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ABSTRACT

The impact of stressful events is especially important during early life, because certain cortical regions, especially the prefrontal cortex (PFC), are still developing.
Consequently, aversive experiences that occur during the peripubertal period can cause long-term alterations in neural connectivity, physiology and related be-
haviors. Although sex influences the stress response and women are more likely to develop stress-related psychiatric disorders, knowledge about the effects of stress
on females is still limited. In order to analyze the long-term effects of peripubertal stress (PPS) on the excitatory and inhibitory circuitry of the adult PFC, and whether
these effects are sex-dependent, we applied an unpredictable chronic PPS protocol based on psychogenic stressors. Using two strains of transgenic mice with specific
fluorescent cell reporters, we studied male and diestrus females to know how PPS affects the structure and connectivity of parvalbumin expressing (PV+) in-
terneurons and pyramidal neurons. We also studied the expression of molecules related to excitatory and inhibitory neurotransmission, as well as alterations in the
expression of plasticity-related molecules. The structure of pyramidal neurons was differentially affected by PPS in male and female mice: while the former had a
decreased dendritic spine density, the latter displayed an increase in this parameter. PPS affected the density of puncta expressing excitatory and inhibitory synaptic
markers exclusively in the female mPFC. Similarly, only in female mice we observed an increased complexity of the dendritic tree of PV+ neurons. Regarding the
perisomatic innervation on pyramidal and PV + neurons by basket cells, we found a significant increase in the density of puncta in stressed animals, with interesting
differences between the sexes and the type of basket cell analyzed. Finally, the PPS protocol also altered the total number of somata expressing the polysialylated
form of the neural cell adhesion molecule (PSA-NCAM) when we analyzed both sexes together. These results highlight the strong programming effects of aversive
experiences during early life for the establishment of cortical circuitry and the special impact of these stressful events on females.

1. Introduction

Although acute stress can trigger the adaptation of individuals to
changing environments, chronic stress may lead to alterations in the
physiology and connectivity of certain neural circuits (McEwen, 2000).
These alterations are strongly influenced by the duration and type of the
stressor and have different effects on distinct brain regions (McEwen
et al., 2016). The exposure to chronic stress can lead to an altered bal-
ance between excitatory and inhibitory neurotransmission (Page and
Coutellier, 2019) and constitutes a predisposing factor for the develop-
ment of different psychiatric disorders (McEwen, 2000). Interestingly,
the brain response to chronic stress is also influenced by the age of the
individuals and their sex (Hodes and Epperson, 2019; Spear, 2000;
Manas-Ojeda et al., 2020).

The impact of stressful events is especially important during early
life, when certain cortical regions, specially the prefrontal cortex (PFC),
are still developing (Shaw et al., 2020a). Late stages of neural devel-
opment extend well into adolescence (in mice from postnatal day (P) 28
until P42 (Spear, 2000; Rice and Barone, 2000), herewith termed peri-
pubertal period). Consequently, aversive experiences occurring during
the peripubertal period can modify the construction of neural circuits
and elicit long-term disturbances in physiology and behavior (Page and
Coutellier, 2018; Page et al., 2018; Papilloud et al., 2018). In fact,
several studies have reported that individuals exposed to stressful ex-
periences during the peripubertal period have an increased risk of
developing a wide range of psychopathologies (Heim and Nemeroff,
2001; Paus et al., 2008). Most of these stress-related psychiatric disor-
ders are accompanied by alterations in the structure and physiology of
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Fig. 1. Timeline of the experiment.

the PFC (Arnsten, 2015). In fact, the PFC is especially sensitive to
aversive experiences and recent studies have shown how peripubertal
stress can induce deficits on some PFC-dependent cognitive function
(Watt et al., 2017; Liston et al., 2006; Tzanoulinou et al., 2016).

Many studies have demonstrated that chronic stress can affect the
structure and connectivity of different cell types of the adult PFC,
including pyramidal neurons (Radley et al., 2008; McEwen and Morri-
son, 2013), somatostatin expressing Martinotti cells (Gilabert-Juan
et al., 2013) and parvalbumin (PV) expressing cells (Page et al., 2018;
Czéh et al., 2018; Pesarico et al., 2019). PV + interneurons are the most
abundant subtype of cortical interneurons and play a key role in the
cortical circuitry, controlling firing synchronization and spike timing of
excitatory pyramidal neurons (Ferguson and Gao, 2018). Previous work
from our laboratory and others have observed alterations in these
inhibitory neurons in the PFC after early life stress (Page et al., 2018;
Ueno et al., 2018; Castillo-Gomez et al., 2017). There are also studies
describing alterations in these PFC interneurons in psychiatric disorders
for which adverse experiences in early life are a risk factor, such as
schizophrenia (Gonzalez-Burgos et al., 2015). This control of pyramidal
neurons is exerted partially through the perisomatic input coming from
PV+ and cholecystokinin (CCK)+ basket cells. Recent work has found
that this input is also regulated by chronic stress in adult animals
(Pesarico et al., 2019). The synapses coming from CCK + basket cells
express high levels of the cannabinoid receptor 1 (CB1R) and their study
is particularly interesting because the endocannabinoid (eCB) system is
involved in the stress response (Hill and McEwen, 2010; Hill et al.,
2008). In particular, it is known that eCB activation of CB1R decreases
GABA release within the mPFC, likely increasing the outflow of the
principal neurons of this region to contribute to termination of the stress
response (Hill et al., 2011). Interestingly, during development, special-
ized regions of the extracellular matrix, known as perineuronal nets
(PNN), appear around the somata and proximal segments of the den-
drites of PV + interneurons to exert a neuroprotective effect and control
their plasticity (see (Wang and Fawcett, 2012; Testa et al., 2019) for
review). Chronic stress alters the expression of some components of the
PNN (Pesarico et al., 2019; Ueno et al., 2018), as well as that of other
plasticity-related molecules, such as the polysialylated form of the
neural cell adhesion molecule (PSA-NCAM) (Gilabert-Juan et al., 2013).
PSA-NCAM is highly expressed during development and, as the PNN, has
a critical role on the maturation of the connectivity of cortical PV + cells
(Di Cristo et al., 2007) and its subsequent plasticity during adulthood
(Gilabert-Juan et al., 2011).

Peripubertal animals subjected to chronic stress display in the short-
term behavioral changes and structural alterations in excitatory and
inhibitory neurons (Sala-Catala et al., 2005; Wommack et al., 2004),
although the consequences of peripubertal stress on adult cortical

circuitry have been less studied. It is important to note that most of the
studies have used predictable stressors and have evaluated the effects of
stress immediately after the aversive experience (Potrebic et al., 2020;
Toledo-Rodriguez et al., 2012). Juvenile chronic stress reduces the
dendritic length and spine density of pyramidal neurons in the PFC and
these alterations persist in young adult animals (Pinzon-Parra et al.,
2019). However, the effects of peripubertal stress are not limited to
principal neurons; this aversive experience can also trigger dysregula-
tions in the prefrontocortical excitatory-inhibitory balance, specifically
it can promote alterations in PV + neurons and PNN (Page and Cou-
tellier, 2018). At the behavioral level, sustained peripubertal stress
promotes a decrease in locomotor activity (Pinzon-Parra et al., 2019;
Platt and Stone, 1982) and an increase of anxiety-like behaviors (Page
et al., 2018; Avital and Richter-Levin, 2005).

Women are more susceptible than men to develop psychiatric dis-
orders in which stress is considered a precipitating factor, such as major
depression or anxiety (Weissman and Klerman, 1977; Bangasser and
Valentino, 2014). However, our knowledge on the effects of chronic
stress in females is still very limited. In the adult PFC, the impact of
chronic stress on different subpopulations of neurons appears to be
sex-dependent, particularly on pyramidal neurons (Garrett and Well-
man, 2009) and PV expressing interneurons (Shepard et al., 2016; Page
and Coutellier, 2018). Although there is still scarce information avail-
able on sex differences in the effects of peripubertal stress (PPS), a recent
report using physical stressors has shown that it can induce alterations
on depression and anxiety-related behaviors, as well as in the number of
PV + cells and PNN in a sex-specific way (Page and Coutellier, 2018).

To address these questions, we have analyzed in adult male and
diestrus female mice the impact of an unpredictable chronic PPS para-
digm based on psychogenic stressors. In male rats, peripubertal stress
was shown to elicit abnormal aggressive behaviors and increased anxi-
ety (Papilloud et al., 2018; Marquez et al., 2013; Walker et al., 2018), as
well as alterations in the expression of molecules involved in inhibitory
neurotransmission in the medial prefrontal cortex (mPFC) (Tzanoulinou
et al., 2016). Here, we have used two different transgenic mouse strains
with cell specific fluorescent reporters to study how PPS affects: i) the
structure of PV + interneurons and pyramidal neurons of the mPFC; ii)
the perisomatic innervation of pyramidal neurons by basket cells (from
PV + interneurons and CCK + cells); iii) the expression of molecules
related to inhibitory and excitatory synapses in the neuropil of the
mPFC; and iv) alterations in PNN and PSA-NCAM expression given their
role in interneuronal plasticity.
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2. Material and methods
2.1. Animals and experimental procedures

Two different transgenic mouse strains (Jackson Laboratories; Bar
Harbor, Maine, USA) were used in our experiments: the THY1 mice line
H (C57BL/6- Tg(Thyl-YFP)HJrs/J), which expresses yellow fluorescent
protein (YFP) in a subset of pyramidal neurons (Feng et al., 2000), and
the PV-tdT line (C57BL/6-Tg(Pvalb-tdTomato)15Gfng/J), which ex-
presses tdTomato red fluorescent protein in PV expressing interneurons
(Kaiser et al., 2016). The experimental procedures were performed in
both strains and in both sexes. Mice were maintained under standard
housing conditions on a 12 h light-dark cycle. Food and water were
available ad libitum.

All animal experimentation was conducted in accordance with the
Directive 2010/63/EU of the European Parliament and of the Council of
September 22, 2010 on the protection of animals used for scientific
purposes and was approved by the Committee on Bioethics of the Uni-
versitat de Valéncia. Every effort was made to minimize the number of
animals used and their suffering.

At weaning, male and female mice were randomly assigned to con-
trol (CONT) and peripubertal stress (PPS) conditions. A total number of
39 THY1 mice were used, distributed in 4 experimental groups (CONT
male = 11, CONT female = 12, PPS male = 8 and PPS female = 8).
Likewise, 37 PV-tdT mice were distributed following the same protocol
as THY1 mice (CONT male = 11, CONT female = 9, PPS male = 8 and
PPS female = 9). On postnatal day 28 (P28) the PPS protocol began, and
it lasted until P42 (Fig. 1). A test for anxiety-like behavior (open field
test) was performed when the animals reached adulthood (P85). Male
mice were perfused at P90, but female mice perfusion was performed,
starting at this age, when they reached the diestrus phase to avoid dif-
ferences due to oscillating sex hormones. All female mice were perfused
before P95. The determination of the phase of the estrous cycle was
achieved after the microscopic examination of vaginal smears, flushing
three to five times the vagina with phosphate buffered saline (PBS). The
final flush was placed on a glass slide and stained with toluidine blue.
Then we calculated the proportion of leukocytes, nucleated epithelial
cells and anucleated cornified cells, as described before (Caligioni,
2009).

2.2. Peripubertal stress

The PPS protocol was based on the exposure to different stressors and
was a modification of a previously described protocol in rats (Papilloud
et al., 2018; Marquez et al., 2013). Briefly, following exposure to an
open-field for 5 min on P28, the stress protocol consisted of presenting
seven different stressors distributed in 7 non-following days, between
P28 and P42, during the light phase, following an unpredictable
schedule (Fig. 1). Stressors were applied in two different sessions
-morning and afternoon-separated by a resting period of minimum 3 h.
The order and timing of the stressors were changed on the different days.

The stressors were: (a) 5 min exposure to an novel environment (NE), a
rectangular arena of transparent plexiglass of 40 x 40 cm without cover
(Stoelting Europe); (b) 25 min exposure to the synthetic fox odor trime-
thylthiazoline (TMT) (9 pl) (Phero Tech Inc., Canada), which was placed
in a gauze inside a vial situated in the middle of a clean plastic cage (38
x 27.5 x 31 cm); (c) tail puncture simulating the blood collection, which
consisted in a small incision made on the distal part of the tail with the
help of a blade at 0 min (to:) and 30 min later (t3p-) (animals were held
manually for this procedure); (d) 25 min exposure to an elevated platform
(EP) measuring 12 x 12 cm and located 95 cm from the ground; (e) 30
min of restrain in a PVC conical tube with multiple holes; (f) 10 min
exposure to the tail suspension test (TST); or (g) placement for 10 min in
the forced swim test (FST), where animals are placed inside a glass beaker
(25 cm tall x 14 cm @) half filled with water at 23-25 °C.

Control animals were handled on the days that their experimental
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Table 1
Primary and secondary antibodies.
Host Dilution  incubation Company
Anti-PV Guinea 1:2000 48 h,4°C Synaptic
Pig Systems
Anti-CB1R Rabbit 1:1000 48 h, 4 °C Synaptic
Systems
Anti-VGLUT1 Goat 1:2000 48h,4°C Millipore
Anti-VGAT Rabbit 1:1000 48 h, 4 °C Synaptic
Systems
Anti-PSA-NCAM Mouse 1:1400 48h,4°C Millipore
Anti-Guinea Pig Goat 1:400 2 h, room Life
A555 temp. Technologies
Anti-Mouse IgG Donkey 1:400 2 h, room Invitrogen
temp.
Anti-Rabbit A555 Donkey 1:400 2 h, room Life
temp. Technologies
Anti-Goat A555 Donkey 1:400 2 h, room Life
temp. Technologies
Anti-Rabbit A647 Donkey 1:400 2 h, room Life
temp. Technologies
Anti-Mouse IgG Donkey 1:400 2 h, room Invitrogen
A555 temp.

counterparts were exposed to stress. In addition, all animals were
weighted twice prior (P28-P30), during (P34-P36) and after (P40-P42)
the PPS protocol to detect differences in their weight gain.

2.3. Behavioral studies

The open field (OF) was performed at P84, prior to the perfusion. In
this test, each mouse was placed in the center of a black opaque plex-
iglass covered arena (40 x 40 cm) and was left to freely explore the
chamber for 10 min. Animals were video-tracked by ANY-maze software
(ANY-maze video tracking system v4.98; Stoelting Europe) and we
measured the following parameters: (1) total distance travelled and
immobile episodes (to study locomotor activity) and (2) time in the
center zone/time periphery zone (for the measure of anxiety) (Per-
ez-Rando et al., 2018; Simon et al., 1994). For this last measure we only
took into account the first 5 min of the OF test, which refers to the
novelty phase. The periphery zone was defined as the area located be-
tween 0 and 6 cm from the walls of the apparatus. Ethanol 70% was used
to wipe the chamber each time prior to its use and before subsequent
tests to remove any scent clues left by the previous subjects.

2.4. Sacrifice and perfusion

The intracardial perfusion was performed under deep pentobarbital
anesthesia, first with 0.9% NaCl solution and then with 4% para-
formaldehyde in sodium phosphate buffer (PB 0.1 M, pH 7.4). After
perfusion, the brains were extracted from the skull and stored in PB 0.1
M. The two hemispheres were separated, and the right hemisphere was
cut into 100 pm thick sections with a vibratome (Leica VT 1000E, Leica).
The sections were collected in three subseries and stored at 4 °C in PB
0.1M and sodium azide 0.05% until used.

2.5. Immunohistochemistry

After cutting, sections were washed in PBS and then incubated for 1 h
in 10% normal donkey serum (NDS; Abcys) in PBS with 0.2% Triton X-
100 (PBST; Sigma-Aldrich). Afterward, they were incubated for 48 h at
4 °C with the appropriate primary antibody or antibody cocktail, diluted
in PBST and 5% NDS (Table 1). The detection of PNN was carried out
using a 1:400 diluted biotinylated Wisteria floribunda agglutinin (WFA,
Sigma-Aldrich) (Hartig et al., 1992), which recognizes the N-ace-
tyl-D-galactosamine component of the extracellular matrix. After
washing, sections were incubated for 2 h at room temperature with
matching secondary antibodies (Table 1) or A647-conjugated
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streptavidin (1:400, Life Technologies), which were also diluted in
PBST. Finally, sections were washed in PB 0.1 M, mounted on slides, and
coverslipped using fluorescence mounting medium (Dako North Amer-
ica Inc.).

2.6. Analysis of the structure of pyramidal neurons

We analyzed the dendritic spine density of YFP expressing pyramidal
neurons in THY1 mice. This structural parameter of the YFP + pyramidal
neurons was studied using a laser scanning confocal microscope (Leica
TCS SPE). We have chosen the IL cortex because it is a prefrontocortical
region particularly involved in anxiety behaviors (Berg et al., 2019) and
because of the tight control that it specifically exerts over the activity of
monoaminergic neurons via descending afferents (Fullana et al., 2020).
Moreover, previous results from our laboratories have found alterations
in the expression of molecules related to inhibitory neurotransmission in
this region after PPS in rats (Tzanoulinou et al., 2016).

For the analysis of the dendritic spine density 6 YFP expressing py-
ramidal neurons per animal were randomly selected on the IL region
layer V. A 63 x oil immersion objective and a 3.5 x additional digital
zoom were used to obtain confocal stacks covering the first 200 pm of
the dendrite (Z-step size of 0.3 yum). The YFP expressing pyramidal
neurons were randomly selected, making sure that they were only
analyzed once, but the analyzed dendrites had to meet the following
criteria to be included in the study: (a) their length should be at least
200 pm, and (b) no other dendrites should be found crossing their tra-
jectory. Four segments were then established, namely the proximal
(0-50 pm), proximal-medial (50-100 pm), medial-distal (100-150 pm),
and distal (150-200 pm). The total number of spines in the entire 200
pm segment was also analyzed.

2.7. Analysis of neuropil puncta density and calculation of the E/I ratio

The density of puncta expressing the vesicular GABA transporter
(VGAT, a marker of inhibitory synapses) and of the vesicular glutamate
transporter 1 (VGLUT1, a marker of excitatory synapses) was studied in
the neuropil of layer V in the IL subregion of the mPFC, as described
before (Guirado et al., 2014, 2018). This is, from each immunostaining,
slices from the same rostral-caudal level were examined under a
confocal microscope (Leica TCS SPE) using a 63 x oil objective and 2 x
digital zoom magnification. Confocal z-stacks covering the whole depth
of the slice were taken with a 0.3 pm step size, making sure that the same
field was not imaged twice, and only subsets of confocal planes with the
optimal penetration level for each antibody were selected. On these
planes, five small regions of neuropil (300 pmz) were selected for
analysis, in order to avoid blood vessels and cell somata. Images were
processed using FIJI-ImageJ Software (Schindelin et al., 2012) as
described before (Guirado et al., 2018). Puncta density means from
these five squared areas were determined by a custom-made macro.
Briefly, images were first processed applying a Gaussian blur followed
by a binary mask representing the expression profile of the molecules of
interest (VGAT and VGLUT1). Then the macro measured the fluores-
cence intensity of the binarized mask and the density of puncta. The E/I
ratio in the neuropil was defined as the density of excitatory puncta
divided by the density of inhibitory puncta.

2.8. Analysis of the structure of parvalbumin expressing interneurons

We analyzed the complexity of the dendritic arborization of PV
expressing interneurons in tdT-PV mice. The structure of the tdT + PV
expressing interneurons was studied using a laser scanning confocal
microscope (Leica TCS SPE). It was mostly focused on deep layers (V and
VI) of the IL region.

For the study of the dendritic arborization of PV expressing in-
terneurons, we performed an immunohistochemistry against PV to boost
the tdTomato fluorescent signal. Then, we randomly selected 6 tdT
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expressing interneurons per animal, making sure that they were only
selected once, following a previously described methodology (Gila-
bert-Juan et al., 2013). Z-series of optical sections (0.8 pm step size; 40
x objective) covering the dendritic tree of selected interneurons were
obtained using the sequential scanning mode. To be suitable for analysis,
these interneurons had to fulfill the following features: (1) the dendritic
arbor of the cell must show at least a process with a length >120 pm, and
(2) the soma must be located at least 30 pm deep from the surface of the
tissue. The stacks obtained were then processed using FIJI software
(Schindelin et al., 2012) to render 3D reconstructions. Neurons were
traced using the “Simple neurite tracer” plugin, which also allowed us to
analyze their Sholl profile in 3D (Longair et al., 2011) consists on the
measure of the number of intersections of the dendrites with spheres of
increasing radius centered in the soma (Sholl, 1953). The separation
among the spheres of the analysis was set at 20 pm. Finally, we grouped
the values in a proximal segment (the 40 pm closest to the soma), a
medial segment (between 60 and 120 pm) and a distal segment (the
distal 40 pm).

2.9. Analysis of perisomatic puncta on parvalbumin expressing
interneurons and YFP expressing pyramidal neurons

We analyzed the density of puncta expressing different synaptic
markers in the perisomatic region of PV expressing interneurons and
YFP expressing pyramidal neurons, following a previously described
protocol (Guirado et al., 2018; Castillo-Gomez et al., 2011). Concretely,
we studied the density of puncta expressing the cannabinoid receptor 1
(CB1R) surrounding the somata of PV expressing interneurons and that
of CB1R and of PV expressing puncta surrounding the somata of YFP +
pyramidal neurons. In brief, between 20 and 30 pyramidal neurons and
PV expressing interneurons on the layer V of the IL region were imaged
per animal, making sure that they were only captured once, in three
different sections. Confocal z-stacks covering the whole depth of the
neuronal somata were taken with 0.3 pm step size using a 63 x oil
objective with 2 x digital zoom magnification and images were pro-
cessed using FIJI (Schindelin et al., 2012). The profile of the soma of
these neurons was drawn and puncta localized within an area 0.5 pm
distal from the edge of this profile were analyzed. A punctum was
defined as a structure displaying an area between 0.15 pm? and 2.5 pm?>
32, The density of puncta (number of puncta per pm of soma perimeter)
was analyzed on a single confocal plane from each selected neuron, in
which the penetration of each antibody was optimal. The images were
converted to 8-bit-deep and binarized using a determined threshold
value, which depended on the marker, but it was the same for all images
with the same marker. The images were then processed with a blur filter
to reduce noise and separate closely apposed puncta. Finally, the density
of puncta surrounding the soma was calculated (Guirado et al., 2018).

2.10. Study of the number of parvalbumin expressing cells and
perineuronal nets

The total number of PV + neurons, PNN and PV + cells surrounded
by PNN from the deep layers (V and VI) of the IL cortex was estimated
using a modified version of the fractionator method (West, 1993; Nacher
et al., 2002). We counted cells covering 100% of the sample area, this is,
within each section, all labeled were counted. The fractionator sampling
scheme refers to the methodology of examining 1 out of every 3 brain
sections. Thus, our modification of the optical dissector combined with a
1:3 fractionator sampling is truly a modification of the optical frac-
tionator method. 1:3 systematic and random series of sections covering
the whole rostral to caudal extension of the IL were imaged using an
Olympus FV-10 confocal microscope with a 10x magnification objective.
The counting analysis was performed using F1JI/ImageJ imaging soft-
ware (NIH (Schindelin et al., 2012),), making sure that the cells were
only counted once. Cells appearing in the upper focal plane were
omitted to prevent counting cell caps.
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Fig. 2. Behavioral effects of peripubertal stress in the Open Field Test at P84.

Behavioral results of PV-tdT mice in the open field, 42 days (P84) after the PPS protocol or corresponding unstressed controls. A: Representative track-plot reports
recorded during the OF test session to test the locomotion and anxiety-related behavior (A1-A4). B-D: Graphs showing changes in behavioral parameters related to
locomotor activity (B1-B2, C1-C2, D1-D2) and anxiety-related (B3, C3, D3) in the OF test. Graphs in green include data from all experimental animals (not separated
by sex, B; N: controls = 27, PPS = 17). Graphs in orange include data from males (C: N: controls = 16, PPS = 8). Graphs in purple include data from females (D; N:
controls = 8, PPS = 9). Values represent mean + S.E.M. Asterisks in graphs indicate statistically significant effects between groups (Control x Stress) after unpaired
Student’s t-test. Symbols: # 0.1 > p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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2.11. Study of the cell number and fluorescence intensity of PSA-NCAM
expressing neurons

The total number of cells expressing the plasticity-related molecule
PSA-NCAM was also estimated using the modified version of the frac-
tionator method, as described above. Using the 1:3 fractionator, we then
calculated the total number of PSA-NCAM immunoreactive neurons in
the IL cortex per animal, being this number the sampling unit for sta-
tistical analyses.

To study the fluorescence intensity of PSA-NCAM + cells, all labeled
neurons were imaged using a confocal microscope (Leica TCS SPE),
keeping exactly the same settings. Afterward, using FIJI, we performed a
dynamic binarization, setting the threshold in the top 10% of the his-
togram, of the PSA-NCAM signal to create a mask to calculate the
fluorescence intensity.

2.12. Statistics

The experimental design and statistical analysis were based on the
indications of Diester and collaborators (Diester et al., 2019). We first
analyzed pooled data from both sexes and then data were segregated by

Neurobiology of Stress 14 (2021) 100322

Fig. 3. Analysis of the density of
dendritic spines in pyramidal neurons
of the infralimbic cortex.

A & B: Representative 2D projections
of distal segments of spiny apical
dendrites of pyramidal neurons from
control and stressed males (A) and
females (B) at P84. C-E: Graphs
showing the results of the analysis of
dendritic spine density. Spine density
was determined in four 50 pm-length
segments located 0-50 pm (proximal),
50-100 pm (proximal-medial),
100-150 pm (medial-distal) and
150-200 pm (distal) from the soma
and in the total length (total). The
graph in green includes data from all
experimental animals (not separated
by sex) (C; N: controls = 13, PPS =
11). The graph in orange includes
data from males (D; N: controls = 6,
PPS = 6). The graph in purple in-
cludes data from females (E; N: con-
trols = 6, PPS = 6). Values represent
mean + S.E.M. Asterisks in graphs
indicate statistically significant effects
between groups (Control x Stress)
after unpaired Student’s t-test. Sym-
bols: # 0.1 > p > 0.05; *p < 0.05; **p
< 0.01; ***p < 0.001. Scale bar: 5 pm.

mm Control
ER Stress

B3 Control
B3 Stress

Hm Control
ER Stress

sex and analyzed separately. However, we decided not to analyze sex as
a between-subjects factor since the determination of differences be-
tween sexes was not an objective of our study. All slides were coded
prior to quantitative analysis, and the code was not broken until the
quantification was completed. For all the statistical analyses, the mean
+ SEM was determined, and the resulting values were then subjected to
Student’s t-test analysis, except for the longitudinal weight study, which
was analyzed using a repeated measures ANOVA (time x group) fol-
lowed by a Bonferroni post hoc test to detect pairwise differences. All
statistical analyses were performed using the IBM SPSS statistics soft-
ware (v24.0). Outliers were detected and removed from analysis using
Grubbs test. Probability values less than 0.05 (p < 0.05) were considered
as statically significant. All graphs were drawn using GraphPad Prism v6
(GraphPad software Inc., USA).

3. Results

3.1. Peripubertal stress modifies locomotor activity particularly in adult
females

We monitored the weight gain of the animals throughout 2-day
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Fig. 4. Analysis of the density of inhibitory and excitatory puncta in the infralimbic cortex.

A & B: Representative single confocal planes of puncta expressing excitatory (blue, VGLUT1) and inhibitory (red, VGAT) synaptic markers in the neuropil of stressed
and control mice in males (A) and females (B) at P84. C-D: Graphs representing the effects of PPS on the density of VGLUT1+ (C1, D1, E1) and VGAT + puncta (C2,
D2, E2) in the IL subregion of the mPFC. The effects on the E/I ratio (density of VGLUT1+ puncta/density of VGAT + puncta) were also plotted (C3, D3, E3). Graphs
in the first row (green) include data from all experimental animals (not separated by sex) (C; N: controls = 23, PPS = 13). Graphs in the second row (orange) include
data from males (D; N: controls = 11, PPS = 6). Graphs in the third row (purple) include data from females (E; N: controls = 12, PPS = 7). Values represent mean =+ S.
E.M. Asterisks in graphs indicate statistically significant effects between groups (Control x Stress) after unpaired Student’s t-test. Symbols: # 0.1 > p > 0.05; *p <
0.05; **p < 0.01; ***p < 0.001. Scale bar 20 pm. VGLUT1: Vesicular Glutamate Transporter-1. VGAT: Vesicular GABA Transporter.

intervals during PPS (P30-P28, P36-P34, P42-P40) and found a
significantly lower weight gain in stressed male animals from P34 to P36
[Bonferroni post hoc test (P36-P34) p = 0.014; Fo,1g (time) = 60.02, p <
0.0001; Fy,9(group) = 0.664, p = 0.436; Fa,1g(time x group) = 7.853, p
= 0.004]. There were no significant changes in this parameter when
analyzing female mice or both sexes together.

We also evaluated whether mice exposed to stress during puberty
showed differential behavioral responses in the OF when compared to
their respective control groups (Fig. 2). Animals were tested in the OF at
P84 to evaluate long-term effects of PPS on locomotor activity. We found
increases that were statistically significant or show a tendency towards
significance when both sexes were considered together (Fig. 2B1-2;
distance travelled: p = 0.003, t = 0.134; immobile episodes: p = 0.059, t
=1.951), but not when males were analyzed separately (Fig. 2C1-2; p >
1.000 in all parameters). By contrast, stressed females showed signifi-
cant increases in these locomotion related parameters (Fig. 2D1-2; dis-
tance travelled: p = 0.0007, t = —4.486; immobile episodes: p = 0.032, t
= 1.989). When studying anxiety-related behaviors, we calculated the
center time/periphery time ratio and did not find any significant

differences in any of the experimental groups (Fig. 2B3, C3, D3).

3.2. Peripubertal stress alters dendritic spine density of pyramidal neurons
differentially in males and females

Males submitted to PPS had a significantly lower density of spines in
the distal 50 pm subsegment of their dendrites when compared to con-
trol mice (Fig. 3D; p = 0.045, t = 2.371), while this parameter was
significantly higher in stressed females (Fig. 3E; p = 0.002, t = -4.584).
Consequently, these differences were not significant when both sexes
were analyzed together (Fig. 3C). No significant differences were
detected when analyzing the other 50 pm subsegments of the dendrites
or the whole extension of the dendritic segment considered (data not
shown).

3.3. Peripubertal stress increases the density of puncta expressing
inhibitory synaptic markers and alters the E/I ratio

To have a readout of the putative alterations in the ratio of excitatory
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Fig. 5. Analysis of the number of somata and complexity of the dendritic arbor of parvalbumin expressing interneurons in the infralimbic cortex.

A & B: Representative 3D reconstructions of the dendritic arbor of PV expressing interneurons in control and stressed animals, both in males (A) and females (B) at
P84. C1- E1: Graphs representing the total number of TdTomato expressing somata in IL cortex. C2- E2: graphs showing the results of Sholl analysis of these PV-
expressing interneurons, indicating the number of intersections per Sholl sphere (see material and methods for details). C3- E3: Graphs showing the results of
Sholl analysis grouping the data in proximal (spheres in 0-60 pm), medial (spheres in 60-100 pm) and distal (spheres in 100-160 pm) regions. Graphs in green
include data from all experimental animals (not separated by sex) (C; N: controls = 18, PPS = 15). Graphs in orange include data from males (D; N: controls = 10,
PPS = 7). Graphs in purple include data from females (E; N: controls = 8, PPS = 8). Values represent mean + S.E.M. Asterisks in graphs indicate statistically sig-
nificant effects between groups (Control x Stress) after unpaired Student’s t-test. Symbols: # 0.1 > p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 25 pm.

and inhibitory synapses induced by PPS in adult animals, we studied
with immunohistochemistry the density of puncta expressing GABA and
glutamate vesicular 1 transporters (VGAT and VGLUT1) in the neuropil
of the IL (Fig. 4A and B). Regarding VGLUT1+ puncta, we did not find
significant differences in any of the same sex comparisons (Fig. 4C1-E1).
However, the density of VGAT + puncta in stressed animals was
significantly affected by PPS when both all animals were analyzed
together (p = 0.041, t =-2.127) (Fig. 4C2-E2). The E/I ratio [(number of
VGLUT1+ puncta/pm2)/(number of VGAT + puncta/pm2); Fig. 4C3-
E3] was significantly reduced in stressed females (p = 0.018, t = 2.622)
and there was also a trend towards a decrease when both sexes were
analyzed together (p = 0.053, t = 2.011).

3.4. Peripubertal stress induces an increase in dendritic complexity of
parvalbumin expressing interneurons only in females

In order to analyze whether PV expressing neurons were affected by
PPS, we estimated the number of PV + somata in the IL and the

complexity of the dendritic arbor of these cells using Sholl analysis
(Sholl, 1953) (Fig. 5A and B). We did not observe any statistically sig-
nificant difference induced by PPS in the density number of PV
expressing somata when analyzing both sexes together or separately
(Fig. 5C1-E1). In the Sholl analysis, we found that the female stressed
group displayed a trend towards an increase in the number of in-
tersections with Sholl spheres in the 40 ym (p = 0.055, t = -2.103) and
60 pm radii (p = 0.053, t = -2.113) (Fig. 5C2-E2). There were no sig-
nificant differences in males or when we analyzed both sexes together.
However, when we grouped the intersections in 3 different regions,
taking in consideration the distance to the soma (Fig. 5C3-E3), we
observed that in the medial (p = 0.041, t =-2.408) and distal (p = 0.049,
t = 1.202) regions, the stressed females had a significantly higher
number when compared to female control mice.
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Fig. 6. Density of endocannabinoid receptor 1 and parvalbumin immunoreactive puncta in the perisomatic region of pyramidal neurons and parvalbumin expressing
interneurons in the infralimbic cortex.
A-D: Confocal images (single confocal planes) comparing the density of CBIR and PV expressing puncta (indicated by arrows) in pyramidal (A, B) and PV + cells (C,
D) between control and stressed mice at P84. E-G: Histograms representing changes induced by stress on the density (number of puncta/pm of soma perimeter) of
CBI1R (E1-G1) and PV (E2-G2) expressing puncta in the perisomatic region of pyramidal neurons. Histograms in E3-G3 represent the density of CB1R positive puncta
surrounding PV expressing cell somata. Graphs in green include data from all experimental animals (not separated by sex) (E; N: controls = 23, PPS = 13). Graphs in
orange include the data from males (F; N: controls = 11, PPS = 6). Graphs in purple include the data from females (G; N: controls = 12, PPS = 7). Values represent
mean + S.E.M. Asterisks in graphs indicate statistically significant effects between groups (Control x Stress) after unpaired Student’s t-test. Symbols: # 0.1 > p > 0.05;
*p < 0.05; **p < 0.01; ***p < 0.001. Scale bar 10 pm CB1R: endocannabinoid receptor 1. PV: parvalbumin.

3.5. Peripubertal stress alters the density of puncta expressing excitatory
and inhibitory synaptic markers in the perisomatic region of parvalbumin

expressing interneurons and pyramidal neurons

To have an estimation of the synaptic input that PV or

cholecystokinin (CCK) expressing basket cells establish onto the somata
of YFP + pyramidal neurons (Fig. 6A and B) and PV + interneurons
(Fig. 6C and D) in layer V of the IL, we quantified the density of peri-
somatic puncta expressing PV or the CB1R, which is highly expressed in
the synapses of cortical CCK + basket cells. In PPS animals, pyramidal
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A & B: Representative single confocal planes showing PV-immunoreactive somata surrounded by PNN in control and stressed males (A) and females (B) at P84. C & D:
Representative single confocal planes showing PSA-NCAM-expressing somata in control and stressed males (C) and females (D). E-G: Graphs representing changes in
the number of PNN (E1, F1, G1), PV + somata surrounded by PNN (E2, F2, G2), and the PSA-NCAM (E3, F3, G3). Graphs in the first line (green color) include data
from all experimental animals (not separated by sex) (E; N: controls = 12, PPS = 12). Graphs in the second line (orange color) only include the data from male
animals (F; N: controls = 6, PPS = 6). Graphs in the third line (purple color) only include the data from female animals (G; N: controls = 6, PPS = 6). Values represent
mean + S.E.M. Asterisks in graphs indicate statistically significant effects between groups (Control x Stress) after unpaired Student’s t-test. Symbols: # 0.1 > p > 0.05;

*p < 0.05; **p < 0.01;
sion molecule.

neuron somata were surrounded by a higher density of CB1R + puncta
when both all animals were analyzed together (p = 0.002, t = -3.660,
Fig. 6E1). We also observed a trend towards an increase in this density in
male stressed mice (p = 0.085, t = -1.936, Fig. 6F1) and a significantly
higher density in female stressed mice (p = 0.035, t = -2.378, Fig. 6G1)

10

***p < 0.001. Scale bar: 30 pm. PV: parvalbumin. PNN: perineuronal nets. PSA-NCAM: polysialylated form of the neural cell adhe-

when compared with their respective controls. When analyzing PV +
perisomatic puncta on pyramidal neurons, we observed a significantly
higher density in the male stressed group when compared to the male
control group (p = 0.046, t = -2.318). No significant differences were
found when considering both sexes together or only females (Fig. 6E2-
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G2). The analysis of CB1R + puncta on the perisomatic region of PV
expressing interneurons revealed a significantly higher density in the
female stressed group compared to the female control group (p = 0.046,
t = -2.421), but not in males or when grouping all animals together
(Fig. 6E3-F3).

3.6. Peripubertal stress alters the number of PSA-NCAM expressing
somata when analyzing all animals together but not the number of PNN or
PV + cells surrounded by PNN

Since the expression of molecules related to interneuronal plasticity,
such as components of the PNN or PSA-NCAM, is altered after chronic
exposure to different stressors (Ueno et al., 2018; Sandi, 2004), we
analyzed these parameters in layer V of the IL in the present experiment
(Fig. 7A-D). PPS did not induce significant changes either in the total
number of PNN (Fig. 7E1-G1) or in the number of PV + cell surrounded
by PNN in stressed animals (Fig. 7E2-G2). The number of PSA-NCAM
expressing somata, was increased in stressed animals considering both
sexes together (p = 0.034, t = 2.203), but not separately (Fig. 7E3-G3).
We also analyzed the fluorescence intensity of PSA-NCAM immunore-
active neurons and did not find significant changes between the exper-
imental groups.

4. Discussion

The development of the PFC begins in utero and continues well into
postnatal life, during infancy, adolescence and early adulthood (Fuster,
2002). During this postnatal period, both excitatory (Petanjek et al.,
2011) and inhibitory neurons (Caballero and Tseng, 2016; McKlveen
et al., 2016) undergo the final stages of maturation, remodeling their
structure and connectivity. This protracted development of the PFC
makes this cortical region especially vulnerable to aversive experiences.
Stress suffered during adolescence has an important impact on the
structure of PFC pyramidal neurons and on the development of
PFC-dependent cognitive functions (Tzanoulinou et al., 2014, 2016). In
this study, we have used a murine model of peripubertal stress to explore
long-term alterations in the structure and connectivity of PV expressing
interneurons and pyramidal neurons in the mPFC of males and diestrus
females.

The PPS protocol that we have used is based on a previously devel-
oped and repeatedly validated protocol in rats, which has also been
related to long-term alterations in social and affective behavior during
adulthood (Papilloud et al., 2018; Wommack et al., 2004; Garrett and
Wellman, 2009; Sandi, 2004). Stressors are applied from P28 to P42, a
transitional period covering late childhood and adolescence in rodents,
which is associated with different neuroanatomical changes in key brain
regions like the PFC that parallel some behavioral changes (Brenhouse
and Andersen, 2011). Several studies have explored the impact of stress
during adolescence, but most of them are based on physical stressors
(Ueno et al., 2018; Carneiro De Oliveira et al., 2016). Our model is based
on exposure to unpredictable stressors with a potent psychogenic effect
and, therefore, may better mimic some of the aversive experiences that
occur during human childhood and adolescence.

A wealth of observations in animals (Brenhouse and Andersen, 2011;
Shaw et al., 2020b) and humans (Fid et al., 2019) show that females are
more vulnerable than male to develop stress-related disorders, such as
major depression and anxiety. Here, we found important sex-dependent
differences following peripubertal stress; in fact, most effects were only
observed in diestrus females or when considering both sexes together,
but rarely only in males. Interestingly, this occurs not only at the
behavioral level, but also at cellular and molecular levels.

At the behavioral level, we found increased locomotion in adult mice
when considering both sexes together and only in diestrus females, in
agreement with previous reports (Castillo-Gomez et al., 2017; Ishikawa
et al., 2014; Eiland et al., 2012). A recent study in male mice using
chronic physical stress also found increases in locomotor activity,
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although the animals were tested immediately after the stress and not in
adulthood (Ueno et al., 2018). However, some other studies in male
mice, using isolation and forced swimming, observed decreases in the
distance travelled (Page and Coutellier, 2018). In the open field test, we
did not observe significant changes in anxiety-related parameters,
although decreases in the stressed animals can be observed in every
experimental group. Similar results in anxiety-related behavior have
been found in recent studies, in which male mice were chronically
exposed to physical stressors during the same peripubertal period of our
study (Page and Coutellier, 2018) or when male rats were exposed to a
similar PPS paradigm as used in our study (Tzanoulinou et al., 2020).
Future studies expanding the behavioral characterization to measure
anxiety social behaviors and cognition, in the context of PFC neuro-
architecture analyses, are warranted. To date, those analyses have only
been performed in rats (Marquez et al., 2013; Tzanoulinou et al., 2020;
Veenit et al., 2013).

Importantly, we found differential effects of stress on spine density of
pyramidal neurons in the IL depending on the sex analyzed: it increased
in diestrus females, while it decreased in males. These changes were
restricted to the most distal segment of dendrite analyzed, which is a
common feature in this type of analyses. Our results in males are
consistent with previous reports describing decreased spine density in
the mPFC after chronic stress, both during early life and during adult-
hood. Although most studies in adult mice have been focused on the
prelimbic cortex (PrL), chronic corticosterone treatment reduces den-
dritic spine density in pyramidal neurons of the adult IL (Gourley et al.,
2013). Studies on the effects of chronic stress during early life are scarce,
but chronic restraint (Filand et al., 2012) or social stress (Urban et al.,
2019) during adolescence and maternal separation (Chocyk et al., 2013)
in male rats induce similar structural changes to those observed by us.
However, in these studies, samples from animals were analyzed imme-
diately after the stressors. In addition, another study using chronic re-
straint stress in male and female mice together did not find alterations in
spine density in the mPFC (Chohan et al., 2014). Male rats subjected to
foot-shock stress during adolescence and analyzed during adulthood,
show decreases in spine density in IL pyramidal neurons (Lyttle et al.,
2015), which is consistent with our results. In this line, a previous study
from our laboratory showed that postweaning social isolation also
decreased the density of spines in medial/distal segments of pyramidal
neurons in the mPFC of male mice (Castillo-Gomez et al., 2017). How-
ever, recent studies using social instability stress during adolescence in
male mice, have rendered conflicting results: while one study found
significant decreases of spine density in the mPFC and specifically in the
IL (Wang et al., 2020), other did not find changes in this parameter
(Breach et al., 2019). Unfortunately, studies on the effects of stress on
females are still very scarce but they generally show that adult female
rodents subjected to stress exhibit either no dendritic changes or even
dendritic hypertrophy in the mPFC (Wellman et al., 2020; Wohleb et al.,
2018; Igbal and Ma, 2020). However, a recent study that focused in the
PrL found that chronic stress and corticosterone treatment at adulthood
had similar impact (i.e., decrease) on the dendritic spine density of py-
ramidal neurons in both sexes (Anderson et al., 2020). Future studies
should aim at determining the differential impact of stress depending on
the sex, brain region, age, and species.

The observed changes in pyramidal neuron structure may be linked
to alterations in the excitatory/inhibitory balance, which is crucial for
PFC function and is also altered in chronic stress models and stress-
related psychiatric disorders (Page and Coutellier, 2019). To this end,
we analyzed the density of puncta expressing specific inhibitory or
excitatory synaptic proteins to explore this balance. We did not find
changes in the density of puncta expressing the excitatory marker
VGLUT1, consistent with our previous results following postweaning
social isolation in adult mice (Castillo-Gomez et al., 2017). By contrast,
we observed a significant increase in the density of VGAT immunore-
active puncta, which leads to a decrease in the ratio between excitatory
and inhibitory puncta. These results can be observed when considering
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both sexes together and in diestrus females, suggesting again a higher
susceptibility of females to PPS. This increase in inhibitory puncta
suggests an enhancement of inhibitory neurotransmission and, conse-
quently, a hypoactivity of the mPFC. This finding agrees with previous
results in young rats subjected to different chronic stress paradigms.
Specifically, chronic variable stress was shown to increase miniature
inhibitory postsynaptic currents, suggesting elevated GABA release,
accompanied by increased inhibitory appositions and terminals onto
glutamatergic cells (McKlveen et al., 2016). However, previous work
from our laboratories showed a reduced expression of GAD6 protein in
the PrL and IL in PPS adult male rats (Tzanoulinou et al., 2016). Other
studies in mice, using as stressors a combination of social isolation and
forced swim during adolescence, found a trend towards a reduction in
VGAT mRNA, but not of GAD67 or gephyrin in adult individuals (Page
et al., 2018). Similar negative results were found in our lab when
analyzing the impact of postweaning social isolation (Castillo-Gomez
et al., 2017).

Stress-induced hypoactivity of the PFC has been hypothesized to be
due to increased activation of PV expressing cells (Page and Coutellier,
2019). Here, we explored this possibility by analyzing the structure and
connectivity of PV + interneurons in the mPFC, as well as the presence
of PNN surrounding these inhibitory cells. The final steps of the matu-
ration of the PFC involve increases in the glutamatergic input to PV +
cells and in the expression of PV, which, interestingly, occur sooner in
females, at least in the hippocampus (Wu et al., 2014). These last stages
of the development of PV expressing cells are also governed by the
apparition of PNN surrounding these interneurons (Caballero and Tseng,
2016; Ueno et al., 2017). Chronic stress has an important impact on
prefrontocortical PV-expressing interneurons during adulthood.
Different studies employing different stress paradigms in rats and mice
have reported increases in the number or density of PV immunoreactive
cells and the expression of PV mRNA (Pesarico et al., 2019; Shepard
et al., 2016; Shepard and Coutellier, 2018). However, other studies did
not find changes (Zadrozna et al., 2011) or found decreases in these
parameters (Czeéh et al., 2018; Banasr et al., 2017; Todorovic et al.,
2019). Importantly, these later studies used longer stress protocols or
found their effects exclusively in anhedonic/vulnerable animals. The
data from animals stressed during the peripubertal period is also
heterogenous. Our data indicating a lack of difference in the number of
PV expressing interneurons in the mPFC of male mice is in agreement
with studies using a combination of social isolation and forced swim-
ming (Page et al., 2018) or chronic restraint stress (Clarke et al., 2019).
However, another study, using a combination of physical stressors
during the adolescence found a reduction in the density of PV + cells in
the PrL, although only in male mice (Page and Coutellier, 2018); no
differences were detected in the IL cortex or when analyzing females
(although the estrous cycle phase was not controlled at sacrifice). Ueno
et al. (2018) also found no differences in the density of PV + in-
terneurons in the mPFC after applying physical stressors to male mice
during early adolescence; although these results were obtained from
juvenile animals. Our results here suggest that, although there are no
stress-induced differences in the number of PV + interneurons, the ef-
fects of PPS on these cells appear to be stronger in diestrus females,
because they display an increased dendritic arborization. This increase
may reflect the consequences of the changes in the excitatory/inhibitory
ratio discussed above.

In order to study alterations in the inhibitory connectivity of pyra-
midal neurons in the PFC of PPS animals, we analyzed the density of PV
+ puncta on their perisomatic region. Surprisingly, and contrasting with
the majority of the results from our study, a significant increase in this
parameter was only found in males. These results are suggestive of an
increased inhibition on pyramidal neurons. Interestingly, and in line
with these results, a recent study has found an increase in the density of
excitatory puncta on PV + cells after chronic unpredictable stress in
adult mice (both sexes) (Shepard and Coutellier, 2018). Similarly, adult
rats submitted to 2 weeks of chronic unpredictable stress showed
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increased inhibition on mPFC pyramidal neurons and in the density of
perisomatic inhibitory puncta, which is mainly coming from PV basket
cells (McKlveen et al., 2016). However, no changes in these parameters
were observed in other study in which adult rats were subjected to re-
straint stress during 10 days (Pesarico et al., 2019). A possible expla-
nation for these opposing results is that the activity of PV + neurons
might be different in different phases of stress, since longer stress pro-
tocols seem to alter the inhibitory input from PV + interneurons.

In the cerebral cortex, the CBIR is mostly expressed in the presyn-
aptic terminals of CCK expressing basket cells and particularly in the
PFC is expressed mainly by inhibitory neurons (Wedzony and Chocyk,
2009; Katona and Freund, 2012). To further analyze the effects of PPS on
the perisomatic inhibition of pyramidal neurons, but also to analyze this
type of inhibition on PV expressing neurons, we studied the density of
perisomatic puncta expressing CB1R on these two neuronal populations.
PPS induced an important increase in CB1R density on both neuronal
populations, but only in diestrus females and when all animals were
analyzed together. Similar alterations in the cannabinoid system have
been frequently described following stress exposure. For instance,
chronic restraint stress in adult rats increases CB1R receptor binding in
the mPFC and the same effect can be observed in adolescent rats (Lee
and Hill, 2013). Chronic unpredictable stress during adulthood (Hill
et al.,, 2008) and maternal deprivation also lead to increased CB1R
expression in the PFC (Marco et al., 2014). Interestingly, in line with
these results and our own here, a study has described that the dorso-
lateral PFC of major depression patients has an increased density of
CB1R (Choi et al., 2012).

Regarding the percentage of PV expressing cells covered by PNN in
the adult PFC of rodents subjected to PPS, contradicting results have
been reported. While one study found an increase in this percentage
when rats were exposed to social isolation and forced swim during
adolescence (Page et al., 2018), another study did not find differences in
this parameter when analyzing mice subjected to peripubertal physical
stressors (Page and Coutellier, 2018), which is consistent with our pre-
sent results. Similar negative results were obtained in other experiment
using peripubertal physical stressors (Ueno et al., 2018). By contrast,
postweaning social isolation increased the number of PNN and that of
PV + interneurons covered by PNN in the mPFC (Castillo-Gomez et al.,
2017).

One limitation of our study is the lack of physiological measure-
ments, specially related to alterations in the HPA axis allowing us to
contrast our behavioral and neurobiological findings with stress reac-
tivity However, former evidence using similar stressors at the same
developmental age supports their high capacity to elicit HPA axis acti-
vation and long-term changes in corticosterone reactivity (Walker et al.,
2018; Tzanoulinou et al., 2020). In addition, our results suggest that the
alterations that PPS is producing in the IL cortex circuitry may render
animals, particularly females, more susceptible to stress during adult
life. This hypothesis should be tested, analyzing the response of PPS
animals to stressors during adulthood.

Finally, when testing for potential changes in plasticity molecules,
we found that PPS led to an increase in the number of PSA-NCAM
immunoreactive cells in the IL when all animals were analyzed
together. These results are similar to those recently obtained by (Tza-
noulinou et al., 2020) in the hippocampus of adult rats previously sub-
mitted to a similar PPS protocol. However, other early life adverse
experiences, such as social isolation rearing, appear to have no effect on
PSA-NCAM expression (Castillo-Gomez et al., 2017). There are also
contradicting results regarding the effects of different chronic stress
paradigms on PSA-NCAM expression in the adult PFC: while some re-
ports failed to find changes in this parameter after restrain stress
(Gilabert-Juan et al., 2013), others using social isolation found decreases
(Djordjevic et al., 2010, 2012). Notably, previous studies from our lab
showed that the manipulation of PSA-NCAM expression has an impor-
tant impact on the structure and connectivity of prefrontocortical PV +
basket cells, particularly modifying their perisomatic contacts on
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Fig. 8. Summary of the stress effects on prefrontocortical networks.

pyramidal neurons (Castillo-Gomez et al., 2011).

5. Conclusion

In summary, we present evidence for long-term alterations of excit-
atory and particularly inhibitory circuitry in the PFC and increased
anxiety-related behavior as a consequence of PPS exposure, which is
specially visible in diestrus females (Fig. 8). These results highlight the
peripubertal period, comprising childhood and early adolescence, as a
window of higher vulnerability to aversive experiences in female than in
male mice. Our results additionally remark the importance of con-
ducting stress studies in both sexes, particularly given the higher inci-
dence of stress-related disorders in women.
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