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Preface

The autonomic nervous system comprises one of the most important involuntary control
mechanisms modulating the function of the visceral organs.

This book consists of six chapters. The introductory chapter provides a general description
of the autonomic nervous system, and the extent to which it is addressed, for example, in
medical faculties.

The ensuing chapters review and analyze in detail some of the specifics and the role of the
autonomic nervous system in the control of vital functions. Particularly interesting is the re-
view article by Lopez-Gonzalez, Gonzalez-Garcia, and Dawid-Milner, titled "A5 and A6
Noradrenergic Cell Groups: Implications for Cardiorespiratory Control,” regarding nora-
drenergic cell groups at the level of the spinal cord controlling the cardiorespiratory system.
These projections play a key role in the modulation of all antinociceptive and autonomic
responses elicited by painful or threatening situations. The A6 noradrenergic cell group may
have the most significant effect on somatosensory transmission, and the A5 group on sym-
pathetic function.

The shape of dendrites influences the propagation and integration of postsynaptic potentials
and determines presynaptic convergence. Dendritc shape is correlated with tonic activity,
while aberrant dendritic morphology is associated with disease. There is, therefore, signifi-
cant interest in understanding how dendritic morphology is regulated in these neurons. In
the review article by Chandrasekaran and Lein, titled "Regulation of Dendritogenesis in
Sympathetic Neurons,” the role of target-derived nerve growth factor in regulating the size
of the dendritic arbor of sympathetic neurons in vivo is described. In addition, the authors
present their own in vitro experimental results, which suggest that there are other factors,
such as bone morphogenetic proteins, that trigger cultured sympathetic neurons to extend a
dendritic arbor comparable with their in vivo counterparts.

Clinical practice may benefit from the article by Kingma, Simard, and Rouleau, titled “Auto-
nomic Nervous System and Neurocardiac Physiopathology,” in which the effect of auto-
nomic neural dysfunction in arrhythmogenesis is analyzed in detail. Disorders within the
autonomic nervous system contribute to pathogenesis of organ injury, comorbidities, and
may even impact survival. Improved comprehension of modifications within the cardiac/
neuro axis at the molecular, cellular, organ, and whole-body levels is critical for the develop-
ment of therapeutic strategies.

The review article by Proshchina et al.,, titled “Development of Human Pancreatic Innerva-
tion,” addresses human pancreatic innervation, which is of particular interest due to its pos-
sible role in the pathogenesis of such diseases as diabetes mellitus, pancreatitis, and
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pancreatic cancer. It has been suggested that pancreatic autonomic innervation plays an im-
portant role, not only in the regulation of endocrine and exocrine activity, but also in normal
islet morphogenesis.

The association between inflammation and common human diseases remains an unsolved
mystery in contemporary biology and medicine. Inflammation, as a response to infection,
impacts different parts of the nervous system. In fact, recent studies have indicated that sys-
temic inflammation can be attenuated by autonomic nerve fibers. The article by Leal et al.,
titled "Inflammation and the Autonomic Function,” analyzes the general autonomic mecha-
nisms controlling inflammatory responses in several conditions, including burn processes,
rheumatoid arthritis, and obesity, with a special focus on the inflammatory processes associ-
ated with sepsis.

This book may stimulate interest in many researchers who could use this information to ad-
vance their research towards a better understanding of autonomic regulatory mechanisms.

Pavol Svorc, Assoc. Prof., Dr., Ph.D.
Department of Physiology

Faculty of Medicine

Safarik’s University

Kosice, Slovak Republic
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Chapter 1

Introductory Chapter: Autonomic Nervous System -
What We Know About It

Pavol Svorc

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81026

1. Introduction

The nervous system captures and processes stimuli acting on an organism and provides the
means for an adequate response. It provides neural control that is faster than hormonal
pathways and is, therefore, more suitable for transmitting information that requires a rapid,
coordinated response. The sensory, somatic, and autonomic parts of the nervous system have
been extensively studied. What is the physiology of the autonomic nervous system and what
do we teach students about this system in medical faculties?

The autonomic (vegetative) nervous system is an involuntary system that primarily controls
and modulates the functions of the visceral organs. Similarly, through the control of somatic
functions, a relatively large part of autonomic regulation is controlled through the reflex arc.
The autonomic nervous system innervates the smooth muscles of vessels, digestive system,
bladder and urethra, lower airways, cardiac muscle, sweat and lacrimal glands, and adrenal
medulla. The autonomic nervous system has three branches: sympathetic, parasympathetic,
and enteric [1-4]. In many cases, the sympathetic and parasympathetic nervous systems
have “opposite” actions, in which one system activates and the other inhibits a physiological
response. The current view is that the sympathetic nervous system is a “quick response
mobilizing system” and the parasympathetic nervous system is a “more slowly activated
inhibitory system.”

The enteric—or intrinsic—nervous system is one of the main divisions of the autonomic
nervous system and consists of a network of neurons that manage the functions of the gastro-
intestinal tract [5]. It is capable of acting independently of the sympathetic and parasympa-
thetic nervous systems; however, it may be modulated by sympathetic and parasympathetic
activity. The main components are the plexus myentericus (Auerbach), which mainly influ-
ences motility, and the plexus submucosus (Meissner), which is responsible for glandular
secretions [6]. The enteric nervous system has also been referred to as the “second brain” [7].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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2. Composition

The composition of the efferent pathway is the same for both the sympathetic and parasympa-
thetic divisions. It consists of two types of neurons:

*  The first type is located in the brain stem or spinal cord and is referred to as preganglionic
neurons.

®  The second type is located in the ganglia, or in the body itself, and is referred to as postgang-
lionic neurons.

3. Parasympathetic division

From an anatomical perspective, the parasympathetic division is the craniosacral component
of the autonomic nervous system. This system is the primary mechanism that controls “rest
and digest.” The parasympathetic part is dominant in rest conditions, especially when an
organism progresses from states of energetic exacting stress to a rest state.

Output Preganglionic Ganglion Postganglionic Effector

Cranial part

Ncl. Edinger- N. oculomotorius (III. cranial ~ Ggl. ciliare Nn. ciliares breves M. sphincter

Westphal nerve) and its ramus inferior pupillae (miosis)
and M. ciliaris
(accommodation)

Ncl. salivatorius ~ N. facialis (VIL cranial nerve) Ggl. pterygopalatinum  Nn. Tear gland

superior and branch of n. petrosus pterygopalatini

major N. zygomaticus

N. lacrimalis

N. facialis (VII. cranial nerve), Ggl. submandibulare Nn. lingualis Submandibular and
chorda tympani, and n. sublingual salivary
lingualis glands
Ncl. salivatorius N. glossopharyngeus (IX. Ggl. oticum N. Parotid gland
inferior cranial nerve) and branches of auriculotemporalis
n. petrosus minor and n.
tympanicus
Ncl. dorsalis n. N. vagi (X. cranial nerve) Intramural ganglia in N. vagi (X. cranial
vagi the heart and in the nerve)

respiratory and
digestive systems

Sacral part
Ncl. Plexus
intermediolateralis hypogastricus

inferior
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4. Sympathetic division

From an anatomical perspective, the sympathetic division represents the thoracolumbal com-
ponent of the autonomic nervous system. This system is the primary mechanism that controls
the “fight-or-flight” response. The sympathetic part is dominant in stressful situations, espe-
cially when an organism prepares for situations associated with high-energy output.

Axons of neurons C8-L3 (nucleus [ncl.] intermedial and ncl. intermediolateralis) leave the spinal
cord by the ventral roots of the rami communicantes albi and enter the sympathetic trunk. In this
part, most neural connetions are placed. Only a part of the neuron is interconnected in the
prevertebral ganglia. Ganglionic fibers proceed to the organs either through the rami viscerales
(from the sympathetic trunk) or through the rami communicantes grisey and further by sensory
neurons to the periphery (especially the skin). Fibers from the rami viscerales proceed most often
periarteriorlarly.

5. Neurotransmitters and receptors of the autonomic nervous system

Acetylcholine binds to two types of membrane receptor: muscarinic and nicotinic. Muscarinic
receptors are located on the membranes of effector cells, between the terminals of the postgan-
glionic parasympathetic and sympathetic cholinergic fibers and effector organs. Their activa-
tion exhibits a slower excitatory effect. Nicotinic receptors are localized to the membranes of
ganglionic parasympathetic and sympathetic neurons, and their activation exhibits a rapid
depolarization-excitatory effect on ganglionic neurons.

Noradrenaline is a neurotransmitter of the sympathetic part of the autonomic nervous system.
It binds to two types of membrane receptors: a-adrenergic and [3-adrenergic. The results of the
combinations are different responses of the effector organs. For example, stimulation of a-
receptors on vessel smooth muscle induces vasoconstriction, while stimulation of B-receptors
of bronchial smooth muscle induces bronchodilatation.

There are inhibitory and excitatory synapses between neurons. Relatively recently, the third
subsystem of neurons, known as non-adrenergic, non-cholinergic transmitters (because they
use nitric oxide as a neurotransmitter), has been described and found to be integral to auto-
nomic function, particularly in the gut and lungs [8].

6. Mechanism of action

a1-Receptors are found in the vascular smooth muscle of the skin and splanchnic region, in the
sphincters of the gastrointestinal tract and bladder, and in the radial muscle of the iris:
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The ay-receptor is embedded in the cell membrane, where it is coupled via a G4 protein to
phospholipase C. In the inactive state, the aq subunit of the heterotrimeric G4 protein is
bound to GDP.

When an agonist, such as noradrenaline, binds to the o;-receptor, a conformational change
occurs in the aq subunit of the G protein that has two effects: GDP is released from the o
subunit and replaced by GTP, and the a subunit (with GTP attached) detaches from the
rest of the G protein.

The ay-GTP complex migrates within the cell membrane and binds to and activates
phospholipase C. Intrinsic GTPase activity then converts GTP back to GDP, and the aq
subunit returns to the inactive state (not shown).

Activated phospholipase C catalyzes the liberation of diacylglycerol and IP; from phosphati-
dylinositol 4,5-diphosphate. The IP; that is generated causes the release of Ca** from intra-
cellular stores in the endoplasmic or sarcoplasmic reticulum, resulting in an increase in
intracellular Ca®* concentration. Together, Ca®* and diacylglycerol activate protein kinase C,
which in turn phosphorylates proteins. These phosphorylated proteins execute the final
physiological actions, such as contraction of smooth muscle.

ay-Receptors are less common than o;-receptors; they are found in the walls of the gastrointes-
tinal tract and in presynaptic adrenergic nerve terminals:

1.

The agonist (noradrenaline) binds to the a,_receptor, which is coupled to adenyl cyclase
by an inhibitory G protein (G;).
When noradrenaline is bound, G; protein releases GDP and binds to GTP, and the «;

subunit dissociates from the G protein complex.

The ay-subunit then migrates in the membrane and binds to and inhibits adenyl cyclase.
As a result, CAMP levels decrease, producing the final physiological action. For example,
activation of ap-receptors in the wall of the gastrointestinal tract causes relaxation.

B1-Receptors are prominent in the heart (increase in activity), in the saliva glands (increase in
secretion), in the adipose tissue, and in the kidney (where they promote renin secretion).

B2-Receptors are found in the vascular smooth muscle of skeletal muscle, in the walls of the
gastrointestinal tract and bladder, and in the bronchioles. The activation of P,-receptors in
these tissue leads to relaxation or dilatation:

1.

[B2-Receptors are embedded in the cell membrane. They are coupled, via a Gg protein, to
adenylyl cyclase. In the inactive state, the ag-subunit of the Gg-protein is bound to GDP.

When an agonist, such as noradrenaline, binds to the (3,-receptor, a conformational change
occurs in the ag-subunit. This change has two effects: GDP is released from the ag-subunit
and replaced by GTP, and the activated as-subunit detaches from the G protein complex.

The as-GTP complex migrates within the cell membrane and binds to and activates
adenylyl cyclase. GTPase activity converts GTP back to GDP, and the ag subunit is
returned to its inactive state.
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4. Activated adenylyl cyclase catalyzes the conversion of ATP to cAMP, which serves as the
second messenger. cAMP, via the steps involving activation of protein kinases, initiates the
final physiological actions.

Nicotinic receptors are found in several important locations: on the motor end plate of skeletal
muscle, on all postganglionic neurons of both the sympathetic and parasympathetic nervous
systems, and on the chromaffin cells of the adrenal medulla:

1. The nicotinic receptor for acetylcholine is an ion channel for Na* and K*. The receptor has
five subunits: two a, one 3, one d, and one y. These five subunits form a funnel around the
mouth of a central core. When no acetylcholine is bound, the channel is closed.

2. When acetylcholine is bound to each of the two a-subunits, a conformational change
occurs in all of the subunits, resulting in opening of the central core of the channel. When
the core of the channel opens, Na" and K* flow down their respective electrochemical
gradients.

Muscarinic receptors are located in all of the effector organs of the parasympathetic nervous
system: in the heart, gastrointestinal tract, bronchioles, bladder, and male sex organs. These
receptors also are found in certain effector organs of the sympathetic nervous system, specifi-
cally, in sweat glands:

1. Some muscarinic receptors have the same mechanism of action as a;-adrenoreceptors. In
these cases, binding of acetylcholine to the muscarinic receptor causes dissociation of the a-
subunit of the G protein, activation of phospholipase C, and production of IP; and
diacylglycerol. IP; releases stored Ca*", and increased intracellular Ca** with diacylglycerol
produces tissue-specific physiological actions.

2. Other muscarinic receptors alter physiological processes via direct action of the G protein.
In these cases, no other second messenger is involved. For example, muscarinic receptors
in the cardiac sinoatrial node, when activated by Ach, produce activation of a G;-protein
and release of the ay-subunit, which binds directly to the K channel of the sinoatrial node.
When the a;-subunit binds to K* channels, the channels open, slowing the rate of depolar-
ization of the sinoatrial node, and decreasing heart rate.

7. Autonomic nervous system: autonomic centers

Centers of the autonomic nervous system are regarded to be integrators of responses to
internal and external stimuli that are related to the control of autonomic functions. From this
perspective, there are probably no autonomic centers in the spinal cord, although all sympa-
thetic and sacral parasympathetic fibers extend outward from the spinal cord. It is not clear
whether there are centers controlling and coordinating the activities of the relevant parts of the
autonomic nervous system or whether they are only peripheral centers. Similarly, the impor-
tance of the brain cortex, which is involved in the control of autonomic functions, lies in the
integration and generation of conditioned reflexes associated with the autonomic nerves.
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Regarding the brainstem and hypothalamus. Reticular formation is responsible for the regulation
of the cardiovascular and respiratory systems and is the center of some autonomic reflexes.
The cardiovascular center includes the following structures:

*  The ncl. dorsalis n. vagi is the source of vagal parasympathetic afferentation.

®  The pressoric area is located on both sides of the dorsolateral part of the reticular formation.
Increased activity leads to an increase in blood pressure. Sympathetic preganglionic neurons
innervating the heart, blood vessels, and juxtaglomerular apparatus are efferent pathways
from this center.

®  The depressoric area is located in the ventromedial part of both sides of the reticular
formation. Increased activity leads to decrease in blood pressure and, reciprocally, is
connected to the pressoric area.

¢ The respiratory center is functionally situated in the autonomic centers because it affects
the spinal motor neurons controlling breathing movements through the autonomic respi-
ratory rthythm generator and inspiration rhythm.

*  The autonomic reflexes are associated with input and processing of food. It is a reflex
encompassing sucking, swallowing, salivation, secretion of gastric and pancreatic juices,
and vomiting.

8. Hypothalamus

The function of the hypothalamus is highly complex; in fact, there is no important activity in
the body that is not regulated in some way by the hypothalamus.

8.1. Center of hunger and satiety

The satiety center is located near the regulatory centers for secretion of hormones and endo-
crine processes in the body. The center of hunger is located near the center of satiety. Hunger is
a feeling (unconditioned reaction of the body) caused by the lack of food. It is an important
signal and one that prompts the body about the need for food intake and the energy from it.
Hunger occurs when blood glucose levels fall below a certain level. The need for food intake is
also influenced by signals from the digestive system and, by the action of certain hormones,
state of mind and/or state of attention, among others, may play a role. Feelings of hunger vary
among individuals, with different speeds and intensities, and are tolerated differently —some
tolerate hunger well, while in others, it is associated with mood changes manifesting as
irritability or fractiousness. Prolonged starvation leads to elimination of psychological barriers
and principles (e.g., cannibalism from situational emergency), with hallucinations or paranoia.

8.2. Control of food intake

It is assumed that the information from the periphery (sensory inputs from the digestive tract,
including gustatory afferentation) is guided into the ncl. arcuatus in the hypothalamus, where
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there are projections into the lateral part of the hypothalamus: ncl. paraventricularis and ncl.
dorsomedialis. All of these structures contain two types of neurons: orexigenic, which synthe-
size substances, of which higher levels correlate with increased ingestion of food and activate
the ncl. ventromedialis, and anorexigenic, which synthesize substances, of which higher levels
correlate with reduced intake of food.

8.3. Center of thirst

Thirst is the body’s response to a lack of fluids, and there are two types of dehydration. The first
type is the shortage of water (mostly in well-trained athletes, who secrete thin “water” sweat). In
this case, the blood is concentrated, but only briefly, because water from the intercellular spaces
immediately starts to flow into the blood, resulting in increases in salt concentration in the
extracellular fluid. In response, water from cells moves into the intercellular spaces and, thus,
results in partial dehydration. The second type of dehydration is not only the loss of water but
also a large amount of salts (untrained athletes secrete dense “salty” sweat), which are mainly in
the blood and in the extracellular fluids. This usually results in only a slight increase in the
concentration of ions (salts) in the extracellular fluid. In this type of dehydration, water content
in the cells remains stable; however, the amount of circulating blood and intercellular fluid is
reduced.

The ncl. paraventricularis contains cells that are in the contact with blood flow and cerebrospi-
nal fluid and respond either by initiating thirst or, conversely, by initiating the urge to urinate.
Stimuli are from osmoreceptors (on cue from increases in osmotically active substances in the
extracellular fluid), from the renin-angiotensin system (decreased plasma volume; greater
concentrations of angiotensin II elevate blood pressure and cause the feeling of thirst) and
baroreceptors (decrease in plasma volume). If there is a fluid deficiency in the body, the
pressure in the veins is small, and blood becomes too “dense.”

8.4. Control of body temperature

The preoptic area in the hypothalamus is responsible for monitoring body temperature and for
reactions to increases in temperature. Extreme increases in temperature are apparent when this
area is injured or damaged. The area hypothalamica posterior contains neurons that do not
directly monitor body temperature; however, they react to the information from peripheral
and central thermoreceptors and activate output functions of thermoregulation. Output func-
tions of thermoregulation are concentrated on the maintenance of adequate body temperature
and protection of the organism against hypothermia.

8.5. Control of the endocrine glands

Control through the hypothalamic-hypophyseal tract (ncl. paraventricularis and ncl.
supraopticus—antidiuretic hormone and oxytocin) and hypothalamic sympathetic fibers influ-
ences adrenaline and noradrenaline secretion. The hypothalamus also controls the secretory
activity of the anterior pituitary gland through the release of liberins and inhibitory (inhibins)
factors.
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8.6. Relationship with sexual function

The hypothalamus has an association with all sexual activities including sexual develop-
ment, the menstrual cycle, ovulation, erection, copulation, ejaculation, pregnancy, birth,
lactation, and sexual urges and behavior. Injury to the anterior hypothalamus results in
disordered libido, while injury to the posterior hypothalamus results in increased sexual
urges.

8.7. Control of emotions

Emotions are psychological processes that involve subjective experiences of comfort and dis-
comfort linked to physiological changes (changes in heart rate and respiratory rate), motor
manifestations (mimics, gesticulation), change readiness, and concentration. Emotions induce
and influence other psychological processes. Hypothalamic nuclei, together with the anterior
nuclei of the thalamus and cingulate gyrus, form the Papez circuit, which is an important part
of the limbic system. They represent a very close structural relationship and, thus, represent
the basis for the formation of autonomic manifestations of emotion.

8.8. Control of biological rhythms

Rhythmic activity is generated by the ncl. suprachiasmaticus. Rhythmic hypothalamic pro-
cesses extend into practically all other functions of the hypothalamus as sympathetic tone,
hormone secretion, regulation of temperature, intake of food and fluids, sexual function,
emotion, and immune processes.

Other relationships include relation to sleep (sleep center in the anterior hypothalamus and
center of wakefulness in the posterior hypothalamus), immunity (mediated by changes in the
production of hormones [glucocorticoid production]), and changes in the tone of the auto-
nomic nervous system. Sympathetic-immune interactions particularly affect the secondary
lymphoid organs (spleen, lymph nodes) and are believed to increase preparedness for escape/
attack. Relation to memory (Papez’s circuit—transmission of short-term to long-term mem-
ory), complex behavior (motivations, emotions), control of metabolism (through control of the
endocrine glands—secretion of adrenaline, adrenocorticotropic hormone, etc.), sensory func-
tion and relation to the motor system ninvoluntary movements, extrapyramidal tract, basal
ganglia).

9. Clinical practice

Disorders of the autonomic nervous system result in relatively serious neurological condi-
tions. For example, excessive activation of the sympathetic nervous system by emotions,
painful stimuli, and drops in blood pressure, such as hemorrhagic shock or hypoglycemia,
trigger a prepared stress response from the body. Chronically increased sympathetic activity
(sleep deprivation and social insecurity, among others) can lead to psychosomatic disorders
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such as hypertension, type 2 diabetes mellitus, and/or gastric ulceration. Hypothalamic
disorders can cause damage to thermoregulation, circadian rhythms, insomnia, the men-
strual cycle, premature maturation, growth disturbances, eating disorders (aphagia and
subsequent anorexia, hyperphagia may develop), or hormone production disorders [6].

Therefore, proper and early diagnosis of autonomic nervous system disorders forms the
basis of successful treatment. Symptoms that indicate autonomic system disorders include
sweating, digestive disorders, dizziness, changes in heart rate, or urinary problems. Objec-
tively, the autonomic nervous system can be investigated using classical and special
methods. Classical methods include, in particular, the examination of cardiovascular
reflexes, Valsalva maneuver, orthostatic test, or deep breathing. These tests do not, however,
evaluate the extent of dysfunction [9]. Currently, a special method for examining autonomic
nervous system activity involves the measurement of heart rate variability. This is a param-
eter that reflects the current functional state of the autonomic nervous system. In recent
years, heart rate variability measurement has also attracted attention outside of research in
everyday clinical and outpatient practice and in health promotion [10]. Parameters of heart
rate variability are able to provide information about the proportion of sympathetic and
parasympathetic components with respect to respiration or thermoregulation. Heart rate is
also affected by many other factors that can increase sympathetic tone, for example, male
sex, younger age, and violent emotions. Female sex, older age, or good physical condition
may be involved in reducing heart rate. Heart rate variability determination is performed
using time or spectral analysis methods.

From this perspective, detailed study of the functions and mechanisms of the autonomic
nervous system is important and necessary.
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Abstract

Human pancreatic innervation is of particular interest due to its possible role in the
pathogenesis of such diseases as diabetes mellitus, pancreatitis and pancreatic cancer.
Despite the clinical importance, data concerning pancreatic innervation during human
ontogeny and in various disorders are very limited. In this chapter, we present a review
on human pancreatic autonomic innervation on the basis of the literature data and our
previous results. Special attention is paid to the innervation of the endocrine pancreas.
Gradual branching of neural network was seen during human pancreatic development.
Innervation of the foetal pancreas is more abundant than in adults. In agreement with
previous observations, we have revealed a close integration and similarity between
endocrine cells and nervous elements in the developing human pancreas. Moreover,
simultaneous interactions between the nervous system components, epithelial cells and
endocrine cells were detected in the pancreas during prenatal human development. It has
been suggested that pancreatic innervation plays an important role not only in regulation
of endocrine and exocrine activity but also in normal islet morphogenesis.

Keywords: pancreatic innervation, islets of Langerhans, human development,
sympathetic system, parasympathetic system

1. Introduction

The pancreas of most vertebrates is an organ that combines both endocrine and exocrine func-
tions. Functions of the exocrine pancreas are the synthesis, accumulation and secretion of
digestive enzymes (protease, amylase, lipase and nucleases) and preferment (elastase, pro-
carboxypeptidase, trypsinogen, pepsinogen, deoxyribonuclease and ribonuclease). The main

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [(cc) ExgIEN
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function of the endocrine pancreas is regulation of carbohydrate metabolism. Specialised
endocrine cells are grouped in units called pancreatic islets or islets of Langerhans. Islets of
mammals (including humans) contain four major types of endocrine cells: beta cells secret-
ing insulin, alpha cells secreting glucagon, delta cells secreting somatostatin and PP cells that
synthesise pancreatic polypeptide [1]. Recently, another type of pancreatic endocrine cells
was described —ghrelin-containing cells (epsilon cells) [2]. Pancreatic innervation is of interest
due to its role in the pathogenesis of some diseases including chronic pancreatitis, pancreatic
cancer and type 1 diabetes. Pain is the dominant clinical symptom in the majority of cases
(73-93%) in patients with pancreatic cancer and pancreatitis. At the same time, the aetiology
and pathogenesis of pain in chronic pancreatitis and pancreatic cancer are still unclear and are
the subject of numerous studies [3].

In experiments on rodents (mice and rats) and cell cultures, it was indicated that nerve fibres
and glial cells located in pancreatic islets may be the first target of autoimmune attack in type
1 diabetes [4-7]. Recently, there were reports of involvement of the peripheral nervous system
in the pathogenesis of types 1 and 2 diabetes in humans [8, 9]. Moreover, the participation
of the nervous system in the regulation of maturation, level of proliferation and number of
insulin-producing beta cells, both in prenatal pancreatic development and in the postnatal
period, was indicated in a number of experimental studies. Therefore, detailed information
about the innervation of the endocrine pancreas is needed for understanding the mechanisms
of beta cell pool renewal.

The pancreas is well innervated by the autonomic nervous system in various mammalian
species [3, 10-15]. Rich innervation of the blood vessels and the exocrine part of the pancreas
as well a more abundant innervation of the islets compared with the surrounding acinar part
was detected already in the early studies [16, 17].

Connections between neurons are usually studied using anterograde and retrograde label-
ling of pathways. Pancreatic innervation was studied in various animal species using differ-
ent tracing methods involving viruses, cholera toxin B, horseradish peroxidase, True Blue or
Dil. It is believed that nerve fibres enter (and exit) in the pancreas as a part of neurovascular
trunks. Within the pancreas, they also pass along the blood vessels and terminate (or, con-
versely, begin) near to the capillary wall and endocrine cells [18]. At the same time, they do
not form classical synapses with target cells, but release neurotransmitters into the inter-
cellular space, thus affecting more than one target simultaneously (i.e. they are enpassant
synapses) [14]. Using retrograde labelling, the connection of pancreatic innervation with the
central parasympathetic and sympathetic neurons in the brain stem, midbrain, hypothala-
mus and forebrain was shown [19-21]. Some of these brain centres are involved in monitor-
ing of food intake or circadian rhythms, and it would be logical to assume that they send
signals to the pancreas to adapt the digestive ferments and pancreatic hormone secretion to
behavioural status. However, the central regulation of these processes has not yet been suf-
ficiently studied [14].

In the pancreas, nerve endings were shown around blood vessels, as well as pancreatic aci-
nar, ductal and endocrine cells, using immunohistochemistry and electron microscopy [17,
18]. Four types of plexuses (perivascular, periductal, periacinar and peri-insular) have been
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identified in the mouse pancreas [18]. Similar data were obtained in studies on the pancreas
of the rat and nutria [22, 23]. One of the most interesting features of the mammalian pancreas
is that endocrine cells may form highly organised complexes with structures of the nervous
system, so-called neuro-insular complexes (NICs). The structure of NIC in the human pancreas
has not been studied in detail since their first description by van Campenhout [24] and Simard
[25]. Fujita described two types of NIC, which he observed in the foetal and adult pancreas of
the dog, cat and rabbit [26]. Some of the pancreatic ganglia contained endocrine cells forming
NIC type I (NIC I). In NIC type II (NIC II), endocrine cells lie on the surface of, or even in the
midst of, the nerve bundle. However, the distinction between these two types of complexes
is conditional because there is an intermediate type of complex in which islets associate with
nerve cells and nerve fibres simultaneously. Thus, in the pancreas, endocrine islets are closely
associated with a dispersed neural network, which consists of autonomic nerves including
sympathetic, parasympathetic and sensory nerves. Unfortunately, because of depth limita-
tions in microscopy, this network cannot be easily portrayed by standard microtome-based
two-dimensional (2D) histology. The systematic development of three-dimensional (3D) islet
neurohistology has provided insight into neural-islet regulatory mechanisms and the role of
neural tissue remodelling in the development of diabetes [27-29].

In addition, endocrine cells of pancreatic islets are similar to nervous cells in some biochemi-
cal and physiological characteristics. Some proteins expressed in endocrine cells of pancre-
atic islets are also specific to the nervous system: S100, GFAP (glial fibrillary acidic protein),
GAD (glutamic acid decarboxylase), TH (tyrosine hydroxylase), NPY (neuropeptide Y), NSE
(neuron-specific enolase) and others [6, 7, 30-32]. Moreover, a number of transcription factors
that are characteristic of the nervous system, such as Ngn3 (neurogenin3), BETA2/NEUROD,
etc., are expressed during the differentiation of pancreatic endocrine cells [33-35]. The cells
of the endocrine pancreas are classified as cells of a dispersed (diffuse) endocrine epithelial
system. The cells of the dispersed endocrine system are a part of the so-called APUD (amine
precursor uptake and decarboxylation) system [36]. These cells have the combined ability to
the capture and deposit amine precursors and synthesise biogenic amines. The obvious simi-
larity between the pancreatic endocrine cells and nerve tissue leaves the issue of its causes
open to discuss.

The precise innervation patterns of islets are unknown, particularly in humans [37]. Every
year reviews are published, in which morphology and function of pancreatic innervation are
discussed (see for review [10, 11, 14, 15, 38-40]). However, the nature and distribution of the
nervous system structures in the pancreas were studied mainly in rodents. Interspecies dif-
ferences in the structure and innervation of the pancreas between humans and experimental
animals (mice and rats) are quite large. In humans, the pancreas is a compact organ, while
in rodents it is treelike, distributed over the mesentery of the small intestine. Therefore, it is
impossible to automatically transfer the data obtained on experimental animals to humans.

In addition, knowledge about the dynamics of innervation during ontogenesis and in various
diseases of the pancreas is very limited. Single studies are devoted to the formation of inner-
vation in prenatal human development (mainly in the last century, without the use of modern
methods). Therefore, the fine details of pancreatic innervation (such as the distribution of
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sympathetic and parasympathetic fibres and the formation of neuro-insular complexes) in
human ontogenesis are insufficiently studied. This is mainly due to the inaccessibility of the
material and to a number of technical difficulties, including the quality of pancreatic autopsy
samples due to the activity of enzymes of the exocrine part [40].

However, over the past 10 years, different groups of researchers have made significant prog-
ress in the study of the peculiarities of innervation in rodents. The most attention was paid to
the influence of the nervous system on the endocrine pancreas. It has been shown that both
sympathetic and parasympathetic nervous systems affect postnatal development of the endo-
crine pancreas and its plasticity in adult animals [9, 41]. For example, after vagotomy there
was a decrease in insulin-containing cell proliferation in mice and rats [42]. The important
role of the sympathetic innervation for the formation of islet cytoarchitecture and their func-
tional maturation during development was also shown [43].

Thanks to recent progresses in the field of islet research (including the study of isolated islets,
in thick slices and in vivo), a number of issues concerning the structure and functions of pan-
creatic innervation have been clarified (see, e.g. [44-47]). In this chapter, we summarise the
literature data and our previous results concerning the morphological organisation of auto-
nomic innervation in the human foetal and adult pancreas. We also discuss the possible role
of the close integration between the nervous system and epithelial and endocrine cells in the
development of the endocrine pancreas.

2. Sources of pancreatic innervation

The pancreas is innervated by sympathetic and parasympathetic nerve fibres [11, 13]. The
literature data indicate poor innervation of adult human pancreatic islets in comparison with
rodents [44, 48-50]. At the end of the twentieth century, pancreatic innervation by postgan-
glionic adrenergic and cholinergic fibres was intensively studied (for references, see [51]).
Single nerve cells and nerve ganglia, both myelinated and unmyelinated nerve fibres of vari-
ous diameters, have been detected in the human pancreas [23, 37, 48, 49]. In a simplified form,
it can be considered that pancreatic sympathetic innervation is effected by the fibres of the
ventral trunk and the parasympathetic innervation by the vagus nerve.

2.1. Efferent sympathetic fibres

Bodies of neurons, which form the efferent preganglionic sympathetic nerve fibres, are local-
ised in the thoracic and upper lumbar segments of the spinal cord (T5-L1) [37, 52] or, accord-
ing to some literature, in C8-L3 [21, 53]. Myelinated axons of these cells leave the ventral
roots of the spinal cord and terminate on the bodies of neurons that lie in the ganglia of the
paravertebral sympathetic chain, or pass through this chain via the n. splanchnicus to the
celiac (celiac) and superior mesenteric (mesenteric) ganglia, and then terminate on neurons
localised in these ganglia [54, 55]. The preganglionic fibres of the sympathetic system secrete
acetylcholine (Ach). Postganglionic nerve fibres go to the pancreas, where they secrete nor-
epinephrine, which binds to a and {3 adrenergic receptors and the neuropeptides galanin and
NPY (neuropeptide Y) [10, 11, 53, 56].
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In humans, the body and tail of the pancreas are innervated by nerve fibres originating from
the ventral plexus and accompanying two arteries: the splenic artery and the transverse artery
of the pancreas. The pancreatic head receives the largest number of nerve fibres [57, 58].

In the exocrine pancreas, sympathetic axons contact mostly with intrapancreatic ganglia,
blood vessels and ducts. In mice, the innervation of the exocrine part is less pronounced than
in humans. The major nerves run along the interlobular arteries and form the peri-insular
plexus [18]. At the same time, in mice axons of sympathetic nerves contact alpha cells, while
contact with beta cells is not found [44]. The axons of sympathetic nerves also innervate
smooth muscle cells and pericytes of blood vessels and perivascular space, forming the so-
called sympathetic neurovascular complex. In humans, sympathetic fibres innervate smooth
muscle cells and pericytes and rarely contact directly with the endocrine cells. Apparently,
the effects of the sympathetic innervation are likely mediated through indirect effects on local
blood flow within the islet microcirculation [44, 59].

2.2. Efferent parasympathetic fibres

The bodies of the neurons forming the parasympathetic preganglionic nerve fibres lie in the
dorsal motor nucleus of the n. vagus (X) [60-62] and, possibly, in the nucleus ambiguus [11-13].
Both of these nuclei are under the control of the hypothalamus. Preganglionic parasympa-
thetic fibres are directed to the pancreas as a part of the vagus nerve branches. In the pancreas,
parasympathetic fibres terminate on the bodies of parasympathetic neurons lying in intrapan-
creatic ganglia [38, 63]. These ganglia contain from 3 to 30 neurons and are usually located in
intralobular connective tissue, within lobules or in close proximity to islets [13, 27, 29]. It is
also important that these ganglia receive input not only from the parasympathetic nervous
system but also from the sympathetic nervous system, as well as fibres from other intrapancre-
atic ganglia and also from the myenteric plexus [13]. Parasympathetic fibres are also involved
in the formation of nerve plexuses around the arteries and mingle with sympathetic fibres.

Preganglionic parasympathetic fibres secrete acetylcholine (Ach), which binds to nicotine
receptors on the membranes of neurons [53]. Short, unmyelinated postganglionic fibres termi-
nate on the epithelial cells of acini and ducts, smooth muscle cells and islet cells. Postganglionic
parasympathetic fibres release several neurotransmitters (Ach (acetylcholine) and NO
(nitric oxide)) and neuropeptides (VIP (vasoactive intestinal peptide), GRP (gastrin-releas-
ing peptide) and PACAP (pituitary-activating adenyl cyclase polypeptide)) [10, 11, 13, 56].
Postganglionic nerve fibres perform their functions mainly via Ach by binding to muscarinic
receptors found, in particular, in the endocrine cells of the islets [12, 53]. In mice, postgan-
glionic parasympathetic nerve fibres innervate all types of islets cells [10, 11, 44]. Recently, it
was found that parasympathetic islet innervation in humans differs from that in mice: first,
it was shown that only a small number of fibres penetrate inside the islets (most of the axons
terminate in the exocrine part of the pancreas) [44], and, secondly, it was recently shown that
stimulation with Ach mostly stimulates beta and delta cells, whereas alpha cells react to a
lesser extent [64]. Interestingly, alpha cells themselves may be the primary source of Ach in
human islets [45]. Apparently, in human islets, this classical neurotransmitter regulates the
activity of other cell types in a paracrine manner. However, now, this concept is again under
revision thanks recently to the work of Tang et al. [29].
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2.3. The afferent fibres

In the pancreas, there are afferent (sensory) nerve fibres in addition to efferent sympathetic
and parasympathetic innervation [10-12, 53, 54]. Bundles of sensory nerve fibres leave the
pancreas and follow the sympathetic (n. splanchnicus) and vagus nerves. The bodies of sen-
sory sympathetic neurons are localised in the ganglia of the dorsal roots in the spinal cord,
mainly at the level of the lower thoracic segments (the so-called spinal afferents) projected on
interneuron plates I and IV [52, 65]. For the parasympathetic system, the bodies of afferent
neurons are localised in the ganglion nodosum, sending information to the nucleus of tractus
solitarii [12, 54]. The neurotransmitters of the sensory nerve fibres are CGRP (calcitonin gene-
related peptide) and SP (substance P). Most sympathetic and parasympathetic afferent nerves
are sensitive to capsaicin [14]. Capsaicin (vanillin) receptors mainly transmit pain information
[66]. In addition, Pacinian corpuscles were described in the pancreas of various mammalian
species. The suggested function of this receptor is to transmit information about pressure and
vibration stimuli. In the human pancreas, they were discovered in the early twentieth century
[67]. Despite this fact being presented in many histology textbooks, in the modern literature,
only three cases of these findings (all in pancreatic cancer) were described [67, 68]. In our
research, we have studied pancreatic autopsies of 42 foetuses and neonates aged from the
10th to 40th week of gestation and of 65 adults, 18 of whom suffered from diabetes mellitus
type 2. In total, more than 1000 sections were investigated. However, Pacinian corpuscles are
a rare finding in the human pancreas: we were able to detect Pacinian corpuscles only in one
pancreatic section of a newborn with diagnosed diabetic fetopathy. Thus, Pacinian corpuscles
do not appear to play a significant role in the sensory innervation of the human pancreas.

2.4. Enteric nervous system

In some studies on pancreatic innervation, it is assumed that the pancreas is innervated not
only by extrinsic efferent and afferent nerves but also by intrinsic enteric neurons of the so-
called enteric nervous system (ENS) [12, 69]. The ENS controls the motor, secretion and other
functions of the gastrointestinal tract and is closely related with the diffuse endocrine system
[70]. Enteric ganglia have some morphological and functional differences from sympathetic
and parasympathetic ganglia:

1. The ENS performs complex integrative functions independently of higher nerve centres.

2. In the ENS, a large number of various neurotransmitters, many of which are characteristic
of the central nervous system, are produce.

3. Unlike other autonomous ganglia, enteric ganglia do not contain connective tissue and
blood vessels. Enteric ganglia are demarcated from the surrounding tissue of the so-called
blood-ganglionic barrier, similar to the blood—brain barrier. It is insufficiently studied, and
not all researchers agree with its existence.

4. Glial cells of enteric ganglia are similar in morphology, cell markers and functions with
astrocytes of the CNS.
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The complex structure of the enteric nervous system, containing a variety of morphologi-
cal and functional types of neurons and their neurotransmitters, allows the ENS to perform
complex reflex acts, some of which are implemented autonomously and some in interac-
tion with the central nervous system and other parts of the autonomous nervous system.
Intrapancreatic ganglia are connected with autonomous ganglia in the intestinal nerve plexus
[71-73]. Neurotransmitters for neurons of these ganglia are, among others, serotonin and
nitric oxide (NO) [73]. However, according the dominant viewpoint, intramural pancreatic
neurons belong to the parasympathetic system.

3. Functional role of pancreatic innervation

As was mentioned earlier, the pancreas combines exo- and endocrine functions, secreting
digestive enzymes and hormones, which regulate glucose homeostasis. The nervous system
regulates the activity of both the endocrine and exocrine pancreas. However, it is problematic
to separate the innervation of the pancreatic endocrine part from the innervation of the exo-
crine, since the tracing method used for this purpose belongs to the pancreas as a whole. In
addition, the activity of both endocrine and exocrine parts of the pancreas depends on food
intake. Therefore, it is not surprising that the cephalic phase has been described for both pan-
creatic parts. Although the stimulation of the ventromedial hypothalamus and efferent sym-
pathetic and parasympathetic neurons affects the secretion of islet hormones (see below), it is
unknown whether this stimulation is direct through axons innervating the islet or indirect by
activating other organs, which affect insulin and glucagon secretion [14]. Moreover, it is very
difficult to separate the nervous system effects from other (e.g. humoral) influences.

So, in the laboratory of L.P. Pavlov, in 1895, L.L. Dolinsky conducted an experiment in which
he established that acid injection into the duodenum causes a release of pancreatic juice [74].
In 1901, British physiologists William Baileys and Ernest Starling concluded that there is some
substance released by the duodenum that stimulates secretion by the pancreas. In the follow-
ing year, 1902, this substance was discovered and named secretin. Secretin was the first such
“chemical messenger” identified. This type of substance is now called a hormone.

At the same time, in the classic studies of I. P. Pavlov with M. A. Afanasiev, the nervous mech-
anism of pancreatic secretion was found. In the work “On secretory nerves of the pancreas”
(1877), they showed that vagus nerve stimulation causes pancreatic secretion. Moreover, I. P.
Pavlov with his colleagues detected that imaginary feeding in animals with chronic pancreatic
fistula causes an abundant release of pancreatic juice. Later, this was confirmed by the studies
of K. M. Bykov and G. M. Davydov in patients with pancreatic fistula. An abundant pancre-
atic juice released by this patient occurred while talking about delicious food [74]. However,
pancreatic juice obtained after vagus nerve stimulation is released in a small quantity and is
rich in proteins and enzymes, whereas after the secretin injection, it contains little proteins
and enzymes and is released in large quantities [74]. It should be noted that both these factors
(nervous and humoral) act simultaneously and synergistically.

21
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Currently, it is considered that efferent sympathetic nerve fibres indirectly inhibit the release
of enzymes of the exocrine pancreas by suppressing the stimulating effects of ganglia and
constriction of vessels (vasoconstriction), thereby reducing blood flow [13, 59]. The stimu-
lation of short, unmyelinated postganglionic parasympathetic fibres increases release from
secretory cells of the exocrine pancreas and ducts causing vasodilation [13, 57].

The autonomous nervous system also regulates hormone release in the endocrine pancreas,
thereby affecting glucose metabolism [10, 11, 14, 53]. Many various chemical factors affect
insulin and glucagon expression. Auto-, juxta-, para- and endocrine ways potentially regulate
secretion of islet hormones. Since the classical studies of Claude Bernard, which showed that
injection into the floor of the fourth ventricle causes hyperglycemia, the involvement of the
nervous system in the regulation of pancreatic endocrine function and metabolic control has
been shown in many studies. It is, therefore, rather difficult to separate one effect from the
other [14, 53].

The cellular architecture of islets affects paracrine regulation and synchronises the release of
insulin [75]. All pancreatic islets secrete hormones consistently, with an approximately 5-min
interval [76]. In order to create this secretion pattern, the activity of insulin-containing beta
cells must be consistent both within the individual islet and between the islets [14]. At the
same time, the secretory activity of other islets endocrine cells, such as glucagon-secreting
alpha cells that have opposite effects on glucose homeostasis, should be consistent with the
activity of beta cells. Thanks to this interaction, endocrine cells can simultaneously send sig-
nals regulating the effective delivery of islet hormones into the circulatory system and, ulti-
mately, to the liver, regulating the maintenance of glucose homeostasis [76].

However, the islets of Langerhans are a part of a complex coherent system. They are also
exposed to humoral factors such as circulating plasma hormones (e.g. epinephrine). The
brain also regulates the secretion of islet hormones via the autonomic nervous system [14].
Thus, in works by Akmaev et al. [19], it was shown that the hypothalamus is able to stimu-
late insulin secretion from beta cells of pancreatic islets along the nerve pathway, which was
named “paraventricular-vagal.” This pathway starts from small neurons of the paraventricu-
lar nucleus (PVN) of the hypothalamus, synaptically switches in the medulla oblongata to
neurons of the dorsal nucleus of the vagus nerve and reaches the pancreatic islets in the com-
position of the vagus nerve. In this pathway, beta cells receive stimulating signals. Inhibitory
signals come from neurons by a humoral way: PVN neurons secrete corticotropin-releasing
hormone, which stimulates the secretion of adrenocorticotropic hormone in the pituitary
gland that induces the secretion of glucocorticoids in the adrenal cortex. Glucocorticoids
inhibit insulin release from beta cells. This kind of double control, according to the authors,
is typical for the regulation of endocrine functions. Recently, there has been data that signifi-
cantly complements this concept: various areas of the hypothalamus have different effects on
the secretion of insulin and/or glucagon [77]. So, a detailed study of this system is needed
to further identify both neurons and functionally related projections of the central nervous
system regulating islet functions.

For most species studied, it is characteristic that nerve fibres are localised mainly at the
periphery of the pancreatic islets, forming a peri-insular nervous network [17]. Only single
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nerve fibres are detected within islets. The bodies of ganglion neurons are also rarely localised
in the pancreatic islets and may be in direct contact with endocrine cells [17, 27, 29, 78, 79].

It is believed that autonomic innervations indirectly affect the release of insulin in the cephalic
phase during food intake and also take part in the increase of glucagon and decrease of insu-
lin release by sympathetic stimulation [10, 80]. Stimulation of the splanchnic nerve increases
the release of glucagon and reduces the release of insulin and somatostatin from endocrine
cells of the pancreas [12, 14, 15]. Sympathetic nerves are also believed to be involved in islet
response for hypoglycemia, which includes increased glucagon secretion and inhibition of
insulin secretion. The general sympathetic effect is expressed by reducing the insulin con-
centration in plasma (by increasing the concentration of catecholamines that inhibit insulin
secretion) [10, 11].

Parasympathetic nerves are responsible for the early phase of insulin secretion, including the
cephalic phase (i.e. insulin secretion, which occurs during anticipation of eating). In general,
parasympathetic stimulation is believed to increase the release of insulin, glucagon, soma-
tostatin and pancreatic polypeptide in many different species (for review, see [10, 11, 14, 15]).

Sensory nerves are also involved in the regulation of hormone secretion by endocrine cells
[11]. Following chemical destruction of sensory nerves (capsaicin treatment) in mice, there is
an increase in insulin secretion in response to glucose compared to control [81].

In conclusion, it should be added that pancreatic innervation is insufficiently studied, espe-
cially in humans [40, 44]. Interestingly, the innervation of the islets is very plastic: it has been
shown that islets transplanted into the portal vein of diabetic rats were reinnervated by the
nerves of the liver [82]. This makes it necessary to further study the role of innervation in the
regulation of glucose homeostasis and plasticity of the endocrine part of the pancreas.

4. Pancreatic innervation during prenatal development

Despite the clinical importance, data concerning pancreatic innervation during human ontog-
eny and in diseases are very limited [37]. Such studies have been performed on rodents and
mostly concern the sympathetic innervation [43, 55, 83]. The embryonic sources of neural ele-
ments are fibres of the vagus (n. vagus) and splanchnic nerves (1. splanchnicus) growing into
the developing pancreas and neurons that differentiate from the neural crest cells migrating
to the pancreas. Sympathetic fibres innervate the developing mouse pancreas starting from
the 15th day of embryonic development (E14.5) [43]. Consequently, the degree of sympathetic
innervation increases until 20 days of postnatal development (P20) [55]. The development of
the pancreatic sympathetic innervation depends on nerve growth factor (NGF) [43].

The human pancreas receives extensive innervation, showing peculiar growth dynamics
during gestation [37]. Ingrowths of nerves in the human pancreas start at 6 weeks of devel-
opment. Further morphogenesis of pancreatic innervation is characterised by the increase of
sources of innervation and degree of nervous element differentiation [84, 85]. Large bundles
of nerve fibres and groups of poorly differentiated neurons are found in the human pancreas

23
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starting from the 8th week of development. At the end of the 9th week, the pancreas is inner-
vated from almost all sources, characteristic of adults (celiac plexus, superior mesenteric
plexus and posterior vagal trunk) [85]. In 1940, it was shown that pancreatic nerve cells
migrate from the solar plexus and from ganglia located in the wall of the duodenum and
along the branches of the vagus nerve (mainly right). At the same time, neuroblasts were
detected in the pancreas of 20-week-old foetuses. Moreover, even in newborns pancreatic
nerve cells were neuroblastic [86].

The gradual branching of the vascular and neural networks is observed in the human pan-
creatic development. Primitive free nerve endings are detected starting from the 12th week
of development. In an immunohistochemical study of pancreatic innervation development in
human foetuses, two peaks of increase in the number of structures of the nervous system in
the head of the gland were revealed at the 14th and 22th weeks. In the pancreatic body and
tail, the number of nerve structures increases from the 20th week [37]. By 30-32 weeks of
development, the density of nerve endings is reduced compared to previous periods [85]. The
innervation of pancreatic islets in humans is formed from the 14 to 15th weeks of the develop-
ment. It differs from experimental mammals (rodents): the development of pancreatic islet
innervation in rodents (mouse, Mongolian gerbil and golden hamster) is observed in the first
weeks after birth [83, 87, 88].

Our study was performed on a collection of pancreatic autopsies, which allows us to explore
the features of intrapancreatic innervation directly in humans using a variety of methods: clas-
sical histology; immunohistochemistry; light, fluorescent and confocal microscopy; morpho-
and stereometry; statistical analysis; 3D histology; and computer reconstruction. The study
was performed on 50 pancreatic autopsies of foetuses from the 10th to 40th gestational week
(g.w.). Foetal pancreatic autopsies were divided into four groups according to the classifica-
tion of the foetal period: pre-foetal period (10-12 g.w.), early foetal period (13-20 g.w.), middle
foetal period (21-28 g.w.) and late foetal period (29-40 g.w.). A panel of antibodies for ner-
vous system proteins (chromogranin A, neuron-specific enolase (NSE), neural cell adhesion
molecule (NCAM), synaptosomal-associated protein of 25 kDa (SNAP-25, peripherin, 5100
protein and neuron-specific class III B-tubulin), endocrine cell hormones (insulin, glucagon
and somatostatin) and epithelial cells (cytokeratin 19 (CK19)) were used in this work [89, 90].
We generated new data concerning the spatio-temporal distribution of the innervation in the
human pancreas during prenatal development.

In the pre-foetal period (10-12 g.w.), large weakly branched bundles of nerve fibres and nerve
ganglia were detected already at the 10th week of gestational development using antibod-
ies to NSE, NCAM and neuron-specific $-III tubulin (Table 1). The largest bundles of nerve
fibres were detected in the dense peri-pancreatic mesenchyme, and the group of neurons and
bundles of nerve fibres of smaller diameter were located in the loose mesenchyme between
pancreatic ducts (Figure 1a). A network of fine nerve fibres was not developed. In some
cases, bundles of nerve fibres were found near large vessels. Nerve ganglia in the pancreas of
10-12 week foetuses were small groups of cells.

Starting from 12 weeks, cells immunopositive for antibodies to S100 protein were found in ner-
vous system structures. Localisation of neuromarkers was different. In the nerves, NSE-positive
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Markers NSE NCAM Neuron- 5100 protein Chromogranin ~ SNAP-25 Peripherin
specific A
B-III
tubulin
Nerve 10 weeks 10 weeks 10 weeks 12 weeks 14 weeks (weak 14 weeks 14 weeks
fibres and staining)
ganglions
Endocrine 12 weeks 14 weeks 14 weeks 15-16 weeks 12 weeks 16 weeks —
cells (some islets
cells)

Table 1. Appearance of immunopositive reactions to neural proteins in the developing human pancreas.

fibres formed the core, while small S100-positive cells surrounded them. The ganglionic cells
were NSE-positive, and the small cells surrounding them S100-positive. The bodies of gan-
glion neurons were immunonegative to S100, that is, the positive reaction to S100 protein was
observed in satellite cells of intrapancreatic ganglia and in Schwann cells of nerve fibre bundles,
while NSE was detected in neuronal bodies and processes. In addition, NSE- and chromo-
granin A-positive endocrine cells were first found in 12-week foetuses (Table 1).

The formation of the human pancreatic islets starts only at 12 weeks of development. In the
pre-foetal period, only contacts between single endocrine cells or small groups and fine nerve
fibres were detected, and classical NIC I and NIC II were not found. At gestational week 10
(postconception week 8), thickening of the ductal epithelial layer was found, in which endo-
crine cells were concentrated forming “buds” on pancreatic ducts. As development proceeds,
buds containing different types of endocrine cells separate from the ducts forming small clus-
ters or mantle-type islets. In our studies, contacts between the structures of the nervous sys-
tem and epithelial cells of primitive ducts were detected in the foetal pancreas at early stages
of development (10-13 weeks) before the formation of islets.

The formation of the pancreatic lobules begins in the early foetal period, from 13 weeks. At
the same time, active formation of the islets of Langerhans and innervation of the endocrine
part starts (Figure 1b). Nervous system of the pancreas of 14-15 week foetuses becomes more
branched in comparison with 10-12 weeks of development. Large bundles of nerve fibres are
localised in the connective tissue of gland’s capsule. Smaller nerves pass into the interlobular
connective tissue separately or along the blood vessels. Nerve fibres and ganglia are first
found within the lobules. At the 16th week of development, the nervous apparatus of the
pancreas is presented by bundles of nerve fibres of different diameters and nerve ganglia,
which are located in the interlobular connective tissue and within the lobules. The nerve fibres
connecting two nerve ganglia were found in 14-15 week foetuses, i.e. the first clearly detected
integration of the nervous system structures was shown.

Localisation of antigens in the structures of the nervous system was also similar with the
pre-foetal period. In addition, the immunopositive cells for chromogranin A, SNAP-25 and
peripherin were detected in the nerve fibres and ganglia starting from 14 to 15 weeks of the
development (Table 1). SNAP-25, NCAM, NSE, peripherin and neuron-specific 3-III tubulin
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Figure 1. Spatio-temporal distribution of the nervous system structures in the human pancreas during ontogenesis.
(a, b, d-f) double immunohistochemistry on the pancreatic slices of foetuses ((a) 12 g.w., (b) 16 g.w., (d) 28 g.w.),
child ((e) 3 months) and adult ((f) 88 years): (a, b) insulin (blue) + S100 (red), (d, e) insulin (red)+ NSE (blue) and (f)
glucagon (red) + NSE (blue). Arrows indicate some ganglia. (c) Stack of serial immunofluorescence images of NIC in
the foetal pancreas (20 g.w.) (sum thickness of slices 90 mkm): Glucagon (green) + S100 (red).

were detected in bundles of nerve fibres of different diameters and the bodies of neurons
in human foetuses. However, there were fine nerve fibres located in the acinar parenchyma
that were immunonegative for peripherin but reacted with other markers in all investi-
gated cases. This suggests that nerve fibres of the human pancreas differ according to the
set of expressed proteins. In addition, positive immunostaining for NCAM and neuron-spe-
cific p-III tubulin was observed in endocrine cells starting from 14 weeks of development,
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while SNAP-25-positive endocrine cells were detected only from 16 weeks of development.
Immunopositivity to antibodies against S100 protein was found only in some islet cells start-
ing from 15 to 16 weeks of development (Table 1).

The contacts of nerves fibres with endocrine cells were detected starting from 12 weeks of
development. Already in the early foetal period, it was possible to identify NIC I (single insu-
lin- or glucagon-containing cells in ganglia (Supplementary Video 1) or ganglia associated
with the islets) and NIC II (single endocrine cells in the nerve (Supplementary Video 2), nerve
endings associated with single endocrine cells or with the islets) and make their 3D reconstruc-
tion. The analysis of three-dimensional reconstructions allowed us to show ganglia associated
with two islets at once, islets associated simultaneously with two ganglia, and NIC of mixed
(intermediate) type [91]. Moreover, in the foetal pancreas, starting from 13 weeks, we showed
simultaneously neuro-insular complexes and contacts between the structures of nervous sys-
tem and epithelial cells located in ducts as well as in cell clusters that were often connected
with the ducts. Based on these findings, we suggested that the development of neuro-insular
complexes may be due to integration between the structures of the nervous system and epi-
thelial progenitors at the initial stages of islet formation. Furthermore, endocrine cells are sup-
posed to migrate along nerve fibres from the ducts, small clusters of endocrine cells and islets
to the other islets, which are located a distance from pancreatic ducts, due to exocrine pancre-
atic growth, thus increasing their pool of endocrine cells. We suppose that the mechanism of
pancreatic islet formation is similar to the formation of some peripheral analysers.

The pattern of immunoreactivity of neural markers during the middle (21-28 g.w.) and
late foetal periods is similar to those in the early foetal period. In the middle of the foe-
tal period, the density of pancreatic innervation is higher than in the early foetal period
(Figure 1c, d). Despite increasing the size of pancreatic lobules and more sparse distribu-
tion of large and medium bundles of nerve fibres, the network of fine nerve fibres gradu-
ally branch and become denser. However, during late foetal and neonatal development,
this network is much sparser (Figure 1e). This is due to the increase in the size of lobules.
However, at all stages of human prenatal development, density of distribution of the ner-
vous system structures is higher than in adults (Figure 1f). The density of NIC distribution
also gradually decreases at birth. Our quantitative data indicate that the largest number of
NIC I was observed in the early and middle foetal periods, during the active morphogen-
esis of pancreatic islets, whereas at birth (in the late foetal period) and in the adult, NIC II
became more prevalent [91]. During the middle and late foetal periods, the nervous system
components also contact epithelial cells located in ducts or in clusters outside the ductal
epithelium and form complexes with separate epithelial cells. We observed CK19-positive
cells inside the ganglia and nerve bundles, which were located separately or integrated
within the islets [90].

In this study, our previous data were confirmed and refined [89] that the formation of the ner-
vous system in the development of human pancreas can be divided into three stages. In the
pre-foetal period, the nervous apparatus of the pancreas is represented by slightly branched
bundles of nerve fibres and nerve ganglia. However, the structures of the nervous system dif-
fer from the late foetuses and adults by antigenic composition. Expression of various neural
proteins does not begin simultaneously in the foetal pancreas.
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The second stage of development of the nervous apparatus of the pancreas (during the early
and middle foetal periods) is characterised by gradual branching of the neural network and
formation of connections between the structures of the nervous system and exocrine and endo-
crine parts. In the early foetal period, nerve fibres gradually branch, nerve fibres and nerve
ganglia appear localised between the acini, and a network of fine nerve fibres starts to form.
In the later stages of development, the distribution of neural structures (nerve fibres, nerve
ganglia and parenchymal network of fine nerve fibres) become sparser with increase in the
size of the pancreas. Thus, innervation of the pancreas at this stage of development gradually
becomes similar to the distribution structures of the nervous system in the adult pancreas.

In our studies, we demonstrated close integration between the structures of the nervous sys-
tem and endocrine cells in the human pancreas, which were more frequently observed during
prenatal development. Thus, a dense network is formed in the developing human pancreas,
in which the structures of the nervous system are associated with the islets of Langerhans. The
close relationship between developing islets and structures of the nervous system suggests
that neuroendocrine interactions can influence not only the secretion of hormones but also to
participate in the morphogenesis of the islets, presumably due to the participation in migra-
tion of endocrine cells from ducts to islets. Understanding the role of NICs in islet formation
can lead to new approaches to understanding the mechanisms and treatment of diabetes.

5. Conclusions

Thus, our knowledge about the peripheral nervous system in the human pancreas is limited.
Importantly, human islet development has not been examined for the presence of classical
markers of the parasympathetic and sympathetic nervous systems. Furthermore, the exact
location where neuronal axons terminate within the human islets in adults was not shown
until recently.

However, the human pancreasis abundantly innervated during the gestational period. The value
of such an abundant innervation of the pancreas and pancreatic islets, in particular, in human
development is not clear. The observed differences between the nervous apparatus of foetuses
and adults may have functional significance for pancreatic morphogenesis. Interestingly, some
authors have described similar dynamics of innervation development in other internal human
organs. The close relationship between the nervous and endocrine systems makes it necessary
to further study the role of innervation in the plasticity of the endocrine pancreas both during
formation of endocrine function and disorders of carbohydrate metabolism.
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Abstract

The autonomic nervous system regulates multiple physiological functions; how distinct
neurons in peripheral autonomic and intrathoracic ganglia communicate remains to be
established. Increasing focus is being paid to functionality of the neurocardiac axis and
crosstalk between the intrinsic nervous system and diverse organ systems. Current find-
ings indicate that progression of cardiovascular disease comprises peripheral and central
aspects of the cardiac nervous system hierarchy. Indeed, autonomic neuronal dysfunc-
tion is known to participate in arrhythmogenesis and sudden cardiac death; diverse
interventions (pharmacological, non-pharmacological) that affect neuronal remodeling
in the heart following injury caused by cardiovascular disease (congestive heart failure,
etc.) or acute myocardial infarction are being investigated. Herein we examine recent
findings from clinical and animal studies on the role of the intrinsic cardiac nervous sys-
tem on regulation of myocardial perfusion and the consequences of cardiac injury. We
also discuss different interventions that target the autonomic nervous system, stimulate
neuronal remodeling and adaptation, and thereby optimize patient outcomes.

Keywords: autonomic nervous system, sympathetic, parasympathetic nerves, intrinsic
cardiac neurons, intrinsic cardiac nervous system, ischemia, arrhythmias

1. Introduction

Physiological functions (i.e. muscle contraction, glandular function, visceral activity, nerve
impulses, etc.) of the body are controlled by the autonomic nervous system (ANS). Innervation to
the heart is consistent among species [1-3]; the ANS comprises central, intrathoracic extracardiac
and intrinsic cardiac components (see review by Hanna et al. [4]). The sympathetic and parasym-
pathetic systems interact to stimulate energy expenditure under conditions of stress or return the
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body to a restful state; these systems comprise pathways that include preganglionic and post-
ganglionic neurons (activated by endogenous chemical neurotransmitters). Increasing attention
focuses on the complex anatomy and function of the cardiac neuraxis; how diverse populations
of neurons in peripheral autonomic and intrathoracic ganglia communicate with each other and
between different organ systems remains the subject of ongoing investigation. Treatment strate-
gies that modulate the ANS are being developed and tested in the setting of cardiac dysfunction,
arrhythmias and sudden death with the objective of stimulating or maintaining cardiovascular
function. Improved mechanistic understanding of changes that occur within the nervous system
hierarchy during pathogenesis of cardiac disease is therefore essential. This chapter examines
current scientific literature on the effects of ischemia on the cardiac nervous system; the role of
intrinsic cardiac neurons on regulation of myocardial blood flow, cardiac function, pathogen-
esis of nerve and myocardial tissue injury is discussed. For this review, clinical and basic science
reports were searched on MEDLINE, Google Scholar and PubMed with the keywords intrinsic
cardiac nervous system (ICNS), ischemia, reperfusion, cellular protection, myocardium, nerves
and combinations thereof. In addition, we referred to data from our own research.

2. Cardiac nervous system

The sympathetic (adrenergic) component of the ANS stimulates cardiac conduction and myo-
cardial cells; on the other hand, the parasympathetic (cholinergic) nervous system exerts an
inhibitory influence [5, 6]. Regulation of cardiac performance by the ANS involves modula-
tion of heart rate (positive chronotropy), increases in cardiac contractility (positive inotropy)
and cardiac relaxation (positive lusitropy), decreased venous capacitance plus constriction of
resistance and cutaneous vessels [7].

Sympathetic cardiac nerves originate from stellate, superior, middle cervical and thoracic
ganglia [8]; postganglionic sympathetic neurons project efferent axons to the heart [9].
Parasympathetic nerves develop from the cardiac component of the cranial neural crest; pre-
ganglionic neurons access to the heart occurs via the vagus nerves [10, 11]. Cardiac ganglia
are located in epicardial fat, in ganglionated plexi adjacent to the major cardiac vessels and in
the ventricular wall [12-14]. ANS neurons are classified by chemical phenotyping; cholinergic
and adrenergic populations of ganglionic cardiac neurons are readily found in cardiac gan-
glia [15-17]. Sensory neurons, interneurons and sensory fibers that develop from the nucleus
ambiguus [18-20] likely play a role in pathogenesis of cardiac disease. In fact, activation of
the neuroendocrine system is considered central to pathogenesis of cardiac disease; excess
sympathetic activation promotes cardiovascular dysfunction, arrhythmias and sudden death
[21]. Of note, is that visualization of the ICNS and the presence of interneuron connections is
particularly challenging [22-25]; however, several immune histochemical techniques which
target specific neurotransmitters within parasympathetic and sympathetic neurons have been
particularly successful [26-30]. Neuroimaging techniques, cardioneural optical mapping and
optogenetics are also being used to define the complex anatomy of the cardiac nervous system
in animals and living humans to evaluate the role of the ANS in normal cardiac function as
well as pathogenesis of cardiac disease [4, 31-33].
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3. Vasoregulation

Arteries normally respond to humoral, metabolic, mechanical and neural stimulation; local
metabolic control occurs secondarily to myocardial metabolic change [34, 35]. In the heart,
blood flow across the ventricular wall is precisely coordinated to metabolic requirements via
adjustments in vessel tone; flow is therefore independent of external physical factors since
metabolism is the ultimate determinant of regional perfusion over the operative range of
autoregulation [36-38]. The ANS contributes to regulation of myocardial blood flow; sym-
pathetic nerve stimulation produces a biphasic response, which trends to coronary dilatation
resulting from increases in myocardial oxygen demand as well as perfusion pressure [39, 40].
Neuropeptide chemicals elevate local catecholamine levels that modulate cardiac dynamics
and indirectly increase blood flow across the left ventricular wall [40-42]. In dogs, with an
intact cardiac nervous system, we documented significant increases in myocardial blood flow
following application of nicotine or bradykinin to selected ganglionated plexi on the heart
[40]; stimulation of nicotine sensitive neurons increases cardiac metabolic demand (i.e. higher
heart rate and LV systolic pressure) but stimulation with bradykinin produces a similar result
without affecting LV pressure. On the other hand, Vergroesen et al. documented that intact
cardiac nerves were not essential for regulation of coronary blood flow [43]; however, they
suggested that cardiac nerves essentially alter the speed of response of the coronary vascular
bed to changes in heart rate and perfusion pressure. The cardiac nervous reflexes thought to
be responsible for these effects has not been established but diverse cardiac afferent fibers and
receptor subtypes (i.e. ventricular, coronary artery) have been studied.

Stimulation of ventricular mechanoreceptors causes an increase in arterial perfusion pres-
sure, which results in greater blood volume and reflex coronary vasodilatation [44, 45];
higher perfusion pressures promote vasoconstriction. However, stimulation of coronary
artery baroreceptors also promote reflex vasodilatation [46]. These reflex responses following
mechanoreceptor stimulation may confer protection against arterial injury and thereby slow
progression of coronary artery disease.

Local release of prostaglandins, nitric oxide (NO) and endothelium-derived relaxation factors
stimulate activation of select populations of cardiac neurons that contribute to vasoregulation.
NO contributes to neuronal mediated vasoregulation; NO induced vasodilatation involves
adrenergic, myogenic and hormonal influences [47, 48]. NO in concert with other vasoactive
mediators effectively counteracts vasoconstrictor mechanisms [49-51]; these effects may be gen-
der dependent. Three nitric oxide synthase (NOS) isoforms that synthesize NO from r-arginine
have been documented; of these, two are constitutively expressed Ca*-dependent isoforms—
eNOS (endothelial) is localized in cardiocytes as well as vascular and endocardial endothe-
lium while nNOS (neuronal) is found in cardiac neurons [52-54]. The ubiquitous nature of NO
implies a role in regulation of central nervous system, myocardium and vascular function [55];
nNOS and cardiac inhibitory G protein are believed to work in parallel in order to reduce sinus
node rate and thereby modulate heart rate variability [56]. NO directly affects intrinsic cardiac
neurons; almost 40% of these neurons are NOS positive [57]. Altered neuronal effects of NO
may be important in pathogenesis of hypertension, septic shock, diabetes mellitus, etc.
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Studies from our laboratory, in dogs subject to acute cardiac decentralization, indicated that
intrinsic cardiac neurons function independently of central neuronal inputs. In decentralized
and innervated hearts coronary autoregulation was similar (Figure 1) despite substantial
reductions in myocardial oxygen demand (in decentralized hearts) [58]. In addition, perfusion
across the ventricular wall (in decentralized hearts; Figure 2) was preserved thus confirming
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Figure 1. Coronary blood flow versus diastolic coronary artery pressure during autoregulation. Pressure-flow relations
in dogs with intact cardiac nerves (closed circles) and after extracardiac nerve ablation (open circles) are shown. Note the
similarity between the two curves; reactive hyperemia blood flow was lower in decentralized dogs as shown.
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Figure 2. Myocardial blood flow distribution across the ventricular wall (measured with microspheres) in hearts from
dogs with intact cardiac nerves (closed symbols) and after acute cardiac decentralization (open symbols). Data are means
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earlier findings of Rimoldi and coworkers [59] who reported no change in transmural distri-
bution of myocardial blood flow after regional sympathetic denervation. Stability of perfu-
sion across the ventricular wall was suggested to be due to several factors including neuronal
modulation, autoregulation and variations in coronary resistance at the microvessel level
(<100 pm). Interestingly, in neuropathy patients the innervation/ventricular perfusion ratio
during reactive hyperemia is lower in innervated compared to denervated regions within the
ventricular wall [60]. These findings are considerably different from those reported in human
subjects after suppression of adenosine-mediated sympathetic activation [61].

4. Ischemic injury

4.1. Nervous system

Ischemia significantly modulates function of intrinsic cardiac neurons because of local accu-
mulations of metabolic by-products (i.e. reactive oxygen species, purinergic compounds, etc.)
[62-64]. A limited number of animal studies have investigated the overall effects of ischemia
on activity of nerves that course over, or through infarcted myocardium [65]; findings indi-
cate that blood supply to these cardiac nerves is not a determining factor for conduction of
action potentials [66]. The question of whether, or not, cardiac nerves are more, or less, sen-
sitive to ischemia is less adequately studied; consequently, the injury threshold of cardiac
nerves and neurons remains unknown. However, it is possible that activity of cardiac neu-
rons post-ischemia is preserved consequent to stimulation of ventricular sensory neurites that
transduce mechanical and chemical milieu in the myocardium [67]. During acute myocardial
ischemia, norepinephrine is released from sympathetic nerves; this triggers sympathetic
nerve regeneration (i.e. sprouting, budding) and nerve remodeling to promote sympathetic
hyperinnervation, which ultimately plays a role in arrhythmogenesis [68-72]. Function of car-
diac sympathetic neurons post-ischemia can also be triggered by the elevated production of
intra-neuronal galanin (i.e. promotes regeneration of sympathetic axons) [73]; galanin modi-
fies synaptic transmission and contributes to arrhythmogenesis and sudden cardiac death.
Additionally, multiple autacoids (adenosine, bradykinin, NO, reactive oxygen species, etc.)
produced during ischemia stimulate the central nervous system, cardiac autonomic ganglia
and sympathetic efferent postganglionic axons in coronary vessels [74, 75]. Neuropeptide
chemicals released from sensory neurites also modulate intrinsic cardiac neuronal activity
[41, 76]. It is interesting to speculate that common survival pathways of cardiac neurons may
be shared with cardiocytes but this has not been established.

4.2, Heart

Infarction causes major changes between peripheral and central aspects of the cardiac nervous
system; structural and functional alterations at the cardiomyocyte level include; (1) changes
in collagen matrix [77], (2) induction of electromechanical dyssynchrony [78], (3) ventricular
contractile dysfunction [79], apoptosis [80], etc. In the heart, ischemia affects the ICNS which
is the convergence point for cardiac neural control. As such, afferent inputs are modulated
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along with descending neural inputs [78] (i.e. including reflex-induced sympathoexcitation
and reduced central drive from parasympathetic nerves [81, 82]). Heightened sympathetic
tone partly mediated by neurotransmission through the stellate ganglia has been linked to
cardiac pathogenesis as well as risk of cardiac arrhythmias and sudden death [83, 84].

Acute coronary artery occlusion produces distinct alterations in cardiomyocyte pathology
that ultimately contribute to cell death; for cardiac myocytes a transmural gradient of cell
death occurs in relation to duration and degree of ischemia [85, 86]. Transmural necrosis is
mostly manifest by 6 h after acute coronary occlusion; the potential for tissue salvage after
this time is limited (i.e. species dependent). Physiopathology of ischemic injury is gener-
ally well-documented [87-90]; numerous cytoprotective strategies to limit ischemic injury
(i.e. pharmacologic, endogenous, etc.) have been tested but none has achieved widespread
clinical use [90-92]. Post-ischemic remodeling of sympathetic neurons in stellate ganglia is
not well established; however, a potential relation exists between ganglion inflammation
and oxidative stress [93]. A recent study in rodents documented greater oxidative stress
(i.e. lipofuscin accumulation, mitochondrial degeneration, etc.), metabolic activity (higher
rate of lipid peroxidation) and inflammation in stellate glial cells [94]. These physiopathologi-
cal mechanisms are believed to contribute to local inflammation (i.e. leukocyte infiltration)
within stellate ganglia; this stimulates neuronal activity and oxidative stress, which increases
cardiac afferent neurotransmission [95]. Other contributing factors include circulating neuro-
hormonal compounds (i.e. angiotensin II, etc.) and brainstem-mediated increases in efferent
sympathetic outflow [96-98]. Equally, cardiac inflammation and oxidative stress produced by
repeated defibrillation are involved in ganglion pathology [99].

The importance of cardiac nerves for the pathogenesis of post-ischemic infarct development
and cardiac dysfunction has been investigated in experimental models of ischemia-reperfu-
sion injury. In cardiac decentralized pigs, significant ventricular dysfunction accompanied
by patchy subendocardial necrosis occurs after acute coronary occlusion [100]; myocardial
perfusion-function relations in these animals were not affected by nerve status. In addi-
tion, we reported coronary vascular reserve to be comparable after nerve ablation albeit
in a different experimental model [101], which is consistent with most published findings
[102-105]. We also confirmed a trend towards smaller infarcts in dogs subject to extracardiac
nerve ablation or pharmacologic decentralization using the autonomic ganglionic blocker
hexamethonium bromide (Figure 3) [106]; these findings are also in agreement with earlier
studies documenting increased tolerance to ischemic injury and a reduction in ventricular
fibrillation threshold post-decentralization [102, 107, 108]. Reduced oxygen demand and
improved perfusion of affected tissues could be responsible for increased ischemic tolerance
of myocytes [43, 104, 105, 109] in the absence of intact cardiac nerves. Of note, extracardiac
surgical ablation of sympathetic and parasympathetic efferent neuronal inputs produces
a decentralized (not denervated) heart without complete elimination of parasympathetic
involvement [110, 111]; on the other hand, pharmacologic ganglionic blockade with hexa-
methonium bromide blocks transmission within peripheral autonomic ganglia and vagal
cardio-acceleration [112]. Continued research into the identification of endogenous com-
pounds that modulate or activate intrinsic neuronal populations to induce cellular protec-
tion remains a priority.



Autonomic Nervous System and Neurocardiac Physiopathology 45

http://dx.doi.org/10.5772/intechopen.77087

40

3o

20 F

10

Infarct size (Vo risk area)

CTR DCN HEX

Figure 3. Histogram of myocardial infarct size (as percent of anatomic area at risk) in dogs undergoing ischemia—
reperfusion injury. Three distinct groups are shown: (1) control (CTR); (2) acute cardiac decentralized (DCN) and (3)
hexamethonium bromide (HEX). Data are mean + 1SD; n = 8/group.

4.3. Cardiac arrhythmogenesis

Sudden cardiac death due to ventricular arrhythmias is highly relevant to cardiovascular
disease related mortality [113]; autonomic neuronal dysfunction is a major contributor to
induction of atrial and ventricular dysrhythmias [114-116]. Pathologically induced dis-
turbances in neural processing within the cardiac neural hierarchy affect efferent neuronal
outputs throughout the myocardium [19, 117] (i.e. intrinsic and extrinsic cardiac ganglia,
central reflexes [95, 118-121]). Cardiac neurons are generally classified as afferent, efferent
or convergent on the basis of responses to various cardiovascular stimuli [31, 120]. A study
from Ardell’s laboratory examined functional remodeling of neuronal elements within the
context of myocardial infarction [120]; they showed that: (1) morphological and phenotypic
remodeling of intracardiac ganglia is dependent on the site of injury, (2) attenuation of affer-
ent neural signals to intrinsic cardiac neurons (i.e. within ischemic zone) but preservation of
these signals in remote and border regions (i.e. neural sensory border zone), (3) autonomic
efferent inputs to intrinsic cardiac neurons are maintained, (4) transduction capacity increases
in convergent intrinsic local circuit neurons (of the heart) and (5) connectivity of intrinsic car-
diac neurons is reduced. Current findings suggest that neuronal remodeling can occur inde-
pendently of direct injury to specific neuron subsets; as such, neuronal plasticity within the
cardiac neuroaxis is crucial post-infarction and during progression of cardiovascular disease
[122, 123]. Indeed, healed myocardium provides a particular challenge to electrical propaga-
tion and regulation of cardiac function [124, 125]; abnormal cardiac efferent signaling results
in continuous discord between central and peripheral aspects within the neural hierarchy that
produces fatal arrhythmias due to excessive sympathoexcitation [122]. The peri-infarct region
(i.e. interface between dense scar and surviving myocardium) also has an increased potential
for ectopic beats [71, 126]. Ajijola and coworkers recently determined that (1) despite scar-
ring, myocyte loss and ion channel remodeling significant regulation of electrical activation
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occurs via cardiac sympathetic nerves within the peri-infarct region, and (2) there is significant
remodeling of sympathetic innervation within the anteroapical region [127]; additionally, they
emphasized the critical role of adrenergic activation in modulating propagation patterns.

Premature ventricular contractions (PVC; contraction of the ventricles caused by abnormal
electrical activity) often lead to cardiovascular events, left ventricle dysfunction and sud-
den cardiac death [128]; multiple mechanisms have been proposed including mechanical
dyssynchrony, abnormalities in calcium handling and oxygen consumption and autonomic
imbalance [122, 129, 130]. Hamon and coworkers documented (using in vivo cardioneural
mapping) that PVCs are a powerful stressor for the ICNS and that PVC-induced neural and
electrophysiological changes are critical for arrhythmogenesis and remodeling. PVCs with
variable coupling intervals have a more complex impact on cardiac neurons than those with
fixed short or long coupling intervals [128]. The unpredictability of coupling intervals could
trigger a sympathovagal imbalance that influences cardiomyocyte function and leads to elec-
tric instability. Greater neuronal responses (particularly within convergent neurons that are
responsible for reflex processing) to variable compared to constant stimulus (i.e. neural adap-
tation) have been described in sensory neurons of the visual, auditory and olfactory systems
[131, 132]. In the heart sympathetic nerve activity is greater during irregular cardiac pacing
and is independent of hemodynamic changes [133]. As such, increased variability of PVC
coupling interval could play a role in reflex activation of the ANS. Greater understanding
of underlying mechanoelectric mechanisms of PVC-induced arrhythmogenesis should help
to improve risk stratification in cardiac patients that would allow use of more aggressive
pharmacologic and non-pharmacologic therapeutics (i.e. specifically targeting the ANS) in
prophylactic management (cf. Table 1).

Pertinent studies

Pharmacological interventions

¢ Neuregulin-1 [134-138]
e  Ghrelin [139]
® Vasopressin [140]
* Anesthetic preconditioning [141]

Non-pharmacological interventions

e Transcutaneous electrical nerve stimulation (TENS) [142-144]

* Bioelectronic block [145-148]

® Spinal cord stimulation (SCS) [118, 149-152]
* Vagal nerve stimulation (VNS) [78, 153, 154]
e Renal nerve denervation [155-157]

e Cardiac decentralization and carotid body ablation [158-162]

¢ Cardiac conditioning (ischemia, exercise) [21, 163, 164]

Table 1. Management strategies that target the autonomic nervous system.
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5. Therapeutic interventions

5.1. Pharmacological

Pharmacologic interventions can play an important role in post-ischemic nerve repair; though
most medications reduce the incidence of arrhythmias some can be proarrhythmic [165].
Significant improvement in acute and chronic ischemic cardiomyopathy, myocarditis and
vagus nerve remodeling have recently been reported in clinical and experimental studies with
different pharmacological approaches such as epidermal growth factor neuregulin-1 (NRG1)
[134, 138, 166-168]. NRG1 is a key factor for cardiac development [136, 169]; NRG1 activates
tyrosine kinase causing a host of cardiovascular effects: (1) regulation of structure and func-
tion in cardiomyocytes (i.e. apoptosis, cell proliferation), (2) promotion of angiogenesis and
(3) downregulation of sympathetic nerve mRNA and protein expression levels to inhibit
nerve remodeling [134, 135, 137, 170].

5.2. Non-pharmacological

Cardiovascular disease is often accompanied by increased activity of carotid body chemo-
receptors, which induces an autonomic imbalance [161]; ablation of carotid bodies has been
documented to markedly improve post-ischemic cardiovascular end-points in clinical and
animal studies [159, 160, 171]. Catheter ablation techniques have been used effectively in
patients with ventricular tachyarrhythmias [147]; in addition, bilateral cardiac stellate decen-
tralization (removes excessive sympathetic input to cardiomyocytes) is used in subjects that
do not respond to conventional treatments [158]. A drawback of the latter intervention is
that it is permanent and generally accompanied by secondary effects [172]. Of note is that
the ICNS preserves the ability to coordinate neural activity and electrical stability even after
disconnection of inputs from higher central command (i.e. brain) [173].

Specific neuron subpopulations can be targeted for neuromodulation therapy [174-176]; spinal
cord stimulation (SCS), vagus nerve stimulation (VNS) and bioelectronic therapy (i.e. charge-
balanced direct current, axonal modulation, kilohertz (kHz) frequency alternating current, etc.)
are used in ischemic heart disease patients to abate reflex activation of peripheral ganglia [118,
147, 148, 174, 177, 178]. Application of electric current by stimulation/suppression of action
potential propagation along nerves modulates neuron and organ function [145, 179]. Blockade
of action potential propagation is produced by either kHz frequency alternating current or
direct current; these protocols are used repeatedly and safely in patients [145, 147, 180].

SCS stimulates sympathetic afferents to transduce signals, which initiate from the ischemic
myocardium, to spinal cord dorsal horn neurons [121, 181]. In the majority of patients receiv-
ing this treatment beneficial effects (i.e. improved exercise capacity, quality of life, etc.) last for
more than a year [182, 183]. Additionally, SCS augments resistance to stress in myocytes by
modifying myocyte energetics [177, 184]; in our laboratory, we documented that concurrent
SCS did not influence post-ischemic ventricular perfusion [150].

VNS, on the other hand, protects myocardium [185-187] through anti-adrenergic interac-
tions (i.e. higher parasympathetic activity stimulates muscarinic receptor activation that
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limits excess adrenergic receptor activation [188]) within intrinsic cardiac ganglia [189, 190]
combined with reduced release of norepinephrine from presynaptic mechanisms in ischemic
myocardium [191]. VNS also influences myocyte energetics due to its regulatory effects on
glycogen metabolism [78, 185]; all of these factors can change sensory transduction within the
cardiac milieu in the event of disparities between oxygen and nutrient supply and demand.

Salavation and co-workers have examined potential differences between SCS and VNS with
regard to their ability to alter cardiac sensory neurons in nodose ganglia to transduce the
ischemic myocardium; they reported that these interventions differentially obtund nocicep-
tive-related nodose afferent neuronal inputs to the medulla but do not affect mechanosensi-
tive transduction capabilities [192]. These nerve stimulation techniques are presently being
tested in a number of clinical trials in heart failure patients (i.e. NECTAR-HF, ANTHEM-HF,
INOVATE-HF) with promising results [153, 193, 194].

Intact neural pathways may be unimportant for protection of ischemic myocardium; this is
most apparent in the transplanted heart where autonomic ganglia are disconnected from
central neurons [121, 195]. Endogenous compounds released into the bloodstream or locally
near nerves, neurons and cardiomyocytes, etc. during ischemia could stimulate intracellu-
lar pathways that transduce cytoprotective mechanisms. For instance, cardiac conditioning,
which significantly delays development of post-ischemic tissue injury [91, 196-198], might
involve activation of the ICNS (cf. recent review [90]). A variety of conditioning stratagems
(both pharmacologic and non-pharmacologic) that trigger cellular transduction pathways
(guanylate cyclase, kinases, etc.) mediate cellular protection through end-effectors; significant
cross-tolerance exists with regard to the mechanisms involved [106, 199, 200].

6. Conclusions

Neurocardiology involves dynamic exchange between neurohumoral control systems and
the cardiac milieu; bi-directional interactions between sympathetic and parasympathetic
efferent pathways regulate inter-organ communications at different levels of the neuraxis.
This is evident in the cardiac conditioning paradigm (i.e. pre-, per-, post- and remote) where
endogenous ligands and catecholamines trigger intracellular transduction pathways to medi-
ate cytoprotective end-effectors that promote cell survival [201, 202]. Strategies that protect
against non-lethal ischemic injury could depend on nervous system status the question of
how cytoprotective signals are transmitted between organs remains crucial. New findings
support the concept that disorders within the ANS contribute to pathogenesis of organ injury,
co-morbidities [203, 204] and even survival. Improved comprehension of modifications within
the cardiac-neuro axis at the molecular, cellular, organ and whole body levels are critical for
development of therapeutic strategies.
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Abstract

Inflammation is generally a temporary and limited condition but may lead to a chronic
one if immune and physiological homeostasis are disrupted. The autonomic nervous
system has an important role in the short- and, also, long-term regulation of homeostasis
and, thus, on inflammation. Autonomic modulation in acute and chronic inflammation
has been implicated with a sympathetic interference in the earlier stages of the inflam-
matory process and the activation of the vagal inflammatory reflex to regulate innate
immune responses and cytokine functional effects in longer processes. The present
review focuses on the autonomic mechanisms controlling proinflammatory responses,
and we will discuss novel therapeutic options linked to autonomic modulation for dis-
eases associated with a chronic inflammatory condition such as sepsis.

Keywords: inflammation, autonomic nervous system, heart rate variability,
anti-inflammatory pathway, inflammatory reflex, sepsis

1. Introduction

Inflammation is the physiological response to invading pathogens and tissue damage, such as
exposure to extreme heat or cold, ischemia, and trauma [1, 2]. The inflammatory response can
be divided into acute or chronic inflammation. An acute inflammatory response is a controlled
process, with a short time window of minutes up to a few hours and it is characterized by the
abundant presence of a specific type of immune competent cells (neutrophils), responsible for
clearing invading pathogens and promote tissue repair, thus restoring homeostasis. However,
uncontrolled inflammation, which extends from days up to years, may cause more severe com-
plications. In the latter, if an accumulation of lymphocytes in the inflamed tissue predominates,
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both immune and physiological homeostasis are disrupted, thereby the inflammation can prog-
ress to a chronic condition [1, 2]. In its most severe form, it can lead to permanent tissue damage,
organ dysfunction, and, ultimately, death [3]. The immune cells residing in tissues, i.e., macro-
phages, fibroblasts, mast cells, and dendritic cells, as well as circulating leukocytes, including
monocytes and neutrophils, recognize pathogen invasion and/or cell damage with intracellular
or surface-expressed pattern recognition receptors (PRRs). These receptors detect, either directly
or indirectly, pathogen-associated molecular patterns (PAMPs), such as, microbial nucleic acids,
lipoproteins, and carbohydrates, often essential for microbe survival, or damage-associated
molecular patterns (DAMPs), endogenous molecules normally found in cells, that are released
during necrosis contributing to sterile inflammation. Activated PRRs in response to PAMPs and
DAMPs, oligomerize and assemble large multisubunit factors, such as, nuclear factor kappa
B (NF-kB), activator protein 1 (AP1), cellular transcription factor (CREB), CCAAT-enhancer-
binding proteins (¢/EBP), and interferon regulatory factors (IRF) transcription factors, which
will in turn initiate complex downstream signaling cascades, resulting in the increased expres-
sion of key pro- and anti-inflammatory genes [2, 3]. For instance, protease caspase-1, activated
by a subset of PRRs, causes maturation of cytokines interleukins IL-1b and IL-18.

Expression of genes encoding enzymes, chemokines, cytokines, adhesion molecules, and
regulators of the extracellular matrix promotes the further recruitment and activation of leu-
kocytes to the region, which are crucial for eliminating foreign particles and host debris [2, 3].
Cell adhesion molecules and chemokines facilitate leukocyte extravasation from the circula-
tion to the affected site, the chemokines stimulating G-protein-coupled receptors (GPCRs)
[3]. Thus, the immune system plays a crucial and defining role in the overall inflammatory
response processes through recruitment of various immune cell types, in addition to the
release of pro-inflammatory cytokines into the bloodstream, including interleukin 1 (IL-1),
interleukin 6 (IL-6), and tumor necrosis factor alpha (TNFa), which are inhibited by media-
tors of inflammation resolution, such as anti-inflammatory cytokines, that restore cellular
homeostasis and defend the organism from external injuries [2].

The interaction between nervous and immune systems, or the “supersystems” as described by
Tada [4], is, in fact, critical in the maintenance and regulation of homeostasis, not only under a
daily routine, but also, in adverse environmental conditions caused by injury, infections, and
exposure to toxins [5-7]. Indeed, the autonomic nervous system controls the inflammatory
processes and immune responses, by finding a balance between pro-inflammatory and anti-
inflammatory responses, ensuring an adequate host defense with minimal collateral damage
due to overly aggressive responses of the innate immune system [6]. Both parasympathetic
and sympathetic efferent nerves have been suggested to affect immune cells and inflamma-
tory responses. The latter interfere in the earlier stages of the inflammatory process, while
the parasympathetic nervous system is important to regulate innate immune responses and
cytokine functional effects in chronic processes [6, 8, 9].

2. Autonomic nervous system and inflammation

Over the last few years, association between inflammation and common human diseases (e.g.,
sepsis, obesity, diabetes, rheumatoid arthritis) remains an unsolved mystery of current biol-
ogy and medicine [10-13]. Inflammation as a response to infection interacts with different



Inflammation and Autonomic Function
http://dx.doi.org/10.5772/intechopen.79280

parts of the nervous system. Indeed, recent studies indicate that systemic inflammation can
be attenuated by the autonomic nerve fibers [14].

The autonomic nervous system (ANS) includes the sympathetic and parasympathetic ner-
vous system (SNS and PNS, respectively) as its motor systems, and regulates and integrates
many human physiological systems and functions, such as the cardiovascular system, the
endocrine and exocrine systems, and the digestive system [14, 15]. As reviewed by Kenney
and Ganta, to balance the functions of autonomic effector organs, the SNS and PNS work
antagonistically, synergistically, or independently [14]. Previous studies have shown that
both the SNS and PNS can sense inflammation and influence development and severity of
inflammatory processes in animal models [12, 16].

There are many chronic autoimmune diseases in which there is an imbalance of the ANS, for
example, rheumatoid arthritis (RA), caused by synovial inflammation, leading to bone ero-
sions, cartilage damage, and ultimately joint deformities and disability [8, 12]. Patients with
RA have autonomic modifications, with lower parasympathetic activity and less frequently,
alterations in sympathetic function [17]. These alterations are correlated with higher levels
of inflammatory markers, such as C-reactive protein (CRP) concentrations and erythrocyte
sedimentation rate [17, 18]. Another example is obesity, which consists in the accumulation
of abnormal and excessive fat that may interfere with the maintenance of an optimal state of
health and is accompanied by an increased morbidity and mortality [19]. This condition is
generally associated with other clinical comorbidities including, cardiovascular impairment,
atherosclerosis, insulin resistance, and diabetes mellitus [19, 20]. The excess of macronutrients
in the adipose tissues stimulates them to release inflammatory mediators (TNFa, 11-6) and
reduces production of adiponectin, predisposing to a pro-inflammatory state and oxidative
stress [20]. The ANS has a significant role in the integrated short-term regulation of weight,
modulating the satiety signal and energy expenditure. The afferent vagal pathways are prob-
ably the most important link between the gut and the brain and interact in a complex way
with gut hormones. SNS has the physiological function of increasing lipolysis and energy
expenditure, through sympathetic innervation in white and brown adipose tissues. However,
in obesity, SNS activity is compromised and might trigger alterations in sympathetic regula-
tion of cardiovascular function, thus favoring the development of cardiovascular complica-
tions, such as hypertension [21, 22] and organ dysfunction [23, 24].

Another two examples of immune/inflammatory diseases are sepsis and severe burn injury, both
characterized by severe global changes to the entire immune system [25]. The immunopatho-
logical response to the intense disruptions to the body’s homeostatic balance can contribute to
the development of systemic inflammatory response syndrome (SIRS), serious metabolic dis-
turbances, and subsequent multiple organ failure and death [25, 26]. During the acute phase,
following burn injury, there is an increase in sympathetic activity, which is important for the
modulation of energy substrate mobilization, cardiovascular, and hemodynamic compensation
and wound repair [27]. Nevertheless, prolonged or excessive sympathetic activity due to the acti-
vation of positive feedback mechanism can also be deleterious [27]. Furthermore, the increased
susceptibility to infection and other systemic disorders are also accompanied by excessive inflam-
matory responses that underline the observed cardiac dysfunction, acute respiratory distress
syndrome, acute renal failure, increased intestinal permeability resulting in bacterial transloca-
tion, hypermetabolism, hypercatabolism, and ultimately, sepsis [28, 29]. Sepsis can, therefore, be

69



70  Autonomic Nervous System

an associated comorbidity of burn injuries, but in its essence is a highly common heterogeneous
syndrome in the general population and will be further reviewed in Section 3 [25].

2.1. The role of sympathetic nervous system in the inflammatory processes

The sympathetic nervous system (SNS) is responsible for the “fight-or-flight” response to
threatening situations and consists of neural hardwiring emanating from the spinal cord to
innervate target organs, including primary and secondary lymphoid organs. About 25% of
sympathetic nerve fibers arise from cranial nerves III, VII, and IX and from the second and
third sacral spinal nerves [30]. Diverse stimuli (stressors, cytokines, and infection) trigger
the SNS and consequent catecholamine release, inducing functional alterations in immune
system susceptibility to respond to an invasive infection and other pathologies. As previ-
ously mentioned, the SNS interacts in several different manners with the immune system
to maintain immune homeostasis under basal conditions, by enhancing host defenses to
eliminate pathogens, promoting healing after tissue injury, and restoring homeostasis after
pathogen elimination and/or tissue repair. This communication with all immune competent
cells occurs directly by stimulated release of its major neurotransmitter, i.e., norepineph-
rine—NE, and subsequent intercellular signaling via postsynaptic adrenergic receptors
(ARs) expressed in closely apposed immunocytes, i.e, T and B lymphocytes, antigen-
presenting cells, stromal cells, granulocytes, macrophages, and mast cells [15]. The SNS is
highly adaptive, and to appropriately regulate the immune system, it acts through the:

1. Constant up- and down-regulation of diverse target cell functions across time (i.e., expan-
sion, differentiation, apoptosis, and cytokine secretion) and

2. Detection and interaction with the diverse signaling pathways that mediate the above cel-
lular functions [14].

In the initial stages of the inflammatory processes, the body assumes an “inflammatory con-
figuration” with increased systemic SNS and hypothalamic-pituitary-adrenal (HPA) axis activ-
ity through the chemoreceptor reflex, the ultimate protective, which can be interpreted as an
“energy appeal reaction,” resulting in the provision of enough energy-rich fuels, like glucose and
free fatty acids, to fulfill the needs of an activated immune system together with the maintenance
of appropriate oxygen blood levels. If inflammation evolves to a more severe state, the system
changes into a “chronic inflammatory condition,” that, according to Pongratz and Straub, is char-
acterized by an increased systemic activity of the SNS, an increased activity of the HPA axis but
without immunosuppression (glucocorticoid receptor desensitization and inadequacy), and a
local repulsion of SNS fibers from inflamed tissue, including lymphoid organs, to create zones
of permitted inflammation [8]. The immune response is more or less uncoupled from central
regulation to avoid the anti-inflammatory influence of the brain. All mechanisms ensure an opti-
mal fight against an invading antigen. Nevertheless, if a prolonged or inappropriate activation
of either the SNS or immune system persists, the effects are detrimental and can result in the
collapse of these two systems, ultimately failing in re-establishing immune system homeostasis
within normal physiological ranges [8, 15]. Under such conditions, the immune system and/or
SNS can promote pathological and lethal effects, including chronic inflammation, toxic shock,
tissue damage, immune deficiency, autoimmunity, and cancer [15], as well as, cachexia, high
blood pressure, insulin resistance, leading to increased levels of cardiovascular mortality [8].



Inflammation and Autonomic Function
http://dx.doi.org/10.5772/intechopen.79280

Several studies have demonstrated the role of the SNS in inflammation. Martelli et al. showed
that in a rat model of intravenous endotoxin, a bilateral section of splenic sympathetic nerves
deeply increases inflammatory cytokine release; however, bilateral vagotomy was ineffective,
which suggests a splanchnic sympathetic efferent reflex arc of the anti-inflammatory neural
pathway [31]. Another clinical phenomenon is immunosuppression after stroke [32]. Indeed,
the 6-hydroxydopamine, which blocks a nonselective a-adrenoreceptor and causes phar-
macological ablation of the SNS, may also attenuate stroke-induced immunological abnor-
malities, prevent infections, and improve the survival, and thus SNS activation, instead of
the PNS, has a significant role in the immunosuppression response [6, 32-34]. Additionally,
in hypertensive patients, the central inhibition of the SNS decreased peripheral TNF serum
levels [35]. Moreover, del Rey and colleagues have also found in an animal model of arthri-
tis that during protracted inflammation, there might be a disruption of this communication
between the brain and the immune system [36]. There are also several studies indicating that
the sympathetic nervous system might be influencing different forms of cancer [37]. In fact,
epidemiological studies showed that breast cancer and melanoma improve with the use of
beta-blockers, while other studies imply that psychological stress might modulate SNS activ-
ity, with a significant impact on inflammation and consequently on the pathogenesis of some
cancers [37, 38].

Finally, recent studies show that the SNS plays a significant role in several immune-mediated
or immune-related diseases, including sepsis [39], colitis [40], allergic asthma [41], chronic eye
inflammation [42], arthritis [8, 36], among others.

2.2. The role of parasympathetic nervous system in the inflammatory processes

The parasympathetic nervous system (PSNS) innervates multiple organ systems, including
cardiovascular, respiratory, immune, and endocrine systems [43] and plays a critical role in
a diverse array of physiological processes, such as inflammation, immune response, heart
rate, gastrointestinal peristalsis, and digestion [13]. About 75% of parasympathetic innerva-
tion comes from the tenth cranial nerve, the vagus nerve (VN), that extends throughout the
body, and is the largest nerve and main parasympathetic division of the autonomic nervous
system [13, 30, 44]. Vagus nerve comprises both sensory afferent neurons, crucial for conduct-
ing peripheral immune signals to the brain, which integrate the visceral sensory information
and coordinates the autonomic function and visceral activity [13, 33, 34], and motor efferent
neurons, which integrate the information that was delivered to the central nervous system
and control the peripheral effectors [30, 45]. The vagus nerve not only regulates gut physiol-
ogy but also mediates cholinergic anti-inflammatory pathway, the inflammatory reflex that
controls immune function, and pro-inflammatory responses during infection and injury
[35, 45, 46]. The sensory afferent vagus nerve fibers detect peripheral inflammatory mediators,
such as cytokines, released by activated macrophages and other immune cells, revealing its
pro-inflammatory properties; however, a potent anti-inflammatory effect is exhibited by the
efferent branch [46]. The animal models of acute inflammation reveal that the activation of
the efferent vagus nerve, probably due to binding of acetylcholine on the alpha-7 subunit-
containing nicotinic receptors (a7nAChR), essential for the vagal anti-inflammatory action
[47, 48] resulted in reduced systemic production of pro-inflammatory cytokines [46, 49]. This
suggests that in the initial phase of inflammation processes, the neuroimmune path eliminates
the infectious agent, and in the posterior phase re-establishes the homeostasis [13, 33, 34, 50].
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In human studies, the parasympathetic neurotransmitter acetylcholine attenuated proinflam-
matory cytokine release (e.g., TNFa) in lipopolysaccharide-stimulated macrophage cultures
[49], so nicotine was more effective than muscarine in inhibiting TNF release. Human macro-
phages express a7nAChR subunit, and its knockdown makes macrophages less responsive to
nicotine-mediated TNF inhibition [49].

Activating efferent vagus nerve can significantly suppress systemic pro-inflammatory cyto-
kine levels in endotoxemia animal models, as the acetylcholine (Ach) released from the nerve
terminals binds to the a7n-AChR expressed on macrophages, to modulate the immune sys-
tem response [51]. a7nAChR, expressed in the nervous and immune systems, is important for
mediating anti-inflammatory signaling by inhibiting NF-1B nuclear translocation and activat-
ing the JAK2/STAT3 pathway [48, 49, 51], being also a crucial neural component connect-
ing the parasympathetic vagus nerve with the sympathetic splenic nerve at the mesenteric
ganglion [52]. The endotoxemia animal model reveals that peripheral vagal afferents can be
activated by responding directly to bacterial lipopolysaccharide (LPS) and cytokines, such as
TNFq, interleukin-1 (IL-1), interleukin-6 (IL-6), and interferon-gamma (IFN-vy). IL-1 receptors,
expressed on vagal afferents, can be activated by inflammatory stimulation to regulate the
immune responses [23, 48]. It has been shown that an excess of proinflammatory cytokine was
released in a7nAChR knockout mice, and macrophages from these animals fail to respond
to cholinergic agonists [6, 48]. Further, electrical vagus nerve stimulation reduced systemic
TNFa concentrations and prevented septic shock in rats [49], and in mice, the vagus nerve
stimulation (VNS), as well as splenic nerve electrical stimulation, inhibits lipopolysaccharide
(LPS)-induced TNFa release [49, 50, 52, 53]; however, those results were quite surprising
because the spleen does not have vagal innervation [53].

Several experiments demonstrated that the sympathetic splenic nerve connects the vagus nerve
to the spleen [47, 52]. It is possible that the a7nAchR regulates both the neuronal connection and
the macrophage activation. Moreover, the connection between the vagus and splenic nerves has
been a matter of constant debate [43]. For example, anatomical and physiological studies have
demonstrated no connection between the vagus and splenic nerves [54]. Additionally, denerva-
tion of the arterial splenic nerve in mice led to the inhibition of the cholinergic anti-inflammatory
pathway [52]. To resolve this inhibition is essential to find a non-neural link in the anti-inflammatory
pathway from vagus to spleen. Some authors have proposed an unconventional and theoretical
model, where vagus nerve stimulation activates multiple cell types, the choline acetyltransfer-
ase positive (CHAT+), epithelial cells, endothelial cells, muscle fibers, and immune cells (such
as lymphocytes and macrophages) that are not resident in the spleen, migrating in direction
of this organ and subsequently releasing acetylcholine [12, 46, 55]. This electrical nerve stimu-
lation therapy could be applied concomitantly with a pharmacological treatment for a better
response. The human studies reveal that the great advantage of this model is the stimulation of
ACh/norepinephrine release, reducing interventions with higher doses of anti-inflammatory
drugs or even halting their administration [56].

In addition, it has been shown that other organs display a cholinergic control of inflamma-
tion, such as gut, kidney, and liver. Despite lung exhibiting vagal innervation, activation of
the cholinergic anti-inflammatory pathway is not sufficient to regulate inflammation; how-
ever, it is necessary to maintain the homeostasis. In this sense, vagus and/or splenic nerve
stimulation appeared as an efficient procedure to minimize inflammation [57]. Furthermore,
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in experimental glomerulonephritis, a genetic a7nAChR deletion exacerbates inflammation
and fibrosis [6, 54]. Recently, Cedillo et al. showed that increased a7nAChR expression on
peripheral blood mononuclear cells was associated with better control of inflammation, dis-
ease severity, and clinical outcome in septic patients and prognosis [58].

Concluding, both animal and human studies have suggested that the vagus nerve stimu-
lation has a potential protective regulating systemic inflammation in various pathologies,
such as ischemia/reperfusion, sepsis, epilepsy, hemorrhagic shock, migraine, and others
[13, 51, 59-61]. However, additional studies are needed to determine the interplay between
the vagus and the splenic nerves, and their respective roles in modulating inflammation [6,
12]. According to Martelli et al., several treatments are currently undergoing development,
based on the cholinergic anti-inflammatory pathway [46].

3. Autonomic function and sepsis

Sepsis is an important cause of admission in intensive care units (ICU) and remains a
major clinical and scientific challenge in modern medicine [53]; this is a huge and expen-
sive medical problem throughout the world, with a mortality rate ranging between 30
and 50% [10, 62]. It is defined as life-threatening acute organ dysfunction, secondary to
infection [63], characterized by abnormal body temperature, mental confusion, hypoten-
sion, diminished urine output, or thrombocytopenia [53, 63]. Over the past two and a half
decades, there has been a tremendous effort to develop standardized diagnostic defini-
tions of sepsis, as described in (Table 1). The most prevalent sites of infection, responsible
to trigger sepsis in humans, are the lungs, abdominal cavity, urinary tract, and primary
infections of the blood stream. After the unsuccessful treatment of sepsis, the patient may
develop circulatory, cellular, and metabolic abnormalities, such as, respiratory or renal
failure, changes in coagulation, and profound and unresponsive hypotension [53], as well
as modifications in cardiovascular, autonomic, neurological, hormonal, metabolic and
clotting systems [72, 73]. These marked alterations are characterized by septic shock, the
leading causes of death in sepsis [63].

The pathophysiology of sepsis is characterized as a host reaction to infection that involves a
balanced inflammatory response, critical to fight the infection, and an unregulated pro- and
anti-inflammatory response to induce organ damage in the host [73]. Thereby, the immune
response in sepsis results in the increased levels of cytokines, designated hyperinflammatory
phase and subsequently evolves to hypoinflammatory phase (immune-suppressive function)
[39], the latter being more destructive and aggressive than the initial infection [73]. This imbal-
ance is determined by several factors, such as pathogen virulence, bacterial (i.e., lipoteichoic
acid and bacterial lipopolysaccharide—LPS) [74] and patient-related factors (i.e., genetic
background, age, and comorbidities) [53], leading the immune system to detect PAMPs
(including components of bacterial, fungal, and viral pathogens) and DAMPS (endogenous
molecules released from damaged host cells, including ATP, mitochondrial DNA, and high
mobility group box 1 or HMGB1) [75]. For transcription of type I interferons and proinflam-
matory cytokines (i.e., TNF-8, interleukin (IL)-1, and IL-6) initiation, both DAMPs and PAMPs
activate innate immune and some epithelial cells through pattern recognition receptors on the
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Sepsis definitions

Previous definitions [64-68]
Diagnosis Signs and symptoms

Systemic inflammatory Two of the following symptoms:
response syndrome (SIRS) * Body temperature > 38 or < 36°C

* Heart rate > 90 beats/min

* Respiratory rate > 20 breaths/min or arterial CO, <32 mmHg

¢ White blood cell count >12.000/mm?, <4000/mm? or > 10% immature forms

Sepsis SIRS and proven or suspected infection

Severe sepsis Sepsis in combination with multiple organ dysfunction (MODS).

Septic shock Sepsis and persistent hypotension (mean arterial pressure [MAP] <65 mmHg) after
fluid resuscitation and/or lactate >4 mmol
(36 mg/dL)

Revised definitions [63, 69, 70]

Diagnosis Signs
Sepsis * Life-threatening organ dysfunction caused by a dysregulated host response to
infection

* Suspected or documented infection and an acute increase of >2 sequential (sepsis
related) organ failure assessment (SOFA) points (SOFA score [71] is a proxy for
organ dysfunction)

Septic shock * Septic shock is a subset of sepsis in which underlying circulatory and cellular/
metabolic abnormalities are profound enough to substantially increase mortality

* Sepsis and vasopressor therapy needed to increase MAP 265 mmHg and lactate
>2 mmol/L (18 mg/dL) despite adequate fluid resuscitation

Table 1. Sepsis: previous and revised definition.

cell surface (toll-like receptors and C-type lectin receptors) or in the cytosol (NOD-like recep-
tors, RIG-I-like receptors) [76, 77]. In the case of bacterial infection, when a microbiological
diagnosis is made, about half of the cases show that 60% are caused by Gram-negative and
Gram-positive bacterium in the remaining cases [53, 62, 78]. Lipopolysaccharide (LPS) from
Gram-negative bacteria (an example of a PAMP) reacts with toll-like receptor 4 (TLR4), caus-
ing phagocytic cells to robustly generate a variety of proinflammatory cytokines signaling,
leading to systemic inflammatory response syndrome (SIRS) [10].

In sepsis, not only the response of immune cells is highly context dependent to stimuli, but
also, the nervous system itself depends on the inflammatory context [10]. Several evidences
demonstrate that immune and inflammatory responses are regulated by the autonomic ner-
vous system through PNS and SNS activities [8, 14]. Essentially, to inhibit the inflammatory
cytokine production by innate immune cells in the spleen, gut, and other organ, the carotid
body chemoreceptors, afferent sensory vagal fibers, and brain areas with a permeable blood
barrier respond to local and systemic cytokines, signaling to brainstem nuclei, which in turn
send vagal, cholinergic efferents to the periphery [10, 79]. After bacterial infection, one of the
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first and local responses is the release of vasoactive peptides by spinal afferent C-fibers and
the ensuing neurogenic inflammation. Vagal afferent C-fibers can exert neurogenic inflamma-
tory reflex actions, like those underlying some forms of diarrhea; however, in the proposed
vagal anti-inflammatory reflex, the exact role of efferent parasympathetic vagal fibers remains
to be elucidated, as these fibers do not seem to directly innervate the major immune organs
[79, 80]. The work developed by Tracey and colleagues have shown that, in animal mod-
els of sepsis and in another inflammatory conditions (e.g., colitis, hemorrhagic shock, and
ischemia-reperfusion injury), neural reflex involving the vagus nerve causes T cells to release
acetylcholine and, therefore, interacts with the a7nAch receptor on macrophages to dampen
the release of powerful proinflammatory mediators such as TNF-a and HMGB-1 [49, 50, 81].
In an animal model of cecal ligation puncture (CLP), improvements in survival and suppres-
sion of the SIRS response of sepsis were described after stimulation of the vagal nerve [81], as
does the use of a selective or a universal synthetic agonist for a7nAchR on macrophages [49].
Another recent work indicates that vagal stimulation also reduces symptoms and inflamma-
tion in patients suffering from rheumatoid arthritis and Crohn’s disease [80].

Contrary to the lack of information on vagal innervation of immune organs and cells, there
is longstanding evidence in favor of sympathetic nervous system innervation of primary
and secondary immune organs (including, thymus, spleen, bone marrow, and lymph nodes)
[82]. Depending on the kind of bacterial infection, there are different effects of SNS on bacte-
rial dissemination, innate immune cell responses, and inflammatory mediators [83]. During
septic systemic inflammation, noradrenaline increases in immune organs where it can act
on a and {3 receptors present on macrophages, and adrenaline release into the blood also
increases, implying that almost any tissue macrophage could be exposed to adrenaline, which
has been shown to modulate pro-inflammatory cytokine secretion by cultured blood cells
[81]. Noradrenaline, which is both released and often administered during sepsis [84], may,
along with adrenaline, exert pro-inflammatory actions through stimulation of 31 adrenergic
receptors, as antagonists of this receptor have been shown to exert anti-inflammatory effects
in experimental sepsis [85].

These findings show a specific interest, since, in clinical severe sepsis and septic shock, the
selective (31 receptor blocker, esmolol, has shown beneficial effects on microcirculation and
myocardial oxygen [84, 85]. Interestingly, in a rat model of CLP, esmolol has similar beneficial
effects on vascular and cardiac function [86], and at the same time, itincreases anti-inflammatory
and reduces pro-inflammatory cytokine production, reduces bacterial component, and improves
gut barrier function, ultimately increasing animal survival rates [87]. Although the SNS can
influence infection-induced immune responses, depending on the type of bacteria and the
timing of treatment, this kind of adrenergic drugs may have beneficial or detrimental effects
on the active molecules. Notwithstanding, the promising anti-inflammatory effects of the 31
antagonist esmolol need to be confirmed in clinical trials on septic patients [80].

4. Autonomic modulation and therapeutics in sepsis

Several advancements have been made over time to understand the neuroimmune mechanisms
for maintaining and restoring homeostasis during normal and pathophysiologic conditions.
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Some studies have already reported that, in adverse conditions, basic reflex mechanisms respond
through efferent vagal and sympathetic circuits and that neurotransmitters influence leukocytes
with important clinical implications [8, 43, 88]. In this heading, we will review the most relevant
therapies associated with autonomic modulation, developed and tested over the last 3 years.

Regarding the importance of sympathetic downstream signaling in anti-inflammation pro-
cesses, one promising pharmacological approach is the inhibition of phosphodiesterase 4
(PDE4), an enzyme that degrades cAMP [89]. It is reported that, by inhibiting this enzyme,
the cAMP increases, and, consequently, shows promising results in several diseases, as pso-
riatic arthritis, rheumatoid arthritis, Behget’'s syndrome [90], and sepsis [91]. Focusing on
sepsis studies, inhibitors of PDE4 reduce systemic vascular resistance and improve cardiac
contractility and renal function [91]. PDE4 inhibitors also have a potent anti-inflammatory
activity effect, by reducing microvascular leakage, all of which could be beneficial in infants
with severe sepsis [92]. Table 2 summarizes the main treatments developed in the last 3 years
based on pharmacologic PDE inhibition in sepsis.

It is known that studies in humans have their limitations and confounding variables, such as,
differences between groups in age and sex, body mass index, disease severity, smoking, frailty,
and physical activity [97]. However, interestingly, clinical responses could be attained through
autonomic nervous system modulation, as well as pro- and anti-inflammatory interventions
[6, 98]. Several approaches, such as lifestyle interventions, medications, and devices, could
be repurposed or further expanded to target inflammation. For example, to lessen systemic
inflammation, in metabolic and cardiovascular diseases, it is necessary to develop measures
to attenuate sympathetic activity [6, 98, 99]. Similarly, observations in animal models showed
that sympathetic inhibition could improve the immunosuppression associated with strokes,
and thereby, prevent infectious complications and deaths [6]. At the moment, there are some
clinical trials in progress, to evaluate the effects of the cholinergic anti-inflammatory pathway
by vagus nerve stimulation in patients with sepsis, severe sepsis, and shock septic, but there
are also, at least, five clinical trials that are evaluating the oxytocin in endotoxemia model
(https://clinicaltrials.gov/ct2/results?cond=Sepsisé&term=esmolol&cntry=&state=&city=&dist).

Taking into account the cholinergic anti-inflammatory pathway, the major discoveries have
been associated with: vagus nerve stimulation (VNS) and transvenous vagus nerve stimu-
lation (tVNS) in anti-inflammatory responses, the identification of a7nAChRs in different
cell types (macrophages, dendritic cells, and microglial cells) as targets for suppression of
inflammation, and the integration of cholinergic T cells into the efferent neuroimmune path-
way within the spleen, and also, some pharmacological approaches [98]. Although the vagal
neuroimmune pathway is still controversial in specific situations (e.g., sterile or pathogen-
induced inflammation), the effect of vagal stimulation could be beneficial to the host by
inhibiting exacerbated cytokine production and inappropriate neutrophil entrapment into
vital organs [12, 16]. By contrast, the cholinergic anti-inflammatory pathway can inhibit spe-
cific innate immune responses that are crucial to eliminate the bacteria (e.g., initial neutrophil
migration) and subsequently increase the mortality in sepsis [100, 101]. Nevertheless, while
VNS will unlikely replace the standard intensive care therapy, it is quite possible that, in
the future, autonomic modulation through VNS would become an adjunct to benefit septic
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patients [100, 101]. The most relevant treatments and therapies based on parasympathetic
nervous system developed over the last 3 years, in animal models and human studies, are
shown in Table 3.

5. Conclusion

The nervous and immune systems are not fully independent. When the body is inflamed, both
systems produce neurotransmitters and cytokines and express receptors that are involved in
important physiological functions and in the maintenance of homeostasis. The reactions of the
immune competent cells to neurotransmitters are variable, depending on the context of receptor
engagement, such as, activation state of the cell, expression pattern of neurotransmitter recep-
tors, microenvironment, cytokine, and distance from the catecholamine source (concentration).
It is already well described that autonomic modulation in acute and chronic inflammation has
been implicated with a sympathetic interference in the earlier stages of the inflammatory pro-
cess and the activation of the vagal inflammatory reflex to regulate innate immune responses
and cytokine functional effects in longer more chronic processes. The present chapter reviewed
the overall autonomic mechanisms controlling inflammatory responses in several conditions
such as, burn processes, arthritis rheumatoid, obesity, with a special focus on the inflammatory
processes associated with sepsis. Furthermore, the most relevant therapeutic options for the
latter, through autonomic modulation, were also reviewed and summarized.

In summary, it is quite clear that sepsis remains a worldwide clinical challenge and therapies’
outcomes depend largely on host factors. Henceforth, continuous searching for new and more
effective therapies during the initial phases of sepsis is utterly important, in order to reduce
the mortality associated with this syndrome (condition).
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Abstract

In postganglionic sympathetic neurons, the size of the dendritic arbor determines pre-
synaptic convergence, which correlates with tonic activity, and aberrant dendritic mor-
phology is associated with disease. There is, therefore, great interest in understanding
how dendritic morphology is regulated in these neurons. Early studies established a role
for target-derived nerve growth factor (NGF) in regulating the size of the dendritic arbor
of sympathetic neurons in vivo. However, in vitro studies revealed that even in the pres-
ence of optimal concentrations of NGF, rat sympathetic neurons cultured in the absence
of serum or non-neuronal cells survive and elaborate extensive axonal arbors, but fail
to form dendrites. Subsequently, it was discovered that bone morphogenetic proteins
(BMPs) trigger cultured sympathetic neurons to extend a dendritic arbor comparable
to that of their in vivo counterparts. The goals of this chapter are to: (i) summarize these
early experiments; (ii) discuss evidence substantiating a role for BMPs in glial-induced
dendritic growth in vitro and regulation of dendritic growth in vivo; (iii) review what is
known about the molecular mechanisms by which NGF, BMPs and other factors influ-
ence dendritic arborization of sympathetic neurons; and (iv) identify key data gaps in
understanding of how dendrites are regulated in sympathetic neurons.

Keywords: afferent input, BMPs, dendrites, neuronal polarity, NGF, p75, reactive
oxygen species (ROS), Rit, Smad, STAT, sympathetic neurons, target-derived factors

1. Introduction

Differences in dendritic morphology between neurons are a striking feature of the vertebrate
nervous system with important functional implications. The shape of dendrites influences
the propagation and integration of postsynaptic potentials [1], and determines presynaptic
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convergence [2, 3]. These observations coupled with evidence that aberrant dendritic struc-
ture is strongly associated with neurologic disease [4, 5] have generated significant interest in
understanding how dendrites are regulated.

Postganglionic sympathetic neurons are a well-characterized model for studying dendrite
development and plasticity [6]. The dendritic arbor of these neurons is relatively complex
with an average of two to six primary dendrites, depending on the animal species, and mul-
tiple orders of branching [7]. In postganglionic sympathetic neurons, the size of the dendritic
arbor correlates with not only the number and pattern of synaptic inputs [3, 8], but also tonic
activity [8, 9]. As is true of central neurons, aberrant morphology of sympathetic neuron den-
drites is associated with disease. For example, dendritic hypertropy of sympathetic neurons
in stellate and superior cervical ganglia (SCG) is observed in the spontaneously hypertensive
rat[10, 11], and is thought to contribute to the pathogenesis of hypertension in this model [11].
Therapeutic intervention with statins not only decreases sympathetic activity and normal-
izes blood pressure in the spontaneously hypertensive rat [12], but also decreases dendritic
arborization of both stellate and SCG neurons [13].

In this chapter, we will review what is known about the molecular and cellular mechanisms
that regulate dendrites in postganglionic sympathetic neurons, and identify key data gaps.

2. Early studies of dendritic growth in sympathetic neurons

The majority of dendritic growth in postganglionic sympathetic neurons occurs during
the postnatal period; however, dendrites continue to grow into adulthood [14-16], and in
situ imaging of mature sympathetic neurons has demonstrated that their dendritic arbors
continually grow and retract throughout life [17, 18]. In the rat, neonatal deafferentation
has negligible effect on dendritic growth in SCG neurons throughout the first month of
life [19-21], indicating that dendritic growth in sympathetic neurons does not require affer-
ent input. In contrast, target tissues strongly influence dendritic growth in these neurons.
Experimentally reducing target size causes dendritic arbors of SCG neurons to be smaller
than normal; conversely, increasing the target size significantly increases the size of the
dendritic arbor [16]. The influence of target is further illustrated by observations that sym-
pathetic neurons within the same ganglion that project to different targets exhibit varying
dendritic morphologies [18, 19].

The effect of target tissues on dendritic growth in sympathetic neurons is mediated, at least
in part, by nerve growth factor (NGF) [22-25]. Separation of neurons from target tissues by
axonal ligation causes dendritic atrophy in the few neurons that survive, and this effect is
attenuated by systemic administration of NGF [26, 27]. However, exogenous NGF reverses
axotomy-induced dendritic retraction by <50%, even though cell survival is completely res-
cued [27], indicating that additional target-derived factors are needed to fully account for the
effects of target on dendritic growth. Consistent with this conclusion, the dendritic complex-
ity of axotomized sympathetic neurons recovers to control levels upon ganglion cell reinner-
vation of the periphery [28]. In vitro studies further suggest that factors in addition to NGF are
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required for dendritic growth in sympathetic neurons. When grown in low-density cultures
in the absence of serum or non-neuronal cells, but in the presence of optimal concentrations
of NGF, sympathetic neurons form an axon but no dendrites [29, 30].

In vitro studies have further revealed that the initiation and maintenance of dendritic growth
in sympathetic neurons is regulated by trophic interactions. Addition of serum to NGF-
containing medium stimulates sympathetic neurons to form dendrites, although under these
culture conditions, the dendritic arbor is significantly less complex than is observed in vivo
[31]. In contrast, co-culture with ganglionic glial cells causes these neurons to form a dendritic
arbor comparable to that of their in vivo counterparts [32]. Subsequently, it was discovered
that the addition of bone morphogenetic proteins (BMPs) to the culture medium similarly
triggers sympathetic neurons to form a complex dendritic arbor [29, 33]. Multiple BMP family
members have been shown to stimulate dendritic growth in cultured sympathetic neurons,
including BMPs 2, 4, 5, 6, 7 and 60A; however, this activity appears to be restricted to the dpp
and 60A BMP subfamilies since BMP-3 and other members of the TGFf superfamily, includ-
ing TGFp1, TGFp2, TGEp3, activin A, inhibin, and GDNF, have no effect on dendritic growth
in cultured sympathetic neurons [29, 33, 34].

The trophic actions of BMPs are specific to dendritic growth in that BMPs do not support cell
survival, nor do they enhance axonal growth in cultured sympathetic neurons [29]. Consistent
with observations of dendritic growth in sympathetic neurons in vivo, the dendrite-promoting
activity of BMP-7 is independent of synaptic or electrical activity [35], but is modulated by
NGF [29, 36]. Importantly, the dendritic arbor induced by BMPs in cultured sympathetic
neurons is comparable to that of their in vivo counterparts with respect to not only size and
complexity, but also accumulation and post-translational modification of dendrite-specific
cytoskeletal and membrane proteins, exclusion of axonal proteins, transport of select mRNA,
and formation of synaptic contacts of the appropriate polarity [29, 34, 35]. These observations
indicate that BMPs selectively induce the execution of a developmental program in sympa-
thetic neurons that controls both quantitative and qualitative aspects of dendritic growth.

These observations suggest that BMPs mediate the effects of ganglionic glia and target tissues
on dendritic growth in sympathetic neurons. Immunocytochemical and in situ hybridization
studies indicate that the spatiotemporal expression of BMPs 5, —6, and —7 in rat SCG is consis-
tent with a role in the initial stages of dendritogenesis [33, 37]. In vitro, both SCG glia and neu-
rons express BMP mRNA and protein when grown in the absence or presence of each other
[37]. However, co-culture of sympathetic neurons with ganglionic glia markedly increases
BMP protein coincident with a significant decrease in levels of the soluble BMP antagonists,
follistatin and noggin [37]. Functional assays indicate that glial-induced dendritic growth is
significantly reduced by BMP-7 antibodies and completely blocked by exogenous noggin and
follistatin [37]. Collectively, these data suggest a model in which glia influence the rapid peri-
natal expansion of the dendritic arbor in sympathetic neurons by increasing BMP activity via
modulation of the balance between BMPs and their antagonists. Whether this model holds
true in vivo has yet to be tested.

The question of whether BMPs also contribute to target effects on dendritic growth has yet to
be addressed experimentally. Sympathetic targets, including the eye, heart, lung, kidney, and
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blood vessels, express significant levels of BMPs during embryonic development, throughout
the postnatal period, and into adulthood [38-40]. Thus, target tissues may be a source of
BMPs to sympathetic neurons not only during initial expansion of the dendritic arbor, but
also in the maintenance and remodeling of dendritic arbors that continues throughout the life
of the animal.

3. Signaling pathways that regulate dendritic growth in sympathetic
neurons

Research over the past few decades has provided insights into the signaling pathways and
molecular mechanisms that control dendritic growth in sympathetic neurons. As discussed
in the preceding section, BMPs and NGF play predominant roles in the initiation and mainte-
nance of dendrites in these autonomic neurons. While the importance of these growth factors
as regulators of dendritic growth in sympathetic neurons is well established, the downstream
effectors that link BMP and NGF to increased dendritic growth are not fully understood. In
this section, we will discuss the signaling pathways activated by these growth factors, the
evidence implicating downstream effectors of BMPs and NGF in dendritic regulation, and the
identification of factors that interact with these signaling pathways to alter their influence on
the dendritic arborization of sympathetic neurons.

3.1. BMP signaling

BMPs mediate their cellular effects by binding to a heteromeric receptor complex of trans-
membrane serine/threonine kinas receptor subunits comprised of a type I receptor [BMP type
I'receptor A (BMPR1A), which is also known as activin receptor-like kinase-3 (ALK-3) or BMP
type I receptor B (BMPRIB, also known as ALK-6)], and a type II receptor [BMP type II recep-
tor (BMPRII), activin type II receptor (ActRII), or activin type IIB receptor (ActRIIB)] [41, 42].
Ligand binding causes type II receptors to phosphorylate type I receptors, which then phos-
phorylate Smads 1, 5, and/or 8, also known as receptor Smads (R-Smads). Phosphorylated
R-Smads complex with Smad 4, triggering translocation of the Smad complex to the nucleus
to regulate gene transcription [42, 43]. Studies in Smad knockout animals and Smad deficient
cells suggest that BMPs can also signal through Smad-independent pathways via activation
of mitogen-activated protein kinase (MAPK), c-jun amino terminal kinase (JNK), p38-MAPK,
phosphoinositol-3-kinase (PI3K), LIM kinase 1 (LIMK1) or small GTPases [43-46].

BMP signaling pathways are active in sympathetic ganglia during developmental periods
corresponding to the initiation, extension and maintenance of dendrites. Quantitative PCR, in
situ hybridization, and immunocytochemistry studies have confirmed the presence of mRNA
and protein for BMPRIA, BMPRIB, ActRII and BMPRII in neurons of mouse SCG starting as
early as embryonic day 14, and persisting into postnatal development and even adulthood
[47, 48]. A role for BMPRIA in regulating dendritic growth in sympathetic neurons in vivo
was confirmed in a BMPRIA conditional knockout mouse generated by crossing a Dbhi-Cre
mouse line to a Bmpria floxed line [49]. Dbhi-Cre is expressed in sympathetic ganglia around
E10.5, thus, Bmprla expression is knocked out after neuronal specification, but before initia-
tion of dendritic growth. The loss of BMPRIA expression in sympathetic ganglia significantly
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diminished but did not completely block dendritic growth in vivo [49]. At postnatal day 3, the
number of primary dendrites and the size of the dendritic arbor were not significantly differ-
ent in sympathetic neurons of SCG from Bmprla conditional knockout mice vs. SCG neurons
from congenic wildtype controls. At later developmental times, however, dendritic arboriza-
tion was significantly decreased in SCG neurons of Bmprla knockout vs. wildtype mice. These
data suggest that, in vivo, BMP signaling is required for the maintenance of dendrites, but not
for the initiation and early growth of dendrites in sympathetic neurons.

Several caveats of the in vivo study suggest that the lack of effect of Bmprla knockout on early
stages of dendritic growth in vivo may not be discrepant with in vitro data showing that BMPs
are necessary and sufficient for induction of dendritic growth in sympathetic neurons [29, 49].
First, while the authors confirmed that Bmprla mRNA was not generated in the SCG after
embryonic day 11.5, they did not examine BMPRIA protein levels in the SCG of knockout
animals. Thus, the possibility that BMPRIA protein was still present during early stages of
dendritic growth cannot be ruled out. Moreover, recent biochemical studies have shown that
BMPRs cycle between various cellular compartments, and the association of the receptors
with endocytosis machinery is required for Smad-mediated signal transduction [50]. Thus,
additional studies are needed to characterize BMPR turnover and changes in receptor local-
ization in wildtype vs. BMPR knockouts. Another, perhaps more likely, explanation is that
sympathetic neurons in the Bmprla knockout mice express other type I receptors, such as the
activin receptors, that may be activated by BMPs to trigger dendritic growth at early develop-
mental stages. Further studies targeting other BMPRs are warranted to fully elucidate the role
of BMP signaling in dendritogenesis in vivo.

3.1.1. Smad-dependent transcriptional regulation of dendritic growth

Canonical BMP signaling involves the Smad family of transcription factors. Immunocyto-
chemical analyses of primary rat SCG neurons have demonstrated that Smad 1/5/8 translocates
to the nucleus within 20 minutes of exposure to BMP-7, with maximal nuclear translocation
observed within 2 hours of adding BMP-7 to the culture medium. Transfection with a Smad1
dominant negative mutant, Smad1l (35A), blocked BMP-7-induced dendritic growth in pri-
mary sympathetic neurons [51], indicating that Smad 1 activation is necessary for induction
of dendritic growth by BMP-7. In contrast to the Bmprla conditional knockouts, conditional
knockdown of Smad4 in sympathetic neurons, generated by crossing Dbhi-Cre mice to Smad4
floxed mice, increased dendritic length and the size of the dendritic arbor in SCG neurons
[49], suggesting that Smad 4 may play a role in limiting dendritic growth in vivo.

A comprehensive analyses of Smad-dependent dendritic growth in sympathetic neurons pro-
vided evidence for early transcriptional regulation of dendritic growth downstream of BMP-7
[52]. In neuronal cell cultures from embryonic rat SCG, BMP-7-induced dendritic growth
could be blocked by pharmacologic inhibition of transcription with actinomycin-D when the
inhibitor was added within the first 24 hours of BMP-7 exposure but not when it was added
after 48 hours of BMP-7 exposure. Microarray analyses identified over 250 genes that were
differentially regulated by BMP-7 within the first 24 hours after adding BMP-7 to the culture
medium. Of these, 56 mMRNAs were altered within the first 6 hours and 185 mRNAs were dif-
ferentially regulated at 24 hours after BMP exposure [52]. Many of the differentially regulated
genes were linked to signaling pathways previously implicated in dendritogenesis in other
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neuronal cell types or neuronal morphogenesis and/or axonal guidance, such as BMP, Notch,
integrin, Wnt, and NGF signaling molecules. However, the functional relevance of most of
these genes to dendritic growth in sympathetic neurons has yet to be determined. Moreover,
recent reports of limited correlation between transcriptome and proteome analysis in yeast,
plants and mice [53, 54], suggest that in order to generate a more complete understanding of
the molecular pathways that link BMPs to dendritic growth in sympathetic neurons, detailed
proteome analyses are needed to complement the existing transcriptomic dataset.

One gene identified as being strongly upregulated by BMP-7 in primary sympathetic neu-
rons, the gene encoding the p75 neurotrophin receptor (p75N™) [52], has been evaluated for a
role in BMP-induced dendritic growth. A member of the tumor necrosis factor (TNF) receptor
family, p75N® regulates diverse neurobiological processes, including axonal growth, synaptic
plasticity, dendritic growth in central neurons, and neuronal cell death [55-61]. p75N'® binds
diverse ligands to mediate its effects, including NGF, other neurotrophins, myelin-derived
polypeptides, such as myelin-associated glycoprotein (MAG) or Nogo, and f-amyloid peptide
[60, 62, 63]. In cultured embryonic rat SCG neurons, p75"™ mRNA and protein expression are
significantly upregulated within 24 hours of exposure to BMP-7 [52, 64], and pharmacologic
inhibition of signaling via BMPRI prevents induction of p75N® protein expression in primary
sympathetic neurons exposed to BMP-7 [64]. Functional studies revealed that BMP7 does
not trigger dendritic growth in primary sympathetic neurons derived from SCG of p75N®
knockout mice; conversely, ligand-independent activation of p75"™® via overexpression of a
p75N™® cDNA construct in p75N™®~/~ neurons [65], phenocopies the dendrite-promoting effects
of BMP-7 [64]. Morphometric analyses of SCG from wildtype vs. p75N™ knockout mice at 3,
6 and 12-16 weeks of age indicated that genetic deletion of p75N™® does not prevent dendritic
growth, but does significantly stunt dendritic maturation in sympathetic neurons. These data
support the hypotheses that p75N™® is involved in downstream signaling events that mediate
BMP7-induced dendritic growth in sympathetic neurons, and suggest that p75"™® signaling
positively modulates dendritic complexity in sympathetic neurons in vivo.

An outstanding question regarding p75N™® effects on dendritic growth in sympathetic neurons
is the identity of ligand(s) and co-receptor(s) that p75N™ interacts with to mediate BMP-induced
dendritic growth. Several lines of evidence argue against a direct interaction between p75N™®
and the BMP receptor complex: (i) inhibiting transcription blocks both BMP-induced dendritic
growth and upregulation of p75N™ mRNA [52]; (if) pharmacologic blockade of BMPRI signal-
ing blocks p75™™® induction [64]; and (iif) overexpressing p75N™® in cultured p75N™~/~ neurons
induces dendritic growth even in the absence of BMP-7 [64]. NGF is a potential activating
ligand, and NGF is required for BMP-induced dendritic growth [29, 36]. However, the obser-
vation that p75"™® interactions with the primary receptor for NGF, TrkA, serve to limit synapse
formation in sympathetic neurons [66], argues against p75"™®-TrkA interactions enhancing
dendritic development. Likewise, pro-neurotrophin activation of the p75N™-sortilin complex
serves to promote sympathetic axon degeneration and cell death [67], suggesting that this
interaction is also unlikely to stimulate dendritic growth. The identity of the p75N™® ligand that
mediates BMP-7-induced dendritic growth remains an outstanding question.

Similarly, the downstream effector molecule(s) that link p75N™® to increased dendritic arbori-
zation remain to be determined. Key candidates include the Rho GTPases. Rho GTPases func-
tion as central regulators of dendritic morphology, linking extracellular signals to changes
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in the dendritic actin cytoskeleton [68, 69]. p75N™® has been shown to interact with RhoA in
the yeast two-hybrid system [70]. In cultured rat sympathetic neurons, exposure to BMP-7
increases the levels of the GTP-bound form of RhoA, but not GTP-Racl or GTP-Cdc42, as
determined by a GTP pull down assay, and triggers RhoA translocation from the cytoplasm
to the membrane [13]. The observation that BMP-7-induced dendritic growth in primary sym-
pathetic neurons requires RhoA activation [13], suggests a model in which BMP-7 sequen-
tially activates BMPRIA, Smad 1/5/8, p75"™%, and then RhoA to induce dendritic growth in
sympathetic neurons.

3.2. Signaling pathways that interact with Smad signaling to modulate BMP-
induced dendritic growth

The shape of the dendritic arbor of developing sympathetic neurons is determined by interac-
tions between positive and negative regulators of dendritic growth. A number of signaling
pathways have been shown to interact with BMP signaling to modulate the number of den-
drites, total dendritic length and dendritic branching in sympathetic neurons. In this section,
we will review known positive and negative regulators of Smad signaling that impact BMP-
induced dendritogenesis in sympathetic neurons.

3.2.1. Positive regulators of Smad signaling that enhance dendritic growth

Proteasome-mediated signaling. The ubiquitin-proteasome pathway is unique in that it is one
of the few signaling pathways identified thus far whose interactions with BMP signaling
enhance dendritic arborization in sympathetic neurons. In the nervous system, proteasome-
mediated protein degradation pathways are important for self-renewal of neurons, axonal
growth, vesicle release, receptor turnover, signal transduction and synaptic plasticity [71-
73]. The ubiquitin-proteasome pathway has been implicated in regulating dendritic growth
in the mammalian central nervous system, with multiple E3 ubiquitin ligases, including
Anaphase promoting complex (APC), cullin RING-type E3 ubiquitin ligases (CUL) and neu-
ronal precursor cell expressed and developmentally downregulated protein (Nedd4), deter-
mined to be necessary for the extension and maintenance of the dendritic arbor of central
neurons [71, 74-76].

Biochemical studies have shown that R-Smads interact with components of the proteasome
complex, as well as enzymes and proteins involved in the ubiquitination-deubiquitination of
proteins, in many systems, and the ability of Smads to regulate transcription is dependent on
association with the proteasome complex in various cell types [77, 78]. Interactions between
BMP signaling molecules and the proteasome pathway have been reported in perinatal rat
sympathetic neuronal cultures prior to dendritic growth induction by BMP-7 [51]. In this
study, interactions between Smadl and multiple proteasome components were confirmed
using a yeast two-hybrid assay, and pharmacologic inhibition of proteasome activity by lac-
tacystin and ALLN (N-acetyl-Leu-Leu-norleucinal) selectively blocked BMP-7-induced den-
dritic growth in primary sympathetic neurons in the absence of any effect on axonal growth
[51]. These proteasome inhibitors also suppressed Smad-mediated transcriptional regulation
in a biochemical assay using a Tlx -luciferase construct transfected into P19 cells [51]. One
caveat of this study is that although there was clearly a functional interaction between BMP
signaling and the proteasome pathway in the context of dendritic growth, a biochemical
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interaction between Smads and proteasomes were not demonstrated in primary sympathetic
neurons. Further studies are necessary to fully understand the genetic and biochemical inter-
actions between Smads and ubiquitin-proteasome pathway during dendritogenesis in sym-
pathetic neurons.

Signaling mediated by reactive oxygen species (ROS). Under physiological conditions, ROS are
generated by the mitochondrial electron transport chain or as a consequence of the activity of
NADPH oxidase (NOX) [79-81]. While the deleterious effects of ROS at high concentrations
are well documented, over the past decade, there is growing appreciation of the beneficial
role of ROS at physiological concentrations [80-84], and of the importance of the NOX family
of enzymes in regulating many aspects of neuronal development including neurogenesis,
neurite outgrowth and synaptic plasticity [80, 83, 85]. NOX2 is expressed in neonatal rat
SCG neuronal cell cultures [86], and exposure of cultured embryonic SCG neurons to BMP-7
increases the expression of NOX2 [87]. Pharmacologic inhibition or siRNA knockdown of
NOX2 significantly decreases BMP-7-induced dendritic growth in primary sympathetic neu-
rons, an effect that is also observed in cultures co-exposed to BMP-7 and any of three mecha-
nistically and structurally distinct antioxidants that block ROS generation [87]. Antioxidants
block BMP-induced dendritic growth downstream of Smad signaling since BMP-induced
nuclear translocation of Smads is unaffected by antioxidant treatment [87].

Collectively, these data support the hypothesis that ROS are involved in the downstream sig-
naling events that mediate BMP7-induced dendritic growth, and suggest that ROS-mediated
signaling positively modulates dendritic complexity in sympathetic neurons. One caveat of
this study, however, is that while BMP-7 was observed to increase NOX2 levels and oxygen
consumption in sympathetic neurons, increased ROS levels were not detected in sympathetic
neurons exposed to BMP-7. Likely, this reflects the fact that physiologic BMP signaling gener-
ates levels of ROS that are below the detection threshold for standard ROS detection assays.
Further work is needed to determine whether these in vitro observations translate to a role for
ROS in regulating dendritic growth in sympathetic ganglia in vivo.

3.2.2. Negative regulators of SMAD signaling that influence dendritic growth

STAT signaling. The interferons (IFN) and the neuropoietic cytokines, which include inter-
leukins (IL), leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF), sig-
nal through the activation and nuclear translocation of signal transducers and activators
of transcription (STAT) proteins, which then regulate transcription of target genes [88].
Previous studies have shown that cytokines that signal through STATs vs. members of the
TGFp superfamily of signaling molecules tend to exert opposing effects on cellular function
[89-91]. Similar antagonistic interactions between STAT-dependent cytokine signaling path-
ways and the BMP signaling pathways have been documented during dendritogenesis in
perinatal sympathetic neurons. In primary perinatal sympathetic neurons, addition of LIF,
CNTF or gamma-IFN (IFNYy) significantly decreased the number of primary dendrites and
total dendritic length in cultures exposed to BMP-7, but had no effect on axonal growth or cell
viability [92-94]. In addition, all three cytokines triggered retraction of preexisting dendrites
[92, 94], suggesting a role for them in the dendritic retraction observed following neuronal
injury. Addition of LIF, CNTF or IFNy to primary sympathetic neurons resulted in nuclear
translocation of STAT, and transfection of a dominant negative STAT1 construct blocked
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IFNy-mediated dendritic retraction [92, 94]. These data provide evidence that neuropoietic
cytokines negatively regulate dendritic growth in perinatal sympathetic neurons via activa-
tion of STAT proteins. However, many questions remain, including the mechanism by which
nuclear translocation of STAT proteins limits the activity of SMAD proteins, and the down-
stream targets of STAT and SMAD signaling during dendritogenesis.

Mitogen-activated protein kinase (MAPK) signaling. MAPK family members, including extra-
cellular signal-regulated kinase (ERK), p38, and c-Jun NH,-terminal kinase (JNK), are ser-
ine-threonine kinases that function as downstream effectors of many extracellular signaling
molecules, including NGF, epidermal growth factor (EGF), and fibroblast growth factor (FGF)
[95, 96]. The activation of MAPK regulates gene expression to alter various cellular activities
such as cell division, growth, survival and cell death [95, 96]. Previous studies in Xenopus
embryos and cells such as radial glia, astrocytes, hippocampal neurons, and PC12 cells, have
demonstrated interplay between Smad and MAPK signaling pathways, and shown that phos-
phorylation of the linker on the Smad protein by MAPK is necessary for coordinating the
cellular effects of BMPs and other growth factors [43, 97-99]. Interplay between BMP and
MAPK signaling pathways is also observed during dendritogenesis in rat and mouse sympa-
thetic neurons. Pharmacologic inhibition of MAPK signaling with PD98059 or transfection of
a dominant negative MEK1 or ERK2 mutant increases the number of dendrites and total den-
dritic arbor induced following BMP-7 exposure, whereas overexpression of MEK1 decreases
BMP-7 induced dendritic growth [100]. Inhibition of MAPK signaling in primary sympathetic
neurons also increases Smad nuclear accumulation following BMP-7 exposure, and FGF was
identified as one of the ligands responsible for activating the ERK signaling pathway in these
neurons [100]. These findings suggest that, in perinatal sympathetic neurons, FGF activates
the MAPK pathway, which inhibits the nuclear accumulation of SMADs, thereby limiting
BMP-induced dendritic growth.

In addition to modulating BMP effects on dendritic arborization via activation of MAPK sig-
naling, FGFs regulate neuronal differentiation via the integrative nuclear FGFR1 signaling
(INFS) pathway [101]. FGFR1 is expressed in the nucleus of adult rat SCG neurons following
axotomy [102]. Nuclear localization of FGFRI1 is also increased in perinatal rat sympathetic
neurons following exposure to BMP-7, and transfection of a mutant FGFR1 receptor inhibits
FGFR1 nuclear localization and decreases the dendritic response to BMP-7 [103]. These data
suggest that the INFS-mediated FGF signaling pathway functions downstream of BMP sig-
naling to limit BMP-induced dendritogenesis in sympathetic neurons.

Rit GTPase, a member of the small GTPase family, has also been shown to activate ERK1/2 in
primary sympathetic neurons, and the transfection of dominant negative (dn) Rit or consti-
tutively active (ca) Rit were observed to increase or decrease BMP-induced dendritic growth,
respectively [36]. Rit GTPase also negatively modulates dendritic growth as a downstream
target of IFNy signaling as demonstrated by inhibition of IFNy-mediated dendritic retraction
in primary sympathetic neurons transfected with dnRit constructs [104]. Addition of IFNy to
cultures of pheochromocytoma cells, which are often used as a model for sympathetic neu-
rons, increased levels of GTP-Rit, and transfection of dnRit inhibited IFNy-induced activation
of p38 MAPK [104]. These observations suggest that a novel Rit-p38 MAP kinase signaling
pathway functions in parallel with the canonical JAK-STAT signaling pathway to mediate
IFNy-induced dendritic retraction. Collectively, these studies provide evidence for crosstalk
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between BMP signaling and MAPK signaling during dendritogenesis in sympathetic neu-
rons, and suggest that in contrast to its effects in central neurons, MAPK signaling functions
as a negative regulator of BMP-induced dendritic growth in sympathetic neurons.

Retinoic acid signaling. In the developing nervous system, BMPs and retinoic acid work syner-
gistically to regulate neural tube patterning and specification of neuronal identity [105-108].
Similarly, interplay between BMP and retinoic acid signaling have been documented during
dendritogenesis in sympathetic neurons; however, their interaction in this latter context is
antagonistic [106]. Genes required for synthesis of retinoic acid are expressed in cultured
perinatal rat SCG neurons, and retinoids synthesized by SCG explants were able to activate
transcriptional reporters in retinoic acid-responsive F9 cells [106]. The addition of retinoic
acid, or specific retinoic acid receptor and retinoid X receptor agonists, to the medium of
cultured sympathetic neurons inhibited BMP-induced dendritic growth without altering
axonal growth or cell viability [106]. What is not known, however, is the point of conver-
gence between these two pathways in the context of dendritic growth. Further studies are also
needed to determine whether retinoic acid regulates the dendritic arborization of sympathetic
Neurons in vivo.

Signaling by pituitary adenylate cyclase (PACAP) and vasoactive intestinal peptide (VIP). PACAP is
a member of the secretin/VIP family of peptides that regulates the development of cells within
the sympathoadrenal lineage [109]. In sympathetic neurons, PACAP regulates cell survival,
proliferation, and catecholamine secretion, and release of PACAP and VIP from pregangli-
onic neurons stimulates depolarization of sympathetic neurons [109]. In cultured perinatal
rat sympathetic neurons, PACAP38 and VIP decrease BMP-induced dendritic growth, as
evidenced by a decrease in the percentage of cells with dendrites, number of dendrites per
neuron, and size of the dendritic arbor [110]. Using receptor specific antagonists and antibod-
ies against phosphorylated cyclic AMP response element binding (CREB) protein, the PACAP
response was shown to be mediated by PAC, receptor activation, which results in the nuclear
accumulation of phospho-CREB. Inhibition of adenylate cyclase activity by 5Q22526 over-
comes the inhibitory effects of PACAP on dendritic growth, and agents that increase cAMP
levels, such as forskolin, inhibit BMP-induced dendritic growth [110]. These data suggest
that peptides released by preganglionic nerves modulate dendritic growth in postganglionic
sympathetic neurons by a cAMP-dependent mechanism.

In summary, signaling by cytokines, growth factors, small molecules, and peptides, such as
retinoic acid, PACAP and VIP, antagonize BMP signaling during dendritogenesis in sympa-
thetic neurons. Most of the relevant data were collected from studies of primary perinatal
sympathetic neurons cultured from rodent SCG. While the findings from this model have
provided a glimpse into the complexity of the interactions that influence dendritic arboriza-
tion of these neurons, further studies are required to understand the mechanisms by which
these factors interact to regulate dendritic growth, how these pathways are spatially and tem-
porally coordinated to influence dendritic arborization of sympathetic neurons in vivo, and to
determine their relevance to the human condition.

3.3. Other pathways that regulate dendritic growth in sympathetic neurons

As described earlier, NGF is an important regulator of dendritic growth in sympathetic neu-
rons. However, the molecular mechanisms by which NGF regulates dendritic growth are
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not well characterized. Early growth response-3 (Egr3), a transcriptional regulator known
to be induced by NGF via MAPK signaling, has been identified as a potential downstream
regulator of NGF-induced dendritic growth [111]. Sympathetic neurons from a conditional
Egr3 knockout generated using Dbhi-Cre have fewer primary dendrites and shorter dendritic
arbors compared to sympathetic neurons from congenic wildtype animals. In addition, Egr3
knockout animals exhibit defects in axonal guidance, and in innervation of autonomic targets
[111]. Although, Egr3 had previously been shown to not be required for NGF effects on neu-
ronal survival [112], some neuronal cell death was observed in germline mutants for Egr3. It
is, therefore, possible that the dendritic effects of knocking out Egr3 are secondary to adverse
effects on neuronal cell viability or changes in target innervation.

Neuronal depolarization induced by electric field stimulation or the addition of potassium
chloride to primary postnatal sympathetic neurons cultured was shown to trigger the forma-
tion of dendrites in the presence of NGF that retracted in the absence of neuronal activity
[113]. Neuronal depolarization enhanced stability of microtubules and activated calcium
calmodulin dependent kinase II (CaMKII) in dendrites. The latter was shown to be causally
related to the effects of neuronal depolarization on dendritic growth: pharmacologic inhibi-
tion of CaMKII activity using KN62 or mAIP completely blocks activity-dependent dendritic
growth in cultured sympathetic neurons [113].

Signaling by integrin-linked kinase (ILK) and glycogen synthase kinase-3p (GSK-3p) have also
been shown to be downstream effectors of activity-dependent dendritic growth in postnatal
sympathetic neurons [114]. ILK and GSK-3f are serine threonine kinases that are downstream
effectors of integrin and neurotrophin signaling [115]. ILK has been shown to phosphorylate
and inactivate GSK-3p to regulate NGF-mediated axonal growth [116]. Increased phosphory-
lation of GSK-3p protein was observed in cultured postnatal rat SCG neurons in response to
increased neuronal activity, and inhibition of ILK activity by QLT0254, as well as transfection
of dominant negative ILK or siRNA for ILK, blocked activity-dependent dendritic growth in
these neurons. Similarly, inhibition of GSK-3p activity using kenpaullone or genetic knock-
down of GSK-3p expression increased the number of primary dendrites formed in response to
potassium chloride, suggesting that GSK-3p inhibition is necessary for early stages of activity-
dependent dendritic growth in sympathetic neurons.

Interestingly, unlike BMP-induced dendritic growth, inhibition of ERK activity inhibited
activity-dependent dendritic growth in postnatal sympathetic neurons in vitro [113, 114].
Pharmacologic inhibition of ERK by PD98059 blocked activity-dependent dendritic growth,
inhibition of GSK-3p increased depolarization-dependent ERK activation, and inhibition of
ERK reversed the enhanced dendritic growth observed with GSK-3p inhibition [113, 114].
The reasons for the opposing roles of ERK in BMP-induced vs. activity-dependent dendritic
growth remain unexplored.

4. The path forward

The experimental evidence clearly implicate NGF, BMP and neuronal activity as positive
regulators of dendritic growth in perinatal sympathetic neurons in vitro. However, the inter-
action between these three pathways and their relative contributions to the induction and
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maintenance of dendritic growth in sympathetic neurons in vivo are not fully understood.
Multiple mechanistically and structural diverse signaling molecules have been implicated
as negative regulators of dendritic growth in vitro. The spatial and temporal regulation of
these pathways, how they interact with each other and with positive modulators of dendritic
growth to shape dendritic arbors, and their functional significance in vivo remain outstanding
questions. In addition, further studies are needed to understand the genes and proteins that
are regulated downstream of each of these signaling pathways and to identify those that serve
as hubs for interactions between multiple signaling pathways to regulate the final dendritic
arbor of sympathetic neurons. Finally, a key data gap is the relevance of these observations in
experimental models to the human condition.
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Abstract

Central pontine A5 and A6 noradrenergic cell groups are two of the main sources of nor-
adrenaline release at the spinal cord, at the level of the superficial dorsal horn, the motoneu-
ron pools of the ventral horn, lamina X and the thoracic and sacral intermediolateral cell
columns. Noradrenergic ascending or descending pathways originating in the A5 or A6 nor-
adrenergic cell groups are highly sensitive to stress and to other high-arousal states. These
noradrenergic groups present extensive projections that play a key role in the modulation
of all antinociceptive and autonomic responses elicited by painful or threatening situations.
Depending on the locations of these projections, different possible roles for each noradrener-
gic cell groups are suggested. The A6 noradrenergic cell group might have the greatest effect
on somatosensory transmission and the A5 group on sympathetic function. Consistent with
this, stimulation of central noradrenergic pathways evokes an array of stresslike and anti-
nociceptive effects, including changes in blood pressure, heart rate and respiratory rate. In
addition, it also produces an increase in excitability, which leads to a high degree of arousal
and a potentiation of cortical and subcortical mechanism generating the necessary cognitive,
behavioral and autonomic responses to confront these physical or psychological situations.

Keywords: pontine noradrenergic cell groups, A5 region, locus coeruleus,
cardiovascular control, analgesia

1. Introduction

Noradrenergic (NA) central pathways located at the level of the brainstem were initially
described by Dahlstrom and Fuxe in 1964 and contain several clusters or groups of neurons
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classified from Al to A7. These clusters extend rostrocaudally from the lateral pons to the cau-
dal ventrolateral medulla. Afferent and efferent connections are sent and come from very differ-
ent locations along the central nervous system (CNS) and are implicated in physiological and
behavioral functions associated with a wide cascade of processes, such as homeostasis, arousal,
memory, learning, autonomic and behavioral responses to stress and pain, among others [1, 2].

NA neurons are characterized by the presence, within the synaptic terminal, of the cyto-
plasmatic enzymatic machinery, which is necessary to biosynthesize noradrenaline from
the amino acid tyrosine through a precise and sequential enzymatic reaction. Tyrosine
hydroxylase (TH) is the limiting enzyme. It transforms tyrosine into dihydroxyphenylalanine
(L-DOPA), which is converted into dopamine by L-DOPA decarboxylase. Finally, dopamine
is used as a substrate by dopamine-f-hydroxylase (DBH), which transforms dopamine into
noradrenaline [3]. DBH immunodetection is specific for NA neurons and NA central demand
[4]. Although once the noradrenaline is a precursor to adrenaline synthesis, the immuno-
detection of DBH is not restricted to noradrenergic neurons except in the cases where the
referred group is isolated from adrenergic neurons (as A6 and A5). After its release into the
synaptic cleft, noradrenaline can bind to the pre- or post-synaptic adrenergic receptors and
activates intracellular signaling cascades depending on the specific function of the subtype of
the adrenergic receptor activated (facilitatory or inhibitory receptors).

Briefly, in terms of the precise location of the different NA cell groups: the A1 NA cell group
is found in the ventrolateral medulla; the A2, located close to the dorsal vagal complex, has
an intimate relationship (as part of) with caudal NTS complex, starting in very caudal level
of medulla until the open of fourth ventricle; A3 neurons are included within the medullary
reticular formation, and neurons of the A4 cell group are situated in the surroundings of the
fourth ventricle. The precise location of the most studied NA cell groups, the A5, A6 and A7, is
the following: the A5 NA cell group is located in the ventrolateral pons; A6, which represents
the locus coeruleus, is located in the lateral floor of the fourth ventricle and, finally, A7 is
found in the lateral part of the pons. These last three groups of NA neurons represent the most
important NA clusters with projections to the spinal cord [5, 6].

Early studies using retrograde transport of horseradish peroxidase combined with immu-
nostaining for DBH or retrograde transport of anti-DBH antibodies demonstrated that the
NA endings of the spinal cord arise from the A5, A6 and A7 cell groups in the pons [7]. The
projections from the neurons located in the A5, A6 and A7 cell groups are found throughout
the spinal cord, but the highest density of synaptic contacts is established at the level of the
superficial dorsal horn, the motoneuron pools of the ventral horn, lamina X and the thoracic
and sacral intermediolateral cell columns (IML) [5].

In this chapter, the main focus is centered on the main pontine NA cell groups, which project
to the spinal cord (A5 and A6), and their implications for cardiorespiratory control.

2. Spinal projections

The A5 and A6 pontine NA clusters of neurons project widely across the spinal cord [5]. These
projections reach the dorsal and ventral horns (laminae I-VII) and the IML of the spinal cord
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at thoracic levels. These descending projections of the NA cell groups are crucial in explain-
ing their functional implications in central cardiorespiratory control and in other important
autonomic functions involved in behavioral responses to stress or pain.

2.1. Spinal projections from the A6 (locus coeruleus)

The projections from A6 cells use two main pathways: through the spinal cord in the ventral
funiculi and through the dorsal surface of the dorsal horn. The A6 NA cell group supplies the
highest concentration of synaptic endings at all levels. It includes all regions of the spinal gray
matter, but it is especially dense at the level of the dorsal horn, although it has a small number
of axons to the ventral horn and IML [5]. Extensive literature for this exists, not only at an
anatomical level [6-12] but also with electrophysiological evidence [13, 14]. Intra and extracel-
lular neuronal recording studies provide the assignment to caudal A6 NA neurons with a role
in regulating the excitability of the cell bodies of somatic alpha motoneurons located within
the ventral horn of the spinal cord.

2.2. Spinal projections from the A5

It is well established that the spinally projecting axons of the A5 NA group mainly travel
through the spinal cord within the lateral funiculi to end at the level of the IML cell column

9 -
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Figure 1. Schematic diagram of a sagittal section of human brain in which the main pontine noradrenergic nuclei (A5
and A6) and their main efferent connections are positioned. (A5) A5 noradrenergic cell group. (A6) A6 noradrenergic
cell group, Locus Coeruleus. (Amyg) Amygdala. (CVL) Caudal ventrolateral medulla. (DMH-PeF) Dorsomedial
Hypothalamic nucleus and perifornical area. (Hyppoc) Hyppocampus. (IML) Intermedio lateral cell collum of the spinal
cord. (KF) Kolliker-Fuse nucleus. (LH) Lateral Hypothalamus. (NTS) Nucleus Tractus Solitarii. (PAG) Periaqueductal
gray. (PBc) Parabrachial complex. (PVN) Paraventricular nucleus. (RVL) Rostral ventrolateral medulla.
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of the thoracic spinal cord segments [5, 15-17]. There are also projections to the dorsal horn
of the spinal cord (laminae IV-VII) [5, 16], where a high density of nociceptive neurons can
be observed [18]. The A5 NA cell group contributes only with sparse projections to the dorsal
and ventral horns at cervical and lumbosacral levels, but it supplies the thoracic IML with the
densest projections, particularly to sympathetic preganglionic neurons [5].

In summary, the projections of A5 and A6 NA cell groups to the spinal cord are distributed
in a complementary and topographic way. This suggests a different possible role for each of
these cell groups, which depend on the precise location of their projections. Therefore, the A6
NA cell group might have its main effect on somatosensory transmission, and the A5 group
on sympathetic autonomic function (Figure 1).

3. Functional pathways related to central and spinal projections

Although the previously described spinal projections are enough to explain the roles of
each NA cell group, the efferent connections that these nuclei send to other areas of the
CNS involved in autonomic control are what reinforce their role in autonomic control and
homeostasis.

3.1. A6

The pontine A6 NA cell group, also called “locus coeruleus,” is the most exhaustively studied
NA nucleus in the brain. This NA region, which projects mainly to the dorsal horn of the
spinal cord, has been linked with antinociception or modulation of pain together with the A7
NA cell group in Harlan Sprague-Dawley and Wistar rats [2, 19-23].

Neurons of the A6 region, as other catecholaminergic nuclei, are known to be immunoreac-
tive for TH and DBH, the two enzymes critically involved in noradrenaline biosynthesis. A6
NA neurons also express a wide selection of neuropeptides including neuropeptide Y, soma-
tostatin and cholecystokinin [24]. Most of the A6 NA neurons have different neurochemical
characteristics and morphologies, presenting predominantly a medium size with fusiform
and polar morphology, and three or four long thin dendrites [25].

A6 NA neurons send axons with extensive bifurcations, which travel long distances and
establish connections even with cortical domains [26]. In addition, neurons located in the
rostral part of the A6 NA region have widely branched axons that innervate forebrain areas,
providing the main source of noradrenalin to the neocortex, hippocampus, amygdala, thala-
mus and cerebellum [27, 28]. Specifically, at the level of the hypothalamus, the A6 region
makes contact with the paraventricular and supraoptic nuclei [29]. Other projections from the
A6 NA neurons target the superior colliculus [30]. An activation of all these superior struc-
tures enhances arousal, vigilance and attention to sensory stimuli [31]. It has been reported
that electrical stimulation of the A6 region also elicits a pressor response [32]. Furthermore,
pharmacological inhibitions or activations of the activity of the A6 NA neurons also evoke
changes in blood pressure [33].
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With regard to these multiple ascending pathways, it is known that the A6 NA region has
a critical role in stress responses, autonomic function, emotional memory, attention and the
control modulation of motor and sensory functions. Furthermore, it has been shown that
noradrenalin exerts potent neuromodulatory actions, reducing neuronal baseline activity and
increasing the responsiveness of target cells to novel synaptic stimuli. Within the neocortex,
hippocampus, amygdala and cerebellum, noradrenaline also facilitates synaptic plasticity,
including long-term potentiation [34-36].

Tracing and immunocytochemical studies clearly describe all the descending projections from
the A6 NA neurons to the brainstem and spinal cord [37]. These studies show the differences
between the projections that originate from the subcoeruleus and coeruleus regions. However,
the A6 NA neurons primarily project to the parasympathetic neurons of the dorsal motor
nucleus of the vagus, nucleus ambiguus and sacral spinal cord, and subcoeruleus neurons send
their projections to sympathetic preganglionic neurons and somatic cranial nerve nuclei. Both
pathways have widespread projections to the brainstem reticular formation and dorsal horn of
the spinal cord [38], and to the region surrounding the central canal and the ventral horn [37, 38].

Finally, A6 NA neurons also play a major role in behavioral and autonomic responses to stress
[39]. A6 NA cells orexin 1 receptors are activated by stress-related orexin axons projecting
from neuronal cell bodies located in the perifornical hypothalamus [40]. Furthermore, A6 nor-
adrenergic neurons also modulate the interaction between the amygdala and hippocampus,
thus promoting emotional memory [41], which involves an activation of (3 receptors within
the basolateral amygdala [39]. In a recent report [42], it has been shown that A6 noradrenergic
neurons participate in the tachycardia evoked during autonomic responses to stress and also
are recognized as central chemoreceptors [43, 44].

3.2. A5

Multiple reports demonstrate that A5 neurons provide the major component of NA input to
sympathetic preganglionic neurons of the IML of the spinal cord. Once there, they branch
and establish buttons along the cell bodies and proximal dendrites of cholinergic pregangli-
onic neurons, thus sustaining the earlier anatomical [5, 17] and physiological studies [45-50],
which indicate a role for the A5 region in regulating sympathetic function.

The A5 region contains NA and non-NA neurons. The non-NA cells are mainly located at the
level of the most caudal part of the A5 region [51]. These neurons seem to have similar properties
to respiratory chemoreceptors cells previously identified in the rostral medulla oblongata [52]. By
employing immunocytochemical and in situ hybridization techniques, neurons of the A5 region
are shown to express ionotropic and metabotropic glutamate receptors. Ionotropic NMDA recep-
tors show NR1-NR2D subunits [53], while the non-NMDA types are both AMPA and kainate [54].
The A5 metabotropic receptors observed within the A5 region are mGluR I, II and III [55].

Focusing on the descending connections from the A5 region, there is a dense connectivity with
several medullary nuclei. These include the nucleus tractus solitarius (NTS), caudal ventrolat-
eral medulla (CVLM), rostral ventrolateral medulla (RVLM), the caudal pressor area and the
retrotrapezoid nucleus. There is also significant ascending connectivity, showing reciprocal
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projections with the Kolliker-Fuse, medial and lateral parabrachial nuclei in the pons, the
perifornical area and the paraventricular nucleus in the hypothalamus and with the amygdala
[15, 56-60]. The location and connectivity of A5 region cells, the so-called ventrolateral pons,
with an entire network of ascending and descending connections with other regions of the
CNS involved in cardiorespiratory regulation, supports the idea that these neurons are the
perfect candidates to drive and modulate the control of both sympathetic activity and cardio-
respiratory function (Figure 1) [15, 45, 56, 58, 59, 61-63].

We have studied the functional relations between this sympathetic NA region and other
hypothalamic, pontine and medullary regions involved in cardiorespiratory control. We first
demonstrated that the stimulation of A5 NA cell bodies with glutamate mainly produces
an increase in both blood pressure and heart rate [47] (Figure 2). It is known that the simul-
taneous increase of sympathetic vasomotor activity, arterial blood pressure and heart rate
implies a reset of the baroreceptor reflex but without attenuation in the sensitivity of the reflex
[64]. Furthermore, A5 neurons are activated during baroreceptor unloading [45] and carotid
chemoreceptors stimulation [65]. Thus, it has been proposed that A5 neurons may play an
important role in the carotid sympathetic chemoreflex triggered by hypoxia [66-68].

However, not only do A5 NA neurons have a cardiovascular role, but they also play an
important role in respiratory control, modulating the activity of respiratory neurons [69]. A5
neurons are also synaptically connected to phrenic motoneurons [70] and contribute to the
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Figure 2. (A), (B), (C). Cardiorespiratory responses to A5 region stimulation in spontaneously breathing animals. Blood
pressure (upper traces), heart rate (middle traces) and integrated phrenic activity (lower traces) during (A) electrical
stimulation (10 pA, 0.4 ms, 50 Hz for 5 s) and (B) glutamate injection (1.5 nmol, 15 nl, over 5 s) in the same animal
showing a decrease in respiratory rate with an increase in blood pressure and heart rate. (C) The response of another
animal to glutamate injection (2.5 nmol, 25 nl, over 5 s), in which the respiratory response is similar to (B), but the
cardiovascular response is bi-phasic and the increase in heart rate smaller.
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respiratory responses evoked by hypoxia and hypercapnia [66, 68, 71]. We have also dem-
onstrated that the A5 region and medial Parabrachial and Koélliker Fuse nuclei have a role in
modifying the activity of laryngeal motoneurons localized in the nucleus ambiguus, produc-
ing laryngeal constriction and increasing subglottic pressure (Figure 3) [50]. Finally, A5 NA
neurons also participate in the cardiorespiratory response elicited by the activation of the
parabrachial complex (Figure 4) [46], which is a critical component of the brainstem respira-
tory network required for eupnoea [72].

Similarly to A6 NA neurons, the A5 region is also involved in the control of stress-related
responses. The terms “defense region” or “defense response” have been classically used in the
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Figure 3. Laryngeal and respiratory responses to glutamate microinjection in the A5 region. Respiratory airflow, pleural
pressure, subglottic pressure, phrenic nerve discharge and integrated phrenic nerve discharge, showing a expiratory
facilitatory response with increase of subglottic pressure during a glutamate injection (10 nl over 5 s) in the A5 region.
The arrows shows the onset of injection.
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Figure 4. Extracellular recordings of three cells (superimposed sweeps) from the A5 region showing electrophysiological
relations between the Parabrachial complex and the A5 region.

literature to describe the areas of the CNS from which we can evoke a pattern of autonomic
and behavioral changes that are typically observed when an animal is confronted with threat-
ening stimuli from different types of stressors [73-75]. The complexity of defensive behavior
requests different interconnected regions, which plays specific roles according to the origin of
the stressor agent or source of fear. It has been reported that there are two important regions
from which this “defense response” can be elicited: the dorsomedial hypothalamic and peri-
fornical area (DMH-PeF) in the hypothalamus, and the dorsolateral periaqueductal gray
(dIPAG) in the midbrain [76]. The DMH-PeF and the dIPAG are part of an extensive network
that coordinates defensive behavior.

The defense response is characterized by hypertension, tachycardia and tachypnea. As previ-
ously described, the simultaneous increase of arterial blood pressure, heart rate and sym-
pathetic vasomotor activity implies that the baroreceptor reflex is reset to higher levels of
arterial pressure, but without attenuation in the sensitivity of the reflex. A potentiation of the
chemoreceptor reflex is known to be involved in this effect [77], as well as an activation of
GABAergic mechanisms at the level of the NTS [78, 79].

With electrophysiological and neuropharmacological techniques, we have demonstrated
the functional and anatomical interrelations between the Parabrachial complex and the A5
NA region in modulating the cardiorespiratory response evoked from DMH-PeF [80, 81]
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(Figures 5 and 6) and that glutamate is a possible neurotransmitter candidate involved in
these interactions [81, 82]. In unpublished observations, we have obtained similar results with
the interactions between the dIPAG and the A5 region [83].

We have also shown that the tachycardia evoked from these defense regions is decreased when
the A5 region is pharmacologically blocked with the GABA agonist muscimol. For this reason,
we propose the existence of two different pathways that subserve the tachycardia and the pres-
sor response elicited from the stimulation of these defense regions [81, 84]. The tachycardia and
the hypertension evoked during defense stimulation involve a direct activation of the neurons
of the RVLM. These neurons send direct projections to preganglionic neurons of the IML that
are ultimately responsible for the abrupt increase in blood pressure [85]. In addition, a direct
activation of the adrenal medulla contributes to a secondary increase in blood pressure due to
the liberation of adrenaline. Furthermore, in a parallel pathway to the activation of the RVLM
and the preganglionic neurons in the IML, the stimulation of defense regions increases the
intensity of the chemoreceptor reflex by means of an excitation or facilitation of chemorecep-
tor neurons in the NTS [77]. In a parallel circuit, an inhibition of the response to baroreceptor
inputs is produced by disfacilitation or inhibition of baroreceptor neurons at the level of the
NTS [78, 86]. This inhibition seems to be mediated by GABAergic interneurons in the NTS [78].

Other groups have also suggested the existence of these separates pathways [76]. It has been
hypothesized that cardiorespiratory sympathoexcitatory changes evoked during defense
stimulation are produced via indirect polysynaptic projections from the dIPAG to the medulla
through connections with the DMH-PeF, Parabrachial complex and cuneiform nucleus. Our
results suggest that the A5 region is one of the best candidates to mediate in these cardiore-
spiratory descending pathways because of its excitatory direct connections with the IML and
the inhibitory direct projections with the CVLM, which are a source of inhibition to the RVLM
[59]. Therefore, the stimulation of both defense regions, DMH-PeF and dIPAG, results in an
activation of the A5 region. Thus, this activation will reinforce the pressor response, sup-
porting the hypothesis that neurons within the A5 region are involved in the decrease of the
sensitivity of the baroreceptor reflex at the level of the NTS, after the activation of the so-called
defense regions, DMH-PeF and dIPAG.

100 A e Cunlml 100 B _ After muscimol

il T—

mm{hr n‘”f fﬂ”'l"ﬁ'ﬂTrmTrrfmTﬁ Jn YTy YTV
bm“"" AT 3“] .
iy ‘MM GBI

Figure 5. Instantaneous respiratory rate (upper trace), respiratory flow, pleural pressure, instantaneous heart rate
and blood pressure in a spontaneously breathing rat, showing the cardiorespiratory response evoked on DMH-PeF
stimulation before (A) and after the microinjection of muscimol (50 nl over 5 s) in the A5 region (B) The segment shows
the duration (5 s) of the DMH-PeF electrical stimulation.

121



122 Autonomic Nervous System

AR

" l i “ . 'I. I- i i .E:_"E-.il_---,_.--;\,a—-.:'.--x__—lr_-—.‘._.--x;_.---.l_' IIII,I'/\

1 ™ itaaii i i 1 ] "
| I | [ e ATTERETEL LN TYRY VRLETTRTYANY i
iz

m.- f

Figure 6. Extracellular recordings (superimposed sweeps) from the A5 region showing electrophysiological relations
between the DMH-PeF and the A5 region: (a) Silent axon (upper trace) with constant-latency responses to DMH-PeF
stimulation (lower trace). (b) Spontaneously active A5 cell (upper trace) inhibited by DMH-PeF stimulation (lower
trace). (c) Spontaneously active A5 cell (upper trace) excited with double short- and long-latency responses to DMH-PeF
stimulation (lower trace). (d) Inset shows recording of respiratory flow, pleural pressure, neuronal activity of a putative
respiratory-modulated A5 cell and blood pressure. Main graph shows respiratory flow (inspiration downwards), and
neuronal activity, while lower trace shows DMH-PeF-triggered histograms. This recordings show the complexity of the
neuronal interactions between A5 and DMH-Pef.

4. Clinical implications

The A5 region is also involved in the impairment of sympathetic cardiovascular and respi-
ratory control observed in multiple system atrophy (MSA) [87] and in syndromes such as
Sudden Infant Death Syndrome, Rett syndrome, Ondine’s syndrome and other genetic fail-
ures related to Phox2a, Ret, Mecp2, BDNF and Phox2b mutations [88].

Growing evidence supports the presence of earlier noradrenaline deficiency in neurodegen-
erative disorders including Parkinson disease (PD). PD dysautonomic symptoms are com-
mon, especially in cardiovascular, gastrointestinal and genitourinary systems. Most patients
with PD have imaging evidence of cardiac sympathetic denervation. Selective degeneration
of the noradrenergic neurons of the A6 NA cell group precedes that of dopaminergic neurons
of the substantia nigra pars compacta and has been increasingly recognized as a potential
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major contributor to cognitive manifestations in early PD, particularly impaired attention.
This makes the A6 NA system a major contributor to the pathophysiology and potential target
for therapy of PD [19, 89, 90].

5. Summary and perspectives

This chapter focuses on the different spinal projections and main modulatory actions of the
two main NA pontine cell groups derived from this connectivity. Among these NA modu-
latory actions, a high variety of physiological and behavioral processes can be found that
involve multiple cortical and subcortical structures. The diversity of anatomical, morphologi-
cal, pharmacological and electrophysiological studies carried out in these NA cell groups has
demonstrated that A5 and A6 NA pontine cell groups seem to be the best neuronal substrate
to articulate the necessary responses to a wide range of psychological and physical stressors.
A6 NA neurons present the necessary projections to modulate analgesic responses, while the
A5 NA region seems to modulate all of the necessary autonomic responses needed to confront
threatening stimuli or situations.

Regarding pain, bidirectional NA modulatory actions of spinal nociceptive processing
depends on the type of pain. Moreover, this modulation is not only referred to by the type of
nociceptive stimulus but, in addition, is affected by other CNS structures that are involved
in emotional, motivational or attentional states. As has been previously explained, A6 and
A5 NA cell groups may be the key centers for all modulatory actions exerted from superior
structures within the CNS, which inhibit nociceptive transmission at the level of the spinal
dorsal horn acting via presynaptic alpha2 receptors.

This chapter has laid the groundwork for further investigations on the topic and numerous
unanswered questions remain. For example, how do these noradrenergic nuclei respond
when functional or structural diseases caused by genetic or epigenetic factors appear? Are all
these centers and their connections equally affected under these different pathological states?
Are NA cells of these nuclei affected in the same manner by different external stressors or
do they have different functional responses depending on their location within each nucleus
or their projections? Does the selective degeneration that occurs in A5 and A6 neurons in
diseases, such as MSA and PD, have a relationship with the evolution of the dysautonomia or
the cognitive alterations observed in these patients?

Further basic and clinical studies are needed to assess the role of the NA pontine cell groups
on physiology and pathophysiology based on these questions.
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