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Abstract:

In this study, the neuropathological changes induced by chronic unpredictable stress (CUS) and chronic mild stress (CMS) in cal-

bindin D-28K (CB) and parvalbumin (PV) immunoreactive neurons in the rat hippocampus were demonstrated. We used immuno-

histochemical techniques to quantify the numerical density and morphological changes of PV immunoreactive and CB

immunoreactive neurons in the dentate gyrus (DG) and the CA1 and CA3 regions of the hippocampus. We also assessed cell prolif-

eration (Ki-67) and apoptotic processes (active caspase-3) in the DG. We found a significant decrease (16.6% for CUS and 13.3% for

CMS) in the numerical density of granule cells (GC), alterations in the CB immunoreactive cells of the GC in the DG and an impair-

ment of mossy fiber CB immunolabelling in the CA3. These changes were not accompanied by a decrease in Ki-67 labeling or the

level of capsase-3 in the DG. These data indicate a stress-induced reduction of calcium binding neuron parameters, which may be re-

lated to the behavioral paradigms exhibited in these models.
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Abbreviations: CA – cornu ammonis (Amon’s horn of hippo-

campus), CB – calbindin, Cbir – calbindin immunoreactivity,

DG – dentate gyrus, GABA – �-aminobutyric acid, GCL –

granule cell layer, MF – mossy fiber, PV – parvalbumin, Pvir –

parvalbumin immunoreactivity, ROD – relative optical density,

SGZ – subgranular zone

Introduction

Exposure to chronic stress can affect the development

of certain forms of depression in humans [3] and ani-
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mal models. The two most valuable models of rat de-

pression, chronic unpredictable stress (CUS) and

chronic mild stress (CMS), develop the most signifi-

cant behavioral depressive changes: reduced motor

activation, reduced food and water consumption, de-

creased response to rewarding stimuli, and a loss of

aggressiveness. The hippocampal formation is one of

the most intensively studied structures in the brain. In

the context of depression, this structure, together with

the adjacent amygdala, form the central axis of the

limbic system [2, 23]. The dentate gyrus (DG) of the

hippocampus shows pronounced structural and mor-

phological changes in response to environmental

stress. Animals exposed to stress display atrophy of

CA3 pyramidal neurons [18], reduced neurogenesis in

the DG [9], and alterations in hippocampal apoptosis

[11, 16, 17]. The present study was designed to com-

pare the effects of CUS and CMS on calcium binding

neurons. We assessed the numerical density, size and,

immunoreactivity of cells containing two calcium-

binding proteins, parvalbumin (PV) and calbindin

D-28K (CB), in the hippocampal formation. Parval-

bumin immunoreactive (PVir) and calbindin immuno-

reactive (CBir) subpopulations of GABAergic inter-

neurons provide inhibitory input to the principal cells

in many brain areas. In the hippocampus, only a few

of these neurons are located in DG and CA1-3 areas.

In the hippocampal formation, CB is also expressed in

subpopulations of the principal glutamatergic cells,

specifically in DG granule cells and in CA1 superfi-

cial pyramidal neurons. Thus, we analyzed the spatial

expression pattern of CB and PV along the trisynaptic

pathway, including inputs from the amygdala, mossy

fiber axons projecting from the granule cells to the

dendrites of pyramidal neurons in CA3 area and along

the Schaffer collaterals to the dendrites of the pyrami-

dal neurons in CA1 [5] in the hippocampus following

stress stimuli to determine if CUS and CMS are asso-

ciated with changes in expression of these depression-

sensitive proteins.

We examined also the effect of CUS and CMS on

cell proliferation in the DG using Ki-67, an endoge-

nous marker of cell proliferation. Additionally, we as-

sessed the effects of these stimuli on young granule

cells by identifying apoptotic cells using active

caspase-3 immunoreactivity. Many reports have sug-

gested that programmed cell death contributes to neu-

ronal loss, but there is some evidence that caspase-

mediated apoptosis might play only a limited role in

neuronal death [20]. To elucidate the precise role of

extrinsic and intrinsic stimuli on calcium binding neu-

rons in trisynaptic pathways in depressive disorders, it

is important to use animal models that can produce

the full expression of depression symptoms [4, 5].

The models used in these experiments relied on selec-

tive environmental stimuli to induce the neuropa-

thological changes found during the postmortem stud-

ies. While our research is preliminary, we keep the

procedures for tissue preparation and neuronal counts

found during the postmortem studies (the first CUS –

CMS comparative work using paraffin-embedding meth-

ods and 2D counting rules). This work should be further

expanded with the use of antidepressive treatments that

target selected stages of the trisynaptic pathway.

Materials and Methods

Animals

Male Wistar rats (250–270 g) were used in the experi-

ments. Except where noted below, the animals were

housed under controlled laboratory conditions (12-h

light–dark cycle, constant temperature: 22 ± 2°C and

humidity: 55 ± 5%) and had free access to food and

water. Experiments were carried out between 9:00

a.m. and 2 p.m. Each experimental group consisted of

8–12 animals. Because the control groups did not re-

veal any differences in the morphological and immu-

nohistochemical studies, we have presented data from

only one of the groups. Procedures were conducted

according to the guidelines set by the NIH Animal

Care and Use Committee and were approved by the

Ethics Committee of Medical University of Lublin

and the Ethics Committee at the Institute of Pharma-

cology, Polish Academy of Sciences in Kraków.

CUS procedure

The CUS procedure used was a variant of the method

developed by Katz et al. [10] The rats were subjected

to the following kinds of unpredictable stressors: 20 s

exposure to electric footshock (3 mA, 0.2 s duration

every 2 s), 2 h periods of immobilization at 20°C or

4°C, 5 min exposure to electric bell, 3 min periods of

swimming in cold water (12°C), 5 min periods of illu-

mination (80 ± klx) and 48 h period of food depriva-

tion. Each stressor was repeated two times during the

16-day period.
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CMS procedure

Male Wistar rats were brought into the laboratory two

months prior to the start of the experiment. The ani-

mals were first trained to consume a 1% sucrose solu-

tion. Training consisted of eleven 1-h baseline tests in

which sucrose was presented in the home cage fol-

lowing 14 h periods of food and water deprivation.

The sucrose intake was measured by weighing the

bottles at the end of the test. After the training period,

sucrose consumption was monitored at weekly inter-

vals throughout the experiment. On the basis of their

sucrose intakes in the final baseline test, the animals

were divided into two matched groups. One group of

animals was subjected to the CMS procedure for a pe-

riod of 8 consecutive weeks. Each week of the stress

regime consisted of two periods of food or water dep-

rivation, two periods of 45° cage tilt, two periods of

intermittent illumination (lights on and off every 2 h),

two periods of soiled cage (250 mL water in sawdust

bedding), one period of paired housing, two periods

of low intensity stroboscopic illumination (150 flashes/

min), and three periods of no stress. All stressors were

10–14 h in duration and were applied individually and

continuously. Control animals were housed in sepa-

rate rooms and had no contact with the stressed ani-

mals. They were deprived of food and water for 14 h

preceding each sucrose test, but otherwise food and

water were freely available in the home cage.

Brain tissue preparation

After decapitation, the brains were removed from the

skull and the hippocampi were quickly sectioned and

fixed in a neutral phosphate-buffered 4% formalde-

hyde solution. The tissue was then dehydrated in

a graded series of ethanol and embedded in paraffin.

The hippocampal formations were sectioned in the

coronal plane along the entire dorsoventral axis

(–5.10 mm to –3.10 mm relative to bregma) [21]. Sec-

tions of 15-µm thick paraffin were cut in the coronal

plane and mounted on slides.

Immunohistochemistry

IHC labeling was performed using the standard LAB-

SA method (LAB-SA Detection System, Zymed, US).

To retrieve the antigen, slides were heated from 92°C

to 96°C in 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, US) and incubated in a moist chamber

at 4°C overnight with anti-calbindin-D28K (rabbit

polyclonal, 1:750, Chemicon), anti-parvalbumin (mouse

monoclonal, 1:1000, Sigma-Aldrich), and anti-active

caspase-3 (rabbit polyclonal, 1:10, Chemicon). Anti-

Ki67 (rabbit polyclonal, 1:300, Chemicon) was incu-

bated for only 10 min at room temperature. The sec-

tions were incubated with the appropriate biotinylated

secondary antibodies (Zymed Labs, US) for 10 min at

room temperature and with the streptavidin-peroxidase

complex (Zymed Labs, US) for 10 min at room tem-

perature. The binding of the primary antibody was

visualized using diaminobenzidine (Invitrogen Ltd.,

UK) for 8 min. Some sections were counterstained

with a cresyl violet, dehydrated and mounted in the

DPX medium (Fluka). No labeling was detected for

the IHC controls in which the primary antibodies

were omitted.

Quantitative evaluation

All counts were performed using an Olympus BX-41

microscope and a microcomputer microscope image

analyzer combined with the Imaging Software Cell-D.

An average of 6–8 sections (200 µm apart) per each type

of immunoreaction from each animal were analyzed.

All CBir cells and the sum of CBir + CB-negative

cells in the granule cell layer (GCL) of the DG and in the

stratum pyramidal were counted in 10 non-overlapping

images (138 µm × 104 µm each) per section. Data are

presented as the average numerical density per image

of CBir cells and CBir + CB-negative cells as well as

the ratio of CBir/CBir + CB-negative cells. Cells that

were cresyl violet stained, but showed no immunore-

activity, were considered to be CB-negative.

For Ki-67 and caspase-3 counting, each non-

overlapping microscope image (40× objective lens) of

the DG, including subgranular zone (SGZ), was esti-

mated. The sections used correspond to the field area and

spatial location. The relative density of Ki67-positive

cells and caspase 3-positive cells is presented as the mean

percentage of images with increasing frequencies of posi-

tive cells per image: 0; 1–2; 3–4; 5–6 and up to 7.

The relative optical densities (ROD) of CBir and

Pvir neurons and of the mossy fibers were related to

the background value using the following formula:

[OD area – OD background/OD background] × 100.

This eliminated the variability in background staining

between sections [14]. Additionally, the mean area of
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the CBir and PVir neuronal cell bodies was measured

in an average of a hundred cells per section. Analysis

was conducted by a single researcher who was blind

to the stress treatment status of the animal.

Data analysis

Results are expressed as group means ± SEM. Com-

parisons between groups were carried out using

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; p < 0.05 was

taken to be significant.

Results and Discussion

In the DG, the level of CBir neurons was highest in

the granular cell layer, particularly in mature cell bod-

ies. CBir neurons were moderately stained. No sig-

nificant changes were observed in the relative optical
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Fig. 1. A7 8�� �&����	�� ������ �� �1�� ��&���� �� ��� /�� �� ��� $/9 8�� ���� ��%������ ��� ���� ± *:�6 ; % < �6�0 	��%���� �� 	������
���&% =)2>?)  �&�!���@����� ��� $&�� post-hoc ����76 �1A B %������� ���	����9 �1C B �������� ���	����9 $/ B ������� ��&�9 /�� B ����&���
	��� ����6 B7 D�%����������� 	������ %������	�����%� �� �1�� �� ��� /$9 ����#� ����	��� �1�� 	����� ����#���� ����	���� �1��������� 	����

Fig. 2. A7 8�� �������� �%��	�� ������ �� �1�� �� �E6 ; % < �6�0 	��%���� �� ��� 	������ ���&% =)2>?)  �&�!���@����� ��� $&�� post-hoc ����76 BCC7
��	��%�������%�� �� �1 ���&�����	����� �� �E =����#�7 ��� &���
����� %���	�%�� 	���� =����#�����79 B7 	������9 C7 ��*9 �E B ���� ��
��



density of CBir between control and CUS- or CMS-

exposed rats (ROD: 175.2, 178.4 and 173.6, respec-

tively; p > 0.05). CUS animals did show a significant

decrease in the numerical density of neurons (CBir +

CB-negative) in the granular cell layer of the DG

(16.6%, H = 4.852; p < 0.05; Fig. 1A) compared to

control group. The same effect was also observed in

the CMS animals (13.3% decrease, H = 6.328; p <

0.05; Fig. 1A). The numerical density of CBir granu-

lar cells in the DG was also reduced in both stressed

groups (18.6% decrease in CUS and 16.0% in CMS;

p < 0.05). Thus, the numerical balance between the

CBir subpopulation and the sum of CBir + CB-nega-

tive neurons, which was maintained at a constant

level in CMS, was reduced in CUS (Fig. 1A, B). The

relative optical density of the MF revealed signifi-

cantly lower levels in the stressed groups (CUS: by

14.7%, CMS: by 18.5%; p < 0.05) compared to con-

trol animals (Fig. 2). In the CA1 area, CBir cells were

found selectively among the pyramidal cells and in-
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terneurons (Fig. 2B). CBir neurons were stained mod-

erately or intensely. We found a tendency toward an

increase of reactivity for CBir neurons in CA1 follow-

ing CUS and CMS stress (Fig. 3A). We found also

that the surface area of CBir neurons in the CA1 of

stress-exposed rats tended to be reduced (by 14% in

CUS and by 10% in CMS; p > 0.05) compared to that

of the controls. To estimate the numerical density of

cells in CA1, we allocated all different morphological

forms of interneurons in the pyramidal layer and py-

ramidal cells to one group. We found that the numeri-

cal density of neurons in the CA1 and the numerical

density of the subpopulation of CBir neurons in all

groups of animals were maintained at the same con-

stant level (Fig. 3A).

PVir was found in a small percentage of interneu-

rons in CA1, CA3 and the DG. No significant altera-

tions were observed in the numerical density, surface

area or relative optical densities of PVir neurons in

any of the investigated subfields of the hippocampal

formation between the groups (data not shown).

Ki-67 immunoreactivity was apparent in SGZ cells

and the border between the GCL and hilus. We found

insignificant differences in the numerical density of

Ki-67-ir cells between the groups. However, cell pro-

liferation was slightly impaired in CUS-exposed rats

compared to the non-stressed and CMS-exposed ani-

mals (Fig. 4 A–B).

Caspase-3-ir neurons were present in all subfields

of the hippocampus. A slightly higher, but insignifi-

cant, numerical density of caspase-3-ir cells in granu-

lar cells of DG was found in rats exposed to stress.

However, in all animal groups, the ratio of caspase-3-ir

cells in the GCL was low and the typical apoptotic

bodies were invisible (data not shown).

Both models of stress (CMS and CUS) led to a de-

crease in the numerical density of granule cells and

CBir neurons in the DG. This decrease was not ac-

companied by diminished cellular proliferation.

While these two results appear to be contradictory, the

Ki67ir cells in SGZ of the DG represent heterogene-

ous populations of proliferating cells, including pro-

genitor of granule cells, radial and horizontal astro-

cytes and endothelial cells in addition to granular cells

[13]. Thus, this result may indicate that stress stimuli

selectively govern the survival of new granule cells

[15] and is in agreement with a study showing a sig-

nificant decrease in the total number of granule cells

and in the volume of the GCL in both the CMS model

and the olfactory bulbectomy model of depression [7,

9, 20]. As a consequence of decreased granule cells

abundance, we observed a lower level of ROD of the

mossy fiber layer formed by the axons of granule cells

projecting to CA3 pyramidal cells, which constitutes

their major inputs (Fig. 2). In the CA3-2 area, these

indirect amygdalo-entorhino-hippocampal projections

are merged and modified by those induced by direct

amygdalo-hippocampal fibers and finally project to

CA1 via Schaffer collaterals. Unlike in the DG, the

numerical density of neurons in CA1 was not changed

by stress, while the ROD of CBir neurons tended to

be increased. Other studies have also shown an in-

crease of CBir in the rat hippocampal CA1 area after

social stress [14]. There are some proposed possibili-

ties for the mechanism in which optimal levels of CB

allow for the greatest survival of CA1 neurons. CB

plays a pivotal role in maintaining calcium homeosta-

sis and facilitates calcium diffusion, thus acting as an

enzyme activator [12, 19, 22].

In the present study, no significant alterations were

observed in CA1 PVir neurons between the groups,

but other studies using other stress paradigms have

shown a decrease in the abundance of these cells [6,

22]. In the hippocampus, different calcium-binding

proteins (PV and CB) are markers of different sub-

populations of GABAergic and principal neurons [22].

There is either little or no colonization of these proteins

in cells. Previous studies showed that different degen-

erative factors do not equally impact the various cal-

cium binding neurons in hippocampus [1].

Conclusion

We found a reduced numerical density of granule

cells in the rat hippocampus following CMS and

CUS. We also found diminished CBir in granule cells

and the mossy fiber system, and this may reflect a dis-

turbance of calcium homeostasis in the initiating stage

of the trisynaptic pathway. Our results also point to a

protective role of calcium-binding proteins in the CA1

area against disadvantageous stress stimuli. Thus, we

report a stress-induced reduction of calcium-binding

neuron parameters, which may be related to the be-

havioral paradigms seen in these models.
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