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Preface

Although serotonin (5-HT) was discovered as a neurotransmitter less than 80 years 
ago, the successive decades have yielded a dramatic increase in our knowledge of 
serotonin, its receptors, enzymes, transporters and accessory proteins and its asso-
ciated functions. Serotonin constitutes one of the oldest neurotransmitter systems 
in nature; it is estimated to have originated about 800 million years ago. This enor-
mous time span enabled the serotonergic complex to evolve into a highly important 
system involved in many important biological processes in the body, particularly 
in the central nervous, gastro-intestinal, cardiovascular and immune systems. It is 
remarkable that the neurotransmitter itself has not evolved during evolution, but 
the molecules with which it interacts have shown an amazing diversity, variability 
and extent and seem to vary according to species, organ, cell, gender and disease 
state. The complexity of the involvement of serotonin is illustrated in the chapters 
contributing to this volume. 

In Chapter 1 investigators from various countries and backgrounds have collabo-
rated on mathematical modeling of neurotransmitter metabolism, focusing on 
5-HT and histamine, applying various techniques and trying to connect their find-
ings to neuropsychiatric disorders, notably depression. By eloquently combining 
various advanced methods and techniques they present a new serotonin model of 
5-HT synthesis, release, reuptake and autoreceptor control and make an intriguing 
connection to neuro-inflammation as a causative factor in major depression. 

Chapter 2 deals with the interconnection between serotonin, sleep and depression. 
The involvement of 5-HT neurotransmission in sleep and wakefulness has been 
known since the sixties, but many questions have not been resolved. In this chapter 
a new hypothesis is formulated involving 5-HT and excessive long pre-morning 
periods of REM-sleep, leading to a complete stop of monoamine release. It is sug-
gested that fragmentation of this sleep phase may have antidepressant effects. 

Chapter 3 describes the putative role of the serotonergic system in post-traumatic 
stress disorder (PTSD), a troublesome condition that is increasing in prevalence 
worldwide. This review shows the involvement of the serotonergic system in the 
regulation of sensitivity to highly stressful events and how to cope with them. 

Chapter 4 deals with the use of small molecule drugs for the treatment of 
Alzheimer’s Disease which is developed on the basis of a mechanistic understanding 
of the Serotonin Receptors 4 and 6.

Chapter 5 deals with serotonergic brain mechanisms of aggression and sexual 
behavior, focusing on 5-HT1A- and 5-HT1B-receptors, as there is evidence for 
(partly) overlapping in CNS circuitry for aggression and sexual behavior. As 
5-HT1B-receptors seem particularly involved in aggression and 5-HT1A-receptors in 
sexual behavior, their precise interrelationship is not clear and far from understood. 
This information is badly needed to develop anti-aggressive (serenic) and pro-
sexual drugs for human applications. 



Chapter 6 describes new ligands for 5-HT4- and 5-HT6-receptors that might create 
new treatments in the modulation of cognition and amyloid pathology. The chapter 
nicely describes recent progress in understanding how to modulate underlying 
systems by medicinal chemistry methods of advanced pharmacophores. This will 
hopefully lead to new pharmacological approaches and drugs to treat Alzheimer’s 
disease. 

Chapter 7 discusses the role of serotonin in cerebral edema after traumatic brain 
injury. Traumatic brain injury leads to very complex processes where many different 
mechanisms play a role. Serotonin is clearly involved in early cytotoxic edema after 
traumatic brain injury. Maintaining low serotonin levels in the brain immediately 
after an injury has neuroprotective effects and may contribute to a better outcome 
for the patient.

Chapter 8 is a nice overview of the role of 5-HT pathways in neuro-immuno com-
munication and their role in autoimmune and inflammatory pathology in CNS 
diseases, including multiple sclerosis, Alzheimer’s disease and mood disorders. 
The chapter also outlines the important role of the ‘brain-gut axis’ and shows the 
involvement of brain-gut communication in the pathogenesis and pathophysiology 
of several brain disorders.

This book excellently illustrates the broadness of research and therapy in the 
serotonergic field. It also indicates that new developments continuously occur in a 
‘seemingly old’ system. It is evident that we still are only at the beginning of under-
standing the role of serotonin in health and disease.

Dr. Berend Olivier
Professor,

Professor Emeritus Pharmacology of the Central Nervous System,
Faculty of Sciences,

Department of Psychopharmacology, 
Utrecht Institute for Pharmaceutical Sciences,

Utrecht University, 
Utrecht, Netherlands

Adjunct Professor,
Department of Psychiatry,

Yale University School of Medicine,
New Haven, USA
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Chapter 1

Mathematical Models of
Serotonin, Histamine, and
Depression
Janet Best, Anna Marie Buchanan, Herman Frederik Nijhout,
Parastoo Hashemi and Michael C. Reed

Abstract

The coauthors have been working together for ten years on serotonin, dopa-
mine, and histamine and their connection to neuropsychiatric illnesses. Hashemi
has pioneered many new experimental techniques for measuring serotonin and
histamine in real time in the extracellular space in the brain. Best, Reed, and Nijhout
have been making mathematical models of brain metabolism to help them interpret
Hashemi’s data. Hashemi demonstrated that brain histamine inhibits serotonin
release, giving a direct mechanism by which inflammation can cause a decrease in
brain serotonin and therefore depression. Many new biological phenomena have
come out of their joint research including 1) there are two different reuptake
mechanisms for serotonin; 2) the effect of the serotonin autoreceptors is not
instantaneous and is long-lasting even when the extracellular concentrations have
returned to normal; 3) that mathematical models of serotonin metabolism and
histamine metabolism can explain Hashemi’s experimental data; 4) that variation in
serotonin autoreceptors may be one of the causes of serotonin-linked mood disor-
ders. Here we review our work in recent years for biological audiences, medical
audiences, and researchers who work on mathematical modeling of biological
problems. We discuss the experimental techniques, the creation and investigation
of mathematical models, and the consequences for neuropsychiatric diseases.

Keywords: serotonin, histamine, depression, mathematical model

1. Introduction

It is worthwhile to begin by reminding ourselves that the question of depression
and the brain is so difficult because the brain consists of many different systems
that interact with each other. First is the electrophysiology of the brain including
the biophysics of individual neurons and the behavior of neural networks. Second is
the biochemistry of the brain, not just cell biochemistry and the structure and
function of receptors, but also the fact that many brain neurons do not do one-to-
one signaling with other neurons. These neurons, like the serotonin (5-HT) neurons
of the dorsal raphe nucleus (DRN) have dense projections to other brain regions in
which their axons have myriad varicosities that release the transmitter when the
neuron fires, thus changing the concentration of the transmitter in the extracellular
space of the projection region. In a sense, these neurons project changes in
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biochemistry over long distances in the brain. Example are the 5-HT projections
from the DRN to the striatum and the dopamine projection from the substantia
nigra to the striatum. Third is the genomics of the brain, not just the genotypes of
individuals but also how gene expression levels vary depending on electrophysiol-
ogy, biochemistry, and the other systems below. Fourth is the endocrine system.
The brain is an endocrine organ itself but is also influenced by other endocrine
organs such as the ovaries and the adrenal glands. Fifth, the brain is affected by the
current status of the immune system that affects the release of histamine frommast
cells. Sixth, the brain creates behavior but behavior affects the endocrine and
biochemical systems. And, these six systems operate on a wide range of spatial and
temporal scales.

There are four additional difficulties. The brain is not fixed like a machine, but is
dynamically changing on short and long time scales based on its challenges and
history of challenges. Secondly, direct in vivo experimentation on humans is
unethical, so one is left with remote sensing (imaging, drug responses, etc.) and
extrapolation from animal experiments often performed on tissue slices. Third,
there is an exceptional amount of individual variation. For example, it is known that
gene expression levels vary by about 25% from person to person [1–3] and of course
vary in time; so what does it mean to speak of “the brain?” Finally, not surprisingly,
a myriad of homeostatic mechanisms (such as 5-HT1B autoreceptors on 5-HT vari-
cosities) have evolved so that the brain can keep functioning “normally”, despite
changing inputs, gene polymorphisms, and enormous biological variation. These
mechanisms, whether gene regulatory networks or biochemical regulatory motifs,
operate over limited scales and are almost always nonlinear, and this makes
guessing the likely results of interventions very difficult.

In this situation where the system is complex and experimentation is difficult,
mathematical modeling can provide a useful tool. A model gives voice to our
assumptions about how something works. Every biological experiment is designed
within the context of a conceptual model and its results cause us to confirm, reject,
or alter that model. Conceptual models are always incomplete because biological
systems are very complex and incompletely understood. Moreover, and as a purely
practical matter, experiments tend to be guided by small conceptual models of only
a very small part of a system, with the assumption (or hope) that the remaining
details and context do not matter or can be adequately controlled. Mathematical
models are formal statements of conceptual models. Like conceptual models, they
are typically incomplete and tend to simplify some details of the system. But what
they do have, which experimental systems do not, is that they are completely
explicit about what is in the model, and what is not. Having a completely defined
system has the virtue of allowing one to test whether the assumptions and structure
of the model are sufficient to explain the observed results. The purpose of mathe-
matical models is not just to match extant experimental or clinical data, but to
provide an in silico platform for experimentation and investigation of system
behavior. Such experiments are quick and inexpensive and so are particularly useful
for testing hypotheses. Of course, to be useful, mathematical models should be
based as much as possible on the underlying physiology.

Janet Best is a mathematician at Ohio State, Michael Reed is a mathematician at
Duke University and H. Frederik Nijhout is a biologist at Duke. They have been
working together on brain metabolism since 2008. They began by creating a large
mathematical model of dopamine (DA) synthesis, storage in vesicles, catabolism,
release, reuptake and control in synapses and varicosities [4] and a similar model
for serotonin [5]. They used these models (and simpler ones) to study many phe-
nomena, including passive and active stabilization of DA in the striatum [6], the
role of 5-HT in the striatum [7], and the interaction of DA and 5-HT in the striatum
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in levodopa therapy for Parkinson’s disease [8, 9]. Their papers on brain metabolism
are available on the website sites.duke.edu/metabolism.

Parastoo Hashemi is an electrochemist and biomedical engineer at Imperial
College London and the University of South Carolina. She was the first experimen-
talist to be able to measure the time course of 5-HT concentration and histamine
concentration in the extracellular space of the brain in vivo [10]. In 2013, she
contacted Best, Reed, and Nijhout and asked for help interpreting the results of her
experiments, and the four us have been actively collaborating since then. All of our
joint papers are available on the above website. Our collaboration always begins by
active discussion of new experimental results that often change our previous
understanding and therefore require changing previous models. The new models
then often suggest new experiments to test new hypotheses that come from model
experimentation. In this review, there will be many examples of this back and forth
between experiment and modeling that we have found to be very productive. Anna
Marie Buchanan is a graduate student in the Department of Chemistry and Bio-
chemistry at the University of South Carolina.

In Section 2 we discuss the importance of homeostatic mechanisms in the brain.
In Section 3 we discuss our first modeling paper with the Hashemi Lab [11]. That
paper changed our understanding of 5-HT1b autoreceptors and showed that the way
we modeled autoreceptors in 2010 [5] was wrong. Section 4 describes our 2017
paper [12] creating a mathematical model for histamine dynamics in the brain and
Section 5 discusses our 2020 paper [13] revising and expanding our original 5-HT
model. In Section 6 we briefly describe the techniques for measuring 5-HT and
histamine in the extracellular space and in Section 7 we describe our ideas and
speculations about depression. Lastly, in Section 8 we discuss future work.

2. Homeostatic mechanisms

The extracellular space occupies a significant portion of brain volume and is
extremely important. Not only is it the medium by which nutrients in the plasma
are delivered to brain cells but it is all one important medium for communication
between cells. Thus, it is not surprising that a variety of mechanisms have evolved
to control the extracellular concentrations of neurotransmitters in different brain
regions within fairly narrow limits. For example, DA is synthesized from tyrosine
by tyrosine hydroxylase (TH) and TH shows substrate inhibition as does trypto-
phan hydroxylase (TPH) that synthesizes 5-HT from tryptophan. And, the concen-
tration of DA in the extracellular space inhibits both synthesis and release of DA via
the DA autoreceptors, a kind of end product inhibition. Similar mechanisms exist
for 5-HT via the 5-HT autoreceptors. We will discuss the 5-HT autoreceptors in
detail later. Our purpose here is to show what this homeostasis looks like and what
the consequences are for DA.

The main determinants of the DA concentration in the extracellular space are
rate of release from synapses and varicosities and rate of reuptake by the dopamine
transporters (DATs). Release is dependent on the rate of synthesis via TH. Figure 1
shows the concentration of DA in the extracellular space as a function of TH activity
and DAT activity, computed by our 2009 mathematical model [4]. The normal
steady state of the model is indicated by the large white dot that corresponds to
100% TH and DAT activity. The genes for TH and DAT have many common poly-
morphisms in the human population. The steady state extracellular DA concentra-
tion for combinations of these polymorphisms are shown by the small white circles
on the surface. It’s quite amazing, but all these points are on the homeostatic
(approximately flat) part of the surface. Even though these polymorphisms are
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functional, that is they have big effects on the activities of TH and DAT, they do not
affect the extracellular concentration of DA very much. This homeostasis is created
by the above two mechanisms, substrate inhibition and the autoreceptors. From an
evolutionary point of view maybe the fact that the steady states for the polymor-
phisms are on the flat part of the surface is not surprising. If a polymorphism
pushed the steady up the blue cliff in the back (as in cocaine addiction) or off the
orange cliff in the right front (as in Parkinson’s disease) then that polymorphism
would not likely be common in the human population. It’s interesting to consider
the row of polymorphism steady states nearest the orange cliff. They are on the
homeostatic part of the surface, but barely. One could think of them as
“predisposed” to low DA diseases. In fact, individuals with this low TH activity
polymorphism often show muscle dystonia and other symptoms of low DA [14].
The surface in Figure 1was computed assuming variation in TH and DAT, but there
are many other variables in the system, for example monoamine oxidase (MAO),
and variations in those variables could change the locations of the white dots.

The point is that the existence of homeostatic mechanisms make linear argu-
ments that assume that a large change in one variable automatically results in large
changes in downstream variables both simplistic and often wrong. Therefore, it is
important to investigate and understand homeostatic mechanisms in the brain and
their consequences.

3. Revised understanding of serotonin dynamics

Efforts to understand the serotonergic system and in particular the clearance
dynamics of serotonin date back decades, but results were limited by experimental
technology. Only recently has the Hashemi Lab been able to measure serotonin
concentrations in the extracellular space in vivo. With early fast scan cyclic
voltammetry (FSCV, see Section 6) experiments, the Wightman lab was able to
measure release and clearance of serotonin in electrically stimulated rat brain slices

Figure 1.
Dependence of extracellular DA on TH and DAT activity. The large white dot shows the extracellular DA
concentration when TH and DAT have normal activity, where, for each variable, normal is scaled to 1. The
normal steady state is in the middle of a large relatively flat plateau, extracellular DA does not change much as
TH and DAT activity vary. The small white dots show the steady states for different combinations of TH and
DAT polymorphisms common in the human population. Though these polymorphisms are functional, in that
they have large effects on activity, they do not affect extracellular DA very much. This homeostatic effect is
created by the dopamine autoreceptors.
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[15]. The data were fit to a simple model for release and Michaelis–Menten reuptake
of serotonin. Further experimental innovation enabled Hashemi to evoke the release
of serotonin upon stimulation of the medial forebrain bundle (MFB), and measure
the release and clearance in vivo in rat substantia nigra pars reticulata (SNr). In an
early paper, average release and clearance data for five mice was fit with the
Wightman model for release and reuptake [10].

Subsequent efforts in mice to elucidate the serotonergic system with its response
to antidepressants and autoreceptor antagonists revealed that serotonin responses
are actually heterogeneous, and that averaging the responses obscures potentially
important phenomena [11]. Furthermore, some of the data could not be fit well
with the Wightman model, as the Km value appeared to change during the thirty
second experiment. These data were the impetus for Hashemi to contact modelers
Best, Reed, and Nijhout to suggest collaboration.

The mouse SNr data showed three distinct serotonin responses to a standard
MFB stimulation, primarily differentiated by the clearance slopes, motivating our
adoption of the terminology fast, slow, and hybrid. All three responses have a rapid
rise. Fast responses are characterized by a rapid return to baseline, while slow
responses show a more gradual, linear, return to baseline. Hybrid responses have
both fast and slow attributes, descending rapidly for a short time and then
switching to a slower decay. See Figure 2.

Our model, shown below, employs release and Michaelis–Menten clearance
kinetics similar to the Wightman model. However, our model additionally incorpo-
rates a second reuptake mechanism, a basal concentration of serotonin, and
autoreceptor effects. S tð Þ½ � denotes the concentration of serotonin in the SNr extra-
cellular space. We assume that S tð Þ½ � satisfies the differential equation:

Figure 2.
Fast, slow, and hybrid responses. The three panels on the left show fast (A), slow (B), and hybrid (C) responses
measured in the SNr after stimulation of the MFB [11]. The blue curves are experimental data and the red
curves come from a simple mathematical model in which the auto receptor effect was changed as a function of
time (green curves in the right panels). The data and the modeling provided the first in vivo evidence of two
distinct reuptake mechanisms for 5-HT and also showed that autoreceptor effects are long lasting and continue
after 5-HT concentrations have returned to baseline.
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dS tð Þ½ �
dt

¼ R tð Þ 1� A tð Þð Þ � α
Vmax 1 S tð Þ½ �
Km1 þ S tð Þ½ � � β

Vmax 2 S tð Þ½ �
Km2 þ S tð Þ½ � (1)

where R tð Þ is the rate of release and A tð Þ is the fraction of stimulated
autoreceptors. R tð Þ represents the neuronal firing in the DRN upon stimulation of
the MFB and subsequent release of serotonin in the SNr. Firing rises and decays
quickly (but not instantaneously) in response to the stimulation due to the non-
instantaneous excitation/relaxation of the MFB-DRN-SNr circuitry. The two
Michaelis–Menten reuptake mechanisms have different Vmax and Km values. Vmax 1
and Km1 correspond to slow responses, while Vmax 2 and Km2 correspond to fast
responses. The constants α and β are the weights of the two reuptake mechanisms.
For fast responses α ¼ 0 and β ¼ 1, for slow responses α ¼ 1 and β ¼ 0. For hybrid
responses, α is taken as 1 at all times, while we incorporate β in a graded,
concentration-dependent manner. When S tð Þ½ � is >44 nM, β is 0.03 and then
decays linearly to 0 as S tð Þ½ � decreases from 44 nM to 39 nM and β ¼ 0 when S tð Þ½ � is
< 39 nM, meaning that the reuptake associated with β is low affinity and so loses
effectiveness at low concentrations. Thus hybrid responses have contributions from
both reuptake mechanisms.

Figure 2 shows the model curves (magenta) superimposed onto the three
experimental serotonin response types (black). We found that the following Vmax

and Km values fit well to the experimental data: Vmax 1 = 17.5 nM s�1, Km1 ¼ 5 nM
and Vmax 2 =780 nM s�1, and Km2 ¼ 170 nM, respectively. These values were fixed
for all simulations while the choices of α, β differed as indicated above. These Km
and Vmax values agree remarkably well with high affinity, low efficiency (Uptake 1)
and low affinity, high efficiency (Uptake 2) as had been suggested by Snyder and
colleagues [16]. Daws and colleagues verified pharmacologically that Uptake 1 is
likely to occur primarily via serotonin transporters (SERTs) on serotonergic neu-
rons and Uptake 2 includes other transporters on other cells including the dopamine
transporter, the norepinephrine transporter, and the organic cation transporter
[17, 18]. Our dataset, reviewed here, was the first endogenous, in vivo data to
support the concept of these two distinct uptake mechanisms for serotonin. We
remark that the Uptake 2 parameters that worked well for us are exactly the
parameters used by Shaskan and Wightman to match their experimental data. Note
that the Uptake 1 parts of the response curves are quite linear, which shows that the
SERTs are saturated.

The R tð Þ and A tð Þ functions for each response are shown in Figure 2. We assume
that in each case the baseline concentration of 5-HT in the extracellular space is
20 nM. For all three response types, we found that the model fit well with the
autoreceptor effect increasing linearly after 12 sec and continuing through the end
of the 30 sec experiment. To test our model’s suggestion of autoreceptor control
experimentally, we treated mice with methiothepin, a non-selective serotonin
receptor antagonist with highest affinity for the serotonin autoreceptors [19].
We were able to fit the data with the hybrid model, setting the autoreceptor
function A tð Þ to zero. In our previous model [5], the autoreceptor effect was an
instantaneous response to the current extracellular serotonin concentration.
Modeling this data revealed that the autoreceptor response differs from our earlier
model in two important ways: it is not instantaneous, and it lasts well beyond when
the extracellular serotonin concentration returns to baseline; see Figure 2. These
observations motivated us to improve our autoreceptor model, see Sections 4 and
5, although we would also learn that the autoreceptors were not solely responsible
for these effects in the data. Note that in Panels A and C the concentration is well
below baseline at t ¼ 30 and still decreasing. We will come back to this issue in
Section 5.
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4. A model for histamine with new autoreceptors

Histamine is a small molecule that plays an important role in the immune system
[20]. In the brain, histamine is stored in mast cells and other non-neuronal cells
(containing roughly half of brain histamine [21, 22]), but it also occurs as a neuro-
transmitter [23]. The neuronal cell bodies are in the tuberomammillary nucleus of the
hypothalamus and these neurons send projections throughout the CNS, in particular
to the cerebral cortex, amygdala, basal ganglia, hippocampus, thalamus, retina, and
spinal cord [20]. Histamine neurons make few synapses, but release histamine from
the cell bodies and from varicosities when the neurons fire. Thus the histamine neural
systemmodulates and controls the histamine concentration in projection regions [23].

Understanding the control of histamine in the extracellular space is important
because we have shown that the release of histamine inhibits 5-HT release in the
hypothalamus [24]. We stimulated the MFB and measured histamine and 5-HT
simultaneously in the extracellular space of the hypothalamus in vivo in mice; see
Figure 3. In Panel (a), the blue curve shows the average histamine curve in the
extracellular space for 5 animals. The curve peaks shortly after the 2 second

Figure 3.
Histamine inhibits 5-HT. Stimulation of the MFB releases histamine but not 5-HT in the hypothalamus. The
blue curve in (A) shows extracellular histamine as a function of time and the maroon curve in (B) shows the
corresponding inhibition of 5-HT release. 5-HT does not return to baseline even after histamine has returned to
baseline because of the long-lasting effect of the H3 histamine receptors on 5-HT varicosities. The green and
orange curves show the histamine and 5-HT responses in the presence of thioperamide, a potent H3 antagonist.
Error bars showing SEM (n = 5 �SEM) are lighter versions of the respective colors. Horizontal bars at 0 μM
and 0 nM indicate the timing of the stimulus. Predictions of a simple mathematical model are shown by the dots.
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stimulation from t = 5 sec to t = 7 sec, and then descends to slightly below baseline
by t = 30 sec. Clearance of histamine from the extracellular space is likely due to its
recycling via transport back into the cytosol. While such a histamine transporter has
not been identified, our unpublished experimental data shows that it is hard to
deplete vesicular stores, strongly suggesting that extracellular histamine must be
reuptaken into the cytosol. As we will see, the descent below baseline is caused by
H3 receptors on the histamine varicosities that inhibit histamine release. Simulta-
neous average measurement of 5-HT in the extracellular space is shown by the
maroon curve in Panel (b). As the histamine curve peaks in Panel (a), the 5-HT
curve plunges in Panel (b). As the histamine recovers to baseline in Panel (a), the 5-
HT curve in Panel (b) rebounds partway towards baseline and then levels off below
baseline. It is known that there are histamine H3 receptors on 5-HT neurons that
inhibit 5-HT release [25, 26]. These curves show that the effect is long-lasting. In
order to test these ideas, we redid the experiments in the presence of thioperamide,
a potent H3 receptor antagonist [27]. Now the histamine curve (green) in Panel (a)
goes up higher and descends more slowly. The corresponding orange 5-HT curve in
Panel (b) descends even further and rebounds less. Its complicated behavior prob-
ably results from two competing influences: histamine concentration is higher but
thioperamide also partially blocks the H3 receptors on the 5-HT varicosity. The
white dots come from a simple mathematical model in which we adjusted the
strengths of H3 receptor effects on both of the varicosities by hand. The fact that we
could match these curves by doing that provided further confirmation that the
results of the experiments were due to H3 receptors. We note that the scales in
Panels (a) and (b) are very different, μM and nM.

These experiments and their interpretation provide a likely mechanism by
which the neuroinflammation that occurs in a variety of disorders could cause
depression. We therefore concluded that it was important to construct a full model
of the synthesis, vesicular storage, release and reuptake of histamine, and control in
the extracellular space by histamine autoreceptors [12]. Overall, this model is sim-
ilar to the model that we constructed for serotonin [5]. In the case of both neuro-
transmitters, autoreceptors on the surfaces of varicosities inhibit release when the
extracellular concentration is high and diminish the inhibition when the extracellu-
lar concentration is low; this is clearly a mechanism to stabilize the extracellular
concentration. In our original serotonin paper [5], we modeled this inhibition to be
instantaneous as a phenomenological response to the current concentration of neu-
rotransmitter in the extracellular space. However, as described in the previous
section, our FSCV data and modeling [11] showed that autoreceptor effects are
long-lasting and persist even when the concentration in the extracellular space has
returned to normal. This is almost certainly because the cellular machinery that
creates the inhibition and the decay of that machinery take time. Therefore, in our
histamine model we introduced a minimal mathematical model of signal transduc-
tion at the G-protein coupled autoreceptor consisting of a G-protein subunit and a
regulator of G-protein signaling (RGS) protein.

Figure 4 shows a schematic of the model. The pink boxes indicate substrates
that are variables in the model and the gray ovals contain the acronyms of enzymes
and transporters. Histidine in the blood (bHT) is transported into the varicosity by
the histidine transporter (HTL) where it becomes cytosolic histidine (cHT) or goes
into the histidine pool (HTpool). Most of the histidine that enters the cell is used for
other processes than making histamine and that is what the HTpool represents. cHT
is converted to cytosolic histamine, cHA, by the enzyme histidine decarboxylase,
HTDC. Some cHA is catabolized by the enzyme histamine methyltransferase,
HNMT, some is transported into the vesicles by the monoamine transporter, MAT,
and becomes vesicular histamine, vHA, and some leaks out of the cytosol into the
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extracellular space (indicated by the dashed line). vHA is released into the extracel-
lular space, at a rate proportional to neuronal firing, where it becomes extracellular
histamine, eHA. In the extracellular space, eHA has several fates. It can be
transported back into the cytosol by a putative histamine transporter, HAT. It can
diffuse away (removal). It can be transported into glial cells where it becomes glial
histamine, gHA, which then leaks out or is catabolized by HNMT. Finally, eHA can
bind to the H3 histamine autoreceptor. The concentration of histamine bound to the
autoreceptor, bHA, stimulates the conversion of the G-protein subunit, G, to its
activated state, G ∗ . And, G ∗ stimulates the conversion of the RGS protein,T, to its
activated state, T ∗ , in which it facilitates the conversion of G ∗ back to G. It is the
activated G-protein subunit, G ∗ , that inhibits release and synthesis of histamine.
We remark that we only track T ∗ and G ∗ since total G-protein, GþG ∗ , is assumed
constant, as is T þ T ∗ .

The H3 histamine receptor (the autoreceptor in this case) is in the rhodopsin
family of G-protein coupled receptors [28]. The binding of an extracellular hista-
mine molecule to the autoreceptor causes the release of a G-protein subunit that
stimulates a signaling cascade that results in inhibition of release and synthesis.
Most G-protein signals are limited by RGS molecules that stimulate the G-protein
subunit to rebind [29]. In our minimal model, G represents Gα � GDP (the inactive
G-protein subunit) and G ∗ represents Gα � GTP (the signaling G-protein unit).
Similarly, T represents the inactive RGS protein and T ∗ represents the active RGS
protein.

In our model, b0 is the total concentration of autoreceptors and bHA is the
concentration of receptors bound to eHA. Normally, G and G ∗ are in equilibrium
and their sum is constant (g0). The concentration of bound autoreceptors (bHA)

Figure 4.
Schematic of the mathematical model for histamine. bHT and cHT represent blood histidine and cytosolic
histidine, respectively. cHA, vHA, eHT, H3 � bHA, and gHA represent cytosolic histamine, vesicular
histamine, extracellular histamine, histamine bound to autoreceptors, and glial histamine, respectively. G ∗ and
G represent activated and inactivated autoreceptor G-proteins and T ∗ and T represent activated and
inactivated regulators of G-proteins. Names of enzymes and transporters are as follows: HTL, the histidine
transporter; HTDC, histidine decarboxylase; HNMT, histamine methyltransferase; HAT, the putative
histamine transporter; H3, histamine autoreceptor; HTpool, the histidine pool.
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drives the equilibrium towards G ∗ . Similarly, T and T ∗ are at equilibrium and their
sum is a constant (t0). G ∗ drives the equilibrium towards T ∗ . T ∗ , in turn, drives
the equilibrium between G and G ∗ back towards G. The concentration of G ∗ affects
the release of histamine from the vesicular compartment through the function
inhib G ∗ð Þ ¼ 2:4015� 2:45ð ÞG ∗ , and this same function appears in the formula for
the velocity of the synthesis reaction (HTDC). Since G ∗ ¼ :6945 at equilibrium,
tonically the inhibition is 0.7. As G ∗ tð Þ rises the inhibition gets stronger and if G ∗ tð Þ
decreases the inhibition becomes weaker.

The shape of the model prediction for eHA reflects the dynamics of bHA, G ∗ ,
and T ∗ . These curves are depicted in Figure 5 along with the graph of eHA. As one
can see, eHA goes up first, followed by an increase in bHA, the concentration of
bound autoreceptors. This causes a rise in G ∗ that in turn causes a rise in T ∗ that
makes G ∗ start to decline. The inhibition of release given by the function inhib G ∗ð Þ
depends on G ∗ as described above. This is the long-lasting autoreceptor effect. The
dynamics of G ∗ and T ∗ plays out over the full 30 seconds and drives the eHA
concentration below baseline. This autoreceptor model will be used for H3 receptors
on serotonin varicosities in Section 5. Full details of this histamine model can be
found in [12].

5. The new serotonin model

In 2010, three of the authors (JB, HFN, MCR) created a mathematical model of
serotonin synthesis in varicosities, storage in vesicles, release into the extracellular
space, reuptake by serotonin transporters (SERTs), and control by serotonin

Figure 5.
Autoreceptor variable dynamics in the model after stimulation. Release of histamine causes extracellular
histamine to rise and then descend as histamine is transported back into the cytosol and into glial cells (green
curve in A). The rise in eHA causes the concentration of bound autoreceptors to rise (red curve in Panel A). The
rise in bHA causes activation of G-proteins that inhibit release and synthesis of histamine (blue curve in Panel
B). The rise in G ∗ activates the G-protein regulator, T ∗ (pink curve in Panel B) and T ∗ starts to deactivate
G ∗ . It is this dynamics that causes the H3 receptor effect to be long-lasting.

10

Serotonin and The CNS - New Developments in Pharmacology and Therapeutics



autoreceptors [5]. In subsequent years, they used the model to study and evaluate
various hypotheses about serotonergic function including connections with dopa-
minergic signaling [8, 30], bursts in the DRN [31], the effects of serotonin on
levodopa therapy [9], and serotonin dynamics in the basal ganglia [7]. In 2013, they
began the collaboration with Parastoo Hashemi, which led to new insights into
serotonergic function [11, 24, 32]. As discussed in Section 3, the experimental
results in [11] and later papers revealed that various aspects of the 2010 model were
naive and too simplistic. So, in 2020, the authors and collaborators expanded and
revised the original model to take account of the new findings that we had learned
[13]. Here we will briefly discuss the changes and some of the new results. A
schematic diagram of the new model is in Figure 6.

In the experiments in the Hashemi Lab, the MFB is stimulated for 2 seconds and
the antidromic spikes excite the DRN. The DRN sends bursts of action potentials to
projection regions such as the SNr, the pre-frontal cortex (PFC), and the hippo-
campus. Serotonin rises rapidly in the extracellular space in the projection regions
and then typically plunges substantially below basal levels within 30 seconds
[11, 13, 33–35]. This almost certainly is because inhibition of release by the
autoreceptors continues well after the serotonin concentration in the extracellular
space has returned to basal levels. In our 2010 model, extracellular serotonin
instantaneously affected release, and the Hashemi experiments showed that this is
wrong. Therefore, in our new model [13] we include a biochemical model of the

Figure 6.
Schematic diagram of the model. The rectangular boxes indicate substrates and blue ellipses contain the
acronyms of enzymes or transporters. The names of the most important substrates are: Btrp, blood tryptophan;
trp, cytosolic tryptophan; htp, 5-hydroxytryptamine; cht, cytosolic serotonin; vht, vesicular serotonin; eht,
extracellular serotonin; hia, 5-hydroxyindoleacetic acid; ght, glial serotonin; eha, extracellular histamine.
Names of enzymes and transporters are as follows: Trpin, neutral amino acid transporter; DRR,
dihydrobiopterin reductase; TPH, tryptophan hydroxylase; AADC, aromatic amino acid decarboxylase; MAT,
vesicular monoamine transporter; SERT, 5-HT reuptake transporter; auto, 5-HT1B autoreceptors; MAO
monoamine oxidase; ALDH, aldehyde dehydrogenase; NET, norepinephrine transporter; DAT, dopamine
transporter; OCT, organic cation transporter. Removal means uptake by capillaries or diffusion out of the
system.
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cellular dynamics caused by serotonin binding to the autoreceptor, including acti-
vated receptor G-proteins and activated regulators of G-proteins. This autoreceptor
model is similar to the histamine autoreceptor model discussed in Section 4. In
addition, we showed in [24, 36] that histamine in the extracellular space inhibits the
release of serotonin from serotonin varicosities. Therefore, in the new model, we
also include a biochemical model of a histamine H3 receptor on the serotonin
varicosity that changes the dynamics of serotonin release. Both of these biochemical
models for receptors are indicated schematically in Figure 6. As described in Sec-
tion 3, in [11] we also showed that there are two different serotonin uptake mech-
anisms, SERTs that pump serotonin back into the varicosities and another uptake,
which we call Uptake 2, that pumps serotonin into glial cells [16, 18, 37]. The
kinetics of the two uptakes are quite different and both are included in our new
model. We also include the effects of serotonin binding protein (SBP) that binds
serotonin tightly in vesicles but releases it quickly when the vesicles open to the
extracellular space. We also include leakage of 5-HT from the cytosol of neurons
and glial cells into the extracellular space (dashed lines). All details of these changes
and the full mathematical model can be found in [13]. We discuss below our new
model for release from the vesicles. We also made a systems population model from
our deterministic model and will show below how we used it to investigate certain
aspects of the serotonin system.

In our model there is a constant basal rate of serotonin release at steady state.
The question is how should we model release during the Hashemi Lab experiments
where the MFB is stimulated for two seconds? In our previous work using the 2010
model we simply increased the firing rate for the two seconds of stimulation and
then dropped it back to the basal rate. This issue is complicated by the existence of
serotonin binding protein (SBP) that is attached to the inner wall of vesicles and
binds serotonin tightly [38, 39]. We will assume that the dissociation is a first order
reaction

SBP� serotonin !b SBPþ serotonin: (2)

If we start with one unit (nM) of SBP-serotonin being released into the extra-
cellular space at time zero, then SBP tð Þ ¼ e�bt and serotonin tð Þ ¼ 1� e�bt. The rate of
release of serotonin is the derivative, be�bt: However, we are stimulating for two
seconds, so SBP-serotonin complexes are continuously released into the extracellu-
lar space between t ¼ 0 and t ¼ 2 seconds. Assume that the rate of release is 1 nM/
sec, so in two seconds, 2 nM of the complex are released. What is the rate of
appearance, R tð Þ, of free serotonin for t≤ 2 and t> 2?

R tð Þ ¼
ðt
0
χ s,2½ �be

�b t�sð Þds for t≤ 2, (3)

and

R tð Þ ¼
ð2
0
χ s,2½ �be

�b t�sð Þds for t> 2: (4)

Here χ s,2½ � is the function that is 1 on the interval s, 2½ � and zero otherwise.
A straightforward calculation shows that:

R tð Þ ¼ 1� e�bt if t≤ 2,

e�b t�2ð Þ � e�bt if t> 2:

(
(5)
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Thus, for a two second stimulation, the rate of release will be proportional to
fire tð Þ ¼ basal rate þ r � R tð Þwhere r is the strength of the stimulation. Unfortu-
nately, the dissociation constant b (inverse seconds) is not known, but we think it is in
the range 0:5≤ b≤ 2 from our simulations of the Hashemi data, so we take b ¼ 1 as our
baseline case. The release of serotonin into the extracellular space will also be propor-
tional to vht and it will also depend on the inhibition from the serotonin autoreceptors
and the histamine H3 receptor. Thus, overall release as a function of time will be

inhibht G ∗
ht

� � � inhibha G ∗
ha

� � � basal rateþ r � R tð Þð Þ � vht: (6)

One of the first things that we did with our new model was to return to the 2014
data [11] that we discussed in Section 3 to see if our new serotonin model could
easily match the average curves of fast, slow, and hybrid in the SNr, with relatively
few, understandable changes of parameters. The experimental curves for fast, slow,
and hybrid (Figure 2) do not look like typical response curves measured in the
Hashemi Lab. For example, Figure 7 shows an average of 17 male responses in the
CA2 region of the hippocampus. Typical response curves peak, descend towards
baseline, drop below baseline, and then curve back towards baseline, whereas the
experimental curves in Figure 2 keep descending. In thinking about this, we
remembered that when the MFB is stimulated not only is 5-HT released in the SNr
but histamine is also released. So we were in a good position to see if our new
serotonin model, with its H3 receptor, would allow us to match the 2014 SNr data.
Unfortunately, we do not have the time course of histamine in the SNr in those
experiments, because in 2014 the Hashemi Lab had not yet optimized the tech-
niques to simultaneously measure 5-HT and histamine in vivo [24, 36]. So we will
take our histamine time course in the extracellular space, eha, from the control and
model curves in Figure 5 of [12]. Note how complicated the dynamics of eht are.
When one stimulates the MFB, serotonin is released into the extracellular space
stimulating dynamical changes in the 5-HT1B autoreceptor variables, Bht, G ∗

ht, T
∗
ht.

However, histamine also increases in the extracellular space stimulating dynamical
changes in the H3 receptor variables, Bha, G ∗

ha, T
∗
ha. Both of the activated G-proteins,

G ∗
ht and G ∗

ha inhibit serotonin release via the functions inhib G ∗
ht

� �
and inhibha G ∗

ht

� �
.

Figure 7.
Typical 5-HT response curves. The red dots show the average response of 23 male mice in the CA2 after
stimulation of the MFB. The blue curve shows the average response predicted by the new 5-HT model. 5-HT
rises rapidly and then descends rapidly as it is taken up by SERTs and Uptake 2. The concentration descend
below baseline and then curve back towards baseline. This is the long-lasting autoreceptor effect. The average
curve is simple and easy to interpret, but the individual curves show great variation; see Figure 8.
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Furthermore, Uptake 2 is rapid but it probably also depends on the distance of glial
cells from the electrodes in the three cases. Nevertheless, it was surprisingly easy to
give adjustments for a small number of parameters that distinguish between fast,
slow, and hybrid responses (see Figure 5 and Table 5 in [13]). The parameters that
we had to change were the Vmax of Uptake 2, the cutoff for Uptake 2, the strength of
the inhibition by the 5-HT1B and H3 receptors, and the strength of firing during
stimulation rð Þ. It is completely reasonable that these parameters would be different
for different electrode placements and different densities of receptors on the
neuron. No other parameters were changed.

The model we have been discussing is a differential equations model (ODE);
there is one differential equation for each of the pink boxed variables in Figure 6.
All individuals, whether mouse or human, are different, and the variation is
important for understanding experimental results and for precision medicine. We
investigate this biological variation by creating a systems population model of the
deterministic model given above. It is known that the expression levels of most
enzymes can vary by about 25% or more between individuals [1–3]. Therefore, to
create a systems population model, we choose new Vmax values for each (or a
subset) of the enzymes and transporters in Figure 6 by selecting independently
from a uniform distribution between 75% and 125% of the normal value. We then
run the model to steady state and record all the concentrations and velocities. That
is one virtual person (or mouse). If we do this 1000 times, we obtain a database of
virtual individuals that we can analyze using the usual statistical tools. The differ-
ence is that all of these individuals have the same set of differential equations; only
the coefficients are different. So we can experiment with the model to find the
mechanistic reasons for particular statistical phenomena. We will give several
examples that show why this approach is useful.

The steady state of eht in the ODEmodel is 60 nM; this should be thought of as the
steady state for an average mouse (or an “average” person).We allowed the Vmax
values of TRPin, TPH, AADC,MAT,MAO, Uptake 2, and SERT to vary by 25% above
and below their normal values independently. In addition, we allowed fire tð Þ to vary
25% above and below its normal value and we vary the strength of the 5-HT1B
autoreceptors similarly. Distributions of eht in various cases are shown in Figure 9. The
green bars in Panel B show the distribution of eht values with normal tryptophan in the
blood. The green bars are similar to distributions measured in the Hashemi Lab. The
whole distributionmoves left (the yellow bars in Panel B) if blood tryptophan is
lowered from its normal values of 96μM to 50μM. In Panel A, we showwhat the
distribution of ehtwould look likewith no autoreceptors (orange bars) or autoreceptors
that are twice strong. Thus, the systems population model allows one to see the effects
of changes on a whole population, not just on an individual. Further, if the underlying
ODEmodel is a good representation of the real physiology, then the variation in the
populationmodel should correspond to what is seen in the Lab. This gives another way
of testing the validity of the underlying ODEmodel.

In [13] we used the ODE model to fit the average response curves for male and
female mice in the hippocampus. Here we want to discuss the variation in the
response curves. Panel A of Figure 8 shows the responses of the 17 male mice. The
experimental responses are measured and graphed for each mouse relative to the
baseline level of eht that is represented in Panel A by eht ¼ 0: One can see how large
the variation is. The curves peak at different times and at different heights. Most,
but not all, of the curves descend below baseline and their shapes are quite differ-
ent; some continue descending while others reach a minimum and then rebound
towards zero. The thick red curve is the mean and the thick black curve is the
standard deviation, which is substantial even between 15 seconds and 30 seconds
although the stimulation was only between t = 5 sec and t = 7 sec.
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We investigated what variation in the main parameters of the model would be
necessary to obtain the variation seen in the experiments. To do this we created a
virtual population of 1000 individuals. The following parameters were varied uni-
formly from 40% below to 40% above their normal values: the Vmax values for
VAADC, VCATAB, VMAT, VSERT, VTPH, VU2; the slope of inhib and inhibsyn; eha, the
concentration of histamine in the extracellular space, and β that controls the speed
of the autoreceptors. In addition, we varied the parameter r in fire tð Þ by 25% and the
time of the peak by 20%. Panel B of Figure 8 shows a random sample of 17 of the
1000 model male curves. The thick red curve is the mean of the 1000 model curves
and the thick black curve is the standard deviation. The mean curve matches the
experimental mean curve very well. The model standard deviation curve is very
close to the experimental standard deviation except that at long times (20 second to
30 seconds) it descends slightly while the experimental standard deviation remains
constant. Overall, one can see visually that the 17 model curves and the 17 experi-
mental curves look similar as groups of curves. For each of the 1000 individuals, we
record their steady state values as well as the values of all of their parameters so we
can use multi-linear regression to find which parameters contributed most to the
variation in the response curves. At t ¼ 7 sec (roughly the time of the peak), the
three variables that contributed most, in order, were the strength of fire(t), the
timing of the peak in fire(t), and the Vmax of the SERTs. At t ¼ 15 sec (when most of

Figure 9.
Distributions of extracellular serotonin. Panel A shows the distribution of eht if there is no autoreceptor effect
(pink bars) or if the autoreceptor effect is twice as strong as normal (blue bars). The green bars in panel B show
the distribution of eht if the autoreceptor effect is “normal”. The green bars are similar to distributions measured
in the Hashemi lab. The yellow bars in panel B show the distribution of eht if blood tryptophan is lowered from
its normal value of 96μM to 50μM. the distribution of eht moves substantially lower.

Figure 8.
Individual response curves. Panel A shows the time courses of eht in the hippocampus of 17 male mice after two
seconds of stimulation at t ¼ 5 seconds (Hashemi lab). The thick red and black curves are the time courses of the
mean and standard deviation, respectively. The response curve are diverse and have different heights, peaks and
shapes. Panel B shows 17 randomly selected response curves in a systems population model of 1000 individuals.
The red and black curves are the time courses of the mean and the standard deviation of the 1000 model
individuals, respectively. In both the experiments and the model, most (but not all) curves descend below
baseline after peaking and then curve up towards the baseline. The mean curves and standard deviation curves
are similar in the experiments and in the system population model.

15

Mathematical Models of Serotonin, Histamine, and Depression
DOI: http://dx.doi.org/10.5772/intechopen.96990



the curves have returned to near baseline), the three parameters that contributed
most to the variation in response were the Vmax of TPH, the speed of the
autoreceptors, and the Vmax of MAT.

The populationmodel allows us to approach a quite difficult mathematical question
that would be very useful for understanding the biology and possible treatments.
Suppose one has two populations of mice, for example male and female or obese and
not obese or depressed and not depressed. Each of the two populations will produce a
large family of experimental responses and those families of curves may be quite
different. How can one estimate which parameters in the model cause the difference in
the families? This is a way of using the response eht curves to probe the differences
inside the neurons.

The expression levels of most enzymes can vary by about 25% or more between
individuals [1–3]. This means that the Vmax values of all the enzymes and trans-
porters in our model vary by at least 25% and that any population of individuals will
express this diversity. This poses large issues for drug discovery and treatment
because it means that different individuals will react very differently to drugs, as is
well-known [40–42]. Here, we present a simple example that shows how to use
variation in a small number of variables to investigate questions about drug effi-
cacy. In Figure 10 we show results from our systems population model where we
varied only two constants, the expression level (Vmax) of SERT and the expression
level of MAO, from 25–175% of normal. Each dot is an individual in a population of
500. The y-axis is the concentration of eht, extracellular serotonin, and the x-axis is
the expression level of SERT. The blue dots are the individuals with low MAO
activity and the red dots are individuals with high MAO activity. The conclusion is
clear. Blocking SERTs with an SSRI (equivalent to lowering the expression level)
will have a much greater effect on individuals with high MAO activity than on
individuals with low MAO activity. Therefore, the systems population model sug-
gests that it is high MAO individuals that will benefit the most from an SSRI. This
shows how population models can be used to target specific questions.

6. Real-time in vivo neurotransmitter measurement techniques

To better answer physiological questions of the brain, especially about mental
illness, it is critical to measure brain chemistry, specifically neurotransmitters.

Figure 10.
Variation of SERT and MAO activity. In the population model, we varied only SERT activity and MAO
activity. Each dot is one virtual individual, and the coordinates of each point are the activity of SERT
(normal = 1) and the steady state concentration of eHT. The blue dots are individuals that have very low MAO
activity and the red dots have very high MAO activity. Blocking the SERTs (changing the activity) has a much
greater effect on high MAO activity individuals than on low MAO activity individuals.
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Measuring neurochemistry is very challenging because neurotransmission is
dynamic, and the brain tissue is very delicate. The earliest brain analysis methods
utilized brain biopsies that were homogenized, separated and analyzed via HPLC
[43]. These methods are offline and give an overview of whole tissue content, but
not dynamic transmission. Microdialysis revolutionized brain analysis by utilizing a
probe implanted into the brain, perfused with artificial cerebrospinal fluid [44, 45].
At the distal end of the probe is a semi-permeable membrane with a cut-off point
such that analytes of interest can diffuse into the probe down a concentration
gradient. The outcoming fluid, the dialysate, is collected and analyzed with a sec-
ondary method such as HPLC. The time resolution of this method is typically tens of
minutes. Niche, electrochemical methods, such as fast scan cyclic voltammetry
(FSCV) and fast scan-controlled adsorption voltammetry (FSCAV) can measure the
subsecond temporal profile neurotransmission [33, 46, 47], outlined below.

6.1 Fast-scan cyclic voltammetry

Fast-Scan cyclic voltammetry is uniquely suited to measure neurotransmission
in vivo. Its fast temporal dynamics allows for neurochemical detection on a
subsecond timescale, approximately a thousand times faster than traditional cyclic
voltammetry. Furthermore, FSCV measurements are performed at microelectrodes,
typically carbon fiber microelectrodes (CFMEs). CFMEs have a small probe size
(diameter 7 μm) and are biocompatible, creating minimal tissue damage and negli-
gible immune response [48, 49]. Carbon electrodes also drive high sensitivity
because their highly negative surface preconcentrates positively charged transmit-
ters such as dopamine, serotonin, norepinephrine and histamine. These transmitters
are then readily oxidized at the carbon surface, making it an ideal material for
neurochemical measurements. Traditionally, FSCV has been utilized to measure
dopamine [50–52]. However recent advances have allowed for the detection of
other neurotransmitters, such as serotonin and histamine [24, 36, 53, 54].

Serotonin is measured using a CFME that has been modified by electropoly-
merization of a thin, uniform layer of Nafion. Nafion, a cation exchange polymer,
increases the electrode sensitivity to serotonin while reducing the electrode poison-
ing effects of serotonin metabolites [54]. For in vivo experiments, this electrode is
placed in the brain region of interest, such as the hippocampus, prefrontal cortex, or
SNr. Because FSCV is a background subtracted technique, serotonin is evoked using
an electrical stimulation placed in the MFB. Detection occurs by application of a
waveform optimized for serotonin measurements. [12] This waveform has a resting
potential of 0.2 V, scans up to 1.0 V, down to �0.1 V, and then back to the resting
potential of 0.2 V at a scan rate of 1000 Vs�1, applied at a frequency of 10 Hz. The
signal is presented in the form of cyclic voltammograms (CVs) that qualify and
quantify the substrate. Figure 11 illustrates the FSCV experiment.

Histamine is particularly difficult to detect in vivo using FSCV because it lacks a
clear, sharp oxidation peak. The Hashemi Lab developed a waveform that produces
a unique electrochemical histamine signal. It has a resting potential of �0.5 V, scans
to �0.7 V, up to 1.1 V, and then returns to the resting potential of �0.5 V at a scan
rate of 600 Vs�1. This waveform simultaneously detects serotonin and histamine
release in vivo [24, 36].

6.2 Fast-scan controlled adsorption voltammetry

One limitation of FSCV is that because of the large capacitive current generated
by the fast scan rate, it is a background subtracted technique [55]. This means that a
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change must be evoked, often electrically or pharmacologically. To address this
issue, Atcherly et al. developed the method of fast-scan controlled adsorption
voltammetry (FSCAV) to measure ambient concentrations of dopamine [56, 57].
This technique, illustrated in Figure 11B, was later adapted to measure serotonin
[33]. FSCAV occurs at the same microelectrodes as FSCV. Serotonin FSCAV is
performed in three steps: 1) The minimized adsorption step is implemented by
applying the waveform at 100 Hz for 2 seconds. 2) The potential is held at +0.2 V
for 10 sec for a period of controlled adsorption. 3) The waveform is reapplied at
100 Hz for 18 seconds. The CVs taken in the 3rd step are subtracted from the 1st
step and thus serve as the ambient measurement.

7. The chemical basis of neuroinflammation

The vast majority of mental illnesses are associated with inflammation, espe-
cially depression which is highly comorbid with inflammation [58]. Increased levels
of proinflammatory cytokines in the interleukin-1 and tumor necrosis factor fami-
lies are linked to neuroinflammation [59, 60] across many different brain disorders.
Chronic neuroinflammatory states have been implicated in neurodegenerative

Figure 11.
Illustrative representation of an FSCV vs. FSCAV experiment described in-text. A. Shows the stimulation of the
MFB to induce the release of serotonin in the CA2 and application of the serotonin waveform [53] to detect the
evoked change in serotonin concentrations in the extracellular space over time. B. Depicts the modified
waveform application for serotonin FSCAV [33] that negates the need for electrical stimulation to detect
ambient concentrations of serotonin in the extracellular space each minute. This figure was created with
Biorender.com.
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disorders such as Parkinson’s Disease [61, 62], Alzheimer’s Disease [63–65], and
multiple sclerosis [66, 67], in addition to depression [58, 68] and bipolar disorder
[69]. While these associations are clear, what is not known is the mechanism by
which inflammation affects neurotransmission. We began to address this question
by focusing on serotonin with FSCV and FSCAV. Serotonin is implicated in depres-
sion because the vast majority of antidepressants target the serotonin system [70].
Serotonin was first measured in vivo using FSCV in 1995 by Jackson et al. [53]. The
authors detected serotonin in the rat striatum by forcing dopaminergic terminals to
release serotonin following loading with 5-Hydroxytryptophan and dopamine
depletion with α-methyl-p-tyrosine. More recently, using the same waveform we
measured endogenous electrically evoked serotonin in the rat SNr [54]. Studies
have since expanded to characterizing serotonin in different brain regions, studying
differences in male and female mice, looking at serotonin and histamine co-
modulation and observing the effects of inflammation on this co-modulation. We
discuss our key findings below.

7.1 Serotonin dynamics in different brain regions

We first characterized evoked serotonin release and reuptake in the rat SNr
following electrical MFB stimulation [54]. The SNr is of interest for serotonin
detection as this area has the most dense serotonergic innervation in the brain and
thus serotonin is the primary neurotransmitter released following electrical stimu-
lation [71]. The signals obtained in vivo were pharmacologically verified using acute
administration of the DAT inhibitor, GBR 12909, and the SSRI citalopram. The
signals did not respond to DAT inhibition; however, following SERT inhibition, an
increase in max amplitude and a slowing of the reuptake was observed. Serotonin
response to varying doses of acute SSRI (1 mg kg�1, 10 mg kg�1, and 100 mg kg�1)
was examined [72], with uptake t1=2 values increasing with dose concentration.
However, no dose dependent trend was observed for max amplitude values. Further
investigations of serotonin reuptake mechanisms [11] were performed by mathe-
matical modeling through the development of a Michaelis–Menten kinetic model as
previously described in Section 3. The presented model establishes a two uptake
mechanism for serotonin, a notion that was described back in the 70s as Uptake 1
and 2 [16]. Uptake 1 refers to the high affinity, low efficiency system characterized
by the serotonin transporters (SERTs) and Uptake 2 is serotonin clearance by the
low affinity, high efficiency mechanism afforded by the dopamine, norepinephrine,
organic cation, and plasma membrane transporters [16, 73].

While FSCV continues to provide insight into fast serotonin release and reup-
take dynamics, it is limited by its inability to measure steady-state or ambient
concentrations. To address this limitation, FSCAV was developed to detect absolute
concentrations of both dopamine [57] and serotonin [33] in vivo. This technique
(described above) yields fast, selective, and sensitive absolute concentrations of
serotonin. Using FSCAV we reported serotonin concentrations of 64.9 � 2.3 nM in
the CA2 [33]. Figure 12 shows ambient serotonin response to the monoamine
oxidase B inhibitor, pargyline, in comparison to the DAT inhibitor, GBR 12909.
Ambient serotonin levels increase following pargyline administration, but not fol-
lowing GBR administration, confirming that the signal is serotonin.

We expanded FSCV measurements of serotonin to the medial prefrontal cortex
(mPFC) [32], another region associated with depression. Here, we found an inter-
esting phenomenon whereby a double peak response was elicited in layers 1–3 of the
mPFC. Figure 13 shows examples of a single peak response as well as a variety of
double peak responses in this brain region. Interestingly, each discrete peak had its
own specific reuptake profile, thus we hypothesized that distinct axonal bundles in
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the MFB terminate in layer-dependent mPFC domains with specific uptake trans-
porters. A mathematical model confirmed that the double peaks could be explained
by diffusion of neurotransmitter to the electrode from two different sources, one
close and one further away.

Finally, in this part of our work, we compared the in vivo serotonin signals
between the SNr, the CA2 region of the hippocampus, and the mPFC [35]. We
found that the different responses could be modeled as a function of the percentage
of Uptake 1/Uptake 2 transporters with the model predicting the largest concentra-
tion of serotonin transporters in the SNr. We verified this notion with confocal
microscopy and concluded that FSCV could be a potentially useful tool for chemical
imaging of local cytoarchitecture. Interestingly, and counterintuitively, the SNr,
with the highest density of serotonin terminals and axons, had the lowest ambient
levels of serotonin. We realized that this was because of the high affinity of SERTs
(Uptake 1 transporters) in this region that serve to maintain steady state levels
lower than the other two regions with fewer SERTs.

7.2 Serotonin dynamics between the sexes

The prevalence of depression differs between males and females, with women
being more likely to suffer from the disorder than men [74–76]. As such, it is
important to investigate neurochemical and pharmacodynamic disparities across
the sexes. In the hippocampus, we observed no significant differences in the evoked
serotonin maximum amplitude or the t1=2 of clearance between male and female
mice [34]. Furthermore, no differences were detected between the mean signal and

Figure 12.
The dark blue markers represent the average response before and after pargyline (75 mg/kg, intra-peritoneal
(i.p.)) administration and the dark red markers represent the average response before and after administration
of GBR 12909 (15 mg/kg, i.p.). drug injection time is denoted by the yellow bar at 0 min. Representative
colorplots, CVs, and concentration vs. time curves are inset (top, pargyline; bottom, GBR 12909, α = predrug
and β = postdrug). (asterisks above blue markers indicate post hoc test: *p <0.0001.) reprinted with permission
from the American Chemical Society.
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the signal in different stages of the female mouse estrous cycle. This suggests that
there are no major sex differences in the release or reuptake machinery in drug
naive mice. Likewise, no significant differences were detected across sexes in
ambient levels of serotonin using FSCAV. Differences in clinical efficacy have been
observed following the administration of SSRIs, a class of commonly prescribed
antidepressants [77]. Following acute administration of the SSRI, escitalopram,
ambient serotonin concentrations increased significantly, however no differences
were seen between male and female mice. On the other hand, differences were
observed in the evoked serotonin reuptake decay curve. At all four doses given (1, 3,
10 and 30 mg/kg) the female mice had a lower percent change in reuptake com-
pared to the males. We speculated that in female mice, compensatory mechanisms
(likely via autoreceptors) exist to counteract hormone-mediated chemical fluxes
that may affect serotonin.

Figure 13.
Representation of single and double peaks reported by west et al. 2019 in the mPFC. The average serotonin
response is depicted in (A). Varying signals are shown in (B) with a traditional single peak displayed in (i.)
and five of the most common types of double peaks shown in (ii.-vi.). The inset contains the CVs of both peaks.
The first peak is shown in blue and the second in red. Reprinted with permission from Elsevier.
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7.3 Histaminergic transmission and modulation of serotonin

As outlined above, inflammation (peripheral and brain) is becoming synony-
mous with the pathophysiology of depression [58]. The monoamine histamine is a
major inflammatory mediator in the body [77], associated with allergic reactions.
However, less is known about histamine’s role in the brain. While traditionally
believed to be a neuromodulator in the CNS, recent studies have implicated hista-
mine in neuroinflammatory processes as well [78, 79]. To study fast histaminergic
dynamics, we optimized an FSCV waveform to simultaneously detect histamine
and serotonin in vivo [24, 36]. Histamine oxidation was pharmacologically validated
in the posterior hypothalamus following application of tacrine, a histamine N-
methyltransferase inhibitor, and thioperamide, an H3 receptor antagonist. Acute
tacrine administration slowed the reuptake of histamine significantly, while
thioperamide slowed the reuptake and increased the max amplitude. Upon electro-
chemical release of histamine, a rapid inhibition of serotonin is observed as shown
in Figure 3. In this figure, release and reuptake of histamine (a) and serotonin (b)
are shown before and after thioperamide (H3 receptor antagonist) administration,
where the dots are the result of a simple mathematical model where the receptor
and autoreceptor strengths were changed dynamically by hand. Using the new full
histamine and serotonin models (Sections 4 and 5) with the chemistry of the
autoreceptors and the H3 receptors, we were able to predict the experimental results
just by using the release and reuptake curve for histamine in the extracellular space
that we previously measured.

7.4 Serotonin and histamine in inflammation models

The inhibition of serotonin by histamine fueled our interest in the co-
modulation of these analytes in inflammation models. In recent work, we found
that upon acute lipopolysaccaride (LPS) induced inflammation, ambient serotonin
levels rapidly decreased as a function of increased histamine. Escitalopram was
much less capable of increasing the serotonin levels under this inflammation state.
We found that this was because escitalopram (and other common antidepressants)
inhibit histamine reuptake. This inhibition raises histamine, which depresses sero-
tonin release, counteracting the effect of the antidepressant on the SERTs. Only
with the dual strategy of inhibiting serotonin reuptake (by an SSRI) and inhibiting
histamine synthesis were we able to return the serotonin to pre-inflammation
control levels. We are now actively studying serotonin/histamine co-modulation in
other inflammation/depression models in mice including chronic stress and
neurodegeneration.

8. Future outlook

Our in vivo studies have allowed us to measure and compare and contrast
serotonin in different brain regions, to study serotonin dynamics in male and
female mice, to investigate serotonin and histamine co-modulation and to ask how
this modulation changes under inflammation. This program has provided invalu-
able information about the dynamics of these two modulators in health and patho-
physiology in mice. Our future goals are to apply our findings to ex vivomodels that
more closely mimic human inflammation as a path towards depression diagnosis
and treatment. We are exploring a variety of stem cell models, derived from
humans, as model systems for personalized diagnostic and drug screening plat-
forms. The continuing, active collaboration and innovation between the
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experimentalists and the mathematical modelers, as has been the case in the last
seven years, will drive novel discoveries in our future program.
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Chapter 2

Serotonin, Sleep and Depression: 
A Hypothesis
Vladimir M. Kovalzon

Abstract

For most cases of endogenous depression (major depression), the hypothesis of 
monoamine deficiency, despite a number of limitations it faces, is still considered 
the most acceptable explanation. The main difficulty faced by this hypothesis is the 
reason for the decrease in the level of cerebral monoamines (primarily serotonin) 
during depression. It is assumed either increased activity of the MAO enzyme, 
which metabolizes serotonin, or a mutation with the loss of function of the gene of 
the Tph-2 enzyme, which synthesizes serotonin, as possible causes. In this review, 
a third cause is proposed, which can explain a number of cases of «spontaneous» 
onset of depressive symptoms in apparently healthy people, as well as links the 
hypotheses of “monoamine deficiency” and “disturbances in circadian rhythms.” 
It is assumed that the formation of endogenous depression is due to a combination 
of two factors: a reduced “basal” level of cerebral serotonin and excessively long 
pre-morning periods of REM sleep, during which the release of cerebral mono-
amines stops altogether. As a possible way to of non-drug treatment of depression, 
not deprivation, but fragmentation of this phase of sleep is suggested, that is much 
easier for patients to tolerate.

Keywords: serotonin, sleep, rem sleep, depression, monoamine hypothesis

1. Introduction

A hypothesis is put forward according to which two factors play an important 
role in the formation of a number of cases of so-called “endogenous” (major) 
depression. First, the initially lowered (but within the reaction norm) level of 
cerebral serotonin, reflecting the gene polymorphisms of the human population. 
Second, the excessively long pre-morning periods of REM sleep associated with the 
“pressure of civilization” on the natural structure of the human wakefulness-sleep 
cycle, during which the release of cerebral monoamines stops altogether. It is a 
combination of these two factors that can lead to the emotional imbalance seen in 
depression.

2. Serotonin and sleep

Serotonin (5-HT) is one of the oldest and most important mediators in the 
 central nervous system, participating in a wide range of behavioral, physiologi-
cal and pathological processes. The history of its study goes back about 70 years, 
nevertheless, serotonin remains one of the most mysterious neurotransmitters.  
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As is known, the largest accumulation of serotonergic neurons in the brain is 
observed in the dorsal raphe nuclei (DRN) and the pons varolii (zones B6 and B7 
according to Dahlström & Fuxe [1]). The total number of such cells in human brain 
is relatively small - about one hundred thousand. The serotonergic system has two 
characteristics: first, the unusually numerous ramifications of its axons (up to a 
million bifurcations of a single axon). Secondly, the extraordinary variety of types 
(at least 7) and subtypes (at least 14; some researchers even count more than 20) 
of their receptors, among which there are both membrane depolarizing (subtypes 
5-HT2A-C, 5-HT3, 5-HT6, 5-HT7) and hyperpolarizing it (5-HT1A,B). Due to the 
abundant “treelike” branching, several hundred thousands of serotonergic neurons 
of the brain stem innervate tens of billions of other neurons in the human brain: 
practically all the nerve cells of the neocortex, hippocampus, striatum, and hypo-
thalamus, other parts of the brain as well as motor neurons of the spinal cord [1, 2]. 
Only the upper olive complex (part of the auditory system) and the optic chiasm 
are devoid of serotonin afferents [3]. And due to the receptor diversity, ligands of 
serotonin receptors can effect both activating and inhibitory processes on the brain 
and behavior in general.

The role of serotonin transmission in the regulation of wakefulness and sleep 
was first identified by the work of Michel Jouvet and his laboratory in Lyon, France. 
In these experiments of the classic of world somnology, performed on cats using 
primitive technologies of the 60s - early 70s of the last century, the following was 
shown. Intracerebral administration of serotonin, or electro-stimulation of the 
DRN or the median raphe nucleus (MnRN), where most 5-HT neurons in the brain 
are located, induces a short period of paradoxical (REM) sleep, followed by pro-
longed deep slow-wave sleep (NREM). If, on the contrary, the level of cerebral sero-
tonin is reduced by systemic administration of parachlorophenylalanine (PCPA), 
which blocks serotonin synthesis, or by destruction of the MnRN, both phases of 
sleep are sharply reduced. This insomnia lasts at least 10 days. In this case, effect of 
PCPA is eliminated by the administration of the precursor of serotonin - 5-hydroxy-
tryptophan. These and other early experiments served as the basis for Michel 
Jouvet’s hypothesis about serotonin as “somnotonin” (as it was then called by the 
Swiss somnologist Werner Koella), the main factor in slow wave sleep [4]. However, 
further experiments performed in the same laboratory of Jouvet with electrical 
stimulation and reversible shutdown of DRN neurons caused by local tissue cool-
ing to 10 °C, pointed, on the contrary, to serotonin as a factor of wakefulness. 
Eventually, it was proved that this hypothesis of Jouvet was wrong - in particular, 
insomnia caused by suppression of serotonergic neurotransmission was associated 
with a disorder of thermoregulation, a drop in body temperature, which led to an 
increase in the motor activity of cats to warm up [5]. And the insomnia that occurs 
in experimental rats and cats as a result of the administration of PCPA, as it turned 
out, is the result of a sharp increase in sensitivity to the surrounding animal stimuli, 
and not a disorder of the regulation of the wakefulness-sleep cycle [6].

Summing up the results of many years of research, a disciple of Michel Jouvet, 
Raymond Cespuglio, suggested that serotonin may be involved in the regulation 
of the wakefulness-sleep cycle in two different ways: in wakefulness serotonin 
is realized on the presynaptic membrane of the 5-HT neurons and promotes the 
formation and accumulation in target cells hypnogenic neuropeptides: vasoin-
testinal polypeptide (VIP), corticotropin-like intermediate lobe peptide (CLIP), 
substance P (SP); in the subsequent period of sleep, under the influence of these 
peptides, dendritic (nonsynaptic) realization of serotonin in the nuclei of the raphe 
occurs and its binding to the 5-HT1B autoreceptors, as a result of which the synaptic 
release of serotonin is weakened and stopped [3]. However, this hypothesis also has 
not received convincing experimental confirmation [6].
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Experiments with extracellular registration have shown that most serotonergic 
neurons are very active in the waking state, and during the transition to sleep and 
further into deep NREM sleep, they progressively slow down their activity and 
completely “silence” immediately before the transition to REM sleep. Thorough 
studies of the activity of not only large and medium-sized, but also small cells of 
the dorsal raphe of the model mouse brain in the wake–sleep cycle, carried out by 
Jouvet’s disciple Kazuya Sakai, revealed a high anatomical, neurochemical and func-
tional heterogeneity of these neurons. The majority of neurons in this area (52%) 
are indeed serotonergic (5-HT/DR), and almost all of them (48%) are active only in 
wakefulness, but a significant part (25% of all cells) are active in sleep, and judg-
ing by the spike shape, 19% of them are GABAergic, and only 6% are serotonergic 
[7]. Apparently, serotonin neurons are mainly responsible for maintaining calm 
(relaxed) wakefulness; thus, according to some data, they are most active during 
food consumption and reduce the frequency of impulses with increased behavioral 
activation [5].

Agonists of all serotonin receptors stimulate wakefulness and suppress NREM 
and REM sleep when administered systemically or intraventricularly. In this case, 
the activation of wakefulness occurs by depolarizing the histaminergic tuberomam-
millary neurons of the posterior hypothalamus, as well as GABA/parvalbumin-con-
taining neurons of the basal forebrain region, which project into the hippocampus 
and neocortex. Suppression of NREM is carried out mainly by inhibition of neurons 
in the “sleep center” VLPO, mediated by the 5-HT1A receptor [5]. And the suppres-
sion of REM sleep occurs due to inhibition of cholinergic REM-on neurons of the 
pons [5].

With direct microinjection of inhibitory receptor 5-HT1A agonists into the 
dorsal raphe nuclei, an increase in REM sleep occurs, whereas similar injections 
of inhibitory autoreceptor 5-HT1B agonists and activating 5-HT2A/C, 5-HT3 and 
5-HT7 receptors suppress REM sleep, which is consistent with the concept of the 
need for inhibition of 5-HT neurons to trigger REM sleep [8]. Systemic administra-
tion of non-selective antagonists of the 5-HT2A/C receptors, selective antagonists 
or reversible agonists of the 5-HT2A receptor in laboratory rats and mice, healthy 
subjects and patients with primary or comorbid insomnia causes an increase in 
NREM sleep, which, again, is consistent with the idea of the participation of 5-HT 
neurons in maintaining wakefulness [6].

Thus, according to the results of neural and pharmacological studies, serotonin 
seemed finally established as the status of a wakefulness mediator along with other 
monoamines (norepinephrine, dopamine, histamine), as well as acetylcholine and 
glutamate. The main source of serotonin - the DRN – were introduced on diagrams 
as one of the clusters of the reticular ascending activating system [9, 10]. It has 
also been shown to play an important role in the negative regulation of REM sleep: 
without turning off serotonin transmission, neither initiation nor maintenance of 
REM sleep is possible [6].

In this case, selective shutdown of serotonergic transmission should suppress 
wakefulness by increasing NREM sleep. Such a methodological opportunity 
appeared with the introduction of molecular genetic and other newest innovative 
techniques into neurophysiology. It was found that the brain has its own special 
isoform of the enzyme tryptophan hydroxylase - Tph2, which converts the amino 
acid tryptophan, which is supplied to the body with protein food, into 5-hydroxy-
tryptophan, a precursor of serotonin, and encoded by a separate gene. This discov-
ery made it possible to create knockout mice for this gene, in which the content of 
cerebral serotonin does not exceed 4% of its content in the brain of control mice 
(that is, practically absent). Figuratively describing the phenotype of such mice, 
which grew up “without serotonin in their brain”, can be named as “evil dwarfs.” 
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They are fertile and females have milk, but they do not care for their offspring, and 
therefore half of their offspring dies [11, 12]. Disorders of the wakefulness-sleep 
cycle in these mutants are limited, judging by the results of registration of locomo-
tor activity, to a slight increase in sleep and suppression of wakefulness in daylight 
(daytime), which seems to correspond with the above hypothesis [13].

At the same time, in another study on genetically modified mice with the 
homozygous Tph2 mutation (intact neurons, but complete absence of serotonin 
in the central nervous system) and polysomnographic registration, the following 
was found. A small (but statistically significant) decrease in the duration of NREM 
sleep and a corresponding increase in active wakefulness in mutant animals com-
pared with control occurred only when the light was turned on and off. Apparently, 
the absence of serotonin increases the reactivity of the animal to light stimulation. 
It was also shown that the sleep of the mutants was less fragmented. No further dis-
turbances in the wake–sleep cycle were identified. In this series of experiments, the 
absence of serotonin caused only very small changes, not confirming the original 
hypothesis [14].

However, Tph2 knockout mice cannot serve as an adequate model for study-
ing the role of serotonin in the regulation of the wakefulness-sleep cycle, since 
it is unclear whether the revealed phenotypic changes are the result of abnormal 
development, compensation for the lack of serotonin by other transmitters, or, 
indeed, impaired neurotransmission in adults. To solve this problem, a method 
was developed to turn off the expression of the Tph2 gene by microinjection of its 
blocker directly into the tissue of the raphe nuclei of the midbrain and pons in the 
genetically created mouse strain [15]. By visual analysis of video recordings, it was 
possible to reveal an increased level of motor activity, especially noticeable in the 
night (active) phase of the nychthemeron, when in the second half of the night 
the control individuals experienced a period of decreased activity, called by the 
authors “siesta”. In mice with blocked serotonergic transmission, such periods were 
absent altogether; they ran almost continuously all night [15]. Thus, according to 
the results of this study, serotonin itself behaves more like “sleep factor” than “wake 
factor”.

Since 5-HT containing neurons also secrete glutamate and various neuropep-
tides, the effect of their destruction may be quite different from that of the elimi-
nation of serotonin itself. In the work of Japanese authors [16], carried out using 
polysomnographic recording, neurotoxic destruction of serotonin-containing DR 
neurons in special genetically engineered mice led to a decrease in REM sleep at 
night, when its representation is already low. In addition, according to the data of 
the same authors, in the experimental mice, in comparison with the control ones, 
the response to the new environment was weakened and the power of the theta 
rhythm in wakefulness was increased. However, all these effects were so small that 
they were detected only with the help of statistical tricks. This, however, did not 
prevent the authors from concluding that their data support the main hypothesis 
about the role of serotonin as a factor of wakefulness (positive) and REM sleep 
(negative), presented above.

Finally, in a recently published study led by renowned Boston somnologist 
Patrick Fuller using a novel method of highly selective chemogenetic activation 
of serotonergic neurons in the DRN in combination with polysomnography and 
behavioral tests, no unambiguous results were obtained either [17]. A “compensa-
tory” restoration of NREM sleep, slightly suppressed by the 5-HT neuron activator 
injection procedure, was shown to return to baseline levels. This effect can hardly be 
called somnogenic, but it is definitely not activating. In addition, a change in behav-
ior in the open field was found, which the authors interpret as a decrease in the level 
of anxiety under the influence of the activation of serotonergic neurons in the DRN. 
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However, testing in a cruciform elevated maze revealed no changes. The authors 
refer to a recent study that revealed the existence of two mutually intertwining 
serotonergic subsystems in the DRN that innervate the orbital frontal cortex and 
the central amygdala differently. One of these subsystems supports anxiogenic and 
the other anxiolytic functions. It is possible that the simultaneous activation of 
both subsystems is associated with the uncertainty of the results obtained in such 
experiments [17].

As mentioned above, most serotonin-secreting neurons are “silent” during the 
entire period of REM sleep until the moment of its completion (by awakening or 
re-entering NREM sleep), and in fact not one single serotonin molecule is released 
from the presynaptic membrane during this time.

As can be seen from the Table 1, the intercellular fluid in wakefulness is satu-
rated mainly with the mediators with depolarizing action on the postsynaptic mem-
brane. During the transition to NREM sleep, all these molecules quickly disappear 
from the intercellular environment being replaced by the main inhibitory mediator 
of the brain, GABA, that concentration increases with the deepening of NREM 
sleep, and the peptide galanin colocolized with GABA. The cerebral biochemical 
environment in REM sleep is special. High levels of acetylcholine, glutamate and 
galanin are combined with a complete absence of orexin (hypocretin) and mono-
amines — serotonin, norepinephrine and histamine, with the exception of dopa-
mine, the concentration of which may sometimes even exceed that in wakefulness. 
A new mediator appears, the MCH peptide, which mediates the hypothalamo-pon-
tine level of REM sleep regulation. The release of GABA in general is significantly 
reduced, but remains high in areas of the orexinergic (LHA), histaminergic (TMN), 
serotonergic (DR) and noradrenergic (LC) neurons localization. In these systems, 
GABAergic neurons play the role of a “lock” preventing depolarization of these cells 
during the entire period of REM sleep.

Neurotransmitters Localization W NREM sleep REM sleep

5-HT DR ↑↑ ↓→↓↓ ↔

Norepinephrine LC ↑↑ ↓→↓↓ ↔

Histamine TMN ↑↑ ↓→↓↓ ↔

Dopamine VTA/SNpc/vPAG ↑↑ ↓ ↑

Acetylcholine LDT/PPT/BF ↑↑ ↓→↓↓ ↑↑

Glutamate PC/PB/BF ↑↑ ↓→↓↓ ↑↑

GABA Total brain ↑/↓ ↑↑ ↑/↓

Orexin/Hypocretin LHA ↑↑ ↔ ↔

Galanin VLPO/MnPO ↓ ↑↑ ↑↑

MCH LHA/PH ↓ ↓ ↑↑

Abbreviations: W – wake; NREM sleep – non rapid eye movement sleep; REM sleep - rapid eye movement sleep; 
5-HT – serotonin; GABA – γ-aminobutyric acid; MCH – melanin-concentrating hormone; LC – locus coeruleus; DR 
– dorsal raphe; TMN – tubero-mammillar nucleus; VTA – ventral tegmental area; SNpc – substantia nigra/pars 
compacta; vPAG – ventral periaquetuctul gray matter; LDT/PPT – latero-dorsal tegmentum/pedunculo-pontine 
tegmentum; BF – basal forebrain; PC/PB – preceoruleus/parabrachialis nuclei; LHA – lateral hypothalamic area; 
VLPO – ventro-lateral preoptic area; MnPO – median preoptic area; PH – posterior hypothalamus; ↑ – increase 
in release; ↓ -decrease in release; ↑↑ - substantial increase in release; ↓↓ - substantial decrease in release; ↑/↓ 
- increase or decrease in release dependently of the site of cerebral localization; → – gradual decrease in release; ↔ – 
release ceased.

Table 1. 
A simplified scheme for the secretion of cerebral neurotransmitters in the sleep–wake cycle (data from animal 
studies).
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Obviously, the level of serotonin (as well as norepinephrine and histamine) at 
the sites of projection of aminergic neurons (and, possibly, in the brain as a whole) 
can decrease during this time. However, the periods of REM sleep in all animals 
are short, and in some species (small rodents, birds, etc.) they are extremely short 
(from a few seconds to 1 min) [18, 19]. So this decrease cannot be significant, and 
in the subsequent period of wakefulness, the normal, “basal” level of serotonergic 
transmission is quickly restored.

The situation is different in humans. In adults, unlike animals, sleep is of a 
continuous, so-called “monophasic” or “consolidated” nature. This means that an 
adult living in modern urban conditions is waking all day (16 hours), and the entire 
daily “quota” of sleep, usually 5 cycles 1.5 hour each, is realized at night “at a time.” 
In this case, the first half of the night sharply differs from the second - and this is 
another important difference between human sleep and animal sleep (Figure 1, 
upper graph). In the first half of the night, a person implements mainly the need 
for deep slow wave sleep (NREM), which has accumulated over a long period of 
wakefulness (stage 3; according to the old classification - stages 3 + 4, “delta sleep” 
is apparently a state that is critical for the survival of the organism). In the second 
half of the night, the need for REM sleep is realized, which alternates with periods 
of superficial NREM sleep (stage 2). At the same time, individual periods of REM 

Figure 1. 
A hypnogram of a healthy human subject (top) and a depressed patient (bottom) [20]. W - wakefulness, 
REM - REM sleep, S1-S4 - stages of NREM sleep, MT and BM - various types of movements during sleep, 
EM - rapid eye movements. It can be seen that the patient has fragmented sleep, REM sleep is disinhibited, and 
deep NREM sleep (stages 3 and 4; according to the new classification, they combined into one), on the contrary, 
is suppressed.
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sleep, which in a healthy person occupies about 2 night hours, can last 20, 30, and 
even 40 minutes in the last sleep cycles [20]. Naturally, such long periods of inactiv-
ity of the “serotonin factory” of the brain cannot pass without leaving a trace.

What determines these differences in the structure of human sleep? A newborn 
baby sleeps around the clock with short sucking breaks, total about 16 hours, 8 
of which is occupied by the so-called “activated sleep”, which is considered as the 
precursor of adult REM sleep. A one-year-old child has two periods of daytime 
sleep, and a four-year-old is allowed to sleep only once a day, after lunch. An eight-
year-old is already attending school and cannot sleep during the day, and this daily 
rhythm (without daytime sleep) is maintained by the majority of the modern urban 
population for life. Psychophysiological studies of the wakefulness-sleep rhythm 
carried out at one time in healthy subjects who were transferred to a 24-hour bed 
rest when isolated from the external environment [21], as well as some observations 
of ethnographers on the nature of sleep in primitive tribes living in isolation from 
civilization [22], allow to make the following assumption. By nature, a person has 
a sleep–wake rhythm with two periods of short naps. With this mode, the duration 
of night sleep is significantly shortened; a person can get up at dawn (in summer). 
Sleep becomes less consolidated, sleep cycles can be interspersed with more or less 
prolonged episodes of wakefulness. The differences between the first and second 
half of the night are smoothed out. In general, human sleep begins to resemble more 
animal sleep [21–23]. The monophasic nature of sleep of a modern person, appar-
ently, is associated not so much with biological, genetic factors, as with the “pres-
sure of civilization”, distorting, disrupting the natural alternation of wakefulness 
and sleep. During a 16-hour daytime period of continuous wakefulness, a modern 
person experiences repeated “intrusions” of sleep mechanisms, realized in the form 
of episodes of local sleep, microsleep and an increase in the delta index in the EEG 
[24]. A monophasic diurnal rhythm (without daytime sleep) is acquired by the 
majority of the modern urban population in childhood and retained for the rest of 
their lives [25].

Thus, the circadian rhythm of a modern urban person is 16 hours of sleep 
deprivation, followed by 8 hours of sleep. And the law of “rebound” is as follows: 
first, delta sleep is restored (stage 3), then REM sleep [26]. On the other hand, 
superficial sleep is considered an “optional” state, which “can be dispensed with.” 
Consequently, the unusually long pre-morning periods of REM sleep, in which 
serotonergic transmission can be severely depleted, are mainly due to “civilization 
pressure” disrupting natural circadian dynamics.

3. Serotonin and depression

Although the role of serotonin in the regulation of the wakefulness-sleep 
cycle remains not completely defined, its participation in emotional reactions is 
well known. In popular literature, serotonin is often referred to as the “happiness 
hormone”. Excessive activation of serotonergic transmission in the brain causes 
movement disorders – part of the so-called “serotonin syndrome”, and insufficient 
activation seems associated with diseases such as depression, schizophrenia, anxiety 
disorders, etc. [27, 28]. In the 50–60s of the last century, the so-called “catechol-
aminergic” hypothesis became widespread, linking the occurrence of depression 
with a lack of noradrenergic transmission. It was replaced by the “serotonin” 
hypothesis of endogenous depression, which was first published in the Lancet 
magazine in an article by a psychopharmacologist from Leningrad (USSR, now 
St. Petersburg, Russia) Izyaslav (Slava) Lapin and his graduate student Gregory 
Oxenkrug: “Intensification of the central serotoninergic processes as a possible 
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determinant of the thymoleptic effect” [29]. The article had about 350 citations in 
the first 18 years (to date, according to Google searches, about 800). This led Eugene 
Garfield to include it in the “This Week’s Citation Classic” section of the Current 
Contents and to publish a note by Oxenkrug on how the article was created [30].

Lapin and Oxenkrug were the first to link emotional disorders and sleep 
disturbances in depression with a common causative factor - impaired serotonin 
transmission due to changes in the turnover of cerebral serotonin. Reducing 
serotonergic transmission in the brain through the hypothalamus-pituitary–adrenal 
cortex axis disinhibits the release of cortisol. Cortisol activates the enzyme tryp-
tophan dioxygenase (TDO), which “shunts” the normal turnover of serotonin and 
converts it (in the presence of the pro-inflammatory cytokine γ-interferon, which 
appears in response to stress) into kynurenine. As a result, serotonin is released less 
and less. Neuroactive kynurenines, in turn, increase anxiety and impair cognitive 
performance. Subsequently Lapin showed that the metabolism of kynurenine in the 
absence of vitamin B6 leads to the appearance of diabetogenic derivatives [31]. The 
impact of Lapin’s ideas on the further development of world psychiatry and psycho-
pharmacology was described in detailed reviews by Oxenkrug [32, 33].

Later, other authors developed a “new serotonin hypothesis” [34], according to 
which an increased level of glucorticoids, systemic inflammatory processes, and 
neuroimmune activation of microglia stimulate the synthesis of enzymes trypto-
phan dioxygenase and indoleamine dioxygenase (TDO/IDO) and finally shift the 
breakdown of tryptophan to the kynurenine pathway. Finally, the initial develop-
ment of Lapin recently received a new generalization in the form of the so-called 
“serotonin-kynurenine-inflammatory” hypothesis of the onset of depression (see 
Figure 2) [35, 36]. Based on the latest biochemical and molecular biology studies, 
these authors show that the metabolites of kynurenine - oxidized kynurenine, 
quinolinic acid and the cation NAD+ (nicotinamide-adenine-dinucleotide), which 
have exito- and neurotoxic properties, cause an excessive increase in glutamatergic 
neurotransmission, suppressing neurogenesis in the fascia dentata of the hippo-
campus, apoptosis and neurodegeneration. The kynurenine pathway of serotonin 
metabolism occurs in microglia, and the proliferation of microglia has been found 
in a number of studies using neuroscanning of depressed patients. So, despite the 
fact that modern theories of the origin of depression concentrate more on neuroin-
flammatory and neurodegenerative processes [36–39], Lapin’s serotonin idea, put 
forward more than half a century ago has not lost its relevance.

Back in 1960, a reduced (almost 3 times) level of serotonin in the cerebrospinal 
fluid of depressed patients was confirmed [40]. And selective serotonin reuptake 
inhibitors (increasing 5-HT concentration in the synaptic cleft) have been widely 
and successfully used in clinical medicine as antidepressants for more than 30 years 
[2]. However, the generalizing works of the last two decades have given some 
authors the basis for a paradoxical conclusion that not suppression, but, on the 
contrary, the excess of serotonin neurotransmission is the cause (or at least one of 
the causes) endogenous depression (melancholy), or that serotonin is not involved 
at all in the pathogenesis of this disease [41–44].

In recent years, researchers have turned their attention not to cerebral serotonin 
itself, but to its carrier protein (5-HTT) and the gene for this protein. It turned out 
that people homo- or heterozygous for its short allele are less resistant to stress and 
are more at risk of developing insomnia and depression than carriers of the long 
allele [45]. The short allele is associated with a decrease in the number of 5-HTT 
binding regions on the surface of the presynaptic membrane and, accordingly, in 
the reuptake of excess serotonin. From this point of view, the disorder of serotonin 
transmission in some types of depression, in fact, may be associated more with an 
excess than a lack of serotonin in the synaptic cleft.
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Apparently, under the general term “depression” there is several (and maybe 
even many) diseases of various etiologies [46]. At the same time, the majority of 
patients respond positively to the intake of selective serotonin reuptake inhibitors 
(SSRIs). Moreover, almost any drug that inhibits the reuptake of monoamines 
(primarily serotonin, but partly also norepinephrine and dopamine) has thymo-
leptic (antidepressant) properties [46]. However, a very long interval (calculated 
in weeks) from the start of antidepressant administration to the appearance of a 
therapeutic effect is an indirect indication that the lack of monoaminergic transmis-
sion is most likely a secondary, “downward” consequence of some still unknown 
primary disorders [46]. Nevertheless, for most cases of endogenous depression 

Figure 2. 
Simplified illustration of the kynurenine pathway. Tryptophan (TRP) is predominantly converted into 
kynurenine (KYN) by the indoleamine 2,3-dioxygenase (IDO) isozymes and tryptophan dioxygenase (TDO). 
IDO-1 is expressed in various immune cells throughout the body, notably dendritic cells, monocytes, and 
macrophages. Less is known about the more recently discovered IDO-2 enzyme although it is more selectively 
expressed in dendritic cells, liver, kidney, and the brain and it does not appear to have a significant effect 
on peripheral kynurenine concentration. TDO-2 is an alternative nomenclature for TDO. KYN can be 
metabolized into kynurenic acid (KYNA), which is usually considered to be neuroprotective, by the KAT 
isozymes. Alternatively, it may be converted into anthranilic acid by kynureninase or 3-hydroxykynurenine 
(3HK) by kynurenine monooxygenase (KMO). Metabolism down the latter pathway increases under 
inflammatory conditions. 3HK is a free radical generator while quinolinic acid (QA) is a known neurotoxin 
and gliotoxin. Thus, metabolites in this pathway are usually considered to be neurotoxic. QA is the endogenous 
source of nicotinamide and nicotinamide adenine dinucleotide (NAD+) [35].
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(major depression), the hypothesis of monoamine deficiency is still considered the 
most acceptable [46]. Apparently, the impairment of serotonergic neurotransmis-
sion is one of the links in a cascade of molecular biological events that ultimately 
lead to neuroinflammatory and neurodegenerative changes in certain parts of the 
brain, as mentioned above.

The main difficulty faced by this hypothesis is the reason for the decrease in sero-
tonin levels in the brain during depression. Among the possible reasons, either an 
increased activity of the MAO enzyme, which metabolizes serotonin, or a mutation 
with loss of function of the gene of the Tph-2 enzyme, which synthesizes serotonin, 
is proposed. In this review, we propose a third reason that can explain a number of 
cases of “spontaneous” onset of depressive symptoms in apparently healthy people, 
as well as link the hypotheses of “monoamine deficiency” and “circadian rhythm 
disturbances” [46].

4. Sleep and depression

Depression is one of those relatively few diseases that are characterized by 
pronounced and rather specific sleep disorders. In addition, these disorders can 
occur much earlier than the main symptoms (mood disorders, etc.), and therefore 
serve as important predictors of the disease. Non-specific disorders in depression 
include difficulty falling asleep, frequent nighttime awakenings, and early morn-
ing awakenings. However, there is a more specific violation of the sleep structure: 
suppression of deep NREM sleep (stage 3) and disinhibition of REM sleep (see 
Figure 1, lower graph). The suppression of deep SWS manifests itself in the loss of 
stage 4 (according to the old classification), reduction and fragmentation of stage 
3, a decrease in the EEG delta index, and lengthening of stage 2. The disinhibition 
of REM sleep is manifested both quantitatively and qualitatively. Quantitatively, by 
reducing the latency of the onset of the first REM period down to zero, when sleep 
can begin with a REM episode, which never happens in a healthy adult; lengthening 
the first REM period; an increase in the proportion of the total duration of REM 
sleep in all night sleep. Qualitatively, the disinhibition of REM sleep manifests 
itself in an increase in the generation of rapid eye movements already in the first 
REM sleep period. Although similar disorders of REM sleep are observed not in all 
patients with depression, but only in 50–70% (according to various sources), and 
similar phenomena of REM sleep “disinhibition” can sometimes be observed in 
other neuropsychiatric disorders (schizophrenia, manic psychosis), nevertheless for 
“major” depression, they are much more typical and more pronounced [37].

As noted above, suppression of neurogenesis in adult animals was shown in 
various experimental models of depression (mice, rats) [47]. Interestingly, in other 
models associated with an increase in REM sleep (some forms of stress), according 
to some data, neurogenesis in the hippocampus is also impaired. On the other hand, 
inhibition of neurogenesis is also observed in sleep deprivation [37].

One of the main arguments in favor of the hypothesis of a causal relationship 
(rather than just a correlation) between depression and REM sleep is the effects of 
antidepressants. It is well known that most antidepressants that prevent the natural 
breakdown of serotonin (and other brain amines): tricyclic drugs, selective serotonin 
reuptake inhibitors (SSRI), deeply inhibit REM sleep. Especially effective in this 
regard are MAO inhibitors, which can almost completely eliminate REM sleep for 
months and years [37–39]. Millions of patients around the world have taken and 
are taking these drugs. No cases of cognitive impairment were reported; instead, 
there is some evidence that MAO inhibitors even improve memory! On the contrary, 
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the latest generation of benzodiazepines, used as hypnotics and practically do not 
disturb the duration and distribution of REM sleep, have a pronounced detrimental 
effect on memory due to the effect of these drugs on the GABA signaling system 
[48–51].

Now, imagine that in the human population, with its unusually wide gene 
diversity, there are subjects with initially lowered levels of cerebral serotonin. This 
may be due to some gene polymorphisms that cause, for example, the synthesis 
from dietary tryptophan, not serotonin, but kynurenines (as Lapin believed) 
[29, 31–33]), or a decrease in the formation of tryptophan hydroxylase-2, which 
synthesizes cerebral serotonin from its precursor, or an increased level of the 
MAO-A enzyme, which metabolizes serotonin, etc. For such people, long pre-
morning periods of REM sleep become especially dangerous, since they can reduce 
the level of cerebral serotonin below a certain critical level, the threshold for 
disruption of general serotonergic transmission and the occurrence of emotional 
disorders. This approach is confirmed by the subjective reports of patients report-
ing the appearance of the first feelings of depression even during the experience of 
morning dreams and reaching their maximum severity immediately upon awaken-
ing. However, by the evening (as cerebral serotonin accumulates in the course of a 
vigorous state), the patient’s condition gradually improves, depressive symptoms 
go away by themselves, and he/she feels completely healthy ... until a new period of 
sleep comes! [46]. It is clear that against the background of a low, near-threshold 
level of cerebral serotonin, even immersions in NREM sleep causing a decrease in 
serotonin release can re-launch pathological processes in the brain.

On the other hand, the release of cerebral serotonin is involved in the inhibi-
tion of the glutamatergic/cholinergic center of REM sleep triggering in the pons 
[5, 9, 10]. Then, the weakening of this inhibition may be associated with a well-
studied increase in the “pressure” of REM sleep in depression, which manifests 
itself, in particular, in the shortening of the latent period of the first episode of this 
sleep phase, as mentioned above [37–39]. Moreover, according to some reports, 
even genetic relatives of such patients, who do not suffer from depression, but, 
assuringly might have the same gene polymorphism and, as a result, a lowered 
“basal” level of cerebral serotonin, also have excessively prolonged periods of REM 
sleep [37]. That is, one can assume that all people who initially have a lowered level 
of cerebral serotonin, due to this, have an increased “pressure” of REM sleep, which 
further lowers this level.

It becomes clear why it is not possible to create a more or less adequate experi-
mental model of stress-induced anhedonia (depression) [52]. For this, apparently, 
it is necessary to adapt the experimental mice to “human conditions”: a constant 
16-hour sleep deprivation (in the dark period of the day) accompanied by its 8-hour 
“return” (in the light period). And it is necessary to influence chronic stress also 
in the dark period against the background of this artificial circadian rhythm. It is 
possible that in this case the applied impacts will be more effective.

5. Conclusion

Thus, according to the proposed hypothesis, the formation of depression is 
due to a combination of two factors - a reduced level of cerebral serotonin and the 
structure of human night sleep with extremely long pre-morning periods of REM 
sleep. It is known that total sleep deprivation (or selective REM sleep deprivation) 
is used as an effective but short-term thymoleptic action. According to the proposed 
approach, fragmentation of REM sleep can be just as effective. If it really turns out 
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to be effective in alleviating depressive symptoms, then it can be relatively easily 
automated by giving the patient during REM sleep signals (for example, sound), 
selected so that they do not wake him up at all, but only wake him up, transferring 
from REM sleep to the 2nd or 1st stage of NREM sleep. Such a procedure, which is 
much more easily tolerated by patients, will also be suitable for chronic use.
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Chapter 3

Roles of the Serotoninergic System 
in Coping with Traumatic Stress
Tania Vitalis and Catherine Verney

Abstract

Post-Traumatic Stress Disorder (PTSD) is characterized by substantial physiological 
and/or psychological distress following exposure to trauma. Intrusive fear memories 
often lead to persistent avoidance of stimuli associated with the trauma, detachment 
from others, irritability and sleep disturbances. Different key structures in the brain 
are involved with fear conditioning, fear extinction and coping. The limbic system, 
namely, the amygdala complex in close relationship with the hippocampal hub and the 
prefrontal cortex play central roles in the integration and in coping with fear memo-
ries. Serotonin acting both as a neurotransmitter and as a neurohormone participates 
in regulating the normal and pathological activity of these anatomic structures. We 
review the literature analyzing how the different actors of the serotoninergic system 
(5-HT receptors, transporters and anabolic and catabolic pathways) may be involved in 
regulating the sensitivity to highly stressful events and hopefully coping with them.

Keywords: 5-HT, 5-HT receptors, amygdala, hippocampus, limbic structures, PTSD, 
prefrontal cortex, SERT

1. Introduction

Following exposure to traumatic events as a succession of inescapable stressful 
stimuli or life-threatening accidents, most people adapt and cope with the stress 
and return to their normal life when the stressful event (s) has (ve) stopped. 
However a minority of them, 6-8% of people [1, 2] develop PTSD characterized by 
a variety of symptoms precisely defined by “the American Psychiatric Association’s 
Diagnostic and Statistical manual of Mental Disorders” [3]. It includes intrusive 
memories of the traumatic event, nightmares, irritability, sleep impairment, atten-
tion deficit and/or emotional withdrawal. Post-traumatic stress disorder is often 
associated with several comorbidities such as inflammation [4], chronic pain and 
heightened risk of neurodegenerative disease. This disorder is more often than we 
believe difficult to treat as many patients suffer from it during several years after 
the traumatic event has stopped. For instance, 40 years after the Vietnam War, 
11% of the veterans still experienced PTSD [5]. This disorder is primarily due to an 
overload of traumatic sensory stimuli inducing continuous overproduction of cor-
tisol in the brain and body [6] generating secondary cascades of deregulations that 
prevent a return to the original homeostatic biological state by the parasympathetic 
brake, essential for the patient [6–8]. These biological impairments lead to the 
anchoring of fear memories in the limbic cerebral circuits which include primarily 
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the amygdala complex (AMY) handling the emotional processing related to stress 
associated with memory processing of the hippocampal-cortical circuits [6, 9, 10].

The fact that a minority of people undergoing traumatic events don’t recover and 
develop long-lasting PTSD suggests that among the population different genetic/
epigenetic predispositions unique for each individual impact the way patients are 
able to cope or not with stressful events [6]. Impairments of the limbic circuitry and 
activity are among the key features explaining various PTSD symptoms. Numerous 
examples have shown that the serotoninergic system is well positioned to modulate 
the activity of the amygdalo-hippocampal-prefrontal hub. The serotoninergic 
system is widely known to play a critical role in mood regulation and it is not 
surprising that different pharmacological treatments initially proposed to relieve 
PTSD symptoms modulate serotoninergic systems [11–14]. Among them serotonin 
reuptake inhibitors (SSRIs; i.e. citalopram, escitalopram, fluoxetine, fluvoxamine, 
paroxetine, and sertraline) causing high extracellular 5-HT levels are classically 
used for their anxiolytic effects and treatment of depression and for their relative 
minor side effects [12–15].

We will review how the limbic system is modulated by changes in 5-HT homeo-
stasis by acting through 5-HT transporter or receptors during development and 
in adults.

We analyze knowledge obtained from relevant adult rodent models and extend 
them to human data when possible. Indeed, rodent models, appear useful for under-
standing the etiology of PTSD, as the “fear circuitry” and the endocrine responses 
to stress are fairly conserved across species. However, they lack the complexity of 
the cognitive treatment mediated by highly developed cortical circuits observed in 
primates [6, 16–18]. We will also review literature clearly demonstrating that imbal-
ance in the serotonergic system during development associated or not with genetic 
alterations may modify the way patients are able to cope with stressful events.

2.  Anatomy and physiology of limbic circuits implicated in the stress 
response

Regardless of its intensity, stress induces primarily stimulation of the 
Hypothalamic-Pituitary-Adrenal (HPA) axis that coordinates the body-brain 
biological response through a highly regulated neurohormonal cascade. 
Corticotrophin releasing hormone (CRH) or factor (CRF) is released from hypo-
thalamic neurons, letting adrenocorticotropic hormone (ACTH) out of pituitary 
cells, which in turn stimulates the secretion of cortisol (CORT) into the blood-
stream by the adrenal cortex. Cortisol activates glucocorticoid receptors (GR) 
that are widely distributed in the brain, mainly along the HPA axis itself and in 
major limbic structures such as the amygdala complex (AMY), the hippocampal 
formation (HIP) and the prefrontal cortex (PFC). When the stress is qualified as 
« adaptive », activation of hypothalamic GR decreases HPA axis activity, creating 
a negative feedback loop leading to corticoid levels returning to normal with the 
stress responses turned off [6–8, 19]. In parallel the HPA axis interacts with the 
limbic structures afore mentioned which in turn participate to the feedback inhibi-
tion and feed-forward stimulation of the HPA axis that regulate stress responses 
[20–22]. When stressful events are perceived as particularly severe and/or persis-
tent, the stressors can cause long-lasting changes in active stimulation of the HPA 
axis modifying the “body-brain” responses to CORT and CRH. In this context, 
corticoids flowing continuously in the brain and the body generate long lasting 
modifications/alterations of the limbic and cortical circuits contributing to induce 
a large array of PTSD symptoms [6–8] (Figure 1).
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The amygdala complex is considered as “a hub” of cerebral emotional process-
ing, receiving inputs from sensory areas (including sensory thalamus), autonomic 
system, HIP and cortical regions such as the infra-limbic (IL) prefrontal cortex. By « 
computing » information stored in the HIP and cortical structures, AMY attributes 
an emotional valence to the event and plays a crucial role in fear learning and extinc-
tion [10, 23, 24]. In patients suffering PTSD, exaggerated responses to emotional 
stimuli induce hyperactivation of AMY, which become hypertrophic by the increased 
complexity of their glutamatergic neurons [6, 25]. Then in PTSD, the different 
subnuclei of AMY are modified in their connections and their complex regulation 
of inhibitory GABA neurons network. The basolateral nucleus (BLA) that receives 
sensory information stimulates abnormally the central nucleus (CE), which regulates 
the output of fear behavior [10, 26–28]. Different Pavlovian rodent models analyzed 
the neural basis for encoding association of two stimuli, a neutral stimulus (a sound, 
a light) and a painful stimulus  

Figure 1. 
The « reward/action » versus the « fear/inhibitory » circuits. Following a threat (stressor), sensory 
information arising from sensory stimuli is conveyed to the thalamus (light green) that relays information 
to the lateral amygdala (LA) of the amydgala complex (AMY; orange). The amygdala, in concert with the 
hippocampal and cortical memory circuits (blue), attributes an emotional valence to the stressor. When 
adaptive behaviour is possible, the basal nucleus (BA) of the amygdala complex is activated leading to 
stimulation of the « reward/action » systems (dark green) that includes the ventral tegmental area (VTA), the 
accumbens nucleus and the striatum. Action is also modulated by cognitive prefrontal circuits. If the threat is 
inescapable the central amygdala (CE) is activated, inducing an inhibition of the motor system (gray) and 
freezing behaviour (red). In parallel, the hypothalamus-pituitary-adrenal axis (HPA axis; yellow) induces 
a surge of neurohormones leading to the liberation of cortisol/corticosterone (violet) in the brain and body. 
When adaptive behaviour is possible and efficient, cortisol/corticosterone return to normal levels. If the stressor 
is too strong, HPA axis retrocontrol is blunted and cortisol production continues. In addition, inflammatory 
cytokines are released. Cortisol damages the prefrontal cortex and hippocampus that become hypotrophic. 
AMY is by contrast hypersollicitated and increased synaptic complexity of glutamatergic neurons induces its 
hypertrophy. Monoamines, including serotonin, that send axons in almost every brain regions mentioned are 
potent modulators (violet) of the reward/action and fear/freezing circuits.
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(a footshock). They revealed that the lateral nucleus of the amygdala (LA) receives 
inputs of both stimuli, conveyed information to the basal nucleus (BA), then to the 
output CE which coordinates the expression of defensive behaviors such as freezing 
[29–31]. Recently, it was suggested that the BA may not be implicated in the defen-
sive behavior but rather in avoidance [32]. The extended amygdala as the bed nucleus 
of the stria terminalis (BNST) is also largely implicated in anxiety [10, 26, 28] and its 
role will be developed later. The reciprocal connections of AMY with HIP and PFC, 
in particular IL cortex (in rodents) that participate in the inhibition of learned fears 
are defective in PTSD patients leading to the persistence of fearful memories and 
other emotional symptoms [24].

The HIP is known to play a critical role in learning and memory integrating 
contextual information to regulate behavior (Reviewed by [33]). In PTSD, it medi-
ates memory-related problems including persistent re-experiencing of traumatic 
events and impaired context-dependent modulation of memory as well as increased 
salience of negative emotional memories deficits in working and verbal memory 
[6, 34]. Studies in rats have shown that the dorsal HIP (homologous to the human 
posterior HIP) is mostly associated with cognitive performance while the ventral 
HIP (homologous to the human anterior HIP) rather participates in the regulation 
of stress response and affect [35]. Hippocampal volume is reduced in individuals 
with PTSD compared to controls. The HIP morphology is highly plastic and size 
reduction could indicate predisposition for PTSD while increase in volume may 
underlie positive responses to treatment. The HIP reciprocal connections to other 
brain areas are critical in these regulations; importantly, the HIP interacts with the 
AMY to regulate emotional arousal and consolidation of fear memories (as previ-
ously mentioned [10, 27, 36] and with the PFC to regulate memory [37].

The prefrontal part (PFC) of the frontal lobe plays essential roles in attention, 
working memory, decision-making and regulation of emotion [38]. Its role is 
crucial for PTSD patients in the regulation of fear, learning, expression, and extinc-
tion [39]. Interestingly the anterior cingulate cortex (ACC) and the medial PFC 
(mPFC) display abnormal levels of activation in PTSD patients [40]. The human 
ventromedial PFC (vmPFC; analogous to the IL cortex in rodents) plays a key role 
in the extinction of fearful memories by processing “safety signals” and interacting 
with the AMY to inhibit fear expression [41]. In PTSD patients, impaired vmPFC 
activation leads to altered emotional processing and impaired retention of fear 
extinction learning. Other cortical structures such as the insular cortex (visceral 
regulation) intervene in the emotional processing and interoception that are altered 
in PTSD patients.

Going back to everyday life stress regulation, the response to an adaptive stress 
involves motivation and action giving rise to pleasure by activation of reward 
circuit or strengthening/operant conditioning circuit (as salivation in the Pavlovian 
conditioned dogs) present in most vertebrate species. Following a stress the dopa-
minergic neurons of ventral tegmental area (VTA) projecting towards limbic areas 
(the medial PFC, the AMY and the accumbens) “integrate” the emotional/pleasure 
valence linked to this event [42, 43]. When the stressor is adaptive, dopaminergic 
neurons of VTA and the accumbens are activated by different brain structures in 
particular AMY generating escape as adaptive behavior. When the stressor is too 
strong, the VTA-reward/action system becomes less efficient. When the stressor 
happens to be severe and/or permanent, the adaptive behavior VTA-reward/action 
system is decreased/abolished and the adaptive “way out” motor system is inhibited 
[44]. Interestingly, the activity of VTA neurons could be modulated by the nor-
adrenergic and serotoninergic neurons. A small subset of the noradrenergic locus 
coeruleus (LC) neurons could activate VTA, playing therefore a role in resiliency to 
stress [45]. Similarly, several studies have shown that dorsal raphe serotoninergic 
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neurons could modulate the activity of VTA neurons. Recently, it was shown 
using optogenic tools coupling to behavioral tests, that stimulation of dorsal raphe 
neurons induces reward seeking in mice. Moreover, this behavior was abolished 
by the specific inhibition of 5-HT-containing axons reaching the VTA and induces 
conditioned place aversion [46]. Depending on the targets reached by serotonin-
ergic neurons their activation may lead to various and sometimes opposite roles in 
behavior [47]. We will discuss these recent findings in section 4.

3. Lay-out of the 5-HT system

3.1 Serotonin synthesis, storage and degradation

Serotonin is synthesized from the essential amino-acid L-tryptophan. In the 
blood stream, L-tryptophan is linked to serum-albumin but a free proportion that 
decreases with age and physiological status freely crosses the BBB (10% at postnatal 
day 12 when BBB is thought fully functional in rat [48]). In 5-HT-producing cells, 
tryptophan is then transported, accumulated and hydroxylated by the tryptophan 
hydroxylase (Tph) enzymes. Tryptophan hydroxylase type 2 (Tph2) is expressed 
in serotoninergic neurons of the raphe nuclei and myenteric neurons [49, 50] while 
Tph1 is expressed in the gut enterochromaffin cells, the pineal gland and various 
peripheral tissues [51, 52] and possibly in the placenta depending on the species 
[53]. 5-hydroxytryptophan is then further decarboxylated into 5-HT by the aro-
matic amino-acid decarboxylase (AADC). It has been shown that the availability of 
tryptophan to synthesize 5-HT depends on the inflammatory status of the organ-
ism. Interestingly, patients suffering PTSD develop a pro-inflammatory status with 
increased circulating pro-inflammatory cytokines [6]. Indoleamine 2,3-dioxygen-
ase (IDO) is generated following inflammation and can lead to 5-HT depletion in 
the organism [54]. Such a state may impact the levels of 5-HT in PTSD patients and 
favor the emergence of depressive-like status.

5-HT producing cells express the SERT and vesicular monoamine transporter 
type 2 (VMAT2) allowing respectively 5-HT uptake and storage in those cells [55]. 
In the CNS these transporters regulate the level of 5-HT, not only at the synaptic 
cleft, but also when 5-HT is release along 5-HT-containing (5-HT+) axons in a « 
volume-transmission » manner [56]. The use of SSRIs have been used for treatment 
of PTSD symptoms [6]. In various rodent models, SSRIs were shown to relieve some 
of the PTSD-like symptoms (reviewed in [57]). Indeed, administration of SSRIs 
or ketamine ameliorate PTSD-like behavioral deficits in restraint paired forced 
swimming test (or other stressors) [58]. These models are attempting to reproduce 
unpredictable stress as those observed by soldiers experiencing war zones [59–61]. 
Similarly, exposure to a predator induces hyperarousal, avoidance and fear, [62–64] 
increases anxiety-like behavior and reduces fear extinction. In these models, 
animals also respond to sertraline reducing anxiety-like behavior and cue avoidance 
[65, 66]. Interestingly, SSRI treatment appears efficient only when administered 
chronically, at least for 3-6 month in patients. Initially depressive symptoms worsen 
by 5-HT increase activating the inhibitory 5-HT1 autoreceptors in the raphe nuclei, 
before they get desensitized following chronic treatment. Alternatively, the delayed 
therapeutic effects of SSRIs may be due to neuroplastic changes that need time to 
develop in mature brain [62, 67].

5-HT is catabolized by monoamine oxidases A or B (MAOA or MAOB; located in 
the mitochondria and by catechol-O-methyltransferase (COMT) [68, 69]. MAOA 
has higher affinity for 5-HT than MAOB and is co-expressed with MAOB in rodent 
serotoninergic neurons [70]. MAOs are also expressed by many non-aminergic 
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structures, in particular MAOB is expressed in glial cells throughout the brain [71] 
and our unpublished results). MAOA mRNA has been detected in the deep lay-
ers of the rodent prefrontal cortex [72]. MAOs may thus regulate the amount of 
5-HT locally, throughout the brain and in the peripheral tissues where they are also 
expressed [70, 71]. Interestingly, MAOs expression and protein synthesis are tightly 
regulated and have been shown to be sensitive to environmental factors such as 
inflammation [73] and stress. Indeed, glucocorticoids increase MAOA in the brain 
through the stimulation of the Kruppel-like factor11 and cell-division associated 
7-Like protein pathways [74]. Animals under chronic stress show increased MAOA 
and 5-HIAA/5-HT ratio suggesting a higher 5-HT turnover levels [75]. MAOA 
inhibitors have been shown to reverse the decreased neurogenesis and dendritic 
plasticity in the hippocampus of chronically stressed rats [76].

3.2 Transducing pathways

At least fourteen 5-HT receptor subtypes have been identified in the mammalian 
brain and periphery ([77–79]; see [80] for the latest classification). Isoform diver-
sity, alternative splicing of some subtypes and RNA editing add to the complexity 
of serotoninergic receptor functions. With the exception of 5-HT3 receptors, all 
5-HT receptors are coupled to G-proteins. According to their second messenger 
coupling pathways, 5-HT receptors have been categorized into four groups. 5-HT1 
and 5-HT5 receptors are coupled to Gi/Go proteins and exert their inhibitory effects 
on adenylate cyclase, inhibiting cAMP formation. Within the raphe nuclei, 5-HT1A 
receptors are acting as autoreceptors inhibiting the release of 5-HT by serotoniner-
gic neurons. After the start of SSRI treatment, they are proposed to be responsible 
for the initial worsening of depressive symptoms [13, 81]. 5-HT2 receptors are 
coupled to Gq proteins and stimulate phospholipase C to increase the hydrolysis of 
inositol phosphates and elevate intracellular Ca2+. 5-HT4,6,7 receptors are coupled 
to Gs proteins and are positively linked to adenylate cyclase and increase cAMP 
formation. 5-HT3 receptors are ligand-gated ion channel receptors and are a unique 
5-HT receptor able to mediate fast response to neurotransmitter release [82]. It 
is generally admitted that, in the limbic structures 5-HT1A receptors are mainly 
expressed by glutamatergic neurons. 5-HT3 receptors are expressed by subtypes of 
interneurons expressing mainly the vasoactive intestinal peptide (VIP), cholecysto-
kinin (CCK) or calretinin (CR) (but never expressing parvalbumin (PV) and rarely 
somatostatin (SOM)). 5-HT2 receptors are expressed in both neuronal populations 
[83–85]. 5-HT7 receptor expression has been shown in the deep layers of the rodent 
prefrontal cortex. For additional precision, see also [86].

4. Serotoninergic projections and modulation of limbic structures

4.1 Serotoninergic neurons and projections: focus on mature limbic systems

Different subsets of 5-HT+ neurons of brainstem raphe nuclei (average of 
26 000 neurons in rodents) send diffuse axonal networks to specific brain areas 
throughout the brain. Pioneer studies using 5-HT or SERT Immunolabeling, 
coupled or not to retrograde tracing [87–89] provided a general description of 
these 5-HT projections towards numerous areas including the cerebral cortex. More 
recently, anterograde tracing (injection of adeno-associated viruses) in raphe nuclei 
of mice conditionally expressing the green fluorescent protein/channel rhodop-
sin under the control of the SERT or TPH2 promoter [47, 90, 91] have provided 
evidence that limbic structures receive 5-HT afferences from topographically 



53

Roles of the Serotoninergic System in Coping with Traumatic Stress
DOI: http://dx.doi.org/10.5772/intechopen.97221

organized subpopulations of dorsal DR (the largest 5-HT+ nuclei in rodent and pri-
mates) and median raphe nuclei (MnR). Using genetic activation of specific 5-HT+ 
projections, some studies allowed to correlate activation/inhibition of specific 
5-HT+ subgroups/afferences to behaviour. Interestingly they revealed that DR and 
MnR 5-HT+ neurons should be apprehended as neuronal populations having the 
ability to release a large numbers of neurotransmitters and neuropeptides in addi-
tion to 5-HT [92, 93]. Such a diversity in subtypes, targeting and functions is already 
underlined by the complexity observed in 5-HT+ developmental programming  
(i.e. specification and axonal targeting; see [93, 94]).

As a whole, it is generally admitted that exposure to a severe/inescapable shock 
as in predator exposure, social defeat or other stress conditions [95] induces a surge 
of 5-HT in the vicinity of DR/MnR and in the corticolimbic structures such as the 
AMY, HIP and mPFC. Only a few studies have reported a decrease of serotoniner-
gic activity following severe stressful situation. That may match with the genuine 
possibility of specific individual/strain to cope with stress [96]. Interestingly, 
around 80% of 5-HT+ neurons in the ventral portion of the DR (DRv) and MnR 
express the vesicular glutamate transporter type 3 (Vglut3) and send axons to AMY 
and HIP. These neurons can release 5-HT and/or glutamate and then modulate 
the activation of AMY and HIP [93, 94, 97]. Generally, low frequency stimulation 
(<10Hz) induces glutamate release resulting in fast excitation of the targeted neu-
ron while higher frequency stimulations (10-20Hz) induce 5-HT release suggesting 
that these neurons could rapidly switch their neurotransmitter output depend-
ing on activation [97]. A subgroup of DR 5-HT+/Vglut3+ neurons projecting to 
the nucleus accumbens (NAc) and orbitofrontal cortex (OPFc) to specifically 
receive inputs and integrate information from “reward encoding regions” such as 
the ventral pallidum. Conversely, another group of DR 5-HT+/Vglut3+ neurons 
specifically receives inputs from the “fear encoding regions” (periacqueducal grey 
(PAG) and LC) and project to the BA. This last subpopulation appears to potentiate 
fear via the 5-HT1A and 5-HT2A receptor pathways and to impair fear extinction 
[98]. Interestingly, in rats some DRv 5-HT+/Vglut3+ neurons are sensitive to CRH 
released by the AMY that induces a decrease of TPH2 in them and ameliorates 
stress-induced anhedonia [99]. The level of TPH2 regulation by CRH could be the 
signature of a resilience status [99]. In the MnR 5-HT+/Vglut3+ neurons appear 
to integrate selectively negative events and may play a central role in depression-
related mood disorders [100]. Subgroups of MnR 5-HT neurons express the type 2 
CRH receptor. These examples illustrate the complexity of the 5-HT neuron-driven 
behaviors. Possible co-transmission based on gene expression suggests that DR and 
MnR 5-HT+ neurons could potentially also co-release GABA, dynorphin, galanin, 
cholecystokinin (CCK), nitric oxide (NO), CRH and other neuropeptides for 
which a role remains to be established (Reviewed in [93]).

4.2 The amygdala complex

Serotoninergic axonal projections to the AMY mainly arise from 5HT+ DR 
neurons while only rare axons arise from MnR. The 5-HT+ axonal density is 
strong in BA, moderate in LA, and moderate to low in CE, intercalated nuclei 
and BNST [87, 89, 91]. 5-HT axons target both glutamatergic principal neurons 
(PN, not interneurons) bearing 5-HT2C receptors in LA and, 5-HT2A/1A receptors 
in BA and a variety of GABAergic interneurons [101]. GABAergic interneurons 
expressing PV bear 5-HT2A, receptors receive inputs from glutamatergic PN and 
project reciprocally on them and on somatostatin-expressing (SOM+) GABAergic 
neurons. 5-HT exerts most of its effects on PV+ GABAergic neurons that express the 
strongest levels of 5-HT2A receptors and facilitate GABAergic inhibition. Following 
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inescapable stress 5-HT2A-receptor mediated facilitating actions are severely 
impaired. 5-HT2A receptor-mRNA is downregulated following the surge of 5-HT in 
the AMY leading to hyperactivity of PN neurons [102]. Neuropeptide Y-containing 
(NPY+) (5-HT2C+ and 5-HT1A+ receptor) and CCK+ and VIP+ (5-HT3A+receptor) 
also project on glutamatergic PN (Figure 2 in [15]. Within the BA and LA the role 
of 5-HT3A remains to be clarified. Glutamatergic principal neurons of LA and BA 
send numerous efferents to CE and to a lesser extent to BNST. These plastic efferent 
fields are sensitive to environmental conditions and in PTSD patients this could be 

Figure 2. 
The amygdala complex is modulated by serotonin via various 5-HT receptor expressions. A, The major 
GABAergic neuron subtypes modulating the function of the amygdala complex are represented in the left 
panel. They could be subdivided into four main classes: the somatostatin-containing (SOM; orange), the 
5-HT3A-expressing (5-HT3A; green), the parvalbumin-containing (PV; bleu) and the neuropeptide Y-containing 
(NPY; pink). The 5-HT3A-expressing GABAergic neurons could be further subdivided into three classes: the 
vasoactive intestinal peptide-containing (VIP), the cholecystokinin-containing (CCK) and the calretinin-
containing (CR) GABAergic neurons. Their activities are modulated by serotoninergic axons arising from the 
dorsal raphe nucleus (violet arrows). B, In the amygdala complex, the lateral amygdala (LA) glutamatergic 
neurons (principal neurons, PN; black) that receive thalamic inputs stimulate glutamatergic neurons 
(principal neurons; PN) of the basal complex (BA; black). These neuronal populations are modulated 
by 5-HT2A/2C receptors and 5-HT1A autoreceptors. Glutamatergic BA neurons send outputs to the ventral 
hippocampus (vHPC) and to the ventromedial prefrontal cortex (vmPFC). LA and BA stimulate neurons of 
the central amygdala (CE). The central amygdala (CE) is mainly composed of GABAergic neurons. Lateral 
CE (CEL) contains GABAergic projection neurons that express somatostatin (SOM+) and are modulated by 
5-HT2A receptors. These neurons send outputs to the medial CE (CEM) that drives the anxiogenic pathway. 
CEM modulates the periaqueducal gray (PAG) and brainstem to induce freezing behaviour. By contrast, 
CEL receives corticotropin-releasing factor inputs (CRF+; yellow) that suppresses anxiety-like behaviour and 
anxiogenic pathway. Cross-talk between CRF+ and CEL neurons are continuous (double headed arrow).
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responsible for the increased sensitivity of CE and BNST [103, 104]. The lateral part 
of the CE (CEL) receives major inputs from BA and LA but also from ventral HIP or 
sensory regions. CE is mainly populated by GABAergic interneurons. When avoid-
ance of stressful stimulus is possible CRH+ GABAergic neurons are activated and 
SOM+ GABAergic projection neurons are inhibited [105]. Following fear condition-
ing, SOM+ GABAergic projection neurons disinhibiting the medial part of the CE 
(CEM) allowed a range of defensive behaviour as freezing [105–107] and fear recall 
[108]. Direct cross-talk between CRH+ and SOM+ neuronal populations allow the 
specific appropriate action [105].

Interestingly, 5-HT2A receptors are expressed by SOM+ neurons of the CEL 
and the selective 5-HT2A receptor inactivation in CEL increases innate freezing 
behaviour but decreases learned freezing induced by predator odor. Innate freezing 
behaviour and risk assessment are processed by the dorsal PAG while learned freez-
ing is processed by the ventral PAG. These data suggest that 5-HT2A receptor control 
innate freezing behaviour by the AMY-hypothalamus-dPAG pathway [109, 110]. 
As innate and acquired fears are controlled by antagonistic mechanisms, drugs that 
treat one type of fear could worsen the other one, leading to paradoxical results. 
Risperidon is largely used to treat various psychiatric disorders including PTSD. 
Although its main therapeutic target acts by antagonizing dopamine-D2 receptors, 
it is also targeting 5-HT2 and therefore should be used carefully.

The activity of the bed nucleus of the stria terminalis (BNST) is correlated with 
fear mediated by uncertain threats [111]. It integrates fear, reward and stress-related 
circuits. BNST receives inputs from various limbic structures including BA and CE. 
The BNST displays a rich array of 5-HT receptors which define the three cell types 
I-III identified in this structure [112]. The 5-HT1A receptor is the most abundant in 
BNST and the global effect of increased 5-HT in the BNST is a hyperpolarization of 
type I BNST neurons [113, 114]. Such hyperpolarization is associated with suppres-
sion of anxiety [115]. By contrast, type III cells express 5-HT2C receptors and CRH 
and send outputs to the same hypothalamic and brainstem targets to which the 
CE projects and stimulate the anxiogenic pathway [116]. 5-HT2C receptor-mRNA 
splicing/editing that leads to overexpression of 5-HT2C receptors enhances anxiety 
and innate fear behaviour [117]. Specific 5-HT2C receptor antagonists are now 
considered as possible compounds to treat anxiety disorders including PTSD as 
they relieve anxiety symptoms in patients and are well tolerated [118]. Interestingly, 
high-frequency BLA stimulations in rat models of anxiety or PTSD reduce anxiety-
like behaviour following exposure to predator odor. These results can be compared 
to those observed after deep brain stimulation in humans [119].

4.3 The hippocampal formation

A dense serotoninergic innervation from the MnR is present in the hippocam-
pus proper and has a powerful modulatory influence on hippocampal functions 
and memory formation [120]. In the CA1-CA3 hippocampal fields, stimulation of 
serotoninergic axons potentiates excitatory synapses and has positive effects on 
spatial memory processing in the dorsal hippocampus. Conversely, optogenetic 
silencing of CA1 5-HT terminals within the dorsal hippocampus inhibits spatial 
memory. Systemic modulation of 5-HT4 receptor function can impact memory 
formation. PTSD patients display memory deficits in encoding and retrieval as well 
as in extinction learning such as fear extinction. In these patients, the hippocampal 
volume is smaller [121]. This is a consequence of the damage caused by the continu-
ous release of cortisol associated with an increase of glutamate release (Figure 3).

MnR also sends axons to the ventral part of the hippocampus that is more 
specifically involved in anxiety-related disorders. Indeed, rats infused bilaterally 
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with 5,7-dihydroxytryptamine (that induces a drastic reduction (80%) of 5-HT 
levels in the structure) in the ventral hippocampus spend less time in the open 
arm of an elevated plus maze. This suggests that reducing 5-HT level in the ventral 
hippocampus increases anxiety-like behavior [122]. In the same line of evidence, a 
rat strain selected for high levels of anxiety displayed reduced stress-induced 5-HT 
activation [123]. Increased anxiety-like behavior has been associated with decreased 
5-HT1A receptor numbers in the ventral hippocampus [124] while reduced anxiety-
like behavior has been reported to be associated with global overexpression of 
5-HT1A receptors [125]. 5-HT2 receptors are expressed in both glutamatergic and 
GABAergic neurons of the hippocampus. 5-HT2 receptors modulate 5-HT-induced 
outward currents in hippocampal pyramidal neurons and facilitate GABAergic 
transmission [85]. The precise roles of hippocampal 5-HT2 receptors in the control 
of anxiety-like phenotype remains to be investigated.

Figure 3. 
The hippocampus and the medial prefrontal cortex are modulated by serotonin via various 5-HT receptors. 
A. The major GABAergic neuron subtypes modulating the function of the hippocampus and the medial 
prefrontal cortex are represented in the left panel. They could be subdivided into four main classes: the 
somatostatin-containing (SOM; orange), the 5-HT3A-expressing (5-HT3A; green), the parvalbumin-containing 
(PV; bleu) and the neuropeptide Y-containing (NPY; pink). The 5-HT3A-expressing GABAergic neurons could 
be further subdivided into three classes: the vasoactive intestinal peptide-containing (VIP), the cholecystokinin-
containing (CCK) and the calretinin-containing (CR) GABAergic neurons. Their activities are modulated by 
serotoninergic axons arising from the dorsal (violet arrows) and median (MnR) raphe nuclei (purple arrows). 
B, The CA1-CA3 hippocampal neurons express 5-HT2A,4,7, receptors and 5-HT1A autoreceptors, they send 
axonal projections to the prefrontal cortex (mPFC), amygdala and the raphe. C, The prefrontal pyramidal 
glutamatergic neurons express 5-HT2A,2C,4 receptors and 5-HT1A autoreceptors. In addition 5-HT7 receptors 
are transiently expressed in layer 5-6 (L5-6) pyramidal neurons. The mPFC send axons to the hippocampus 
with which its activity is synchronized and to the amygdala and raphe nuclei. D, The dorsal (violet) and/or 
medial (purple) raphe nuclei send axons to the different structures mentioned above. A large number of raphe 
neurons located in the medial dorsal raphe (DR) and in the medial raphe (MnR) contain 5-HT and express 
the vesicular glutamate transporter type 3 (Vglut3; red dots in raphe). Some raphe neurons are sensitive to the 
corticotropin-releasing hormone (CRH; yellow).
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The modulation of 5-HT7 receptors appears promising for the treatment of 
PTSD. 5-HT7 receptors are expressed by CA3 neurons and activation of 5-HT7 
receptors hyperpolarizes these neurons and induces freezing. By contrast, infusion 
of 5-HT7 antagonists in the ventral hippocampus decreases freezing behaviour 
induced by contextual fear conditioning [126, 127]. Since blockade of MnR 5-HT+/
CRH2+ neurons reverse the effect mediated by 5-HT released in the ventral hip-
pocampus, it has been speculated that 5-HT7+ CA3 neurons would receive specific 
5-HT+/CRH2+ inputs [127]. 5-HT7 receptor antagonists are already used for the 
treatment of colonic intestinal symptoms and could be safely used for the treatment 
of fear-related disorders [128].

5-HT4 receptor antagonists appear to modulate stress induced defecation but 
not freezing suggesting that this role may engage different sub-circuits [127]. 5-HT4 
receptor agonists may act rapidly and reduce immobility in forced swimming 
test, decrease sucrose intake following chronic mild stress and have been shown 
to display antidepressant potential. Drugs acting on 5-HT4 receptors should be 
carefully considered and used depending on the level/type of stress induced by the 
trauma [129].

4.4 The prefrontal cortex

The serotoninergic system appears a potent regulator of the PFC circuitry acting 
through a variety of 5-HT receptors [85, 92, 130]. Throughout the rodent PFC, 
pyramidal neurons largely express 5-HT1A, 5-HT2A and 5-HT2c receptors. Some 
pyramidal neurons co-express 5-HT1A/5-HT2A receptors [131] whereas 5-HT2A 
and 5-HT2c receptors are expressed by overlapping populations [132]. The 5-HT2A 
receptor is more strongly expressed by layer 5 neurons [133–135]. 5-HT4 receptors 
are expressed by PFC glutamatergic neurons [136] and pyramidal neurons of deep 
layers express transiently (P2-P14) 5-HT7 receptors [137]. GABAergic interneurons 
express a large array of 5-HT receptors that mainly segregated in two subpopula-
tions: 1/ the PV+ fast-spiking interneurons and the SOM+ interneurons both 
localized in deep cortical layers and expressing 5-HT1A and 5-HT2A receptors [130] 
and 2/the slow-spiking interneurons (VIP+, CR+) located in the superficial cortical 
layers and expressing 5-HT3A receptors [83, 84, 138]. This variety of 5-HT receptor 
expression allows 5-HT to finely tune the excitability of pyramidal neurons, and 
therefore control the mPFC top-down exerted on other structures, such as the 
AMY, the HIP and raphe nuclei.

4.4.1 Prefrontal cortex and amygdala

The global effect of 5-HT application in vitro or the stimulation of endogenous 
5-HT release in vivo in PFC is inhibitory and mediated by 5-HT1A receptors. 5-HT1A 
receptor stimulation (via LY341495) appears to play antidepressant role as shown 
by the reduction of the immobility time in 24h forced swim test which is partially 
reversed by infusion of the 5-HT1A receptor antagonist WAY100635 in the mPFC 
[139]. Regulation of the GABAergic tone in the AMY (BLA) appears to be sensitive 
to mPFC top down-down control. 5-HT depletion in the mPFC increases expres-
sion of the immediate early gene c-fos in the BLA in the forced swimming test. It 
reduces GABA release induced by stress in the AMY [140, 141]. Moreover, unilateral 
5-HT depletion in mPFC and infusion of an inhibitor of GABA synthesis into the 
contralateral BLA, selectively decrease immobility in the forced swimming test by 
inducing a “disconnection” between the PFC and the AMY [140].

The 5-HT2A receptor is the major excitatory serotonin receptor in the 
brain. 5-HT2A receptors have been implicated in mediating specific aspects of 
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stress-induced responses. Indeed, stressful events as those induced by a six week 
isolation in rat, induces 5-HT2A upregulation participating in anchoring the associa-
tive memory related to the stressful event [142, 143]. In humans, the density of 
5-HT2A receptors in the mPFC was negatively associated with reduced threat-related 
right AMY reactivity [144].

4.4.2 Medial prefrontal cortex and hippocampus

mPFC and HIP form a functional neural networks as their activities are highly 
synchronized. Specific oscillatory activities, detectable by EEG, correlate with spe-
cific behaviors [85] and may provide means for regulating neural communications. 
Synchronous firing between different neuronal populations should more efficiently 
in driving the firing of downstream neurons. Such process is important for complex 
cognitive tasks that require coordination of long-range networks across the brain. 
Interestingly, in humans transcranial stimulation or deep-brain stimulation in 
mPFC can assist major treatment-resistant depression probably by stimulating the 
afore-mentioned pathway [145].

4.4.3 Prefrontal cortex and raphe nuclei

PFC and raphe nuclei form a functional loop. PFC is reciprocally connected 
to both the DR and MnR [146] and exerts a top-down control on 5-HT neurons. 
Descending excitatory fibers from the PFC exert complex functional regulation 
of 5-HT neuronal activity with an overall inhibitory effect mediated by 5-HT1A 
autoreceptors and feedforward inhibition [147, 148]. 5-HT2C receptors, the 
targets of antidepressant (mirtazapine, agomelatine) and antipsychotic drugs are 
expressed by GABAergic interneurons of the PFC and may function in a negative 
feedback loop involving reciprocal interactions between GABAergic and seroto-
nergic neurons [149]. 5-HT4 and 5-HT7 receptors also exert a top-down control on 
DR and MnR 5-HT+ neurons. 5-HT4 receptor activation is associated with hypo-
phagia induced by stress [150]. Selective activation of 5-HT4 receptors in the PFC 
has been shown to induce modifications of SERT (dowregulation) and 5-HT1A 
receptors and an increase in 5-HT release in the raphe [150]. 5-HT7 receptors are 
transiently co-expressed with SERT in layers 5-6 neurons of mPFC during the 
P2-P14 period in mice, and modulate the development of mPFC neurons [137]. 
While SERT inhibition (SSRI treatment) during the P2-P14 period induces an 
increase in the number of mPFC synaptic contacts on DR neurons, ablation of 
5-HT7 (as observed in SERT-KO mice) induces a reduction of synaptic contacts 
in mPFC to DR [72, 137]. Therefore 5-HT7 receptor inhibition counteracts the 
developmental effect mediated by SERT inhibition. SSRI treatment at P2-P14 
or 5-HT7 overexpression induces anxiety and depressive-like symptoms in adult 
mice. Such P2-P14 period is likely to correspond to the last trimester of pregnancy 
in humans [151]. During this period fetuses/babies (via the maternal milk) are 
highly impacted by maternal SSRI intake (see section 5). Since SERT-KO mice 
are not developing altered behavior, 5-HT7 receptor antagonists appear as good 
candidate for the treatment of mood disorder during pregnancy or post-partum 
[152, 153].

Interestingly, the developmental maturation of the prefrontal cortex lasts far 
further into adolescence, up to the age of 20-24 years in humans [154]. Whether 
stress impacts the development apart the mature functions of mPFC is thus difficult 
to shape. Furthermore, the developmental expression of SERT in fetuses or infants 
is not known and much work has to be done to clarify the possible period of vulner-
ability to SSRI intake in humans (see [138] and section 5).
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5.  Sensitive periods for 5-HT in brain development: focus on limbic 
structures

When reviewing the role of 5-HT in the predisposition to develop PTSD or to 
cope with stress, it is necessary to untangle what is due to developmental modifica-
tions of the neuronal circuits apart from what is specifically due to modifications 
occurring at mature stages. During development, environmental stimuli sculpt 
neuronal circuits by an experience-dependent axon/synaptic refinement and prun-
ing over the course of different critical periods, specific for each structure/function 
(i.e. the prefrontal system maturing all along development [154]). These processes 
have been shown to be highly sensitive to the imbalance in 5-HT levels depending on 
numerous genetic/epigenetic modifications of genes encoding the various actors of 
different 5-HT systems [93, 138, 151].

5.1 Subsets of 5-HT subgroups are differently implicated in response to stress

Although more complex, the development of 5-HT neurons largely depends 
on two transcription factors Lmx1b and Pet-1 [93, 94, 155, 156]. In Pet-1 knockout 
(KO) mice only few 5-HT+ neurons are preserved [155]. They correspond to 5-HT+ 
neurons located in the hypothalamic paraventricular nucleus (PVH), the ventral 
PAG and the ventral medulla, all projecting to the AMY while other brain targets 
are deprived of 5-HT+ axons. In conflict models, these mice show decreased levels 
of anxiety but enhanced freezing in fear conditioning tests. This suggests that 
5-HT neurons could mediate anxiogenic effects in unconditioned anxiety tasks 
mainly through the innervation of forebrain areas such as the medial PFC and HIP, 
which receive no 5-HT innervation in Pet-1KO mice. Conversely data also suggests 
in Pet-1KO, that 5-HT might inhibit fear responses through the remaining 5-HT 
innervation toward specific AMY and PAG subnuclei [94, 156]. Further studies are 
needed for a better understanding of the contradictory effects of 5-HT on fear/anxi-
ety responses in this model. Alternatively, compensatory mechanisms may occur in 
Pet1-KO mice that remain to go into in depth.

5.2 5-HT synthesis

In the mouse, a single-nucleotide polymorphism (SNP) has been identified in 
the Tph2 gene that leads to a significant decrease in brain serotonin levels [157]. 
This polymorphism may account for the different susceptibility to anxiety and 
stress-related event across mouse strains (the C57BL/6J strain being more resis-
tant). In humans, several polymorphisms inducing a loss of function of the Tph2 
gene have been detected and were associated with increased incidence of depression 
and anxiety or with exaggerated response of the AMY to, for instance, threatening 
faces. Such a loss of function appears relatively frequently in humans [158, 159]. 
TPH1 governs an average of 90% of 5-HT synthesis that occurs at the periphery. 
Peripheral 5-HT is then delivered in the blood (mainly stored in platelets) or dur-
ing development by maternal/placental supply to the embryo prior BBB closure 
[160, 161]. Analysis of the impacts of maternal TPH1 deficiency on cortico-limbic 
development of the embryo is undergoing and suggests that TPH1 may durably alter 
vulnerability to stressful events (G. Vodjdani personal communication).

5.3 Vesicular storage of monoamines

In serotoninergic cell bodies and axons 5-HT is stored into vesicles preventing 
its degradation. Evidences that VMAT2 may play a role in regulating stress-related 
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pathology was first discovered by reserpine treatment given to patients. Reserpine 
blocks VMATs function and induced depressive-like symptoms in humans. 
Reserpine’s effect appears due to a defective storage of both catecholamine and 
5-HT [162]. Mice displaying an altered copy of the VMAT2 allele display exagger-
ated corticosterone levels in response to forced swim test but respond normally to 
classic tests measuring anxiety-like behavior. Together this suggests that VMAT2 
might play a role in regulating “depressive-like” behavior [163]. Magnitude to the 
antidepressant-like response appears to depend on the VMAT2 gene that is differen-
tially modified in the BALB/c versus A/J mouse strain [164]. However, the relative 
contribution of catecholamines and 5-HT remains to be clearly established.

5.4 5-HT transporter

As discussed above, SSRIs are largely used for their anti-depressant and anti-
anxiogenic effects in adults. However, despite the fact that they are largely used in 
pregnant women (2-13% of women [165]) suffering mood disorders, it has been 
clearly shown that they have paradoxical long-term effects on fetuses and infant 
development. When administered during perinatal periods SSRIs increased the 
risk to develop anxiety and depression in infancy. SSRIs cross the placenta, are 
detectable in breast milk and reach the developing brain where they disturb the 
development of neuronal circuitry. During gestation SSRIs induced a reduction of 
blood flow in the middle cerebral artery and reduced fetal head growth [166, 167]. 
SSRIs impair motor movements, speech perception at 6-10 months of age, increased 
irritability and altered psychomotor development in children [168, 169]. When 
given during pregnancy, they induce a two-fold increased predisposition to develop 
autism-spectrum disorder [170]. Such alterations appeared correlated with higher 
dosage of SSRIs [171].

These various developmental roles are mainly related to the different develop-
mental time windows in which SERT is expressed by a large array of glutamatergic 
neurons, increasing extracellular 5-HT levels and modulating the synaptic and 
axonal maturation of these neurons. Such a role has been first illustrated by pioneer 
studies analyzing the development of the somatosensory and visual system. In these 
systems, 5-HT excess acting via 5-HT1B receptors, reduced glutamate release and 
induced the maintenance of immature features by SERT+ axons [172–177]. In the 
limbic system SERT expression has been described in the HIP, the AMY, the mPFC 
(for exhaustive list and time-window of expression see Table 1 in [173] and Figure 
3 in [178]). However, in these regions, SERT+ neurons do not appear to express 
5-HT1B receptors during development and are modulated by excess 5-HT via other 
pathways that remained to be identified.

Similarly, genetic downregulation of the SERT causes depression-related behav-
iors of developmental origin. In humans, a lesser-expressing form of Slc6a4, the 
so-called short allele variant (Slc6a4s), has been associated with an increased risk of 
developing depression in response to early-life stress [179, 180]. This mutation also 
induces a decreased volume and activity of vmPFC, a structure actively implicated 
in the control of stress-coping response, which is hypoactive in depressive patients 
(review in [181]). Interestingly, in mice a subset of glutamatergic neurons located 
in the layer 5-6 of the IL cortex that transiently express SERT during early postnatal 
life (P2-P11) project to the DR. Conditional SERT ablation in those neurons leads 
to a 40% increase in the number of functional PFC synapses onto both 5-HT and 
GABA neurons of the DR, an effect that is reproduced by postnatal fluoxetine 
administration. Alteration of this neuronal population has been shown to mediate 
the depressive- and anxiety-like symptoms observed in adults previously subjected 
to early postnatal exposure to SSRIs. Thus, this neuronal population provides 
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a top–down control of emotional deficits induced by exposure to SSRIs during 
early postnatal life, resulting in long-lasting effects on mood. Interestingly, 5-HT 
blockade during the P2-P11 period also impacts the development of prelimbic (PL) 
pyramidal neurons that neighbor IL neurons but in a reverse way. These neuronal 
populations which normally play a role in promoting fear extinction or inhibiting 
fear extinction respectively are permanently altered by SERT blockade leading to 
the emergence of affective and fear-related altered behaviours [72, 182].

Long life expression changes in SERT expression, such as those observed in 
mice knockout for SERT (SERT-KO) or overexpressing SERT (SERT-OE) result in 
altered development of limbic structures. SERT-KO mice display impaired recall 
of fear extinction compared to wild-type littermate controls. In these mice, BA 
and LA principal glutamatergic neurons display abnormal dendritic spine density 
[183]. Conversely, SERT-OE mice have lower extracellular 5-HT levels [184] and 
exhibit impaired fear learning [185]. Genetic manipulation of SERT during devel-
opment induces compensatory mechanisms leading to modified levels of 5-HT1A 
[11] and 5-HT2A receptor expression [185, 186] in the AMY. Constitutive low levels 
of 5-HT2A receptors in BA and LA may result in a reduced GABAergic tone in this 
structure that would be hyperresponsive to traumatic reminders or even innocuous 
stimuli [102].

It is to note that other risk alleles could interact within a context of SERT defi-
ciency and further increase the risk for abnormal neural circuitry development. 
For instance, it has been observed in rodents that PTEN (a phosphatase and tensin 
homolog), a gene associated to autism spectrum disorders [187] interacts with SERT 
haploinsufficiency to modify brain size and social behaviors [188].

5.5 Monoamine oxidases

MAOA blockade was one of the first treatments used in humans to relieve 
symptoms of depression. However they showed side effects since they increased 
anxiety-like behavior and caused resistance to chronic mild stress habituation [189]. 
MAOA-KO mice display increase 5-HT levels in the brain that normalized with age 
(by 6 months). These mice show exaggerated unconditioned and conditioned fear 
behavior as well as increase aggressive-like behavior [190]. Such increased outbursts 
of aggressive behavior were also observed in a Dutch family by men lacking MAOA 
gene (MAOA is located on the X chromosome [191]). More common variants 
located on the MAOA promoter leading to a low MAOA activity induce, in humans, 
various social and emotional alterations. They were associated with increased 
responses of the HIP and AMY to threatening faces and with a reduction of grey 
matter volume in anterior cingulate cortex, insula and HIP and increased orbito-
frontal volumes [192, 193]. Interestingly, human carrier of a hyperactive MAOA 
form tends to be more prone to depressive-like behavior [194]. By contrast, human 
carriers of the hypoactive form of MAOA show higher subjective stress, lesser 
glucocorticoid responses and blunted HPA axis response to chronic stress reflecting 
HPA axis exhaustion [195]. However, such alterations probably of developmental 
origin, could not be attributed specifically to 5-HT increase but could also be due to 
the norepinephrine increase characterized in early developmental and adulthood of 
MAOA-KO mice [190]. Various interindividual DNA methylations were detected on 
the promoter core of MAOA in peripheral circulating white cells and appear to pre-
dict efficiently the MAOA brain endophenotype and the susceptibility to stressful 
events [196]. Interestingly, the levels of MAOA methylation return to normal during 
the process of cognitive therapy of patients undergoing panic disorders. This study 
suggests that modification of MAOA methylation is part of a process that mediates 
fear extinction [197, 198].
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6. Conclusion

5-HT appeared early on the scale of evolution and is highly conserved across 
species. 5-HT modulates nearly all the functions that are needed to sustain life and 
is also implicated in the formation of brain circuits. Despite the fact that 5-HT was 
one of the first neurotransmitters/neurohormones discovered, the large number 
of receptors that mediate its role make it difficult to apprehend how 5-HT regulate 
these functions. Indeed, some 5-HT receptor expressions and time of expressions 
(they may be transiently expressed) are still to be determined in rodents and in 
humans. Even regions and times of SERT expression remains to be established 
in humans. The treatment of PTSD is complex depending on the delay from the 
stressful event and although SSRIs associated with various psychotherapies were 

Figure 4. 
Etiology of Post-traumatic Stress Disorder and possible treatments. Risk or protective factors may impact 
the way people cope with a stressor. This includes the genetic makeup specific to a patient and its personal 
history. We point here the role of epigenetic modifications impacting the serotoninergic system, the status of 
the mother during gestation and lactation. In particular, inflammatory status of the patient or of its mother 
while pregnant could lead to 5-HT depletion (central or peripheral). Maternal serotonin reuptake inhibitors 
(SSRIs) intake induces increase 5-HT levels in the embryo, the fetus and in the maternal milk. Recently 5-H7 
antagonists were suggested to be used instead of classical SSRIs as they may induce fewer side effects. After the 
trauma, there is a short intervention time during which the weight of a traumatic memory could be decreased 
by pharmacological tools. In addition to the norepinephrine receptor (NER) blockade, alternative therapeutics 
are currently tested or considered. When Post-Traumatic Stress Disorder is clearly installed pharmacological 
treatment in combination with psychotherapy could be used to both alleviate the symptom and decrease the 
strength of traumatic memories. Alternative treatments are emerging some of them target the serotoninergic 
system. Blue Blocks depict the patient history and the emergence of PTSD induced by the resurgence of the 
traumatic event. Green blocks review what is already clearly established. Violet blocks review what should 
be considered and the interrogation point indicates that the cited compound should be tested with caution. 
5-HT, 5-hydroxytryptamin; 5-HTRs, 5-hydroxytryptamin receptor; Ago., agonist; Antago., antagonist; CCK, 
cholecystokinin; CRH, corticotropin releasing hormone; DA, dopamine; GABA, gamma aminobutyric acid; 
MAOs, monoamine oxidase; MDMA, 3,4-Methylenedioxymethamphetamine; NE, norepinephrine; NER, 
norepinephrine receptor; NMDA, n-methyl-D-aspartate; NPY, neuropeptide Y; SERT, serotonin transporter; 
SSRIs, serotonin reuptake inhibitors; SP, substance P; TPH2, tryptophan hydroxylase 2; TPH1, tryptophan 
hydroxylase 1; VMAT2, vesicular.
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initially largely prescribed, alternative pharmacological treatments are emerging. 
Some of them rely on 5-HT and modulate specific receptors, but a large array of 
pharmacological treatments currently used or clinically tested modulate other neu-
rotransmitters, neurohormones or neuropeptides. They however all have a common 
goal: to decrease the strength of traumatic memories, to eliminate the pathological 
memories by reconsolidation blockade or even reducing the association between 
the traumatic event and the negative emotional valence. Anyway, the history of a 
patient and its genetic/epigenetic makeup he bears largely impact the way he will 
cope with a stressor. Regarding this last point it is clear that individual specificities 
of the 5-HT system will influence how people are coping with stress (Figure 4).
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Abbreviation list

5-HT 5-hydroxytryptamin
5-HIAA 5hydroxyindolacetic acid
AADC aminoacid decarboxylase
ACTH adrenocorticotropic hormone
AMY amygdala complex
BA basal nucleus of amygdala
BBB brain blood barrier
BLA basolateral nucleus of amygdala
BNST bed nucleus of the stria terminalis
cAMP cyclic adenosin monophosphate
CA1-CA3 hippocampal fields
CCK cholecystokinin
CE central nucleus of amygdala
CEL lateral part of the CE
CEM medial part of the CE
CNS central nervous system
COMT catéchol-O-méthyltransferase
CORT cortisol/corticosterone
CR calretinin
CRH or CRF corticotrophin releasing hormone/factor
DR dorsal raphe nuclei
vDR ventral dorsal raphe
GABA gamma aminobutyric acid
GR glucocorticoid receptors
HIP hippocampal formation
HPA hypothalamic-pituitary-adrenal axis
IDO indoleamine 2,3-dioxygenase
IL infralimbic cortex
KO knockout
LA lateral nucleus of the amygdala
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LC locus coeruleus
MAOA monoamine oxidase A
MAOB monoamine oxidase B
MnR median raphe nucleus
NAc nucleus accumbens
NO nitric oxide
NPY neuropeptide Y
OPFc orbitoprefrontal cortex
OE over expression
PAG periacqueductal grey
PFC prefrontal cortex
PL prelimbic cortex
PN principal glutamatergic neurons
PTSD post-traumatic stress disorder
PV parvalbumin
PVH paraventricular nucleus of the hypothalamus
SERT serotonin transporter
SNP single-nucleotide polymorphism
SOM somatostatin
SSRI serotonin reuptake inhibitor
TH tyrosine Hydroxylase
Tph tryptophan hydroxylase
Tph1 tryptophan hydroxylase type1
Tph2 tryptophan hydroxylase type 2
Vglut3 vesicular glutamate transporter 3
VIP vasoactive intestinal polypeptide
VMAT 2 vesicular monoamine transporter 2
vmPFC ventromedial prefrontal cortex
VTA ventral tegmental area
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Small Molecule Drugs for 
Treatment of Alzheimer’s Diseases 
Developed on the Basis of 
Mechanistic Understanding of the 
Serotonin Receptors 4 and 6
Charlotte Uldahl Jansen and Katrine M. Qvortrup

Abstract

Alzheimer’s disease (AD) is the most common form of dementia affecting 
millions of people worldwide and currently, the only possible treatment is the use 
of symptomatic drugs. Therefore, there is a need for new and disease-modifying 
approaches. Among the numbers of biological targets which are today explored in 
order to prevent or limit the progression of AD, the modulation of serotonin recep-
tors the subtype 4 and 6 receptors (5-HT4R and 5-HT6R) has received increasing 
attention and has become a promising target for improving cognition and limit the 
amyloid pathology through modulation of the neurotransmitter system. A large 
number of publications describing the development of ligands for these serotonin 
receptors have emerged, and their pharmaceutical potential is now quite evident. 
However, 5-HT4R and 5-HT6R functionality is much more complex than initially 
defined. This chapter describes recent advances in the understanding of this modu-
lation as well as the medicinal chemistry efforts towards development of selective 
5-HT4R or 5-HT6R ligands.

Keywords: serotonin pathways, Alzheimer’s, 5-HT4R and 5-HT6R modulators, 
structure–activity relationship

1. Introduction

Alzheimer’s disease (AD) is a devastating but poorly treated disease. Therefore, 
there is an urgent need for new and efficient treatment strategies, emphasized 
by recent statistics from WHO predicting that AD will become the second-most 
prevalent cause of death within 20 years.

Mounting evidence accumulated over the past years indicates that the neu-
rotransmitter serotonin plays a significant role in cognition and memory. The 
intimate anatomical and neurochemical association of the serotonergic system and 
brain areas affected in AD have inspired researchers to focus on this system as a 
major therapeutic drug target.

Based on the current knowledge of mechanisms involved in serotonin 
 regulation, we here provide structural insight into chemical compounds that have 
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been developed for targeting of the serotonin receptors the subtype 4 and 6 recep-
tors (5-HT4R and 5-HT6R) processes as potential treatments in AD.

2. The serotonergic system in Alzheimer’s disease

Serotonin is a small molecule that functions both as a hormone in the periphery, 
and as neurotransmitter and neuromodulator in the central nervous system (CNS) 
[1]. In the CNS, it is produced by a small cluster of neurons located in the raphe 
nuclei of the midbrain. Through innervation of numerous brain regions, serotonin 
(5-hydroxytryptamine, 5-HT)  modulates various physiological functions including 
circadian rhythms, mood, sleep, appetite, and learning and memory. The areas of 
the brain involved in learning and memory show high concentrations of 5-HT1AR, 
5-HT4R, 5-HT6R and 5-HT7R, why modulation of these is of particular interest in 
for reversing the cognitive impairment associated with AD [2].

AD has been linked to a decrease of serotonergic neurons in the raphe nuclei, 
seemingly due to the accumulation of hyperphosphorylated Tau as well as deposits 
of amyloid beta in the projection sites of serotonergic neurons, causing retrograde 
degeneration of the neurons [3]. Furthermore, a significant decrease in the number 
of serotonin transporter (SERT) have also been reported [4]. Overall, this leads to 
a decrease in serotonin neurotransmission, suggesting that increasing serotonin 
level in the raphe nuclei can improve cognitive performance in AD patients. This is 
supported by studies showing that administration of selective serotonin reuptake 
inhibitors (SSRI) to mouse models of AD, reduced the production of toxic amyloid 
beta plaques [5, 6]. However, recent clinical trials concluded that treatment with 
amyloid beta lowering agents should be administered in the very early stages of the 
disease progression to have any impact on AD, limiting their use until better pre-
symptomatic AD diagnostics have been developed.

Several 5-HT receptors (5-HTR) have been shown to influence processing 
of the amyloid protein precursor (APP), including 5-HT2AR, 5-HT2CR, and 
5-HT4R [7, 8]. Among them, the 5-HT4R and 5-HT6R receptors have been of most 
interest. The 5-HT4R was identified as a most promising target, since activation 
of this receptor shift the equilibrium of APP cleavage towards formation of the 
soluble non-amyloidogenic form (sAPPα) fragment possessing neurotrophic and 
neuroprotective properties [7], while the 5-HT6R has caused much interest for 
potential roles in AD due to its modulatory effects on gamma-aminobytyric acid 
(GABA) and glutamate levels, [9] which facilitate the secondary release of other 
neurotransmitters including dopamine, noradrenaline and acetylcholine, all of 
which are compromised in AD. In addition, 5-HT6R are exclusively found in the 
CNS, indicating the possibility of selective CNS targeting to limit off-target toxic 
effects.

3. Serotonin subtype 4 receptor

Among the large family of 5-HTR, the 5-HT4R’s are postsynaptic receptors. 
Although widely expressed throughout the body, the highest density is observed 
in the brain (olfactory tubercles, basal ganglia, substantia nigra, superior collic-
uli, hippocampus, and cortex). These are all CNS structures that are extensively 
involved in cognitive functions, suggesting that the 5-HT4R could be a thera-
peutic target for improving memory performance and hereby slowing memory 
deficits, such as those that occur in AD [10]. Moreover, it has been shown that 
5-HT4R expression is reduced in AD patients. Furthermore, it has been shown 
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that activation of these receptors enhances the release of acetylcholine in the 
frontal cortex and hippocampus [11], increases long term potentiation in the 
hippocampus [12] and induces a rapid and sustained increase in basal firing of 
5-HT cells in the dorsal raphe nucleus [13, 14]. 5-HT4R activation also stimulates 
hippocampal expression of plasticity/learning-related proteins such as brain-
derived-neurotrophic-factor, AKT, CREB, as well as neurogenesis in the dentate 
gyrus [15].

In addition, and a major advantage of using 5-HT4R agonists in treatment of AD, 
is their ability to shift the equilibrium of APP processing pathway from production 
of the neurotoxic amyloid-beta-peptide towards formation of the sAPPα [16]. In 
contrast to amyloid-beta-peptide, the soluble form has putative neurotropic and 
neuroprotective properties, see Maillet et al. [17] for a review. The ability of 5-HT4R 
agonists to stimulate the amyloidogenic pathway leading to release of soluble form 
of APP has been demonstrated in various cell-based animal models [18].

In early years, 5-HT4R agonists attracted much attention as potential gastroin-
testinal drugs used in the therapy of functional bowel illnesses such as constipation, 
irritable bowel syndrome, gastroparesis, and gastroesophageal reflux disease [19]. 
The first generations of 5-HT4R agonists used in clinical medicine were Tegaserod 
(1), Cisapride (2) and Procalupride (3) (Figure 1A), which showed clinically 
effective in treatment of gastrointestinal motility disorders; however, adverse 
cardiovascular events have resulted in the restricted availability of these drugs [20]. 
Therefore, in order to develop clinically relevant 5-HT4R agonists, the ligands must 
be potent and highly selective, which is hampered by high similarity of subtype 
receptors. In 1998, the molecular structure and functional characterization of four 
splice variants of the human 5-HT4R were described [21] that differ in the carboxy 
terminal cytoplasmic domain while extracellular and transmembrane domains are 
absolutely conserved [22].

Figure 1. 
5-HT4 receptor ligands (A) first generations of 5-HT4R agonists used in clinical medicine, (B) partial 5-HT4R 
for treatment of AD that reached Phase 2 studies, (C) Overview of structures studied for development of 
partial 5-HT4R for treatment of AD.
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Another concern is the risk that prolonged or repeated exposure of the 
5-HT4R to an agonist, may lead to receptor desensitization. The 5-HT4Rs are 
G-protein-coupled receptors (GPCRs), which can be desensitized following 
activation by agonists [23]. Agonist-induced desensitization of GPCRs is less 
common for partial agonists than strong agonists and therefore, most focus has 
been given to developing highly selective partial 5-HT4R agonists for treatment 
of AD. In order to being therapeutic useful in treatment of AD, the compound 
must therefore fulfill several requirements. In addition to being a selective partial 
5-HT4R agonist, the target molecule must show good brain barrier penetration, 
which was also limited in the early generation agonists [24].

However, the potential for 5-HT4R partial agonists to offer clinical benefit for 
the treatment of AD has indeed been demonstrated. Data from a small Phase 2 
study in patients with mild to moderate AD with the selective partial 5-HT4R ago-
nist, PRX-03140 (4, EPIX Pharmaceuticals), [25] Figure 1B, showed a statistically 
significant improvement of cognitive processes after only two weeks of therapy 
[20]. Also, the partial agonist SL65.0155 (5, Sanofi-Aventis) reached phase II clini-
cal trial for the treatment of AD [26]. However, these were both later discarded due 
to serious off-target effects.

This has stimulated much research aiming at designing and developing more 
selective 5-HT4R partial agonists.

3.1 Pharmacophore of the 5-HT4R ligand

In accordance with the natural ligand, 5-HT (6), the general pharmacophore 
of 5-HT4R agonists consists of an aromatic core connected via a chemical spacer 
to a basic amino moiety [27] to introduce affinity, while an extra hydrogen-bond 
donor-acceptor function (e.g., phenol in 5-HT) is required for high affinity ligands 
[28]. Furthermore, it is accepted that voluminous substituents of the basic nitrogen 
interact with a hydrophobic pocket in the 5-HT4R ligand recognition site [29]. 
Based on this pharmacophore framework, a broad range of substances has been 
investigated, aiming at introducing selectivity.

Suitable aromatic systems [30] include 4- amino-5-chloro-2-methoxy benzoic 
acid, indole, imidazopyridines and N-alkyl benzimidazolodonone among others 
(see Figure 1C). Several basic amines with voluminous substituents such as piper-
izines [31], and piperidines [30] have been used.

3.2 Agonists of 5-HT4R

Over the last years, a broad range of structural varied 5-HT4R agonists have 
been developed, which all share the common structural features presented by the 
pharmacophore described above. Below we have grouped them into 4 main groups 
and discuss the structural features for each of these groups.

3.2.1 Group 1: benzisoxazole, oxindole and benzimidazolodonone core

Much research aiming at developing new 5-HT4R agonists has focused on 
compounds possessing a benzyl ring linked to a 5 membered heterocycle, analogous 
to the indole ring in the natural 5-HTR ligand.

Inspired from early generations of 5-HT4R agonists (1–3, Figure 1), Brodney 
and coworkers [32] synthesized and studied a diverse set of structural varied 
chemical libraries aiming at identifying excellent CNS active 5-HT4R agonists. To 
improve chances of identifying compounds with brain barrier penetration, struc-
tures were selected based on a number of criteria: (1) reduced number of hydrogen 
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donors (≤ 1), (2) low molecular weight (<400) and (3) weakly basic amine centers 
(pKa < 8,5) [33]. Based on these criteria, the benzisoxazole (7), oxindole (8) and 
benzimidazolodonone (9) was chosen as core structural templates.

For benzisoaxazoles (7), the studies showed that manipulation of molecu-
lar size and shape of the R1 and R2 groups (structure 7, Figure 2) provided 
means to modulate intrinsic properties and ADME (adsorption-distribution-
metabolism-excretion). Highly lipophilic compounds (R1 = n-butyl) resulted 
in high clearance from human liver and low passive permeability. Replacing the 
piperidine n-butyl group with hydroxyl-tetrahydropyran reduced the parti-
tion coefficient (ClogP), but analogue 10 still demonstrated high clearance. 
To further reduce ClogP, the isobytyl side chain was replaced with more polar 
groups. While the tertiary carbinol and tetrahydropyran analogues exhibited 
poor metabolic stability, the tetrahydrofyran 11 provided a potent partial agonist 
with low clearance.

Orjales and coworkers [33] provided a structure–activity-relationship (SAR) 
study of 2,3-dihydro-2-oxo-1H-benzimidazole-1-carboxamide derivatives bearing a 
piperazine moiety (12a-h, Figure 3). Both, the influence of the 3-substituent of the 
benzimidazole ring, the 4-substituent of the piperazine moiety, and the alkylene 
spacer was studied and especially the substituent in the 3-position was found to be 
critical for 5-HT4R affinity. While compounds with ethyl (12a), and cyclopropyl 
(12b) substituents showed moderate to high affinity for the receptor, derivatives 
having smaller alkyl substituents (H: 12c, methyl: 12d, propyl: 12e) showed a 
significant drop in affinity. Also, introduction of large and bulky substituents 
(benzyl: 12f, butyl: 12g and phenylethyl: 12h) severely reduced the affinity for the 
5-HT4R. In addition to receptor affinity, also the 5-HT4R activity was dramatically 
influenced by substituents in the benzimidazolone 3-position. While ethyl- and 
cyclopropyl-functionalized derivatives (12a, 12b) showed moderate antagonistic 
activity, the isopropyl derivatives (12i and 13c) acted as partial agonists. The 
dramatic variation in the 5-HT4R pharmacological activity as a result of only small 
structural variations is in agreement with previous observations for benzoate 
derivatives [29].

A similar trend with benzimidazolone 5-HT4R ligands was reported by Langlois 
et al. [34] While the DAU-6215 ligand (13a) with no alkyl substituent on the 
nitrogen in the 3-position is in-active towards the 5-HT4R, the BIMU-1 (13b) and 
BIMU-8 (13c) compounds with ethyl and isopropyl substituents are potent 5-HT4R 
agonists [34, 35].

Figure 2. 
SAR studies of (A) benzisoxazole (7), oxindole (8) and benzimidazolodonone (9) core stuctures, (B) provided 
11 as a potent partial 5-HT4R agonist [32].
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3.2.2 Group 2: chloro-aniline core

The parent compound of this class is metoclopramide [36, 37] (14, Figure 4), 
a drug well-known for its gastric prokinetic activity. Furthermore, compounds 
having the chloro-aniline core is already well known to confer 5-HT4R agonist 
activity, for example in Cisapride (2) [38] and Mosapride (15) [39]. Therefore, it is 
not surprising that several derivatives of 4-amino-5-chloro-2-methoxybenzoic acids 
have been investigates as 5-HT4R agonist in AD research.

Russo et al. [40] synthesized and studied a library of structures based on the 
5-HT4R partial agonist, ML10302 (16, Figure 5) by introducing an amide group 
linked to the piperidine ring of ML10302 (16), Figure 5, hoping to introduce 
additional binding interactions. Displacements experiments with a 5-HT4R specific 
antagonist revealed that compounds in which the amide functionality was directly 
attached to the piperidine ring (17, n = 0) had weaker binding affinities compared 
to ML10302 (16). However, compounds where the amide moiety were attached to 
the piperidine ring through a methylene bridge, showed binding affinities that were 
globally better than ML10302 (16). Importantly, 4 compounds were identified that 
showed better functional properties than ML10302 (16) and induced up to 50% 
higher cyclic adenosinde monophosphate (cAMP) production. One compound (18) 
was further evaluated by in vivo biological tests, showing promising results for AD 
treatment.

RS67333 (19) [41] is a very affine 5-HT4R partial agonist, which also have high 
selectivity vs. other receptors. Its therapeutic relevance for treatment of AD is 
evident as it was shown to improve both object and place recognition in adult [42, 
43] and aged animals [44, 45]. On this basis, Dallemagne and coworkers synthe-
sized a series of analogues of RS6733 (19) [46], aiming at identifying a multitarget-
directed ligand (MTDL) having both 5HT4R agonist and acetylcholinesterase 
(AChE) inhibitor activities. Among them, the compound donecopride (20) was 
designed: The cyclohexyl moiety was introduced to be a compromise between the 
N-butyl group of RS67333 (19) and the bulky benzyl group of the potent AChE 
inhibitor, donepezil (21). Donecopride (20) showed outstanding in vitro activity 
and was able to potentiate both the 5-HT4R partial agonist activities as well as the 

Figure 3. 
Structures investigated in a SAR study of 2,3-dihydro-2-oxo-1H-benzimidazole-1-carboxamide derivatives 
bearing a piperazine moiety [33].

Figure 4. 
Parent compounds of the chloro-aniline class of structures.
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inhibition of AChE, resulting in the alleviation of both amyloid aggregation and 
tau hyperphosphorylation, [47] which are known to be two major features in AD 
(Figures 6 and 7).

In 2019, Lanthier et al. [48] generated a MTDL targeting both activation of the 
5-HT4R while also bearing antioxidant activities; hereby being able to both control 
Ab protein accumulation and prevent toxicity of reactive oxygen species (ROS) in 
neuronal cells [48].

The chloro-aniline core connected via a chemical spacer to a basic piperidine 
ring (structure 22) was introduced as the 5-HT4R binding moiety of the MDLT. As 
replacement of the butyl chain of RS67333 (19) by diverse alkyl moieties has been 
shown to have limited impact on both the affinity and the pharmacological profile 
towards the 5-HT4R [46], the chemical moiety having antioxidant activities was 
introduced as substituent on the central piperidine ring. A variety of structures was 
investigated, varying in spacer between the two pharmacophores. Also, various 

Figure 5. 
Structures investigated in a SAR study of analogues of the 5-HT4R partial agonist, ML10302 [40].

Figure 6. 
A multitarget-directed ligand Donecopride (20) was developed to have both 5HT4R agonist and 
acetylcholinesterase inhibitor activities [46].

Figure 7. 
Compound 26 was developed by combining the 5-HT4R chloro-aniline pharmacophore (22) and structures 
(23–25) having antioxidant properties [48].
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chemical structures known to exhibit antioxidant activities were investigated, 
including polyphenol [49], hydroxycinnamic acid (23) [50], lipoic acid (24) [51, 
52], vanillin or isovanillin (25) [53, 54]. Hereby, Lanthier et al. were able to identify 
a potent 5-HT4R ligand (26) with promising antioxidant activity for future preclini-
cal tests.

A similar approach was investigated by Yahiaoui et al., who reported the 
design of the dual compound 27 with 5-HT4R agonist and 5-HT6R antago-
nist effects (Figure 8) [55]. The dual 5-HT4R/5-HT6R ligand was designed 
through modulation of the 5-HT4R partial agonist, RS67333 (19) by introduc-
ing a 5-HT6R  antagonist (28,29) pharmacophore (a positive ionizable atom, 
a hydrogen bond acceptor group, a hydrophobic site, and an aromatic-ring 
hydrophobic site) [56–60]. Yahiaoui et al. synthesized and tested a library of 
structures consisting of RS67333 (19) modulated with various arylsulfonyl 
groups (sulfonamides and sulfones) attached to the piperidine moiety through 
a variable number of methylene groups [61]. These studies resulted in iden-
tification of the compound 27 having nanomolar and submicromolar affini-
ties towards 5-HT4R and 5-HT6R, acting as a partial agonist and antagonist, 
respectively.

To further elaborate on these studies, Hatat et al. [61] designing an anti-
amnesic MTDL with balanced 5-HT4R agonist, 5-HT6R antagonist and AChE 
inhibitory activities. Starting from the dual MTDL 30 and the benzyl analog of 
Donecopride (35) [62], various analogues were designed and tested. However, 
counteracting requirements within the scaffold made the design difficult. While 
an unsubstituted benzyl group was the best substituent on the piperidine for 
affinity towards AChE and 5-HT4R, the 5-HT4R affinity appeared linked to 
substitution of the benzyl group. However, the analogue with a methyl group 
in the benzyl meta-position (32) showed balanced activities towards all three 
targets (Figure 9).

Figure 8. 
The dual 5-HT4R/5-HT6R ligand was designed through modulation of the 5-HT4R partial agonist, RS67333 by 
introduction of a 5-HT6R antagonist pharmacophore [55].
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3.2.3  Group 3: imidazo[1,2-a]pyridine, imidazo[1,5-a]pyridine, imidazo[4,5-b]
pyridine and imidazo[4,5-c]pyridine core

Compounds based on the imidazo[1,5-a]pyridine [63, 64] core were initially 
reported as dual mediators of 5-HT3R and 5-HT4R [65], see Figure 10 (33). 
However, work from Nirogi et al. provided an understanding of the substitution 
patterns on both the imidazo[1,5-a]pyridine ring and piperidine ring, allowing 
for development of 5-HT4R partial agonists based on this core [66]. Derivatives 
were designed as bioisosteric analogues of the potent 5-HT4R agonists BIMU-1 
and BIMU-8 (Figure 10, compounds 13b and 13c) [34] by replacing the benzimid-
azolone core with an imidazo[1,5-a] pyridine while preserving an alicyclic amine 
moiety, in accordance with the 5-HT4R pharmacophore (see section 3.1). Structural 
optimization was focused on modification of the alkyl substituent at the imid-
azopyridine ring, as well as the type of alicyclic amine. Also, a SAR iteration was 
carried out to understand the role of a methylene spacer between the amide group 
with the piperidine moiety, in addition to the effect of length and structure of the 

Figure 9. 
Antiamnesic MTDL (32) with balanced 5-HT4R agonist, 5-HT6R antagonist and AChE inhibitory 
activities [61].

Figure 10. 
SAR studies of imidazo[1,5-a]pyridine structures provided 34 as an efficient 5-HT4R partial agonist [66].
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N-alkyl/heteroalkyl chain. This process resulted in the discovery of a highly potent 
and selective partial 5-HT4R agonist 34 with pro-cognitive efficacy in rats and 
adequate ADME properties [66].

3.2.4 Group 4: quinoline core

Compounds containing the quinoline bicyclic aromatic core have attracted much 
attention in the design of 5-HT4R ligands [67–70]. To provide medicinal chemistry 
understanding of the quinoline 5-HT receptor ligands, Castriconi et al. [71] synthe-
sized and studied binding affinity of potential 5-HT4R agonists with reference to the 
5-HT4R ligands ML10302 (16) and PRX-03140 (4) by replacing the aromatic moi-
eties with 2-methoxyquinoline. Interestingly, the flexible quinoline derivatives 35, 36 
showed remarkable differences in 5-HT4R affinity. In fact, while the ester derivative 
35 showed a Ki value in the nanomolar range, the corresponding secondary amide 
36 was at least two orders of magnitude less active. This was ascribed to the chemi-
cal nature of the amid bond linking the side chain with the quinoline moiety in 36 
affecting the preferred conformation (Figure 11). To test this hypothesis, the flexible 
compounds 36 were transformed into the conformationally constrained derivatives 
37, 38 (Figure 11). This enhanced 5-HT4R affinity to the nanomolar range, suggest-
ing that the conformationally constrained derivatives 37, 38 represented the bioac-
tive conformation of ester 35, which cannot be populated by amide derivative 36 for 
steric reasons. The higher affinity of 38 compared to 37 suggests a secondary role of 
the second carbonyl group in the interaction with 5-HT4R binding site.

In later efforts, Cappelli and coworkers published a more comprehensive SAR 
study of receptor ligands with 2-methoxyquinoline as the aromatic system [72]. A 
series of piperidine containing functionalities were investigated, demonstrating 
N-butyl-4-piperidinylmethyl (also present in RS67333 (19), see Figure 12) to be 
a most promising basic moiety. Substituting the quinoline methoxy-substituent 
with a chloro- or cyclopropyl-substituent, did not have any significant effect on the 
activity (39a-d).

Figure 11. 
Quinoline 5-HT4 receptor ligands. Conformationally constrained derivatives 37, 38 showed improved affinity 
compared to the flexible compounds 35, 36 [71].
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4. Serotonin subtype 6 receptor

The 5-HT6R was discovered in 1993 by Monsma et al. [73–76]. These receptors are 
GPCRs, which are located postsynaptically to serotonergic neurons [77]. Since its iden-
tification, significant efforts have led to a better understanding of the biology of this 
receptor. The 5-HT6 receptors are present in regions of the brain regions responsible 
for learning and memory, making them of high interest in AD research. Furthermore, 
blockade of 5-HT6R function was shown to increase acetylcholine- and glutamate-
related neurotransmission, which enhances learning and memory [78, 79]. Evidence 
indicates that blockade of this receptor improve both cholinergic and glutamatergic 
system [79]. Furthermore, blockade of 5-HT6R alleviates memory deficits, such as age-
related decline in cholinergic or glutamatergic neurons, [79, 80]. Studies conducted by 
Kotańska et al. [74] revealed that antagonism of the 5-HT6R enhanced neuroplasticity, 
helped maintain neurite growth and provided a neuroprotective effect against amyloid 
beta neurotoxicity [81, 82].

This has led to a high interest in this receptor in treatment of the cognitive 
decline associated with AD [75, 78, 79, 83]. In addition, the receptor is exclusively 
expressed in the CNS, primarily in the striatal, hippocampal and cortical areas of 
the brain [75] and therefore, could potentially provide therapeutics with limited 
peripheral side-effects [80].

Among the first reported selective antagonists are Ro-04-6790 (40) reported in 
1998 [82, 84], SB-271046 (29) in 1999 [82, 85, 86] and SB-399885 (41) in 2002 [87] 
(see Figure 13) showed a 200-fold selectivity for the 5-HT6R. Although selective 
antagonists have been developed, no 5-HT6R antagonist has reached the pharmaco-
logical market to date. Thus, the search for new 5-HT6R agents is still of high focus 
in medicinal chemistry research. In this context, a better SAR understanding of the 
5-HT6R pharmacophore is needed.

Figure 12. 
A comprehensive SAR study of receptor ligands with 2-methoxyquinoline core structure provided 39a as an 
efficient 5-HT6R partial agonist [72].

Figure 13. 
Illustrations of the some of the first selective 5-HT6R antagonists; Ro-04-6790 (40), SB-399885 (41) and 
SB-271046 (29).
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4.1 Pharmacophore of the 5-HT6R ligand

From 1998 until today a fair number of studies have been conducted on 5-HT6R 
antagonists, which led to a good understanding of the pharmacophore. There are 
four main features responsible for interaction with the receptor: a polar positively 
ionizable (PI) group, a hydrogen bond acceptor (HBA), an aromatic area (AR) and 
a hydrophobic site (HYD) [75, 79] (see Figure 14).

In 2017, González-Vera and coworkers published [88] a SAR study regarding the 
hydrophobic moiety (HYD). In total 18 compounds were synthesized, all contain-
ing a sulfonamide as the HBA moiety. This study revealed that aromatic halogens in 
the HYD part of the structure increased affinity.

Based on this pharmacophore framework, a broad range of substances has been 
investigated as ligands for the 5-HT6R, aiming at introducing selectivity.

4.2 Antagonists for 5-HT6R

A comprehensive review was published by López-Rodríguez and colleagues in 
2014 [79], which discussed the structural key features of 5-HT6R antagonists. In 
this review, they grouped them into 4 overall groups of structures that had been 
investigated for antagonism of 5-HT6R (see Figure 15). They made some general 
conclusions, which are summarized in Figure 15.

For more details about specific compounds, please refer to [79]. This chapter 
will focus on studies made since 2014, while the reader is referred to the following 
excellent reviews [75, 79] for investigations before 2014.

A SAR study published by Zajdel et al. in 2016 [89] studied analogues of 
the natural substrate 5-HT (6) for the receptor. Aiming to increase affinity by 
constraining the ligand into its preferred conformation, a substituent (R1) was 
introduced to the tryptamine core, hoping to obtain a more constrained basic 
amine (Figure 16). Furthermore, an aryl arylsulfonyl moiety was introduced 
in the N1 position of the indole moiety. A total of 28 compounds were tested, 
which provided two compounds, 42 and 43, with both high affinity and 
selectivity for the 5-HT6R. The affinity data showed that R2 substituents were 
unfavored, while substituents in the indole C5 position improved properties 

Figure 14. 
Schematic illustration of the pharmacophore (stripped box) along with overlays with using the first selective 
antagonist (40, 29, 41) and compound 45 from section 4.1. The figure is adapted from [88].
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(Figure 16). When reducing the double bond in compound 42 and 43, a slight 
decrease in affinity was observed, probably due to higher flexibility.

The two compounds were further tested for their functional activity in vitro and 
compared with reference compound SB-742457 (44). The compounds behaved as 
potent antagonist in a cAMP assay, while only displaying weak affinity for off-target 
receptors. Preliminary pharmacokinetic profiling of 43 showed good blood–brain-
barrier (BBB) penetration, improved recognition of novel objects in mice, in addi-
tion to a putative antidepressant activity in lower doses compared to the reference 
compound. Furthermore, 43 did not show any anxiolytic activity.

In 2019 Hogendorf et al. [90] published a comprehensive SAR study involv-
ing more than 50 compounds, all containing an aminoimidazole moiety as a new 
bioisoster of the classical PI amino-group. These were found to form strong hydro-
gen bonds with electronegative acceptors, such as carbonyls, in the enzyme active 
site. In total six different series were investigated, but only the two series that were 
found to be most important for activity are included in Figure 17.

Based on affinity, physiochemical properties (ClogP, pKa, topological polar 
surface area, water solubility, etc.), metabolic stability, mutagenic/toxicity and BBB 
permeation, compound 45, Figure 17, was chosen as the lead structure. The com-
pound showed high selectivity and displayed ability to reverse scopolamine-induced 
cognitive impairment. Crystallographic studies of the 2-aminoimidazole-based 
antagonists revealed that the high receptor affinity was reached due to a resonance 
driven conformational change [90] upon protonation of the imidazole fragment.

AD is more than just an imbalance in the cholinergic or glutamatergic systems 
and therefore, it was speculated whether better therapeutics could be achieved by 
using MTDLs affecting several neurotransmitter pathways [77]. In recent years, 
various MTDLs have been studied [81].

Marcinkowska et al. [81] designed MTDLs combining 5-HT6R antagonism, 
inhibitory effect against butyrylcholinesterase (BuChE) [91] and antioxidant prop-
erties [81], aiming at achieving both cognition-enhancing properties and neuropro-
tective activity. Both series were based on typical the 5-HT6R antagonist scaffold 
with a N-substituted 4-(piperazin-1-yl)-1H-indole core [79]. The indole 1-position 
was occupied with a benzyl group for series 1 and a 2-chloro benzene moiety for 
series 2 (marked with blue in Figure 18). The piperazine was N-substituted with 
an alkyl-phthalimide moiety with variation of the length of the alkyl chain (see 
Figure 18). The phthalimide group (marked with yellow in Figure 18) is known for 
interacting with the hydrophobic pocket in BuChE [92]. The indole moiety (marked 
with red in Figure 18), in addition to being important for 5-HT6R antagonism, had 

Figure 16. 
Summarizing the structures from the SAR, followed by two potential antagonists (42 and 43), along with 
reference compound SB-742457 (44). [89].
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antioxidant properties: Indoles are known for their ability to capture free radicals 
and protect biological systems against peroxidation [93]. From their screen they 
found that longer alkyl chains, connecting the phthalimide to the piperazine ring, 
decreased affinity for the 5-HT6R, while substituents on the benzyl group did not 
alter affinity significantly.

However, counteracting requirements within the scaffold complicated the 
design. From the BuChE inhibitor (BuChEI) screen they concluded that generally 
the unsubstituted benzyl analogues showed highest activity, with compound 46 
(R = H, n = 1) being the best inhibitor, while best 5-HT6R affinity was obtained 
with substrates having chloride in meta position on the benzyl moiety (47). Taking 
both targets into account, compound 48 (R = Cl, n = 1) showed the best overall 
properties, with good affinity for 5-HT6R, promising BuChE inhibitory effect 
and satisfying antioxidant properties. This SAR study demonstrated promise for 
MTDLs as AD therapeutics and inspired further research in the field.

Zajdel et al. recently [94] investigated MTDLs combining 5-HT6R inverse 
agonist activities and a monoamine oxidase B (MAO-B) inhibitory effect. The 

Figure 18. 
Schematic illustration of the model compound highlighting important feature for the MTDL. Compound 47 
was the best 5-HT6R antagonist from the study, compound 46 the best BuChE inhibitor and lead compound 48 
with the best overall results. [81].

Figure 17. 
SAR illustration covering two out of six series along with lead compound 45. [90].
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design included a 5-HT6R antagonist scaffold and fragments of either a reversible or 
an irreversible MAO-B inhibitor (see Figure 19) attached through an alkyl spacer of 
different lengths.

Their results indicate that the sulfone group was crucial for affinity to the 
5-HT6R, while non-substituted phenyl groups (R = H) seemed to result in the best 
5-HT6R binding. However, it is relevant to mention that no compounds contain-
ing the sulfone group together with the chloride-substituent were tested, making 
it difficult to make an overall conclusion. Among the 18 synthesized compounds, 
the very promising lead compound 49 was discovered. This compound displayed 
moderate metabolic stability, good artificial membrane permeability as well as 
good distribution in the brain. Furthermore, the compound showed glioprotective 
properties and fully reversed scopolamine-induced memory deficits.

In 2016 Grychowska et al. [83] published a study for a new core design based 
on a scaffold-hopping approach, with swapping of carbon and nitrogen atom in 
the indole ring [95], starting from the SSRI 6-nitroquipazine (50) to achieve the 
1H-pyrrolo [3,2-c] quinoline core (51). They afterwards studied alternating substi-
tution patterns on the arylsulfonyl fragment, which resulted in identification of 52, 
see Figure 20, as their lead structure for further studies. The SAR revealed that sub-
stituents in the meta-position of the phenyl were beneficial. However, it is difficult 
to make any general conclusions of this effect, as both electron-withdrawing and 
-donating substituents resulted in compounds with good affinity for the receptor. Of 
all the compounds tested, compounds containing a chloro-substituent were found 
to induce strong antagonistic properties. In general, the S enantiomers of the amino- 
pyrrolidine were more favored than the R enantiomers and compound 52 showed 
to be the best candidate with high selectivity for the 5-HT6R over the 5-HT1AR, 
5-HT2AR, 5-HT2CR, 5-HT2BR, 5-HT7R as well as dopamine (D2), adrenergic 
(alpha1A), histamine (H1), muscarinic acetylcholine (M1) receptors and SERT.

From a GPCR signaling assay it was determined that compound 52 behaved as 
neutral antagonist, whereas the reference SB-742457 (44) behaved as an inverse ago-
nist. In vivo studies demonstrated that both 52 and SB-742457 (44) have pro-cognitive 
properties, as they were able to reverse pharmacological-induced memory deficits in 
rats and improve recognition of novel objects. Additionally, 52 showed antidepressant 
properties. Compound 52 was later used as scaffold for development of a MTDL with 
both neuroprotective and precognitive activities (5-HT6R and dopamine subtype 3 
receptor (D3R) antagonism).

In an attempt to obtain the desired MTDL, Grychowska et al. [96] designed a 
series of 11 compounds combining structural elements of the 5-HT6R antagonist 52, 
(blue box in Figure 21) with structural elements of a D3R antagonist (Eticlopride 
[97] and Nafadotride [98]), red box in Figure 21. All compounds synthesized 
in the study showed moderate-to-high affinity for 5-HT6R; however, only four 
compounds showed acceptable affinity for D3R. An elongation in the length of the 
alkyl chain (R, Figure 21) provided a better binding to D3R, however, decreased 
the affinity for the 5-HT6R. A chloride-substituted phenyl (X = Cl) showed sig-
nificantly higher affinity for the 5-HT6R compared to the unsubstituted phenyl 
(X = H), in accordance with the previous mentioned importance of a halogen 
substituent (see section 4.1). Rewardingly, the S enantiomers were favored over 
the R enantiomers for both receptors. Based on all results, 53 showed overall good 
properties and its selectivity for the 5-HT6R compared to other receptors was stud-
ied. Fortunately, it did not bind to 5-HT1AR, 5-HT2AR or 5-HT7R and also showed 
a 10-fold selectivity over D2Rs. Furthermore, compound 53 proved to be a neutral 
antagonist, as it did not significantly affect the cAMP level. Its therapeutic potential 
was nicely demonstrated from animal studies, where both a neuroprotective effect 
and reversal of pharmacological-induced memory decline was observed.
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Structure 54 (see Figure 22) was identified through a drug discovery strategy based 
on a virtual screening platform [75, 99]. In total 45 compounds, all possessing the aryl-
sulfonamide, was held up against the knowledge of the binding pocket and 5-HT6R 
ligand pharmacophore, while also adding knowledge from the GPCR ligand database.

For several of the antagonists developed over the years, clinical trials seemed 
promising until the late studies. One example is the well-known non-sulfonyl 

Figure 20. 
SAR scaffold-hopping approach from SSRI (50) to 1H-pyrrolo[3,2-c] quinoline core (51) to lead compound 
52. [83].

Figure 21. 
Schematic illustration from MTDL SAR combining 5-HT6R antagonist core with selective D3R antagonist 
fragment, to give lead compound 53. [96].

Figure 19. 
Schematic illstration outlining the scope of the SAR study and potential MTDL compound 49. [94].
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compound Idalopirdine or Lu AE58054 (55, Figure 22), discovered by Lilly. 
Idalopirdine was found to have high affinity for the 5-HT6R (>50-fold) compared to 
more than 70 targets studied [79] and reversed pharmacological-induced cognitive 
impairment. Lilly licensed the compound to Saegis for clinical development. Phase I 
was started in 2005 by Saegis and phase II in 2009 by Lundbeck (Lundbeck acquired 
Saegis in 2006) [100]. In phase II, Idalopirdine (55) was given to AD patients already 
receiving donepezil (21, an AChE inhibitor). It was found that Idalopirdine (55) 
provided an inhibitory effect on CYP206, which is involved in the metabolism of 
donepezil (21), therefore, it cannot be ruled out that the initial positive results origi-
nated from an increase in donepezil bioavailability [85]. Three Phase III studies with 
idalopirdine were initiated in 2013 involving patients with mild to moderate AD. 
Patients were treated with idalopirdine in combination with either donepezil (two 
of the studies; NCT02006641 and NCT01955161) or an unspecified AChE inhibitor 
(the third study; NCT02006654). Idalopirdine seemed to be highly tolerated with 
very few side effects. However, all three studies did not meet the necessary efficacy 
and Idalopirdine was therefore removed from the pipeline in 2017. (for more detail 
on the clinical trials the reader is referred to [101, 102]).

4.3 Neutral antagonists and inverse agonists for the 5-HT6R

An important feature of the 5-HT6R is its ability to exist in different confor-
mational states depending on the ligand bound, which can lead to initiation of 
different signal transduction pathways. The engagement of the 5-HT6R in several 
pathways has now been demonstrated. In addition to the canonical Gs adenylyl 
cyclase signaling pathway implicated in the control of neuronal migration [103], 
the 5-HT6R is also involved in pathways engaged in brain development of synaptic 
plasticity, more specifically the rapamycin [104] and cyclin-dependent kinase 
5 (Cdk5) signaling pathways [105]. Another relevant feature is the high level of 
constitutive activity of the 5-HT6R. The 5-HT6R has different pathways that can 
be activated upon different antagonistic and agonistic approaches, and the above-
mentioned problems during clinical trials, stimulated interest for investigating 
other mechanistic approaches against the receptor.

It is worth having in mind that Cdk5-dependent neurite growth has been found 
to involve the 5-HT6Rs [105] and being agonist dependent. An inverse agonist of 
this signaling system, like SB-258585 (56, Figure 23) prevents neurite growth, 
neuronal migration and dendritic spine morphogenesis [96, 105]. For this purpose, 
both neutral antagonists and inverse agonists have been investigated.

Utilizing a scaffold-hopping approach based on swapping one carbon with 
a nitrogen atom in the indole ring, Vanda et al. [95] synthesized 33 compounds 
varying in both the position of the nitrogen, alkyl-substituents on the C2 position 
(R-group, Figure 23) and substituents on the benzyl group and based on biological 

Figure 22. 
(left) Compound 54 obtained from a virtual screening platform [75, 99]. (right) Idalopirdine/LuAE58054 
(55) [100].
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testing, they made some general conclusions. Localization of the nitrogen was 
crucial for 5-HT6R affinity and compounds with the imidazole[4,5-b]pyridine 
fragment were in general the best binders. Elongation of the benzyl to a phenethyl 
group decreased affinity. Furthermore, while bulky and aromatic substituents were 
not tolerated in the C2 position, small alkyl substituents was in general accepted, 
with the ethyl-group being the most favored. Furthermore, substituents in the ben-
zyl 3-position were generally preferred, while substituents in the 2- and 4-position 
lowered affinity compared to the non-substituted analogue. The studies resulted in 
identification of compound 57 as a new and potent 5-HT6R partial inverse agonist 
at the Gs signaling pathway, while being a neutral antagonist in the Cdk5 pathway.

4.4 Agonists for the 5-HT6R

Interestingly, it has been suggested that not only 5-HT6R antagonists but also 
5-HT6R agonists may have pro-cognitive activities [107]. The 5-HT6R agonist WAY-
181187 (58) was shown to enhance GABA concentrations, which may potentially 

Figure 23. 
Illustration of conducted SAR study adapted from [106] and the obtained lead compound (57), along with 
compound 56.

Figure 24. 
5-HT6R agonists; WAY-181187 (58) [108, 109], WAY-208466 (59) [109], EMDT (60) [110], EMD386088  
(61) [111], E-6801 (62) [112], R-13c (63) [113], ST1936 (64) [114].
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have a positive effect on the neuronal plasticity [76], likewise enhancing cholinergic 
and glutamatergic mechanisms [80], indicating that both activation and inhibi-
tion of this receptor evoke similar responses. Although, the mechanism behind 
these paradoxical similar effects of 5-HT6R agonists and antagonists is not fully 
understood, it has been suggested that they could be acting on receptors located on 
distinct neuronal populations. Further discussing of these paradoxical effects can 
be found in [80], where also other possible explanations are presented.

Several 5-HT6R agonists have been identified, some of them are summarized in 
Figure 24 [80].

The effectiveness of the antagonist vs. the agonist approach is further discussed 
in reviews by Meneses et al. [115] and Fone [80].

5. Conclusion

Alzheimer’s disease is increasingly being recognized as one of the most challeng-
ing medical and social challenging health concerns in older people. To date, only 
treatments offering symptomatic relief to patients exist for this disease, limiting 
benefit to patients. As there is no curable medical treatment available, much effort 
has been focusing on identifying novel potential targets for drug development. The 
rich involvement of serotonin (5-HT) in both cognition and memory; some of the 
most symptomatic areas being affected in AD, has directed current drug discovery 
programs to focus on this system as a major therapeutic drug target.

Thus, serotonin receptor modulators offer an attractive option for a future 
treatment of AD patients and modulation of 5-HT4R has indeed demonstrated to 
improve neurotransmission and enhance the release of acetylcholine resulting in 
the memory formation. Furthermore, in various cell based and animal models, 
partial 5-HT4R agonists were demonstrated to promote the release of sAPPα and 
block the release of amyloid beta peptide. Remarkably, 5-HT4R agonists were also 
reported to induce neurogenesis in hippocampus as well as enteric system through 
the activation of cyclic AMP response element binding protein in rodents.

During the past 20 years, also the 5-HT6R has received increasing attention 
and is now a promising target for improving cognition. However, 5-HT6R func-
tionality is much more complex. Several studies with structurally different com-
pounds have shown that not only antagonists but also 5-HT6R agonists improve 
learning and memory in animal models. This paradoxical effect may explain why 
several compounds that reached phase III clinical trials failed to replicate the posi-
tive impact on cognition [76, 94]. Therefore, even though preclinical and clinical 
trials show that the 5-HT6R is a promising target for treatment of neurodegenera-
tive diseases such as AD, there is an urgent need for a better understanding of 
the pathways involved in modulation of the receptor. However, there is hope that 
with the recent advances in molecular biological techniques, including improved 
cloning and sequencing methods, strategies for the development of in silico 
GPCR models, will advance our understanding of the molecular mechanisms 
underlying the impact of serotoninergic signaling in AD to provide beneficial 
treatments for AD.

Taken together, 5-HT4R and 5-HT6R modulators address all major facets of AD. 
However, although important progress has been made with developing relevant 
modulators to improve both cognition and memory, crucial challenges still need to 
be overcome before a promising cure to AD has been found. Most importantly, an 
in depth understanding of the pathways involved in modulation of the serotonin 
receptors is urgently needed. Also, to limit side-effects the identification of CNS 
specific molecules is crucial.
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AChE acetylcholinesterase
AD Alzheimer’s disease
ADME absorption, distribution, metabolism, and excretion
alpha1A adrenergic
APP amyloid protein precursor
AR aromatic area
BBB blood–brain barrier
BuChE butyrylcholinesterase
cAMP cyclic adenosinde monophosphate
Cdk5 cyclin dependent kinase 5
ClogP calculated logarithm of octanol/water partition coefficient
CNS central nervous system
D2 dopamine
D3R dopamine subtype 3 receptor
GABA gamma-aminobytyric acid
GPCR G protein-coupled receptor
H1 histamine
HBA hydrogen bond acceptor
HYD hydrophobic site
M1 muscarinic acetylcholine
MAO-B monoamine oxidase B
MTDL multitarget-directed ligands
PI positively ionizable
ROS reactive oxygen species
sAPPα soluble non-amyloidogenic form
SAR structure–activity relationship
SERT serotonin transporter
SSRI selective serotonin reuptake inhibitors
5-HT 5-hydroxytryptamine
5-HT4R 5-hydroxytryptamine receptor 4
5-HT6R 5-hydroxytryptamine receptor 6
5-HTR 5-hydroxytryptamine receptor
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Chapter 5

Aggression and Sexual Behavior:
Overlapping or Distinct Roles of
5-HT1A and 5-HT1B Receptors
Berend Olivier and Jocelien D.A. Olivier

Abstract

Distinct brain mechanisms for male aggressive and sexual behavior are present
in mammalian species, including man. However, recent evidence suggests a strong
connection and even overlap in the central nervous system (CNS) circuitry
involved in aggressive and sexual behavior. The serotonergic system in the CNS is
strongly involved in male aggressive and sexual behavior. In particular, 5-HT1A and
5-HT1B receptors seem to play a critical role in the modulation of these behaviors.
The present chapter focuses on the effects of 5-HT1A- and 5-HT1B-receptor ligands
in male rodent aggression and sexual behavior. Results indicate that 5-HT1B-
heteroreceptors play a critical role in the modulation of male offensive behavior,
although a definite role of 5-HT1A-auto- or heteroreceptors cannot be ruled out. 5-
HT1A receptors are clearly involved in male sexual behavior, although it has to be
yet unraveled whether 5-HT1A-auto- or heteroreceptors are important. Although
several key nodes in the complex circuitry of aggression and sexual behavior are
known, in particular in the medial hypothalamus, a clear link or connection to these
critical structures and the serotonergic key receptors is yet to be determined. This
information is urgently needed to detect and develop new selective anti-aggressive
(serenic) and pro-sexual drugs for human applications.

Keywords: aggression, sexual behavior, serotonin, 5-HT1A receptor, 5-HT1B

receptor, serenics, neural circuit

1. Introduction

Early studies into the role of various brain structures in aggression focused
merely on the hypothalamus already starting in the 1920s by Hess [1]. Electrical
stimulation in the hypothalamus induced stimulation-evoked (or –bound) attack
behavior, where rat studies [2–5] created an important framework underlying the
functional organization of attack circuitry [6]. Lesion experiments in mice [7] and
rats [8, 9] also implicate parts of the hypothalamus in offensive and defensive
aggression [9, 10].

Anterior hypothalamic lesions, damaging large parts of the anterior hypothala-
mus (AH), rostral parts of the ventromedial hypothalamus (VMH), and smaller
parts of the caudal preoptic area (PA), indeed, strongly increase defensive behavior
toward a male intruder. Mammillary body lesions, damaging large parts of the
ventral (vPMV) and dorsal premammillary nucleus (dPMV), caudal parts of the
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arcuate nucleus, medial mammillary nucleus (mMM), posterior mammillary
nucleus (pMM), supramammillary peduncle induced strong increases in offensive
aggression [9]. These findings suggested the existence of at least two distinct neural
substrates in the hypothalamus normally modulating defensive (anterior medial
hypothalamus) and offensive (posterior medial hypothalamus) aspects of intermale
aggression. Concomitant studies strongly support the ventral premammillary
nucleus as a possible central hub of aggression [11]. Because electrolytical lesions are
rather nonspecific, i.e., it is virtually impossible to wipe out, on both sides of the
brain, one structure without damaging other structures including neurons and
fibers of passage. Alternatively, electrical (micro) stimulation can be used to study
the role of the underlying substrate (again neurons and fibers of passage) in certain
behaviors, including aggression (and sexual behavior).

Already early in the twentieth century [1], hypothalamic stimulation in cats
induced attacks. In the seventies [2, 3], this research extended to rats where
electrical stimulation in the (ventrolateral) hypothalamus induced attack behavior,
although rather nonspecific in that different subjects (mice (live or dead), rat pups,
guinea pigs, and adult rats) were attacked. At the end of the seventies, the groups of
Koolhaas in Groningen and Kruk in Leiden extensively investigated that upon
electrical stimulation in hypothalamic structures, specific behavioral responses were
elicited [4, 5]. The Kruk group [12] described, after extensive and meticulous
studies, an “aggressive area,” later named the “Hypothalamic Aggression Area
(HAA),” lateral from the ventrolateral lobe of the ventromedial hypothalamus
(VMH) into the frontal pole of the VMH and the anterior hypothalamic nucleus
(AHN). This area extends medially to the arcuate nucleus through the ventrolateral
and medial parts of the VMH (see for a 3D-picture, Fig. 1 in [13]. The HAA largely
(or completely) coincides with the area in the hypothalamus that upon lesioning
leads to reduced aggression [9]. In female rats, aggression can be evoked in the same
(HAA) area as in males [14].

Recent studies applying genetically defined functional manipulations showed
that the VMH and in particular the ventrolateral part (vlVMH) and the medial
amygdala are critical sites to evoke aggression [15]. The VMH receives direct and
indirect input from the medial amygdala and from the bed nucleus of the stria
terminalis (principal nucleus:BNSTpr), but also from various other structures [16],
such as the ventral premammillary nucleus (vPMN), the lateral septum (LS), and
subparaventricular zone (SPZ) [17].

Newman [18] argued already that the neurobiology of aggressive behavior is
embedded in a larger and integrated network of various social behaviors, including
sexual and parental behavior. This implies that the neural circuitry involved in these
behaviors must consist of a number of commonly activated brain areas (sensitive to
a variety of shared cues) and separately by brain areas specifically involved in a
specific function or a selective role in each behavior, as, e.g., occurs in the
vomeronasal circuitry [19].

The putative “dual” or “multiple” involvement of a specific neural area (node)
in, e.g., aggression and sexual behavior necessitates testing the effects of manipula-
tions of this node in other behaviors, e.g., exploratory or other behaviors. Veening
and coworkers [20] approached this question by studying whether the patterns of
brain activation during male rat aggression and sexual behavior are specific for
either behavior or show (partly) overlapping patterns. By using Fos-
immunoreactivity, it was shown that some brain areas (caudal medial preoptic area
and medial amygdala) were commonly activated, whereas other areas
(posterodorsal parts of the medial amygdala, rostral preoptic and premammillary
hypothalamus) show differences in neural activation. This is in line with the idea
that aggressive and sexual behaviors share partly integrated neural pathways, next
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to more specific “aggressive” and “sexual” brain areas. In general, the medial
preoptic nucleus (MPN) and the VMHvl are essential regions for male sexual and
aggressive behavior, respectively. Estrogen receptor alpha (ESR1)-expressing cells
in the posterior amygdala (PA) are a main source of excitatory input to the hypo-
thalamus and are main mediators for mating and fighting in male mice [21]. PAEsr1+

neurons to the MPN are activated during sexual behavior and also induce sexual
behavior. PAEsr1+ neurons that project to the VMHvl promote attacks. The PA can
be considered a key node in male aggressive and sexual behavior circuitry.
Optogenetic activation of VMHvl cells expressing estrogen receptor alpha-
progesterone receptors induced attack, whereas pharmacogenetic optogenetic inac-
tivation of the VMHvl inhibited naturally occurring aggression [17], Moreover, the
VMHvl is also involved in generating preparatory (learned) behaviors associated
with the attacks [22]. Available evidence gives an essential role to the medial
hypothalamus in the generation of aggression, the hypothalamic aggression area or
circuit. This hypothalamic aggression circuit is embedded, upstream and down-
stream, in other circuits that modulate the aggression outcome, e.g., the dopami-
nergic mesolimbic dopamine pathway. Its connection from the ventral tegmental
area (VTA) to the nucleus accumbens (NAc) is a key circuit in the rewarding
control of aggression [17, 23].

Optogenetic stimulation of the network in the HAA that evokes aggression [15]
was also able to evoke mounting. The neurons involved (estrogen-1 (Esr1)-
expressing) in the VMHvl evoke mounting upon stimulation with lower frequencies
[24]. The VMHvl neurons are sensitive to varying levels of optogenetic stimulation
and the (behavioral) outcome ranges from highly prosocial (sexual) to antisocial
(aggression). Apparently, one could assume that the VMHvl, and specifically one
type of neuron (Esr1+), is an overlapping node in male aggression and sexual
behavior circuits [25].

For a long time, it was a common belief that male aggressive and sexual behavior
shares many of the underlying neurobiological, neurological, pharmacological, phys-
iological, and neuroendocrine mechanisms. This seems, at least partly, true for
aggression and sexual behavior. Apparently, such a shared structure (e.g., the
VMHvl) mediates multiple social behaviors and processes [26]). Factors such as social
experience, behavioral context, hormonal state, spatial and sensory cues probably
(co)-influence which behavior is generated at a specific moment and time [27].

2. Serotonin and sexual behavior

Sexual behavior systems operate under rather constant inhibitory control to
ascertain that sexual behavior is performed only under appropriate circumstances.
Serotonergic neurotransmission is involved in inhibitory and disinhibitory
processes regulating proper sexual behavior. 5-HT release, facilitating transmission,
is regulated via negative feedback mechanisms, through different presynaptic
(5-HT1A, 5-HT1B/1D) autoreceptors. Moreover, postsynaptic serotonergic
heteroreceptors are also involved in negative feedback on serotonergic cell firing
[28]. The 5-HT transporter (5-HTT or SERT) plays an important role in homeostatic
modulation of the magnitude, duration, and spatial distribution of signals reaching
serotonin receptors [29, 30]. Although 5-HT is not considered a central modulator
of sexual behavior, but rather modulatory or facilitating, 5-HT activity plays an
important role during sexual behavior, via its machinery of pre- and postsynaptic
interactions, thereby critically interfering with GABA-ergic and glutamatergic neu-
rons in various brain areas (prefrontal cortex, hypothalamus, lateral habenula, and
dorsal raphe nucleus). Serotonergic fibers are abundant in many areas of the spinal
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cord implicated in ejaculatory processes [31]. Postsynaptic 5-HT receptors are
located at lumbar spinothalamic cells [32], indicative of a role of 5-HT in ejaculation
at the level of the spinal cord, descending from supraspinal areas such as the nPGI.
These descending 5-HTergic neurons from supraspinal areas innervate spinal cord
mechanisms that control bulbospongiosus muscles, which have inhibitory effects on
ejaculation [32]. At hypothalamic level, the medial preoptic area (mPOA) is
involved in lowering an ejaculatory threshold via inhibition of an inhibitory seroto-
nergic tone exerted by the nPGI [33, 34], removing a brake on ejaculatory pro-
cesses. The lateral hypothalamic area (LHA) is also involved in ejaculation: lesions
affect ejaculation, but not preceding mounts and intromission [35]. Because 5-HT is
released in the LHA at the occurrence of ejaculation and infusion of selective
serotonin reuptake inhibitors (SSRIs) into this area influences sexual behavior [36],
a role of serotonin is clearly implicated. The main sources of 5-HTergic innervation
of the forebrain emerge from the dorsal (DRN) and medial (MRN) raphe nuclei.
Ascending 5-HTergic fibers are divided into a meso-limbic pathway from the MRN
and a meso-striatal pathway derived from the DRN [31, 37, 38]. Although DRN and
MRN have (partly) overlapping projections, they do not overlap in the projected
structure but go to different subareas [38]. MRN and DRN have reciprocal connec-
tions, and both structures express high densities of 5-HT1A receptors. An unan-
swered question is whether and how these extremely complex interactions
(including those with non-serotonergic structures) interact during sexual behavior
[39, 40]. Most research in these areas is performed in males (mostly rodents).

Notwithstanding an extensive role of serotonin in aggression and sexual behav-
ior [29, 41] in the present chapter, we focus on the role of two receptors, 5-HT1A

and 5-HT1B receptors because they appear as most relevant in interactions between
aggressive and sexual behaviors (Figure 1 shows a cartoon of a serotonergic neuron

Figure 1.
Cartoon of a serotonergic neuron projecting to two non-serotonergic neurons. Fourteen different serotonergic
receptors are located either as presynaptic autoreceptors (5-HT1A, 5-HT1B) or as postsynaptic heteroreceptors
(all 14 receptors). The 5-HT transporter (SERT) is located at the somadendritic and synaptic part of the
serotonergic neuron. See text for further details.
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with all 14 different 5-HT receptors). 5-HT1A receptors are present as
somatodendritic autoreceptors on serotonergic neurons that present upon activa-
tion as negative feedback on cell firing, thus inhibiting 5-HT release and thereby
exerting a broad influence on 5-HTergic tone. 5-HT1A receptors are also widely
distributed in terminal areas of the brain expressed as postsynaptic heteroreceptors
in a variety of different brain structures and influence a wide scale of neuropsycho-
pharmacological events [42]. 5-HT1B receptors and its counterpart 5-HT1D receptor
have a long, complex, and debated history (see Figure 3 in [42]), because of species
differences in function and structure. It was finally confirmed that 5-HT1B and 5-
HT1D receptors represent two different receptor classes, and the 5-HT1B-receptor
(including the rat 5-HT1B-receptor) plays the most prominent functional role,
although the pharmacology of ligands for the human and rodent 5-HT1B receptors
can be quite deviating. Most of animal behavioral data on 5-HT1B receptor ligands
have been gathered in rodents, which makes prediction for human applications
sometimes unreliable [42]. 5-HT1B receptors are present as inhibitory autoreceptor
on the presynaptic part of 5-HT neurons (see Figure 1) and as inhibitory
heteroreceptor on non-serotonergic neurons [42]. Although it is unclear whether
every single 5-HT neuron is equipped with similar autoreceptors, at least for the
MRN and DRN it is known that they possess somatodendritically localized
autoreceptors and presynaptically localized 5-HT1B autoreceptors and 5-HT trans-
porters. 5-HT activity has to be terminated, which is effectuated via reuptake of 5-
HT by the serotonin transporter (SERT), a complex molecule with 13 transmem-
brane loops. After this uptake over the cell membrane via the SERT from the
synapse, 5-HT is subsequently taken up by the vesicular-monoamine transporter
(VMAT2) and stored in the synaptic vesicles for reuse. Another major route to end
serotonergic activity is a process whereby 5-HT is taken up by the surrounding glia
cells and degraded by the enzyme monoamine-oxidase-A (MAO-A) [43] to its
metabolite 5-hydroxyindole acetic acid (5-HIAA). Simultaneously, the released 5-
HT activates 5-HT1B autoreceptors leading to inhibition of further 5-HT release
from the vesicles and activates also the somatodendritical 5-HT1A autoreceptors,
leading to inhibition of cell firing [44, 45]. The interplay between these three
mechanisms (5-HT reuptake, inhibition of release via activation of 5-HT1B

autoreceptors, and inhibition of cell firing via activation of somatodendritic 5-HT1A

autoreceptors) reduces the activity of the serotonergic neurons after activity, pre-
paring the neuron for a new discharge [44, 45]. Of course, many non-serotonergic
inputs are acting on serotonergic cells in the raphé nuclei (a nice schematic over-
view is shown in Fig. 2 in [46]).

3. 5-HT1A and 5-HT1B receptors in aggressive and sexual behavior

The prototypic 5-HT1A-receptor agonist (�)-8-OH-DPAT was developed in the
early eighties and when tested on male rats, showed a remarkable stimulation of
male sexual behavior [47]. The effects of the racemic (�)-8-OH-DPAT and its
active enantiomer (+)-8-OH-DPAT have been confirmed in many subsequent
studies [31]. Veening and Coolen [48] presented a so-called “funnel-model” of
sexual behavior in the rat, based on experiments on feeding, sexual and aggressive
behavior combined with electrical stimulation in the ventromedial hypothalamus
[49]. The “funnel-model” also applies to other behavioral systems, including
aggressive behavior. In general, in the initiation phase 1, the animal involved
gathers information about the environment (scanning, sniffing, orientation),
followed by transition to phase 2 where appetitive behavior becomes prominent
(anogenital sniffing, mounting in case of sexual behavior; following, anogenital
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sniffing in aggression). Transition to phase 3 may follow, which is the consumma-
tory/executive phase. In case of sexual behavior, this includes mounting, intromis-
sion, and finally, ejaculation; in aggression, this includes lateral threat, biting, jump
attacks, keeping down, and chasing [9].

Both sexual and aggressive behavior in male rats can be described by a “funnel”-
like pattern of behavior [49–51]. By manipulations such as electrical stimulation or
lesions in the (ventro)medial hypothalamus, this pattern of behavioral funneling
can be interrupted, e.g., electrical stimulation in the VMH in a resident-intruder
situation [49] strongly reduces the chance on full aggression, because the stimula-
tion strongly promotes return to phase 1 (scanning and initiation phase). Remark-
ably, stimulation (either electrically or optogenetically) of the VMHvl in mice can
evoke both aggressive and sexual behavior [25, 52–54]. Extensive studies indicate
that intermingled, antagonistic brain circuits for aggressive and sexual behavior are
present in the VMHvl [15, 55].

Administration of 5-HT1A-receptor agonists (e.g., 8-OH-DPAT, flesinoxan,
buspirone, ipsapirone, and others [31]) dose-dependently increases the number of
ejaculations and reduces the ejaculation latencies during a certain test duration
(e.g., 30 min). Moreover, the number of mounts and intromissions during the
successive ejaculation series decrease (Figure 2). This whole profile has been
described as “pro-sexual” and can be aligned with the funnel-model hypothesis,
assuming that 5-HT1A-receptor activation strongly drives the direction of sexual
behavior toward the final consummatory phase, ejaculation.

Recently, we tested some new 5-HT1A-receptor agonists on male rat sexual
behavior [56]. They are so-called “biased” or “functionally selective” high potency
5-HT1A-receptor agonists, F15599 and F13714, and have distinct pre- and postsyn-
aptic agonistic activity [57]. However, like in aggression (see later), both “biased”
agonists had potent pro-sexual activity, comparable to “classic” 5-HT1A-receptor
agonists such as 8-OH-DPAT or flesinoxan (similar activation of 5-HT1A auto- and
heteroreceptors). However, S-15535, primarily considered a 5-HT1A-autoreceptor
agonist and heteroreceptor antagonist, had no pro-sexual activity at all, and also no
sexual inhibitory activity either [56]. This strongly suggests that “pro-sexual”
activity induced by 5-HT1A receptor agonists is primarily caused by activation of
postsynaptic 5-HT1A heteroreceptors.

5-HT1B-receptor agonists inhibit male sexual behavior in the rat [58–60] and in
the mouse [61]. Eltoprazine, a mixed 5-HT1A/1B receptor (partial) agonist [62], dose-
dependently reduced male rat sexual behavior; at no dose tested, pro-sexual effects
were seen, indicating that the putative 5-HT1A receptor activating effects of
eltoprazine were “overshadowed” by the 5-HT1B-receptor agonistic effects and that
the behavioral effects were caused by 5-HT1B-receptor activation. A comparable
mixed 5-HT1A/1B-receptor agonistic profile in other putative 5-HT1B receptor agonists
such as mCPP, TFMPP, RU24969, and anpirtoline, which all have inhibitory sexual
effects in male rats, points to the dominance of 5-HT1B receptors over 5-HT1A recep-
tors upon concomitant activation. In mice, in contrast to rats, 5-HT1A-receptor ago-
nists (8-OH-DPAT) have an inhibitory effect in male sexual behavior [61] (Figure 3).

In our studies on 5-HT1A-receptor knockout mice [64–66], we tested three
strains of mice (the background strains used to produce the gene knockouts; 129Sv/
Ev, C57Bl/6, and Swiss Webster) in male sexual behavior. Figure 4 shows the data
on number of mounts, intromission, and ejaculations and intromission and mount
latencies during male/estrus female tests of 1500 s duration (25 min). In 129Sv/Ev
and C57Bl/6 strains, wild-type (WT) mice had significant higher sexual behavior
levels than the respective 5-HT1A-receptor knockout mice. Swiss Webster mice
hardly showed any sexual behaviors, neither in WT, nor in KO animals, making
conclusions impossible.
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5-HT1B-receptor knockout mice (in 129/SV-ter strain) have a lower baseline of
sexual behavior than the corresponding wild-type mice [61]. TFMPP, a 5-HT1B-
receptor agonist had no behavioral effects in 5-HT1B receptor knockout mice, whereas
it dose-dependently decreased male sexual behavior in wild-type mice. Intriguingly,
8-OH-DPAT also dose-dependently decreased male sexual behavior in WT and had,
at these doses, no effect in the KO mice. In another mouse strain (NMRI),
8-OH-DPAT had also inhibitory effects on male mouse sexual behavior [67].

There appears a clear species difference between mice and rats regarding
5-HT1A-receptor modulation of male sexual behavior. In contrast, such a species
difference is not present in 5-HT1B-receptor modulation. 5-HT1B-receptor agonists
inhibit both male aggression and sexual behavior in mice and rats. Selective 5-HT1A-

Figure 2.
Time course of sexual behavior of male rats treated with vehicle (top), (�)-8-OH-DPAT (middle), and
eltoprazine (bottom) at behaviorally active dosages. M = mount, I = intromission, PEL = post-ejaculatory
interval, ES = ejaculation series, EL = ejaculation latency, ML = mount latency, IL = intromission latency.
Numbers (1, 2, 3, … ) indicate in which ejaculation series (ES) the behavior parameter is scored.
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receptor antagonists (e.g., WAY100,635) have no intrinsic behavioral effects in
either sexual or aggressive behavior, either in mice or rats [68–76]. No studies have
been published on effects of 5-HT1A-receptor antagonists on male aggression or
sexual behavior in 5-HT1A or 5-HT1B-receptor knockout mice.

There are limited data on chronic treatment with 5-HT1A- or 5-HT1B-receptor
agonists on male sexual behavior. Flesinoxan, a classic 5-HT1A-receptor agonist, was
given twice daily for 14 days at 2.5 mg/kg, IP. Animals were tested acutely,
subchronically (after 7 days) and chronically (after 14 days) on sexual behavior
against an estrus female. Acutely, flesinoxan had pro-sexual effects, but no effects
were observed after chronic administration, suggesting some tolerance [77]. The
effects of a selective 5-HT1B-receptor agonist CP-94253 (injected subcutaneously
four times daily with 5 mg/kg) were also tested acutely and after 7 and 14 days.
CP-94253 inhibited sexual behavior at all time points, showing that it did not induce
tolerance [77].

Removing (gene knockout) 5-HT1A receptors from all neurons normally bearing
them (serotonergic somatodendritic autoreceptors) and non-serotonergic neurons
with 5-HT1A heteroreceptors [29] has behavioral consequences for male sexual
behavior but not for male aggressive behavior. Removing 5-HT1B receptors from
serotonergic synapses (inhibitory autoreceptors) and inhibitory postsynaptic
5-HT1B heteroreceptors) has contrasting effects on male sexual and aggressive
behavior: male 5-HT1B receptor knockout mice have reduced sexual behavior,
whereas male aggressive behavior is enhanced [78, 79].

Figure 3.
Effects of a 5-HT1A-receptor agonist ((�)-8-OH-DPAT) and a 5-HT1B-receptor agonist (eltoprazine) on
male sexual behavior of Wistar rats. The number of ejaculations (top left), mounts (left bottom), and
intromissions (right bottom) and the ejaculation latency (top right-in seconds) are shown. 8-OH-DPAT was
subcutaneously administered 30 min before testing; eltoprazine orally 60 min before testing. * indicates
significant difference (p < 0.05) from vehicle (0 mg/kg). In the figures of ejaculation latency and number of
mounts and intromission, at higher doses of eltoprazine, no data are available because of absence of sexual
behavior. Data are derived from [63] and Olivier-unpublished 1991.
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Development of a tissue-specific and temporally conditional 5-HT1B-receptor
mouse model [80] brought more insight. It was shown that aggressive behavior is
mediated by developmental expression of 5-HT1B heteroreceptors. Whole-life,
whole-brain elimination of 5-HT1B receptors led to enhanced aggression, like pre-
sent in constitutive knockout mice [78, 79]. Rescue of 5-HT1B-receptor expression in
early postnatal development, but not in adulthood, ameliorated aggression. It was
shown that forebrain 5-HT1B heteroreceptors mediated this aggression phenotype,
while reduction of 5-HT1B autoreceptors had no effect on aggression. Apparently, a
developmental sensitive period exists, during which the presence of serotonin
affects the development of adult aggression.

4. Are effects of 5-HT1A-receptor agonists and 5-HT1B-receptor agonists
on male aggression and sexual behavior mediated by presynaptic
(autoreceptor) or postsynaptic (heteroreceptor) serotonin receptors?

The big question is whether specific effects induced by activating very hetero-
geneous 5-HT1 (A or B) receptors on very specific behavioral systems (aggression and
sexual behavior) that are functioning via specific and localized neural circuitry in

Figure 4.
Sexual behavior parameters of 5-HT1A-receptor knockout (5-HT1AKO) and wild-type (WT) mice of three
different strains. Latencies are expressed in seconds. Statistics: Repeated measures analysis with two time points.
* P < 0.05; ** P < 0.005; # P = 0.07.
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the brain can be influenced via the extremely nonspecific influence of autoreceptors
on the serotonergic cell bodies (5-HT1A autoreceptors) or the serotonergic synaptic
endings (5-HT1B autoreceptors). Remarkable is at least that selective 5-HT1A-recep-
tor antagonists, blocking somatodendritic autoreceptors and basically leading to
enhanced 5-HT release in serotonergic synapses, do not induce behavioral effects
(at least in aggression and sexual behavior). Of course, the enhanced 5-HT levels are
also not able to stimulate 5-HT1A heteroreceptors because 5-HT1A receptor antago-
nists block these too, but other 5-HT receptors are not blocked and could be instru-
mental in emerging behaviors. This apparently does not happen: 5-HT1A receptor
antagonists are generally intrinsically silent, i.e., they do not exert intrinsic behav-
ioral effects [51, 71, 74]. Whether 5-HT1B autoreceptors plus serotonin transporters
completely compensate for the effects of blocking 5-HT1A receptors on 5-HT release
is largely unknown, but seems less likely. Although certainly not conclusive, we
postulate that the pro-sexual effects of 5-HT1A-receptor agonists on male sexual
behavior are mediated via postsynaptic 5-HT1A heteroreceptors. Abundant presence
of 5-HT1A receptors in areas containing (parts of) neural circuitry involved in all
aspects of sexual behavior (e.g., the hypothalamic circuitries [52, 55]) makes this a
likely hypothesis, although microinjection of selective 5-HT1A receptor ligands in
nodes of these circuits is badly needed.

In aggression, the role of 5-HT1A receptors is also not evident. Although 5-HT1A-
receptor agonists have strong anti-aggressive effects in various aggression models in
rodents (intermale aggression, resident-intruder aggression, colony aggression,
isolation-induced aggression, and others [62, 81], these anti-aggressive effects often
coincide with associated nonspecific behavioral effects such as sedation or motor
retardation [29, 71, 76]. The selective but low efficacy 5-HT1A-receptor agonist S-
15535, acting preferentially as a 5-HT1A-receptor autoreceptor agonist and as a
(partial) 5-HT1A-heteroreceptor antagonist, rather selectively decreased aggressive
behavior [76], suggesting that the “classical” 5-HT1A-receptor agonists (that acti-
vate auto- and heteroreceptors) induce the “nonspecific” anti-aggressive effects via
heteroreceptor activation.

The emergence of so-called “biased” or “functionally selective” 5-HT1A-receptor
agonists yielded the possibility to study selectively presynaptic 5-HT1A-
autoreceptors versus postsynaptic 5-HT1A-heteroreceptors. F15599 is an extremely
effective 5-HT1A-heteroreceptor agonist, with relatively low activity at
autoreceptors [57, 82]. F13714 is also an effective 5-HT1A-receptor agonist, but
primarily activates 5-HT1A-autoreceptors [57, 82]. Both “biased” agonists have anti-
aggressive effects in extremely aggressive (violent) semi-wild rats [72]: no differ-
ence in their anti-aggressive profile was found, making conclusions about specific
roles of pre- versus postsynaptic 5-HT1A receptors in aggression more complex.

Although all 5-HT1A-receptor agonists upon acute administration seem to inhibit
aggressive behavior in mice and rats, classic 5-HT1A-receptor agonists such as
8-OH-DPAT and flesinoxan do not inhibit aggression induced by electrical stimula-
tion in the hypothalamic attack area (HAA) in male rats [6, 12, 81, 83]. It is
remarkable and unexpected that direct activation of “aggression neurons or
circuitry” in the HAA (including the VMHvl) cannot be inhibited by activation of
5-HT1A receptors in the brain. This sharply contrasts by 5-HT1B-receptor activation
(e.g., by eltoprazine, fluprazine, or TFMPP) that dose-dependently decreases
attacks (measured by enhanced stimulation thresholds), but does not influence
locomotion thresholds (or even decrease them) and also dose-dependently reduces
teeth chattering, an associated (autonomic) aggressive element [6, 12, 81, 83].

5-HT1B-receptor agonists inhibit offensive aggression in mice, rats, and other
species (e.g., monkeys and pigs) [29, 62, 84]. Other groups have confirmed that
activation of 5-HT1B receptors leads to reduction of aggression [71, 85]. Support for
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an important role of postsynaptic 5-HT1B receptors has been found by the Miczek
group [86, 87] and several other sources [88]. Overwhelming evidence suggests that
postsynaptic (heteroreceptor) 5-HT1B receptors are involved in the mediation of
specific anti-offensive aggression (serenic) activity [29]. Considerable efforts still
need to be made to unravel the neural localization of these postsynaptic 5-HT1B

receptors, because several conflicting data exist.
A weak and underreported aspect of aggression (and sexual behavior) research

is that studies are almost only performed after acute administration. No chronic
aggression studies with 5-HT1A-receptor agonists have been performed as far as we
are aware. For 5-HT1B-receptor agonists, some chronic aggression studies in mice
and rats were performed. Fluprazine, an early serenic [90, 91], was tested in wild
house mice that were selected for a high level of aggression, measured by the attack
latency when confronted with a male opponent [89]. Sixteen wild male mice of the
SAL-line were selected for Short Attack Latencies (<100 s) and were trained in
three successive 10-min trials to reach a stable short attack latency (Figure 5A-pre
value). In the fourth trial, eight mice received saline (IP) and eight mice received
fluprazine (20 mg/kg IP, 30 min before testing). Figure 5A shows the strong anti-
aggressive activity of acutely administered fluprazine. Chronic administration was
performed using osmotic minipumps. Saline had no effects on the latency time,
whereas after 7 days of 400 mg/kg/day via minipump administration, fluprazine
had strong anti-aggressive activity (Figure 5B). Although the chronic effects of
fluprazine seemed diminished compared with acute dosing, it was unknown
whether a dose of 400 mg/kg/day led to comparable plasma levels of fluprazine
than after acute administration, although some tolerance (desensitization of 5-HT1B

receptors) might be possible. However, this seems unlikely seen the results of a
chronic study with eltoprazine in male Tryon Maze Dull (TMD-S3) rats, a strain

Figure 5.
Effects of fluprazine on attack latencies (sec) of wild house mice selected for aggressive behavior. Panel A shows
the acute effects of vehicle and fluprazine 20 mg/kg IP. Panel B shows the effects after 7 days treatment of
chronic vehicle or chronic fluprazine (200 mg/kg SC) administered via Alzet® osmotic minipumps [89].
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with a high level of residential aggression [92]. After initial training, male rats were
used for the resident-intruder test during a 4-week treatment period. Eltoprazine
(0, 1, and 3 mg/kg PO) was given 60 min before a 10-min aggression test. Acutely,
eltoprazine reduced offensive aggression without any effects on social and nonso-
cial behaviors. Subsequently, eltoprazine or vehicles were daily administered for
4 weeks, and a resident-intruder test was performed once weekly. The anti-
aggressive effects of eltoprazine remained stable over the 4-week period, whereas
exploration was enhanced, but no adverse effects were found. After a washout of 1-
week aggressive behavior returned to baseline. These data showed no tolerance for
the anti-aggressive effects of eltoprazine [93]. In a comparable study using osmotic
minipumps for 7 days with 20-mg/kg/day eltoprazine, also no evidence was found for
tolerance to the anti-aggressive activity confirming the specificity of the effects [94].

5. Overview of serotonin, sexual behavior, and aggression

Table 1 summarizes effects of 5-HT1A and 5-HT1B-receptor agonists on male
sexual and aggressive behavior in mice and rats. 5-HT1A-receptor agonists enhance
male sexual behavior in the rat, but decrease it in the mouse. In contrast, 5-HT1A-
receptor agonists decrease male aggression in most offensive aggression models in
mice and rats, although not in a very essential model, HAA stimulation in rats and
behavioral effects are often not very specific, and induced side effects such as
sedation or sensoric-motor disturbances might be (co)-causative in the reduction of
offensive behavior.

In contrast, 5-HT1B-receptor agonists show highly specific anti-aggressive
effects in all offensive aggression models and also reduce male sexual behavior.
Neither 5-HT1A-receptor antagonists, nor 5-HT1B-receptor antagonists exert any
behavioral effects in either male aggression or male sexual behavior models.
Chronic administration of 5-HT1A-receptor agonists seems to induce tolerance,
whereas 5-HT1B-receptor agonists do not.

These profiles favor 5-HT1B-receptor agonists over 5-HT1A-receptor agonists
with regard to anti-aggressive activity, whereas 5-HT1A-receptor agonists may have
a role in pro-sexual effects that may be useful in certain male human sexual
dysfunctions, e.g., delayed ejaculation.

In the following part, the history of the development of specific anti-aggressive
(offensive) drugs is depicted (Box 1).

5-HT1A receptor 5-HT1A receptor 5-HT1B receptor 5-HT1B receptor

Ligand Species Sexual behavior Aggression Sexual behavior Aggression

Agonist Rat

Agonist Mouse

Antagonist Rat O

Antagonist Mouse nt

Knockout Mouse

= increase; = decrease; = no effect; nt = not tested.

Table 1.
Summary of effects of 5-HT receptor ligands on male aggressive and sexual behavior in mice and rats.
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The discovery and development of drugs, specifically aimed at reduction of pathological aggression and
destructive behavior in psychiatric patients, were started halfway the seventies of last century by Philips-
Duphar in the Netherlands. It was already at that time clear that pathological destructive behavior,
sometimes named “aggressive,” “violent,” “agitated,” or “dysfunctional,” is widely present in psychiatric
and neurological disorders and cannot, even up to this time, adequately be treated with psychotropic drugs.
A striking variety of drugs were and are used in patients with these severely troubled behavioral
disturbances, including neuroleptics or hypnotics, mainly used for their sedative properties,
benzodiazepines, lithium, beta-blockers antidepressants and anticonvulsants [95].

In the mid-seventies, Philips-Duphar started a search for specific anti-aggressive drugs. At that time,
the pre-molecular era, there was no clue for which target to search, and consequently, the quest for anti-
aggressive drugs was steered by animal aggression models and tests [96]. One of the authors (BO) was hired
by Philips-Duphar because of their expertise and background in aggression models and brain mechanisms
involved in aggression [29]. Throughout the sixties and seventies, pharmacological laboratories used simple
but often unnatural animal models involving various aspects of agonistic behaviors (offense, defense,
flight) to detect psycho-activity of newly synthesized drugs; the aim was not to detect “anti-aggressive”
drugs as therapeutics but merely a read-out for psychoactive effects. For example, neuroleptic activity in a
molecule could be easily detected using isolation-induced fighting in male mice [97]. Such models are
functionally simple to run and score and therefore extremely suitable for screening, but they do not reveal
the mechanism of action and do not predict the specificity of the observed effect and cannot distinguish the
compound tested from any other compound that shows pharmacological activity in the model or test.

Because we had no clue about a mode of action to pursue specific anti-aggressive activity in a molecule
at that time, a behavioral cascade of animal models of aggressive behavior was created. The “isolation-
induced aggression” test in male mice was the primary screening test to determine an ED50 (in mg/kg
orally) for aggression reduction. As this measure did not reveal the specificity of the anti-aggressive
activity, further tests were developed to measure the behavioral specificity of the aggression reducing
effects of psychoactive drugs. By using ethological methods in mice and rats [94] and combined lead-
finding and screening of more than 2000 new chemical structures, some phenylpiperazine analogues were
found that fulfilled primary pharmacological criteria for a non-sedative anti-aggressive structure. In 1980,
after a dedicated search for optimal anti-aggressive activity, DU27716 (fluprazine) was selected for further
development. Fluprazine and its later successors (eltoprazine, batoprazine) showed the specific anti-
aggressive profile in which offensive aggression was reduced, whereas social behavior and exploration were
not affected. This profile has been depicted as SERENIC [98]. Eltoprazine was taken into clinical
development up to phase 2B, but for several reasons, no phase 3 studies were initiated. Unfortunately, since
then (1994), no new developments in the search for serenics have been undertaken.

Serenics were found and developed based on a purely translational basis: animal models of aggression
predicting human (pathological) aggression [62]. Although a risky approach, no target-specific search was
possible, as the putative underlying mechanisms of action were unknown. In the course of time, however, it
became clear that serenics interacted with central serotonergic (5-HT) systems. In the 1980s, the rapid
development of receptor binding techniques and the discovery of subtype receptors of various
neurotransmitters played an increasing role in the unraveling of the mode of action of drugs. The most
prominent feature of serenics was their affinity for serotonergic receptors. Over time [62] it became clear that
serenics (eltoprazine) have high affinity for 5-HT1 receptors, specifically for 5-HT1A and 5-HT1B receptors.
Further research has shown that eltoprazine exerts its serenic activity because of its (partial) agonistic activity
at 5-HT1A and 5-HT1B receptors. There is evidence [88, 99, 100] that serenic activity is mediated
postsynaptically via 5-HT1B receptors [84], although a role for 5-HT1A receptors cannot be excluded [71].

Although serotonin has been considered for a long time as a very important neurotransmitter in the
modulation of aggression and impulsivity [101], it does not work in isolation; other neurotransmitters
clearly play an important role too [86, 102]. Apparently, however, serotonin is a key player in modulation of
aggression mechanism and circuitry; a PUBMED search (March 22, 2021) on “aggression” coupled to
“serotonin” yields 3010 hits, with “dopamine” 1627 hits, with “noradrenaline” 849 hits, with “GABA” 705
hits, whereas with other neurotransmitters yields lower hits.

The specific search for serenics, independent of the underlying molecular target, has not been pursued
after the development stop of eltoprazine in 1994. Since then, fundamental research on aggression has
dwindled for some time although many relevant studies in man and animal are still pursued. Verhoeven and
Tuinier [103] pleaded for continued research into serenics, strongly supported by Coccaro et al. [101] who
“hoped that new insights into the neurobiology of aggression will reveal novel avenues for treatment of this
destructive and costly behavior.” The recent surge in applying new techniques in neurobiology has also
brought exciting findings in the circuitry and genetics of aggression that might facilitate future search for
new serenics.

Box 1.
Serenics: Drugs with specific anti-aggressive activity.
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Chapter 6

Experimental Serotonin 
Syndrome: Effects of  
GABA-ergic Medications and 
5-HT2-Antagonists
Rumen Nikolov and Kalina Koleva

Abstract

Serotonin syndrome (SS) is a potentially life-threatening adverse drug effect 
that occurs after an overdose or combined administration of two or more drugs that 
increase the serotonin levels. In humans, SS is represented by a triad of symptoms 
including mental status changes, neuromuscular hyperactivity and autonomic 
dysfunction. The manifestations of the syndrome observed in rodents resemble the 
symptoms of SS in humans. Theoretically, SS can occur as a result of stimulation 
of any of the seven families of the serotonin receptors. However, most data support 
the involvement of 5-HT1A and 5-HT2A receptors. A number of studies indicate the 
effectiveness of 5-HT2 antagonists and GABA-ergic agents in the treatment of the 
hyperthermia and other symptoms of SS in rats. Therefore, animal models of SS 
may help to further elucidate the mechanism of its development and the possibilities 
for its treatment.

Keywords: 5-HT2 antagonists, GABA-ergic agents, serotonin syndrome, rats

1. Introduction

Serotonin syndrome is a drug-induced condition caused by medications that 
increase intrasynaptic serotonin levels. It is characterized by a triad of symptoms 
that includes neuromuscular hyperactivity, altered mental status and autonomic 
dysfunction.

The syndrome was first described in 1960 as “Indolamine syndrome” in patients 
on therapy with monoamine oxidase inhibitors (MAOIs) who develop symptoms of 
serotonin syndrome after taking tryptophan – a serotonin precursor [1]. Since then, 
the number of reported cases of serotonin syndrome has increased significantly. The 
medical community’s attention to serotonin syndrome was drawn in 1984 by the 
unusual death of 18-year-old Libby Zion in a New York City hospital, which may have 
been linked to the development of serotonin syndrome after concomitant use of an 
MAOI and opioid analgesic. The opioid analgesic pethidine was administered to the 
girl suffering from depression and taking the antidepressant phenelzine, which led to 
the development of a fatal serotonin syndrome [2, 3].

Of all serotonergic drugs, antidepressants are the most common cause of sero-
tonin syndrome, and recent data suggest that the most common drug combination 
associated with serotonin syndrome is that between selective serotonin reuptake 
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inhibitors (SSRIs) and opioids [2]. As a relatively rare adverse drug reaction, the 
incidence of serotonin syndrome is difficult to be calculated during randomized 
controlled trials [4]. Moreover, it is estimated that over 85% of physicians are 
unaware of the condition [5]. The non-specific manifestation of the syndrome 
leads to its difficult recognition and underreporting, which further complicates 
the determination of its incidence. It is considered that serotonin syndrome occurs 
in 15% of patients who overdose on selective serotonin reuptake inhibitors. The 
actual incidence of serotonin syndrome is thought to be significantly higher than 
reported [6–8].

2. Molecular mechanism of serotonin syndrome development

Serotonin syndrome results from an increase in intrasynaptic serotonin levels 
caused by overstimulation of both central and peripheral serotonin receptors  
[9, 10]. Theoretically, serotonin syndrome can occur as a result of stimulation of 
any receptor of all seven serotonin receptor families [11]. However, the role of 
5-HT1A and 5-HT2A is most often mentioned [6, 7, 11, 12]. Moreover, the 5-HT2A 
receptor is thought to mediate the most serious consequences of the serotonin 
syndrome (Table 1).

Some authors suggest that the development of serotonin syndrome requires the 
accumulation of a critical amount of serotonin. However, studies show that this 
level of serotonin is probably different for each patient. Experimental studies in 
animal models of serotonin syndrome have shown that other neurotransmitters 
such as noradrenaline (NA), N-methyl-D-aspartate (NMDA), gamma-aminobutyric 
acid (GABA) and dopamine may also play a role in the development of serotonin 
syndrome but their role is not fully understood [6, 13].

It is shown that in serotonin syndrome CNS serotonin levels increase between 
40 and 140 times. At the same time, dopamine levels are increased 10 to 44 times 
[14, 15]. Other studies indicate overactivation of the noradrenergic system with 
a rise in NA levels up to 15.9 times in serotonin syndrome, but the cause remains 
unknown. Some authors explain this increase in NA levels with activation of 
5-HT2A receptors. This is supported by the fact that no significant increase in NA 
was observed with prior administration of ritanserin and pipamperone which act as 
antagonists of these receptors. On the other hand, there is evidence of the involve-
ment of 5-HT1A receptors, although the administration of 5-HT1A antagonists 
does not prevent the increase in NA levels [14, 15]. The degree of NA increase may 

Receptor Function related to serotonin toxicity

Type Subtype

5-HT1 5-HT1A neuronal inhibition, thermoregulation, hyperactivity associated with anxiety, 
hypoactivity associated with depression

5-HT1D locomotion, muscle tone

5-HT2 5-HT2A neuronal excitation, vasoconstriction, platelet aggregation

5-HT2B smooth muscle contraction

5-HT3 — nausea and vomiting

5-HT4 — increased GIT motility

5-HT = 5-hydroxytryptamine (serotonin); GIT = gastrointestinal tract.

Table 1. 
Serotonin receptors associated with the serotonin syndrome development [10–12].
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be related to the prognosis of serotonin syndrome, although it is not fully under-
stood. At the same time, some of the observed symptoms of autonomic instability 
may be due to an overactivated noradrenergic system [14].

3. Implicated drugs

Drugs and substances that increase serotonin levels are known as serotonergic, 
and a mechanism by which they do that are as follows:

• Increased serotonin synthesis

• Increased serotonin release

• Activation of serotonergic receptors

• Serotonin reuptake inhibition

• Inhibition of serotonin metabolism

The full list of all serotonergic substances is long, but antidepressants and, 
in recent years, some opioids take the central place. It is important to note that 

Mechanism Implicated drugs

Increased serotonin 
synthesis

Dietary supplements: L-tryptophan

Increased serotonin 
release

Illicit substances: Amphetamines
Opioids: Tramadol, Oxycodone, Pethidine
Antidepressants: Mirtazapine
OTC drugs: Dextromethorphan

Activation of 
serotonergic receptors

Antidepressants: Mirtazapine, Trazodone
Opioids: Fentanyl, Pethidine
Anxiolytics: Buspirone
Antimigraines: Triptans

Serotonin reuptake 
inhibition

Antidepressants: Bupropion, Nefazodone, Trazodone;
SNRIs (Venlafaxine, Desvenlafaxine, Duloxetine);
SSRIs (Fluoxetine, Fluvoxamine, Paroxetine, Sertraline, Citalopram, 
Escitalopram);
TCAs (Amitriptyline, Nortriptyline, Imipramine, Desipramine, Clomipramine, 
Amoxapine, Doxepin, Maprotiline, Trimipramine);
Opioids: Tramadol, Pethidine, Tapentadol, Levomethorphan, Levorphanol, 
Methadone, Pentazocine, Dextropropoxyphen, Fentanyl, Remifentanyl
OTC drugs: Dextromethorphan
Antiemetics: Ondansetron, Granisetron,
Herbal supplements: Hypericum perforatum (St. John’s wort)

Inhibition of serotonin 
metabolism

MAOIs: Tranylcypromine, Phenelzine, Isocarboxazid, Nialamid, Iproniazid, 
Pargyline, Clorgiline, Moclobemide, Toloxatone
Antibiotics: Linezolid
Dyes: Methylene blue
Triptans: Sumatriptan, Rizatriptan,, Zolmitriptan, Almotriptan, Eletriptan, 
Frovatriptan, Naratriptan
Anxiolytics: Buspirone
Herbal supplements: Hypericum perforatum (St. John’s wort)

Table 2. 
Implicated drugs [5–7, 16–19].
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substances with serotonergic activity include not only antidepressants and opioids 
but also a number of other drugs used in everyday medical practice – some antibi-
otics, antiemetics, anxiolytics, antipsychotics, as well as over-the-counter drugs 
(OTC), dietary supplements, some illicit drugs and more [5–7, 16–19].

Some of the antidepressants, opioids, and other drugs reported in the literature 
causing serotonin syndrome, as well as the mechanisms by which they increase 
serotonin levels are listed in Table 2.

4. Experimental serotonin syndrome

The term “serotonin syndrome” in animals was first used in 1979 by Hwang 
and Van Woert [20, 21]. Manifestation of serotonin toxicity has been described in 
various animal species, however, most literature data, respectively most studies, are 
available on the development of serotonin syndrome in mice and rats [20].

In contrast to humans, in whom the symptoms of serotonin syndrome are well 
defined, the literature describes a wide variety of manifestations and different 
combinations of responses characterizing the development of serotonin syndrome 
in rodents.

There is considerable heterogeneity in the animal models reported in the litera-
ture. The use of different assessment methods, different response sets and different 
scales in assessing the effects of increased serotonergic tone limits quantitative 
comparisons of laboratory results. In this regard, Haberzettl et al. [20] conducted a 
systematic literature review of the described models of serotonin syndrome in rats 
and mice and evaluated the observed behavioral and autonomic manifestations. 
Based on the frequency of behavioral manifestations, the team divides them into 
traditional and additional, distinguishing those that reliably characterize the devel-
opment of serotonin syndrome in rodents. The described behavioral and autonomic 
symptoms of serotonin syndrome in rats are presented in Table 3.

It is widely believed that 5-HT1A receptors mediate most behavioral manifesta-
tions of serotonin syndrome in rats [22–31]. In support of this are studies demon-
strating the induction of serotonin syndrome behaviors by the administration of 
5-HT1A agonists [26, 32, 33] and the induction of a narrower spectrum of manifesta-
tions such as hind limb abduction, a Straub phenomenon and low body posture, 
from the partial 5-HT1A-agonist buspirone [31].

Other behavioral responses such as head weaving and wet dog shake, are medi-
ated by 5-HT2A receptors [22, 34–37]. For example, head weaving in rats induced 
by the administration of the non-selective MAO inhibitor phenelzine and the SSRI 
paroxetine was dose-dependently antagonized by 5-HT2 antagonists [35, 37]. In 
addition, head weaving caused by the administration of a 5-HT2A/2C agonist has been 
antagonized by the administration of a 5-HT2A antagonist, but not by a 5-HT2C/2B 
antagonist [38].

The analysis of Haberzettl et al. showed that the most common autonomic 
dysregulation manifestation observed in rats with serotonin syndrome is the change 
in the body temperature. The hyperthermic reaction observed is thought to be 
mainly related to the activation of 5-HT2A receptors [14, 39]. Experimental studies 
confirmed the involvement of 5-HT1A and 5-HT2A receptors in thermoregulation in 
rats. For example, blockade of 5-HT2 receptors by ketanserin or pirenperone causes 
a decrease in body temperature, while blockade of 5-HT1A receptors by pindolol 
results in an increase in body temperature [40].

Although not a mandatory manifestation of serotonin syndrome, hyperther-
mia is one of the leading causes of observed mortality in experimental serotonin 
syndrome. In both animals and humans, it is hyperthermia that mainly causes 
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complications. Such complications in humans could include seizures, rhabdomy-
olysis, myoglobinuria, metabolic acidosis, renal failure, acute respiratory distress 
syndrome, respiratory failure, disseminated intravascular coagulation (DIC 
syndrome), coma and death [6].

The manifestation of serotonin syndrome observed in rodents resembles the 
manifestation of serotonin syndrome in humans (Table 4). For example, neuro-
muscular manifestations such as tremor and muscle rigidity have been observed 
in both humans and rodents. Myoclonus, which is a clinical symptom of serotonin 
syndrome in humans, in rodents may manifest as head twitches and forepaw tread-
ing. The Straub phenomenon observed in rodents may refer to the muscle rigidity 
observed in humans [21]. According to autonomic dysregulation manifestation, 
changes in body temperature occur in both rodents and humans.

The most difficult to differentiate in animals is the third group of symptoms 
typical for the manifestation of serotonin syndrome in humans - mental status 
changes. However, hyperactivity and to some extent the hyperreactivity observed in 
rodents are associated with agitation observed in humans. Moreover, it is important 

Behavioral manifestations Autonomic manifestations

Traditional Additional

forepaw treading
head weaving
hind limb abduction
low body posture
Straub phenomenon
tremor
backward walking

body twitches
chewing
head shakes
head twitches
hyperactivity
hyperreactivity
locomotor activity (increased or 
decreased)
myoclonus
rearing
wet dog shake

body temperature (increased or 
decreased)
lower lip retraction
penile erection
pyloric erection
salivation

Table 3. 
Serotonin syndrome manifestation in rats.

Symptoms/manifestations of 
serotonin syndrome

Humans Rodents

Neuromuscular disorders clonus
tremor
hyperreflexia
muscle rigidity
myoclonus

head weaving
tremor
hind limb abduction
Straub phenomenon
low body posture
backward walking

Autonomic dysfunction diaphoresis
hyperthermia 
(>38 °C)
diarrhea
shivering

change in body temperature (increase 
or decrease)

Mental status changes agitation
confusion
hyperactivity
hypomania
anxiety

hyperactivity
hyperreactivity

Table 4. 
Symptoms and manifestations of serotonin syndrome in humans and rodents – Comparison.
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to note that the current criteria for diagnosing serotonin syndrome in humans, 
Hunter’s criteria, do not include as a mandatory diagnostic criterion changes in 
mental status, which confirms the validity and applicability of the animal model of 
serotonin syndrome [21].

Two classical models of serotonin syndrome in rats have been described in the 
literature induced by concomitant administration of serotonergic substances with 
different mechanisms of action: 5-HTP (100 mg/kg i.p.) - a precursor of serotonin 
and clorgyline (2 mg/kg i.p.) - selective MAO-A inhibitor [14] and fluoxetine 
(10 mg/kg i.p.) - a selective serotonin reuptake inhibitor and tranylcypromine 
(3.5 mg/kg, i.p.) - a non-selective MAO inhibitor [12].

5.  Effect of GABA-ergic drugs on experimental models of serotonin 
syndrome

Many central neurotransmitters, such as serotonin, norepinephrine, dopamine, 
acetylcholine, GABA and glutamate, are involved in the thermoregulation. GABA is 
a major central inhibitory neurotransmitter involved in thermoregulatory processes. 
The role of GABA as a thermoregulatory neurotransmitter or modulator is suggested 
by the good distribution of the mediator in the hypothalamus, confirmed by auto-
radiographic and immunohistochemical studies [41–43] and its central action. In 
addition, GABA-ergic neurons, as well as postsynaptic GABAA-ergic receptors have 
been identified in PO/AH (preoptic area/anterior hypothalamus) [44–46].

Potentiation of the central inhibitory effect of GABA is achieved by several 
different mechanisms, including allosteric modulation of GABA receptors (benzo-
diazepines, barbiturates, Z-hypnotics, propofol and fospropofol), direct GABA- or 
GABA-receptor agonist action (respectively muscimol, baclofen), increased 
synthesis of GABA (e.g., gabapentin, pregabalin, sodium valproate), inhibition of 
enzymatic degradation of GABA (e.g., vigabatrin, sodium valproate) and inhibition 
of neuronal or glial uptake of GABA (e.g., tiagabine).

Benzodiazepines mediate their pharmacological effects by enhancing the 
inhibitory effect of GABA on the CNS by binding to a specific modulating site on 
GABAA-ergic receptors containing 1, 2, 3 or 5 alpha-subunits. Benzodiazepines 
have no affinity for receptor complexes containing 4 or 6 alpha-subunits [47]. 
Activation of specific benzodiazepine receptors by diazepam or other benzodiaz-
epines increase the frequency of GABAA-associated chloride channel opening [48].

The pharmacological activity of valproic acid is expressed in potentiation of 
GABA-ergic neurotransmission and prolongation of the inactivation of voltage-
dependent neuronal sodium channels [49]. Sodium valproate is thought to increase 
brain GABA concentration by the following mechanisms: (1) inhibition of GABA-
transaminase enzyme activity and decreased GABA degradation [50] 2) stimulating 
GAD activity [51] and increasing GABA synthesis; (3) decreased GABA turnover 
[52]. Vigabatrin (gamma-vinyl GABA) is a vinyl-substituted analogue of GABA that 
selectively and irreversibly inhibits the activity of the enzyme GABA-transaminase 
(GABA-T) and significantly increases the concentration of GABA in the brain [53].

After central and systemic administration of diazepam, sodium valproate, 
and vigabatrin dose-dependent decreases of body temperature in rats is observed 
[54–57]. GABA-induced hypothermia has been suggested to be mediated by GABAA 
and/or GABAB receptor activation [58, 59]. The hypothermic effect of sodium val-
proate and vigabatrin occurs later than diazepam-induced hypothermia, which can 
be explained by their indirect mechanism of potentiation of GABA-ergic mediation.

These results are further confirmed in our studies, where we found that 
substances with a GABA-ergic mechanism of action such as diazepam, sodium 
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valproate and vigabatrin effectively reduced the hyperthermic response in experi-
mental serotonin syndrome in rats induced by concomitant administration of 5-HTP 
(100 mg/kg i.p.) - a precursor of serotonin and clorgyline (2 mg/kg i.p.) - selective 
MAO-A inhibitor [14]. The reduction in serotonergic-induced hyperthermia with 
pretreatment of GABA-mimetic drugs is most likely due to an increase in central 
GABA-ergic neurotransmission through activation of GABAA receptors (e.g., diaz-
epam) as well as through indirect action by increasing GABA concentration (e.g., 
sodium valproate, vigabatrin). These results on the hyperthermia associated with 
serotonin syndrome support the hypothesis of an interaction between the GABA-
ergic and serotoninergic systems in thermoregulatory processes.

In our studies, after the concomitant administration of 5-HTP (100 mg/kg i.p.) 
and clorgyline (2 mg/kg i.p.), a model of serotonin syndrome with typical behav-
ioral and autonomic manifestations developed. Tremor occurs 10 minutes after 
injection, the hyperthermic reaction develops at 30 minutes, and the maximum 
value is observed 60 minutes after injection of the substances. All animals in this 
group died between 60 and 90 minutes after injection of serotonin. Pretreatment 
with diazepam at a dose of 5 mg/kg i.p. reduced the hyperthermic reaction at 
30 and 60 min compared to the group with a model of serotonin syndrome, 
in which saline was administered prior to the injection of serotonergic agent. 
Administration of sodium valproate at a dose of 300 mg/kg i.p. reduced the 
hyperthermic reaction at 30 and 60 min compared to the group with a model of 
serotonin syndrome, in which saline was administered before the injection of 
serotonergic substances [56, 60]. Additionally, in another of our experiments, we 
used a modified model of serotonin syndrome induced by the concomitant admin-
istration of fluoxetine (10 mg/kg i.p.) - a selective serotonin reuptake inhibitor 
and clorgyline (2 mg/kg i.p.) - selective MAO-A inhibitor. Vigabatrin at a dose of 
300 mg/kg i.p. significantly decreased the hyperthermic response between 150 
and 300 min in rats with a serotonin syndrome model, compared to the group with 
a model of serotonin syndrome in which only saline was administered before the 
injection of the serotonergic substances [57, 61].

In summary pretreatment with diazepam (5 mg/kg i.p.), sodium valproate 
(300 mg/kg i.p.), and vigabatrin (300 mg/kg i.p.) decreased hyperthermia in 
different experimental models of the serotonin syndrome. These results suggest 
involvement of interactions between GABA-ergic and serotonergic systems in the 
processes of thermoregulation.

We assume that in addition to direct GABA-ergic mechanisms, interactions 
between neurotransmitters or mediator systems are involved in the influence of 
hyperthermia in serotonin syndrome by GABA-ergic substances. Presynaptic 
GABAB receptors affect the release of norepinephrine, dopamine, and 5-hydroxy-
tryptamine [62]. Expression of predominantly GABAB receptors has been found in 
most of the serotonin and catecholamine neurons in the nuclei of the brainstem, 
which are involved in the regulation of autonomic functions [63]. Interactions 
between the GABA-ergic and serotonergic systems are mediated by presynaptic 
heteroreceptor GABAB-inhibition of 5-HT release or by G-protein-coupled inter-
action between 5-HT1A and GABAB-ergic receptors [64].

6.  Effect of 5-HT2-antagonists on experimental models of serotonin 
syndrome

Hyperthermia is the most common cause of complications of life-threatening 
forms of serotonin syndrome in humans and is one of the leading causes of mortality 
reported in experimental models of serotonin syndrome [6, 7].
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As already mentioned, several studies indicate the role of 5-HT2A receptors in 
the development of a hyperthermic response in rats. In this regard, the effect of a 
number of 5-HT2 antagonists in influencing the hyperthermic response in experi-
mental serotonin syndrome has been studied. Some of the serotonin antagonists 
investigated are cyproheptadine, ritanserin, ketanserin, mirtazapine, some anti-
psychotics such as chlorpromazine, risperidone and olanzapine [8, 11–15]. Results 
demonstrate a significant involvement of the 5-HT2A receptors in the development 
of hyperthermic response in experimental serotonin syndrome [65].

Studies have shown that cyproheptadine effectively affects the hyperthermic 
response in an experimental model of serotonin syndrome. Moreover, a com-
parative study demonstrates that, unlike other 5-HT2 antagonists, it prevents 
both the development of serotonin syndrome and the mortality of experimental 
animals [14, 66].

The role of atypical antipsychotics in the treatment of serotonin syndrome has 
been increasingly discussed in the last few years, given that most atypical antipsy-
chotics work primarily by blocking 5-HT2 receptors [67].

Moreover, temperature dysregulation is a documented side effect of antipsy-
chotic drugs [68–72]. That most often manifests in the development of hyper-
thermia, a life-threatening symptom characteristic of the malignant neuroleptic 
syndrome (MNS). Data from various clinical cases, summarized in recent years by 
van Marum [68] and Zonnenberg [69, 70], show that the use of classical or atypical 
antipsychotics carries the risk of developing another, less well-documented adverse 
drug reaction, namely hypothermia. In humans, hypothermia is defined as a body 
temperature below 35 ° C, distinguishing three degrees: mild (33–35 ° C), moderate 
(28–33 ° C) and severe (<28 ° C) hypothermia [69].

Although the hypothermic effect of antipsychotics is less known than the 
hyperthermic one expressed in MNS, analysis of the literature data shows that 
there are almost equal reports of hypothermia (480 cases) and hyperthermia 
(524 cases) associated with the use of antipsychotics. Zonnenberg et al. consider 
that the actual incidence of hypothermia associated with the use of antipsychot-
ics is at least 10 times higher than the documented [69]. For the first time, the 
development of hypothermia after the use of antipsychotic drugs was described 
by Loughnane in a 26-year-old patient on chlorpromazine therapy [73].

The analyzes of van Marum et al. and Zonnenberg et al. indicate that hypo-
thermia most often occurs one week after starting antipsychotic therapy or after 
increasing the dose. They also indicated that the use of atypical antipsychotics 
was more common (approximately 55% of cases), with risperidone being the 
most commonly reported [68, 69, 74]. Mild hypothermia associated with low-dose 
risperidone has also been observed in a child with verbal and physically aggressive 
behavior [75].

Analyzes by van Marum and Zonnenberg show that antipsychotics with a higher 
affinity for blocking 5-HT2A than D2 receptors are more often associated with the 
development of hypothermia [68, 69]. This is also confirmed by experimental and 
clinical studies which demonstrate that the atypical antipsychotics olanzapine and 
risperidone cause a decrease in body temperature indicating that the mechanism of 
hypothermic action is associated with blockade of 5-HT2 receptors [72, 74–76].

7. Conclusion

From all data reported thus far, it can be concluded that 5-HT2 receptors and 
the GABA system are strongly involved in the development of hyperthermia in 
serotonin syndrome and the mortality associated with it.
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Drug-induced hyperthermia is resistant to the action of classical antipyretics 
therefore their use is not recommended. The use of acetylsalicylic acid and other 
classical antipyretics not only has no effect in the case of drug-induced hyperther-
mia but may even cause a worsening of the course of the hyperthermic reaction. In 
our opinion, due to the proven hypothermic effect of the mentioned GABA-ergic 
drugs and 5-HT2-antagonists, their use in the therapeutic regimen of hyperthermia 
in specific hyperthermic syndromes is appropriate.

The similarity in the manifestation of the syndrome in rats and humans can 
serve as a basis for further elucidation of the mechanism of development of sero-
tonin syndrome in humans. The animal model of serotonin syndrome can be used 
to study drugs and drug combinations that pose a potential risk of developing 
serotonin syndrome in humans and the possibilities for its prevention.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Role of 5-HT in Cerebral Edema 
after Traumatic Brain Injury
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Abstract

The pathogenesis of edema after traumatic brain injury is complex including the 
destruction of micro-vessels and alterations in microcirculation around the pri-
mary injury and leakage of plasma constituents into the tissue, due to permeability 
changes of the vessel walls. Many functional molecules like histamine, serotonin, 
arachidonic acid, prostaglandins and thromboxane have been shown to induce 
blood–brain barrier (BBB) disruption or cell swelling. It is believed that released 
5-HT binds to 5-HT2 receptors stimulating cAMP and prostaglandins in vessels that 
cause more vesicular transport in endothelial cells leading to serum component’s 
extravasation. The additional amount of serotonin into the tissue due to injury 
maintains the state of increased vascular permeability that ultimately causes edema. 
Serotonin is clearly involved in early cytotoxic edema after TBI. Reduction of 
serotonin in the nervous tissue reduces swelling and the milder cell changes in the 
brain or spinal cord of traumatized rats. Inhibition of serotonin synthesis before 
closed head injury (CHI) in rat models or administration of serotonin antiserum 
after injury attenuates BBB disruption and brain edema volume swelling, and brain 
pathology. Maintaining low serotonin levels immediately after injury may show 
neuroprotection and combat various secondary outcomes that occur after traumatic 
brain injury.

Keywords: TBI, 5-HT (5-Hydroxytryptamine), cerebral edema, BBB permeability, 
brain damage, neuroprotection

1. Introduction

Traumatic brain injury (TBI), the principal cause of morbidity and mortality is a 
serious medical problem in people under 40 years of age. As a major cause of death, 
it is a major worldwide concern and due to lifetime disability it also puts a huge 
burden on society [1]. Despite the scale of this public health crisis, no effective TBI 
therapies currently exist [2]. The hope for effective treatment is derived from the 
fact that much of the post-traumatic damage to the injured brain is caused by a sec-
ondary injury cascade of consecutive pathophysiological events, including opening 
of the blood–brain barrier (BBB), formation of edema, excitotoxicity, inflammatory 
response activation, oxidative stress and ultimately cell death, which exacerbates 
the primary injury [3]. While a variety of factors lead to elevated TBI-related mor-
tality and morbidity, the occurrence of cerebral edema with brain swelling remains 
the most important outcome that contributes to morbidity and mortality [4]. In the 
first week after traumatic brain injury, considering the prevalence of cytotoxic (or 
cellular) edema, brain swelling can only occur with the addition of water from the 
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vasculature to the cranial vault. As such, blood–brain barrier permeability control 
has been a subject of recent research that aims to treat brain edema [4]. Many 
functional molecules like histamine, serotonin, arachidonic acid, prostaglandins 
and thromboxane have been shown to induce BBB disruption or cell swelling. It is 
believed that released 5-HT binds to 5-HT2 receptors stimulating cAMP and prosta-
glandins in vessels that cause more vesicular transport in endothelial cells and also 
leading to serum components extravasation [5].

It is well known that serotonin (5-hydroxytryptamine, 5-HT) is involved in 
emotional disorders, such as depression and schizophrenia [6]. 5-HT has a role in 
cerebral edema after TBI [7]. Serotonin has been reported to increase nitrogenoxide 
(NO) tissue levels, and NO contributes to inflammation by increasing vascular 
permeability, which leads to edema formation [8, 9]. Activation of the 5-HT2B 
receptor induces endothelium-dependent NO release [10]. Increased calcium levels 
in endothelium lead to NO formation through the eNOS pathway, followed by a 
cGMP-dependent mechanism to increase vascular permeability [11]. Therefore, it 
seems likely that 5-HT may play a significant role in edema after traumatic insults 
to the brain. Therefore, in the present chapter the role of endogenous 5-HT in BBB 
breakdown and in edema formation is discussed as a pharmacological approach to 
alleviate cerebral edema after TBI.

2. Pathophysiology of cerebral edema

After brain injury, secondary complications like cerebral edema are a pressing 
medical problem and can increase mortality to nearly 80% if severe [12]. Cerebral 
edema and brain swelling are estimated to account for up to 50% of patient mor-
tality following traumatic brain injury [4]. Cerebral edema is now understood 
to develop in stages, where each stage is marked by distinct morphological and 
molecular changes [13]. Minutes after acute central nervous system (CNS) injury, 
cytotoxic edema or cellular swelling manifests itself. After cytotoxic edema, ionic 
edema, an extracellular edema that arises in the presence of an intact blood brain 
barrier (BBB), forms immediately. Hours after the initial insult, vasogenic edema, 
an extracellular edema which involves extravasation of plasma proteins manifested 
[13]. Neurons are considered as fragile cells and cannot survive without support 
from other cell types. So, in addition to provide neuroprotection, a new aim for 
acute brain injury research is to investigate and attenuate mechanisms of endothe-
lial, astrocytic, and microglial dysfunction and, thereby, create an environment 
permissible to neuronal survival. It follows that cerebral edema, a phenomenon 
arising from astrocyte and endothelium dysfunction, is an important subject for 
fundamental research and therapeutic intervention [13].

The term BBB refers to an organization of different cell types that separates the 
luminal contents of the cerebral vasculature from the brain interstitium. Brain ISF, 
which interacts openly with cerebrospinal fluid (CSF), is designed for neuronal 
activity and differs from blood serum because it includes higher levels of Cl− and 
Mg2+ and lower concentrations of K+, Ca2+ and HCO3− [14]. The Virchow Robin 
space and the astrocyte endfeet that are part of BBB are recognised as important 
anatomical components of the so-called “cerebral glymphatic system” [15]. This 
system is designed to account for CSF movements observed in the healthy brain that 
can operate from the parenchyma to clear solutes such as amyloid beta and promote 
the transport of tiny lipophilic molecules, particularly during sleep [15–17].

A pathological rise in the water mass contained by the interstitial space of the 
brain is cerebral edema. Cytotoxic edema is swelling of oncotic cells, resulting in 
fluid accumulation intracellular rather than extracellular and is best considered as 
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a precursor to extracellular ionic edema. A mass effect that exerts pressure on the 
surrounding shell of tissue is caused by brain swelling. The rigid enclosure of the 
skull magnifies this pressure rise, which puts an upper limit on the volume to which 
the brain can expand. It exerts mechanical forces on the skull interior as the brain 
swells, thereby increasing intracranial tissue pressure. Capillary lumens collapse 
as tissue pressure reaches capillary pressure, precipitating a feed forward phase 
in which the surrounding shell ischemia induces more edema development and 
further swelling in the next shell [18].

Two key theories exist about the immediate source of the new water mass 
required for brain swelling. In one theory, water, driven by osmotic forces, travels 
from the capillary lumen into the parenchyma and is transmitted through capil-
lary endothelial cells. In support of the first theory, local blood perfusion status 
is closely correlated with the formation of ionic edema [19]. Magnetic resonance 
imaging (MRI) reveals that edema is first observed in regions of peri-infarction 
that are actively perfused in human stroke [20]. However, acceptance of this theory 
is not universal, as there are doubts about the levels of expression of widely cited 
molecular mechanisms for influx of ions and water via endothelium in the brain 
[21]. A recent explanation of the glymphatic system has led to the formulation of 
a second theory, in which CSF is the immediate source of water and ions. In this 
theory, swelling occurs when the influx of CSF into the parenchyma is increased 
and/or interstitial fluid (ISF)efflux is impaired, a condition that precipitates the 
parenchymatic relative accumulation of ISF [21]. The two theories do not account 
well for the formation of vasogenic edema.

Cytotoxic edema is a premorbid cellular process also known as cellular edema, 
whereby extracellular Na+ and other cations enter into neurons and astrocytes 
and accumulate intracellularly due to failure of energy-dependent mechanisms of 
extrusion. This process takes place following CNS injury in all CNS cell types, but 
is especially prevalent in astrocytes. Astrocyte swelling tends to be a response of 
astrocytes to injury and occurs rapidly following a number of forms of CNS injury, 
including ischemia, trauma, hypoglycemia, epileptic status, and fulminant hepatic 
failure [14]. In the development of cerebral edema and swelling, cytotoxic edema is 
an important initial stage, as it generates the driving force for the influx of ionic and 
vasogenic edema, which induces swelling. As a consequence of primary active trans-
port or secondary active transport, osmolite cellular influx may occur. A continuous 
supply of adenosine triphosphate (ATP) is needed for primary active transport 
to provide energy for “pumps” such as the Na+/K+-ATPase and Ca2+ATPase [13]. 
Secondary active transport utilises the potential energy stored in transmembrane 
ionic gradients that was previously generated through primary active transport. 
Secondary active transporters include ion channels and cotransporters such as the 
Na+/K+/Cl− co-transporter (NKCC) [1, 22] and the Na+/Ca2+ exchanger. After many 
types of CNS injury, intracellular ATP becomes depleted and due to that mechanism 
independent of intracellular ATP, like secondary active transport, are more likely to 
be involved in the formation of ionic edema [13]. NKCC1 is constitutively expressed 
by astrocytes in all region of the adult brain [22–24]. In vitro experiments using 
cultured primary astrocytes is shown that NKCC1 leads to cell swelling in conditions 
of high extracellular potassium [25, 26]. In vivo, swelling is decreased by the NKCC1 
inhibitor bumetanide after trauma and ischemia [27–29].

Acute CNS injury activates a program of molecular changes in the neurovascular 
unit before and after transcription that leads to the development of endothelial 
“permeability pores” and subsequent loss of BBB integrity. Based on the key sub-
stances undergoing transcapillary motion, progressive endothelial dysfunction can 
be organised into three stages, i.e. ionic edema, vasogenic edema, and hemorrhagic 
conversion [13].
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Vasogenic edema is a type of extracellular edema characterized by BBB break-
down, in which a pore of transendothelial permeability develops that allows the 
interstitial brain compartment to extravasation of water and plasma proteins such 
as albumin and IgG. Capillary structural integrity, unlike hemorrhage, is main-
tained during vasogenic edema in such a way that erythrocyte passage is prevented 
[30]. It is thought that the three phases of endothelial dysregulation occur sequen-
tially, although the speed of change between phases possibly depends on the form 
and severity of injury. In addition, since many etiologies of brain endothelial 
dysregulation and cerebral edema are focal in nature, brain tissue typically displays 
a complex spatiotemporal pattern of the various stages of endothelial dysregulation. 
Significant gaps still remain in our understanding of how specific proteins contrib-
ute to cerebral edema [13].

3. Serotonergic role in development of cerebral edema

In many brain disorders, edema is a severe complication, including traumatic 
injury. Traumatic brain edema pathogenesis is complex and involves physical 
disruption of microvessels, microcirculatory changes in and around the primary 
injury, and changes in the permeability of the vessel walls that contribute to plasma 
constituents leaking into the tissue [31]. There are reasons to assume that many of 
these events are caused by a variety of chemical mediators, such as biogenic amines, 
arachidonic acid, leucotrienes, histamine and free radicals, that are released or 
activated in and around the primary lesion [32]. However, the role of serotonin 
(5-hydroxytryptamine, 5-HT) is not well understood in traumatic brain edema. 
In multiple neurological disorders and in pathological conditions, several lines of 
recent evidence suggest a presumptive function of this amine [7]. Major changes in 
the synthesis of serotonin occur in important brain injuries such as stroke, ischemia 
and trauma, as well as in experimental cold injury lesions and other neurological 
diseases [7]. Increased serotonin content occurs after traumatic brain insults in 
the walls of the cerebral vessels, cerebrospinal fluid and brain [5]. In a wide range 
of psychiatric disorders and mental disturbances, irregular serotonin levels in the 
blood and brain have been identified [33]. In cerebral vessels, serotonergic recep-
tors are present and intracarotid, intravenous or intracerebroventricular serotonin 
infusion substantially affects the cerebral circulation and metabolism as well as 
increasing the permeability of the blood–brain barrier (BBB) [7, 32, 34]. Therefore, 
various studies were conducted to examine the function of endogenous 5-HT in 
BBB breakdown, edema formation and early cellular changes in experimental 
models of traumatic brain injury. Therefore, it seems probable that 5-HT could play 
an important role in edema formation and cellular changes following traumatic 
insults to the brain.

Studies show that endogenous depletion of 5-HT before acute insult to the brain 
substantially thwarts the production of edema and early cellular changes, suggesting 
that this amine plays an important role in the pathophysiology of traumatic brain 
injury [35]. Clearly, physical damage to the brain can initiate a cascade of biochemi-
cal and structural events in and around the primary injury [36]. Edema is one of 
those secondary events that may aggravate a primary injury, and studies suggest that 
serotonin could be involved in edema-causing micro vascular reactions [7]. Serotonin 
is present in many neuronal pathways arising from the nuclei of the dorsal raphe and 
leptomeninges mast cells and in blood platelets [33]. Changes in the concentration 
of serotonin most possibly occur during the progression of the injury. At the same 
time as edema is produced, additional quantities of serotonin may be brought in 
from the blood or from neurons. However, biochemical determinations suggest a 
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rise in the serotonin content of the traumatized brain [37]. Serotonin is a powerful 
chemical micro vascular response mediator to cerebral edema [32]. Results of para-
chlorophenylalanine (pCPA) pretreatment before trauma induction are consistent 
with the notion that serotonin plays a role as a vascular permeability-increasing 
compound that contributes to early edema [7, 38]. Para-chlorophenylalanine (pCPA), 
acts as a selective and irreversible inhibitor of tryptophan hydroxylase, which is a 
rate-limiting enzyme in the biosynthesis of serotonin. This is further demonstrated 
by the fact that the degree of cell changes in the periphery of the initial lesion is lower 
in pCPA pretreated rats than in non-treated animals with the same type of injury 
[7]. Therefore, it seems obvious that the decrease in the content of serotonin in the 
nervous tissue is somehow reflected in the decreased swelling and milder changes in 
the brain of traumatized rats. Nevertheless, apart from the effects of serotonin, ara-
chidonic acid release, prostaglandins and thromboxane can synergistically contribute 
to edema formation.

The microdialysis technique was used in the popular carotid artery for intra-
arterial recordings. This new application was found to be a genuinely acceptable 
and effective method that allows direct measurements of HPLC plasma serotonin 
without any further extraction process [39]. Studies show a significant increase in 
downstream plasma serotonin concentrations in response to acute non-occlusive 
common carotid artery thrombosis (CCAT) that appears to be caused solely by 
endothelium photochemical and not photo thermal impact. As a mediator of blood 
brain barrier disturbance and/or irregular cerebral blood flow and/or neuronal 
impairment in ischemic stroke and transient ischemic attacks (TIA’s), the rise in 
serotonin may be of significant importance [39].

3.1 Role of 5-HT2 receptors in formation of edema

5-HT2-receptor antagonists, ketanserin [40] and LY 53857 [41] prevent capsa-
icin-induced mouse ear edema [42]. Antagonists of the 5-HT1-receptor and 5-HT3-
receptor ICS 205–930 and MDL 72222 [43] respectively, had no effect on edema 
caused by capsaicin [42]. The findings clearly indicate that 5-HT is partially involved 
in the development of edema via 5-HT2 receptors. 5-HT is known to induce plasma 
extravasation by direct action on rat microvasculature [44] and to produce vaso-
dilation on peripheral blood vessels through 5-HT1 receptors [44]. A recent study 
indicated that endogenous nitric oxide, in addition to 5-HT receptors, is involved in 
a 5-HT-induced increase in vascular permeability in mouse skin [45]. In addition to 
activation of 5-HT2 receptors, 5-HT plays a role of releasing neuropeptides includ-
ing SP as the second mediator of increased vascular permeability at inflammatory 
sites [46]. Mediators like SP, bradykinin and prostaglandins, on the other hand, can 
release tachykinins from primary afferent terminals [47]. Many functional mol-
ecules like histamine, serotonin, arachidonic acid, prostaglandins and thromboxane 
have been confirmed to induce BBB disruption or cell swelling. It is believed that 
released 5-HT binds to 5-HT2 receptors that stimulate cAMP and prostaglandins in 
vessels that cause more vesicular transport in endothelial cells and leading to serum 
components extravasation. The additional amount of serotonin into the tissue due to 
injury maintains the state of increased vascular permeability that ultimately causes 
edema. Changes in serotonin concentration were detected early after focal traumatic 
injury to the rat spinal cord and were associated with edema formation and altera-
tions in blood flow [35]. Compared to controls, the serotonin concentration in the 
traumatised section increased more than 100 percent in five hours after the injury. 
The water content of the traumatised section estimated 5 h after the injury was also 
gradually increased whereas para-chlorophenylalamine, serotonin synthesis inhibi-
tor, impeded the elevation in water content measured 5 h after the trauma [35].
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3.2 Effect of antibodies to serotonin in closed head injury

Closed head injury (CHI) is a serious clinical issue that leads to immediate death 
for most patients [48]. Swelling of the brain in a closed cranial compartment that 
results in compression of the brain’s vital centers tends to be primarily responsible 
for instant deaths [49]. CNS microhemorrhage, blood–brain barrier (BBB) perme-
ability breakdown, and brain edema development, alone or in combination, are 
primarily responsible for cell damage and long-term neurodegenerative changes 
following CHI [37, 50, 51]. Unfortunately, so far, no effective validated therapies are 
accessible. Efforts to understand the molecular mechanisms of early pathophysi-
ological events in an animal model of CHI are therefore urgently required to explore 
the possible therapeutic potential of different neuroprotective agents in order to 
reduce the development of edema and cell death.

In brain or spinal cord injuries increased plasma and brain levels of serotonin fol-
lowing CHI is seen in previous studies [50, 51]. There was a strong link between this 
rise in tissue serotonin levels and BBB breakdown and edema formation [52]. This 
is further reinforced by the fact that previous inhibition by p-chlorophenylalanine 
(pCPA) of serotonin biosynthesis greatly attenuated the formation of brain edema, 
BBB damage, and cell injury in brain and spinal cord injury [50, 51, 53]. Taken 
together, these findings strongly indicate an important role for serotonin in CNS 
trauma pathophysiology. Subsequent trials of CNS damage using serotonin recep-
tor blocker drugs showed controversial results, however [34, 54, 55]. Blocking of 
5-HT2c and 5-HT1A serotonin receptors improves cognitive function and reduces the 
formation of brain edema at low doses [52, 56, 57], other serotonin receptor antago-
nists, in fact, exacerbated the pathological outcome following brain injury [58, 59]. 
Thus, further research is needed into the role of serotonin receptors in mediating 
brain pathology in CNS injuries. Since serotonin has more than seven receptor types 
with several subtypes of receptors [52, 56, 58]. There can be no clear view on this 
topic of amine involvement using a few unspecific receptor antagonists. In addition, 
the dosage response and time schedule of drug therapy can further affect the final 
outcome [60].

Results from studies demonstrate that intracerebroventricular administration of 
monoclonal serotonin antibodies either 30 min before or 30 min after CHI induced 
profound neuroprotection. Therefore, after CHI, marked decreases in BBB disrup-
tion, brain edema formation, and cell injury were noted in serotonin antiserum-
treated animals. Such novel results indicate that early intervention in CHI with 
serotonin antiserum is neuroprotective [60]. Taken together, these findings suggest 
the active participation of this amine during the early stages of CHI, in the cellular 
and molecular pathways of brain edema formation and BBB breakdown. The neuro-
protective effects of antiserum serotonin in CHI are dose-dependent. This indicates 
that to induce neuroprotection, enough serotonin antiserum is required to block in 
vivo brain serotonin. On the other hand, when given 60 min after CHI, even a high 
concentration of serotonin antiserum was ineffective. This means that serotonin 
involvement is important for brain pathology within 30 minutes of CHI [60].

Elevation in plasma and brain serotonin concentration by intravenous injection 
of serotonin (10 to 20 g/kg/min) in animals without CHI disrupts the BBB func-
tion within 10 min [52, 59, 60]. This effect of the serotonin on BBB interruption is 
reversible. To measure BBB disruption, many approaches are used. Extravasation 
of Evans blue (EB) dye is the most commonly used procedure. Normally, Evans 
blue does not move through the BBB and hence its presence in brain tissue sug-
gests permeability alterations. Thus, when the same dye was administered 2 to 
3 hours after serotonin administration, BBB permeability to Evans blue dye was no 
longer observed. This means that the dosage and length of exposure to serotonin 
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play a significant role in development of brain pathology. This principle is further 
confirmed by the prevention of BBB breakdown by previous serotonin synthesis 
inhibition, which attenuated an increase in plasma and brain serotonin in CHI [60].

BBB permeability breakdown is associated with vasogenic brain edema forma-
tion and cell injury [61–63]. Protein leakage from the vascular compartment via the 
blood–brain interface into the neuronal microenvironment will alter osmotic balance. 
A change in osmotic balance will allow the bulk flow of water from the vascular com-
partment to the cerebral compartments. Furthermore, the release of neurochemical 
mediators of brain edema, e.g. serotonin, prostaglandin, histamine and neuropep-
tides, via particular receptor-mediated pathways, will further affect water transfer 
from blood to the brain. These neurochemicals also cause the BBB process to break 
down. This hypothesis is consistent with a close relationship between the develop-
ment of brain edema, the amount of serotonin and BBB disruption in CHI [60].

3.3 Serotonergic receptors in brain edema

Tissue collected after ischemic insult in gerbils showed two binding sites for 
ketanserin, one with a lower and one with a higher affinity than that found in 
sham-operated and ischemic animal brains. Ketanserin, a quinazoline derivative, is a 
selective 5-HT2 serotonin receptor antagonist with weak adrenergic receptor block-
ing properties. The results strongly suggest that the properties of binding sites for the 
S2 receptor are altered in ischemia-induced cerebral edema [64]. The demonstrated 
regulation of the binding sites of ketanserin appears to correlate with the observed 
attenuated metabolic rate (= increased release) but not with the abnormal brain 5-HT 
levels. Studies indicate that the variations in 5-HT ischemic patterns are most likely 
related to the type and model of ischemia and/or brain structure examined, as well as 
to the 5-HT detection system used [64]. However, in the brains of gerbils subjected 
to 15 min bilateral carotid artery occlusion without recirculation, 5-HT metabolism 
is unquestionably disturbed [65–67]. Therefore, there may be numerous explana-
tions for the lack of apparent changes in the kinetic characteristics of 5-HT2 receptor 
binding sites, especially if the presynaptic region is considered to be the primary site 
of the ischemically disrupted 5-HT pathway. The most critical of these are: (a) the 
insufficient lapse of time (15 min of ischemia) and/or the absence of recirculation 
required for the production of post-synaptic changes; and/or (b) the presence in 
the subcellular compartment of altered 5-HT2 receptor properties obscured by the 
analysis of the entire cortical homogenate rather than the relevant fraction [64].

In neuronal and/or glial and/or vascular postsynaptic membranes, the modified 
5-HT2 receptors may be localized. Desensitization and hypersensitization of the 
receptor sites are demonstrated by the detection of 5-HT2 postsynaptic binding sites 
with lower and higher affinities (indicated by apparent higher KD and lower KD) 
after 1 h of recirculation than those seen in the ischemic and control cortex. Due to 
increased release, reduced uptake and reuptake of 5-HT in the presynaptic regions, 
this could be the result of inappropriately accessible 5-HT at the postsynaptic 
receptor sites [64]. In general, this phenomenon is consistent with the well-known 
agonist-specific desensitization of high levels of hormones and neurohormones 
exposed to cell membranes, whereas their depletion results in supersensitization 
[68]. In addition, in the recovery period (recirculation of 1 and 2 h), the observed 
5-HT2 binding sites with a higher affinity (lower KD) than those seen in ischemic 
and control brains may indicate either an unmasked pre-existing site or an addi-
tional binding site. It can be assumed that the existing disruptions of the 5-HT 
pathway and its adverse effects are not limited to the presynaptic, but also include 
the postsynaptic subcellular compartments, based on the observed changes in the 
properties of S2 receptor binding sites [64].
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In addition, it is conceivable that the presynaptically released 5-HT into the 
synaptic cleft is also able to directly impact the membrane. In this way, unmetabo-
lized 5-HT overflow can lead to increased permeability of the membrane, allowing 
for more pronounced passive ion transfer and water accumulation in the cells [64]. 
This inference is confirmed by the additional increase in Na+ observed, a decrease 
in K+ concentration and a decrease in Na+-K+-ATPase activity at the time of most 
marked cell swelling. In particular, the concomitant occurrence of changes in the 
kinetic properties of S2 receptors and the activity of Na+K+-ATPase is of concern, 
since an increase in PGF2a levels was also observed after the same period of isch-
emia and recirculation. 5-HT can stimulate the development of PGF2a, since this 
amine increases the formation of PGF1a in cultured cerebrovascular elements. 
Nevertheless, it remains to be clarified if 5-HT affects directly or indirectly Na+K+-
ATPase operation [64] list Nevertheless, at the time of the most conspicuously 
increased cellular water in the brain of gerbils subjected to ischemia and recircula-
tion, the observed alteration of 5-HT2 receptors strongly supports the argument of 
5-HT involvement in edema formation and/or progression [64].

4. Neuroprotective role of serotonin after TBI

4.1 In cerebral ischemia

The severity of secondary TBI mechanisms depends on the severity of the injury 
or the primary insult location. Reductions in cerebral blood flow [69, 70] have been 
reported to exceed ischemic levels in conditions of extreme TBI. Cerebral ischemia 
is therefore addressed as one secondary cause of injury that may be involved in brain 
trauma [69, 71]. There is a massive increase in the concentration of both excitatory 
and inhibitory neurotransmitters in the extracellular space during cerebral ischemia 
[72–75]. It has been proposed that over-excitation of neurons triggered by excitatory 
amino acid neurotransmitters plays a major role in the pathogenesis of ischemic 
neuronal destruction [76]. Glutamate induces an influx of Ca2+ and Na+ into the 
neuron by acting on N-methyl-D-aspartate (NMDA) and non NMDA receptors. 
The neuronal membrane depolarizes strongly and can allow Ca2+ to reach the cell 
through additional pathways. These events can lead to a neurotoxic accumulation 
of intracellular Ca2+ [77]. In addition to glutamate antagonists, agents that induce 
neuronal membrane hyperpolarisation may be able to reduce the influx of Ca2+ via 
these ionophores and may exert neuroprotective effects. 5-HydroxytryptaminelA 
(5-HT1A) receptors through Ca2+-independent K+-conductance mediate an inhibi-
tory, hyperpolarizing effect on cortical and hippocampal neurons [78–80]. It has 
been shown that 5-HT1A receptor agonists imitate 5-HT’s hyperpolarizing activity on 
the resting membrane potential, increase the firing threshold, and decrease the fir-
ing rate of hippocampal CAl, cortical, and dorsal raphe neurons [81]. The complex-
ity of 5-HT’s function in cerebral ischemia is probably due to the multiplicity within 
the brain of 5-HT receptors and their distinct distribution and densities. 5-HT1A 
receptors mediate the inhibitory effect on neurons, as mentioned above. However, 
5-HT also stimulates hippocampal and cortical neurons via 5-HT2 receptors [80, 82].

4.2  In neurocognitive and neuropsychiatric disorders following traumatic brain 
injury

Due to variable diagnostic criteria, the prevalence of post-TBI depression varies 
from 6–77% [83], and up to 53% in the first year after injury [84]. The association 
between TBI and the development of neuropsychiatric disorders is well documented 
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[85, 86]. Disruption of the serotonergic system is one unifying factor that underlies 
acquired neuropsychiatric disorders following TBI. As the blood–brain barrier 
cannot be crossed by serotonin, synthesis must occur de novo in the brain. The 
shearing of brain stem axons during TBI effectively interferes with pontine and 
medullary serotonergic projections, resulting in decreased serotonin metabolism 
and production [87–90]. Selective serotonin reuptake inhibitors (SSRIs) are a class 
of antidepressant agents which inhibit serotonin reuptake by presynaptic cell mono-
amine transporters and increase extracellular concentration of serotonin, enabling 
increased serotonin availability in the synaptic cleft and increase activation of 
postsynaptic serotonergic receptors, resulting in increased synaptic signaling. SSRIs 
are involved in regulation of neuronal cell survival and neuroplasticity for the treat-
ment of psychiatric disorders, including depression, obsessive–compulsive disorder, 
bulimia, and panic disorder [91]. Serotonin modulates mood, arousal, emotion, and 
working memory, and thus constitute SSRIs an attractive, treatable, and potentially 
long-term pharmacological intervention for neurocognitive and neuropsychiatric 
deficits post-TBI [92]. Consequently, the judicious use of SSRIs in post-TBI depres-
sion treatment is of great importance and impact.

5. Pharmacological interventions after TBI related to serotonin

A growing number of patients are surviving with residual neurological impair-
ments due to improvements in the treatment of head trauma. A commission of 
the National Institute of Health reports that there are currently 2.5 to 6.5 million 
Americans with TBI-related disabilities [93]. Information from various disciplines 
and professions beginning at the time of injury and continuing through the recovery 
process is required for successful treatment of TBI. In both the sub-acute (less than 
1 month post TBI) and chronic (more than 1 month post TBI) stages, pharmaco-
therapy is used. Selective serotonin reuptake inhibitors (SSRIs) have been found to be 
helpful in the treatment of behavioral syndromes in patients with TBI, especially in 
the sub-acute recovery phases [94], but also in chronic settings. Most studies indicate 
that SSRIs enhance neurobehavioral, neurocognitive, and neuropsychiatric deficits, 
especially agitation, depression, psychomotor retardation, and recent memory loss, 
but most of the information comes from non-randomized studies. Similarly, bupro-
pion boosts the levels of both dopamine and norepinephrine and is a weak serotonin 
reuptake inhibitor. This agent has been effective in treating restlessness at 150 mg per 
day [95]. For anxiety, depressed mood, and deficits in psychomotor pace and recent 
memory, sertraline administered at an average dose of 100 mg daily for 8 weeks was 
found to be beneficial but shorter treatment durations have shown no benefit [94]. 
There was a strong link between the rise in tissue serotonin levels and BBB breakdown 
and edema formation [52]. This is further reinforced by the fact that previous inhibi-
tion by p-chlorophenylalanine (pCPA) of serotonin biosynthesis greatly attenuated 
the formation of brain edema, BBB damage, and cell injury in brain and spinal cord 
injury [53]. Blocking of 5-HT2c and 5-HT1A serotonin receptors improves cognitive 
function and reduces the formation of brain edema at low doses [52, 56]. Thus, 5-HT2 
receptor functions need to be explored more in the development of cerebral edema 
and this can be used as pharmacological intervention to reduce cerebral edema.

6. Conclusion

Due to permeability changes in the vessel walls, the pathogenesis of edema 
after traumatic brain injury is complex, including disruption of micro vessels and 
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changes in microcirculation around the primary injury and leakage of plasma 
constituents into the tissue. To cause BBB disruption or cell swelling, several func-
tional molecules such as histamine, serotonin, prostaglandins and thromboxane 
are involved. The 5-HT released is believed to bind to 5-HT2 receptors stimulat-
ing cAMP and prostaglandins in vessels that trigger further vesicular transport 
in endothelial cells, leading to extravasation of the serum portion. Serotonin is 
involved in early cytotoxic edema after TBI. Reduction of serotonin in the nervous 
tissue is shown to reduce swelling and the milder cell changes in the brain or spinal 
cord of traumatized rats. Inhibition of serotonin synthesis before CHI in rat models 
or administration of serotonin antiserum after injury attenuates BBB disruption 
and brain edema, volume swelling, and brain pathology. BBB disturbance and 
brain edema, volume swelling, and brain pathology are attenuated by inhibition of 
serotonin production before CHI in rat models or the administration of serotonin 
antiserum after injury. Immediately after injury, maintaining low serotonin levels 
can demonstrate neuroprotection and fight various secondary outcomes that occur 
after traumatic brain injury.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Serotonin Pathway in 
Neuroimmune Network
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Abstract

Once considered merely as a neurotransmitter, serotonin (5-HT) now enjoys 
a renewed reputation as an interlocutor in the dense and continuous dialogue 
between neuroendocrine and immune systems. In the last decades, a role has been 
depicted for serotonin and its derivatives as modulators of several immunological 
events, due to the expression of specific receptors or enzymes controlling 5-HT 
metabolism in diverse immune cell types. A growing body of evidence suggests that 
the effects of molecules belonging to the 5-HT pathways on the neuroimmune com-
munication may be relevant in the clinical outcome of autoimmune/inflammatory 
pathologies of the central nervous system (CNS), such as multiple sclerosis, but 
also in Alzheimer’s disease, or in mood disorders and major depression. Moreover, 
since the predominance of 5-HT is produced by enterochromaffin cells of the 
gastrointestinal tract, where 5-HT and its derivatives are important mucosal signal-
ling molecules giving rise to the so-called “brain-gut axis”, alterations in brain-gut 
communication are also involved in the pathogenesis and pathophysiology of 
several psychiatric and neurologic disorders. Here we illustrate how functional 
interactions between immune and neuronal cells are crucial to orchestrate tissue 
homeostasis and integrity, and the role of serotonin pathway components as pillars 
of the neuroimmune system.

Keywords: neuroimmune system, tryptophan metabolism, serotonin, 
N-acetylserotonin, melatonin, indoleamine 2,3-dioxygenase

1. Introduction

It’s now widely accepted that the immune system and neuroendocrine system 
function in close association of each other, to such an extent that it’s possible to refer 
to them as “neuroimmune system” [1]. The interactions that take place within the 
neuroimmune system involve the production and use of immune factors, as well as 
neuroendocrine mediators, in a role-playing game where it’s impossible to trace the 
belonging of specific molecules exclusively in one of the two systems. The constant 
dialogue between the participants to the neuroimmune communication in the CNS 
and in the periphery not only allows the fine tuning of the immune response, but 
also the synaptic plasticity, and alterations in the propagation of neuroimmune 
messages may account for several immune-mediated and psychiatric diseases.

Here we examine the role of serotonin and its derivatives in the neuroimmune 
communication and we highlight the importance of an appropriate balance between 
the production of tryptophan metabolites for the maintenance of the neuroimmune 
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homeostasis. Moreover, we give a perspective on how the regulation of the meta-
bolic pathways leading to different tryptophan metabolites, including serotonin 
and derived molecules, could represent a significant pharmacological target for the 
treatment of various CNS diseases.

2. Serotonin pathway in the neuroimmune system: an overview

Under physiological conditions, the majority of Tryptophan (Trp) is degraded 
along the kynurenine pathway (KP) and only about 1% is metabolized into sero-
tonin (5-HT) in the so-called methoxyindoles pathway (Figure 1). This metabolic 
route begins with the transformation of Trp into 5-hydroxytryptophan and then 
into serotonin through two consecutive reactions catalyzed by the enzymes tryp-
tophan hydroxylase (TPH) and 5-hydroxytryptophan decarboxylase (AADC). 
Subsequently, the rate-limiting enzyme arylalkylamine N-acetyltransferase 
(AANAT) promotes the acetylation of serotonin into N-acetylserotonin (NAS), 
which, in turn, serves as a substrate for the hydroxyindole-O-methyl transferase 
(HIOMT or acetylserotonin O-methyltransferase, ASMT) to generate melatonin. 
Then, melatonin can be cleaved by indoleamine 2,3-dioxygenase 1 (IDO1) in a non-
specific reaction and transformed into N-acetyl-N-formyl-5-methoxykynurenamine 
(AFMK). Additional enzymatic or oxidative pathways other than IDO1 are respon-
sible for the generation of AFMK from the common precursor. Specifically, AFMK 
can arise from reaction of melatonin with hydroxyl radical and the subsequent 
interaction of the new-born melatonyl species with superoxide anion [2]. Moreover, 

Figure 1. 
Tryptophan metabolism along the kynurenine, serotonin and indole pathways. The majority of tryptophan 
is converted into kynurenine, whereas only about 1% is metabolized into serotonin. A small amount of 
tryptophan is used by the gut microbiota to produce indole derivatives. AADC, aromatic amino acid 
decarboxylase; AANAT, arylalkylamine N-acetyltransferase; ALDH, aldehyde dehydrogenase; AFMK, 
acetyl-N-formyl-5-methoxykynurenamine; ArAT, acromatic amino acid aminotransferase; ASMT, 
N-acetylserotonin O-methyltransferase; 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; 
5-HTTP, 5-hydroxytryptophan; IA, indoleacrylic acid; IAA, indoleacetic acid; Iald, indole-3-aldehyde; IAAld, 
indole-3-acetaldehyde; IAM, indole-3-acetamide; IDO1, indoleamine 2–3-dioxygenase 1; ILA, indolelactic 
acid; INMT, indolethylamine-N-methyltransferase; IPA, indole-3-propionic acid; IPYA, Indole-3-pyruvate; 
KAT, kynurenine aminotransferase; KMO, kynurenine-3-monooxygenase; KYNU, kynureninase; MAO, 
monoamine oxidase; NAD+, nicotinamide adenine dinucleotide; NAS, Nacetylserotonin; TDO2, tryptophan 
2,3-dioxygenase; TMO, tryptophan 2-monooxygenase; TPH, tryptophan hydroxylase.
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melatonin can yield to AFMK either by directly scavenging hydrogen peroxide or 
serving as a substrate of neutrophils’ myeloperoxidase [3, 4].

Serotonin is a double life metabolite acting as neurotransmitter and peripheral 
hormone [5]. As a matter of fact, about 5% of the total serotonin is synthesized by 
serotoninergic neurons and operates within the CNS, while the majority of human 
body’s serotonin is produced by enterochromaffin cells (EC) located in the gastro-
intestinal tract (GI). A significant amount of gut serotonin is released in the blood-
stream where it is rapidly absorbed and stored by platelets and, to a lesser extent, by 
immune cells [6]. Although both TPH and AADC are necessary for the production 
of serotonin, TPH is the rate-limiting enzyme, as demonstrated by its weak affinity 
for any other amino acid and by the reduced serotonin levels upon pharmacologic or 
genetic ablation of the enzyme [7]. TPH exists into two isoforms that mainly differ 
in terms of cellular localization, i.e. TPH1- expressed by EC cells - and TPH2, found 
in central neurones [8].

The balance between the biosynthesis and the metabolism affects the bioavail-
ability of serotonin. Indeed, besides the main branch of methoxyindoles pathway 
that yields to AFMK as end product, three additional catabolic reactions are respon-
sible for the biotransformation of serotonin into metabolites mainly excreted with 
the urine [9]. In particular, through the catalysis mediated by IDO1, monoamine 
oxidases (MAO) or indolethylamine-N-methyltransferase (INMT), serotonin is 
converted into formyl-5-hydroxykynurenamine, 5-hydroxyindoleacetic acid and 
N-methylserotonin, respectively. Although rapidly metabolized, serotonin can be 
taken up by serotonin reuptake transporters (SERT) expressed in the CNS, platelets, 
GI and peripheral vasculature; once in the cytosol, the metabolite is immediately 
packaged into vesicles by vesicular monoamine transporter (VMAT) that prevents 
further degradation by mitochondrial MAO. Calcium-dependent exocytosis, such 
as that triggered during an inflammatory response or vascular injury, is responsible 
for the release of serotonin from the storing vesicles.

As an archetype of chronobiological hormone, melatonin is mainly produced by 
the pineal gland in response to circadian rhythm, i.e. the concentration of melato-
nin rises in the darkness and decreases in the daytime [10]. Along with melatonin, 
pineal NAS levels are higher at night than during the day, as opposed to pineal 
serotonin whose concentration peaks with the lightering. The rhythmic rotation 
between daily and nightly profiles of pineal indoles is controlled by the circadian 
clock located in the suprachiasmatic nuclei of the hypothalamus [11]. In homeo-
static conditions during the darkness, the norepinephrine-mediated activation of 
adrenergic receptors results in an increase of cytosolic calcium and cAMP, which 
activate the protein kinase A (PKA) with the consequent phosphorylation of the 
cAMP response element binding protein (CREB). Phosphorylated CREB migrates 
into the nucleus and induces the transcription of Aanat gene, thus fuelling the 
synthesis of NAS and melatonin. Moreover, PKA phosphorylates AANAT, protect-
ing the enzyme from the proteasomal degradation.

This central clock not only ensures the adaptation of living organisms to the 
cyclic and seasonal environmental changes, but also allows the efficient handling of 
immune responses [12]. If on one hand, pineal melatonin can regulate the immune 
responses and rhythmically vary the immune system’s components, on the other 
hand signals sent by immune cells can be perceived by pineal gland as feedback for 
the regulation of melatonin production [13, 14]. This back and forward switch in 
melatonin biosynthesis, namely immune-pineal axis, is considered the cornerstone 
of the neuroendocrine-immune network that allows the communication between 
immune, nervous and endocrine systems [15].

Pathogen-associated molecular patterns (PAMPs, such as bacterial lipopolysac-
charide and viral double stranded RNA) as well as danger-associated molecular 
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patterns (DAMPs; including tissue debris and amyloid β peptide) trigger the shift 
between pineal and extra-pineal melatonin synthesis. By interacting with their 
cognate receptors, PAMPs and DAMPs promote the nuclear translocation of the 
transcription factor nuclear factor κ-light-chain-enhancer of activated B cells 
(NF-κB), which binds to the promoter of target genes coding for pro-inflammatory 
mediators as well as of anti-inflammatory factors involved in the later recovery 
phase. Aanat is one of the genes whose transcription is regulated by NF-κB either 
positively or negatively, depending on cellular microenvironment. Specific NF-κB 
dimers allow the activation of the immune system in synch with the relocation of 
melatonin production from the pineal gland to the activated immune cells and vice 
versa. In the pinealocytes, the homodimer p50/p50 inhibits Aanat transcription, 
while in macrophages the heterodimer RelA/c-Rel induces Aanat gene expression 
and thus fuels the local melatonin production [16]. Whilst macrophages-derived 
melatonin promotes their migration to damaged tissue and enhances their phago-
cytic capacity, it is the indole metabolite itself that directly ends the process through 
the inhibition of NF-κB activity [17, 18]. The blockage of NF-κB re-establishes the 
homeostatic conditions and shifts the synthesis of melatonin from immune cells 
to pinealocytes. Moreover, during the recovery phase, melatonin is assisted by the 
adrenal cortex hormones (namely corticosteroids) in reducing the nuclear content 
of pineal p50/p50 homodimer, leading to an increase of Aanat transcription and 
thus more feed for melatonin synthesis [19].

3. Serotonin and its metabolites in immune cells

In the guise of both neurotransmitter and hormone, serotonin contributes to 
the regulation of several physiologic processes, such as central and peripheral 
functions, including sleep, mood and appetite as well as heart functionality, 
intestinal mobility and vascular tone among the most relevant. Accumulating 
evidences suggest that non-neuronal serotonin is also endowed with immu-
noregulatory properties. As a matter of fact, several immune cells possess the 
machinery to synthesize, store, respond to and take serotonin up from the micro-
environment [20]. Changes in serotonin levels have been reported in patients with 
chronic inflammation and autoimmune dysfunctions, including multiple sclerosis 
(MS), rheumatoid arthritis and inflammatory bowel disease [21]. Drugs that 
modulate serotonin signalling, such as the selective serotonin reuptake inhibi-
tors (SSRIs), appear to affect peripheral immunity. By blocking the reuptake of 
serotonin, SSRIs have found a place as anti-depressant in the clinical practice and 
only recently their ability to influence T lymphocytes proliferation, apoptosis and 
cytokines’ production has emerged [22].

3.1 Serotonin receptors expression in cells of the innate immune system

In mammals, seven families of serotonin receptor (5-HTRs) have been identi-
fied (Table 1) [23]. All 5-HTRs belong to the G-protein coupled receptor (GPCR) 
superfamily, with the exception of 5-HT3R, which is a ligand-gated ion channel 
permeable to calcium, sodium and potassium, whose activation leads to a rapid 
depolarization of the plasma membrane. The members of the GPCR-like serotonin 
receptors activate an intracellular signaling cascade that involves Adenylyl cyclase 
(AC) and phospholipase C (PLC) as effector systems [23]. 5-HT1R and 5-HT5R 
are negatively coupled with AC and thus their activation results in a reduced 
cAMP. Conversely, 5-HTRs 4, 6 and 7 are positively associated with AC with the 
consequent raise of cAMP levels. Upon serotonin binding, 5-HT2R signals through 
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PLC-mediated release of inositol triphosphate and diacylglycerol, which increases 
intracellular calcium levels.

By virtue of the ubiquitous expression of the 5-HTRs and the different intracel-
lular pathways activated, the biology of serotonin appears to be somewhat intricate 
and this accounts for its pleiotropic functions. 5-HTRs have been identified on 
murine and human innate immune cells, including neutrophils, monocytes, 
macrophages, dendritic cells (DCs), mast cells and natural killer cells [24]. The 
modulatory effects of serotonin on DCs depends on their maturity state, as 5-HTRs 
are differentially located on mature (mainly expressing 5-HT4R and 5-HT7R) and 
immature (expressing 5-HT1BR and 5-HT2BR) cells [25]. The overall literature 
agrees on the role of serotonin in modulating migration, morphology and cyto-
kines’ production by human and murine DCs. Through the activation of 5-HT4R 
and 5-HT7R, indeed, the monoamine affects the differentiation capacity of human 
monocytes to DCs, and increases the release of the anti-inflammatory cytokine 
IL-10, meanwhile the engagement of 5-HT7R results in increased expression of 
C-C chemokine receptor type 7 (CCR7), an important receptor involved in DCs 
 migration [25, 26].

Although the expression of several 5-HTRs has been described in both human 
macrophages (5-HT1AR, 5-HT2AR, 5-HT2BR, 5-HT3R and 5-HT7R) and monocytes 
(5-HT2AR, 5-HT3R, 5-HT4R and 5-HT7R) at transcriptional level, only specific 

Target Subtype Ligand Type of immune cells expressed on

5-HT1R A Serotonin Mast cells, Monocytes, Macrophages, NK 
cells, T and B cells

B Immature DCs, T cells

E Immature DCs, Monocytes

5-HT2R A Monocytes, Macrophages, Eosinophils, T and 
B cells

B Monocytes, Macrophages, immature DCs

C Macrophages

5-HT3R Monocytes, Macrophages, DCs, T and B cells

5-HT4R Monocytes, Macrophages, mature DCs

5-HT5R Unknown

5-HT6R Unknown

5-HT7R Monocytes, Macrophages, mature DCs, T and 
B cells

MT1 Melatonin Monocytes, Macrophages, Nk cells, T cells

MT2

MT3 Melatonin, NAS Neutrophils

RORα/RORβ Melatonin T cells

Free radicals Melatonin, 
AFMK

Macrophages, Neutrophil

COX-2

iNOS

TrKB NAS Neutrophils, Macrophages, DCs

IDO1 DCs

Table 1. 
Molecular targets of serotonin and metabolites thereof, and their expression on immune cells.
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subtypes have been confirmed by molecular and functional studies. Indeed, 
through 5-HT1AR, serotonin can induce the secretion of pro-inflammatory 
cytokines by peritoneal macrophages as well as boosts their phagocytic activity. 
Contrarily, by the engagement of 5-HT2BR and 5HT7R, serotonin promotes the 
polarization of human macrophages toward the anti-inflammatory phenotype [27]. 
The 5-HT1AR is the prevailing receptor involved in inducing mast cells adhesion 
to fibronectin and thus in promoting their recruitment to the inflammatory bed. 
Unlike to other innate immune cells, mast cells express TPH1 enzyme, thus they are 
able to deplete Trp from the microenvironment and de novo synthesise serotonin 
[28]. Thanks to the presence of SERT, mast cells, macrophages and DCs are able 
to take serotonin up, store it in vesicles and subsequently release it in a calcium-
dependent manner, in response to danger signals and inflammatory stimuli.

3.2 Serotonin receptors expression in cells of the adaptive immune system

Serotonin can shape the course of not only innate, but also adaptive immune 
responses, as demonstrated by its co-stimulatory role in the immunological synapse 
between DCs and T lymphocytes. By activating the 5-HT2BR expressed on inflam-
matory monocyte-derived DCs (moDCs), serotonin alters their cytokines’ profile 
and thus interferes with the differentiation of moDCs primed-CD4+ T cells toward 
the inflammatory Th1 and Th17 lymphocytes [29]. Besides indirectly affecting 
the activation of T cells, serotonin can activate the 5-HTRs expressed on T and B 
cells and thus directly influence their phenotype and functions. Pioneering stud-
ies have proposed that the stimulation of 5-HT1AR and 5-HT3R promotes T cells 
proliferation, while the blockage of 5-HT1BR with a specific antagonist decreases 
the cytokines’ production by T lymphocytes and their cell-mediated immunity [30]. 
In naive-T cells, signalling through the 5-HT7R induces the phosphorylation of the 
kinase ERK1/2 and activates the transcription factor NF-κB, converging in IL-2 
synthesis and T-cell proliferation [31].

In addition to 5-HTRs, T cells express the high affinity transporter SERT, whose 
modulation with the selective inhibitors (SSRIs) suppresses T cells proliferation and 
induces apoptosis [32]. Moreover, T lymphocytes possess all the machinery to store, 
produce and degrade serotonin, suggesting an autocrine and paracrine role of the 
monoamine in modulating T cells proliferation and function [33]. As in platelets, 
the secretory ability of T cells can be affected by intracellular serotonin via a process 
known as serotonylation, which is the covalent linking of serotonin to glutamine 
residues of small intracellular GTPases involved in the exocytosis. This process 
occurs right after the monoamine transport into the cell, involves the enzyme trans-
glutaminase for the creation of glutamyl-amide bonds, and results into a constitu-
tive activation of the G-protein dependent signalling cascade [34].

The complexity of peripheral serotonin has emerged since 1999, i.e. since, when 
applied to intestinal preparations, opposite effects appeared depending on the 
conditions [35]. The variety of serotonin functions outside the CNS seems to apply 
also to the role of the monoamine in the regulation of immune responses. Although 
numerous investigations have attempted to fill the gaps in such direction, the 
knowledge in this field remains yet incomplete [20].

3.3 Distribution of receptors for serotonin-derived metabolites in immune cells

Likewise serotonin, melatonin exhibits a functional versatility as it regulates 
several biologic processes, ranging from sleep and circadian rhythm to oxidative 
stress, age and immune function [10, 36, 37]. Mechanistically, the physiologic 
effects of melatonin can be achieved through the binding of membrane and nuclear 
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receptor as well as via receptor-independent pathways; the latter involving the 
interaction with cytoplasmic and mitochondrial proteins [38]. Three different 
subtypes of membrane receptor have been identified, i.e. melatonin receptor type 
1a (MT1), type 1b (MT2) and type 1c (MT3) (Table 1). With the exception of MT3 
(which is quinone reductase-2 enzyme), the melatonin membrane receptors belong 
to the GPCRs superfamily and are distributed in the CNS and, to a less extent, in 
cardiovascular system, colon, skin and immune cells. MT1 and MT2 are negatively 
coupled with AC and thus their activation results in a reduced production of cAMP 
and the consequent failure of PKA activation. The nuclear receptor signalling of 
melatonin is mediated via the transcription factor retinoid Z receptors and retinoid 
orphan receptors (RZR/ROR). RZR/ROR is an orphan member of the nuclear 
receptor superfamily, which encompasses the product of three genes: RORα, RORβ 
and RORγ. In immunocompetent cells, specific nuclear melatonin-binding sites 
have been reported, including RORα and RORβ in human lymphocytes, and RORα 
in both thymus and spleen of mice [39, 40].

Whilst the MT1/MT2 receptors are mainly responsible for the neuronal func-
tions of melatonin, the activation of both nuclear and membrane receptors appears 
to be primarily involved in the imunomodulatory and anti-tumor effects of the hor-
mone [41]. The exogenous administration of melatonin stimulates monocyte as well 
as macrophage production in both bone marrow and spleen of mice, by activating 
MT receptor and increasing the sensitivity of progenitors to stimulants such as IL-4 
and GM-CSF [42]. Human monocytes express both membrane and nuclear melato-
nin receptor, whose activation stimulates the production of the pro-inflammatory 
cytokines IL-1β, IL-6 and TNF-α, while decreases IL-10 [42]. By engaging MT1/
MT2 receptor, melatonin activates a mitogenic signal that counteracts the spontane-
ous apoptosis of circulating monocytes. The activity of melatonin with regard to 
macrophages translates into the inhibition of inducible nitric oxide synthase (iNOS) 
expression and blockage of COX-2 activity, with the consequent decrease of inflam-
matory mediators [43].

T lymphocytes express both membrane and nuclear receptors for melatonin, as 
well as all the machinery required for the synthesis and secretion of the hormone. 
Thus, is not surprising that melatonin impacts T cell biology, from the differentia-
tion to the functional activation, as demonstrated by the blunted proliferation of 
splenic lymphocytes in response to mitogenic signal when both the nuclear and 
the MT1/MT2 receptors are inhibited [44]. Melatonin, by directly interacting 
with RORα and promoting its degradation, regulates the expression of IL-2 [45]. 
Meanwhile, through the activation of MT1-dependent signalling pathway restrains 
the constitutive activity of RORα, thus further stimulating the IL-2 production 
[46]. Such a redundancy of the membrane and nuclear receptor is at the service of 
T cell differentiation as well. Although RORγt is the well-known lineage specific 
transcription factor for Th17 cells, it synergizes with RORα to enhance Th17 differ-
entiation. On one side, melatonin induces the degradation of nuclear RORα, while 
on the other, by binding MT1, it activates an intracellular signalling cascade that 
ends with the repression of the Rora and Rorc gene expression [47]. Depending on 
the immunological context, melatonin differentially controls T cells effector func-
tions, i.e. under immunosuppressive condition, melatonin stimulates the immune 
system, while it inhibits exacerbated immune responses. For instance, melatonin 
increases the number of regulatory T cells in both human and murine model of 
inflammatory/autoimmune diseases, such as systemic lupus erythematosus or MS; 
meanwhile it reduces the frequency of IFN-γ and IL-17 producing T lymphocytes 
[48–50].

For many years, NAS was thought to be merely an intermediate product in mela-
tonin biosynthesis. However, a series of non-overlapping activities of NAS as well 
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as different brain distribution of the metabolite - when compared to melatonin and 
serotonin - has given a precise biologic identity to this indole derivative. NAS, but 
not serotonin or melatonin, is an agonist of the tyrosine kinase B (TrkB) receptor of 
the brain-derived neurotrophic factor (BDNF), whose activation contributes to the 
antidepressant, cognition-enhancing and anti-apoptotic effect of NAS (Table 1) [51, 
52]. TrkB receptors are transmembrane proteins with an extracellular BDNF-binding 
domain and an intracellular tyrosine kinase domain that, once activated, undergoes 
autophosphorylation and subsequent coupling to intracellular signalling pathways. 
Through the activation of TrkB, NAS offers neuroprotection in experimental models 
of neurological injury and MS, which at least in part occurs by the mitigation of 
apoptosis and autophagic dysfunction [53, 54]. Additionally, NAS-mediated neuro-
immune modulatory effects can arise from the allosteric activation of the enzyme 
IDO1 [55]. The direct binding of NAS to a previously unknown allosteric site on 
IDO1 enhances the production of the immunoregulatory metabolite L-Kynurenine, 
which, in turn, by re-educating the immune system, ameliorates the disease symp-
toms in a mouse model of MS. Moreover, NAS displays a high affinity for the mela-
tonin MT3 receptor, which is a quinone reductase-2 enzyme and through which NAS 
exerts additional anti-oxidant and anti-depressant effects [56].

The metabolic product of melatonin, i.e. AFMK, is considered a potent tissue pro-
tector as it efficiently neutralizes reactive molecules and reduces lipid peroxidation 
and DNA damage [57]. AFMK acts as a reducing agent able to donate two electrons, 
in contrast with other physiological antioxidants that donate a single electron to neu-
tralize free radicals. Increased formation of AFMK is associated with inflammatory 
conditions, as the concentration of this kynuramine increases in the cerebrospinal 
fluid of patients with meningitis and the human epidermal keratinocytes exposed 
to UVB radiation [58, 59]. The raised levels of AFMK are consistent with its role as 
tissue protector and immune modulator. Indeed, AFMK is capable to attenuate the 
severity of acute pancreatic inflammation, by reducing pancreatic tissue damage and 
TNF-α serum concentration, and by increasing the activity of anti-oxidant enzymes 
[60]. Likewise melatonin, AFMK prevents COX-2 and iNOS activation induced by 
LPS in macrophages, and the production of TNF-α and IL-8 in activated neutrophils, 
thus exerts anti-inflammatory and immunomodulatory effects [61, 62].

No longer considered as merely neuronal mediators, the methoxyindoles 
metabolites are now emerging as key modulators of immune responses. Given the 
intrinsic complexity of the biological systems, the evolution has conserved and 
specialized the functions of each serotonin derivatives, making them able to work in 
the same direction or independently.

4. Role of serotonin in the gut-brain axis

Is “Butterflies in the stomach”, a metaphor or a real experience? From a physi-
ological point of view, butterflies are authentic visceral sensations coming from an 
unexpected source, which is the second brain. Hidden in the walls of the digestive 
system, this intestinal brain is also known as enteric nervous system (ENS). It’s 
generally thought that the ENS is the original nervous system that developed in 
the first vertebrates more than 500 million years ago and that has been conserved 
during the evolution to link digestion with mood and general organism’s fitness 
[63]. The human ENS contains more than 200 million neurons, distributed in many 
thousands of small ganglia, the great majority of which are found in two plexuses, 
the myenteric and submucosal plexuses. Its main role is controlling all the digestive 
process from the swallowing to the nutrient absorption and elimination. It does not 
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seem capable of common thoughts, but it can communicate back and forth with our 
big brain, creating the otherwise known “gut-brain axis”.

The bidirectional communication underlying the gut-brain axis includes the 
CNS, the autonomic nervous system, the ENS and the hypothalamic pituitary adre-
nal (HPA) axis. On one side, the autonomic nervous system drives both afferent and 
efferent signals arisen from the GI and the CNS, respectively. For its part, the HPA 
axis is activated by environmental stressors and promotes the cortisol release from 
the adrenal glands. Thus, by means of hormones and neurotransmitters, the brain 
controls the activity of intestinal effector cells, including epithelial cells, neurons, 
smooth muscle, enterochromaffin and immune cells. Recently, the gut microbiome 
has emerged as critical component of the gut-brain axis, handling not only the local 
intestinal functions, but also the distant CNS activities [64, 65].

Trp and its metabolite serotonin are the main nexus for the gut-brain-
microbiome axis. This link builds on the principles that (i) the manipulation of 
the microbiota composition across lifespan influences the Trp availability, (ii) the 
gut microbes can directly or indirectly affect the Trp metabolism and serotonergic 
signaling at the level of CNS to modulate behaviour, and (iii) serotonin influences 
the development of both ENS and CNS. Indeed, the gut microbiota can indirectly 
influence Trp availability by balancing the amino acid metabolism along the 
serotonin or the kynurenine pathway. Germ-free animals (i.e., microbiota-deficient 
mice raised in a sterile environment) exhibit a reduced IDO1 activity (as measured 
by the kyn/Trp ratio) as well as an increased central serotonin turnover, which both 
normalize following microbiota colonization immediately post-weaning [66, 67]. 
The gut microbiome can also directly affect the local and circulating Trp availability 
for the host, as some bacterial strains harbour the enzymes that can either utilize 
Trp to produce indole-derivatives (such as indole 3-acetic acid and indole-3-carbox-
aldehyde) or synthesize the amino acid on their own [68, 69].

Although mainly formed before the mid-gestation in the foetus, the central neu-
ronal circuitry is continuously subjected to genetic and environmental-mediated 
modifications until puberty. Serotonin is considered one of the signaling molecule 
that can regulate the development of CNS, among many other organs, as the lack 
of brain serotonin results into reduced body growth and improper central circuitry 
formation [70]. Changes in the serotonergic system occurs across the lifespan and a 
decreased uptake of the metabolite follows the aging [71]. Although, in the human 
brain, the levels of serotonin remain fairly stable, the overall serotonin receptors 
reduce by about 30–50% over the lifespan. Developmental changes of serotonergic 
system are mirrored by the variation of gut microbiota composition during the 
lifetime, as the infant gut microbiota tends to reach a stable adult-like configuration 
in the childhood - while completely changes in elderly subjects - and the early colo-
nization of the GI tract is fundamental for the proper development of the central 
serotonergic system [66].

Likewise the CNS, the ENS is capable of neurogenesis in post-natal and adult 
life. Such an intrinsic plasticity is mainly related to the exposure of the ENS to 
microbial, diet and inflammatory challenges that populate the intestinal lumen. 
Moreover, the normal process of aging contributes to such variability by increas-
ing the neuronal degeneration and cell death. In mice, the post-natal neurogenesis 
depends on the activation of 5-HT4Rs, whose expression affects the abundance 
of ENS neurons, while the differentiation of enteric nerve cells is conditioned by 
the activation of 5-HT2BR [72, 73]. In addition, stimulation of 5- HT4R inhibits 
inflammatory reactions, protects enteric neurons from apoptosis and promotes the 
mobilisation of adult stem cells to form new neurons that may replace damaged or 
dead ones [72].
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By involving neuronal, immune and endocrine mediators, the gut-brain-micro-
biome axis ensures the gut homeostasis as well as integrates the peripheral intestinal 
activities with emotions, cognitive functions and immune activation. As a matter of 
fact, people coping with inflammatory bowel disease or other intestinal issues (such 
as constipation, diarrhoea and abdominal pain) experience depression and anxiety, 
as a consequence of danger signals sent by an altered GI to the CNS. Noteworthy, 
these people receive benefit from antidepressants and mind–body therapies that 
help in smoothing negative signals coming from the GI tract. It is thus clear that 
not only the big brain is conscious of the ENS and of the gut microbiome, but the 
intestine as a whole can influence the perception of the world and alter human 
behaviour. Therefore, in coming years, physicians will need to expand their drugs 
pool to treat the “mental illness” of the big brain alongside of the second brain, in 
order to reach therapeutic profits in both behavioural and gastrointestinal diseases.

5.  Balancing act between Trp degradation pathways as a 
pharmacological target for CNS diseases

Serotonin biosynthesis is strictly related to tryptophan availability; in fact, Trp 
is metabolized not only along the serotonin pathway (SP), but also the kynuren-
ine pathway (KP). The importance of the maintenance of a homeostatic balance 
between KP and SP of Trp metabolism is underlined by the hypothesis that, in the 
CNS, some diseases, such as depression [74], Alzheimer’s [75] and Parkinson’s [76] 
are triggered by a shift of this equilibrium towards the KP; however, little is still 
known between the interplay between the two Trp metabolic pathways.

As mentioned above, the very existence of serotonin in different organs and tis-
sues is strongly conditioned by the expression and enzymatic activity of molecules 
belonging to the tryptophan-metabolizing family, which includes IDO1, tryptophan 
2,3-dioxygenase (TDO) and, according to much of the literature to date, IDO2 [77]. 
Nevertheless, the role of IDO2 as an enzyme capable of initiating the degradation of 
Trp along the KP probably derives from the erroneous interpretation of the struc-
tural analogy between IDO1 and IDO2; recently, this concept is being progressively 
revisited, and now the idea is emerging that IDO2 functions are linked to an activity 
other than the enzymatic one [78], which is almost negligible [79]. Thus, IDO1 and 
TDO represent the two key players determining the fate of Trp.

Trp depletion by TDO and IDO1 occurs via a mechanism that is well studied and 
has rather clear consequences: as a matter of fact, the catabolism of Trp to immu-
nosuppressive and neuroactive kynurenines is a key metabolic pathway regulating 
immune responses and neurotoxicity.

The KP initiated by IDO1 or TDO has two main branches (Figure 1). Under 
physiological conditions, Kyn is preferentially converted into 3-hydroxykynurenine 
(3HK) and then 3-hydroxyanthranilic acid (3HAA), quinolinic acid (QA), and 
ultimately NAD+. Alternatively, Kyn can be converted into kynurenic acid (KynA) 
by the kynurenine aminotransferase (KAT) enzymes [80].

KynA is generally considered to be neuroprotective; it competitively inhibits 
ionotropic glutamate receptors at high concentrations, and acts as a negative 
allosteric modulator at the α7-nicotinic receptor [81]. Moreover, KynA has also been 
shown to act as an agonist at an orphan G-protein-coupled receptor in neurons and 
astrocytes, leading to a suppression of several inflammatory pathways [82]. KynA 
also regulates the immune response through its agonistic effects on the aryl hydro-
carbon receptor (AhR), a transcription factor involved in the metabolism of xeno-
biotics. Numerous compounds have been proposed as putative endogenous AhR 
ligands, many of which are generated through pathways involved in the metabolism 
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of tryptophan and indole. Among them, besides the already mentioned KynA, Kyn, 
xanthurenic acid, cinnabarinic acid can also be counted, as well as indole derivatives 
mainly produced in the gut by microbial metabolism, such as indole-3-acetic acid 
(IAA), indole-3-aldeyde (IAld) and tryptamine; the activation of AhR by metabo-
lites produced downstream IDO1 or TDO may contribute to the modulation of the 
immune response both in periphery and CNS [83].

QA is an NMDA receptor agonist that can also inhibit the reuptake of glutamate 
by astrocytes leading to excitotoxicity, and exerts neurotoxic effects via several 
different mechanisms, including the generation of reactive oxygen species and 
the disruption of the blood brain barrier. In astrocytes, QA also potentiates the 
inflammatory response by inducing the production of proinflammatory mediators; 
moreover, QA may also activate microglia through NMDA receptors, a pathway that 
triggers neuronal cell death [81].

The two enzymes leading to the activation of the KP, TDO and IDO1 are local-
ized in different cells and tissues and are used in different physiological processes. 
Hepatic TDO regulates blood homeostasis of Trp and neuronal TDO influences 
neurogenesis. TDO-deficient mice show no peculiar phenotypes, but display altera-
tions in neurogenesis and anxiety-related behaviour. Moreover, TDO-deficiency or 
inhibition is neuroprotective in a murine model of MS, suggesting a role for TDO in 
the production of byproducts involved in the pathogenesis of neurological autoim-
mune diseases [84].

IDO1 is expressed in most tissues at low levels, including cells of the central ner-
vous system (CNS) and cells of the immune system, but not in the liver. The activity 
of IDO1 is more closely related to the modulation of the immune response than to 
the regulation of dietary levels of Trp, and, as in the case of TDO, is decisive in the 
production of neuroactive metabolites. The effects of Trp metabolism by IDO1 (or 
TDO) in immunity are complex, and can be shortly explained by four mechanisms: 
(i) by means of the so-called “Trp starvation”, that is, locally depleting Trp, which 
deprives tryptophan-dependent cells, such as proliferating T cells, of an essential 
amino acid; (ii) by the production of bioactive kynurenines; (iii) by regulating 
immune cell metabolism, for example, by feeding de novo NAD+ biosynthesis; 
and (iv) by means of a recently discovered signalling activity, through which IDO1 
becomes phosphorylated in its immunoreceptor tyrosine-based inhibitory motifs 
(ITIMs), so to mediate intracellular signalling events in a self-sustaining feedfor-
ward loop leading to durable immunoregulatory effects [85]. All these mechanisms 
are involved on the potential development of neuropsychiatric disorders [83], since, 
as previously said, many kynurenines are neuroactive, modulating neuroplasticity 
and/or exerting neurotoxic effects. Thus, it is not surprising that KP is considered 
implicated in psychiatric illness in the context of inflammation, such as mood 
disorders (i.e., major depressive disorder - MDD), psychosis, schizophrenia, as well 
as in neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease (all 
reviewed in [81]) and autoimmune diseases, such as MS.

Many efforts in drug development for neurodegenerative and neuropsychiatric 
diseases have focused on altering the overall balance of neuroactive KP metabo-
lites production through inhibition of enzymes involved in the formation of 
either QA or KA, or by means of synthetic molecules mimicking the effects of the 
endogenous compounds. The first clinical trials for MDD are currently ongo-
ing, assessing the effects of an analogous of KynA, AV-101 (NCT02484456 and 
NCT03078322). AV-101 is a selective antagonist at the glycine-binding site of the 
NMDA receptor [86].

Since Trp, Kyn, and 3HK can be transported across the blood brain barrier 
(BBB), and other KP metabolites possibly share the same feature [81], another 
potential target is the carrier facilitating the passage through the BBB, that is the 
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large amino acid transporter (LAT1). It has been recently demonstrated that leucine 
treatment is a feasible method of competitively blocking LAT1 to prevent exoge-
nous Kyn from entering into the brain [87]; on the basis of this observation, a phase 
2 clinical trial to test the anti-depressant effects of leucine in individuals with MDD 
is currently ongoing (NCT03079297). Nevertheless, recent findings suggest that 
several established treatments for depression also alter KP metabolism, as in case 
of the electro-convulsive therapy, which significantly increases circulating levels of 
KynA and KynA/3HK in depressed patients [88]. Another example is represented 
by Ketamine, used as treatment for MDD in selected population of patients, that 
was shown to acutely decrease circulating kyn and the Kyn/Trp [89].

However, besides the overt involvement of KP in the pathogenesis of several 
CNS diseases, how the production of kynurenines and the shift of the Trp metabo-
lism from SP towards KP affect the production of serotonin to date it is not clear, 
and it’s also a subject of intense investigation whether the reduced production of 
serotonin, and the molecules thereof, is involved in the pathogenesis of certain 
diseases. In the specific case of MDD, the Trp metabolism is considered to explain 
the aetiology and pathogenesis of depression. More specifically, the aetiology of 
MDD seems to rely on the concomitant manifestation of an imbalance between the 
Kyn pathway induced by IDO1 and the serotonin pathway, the neurotoxic effects 
of Kyn pathway metabolites and the persistent activation of the KP due to exposure 
to repeated and consistent stress. A further example of the close connection of 
neuronal and immune systems, and of the importance of a balance between the 
two branches of Trp metabolism for the maintenance of a health status, can be 
represented by depression related to cancer. A simplistic and nowadays outdated 
vision of the immunological asset of cancer patients proposed that one of the major 
causes of depression in cancer patients could be related to their apparent immuno-
suppressive general status; today this perspective is gradually undermined by the 
awareness that in many types of cancer, chronic inflammation is a common feature. 
Trp breakdown, and the subsequent reduction of the production of serotonin and 
metabolites thereof, due to the enhanced activation of enzymes of the KP, seems to 
be related to the prevalence of depressive disorders in cancer patients, since many 
patients often show decreased plasma Trp levels and increased kyn concentra-
tions [90]. In line with this hypothesis, and with the identification of IDO1 as an 
authentic immune checkpoint target for the immunopharmacological treatment of 
cancer [91], inhibition of IDO1 and/or TDO seems to be a promising strategy for the 
treatment of cancer-related fatigue and depression, with the aim of restoring the 
physiological balance between the KP and the SP [92].

Moreover, there is an additional factor to consider: not only the functional 
activity of IDO1/TDO can push the balance towards a decreased production of 
serotonin, but also the production of specific serotonin metabolites can, in turn, 
affect this balance, in favour of a sustained production of kynurenines. This is the 
case of NAS. As previously mentioned, a consistent part of the antidepressant and 
neurotrophic actions of NAS is due to its capability to activate the TrkB receptor; 
nevertheless, very recently, additional exciting mechanisms of action of NAS have 
been demonstrated, unveiling its role as an immunomodulatory molecule. In fact, 
NAS and melatonin have potent anti-oxidant, anti-inflammatory and neuroprotec-
tive properties in several animal models of neurological injury and disease, includ-
ing MS [53]. When administered in vivo in a murine model of multiple sclerosis, 
experimental autoimmune encephalomyelitis (EAE), melatonin and NAS reduced 
the loss of mature oligodendrocytes, demyelination and axonal injury, significa-
tively ameliorating the disease symptoms and progression. Both compounds also 
significantly attenuated iNOS induction and reactive oxygen species (ROS) genera-
tion in lipopolysaccharide-activated microglia in culture [53].  
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Moreover, NAS is capable of inducing DCs to acquire an immunosuppressive 
phenotype, which requires the presence and functional activity of the enzyme 
IDO1. Very interestingly, NAS has been demonstrated to function as a positive 
allosteric modulator of the enzyme IDO1 binding a recently identified allosteric site 
thus increasing the catalytic efficacy, but not the binding affinity of IDO1 toward 
its substrate Trp [55]. Moreover, the effects of NAS have been demonstrated not 
only in murine DCs, but also in peripheral blood mononuclear cells from a specific 
subset of MS patients, that is RR-MS patients, opening the possibility for the iden-
tification of an innovative and safe immunomodulating therapy for MS. NAS is the 
first-identified indole derivative of the SP acting as an endogenous IDO1 positive 
allosteric modulator (PAM). It is noteworthy that Trp shows an opposite behav-
iour, acting as an IDO1 negative allosteric modulator (NAM) when present at high 
concentrations [93]. Therefore, although kynurenines acting as endogenous PAMs 
for the enzymes of the serotonin pathway have not been identified yet, it is possible 
to speculate that products downstream of the KP and the SP might guarantee an 
appropriate equilibrium between the two main metabolic routes of Trp metabolism 
by allosteric mechanisms. This hypothesis may have important relevance for the 
design of innovative therapeutic strategies not only for the treatment of inflam-
matory/autoimmune CNS diseases, such as MS, but also for diseases involving an 
altered regulation of Trp metabolism. As an example, the therapeutic use of potent 
orthosteric inhibitors of IDO1 for the cancer immunotherapy could be hampered 
by the induction of a skewing toward the serotonin pathway and thus an excess 
production of immunoregulatory NAS. Regarding the possibility of rethinking the 
therapeutic approach for CNS inflammatory/autoimmune diseases, such as MS, that 
is immunosuppression, the development of PAMs selective for the IDO1 enzyme 
and therapeutically active in vivo may provide unprecedented opportunities to 
develop therapeutic agents with a considerably more limited number of undesirable 
effects than the conventional immunosuppressive therapy.

A cross-regulation of the two metabolic pathways of Trp degradation is 
performed not only by NAS, but also by its derivative melatonin. As previously 
said, melatonin can be used by the enzyme IDO1 as a substrate, giving rise to the 
production of AFMK, a metabolite endowed with anti-inflammatory properties. 
The effects of AFMK on expression and functional activity of Trp metabolizing 
enzymes are still unknown, if there are any. Melatonin not only can be metabolized 
by IDO1, but is capable of inducing the expression of the IDO1 gene in fibroblasts, 
melanocytes and in adrenal pheochromocytoma cells. In the latter model, silencing 
of IDO1 gene triggered the up-regulation of the expression of AANAT gene [94], 
and the overexpression of IDO1, in turns, led to the down-regulation of AANAT, 
meaning that, in specific cellular subsets, a strictly interconnection occurs between 
the two Trp degradation pathways. In the same study, melatonin induced an up-
regulation of the IDO1 expression, through the JAK-STAT2 signaling pathway, and 
of its enzymatic activity.

Moreover, melatonin is a competitive inhibitor, whereas serotonin is an allosteric 
inhibitor of the enzyme TDO [95] and although the biological significance of this 
effects has not been unveiled, it can be speculated that, in the CNS, inhibition of 
TDO by two metabolites of the SP could contribute to a shift of the balance of Trp 
consumption through the SP, depending on microenvironmental factors.

Overall, a huge number of pharmacological interventions for CNS diseases 
targeting Trp metabolism have been developed or are currently under investigation 
(reviewed in [96]), ranging from the inhibition of specific enzymes along the KP 
to the modulation of AhR signalling or administration of KYNA and its deriva-
tives [96]; nevertheless, the interconnections between the major pathways of Trp 
metabolism remain an open question.
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6. Concluding remarks

Bidirectional interactions between the nervous system and immune system, 
known as the “neuroimmune system”, regulate a wide range of physiological and 
pathological processes [1] and there is a huge literature linking general neuroinflam-
mation to neuropsychiatric disorders, such as depression [97], schizophrenia [98], 
but also MS [99], Alzheimer’s [100] and Parkinson’s disease [101]. Specific neuro-
immune factors, such as Trp derivatives, have been shown to modulate neuronal 
activity and complex behavioral processes and to create a functional bridge con-
necting the neuroendocrine and the immune systems. For this reason, serotonin and 
its derivatives, and the metabolic processes leading to the production of serotonin 
rather than kyn, are involved in the pathogenesis of various CNS diseases. Thus, it’s 
easy to imagine how Trp metabolism, and mostly the pursuit of an optimal balance 
between the two Trp metabolic pathways, may be a promising therapeutic target 
for a manifold spectrum of CNS pathologies. However, there is need for an in-depth 
knowledge of the mechanisms leading to one or the other Trp metabolic fate, and it’s 
also necessary to unveil their interconnections to define the appropriate interven-
tion for each specific disease, and to have the ability to precisely act on the targeted 
metabolite or enzyme.
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ENS enteric nervous system
GI gastro-intestinal tract
GPCR G-protein coupled receptor
HIOM hydroxyindole-O-methyl transferase
IAA indole-3-acetic acid
IAld indole-3-aldeyde
IDO indoleamine 2, 3-dioxygenase
INMT indolethylamine-N-methyltransferase
iNOS nitric oxide synthase
ITIMs immune-based inhibitory tyrosine motifs
KAT kynurenine aminotransferase
KP kynurenine pathway
KynA kynurenic acid
LAT1 large amino acid transporter
MAO monoamine oxidases
MDD major depressive disorder
MT melatonin receptor
NAM negative allosteric modulator
NAS N-acetylserotonin
NF-κB nuclear factor κ-light-chain-enhancer of activated B cells
PAM positive allosteric modulator
PAMPs Pathogen-associated molecular patterns
PKA protein kinase A
PLC phospholipase C
QA quinolinic acid
ROS reactive oxygen species
RZR/ROR retinoid Z receptors and retinoid orphan receptors
SERT serotonin reuptake transporter
SP serotonin pathway
SSRIs selective serotonin reuptake inhibitors
TDO tryptophan 2, 3-dioxygenase
TPH tryptophan hydroxylase
TrkB tyrosine kinase B
Trp Tryptophan
VMAT vesicular monoamine transporter
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