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Abstract

Antenatal psychopathology negatively affects obstetric outcomes and exerts long-term consequences on the offspring’s
wellbeing and mental health. However, the precise mechanisms underlying these associations remain largely unknown.
Here, we present a novel model system in mice that allows for experimental investigations into the effects of antenatal
depression-like psychopathology and for evaluating the influence of maternal pharmacological treatments on long-term
outcomes in the offspring. This model system in based on rearing nulliparous female mice in social isolation prior to mating,
leading to a depressive-like state that is initiated before and continued throughout pregnancy. Using this model, we show that
the maternal depressive-like state induced by social isolation can be partially rescued by chronic treatment with the selective
serotonin reuptake inhibitor, fluoxetine (FLX). Moreover, we identify numerous and partly sex-dependent behavioral and
molecular abnormalities, including increased anxiety-like behavior, cognitive impairments and alterations of the amygdalar
transcriptome, in offspring born to socially isolated mothers relative to offspring born to mothers that were maintained in
social groups prior to conception. We also found that maternal FLX treatment was effective in preventing some of the
behavioral and molecular abnormalities emerging in offspring born to socially isolated mothers. Taken together, our findings
suggest that the presence of a depressive-like state during preconception and pregnancy has sex-dependent consequences on
brain and behavioral functions in the offspring. At the same time, our study highlights that FLX treatment in dams with a
depression-like state can prevent abnormal behavioral development in the offspring.

Introduction

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41380-
021-01145-7.

Pregnancy is a delicate period that relies on a balance between
personal, family-related and employment-related issues. In
instances where this balance is not attainable, pregnancy can
become a stress-inducing situation, which in turn compro-
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mises the mother and offspring’s wellbeing [1]. In high-
income countries, ~5—-15% of pregnant women meet the cri-
teria for depression and/or clinical anxiety [2—4], and these
rates are even higher in low- and middle- income countries
[4, 5]. Consequently, the use of antidepressant drugs (ADDs)
during pregnancy has greatly increased, and is expected to
escalate given the overall rise of depression worldwide [6, 7].

The most commonly prescribed ADDs are selective
serotonin reuptake inhibitors (SSRIs), which have been
considered moderately safe for antenatal use [6, 8, 9]. SSRIs
act by inhibiting the serotonin transporter, thus blocking
the reabsorption of serotonin by presynaptic neurons
and increasing its availability in the synaptic cleft [10].
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Importantly, at least some SSRIs administered in pregnancy
can cross the placenta and are excreted in breast milk, thus
reaching the fetus and the newborn, respectively [11, 12].
Since the serotoninergic system and its downstream effec-
tors are critical for normal neurodevelopment [13, 14], it is
plausible that manipulating this system during fetal and
perinatal life by exposure to SSRIs may have the potential
to alter brain development.

Some recent human studies seem to suggest that the use of
SSRIs during pregnancy could pose a risk for the develop-
mental health of the offspring [7], increasing, for example, the
risk of preterm delivery [15, 16], low birth weight and cardiac
defects [15, 17]; the development of mental illness [18-20];
and alterations in the hypothalamic-pituitary-adrenal (HPA)
axis and the serotoninergic system [21, 22]. However, the
results of human studies are equivocal, with other reports
finding no such associations [23], and few are graded as
high-quality evidence [24]. Moreover, they are often asso-
ciated with multiple confounding factors, in primis the
underlying maternal psychopathology. Indeed, SSRI treat-
ment may just be a marker of the severity of the depressive
symptoms in the mother, which may be the actual cause of
the alterations reported in the offspring [25]. Maternal mood
disorders per se are, in fact, associated with a variety of
detrimental consequences for the newborn [26-29], and
numerous reports suggest that untreated prenatal depression
is associated with increased infant morbidity and neurode-
velopmental abnormalities [4, 27, 30, 31]. Thus, despite the
possible risks associated with SSRI treatment during preg-
nancy, these compounds continue to be critically important
for the wellbeing of depressed mothers, and discontinuation
of therapy is not recommended [32]. In view of these find-
ings, further research is warranted in this clinically important
domain, with emphasis on discerning the relative effects of
SSRI treatment from maternal psychopathology.

One way to overcome the difficulties of assessing the
effects of developmental exposure to SSRIs and maternal
depression is through the use of animal models, which allow
for detailed investigations of the short- and long-term con-
sequences of maternal stress and/or SSRI treatment under
stringent experimental conditions. While a plethora of animal
models of prenatal stress exist [33], the large majority of
studies assessing developmental SSRI exposure did not assess
the effects of these drugs in a model of antenatal psycho-
pathology, but rather in normal pregnant animals [23]. The
latter may, however, undermine the relevance and translat-
ability to the clinical context of maternal depression treated
with ADDs [34]. Indeed, the very presence of maternal
depression, a disorder characterized by an underlying beha-
vioral and neurobiological pathology [31], could influence the
effects of maternal SSRI exposure on the offspring, thus
rendering healthy pregnant dams inadequate to model the
pathological conditions in humans [23].

Exposure to sub-chronic or chronic physical stressors
during pregnancy is frequently used to model the effects of
prenatal stress (with or without concomitant SSRI treat-
ment) as a proxy of human prenatal depression in animals
[23, 35-40]. A possible caveat of this approach is that it
mostly relies on exposing pregnant animals to physical
stressors, such as restraint stress or foot-shook, in order to
induce a temporary depressive-like state during pregnancy
[33]. However, since depression in humans is believed to be
elicited by social stress rather than physical stress [41-43],
these models readily fail to account for the social stress
component of depression. Moreover, the strongest risk
factor for depression during pregnancy is a history of recent
depression [44, 45], and the most clinically challenging
cases are those in which depression is present before and/or
throughout the whole of pregnancy, as opposed to post-
partum or during specific stages of pregnancy only [46, 47].
Thus, the application of stress confined to specific
phases of the gestational window may be insufficient to
model the complete complex spectrum of antenatal maternal
depression.

Here, we present a new murine model to study the
consequences of antenatal maternal depression and SSRI
treatment in the offspring, which encompasses both the
social stress component of depression and its presence
before and throughout gestation. The model is based on the
well-known social isolation rearing (SIR) paradigm, which
has been shown to mimic a variety of symptoms common
to anxiety and depression, such as impaired reward pro-
cessing, anxiety-like behaviors, metabolic alterations and
serotoninergic pathology [48-55]. Yet, the effects of SIR
have not yet been investigated in the context of models of
antenatal maternal depression, including examinations of
its effects on the offspring. In the present study, we applied
the SIR paradigm to nulliparous female mice prior to
mating in order to induce a depression-like state that is
initiated before and continued throughout pregnancy.
Using this model, we show that the maternal depression-
like state induced by SIR can be partially rescued by
chronic treatment with the SSRI, fluoxetine (FLX). More-
over, we identify a variety of behavioral and transcriptomic
abnormalities in male and female offspring born to socially
isolated mothers, which can partly be prevented by
maternal FLX treatment.

Methods

Animals

C57BL6/N mice (Charles River Laboratories, Sulzfeld,
Germany) were used throughout the study and maintained

in an animal vivarium as described in Supplementary 1.
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Social isolation paradigm

Female mice at postnatal day (PND) 21 were either housed
individually (N = 40) or group housed (N = 40) for 10 weeks
until they were subjected to selected behavioral testing
followed by a timed mating procedure (Supplementary 1).
A schematic representation of the experimental paradigm,
animal cohorts and numbers are provided in Fig. la and in
Supplementary Tables 1 and 2, respectively.

Fluoxetine treatment

FLX treatment commenced after 7 weeks of social isolation
or group housing (Fig. 1a) and continued throughout mat-
ing, pregnancy and weaning of the offspring, and thus
lasted for a total of 10 weeks. FLX (10 mg/kg) was admi-
nistered in the drinking water using protocols established
and validated before [56] (Supplementary 1).

Behavioral testing

Behavioral testing was conducted both in socially isolated
and group-housed female animals, and in their offspring
(Fig. 1a). In the dams, behavioral testing was conducted
after 5 and 10 weeks of the social isolation regimen in order
to ascertain anxiety- and depressive-like behaviors (Fig. la
and Supplementary 1).

The offspring were tested once they reached adulthood
(PND 70 onwards) in the above-mentioned behavioral tests.
In addition, they were subjected to a Y-maze spatial
recognition test and a temporal order memory test to assess
their cognitive functions. A detailed description of each test,
the testing order, and number of animals is provided in
Supplementary 1 and in Supplementary Tables 1 and 2.

Corticosterone measurements

Blood samples were taken from the tail vein as described
previously [57] and in Supplementary 1. Plasma was col-
lected after centrifugation at 10,000 x g at 4 °C for 10 min
and then stored at —20 °C until CORT analysis was per-
formed. CORT was measured using the DirectX corticos-
terone enzyme immunoassay kit (Arbor Assays, Ann Arbor,
MI, USA) following the manufacturer’s instructions.

Next-generation RNA sequencing

Transcriptomic analysis was assessed in the amygdala using
next-generation RNA-seq, gene network analysis and qPCR
as described in Supplementary 1 and Supplementary
Table 3. RNA was extracted (Lexogen SPLIT kit) and
RNA-seq libraries were prepared using the Universal Plus
mRNA kit (Nugen). The amygdala was chosen based on its
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critical involvement in regulating emotional processing and
affective behaviors [58, 59].

Statistical analysis

All data met the assumptions of normal distribution
and equality of variance; and all data were analyzed
using parametric analysis of variance (ANOVA) or stu-
dent’s t Test. Whenever appropriate, ANOVAs were
followed by Tukey’s post-hoc test to control for multiple
comparisons. Main effects of ANOVA are described in
the main text, while post-hoc comparisons are reported in
the figure legends. All statistical analyses were performed
using SPSS Statistics (version 22.0, IBM, Armonk, NY,
USA) and Prism (version 7.0; GraphPad Software, La
Jolla, CA, USA). Statistical significance was set at p <
0.05. A detailed description of each statistical analysis is
provided in Supplementary 1.

Results

Effects of SIR and FLX treatment during
preconception

First, we ascertained the physiological and behavioral
effects of SIR in female mice prior to conception. In line
with previous studies [50], SIR females gained more weight
over time (main effect of housing: F(; 75 = 11.661, p<
0.001; Fig. 1b) and displayed significantly lower basal
CORT plasma levels (t73) = 4.571, p<0.0001, Fig. Ic) as
compared to group-housed (GRP) animals 5 weeks after
SIR. At this time interval, SIR females also displayed
increased anxiety-like behavior in the light-dark box test, as
evident by the increased latency to shuttle from the dark to
the bright compartment of the testing apparatus (t;s =
3.683, p<0.001, Fig. 1d). Moreover, compared to GRP
mice, SIR mice showed decreased sociability in the social
interaction test (f73) = 2.288, p <0.05, Fig. le), which was
not confounded by differences in locomotor activity (¢73) =
1.927, n.s., Fig. le).

We next assessed whether chronic FLX treatment would
influence the physiological and behavioral effects of SIR.
To this end, half of the SIR and GRP mice were subjected to
chronic FLX treatment at 7 weeks after isolation rearing or
group housing, whereas the other half of mice was assigned
to vehicle (VEH) treatment (Fig. 1a). As shown in Fig. 1f,
FLX treatment did not mitigate the weight gain induced by
SIR (main effect of housing: F(j 44y = 6.507, p <0.05) but
increased the weight gain in GRP females (housing x
treatment interaction: F; 44y = 4.010, p <0.05). Likewise,
FLX treatment did not normalize signs of innate anxiety-
like behavior in the open field test, where VEH- and
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FLX-treated SIR mice similarly displayed a significant
reduction (main effect of housing: F(; 75 = 26.26, p<
0.0001) in the time spent in the center zone (Fig. 1g). FLX
treatment, however, mitigated the social interaction deficit
induced by SIR, leading to a significant interaction between
housing and FLX treatment (F(;75 = 7.596, p<0.01).
As shown in Fig. 1h, SIR-VEH animals failed to show a

preference towards an unfamiliar live mouse when com-
pared to GRP-VEH animals, whereas FLX treatment in SIR
animals normalized this deficit. Moreover, FLX treatment
mitigated the increase in time spent immobile in the forced
swim test displayed by SIR-VEH females, leading to a
significant interaction between housing and FLX treatment
(F 36 = 14.33, p<0.001).
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Fig. 1 Experimental paradigm and behavioral readouts in SIR
and GRP-housed female mice. Physiological and behavioral effects
of SIR in female mice prior to conception. a Graphical representation
of the experimental design. C57BL6/N female mice were housed in
social isolation or in groups from PND21 onwards. After 5 weeks of
social isolation or group housing, the animals were subjected to
behavioral testing in the light-dark box test and social interaction test
as well as to basal CORT measurements. After 7 weeks of social
isolation or group housing, each group of SIR and GRP animals were
split into two subgroups and treated with either vehicle (drinking
water) or FLX (10 mg/kg). After 10 weeks, the animals were subjected
to behavioral testing in the open field test and the social interaction
test. A subgroup of animals was subjected to the forced swim test and
to basal and stress-induced CORT measurements. These animals were
excluded from mating. Weight gain was assessed weekly during the
whole experimental timeline. The animals were then exposed to a
timed mating procedure and their offspring were left undisturbed until
adulthood. Maternal FLX treatment was continued throughout mating,
pregnancy and the offspring’s pre-weaning period. Adult offspring
were subjected to behavioral testing in the open field test, the social
interaction test, the Y-maze test of spatial recognition memory, the
temporal order test and the forced swim test (FST). Weight gain was
monitored throughout development, while basal and stress-induced
levels of CORT were measured before and after the FST, respec-
tively. b Weight gain in SIR and GRP females during the first
7 weeks of isolation- or group-housing. **p <0.01, reflecting the
main effect of housing. ¢ Basal plasma levels of CORT in SIR and
GRP females at the S5-weeks testing timepoint; ***p<0.001.
d Latency to shuttle to the bright compartment of the light-dark box
testing apparatus; ***p <0.001. e Percent exploration time of an
unfamiliar mouse compared to a dummy object and total distance
moved during the social interaction test at the 5 weeks testing
timepoint; *p <0.05. f Weight gain in SIR-VEH, SIR-FLX, GRP-
VEH and GRP-FLX animals in the three weeks following the start of
FLX treatment (SIR-VEH vs GRP-VEH at PND86: °°p <0.01; SIR-
VEH vs GRP-VEH at PND94: °p <0.05; SIR-FLX vs GRP-VEH at
PNDY4: $p<0.05; SIR-VEH vs GRP-VEH at PND100: °p <0.05;
SIR-FLX vs GRP'VEH at PND100: °p <0.01; GRP-FLX vs GRP-
VEH at PND100: ¥p <0.01). g Total distance moved and time spent
in the center zone in the open field test at the 10 weeks testing
timepoint; ***p <0.001, reflecting the main effect of SIR. h Percent
exploration time of an unfamiliar mouse compared to a dummy object
and total distance moved during the social interaction test at the
10 weeks testing timepoint; ***p <0.001 between SIR-VEH and
GRP-VEH; $p <0.05 between SIR-VEH and SIR-FLX. i Time spent
immobile in the FST test at the 10 weeks testing timepoint.
$$p<0.01 between SIR-VEH and SIR-FLX; ***p <0.001 between
SIR-VEH and GRP-VEH. j Basal and stress-induced levels of CORT.
°°°p <0.001, reflecting the main effect of testing condition;
**%p <0.001, reflecting the main effect of housing. N =40 mice per
group in b—e, N =20 animals per group in f-h, and N = 10 animals
per group in i—j. All values represent means + s.e.m.

Lastly, chronic treatment with FLX did not affect basal
and stress-induced levels of CORT, which were reduced
in SIR females regardless of treatment (main effect of
housing: F; 36, = 22.20, p <0.0001). GRP and SIR animals
displayed a similar increase in plasma CORT after the
forced swim test regardless of FLX treatment (main effect
of test: Fj36 = 53.69, p<0.0001), with both basal and
stress-induced CORT being lower in SIR females compared
to GRP females (Fig. 1j).
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Effects of maternal SIR and FLX treatment on
behavior and cognition in the offspring

We next performed physiological and behavioral char-
acterizations in the adult offspring born to VEH- or FLX-
treated SIR and GRP females to explore whether maternal
SIR and/or FLX treatment would induce lasting functional
changes in the progeny. Neither maternal SIR, nor maternal
FLX treatment, exerted significant effects on litter size, sex
distribution and pup weight in male and female offspring at
weaning (PND21) (Supplementary Figs. S1 and S2).
However, maternal SIR and FLX treatment both affected
weight gain in male but not female offspring (Supplemen-
tary Fig. S3).

At adult age, both male and female offspring of SIR
females displayed signs of increased anxiety-like behavior,
as assessed in the in the open field test. Maternal SIR
and FLX treatment generally decreased and increased,
respectively, the time spent in the center zone in male off-
spring, as supported by the main effects of maternal SIR
(Fazn = 8.528, p<0.05; Fig. 2a) and maternal FLX
treatment (F; 37y = 9.060, p <0.005; Fig. 2a). Hence, male
SIR-VEH offspring displayed the strongest reduction in this
measure, whereas male SIR-FLX offspring reached levels
that were comparable to those measured in male GRP-VEH
animals (Fig. 2a). SIR female offspring spent less time in
the center zone when compared to GRP female offspring,
and this effect was not influenced by maternal FLX treat-
ment, leading to a significant main effect of maternal
housing (F(; 33y = 15.95, p<0.001, Fig. 2b).

Maternal SIR and/or maternal FLX treatment did not
influence sociability in the social interaction test, neither in
male (Fig. 2¢) nor female (Fig. 2d) offspring. Maternal SIR
did, however, negatively affect cognitive performance in
male (Fig. 2e, f) but not female (Fig. 2g, h) offspring, and
this effect was prevented by maternal FLX treatment. In the
Y-maze test of spatial recognition memory, male SIR-VEH,
but not SIR-FLX, offspring displayed a marked reduction in
the relative time spent in the novel arm, leading to a sig-
nificant interaction between maternal housing and FLX
treatment (F; 37y = 9.841, p <0.005). Consistent with these
effects, male SIR offspring displayed a deficit in the tem-
poral order memory test, which was prevented by maternal
FLX treatment (Fig. 2f). This impression was supported by
the presence of a significant interaction between maternal
SIR and FLX treatment (F(; 37y = 4.571, p <0.05). Both the
spatial recognition memory and temporal order memory
tests were not confounded by differences in general loco-
motor activity (Supplementary Fig. S4).

Maternal SIR and/or maternal FLX treatment did not
influence the time spent immobile in the forced swim test in
males (Fig. 2i), while maternal FLX treatment, however,
affected this measure in females (Fig. 2k). Indeed, female
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offspring of FLX-treated GRP or SIR mothers displayed a  with CORT levels increasing 30’ after the FST (Fig. 2k).
reduction in the time spent immobile in the forced swim  Interestingly, the stress-induced elevation in CORT levels
test, as supported by a significant main effect of maternal =~ was most pronounced in SIR-VEH animals but similar
FLX treatment (F(j 44y = 5.491, p<0.05). When consider-  between SIR-FLX offspring and VEH- or FLX-GRP off-
ing basal and stress-induced levels of CORT, we observed a  spring, suggesting that maternal FLX treatment mitigated
main effect of testing condition in both males and females  the stress-induced hypersecretion of CORT in especially in
(Faa7y = 26.834, p<0.001; Fa4) = 41.244, p<0.001), male offspring born to SIR dams. Statistical support for
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Fig. 2 Effects of maternal SIR and FLX treatment on behavior
and cognition in the offspring. a Total distance moved and time
spent in the center zone of the open field test in male offspring. **p <
0.01, reflecting the main effect of SIR; *p <0.01, reflecting the main
effect of FLX treatment. b Total distance moved and time spent in the
center zone of the open field test in female offspring. ***p <0.001,
reflecting the main effect of SIR. ¢ Total distance moved and percent
exploration time of an unfamiliar mouse compared to a dummy object
in the social interaction test in male offspring. d Total distance moved
and percent exploration time of an unfamiliar mouse compared to a
dummy object in the social interaction test in female offspring.
e Relative exploration time (%) of the novel arm in the Y-maze test of
spatial recognition memory in male offspring. °°p <0.01 between SIR-
VEH and SIR-FLX; *p<0.05 between SIR-VEH and GRP-VEH.
f Relative time (%) spent exploring the remote object in the temporal
order memory test in male offspring; °p < 0.05 between SIR-VEH and
SIR-FLX; *p<0.05 between SIR-VEH and GRP-VEH. g Relative
exploration time (%) of the novel arm in the Y-maze test of spatial
recognition memory in female offspring. h Relative time (%) spent
exploring the remote object in the temporal order memory test in
female offspring. i Time spent immobile in the forced swim test (FST)
test in male offspring. j Basal and FST-induced levels of CORT in
male offspring. *p <0.05 between SIR-VEH and GRP-VEH; ¥%p <
0.001 between SIR-FLX vs SIR-VEH. k Time spent immobile in the
forced swim test (FST) test in female offspring. *p < 0.05, reflecting
the main effect of FLX treatment. 1 Basal and FST-induced levels of
CORT in female offspring. **p <0.01 between SIR-VEH and GRP-
VEH; N =10.11 mice per group and sex in a~h, N = 12-13 animals
per group and sex in i-l. All values represent means + s.e.m.

these results were obtained by the main effect of FLX
treatment (F(; 47) = 6.415, p <0.01) and its interaction with
testing condition (F; 47y = 3.954, p <0.05) in male animals.
In females, we observed a main effect of housing (F(j 44y =
11.298, p<0.01) and treatment (F(; 44y = 5.028, p <0.05),
while the interaction between treatment and testing condi-
tion just missed statistical significance.

Maternal SIR and FLX treatment regimens affect the
amygdalar transcriptome in male and female
offspring

To identify possible intergenerational effects of maternal
SIR and FLX treatment on brain molecular profiles, we
performed next-generation mRNA sequencing (RNAseq) to
compare genome-wide transcriptional changes in the
amygdala of offspring born to GRP or SIR mothers with or
without concomitant FLX treatment. Our primary analyses
focused on contrasting transcriptional profiles between SIR-
VEH and GRP-VEH adult offspring to identify possible
changes induced by maternal social isolation, and between
SIR-VEH and SIR-FLX offspring to explore the effects of
FLX treatment under conditions of antenatal exposure to
maternal SIR. Secondary analyses involving GRP-VEH
and GPR-FLX groups were also conducted in order to
examine the transcriptional effects of maternal FLX
treatment in the absence of maternal SIR (see Supplemen-
tary Figs. S5 and S6). For all comparisons, we considered

SPRINGER NATURE

changes that passed a false discovery rate (FDR) correction
set at ¢ <0.05 and suggestive associations characterized by
p <0.005, as performed previously in models of prenatal
adversity [60]. A number of transcriptional changes
identified by RNAseq were further validated using quanti-
tative polymerase chain reaction (qQPCR; Supplementary
Figs. S7 and S8).

In male offspring, we uncovered 763 differentially
expressed genes (DEGs) (346 DEGs at ¢<0.05 and an
additional 417 DEGs at p <0.005; Fig. 3a) in SIR-VEH
offspring compared to GRP-VEH offspring, and 346 DEGs
(6 at ¢ <0.05 and an additional 340 at p <0.005; Fig. 3b) in
SIR-FLX offspring compared to SIR-VEH animals. Inter-
estingly, 212 DEGs were common to both comparisons
(Fig. 3c), but were deregulated with opposite direction,
suggesting a counterregulatory effect of maternal FLX
treatment on SIR-induced transcriptomic changes in male
offspring (Fig. 3c). In females, we observed 1301 DEGs
(1126 at ¢ <0.05 and additional 175 at p <0.005; Fig. 3d) in
SIR-VEH versus GRP-VEH offspring, and 592 DEGs (256
at ¢<0.05 and additional 336 p <0.005; Fig. 3e) in SIR-
FLX compared to SIR-VEH animals. Once again, 395
DEGs were common, but with opposite directions, to both
comparisons (Fig. 3f).

We used Ingenuity Pathway Analysis (IPA) to identify the
top canonical signaling pathways affected in male and female
offspring born to GRP or SIR mothers with or without con-
comitant FLX treatment. In both male and female offspring,
some pathways were commonly affected in the SIR-VEH and
SIR-FLX groups, but with opposite activation Z-scores
(Fig. 4a, c, e, g), corroborating the notion that some of the
effects of SIR on transcriptional profiles were counter-
regulated by FLX treatment (Fig. 3c, f). These include, for
example, ‘synaptogenesis signaling’, ‘corticotropin-releasing
hormone (CRH) signaling’ and ‘cyclic adenosine monopho-
sphate (cAMP)-mediated signaling’. The corresponding
DEGs annotated with each of the top 5 pathways are provided
in Supplementary Tables S4 and S5 for male, and in S6 and
S7 for female, offspring. A graphical summary of the major
biological themes, in which the most significant entities
(canonical pathways, upstream regulators and biological
functions) are related to each other by IPA, is provided in
provided in Fig. 4b, d for males, and in Fig. 4f, h for females.

We further analyzed how the above-mentioned gene
expression changes could translate into different functional
readouts, and thus possibly associate with the behavioral
differences occurring in offspring born to GRP or SIR
mothers with or without concomitant FLX treatment. To
this aim, we performed a comparison analysis in the ‘Dis-
ease and Functions’ module of IPA. We found that the
DEGs annotated with various behavioral and neuronal
functions, including “learning”, “memory”, “cognition”,
“synaptic transmission”, and “neurotransmission” (Fig. 5a).
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male and female offspring.
Genome-wide transcriptional
changes in the amygdala of
offspring born to GRP or SIR
mothers with or without
concomitant FLX treatment.
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Consistent with the results obtained in the analysis of
canonical signaling pathways (Fig. 4), the effects of SIR on
transcriptional profiles were often found to be counter-
regulated by FLX treatment, as indicated by opposing
activation Z-scores in SIR-VEH and SIR-FLX groups
(Fig. 5a). Moreover, whereas some effects in the ‘Disease
and Functions’ module were similar in male and female
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p<0.0001
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Expr Log Ratio SIR-FLX

offspring (e.g., “learning”), others differed between sex. An
illustrative example of the latter is “memory”, which was
found to be negatively affected only in male but not female
SIR-VEH offspring (Fig. 5a). A graphical representation of
the DEGs annotating with the term “memory” is provided in
Fig. 5b, while the other terms are graphically depicted in
Supplementary Fig. S9. Among others, these DEGs include
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Fig. 4 Pathway analysis of transcriptomic alterations induced by
maternal SIR and FLX treatment. Ingenuity Pathway Analysis
(IPA) was conducted to identify the top canonical signaling pathways
affected in male and female offspring born to GRP or SIR mothers
with or without concomitant FLX treatment. Orange color = positive
activation Z-score (pathways) and increased expression (individual
genes), blue color =negative activation Z-score (pathways) and
reduced expression (individual genes). For IPA-generated overview of
the main biological themes, the most significant entities (canonical
pathways, upstream regulators, biological functions and molecules) are
shown, with connecting lines representing specific relationships (solid
lines represent a direct relationship, slashed lines an indirect rela-
tionship and dotted lines and inferred relationship). Arrows represent
directionality and activation, while blunt-ended lines represent inhi-
bition. a Top 5 canonical pathways annotated with DEGs in SIR-VEH

neurotrophic factors (Bdnf, Ntf4), dopaminergic, glutama-
tergic, and serotoninergic receptors (Drdl, Drd2, Grik2,
Grin2a, Grin2b, Htr2a, Htr2c), neuronal calmodulin kina-
ses (CamklV, CamK2B), and neuronal transcription factors
(Npas2, Npas4). Of note, the majority of these genes were
downregulated in SIR-VEH offspring, but upregulated in
SIR-FLX offspring, supporting the hypothesis that maternal
FLX treatment counter-regulated the effects of SIR on
transcriptomic changes associated with functional terms
such as “memory”.

Discussion

Our study shows that SIR of nulliparous female mice prior
to mating leads to a depression-like state that is initiated
before and continued throughout pregnancy. The main
behavioral outcomes observed in both SIR dams and their
offspring are recapitulated in Table 1. In dams, SIR
increased anxiety-like behavior in the light-dark-box test

SPRINGER NATURE

vs GRP-VEH male offspring. b IPA-generated overview of the main
biological themes pertaining to the comparison between SIR-VEH vs
GRP-VEH male offspring. ¢ Top 5 canonical pathways annotated with
DEGs in SIR-VEH vs GRP-VEH female offspring. d IPA-generated
overview of the main biological themes pertaining to the comparison
between SIR-VEH vs GRP-VEH female offspring. e Top 5 canonical
pathways annotated with DEGs in SIR-FLX vs GRP-VEH male off-
spring. f IPA-generated overview of the main biological themes per-
taining to the comparison between SIR-FLX vs GRP-VEH male
offspring. g Top 5 canonical pathways annotated with DEGs in SIR-
FLX vs GRP-VEH female offspring. h IPA-generated overview of
the main biological themes pertaining to the comparison between SIR-
FLX vs GRP-VEH female offspring. The analyses are based on gene
expression data obtained from N =5 animals per group and sex.

and open field test, reduced sociability in the social inter-
action test, increased immobility in the forced swim test,
and led to blunted CORT levels in blood and excessive
weight gain. These effects of SIR are in line with previous
studies [49, 50] and confirm the suitability of this housing
paradigm to model pre-gestational depressive-like abnorm-
alities in female mice. We further found that maternal FLX
treatment was capable of ameliorating some of the SIR-
induced behavioral deficits, including social interaction
deficits and increased immobility in the forced swim test,
while it did not normalize SIR-induced alterations in
anxiety-like behavior and CORT levels in blood. These
results are consistent with previous findings [50], and with
the notion that while chronic FLX treatment is effective in
normalizing deficits in social behavior and the forced swim
test, it is less effective on measures of anxiety [61-63].
Regardless of the pharmacological intervention, plasma
CORT levels were found to be lower in SIR relative to GRP
females, both at basal conditions and after exposure to the
forced swim test. Moreover, the post-FST CORT levels
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Fig. 5 Comparison analysis of transcriptomic alterations induced
by maternal SIR and FLX treatment. Ingenuity Pathway Analysis
(IPA) was used to identify modules of biological functions predicted to
be increased or decreased in male and female offspring born to GRP or
SIR mothers with or without concomitant FLX treatment. a Heatmap
visualization of the top 15 biological functions that are similarly or
differentially affected in SIR-VEH and SIR-FLX female and male
offspring. The colors of the heatmap reflect the activation Z-score of

were dissociable from the dams’ performance in the FST,
such that SIR females displaying heightened immobility in
the FST did not show increased plasma CORT after the test.
The SIR-mediated attenuation of basal CORT release and
the dissociation between the dams’ performance in the FST
and post-FST CORT levels are in line with other reports
suggesting a gradual decrease in basal adrenal activity in
response to continuous stressors [50, 64—66], and with the
emerging evidence suggesting that CORT levels may not

each biological function in each dataset, and ranges from dark blue
(negative activation Z-score) to dark red (positive activation Z-score).
b The gene-level heatmap graphically depicts which genes are up- or
downregulated in the biological function module ‘memory’ across
different datasets. The colors of the heatmap reflect the Log2 fold-
change and range from blue (downregulated) to magenta (upregu-
lated). The analyses are based on gene expression data obtained from
N =15 animals per group and sex.

correlate with the behavioral profile of female mice in the
FST [67].

Collectively, our data suggest that SIR of nulliparous
female mice prior to mating can be used as an experimental
model system to study the effects of maternal depression-
like states on long-term outcomes in the offspring. Impor-
tantly, this model is based on an etiologically highly
relevant risk factor for depression [41-43], and allows
researchers to ascertain the degree of SIR-induced

SPRINGER NATURE



6766

J. Scarborough et al.

Table 1 Summary of the effects maternal SIR and FLX treatment on the dams and their offspring.

Test Maternal behavior Offspring behavior
Males Females
Grouped SIR Grouped SIR Grouped SIR
VEH FLX VEH FLX VEH FLX VEH FLX VEH FLX VEH FLX
Anxiety
Light-Dark box
Latency = NA T NA NA NA NA NA NA NA NA NA
Open-field
% Time in Centre Zone = = l l = t 1 1 = = l l
Social behavior
Social Interaction
% Time interacting with live mouse = = l = = = = = = = = =
Cognitive function
Temporal order memory test
% Time with remote object NA NA NA NA = = | = = = = =
Y-maze
% Time in the novel arm NA NA NA NA = = | = = = = =
FST
Forced swim test
Time spent immobile = = ) = = = = = = 1 = l
CORT
Basal CORT = = l | = = = = = = = =
Post-FST CORT = = l l = = 1 = = 1 =

NA not applicable, animals not tested in these behaviors, = Control level and no change compared to CON-VEH, 1 Increased measure compared

to CON-VEH, | Decreased measure compared to CON-VEH.

abnormalities prior to conception. The latter is one of the
main strengths of the model, given that the strongest risk
factor for depression during pregnancy is a history of recent
depression [44, 45]. Hence, unlike animal models in which
aspects of prenatal depression are mimicked through selec-
ted gestational manipulations only [23, 35-40], our model
presented here takes into account behavioral and physiolo-
gical mal-adaptations to an etiologically relevant risk factor
of depression that are initiated before and maintained
throughout pregnancy. As a consequence, our approach
more readily mimics the clinical situation in which depres-
sed women become pregnant and thus present the pathology
before and over the entire course of pregnancy. The presence
of pre- and peri-gestational depression is usually clinically
more challenging when compared to depressive-like symp-
toms that arise selectively during gestation, and appears to
have more severe consequences for the long-term mental
wellbeing of the exposed offspring [46, 47, 68]. Indeed,
antenatal depression is considered a stronger risk factor for
abnormal mental health trajectories in the offspring than, for
example, postpartum depression [46, 69-71].

In offspring born to SIR dams, we identified a variety of
behavioral and molecular abnormalities relative to offspring
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born to mothers that were maintained in social groups prior to
conception, including increased anxiety-like behavior, cog-
nitive impairments and alterations of the amygdalar tran-
scriptome. Thus far, only very limited attempts have been
made to investigate the effects of pre-gestational stress on
exposed offspring, and currently existing studies have not
incorporated social stressors [72, 73]. Moreover, prenatal
stress studies often failed to include female offspring, ren-
dering our results an important extension of prenatal depres-
sion research. In line with previous rodent studies that were
based on gestational stress exposure only [33], we found that
male and female offspring of SIR dams display increased
anxiety-like behaviors, suggesting that this is a robust out-
come of several stress-related prenatal adversities. These
effects, in turn mirror reports of increased anxiety in children
exposed to antenatal depression [74, 75]. Male SIR offspring
were further found to display cognitive impairments in spatial
recognition memory and temporal order memory. These
observations parallel reports of impaired spatial learning in the
Morris water maze in adult male rodents exposed to different
prenatal stressors [33, 76-78], as well as clinical findings of
altered cognitive development and functioning in male chil-
dren exposed to maternal antenatal depression [5, 79].
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Because of its effectiveness in inducing a depression-like
state before and throughout pregnancy, the present model is
also highly suitable to contrast possible developmental
effects of chronic SSRIs under pathological (SIR females)
and non-pathological (GRP females) conditions. While the
majority of existing rodent studies have focused on the
behavioral effects of prenatal stress during pregnancy in the
absence of additional pharmacological interventions [33], or
on the effects of gestational FXL treatment in otherwise
non-manipulated animals [23], only a few studies have
examined these factors in combination [35, 80, 81]. More-
over, only very few studies have included male and female
offspring, thereby contrasting possible sex-dependent
effects of antenatal depression. Here, we found that mater-
nal FLX treatment in SIR dams prevented the development
of anxiety-like behaviors in male but not female offspring.
These findings are in line with previous reports demon-
strating preventive effects of perinatal FLX treatment on
prenatal stress-induced anxiety-like behavior in male off-
spring [35, 80, 81], while they are seemingly in contrast
with the two existing studies that observed no effects of
perinatal FLX on anxiety-like behaviors in female offpring
[36, 82]. These previous studies, however, did not observe
basal prenatal stress-induced anxiety-like behavior in
female animals, making a direct comparison with our
findings challenging. The discrepant findings reported here
and before [36, 82] are likely due to the completely different
nature of the antenatal stress model. Indeed, contrary to our
continuous pre- and peri-gestational stress model, previous
work investigating maternal FLX treatment was based on
gestational restraint stress applied during the last weeks of
pregnancy only [36, 82].

We further found that the cognitive deficits emerging in
male (but not female) offspring of SIR mothers were pre-
vented by maternal FLX treatment. To our knowledge,
these data are the first to document preventive effects of
maternal FLX treatment against the development of cog-
nitive deficits in (male) offspring of socially isolated
mothers. In a previous study in mice, Kyrianova et al. also
investigated the effects of perinatal FLX on cognition in a
model of prenatal stress, but observed no effects (of either
the prenatal stress or FLX) in male offspring, whereas a
significant effect of prenatal FLX alone on spatial memory
was identified in female offspring [38, 82]. Once again, the
discrepancies between our findings and those reported by
Kyrianova et al. [38, 82] are likely to be accounted for by
the different experimental paradigm used to induce a
depressive-like state in the dams and to differences in the
FLX treatment regimen. Based on the existing evidence, it
appears that the restriction of antenatal stress to specific
time points of gestation only yields milder cognitive out-
comes in the offspring when compared to our model. Lastly,
maternal SIR did not affect immobility in the FST in either

male or female offspring, a finding that is not unprecedented
in other models of gestational stress [33]. On the other hand,
developmental FLX decreased immobility in female off-
spring independently of maternal housing, as seen pre-
viously [83]. Lastly, we also observed that maternal SIR led
to hypersecretion of CORT in both male and female off-
spring 30 min after the FST. Interestingly, this effect was
prevented, especially in males, by maternal FLX treatment,
suggesting that antenatal depression and FLX treatment
induce diametrically opposite effects on HPA axis respon-
sivity in the offspring, as previously observed in both ani-
mal studies and human epidemiological investigations
[80, 84]. Notably, the post-FST CORT levels did not cor-
relate with the animals’ behavioral performance in the FST.
Even if similar dissociation has been previously observed in
female [67], and, to a lesser extent, in male [85], animals,
further studies are warranted to investigate the underlying
mechanisms.

Taken together, our data identify sex-specific con-
sequences of maternal SIR and FLX treatment in the off-
spring. The fact that cognitive deficits only emerged in male
but not female offspring of SIR mothers suggests that male
offspring are more vulnerable to develop lasting cognitive
deficits after prenatal exposure to maternal depression-like
states than female offspring. Moreover, maternal FLX
treatment in SIR dams prevented the development of
anxiety-like behaviors and cognitive abnormalities in male
but not female offspring, indicating that while males may be
more susceptible to the detrimental effects of maternal
depression-like states, they are also more responsive to
preventive effects of maternal FLX treatment after SIR. The
sex-specific programming of behavioral abnormalities
observed here is in line with the findings from other rodent
models of gestational stress exposure [86] and may be
explained by a differential susceptibility of male and female
placental functions to prenatal perturbations, with male
placentas being more vulnerable to maternal perturbations
during pregnancy than female placentas [87]. Future studies
will be necessary to explore the role of the placenta in
shaping sex-specific vulnerability to behavioral and cogni-
tive abnormalities in offspring born to socially isolated
mothers. Of note, while sex-specific behavioral abnormal-
ities have also been observed in clinical studies, however,
due to the high heterogeneity of available results there is
currently no consensus as to whether male offspring are
more vulnerable than females in response to antenatal
maternal depression [79, 88].

The use of genome-wide RNA-sequencing further showed
that the behavioral abnormalities identified in offspring born
to SIR mothers were accompanied by widespread tran-
scriptomic changes in the amygdala, a brain region known to
be critical for emotional processing and affective behaviors
[58, 59]. Genome-wide transcriptional signatures of
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gestational stress and SSRI treatment in adult animals have
only been investigated in one previous study, which observed
no significantly altered transcripts in the hippocampus or
hypothalamus of male rat offspring [89]. In contrast, our data
demonstrate that maternal SIR leads to changes in the tran-
scriptional profile of the offspring’s amygdala, some of which
were reversed by maternal treatment with FLX. It thus
appears that that the restriction of antenatal stress to a specific
time-window of gestation only may induce milder effects on
the offspring’s brain transcriptome as compared to continuous
pre- and perinatal stress exposure. Overall, the DEGs identi-
fied in our study were annotated with canonical pathways
important for nervous system development and neuro-
transmitter function, such as ‘synaptogenesis signaling’,
‘axonal guidance signaling’ and ‘opioid signaling pathway’.
Consistent with the behavioral and cognitive effects, some of
the transcriptomic changes induced by maternal SIR were
found to be sex-dependent. Synaptogenesis signaling, for
example, was exclusively affected in male offspring, whereas
CRH signaling was altered in females only. Sex-dependent
effects were also evident when considering how the identified
DEGs annotated with specific behavioral functions. The gene
modules annotating with the ‘Disease and Functions’ terms
“learning”, “cognition” and “memory” are illustrative exam-
ples of the sex-specific effects, with “memory” presenting a
negative activation score only in male offspring (Fig. 5a).
This male-specific effect parallels, and is consistent with, the
preferential vulnerability of male offspring to develop spatial
recognition and temporal order memory deficits after prenatal
exposure to SIR that are rescued by maternal treatment with
FLX. Similar sex-specific vulnerability was also evident in the
analyses of other gene modules, such as ‘synaptic depression’,
‘long term potentiation’ and ‘synaptic transmission of nervous
tissue’, which might also contribute to the sex-dependent
memory impairments. When exploring the specific DEGs that
annotate with “memory”, we uncovered multiple candidates
previously singularly associated with prenatal stress and SSRI
treatment, such as neurotrophic factors [35, 36, 49, 90, 91],
Reelin [92-94], and serotonin receptors [73, 95, 96]. Speci-
fically, we observed reduced and increased amygdalar Bdnf
expression in male and female SIR offspring, respectively,
corroborating the sex-dependent effects of prenatal stress on
this neurotrophic factor [35, 36, 90, 91, 97, 98]. Moreover, we
found serotonin receptor expression to be dysregulated in
male, and to a lesser extent in female, offspring, extending
previous findings that suggest long-lasting effects of prenatal
stress on serotoninergic functioning at different time point
during development, which, in our hands, are partially nor-
malized by perinatal FLX [73, 95, 96]. Interestingly, female
SIR offspring displayed quantitively more transcriptomic
changes in the amygdala than male SIR offspring, despite the
fact that they showed fewer behavioral changes when com-
pared to males. While some of these changes may represent
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sex-specific allostatic adaptations to maternal SIR, they may
also point towards amygdala-related structural and functional
brain abnormalities not investigated in the present study.

In line with the partial prevention of SIR-induced beha-
vioral and cognitive effects by maternal FLX treatment, the
pharmacological intervention also counter-regulated some
of the transcriptomic consequences of maternal SIR.
Examples for such effects include DEGs annotated with the
‘Disease and Functions’ modules “learning”, “cognition”
“synaptic transmission” and, in males only, “memory”,
DEGs annotating with synaptogenesis and CRH signaling
in males and females, respectively, as well as BDNF and
serotonin receptors. These data provide molecular evidence
for the hypothesis that maternal FLX treatment is capable of
attenuating the lasting transcriptomic consequences in a
model of prenatal depression-like states. Moreover, they
provide a molecular mechanism through which FLX could
counteract the negative effects of maternal SIR on cognition
in male offspring. Collectively, our transcriptomic data offer
an unbiased picture of the long-term molecular alterations
induced by maternal depression in adult offspring, and
highlights specific pathways that are convergent targets of
both maternal pathology and treatment. Further studies will
be necessary to uncover the precise relationship between
these gene expression changes and the specific behavioral
alterations brought about by maternal SIR and FLX
treatment.

Our study is associated with a number of limitations.
First, we did not assess the possible impact of SIR on
postpartum maternal behavior and its association with
behavioral development in the offspring. Thus, it remains
unknown if maternal SIR negatively affects maternal-pup
interactions and, if so, whether maternal FLX treatment
would influence these relationships. Previous work reports
that perinatal FLX reverses the lasting effects of pre-
gestational stress on various physiological parameters in the
dam, but not on maternal behavior [72], suggesting that the
beneficial effect of FLX on the offspring of SIR animals
could be mediated by other, in utero, mechanisms. Dis-
secting the relative contribution of pre- and postnatal factors
using neonatal cross-fostering designs will help addressing
this issue in future studies. Second, our study was not
designed to assess causal relationships between the tran-
scriptomic and behavioral changes in the present model. As
a consequence, the relationship between sex-dependent
behavioral alterations and transcriptomic profiles remains
descriptive. Despite these limitations, we conclude that the
mouse model presented here is a valuable experimental
system to study the effects of maternal depression and
perinatal SSRI treatment on brain and behavioral develop-
ment offspring. Key strengths of this model include (i) its
etiologically relevant basis and ontopathogenic validity, (ii)
its experimental timeline, allowing the ascertainment of pre-
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gestational depressive-like behavior, (iii) and its efficacy in
recapitulating many aspects of prenatal depression. The
future use of this model may thus help advance our
understanding of the impact of maternal depression with or
without SSRI treatment on offspring wellbeing.
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