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Chronic stress has an important impact on the adult brain. However, most of the

knowledge on its effects is focused on principal neurons and less on inhibitory neurons.

Consequently, recent reports have begun to describe stress-induced alterations

in the structure, connectivity and neurochemistry of interneurons. Some of these

changes appear to be mediated by certain molecules particularly associated to

interneurons, such as the polysialylated form of the neural cell adhesion molecule (PSA-

NCAM) and components of the perineuronal nets (PNN), specialized regions of the

extracellular matrix. These plasticity-related molecules modulate interneuronal structure

and connectivity, particularly of parvalbumin expressing basket interneurons, both during

development and adult life. These inhibitory neurons are specially affected after chronic

stress and in some stress-related disorders, in which the expression of PSA-NCAM

and certain components of PNN are also altered. For these reasons we have decided

to study PSA-NCAM, PNN and parvalbumin expressing interneurons after 10 days of

chronic restraint stress, a time point in which its behavioral consequences are starting

to appear. We have focused initially on the medial prefrontal cortex (mPFC), basolateral

amygdala (BLA) and hippocampus, regions affected by stress and stress-related

psychiatric diseases, but we have also explored the habenula and the thalamic reticular

nucleus (TRN) due to the important presence of PNN and their relationship with certain

disorders. PSA-NCAM expression was increased by stress in the stratum lacunosum-

moleculare of CA1. Increases in parvalbumin immunoreactive cells were detected in

the mPFC and the BLA, but were not accompanied by increases in the number of

parvalbumin expressing perisomatic puncta on the somata of principal neurons. The

number of PNN was also increased in the mPFC and the habenula, although habenular

PNN were not associated to parvalbumin cells. Increased expression of parvalbumin

and components of PNN were also detected in the TRN after chronic restraint stress,
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revealing for the first time substantial effects on this region. Our study shows that,

even a short chronic stress protocol, can induce consistent changes in interneuronal

plasticity-related molecules in cortical and extracortical regions, which may represent

initial responses of inhibitory circuits to counteract the effects of this aversive experience.

Keywords: chronic stress, perineuronal net, PSA-NCAM, medial prefrontal cortex, basolateral amygdala, reticular

thalamic nucleus, habenula, hippocampus

INTRODUCTION

Stress, a prevalent experience in modern society, is a major
predisposing and triggering factor to mood disorders in humans.
Studies in both humans and rodents show that stress impairs
the functioning of the medial prefrontal cortex (mPFC) and
basolateral amygdala (BLA) (Shepard et al., 2016; Pesarico
et al., 2017; Sachs et al., 2018), which are two of the brain
regions predominantly dysfunctional in stress-related psychiatric
disorders, such as generalized anxiety, major depression and
post-traumatic stress disorder (PTSD) (Drevets et al., 2008). The
effects of stress and stress-related disorders are not, however,
restricted to these two regions and have been also detected in
the hippocampus or the habenula, among others (Jacinto et al.,
2017; Belleau et al., 2018). Several studies have demonstrated the
existence of profound changes in the structure and connectivity
of excitatory neurons in the aforementioned regions after chronic
stress (McEwen, 2000; Roozendaal et al., 2009; Radley et al.,
2015; Jacinto et al., 2017). More recently, it has become evident
that chronic stress also induces changes in inhibitory circuits
of the adult brain and that similar alterations can be found in
patients suffering frommajor depression or PTSD. At the cellular
level these alterations include decreases in the density (Czeh
et al., 2005, 2015) and changes in the structure (Gilabert-Juan
et al., 2011, 2013, 2017) of certain interneuronal subpopulations.
Interestingly, one group of interneurons specially affected by
chronic stress are those expressing parvalbumin (PV): decreases
in the density of PV+ interneurons have been detected in the
mPFC and the hippocampus of adult rats submitted to chronic
stress (Czeh et al., 2005, 2015, 2018; Zadrozna et al., 2011;
Banasr et al., 2017). Moreover, a reduction of synaptic release
has been described in the perisomatic region of mPFC pyramidal
neurons, where most of these PV+ interneurons establish their
synaptic contacts (Czeh et al., 2018). However, it is not known
whether chronic stress could induce changes in this population
of interneurons in other brain regions affected in stress-related
disorders, such as the amygdala or the habenula.

The maturation and plasticity of PV+ interneurons are
mediated by the presence of molecules that influence their
structure and connectivity. Recently, different laboratories,
including our own, have been studying the role of the
polysialylated form of the neural cell adhesion molecule (PSA-
NCAM) and of perineuronal nets (PNN) on the plasticity of
PV+ interneurons. PSA-NCAM is expressed by a subpopulation
of interneurons in the adult telencephalon, and particularly
it is present in some of the boutons that PV+ basket cells
establish on the somata of pyramidal neurons (Castillo-Gomez
et al., 2011). The expression of PSA-NCAM is critical for the
regulation of this inhibitory input, both during their development

(Di Cristo et al., 2007) and during adulthood (Castillo-Gomez
et al., 2011, 2016). PNN are specialized regions of the extracellular
matrix, which are particularly abundant surrounding the somata,
dendrites and proximal axon segment of fast-spiking, PV+

interneurons (Hartig et al., 1992). Although the function of PNN
has not yet been fully resolved, research conducted has suggested
that these structures are involved in the closure and reopening of
critical periods, response to aversive experiences such as fear and
the regulation of synaptic plasticity (Gogolla et al., 2009; Carulli
et al., 2010; Pantazopoulos and Berretta, 2016; Sorg et al., 2016;
Banerjee et al., 2017).

These important roles of PSA-NCAM and PNN in the
development and plasticity of interneuronal circuits are probably
reflected in the alterations of their expression levels found in
different psychiatric disorders (Varea et al., 2012; Berretta et al.,
2015). Moreover, the study of rodent models of chronic stress
has revealed alterations in the expression of PSA-NCAM and
some of the molecules integrated in the PNN, which may suggest
their involvement on the plasticity associated to this aversive
experience, particularly on that of inhibitory neurons (Sandi,
2004; Nacher et al., 2013; Soleman et al., 2013). Unfortunately,
the information on the expression of these plasticity-related
molecules after stress is still fragmentary. The expression of these
molecules has not been studied yet in some regions of the adult
CNS after chronic stress and most of the information regarding
changes in PNN has been obtained in models subjected to stress
in early life (Castillo-Gomez et al., 2017; Ueno et al., 2018).

The main objective of the present study was to study the
effects of a short period of chronic stress, 10 days of restraint, on
PV+ interneurons, PSA-NCAM and PNN in the brain of adult
rats. We have focused on the effects on the mPFC and the BLA,
because in these regions previous reports already have shown
alterations in interneurons after chronic stress, but we have also
explored other regions affected by this aversive experience, such
as the hippocampus and the habenula. We have also studied
the thalamic reticular nucleus (TRN), a region with a very high
density of PNN surrounding PV+ interneurons. Interestingly,
the density of both PV+ interneurons and PNN is altered in
this thalamic region in patients suffering from schizophrenia and
bipolar disorder (Steullet et al., 2017), two psychiatric disorders
in which stress may act as a precipitating factor.

MATERIALS AND METHODS

Animals and Stress Procedure
Adult male Sprague-Dawley rats (13 weeks-old at the beginning
of the experiment; 381.9 ± 4.1 g; Harlan Interfauna Iberica S.L.,
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Barcelona, Spain) were used for all experimental procedures.
Animals were housed in groups of 3 in a temperature- and
humidity-controlled environment and maintained on a 12 h
light/dark cycle with food and water available ad libitum. Rats
were allowed to habituate to our facilities 1 week prior to the
start of the experiments. All experiments were performed during
the lights on period, and were conducted in accordance with
the Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals used
for scientific purposes and was approved by the Committee on
Bioethics of the Universitat de València. Every effort was made to
minimize the number of animals used and their suffering.

Twelve rats were used for repeated restraint stress experiment.
One group of rats (n = 6) were stressed 6 h per day (10:00 a.m.)
for 10 consecutive days. These rats were kept inside wire mesh
restrainers that were clamped at both openings and were placed
inside their home cages during the restraint sessions. Six rats
were left undisturbed in their home cages and served as controls
for this experiment. The control and stressed rats were kept in
separate cages. The animals were euthanized 24 h after the last
stress session in a random order, in a different room than the one
in which restraints were carried out.

Perfusion, Microtomy, and
Immunohistochemistry
Animals were deeply anesthetized with sodium pentobarbital and
transcardially perfused with 4% paraformaldehyde solution in
phosphate buffer (PB) 0.1M. The brains were cryoprotected (30%
sucrose in PB 0.1 M, 48 h) and afterward cut in 50-µm-thick
coronal sections, using a freezing-sliding microtome (LEICA
SM2000R, Leica). Sections were collected in 10 subseries.

Two subseries of sections were processed “free-floating” for
immunohistochemistry. Briefly, 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
(see Table 1) diluted in PBST and 5% NDS: (a) a double
staining with an antibody against parvalbumin (PV) and a
biotin-conjugated lectin from Wisteria floribunda agglutinin
(WFA) to label PNN and (b) a triple immunostaining using an

TABLE 1 | List of primary and secondary antibodies used in the study.

Dilution Company

Primary antibodies

Polyclonal guinea pig anti-parvalbumin 1:2000 Synaptic Systems

WFA lectin biotin-conjugated 1:200 Sigma

Polyclonal rabbit anti- synaptophysin 1:500 Millipore

Monocolonal mouse anti-CaMKII 1:500 Abcam

Secondary antibodies

Goat anti-mouse A635-conjugated 1:200 Life Technology

Goat anti-guinea pig A555-conjugated 1:200 Life Technology

Donkey anti-rabbit A488-conjugated 1:200 Invitrogen

Avidin A647-conjugated 1:200 Invitrogen

anti-CaMKII-α primary antibody in combination with anti-PV
and anti-synaptophysin (SYN) primary antibodies, to study the
perisomatic innervation of pyramidal neurons. After washing,
sections were incubated for 2 h at room temperature with
appropriate fluorochrome conjugated secondary antibodies or
avidin (see Table 1), 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).

Another subseries of sections was processed “free-floating”
for conventional immunohistochemistry as follows. Briefly,
sections were incubated for 1 min in an antigen unmasking
solution (0.01 M citrate buffer, pH 6) at 100◦C. After cooling
down the sections to room temperature, they were incubated
with 10% methanol, 3% H2O2 in phosphate buffered saline
(PBS) for 10 min to block endogenous peroxidase activity.
After this, sections were treated for 1 h with 5% NDS (Jackson
Laboratories) in PBS with 0.2% Triton-X100 (Sigma) and were
incubated overnight at room temperature in mouse monoclonal
Men-B anti-PSA-NCAM antibody (1:1400; Abcys). After
washing, sections were incubated for 30 min with donkey anti-
mouse IgM o donkey anti-mouse IgG biotinylated antibodies
(Jackson Laboratories, 1:250), followed by an avidin–biotin-
peroxidase complex (ABC, Vector Laboratories) for 30 min
in PBS. Color development was achieved by incubating with
3,3′ diaminobenzidine tetrahydrochloride (DAB, Sigma) for
4 min. PBS containing 0.2% Triton-X100 and 3% NDS was
used for primary and secondary antibodies dilution. All of the
sections studied passed through all procedures simultaneously,
to minimize any differences from immunohistochemical
staining itself.

Quantification of PSA-NCAM Expression
We determined PSA-NCAM immunoreactivity intensity in the
neuropil of the different regions studied [superficial and deep
layers of cingulate 1 (Bregma 3.7 to Bregma –1.4), prelimbic
(Bregma 4.7 to Bregma 2.2) and infralimbic (Bregma 3.2 to
Bregma 2.2) cortices, BLA (Bregma –1.6 to Bregma –4.16) and all
layers in the CA1 region of the ventral (Bregma –4.3 to Bregma –
6.3) and dorsal (Bregma –1.6 to Bregma –4.3) hippocampus]
using a previously described methodology (Varea et al., 2007).
We analyzed 7 slices per animal for the mPFC, 2 for the
BLA and 3 for the ventral and dorsal hippocampus. Sections
were examined under bright-field illumination, homogeneously
lighted and digitalized using a CCD camera. Photographs were
taken at 20× magnification. The different regions of interest
were delineated using the polygon selection tool in free Java
image- processing program Fiji (Schindelin et al., 2012). Gray
levels were then converted to optical densities (OD). In order to
normalize the values, the gray levels obtained from photographs
of the corpus callosum in each section were subtracted from those
obtained in the different layers. We used a parallel subseries of
section stained with toluidine blue in order to better delineate
the regions, subregions and layers under study. We were able
to distinguish the border of CA1/CA2 region with the aid of
our subseries of sections stained with WFA. This lectin labels
intensely the neuropil of the CA2 region making it easily
discernible (Lensjo et al., 2017).

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 May 2019 | Volume 13 | Article 197

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Pesarico et al. Chronic Stress Modulates Interneuronal Plasticity

Quantification of PV Expressing Cells
and PNN
The total number of PV+ neurons, PNN, and PV+ neurons
surrounded by PNN from the hippocampus, BLA, habenula
and mPFC (including the cingulate 1, prelimbic and infralimbic
cortices) were estimated using a modified version of the
fractionator method (West, 1993; Nacher et al., 2002; Varea
et al., 2007). We counted cells covering 100% of the sample
area, that is, within each section, all labeled cells in the different
subdivision and layers were counted. The fractionator sampling
scheme refers to the methodology of examining one out of
every 10 brain sections. Thus, our modification of the optical
dissector combined with a 1:10 fractionator sampling is truly a
modification of the optical fractionator method. 1:10 systematic-
random series of sections covering the whole rostral to caudal
extension of the structures were viewed on an Olympus CX41
microscope. The volume of the different regions analyzed was
determined for each animal using the Cavalieri’s principle
(Gundersen and Jensen, 1987) and no differences between
groups were observed.

Cell somata were identified and counted with a 40×
objective using a fluorescencemicroscope (Olympus CX41). Cells
appearing in the upper focal plane were omitted to prevent
counting cell caps. In order to classify a cell as positive for PNN
or PV every somata was surrounded by a polygon selection using
FIJI. Then we analyzed themean gray value of this selection. Only
cells with values higher than 60 were considered positive.

Quantification of PV and PNN
Fluorescence Intensity in the Thalamic
Reticular Nucleus and the CA2 Region of
the Hippocampus
The high density of PV+ somata and PNN in the TRN
made impossible the counting of individual neurons in these
structures. Therefore, we measured the intensity of their
fluorescence in the reticular thalamic nucleus in order to have
an estimation of their abundance and the expression of these
markers in this region. We also applied this methodology in
the CA2 region, where no individually discernible PNN could
be found; WFA labeling was very intense and widespread.
Three slices per animal containing the TRN (Bregma –1.3
to Bregma –3.8) and 3 containing the dorsal hippocampus
(Bregma –1,7 to Bregma –2.18) were studied. Photographs
were taken at 20× magnification with a confocal microscope
(Leica TCS SPE). The TRN and the CA2 region were
delineated using the polygon selection tool in Fiji (Schindelin
et al., 2012). In order to normalize the values, the gray
levels obtained from photographs of the external capsule in
each section were subtracted from those obtained in the
different layers.

Quantification of Perisomatic Puncta on
Pyramidal Neurons
The density of puncta expressing SYN and PV surrounding
principal neuron somata (identified by CaMKII-α expression)

was analyzed in the regions showing alterations in the number
of PV+ cells. For this purpose, we followed a previously
described protocol (Guirado et al., 2014). In the mPFC and
BLA, between 20 and 25 pyramidal neurons were imaged per
animal in three different sections. Confocal z-stacks covering
the whole depth of the neuron somata were taken with
0.5 µm step size using a 63× oil objective with 2× digital
zoom magnification (Leica TCS SPE confocal microscope). The
profile of the soma of these neurons was drawn manually,
then a macro was used to analyze the density of puncta
around the perimeter. The manual selection was enlarged
1 µm in order to define the perisomatic area. Images were
then processed to binarize the 5% brightest elements of the
histogram. All particles displaying an area not smaller than
0.15 µm2 and not larger than 2.5 µm2 were defined as
puncta (Di Cristo et al., 2007). The definition of puncta
was based on previous literature (Di Cristo et al., 2007).
We analyzed areas acquired by the confocal microscope that
were averaged 3 times (each confocal plane), decreasing noise
significantly. The smallest puncta we recognized had a lateral
size of 0.38 µm, which is above the lateral resolution of the
confocal microscope.

Statistics
All slides were coded prior to quantitative analysis, and the
code was not broken until the quantification was completed.
All experimental results are given as the mean ± S.E.M. First,
we evaluated the normality of data using the D’Agostino and
Pearson omnibus test. Comparisons between control and stressed
groups were performed by the Student’s t-test. Probability
values less than 0.05 (p < 0.05) were considered as statically
significant. The correlation coefficients between the number
of PV positive neurons and that of PNN in different brain
regions, in control and stressed animals), were tested by using
Pearson’s correlation analysis. A p value <0.05 was considered
statistically significant.

RESULTS

Effects of Restraint Stress on
PSA-NCAM Expression
We have analyzed PSA-NCAM expression in the neuropil
of different telencephalic regions in which this molecule has
a considerable expression and in which we have previously
detected changes in its expression or in those of molecules
involved in inhibitory neurotransmission after chronic stress:
the mPFC, the BLA and the dorsal and ventral hippocampus,
see Nacher et al. (2013) for review. Chronic stress induced
increases in the expression of PSA-NCAM in the CA1 region
of the ventral and dorsal hippocampus (Figures 1A–D): In the
dorsal hippocampus we observed a significant increase in the
stratum lacunosum-moleculare, the layer with higher levels of
expression of this molecule (Figure 1C; p = 0.006). In the
ventral hippocampus we found significant increases in the strata
pyramidale and radiatum (Figure 1D; p = 0.021, p = 0.038).
Ten days of restraint stress did not induce significant changes in

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 May 2019 | Volume 13 | Article 197

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Pesarico et al. Chronic Stress Modulates Interneuronal Plasticity

FIGURE 1 | Graphs representing the changes in the intensity of the polysialylated form of the neural cell adhesion molecule (PSA-NCAM) immunostaining in the

neuropil of different telencephalic regions. (A,B) Microphotographs of the dorsal (A) and ventral (B) hippocampus of a control (A1,B1) and a chronically stressed

(A2,B2) rat. (C,D) CA1 region of the dorsal (C) and ventral (D) hippocampus, including the strata oriens (Or), pyramidale (Py) radiatum (Rad) and

lacunosum-moleculare (LMol). (E–G) superficial (I–III, Sup) and deep (IV–VI) layers of the mPFC, including the prelimbic (PrL, E), infralimbic (IL, F) and cingulate 1

(Cg1, G) cortices. (H) Basolateral amygdala (BLA). Values represent mean ± S.E.M. Asterisks indicate statistically significant differences between groups (Control ×

Stress) after unpaired Student’s t-test (∗p < 0.05; ∗∗p < 0.01; #0.1 < p < 0.05). Scale bars: 15 µm.
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neuropil PSA-NCAM immunostaining in any of the regions of
the mPFC (Figures 1E–G) or in the BLA (Figure 1H).

Effects of Restraint Stress in the Number
of PNN and PV+ Cells
The number of PNN (p = 0.022) and parvalbumin expressing
(PV+) cells (p = 0.045) in the mPFC (including the infralimbic,
prelimbic and cingulate 1 cortices) were significantly increased

in stressed rats when compared to controls. However, there was
no significant difference in the number of PV+ cells surrounded
by PNN (p = 0.146) between the groups (Figures 2A,B,G).
The density of PV+ neurons and PNN showed a strong and
significant positive linear correlation in the mPFC of control
animals (r = 0.9118, p < 0.01), but this correlation was not
significant in stressed individuals (r = 0.717, p < 0.108). We
also investigated whether repeated restraint stress altered the
number of PV+ cells and PNN in the BLA. The number

FIGURE 2 | Perineuronal nets (PNN), parvalbumin (PV) expressing neurons and their colocalization in the mPFC, basolateral amygdala and the hippocampal CA1 in

control rats and after 10 days of chronic restraint stress. Representative confocal images showing the distribution of PNN (A1–F1; green), PV+ somata (A2–F2; red)

and their colocalization (A3–F3) in the mPFC (A,B) the basolateral amygdala (C,D) and the CA1 region of the hippocampus. Schemes on the right of figures (A–F)

indicate the studied regions in light blue (modified from Paxinos and Watson, 1998). Graphs on the right side of the figure indicate changes in the total number of

PNN, PV+ somata and PV+ somata surrounded by PNN in the mPFC (G), the basolateral amygdala (H) and the hippocampus (I). Values represent mean ± S.E.M.

Asterisks indicate statistically significant differences between groups (Control × Stress) after unpaired Student’s t-test (∗p < 0.05, ∗∗∗p < 0.001). PrL: prelimbic

cortex, IL: infralimbic cortex, Cg1: cingulate 1 cortex, BLA: basolateral amygdala. Scale bar 15 µm.
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of PV+ cells in this amygdaloid region was significantly
increased in stressed rats (p = 0.023). There were no significant
differences in the number of PNN (p = 0.407) or PNN/
PV+ cells (p = 0.653) (Figures 2C,D,H). The number of
PV+ and PNN neurons showed a significant positive linear
correlation in the BLA of control animals (r = 0.804, p < 0.05),
but such correlation did not exist in stressed individuals
(r = –0.04, p < 0.941).

The analysis of the number of PNN in the hippocampal
CA1 region revealed a significant decrease in stressed rats
when compared to controls (p = 0.0008). There were no
significant differences in the number of PV+ cells (p = 0.626)

or PNN/PV+ cells (p = 0.670) (Figures 2E,F,I). The number
of PV+ neurons and PNN did not show a significant
linear correlation neither in the CA1 of control animals
(r = –0.407, p < 0.422), nor in that of stressed individuals
(r = 0.681, p < 0.136).

We also studied whether repeated restraint stress
affected PNN and PV+ cells in the TRN. By analyzing
the intensity of fluorescence, we found that stress clearly
increased the immunoreactivity of PNN (p = 0.033) and PV
(p = 0.0002) (Figures 3A,B,D). Using the same methodology,
we analyzed WFA fluorescence in the hippocampal CA2
and did not find significant differences (p = 0.448) after

FIGURE 3 | Perineuronal nets (PNN), parvalbumin (PV) expressing neurons and their colocalization in the reticular thalamic nucleus and the habenula in control rats

and after 10 days of chronic restraint stress. (A,B) Representative confocal images showing the distribution of PNN (A1,B1; green) and PV+ somata (A2,B2; red) in

the reticular thalamic nucleus of control (A) and stressed (B) rats. (C) Confocal images showing the distribution of PNN (green) in the habenula of control (C1) and

stressed (C2) rats; no PV immunoreactive somata could be detected in the habenula, neither in control nor in stressed animals. (D,E): Graphs on the right side of the

figure indicate changes in the fluorescence intensity of PNN and PV stainings in the reticular thalamic nucleus (D) and of the total numbers of PNN in the habenula

(E). Schemes on the top right of the figure indicate the studied regions in light red (reticular thalamic nucleus) and light blue (habenula) (modified from Paxinos and

Watson, 1998). Values represent mean ± S.E.M. Asterisks indicate statistically significant differences between groups (Control × Stress) after unpaired Student’s

t-test (∗p < 0.05). Scale bar 15 µm.
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FIGURE 4 | Confocal microscopic analysis of parvalbumin (PV) and synaptophysin (SYN) expressing puncta in the perisomatic region of excitatory neurons in the

mPFC and basolateral amygdala in control rats and after 10 days of chronic restraint stress. Single confocal planes of principal neuron somata (immunolabeled for

CaMKII-α; blue) showing perisomatic puncta immunoreactive for SYN (A1–D1; red) and PV (A2–D2; green) and their colocalization (A3–D3) in the mPFC (A,B) and

the basolateral amygdala (C,D). Graphs on the bottom of the figure show changes in the linear density (number of puncta/µm of soma perimeter) of synaptophysin

expressing perisomatic puncta with (Syn+/PV+) or without (Syn+/PV–) PV coexpression (E: mPFC; F: BLA). Values represent mean ± S.E.M. Asterisks indicate

statistically significant differences between groups (Control × Stress) after unpaired Student’s t-test (∗p < 0.05). Scale bar 5 µm.

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 May 2019 | Volume 13 | Article 197

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Pesarico et al. Chronic Stress Modulates Interneuronal Plasticity

chronic stress. In accordance with previous reports (Smith
et al., 1987; Li et al., 2011; Meye et al., 2013) we failed
to detect parvalbumin expressing interneurons in the
habenula, although some PNN could be observed and
quantified. The number of these PV–/PNN was significantly
increased (p = 0.025) after 10 days of chronic restraint
stress (Figures 3C,E).

Effects of Restraint Stress on PV
Immunoreactive Puncta on the
Perisomatic Region of mPFC and
Basolateral Amygdala Excitatory
Neurons
Since repeated restraint stress altered the number of PV+

interneurons in the mPFC and the BLA and given the
importance of these cells on the perisomatic inhibition of
excitatory neurons, we decided to analyze the density of
synaptophysin (SYN) expressing puncta with or without PV
immunoreactivity surrounding the somata of these principal
neurons. The excitatory neuronal somata were identified by the
presence of CAMKII immunoreactivity. In the mPFC repeated
restraint stress did not change the density of SYN+/ PV+ puncta
but decreased significantly that of PV–/SYN expressing puncta
(p = 0.019), (Figures 4A,B,E). Chronic stress did not significantly
change the density of perisomatic puncta on excitatory neurons
of the BLA (Figures 4C,D,F).

DISCUSSION

The main objective of this study was to evaluate the effects of
chronic stress on molecules related to interneuronal plasticity
in different regions of the adult CNS. Our results reveal only
local effects on PSA-NCAM expression in the hippocampal
CA1 region. By contrast, they show wider and more profound
alterations in the number of PNN, which in some cases are
associated to PV+ and in some others appear to be independent
from these interneurons. Interestingly, these alterations in PNN
are not only found in the commonly studied regions in chronic
stress models, but also in less explored areas, such as the habenula
or the reticular thalamic nucleus.

We first evaluated the expression of PSA-NCAM, since this
molecule is expressed by a subpopulation of interneurons in the
adult telencephalon and regulates their structure and connectivity
(Gomez-Climent et al., 2011). We have only found a considerable
increase in PSA-NCAM expression in the stratum lacunosum-
moleculare of CA1. It is probable that these changes affect mainly
O-LM cells, which are interneurons that project specifically to
this layer and which morphology and connectivity is particularly
regulated by PSA (Guirado et al., 2014). Moreover, changes in
the structure of these interneurons and of GAD67 expression
in CA1 have been observed in mice subjected to chronic stress
(Gilabert-Juan et al., 2017). The presence of higher levels of
PSA-NCAM expression in these cells may thus increase their
insulation, leading to decreases in dendritic complexity and
reduced connectivity (Gomez-Climent et al., 2011). However, in

the CA1 PSA-NCAM is not exclusively associated to inhibitory
elements (Gomez-Climent et al., 2011) and, consequently,
changes in the expression of this molecule might be also affecting
the connectivity of principal neurons.

The other focus of our study was on parvalbumin expressing
interneurons and their relationship with PNN. Our results
showing an increase in the number of PV expressing neurons
in the mPFC or the BLA are apparently in contrast with
previous reports describing decreases in prefrontocortical PV+

somata after chronic stress [5 weeks of chronic unpredictable
stress (Banasr et al., 2017)], although some were only found in
anhedonic animals (9 weeks of chronic mild stress) (Czeh et al.,
2018). Another report, using 2 weeks of chronic unpredictable
stress or 8 weeks of chronic mild stress, did not find changes in
the density of PV+ somata in the mPFC ofWistar rats (Zadrozna
et al., 2011). However, in agreement with our results, recent
studies with shorter periods (2 weeks) of chronic stress have
found significant increases in the number of PV+ cells and PV
mRNA in the mPFC of adult female mice and in the density
of excitatory puncta on the perisomatic region of PV cells in
both sexes (Shepard et al., 2016; Shepard and Coutellier, 2018).
Furthermore, Filipovic et al. (2018) and Todorovic et al. (2019)
demonstrated that chronic social isolation leads to a decreased
number of PV+ cells in the mPFC and hippocampus of adult
male Wistar rats.

Additionally, chronic variable stress for 2 weeks in the same rat
strain used in our experiment increased the inhibition of mPFC
pyramidal cells and the density of inhibitory puncta around the
somata of these principal neurons (McKlveen et al., 2016). In
contrast with these results, we have failed to find decreases in the
density of puncta coexpressing PV and synaptophysin (SYN) in
our stressed animals. However, the density of PV–SYN+ puncta
decreased markedly, which may indicate a reduction in other
type of perisomatic synapses, more likely of those coming from
cholecystokinin (CCK) expressing basket interneurons. This is
in accordance with the recently found reductions in the number
of CCK+ neurons in the mPFC of rats subjected to 9 weeks of
chronic mild stress (Czeh et al., 2018).

The variability in the results obtained in our study and the
previous ones on the effects of chronic stress on PV+ cells
may obey to differences in the rat strain used, the lack of
discrimination between different prefrontocortical regions and,
particularly, to differences in the duration and nature of the stress
protocol employed. It is possible that in animals submitted to
shorter stress protocols PV+ interneurons were activated, leading
to an increased inhibition on pyramidal neurons. On the other
hand, in longer protocols, in which depressive-like behaviors
become persistent, these interneurons may show a decrease in
their activity and parvalbumin expression. It is also important to
note that there is a decrease in excitatory neurotransmission on
PV+ interneurons of the mPFC in learned helplessness and that
the suppression of the activity of these inhibitory cells promotes
the apparition of this depressive-like behavior (Perova et al.,
2015). Consequently, the activation of PV+ interneurons in the
mPFC in earlier phases of chronic stress may be interpreted as
a response to promote the establishment of resilient behaviors,
as Shepard and Coutellier (2018), Shepard et al. (2016) and our
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own data suggest. In fact, previous reports strongly suggest that
the end of the 10 days of restraint coincides with a period in
which the behavioral effects of stress are starting to be observed
(McLaughlin et al., 2007; Reznikov et al., 2008; Grillo et al., 2015).

Similar to what we have observed in the mPFC, we also
found an increase in the number of PV+ cells in the BLA of
our stressed rats. Reznikov et al. (2008), using the same stress
paradigm employed in the present study did not find changes in
the density of PV+ cells in the BLA. This discrepancy may arise
from differences in themethodology employed for quantification:
We estimated the total number of PV+ interneurons in the
whole BLA using a modified version of the fractionator method
(West, 1993; Nacher et al., 2002), while cell densities were
calculated specifically from the medial-caudal extent of the
anterior subdivision of this amygdaloid region (Reznikov et al.,
2008). It has to be noted, however, that Reznikov et al. (2008)
observed a marked increase in the percentage of PV+ cells
displaying c-Fos immunoreactivity in their nuclei, which also
suggest an activation of these interneurons in this stress protocol.

We do not believe that the increase in PV+ interneurons is
due to the incorporations of new cells to the circuitry. We think
that the increase in number reflects an increase in the expression
of this calcium binding protein and that some interneurons that
expressed very low levels of PV (and thus were not detected
in control animals), increase their PV expression and become
detectable in the stressed animals. A similar switch toward high
parvalbumin expression has been observed in the hippocampus
after fear conditioning (Donato et al., 2013). Previous results
from our laboratory have also described this phenomenon in the
infralimbic cortex after social isolation rearing (Castillo-Gomez
et al., 2017) or after treatment with a dopamine D2 receptor
agonist (Castillo-Gomez et al., 2011). The decrease in the number
of PV expressing neurons is not due to a decrease in the volume
of the neuropil because for applying the modified version of the
fractionator method we calculated the volumes of the areas and
found no differences between groups.

There is another report studying the effects of chronic stress on
PNN during adulthood, using a social defeat-induced persistent
stress (SDPS) in Wistar rats, a very long-lasting protocol,
which induces persistent depressive-like behavior (Riga et al.,
2017). In this study the authors found a marked increase in
the density of PNN in the hippocampal CA1 and specifically
of those surrounding PV+ interneurons. These results are in
sharp contrast with our present findings in this hippocampal
region, where we observe a significant decreased density of PNN.
However, we did not find changes in the number of PV+ neurons
surrounded by PNN. In fact, we do not observe significant linear
correlations between PV+ cells and PNN in the CA1, neither in
controls nor in stressed animals, suggesting that the reduction in
PNN that we observe may be due to decreases in PNN associated
to other cell types, more likely excitatory neurons. Although
Riga et al. (2017) found that in Wistar rats more than 90% of
PNN in the CA1 were associated to PV+ neurons, and other
authors found around 80% in Long-Evans rats (Lensjo et al.,
2017), in our study we only found around 60%. Interestingly,
although we find positive correlations between the numbers of
PV+ interneurons and PNN in the mPFC and the BLA in control

animals, such correlations did not exist in stressed individuals,
which suggest that the changes that we observe after stress in
the PV subpopulation of interneurons may be independent of the
presence of PNN surrounding them.

In the case of the TRN the effects of stress should mainly
affect PV+ cells, since these neurons are a large proportion of
the cellular constituents of this thalamic nucleus and most, if
not all of them, are surrounded by PNN. Our results on this
nucleus are particularly interesting because of their robustness
and because they clearly show for the first time the involvement
of this thalamic region in the response to chronic stress during
adulthood. A previous study already highlighted the putative
involvement of this nucleus in the response to acute stress, due
to an important increase in c-Fos expression (Ons et al., 2004).
Further research in this region needs to be done to understand
how the structure, neurotransmission and connectivity of its
neurons is affected by stress.

To our knowledge there is only one study describing PNN in
the habenula, focused on their postnatal development in mice
(Horii-Hayashi et al., 2015); the present data is the first to
describe their presence in adult animals and their modulation
by chronic stress. We do not know yet the phenotype of the
habenular neurons surrounded by these PNN, but most likely
they are excitatory neurons, since interneurons are very rare
in this thalamic region (Smith et al., 1987; Li et al., 2011;
Meye et al., 2013). The present results support previous work
pointing out a prominent role of the habenula in the response
to chronic stress (Wirtshafter et al., 1994; Aizawa et al., 2013;
Jacinto et al., 2017).

The significance of the increases in PNN numbers that we
have found in the present study is still far from clear. It has been
proposed that PNN may act by protecting fast spiking neurons
from oxidative stress (Cabungcal et al., 2013). Since chronic stress
induces high levels of reactive oxygen species (Madrigal et al.,
2006), the increases in PNN at this early phase of stress may
represent an attempt of the neurons to counteract the effects
of this oxidative stress. Studies using longer stress duration are
needed to know whether at later stages of chronic stress the
numbers of PNN and PV+ cells decrease or return to control
levels. Transgenic mice with impaired redox regulation show
decreased number of PV+ neurons and PNN in their PFC and
TRN (Cabungcal et al., 2013; Steullet et al., 2017). Interestingly,
patients suffering from schizophrenia, in which stress is known
to be a precipitating factor, also show reductions in the density
of PV+ cells and PNN in this two regions (Mauney et al., 2013;
Steullet et al., 2017). PNN may also act by influencing synaptic
plasticity, constituting a physical barrier to stabilize synaptic
contacts or to prevent the formation of new contacts through
the expression of inhibitory molecules (Nowicka et al., 2009;
Sorg et al., 2016).

In conclusion, our data demonstrate that a short chronic
stress can induce changes in molecules involved in interneuronal
plasticity, not only in “classical” regions involved in the stress
response, but also in the habenula or the TRN, a region in
which we have described for the first time alterations induced
by this aversive experience. This supports the hypothesis that
alterations in inhibitory networks and of molecules involved in
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their plasticity, particularly the PNN, underlie the impact of stress
in the CNS and may participate in the development of certain
psychiatric disorders.
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