nor-
malization of the spongy texture of the choroid [55] (Figure 11D). However, statin-treated 
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animals bore some alterations not present in control animals, such as clumps of electrodense 
particles, some foam cells, and fibroblast-containing lipids in the suprachoroid (Figure 
10C) or a significant thickening of the vascular layers because the vascular lumens were 
open [55] (Figures 11D,12D). The lack of lumen closure in low-dose statin-treated rabbits 
(unlike that observed in hypercholesterolaemic rabbits) suggests that the choroidal blood 
flow was not compromised and that endothelial dysfunction would not result in part 
because of the lesser stress on EC by means of a weakening of the local tangential forces 
exerted on the vessel walls when the inner vascular radius decreased [55]. In addition, in 
low-dose statin-treated animals, signs of necrosis were rarely found (Figure 13B,C), the 
EC looked similar to those of control (Figure 13A-D), the cytoplasmic organelles were 
normal (Figure 13B,D), and the caveolar system was more numerous than in hypercholes-
terolaemic rabbits [55] (Figure 13B,D-F). This increment of caveolae detected in the low-
dose statin-treated animals could account for the better preservation of endothelial func-
tion and could contribute to the normalization of vascular lumens observed in these ani-
mals. It has been proposed that caveolae could be specialized plasmalemmal regions in-
volved in the integration of extracellular contractile signals and intracellular effectors in 
VSMC [183]. Three findings in low-dose statin-treated rabbits led to speculation that 
treatment improved VSMC function: first, the increased amount of caveolae observed and 
their location close to the underlying network of peripheral sarcoplasmic reticulum; se-
cond, VSMC were not hypertrophic and exhibited the elongated shape observed during 
relaxation [55]. This contrasted with the compact, round, and short shape exhibited by 
VSMC in hypercholesterolaemic rabbits, which was compatible with a contractile state; 
and third, the absence of areas of focal necrosis related to the dense plaques in low-dose 
statin animals.  

A noteworthy finding in the cytoplasm of the EC and VSMC in the low-dose statin-treated 
group was that the cytoplasmic organelles were normal. Particularly the mitochondria 
maintained a normal electrodensity of the matrix, and the cristae and membranes were 
well preserved (Figure 13D). This is of outstanding importance, taking into account that 
these organelles represent a fundamental structure in the aerobic metabolism [184] and 
that they are extremely sensitive to hypoxia. The importance of mitochondria is well 
known in oxidative phosphorylation to generate ATP. Mitochondrial phosphorylation is 
impaired in ischaemic situations and, as a consequence of oxidative stress, DNA, proteins, 
and lipids, is damaged by a surge in free radicals [185]. From the mitochondrial integrity 
found in low-dose statin-treated rabbits, good functioning of EC and VSMC could be 
deduced. The normal ultrastructure of EC and VSMC suggests that the endothelium-
depending relaxation is maintained, thus reducing the ischaemia. According to ultrastruc-
tural examinations in the choroidal vascular tissue, the effects of low-dose statins are 
probably mediated by an overregulation of the endothelial NO and a downregulation of 
endothelin-1, as reported in studies on the direct consequences of the endothelial dysfunc-
tion in extraocular tissues [180]. This hypothesis should be tested by functional studies on 
ocular vascular reactivity. Another remarkable observation in low-dose statin-treated 
rabbits was that the basal membranes resembled control. However, it should be men-
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tioned that an increase in collagen fibres in the vascular adventitia and in the intervascu-
lar spaces, and even fibroblast containing clumps of lipids could still be detected (Figures 
11D,12D). These features can be explained firstly by the low lipid-decreasing capability of 
statins at the dosage of 2 mg/kg/day used in the study and, secondly, to macrophage ac-
tivity and their ability to produce MMPs [176,177] in the areas of higher concentrations of 
foam cells, where esterified and free-cholesterol reabsorption is followed by sclerogenic 
activity [175].  

 
Figure 13. Electron micrographs of endothelial and vascular smooth-vessel cells (VSMC). A: Control 
animal. The insert shows the normal ultrastructure of the myofilaments and caveolar system. B, C, D: 
Statin-treated rabbits. B,C: Intact caveolar system and cytoplasmic organelles. D: Elongated VSMC 
with well-preserved mitochondria, caveolae, and peripheral sarcoplasmic reticulum. The nucleus 
and perinuclear cisterns are normal. E, F: Hypercholesterolemic rabbits. E: Rounded and hyper-
trophic VSMC. Swollen mitochondria with loss of the cristae. The caveolae are decreased and the 
intercellular space increased (asterisk) in some instances. F: Area of focal necrosis below the plasma 
membrane (large black arrow). Dilated endoplasmic reticulum (arrowhead). The myofilaments are 
disorganized. Drops of lipids (white arrow) in VSMC (insert). [basal membrane (bm); endothelial cell 
(E); Golgi (g); vascular lumen (L); vascular smooth muscle cells (M); mitochondria (m); Caveolae 
(small black arrow)]. [Scale bars: A,D,E,F, 1 μm; A insert, 0.25 μm; B,F insert 5 μm; C, 0.5 μm.]. (From 
Rojas et al. [55]) 
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In hypercholesterolaemic New Zealand rabbits, treatment with fluvastatin sodium and 
pravastatin sodium at a dose (2mg/Kg/day) insufficient to normalize plasma-lipid levels 
prevents the progression of atherosclerosis in the different vascular layers of the choroid; the 
most striking effects being seen in EC and VSMC. 

9. Conclusions and perspectives 

Clinical studies have suggested that hyperlipidaemia alone can prompt structural changes 
in the choroidal vascular and retinal system that, over time, could provoke retinal 
dysfunction. This situation of chronic ischaemia is also present in causes of blindness as 
prevalent as aged-related macular degeneration, glaucoma or diabetic retinopathy [11-13]. 
This situation is extremely important, as today we know from epidemiological studies the 
relation between vascular retinal lesions and the incidence of lesions in non-ocular tissues 
that appear to be linked to common factors having microvascular effects. Statins are 
cholesterol-lowering medications. The treatment of hypercholesterolaemic rabbits with a 
non-lipid-lowering dose of statins dramatically reduces the ultrastructural choroidal 
damage induced by a sustained cholesterol-enriched diet [55]. This implies better choroidal 
flow and consequently oxygenation of the external retina, reducing chronic ischaemia [157]. 
It is well known that statins can exert cholesterol-independent or pleitropic effects [11] 
which involve the restoration of endothelial function, stabilization of atheromatous plaque, 
reduced oxidative stress, or lower eye inflammation [150,153,178]. These effects are 
potentially decisive in maintaining normal endothelial and smooth-muscle function and in 
improving endothelium-dependent relaxation. It bears noting that the most striking effects 
of low-dose statins in hypercholesterolaemic rabbits are the normalization of the 
ultrastructure of EC and VSMC, specifically cytoplasm organelles and caveolar system. Such 
effects suggest a possible role of statins in those ocular diseases having endothelial 
dysfunction in their physiopathology such as AMD, glaucoma or diabetic retinopathy, 
among others. 
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1. Introduction 

Asthma outcomes from an allergen-driven Th2 (T helper 2) response in which airway 
hyperresponsiveness (AHR) is associated with chronic airway inflammation and airway 
remodeling have crucial clinical importance (1-3). 

Recent investigations have emphasized the importance of lung tissue alterations in the 
pathophysiology of this syndrome. Additionally, current investigations have shown that 
patients who died of asthma presented important alterations in the lung parenchyma (4-7) 
that could also be observed in animal models of chronic allergic inflammation (8-11). In this 
regard, the importance of the mechanical properties of the lung parenchyma has been 
characterized as one of the major determinants of physiological function (8, 12-15).  

Asthma physiopathology is highly complex and involves a diverse immune response and 
the release of different types of mediators. The bronchial and tissue inflammation is caused 
by eosinophils, mast cells and T lymphocytes (16), and the persistence of inflammation 
induces changes in the structural components of the airway and alveolar walls (5, 8, 17).  

The airway smooth muscle (ASM) has been considered the main effector of the AHR in 
asthma (17-19) and is also believed to contribute to airway remodeling and inflammation 
due to its increased sensitivity to different bronchoconstrictor stimuli.  

The continuous bronchial inflammation process associated with the release of various 
mediators is thought to be responsible for asthma symptoms directly and indirectly by 
inducing the constriction of the ASM, enhancing airway responsiveness to different stimuli, 
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and inducing changes in the structural components of the airway wall, leading to airway 
remodeling. 

Inhaled corticosteroids, which are the gold-standard treatment for asthmatic patients, are more 
involved in counteracting the airway inflammation than in acting in the ASM. Although some 
studies have shown the potential of corticosteroids in causing bronchodilation, their role in 
airway smooth muscle relaxation is controversial. In its formulation (hydrofluoroalkane-HFA), 
this inhaled corticosteroid is delivered to the distal airways more effectively (68.3%) than 
chlorofluorocarbon formulations (19.7%) (20, 21). Although eosinophilic infiltration could be 
adequately controlled in the distal airways, whether both distal lung parenchyma eosinophilic 
infiltration and extracellular matrix remodeling may be sufficiently modulated by this new 
treatment is not clear (8, 20).  

We discuss in this chapter the role of different mediators and modulators in the 
contractile responses of the airways and lung distal parenchyma. These studies contribute 
to the understanding of the mechanisms involved in asthma physiopathology and in 
smooth muscle contraction and also open opportunities to develop new therapeutic tools 
to treat asthma. In this regard, we will address the importance of the modulation of iNOS, 
arginase and Rho kinase pathways, the impact of inducing oral tolerance and the effects of 
exercise. In addition, aspects of neuroimmunomodulation, including stress effects, will be 
discussed. 

2. Airway and lung parenchyma hyperresponsiveness and smooth 
muscle alterations in asthma 

AHR is the hallmark of asthma, and it is characterized by an increase in the airway response 
to bronchoconstrictor stimuli. There are two components of AHR. AHR has a variable com-
ponent that mainly reflects the current airway inflammation (22, 23) and an irreversible 
component that probably reflects pulmonary remodeling (24). 

As described above, the ASM is the major effector of the AHR in asthma (17-19). There are 
two phenotypes of ASM cells in asthmatics: the contractile, which is responsive to contrac-
tile agonists and has an increased expression of contractile proteins, and the synthetic-
proliferative, which lacks the responsiveness to contractile stimuli and has a reduced ex-
pression of contractile proteins (17). Both phenotypes can coexist or not in the airways of the 
same person (25-29). Depending on the triggers, it can also induce the proliferation of the 
synthetic-proliferative cells or induce the maturation of these cells into contractile cells (17, 
19). 

In patients with asthma, the ASM was thought to generate more force and consequently a 
greater extent of contraction in response to different stimuli (30). Cultures of ASM cells 
isolated from lung tissue (trachea, bronchi) were used to study the contractile responses and 
the mitogenic and synthetic responses, which revealed that these cells are active players in 
inflammation (25, 31, 32).  
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In addition, ASM can contribute to lung inflammation. Many studies showed that there was 
an increased number of mast cells in the asthmatic ASM layer (33-38). Brightling et al. (32) 
evaluated patients with asthma and eosinophilic bronchitis and observed that both groups 
showed an increase in eosinophils but that the patients with eosinophilic bronchitis were not 
hyperresponsive to bronchoconstrictor stimuli. The analysis of the ASM layers in these pa-
tients showed that only the asthmatics showed a higher number of mast cells and a worsen-
ing of respiratory function, suggesting that the mast cells present in the ASM of asthmatics 
are responsible for the enhancement of airway narrowing.  

The ASM cells release chemotactic agents for mast cells, such as CCL11 (25), CXCL10 (34) 
and CX3CL1 (35). Because the mast cells are in the airways, they adhere to the ASM cells 
and produce, together with the eosinophils, contractile mediators, such as prostaglandins 
(PGF2, PGD2, and thromboxane TXA2) (39).  

Clinically, the AHR symptoms are described as cough, tightness of the chest and wheezing 
after exercise or exposure to cold air or other environmental irritants (40). Some studies 
suggest that monitoring of the AHR in asthmatic patients can serve as a guide to asthma 
therapy (24). 

In clinical and experimental studies, AHR is evaluated by the aerosol administration of bron-
choconstrictor agonists, such as histamine, methacholine or carbachol. This methodology 
considers that the ASM in asthmatics exposed to exogenous bronchoconstrictor stimuli 
showed an increased tonus and a concomitant bronchoconstriction. The hyperresponsiveness 
occurs due to an increase in both the sensitivity and/or reactivity of the airways (Figure 1). 
The increase in sensitivity is a reduction in the minimal dose that is necessary to induce bron-
choconstriction, whereas the increase in reactivity is described by an increase in the intensity 
of the bronchoconstriction. 

 
Figure 1. Airway hyperresponsiveness. 
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Considering that lung parenchyma strips have long been used to study the behavior of the 
peripheral lung, they are commonly used to evaluate the mechanics and pharmacological 
properties of the lung periphery (41). Dolhnikoff et al. (15) concluded that human lung tis-
sue strips respond to an acetylcholine (ACh) challenge with changes in their dynamic me-
chanical behavior. In addition, Lanças et al. (10) have recently shown that the lung tissue is 
involved in the late asthmatic response in guinea pigs with chronic allergic lung inflamma-
tion, which is correlated to lung tissue eosinophilic recruitment and extracellular matrix 
remodeling.  

Although the in vivo apparatus of oscillatory mechanics permits the evaluation of large and 
small airways, the oscillatory mechanics in vitro provide a tool for the specific evaluation of 
the lung periphery with minimal interference with the compartment represented by the 
small airways (10, 15). In addition, this in vitro methodology permits the specific analysis of 
the effects of several mediator/modulators in the lung periphery while avoiding other com-
pensatory mechanisms that could be activated in in vivo studies. Lung parenchyma strips 
exclusively represent the distal units of the lung tissue and offer a better assessment of pure 
tissue properties. Thus, studies using this technique have been performed to evaluate the 
mechanical and pharmacological properties of the lung periphery (10, 42, 43). 

Several authors have discussed the importance of these structures in the mechanical behav-
ior of lung tissue, including the consequences of stiffening the extracellular matrix network 
and of elastin and collagen digestion in these responses (44, 45). In the subpleural region, 
there was a small number of bronchial and blood vessels (less than 30%). Romero et al. (46) 
concluded that pneumoconstriction significantly modifies the intrinsic mechanical proper-
ties of the connective matrix via a mechanism differing from that of passive stretching. In 
fact, the contractile cells could be accepted as being able to modulate the mechanical proper-
ties of the connective matrix.  

3. Mediators involved in airways and distal lung parenchyma contractile 
responses 

A large quantity of extracellular agonists (inflammatory mediators or neurotransmitters) 
released in an inflammatory milieu can stimulate the contraction of ASM in asthma. 
Mediators that are found in high concentrations in asthma, including leukotrienes (produced 
by inflammatory cells) (47), prostaglandins such as PGF2α, PGD2, and thromboxane TXA2 
(produced by mast cells and/or eosinophils) (39) and endothelin (produced by epithelial or 
endothelial cells) (48, 49), are direct contractile agonists of ASM. Neurotransmitters, such as 
ACh or neurokinins, are highly present in asthma and are also potent contractile messengers 
of ASM (50, 51). 

To increase the release of the contractile mediators, there is also a lower release of relaxant 
mediators, such as vasoactive intestinal peptide (VIP), PGE 2, adrenaline and NO (35, 52). 
These mediators are involved in the mechanisms responsible for many of the structural and 
functional lung alterations observed in asthmatic patients and in animal models of chronic 
pulmonary allergic inflammation (53-55). 
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3.1. Excitatory non-adrenergic non-cholinergic mediators: Neurokinins and 
Substance P 

Neurokinins and substance P are involved in the excitatory NANC responses and modulate 
several histopathological alterations observed in asthmatics, such as airway smooth muscle 
contraction, peribronchial edema formation and airway mucous secretion. In this regard, 
substance P (SP) and neurokinin A (NKA) play significant roles in priming and recruiting 
eosinophils and lymphocytes in models of allergic lung inflammation (56-58). 

Asthmatic patients are hyperresponsive to the SP and NK1 expression that is augmented in 
their bronchi (59). Tibério et al. (60) showed that capsaicin infusion induced an increase in 
the respiratory system resistance that was attenuated mainly by a NK2 receptor antagonist. 
The NK receptors are also involved in eosinophil recruitment, which contributes to the hy-
perresponsiveness. Using a model of experimental asthma in guinea pigs, Tibério et al. (57) 
evaluated the airway inflammation induced by repeated exposure to ovalbumin and the 
effects of neurokinin depletion on these responses. These authors showed that neurokinin 
depletion reduced the peribronchial edema, CD4 lymphocytes and the hyperresponsiveness 
to the antigen challenge. In addition, Prado et al. (61) showed that the bronchodilation ob-
served after 14 days of capsaicin infusion could be related to the increase in NO produced 
by nNOS, which counteracts the bronchoconstriction. 

Emphasizing that SP has a preferential affinity for NK1 receptors and that neurokinin A has 
a preferential affinity for NK2 receptors is important (58). However, each neurokinin also 
exhibits activity at other NK receptors. In this regard, Regoli et al. (62) showed that NKA has 
25% of the affinity of SP for the dog carotid artery, a preparation that contains only NK1 
receptors. Tibério et al. (60) investigated the role of substance P (SP) and neurokinin A 
(NKA) and their receptor antagonists (RAs) SR140333 and SR48968 (respectively for the 
NK(1) and NK(2) receptors) in the pulmonary eosinophil influx induced by the stimulation 
of capsaicin (CAP)-sensitive nerve terminals. Both SP and NKA contribute to eosinophil 
lung recruitment in the distal airways and the alveolar wall, and these findings suggest that 
neurokinins may contribute to the development of eosinophilic inflammation in both aller-
gic asthma and hypersensitive pneumonitis. 

3.2. Cysteinyl leukotrienes 

Cysteinyl leukotrienes (cysLTs) are synthesized de novo from arachidonic acid, and most of 
their actions are mediated by the CysLT1 receptor, a G protein-coupled receptor (63). Cys-
LTs have many pulmonary actions, including human airway smooth muscle contraction, 
chemotaxis, mucous secretion, smooth muscle proliferation and increased vascular permea-
bility (64-66).  

The cysteinyl leukotrienes (LTC4, LTD4, LTE4) produced by inflammatory cells and endo-
thelin, produced by epithelial or endothelial cells, are increased in asthma. They are also 
potent contractile agonists of ASM (48, 67). 
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Leukotriene antagonists have been shown to reduce sputum and mucosal eosinophils in 
subjects with asthma (68, 69). However, recent long-duration trials have evaluated the 
impact of CysLT receptor antagonists compared with glucocorticoids and showed that 
spirometry, symptoms, 2-agonist use and the quality of life were improved to a greater 
extent with glucocorticoids (70-72). Corroborating this idea, the blockade of leukotriene 
activity does not cause an improvement in airflow as intense as that obtained with 
glucocorticoids (70, 73). 

Considering studies in animal models, Gardiner et al. (74) observed that the inhibition of 
leukotriene synthesis resulted in an attenuation of OVA-induced airway contraction in sen-
sitized animals. Liu et al. (75) demonstrated that the CysLT1 receptor antagonists pranlukast 
and zafirlukast inhibited OVA-induced mucus secretion in the trachea of a sensitized guinea 
pig. Comparing the effects of montelukast and corticosteroid treatments in a guinea pig 
model, Leick-Maldonado et al. (76) showed that although montelukast, an antagonist of 
leukotriene, reduced some aspects of inflammation, this treatment was not able to attenuate 
the changes in lung mechanics. 

3.3. Complex NOS-arginases 

Nitric oxide derived either from constitutive isoforms (nNOS and eNOS) or from other NO-
adduct molecules (nitrosothiols) modulates bronchomotor and vascular tone. In addition, 
NO derived from inducible isoenzyme (iNOS) is mainly involved in the immunomodulation 
(77-80). 

Prado et al. (81) tested the differences between chronic and acute nitric oxide inhibition by 
N-nitro-L-arginine methyl ester (L-NAME) treatment in lung mechanics, inflammation, and 
airway remodeling in an experimental asthma model in guinea pigs. Both acute and chronic 
L-NAME treatment reduced the exhaled nitric oxide in sensitized animals. Chronic L-
NAME treatment increased the baseline and maximal responses after an antigen challenge 
(ovalbumin) of the respiratory system resistance and reduced peribronchial edema and 
airway infiltration by mononuclear cells. Acute administration of L-NAME increased the 
maximal values of respiratory system elastance and reduced the mononuclear cells and 
eosinophils in the airway wall, supporting the hypothesis that, in this model, nitric oxide 
acts as a bronchodilator in the airways. 

iNOS enzyme activation has been found in many types of inflammatory cells, such as eosin-
ophils, neutrophils and macrophages, as well as in respiratory epithelial cells. In fact, NO 
produced from this isoenzyme is related to the amplification of the inflammatory and re-
modeling responses (54, 78, 79, 82). Considering these aspects, a specific inhibition of iNOS-
derived NO has been considered to be a future therapeutic strategy for several diseases, 
such as asthma, sepsis and acute lung inflammation (82-85). 

Considering the smooth muscle responses, NO mainly derived from cNOS relaxes the air-
way smooth muscle. Many studies have focused on the role of NO in the modulation of 
airway smooth muscle contraction in different models of experimental pulmonary allergic 
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inflammation (78, 81, 85-87). NO that is mainly derived from the constitutive isoforms of 
NOS has been shown to attenuate the bronchoconstriction induced by allergens in sensitized 
experimental animals (54, 85, 88). In contrast, others have observed that nNOS-derived NO 
could contribute to airway constriction (61). We previously evaluated the effects of NO in 
respiratory system resistance using a guinea pig model of asthma and compared the cNOS 
and iNOS inhibition. We showed that chronic treatment with L-NAME, a false substrate that 
nonspecifically inhibits the production of NO, increased the respiratory system resistance in 
sensitized animals, whereas the iNOS-specific inhibition by 1400W reduced this response 
(54). Our results suggested a protective effect of NO derived from cNOS. In addition, we 
showed that iNOS contributes to the airway hyperresponsiveness in this model. Interesting-
ly, in naïve animals, we observed that both L-NAME and 1400W treatments increased the 
resistance of the respiratory system. Because the role of iNOS is more pronounced in in-
flammatory situations, few studies have evaluated the effects of iNOS inhibition in physio-
logic situations. We have previously shown that there is a basal expression of iNOS in resi-
dent cells around the airways in guinea pigs not exposed to an inflammatory stimulus (54, 
78). In addition, Guo and colleagues (89) showed that iNOS is continuously produced by the 
airway epithelium in normal humans. These data suggested that NO produced by iNOS 
under physiological conditions can also contribute to the control of the airway smooth mus-
cle responses. 

Analyzing the nitrergic nerve density, there appears to be a progressive reduction through-
out the bronchial tree (90). In fact, Prado et al. (54) demonstrated that the inhibition of NO 
by chronic L-NAME treatment amplified the elastance responses. Considering that the res-
piratory system elastance responses are related to alterations in the distal airways and lung 
tissue, the authors suggested that NO could also be involved in the modulation of lung 
tissue constriction. Dupuy et al. (90) proposed that inhaled NO only affects the distal air-
ways at high doses, suggesting that, although less intensive, NO can also modulate the re-
sponses of the distal airways and/or lung tissue. 

Angeli et al. (11) evaluated the effects of chronic L-NAME treatment, a false substrate for all 
nitric oxide enzymes, on the modulation of lung tissue mechanics, eosinophilic inflamma-
tion and extracellular matrix tissue remodeling in guinea pigs with chronic lung inflamma-
tion. The authors suggested that nitric oxide plays an important role in lung tissue con-
striction and elastic fiber deposition within the alveolar septa in this animal model of chron-
ic pulmonary inflammation. The activation of the pulmonary oxidative stress pathway, 
mainly via 8-iso-PGF2, may contribute to these responses. 

Starling et al. (9) demonstrated that iNOS activation contributes to lung parenchyma in-
flammatory and remodeling alterations in guinea pigs with chronic pulmonary allergic 
inflammation. 1400W, an iNOS-specific inhibitor, diminished the lung tissue elastance and 
resistance as well as the eosinophilic infiltration, collagen and elastic fiber content and vol-
ume proportion of actin in lung tissue. To our knowledge, this study has provided the first 
evidence of the effects of iNOS inhibition on the distal lung parenchyma.  
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In addition, the authors showed that specifically blocking iNOS reduced 8-isoprostane 
expression in the alveolar septa, which had previously been increased by repeated 
ovalbumin exposures (9). These findings suggest that the effects of iNOS-derived NO in the 
lung parenchyma depend, at least partially, on the activation of the oxidative stress 
pathway. The inhibition of NO production derived from iNOS activation also reduced the 
actin content (9). These results suggest an iNOS-derived effect on the myofibroblasts, which 
were believed to be the major cells responsible for the production of the extracellular matrix 
and the contraction of the parenchyma (91).  

Another pathway to be discussed involves the arginases. These enzymes convert L-arginine 
into L-ornithine and urea and are the key enzymes of the urea cycle in the liver (arginase 1) 
but are also expressed in cells and tissues that lack a complete urea cycle, e.g., arginase 2 
expression in the lung (88). Arginases are involved in cell growth and tissue repair via the 
increased production of L-ornithine, a precursor of polyamines and proline (88). 

Que et al. (92) demonstrated the expression of arginase in the bronchial epithelium and in 
peribronchial connective tissue fibroblasts. In addition, Meurs et al. (87) showed that 
arginase appears to modulate the tone of the airway smooth muscle and potentiates 
methacholine-induced airway constriction. Arginase accomplishes these actions by forcing 
the common substrate L-arginine away from epithelial cNOS to diminish the agonist-
induced production of NO. Arginases and NOS compete for the bioavailability of the same 
substrate, L-arginine, and are involved indirectly in the regulation of NO synthesis (53, 88). 
Corroborating this idea, Morris et al. (93) showed that there is a reduction in the levels of 
plasma arginine in asthmatic patients compared with patients without asthma but with 
increased serum arginase activity. Together, these results suggest that increased arginase 
activity in asthma may be a contributing factor to the decrease in the circulating levels of L-
arginine and the consequent NO deficiency. Thus, blocking NO production could be a tool to 
study the indirect involvement of arginase in various pathophysiological processes (82, 87). 

Several powerful drugs have been used to investigate the role of arginases in the 
pathophysiology of asthma, including nor-NOHA (Nω-hydroxy-nor-L-arginine), which is 
one of the most potent inhibitors of arginase (88). Meurs et al. (87), studying in vitro tracheal 
ring-sensitized guinea pigs, demonstrated that treatment with nor-NOHA reduced the 
hyperresponsiveness to methacholine, and this effect was reversed by treatment with L-
NAME.  

We demonstrated that chronic distal lung inflammation was associated with an increase in 
arginase content and iNOS-positive cells (data not published). These results were associated 
with constriction of the distal lung parenchyma. The increased iNOS expression leads to 
activation of the oxidative stress pathway and formation of PGF2, which had a procontrac-
tile effect. In addition, we showed that the mechanism involved in the activation of arginase 
and the iNOS pathways may be related to the modulation of NF-kB expression. Finally, we 
demonstrated that the association of iNOS and arginase 2 inhibitions potentiated the reduc-
tion of PGF2 and NF-kB expression in the distal lung of guinea pigs with chronic pulmo-
nary inflammation (data not published). 
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Airway inflammation is accompanied by a marked upregulation of iNOS expression, 
particularly in the airway epithelium (94), which has been associated with the activation of 
nuclear factor-kB (NF-kB), a transcription factor that is implicated in the induction of 
multiple genes expressed during the inflammatory response (95). Ckless et al. (96) showed 
that the activation of NF-kB may induce an increase in NOS and arginases. Furthermore, 
NF-κB activity can be affected by reactive oxygen species (ROS) and by reactive nitrogen 
species (RNS) (97). 

Several mechanisms reported in the literature have tried to explain how NO could interfere 
with airway tone. The ability of NO to control airway tone could be related to both GMPc-
dependent and GMPc-independent mechanisms (98-100). 

Although the mechanisms involving the effects of NO in airway constriction have been 
extensively described, the exact mechanism involved in the effect of NOS inhibition on 
reducing lung parenchyma constriction is not completely understood. Another pathway 
discussed by some authors is related to the fact that the release of NO by NOS activation 
also contributes to oxidative stress, amplifying the deleterious and harmful effects on the 
lungs (9, 77). 

The potent oxidant peroxynitrite is formed by the interaction of NO and superoxide by a 
rapid iso-stoichiometric reaction (77). Haddad et al. (101) suggested that peroxynitrite may 
contribute to the injury of pulmonary surfactant. Bhandari et al. (102) demonstrated that 
increased peroxynitrite formation was associated with a dose-dependent increase in the 
apoptotic cell death of type II pneumocytes. However, in strip preparations perfused with 
Krebs solution, the importance of reducing pulmonary surfactant was poorly associated 
with the pulmonary mechanical responses. 

In contrast, peroxynitrite formation leads to lipid peroxidation and the generation of iso-
prostanes (8-iso-PGF2). Jourdan et al. (103) showed that L-NAME treatment greatly inhibits 
8-iso-PGF2. Therefore, isoprostanes appear to induce airway and vascular smooth muscle 
contractions by acting through tyrosine kinase, Rho and Rho kinase, leading to the de-
creased activity of myosin light chain phosphatase. The net response is associated with an 
increased level of phosphorylated myosin light chain and contraction (104). 

3.4. Rho kinase pathway 

The protein Rho, a member of the Ras superfamily of small monomeric GTPases, controls a 
variety of downstream effector proteins, including Rho kinase. Rho exhibits GDP- and GTP-
binding and GTPase activity and is able to alternate between a GDP-bound inactive state 
and a GTP-bound active state. This alternation allows Rho to function as a molecular switch 
to control downstream signal transduction, influencing the level of smooth muscle tone and 
changes in the actin cytoskeleton, which contributes to cell adhesion, motility, migration, 
and contraction (105). Effects on the airway smooth muscle responses may be one of the 
most important factors that need to be considered for the development of new therapies for 
asthmatics (106). 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

308 

In addition, the authors showed that specifically blocking iNOS reduced 8-isoprostane 
expression in the alveolar septa, which had previously been increased by repeated 
ovalbumin exposures (9). These findings suggest that the effects of iNOS-derived NO in the 
lung parenchyma depend, at least partially, on the activation of the oxidative stress 
pathway. The inhibition of NO production derived from iNOS activation also reduced the 
actin content (9). These results suggest an iNOS-derived effect on the myofibroblasts, which 
were believed to be the major cells responsible for the production of the extracellular matrix 
and the contraction of the parenchyma (91).  

Another pathway to be discussed involves the arginases. These enzymes convert L-arginine 
into L-ornithine and urea and are the key enzymes of the urea cycle in the liver (arginase 1) 
but are also expressed in cells and tissues that lack a complete urea cycle, e.g., arginase 2 
expression in the lung (88). Arginases are involved in cell growth and tissue repair via the 
increased production of L-ornithine, a precursor of polyamines and proline (88). 

Que et al. (92) demonstrated the expression of arginase in the bronchial epithelium and in 
peribronchial connective tissue fibroblasts. In addition, Meurs et al. (87) showed that 
arginase appears to modulate the tone of the airway smooth muscle and potentiates 
methacholine-induced airway constriction. Arginase accomplishes these actions by forcing 
the common substrate L-arginine away from epithelial cNOS to diminish the agonist-
induced production of NO. Arginases and NOS compete for the bioavailability of the same 
substrate, L-arginine, and are involved indirectly in the regulation of NO synthesis (53, 88). 
Corroborating this idea, Morris et al. (93) showed that there is a reduction in the levels of 
plasma arginine in asthmatic patients compared with patients without asthma but with 
increased serum arginase activity. Together, these results suggest that increased arginase 
activity in asthma may be a contributing factor to the decrease in the circulating levels of L-
arginine and the consequent NO deficiency. Thus, blocking NO production could be a tool to 
study the indirect involvement of arginase in various pathophysiological processes (82, 87). 

Several powerful drugs have been used to investigate the role of arginases in the 
pathophysiology of asthma, including nor-NOHA (Nω-hydroxy-nor-L-arginine), which is 
one of the most potent inhibitors of arginase (88). Meurs et al. (87), studying in vitro tracheal 
ring-sensitized guinea pigs, demonstrated that treatment with nor-NOHA reduced the 
hyperresponsiveness to methacholine, and this effect was reversed by treatment with L-
NAME.  

We demonstrated that chronic distal lung inflammation was associated with an increase in 
arginase content and iNOS-positive cells (data not published). These results were associated 
with constriction of the distal lung parenchyma. The increased iNOS expression leads to 
activation of the oxidative stress pathway and formation of PGF2, which had a procontrac-
tile effect. In addition, we showed that the mechanism involved in the activation of arginase 
and the iNOS pathways may be related to the modulation of NF-kB expression. Finally, we 
demonstrated that the association of iNOS and arginase 2 inhibitions potentiated the reduc-
tion of PGF2 and NF-kB expression in the distal lung of guinea pigs with chronic pulmo-
nary inflammation (data not published). 

Different Modulators of Airways and Distal Lung  
Parenchyma Contractile Responses in the Physiopathology of Asthma 

 

309 

Airway inflammation is accompanied by a marked upregulation of iNOS expression, 
particularly in the airway epithelium (94), which has been associated with the activation of 
nuclear factor-kB (NF-kB), a transcription factor that is implicated in the induction of 
multiple genes expressed during the inflammatory response (95). Ckless et al. (96) showed 
that the activation of NF-kB may induce an increase in NOS and arginases. Furthermore, 
NF-κB activity can be affected by reactive oxygen species (ROS) and by reactive nitrogen 
species (RNS) (97). 

Several mechanisms reported in the literature have tried to explain how NO could interfere 
with airway tone. The ability of NO to control airway tone could be related to both GMPc-
dependent and GMPc-independent mechanisms (98-100). 

Although the mechanisms involving the effects of NO in airway constriction have been 
extensively described, the exact mechanism involved in the effect of NOS inhibition on 
reducing lung parenchyma constriction is not completely understood. Another pathway 
discussed by some authors is related to the fact that the release of NO by NOS activation 
also contributes to oxidative stress, amplifying the deleterious and harmful effects on the 
lungs (9, 77). 

The potent oxidant peroxynitrite is formed by the interaction of NO and superoxide by a 
rapid iso-stoichiometric reaction (77). Haddad et al. (101) suggested that peroxynitrite may 
contribute to the injury of pulmonary surfactant. Bhandari et al. (102) demonstrated that 
increased peroxynitrite formation was associated with a dose-dependent increase in the 
apoptotic cell death of type II pneumocytes. However, in strip preparations perfused with 
Krebs solution, the importance of reducing pulmonary surfactant was poorly associated 
with the pulmonary mechanical responses. 

In contrast, peroxynitrite formation leads to lipid peroxidation and the generation of iso-
prostanes (8-iso-PGF2). Jourdan et al. (103) showed that L-NAME treatment greatly inhibits 
8-iso-PGF2. Therefore, isoprostanes appear to induce airway and vascular smooth muscle 
contractions by acting through tyrosine kinase, Rho and Rho kinase, leading to the de-
creased activity of myosin light chain phosphatase. The net response is associated with an 
increased level of phosphorylated myosin light chain and contraction (104). 

3.4. Rho kinase pathway 

The protein Rho, a member of the Ras superfamily of small monomeric GTPases, controls a 
variety of downstream effector proteins, including Rho kinase. Rho exhibits GDP- and GTP-
binding and GTPase activity and is able to alternate between a GDP-bound inactive state 
and a GTP-bound active state. This alternation allows Rho to function as a molecular switch 
to control downstream signal transduction, influencing the level of smooth muscle tone and 
changes in the actin cytoskeleton, which contributes to cell adhesion, motility, migration, 
and contraction (105). Effects on the airway smooth muscle responses may be one of the 
most important factors that need to be considered for the development of new therapies for 
asthmatics (106). 



Current Basic and Pathological Approaches to  
the Function of Muscle Cells and Tissues – From Molecules to Humans 

 

310 

The influence of Rho kinase on airway hyperresponsiveness is considered to be at least 
partly related to agonist-mediated Ca2+ sensitization. Ca2+ sensitization, which is also 
observed in the airways, is the increase in smooth muscle tension and/or phosphorylation of 
the 20-kDa regulatory light chain of myosin (MLC20) at a constant Ca2+ concentration (107). 
In a variety of smooth muscles, this Ca2+ sensitization is mediated by a small G protein, 
RhoAp21, and its target protein, the Rho kinase (108), which is especially important during 
the sustained phase of contraction in smooth muscle (107). 

Several studies have shown that the use of Rho kinase inhibitors might be beneficial for the 
treatment of airway diseases. Y-27632((+)-(R)-trans-4-(1-aminoethyl)-N-(4-pyrydil) 
cyclohexanecarboxamide, monohydrate) is one of the drugs that arose as a possible treatment 
for asthma. Y-27632 is a highly selective inhibitor of the Rho kinase pathway, capable of 
reversing G-protein sensitization and consequently relaxing the airway smooth muscle (108). 

The effects of the acute inhibition of Rho kinase in sensitized animals have been analyzed by 
several authors. Schaafsma et al. (109) showed that the inhalation of Y-27632 at 30 min pre-
vents the development of airway hyperresponsiveness both after the early and late airway 
reaction. Y-27632 reduces also reduces the cholinergic nerve-mediated contractions in the 
tracheal preparations of guinea pigs and mice in a dose-dependent manner (110). 
Witzenrath et al. (111) verified that the use of Y-27632 attenuated the methacholine-
provoked airway response in the sensitized lungs. 

Some studies suggested that the RhoA/ROCK system plays a role in eosinophil recruitment 
and Th-1 and Th-2 cytokine secretion (105, 112). In this regard, Henry et al. (112) demon-
strated that pretreatment with Y-27632 reduced the number of eosinophils recovered from 
the bronchoalveolar lavage (BAL) fluid of OVA-sensitized mice. 

Taki et al. (105) showed that another Rho kinase inhibitor, fasudil, reduced the presence of 
eosinophils in the BAL fluid, airways and blood vessels. In the BAL fluid, this Rho kinase 
inhibitor also diminished the augmented levels of IL-5, IL-13 and eotaxin. Aihara et al. (113) 
showed that Y-27632 suppressed the release of Th-1 cytokines and partially suppressed the 
release of Th-2 cytokines in healthy persons but reduced the release of IL-2 and IL-5 and 
weakly reduced the release of IL-4 and IFN-gamma in asthmatic patients. 

Recently, we showed the chronic inhibition of Rho kinase reduced the airway and distal 
lung mechanical responses to an antigenic challenge with an associated reduction in NOEX, 
eosinophilic infiltration, IL-2-, IL-4-, IL-5- and IL-13-positive cells, extracellular matrix re-
modeling and NF-κB-positive cells in the airways and distal lung. In addition, there was a 
significant reduction in the activation of the oxidative stress pathway, which was correlated 
with the attenuation of the maximal mechanical responses after antigen challenge (data not 
published). 

These data suggest that treatment with an inhaled Rho kinase inhibitor contributes to the 
attenuation of the distal lung functional and structural changes induced by chronic allergic 
inflammation, both in the airways and distal lung. Taken together, this evidence suggests 
that Rho kinase inhibitors may be potential pharmacological tools to control distal lung 
asthmatic functional and histopathological alterations. 
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4. Modulators involved in airways and distal lung parenchyma 
contractile responses 

4.1. Modulation of the lung contractile responses by physical exercises 

The role of physical exercise in asthma is somewhat controversial. Exercise can induce bron-
choconstriction in humans (114). Recently, however, various studies have shown that physi-
cal training, particularly at a moderate intensity, can improve lung function and is related to 
a reduction in asthma symptoms and AHR. Fanelli et al. (115) associated physical training 
improvements in the physiological variables at peak and submaximal exercise, and these 
authors also showed that trained patients have a reduction in the daily doses of inhaled 
steroids.  

Studying adults, Mendes et al. (116) showed that 3 months after supervised training, pa-
tients presented a reduction in inflammation and asthma exacerbation and an increase in 
asthma symptom-free days. Although the authors did not directly measure the AHR, the 
reduction in symptoms and exacerbations indirectly reflects a reduction in the airway re-
sponsiveness. These authors clearly suggest that aerobic training might be useful as an ad-
juvant therapy in asthmatic patients under optimized medical care. In addition, physical 
training reduced the anxiety and depression levels with a significant correlation between 
improvements in the aerobic capacity and days without asthma symptoms (117). 

Considering the experimental studies, Silva et al. (118) showed that aerobic training in mice 
with allergic chronic inflammation reduced both tissue elastance and resistance. These ef-
fects of aerobic training on lung mechanics could be at least partly mediated by the epitheli-
um (119).  

Based on these data, although AHR was frequently found among competitive athletes (120, 
121), physical training may be beneficial to asthmatics, particularly when performed with 
supervision and at a moderate intensity.  

4.2. Modulation of the lung contractile responses by stress 

The stress response, which can be defined as the psychological reaction of the body to a 
variety of emotional or physical stimuli that threaten homeostasis (122), results in the activa-
tion of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic and adrenome-
dullary systems. Although acute stress was shown to have anti-inflammatory effects, some 
studies have demonstrated that stressful situations and emotional states are triggers of 
asthmatic symptoms (123-125) and can influence the course and treatment of atopic diseases 
(126, 127). Chronic stress may induce a down-regulation of the expression and/or function of 
glucocorticoid receptors, leading to glucocorticoid resistance and contributing to the wors-
ening of lung inflammation and pulmonary hyperreactivity.  

Capelozzi et al. (128) showed that swimming-induced stress amplified mononuclear cell 
recruitment to the lungs in guinea pigs that performed 31 days of the stress protocol. These 
authors also showed that the amount of these cells was reduced when the animals were 
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treated with fluoxetine. Recently, Leick et al. (129), studying the effects of stress induced by 
forced swimming in bronchoconstriction, observed that stress amplified the airway response 
to ovalbumin in guinea pigs. In addition, Marques et al. (130) showed that the malefic effects 
of stress in asthma are related not only to the airways but to the lung distal parenchyma. In 
sensitized animals, they showed that repeated stress increased the distal lung constriction 
associated with an augmentation of actin content, which is indirect evidence of the alveolar 
smooth muscle content. The authors also showed that iNOS inhibition attenuated the effects 
of stress in the lung parenchyma response in this animal model.  

Considering humans, Ritz and Steptoe (125) observed a negative association between mood 
states and a reduction in the forced expiratory volume in the first second in asthmatic pa-
tients. Höglund et al. (131) studied 41 undergraduate students 22 with allergies, 16 asthmat-
ics and 19 controls in a low-stress period and in a period associated with a large exam. The 
values of the forced expiratory volume in the first second of the control group differed sig-
nificantly from that of the group of asthmatics only during the exam stress phase. These 
results collectively reinforced the idea that stress is an important modulator of the AHR 
present in asthma. 

Collectively, these studies showed that chronic stress is harmful to asthmatic individuals 
and is involved in the AHR. 

4.3. Oral tolerance 

Immunotherapy has been considered a possible therapeutic strategy for asthma. Oral 
tolerance has been recognized as an alternative treatment to autoimmune and allergic 
diseases (132-134). Oral tolerance has classically been defined as the specific suppression of 
the cellular and/or humoral immune response to an antigen by the prior administration of 
the antigen by the oral route (135). There are two primary effector mechanisms of oral 
tolerance: the induction of regulatory T cells that mediate the active suppression and the 
induction of clonal anergy or deletion (135-137). In atopic patients, the oral, sublingual, or 
inhaled administration of antigens leads to a reduction in symptoms and local inflammation 
as well as a reduction in dyspnea and airway hyperresponsiveness. Some meta-analyses 
found that sublingual immunotherapy is beneficial for asthma treatment, although the 
magnitude of the effect is not very large (138-140). 

Some authors (141-143) have previously evaluated the effects of oral tolerance in 
experimental models of airway disease. In an animal model, oral tolerance induced an 
attenuation of airway eosinophilic recruitment, bronchial hyperresponsiveness, and mucous 
secretion (143, 144). Russo et al. (141, 142) observed that animals submitted to an oral antigen 
administration protocol presented low levels of Th2 cytokines in the bronchoalveolar lavage 
fluid and a reduction in the production of ovalbumin-specific antibodies. The tolerance 
process is known to attenuate B-cell responses. Hasegawa et al. (145) demonstrated that B-
cells have been implicated in myofibroblast activation mainly by secreting IL-6, IL-9, and 
fibroblast growth factor. Thus, considering that myofibroblasts are one of the contractile 
elements that modulate lung parenchyma responses is important (146, 147). 
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Figure 2. Photomicrographs of distal airways from the guinea pig (×200), stained with haematoxylin-
eosin (left panels) and EPO+ eosinophils (right panels). Panels A and B: NS group. Panels C and D: 
OVA group. Panels E and F: OT1 group. Panels G and H: OT2 group. Reproduced with permission. 
Published in Ruiz Schtüz et al. (143). 
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cells have been implicated in myofibroblast activation mainly by secreting IL-6, IL-9, and 
fibroblast growth factor. Thus, considering that myofibroblasts are one of the contractile 
elements that modulate lung parenchyma responses is important (146, 147). 
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OVA group. Panels E and F: OT1 group. Panels G and H: OT2 group. Reproduced with permission. 
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Our group evaluated the airway responses in two different models of oral tolerance (oval-
bumin-exposed and treat with oral tolerance beginning together with the 1st inhalation 
(OT1 group) and ovalbumin-exposed and treated with oral tolerance beginning after the 4th 
inhalation (OT2 group), and showed that both models counteract the bronchoconstriction 
induced by a specific antigen (ovalbumin) and by a nonspecific challenge using methacho-
line (143) (Figure 2). These data suggested that oral tolerance is an effective treatment to 
induce the relaxation of airway smooth muscle in asthma.  

Although previous investigations showed that oral tolerance attenuated the airway re-
sponses, few studies have provided evidence of the effects of oral tolerance in lung periph-
ery responses in an experimental model of chronic lung inflammation. In this regard, 
Nakashima et al. (43) showed that inducing oral tolerance attenuates peripheral lung tissue 
responsiveness, eosinophilic inflammation and extracellular matrix remodeling in an exper-
imental model of chronic allergic pulmonary inflammation (Figure 3), suggesting that this 
approach could attenuate or prevent the distal lung functional and structural changes in-
duced by chronic allergic inflammation. 

5. Contribution of the airway and distal parenchyma structural changes 
to the pulmonary contractile responses. 

The underlying persistent component of AHR, by contrast, is likely related to the structural 
(and/or physiological) airway changes often collectively referred to as airway remodeling. 
Structural changes in the airways and in the distal lung parenchyma, which were recently 
addressed, are involved in the remodeling process and include the epithelium basal mem-
brane thickness, subepithelial fibrosis, mucous gland and goblet cell hypertrophy and hy-
perplasia, neoangiogenesis, increased ASM mass (hypertrophy of the smooth muscle cell 
and wall thickening), increased amount of actin and changes in the extracellular matrix 
(ECM), such as the deposition of fibronectin, laminin, and collagen fiber, alterations in the 
airway elastic fibers, and the increased expression of several metalloproteinases (MMP-1, 
MMP-2 and MMP-9) (45, 54). Such airway structural alterations or airway remodeling is 
associated with airway hyperresponsiveness to diverse triggers and with a decrease in the 
lung function of asthmatic patients. 

In addition, an important structural change of the airways is related to the smooth muscle. 
One of the pathological consequences of remodeling is airway hyperresponsiveness. Myo-
cyte hypertrophy and hyperplasia and myofibroblast hyperplasia are known to contribute 
to this hyperresponsiveness and the worsening of lung function in these patients (148). 
Throughout breathing, airway stiffening is a feasible contributor to airway hyperrespon-
siveness through the attenuation of the transmission of a potently bronchodilating cyclical 
stress to the ASM (37). ASM hyperplasia is characterized by a proliferation of cells, a reduc-
tion in the apoptosis of the ASM cells and migration of myofibroblasts within the ASM layer 
(19). Hence, alterations in the smooth muscle, either in the airways or in regions that are 
associated with perturbed alveolar attachments, may be factors that affect airway-
parenchyma uncoupling and alterations in the mechanical properties of the distal lung that 
lead to constriction. 
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Figure 3. Photomicrographs of lung parenchymal strips eosinophilic infiltration (A, D, G, and J – x400), 
collagen density (B, E, H, and K – x1000) and elastic fibers (C, F, I, and L – x1000) in saline-exposed (NS 
group - panels A to C), ovalbumin-exposed (OVA group – panels D to F), ovalbumin-exposed and treat 
with oral tolerance beginning together with the 1st inhalation (OT1 group – panels G to I) and ovalbu-
min-exposed and treated with oral tolerance beginning after the 4th inhalation (OT2 group – panels J to 
L). Ovalbumin-exposed animals showed a significant increase in eosinophilic infiltration as well colla-
gen and elastic density compared to saline-exposed ones. Both oral-induced tolerance protocols attenu-
ated all these responses in ovalbumin-exposed animals. Reproduced with permission. Published in 
Nakashima et al. (43). 
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5.1. Mechanisms involved in lung remodeling 

A chronic inflammatory process is almost invariably related to tissue damage and healing. 
The consequences of healing are repair and the replacement of injured cells by viable cells. 
Repair comprises regeneration (the replacement of damaged cells by cells of the same type) 
and replacement (by connective tissue). Chronic inflammatory processes have a wide varie-
ty of consequences leading from the complete or partial restoration of the affected structure 
to fibrotic processes. The mechanisms underlying remodeling move from the highly dynam-
ic process of cell migration, differentiation, and maturation to changes in the connective 
tissue deposition and to the altered restitution of the structures (149). 

The airway epithelium constitutes a continuous physical barrier, crucial to maintaining 
tissue homeostasis, which lines the airway lumen and separates the underlying tissue from 
environmental antigens (150, 151). Currently, the airway epithelium is acknowledged to also 
sense and react to antigens by regulating innate (through pattern-recognition receptors, 
including Toll-like receptors [(TLRs]) and adaptive immune mechanisms, driving both al-
lergic sensitization and airway remodeling through the release of inflammatory cytokines 
and chemokines. In addition, direct physical interactions with immune cells protect the 
internal milieu of the lung (152) and therefore contribute to airway narrowing. Furthermore, 
the increased loss of epithelial barrier integrity is known to correlate with more severe air-
way hyperresponsiveness, which may lead to the augmented exposure of the ASM to in-
haled contractile agonists (153). Therefore, epithelial cells participate in a wide range of 
repair mechanisms, including the epithelization of the nude luminal surface, the production 
of chemotactic factors, and the expression of some surface markers and a broad range of 
molecules that participate in the tissue repair, such as fibronectin, growth factors, cytokines 
and chemokines (149). 

One of the mechanisms that may account for ASM hyperplasia is the migration of myofi-
broblasts within the ASM layer, which differentiate into ASM-like cells (154). Fibroblasts 
differentiate into the highly synthetic and contractile myofibroblast phenotype when ex-
posed to substrates with an elastic modulus corresponding to pathologically stiff fibrotic 
tissue. Myofibroblasts, which are cells that display features intermediate between fibroblasts 
and smooth muscle cells, are involved in this process and are able to synthesize several 
extracellular matrix substances and contract the lung parenchyma (155).  

Although the hypertrophy in ASM has been described in studies with tissue specimens from 
intermittent, mild, severe (156) and fatal (45) asthma, which have been characterized as 
having an increase in the ASM cell size, there are conflicting findings (157) that suggest that 
the ASM cell hypertrophy could be a hallmark of severe asthma because it can be used to 
differentiate between patients with severe asthma and patients with milder disease (156). In 
asthmatics, ASM cell proliferation occurs faster than in nonasthmatics (27), and it can be 
explained by alterations in the calcium homeostasis in these cells and a subsequent increase 
in mitochondrial biogenesis (158). 

The main characteristics of myofibroblasts are the secretion of extracellular matrix 
components, the development of adhesion structures with the substrate by the incorporation 
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of de novo expressed α-smooth muscle actin (α-SMA), and the formation of contractile 
bundles composed of actin and myosin, which help the myofibroblasts to develop a high 
contractile activity. These cytoskeletal features enable the myofibroblast to not only remodel 
and contract the extracellular matrix but also adapt its activity to changes in the mechanical 
microenvironment. In addition, immunohistochemistry and electron microscopy studies 
demonstrated that airway myofibroblasts and the smooth muscle bundles lie in close 
physical proximity in asthma (159, 160). The myofibroblasts have an intermediate 
phenotype between that of a fibroblast and that of a smooth muscle cell, which raises the 
possibility that these cells contribute to the increased smooth muscle mass because of their 
plasticity. 

The arrangement and modification of the ECM involve dynamic processes of the production 
and degradation of matrix proteins, which are related to the ASM and parenchyma remod-
eling that are present and enhanced in asthma (161). The deposition of ECM proteins is 
increased by airway resident cells, such as epithelial cells, fibroblasts, myofibroblasts, and 
ASM cells. Some authors studying asthmatic bronchial samples demonstrated an increased 
deposition of ECM proteins in the bronchial wall, such as collagens I, III, and V, fibronectin, 
tenascin, hyaluronan, versican, laminin, lumican, and biglycan (162, 163), and a decreased 
deposition of collagen IV and elastin (164). Enhancing the ECM may be due to a reduced 
production of matrix metalloproteinases (MMPs), which degrade ECM proteins, and/or the 
enhanced production of tissue inhibitors of MMPs (TIMPs). Moreover, fibronectin and col-
lagens III and V have been shown to enhance ASM migration (165) in the ASM cell contact 
with membranes coated with ECM components. 

Notably, the epithelium in asthmatic children (aged 5-15 years) is stressed or injured with-
out significant submucosal eosinophilic inflammation. This observation emphasizes the 
concept that the early pathological changes in asthma are linked to changes in the local 
tissue microenvironment related to epithelial stress and injury. The lamina reticularis from 
asthmatic biopsy sections was thicker than normal, with an increased deposition of collagen 
III. This alteration in the epithelial phenotype is associated with an enhanced collagen depo-
sition in the lamina reticularis, suggesting that the epithelial mesenchymal trophic unit is 
active early in the natural history of asthma and may contribute to the pathogenesis of 
asthma (166). 

ASM cells and the lung parenchyma have a crucial importance in the pathophysiology of 
asthma, leading to pulmonary remodeling, which remains unresponsive to conventional 
treatments, such as bronchodilators and anti-inflammatory drugs (167). Therefore, the de-
velopment of new therapeutic tools targeting pulmonary remodeling is desirable. 

6. Conclusions 

ASM cells have a critical role in AHR in asthma, considering that these cells are part of the 
inflammatory process, have altered contractile, proliferative and secretory functions and 
contribute to airway remodeling.  
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and contract the extracellular matrix but also adapt its activity to changes in the mechanical 
microenvironment. In addition, immunohistochemistry and electron microscopy studies 
demonstrated that airway myofibroblasts and the smooth muscle bundles lie in close 
physical proximity in asthma (159, 160). The myofibroblasts have an intermediate 
phenotype between that of a fibroblast and that of a smooth muscle cell, which raises the 
possibility that these cells contribute to the increased smooth muscle mass because of their 
plasticity. 

The arrangement and modification of the ECM involve dynamic processes of the production 
and degradation of matrix proteins, which are related to the ASM and parenchyma remod-
eling that are present and enhanced in asthma (161). The deposition of ECM proteins is 
increased by airway resident cells, such as epithelial cells, fibroblasts, myofibroblasts, and 
ASM cells. Some authors studying asthmatic bronchial samples demonstrated an increased 
deposition of ECM proteins in the bronchial wall, such as collagens I, III, and V, fibronectin, 
tenascin, hyaluronan, versican, laminin, lumican, and biglycan (162, 163), and a decreased 
deposition of collagen IV and elastin (164). Enhancing the ECM may be due to a reduced 
production of matrix metalloproteinases (MMPs), which degrade ECM proteins, and/or the 
enhanced production of tissue inhibitors of MMPs (TIMPs). Moreover, fibronectin and col-
lagens III and V have been shown to enhance ASM migration (165) in the ASM cell contact 
with membranes coated with ECM components. 

Notably, the epithelium in asthmatic children (aged 5-15 years) is stressed or injured with-
out significant submucosal eosinophilic inflammation. This observation emphasizes the 
concept that the early pathological changes in asthma are linked to changes in the local 
tissue microenvironment related to epithelial stress and injury. The lamina reticularis from 
asthmatic biopsy sections was thicker than normal, with an increased deposition of collagen 
III. This alteration in the epithelial phenotype is associated with an enhanced collagen depo-
sition in the lamina reticularis, suggesting that the epithelial mesenchymal trophic unit is 
active early in the natural history of asthma and may contribute to the pathogenesis of 
asthma (166). 

ASM cells and the lung parenchyma have a crucial importance in the pathophysiology of 
asthma, leading to pulmonary remodeling, which remains unresponsive to conventional 
treatments, such as bronchodilators and anti-inflammatory drugs (167). Therefore, the de-
velopment of new therapeutic tools targeting pulmonary remodeling is desirable. 
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ASM cells have a critical role in AHR in asthma, considering that these cells are part of the 
inflammatory process, have altered contractile, proliferative and secretory functions and 
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Considering that many patients with AHR respond fairly well to conventional therapies, 
such as anti-inflammatory and bronchodilator drugs, and that ASM remodeling is 
insensitive to these treatments, further studies are necessary to evaluate ways to prevent or 
reverse ASM remodeling. 
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1. Introduction 

Smooth muscle cells (SMCs) are found in many organs, including the blood vessels, trachea, 
stomach, small intestine, and uterus. SMC-like cells are found in some other organs, for 
example, hepatic stellate cells in the liver and mesangial cells in the kidney. These SMCs and 
SMC-like cells play an important role in the formation and function of the cardiovascular, 
digestive, respiratory, and urinary systems. Vascular SMCs, which generally exist in the 
tunica media, constitute a large portion of cells in blood vessels. A main function of vascular 
SMCs involves maintaining vessel structure by involving vessel contractile and relaxation 
activities to control blood pressure. 

Vascular SMCs of each region are developed from different origins [1]. Vascular SMCs of 
large arteries near the heart originate from the neural crest cells of ectodermal origin, 
whereas other vascular SMCs are believed to differentiate from mesodermally derived 
mesenchymal cells. Among the mesodermally derived vascular SMCs, coronary SMCs are 
reported to come from the proepicardial organ [2]; and vascular SMCs of the root of the 
pulmonary artery and the lung artery stem from the second heart field [3]. Undifferentiated 
cells differentiate into progenitor cells or immature cells and ultimately differentiate into 
vascular SMCs with contractile ability. 

Vascular SMCs show different phenotypes according to external conditions, such as 
developmental stage, angiogenesis state, and disease. Vascular SMCs existing within the 
tunica media are normally called contractile SMCs. On the other hand, vascular SMCs that 
are found in disease, the fetal period, and angiogenesis are called proliferative SMCs (Fig. 1). 
Proliferative SMCs have less contractive ability than contractile SMCs because of the lack of 
sufficient myofibrils inside the cells. Proliferative SMCs have the ability to proliferate and 
migrate, and they actively synthesize proteins and secrete extracellular matrices (ECMs) like 
collagen and elastin. 
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Figure 1. Phenotypes of vascular SMCs. There are 2 phenotypes of vascular SMCs, immature prolifera-
tive SMC and differentiated contractile SMC. Vascular SMCs transform their phenotypes in response to 
the surrounding environment. Proliferative immature SMCs have abilities to proliferate, migrate, and 
synthesize proteins well. On the other hand, contractile fully differentiated SMCs adhere each other and 
have contractile ability.  

Because contractile SMCs change their phenotype into proliferative SMCs in response to the 
surrounding environment or growth factors and proliferative SMCs turn into contractile 
SMCs according to the surrounding environment, vascular SMCs are considered a unique 
cell type [4]. Proliferative SMCs and immature SMCs seen during the developmental period 
are considered identical. Therefore, the transformation from contractile SMCs to prolifera-
tive SMCs is considered the dedifferentiation process, whereas the transformation from 
proliferative SMCs to contractile SMCs is considered the differentiation process. These phe-
notype alterations of vascular SMCs are important for the regulation of angiogenesis, blood 
vessel remodeling, and homeostasis. In this chapter, we review the observation of regulato-
ry mechanisms of the differentiated phenotypes of vascular SMCs. 

2. Regulation of the vascular SMC phenotype in vitro by ECM 

When contractile SMCs are collected from a body and cultured in vitro, they immediately 
transform into proliferative SMCs and then begin to proliferate under in vitro conditions. 
These transformed cells show the same characteristics as the proliferative SMCs in vivo, 
such as the inability to contract and secrete ECMs [5]. This transformation process decreas-
es the expression of various actin-associated molecules that are seen in contractile SMCs 
and simultaneously increases the expression of proliferation-related proteins. On the other 
hand, it is difficult to retransform undifferentiated proliferative SMCs into contractile 
SMCs in vitro. 

Many researchers have attempted to achieve the retransformation of proliferative SMCs into 
contractile SMCs. Koyama et al. reported that proliferation of the undifferentiated 
proliferative SMCs can be inhibited by culturing on type Ι collagen gel [6]. Pauly et al. 
reported that culturing proliferative SMCs on Matrigel extracted from basal lamina-like 
matrix, a product from mouse Engelbreth-Holm-Swarm tumor, enables the inhibition of 
proliferation and induction of differentiation [7]. These studies suggest that regulation of the 
vascular SMC retransformation has the potential to be achieved through control of their 
ECM conditions. 
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Hayashi et al. reported that during a primary culture of chick gizzard SMCs or rat aortic 
vascular SMCs, the in vivo contractile state can be maintained by seeding cells on laminin-
coated dishes and adding insulin or insulin-like growth factor-1 (IGF-1) to the serum-free 
medium [8, 9]. However, once proliferative SMCs are transformed in vitro and then induced 
by the addition of a serum, platelet-derived growth factor-BB (PDGF-BB), or 
lysophosphatidic acid (LPA) to the maintaining medium, they do not redifferentiate into the 
contractile state despite being cultured under the previously mentioned condition [8, 10]. 
These studies suggest that SMC dedifferentiation is regulated by the extracellular 
environment and that extracellular signaling is an important factor in this differentiation 
and dedifferentiation process [8, 11]. 

Hirose et al. successfully induced redifferentiation of normal human aorta proliferative 
SMCs that were once dedifferentiated in vitro into a contractile state by culturing them on 
type IV collagen gel [12]. According to this report, SMCs take an elongated spindle-like 
structure and constructed network when cultured on type IV collagen gel (Fig. 2). At the 
same time, the expression levels of molecular markers of contractile SMCs, smooth muscle 
myosin heavy chain (SM-MHC) and smooth muscle α-actin (SM-α-actin), were increased, 
whereas comparable levels in proliferative SMCs were negligible or undetectable. 
Furthermore, elongated SMCs on type IV collagen gel could contract in response to 
stimulation by endothelin-I, a vessel contracting factor. Most important is that these 
phenomena were also observed under serum-added conditions. Primary SMC-like rat 
hepatic stellate and human kidney mesangial cells also showed elongated and network 
structures on type IV collagen gel [13]. These studies showed that it is possible to induce 
redifferentiation of proliferative SMCs into contractile SMCs in vitro and that the 
redifferentiation can be regulated by extracellular environments, especially by type IV 
collagen gel. 

 
Figure 2. Morphology of human aortic vascular SMCs on different substrates. Proliferative normal 
human vascular SMCs cultured on polystyrene culture dish or type IV collagen gel. The cells spread 
flatly on culture dish. On the other hand, once proliferated SMCs on type IV collagen gel elongate and 
form mesh-like multicellular network by formation of cell-to-cell junction. This morphology is a charac-
teristic of contractile phenotype of SMCs. 
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Figure 1. Phenotypes of vascular SMCs. There are 2 phenotypes of vascular SMCs, immature prolifera-
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proliferative SMCs can be inhibited by culturing on type Ι collagen gel [6]. Pauly et al. 
reported that culturing proliferative SMCs on Matrigel extracted from basal lamina-like 
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SMCs produce and deposit basal lamina components in their extracellular surroundings 
in vivo. They are covered by basal lamina and adhere to each other via the surrounding 
basal lamina. Major components of the basal lamina include type IV collagen, laminin, 
and proteoglycans like perlecan and nidogen. Type IV collagen is expected to work as a 
skeletal protein that consists of a micro meshwork at the basal lamina [14]. Therefore, the 
above-mentioned studies obviously indicate that the components of the basal lamina, 
especially type IV collagen, play an important role in maintaining the contractile state of 
SMCs in vivo. 

Hirose et al. reported that when human proliferative SMCs were cultured on dishes coated 
with nongel type IV collagen, the cells retained their proliferative phenotype [12]. Hayashi 
et al. examined the detailed behavior of human proliferative SMCs on type IV collagen ag-
gregates with a continuous change in the physicochemical properties [13]. They made a 
unique cell culture substrate, a hat-like-shaped gel on a cover glass using a type IV collagen 
solution. The central region of the hat-like-shaped gel has a domed gel structure surrounded 
by a broad brim-like region that consisted of a nongel form of type IV collagen aggregates. 
The proliferative SMCs in the domed gel region retained their initial round cell shape at the 
initial stage of culture (6 h) and eventually formed a multicellular meshwork at a later stage 
(24 h), as is seen with redifferentiated SMCs. However, the cells at the brim region started to 
adhere, spread, and proliferate soon after seeding. These results suggest that the physico-
chemical state of type IV collagen determines the vascular SMC phenotypes and that the gel 
form of type IV collagen, in particular, is essential to the induction of the redifferentiation of 
proliferative SMCs. Reports of inhibited proliferation of SMCs on type I collagen gel [6] and 
Matrigel [7] described earlier also indirectly imply the importance of the gel’s physicochem-
ical properties. 

What factor of the gel form of type IV collagen supports redifferentiation of proliferative 
SMCs? As described previously, the proliferative SMCs cultured on dishes coated with type 
IV collagen aggregates remained in the proliferative state [12, 13]. It is assumed that the 
mechanical property of gel exercises an effect on SMC state. Some mechanical receptors that 
actually sense various mechanical stresses, such as shear stress, are found [15, 16]. Cells may 
also have made an essential morphological change as a result of transition to the physically 
steady state. It was revealed that the mechanical properties of ECMs have significant effects 
on cell proliferation or differentiation [17]. By changing the stiffness of a culture substrate, 
for example, the differentiation of mesenchymal stem cells into many kinds of cells can be 
controlled [18]. This finding implies that the ECM is not merely a functional molecule but 
works as an important factor for cell phenotype as a physical substrate. Thus, regulation of 
the dedifferentiation and redifferentiation of the vascular SMC phenotype by ECM is as-
sumed to be a result of the ECM’s physicochemical properties. 

3. Regulation of gene expression of vascular SMC 

Studies to clarify the regulatory mechanism of vascular SMC gene expressions have been 
performed by many researchers. Contractile SMCs express unique marker proteins, such as 
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SM α-actin, SM-MHC, SM22α (also kown as transgelin), high-molecular weight caldesmon 
(h-caldesmon), and calponin [19]. On the other hand, increased protein expressions, such as 
low-molecular weight caldesmon (l-caldesmon), c-fos, Egr-1, epiregulin, and SMemb MHC, 
are seen in proliferative SMCs [19, 20]. 

A promoter analysis of these proteins has revealed the associated transcription factors 
and their binding sites that regulate the protein expressions unique to contractile  
SMCs. The CArG box (CC(A/T)6GG), one of these sites [19, 21], exists in the promoter 
region of proteins like SM22α, SM-MHC, SM α-actin, calponin, and caldesmon. It has 
been clarified that the expressions of contractile SMC-specific proteins are induced 
when the serum response factor (SRF), a ubiquitously expressed transcription factor, 
binds to the CArG box [19, 21]. Other than that, the E-box, a GATA-binding site, and an 
A/T-rich element are reported to regulate the gene expressions specific to contractile 
SMCs [22-24]. 

SRF was thought to be the main regulator of the SMC differentiation and dedifferentiation 
process because the CArG boxes exist in the promoter regions of most proteins expressed in 
contractile SMCs. However, the CArG boxes are found in the promoter region of proteins 
like c-fos or Egr-1, which are actively expressed by proliferative SMCs, and these proteins 
were also found to be regulated by the CArG box and SRF [25, 26]. These bipolar regulations 
of CArG box and SRF for the vascular SMC phenotypes have been given further 
explanations by the participation of transcriptional cofactors for SRF. In other words, SRF 
cofactors activate the gene expression specific to contractile SMCs either positively or 
negatively [27, 28]. 

The myocardin-related transcription factor (MRTF) family is attracting attention as the most 
sensible candidate for SRF cofactors that regulate vascular SMC differentiation the most 
[29]. The MRTF family consists of 3 SRF coactivators: myocardin, MKL1 (also called MAL, 
BSAC, or MRTF-A), and MKL2 (also called MAL16 or MRTF-B) [29-33]. Cysteine-rich pro-
teins, CRP1 (also called CSRP1) and CRP2 (also called CSRP2 or SmLIM), were also reported 
to be SRF cofactors that promote contractile SMC-specific gene expression [34]. CRP1 and 
CRP2 associate with SRF and GATA proteins, forming SRF-GATA-CRP1/2 complexes that 
strongly activate SMC-specific gene targets [34]. Moreover, it is reported that SRF-Nkx3.2-
GATA6 complex increases the SMC gene expression in chick gizzard SMCs [23]. As just 
described, several SRF cofactors have been reported to strongly activate the SMC-specific 
gene expression. These cofactors are assumed to play some roles in vascular SMC develop-
ment and differentiation. 

In addition, some cofactors, such as Elk-1, were reported to activate the expressions of 
specific proliferative SMC genes [35]. Elk-1 is a downstream protein of extracellular 
signal-related kinase (ERK) of mitogen-activated protein kinase (MAPK), whereas ERK 
directly activates it via phosphorylation [36, 37]. As Elk-1 binds to the Ets site on the 
genome as soon as it associates with SRF binding to the CArG box, it regulates the gene 
expression through promoters that have Ets site near the CArG box. Elk-1-induced gene 
expression activates several proteins, including c-fos [25]. Factors, such as serum or LPA, 
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that transform contractile SMCs into proliferative SMCs are thought to activate Elk-1 
through MAPK and promote the gene expressions of proliferation-associated proteins, 
such as c-fos. 

Thus, it is widely accepted that the gene expressions involved in the SMC phenotype 
regulation are controlled by many cofactors through the transcriptional factor SRF, but it 
remains unclear how each factor functions in vivo. 

4. Gene regulation by MRTF family 

The MRTF family interacts with SRF and potently enhances the expression of SRF-
dependent SMC genes. Myocardin is specifically expressed in the cardiac and circulation 
organs, whereas MKL1 and MKL2 expressions are widely distributed over various organs 
[29]. Myocardin-deficient mice died in the embryo stage, and vascular SMC differentiation 
was not observed [38]. MKL1 null mice were born normal and bore children but exhibited 
failure to nurse their offspring because the mammary myoepithelial cells were 
undifferentiated [39, 40]. MKL2 null mice had cardiovascular system defects, and the 
coronary SMCs that originated from the neural crest were undifferentiated [41, 42]. These 
results suggest that the MRTF family is widely involved in regulation of the SMC 
phenotype. Among the members of the MRTF family, MKL1 and MKL2, but not myocardin, 
are directly activated via the Rho-actin pathway [43, 44]. Myocardin and MKL1 strongly 
activate CArG box-dependent SMC gene transcription [29], whereas MKL2 is less effective 
in activating the SMC gene. 

The MRTF family has many conserved domains (Fig. 3). The MRTF family binds to the 
MADS domain of SRF by the basic rich 1 (B1) domain, and the glutamine-rich (Q) domain 
supports this binding [45]. A powerful transcription activation domain (TAD) exists on the 
c-terminus region and functions with heterologous promoters [46]. Although the MRTF 
family and SRF bind singularly, the MRTF family forms a homo/heterodimer via the 
conserved leucine zipper (LZ) domain [43, 47] and preferentially binds SRF as a dimer, 
which then forms a dimer on the CArG box [48]. 

Myocardin is reported to regulate histone acetylation by binding p300 histone 
acetyltransferase and deacetylation by binding to class II histone deacetyltransferase [49]. 
The p300 histone acetyltransferase and the class II histone deacetyltransferase interact with 
the TAD and Q domains of myocardin, respectively. The N-terminus region of MKL1 
directly binds to SPT16 and SSRP1, which are components of the facilitating chromatin 
transcription (FACT) complex [50]. The FACT complex functions as a histone chaperone and 
allows RNA polymerase II to traverse the nucleosomes by removing a H2A/H2B dimer [51]. 
Altering the repressive nature of the chromatin is necessary for the cell to implement all of 
the nuclear activities of the chromatin. Therefore, expression of the nucleosomal SMC-
related gene is assumed to be activated by the MRTF family (Fig. 4). In this manner, the 
MRTF family positively and negatively regulates the nucleosomal dynamics of the SMC-
specific gene. 
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Figure 3. Structure of MRTF family. RPEL, RPEL motif; B1 and B2, basic region; Q, glutamine-rich 
domain; LZ, leucine zipper domain; TAD, transcription activation domain. The numbers on the right 
side indicate the number of amino acids in each protein. 

 
Figure 4. The model for nucleosomal gene activation by MRTF family. DNA is shown schematically as 
solid lines. The nucleosomal characteristic of the chromosomal site is indicated by closed circles. RNA is 
represented as a dotted line. MRTF associates with SRF and activates transcription of the nucleosomal 
genes via recruiting the FACT complex into the coding region. The FACT complex remodels the chro-
matin structure and facilitates the progression of RNA polymerase II (RNAPII). Furthermore, MRTF 
interact with p300 and loosen the nucleosomal structure by acetylating the histone.  

The SMC gene activation function of the MRTF family can be regulated by other proteins. 
Elk-1, one of the TCF families, competitively blocks the binding of MRTF to the MADS 
domain of SRF [27, 45]. By SMC stimulation of PDGF-BB or serum, the C-terminus of Elk-1 
gets phosphorylated by ERK, and phosphorylated Elk-1 then moves into the nucleus. In the 
nucleus, Elk-1 competitively inhibits the binding of myocardin and SRF by binding to the 
MADS domain of SRF; as a result, it inhibits the myocardin-activated gene expression [27]. It 
is assumed that PDGF-BB stimulation simultaneously recruits histone deacetyl transferase 
(HDAC) to the CArG box of the SMC-specific region, the acetyl group in histone H4 gets 
deacetylated by HDAC, and the promoters finally reach a stable “silencing state” [28]. 

Phosphoinositide-3-kinase (PI3K) and AKT signaling from insulin/IGF-1 is essential for 
maintaining primary culture of the chick gizzard contractile SMC phenotype [9]. Inhibiting 
the PI3K-AKT signal induces dedifferentiation of the contractile SMCs into the proliferative 
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maintaining primary culture of the chick gizzard contractile SMC phenotype [9]. Inhibiting 
the PI3K-AKT signal induces dedifferentiation of the contractile SMCs into the proliferative 
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phenotype [9]. Especially in once-dedifferentiated proliferative SMCs, insulin receptor 
substrate 1 (IRS-1) gets phosphorylated by insulin/IGF-1 signaling, although IRS-1 
phosphorylates Grb-2/SOS but not SHP-2 [11]. The different downstream molecules are then 
activated between the contractile and proliferative SMC states. Signaling from insulin/IGF-1 
through PI3K-AKT promotes nuclear exports of Foxo4, which binds to myocardin in the 
nucleus and inhibits myocardin-activated transcription [52]. Therefore, PI3K-AKT signaling 
from insulin/IGF-1 enables myocardin function as an SRF cofactor in the nucleus to maintain 
the contractile state of SMCs. 

5. CRP2 contributes to SMC differentiation 

CRP family proteins consist of 2 LIM domains and 2 glycine-rich regions (Fig. 5). The LIM 
domain is a double zinc finger-like structure that mediates protein-protein interactions. The 
CRP family proteins CRP1, CRP2, and CRP3/MLP share high sequence homology [53]; 
however, their gene expression patterns differ. CRP1 is expressed in organs such as the 
arteries, stomach, and intestines, all of which contain abundant SMCs [54]. CRP2 is mainly 
expressed in vascular SMCs and is also found in the cardiac muscle in the developmental 
period [55]. CRP3 expression was confirmed in the striated heart and skeletal muscles [56]. 
As evidenced by their expression patterns, the CRP members are reported to be related to 
muscle cell differentiation [34, 55, 57]. CRP2, in particular, plays a role in the vascular SMC 
differentiation and dedifferentiation process. CRP2 expression is known to decrease when 
vascular SMCs dedifferentiate and proliferate in response to injury [58]. On the other hand, 
CRP2-deficient mice develop normally, and the expressions of the SMC-related proteins SM 
α-actin, SM22α, and calponin neither increase nor decrease [59]. In the CRP2-deficient mice, 
however, the effect of intimal regeneration or hypertrophy increases, which occurs when 
blood vessels gets injury. When vascular SMCs from wild-type and CRP2-deficient mice 
were stimulated by PDGF-BB in vitro, there were no differences in proliferation, but the 
migration ability was reported to be increased in CRP2-deficient mice.  

 
Figure 5. Structure of CRP. Gly, glycine rich region. CRP consists of two LIM domains and two glycine 
rich regions. The LIM domain is a double zinc-finger like structure. 

CRP2 localizes in the cell nucleus and cytoplasm, where it associates with the actin 
cytoskeleton [34, 60]. In chick embryo proepicardial cells, which are progenitor cells of 
SMCs in the coronary artery, endogeneous CRP2 localizes to the nucleus, whereas CRP2 
translocates to the cytoskeleton as these cells fully differentiate into SMCs [34]. It is believed 
that CRP2 plays different roles in these different locations. In the nucleus, CRP2 associates 
with GATA proteins and SRF (CRP2-GATA-SRF) and acts as a transcriptional regulator of 
SRF-dependent SMC genes [34, 61]. On the other hand, in the cytoplasm, CRP2 directly 
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associates with actin filaments, α-actinin, and zyxin in vitro [60, 62]. CRP1 also directly 
associates with actin filaments in vitro and in vivo and stabilizes actin filament formation in 
vitro [63, 64]. The distinct role of CRP2 in the cytoplasm is unclear, but CRP2 may be 
involved in the assembly and maintenance of the actin cytoskeleton in vascular SMCs. 

We recently focused on the dynamics of CRP2 localization with respect to actin stress fiber 
formation during vascular SMC differentiation [65]. The vascular SMC differentiation pro-
cess is a characteristic of the epithelial-to-mesenchymal transformation (EMT) [66]. The 
CRP2 localization dynamics during SMC differentiation is regulated by actin stress fiber 
formation accompanied by the EMT. In particular, nuclear CRP2 distribution is determined 
by the actin polymerization state [65]. These CRP2 localization dynamics can be interpreted 
from a simple in silico CRP2 localization kinetic model regulated by actin dynamics [65]. 
Reorganization of the actin cytoskeleton is able to affect vascular SMC differentiation pro-
gress through SRF activation and CRP2 translocation. The effects of cytoplasmic CRP2 for F-
actin become more important for vascular SMC differentiation. We now speculate that actin-
bound CRP2 plays direct and indirect roles in the stabilization of SMC differentiation. 

6. Perspective 

Phenotype alterations and differentiation of vascular SMC are important for angiogenesis, 
blood vessel remodeling, and homeostasis. These processes are regulated by extracellular 
signals. In particular, maintenance of the contractile SMC phenotype is highly supported by 
the basal lamina physicochemical properties, which are probably sensed by the actin cytoskel-
eton. On the other hand, vascular SMC differentiation and SMC-related gene expression are 
highly regulated by actin dynamics. Nuclear accumulation of MKL1 and MKL2 is controlled 
by the amounts of G-actin pool, and stimulation of F-actin formation activates contractile 
SMC-related gene expression by interacting with SRF and nuclear importing MKL1 and 
MKL2. However, the gene activation function of myocardin, the most important transcription 
factor of vascular SMC differentiation, is blocked competitively by Elk-1, which is activated by 
the extracellular signaling of serum and PDGF-BB. CRP2 localization is regulated by actin 
stress fiber formation, and nuclear and cytoplasmic CRP2 play a role in SMC differentiation. 
Therefore, the actin cytoskeleton is a key factor for vascular SMC differentiation and maintain-
ing the contractile SMC phenotype. However, the details of the regulatory mechanism and 
process of SMC differentiation, as well as maintenance of the SMC phenotype, remain unclear. 
Future studies will address the integrated interrelationship among factors including ECM, 
extracellular signaling, actin dynamics, and SRF cofactors in the process of SMC differentiation 
and phenotype maintenance. 
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1. Introduction 

The structure of the smooth muscle tissue is quite different from that of other muscle tissue 
subtypes. The primary smooth muscle structural and functional unit – the smooth muscle 
myocyte (Myocytus nonstriatus) has unique structure, arrangement and innervation. The 
spindle shape of the mononucleated smooth muscle cell permits a close contact among cells 
in the splanchnic and vascular walls. Regardless of its location in the body, the 
communication between tightly packed adjacent spindle-shaped mononucleated smooth 
muscle cells occurs via a specific junction, referred to as Macula communicans (nexus, gap 
junction). The space between the different macular connexons is about 2 nm, which allows 
low-molecular compounds to pass from one cell to another. This type of junction is 
analogous to the plasmodesma (pl. plasmodesmata), encountered in cells of plants. The 
basement membrane covering each smooth muscle cell, is absent at gap junction sites.  

The contractility, proper of smooth muscle cells, is influenced by the autonomic nervous 
system, hormones and local metabolites, which alter the contractility in a way that adapts to 
the new functional requirements. Smooth muscle cell contraction could be modulated via 
surface receptors, activating internal second messenger systems. The expression of a variety 
of receptors accounts for the response of smooth muscle cells in different areas to a number 
of hormones [1].  

It is known that for the major part of smooth musculature (except for the iris, vas deferens 
and large blood vessels) one autonomic nerve fibre innervates a group of 15-20 smooth 
muscle cells, as the stimulus to one cell is transmitted via nexus contacts to the other [2] 
assuming a simultaneous contraction of the pack of cells. This pathway of stimulus 
transmission naturally raises the question whether the excitation potential decreases 
towards more distant cells and whether the smooth muscle contraction and relaxation is 
mediated by biologically active substances, released by adjacent cells. In this connection, the 
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proof of [3] that in vitro equine cecal smooth muscle contractions could occur without the 
nervous system participation is important to understand the biology of smooth muscle cells. 
Later, other researchers ([4] added new important data about the involvement of an unique, 
in their opinion, adhesion molecule of mast cells – the cell adhesion molecule-1 (CADM-1), 
which mediates the functional communication between mast cells and nerves, as well as 
between smooth muscle and mast cells. They outlined that in bronchial asthma, mast cells 
infiltrated the smooth muscles of airways and interacted directly with smooth muscle cells, 
presuming a role of mastocytes in the pathogenesis of airway obstruction.  

The interaction between mast cells and vascular smooth muscle cells that are largely 
involved in vascular wall motility is of special interest for the cardiovascular system 
function. The presence of mast cells in blood vessels’ wall and especially in the tunica media 
(the muscle layer), supposes a participation in smooth muscle cell activity modulation via 
release of vasoactive mediators. A similar effect could be hypothesized when mast cells are 
located close to the blood vessels from the microcirculatory bed and to arterioles in 
particular, as it is recognized that arterial blood pressure is largely influenced by the smooth 
muscle tone in the wall of arterioles.  

Besides the classic and more recent data about biologically active substances released by 
mast cells, and implicated in smooth muscle cell activity, this chapter presents concisely 
some original information about the localization of mast cells in muscle layers of blood 
vessels and visceral organs. On the basis of this information, the role of known mast cell 
mediators modulating smooth muscle cells’ activity in studied organs and tissues is dis-
cussed.  

2. Brief characteristics of the mast cell and its role for smooth muscle 

The mast cell (Mastocytus) or tissue basophilic granulocyte (Granulocytus basophilus textus) 
was observed for the first time about 150 years ago and since then, is described as a 
connеctive tissue cell. Mastocytes are usually present in loose connective tissue of organs, 
communicating with the environment – digestive and respiratory organs, skin.  

It is acknowledged that the structure and the function of mast cells are similar to those of 
blood basophils, but the two cell types have different precursors [5]. The main biological 
function of mast cells is the release of inflammatory mediators and cytokines [6]. They are 
outlined as cells with paracrine secretion (messenger-producing cells), whose products 
disseminate in the extracellular fluid and act on adjacent target cells [7]. Furthermore, mast 
cells are rich in histamine, heparin and proteases. Histamine is a vasoconstrictor increasing 
the permeability of small venules and stimulator of small-airway smooth muscle 
contraction. Heparin acts as an anticoagulant and is thought to stimulate angiogenesis [8]. 
Heparin proteoglycan, released by activated mast cells, inhibits the proliferation of smooth 
muscle cells in arterial tunica media and uterine myometrium [9, 10].  

The accumulated evidence on biologically active substances, synthesized, stored and 
released by mast cells over the last 2-3 decades not only added to the information about 
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their heterogeneity and biology, but also gives reason to re-evaluate their participation in 
important processes as the homeostasis, immune response, allergy, neurotransmission, 
vasomotor activity and motility of smooth muscle tissue. With regard to the blood flow 
to organs and blood circulation, the research on vasoactive substance released by mast 
cells and playing a key role in the vascular motorics, is particularly important. This role 
is primarily related to blood flow regulation in various functional states – both 
physiological and pathological. The tentative role of mast cells in the modulation of 
splanchnic wall smooth muscle tissue, accomplished by specific mediators, is 
comparable.  

Despite the abundant literature data related to the morphology, localization, histochemical 
behaviour, species-related features and involvement in systemic homeostasis, immune 
response, allergy, anaphylaxis etc. of tissue basophil granulocytes (mastocytes), the 
information about their presence in smooth muscle tissue is still scarce.  

Among the nearly 70 biologically active substances found in mast cells so far, it could be 
affirmed that mast cell-derived ligands, which act as mediators of smooth muscle tissue 
motility, belongs to four groups, namely:  

Biogenic amines (incl. catecholamines): histamine, dopamine, serotonin 
Polypeptides (including neuropeptides): vasoactive intestinal polypeptide (VIP), 
endothelin 
Proteoglycans: heparin  
Free radicals: nitric oxide 

The content and expression of mentioned biologically active substances outline mastocytes 
as cells, involved in the functioning of the smooth muscles of internal organs and blood 
vessels.  

In our studies, histochemical and immunohistochemical methods were used on paraffin 
sections, cryostat, semi-thin and ultrathin sections.  

3. Considering selected substances 

3.1. Biogenic amines 

There are literature reports about mast cells containing biogenic amines, established by the 
method of [11] via alcian blue/safranin staining with relatively low рН of the staining 
solution (1.42). Such cells were identified in bovine trachea [12, 13], as well as in several 
porcine organs [14]. In porcine renal blood vessels, renal pelvis and ureter, the specific 
staining for biogenic amines and glycosaminoglycans allowed to determine the localization 
and counts of alcian-positive mast cells in the tunica media, on its boundary with the 
adventitia and less frequently on its boundary with the intima Fig. 1. It should be noted 
that alcian-positive mast cells in renal pelvis and ureter were preferentially located in the 
muscle layer compared to the other layers of the wall, with statistically significant 
differences [15, 16].  
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Figure 1. Longitudinal section from a part of the wall of the porcine kidney interlobar artery.  
int – intima; media – middle shell; advent - adventitia. The А+ mast cells (mc) are located mainly be-
tween the media and adventitia. Alcian blue – safranin. Bar = 50 μm. 

The observed findings were confirmed by electron microscopy as well Fig. 2. No direct con-
tact, neither specialized contact differentiations between mast cell and smooth muscle cell 
plasmalemmas, were noted in any case.  

 
Figure 2. Mast cell (Nmc), located between middle shell (media) and adventitia 
(adv) of porcine renal interlobar artery. TEM picture. Bar = 5μm. 

3.1.1. Histamine 

Histamine is a biogenic (vasoactive) amine, mediator of inflammation, gastric hydrochloric 
acid secretion and smooth muscle contraction [17]. Histamine is detected in mast cells, nerve 
and neuroendocrine cells, lungs, kidneys, cerebrovascular endothelial cells, peripheral nerv-
ous system [18]. It elicits a contractile response in smooth muscles and lowers blood pres-
sure [19].  

Histamine is released by mast cells in response to allergic reactions or tissue damage. The 
close vicinity of mast cells to blood vessels, together with the strong vascular effect of hista-
mine suggests that it could influence blood flow, including that of the brain [20]. Histamine 
acts upon visceral (smooth) musculature by contracting it [8].  
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Histamine has a marked cardiovascular effect as well. It provokes dilation of terminal arterioles 
and the other vessels from the microcirculatory vascular bed, increases the permeability of 
capillaries during oedema formation and causes contraction of smooth muscle cells of large 
arteries and veins. The relative predominance of these effects is species-dependent. For instance, 
the histamine-induced contraction of arterioles is strong in rodents, less pronounced in cats, 
while they are dilated in dogs, non-human primates, and humans [19]. It was initially thought 
that vascular effects of histamine were mediated only by Н1 receptors. Later data confirmed the 
presence of Н2 receptors. Histamine-induced changes in the permeability of small vessels were 
obviously mediated by Н1 receptors, whereas the role of Н2 receptors in small arteriole 
contractions is still uncertain. The exact ratio of Н1- and Н2- receptor involvements in vascular 
responses to histamine in the different animal species is variable [21]. 

In general, the effect of histamine on a specific regional vasculature could be best described 
as a result of its multiple effects on smooth muscle and the lining endothelium. Н1 and Н2 
receptors on vascular smooth muscle mediate direct constriction and relaxation, respective-
ly, while endothelial Н1 receptors promote vasorelaxation via release of endothelial-derived 
relaxing factor (EDRF: i.е. nitric oxide) and/or prostacyclin. It is supposed that the trans-
membrane signalling mechanisms are involved in the different effects of histamine on vas-
cular smooth muscles [22, 23]. 

The role of histamine as a chemical mediator of renal autoregulation in some animal species 
is long acknowledged. Н1 receptors mediate the autoregulation of both renal blood flow and 
glomerular filtration rate in dogs, whereas in rabbits, both effects are present – Н1-mediated 
contraction and Н2-mediated relaxation of the renal artery [24-26].  

Immunohistochemically, histamine-positive mast cells were found in all layers of renal 
blood vessels in pigs [16]. They were most numerous in the tunica media, as well as at the 
boundary between media and adventitia (Fig. 3). In the tunica media of arcuate arteries, 
histamine-positive mastocytes were relatively few, while in arcuate veins were observed 
only as single findings.  

 
Figure 3. Histamine positive mast cell (mc) between media and adventitia of porcine interlobar artery. 
Bar = 30 μm 
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Histamine-positive mast cells were also detected in the middle layer of the renal pelvis and 
the ureter of the pig [15, 16], (Fig. 4).  

 
Figure 4. Two histamine positive mast cells (mc) in the circular smoothlayer (sm) of porcine ureter. tm 
– mucosal sheet. Bar = 25 μm 

3.1.2. Dopamine 

Dopamine belongs to the group of catecholamines, which are direct-acting sympatho-
mimetic amines. Adrenergic nerves are not required for their effects because they acti-
vate the receptors of effector cells. This is mainly valid for already synthesized and exog-
enous catecholamines [27]. Before, dopamine was believed to be important only as an 
immediate precursor of norepinephrine (noradrenalin, levarterenol, arterenol), but later 
some of its important physiological functions in mammals were revealed and thus, it was 
considered more thoroughly in some clinical states in men [28]. Apart from its signifi-
cance for nervous system, dopamine is tightly related in cardiovascular activity. Cardio-
vascular effects of dopamine depend on the activation of different types of catechola-
mine receptors. Its pressor effect is inhibited by an α blocker (such as phenoxyben-
zamine). Cardiac stimulating effects however, could be inhibited by a β blocker (for ex-
ample, propranolol) [29].  

Dopaminergic receptors of vascular beds could be considered a fifth adrenergic receptor 
subtype. Although the physiological significance of dopamine receptors is unknown, this 
type is important for clinical pharmacology as it is involved in vasodilator responses in 
renal, coronary and brain circulatory beds. The activation of these receptors by dopa-
mine is highly selective, while the agonistic activity of other catecholamines is minor 
[27]. 

By opinion of [29] dopamine induced a reduction of vascular resistance and increases the 
blood flow to kidneys and mesenteries blood vessels, together with myocardial stimulation. 
This partial effect of dopamine could be advantageous in the treatment of shock compared 

 
Structure and Function of Smooth Muscle with Special Reference to Mast Cells 

 

351 

to conventional catecholamines, because norepinephrine and epinephrine induce a marked 
contraction of renal and mesenterial arteries secondary to α-receptor effects. 

The selective vasodilation of renal and visceral beds by dopamine suggested its use in 
clinical cardiac dysfunctions. It is successfully used in treatment of shock as it dilates renal 
arteries through activation of dopamine-1 (DA1) receptors and enhances cardiac activity via 
activation of cardiac -adrenergic receptors [20, 27]. Dopamine receptors on vascular 
smooth muscles are classified by [30, 31] as DA1.  

With regard to the presence of dopamine in mast cells, data available so far describe it as 
mastocyte amine mediator only in ruminants [32]. 

Using a histochemical reaction for the detection of tyrosine hydroxylase (TH) – a primary 
enzyme in dopamine synthesis pathway in porcine kidney, it was found out that TH-
positive mast cells were predominantly localized at two sites: the renal sinus and in 
glomeruli of the superficial, middle and juxtamedullary cortical zones [16]. TH-positive 
mast cells in the renal sinus were usually seen as single cells, less frequently as clusters of 
several cells near the large blood vessels (Fig. 5). 

 
Figure 5. A. TH-positive mast cells in the renal sinus, gathered near the blood vessels. Bar = 100 μm 
B. Some of TH-positive mast cells (upper half of 5A at a higher magnification). Bar = 40 μm 

TH-positive mast cells were not detected in the cortex. In our view, the absence of TH-
positive mast cells around and within cortical vessels is probably one of the reasons for the 
application of dopamine in spasms of the interlobular arteries to relieve anuria due to a 
variety of causes. Nevertheless, as outlined by [33], the application of dopamine in humans 
and some animal species with renal failure did not provoke the anticipated effect.  

3.2. Polypeptides 

3.2.1. Vasoactive intestinal polypeptide (VIP) 

The vasoactive intestinal polypeptide is a multifunctional peptide built of 29 amino acids, 
first isolated from porcine duodenum [34] and initially considered a potential vasodilator. 
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The extensive research on VIP in late 1980’s revealed that this peptide is a physiological 
regulator of essential body functions, namely brain metabolism and blood flow, 
gastrointestinal motility and secretion, neuroendocrine secretion, immune response, sexual 
activity and reproduction. Along its importance in carcinogenesis, VIP is also related to 
diseases such as bronchial asthma, urinary bladder fibrosis and AIDS [35].  

VIP was first described in mastocytes of rats and mice by [36], and its relationship to 
histamine was shown. Later, VIP was described in basophils as well [37]. As mast cells are 
abundant in the connective tissue of different organs, the contained VIP could influence the 
local or regional blood flow in both normal and pathological states [36]. 

It is acknowledged that VІР, some peptides and histamine secreted by mast cells are 
actively involved in the motility of smooth muscle (including vascular) cells and modulate 
the motility of smooth muscles in organs and the vascular wall through specific receptors 
[38–44].  

Mast cells, immunopositive to VIP were observed in large blood vessels, including arcuate 
arteries and veins of pigs [16]. Relatively high mast cells counts were established within the 
media of these vessels, with highest density in the renal artery. Less VIP-positive cells were 
observed on the boundary between the media and the adventitia. It should be emphasized 
that in arcuate arteries, VIP-positive mast cells were present only in the middle shell, with 
relatively regular distribution along the circumference of the blood vessel (Fig. 6). 

 
Figure 6. VIP positive mast cells (mc) in the middle shell (media) of porcine arcuate artery. Bar = 80 μm 

3.2.2. Endothelin 

Endothelin (ЕТ) is a brain-vascular peptide [45], with three isopeptides – ЕТ-1, ЕТ-2 and ЕТ-
3 [46]. Its various biological actions include, apart from the regulation of vasoconstriction 
and neurotransmission, the regulation of cytokine-regulated cell growth [47]. Out of the 
three ET isopeptides, ET-1 has marked effect mainly on smooth muscle cells of the vascular 
wall. 
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ЕТ-1 is a 21-amino acid peptide with a strong vasoconstrictor activity, first isolated from the 
supernatant of cultured endothelial cells. There is evidence that vascular smooth muscle 
cells are also capable to produce endothelin [48, 49]. Apart being a potent vasoconstrictor, 
ET-1 also exhibits hypertrophic, mitogenic and anti-apoptotic effects on vascular smooth 
muscle cells [50-52]. EТ-1 induces strong and prolonged contractile responses in vascular 
smooth muscle cells in different systems, with a special effect on the renal vascular bed [48, 
53-56]. Initially described as a vasoconstrictor, ET-1 is now acknowledged to participate in 
the pathogenesis of a number of disorders, i.e. vascular, inflammatory, fibrotic diseases via 
its multifunctional effects on mast cells, but under certain conditions [57]. 

ET-1 is widely spread in various tissues and organs, including the gastrointestinal tract. Its 
three isopeptides were detected mainly in mast cells and less frequently, in macrophages of 
Lamina propria of the stomach, small intestine and colon in Wistar rats. Apart the confirmed 
synthesis and secretion of ET by mast cells, its role as a new cytokine factor in these cells 
was suggested [46].  

ET was reported to be present in the basilar artery of the rat [58, 59] and post mortem, in 
human cerebrovascular nerves of the middle cerebral artery [60]. Immunoreactive ET-1 was 
also detected in endothelial cells of the intima, vascular smooth muscle cells and macro-
phages of the media and neointima, and in perivascular nerves (axons) varicosities at the 
boundary between media and adventitia of the middle cerebral artery in a patient with 
multiple system atrophy with autonomic deficiency [61]. ET-1 positivity of uterine smooth 
muscle cells and mast cells was reported in a post partum mouse, but its functions remained 
unclear [62]. More recent data [3] from in vitrо investigations showed the contractile effect of 
ET-1 on longitudinal smooth muscle of the equine cecum, mediated by ЕТА and ЕТВ recep-
tors. It was therefore concluded that the spontaneous contraction of equine caecal smooth 
musculature most probably originated in smooth muscle cells, and not in enteric nervous 
system. Having investigated the vasoconstrictor effect of ET-1 on resistant renal blood ves-
sels in a rabbit through in vitro microperfusion of afferent and efferent glomerular arterioles, 
[63] established a dose-dependent decrease in their lumen. 

Endothelin-immunopositive mast cells were present in the wall of both extrarenal and in-
trarenal blood vessels of the pig [16]. The largest amount of mast cells was observed in pe-
ripheral layers of tunica media, as well as on the boundary between media and adventitia. 
Endothelin-positive mastocytes were also observed in deeper layers of the media, in the 
connective tissue among smooth muscle cells. The detected mast cells were of different 
shape and with well visualized immunopositive granules. ET-positive mast cells in the wall 
of the renal vein were more rarely observed. Their localisation was similar to that in the 
renal artery. ET-positive mast cells were detected occasionally in the wall of intrarenal blood 
vessels, but only as single findings in arcuate and interlobular arteries and veins.  

The research of [64] on mast cells in the wall of canine sublobular hepatic veins by transmis-
sion electron microscopy has shown that ET-1 was present in both the cytoplasmic matrix 
and cytoplasmic granules. According to the author, the coexistence of ET-1 and histamine in 
mast cell granules was closely related to the strong vasoconstrictor effect on venous sphinc-
ters of canine liver.  
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3.3. Proteoglycans  

3.3.1. Heparin 

The strong correlation between the density of mast cells in tissues and the efficacy of tissue 
extracts to prevent blood coagulation, it was supposed long ago that mast cells contained 
the potent anticoagulant heparin. According to [65] heparin is the only large 
glycosaminoglycan and its amount in the cell is about 20 pg.  

Activated mast cells, releasing heparin proteoglycans, inhibit the proliferation of smooth 
muscle cells in the tunica media of human arterial wall, while histamine stimulates it [10]. It 
was demonstrated by [9] the inhibitory effect of heparin on human myometrium prolifera-
tion, suggesting that it could induce the differentiation of uterine smooth muscle cells and to 
influence tissue remodelling and reconstruction in different physiological and pathophysio-
logical events.  

Glycosaminoglycan-positive, including heparin-positive mast cells were observed by us [16] 
in the walls of extra and intrarenal blood vessels in pigs (Fig. 7). To determine the amount of 
heparin-containing mast cells, they were initially stained with 0.02 w/v aqueous berberine 
neutral sulfate solution and then, with 0.1% toluidine blue in McIlvane's buffer, рН 3 and 
observed by light microscopy. Calculating the ratio of berberine-positive (heparin) to 
toluidine positive (glycosaminoglycans) with well expressed γ-metachromasia mast cells, it 
was found out that 42% of mast cells in the renal vein media were berberine-positive, i.e. 
contained heparin in their granules. 

 
Figure 7. Mast cells (mc) in the media of porcine renal vein with well expressed γ-metachromasia.  
Bar = 30 μm 

Similar studies with mast cells localized in the internal anal sphincter part, adjacent to the 
paranal sinus wall in the dog, showed that 100% of the mast cells were berberine (heparin) 
positive [66]. Positive reaction was detected both in mast cells in the connective tissue 
stroma among smooth muscle cell clusters, as well as within packs, in close vicinity to 
smooth muscle cells (Fig. 8). These data, compared to previously cited repots allowed 
assuming that heparin-containing mast cells regulated the growth of smooth muscle cells 
not only in the vascular wall, but also in the external anal sphincter in dogs [16, 66].  
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Figure 8. А. Heparin contained- berberin positive mast cells (arrows). IAS- internal anal sphincter.  
GA- apocrine glands. Male 4 years dog. Bar = 40 μm. (Courtesy by Dr I. Stefanov). 
B. Toluidine blue staining of the same area - 8A. Mast cells with γ-ma metachromasia – glycosamino-
glycans (arrows). Bar = 40 μm. (Courtesy by Dr I. Stefanov). 

3.4. Radicals 

3.4.1. Nitric oxide 

Nitric oxide (NO) is a molecular free-radical gas, an important mediator with a variety of 
functions [67]. NО is biosynthesized from the guanidine nitrogen (NG) of L-arginine through 
conversion of the intermediate compound Nω-hydroxy L-arginine by nitric oxide synthase 
(NOS) enzyme family. As this family of enzymes incorporates molecular oxygen, NOS are 
classified as dioxygenases with similar features with cytochrome P-450 reductase. Cofactors 
needed for NO synthesis include flavin adenine dinucleotide (FAD), flavin mononucleotide, 
nicotinamide adenine dinucleotide phosphate (NADPH), haemoglobin and 
tetrahydrobiopterin.  

Three NOS isoforms are known– NOS 1 (neuronal, nNOS), NOS 2 (inducible, iNOS) and 
NOS 3 (endothelial, еNOS). NOS 1 and NOS 3 (nNOS and еNOS) are also described as con-
stitutive NOS (cNOS), the other original form is iNOS. NOS-coding genes are localised in 
different chromosomes. The structure of enzymes is common, i.e. oxygenase, reductase 
domain and calmodulin-binding site, with 51 to 57% homology in amino acid sequences. 
The C-terminal reductase domain possesses binding sites for FMN-, FAD- and NADPH, and 
is linked to the oxygenase domain by a calmodulin-binding site [68, 69]. 

Apart regulating the mast cell phenotype and function [70], NO is also produced by mast 
cells. There are numerous data confirming the production of this important signalling mole-
cule by mast cells [71], but also data opposing to this statement [72]. 

There is increasing evidence in support of the fact that the release of mediators by mast cells 
is regulated by NO, most probably through posttranslational modification of proteins. The 
three isoforms of NOS are expressed in mast cells, although other cells also produce NO that 
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3.3. Proteoglycans  

3.3.1. Heparin 
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was found out that 42% of mast cells in the renal vein media were berberine-positive, i.e. 
contained heparin in their granules. 

 
Figure 7. Mast cells (mc) in the media of porcine renal vein with well expressed γ-metachromasia.  
Bar = 30 μm 

Similar studies with mast cells localized in the internal anal sphincter part, adjacent to the 
paranal sinus wall in the dog, showed that 100% of the mast cells were berberine (heparin) 
positive [66]. Positive reaction was detected both in mast cells in the connective tissue 
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Figure 8. А. Heparin contained- berberin positive mast cells (arrows). IAS- internal anal sphincter.  
GA- apocrine glands. Male 4 years dog. Bar = 40 μm. (Courtesy by Dr I. Stefanov). 
B. Toluidine blue staining of the same area - 8A. Mast cells with γ-ma metachromasia – glycosamino-
glycans (arrows). Bar = 40 μm. (Courtesy by Dr I. Stefanov). 
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The C-terminal reductase domain possesses binding sites for FMN-, FAD- and NADPH, and 
is linked to the oxygenase domain by a calmodulin-binding site [68, 69]. 

Apart regulating the mast cell phenotype and function [70], NO is also produced by mast 
cells. There are numerous data confirming the production of this important signalling mole-
cule by mast cells [71], but also data opposing to this statement [72]. 

There is increasing evidence in support of the fact that the release of mediators by mast cells 
is regulated by NO, most probably through posttranslational modification of proteins. The 
three isoforms of NOS are expressed in mast cells, although other cells also produce NO that 
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could regulate mast cells' function. Probably, each of NOS isoforms in mast cells coordinates 
a specific outcome depending on the mast cell phenotype, subcellular distribution of the 
enzyme and the presence of various cofactors [72]. 

By [68] it was demonstrated that NO generated via eNOS is the main vasodilator responsi-
ble for hypotension in anaphylactic shock. The authors believe that soluble guanylate 
cyclase is the main vasorelaxing mediator of NO. These data support the surprising hypoth-
esis that not iNOS but eNOS was the principal factor of vascular dilation in a state of ana-
phylaxis. Thus, eNOS and/or PI3K and Akt are defined as novel possible targets in anaphy-
laxis treatment. 

Our studies on renal blood vessels in pigs showed that there were no mast cells, positive for 
NADPH-d and NOS [16]. Mastocytes positive to these ligands were detected in the internal 
anal sphincter of the dog [66]. In sexually mature animals, NADPH-d-positive mast cells 
were statistically significantly more numerous per 0.1 mm2 than NOS-positive cells – 
3.27±0.78, vs. 1.65±0.62 (р< 0.001). 

 
Figure 9. NADPH-d positive mast cells (arrows) and nerves (n) in dog’s internal anal sphincter (MSAI).  
Bar = 15μm. (Courtesy by Dr I. Stefanov) 

4. Some morphofunctional aspects of the interaction between smooth 
muscle cells and mast cells 

The presence of mast cells containing biogenic amines and other mediators, the histochemi-
cal evidence for aforementioned ligands and more recent literature data suggesting that the 
nervous system is perhaps not the only mediator of smooth muscle contractility [3], allowed 
to hypothesize that mast cells were actively involved in smooth muscle cells motility. In 
support of this assumption, a detailed study of mast cells in the ureteral wall was conducted 
[15]. The results convincingly demonstrated that their role was substantial and incontesta-
ble. The highest mast cell density per mm2 in the muscular layer of the ureter (16.7±3.3) 
compared to mucosa and adventitia (7.3±1.8 and 11.1±2.7, respectively) was probably related 
to the marked activity of closely situated smooth muscle cells. This assumption is based 
upon the opinion of [13] about bovine tracheal mast cells. Ureteral smooth musculature 
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activity is manifested, in the first place, by periodic contractions sending urine into the uri-
nary bladder (due to the horizontal position of the animal) and second, by blood flow regu-
lation through vasoconstriction control [73] and/or modulation of smooth muscle activity 
[38, 41, 43]. This primary activity of mast cells in the porcine ureter is different to that in 
other organs such as lungs, alimentary organs and the skin, where mast cells are involved in 
immune response to external antigens, easily invading the body in large amounts [6]. This 
could be attributed to the specific retroperitoneal localisation of the ureter [74], which is 
relatively unexposed to such antigens. 

It is well acknowledged that autonomic nerve fibres did not connect each smooth muscle 
cell in a large part of organs and blood vessels [2, 75]. Therefore, signals could be 
transmitted by nexus ion channel contact between mast cells and muscle cells – most 
probably via substances like Ca2+, Mn2+ [76], K+ [77], Cl– [78, 79], enzymes [73], biologically 
active substances as the vasoactive intestinal polypeptide – VIP [36, 37], histamine [13, 73, 
80], and substance P [81], all of them responsible for signal transduction.  

The detailed elucidation of mast cells effects on smooth muscle cells requires special 
attention on the tentative role of mastocytes in myometrium recovery [82], emergence of 
smooth muscle contraction [3], and the specificity of autonomic innervation of smooth 
muscle tissue [1, 75].  

5. Conclusion 

The presented data convincingly show that mast cells are normally resident cells in the 
smooth muscle layer of the blood vessels and the visceral organs. Established biologic active 
substances in observed mast cells with emphasized importance for smooth muscle motility 
give a reason to believe that mast cells via these substances take part in modulation of 
smooth muscle cells activity. This presumption could be useful for further investigations, 
which apparently will allow more detailed elucidation on mast cells function in smooth 
muscle tissue, as whole. 
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1. Introduction 

Cardiovascular diseases are one of the most common health-care problems throughout the 
world and carry a high rate of mortality (Zannad, et al., 2009). New strategies are urgently 
needed to replace cardiomyocytes and increase circulatory support for the treatment of 
cardiovascular diseases. 

Over the last decade, stem/progenitor-cell therapy has emerged as an innovative approach 
to provide cardiac repair and regeneration (Zimmermann, et al., 2006). Several stem- and 
progenitor-cell types from autologous and allogeneic donors have been analyzed to find the 
most appropriate candidate. Although embryonic stem (ES) cells can differentiate into most 
cardiac cell types (Mummery, et al., 2002) , their clinical use is severely limited due to ethical 
concerns and immunogenic and teratogenic side effects (Blum and Benvenisty, 2008). Adult 
bone marrow-derived stem cells avoid the ethical and clinical issues associated with ES cells 
(Bianco, et al., 2001).  However, animal studies have demonstrated a variable degree of 
cardiomyogenesis, and improvement in heart function by bone marrow-derived stem cells 
(Murry, et al., 2004). Thus, the utility of adult bone marrow-derived stem cells is hampered 
by their limited population size and restricted potential for cardiovascular differentiation 
(Assmus, et al., 2010). 

Recently, therapies based on cardiac progenitor cells (CPC) have emerged as promising 
potential cardiac therapeutics (Gonzales and Pedrazzini, 2009). For cardiovascular therapy, 
pluripotent cardiac progenitor cells (CPCs) resident in the epicardium offer distinct 
advantages over other adult stem-cell types (Wessels and Perez-Pomares, 2004). They are 
autologous, tissue-specific and pre-committed (Dube, et al., 2012) to a cardiac fate, and 
display a greater propensity to differentiate towards cardiovascular lineages (Cai, et al., 
2008), (Smart and Riley, 2012). Epicardial derived cardiac progenitor cells (EPDCs) exist in 
the heart of several species, including mice (Limana, et al., 2007) and humans (van Tuyn, et 
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Over the last decade, stem/progenitor-cell therapy has emerged as an innovative approach 
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most appropriate candidate. Although embryonic stem (ES) cells can differentiate into most 
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bone marrow-derived stem cells avoid the ethical and clinical issues associated with ES cells 
(Bianco, et al., 2001).  However, animal studies have demonstrated a variable degree of 
cardiomyogenesis, and improvement in heart function by bone marrow-derived stem cells 
(Murry, et al., 2004). Thus, the utility of adult bone marrow-derived stem cells is hampered 
by their limited population size and restricted potential for cardiovascular differentiation 
(Assmus, et al., 2010). 

Recently, therapies based on cardiac progenitor cells (CPC) have emerged as promising 
potential cardiac therapeutics (Gonzales and Pedrazzini, 2009). For cardiovascular therapy, 
pluripotent cardiac progenitor cells (CPCs) resident in the epicardium offer distinct 
advantages over other adult stem-cell types (Wessels and Perez-Pomares, 2004). They are 
autologous, tissue-specific and pre-committed (Dube, et al., 2012) to a cardiac fate, and 
display a greater propensity to differentiate towards cardiovascular lineages (Cai, et al., 
2008), (Smart and Riley, 2012). Epicardial derived cardiac progenitor cells (EPDCs) exist in 
the heart of several species, including mice (Limana, et al., 2007) and humans (van Tuyn, et 
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al., 2007). Due to cardiogenic and angiogenic abilities, epicardial CPCs represent an ideal 
candidate for cardiac regeneration. However, we do not know the mechanisms underlying 
epicardial CPC self renewal, proliferation and differentiation, which are prerequisites for 
cardiac regenerative therapy. An optimal paradigm of cardiovascular therapy may therefore 
consist of identifying the most effective factors that trigger the restoration of epicardial 
CPCs for healing heart injuries, with an emphasis on small molecule-based therapy over 
cell-based therapy. 

It is therefore imperative to obtain a better understanding of the biology and regenerative 
potential of endogenous epicardial CPCs. The race is still on to find the “best” factor or 
drugs to reprogram endogenous epicardial CPCs to reconstitute the myocardium and 
improve function after myocardial damage. 

2. Epicardium as a source of multipotent progenitor cells  

Epicardium derived from proepicardium has an essential modulating role in the differentia-
tion of the compact ventricular layer of the myocardium and the development of cardiac 
vessels during embryogenesis (Zhou, et al., 2008). Deletions of selected genes expressed in 
the epicardium (i.e. VCAM-1, α4-integrin) resulted in severe defects in the developing heart 
and its vasculature. The zebrafish epicardium promotes cardiac regeneration through epi-
thelial to mesenchymal transition (EMT) and subsequent migration into the myocardium to 
form neovasculorization (Lepilina, et al., 2006). Signalling from the myocardium to the epi-
cardium (i.e. Tβ4, FOG-2) (Smart, et al., 2007; Tevosian, et al., 2000) also leads undeveloped 
ventricle with vascularisation defects. 

The epicardium through EMT generates a population of Epicardial Derived Progenitor Cells 
(EPDCs) that invade the underlying myocardium, and differentiate into various cardiac 
lineages (Smart and Riley, 2012; Zhou, et al., 2008). Williams Tumour (WT1) gene  has been 
shown to regulate epicardial EMT through beta-catenin (Zamora, et al., 2007) and retinoic 
acid signaling pathways (von Gise, et al., 2011). EPDCs can either form endothelial cells, in 
response to a combination of myocardial vascular endothelial growth factor and basic-
fibroblast growth factor signalling (van Wijk, et al., 2009), or differentiate into smooth muscle 
cells, upon exposure to platelet-derived growth factor (Kang, et al., 2008), transforming 
growth factor beta and bone morphogenetic protein-2 (Sanchez and Barnett, 2012). 

However, Tβ4 (Smart, et al., 2007) and PKR1 (Urayama, et al., 2008) signaling appear to be a 
necessary and sufficient signaling factor for adult EPDC differentiation into the endothelial 
and smooth muscle cells to induce neovascularization. Thymosin beta-4 can activate adult 
epicardial cells (Bock-Marquette, et al., 2009)  acting through reactivation of embryonic 
signalling pathways (Smart, et al., 2007).  

In a regenerative context, the adult epicardial progenitor cell population also mediates 
cardiac repair after injury. Tβ4 can activate adult epicardial cells (Bock-Marquette, et al., 
2009; Smart, et al., 2007) to promote revascularization of the injured mammalian heart by 
forming endothelial and vascular smooth muscle cells. Tβ4 treatment before myocardial 
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infarction alters the responsiveness and fate of activated epicardial cells (WT1+ progenitor 
cells), to differentiate into cardiomyocytes (Smart, et al., 2011). However Tβ4 treatment after 
myocardial infarction induces epicardial expansion and coronary capillary density without 
affecting migration or alteration of WT1+ progenitor cell fate into cardiomyocytes (Zhou, et 
al., 2012).  Tβ4 treatment of mice after MI activates cardiac progenitor cell fate to induce 
cardiomyocyte linage (Bock-Marquette, et al., 2009). However, the cardiac progenitor 
subpopulation remains to be characterized. Further, a sub-population of adult epicardial 
cells retains the potential to give rise to cardiac precursors or endothelial cells (Limana, et 
al., 2007). The regenerative potential of EPDCs has been tested in the injured myocardium. 
The injection of human EPDCs was reported to enhance cardiac repair (Winter, et al., 2007). 
When the cardiomyocyte progenitors were co-transplanted with EPDCs into infarcted 
myocardial tissues, they improved functional repair as compare to single cell type 
supplementation (Zhou, et al., 2011). The effect was shown to be caused by paracrine effects 
from both cell types. Nevertheless, signals and cellular contributions from the EPDCs are 
indispensable for the establishment of normal coronary vasculature and myocardial 
architecture (Smart and Riley, 2012; Winter, et al., 2009). 

3. GPCRs and cardiovascular system 
Many hormones and neurotransmitters use GPCRs to exert their cardiovascular effects 
(Marinissen and Gutkind, 2001; Tang and Insel, 2004). Relatively little information is 
available regarding the role of GPCRs in the functional activities of cardiac 
stem/progenitor cells, both in normal and disease conditions. The well-studied cardiac 
role of GPCRs via Gq signalling (Gutkind and Offermanns, 2009) is to promote cardiac 
hypertrophy (Wettschureck, et al., 2001) or protect cardiomyocytes against hypoxic insult 
(Nebigil, et al., 2003). G12 signaling can interact with the cytoplasmic domain of cadher-
ins (Kaplan, et al., 2001), resulting in the release of the transcriptional activator -catenin. 
G13 signaling is involved in vessel formation (Offermanns, et al., 1997). Gs signaling 
regulates heart rate and contractility in response to catecholamine stimulation, but exces-
sive Gs signaling in heart eventually induces myocardial hypertrophy, fibrosis and ne-
crosis (Gaudin, et al., 1995). Given the important roles of GPCRs in cardiac regulation, a 
key question is how many different GPCRs exist in the heart and what is their physiologic 
significance? Since forty percent of these GPCRs represent viable drug targets (Schlyer 
and Horuk, 2006) and also many of GPCR is involved in regulating cardiovascular sys-
tem, unraveling of novel GPCR in cardiac progenitor/stem cells is very important to de-
velop novel therapies for limit cardiovascular disease. 

3.1. Prokineticins and cognate receptors:  

Prokineticins are structurally homologues of amphibian or reptilian peptide toxins (Kaser, 
et al., 2003). They were first identified in the gastrointestinal tract  as potent agents 
mediating muscle contraction (Hoogerwerf, 2006; Li, et al., 2001), and have been isolated 
from bovine milk (Masuda, et al., 2002) .  They comprise two classes: Prokineticin-1 (PK1), 
originally called endocrine gland-derived vascular endothelial growth factor (EG-VEGF) 
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al., 2007). Due to cardiogenic and angiogenic abilities, epicardial CPCs represent an ideal 
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(LeCouter and Ferrara, 2002) based on the functional similarity to VEGF and prokineticin-
2 (PK2, also called Bv8). PK1 and PK2 are approximately 50% homologous and contain 
carboxyl-terminal cysteine-rich domains that form five disulfide bridges (Bullock, et al., 
2004). N terminal hexapeptide (AVITGA) and cysteine residues in the carboxy-terminal 
domain are crucial for their biological activities . Prokineticins and their receptor  are 
widely distributed in mammalian tissues (Soga, et al., 2002). Prokineticins induce cell 
excitability such as gut spasmogen (Wade, et al., 2009), pain sensitization (Negri, et al., 
2006), circadian rhythm (Li, et al., 2006), and sleep (Hu, et al., 2007)). They also induce cell 
motility  such as angiogenesis (LeCouter and Ferrara, 2002), neurogenesis (Ng, et al., 
2005), hemotopoiesis (LeCouter, et al., 2004),  neovasculogenesis (Urayama, et al., 2008). 
Prokineticins regulate complex behaviors such as feeding (Negri, et al., 2004), drinking 
(Negri, et al., 2004), anxiolity (Li, et al., 2009). Moreover, prokineticins are potent 
survival/mitogenic factors for various cells including endothelial cells , neuronal cells 
(Kisliouk, et al., 2005; Ngan, et al., 2007a), lymphocytes, hematopoietic stem cells 
(LeCouter, et al., 2004), and cardiomyocytes (Nebigil, 2009). Table 1 summarize the 
involvement of prokineticin in the diseases. 

Prokineticins bind to two cognate 7-transmembrane G-protein-coupled receptors. PKR1 and 
PKR2 share about 85% amino acid identity and encoded within distinct chromosomes in 
both mouse and human (Masuda, et al., 2002). Prokineticin-2 is the most potent agonist for 
both receptors (Masuda, et al., 2002). PKR2 is the dominant receptor in the adult brain, 
particularly in the hypothalamus, the olfactory ventricular regions, and the limbic system. 
However, PKR1 is widely distributed in the periphery. These receptors couple to G�q, G�i 
and G�s to mediate intracellular calcium mobilization, activation of MAPK, Akt kinases and 
cAMP accumulation, respectively (Ngan and Tam, 2008). Although prokineticin signaling 
has been implicated as a survival/mitogenic factor for various cells including endothelial 
cells (Guilini, et al., 2010), neuronal cells (Ngan, et al., 2007b), enteric neural crest cells 
(Ngan, et al., 2007a), granulocytic (Giannini, et al., 2009)and monocytic lineage (Dorsch, et 
al., 2005) , lymphocytes and hematopoietic stem cells (LeCouter, et al., 2004), until recently, 
little was known about the underlying molecular and cellular events to regulate 
cardiovascular function. 

3.1.1. A novel role for prokineticin in regulating cardiovascular system  

PK2/PKR1 signaling pathway seems an important cardiovascular regulatory pathway, be-
cause of the following aspects: Prokineticins are potent angiogenic factors (LeCouter and 
Ferrara, 2003), which have beneficial effects on cardiac repair by inducing angiogenesis to 
improve coronary circulation or regenerating the cardiomyocytes (Bellomo, et al., 2000). 
They exert their biological effects via activating GPCRs that couple to diverse G proteins. 
Mutations in the gene encoding prokineticin-2 cause Kallmann syndrome (hypogonado-
tropic hypogonadism) in human (Abreu, et al., 2008; Canto, et al., 2009; Cole, et al., 2008), 
with congestive heart failure and dilated cardiomyopathy. Prokineticins induce differentia-
tion of murine and human bone marrow cells into the monocyte/macrophage lineage and 
activate monocyte proliferation, differentiation and macrophage migration (Denison, et al., 
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2008; Dorsch, et al., 2005; Giannini, et al., 2009). In human end-stage failing heart samples, 
reduced PKR1 and prokineticin-2 transcripts and protein levels implicate a more important 
role for PK2/PKR1 signaling in heart (Urayama, et al., 2007). Therefore, we reasoned that 
PK2/PKR1 signaling should contribute to heart repair by inducing angiogenesis or repairing 
cardiomyocytes. 

3.1.2. Role of PKR1 signaling in cardiovascular system 

In cultured capillary endothelial cells derived from heart, PK2 via PKR1 induces prolifera-
tion, migration and vessel-like formation, activating G11/MAPK and Akt kinases (Guilini, 
et al., 2010). In cardiomyocytes, activation of overexpression of PKR1 protects cardiomyo-
cytes against hypoxic insult, activating the PI3/Akt pathway (Urayama, et al., 2007).  

Transient PKR1 gene transfer after coronary ligation in the mouse model of myocardial 
infarction reduces mortality and preserves heart function by promoting cardiac angiogen-
esis and cardiomyocyte survival. This result suggests that PKR1 may represent a novel 
therapeutic target to limit myocardial injury following ischemic events (Urayama, et al., 
2007).  

Transgenic mice overexpressing PKR1 specifically in the heart under the control of cardiac 
α-myosin heavy chain (α-MHC) promoter displayed no spontaneous abnormalities of car-
diomyocytes, but showed increased neovascularisation (Urayama, et al., 2008). Thus, these 
data suggest that PKR1 is involved in post-natal de novo vascularization, rather than vascu-
logenesis during embryogenesis.  

Genetic inactivation of PKR1 in mice (PKR1-knockout mice) exhibit dilated cardiomyopathy 
and reduced angiogenesis in heart (Boulberdaa, et al., 2011). The heart pathology in PKR1 
knockout mice is due to increased apoptosis in cardiomyocytes and reduced epicardial 
progenitor cell numbers. These data was consistent with an endogenous role of PKR1 signal-
ling in stimulating epicardial progenitor cell proliferation and differentiation. All together 
these findings show that PKR1 signalling is involved in regulating cardiomyocyte survival 
signalling, and progenitor cell proliferation and differentiation. 

3.1.3. Role of PKR2 signaling in cardiovascular system  

Since PKR1 and PKR2 are 85% identical and are both expressed in cardiovascular tissues, 
PKR2 may also contribute to cardiomyocyte growth and vascularization. Transgenic mice 
overexpressing PKR2 specifically in the heart under the control of cardiac (α-MHC) 
promoter exhibit eccentric hypertrophy in an autocrine regulation and impaired 
endothelial integrity in a paracrine regulation without inducing angiogenesis (Urayama, 
et al., 2009). These transgenic PKR2 mice may provide a new genetic model for heart 
diseases. We found that in the endothelial cells PKR2 couples to G12 signaling pathway 
and downregulates ZO-1, thereby inducing endothelial cell fenestration (Urayama, et al., 
2009). 
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3.1.4. Prokineticin signaling in cardiac stem/progenitor cell activation  

Prokineticin-2 has been shown to modulate mobilization of bone morrow-derived cells and 
also promote angiogenesis. Systemic exposure to prokineticins promoted the survival of 
hematopoietic cells and enhanced progenitor mobilization (LeCouter, et al., 2004). Recently, 
we found that prokineticin-2 induces significant outgrowth from mouse epicardial explants 
and quiescent EPDCs, restoring epicardial pluripotency and triggering differentiation of 
endothelial and vascular smooth muscle cells (Urayama, et al., 2008). Co-culturing EPDCs 
with cardiomyocytes overexpressing PKR1 increased prokineticin-2 levels as a paracrine 
factor, thereby promoting EPDC differentiation, mimicking our PKR1-transgenic mice 
model (Urayama, et al., 2008). These prokineticin-2 effects were abolished in EPDC derived 
from PKR1-null mutant hearts, demonstrating PKR1 involvement. Prokineticin/PKR1 
signaling can reprogram adult EPDCs to induce neovascularization. These studies provided 
novel insight for possible therapeutic strategies aiming at restoring pluripotency of adult 
EPDCs to promote neovasculogenesis, by induction of cardiomyocyte- PKR1 signaling. 
Whether epicardial-PKR1 signaling contributes cardiomyocyte function and metabolism, 
and it determines lineage choice decision in EPDCs remained to be investigated. 

 

 
 

Figure 1. Role of prokineticin PKR1 signaling in cardiac regeneration.  

PKR1 signaling protects cardiomyocyte against hypoxia-mediated apoptosis,  activates 
endothelial cells for angiogenesis,  activates EPDC differentiation into vasculogenic cell type 
to induce neovascular formation, activates EPDC differentiation into new cardiomyocytes.   
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DOMAIN ROLE/EXPRESSION in human organs REFERENCE 
Reproduction   
Menstrual 
cycle 

Progesterone induces elevation of prokineticin-1 
expression during the secretory phase indicating a 
role of prokineticins and their receptors in 
endometrial vascular function 

(Battersby, et al., 2004) 

 Prokineticin-1 is derived from granulosa lutein cells 
and its synthesis is elevated during the mid- to late 
luteal phase 

(Fraser, et al., 2005) 

 Alteration of prokineticin-1 can induces several 
biochimical abnormalities characterizing eutopic 
endometrium in endometriosis 

(Tiberi, et al., 2009) 

Placentation 
and pregnancy 

Prokineticin-1 and PKR1 expression is elevated in 
human decidua during early pregnancy. 
Prokineticin-1 via PKR1 regulates expression of host 
implatation-related gene. 

(Evans, et al., 2008) 

 Dysregulation of Prokineticin signaling in fallopian 
tube could affect fallopian tube smooth muscle cells 
contractility and embryo-tubal transport providing 
a potential cause for ectopic pregnancy 

 
 
 
(Shaw, et al., 2010) 

 Prokineticin-1 and its receptor gene polymorphism 
and haplotype were associated with idiopathic 
recurrent pregnancy loss. These three gene 
contribute to recurent pregnancy loss in the 
Taiwanese Han population 

 
 
 
 
(Su, et al.) 

Kallman 
syndrome 

Insufficient prokineticin signaling leads to abnormal 
development of the olfactory system and 
reproductive axis in man 

(Dode, et al., 2006) 

 Mutation in prokineticin-2 and PKR2 genes underlie 
both Kallman sydrome and idiopathic 
hypogonadotropic hypogonadism 

(Cole, et al., 2008) 

 
Behaviour 

Prokineticin-2 may play a role in the 
pathophysiology of mood disorders in the Japanese 
population 

(Kishi, et al., 2009) 

 Prokineticin-2 may play a role in the 
pathophysiology of methamphetamine dependance 
in the Japanese population 

(Kishi, et al., 2010) 

       
Cancer Prokineticins and their receptors are expressed in 

human prostate and their levels increased with 
prostate malignancy 

(Pasquali, et al., 2006) 

 Prokineticin-1 favors neuroblastoma progression  (Ngan, et al., 2007b) 
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(Su, et al.) 

Kallman 
syndrome 

Insufficient prokineticin signaling leads to abnormal 
development of the olfactory system and 
reproductive axis in man 

(Dode, et al., 2006) 

 Mutation in prokineticin-2 and PKR2 genes underlie 
both Kallman sydrome and idiopathic 
hypogonadotropic hypogonadism 

(Cole, et al., 2008) 

 
Behaviour 

Prokineticin-2 may play a role in the 
pathophysiology of mood disorders in the Japanese 
population 

(Kishi, et al., 2009) 

 Prokineticin-2 may play a role in the 
pathophysiology of methamphetamine dependance 
in the Japanese population 

(Kishi, et al., 2010) 

       
Cancer Prokineticins and their receptors are expressed in 

human prostate and their levels increased with 
prostate malignancy 

(Pasquali, et al., 2006) 

 Prokineticin-1 favors neuroblastoma progression  (Ngan, et al., 2007b) 
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DOMAIN ROLE/EXPRESSION in human organs REFERENCE 
 Prokineticin-1 derived from islet and/or pancreatic 

stellate cells act through its receptor on endothelial 
cells to increase angiogenesis in pancreatic disease

 Prokineticin-2 play a role in pathophysiological in 
human tumors and inflammatory disorders 

(Zhong, et al., 2009) 

 Prokineticin-1 is significantly increased in papillary 
thyroid cancer and its expression in papillary 
thyroid cancer is related to BRAF oncogen

(Pasquali, et al., 2011) 

   
Vascular Prokineticin-2 is involved in immune and 

inflammatory response at abdominal aortic 
aneurysms site

(Choke, et al., 2009) 

   
Inflammation Prokineticin-1 was found in the controls in the 

patients with temporomandibular joint disorders 
(Herr, et al.) 

    
Cardiology Prokineticin-2 and PKR1 were reduced in human 

end stage failure heart sample
(Urayama, et al., 2007) 

Table 1. Involvement of prokineticins in human diseases 

4. Conclusion  

All together these data showed that PK2 via PKR1 signaling has important roles on heart 
physiology and pathophysiology. PKR1 is involved in postnatal cardiac vascularization by 
activating epicardial progenitor cells. These studies also raise numerous questions for fur-
ther investigation. Do EPDCs differentiate into functional (beating) cardiomyocytes in vitro 
or in vivo? Do EPDCs differentiate into cardiac lineages in vivo in the damaged adult? Does 
the activity or potential of EPDCs decline with age? The identification of factors which stim-
ulate endogenous cardiac progenitor cells to induce neovascularization and cardiomyocyte 
replacement is an evolving paradigm towards therapeutic intervention in cardiac diseases. 
The race is to facilitate drug discovery for targets acting on cardiomyocytes or EPDCs to 
invoke new coronary vessels and cardiac tissues as a significant step toward cardioprotec-
tion and cardiovascular regeneration. 
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1. Introduction 

Pulmonary arterial smooth muscle cell (PASMC) proliferation in response to hypoxia is 
thought to be a key component of the vascular remodeling that occurs in chronic hypoxic 
pulmonary hypertension. Many pulmonary disorders, including chronic obstructive pul-
monary disease, are associated with chronic hypoxia, and when pulmonary hypertension 
and right heart failure develop due to pulmonary vascular remodeling, patient survival is 
impaired. Hypoxia is one of the factors known to cause secondary pulmonary hypertension 
and pulmonary vascular remodeling [1]. According to a WHO statement in 1996, there were 
approximately 140 million people living at altitudes above 2500m and there are several areas 
of permanent habitation at altitudes in excess of 4000 m. After several weeks of exposure to 
high altitude, lowlanders develop pulmonary hypertension, which is not completely re-
versed by supplemental oxygen [2], suggesting development of vascular remodeling of the 
lung [3]. Secondary pulmonary hypertension is characterized by proliferation of vascular 
smooth muscle cells and pulmonary arterial fibroblasts in small pulmonary vessels [4-6]. 
These results suggest that hypoxic enhancement of PASMC proliferation contributes to the 
progression of hypoxia-associated small pulmonary arterial remodeling and secondary 
pulmonary hypertension. In animals, hypoxia has been shown to cause pulmonary vascular 
wall thickening by inducing PASMC proliferation [7-9]. Most commonly, pulmonary vascu-
lar remodeling is studied in rats or mice exposed to 10% oxygen hypoxia for 2 to 8 weeks 
[9,10]. In the animals exposed to chronic hypoxia, muscular arteries increase the thickness 
and distal extension and migration of PASMC into normally non-muscular arteries can be 
observed (Figure 1). 

In addition, many in vitro studies have also addressed the proliferation of vascular smooth 
muscle cells upon exposure to hypoxia [11,12]. Increased levels of growth factors derived 
from the accumulation of hypoxia-inducible factor 1α (HIF-1α) are thought to regulate  
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Figure 1. Proliferating cell nuclear antigen (PCNA) staining of small pulmonary arteries from mice 
exposed to chronic hypoxia (10% oxygen) for 8 weeks. PCNA positive cells were found in the smooth 
muscle layer of small pulmonary arteries (right picture) compared with normoxic control (left picture). 

PASMC proliferation under hypoxic conditions, since a partial HIF-1α deficiency decreases 
muscularization of pulmonary arterioles in animals exposed to chronic hypoxia [7]. However, 
it is unclear whether hypoxia is a direct mitogen or indirect mitogen induced by the 
mediators from endothelial cells or fibroblasts, because some investigators have shown that 
hypoxia is not a direct stimulus of PASMC proliferation [13,14]. This discrepancy may be 
explained by the severity of hypoxia. The investigators who have found PASMC proliferation 
by hypoxic exposure usually used the moderate hypoxia (1 – 5% oxygen) [1,11,12,15,16]. 

Although HIF-1α regulates various transcriptional genes for angiogenic factors, severe hy-
poxia and iron depletion induce cell growth arrest. In contrast to severe hypoxia, moderate 
hypoxia can also enhances the proliferation of airway-smooth muscle cells, lung fibroblasts 
and mesangial cells [17,18]. Proliferation of PASMCs, which causes pulmonary vascular 
remodeling, requires re-entry of the cells into the cell cycle. We confirmed that the cultured 
PASMC cell cycle progresses more quickly in hypoxia and that severe hypoxia or iron de-
pletion using an iron chelator, which mimics anoxia, caused inhibition of cell cycle progress 
compared to the normoxic conditions (Figure 2). 

 
Figure 2. Cell cycle analysis of human pulmonary arterial smooth muscle cells (HPASMC) cultured in 
various concentration of oxygen (0.1%, 2%, 21%) or 100 μM of iron chelator, desferroxamine (DFX) 
using flow cytometric analyses with propidium iodide staining. S+M phases are increased in moderate 
hypoxia (2% oxygen) compared to the normoxic condition. Severe hypoxia (0.1% oxygen) and iron 
chelator decreased the S+M phases in cultured HPASMCs. 
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2. Cell cycle regulation of hypoxic PASMC proliferation 

Under normal physiological conditions, the majority of the pulmonary vascular cells are in a 
quiescent state. The most important molecular event necessary for progression of the cell 
cycle is phosphorylation of the retinoblastoma protein by cyclin-dependent kinase (CDK)-
cyclin complexes. Cell cycle progression requires the coordinated interaction of CDK and its 
regulatory subunits, the cyclins, to drive cells through G1 into S phase to ultimately result in 
cell division. Cyclin–CDK complexes activate transcription factors important in cell cycle 
progression. The cyclin–CDK complexes include cyclin D–CDK4/ CDK6 and cyclin E–CDK2 
which inactivate retinoblastoma, an antitumor and antiproliferative protein which limits 
E2F-mediated gene transcription [19]. CDK inhibitors are proteins that bind cyclin–CDK 
complexes, inhibit hyperphosphorylation of retinoblastoma, cause G1 arrest, and suppress 
cell proliferation [20]. CDK activity can be inhibited by CDK inhibitors, which arrest the cell 
cycle at each corresponding phase and inhibit cell proliferation. Two families of CDK inhibi-
tors have been shown to regulate vascular smooth muscle cell proliferation, p21 and p27. 
The loss of CDK inhibitors has been implicated in tumor development [21,22], and is closely 
related with the state of the tumor suppressor p53 [23,24]. 

2.1. Role of tumor suppressor p53 and CDK inhibitor p21 

The endogenous CDK inhibitor p21 plays an important role in PASMC proliferation via 
induction of the tumor suppressor p53 [23,25], and has been identified as a key regulator of 
the cell cycle in cells exposed to hypoxia and oxidative stress [26-28]. In tumors expressing 
wild-type p53, apoptosis occurs in hypoxic regions, whereas tumors expressing mutant p53 
exhibit lower levels of apoptosis in hypoxic regions [29]. p53-/- mouse embryo fibroblasts 
are more resistant to hypoxia-induced apoptosis, and have selective growth advantages 
compared to wild-type p53 cells [30]. In addition, hypoxic p53 accumulation has been linked 
to the hypoxia-inducible factor-1α (HIF-1α), which is known as a central transcriptional 
factor operating during hypoxia toward angiogenesis [31,32]. We recently reported that 
hypoxic p53 accumulation has been linked to the hypoxia inducible factor-1α (HIF-1α) [9]. 
These results support the view that the p53 protein opposes cell proliferation under hypox-
ia, and p53 plays a critical role as a modulator of hypoxia-induced small pulmonary arterial 
remodeling. Decreased expression of p21 and increased expression of HIF-1α via suppres-
sion of p53 protein may mitigate hypoxic pulmonary arterial remodeling and PASMC pro-
liferation. Recently, several groups identified microRNAs (miRNAs) regulated by p53 
[33,34]. miRNAs are non-coding RNA molecules which modulate gene expression by bind-
ing to complementary sequences in the coding - or the 3`-untranslated region of target 
mRNAs. miRNAs can regulate cell proliferation, differentiation and apoptosis [35,36]. The 
miR34a has been shown to be the most significant miRNA induced by p53, which is closely 
related to induction of apoptosis and cell cycle arrest in cancer cells [37]. We have shown 
that this miRNA is also associated with HIF-1α expression both in animal and human lung 
tissues [9,38,39]. 
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p21 has been shown to regulate cell cycle progression through both p53-dependent and -
independent pathways [24,25,40]. However, it is known that nitric oxide (NO) donors sup-
press proliferation of cultured PASMC via the expression of p53 and p21 [23]. NO is synthe-
sized from L-arginine via nitric oxide synthase (NOS), and endothelial NOS plays an im-
portant regulatory role in hypertrophic and hyperplastic growth of PASMC in vivo and in 
vitro. Several studies have suggested that NO derived from endothelial NOS has a protective 
effect toward arterial smooth muscle cell proliferation [41].[42]. It is possible that the anti-
proliferative effect of NO derived from pulmonary arterial endothelial cells is depend on the 
status of p53 in PASMC. 

In our recent data from p53 knockout mice, chronic hypoxia increased p21 expression and 
induced medial wall thickening of small pulmonary arteries in wild type mice, and the dele-
tion of the p53 gene prevented the hypoxic induction of p21 expression [9]. These results 
indicate that under hypoxic conditions, induction of the p53-p21 signaling pathway serves 
as a negative feed-back to prevent excessive vascular cell proliferation and vascular remod-
eling. Using cultured PASMCs, we confirmed that the anti-proliferative NO pathway was 
intact in the hypoxic condition and the protein expression of p21 was associated with 
HPASMC proliferation (Figure 3). 

 
Figure 3. Western blot analysis of p21 and p53 (left photographs) and BrdU incorporations in cultured 
PASMC exposed hypoxia (2% oxygen) and NO donors (SNAP and DETANO) (right graph). Moderate 
hypoxia decreased p21 and the NO donors increased the both p21 and p53 protein expressions. The NO 
donors suppressed DNA amplification in cultured PASMCs during hypoxia. 

2.2. CDK inhibitor p27 

The suppressive effect of hypoxia on p27 expression has been demonstrated in mice with 
pulmonary hypertension induced by hypoxia [8]. However, the expression of p27, which 
blocks the cell cycle at the G0/1 phase, is regulated by several mechanisms including tran-
scription, protein degradation and translation [43-45]. We reported that hypoxia-induced 
down-regulation of p27 was not mediated by hypoxia per se, but rather by mitogenic factors 
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including PDGF and hypoxia enhanced p27 protein degradation. The moderate hypoxia 
enhanced the proliferation of serum-stimulated PASMC in accordance with promoted p27 
protein degradation, probably via the induction of growth factors [12]. The prostacyclin 
analogue suppressed PASMC proliferation under both hypoxic and normoxic conditions by 
blocking p27 mRNA degradation through an increase in intracellular cAMP. Hypoxia may 
activate HIF-1α regulated growth factors and cell growth signaling such as mitogen activat-
ed protein kinase (MAPK). We also found that hypoxic exposure and p53 regulate MAPK 
activation in cultured PASMCs (Figure 4). To clarify the effect of p53 on the activation of 
MAPK in hypoxic PASMC proliferation, we performed gene silencing of p53 to the cultured 
PASMC. The gene silencing of p53 suppressed MAPK activation, which indicates hypoxic 
activation of MAPK and p53 are also associated with the degradation of p27 and hypoxic 
PASMC proliferation.  

 
Figure 4. Left figure shows protein expressions of phosphorylated ERK1/2 in cultured PASMC exposed 
hypoxia (2 - 10% oxygen). Right figure shows effect of p53 gene silencing on ERK1/2 phosphorylation in 
cultured PASMC exposed to hypoxia (2% oxygen). Hypoxic exposure induced MAPK activation, and 
the p53 protein expression are suppressing the MAPK activation. 

Previous findings have suggested that p27 mRNA stability is controlled by interactions 
between MAPK [46] and Rho-dependent translation[47]. Further, cAMP induces cell relaxa-
tion through Rho GTPase activation [48,49], which might be an important target of hypoxic 
pulmonary vascular remodeling [50,51]. These reports imply that the Rho and MAPK inter-
action contributes to p27 mRNA stability during exposure to agents that elevate cAMP and 
hypoxia. These interactions may be also possible in smooth muscle cells. The Rho inhibitor 
Y-27632 inhibited human aortic smooth muscle proliferation in response to platelet derived 
growth factor and markedly suppressed neointima formation associated with decreased 
expression of p27 in rat carotid artery [52]. Regarding the effect of Rho on the expression of 
p27 in PASMC, we simply measure the p27 protein expression using Rho inhibitor in cul-
tured PASMC and found that the p27 protein expression was increased by Y-27632 (Figure 
5).  
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Previous findings have suggested that p27 mRNA stability is controlled by interactions 
between MAPK [46] and Rho-dependent translation[47]. Further, cAMP induces cell relaxa-
tion through Rho GTPase activation [48,49], which might be an important target of hypoxic 
pulmonary vascular remodeling [50,51]. These reports imply that the Rho and MAPK inter-
action contributes to p27 mRNA stability during exposure to agents that elevate cAMP and 
hypoxia. These interactions may be also possible in smooth muscle cells. The Rho inhibitor 
Y-27632 inhibited human aortic smooth muscle proliferation in response to platelet derived 
growth factor and markedly suppressed neointima formation associated with decreased 
expression of p27 in rat carotid artery [52]. Regarding the effect of Rho on the expression of 
p27 in PASMC, we simply measure the p27 protein expression using Rho inhibitor in cul-
tured PASMC and found that the p27 protein expression was increased by Y-27632 (Figure 
5).  
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Figure 5. p27 protein expression in cultured PASMC exposed to hypoxia with 10 μM of Rho inhibitor 
Y-27632 (left figure) and BrdU incorporations in cultured PASMC exposed to hypoxia with or without 
Y-27632 (right graph). The p27 protein expression was increased by the treatment of Rho inhibitor both 
in the normoxic and hypoxic conditions with association of the cell proliferation. 

3. Conclusion 

It is well accepted that hypoxia is a cause of pulmonary vascular remodeling and PASMC 
proliferation. In the aggregate, research conducted by us and others suggests that decreased 
oxygen levels affect PASMC proliferation. Decreased expression of p27 and signal transduc-
tion via p53 and p21 play critical roles in the fine-tuning of hypoxic PASMC proliferation. In 
vitro studies have demonstrated that hypoxia has direct mitogenic effect on cultured 
PASMC by increased production of growth factors and decreased expression of CDK inhibi-
tors. The cell cycle regulation by p53 may be closely related with the severity of hypoxia and 
HIF-1α status (Figure 6). 

However, the hypoxia induced remodeling of the pulmonary circulation including PASMC 
proliferation is a highly complex process, which may have numerous interactions between 
the vascular cells, especially between endothelial cells and lung fibroblasts. Because of that, 
it is difficult to explain the in vivo pulmonary vascular remodeling using single cell culture 
experiments. For example, hypoxic endothelial cells and adventitial fibroblasts around 
PASMC may also be able to release mitogenic factors for PASMC proliferation, and damage 
of vascular endothelial cells by hypoxia can lead the decrease of anti-proliferative mediator 
production resulting PASMC proliferation. In addition, hypoxic proliferation of lung fibro-
blasts can secrete matrix proteins, which may play an important role for the proliferation of 
PASMC [53]. Further studies are necessary to characterize the role of cell cycle regulations 
on the hypoxic vascular cell proliferation, and to clarify the interactions between PASMC, 
pulmonary vascular endothelial cells and fibroblasts. We believe that a better understanding 
of the genetic and cellular mechanisms of hypoxic pulmonary remodeling will lead to im-
proved modes of therapy for hypoxia-associated changes in lung tissue structure and aid in 
the remodeling of pulmonary hypertension. 
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Figure 6. Schematic depicting molecular interactions in the hypoxic PASMC proliferation: Hypoxic 
exposure increases HIF-1α and p53 protein expression. Up-regulated p53 induces p21 expression and 
the p21 inhibit G1/0 transition via inhibition of cyclin/CDK complex. In contrast, HIF-1α activation 
causes up-regulation of growth factors that reduce the expression of p27. Reduced expression of p27 
and increased HIF-1α transactivation induces cyclin/CDK complex, which causes progress of cell cycle 
of pulmonary smooth muscle cell. 
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