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Serotonin (5-hydroxytryptamine, 5-HT) is perhaps the most well-studied of the classical neurotransmitters
and has been implicated in many behavioral adaptations as well as essential physiological functions. In addition
to its role in these processes, 5-HT is also a vital regulator of development and begins acting as early as the end
of gastrulation and continues throughout postnatal development. A rich body of research has established that
5-HT is intimately involved in the survival, proliferation, migration, differentiation, and maturation of neu-
rons, and the formation of functional synapses. This review surveys experiments that have demonstrated the
role of 5-HT signaling in each of these processes, most of which are mediated by G-protein coupled receptor
signaling cascades. However, 5-HT3, the only ligand-gated cation channel member of the 5-HT receptor gene
family, has been understudied in the context of development. Evidence presented here suggests a significant
role for the 5-HT3 receptor in neurogenesis, but much is still left to be learned about the mechanisms by which
it acts. The information gained from the study of 5-HT signaling in neurogenesis has important implications
for a more thorough understanding of the development of the central and peripheral nervous systems.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is an
evolutionarily ancient molecule’ that is critical
for the modulation of many physiological
and behavioral adaptations. Among these
adaptations are appetite, gastrointestinal
function, nociception, sexual behavior, mood,
learning and memory. The role of 5-HT in
these processes has been extensively studied
for decades. Outside the realm of classical
neurotransmission, 5-HT is considered to
be a key regulator of neurogenesis through
neurotrophic effects*’, and this notion is well
supported in the literature. 5-HT expression
is highly abundant in the developing central
and peripheral nervous systems®. Additionally,
serotonergic neurons housed in the brainstem
are among the earliest born** and they
innervate most regions of the brain’. One of
the foundational experiments identifying
5-HT in neurodevelopment demonstrated
that pharmacological depletion of 5-HT

during rat embryogenesis results in impaired
neural differentiation in the brain®. Since
then, advances in molecular biology and
pharmacology have permitted study of the
modulation of neurogenesis by 5-HT during
embryonic and postnatal development,
specifically by the activity of 5-HT receptors
and the 5-HT transporter, SERT. This
review highlights research that attests to the
importance of 5-HT signaling throughout
neurogenesis in mammalian development and
identifies questions in the field that remain
unanswered.

Serotonin in the Modulation of Survival,
Proliferation and Differentiation

Numerous studies support the hypothesis
that 5-HT promotes the proliferation and
survival of neuronal progenitors early in
embryogenesis. One way 5-HT acts in these
processes is by mediating the activity of
glycogen synthase kinase-3f (GSK3p). GSK3p

Neurogenesis:
The process by which
neurons are generated
from neural stem and/or
precursor cells.

Differentiation:

The developmental pro-
cess of neural progenitors
acquiring the genetic and
phenotypic  characteris-
tics of their terminal neu-
ronal fates.
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Wt signaling pathway:
Highly conserved cellular
signal transduction path-
way that plays a crucial
role in embryonic and fe-
tal development; known
downstream effects in-
clude modulation of gene
expression,  cytoskeletal
dynamics, and intracel-
lular calcium levels.

Specification:

Also referred to as lin-
eage segregation or di-
vergence, the means by
which neural precursors
are assigned neuronal
identities but have yet to
become determined or
undergo differentiation.

acts as a negative regulator of neurogenesis
by inhibiting B-catenin in the canonical
Wnt signaling pathway. Inhibition of GSK3f
allows PB-catenin to enter the nucleus and
activate target genes that promote the survival
and proliferation of neuronal progenitors’.
The effect of 5-HT on GSK3f activity was
first observed in the mouse brain—upon
administration of d-fenfluramine, a SERT
inhibitor, GSK3B becomes phosphorylated
and subsequently inhibited in the cerebral
cortex and hippocampus®. A later experiment
showed a similar effect in animals lacking
functional tryptophan hydroxylase-2 (Tph2),
a key enzyme in neuronal 5-HT synthesis:
Tph2 null mice also display phosphorylated,
inhibited GSK3B'". In both experiments,
inhibited GSK3f results in perpetuation of
the neural stem cell profile, such that survival
and proliferation programs are maintained.
Interestingly, the selective serotonin reuptake
inhibitor (SSRI) fluoxetine has been proposed
to mediate its antidepressant effects by fostering
neurogenesis in the hippocampus'**’. This
hypothesis is supported by the observation
that fluoxetine increases phosphorylation
and inhibition of GSK3p, thereby promoting
survival and  proliferation''®.  Further
experimentation revealed that inhibition
of GSK3B occurs by signaling through the
serotonin type 1A receptor (5-HT1A).
Specifically, 5-HT1A signaling stimulates the
kinase activity of Akt'”", which is known to
phosphorylate and inhibit GSK33'*'. In favor
of this mechanism, it was shown that 5-HT1A-
specific antagonists block phosphorylation of
GSK3pB by Akt". Collectively these findings
demonstrate that 5-HT1A signaling causes
inhibition of GSK3p, stimulating survival and
proliferation in neurogenesis.

While there is no evidence substantiating
a direct role for 5-HT in specification
of neurons, there is support for 5-HT
regulating mechanisms of differentiation.
Contradictory to its influence on GSK38
inhibition, 5-HT1A signaling mediates effects
that oppose the proliferation and survival of
neuronal precursors by promoting neuronal

differentiation. Autoinhibition of the 5-HT1A
receptor moderates serotonergic neuronal
differentiation in the developing raphe nucleus,
as evidenced by increased serotonergic density
in this region in animals lacking 5-HT1A*. It
has also been noted that the 5-HT1A receptor
is expressed early in the mouse fetal brain, and
over developmental time its autoinhibitory
activityresultsin decreased 5-HT1A expression
as serotonergic neuronal differentiation
increases®. Corroborating these results,
other experiments showed that the absence
of SERT leads to excessive stimulation of
5-HT1A receptors and subsequent inhibition
of serotonergic neuronal development*.
Aside from serotonergic neurons, 5-HT
signaling also stimulates differentiation of
glutamatergic neurons in the embryonic
cerebral cortex”, demonstrating that 5-HT
affects the differentiation of multiple neuronal
subtypes. In an effort to tease apart the
mechanisms underlying these effects, work in
cultured cells from the developing brainstem
and cortex of fetal mice showed that 5-HT1A
activity stimulates the release of S100p from
astroglial cells expressing this receptor®?.
S100pB, when secreted from astroglial cells and
taken in by neighboring neuronal progenitors,
is anti-apoptotic**! and promotes neuronal
differentiation®. This factor appears to be
involved in regulating the stability of tubulin in
the construction of microtubules, thus serving
to help stabilize the neuronal cytoskeletal
architecture required for differentiation®.
These collective reports indicate that the
5-HT1A receptor plays opposing roles in
neurogenic processes and further study is
needed to dissect its mechanisms of action in
various settings.

The influence of 5-HT signaling on survival,
proliferation and differentiation of neuronal
progenitors is not unique to the central
nervous system. While 5-HT2B promotes
survival in cortical neuronal progenitors*-,
it also modulates survival and differentiation
during peripheral neurogenesis. Depletion of
5-HT2B at the onset of neurulation in mice
results in precocious neuronal differentiation
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and failure of cranial neural crest cells to migrate to the
periphery®. In the enteric nervous system (ENS), it was
shown by Michael Gershon’s group that this receptor is
important for initiating differentiation of enteric neurons®.
Moreover, they have also published studies demonstrating
the requirement of 5-HT4 for the generation and survival
of neurons in the developing postnatal enteric nervous
system*. By ablation of Tph2 gene expression, they showed
that 5-HT is necessary for the proper differentiation and
maintenance of dopaminergic neurons in the gut®. These
experiments collectively emphasize the significance of
5-HT signaling in the development of several neuronal
populations, although the wunderlying molecular
mechanisms have yet to be dissected. How 5-HT functions
in the neurodevelopment of other visceral organs outside
the ENS is still largely unknown. Clearly, the means by
which serotonin signaling impacts the beginning stages of
neurogenesis are highly diverse and the downstream effects
of several 5-HT receptors vary throughout the course of
development.

Serotonin in Neuronal Maturation and Synaptogenesis

An extensive body of literature reports the effects of 5-HT
signaling on the maturation of the neuronal phenotype
following differentiation and the formation of functional
synapses. The involvement of 5-HT in neurite outgrowth
and dendritic arborization is especially well-supported
by numerous studies. In embryonic development of
the mouse raphe nucleus, loss of the 5-HT1A receptor
results in an increase in neurite number and length*.
A comparable autoinhibitory effect of this receptor was
noted in cultured fetal rat cortical neurons*. However,
deprivation of 5-HT during postnatal rat development
ultimately leads to deficient dendritic branching on granule
cells of the dentate gyrus, which can be rescued with a
5-HT1A receptor agonist'. As described earlier in the
context of proliferation and differentiation, it appears that
5-HT1A activity has varying effects either by promoting or
inhibiting neuritic outgrowth and maturation. Other 5-HT
receptors are also influential in neuronal maturation. For
example, in fetal mice, enhanced neurite outgrowth is seen
when 5-HT1B receptors expressed in thalamic neurons are
stimulated®. Similarly, detailed studies have revealed that
the 5-HT7 receptor activity regulates neuronal architecture
in the construction of cortical columns as serotonergic
inputs connect to Cajal-Retzius cells*. Coupling between
stimulated 5-HT7 and the Ga.-12 protein activates the RhoA
and Cdc42 signaling cascades. When activated by Ga-12,
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these factors promote and impede, respectively, neurite
outgrowth and growth cone motility*****. Conversely,
5-HT4 activity, by coupling to the heterotrimeric G13
protein and activating the RhoA signaling cascade, inhibits
neurite outgrowth and cell-rounding during neurogenesis
in the hippocampus®*%. Analogous to the complexity of
actions seen in survival and proliferation, the opposing
effects of 5-HT in neurite outgrowth and maturation attest
to the diversity of the roles this neurotransmitter can play
in multiple neurogenic processes.

In addition to its influence on dendritic morphology,
5-HT has also been implicated in moderating axon
guidance mechanisms in development. Work from Levitt
and colleagues in recent years have clearly demonstrated
a unique role for 5-HT signaling in guidance of
thalamocortical axons in the developing forebrain of
rodents and humans. Using 5-HT1A/1D receptor-specific
drugs, theyfound thatactivation of the G, -protein signaling
pathway through these receptors, which inhibits adenylyl
cyclase and decreases intracellular levels of cAMP*, causes
the axonal attractant netrin-1 to become a repulsive cue
for migrating axons®. Additionally, segregation of axons
in developing thalamic sensory projections relies on
appropriate levels of 5-HT signaling in the early postnatal
brain—overstimulation of 5-HT1B receptors results in
cytoarchitectural aberrations of somatosensory projections
to the thalamus and thalamic projections to the barrel
field cortex’'. All the studies reported here emphasize the
importance of 5-HT signaling in neuronal maturation
processes.

The role of 5-HT signaling in neurogenesis extends from
neuronal maturation and axon guidance to the formation
of synapses during embryonic and postnatal development.
Recalling the early neurogenic effects of 5-HT signaling on
s100B expression, 5-HT continues to act through s100p to
support synaptogenesis and synaptic plasticity. Transient
depletion of 5-HT during rat postnatal brain development
leads to a subsequent loss of s100B, which ultimately results
in a thinning of synaptic density in the hippocampus of
adult rats®. The consequence of 5-HT and s100 loss during
this time is permanent, such that even after restoration of
endogenous 5-HT these synapses cannot be reformed in
adulthood. The actions of 5-HT signaling on s1008 not
only affect synapse formation but also plasticity. When
s100p is lost early in mouse development, the remaining
hippocampal synapses are less likely to adapt to learning
and memory formation compared to control animals™. It
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is important to recognize that the effects of 5-HT signaling
during developmental neurogenesis continue to impact
adult brain structure and function.

A Potential Role for the 5-HT3 Receptor in Neurogenesis

Throughout this review of serotonin’s modulation of
neurogenesis, the focus has been on the members of the
5-HT receptor family that are G-protein coupled receptors.
The 5-HT3 receptor is the only serotonin receptor that is
a ligand-gated ion channel®**, and there are several lines
of evidence that implicate an important role for 5-HT3
in central nervous system development. Loss of 5-HT3
activity in cortical development results in decreased
levels of reelin. The expression of reelin, an extracellular
matrix glycoprotein involved in neurogenesis, has been
demonstrated in Cajal-Retzius cells in layer I of the cortex
in mice®. Reelin expression in this cell population is
dependent upon the reception of excitatory input through
5-HT3A receptors”. It has also been demonstrated that
reelin helps coordinate the migration of sympathetic
preganglionic neuronal progenitors to the spinal cord
in fetal development®, which suggests a role for 5-HT
signaling in this system. 5-HT3 receptors have also been
shown to be involved in the migratory patterns and
maturation of GABAergic interneurons in mouse cortical
development. Application of a 5-HT3 agonist causes this
cell population to have abnormally long neuritic processes
with few branches, while a 5-HT3 antagonist results in
the formation of numerous, short processes and failure
to migrate to the cortical plate. Moreover, fluoxetine has
been demonstrated to functionally suppress the activity
of 5-HT3 receptors®, and very recently it was discovered
that prenatal exposure to fluoxetine reduces dendritic
complexity by nearly 50% in pyramidal neurons of the
cortex in mice®. This receptor’s actions in neurogenesis
extend into the construction of neuronal architecture.
Elegant experiments have demonstrated an interaction
between the intracellular portion of the 5-HT3 receptor
and F-actin, implying that 5-HT3 modulates cytoskeletal
structure during neuronal migration and maturation®.
5-HT3 activity appears to mediate multiple neurogenic
processes throughout the course of neurodevelopment—
yet, the causal mechanisms underlying the function of
5-HT3 are poorly understood.

It is widely known that regulation of calcium flux in
neural progenitors is required for proper nervous system
development to occur. Interestingly, presynaptically

localized 5-HT3 is permeable to calcium in neurons of the
corpus striatum, hippocampus and amygdala®®. 5-HT3
receptors have enhanced calcium permeability in several
neuroblastoma cell lines as well®>®. Given this information,
it is plausible that 5-HT3 exerts its effects on neurogenesis
via calcium signaling. Research supporting this hypothesis
has only been conducted fairly recently. PC12 cells express
5-HT3, and an increase in intracellular calcium levels was
observed in response to treatment with a 5-HT3 agonist®.
This effect led to Nerve Growth Factor (NGF) upregulation,
resulting in neurite outgrowth and differentiation, and is
blocked by a 5-HT3 antagonist. Surprisingly, the L-type
calcium channel antagonist nifedipine also inhibits the
5-HT-induced increase in intracellular calcium and its
stimulation of NGF. The response to nifedipine suggests
that 5-HT3 stimulation likely affects the activity of voltage-
gated calcium channels, providing another mechanism
by which 5-HT3 receptors are responsible for regulating
calcium flux in developing neurons. This hypothesis is
especially intriguing, as the calcium-dependent promotion
of Brain Derived Neurotrophic Factor (BDNF) transcription
by the CREB pathway is mediated by L-type calcium
channels®® 7. It was also shown that 5-HT3 receptors are
expressed transiently in the glutamatergic granule cells
of the developing cerebellum, where they were shown to
be critical for promoting plasticity during synaptogenesis
of Purkinje cells and parallel fibers”. The authors of this
work postulate that 5-HT3 may be mediating its effects via
control of calcium flux, either through 5-HT3 itself or its
activation of L-type calcium channels, but this possibility
has not yet been pursued.

In contrast to the intriguing studies conducted in the CNS,
the role of 5-HT3 in PNS development is almost entirely
unknown. In 1996, Johnson and Heinemann reported
expression of 5-HT3 in the neural crest cells of rat embryos
aged 15 days post coitus (dpc), including sympathetic and
parasympathetic ganglia of the enteric nervous system
and the dorsal root ganglia (DRG)”. This observation is
corroborated by demonstration of 5-HT3 gene expression
in the DRG of 14.5 dpc fetal mice”. There has been no
follow up on these findings, so the function of 5-HT3
throughout neural crest development remains unclear. As
mentioned previously, the development of some aspects of
the PNS is poorly studied; among these is the innervation
of the lower urinary tract (LUT). Proper 5-HT3 function is
critical for maintaining the autonomic innervation of the
LUT in adult mice™, but its role in the development of this
system has not yet been explored. Based on the importance
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of 5-HT signaling in neurogenesis and the preliminary
observations outlined here, there is strong support for
the hypothesis that signaling through the 5-HT3 receptor
influences neural crest development and the innervation of
the LUT.

To investigate the function of 5-HT3 in neural crest cells, a
wide variety of tools is available. Transgenic reporter mouse
lines” allow visualization of 5-HT3 expression throughout
embryonic and postnatal development. A 5-HT3 knockout
line exists’® and would be valuable to study the effects of
loss of this receptor on neural crest survival, differentiation
and migration to the LUT. /n vizro study of mechanisms
by which 5-HT3 mediates neuronal specification of neural
crest progenitors is possible with numerous drugs affecting
5-HT3 activity’. Pharmacological agents may also be used
to tease apart the downstream signaling cascades regulating
neurogenesis that are stimulated by 5-HT3. Additionally,
emerging technology facilitating imaging of calcium flux in
live cells permits examination of the functionality of 5-HT3
in neurogenesis”. These and other molecular biology
techniques will allow researchers to begin to elucidate the
role of 5-HT3 signaling in PNS neurogenesis.

Conclusions

A broad body of evidence, including studies described here
and others not mentioned, underscores the importance
of 5-HT signaling in multiple processes that comprise
neurogenesis. 5-HT has been shown to be intimately
involved in the survival, proliferation and differentiation
of neuronal progenitors. Additionally, 5-HT functions to
modulate the migration of differentiating neurons, the
augmentation of neurites, and the construction of synapses
and cellular architecture. The diversity of the processes
regulated by 5-HT is reflected in the myriad signaling
mechanisms by which 5-HT acts via its receptors. In fact,
the same receptor can even serve oppositional functions
throughout the course of development, as is the case
with 5-HT1A and 5-HT7. While some of the signaling
cascades mediating these processes have been dissected,
much work remains to be done in order to discover the
ways in which 5-HT signaling is able to take on so many
roles throughout the course of neurogenesis. Especially
compelling for future study is the 5-HT3 receptor, the only
ligand-gated ion channel in the serotonin receptor family.
Several publications implicate a significant role of 5-HT3
in neurogenesis—however, no one has yet assembled the
pieces of the puzzle to understand precisely the ways by
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which this receptor affects neurogenic processes. The
subject of 5-HT3 in peripheral neurogenesis is still largely
untouched. Fortunately, pharmacological and molecular
tools currently available make it possible to investigate how
5-HT3 guides neurogenesis in embryonic and postnatal
development.
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