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Abstract:

Reductions in the number and size of neurons in the medial prefrontal cortex (mPFC) have been documented in many post-mortem
studies of depressed patients and animals exposed to stress. Here, we examined the effect of chronic unpredictable stress (CUS) and
chronic mild stress (CMS) on specific populations of neurons in the rat mPFC. Antibodies directed against parvalbumin (PV), cal-
bindin D-28K (CB) and active caspase-3 have been used to quantify the numerical density of PV-immunoreactive (PV-ir), CB-ir and
active caspase-3-ir cells, and to measure the relative optical density of neuropil. CUS decreased the density of CB-ir neurons and the
optical density of CB-ir neuropil. In turn, CMS increased the densities of both CB-ir neurons and neuropil, while PV-ir neurons and
PV-ir neuropil were not changed. The frequency distribution of neuronal surface areas was significantly different only for PV-ir neu-
rons, and only between the control and CUS group. CMS reduced the density of active caspase-3-ir cells while CUS did not. We con-
cluded that the mPFC reveals a different pattern of changes in neurons containing calcium binding proteins and active caspase-3
immunoreactivity in response to CUS and CMS.
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proved to be valuable tools in understanding the neu-
robiological relationship between stress and depres-
sion [36]. The model of CUS is caused by treating the
animals with different stress stimuli in an unpredict-
able sequence. The CMS is an experimental animal
model of induced anhedony, created through the ex-
posure of rats to a variety of very mild stressors [36].
Stress and depression are associated with abnormali-
ties of the central nervous system [33]. It has been re-
ported in experimental animals that chronic stress,
can affect brain activity and induce localized struc-
tural changes and neuronal damage [18, 25]. Addi-
tionally, stress in animals evokes a loss of neurons
that mimic neuronal changes observed in depressed
patients [13]. A neuroanatomical region very sensitive
to stress exposure is the prefrontal cortex (PFC) [5].
In rats, the medial PFC (mPFC) is suggested to share
its analogous function with the PFC in humans and
appears to be involved in the working of memory,
attention and reward, which themselves are affected
in several psychiatric disorders, such as schizophrenia
or depression [26]. Postmortem studies of patients
suffering from major depression have shown a de-
creased number and size of neurons and glia in the
mPFC as well as a related decreased volume of the
mPFC [29]. However, little is known about the effect
of CUS and CMS on the density and size of interneu-
rons in the rat mPFC.

In the present study, we investigated immunohisto-
chemical changes in two neuronal populations with
broad distributions containing calcium-binding pro-
teins: parvalbumin (PV) and calbindin D-28K (CB) in
the mPFC of the rats exposed to CUS and CMS. Both
PV and CB are valuable anatomical markers and have
been shown to exist independently within the sub-
population of GABAergic interneurons [11]. PV-
immunoreactive (ir) and CB-ir interneurons are known
to provide the inhibitory input to the perisomatic region
of principal cells in many brain areas [32].

Recent studies also demonstrate that chronic
stress/depression may also trigger apoptosis [23], so
we therefore identified the apoptotic cells by assess-
ing the active caspase-3 immunoreactivity. Caspase-3
is a member of the cysteine protease family, which
plays a crucial role in apoptotic pathways by cleaving
a variety of key cellular proteins. When stimuli acti-
vate caspase-3 in neurons and glial cells, the cells are
committed to die [37]. Thus, activation of caspase-3 is
essential in apoptosis.
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Materials and Methods

Animals

Male Wistar rats (250-270 g) were used in the experi-
ments. The animals were maintained in temperature
and humidity-controlled rooms (22 + 2°C and humid-
ity: 55 £ 5%) with a light/dark cycle of 12 hours on,
12 hours off, and with free access to food and water.
The experiments were carried out between 9:00 a.m.
and 2 p.m. Each experimental group consisted of
812 animals. The control groups did not reveal dif-
ferences in the morphological and immunohisto-
chemical studies, so we have therefore presented only
one of the groups. The procedures were conducted ac-
cording to NIH Animal Care and Use Committee
guidelines, and were approved by the Ethics Commit-
tee of the Medical University of Lublin and the Ethics
Committee at the Institute of Pharmacology, Polish
Academy of Sciences in Krakow.

CUS and CMS procedures

The chronic unpredictable stress (CUS) procedure
was a variant of the Katz method [17]; the CMS para-
digm developed as a result of Willner’s modification
[36] — details of the methods used here have been
published previously [27].

Brain preparation

After decapitation, the brains were removed from the
skull and the limbic forebrains (excluding the olfac-
tory bulbs) were quickly sectioned and fixed in a neu-
tral phosphate-buffered 4% formaldehyde solution.
They were then dehydrated in a graded series of etha-
nol and embedded in paraffin. Fifteen-micrometer-
thick paraffin sections were cut in the coronal plane
and mounted on slides. To obtain the mPFC, tissue
sections were collected through the following brain
positions: from 3.70 mm to 2.20 mm from the
bregma, according to the rat brain atlas of Paxinos
and Watson [28].

Immunohistochemistry (IHC)

IHC labeling was performed with the standard LAB-SA
method (LAB-SA Detection System, ZYMED, USA).
Paraffin sections were dewaxed and rehydrated ac-
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cording to standard procedures. To retrieve antigen,
slides were heated from 92 to 96°C in a 10 mM citrate
buffer (pH = 6.0) for 20 min. Next, they were quenched
sequentially in 1% H,O, in methanol for 30 min,
blocked with normal serum (ZYMED Labs, USA)
and incubated in a moist chamber at 4°C overnight with
primary antibody (polyclonal anti-calbindin D-28K,
Chemicon, 1:750; monoclonal anti-parvalbumin, Sigma-
Aldrich, 1:1000; polyclonal anti-active caspase-3,
Chemicon, 1:10). After several washes in PBS, the
sections were incubated with the appropriate biotiny-
lated secondary antibodies (ZYMED Labs, USA) for
10 min at room temperature, and the streptavidin-
peroxidase complex (ZYMED Labs, USA) for 10 min
at room temperature. The binding of primary antibody
was visualized using diaminobenzidine (Invitrogen
Ltd., UK) for 8 min. After washing with distilled wa-
ter, some sections were counterstained with a Nissl
substance, dehydrated in ethanol and xylene and
mounted in the DPX medium (Fluka).

IHC controls: No labeling was detected when pri-
mary antibodies were omitted.

Quantitative evaluation

All counts were performed at 40x and 100% (objective
lens) under a light microscope (Olympus BX41, Japan)
plus a microcomputer microscope image analyzer
combined with the Imaging Software Cell-D.

The mPFC consists of three subregions (anterior
cingulate, prelimbic and infralimbic cortices) and we
merged these three areas and presented the pooled
data for the mPFC. An average of 6 sections (200 pm
apart) per every type of immunoreaction, taken from
each animal, were analyzed. The immunoreactive
neurons were counted in five randomly selected col-
umns going perpendicularly from the pial surface to
the white matter along the whole cortical depth. The
width of the cortical column was 104 um and its total
height corresponded to the cortical depth. In each col-
umn, the non-overlapping contiguous counting im-
ages of 104 um width and 138 pm high (100% objec-
tive) were made. The data were presented as the mean
numerical density per 0.1 square millimeter of the
cortical column. The immunostained neuronal density
(P) per unit area was estimated using the Abercrombie
formula: P=A x M /L + M [1], where M = section
thickness in microns (15 pm); L = mean nuclear di-
ameter of the respective area; A = crude neuronal

count per 0.1 sq. mm. In addition, the relative optical
density (ROD) of the immunoreactive neuropil ex-
cluding the cell bodies was measured in each image
and for both CB and PV immunostaining. The optical
density (OD) of the area of interest was related to the
background value by the formula: [OD area — OD
background / OD background] x 100, thus eliminat-
ing the variability in background staining among sec-
tions [21]. Also, the mean area of the CB-ir and PV-ir
neuronal pericaryon was measured by means of our
specifically designed software only if the nucleus of
the marked neuron was visible. We measured about
100 labeled neurons per case. Neuronal areas are pre-
sented as frequency histograms by size class.

Data analysis and statistics.

Results are expressed as the group means = SEM.
Comparisons between the groups were carried out us-
ing Kruskal-Wallis one-way analysis of variance and
Dunn’s multiple comparison post-hoc test. To assess
the correlation values between the selected parame-
ters the Pearson correlation was used. The level of
statistical significance was set at p < 0.05.

Results

Calcium-binding proteins

The observation of immunoreactive neurons indicates
that PV-ir neurons were present throughout the layers
II-VI of the mPFC in both CUS and CMS rats,
whereas CB-ir neuronal cell bodies with moderate to
intense immunoreactivity were located in all layers
but mostly in layers II + III (Fig. 1). We also observed
pericellular clusters of PV-ir puncta surrounding unla-
belled cellular profiles (Fig. 2D).

The majority of cell types containing the PV and
CB are interneurons; however, some pyramidal cells
might also contain these proteins. In the present study
we observed a low intensity of PV and CB labelled
pyramidal cells (Fig. 2B), but they were not included
for analysis.

No significant differences in the mean numerical
density of PV-ir neurons were observed between
stressed groups and the control group (Fig. 1A). On
the other hand, there were significant differences be-
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Fig. 1. Impact of chronic stress on CB and PV immunoreactivity in the rat mPFC. Left panel — Distribution of CB- and PV-ir neurons in the mPFC.
Right panel — (A) Numerical density + SEM of CB and PV-positive cells per 0.1 mm? in the mPFC of studied groups. (B) Relative optical density
+ SEM of CB and PV in the rat mPFC of stressed and control animals. * p < 0.05 compared with the control group (ANOVA Kruskal-Wallis and
Dunn post-hoc test)

Fig. 2. High-power photomicrographs
illustrating calbindin-D28K-positive cells
(CB+) and negative cells (CB-) and
parvalbumin-positive cells (PV+) and
negative cells (PV-) in the lower layer
of the mPFC of the studied materials.
(A) and (B) showing CB immunohisto-
chemical reaction and Nissl counter-
staining, thick arrow — the somatic pro-
file of the pyramidal neuron displaying
weak CB immunoreactivity. (C) PV im-
munoreactivity and Nissl staining.
(D) showing only PV immunostaining,
thin arrows — PV+ puncta forming com-
plete pericellular clusters around the
somata of unlabelled neurons
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Fig. 3. Distribution of the areas of PV-ir
neuronal profiles in the mPFC of CUS,
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tween the CUS and the control, and the CMS and con-
trol group in the mean density of CB-ir neurons. We
observed a reduction by 20% in the CUS group (H =
7.13; p < 0.05) and an increase by 14% in the CMS
group when compared to the control group (H = 6.11;
p 0.05; Fig. 1A). The ROD of the neuropil showed
significant differences only in the CB-ir material (Fig.
1B) and correlated with the numerical density of CB-
ir neurons in CUS (r = 0.3728; p 0.05) and CMS
group (r = 0.3531; p <0.05).

The frequency distribution of neuronal surface ar-
eas was significantly different (H = 4.98; p < 0.05)
only for PV-ir neurons, and only between the control
and CUS groups. Indeed, in the mPFC, there are more
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small PV-ir neuronal profiles in CUS cases (in the fre-
quency class 80-140 pm?) and markedly less large
profiles in the frequency class 180-220 pm? (Fig. 3).

Cell apoptosis

To identify apoptotic cells in tissue sections we used
active caspase-3 immunoreactivity and Nissl staining.
Caspase-3-ir cells were mostly localized in deeper
layers of the mPFC. They usually did not display
well-developed morphological signs of apoptosis,
consistent with the fact that caspase-3 activation is an
early phenomenon preceding DNA strand breakage
and terminal nuclear and cytoplasmic changes [30].
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Fig. 4. Impact of chronic stress on the number of active caspase-3-positive cells in the mPFC. (A) and (B) Examples of active caspase-3-ir cells
in CUS and CMS groups, respectively. Arrows indicate active caspase-3-positive cells, arrow heads — shrunken cells. The boxed regions show
apoptotic bodies, a morphologic hallmark of apoptosis. Sections were counterstained with a Nissl substance. (C) Results are expressed as the
mean = SEM numerical density of active caspase-3-positive cells. * p < 0.05 compared with the control group (ANOVA Kruskal-Wallis and

Dunn post-hoc test)
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However, little multiple apoptotic bodies were ob-
served (Fig. 4), especially in CUS material. The pres-
ence of apoptotic body formation was not accompa-
nied by active caspase-3 immunoreactivity. Caspase-
3-ir cells were round in shape and similar to or some-
what smaller than Nissl-stained small neurons.
Caspase-3 immunoreactivity was also seen in small
shrunken cells (Fig. 4). CMS decreased the numerical
density of active caspase-3-ir cells in comparison to
the control material (H = 5.41; p < 0.05), but no dif-
ferences in the density of active caspase-3-ir cells
were observed in the CUS and control groups (Fig. 4).

Discussion

The different influence of two animal models of de-
pression, CUS and CMS, on studied calcium-binding
proteins’ immunoreactivity in the rat mPFC was de-
termined in this study. A statistically significant de-
crease in the density of CB-ir neurons in the mPFC
was caused by CUS. On the other hand, in animals ex-
posed to CMS a significant increase in the density of
CB-ir neurons was observed. Analogically to the nu-
merical density of CB-ir neurons in the mPFC, the
ROD of CB-ir neuropil was adequately lower in CUS
but higher in CMS subjected rats. Both the numerical
density of PV-ir neurons and the OD of PV-ir neuropil
revealed a statistically non-significant tendency for
a reduction in CUS mPFC and a tendency for an in-
crease in CMS rats.

Previous studies did not show consistent results
concerning the densities of PV and CB neurons in the
PFC of the various human diseases. Both the increase
[10] and decrease [2] of CB-ir neurons or no change
in the density of these neurons [34] were observed in,
for example, PFC of schizophrenic patients. Satoh et
al. [31], observed a decrease of the number and size of
PV-ir neurons in the PFC of models with Alzheimer’s
disease. On the other hand, Hof and Morrison [15] did
not find changes in the density of these neurons in this
disease. Almost a 50% decrease of density of CB-ir
neurons in II + III layers of the dorsolateral PFC was
described in major depressive disorder, whereas no
significant changes were observed in the number of
PV-ir neurons [29]. The decrease of neurons was also
observed in animal models of stress [13], therefore,
the demonstration of the increase of the density of CB
neurons in the mPFC of rats that were exposed to
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CMS is puzzling. Although it is admitted that the neu-
rogenesis is limited to such places as the hippocampus
or olfactory bulbs in the adult brain, Dayer et al. [9]
and Gould et al. [12] also found the neurogenesis in
the PFC of adult rats and nonhuman primates, al-
though these results were questioned by other re-
searchers [20]. Other studies showed that most newly
developed cells in the mPFC demonstrate the expres-
sion of the neuron-glia 2 (NG2) [8, 24] marker in the
population of glial cells. These glial cells can differ-
entiate in GABAergic neurons [3, 9]. Besides, it is
possible that the difference found in the density of
CB-ir cells does not only depend on a reduction or in-
crease of cell number but on the decrease or increase
of protein expression.

Some significant differences regarding the distribu-
tion of PV-ir neuronal perikarya between the CUS
and control groups were found in our study, suggest-
ing changes in the sizes of the neuronal body. The
changes in the size and the absence of significant dif-
ferences in the numerical density of PV-ir neurons be-
tween the CUS and control groups could indicate
a shift from large toward smaller areas for neuronal
perikarya. It is well documented that stress results in
glutamatergic neurotransmission in the PFC [22]. Ex-
cessive glutamate release can lead to excitotoxicity,
thus neurons need to protect themselves by reducing
their surface area. This reduction will diminish the
amount of synaptic input [22], indicating alterations
in neurotransmission. Moreover, interneurons demon-
strating an expression of parvalbumin produce short-
lived, fast-spiking action potential (FS) [11] and
shows little or no adaptation when compared with
regular spiking (RS) neurons [7]. RS interneurons
demonstrate an expression of calbindin [11].

Hugon et al. [16] reported that CB-containing neu-
rons exposed to oxidative stress in the cerebral cortex
survive more often than neurons without CB. In our
study, the increase of the density of CB-ir neurons and
CB-ir of neuropil in the CMS group was accompanied
by a decrease of cells demonstrating an expression of
active caspase-3, whose activation is essential in neu-
ronal apoptosis [37]. These results might suggest that
CB could participate in neuroprotection after expo-
sure to different mild stressors. This is in accordance
with evidence showing that CB has a major role in
different cell types in the protection against apoptotic
cell death [6], and biochemical evidence showing that
in osteoblasts, CB binds directly to caspase-3 and in-
hibits its activity [4].
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In our study, caspase-3 positive cells were similar
to or somewhat smaller than Nissl-stained small neu-
rons and they did not usually display well-developed
morphological signs of apoptosis. However, apoptotic
body formation without active caspase-3 immunore-
activity was observed, especially in the CUS material.
These observations may indicate different patterns of
cellular death, which is a classical apoptosis with the
expression of active caspase-3 or caspase-indepen-
dent apoptosis often mediated by other proteases [35].
On the other hand, recent evidence has suggested that
caspase-3 can be also involved in cellular processes
such as neuronal differentiation, migration and plas-
ticity [14], in addition to its role in cell death, and has
shown that it is localized both in neurons and in glial
cells [19]. Therefore, further studies of the apoptotic
cell death markers, for example DNA fragmentation,
are required as well as double immunostaining for
caspase-3 and interneurons.

Conclusion

The obtained results show that the mPFC reveals
a different pattern of changes in calcium binding pro-
teins and active caspase-3 immunoreactivity in re-
sponse to CUS and CMS. CUS as an animal model of
depression can be related to the decrease density of
neurons containing CB in the mPFC. Opposite to this,
however, the CMS demonstrated an increase of
CB-containing neurons with a significant decrease of
caspase-3-positive cells in the rat mPFC when com-
pared with the control material. Further investigations
are required.
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