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Abstract
Selective serotonin reuptake inhibitors (SSRI’s) are utilized in the treatment of depression in pregrant
and lactating women. SSRI’s may be passed to the fetus through the placenta and the neonate through
breastfeeding, potentially exposing them to SSRIs during peri and postnatal development. However,
the long-term effects of this SSRI exposure are still largely unknown. The simplicity and genetic
amenability of model organisms is a significant advantage to work with humans. This review will
assess the current research done in animals that sheds light on the role of serotonin during
development and the possible effects of SSRIs. Experimental studies in rodents show that
administration of SSRIs during a key developmental window creates changes in brain circuitry and
maladaptive behaviors that persist into adulthood. Similar changes result from the inhibition of
serotonin transporter or monoamine oxidase, implicating these two regulators of serotonin signaling
in developmental changes. Understanding the role of serotonin in brain development is critical to
identifying the possible effects of SSRI exposure.
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Introduction
Serotonin signaling is involved in the modulation of the majority of neuronal circuits in the
brain and likely plays a key role in the regulation of behavior and development. Levels of
serotonin in the brain are largely regulated via the reuptake of serotonin through the serotonin
transporter (SERT) and the degradation of serotonin by monoamine oxidase (MAO). Human
polymorphisms in SERT and MAO are associated with depression and anxiety (Du et al.,
2004, Caspi et al., 2003). Drugs targeting these two proteins have proven effective in the
treatment of depression and other psychiatric illnesses. Selective serotonin reuptake inhibitors
(SSRIs) are especially popular due to their limited side effects as compared to earlier drugs
such as tricyclic antidepressants and MAO inhibitors (Drugs, 2000). However, the findings of
maladaptive behaviors caused by polymorphisms in SERT and MAO suggest that altered levels
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of serotonin early in development may have unexpected effects on the developing brain. This
is supported by recent discoveries in animal models.

Animal studies to date show the role of serotonin in early development and adulthood is not
equivalent. While SSRI treatment alleviates symptoms of depression and anxiety in adult
mouse models of these diseases, SSRI treatment in newborn mice causes an increase in these
maladaptive behaviors that persists into adulthood. Furthermore, mice lacking SERT suffer
from increased anxiety and depressive symptoms (Lira et al., 2003, Holmes et al., 2003b). This
is thought to occur because the brains of these animals are exposed to high levels of extracellular
serotonin throughout development. These results suggest the existence of a critical period
where SSRI treatment may cause long-lasting changes that differ from that of treatment in
adulthood. This is of special concern because SSRIs, which are the drug of choice for the
treatment of depression in women during pregnancy and breastfeeding, can to cross the
placental barrier and may be excreted in breast milk (Hendrick et al., 2003, Weissman et al.,
2004). This highlights the need to explore and understand the possible effects of SSRI’s on the
neonate.

This review will cover developmentally relevant aspects of serotonergic neuron structure and
signaling. Most of what is known about serotonin signaling has been discovered through the
use of model organisms (box reference). In this review, we will present a summary of the
evidence from animal studies that indicate the importance of the serotonergic system in
modifying the circuitry of the developing brain and the eventual behavior of the adult animal.
We will begin with a brief introduction to the serotonergic system. This will be followed by a
discussion of the developmental effects of serotonin degradation by MAO, reuptake of
serotonin by SERT, and other studies that alter serotonin levels. Because MAO and SERT play
a central role in regulating extracellular serotonin levels, emphasis will be placed on the
developmental and behavioral effects of altering these two molecules.

Box + table 1: Animal models
Animal models play a crucial role in our understanding of serotonin signaling on a genetic as
well as molecular level. The scale of the system can range from 300,000 sertonergic neurons
in a human to a mere 100 in a fruit fly, and yet the molecules, signaling cascades, and regulatory
pathways are well conserved (Murphy et al., 2004, Hen, 1993). This conservation provides
two major advantages for work with humans: simplicity and genetic amenability. The mouse
and rat are the vertebrate workhorses of many studies because they can provide data ranging
from molecular details to behavioral phenotypes. However, Drosophila’s simplicity and ease
of genetic manipulation provide an excellent model for understanding the fundamentals of the
serotonergic system. For example, the study of SERT and serotonin autoregulation in
Drosophila identified a number of genes involved in regulating SERT expression, including
robo2 and eagle (Couch et al., 2004, Hendricks et al., 2003). Lastly, behavioral and
electrophysiological analysis of aplysia, a marine mollusk, has contributed greatly to our
understanding of serotonin’s role in neural plasticity and long-term synaptic facilitation
(Glanzman, 1994).

These studies have revealed connections important for understanding human disease. For
instance, fibroblast growth factor (FGF) was initially identified as a key regulator of the onset
of SERT expression in the grasshopper (Condron and Zinn, 1997). Subsequent gene expression
studies showed it to be significantly decreased in patients with major depression (Evans et al.,
2004).

Borue et al. Page 2

Int J Dev Neurosci. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Box + Figure 1: Serotonin as a neurotransmitter
Serotonin synthesis is a two-step enzymatic process beginning with the rate-limiting enzyme,
tryptophan hydroxylase (Tph), which converts the amino acid tryptophan into the intermediate
5-hydroxytryptophan. Aromatic amino acid decarboxylase (AADC) then converts the 5-
hydroxytryptophan intermediate into serotonin. Tph polymorphisms have been proposed to be
associated with depression and panic disorder (Zhou et al., 2005, 2005, Zill 2004, Maron 2006),
however, see (Hahn and Blakely, 2002).

Once serotonin is synthesized it is packaged into vesicles for neurotransmission by the vesicular
monoamine transporter (VMAT), which transports monoamines (serotonin, dopamine,
histamine, and noradrenaline) from the cytoplasm into vesicles using a proton gradient.

Following release into the extracellular space, serotonin can interact with one of more than 14
receptor types. While one class of receptors acts through a serotonin gated ion channel, the
remainder of serotonin receptors act through G protein coupled signaling. These receptors are
expressed on a variety of different targets in the developing and mature organism, which allows
serotonin to have its multitudinous effects (For a more detailed review of receptors, see (Barnes
and Sharp, 1999)). Serotonin signaling through these receptors is dependent on extracellular
serotonin levels.

Serotonin is removed from the extracellular space via SERT and then repackaged into secretory
vesicles or degraded by MAO. Therefore the function of SERT and MAO is central to
regulation of serotonin levels both inside and outside of the serotonergic neuron.

Serotonergic neurons
Serotonin is an ancient molecule, whose function has expanded to play a variety of roles in
developing as well as adult humans. Serotonin is secreted hormonally by a number of peripheral
structures including the pineal gland, parafollicular cells of the thyroid, enterochromaffun cells
of the gut, and neuroepithelial bodies of the lung. Hormonally-released serotonin freely crosses
the placenta and the immature blood-brain barrier, providing the fetus with a paracrine source
of serotonin long before it gains the ability to synthesize the neurotransmitter (Vitalis and
Parnavelas, 2003). In the central nervous system, serotonin is synthesized and released by
serotonergic neurons located in the raphe nuclei within the brainstem. This review will focus
on the role of serotonin in the developing central nervous system.

Serotonergic neurons develop very early, sending projections throughout the brain, and
therefore are in a prime position to modulate the maturation of other neuronal circuits. Indeed,
serotonergic fibers have been shown to make early, functional synaptic contacts with Cajal-
Retzius cells (Janusonis et al., 2004), which are believed to play an essential role in the
establishment of cortical layers (Ogawa et al., 1995) and radial columns (Luhmann et al.,
2003).

Later in development, serotonin is transiently taken up by certain glutamatergic neurons found
in the thalamus, limbic cortex, hypothalamus, retinal and superior olivary nuclei (Lebrand et
al., 1996, Beltz et al., 2001). These so-called transient serotonergic neurons are involved in
sensory processing. Lacking both Tph and AADC, the two enzymes necessary for serotonin
synthesis, they take up extracellular serotonin via membranous serotonin transporter (Xu et
al., 2004). Although SERT expression is seen only during a window of activity-dependent
patterning, these neurons continue to express serotonin receptor 1B (5-HT-1b), thus retaining
the ability to respond to the neurotransmitter. Because of their reliance on extracellular
serotonin, serotonergic transients are likely to be more vulnerable to changes in extracellular
serotonin levels during activity-dependent patterning. As such, aberrant patterning of areas of

Borue et al. Page 3

Int J Dev Neurosci. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the cortex innervated by these neurons may contribute to the developmental effect of SSRIs.
The mechanism by which serotonin effects the development of these regions is still
controversial (Gaspar et al., 2003, Xu et al., 2004, Persico et al., 2000).

Out of the multitude of targets innervated by the transients, the barrel field area of the primary
somatosensory cortex is the most investigated in rodent models. Here, inputs from each whisker
of the snout normally map onto a precise cluster of projections corresponding to it (D’Amato
et al., 1987, Rebsam et al., 2002). Due to the precise stereotyped distribution of neurons, subtle
patterning defects can be examined. Therefore, analysis of the barrel area map is a powerful
tool for understanding the structural consequences of altering serotonin levels during
development.

Serotonin degradation by MAO
The significance of MAO in regulating serotonin levels is highlighted by the use of MAO
inhibitors for the treatment of clinical depression. By preventing serotonin breakdown, MAO
inhibition leads to significantly increased serotonin levels. Some MAO polymorphisms, which
reduce serotonin levels, are associated with increased propensity towards violence (Meyer-
Lindenberg et al., 2006) and major depression (Du et al., 2004) in humans. A critical first step
towards understanding the effect of elevated serotonin during development was the creation
of the MAO knockout mouse (For an in-depth review of this model see (Gaspar et al., 2003).
In MAO KO mice, the cortical barrels are disrupted, leaving a jumble of overlapping fields
along with decreased axonal branching (Rebsam et al., 2002). Additional patterning defects
are seen in the segregation of retinal ganglion cell columns (Upton et al., 1999). Inhibition of
serotonin synthesis during the perinatal period is sufficient to rescue the patterning defects.
These studies implicate serotonin as a key regulator of activity-dependent patterning in
serotonergic transient-rich areas such as the barrel cortex and superior colliculus. Furthermore,
they suggest the existence of a developmental window characterized by increased sensitivity
to changes in serotonin levels.

Analysis of MAO/5-HT1B double knockout mice helped to further refine the mechanism by
which increased serotonin levels cause somatosensory patterning defects. Despite significantly
elevated serotonin levels, double KO mice show a rescue of normal barrel morphology and
retinal ganglion cell columns (Salichon et al., 2001). Therefore, it is likely that excess activation
of the 1b receptor, which inhibits glutamate release, hampers activity-dependent axonal
competition and pruning; Transient SERT expression may allow some of the glutamatergic
neurons to escape serotonin-mediated inhibition and through doing so, gain a competitive
advantage over their neighbors. When serotonin levels are artificially raised through MAO
inhibition, this mechanism no longer functions appropriately, reducing pruning and leading to
aberrant pattern formation. Since SSRI administration also leads to elevated serotonin levels,
it has the potential to cause similar defects when administered during this critical
developmental window.

Serotonin uptake by SERT
The importance of SERT during development in both circuitry formation and behavior is
highlighted by a number of animal models. Two SERT knockout (KO) mice strains have been
independently generated (Lira et al., 2003, Bengel et al., 1998). Complete loss of SERT results
in four to six-fold increases in extracellular serotonin concentration (Mathews et al., 2004,
Montanez et al., 2003) and 50% decreases in serotonin tissue concentration (Kim et al.,
2005). SERT KO mice exhibit a number of defects including: alterations in sensory patterning,
compensatory changes in receptor expression (Li, 2006), sleep pattern abnormalities, and long-
term behavioral deficits, which depend on the genetic background of the mice.
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Working through different mechanisms, both SERT and MAO knockouts cause increased
serotonin levels during development. It is therefore not surprising that SERT KO mice show
defects in barrel cortex and ganglion cell column patterning, similar to those seen in MAO
knockouts. Furthermore, as would be predicted from MAO/5-HT1B studies, SERT/5-HT1B
double knockout results in a rescue of the patterning defect (Salichon et al., 2001). Thus, both
mouse models converge on the same pathway, through which serotonin may exert a
developmental effect on cortical morphology. It is yet unclear if there is any link between these
patterning defects and maladaptive behavioral responses seen in these mice.

Although precise modeling of human behavior in mice is difficult, a number of paradigms
combining behavioral observation and/or biological monitoring allow correlations to
aggression, anxiety, and/or depression. Tests in which performance is affected by the
administration of SSRIs or anxiolytics tend to be the preferred means of measuring depressive
or anxiery-like traits in rodents. SERT KO mice tend to exhibit significantly decreased levels
of aggression when challenged with an intruder (Holmes et al., 2003a). Some mice show
increased levels of anxiety-like behaviors (Holmes et al., 2003c), while others exhibit a
depression-like phenotype, characterized by decreased attempts to escape unpleasant stimuli
(Lira et al., 2003) and increased stress-sensitivity. Minor stressors cause exaggerated
adrenocorticotropic and catecholamine release. The same mice also show a reduced
dexamethasone-induced suppression of corticosterone secretion, pointing to a possible
dysregulation of the hypothalamic-pituitary-adrenal axis (Prathiba et al., 1998, Li et al.,
1999, Murphy et al., 2001, Tjurmina et al., 2002). The importance of genetic background in
modulating the SERT KO phenotype suggests the existence of a number of modifier loci
involved.

At least some of the behavioral phenotypes seen in SERT KO mice may be due to the excessive
activation of the 5HT-1A receptor. Studies have shown that blockade of the 5HT-1A receptor
with a drug, WAY 100635, early in development rescues some of the behavioral abnormalities
found in SERT KO mice, such as altered sleep patterns and depression (Alexandre et al.,
2006). Interestingly, 5-HT1a KO mice exhibit increased anxiety-like behavior (Groenink et
al., 2003), possibly explaining the tendency of SERT KO mice to exhibit either primarily
anxiety-like or depressive-like traits.

A critical observation is that SERT KO mice exhibit decreased performance on many of the
same tasks normally improved by SERT inhibition in adulthood through SSRI administration
or siRNA infusion in normal mice (Lucki et al., 2001, Thakker et al., 2005). This discrepancy
is most likely to be a consequence of altered serotonin levels during critical a developmental
window, with permanent consequences seen in the adult. As with MAO studies, this points to
the different roles serotonin plays during development versus in the adult. The importance
SERT in regulating serotonin levels during development is further highlighted by human
genetic studies demonstrating that a relatively common polymorphism in the human SERT
promoter, the short allelic form, results in reduced expression of SERT and an increased
susceptibility to elevated anxiety, neuroticism, and depressive symptoms (Caspi et al., 2003,
Lasky-Su et al., 2005). These defects are similar, although less extreme, to those seen in SERT
KO mice.

Pharmacological manipulation of SERT function during the mouse postnatal period produces
behaviors similar to those seen in SERT KO mice. This phenotype, described as neonatal
antidepressant exposure syndrome (NADES) persists into adulthood (Maciag et al., 2006).
Mice exposed to therapeutic doses of fluoxetine during the early postnatal period exhibit
increased anxiety-like behavior and an impairment of shock avoidance (Ansorge et al.,
2004). This behavioral phenotype has been replicated in similarly treated rats (Maciag et al.,
2006, Hansen et al., 1997, Hansen and Mikkelsen, Mirmiran et al., 1981). Additional defects
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are seen in sexual competence/activity, alterations in locomotor activity, and REM sleep
regulation. Furthermore, early SSRI treatment causes permanent reduction in TPH in the dorsal
raphe and SERT expression in the cortex. None of these SSRI induced alterations are observed
in adults undergoing similar type and duration of treatment, again reinforcing the idea of a
critical serotonin-susceptibility period.

Other manipulations
The majority of the studies presented here focus on the developmental effect of elevated
serotonin levels. It is, however important to point out that defects can also arise from depletion
of serotonin levels. Depletion of extracellular serotonin in rodents was accomplished in a
number of ways including: administration of serotonergic neurotoxins or synthesis inhibitors
and preventing the packaging of serotonin into vesicles via a VMAT knockout (Bennett-Clarke
et al., 1994, Wang et al., 1997, Persico et al., 2000, Persico et al.). Regardless of the
methodology employed, decreased serotonin levels caused delayed barrel pattern maturation
and decreased barrel size, although the effect is difficult to separate from a variable degree of
growth impairment. The large number of systems influenced by serotonin often makes
analyzing phenotypes resulting from whole-organism alterations in serotonin levels difficult,
especially in more complex model systems.

A recent study injected serotonin-specific toxin directly into the medial forebrain bundle of
newborn mice (Boylan et al., 2006) to avoid analyzing the exponentially more complex
phenotype produced by global inhibition of serotonin signaling. This lesion produced
numerous defects including: sex and region-specific increases in cerebral cortex width,
impaired social learning and impulse control, increased repetitive behavior and aggression,
hyper-responsiveness to environmental changes, and impaired fine motor performance. Due
to behavioral and structural similarities, these mice have been proposed as a model for autism
without mental retardation. The mechanism linking serotonin levels during development to
autism is still unclear but this study further emphasizes the importance of tight control of
extracellular serotonin during this critical period (Boylan et al., 2006, Whitaker-Azmitia,
2005, Kahne et al., 2002). Deviations in either direction from optimal serotonin levels during
key developmental windows can produce dramatic and long-lasting alterations in the organism.

Conclusions
In this review, we have presented the major steps of serotonin signaling: serotonin synthesis
and packaging, reuptake, and degradation. We have stressed the effects that each of these
processes has on the regulation of serotonin levels and the developing brain. Animal studies
have shown the importance of serotonin signaling in modulating neuronal circuitry, 5HT
receptor level, and behavior. Regardless of the method employed, increased extracellular
serotonin levels during the perinatal period can cause subtle changes in brain circuitry and
maladaptive behaviors, such as increased anxiety, aggression, or depression, that are
maintained into adulthood. These effects are thought occur through excessive activation of
certain serotonin receptors as evidenced by the rescue of these phenotypes by pharmacological
or genetic means.

Serotonin signaling is highly conserved, and therefore many of these animal model finding are
relevant to humans. This is highlighted by the discovery of human polymorphisms in SERT
and MAO that are associated with maladaptive behaviors that are very similar to the behaviors
seen in knockout mice lacking these serotonin signaling genes. Altogether these findings stress
the importance of regulating levels of extracellular serotonin during critical developmental
windows. SSRI’s blockage during this time could have subtle effects on the developing brain
that may not become apparent until adulthood. Very little is known about the timing or number
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of such critical periods in human development. It is clear that more studies in both animals and
humans will need to be done to fully understand the effects of SSRIs on the developing brain.

While much of our current knowledge of serotonin signaling comes from mouse models, more
basic animal systems may be necessary to tease out some of the fundamental rules governing
serotonin signaling. For example, the fruit fly with its conserved serotonin signaling pathway,
provides a more simple model to study the serotonergic system at the single neuron level.
Studies done in the fruit fly, where excess serotonin has been shown to cause compensatory
changes in the structure of the serotonergic neurons, have provided evidence for an
autoregulatory role of serotonin. Further work in this simple model may yield more insight
into the serotonergic signaling and its role in the developing brain.
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Box + table 1
Effects of altering serotonin signaling molecules–

Animal Human
Serotonin signaling molecule Structural changes in KO mice Behavioral changes in KO mice Clinical significance

TPH 2 no TPH2 KO - Possible polymorphism
linked with depression

VMAT 2 no structural abnormalities lethal during early postnatal
development

-

SERT abnormal axonal arborization:
retinal and thalamic neurons

increased anxiety, depression,
decreased agression

Polymorphism (short
variant) linked to increased

anxiety SSRIs used for
treatment of depression,

anxiety, OCD, etc
MAO A abnormal axonal arborization:

retinal and thalamic neurons
increased aggression, anxiety Polymorphism associated

with increased aggression
and depression

MAOA inhibitors used for
treatment of depression

5HT1A increased anxiety -
5HT1B influences axonal arborization increased aggression -
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