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Abstract

Serotonin (5-hydroxytryptamine—5-HT) is an important neurotransmitter that exerts a
remarkably large array of biological roles in the central nervous system and at the body
level. It is involved in generating emotions, being a natural mood stabilizer; it reduces
depression, anxiety, modulates sleep, and has many other effects. It is also involved in
fetal and postnatal brain development. This variety of biological effects, particularly in
the central nervous system, with influence on behavior and cognitive functions, relies
on a large number of pre- and postsynaptic serotonin receptor (5-HTR) isoforms spread
throughout the brain. They can be grouped in seven large families and include over
18 subtypes, identified based on gene sequences, expression patterns, and pharmacological
responses. While in vertebrates these receptors have been properly characterized and
described, their correspondents in invertebrates have been far less explored, despite the
assumption that they may have similar properties to those described in vertebrates. This
paper summarizes the current knowledge in several important areas that together define
the entire scope of serotonin receptor research, with a particular emphasis on the role of
serotonergic central pathways and circuitry in thermoregulation and correlations with
neurologic and psychiatric pathology.

Keywords: serotonin; serotonin receptors; serotonergic pathways; 5-HT system;
neuromodulator; thermoregulation

1. Overview of Serotonin and Its Functions
The history of serotonin discovery is long and intricate. The substance was first

isolated by Vittorio Erspamer at the University of Pavia in 1935 from enterochromaffin cells
and named enteramine due to its property to induce intestinal contraction. Later, in 1948, a
group of researchers at the Cleveland Clinic (M. Rapport, A. Green, I. Page) identified a
substance present in serum with strong vasoconstrictor effects and named it serotonin. The
identity of the two substances was established in 1952, and the presence of serotonin in the
brain was confirmed in 1953 by Page and B. Twarog [1].

Serotonin is produced by neuronal and non-neuronal cells. Neuronal serotonin is
synthesized in serotonergic neurons [2,3], while non-neuronal serotonin is produced by
enterochromaffin cells in the intestinal epithelium and a few other places, for example,
tactile epithelial cells in the skin (Merkel cells) or enterochromaffin cells in bronchial ep-
ithelium (Kulchitsky cells), isolated or in clusters named neuroepithelial bodies. Serotonin
can function as a classic neurotransmitter and hormone-like substance. Plasma serotonin is
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collected by platelets, and can be released upon clot formation, alleviating hemorrhage by
instant vasoconstriction [4].

Serotonin is a neurotransmitter that exerts a diversity of biological roles, many of them
still poorly understood, acting both in the periphery by mediating vasoconstriction and
intestinal motility, as well as in the central nervous system, where it is involved in neurode-
velopment, cognition, reward, learning and memory, mood, anxiety and depression, and
physiological processes such as the sleep-wake cycle, thermoregulation, sexual function,
cardiovascular and respiratory regulation [5]. It has been implicated in a wide range of
physiological and behavioral processes in vertebrates, although it does not appear to be
essential for the realization of these processes. Serotonin fits well within the definition of
central nervous system (CNS) neuromodulators, in contrast to other neurotransmitters
such as catecholamines, acetylcholine, histamine, and neuropeptides.

Serotonin is an important chemical mediator that has been conserved throughout
evolution. It is synthesized from tryptophan by a couple of enzymes (Figure 1) and is
subsequently packaged into vesicles by the vesicular monoamine transporter 2 (VMAT2) [6].
In mammals, serotonin plays an essential role during embryonic development and regulates
neuronal connectivity by modulating cell migration and cytoarchitecture. In adulthood, it
regulates several types of cognitive behaviors, e.g., reward-based learning and memory,
attentional processes, emotional responses involved in anxiety or depression, such as the
conditioned fear stress-induced freezing behavior used as a model of anxiety [7]. Abnormal
levels of serotonin result in aberrant morphology and function of the nervous system.
In particular, changes in neural circuits may be related to inappropriate actions and/or
levels of serotonin during key developmental stages, increasing susceptibility to psychiatric
disorders [8].

Figure 1. The metabolic pathway of serotonin synthesis from tryptophan.

Serotonin is recognized as a major neuromodulator of the nervous system in both
invertebrates and vertebrates and is thought to impact animal cognition and behavior.
Animal behavior has been suggested to vary along five different axes: boldness–shyness,
avoidance–exploration, activity, sociability, and aggression [9]. Depending on the indi-
vidual’s motivational state, serotonin can decrease or increase aggressive behaviour [10].
Serotonin is negatively correlated with anxiety traits [10,11].

Serotonin plays an essential role in several pathophysiological processes, as well as in
the etiology and treatment of CNS diseases such as depression, schizophrenia, Parkinson’s
disease, Huntington’s disease, Alzheimer’s disease, and migraine [6]. It also plays an
important role in cancer biology, including tumor initiation, promotion, metastasis, and
tumor recurrence [12,13].
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2. Neuroanatomy and Neurochemistry of Serotonergic Pathways
2.1. Serotonin Pathways in the Brain

The serotonergic system can reach a surprising level of complexity given its relatively
small number of neurons. CNS serotonin is secreted by approximately 200,000 serotonergic
neurons of the raphe nuclei [8], belonging to a rostral and a caudal group. However, only
5% of serotonin is secreted in the CNS; the vast majority (95%) is produced by the intestinal
wall nervous plexuses and enterochromaffin cells, and this part of serotonin cannot cross
the blood–brain barrier, exerting only peripheral effects [6].

The compared anatomy of serotonergic connections is difficult because the system is
still insufficiently characterized. Serotonergic neurons and sensory neurons that project
to certain areas of the brain have unique projections. These projections are specific to
different serotonergic raphe nuclei. These nuclei are located in the median region of
the brainstem, named raphe, and they can be evidenced via different methods such as
immunohistochemistry, autoradiography, or chemical reactions resulting in fluorescent
compounds [14]. They can be broadly classified into a superior (rostral) group, with
ascending connections into different brain areas, and an inferior (caudal) group, with
descending connections to the spinal cord. The brainstem raphe nuclei are grouped into
nine serotonin-fluorescent clusters (B1–B9), the largest ones being nucleus raphe dorsalis
(DRN: B6–B7) and nucleus raphe magnus (NRM: B3) [3]. The caudal group (nucleus raphe
magnus, pallidus, obscurus) provides descending projections in the medulla and spinal
cord, while the rostral group nuclei (dorsalis, median, caudal linear) send projections
to virtually all parts of the brain, controlling essential processes of neurodevelopment
such as neural plasticity and synaptogenesis during both prenatal life and infancy. The
superior group is composed of the nucleus raphe magnus, median raphe nucleus, caudal
linear nucleus, dorsal raphe nucleus, and a small group along the superior edge of the
medial lemniscus, placed between the superior limit of the inferior olivary nucleus and
the red nucleus (supralemniscal group). In some species, such as rats, there is another
serotonergic neuron group in the hypothalamic dorsomedial nucleus [3]. The inferior group
is composed of nucleus raphe obscurus, nucleus raphe pallidus, the caudal part of nucleus
raphe magnus overlapping the dorsal limit of the medial lemniscus and the trapezoid body,
extending laterally into the giant cell nucleus reticularis, the ventral lateral medulla, and
area postrema (Figure 2).

The dorsal raphe nucleus has been approached by many studies. This structure
receives a high percentage of synaptic contacts terminating on the dendrites of neurons.
Reciprocal connections involving these synapses mediate the increase in excitation that
occurs between the dorsal raphe nucleus and the lateral habenular nucleus (LHb). LHb
is a reward-negative center connected to the preoptic area, conveying information from
the hippocampus and lateral septum, the ventral pallidum (input from nucleus accumbens
and mediodorsal thalamic nucleus), the lateral hypothalamus, and other regions (Figure 3).
In the developmental context, stress-induced changes in dorsal raphe nucleus function can
begin very early in life.

Serotonin-containing projections of raphe neurons are found in many parts of the
brain, including the thalamus, preoptic area, hypothalamus, amygdala, and hippocampus,
as well as in the cerebral cortex (Figure 2). The cortical serotonergic fibers are distributed
with the highest density in the molecular layer (I) and the internal granular (IV) and internal
pyramidal (V) layers. Projections from the dorsal raphe nucleus are called D fibers, and they
are fine, sometimes varicose, highly branched, and widely spread in layers I and VA (outer
zone of layer V), while those from the median raphe nucleus (M fibers) are thick, tortuous,
and with varicosities in some species; for example, in cats [15] or marmosets [16] they
form basket terminals in outer layers (I–III), making synapses with both pyramidal and
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non-pyramidal inhibitory interneurons. A recent study proved that optogenetic activation
of dorsal raphe nucleus serotonergic neurons in anesthetized mice produced a wide-scale
activation of cortical areas assessed via BOLD (blood oxygenation level-dependent) contrast
imaging, an advanced method of fMRI (functional magnetic resonance imaging) [17].

Beyond this ascending serotonergic system, the inferior group of raphe nuclei gen-
erates a descending serotonergic system, composed of a ventromedial pathway, which
travels, after crossing the pyramidal decussation, along the ventral column, forming the
raphe obscurus spinal tract, to the ventral horn motoneurons in Rexed lamina X, and a
lateral pathway to the central periependymal gray matter. Fibers from the nucleus raphe
magnus also project into the substantia gelatinosa (Rexed lamina II). Other projections from
the ventral lateral medulla, which may be myelinated, travel along the spinothalamic tract
and spinoolivary tract to the autonomic centers of the intermediate horns [18]. There are
also serotonin-secreting neurons located in the peripheral nervous system [19,20].

Figure 2. Functional connections of the serotonergic raphe nuclei with different brain structures, with
an emphasis on afferent and efferent thermoregulatory pathways. Legend: DRN—dorsal raphe nu-
cleus, LPB—lateral parabrachial nucleus, MTN—medial thalamic nuclei, S1—primary somatosensory
cortical area, AI—agranular insular area, ACA—anterior cingulate area, OFCm—medial orbitofrontal
cortex, STRv—ventral striatum, LH—lateral habenula, PAL—globus pallidus, ZI—zona incerta,
LHA—lateral hypothalamic area, CEA—central amygdala, Acc—nucleus accumbens, PO—preoptic
area, IML—intermediolateral cell column, BAT—brown adipose tissue (adapted from [21–25]).
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Figure 3. Heat balance, including production and different dissipation pathways of the human body.

Advanced methods can be used to specifically probe targets of defined serotonergic
projections, allowing the development of receptor agonists and antagonists that selectively
modulate groups of serotonin receptors. By targeting specific neural pathways, researchers
can fine-tune the modulation of serotonergic activity, leading to the creation of more precise
and effective pharmacological interventions.

2.2. Interactions with Other Neurotransmitters

Neurotransmitters are chemical signalling compounds that accumulate in the presy-
naptic compartment in neurotransmitter vesicles located in axonal synaptic boutons, and
are released into the synaptic cleft when depolarization triggered by axonally propagated
action potentials reaches these boutons, opening voltage-dependent calcium channels [26].
Paracrine transmission is due to the presence of bioactive substances that are able to
modulate or fine-tune neurotransmission, acting not only at synapses, but also in addi-
tional compartments. Such areas are represented, for example, by Hoenemann’s beads,
small bumps distributed everywhere along a monoaminergic fiber. Some authors have
differentiated a classical synaptic “wiring” transmission and a so-called “volume” trans-
mission involving extrasynaptic serotonergic receptors and transporters and serotonin-glia
interactions [27].

In serotonergic neurons of the inferior group of raphe nuclei, serotonin co-localizes
with neuropeptides such as enkephalins, substance P, and thyrotropin-releasing hormone
(TRH) [28,29]. In certain neurons serotonin can also co-localize with non-peptide neuro-
transmitters, such as norepinephrine, in the area postrema [30] or γ-aminobutyric acid
(GABA) in the dorsal raphe nucleus [31].

The serotonergic system has become well established as an essential component in
the pathophysiology of anxiety and anxiety-related disorders, the most common group of
psychiatric disorders [32]. Serotonergic projections are located in limbic structures such
as the septum, hippocampus, amygdala, and frontal cortex, which are areas known to
be involved in modulating anxiety-related behaviors. Moreover, chronic treatment with
anxiolytic drugs, for example, benzodiazepines, which act on the GABAergic system,
leads to a reduction of pre- and postsynaptic serotonergic receptors in the limbic system.
The relevance of the serotonergic system in anxiety-related disorders is also supported
by the fact that a new generation of drugs used for their treatment, selective serotonin
reuptake inhibitors (SSRIs), increase the availability of serotonin in the synaptic cleft and
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have anxiolytic and antidepressant properties. At the same time, initiation of chronic SSRI
treatment enhances the adaptive response of the serotonergic system [6].

An interesting recent finding is that serotonergic dorsal raphe neurons make asym-
metric excitatory synapses with dopaminergic neurons of the ventral tegmental area (VTA),
which in turn release dopamine in the nucleus accumbens (Acc), promoting reward [33].
Serotonergic neurons of the dorsal raphe nucleus have also been shown to activate no-
radrenergic neurons of locus coeruleus, with subsequent influence on prefrontal cortex
noradrenergic circuits, as demonstrated by noradrenaline level measurements in these
regions via dual-probe microdialysis [34]. Systemic or local administration of SSRIs such as
citalopram resulted in increased noradrenaline levels in locus coeruleus and decreased lev-
els in the prefrontal cortex; these effects were abolished by specific antagonists of ionotropic
serotonergic receptors [35], and intensified by specific agonists [34]. Other agonists of
metabotropic serotonergic receptors also increased noradrenaline levels in microdialisates
from the prefrontal cortex [36] or hippocampus [37], while the β-adrenoreceptors antago-
nist propranolol released inhibition of dorsal raphe nucleus serotonergic neurons firing [38].
Specific serotonergic receptor agonists also increased extracellular acetylcholine in the brain
cortex and hippocampus [39,40].

Elegant experimental studies using optogenetic methods proved interactions between
dopaminergic and serotonergic pathways projecting to the nucleus accumbens (Acc) [41].
Anterograde tracing of both types of fibers with adeno-associated virus vectors carrying flu-
orescently labeled agonists and targeted knock-out of serotonin or dopamine transporters,
in conjunction with fiber-optic fluorometric measurements of activation by dopamine or
serotonin of engineered G-protein-coupled activation-based sensors (GRAB sensors) [42],
revealed that randomly delivered rewards in an appetitive task enhanced dopamine release
and inhibited serotonin release in the Acc. Optogenetic inhibition of both dopaminergic
and serotonergic signaling in this experimental model disrupted reinforcement learning.
A similar optogenetic-fMRI study in mice revealed differential modulation of serotonin
receptor network connectivity upon activation of serotonin release in the DRN; these re-
sponses could be modulated by administration of the SSRI fluoxetine [43]. These modern
approaches confirm the known interaction between serotonergic and dopaminergic systems
in reward-based motivational and reinforcement behaviors [44], implying serotonergic
projections from the rostral raphe nuclei to a limbic-cortico-striatal circuit. Self-stimulation
of the ventral tegmental area (VTA) and medial forebrain bundle by DRN leads to exci-
tatory or feed-forward inhibitory effects of fibers from the prefrontal cortex and lateral
habenula on dopaminergic VTA and DRN neurons [23]. These findings coincide with the
results of animal studies that prove the role of the dopaminergic system in encoding reward
prediction errors, while the serotonergic system encodes unsigned prediction errors [45].
Positive or negative reward sensitivity can be modulated by acute tryptophan or serotonin
depletion or by selective serotonin reuptake inhibitors. Such manipulations in rodents
decreased appetitive responses and instrumental reinforcement learning, mimicking effects
present in SERT knock-out mice [46], but increased stay–win behavior in reversal learning
protocols [47]. The ipsi/contralateral connectivity of limbic system components with sero-
tonergic raphe nuclei can vary for different fiber tracts: thus, the DRN receives bilateral
inputs from the prefrontal cortex and lateral habenula, but only ipsilateral inputs from
the amygdala and hypothalamic nuclei [48]. Optogenetic stimulation of DRN activated
connections to the bed nucleus of the stria terminalis, a structure connected to the amygdala
and involved in fear and anxiety [49].
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3. Serotonin Metabolic Pathways
5-hydroxy-tryptamine (serotonin) is a monoamine that exerts diverse functions in

both the central nervous system and peripheral organs. Serotonin is synthesized from
the amino acid tryptophan (Figure 1), which is converted in a two-step reaction into
5-hydroxy-tryptophan (5-HTP) by the rate-limiting enzyme tryptophan hydroxylase (TPH)
(EC:1.14.16.4), which has two isoforms in different species, and then into serotonin by the
lyase aromatic acid decarboxylase (AAAD or AADC), also known as DOPA-decarboxylase
(DDC) (EC:4.1.1.28). In some fungal species, such as Psilocybe cubensis, L-tryptophan can
be decarboxylated by a specific L-tryptophan decarboxylase (EC 4.1.1.105), producing
L-tryptamine [50,51], which is further metabolized by a kinase and a methyl-transferase
into psilocybin, a naturally occurring psychedelic prodrug.

In mammals, most of the serotonin in the periphery is synthesized by the enterochro-
maffin cells of the intestine. In this context, serotonin acts locally in the gut and enters the
circulation, where >95% of it is taken up by platelets [52]. Serotonin uptake by platelets
is produced by serotonylation, a binding of serotonin to glutamine residues mediated by
transglutaminase. This process occurring on small GTPases like RhoA and Rab4 activates
the release of alpha-granule content from platelets, which consists of a mixture of growth
factors (e.g., insulin-like growth factor 1) and procoagulant factors (von Willebrand fac-
tor, factor 5, fibronectin, thrombospondin). Serotonylation also controls insulin release
from pancreatic beta cells [53]. Basal serotonin tonically inhibits secretion of glucagon-like
peptide-1 (GLP-1) by a particular type of enteroendocrine cells, L-cells. GLP-1 is a 30 or
31-residue hormonal peptide that stimulates insulin secretion by endocrine pancreatic beta
cells [54]. Serotonin is cleared from the circulation by the serotonin transporter (SERT)
and then enters the liver, where it is metabolized by monoamine oxidase-A (MAO-A) to
5-hydroxyindoleacetic acid (5-HIAA). Deletion of tryptophan hydroxylase 1, the enzyme
that synthesizes peripheral serotonin in the intestine, has recently been found to improve
glucose metabolism under high-fat diet (HFD) conditions [55].

Serotonin released by presynaptic boutons of serotonergic neurons is recaptured via
SERT (a specific high-affinity transporter), and partly by a low-affinity transporter, plasma
membrane monoamine transporter (PMAT) [56]. Serotonin catabolism is complicated
because it preferentially involves the MAO-A enzyme in mammals, and this subtype,
which differs from MAO-B, is not usually located at the terminals of serotonergic neurons.
It would imply that serotonin catabolism is partly associated with other cells. In any case,
serotonin and its metabolite 5-HIAA are excreted in the urine. Carcinoid tumors of the
digestive tract, along with other neuroendocrine tumors, can cause excessive production
of serotonin and therefore 5-HIAA in many species. The amount of serotonin differs
depending on the tissue, but generally it follows the density of fibers and cell bodies. In
crayfish, the highest amount is found in the cerebral ganglia (about 300 pg/mg), followed
by the thoracic chain (120 pg/mg) and the abdominal chain (10 pg/mg). In mammals, the
highest amounts of serotonin are found in the substantia nigra (500–1000 pg/mg). In birds,
serotonin content is higher in the amygdala compared to the thalamus or striatum [57].

The Effects of Serotonin on Metabolism

Factors that can alter serotonin levels during pregnancy or early childhood have been
associated with a higher risk of developing serotonergic disorders [58]: changes in nutrition
(e.g., low-tryptophan foods), stress factors (e.g., maternal separation), infections (e.g., flu),
and antidepressant drugs that act as serotonin reuptake inhibitors (SSRIs) exert their effects
during fetal life and at early postnatal ages.

High serotonergic tone promotes obesity, as shown by studies in rats with altered
serotonin homeostasis [59]. At the brain level, biogenic serotonin exerts opposite effects
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on body weight regulation: increasing brain serotonin activity is expected to decrease
body weight, while increasing peripheral serotonin activity will increase body weight and
adiposity. In a genetic model of rats with constitutionally high or low serotonin homeostasis
(hyperserotonergic/hyposerotonergic rats), differences in endogenous serotonin levels
modulate the body’s net energy balance [60]. In hyper/hyposerotonergic rats, researchers
assessed physiological characteristics associated with body weight homeostasis and the
large-scale expression profile of body weight-regulating genes in the hypothalamus, a
major brain region that controls energy balance. The results showed that stress induced by
contention in common cages of many individuals for rats with a high level of serotonin,
compared to animals with a low level of serotonin, led to an increased body weight (by 12%)
maintained throughout life, a higher daily food intake (by 9%), and a different distribution
of fat type—more white adipose tissue and less brown adipose tissue. A large number of
hypothalamic genes can explain 22% of the occurrence of obesity: mutations in MC4-R—the
melanocortin-4 receptor gene, in heterozygous form, in the β3-adrenergic receptor gene or
PPARγ2—peroxisome proliferator-activated receptor, a nuclear transcription factor with a
key role in adipocyte differentiation [61], are other examples of genes involved in simple
obesity that regulate body weight. These genes were analyzed for mRNA expression.
Only a few of 84 body weight-regulating hypothalamic genes included in the analysis
showed significant differences in mRNA expression between serotonergic animal subtypes
(e.g., neuropeptide Y receptor, fibroblast growth factor), but hyperserotonergic animals
showed a clear trend to up-regulate mRNA for a number of orexigenic peptides signaling,
their receptors, and other molecules with orexigenic activity. Receptors for peripheral
signals (leptin, insulin) and downstream signaling molecules were not altered, indicating
no change in central insulin/leptin resistance [59].

4. Types of Serotonin Receptors
Serotonin receptors are divided into seven classes (Table 1) and grouped by conserved

sequence motifs, second messenger systems, and founding members. Class 1 receptors
couple Gαs proteins, while class 2 receptors couple inhibitory Gαo proteins. Class 3 recep-
tors comprise ionotropic receptors, i.e., ligand-gated cation-permeable channels opened
directly by serotonin [62]. All serotonin receptors except the ionotropic 5-HT3 receptor are
G protein-coupled receptors (GPCRs) [4,63]. Serotonin levels in the synaptic cleft deter-
mine the receptors involved in serotonergic neurotransmission. Serotonin activates at least
18 different receptors. Ionotropic receptors (5-HT3) are found in the CNS and peripheral
neurons, modulating their activity. These receptors mediate fast excitatory synapses with
rapid desensitization [62]. They are involved in learned behaviors that can be modified
by selective serotonin reuptake inhibitors, such as anxiety and vomiting. Metabotropic (G
protein-coupled) receptors also mediate rapid effects, particularly on some cortical neurons,
by activating via Gq/G11 phospholipase C (PLC) and inositol-1, 4, 5-trisphosphate Ca2+

channels (IP3R) to release Ca2+ from stores. However, some of them, such as serotonin
receptors of families 4, 6, and 7, act via Gs-mediated stimulation of adenylyl cyclase (AC),
resulting in increased levels of cAMP, protein kinase A (PKA), and mitogen-activated pro-
tein kinase (MAPK) activity, phosphoinositides, and intracellular calcium mobilization [64].
This causes receptor downregulation or ion channel inhibition that is implicated in reducing
long-term tolerance to SSRIs.

The diversity of serotonin-induced effects on cognitive function and behavioral re-
sponses is related to its simultaneous effects on a multitude of neural targets and a large
number of receptors. Because of these specificities, serotonergic systems can provide fine
regulation of behaviors in various situations. The organization of the serotonergic sys-
tem is completely different between species, from a limited number of Drosophila cells
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(100 serotonin immunoreactive cells) to several hundreds of thousands of neurons in
vertebrates [65].

Table 1. Families of ionotropic and metabotropic serotonin receptors (adapted from [66]).

Family Potential Type Mechanism of Action

5-HT1 Inhibitory Gi/Go protein-coupled AC inhibition—decreasing intracellular
concentration of cAMP

5-HT2 Excitatory Gq/11—protein-coupled PLC activation—increasing intracellular
concentration of IP3 and DAG

5-HT3 Excitatory Ligand—gated Na+/K+ channel Depolarization of cell plasma membrane

5-HT4 Excitatory Gs—protein-coupled AC activation—increasing intracellular
concentration of cAMP

5-HT5 Inhibitory Gi/Go protein-coupled AC inhibition—decreasing intracellular
concentration of cAMP

5-HT6 Excitatory Gs—protein-coupled AC activation—increasing intracellular
concentration of cAMP

5-HT7 Excitatory Gs—protein-coupled AC activation—increasing intracellular
concentration of cAMP

Gx—trimeric membrane-anchored G protein with αβγ subunits; AC—adenylate cyclase; PLC—phospholipase C;
IP3—inositol 1,4,5-trisphosphate; DAG—diacylglycerol.

Serotonin receptors have been classified as 5-HT1A-F, 5-HT2A-C, 5-HT3, 5-HT4, 5-HT5,
5-HT6 and 5-HT7. Most serotonin receptors are GPCRs and show heterogeneity, with
several having both excitatory and inhibitory functions [32]. They are coupled to various G
proteins: 5-HT1, 5-HT5 to Gi protein; 5-HT2 to Gq protein; and 5-HT4, 5-HT6, and 5-HT7
to the Gs protein. Immunohistochemical studies show that these receptors are expressed
very early during embryonic development, with the 5-HT7 receptor showing the most
widespread distribution and the rest being more restricted to the raphe nuclei [67]. All
serotonin receptor families, except for 5-HT3R, are expressed by mammalian raphe neurons.
During postnatal development, the expression levels of these receptors are dynamically
regulated, suggesting that they have an essential role during brain development. Except
for 5-HT1B and 1D receptors, which are presynaptic, all the rest can be retrieved at the
postsynaptic level. Of these postsynaptic receptors, 5-HT1A receptors play an important
role in early neurodevelopment, being present at the dendritic as well as the somatic
level [8].

4.1. 5-HT1 Receptors

The 5-HT1 receptor is a phylogenetically old receptor and is present from the lowest
of invertebrates to the highest of mammals. The 5-HT1 receptor is the most studied of
the serotonin receptors. Apart from animals, S. cerevisiae also possesses 5-HT1 receptors,
indicating that 5-HT1 receptors predate the divergence of these two kingdoms. The 5-HT1
receptors were first discovered in rats in 1979 [68], and they were also the first cloned
serotonergic receptors [69]. 5-HT1 receptors are Gi-coupled and their activation decreases
cAMP production [70]. Moreover, they cause hyperpolarization of neurons by activating
inward rectifier K+ (Kir) channels [71]. 5-HT1 receptors are involved in a variety of physio-
logical functions: hormone release, cardiovascular regulation, and locomotor activity, as
well as in the pathogenesis and treatment of diseases such as affective disorders, anxiety
disorders, schizophrenia, drug abuse, and many others. In the CNS, 5-HT1Rs are expressed
in clusters of neurons located in the shaft and midbrain. 5-HT1B and 5-HT1D receptors are
widely distributed in the brain, with somewhat lower cortical densities; 5-HT2B receptors
feature the highest densities in the basal ganglia and hippocampus-subiculum [72]. 5-HT1A
receptors are located both pre- and postsynaptically on raphe neurons, while 5-HT1B recep-
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tors are located on the perisomatic membranes of presynaptic varicosities. The mechanisms
underlying postsynaptic inhibition through this family of receptors involve inhibition
of cAMP formation and activation of big conductance K+ channels. 5-HT1Rs are major
pharmacological targets for development of psychoactive compounds. An important aspect
of these receptors concerns their differential actions in pathological conditions, which in
turn may produce diversity in therapeutic responses. Future studies will also allow better
resolution of the mechanisms underlying the paradoxical effects of different ligands at
5-HT1 receptors, particularly in emotional and addictive behaviors [73].

4.2. 5-HT2 Receptors

Five distinct human genes encode 5-HT2 receptors: 5-HT2A, 5-HT2B, and 5-HT2C,
and two closely related 5-HT2C receptors present in rat and mouse (5-HT2C2 and 5-HT2C5).
5-HT2A, 5-HT2B, and 5-HT2C receptors are related to each other and share a common
ancestor with 5-HT2-like receptors from different taxa, including a cnidarian (Nematostella
vectensis), a platyhelminth (Schistosoma mansoni), and an arthropod (Drosophila melanogaster).
The function of these receptors is unknown [74]. 5-HT2A and 5-HT2C receptors are present
in the CNS, and have multiple and similar functions. All members of this 5-HT2 receptor
family are coupled to GαQ/Z proteins. Pre- and post-translational modifications of 5-HT2A
receptors are closely related to CNS disorders such as depression, schizophrenia, dementia,
and alcohol and nicotine addiction [75].

It is important to consider the therapeutic implications of understanding the role of
5-HT2 receptors on vascular function. Several disorders have been linked to an imbalance
of NO and superoxide in the vascular system. Many such conditions are associated with
cardiovascular disease, including hypertension, diabetes, and restenosis after angioplasty.
Given the presence of 5-HT2 receptors on the endothelium, or very close to it, as in the
vascular smooth muscle (VSM), it is reasonable to speculate that selective drugs targeting
these locations of the vasculature could be used to increase NO production in disorders
related to NO deficiency (arterial hypertension, diabetes, etc.), as well as to reduce NO pro-
duction in conditions related to excess NO, such as acute inflammation. This would result
in the desired vasculoprotective effects of the former, as well as the desired intravascular
inhibitory effects of the latter [75].

Currently, there are several selective 5-HT2 ligands that have been used for in vitro
mechanistic studies of blood vessel function, such as 5-HT2A antagonists ketanserin and
sarpogrelate [76] and 5-HT2B antagonists RS-127445 and VU6047534 [77]. However, none
of these selective 5-HT2 antagonist drugs have proven useful in clinical trials. Given
that it appears that therapeutic effects could be obtained from blocking or enhancing the
action of these 5-HT2 receptors located in or very close to the vasculature, next-generation
compounds such as selective antagonists and/or agonists would be extremely useful for
the development of new therapies.

4.3. 5-HT3 Receptors

5-HT3 is the only family composed of ionotropic serotonin receptors. 5HT-3Rs are
pentameric ligand-gated ion channels similar to nicotinic acetylcholine receptors, GABAA

and glycine receptors, each subunit being composed of four transmembrane helices. They
are located within both the peripheral nervous system (PNS) and the central nervous
system (CNS). 5-HT3 receptors were the first neurotransmitter-gated ion channels to be
cloned [78]; therefore, they are the best studied serotonin receptors. There are five subunit
types: 5-HT3A, 5-HT3B, 5-HT3C, 5-HT3D, and 5-HT3E, which are co-assembled into
heteropentameric receptors.
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5-HT3R ligands can be classified into three groups: classical agonists (5-HT, 2-methyl-
5-HT, and 1-(m-chlorophenyl)biguanide), partial agonists (2-chloro-5-HT, 5-F-HT, and
2-piperazin-1-yl-5-HT), and agonists with atypical structure (β-carbolines, quipazine,
PSB-11) [79]. Partial agonists are thought to act primarily through an indirect mecha-
nism, stabilizing an intermediate state of the receptor. Use of a 5-HT3 receptor mutant
lacking a conserved proline in the M2 segment results in altered agonist binding and
activation [80,81]. In the CNS, homo- or heteropentameric 5-HT3 receptors are assembled
from 5-HT3A and 5-HT3B subunits with distinct pharmacological properties. Maturation
of receptor subtypes has a broad impact on the surface expression and gating kinetics of
agonist- and antagonist-induced responses [82]. The gating mechanism of 5-HT3A receptor
isoforms represents a unique experimental platform to delineate the gating mechanisms
of Cys-loop receptors [83] that modulate CNS synapse functions associated with anxiety,
stress, addiction, and depression. 5-HT3 receptors operate at nanomolar concentrations of
serotonin, which are within the physiological range of concentrations present in the CNS.

5-HT3 receptors mediate fast excitatory neurotransmission, as well as hyperalgesic and
antinociceptive effects in systemic diseases such as inflammation, neuropathic pain, and
chronic pain induced by tumors and diabetes. They are also involved in the well-known
side effects of some antidepressants and in the mechanism of drug addiction and reward
processes. Pathological activation of 5-HT3 receptors triggers excessive excitation of nerve
cells, leading to action potential bursting and hyperexcitability [32]. It is associated with
various neurological and psychiatric disorders, including drug addiction, schizophrenia,
anxiety, headaches, depression, epilepsy, motion sickness, and postoperative nausea and
vomiting [79]. Receptor agonists activate nociceptive pathways, triggering the onset of vis-
ceral pain and increased drive via peripheral 5-HT3 receptors, while antagonists effectively
prevent and ameliorate the visceromotor response to colonic irritation.

4.4. 5-HT4 Receptors

5-HT4 receptors are members of the large GPCR superfamily. They exhibit specific
coupling to the AC and cAMP pathway in various species, including mammals, birds,
amphibians, and teleosts. Major achievements have been made in the field of cardiovascular
and neurological disorders by using specific 5-HT4 receptor ligands as therapeutic tools [84].
They are important targets for treating gastrointestinal disorders such as constipation and
neurological disorders like Alzheimer’s disease (AD) and ischemic stroke. Post-mortem
studies in healthy elderly and Alzheimer’s disease patients have shown an age-related
decline of this receptor density in the human cortex [85].

4.5. 5-HT5 Receptors

The 5-HT5 receptor is a largely overlooked member of the serotonin receptor super-
family due to the lack of selective pharmacological tools and limited understanding of its
function. Two 5-HT5 genes were cloned in rats and mice in the early 1990s [86]. However,
in humans, only 5-HT5A forms functional receptors, the 5-HT5B gene being interrupted by
an early stop codon and thus being translated into a non-functional protein [87]. Expression
of this type of receptor at the mRNA level is almost absent in the periphery [88], except
for embryonic rat dorsal root ganglia, superior cervical ganglion, petrosal ganglion, and
carotid body [89], while in the brain, 5-HT5A is present in the cortex, cerebellum, thala-
mus, hypothalamus, habenula, dorsal raphe nucleus, and spinal cord [86]. Activation of
5-HT5 receptors is propagated via Gi/Go, AC, and the cAMP pathway, resulting in neuro-
modulatory as well as vasomotor (dilatory or constricting) effects. Although no clinically
applicable drug acting specifically on these receptors has been developed to date, a few
selective agonists and antagonists are available, such as SB-699551-A, ASP5737, A-843277,
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A-763079, A-833551, AS2030680, AS2674723, AS3304, AM366 [64,90–95]. 5-HT5Rs may
represent therapeutic targets in various neuropsychiatric and metabolic diseases, such as
anxiety, depression, schizophrenia, and cocaine addiction [64,91,92,95]. Deregulation of
the 5-HT5 receptors with weight loss agents could be a significant side effect, since 5-HT5
receptor agonist AS3304 is a candidate for treatment of cancer cachexia [96–99].

4.6. 5-HT6 Receptors

The 5-HT6R subtype is exclusively located in the brain, being highly expressed in
the cortex and some hippocampal regions that are critically involved in cognition and
memory. It is also expressed in the limbic system and ventral striatum structures such
as the nucleus accumbens septi. Consistent evidence has been gathered concerning the
relationship between 5-HT6R and cognition, and a new role has been described in the
regulation of arousal [100].

Pharmacological and genetic evidence supporting the important role of 5-HT6R in
brain disorders is now rapidly accumulating. 5-HT6R binding of antipsychotics like cloza-
pine or olanzapine, and of antidepressants like amitriptyline, supports a role of these
receptors in schizophrenia and depression [101]. 5-HT6R activation, particularly through
the cAMP signaling pathway, attenuates many pathophysiological processes involved in
these CNS disorders. 5-HT6Rs are expressed and can affect neuronal and non-neuronal
cells, including microglia and astrocytes, raising the possibility of targeting cell type-
specific 5-HT6R functions in specific brain disorders [102]. In addition to promising results
in Alzheimer’s disease, statistically significant effects have been proven on extrapyra-
midal symptoms (Parkinson-like parameters, agonist behavior), neurotoxicity, cognitive
impairment, autonomic nervous system function, affective components, difficulties in
self-adhesion, activities of daily living, and locomotor activity (in aged animals) [103].

Substantial evidence from knockout and pharmacological studies indicates that 5-HT6
receptor antagonists represent an attractive strategy for psychotherapeutic drug discov-
ery [101]. For example, the selective 5-HT6R antagonist SB-399885 was capable of alleviating
scopolamine-induced cognitive deficits in an object recognition task and the Morris water
maze test in aged rats [104]. These receptors could become targets for anxiolytic, antide-
pressant, antipsychotic, or even antiparkinsonian drugs devoid of the adverse effects of
classical psychotropic drugs.

4.7. 5-HT7 Receptors

5-Hydroxytryptamine (serotonin) 7 receptors (5-HT7Rs) were the last of the serotonin
receptor family to be identified in 1993 [105]. However, more than three decades later,
their functional roles and pathological implications remain incompletely understood [106].
Diversity in receptor functionality is dictated by a complex interplay between the receptor,
tissues, and pathophysiological context. In the central nervous system (CNS), 5-HT7Rs
are widely expressed and have been implicated in the regulation of a number of pro-
cesses, including the sleep-wake cycle, body temperature, cognitive function, depression,
nociception, and gastrointestinal system motility.

Several studies have identified 5-HT7 receptors in areas of the brain known to be
related to mood, behavior, and circadian rhythms, exerting specific functions within them.
5-HT7Rs have been implicated in a number of neuropsychiatric conditions, including
anxiety and mood disorders, schizophrenia, and sleep disorders. They also play a role
in cognitive processes, being located in areas related to spatial or associative memory
formation, including the hippocampus, and are thought to enhance synaptic plasticity.
Therefore, 5-HT7Rs may provide a possible target in the treatment of diseases with impaired
cognition and memory, such as Alzheimer’s or Parkinson’s disease [106].
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5. Serotonin Pathways and Thermoregulation
5.1. Definition and Mechanisms of Thermoregulation

The term “thermoregulation” refers to the physiological ability to maintain body tem-
perature within a certain range. Animal species can be broadly classified into poikilotherms,
conditional homeotherms, and homeotherms, i.e., evolved organisms (birds and mammals)
able to maintain a constant temperature over a wide range of external conditions. The
term “homeothermy” (from the Greek “homeo”—unchangeable, “thermos”—heat) is often
used as a synonym for thermoregulation. In this condition, heat conservation or heat
dissipation mechanisms are activated to maintain body temperature within a narrow range
(normothermia or euthermia—36.1 to 37.2 ◦C in humans) [107], independent of changes in
ambient temperature. The production of heat through metabolic processes, as well as its
retention or loss, are the main heat regulation mechanisms (Figure 3) [108].

The most important nervous center that coordinates the processes of heat production
and heat loss is the hypothalamus, particularly the thermal control center located in the
preoptic area. In addition, temperature-sensitive receptors are spread throughout the body,
including muscles and internal organs, and any change in temperature is detected by
these receptors. “Cold” and “warm” receptors are located in the skin and other tissues.
Information from these receptors reaches the central nervous system, which possesses its
own thermosensory mechanisms, and regulatory processes like shivering or non-shivering
thermogenesis or thermolysis are activated. An important thermogenic mechanism occurs
in the brown adipose tissue [22,97], where thermogenins of the inner mitochondrial mem-
brane, activated by sympathetic stimulation, dissipate the proton gradient, transforming
its energy directly into heat, without ATP generation.

The ability to maintain a relatively stable body temperature within a narrow range
when being exposed to variable environmental and metabolic conditions is essential for the
proper functioning of organs and cells. When body temperature rises, various physiological
responses occur to dissipate heat, such as vasodilation, sweating, and, in certain species,
panting. Conversely, when body temperature drops, physiological responses aimed at
conserving and producing heat are triggered, such as vasoconstriction, piloerection, and
shivering [52,71,109,110].

5.2. Experimental Evidence Concerning Involvement of Serotonergic System in Thermoregulation

Serotonin is involved in pathways that affect thermogenesis and vasomotor tone;
however, it does not serve as a dedicated thermoregulator. Its effects are context-dependent,
indirect, and receptor subtype-specific. Although central serotonergic circuits are involved
in thermoregulation, they have no direct connection to febrile responses, the mediators of
which are prostaglandins acting on hypothalamic EP3 inhibitory prostanoid receptors [110].

Temperature is one of the most important internal parameters that must be monitored
and maintained within a narrow range, and thus thermal sensing and specific homeostatic
control mechanisms have been present in various types of organisms since early in phylo-
genesis. Sophisticated scientific instrumentation was developed for accurate temperature
measurement at different levels, from macroscopic to single-cell level, including classical
thermal dilation thermometers (e.g., alcohol-filled), thermistors, thermocouples, thermore-
sistive glass pipette tips, infrared radiation detectors and cameras, and thermosensitive
fluorescent dyes [111,112]. These tools have contributed to investigation of molecular
mechanisms involved in thermogenesis and thermolysis in different tissues and organs, as
well as the nervous and endocrine control of these processes, defining the field of thermal
biology [113].

Pioneering experiments of Charles Richet and Aronsohn and Sachs proved the exis-
tence of a thermoregulatory “warming center” in the brain based on mechanical lesion of
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the hypothalamus and surrounding areas [114,115]. Subsequent studies used carotid blood
warming to induce thermoregulatory responses [116,117]. In 1912 Henry Barbour used
thin water-filled metal tubes named thermodes implanted in the preoptic area [118], and
later Magoun et al. restricted the location of thermoregulatory centers to the anterior hy-
pothalamus based on restricted radio-frequency heating in the cat brain [119]. Subsequent
research established that thermal sensory information from the periphery and to a lesser
extent from central organs is conveyed, beyond specific primary somatosensory projection
areas, to the preoptic area, recognized as a thermoregulatory center, which controls via
efferent signals heat production or dissipation mechanisms [21], and these controls remain
active also in unconscious animals [120,121]. Temperature changes in the preoptic area
activate peripheral compensatory mechanisms in many species [122].

The molecular sensors of peripheral or central thermoreception have been better un-
derstood with the cloning of several thermosensitive ion channels, some of them belonging
to the transient receptor potential (TRP) family, activated in the non-noxious and noxious
range of temperatures [123–126]. Afferent thermal sensitivity pathways are composed
of three neurons: a primary sensory neuron in the dorsal root or trigeminal ganglia, a
secondary neuron in Rexed laminae I (zona marginalis) and II (substantia gelatinosa) of the
dorsal horn, and a third central neuron. Somatosensory neurons of the dorsal horn can be
subdivided into a nociceptive group responding to specific noxious stimuli, a polymodal
nociceptive group, and a non-nociceptive thermosensitive group, responding gradually to
heating or cooling stimuli [127]. The third central neuron is located in the main thalamic
nuclei for the spinothalamic pathway, or in the dorsal part of the lateral parabrachial
nucleus for the spinoparabrachial pathway, further projecting in the preoptic area or the
dorsal raphe nucleus, activating serotonergic pathways to the ventral striatum and nucleus
accumbens [24].

The two spinal pathways convey different types of information in the case of noxious
stimuli: the spinothalamic pathway provides the central projection leading to the pain
sensation, while the spinoparabrachial pathway contributes to the affective dimension of
pain, producing secondary effects such as anxiety or depression [128]. Further projections
of the spinothalamic thermosensitive pathway are in the primary somatosensory projection
cortex and insular cortex, while projections of the spinoparabrachial pathway are in centers
of the preoptic area (median and medial preoptic nuclei), and oxytocin-secreting neurons
of the hypothalamic paraventricular nucleus. The dorsal lateral parabrachial nucleus
projects to serotonergic raphe nuclei, particularly the interfascicular zone of the dorsal
raphe nucleus, which in turn projects to areas involved in interpreting the affective nature of
thermosensation, such as the ventral striatum and further to the medial orbitofrontal cortex
and the pregenual cingulate cortex. These areas also receive connections from the cortical
projection areas (primary somatosensory and insular cortex) and from the ventrobasal
thalamus via the ventral striatum. Meanwhile, the lateral orbitofrontal cortex integrates
and translates the unpleasant character of thermosensory inputs. These thermosensitive
projection regions of the brain may function abnormally in mood disorders like depression
or mania [129,130]. The activity of the ventral striatum, an area involved in pleasant
sensations evoked by thermal stimuli, is decreased in depression and increased in bipolar
disorders [131,132]. Another thermosensitive projection region, the pregenual anterior
cingulate cortex, shifts from negative to positive affective tonus during treatment with
antidepressants [133].

Studies of thermoregulatory responses in different animal species upon temperature
changes in the anterior hypothalamus and preoptic area have been performed, partic-
ularly by the group of Jack Boulant [122]. Warming of these central thermoregulatory
centers evoked peripheral thermolysis responses such as increased skin blood flow and
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sweating, while central cooling activates thermogenesis mechanisms, such as adrener-
gic activation of the brown adipose tissue, reduced peripheral heat loss via decreased
blood flow, piloerection, and, in extreme cases, shivering (Figure 4). When the preoptic
area is lesioned, pyrogen injection is no longer capable of inducing fever responses [134].
Moreover, maneuvers like carotid blood warming or warm saline irrigation of the third
ventricle could induce thermolysis responses such as peripheral vasodilation and even
panting [116–118,135,136]. Subsequent studies using thermodes and microelectrode im-
palement in the preoptic area and anterior hypothalamus led to identification of specific
heat-sensing neurons, with increases in firing rates up to 0.8 AP/◦C; similar experiments
were later performed in brain slices [134]. Approximately 30% of preoptic area neurons
were classified as warm-sensitive, and <5% as cold-sensitive, receiving inhibitory inputs
from warm-sensitive neurons (Figure 4). Electrophysiology and mathematical modeling
studies suggested that thermosensitivity in these central neurons could be achieved via
temperature-dependent inhibition of background leak two-pore domain weak inward
rectifier (TWIK) K+ channels, such as TASK-1 (TWIK-related acid-sensitive K+ channel) and
TRAAK (TWIK-related arachidonic acid-stimulated K+ channel), and possible activation
of TRPV4 channels [137]. Similar electrophysiology and expression studies on brain slices
identified thermosensitive dopaminergic neurons in the substantia nigra pars compacta
with temperature-dependent changes in firing rate driven by TRPV3 and TRPV4, two ion
channels active in the physiological range of temperatures [138].

Numerous classical studies have also established a relationship between depressive
mood disorders and impaired thermoregulation [139–141]. Thus, depressed patients feature
increased overnight body temperature, while antidepressant therapy reduces nocturnal
core temperature [142,143]. Given the intricate relationship between mood disorders and
the serotonergic system and the effects of psychoactive compounds on serotonergic recep-
tors, a corollary of these studies is the involvement of serotonergic pathways and responses
in central thermoregulation [144], although circuits involved in regulation of mood and
behavior are distinct from those involved in core thermoregulation. The seminal studies of
Bligh identified the anterior hypothalamus as a site of action for projections of serotonergic
raphe nuclei [145], while numerous serotonergic receptors in blood vessels are involved
in vasomotricity and peripheral temperature control [146]. Early neurochemistry studies
evidenced high concentrations of monoamines such as noradrenaline and serotonin in the
hypothalamus [147,148], leading to the hypothesis formulated by von Euler in 1961 that
monoamine neurotransmitters may participate in core temperature regulation [149]. Briefly
thereafter, experiments performed by Feldberg and Myers found that catecholamines
injected in lateral cerebral ventricles of the cat decreased temperature, while serotonin
injected in the same region increased it [150]. Interestingly, the thermogenetic effect of
intracerebroventricular serotonin lasted more than 18 h, but subsequent studies in cat and
dog showed sustained release of prostaglandins from the hypothalamus in these conditions,
which are likely mediators of these effects [151,152]. Similar experiments with injection in
cerebral ventricles or anterior hypothalamus of monoamines, acetylcholine, or monoamine
oxidase (MAO) inhibitors like tranylcypromine produced different thermoregulatory effects
in various species (fishes, amphibians, reptiles, birds, and mammals), depending on the ex-
ternal temperature [153–156]. Moreover, serotonin receptor partial agonists and inhibitors
on peripheral 5-HTRs such as lysergic acid dyetylamide (LSD-25) [157] or methysergide
were able to counteract increased heat loss and fall in core temperature induced by sero-
tonin or its agonist, norfenfluramine [145]. In fact, LSD effects on thermoregulation upon
subcutaneous administration in male C57Bl/6J mice have been proven to be complex and
biphasic, 5-HTR activation resembling an inverted U-shape due to receptor internalization
at high doses, resulting in hypothermia and hypolocomotion by effects on 5-HT1AR [158].
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During the following two decades central serotonergic modulation studies on ther-
moregulation have been focused on rodent animal models, but they used increasingly
extended sets of agonists and antagonists specific for different types of serotonin recep-
tors [159–161]. 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) was identified as
selective agonist of 5-HT1A receptors, while the butyrophenone spiperone (spiroperidol)
and ketanserin were classified as selective antagonists of 5-HT2A receptors. 5-HT2R ac-
tivation by 5-OH-tryptophan induced specific behavioral responses like head twitches,
“wet dog” shaking, or lordosis behavior in mice and rats, while 5-HT1R activation re-
sulted in rotational movements in rats with dorsal raphe nucleus lesions or myoclonus in
guinea pigs [162]. Related to thermal responses, systemic administration of 5-HT2R ago-
nists like 6-chloro-2-(1-piperazinyl)pyrazine (CPP or MK-212), mCPP, or quipazine and the
serotonin-releasing agent fenfluramine resulted in hyperthermia in rats [163], while intrahy-
pothalamic injection of serotonin or 8-OH-DPAT decreased core temperatures [164,165].
Using selective 5-HTR antagonists, Gudelsky et al. proved that central hypothalamic activa-
tion of 5-HT1AR dose-dependently induces hypothermia, while central specific activation
of 5-HT2R has the opposite effect [162]. The hyperthermic response to mCPP injection in
rats was alleviated by 5-HT2 or mixed 5-HT2/1 antagonists such as ritanserin, mesulergine,
or metergoline, but not by 5-HT1A/B and β-adrenergic receptors inhibitors like propra-
nolol or pindolol, or 5-HT3 antagonists ondansetron and tropisetron [166–168]. In normal
human subjects, intravenous administration of 0.08 mg/kg body weight mCPP led to a
biphasic response consisting of mild initial hypothermia (−0.04 ◦C at 12 min) followed
by progressive hyperthermia (+0.17 ◦C at 90 min) accompanied by increased plasma nore-
pinephrine levels [144]. Other studies assessed the effects of intravenous administration in
rats of 5-HT1AR agonist 8-OH-DPAT, 5-HT1A/BR agonist RU 24969, 5-HT2C/2A receptors
agonists ±1-2,5-dimethoxy-iodophenyl-2-aminopropane (DOI) and mCPP, and 5-HT3R
agonist 2-methyl-5-HT (2ME): all agonists increased oxytocin mRNA levels in the paraven-
tricular nucleus and all except for 2ME in the supraoptic nucleus, while only DOI and
mCPP increased vasopressin mRNA levels in the paraventricular nucleus and no agonist
changed its mRNA expression in the supraoptic nucleus; plasma oxytocin levels were
increased by all agonists and plasma vasopressin levels only by DOI and mCPP [169]. Sub-
sequent studies of Henrik Stig Jørgensen showed that unilateral lesion of the dorsal raphe
nucleus or paraventricular nucleus via stereotaxic injection of the serotonergic neuron toxin
5,7-dihydroxytryptamine (5,7-DHT) reduced arginine vasopressin and adrenocorticotropic
hormone (ACTH) responses to stress, and also that serotonin stress-induced prolactin secre-
tion is mediated by 5-HT2Rs and 5-HT3Rs, while serotonin stress-induced ACTH secretion
is mediated by 5-HT1A/2A/2C receptors in a manner that is only partially dependent on
corticotropin-releasing hormone (CRH) [170]. Thus, serotonin can influence secretion of
CRH and ACTH at multiple levels: hypothalamic, at the hypothalamo-hypophyseal portal
system (Gr.T. Popa-Fielding), at the adenohypophyseal and cortical adrenal level. This
interference between serotonin and CRH/ACTH may lead to important consequences in
thermoregulation responses due to the fact that corticotropin is a major component of stress
responses. It was shown that 21 days of chronic unpredictable stress in rats led to increases
in basal body temperature and hypothermic instead of thermogenetic responses to cold,
while treatment with corticosterone synthesis inhibitor metyrapone during stress partly
restored normal thermoregulation [171]. In turn, oxytocin and vasopressin released during
exposure to warm temperatures may induce thermoregulatory cooling [172]. Body temper-
ature, as well as circulating levels of corticosterone and other hormones, are subjected to
interrelated circadian rhythms, which become dampened with an increase in age [173].

An elegant demonstration of the role of sympathetic autonomic regulation of body
temperature via increased brown adipose tissue (BAT) activity induced by skin cooling
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in rats under general anesthesia was performed by Nakamura and Morrison [22]. The
authors monitored several physiological parameters such as cutaneous, BAT, rectal and
brain temperature, heart rate, arterial blood pressure, CO2 concentration in expired air, and
electric activity of sympathetic nerve fibers distributed in the BAT, showing that skin cool-
ing induced by a jet of air results in sympathetic stimulation that increases heart rate, basal
metabolism reflected in CO2 concentration, and via efferent sympathetic fibers BAT thermo-
genesis, but without major changes in rectal or brain temparature. These adaptive responses
could be inhibited by bilateral stereotaxic injections of different compounds in specific
brain regions: GABAA antagonist bicuculline in the preoptic area, 5-HT1AR agonist 8-OH-
DPAT or non-selective ionotropic glutamate receptor inhibitor kynurenic acid or glycine
or GABAA agonist agarin (muscimol) in the rostral nucleus raphe pallidus (a serotonergic
system center), by agarin injection in the dorsomedial hypothalamus nucleus; however,
bilateral agarin microinjection in the dorso- or ventro-lateral caudal periaqueductal gray
failed to inhibit thermogenetic responses. These responses define a complex neuronal
circuit with serotonergic and GABAergic involvement in the raphe-hypothalamus-preoptic
area, connected to peripheral thermoreceptors via ascending pathways and to the BAT
via efferent sympathetic pathways. Numerous other studies showed activation of raphe
serotonergic neurons by non-noxious warming or cooling afferent signals propagated via
the spinoparabrachial pathway [174–176]. In another animal model study male adult rats
were exposed to a protocol with random stress-inducing procedures, including immersion
into cold water, for three consecutive weeks, then tested after another 4 days by exposure to
cold temperature (10 ◦C) for 30 to 60 min, with body temperature recordings initially and
after 6 h. In these conditions stressed rats were unable to increase body temperature after
cold room exposure, as did the non-stressed control animals. Treatment with corticosterone
synthesis inhibitor metyrapone 50 mg/kg i.p. during the stress-induction period improved
cold-activated thermogenesis. In other experiments, one day after the stress-inducing
procedures, some groups were administered 250 nL of 5-HT2A/C receptors agonist DOI
at 10 nM concentration or artificial cerebrospinal fluid (ACSF) in the medial preoptic area
bilaterally. In these conditions the DOI-injected stressed animals developed higher tem-
perature increases triggered by cold exposure compared to no stress-DOI-injected and
stressed-ACSF groups, proving that specific activation of these serotonergic receptors in
the preoptic area is capable of triggering thermogenesis [171]. Immunohistochemistry
studies on rats exposed to either room temperature (23 ◦C) or warm temperature (37 ◦C)
for 105 min proved in the warm-exposed group of animals activation of the interfascicular
dorsal raphe nucleus serotonergic neurons, increasing expression at protein level of the
transcription factor protooncogene c-Fos, an immediate-early gene activated by growth
factors, cytokines, tumor promoters or UV irradiation, and of tryptophan hydroxylase [174].

Another interesting study was performed on normal vs. serotonin transporter (SERT)
double-knockout rats. In SERT−/− rats stress-induced hyperthermia was almost absent.
A similar effect could be obtained in normal (SERT+/+) rats by administering the 5-HT1AR
agonist flesinoxan 10 mg/kg i.p., and this effect was reversed by co-administration of the
5-HT1AR antagonist WAY100635 1 mg/kg i.p. WAY100635 alone induced hyperthermia
in SERT−/− but not in SERT+/+ rats, proving that stress-induced hyperthermia and
hypothermia are regulated by distinct populations of 5HT1A receptors [177]. Summarizing,
central and peripheral mechanisms of thermoregulation involve multiple types of seroton-
ergic receptors, with 5-HT1AR, 5-HT3R, and 5-HT7R reducing core body temperature, the
first type via inhibition of both non-shivering and shivering thermogenesis and increasing
heat dissipation by activation of peripheral blood flow. 5-HT2R activation exerts antago-
nistic effects on 5-HT1AR [71]. Ionotropic serotonergic receptors (5-HT3R) activation by
agonist mCPBG (m-chlorophenylbiguanide) induced a slight hyperthermic effect in rats
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(+0.5 ◦C), which was inhibited by 5-HT3R antagonist MDL72222 [178]. However, data
on 5-HT3R involvement in thermoregulation are still limited and inconsistent. All these
studies created a detailed view of the central mechanisms involved in temperature sensing
and thermoregulation, as well as their connections to psychiatric disorders. However,
experimental results in rodents with pharmacological modulators of different serotonergic
receptors represent only indirect proofs, and their translation to human physiology and
clinical implications should be performed with caution.

 

Figure 4. Central and peripheral mechanisms of thermoregulation (adapted from [21,22,137,162]).
(T—temperature, AP—action potential, PAG—periaqueductal gray, BAT—brown adipose tissue).

6. Clinical and Therapeutic Implications of the Serotonergic System
and Thermoregulation

The serotonergic system modulates a variety of neurotransmitters and neuromod-
ulators, including monoamines (norepinephrine, epinephrine, dopamine), GABA, ACh,
hormones like substance P, oxytocin, vasopressin, cortisol, prolactine [6]. Thus, serotonin
is involved in control of diverse brain functions and psychic processes, such as memory
and learning, pain, emotional reactions, and the dopamine-based reward system, activity
patterns, circadian rhythms, sleep-wake cycles, thermoregulation, food intake, sexual ac-
tivity, aggressiveness, locomotion; therefore, it represents a special target for therapy of
neurologic and psychiatric disorders [101].

The monoamines dopamine, norepinephrine, and serotonin are modulatory neuro-
transmitters that produce a fine-tuning of the CNS, particularly the systems involved
in emotions, mood, and affectivity [41]. Selective serotonin reuptake inhibitors (SSRIs),
such as fluoxetine and zimelidine, are used to treat depression and anxiety disorders.
They are thought to help relieve the symptoms of these disorders by increasing the synap-
tic availability of serotonin upon blocking the serotonin transporter (SERT) [179]. In
contrast to SSRIs, some 5-HT1AR inhibitors are used as anxiolytics and some 5-HT3R
inhibitors act as effective antiemetics used to alleviate nausea induced by cancer chemother-
apy [72]. In addition, psychotropic and hallucinogenic drugs such as cocaine, amphetamine,
3,4-methylenedioxymethamphetamine (MDMA, commonly known as ecstasy), mesca-
line, psylocybin, lysergide (LSD), metisergide, and others are selective 5-HT2R ago-
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nists, similar to DOI/DOB/DOM and other substituted phenethylamine derivatives [180].
These compounds can be classified into three categories: tryptamines, phenethylamines
(amphetamines), and lysergamides. LSD belongs to both tryptamine and lysergamide
classes. Tryptamines include, obviously, serotonin, tryptamine, melatonin, and psychedelic
alkaloids such as DMT (N,N-dimethyltryptamine), psylocybin, Nω-methylserotonin
(norbufotenin), bufotenine, bufotenidine, N-acetylserotonin, baeocystin, aeruginascin,
lespedamine, acetriptyne, and the major antidepressant zalsupindole. Phenetylamines also
include a large number of compounds with diverse effects: CNS stimulants (amphetamine,
dopamine, adrenaline, noradrenaline), recreational drugs (MDMA, MDPV—monkey
dust, metamphetamine, cathinone), decongestants and bronchodilators (ephedrine and
pseudoephedrine, phenylephrine, isoprenaline, salbutamol), antidepressants (phenelzine,
bupropion), and drugs used in Parkinson’s disease such as selegiline [181]. Lysergamides
(also named ergoamides) are also psychedelic drugs such as LSD, methysergide, ame-
sergide, ergotamine, ergometrine (used in the treatment of migraine), cabergoline, etc,
active on different serotonin and dopamine receptors [182].

As shown in the previous section, many of these serotonergic receptor agonists and
antagonists, including serotonin itself [183], induced temperature changes and modulated
thermoregulatory responses when administered in animal studies ([162,164,167,178], re-
viewed in [71]) as well as in humans [144]. The long and intricate story of discovery of
central thermoregulatory neuronal circuits and mechanisms, briefly exposed in chapter 5.2,
resulted in identification of the anterior hypothalamus and preoptic area as the main com-
mand centers for thermogenetic and thermolytic peripheral responses, and these structures
are controlled directly and indirectly by the upper group of serotonergic brainstem raphe
nuclei, in particular DRN, while the lower group and specifically NRPa send thermoreg-
ulatory commands to the periphery (Figure 2) [21]. Given the tight connection between
thermoregulation and the serotonergic system, and the involvement of this system in mod-
ulation of cognitive behaviors, physiological regulatory responses, and psychic functions
such as mood, affectivity, aggressiveness, anxiety, and depression, it is reasonable to con-
clude that emotional and affective states are associated with thermoregulatory responses
via central serotonergic circuits. A number of clinical studies assessed the relationship be-
tween circadian changes in body temperature and depression and found reduced variation
compared to normal subjects [143,184–187], a fact that can be correlated with the control
exerted by serotonergic circuits on the sleep–wake circadian cycle and to antidepressive ef-
fects of SSRIs via increase of synaptic concentrations of serotonin. These connections could
also provide a scientific explanation for the widely used empirical classical therapy applied
for patients with psychiatric disorders, consisting of daily cold showers: cold exposure
could activate the central serotonergic system. In an exhaustive review on the relationships
between thermosensory and central serotonergic systems and behavior, Charles Raison
et al. propose an opposite approach, namely activation of warm thermosensory pathways
as a potential cure in affective disorders such as major depressive disorder via activation of
brain serotonergic neurons [24]. Raison played a key role in promoting novel treatments
for major depressive disorders based on manoeuvres that activate the central serotonergic
system, such as whole-body hyperthermia [188] or psychedelic medicines [189].

The complex central serotonergic networks explain the effectiveness of therapies
targeting serotonergic components in various affectivity and mood disorders, including
anxiety disorders, depression, obsessive-compulsive disorders, and related conditions such
as attention deficit and hyperactivity disorder (ADHD), autism spectrum disorders (ASDs),
schizophrenia, addiction, and migraine. The most commonly used drugs in the treatment
of mood disorders are selective serotonin reuptake inhibitors (SSRIs) and monoamine
oxidase inhibitors (MAOIs) [190]. These compounds act by increasing serotonin levels



Physiologia 2025, 5, 37 20 of 32

in the brain, but special diets rich in tryptophan, such as chicken, soy, grains, tuna, nuts,
and bananas, can also exert beneficial effects [191]. SSRIs include a variety of compounds
widely used for clinical applications, such as sertraline, fluoxetine, paroxetine, fluvoxamine,
and escitalopram. Although SSRIs are not more effective than tricyclic antidepressants
(TCAs), which inhibit both serotonin and noradrenaline reuptake [179], they are considered
safer antidepressants because of milder side effects and higher toxic doses [192]. Other
serotonin and norepinephrine reuptake inhibitors (SNRIs) that act in a dose-dependent
manner include drugs such as venlafaxine and duloxetine, which are very effective as
antidepressants in SSRI-resistant cases. There is a wide spectrum of psychiatric disorders
amenable to SSRI therapy: major depressions, anxiety disorders, panic disorders, obsessive-
compulsive disorders (OCDs), eating disorders such as bulimia nervosa but not anorexia
nervosa, premature ejaculation, as well as migraine and other pain syndromes [6]. Installa-
tion of clinical effects occurs after a latency of 6–8 weeks; therefore, co-administration of
antidepressants with faster onset of action, such as ketamine, may be beneficial [179]. SSRIs
produce various side effects, including irritability and anxiety worsening during first weeks
of therapy, emotional blunting, sexual dysfunction, increased suicidal risk, akathisia, brux-
ism, worsening of secondary (closed-angle) glaucoma, arrhythmogenic risk via QT interval
prolongation, increased gastrointestinal or intracranial bleeding risk due to depletion of
platelet serotonin levels, and increased fracture risk. Serotonin syndrome may occur due to
activation of CNS 5-HT1A/2C receptors, leading to tachycardia, fever, shivering, sweating,
mydriasis, hyperreflexia, and myoclonus [193]. Given these adverse effects, SSRI therapy
for patients with psychiatric disorders could be ingeniously complemented by thermal
modulation, via either cooling or exposure to hyperthermia (followed by post-exposure
cooling) to naturally increase CNS synaptic serotonin levels.

A major psychiatric disease that may benefit from pharmacological modulation of
the serotonergic system is schizophrenia. Antagonists or agonists of different types of
serotonergic receptors may be more effective in these patients than major antipsychotics of
first and second generation, which are plagued by numerous side effects, and generally
act only on positive symptoms, not on negative symptoms and cognitive deficits [90]. The
most promising and potentially useful compound is the 5-HT6R antagonist AVN-211 [194],
followed by the 5-HT1A/2A agonist, 5-HT2B/6/7 antagonist, and dopamine D1/D2 ago-
nist brilaroxazine (RP5063) [195], and the less promising 5-HT2AR and dopamine D1/D2R
antagonist LuAF-35700 [196,197]. Even classical antipsychotics such as 5-HT2AR antago-
nists olanzapine and risperidone show some therapeutic efficiency, increasing dopamine
release in the striatum by alleviating the inhibitory effects of serotonergic pathways [198].

Serotonergic receptors agonists and antagonists can also be effective in different neu-
rodegenerative disorders, by enhancing synaptic neurotransmission, alleviating neuronal
degradation (neurotrophic or neurodynamic effects), and counteracting mood and emo-
tional disturbances encountered in these conditions. For example, advanced stages of
Alzheimer’s disease are accompanied by a significant reduction of the central serotonergic
network originating in brainstem raphe nuclei, explaining the effectiveness of 5-HT2AR and
5-HT4R agonists in improving reinforcement learning and memory. Neurofibrillary tangles
can degrade serotonergic raphe nuclei neurons, and decreased CNS serotonergic activity
may worsen beta-amyloid-induced neuroinflammation [199]. The histaminergic H1 recep-
tor competitive antagonist loratadine, which also acts as a selective 5-HT2R antagonist, may
counteract microglia involvement in neuroinflammation and promote amyloid clearance,
preventing amyloid plaque formation [200,201]. The main symptomatic/pathogenic ther-
apy in Alzheimer’s disease is based on acetylcholinestarease inhibitors such as donepezil or
NMDAR non-competitive antagonists like memantine. However, 5-HT6R antagonists (e.g.,
idalopiridine) and 5-HT4R agonists may improve cholinergic neurotransmission in this con-
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dition by enhancing synaptic ACh release, while 5-HT2AR antagonists like brexipiprazole
or pimavanserine modulate multiple neurotransmitter pathways, and may also counterbal-
ance reduction in 5-HT1AR and 5-HT2AR levels in the hippocampus and prefrontal cortex
in frontotemporal dementia [85], being effective in Alzheimer’s disease with psychotic
symptoms such as hallucinations and delusions [202]. The neuroprotective effects of these
agents are also retrieved for metabotropic glutamate receptors mGluR5 antagonists such
as 3-[(2-methyl-1,3-thiazol-4-yl) ethynyl]-pyridine (MTEP) and its predecessor 2-methyl-
6-(phenylethynyl)-pyridine (MPEP), anxiolytic and antidepressant compounds [203,204]
that reduce addictive effects of alcohol, nicotine, morphine, cocaine and metamphetamine,
counteracting their withdrawal symptomatology [205–208].

Similarly, in Parkinson’s disease, a condition associated with dopaminergic neuron
loss in the substantia nigra pars compacta and alpha-synuclein aggregation with Lewy
body formation, the main therapy with levodopa can be supplemented with 5-HT1AR
antagonists or 5-HT2AR inverse agonists like pimavanserine to reduce L-DOPA-induced
dyskinesia [209,210]. Like in other neurodegenerative diseases, 5-HTR agonists may reduce
neurodegradation, oxidative stress, and neuronal inflammation. In addition, SSRIs may
improve psychiatric symptoms, while 5-HT3R inhibitors in the spinal cord dorsal horn
exert analgesic effects [211,212]. A similar algesic pathology occurs in amyotrophic lateral
sclerosis, involving 5-HT1R, 5-HT2R, 5-HT3R, and 5-HT7R; therefore, their inhibition may
exert analgesic effects [213]. Serotonergic neuron degradation may also induce muscle
spasms, which can be approached with 5-HT2B/CR inverse agonists [214]. Moreover,
increased platelet serotonin levels have been associated with prolonged survival [215],
while 5-HT2BR deletion aggravates spinal cord disease progression in mice, prompting
for beneficial effects of agonists of these receptors, which can slow down disease progres-
sion [216,217]. In Huntington’s disease, a genetic disease associated with chorea due to
neuronal accumulation and aggregation of huntingtin, modulation of the serotonergic sys-
tem may provide neuroprotective effects, also improving motor and cognitive deficits and
alleviating psychiatric symptoms. 5-HT2AR antagonist and 5-HT1AR agonist perospirone
improved motor and psychiatric disturbances [218]. Multiple sclerosis patients experience
sensory and motor pathology similar to that of amyotrophic lateral sclerosis, including
widespread neuropathic pain and muscular spasms, which can be treated with SSRIs like
fluoxetine or 5-HT2B/CR agonists. Fluoxetine-triggered activation of these receptors exerts
anti-inflammatory effects, like serotonin itself [219]. 5-HT7Rs on T helper lymphocytes
may be involved in interleukin-10 release with subsequent immunosuppressive effects in
multiple sclerosis patients treated with α4-integrin monoclonal antibody natalizumab, thus
agonists of 5-HT7Rs may represent an interesting therapeutic alternative [220].

7. Conclusions
The serotonergic system is a phylogenetically old monoamine signaling system present

in all organisms with a central nervous system. In vertebrates, serotonergic pathways
originating in a network of brainstem raphe nuclei and providing a wide central and
peripheral distribution of fibers are involved in a large variety of behavioral responses,
including reward-based decision making and reinforcement learning, attention, mood,
aggressiveness, and vegetative responses such as food intake (appetitive reward) and ther-
moregulation. Pioneering immunohistochemistry and physiology studies revealed a strong
connection between serotonergic circuits, psychotropic compounds such as lysergide (LSD)
and other psychedelic drugs, and antipsychotics such as reserpine. Subsequent in-depth
research resulted in identification and characterization of seven families of serotonergic
receptors, most of them metabotropic receptors with seven transmembrane domains, ex-
cept for 5-HT3Rs, which are pentameric ligand-gated ion channels, and of an impressive
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panel of more or less specific agonists and antagonists. Many of them are clinically used
in psychiatric disorders or neurodegenerative diseases. A long line of scientific research
originating in the second half of the nineteenth century revealed involvement of sero-
tonergic nuclei and pathways in complex central thermoregulatory circuits that can be
specifically modulated by pharmacological agents acting on different types of serotonergic
receptors. In spite of this massive accumulation of knowledge, there are still many aspects
of these complex regulatory responses and underlying cellular and molecular mechanisms
awaiting further elucidation. Novel scientific methods, such as in vivo fluorophore-based
tracking of serotonergic synaptic transmission in individual neurons, targeted knock-out,
and optogenetics, provide an opportunity to uncover new details of the functioning of
neuronal circuits underlying these essential behavioral responses, possibly leading to new
therapeutic approaches. An almost entirely unexplored area is that of pharmacogenomics
of serotonergic receptors, involving characterization of response to agonists and antago-
nists of serotonergic receptors with point mutations, an avenue of investigation leading to
personalized medicine approaches and better characterization of the so-called secondary
pharmacology of many new drugs.
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Abbreviations
The following abbreviations are used in this manuscript:

AAAD/AADC/DDC aromatic acid decarboxylase/DOPA-decarboxylase
AAV adeno-associated virus
AC adenylate cyclase
ACA anterior cingulate area
Acc nucleus accumbens
ACSF artificial cerebrospinal fluid
ACTH adrenocorticotropic hormone
ACh acetylcholine
ADHD attention deficit and hyperactivity disorder
AI agranular insular area
AP action potential
ASD autism spectrum disorder
ATP adenosine-5′-triphosphate
BAT brown adipose tissue
BOLD blood oxygenation level-dependent [fMRI]
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cAMP 3′,5′-cyclic adenosine monophosphate
CEA central amygdala

c-Fos
protooncogene discovered in rat fibroblasts as product of the transforming
gene of FBJ MSV (Finkel–Biskis–Jinkins murine osteogenic sarcoma virus),
part of Fos family of transcription factors

CNS central nervous system
CRH corticotropin-releasing hormone
DAG diacylglycerol
5,7-DHT 5,7-dihydroxytryptamine
DMT N,N-dimethyltryptamine
DOB dimethoxybromoamphetamine
DOI 1-2,5-dimethoxy-iodophenyl-2-aminopropane
DOM 2,5-dimethoxy-4-methylamphetamine
DRN dorsal raphe nucleus
EGFP enhanced green fluorescent protein
fMRI functional magnetic resonance imaging
GABA γ-aminobutyric acid
GLP-1 glucagon-like peptide-1
GRAB G-protein-coupled activation-based [sensor]
GPCR G protein-coupled receptor
Gi/Go α subunit of inhibitory G protein
Gq/11 Gq/11 G protein family
Gs stimulatory G protein
5-HIAA 5-hydroxyindoleacetic acid
5-HTP 5-hydroxy-tryptophan
5-HT 5-hydroxy-tryptamine (serotonin)
5-HT[1 to 7][A to F] serotonin receptor with specified family number [1–7] and type [A–F]
5-HTR serotonin receptor
IML intermediolateral cell column
IP3 inositol 1,4,5-trisphosphate
Kir inward rectifier K+ channel
L-DOPA levo-3,4-dihydroxyphenylalanine
LH lateral habenula
LHA lateral hypothalamic area
LHb lateral habenular nucleus
LPB lateral parabrachial nucleus
LSD lysergic acid diethylamide (lysergide)
MAOI monoamine oxidase inhibitor
MAPK mitogen-activated protein kinase
MC4-R melanocortin-4 receptor
mCPBG m-chlorophenylbiguanide
mCPP meta-chlorophenylpiperazine
2ME 2-methyl-5-HT
MDMA 3,4-methylenedioxymethamphetamine
MDPV Methylenedioxypyrovalerone (monkey dust)
mGluR metabotropic glutamate receptor
MPEP 2-methyl-6-(phenylethynyl)-pyridine
MTEP 3-[(2-methyl-1,3-thiazol-4-yl) ethynyl]-pyridine
MTN medial thalamic nuclei
NO nitric oxide
NRM nucleus raphe magnus
NRPa nucleus raphe pallidus anterior
mRNA messenger ribonucleic acid
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NMDAR N-methyl-D-aspartate receptor
OCD obsessive-compulsive disorder
OFCm medial orbitofrontal cortex
8-OH-DPAT 8-hydroxy-2-(di-n-propylamino)-tetralin
PAL globus pallidus
PBS phosphate-buffered saline
PKA protein kinase A
PMAT plasma membrane monoamine transporter
PNS peripheral nervous system
PO/POA preoptic area
PPARγ2 peroxisome proliferator-activated receptor
Pir piriform cortex
S1 primary somatosensory cortical area
SERT serotonin transporter
SNRI serotonin and norepinephrine reuptake inhibitor
SSRI selective serotonin reuptake inhibitor
STRv ventral striatum
TASK TWIK-related acid-sensitive K+ channel
TCA tricyclic antidepressant
TPH tryptophan hydroxylase
TRAAK TWIK-related arachidonic acid-stimulated K+ channel
TRPV transient receptor potential ion channel, vanilloid subgroup
TWIK two-pore domain weak inward rectifier K+ channel
VMAT2 vesicular monoamine transporter 2
VSM vascular smooth muscle
VTA ventral tegmental area
ZI zona incerta
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Study on rat sublines with altered serotonin homeostasis. Front. Neurosci. 2020, 14, 219. [CrossRef]
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