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Abstract

Selective serotonin reuptake inhibitors (SSRIs) have been a mainstay pharmacological treatment
for women experiencing depression during pregnancy and postpartum for the past 25 years. SSRIs
act via blockade of the presynaptic serotonin transporter and result in a transient increase in
synaptic serotonin. Long-lasting changes in cellular function such as serotonergic transmission,
neurogenesis, and epigenetics, are thought to underlie the therapeutic benefits of SSRIs. In recent
years, though, growing evidence in clinical and preclinical settings indicate that offspring exposed
to SSRIs /n utero or as neonates exhibit long-lasting behavioral adaptions. Clinically, children
exposed to SSRIs in early life exhibit increased internalizing behavior reduced social behavior,
and increased risk for depression in adolescence. Similarly, rodents exposed to SSRIs perinatally
exhibit increased traits of anxiety- or depression-like behavior. Furthermore, certain individuals
appear to be more susceptible to early life SSRI exposure than others, suggesting that perinatal
SSRI exposure may pose greater risks for negative outcome within certain populations. Although
SSRis trigger a number of intracellular processes that likely contribute to their therapeutic effects,
early life antidepressant exposure during critical neurodevelopmental periods may elicit lasting
negative effects in offspring. In this review, we cover the basic development and structure of the
serotonin system, how the system is affected by early life SSRI exposure, and the behavioral
outcomes of perinatal SSRI exposure in both clinical and preclinical settings. We review recent
evidence indicating that perinatal SSRI exposure perturbs the developing limbic system, including
altered serotonergic transmission, neurogenesis, and epigenetic processes in the hippocampus,
which may contribute to behavioral domains (e.g., sociability, cognition, anxiety, and behavioral
despair) that are affected by perinatal SSRI treatment. Identifying the molecular mechanisms that
underlie the deleterious behavioral effects of perinatal SSRI exposure may highlight biological
mechanisms in the etiology of mood disorders. Moreover, because recent studies suggest that
certain individuals may be more susceptible to the negative consequences of early life SSRI
exposure than others, understanding mechanisms that drive such susceptibility could lead to
individualized treatment strategies for depressed women who are or plan to become pregnant.
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1. Introduction

Psychiatric disorders such as depression can have profound, lifelong detrimental effects on
an individual’s quality of life. According to the Diagnostics and Statistical Manual for
Mental Disorders version 5 (DSM-5), an individual meets criteria for major depression if he
or she experiences depressed mood or a loss of interest in normally pleasurable activities
together with any four of the following symptoms nearly every day for at least two weeks:
significant weight loss or weight gain, inability to sleep or oversleeping, psychomotor
retardation or agitation, feelings of worthlessness or excessive guilt, diminished
concentration, and/or recurring thoughts of death or suicidal ideation [1]. Women are 70%
more likely than men to be diagnosed with depression, with their first depressive episodes
often occurring during childbearing years in the teens and young adulthood [2-6].

The monoaminergic theory of depression has dominated psychiatric research for decades,
postulating that deficient monoamine (serotonin, norepinephrine, and/or dopamine)
concentrations in the brain contribute to the etiology of depression [7-14]. Many depressive
symptoms are relieved by drugs that increase synaptic monoamine concentrations [12, 15].
Selective serotonin reuptake inhibitors (SSRIs), which selectively block serotonin reuptake
via the serotonin transporter, have been a pharmacological mainstay in the treatment of
major depressive disorder for over 25 years. Approximately 10-20% of pregnant women
have been diagnosed with depression and up to 30% of these women receive SSRI treatment
[16-19], which exposes tens of thousands of children annually to serotonin-modulating
agents during crucial developmental periods.

A range of biological and environmental factors regulate the developing brain, which sets
the stage for an individual’s susceptibility to stress and emotional dysfunction in later life
[20-23]. The early-life environment plays a major role in shaping an individual’s emotional
health as brain regions regulating emotion are actively developing from early postnatal life
through late adolescence and early adulthood. Maternal mood and quality of caregiving (as
well as experiencing childhood neglect or abuse) have long been understood to impact a
child’s risk for developing psychopathology [24-27]. Studies have also begun to suggest that
children exposed to SSRIs /n utero are at increased risk for psychopathology, including
increased internalizing behavior, abnormal social behavior, and depression during
adolescence [28-34].

The long-term effects of SSRIs on human brain development and emotional health beyond
the first ~15 years of life are largely unknown owing to insufficient study; however, in
rodents, perinatal SSRI exposure produces a constellation of lifelong behavioral
disturbances — increased depression- and anxiety-like behavior, anhedonia, perturbed sleep,
diminished sexual performance — that resembles depression in humans [35-45]. Although
rodent anxiety- and depression-like behaviors do not completely recapitulate the human
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condition, similar neuroanatomical pathways regulate emotion across species, so perinatal
SSRI exposure-induced molecular neuropathology may contribute to perturbed behavioral
domains in both rodents and humans. Therefore, rodent studies may offer critical clues to
better understand how early life SSRI exposure disrupts brain development and emotional
behavior.

This review article has four main objectives. (Z) We first give an overview of the
development and function of the serotonin system to provide context for how this system
may be affected by early life SSRI exposure. (2) We next summarize the clinical outcomes
of /n utero SSRI exposure in humans as well as (3) the impact of perinatal SSRI exposure on
rodent behavior. (4) We conclude with a discussion of neural and molecular mechanisms that
may underlie changes in rodent behavior, which may be relevant to neuropathological
changes contributing to the deleterious effects of perinatal SSRI exposure on brain and
behavior.

2. Anatomy of the serotonergic system

Serotonin (5-hydroxytryptamine, 5-HT) neurotransmission requires the presence of
numerous molecules, including enzymes required for 5-HT synthesis (Figure 1). Tryptophan
hydroxylase 2 (TPH2), the rate-limiting enzyme in 5-HT synthesis, converts tryptophan to 5-
hydroxytryptophan (5-HTP), which is converted to 5-HT by aromatic L-amino acid
decarboxylase (AADC). 5-HT is stored in synaptic vesicles in the presynaptic terminal until
an action potential triggers its release into the synaptic cleft where it can activate a variety of
postsynaptic receptors (5-HT1-7). One type of 5-HT receptor (5-HT3) is a ligand-gated ion
channel, but the remaining receptors are G protein-coupled receptors. 5-HT1 (1A-F) and 5-
HT5 (5A-B) receptors are Gi/Go-protein coupled receptors that decrease cellular levels of
cyclicAMP (cAMP) [46]. The 5-HT2 receptor family (2A-C) are Gg/G11-protein coupled
receptors that increase cellular levels of inositol trisphosphate and diacylglycerol. 5-HT4
(4A-B), 5-HT®6, and 5-HT7 receptors are Gs-protein coupled receptors that increase cellular
levels of CAMP [47]. 5-HTergic action is terminated when it is removed from the synapse
via the 5-HT reuptake transporter (SERT) located on the presynaptic neuron [48]. Once 5-
HT returns to the presynaptic terminal, it can either be repackaged into vesicles for future
release, or broken down by monoamine oxidase (MAO).

5-HT in the brain is synthesized by neurons within the raphe nuclei, which are located along
the midline throughout much of the rostro-caudal extent of the brainstem [49]. These cells
are relatively few in number, totaling about 30,000, but send complex branched axons. 5-HT
fibers course throughout the neuraxis to modulate virtually every functional domain of the
central nervous system, including affect, cognitive function, and homeostatic processes [50].
The 5-HT system is comprised of nine anatomically distinct cell groups (B1-B9) that are
broadly divided into two subdivisions: (a) a rostral division (groups B6-B9), with cell bodies
in the midbrain and rostral pons that provide the majority of ascending 5-HTergic fibers that
innervate the forebrain; and (b) a caudal division (groups B1-B5) located in the medulla
oblongata that send major descending 5-HTergic fibers to the spinal cord [51]. Table 1
defines the cytoarchitectural regions defined as 5-HTergic cell groups B1-9 (based on [51]).
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2.1 Ascending 5-HT projections

Fibers emanating from the rostral 5-HTergic cell groups (B6-9) ascend through the medial
forebrain bundle to innervate numerous forebrain regions, including the cerebral cortex
(particularly layer I), basal ganglia, limbic system, and diencephalon [52-55] (illustrated in
Figure 2).The rostral part of the dorsal raphe (RDR) primarily innervates the caudate
putamen, as well as the substantia nigra, subthalamic nucleus, substantia innominata, and
motor cortex [50]. The ventral part of the dorsal raphe (DRV) predominantly innervates the
sensorimotor cortex; it also innervates several cortical regions (motor, frontal, ventrolateral
orbital, barrel field, entorhinal corticies and parts of the visual cortex) along with medial
septum, several amygdala subnuclei, medial and lateral habenula, and the hypothalamus [50,
56]. The dorsomedial part of the dorsal raphe (DRD) heavily innervates a number of limbic
regions associated with stress-response and anxiety, including the medial prefrontal cortex
(mPFC), central amygdala, basolateral amygdala, medial amygdala, dorsal hypothalamus,
bed nucleus of the stria terminalis (BNST), nucleus accumbens, and dorsolateral
periaqueductal grey [50]. The lateral wings of the dorsal raphe (DRVL) project to
subcortical regions such as the thalamus, lateral and medial habenula, anterior
hypothalamus, periaqueductal grey, and raphe magnus [50, 56]. The supralemniscal 5-
HTergic cell group, or B9, is a disperse group of cells that innervate the caudate putamen,
lateral and medial septum, medial amygdala, prefrontal and entorhinal cortex, hypothalamus,
locus coeruleus, periaquaductral gray (PAG), substantia nigra, median raphe and ventral
tegmental area [56, 57].

The hippocampus, lateral and medial septum, several midline thalamic nuclei, caudate,
entorhinal cortex, hypothalamus, locus coeruleus, and PAG receive projections from the
midline portion of the caudal dorsal raphe (DRC) [56]. The intrafascicular part of the dorsal
raphe (DRI) innervates the dorsal and ventral hippocampus, entorhinal cortex, and medial
septum, as well as several limbic cortical regions (dorsolateral prefrontal cortex, anterior
cingulate cortex, and medial orbital cortex) [50]. The median raphe (MnR) innervates the
nucleus accumbens, BNST, amygdala, prefrontal cortex, entorhinal cortex, several thalamic
nuclei, hypothalamus, and many brainstem regions including the PAG, locus coeruleus, and
interpenduncular nucleus [56]. The MnR also provides substantial 5-HTergic innervation to
the septohippocampal system given that lesioning of the MnR with 5,7-dihydroxytryptamine
(5,7-DHT) reduces hippocampal 5-HT and its major metabolite, 5-hydroxyindolacetic acid
(5-HIAA) content by 50-90% [58, 59]. The MnR sends distinct projections to separate
hippocampal layers, including the stratum-lacunosum layer of Ammon’s horn, as well as the
granule cell layer and inner molecular layer of the dentate gyrus. 5-HTergic efferents to the
hippocampus follow four tracts. Efferents from the dorsal raphe follow either the
septohypothalamic tract to the lateral septum or the ansa leticularis and perforant path to the
hippocampus [50]. Efferents originating from the MnR follow the fimbria-fornix or the
cingulum bundle to the septohippcampal system. Most 5-HT fibers in the hippocampus are
located within the stratum radiatum and stratum oriens of CA2-3 and the dentate gyrus [50].

2.2 Descending 5-HT projections

The caudal 5-HTergic cell groups (B1-5) send dense projections to the spinal cord, with
particularly heavy innervation in the dorsal horn (especially lamina | and to a lesser extent
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lamina 11), the ventral horn motor nuclei (laminae V111 and 1X), the thoracic cord, and
intermediolateral column [60, 61]. Collaterals from a single 5-HTergic neuron projecting to
the spinal cord can innervate sensory and motor nuclei at different spinal levels [62]. These
descending projections serve to regulate the rhythm and coordination of movements [63] as
well as the processing of pain [64].The vast majority of all 5-HT axons found in the
mammalian spinal cord originate from cells located in the medullary raphe pallidus, raphe
obscuris, and raphe magnus [65]. 5-HTergic projections to the dorsal horn predominantly
arise from the raphe magnus. Efferents form raphe pallidus and obscuris project to the
ventrolateral white matter and terminate on motoneurons in the intermediate gray and
ventral horns.

2.3 Afferent projections to the raphe

The function of 5-HTergic neurons is modulated by both long-range afferents as well as
inter-raphe signaling from 5-HTergic and non-5-HTergic neurons. The rostral, but not
caudal, dorsal raphe as well as the rostral part of the DRVL receive input from p-endorphin
fibers originating in the arcuate nucleus of the hypothalamus. These arcuate-originating
fibers form synaptic connections with GABAergic interneurons in the dorsal raphe, but not
MnR, and may mediate opioid disinhibition of the 5-HTergic system. The DRVL also
receives input from the lateral and perifornical hypothalamus [50, 66] as well as the median
preoptic nucleus and the BNST [66, 67]. The DRV primarily receives input from the lateral
orbital cortex, but also receives a small number of fibers from the basomedial, anterior
cortical, and anterior nuclei of the amygdala [50, 66]. The DRD receives input from the
infralimbic cortex and the BNST. The DRC receives fairly sparse afferents compared to
other raphe nuclei, but inputs arise from many regions including the mPFC, lateral habenula,
interpeduncular nucleus, lateral tegmental area, substantia nigra, and several hypothalamic
nuclei (7e., lateral, perifornical, and arcuate nuclei) [50, 66]. Innervation of the DRI is
unknown, but correlative evidence suggests it receives afferents from the lateral part of the
parabrachial nucleus [68]. The MnR receives input from the lateral habenula [69], median
preoptic nucleus [67], laterodorsal tegmental nucleus, B9 5-HTergic cells [57], dorsal raphe,
raphe pontis, and raphe obscuris [70, 71]. Figure 2 summarizes afferent projections to each
of the raphe nuclei.

2.4 Microcircuitry of the raphe nuclei

A variety of neurotransmitters and neuropeptides influence 5-HTergic neurons via long-
range input from the forebrain and brainstem. As indicated in the previous section, afferents
to the raphe show clear topography, with different 5-HTergic cell groups receiving distinct
inputs. Consequently, 5-HTergic neurons display heterogeneous responses to environmental
stimuli such as stress [68, 72—76]. 5-HTergic cell subpopulations, as well as non-5-HTergic
cells that surround them within the raphe nuclei, exhibit disparate receptor profiles, which
enables them to respond to a variety of incoming neurotransmitters and neuropeptides
including: glutamate [77], corticotropin-releasing factor (CRF) [78], catecholamines [79],
Substance P [80], gamma-aminobutyric acid (GABA), cholecystokinin (CCK), vasoactive
intestinal peptide (VIP), somatostatin, dynorphin, neurotensin, thyroid releasing hormone
(TRH), enkephalin, and neuropeptide Y [81]. The presence of somatodendritic 5-HT1A
receptors has been associated with inhibitory feedback on both direct and indirect inhibition
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of 5-HT neurons (as previously mentioned). Recently, a subpopulation of 5-HT neurons
lacking 5-HT1A receptors has been described, indicating the presence of subpopulations of
5-HT neurons that are controlled by separate regulatory mechanisms [82].

5-HT neurons were long considered to be a homogeneous population, but the discovery of 5-
HTergic cells in the raphe that do not require the expression of plasmacytoma expressed
transcript 1 (Petl), a transcription factor once thought to be necessary for 5-HT neurons
differentiation, stimulated research into distinct 5-HT neuron populations [83]. Axonal
morphology studies in rats revealed that dorsal raphe axons possess fine, beaded varicosities
while MnR axons exhibit large round, sparse varicosities, and that these axons display
disparate sensitivity to amphetamines [84]. Larger axons originating from the MnR were
found to form “baskets” around the soma and proximal dendrites of neurons in the cortex
and hippocampus [84]. These 5-HTergic baskets form almost exclusively around
GABAergic interneurons of non-parvalbumin (PV) phenotypes, indicating that MnR
regulation of cortical and hippocampal activity is mediated through direct modulation of
GABAergic, but not glutamatergic, activity [85]. In addition to structural differences, 5-
HTergic neurons also exhibit different electrophysiological properties. For instance, it is
known that subpopulations of 5-HTergic neurons possess differences in firing rate, inhibitory
response to 5-HT1A/B agonists, excitability, and theta wave activity [86-91].

Besides 5-HT-producing neurons, the raphe nuclei also contain non-5-HTergic cell types
including GABAergic interneurons (co-expressing somatostatin but apparently not CCK or
VIP) that are typically organized along the lateral areas of the raphe nuclei [81, 92]. These
GABAergic neurons function to regulate input onto 5-HT neurons. Local 5-HT release
activates 5-HT receptors, including 5-HT1A, 5-HT2A/C, and 5-HT7 subtypes, generally
resulting in activation of GABAergic neurons [92-95], and reduced firing frequency of 5-HT
neurons in the dorsal raphe and 5-HT release of in the mPFC [95]. Activating these
GABAergic interneurons may increase inhibitory postsynaptic currents in 5-HTergic
neurons, thereby forming an indirect, local inhibitory feedback loop on 5-HTergic neurons
[92-94], and regulate 5-HTergic firing patterns during various sleep-wake states [96]. Some
5-HTergic neurons express GAD67, an enzyme necessary for GABA synthesis, suggesting
that a subset of dorsal raphe neurons co-release 5-HT and GABA [81]. Glial cells in the
raphe nuclei can also regulate 5-HT neuron function. For instance, astrocytes express several
5-HT receptor subtypes, including 5-HT1A. 5-HT stimulates astrocytic release of S100
calcium-binding protein 3 (S-1008) through activation of these 5-HT receptors, and is
involved in the positive outgrowth of 5-HTergic terminals during development [97, 98]. As
discussed in the following section, astrocytic expression of S-100 f3 is increased in the
location and during a time of 5-HT outgrowth [98, 99].

As noted in section 2.3, the raphe nuclei receive glutamatergic input from several forebrain
regions [77, 100]. Interestingly, there is also evidence for subpopulations of glutamatergic
cells within the raphe system itself [80]. Some neurons in the raphe express VGLUT3,
which is required for packaging of glutamate into vesicles for release. Many of these
VGLUT3-positive neurons also express the Substance P receptor neurokinin 1 (NK1).
Activation by Substance P leads to increased release of 5-HT locally, but reduces 5-HT
release in the forebrain via 5-HT1A receptor-dependent mechanisms [80]. Another cell
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population expresses VGLUT3 and 5-HT in the same terminals, indicating the presence of
neurons that may co-release 5-HT and glutamate [80]. Cells expressing Substance P can be
found in the RDR, DRV, and DRI and is likely co-expressed along with 5-HT in the
ventrally located DRV and DRI [79].

3. Ontogeny of the rodent 5-HTergic system

The placenta provides the initial source of 5-HT for the mammalian embryo [101].
Beginning around rodent embryonic day (E) 10.5, which approximates the start of the
second trimester in humans [102], the neural tube closes and brainstem progenitor cells
originating from ventral neuroepithelium begin to show a ‘5-HTergic phenotype’. By E19,
these 5-HTergic neurons migrate into subgroups that resemble groupings described in the
adult rodent brain [103]. As noted earlier, these neurons form two distinct cell groups: (a)a
rostral group in the midbrain and rostral pons (typically defined as B9-B6, which projects to
the forebrain); and (5) a caudal group (B5-B1) in the medulla oblongata and caudal pons that
eventually sends descending projections to brainstem structures and spinal cord [53].

3.1 Origins and differentiation of 5-HT neurons

The developing mammalian brain is broadly comprised of three basic components: the
forebrain, midbrain, and hindbrain. 5-HT progenitor cells reside in the embryonic hindbrain,
which is subdivided along the anteroposterior axis into 12 segments (the isthmus and 11
rhombomeres) distinguished by distinct gene expression profiles [104] (Figure 3). Cells
derived from specific rhombomeres eventually mature into functionally- and anatomically-
distinct 5-HTergic nuclei. For instance, while 5-HT progenitor cells are located in
rhombomeres (r) 1-3 and 5-7, cells originating in r1 later form 5-HT nuclei B7, B6 and B4,
while r1- and r2-derived 5-HT neurons contribute to formation of B9, B8 and B5 nuclei
[105].

5-HTergic cell differentiation is driven by a cascade of signaling molecules including the
morphogens fibroblast growth factor (FGF)-4, FGF8, and sonic hedgehog (SHH) [106].
FGF4 is released dorsally by the primitive streak, and is integral for specifying the
establishment of 5-HT rather than dopamine (DA) neurons in the rostral hindbrain [107].
FGFS8 is released from the isthmus, or midbrain-hindbrain organizing center (MHO).
Rostrocaudal displacement of the MHO causes a likewise shift in the rostrocaudal
expression of 5-HT neurons. Constitutive expression of the SHH receptor smoothened
displaces 5-HTergic neurons into the cerebellum, indicating a role for SHH in establishing
dorsoventral patterning of 5-HT neurons [108]. SHH also induces transcription factors NK2
homeobox 2 (Nkx2.2) and NK6 homeobox 6 (NVkx6.1), which cooperatively induce
transcription factors GataZand Gata3to drive rostral and caudal 5-HT neuron
differentiation, respectively [109]. Nkx2.2 permits 5-HT neuronal differentiation by
inhibiting paired-like homeodomain protein 2b (Phox2b), which typically blocks 5-HT
neuron differentiation [110]. 5-HT neuronal differentiation also requires expression of the
basic-helix-loop-helix protein, Mashl (mouse achaete-schute homolog 1; Asc/1), which is
coexpressed with NkxZ2.21in the hindbrain [111] as well as other transcription factors acting
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downstream of Nkx2.2, including Pet [112] and LIM homeobox transcription factor 1-beta
(Lmx1b).

3.2 Outgrowth of 5-HTergic fibers

There are three main phases of 5-HT fiber development: a period of axonal elongation from
E13-16 followed by differentiation of specific pathways from E15-19, and finally a period of
terminal field innervation and elaboration from E19-21 [103]. 5-HT innervation in rodents
continues to develop through the first few weeks of life, reaching adult density of fibers
around postnatal day (P)21 [113].

Multiple molecules (including 5-HT itself) influence 5-HT fiber elaboration in the
developing brain. Expression of the 5-HT synthetic enzymes TPH2 (which begins around
E10-10.5 [114]) and AADC (which appears at E11.5 [115]) results in the production of 5-
HT, which serves a trophic role in 5-HT circuit development by auto-regulating 5-HT
production and axonal outgrowth of 5-HT raphe neurons. Brain derived neurotrophic factor
(BDNF) also promotes 5-HT neuron development by increasing 5-HT synthesis as well as 5-
HT neuron survival and sprouting [116, 117]. For example, applying 5-HT or 5-HT1A
receptor agonists to E14 cultured raphe neurons results in a dose-dependent increase in Banf
expression and the number of neurons expressing a 5-HTergic phenotype [118]. S100p also
plays multiple roles in promoting 5-HT neuron development, including supporting
cytoskeleton stabilization, neurite extension, and axonal proliferation [98, 119]. S100p is
secreted by astrocytes in a 5-HT-dependent manner, since decreased 5-HT levels leads to
reduced S100p levels [120, 121] while 5-HT agonists stimulate S100p secretion [122].
Indeed, 5-HT may indirectly regulate its own outgrowth in a positive manner through
stimulating 5-HT receptors on astrocytes, resulting in the release of S100p.

In a more direct fashion, 5-HT can inhibit its own outgrowth through activation of
somatodendritic auto-inhibitory 5-HT1A receptors expressed by 5-HT neurons.
Developmental exposure to increased 5-HT levels, either through pharmacological agents
(such as cocaine, monoamine oxidase inhibitors, and SSRIs) or through genetic
manipulations (i.e. knocking out Sert, Maoa, or Tph2), can trigger life-long 5-HT circuit
changes including reduced firing of dorsal raphe 5-HT neurons [123], reduced expression of
Tph2and Sert mRNA in raphe nuclei [42], perturbed 5-HT innervation in the limbic
forebrain [42, 124, 125], and diminished monoamine content in several forebrain regions
[36, 59, 126-128]. This will be discussed in more detail below in Section 3.4.

3.3 Roles of 5-HT in the developing brain

Interestingly, non-5-HTergic neurons in forebrain regions (predominantly hippocampus,
cortex, thalamus, and striatum) begin to transiently express SERT around E12 during early
brain development [129, 130]. This is unusual since SERT expression is typically restricted
to 5-HT synthesizing neurons to permit capture of synaptic 5-HT. During early phases of
brain development, neurons that transiently express SERT may do so in order to regulate 5-
HT signaling in target fields particularly sensitive to 5-HT levels. For instance, SERT
expression can be found in the rodent hippocampus as early as E17 through P14 [130] where
it is thought to help establish 5-HT innervation [101] and regulate neurogenesis, neuronal
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differentiation, neuropil formation, dendritic pruning, axon myelination, and synaptogenesis
[98].

Much of what is known about 5-HT’s roles as a trophic factor derive from studies examining
the effects of 5-HT depletion in the perinatal rodent brain. Replacing the 7phZ2gene with
enhanced green fluorescent protein (EGFP) interferes with 5-HT production in the
developing as well as adult brain and triggers marked 5-HTergic circuit abnormalities,
including hypo-innervation of the suprachiasmatic nucleus and paraventricular thalamic
nuclei, and hyper-innervation of the nucleus accumbens and hippocampus [125]. Several
studies depleted 5-HT in the perinatal rat brain via treatment with p-chlorophenylalanine
(PCPA), which inhibits TPH2 activity to block 5-HT synthesis, or 5,7-DHT, a neurotoxin
that selectivity Kills 5-HT cells. This work showed that 5-HT depletion delayed forebrain
neurogenesis [131], reduced the rate of forebrain growth [132], and lead to life-long
deficiencies in dendritic maturation [133-135] as well as fewer adult hippocampal and
cortical neurons [98]. Many of these effects were mediated by the 5-HT1A receptor [136-
139], although 5-HT1B receptors [140-142] and 5-HT2A receptors [117] also contribute.
Moreover, many of 5-HT’s trophic effects appear to be mediated through astrocytic S100p
given its critical roles in regulating neuronal development and cytoskeleton stabilization (as
noted above) [143].

3.4 Deleterious effects of excessive synaptic 5-HT on the developing 5-HT system

5-HT clearly plays numerous critical roles in the developing brain, although it is important
to keep in mind that 5-HT levels must be tightly regulated since 5-HT depletion orexcess
can be harmful. Mice that genetically lack SERT display high levels of synaptic 5-HT from
conception throughout life [144]. These SERT knock-out mice display altered cell density
and reduced cortical layer 1V thickness as adults [145], which is likely related to impaired
cortical interneuron [146] and pyramidal neuron migration [147]. SERT blockade from P2-
P11 in mice reduces dendritic complexity of pyramidal neurons in the adult infralimbic
cortex [148]. Excess 5-HT impairs or “arrests” spine development at P21, for instance,
leading to reduced spine density in medial spiny neurons of striatum and pyramidal neurons
of primary motor cortex [149]. Knocking out the 5-HT metabolizing enzyme monoamine
oxidase A (MAOQA) results in increased synaptic 5-HT levels during postnatal development,
accumulation of 5-HT within terminals of non-5-HTergic neurons that can recapture
synaptic 5-HT (including those emanating from substantia nigra, locus coerulus, and
thalamus), and impairs cortical barrel formation in the primary somatosensory cortex [150,
151]. Similar to neurons in the hippocampus, thalamocortical afferents transiently express
SERT during postnatal development. SERT blockade via perinatal SSRI exposure in rodents
disrupts cortical barrel formation in the somatosensory cortex, which, in turn, perturbs
offspring’s later sensory perception [152, 153].

Pharmacologically enhanced levels of synaptic 5-HT during brain development (through
early-life exposure to SSRIs) also cause life-long changes in rodent 5-HT circuits. For
example, postnatal exposure to the SSRI citalopram leads to lasting reductions in SERT+
fibers in both dorsal and ventral hippocampus [124]. Early-life citalopram exposure also
reduces TPH2 expression throughout the rostrocaudal extent of the dorsal raphe and the
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MnR [42]. Neonatal exposure to the tricyclic antidepressant clomipramine reduced 5-HT
levels in the hypothalamus, frontal cortex, brainstem, and hippocampus [126-128]; it also
reduced firing rate and altered temporal discharge of 5-HTergic neurons in the dorsal raphe
[123]. The hippocampus appears to be especially sensitive to fluctuating 5-HT levels in the
developing brain, with 5-HT depletion leading to 5-HTergic hyper-innervation [125] while
excessive synaptic 5-HT during the perinatal period results in 5-HTergic hypo-innervation of
the hippocampus [124].

4. Perinatal SSRI exposure in humans — clinical findings

An estimated 10-20% of women experience depression or anxiety during pregnancy, and 2—
13% of women take an SSRI during pregnancy [154-156]. With an estimated 4 million
newborns each year, this equates to approximately 80,000-520,000 newborns exposed to an
SSRI /n utero. Although SSRIs are generally considered safe, with minimal risk for major
pregnancy complications or fetal malformation [157], there is limited knowledge of the
long-term consequences of perinatal SSRI exposure on human brain maturation and
behavior. Most studies to-date have described either Z) an abstinence syndrome that can
occur in newborn babies exposed to SSRIs /n utero; or 2) abnormal cognitive and social
behaviors reported in some young children that were exposed to SSRIs in early life. These
findings are summarized below.

4.1 Neonatal outcomes following in utero SSRI exposure

In 2005, the FDA issued a warning against using the SSRI paroxetine during pregnancy due
to reports of fetal cardiovascular malformation [158-160]. Similar concerns were raised for
other SSRIs, including fluoxetine [160-162], citalopram [162, 163] and sertraline [162—
165]; subsequent studies concluded that the effects were small and that SSRIs generally pose
minimal teratogenic risks [161, 163-172]. Apart from this, reduced birth weight and
gestational length have been associated with prenatal SSRI exposure when compared to
infants born to depressed mothers that did not receive treatment [173-175].

Neonatal abstinence syndrome (NAS), which includes poor neonatal adaption and neonatal
withdrawal, is the most commonly reported adverse neonatal outcome associated with early-
life SSRI exposure as it occurs in approximately 30% of exposed infants [176-182]. This
transient syndrome is comprised of a range symptoms resulting from cessation of long-term
in utero SSRI exposure. Clinicians group symptoms into 4 categories including: 1)
gastrointestinal (poor feeding, vomiting, uncoordinated sucking); 2) autonomic (sweating,
fever); 3) respiratory (tachypnea); and 4) central nervous system disruptions (restlessness,
tremors, sleep troubles, hyper- or hypotonicity) [182]. Severity of NAS symptoms peaks 2-4
days after birth in SSRI-exposed newborns, and afterward the likelihood of developing NAS
symptomology decreases [180, 181]. Symptoms then dissipate within a few weeks after
birth.

It is unknown why some SSRI-exposed infants develop NAS while others are resistant. One
study examined polymorphisms of SLC6A4, the gene that encodes SERT in humans.
Polymorphisms in the SLC6A4 promoter influence gene transcription and ultimately SERT
function. A 44 base pair insertion/deletion polymorphism in the 5’ regulatory region of
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SLC6A4 s responsible for several variants, most notably the short (s) and long (/) allelles
[183, 184]. Because the sallele is associated with reduced SERT transcription and 50%
reduction in 5-HT reuptake, these children may be primed for poor outcomes following
prenatal SSRI exposure. Evidence for long-lasting behavioral disturbances (discussed in the
following section) is closely tied to the presence of poor neonatal adaptation or NAS [29].

Findings from a handful of studies indicate that early life SSRI exposure can affect a child’s
stress and pain reactivity. At two months of age, infants exposed to SSRIs /n utero exhibit
blunted responses to a painful stimulus [180, 185]. At three months, SSRI-exposed infants
displayed increased serum cortisol binding globulin and reduced salivary cortisol, which
contribute to blunted diurnal cortisol variation [186, 187]. Together these studies suggest
that early life SSRI exposure disrupts neural circuits that regulate somatosensory function,
nociception, and the hypothalamic pituitary adrenal (HPA) stress axis.

4.2 Effects of perinatal SSRI exposure on infant and childhood behavior

A limited number of studies have examined possible cognitive, social, and emotional
behavioral alterations in children with a history of early life SSRI exposure. At 10 months of
age, early life SSRI exposure was associated with low social-emotional and adaptive
behavior test scores on the Bayley Scales of Infant Development (third edition) [154]. These
early differences in social and emotional behavior persist since children aged three to six
years old with a history of early life SSRI exposure were found to display abnormal social
behavior [29], increased internalizing behavior (e.g., anxiety) [28, 33, 155, 188], but no
association with attention-deficit/hyperactivity disorder [34, 189]. (Notably, one study failed
to find an association between early life SSRIs and risk for internalizing behaviors [190].)
Not all studies have associated early life SSRI exposure with detrimental outcomes, as some
found increased readiness to interact at 3 months of age and increased speech perception
through 10 months of age [191, 192]. Early life SSRI exposure alone does not appear to
impact childhood 1Q [33, 193-195]. Although one study found reduced 1Q in SSRI-exposed
children, the comparison group was children of non-depressed mothers, suggesting that
prenatal maternal mood has a more pronounced impact on childhood 1Q than SSRI exposure
[196]. Interestingly, though, these effects may depend on SLC6A4 polymorphisms since
SSRI-exposed children with at least one short SLC6A4 allele were more resilient to poor
maternal mood (displayed better executive function) compared to those with the long allele
[197].

Studies in recent years have begun to examine the possibility that early life SSRI exposure
increases children’s risk for developing neurodevelopmental disorders such as autism [198,
199]. More than 25% of children affected by autism spectrum disorder (ASD) exhibit
elevated whole blood 5-HT levels [200]. This finding coupled with 5-HT’s numerous roles
in shaping neurodevelopmental processes, somatosensory systems, and social behavior (all
domains relevant to symptoms of ASD) support the notion that altered 5-HT signaling plays
a role in the pathogenesis of ASD [201]. A case-controlled study by Croen et al. first
reported increased risk for ASD in children exposed to SSRIs during the first trimester of
pregnancy [30]. Since then, five out of eight studies, most of which consisted of large,
population based cohorts, found a significant association between prenatal SSRI exposure
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and increased risk for ASD. Exposure during the first trimester was more commonly
associated with increased risk for ASD [30, 202]; however, one study found an association
with second and third trimester exposure [201], and another reported a stronger link between
ASD risk and total amount of time exposed to an SSRI /n utero [203].

The studies summarized here point to a number of physiological and behavioral
abnormalities occurring in children exposed to SSRIs in early life. Until recently, none of the
work in humans to-date examined effects beyond childhood, so the long-term consequences
of early-life SSRI exposure on human behavior remain unknown. However, one study has
now found increased prevalence of depression, but not ADHD, in adolescents exposed to
SSRIs /n utero [34]. Several rodent studies show that perinatal SSRI exposure causes life-
long adverse outcomes, including increases in anxiety- and depression-like behavior (broad
overview in Figure 4; detailed in the next section). Consequently, there is urgent need to
follow children exposed to SSRIs /n utero as they age to determine whether they, too, exhibit
heightened risk for developing mood disorders in adulthood.

5. Impact of perinatal SSRI exposure on rodent behavior

Early life exposure to SSRI antidepressants elicits a variety of long-term neurobehavioral
adaptions in mice and rats. These behavioral abnormalities span a number of domains
relevant to human psychopathologies, including perturbations of social behavior, cognition,
behavioral inhibition (/.e., anxiety-like behavior), and behavioral despair. These findings are
summarized in Table 2 and in the paragraphs below.

5.1 Social behavior

Early life SSRI-induced changes in rodent social behavior are of particular interest in
relation to ASD since a key component of ASD symptomatology is a lack of social interest
or engagement [156], although perturbed social behavior would certainly be relevant to
mood disorders such as major depression or anxiety disorders as well. Perinatal SSRI
exposure has been shown to reduce social play behavior in juvenile or adolescent rats [44,
204-207]. In adult offspring, perinatal SSRI exposure has disparate effects on males versus
females, leading to reduced sexual activity in males that were exposed to perinatal SSRIs
[42, 204, 208-212], but increased sexual responsiveness in perinatal SSRI-exposed females
[209]. Two independent studies found reduced aggression in perinatal SSRI-exposed adult
males [213, 214].

5.2 Cognitive performance

Early life SSRI exposure has been shown to improve rodents’ cognitive performance.
Prenatal exposure to the SSRI fluoxetine reduced juvenile Wistar rats’ latency to find the
hidden platform in the Morris Water Maze (MWM,; an indication of improved memory)
[215]; however, fluoxetine exposure did not affect MWM performance in female mice [216].
Similarly, early postnatal exposure to the SSRI citalopram increased adult Long-Evans rats’
exploration of a novel object in the novel object recognition task (another indicator of
improved cognitive ability) [204]. These findings appear to corroborate clinical findings
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suggesting that early life SSRI exposure has no detrimental effect on children’s cognitive
performance.

5.3 Behavioral inhibition (anxiety and exploratory behavior)

Many studies suggest that perinatal SSRI exposure leads to lifelong increases in rodent
anxiety-like behavior, although these findings are mixed, with some studies reporting no
effects (Table 2). The majority of these studies used classic tests of rodent anxiety such as
the Elevated Plus Maze (EPM) and Open Field (OF) test, which assess rodents’ internal
conflict between voluntary approach and withdrawal tendencies in novel, potentially
threatening environments [217]. In general, animals that are more anxious spend less time
exploring potentially threatening regions of a test apparatus (i.e., open arms of the EPM or
central region of the OF), instead preferring relatively safer areas of the apparatus (i.e. dark,
enclosed arms of the EPM or periphery/corners of the OF). A handful of studies used the
novelty-suppressed feeding task (NSF; also known as the novelty-induced hypophagia test),
another anxiety-related task where a 12-24 hour food-deprived rodent is placed in a novel
environment with food available to test how long the animal takes to venture into the new
environment to obtain the food [218].

In the OF test, slightly more than one half of the studies reported reduced exploratory
behavior in perinatal SSRI-exposed adult rodent offspring [40, 42, 148, 206, 213, 215, 219,
220]; one study found increased exploratory behavior [42] and the rest found no effect of
SSRI exposure on OFT behaviors [39, 216, 221-225]. In the EPM, most studies found that
early life SSRI-exposed offspring displayed reduced exploration in the open arms [40, 205,
216, 226], although several more reported no effect [208, 215, 219, 221, 223, 225], and one
found increased open arm exploration [213]. Two studies utilized the NSF task, with both
reporting that perinatal exposure to the SSRI fluoxetine increased anxiety-like behavior
(latency to feed) [148, 205]. Overall, approximately half the studies reviewed here found that
perinatal SSRI exposure increased anxiety-like behavior in adult offspring, while the other
studies found no effect.

5.4 Behavioral despair (forced swim test immobility)

Many reports examined the effects of perinatal SSRI exposure on adult depression-like
behavior, which is typically assessed using the forced swim test (FST). The FST was
initially described by Porsolt nearly 40 years ago [227] and has remained a mainstay as a
test of rodent behavioral despair. In the FST, a rat or mouse is forced to swim in an
inescapable cylinder of water. After an initial period of vigorous activity (swimming or
climbing in attempt to escape the water), an animal eventually becomes immobile, only
making movements necessary to keep its head above water. The amount of time spent
immobile in the FST is interpreted as an animal’s level of despair or helplessness, whereby
the rat or mouse gives up in struggling since escape is impossible. One of the most important
features of the FST is the fact that it is sensitive to a wide range of antidepressant drugs.
Several drugs that are clinically effective in treating depression (i.e. SSRISs, tricyclic
antidepressants, monoamine oxidase inhibitors) effectively reduce FST immobility in adult
rodents [228, 229]. We found 19 publications that evaluated FST behavior in adult rodent
offspring that were exposed to SSRIs during early life. The majority of these studies found
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that perinatal SSRI exposure increased adult FST immobility [36, 38, 39, 148, 206, 213,
223, 225, 226, 230-233]; three studies found no effect of perinatal SSRI exposure [224, 234,
235], and three reported decreased FST immobility [216, 220, 236] (Table 2).

One quarter of the studies reviewed here examined the effects of perinatal SSRI exposure on
mice. Early life fluoxetine exposure lead to increased adult FST immobility in 129S6/
SvEvTac mice [148] and Swiss mice [213]. Perinatal SSRI exposure had no effect on FST
immobility of CD1 mice [234], and lead to decreased FST immobility in C57BL/6J mice
[216, 220]. Similarly, mice genetically lacking SERT (5htt—/- on a 129S background) also
exhibited increased FST immobility [237]. These data suggest that certain inbred mouse
strains (i.e., C57BL/6J, CD1) may be resistant to the adverse effects of perinatal SSRI
exposure while others (such as mice on a 129S or Swiss background) are susceptible. It may
be that certain mouse strains (such as 129S1/SvimJ mice) are generally more susceptible to
early-life manipulations compared to C57BL/6J mice since other work showed that 129S1/
Svim mice were more vulnerable than C57BL/6J to early life maternal separation, leading to
increased adult FST immobility [238].

The majority of rodent studies examining lasting behavioral effects of perinatal SSRI
exposure utilized either Wistar or Sprague-Dawley rat strains. Most studies using Wistars
found that early life SSRI exposure increased adult FST immobility while only half of the
studies using Sprague-Dawley rats found increased immobility in perinatal SSRI-exposed
offspring. The discrepant findings in Wistar rats likely relates to the timing of early life SSRI
exposure and behavioral assessment. The studies reporting increased FST immobility
exposed Wistar rat pups perinatally or postnatally and were submitted to the FST in
aaulthood [36, 38, 39, 226, 230-233, 236]. The studies that found no effect of early life
SSRI exposure on Wistar FST performance used a different drug treatment (treating only
prenatally until PO) and performed the FST in ado/escent offspring [205, 235]. These
findings point to the existence of a critical period in SSRI sensitivity where the risk for
adverse consequences of early life SSRI exposure (enhanced depression-like behavior) is
greater when individuals are exposed during early postnatal life as opposed to the prenatal
period [156].

5.5 Technical factors that may contribute to discrepant behavioral effects of perinatal
SSRI exposure

Discrepant findings among the studies noted above likely stem from a number of technical
factors including using different (@) SSRI antidepressants; () route of drug administration
(7.e., treating pregnant/lactating mothers versus directly injecting pups); (c) species (mouse/
rat) or strain used; (d) timing of drug administration during pregnancy or the early postnatal
period; and (e)the spectrum of behavioral assays and test conditions used to assess offspring
behavior. Furthermore, another important factor to consider in these studies is the age at
which perinatal SSRI-exposed offspring undergo behavioral testing, since the adverse effects
of SSRI exposure may not emerge until adulthood [205]. Indeed, one of the studies noted
above using Wistar rats [235] and one of the studies using Sprague-Dawley rats [224] that
failed to see effects of early life SSRI exposure on FST immobility conducted the testing in
adolescents. The studies reporting perinatal SSRI-induced increases in behavioral despair
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conducted FST testing in adult offspring (Table 2). Together, these findings suggest that
perinatal SSRI exposure increases behavioral despair in adult, but not adolescent rats. This
would be consistent with a prior study showing that early life exposure to the SSRI
fluoxetine elicited greater anxiety-like behavior specifically in adult mice with no detectable
effects in preadolescent offspring [45, 205].

5.6 Individual differences in susceptibility to adverse behavioral effects of early life SSRI
exposure in rodents

Apart from technical issues discussed above that influence the behavioral outcomes in
rodents exposed to SSRIs during early life, another moderating factor pertains to naturally-
occurring emotionality differences among experimental animals that may convey distinct
susceptibility (or resistance) to perinatal antidepressant exposure. The phenomenon of
individual differences in emational behavior is well-known [239-246]. Many behavioral
traits exist in a spectrum, with some individuals expressing high, medium, or low levels of a
given characteristic. Moreover, certain behavioral traits can predict a constellation of other
behavioral attributes. For instance, individual differences in novelty reactivity predict several
other behaviors, including response to psychostimulants [240], HPA stress axis reactivity
[247-249], and anxiety- and depression-like behavior [239, 250-256] (for review see [246]).

Our research group recently showed that Sprague-Dawley rats that were selectively bred for
high versus low novelty seeking traits exhibit differential susceptibility to perinatal exposure
to the SSRI paroxetine, with low novelty responding (LR) rats displaying increased FST
immobility in response to early life SSRI exposure while high novelty responder (HR) rats
were unaffected [223]. Thus, in previous perinatal SSRI exposure studies in rats and mice,
experimental groups may have included a mix of animals with more high novelty responding
(HR)-like or low novelty-reactive (LR)-like tendencies. Experimental groups that were
inadvertently skewed in favor of perinatal antidepressant-resistant/HR-like rats might have
found limited behavioral abnormalities in response to neonatal antidepressant exposure,
while cohorts that included more perinatal antidepressant susceptible/LR-like rats might
have found strong effects. Our findings may also indicate possible reasons why human
individuals respond differently to perinatal antidepressant exposure. For example, Klinger et
al. 2011 reported increased social behavior abnormalities in children ages four to six who
were exposed to SSRIs during gestation and showed signs of antidepressant withdrawal at
birth; however, SSRI-exposed children that showed no signs of antidepressant withdrawal as
infants exhibited normal social behavior at ages four to six. Similarly, there are conflicting
reports of the association between perinatal SSRI exposure and risk of autism [30-32, 257].
Together these studies indicate that both humans and experimental animals exhibit
individual differences in susceptibility to the effects of early-life antidepressant exposure.

6. Neural mechanisms potentially underlying perinatal SSRI-induced

behavioral abnormalities: focus on the hippocampus

Although neonatal antidepressant exposure is known to disrupt rodent 5-HT circuit
development (e.g., changes in the dorsal raphe or 5-HTergic innervation of limbic targets as
described in Section 3.4), surprisingly little is known about neonatal SSRI-induced
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molecular abnormalities beyond the 5-HT system that may contribute to trigger its adverse
effects on emotional behavior. Neonatal citalopram exposure lead to increased firing of
noradrenergic neurons in the locus coeruleus [258], increased noradrenergic fiber density in
the neocortex [259], and perturbed axon myelination in the corpus callosum [44]. Postnatal
fluoxetine exposure induces long-term up-regulation of histone deacetylase 4 (Hdac4)
mRNA in the hippocampus of adult drug-exposed offspring [206], and another found
minimal hippocampal and amygdalar gene expression changes in adult offspring that were
exposed to escitalopram in early life [260].

The work noted above focused on neurobiological changes in the ag/t brain following
perinatal antidepressant exposure with no studies examining SSRI-induced alterations in
developing brains during the period of drug exposure. This knowledge gap motivated a
recent transcriptome study in our laboratory where we examined widespread gene
expression changes in the developing (P7, P14, P21) and adult (P75) hippocampus and
amygdala of offspring that were perinatally exposed to the SSRI paroxetine [223]. This
microarray experiment revealed robust perinatal SSRI-induced gene expression changes in
the early postnatal limbic brain, particularly within the hippocampus. Early life paroxetine
exposure affected a number of transcripts in the developing and adult hippocampus,
including genes involved in neurogenesis, synaptic plasticity, and epigenetic processes. The
following section touches on each of these topics, highlighting potential roles for each in
contributing to behavioral abnormalities triggered by early life SSRI exposure.

6.1 Role of the hippocampus in mediating cognition, anxiety, sociability, and behavioral

despair

The hippocampus is critical to learning and memory processes [261-265], regulation of the
HPA axis [266, 267], processing emotionally salient information from the environment
[268—270], and controlling emotional behavior [266, 267, 271-275]. In rats and mice, the
hippocampus (HPC) can be functionally subdivided into dorsal (dHPC) and ventral (vHPC)
regions, which each have distinct afferent and efferent connections [276]. The dHPC is
reciprocally connected to the anterior cingulate and retrosplenial cortices as well as the
mammillary nuclei [277, 278]. The vHPC, on the other hand, is functionally connected to
the mPFC [279, 280], hypothalamus [281], nucleus accumbens [282], amygdala (AMY) and
the BNST [281-283]. Based on the networks these hippocampal subregions are integrated
with, it has been suggested that the dHPC primarily contributes to learning and memory
processes while the vHPC plays a significant role in emotional processing [284—286].

The hippocampus plays an important role in regulating fear and anxiety-like behavior [271-
274, 285-290], in part via its abundant neural connections with limbic structures that convey
emotionally-salient information from the environment. It has been suggested to be at the
center of a neural ‘behavioral inhibition system’, which is activated during anxiety-
provoking or conflict situations to guide appropriate behavioral response to threat.
Accordingly, it has been postulated that excessive levels of anxiety-like behavior may derive
from an over-activation of this behavioral inhibition circuit [273].

A number of studies indicate a role for the hippocampus in regulating social behaviors.
Hippocampal lesions can lead to reduced aggression [291, 292], diminished social
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investigation [293, 294], and impaired male sexual behavior [295]. The CA2 region of the
hippocampus has been found to be critical for social memory, although does not appear to
mediate sociability per se [296, 297]. Recent optogenetic studies demonstrated that the
ventral hippocampus influences social behavior specifically via projections from the
basolateral amygdala [298]. Other work using designer receptors exclusively activated by
designer drugs (DREADDs) revealed a role for parvalbumin-positive interneurons in the
dentate gyrus also playing a role in regulating social interaction [299].

The hippocampus likely plays an important role in mediating behavior in the FST given its
capacity to regulate the stress, behavioral despair, and learning/memory components
involved in the task [300]. Inhibiting vHPC-mPFC network activity with localized injection
of lidocaine to either region blocks the long-term antidepressant-like effects of ketamine in
the FST. Interestingly, optogenetic activation of this pathway was not sufficient to mimic the
effects of ketamine on FST immobility on its own, but required dorsal raphe inactivation (via
bicuculline injection) to reduce FST immobility [301].

The following sections review how 5-HTergic tone, neurogenesis, and epigenetic
mechanisms impact hippocampal function and how perinatal SSRI exposure may modulate
these processes to trigger behavioral dysfunction in adulthood.

6.2 Hippocampal 5-HT signaling and how it is affected by perinatal SSRI exposure

The hippocampal formation receives well defined patterns of 5-HTergic innervation from
various raphe cell groups, including the DRC, DRI, and MnR [50]. 5-HT impacts
hippocampal function in myriad ways given that essentially every 5-HT receptor subtype can
be found expressed in the hippocampus within its multiple cell types — pyramidal neurons,
GABAergic interneurons, or astrocytes [302—-308]. For instance, through activation of the 5-
HT1A receptor [309], 5-HT modulates gamma oscillations, an important synchronization
mechanism thought to influence behavior by linking activity of distributed cells in the
hippocampus [310, 311]. 5-HT1 receptors are densely expressed in the hippocampus;
presynaptic 5-HT1B/D receptors critically regulate 5-HT release in the hippocampus, while
post-synaptic 5-HT1A receptors located on pyramidal and granular neurons [302] as well as
glial cells [312] regulate a number of functions, including neurogenesis in dentate gyrus
[313]. 5-HT1B receptors are expressed at relatively low levels [314] and appear to mediate
presynaptic inhibition of local synapses between CA1 pyramidal cells and interneurons
[315]. 5-HT3 receptors, ionotropic receptors primarily located in interneurons in the rat
hippocampus [304] are thought to modulate LTP [316]. 5-HT4 receptors appear to act
through regulating cholinergic transmission [317], although other work shows that 5-HT4
receptors also work together with 5-HT5 and 5-HT7 receptors to regulate BDNF levels in
hippocampus [318]. Finally, 5-HT7 receptors have been shown to increase excitatory input
onto GABAergic interneurons [319], increase GABA release [319, 320], and inhibit AMPA
receptor-mediated current in Schaeffer collateral synapses between CA3-CA1 [321].

As noted in section 3.3, the hippocampal formation is one of a few brain regions that
transiently expresses SERT during early postnatal life. In the developing rat brain, SERT is
expressed by hippocampal neurons from E17-P14 [130], indicating the importance of
regulating 5-HT transmission in the hippocampus during this critical period in hippocampal
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development. SSRI exposure during this time frame leads to decreased TPH2 expression
throughout the rostro-caudal extent of the midline cell groups innervating the hippocampus
and a corresponding reduction in 5-HTergic fibers in the dHPC and vHPC from P21 through
adulthood [42, 124, 226]. Similarly, perinatal exposure to the tricyclic antidepressant
clomipramine resulted in increased 5-H71a mRNA expression in the adult hippocampus
[233], and decreased presynaptic 5-HT1aexpression in the dorsal raphe [226], likely a
compensatory mechanism for lower 5-HT production. Interestingly, a separate body of work
showed that reducing 5-HTergic tone via acute dietary tryptophan depletion is not enough to
alter FST immobility or spatial memory in adult Sprague-Dawley rats [322]. When
compared to studies that show inhibition of 5-HT synthesis via parachlorophenylalanine
during gestation increases despair behavior and impairs MWM performance in the adult
animal [323], these findings suggest that timing of acute reductions in 5-HT content may be
necessary for changes in behavior. The behavioral effects of perinatal SSRI exposure may be
reversible, as one study showed that SSRI treatment in adulthood was able restore rodent
behavior [230].

6.3 Effects of perinatal SSRI exposure on neurogenesis

Neurogenesis in the developing hippocampus occurs in late gestation (E16-20) in the Cornu
Ammonis (CA) regions and first two postnatal weeks (P0-19) in the dentate gyrus [324].
Although this initial phase of neurogenesis in the dentate gyrus tapers around weaning at
P21, it persists at low levels through adolescence and adulthood [325]. As noted above in
Section 6.2, the activation or inhibition of specific 5-HT receptors can influence
hippocampal adult neurogenesis in a variety of ways [326]. For example, activation of 5-
HT1A and 5-HT2B receptors increases neurogenesis, activation of 5-HT1B and 5-HT2C
receptors has no effect neurogenesis, but blocking 5-HT1A and 5-HT1C decreases
proliferation. While antidepressant treatment has been shown to increase adult neurogenesis,
it is controversial whether increasing neurogenesis alone is sufficient to improve depression-
like behavior (i.e. immobility in the FST) [327-330].

Much less is known about how perinatal SSRI exposure (or 5-HT perturbations in general)
affect hippocampal neurogenesis in adult offspring. Our recent transcriptome study in the
brains of early postnatal and adult rats that were exposed to perinatal paroxetine revealed
altered expression of several neurogenesis-related transcripts. During early postnatal
development, these transcripts appear to be downregulated in the hippocampus, but by P21
and through adulthood, these same neurogenic transcripts are upregulated [223]. Whether
these expression changes directly reflect neurogenic activity was not determined; however,
our results suggest that perinatal SSRI exposure disrupts neurogenesis in early postnatal
development as well as adulthood, which may interfere with hippocampal function and
behaviors sensitive to hippocampal function (i.e. behavioral inhibition and behavioral
despair). Neonatal SSRI exposure has been shown to increase hippocampal BDNF
expression [220] and neurogenesis in prenatally stressed offspring [224]; however, both
studies also reported reduced despair in the adult offspring so how these molecular findings
relate to the majority of the rodent literature is unclear. More recently, postnatal fluoxetine
has been shown to decrease hippocampal BDNF expression and increase despair in the FST
[225].
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6.4 Effects of SSRI exposure on epigenetic mechanisms in the hippocampus

Early-life experience profoundly affects neurodevelopment, emotional behavior, and stress
reactivity, in part, through epigenetic processes [331-333]. Like stress and other
environmental factors, psychotropic medications (including antidepressants, mood
stabilizers and antipsychotics) can modify epigenetic processes like DNA methylation and
histone deacetylation [334, 335]. Studies in adult animals show that SSRI treatment
decreases cortical Dnmt1 and Dnmit3a mRNA expression [336] and decreases DNMT
enzymatic activity [337], although it induces methyl binding protein expression (MeCP2 and
MBD1) within multiple brain regions, including the dentate gyrus subregion of the
hippocampus [338]. In addition, treating rats with a DNMT inhibitor either systemically or
via intra-hippocampal infusions has antidepressant effects in the FST [339]. SSRI treatment
has also been shown to reduce histone deacetylase (HDAC)-5 mRNA expression and
acetylated histone H3 levels in multiple brain regions [340, 341], and, likewise,
administering HDAC inhibitors has antidepressant effects [342—-344]. Together, these
findings suggest that the effects of antidepressant drugs are at least partially mediated by
epigenetic changes in the hippocampus as well as other brain regions, including a down-
regulation of molecules involved in both DNA methylation and histone deacetylation [335].
Importantly, while antidepressant-induced epigenetic changes may be beneficial in the adult
brain (thereby contributing to therapeutic actions of these medications), such alterations the
developing brain may have adverse consequences.

There is limited information regarding epigenetic changes triggered by perinatal SSRI
exposure. Analysis of umbilical cord blood of SSRI exposed neonates found decreased site-
specific DNA methylation, including in the promoter region of DNMT73a[345]. Perinatal
SSRI exposure leads to robust gene expression changes in the developing and adult limbic
brain, particularly the hippocampus, and such effects are potentially mediated through
epigenetic mechanisms [206, 223]. Early life exposure to fluoxetine (from P2-P21) lead to
increased hippocampal expression of histone deacetylase 4 (Hdac4) from P21 through 18
months of age as well as increased H3 and H4 acetylation at the Hdac4 promoter. Further,
virally-mediated overexpression of Hdac4 reversed the behavioral effects of perinatal
fluoxetine exposure in the FST [206]. These effects are not limited to histone acetylation,
however, as postnatal fluoxetine exposure has been shown to increase histone 3 lysine 27
trimethylation at the level of the BDNF IV promoter, leading to a negative correlation
between BDNF expression and immobility in the FST [225]. Another study showed that
perinatal fluoxetine exposure led to decreased global DNA methylation in the hippocampus
on P22 [221]. Similarly, recent work in our laboratory showed that early life exposure to the
SSRI paroxetine markedly downregulated expression of DNA methylation-related molecules
(DNMT3aand Mecp2) and global DNA methylation in the hippocampus, but not amygdala,
septum, or mPFC, during the second week of life [346].

7. Conclusions & future directions for the field

5-HT serves diverse roles in the developing and adult brain, so altering 5-HT levels during
critical developmental periods can powerfully shape brain development, behavior, and life-
long emotional health [106, 347, 348]. Given the prevalent use of SSRI antidepressant
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medications among women of child-bearing age, pregnant, or nursing, there is a clear need
to better understand the consequences of SSRI exposure for their children as this is one of
the chief environmental factors regulating 5-HT levels in the developing brain [348]. The
therapeutic benefits of SSRIs are thought to include long-lasting changes to cellular
physiology, via changes in 5-HT signaling, adult neurogenesis, and epigenomic
reprogramming. While these SSRI-induced adaptions are necessary for proper management
of maternal depression, /n utero SSRI exposure may have long-lasting maladaptive effects
on the offspring. As detailed above, perinatal SSRI exposure in humans has been shown to
alter neonatal behaviors, HPA function in infants and toddlers, and increase the prevalence
of internalizing and abnormal social behaviors in children. Unfortunately, the effects of
perinatal SSRI exposure on adolescent and adult emational health are unknown, so an
obvious critical next step for the field will be to continue to follow exposed individuals to
determine whether they display long-term adverse effects akin to what has been described in
rodents.

As noted earlier in this review, studies in both humans and animals show that certain
individuals are more vulnerable to early-life SSRI exposure than others, but the mechanisms
driving this differential susceptibility are completely unknown [348]. Identifying the
molecular mechanisms that confer susceptibility should be a primary focus of future studies
as these findings could not only lead to greater understanding of susceptibility to SSRI
exposure, and thus individualized treatment strategies for depression during pregnancy, but
also may elucidate mechanisms in the etiology of depression, particularly in those
individuals that may be more susceptible to early-life environmental stressors. Furthermore,
in addition to examining individual differences in susceptibility to perinatal SSRI exposure,
another critical next step will be to more fully explore possible sex differences. The majority
of rodent studies to-date have focused exclusively on the effects of perinatal SSRI exposure
on male offspring. It will be important to determine not only whether there are sex
differences in overall risk for adverse consequences of perinatal SSRI exposure, but also
whether early-life SSRI exposure poses distinct risks depending on sex (for instance,
possibly increasing risk for autism/social behavior abnormalities specifically in male
offspring whereas increasing risk for depression/anxiety-like symptoms specifically and/or
more dramatically in female offspring).

There is a growing body of evidence suggesting an approximate two-fold increased risk for
ASD in SSRI-exposed children [30, 201-203]. These findings are supported by rodent
studies showing that perinatal SSRI exposure leads to social impairments [44, 204-207] as
well as impaired somatosensory cortex development [152, 153]. As noted earlier, SSRIs
trigger a number of molecular changes in the brain, including modifications of epigenetic
processes like DNA methylation [336-338], and early life SSRI exposure was found to
markedly suppress expression of multiple DNA methylation-related molecules in the early
postnatal hippocampus [346]. MeCP2 is a key molecule involved in DNA methylation, and
mutations of the gene encoding MeCP2 has been linked to Rett Syndrome, which shares
many symptoms of ASD, including stereotypic movements and low sociability. It is
tempting to speculate that perinatal SSRI-induce suppression of MeCP2 expression in the
developing brain contributes to later social deficits. Future studies attempting to link ASD
risk with SSRI exposure should attempt to characterize expression of MeCP2 in SSRI-
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exposed children with ASD. Moreover, future rodent studies could examine the role of
altered DNA methylation in mediating the adverse behavioral effects of perinatal SSRI
exposure.

Given the role of DNA methylation in genomic imprinting whereby DNA methylation
restricts expression of a gene to one allele, the field should consider the impact of SSRI
exposure on altering the status of maternally or paternally imprinted genes. For certain
genes, imprinting of one allele or the other is critical for neurodevelopmental processes
[349]. While there have been no studies to-date investigating the impact of SSRI exposure
on imprinted genes, unpublished data from our research group indicates that perinatal SSRI
exposure induces differential methylation across the genome in the postnatal hippocampus.
Using next-generation sequencing to map genome-wide methylation patterns in control and
SSRI-exposed hippocampal DNA, we found differentially methylated regions in or near the
gene body of three genes known or predicted to be imprinted by the Luedi model [350],
including Bai3, Cacnazdl, and Gnas (Glover et al., Unpublished data). Whether such
changes in methylation reflect altered imprinting of these genes has yet to be determined,
but future studies may offer insight into the relative contribution of allelic imprinting of
these genes in normal hippocampal development and in the SSRI-exposed individual.

In conclusion, perinatal SSRI exposure leads to changes in affective behavior including
reduced sociability and increased anxiety and depression-like behaviors. Animal studies
indicate SSRI exposure impairs hormal brain development, with long lasting changes
observed in 5-HTergic tone, neurogenesis, and epigenetic programming. Notably, emerging
evidence suggests there is variability amongst individuals exposed to SSRIs during critical
periods in neurodevelopment, indicating certain children may be at greater risk for
developing mood disorders later in life. Future studies should focus on the impact of SSRI
exposure on males versus females. As women are 70% more likely to be diagnosed with
depression in general, does SSRI exposure further exacerbate this sexual dimorphism?
Along the same lines, identifying why certain individuals are more likely to show adverse
behavioral effects following SSRI exposure could lead to individualized treatment strategies
for depressed women who are or plan to become pregnant.
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Highlights

. Children exposed to SSRI antidepressants in early life display changes in
affective behavior, such as increased anxiety and depression-like behaviors
and increased risk for autism. This review summarizes the known effects of
early life SSRI exposure in humans and rodents and highlights molecular
mechanisms that may mediate its deleterious effects on brain and behavior.

. Rodent studies indicate that early life SSRI exposure impairs normal brain
development, with long lasting changes observed in 5-HTergic tone,
hippocampal neurogenesis, and epigenetic programming.

. Emerging evidence suggests that certain children may be at greater risk for
developing mood disorders following early life antidepressant drug
exposure, although the biological underpinnings of this effect are unknown.

. Such findings are important for developing individualized treatment
strategies for depressed women who are or plan to become pregnant.
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Schematic of a serotonergic synapse. Serotonin (5-hydroxytryptamine, 5-HT) is synthesized
when tryptophan hydroxylase 2 (TPH2) converts tryptophan to 5-hydroxytryptophan (5-

HTP), which is converted to 5-HT by aromatic L-amino acid decarboxylase (AADC). 5-HT
is stored in synaptic vesicles in the presynaptic terminal until an action potential triggers its
release into the synaptic cleft where it can activate a variety of postsynaptic receptors (5-

HT1-7). One type of 5-HT receptor (5-HT3) is a ligand-gated ion channel, but the rest are G
protein-coupled receptors. 5-HT1 and 5-HT5 are Gi/Go-protein coupled receptors that
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decrease cellular levels of cyclicAMP (CAMP). 5-HT2 is a Gg/G11-protein coupled receptor
that increases cellular levels of inositol trisphosphate and diacylglycerol. 5-HT4, 5-HT6, and
5-HT7 are Gs-protein coupled receptors that increase cellular levels of cAMP. 5-HT can also
bind to presynaptic receptors to regulate activity of the presynaptic neuron. 5-HTergic action
is terminated when it is removed from the synapse via the 5-HT reuptake transporter (SERT)
located on the presynaptic neuron. At that point, 5-HT can either be recycled for future
release, or catabolyzed by monoamine oxidase (MAO).
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Summary of afferent/efferent projections of major raphe nuclei.
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Figure 3.
Diagram of a lateral view of the developing rat brain. The developing mammalian brain is

comprised of three major elements: the forebrain (prosencephalon), midbrain
(mesencephalon), and hindbrain (rhombencephalon). Serotonin-producing neurons of the
raphe will form in the hindbrain within a subset of its 12 neuromeric units, the isthmus
through rhombomere (r) 1 to r11. Morphpgen gradients induce transcription factor cascades
leading to 5-HT neuron differentiation. FGF4 is released dorsally from the primitive streak,
FGF8 from the isthmus, and SonciHedgehog ventrally from the floor plate. Serotonin
neuron progenitors derived from specific rhombomeres eventually mature into functionally-
and anatomically-distinct nuclei. For instance, while serotonin progenitor cells are located in
r1-3 and r5-7, cells originating in rl later form nuclei B7, B6 and B4, while r1- and r2-
derived serotonin neurons contribute to formation of B9, B8 and B5 nuclei. Figure 3.
Diagram of a lateral view of the developing rat brain. The developing mammalian brain is
comprised of three major elements: the forebrain (prosencephalon), midbrain
(mesencephalon), and hindbrain (rhombencephalon). Serotonin-producing neurons of the
raphe will form in the hindbrain within a subset of its 12 neuromeric units, the isthmus
through rhombomere (r) 1 to r11. Morphpgen gradients induce transcription factor cascades
leading to 5-HT neuron differentiation. FGF4 is released dorsally from the primitive streak,
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FGF8 from the isthmus, and SonciHedgehog ventrally from the floor plate. Serotonin
neuron progenitors derived from specific rhombomeres eventually mature into functionally-
and anatomically-distinct nuclei. For instance, while serotonin progenitor cells are located in
r1-3 and r5-7, cells originating in rl later form nuclei B7, B6 and B4, while r1- and r2-
derived serotonin neurons contribute to formation of B9, B8 and B5 nuclei.
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Consequences of perinatal SSRI exposure in rodents
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Altered gene expression

Adulthood

Increased anxiety-/
depression-like behavior
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Reduced SERT-ir fibers
Reduced TPH2

Reduced 5-HT neuron firing
Increased NE neuron firing
Reduced sexual activity
Decreased aggressive behavior
Altered gene expression

Figure 4.

Overview of physiological and behavioral effects in offspring exposed to selective serotonin
reuptake inhibitor (SSRI) antidepressants during early life. The pink rectangle indicates
period of time when offspring are typically exposed to SSRIs (often prenattaly through the
postnatal lactation period, since depressed women are frequently treated with SSRIs
throughout pregnancy and the postpartum period). The top box highlights effects reported in
children exposed to SSRIs in early life. Importantly, none of the work in humans to-date has
examined effects beyond childhood, so the long-term consequences of early-life SSRI
exposure on human behavior remain unknown. The bottom box in gray highlights a number
of rodent studies showing that perinatal SSRI exposure causes life-long adverse outcomes,
including increases in anxiety- and depression-like behavior.
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Recruitment of HMTs (G9a)
that modulate DNMT activity

|

Enhanced/Imparied neurite
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outgrowth in target fields

Dysfunctional neurogenesis

+|<l<

Altered hippocampal formation and function

Long-term changes in anxiety, sociability,

despair,and cognitive beahviors

Figure 5.
Concept map summarizing the effects of perinatal SSRI exposure on neurodevelopment.

Blockade of serotonin (5-hydroxytryptamine, 5-HT) reuptake from the synaptic cleft
(selective 5-HT reuptake inhibitors [SSRIs’] main mode of action) leads to increased
synaptic 5-HT levels and increased activation of 5-HT receptors. 5-HT1 and 5-HT6
receptors serve as examples in this diagram. Increased 5-HT1 receptor activation triggers
long-term attenuation of 5-HTergic fiber outgrowth, while increased 5-HT6 activity leads to
enhanced neurite outgrowth in some target fields. Increased 5-HT receptor activation in the
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hippocampus may modulate of enzymes involved in epigenetic processes, such as histone
methyltransferase (HMT) G9a and DNA methyltransferases (DNMTs). Modulation of these
epigenetic enzymes could elicit downstream changes in the epigenome and subsequent gene
expression. Perintal SSRI-induced shifts in the hippocampal epigenome and transcriptome
could, in turn, trigger a number of downstream effects, including changes in hippocampal
neurogenesis, synaptogenesis, and hippocampal circuit development as well as long-lasting
changes in affective, social, and cognitive behavior.
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Table 1

Nomenclature assigned to serotonin cell groups

Cell Group  Cytoarchitectural region

B1 Raphe pallidus nucleus (RPa) and Caudal ventrolateral
medulla (CVL)

B2 Raphe obscurus nucleus (ROb)

B3 Raphe magnus nucleus (RMg), Rostral ventrolateral
medulla (RVL), and Lateral paragigantocellular reticular
nucleus (LPGi)

B4 Central gray of the medulla oblongata

B5 Pontine median raphe nucleus (MnR)

B6 Pontine dorsal raphe nucleus (DR)

B7 Midbrain dorsal raphe nucleus (DR)

B8 Midbrain median raphe nucleus (MnR) and
Caudal linear nucleus (CLi)

B9 Supralemniscal region, Pontomesencephalic Reticular

Formation (PMRF)
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