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Cocaine- and Amphetamine-Regulated Transcript Peptide
Plays a Role in the Manifestation of Depression: Social
Isolation and Olfactory Bulbectomy Models Reveal Unifying
Principles
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We investigated the effect of cocaine- and amphetamine-regulated transcript (CART) peptide on depression-like behavior in socially
isolated and olfactory bulbectomized (OBX) rats. Administration of CART (54-102) into the lateral ventricle (50—100ng) or central
nucleus of amygdala (CeA) (10-20ng) caused significant decrease in immobility time in the forced swim test (FST) without influencing
locomotion, suggesting antidepressant-like effect. Social isolation as well as OBX models were undertaken to produce depression-like
conditions. Although isolation reared (6 weeks) rats showed significant increase in immobility time in FST, OBX animals exhibited
hyperactivity (increase in the ambulation, rearing, grooming, and defecation scores) on day |4 in the open-field test. The isolation- or
OBX-induced depression-like phenotypes were reversed following acute or subchronic treatment of CART, respectively, given via
intracerebroventricular and intra-CeA routes. Drastic reduction in CART-immunoreactivity was observed in most cells in the
paraventricular (PVN), arcuate and Edinger—Westphal nuclei of the socially isolated and OBX animals. Although the fibers in the PVN
showed variable response, those in ARC and prefrontal cortex did not change. The CART-immunoreactive fibers in the locus coeruleus
also showed highly significant reduction. However, dramatic increase in CART-immunoreactive fibers was noticed in the CeA in both the
experimental models. The response by the cells and fibers in the periventricular area and perifornical nucleus in the OBX and socially
isolated rats was variable. The study underscores the possibility that endogenous CART system might play a major role in mediating
symptoms of depression.
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Recent evidences demonstrate that CART is crucial in the
regulation of the behavioral and physiological responses to
stress (Kuhar and Dall Vechia, 1999; Balkan et al, 2003,
2006; Dominguez et al, 2004; Vicentic et al, 2004; Koylu
et al, 2006). CART may modulate affective and anxiety
behaviors (Stanek, 2006) and exert an augmenting effect in
the treatment of depression because it acts as a putative and
potential neurotransmitter/cotransmitter that is also in-
volved in psychostimulant action (Jaworski et al, 2003;
Jones and Kuhar, 2006). Preliminary results suggest that,
CART directly controls the expression of several important
neurotransmitters, which are instrumental in processing
neuropsychological behaviors (Vaarmann and Kask, 2001;

INTRODUCTION

Cocaine- and amphetamine-regulated transcript (CART) is
a newly discovered peptide (Douglass et al, 1995) that is
strongly expressed in the hypothalamus and major limbic
structures (Couceyro et al, 1997; Koylu et al, 1997, 1998), is
important in feeding behavior, energy expenditure, repro-
duction, psychomotor activity, and neuroendocrine regula-
tion (Kristensen et al, 1998; Thim et al, 1998; Kimmel et al,
2000; Kuriyama et al, 2004; Smith et al, 2004).
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Yang et al, 2004; Jaworski et al, 2007). Ma et al (2007) have
suggested that an increase in 5-hydroxytryptamine (5-HT)
may contribute to the antidepressant-like effect of CART.
Moreover, therapeutic efficacy of CART has been suggested
in the treatment of depression and neurodegenerative
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disorders (Lakatos et al, 2005; Wu et al, 2006; Pae et al,
2007; Orsetti et al, 2008).

This study has been undertaken with a view to finding out
if CART has a role in mediating depression-related
information. We administered CART via the intracerebro-
ventricular (icv) route and also directly into the central
nucleus of amygdala (CeA), the site for processing
depression-related information (Aggleton, 1993; Hwang
et al, 2005; Dannlowski et al, 2008), in normal rats. The
response in terms of immobility time was evaluated
employing Porsolt’s forced swim test (FST) (Porsolt et al,
1978). Social isolation and olfactory bulbectomy (OBX) are
widely employed models of depression. Rats were socially
isolated for 6 weeks and the depression was evaluated by
FST method (Karim and Arslan, 2000; Shabanov and Roik,
2005). Surgical removal of the olfactory bulbs was also
undertaken to generate depression and the resulting
hyperactivity (increase in the ambulation, rearing, groom-
ing, and defecation scores) was evaluated using open-field
test (OFT) (Song et al, 1996; Kelly et al, 1997; Song and
Leonard, 2005). CART was also administered by the icv and
intra-CeA routes to the OBX and socially isolated (6 weeks)
rats, and the responses evaluated in terms of depressive
behavior. Moreover, following social isolation and OBX,
endogenous CART system was investigated in the para-
ventricular nucleus (PVN), periventricular area (PeA),
arcuate nucleus (ARC), perifornical nucleus (PeF), CeA,
prefrontal cortex (PFC), Edinger-Westphal nucleus (EW),
and locus coeruleus (LC) using immunocytochemistry
coupled with morphometric analysis. These neuroanatomi-
cal areas were chosen for this investigation because of
abundance of CART (Koylu et al, 1997, 1998; Vrang, 2006),
and some of them (PVN, ARC, CeA, PFC, and LC) are
reported to be involved in the processing of depression-
related signals (Baker et al, 1996; Song et al, 1996; Makino
et al, 2000; Kim et al, 2003; Stone et al, 2007; Dannlowski
et al, 2008; Orsetti et al, 2008). Furthermore, this work
provided a unique opportunity to compare the CART
immunocytochemical profile in the brain of rats subjected
to social isolation and OBX, the two different models for
generating depression, and to identify common features,
if any.

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (230-250 g) had free access
to food (Lipton, India) and drinking water except during
the test period. They were maintained on a 12h dark/light
cycle, in controlled temperature (25%2°C) and relative
humidity (50-70%). The experimental procedures were
approved by the Institutional Animal Ethics Committee of
Department of Pharmaceutical Sciences, Rashtrasant Tuka-
doji Maharaj Nagpur University, Nagpur, India.

Intracerebral Cannulations

The procedures of cannulation and postsurgical care have
been described (Kokare et al, 2005, 2006). The cannulae
were implanted on the skull of normal, socially isolated (5
weeks) and OBX animals, for the icv or intra-CeA
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administration of artificial cerebrospinal fluid (aCSF) or
CART. A stainless steel guide cannula (C316G/Spc; Plastics
One, Roanoke, VA) was implanted into the right lateral
cerebral ventricle using the stereotaxic coordinates,
—0.8mm posterior, +1.3mm lateral to midline, and
3.5mm ventral with respect to bregma (Paxinos and
Watson, 1998). Similarly, the cannulae were implanted
bilaterally in the CeA with coordinates, —2.4 mm posterior,
1 4.0 mm lateral to midline, and 8.0 mm ventral to bregma
in other groups. The animals were allowed a recovery
period of 7 days and those with any neurological/motor
deficits were excluded from the study.

Intracerebroventricular and Intra-Amygdala
Administrations of CART

The methods of icv and nuclei-specific injections, and
preparation of aCSF have already been standardized in our
laboratory (Kokare et al, 2005, 2006; Dandekar et al, 2008a).
Cannulated rats were randomly allocated to different groups
(n=9 in each). All injections were performed between 0900
and 1200 hours and rats, once used, were not reemployed.
CART (54-102) was diluted in aCSF and injected into the
right lateral ventricle or bilaterally into the CeA. The vehicle
(aCSF, 5 pl per rat, icv; n=9 and 1 pl each side, intra-CeA;
n=6) or CART (54-102) (25-100 ng per rat, icv; n=38 per
group and 2-20 ng per rat, intra-CeA; n =7 per group) were
given as single injection and subjected to the FST or
actophotometer following an interval of 30 min.

In the socially isolated animals, vehicle (aCSF, 5 ul per rat,
icv; n=6 and 1 pl each side, intra-CeA; n = 8) or CART (54-
102) (50-150 ng per rat, icv; n =7 per group and 2-20 ng per
rat, intra-CeA; n=9 per group) were given as single
injection, and following an interval of 30 min, the rats were
subjected to the FST or actophotometer test. The sham-
operated and OBX rats were given daily single injection of
the vehicle (aCSF, 5 pl per rat, icv; n=7 and 1 pl each side,
intra-CeA; n=6) or CART (54-102) (25-200 ng per rat, icv;
n=238 per group and 2-40ng per rat, intra-CeA; n=7 per
group) for 7 days, and subjected to the OFT following an
interval of 30 min of last injection. The responses were
scored by a trained observer blind to various treatment
conditions.

The placement of the cannula for icv injection was tested
for accuracy by injecting dilute India ink and postmortem
examination of the distribution of ink in the ventricles
(Kokare et al, 2006; Dandekar et al, 2008a). Following intra-
CeA injections, the brains were removed, sectioned, stained
with cresyl violet, and the position of the tip of the each
injection site was determined. Only animals with correct
cannula placements were used for statistical analyses.

OBX and Social Isolation

Bilateral OBX was performed as described by O’Connor and
Leonard (1988). Briefly, rats were anesthetized with
thiopental sodium (40 mg/kg, ip), mounted in a stereotaxic
apparatus (David Kopf, USA), and a skin incision was made
to expose the skull overlying the bulbs. Holes were drilled
7mm anterior to bregma and 2mm on either side of the
midline at a point corresponding to the posterior margin of
the orbit of the eye. The olfactory bulbs were removed by
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suction, the holes were filled with hemostatic sponge in
order to control the bleeding and the scalp was sutured.
Sham-operated animals received the same surgical treat-
ment, but the bulbs were left intact. The animals were given
14 days to recover following the surgery. No noticeable
aggressive behavior was observed in the OBX rats. There-
after, the rats were (1) subjected to aCSF/CART treatment
followed by behavioral analysis using OFT or (2) processed
for immunocytochemical labeling.

In the social isolation group, male rats, maintained under
a 12 h light/dark cycle with food and water ad libitum, were
either housed in groups of 4-5 per cage (24 x 17 x 12 cm) or
kept individually after weaning (isolated in the cage of
similar dimensions) for 6 weeks before conducting the
experiments. At the end, paired and socially isolated rats
were (1) injected with aCSF/CART and subjected to FST
assessment or (2) processed for immunocytochemical
labeling.

Porsolt’s FST for Depression

The FST is a behavioral model, which predicts the efficacy
of prospective antidepressant-like drugs in rat (Porsolt et al,
1978). The method has already been described (Goyal et al,
2006; Kokare et al, 2008). Briefly, the animals are
individually forced to swim in cylindrical glass tank and
the behavior is evaluated by quantifying the duration of
immobility. Two swimming sessions were carried out with
an initial 15 min ‘pretest’ followed by 5min ‘test’ after 24 h.
Animals (normal and socially isolated) were either treated
icv or intra-CeA with aCSF/CART before test session.

Locomotor Activity Measurement

Locomotor activity was monitored with actophotometer
(Centroniks Electronic, India) of 38 cm diameter and 16 cm
height, equipped with photocells that automatically measure
the animal’s movement. Spontaneous locomotor activity of
each rat was measured for 10 min period. All animals were
used only once and after each test the actophotometer grid
floor was carefully cleaned.

OFT for Assessing Hyperactivity

On day 14 following the surgery, and at the end of
subchronic treatment with aCSF/CART, OBX, and sham-
operated control rats were subjected to the OFT. Each rat
was placed at the center of the open-field apparatus
designed according to the specifications of Redmond et al
(1999) with slight modifications. It consisted of circular
arena (diameter 80 cm) divided into square areas of 10 cm?
each. The entire arena was provided with a 75cm high
aluminum walls on the periphery. A 60 W light bulb was
positioned 90cm above the center of the arena, and
provided the only source of illumination in the testing
room. Each animal was placed in the center of the open-
field apparatus, and the ambulation (number of crossovers),
rearing, grooming, and defecation scores were measured
during a 3 min period.
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Immunocytochemistry

Brains of socially isolated and OBX animals, along with
their respective controls, were processed for immunocyto-
chemical labeling with CART antibody. Rats were deeply
anesthetized (thiopental sodium, 60 mg/kg, ip), perfused
transcardially with heparinized phosphate-buffered saline
(PBS; pH 7.4) for 30 s followed by 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) for 10-15 min. The brains
were post-fixed in the same fixative overnight, cryopro-
tected in 30% sucrose solution in PBS, embedded, and
serially sectioned on a cryostat (Leica, Germany) at 20 pm
thickness in the coronal plane and collected in PBS. Sections
were processed for CART-immunolabeling using the
streptavidin-biotin-peroxidase method described earlier
(Dandekar et al, 2008a,b). Sections were incubated in
mouse monoclonal primary antibodies against CART (54-
102) diluted in 1% bovine serum albumin (BSA; Sigma)
containing 0.3% Triton X-100 and 0.09% sodium azide at
1:5000 dilution for 2 days at 4°C. After rinsing in PBS,
sections were incubated in biotinylated-IgG followed by
ABC (Vector) and the immunoreaction product was
developed in diaminobenzedine/H,0, in Tris buffer. Sec-
tions were dehydrated, cleared in xylene, and mounted with
DPX. Sections from the brains of different groups were
processed at the same time under identical conditions to
ensure reliable comparisons among different groups and
maintain stringency in tissue preparation and staining
conditions. The details of generation of CART antibody and
its specificity have been described earlier (Thim et al, 1998).
Omission of the primary antibody and replacement with
BSA produced no immunoreaction. In preadsorption
controls, application of 1 ml diluted antibody pre-incubated
with CART at 10 °M for 24h, completely blocked the
immunoreaction.

Morphometric Analysis

The area occupied by CART-immunoreactive (CART-ir)
cells and/or fibers in the PVN, PeA, PFC, ARC, PeF, CeA,
EW, and LC was evaluated using microscopic images from
predetermined areas in the sections. The images (x 480)
were analyzed using Leitz-LaborLux S microscope, CCD
video camera system (JVC, Japan), and Leica-Qwin
Standard software. The method has already been standar-
dized in our laboratory (Dandekar et al, 2008a, b).

The area (um?) covered by CART-ir cells was estimated
from the transverse sections passing through the PVN, PeA,
ARC, PeF, and EW from the isolation reared and OBX rats.
CART-ir fibers from these areas and also from PFC, CeA,
and LC were separately assessed. In Figures 3-7 and
Supplementary Figures S1-S3, the rectangular areas demar-
cate the regions from which the CART-ir cell and fiber area
were evaluated. The procedure has already been described
(Dandekar et al, 2008a,b).

Statistical Analyses

The data are presented as means+ SEM. The statistical
significance for the dose-dependent study of CART in
normal and socially isolated animals were separately
determined by one-way analysis of variance (ANOVA) with
repeated measures on drug treatments followed by post hoc



Dunnett’s test. The behavioral data following social isola-
tion and OBX experiments, as well as the morphometric
data based on immunocytochemistry, was compared by
unpaired t-test. The data for the dose-dependent study of
CART in sham-operated and OBX animals were analyzed
using two-way ANOVA followed by post hoc Bonferroni
multiple comparisons test, where the surgery (sham and
OBX) and drug treatment were the first and second factors.
Individual group differences were further assessed with the
one-way ANOVA followed by post hoc Student-Newman-
Keuls test. Differences were considered significant at
P<0.05.

RESULTS
Effect of CART in the FST and Actophotometer

Intracerebroventricular injection of CART, at the dose of 50
and 100ng per rat, significantly decreased the immobility
duration (F(3,32)=18.830, P<0.0001) in FST by 18 and
41%, respectively, and the change was found to be
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Figure | Effect of different doses of cocaine- and amphetamine-

regulated transcript peptide (CART) (54—102) administered via intracer-
ebroventricular (icv) (a) or intra-central nucleus of amygdala (CeA) (b)
route on immobility time of normal rat in 5min forced swim test (FST).
CART was microinjected through icv or intra-CeA route 30 min before the
test. The data were analyzed by one-way analysis of variance (ANOVA)
with repeated measures on drug treatments followed by post hoc Dunnett's
test. Each bar is the mean + SEM for 69 rats. *P<0.05 and **P<0.01 vs
artificial cerebrospinal fluid (aCSF)-treated group.
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statistically significant (P<0.05 and P<0.01, respectively;
Figure la). Similarly, at the doses of 10 and 20 ng per rat by
intra-CeA route, significantly and dose dependently reduced
the immobility time (F(3,26)=15.120, P<0.0001) by 25
and 32%, respectively. The altered immobility time by
CART was significantly less (P<0.01 in both cases) as
compared with that in the aCSF-treated group (Figure 1b).
Moreover, following icv or intra-CeA injections of CART,
the animals were subjected to locomotor test using the
actophotometer. None of these treatments caused any effect
on the locomotor activity (P> 0.05).

Effect of CART in Socially Isolated Rats in FST

Social isolation for a period of 6 weeks showed a significant
increase in the immobility time in both icv and intra-CeA
aCSF treated animals (unpaired t-test; t=4.275, d.f. =13,
P<0.0009 and t=4.766, d.f.=12, P<0.0005, respectively)
as compared with the paired rats in the FST (Figure 2a
and b), suggesting depression-like condition. Intracerebro-
ventricular injection of CART, at the doses of 100 and
150ng per rat, significantly decreased the immobility
duration (F(3,26) =20.599, P<0.0001) in the socially
isolated animals and the change was found to be statistically
significant (P<0.01 in both cases; Figure 2a). Similarly, at
the doses of 10 and 20 ng per rat by intra-CeA route, CART
significantly and dose dependently reduced the immobility
time (F(3,34) =24.382, P<0.0001) in socially isolated rats
in the FST. The altered immobility time following CART
treatment was significantly less (P<0.01 in both cases) as
compared with that in the aCSF-treated group (Figure 2b).
Furthermore, immobility time observed following icv or
intra-CeA CART treatment in socially isolated was similar
to that in normal group housed animals (Figure 2a and b),
indicating reversal of depression-like behavior. None of
these treatments showed any effect on the locomotor
activity performed using the actophotometer (P> 0.05).

Effect of CART in OBX Rats in OFT

Significant increase in the activity (in terms of ambulation,
rearing, grooming, and defecation scores) was observed in
the OBX animals subjected to OFT on day 14 of postsurgery
as compared with the sham-operated animals (Table 1).
This clearly suggested the development of depression-like
phenotype. Following 7 days of either subchronic icv (25-
200ng per rat) or bilateral intra-CeA (2-40ng per rat)
CART infusion, rearing and grooming scores were sig-
nificantly decreased as compared with those in the OBX
group receiving aCSF. This suggests the reversal of
hyperactivity in the OBX animals following subchronic
treatment of CART given by icv or intra-CeA route.
However, icv or intra-CeA treatment of CART at same
doses and duration did not alter above-mentioned beha-
vioral responses in the sham-operated animals (P>0.05;
Table 1). Application of two-way ANOVA followed by post
hoc Bonferroni multiple comparisons test revealed signifi-
cant effect of surgery (sham/OBX) (F(1,54)=15.95,
P<0.001 or F(1,46) =6.97, P<0.05), and CART treatment
(F(3,54)=5.18, P<0.01 or F(3,46)=4.06, P<0.05) and
interaction between factors CART treatment and surgery
(sham/OBX) (F(3,54) =8.05, P<0.001 or F(3,46)=6.18,
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Figure 2 Effect of intracerebroventricular (icv) (a) or intra-central
nucleus of amygdala (CeA) (b) treatment of artificial cerebrospinal fluid
(aCSF) in the paired and 6 weeks socially isolated rats, and dose-dependent
effect of cocaine- and amphetamine-regulated transcript peptide (CART)
(54-102) administered by the same routes to the socially isolated rats. The
immobility time was assessed using forced swim test (FST) for 5min
duration. aCSF or CART was microinjected through icv or intra-CeA route
30 min before the test in the 6 weeks socially isolated or paired animals.
The data obtained from paired and socially isolated animals following aCSF
treatment were analyzed by unpaired t-test. The data from different doses
of CART treatments were analyzed by one-way analysis of variance
(ANOVA) with repeated measures on drug treatments followed by post
hoc Dunnett’s test. Each bar is the mean + SEM for 6-9 rats. *P<0.0009
and ##P<0.0005 vs paired group. *P <00l vs respective aCSF-treated
socially isolated group.

P<0.01) on the rearing score, following subchronic icv or
intra-CeA CART treatment, respectively. However, two-way
ANOVA revealed nonsignificant effects of surgery
(F(1,54)=2.92, P>0.05 or F(1,46)=2.35, P>0.05) and
CART administration (F(3,54)=1.06, P>0.05 or
F(3,46) =1.11, P>0.05), and significant interaction be-
tween factors CART treatment and surgery (F(3,54) =9.29,
P<0.001 or F(3,46) =5.07, P<0.01) on the grooming score,
following subchronic icv or intra-CeA CART administra-
tion, respectively. However, no significant change (P> 0.05)
was noticed in ambulation and defecation scores in OBX
rats (Table 1).

Neuropsychopharmacology

Effect of OBX and Social Isolation on
CART-Immunoreactivity

The paraventricular nucleus. Changes in the immuno-
cytochemical profile of the CART-ir cells as well as fibers in
the PVN of the various groups of rats, and their
morphometric analyses are summarized in Figure 3.
Although the CART-immunoreactivity in cells in the PVN
was drastically reduced on day 14 of OBX as compared with
the sham-operated animals (unpaired t-test, P<0.0001),
CART-ir profile in the fibers remained unchanged (Figure
3a, b, and e). However, there was a dramatic decrease in
CART-ir profile of cells (unpaired t-test, P<0.0001) and
fibers (unpaired t-test, P<<0.002) in the PVN of socially
isolated (Figure 3d) as compared with the paired animals
(Figure 3c-e).

The arcuate nucleus. Immunocytochemical profile of the
CART-containing cells and fibers in the ARC of various
groups of rats are shown in Figure 4. Although sham-
operated rat showed several CART-ir cells and fibers
(Figure 4a), considerable loss of immunoreactivity was
noticed in cells (unpaired ¢-test, P<0.0001), but the profile
of immunoreactive fibers did not change in OBX animals
(P>0.05; Figure 4b and e). Socially isolated rats showed
similar pattern of CART-immunoreactivity; there was
significant reduction in CART-ir cells (unpaired t-test,
P<0.0001) but no change in fiber immunoreactivity
following social isolation (Figure 4c-e).

The central nucleus of amygdala. Immunocytochemical
application of antibodies against CART revealed few, weakly
CART-ir fibers in the CeA of sham-operated (Figure 5a) as
well as in paired rats (Figure 5c). However, a drastic
increase in CART-immunoreactivity was noticed in OBX
(P<0.0005, 112%; Figure 5b and e) and socially isolated
(P<0.001, 71%; Figure 5d and e) animals as compared with
the respective controls.

The Edinger-Westphal nucleus. Changes in the immuno-
cytochemical profile of the CART-ir cells in the EW of the
various groups of rats, and their morphometric analysis are
summarized in Figure 6. Considerable loss of immuno-
reactivity was noticed in cells in the OBX (unpaired ¢-test,
P<0.0001) and socially isolated (unpaired ¢-test, P<0.002)
as compared with the respective controls (Figure 6a-e).

The locus coeruleus. Immunocytochemical profile of the
CART-containing fibers in the LC of various groups of rats,
and their morphometric analyses are summarized in
Figure 7. Although several CART-ir fibers were noticed in
the LC of sham-operated or paired rats (Figure 7a and c), a
drastic decrease in CART-immunoreactivity was noticed in
OBX (unpaired t-test, P<0.001, 38%) and socially isolated
animals (unpaired t-test, P<0.0001, 53%) as compared with
the respective control animals (Figure 7b, d, and e).

The periventricular area. Immunocytochemical application
of antibodies against CART revealed moderate immuno-
reactivity in cells as well as fibers in the PeA of control rats.
Changes in the immunocytochemical profile of the CART-
immunoreactive cells and fibers in the PeA of the various
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Table 1 Effect of Subchronic Treatment with CART in Sham-Operated or OBX Rats in OFT®

Score £ SEM
Treatment groups Ambulation Rearing Grooming Defecation
Sham-operated rats
aCSF (5 pl per rat, icv) 6571 £4.14 583%132 098+0.12 235+0.68
CART (ng per rat, icv)
25 61.75+£4.25 6.12+1.56 0.78%0.13 215056
50 7026 £ 6.58 685+ 1.45 .26 £0.32 3.12+0.70
200 7126653 7451215 1.75+0.28 325%080
aCSF (2 pl per rat, intra-CeA) 68.56 +5.36 625+ 1.56 .26 £0.25 .75+ 059
CART (ng per rat, intra-CeA)
2 70251 6.12 674+ 1.89 [.15+£0.30 [.65+0.30
10 78561732 7.32+232 .56 041 202+035
40 8236+856 7.56%245 1.95+0.55 242+0.60
OBX rats
aCSF (5 pl per rat, icv) 1143 £ 5.64%%% 1856 + 2.59%## 2.15+037%% 5.65 £ 1.20%
CART (ng per rat, icv)
25 105.69 +5.89 1526+ 1.56 1.85+0.25 526+0.90
50 9536+ 4.68 6.53 £ | 25%#* [.05£0.16%* 4.10£0.75
200 90.75 %625 5.78 £ | 89##* 0.85 £ 0.09%* 305+0.62
aCSF (2 ul per rat, intra-CeA) |13.56 & 5.45%## 1656 +2.12%# 2.86 046" 426+ 090%
CART (ng per rat, intra-CeA)
2 106.52 + 645 325+ 125 225%035 4.10£0.85
10 96.54 %756 6.12 £ 0.89%** [.46 £ 0.30%* 250+0.56
40 91.56 845 502 £056%** 095+0.18*% 2.05+0.40

“Rats were injected with aCSF/CART once daily for 7 days, and 30 min after the last icv or intra-CeA treatment they were subjected to OFT. The ambulation (number
of crossovers), and rearing, grooming, and defecation (number of episodes) scores were counted for period of 3 min in OFT. The data represent mean of score £ SEM
for each group (n= 6-8 rats). The data were analyzed by two-way ANOVA followed by post hoc Bonferroni multiple comparisons test. Individual group differences
were further assessed with the one-way ANOVA followed by post hoc Student-Newman—Keuls test. *P<0.05, **P<0.01, and #*#P<0.001 vs respective aCSF
treated sham-operated control; *P <0.05, **P<0.01, and ***P<0.001 vs respective aCSF treated OBX group.

groups of rats, and their morphometric analysis are
summarized in Supplementary Figure S1. OBX did not
influence the CART-ir profile (P>0.05) in PeA as compared
with that in the sham-operated animals. On the other hand,
significant reduction in the CART-ir cells and augmentation
in fibers (unpaired t-test, P<<0.0001 in both cases) was
observed in the socially isolated as compared with paired
animals.

The perifornical nucleus. Immunocytochemical application
of antibodies against CART revealed several intensely
stained cells in the PeF of various groups of rats. As
compared with sham-operated animals, bilateral ablation of
the olfactory bulbs did not influence the CART-ir cells in
PeF (P>0.05). On the other hand, significant reduction in
the CART-ir cells (unpaired t-test, P<0.0001) was observed
in socially isolated as compared with paired animals (see
Supplementary Figure S2).

The prefrontal cortex. Immunocytochemical application of
antibodies against CART revealed few, scattered CART-ir
fibers in the PFC of sham-operated, OBX, paired, and
socially isolated rats. Population of CART-ir fibers appeared
similar in all these groups. Morphometric analysis of the

CART-immunoreactivity in the PFC of the various groups
of rats is summarized in Supplementary Figure S3.

DISCUSSION
Methodological Considerations

With a view to test the involvement of CART in depression,
CART (54-102) was administered directly into the lateral
ventricle and the behavioral response tested in FST. CART
was also injected into the CeA, as this is known as a center
for affective behaviors (Commons et al, 2003; Hwang et al,
2005; Dandekar et al, 2008a). Although Thim et al (1998)
reported similar biological effects of CART fragments 54—
102 and 55-102, anxiogenic-like effect was exhibited by
both the fragments (Chaki et al, 2003; Dandekar et al,
2008a). OBX produces several behavioral and neurochem-
ical changes in the CNS of rat reminiscent of symptoms of
human depression (Song et al, 1996; Kelly et al, 1997; Song
and Leonard, 2005). OBX animals showed hyperactivity
(increase in the ambulation, rearing, grooming, and
defecation scores), which was assessed employing OFT as
reported earlier (Song et al, 1996; Kelly et al, 1997; Song and
Leonard, 2005). Although OFT is used to study the anxiety-
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like behavior in rodents, it is also routinely employed in the
assessment of depression-like behavior in OBX animals
(Song et al, 1996; Kelly et al, 1997; Song and Leonard, 2005).
Similarly, 6 weeks social isolation and/or separation in
rodents and primates have also been used to model human
affective disorders (Koob et al, 1989). Socially isolated rats
were subjected to FST for the assessment of depression-like
phenotype. The period of 6 weeks was allowed as peak
depression-like behavior was reported at this time point in
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socially isolated animals (Ruedi-Bettschen et al, 2004;
Brenes Saenz et al, 2006). Herein both the models were
employed for generating the depression-like phenotype. In
addition, CART (via icv and intra-CeA routes) was given in
acute and subchronic protocols, to socially isolated and
OBX rats respectively, and behavior responses were
examined in terms of depression-like behaviors. CART-
immunoreactivity profiles in different components that
process depression-related information were investigated.
Although the immunocytochemistry technique revealed
site-specific responses, application of morphometric analy-
sis permitted the evaluation of relative quantitative changes
following different experimental manipulations such as
social isolation and OBX.

Effect of icv and Intra-CeA Administration of CART on
Depression-Like Behavior

This study for the first time showed that icv administration
of CART dose dependently resulted in antidepressant-like
behavior in the FST; the locomotion component was
unaffected. Similar response was noticed following intra-
CeA treatment of the peptide at a lower dose. CART-
immunoreactive fibers have already been demonstrated in
the amygdala of rat (Koylu et al, 1998). Previously, we
reported the participation of CART in the regulation of
ethanol withdrawal induced anxiety-like behavior within the
framework of CeA (Dandekar et al, 2008a). Taken together,
the data suggest that endogenous CART may be involved in
the regulation of depression-like behaviors possibly via
CeA. These findings are supported by the observation that
adolescents carrying a missense mutation in the CART gene
exhibited anxiety and depression (Miraglia del Giudice et al,
2006). Interestingly, chronic mild stress downregulated the
CART gene in the frontal cortex of rat (Orsetti et al, 2008).
Pae et al (2007) commented on the therapeutic usefulness of
CART in the treatment of depression. In recent years, Ma
et al (2007) observed that CART-(61-102 or 62-76)
increased the extracellular 5-HT, and speculated that the
effect may be responsible for antidepressant-like action of
CART. Furthermore, CART influences the expression of a
range of neurotransmitters such as y-aminobutyric acid,
5-HT, noradrenaline (NA), and dopamine that directly
regulate  affective  disorders including depression

«

Figure 3 Photomicrographs showing cocaine- and amphetamine-regu-
lated transcript peptide immunoreactive (CART-ir) cells (arrows) and fibers
(arrowheads) in the hypothalamic paraventricular nucleus (PVN) of sham-
operated (sham, (a)), olfactory bulbectomy (OBX, (b)), group housed
(paired, (c)), and social isolated for 6 weeks (socially isolated, (d)) rats. Note
a dramatic decrease in CART-ir cells in the PVN of the OBX (b) and socially
isolated (d) as compared with sham and paired rats, respectively. Although
there is no change in the CART-ir fibers in the OBX animals as compared
with sham, a significant decrease in CART-ir fibers is observed in the socially
isolated as compared with paired animals. Diagram (e) represents the
semiquantitative morphometric analysis of CART-immunoreactivity in the
PVN of sham, OBX, paired, and socially isolated animals. The outline of the
transverse section through the brain (coordinate: bregma —1.80mm;
Paxinos and Watson, 1998) indicates the region of the PVN (square, not
to scale) from which the measurements were collated. AHC, central part of
anterior hypothalamic nucleus; ox, optic chiasma; 3V, third ventricle. The bar
values are shown as the mean £ SEM for 68 rats. *P <0.002 vs paired and
##¥P<0.0001 vs sham and paired group. Scale bar =200 um.
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Figure 4 Photomicrographs showing cocaine- and amphetamine-
regulated transcript peptide immunoreactive (CART-ir) cells (arrows)
and fibers (arrowheads) in the arcuate nucleus (ARC) of the sham-
operated (sham, (a)), olfactory bulbectomy (OBX, (b)), group housed
(paired, (c)), and social isolated for 6 weeks (socially isolated, (d)) rats.
Note a dramatic decrease in CART-immunoreactivity in the neurons of the
ARC in the OBX (b) and socially isolated (d) as compared with sham and
paired rats, respectively. No change in CART-ir fibers is noticed. Diagram
(e) represents the semiquantitative morphometric analysis of CART-
immunoreactivity in the ARC of sham, OBX, paired, and socially isolated
animals. The outline of the transverse section through the brain
(coordinate: bregma —2.56 mm; Paxinos and Watson, 1998) indicates
the region of the ARC (square, not to scale) from which the measurements
were collated. DA, dorsal hypothalamic area; DMH, dorsal part of
dorsomedial hypothalamus; 3V, third ventricle; VMH, ventromedial
hypothalamic nucleus; and ME, median eminence. The bar values are
shown as the mean + SEM for 6-8 rats. ¥P<0.0001 vs sham or paired
group. Scale bar =200 pm.

(Vaarmann and Kask, 2001; Choi et al, 2003; Yang et al,
2004; Hunter et al, 2006; Jaworski et al, 2007; Ma et al,
2007), and it is possible that antidepressant action of CART
may be mediated via some of these neurotransmitters.

Effect of CART on Depression-Like Conditions
Generated following Social Isolation and OBX

Significant increase in immobility time was observed in the
social isolated rats, reflecting the depression-like pheno-
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Figure 5 Photomicrographs showing cocaine- and amphetamine-
regulated transcript peptide immunoreactive (CART-ir) fibers (arrows) in
the central nucleus of amygdala (CeA) of sham-operated (sham, (a)),
olfactory bulbectomy (OBX, (b)), group housed (paired, (c)), and social
isolated for 6 weeks (socially isolated, (d)) rats. A dramatic increase in
CART-immunoreactivity is seen in both OBX (b) and socially isolated (d) as
compared with sham and paired animals, respectively. Diagram (e)
represents the semiquantitative morphometric analysis of CART-immuno-
reactivity in the CeA of sham, OBX paired, and socially isolated animals.
The outline of the transverse section through the brain (coordinate:
bregma —2.56 mm; Paxinos and Watson, 1998) indicates the region of the
CeA (square, not to scale) from which the measurements were collated.
BLA, lateral part of basolateral amygdaloid nucleus; MeAD, anterodorsal
part of medial amygdaloid nucleus; and opt, optic tract. The bar values are
shown as the mean + SEM for 68 rats. *P<0.00! vs paired group and
*##P <0.0005 vs sham-operated group. Scale bar=>50 um.

type. The behavioral observation following social isolation
is in accordance with previous reports (Ruedi-Bettschen
et al, 2004; Shabanov and Roik, 2005). Although higher
doses of CART via icv route brought the elevated
immobility time to control value, the doses used in normal
animals produced reduction in immobility time following
intra-CeA CART in the socially isolated animals. Similarly,
higher dose of ethanol was required to produce anxiolytic-
like action in the 6 weeks socially isolated animals (Hirani
et al, 2005). These behavioral findings can be correlated
with the immunocytochemistry results of this study. We
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observed reduced CART-immunoreactivity in the PVN,
PeA, ARC, PeF, EW, and LC following social isolation in
rats. These results suggest that icv and intra-CeA treatments
of CART may reverse the depression-like behavior observed
following 6 weeks of social isolation.
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Our observations showed hyperactivity (increased ambu-
lation, rearing, grooming, and defecation scores) in the OBX
animals, indicating development of marked depression-like
behavior in OBX rats. Several studies demonstrated that
most of the behavioral changes observed in the OBX rat are
reversed by chronic, but not acute, antidepressant treat-
ments (Kelly et al, 1997; Song and Leonard, 2005).
Moreover, increased rearing and grooming scores in OBX
animals have been attenuated following 7 days icv admin-
istration of neuropeptide Y (NPY) and interleukin-2 (Song
and Leonard, 1995; Song et al, 1996). In this study also
subchronic treatment of CART, via icv or intra-CeA route,
for 7 days attenuated the hyperactive behavior of OBX rats,
which was indicated by significant decrease of rearing and
grooming scores in OFT. However, similar doses and route
of administrations of CART did not alter the behavioral
responses in the sham-operated animals. These results
suggest that icv and intra-CeA treatments of CART may
reverse the depression-like behavior observed following
OBX surgery in rats.

Effect of OBX and Social Isolation on
CART-Immunoreactivity

CART-immunoreactivity in the PVN, ARC, EW, and LC
regions was significantly reduced following social isolation
as well as OBX. A number of actions of CART are attributed
to its interaction with the corticotropin-releasing hormone
(CRH) system of the PVN (Sarkar et al, 2004). CART as well
as CRH have been reported to be involved in depression
(Owens and Nemeroff, 1993; Ma et al, 2007; Orsetti et al,
2008). This result suggests that CART in the PVN may be a
novel component that mediates some of the effects triggered
by social isolation and OBX in rats.

Although CART-ir cells significantly reduced, fibers
remained unchanged in the ARC in both isolation reared
and OBX animals. Several studies have demonstrated the
participation of ARC neurons in the regulation of depres-
sion-like behavior. Acute and chronic stress, which
produces depression-like state, increased NPY mRNA
expression in the ARC of rat (Makino et al, 2000; Sergeyev
et al, 2005). Significant increase in NPY and pro-opiome-
lanocortin mRNA levels in the ARC were observed following
chronic treatment with the antidepressant drugs such as
imipramine, fluoxetine, phenelzine, and idazoxan (Baker

<

Figure 6 Photomicrographs showing cocaine- and amphetamine-regu-
lated transcript peptide immunoreactive (CART-ir) cells (arrows) in the
Edinger—Westphal (EW) nucleus of sham-operated (sham, (a)), olfactory
bulbectomy (OBX, (b)), group housed (paired, (c)), and social isolated for 6
weeks (socially isolated, (d)) rats. A dramatic decrease in CART-
immunoreactivity is apparent in both OBX (b) and socially isolated (d) as
compared with sham and paired animals, respectively. Diagram (e)
represents the semiquantitative morphometric analysis of CART-immuno-
reactivity in the EW of sham, OBX, paired, and socially isolated animals. The
outline of the transverse section through the brain (coordinate: bregma
—6.80mm; Paxinos and Watson, 1998) indicates the region of the EW
(square, not to scale) from which the measurements were collated. DLPAG,
dorsolateral periaqueductal gray; LPAG, lateral periaqueductal gray; and Ag,
aqueduct of sylvius. The bar values are shown as the mean + SEM for 6-8
rats. *P<0.002 vs paired group and **P<0.000! vs sham group. Scale
bar =200 pm.



et al, 1996). It is possible that decrease in CART in the ARC
neurons observed in this study may be functionally linked
to depression-like phenotype following social isolation
and OBX.

The changes in CART-ir profile in the PVN, ARC, EW,
LC, and CeA permit some interesting conclusions. Although
OBX and 6 weeks of social isolation drastically reduced
CART-immunoreactivity in the neurons of the PVN and the
ARC, the fiber population in the CeA was dramatically
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augmented. We suggest that these events may be causally
linked. The application of OBX as well as social isolation
might promote anterograde transport of CART from the
PVN and ARC neuronal cell bodies to the CeA and that the
elevation of CART in the CeA might be the key factor in the
regulation of depression-like behavior. This concept is
supported by the circumstantial evidences such as (1)
demonstrated role of PVN and ARC neurons in depression
(Baker et al, 1996; Makino et al, 2000; Kim et al, 2003;
Sergeyev et al, 2005), (2) occurrence of neuronal con-
nectivity from the PVN and ARC to the amygdala (Eskay
et al, 1979; O’Donohue et al, 1979; Cone, 2005), (3) the
recognition of amygdala as a site for processing of the
depression-related information (Aggleton, 1993; Song et al,
1996; Huang and Lin, 2006; Dannlowski et al, 2008), (4)
increase in the CART content in the CeA of rat and its
importance in ethanol withdrawal-induced anxiety-like
behavior (Dandekar et al, 2008a), (5) our observation that
direct injection of CART into the CeA resulted in
antidepressant-like effect in the normal rat, and (f) that
the depression-like conditions in the socially isolated and
OBX animals were reversed by intra-CeA CART treatment.
Moreover, the possibility of upregulation of CART expres-
sion locally in the CeA following social isolation and OBX
may not be ruled out. The expression of CART mRNA in the
CeA region following acute and chronic restraint stress has
already been reported by Hunter et al (2007). Amygdala is a
center critical for the regulation of several psychological
behaviors including depression (Aggleton, 1993). More
recently, increased CART level was reported in the
amygdala of rats following forced swim and acute stress
(Balkan et al, 2006; Hunter et al, 2007). Orsetti et al (2008)
reported downregulation of CART gene in the frontal cortex
of rat following chronic mild stress. However, in this study
no changes were seen in the CART-immunoreactivity
profile in the PFC following social isolation and OBX.
Following social isolation as well as OBX, reduction in the
CART-immunoreactivity was clearly seen in the neurons of
EW and fibers of LC, and the possibility exits that this may
also be linked to the phenomenon of depression. Circum-
stantial evidence supports such a view. Although the role of
another peptide urocortin in depression is well documented
(Tanaka and Telegdy, 2008), the peptide is known to
colocalize with CART in the EW neurons (Kozicz, 2003).
The reduction in CART-immunoreactivity in the fibers of
the LC region is an interesting observation. It is possible

«

Figure 7 Photomicrographs showing CART-immunoreactive (CART-ir)
fibers (arrows) in the locus coeruleus (LC) of sham-operated (sham, (a)),
olfactory bulbectomy (OBX, (b)), group housed (paired, (c)), and social
isolated for 6 weeks (socially isolated, (d)) rats. A dramatic decrease in
CART-immunoreactivity is apparent in both OBX (b) and socially isolated
(d) as compared with sham and paired animals, respectively. Diagram (e)
represents the semiquantitative morphometric analysis of CART-immuno-
reactivity in the LC of sham, OBX, paired, and socially isolated animals. The
outline of the transverse section through the brain (coordinate: bregma
—9.68 mm; Paxinos and Watson, 1998) indicates the region of the LC
(square, not to scale) from which the measurements were collated. 4V,
fourth ventricle; Bar, Barrington’s nucleus. The bar values are shown as the
mean £ SEM for 68 rats. *P<0.001 vs sham-operated and **P <0.0001 vs
paired group. Scale bar=50 um.
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that the CART fibers may innervate and influence the NA
neurons of the LC. A role for these NA neurons in
depression has been extensively reported (Stone et al, 2007).

Application of OBX and social isolation trigger changes in
the CART-ir profile in several anatomical areas of the brain.
Although those in the PeA and PeF showed reduction
following social isolation, OBX did not cause any major
change in these areas. This study provides a unique
opportunity to compare two different models, OBX and
social isolation, aimed at creating depression-like condition.
It seems that reduction of CART in the PVN, ARC, EW, and
LC, and concurrent increase in the CeA in both the models
might be a common underlying principle for the generation
of depression. If that be the case, CART system might be the
right target for treatment of depression, as already
speculated by Pae et al (2007).
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