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Maternal Separation during Breastfeeding Induces
Gender-Dependent Changes in Anxiety and the GABA-A
Receptor Alpha-Subunit in Adult Wistar Rats
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Abstract

Different models of rodent maternal separation (MS) have been used to investigate long-term neurobiological and
behavioral changes, associated with early stress. However, few studies have involved the analysis of sex-related differences
in central anxiety modulation. This study investigated whether MS during breastfeeding affected adult males and females in
terms of anxiety and brain GABA-A receptor-alpha-subunit immunoreactivity. The brain areas analyzed were the amygdale
(AM), hippocampus (HP), medial prefrontal cortex (mPFC), medial preoptic area (POA) and paraventricular nucleus (PVN).
Rats were housed under a reversed light/dark cycle (lights off at 7:00 h) with access to water and food ad libitum. Animals
underwent MS twice daily during the dark cycle from postnatal day 1 to postnatal day 21. Behavior was tested when rats
were 65-70 days old using the elevated plus maze and after brains were treated for immunohistochemistry. We found that
separated females spent more time in the open arms and showed more head dipping behavior compared with controls.
The separated males spent more time in the center of the maze and engaged in more stretching behavior than the controls.
Immunohistochemistry showed that separated females had less immunostained cells in the HP, mPFC, PVN and POA, while
separated males had fewer immunolabeled cells in the PFC, PVN and AM. These results could indicate that MS has gender-
specific effects on anxiety behaviors and that these effects are likely related to developmental alterations involving GABA-A
neurotransmission.
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Introduction reported such alterations [13] or have shown a reduction in
anxiety in females but not in males [14,15].

Anxiety responses are mediated by the hypothalamic-pituitary-
adrenal axis (HPA), whose activity is modulated by limbic
structures like hippocampus, prefrontal cortex, amygdala and
parahypothalamic areas. Neurobiological activity begins with
corticotropin-releasing hormone (CRH) secretion from the cells
of the hypothalamic parvocellular paraventricular nucleus (pPVN),
pPVN cells receive GABAergic inhibitor input from limbic
structures, such as the medial preoptic area (mPOA), the bed
nucleus of the stria terminalis (BNST), the dorsomedial hypothal-
amus (DMH) and the nucleus of the solitary tract (NST) [16]. In
turn, related structures before, are regulated by the amygdala,
hippocampus and medial prefrontal cortex (mPFC), which have
extensive glucocorticoid receptors (GR) forming a stress control
circuitry. In this regard, pPVN cell activity is modulated by
increasing or reducing the inhibitory input from limbic areas in
which GABAergic synapses are especially important, particularly
those mediated by GABA-A receptors.

Hippocampus and mPFC play a inhibitory role on HPA
activity; prelimbic and cingulated mPFC send excitatory projec-
tions (glutamatergic) to peri-PVN areas and the BNST, both of
which send direct inhibitory (GABAergic) projections to the

Early adverse experiences have been proposed as having long
lasting deleterious effects on shaping brain networks and
behavioral development in mammals [1-4]. For example, children
who have experienced prolonged maltreatment, abuse or neglect
rearing, use to have an increased risk of developing psychopa-
thology like anxiety disorders, depression, attention deficit [5],
learning problems and so on. They are more likely to show
heightened neuroendocrine responsiveness to stress, brain mor-
phology changes, and neurochemical and gene expression patterns
in the central nervous system related to the emergence of several
psychopathologies [6,7,8]. In this sense, Maternal Separation (MS)
is one of the paradigms to experimentally study the endocrine,
behavioral and brain structural consequences of early life stress in
animal models [9,3]. Mammals need care of their mothers to
supply them with warmth, food, sensorial stimulation, endocrine
regulation, and modulated emotional arousal; separation from
mothers, cause high stress and when this stress is recurring during
breastfeeding period, may carry to deleterious effects on behavior
and neuroendocrine development. Regarding anxiety, the results
are not conclusive; some studies have found that animals subjected
to MS show increased anxiety-like behavior and related neuroen-
docrine alterations [10-12]; while other researchers have not
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pPVN: while the hippocampus sends excitatory projections to the
posterior BNST, peri-PVN regions, mPOA and DMH, all of
which send GABAergic projections to the PVN. On the other
hand, amygdala increases de HPA activity: the medial and central
amygdaline nuclei (CeA and MeA) send inhibitory projections to
GABAergic PVN-projecting populations, such as the BNST,
mPOA and peri-PVN, eliciting trans-synaptic disinhibition [17].
Figure 1 illustrates this excitatory and inhibitory interaction.

Repeated early MS has been reported to produce structural
disruption in above limbic areas. Structural and physiological
disruption in hippocampus has been found in rodents, especially in
CAl and CA3 neuron density and synapsis formation
[18,19,20,21,22]. In relation with mPFC, mice and rats separated
from their mothers present changes in neuron and glia develop-
ment [23,24], which may carry cortical hypofunction associated
whit GABA transmission disruption [25,26]. Concerning the
amygdala, GABA-A and benzodiazepine (BZ) binding site
alterations have been reported [10]. Few studies have showed
the consequences of early stress on the intermediate nucleus;
Sanchez et al. [27] have shown that neonatally isolated rats had
reduced neuronal activity in the pPVN, mPOA and BNST;
however, it should be noted that the effects of early stress on these
areas could have specific gender-related effects [28,29].

Some studies have explored the specifics gender-related effects
of M, for example; Farkas and coworkers [30], found that 3 hour
of daily separation produced gender specific changes in motor
development, Slotten et al. [31] found that MS cause long-term
gender dependent effects on motor activity, open field exploration
and basal plasma corticosterone. Eklund and Arborelius [14]
showed that early maternal separation produced a reduction in
anxiety-like behaviors in females but not in males, and Le6n and
Dueinias [15] reported that separated females, but not males, show
less anxiety behavior in elevated plus maze.

In summary, MS have effects on neurobehavioral development,
in particular on anxiety behaviors, which may be sex specific. But
still is unclear if there is any relation between early MS, GABA-A
neurotransmission in limbic loop that regulates pPVN activity, and
anxiety-like behaviors. Thus, the goal of this study was to
investigate the consequences of early MS on anxiety-like behavior
and GABA-A receptor immunoreactivity in the mPFC, hippo-

CRH

Figure 1. Sketch of PVN limbic brain regulation. The arrows show
glutamatergic excitatory signals, and blunt end lines indicate GABAergic
inhibitory synapses. Medial amygdaline nucleus (MeA), central amyg-
daline nucleus (MeA), hippocampus (HP), medial prefrontal cortex
(mPFC), medial preoptic area, the bed nucleus of the stria terminalis
(BNST), dorsomedial hypothalamus (DMH), the nucleus of the solitary
tract (NST), parvocellular paraventricular nucleus and corticotropin
release hormone (CRH); adapted from Jankord and Herman [17].
doi:10.1371/journal.pone.0068010.g001
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campus, amygdala, mPOA and pPVN in adults males and
females.

Materials and Methods

1. Animals

Female and male Wistar rats were obtained from the
Universidad Nacional de Colombia’s in-house animal facility at
its veterinary school. Animals were housed in standard rat cages
(40 cmx31 cmx22 cm) and maintained under standard labora-
tory conditions with a reversed light/dark cycle (lights oft at 07:00
and on at 19:00 hours), room temperature of 22+2°C, 55+10%
humidity and food and water provided ad libitum. Six dams were
allowed to mate separately with one male and then each dam was
single-housed until the parturition. Each litter consisted of 10
subjects that were randomly assigned to either the separation or
animal-facility-reared (AFR) groups, attempts were made to try to
achieve a balanced distribution for gender. All experimental
protocols were approved by the Universidad Nacional de
Colombia’s Ethics Committee and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory

Animals.

2. Maternal Separation Procedure

The litters were undisturbed at birth (P0). The mothers were
first removed from their home-cage in the main colony room and
placed into a fresh cage at P1. The pups were subsequently sexed
and randomly assigned to undergo MS or animal-facility-reared
(AFR) procedures. In each separation pups of the same litter were
placed together in a small cage being separated from their dam
and ARF siblings and then removed to other room to prevent
communication by means of odors or ultrasonic vocalization with
their mothers [32]. The separated pups were placed on a heating
pad set at 25-28°C for 6 h (3 h in the morning and 3 h in the
afternoon) from P1 to P21. The pups were then returned to the
original home-cage in the main colony room after the 3 h
separation, immediately followed by the mother’s return. The no
separated siblings remained undisturbed except for routine
weighing each two days and cage cleaning performed once a
week, for these reason are no considered control group but AFR.
The separation procedure was carried out at the same time every
day (7:00-10:00 and 13:00-16:00). The litters were weighed every
two days until P21. Males and females were weaned and group-
housed according to gender and treatment at P22 (7-8 per cage).
The rats remained undisturbed until adulthood and were never
alone in the cage to prevent deleterious effects of stress due to
social deprivation. All subsequent experiments were performed
during adulthood (65-70 days old).

3. Elevated Plus Maze Test

The elevated plus maze (EPM) is a useful tool for testing
anxiety. This instrument allows for unconditioned fear/anxiety-
like tendencies to be measured and is also sensitive to locomotor
activity and decision-making patterns [33,34]. The EPM was
made from dark black acrylic material and consisted of two open
arms (50 cmx10 cm) crossed at right angles with two opposed
arms of the same size. Two of the opposed arms were enclosed by
40-cm high walls except for the central portion where the arms
crossed. The whole apparatus was raised 50 cm above the floor. A
plexiglas rim (1 cm high) surrounded the perimeter of the open
arms to prevent the rats from falling off.

To behavioral measurements were used forty-eight subjects
distributed in following groups: 10 AFR females, 11 separated
females, 16 AFR males and 11 separated males. Experimental
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sessions occurred during the dark phase in a dark room and were
recorded using an infrared video camera interfaced with a monitor
and a DVD in an adjacent room. A rat was placed into the central
area of the maze facing one of the open arms at the beginning of
each session and allowed free-exploration for 5 min. The female
rats were tested to determine their estrus cycle by examining
vaginal smear; the test was carried in the morning and the
behavioral measurement in the afternoon allowing the females
rest. All female animals were evaluated during their diestrus phase.
The results are expressed as time spent in the open arms, total
entries and time in the center. An entry was scored when all four
paws entered a single arm. The frequency and time spent on the
following behaviors were also measured: head dipping (sticking the
head outside the maze border and below floor level, negatively
correlated with anxiety) and stretching (elongating the body whilst
keeping the hind paws fixed; closed arm stretching is positively
correlated with anxiety, while open arm stretching correlates with
approach-avoidance conflict). The behavioral test was always
carried out between 14:00-16:00 h and was applied to all 48 pups
according to the distribution mentioned above. Iree specially
designed software for recording behavior (X-PloRat) was used for
behavioral analysis.

4, Perfusion and Tissue Processing

These procedures were performed one day after the EPM test.
The rats were anaesthetized with chloral hydrate (45 mg/100 g
body weight) and intracardially perfused with saline (0.9%)
followed by 4% paraformaldehyde in 0.1 M PBS. The brains
were dissected out and post-fixed with the same fixative solution
for 48 h at 4°C. Following fixation, the brains were cryoprotected
in a 30% sucrose solution for at least 48 h and then covered with
tissue freezing medium. Twenty four brains were processed for
immunohistochemistry (IHC) (6 MS and AFR males and 6 MS
and AFR females, one from each dam) and the remaining brains
were stored. Coronal sections (20-um thick) were cut on a cryostat
(Leica CGM1850). Five series of brain sections from the prelimbic
area of the medial prefrontal cortex (mPFC) bregma 2.70 mm,
preoptic area (POA) bregma 4.30, paraventricular nucleus (PVN)
bregma —0.40, central and medial nucleus of the amygdala (AM)
bregma —3.14 and CA3 of the hippocampus (HP) bregma
—3.14 were used for immunohistochemistry.

5. Immunohistochemistry

Brain sections from both AFR and experimental rats were
selected according to anatomical landmarks identified using the
Paxinos [35] rat brain atlas that corresponded to the selected
areas. The sections were simultaneously processed in a free-
floating state for GABA-A ol subunit detection. The brain
sections were treated for 1 h with 3% v/v normal goat serum in
phosphate-buffered saline (PBS 0.1 M) containing 1.5% BSA and
Triton x-100 to block nonspecific binding sites. Afterwards, the
sections were incubated for 12 h with an anti-GABA-A a1 subunit
antibody (Sigma G 4416), diluted 1:250 in PBS-BSA. After five
rinses in PBS (15 min each), the sections were incubated for 1 h at
room temperature with biotinylated secondary antibodies diluted
1:500 (Vectastain kit, Vector USA). After further washes in PBS,
sections were incubated for 1 h with a streptavidin-peroxidase
complex diluted 1:500. The sections were then washed five times
in PBS and twice in 0.9% NaCl buffer. Peroxidase activity was
demonstrated using diaminobenzidine hydrochloride (DAB,
included in the same kit). Sections were washed three times with
saline solution at the end of the enzymatic reaction step. The
sections were then mounted on gelatin-coated slides, air-dried and
coverslipped using cytoresin for light microscope observation.
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6. Quantifying Immunolabeled Cells

All images were captured using a light microscope (Carl Zeiss-
AxioVert 40 CFL) and a digital camera (Cannon Power Shot 640).
The profiles were counted in representative serial sections (a
minimum of four sections per brain area per rat). The number of
labeled cells from 250 um? regions per area were counted
manually using Image] software. The investigators were blind to
the grouping while taking the photomicrographs and performing
the image analysis. All images used in the analysis were taken on
the same microscope and at the same optical settings.

7. Statistical Methods

The data were analyzed using Sigma Stat 3.5 for Windows XP,
and a two-way ANOVA analysis of variance (treatment Xgender)
and the Holm-Sidak post-hoc test were used for multiple
comparisons. Significant differences were estimated at p<<0.05.

Results

1. Litter Weight Dynamics

To verify the normal development of the pups, all animals were
weighed every two days from postnatal day (PND) 4 until PND 20.
In figure 2, we show the litter weight dynamics from the MS pups
and controls. We did not find any differences in the body weights
between groups.

2. Elevated Plus Maze Test

As shown in Table 1, females made more open arms entries,
spent more time in these arms, made more total arm entries and
spent more time in dipping behaviors, while males spent more
time in maze center and in stretching behaviors. Concerning
treatment factor, maternally separated animals had more open
arms entries, spent more time in open arms, made more total
entries, stayed more time in maze center, made more dipping and
stretching behaviors. The test showed significant interaction
between gender and treatment factor, the only category in which
there was no significant interaction was the total number of arm
entries.

2.1. Differences between genders into treatment. As can
be observed in figure 3a ARF and MS females spent more time
into open arms that their males counterpart. Concerning number
of total entries, there were no differences between ARF (t= 1,942,
p=0,058) but in MS animals (Figure 3b). ARF females stayed for
more time in the center maze that ARF males (Figure 3c), while
there were no differences into MS group (t=0,677, p=0,946).
There were no significant differences into ARF animals in dipping
(t=1,001, p=0,322) and stretching behaviors (t = 1953, p=10,057)
but into MS, MS females had more dipping and males more
stretching (Figure 3d and 3e).

2.2. Differences between treatments into gender. ARF vs
MS Females: Like is showed in figure 3a and 3d, maternal separated
females were the group that showed more anxiolytic behaviors:
their stayed significantly more time in open arms and spent more
time in dipping behaviors. MS females made more total arms
entries than ARF females (Figure 3b). There were no main
differences between ARF and MS concerning time in maze center
(t=0,321, p=0,749) and stretching behavior (t=1,702,
p=0,096). ARF vs MS Males: MS males made more number of
total entries (Figure 3b), spent more time in maze center
(Figure 3c), did more dipping and stretching behavior (Figure 3d
and 3e). The only measurement in which there were no significant
differences between males was time into open arms (t=0,186,
p=0,853).

June 2013 | Volume 8 | Issue 6 | e68010



50 -
454 - ARF

40 - -5 SEPARATED
35 4
30 4
25 |

20 -

Weight (gr)

15 4

10 -

Gender-Dependent Changes by Maternal Separation

4 6 8 10 12 14
Postnatal Day

18 20

Figure 2. Litters dynamic weights in both maternal separated and non-separated groups. Each point corresponded to the means of ARF
and separated subjects: PND 4 (t=0.81, p=0.422), PND 6 (t=0.5711, p=0.571), PND 8 (t=1.065, p=0.292), PND 10 (t=0.149, p=0.882), PND 12
(t=572.5, p=0.495), PND 14 (t=578.5, p=0.42), PND 16 (t=1.324, p=0.192), PND 18 (t=1.128, p=0.133), PND 20 (t=0.739, p=0.464), n=48.

doi:10.1371/journal.pone.0068010.g002

3. Immunohistochemistry

Counting immunostained cells against GABA-A receptor alpha
1 subunit showed no differences between males and females
(Table 1). Concerning treatment there were main eflect; analysis
shed a significant reduction of quantity of inmunostained cells in
all brain areas of MS animals (Table 1). The interaction between
gender and treatment just was essentially in paraventricular
nucleus and preoptic area (Table 1).

3.1. Differences between genders into treatment. There
were no significant differences between males and females into
ARF animal in AM (t=0,134, p=0,895), mPFC (t=0,883,
p=0,388), HP (t=0,599, p=0,556) and POA, only were
significant differences in PVN (t =2,109, p =0,048) where females
showed more stained cells that males. Into MS animals were not
observed significant differences in AM (t=0,202, p=0,344),
mPFC (t=1,459, p =0,160), and HP (t=1,640, p=0,117), but
in PVN (t=2,234, p=0,037) and POA (t=4,790, p =0,000) in
these limbic areas females had lesser stained cells that males.

3.2. Differences between treatments into gender. The
MS females showed a significant reduction in stained cells in
mPFC, hippocampus, pPVN and mPOA compared to AFR
females (Figure 4a), while M'S males had fewer stained cells in the
amygdala, mPFC and mPOA than AFR males (Figure 4b).
Figure 5 shows a representative stain image from which were
made counting.

Discussion

The results revealed that maternal separation procedure during
breastfeeding applied in this study caused significant effects on
anxiety-like behaviors and limbic GABA-A receptors immunore-
activity, nevertheless these effect were specific for each gender,
data that could be important to understand complex consequences
of early stress.

Behaviors were analyzed in three patterns: anxiety, locomotor
activity and risk assessment. In relation with first both separated
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males and females showed an anxiety reduction, but separated
females exhibited lesser anxiety behaviors than males: spent more
time in open arms (Figure 3a) and head dipping (Figure 3d). Males
did not have significant differences in open arm entries, but
showed important differences in head dipping; this could indicate
that anxiety reduction was not sufficient to let them explore the
open arms. The before pattern of anxiety reduction in maternal
separated animals was similar to that found by Eklund and
Arborelius [14] and Slotten e al. [31], who used a similar MS
protocol, however, no gender differences were observed in the
Eklund and Arborelius study. This may be because they only
assessed defensive avoidance, and the male differences in our
research lay in other patterns.

Others studies has found opposite results, in which maternal
separation stress produce anxiety increase in adult rats [36-38],
the differences between above studies and our results may be
associated with the separation protocol, in studies in which
increase anxiety the separation is made for 3 hour daily during
two or three weeks while we separated the rats for six hour daily
during three weeks. In addition, it should be noted that rat strain
used could have contributed to the differences between our data
and other studies [3]. Some authors have remarked on the
discrepancies in MS studies using Wistar rats, which may be prone
to showing an anxiolytic profile [39,40].

Maternally separated animals, in particular females, have more
locomotor activity (Fig. 3b). This tendency could be related to
greater impulsivity in the MS subjects. High locomotor activity
could also be associated with an anxiolytic pattern in the MS
females. Likewise, high impulsivity and hyperactivity levels have
been reported by Kwak et al. [24] using the EPM and others tests.
Marin and Planeta [41] reported alterations in MS animals only
during adolescence, as this effect became lost during adulthood.
The main difference concerning the Marin and Planeta study was
that they used a 5-h separation over a 5-day period. However,
more measurements must be taken with other tests to prove the
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Table 1. Anovas for Behavior and Immunohistochemistry.

Gender Treatment Interaction
Measurement F P F P F P
Behavior % open arm  39.84  <0.001* 4374 0.042* 6.537 0.014*
entry
Time in open 58.979 <0.001* 13.984 <0.001* 15.887 <0.001*
arms

Total entries  18.479 <0.001* 31.628 <0.001* 2.71 0.107

Time spent in 5368 0.025* 7.285 0.01* 492 0.032*
center

Time spent 13.805 <0.001* 43.123 <0.001* 5518 0.023*
dipping

Time spent 5344 <0.001* 4.389 0.042* 21.56 <0.001*
stretching

IHC Amygdala 0.279  0.603
Hippocampus 0.541 0.470

16.850 <0.001* 0.515 0.481
32294 <0.001* 2.507 0.129

Prefrontal 2741 0.113 32762 <0.001* 0.166 0.688
Cortex
Paraventricular 0.00781 0.930 61.954 <0.001* 9.429 0.006*
nucleus

Preoptic area 4.595  0.045 73.677 <0.001* 21.446 <0.001*

Two-way ANOVA results for each behavior (n=48) and the
immunohistochemistry data (n=24). *statistically significant differences
p<0.05.

doi:10.1371/journal.pone.0068010.t001

validity of these findings because the total entries in the plus maze
are not a precise indicator of hyperactivity or impulsivity [42].

Regarding of risk assessment patterns, males exposed to MS visit
for more time the center maze and made more stretching behavior
than ARF males and all females (Iigure 3c and 3d), this result is
particularly interesting and has not been reported in previous MS
research. The risk assessment has been associated with an conflict
between tow unconditioned tendencies; unsafe spaces avoidance
and news spaces exploration [15,43], animals that exhibited more
risk assessment behaviors have troubles to make decision, what
may be associated with a lower anxiety level that those that stayed
more time in close arms [44], but greater than those exploring
open arms.

Immunohistochemical analysis indicated that the MS females
had lower immunoreactivity for the GABA-A receptor ol subunit
in CA3 region of the hippocampus, prelimbic mPFC, mPOA and
hypothalamic pPVN compared to AFR females, while MS males
presented lower immunoreactivity in amygdala, mPFC and
pPVN. The main GABAergic signal within the hippocampus
comes from local interneurons [45], forming part of the local
modulation circuits. The reduction in the number of immuno-
stained cells in the CA3 region of the hippocampus could result in
an increase in glutamatergic excitatory output to the limbic areas
that mediate hypothalamic pPVN inhibition. The greatest
concentration of GABA-A receptors in the mPFC are located in
layer 3 of the pyramidal cells, which primarily receive inhibitory
input from adjacent interneuron layers with addition input from
the hippocampus and basal forebrain [46]. GABA-A receptor
reduction within the mPFC could result in poor inhibition of the
pyramidal neurons followed by a stronger excitatory signal on the
limbic nucleus. The reduction in prefrontal GABA-A receptors
observed in MS females could contribute to their lower anxiety
profile via increased pPVN neuron inhibition resulting in a low
HPA response, what coincide with no-published result in our lab,
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where found a reduction in baseline plasma CORT levels in MS
females.

On the other hand, number of immunostained cells reduction in
the amygdala could suggest altered GABAergic input from the
local interneurons that receive excitatory input, primarily from the
PFC and hippocampus [47]. This could be followed by increased
GABAergic output and a resulting increase in the inhibition of
limbic areas, such as the intermediated nucleus, which, in turn,
would result in lower tonic pPVN inhibition. This might explain
the making decision conflict observed in MS males, likely related
with tow influences: greater excitation by the mPFC and greater
inhibition by the amygdala.

In the present work, we observed that the number of
immunolabeled cells was significantly reduced in all MS subjects,
with the reduction being more evident in males than females.
However, the POA was the only structure in which the difference
between males and females was statistically significant. The
females were more susceptible to receptor subunit loss than males.
The POA has large GABAergic activity with a high percentage of
neurons synthesizing GABA and expressing GABA-A receptors.
This area contains of a dense mesh of local loops receiving and
sending GABAergic signals [48]. Most of the inhibitory GABAer-
gic inputs come from the amygdala [17], and a reduction in
GABA-A receptors could indicate inadequate local and amygdalar
inhibition and a consequent increase in the inhibitory hypotha-
lamic pPVN neuron output. Adding this to the PFC and
hippocampus effects could result in strengthening the PVN
inhibition and thus explain the low anxiety level shown by the
MS females. The gender differences observed in the mPOA could
be mediated by sexual hormones. There is evidence that estrogen
receptor activation can modify the transcription of different
GABA-A subunits [49]. It is interesting to note that maternal
behavior, like lordosis and nest building, are affected by local POA
GABA transmission [50]. Hence, the MS effects on GABA-A
receptors in the POA may be associated with non-genomic
transmission of anomalous maternal behavior [51].

Hypothalamic pPVIN neurons receive important inhibitory
signals from limbic structures and have local inhibitory activity
based on essential GABA-A receptors. MS stress is associated with
fewer GABA-A receptors in females, which could have reduced
the high level of inhibition found in this area; however, further
studies are needed to assess whether the GABA input in the pPNV
is greater than the GABA-A receptor reduction, resulting in a low
HPA axis response pattern.

Other studies have found related MS effects on GABA-A
neurotransmission, Hsu e al., [52] reported that MS induced
changes in hippocampal long-term GABA-A receptor function
and subunit expression. Ziabreva et al. [53] also reported GABA-A
receptor down-regulation in the amygdala and hippocampus in
Octodon degus pups separated from their parents. Caldji e al. [10]
found that neglected maternal care reduced mPFC and amygdala
benzodiazepine binding efficiency to GABA-A receptors. Jaworski
et al. [54] concluded that rats exposed to MS for 15 min showed
an increase in GABA-A receptors compared to rats separated for
180 min. Garrett and Wellman [55] found that males were more
susceptible than females to mPFC alterations after early chronic
stress. The MS effects on GABA transmission could be the
associated with the glucocorticoids chronic exposition [19,56-58]
and changes in BDNF levels [59] during neurodevelopment.

This study focused on the ol subunit, however the physiological
and behavioral effects observed could be related with changes in
others subunits like a2 or a3, ol subunit has been related with
amnesic and sedative benzodiazepine interactions, but o2 and o3
are more strongly associated with anxiolitic performance. It should
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Figure 3. Elevated plus maze results according to gender (females =left, males =right) and treatment (AFR =white, MS =black). (a)
Time spent in the open arms: AFR vs. MS females (t=5.160, p =0.0001); AFR females vs. AFR males (t=2.705, p=0.010); MS females vs. MS males
(t=7.984, p=0.001). (b) Number of arm entries: MS vs. AFR females (t =4.856, p=0.001); AFR vs. MS males (t =3, p =0.004); MS females vs. MS males
(t=4.069, p=0.00). (c) Time spent in the maze center: AFR vs. MS males (t=3.708, p=0.001); AFR females vs. males (t=3.321, p=0.002). (d) Time
spent head dipping: AFR vs. MS females (t=5.955, p =0.00); AFR vs. MS males (t=3.181, p =0.003); MS females vs. MS males (t =4.150, p =0.00). (e)
Time spent stretching: AFR vs. MS males (t=5.082, p =0.00); MS females vs. MS males (t=8.181, p=0.00). a: significant difference was observed
between same gender; and b: significant difference between same treatment, p<<0.05 in Holm-Sidak test, n=48.
doi:10.1371/journal.pone.0068010.g003

be noted that the ol subunit reduction in the MS animals could subunit have shown that a1 depletion produces insensitivity to BZ
imply an increase in o2 subunit expression, mainly in the but not to GABA, and its effects were not anxiolytic [60]. Ye et al.
hippocampus [52]. Studies using knock-out mice for the ol [61] found that mice with a ol mutation presented a heightened
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Figure 4. Number of stained cells in the amygdala (AM), prefrontal cortex (PFC), hippocampus (HP), paraventricular nucleus (PVN),
preoptic area (POA) according to treatment (AFR =white, MS =black). (a) Females: PFC (t=3,759, p=0,001), HP (t=5,138, p=0,000), PVN
(t=7,737, p=0.00) and POA (t=7.015, p=0.00). (b) Males: AM (t=3,410, p =0,003), PFC (t=4,335, p=0,000), PVN (t=3,394, p =0,003).* significant
differences p<<0.05 in Holm-Sidak test, n=24.

doi:10.1371/journal.pone.0068010.9004
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Figure 5. Representative image of immunostaining for the GABA A receptor alpha subunit. The image corresponds to prelimbic area of

the medial prefrontal rat cortex (bregma 2.70 mm) immunohistochemistry.

doi:10.1371/journal.pone.0068010.g005

anxiety profile, but the BZ anxiolytic effect was lost in mice with a
02 mutation but not in o3 mutation [62]. The extended
localization of o2 in the limbic system supports its role in anxiety
[63]. The changes in different GABA, subunits should thus be
studied to gain knowledge about the influence of early experiences
on GABA transmission and its effects on anxiety behavior, motor
activity and endocrine response.

Separation from dams could have generated chronic stress in
the pups, which increase Glu in nervous central system affecting
brain development. However, is important take in account the
stress hyporesponsive period (SHRP), which occur between 3 and
14 postnatal day, Bock and coworkers [64] showed that MS stress
consequences on brain plasticity are dependent of dam separation
moment, prior and after to SHRP take place the main effects, thus
specifics limbic changes that were exhibit in separated animals,
could happened at different neurodevelopment moments. In
addition, SHRP may be modified by maternal experiences, to
ensure low stress hyporesponsivity is needed maternal care; and
separation could induce high stress, even during the SHRP
[65,66]. Results of Dent and coworkers [25] support the
hypothesis that the early stress specifics effects on GABA circuit
development are exerted mainly out of the SHRP.

In this study, we did not assess the effect of early stress on the
function of other neurotransmitter systems that are important for
central stress control. Several articles have reported important
alterations in serotonin [67,68], dopamine [69,36] and adrenaline,
which are associated with a wide range of behavioral disruptions.
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