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Early life experiences, such as prenatal stress, may result in permanent alterations in the function of the
nervous and immune systems. In this study we have assessed whether prenatal stress affects the
inflammatory response of the hippocampal formation of male mice to an inflammatory challenge during
adulthood. Pregnant C57BL/6 mice were randomly assigned to stress (n = 10) or non-stress (n = 10)
groups. Animals of the stress group were placed in plastic transparent cylinders and exposed to bright
light for 3 sessions of 45 min every day from gestational day 12 to parturition. Non-stressed pregnant
mice were left undisturbed. At four months of age, non stressed and prenatally stressed male offspring
were killed, 24 h after the systemic administration of lipopolysaccharide (LPS) or vehicle. Under basal
conditions, prenatally stressed animals showed increased expression of interleukin 1b and tumor necro-
sis factor-a (TNF-a) in the hippocampus and an increased percentage of microglia cells with reactive
morphology in CA1 compared to non-stressed males. Furthermore, prenatally stressed mice showed
increased TNF-a immunoreactivity in CA1 and increased number of Iba-1 immunoreactive microglia
and GFAP-immunoreactive astrocytes in the dentate gyrus after LPS administration. In contrast, LPS
did not induce such changes in non-stressed animals. These findings indicate that prenatal stress induces
a basal proinflammatory status in the hippocampal formation during adulthood that results in an
enhanced activation of microglia and astrocytes in response to a proinflammatory insult.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

In fetal life the tissues and organs of the body go through what
are called ‘‘critical’’ periods of development (Widdowson and
McCance, 1975). It is known that development and plasticity of
the neuroendocrine system can be affected by many factors, and
that adverse events during the prenatal period can result in long-
lasting changes in adulthood (Matthews, 2002; Ader et al., 1990,
1995; Darnaudéry and Maccari, 2008; de Kloet and Oitzl, 2003;
Weinstock, 2005). The influence of stress during pregnancy has re-
ceived an increase attention in the last decades. In humans, prena-
tal stress is considered a risk factor for development of behavioral
alterations and it has been associated with aggression, hyperactiv-
ity, anxiety, attention-deficit disorders and cognitive problems in
adolescence and adulthood (Meijer, 1985; Wadhwa et al., 2001;
O’Connor et al., 2003; Huizink et al., 2003, 2004; Austin et al.,
2005; Gutteling et al., 2005; Talge et al., 2007), including an in-
crease in the risk of schizophrenia, which is considered to have a
developmental component (Brixey et al., 1993; Howes et al.,
ll rights reserved.
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2004). In rats, prenatal restraint stress can exert profound influ-
ences on offspring’s development (Maccari et al., 2001), causing
permanent neurobiological and behavioral alterations. Some para-
digms of chronic stress during gestation reduce the ability to filter
or discriminate relevant from irrelevant information in adult life.
This is one major defect observed in schizophrenic subjects and it
is assessed by measuring prepulse inhibition, a parameter that is
disrupted both in schizophrenic patients and in prenatally stressed
rats (Koenig et al., 2005). Prenatal stress also produces learning and
memory deficits in young, adult and aged rats, such as impairments
in spatial memory assessed in the Morris water maze (Smith et al.,
1981; Lordi et al., 1997; Vallée et al., 1999; Lemaire et al., 2000; Gué
et al., 2004; Darnaudéry et al., 2006). However, one of the most
obvious effects of prenatal stress in rodents is an increase in affec-
tive disorders in adult life. Thus, prenatal stressed rodents show en-
hanced emotional reactivity (Thompson, 1957; Fride et al., 1986;
Wakshlak and Weinstock, 1990; Vallée et al., 1997a; Weinstock,
1997), increased anxiety behaviors (Poltyrev et al., 1996; Vallée
et al., 1997b; Morley-Fletcher et al., 2003), enhanced conditioned
fear (Griffin et al., 2003) and an increase in depression-like behav-
iors (Alonso et al., 1991; Secoli and Teixeira, 1998; Morley-Fletcher
et al., 2003; Louvart et al., 2005). The hippocampus is involved in
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most of the behaviors that are affected by prenatal stress and is,
therefore, the brain region selected for the present study.

Studies in non-pregnant populations have shown that stressful
experiences can elevate inflammatory markers such as interleukin-
6 (IL-6) and tumor necrosis factor-a (TNF-a) even in the absence of
infection (Maes et al., 1998; Rozlog, 1999). In addition, it has been
hypothesized that maternal psychosocial stress affects pregnancy
outcome by altering inflammatory markers via neurochemicals
that are released as part of the physiological response to stress
(Coussons-Read et al., 2007; Dunkel Schetter, 2011). Indeed, prena-
tal stress results in an enhancement of certain aspects of immune
function, including elevated levels of inflammatory cytokines in
the periphery and in the brain (Laviola et al., 2004; Vanbesien-
Mailliot et al., 2007; Diz-Chaves et al., 2012). This pro-
inflammatory status of prenatally stressed animals may affect
normal brain function, since cytokines such as IL6, IL-1b and
TNF-a have different physiological roles, including regulation of
neuronal development, ionic homeostasis, neuropeptide release
and synaptic plasticity (Raber et al., 1998; Albensi and Mattson,
2000; Skoff et al., 2009; Park and Bowers, 2010). In addition,
cytokines could take part in the pathogenesis and progression of
neurodegenerative diseases (Griffin, 2006; Perry et al., 2007).

Our hypothesis is that prenatal stress causes a proinflammatory
status that may influence the response to inflammatory challenges
during adult life, further contributing to behavioral alterations. The
enhanced inflammatory response in prenatally stressed animals
can increase the levels of peripheral cytokines, such as IL1, in re-
sponse to an inflammatory challenge during adulthood. Peripheral
cytokines are able to cross the blood brain barrier, activate microg-
lia and astroglia and promote local inflammation in brain struc-
tures, such as the hippocampus, which is involved in cognitive
and affective alterations associated with prenatal stress (Corcos
et al., 2002; Merlot et al., 2008; Laviola et al., 2004; Vanbesien-
Mailliot et al., 2007; Diz-Chaves et al., 2012; McEwen et al.,
1992; McEwen, 2000). In addition, peripheral cytokines stimulate
the hypothalamo–pituitary–adrenal (HPA) axis (Dunn, 2000;
Schöbitz et al., 1994) and elevate plasma corticosterone levels
(Hashimoto et al., 2001), which in turn may affect the stress
response and contribute to behavioral impairment. Thus, it is
important to determine whether prenatal stress affects the
inflammatory response in the hippocampus and the levels of corti-
costerone in response to inflammatory challenges in adulthood.

To assess these possibilities, in this study we have determined
the influence of prenatal stress on corticosterone levels and the re-
sponse of the hippocampus to an inflammatory challenge in male
mice during adulthood. Systemic administration of lipopolysaccha-
ride (LPS) was used to induce an inflammatory response, since this
procedure is known to increase plasma corticosterone levels
(Hashimoto et al., 2001) and to alter the levels of different inflam-
matory molecules in the hippocampus (Dantzer, 2004; Kubera
et al., 2011; Monje et al., 2003). The inflammatory response of
the hippocampus was evaluated by assessing the mRNA levels of
interleukin 1b (IL1b) and tumor necrosis factor-a (TNF-a) and
TNF-a immunoreactivity. In addition, we also assessed immunore-
activity for Iba-1, a marker of microglia, and immunoreactivity for
GFAP, a marker of astroglia. Both glial cell types contribute to the
inflammatory response and changes in the morphology and/or
number of these cells are indicative of an altered neuroinflamma-
tory status (Dong and Benveniste, 2001; Griffin, 2006; Perry et al.,
2007; Streit et al., 1999; Block and Hong, 2005; Aloisi, 1999).
2. Material and methods

Animals were handled in accordance with the guidelines pre-
sented in the UFAW Handbook on the Care and Management of
Laboratory Animals and following the European Union guidelines
(Council Directives 86/609/EEC and 2010/63/UE). Experimental
procedures were approved by our institutional animal use and care
committee. Special care was taken to minimize suffering and to re-
duce the number of animals used to the minimum required for sta-
tistical accuracy. Animals were maintained in a temperature
controlled room, with 12:12 h light/dark schedule and received
food and water ad libitum.

Animals used in our experiments were derived from four differ-
ent reproductions performed at separated seasonal periods
throughout the year. Adult virgin C57BL/6 female mice (2 months
of age) from the Complutense University animal colony were
group-housed (6/cage) to coordinate their estrous cycle. The stage
of the estrous cycle was determined by the appearance of the vagi-
na (Champlin et al., 1973). Females in estrous were individually
housed for 24 h in the presence of a sexually experienced male
C57BL/6 mouse. Females were then examined to detect for the pos-
sible presence of a vaginal plug, which was used to confirm mating.
The day of plug detection was considered as gestational day 1.
Pregnant mice were then randomly assigned to stress (n = 10) or
non-stress (n = 10) groups and individually housed in plastic
breeding cages. Stress was started from the gestational day 12 to
parturition. Pregnant mice were individually placed in plastic
transparent cylinders (3.5 cm diameter, 10 cm long) and exposed
to bright light (2,400 lux) for 45 min. Animals were daily submit-
ted to three stress sessions starting at 09:00, 12:00 and 16:00 h,
whereas non-stress pregnant animals were left undisturbed in
their home cages as previously described (Ward and Weisz,
1980). Male and female offspring were weaned 21 days after birth,
and only offspring from litters containing 5–9 pups with similar
numbers of males and females were used in the experiments. A
maximum of two male pups were taken from each litter to control
for litter effects.

Four month-old males, 11 non-stressed (NS) and 13 prenatally
stressed (PS), were used in the study. A group of them received
an i.p. injection of 5 mg/kg of LPS (from Escherichia coli 0111:B4,
L2630 Sigma–Aldrich) dissolved in PBS or vehicle (PBS). Therefore,
four groups of animals were generated: non-stressed injected with
vehicle (NS-VEH = 5), non-stressed injected with LPS (NS-LPS = 6),
prenatally stressed injected with vehicle (PS-VEH = 6) and prena-
tally stressed injected with LPS (PS-LPS = 7). The dosage of LPS used
(5 mg/kg, i.p.) was based on our previous study realized in prenatal
stressed female mice (Diz-Chaves et al., 2012). Mice were sacrificed
24 h later by decapitation, trunk blood was collected and the brain
was removed. The left hemisphere was immersed in 4% parafor-
maldehyde (Sigma–Aldrich) in 0.1 M phosphate buffer, pH 7.4 dur-
ing 72 h and then rinsed with phosphate buffer and stored at
�20 �C in a cryoprotective solution. The hippocampus was dis-
sected from the other half of the brain and stored at �80 �C for real
time RT-PCR analysis.

2.1. Corticosterone radioimmunoassay

Plasma samples collected from trunk blood were assayed using
a commercial 125I RIA kit for corticosterone (ImmuChem Double
Antibody, MP Biomedicals, Orangeburg, NY, USA). The minimum
detection limit of the assay is 7.7 ng/ml and intraassay coefficient
of variation is 7.1%.

2.2. Real time RT-PCR analysis

Interleukin 1b (IL1b) and tumor necrosis factor-a (TNF-a) levels
were assessed in the hippocampus by quantitative real-time poly-
merase chain reaction. Tissue was homogenated and RNA was ex-
tracted using an illustra RNAspin Mini RNA Isolation Kit (GE
Healthcare, Buckinghamshire, UK). First strand cDNA was prepared



Fig. 1. Corticosterone plasma levels in non-stressed and prenatally-stressed male
mice in baseline and after LPS insult. NS, non-stressed mice; PS, prenatally stressed
mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated
with LPS. Data are mean + SEM. a, Significant differences (p < 0.05) between PS-LPS
and NS-LPS mice. ��, Significant differences (p < 0.01) between NS-VEH and NS-LPS
and ���, significant differences (p < 0.001) between PS-VEH and PS-LPS.

Fig. 2. (A), Interleukin-1b (IL1b) and (B) tumor necrosis factor a (TNF-a) mRNA
levels in the hippocampus. NS, non-stressed male mice; PS, prenatally stressed male
mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated
with LPS. Data are mean + SEM. ⁄Significant differences (p < 0.05) between LPS
groups and their respective VEH groups. a, Significant differences (p < 0.05)
between PS-VEH and NS-VEH group.
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from RNA using a RevertAidTM H Minus First Strand cDNA Synthe-
sis Kit (MBI Fermentas, Bath, UK) following the manufacturer’s
instructions. After reverse transcription (RT), the cDNA was diluted
1:8 (TNF-a, IL1b) and 5 ll were amplified by real-time PCR in 15 ll
using SYBR Green master mix or TaqMan Universal PCR Master Mix
(Applied Biosystems, AB, Foster City, CA) in a ABI Prism 7500 Se-
quence Detector (AB), with conventional AB cycling parameters
(40 cycles of 95 �C, 15 s; 60 �C, 1 min). Primer sequences were
designed using Primer Express (AB): IL1b: Forward 50-CGACAAAA-
TACCTGTGGCCT-30 Reverse 50-TTCTTTGGGTATTGCTTGGG-30;
TNF-a: Forward, 50-GAAAAGCAAGCAGCCAACCA-30, Reverse, 50-CGGAT-
CATGCTTTCTGTGCTC-30; glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was selected as control housekeeping gene.
GAPDH TaqMan probes and primers were the Assay-on-Demand
gene expression products (AB). After amplification, a denaturing
curve was performed to ensure the presence of unique amplifica-
tion products. All reactions were performed in duplicate. Data
was represented using the 2-DDCt method. The cycle threshold
(Ct) was determined for each gene. DCt was calculated by the dif-
ference between the Ct of IL1b and TNF-a and the Ct of GAPDH.
Then, DDCt was calculated by normalizing the DCt of each sample
to the mean DCt value of the NS-VEH group. Finally 2�DDCt was cal-
culated and its mean value was represented as percentage of NS-
VEH values in the figures.

2.3. Immunohistochemistry

Sagittal sections of the hippocampus, 50 lm thick, were ob-
tained using a Vibratome (VT 1000S, Leica Microsystems, Wetzlar,
Germany). Immunohistochemistry was carried out in free-floating
sections under moderate shaking. To decrease variability, sections
for all experimental groups were processed in parallel in each as-
say run. Endogenous peroxidase activity was quenched for
10 min at room temperature in a solution of 3% hydrogen peroxide
in 30% methanol. After several washes in 0.1 M phosphate buffer
(pH 7.4), containing 0.3% BSA, 0.3% TritonX-100 and 0.9% NaCl
(washing buffer), sections were incubated overnight at 4 �C with
one of the following primary antibodies: a rabbit polyclonal anti-
body to Iba1 (Ionized calcium binding adaptor molecule 1, a mar-
ker of microglia) corresponding to C-terminus (Wako Chemical
Industries, Japan; diluted 1:2000), a rabbit polyclonal antibody to
glial fibrillary acidic protein (GFAP, a marker of astroglia; DakoCy-
tomation, DK-2600, Glostrup, Denmark Z-0334,diluted 1:1000)
and a rabbit polyclonal antibody to TNF-a (ab6671, Abcam, Cam-
brige, UK, diluted 1:100). Primary antibody was diluted in washing
buffer containing 3% normal goat serum. After incubation with the
primary antibody, sections were rinsed in buffer and incubated for
2 h at room temperature with biotinylated goat anti-rabbit immu-
noglobulin G (Pierce Antibody; Rockford, IL 61101, USA; diluted
1:300 in washing buffer). After several washes in buffer, sections
were incubated for 90 min at room temperature with avidin–biotin
peroxidase complex (ImmunoPure ABC peroxidase staining kit,
Pierce). The reaction product was revealed by incubating the sec-
tions with 2 lg/ml 3,30-diaminobenzidine (Sigma–Aldrich) and
0.01% hydrogen peroxide in 0.1 M phosphate buffer. Then, sections
were dehydrated, mounted on gelatinized slides and examined
with a Leitz Laborlux microscope. For specificity controls, sections
were processed in the same way but omitting the primary
antibodies.

2.4. Morphometric analysis

The morphometric analysis was performed by an investigator
that was unaware of the identity of the experimental groups. The
number of Iba1- and GFAP- immunoreactive cells were estimated
with the optical disector method in the hilus of dentate gyrus
and CA1 of hippocampus, using total section thickness for disector
height at 40� (Hatton and Von Bartheld, 1999; Howard and Reed,
1998) and a counting frame of 220 � 220 lm. Section thickness
was measured using a digital length gauge device (Heidenhain-
Metro MT 12/ND221; Traunreut, Germany) attached to the stage
of a Leitz microscope. A total of 28 counting frames were as-
sessed/animal. In addition, the percentage of Iba1 immunoreactive
cells with different morphologies was also assessed. To this aim,
for each animal 120 cells were analyzed in the hilus of the dentate
gyrus and in CA1. Cells were classified in five morphological types
as previously described (Diz-Chaves et al., 2012): Type I, cells with
few cellular processes (two or less); Type II, cells showing 3–5
short branches; Type III, cells with numerous (>5) and longer cell



Fig. 3. (A) Representative images of TNF-alpha immunoreactivity in the dentate gyrus. NS-VEH, non-stressed male mouse treated with vehicle; PS-VEH, prenatally stressed
male mouse treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS; PS-LPS, prenatally stressed male mouse treated with LPS. Scale bar: 45 lm; scale bar in
insets represents 15 lm. (B) Example of a section of the dentate gyrus processed for immunohistochemistry in absence of the primary antibody. Upper panel, phase contrast
microscopy. Bottom panel, bright field microscopy. Scale bar: 75 lm. (C) Quantification of TNF-alpha immunoreactivity in the dentate gyrus. NS, non-stressed male mice; PS,
prenatally stressed male mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are arbitrary optical density values and are
represented as mean + SEM. a, significant differences (p < 0.05) between PS-VEH and NS-VEH group.
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processes and a small cell body; Type IV, cells with large somas and
retracted and thicker processes and Type V, cells with amoeboid
cell body, numerous short processes and intense Iba1 immuno-
staining. Types IV and V were considered as reactive morphologies
and their sum was represented as the percentage of total cells.

For TNF-a, optical density (OD) was calculated by the image
processing program, image J (http://rsbweb.nih.gov/ij/). Briefly,
images were captured on a Leitz microscope. All color JPEG images
were digitally converted into a grey scale image before the initia-
tion of the analysis. First, a calibration of the image was performed
by the program. Then, an area in the zone of study was delimited in
the dentate gyrus (including part of the granular layers and the hi-
lus), and CA1. This area was of the same size for all analyzed
images. In addition, a blank area with no immunoreactive cells
was delimited in the section to normalize OD values.
2.5. Statistical analysis

Data are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism5 software (GraphPad Software,
San Diego, CA, USA). Main and interactive effects were analyzed
by two-way analysis of variance (ANOVA) for factorial measures.
The Student’s t-test for one-to-one comparisons was used when
appropriate. When justified by the ANOVA analysis, differences be-
tween individual group means were analyzed by the Bonferroni
posthoc test. Differences were considered statistically significant
at p 6 0.05.
3. Results

3.1. Prenatal stress enhances plasma corticosterone response to LPS

LPS treatment resulted in a significant increase in plasma corti-
costerone levels (Fig. 1; F(1,19) = 41.10 p < 0.0001; two-way ANOVA)
in both NS and PS mice (p < 0.01 and p < 0.001, respectively;
Bonferroni’s posttest). PS did not significantly affect corticosterone
levels (F(1,19) = 1.443 p = 0.24), but there was an interaction
between PS and LPS (F(1,19) = 4.89 p = 0.03), having LPS a higher
effect in PS mice than in NS mice (p < 0.05; Bonferroni’s posttest).

http://rsbweb.nih.gov/ij


Fig. 4. (A) Representative images of TNF-alpha immunoreactive cells in CA1. NS/VEH, non-stressed male mouse treated with vehicle; PS/VEH, prenatally stressed male mouse
treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS; PS-LPS, prenatally stressed male mouse treated with LPS. Scale bar: 90 lm; Scale bar in insets:
15 lm. (B) Example of a section of CA1 processed for immunohistochemistry in absence of the primary antibody. Upper panel, phase contrast microscopy. Bottom panel,
bright field microscopy. Scale bar: 75 lm. (C) Quantification of TNF-alpha immunoreactivity in CA1. S, non-stressed male mice; PS, prenatally stressed male mice. Filled bars,
animals treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are arbitrary optical density values and are represented as mean + SEM. ⁄Significant
differences (p < 0.05) between PS-VEH and PS-LPS; aa, significant differences (p < 0.01) between PS-LPS and NS-LPS group.
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3.2. Prenatal stress increased the expression of IL1b and TNF-a under
basal conditions and the expression of TNF-a after LPS treatment in the
hippocampus

Prenatal stress increased the mRNA levels of IL1b and TNF-a un-
der basal conditions (NS-VEH vs PS-VEH; T-test; p < 0.05; Fig. 2A
and B). The administration of LPS increased the mRNA levels of
IL1b, both in NS and PS mice (F(1,19) = 15.23; p < 0.001; two way
ANOVA; p < 0.05; Bonferroni’s posttest) and there was not an inter-
action effect between PS and LPS (Fig. 2A). Moreover, LPS also in-
creased the mRNA levels of TNF-a, but this increase was
statistically significant only in PS mice (F(1,18) = 6.31; p = 0.02;
two-way ANOVA; p < 0.05; Bonferroni’s posttest; Fig. 2B).
3.3. Prenatal stress increased TNF-a immunoreactivity in the dentate
gyrus

Under basal conditions, PS mice displayed an increased TNF-a
immunoreactive signal in the granular cell layer and the hilus of
dentate gyrus compared to NS animals (Fig. 3; PS-VEH vs NS-
VEH; two-way ANOVA; F(1,11) = 8.14, p = 0.015; Bonferroni’s post-
test). LPS did not significantly affect TNF-a immunoreactivity and
there was not a significant interaction between PS and LPS. No
staining was detected in control sections.

3.4. LPS increased TNF-a immunoreactivity in CA1 of prenatally
stressed mice

LPS increased TNF-a immunoreactive levels in CA1, but only in
PS animals (Fig. 4; F(1,9) = 18.17; p = 0.002; two-way ANOVA; PS-
LPS vs NS-LPS p < 0.01; PS-LPS vs PS-VEH p < 0.05; Bonferroni’s
posttest). The statistical analysis revealed an interaction of PS
and LPS (F(1,9) = 11.06; p = 0.008). No staining was detected in con-
trol sections.

3.5. LPS increased the number of Iba-1 immunoreactive cells in the
dentate gyrus of prenatally stressed mice

The number of Iba1-immunoreactive cells in the hilus of the
dentate gyrus was not significantly different between NS and PS
mice under basal conditions (NS-VEH vs PS-VEH; Fig. 5A and B).
The administration of LPS significantly increased the number of



Fig. 5. (A) Representative images of the dentate gyrus of the hippocampus showing immunoreactivity for Iba1. NS-VEH, non-stressed male mouse treated with vehicle; PS-
VEH, prenatally stressed male mouse treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS and PS-LPS, prenatally stressed male mouse treated with LPS.
Scale bar, 45 lm. In the insets, the scale bar represents 15 lm. (B) Number of Iba1 immunoreactive cells/mm3 in the hilus of the dentate gyrus. NS, Non-stressed male mice;
PS, Prenatally stressed males. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are mean + SEM. ⁄⁄Significant differences (p < 0.01)
between PS-VEH and PS-LPS. a, significant differences (p < 0.05) between PS-LPS and NS-LPS. (C) Percentage of Iba1 immunoreactive cells with reactive morphology in the
hilus of the dentate gyrus. NS, non-stressed male mice; PS, prenatally stressed male mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated with
LPS. Data are mean + SEM. ⁄⁄Significant differences (p < 0.01) between PS-VEH and PS-LPS. ⁄⁄⁄Significant differences (p < 0.001) between NS-VEH and NS-LPS.
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Iba1-immunoreactive cells in the hilus of the dentate gyrus, but
only in PS mice (Fig. 5A and B; F(1,19) = 6.16; p = 0.02; two-way
ANOVA; PS-LPS vs PS-VEH p < 0.01; PS-LPS vs NS-LPS p < 0.05;
Bonferroni’s posttest). There was a significant interaction between
PS and LPS (F(1,19) = 4.87; p = 0.03).
3.6. LPS treatment altered the morphology of Iba1 cells in the dentate
gyrus of the hippocampus

In addition to the differences in number, an obvious qualitative
difference in the morphology of Iba-1 immunoreactive cells was
observed after LPS treatment (Fig. 5A and C). Mice treated with
LPS showed an increased percentage of Iba1-immunoreactive cells
with larger somas and retracted and thicker processes, a pheno-
type characteristic of reactive microglia (Fig. 5A and C;
F(1,21) = 35.67; p < 0.0001; two-way ANOVA; NS-LPS vs NS-VEH
p < 0.001; PS-LPS vs PS-VEH p < 0.01; Bonferroni‘s posttest). There
was not a significant interaction between PS and LPS on the pro-
portion of Iba-1 immunoreactive cells with reactive phenotype
(F(1,21) = 0.086; p = 0.77).
3.7. Prenatally stressed mice displayed increased percentage of Iba1-
immunopositive cells with reactive morphology in CA1

A similar number of Iba-1 immunoreactive cells was observed
in the CA1 region in all the experimental groups (Fig. 6A and B).
However, prenatal stress under basal conditions increased the pro-
portion of Iba1-immunoreactive cells with larger somas and re-
tracted and thicker processes (Fig. 6A and C; F(1,16) = 87.7;
p < 0.0001; two-way ANOVA; F(1,16) = 6.8; p = 0.02, effect of PS;
PS-VEH vs NS-VEH p < 0.05; Bonferroni’s posttest). In addition,
LPS increased the proportion of Iba1-immunoreactive cells with
reactive phenotype (F(1,16) = 6.8; p = 0.02) in both NS and PS ani-
mals (p < 0.001; Bonferroni’s posttest; Fig. 5A and C). No interac-
tion between PS and LPS was detected in this parameter
(F(1,16) = 0.01; p = 0.9).

3.8. LPS treatment significantly increased the number of GFAP-
immunoreactive cells in the dentate gyrus of prenatally stressed mice

Under basal conditions, no difference was observed in the num-
ber of GFAP-immunoreactive cells in the hilus of the dentate gyrus



Fig. 6. (A) Representative images of CA1 showing immunoreactivity for Iba1. NS-VEH, non-stressed male mouse treated with vehicle; PS-VEH, prenatally stressed male
mouse treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS; PS-LPS, prenatally stressed male mouse treated with LPS. Insets show details of the
morphology of Iba1 immunoreactive cells at high magnification. Scale bar, 90 lm. In the insets, the scale bar represents 15 lm. (B) Number of Iba1 immunoreactive cells/
mm3 in CA1. NS, non-stressed mice; PS, prenatally stressed mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are mean ± SEM.
(C) Percentage of Iba1 immunoreactive cells with reactive morphology in CA1. NS, non-stressed mice; PS, prenatally stressed mice. Filled bars, animals treated with vehicle
(VEH). Empty bars, animals treated with LPS. Data are mean ± SEM. ⁄⁄⁄Significant differences (p < 0.001) between NS-VEH and NS-LPS, and PS-VEH and PS-LPS. a, significant
differences (p < 0.05) between PS-VEH and NS-VEH.
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between NS and PS mice (F(1,20) = 0.93; p = 0.34; Fig. 7A and B).
LPS increased the number of GFAP-immunoreactive cells, but only
in PS mice (F(1,20) = 7.85; p < 0.01; two-way ANOVA; p < 0.05;
Bonferroni’s posttest; Fig. 7A and B). However, no significant inter-
action between PS and LPS was detected (F(1,20) = 1.54; p = 0.22). In
addition, the qualitative inspection of astrocytes showed that some
of them displayed increased hypertrophic processes and soma in
PS mice treated with LPS (Fig. 7A). This morphological change is
characteristic of reactive astrogliosis.

The number of GFAP-immunoreactive cells was also estimated
in CA1 (Fig. 8). The statistical analysis revealed that there was an
effect of LPS (two-way ANOVA, F(1,20) = 8.8; p = 0.007; Fig. 8A and
B), but not an interaction of PS and LPS (F(1,20) = 0.08; p = 0.7) and
not an effect of PS (F(1,20) = 0.1; p = 0.74; Fig. 8A and B). No posthoc
differences were observed.
4. Discussion

As expected, our present results show that the administration of
LPS caused an increase in plasma corticosterone levels in both pre-
natally stressed and non-stressed animals. However, the cortico-
sterone response to LPS was enhanced in prenatally stressed
animals. This finding is in agreement with previous studies in male
rats, showing that prenatal stress increases the HPA axis response
to different stimuli, including LPS (Henry et al., 1994; Vallée et al.,
1999; Viltart et al., 2006; Hashimoto et al., 2001; Kohman et al.,
2008). By the modification of the response of HPA to inflammation,
prenatal stress may contribute to functional brain impairment,
since alterations in the HPA axis are associated with behavioral
pathologies and early aging of cognitive performances (de Kloet
et al., 2005; Maccari et al., 2001; Maccari et al., 1995).

The inflammatory response of the hippocampus in response to
LPS was also potentiated by prenatal stress. Although LPS increased
the mRNA levels of IL1b and TNF-a in the hippocampus of both
prenatally stressed and non-stressed mice, the effect for TNF-a
was statistically significant in prenatally stressed animals only.
LPS also resulted in a significant increase in TNF-a immunoreactiv-
ity in CA1 and this effect was also restricted to prenatally stressed
mice. The number of microglia and astrocytes, two cell types that
contribute to the inflammatory response of the brain (Monje
et al., 2003; Dong and Benveniste, 2001; Griffin, 2006; Perry



Fig. 7. (A) Representative images of the dentate gyrus of the hippocampus showing immunoreactivity for GFAP. NS-VEH, non-stressed male mouse treated with vehicle;
PS-VEH, prenatally stressed male mouse treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS and PS-LPS, prenatally stressed male mouse treated with
LPS. Scale bar, 45 lm. In the inserts, the scale bar represents 15 lm. (B) Number of GFAP immunoreactive cells/mm3 in the hilus of the dentate gyrus of the hippocampus. NS,
Non-stressed male mice; PS, prenatally stressed male mice. Filled bars, animals treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are mean ± SEM.
⁄Significant differences (p < 0.05) versus PS-VEH.
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et al., 2007; Streit et al., 1999; Jurgens and Johnson, 2012; McEwen,
2000; Santos-Galindo et al., 2011; Espinosa-Oliva et al., 2011),
were also increased by LPS in the hippocampus, but only in the
animals submitted to prenatal stress. In all these cases, ANOVA
analysis revealed a significant interaction between prenatal stress
and LPS treatment, with the exception of GFAP immunoreactive
astrocytes. This exception may be the consequence of insufficient
statistical power. Furthermore, some effects of LPS were not al-
tered by prenatal stress, such as the increase in the levels of IL1b
in the hippocampus and the increase in the proportion of microglia
with a reactive phenotype in the dentate gyrus. Therefore, prenatal
stress seems to affect specific aspects of the neuroinflammatory
response.

In addition, the influence of prenatal stress on the response to
LPS showed a regional specificity. For instance, prenatal stress en-
hanced the effect of LPS on TNFa immunoreactivity in CA1, but not
in the dentate gyrus. In contrast, prenatal stress enhanced the ef-
fect of LPS on the number of Iba-1 immunoreactive cells in the den-
tate gyrus, but not in CA1. These regional differences may be in
part due to the different expression of glucocorticoid and mineral-
ocorticoid receptors in CA1 and the dentate gyrus (Joëls, 2008). In
addition, prenatal stress is known to have regional effects on neu-
ronal morphology (Barros et al., 2006; Mychasiuk et al., 2012;
Tamura et al., 2011; Weinstock, 2011). For instance, in prepubertal
male rats, prenatal stress causes an increase in spine density and
dendritic complexity in granule cells of the dentate gyrus, while
it reduces these parameters in CA3 pyramidal neurons (Bock
et al., 2011). These regional effects of prenatal stress on neuronal
and glial morphology may probably have an impact on regional
neuro-glia communication and neuronal function.

Our findings suggest that prenatal stress predisposes for in-
creased hippocampal immune response and enhanced microglia
and astroglia activation when the organism is exposed to a proin-
flamatory challenge in adult life. The enhanced neuroinflammatory
response to LPS in the animals submitted to prenatal stress may be
the consequence of an increased peripheral inflammatory response
(Espinosa-Oliva et al., 2011; Laviola et al., 2004; Vanbesien-
Mailliot et al., 2007; Collier et al., 2011), which may cause enhanced
glial activation and the consequent increased production of inflam-
matory molecules in the hippocampus. In addition, prenatal stress
may increase the responsiveness of glial cells to peripheral and/or
locally produced cytokines. Further studies should determine the
precise mechanisms involved in the enhanced neuroimmune and
glial response to LPS of prenatally stressed animals. In addition,
the consequences of this enhanced activation of the immune
and glial responses in the hippocampus are also unknown.



Fig. 8. (A) Representative images of CA1 showing immunoreactivity for GFAP. NS-VEH, non-stressed male mouse treated with vehicle; PS-VEH, prenatally stressed male
mouse treated with vehicle; NS-LPS, non-stressed male mouse treated with LPS and PS-LPS, prenatally stressed male mouse treated with LPS. Scale bar, 90 lm. In the insets,
the scale bar represents 15 lm. (B) Number of GFAP immunoreactive cells/mm3 in CA1. NS, non-stressed male mice; PS, prenatally stressed male mice. Filled bars, animals
treated with vehicle (VEH). Empty bars, animals treated with LPS. Data are mean ± SEM.
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However, sustained overactivation of microglia can induce highly
and detrimental neurotoxic effects by the excess production of a
large array of cytotoxic factors such as superoxide nitric oxide
and TNF-a (Block and Hong, 2005; Qin et al., 2007).

The enhanced inflammatory and glial response to LPS of the
hippocampus of prenatally stressed animals suggests that prenatal
stress induces a proinflammatory status in adult male mice. This
possibility is further supported by the fact that prenatal stress, un-
der basal conditions, increased the mRNA levels of IL1b and TNF-a
in the hippocampus, increased TNF-a immunoreactivity in the
dentate gyrus, and increased the proportion of Iba1-immunoreactive
cells with reactive phenotype in CA1. The increased expression
of IL1b and TNF-a in the hippocampus of prenatally stressed mice
may be related to depressive-like behavior characteristic of this
animal model (Maccari et al., 2001), since IL1b and TNF-a are crit-
ical mediators of the depressive-like behavior caused by acute and
chronic stress (Koo and Dumanm, 2008; Kubera et al., 2011). The
changes in IL1b and TNF-a mRNA levels and in TNF-a and Iba1
immunoreactivity in the hippocampus of prenatally streesed mice
occurred in absence of increased corticosterone response, suggest-
ing a central effect. This central effect of prenatal stress may be
mediated by alterations in the development of microglia (Gómez-
González and Escobar, 2010), which in turn may affect the
development and activity of astrocytes and neurons and the local
production of cytokines.
In conclusion, our findings indicate that prenatal stress en-
hances, in adult male mice, the hippocampal response to an
inflammatory challenge. In addition, the hippocampal formation
of prenatally stressed male mice displays, under basal conditions,
a proinflammatory status characterized by enhanced expression
of IL1b and TNF-a and increased activation of microglia. The al-
tered phenotype of microglia under basal conditions and the al-
tered response of microglia and astroglia after an inflammatory
challenge may contribute to the behavioral and learning impair-
ments previously observed in prenatally stressed animals.
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