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Abstract

Background: Postpartum depression affects approximately 15% of mothers and represents a form of early life
adversity for developing offspring. Postpartum depression can be treated with prescription antidepressants like
fluoxetine (FLX). However, FLX can remain active in breast milk, raising concerns about the consequences of
neonatal FLX exposure. The hippocampus is highly sensitive to developmental stress, and males and females
respond differently to stress at many endpoints, including hippocampal plasticity. However, it is unclear how
developmental exposure to FLX alters the trajectory of hippocampal development. The goal of this study was to
examine the long-term effects of maternal postpartum corticosterone (CORT, a model of postpartum depression)
and concurrent FLX on hippocampal neurogenesis in male and female offspring.

Methods: Female Sprague-Dawley rat dams were treated daily with either CORT or oil and FLX or saline from
postpartum days 2-23. Offspring were perfused on postnatal day 31 (pre-adolescent), postnatal day 42 (adolescent),
and postnatal day 69 (adult). Tissue was processed for doublecortin (DCX), an endogenous marker of immature
neurons, in the dorsal and ventral hippocampus.

Results: Maternal postpartum CORT reduced density of DCX-expressing cells in the dorsal hippocampus of
pre-adolescent males and increased it in adolescent males, suggesting that postpartum CORT exposure
disrupted the typical progression of the density of DCX-expressing cells. Further, among offspring of oil-treated
dams, pre-adolescent males had greater density of DCX-expressing cells than pre-adolescent females, and
maternal postpartum CORT prevented this sex difference. In pre-adolescent females, maternal postpartum FLX
decreased the density of DCX-expressing cells in the dorsal hippocampus compared to saline. As expected,
maternal CORT reduced the density of DCX-expressing cells in adult female, but not male, offspring. The combination
of maternal postpartum CORT/FLX diminished density of DCX-expressing cells in dorsal hippocampus regardless
of sex or age.

Conclusions: These findings reveal how modeling treatment of postpartum depression with FLX alters hippocampal
neurogenesis in developing offspring differently depending on sex, predominantly in the dorsal dentate gyrus and
earlier in life.
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Background

Early life adversity can impose detrimental effects on the
neurobiological outcome of the developing child. One of
the most potent mediators of early health is quality of
maternal care. Maternal mood disorders, such as post-
partum depression (PPD), can disrupt the mother—infant
bond as well as negatively affect maternal caregiving
behaviors (reviewed in [1]). For this reason, PPD may
be considered a form of early life adversity. The adverse
effects of untreated PPD include increased risk for de-
pression among adolescent boys and girls ([2]—propor-
tion of children of mothers with depression [3]— in
comparison to children of mothers with no history of
depression), propensity for violent behavior ([4] —in
comparison to children of mothers without depression),
and lower IQ scores ([5] —meta-analysis). However,
treating PPD is complicated by the poorly understood
consequences of neonatal exposure to prescribed anti-
depressants such as selective serotonin reuptake inhibi-
tors (SSRIs). In some studies, there are either minimal
or positive effects of maternal SSRI exposure observed
in children. For example, neonatal SSRI exposure had
minimal impact on body weight [6] and enhanced lan-
guage development in comparison to no exposure to
SSRIs [7]. Additionally, children with neonatal SSRI
exposure exhibited fewer behavior problems (hyper-
activity and inattention) than children of mothers with
untreated depression [8]. However, maternal SSRI use
has been linked to delayed psychomotor development
in infants [9], increased internalizing behavior in chil-
dren (i.e., behaviors predisposing anxiety and depres-
sion; [10]), and a higher risk for autism spectrum
disorders in children [11]. These findings may be con-
sistent with preclinical findings from our laboratory
that maternal postpartum fluoxetine (FLX) exposure in-
creased anxiety-like behavior in young adult male off-
spring [12]. However, as in the clinical literature,
preclinical research has yielded mixed results regarding
maternal SSRI exposure on offspring outcome depend-
ing on whether a model of concurrent maternal depres-
sion was used, sex of the offspring studied, and age
examined (reviewed in [13]). To this end, this study
aims to contribute a better understanding of how
maternal SSRI exposure in a rat model of PPD affects
male and female development (specifically hippocampal
neurogenesis) at three different ages.

The hippocampus is highly sensitive to the effects
of stress and stress hormones (i.e., glucocorticoids)
throughout the lifespan, including during early devel-
opment (reviewed in [14]). After parturition, postnatal
hippocampal neurogenesis (from birth until weaning;
approximately 21 days) is necessary to develop the
hippocampus into its fully matured form. In fact, 85%
of granule cells forming the dentate gyrus are born
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during this postnatal period [15]. After this developmental
period, the structural matrix of the dentate gyrus is
formed, but the subgranular zone of the dentate gyrus
continues to generate new neurons throughout the life-
span. Different forms of early life adversity can affect
neurogenesis in the dentate gyrus during the postnatal
period (maternal deprivation; [16]), adolescence (prenatal
stress; [17]), and adulthood (maternal deprivation; [18,
19]). Doublecortin (DCX) is an endogenous, microtubule-
associated protein important for neuronal migration [23]
that is most highly expressed early in development and
progressively tapers off throughout development and into
adulthood. Early life adversity can disrupt this pattern of
expression across the lifespan.

Given the well-established sex differences in stress re-
sponses (reviewed in [22]), it is perhaps not surprising
that sex is an important factor in mediating the effects
of early life adversity on hippocampal neurogenesis. For
example, an acute bout of maternal deprivation (24 h
on postnatal day 3) increased the density of DCX-
expressing cells in pre-adolescent male rats but de-
creased it in pre-adolescent female rats [16]. However,
by adulthood, this paradigm of maternal deprivation
decreased the density of immature neurons in male rats
[18] but had no significant effect in females, suggesting
that density of DCX-expressing cells had recovered in
females [19]. However, longer periods of maternal separ-
ation (3 h/day) for the first two postnatal weeks transi-
ently reduce DCX-positive cells at the end of maternal
separation in male rat pups [20]. These findings indicate
that early adversity via maternal deprivation had age-
and sex-specific influences on neurogenesis throughout
development, particularly in males. Notably, early life
adversity does not always lead to a suppressive effect on
neurogenesis but rather can alter the time course of
neurogenesis over the lifespan in dynamic ways. How-
ever, a singular bout of maternal deprivation more
closely models acute and severe neglect and does not
model the voluntary and diminished quality of maternal
care observed with PPD. PPD is associated with pro-
longed periods of disengaged maternal care, which in-
cludes neutral affect and withdrawal from the infant and
sometimes negative maternal care, which includes nega-
tive affect and hostility directed to the infant (reviewed
in [21]). The maternal neglect modeled by maternal sep-
aration/deprivation [16, 19, 20] therefore does not ap-
proximate the prolonged diminished quality of maternal
care that occurs in PPD but rather, represents abrupt
cessation of maternal care. Thus, one of the goals of the
present study is to examine how postnatal adversity rele-
vant to PPD (i.e., sustained reductions in maternal care
and higher maternal glucocorticoid levels) affects hippo-
campal neurogenesis from post-weaning to adult stages
of development in both sexes.
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To investigate the effects of PPD on offspring develop-
ment and neurogenesis, we used a rodent model of PPD.
In this model, dams are treated daily with high levels of
corticosterone (CORT) to induce a PPD-like phenotype,
thus capitalizing on the well-established relationship be-
tween glucocorticoids and depression, including peri-
natal depression (reviewed in [14]). Treating postpartum
rats with CORT consistently increases time spent away
from the nest and reduces time spent nursing without
completely absolutely depriving the pups of any mater-
nal care [23-25]. Although other models of depression
exist in the literature, such as chronic unpredictable
stress, these paradigms applied in the postpartum
would either force the dam to be away from her pups
(making it difficult to distinguish the effects of maternal
separation from maternal “depression”). Or, if pups
were kept with the dam during stress exposure, this
would directly inflict stress on the pups themselves
(making it difficult to distinguish the effects of direct
postnatal stress from maternal “depression”). Unlike
these models, the CORT-induced model of PPD in-
duces depressive-like behavior with minimal separation
of the dams from the offspring (<1 min to perform in-
jections) and results in the dam voluntarily withdrawing
from her offspring as well as higher levels of CORT in
the milk [25, 38], which mimic key features of PPD in
women (reviewed in [21]). When examining the off-
spring outcome, maternal postpartum CORT decreased
hippocampal cell proliferation in males, but not fe-
males, just after weaning [24]. By adolescence, however,
maternal postpartum CORT did not significantly affect
survival of new cells produced at weaning in either sex
[24]. However, whether these early reductions in cell
proliferation perturbed neurogenesis (differentiation
into new neurons) at the time of weaning or later in life
were not determined. The present study aims to ad-
dress this gap by examining how maternal CORT
exposure affects density of immature neurons in the
hippocampus after weaning as well as in adolescence
and adulthood in both sexes.

In contrast to the body of research examining develop-
mental stress and its effects on the hippocampus, there
is limited research evaluating how developmental FLX
exposure affects the hippocampus. Treating dams with
FLX in the postpartum reversed the suppressive effect of
prenatal stress on hippocampal DCX-expressing cells in
both adolescent male and female offspring [17]. How-
ever, this interaction between prenatal stress and post-
partum FLX exposure did not persist to adulthood as
maternal postpartum FLX decreased number of DCX-
expressing cells in offspring also exposed to prenatal
stress, particularly in the males [29]. We recently re-
ported that FLX given to the dam during the postpartum
period increased density of DCX-expressing cells in the
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dorsal hippocampus of adult male offspring but not in
adult female offspring [12]. It remains unclear, however,
whether maternal postpartum FLX, either alone or in
combination with CORT alters hippocampal neurogen-
esis across development in a rodent model relevant to
PPD. To investigate this, we administered high CORT to
dams to induce a depression-like phenotype [24, 25, 27,
28] as well as FLX to model antidepressant treatment of
postpartum CORT in dams [28]. While there has been
considerable investigation of how stress affects hippo-
campal neurogenesis in the early developmental periods
(prenatal and postnatal) as well as in later ages (adulthood
and aging), relatively little is known about how hippocam-
pal neurogenesis proceeds through pre-adolescent and
adolescent time periods. Moreover, how developmental
exposure to CORT and/or FLX affects the neurogenic tra-
jectory in the hippocampus is also poorly understood.
Thus, we investigated male and female offspring after
weaning (pre-adolescence), in adolescence, and in adult-
hood. We hypothesized maternal postpartum CORT and
FLX would alter the time course of hippocampal neuro-
genesis throughout development differently in males and
females, and that both treatments could potentially
interact such that FLX may prevent disruptions that
arise following maternal postpartum CORT exposure.
More specifically, we predicted that males would be
more sensitive to CORT and FLX than females, given
the established literature demonstrating that males are
more vulnerable to early life adversity in a variety of
endpoints (reviewed in [14]).

Methods

Animals

Thirty-two adult female Sprague-Dawley rats (2—3 months
old) and 16 adult male Sprague-Dawley rats (2—3 months
old, Charles River) were initially housed in same-sex
pairs with aspen chip bedding in the Centre for Disease
Modeling at University of British Columbia. Rats were
maintained in a 12:12 h light/dark cycle (lights on at
7:00 am) and given rat chow (Jamieson’s Pet Food
Distributors Ltd, Delta, BC, Canada) and tap water ad
libitum. All protocols were in accordance with ethical
guidelines set by Canada Council for Animal Care and
were approved by the University of British Columbia
Animal Care Committee.

Breeding procedures

For breeding, two females and one male were paired
daily between 5:00 and 7:00 pm. Females were vaginally
lavaged each morning between 7:30 and 9:30 am. Upon
identification of sperm in the lavage sample, females
were considered pregnant, weighed, and single housed
into clean cages with autoclaved paper towels and an
enrichment tube.
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Maternal treatments

1 day after birth (birth day = postnatal day 0), all litters
were culled to 5 males and 5 females. If there were not
enough males or females in one litter, pups were cross-
fostered from a dam that gave birth the same day. If
there were not enough pups available to support a five
male and five female litters, then dams maintained a
sex-skewed or smaller litters (this happened twice with
both being in the CORT/saline group). Dams were ran-
domly assigned to one of four treatment groups: (1) oil/
saline; (2) oil/FLX; (3) CORT/saline; (4) CORT/FLX.
Beginning on postpartum day 2, dams received daily
injections of either subcutaneous CORT (40 mg/kg) or
sesame oil (1 ml/kg). Dams also received a second
injection of either intraperitoneal FLX (10 mg/kg) or
saline (1 ml/kg). Injections occurred daily for 22 con-
secutive days. The effects of maternal postpartum
CORT/saline on depressive-like behavior and maternal
behavior were verified in the dam, and data about the
effects of maternal postpartum CORT and FLX on
serum CORT levels in dams as well as body mass of
dams and pre-weaning offspring have been published
separately [28]. Dams received both injections in suc-
cession between 1lam and 2 pm.

Drug preparation

An emulsion of CORT (Sigma-Aldrich, St. Louis, MO,
USA) was prepared every 2-3 days by mixing CORT
with ethanol and then adjusting with sesame oil to yield
a final concentration of 40 mg/ml of CORT in oil with
10% ethanol. The dose was chosen because it reliably
induces a depressive-like phenotype in dams, disrupts
maternal care, and affects offspring development [23,
24]. To control for CORT, vehicle injections consisted
of 10% ethanol in sesame oil (referred to as “oil”). FLX
(Sequoia Research Products, Pangbourne, UK) was pre-
pared every 2—3 days by dissolving in dimethyl sulfox-
ide (DMSO; Sigma Aldrich) and adjusted with 0.9%
saline to yield a final concentration of 10 mg/ml FLX in
saline with 10% DMSO. This dose of FLX was chosen
based on work illustrating that this dose increased
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brain derived neurotrophic factor and cell proliferation
in the hippocampus and amygdala after 21 days of in-
jections in both male and female rodents [30]. To con-
trol for FLX, vehicle injections consisted of 10% DMSO
in 0.9% saline.

Offspring tissue collection

For the pre-adolescent offspring, pups remained group-
housed with litter mates until perfusion. For the ado-
lescent and adult offspring, pups were weaned on
postnatal day 24 and pair-housed with an unrelated,
same-sex cage mate whose mother received the same
treatment. Besides weekly cage changing, offspring
remained undisturbed until perfusion. Based on the
four maternal treatments described above, rats were
used from each of the following groups were utilized
at pre-adolescence, adolescence, and adult time points
(n =124): male oil/saline offspring, n=5-7; male oil/
FLX offspring, n = 5; male CORT/saline offspring, n =
5; male CORT/FLX offspring, n=5; female oil/saline
offspring, n = 5; female o0il/FLX offspring, n = 5; female
CORT/saline offspring, n=5; female CORT/FLX off-
spring, n = 5.

Pre-adolescent offspring were perfused on postnatal
day 31. Adolescent offspring were perfused on postnatal
day 42 because this time point is considered to be mid-
adolescence [31-33]. Adult offspring were perfused on
postnatal day 69. On the day of perfusion, rats were
weighed and then given an overdose of Euthanyl (so-
dium pentobarbital). Rats were perfused with 60 ml
cold 0.9% saline followed by 120 ml cold 4% parafor-
maldehyde. Brains were extracted and post-fixed using
4% paraformaldehyde overnight at 4 °C. Brains were
then transferred to 30% sucrose in phosphate buffer at
4 °C until they sank to the bottom. Brains were rapidly
frozen with dry ice, were sectioned using a freezing
microtome (Leica, Richmond Hill, ON, Canada) at
40 um, and were collected in series of 10. Sections were
stored in antifreeze (ethylene glycol/glycerol; Sigma)
and were stored at —20 °C until processing. For an over-
view of experimental procedures, refer to Fig. 1.

Fig. 1 Timeline of experiment. (not to scale)
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Animals Cull Wean Adolescent Adolescent Adult
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DCX immunohistochemistry

Sections were rinsed 5x 10 min in 0.1 M phosphate-
buffered saline (PBS), were treated with 0.3% hydrogen
peroxide in dH,O for 30 min, and were incubated at 4 °
C in primary antibody solution: 1:1000, goat anti-DCX
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) with
0.04% Triton-X in PBS, and 3% normal rabbit serum for
24 h. Sections were then rinsed 5 x 10 min in 0.1 M PBS
and were transferred to a secondary antibody solution
with 1:500, rabbit anti-goat (Vector Laboratories, Burling-
ton, ON, Canada) in 0.1 M PBS for 24 h at 4 °C. Then,
sections were washed 5 x 10 min in 0.1 M PBS and were
incubated in ABC complex (ABC Elite Kit; 1:1000; Vector)
for 4 h. Sections were then washed in 0.175 M sodium
acetate buffer 2 x 2 min. Finally, sections were developed
using diaminobenzidine in the presence of nickel (DAB
Peroxidase Substrate Kit, Vector), mounted on slides, and
dried. Sections were then dehydrated and coverslipped
with Permount (Fisher Scientific).

DCX-expressing cells were quantified in 3 dorsal sec-
tions (-2.76 to —4.68 mm below bregma) and 3 ventral
sections (—5.52 to —6.60 mm below bregma) using the x40
objective using an Olympus CX22LED brightfield micro-
scope. Areas of these sections were quantified using
Image] (NIH, Bethesda, MD, USA) and were used for
density calculations (number of cells per mm?).

Data analyses

Data were analyzed using repeated measures ANOVA
with hippocampal region (dorsal, ventral) as the within-
subject factor and age, sex, maternal postpartum CORT,
and maternal postpartum FLX as between-subject fac-
tors. Newman-Keuls tests were conducted for post-hoc
comparisons which controls for multiple pair-wise com-
parisons in a step-wise fashion. Because we had hypoth-
eses that sex, CORT, and FLX would interact, a priori
comparisons were conducted and subjected to Bonfer-
roni corrections. All data were analyzed using Statistica
software (v. 9, StatSoft, Inc., Tulsa, OK, USA). All effects
were considered statistically significant if p < 0.05.

Results and discussion

Our statistical analysis was a comprehensive five-way
ANOVA which generated 31 possible main effects and
interactions. Of these possibilities, ten main and inter-
acting effects were statistically significant, with three
main effects (age, sex, and region), four two-way interac-
tions (age x sex, age x CORT, region x age, area x CORT),
two three-way interactions (region x CORT x FLX, and
region x age x CORT), and finally the four-way interaction
(region x age x sex x CORT). There was also a trend for
a four-way interaction (region x age x sex x FLX) and
limited comparisons were conducted. These significant
interactions are summarized in Table 1.
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Table 1 Summary of statistical interactions
Significant effects from omnibus ANOVA

p value

Interaction between region, age, sex, and maternal postpartum CORT

Dorsal hippocampus Pre-adolescent & oil > CORT p <0.001
Q: oil vs. CORT ns.
Adolescent & oil < CORT p=0.03
Q: oil < CORT p=002
Adult & oil vs. CORT ns.
Q: oil > CORT p=002

&: oil vs. CORT ns.
Q: oil vs. CORT ns.

Ventral hippocampus  Pre-adolescent

Adolescent & oil < CORT p=0003
Q: oil vs. CORT ns.
Adult & oil vs. CORT ns.

Q: oil vs. CORT ns.
Interaction between region, age, sex, and maternal postpartum FLX
d:saline vs. FLX  ns.
Q: saline < FLX p=0.003

Interaction between region, maternal postpartum CORT, and FLX

Dorsal hippocampus ~ Pre-adolescent

Dorsal hippocampus CORT/saline > CORT/FLX p=0035
Oil/FLX > CORT/FLX p=0.041
Ventral hippocampus  Oil/FLX < CORT/FLX p=0.032

CORT corticosterone, FLX fluoxetine, n.s., non-significant. Significant comparisons
are in italics

Maternal postpartum CORT altered the density of
DCX-expressing cells depending on age, sex, and
hippocampal sub-region (interaction between region,
age, sex, and maternal postpartum CORT)

Maternal postpartum CORT decreased the density of
DCX-expressing cells in the dorsal hippocampus of pre-
adolescent males in comparison to oil [p < 0.001, Cohen’s
d =0.83; area, age, sex, and maternal postpartum CORT
interaction: F (2, 98)=4.59, p=0.01; Fig. 2a). Among
oil-exposed offspring, pre-adolescent males had a greater
density of DCX-expressing cells in comparison to pre-
adolescent females in dorsal hippocampus (p <0.001,
Cohen’s d = 1.37). Maternal postpartum CORT exposure
prevented this sex difference in pre-adolescent offspring
(p =0.06; Fig. 2a, b). Further, maternal postpartum CORT
increased the density of DCX-expressing cells in the
dorsal hippocampus of both adolescent male and female
offspring compared with oil (males: p = 0.003, Cohen’s d =
2.18; females: p =0.023, Cohen’s d =1.98; Fig. 2a, b). In
our prior study [12] we observed that maternal postpar-
tum CORT, regardless of FLX, decreased density of dorsal
DCX-expressing cells in female offspring, and an a priori
comparison revealed the same result in this dataset (p =
0.019, Cohen’s d=0.91). Maternal postpartum CORT
significantly increased the density of DCX-expressing
cells in the ventral hippocampus of adolescent males
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Fig. 2 Mean + SEM density of DCX-expressing cells/mm? in A-D. a In dorsal hippocampus, maternal postpartum CORT decreased the density of
DCX-expressing cells in pre-adolescent males and increased it in adolescent males compared with oil. Males of oil-treated dams also had a greater
density of DCX-expressing cells compared with females of oil-treated dams. b In the dorsal hippocampus of adolescent females, maternal postpartum
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DCX-expressing cells compared with oil. d In the ventral hippocampus of females, maternal postpartum CORT did not significantly alter the
density of DCX-expressing cells. @p < 0.05, males vs. females; *p < 0.05, oil vs. CORT; n = 5-7/sex/group

compared with oil (p =0.003, Cohen’s d = 1.35; Fig. 2¢)
but not in females (p = 0.95; Fig. 2d).

Density of DCX-expressing cells declined from
pre-adolescence to adolescence except in the ventral
hippocampus of CORT-exposed females (interaction
between region, age, sex, and maternal postpartum CORT)
The density of DCX-expressing cells in the dorsal hippo-
campus decreased from pre-adolescence to adolescence
regardless of sex or CORT exposure (p’s < 0.04, Cohen’s
d =0.66-3.31; Fig. 2a, b). In the ventral hippocampus of
males, the density of DCX-expressing cells decreased
from pre-adolescence to adolescence in oil- and CORT-
exposed rats (p’s <0.04, Cohen’s d =0.86-1.97; Fig. 2c).
In females, the density of DCX-expressing cells in the
ventral hippocampus did not change significantly from
pre-adolescence to adolescence in oil- or CORT-exposed
rats (p’s >0.08; Fig. 2d). There were no other significant
main effects or interactions.

Maternal postpartum CORT prevented the increase

in density of DCX-expressing cells from adolescence

to adulthood in the dorsal hippocampus (interaction
between region, age, sex, and maternal postpartum
CORT)

The density of DCX-expressing cells in the dorsal
hippocampus increased from adolescence to adult-
hood in oil-exposed males (p=0.046, Cohen’s d=
1.75) and females (p <0.001, Cohen’s d =2.71). This
age-related increase, however, was not present in
CORT-treated males (p=0.92) or females (p =0.84).
The density of DCX-expressing cells in the ventral
hippocampus decreased from adolescence to adult-
hood in CORT-exposed males (p < 0.001, Cohen’s d =
3.07), but not oil-exposed males (p =0.26). The dens-
ity of DCX-expressing cells in the ventral hippocam-
pus decreased from adolescence to adulthood in oil-
exposed females (p =0.009; Cohen’s d =1.95), but not
CORT-exposed females (p =0.17).
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Maternal postpartum FLX decreased the density of DCX-
expressing cells in dorsal hippocampus of pre-adolescent
female but not male offspring (interaction between
region, age, sex, and maternal postpartum FLX)

A priori comparisons revealed that maternal postpartum
FLX decreased the density of DCX-expressing cells in
comparison to saline in the dorsal hippocampus of pre-
adolescent females (p =0.003, Cohen’s d =0.58; Fig. 3b)
but not males [p = 0.45; area, age, sex, and maternal post-
partum FLX interaction: F (2, 98) = 2.74; p = 0.069; Fig. 3a].
Additionally, among offspring exposed to maternal post-
partum saline, pre-adolescent males had a greater density
of DCX-expressing cells than pre-adolescent females in
the dorsal hippocampus (p = 0.008, Cohen’s d = 0.47).

Maternal postpartum FLX prevented the increase in
density of DCX-expressing cells from adolescence to
adulthood in dorsal hippocampus of females (interaction
between region, age, sex, and maternal postpartum FLX)
In the dorsal hippocampus, density of DCX-expressing
cells increased from adolescence to adulthood among
saline-exposed females (p =0.003, Cohen’s d =1.36) but
not FLX-exposed females (p=0.273). In the ventral
hippocampus, density of DCX-expressing cells decreased
similarly in offspring regardless of sex or FLX exposure
(p’s <0.01, Cohen’s d = 1.23-2.48). No other comparisons
were statistically significant after performing Bonferroni
corrections.

Maternal postpartum CORT and FLX decreased the
density of DCX-expressing cells in dorsal hippocampus,
but increased it in ventral hippocampus (interaction
between region, CORT, and FLX)

Regardless of age and sex, maternal postpartum CORT
and FLX decreased the density of DCX-expressing cells
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in the dorsal hippocampus compared with CORT alone
(p=0.035, Cohen’s d=0.41) and with FLX alone [p=
0.041, Cohen’s d = 0.36; area, CORT, and FLX interaction:
F (1, 98) = 13.787, p = 0.003; Fig. 4a]. In the ventral hippo-
campus, the combination of maternal postpartum CORT
and FLX increased the density of DCX-expressing cells
compared to FLX exposure alone (p =0.032, Cohen’s
d = 0.44; Fig. 4b).

Males weighed more than females in adolescence and
adulthood

Male offspring weighed more than female offspring in
adolescence (p < 0.001, Cohen’s d = 2.03) and adulthood
(p <0.001, Cohen’s d=5.58) but not as pre-adolescents
(p = 0.532; interaction between age and sex: F (2, 85) =
105.78; p < 0.001; Table 2). There were no other signifi-
cant main effects of or interactions between age, sex,
maternal postpartum CORT, or maternal postpartum
FLX (all p’s > 0.21).

Discussion

Here, we show that maternal postpartum CORT and
FLX affected density of DCX-expressing cells in males
and females differently from pre-adolescence to early
adulthood and that the dorsal hippocampus was more
sensitive than the ventral hippocampus to these mater-
nal treatments. Consistent with our hypothesis, maternal
postpartum CORT predominantly affected males early in
life such that it reduced the density of dorsal DCX-
expressing cells in pre-adolescent males and increased
density of dorsal DCX-expressing cells in adolescent
males as well as females. On the other hand, maternal
postpartum FLX predominantly affected females earlier
in life as it decreased density of DCX-expressing cells
in pre-adolescent females in the dorsal hippocampus
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and attenuated the age-related increase in density of
DCX-expressing cells from adolescence to adulthood.
Regardless of age and sex, maternal postpartum CORT
and FLX decreased density of DCX-expressing cells in
dorsal hippocampus and increased density of DCX-
expressing cells in ventral hippocampus. Furthermore,
maternal postpartum CORT reduced the density of
DCX-expressing cells in adult females, consistent with
previous findings [12]. Collectively, these findings reveal
that maternal postpartum CORT and FLX can impact
density of DCX-expressing cells earlier in the lifespan in
males and females whereas the combination of CORT
and FLX may have more general effects on density of
DCX-expressing cells regardless of age and sex.

Maternal postpartum CORT decreased density of DCX-
expressing cells in pre-adolescent males and adult
females but increased density of DCX-expressing cells

in adolescent offspring

Maternal postpartum CORT decreased density of DCX-
expressing cells in the dorsal hippocampus of pre-

Table 2 Body mass (g) + SEM. Males had a greater body mass
than females in both adolescence and adulthood but not as
pre-adolescents

Pre-adolescent Adolescent Adult
Male—-oil/SAL 1222+038 2500+ 7.3* 5247 +126%
Male-oil/FLX 130.7+9.0 2482 +80* 5294 +203°
Male—CORT/SAL 1187 +£104 2360+ 59* 5433 +248°
Male-CORT/FLX 1126+92 2346+ 17.5% 553.0+383°
Female-oil/SAL 1184+15 1958+53 307.7+102
Female-oil/FLX 1200+26 1590+ 24.1 3000+ 108
Female-CORT/SAL 111061 1864 +10.1 3270+160
Female-CORT/FLX 1060+ 10.2 1904 £5.5 3080+13.7

*p < 0.05, adolescent males vs. adolescent females; ©p < 0.05, adult males vs.
adult females

adolescent male but not female offspring. By adolescence,
maternal postpartum CORT generally enhanced density of
DCX-expressing cells in both sexes (sub-region differences
are further discussed below). However, by adulthood,
the effect of maternal postpartum CORT was no longer
apparent in males but it reduced density of DCX-ex-
pressing cells in females. This extends previous work
with this model which found that maternal postpartum
CORT diminished hippocampal cell proliferation only in
pre-adolescent males but not in females whereas mater-
nal postpartum CORT did not affect survival of these
cells produced post-weaning [24]. The detrimental effect
of maternal postpartum CORT on density of DCX-
expressing cells in males is in line with broad findings
that males are more susceptible to adverse outcomes
after perinatal complications and to neurodevelopmental
disorders such as autism spectrum disorder (reviewed in
[14, 34, 35]). Further, this CORT-induced reduction in
neurogenesis is in line with findings that postnatal stress
is associated with reductions in hippocampal neurogenesis
and plasticity [18, 19, 36]. This reduction in neurogenesis
may be related to disruption of the stress hyporesponsive
period, an important period in postnatal development
characterized by low levels of endogenous glucocorticoid
levels which promotes optimal neural development [37].
Maternal postpartum CORT treatment can disrupt this
period of quiescent glucocorticoid activity either indirectly
via decreased maternal care [23, 28] or directly via in-
creased CORT levels in the brain, serum, and stomach
milk of the offspring [38]. Either mechanism could reduce
neurogenesis after weaning. However, little is known
about sex differences in the stress hyporesponsive period.
There is some evidence that adrenocorticotropic hormone
is capable of eliciting CORT secretion in female pups but
not male pups during the stress hyporesponsive period
[39, 40]. Additionally, female rat pups (20 days old) have
higher basal CORT levels but blunted cold stress-induced
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CORT levels than males [41]. However, it is not clear how
these sex differences in ontogeny of the HPA axis are re-
lated to hippocampal neurogenesis. It should be noted
that although pre-adolescent females did not exhibit
any changes in density of DCX-expressing cells, it re-
mains possible that other measures of neurogenesis
and/or plasticity were altered after maternal postpar-
tum CORT exposure.

Interestingly, we found that maternal postpartum
CORT increased density of DCX-expressing cells in
adolescent offspring. In general, chronic stress or gluco-
corticoid exposure reduces hippocampal neurogenesis
[42], but most of these studies have been conducted in
rodents shortly after birth or in adulthood. Relative to
either of these time points, there is a substantial gap in
our understanding of neurogenesis in adolescence.
Neurogenesis reaches peak levels in the rat dentate gyrus
on postnatal day 6 and declines with age [43]. However,
the relationship between the cells produced post-weaning
and the cells that continually regenerate later in life has
yet to be fully elucidated. One possible explanation for the
increase in adolescent density of DCX-expressing cells is
that it is a compensatory mechanism for a loss in plasticity
after maternal postpartum CORT exposure to ultimately
normalize density of DCX-expressing cells by adulthood
under cage control conditions. Alternatively, neurogenesis
continues outside of the dentate gyrus during puberty in
the prefrontal cortex, nucleus accumbens, anteroventral
periventricular nucleus, medial amygdala, and sexually di-
morphic nucleus [44, 45]. Thus, another possible explan-
ation is that the effect of maternal postpartum CORT
increasing density of DCX-expressing cells in adolescence
is part of a system-wide change in neurogenesis that will
ultimately contribute to altered brain development. Fur-
thermore, synaptic pruning is a critical developmental
process that occurs throughout the brain throughout de-
velopment including adolescence. It is important to note
that a reduction in synaptic plasticity is a normal and ne-
cessary component to brain maturation. Thus, we caution
against interpreting that the enhancing effect of maternal
postpartum CORT on offspring density of DCX-
expressing cells is favorable or beneficial for brain devel-
opment because it is possible that maternal postpartum
CORT disturbed this important culling process and re-
sulted in aberrant density of DCX-expressing cells. Or,
as discussed above, increased density of DCX-expressing
cells could be a compensatory mechanism to promote
density of DCX-expressing cells during adolescence after
it was reduced in pre-adolescence. Alternatively, the op-
posing effects between pre-adolescence and adolescence
may be influenced by the different housing conditions as
pre-adolescent subjects were group-housed and adoles-
cent subjects were pair-housed. There is some evidence
that group housing versus isolation can influence
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neurogenesis in middle-aged rats [46] but not young
adult male mice [47]. Nonetheless, housing differences
between pre-adolescence and adolescence may be a
contributing factor to the observed differences between
these ages. Regardless of housing conditions, adoles-
cence is a critical developmental period that deserves
further research.

Maternal postpartum CORT decreased the density of
DCX-expressing cells in dorsal hippocampus of adult fe-
males but did not affect density of DCX-expressing cells
in adult males. This observation in adult females is con-
sistent with our prior study [12] which examined adult
male and female offspring and changes in neurogenesis
after a battery of behavioral tests and exposure to dexa-
methasone. Thus, despite the repeated behavioral and
endocrine challenges, present and prior studies indicate
that maternal postpartum CORT reduced neurogenesis
in adult females regardless of basal conditions (the
present study) or challenging conditions (i.e., stress and/
or novelty; [12]). Given the relationship between neuro-
genesis in the hippocampus and depression [48], the
decreased neurogenesis in adult females exposed to
maternal postpartum CORT may be related to the in-
creased basal levels of serum CORT observed in adult
female but not male offspring in this model [26]. Indeed,
reductions in hippocampal neurogenesis have been
mechanistically linked to abnormalities in the HPA
axis at least in male mice [49]. This connection between
endocrine and neural endophenotypes of depression
may partly explain the propensity for depression in girls
of mothers with depression [50]. Although the functional
significance of reduced neurogenesis in dorsal hippo-
campus is not clear, this observation does indicate that
female offspring are vulnerable to the effects of maternal
postpartum CORT, and, unlike male offspring, manifest
later in life. Collectively, these findings emphasize both
pre-adolescence and adolescence as critical periods for
maternal postpartum CORT effects on density of DCX-
expressing cells in male offspring whereas the effects of
maternal postpartum CORT on female neurogenesis
emerge later in life during adolescence and adulthood.

Maternal postpartum FLX decreased density of DCX-
expressing cells in pre-adolescent females

Maternal postpartum FLX decreased density of DCX ex-
pressing cells in dorsal hippocampus of pre-adolescent
females, although this finding had only a medium effect
size. This is particularly interesting because our previous
findings indicated that males were more vulnerable than
females to the effects of maternal postpartum FLX treat-
ment in terms of anxiety-like behavior and HPA axis
dysregulation [12]. However, our present findings indi-
cate that females are also vulnerable to the effects of ma-
ternal postpartum FLX early in life and that these effects
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manifest differently than in males. This female-specific
vulnerability to maternal SSRI exposure early in develop-
ment has also been observed in clinical research with ma-
ternal SSRI exposure reducing reelin expression in
umbilical cord serum in female infants but not in male in-
fants [51]. Based on the current state of research, the
mechanism explaining early female vulnerability to mater-
nal fluoxetine exposure is unclear. A lower dose of mater-
nal postpartum FLX (5 mg/kg; s.c.) delays pubertal onset
in female rats [55] and increases sexual behavior in adult
female rats [57]. Thus, maternal postpartum FLX can im-
pact development of female endocrine physiology which
could alter hippocampal plasticity. It should be noted that
different studies using a lower dose of FLX (5 mg/kg;
s.c.) in dams found that maternal postpartum FLX has
no effect on density of DCX-expressing cells in males or
females at weaning [56], in adolescence [17], or in adult-
hood ([58]; only males examined). This suggests that
only higher doses of FLX alter density of DCX-
expressing cells in pre-adolescent offspring. Although
the mechanism underlying how different doses of mater-
nal postpartum FLX account for endocrine disturbances
and hippocampal neurogenesis is not clear, maternal
postpartum FLX can impact neurogenesis in pre-
adolescent female offspring and highlights that both
sexes need to be studied in this field of research.

Maternal postpartum CORT and FLX together decreased
density of DCX-expressing cells in dorsal but increased
density of DCX-expressing cells in the ventral hippocampus
in male and female offspring

Maternal postpartum FLX also potentiated the effects of
maternal postpartum CORT, demonstrating that devel-
opmental FLX can interact with a model relevant for
PPD to affect offspring density of DCX-expressing cells.
This finding also underscores the importance of studying
the effects of antidepressant exposure within a disease
model. Maternal postpartum CORT and concurrent
FLX increased density of DCX-expressing cells in the
ventral hippocampus. This bolstering effect of maternal
postpartum FLX is in line with numerous studies ob-
serving treatment of adult rats with FLX increases
neurogenesis [59, 60]. Interestingly, maternal postpar-
tum CORT and concurrent FLX also resulted in a
decreased density of dorsal DCX-expressing cells.
Although treating adult rodents with FLX typically in-
creases hippocampal neurogenesis, the present study
utilized a different route of FLX exposure (i.e., via the
mother during postnatal development) which affects
the brain differently than adult exposure.

This effect of maternal postpartum CORT and concur-
rent FLX reducing density of DCX-expressing cells in
dorsal hippocampus is different from [12] which found
that maternal postpartum CORT/FLX vyielded opposing
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effects in the dorsal hippocampus of males and females
undergoing behavioral testing. In our previous study
[12], after a battery of behavioral tests and exposure to
dexamethasone, maternal postpartum CORT and FLX
increased dorsal density of DCX-expressing cells in adult
males, and this increase was not observed in the present
study. The difference in the methods and results be-
tween the present and prior studies indicate that neuro-
genesis varies from basal conditions (the present study)
to challenging conditions (i.e., stress and/or novelty;
[12]) particularly in males. DCX is expressed for up to
21 days after new neurons are produced [52], and the
behavioral testing and dexamethasone exposure may
have interacted with developmental exposure to CORT/
FLX to affect the number of DCX-expressing cells. Fur-
thermore, other studies demonstrate that experience,
such as Morris water maze or radial arm maze training,
alters measures of hippocampal plasticity that are not
observed in cage controls ([53, 54], respectively). Col-
lectively, this suggests that some of the effects of mater-
nal postpartum CORT/FLX exposure on offspring
hippocampal neurogenesis may not necessarily resolve
by adulthood, but rather emerge after a challenge to
the system (i.e., behavioral testing and/or dexametha-
sone exposure) as shown in our previous study. These
findings indicate that concurrent maternal postpartum
CORT and FLX will impact neurogenesis differently de-
pending on experience with perhaps a greater impact in
males than females. This set of observations has note-
worthy functional implications regarding what maternal
antidepressant use means within the context of mater-
nal postpartum stress/depression. In considering use of
rat models, it should be noted that the first 10 days of
the postpartum period are equivalent to the third tri-
mester [61, 62]. Nonetheless, it would be important for
future studies to characterize the behavioral implica-
tions of maternal postpartum FLX exposure in both
sexes at different time points.

Dorsal versus ventral hippocampus: maternal postpartum
CORT and/or FLX affect density of immature neurons
respond differently depending on sub-region

In the present study, we found that neurogenesis in the
dorsal hippocampus was more sensitive to maternal
treatments with CORT or FLX than in the ventral
hippocampus and that when concurrent of both drugs
had opposing effects in dorsal and ventral hippocampus
regardless of age or sex. The hippocampus is a heteroge-
neous structure with differences along the dorsal-ventral
hippocampal axis in terms of function, gene expression,
and neurotransmission (reviewed in [63]). The dorsal-
ventral axis of the hippocampus is present even at day of
birth [64] although its function is best understood in the
adult brain. Generally, dorsal hippocampus is associated
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with learning and spatial navigation, and the ventral
hippocampus is associated with stress regulation and
affective behavior (reviewed in [63]). However, these
functional roles are not exclusive in each pole of the
hippocampus as dorsal hippocampus has been impli-
cated in anxiety-behavior [65] and ventral hippocampus
has been implicated in memory [66].

Interestingly, maternal postpartum CORT and FLX
specifically (albeit independently) affected dorsal but not
ventral hippocampus in the pre-adolescent offspring. In
the adolescent offspring, maternal postpartum CORT
affected the density of DCX-expressing cells in both dor-
sal and ventral hippocampus. However, in adult males,
neither maternal postpartum CORT nor FLX alone sig-
nificantly altered density of DCX-expressing cells in the
dorsal or ventral hippocampus. Thus, one possibility is
that the effects of maternal CORT and FLX treatment
on ventral hippocampus were apparent under conditions
when the HPA axis was in the process of maturing. In-
deed, HPA axis reaches full maturity between P42 and
P49 [33]. Thus, the effects in ventral hippocampus dens-
ity of DCX-expressing cells alterations being present in
adolescence may be reflective of maternal exposure to
CORT and/or FLX interacting with the immature stress
and gonadal hormone systems. As previously discussed,
Gobinath et al. [12] found that maternal postpartum
CORT alone and maternal postpartum FLX alone in-
creased density of DCX-expressing cells, and this in-
crease was selectively in the dorsal hippocampus of
adult male rats. The functional implications of maternal
postpartum CORT and FLX in pre-adolescent and ado-
lescent offspring on behavior and neurogenesis are cur-
rently unknown, but these data indicate that outcomes
during these earlier stages may be different than those
seen in adulthood. Furthermore, our results indicate that
the neurogenic potential of the dentate gyrus is altered
with maternal postpartum exposure to CORT or FLX in
both males and females at different stages in develop-
ment, potentially influencing sex differences in risk for
psychiatric disease at different ages.

Conclusions

Collectively, these findings highlight that males and fe-
males are differentially vulnerable at different time pe-
riods during development to the effects of maternal
postpartum CORT and/or maternal postpartum FLX.
Maternal postpartum CORT decreased the density of
DCX-expressing cells in pre-adolescent males but in-
creased it in both adolescent males and females. Mater-
nal postpartum FLX decreased the density of DCX-
expressing cells in the dorsal hippocampus of pre-
adolescent females but not males. As we have noted
previously, maternal postpartum CORT decreased the
density of DCX-expressing cells in the dorsal
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hippocampus of adult female but not male offspring.
However, maternal postpartum FLX did not signifi-
cantly affected adult offspring of either sex, suggesting
that the effects present earlier in life were resolved by
adulthood at least under cage control conditions. In
contrast, the combination of maternal postpartum
CORT and FLX together decreased the density of dorsal
DCX-expressing cells and increased it in the ventral
hippocampus regardless of age or sex. Thus, the com-
bination of maternal postpartum CORT and FLX al-
tered the density of DCX-expressing cells regardless of
age and sex whereas each treatment independently im-
pacted hippocampal density of DCX-expressing cells
earlier in life depending on sex. These findings yield
important implications for maternal antidepressant use
in treating PPD and developmental outcome and high-
light that early postnatal environments can differen-
tially affect both sexes.

Abbreviations
CORT: Corticosterone; DCX: Doublecortin; FLX: Fluoxetine; P: Postnatal day;
PPD: Postpartum depression; SAL: Saline

Acknowledgements

The authors would like to thank Lucille Hoover, Nikki Kitay, Paula Duarte-
Guterman, Robin Richardson, and Christine Ausman for their assistance and
contributions throughout the experiment.

Funding

This work was funded by a CIHR operating grant to LAMG (IGO-103692)
and a Coast Capital Depression Fund to JLW and LAMG. The findings and
conclusions of this manuscript do not necessarily represent the views of
the Canadian Institutes of Health Research or Coast Capital.

Availability of data and materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Authors’ contributions

ARG contributed to the study conception and experimental design, conducted
the immunohistochemistry, performed the data collection (quantification of
doublecortin expression), statistical analysis, and drafted the manuscript. JLJW
assisted with study conception and experimental design and assisted with
performing the immunohistochemistry and critical revision of the manuscript.
CC and SL assisted with experimental design, assisted with performing the
immunohistochemistry, and provided critical revision of the manuscript. LAMG
contributed to the study conception and experimental design, supervised, and
helped with statistical analysis, data interpretation, and critical revision of the
manuscript. All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate

All protocols were in accordance with ethical guidelines set by Canada
Council for Animal Care and were approved by the University of British
Columbia Animal Care Committee.



Gobinath et al. Biology of Sex Differences (2017) 8:20

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

1Program in Neuroscience, University of British Columbia, 2215 Wesbrook
Mall, Vancouver, BC V6T 173, Canada. “Department of Psychology, University
of British Columbia, 2136 West Mall, Vancouver, BC V6T 174, Canada. *Centre
for Brain Health, University of British Columbia, 2215 Wesbrook Mall,
Vancouver, BC V6T 1Z3, Canada. “Present Address: Department of
Psychology, University at Albany, State University of New York, 1400
Washington Ave, Albany, NY 12222, USA.

Received: 13 February 2017 Accepted: 25 May 2017
Published online: 02 June 2017

References

1.

Brummelte S, Galea LA. Postpartum depression: etiology, treatment and
consequences for maternal care. Horm Behav. 2016;77:153-66.

Pilowsky DJ, Wickramaratne PJ, Rush AJ, Hughes CW, Garber J, Malloy E,
King CA, Cerda G, Sood AB, Alpert JE, et al. Children of currently depressed
mothers: a STAR*D ancillary study. J Clin Psychiatry. 2006,67:126-36.
Murray L, Arteche A, Fearon P, Halligan S, Goodyer I, Cooper P. Maternal
postnatal depression and the development of depression in offspring up
to 16 years of age. J Am Acad Child Adolesc Psychiatry. 2011;50:460-70.
Hay DF, Pawlby S, Angold A, Harold GT, Sharp D. Pathways to violence in
the children of mothers who were depressed postpartum. Dev Psychol.
2003;39:1083-94.

Grace SL, Evindar A, Stewart DE. The effect of postpartum depression on
child cognitive development and behavior: a review and critical analysis of
the literature. Arch Womens Ment Health. 2003:6:263-74.

Grzeskowiak LE, Gilbert AL, Morrison JL. Prenatal exposure to selective
serotonin reuptake inhibitors and risk of childhood overweight. J Dev
Orig Health Dis. 2012;3:253-61.

Weikum WM, Oberlander TF, Hensch TK, Werker JF. Prenatal exposure to
antidepressants and depressed maternal mood alter trajectory of infant
speech perception. Proc Natl Acad Sci U S A. 2012;109 Suppl 2:17221-7.
Grzeskowiak LE, Morrison JL, Henriksen TB, Bech BH, Obel C, Olsen J,
Pedersen LH. Prenatal antidepressant exposure and child behavioural
outcomes at 7 years of age: a study within the Danish National Birth
Cohort. BJOG. 2016;123:1919-28.

Casper RC, Fleisher BE, Lee-Ancajas JC, Gilles A, Gaylor E, DeBattista A,
Hoyme HE. Follow-up of children of depressed mothers exposed or not
exposed to antidepressant drugs during pregnancy. J Pediatr. 2003;142:402--8.
Gillian E. Hanley, Ursula Brain, Tim F. Oberlander, Prenatal exposure to
serotonin reuptake inhibitor antidepressants and childhood behavior.
Pediatric Research 2015;78:(2):174-180.

Boukhris T, Sheehy O, Mottron L, Berard A. Antidepressant use during
pregnancy and the risk of autism spectrum disorder in children. JAMA
Pediatr. 2016;170:117-24.

Gobinath AR, Workman JL, Chow C, Lieblich SE, Galea LA. Maternal postpartum
corticosterone and fluoxetine differentially affect adult male and female
offspring on anxiety-like behavior, stress reactivity, and hippocampal
neurogenesis. Neuropharmacology. 2016;101:165-78.

Kiryanova V, McAllister BB, Dyck RH. Long-term outcomes of developmental
exposure to fluoxetine: a review of the animal literature. Dev Neurosci.
2013;35:437-9.

Gobinath AR, Mahmoud R, Galea LA. Influence of sex and stress exposure
across the lifespan on endophenotypes of depression: focus on behavior,
glucocorticoids, and hippocampus. Front Neurosci. 2015;8:420.

Altman J, Bayer SA. Migration and distribution of two populations of
hippocampal granule cell precursors during the perinatal and postnatal
periods. J Comp Neurol. 1990;301:365-81.

Oomen CA, Girardi CE, Cahyadi R, Verbeek EC, Krugers H, Joels M, Lucassen PJ.
Opposite effects of early maternal deprivation on neurogenesis in male versus
female rats. PLoS One. 2009;4:¢3675.

Rayen |, van den Hove DL, Prickaerts J, Steinbusch HW, Pawluski JL.
Fluoxetine during development reverses the effects of prenatal stress on
depressive-like behavior and hippocampal neurogenesis in adolescence.
PLoS One. 2011,;6:€24003.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

39.

Page 12 of 13

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Manders EM,
Joels M, Lucassen PJ, Krugers H. Severe early life stress hampers spatial
learning and neurogenesis, but improves hippocampal synaptic plasticity
and emotional learning under high-stress conditions in adulthood.

J Neurosci. 2010;30:6635-45.

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Manders EM,
Joels M, Krugers H, Lucassen PJ. Early maternal deprivation affects dentate gyrus
structure and emotional leaming in adult female rats. Psychopharmacology
(Berl). 2011;214:249-60.

Lajud N, Roque A, Cajero M, Gutierrez-Ospina G, Torner L. Periodic maternal
separation decreases hippocampal neurogenesis without affecting basal
corticosterone during the stress hyporesponsive period, but alters HPA
axis and coping behavior in adulthood. Psychoneuroendocrinology.
2012,37:410-20.

Lovejoy MC, Graczyk PA, O'Hare E, Neuman G. Maternal depression and
parenting behavior: a meta-analytic review. Clin Psychol Rev. 2000,20:561-92.
Goel N, Workman JL, Lee TT, Innala L, Viau V. Sex differences in the HPA
axis. Compr Physiol. 2014;4:1121-55.

Plumpe T, Ehninger D, Steiner B, Klempin F, Jessberger S, Brandt M, Romer B,
Rodriguez GR, Kronenberg G, Kempermann G. Variability of doublecortin-
associated dendrite maturation in adult hippocampal neurogenesis is independent
of the regulation of precursor cell proliferation. BMC Neurosci. 2006;7:77.
Brummelte S, Pawluski JL, Galea LA. High post-partum levels of corticosterone
given to dams influence postnatal hippocampal cell proliferation and behavior
of offspring: a model of post-partum stress and possible depression.
Horm Behav. 2006;50:370-82.

Brummelte S, Galea LA. Chronic corticosterone during pregnancy and
postpartum affects maternal care, cell proliferation and depressive-like
behavior in the dam. Horm Behav. 2010;58:769-79.

Brummelte S, Lieblich SE, Galea LA. Gestational and postpartum corticosterone
exposure to the dam affects behavioral and endocrine outcome of the offspring
in a sexually-dimorphic manner. Neuropharmacology. 2012,62:406-18.
Workman JL, Brummelte S, Galea LA. Postpartum corticosterone
administration reduces dendritic complexity and increases the density of
mushroom spines of hippocampal CA3 arbours in dams. J Neuroendocrinol.
2013;25:119-30.

Workman JL, Gobinath AR, Kitay NF, Chow C, Brummelte S, Galea LA.
Parity modifies the effects of fluoxetine and corticosterone on behavior,
stress reactivity, and hippocampal neurogenesis. Neuropharmacology.
2016;105:443-53.

Rayen I, Gemmel M, Pauley G, Steinbusch HW, Pawluski JL. Developmental
exposure to SSRIs, in addition to maternal stress, has long-term sex-
dependent effects on hippocampal plasticity. Psychopharmacology (Berl).
2015;232:1231-44.

Hodes GE, Hill-Smith TE, Suckow RF, Cooper T8, Lucki I. Sex-specific effects
of chronic fluoxetine treatment on neuroplasticity and pharmacokinetics in
mice. J Pharmacol Exp Ther. 2010;332:266-73.

Spear LP. The adolescent brain and age-related behavioral manifestations.
Neurosci Biobehav Rev. 2000;24:417-63.

McCormick CM, Mathews 1Z. HPA function in adolescence: role of sex
hormones in its regulation and the enduring consequences of exposure
to stressors. Pharmacol Biochem Behav. 2007;86:220-33.

McCormick CM, Mathews 1Z. Adolescent development, hypothalamic-
pituitary-adrenal function, and programming of adult learning and memory.
Prog Neuropsychopharmacol Biol Psychiatry. 2010;34:756-65.

Clifton VL. Review: Sex and the human placenta: mediating differential
strategies of fetal growth and survival. Placenta. 2010;31 Suppl:533-39.

Bale TL, Epperson CN. Sex differences and stress across the lifespan. Nat
Neurosci. 2015;18:1413-20.

Mirescu C, Peters JD, Gould E. Early life experience alters response of adult
neurogenesis to stress. Nat Neurosci. 2004;7:841-6.

Sapolsky RM, Meaney MJ. Maturation of the adrenocortical stress response:
neuroendocrine control mechanisms and the stress hyporesponsive period.
Brain Res. 1986;396:64-76.

Brummelte S, Schmidt KL, Taves MD, Soma KK, Galea LA. Elevated
corticosterone levels in stomach milk, serum, and brain of male and
female offspring after maternal corticosterone treatment in the rat.
Dev Neurobiol. 2010;70:714-25.

Yoshimura S, Sakamoto S, Kudo H, Sassa S, Kumai A, Okamoto R. Sex-
differences in adrenocortical responsiveness during development in rats.
Steroids. 2003,68:439-45.



Gobinath et al. Biology of Sex Differences (2017) 8:20

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Knuth ED, Etgen AM. Corticosterone secretion induced by chronic isolation
in neonatal rats is sexually dimorphic and accompanied by elevated ACTH.
Horm Behav. 2005;47:65-75.

Patchev VK, Hayashi S, Orikasa C, Almeida OF. Ontogeny of gender-specific
responsiveness to stress and glucocorticoids in the rat and its determination
by the neonatal gonadal steroid environment. Stress. 1999;3:41-54.

Hillerer KM, Neumann ID, Couillard-Despres S, Aigner L, Slattery DA. Sex-
dependent regulation of hippocampal neurogenesis under basal and
chronic stress conditions in rats. Hippocampus. 2013;23:476-87.
Schlessinger AR, Cowan WM, Gottlieb DI. An autoradiographic study of the
time of origin and the pattern of granule cell migration in the dentate
gyrus of the rat. J Comp Neurol. 1975;159:149-75.

Ahmed El, Zehr JL, Schulz KM, Lorenz BH, DonCarlos LL, Sisk CL. Pubertal
hormones modulate the addition of new cells to sexually dimorphic brain
regions. Nat Neurosci. 2008;11:995-7.

Staffend NA, Mohr MA, DonCarlos LL, Sisk CL. A decrease in the addition of
new cells in the nucleus accumbens and prefrontal cortex between puberty
and adulthood in male rats. Dev Neurobiol. 2014:74:633-42.

Westenbroek C, Den Boer JA, Veenhuis M, Ter Horst GJ. Chronic stress and
social housing differentially affect neurogenesis in male and female rats.
Brain Res Bull. 2004,64:303-8.

Gregoire CA, Bonenfant D, Le Nguyen A, Aumont A, Fernandes KJ. Untangling
the influences of voluntary running, environmental complexity, social housing
and stress on adult hippocampal neurogenesis. PLoS One. 2014,9:286237.
Boldrini M, Hen R, Underwood MD, Rosoklija GB, Dwork AJ, Mann JJ, Arango V.
Hippocampal angiogenesis and progenitor cell proliferation are increased with
antidepressant use in major depression. Biol Psychiatry. 2012,72:562-71.
Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour. Nature.
2011,476:458-61.

LeMoult J, Chen MC, Foland-Ross LC, Burley HW, Gotlib IH. Concordance
of mother-daughter diurnal cortisol production: understanding the
intergenerational transmission of risk for depression. Biol Psychol.
2015;108:98-104.

Brummelte S, Galea LA, Devlin AM, Oberlander TF. Antidepressant use
during pregnancy and serotonin transporter genotype (SLC6A4) affect
newborn serum reelin levels. Devel Psychobiol. 2013;55:518-29.

Brown JP, Couillard-Despres S, Cooper-Kuhn CM, Winkler J, Aigner L,
Kuhn HG. Transient expression of doublecortin during adult neurogenesis.
J Comp Neurol. 2003;467:1-10.

Frick KM, Fernandez SM, Bennett JC, Prange-Kiel J, MacLusky NJ, Leranth C.
Behavioral training interferes with the ability of gonadal hormones to
increase CA1 spine synapse density in ovariectomized female rats. Eur J
Neurosci. 2004;19:3026-32.

Barha CK, Galea LA. The hormone therapy, Premarin, impairs hippocampus-
dependent spatial learning and memory and reduces activation of new
granule neurons in response to memory in female rats. Neurobiol Aging.
2013;34:986-1004.

Dos Santos AH, Vieira ML, de Azevedo Camin N, Anselmo-Franci JA,
Ceravolo GS, Pelosi GG, Moreira EG, Kiss AC, Mesquita Sde F, Gerardin DC.
In utero and lactational exposure to fluoxetine delays puberty onset in
female rats offspring. Reprod Toxicol. 2016;62:1-8.

Gemmel M, Rayen |, Lotus T, van Donkelaar E, Steinbusch HW, De Lacalle S,
Kokras N, Dalla C, Pawluski JL. Developmental fluoxetine and prenatal stress
effects on serotonin, dopamine, and synaptophysin density in the PFC and
hippocampus of offspring at weaning. Dev Psychobiol. 2016;58:315-27.
Rayen 1, Steinbusch HW, Charlier TD, Pawluski JL. Developmental fluoxetine
exposure facilitates sexual behavior in female offspring. Psychopharmacology
(Berl). 2014;231:123-33.

Boulle F, Pawluski JL, Homberg JR, Machiels B, Kroeze Y, Kumar N, Steinbusch
HW, Kenis G, Van den Hove DL. Prenatal stress and early-life exposure to
fluoxetine have enduring effects on anxiety and hippocampal BDNF gene
expression in adult male offspring. Dev Psychobiol. 2016;58:427-38.
Malberg JE, Eisch AJ, Nestler EJ, Duman RS. Chronic antidepressant
treatment increases neurogenesis in adult rat hippocampus. J Neurosci.
2000;20:9104-10.

Bessa JM, Ferreira D, Melo |, Marques F, Cerqueira JJ, Palha JA, Aimeida OF,
Sousa N. The mood-improving actions of antidepressants do not depend on
neurogenesis but are associated with neuronal remodeling. Mol Psychiatry.
2009;14:764-73. 739.

61.

62.

63.

64.

65.

66.

Page 13 of 13

Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early
Hum Dev. 1979;3:79-83.

Clancy B, Finlay BL, Darlington RB, Anand KJ. Extrapolating brain
development from experimental species to humans. Neurotoxicology.
2007;28:931-7.

Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron. 2010,65:7-19.

OReilly KG, Flatberg A, Islam S, Olsen LC, Kruge U, Witter MP. Identification of
dorsal-ventral hippocampal differentiation in neonatal rats. Brain Struct Funct.
2015;220:2873-93.

Rezayat M, Roohbakhsh A, Zarrindast MR, Massoudi R, Djahanguiri B.
Cholecystokinin and GABA interaction in the dorsal hippocampus of rats
in the elevated plus-maze test of anxiety. Physiol Behav. 2005;84:775-82.
Moser E, Moser MB, Andersen P. Spatial learning impairment parallels the
magnitude of dorsal hippocampal lesions, but is hardly present following
ventral lesions. J Neurosci. 1993:13:3916-25.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Breeding procedures
	Maternal treatments
	Drug preparation
	Offspring tissue collection
	DCX immunohistochemistry
	Data analyses

	Results and discussion
	Maternal postpartum CORT altered the density of �DCX-expressing cells depending on age, sex, and �hippocampal sub-region (interaction between region, age, sex, and maternal postpartum CORT)
	Density of DCX-expressing cells declined from �pre-adolescence to adolescence except in the ventral hippocampus of CORT-exposed females (interaction �between region, age, sex, and maternal postpartum CORT)
	Maternal postpartum CORT prevented the increase �in density of DCX-expressing cells from adolescence �to adulthood in the dorsal hippocampus (interaction �between region, age, sex, and maternal postpartum CORT)
	Maternal postpartum FLX decreased the density of DCX-expressing cells in dorsal hippocampus of pre-adolescent female but not male offspring (interaction between �region, age, sex, and maternal postpartum FLX)
	Maternal postpartum FLX prevented the increase in density of DCX-expressing cells from adolescence to adulthood in dorsal hippocampus of females (interaction between region, age, sex, and maternal postpartum FLX)
	Maternal postpartum CORT and FLX decreased the density of DCX-expressing cells in dorsal hippocampus, but increased it in ventral hippocampus (interaction �between region, CORT, and FLX)
	Males weighed more than females in adolescence and adulthood

	Discussion
	Maternal postpartum CORT decreased density of DCX-expressing cells in pre-adolescent males and adult �females but increased density of DCX-expressing cells �in adolescent offspring
	Maternal postpartum FLX decreased density of DCX-expressing cells in pre-adolescent females
	Maternal postpartum CORT and FLX together decreased density of DCX-expressing cells in dorsal but increased density of DCX-expressing cells in the ventral hippocampus in male and female offspring
	Dorsal versus ventral hippocampus: maternal postpartum CORT and/or FLX affect density of immature neurons respond differently depending on sub-region

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

