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Preface

Serotonin is the most ancient neurotransmitter found throughout the body. Serotonin
and its metabolite 5-hydroxyindolacetic acid are present in different ratios in the
brain and blood, indicating the difference in its metabolism.

5-hydroxytryptamine, also known as serotonin, is the major source of the regulation
of our mood and is also responsible for most of the physiological and pathological
processes within the human body.

This amazing molecule is not only involved in blood circulation but also involved in
hemostasis and vasoconstriction. The enterochromaffin cells in the gut mucosa are
the primary source of serotonin synthesis, which is partially regulated by the gut
bacteria.

Serotonin is released in the blood; it is stored in the platelets and controls the balance
between blood flow and clotting. Conversely, in the central nervous system, serotonin
regulates functions from mood modulation to cognition and acts as a molecule of
happiness.

Various regions of the brain have different ratios of serotonin and its metabolic end
product 5-hydroxyindolacetic acid (5-HIAA), showing different metabolic rates of
serotonin. Literature indicates that the highest serotonin metabolism occurs in the
frontal neocortex, followed by the hippocampus and platelets, indicating that the
demand for serotonin is highest in the frontal neocortex as this molecule is involved
in behaviors from attention to appetite and aggressiveness.

I would like to thank Publishing Process Manager Nina Miocevic and her team for
their support and guidance throughout my journey of editing this book.

Finally, I would like to emphasize that this book caters to the tastes of anyone who
loves to understand why we eat, sleep, and seek happiness.

Kaneez Fatima-Shad

Professor of Neuroscience,
School of Life Sciences,

Faculty of Science,

University of Technology Sydney,
Sydney, Australia
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Chapter1

Insulin Impairment Disrupts
Central Serotonin Synthesis:
Implications for Stress Resilience

Nicole Spiegelaar and Sebastian Warma

Abstract

This chapter reviews the important neurophysiological mechanisms that drive
symptoms characteristic of comorbid depression and metabolic disease. It outlines how
insulin impairment in the periphery’ interferes with central 5-hydroxyindole metabo-
lism and ultimately restricts central” serotonin synthesis. More specifically, peripheral
insulin impairment disrupts i) peripheral and central tryptophan stores, ii) tryptophan
uptake into the brain, and iii) tryptophan hydroxylase-2 function. Central serotonin
availability appears to be increasingly restricted by higher degree and duration of insu-
lin impairment, which can lead to both physiological and behavioral positive feedback
loops experienced by individuals as a spiral of deteriorating mental health and trypto-
phan metabolism. Serotonin and its metabolites are fundamentally homeostatic regula-
tors that serve to enhance adaptive response to stress in all organisms. Considering
this essential trait, this review proposes that: disruptions in normal 5-hydroxyindole
metabolism of tryptophan during impaired insulin function will disrupt homeostatic
adaptive capacity of central serotonin, thereby increasing vulnerability to emotional
and energy disturbances, and limiting recovery from such disturbances.

Keywords: serotonin, insulin, tryptophan, diabetes, depression, complex adaptive
systems, psychological resilience

1. Introduction

Serotonin (5-hydroxytryptamine or 5-HT) is an important neurotransmitter
and hormone involved in various functions, such as emotion, cognition, learning,
metabolism, sleep, platelet function, and gastrointestinal motility [1-5]. These
functions depend on tight regulation of available 5-HT and other indole metabolites
of Tryptophan (Trp) throughout the body and brain [1]. Research continues to
uncover how imbalances of these molecules is associated with insulin impairment,
and a cascade of disruption via complex interactions between the mind and body.
This review highlights bidirectional feedbacks between 5-HT and insulin imbalances
that are associated with energy and emotion [6-9]. It attempts to explain some of the

! Insulin pools throughout the body, excluding pools in the central nervous system.
% Serotonin pools in the central nervous system, separate from serotonin pools in the gut.
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underlying limitations to psychological resilience commonly experienced by persons
with compromised insulin function, and to explain potential mechanistic links
behind highly comorbid depression and metabolic disease.

1.1 Comorbid depression and metabolic disease

Diabetes mellitus is a metabolic condition characterized by chronic high blood
sugar levels due to an underlying impairment in insulin secretion (Type 1, T1D),
action (Type 2, T2D) or both [10]. Metabolic syndrome — the co-occurrence of insulin
resistance, obesity, atherogenic dyslipidemia, and hypertension - is a high-risk
factor for the development of T2D [11]. Diabetes is commonly comorbid with mood
disorders linked to altered central 5-HT, and most often with disorders involving
depression [12-14]. Diabetics are two times more likely to have depression compared
to non-diabetics [15-17]. This comorbid relationship between mental health disorders
and both types of diabetes appears to be bidirectional, and their co-occurrence tends
to exacerbate symptom severity [12, 18, 19].

Depression refers to any of several depressive or mood disorders outlined in the
DSM? handbook, broadly involving extended periods of sadness, emptiness and
depressed mood, and often accompanied by disturbances in cognition, sleep and
energy levels [18, 20, 21]. There is less clarity and consensus on underlying impair-
ments involved in depression. Since the 1960s, depression has most commonly been
explained by a deficiency in brain 5-HT activity [22, 23]. This paralleled industry’s
need to allocate pharmaceutical prescriptions according to symptomology [24] and
thus their marketing of selective serotonergic medications [25, 26]; most commonly,
5-HT reuptake inhibitors (SSRIs) which function to increase synaptic 5-HT and
upregulate 5-HT neurotransmission [7].

The neurobiological basis and treatment of depression is still the predominant
narrative accepted by the Western public and endorsed by leading research and
educational materials [27, 28]. However, the idea that depression is caused strictly by
low 5-HT activity is mostly rejected by experts [25, 28, 29]. Some even argue that high
5-HT activity is behind depressive states, and that this is a functional response [7].
What remains largely undisputed is the extensive evidence that changes in brain 5-HT
has some role in depressive states and energy regulation.

1.2 Mechanisms behind diagnostic labels

Medical research on diabetes and depression now consider the environmental
and sociocultural contexts in which these neurophysiological systems interact, and
how these contexts shape our organization of disease and disorder [26, 29-31].
Sociocultural factors influence how these states are generated, whether their symp-
toms and syndromes are interpreted as adaptive or maladaptive, and at what point
these symptoms become categorized as diseases, syndromes or disorders [24, 30-33].
Psychological disorders are subjectively categorized by non-universal, Western con-
structs of self, normality and value [34]. Moreover, our scientific understandings of
the neurological basis for cognition, emotion and behavior have been predominantly
measured on Western populations, despite the evidence that changes in neurobiology
lead to different expressions in different cultures [35].

> Diagnostic and Statistical Manual of Mental Disorders by the American Psychological Association.
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The RDoC system from the National Institute of Mental Health is a more recent
and systemic tool for categorizing mental health by functional constructs that
represent a specified functional dimension of behavior [36]. The constructs are
systems of response to the environment (e.g., positive valence, or reward system)
which are then characterized in aggregate by the genes, molecules, circuits and
behaviors involved. The RDoC thus examines the mechanism that “drive psychiat-
ric symptoms” [37].

1.3 Peripheral insulin impairment and central serotonin availability

In light of these evolving explanations, this chapter focuses on mechanistic links
between insulin and 5-HT systems that drive common symptoms of metabolic and
mood dysfunction, which may shed light on the consequences of abnormal insulin
synthesis and sensitivity, regardless of diagnostic labels. In this way, these feedbacks
may be interpreted and applied to evolving understandings of disease and disorder in
different biological and sociocultural contexts.

We thus use the unconventional term, insulin impairment, to refer to impaired
insulin secretion or insulin sensitivity in any condition, and focus on its relationship
to 5-HT availability from Trp metabolism via the 5-hydroxyindole pathway; despite
the absence of this terminology and this scope of focus in neurophysiological medical
research.

Experimental studies over several decades have investigated the mechanisms of
Trp metabolism and the impacts of induced-diabetes on the distribution of 5-HT in
distinct central and peripheral systems. Yet this literature remains largely fragmented,
each representing isolated pieces of complex relationships involved in insulin-5-HT
imbalance [38-42]. Martin and colleagues [43] addressed this gap in a novel review
examining the links between central insulin impairment and central serotonergic
activity. They highlight several mechanisms potentially linking these systems, includ-
ing increased oxidative stress, inflammation, and hypothalamic-pituitary-adrenal
axis activation. However, the bulk of this research emphasizes the downstream
processes of insulin signaling in the brain. Martin and colleagues [43] show that
insulin and 5-HT coregulate processes within the brain, including neurogenesis. Thus,
the impairment of central insulin function in diabetic states disrupts the effectiveness
of 5-HT activity in these pathways, and throughout the brain.

In contrast, the present chapter examines the role of peripheral insulin (that
outside of the brain) in regulating availability of central 5-HT and its precursor Trp.
We specifically focus on how peripheral insulin impairment reduces peripheral pools
of Trp, the rate of Trp transport into the brain, and the rate of central 5-HT synthesis
from available Trp. It is important to emphasize that the scope of this chapter focuses
on the ultimate outcome of central 5-HT synthesis and thus the amount of 5-HT that
could be available for neurotransmission, while Martin and colleagues [43] examine
5-HT neurotransmission (activity in the synapse). Similar to Martin and colleagues’
[43] presentation of altered 5-HT activity, we see a multitude of pathways where the
loss of normal insulin function can impair metabolic, mood and energy regulation
through positive feedback.

In summary, this chapter aims to highlight the significant role of normal periph-
eral insulin systems in supporting 5-HT availability to the brain, and the multitude
of pathways that impair normal 5-HT availability to the brain when this system is not
functioning well. This can occur at varying degrees among individuals across these
metabolic diseases and syndromes, and in non-diseased states.
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2. Tryptophan metabolism

Tryptophan (Trp) is an essential amino acid that serves as a building block
for 5-HT (5-HT), kynurenic acid, melatonin, and quinolinic acid, among other
compounds. Imbalances in Trp levels have been associated with various diseases
and disorders, including cancer, dementia, diabetes, and depression [44, 45]. Most
notably, individuals with diabetes, depression, or both conditions tend to have lower
levels of Trp in their blood [46, 47]. Trp is primarily metabolized through three
pathways: the indole pathway, the 5-hydroxyindole pathway (which is involved in
5-HT production), and the kynurenine pathway (which converts 90% of Trp into
other compounds) [2, 48].

2.1 Central tryptophan regulation

The central and peripheral pools of 5-HT are separated by the blood-brain barrier
(BBB): a protective layer between the brain and blood vessels. Unlike 5-HT, Trp can
cross the BBB (Figure 1) through a specific transporter called the large neutral amino
acid transporter (LAT1) [49]. However, other large neutral amino acids (LNAA),
such as tyrosine, phenylalanine, leucine, isoleucine, and valine, also compete for
entry into the brain using the same transporter [50-52]. When there are high levels of
these competing LNAA in the blood, the ratio of Trp to LNAA decreases, leading to
reduced availability of Trp in the central nervous system [50-54]. Since Trp and other
LNAAs* are essential amino acids, the composition of our diet strongly influences the
ratio of Trp to LNAA in the blood and subsequently affects Trp uptake in the brain
[53, 55, 56]. Studies have shown that elevated levels of Trp in the blood after a meal
can increase peripheral Trp:LNAA [57], which is followed by elevated levels of Trp
and 5-HT in the central nervous system [58, 59].

A 5-HT®
. TPHI o
Dietary P &
Protein Blood

Trp --»5-HT®

TPH2

Trp Trp >\'li

LNAA 2 INAA

Figure 1.

Tryptophan transport past the blood brain barrier determines tryptophan availability for central serotonin
synthesis (5-HTC = central serotonin, 5-HT" = peripheral serotonin, Trp = tryptophan, LNAA = large neutral
amino acid, BBB = blood brain barrier, TPH = tryptophan hydroxylase).

* Except tyrosine.

6



Insulin Impairment Disrupts Central Serotonin Synthesis: Implications for Stress Resilience
DOI: http://dx.doi.org/10.5772/intechopen.1004045

2.2 Peripheral tryptophan regulation

The ratio of Trp to other large neutral amino acids (LNAA) in our diet is particu-
larly important because Trp is the most limited LNAA, usually comprising only 1-2%
of total protein [60-62].

When high-Trp proteins are consumed alone, they significantly increase the levels
of Trp in the blood and the Trp to LNAA ratio compared to low-Trp proteins [39,

63, 64]. However, due to the higher concentrations of other LNAA in most dietary
proteins, a high-carbohydrate meal actually increases the Trp to LNAA ratio more
than a high-protein meal [65, 66]. This unexpected effect is due to the role of insulin
in modulating Trp in the peripheral blood, and the stronger insulinogenic capacity of
carbohydrates.

Insulin plays a crucial role in facilitating Trp uptake into the brain (Figure 2).
Insulin helps transport LNAA into skeletal tissues, which reduces competing LNAAs
in the blood, increases Trp:LNAA, and reduces competition for Trp to enter the brain
[40, 67]. Insulin also helps transport Trp into skeletal tissues, but a larger proportion
of branched-chain amino acids (BCAA) including valine, isoleucine, and leucine
are taken up by muscle tissues in response to insulin. As a result, there is an elevated
Trp:LNAA in the blood that is proportional to the circulating insulin levels [57, 68].

Insulin does impact central Trp uptake through another mechanism, but this
process does not have a significant effect on Trp availability in the central nervous sys-
tem. To cross the blood-brain barrier via the LAT1 transporter, Trp must be unbound
[54]. Within the limited pool of Trp in the blood, most of it is reversibly bound to
plasma albumin protein, with only about 10% of Trp being unbound. Insulin comes
into play in this pathway by removing non-esterified fatty acids (NEFA) from albu-
min, creating space for Trp to bind to albumin and reducing the amount of free Trp
available for transport [69]. However, the binding of Trp to albumin is transient, so
the impact on Trp availability in the central nervous system is negligible [70]. Asa
result of this constant state of dissociation and binding with albumin, approximately
70-80% of Trp in the blood is available to cross the blood-brain barrier [70].

2.3 Insulin impairment and tryptophan
Research below demonstrates that impaired peripheral insulin function will

alter Trp homeostasis and metabolic pathways in two ways: i) by redirecting Trp to
regulate immune response in hyperglycemic conditions, reducing peripheral Trp

Brain

Blood
Blood

Trp

Tl'p: LNAA (g

LNAA [--

- ‘?;;
=] Be e

Figure 2.

Insulin facilitates tryptophan transport by increasing Trp:LNAA in the blood (5-HT = serotonin,

Trp = tryptophan, LNAA = large neutral amino acid, BBB = blood brain barrier, TPH = tryptophan
hydroxylase, P-tissue = skeletal tissues, in = insulin).
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availability and ii) by modifying insulin’s role in regulating amino acid ratios, limit-
ing Trp transport into the brain. Multiple pathways leading to reduced Trp levels and
altered Trp metabolism in diabetic states have been extensively studied in rodents and
humans; insulin plays a crucial role in modulating these changes.

Chemical impairment of insulin production in rodents’ resulted in a significant
decrease in total plasma Trp after 7 day [42], 28 days [40], and 35 days [71]. Similar
findings have been reported in human studies. Three studies involving children with
clinical type 1 diabetes (T1D) found lower plasma Trp and Trp:LNAA levels compared
to non-diabetics [38, 72, 73]. Adolescents with metabolic syndrome also showed
lower peripheral Trp levels compared to controls [74, 75]. In a study involving healthy
controls and diabetic adults individuals with T1D had significantly lower serum Trp
levels compared to the control group [76]. Chemically induced acute T1D in rodents
also led to a significant increase in plasma branched-chain amino acids (BCAAs)
valine, leucine, and isoleucine, resulting in a decrease in the overall Trp:LNAA
[71, 77] and subsequently reduced central Trp levels [40, 71, 77-79]. Human studies
have also found low Trp:LNAA in individuals with diabetes [77, 80].

The culmination of this research shows that impaired insulin function and insulin
deficiency limit the uptake of Trp competitors into skeletal tissues, maintain low
Trp:LNAA levels and LNAA competition for LAT1, and thus result in lower central
Trp levels (Figure 3). Importantly, elevated peripheral BCAA concentrations have
been associated with an increased risk of future diabetes and may indicate impaired
insulin function even before the diagnosis of metabolic disorders [81, 82].

Studies in rodents and humans have shown that while initial insulin impairment
increases unbound peripheral trp chronic stages of insulin impairment eventually led
to a significant decrease in plasma Trp, further reducing the Trp:LNAA and central
Trp levels [83, 84]. Chronic insulin impairment can affect peripheral Trp levels
through changes in Trp metabolism and oxidation. Impaired insulin function disrupts
normal glucose uptake, leading to hyperglycemic states that cause inflammation and

Oxidative  Hyperglycemia

=3 11
TPH2
ol Shr a2 g
. g LNAAS.. L * Tnsulin

) —J@/ ___‘i:? I Impairment

[}
TZ2D

Figure 3.

In;gulin impairment lowers serotonin production in the brain by impaived ability to elevate peripheval Trp:LNAA
and facilitate centval Trp uptake, and by altevaing TPH2 enzyme activity (5-HT = serotonin, Trp = tryptophan,
LNAA = large neutral amino acid, TPH2 = tryptophan hydroxylase 2, P-tissue = skeletal tissues, in = insulin,
KP = kyneurenine pathway, T1D = type 1 diabetes, T2D = type 2 diabetes, IDO = indoleamine 2,3-dioxygenase).

® Streptozotocin (STZ) impairs normal insulin production by damaging pancreatic cells.
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increased production of reactive oxygen species by mitochondria [85-87]. Chronic
inflammation and oxidative stress trigger an immune response that upregulates Trp
metabolism in the kynurenine pathway, ultimately reducing peripheral Trp pools
(Figure 3) [72, 88-91]. This also has direct impacts on Trp levels because the highly
reactive indole ring of Trp can be easily damaged by oxidizing species [73, 92].

New research suggests a connection between plasma Trp and peripheral insulin
through the GPR142 receptor located on pancreatic islet cells. GPR142 is a G-protein
coupled receptor that specifically binds to Trp and phenylalanine [77]. Binding of
Trp to GPR142 stimulates the release of insulin, glucagon-like peptide-1 (GLP-1),
and glucose-dependent insulinotropic polypeptide (GIP), helping to regulate glu-
cose levels [93]. Administration of Trp in obese mice significantly increased glucose
metabolism and insulin secretion [94]. In GPR142 knockout mice, Trp supple-
mentation did not lead to increased insulin release or improved glucose tolerance
compared to controls, highlighting the importance of GPR142 in the Trp-insulin
link [94]. The action of Trp on GPR142 receptors in the pancreas creates a positive
feedback loop where chronically reduced Trp levels in impaired insulin states may
further decrease insulin secretion, disrupt glucose homeostasis, and subsequently
lower plasma Trp levels.

3. Serotonin synthesis

5-HT is synthesized from tryptophan (Trp) through the 5-hydroxyindole meta-
bolic pathway (Figure 3). This process is catalyzed by either Trp hydroxylase enzyme
1 (TPH1) or Trp hydroxylase enzyme 2 (TPH2). TPH1 is primarily found in periph-
eral tissues, while TPH2 is responsible for converting Trp to 5-HT in the brain. The
rate of 5-HT synthesis is dependent on the activity of the TPH enzyme. In the brain,
the synthesis of the intermediate molecule 5-hydroxytryptophan (5-HTP) is the limit-
ing step, and this step is determined by the availability of Trp as a substrate.

3.1Insulin impairment and serotonin

Insulin impairment not only affects central 5-HT synthesis by altering enzyme
activity in the 5-hydroxyindole pathway, but it also impacts the catalytic function
of TPH2. In rodents with chemically-induced insulin impairment for 7 days, TPH2
activity was reduced in the cerebral cortex and brainstem [89]. This decrease in activ-
ity was previously attributed solely to low central Trp availability as a result of the
mechanisms described earlier. However, this same study found that the TPH2 enzyme
in diabetic rodents had a significantly lower affinity for Trp and reduced phosphory-
lating capacity required to stimulate the enzyme. Another study with T1D rodents
observed similar catalytic dysfunction of TPH2, as well as reduced expression of the
enzyme [42]. These epigenetic and kinetic changes were attributed to hyperglycemic
conditions: elevated peripheral glucose levels (hyperglycemia) led to increased brain
glucose levels, which can trigger inflammation, reactive oxygen species, and oxidative
stress, ultimately causing damage to TPH2 expression and function [95-98].

Chronic elevation of glucocorticoid levels, commonly seen in diseases associated
with insulin impairment, can also explain the reduced expression of TPH2 [99, 100].
Excess glucocorticoids are released in response to chronic stress through activation of
the hypothalamic—pituitary-adrenal axis. Glucocorticoid receptors act as transcrip-
tion factors that inhibit TPH2 expression and can significantly decrease 5-HT levels
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in the raphe nuclei after one week of excess exposure [101]. Elevated glucocorticoid
levels are also independently linked to peripheral tissue insulin resistance, impaired
insulin production, and high blood glucose levels [99, 100, 102]. Overall, chronic
release of glucocorticoids appears to indirectly impair central 5-HT availability by
altering Trp transport and conversion, as well as via hyperglycemic conditions. The
correlation between elevated glucocorticoids and depressive symptoms highlights this
stress response as a contributing factor in the disrupted regulation of Trp and 5-HT,
which underlies psycho-metabolic comorbidities [103]. In summary, both reduced
central Trp availability and impaired TPH2 activity disrupt the 5-hydroxyindole
pathway in individuals with chronic insulin impairment.

The effects of altered Trp metabolism in response to peripheral insulin impair-
ment, such as lower peripheral Trp, elevated peripheral LNAA, and lower central
TPH2 expression and function, are expected to subsequently reduce central 5-HT
pools available for neurotransmission. This prediction is supported by several
rodent studies, where chemically induced insulin impairment led to a significant
decrease in central 5-HT synthesis. This decrease was observed after 4 weeks in the
whole brain [78], after 1 week in the whole brain [104], after 2 weeks in the whole
brain [41] and the hypothalamus [89], and after 50 days in the striatum and pons
medulla [105], as indicated by 5-HTP accumulation. Additionally, 5-HT synthesis
measured by TPH2 activity was significantly lower after 7 days in the cerebral cortex
and brainstem [89]. While this is beyond the scope of the present chapters, readers
may consider that insulin impairment is also expected to compromise other systems
dependent on Trp and 5-hydroxyindole metabolism of Trp. For example, the synthe-
sis of the 5-HT metabolite, melatonin (MLT), appears to be significantly reduced in
diabetic states [6].

3.2 Insulin treatment

Insulin treatments in diabetic rodents have a limited capacity to restore normal Trp
and 5-HT levels in the brain. Prolonged periods of hyperglycemia place greater stress
on both insulin secretion and insulin sensitivity, further reducing the potential for
recovery [106]. A comprehensive study examined the effects of insulin treatment on
rodents with 7 days of insulin impairment by measuring TPH2 activity, central 5-HT
levels, central Trp levels, and blood glucose levels [42]. Following insulin treatment,
rodents with induced T1D showed normal blood glucose and Trp levels in the brain,
but TPH2 activity and 5-HT levels remained depressed after 7 and 14 days of insulin
treatment [42]. However, These findings are contradicted by a different study of
rodents with 7 days of insulin impairment, where insulin treatment after 14 days was
able to restore near-normal central 5-HT levels [104].

A study from 1991 suggested that prolonged insulin impairment may result in
irreversible reduction in central 5-HT levels [77]. Rodents with 10-30 days of insulin
impairment were treated with insulin at various time intervals ranging from 15 to
135 days. Insulin treatment restored serum Trp levels throughout all time spans but
could not restore central Trp levels beyond 15 days. It is important to note that this
study induced insulin impairment using alloxan, which is known to cause higher
cellular toxicity in non-target cells compared to streptozotocin used in other studies
[42, 77, 104, 107].

Human studies also offer insights into the consequences long term insulin
impairment, as in the case of clinically diagnosed diabetes. In comparison to
normal controls, diabetics had higher levels of plasma BCAA [108], tyrosine and
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phenylalanine [109], and lower levels of plasma Trp [110]. The subsequently low
plasma Trp:LNAA was not reversed by weight loss [111]. Diversion of Trp metabolism
to the kynurenine pathway in response to stress persisted after bariatric surgery [112]
and plasma Trp and Trp:LNAA were little changed by Trp dosing in obese persons
compared to lean [109].

Both rodent and human studies indicate that chronic peripheral insulin impair-
ment may have long-term effects on 5-HT availability that cannot be fully restored by
insulin treatment, underscoring the complexity of identifying effective treatments.

4. Behavioral and psychotropic treatments

The dysregulation of insulin and serotonergic systems is further complicated by
a positive feedback loop involving common behavioral responses and psychotropic
medical treatments. For instance, central 5-HT depletion can lead to cravings for
carbohydrates in an attempt to raise peripheral insulin levels [49, 113-115]. However,
a high-glycemic diet increases the risk of insulin resistance, impaired insulin secre-
tion, and depression [106, 116-118]. Carbohydrate cravings are also common in
various disorders associated with mood changes and serotonergic modulation, such as
atypical depression, seasonal affective disorder, late luteal phase dysphoric disorder,
and binge eating disorder. Serotonergic medications that upregulate 5-HT neurotrans-
mission are often prescribed to treat these disorders [119, 120].

However, these medications may exacerbate Trp and 5-HT imbalances in individuals
with peripheral insulin impairment. As serotonergic medications are not specific to the
central nervous system, they disrupt 5-hydroxyindole homeostasis in the periphery,
where most 5-HT is synthesized [121]. This can lead to apoptosis of pancreatic cells and
acute pancreatitis (inflammation and tissue damage), and thereby inhibit insulin secre-
tion [122, 123]. It can also impair insulin receptor function [124]. Several studies have
observed an increased risk of type 2 diabetes associated with SSRI use [125-128], despite
the effect of SSRIs on glucose homeostasis [118], and this risk seems to dose, concentra-
tion and duration dependent [127, 128]. Moreover, individuals with pre-existing low
levels of peripheral Trp are more susceptible to anxious and depressive episodes when
taking serotonergic antidepressants (Figure 4) [129, 130].

In summary, the regulation of Trp and 5-HT homeostasis is crucial in both the periph-
ery and brain. Insulin impairment and common attempts to regulate emotional changes

Pancreatic
Tlfp '- Damage
Tep---» S-HTl\,e 1t LNAA [€= ﬁ
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Figure 4.

Selective serotonin reuptake inhibitors (SSRI) disrupt homeostatic regulation of serotonin in the periphery, which
can restrict peripheral insulin secvetion and sensitivity, reducing available central 5-HT (5-HT = serotonin,

Trp = tryptophan, LNAA = large neutral amino acid, P-tissue = skeletal tissues, in = insulin, KP = kyneurenine
pathway, T1D = type 1 diabetes, T2D = type 2 diabetes).
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caused by this impairment can disrupt this delicate balance. The evidence from rodent and
human studies presented in this chapter suggests that behavioral and medical treatments
that exacerbate insulin impairment also pose a risk of long-term and potentially irrevers-
ible impairment of Trp metabolism and transport, as well as central 5-HT availability.

5. Interpretations and applications

How do we interpret the consequences of low Trp levels and restricted central
5-HT in light of positive feedbacks with higher degree and duration of insulin impair-
ment? Returning to ideas presented in the Introduction, what do these interactions
and outcomes mean within a new paradigm that dissociates neurobiology from
absolute diagnostic labels and questions the 5-HT ‘chemical imbalance’? Low and high
5-HT hypotheses, and the medications targeting neurotransmission upregulation, are
not modeled on balance. Rather, they are modeled on extremes and deficits of a single
chemical and blind targeting of multiple systems in the body [131], all in an attempt
to chronically maintain ideal emotional states.

5.1 Complex adaptive living systems

These mechanisms can instead be viewed with a model of balance that bet-
ter reflects the reality of functional living systems. Optimization of single brain
chemicals is reflective of a linear cause-effect reductionist approach to health [132,
133]. Alternatively, we interpret the patterns of interaction among neurological and
metabolic systems with the view that human beings are composed of, and operate
within, complex adaptive systems (CAS) [132-134].

A complex adaptive system is a collection of specialized agents (components or
parts) that can be understood within the context of the whole and the interconnect-
ing systems they comprise [133, 134]. Diverse interactions between these systems and
environmental stimuli will adapt to give rise to non-linear, unpredictable and ever-
changing dynamics [26, 135, 136]. While defined by dynamic change and evolution,
complex living systems conserve their conditions for renewability through self-regu-
lating feedback loops that link interacting agents [134, 137]. Collectively, these traits
allow CAS to maintain homeostatic equilibrium such that they maintain a dynamic
form of stability over time [138] and develop resiliency in the face of disturbance and
adversity [133-135, 137].

This CAS perspective is especially useful in understanding complex systems
that are not easily measured, understood and predicted [132]. Applying the CAS
perspective to the human brain and body, we view health as homeostatic equilibrium
of essential interactions, systems and functions needed for sustaining the human as
a self-organizing system. This lens can be applied to neurophysiological systems by
viewing them as normally fluctuating between order and disorder, and by focusing
on “state change” rather than static maintenance of absolute highs and lows [132]. We
interpret positive feedback loops with their “tend[ency] towards chaos and decay”
and identify a need to counterbalance by negative feedback [132]. The CAS model
thus shifts our view of neurophysiological imbalance from the failure of a single
component in a particular place, to the idea that imbalance arises from interaction
between multiple systems that are not able to self-regulate and maintain dynamic
equilibrium [132, 133]. It also recognizes that these interactions will generate emer-
gent, unpredictable outcomes that manifest differently in unique individuals and
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sociocultural contexts [133, 137]. We apply these principles to our understanding of
the insulin system as it interacts with 5-hydroxyindole system in the body and brain.

5.2 Systems of Insulin and 5-hydroxyindole metabolism

Functional homeostatic regulation occurs when components of the system are
maintained within upper and lower bounds, and fluctuate dynamically in response to
changes in their environment [24, 26, 135, 139]. Indeed, both an excess and deficiency
of 5-HT and its precursor throughout the body can lead to health imbalances [2]:
sufficiently low peripheral 5-HT is needed to maintain insulin sensitivity and pre-
vent obesity [140, 141], yet sufficiently high levels of peripheral 5-HT are needed to
maintain pancreatic insulin secretion [142] and normal glucose levels [143]. Similarly,
a “high” Trp diet in human studies has been labeled both a protective [144] and risk
factor [83] for later development of T2D.

A state of acute tryptophan depletion (ATD) can be experimentally induced to
explore the behavioral and cognitive responses to low central 5-HT. Reduced central
5-HT from ATD led not only to negative affect bias (sad mood), but also better punish-
ment prediction accuracy and more risk aversive behavior [145-147]; it also enhanced
negative reciprocity, expressed as greater punishment or retaliation in response to
perceived unfairness [148]. While these findings tend to be interpreted as explanations
of maladaptive depressive states, we can revisit this from a CAS perspective. Low central
5-HT states may be an adaptive, functional response to avoid harm that is learned in
environments where punishment is common and then recruited when complex social
issues are interpreted as chronic danger. Other scholars predict that hypervigilance is an
adaptive response for a child raised in an unpredictable environment [32], and that social
avoidance is an adaptive response to volatile social experiences [149].

Evolutionary psychologists tend to view short periods of stress, anxiety or depres-
sion as adaptive responses that can increase resiliency in certain contexts if the trig-
gers are addressed [7, 147, 149, 150]. For example, the Analytical Rumination Hypothesis
posits that depressive symptoms of cognitive rumination and loss of interest (lack of
concentration, appetite, sex drive or socialization) are coordinated as an evolutionary
adaptation to solve complex social problems or traumatic experiences with sustained
focus [7, 151, 152]. These researchers show overlapping genetic, neurobiological and
symptom expression between depressive symptoms and sickness behavior, with the
former acting as an emotional fever. Just as our bodies divert energy towards immune
function in response to a viral threat at the expense of growth and reproduction,
biological trade-offs occur during depression, with a reallocation of resources in
response to persistent environmental threats.

Both extremes of lowered central 5-HT availability and heightened 5-HT neuro-
transmission impair the brain’s ability to accurately interpret facial emotions; ATD
inaccurately escalated the interpretation of fearful emotion to anger, while SSRI’s
dissolved the ability to distinguish fearful and normal emotions [145]. These results
support the idea that functional 5-hydroxyindole metabolism and 5-HT neurotrans-
mission may require dynamic homeostatic regulation.

From aresiliency perspective, ATD alone does not seem to initiate the cascade
of positive feedbacks in insulin and 5-hydroxyindole systems; it worsens or triggers
them. In fact, Trp-deficiency induced episodes of anxiety and depression in people
with a personal or familial history of mental health disorder, yet had little to no
emotional effect on healthy controls [153-155]. Similarly, in comparisons of high-Trp
versus low-Trp consumption (where high-Trp levels significantly elevated plasma Trp
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and Trp:LNAA), high Trp improved memory exclusively in individuals susceptible
to high stress [64], and reduced vulnerability to experimental triggers for fatigue,
negative affective bias, and diminished well-being [63].

It is important to recognize that these ATD tests represent acutes stress, while
stress responses outside of the laboratory are often triggered by more complex,
abstract threats and exist in a more pervasive form that requires reflection on previ-
ous experiences and learned behavior [146, 147]. The chronic nature of these real
stressors can cause damage to the brain and body that correspond with mental
unwellness and symptoms of non-communicable diseases [156, 157].

Interpreting these experiments through CAS perspective, we suggest that recovery
from fluctuations in mood and depressive episodes may be supported by the adap-
tive capacity to fluctuate high and low neurotransmission in response to biosocial
environmental disturbances. 5-HT availability is a limiting factor in the potential to
upregulate neurotransmission at a given time and in response to a given situation.
Availability also determines the potential to downregulate in a time-responsive man-
ner relative to upregulation, as needed to re-establish equilibrium.

5.3 Serotonin as resilience molecule

This idea is supported by evolutionary studies of 5-hydroxyindole metabolism
arguing that a tightly regulated balance of Trp content and availability is most ideal
for all living organisms in order to maintain the adaptive function of its intermedi-
ates [158]. The human body has developed several mechanisms for maintaining a
narrow range of Trp in different regions [158] and in relation to co-existing amino
acids [2]. The 5-hydroxyindole pathway that produces 5-HT from Trp has been highly
conserved from unicellular bacteria to mammals, and shares one common function
across all organisms and tissues: adaptive response to environmental stress [158-160].
Despite the body having very low Trp concentrations compared to other amino acids,
its metabolite 5-HT serves many crucial biological functions. 5-HT is considered the
homeostatic regulator of the central nervous, neuroendocrine, gut and immune sys-
tems, and the biochemical connector of mind and body with the environment [8, 158].

The adaptive function of 5-HT as a moderator of stress response can be understood
as a trait supporting psychological resilience: the ability to cope with or recover from
adversity [161]. We argue that altered Trp metabolism as a result of chronic insulin
impairment ultimately impairs psychological resiliency, particularly among already
vulnerable individuals. By limiting availability of 5-HT in the brain, chronic insulin
impairment disrupts the ability to finely regulate changes in 5-HT neurotransmission
in response to changing environmental contexts. Since 5-HT is responsible for adap-
tive response to stress, this represents a loss of neurological options that will further
increase vulnerability to emotional and energy disturbances.

Insulin impairment is one mechanism that impairs the adaptive capacity of Trp
metabolites like 5-HT to mitigate impacts of environmental stress. The dynamic state
of insulin impairment and associated glucose intolerance throughout the life course of
prediabetic and diabetic individuals [10, 162, 163], as well as the diverse experiences of
individuals themselves, must be considered in light of experimental studies. Moreover,
our understanding of the complex and dynamic state of insulin impairment, diabetes
and metabolic disorder, cannot be based on short-term rodent studies alone. In combina-
tion with human diabetic studies, these experiments do identify clear limits in physi-
ological function during these complex states; most notably, during early states of insulin
impairment that occurs long before changes to blood-glucose, weight, or energy levels

14



Insulin Impairment Disrupts Central Serotonin Synthesis: Implications for Stress Resilience
DOI: http://dx.doi.org/10.5772/intechopen.1004045

are detected at diagnosis of metabolic disorder. Together, these studies demonstrate a
strain in adaptive response to stress that will be affected by the severity and duration of
insulin impairment and individual human characteristics.

6. Conclusion

Insulin impairment disrupts the homeostatic adaptive capacity to regulate central
5-HT and impairs psychological resilience to stress by altering normal 5-hydroxyindole
metabolism of Trp. The small fraction of 5-HT in the brain is more vulnerable to insulin
impairment than peripheral 5-HT since, in addition to being limited by low peripheral
Trp stores, it is also restricted by impaired TPH2 activity and impaired central Trp uptake.
Insulin impairment represents a loss of options for the many roles of central 5-HT, which
are increasingly restricted by higher degree and duration of insulin impairment, as well as
serotonergic medications and dietary cravings induced by the dysfunction itself.

Neurophysiological studies of high and low 5-HT might be better understood from
the perspective homeostatic balance of 5-hydroxyindole metabolism, and how this
is shaped by dynamic states of other molecules in the body, beyond insulin impair-
ment. Future studies may elucidate our understanding of a bidirectional relationship
between insulin and 5-HT function and explore the 5-hydroxyindole response to
glycemic imbalance and oxidative stress under diverse conditions and locations in the
brain and body (i.e., how different receptors in different areas of the brain respond to
insulin impairment over time). Better integration of experimental studies that focus
on the origins of neurophysiological imbalance may help identify treatment that sup-
ports adaptive capacity inherent to the 5-HT system. Most significantly, we encourage
neurophysiological research to consider experimental design and interpretation with
the resiliency model of complex adaptive living systems.
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Serotonin: The Link between Gut
Microbiome and Brain
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Abstract

Serotonin, as a neurotransmitter plays a key role in regulating mood, sleep,
appetite, and various physiological processes. Serotonin is closely linked to the
microbiome-gut-brain axis, which is a bidirectional communication between the
gut and the brain facilitated by the gut microbiome which consists of trillions of
microorganisms that inhabit the digestive tract. This connection is a growing area
of research and serotonin produced in the gut is being investigated for its potential
impact on human personality, mood, and overall health. Microbiome influences
serotonin production, serotonin precursor metabolism, serotonin reuptake, and
immune system modulation. A balanced microbiome is crucial for regulating homeo-
stasis and stress response and altered gut microbiota composition has been linked
to depression, anxiety, bipolar, schizophrenia, stress-related, and autism spectrum
disorders. Microbiome-based interventions might help to regulate the immune
response, neuroprotection, and neuroplasticity to reduce neuroinflammation and
thus prove crucial to modifying the course of major depressive, bipolar, and related
disorders where inflammation is evidenced to lead to the progression of illnesses.
Microbiome-based interventions such as probiotic supplementation influence the
production of neuroactive compounds and have the potential to bridge the treatment
gap for Parkinson’s disease, multiple sclerosis, and Alzheimer’s disease and might
prove to be a turning point for the treatment of obesity-associated systemic low-
level inflammation, whether psychotropic medication related or otherwise. The gut
microbiome offers a novel possibility to employ manipulation of the gut microbiota
as a non-invasive measure in health and disease, especially at a time when the clinical
field of forthcoming psychotropics looks exhausted.

Keywords: serotonin, gut-brain axis, microbiome, probiotics, stress

1. Introduction

Serotonin is a biologically active amine that serves the dual functions of neu-
rotransmitters and hormones by exerting a wide range of physiological and patho-
logical effects through nearly a dozen receptors classified into seven families [1].
Serotonin also known as enteramine or 5-hydroxytryptamine (5-HT) was successfully
extracted and purified by Rapport and colleagues in 1948 [2].
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1.1 Serotonin in the brain
1.1.1 Anatomy
The distribution of serotonin in CNS consists of the following:

1.Raphe Nuclei (Latin, meaning “midline”): Serotonin within the CNS is almost
exclusively produced in neurons originating in the raphe nuclei which are col-
lections of neurons, with poorly defined cytoarchitectonic limits localized to the
periaqueductal gray, also known as central gray, and the surrounding reticular
formation in the brain.

2.Long and extensively branched axonal processes called projections. Serotonergic
neurons from the raphe nuclei project widely throughout the CNS and form clas-
sical chemical synapses as well as such synapses that contribute to the so-called
paracrine or volume transmission, and this has led to the suggestion that sero-
tonin exerts a major modulatory role throughout the CNS.

3. Multiple cortical and limbic target regions: The raphe nuclei provide projections
to the cortex, and many forebrain limbic structures such as the hippocampus
and medulla. Projections to the dorsal, intermediate, and ventral columns in the
spinal cord regulate pain perception at the level of the dorsal horn. Serotonergic
terminals in the cortex are less organized than the noradrenergic cortical projec-
tions, however, the two systems are co-localized in most limbic areas of the brain
and this might explain the major involvement of these transmitters in the affec-
tive disorders [3-5].

1.1.2 Neurochemistry

Serotonin is synthesized from the essential amino acid L-tryptophan (Trp) which
is primarily obtained from dietary sources [6]. After absorption about 85% of trypto-
phan is bound to plasmatic albumin protein and only 10-20% is unbound and able to
cross blood-brain barrier (BBB) and hence available for 5-HT synthesis in the brain.
Tryptophan released from plasma proteins becomes available for incorporation into
proteins [7] as this is the principal role of tryptophan in the human body [8]. The
second most prevalent metabolic pathway of tryptophan, the kynurenine pathway,
accounts for the catabolism of approximately 99% of ingested tryptophan not used
for protein synthesis and has importance in generating cellular energy in the form of
nicotinamide adenine dinucleotide (NAD). The kynurenine pathway produces other
pro and antioxidant molecules of neurobiological importance namely, kynurenine,
kynurenic acid, and quinolinic acid (QUIN) [9, 10]. Synthesis of B6 and B12 vita-
mins, required as co-factors for kynurine pathway enzymes are dependent on gut
microbiome activity [11]. The third tryptophan metabolic pathway that leads to the
synthesis of 5-HT in the periphery (e.g. in blood platelets and the enterochromaffin
cells of the gastrointestinal tract) or in the nerve endings in brain is relatively minor.
It is estimated that 95% of mammalian serotonin is found within the gastrointestinal
tract and while 3% of dietary tryptophan is used for serotonin synthesis throughout
the body only 1% of dietary tryptophan is used for the synthesis of this broad-impact
neurotransmitter and neuromodulator in the brain. Melatonin and tryptamine
are other by-products of the tryptophan/serotonin pathway [12]. In serotonin
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synthesis from tryptophan, the first step is catalyzed by the enzyme tryptophan
hydroxylase which exists in two isoforms tryptophan hydroxylase 1 (Tph1) and
tryptophan hydroxylase 2 (Tph 2) and convert tryptophan to 5-hydroxytryptophan.
5-Hydroxytryptophan is then converted by the aromatic amino acid decarboxylase

to 5-hydroxytryptamine [13]. After synthesis serotonin (SHT) is transported into syn-
aptic vesicles using vesicular monoamine transporter 2 (VMAT?2) to protect serotonin
from enzymatic breakdown. Once released from the presynaptic terminal serotonin
acts on various presynaptic and postsynaptic receptors which are also targets of
numerous drugs. The action of serotonin on its receptors at the synapses is terminated
mainly by an active reuptake process mediated by the serotonin transporter (SERT), a
sodium and chloride-dependent neurotransmitter transporter [14, 15].

1.2 Role of serotonin in mood regulation and emotional well-being

Speculations about the role of monoamines in affective states began with the
serendipitous discovery in the late 1950s that members of two structurally unrelated
classes of compounds monoamine oxidase inhibitors (MOAIs) and tricyclic anti-
depressants (TCAs) were effective in treating severe depression [16]. In the most
basic form, Monoamine Theories postulate that depression is related to decreased
levels of centrally available monoamines, typically either the catecholamine, nor-
adrenaline (norepinephrine in the United States), or the indoleamine, serotonin
[17]. Monoamine theories later evolved into monoamine receptor theories, which
associate depression with lesions at the level of monoamine receptors [18]. With the
advancement in neurosciences, even receptor theories have come under scrutiny, and
contemporary literature has expanded these theories to the non-mutually exclusive
neurotrophic and neurogenesis hypotheses which are closely related to a third entity
called neurotrophic hypothesis. These hypotheses were proposed as the monoamine
theory of depression was too simplistic to explain several conundrums which evi-
denced that monoamine deficiency cannot be the sole cause of depression [19]. The
Neuroplasticity hypothesis postulates that depression may result from environmental
contingencies like adverse life experiences that cause neuronal architectural changes
and resultant defects in brain processing, the pathophysiology of which is strongly
linked to impairments in serotonin (5-HT) neurotransmission [20]. Neurogenesis
research suggests that very sophisticated transport systems can allow freshly pro-
duced neurons (from lateral subventricular zone (SVZ) and the dentate gyrus (DG)
of the hippocampus and the olfactory bulb), called “neuroblasts,” to be migrated
long distances across the brain to help regenerate damaged areas or regions which are
experiencing neural dilapidation and thus neurogenesis is thought to be important
for maintaining brain health. Antidepressants might improve neurogenesis in the
hippocampus through activation of the 5-HT1A receptor [21, 22]. The neurotrophic
hypothesis of depression posits that major depressive disorder (MDD) is caused
partly by decreases in neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) and their restoration is critical for the therapeutic efficacy of antidepressant
treatment [23]. Emotional and cognitive deficits in bipolar and related mood disor-
ders are linked to changes in neuroplasticity, cell resilience, and connectivity with
BDNF as an important contributor to the neuroplasticity changes described among
bipolar disorder patients. Thus, evidence from differential lines of research converges
to serotonin signaling and 5-HT receptors being involved in regulating the levels of
both neurotrophic factors and adult hippocampal neurogenesis thereby mediating
a pivotal role in neuroplasticity in both normal and neuropsychiatric conditions

29



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

[24-26]. Further, the neuroplasticity theory is not considered exclusive for MDD,
and the mechanisms of alterations in neuroplasticity accounting for the significantly
different symptomatology of schizophrenia [27] and bipolar disorders [28] are being
investigated.

1.3 Other roles of serotonin
1.3.1 Cognition

The role of serotonin in human cognition has been investigated, especially in the
context of the growing notion of memory deficits in neuropsychiatric disorders like
posttraumatic stress disorder, schizophrenia, depression, and Parkinson’s disease
[29]. 5-HT6 antagonists are expected to be effective against learning impairment from
anticholinergic and antiglutamatergic models of dementia. It is supposed that the
procognitive activity of some marketed antidepressants (Vortioxetine) and antipsy-
chotics (Lurasidone) is caused by potent 5-HT7R affinity, and both 5-HT6 and 5-HT7
receptors represent interesting targets in the search for innovative therapies of AD
[30]. Evidence is mounting for the role of 5-HT in human cognition and normalizing
5-HT activity in depression and Alzheimer’s disease (AD) may have specific beneficial
effects on cognition, independent of a general relief of mood symptoms, however, as
of now, data is not sufficient to comment on emergent use of 5-HT targeting drugs as
potential cognition enhancers [31].

1.3.2 Appetite

Brainstem-derived serotonin influences cognitive functions including eating
behaviors and regulates homeostatic functions of bone remodeling, appetite, and
energy expenditure. Gut-derived serotonin, on the other hand, plays a critical role
in feeding activity. Serotonin thus acts as a hormone when made in the gut and a
neurotransmitter when made in the brain [32, 33]. Although social and psychological
aspects of eating are powerful influences that are independent of or only partially
dependent on the physiologic control mechanisms, at the receptor level there is
evidence that the 5-HT1B and 5-HT2C receptors are involved in mediating the effects
of serotonergic drugs on food intake. Appetite suppression appears to be associated
with agonist action at 5-HT2C receptors in the central nervous system. 5-HT2C
agonist, lorcaserin, is approved by the FDA for use as a weight-loss medication in
monotherapy. While no available pharmacologic therapy has succeeded in maintain-
ing a weight loss of over 10% for 1 year, bariatric (weight-reducing) surgery readily
achieves a sustained weight loss of 10-40%, and surgery that bypasses the stomach
and upper small intestine rapidly reverses some aspects of the metabolic syndrome.
Gastrointestinal flora also influence energy expenditure, and research suggests that
altering the microbiome can lead to weight gain or loss [1, 34].

1.3.3 Sleep

Serotonin along with fast-acting non-monoaminergic neurotransmitters (gluta-
mate and GABA) and other monoaminergic neurotransmitters plays a crucial role in
regulating the sleep—wake cycle. Earlier it was thought that serotonin might help to
produce NREM and possibly REM sleep, however, more recent work indicates that
serotonin generally promotes wakefulness and suppresses REM sleep. The role of
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serotonin in sleep is, however, not straightforward. On one hand, serotonin inhibits
the wake-promoting cholinergic neurons and serves as a precursor of melatonin in the
pineal gland where 5-HT is O-methylated to form melatonin. In humans, melatonin
plays a significant role in both inducing and maintaining nocturnal sleep and drives
the circadian rhythm which in turn regulates the sleep—wake cycle, and endocrine,
immune and neurotransmitter rhythmicity [35]. On the other hand, the firing rates
of dorsal raphe neurons and extracellular 5-HT levels are highest during wakefulness,
much lower during NREM sleep, and lowest during REM sleep. This wake-promoting
role of serotonin is further evidenced by agonists of the 5-HT 1A, 5-HT 1B, 5-HT2,

or 5-HT3 receptors that increase wakefulness and 5-HT?2 receptor blockers such as
ritanserin or agomelatine that promote NREM sleep [36].

1.3.4 Pain

Advances in basic sciences, clinical research and now neuroimaging have estab-
lished that central sensitization and alterations in neuroplasticity induced by the
enhancement of descending pain facilitation and/or the impairment of descending
pain inhibition underlie many chronic pain conditions. The descending serotonergic
neurons in the raphe nuclei target receptors along the descending pain circuits and
exert either pro- or antinociceptive effects, thus, serotonin has a definite role in the
pathogenesis of chronic pain conditions like chronic primary pain (CPP), inflamma-
tory bowel disease (IBD), Fibromyalgia syndrome (FMS), etc. [37]. Antidepressants
like TCAs, SNRIs, and SSRIs influence the descending pain modulation system by
increasing 5-HT at the synaptic junction [5, 38].

1.3.5 Neurological diseases

Migraine, epilepsy, Parkinson’s disease (PD), multiple sclerosis (MS), ALS, and
neuropsychiatric disorders (ADHD, ASD) are connected to abnormal 5-HT synthesis
and metabolism as the efficiency of 5-HT metabolism is changed in neurodegenera-
tion. Patients with amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS)
present with reduced plasma and CSF levels of tryptophan and subsequently a
decreased 5-HT synthesis. In MS, 5-HT synthesis is decreased because of the over-
activation of the kynurenine pathway, which drives Tryptophan away from 5-HT
synthesis [39]. Migraine is caused by a decreased level of platelet serotonin and its
metabolite N-acetylserotonin (NAS) that activate trigeminovascular system (TGVS)
and lead to cortical spreading depression (CSD) during an acute attack of migraine.
Triptans, acting via 5-HT 1B receptor and serotonin activity at the 5-HT1F receptor on
neuronal synapses inhibiting the release of calcitonin gene-related peptide (CGRP)
are disease-specific treatments of migraine. It has long been known that serotonin
inhibits epileptic activity and because of its crucial role in influencing seizures,
regulating sleep and wakefulness, arousal, circadian rhythms, breathing, and cardiac
activity, serotonin (5-HT) has been implicated in the pathophysiology of sudden
unexpected death in epilepsy (SUDEP) [40]. Apart from other actions, CBZ and
VPA release serotonin and LTG inhibits serotonin uptake, however, only a few AEDs,
such as the recently approved fenfluramine, act via 5-HT receptors [41]. Progressive
dopaminergic denervation is the cardinal pathology in Parkinson’s disease, however,
several lines of evidence suggest that a progressive and non-linear loss of serotonergic
terminals which is not related to disease duration, disability or dopamine replacement
therapy takes place in Parkinson’s disease though at a slower rate. Human PET studies
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indicate that striatal serotonergic terminals contribute to Levodopa-induced dyski-
nesias (LIDs) via aberrant processing wherein serotonergic neurons take up, convert
exogenous Levodopa into dopamine, and release dopamine as a false neurotransmitter
in the denervated striatum of PD patients with LIDs. This study also speculates the
development of selective serotonin receptor type 1A agonists for use as antidyskinetic
agents in PD [42]. In clinical studies, the nonselective 5-HT 1A agonist buspirone
reduced LID without worsening parkinsonian disability. 5-HT 2C receptor antagonism
is a potential mechanism whereby clozapine and quetiapine can reduce LID [42, 43].
Abnormalities in SERT and MAO-A activity in various brain regions have been found
to be associated with impulsivity and aggressive tendencies in ADHD. 5-HT deficiency
leads to a failure of 5-HT-mediated inhibition of aggressive behavior in adults as well
as children and decreased levels of 5-HT and its metabolite 5-HIAA, in the blood,
urine, and CSF in individuals with ADHD compared with healthy controls. Although
precise pathomechanism of ASD has not been elucidated, hyperserotonemia is present
in approximately 30% of patients of ASD. One of the consequences of hyperserotone-
mia is increased catabolism of 5-HT [39].

2. Serotonin in the gut

Nearly 95% of the body’s content of serotonin is found in GIT and only 5% is found
in the brain. Within the gut, about 90% of serotonin is in EC cells and about 10% is
found in enteric neurons, pancreatic cells and mast cells. Enterochromaffin (EC) cellsare
excitable, serotonergic neuroendocrine cells located throughout the length of the lining
of the gastrointestinal tract. EC cells synthesize 5-HT, in the presence of some cofac-
tors, such as vitamin B6, vitamin B3, and magnesium, from its precursor L-tryptophan
in a reaction catalyzed by the enzyme tryptophan hydroxylase, which exists in two
isoforms (Tphl and Tph2). Tphl is mainly present in EC whereas Tph2 is found in CNS
and enteric neurons [44]. EC cells release 5-HT in a regulated manner in response to
various mechanical and chemical stimuli. 5-HT thus released from EC cells reaches the
blood, surrounding tissues, and gut lumen. Once released, 5-HT is transported into
surrounding epithelial cells and platelets by the serotonin reuptake transporter (SERT)
and degraded to 5-hydroxyindoleacetic acid (5-HIAA). Platelets are a major source of
peripheral 5-HT as they store the 5-HT synthesized by EC cells in the gut and are always
present in the circulation. Five (5-HTR1, 5-HTR2, 5-HTR3, 5-HTR4, and 5-HTR7) of the
seven 5-HT receptor (5-HTR) families are expressed in the gut smooth muscle, enteric
neurons, enterocytes, and immune cells through which serotonin mediates various
secretomotor and sensory functions such as nausea, vomiting, intestinal fluid and mucus
secretion and peristaltic movement [45].

2.1 Functions of serotonin in the gastrointestinal tract

1. Serotonin as a regulator of gut motility: 5-HT plays a crucial role in the generation
of peristaltic reflexes, segmentation, and mucosal stimulation in response to food
intake, under normal circumstances and in disorders of GI tract associated with the
alteration of motility and sensation like the irritable bowel syndrome (IBS) [44].

2.Serotonin in fluid and mucus secretion: 5-HT inhibits gastric acidity by increas-
ing the gastric mucus and fluid secretion. Mucus in GIT acts as a physical barrier
for microorganisms, diffusion of toxins, and as an antioxidant [46].
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3.Pain and anxiety: EC cell activation produces persistent visceral hypersensitivity
in response to gut distension, even in the absence of inflammation.

4.Serotonin in immune cell function: Serotonin receptors are expressed by nearly
all innate immune cells, such as the Langerhans cells or the immature dendrite
cells (DCs) in the skin and other epithelial tissues lining the nose, lungs, stomach
and intestine, monocytes, mast cells and eosinophils. 5-HT, along with other
platelet-derived factors, plays a crucial role in the recruitment of these cells at
the site of acute inflammation [47].

5.Serotonin in inflammation: Serotonin evokes divergent pro as well as anti-
inflammatory actions and while 5-HTR4-mediated anti-inflammatory action
predominates in the basal or normal conditions, 5-HTR7-mediated pro-inflam-
matory signals predominate under pathological conditions. Inflammatory bowel
diseases (IBD) viz., Crohn’s disease (CD) and ulcerative colitis (UC) are believed
to result from an abnormal response to self-antigens or the gut resident micro-
biota and are characterized by activation of both innate and adaptive immune
systems in response to enhanced cytokine production in GIT [48].

6. Angiogenesis: 5-HT release from platelets stimulates angiogenesis in many physi-
ological processes, such as organ development, reproduction, wound healing
and pathological conditions like IBD, diabetic retinopathy, rheumatoid arthritis,
age-related macular degeneration, and tumor growth and metastasis [49].

3. The gut microbiome

Conventionally brain has been considered sealed from microbial influence unless
infection occurs, however, evidence in favor of gut microbiota interplays with differ-
ent systems ultimately impacting the brain has accumulated over the past few decades
to the extent that the gut microbiome has earned the name “second brain” from some
authors.

3.1 Composition and diversity of gut microbiome

The term microbiome pertains to the community of microorganisms, their
structure, activity, metabolites and mobile genetic elements while microbiota is a
collection of microbial communities associated with a habitat [11]. This collection
of bacteria, viruses, fungi, protozoans, and archaea found in an individual consti-
tutes about 1-3% of total human body mass. Majority of the human microbiome is
comprised of bacteria, about 100 trillion bacteria from 500 to 1000 different species,
with varying diversity adding over eight million genes to the human genome. The
microbiota colonize predominantly the human intestine and to a lesser extent the
airways and the skin surface. A simplified taxonomic composition of gut microbiota
is presented in Table 1. Most of these microorganisms belong to the phyla Firmicutes
and Bacteroidetes [51].

3.2 Factors influencing the composition of the microbiome

Gut microbiome is a dynamic with many variables influencing its composition.

33



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

Phylum Examples

1. Actinobacteria Bifidobacterum longum
Bifidobacterium bifidum

2.Firmicutes Faecalibacteruim prausnitzii
Clostridium spp.

Roseburia intestinalis
Runinococcus feacis
Dialister invisus
Lactobacillus venteri
Enterococcus faecium
Staphylococcus leei

3.Bacteriodetes Bacteriodes fragilis
Bacteriodes vulgaris
Bacteriodes uniformis
Pavabacteriodes diastaoms
Alistipes finegoldii
Prevotella spp.

4.Proteobacteria Escherichia coli
Shigella flexineria
Desulforibrio intestinalis
Bilophila
Wadsworthia

5.Fusobacteria H. Pylori
Fusobacterium nucleatum

6. Verrucomicrobia Akkermansia muciniphila

Table1.
Simplified taxonomic classification of gut microbial composition [50].

3.2.1 Genetics

Twin studies have revealed similar microbiome composition in monozygotic twins
and this similarity has been seen to be more in monozygotic twins and dizygotic twins
than in other family members [52]. Genetic animal models of 5-HTT deficiency have
revealed the presence of altered microbial composition in SHTT knockout mice such
as they had predominance of pathobionts [53].

3.2.2 Early life factors

Microbes colonize the various sites from the first days of life, reach high numbers
immediately after birth, and gradually evolve and diversify with the growth of the
individual to outnumber somatic cells by a number of ten. Microbiota are shaped in
the first few years of life by gut maturation developing from enterotypes, which are
functionally harmonious clusters of bacteria that characterize individuals and are
regrouped by functions. The first 2 years of life including the intrauterine period
seem to represent the most critical time for microbiome modulation. Other factors
modulating this composition of microbiota in early life are birth gestational age, type
of delivery, methods of milk feeding, weaning period, maternal diet/weight, pro and
prebiotic use, early antibiotic exposure, timing and type of complementary feeding,
lifestyle, dietary and cultural habits [54-56].
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3.2.3 Gut permeability and inflammation

Gut epithelium serves a protective and structural role in the human body and
when this barrier is compromised, the so-called “leaky gut” is associated with patho-
logical conditions that activate gut pain sensory pathways and dysregulate the enteric
nervous system. The stress of varying types can impact the developmental trajectory
of intestinal barrier by causing significant perturbations in gut permeability as well as
gut microbiome [57, 58] and maternal separation has been shown to cause such a shift
in the microbial composition in a drastic way [59, 60].

3.2.4 Body mass index (BMI) classes and exercise frequency

Gut microbiota variations are correlated with obesity, anorexia nervosa and
exercise as a form of environmental enrichment has been shown to impact the gut
microbiome in a positive way [61, 62].

3.2.5 Aging

Microbial changes that occur with Aging have been grouped into two categories; those
associated with healthy aging and pathobionts associated with ill health in aging [63].

3.3 Gut-brain axis

It is a complex, firmly established, bidirectional network that connects the micro-
biota, enteric and central nervous system. The microbiome gut-brain axis (MGBA)
can be modulated by endocrine, neural and immune pathways in a bottom-up or top-
down approach with multiple feedback loops regulating this network. In top-down
approach, the brain uses these mechanisms to influence the composition of micro-
biota in gut. In the bottom-up approach microbiome signals brain through immune
regulation by the production of cytokines and through production of neurotransmit-
ters and neuroactive metabolites like short-chain fatty acids (SCFAs) [11, 64].

3.4 Pathways of the gut-brain axis
3.4.1 Neurologic pathway

The vagus nerve tonically transmits information from the viscera to the brain and
vice versa and is considered to be the fastest and most direct way for the microbiota to
influence the brain. Specific bacteria within the gut microbiota utilize the vagus nerve
to communicate with the brain to alter certain neurocircuits by affecting primary
afferent neuronal excitability. Ablation of gut-related vagal communication between
lower GI tract and brain, as evidenced by animal studies and surgical procedures like
gastrectomies, resulting in changes in adult neurogenesis, stress reactivity, cognition,
and increased occurrences of psychiatric-related disorders has been recognized for
long [65, 66].

3.4.2 Endocrine pathway

The hypothalamus pituitary adrenal (HPA) axis regulates cortisol secretion in
response to stress by directly affecting immune cells and release of cytokines systemi-
cally as well as locally in the gut. Cortisol affects gut permeability, its barrier function
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as well as composition of gut microbiota. Gut microbiome, in a bottom-up fashion,
influences the release of cytokines and other immune mediators like interferon-
gamma. Serotonin plays a crucial role in recruitment of innate immune cells in
response to this cytokine release during time of dysbiosis. Gut microbiome also
influences the release of neuropeptides like galanin, leptin and neuropeptide Y (NPY)
from enteroendocrine cells which reach the systemic circulation and bind recep-

tors on immune cells and vagus nerve terminals thereby enabling indirect gut-brain
communication [67-69]. Another mechanism of microbiome-gut-brain crosstalk is
through tryptophan and its metabolites such as 5-hydroxyindoleacetic acid (5-HIAA).
The gut microbiota can alter concentrations of kynurine and disruption of this
metabolic pathway has been linked to both GI and brain disorders.

3.4.3 Metabolic/humoral pathway

Bacterial metabolites like short-chain fatty acids [SCFAs] and lipopolysaccharides,
which are produced by their fermentation of dietary carbohydrates are important
humoral influencers. These metabolites affect the nutrition of the enterocytes,
possess hormone-like activity, stimulate the sympathetic nerves of gut and also have
immunomodulatory properties. SCFAs also regulate microglial homeostasis which in
turn affects brain development, brain tissue homeostasis, and behavior [70].

3.5 Impact of the gut microbiota on serotonin levels in gut and brain

Serotonin is directly synthesized by commensal bacteria from the colonic luminal
tryptophan and serotonin biosynthesis is promoted in the colonic ECs by spore-forming
bacteria. Gut microbiota promotes enteric 5-HT production through SCFAs as well as
phenolic and indolic compounds derived from microbes. Microbiota affects the central
serotonin levels through many pathways. It influences availability of the peripheral
tryptophan by affecting the metabolism of the gut luminal tryptophan thereby alter-
ing the central tryptophan levels and hence the central serotonin levels. The microbial
metabolites e.g., SCFAs, especially butyrate have been reported to increase brain sero-
tonin concentration. In addition, inflammatory stimuli, such as LPS, the major compo-
nents of the outer membrane of Gram-negative bacteria, have been postulated to affect
the kynurenine pathway thereby diverting tryptophan away from serotonin synthesis.
In gut dysbiosis, as demonstrated by antibiotic studies, central levels of serotonin and
its precursor tryptophan has been seen to be reduced and these are posited to be due to
increased serotonin metabolism as reflected by increased SERT and MAO expression
in the hypothalami of piglets. The microbiome also regulates serotonin transporter
(SERT) expression by gut bacteria via posttranslational and transcriptional mechanisms,
alterations in SERT surface levels, and epigenetic or immune mechanisms. Gut microbi-
ome metabolites like SCFAs also affect serotonin signaling by regulating 5-HT receptor
expression by increasing the mRNA expression of 5-HTR1A, 2B, and 5-HT7. Bacterial
extracellular vesicles (EVs) that are hypothesized to permeate the blood-brain barrier
(BBB) cause an increase in colonic and hippocampal serotonin levels [71].

4. Influence of microbiome on brain function and behavior

Bacteria within the gut microbiome play crucial roles in the maintenance of
gut epithelium integrity, digestion, metabolism, synthesis of beneficial substances
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including vitamins, combating infection and inflammation and resisting coloniza-
tion by pathogenic bacteria during conditions of good health [72]. Gut microbiome
dysbiosis is being implicated in a myriad of conditions like stress, obesity, and inflam-
mation, however, elucidating the effects of the microbiome on behavior has been
especially fascinating. Such research highlights the importance of the complexity and
diversity of gut microbiome in both health and disease and underscores the need for
further exploration.

4.1 Human personality

Investigation of microbiome composition and diversity with respect to human
personality has analyzed bacterial genera linked to human behavior and has revealed
that sociability is associated with higher diversity and stress and anxiety are associ-
ated with reduced diversity. These results add a new dimension to the evidence that
gut microbiome can influence the central nervous system in humans with effects on
behavior and stresses the ways in which modern-day living with fewer social interac-
tions, less time spent with nature, processed diets, and oversanitized environments
might be contributing to gut dysbiosis [73].

4.2 Cognition

Microbiome mediates the plasticity of cognitive traits by altering protein expres-
sion, adult hippocampal neurogenesis and performance on cognitive tasks [74].

4.3 Physical activity

Evidence suggests that aerobic exercise improves the diversity and abundance
of genera from the Firmicutes phylum, which may be the link between the positive
effects of exercise on the gut and brain [75].

4.4 Autism spectrum disorder (ASD)

Numerous studies, stimulated by frequent gastrointestinal complaints and
immune dysregulation in ASD, have suggested microbial dysbiosis in clinical popula-
tions of ASD. Increased blood levels of lipopolysaccharides with a corresponding
increase in peripheral IL-6 levels have been found in ASD patients. Further, increased
intestinal permeability as reported in ASD subjects and their first-degree relatives
is posited to be a pathogenetic factor rather than a consequence of autistic behavior.
Probiotic supplementation, oral vancomycin treatment and a modified fecal micro-
biome transfer have been demonstrated to have therapeutic potential in children with
ASD [57].

4.5 Major depressive disorder

Serotonin in CNS is synthesized from tryptophan transported from blood
and hence, tryptophan availability is critical for serotonin synthesis in brain [76].
Normal gut microbiota buffer extreme fluctuations in serotonin levels by making
the serotonergic system less sensitive to variations in its precursor. Gut serotonin,
which is under the control of gut microbiota, through neural routes communicates
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to the brainstem neurons by stimulating serotonin receptors at the terminals of vagal
afferents [77]. It has been shown that vagotomy abolishes the antidepressant effects
of SSRIs thus implicating the role of peripheral serotonin and vagus nerve stimulation
in the regulation of depressive behavior [78] and leading to the postulation that gut
microbiome through stimulation of the vagus nerve influences depressive behavior
[79]. A few case—control studies have reported differences in the gut microbiome
between depressed patients, and healthy controls and preliminary evidence suggests
that probiotics might prove to be beneficial in patients with major depressive disorder
and in healthy populations as well [80].

4.6 Bipolar disorder

Extensive research has suggested an abnormal inflammatory response in bipolar
disorder and evidence is emerging for alterations in gut microbial composition of
patients with bipolar disorder suggesting that gut microbial dysbiosis contributes to
disease progression and cognitive impairment in bipolar disorder [81]. Gut microbial
profiling in bipolar disorder patients revealed some correlation between certain
genera and sleep and stress in these patients [82].

4.7 Schizophrenia

High rates of comorbidity reported in schizophrenia with autoimmune and
gastrointestinal conditions, systemic low-level inflammation, and increased
intestinal permeability suggest the involvement of gut microbiome. Studies
that need further investigation, have identified reduced phylum Proteobacteria
and Gammaproteobacteria as class-level biomarkers of schizophrenia [57].
Antipsychotic medications have been shown to alter gut microbiome and this
alteration is considered to play a crucial role in adverse effects like metabolic syn-
drome resulting from antipsychotic medication use [83]. A positive correlation was
seen between Lactobacillus bacterial group members and the severity of psychotic
symptoms in a study in which 70% of subjects showed remission on antipsychotic
treatment whereas only 28% subjects with “abnormal” microbiota experienced
remission indicating thereby that gut microbiome may moderate treatment
response in schizophrenia. The use of probiotics improved gastrointestinal distur-
bance in psychosis although improvement in symptoms of psychosis has not shown
promising results [57].

4.8 Attention deficit hyperactivity disorder (ADHD)

Altered and reduced diversity of gut microbiome in children with ADHD has
been reported in studies limited by sample size and concomitant methylphenidate
intake [84, 85].

4.9 Anxiety and related disorders

Anxiety and related disorders viz., obsessive-compulsive disorder (OCD) and
pediatric autoimmune neuropsychiatric disorder associated with streptococcal infec-
tion (PANDAS) are other areas wherein indirect evidence suggests that gut microbi-
ome has a potential causative role and therapeutic potential [57].
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5. Recent advances and potential therapeutic targets

Some of the key technologies used to investigate the complex interactions between
the gut microbiome and the central nervous system include:

5.1 Multi-omics

Metagenomic sequencing allows researchers to analyze the genetic material of
the entire microbial community in the gut, providing insights into the diversity and
functional potential of the microbiome. Metatranscriptomics technology focuses
on the RNA transcripts of the gut microbiome, revealing which genes are actively
expressed and providing information on microbial functions. Metabolomics is used to
study the small molecules produced by gut microbes, such as short-chain fatty acids
and neurotransmitters, which can influence brain function. Multi-omics integration
combining data from genomics, transcriptomics, and metabolomics can provide
a comprehensive understanding of the microbiome—gut-brain axis. In microbiota
profiling, 16S rRNA sequencing and shotgun metagenomic sequencing are used to
identify and characterize the composition of microbial communities in the gut [86].

5.2 Functional neuroimaging

Techniques like fMRI (functional magnetic resonance imaging) can be employed
to observe changes in brain activity in response to gut microbiome alterations.

5.3 Animal models

Animal studies, including germ-free and gnotobiotic models, are used to investi-
gate the effects of specific microbial communities on behavior and brain function.

5.4 Germ-free studies

Germ-free animals are the “microbiota free” control group for the animals whose
gut is conventionally colonized. They are maintained in gnobiotic units which are
sterile, eliminating the chances of postnatal colonization of their GI tracts [87].
Germ-free animals are studied for social, stereotypical, and anxiety-like behaviors
on exposure to novel and aversive environments (elevated plus maze, light/dark box,
open field), and non-spatial and working memory tasks (novel object recognition
and spontaneous alternation assessed in the T-maze) in labs. Germ-free mice have
been shown to have lower levels of molecular targets like the N-methyl-daspartate
receptors (NMDARSs) in the hippocampus, or amygdala and decreased levels of brain-
derived neurotrophic factor (BDNF). Apart from other findings, the results have been
seen to be dependent on the time of colonization, be it in adolescence or adulthood,
positing that there is a critical time period that is neurodevelopmentally sensitive to
dysbiosis [88].

5.5 Antibiotics

Both in-vitro and in-vivo experiments [89] have documented the perturbation
of gut microbiota with antibiotic treatment that leads to an increase in sensitivity to
visceral pain, increase in gut motility and altered BDNF levels in the brain.
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5.6 Probiotics and prebiotics

Probiotics are defined as live organisms which when administered in adequate
amounts confer a health benefit on the host. Prebiotics are non-digestible food
ingredients that selectively stimulate the growth of Lactobacilli and Bifidobacteria
in the gut, hence indirectly affecting the brain function. The two main genera
which are used as probiotics are Lactobacillus and Bifidobacterium. Several pre-
and probiotic studies have demonstrated their beneficial effects on behavior of the
host and offer novel therapeutic potential for treating mood and anxiety disorders
[90]. Caution is warranted when translating and generalizing the evidence that
certain pre- and/or probiotic strains are able to modulate brain function and
behavior.

5.7 Microbiome manipulation

Researchers can manipulate the gut microbiome using techniques such as
fecal microbiota transplantation (FMT) to assess its impact on brain health and
behavior [91].

5.8 Brain-gut communication assays

These assays involve measuring biomarkers like cytokines and neuropeptides to
understand how the gut and brain communicate. Finally, researchers may employ
psychological tests and behavioral observations to assess the impact of the gut micro-
biome on mood, cognition, and other brain-related functions [92].

5.9 Potential therapeutic strategies targeting the microbiome gut-brain axis

Efforts are being put to target the vast ecosystem of the gut microbiome for a role
in neuropsychiatric disorders.

5.9.1 Psychobiotic

Dinan et al. coined the term “psychobiotic” and defined it as “live organism that,
when ingested in adequate amounts, produces a health benefit in patients suffering
from psychiatric illness.” This definition has been expanded since then to include “any
exogenous influence whose effect on the brain is bacterially-mediated.” Thus, psy-
chobiotics include a range of substances that have the potential to affect microbiota—
gut-brain axis signaling, including probiotics, prebiotics, symbiotics, and postbiotics.
These substances can be delivered through supplements, functional foods, and
improvements to dietary intake. Some microbial therapeutics have been engineered
to sense a range of biomarkers and respond accordingly and are currently in clinical
trials for the treatment of diabetes, inflammation, and cancers [71].

5.9.2 Probiotics

There is preliminary evidence from human studies wherein Probiotics have
demonstrated their efficacy in ameliorating anxiety and depression states [93]. These
findings have been supported by systematic reviews of therapeutic potential of
probiotics in MDD [94].
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5.9.3 Prebiotics

Prebiotics consist of fibers such as resistant starch, fructo-oligosaccharides, galacto-
oligosaccharides (GOSs), and inulin which are unabsorbed in the small intestine and
are selectively fermented by gut microbes. Prebiotics are also found in human milk. One
study which was done in a cohort of patients suffering from IBS demonstrated a signifi-
cant decrease in anxiety scores with prebiotic administration [95].

5.9.4 Synbiotics

Synbiotics are a combination of both pre- and probiotics, whereby the prebiotics
improves the viability of the probiotic, providing a source of fermentable fiber as well
as acting as a general prebiotic. In a recent study, a symbiotic comprising galacto-
oligosaccharides (GOS) and a dual-strain probiotic (Lactobacillus helveticus and B.
longum) was successfully shown to decrease scores on depression scale and positively
impacted tryptophan signaling in mild to moderate MDD [96].

5.9.5 Postbiotics

Postbiotics are nonviable entities that are byproducts of bacterial fermentation
and include bioactive metabolites such as SCFAs. The use of gut peptides directly as
an intervention in gut-brain axis may not be feasible due to technical issues, however,
targeting specific microbiota in order to modulate specific gut peptides may be a
useful psychobiotic therapy. Para probiotics, or nonviable probiotics, e.g., heat-killed
probiotics, can also be included in the category of postbiotics in that they contain
structural components that may exert biological activity in the host. In preclinical
studies, several heat-killed probiotics have described antidepressant and anxiolytic
effects, with heat-killed Lactobacillus paracasei [97].

5.9.6 Fermented foods and diet

Fermented foods contain probiotics, prebiotics, and bacterially derived bioac-
tives. Two of the most common strains used in the fermentation process include
Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus. In dairy
products, lactic acid-producing Bifido-bacterium and Lactobacillus are commonly
used. Studies using fermented food interventions in humans are limited, however,
there is some evidence showing ameliorations in anxiety and mood scores. Fermented
milk drinks have been found to result in positive benefits in emotional processing.
Fermented milk containing Lactobacillus casei strain Shirota prevents the onset of
physical symptoms in medical students under academic stress by modulating the gut-
brain interaction [98]. Mediterranean diets have well-known mental health benefits.
One large-cohort, cross-sectional study in women found healthier dietary patterns
to be associated with better general health scores and decreased incidence of anxiety
and depression outcomes [99].

6. Ethical considerations and challenges

As with any medical intervention, ethical concerns arise regarding the use
of microbiome-based interventions for mental health and neurology. Balancing
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potential benefits with safety and long-term effects is crucial. It is important to

note that while there is promising research in this area, it is still relatively new and
complex. More studies are needed to fully understand the mechanisms at play and to
establish the effectiveness and safety of microbiome-based interventions for mental
health and neurology.

Ethical considerations in microbiome-based treatments include issues related to
informed consent, privacy and data security, equitable access, potential conflicts of
interest, and the long-term effects of manipulating the microbiome. These treatments
involve complex interactions with individual health and the broader ecosystem,
requiring careful consideration of both short-term benefits and potential unintended
consequences. One of the challenges in this field is the identification of neuroactive
compounds originating from the host rather than gut microbiome due to complex
communications between these two. Many of the dietary benefits on the microbiome
and brain health have been attributed to anti-inflammatory effects mediated by
the microbial metabolites of dietary fiber and polyphenols. Overall, it is clear that
although animal studies have shown much promise, more progress is necessary before
these findings can be translated for diagnostic and therapeutic benefit in patient
populations.
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The Platelet Serotonergic System
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Diverse Diseases
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Abstract

The latest advances in basic and clinical research on the main components of
the platelet serotonergic system are presently reviewed. These components consist
of serotonin (5-HT), enzymes that participate in 5-HT metabolism, the serotonin
transporter (SERT), and 5-HT1A, 5-HT2A, 5-HT3, and 5-HT4 receptors (each with
their corresponding mechanism of intracellular transduction). An additional focus is
on related biomarkers or drugs for the diagnosis or treatment of the pathophysiology
of diverse disorders such as depression, anxiety, hemorrhagic dengue, coagulopathy
generated by COVID-19, myocardial infarction, and preeclampsia. The drugs ana-
lyzed include serotonin reuptake inhibitors and serotonergic drugs that act on 5-HT
receptors. Through the platelet serotonergic system, serotonergic drugs not only
interact with the central nervous system but also may participate in coagulation,
vascular permeability, and peripheral vascular resistance, which has many implica-
tions. Finally, perspectives are offered for future research on biomarkers and new
therapeutic targets.

Keywords: platelets, serotonin, pathophysiology, serotonin transporter, 5-HT1A,
5-HT2A

1. Introduction

Scientific advances in biomedical research have allowed for the discovery of
numerous factors in the human organism related to ligand-receptor interactions
and intracellular signaling mechanisms. The new insights have provided a deeper
comprehension of the interrelationship of diverse complex physiological systems
on a molecular and systemic level. For example, recent studies on the platelet
serotonergic system have created new opportunities based on a better understanding
the pathophysiology of severe dengue, coagulopathy associated with COVID-19,
myocardial infarction, preeclampsia, and other diseases.
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Platelets are anucleate blood cells with a biconvex discoid structure and a diameter
of 2-4 pm. They develop from megakaryocytes of the bone marrow and are released
into the bloodstream through projections of pseudopodia known as proplatelets [1].
Each megakaryocyte is able to produce ~1000 to 3000 platelets as a result of multiple
divisions [2]. Platelets contain 5-8 mitochondria that synthesize various proteins
involved in platelet activation and apoptosis [3]. Unactivated platelet cells have an
average circulation lifespan of 8-10 days before being eliminated by the spleen. People
generally have 150-400 x 10° platelets per liter of peripheral blood [1].

A key molecule of the platelet serotonergic system is serotonin (5-HT), which
belongs to the family of indolamines. It is composed of an indole ring hydroxylated
at position 5 and an ethylamine lateral chain [4]. Apart from 5-HT, other important
components of the platelet serotonergic system are the serotonin transporter (SERT)
responsible for the recapture of 5-HT, a broad range of serotonin membrane recep-
tors, and enzymes that participate in 5-HT metabolism [5]. The elements of the
platelet serotonergic system are located in the central nervous system (CNS) [6]
enterochromaffin cells, and diverse tissues (e.g., pancreatic, pulmonary, hepatic, and
hematopoietic) [7-9]. This composition of the serotonergic system regulates most
of the physiological functions of the organism that have a role in the maintenance of
homeostasis.

At the beginning of the 20th century, platelets were thought to be the only source
of 5-HT in mammals. About 100 years ago, Dr. Vittorio Erspamer was looking for
substances capable of causing the contraction of smooth muscle. In 1930, he identi-
fied such a compound, which he called enteramine, in the gastric mucosa of rabbits.
Almost two decades later (in 1948), a vasoconstrictive substance, denominated
serotonin, was isolated from human serum in the laboratory of Dr. Irving Page. The
structure of serotonin was established as 5-HT in 1949, and in 1952 it was confirmed
that enteramine and serotonin are the same compound [7].

Regarding the biosynthesis of 5-HT, the first step is the conversion of L-tryptophan
(L-Trp) to 5-hydroxytryptophan (5-HTP), catalyzed by the rate-limiting enzyme
tryptophan hydroxylase. Subsequently, 5-HTP is transformed into 5-HT by another
enzyme, aromatic L-amino acid decarboxylase (4). Additionally, L-Trp can be metabo-
lized in the kynurenine pathway to nicotinamide, a fundamental component in the
formation of two molecules involved in important redox reactions in cell metabolism:
nicotinamide adenine dinucleotide (NAD") and nicotinamide adenine dinucleotide
phosphate (NADP"). The majority of 5-HT in the human organism is produced and
stored in the gastrointestinal tract (Figure 2). From this location, it enters the blood-
stream and by means of SERT is rapidly internalized into platelets [5, 10] (5), then
stored in the dense granules of these cells. Only a small fraction of 5-HT (<1%) remains
free in plasma [11].

The 5-HT secreted into plasma by platelets binds to many different membrane
receptors, which are classified into seven families designated as 5-HT1-7. There
are distinct subtypes for each family, denoted by adding a letter to the name (e.g.,
5-HT1A, or 5-HT receptor type 1, subtype A) [12, 13]. Among the subtypes of 5-HT
receptors (5-HTRs) on the platelet membrane, those most commonly studied are
5-HT1A [14, 15], 5-HT2A [16], 5-HT3 [17] and 5-HT4 [18]. They will hereafter be
discussed along with their ligands and mechanisms of signal transduction.

Platelets participate in the defense against pathogens [19] as well as in the
exacerbation of autoimmune diseases [20, 21]. For example, in the presence of
certain infectious agents or inflammatory stimuli, activated platelets trigger the
innate and adaptive immune response by releasing granules containing 5-HT,

50



The Platelet Sevotonergic System and the Search for New Biomarkers and Therapeutic Options...
DOI: http://dx.doi.org/10.5772/intechopen.1003630

p-defensin [22, 23] prostaglandins, and other inflammatory mediators. 5-HT released
into plasma stimulates receptors with the capacity to promote vasoconstriction and
therefore increase peripheral vascular resistance [24], which is characteristic of a
broad range of hypertensive pathologies [25, 26].

In summary, platelets may be regarded as circulating neurons with a complex
communication network that enables them to interact with cells in many types of
tissues to regulate diverse physiological processes. Hence the platelet serotonergic
system acts as an axis of autocrine and paracrine communication [27] capable of
mediating inflammation, blood pressure, and the immune response.

These insights into the platelet serotonergic system imply advantages,
disadvantages, and challenges in relation to medical applications. Considering the
platelet serotonergic system as the common denominator for the CNS and diverse
peripheral tissues (e.g., in the gastrointestinal tract, the hematopoietic system,
and the cardiovascular apparatus), platelets can be viewed as “circulating mirrors”
of neurons and innate immune cells [28, 29]. That is, the activity of the platelet
serotonergic system appears to be a reflection of what occurs in peripheral tissues
during various pathological processes: neuropsychological disorders (e.g., stress,
depression, anxiety, and epilepsy), coagulopathies associated with infectious
diseases [e.g., dengue [30] and COVID-19 [31], and hypertensive disorders such
as preeclampsia [24] and acute myocardial infarction [32]. For instance, the
aforementioned neuropsychological disorders involve increased permeability of
the blood-brain barrier, which gives rise to a greater filtration of platelets towards the
CNS. In the brain, platelets release 5-HT and other chemical mediators, exacerbating
neural electrical activity. In cases of epilepsy, this release of 5-HT could increase
the severity of convulsions [33]. Thus, compounds capable of slowing the course of
platelet activation might be useful for treating epilepsy. A deeper understanding of
the platelet serotonergic system should allow for the development of new biomarkers
for diagnosis and new drugs (e.g., agonists or antagonists of 5-HTRs) with enhanced
therapeutic activity.

Regarding the disadvantages of the close relation between the role of the platelet
serotonergic system in the CNS and peripheral tissues, drugs targeting the brain to
treat anxiety, depression, and epilepsy might also act on the periphery and cause
adverse effects. For example, platelet function can be affected by serotonin reuptake
inhibitors (SRIs) such as fluoxetine [34] and valproic acid. The latter is an agonist
of 5-HT2A used to treat epilepsy [35] and may under certain conditions produce
thrombocytopenia [36].

A challenge for future research is the design and development of drugs able to
interact selectively with the serotonergic system in the CNS or peripheral tissues.
Moreover, it is crucial to gain insights into the dynamics of platelet activity leading to
the release of 5-HT into plasma in order to better comprehend the kinetics of 5-HT in
the pathophysiology of severe dengue, high blood pressure, preeclampsia, and acute
myocardial infarction.

2. Transport and receptors of 5-HT in platelets

SERT, a member of the family of transporters of solutes dependent on Na+/Clg (the
solute carrier 6, or SLC6), controls intra- and extracellular concentrations of 5-HT [37,
38]. Its main function is to modulate peripheral signaling and homeostasis [39]. Given
that 5-HT is a protonated molecule under physiological conditions, it is incapable of
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crossing the lipidic bilayer of cell membranes. Thus, the proper balance of its absorption
into platelets and release from the same depends on the regulation of bidirectional
transport carried out by SERT [37]. As the plasma level of 5-HT increases, SERT
expression is upregulated on the platelet membrane and vice versa. Hence, regulating
SERT expression is a plausible strategy for controlling plasma 5-HT levels [40].

In contrast, SRIs (e.g., fluoxetine and sertraline) prescribed to patients diagnosed
with severe depression have been tested in animal models to assess their possible
adverse effects. The principal clinical and biochemical changes are related to
hemostasis, which is linked to the concentration of 5-HT in platelets. The use of SRIs
has been reported to induce both low [41, 42] and high concentrations of 5-HT [43].
This discrepancy can be explained by the utilization of different drug schemes, assay
methodologies, and/or techniques for the determination of 5-HT.

According to a study by Linder et al., veins (unlike arteries) do not have functional
SERT. Nevertheless, they are capable of absorbing a significantly greater quantity of
5-HT than arteries, suggesting that their capture of 5-HT, independent of SERT [38]
involves other monoamine transporters (e.g., the norepinephrine transporter and the
dopamine active transporter) that are similar to SERT in their mechanism of absorp-
tion, function, and regulation [37, 44]. Further research is needed on the location and
function of SERT and other monoamine transporters in the cardiovascular system
in order to explore possible pharmacological targets for the treatment of vascular
disorders.

The effects of 5-HT are mediated by specific 5-HTRs [45]. The 5-HT2A (type 2,
subtype A) receptor is best characterized on the platelet membrane and in the cells of
vascular smooth muscle tissue [46]. After binding with 5-HT2A, 5-HT is released into
the bloodstream, resulting in the activation of nearby platelets and greater platelet
aggregation to form thrombi during the inflammatory response. Moreover, there is
evidence of a vasoconstrictor effect elicited by the activation of 5-HT2A receptors
in cells of vascular smooth muscle cells, and a vasodilator effect stemming from the
activation of 5-HT1B in endothelial cells through a mechanism dependent on nitric
oxide (NO) [47].

Based on these findings, the antagonist sarpogrelate was tested on 5-HT2A recep-
tors, observing a decreased serum concentration of 5-HT [48]. Such an effect could
possibly diminish the formation of thrombi, thus reducing the risk of acute myocar-
dial infarction. However, the search for a selective compound is complicated by the
structural homology (46-50%) of 5-HT2A with the 5-HT2B and 5-HT2C subtypes
[49]. Activation of 5-HT2B leads to the contraction of smooth muscle tissue of the
stomach and muscular tissue in the human intestine. It also takes part in the relax-
ation of the endothelial tissue of veins [50, 51]. The 5-HT2C receptor has not been
detected in the cardiovascular system and its activity is as yet unknown due to the lack
of selective ligands [52].

The activation of 5-HT1A causes a drop in blood pressure and the heart rate [53],
indicating a physiological role in the activation of the vagus nerve signaling the heart
[54] and bladder [55]. The evaluation of antagonists of 5-HT1A has demonstrated a
dose-dependent vasoconstriction, thus elevating the blood pressure and heart rate. It
would then seem that selective agonists of 5-HT1A should be able to lower blood pres-
sure, reduce the activity of the sympathetic nervous system, and increase stimulation
of the vagus nerve [56].

In a similar sense, cardiopulmonary reflexes have been examined in relation
to the brain and peripheral 5-HT1A receptors, which are known to modulate the
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recapture of 5-HT. Altered expression of 5-HT1A has been found on the platelet
membrane of patients with major depressive disorder, with more severe depression
associated with an overexpression of the receptor and decreased activity of 5-HT in
platelets [14].

There are few reports on the function of 5-HT1B/1D subtypes. A study based on a
rat model suggests that their activation may produce vasodilation and a drop in blood
pressure [47, 52].

5-HT3 receptors are pentameric ion channels. They are controlled by a ligand
consisting of five subunits generated by the alternative splicing of the RNA sequence
of 5-HT3A-E [57]. Each subunit comprises ~450 amino acids and weighs an average of
50 kDa. These subunits are arranged around a central sodium, potassium, or calcium
ion-conducting pore. In relation to other serotonin receptors, 5-HT3 has a distinct
molecular structure and signaling pathway [58, 59]. Activation by 5-HT causes the
ionic pore to open, and the entering current activates and subsequently desensitizes
the receptor [60, 61]. 5-HT3 receptors are located in the spinal nucleus of the trigemi-
nal nerve, the area postrema, and the solitary tract [62], areas of the CNS linked to
emesis. They are also expressed on the surface of activated platelets and are associ-
ated with platelet aggregation. Hence, they likely contribute to thrombosis, although
further investigation is necessary to clarify their physiological and pathophysiological
role in platelet function [17, 63].

The affinity of 5-HT for 5-HT3 receptors in schizophrenic patients has been
found to be four times greater than in healthy individuals. This affinity is related
to the participation of isoform D of the amino acid serine (D-serine) in ligand-
receptor binding [64]. Future research is needed on other possible structural and
functional alterations in 5-HT3 receptors located on the platelets of schizophrenic
patients in order to find new biomarkers and treatment targets. The two known
therapeutic effects of targeting 5-HT3 receptors are related to nausea/emesis
and irritable bowel syndrome. Regarding the former condition, ondansetron
is an antagonist of 5-HT3 receptors that effectively relieves emesis induced by
chemotherapy [65].

Regarding 5-HT4 receptors, the seven variants described in the literature differ
in the sequence of the C-terminal segment. They have been detected at the central
and peripheral level [65]. While their activation in the brain appears to influence
long-term depression [66], in the intestine they can affect peristalsis, motility,
and secretion [67]. 5-HT4 receptors are expressed on enterochromaffin cells in the
gastrointestinal tract and on neurons of the enteric nervous system. The binding of
5-HT to these receptors facilitates the release of acetylcholine and the relaxation of
the colon [68, 69], effects produced by the partial agonist tegaserod, which affects
diverse physiological functions of the gastrointestinal tract [68, 70]. The expression
level on platelet membranes is much lower for 5-HT4 than 5-HT2. Accordingly, there
is an approximately 8-fold greater level of platelet mRNA encoding 5-HT2 than 5-HT4
receptors [18].

3. Serotonin receptor signaling pathways
The activation of 5-HTRs by 5-HT leads to the triggering of highly regulated

signaling pathways capable of transmitting signals from the surrounding
environment to the interior of the cell. Since signaling pathways elicit effector
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responses responsible for orchestrating many essential physiological processes of the
human organism, they are a crucial factor in drug development. The most relevant
signaling pathways activated by 5-HT are discussed hereafter, with the main focus on
serotonin platelet receptors, and secondarily on those found on other types of cells.

Once released by the cells of the gastrointestinal tract, 5-HT is absorbed by SERT
[71], thus allowing it to be dispersed into the bloodstream, captured by platelets, and
transported to peripheral tissues. About 95% of 5-HT in the blood is stored in platelet
dense granules, which also contain ATP, ADP, and Ca* [72, 73]. The various inhibi-
tors of the capture of 5-HT by platelets include fluoxetine, sertraline, paroxetine,
escitalopram, and citalopram (Figure 1). Although the specific mechanism of action
of citalopram has not yet been defined, it is reportedly not through the inhibition of
SERT.

3.15-HT1A receptors

5-HT1A receptors are coupled to the Gai/o subunit of intracellular guanine
nucleotide-binding proteins (G proteins), giving rise to the inhibition of adenylyl
cyclase and the regulation of protein kinase A and cyclic adenosine monophosphate
(PKA/cAMP) through descending pathways. Signaling triggered by these receptors
increases the phosphorylation of extracellular signal-regulated kinases (ERKs)
by means of a pathway dependent on phosphatidylinositol-3-kinase and serine/
threonine kinase Akt (PI3K/Akt) (Figure1) [74].

Fluoxetine Ondansetron Sarpogrelate [} Buspiron
Sertralin Granisatron Ketanserin Gepiron
Citalopram Palonosetron AZY ??

Dolasetron Compound 13
Paroxetine

Escitalopram

Figure 1.

The serotonin signaling pathway. Sevotonin (5-HT), transported in and out of platelets by the serotonin
transporter (SERT), triggers signaling by means of its veceptors, including 5-HT1A, 5-HT2A, and 5-HT4 (which
are G protein-coupled receptors, or GPCRs) as well as 5-HT3. The receptors illustrated on the platelet cell have
significant functions in numerous cell types. Multiple signaling pathways (e.g., intracellular calcium release)

are activated by these receptors. Signaling through such veceptors has been associated with a variety of diseases.
Drugs and compounds that interfere with the activity of 5-HT receptors have been shown to affect signaling,

thus producing therapeutic and/or adverse effects. The blue circles vepresent 5-HT, the black arrows indicate
stimulation, and the red blunt arrows portray inhibition [18, 57, 61, 74-84]. Created with BioRender.com.
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3.2 5-HT2A receptors

The binding of 5-HT to 5-HT2A receptors generates conformational changes that
activate the Gaq subunit by the GDP/GTP exchange reaction. The resulting GTP
activates the phospholipase C-p (PLC-p) enzyme by la dissociation of complex Gpy
[75]. The PLC-p enzyme splits the phospholipid phosphatidylinositol 4,5-bisphos-
phate (PIP,) into phosphatidylinositol diacylglycerol (DAG) and inositol triphosphate
(IP3). DAG activates protein kinase C (PKC) on the membrane, while IP3 induces
the release of Ca®* from intracellular organelles (e.g., the endoplasmic reticulum). A
high level of Ca*" in the cytosol causes the formation of the Ca**/calmodulin complex,
which activates calcineurin phosphatase (CaN). This in turn gives rise to the translo-
cation of the nuclear factor of activated T cells (NFAT) to the nucleus, where it plays a
crucial role in the CNS and in neurological diseases [75]. In response to 5-HT binding,
the 5-HT2A receptor can activate another signaling pathway by means of the phos-
phorylization of the Janus kinase Jak2. The latter undergoes auto-phosphorylization
and at the same time triggers the phosphorylization of STAT3, resulting in its trans-
location to the nucleus [76]. The c-Cbl carboxyl terminus protein recycles 5-HT2A
receptors (Figure1) [77].

The inhibition of 5-HT2A receptors is of interest to limit platelet aggregation and
as a consequence prevent adverse cardiovascular events. The main 5-HT2A inhibitors
in clinical use today are ketanserin and sarpogrelate. Investigation is being carried
out on small molecules such as compound AZ928, derived from 6-fluorobenzo [d]
isoxazole. AZ928 has demonstrated a high affinity for the receptor and antiplatelet
activity superior to that of sarpogrelate, with a favorable safety profile [78]. Other
compounds have a nucleus of 4-phenylcyclohexane-5-spiro- and 5-methyl-5-phenyl-
hidantoin bound to various fragments of aryl piperazine. One example is “compound
13” reported to inhibit platelet aggregation in a manner comparable to ketanserin and
with greater efficiency than sarpogrelate [79]. The antagonists of 5-HT2A are promis-
ing candidates for the future research on the development of new antiplatelet agents.

3.35-HT3receptors

Pentameric complexes have a central conducting pore permeable to cations (e.g.,
Na*, Ca®™, or K*) [80-82]. The activation of these receptors in platelets brings about
arapid rise in the level of cytosolic calcium, known to play a fundamental role in
platelet activation and aggregation [63]. Contrarily, resveratrol reduces the release
of stored Ca®* ions and at the same time inhibits the entrance of Ca** into platelets,
thus inhibiting platelet aggregation prompted by thrombin (Figure 2) [83]. Further
investigation is required to clarify the mechanism of the resveratrol-induced decrease
in the level of Ca®* ions in order to explore the feasibility of administering the drug to
generate an effect opposite to the response of the activated receptor. The antagonists
of 5-HT3 receptors include ondansetron, granisetron, tropisetron, palonosetron,
dolasetron, and azasetron (Figure 1) [57].

3.4 5-HT4 receptors

5-HT4 receptors have been identified on human platelets (as illustrated
in Figure 1 and 2) [18]. Because of being coupled to G proteins, 5-HT4 receptors
promote the production of cAMP and PKA by stimulating the activation of adenylyl
cyclase. These receptors are also able to trigger metabolic pathways involving the
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Figure 2.

Thge peripheral serotonergic system. Left: Synthesis of 5-HT in enterochromaffin cells, which transform tryptophan
(TRP) into 5-hydroxytryptophan (5-HTP) through the enzyme tryptophan hydroxylase 1 (TPHz1). Subsequently,
5-HTP is converted into 5-hydroxytryptamine (5-HT) by aromatic L-amino acid decarboxylase (L-AADC).
Right: Platelets are activated by various serotonin veceptors on their membrane (5-HT1A, 5-HT2A, 5-HT3, and
5-HT4). The storage of 5-HT in platelets takes place by means of the sevotonin transporter (SERT), while the
metabolism of 5-HT occurs through the enzyme monoamine oxidase (MAO). The latter transforms 5-HT into
5-hydroxy-indoleacetaldehyde (5-HIAL), which is oxidized by NAD + -dependent aldehyde dehydrogenase
(ALDH) to 5-hydroxy-indoleacetic acid (5-HIAA). The blue circles vepresent 5-H'T; black arrows indicate
stimulation, and red blunt arrows portray inhibition. (modified from Ning Liu, et al., 2021) [71]. Created with
BioRender.com.

activation of the protein kinase enzyme (MAPK) by nitrogen. In primary neurons,
there is a potent but transitory activation of the ERK pathway, which operates inde-
pendently of PKA. The principal route for the activation of neuronal ERKs by 5-HT4
receptors is dependent on Src protein-tyrosine kinase [84].

4. The platelet serotonergic system as a mirror of changes in stress,
anxiety, depression, and epilepsy

In relation to the hypothesis of the link between the two locations of the platelet
serotonergic system (the brain and peripheral tissues), recent preclinical studies
have shown a significant reduction in brain and peripheral 5-HT of rodents (in
platelet-rich plasma, or PRP) subsequent to forced swimming. A subchronic
treatment with fluoxetine elicited a significant increase in the level of 5-HT in PRP.
On the other hand, the same treatment prior to forced swimming led to a lesser
decrease in the level of 5-HT in PRP than that observed in the control group of
rodents submitted to forced swimming without treatment [85]. Accordingly, the
level of peripheral 5-HT is sensitive to forced swimming, fluoxetine treatment, and
the combination of the two.

Platelets have been proposed as markers possibly capable of distinguishing
between acute and chronic stress as well as between somatic symptoms and psychi-
atric disorders [86, 87]. The low level of 5-HT in the brain of patients in a depressive
state has been regulated by the prescription of SRIs [41, 42]. However, no significant
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difference was detected in the platelet content of 5-HT or in 5-HT reuptake in patients
with post-traumatic stress disorder compared to healthy individuals [88]. Hence,
further investigation is needed on the effects of distinct kinds of stress on the dynam-
ics of the platelet serotonergic system.

Interestingly, evidence exists of a greater quantity of plasma 5-HT and a higher
density of 5-HT2A receptors on platelets in patients with a combination of major
depressive disorder and cardiovascular disease [89, 90]. As can be appreciated, a
coherent explanation of the participation of the peripheral serotonergic system in
depression has not yet been established. A previous systematic review revealed three
different outcomes for the peripheral levels of 5-HT after treatment with antidepres-
sant drugs: an increase, a decrease, and no significant change [91]. As a consequence,
the peripheral levels of 5-HT cannot be utilized as a biomarker for the diagnosis of
depression or as a measurement of the efficacy of treatments.

Likewise, contradictory results have been found in research on the role of the
peripheral serotonergic system among anxiety disorders. For instance, a higher level
and activity of SERT have been described in the platelets of patients with anxiety
disorders [92]. However, a study on patients with panic disorder discovered a
diminished average platelet volume in comparison with the control group of healthy
individuals [93].

Despite intense efforts in the last few years to explore the involvement of the
platelet serotonergic system in the pathophysiology of neurodegenerative diseases
(e.g., epilepsy) [94, 95], the findings have not yet provided a clear picture of the
overall contribution of the corresponding elements. On the other hand, there are
various reports on adverse effects in peripheral tissues produced by treatments aimed
at the platelet serotonergic system in the brain. For example, cabergoline and valproic
acid (agonists of 5-HT2A and 5-HT2B receptors used to treat Parkinson’s disease
and epilepsy, respectively) have been linked to the development of valvular heart
disease [96, 97].

5. The platelet serotonergic system in the pathophysiology of
coagulopathies associated with viral infections

COVID-19 causes an broad spectrum of diseases due to an exaggerated
proinflammatory response, which often progresses to hyperinflammation
accompanied by coagulopathy and a procoagulant endothelial phenotype [98].

The close relation between the condition of hypercoagulability and infection by
COVID-19 can explain various phenomena observed in clinical practice. For instance,
thromboembolic events have been described, such as venous and arterial thrombosis,
leading to a greater incidence of strokes, myocardial and cerebral infarction, acute
coronary syndrome, and pulmonary embolism [99]. Moreover, the activation of
platelet aggregation by endothelial damage and the ensuing interaction with other
cells aggravates the potential of hyperinflammation, structural remodeling of the
pulmonary vasculature, and cardiovascular disease [100, 101].

5-HT has been shown to decrease the harmful effects of COVID-19 infection [102].
It manifests its activity in macrophages and dendritic cells, suppressing the genera-
tion of proinflammatory cytokines and chemokines. Furthermore, 5-HT promotes
enhanced cytotoxicity in natural killer cells and reduces the production of tumor
necrosis factor alpha (TNF-a) [103], while stimulating the proliferation of endothelial
cells by binding to their 5-HT?2 receptors [104].
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There is evidence that ketanserin (a 5-HT?2 antagonist) diminishes pulmonary
platelet trapping and inhibits platelet activation and aggregation, thus facilitating
respiration and lowering the risk of pulmonary fibrosis and adverse consequences in
the kidneys, the CNS, and the cardiovascular system. Additionally, this treatment is
able to revert the pulmonary vasoconstriction mediated by 5-HT [105].

SRI antidepressants have been employed to treat COVID-19 patients as well. They
prevent the release of inflammatory cytokines [106], present anticoagulant activity
[34, 41], and make the immune response more effective through the inhibition of
proinflammatory molecules such as TNF-a, IL- Y, IL-1B, and IL-6 [107, 108]. A selec-
tive SRI, fluvoxamine, is among the most studied and used treatments in the outpa-
tient care of COVID-19 patients with risk factors. It has been shown to be beneficial in
treating hypercoagulability in patients with COVID-19, possibly due to the effect that
this SRI has on the reduction in platelet 5-HT concentration [109].

Regarding infection with dengue virus, the specific mechanisms involved in the
development of thrombocytopenia are unknown. It is believed that platelets and
5-HT play a crucial role in understanding the vascular pathophysiology of this disease
[30]. In studies carried out on adult patients with severe dengue, the acute phase
induced platelet activation, increased intraplatelet 5-TH concentration, and greater
expression of the activated fibrinogen receptor, the lysosomal marker CD63, and
P-selectin [110].

6. The platelet serotonergic system in the pathophysiology of acute
myocardial infarction

Acute myocardial infarction is the main cause of mortality around the world [111].
The prognosis of patients has been improved by opportune treatment, including
pharmacological thrombolysis and percutaneous coronary intervention. However, the
restauration of coronary blood flow provokes tissue damage, denominated myocar-
dial reperfusion injury [32].

Platelets play a critical role in response to myocardial injury. Firstly, platelet
glycoproteins IIb, I1Ia, and VI have an essential function in the adhesion and aggrega-
tion of platelets. Secondly, activated platelets recruit proinflammatory leukocytes to
the site of ischemic tissue, providing reperfusion during the first few days following
a lesion. Thirdly, platelets release exosomes, which increase inflammation within the
ischemic myocardium. They also release microvesicles and apoptotic bodies involved
in myocardial tissue regeneration. Finally, 5-HT has been found to aggravate inflam-
mation in the area of an infarct [111], suggesting that the respective receptors could
be targeted to afford protective effects in post-infarct patients [112]. Some recently
developed drugs have been administered to patients with acute myocardial infarction
in the early phase of recovery. For instance, ondansetron shows anti-inflammatory
effects by modulating the immune system and diminishing platelet activation [112].

7. The platelet serotonergic system in the pathophysiology of preeclampsia

Preeclampsia is a severe hypertensive complication of pregnancy that constitutes
a significant risk for the mother and fetus [113, 114]. In women with preeclampsia,
the following conditions have been detected: (1) enhanced availability of tryptophan,
(2) adecrease in the activity of the kynurenine pathway and thus in the synthesis
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of indoleamine 2,3 dioxygenase, and (3) a reduction in the degradation of 5-HT by
monoamine oxidase type A, resulting in a higher concentration of free 5-HT in mater-
nal circulation [115, 116]. During pregnancy, 5-HT is synthesized in the syncytiotro-
phoblasts of chorionic villi. With preeclampsia, the generation of 5-HT is significantly
lower in the syncytiotrophoblasts, but extracellular 5-HT probably causes placental
hyperserotonemia (as found in normal maternal circulation) [117]. Various studies
carried out on women with preeclampsia and gestational hypertension demonstrate
an increase in 5-HT in the placenta, correlating positively with blood pressure and the
severity of the disease [116-118].

Moreover, a release of 5-HT from mastocytes, basophils, and platelets is triggered
by lesion or inflammation and can initiate cascades and other immune processes,
among which are chemotaxis mediated by 5-HT1A receptors and cellular phagocy-
tosis [119, 120]. Hence, 5-HT is necessary for the normal production of cytokines
involved in the activation of inflammatory processes, including IFN-y, IL-1B, IL-8,
IL-12, TNFa, IL-17, and IL-6 [121, 122].

According to multiple reports on women with preeclampsia, the existence of
hyperserotonemia during preeclampsia exacerbates several pathological processes,
such as endothelial cell damage, platelet aggregation, the development of turbu-
lence in blood flow, and microvascular damage in the placenta, all leading to more
abundant inflammation [24, 123]. Damage to endothelial cells promotes platelet
aggregation and as a consequence the release of 5-HT, which induces vasoconstriction
mediated by 5-HT?2 receptors in smooth muscle tissue and the uterine artery [25, 124].

8. Conclusions

The platelet serotonergic system is complex, affecting factors in the CNS and
peripheral tissues. SRIs and other serotonergic drugs (agonists and antagonists of
5-HTRs) not only interact with the immune and central nervous system to treat
certain diseases, but also may participate in coagulation, vascular permeability, and
peripheral vascular resistance. It is crucial to consider both the central and periph-
eral locations and functions of the platelet serotonergic system before prescribing a
medication that targets SERT or a serotonergic receptor (5-HT1A, 5-HT2A, 5-HT3, or
5-HT4) in order to avoid or reduce adverse effects (Figure 2). These targets represent
an opportunity to treat the pathophysiology of infectious diseases (e.g., dengue and
COVID-19), neuropsychological disorders (e.g., stress, depression, anxiety, and
epilepsy), and cardiovascular diseases. They also represent potential biomarkers of
the same disorders. Further research is required to provide greater insights into the
mechanisms at play in the platelet serotonergic system. The challenge in drug devel-
opment is to discover selective ligands capable of giving rise to the desired activity in
the CNS or peripheral tissues (without provoking adverse effects) by increasing or
decreasing the activation of platelets.
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Abstract

Serotonin affects immunological regulation, hemostasis, vasoconstriction, gut
motility, and is linked to several diseases. During peristalsis, serotonin (5-HT) is
released from the gut mucosa and is largely generated by enterochromaffin cells (ECs)
rather than gut microbes. Gut bacteria can stimulate the production of 5-HT. Serotonin
in the blood that is retained within the platelets contributes to the production of clots
and platelet aggregation. It binds to receptors such as SHT2A, producing platelet
aggregation and neuronal excitement. It regulates vasoconstriction via SHT1D in cranial
blood arteries. Atherosclerosis, thrombosis, and hypertension are some cardiovascular
conditions liked to serotonin dysregulation. Serotonin imbalances in the gut influence
gut motility and absorption, leading to conditions such as irritable bowel syndrome
(IBS). 5-HT receptor subsets (5-HT1, 5SHT2B, 5-HT3, 5-HT4, and 5-HT7) in gut are
promising therapeutic targets. Serotonin in the Central Nervous System (CNS) controls
a variety of behavioral and cognitive activities. 5-HTRs, including 5-HT1A and 5-HT2A,
can have conflicting effects on pyramidal neuron firing. The chapter comprehends
SHTRs’ involvement in the blood, gut, and brain, emphasizing its significance in
modulating a variety of biological activities. Further investigation must be conducted to
better comprehend the complexity of serotonin signaling to develop innovative treat-
ment techniques that target serotonin receptor networking.

Keywords: serotonin, vasoconstriction, gut brain axis, 5-HTReceptors, brain disorders,
platelets

1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) plays important roles in humans’ central
nervous system and the other peripheral systems. In the central nervous system, it acts
as a neurotransmitter, controlling brain functions such as autonomic neural activity,
stress response, body temperature, sleep, mood, and appetite. In its role as a peripheral
hormone, serotonin is unique in controlling the functions of several organs. In the
gastrointestinal tract it is important for regulating motor and secretory functions.
Apart from intestinal motility, energy metabolism is also regulated by both central
and peripheral serotonin signaling. It also has fundamental effects on hemostasis,

73 IntechOpen



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

vascular tone, heart rate, respiratory drive, cell growth and immunity. Serotonin
regulates almost all immune cells in response to inflammation, following the activation
of platelets [1]. Serotonin (5-HT) is a neurotransmitter involved with the regulation of
numerous behavioral and biological functions in the body, playing a role in both psy-
chological processes in the central nervous system (CNS) as well as peripheral tissues
such as the bone and gut [2]. Serotonin is a monoamine neurotransmitter that plays a
role in several complex biological functions [3, 4]. Its common abbreviation is 5-HT
because of its chemical name: 5-hydroxytryptamine [5]. The most clinically relevant
function of serotonin is in psychiatric disorders; most commonly, its absence appears
to be related to depression, anxiety, and mania [6, 7]. The interplay of the 5-HT system
with several other classical neurotransmitter systems makes the wide range of brain
processes mediated by 5-HT neurotransmission in the CNS more complicated. 5-HT
exerts its effects on regulating the neurotransmitter release of these neurons by activat-
ing serotonergic receptors on cholinergic, dopaminergic, GABAergic, or glutamatergic
neurons [8, 9]. Additionally, 5-HT neurons also engage in co transmission, which is

the release of several classical neurotransmitters by a single neuron. Glutamate and
perhaps other amino acids are co-transmitters produced by 5-HT neurons, according
to research published in [9]. Intense research is being done to better understand the
regulation and functional ramifications of this neuronal co-transmission [10].

2. Synthesis, activation and degradation of 5HT in gut

The gastrointestinal (GI) tract, platelets, and the serotoninergic neuronal network of
the central nervous system are the primary locations of serotonin (5-hydroxytryptamine,
or 5-HT). In addition to being a neurotransmitter, serotonin is a peripheral hormone [1].

Ninety percent of the serotonin in the body is produced by epithelial enteroendo-
crine (EE) cells, which include enterochromaffin cells (EC) as one of its kinds. Since
they serve as sensory transducers and facilitate transepithelial movement, EC cells are
distributed throughout the enteric epithelium that runs from the stomach to the colon.

@
Enterochromaffincells |
o ®
@
Epithelial cells
[ )
Serotonin (SHT) 1l )
o
@
@
Lumen ® Lamina Propria

Figure 1.
Serotonin produced in EC cells, with the bulk being veleased into the lamina propria and a minor quantity into
the gut lumen.
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This mechanosensitivity is again monitored by SHTRs. These cells store their 5-HT in
secretion granules at the base of the cell, and they have a microvillus border that pen-
etrates into the gut lumen; from where it makes its way to the connective tissue, passing
through lamina propria, to gain access to the SHTRs on the nerve endings, since no nerve
ending crosses through the lamina propria [11]. Once synthesized, Vesicular Monoamine
Transporter 1 (VMAT1) package and release it from the basal border of EC cell into
interstitial space of the mucosa by not only Luminal distention but also by chemical
stimuli, which activates of SHTR in both submucosal and myenteric plexuses on Intrinsic
Primary Afferent Neurons (IPANs). The actions of 5-HT are halted by the uptake of
serotonin reuptake transporter (SERT), which is expressed by intestinal epithelial cells,
platelets, and enteric neurons, into surrounding epithelial cells. It is followed by the
intracellular breakdown of 5-hydroxyindoleacetic acid (5-HIAA) by monoamine oxidase
(MAO) [12]. Serotonin is released into the intestinal lumen and the lamina propria,
which is home to T lymphocytes, dendritic cells, and other immune cells (Figure 1) [13].

3. Serotonin receptor networks in brain

Drug reinforcement, stress sensitivity, mood, anxiety, and aggressiveness are
all modulated by 5-HT1B receptors. A number of studies have found that decreased
5-HT1B heteroreceptor activation may promote impulsive behavior. The 5-HT1A
receptor is a prominent inhibitory G-protein coupled receptor subtype identified
in the auto- and heteroreceptor populations of the nervous system. It functions by
interacting with Gi/Go proteins, which control a number of intracellular signaling
cascades, including cAMP inhibition, calcium channel inactivation, and potassium
channel activation [14]. 5-HT5A and 5-HT6 receptors are serotonin proteins present
in the human brain that control neurotransmitter release as well as physiological
functions such as learning and memory. The HTR5A gene encodes them, and they
have been associated with neurological and mental disorders [15].

4. Localization OF 5SHT1A, 5HT1B, 5SHT6, SHT5A
4.15HT1A

Neurons in the raphe nuclei generate tryptophan hydroxylase 2 (TPH2), which
forms the 5-HT system in the brain. Among the 14 5-HT receptor genes, the 5-HT1A
receptor is of particular interest because it is abundant in corticolimbic regions
implicated in mood and emotion, such as the hippocampal and cortical pyramidal
neurons, as well as interneurons of the prefrontal cortex, medial septum, amygdala,
hypothalamus, and other regions. On 5-HT neurons, the 5-HT1A receptor is the major
somatodendritic auto receptor [16], functioning as a “brake” to lower overall 5-HT
system activity and is thought to delay antidepressant response, where it operates as a
“brake” to inhibit overall 5-HT system activity and is thought to delay antidepressant
response [17]. As a result, processes that control 5-HT1A auto receptor levels are likely
to set the tone for the entire 5-HT system [18].

4.25HT1B

The basal ganglia, striatum, and frontal cortex are the primary sites of 5-HT1B
receptor expression. They are found on presynaptic 5-HT terminals as inhibitory
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autoreceptors of 5-HT release, it also acts on other nerve terminals as heteroreceptors
that govern the release of neurotransmitters such as acetylcholine, glutamate, dopa-
mine, norepinephrine, and gamma-aminobutyric acid [19]. It was recently revealed that
the interaction of 5-HT1B receptors with the protein p11 regulates their cellular location.
Mice with pl1 overexpression and hence have increased 5-HT1B receptor activity have a
pattern of antidepressant. p11 mutant mice, on the other hand, display a depression-like
phenotype and a reduced responsiveness to antidepressant therapies [20].

4.35HT5A

Humans have a protein called HTR5A. It belongs to the 5-hydroxytryptamine receptor
protein family. It is a receptor having seven membrane domains that a negative correlation
to adenylate cyclase and opens potassium channels when activated [21]. This has been
found in the human forebrain, cerebellum, and spinal cord and is encoded by the HTR5A
gene [22-24]. It is present in the basal ganglia and the frontal cortex, whereitactsasa
terminal auto-receptor or heteroreceptor, modulating neurotransmitter release [25].

4.45HT6

This is another type found in the human brain [26]. It is a type of protein that
regulates how the brain develops. It accomplishes this by interacting with other pro-
teins that regulate how neurons travel and connect to one another. This contributes to
the formation of brain circuits critical for memory and behavior [27]. 5-HT6 mRNA is
only found in neurons, and it is particularly concentrated near the primary cilia which
are 1-5 m long membrane extensions of the cell that are linked to the ciliary basal
body. Cilia are important signaling components across the central nervous system.
They are found in neurons and are particularly concentrated in the primary cilia.
They have also been discovered in numerous locations of the rat brain in connection
with both neuronal dendrites and cilia. The subcellular location of 5-HT6 receptors
influences their signaling and pathological functions [28].

5. Serotonin receptor dispersion, mechanism, and potential brain impacts

See Table 1.

Receptor Type Location Role Route Action
5-HT1A hippocampal, Prefrontal cognitive function, mood,  Inhibitionof  Inhibitory
cortex pyramidal neuronsand  and emotional states. ACII

interneurons, medial septum,
amygdala, and hypothalamus
5-HT1B basal ganglia, striatum and mood, memory, Inhibitionof ~ Inhibitory
frontal cortex ACII
5-HT5A hippocampus and neocortex learning, memory, and Inhibition Inhibitory
mood regulation. of AC
5-HT6 cortex and hippocampus Stress, thinking, Activation Stimulatory
retention, and personality ~ of AC
Table 1.

Receptor dispersion, mechanism, and effects in the brain.
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6. Pathological implications of serotonin receptors in the brain

The 5-HT1A receptor 5-HT1 inhibitory G-protein-coupled serotonin receptors
have critical roles in the clinical manifestations of major depressive disorder, bipolar
disorder, schizophrenia, and anxiety-related conditions [29]. In contrast, inhibiting
this receptor can cause higher emotional depression in maturity [30] when inhibition
of heteroreceptors was commenced in mature individuals, this phenotype was not
observed. Inhibition of these receptors causes behavioral despair without any ner-
vousness, whereas aberrant stimulation in this protein during frontal lobe formation
restores the whole-brain distressed trait 5-HT1A KO animals [30].

The 5-HT1B receptor When it is expressed in the presynaptic membrane, stimula-
tion of the 5-HT1B. The serotonergic receptors enhance calcium and potassium
channel regulation, increasing potassium conductivity, stimulating the cell, and thus

e®
Presynaptic neuron . s -
Activation ‘%
e ®
e ® ® L Inhibition 9
®
e
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Nuclear pERK
translocation
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Figure 2.

The activation of 5-HT1B inhibits adenylate cyclase (AC), decreasing ATP conversion to cyclic adenosine
Monophosphatase (cAMP) which activates protein kinase a (PKA), the stimulation of these specific receptors
reduces Caz+ and increases K+ conductance. A chain veaction of kinases governs the extracellular signal-regulated
kinase (ERK) transfer after 5-HT1B activation. Furthermore, kinase B protein (AKT) is activated, resulting in
the stimulation of glycogen synthase kinase 3 (GSK3), which is implicated in the phosphorylation and control of
5-HT1B receptor function.
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suppressing 5-HT release. 5-HT1B, as a post-synaptic receptor, suppresses AC via the
signaling pathway induced by the Gi/0 protein. When 5-HT1B is activated, it activates
ERK, AKT, and the Rho-kinase (ROCK) pathway, which causes activated ERK to be
transported to the nucleus. The glycogen synthase kinase 3 protein (GSK3) was linked
to putative phosphorylation of the receptor, boosting its repressive capability on AC
as a strategy to modulate this signaling pathway (Figure 2) [31, 32].

The 5-HT5A is a widely expressed serotonin receptor in the central nervous system
[30, 33]. Despite the receptor’ role is not entirely understood, research has suggested
that it may be involved in mental illnesses such as schizophrenic and unipolar depres-
sive disorders [23, 30, 34]. In particular, the selective ligand for 5-HT5A is useful
in the therapy of cognitive or mood disturbance associated with these disorders
However, the information available on specific disorders involving this receptor is
currently limited [14].

The 5-HT6 receptor has been linked to the onset of Alzheimer’s illness (AD) and
cognitive decline [24]. The role of 5-HT6 in Alzheimer’ disease pathogenesis is still
not fully understood, but this receptor is thought to be engaged in the regulation of
hippocampal cilia function in animal models of AD. Additionally, one study found
that the density of 5-HT6 receptor-binding sites in the brain was reduced in patients
with AD, and that hyperactivity was the best predictor of how much decreased 5-HT6
in the brain. 5-HT6 receptor inhibitors’ possible beneficial effects on therapy in AD
suggest that targeting this receptor may hold promise for the generation of novel ideas
for treatments in order to improve neurological dysfunction in patients of AD [25].

Alzheimer’s disease (AD) is one of the leading reasons for mortality and becom-
ing disabled globally, with severe clinical and socioeconomic consequences. 5-HT6R
has been recommended to be a possible pharmacological target for cognitive

SHTRINVOLVED IN BRAIN  MODULATION OF NEURONAL  NEURODEVELOPMENTAL AND
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Figure 3.
Implications of dysregulation of SHTR in brain functions in adults and children.
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improvement in Alzheimer’ disease in the hunt for innovative treatment options
[35]. G protein-coupled receptors, promote adenylate cyclase activity, increasing
cAMP production when activated by an agonist. It has been linked to Ca2+ signaling
and act on Fyn-tyrosine kinase, a member of the Src family. These findings sug-

gest that 5-HT6 receptors activate ERK1/2 through a Fyn-dependent mechanism.
Tau, A microtubule-associated protein that is essential for the formation of tangled
neurofibrillary fibers and AD. Mutations in 5SHT6 receptors may lead to enhanced tau
phosphorylation (Figure 3) [26].

7. Therapeutic target of serotonin receptors

The 5-HT6R represents one of the newest receptors for serotonin to be discovered
and has attracted a lot of interest following studies that showed it has pro-cognition
features. SHTR5A receptor proteins assist in regulating how the brain functions,
such as how it recalls things and how it reacts to particular stimuli. They also aid
in the circulatory control of the body. Agonists and antagonists are medicines that
can influence how the 5-HT5A receptor works. Serotonin uptake inhibitors are
medications that can help the brain recall things better [36]. This protein aids in the
transmission across the nervous system and is involved in conditions like depressive
illness and pain [37].

It participates in a number of physiological processes, including, memory and learn-
ing, and is connected to several neurological and psychological illnesses Drugs that
inhibit this receptor may be used to treat memory issues or Alzheimer’s disease, 5-HT6R
has been a good target for treating memory deterioration, owing to its modulatory role
in cholinergic and glutamatergic systems. Blocking the 5-HT6R improves Brain func-
tions in adult rodents, alters age-associated and pharmacologically induced impair-
ments, and can assist in the repair of brain damage induced by early life experiences.
This could lead to the creation of unique treatments for mental health issues Neuronal
plasticity may benefit from 5-HT6R inhibition as well. Numerous 5-HT6R inhibitors are
now being explored in clinical trials in response to these findings [38, 39].

8. Serotinin receptor network in blood

Enterochromaffin cells produce serotonin (5-HT), which is absorbed by platelets
in the circulation through the serotonin transporter. Upon secretion by platelets,
serotonin triggers both platelet aggregation and vasoconstriction at bleeding sites.
Through receptors on the plasma membranes of vascular smooth muscle tissues,
blood vessels, and neurons, this signaling process takes place [27].

Smooth muscle cell surface receptors like 5-HT1B and 5-HT2A are the main
conduits for the vasoconstrictive actions of serotonin. However, 5-HT1B receptors are
the main pathway via intracranial arteries express vasoconstriction. Additionally, the
brain hosts the 5-HT1D receptor subtype, concentrated in regions linked to migraine
headaches and pain modulation [40]. Activating 5-HT1D receptors can induce
vasoconstriction in specific brain areas, offering potential relevance for migraine
treatment.

Additionally, serotonin acts as a vasodilator by inducing endothelial cells to
release nitric oxide. Different from the actions of 5-HT2A receptors, 5-HT1B and
5-HT1D transmitters primarily control this response [41]. The precise distribution
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Serotonin receptors Location Main function Potential effect
5-HT2A smooth muscle cells of Regulating vascular tone and Platelet
blood vessel, Platelet blood flow Aggregation,
Contraction
5-HT1B Cranial Blood Vessel Smooth muscle contraction. Autoreceptor,
Vasoconstriction
5-HT1D Presynaptic Neuron Constriction of intracranial blood Vasoconstriction

vessel smooth muscle

Table 2.
Receptors distribution, mechanism of action, and potential effects in blood.

of 5-HT receptors in various vascular smooth muscles, nearby vessel tissue, and
the complex regulatory system controlling vascular tone, which includes parasym-
pathetic nerves, determine whether serotonin has a vasoconstrictor or vasodilator
effect; see Table 2.

The management of serotonin receptors and their activities in the blood is a
complicated and closely regulated process. Similar to any other physiological system,
abnormalities in serotonin signaling can significantly affect a number of physiological
processes and may contribute to the development of particular disorders.

8.15-HT2A

5-HT2A receptors (stands for 5- hydroxytryptamine) belongs to the Gg-coupled
protein receptor (GCPR) which perform their role in several intracellular pathways.
The central nervous system (CNS) has the highest quantity of 5-HT2A mRNA and
protein, while blood cells, lymphocytes, and smooth muscle cells in the vascular sys-
tem all express 5-HT2A. The main roles of 5-HT2A in the vascular system is inflam-
mation and wound repair. For instance, serotonin is released when the endothelium
of ablood artery is injured, and smooth muscle cells in the resistance vasculature are
activated to produce vasoconstriction [42].

8.2 Molecular mechanisms and functions of 5-HT2A receptors

Vascular smooth muscle cells have a 5-HT2A receptor on their surface, which
serotonin binds to. The 5-HT2A receptor’s structure experiences a conformational
shift that enables it to exchange guanosine triphosphate (GTP) for guanosine diphos-
phate (GDP), enabling interaction with a particular class of G protein known as Gq.
Phospholipase C [43] is activated by the Gq protein, and it cleaves phosphatidylino-
sitol 4,5-bisphosphate (PIP2), a membrane phospholipid, into its secondary carriers:
imidazol trisphosphate (IP3) and diacylglycerol (DAG).

When IP3 attaches to its receptor on the membrane of the endoplasmic reticu-
lum, it diffuses into the cytoplasm and releases calcium ion (Ca2+) from intracel-
lular storage. A higher amount of calcium in the cytoplasm activates signaling
molecules and calcium-dependent kinases, which phosphorylates and activates
myosin light chain kinase (MLCK). Vascular cells of smooth muscle contract as a
result of a series of processes that are started when active MLCK phosphorylates
the light chains of myosin (MLC). Vasoconstriction and an increase in vascular
resistance are the results of this contraction [44].
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When blood vessels constrict due to 5-HT2A receptor activation, the reduced
blood flow and increased shear stress can lead to molecules that are released from
the injured endothelium and the surrounding tissues. One of these molecules is ade-
nosine diphosphate (ADP), which is stored in platelet granules [28, 45]. Activated
platelets produce ADP and serotonin, which attach to the appropriate receptors on
the platelets, triggering platelet activation. Platelets become sticky and undergo
shape change. The surface of carbohydrate IIb/IIla receptors on platelets become
visible upon activation. Blood-circulating fibrinogen molecules have the ability to
attach to nearby platelets’ activated glycoprotein IIb/Illa receptors. However bind-
ing of fibrinogen bridges adjacent tissues and platelets, causing them to adhere to
each other and form aggregates or clumps. This process is known as platelet aggre-
gation. The platelets that have accumulated create a temporary obstruction at the
location of the vessel damage. This obstruction helps to prevent excessive bleeding
and initiate the process of blood clotting [45].

8.35-HT1B

5-HT1B receptors are found in large quantities all over the body. The 5-HT1B
receptors are found on serotonergic neurons in the brain and spinal cord, where they
control the release of 5-HT from the end of the nerve itself (autoreceptors); [46]
because these receptors are primarily translocated to the terminals of axons, there is an
anatomical inconsistency between the location of competent 5-HT1B receptor protein
and mRNA. It has been discovered that 5-HT1B autoreceptors decrease 5-HT produc-
tion and release while increasing reuptake through the serotonin transporter. Selective
5-HT1B (/1D) agents, also known as triptans, are utilized as antimigraine medica-
tions because 5-HT1B receptors are also present on the smooth muscles membrane
of arteries and control 5-HT-induced vasoconstriction across all blood vessels [28].
Additionally, 5-HT1B receptors may facilitate constriction of blood in intra- and extra-
cranial arteries. Although 5-HT1D and 5-HT1B receptors were formerly believed to be
the rat equivalents of each other, it is now known that these two receptors are found in
every mammalian species investigated and have different geographical distributions.
The primary function of the closely related 5-HT1B and 5-HT1D transmitter subtypes
is to suppress the production of neurotransmitters like as norepinephrine, dopamine,
and serotonin. Depending on the cell types expressing these subtypes, this can have an
impact on mood, pain perception, and other neurological functions [47].

8.45-HT1D

The central nervous system (CNS), specifically areas of the brain like the cerebral
cortex, the hypothalamus and trigeminal nerve pathways, is home to an additional
variant of the serotonin receptor, 5-HT1D. Human migraine neurons and trigeminal
nerves have been shown to have both 5-HT1B and 5-HT1D receptors; however, only
5-HT1D receptor have been found in trigeminal nerves that bulge externally to the
dural endothelium and centrally to the spinal cord trigeminal nuclei [48]. Thus, the
5-HT1D receptors are localized centrally to block the transmission of pain signals
from blood vessels to brainstem sensory neurons, as well as superficially to restrict
stimulated sensory nerves and prevent the production of vasoactive neuropeptides
[41]. It is especially pertinent to processes pertaining to discomfort adjustment and
migraine headaches because of its distribution.
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9. 5HT1D/1B mediated vasoconstriction

The interactive relation between the receptors of 5-HT1B and 5-HT1D with the
context of vasoconstriction involves a presynaptic modulation of the vasoconstrictive
response through the inhibition of serotonin release. These receptors, which belong to
the family of the G-protein coupled receptor (GPCR) family, carry signals from external
ligands to intracellular signaling pathways, including hormones and antidepressants.
On serotonergic terminals of the brain, the 5-HT1D receptor is primarily found ini-
tially [43]. Upon activation, it exerts inhibitory control over serotonin release into the
synaptic cleft, thereby indirectly influencing vasoconstriction mediated by the 5-HT1B
receptor subtype. Upon serotonin release from serotonergic nerve terminals, it binds
to postsynaptic 5-HT1B receptors on smooth muscle cells a conformational change
occurs, which causes a G-protein connected to the ligand (usually a Gq/11 protein)
to become activated. Smooth muscles Vasoconstriction can be the activated by Gq/11
proteins that are already defined in section. Simultaneously, a portion of the released
serotonin binds to initially 5-HT1D receptors located on the same serotonergic nerve
terminals. This binding event activates a signaling cascade, leading to the attenuation of
further serotonin release from the nerve terminal. The 5-HT1D receptor experiences a
conformational change upon serotonin binding, this results in the stimulation of a class
of proteins called Gi/o-type G-proteins, starting transmission cascades downstream
[49]. Guanosine diphosphate (GDP) linked to the alpha subunit of Gi/o-type G-proteins
is exchanged for guanosine triphosphate (GTP) when serotonin binding activates the
5-HT1D receptor. Gi/o-type G-protein activation results in the dissociation of the alpha
subunit (5-HT1Da) from the beta-gamma fractions (5S-HT1Dpy), which in turn modifies
cellular signaling pathways. Gi/o-type G-proteins are triggered by the 5-HT1D receptor
to inhibit adenylyl cyclase and reduce the quantity of cyclic AMP (cAMP) generated
from ATP (also known as adenosine triphosphate). Consequently, the cAMP-dependent
protein kinase (PKA) expression is reduced [50], which results in less phosphorylation
of targeted prostate specific antigen. Based on the connective tissue and cell type, the
activation of Gi/o-type G-proteins can also open or shut a few ion channels. As a result,
the membrane potential and calcium levels fluctuate, changing the release of neu-
rotransmitters and the electrical activity of neurons. The reduced release of serotonin,
driven by 5-HT1D receptor activation, results in a diminished availability of serotonin
in the synaptic cleft. Therefore, there is a decreased binding of serotonin to postsynaptic
receptors, including the receptors of 5-HT1B on the cells of smooth muscle.

The 5-HT1D receptor functions as an indirect regulator of vasoconstriction
refers by the receptor of 5-HT1B to modulating serotonin composition ratio which
is released from serotonergic nerve terminals Figure 4(a). Through this inhibi-
tory control, the 5-HT1D receptor fine-tunes the overall vasoconstrictive effect of
serotonin on smooth muscle cells, which in turn influences vascular tone [23] and
blood vessel diameter. This complicated interplay relation within the receptors of
the 5-HT1D and 5-HT1B, to plays a crucial role for maintaining physiological balance
in the vascular system. 5-HT1B receptors induce vasoconstriction during migraine
attacks, potentially reducing blood flow and alleviating pain associated with vascular
dilation. On the other hand, 5-HT1D receptors modulate serotonin release resulting
in a decreased release of neuropeptides that promote inflammation and contributing
to overall vascular constriction during migraines. Triptan medications, which target
both receptor subtypes, exploit these vasoconstrictive effects to provide relief for
individuals experiencing migraines.
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Figure 4.

(aguMechanism of sHT1B/ID mediated vasoconstriction. 5-HT1D receptor functions as an indirect vegulator

of vasoconstriction mediated by the 5-HT1B receptor by modulating the amount of serotonin released from
serotonergic nevve terminals. Through this inhibitory contvol, the 5-HT1D receptor fine-tunes the overall
vasoconstrictive effect of sevotonin on smooth muscle cells, which in turn influences vascular tone and blood vessel
diameter. (b) Mechanistic action of vasocontraction and dilation depicting the communication between nerve

terminals and smooth muscle cells.
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10. 5HT1D/1B mediated vasodilation

The free serotonin in the plasma in the systemic circulation is derived from pro-
duction by chromaffin cells (primarily in the gastrointestinal tract) and overflow into
the venous blood from serotonergic neuroeffector junctions (primarily in the brain).
The majority of the monoamine is quickly absorbed by platelets (where it is stored
in dense granules) and endothelial cells (where it is primarily metabolized by mono-
amine oxidase (MAO)) thanks to the action of the serotonin transporter (SERT). This
ensures a relatively low plasma level of serotonin under physiological conditions [23].

On the other hand, a significant rise in the local concentration of serotonin is
unavoidable whenever platelets congregate close to the blood vessel wall and release
their dense granules [27]. Additionally, if the monoamine diffuses to the adventitia, it
may potentially impact the activity of the sympathetic nerve endings. This activation of
serotonergic receptors can occur in both endothelial and vascular smooth muscle cells.

The release of serotonin (5-HT) from aggregating platelets induces more platelet
aggregation; at this point unaggregated platelets readily absorb and remove it from
the plasma. The monoamine is also taken up by the endothelial cells if the endothe-
lium is intact, and monoamine oxidase (MAO) breaks it down there [51]. Lastly,
the endothelium functions as a physical barrier that prevents serotonin-producing
vasoconstrictor platelet products from entering the smooth muscle. The endothelium-
derived relaxing factors (EDRFs; primarily nitric oxide) Figure 4(b) are released
when the 5-HT1D and receptors on the endothelium cells are activated. These EDRFs
diffuse to the underlying vascular smooth muscle and relax them [23], opening the
blood vessel and subsequently flushing the microaggregate away.

In addition, nitric oxide will be released into the lumen to prevent platelets from
adhering to the endothelium and to work in concert with prostacyclin to prevent
additional platelet aggregation. These various endothelium functions are essential
in preventing blood clotting and vasospastic episodes in blood vessels with a healthy
intima [41].

When endothelial cells are eliminated (for example, through trauma), the
endothelium’s protective function is lost locally. Serotonin then binds to the 5-HT2A
receptors in the vascular smooth muscle cells, causing contraction via both direct
activation of the cells and an increase in their sensitivity to other vasoconstrictors
(such as norepinephrine (NE) acting on al-adrenoceptors (a)). This vasoconstriction
then occurs, which plays a part in the vascular phase of hemostasis [43, 52].

11. Pathological implications of 5-HT1D, 5-HT1B AND 5-HT2A

Disturbances in serotonin receptors 5-HT1D, 5-HT1B, and 5-HT2A have been
implicated in various pathological conditions affecting the blood. Dysregulation of
these receptors can lead to transformed vascular tone, platelet function, and overall
hemostasis In the case of 5-HT1D and 5-HT1B receptors, their activation often results
in vasoconstriction, which can lead to an increased risk of hypertension and impaired
blood flow. This heightened vasoconstrictive response can contribute to conditions
such as migraine, where aberrant 5-HT1D and 5-HT1B receptor activity may trig-
ger intense vasoconstriction and subsequent dilation, leading to the characteristic
headache [53]. Additionally, disturbances in 5-HT1B receptors have been associated
with an increased susceptibility to thrombotic events, as these receptors play a role
in platelet aggregation [54]. When overstimulated, 5-HT1B receptors can lead to
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excessive platelet activation and adhesion, potentially resulting in the formation of
pathological blood clots, contributing to conditions such as ischemic stroke or deep
vein thrombosis. Similarly, disruptions in 5-HT2A receptor function can impact
platelet aggregation and vasoconstriction. Dysfunctional 5-HT2A receptors may play
arole in the development of atherosclerosis [52] and other cardiovascular diseases
where abnormal platelet function and endothelial dysfunction are key pathological
factors. Therefore, understanding the intricate role of these serotonin receptors in
blood-related processes is crucial for unraveling the underlying mechanisms of vari-
ous cardiovascular pathologies and informing potential therapeutic strategies [55].

12. Therapeutic target of 5-HT1D, 5-HT1B AND 5-HT2A

There is still much to learn about the pathogenesis of migraines. Nonetheless, it is
thought that dilation of the extracranial, dural, and/or pial arteries plays a key role in
the development of migraine headaches. Because of triptans’ effectiveness on 5-HT1B
receptors, these selective agonists of 5-HT1B/1D receptors were created as cranial
vasoconstrictors. The first commercial triptan preparation, sumatriptan, caused
vasoconstriction in both human isolated middle meningeal and temporal arteries.
However, the selective 5-HT1B receptor antagonist SB224289.40 prevented this effect.
On the other hand, sumatriptan-induced vasoconstriction of these arteries was not
significantly affected by BRL15572, a selective antagonist of the 5-HT1D receptor [56].

NO-releasing Triptans e.g., Zolmitriptan-NONOate a chemical compound, a newer
class of medications designed to combine the vasoconstrictive effects of triptans with
the vasodilatory effects of nitric oxide (NO). These compounds act as antagonists at
5-HT1B/1D receptors while simultaneously releasing NO, which counteracts vasocon-
striction and promotes vasodilation. This dual mechanism aims to provide more bal-
anced and potentially better-tolerated relief for migraine sufferers. Serotonin (5-HT)
itself acts as an endogenous agonist at the 5-HT2A receptor [57]. When released from
platelets and other sources, serotonin can bind to 5-HT2A receptors on platelets and
potentially contribute to platelet aggregation. While the exact mechanisms are com-
plex and involve multiple receptor subtypes, the activation of 5-HT2A receptors may
participate in platelet aggregation and thrombus formation. Ketanserin is a medication
that acts as an antagonist at the 5-HT2A receptor. By blocking the binding of serotonin
to these receptors, Ketanserin may inhibit or reduce the platelet activation and aggre-
gation response mediated by 5-HT2A receptor [58]. Ketanserin's antagonistic activity
at 5-HT2A receptors has been explored for its potential therapeutic effects, including
its influence on platelet function and vascular health.

13. Serotonin receptor network in bowel

The main source of 5-HT in the body is the gut and receptors for 5-HT in the gut
are the key to regulate various physiological and processes such as colonic motility,
secretion, visceral sensitivity and inflammatory/immune response. Such receptors
that are localized in the gut are; SHTR2B, SHTR3, 5SHTR4 and 5HTR7 Figure 5. The
diverse effects are achieved through their activation, while their localization achieves
specific actions [59].

The enterochromaffin cells are the whole source of serotonin production and
storage which also express SHTRs. Together with these SHTRs, it functions as a
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Figure 5.
Serotonin receptors presentation on various layers of the GUT with the cells involved.

neurotransmitter in a bi-directional manner which facilitates the gut-brain axis. This
interaction of SHT with SHTRs allow continuous information exchange between
organs in the GI tract through neural pathways and immune signals where their
components also express these receptors [60].

14. 5SHTR mediated serotonin functions in GIT

SHT- Serotonin plays a diverse role in modulating various metabolic functions in
the body by binding with certain receptors. A vast 5-HT signaling system functions
for the gastrointestinal tract (GIT). SHT, be it synthesized by the EC cells or the gut
microbiota, [61] it performs an array of functions as in Table 3.

It triggers mucosal peristaltic reflex through interactions with 5-HTR4, SHT2,
5HT3, SHT4, and 5HT7 subtypes, impacting gut motor function. It drives propulsive
and segmentation motility via 5SHT3 and 5HT4. Additionally, 5-HT induces relaxation
via 5HT7 and 5HT4 receptors on smooth muscle cells. It enhances epithelial secre-
tion, fat absorption, and vasodilation, while retarding gastric emptying through the
receptors 5-HT3. It activates afferent vagal nerve endings, that lead to discomfort and
nausea. 5-HT also elicits neurogenic secretory responses through 5-HT2, 5-HT?3, and
5-HT4 receptors, supporting content neutralization. It enhances bile acid synthesis
and influences glucogenesis affects glycogen synthesis. In the pancreas, it governs
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5HT2B 5HT3 5HT4 SHT7

Locations [62] Stomach fundus, Peripheral All over the body, Smooth muscle
smooth muscle of the neuron, CNS Smooth musclesin  of vascular and
small intestine. GIT and neurons nonvascular tissues

Human colon, on
longitudinal smooth

of the nervous
system in the

including - stomach,
ilium, colon, with less

muscle and the intestine. representation seen in
myenteric nerves liver, kidney, spleen
and central nervous
system.
Agonists a-Me-serotine MKC-733 Tegaserod 5-CT 8-OH
BW723C86 2-Me-5-HT Prucalopride DPAT
Iodoamphetamine- CPBG Cisapride
2,5-dimethoxy-4, Pumosetrag
Quipazine
BW-723C86
RO600175
WAY-161503
Antagonists SB200646 Ondansetron GR113808 Methiotepin
SB204741 Alosetron GR125487 Metergoline
SB206553 Cilansetron Piboserod SB258719
RS 127445 SB269970
Methysergide SB656104
Ritanserin
Effectors Gq/11 Ion channel in GS GS
Ligand gates
In the gut Longitudinal smooth Entericneurons,  Inthe enterocytes,  Inthe enterocytes,
distribution muscle EC cells neurons of neurons of intestine,
intestine, and and smooth muscles.
smooth muscles of
the enterocytes
On stimulation- Contraction Increased Increased Smooth muscles
Functional secretion and transmitter relaxation
response transmitter release, and
release secretion. Smooth
muscles relaxation
Immune cells Macrophages and T and B cells, Macrophages, Neutrophils, T and
Dendritic cells (DCs) DCs, and DCs, B cells, DCs, and
Macrophages, Macrophages,

Table 3.

Major sevotonin/s-hydroxytryptamine/ 5-HT receptor in the bowel -types and subtypes and their location,
distribution, functional vesponse, related immune cells and effector agonists and antagonists.

insulin secretion and postprandial pancreatic protein release via SHT3 and 5SHT2
receptors. Furthermore, serotonin molecules also act for pro-inflammatory response,
contributing to gastrointestinal pathophysiology, engaging immune cells and by
activating serotonin receptors on DCs in the lamina propria [63, 64]. Even if all kind
of serotonin receptor have potentiality of activation by the serotonin, as referenced
in the Table 3 above, there is differences in anatomical location, specific distribution
in enteric nervous system, harmony for synthetically similar kind of molecules and
signal-transduction mechanisms, that make each subtype of serotonin receptor a
probable curing and healing target [65].
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14.15-HT2B

There are three members in the serotonin receptor family of 5-HT?2, i.e. 5-HT2A, B
and C subtype receptors. 5-HT2B receptor have its importance coupled with the fam-
ily of G-protein-related receptor. These are heavily expressed in the gastrointestinal
tract, as well as in the liver, kidney, and heart. The 5-HT2B receptors in the GI tract the
are found in the fundus of stomach, small intestinal smooth muscles, also expressed
in intestinal neurons and as well as in the muscles. They are highly expressed in
human colon, with predominant localization on longitudinal smooth muscle and the
myenteric nerves that control its motility [66]. It Influences smooth muscle rhythmic
contraction to propel food forward via peristalsis and secretions production. In inter-
stitial cells of Cajal (ICC), 5-HT2B receptor modulates motility. That expression of
5-HT?2B receptors in the ICC network also, operate as a GI “pacemaker” that suggests
its role in the smooth muscle contraction. Network of ICC if dysregulated may lead to
sluggish intestinal motility [67]. They may also serve as morphogenic agents during
the development of enteric neurons by binding with endogenous SHT in embryonic
days, their agonist’s increases the enteric neurons differentiation in vitro [62, 67].

14.25HT3

The 5-HT3 receptor stands out among all known serotonin receptor subtypes
in that it belongs to the ligand-gated ion channel superfamily and is homomeric in
nature. This receptor superfamily is comprised of up of five subunits, each featur-
ing four transmembrane segments and a large extracellular N-terminal region. They
are expressed on excitable neurons of the gut, notably intrinsic afferent nerves that
radiate into the mucosa, interneurons, inhibitory and excitatory motor neurons, ICCs,
smooth-muscle cells, and the enterocytes [68]. 5-HT?3 stimulation triggers both intrin-
sic and extrinsic afferent neurons as well as a modest number of excitatory postsyn-
aptic potentials (EPSPs). Neurons in the myenteric plexus, which function as primary
afferent neurons and project to the mucosa, undergo stimulation directly by 5-HT
presented to the mucosa, where the response is exclusively mediated by 5SHT3. They
have the capacity to regulate motility, intestinal secretion, visceral sensitivity, and the
emetic pathway. 5-HT3 receptor antagonists are believed to produce anti-nausea effects
through vagal afferents in the stomach, and they have been observed to be helpful in
treating the acute stages of chemotherapy and radiation therapy-induced emesis.

Although the anti-diarrheal pathway action of 5SHT3 antagonists remains to be
determined, there are suggestions that these antagonists likely inhibit SHT3 receptors
located on intrinsic and extrinsic afferent nerve fibers in the mucosa and neurons that
contribute to fast EPSPs that interact with 5-HT, all of which, when put together, would
alleviate diarrhea by decreasing propulsive motility and secretion locally within the gut.

Contrasting with the anti-diarrheal therapy that SHT3 has to offer, it has also been
used to treat constipation. The benefit is availed by exploiting its potential to induce
propelling motion and secretory actions in the intestine, since it desensitizes quickly,
the emphasis is mostly on partial agonists [68].

14.35HT4

5HT4 serotonin receptors is one of the three major groups of receptors including
5HT4, 5SHT6 and SHT7 which are coupled with the G protein. They are found in the
whole body profoundly seen in the GIT smooth muscles and neurons of the nervous
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system of the intestine. That’s why also known as the “second brain of the gut”. Both
5HT3 and 5HT4 receptors are also seen in the enterochromaffin cells (EC), myenteric
neurons within the plexuses of submucosa of the enteric nervous system (ENS),
sensory neurons seen intrinsically and extrinsically [62].

A single gene is the source of a functioning 5-HT4 receptor protein. There are dif-
ferent isoforms due to alternative splicing of their genes, leading to variations in their
structure and function. These isoforms can have unique roles in various physiological
processes and may respond differently to ligands or signaling pathways [69].

5HTA4 receptor excitation by the serotonin plays crucial role in the GIT for gut
motility regulation and facilitating release of neurotransmitters- acetylcholine and
tachykinins, which increases gut motility in reflex and relaxes gut smooth muscles
at certain areas. 5-HT4 receptors contribute physiologically for the regulation of
propulsive motility along with promotion of normal motility through trophic actions.
In the muscularis externa, 5-HT4 synergists act on pre-synaptic nerve terminals, that
augment the production of of acetylcholine which result reflex of naturally occurring
activity rather generation of neurotransmission [70]. It has been seen on infusion
5-HT4 agonists into the lumen or surface application to the mucosa that increase pro-
pulsive motility in peristaltic/ motility reflex in ex vivo motility assays. That suggests
5-HT4 receptors excessive number in the mucosa [71].

Further, 5-HT4 receptor has been demonstrated in the colonic epithelial cells
which releases 5-HT on activation and also expresses the discharge of mucus from the
goblet cells. Augmentation of the peristaltic reflex pathways is seen by pre-synaptic
5HT4 receptors activation on nerve ends to increase the acetylcholine produc-
tion. Fluorescent evaluation of the promoter of the 5-HT4 gene in a strain of mice
evaluated. That shows increased fluorescent protein, green in color which reveals
that essentially all the colonic cells of rat and human expresses 5-HT4 receptor.
Furthermore, 5-HT4 agonists activated 5-HT release from EC cells can be blocked by
5-HT4 receptor antagonists on mucosal application. That can also affect Cl- secretion
by intestinal cells and mucus flow by goblet cells. For constipation therapy 5-HT4
receptors in epithelium could be pursued as a secure and applicable measure [72].

14.45HT7

5-HT7 is a member of the 5-HT4, 5-HT6, and 5-HT7 receptor subfamily, which
is one of the three main classes of serotonin receptors that fall under the G protein-
coupled receptor subfamily. They are presented in ileum, colon and stomach with
limited presentation in the liver, spleen and kidneys and the CNS [68, 73]. It functions
to relax human colonic smooth muscle, may inhibit peristalsis, and influence neu-
ronal signaling of the abdominal pain to the central nervous system and peripheral
tissues. Inhibiting 5-HT7 receptors has been theorized to exacerbate colitis presum-
ably through elevating the degree of threshold pressure inducing intestinal peristalsis
and lowering intestinal wall compliance. There are currently no clinically available
selective 5-HT7 receptor ligands, however selective antagonists suited for in vivo
administration are being researched [64, 68, 74, 75].

15. Serotonin and gut disorders

Although there are many disorders associated with serotonin deficiency, but
here we sticking to the Inflammatory Bowel Syndrome abbreviated as IBS to stay
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within the scope of our discussion related to serotonin and colon at this point. IBS is

a chronic gastrointestinal condition that affects 9-23% of the world’s population. It is
characterized by a wide range of symptoms, including discomfort in the stomach and
changes in bowel movement pattern, although there is no structural damage to the gut
involves as per known, thus, it is not to be confused with Inflammatory Bowel Disease
(IBD) which presents with damage to the anatomical structures within the gut [71].
Based on the symptoms presenting i.e. diarrhea, constipation, both, or neither IBS is
classified into four types: IBS-D, IBS-C, IBS-M, and IBS-U. IBS-D is characterized by
diarrhea, IBS-C by constipation, and the third by mixed symptoms of both constipa-
tion and diarrhea. While IBS-U stays undefined [64].

One way serotonin might correlate with IBS is, Intestinal serotonin deficiency is
found to lead to the weakening of the intestinal lining accompanied with constipa-
tion and increased serotonin level within the gut which is presumably promoted
by the reduced SERT expression in IBS patients. SERT-P polymorphism has been
found to be correlated with IBS-C subtypes in Indian populations. Abnormal sero-
tonergic functions are also caused by prolonged shunting of tryptophan in pathway
of kynurenine [66, 76].

Although mucosal 5-HT and TpH1 mRNA (which are linked to serotonin syn-
thesis) are produced at lower levels in IBS-D patients, the gut’s basic and enhanced
release of serotonin (5HT) remains unchanged. This runs counter to the elevated
serotonin levels shown in blood tests without platelets from people with IBS-D follow-
ing meals [62]. Therapeutic agents that concentrate on the regulation of 5-HT activity
in IBS include agonists and antagonists of 5-HT4 and 5-HT3 respectively. Because
they minimize visceral sensitivity, 5-HT3 receptor antagonists have been used to treat
diarrhea and abdominal pain, which are frequently encountered in IBS. This is very
likely given that they act at 5-HT3 receptors on intrinsic neurons, which stimulate
propulsive motility, and extrinsic sensory neurons, which signal pain and discomfort,
unfortunately, these benefits are availed on the expense of severe side effects, thus the
most of the antagonists (such as aldosterone) are tightly regulated. Certain antago-
nists, for instance Ondansetron, facilitate in reducing the frequency, urgency, transit
duration, and consistency of stools, but the efficacy is reduced through the progres-
sion of disease. Agonists of this particular receptor is used to treat constipation
predominant IBS [74]. The 5SHT3R and 5SHT4 antagonists repressed engine action of
colon, while the SHTR2B antagonists significantly affected colonic engine movement.
5-HT2B/C-selective antagonists SB206553, methysergide, and ritanserin impeded the
proliferation of neurons in vitro by serotonin [75, 77].

5-HT4 agonists, like teaser, have proven to be both efficacious and safe in IBS
presented with constipation; both acute and chronic. Unlike some other medica-
tions, they do not stimulate pain-sensing nerves or initiate muscle contractions in the
gut directly. Instead, they work by leveraging natural stimuli to activate the body’s
reflexes. By elevating the production of certain chemical messengers that aid in gut
movement (prokinetic pathways), these medications strengthen and support the
natural digestive processes [78, 79].

5HT7 receptors regulates nociception, smooth muscle relaxation and is believed
to have a role in the pathogenic mechanisms that underlie the visceral paresthesia
correlated with IBS, which adds to the rationale to its therapeutic potential. Elevated
5HT7 expression has been observed in the hippocampus, hypothalamus, and intestine
(ileum and colon) of IBS groups of rodent models as compared to controls, which
might explain comorbid depression and anxiety disorders in IBS patients, as SHT7
receptors have previously been associated with depression (Table 4) [80].
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16. Conclusion and future direction

There is a plethora of literatures available regarding serotonin and its role in the
gut brain axis, despite that many questions are still left unanswered that warrants
future research. There is no clinical use deduced for SHT2B receptors and the research
still remains in its infancy. SHT7 receptors presents promising therapeutic potential
since it has been found to affect both gut and brain, development of drugs targeting
this specific receptor may prove to be effective to simultaneously treat the gut-
induced brain disorders and vice versa, possibly without misbalancing the gut-brain
equilibrium a seen with SSRIs and SNRIs. Apart from that, role of Neuronal SHT and
its synthesis by TPH2 is yet another area to be explored to investigate the complexity
of ENS in relation to CNS. In conclusion, the intricate network of serotonin receptors
within the bloodstream constitutes a complex interplay of 5-HTR2A, 5-HTR1B, and
5-HTR1D, guide’s complicated processes involving platelet aggregation, vascular tone,
and endothelial function. The vasoconstrictive effects of 5-HTR1B and 5-HTR2A
expressed on smooth muscle cells are crucial for hemostasis and wound repair, while
5-HT1D receptors modulate serotonin release, impacting overall vascular constric-
tion. Dysregulation of these receptors is implicated in migraine, hypertension, and
thrombosis. Notably, the therapeutic benefits of these receptors is evident in develop-
ment of triptans, designed to alleviate migraines by balancing vasoconstrictive and
vasodilatory responses. Additionally, NO-releasing triptans and antagonists like
ketanserin offer novel approaches to mitigate platelet activation and promote vascular
health. As our understanding of these receptors deepens, future directions should
focus on unraveling their intricate mechanisms, elucidating their roles in various dis-
eases, and advancing targeted therapeutic strategies. This evolving knowledge holds
the promise of shedding light on new avenues for maintaining vascular equilibrium
and addressing a range of cardiovascular disorders.
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Chapter 5

Serotonin and Idiopathic Scoliosis:
A Review of Related Etiology
and Treatment Considerations

Mark W. Morningstar

Abstract

Recent research has suggested a potential association between serotonin and
idiopathic scoliosis, a complex spinal deformity of unknown origin. Studies have
explored genetic associations, altered serotonin levels, and the effects of
serotonin-related medications in the context of idiopathic scoliosis. Genetic studies
have identified significant associations between idiopathic scoliosis and serotonin-
related genes, indicating a potential genetic predisposition to the condition.
Furthermore, altered serotonin levels have been observed in patients with idiopathic
scoliosis, with lower serum serotonin levels reported compared to healthy controls.
This chapter reviews some of the published genomic variants associated with idio-
pathic scoliosis. The effects of serotonin-related medications have also been investi-
gated, highlighting potential therapeutic benefits. However, the exact mechanisms
underlying the association between serotonin and idiopathic scoliosis remain unclear,
warranting further research. While theoretical and animal models have shown con-
nections between serotonin metabolism and idiopathic scoliosis, there are uncertain-
ties when translating this information into clinical practice for primary care and other
musculoskeletal specialty providers. This chapter outlines the serotonergic pathways
of musculoskeletal function, serotonin clinical laboratory testing methods, as well
as clinical management strategies including pharmacological, nutrient, dietary, and
lifestyle-based options.

Keywords: genomics, posture, scoliosis, serotonin, spine

1. Introduction

Serotonin, also known as 5-hydroxytryptamine (5-HT), is a neurotransmitter that
plays a crucial role in the central nervous system (CNS). It is derived from the amino
acid tryptophan and is involved in numerous physiological functions, including mood
regulation, sleep, appetite, and cognition. Structurally, serotonin is a monoamine
neurotransmitter with a chemical formula of C;oH;,N,0. It contains an indole ring
and an amine group, making it a member of the indoleamine class of neurotransmit-
ters. Serotonin exerts its effects by binding to specific receptors, mainly the 5-HT
receptors, which are widely distributed throughout the brain and other tissues. While
serotonin’s involvement in mental health disorders like depression and anxiety is
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well-established, recent research has also highlighted its potential role in the patho-
genesis of idiopathic scoliosis, a complex spinal deformity of unknown origin.

Several studies have investigated the potential link between serotonin and idio-
pathic scoliosis [1-11], shedding light on the role of serotonin signaling abnormalities
in the pathogenesis of this complex spinal deformity. These studies have explored
various aspects, including genetic associations, altered serotonin levels, and the
effects of serotonin-related medications. While the exact mechanisms underlying
the association between serotonin and idiopathic scoliosis are not fully understood,
the findings suggest a potential involvement of serotonin in the development and
progression of the condition.

One study conducted by Nelson et al. [5] examined the genetic association
between idiopathic scoliosis and serotonin-related genes. The researchers analyzed
a large cohort of patients with idiopathic scoliosis and identified several single
nucleotide polymorphisms (SNPs) in genes related to serotonin signaling that were
significantly associated with the condition. The study provided evidence for a poten-
tial genetic predisposition to idiopathic scoliosis linked to abnormalities in serotonin-
related genes. Another study by Yang et al. [6] identified the MTNR1B genomic SNP
in adolescent idiopathic scoliosis.

Serotonin has also been a target in animal studies of idiopathic scoliosis. In a
study by Machida et al. [2], they observed the development of idiopathic scoliosis in
pinealectomized chickens, as compared to a matched group that were subsequently
given intraperitoneal injections of 5 hydroxytryptophan (5-HTP). They concluded
that serotonin may be a therapeutic target in the treatment of idiopathic scoliosis.

In addition to genetic associations and altered serotonin levels, recent observations
have been published showing the increased incidence of anxiety, mood changes, and
introversion in children with idiopathic scoliosis [12]. Early interpretations of this
connection were thought to be due to the psychological impacts of scoliosis treatment,
such as wearing a rigid scoliosis brace [13]. However, the newer studies were con-
ducted in children who had not participated in any treatment. Interestingly, many of
these symptoms have serotonergic connections, like the serotonergic projections into
the spinal and torso musculature.

While these studies provide valuable insights into the potential link between sero-
tonin and idiopathic scoliosis, it is important to note that the underlying mechanisms
are complex and multifactorial. Further research is needed to unravel the precise
role of serotonin in the pathogenesis of idiopathic scoliosis and to explore potential
diagnostic and therapeutic interventions targeting serotonin signaling. Nonetheless,
these studies contribute to our understanding of the condition and pave the way for
future investigations in this field.

2. Serotonin and the peripheral nervous system

The human body consists of a complex network of nerves that relay messages
between the brain and various parts of the body. Serotonin, a neurotransmitter
primarily associated with mood regulation and cognition, also plays a role in periph-
eral nerve pathways that terminate in the torso musculature. Understanding these
serotonergic pathways is crucial for comprehending their impact on muscle function
and potential therapeutic applications.

The serotonergic peripheral nerve pathways originate from the raphe nuclei,
which are clusters of neurons located in the brainstem. The raphe nuclei produce
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serotonin and send projections that extend throughout the central nervous system
(CNS) and peripheral nervous system (PNS). In the context of torso musculature,
these pathways involve serotonergic fibers that innervate muscles, including the
diaphragm, abdominal muscles, and back muscles.

The diaphragm, the primary muscle responsible for respiration, receives seroto-
nergic innervation. Serotonin acts on receptors located on the diaphragmatic motor
neurons, influencing their excitability and activity. Studies have shown that serotonin
can modulate the motor output of the diaphragm, affecting its contraction strength
and coordination [14]. Dysregulation of serotonergic pathways to the diaphragm
may contribute to respiratory disorders such as sleep apnea and respiratory distress
syndrome.

The abdominal muscles, including the rectus abdominis and external obliques,
are involved in trunk stability and movement. Serotonergic fibers innervate these
muscles, and serotonin plays a role in regulating their tone and motor control.
Abnormalities in serotonergic pathways to the abdominal muscles have been impli-
cated in conditions such as abdominal muscle weakness and spasticity.

The back muscles, encompassing the erector spinae and latissimus dorsi, are
critical for posture, spinal stability, and movement. Serotonergic innervation of these
muscles influences their contraction and relaxation, contributing to overall back
muscle tone and coordination. Research has suggested that alterations in serotonergic
signaling within the back muscles may contribute to conditions such as back pain and
muscle imbalances [15].

In addition to their role in muscle function, serotonergic peripheral nerve path-
ways also interact with other systems in the torso. For instance, serotonin influences
the gastrointestinal system, where it plays a role in regulating gastrointestinal motility
and secretion. This interaction highlights the multifaceted nature of serotonergic
pathways and their impact on various physiological processes.

Understanding the serotonergic peripheral nerve pathways that terminate in the
human torso musculature has implications for therapeutic interventions. Modulating
serotonin signaling in these pathways holds potential for managing muscle-related
disorders and improving functional outcomes. Medications that target serotonin
receptors, such as selective serotonin reuptake inhibitors (SSRIs), are commonly
prescribed for conditions like depression and anxiety. Their effects on serotonergic
pathways may extend to the modulation of torso musculature, offering therapeutic
benefits for muscle-related conditions.

3. Serotonin and the central nervous system

The serotonergic central nervous pathways play a vital role in governing the body
schema within the central nervous system (CNS). These pathways integrate sensory
information from various sources, including cerebellar afferent input and cortical
premotor inputs, to modulate motor control, body awareness, and coordination.

One crucial aspect of serotonergic pathways is their influence on the body schema,
which refers to the brain’s representation of the body and its position in space.
Serotonin receptors are widely distributed throughout the CNS, including the cortex,
basal ganglia, and cerebellum, indicating the significance of serotonin in shaping
the body schema. Serotonin’s effects are mediated through interactions with specific
receptor subtypes, such as 5-HT1A and 5-HT2A receptors, which are abundantly
expressed in key regions involved in body awareness and motor planning.
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The cerebellum, a structure located at the back of the brain, receives afferent
input from various sources, including proprioceptive signals from muscles and joints,
as well as sensory information from the vestibular system. Serotonergic projections
from the raphe nuclei provide modulatory input to the cerebellum, influencing its
function and integration of sensory feedback. This integration enables the cerebellum
to contribute to body schema by continuously updating motor commands based on
sensory inputs.

Furthermore, the serotonergic pathways interact with cortical premotor inputs,
which are responsible for motor planning and execution. These pathways involve
the communication between the primary motor cortex, supplementary motor area
(SMA), and the basal ganglia. Serotonin modulates the excitability of these areas,
facilitating or inhibiting motor outputs based on the context and behavioral demands.
By integrating cerebellar afferent input with cortical premotor inputs, serotonergic
pathways contribute to the fine-tuning of motor control and coordination.

Studies have shown that dysregulation of serotonergic signaling within these
pathways can lead to motor deficits and impairments in body schema. For example,
disruptions in serotonin transmission have been implicated in movement disorders
such as Parkinson’s disease and essential tremor [16]. Serotonergic dysfunction may
contribute to the motor symptoms observed in these conditions, affecting both the
body schema and motor control processes.

Additionally, serotonergic pathways have implications beyond motor control.
Serotonin is involved in regulating mood and emotions, with serotonin imbalances
linked to psychiatric disorders such as depression and anxiety. These disorders can
impact body perception and awareness, further highlighting the role of serotonergic
pathways in shaping the body schema and body image.

4. Serotonin dysregulation

One potential avenue of investigation is the role of serotonin deficiency in the patho-
genesis of idiopathic scoliosis. Several studies have proposed that alterations in serotonin
signaling could be a contributing factor to the development of idiopathic scoliosis.

Furthermore, serotonin levels have been found to be altered in patients with idio-
pathic scoliosis. Winderlich and Shchekolova [17] investigated serum serotonin levels
in adolescent idiopathic scoliosis (AIS) patients and found significantly higher levels
compared to healthy controls. This may be due to a reduced conversion of serotonin
into melatonin. The study suggested that serum serotonin may predict progressive
scoliosis.

While these findings suggest a potential association between serotonin deficiency
and idiopathic scoliosis, it is important to note that the relationship is complex and
likely involves multiple factors. The precise mechanisms by which serotonin defi-
ciency contributes to scoliosis development remain unclear.

Nevertheless, understanding the potential role of serotonin deficiency in idio-
pathic scoliosis opens up new avenues for diagnostic and therapeutic approaches.

For instance, early detection of serotonin abnormalities in individuals with scoliosis
may help identify those at higher risk for progression and guide treatment strategies.
Moreover, medications that target serotonin signaling, such as selective serotonin
reuptake inhibitors (SSRIs), which are commonly used in the treatment of depres-
sion, may hold promise for managing idiopathic scoliosis. Further research is needed
to explore the efficacy and safety of such treatments.
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5. Serotonin signaling dysfunction

Serotonin signaling is known to be involved in the regulation of bone growth and
remodeling. Studies have shown that serotonin receptors, particularly the 5-HT2A
receptor, are expressed in osteoblasts, cells responsible for bone formation. Serotonin
signaling has been implicated in the balance between bone formation and resorption,
and dysregulation of this signaling pathway can lead to skeletal abnormalities. In the
context of idiopathic scoliosis, disruptions in serotonin signaling may contribute to an
imbalance in bone growth, leading to spinal deformities.

Genetic studies have also provided evidence for the involvement of serotonin
signaling dysfunction in idiopathic scoliosis. Chu et al. [11] explored the genetic fac-
tors associated with idiopathic scoliosis and found several genes involved in serotonin
signaling that were significantly associated with the condition. These findings suggest
that genetic variations affecting serotonin signaling pathways may contribute to the
development of idiopathic scoliosis.

Furthermore, alterations in serotonin levels have been observed in patients
changes in bone resorption. Maimoun et al. [18] conducted a study that compared
serum serotonin levels between individuals with adolescent idiopathic scoliosis (AIS)
and healthy controls. The study found lower levels of serum serotonin were related to
higher levels of bone resorption markers, suggesting a potential serotonin deficiency
in these individuals. This serotonin deficiency may disrupt normal bone growth and
remodeling processes, leading to the development of spinal deformities.

Animal studies have also provided insights into the role of serotonin signaling
dysfunction and conversion in idiopathic scoliosis. For example, Oyama et al. [19]
investigated the effects of melatonin and serotonin conversion suppression in scoliosis
development in a bipedal mice model. The researchers found that forcing mice into
bipedalism in the absence of melatonin (as converted from serotonin) levels resulted
in abnormal spinal growth and curvature, resembling the characteristics of idiopathic
scoliosis. These findings suggest that serotonin signaling dysfunction can directly
impact spinal development and contribute to the pathogenesis of idiopathic scoliosis.

6. Serotonin-melatonin connection in scoliosis

Serotonin and melatonin are two closely related molecules that play important roles in
various physiological processes, including sleep regulation and mood. Understanding the
metabolic pathways between serotonin and melatonin sheds light on their interplay and
the potential consequences of serotonin deficiency or signaling dysfunction on melatonin
levels, which may have implications for the development of idiopathic scoliosis.

The synthesis of melatonin begins with the amino acid tryptophan, which is con-
verted into 5-hydroxytryptophan (5-HTP) by the enzyme tryptophan hydroxylase.
5-HTP is then converted into serotonin by the enzyme aromatic amino acid decarbox-
ylase. Serotonin, in turn, serves as the precursor for the synthesis of melatonin in the
pineal gland. The conversion of serotonin into melatonin involves several enzymatic
steps, including the actions of serotonin N-acetyltransferase (SNAT) and acetylsero-
tonin O-methyltransferase (ASMT).

Serotonin deficiency or signaling dysfunction can lead to melatonin dysfunc-
tion through multiple mechanisms. First, reduced levels of serotonin may limit the
availability of the precursor molecule for melatonin synthesis, thereby affecting
melatonin production. Studies have shown that alterations in serotonin signaling,
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such as decreased serotonin transporter (SERT) activity, can result in lower levels of
serotonin and subsequently impact melatonin synthesis.

Second, serotonin is involved in regulating the activity of enzymes responsible
for melatonin synthesis. For example, SNAT, the enzyme responsible for the acetyla-
tion of serotonin to form N-acetylserotonin, is regulated by serotonin receptors.
Disruptions in serotonin signaling can impair the activity of SNAT and lead to
reduced melatonin synthesis. Additionally, ASMT, the enzyme responsible for the
final step of melatonin synthesis, is also regulated by serotonin receptors. Altered
serotonin signaling can influence ASMT activity and contribute to melatonin
dysfunction.

Melatonin dysfunction, resulting from serotonin deficiency or signaling dysfunc-
tion, may have implications for the development of idiopathic scoliosis. Melatonin is
involved in the regulation of bone metabolism and growth, including the regulation
of osteoblast and osteoclast activity. Studies have suggested that melatonin influences
the balance between bone formation and resorption, and disruptions in melatonin
levels or signaling may affect skeletal development.

In idiopathic scoliosis, alterations in melatonin levels and melatonin receptor
expression have been observed. For example, some studies have reported lower
melatonin levels in patients with idiopathic scoliosis compared to healthy controls.
Melatonin receptors, particularly MT2 receptors, have also been found to be altered in
individuals with idiopathic scoliosis. These findings suggest a potential link between
melatonin dysfunction and the development of spinal deformities.

The exact mechanisms by which melatonin dysfunction contributes to idiopathic
scoliosis are not fully understood. However, melatonin’s role in bone metabolism, its
influence on osteoblast and osteoclast activity, and its potential effects on skeletal
growth and development provide a plausible connection between melatonin dysfunc-
tion and spinal deformities observed in idiopathic scoliosis.

In summary, serotonin deficiency or signaling dysfunction can lead to melatonin
dysfunction through various mechanisms, including reduced availability of serotonin
as a precursor molecule and alterations in the activity of enzymes involved in melato-
nin synthesis. Melatonin dysfunction, in turn, may have implications for the develop-
ment of idiopathic scoliosis due to its involvement in bone metabolism and skeletal
development [20]. Further research is needed to elucidate the precise mechanisms
underlying the relationship between serotonin, melatonin, and idiopathic scoliosis
and explore potential therapeutic interventions targeting these pathways.

7. Diagnostic laboratory testing for serotonin

Serotonin, a neurotransmitter involved in mood regulation and various physi-
ological processes, has garnered significant interest in clinical and research settings.
Serotonin lab testing plays a crucial role in diagnosing and monitoring conditions
related to serotonin imbalance. This article aims to provide an overview of the differ-
ent types of serotonin lab tests available, as well as discuss their reliability and validity
in assessing serotonin levels.

7.1 Types of serotonin lab tests

Blood Serotonin Level Testing: Blood tests are commonly used to measure sero-
tonin levels. These tests involve drawing a blood sample, typically from a vein in the
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arm, which is then analyzed to determine the concentration of serotonin. The most
commonly used method is high-performance liquid chromatography (HPLC), which
separates and quantifies serotonin molecules. Blood serotonin level testing offers a
relatively straightforward and accessible option for evaluating serotonin levels.

7.2 Platelet serotonin level testing

Platelets contain significant amounts of serotonin and are used as a surrogate
measure of serotonin levels. Platelet serotonin level testing involves collecting a blood
sample and isolating the platelets to measure their serotonin content. This testing can
provide insight into serotonin uptake and storage mechanisms [20].

7.3 Urine serotonin level testing

Urinary serotonin lab testing is an important diagnostic tool used to assess sero-
tonin levels in various clinical contexts. It involves measuring serotonin or its metabo-
lite, 5-hydroxyindoleacetic acid (5-HIAA), in urine samples. This type of testing
provides valuable information about serotonin metabolism and can be utilized in both
indirect and direct forms [21].

7.4 Indirect urinary serotonin testing

Indirect urinary serotonin testing involves measuring the levels of serotonin
metabolites, such as 5-HIAA, in the urine. 5-HIAA is the major metabolite of sero-
tonin and reflects the breakdown and excretion of serotonin in the body. Indirect test-
ing is commonly used to evaluate serotonin production and metabolism in conditions
associated with serotonin overproduction, such as carcinoid syndrome and certain
types of neuroendocrine tumors [22].

The most common method for indirect urinary serotonin testing is the 24-hour
urine collection. During this test, the patient collects all urine produced over a 24-hour
period, which provides a cumulative measure of serotonin metabolites. The collected
sample is then analyzed to measure the concentration of 5-HIAA. Elevated levels of
5-HIAA may indicate increased serotonin production or impaired metabolism.

7.5 Direct urinary serotonin testing

Direct urinary serotonin testing involves measuring the actual serotonin levels in
urine. Unlike indirect testing, direct testing provides information about the actual
concentration of serotonin, rather than its metabolites. Direct testing is useful in
assessing serotonin excretion and can be employed in research settings or specific
clinical situations.

Direct urinary serotonin testing typically involves using high-performance liquid
chromatography (HPLC) or similar analytical techniques to separate and quantify
serotonin molecules in the urine sample. This method provides a direct measurement
of serotonin levels, allowing for a more accurate assessment of serotonin status.

7.6 Interpretation and clinical considerations

Urinary serotonin testing, both indirect and direct, can offer valuable insights
into serotonin metabolism and associated disorders. Elevated levels of serotonin or
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its metabolites, such as 5-HIAA, can indicate conditions such as carcinoid syndrome,
which is characterized by excessive serotonin production by neuroendocrine tumors.
Monitoring urinary serotonin levels can help assess treatment efficacy and disease
progression in these cases.

It is important to consider various factors that may influence urinary serotonin levels,
such as dietary intake, medications, stress, and physical activity. Certain foods, such as
bananas, pineapples, and walnuts, contain serotonin precursors and may temporarily
elevate urinary serotonin levels. Medications, including selective serotonin reuptake
inhibitors (SSRIs) and other serotonin-modulating drugs, can also affect serotonin levels.

Furthermore, it is essential to interpret urinary serotonin test results in the context
of the individual patient’s clinical presentation and medical history. Diagnostic deci-
sions should be made in conjunction with other diagnostic measures and in consulta-
tion with healthcare professionals experienced in serotonin-related disorders.

8. Reliability and validity of serotonin lab testing

Reliability and validity are essential considerations when evaluating the usefulness
of serotonin lab testing.

Serotonin lab tests generally demonstrate good reliability, particularly when per-
formed by reputable laboratories using standardized protocols. However, it is impor-
tant to ensure proper sample collection, handling, and storage to maintain accuracy.
Factors such as stress, medications, and diet can also influence serotonin levels, so
proper preparation and standardized conditions are crucial for reliable results.

Serotonin lab tests are valid indicators of serotonin levels in the tested samples.
However, it is important to note that measuring serotonin levels in peripheral samples
(blood, platelets, urine) may not always reflect central serotonin levels in the brain, as
serotonin cannot easily cross the blood-brain barrier. Therefore, peripheral serotonin
measurements may not directly correlate with neurotransmitter activity in the brain.

Serotonin lab testing provides valuable information for assessing serotonin levels
and aiding in the diagnosis and management of various serotonin-related conditions.
Blood serotonin level testing, platelet serotonin level testing, and urine serotonin level
testing are among the commonly employed options. These tests generally demon-
strate good reliability when conducted under standardized conditions. While they are
valid measures of peripheral serotonin levels, it is important to interpret results cau-
tiously, as peripheral levels may not always reflect central serotonin activity. Clinical
interpretation should consider a comprehensive assessment of symptoms, medical
history, and other diagnostic measures. Consulting with healthcare professionals and
specialized laboratories can provide guidance on appropriate serotonin lab testing and
its application in specific clinical contexts.

9. Serotonin treatment considerations

Serotonin, a neurotransmitter that plays a crucial role in mood regulation and
overall well-being, has garnered significant interest in the field of healthcare.
Imbalances in serotonin levels have been associated with various mental health condi-
tions. Various treatment options have been reported for serotonin imbalances, includ-
ing pharmaceutical interventions, dietary supplements, food-based approaches, and
lifestyle modifications.
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9.1 Pharmaceutical options

Selective Serotonin Reuptake Inhibitors (SSRIs): SSRIs are commonly prescribed
medications that work by increasing serotonin levels in the brain. Examples include
fluoxetine (Prozac), sertraline (Zoloft), and escitalopram (Lexapro). SSRIs are
widely used in the treatment of depression, anxiety disorders, and other mood-
related conditions.

Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs): SNRIs, such as venla-
faxine (Effexor) and duloxetine (Cymbalta), not only increase serotonin but also
affect norepinephrine levels. They are prescribed for conditions like major depressive
disorder, generalized anxiety disorder, and fibromyalgia.

Tricyclic Antidepressants (TCAs): TCAs, such as amitriptyline and nortriptyline, have
been used to treat depression and chronic pain conditions. While they primarily affect
norepinephrine and serotonin, they have a broader impact on various neurotransmitters.

9.2 Dietary supplement options

5-Hydroxytryptophan (5-HTP): 5-HTP is an amino acid precursor to serotonin. It
is commonly derived from the seeds of Griffonia simplicifolia. Supplementing with
5-HTP may increase serotonin production. However, caution should be exercised, as
high doses can have adverse effects and interact with other medications.

St. John’s Wort: St. John’s Wort is an herbal supplement that has been used success-
fully to alleviate symptoms of depression [23]. Its exact mechanism of action is not
fully understood, but it is believed to increase serotonin levels. It may interact with
other medications [24], so consultation with a healthcare professional is essential.

9.3 Food-based options

Tryptophan-Rich Foods: Tryptophan is an essential amino acid involved in sero-
tonin synthesis. Consuming foods rich in tryptophan, such as turkey, eggs, nuts, and
seeds, may support serotonin production. However, the impact of dietary tryptophan
on serotonin levels is influenced by various factors, including the presence of other
amino acids in the diet.

Complex Carbohydrates: Consuming complex carbohydrates, such as whole
grains, legumes, and fruits, can help regulate serotonin levels. These foods increase
insulin levels, which promotes the absorption of amino acids other than tryptophan,
allowing tryptophan to enter the brain more readily and support serotonin synthesis.

9.4 Lifestyle options

Lifestyle options are aimed at improving the intrinsic production of serotonin. All
of the lifestyle recommendations listed below have been shown to improve serotonin
levels in individuals.

Exercise: Regular physical exercise has been shown to increase serotonin levels and
improve mood. Engaging in aerobic exercises like jogging, cycling, or swimming can
have positive effects on serotonin synthesis and release [25].

Sunlight Exposure: Sunlight exposure stimulates the production of serotonin.
Spending time outdoors, particularly in the morning or early afternoon, can enhance
serotonin levels. Light therapy using special lamps may also be beneficial for indi-
viduals with seasonal affective disorder (SAD) [26].
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Stress Management and Relaxation Techniques: Chronic stress can deplete sero-
tonin levels. Implementing stress management techniques like meditation, yoga, deep
breathing exercises, and mindfulness practices can help reduce stress and support
serotonin balance.

Essential Oils: A study by Schneider [27] showed that 3 to 6 deep and slow inhala-
tions using a specially designed essential oil inhaler increased urinary serotonin
output and decreased cortisol output.

Since patients with a history of adolescent idiopathic scoliosis are known to exhibit
neurological symptoms [12] consistent with serotonin dysfunction, [28] efforts to
recommend lifestyle interventions that are easy to incorporate may promote healthier
habits, as well as to improve serotonin utilization.

10. Impact of serotonin treatment on scoliosis outcomes

Although serotonin is thought to play a central role in the onset and progres-
sion of idiopathic scoliosis, few studies have attempted to evaluate the impact of
serotonin imbalances on the clinical outcomes of scoliosis-specific therapy, such as
physiotherapy, bracing, or surgical techniques. One such study by Morningstar et al.
[29] evaluated the impact of assessing urinary neurotransmitters, including sero-
tonin, in adolescents who had completed a short course of scoliosis-specific intensive
physiotherapy. The entire cohort was divided into 2 groups: Group 1 did not pursue
treatment recommendations for improving the neurotransmitter results, and Group2,
who did. After 6 months, Group 2 had significantly better clinical outcomes, includ-
ing Cobb angle measurements, compared to Group 1. This study demonstrates the
tangible scoliosis benefits to improving serotonin levels.

11. Conclusions

In conclusion, emerging evidence suggests a potential link between serotonin and
idiopathic scoliosis. Genetic associations, altered serotonin levels, and the effects of
serotonin-related medications have been investigated, highlighting the involvement
of serotonin signaling abnormalities in the development and progression of idiopathic
scoliosis. However, further research is necessary to elucidate the underlying mecha-
nisms and to explore the clinical implications of these findings.

Conflict of interest

The author declares no conflict of interest.

110



Serotonin and Idiopathic Scoliosis: A Review of Related Etiology and Treatment Considerations
DOI: http://dx.doi.org/10.5772/intechopen.1003125

Author details

Mark W. Morningstar
ScoliSMART Clinics — Michigan, Grand Blanc, MI, USA

*Address all correspondence to: drmorningstar@scolismart.com

IntechOpen

© 2023 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.

111



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

References

[1] Machida M. Cause of idiopathic
scoliosis. Spine (Phila Pa, 1976).
1999;24(24):2576-2583

[2] Machida M, Miyashita Y, Murai I,
Dubousset ], Yamada T, Kimura J. Role

of serotonin for scoliotic deformity in
pinealectomized chicken. Spine (Phila Pa
1976).1997;22(12):1297-1301

[3] Dubousset J, Machida M. Le réle
possible de la glande pinéale dans la
pathogénie de la scoliose idiopathique.
Etudes expérimentales et cliniques
[possible role of the pineal gland in the
pathogenesis of idiopathic scoliosis.
Experimental and clinical studies].
Bulletin de ’Académie Nationale de
Médecine. 2001;185(3):593-602

[4] Machida M, Dubousset J, Satoh T,
Murai I, Wood KB, Yamada T, et al.
Pathologic mechanism of experimental
scoliosis in pinealectomized

chickens. Spine (Phila Pa 1976).
2001;26(17):E385-E391

[5] Nelson LM, Ward K, Ogilvie JW.
Genetic variants in melatonin synthesis
and signaling pathway are not associated
with adolescent idiopathic scoliosis.
Spine. 2011;36:37-40

[6] Yang M, Wei X, Yang W, et al. The
polymorphisms of melatonin receptor
1B gene (MTNRI1B) (rs4753426 and
rs10830963) and susceptibility to
adolescent idiopathic scoliosis: A
meta-analysis. Journal of Orthopedic
Science: Official Journal of the
Japanese Orthopaedic Association.
2015;20:593-600

(71 Yang P, Liu H, Lin J, et al. The
association of rs4753426 polymorphism
in the melatonin receptor 1B (MTNR1B)
gene and susceptibility to adolescent

112

idiopathic scoliosis: A systematic review
and meta-analysis. Pain Physician.
2015;18:419-431

[8] Wang H, Wu Z, Zhuang Q, et al.
Association study of tryptophan
hydroxylase 1 and arylalkylamine
N-acetyltransferase polymorphisms with

adolescent idiopathic scoliosis in Han
Chinese. Spine. 2008;33:2199-2203

[9]1Li]J, Yang Z, Yu M. Association study
of single nucleotide polymorphism

in tryptophan hydroxylase 1 gene

with adolescent idiopathic scoliosis: A
meta-analysis. Medicine (Baltimore).
2021;100(3):€23733

[10] Pompeiano O, Manzoni D, Miele F.
Pineal gland hormone and idiopathic
scoliosis: Possible effect of melatonin
on sleep-related postural mechanisms.
Archives Italiennes de Biologie.
2002;140(2):129-158

[11] Chu WC, Lam WM, Ng BK,
Tze-Ping L, Lee KM, Guo X, et al.
Relative shortening and functional
tethering of spinal cord in adolescent
scoliosis - result of asynchronous
neuro-osseous growth, summary of
an electronic focus group debate of the
IBSE. Scoliosis. 2008;3:8

[12] Mitsiaki I, Thirios A, Panagouli E,
Bacopoulou F, Pasparakis D,
Psaltopoulou T, et al. Adolescent
idiopathic scoliosis and mental

health disorders: A narrative review
of the literature. Children (Basel).
2022;9(5):597

[13] Misterska E, Glowacki M,
Harasymczuk J. Brace and deformity-
related stress level in females with
adolescent idiopathic scoliosis

based on the Bad Sobernheim Stress



Serotonin and Idiopathic Scoliosis: A Review of Related Etiology and Treatment Considerations

DOI: http://dx.doi.org/10.5772/intechopen.1003125

Questionnaires. Medical Science Monitor.
2011;17(2):CE83-CR90

[14] Charsar BA, Brinton MA, Locke K,
Chen AY, Ghosh B, Urban MW, et al.
AAV2-BDNF promotes respiratory
axon plasticity and recovery of
diaphragm function following spinal
cord injury. The FASEB Journal.
2019;33(12):13775-13793

(15] Xiang HB, Liu C, Liu T'T,

Xiong J. Central circuits regulating the
sympathetic outflow to lumbar muscles
in spinally transected mice by retrograde
transsynaptic transport. International
Journal of Clinical and Experimental
Pathology. 2014;7(6):2987-2997

[16] Politis M, Loane C. Serotonergic
dysfunction in Parkinson’s disease and its
relevance to disability. Scientific World
Journal. 2011;11:1726-1734

[17] Winderlich ME, Shchekolova NB.
Predicting scoliosis progression in
children and adolescents measuring
serotonin blood level. Genij Ortopedii.

2023;29(3):299-306

[18] Maimoun L, Guillaume S, Lefebvre P,
Philibert P, Bertet H, Picot MC, et al. Is
serum serotonin involved in the bone loss
of young females with anorexia nervosa?
Hormone and Metabolic Research.
2016;48(3):174-177

[19] Oyama J, Murai I, Kanazawa K,
Machida M. Bipedal ambulation induces
experimental scoliosis in C57BL/6]

mice with reduced plasma and pineal
melatonin levels. Journal of Pineal
Research. 2006;40(3):219-224

[20] Burwell RG, Dangerfield PH,
Moulton A, Anderson SI. Etiologic
theories of idiopathic scoliosis:
Autonomic nervous system and the
leptin-sympathetic nervous system
concept for the pathogenesis of

113

adolescent idiopathic scoliosis. Studies
in Health Technology and Informatics.
2008;140:197-207

[21] Kema IP, Schellings AM,

Meiborg G, Hoppenbrouwers CJ,
Muskiet FA. Influence of a serotonin-
and dopamine-rich diet on platelet
serotonin content and urinary
excretion of biogenic amines and
their metabolites. Clinical Chemistry.
1992;38(9):1730-1736

[22] Marc DT, Ailts JW, Campeau DC,
Bull MJ, Olson KL. Neurotransmitters
excreted in the urine as biomarkers of
nervous system activity: Validity and
clinical applicability. Neuroscience

and Biobehavioral Reviews.
2011;35(3):635-644

[23] Ng QX, Venkatanarayanan N, Ho CY.
Clinical use of Hypericum perforatum
(St John’s wort) in depression: A meta-

analysis. Journal of Affective Disorders.
2017;210:211-221

[24] Hu Z, Yang X, Ho PC, Chan SY,
Heng PW, ChanE, et al. Herb-drug
interactions: A literature review. Drugs.
2005;65(9):1239-1282

[25] Da Silva SR, Galdino G. Endogenous
systems involved in exercise-induced
analgesia. Journal of Physiology and
Pharmacology. 2018;69(1):3-13

[26] Pjrek E, Friedrich ME, Cambioli L,
Dold M, Jager F, Komorowski A, et al.
The efficacy of light therapy in the
treatment of seasonal affective disorder:
A Meta-analysis of randomized
controlled trials. Psychotherapy and
Psychosomatics. 2020;89(1):17-24

[27] Schneider R. The increase in urinary
serotonin and decrease in salivary
cortisol concentrations following direct
inhalations of concentrated essential
oils is not induced by non-specific



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

effects. Endocrine Regulations.
2021;55(4):215-223

[28] Correia AS, Vale N. Tryptophan
metabolism in depression: A narrative
review with a focus on serotonin and
kynurenine pathways. International
Journal of Molecular Sciences.
2022;23(15):8493

[29] Morningstar MW, Siddiqui A,
Dovorany B, Stitzel CJ. Can
neurotransmitter status affect the results
of exercise-based scoliosis treatment?
Results of a controlled comparative chart
review. Alternative Integrative Medicine.
2014;3:4

114



Chapter 6

Serotonin: Its Functional Role
in Plants

Kivan Bala

Abstract

Serotonin, also known as 5-hydroxyamine, is an indoleamine that plays crucial
roles as a neurotransmitter and hormone regulator in various physiological processes
across the animal kingdom. This essential signaling molecule is synthesized from the
aromatic amino acid tryptophan and is found in virtually all living organisms. Over
the last few years, enormous research has been done on this biomolecule. In plants,
they are found to be involved in several metabolic and developmental functions.
Despite its widespread importance in plants still many things to understand about
the mechanism of action of this biomolecule. Therefore, this chapter focuses on the
current knowledge of the role of serotonin in plants.

Keywords: serotonin, neurotransmitters, physiological functions, phytoserotonin,
plant hormones

1. Introduction

Serotonin is an important biochemical molecule found in both plants, as well as
in animals. In plants, it is known as phytoserotonin. Initially, it was reported in the
legume known as Macuna pruriens [1]. Later, it was found in almost 42 plant species
from almost 20 different families [2]. A significant amount of the serotonin was
reported in these plants. Chemically, it is known as 5-HT (5-hydroxytryptamine).

It is actually a neurotransmitter recognized for its role in the mammalian central
nervous system, now identified in all forms of the life from bacteria to higher
eukaryotes [3]. In animal biology, especially in humans and vertebrates, numerous
physiological roles of serotonin have been identified. In the beginning, it was known
as enteramine as was discovered in the gut enterochromaffin cells [3], later named
as serotonin and considered as one among the most ancient molecules originated
first in prokaryotic life forms [4-7]. Many useful functions of serotonin have been
identified in animal science. It is involved to regulate the anxiety, sleep, and moods
in the mammals [8] also, known for its hallucinogenic drug effect [9]. But in the case
of plants less is known about its functional role despite been discovered in plants
shortly after its discovery in the animals. Many biosynthetic products of serotonin
in plants were identified in mid-1990s [10]. Serotonin is abundant in parenchyma of
vascular bundle, companion cell and xylem cell, and vascular bundle of fruit wall of
the banana [11]. The concentration of serotonin is found different in various parts
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of plant. For instance, in leguminous plant, Friffonia simplicifolia lower levels of
serotonin are detected in its leaves, while significant amount of serotonin is present
in its seeds [12]. Mostly, they are found in fruits vegetables, and seeds [13]. Even in
fruits, the distribution of serotonin is not uniform [9, 14]. The amount of serotonin
get increased as the fruit get ripen [15-18].

2. Biosynthesis of serotonin

In animals, serotonin is produced by tryptophan in two-step processes by the two
enzymes tryptophan hydroxylase and aromatic L-amino acid decarboxylase, (1)
where tryptophan hydroxylase acts as rate-limiting step. Tryptophan is an essential
amino acid, which is needed for synthesis of not only serotonin but also melatonin
and auxin, [19-21]. Tryptophan first catalyzed into tryptamine by tryptophan
decarboxylase. Tryptamine is catalyzed by tryptamine-5-hydroxylase to form
serotonin (2). However, in certain plants, such as Hypericum perforatum serotonin
is synthesized from the hydroxytryptophan as in mammals [22]. Hydroxylation of
tryptophan leads to formation of 5-oxytryptophan in the presence of tryptophan-
5-hydroxylase. Later, 5-oxytryptophan is decarboxylated by decarboxylase that
gives serotonin (Figure1).

3. Physiological role of serotonin in plants

A lot of studies have been carried out to find out the role of serotonin in the ver-
tebrates, whereas interest in phytoserotonin was prevented. It could be due to the less
obvious role of serotonin in plants. In animals, it was first identified in 1868, whereas,
in plants, it was discovered in mid-1990s. Now, serotonin is considered as an impor-
tant phytohormone and stress defense compound [23, 24]. Along with melatonin,
it has many roles in plant growth and survival processes [25]. A number of studies,
which show its role in shoot branching [26], flowering [27], xylem sap exudation
[9], ion permeability [28], morphogenesis [29], reproduction [30], germination [31],
senescence [32], protection against stress [33], and root architecture (Figure 2) [34].
Different roles of serotonin are organized in Table 1. Few of them are:

Animals
5-hydroxytryptophan
Tryptophan hydroxylase Aromatic amino acid decarboxylase
—
Tryptophan Serotonin
Tryptophan decarboxylase | Tryptamine-5-hydroxylase
Tryptamine
Plants

Figure 1.
Biosynthesis of serotonin.
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lon permeability

Flowering

Protection against
different stress

Detoxification of
ammonia

Organogenesis
Photo morphogenesis
Auxin like effect
lon permeability
Root growth and
development Organogenasis
Senescence
Xylem sap exudation
Shoot branching

Figure 2.
Different functions of the serotonin in the plants.

S.no Functions Plant References

1. Shoot branching Arabidopsis [35]

2. Flowering Datura [27]

3. Ion permeability Pea Chloroplast [36]

4. Xylem sap exudation Rice [37]

5. Morphogenesis & growth Mimosa pudica L Datura [27, 38]

regulator
6. Root architecture Hypericum perforatum L, [34, 39]
Avabidopsis

7 Reproduction Datura [271

8. Germination Capsicum anuum L [31]

9. Senescence Rice [32]

10. Protection against stress Hazelnuts [40]

14. Coleoptile growth Rice, plant tissue culture, [41-43]

Hypericum perforatum

16. Stress defense compounds Arabidopsis [44]

17. Photosynthesis Chara australis [45]

18. Spikelet fertility & Increased Rice [9]

stomata conductance

19. Signaling Arabidopsis [46]

20. Detoxification of ammonia Walnut [47]

21. Fruit ripening Tomato [48]
Table 1.

Effect of serotonin on plant growth.
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3.1 Growth regulation by serotonin

Extensive studies are carried out to investigate the role of serotonin on shoot
branching. As we know that many of the factors involved in the regulation of plant
morphogenesis. Auxin and melatonin are among the highly recognized metabolite
of tryptophan along with serotonin. Various reports on signaling role of serotonin
are connected with other phytohormones [26, 49]. Serotonin is now considered an
important plant growth regulator [27, 38] as studies have shown its involvement
in mediating vegetative growth and morphogenesis of the plants [26]. Exogenous
application of serotonin in tissue culture leads to increase in shoot size and number,
whereas using inhibitors revert its impact [41, 42, 50-53]. In other studies in rice
(Oryza sativa L) with deficiency of the enzyme serotonin N-acetyltransferase, which
is involved in the conversion of serotonin to melatonin, serotonin concentration
increased and resulted increased coleoptile growth [43]. An increase in endogenous
serotonin level result in increased shoot production in H.perforatum [42], while
application of serotonin inhibitors decrease shoot in culture [54, 55]. Similarly,
inhibitors that prevent the conversion of serotonin to melatonin result in an increase
in serotonin concentration, leading to the inhibition of auxin-induced rooting and
the promotion of shoot growth [55]. In another study, application of serotonin in the
presence of salt in sunflower seedlings increased primary root growth [39].

Serotonin along with melatonin is responsible for root elongation, formation and
growth of lateral, and adventitious roots [56], thereby altering the root architecture.
Many pathways are involved in their mode of action. They may act along with auxin
or through independent pathways. As they are known for their role during stress, they
interact with molecules like ROS, NO, and plant growth regulators. Examination of
gene expression has shown that serotonin along with melatonin induced promotion
of root induction and growth. Studies show that the accumulation of ROS in root tips
regulates the formation of the primary growth. As melatonin and serotonin are also
synthesized from tryptophan. Studies have shown that serotonin is responsible for
root production in mimosa, walnut, sunflower, and Arabidopsis thaliana [56]. These
have been explained by several theories. According to one theory in walnut culture,
serotonin is converted into auxin, which has been known for apical dominance and
root growth, which then induces rooting [57]. In another study, it was observed that
serotonin in low concentration promotes lateral root primordial while in high conc. It
has opposite effect on them [46]. Root growth and root hair development but adven-
turous root formation get enhanced. The authors, therefore, suggested that instead of
enhancing auxin content, serotonin has an antagonistic effect. Serotonin treatment
in sunflower increased primary root and hypocotyl length. Therefore, limited studies
emphasize the need for further detailed studies on them. Serotonin elicits tissue-
specific inhibitory effects on auxin-responsive genes at the site of primary and adventi-
tious roots and also in lateral root primordial [9]. It seems that serotonin promotes root
growth partially independent of auxin activity. Researchers of the Chinese Academy of
Sciences compared the physiological response of Arabidopsis to exogenous melatonin
and serotonin-mediated metabolism. The study has shown that moderate concentration
of melatonin did not affect primary root growth but induce lateral root formation [35].

3.2 Role of serotonin in flowering

Flowers are associated with reproduction in the plants. Many factors influence
its development. Rapid growth and development the oxidative environment in these
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tissues can lead to underdeveloped reproductive structure if anti-oxidative protection
is absent [58, 59]. Along with melatonin serotonin gives protection for the growing
flowers and seeds. This effect is noticed in various species such as Datura metal,
Hypericum perforatum, Malus domestica, Vitis vinifera, and Prunus avium. These
studies have shown that the serotonin concentration is higher in reproductive tissue
than vegetative tissue [59-63]. Serotonin is predominantly distributed in reproduc-
tive structures. A study has revealed that Griffonia simplicifolia leaves have a minimal
amount of serotonin, while the seeds have a high concentration [9, 64]. Serotonin
gets accumulated in fruits [64, 65]. It may act as signal molecule in the reproductive
development. Though the study on the activity of serotonin in plant reproduction is
restricted, the existing literature suggests it has a strong impact on pollen germina-
tion in vivo, as well in vitro studies. During pollen growth in St. John’s wort the shift
from tetrad to uninucleate phase results increase in serotonin concentration further
suggesting its role in reproductive growth [63, 66]. In rice, wheat, and soybean. Each
of small molecules enhanced the germination of seeds in the presence of abscisic acid,
although potent inhibitor of ABA [67].

3.3 Antioxidative properties and anti-stress properties of serotonin

As serotonin is biochemically indolamine made up of indole backbone with the
sidechain ethylamine derived from the tryptophan. In the last century, numerous
physiological roles of serotonin were discovered in animal science. Several studies
have proposed that serotonin acts as antioxidant in the animals [67]. It regulates
abiotic stress-induced plant growth inhibition possibly by modification of hormone
metabolism [68-70]. Structurally, auxin is more similar to serotonin and melatonin.
Serotonin is also known for gene regulation with auxin-responsive related pathways
[71]. Accumulation of serotonin has been observed in the leaves of rice plants in
the response of biotic stress [72]. Genes of tryptophan biosynthetic pathway show
coordination with genes of serotonin and auxin biosynthesis under abiotic and biotic
stress [73]. The enormous production of serotonin in senescing rice leaves, which
has been identified by chlorophyll loss, lipid peroxidation of membrane, increased
reactive oxygen species (ROS), and induced senescence-related genes. Serotonin
concentration get increased after salt stress. In another study, CdCl, treatment
inhibited the serotonin N-acetyltransferase gene, thereby maintaining high levels of
serotonin. When serotonin is provided exogenously, it gives protection to Brassica
napus L against salt stress [74]. It can alleviate the growth inhibition in seedlings of
the same plant under salt stress. Under mild drought conditions, serotonin improves
the yield [32, 58]. Exogenous serotonin on tomato seedling during drought and salt
stresses have shown that serotonin has strong antioxidative effect [75]. Serotonin also
resulted increase in the biomass and isoflavones content, cell division, ethylene, and
isoflavones biosynthesis under temperature stress in soybean cell culture [76].

3.4 Role of serotonin in senescence

Accumulation of serotonin is known to play a protective role against ROS, lead-
ing to a delay in senescence [77]. Serotonin prevents the accumulation of the toxic
metabolite due to its powerful antioxidant activity in the senesced leaves. Because of
its antioxidative activity, serotonin protects xylem parenchyma during senescence-
induced oxidative damage. Serotonin overexpression in plants shows delay in senes-
cence in rice leaves, whereas transgenic plants with low serotonin expression show
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fast senescence [73]. Serotonin relieves the accumulation of harmful biomolecules
tryptamine by its antioxidant activity in the senescenced leaves. Further physiologi-
cal analysis indicated that exogenous serotonin alleviates iron deficiency-induced
leaf chlorosis [78] and improves drought and salt tolerance in tomato seedlings [79].
Serotonin shows the slow senescence in corn leaves, via calcium signal transduction,
interacts with phosphatidylinositol, and maintains the chlorophyll content [80].

3.5 Contribution of serotonin in photosynthesis

Serotonin is believed to be localized in the chloroplast. There is a lot of evidence that
shows its role in the maintenance of the photosynthetic tissues [36, 81, 82]. According
to one study;, isolated chloroplast of pea depicted that serotonin is capable of enhancing
efflux of magnesium and calcium. Serotonin also helps in mediating light sensing in
plants via phytochrome modification activity and helping in signaling networks [9].
The chlorophyll content gets decreased due to salinity was increased by exogenous sero-
tonin [74]. Serotonin levels increased significantly under longer wavelength treatment
and in dark conditions [9]. In rice plants, serotonin was found to improve stomatal
conductance, spikelet fertility, and yield under mild drought stress conditions [9].

3.6 Interaction of serotonin with phytochrome

One of the most important roles of the serotonin is that it recognizes light and
regulates circadian and seasonal rhythms. Phytochrome is used in this process
through which serotonin interacts, therefore, induce diverse metabolic activities.
Serotonin stimulates phosophoinositide turnover, therefore, modulates the red light
effect, enhances the nitrate reductase transcription, and inhibits phy-I transcript
accumulation [38, 83]. Many reports are indicating interaction of serotonin with
phytochrome in an important signal cascade. First, it was reported in the eighties
when external application of serotonin was capable of takeoff the effect of red light.
It affects phytochrome either by activating it or by modifying the signal transduction
pathway. In one study, it was observed that serotonin application could mimic the
calcium uptake observed in light-grown culture of the protoplast [84, 85]. Besides
stimulating the effects of red light exposure in plants, endogenous serotonin levels
also get decreased in response to red light exposure to yellow or green light in Sedum
morganianum E. Walther. Serotonin usually found in high concentration during the
day time and lowered during the night [71]. Biosynthesis of indoleamine and role of
serotonin along with melatonin has been well characterized in yeast, bacteria, and
mammals [86, 87]. Many studies show serotonin treatment mimic the effects of red
light exposure in other physiological processes such as fruit ripening, senescence, and
leaf abscission. Interaction between serotonin with metabolite phenylpropanoid sug-
gests its contribution in the maintance of chlorophyll pigments such as chlorophyll, as
well as anthocyanin [88, 89].

3.7 Effect upon ammonia

However, serotonin is found during seed development, how exactly it functions
out there is not known yet. Many studies indicate probably it is involved in the detoxi-
fication of the ammonia, hence prevent the embryo. In drying seed, serotonin assists
to remove accumulating ammonia. Ammonia is metabolized in L-tryptophan. After
decarboxylation, it gives tryptamine. Hydroxylation of tryptamine by cytochrome
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P450 monooxygenase forms serotonin [47]. Similar results of serotonin accumulation
in cotyledon of walnut were observed. Here, serotonin is involved in the detoxifica-
tion of ammonia reaction, thus prevent delicate plant tissue [90]. Serotonin was also
detected in embryos of Juglans mandshurica histochemically [37, 91]. Further studies
are needed to explore detail protective pathway of serotonin.

4. Conclusion and future perspectives

Though much new information is coming out about its regulatory role in plants, it
is one of the most primitive biomolecules that evolved on Earth and is considered one
of the most important molecules. From studies, it is now evident that it carries out
diverse functions in plants. So, there is a growing interest among plant researchers to
study the effect of serotonin on various plant systems. No doubt a new branch of phy-
toserotonin has emerged, where lots of things need to be worked out. In humans, it is
involved in many vital roles. The discovery of serotonin in plants used in the treat-
ment of human disorders provides a new route for the investigation of medicinally
active compounds. Diverse roles of serotonin in plants are identified. As molecules
regulate morphogenesis, they can be used as potential modulators in tissue culture
regeneration techniques. The antistress and detoxification activities of serotonin
further need to be investigated in detail. Moreover, auxin and serotonin biosynthesis
are associated with tryptophan. Tryptophan is an important precursor for various
metabolites. Thus, it is possible that both auxin and serotonin are related. So, it is
important to find out the possibility of auxin-serotonin crosstalk or the crosstalk of
serotonin with other hormones during different regulatory pathways.
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Chapter7

Serotonin in the Nervous System:
Few Neurons Regulating Many
Functions

Citlali Trueta and Montserrat G. Cercos

Abstract

Serotonin is synthesized from tryptophan in small groups of neurons within the
central nervous system. These neurons, however, branch profusely and innervate all
the nervous system, where, by releasing serotonin in different manners, they regulate
amyriad of functions, including many behaviors. This chapter reviews the main
functions of serotonin in the nervous system of invertebrates and vertebrates, show-
ing that many of these have been conserved throughout evolution. It also summarizes
the current knowledge about the mechanisms that control and regulate serotonin
secretion from different compartments of the same neurons, evidencing their differ-
ences, which enable small numbers of neurons to display a wide variety of functions,
including the regulation of our mood states.

Keywords: serotonin, 5-HT, synapse, extrasynaptic secretion, neuromodulation,
behavior, central nervous system

1. Introduction

From the mid-nineteenth century, a substance in the blood serum was known to
cause contraction of smooth muscle, regulating the “tone” of blood vessels. When this
substance was isolated, it was called serotonin, for its first known function. Similarly,
a substance that causes smooth muscle contraction in the digestive tract, secreted by
enterochromaffin cells, was called “enteramine” [1, 2]. Both substances were later
demonstrated to be the same molecule: 5-hydroxytryptamine (5-HT).

Serotonin, or 5-hydroxytryptamine is a monoamine that acts as a chemical mes-
senger, both in and out of the nervous system of invertebrates and vertebrates. It is
one of the most ancient molecules regulating cellular functions, since it is found from
protozoans [3]. Serotonin regulates a wide variety of physiological functions, from
those already mentioned on smooth muscle contraction to very complex ones, such
as attention or social behavior. Serotonin is secreted by exocytosis from the cells that
synthesize it and can act as a neurotransmitter, neuromodulator, or hormone.

Most of the serotonin in mammals is found in cells outside of the brain, such
as platelets, mastocytes, or enterochromaffin cells. However, serotonin cannot go

129 IntechOpen



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

through the blood-brain barrier, and thus, cerebral serotonin must be synthesized in
the brain. Within the nervous system, serotonin has multiple functions, acting as a
neurotransmitter at synapses or as a neuromodulator both at synapses and at extra-
synaptic sites. Its functions are notably well conserved throughout the phylogenetical
scale, as are the basic characteristics of serotonergic systems, which are characterized
by having small numbers of neurons that, nevertheless, act at multiple levels in the
nervous system, regulating many different functions.

2. Metabolism and effects of serotonin in the nervous system
2.1 Synthesis and release

Serotonin is synthesized in the cytoplasm of neurons, from the amino acid
L-tryptophan, which is captured by cells through a process of facilitated transport.
The main source of tryptophan are the proteins obtained from the diet. The enzyme
tryptophan hydroxylase transfers an oxygen atom to the fifth position of the ring,
forming 5-hydroxytriptophan. For this, the enzyme requires molecular oxygen (O,),
as well as reduced pteridine as a cofactor. This reaction is the limiting step in serotonin
synthesis. Since in the brain the concentration of tryptophan normally does not
saturate the enzyme, serotonin synthesis is increased by increases in the ingest of this
amino acid. The level of O, in the tissues also regulates the synthesis of serotonin.
5-hydroxytriptophan is immediately decarboxylated by the enzyme aromatic amino
acid decarboxylase, to form 5-hydroxytryptamine or serotonin. In addition to the
effects of serotonin, which will be discussed below, this molecule serves as a precursor
for the hormone melatonin in the pineal gland and other tissues. Serotonin synthe-
sis can be increased in situations that require its continuous release. For example,
electrical stimulation of the serotonergic neurons increases serotonin synthesis in
a frequency-dependent manner. This can occur without increasing the synthesis of
tryptophan hydroxylase, probably by changing the kinetic properties of the enzyme
by phosphorylation through calcium-dependent mechanisms [4].

Serotonin release occurs through exocytosis, since it is a charged molecule that
cannot go through the plasma membrane. In addition, it is necessary to store sero-
tonin in vesicles to protect it from degradation (see below). The rate of serotonin
release depends on the firing frequency of the neurons that synthesize it. The mecha-
nisms that regulate serotonin release will be described further below in this chapter.

2.2 Reuptake and degradation

The activity of serotonin is terminated principally by its reuptake in serotonergic
neurons and in glial cells, through a membrane transporter. Reuptake is an active
process, which depends on the temperature and of extracellular sodium and chloride.
Energy is required to maintain the sodium gradient between the intra and extracel-
lular media, which is indispensable for serotonin transport. Serotonin reuptake by
serotonin transporter (SERT) may produce changes in the membrane potential, since
it moves positively charged sodium ions into the cytoplasm, thus slightly depolarizing
the neuron [5]. Many of the pharmacological treatments for depression are selective
serotonin reuptake inhibitors (SSRIs).

Serotonin is degraded by the enzyme monoamine oxidase (MAO) that con-
verts 5-HT to 5-hydroxindoleacetaldehyde, which in turn can be oxidized by a
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NAD"-dependent aldehyde dehydrogenase to form 5-hydroxindolacetic acid or
reduced by a NADH-dependent aldehyde reductase to produce 5-hydroxy tryptophol,
depending on the relative concentrations of NAD* and NADH in the tissue. In the
brain, the main metabolite of serotonin is 5-hydroxindolacetic acid.

2.3 Cellular effects of serotonin on the nervous system

Serotonin acts on seven groups of receptors, named 5-HT;-5-HT?, distinguished by
their pharmacology and the intracellular pathways and responses they activate in the tar-
get cells. Each receptor type is differentially distributed in different areas of the nervous
system and other tissues. All serotonin receptors, except the 5-HT3 (which is an ionic
channel), belong to the family of G-protein-coupled receptors, similar to rhodopsin,
and activate intracellular signaling cascades. The effects that serotonin exerts on target
neurons depend on the type of receptor activated. The G;/G,-coupled 5-HT; receptors
generally mediate inhibitory effects on neuronal firing through an opening of inwardly
rectifying potassium channels or a closing of voltage-gated calcium channels. The G/1:-
coupled 5-HT, family of receptors generally mediates slow excitatory effects through a
decrease in the membrane permeability for potassium or an increase in the permeability
for cations. The 5-HT; receptors, which are ligand-gated cation channels with structural
homology to nicotinic receptors for acetylcholine, mediate fast excitatory effects of 5-HT.
In invertebrates there seem to be ionotropic 5-HT receptors [6-8], which are channels for
chloride (a negatively charged ion), unlike the vertebrate 5-HT}; receptor, which allows
the flux of positively charged ions.

The characteristics, signaling pathways, and distribution of each of the receptors
for serotonin have been extensively reviewed elsewhere [9-13] and will not be further
discussed here.

In this chapter, we provide an overview of the morphology and function of seroto-
nergic neural systems, and show how, by secreting this substance in several different
modes, a few neurons regulate a wide variety of functions in the nervous system.

3. The diverse functions of serotonin in the nervous system

The functions of serotonin have been well conserved along evolution, from
invertebrates to humans. In addition to developmental, cardiovascular, gastrointesti-
nal, and endocrine functions, serotonin has multiple functions in the nervous system,
including the regulation of sensory perception and motor patterns (such as those
that are activated during ingestion, locomotion, or respiration) [14-16], circadian
rhythms, including sleep-wake cycles [17, 18], appetite, feeding, sexual behavior,
mood, attention, cognition, and memory [19]. Importantly, serotonin regulates
social behavior in invertebrates and vertebrates, and produces changes that span
from aggression, associated with social dominance [20], to submission and depres-
sion. In humans, the alteration in serotonin metabolism is related to neuropsychiatric
disorders, such as depression [21], schizophrenia [22, 23], and obsessive-compulsive
[23, 24] or feeding disorders [25].

3.1 Serotonergic functions in invertebrates

The relatively small and simple nervous systems of invertebrates, with small num-
bers of neurons of big size and stereotyped localization, have been powerful model

131



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

systems to study neural circuits in detail, from intracellular pathways to behavior.
Serotonin regulates a wide variety of physiological functions in invertebrates, includ-
ing sensory processing, locomotion, feeding, and social behavior. The accessibility
of invertebrate nervous systems to perform intracellular recordings of identified
neurons has enabled us to unveil complete circuits regulating these behaviors and the
multiple ways in which serotonin modulates them.

3.1.1 Regulation of swimming, feeding, and learning in leeches

Serotonin released from Retzius neurons has a neuromodulatory effect on the
block of conduction of action potentials that occurs at the branching points of the
axons of mechanosensory neurons [26] that respond to touch (T), pressure (P), or
noxious (N) stimuli in the skin of the leech [27]. In this way, serotonin modulates
sensory perception of these animals.

Serotonin also regulates a wide variety of physiological functions in the
leech, many of which are related to feeding behavior. Hungry leeches are usually
located in shallow waters, and respond to water movements, possibly indicating
the presence of prey, by swimming toward the source of the waves. Serotonergic
neurons play a fundamental role in swim initiation. Swimming in these organisms
is coordinated by a series of interneurons that, when activated, display an oscil-
latory activity that stimulates and inhibits, in a rhythmic and alternative manner,
the motor neurons that excite and inhibit longitudinal ventral and dorsal muscles.
Activation of this central pattern occurs progressively through the ganglion chain,
giving rise to undulations of the body from head to tail [28]. The rhythmic activity
of these neurons can be recorded in the segmental ganglia or the connective nerve
and is maintained in isolated ganglion chains, which has facilitated the study of
these circuits. Mechanosensory neurons excite several of the serotonergic neurons,
including Retzius neurons, cells 21 and 61 (see Section 4.1 on the Structure of
the serotonergic system in invertebrates below), through a polysynaptic pathway
(i.e., with one or more interneurons connected in series to each other in between)
[29]. Stimulation of cells 21 and/or 61 triggers the initiation of swimming epi-
sodes in ganglion chains [29], since these cells, in turn, excite interneurons that
generate the central swimming pattern, receiving also feedback from them [30].
Stimulation of Retzius neurons or application of serotonin in the bath also pro-
duces swimming episodes [31], because serotonin modulates the activity of some
of the oscillating interneurons that may initiate the rhythmic activity of the swim-
ming circuit. For example, through modulating several sodium channels, serotonin
changes the excitability (i.e., the likeliness to fire action potentials) of one of the
interneurons that initiate the swimming cycle (called cell 204), decreasing the
threshold for this neuron to trigger the activity of the circuit [32, 33]. Serotonin
also modulates the activity of motor neurons that produce swimming, promot-
ing their rhythmic alternated activation [34, 35]. Thus, serotonin seems to be the
determinant factor for the activation of swimming in the leech. In fact, the prob-
ability of swimming in a leech is correlated with the concentration of serotonin in
its blood [31] and in the CNS [36].

Locomotion is also regulated by serotonin in other animals. In larvae of the fruit
fly Drosophila, increasing the level of 5-HT is able to decrease body wall contractions
used for locomotion. In the larval stages, 5-HT is involved in turning behavior [37],
whereas in adult flies, acute activation of 5-HT neurons disrupts normal locomotor
activity [38].
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Once a leech finds possible prey, it starts an exploration phase. During swimming
and this exploratory phase, the activity of serotonergic neurons increases [39]. When
the lips feel a warm surface, some of the serotonergic neurons are activated, firing
in bursts at high frequencies, and serotonin activates ingestion, directly stimulat-
ing salivary glands to secrete saliva, the claws to bite, and the pharynx to generate
peristaltic movements, which continue throughout the ingestion process. During
ingestion, serotonin relaxes the body wall muscles by producing a hyperpolarization
through the activation of chloride currents during the compound action potential in
these muscles [40], and by inhibiting the production of excitatory synaptic potentials
in the muscles through its action on central neurons [41]. In addition, Retzius neurons
directly stimulate mucus secretion at the mucous glands in the skin [42], which is also
a characteristic of the ingestion phase in the leech.

The distention of the body wall after feeding hyperpolarizes the serotonergic
neurons and terminates ingestion, producing a satiety state. Satiated leeches have a
lower amount of serotonin in the CNS and in blood than hungry leeches [43] and stay
in deeper waters at the bottom of the ponds, swimming much less. Administration or
elimination of serotonin cause alterations in feeding behavior, such as hyperphagia or
anorexia, respectively [44].

Beyond feeding and swimming, serotonin modulates learning processes in the
leech, such as facilitation, sensitization, and dishabituation, in the shortening reflex
that occurs when touching the head of the animal [45, 46]. This modulation is exerted
upon the excitability of a series of neurons that are essential for learning in these
organisms, called S cells [47]. The activity of the S cell network all along the nervous
system is modulated by serotonin [48].

3.1.2 Regulation of swimming and sensory learning in mollusks

Serotonin regulates swimming also in mollusks. In Clione limacine, the serotoner-
gic system modulates the expression of different behaviors by producing different
swim velocities [49]. This is achieved by independently regulating the contractility
of the wings, the cycling frequency of the central pattern generator, recruiting motor
neurons for swimming, and by stimulating the heart-exciting neuron, while inhibit-
ing a circuit that competes with the swimming circuit.

In Aplysia californica, serotonin has been shown to regulate learning. This mollusk
has a reflex that withdraws the gill and the siphon in response to a tactile stimulus
in the tail. The strength and duration of this reflex can be enhanced by a noxious
electrical stimulation applied to the tail, the head, or the body wall. This sensitization
phenomenon, which can last for hours, is caused by (1) an increase in the excitability
of sensory neurons and (2) a facilitation of transmitter release from these neurons to
the motor neurons that produce the contraction of the mantle muscles [50]. Both of
these mechanisms are activated by serotonin. Noxious stimulation of the tail activates
serotonin release in the CNS, which can be detected by electrochemical methods,
and lasts 30-40 seconds, peaking in the neuropil (i.e., the net of neuronal processes)
surrounding the synapses between sensory and motor neurons in the tail [51].
Serotonin levels also increase in the hemolymph [52]. Serotonin acts on sensory
neurons to activate the protein kinase A (PKA) and protein kinase C (PKC) intracel-
lular pathways, which phosphorylate S-type potassium channels, to reduce the time
they remain open [53]. In this way, the membrane excitability increases and the action
potential is broadened [54, 55], allowing more calcium influx to the nerve terminals
and therefore increasing transmitter release. PKA and PKC also increase transmitter
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release by enhancing the mobilization of synaptic vesicles to the active zone [56-61],
thus increasing the transmitter available for release. By increasing transmitter release,
a stronger contraction is produced in the muscle that withdraws the siphon. The
modulation of defensive reflex circuits by 5-HT also involves a variety of different

cell types that respond differently to 5-HT. Serotonin blocks the synaptic enhance-
ment in a polysynaptic pathway that inhibits the siphon-withdrawal reflex, thereby
reducing potential for inhibition within the circuit. Serotonin also acts directly on
motor neurons facilitating responses to glutamate mediated by AMPA-type receptors,
thus possibly enhancing the response of motor neurons to sensory neuron activation

(Reviewed by [62]).
3.1.3 Regulation of aggression associated with social behavior in arthropods

The modulation that serotonin exerts on behaviors associated with social hierarchy
has been studied in detail in decapod crustaceans, such as lobsters and crayfish. When
two individuals meet at the same space, at the beginning both of them show aggres-
sive behavior, consisting of standing high on the tips of their walking legs, while
bending them, and showing their claws up and forward. Both animals have aggres-
sive encounters, which will determine which one will be dominant. The dominant
individual then keeps a high posture with the limbs flexed, and walks throughout the
space, while the other one tends to extend its limbs, to place the body low, near the
bottom, and remains in the corners (when confined in a tank), or leaves the area (in
the wild), avoiding the dominant individual. Serotonin, together with octopamine, is
responsible for these opposite postures and behaviors. Serotonin injection to lobsters
produces the dominant posture with flexed limbs and abdomen, while octopamine
produces the submission behavior with the extension of the limbs [20, 63]. Serotonin
activates a motor program for the flexion of the limbs, by increasing the firing
frequency of the motor neurons that excite the flexor muscles and those that inhibit
the extensor muscles while decreasing the firing frequency of the motor neurons that
inhibit the flexor muscles and of those that excite the extensor muscles. This occurs
by modifying the frequency of the synaptic inputs to the motor neurons, and not
by acting directly upon them [64]. Octopamine produces the opposite effects [64].
Serotonin also acts directly on the muscles, by producing prolonged contractions,
and on the neuromuscular junctions (i.e., the synapses between motor neurons and
muscles), by increasing neurotransmitter release and therefore the strength of muscle
contractions [65-67]. These effects are produced by serotonin released from two
neurosecretory organs to the hemolymph [68]: (see Section 4.1 on the Structure of
the serotonergic system in invertebrates) where it circulates as a neurohormone and
regulates different targets, including the exoskeleton muscles and the heart.

The role of serotonin in aggressive behavior associated with social dominance has
also been studied in the fruit fly Drosophila melanogaster. The multiple genetic manip-
ulation methods developed in this organism have been powerful tools for studying
a variety of functions. Recent tools to manipulate the biosynthesis and release of
serotonin, the activity of serotonergic neurons, or the expression of 5-HT receptors,
have revealed the role of serotonin in a variety of behaviors in these animals. As in
lobsters, Drosophila males establish hierarchical relationships based on the results of
aggressive encounters. These fights have several stages in which the animals show a
number of characterized behaviors, including tapping on the opponent’ leg, lunging,
holding, boxing, or tussling. The result of these encounters defines a dominant indi-
vidual, who takes a food source, while the defeated individual retreats from the food
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surface [69, 70]. Increasing the level of serotonin in the fly’s nervous system, either
by increasing 5-hydroxytryptophan in the diet or by constitutive over-expression of
tryptophan hydroxylase in serotonergic neurons, increases aggressive behavior [71].
Similarly, when serotonergic neurons are selectively activated by expressing cationic
channels that can be activated by temperature in these cells, aggression is expressed
faster, fights become intensified and continue even after social dominance has been
established. By contrast, the reduction of serotonergic neurotransmission by the
selective expression of a temperature-sensitive form of dynamin, a protein involved
in endocytosis, in serotonergic neurons, results in a reduction in male mid-intensity
aggression and the development of fewer dominance relationships [72].

3.1.4 Regulation of circadian vhythms in invertebrates

The relationship between circadian rhythm and sleep-wake has been also studied
in invertebrates. In Drosophila, modifying the serotonin system can break the link
between sleep and the circadian rhythm. In fact, an increase in serotonin reinforces
sleep, presumably via the 5-HT4 receptor, while a decrease in serotonin by the
deletion of tryptophan hydroxylase suppresses sleep at night [73]. In crustaceans, the
regulation of circadian rhythms is operated in both the central brain and the eye-
stalk X-organ-sinus gland system, where serotonin and melatonin have been largely
found [74]. In crayfish, serotonin concentration in tissue displays circadian fluctua-
tions, linking the serotonin system with the pacemaker system involved in circadian

rhythms [75].
3.2 Serotonergic functions in vertebrates

Serotonin regulates a wide variety of functions and behaviors also in vertebrates,
many of which are conserved along the phylogenetic scale. However, in contrast to
invertebrates, where the pathways and mechanisms through which serotonin acts are
very well known, the precise pathways and mechanisms of serotonergic effects in
vertebrates remain elusive, due to the complexity of the vertebrate nervous system.

3.2.1 Regulation of locomotion

As in invertebrates, central 5-HT is also a powerful neuromodulator of locomo-
tor activities in vertebrates, including lamprey [76-79], zebrafish [80-83], Xenopus
[84, 85], and rodents [86-88]. Serotonergic neurons terminate on specific target
neurons with different types of serotonergic receptors in the spinal cord. Serotonergic
neurons can initiate locomotor activity through actions on motoneurons and neurons
of the locomotor central pattern generator (CPG) [89, 90]. In fact, the stimulation of
serotonergic neurons projecting to the spinal cord, or application of 5-HT receptor
agonists on ex vivo spinal cord from newborn rats, initiates and sustains episodes of
so-called fictive locomotion [91, 92]. In rats and mice, serotonergic agonists promote
the recovery of locomotor movements after spinal cord injury [89].

3.2.2 Regulation of feeding

As in invertebrates, serotonin regulates feeding in vertebrates. However, while in
invertebrates serotonin promotes appetitive states, in vertebrates serotonin suppresses
appetite [93]. In addition to the peripheral effects on metabolism through stimulating
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insulin and inhibiting glucagon secretion (reviewed in a different chapter), sero-
tonin has important actions in the regulation of food intake at the central nervous
system (CNS) level. Food ingestion is regulated in the hypothalamus, by two types of
neurons in the arcuate nucleus: one that releases agouti-related peptide (AgRP) and
neuropeptide Y (NPY) and one that releases alpha-melanocyte stimulating hormone
(a-MSH), also called POMC neurons, because they express pro-opiomelanocortin.
Both of these innervate neurons in the paraventricular nucleus, which express
melanocortin MC4 receptors and, when activated, inhibit food ingestion. a-MSH

is an agonist of melanocortin receptors, while AgRP/NPY is an antagonist of these
receptors. In addition, NYP neurons release GABA onto POMC neurons, inhibiting
them. Thus, activation of POMC neurons results in a decrease in food intake, while
activation of NPY/AgRP neurons results in an increase in food intake. Serotonin
produces decreases food intake, by depolarizing POMC neurons and by inhibiting
NYP neurons. Depolarization of POMC neurons occurs through the activation of
5-HT,¢ receptors, by inhibiting both GIRK and M potassium channels, which par-
ticipate in the maintenance of the resting potential [94], and activating TRPC chan-
nels, thus decreasing their input resistance [95]. Hyperpolarization of NPY/AgRP
neurons by activation of 5-HTp receptors decreases the release of AgRP/NPY onto
paraventricular nucleus neurons and also decreases inhibitory synaptic input onto
POMC neurons [96]. In consequence, inhibition of serotonin synthesis and release
increases food intake and body weight in rats [97, 98]. Moreover, mutant mice that do
not express serotonergic 5-HT,¢ receptors show increased food intake and increased
body weight and adipose tissue than wild-type mice [99, 100]. On the other hand,
the treatment with fluoxetine [101], a selective serotonin reuptake inhibitor (SSRI),
or with d-Fenfluramine [96], which inhibits serotonin reuptake and stimulates its
secretion, decreases food intake in wild-type rodents, but not in mice lacking 5-HT,¢
receptors [102]. Thus, serotonin in vertebrates decreases appetite and feeding. This
is the main difference between the functions of serotonin in vertebrates and those

in invertebrates, where serotonin stimulates feeding. The hypophagic effects of
serotonin in humans have been related to feeding disorders, such as anorexia and
bulimia [25].

3.2.3 Serotonergic regulation of civcadian rhythms and sleep

In mammals, 5-HT is implicated in sleep-wake states. Studies using electrophysi-
ological, neurochemical, genetic, and neuropharmacological approaches have shown
that serotonin promotes wakefulness and inhibits rapid eye moment (REM) sleep.
Indeed, mutant mice that do not express 5-HT;, receptors exhibit greater amounts
of REM sleep than their wild-type counterparts. Recordings from serotoninergic
neurons in unanesthetized animals have shown that activity is highest during periods
of waking arousal, reduced in quiet waking, reduced further in slow-wave sleep, and
absent during REM sleep [103]. However, under certain circumstances, this neu-
rotransmitter contributes to the increase in sleep propensity [104]. Thus, serotonergic
activity may be accompanied by waking or sleep depending on the brain area and
receptor type involved in the response and also on the concomitant agonism/antago-
nism of other neurotransmitter systems [105].

Serotonin also participates in the control of the circadian rhythms. This partici-
pation is supported by the fact that there is a significant projection of serotonergic
neurons form the raphe nuclei to the suprachiasmatic nucleus, which is considered
the master clock regulating circadian rhythms [106]. Also, one of the metabolites of

136



Serotonin in the Nervous System: Few Neurons Regulating Many Functions
DOI: http://dx.doi.org/10.5772/intechopen.1005385

serotonin is melatonin, a molecule that is known to regulate the sleep-wake cycle. In
doves, serotonin levels in serum seem to be positively correlated with the circadian
activity rhythm [107]. In mammals, it is well established that serotonin modulates the
sensitivity of the circadian rhythm to light through the modulation of a presynaptic
5-HT}g receptor on the retino-hypothalamic tract; the activation of this receptor
attenuates photic input to the central nervous system, thereby reducing the phase
response to light [106].

3.2.4 Regulation of aggression associated with social behavior in mammals

Aggressive behavior and the establishment of social dominance are also
modulated by serotonin in vertebrates. In mammals, including humans, serotonin
inhibits aggressive behavior by blocking the secretion of vasopressin and other
transmitters [108, 109]. Serotonergic and vasopressinergic innervation of the
hypothalamus can be altered in hamsters that are exposed to aggression during
adolescence, resulting in altered aggressive behavior in the adult [108]. The activity
of serotonergic neurons in the rat CNS determines the transition between normal
and escalated types of aggression [110]. Mutant mice that do not express 5-HTp
receptors show increased aggression, as well as auto administration of cocaine and
ethanol [111].

Several lines of evidence point to low levels of serotonin in the cerebrospinal
fluid and in specific areas of the brain in individuals with increased aggressive
behavior, both in rodents [112-115] and in humans [116, 117]. In contrast, higher
levels of serotonin are related to adaptive social behaviors [118, 119]. In primates,
individuals with a low serotonergic activity in the CNS [120], or treated with 5-HT
antagonists [121], express impulsive, aggressive, and social isolation behaviors, and
invariably become subordinates, while individuals treated with 5-HT agonists or 5-HT
reuptake inhibitors show more affiliation behaviors and less aggressivity, and become
dominants [121].

3.2.5 Participation of serotonin in mood, mental health, and other behaviors

Studying the neurobiological bases of mood disorders faces a number of dif-
ficulties, because the brain is not an approachable tissue in humans, and research on
this topic has relied upon post-mortem studies, or neuroimaging of living subjects,
both of which have great limitations. There are a number of animal models too, with
concomitant challenges for their interpretation in terms of human mental health.
However, several lines of evidence support that serotonin plays an important role in
mood states, and is implicated in mental health disorders, such as depression, anxiety,
or schizophrenia, among others [122].

Patients with depression and epilepsy have a deficit in serotonergic
transmission [123]. Human clinical studies have employed a range of serotonin
indexes, including the cerebrospinal fluid level of serotonin metabolites and the pro-
lactin response to serotonin agonists. A positive correlation was found between low
levels of serotonin metabolites in the cerebrospinal fluid and serious or high-intent
suicidal acts [124, 125].

Serotonin transporter (SERT) is the main target of SSRI antidepressants. However,
although the therapeutic effects induced by SSRI are initially triggered by blocking
SERT, they rely on consequences of chronic exposure [126], including desensitiza-
tion of somatodendritic 5-HT autoreceptors. One of the events that seem to mediate

137



Serotonin — Neurotransmitter and Hormone of Brain, Bowels and Blood

antidepressant effects is hippocampal neurogenesis, which is negatively regulated by
stress and positively regulated by antidepressant treatment [127].

Exposure to chronic unpredictable stress has been found to induce depressive-like
symptoms or behaviors, including passive behavioral coping and anhedonia in animal
models, along with some other affective, cognitive behavioral symptoms that are also
present in humans. In models of chronic unpredictable stress, it has been shown that
serotonergic activity and neurotransmission, as well as autoreceptor sensitivity are
altered [127, 128]. Along the same line, the pathway from the medial raphe nucleus to
the hippocampus attenuates stress through facilitating transmission in that area [129].

It has been proposed that serotonergic pathways in mammals regulate anxiety.
Activation of the ascending pathway of the dorsal raphe nucleus (DRN) facilitates
defensive learned behaviors. On the other hand, activation of the pathway from the
DRN to the periventricular area inhibits innate “fight or flight” reactions. It is thought
that the disfunction of these pathways is related to generalized anxiety disorder and
panic [130]. The pathway from the medial raphe nucleus to the hippocampus, on the
other hand, attenuates stress through facilitating transmission in that area [129]. Mice
lacking 5-HT4 receptors show increased fear in several behavioral tests, suggesting
that this receptor modulates some neural circuits related to fear [131]. In fact, 5-HTy,
agonists are used, in addition to benzodiazepines (which increase GABAergic activ-
ity), to treat generalized anxiety disorders [132]. Inhibition of the serotonin trans-
porter can also reduce anxiety symptoms in obsessive-compulsive disorder [24].

Sexual behavior is also modulated by serotonin, possibly through the regula-
tion of dopamine secretion in the hypothalamus. Serotonin inhibits some aspects
of sexual behavior in both male and female rats; it increases the latency to copula-
tion and ejaculation [133], as well as the refractory period between ejaculation
and the next copulation in males, and decreases female receptivity (reviewed by
Weiger WA [109]).

In vertebrates, serotonin also modulates pain. Descending pathways from the
raphe nuclei to the spinal cord are activated upon peripheral injury and produce an
inhibitory effect on pain perception [134]. It is interesting to note that some patients
with pain disorders also present mood symptoms.

Serotonergic neurotransmission is altered in schizophrenia [135], and the treat-
ment of this disease includes drugs that inhibit 5-HT, as well as dopaminergic recep-
tors. Finally, some serotonergic 5-HT;p agonists are successfully used in the treatment
of migraine [136].

4. The serotonergic system: few neurons releasing serotonin in multiple
ways

A striking characteristic of serotonergic systems is that they, in general, have small
numbers of neurons in relation to the total neurons in the nervous system. This is
conserved throughout the phylogenetic scale, from invertebrates to mammals. In the
leech, for example, there are seven serotonergic neurons, out of 400 total neurons in
each segmental ganglion. In rodents, there are around 9000 serotonergic out of 10™
total neurons. In the human brain, the number of serotonergic neurons represents only
one out of every million neurons [137]. Yet, serotonergic projections in vertebrates and
invertebrates branch profusely and have complex innervations to virtually all areas of
the central nervous system, and serotonin regulates a wide variety of functions, from
the modulation of inputs at sensory systems to the performance of complex behaviors.
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4.1 Structure of the serotonergic system in invertebrates

The large and identifiable neurons of invertebrates, in which nervous systems have
small numbers of neurons compared to those in vertebrates, provide a unique acces-
sibility to study neural circuits at the cellular level, allowing to trace the actions of
serotonin throughout circuits and to study the functions of serotonin from the cellular
level to behavior.

In invertebrates, including annelids, mollusks, and crustacea, where the nervous
system is formed by a ventral chain of ganglia, the serotonergic system is comprised of a
few neurons in each neural ganglion. In leeches, there are seven serotonergic neurons in
each segmental ganglion [138]: the pair of Retzius neurons, which are the biggest neu-
rons in the ganglion and the ones that contain most of the serotonin in this system, two
pairs of lateral neurons (one in the dorsal side of the ganglion, also called cells 21, and
one on the ventral side, also called cells 61), and an unpaired neuron in the medial pos-
terior package. The three first ganglia have an additional pair, near the pair of Retzius
neurons. Because of their large size, Retzius neurons have been used to study the
detailed characteristics of serotonin secretion. Retzius neurons send axons toward the
periphery, through lateral roots in each ganglion, while the rest of serotonergic neurons
have their dendritic arbor restricted within the central nervous system (CNS). All these
neurons are coupled among them by chemical excitatory synapses as well as by electri-
cal synapses that allow the flux of current in both directions. In addition, they receive
common (apparently cholinergic) synaptic inputs. Thus, all serotonergic neurons
display somewhat synchronous electrical activity in bursts and form a “compartmental
serotonergic system,” embedded in motor networks controlling feeding, escape swim/
turn, and locomotor functions [49, 93]. Serotonergic neurons in these animals establish
some synaptic contacts with other neurons in these networks and receive reciprocal
innervation from the networks they innervate as well as external afferents. In addition,
as will be explained below, these neurons contain large groups of serotonin-containing
dense-core vesicles in the soma and at extrasynaptic sites of the axons.

In the lobster, there is at least one pair of serotonergic neurons in each ganglion.
Two of these pairs, located in the fifth thoracic ganglion (T5) and the first abdominal
ganglion (A1) are responsible for the secretion of serotonin in the neuropile and to the
periphery at neurosecretory organs. These neurons are stimulated by the command
interneurons that activate the flexor motor pattern of the legs (see Section 3.1 on
Serotonergic functions in invertebrates), and serotonin then acts as an amplifier of
the activation signal from the motor pattern, producing the effects already mentioned
on motor neurons, muscles, and neuromuscular junctions [20]. On the other hand,
when the motor pattern for the extension of the legs is activated, these serotonergic
neurons are inhibited.

In the mollusk Clione limacine, there are 27 pairs of serotonergic neurons, 75% of
which have been identified. The serotonergic system in this organism is compartmen-
talized, so that each subsystem can act independently or in synchrony with the others
to produce variability in the speed of locomotion, thus modulating the expression of dif-
ferent behaviors. A cluster of podal 5-TH neurons increases the contractility of the wings
without affecting their beating frequency or the activity of motoneurons. Two clusters
of cerebral 5-HT neurons produce responses that increase the cycling frequency of the
central pattern generator, recruit motoneurons for swimming, activate the podal 5-HT
neurons, and excite the heart-exciting neuron. On the other hand, a pair of cerebral
5-HT neurons exerts a weak excitatory input to the swimming circuit and strongly
inhibits neurons in another circuit, which competes with the swimming circuit [49].
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4.2 Structure of the serotonergic system in vertebrates

In 1964, Dahlstrom and Fuxe found, using the Falck-Hillarp technique of histoflu-
orescence, that most of the somata of serotonergic neurons are grouped in nine clus-
ters localized at the midline of the brain stem, which previously had been designated
as the raphe nuclei, based on cell body structural characteristics and organization,
and they named B, through By [139], although some serotonergic neurons are out of
these nuclei and not all the neurons in the raphe nuclei are serotonergic. Therefore,
unlike invertebrates, where serotonergic neurons are distributed throughout the
nervous system in the different ganglia, vertebrates concentrate the serotonin neuron
somata in a few nuclei in the brainstem. However, despite the restricted localization
of the somata to this area, brainstem serotonin neurons send ascending projections
that branch profusely and terminate in a defined and organized manner in cortical,
limbic, midbrain, and hindbrain regions, as well as descending projections to the
spinal cord, and thus the axons of serotonergic neurons innervate virtually all areas of
the CNS (Figure 1). Groups B1 to B5, which are small and are in the most caudal raphe
nuclei, send projections within the brainstem and toward the spinal cord, where
they modulate the activity of motoneurons as well as synaptic transmission in the
pain perception pathway. Group B7 (the largest group of serotonergic cells), which
together with group B6 constitutes the dorsal raphe nucleus, B8, which corresponds
to the medial or central superior nucleus, and B9, which is not considered one of the
raphe nuclei, innervates all the forebrain, including the cortex. The two main ascend-
ing serotonergic pathways emerging from the midbrain raphe nuclei to the forebrain,
named the dorsal periventricular path and the ventral tegmental radiations, converge
in the caudal hypothalamus, where they join the medial forebrain bundle. Together

Figure 1.

Structure of the serotonergic system in the central nervous system of vertebrates. The somata of all serotonergic
neurons are located within nuclei in the brainstem. These neurons extend projections to the spinal cord,
cerebellum, hypothalamus, hippocampus, and throughout the cevebral cortex, theveby innervating virtually all
areas of the central nervous system.
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with the projections of the locus coeruleus, they form part of the ascending reticular
activator system, which regulates attention, motor control, and sleep-wake cycles,
among other functions. Ascending projections from the raphe nuclei to forebrain
structures are organized in a topographical manner. The dorsal and median raphe
nuclei project to forebrain regions; the median raphe projects heavily to hippocam-
pus, septum, and hypothalamus, whereas the dorsal raphe innervates the striatum,
and both nuclei send overlapping projections to the neocortex. Within the dorsal and
median raphe, cells are organized in particular zones or groups that send axons to spe-
cific areas of the brain that are related in function. Thus, different sets of serotonergic
neurons seem to be specialized for certain functions, instead of a nonspecific general
innervation of the CNS [4]. In the vertebrate serotonergic system, there is reciprocal
connectivity between each of the raphe nuclei and the networks it innervates [103].
All brain regions express multiple serotonin receptors, with each receptor subtype
showing a specific distribution [140].

Some of the serotonergic terminals establish specialized synaptic contacts with
target neurons and release serotonin upon electrical activity. However, in most of
the areas in the CNS, there are at least some sites where serotonin is released without
evidence of synaptic specializations [141, 142]. The axons of the serotonergic neurons
from the median raphe are thick and have big spherical varicosities that form well-
defined synapses in the hippocampus [143, 144]. On the other hand, axons arising
from the dorsal raphe are very thin and have small spherical fusiform varicosities.
In these fibers, it is difficult to demonstrate defined synaptic connections [145].
Serotonergic axons innervating the ventral horns of the spinal cord [146, 147] or the
substantia nigra veticulata [148] establish mostly synaptic contacts with well-defined
target neurons; however, in dorsal horns of the spinal cord [149] and in the nucleus
accumbens [150], nearly 60% of the 5-HT terminals do not form synapses. Recurrent
axon collaterals ending in the dorsal raphe contain both synaptic and non-synaptic
endings [151]. The dendrites of serotonergic neurons in the dorsal raphe nucleus
also contain serotonin in small clear and large dense-core vesicles, densely packed in
clusters [151-153], some of which are localized at defined synapses, but some others
are not associated with synaptic structures and seem to be part of an extrasynaptic
release machinery, as will be shown below.

5. Regulation of the firing rate in serotonergic neurons

Serotonergic neurons are classically thought to display a regular tonic firing at
low frequencies (0.1-3 Hz), with pace-maker-like regularity [17], which is thought
to maintain a tone of basal serotonin concentration in the nervous system, whereas
phasic firing in bursts of higher firing rates (up to 17 Hz) [154-156] is associated with
specific behaviors [157]. Serotonergic neurons in the raphe nuclei receive gluta-
matergic and GABAergic [158], as well as noradrenergic [159, 160] synaptic inputs
that presumably contribute to the regulation of their firing frequency. In addition,
serotonergic neurons of vertebrates and invertebrates connect with each other. In
vertebrates, serotonergic neurons are connected through inhibitory dendro-dendritic
synapses within a nucleus and by inhibitory afferents from other nuclei [93]; in
invertebrates, 5-HT neurons connect through electrical synapses and through chemi-
cal synapses that are mostly excitatory, although many of the effects of serotonin
are mediated by inhibitory receptors. Serotonergic neurons have 5-HT autoreceptors
that participate in the regulation of their electrical activity [4, 161-166]. In rodents,
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5-HT, autoreceptors are localized at the somatodendritic compartment of serotoner-
gic neurons in the raphe nuclei, whereas 5-HT;g autoreceptors are localized at axon
terminals [167, 168]. Activation of these autoreceptors activates potassium channels,
producing an outward current and a robust membrane hyperpolarization [169],
which decreases the firing rate of serotonergic neurons [170, 171]. On the other

hand, 5-HT), autoreceptors positively regulate the activity of raphe serotonergic
neurons.

In Retzius neurons of the leech an autoregulation mechanism has also been
found, specifically at presynaptic terminals [172], where serotonin release activates
autoreceptors of unidentified type, coupled to chloride channels, that decrease the
input resistance of the terminals, and their excitability [173]. Through the presence
of inhibitory autoreceptors, the subsequent release of serotonin is controlled by the
previous activity and release history.

The serotonin transporter, which reuptakes this amine into serotonergic neurons,
also plays an important role in the regulation of their firing, by regulating the extra-
cellular levels of serotonin and thus the autoinhibitory effect of serotonin on these
neurons [174-176].

6. Serotonin secretion in the nervous system

Serotonin is released from secretory vesicles, by exocytosis. It can be stored both in
small (40-60 nm) clear synaptic vesicles and in large (90-120 nm) dense-core vesicles.
Each vesicle type releases its contents from different sites of the neuron, producing
responses on different targets and with different time courses. Small clear vesicles
generally release their contents at the active zone of presynaptic terminals, producing
fast and localized effects onto specific postsynaptic terminals. In contrast, large dense-
core vesicles are released at extrasynaptic sites [177-179]. Since dense-core vesicles
contain 17-times more serotonin than small clear vesicles [180], exocytosis from these
large vesicles releases much more serotonin, which can diffuse in the extracellular fluid
and reach distant targets to produce slow and long-lasting effects over vast areas of the
nervous system, in what has been called “volume transmission” [181].

6.1 Synaptic secretion

Most of the current knowledge on serotonin secretion mechanisms has been
obtained from studies in identified serotonergic neurons from the central nervous
system of the leech. The “colossal” Retzius neurons, so-called after the nineteenth
century anatomist who described them, are the largest neurons and contain most of
the serotonin in the nervous system of this invertebrate. The large size of their soma
(60-100 pm in diameter) and their stereotyped localization in the ganglia facilitate
their identification under simple microscopes and their electrical recordings with
intracellular electrodes. In addition, these neurons can be isolated and kept in culture,
where they maintain their physiological characteristics and keep synthesizing and
releasing serotonin [6, 182]. In addition, if placed in contact with an adequate target
neuron, they can form synapses in culture [7], which are an ideal experimental
preparation to study synaptic transmission, since the isolated neurons are isopotential
(changes in membrane potential are not filtered out as happens in cells with long
processes) and do not receive other inputs. In these synapses, serotonin is released
from small clear vesicles, which cluster near the active zone [183]. Synaptic serotonin
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release is quantal [6, 184], i.e., it occurs in “packs” of constant size [185], correspond-
ing to the contents of a synaptic vesicle; it depends on calcium and the presynaptic
membrane potential [8]. Like neurotransmitter release at any synapse, serotonin
release at presynaptic terminals occurs within milliseconds after each action poten-
tial, since synaptic vesicles are docked at the active zone, where calcium channels are
clustered [186]. Calcium entry to the terminal in response to the arrival of an action
potential produces the immediate fusion of these readily releasable vesicles, as shown
in Figure 2. Moreover, since serotonin is released from the presynaptic terminal
directly to the synaptic cleft, in close proximity to receptors in the postsynaptic termi-
nal, its effect is very fast and localized. Because presynaptic serotonergic terminals
have serotonin transporters that reuptake the transmitter, synaptic effects are also
short-lived, lasting only hundreds of milliseconds. Upon repetitive stimulation, syn-
aptic transmission displays plasticity phenomena, such as synaptic facilitation [187]
or depression, depending on the stimulation frequency and the release probability. In
addition, serotonin-containing large dense-core vesicles are present surrounding the
synaptic terminals. These large vesicles release their contents upon repetitive activity
and add to the synaptic responses produced by synaptic serotonin release. Synaptic
serotonin release is also regulated by autoreceptors located in the presynaptic termi-
nals, which are linked to potassium channels (in vertebrates) or to chloride channels
(in invertebrates) that lead to hyperpolarization and decrease the excitability of the
terminal (Figure 2).

Presynaptic terminal
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Figure 2.

Segotonin release from presynaptic terminals. Synaptic secretory vesicles are organized near or at the active zone of
the presynaptic terminal. Docked vesicles can fuse with the membrane in response to single action potentials upon
influx of calcium (Ca®*) through voltage-gated N or P/Q types of calcium channels. Neurotransmitter veleased to
the synaptic cleft, which is only a few nanometers wide, rapidly reaches the postsynaptic membrane and bind to

its receptors. Serotonin also activates autoreceptors on the presynaptic membrane, which are coupled to potassium
(K*)or chlovide (Cl”) channels that hyperpolarize the membrane and decrease presynaptic excitability, thus
immediately vegulating subsequent release.
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6.2 Extrasynaptic secretion

In addition to the classical mechanisms of release from presynaptic terminals,
serotonin, like most neurotransmitters, is released from extrasynaptic sites of the
neurons [188], including the soma, dendrites, and axonal shafts. As explained above
(see Section 4.2 on the Structure of the serotonergic system), morphological evidence
has shown that many of the serotonergic axonal varicosities in vertebrates contain the
machinery necessary for serotonin release, but do not have postsynaptic counterparts
[141, 142, 145, 149-151], suggesting that these sites display extrasynaptic secretion. In
addition, evidence from microdialysis and cyclic voltammetry showed the presence
of serotonin in the extracellular fluid in the CNS of vertebrates and invertebrates
[189-195], in concentration that match the affinity of 5-HT receptors [189]. Moreover,
there is extensive evidence for the existence of receptors and transporters for sero-
tonin at extrasynaptic locations [141, 168, 175, 196-198].

Extrasynaptic secretion has characteristics that differ a lot from those of synaptic
secretion and are more similar to hormone secretion by neuroendocrine cells. The
first direct demonstration of extrasynaptic serotonin secretion was made in the soma
of leech Retzius neurons [199]. In these neurons, in contrast to presynaptic terminals,
where vesicles are docked at the presynaptic active zone, very near calcium channels,
the soma has clusters of hundreds of large dense-core vesicles, forming different pools
that rest at different distances from the plasma membrane. This difference in the
localization of vesicles at rest produces large differences in the requirements for the
activation of somatic secretion and in its time course. In contrast to synaptic secre-
tion, which is activated within milliseconds by single action potentials, somatic secre-
tion requires repetitive firing at high frequencies to be activated. Somatic secretion
requires also the activation of L-type voltage-sensitive calcium channels [199] and
depends on calcium-induced calcium release from intracellular calcium pools, such
as the endoplasmic reticulum [200, 201], which amplifies and propagates the calcium
signal in the cytoplasm and promotes the mobilization of vesicle clusters (Figure 3).
This confers a long delay to the onset of somatic secretion after electrical activity,
which contrasts with the fast release at synapses. Upon the fusion of the first vesicles
that reach the membrane, released serotonin activates 5-HT; autoreceptors coupled
to phospholipase C, which produces the second messenger IP3 that in turn releases
calcium from the endoplasmic reticulum near the membrane. This calcium promotes
the fusion of vesicles subsequently reaching the membrane, establishing a positive
feedback cycle that sustains serotonin release for minutes after only a short burst of
action potentials at high frequency, until all the vesicles mobilized by the first calcium
signal release their contents [200]. The mechanism producing somatic serotonin
secretion is illustrated in Figure 3.

Somatic release of serotonin has also been shown by multi-photon microscopy
in the raphe nuclei of mammals [202, 203]. Although the detailed mechanisms of
somatic secretion in these neurons in vertebrates have not been elucidated, they seem
to be similar to those described in invertebrates, and somatic release lasts also for
minutes, reaching vast volumes in the nervous system [204].

In addition to somatic secretion, serotonergic neurons have been shown to display
extrasynaptic secretion from the dendrites. Dendritic serotonin release can be acti-
vated by glutamatergic inputs, which open L-type calcium channels in the dendrites,
independently of action potential firing [205].

The presence of clusters of secretory vesicles in different sites of serotonergic
axons in the absence of postsynaptic counterparts, as described above, strongly
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Figure 3.

Sc%ematic diagram of somatic secretion of sevotonin (5-HT) from leech Retzius neurons. Clusters of dense-core
vesicles distant from the plasma membrane are mobilized by motor proteins activated by ATP and by Ca™ waves
initiated by entry through L-type channels and propagated by calcium-induced calcium release. A 5-HT-activated
feedback loop mediated by IP3-induced intracellular Ca® release sustains secretion in these cells. All of these
mechanisms ave also seen in vertebrates.

suggests that extrasynaptic serotonin release takes place also from the axons.
Extrasynaptic secretion of serotonin from the primary axon has been directly
observed in leech Retzius neurons, where the requirements and characteristics of
secretion are intermediate between those of release at presynaptic terminals and that
of somatic secretion (Cercés and Trueta, in preparation). Extrasynaptic release from
sites along the axons of serotonergic neurons could act in a more diffuse manner than
serotonin released from presynaptic terminals, but produce effects still somewhat
restricted in space, thus producing local neuromodulation at different levels of neural
circuits.

In addition, in vertebrates and invertebrates, serotonin is secreted from neurose-
cretory organs to the circulatory system, through which it can reach peripheral organs
and act as a neurohormone. Thus, serotonin can act in at least three ways: as a neu-
rotransmitter at specialized synapses, a neuromodulator at extrasynaptic paracrine
secretion sites, and a neurohormone in the general circulation.

Due to the differences in the localization of the vesicles that produce secretion
in each neuronal compartment, the different modes of serotonin secretion in the
nervous system have very different time courses. Synaptic release occurs upon each
action potential, and is thus synchronized with electrical activity, and its effects are
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Figure 4.

Differences in the time courses of synaptic and extrasynaptic release and their effects on the nervous system.

In response to a burst of action potentials lasting 500 ms, velease at synaptic terminals occurs synchronized with
electrical activity and produces postsynaptic effects lasting a few hundvred of milliseconds more. In contrast,
extrasynaptic release begins with a delay of nearly a minute and lasts several minutes and its effects, mediated by
diffusion, may last for hours or even longer.

produced immediately, lasting only hundreds of milliseconds. In contrast, extrasyn-
aptic release occurs with a long delay after electrical activity, and its effects are even
more delayed, due to the diffusion of the transmitter in the extracellular space before
reaching its targets. Extrasynaptic secretion also lasts for minutes after a short train of
action potential [199, 200], and its effects may last for hours or even longer periods.
Figure 4 schematizes the differences in the time courses of synaptic and extrasynap-
tic secretion and their effects on the nervous system.

Neurotransmitter release at synapses has immediate and localized effects that
contribute to synaptic computation in neuronal networks. On the other hand, extra-
synaptic release from the soma, axons, or dendrite is thought to produce slow and
diffuse neuromodulatory effects on neuronal populations, changing the way in which
the synaptic networks respond. These slow effects may be related to the regulation of
mood, emotions, and social behavior, which have time courses that exceed by far the
effects of synaptic transmission. However, there is no concrete evidence of the effects
of extrasynaptic release for serotonin or other neurotransmitters in the nervous
system. This is a fascinating subject for further research.

The different modes of serotonin release, from different compartments of the
same neurons, enable these neurons to act as multifunctional cells. This may be the
way in which these neurons, although reduced in number, are able to regulate such a
wide diversity of functions in the nervous system.

7. Conclusions

Serotonin in the nervous system is synthesized by small numbers of neurons that
release it by exocytosis from different compartments of their complex structure.
The type of structure where serotonin is released defines the type of information
processing that serotonin carries in each region. Presynaptic terminals release small
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amounts of serotonin, in synchrony with electrical activity, and with a strong associa-
tion between the presynaptic neuron and its target, producing very fast, local, and
short-lasting effects on specific postsynaptic targets that participate in immediate
functions. On the other hand, extrasynaptic sites of these neurons, including the
soma and the axons, slowly release massive amounts of serotonin that produce less
localized and more dynamic interactions with the target neurons, whereby serotonin
can reach distant and diverse targets by diffusion and produce slow and long-lasting
neuromodulatory effects, such as those that characterize emotions and social behav-
ior. By displaying different modes of neurotransmitter release, small numbers of
serotonergic neurons can regulate a multiplicity of functions in the nervous system,
which have been conserved throughout the phylogenetic scale.
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