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Abstract

Selective serotonin reuptake inhibitor (SSRI) antidepressants are frequently used in the
management of antenatal maternal mood disturbances. SSRIs readily cross the placenta and
increase central serotonergic tone in the fetus. Given serotonin’s key neurodevelopmental role,
such prenatal exposure raises concerns about its impact on child development. Preclinical studies
report enduring molecular, physiological, and behavioral consequences of developmental SSRI
exposure. In humans, sustained developmental outcomes remain largely unstudied, and
distinguishing between the effects of prenatal SSRI exposure and the impact of maternal mental
illness remains a key challenge.

INTRODUCTION

Exposure of the fetus to maternal depression during gestation occurs in ~15% of all
pregnancies! and may have lasting consequences for the cognitive and emotional
development of the child.2 The management of mood disturbances during pregnancy
frequently requires mothers and their clinicians to weigh the potential consequences of the
mental illness against the consequences of psychopharmacotherapy. Because selective
serotonin reuptake inhibitor (SSRI) antidepressants have not been reported to produce gross
structural neuroteratogenic effects, they are often considered safe for antenatal use;3 this has
led to an increase in their use for optimization of maternal mental health during pregnancy.’

SSRiIs act primarily by blocking the serotonin transporter 5-HTT, thereby raising
extracellular serotonin (5-HT) levels (Figure 1). Because SSRIs readily cross the placental
and blood-brain barriers,# SSRI treatment during pregnancy alters fetal central 5-HT
signaling. 5-HT is a phylogenetically ancient neurotransmitter that is widely distributed
throughout the entire brain. In the mature brain, 5-HT acts mainly as a modulatory
neurotransmitter, regulating cognition, attention, emotion, learning, sleep, arousal, and stress
responses. During neurodevelopment, 5-HT also acts as a trophic factor, regulating cell
division, differentiation, migration, growth cone elongation, myelination, synaptogenesis,
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and dendritic pruning.® Importantly, changing prenatal serotonergic tone affects these
processes and alters in animal models.®

Clinical studies investigating the effects of antenatal SSRI exposure on the child have been
hampered by the difficulty of distinguishing between the consequences of drug treatment
and the effects of antenatal maternal mood disturbances. To date, no gross SSRI-related
neuroteratogenic outcomes have been identified, yet reports of subtle functional behavioral
disturbances in early childhood associated with fetal SSRI exposure are beginning to
emerge.

This article reviews the preclinical and clinical neurobehavioral consequences to the child of
prenatal exposure to SSRIs and contrasts these outcomes with the consequences of
undertreated antenatal maternal depression. The findings are presented in the context of a
developmental model that reconciles conflicting associations between serotonin transporter
inhibition, increased synaptic serotonin availability, and subsequent serotonergic deficits.

PRECLINICAL FINDINGS

Consequences of stress during pregnancy

In attempting to understand the impact of prenatal SSRI exposure on fetal development, it is
critical to distinguish between the impact of the medication itself and the maternal condition
that required SSRI treatment (Figure 2a). Animal models allow for such a distinction to be
made. Chronic antenatal stress, which in humans is often caused by maternal depression,
increases the maternal and fetal plasma cortisol levels and has robust effects on fetal
development.2 In rats, high, sustained gestational stress during the third week of pregnancy
reduces hippocampal and hypothalamic glucocorticoid receptor levels, increases basal
hypothalamic—pituitary—adrenal (HPA) axis activity, potentiates and prolongs HPA
responses to stress in the offspring’s adulthood, and reduces hippocampal synaptic
density.27 There are behavioral consequences as well. The fetal stress experience impairs
spatial memory in young rats and reduces exploration in response to novelty in adulthood.2”
Serotonin signaling is affected not only during prenatal stress but also long after, potentially
causing changes in HPA activity and behavior. Specifically, gestational stress in rats
increases the levels of tryptophan, 5-HT, and 5-hydroxyindoleacetic acid in the fetal brain
until at least postnatal day P10;8 at P35, hippocampal 5-HT levels are reduced and 5-
hydroxyindoleacetic acid levels are increased.’

In nonhuman primates, prenatal stress results in reduced birth weights.2 The offspring of
mothers who experienced stress during pregnancy display behavioral consequences at the
juvenile, adolescent, and adult stages of life: impaired attention, increased anxiety and HPA-
axis sensitivity, exacerbated responses to social isolation (e.g., increased adrenocorticotropic
hormone levels, increased stereotypies), and blunted responses to subsequent reunion (e.g.,
reduced locomotor activity, exploration, and play).2 As in rodents, hippocampal anatomy is
affected in nonhuman primates; gestational stress reduces hippocampal volume and adult
hippocampal neurogenesis.?

Consequences of early 5-HTT blockade

Consequences of 5-HTT blockade on development have been investigated using
pharmacological and genetic approaches in various species, including mice and rats, in
which the first 10 postnatal days correspond to the third trimester of human fetal
development.

Mice with genetically disrupted 5-HTT function (5-htt™'") serve as an extreme model for
lifelong SSRI exposure. In heterozygote breedings of this genotype, full blockade of 5-HTT
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function in fetal placental tissue has no effect on survival;? however, prenatal fluoxetine
reduces litter size (M.S.A., unpublished data).

5-HT~/~ mice display behavioral, neurophysiological, neuroanatomical, and molecular
alterations, some of which are developmental in origin, such as changes in neuronal
cytoarchitecture, serotonergic physiology, neurobehavior, and sleep behavior. High central
5-HT levels during development (E15 to P7) in mice cause permanent axonal connection
deficits in the somatosensory cortex and the lateral geniculate nucleus throughout life.? In
mice, increased 5-HT levels from P4 to P21 permanently reduce novelty investigation
behavior, increase anxiety during conflict-associated tasks, and induce sleep anomalies,
anhedonia, and a helpless state when exposed to stress.10-12 Interestingly, some of these
behavioral effects have a peripubescent onset, 10 suggesting that events in late brain
maturation are required for neurobehavioral sequelae to manifest. In rats, P8 to P21
exposure to 5-HTT-blocking drugs also induces states of learned helplessness and sleep
abnormalities and permanently reduces sexual activity.1® These behavioral changes correlate
with reduced 5-HT neuronal firing activity and reduced tryptophan hydroxylase and 5-HTT
immunoreactivity in the dorsal raphe and cortex, respectively.14:15 In sheep, intravenous
infusion of fluoxetine during pregnancy decreases fetal low-voltage electrocortical activity
and rapid eye movements and increases in utero quiet sleep.16

CLINICAL FINDINGS

Consequences of antenatal maternal mood

Exposure to maternal depression during pregnancy is among the earliest of adverse
experiences and has long-term effects on the offspring (Figure 2b). Antenatal maternal stress
disrupts fetal neurobehavioral development (i.e., alters reactivity in utero) and causes
reduction in birth weight and an increase in the occurrence of premature births2. Exposure of
the fetus to antenatal maternal depression has clinical consequences in the newborn infant:
irritability, atypical frontal electroencephalography patterns, reduced vagal tone, elevated
cortisol and norepinephrine levels, and lower dopamine and serotonin levels.? The effects of
antenatal maternal anxiety experienced in utero continue to influence cognitive, behavioral,
and emotional outcomes throughout childhood.? This finding holds true even after
controlling for obstetric risk, psychosocial disadvantage, and post-natal maternal mood.
Although the exact mechanism by which antenatal anxiety/stress influences fetal
development remains unclear, the magnitude of the effect is clinically significant, with
~15% of the emotional behavioral problems in childhood being attributable to the
contribution of antenatal stress/anxiety.?

Consequences of prenatal SSRI exposure

Soon after the introduction of SSRIs in 1988, their use to manage mood disorders during
pregnancy led to reports of lower birth weight, higher rates of preterm births, and
neurobehavioral disturbances in the infants.1” Subsequent studies have focused largely on
neonatal outcomes, and only a limited number have investigated the effects of fetal SSRI
exposure on cognition and behavior beyond the age of 4 years. Efforts to control for the
effects of severity of maternal illness and related confounding factors (alcohol, other drug
use, smoking) have been limited.

Fetal neurobehavior

Third-trimester exposure to SSRIs and maternal depression is associated with blunted fetal
movement and lower reactivity to vibroacoustic stimuli.18 After controlling for maternal
mood, prenatal exposure to an SSRI reduced fetal heart rate variability and middle cerebral
artery flow resistance at 36 weeks gestation (K. Lim et al., personal communication).
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Whether these changes are transient and related to acute drug exposure or whether they are
persistent and represent the early origins of altered neonatal or childhood neurobehavior
remains to be determined.

Neonatal neurobehavior

A wide spectrum of neonatal neurobehavioral disturbances have been reported following
gestational SSRI exposure, including tachypnea, temperature instability, poor feeding,
irritability, weak or absent cry, increased motor activity, reduced heart rate variability, and
altered behavioral state regulation.1’:19 In response to an acute painful event, the duration of
facial reaction and cardiac responses, particularly parasympathetic cardiac activity, is shorter
and less intense in SSRI-exposed neonates.2% Altered response to pain persists at 2 months
of age, even after controlling for drug levels and postnatal maternal mood.2

The severity of SSRI-induced neonatal behavioral disturbances is associated with reduced
levels of 5-HT and 5-hydroxyindoleacetic acid in cord blood,22 reflecting altered central 5-
HT activity. Neonates with fetal exposure to SSRIs also have lower cord blood levels of the
astroglial-specific calcium-binding protein S100B, a biomarker of early brain maturation
and central serotonergic function.23 Furthermore, fetal SSRI exposure is associated with
increased norepinephrine metabolite (dihydroxyphenylglycol), and thyrotropin, and reduced
cord blood levels of insulin-like growth factor-1.242% These findings might explain the
impaired intrauterine growth in neonates exposed to SSRIs. Finally, prenatal SSRI exposure
alters HPA stress response patterns and reduces basal cortisol levels in cord blood as well as
in the early evening,26 even after controlling for pre- and postnatal maternal mood.

Infant and child neurobehaviors

Infants and toddlers who had been exposed to SSRIs in utero exhibited a poorer
psychomotor development index (Bayley) between the ages of 6 and 40 months;27 however,
at preschool ages they displayed typical intelligence, language, and behavioral patterns,28
when compared with children of nondepressed mothers. After controlling for pre- and
postnatal maternal mood, both prenatal SSRI exposure and current maternal mood equally
predicted increased internalizing behaviors in 3-year-olds (T.F. Oberlander., M. Papsdorf, U.
Brain, S. Misri, C. Ross & R. Grunau, unpublished data). In a cohort of SSRI exposed 4-
year-olds, externalizing behaviors and reduced persistence on a laboratory-based task were
associated with increased cord blood drug levels and a history of neonatal withdrawal
symptoms.29 These findings suggest that early neurobehavioral disturbances and
pharmacological factors may predict an increased vulnerability to behavioral abnormalities
in early childhood.

Other susceptibilities: genetic factors

Why some children are affected by prenatal SSRI exposure and others are not remains a
pressing question. SSRI exposure and maternal mood likely interact with genetic factors to
affect serotonergic tone during development and/or disease susceptibility later in life. A
moderating role for genetic variables is beginning to emerge, but not all alleles carry the
same risk. Among SSRI-exposed neonates, 5-min Apgar scores are lower and the risk for
neuromotor symptoms is higher in carriers of short (s) promoter alleles of the 5-HTT gene,
SLC6A4, which is associated with reduced SLC6A4 expression.30 In contrast, the risk for
respiratory distress is higher in SSRI-exposed neonates with two copies of the long (1)
allele.39 Infants with two high-activity MAO-A alleles have higher withdrawal-symptom
scores than infants with at least one low-activity allele.2* Together, these findings may
reflect “fetal serotonergic programming” arising from altered early levels of central 5-HT.

Clin Pharmacol Ther. Author manuscript; available in PMC 2014 March 24.
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CONCLUSIONS

Studies of the neurobehavioral consequences of prenatal SSRI exposure have yielded two
key findings. First, in animal models, early changes in serotonergic tone have molecular,
neuroanatomical, and functional consequences, which are dependent on the timing (critical
periods) and direction (increased or decreased) of change. Second, neurodevelopmental
“main effects” following prenatal SSRI exposure in humans are few, and they are
confounded by the difficulty in separating the impact of the antidepressants from the
consequences of the maternal condition itself. Findings still support the hypothesis that,
during brain development, auto-inhibitory feedback restrains the maturation of the 5-HT
system. With feedback signaling being increased in the presence of high 5-HT tone
(secondary to SSRI exposure), 5-HT system maturation is blunted (Figure 3a). If this
hypothesis is true, it creates a clinical “catch-22” for the management of antenatal
depression. Reducing antenatal maternal depressive symptoms using SSRIs elevates fetal 5-
HT levels, ultimately restricting 5-HTergic system development. This would lead to
decreased 5-HT signaling later in life, predisposing to psychopathology, such as depression,
in the offspring. In this model, factors that influence fetal 5-HT levels, such as functional
polymorphisms in serotonin system—related genes, environmental factors (e.g., prenatal
stress), and pharmacologic factors (e.g., SSRIs, alcohol, cocaine), collectively set the net 5-
HTergic tone® (Figure 3b). Although this review focuses on the effects of increased
developmental 5-HT tone, low 5-HT tone during development is also associated with
neurobehavioral disturbances. Therefore, SSRI treatment during pregnancy could potentially
have beneficial effects on fetal neurodevelopment by counteracting other factors that reduce
fetal central 5-HTergic tone. Conversely, such exposure could also have detrimental effects,
compounding the influence of other factors that increase fetal 5-HTergic tone. Emerging
data reflecting an interaction between fetal SSRI exposure and genetic polymorphisms
support this hypothesis. The central serotonergic auto-feedback model is far from being a
unitary construct, and in order to further our understanding of factors that influence
developmental 5-HT signaling, we need to investigate how functional alterations in specific
raphe subregions and downstream effects on postsynaptic structures contribute to the
complexity of behavioral outcomes.

Antenatal maternal mood disorders require urgent recognition and treatment. Yet, with
questions about the sustained effects of prenatal SSRI exposure on the fetus remaining
unanswered, the appropriateness of SSRIs for use during pregnancy remains unclear.
Recognizing the dual risks associated with antenatal maternal mood disorders on the one
hand and the management of such disorders with an SSRI on the other hand is critical for
developing empirical, evidence-based approaches that identify the best fit between a
pharmacological agent, nonpharmacological therapy, and maternal and neonatal factors so
as to balance risks and benefits for mothers and their children.
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Molecular serotonin system components, effects of selective serotonin reuptake inhibitor
(SSRI) exposure, and outcomes related to antenatal SSRI exposure. Pre- and postsynaptic
components of the serotonin system with key molecules that regulate serotonin synthesis,
release, reuptake, and degradation are shown under normal conditions (left) and under SSRI
exposure (right). Blockade of the serotonin transporter leads to an increase in serotonergic
tone. 5-HT, serotonin; 5-HTT, serotonin transporter; MAO-A, monoamine oxidase A; TPH,

tryptophan hydroxylase.
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SSRI exposed

Childhood

- increased internalizing and
externalizing behaviors
(30, see text)

- reduced task persistence (30)

Infancy
- altered HPA function (27)
- poor psychomotor development (28)

Neonate

- poor neonatal adaptation (18, 20)

- poorer state regulation (18, 20)

- reduced pain reactivity (21, 22)

- lower 5HT, 5-HIAA, and S100B (23, 24),
- lower cortisol and IGF-1 (25)

- higher TSH and DHPG (26)

Fetus

- blunted movements (19)

- lower reactivity (19)

- reduced FHRV (see text)

- reduced MCA (see text)

- lower birth weight (18)

- higher rates of preterm birth (18)

Figure 2.

Comparison of preclinical and clinical findings associated with prenatal exposure to stress
and selective serotonin reuptake inhibitor (SSRI) medications. (a) Preclinical and (b)
clinical findings related to the consequences of exposure to stress or to SSRIs are
summarized. Red vertical lines mark the time of exposure. In (a) the stress-exposed
preclinical summary, light red represents the period of exposure in rhesus macaques and
dark red represents the period of exposure in rats. 5-HIAA, 5-hydroxyindoleacetic acid; 5-
HT, serotonin; 5-HTT, serotonin transporter; ADHD, attention-deficit hyperactivity
disorder; DA, dopamine; DHPG, dihydroxyphenylglycol; EEG, electroencephalography;
FHRYV, fetal heart rate variability; GR, glucocorticoid receptor; HPA, hypothalamic—
pituitary—adrenal; IGF-1, insulin-like growth factor-1; MCA, middle cerebral artery; S100B,

S100 calcium-binding protein B; TPH, tryptophan hydroxylase; trp, tryptophan; TSH,
thyrotropin.
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Figure 3.

Long-term consequences of altered serotonergic tone. (a) Pre- and postsynaptic components
of the serotonin system with key molecules that regulate serotonin synthesis, release,
reuptake, and degradation are shown under normal conditions (left), SSRI exposure during
development (middle), and in later life after developmental exposure to SSRIs. Although
SSRI exposure during development leads to acute increases in serotonergic tone, it inhibits
the development of the serotonin system and leads to reduced serotonin tone later in life. 5-
HT, serotonin; 5-HTT, serotonin transporter; MAO-A, monoamine oxidase A; TPH,
tryptophan hydroxylase. (b) Schematic representation of genetic, environmental, and
pharmacological factors that collectively alter serotonergic tone during development.
Examples of consequences of pathologically high or low serotonergic tone during
development are listed. 5-ht, serotonin; 5-htt, serotonin transporter gene; mao-a, monoamine
oxidase A gene; tphl, tryptophan hydroxylase 1 gene; tph2, tryptophan hydroxylase 2 gene.
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