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SSRI; While the postpartum period is typically associated with increased positive affect, many women
Anxiety; will develop a depressive- or anxiety-related disorder during this time, which can degrade the
Fluoxetine; mother-infant bond and lead to detrimental consequences for the infant. Given the poten-
Prenatal; tial for negative consequences, effective treatments have been critical, with selective sero-
Postnatal; tonin reuptake inhibitors (SSRIs) being the most commonly-prescribed pharmaceutical agents
Development to treat postpartum depression and anxiety. However, SSRIs can readily cross the placenta and

are present in breast milk, so they might, therefore, unintentionally interact with the devel-
oping fetus/infant. There is already experimental evidence that perinatal SSRI exposure has
a number of long-term effects on offspring, but this review focuses on the current literature
examining the timing and consequences of perinatal SSRI exposure specifically on anxiety-like
behaviors in rodents and humans, with an emphasis on the anxiety-related brain regions of the
amygdala and hippocampus. This review also discusses discrepancies between the rodent and
human literatures and how they might inform future studies. Finally, some key factors to con-
sider when examining the role of perinatal SSRIs on offspring anxiety will be discussed, such
as the duration of SSRI exposure and the potential neuroprotective effects of SSRIs. Given the
extensive prescribing of SSRIs, the potential health consequences of perinatal SSRI exposure,
and the discrepancies in the literature, it will be necessary to critically examine the factors
underlying offspring anxiety outcomes.
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1. Introduction

For many women, pregnancy and the postpartum period
are associated with increased positive affect. However,
a notable amount of women (~10%-20%) will develop a
depressive or anxiety disorder during these times (Dennis
et al., 2017; Fairbrother et al., 2016; Pawluski et al., 2017).
The consequences of a postpartum depressive or anxiety
disorder on mothers and their offspring can be severe and
can result in insecurely attached mother-infant dyads and
a decrease in maternal sensitivity to their infant’s needs
(Goecke et al., 2012; Lovejoy et al., 2000; Manassis et al.,
1994; Murray et al., 1996). In their most severe forms,
postpartum depression and anxiety disorders can lead to
child neglect, which itself can then lead to deficits in
affective and cognitive development in infants (Barnett
and Parker, 1986; Galler et al., 2000), with long-lasting
effects into adulthood (Brown et al., 1999; Hildyard and
Wolfe, 2002; Mills et al., 2011). Given these consequences
of postpartum depression and anxiety on offspring, it has
been crucial to find effective treatments. As of early 2019,
the most commonly-prescribed pharmaceutical treatment
of postpartum depression and anxiety disorders are the
selective-serotonin reuptake inhibitors (SSRIs) (Cooper
et al., 2007; Hayes et al., 2012). However, concerns about
SSRI use during pregnancy and the postpartum period
have arisen because SSRIs can readily cross the placenta,
are present in breast milk, and fetuses and infants may
experience difficulty metabolizing SSRIs effectively (Kim
et al., 2006; Kristensen et al., 1999; Rampono et al., 2009).
This presence of drug in the perinatal environment suggests
an ability of perinatal SSRI exposure to unintentionally in-
fluence serotonin signaling in the offspring and has thrown
into question whether prescribing SSRIs in pregnant and
postpartum women is safe for long-term offspring out-
comes. Indeed, there is a growing body of work suggesting
that there are developmental consequences from perinatal
SSRI exposure on offspring outcomes in both rodents and
humans (Gemmel et al., 2017a; Glover and Clinton, 2016;
Kaplan et al., 2016; Malm et al., 2016; Millard et al., 2017;
Oberlander et al., 2005, 2007). When considering that in the
United States, an estimated 5 - 13% of pregnant and post-
partum women are prescribed SSRIs annually (Cooper et al.,
2007; Gemmel et al., 2017a; Hayes et al., 2012), and that
there are approximately 4 million births annually (Hamilton
et al., 2018), upwards of 200,000 - 400,000 fetuses and
infants are exposed to SSRIs perinatally each year. There-
fore, any negative consequences of perinatal SSRI exposure
could have a major public health impact. One potentially
major consequence of perinatal SSRI exposure could be the
potentiation of offspring anxiety disorders. There is already
a large literature linking serotonin with anxiety (Gordon
and Hen, 2004; Zmudzka et al., 2018), which makes any
long-term perturbations in the serotonin system likely to in-
fluence anxiety. There have already been thorough reviews
recently published on the effects of perinatal SSRI exposure
on offspring behavioral development (Millard et al., 2017)
and offspring social development (Gemmel et al., 2017a).
However, this review will focus on the current literature
examining the timing and consequences of perinatal SSRI
exposure specifically on anxiety-like behaviors in laboratory

rodents and humans, with an emphasis on the anxiety-
related brain regions of the amygdala and hippocampus.
This review will also discuss discrepancies between the lab-
oratory rodent and human literatures on the effects of SSRI
exposure on offspring anxiety-related disorders. Finally,
this review will examine how discrepancies in the current
literature might be addressed in future research, along with
other important factors to consider when investigating the
role of perinatal SSRIs on offspring anxiety.

2. Serotonin and neural development

To determine the potential behavioral effects of perinatal
SSRI treatment on offspring anxiety-like behaviors, it is
first necessary to examine the early-life development of
the serotonin system. The serotonergic system develops in
three main stages (timepoints listed in reference to rats,
which have a 21-22 days gestational period): 1) differen-
tiation of serotonergic neurons: embryonic days 10-14; 2)
initial axonal elongation: embryonic days 13-16, and axonal
growth: embryonic days 15-19; and 3) serotonergic matura-
tion and modification of target regions: embryonic day 19
- postnatal day 21 (Deneris and Gaspar, 2018; Lauder, 1990;
Lidov and Molliver, 1982). This section will be a general
overview of these stages, with emphasis placed on systems
key to anxiety-like behaviors. For a more complete review,
readers are referred to (Deneris and Gaspar, 2018).

2.1. Differentiation of serotonergic neurons

Serotonergic neuronal differentiation occurs during mid-
gestation in rodents (e.g. serotonin neurons present by
embryonic days 10-14 in rats) (Lauder and Bloom, 1974; Ol-
son and Seiger, 1972; Wallace and Lauder, 1983). In contrast
to rodents, serotonergic neurons in humans are seen earlier
in gestation, being present by gestational weeks 5-10
(Kinney et al., 2011; Olson et al., 1973; Shen et al., 1989).
Considering the comparative developmental stages at these
points when serotonin neurons appear, with humans in their
first trimester and rats in the human equivalent of the
second trimester (Romijn et al., 1991), this could suggest
that human infants could be more vulnerable to early SSRI
treatment compared to rodents.

2.2. Initial axonal elongation

After differentiation of serotonergic neurons, there is an
initial axonal elongation and growth that matures through
the prenatal period (Lauder, 1990; Lidov and Molliver, 1982).
Growth of serotonergic fibers is at least partially guided by
serotonergic signaling itself, which is released from newly
born serotonergic neurons, and both induces growth factor
release and inhibits its own axonal growth. Regarding the
induction of growth factors, serotonin, through a postsy-
naptic serotonin 1A receptor-mediated mechanism, can
increase astrocytic production and release of the growth
factor, s1008 (Azmitia et al., 1990; Eriksen et al., 2002;
Whitaker-Azmitia et al., 1990). Therefore, depletion of
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serotonin content with para-chlorophenylalanine, which
inhibits the rate-limiting enzyme in serotonin synthesis,
tryptophan hydroxylase, decreases the expression of s1008
(Haring et al., 1993). Conversely, increasing serotonin con-
tent with the SSRI, fluoxetine, increases s1008 expression
and release (Haring et al., 1993), although, this might be
through a serotonin-independent mechanism (Tramontina
et al., 2008). Developmentally, this postsynaptic serotonin
1A receptor-mediated mechanism of axonal growth, while
present throughout the lifespan to maintain serotonin fiber
density (Wilson et al., 1998), is crucial in early neurobe-
havioral development. For example, in the hippocampus,
serotonin 1A receptor expression is highest during the
early postnatal period in rats (Patel and Zhou, 2005), and
knocking out serotonin 1A receptors in the early postnatal
period causes long-lasting increases in anxiety-like behav-
ior, even if receptor expression is returned in adulthood
(Gross et al., 2002). These serotonin-related outcomes
raise the possibility of a critical period during early devel-
opment when perinatal SSRI exposure might permanently
alter the serotonergic system and behaviors influenced by
serotonergic signaling.

As mentioned above, serotonin can also
tively influence its own axonal growth,
so through a presynaptic serotonin 1A receptor-
mediated mechanism. Indeed, perinatal SSRI
exposure, which causes a transient increase in sero-
tonin release, ultimately results in decreased serotonergic
signaling in typically serotonin-rich areas, such as the amyg-
dala (Cabrera-Vera and Battaglia, 1998) and hippocampus
(Simpson et al., 2011; Weaver et al., 2010). While these
effects appear contrary to serotonin’s positive influence
on axonal growth, they are largely attributed to decreases
in serotonin release as a result of presynaptic serotonin
1A autoreceptor activation. This suggests that a balance
of serotonin release is key to normal development, such
that developmentally-typical, transient serotonin release
might direct serotonergic fiber growth, while chronically
high serotonin from perinatal SSRI exposure might decrease
serotonin fiber growth through autoinhibition of serotonin
release (da Silva et al., 2010; Maciag et al., 2006; Simpson
et al., 2011; Weaver et al., 2010).

In humans, as with differentiation of serotonin neurons,
serotonin fiber growth occurs earlier in relative devel-
opment than in rats. Initial axonal elongation is present
by gestational week 8, and axonal growth is completed
by gestational week 13, when the serotonin fibers reach
the cortical plate (Verney et al., 2002). Given the earlier
developmental stages at which humans complete both
neuronal differentiation and axon growth, this again would
suggest that humans might be more vulnerable than rodents
to perinatal SSRI treatment.

nega-
and does

2.3. Serotonergic maturation and modification of
target regions

Once serotonergic fibers reach their targets, these fibers
mature and modify the target sites (Lauder, 1990; Lidov
and Molliver, 1982). While many brain regions receive
serotonergic innervation and are modified at this stage of
development (Bannerman et al., 2004; Davis, 1992); here,
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Fig. 1 Relative expression of serotonin transporters (SERT) in
the (A) amygdala and (B) hippocampus across development in
rats.

we will focus on serotonin’s role in the maturation of two
anxiety-related brain regions, the amygdala and hippocam-
pus. To start, it is important to discuss how the expression
of serotonin transporters, which are present on seroton-
ergic fibers and target regions, changes across perinatal
development. Serotonin transporters regulate the length
of serotonin’s actions in the synapse by removing serotonin
from the synapse, with more serotonin transporters re-
sulting in less serotonergic signaling and vice versa. SSRIs
work by blocking these transporters, resulting in increased
serotonin in the synapse and serotonergic signaling (at least
transiently). Therefore, any normative changes in serotonin
transporter content across the perinatal period could lead
to more, or less, potential consequences of SSRI exposure
across developmental timepoints. Indeed, serotonin trans-
porter expression in rodents is dynamic throughout early
development (Fig. 1). For example, serotonin transporter
expression in the amygdala is very low until birth, after
which serotonin transporters rise through the postnatal
period, peak at three weeks of age, and then decline until
they plateau at adult levels at four weeks of age (Galineau
et al., 2004; Narboux-Néme et al., 2008). Alternatively,
the hippocampus starts to express serotonin transporters
in the late prenatal period (e.g. embryonic days 15-17),
which rise during late gestation into the postnatal period,
and then starts to decline to low/adult levels after three
weeks of age (Hansson et al., 1998; Lebrand et al., 1998;
Narboux-Néme et al., 2008). In humans, there is no work
tracking serotonin transporter expression in the amygdala



1172 Z.A. Grieb and C.M. Ragan
Prenatal/Postnatal SSRI exposure B Perinatal SSRI exposure
' Increased
SERT
binding
‘ Decreased spine density
' Increased SERT binding ' Fos in response to stressful stimuli
C ‘ serotonergic D
fiber density
f spine density
4 SERT

binding

Hippocampus
§ BDNF IV and TrkB
mRNA
‘ serotonergic fiber
density

neurogenesis and synapse
formation (females)
., serotonin terminals

Hippocampus
' serotonin
‘ serotonin turnover

Fig. 2 Regional effects of prenatal/postnatal SSRI exposure on the (A) amygdala and (C) hippocampus versus perinatal SSRI expo-
sure on the (B) amygdala and (D) hippocampus in laboratory rodents.

or the hippocampus across development. Given the dynamic
and transient nature of serotonin transporter expression
in the amygdala and hippocampus in laboratory rodents, it
will be crucial to examine serotonin transporter expression
across perinatal development in humans to fully understand
the potential impact of perinatal SSRI exposure.

Perinatal SSRI exposure can lead to long-term changes
in specific serotonin target regions. For example, prenatal
and postnatal SSRI exposure increases serotonin transporter
autoradiographic binding (Cabrera-Vera and Battaglia,
1998) and decreases serotonergic fiber density in the adult
hippocampus (da Silva et al., 2010; Maciag et al., 2006;
Simpson et al., 2011; Weaver et al., 2010), suggesting
decreased serotonergic signaling in adulthood (Fig. 2).
Serotonergic action in the hippocampus is associated with
decreased anxiety (Tu et al., 2014), potentially through
activating 5-HT1A receptors (Carli et al., 1993; Guimaraes
et al., 1993; Kostowski et al., 1989; Stefanski et al., 1993;
However, see Andrews et al., 1994; Kenny et al., 2000; Hogg
et al., 1994). Therefore, decreased serotonergic signaling
in the hippocampus as a result of prenatal or postnatal SSRI
exposure would be expected to be anxiogenic.

Overall, it is clear that numerous aspects of the serotonin
system and its targets are changing across perinatal devel-
opment. Therefore, the perinatal period is primed to be
a critical time when SSRI exposure might cause long-term
structural changes in the serotonin system and its targets
(e.g., the amygdala and hippocampus; Fig. 2). It is these
long-term changes in innervation and signaling that likely
underlie many behavioral outcomes, such as long-term
changes in anxious behaviors in offspring.

3. Perinatal SSRI exposure and anxiety-like
behaviors in rodents; effects of timing of SSRI
exposure

3.1. Prenatal SSRI exposure and anxiety-like
behaviors in rodents

One of the most pronounced behavioral changes caused by
prenatal (i.e., gestational day 1 until parturition) SSRI expo-
sure in laboratory mice and rats is an increased prevalence
of anxiety-like behaviors in peri-adolescence and adulthood
(Table 1). Prenatal treatment with the SSRI, fluoxetine,
decreases time spent in the open arm of the elevated-
plus maze, an indicator of increased anxiety-like behavior
(Noorlander et al., 2008; Olivier et al., 2011). Similarly, pre-
natal treatment with fluoxetine decreases exploration and
time spent in the center of the open-field test (Boulle et al.,
2016; Noorlander et al., 2008; Olivier et al., 2011), in-
creases the latency to eat in the novelty-suppressed feeding
task (Noorlander et al., 2008; Olivier et al., 2011), and in-
creases neophobia to a novel object (Simpson et al., 2011).

3.2. Early postnatal SSRI exposure and
anxiety-like behaviors in rodents

Like prenatal exposure to SSRIs, early postnatal (i.e., birth
to weaning) exposure to SSRIs also increases anxiety-like
behaviors in rodents (Table 1). For example, in many studies
postnatal treatment with fluoxetine decreases exploration
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Table 1 Effects of perinatal SSRI exposure on anxiety-like behaviors in rodents and humans.
SSRI (dose*) Exposure Authors Species Anxiety outcome
Prenatal SSRI Rodents
exposure
Prenatal fluoxetine GD8-GD18 Noorlander C57BL/6-JIco Anxiety on open field and novelty
(0.3, 0.6, or et al. (2008) mice t suppressed feeding task in
0.7 mg/kg/day: IP) or adulthood (fluoxetine)
fluvoxamine = Anxiety on open field and novelty
(4.2 mg/kg/day: IP) suppressed feeding task in
adulthood (fluvoxamine)
Anxiety on elevated plus maze
t (more time in closed arms) in
adulthood (fluoxetine and
fluoxamine)
Prenatal fluoxetine GD8-GD18 Smit-Rigter C57BL/6 mice Anxiety in the novelty-suppressed
(0.6 mg/kg/day: IP) et al. (2012) t feeding task
Prenatal fluoxetine GD11-Parturition Olivier et al. Wistar rats Anxiety on novelty-suppressed
(12 mg/kg/day: Oral (2011) t feeding task Open field test and
injection) elevated plus maze in adulthood
in adulthood
Prenatal citalopram GD11-GD19 Simpson et al. Long-Evans rats Neophobia: more freezing to a
(2.5, 5, or (2011) t tone and less exploration of a
10 mg/kg/twice daily: novel object
SC)
Postnatal SSRI Rodents
exposure
Postnatal fluoxetine PD4-PD21 Karpova et al. C57BL/6 mice Anxiety in light-dark box and open
(10 mg/kg/day: IP) (2009) t field test in adulthood
Postnatal fluoxetine PD4-PD21 Zheng et al. C57BL/6 mice Anxiety (less exploration) in open
(10 mg/kg/day: IP) or (2011) t field in adulthood
fluvoxamine
(10 mg/kg/day: IP)
Postnatal fluoxetine PD4-PD21 Ansorge et al. 129S6/SvEv mice Anxiety in the open field (less
(10 mg/kg/day: IP) (2004) t exploration) and elevated plus
maze (fewer rears) in adulthood
Postnatal fluoxetine PD4-PD21 Ansorge et al. 129S6/SvEv mice Anxiety in open field (less
(10 mg/kg/day: IP) or (2008) t exploration) and elevated plus
citalopram maze (fewer rears) in adulthood
(10 mg/kg/day: IP)
Postnatal fluoxetine PD2-PD11 Rebello et al. 129S6/SvEvTac Anxiety on open field test and
(10 mg/kg: IP) (2014) mice t novelty suppressed feeding tests
Postnatal fluoxetine PD2-PD21 Yu et al. (2014)  129S6/SvEv mice Neophobia: novel open field (less
(10 mg/kg/day: IP) t exploration) and
Novelty-suppressed feeding
paradigm in adulthood
Postnatal citalopram PD5-PD19 Popa et al. CD1 mice Anxiety in the elevated pluz maze
(10 mg/kg/day: SC) (2008) t (fewer rears)
- Anxiety in the light/dark box
|
Postnatal fluoxetine PD1-Weaning Rayen et al. Sprague-Dawley = Anxiety in the open field test in

(5mg/kg/day:
Osmotic minipumps)

(2011)

rats

adolescence

(continued on next page)
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Drinking water)

Anxiety on open field in adulthood

Table 1 (continued)
SSRI (dose*) Exposure Authors Species Anxiety outcome
Postnatal fluoxetine PD2-PD23 Gobinath et al.  Sprague-Dawley Anxiety in the elevated plus maze
(10/mg/kg/twice (2016) Rats t and novelty-suppressed feeding
daily: IP) paradigm in adulthood (males
only)
Postnatal fluoxetine PD1 - Weaning Boulle et al. Sprague-Dawley Anxiety on open field in
(5mg/kg/day: (2016) rats t unstressed males in adulthood;
zzr:qc))tlc minpump Anxiety on open field in stressed
‘ males in adulthood
Postnatal fluoxetine PDO-PD6 Lee (2009) Wistar rats Anxiety in open field (less
(10 mg/kg/day: SC) t exploration) in adolescence
Postnatal fluoxetine PDO-PD4 Lee and Lee Wistar rats Anxiety in open field (less
(20 mg/kg/day: SC) (2012) t exploration) in adolescence
Postnatal fluoxetine PD1-PD21 Ribas et al. Wistar rats - Anxiety in the elevated plus maze
(10 mg/kg/day: SC) (2008) ] in adulthood
Postnatal fluoxetine PDO-PD4 Ko et al. (2014)  Wistar rats Anxiety in the open field in
(20 mg/kg/day: SC) t adulthood
p— Anxiety in the elevated plus maze
| in adulthood
Postnatal citalopram PD8-PD18 Simpson et al. Long-Evans rats Neophobia: more freezing to a
(2.5, 5, or (2011) t novel tone and less exploration of
10 mg/kg/twice daily: a novel object
SC)
Postnatal fluoxetine PD8-PD28 Rodriguez- Long-Evans rats Males: Neophobia: lessexploration
(5 mg/kg/twice daily: Porcel et al. t of a novel object in adolescence
5C) or c1talopram (2011) Females: no effects on neophobia
(10mg/kg/twice -
. H in adolescence
daily: SC)
Postnatal citalopram PD8-PD21 Harris et al. Long-Evans rats p— Anxiety in the elevated plus maze
(2.5, 5, or (2012) ] in adulthood
10 mg/kg/twice daily:
SC)
Perinatal SSRI Rodents
exposure
Perinatal fluoxetine GD15-PD12 McAllister C57BL/6 mice Anxiety on elevated plus maze in
(25 mg/kg/day: et al. (2012) ‘ adulthood
Drinking water) - Anxiety on open field in adulthood
|
Perinatal fluoxetine GD15-PD12 Kiryanova and C57BL/6 mice Anxiety in the elevated pluz maze
(25 mg/kg/day: Dyck (2014) ‘ in adulthood
DAL ) - Anxiety in the open field in
— adulthood
Perinatal fluoxetine GD15-PD12 Kiryanova et al. C57BL/6 mice Anxiety on elevated plus maze in
(25 mg/kg/day: (2016) ‘ adulthood
Drinking water) - Anxiety on open field and
] light/dark box in adulthood
Perinatal fluoxetine GD10-PD20 Salari et al. NMRI mice Anxiety on zero maze in adulthood
(8 mg/kg/day: (2016) ‘
|
|

(continued on next page)
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Table 1 (continued)
SSRI (dose*) Exposure Authors Species Anxiety outcome
Perinatal fluoxetine GDO-PD21 Lisboa et al. Swiss mice - Anxiety on open field and elevated
(7.5mg/kg/day: oral (2007) - plus maze
gavage)
Perinatal citalopram GD6-PD20 Sprowles et al.  Sprague-Dawley Females: Anxiety on open field in
(10 mg/kg/twice (2016) rats t aulthood
LA f— Anxiety in the elevated zero maze
Perinatal citalopram GD6-PD20 Sprowles et al.  Sprague-Dawley - Females: Anxiety on open field
(5 mg/kg/twice daily: (2017) rats t (less exploration) in adulthood
f;' :n(;r/ fkls;)?v(jitgze el p— Anxiety in the elevated zero maze
5C) -
Perinatal venlafaxine  GD15-PD20 Bogi et al. Wistar rats Anxiety on elevated plus maze and
(7.5, 37.5, and (2018) ‘ light/dark box in adulthood
75mg/kg: Oral
gavage to dam)
Perinatal fluoxetine GDO-PD21 Francis-Oliveira  Wistar rats Anxiety in the novelty suppressed
(5mg/kg/day: Oral et al. (2013) ‘ feeding paradigm in adolesence
gavage)
Perinatal SSRI Humans
exposure
Perinatal (?) drug: Pregnancy: Misri et al. Humans f— No effect on internalizing
Fluoxetine (18 mg): confirmed (2006) | problems subsection (e.g.
n=>5 Postpartum: depression, anxiety, withdrawal)
Paroxetine (24 mg): Unspecified of the Child Behavior Checklist at
n=14 4 - 5 years of age
Sertaline (92 mg):
n=3
Perinatal (?) drug: Prenancy: Oberlander Humans - No effect on anxious/depressed
Fluoxetine (30 mg): Confirmed et al. (2010) ] subscale of the internalizing
n=4 Postpartum: subsection of Child Behavior
Paroxetine (20 mg): Unspecified Checklist at 3 years of age
n=15
Sertraline (50 mg):
n=5
Citalopram (25 mg):
n=6
Venlafaxine (75 mg):
n=3
Perinatal (?) drug: n=35: mothers who  El Marroun Humans - No effect on affective disorders on
Fluoxetine: n=17 used SSRIs et al. (2014) | the Child Behavior Checklist at
Paroxetine: n=38 exclusively in 1st 1.5, 3, or 6 years of age
Sertraline: n=11 trimester
Fluvoxamine: n=6 n = 34: Mothers who
Citalopram: n=4 used SSRIs in the 1st,

2nd, and/or 3rd

trimesters

(unspecified if used

in postpartum)
Perinatal (?) drug: Pregnancy: Hanley et al. Humans Internalizing and anxiety problems
Fluoxetine: n=5 Confirmed (2015) t subsections of the Child Behavior
Paroxetine: n=16 Postpartum: Checklist at 3 years old
Sertraline: n=7 Unspecified - No effect on anxiety behaviors on
Citalopram: n=6 H the Health and Behavior

Venlafaxine: n=10

Questionnaire at 6 years old
(continued on next page)
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Table 1 (continued)
SSRI (dose*) Exposure Authors Species Anxiety outcome
Perinatal (?) drug: Pregnancy: Hermansen Humans Internalizing problems subsection
Unspecified: n=28 Confirmed et al. (2016) t of the Child Behavior Checklist at
Postpartum: 6 years old
Unspecified
Perinatal (?) drug: Pregnancy: Malm et al. Humans Marginal increase in the
Assortment of SSRIs Confirmed (2016) t age-related rise in the incidence
(n=15,729): Postpartum: rate of anxiety disorders
Fluoxetine, Unspecified
citalopram,
paroxetine,
sertraline,
fluvoxamine

Effects of pre-, post-, or perinatal SSRI exposure on anxiety-like behaviors in laboratory rodents and anxiety in humans. Arrows indicate

significant differences between SSRI exposed and control subjects.

* Note that average dose is reported in the human studies. The anxious/depressed subscale of the internalizing subsection of the Child
Behavior Checklist measures: Child crying, feeling of worthlessness, nervousness, fearfulness, guilt, self-consciousness, suicidal thoughts,

and worrying.

in the open-field test (Ansorge et al., 2008, 2004; Boulle
et al., 2016; Karpova et al., 2009; Ko et al., 2014; Lee,
2009; Lee and Lee, 2012; Rebello et al., 2014; Zheng
et al., 2011; however, see Harris et al., 2012; Rayen et al.,
2011). Similarly, postnatal fluoxetine treatment increases
neophobia to a novel object and novel tone (Rodriguez-
Porcel et al., 2011; Simpson et al., 2011; Yu et al., 2014),
increases anxiety-like behaviors in the elevated plus maze
and light-dark box (Ansorge et al., 2008, 2004; Karpova
et al., 2009; Popa et al., 2008: however see Harris et al.,
2012; Ko et al., 2014; Ribas et al., 2008), and increases the
latency to eat in the novelty-suppressed feeding paradigm
(Gobinath et al., 2016; Rebello et al., 2014). Therefore,
similar to prenatal SSRI exposure, early postnatal SSRI
exposure also increases anxiety-like behaviors.

3.3. Perinatal SSRI exposure and anxiety-like
behaviors in rodents

It is important to note that not all rodent studies that
have analyzed the effects of perinatal SSRI exposure show
elevated anxiety-like behaviors. Six separate studies found
that prolonged perinatal (i.e., gestational day 1 - weaning)
SSRI exposure decreased anxiety-like behavior (Table 1).
Three of these studies found that fluoxetine treatment from
gestational day 15 to postnatal day 12 increased the percent
of time spent in the open arms of the elevated-plus maze
in adult mice (Kiryanova and Dyck, 2014; Kiryanova et al.,
2016; McAllister et al., 2012; however see Meyer et al.,
2018), while another study found that treatment with fluox-
etine from gestational day 1 to postnatal day 21 decreased
the latency to eat in the novelty-suppressed feeding task
in adolescent rats (Francis-Oliveira et al., 2013), and yet
another study found fluoxetine treatment from gestational
day 10 to postnatal day 20 increased time in the open areas
on the elevated zero maze in adult mice (Salari et al.,
2016). Furthermore, perinatal treatment (gestational day
15 to postnatal day 20) with the serotonin-norepinephrine
reuptake inhibitor, venlafaxine, also led to lower anxiety-

like behaviors in adult rats (Bogi et al., 2018). Interestingly,
these effects might be specific to particular SSRls, as
perinatal exposure to citalopram increased anxiety-like
behaviors, as seen as less time spent in the center of the
open-field test (Sprowles et al., 2016, 2017).

3.4. Effects of the timing of SSRI exposure on
anxiety-like behaviors

The apparent discrepancies among prenatal, postnatal, and
perinatal SSRI exposure on anxiety-like behaviors might be
explained by the timing of the SSRI exposure. Almost all
studies that exposed offspring to SSRIs during either the
pre- or postnatal period reported increased anxiety-like
behavior (Ansorge et al., 2008, 2004; Boulle et al., 2016;
Gobinath et al., 2016; Karpova et al., 2009; Ko et al.,
2014; Lee, 2009; Lee and Lee, 2012; Noorlander et al.,
2008; Olivier et al., 2011; Popa et al., 2008; Rebello et al.,
2014; Rodriguez-Porcel et al., 2011; Simpson et al., 2011;
Smit-Rigter et al., 2012; Yu et al., 2014; Zheng et al., 2011),
while those that treated across the perinatal period show
decreased anxiety-like behavior (Bogi et al., 2018; Francis-
Oliveira et al., 2013; Kiryanova and Dyck, 2014; Kiryanova
et al., 2016; McAllister et al., 2012; Salari et al., 2016). This
suggests either a time-dependent or total exposure depen-
dent effect of SSRI exposure on later anxiety-like behavior
in rodents, with cumulative SSRI treatment decreasing
anxiety-like behaviors. This would be similar to other bio
behavioral effects of cumulative perinatal SSRI exposure, in
which the duration of SSRI exposure is negatively associated
with infant admittance to the neonatal intensive care unit
(Casper et al., 2011).

The total duration of SSRI exposure might be particularly
relevant because of the transient serotonin transporter ex-
pression in the amygdala and hippocampus during perinatal
development (Galineau et al., 2004; Hansson et al., 1998;
Lebrand et al., 1998; Narboux-Néme et al., 2008), which
would lead to abnormally high levels of serotonin in these
regions during critical periods of serotonergic system devel-
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opment. This increase in serotonin content in the perinatal
brain might also be exacerbated by the fact that presynaptic
and postsynaptic serotonin 1A receptors are differentially
sensitive to prolonged serotonin exposure. For example,
presynaptic serotonin 1A autoreceptors are desensitized in
response to serotonin more so than postsynaptic serotonin
1A heteroreceptors (Riad et al., 2001). Therefore, long-
term increases in serotonin that occur under perinatal SSRI
exposure would be expected to more dramatically increase
serotonin output to target regions than either prenatal
or postnatal SSRI exposure. Given the importance of bal-
anced, transient, serotonin release for proper serotonergic
system development (discussed above), short-term sero-
tonin transporter blockade would be predicted to decrease
serotonergic tone by overactivating presynaptic serotonin
1A autoreceptors, while long-term serotonin transporter
blockade would be predicted to increase serotonergic tone
by overactivating postsynaptic serotonin 1A heterorecep-
tors. Consistent with this idea, prenatal and postnatal SSRI
exposure decreases serotonergic tone in the amygdala and
hippocampus in adulthood (da Silva et al., 2010; Maciag
et al., 2006; Simpson et al., 2011; Weaver et al., 2010),
while perinatal SSRI exposure increases serotonergic tone in
the hippocampus (Gemmel et al., 2017b). It will be crucial
for future studies to further examine whether prenatal or
postnatal SSRI exposure causes different changes in the
amygdala and hippocampus than perinatal SSRI exposure.

4. Perinatal SSRI exposure and anxiety-like
behaviors in humans

When examining the effects of perinatal SSRI exposure on
anxiety in humans, the relationship is much less clear. Two
studies found that perinatal SSRI exposure was not associ-
ated with any later affective behaviors, as measured by the
Child Behavior Checklist, at 1.5, 3, or 6 years of age (El Mar-
roun et al., 2014) or at 4 - 5 years of age (Misri et al., 2006).
However, three other studies examining the role of peri-
natal SSRI exposure on childhood anxiety found increased
internalizing (anxiety, depressive, and over controlled)
behavior as measured by the Child Behavior Checklist at
3 and 6 years of age (Hanley et al., 2015; Hermansen
et al., 2016; Oberlander et al., 2010). One study found that
perinatal SSRI exposure predicted the somatic complaint
and sleep disturbance subfields of internalizing behavior in
children at 3 years of age (Oberlander et al., 2010). Finally,
in a study examining adolescents exposed perinatally to
SSRIs, a trend was found for a higher incidence of anxiety-
related disorders over time in SSRI exposed adolescents
compared to adolescents not exposed (Malm et al., 2016).
Taken together, these studies suggest that the relationship
between perinatal SSRI exposure and anxiety is not as
straightforward in humans compared to laboratory rodents.

5. Important considerations

While studies examining the effects of perinatal SSRI
exposure on anxiety in humans have not found robust
effects, there are a few caveats to this conclusion. Multiple
studies did not control for the potential mediating effects

of maternal mood disorder (Misri et al., 2006; Oberlander
et al., 2010), which can itself affect child anxious behavior
(Cummings and Davies, 1994). Additionally, and perhaps
most crucially, all of these studies analyzed toddlers
(El Marroun et al., 2014; Hanley et al., 2015; Oberlan-
der et al., 2010) and young children (i.e., 3-6 years old)
(El Marroun et al., 2014; Hanley et al., 2015; Hermansen
et al., 2016; Misri et al., 2006). Given that the onset of
many anxiety-related disorders emerge during adolescence
and into young adulthood (Paus et al., 2008), the possibility
arises that these timepoints might be too early to observe
any anxiety-related effects. Consistent with this idea,
one study of perinatal SSRI exposure and later adolescent
anxiety disorders found a trend for a higher incidence of
anxiety-related disorders over time in SSRI exposed adoles-
cents compared to adolescents not exposed (Malm et al.,
2016). Interestingly, long-term modifications in serotonergic
tone from perinatal SSRI exposure (discussed above) might
be important in the peri-adolescent neural changes that
are concurrent with the onset of anxiety disorders, such
as increased formation of white matter (i.e. myelation of
axons), and a corresponding decrease in gray matter (i.e.
apoptosis; neuronal death) (Paus et al., 2008). For example,
adults with anxiety disorders show impaired connectivity
between the amygdala and other cortical regions important
for anxiety regulation (Phan et al., 2009; Westlye et al.,
2011), and the s/s serotonin transporter polymorphism,
which transiently increases synaptic serotonin, can de-
crease the integrity of these pathways (Pacheco et al.,
2009; Pezawas et al., 2005). Similarly, the s/s serotonin
transporter polymorphism can also lead to reductions in
amygdala and hippocampus volume (Eker et al., 2011;
Everaerd et al., 2012; Kobiella et al., 2011; Pezawas et al.,
2005), which is associated with increased amygdala activity
(Bertolino et al., 2005; Dannlowski et al., 2010; Kobiella
et al., 2011). Therefore, the long-term downregulation of
serotonergic tone due to prenatal or postnatal SSRI exposure
(Simpson et al., 2011; Weaver et al., 2010) could result in
long-term changes in neural connectivity and cell composi-
tion in circuits important for the display of anxiety behavior
that only emerge in adolescence or young adulthood.
Another important distinction that might explain some
of the discrepancies between the rodent and human lit-
eratures is that the exposure route and dose can be very
different between the rodent and human literatures,
particularly when examining the “third” trimester of de-
velopment. In rodents, the comparative third trimester of
development occurs during the postnatal period (Romijn
et al., 1991). Therefore, many studies investigate the role
of late gestational SSRI exposure by directly injecting SSRIs
into early postnatal pups, either subcutaneously (Lee, 2009;
Lee and Lee, 2012; Rodriguez-Porcel et al., 2011) or into
the peritoneum (Ansorge et al., 2008; Karpova et al., 2009;
Zheng et al., 2011). This is a caveat if translating to hu-
mans, though, as infants would never receive a direct dose
of SSRI under typical conditions. This is even more critical
when taking into consideration that only an estimated 50%
of SSRIs, and 25% of its metabolites, cross the placenta in
humans (Ewing et al., 2015). Therefore, administration of
SSRIs directly into pups could result in an almost doubling
of the working dose in rodents compared to humans, which
might limit the translatability of rodent work to humans. A
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Table 2 Effects of perinatal SSRI exposure on hippocampal and amygdala neurobiology.

SSRI (dose) Exposure Authors Species Neurobiological outcome
(Hippocampus/amygdala)
Prenatal SSRI Rodents
exposure
Prenatal GD13-GD20 Cabrera-Vera Sprague-Dawley SERT autoradiographic binding in
Fluoxetine and Battaglia rats t the CA2 (+47%), CA3 (+38%),
(10mg/kg. SC) (1998) basolateral amygdala (+32%),
medial amygdala (+44%) of
adolescents
Prenatal citalopram GD11-GD19 Simpson et al. Long-Evans rats Density of serotonergic fibers in
(2.5, 5, or (2011) ‘ CA1 region of hippocampus
10 mg/kg/twice
daily: SC)
Postnatal SSRI Rodents
exposure
Postnatal PD4-PD21 Karpova et al. C57BL/6 mice BDNF IV mRNA in hippocampus
fluoxetine (2009) t (adult male mice)
(10mg/kg/day: IP) TrkB.T1 mRNA in hippocampus
‘ (adult male mice)
Postnatal PD4-PD21 Zheng et al. C57BL/6 mice Apical dendrite spine density in
fluoxetine (2011) t adult CA1 region of hippocampus
(10 mg/kg/day: IP) (fluoxetine)
or fluvoxamine Basal dendritic spine density in
(10 mg/kg/day: IP) t adult CA1 region of hippocampus
(fluoxetine and fluvoxamine)
Postnatal PD1 - Weaning Rayen et al. Sprague-Dawley Cell proliferation in hippocampus
fluoxetine (2011) rats ‘ (fluoxetine only)
g mg/!(g/day: Neurogenesis in the hippocampus
Osmotic .
. (fluoxetine and maternal stress)
minipumps) t
Postnatal PD1-PD21 Rayen et al. Sprague-Dawley Males: hippocampal neurogenesis
fluoxetine (2015) rats t maternal stress and fluoxetine Tx
g mg/!(g/day: Females: cell survival in
Osmotic . . .
. hippocampus with fluoxetine Tx
minipumps) t
Females: synapse formation in
‘ dentate gyrus with fluoxetine Tx
Postnatal PD2-PD23 Gobinath et al. Sprague-Dawley Males: hippocampal neurogenesis
fluoxetine (2016) Rats t maternal stress and fluoxetine Tx
((jL?l/ymlgP/)k g/twice Females: hippocampal
‘ neurogenesis with fluoxetine Tx
Postnatal PD1-Weaning Boulle et al. Sprague-Dawley BDNF IV and TrkB mRNA in
fluoxetine (2016) rats l hippocampus as adults
(5mg/kg/day:
osmotic minipump
dam)
Postnatal PD1-PD21 da Silva et al. Wistar rats Serotonin terminals in the
fluoxetine (2010) ‘ hippocampus (dentate gyrus)
(10 mg/kg/day: SC)
Postnatal PDO-PD4 Ko et al. (2014) Wistar rats Spine density in the basolateral
fluoxetine ‘ amygdala in adulthood
(20 mg/kg/day: SC)
Postnatal PD8-PD21 Maciag et al. Long-Evans rats SERT fiber density in the
citalopram (2006) ‘ hippocampus in adulthood

(5mg/kg/day: SC)

(continued on next page)
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Table 2 (continued)

SSRI (dose) Exposure Authors Species Neurobiological outcome

(Hippocampus/amygdala)
Postnatal PD8-PD21 Weaver et al. Long-Evans rats SERT fiber density in the
citalopram (2.5, 5, (2010) ‘ hippocampus in adulthood (bigger
or 10 mg/kg/twice effect at higher doses).
daily: SC)
Postnatal PD8-PD21 Simpson et al. Long-Evans rats Density of serotonergic fibers in
citalopram (2.5, 5, (2011) ‘ CA1 region of hippocampus
or 10 mg/kg/twice
daily: SC)
Perinatal SSRI Rodents
exposure
Perinatal fluoxetine GD10-PD21 Gemmel et al. Sprague-Dawley Serotonin in the hippocampus
(5mg/kg/twice (2017a) rats t
daily: biscuit Serotonin metabolism in
(Oral)) ;

‘ hippocampus

Perinatal fluoxetine GDO-PD21 Francis-Oliveira Wistar rats Fos in the basolateral amygdala
(5mg/kg/day: Oral et al. (2013) l and medial amygdala in response
gavage) to stress.

Effects of pre-, post-, or perinatal SSRI exposure on hippocampal and amygdala physiology in laboratory rodents. Arrows indicate significant

differences between SSRI exposed and control subjects.

dose-dependent effect might not be surprising, given that
serotonin regulates its own development and future sero-
tonin release (Homberg et al., 2010; Shemer et al., 1991;
Simpson et al., 2011; Weaver et al., 2010). Additionally,
when considering that typical doses of prescribed SSRIs in
humans can range up to 8-fold in difference from the lowest
to the highest dose, depending on the SSRI (Gemmel et al.,
2017a), this could explain the lack of clarity in the human
literature as to the role of perinatal SSRI exposure on infant
anxiety outcomes.

Perhaps most crucially, is that prenatal or postnatal SSRI
treatments in rodents increase offspring anxiety-like be-
havior, while perinatal SSRI treatments decreases offspring
anxiety-like behavior in laboratory rodents (Table 1). Given
that ~50% of women discontinue SSRI use by the end of
pregnancy (El Marroun et al., 2014; Ververs et al., 2006;
Zoega et al., 2015), this could explain why the effects
of perinatal SSRI use on offspring anxiety in humans have
remained inconclusive. It is important to note that while
studies report prenatal SSRI exposure, it is not clear what
the mother’s SSRI use is like in the early postpartum period
when breastfeeding would likely be occurring (Hanley et al.,
2015; Hermansen et al., 2016; Malm et al., 2016; Misri
et al., 2006; Oberlander et al., 2010). Future human studies
might benefit from separating mothers into “SSRIs used ex-
clusively during early pregnancy”, “SSRIs used throughout
pregnancy”, “SSRIs used exclusively during the postpartum
period”, and “SSRIs used throughout pregnancy and the
postpartum period” to determine the specific effects the
timing of SSRI exposure may have on child outcomes.

Finally, it is important to consider that SSRIs under
certain conditions might, in fact, be protective for the
offspring. For example, while prenatal and postnatal SSRI
exposure can decrease hippocampal neurogenesis (Gobinath
et al., 2016; Rayen et al., 2011), this effect appears to

be sex- and/or stress-specific, as postnatal SSRI exposure
under stressful conditions (i.e., corticosterone injections or
daily restraint stress) decreases neuron density in the hip-
pocampus of adult female rodents (Gobinath et al., 2016;
Rayen et al., 2015), while increasing the neuron density
in adult male rodents (Gobinath et al., 2016). Perinatal
SSRI exposure can also normalize changes in hippocampal
circuitry under stressful conditions (Ishiwata et al., 2005;
Nagano et al., 2012; Rayen et al., 2015, 2011), suggesting
that perinatal SSRI exposure might be neuroprotective in
the hippocampus if administered under stressful conditions.
These findings might be particularly relevant given that
many studies analyzing the effects of perinatal SSRI expo-
sure on anxiety-like behaviors were not conducted under
stressful conditions, and thus may not mimic the state of
anxious or depressed mothers prescribed SSRIs.

SSRIs might also be neuroprotective by enhancing ma-
ternal caregiving. Decreasing serotonergic function in
maternal rodents decreases aspects of mothering, includ-
ing licking, nursing, and pup retrievals (Alenina et al.,
2009; Holschbach et al., 2018; Lerch-Haner et al., 2008),
while SSRIs can enhance pup licking and nursing behaviors
(Johns et al., 2005; Pawluski et al., 2012; however, see
Rayen et al., 2011). In humans, there are relatively few
studies that assess caregiving behaviors in mothers who
were prescribed SSRIs during the perinatal period. SSRIs
improve scores on assessments of depression and maternal
role functioning (i.e. Global Assessment Scale (GAS); and
Gratification in Maternal Role, GRAT, respectively) but not
scores of maternal self-efficacy or mother-infant interac-
tions (Logsdon et al., 2011). Conversely, in a small study of
women who took SSRIs during pregnancy, 4 out of 5 mother-
infant dyads showed disorganized attachment (Troutman
et al., 2012). Additional studies examining the effects of
SSRI exposure on mothering and mother-infant relationships
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are necessary to determine the potentially broad spectrum
of perinatal behaviors SSRIs could influence.

6. Conclusions

Taken together, the serotonin system develops extremely
early in gestation, regulates its own neurodevelopment,
and is necessary for future anxious behavior expression with
specific effects on the amygdala and hippocampus (Table 2).
Therefore, the perinatal period is primed to be a critical
time when perturbations, such as SSRI exposure, might
result in long-term behavioral changes including in anxiety
(Table 1). While there are strong indications from the ro-
dent literature that perinatal SSRI treatment modifies later
anxiety-like behavior, the evidence in human literature is
not as clear. In both rodents and humans, though, some of
these discrepancies within and across the literature can be
accounted for in the developmental timepoints in which
the SSRI exposure occurs, the duration of SSRI exposure,
the administration route, and the working dose to which
the perinatal offspring are exposed. Based on the rodent
literature and the limited human literature, this review
urges future rodent and human studies to address three
major research questions. First, for humans, what are the
behavioral and neurobiological effects (i.e., amygdala and
hippocampal changes) of perinatal SSRI exposure on late
adolescent and adult anxiety-related behaviors? Second,
for humans, if prescribed dose of SSRI is included as its
own independent variable (or covariate), what is the rela-
tionship between SSRI exposure and child, teen, or adult
anxiety-related behaviors? Finally, for both rodents and
humans, what are the effects of pre- vs. post- vs. perinatal
SSRI exposure on anxiety-related behaviors and amyg-
dala/hippocampus neurobiology? Given the incredible costs
of anxiety-related disorders, both socially (Kessler et al.,
1997, 1995) and economically (Greenberg et al., 1999),
it is critical to examine these specific variables to truly
understand any effects of perinatal SSRI exposure on later
anxiety-related disorders and its associated neurocircuitry.
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