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• Prenatal stress induced spatial memory impairment in adult female mice.
• Memory alteration was related to GR, BDNF and Th1/Th2 balance changes in the hippocampus.
• These changes were found in peripheral lymphocytes as well.
• Lymphocytes could be peripheral markers of susceptibility to behavioral alteration.
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Much evidence has suggested that early life adversity can have a lasting effect on behavior. The aim of this study
was to explore the impact of prenatal exposure to stress on cognition in adult life and how it impacts chronic
stress situations. In addition, we investigated the participation of glucocorticoids, neurotrophins and cytokines
in prenatal stress effects. For this purpose, pregnant mice were placed in a cylindrical restraint tube for 2 h
daily during the lastweek of pregnancy. Control pregnant femaleswere left undisturbed during their entire preg-
nancy period. Object-in-place task results showed that adult femalemice exposed to prenatal stress exhibited an
impairment in spatial memory. However, in the alternation test thismemory deficit was only found in prenatally
stressedmice submitted to chronic stress. This alteration occurred in parallelwith a decrease in BDNF, an increase
in glucocorticoid receptors and an alteration of Th1/Th2 in the hippocampus. Interestingly, these changes were
observed in peripheral lymph nodes as well. However, none of the mentioned changes were observed in adult
male mice. These results indicate that lymphoid cells could be good candidates as peripheral markers of suscep-
tibility to behavioral alterations associated with prenatal exposure to stress.
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1. Introduction

Stress and adaptation to stress requires numerous homeostatic ad-
justments. Allostasis refers to the adaptive processes that maintain
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homeostasis through interrelations between the hypothalamus–
pituitary–adrenal axis (HPA), sympathetic–parasympathetic efferent
pathways and chemical messengers (hormones, neurotransmitters, in-
terleukins, neurotrophins) [1]. These mediators of the stress response
promote adaptation in the aftermath of acute stress, but they also con-
tribute to allostatic overload: the wear and tear on the body and brain
that results from being “stressed out” [2]. While a response to stress is
a necessary survival mechanism, prolonged stress can produce severe
consequences that affect behavioral, endocrine and immunological pa-
rameters [2]. Among these parameters, the hippocampus, which is a
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limbic area involved in learning andmemory, is particularly sensitive to
stress [3]. In particular, structural alterations of the hippocampal forma-
tion and reduction of neurogenesis in the adult dentate gyrus have been
observed in different animal models of chronic stress [4,5].

Exposure to early life adversity may deeply affect brain develop-
ment leading to long-lasting effects on neuronal structure and
behavior playing a key role in the etiology of anxiety and mood dis-
orders. Several evidence reveals that neuronal and synaptic changes
induced by prenatal stress (PS) exposure are highly region-specific.
On the structural level themost dramatic changes are found in limbic
and prefrontal cortical areas, those regions which are involved in
cognitive as well as emotional functions. In this context, the hippo-
campus has been the classically studied brain area to investigate
PS-related effects (for a review see [6]).

Moreover, PS can result in stable long-term changes in central
and peripheral stress response systems as well as influence the
response to stress in adulthood [7,8]. It has also been found that
prenatal stress (PS) induces an enhanced fear-like behavioral profile
and dysregulation of brain noradrenergic and HPA activity after a
stress during adulthood [8,9]. However, there are studies in animals
[10–12] that suggest that PS has an adaptive effect that helps
offspring respond appropriately to stressors in the environment.
Genetic predisposition, including animal strain, polymorphism and
gender, are factors that contribute to vulnerability/resilience against
PS [13].

In addition, there are other factors, such as neurotrophins and cyto-
kines, that have been shown to be involved in stress-related pathology
[14,15], even though the alteration of their levels under PS has not
been exhaustively studied.

Neurotrophins are a family of secreted growth factors that include
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin 3 (NT3) and NT4. They play crucial roles in the formation
and plasticity of neuronal networks and have been shown to be in-
volved in the pathophysiology of suicide [16] and depression [17].

Several studies have demonstrated that immune system can
signal the central nervous system through the action of cytokines
(for a review see [18]). Among others, cytokines can be classified
by their action: pro-inflammatory or anti-inflammatory; and by the
type of T lymphocyte that produce them: T-helper 1 lymphocytes
(Th1) or T-helper 2 lymphocytes (Th2). In general, Th-1 lympho-
cytes release cytokines enhancing the cell mediated immune
response (i.e. IFN-γ, IL-2). Whereas, Th-2 cytokines (i.e. IL-4, IL-10)
enhance the humoral response by activating cells to express anti-
bodies. Th-1 cytokines are mainly pro-inflammatory, while Th-2
cytokines are mainly anti-inflammatory. Equilibrium between pro-
and anti-inflammatory is essential to maintain the homeostasis in
the immune system [15]. In addition, shifts in the Th1/Th2 balance
have been involved in the pathogenesis of many human illnesses,
such as autoimmune diseases, sleep disturbance, major depression
and other disorders [15,19]. It has been proposed that immunity
might play an important role in maintenance, protection and repair
of both a healthy and diseased CNS [20]. Recently, we found a corre-
lation between poor memory performance and a shift to Th2
responses [21].

In this context, the purpose of the present study was to analyze
the impact of PS exposure on behavior and cognition in adult life as
well as the impact of PS on chronic stress situations. In addition,
we investigated if these long-lasting effects induced by prenatal
stress exposure were related to alterations in stress reactivity and/
or changes in cytokine and/or neurotrophin levels in hippocampus.
Furthermore, we analyzed if the molecular changes in hippocampus
are also found in lymphocytes in order to propose these cells as
peripheral markers of susceptibility to behavioral alterations.
Because several studies have reached a consensus that PS has sex-
specific adverse effects on behavior [22], we compared the PS effects
in males and females in this study.
2. Materials and methods

2.1. Animals

Inbred 60-day-old BALB/c mice were acquired from the Veterinary
School of the University of Buenos Aires (Argentina). The mice were
housed and maintained on a 12/12 light/dark cycle under a controlled
temperature (18–22 °C). Animals were taken care of and sacrificed ac-
cording to the rules of the “Guide for the Care and Use of Laboratory An-
imals” (NIH) (revision 2011) and to the EC Directive 86/609/EEC
(revision 2010). The experimental protocol was also approved by the
Institutional Committee for the Use and Care of Laboratory Animal
rules (CICUAL, School of Medicine, University of Buenos Aires,
Argentina) under resolution 2962/10 and 2947/13.

2.2. Experimental design

Fig. 1 shows a scheme of the experimental design used in thepresent
work. Pregnant mice were divided in two groups, one left undisturbed
and the other submitted to restraint stress. Both 60 day old prenatally
unstressed and stressed female and male offspring were randomly
assigned to the following groups: acute stress, chronic stress and undis-
turbed groups. The combination of prenatal and adult treatment result-
ed in the following six groups: mice that never were exposed to stress
(offspring from unstressed females that were left undisturbed, CN),
mice from unstressed females that received chronic stress as adults
(CN-CS), mice exposed only to prenatal stress (PS), mice that received
both prenatal stress and chronic stress as adults (PS-CS), mice from un-
stressed females that received acute stress as adults (CN-AS), and mice
that received both prenatal stress and acute stress as adults (PS-AS).
With the exception of animals used for determining plasma corticoste-
rone levels, all animals were used for behavioral testing and several bio-
chemical and molecular determinations. After behavioral testing, mice
were left undisturbed in their home cages for 48 h prior to sacrifice.

2.3. Prenatal stress

The PS model was conducted as we previously described [23] ac-
cording the protocol reported by Popova et al. [24]. Briefly, 40 pregnant
mice were placed in a cylindrical restraint tube (4 cm diameter, 10 cm
long) for 2 h daily (from 10 AM to 12) from day 15 of pregnancy until
delivery (days 20–21). Non-exposed control pregnant female (n =
40) were left undisturbed during their entire pregnancy. Food intake
and body weight were not different between the control and stressed
pregnant mice. Pregnant females gave birth to about four or five pups
per litter. No differences were found between the number and weight
of alive pups between the control and stressed pregnant females, as pre-
viously reported [23]. In addition, no changes in maternal behavior
were observed throughout lactation. Pups from both control and
stressed mothers were separated at postnatal day 21 and placed in an
identical environment up to an age of 60 days. To exclude possible litter
effects, mice from different litters were randomly assigned to each
group.

2.4. Stress in adult life

To determine behavioral changes induced by chronic stress expo-
sure, offspring of 60 days of age were restrained by placing each animal
in a well-ventilated polypropylene tube (2.8 cm diameter–11.5 cm
long) for 2 h starting at 10:00 AM, and then the mice were returned to
their cages. This procedure was repeated for 3 weeks and then the
micewere left undisturbed for 1 day before behavioral tests or sacrifice.

In order to asses stress reactivity, corticosterone levels were deter-
mined in animals submitted or not to acute stress. Offspring of
60 days of age were restrained by placing each animal in a well-
ventilated polypropylene tube (2.8 cm diameter–11.5 cm long) for 2 h



Fig. 1. Scheme diagram of the experimental groups used in the present work. Pregnant BALB/c mice (n=80)were divided in two groups: one received daily immobilization stress for 2 h
once a day from day 15 of pregnancy until delivery, and the other was left without any disturbance. The 60-day-old offspring of non-stressed mothers were distributed in the following
subgroups: undisturbed (CN; n=38), chronic restraint stress (2 h per day for 3weeks; CN-CS; n= 32), and acute restraint stress (2 h only one day; CN-AS; n=6). Similarly, the 60-day-
old offspring of stressed mothers were divided in the following subgroups: undisturbed (PS; n = 38), chronic restraint stress (PS-CS; n = 32), and acute restraint stress (PS-AS; n = 6).
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starting at 10:00AM.Micewere returned to their cages, left undisturbed
for 15 min, and then sacrificed by cervical dislocation.

It is important to note that animals were not physically compressed
in the restraint procedure.

2.5. Behavioral tests

Behavioral tests were conducted between 5:00 and 7:00 pm and re-
corded using a video camera (SonyDCB-DVD810), as previously report-
ed [5,21,25]. For each task, n = 8 per group were tested. Because
behavioral assessments can influence the animals' behavior in subse-
quent tests, different mice were tested in each task.

2.5.1. Open-field habituation
An open-field test was performed to evaluate contextual non-

associative learning andmemory. For this purpose, a rectangular cham-
ber (l × w × h, 42 × 35 × 15 cm) that was divided into 30 squares of
7 × 7 cm was used. On the first day, the animals were placed into the
center of the open field and behavior was recorded for 5 min. The
behavioral parameters that were determined included (1) crossings
(horizontal activity), which were the number of horizontal lines
crossed, and (2) rearing (vertical activity), which was the number of
times a mouse stood on its hind legs. After 24 h, the mice were re-
exposed to the arena and the parameters weremeasured again. The ha-
bituation was estimated as the relative decrease in activity between the
first and second exposure to the open field.

2.5.2. Y-maze spontaneous alternation
Spontaneous alternation using a Y-maze was used to assess spatial

working memory. The Y-maze used in this study consisted of three
identical black plexiglass arms (l × w × h, 42 × 35 × 15 cm) linked by
a common central platform. At the beginning of the session, the mice
were put into the neutral zone of the Y-maze, and arm entries were reg-
istered for 6 min. Alternation behavior was defined as consecutive en-
tries into all three arms without repeat entries and was expressed as
the percentage of the total arm entries. An alternation was defined as
three successive entries into the three separate arms of the maze with-
out repeat entries. The percent of alternation was calculated as the
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number of alternations divided by the total arm entries minus 2, multi-
plied by 100.

2.5.3. Object recognition task
The novel object recognition task was used to evaluate recognition

memory in mice, and the test is based on the inherent tendency of ro-
dents to explore a novel object longer than a familiar one. The object
recognition task was performed according to the procedure described
by Bevins and Besheer [26]. Before the trial, mice were habituated to
an open field for a 10 min period for two consecutive days. During the
training session, the mice were located in an open field containing
two identical objects for 10 min. After 1 h, the mice were placed in the
open field for 10minwith a familiar and a novel object. The discrimina-
tion ratio (DR) was calculated as the time spent exploring the novel ob-
ject (TN) divided by the time spent exploring the familiar one (TF) plus
the novel one in the test session [DR = TN / (TN + TF)].

2.5.4. Object-in-place task
The object-in-place task is a procedure thatwasdeveloped to test ro-

dent memory for the recognition of objects together with the spatial
context in which they occur. The test was performed in an open-field
arenawith onewall covered inwhite opaque lucite that served as a spa-
tial cue, as previously described [25]. Prior to testing objectmemory, the
micewere acclimatized to an open field for 10min each day for three or
four consecutive days. This procedure comprised a familiarization phase
and a test phase separated by a 1 h delay. During the familiarization
phase, each mouse was placed in the middle of the arena and was
allowed 5min to investigate four different objects located equidistantly
from the center. During the delay period, objectswere cleanedwith 80%
ethanol to remove odors. For the test phase, two of the original four ob-
jects, those on either the right or the left of the open field, were
switched. Mice were allowed to explore the objects for 3 min. The re-
sults were expressed as the discrimination ratio, which was the differ-
ence between the time spent exploring the moved objects (Mt) and
the unmoved objects (Ut) divided by the total time spent exploring all
the objects [DR = (Mt − Ut) / (Mt + Ut)].

2.6. Corticosterone determination

To evaluate HPA axis activity, corticosterone was determined in the
plasma of animals that were either submitted or not submitted to acute
stress. Blood from the animals was collected on ice in 0.25 M EDTA and
separated in a refrigerated centrifuge. Plasma was stored at −80 °C
until the assay was performed. For this purpose, 30 μl of plasmawas ex-
tracted with 3 ml dichloromethane and dried in a SpeedVac (Thermo
Scientific). Corticosterone levels were determined using a standard ra-
dioimmunoassay as previously described [23]. The [1,2,6,7-3H(N)-corti-
costerone] (20 Ci/mmol) came from Perkin Elmer Inc. (Waltham, MA,
USA). The antibody (Sigma-Aldrich, St. Louis, MO, USA) cross-
reactivity with other relevant steroids was 4.5% (cortisol), 20%
(deoxycorticosterone) and 7.9% (testosterone).

2.7. Quantitative real-time reverse transcription polymerase chain reaction
(qRT-PCR)

Lymph nodes (axillary, inguinal and mesenteric) and brain were re-
moved from CN and PS sacrificed mice. Hippocampi were dissected on
ice according Mouse Brain Anatomy Atlas. Tissues were stored at
−80 °C until use.

RT-PCR was performed as previously described [23]. Total RNA was
isolated from tissues by homogenization in Trizol Reagent (Invitrogen,
Life technologies, California, USA) following themanufacturer's instruc-
tions. The total RNA was used as a template to generate first-strand
cDNA synthesis using the M-MLV Reverse Transcriptase (Invitrogen,
Life technologies, California, USA), random primers (Invitrogen, Life
technologies, California, USA) and dNTPs (Invitrogen, Life technologies,
California, USA). The cDNA amounts present in each samplewere deter-
mined by a 7500 Real-Time PCR System (Applied Biosystems, Massa-
chusetts, USA) using the KAPA SYBR® FAST qPCR Kit Master Mix (2×)
Universal (Kapa Biosystems, Massachusetts, USA) and following the
manufacturer's instructions. The sequences of mouse-specific primers,
the annealing temperature and the amplicon size are provided in
Table 1. Each RT-PCR quantification experiment was performed in du-
plicate. To verify that the SYBR Green dye detected only one PCR prod-
uct, all the reactions were subjected to a heat dissociation protocol
following the final cycle of PCR. Polymerase chain reaction product de-
tection was monitored by measuring the increase in fluorescence
caused by the binding of SYBR Green dye to double-stranded DNA.
Quantification of the target gene expression was performed using the
comparative cycle threshold (Ct) method [27]. An average Ct value
was calculated from the duplicate reactions and normalized to the ex-
pression of β-actin, and the 2(−ΔΔCt) value was calculated. It is impor-
tant to note that similar results were obtained using cyclophilin or
glucose-6-phosphate-dehydrogenase (G6PDH)mRNAexpression levels
as housekeeping (data not shown).

2.8. Western blot

Lymph nodes (axillary, inguinal and mesenteric) and brain were re-
moved from CN and PS sacrificed mice. Hippocampi were dissected on
ice according Mouse Brain Anatomy Atlas. Tissues were homogenized
in buffer (20 mM HEPES, 1 mM DTT, 1 μM leupeptin, 1 μM PSMF,
0.2 μM L-valine). After centrifugation at 10,000 rpm for 10min, 3× sodi-
um dodecyl sulfate (SDS) sample buffer (2% SDS, 10% (v/v) glycerol,
62.5 mmol/l Tris–HCl, pH 6.8, 0.2% bromophenol blue, 10 mmol/l 2-
mercaptoethanol) were added to the supernatants. Proteins were sepa-
rated by SDS-PAGE on 12% polyacrylamide gels and transferred to nitro-
cellulosemembranes blockedwith Tris buffered saline (TBS) containing
0.05% Tween 20 (TBST) and 5%non-fat drymilk for 2 h [23].Membranes
were individually incubatedwith one of the following antibodies: rabbit
anti-mouse glucocorticoid receptor, rabbit anti-mouse BDNF (Santa
Cruz Biotechnology, Santa Cruz, Texas, USA), rabbit anti-mouse NT3 or
rabbit anti-mouse NGF (Abcam, Cambridge Science, Cambridge, UK)
for 24 h. Rabbit anti-mouse β-actin (Santa Cruz Biotechnology, Santa
Cruz, Texas, USA) was used as a loading and transference control.
Then, membranes were incubated for 1 h with HRP-conjugated goat
anti-rabbit immunoglobulin (Ig)G as a secondary antibody (1:2000;
Santa Cruz Biotechnology, Santa Cruz, Texas, USA). The membranes
were analyzed by chemiluminescence (Amersham Biosciences, UK), as
previously described [23].

2.9. Cytokine release

Cytokine production in lymphoid cells was evaluated as previously
reported [21]. Briefly, lymph nodes (axillary, inguinal and mesenteric)
were removed from CN and PS sacrificed mice and were disrupted
through a 1 mm metal mesh, and the cell suspension was filtered
through a 10 μmnylonmesh. Cells (1 × 106) were stimulatedwith con-
canavalin A (1 μg/ml) for 24 h at 37 °C in a 5% CO2 atmosphere in a Fal-
con 24-well plate. Culture supernatants were collected and IFN-γ, IL-2,
IL-10 and IL-4 levels were determined by ELISA kits (Affymetrix
eBioscience).

2.10. Statistical analysis

Data were expressed as the mean ± standard error of the mean
(SEM) for each group. All the data were processed using STATISTICA
software (StatSoft, Inc., Tulsa, Oklahoma, USA). The normality and ho-
mogeneity of variance for the dataset were tested using the Shapiro-
Wilk test and Levene's test, respectively. Open field data were analyzed
with the General Linear Model (GLM) repeated measures analysis with
sex (female and male), prenatal treatment (normal or PS), postnatal



Table 1
Primers used for the mRNA gene expression by RT-PCR.

Gene Primers sequence Amplicon size (bp) Annealing T°

BDNF Fw: 5′CTGAGCGTGTGTGACAGTATTA3′
Rv: 5′CTTTGGATACCGGGACTTTCTC3′

112 60

NT3 Fw: 5′CCTGGAAATAGTCACACGGATG3′
Rv: 5′CTTGGATGCCACGGAGATAAG3′

115 60

NGF Fw: 5′CAGTGAGGTGCATAGCGTAAT3′
Rv: 5′CTCCTTCTGGGACATTGCTATC3′

107 60

IL-2 Fw: 5′TGAGCAGGATGGAGAATTACAG3′
Rv: 5′GAGGTCCAAGTTCATCTTCTAGG3′

123 60

IL-4 Fw: 5′TTCATCGATAAGCTGCACCA3′
Rv: 5′GCATGATGCTCTTTAGGCTTTC3′

80 62

IL-10 Fw: 5′GGACTTTAAGGGTTACTTGGGT3′
Rv: 5′ATTTCTGGGCCATGCTTCT3′

99 60

IFN-Ƴ Fw: 5′TGCTGATGGGAGGAGATGTCTAC3′
Rv: 5′ACCTGACACATTCGAGTGCTGT3′

76 58

GR Fw: 5′CCAAGGGTCTGGAGAGGAC3′
Rv: 5′CTGGACGGAGGAGAACTCAC3′

123 60

β-Actin Fw: 5′CAACTTGATGTATGAAGGCTTTGGT3′
Rv:5′ACTTTTATTGGTCTCAAGTCAGTGTACAG3′

97 61

G6PDH Fw: 5′GAAGCTGCCAATGGATACTTAGA3′
Rv: 5′CCACCGTTCATTCTCCACATAG3′

99 60

Cyclophilin B Fw: 5′CGAGTCGTCTTTGGACTCTTT3′
Rv: 5′GCCAAATCCTTTCTCTCCTGTA3′

87 60
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treatment (no stress or chronic stress in the adult life) and time as fac-
tors. The other behavioral test and corticosterone data were analyzed
using GLM to examine the significance of the main effects and their in-
teractions. qRT-PCR, WB and cytokine production data were evaluated
by two-way ANOVA with sex and prenatal treatment as factors. In all
cases, if ANOVA showed significant differences between groups, Fisher's
Least Significant Difference (LSD) post-hoc testwas performed to deter-
mine significance level. P b 0.05was considered to indicate a statistically
significant difference.

3. Results

3.1. Effect of prenatal and/or postnatal stress in learning and memory

To analyze the effects of PS on learning and memory, we performed
different tests in no-PS and PS female and male mice that were either
chronically stressed or not in their adult life. See Table S1 for complete
ANOVA results.

Fig. 2A shows the open field results. GLM repeatedmeasure analysis
indicated a non-significant effect of interaction time × gender [cross-
ings, F(1,56) = 0.29, NS; rearing, F(1,56) = 0.38, NS] and time × prenatal
[crossings, F(1,56) = 3.82, NS; rearing, F(1,56) = 0.05, NS]. These results
indicate that female and male had similar open field performance and
that prenatal exposition did not modify it. However, a significant effect
of interaction time × postnatal treatment on crossing [F(1,56) = 21.08,
P b 0.001] and rearing [F(1,56) = 16.45, P b 0.001] was observed, which
means that postnatal chronic stress exposure alteredhabituation ability.
In addition, post-hoc analyses showed a significant decrease in both
horizontal activity and in rearing activity 24 h post-training for both
CN and PS female and male mice. In summary, these results indicated
that CN andPS female andmale groupswere able to habituate to the en-
vironment after repeated testing. In contrast, female and male mice re-
vealed poor habituation after chronic stress exposure in their adult life
(CN-CS and PS-CS) (Fig. 2A).

Fig. 2B shows the object recognition task results. No significant dif-
ferences were found for different experimental groups in the time ex-
ploring a novel object. [GLM factorial ANOVA; interaction prenatal ×
postnatal × gender: F(1,56) = 0.015, NS; main effect gender: F(1,56) =
3.09, NS, main effect prenatal: F(1,56) = 0.44, NS, postnatal: F(1,56) =
0.02, NS].

Spontaneous alternation behavior of control and PS mice submitted
or not submitted to chronic stress in their adult life was examined in a
Y-maze task (Fig. 2C). GLM factorial ANOVA showed a non-significant
interaction for gender × prenatal [F(1,56) = 1.31, NS] indicating that PS
exposure effect was not different between genders. However, there
was a significant interaction gender × postnatal [F(1,56) = 4.24,
P b 0.05], which means that postnatal stress exposure exerted a differ-
ential effect depending on the gender. Moreover, post-hoc analyses re-
vealed there was no effect of prenatal stress for females, but PS females
showed significantly reduced alternation compared to CN mice after
chronic stress as adults. Non-significant differences were found in the
percent of spontaneous alternation for males in any experimental
group (Fig. 2C).

Finally, GLM factorial ANOVA for object-in-place task results exhibit-
ed a significant interaction for gender × prenatal × postnatal [F(1,56) =
5.73, P b 0.05] which means that all factors had a differential effect in
thememory for the recognition of objects together with the spatial con-
text. As displayed in Fig. 2D, post-hoc analyses revealed that PS expo-
sure induced a significant decrease in the discrimination index in
females. In addition, exposure to chronic stress in their adult life pro-
voked an impairment in the discrimination capacity for control females.
However, both prenatal and postnatal stress exposure was not able to
modify the discrimination index in male mice (Fig. 2D).

3.2. Participation of corticosterone in the impaired spatial memory perfor-
mance of PS females

Taking into account that alterations in HPA system is the most com-
monly proposedmechanism related to behavior disorders [8,28,29], we
evaluated basal and acute stress-induced plasma levels of corticoste-
rone. Moreover, the expression of the glucocorticoid receptor on the
hippocampus and lymph nodes from normal and PS adult mice was an-
alyzed. See Table S2 for complete ANOVA results.

Table 2 shows plasma corticosterone level of CN and PS without
(basal) or with acute stress. GLM factorial ANOVA revealed a significant
interaction prenatal × postnatal [F(1,40) = 4.36, P b 0.05] and gender ×
postnatal [F(1,40) = 5.90, P b 0.05] indicating that acute stress response
is different depending on gender and prenatal treatment. Post-hoc anal-
yses showed a significant increase of corticosterone after acute stress
exposure for both CN and PS females and males. In addition, prenatal
treatment did not modify basal corticosterone levels in both male and
female. However, prenatal exposure led to a lower increase of cortico-
sterone levels after acute stress in both female (P b 0.05) and male
(P b 0.01) (Table 2).



Fig. 2. Prenatal stress induces impairment of spatial memory in female, but not in male mice. Prenatally unstressed females (white bars) or prenatally stressed females (dark bars) that
were either not exposed (plain bars) or exposed to chronic stress in adult life (crossed bars) and prenatally unstressed males (light grey bars) or prenatally stressed males (dark grey
bars) that were not exposed (plain bars) or exposed to chronic stress in adult life (crossed bars) were assessed in the following tests: (A) Habituation. The graphic shows locomotion
(A1) and rearing (A2) for the first day (0 h) and second day (24 h), #P b 0.05, ##P b 0.01, ### P b 0.001 versus training. (B) Object recognition task. The panel presents values for the
discrimination ratio calculated as (TN / TN + TF), where TN is the time exploring a new object and TF is the time exploring a familiar object. (C) Spontaneous alternation. The results
shown are the % of alternation with respect to total arm entries in a Y-maze, ++P b 0.01 compared to mice that were not exposed to chronic stress in their adult life. (D) Object-in-
place. The panel displays the discrimination ratio calculated as (Mt) / (Mt + Ut)] where MT is the time exploring the moved object and UT is the time exploring an unmoved object,
+++P b 0.001 compared to mice that were not exposed to chronic stress in their adult life. *** P b 0.001 compared to unstressed mice. The results are shown as the mean ± SEM of 8
mice for each group per task.
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With respect to the corticoid receptor, both the mRNA expression
(Fig. 3A and C) and protein levels (Fig. 3B and D) in the hippocampus
(Fig. 3A and B) and lymph nodes (Fig. 3C and D) were analyzed in
both female and male mice. Two-way ANOVA for GR mRNA expression
levels showed a significant effect of prenatal treatment [F(1,20) = 78.12,
P b 0.001] without significant differences between male and female
[interaction gender × prenatal; F(1,20) = 0.85, NS] in the hippocampus.
Similar results were observed in the lymph nodes [Two-way ANOVA;
interaction prenatal × gender: F(1,20) = 0.50, NS; main effect prenatal:
F(1,20) = 13.83, P b 0.01]. Post-hoc analyses indicated a significant in-
crease in the corticoid receptor for both prenatal-treated males and fe-
males in the hippocampus (Fig. 3A) and lymph nodes (Fig. 3C).



Table 2
Plasma corticosterone levels.

Corticosterone concentration (ng/ml)

Female Male

Basal Acute stress Basal Acute stress

CN 120 ± 12 1271 ± 192+++ 57 ± 8 499 ± 54+++

PS 83 ± 12 785 ± 78+++ 62 ± 8 274 ± 48+++

The results represent the mean ± SEM of six animals per group.
+++ P b 0.001 with respect to the corresponding postnatally unstressed mice.
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Western blot GR analyses displayed comparable results in both the hip-
pocampus [interaction gender × prenatal: F(1,20) = 14.63, P b 0.01] and
lymph nodes [prenatal treatment: F(1,20) = 43.90, P b 0.001]. Post-hoc
analyses showed a significant increase in the corticoid receptor for
both prenatal-treated males and females in the hippocampus (Fig. 3B)
and lymph nodes (Fig. 3D).

3.3. Cytokine profile alteration in stressed animals

To evaluate if PS exposure induced some alteration of the cytokine
profile, we determined the expression of INF-γ, IL-2 (Th1 cytokines),
IL-4, and IL-10 (Th2 cytokines) in both the hippocampus and lympho-
cytes. See Table S3 for complete ANOVA results.

Fig. 4 displays the cytokine mRNA expression for the hippocampus
(A–D) and lymph nodes (E–H) from mice submitted or not submitted
to PS. For INF-γ, two-way ANOVA indicated a different response to pre-
natal exposition depending on gender in both hippocampus [interaction
prenatal × gender: F(1,20) = 28.42, P b 0.001] and lymph nodes
Fig. 3. Prenatal stress induces an increment of corticosterone receptormRNA and protein expres
C) and Western blot (B and D) analyses were performed in the hippocampus (A and B) and
prenatally stressed (PS, black or dark grey bars) female or male mice. qRT-PCR data wer
independent experiments. For Western blots, the bands shown are representative of six indep
for the receptor with respect to β-actin. The control group was normalized to a mean value of
[F(1,20) = 6.02, P b 0.05]. In fact, a post-hoc test showed that PS females
had a reduced expression of INF-γ compared to the control group for
both the hippocampus and lymph nodes. Formales, an increasewas ob-
served in both tissues but only was significant in the hippocampus
(Fig. 4A and E). For IL-4, a significant effect was observed depending
on prenatal treatment either in the lymph nodes [interaction
prenatal × gender: F(1,20) = 7.57, P b 0.05] and in the hippocampus
[main effect prenatal: F(1,20) = 10.04, P b 0.01]. Post-hoc tests revealed
a significant increase in IL-4 in females for both the hippocampus and
lymph nodes, but not in males (Fig. 4C and G). No differences were
found for IL-2 and IL-10 expression for both the hippocampus and
lymph nodes (Fig. 4B and F; Fig. 4D and H, respectively).

In addition, cytokine production in the lymphocytes after
concanavalin-A stimulation showed similar results [INF-γ: interaction
prenatal × gender: F(1,20) = 22.13, P b 0.001; IL-4: interaction
prenatal × gender: F(1,20) = 17.40, P b 0.001]. Post-hoc tests indicated
that PS induced a significant decrease in IFN-γ and a significant increase
in IL-4 in the lymph nodes (Table 3).

3.4. Neurotrophin expression in the hippocampus and lymph nodes

We analyzed whether the mRNA expression and protein levels of
BDNF, NT-3 and NGF were altered by PS exposure in both females and
males. See Table S4 for complete ANOVA results.

In the hippocampus, two-way ANOVA revealed a significant effect of
prenatal stress on BDNFmRNA values depending on gender [interaction
prenatal × gender: F(1,20) = 7.00, P b 0.05] and protein levels [F(1,20) =
13.75, P b 0.01]. Post-hoc analyses indicated a significant decrease for
mRNA and protein levels in prenatal-treated females, but not for
sion in both hippocampus and lymphnodes either in female ormalemice. qRT-PCR (A and
in lymph node homogenates (C and D) from control (CN, white or light grey bars) and
e calculated with the 2−ΔΔCt method. The graphics indicate the mean ± SEM of six
endent experiments. The graphics indicate the mean ± SEM of the relative intensity (RI)
1. *P b 0.05, **P b 0.01, ***P b 0.001 with respect to the prenatally unstressed control mice.



Fig. 4.Prenatal stress provokes a decrease in IFN-γ and an increase in IL-4mRNA expression in both hippocampus and lymphnodes in female, but not inmalemice. qRT-PCR analyseswere
performed in the hippocampus (A–D) and lymph node homogenates (E–H) from control (CN, white or light grey bars) and prenatally stressed (PS, black or dark grey bars) female and
male mice. The expression levels for INF-γ (A and E), IL-2 (B and F), IL-4 (C and G) and IL-10 (D and H) were calculated with the 2−ΔΔCt method. The graphics indicate the mean ±
SEM of six independent experiments. *P b 0.05, **P b 0.01, ***P b 0.001 with respect to the control.
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males (Fig. 5A and D, respectively). Two-way ANOVA showed no signif-
icant differences in themRNA values and protein levels for NT3 (Fig. 5B
and E) and NGF (Fig. 5C and F).
Table 3
Cytokine production in stimulated lymphocytes.

Cytokine production in lymphocytes (pg/ml)

Female Male

CN PS CN PS

IFN-Ƴ 2919 ± 188 1091 ± 154** 1224 ± 245 1290 ± 206
IL-2 1169 ± 219 992 ± 101 1877 ± 186 2211 ± 323
IL-4 17 ± 2 41 ± 2*** 35 ± 4 31 ± 5
IL-10 126 ± 41 249 ± 19* 23 ± 5 24 ± 4

The results represent the mean ± SEM of five animals per group. *P b 0.05, **P b 0.01,
***P b 0.001 with respect to the control.
In the lymph nodes, two-way ANOVA displayed similar effects of PS
on BDNF mRNA than in the hippocampus [interaction gender × prena-
tal: F(1,20) = 64.80, P b 0.001] and protein levels [F(1,20) = 13.07,
P b 0.01]. Moreover, a significant interaction for gender × prenatal for
NT3 mRNA values [F(1,20) = 14.59, P b 0.01] and protein levels
[F(1,20) = 26.97, P b 0.001] was found. Post-hoc analyses indicated a sig-
nificant decrease for mRNA and protein levels in prenatal-treated fe-
males, but not for males, for both BDNF (Fig. 6A and D) and NT3
(Fig. 6B and E). No significant differences were detected for NGF
mRNA or protein values in the lymph nodes (Fig. 6C and F).

4. Discussion

In this study, we show that prenatal restraint stress during late ges-
tation induced long-lasting deficits in spatial memory performance in
female, but not male, mice. In addition, this alteration accompanied a



Fig. 5. Prenatal stress induces a decrease in BDNFmRNA and protein expression in hippocampus in female, but not inmalemice. qRT-PCR (A, B and C) andWestern blots (D, E and F)were
performed in hippocampus homogenates from control (CN, white or light grey bars) and prenatally stressed (PS, black or dark grey bars) female or male mice. qRT-PCR data were
calculated with the 2−ΔΔCt method using β-actin. The graphics indicate the mean ± SEM of six independent experiments. For Western blots, the bands shown are representative of six
independent experiments. The graphics indicate the mean ± SEM of the relative intensity (RI) for BDNF (A and D), NT3 (B and E), and NGF (C and F) respect to β-actin. The control
group was normalized to a mean value of 1. **P b 0.01, ***P b 0.001 with respect to the control.
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decrease in BDNF, an increase in the GR receptor and Th1/Th2 alter-
ations in the hippocampus. Interestingly, these latter changes were ob-
served in peripheral lymph nodes too.

It has been suggested that prenatal stress may result in psychopa-
thology through both specific effects and a general susceptibility to be-
havioral alterations in postnatal life [30]. In agreement with this
suggestion, our results indicated that adult females exposed to PS had
a spatial memory impairment that was more pronounced after chronic
stress exposure. Thus, PS resulted in a deficit for recognizing objects in
place but not in spontaneous alternation with spatial cues. Object-in-
place task showed that adult female mice exposed to prenatal stress ex-
hibited an impairment in spatial memory. In addition, after chronic
stress exposure, females exposed to PS showed a poorer spontaneous
alternation than control mice. However, other memories, such as habit-
uation and object recognitionwithout spatial cues were not affected. By
contrast, PS had no effect on male offspring. The differential effect of PS
on the learning andmemory abilities ofmales and females probably has
a physiological basis that is determined in intrauterine development.
However, the sex-bias is not consistent in terms of the direction and
predictability of the outcomes in the offspring. Thus, on the behavioral
level, some studies reported changes in offspring emotionality that oc-
curred predominantly in males [31]. By contrast, other studies have re-
ported opposite findings, such as increased anxiety and depression-like
behavior that predominantly occurred in prenatally stressed female [32,
33]. Wu et al. [34] found that 1-month-old prenatally stressed female
and male rats showed a memory disability in the water maze task and
in passive avoidance training compared to control rats. Nevertheless,
in 3-month-old offspring, this effect was observed only in females,
which suggests thatmemory impairmentmay be reversible inmale off-
spring. Additionally, the influence of sex on the effect of PS at the behav-
ioral level has been reported in the literature with different results.
Some studies found changes predominantly in males and others in



Fig. 6. Prenatal stress induces a decrease in BDNF andNT-3mRNAand protein expression in lymphnodes in female, but not inmalemice. qRT-PCR (A, B andC) andWestern blots (D, E and
F)were performed in lymph node homogenates from control (CN, white or light grey bars) and prenatally stressed (PS, black or dark grey bars) female ormalemice as indicated in Fig. 5.
***P b 0.001 with respect to the control.
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females [35]. Finally, PS can differentially affect males and females de-
pending on the gestation period when PS is exerted because during in-
trauterine development, the brain and neuronal differentiation are
different for each sex. In general, itwas found that if stress occurred dur-
ing early gestation, it mainly affects the behavior of males, whereas
stress during the late gestational period predominantly influence the
behavior of female offspring [for a review see 35]. Nevertheless, the rea-
sonwhymales or females are more vulnerable or resilient, and the con-
tribution of hormone-mediated mechanisms, has not been clarified
[22].

It was proposed that PS may produce stable changes in central and
peripheral stress response systems that represent a potential vulnera-
bility to subsequent adult stress [7,8]. In particular, HPA hyperactivity
has been described in the offspring of mother rats submitted to stress
in the third week of gestation [28] and has been the most commonly
proposed mechanism related to behavior alterations [29]. Learning
and memory of spatial and contextual information depends on the hip-
pocampus. In general, data from several studies seem to have
established a link between poor behavioral performance and altered
hippocampal morphology and biochemistry in PS animals [35]. In addi-
tion, elevated glucocorticoid levels have been shown to be a remarkable
mediator of these effects [29,36]. It has been proposed that elevated
maternal corticoids levels induce HPA hyperactivity due to a reduced
negative feedback by decrease of hippocampal GR-expressing neurons
[37]. However, it has been recently found that prenatal exposure to glu-
cocorticoids has no observable programming effects on stress reactivity
in adult offspring, but results in long-lasting alterations in cognition
[38]. In fact it has been proposed that despite the important role of cor-
tisol in fetal programming, there is much evidence indicating that asso-
ciations between maternal psychosocial stress and offspring outcome
may involve othermechanisms than cortisol physiology [29]. Moreover,
our results showed that prenatal stress did not affect basal levels of glu-
cocorticoids levels but led to a lower increase after acute stress in both
female and male suggesting a hypoactive HPA axis. However, we
found greater glucocorticoid receptor mRNA expression and protein
levels in the hippocampus for both females and males. It might be,
that an increased glucocorticoid receptor level mimics the effect of ele-
vated glucocorticoids. However, PS in males did not induce spatial
memory impairment as it did in females. We can postulate that in the
presence of less protective mechanisms, the increase in glucocorticoid
receptors could be a harmful factor. Additionally, it was described that
glucocorticoid administration decreased BDNF levels in the hippocam-
pus [39]. Interestingly, our results indicated that PS females had a reduc-
tion in BDNF mRNA expression and protein levels in the hippocampus.
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Our results are in line with experimental evidence that has noted the
crucial role of BDNF in the growth, survival and differentiation of neu-
rons. Moreover, BDNF has been implicated in learning andmemory for-
mation [40].

It is known that the immune system can signal the central nervous
system through immune mediators [for a review see 18]. It was report-
ed that cognitive deficits were related to a systemic Th1/Th2 imbalance
and could be reversed when balancewas restored [5,41,42]. In addition,
experiments demonstrated that influenza vaccines administered during
early pregnancy induced a systemic Th1 bias and increased hippocam-
pal neurogenesis and neurotrophin levels in offspring [43]. The central
nervous system expresses low levels cytokines and their receptors
physiologically in a constitutive way. Infiltrating immune cells and res-
ident glial cells, such as astrocytes andmicroglia, are themain sources of
these factors [44]. Cytokines exert actions on proliferation, migration
and survival of neural stem/progenitor cells (NPCs). It is known that ac-
tivated microglia have generally been viewed as a uniformly hostile cell
population that causes inflammation, interferes with cell survival and
blocks neurogenesis. However, Schwartz and their group [20] have
demonstrated that a properly controlled local immune response can
support cell survival and promote recovery after central nervous system
injury. In particular, Butovsky et al. [45] showed that when activated by
IL-4, microglia can induce a bias towards oligodendrogenesis, whereas
IFN-γ activated microglia promotes neuronal differentiation.

In this study, we found that PS induced in females led to a decrease
in INF-γ and an increase in IL-4 mRNA levels in both the hippocampus
and peripheral immune system. No alterations in the hippocampus
and peripheral cytokine profile were found inmales. IFN-γ has been im-
plicated in both neural damage and repair. High levels of IFN-γ in the
brainwere found to lead to reactive gliosis, hypomyelination, and defec-
tive cerebellar development and function associated with high mortali-
ty at 2–4weeks of age [46]. However, it was suggested that low levels of
IFN- γ in the brain could have a neuroprotective role through modula-
tion of glial capacity to buffer excess glutamate release, which would
promote the protection of hippocampal neurons from excitotoxicity
[47,48]. In addition, Koustova et al. [49] demonstrated in mice homozy-
gous for a germ line deletion of the interferon-gamma gene that the
presence of IFN-γ is necessary at some point in the inflammatory pro-
cess to protect against neurodegeneration. These findings suggest that
IFN-γ could play an important role in neuronal protection and repair.
Moreover, it has been proposed that T cell-derived IFN-γ may play a
key role in promoting neurogenesis via induction of neurotrophic fac-
tors, such as BDNF and IGF-1 [50].

Themechanisms underlying the link between PS and their behavior-
al consequences cannot be explained by a single pathway. Certainly,
there are several developmental pathways affected by PS in the hippo-
campus with consequences that remain into adulthood. Emerging evi-
dences indicate that epigenetic regulation prior to birth (DNA
methylation, histone modification and microRNA) represent a form of
molecular memory that may modify brain function over extended pe-
riods of time [51]. Early-life stress in mice was described to cause
sustained DNA hypomethylation of an important regulatory region of
the arginine vasopressin gene [52]. Furthermore, Tsankova et al. [53]
found that repeated stress in mice could increase histone H3K27 meth-
ylation in the hippocampus with suppressive effects upon the BDNF
gene promoter region.

Our results showed that glucocorticoid receptors, BDNF expression
and a shift to Th2 dominated immune response in the hippocampus
were related to spatial memory impairment in adult female mice.
These sex specific responses could be due to epigenetic mechanisms
and need to be explored in a more detailed research. However, the
most importantfindingwas that these alterationswere found in periph-
eral lymphocytes, which suggests that these cells could be good candi-
dates as peripheral markers of susceptibility to cognitive deficits
associated to mood disorders. Further investigations are necessary to
confirm this approach and for the evaluation of early therapeutic
guidelines for alleviating behavioral alterations associatedwith prenatal
exposure to stress.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.physbeh.2017.01.045.
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