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ABSTRACT:

Apart from reproduction, estrogen influences a multitude of processes. Increase
in estrogen levels in women is known to promote reward probably mediated via the
melanocortin and dopamine systems. Reduced estrogen in post-menopausal women
attenuates reward evoking the need for stimulation with greater rewarding salience. This
is reflected in the well-recognized phenomena of difficulty in quitting and increased
craving for nicotine in women following the onset of menopause. The present study
aims at understanding the role of melanocortin receptors (MC-R) in nicotine-induced
reward behavior following ovariectomy in rats. The MC4-R mRNA level was increased
in ipsilateral nucleus accumbens (Acb) of the intact rats implanted with electrode in
medial forebrain bundle and trained in intracranial self-stimulation (ICSS) paradigm.
Additional groups of ICSS trained rats were ovariectomized (OVX) and subjected to
reward evaluation. Trained OVX rats revealed a significant increase in threshold
frequency and rightward shift in rate frequency curve, suggesting reward deficit
behavior. However, pre-administration with nicotine, a-MSH or NDP-MSH (MC4-R
agonist) to OVX animals restored the rewarding activity in ICSS protocol; HS014 (MC4-
R antagonist) suppressed the lever press activity. Prior treatment with sub-effective
doses of a-MSH or NDP-MSH potentiated the reward effect of nicotine, but was
attenuated by HS014. Alpha-MSH-immunoreactivity was decreased in the Acb shell,
arcuate and paraventricular nucleus of hypothalamus, and ventral bed nucleus of stria
terminalis in the OVX rats, while nicotine treatment restored the same. We suggest a
role for the endogenous MC system, perhaps acting via MC4-R, in the nicotine-induced

reward in OVX rats.
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INTRODUCTION

Menopausal anhedonia is a serious problem in aging women. Loss of ovarian
hormones is believed to suppress the reward processing mechanisms driving the
subjects to drugs. While elevated estradiol titer is associated with an increased
likelihood of quitting regular smoking (Peltier et al., 2019), women lacking estrogen face
difficulty in giving up nicotine and are prone to increased risk of coronary vascular
disease (Lee and Cooke, 2011), lung carcinogenesis (Wassenaar et al., 2013), acute
glomerulonephritis and ureteral obstruction (Jaimes et al., 2009). Estradiol is known to
alter dopamine activity in female rats (Flores et al., 2016). Russo et al. (2003) reported
decrease in dopamine level in ventral tegmental area (VTA) in ovariectomized (OVX)
animals (a model of menopausal condition). Brain stimulation reward (BSR) is
diminished in the OVX rats, although the effect was reversed by estradiol (Galankin et
al., 2010). VTA, the primary centre of the mesolimbic reward system, is also a well
recognized target for nicotine. Nicotine stimulates nicotinic acetylcholine receptors
(nAChRs) at different nodes of the reward pathway including VTA and nucleus
accumbens (Achb) (Laviolette and Van der Kooy, 2004). In vivo microdialysis studies
suggest that systemic nicotine increases dopamine release in the Acb by enhancing the
excitatory input to the VTA via local a7 nAChRs (Schilstrom et al., 1998). In addition,
Tapinc and colleagues (2017) reported that subcutaneous nicotine treatment
upregulated the pro-opiomelanocortin (POMC) mRNA in the hypothalamus,
melanocortin 4-receptors (MC4-R) mRNA in the medial prefrontal cortex and increased
MC3-R mRNA expression in the VTA. Intraperitoneal (ip) nicotine treatment decreased
alpha-melanocyte stimulating hormone (a-MSH) levels in rat plasma (Conte-Devolx et
al., 1981). Isolated perfused mouse brain and frog neuro-intermediate lobe showed
increased a-MSH secretion following nicotine treatment (Marty et al., 1985; Garnier et
al., 1994). In contrast to these findings, Qi et al. (2015) reported that MC4-R do not play
a role in the dysphoria associated with nicotine withdrawal. Although the literature
suggests wide range of interaction between nicotine and MC, contribution of MCs in
nicotine-mediated reward behavior is not studied till date. Moreover, how nicotine

induced reward behaviour is mediated in the absence of estradiol also remains a topic



of high value. Therefore, we wanted to investigate the role of MCs in the susceptibility
of post-menopausal females to nicotine addiction.

We studied the dose-dependent effect of nicotine in intact as well as OVX rats on
intracranial self-stimulation (ICSS) behaviour in operant conditioning chamber. Further,
the dose-dependent effect of a-MSH, NDP-MSH (non-selective MC3- and MC4-R
agonist) or HS014 (selective MC4-R antagonist) in OVX rats was also investigated in
ICSS protocol. To investigate the role of MC system in rewarding action of nicotine, a-
MSH, NDP-MSH or HS014 was administered prior to nicotine and rats were subjected
to ICSS. Since, the MC4-R in Acb are also known to mediate reward (Hsu et al., 2005),
we studied MC4-R gene expression in contralateral and ipsilateral part of Acb using
gRT-PCR in unconditioned and conditioned rats. The effect of nicotine on endogenous
a-MSH system was investigated in the naive, unconditioned OVX and, conditioned as
well as OVX rats using immunofluorescence method. Herein, the response of the cells
in the arcuate nucleus of hypothalamus (ARC), along with fibre terminals in the Acb
shell (AcbSh), paraventricular nucleus of hypothalamus (PVN), lateral part of bed
nucleus of stria terminalis (BNSTI) and central nucleus of amygdala (CeA) was
evaluated. These regions are reported to be involved in the processing of reward
related information in the brain (Desai et al., 2013; Koob, 2000; Ahmed et al., 2005).

MATERIALS AND METHODS

Experimental animals

Adult female Sprague-Dawley rats weighing 220-260 g were group housed in
polypropylene cages at temperature 25 £ 1 °C and 12:12 h light/dark cycle, light on at
0700 h. However, after electrode implantation and/or intracerebroventricular (icv)
cannulation and during experiments, the animals were housed individually. They had
free access to rodent laboratory chow food (Trimurti Feeds, Nagpur, India) and tap
water. The behavioral assessment was undertaken during the light cycle between 0900
to 1400 h. All experimental protocols were approved by the Institutional Animal Ethics
Committee of Department of Pharmaceutical Sciences, Rashtrasant Tukadoji Maharaj

Nagpur University, Nagpur, India.



Surgery for intracerebroventricular (icv) cannulation and intra-medial forebrain
bundle (MFB) electrode implantation

All rats were first cannulated for electrode implantation targeted at medial
forebrain bundle (MFB) and guide cannula was placed in lateral ventricle. The details of
these procedures and post-surgical care have been standardized in our laboratory
(Upadhya et al., 2012; Somalwar et al., 2017). Briefly, rats were weighed and
anaesthetized with thiopentone sodium (45 mg/kg, ip, Abbott Pharmaceuticals, Mumbai,
India). Following hair depilation, each rat was placed in a stereotaxic instrument (David
Kopf Instruments, USA), a mid-sagittal dorsal skull incision was made through the skin,
the underlying fascia cleared and a hole was drilled through the skull over coordinates
corresponding to the site of interest. The stereotaxic coordinates -0.8 mm posterior,
+1.3 mm lateral to midline and -3.5 mm ventral from skull surface for guide cannula
implantation into the right lateral ventricle and -2.8 mm posterior, -1.7 mm lateral to
midline and -8.5 mm ventral for implantation of bipolar electrode into the MFB was
selected (Paxinos and Watson, 1998). Guide cannula and electrode were secured to
the skull using 1 mm screws and a flush-fitting stylet was inserted into the guide cannula
to prevent blockage (Kokare et al., 2011). The rats were allowed to recover for 7 days
following surgery. During this period the animals were handled daily and their behavior
was recorded for motor disturbances, if any. The food and water was available ad

libitum.

Habituation to the animals

One week after surgery, the rats were divided into separate groups (n = 6-
8/group), and habituated to the testing environment, transferring to experimental room.
Animals were handled twice daily, the procedure consists of weighing the animals and
manually restraining them on platform for 1 min with gently removing and replacing the

stylet, the same platform was used during drug administration.

Conditioning of rats for electrical self-stimulation
Following post-surgical period, animals were conditioned for the reward in the
ICSS chamber (Coulbourn Instruments, USA, 30.48 x 25.4 x 30.48 cm). The procedure

has been standardized and routinely followed in our laboratory (Desai et al., 2013;



Somalwar et al., 2017). Briefly, the rats implanted with stimulating electrode targeted at
the LH-MFB area were individually trained in an operant chamber on a continuous
reinforcement schedule fixed ratio 1 (FR1) to press the lever for electrical self-
stimulation. The stimulator (Coulbourn Instruments, USA) was connected to the
electrodes via stimulating cable (Desai et al., 2014) and was controlled by software
(Graphic State Notation-3.03).

ICSS procedure

A rate-frequency curve-shift method was employed (Miliaressis et al.,1982;
Coulombe and Miliaressis, 1987; Carlezon and Chartoff, 2007; Somalwar et al., 2017)
to determine ICSS thresholds. Each active lever press by the animal illuminated the
cue light and delivered a 0.5 sec train of square-wave cathodal pulses (0.1 msec pulse
duration) at a defined frequency of 186 Hz [log(2.270)]. During the training session, the
stimulation current in the range of 100-300 puA was gradually adjusted for each rat such
that the lowest value applied would produce a constant rate of lever pressing. Animals
showing the maximal rates of 35-40 lever press/min were selected for the behavioral
assay. The animals showing lever press activity less than that were excluded. During
the behavioral assay, the current intensity in the narrow range of 200-225 pA was
employed and each rat was subjected to fifteen trials of descending series of
frequencies (often called as a ‘pass’) of one min duration each for one or two weeks.
One min frequency trial comprised of 5 sec priming phase, 50 sec test phase and 5 sec
time-out phase, where each phase delivered electrical pulses for 500 msec followed by
500 msec time-out (no stimulation). During initial 5 sec priming phase, five non-
contingent stimulations were delivered. Following the primes, there was a 50 sec test
phase in which the number of lever pressings were recorded. The stimulation
frequency was then reduced by about 10% (0.05 logio units) and another trial (pass)
was initiated. After each stimulation phase, a 500 msec time-out period was allowed
during which no stimulation is earned even if the animal presses the lever. Once the 50
sec test period is complete, there is a 5 sec time-out period during which no stimulation
is available, and this completes 60 sec trial. The stimulation frequency was then
reduced by 10% (about 0.05 logio units) and another trial was initiated.

The ICSS threshold (Mso and To) was calculated using nonlinear regression

curve fit method by Graphpad Prism 5 software, as a measure of reward and



reinforcement (Miliaressis et al., 1982; Coulombe and Miliaressis, 1987; Somalwar et
al., 2017). While Msg value or ‘half maximum’ denotes the frequency that maintains
50% of maximal responding, ‘Theta-0’ (To) (rate of responding > 0) indicate the
frequency at which the stimulation becomes rewarding and where the line intersects the
x-axis. The leftward shift in the rate-frequency curve function indicated reward
facilitation, while the rightward shift suggested reward attenuation (Wise, 1996;
Carlezon and Chartoff, 2007). As soon as mean thresholds stabilized (< 10% variation),
the effect of nicotine, a-MSH, NDP-MSH, HS014 and combination thereof on reward
thresholds was investigated. On each test day, three rate-frequency curves were
generated for each animal, immediately prior to the drug treatment. In the case of each
treated animal, three additional trials of 15 min rate-frequency curve were conducted.
However, the naive animals (unconditioned) underwent surgical procedure for
implantation of electrode at LH-MFB area, but they were not subjected to ICSS

conditioning.

Reverse transcriptase-quantitative PCR (qRT-PCR) for MC4-R mRNA
measurements

With a view to determine the effect of ICSS conditioning on MC4-R mRNA,
brains were removed from a unconditioned and ICSS conditioned rats, snap frozen
using dry ice and stored at -80° C. These brains were sectioned and the Acb tissues
from ipsilateral and contralateral hemispheres were punched out from the bregma-
matched brain slices as shown in the Fig. 1C). The gRT-PCR was employed to study
the effect of ICSS conditioning on expression of MC4-R mRNA in the Acb. The total
cellular RNA was isolated by TRIZOL (Ambion, Carlsbad, CA, USA) method as per
manufacturer’s instructions. For the removal of DNA contamination from the total RNA
preparation, DNase | enzyme (Invitrogen, Carlsbad, CA, USA) was used. Further the
DNase was heat inactivated and the quality and quantity of RNA was estimated by
Biospec Nano Micro-volume UV-Vis Spectrophotometer (Shimadzu, Kyoto, Japan).
The RNA was reverse transcribed using random hexamers and iScript cDNA synthesis
kit (Bio-Rad, CA, USA) in a final volume of 10 uL, according to the manufacturer’s
instructions. The PCR conditions used for the reverse transcription were as follows:
25°C for 5 minutes; 45°C for 20 min; 95°C for 1 min. The cDNA was then subjected to



gRT-PCR with SYBR green gPCR master mix (Bio-Rad, CA, USA) and 50 pmol of
specific primers on CFX96™ Real time-PCR System (Bio-Rad Laboratories, CA, USA).
All the reactions were performed in duplicates. The thermal profile used for the reaction
is, 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, 60°C for 15 sec. Further
melt curve analysis was performed in the temperature range of 65°C to 95°C with 0.5°C
increment at a rate of 5 sec/step. MC4-R primer sequence used in this study is given
below, F5-GGGTGTCATAAGCCTGTTGGA-3’and R5-GCCACAGCCACTACAGAT-3'.
The B- actin gene was used as an internal control and the data normalization was
conducted as described previously by Sagarkar et al. (2017), using 2-22¢T method (Livak
and Schmittgen, 2001).

Ovariectomy in rats

Rats were cannulated targeting MFB electrode and trained in operant chamber
for self-stimulation as mentioned above. Once the stable lever pressings for self-
stimulation were obtained, the rats were subjected to ovariectomy surgery under
thiopentone sodium (45 mg/kg, ip) anesthesia. Approximately 2 cm incision was made
through the lower abdominal skin, fallopian tubes were traced and both ovaries were
removed. The inner skin was sutured with interrupted absorbable sutures (TRUGUT®,
5-0). The outer skin was sutured with sterilized silk threads (4-0) and the animals were

transferred to their home cage.

Drug administration and evaluation in operant conditioning chamber

All drugs used in the study were purchased from Sigma, St. Louis, MO. The
details on the agents/drugs and the dosages are summarized in Suppl Table 1. The
doses were selected based upon earlier studies (Torres et al., 2009; Shelkar et al.,
2015) and a separate dose-response study was undertaken. Nicotine (Nicotine
hydrogen tartarate; Catalogue No. SML1236) was freshly prepared by dissolving in
saline and given as a single dose to ICSS trained non-OVX and OVX rats via
intraperitoneal (ip) route. Then the rats were tested for lever press activity. The doses
of nicotine used in the present study represent the free base nicotine and were
calculated from the hydrogen tartarate salt. Melanocortin agonists (a-MSH and NDP-

MSH) or selective MC4-R antagonist (HS014) were dissolved in artificial cerebrospinal



fluid (aCSF) and injected into the right lateral ventricle in ICSS trained OVX rats. In
dose dependent study, each rat received two injections (saline + saline or nicotine, or
aCSF + the aCSF or melanocortin agents) separated by an interval of 15 min. In
combination study, melanocortin agonists/ antagonists + nicotine were given 15 min
apart. Fifteen min after the second injection, each animal was subjected to ICSS test in
operant conditioning chamber. These animals were also tested for the locomotor
activity in open field and the numbers of crossovers were recorded.

Verification of guide cannula and electrode placement

At the end of each experiment, dilute India ink was injected by icv route and
animals were euthanized by an overdose of thiopental sodium (65 mg/kg, ip). The
brains were dissected out and cut in coronal plane to verify the placement of the guide
cannula and distribution of ink in the ventricles. The data drawn from the animals that
showed correct placement of the cannula and uniform distribution of ink in the ventricles
were considered. Similarly, for verification of electrode in MFB, the brains were
removed, sectioned and the position of the tip of each electrode site was determined
(Fig. 1A and B).

Immunofluorescence and morphometric analysis

Different groups of naive (unconditioned), OVX (unconditioned) and ICSS trained
rats (n =5 /group) were used in the immunofluorescence study. The rats trained for
self-stimulation were divided into the following groups 1) trained for self-stimulation and
treated with single injection of saline or nicotine (1 mg/kg, ip); 2) trained for self-
stimulation, subjected to ovariectomy and treated with single injection of saline or
nicotine (1 mg/kg, ip). Thirty minutes after the saline or nicotine injection, the rats were
anesthetized (thiopental sodium, 65 mg/kg, ip), perfused transcardially with ice-cold
heparinized phosphate-buffered saline (PBS; pH 7.4) for 30 sec 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, cryoprotected in 30% sucrose solution in PBS,
embedded, and serially sectioned on a cryostat (Leica, Germany) at 30 um thickness in

the coronal plane and collected in PBS.



Sections were then processed for a-MSH-immunolabeling using
immunofluorescence method described earlier (Kokare et al., 2010; Shelkar et al.,
2015). The sheep polyclonal a-MSH antiserum was used in the present study (a
generous gift from Professor Jeffrey Tatro, Tufts Medical Center, Boston, MA, USA).
Briefly, the sections were incubated in sheep antibodies against a-MSH diluted in PBS
(1:20,000) containing 2% normal horse serum, 0.3% Triton X-100, 0.2% Kodak
PhotoFlo solution and 0.08% sodium azide for 48 h at 4 °C. Sections were washed in
PBS and incubated in DyLight 488-conjugated anti-sheep 1gG (Jackson
Immunoresearch, West Groove, PA, USA) at 1:250 dilution for 4 h at room temperature,
again washed in PBS and cover slipped with propyl gallate mounting medium. Sections
were observed with 20X/0.50 objective under Leica DM2500 fluorescence microscope
using a filter set 488 for DyLight. Desired areas were captured using Leica DFC450 C
camera, adjusted for brightness and contrast, and merged using Adobe Photoshop CS4
software. Brain sections of different groups were concurrently processed under
identical conditions to ensure reliable comparisons among different groups and maintain

stringency in tissue preparation and staining conditions.

Specificity of the a-MSH antiserum

The polyclonal sheep a-MSH antiserum has been widely used for the localization of a-
MSH in the rat brain (Elias et al., 1998a; Fekete et al., 2000; Singru et al., 2005; Kokare
et al., 2010; Shelkar et al., 2015). The antiserum was raised against a-MSH peptide
conjugated to bovine thyroglobulin (Elias et al., 1998b). Specificity of this antiserum has
been established by radioimmunoassay by using I-a-MSH as described earlier (Elias et
al., 1998b). The application of preadsorbed a-MSH antiserum with excess a-MSH
peptide completely blocked the immunostaining in the cells of the intermediate lobe of
rat pituitary (Elias et al., 1998b). To further confirm the specificity of this antiserum,
preadsorption procedure was employed. The sheep a-MSH antiserum was incubated
with a-MSH peptide at 10 M for 24 h before incubation. Rat brain sections through the
hypothalamus were incubated with either diluted a-MSH antiserum (1:10,000) or the
preadsorbed antiserum and processed for immunofluorescence as described above.

While several intensely labeled a-MSH cell bodies and fibers were seen in the ARC

10



following the application of anti-a-MSH antiserum (Fig. 1Ei), no immunoreactivity was
seen in the sections incubated with the preadsorbed antiserum (Fig. 1Eii).

Morphometric analysis

The optical density per unit area (um? ) covered by a-MSH-immunoreactivity was
estimated from the transverse sections passing through the AcbSh, ARC, BNSTI, PVN
and CeA from the naive control, trained intact and OVX (saline and nicotine treated)
using microscopic images from predetermined areas in the sections. The images
(X480) were analyzed using ImagedJ software. The images of a-MSH-ir area were
digitized, the background was considered as threshold, and integrated density occupied
by immunostained cells/fibers were measured based on individual pixel intensity in all
the control and treatment rats. Five measurements were taken from predetermined
fields for each sub-region on ipsilateral side of each brain. The data for each nuclear
group or area, from all animals in each group were pooled and the mean + standard
error of mean (SEM) was calculated. The skilled observer, blind to the treatments

given, recorded the behavioral as well as morphometric measurements.

Statistical analysis

Data obtained from the behavioral studies were separately pooled, averaged and
represented as mean + standard error of mean (SEM). The rate-frequency curves were
represented by curve fit method and statistically analyzed by two-way ANOVA with 95%
confidence level, using GraphPad Prism 8.1.0 software. The ICSS threshold (Mso and
To) was calculated using nonlinear regression curve fit method and analyzed using one-
way ANOVA followed by post-hoc Bonferroni’s multiple comparison test. Moreover, the
data obtained from gRT-PCR and immunohistochemistry experiments were analyzed
using t-test and one-way ANOVA followed by post-hoc Bonferroni's multiple

comparisons test, respectively. Differences were considered significant at p < 0.05.

RESULTS
Effect of ICSS on MC4-R gene expression in the nucleus accumbens
The mRNA levels of MC4-R in the Acb on ipsilateral and contralateral sides of

the conditioned and the unconditioned rats were estimated using gRT-PCR. The
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electrical self-stimulation in the LH-MFB significantly (p < 0.05) increased the MC4-R

MRNA expression in the Acb of conditioned rats in ipsilateral side as compared to that
in the unconditioned rats. On the other hand, MC4-R mRNA expression in the Acb on
the contralateral side to the ICSS in conditioned rats showed significant decrease (p <
0.05) as compared to that in the unconditioned controls (Fig. 1D). We suggest that the

increase in the MC4-R mRNA expression may be a consequence of ICSS conditioning.

Self-stimulatory activity in OVX rats using the operant chamber

In the operant chamber, the number of lever press was counted in the intact
(naive) and sham-OVX animals conditioned to ICSS. Both the groups showed
decremental lever press activity following the application of decreasing series of
frequency. In comparison, the trained OVX rats showed reduction in lever press activity
[factor ‘frequency’ Fis.240) = 268.3, p < 0.0001; factor ‘treatments’ F 2240y = 99.87, p <
0.0001 and interaction ‘treatment’ x ‘frequency’ F(30,240) = 4.851, p < 0.0001] (Fig. 2A).
The rightward shift was noticed in the rate frequency curve in these rats as compared to
those in the intact or sham-OVX rats. In addition, there was significant increase in the
Mso [F2,17) = 5.769, p < 0.05] and To [F,17) = 19.59, p < 0.001] in OVX rats as compared
to that in the intact or sham-OVX animals (Fig. 2B and C).

Nicotine dose-dependently facilitates ICSS activity in intact and OVX rats

The rate of lever pressings in intact rats trained in the operant chamber was
increased significantly following the nicotine (0.1-0.5 mg/kg, ip) treatment. The
frequency-response curve was also shifted towards the left [factor ‘frequency’ F(is5,256) =
448.2, p < 0.0001; factor ‘treatments’ F(3256) = 213.3, p < 0.0001 and interaction
‘treatment’ x ‘frequency’ Fas256) = 5.807, p < 0.0001], reflecting the reward effect of
nicotine in ICSS paradigm (Fig. 2D). Moreover, nicotine treatment significantly
decreased the Mso value [Fz,19) = 9.991, p < 0.001] at 0.3 and 0.5 mg/kg doses and To
value [F3,19) = 3.576, p < 0.05] at 0.5 mg/kg as compared to saline treated controls (Fig.
2E and F).
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Similarly, single injection of nicotine (0.5-1 mg/kg, ip) in OVX rats significantly
increased contingent lever pressings in a dose-dependent manner. The leftward shift in
the frequency-response curve suggests the rewarding effect of nicotine [factor
‘frequency’ Fass27) = 348.1, p < 0.0001; factor ‘treatments’ F 4527y = 333.0, p < 0.0001
and interaction ‘treatment’ x ‘frequency’ Fo527) = 10.33, p < 0.0001] (Fig. 2G). A
significant decrease in Msg [F,37) = 5.259, p < 0.01] and To [F@,37 = 11.72, p < 0.0001]
was observed following nicotine treatment. Post-hoc Bonferroni's multiple comparisons
test revealed that nicotine produced significant potentiation of reward (decrease in Msg
and To) compared to saline treatment at 0.5 and 1 mg/kg dose of nicotine (Msp at 1
mg/kg, p < 0.05; Toat 0.5 mg/kg, p < 0.05 and at 1 mg/kg, p < 0.001). On the other
hand, the lower dose of nicotine (0.3 mg/kg, ip) did not affect Mso and Ty values
significantly (p > 0.05) and therefore considered as sub-effective (Fig. 2H and I). Thus,
nicotine treatment at 0.5 and 1 mg/kg dose seems to promote rewarding behavior in the
OVXrats.

a-MSH dose-dependently facilitates ICSS activity in OVX rats

a-MSH microinjections (0.5-1.5 pg/rat) in the lateral ventricle in OVX rats dose-
dependently increased the number of lever pressings and lowered ICSS threshold as
indicated by leftward shift in rate-frequency curve [factor ‘frequency’ F(5.49) = 343.7, p <
0.0001; factor ‘treatments’ F4.496) = 184.7, p < 0.0001 and interaction ‘treatment’ x
‘frequency’ Fo.496) = 6.583, p < 0.0001] (Fig. 3A). A significant decrease in Mso [F,34) =
4.472, p <0.01] and To [F,34) = 11.49, p < 0.0001] was also observed following a-MSH
treatment. One way ANOVA and post-hoc Bonferroni’s multiple comparisons test
revealed that a-MSH produced significant decrease in Msg (at 1.5 pg/rat, p < 0.05) and
To (at 1.0 pg/rat, p < 0.05 and at 1.5 pg/rat, p < 0.001) compared to that in the aCSF
control (Fig. 3B and C). On the other hand, at lower dose (0.5 pg/rat), a-MSH failed to
influence the number of lever pressings or the reward thresholds and therefore

considered sub-effective (Mso and To, p > 0.05).

NDP-MSH dose-dependently promotes self-stimulatory activity in OVX rats
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Fig. 3D depicts the frequency-response curve obtained from the rats before and
after aCSF and NDP-MSH injections in OVX rats. Application of two-way ANOVA
showed a significant increase in lever press activity in NDP-MSH (0.2 and 0.4 pg/rat)
treated animals; the treatment shifted the curves towards the lower frequencies,
reflecting increased reward [factor ‘frequency’ Fis,448) = 375.7, p < 0.0001; factor
‘treatments’ F(4,448) = 347.0, p < 0.0001 and interaction ‘treatment’ x ‘frequency’ F (60,44
=12.50, p < 0.0001]. While one-way ANOVA treatment of the data showed a significant
effect of dose for Mso [F,32) = 10.10, p < 0.001] and To [F@4,32) = 8.33, p < 0.001], post-
hoc Bonferroni's multiple comparisons test revealed that NDP-MSH treatment at 0.4
Hg/rat decreased Msg (p < 0.01) and To (p < 0.01) as compared to that in the aCSF
treated rats. This suggested significant potentiation of reward by NDP-MSH. However,
NDP-MSH at lower doses (0.1 and 0.2 ug/rat) failed to reduce the Mso and To values
and therefore considered as sub-effective (Fig. 3E and F).

HS014 dose-dependently inhibits self-stimulatory activity in OVX rats

Icv administration of HS014 (0.1 and 0.2 ug/rat) in OVX rats attenuated the
reward behavior in ICSS as depicted by shift of the rate-frequency curves towards right
side [factor ‘frequency’ F(is,448) = 248.1, p < 0.0001; factor ‘treatments’ F(4.448) = 43.99, p
< 0.0001 and interaction ‘treatment’ x ‘frequency’ Fo,448) = 3.884, p < 0.0001] (Fig. 3G).
Statistical analysis using one-way ANOVA revealed a significant effect of HS014
treatment on Mso [F32 = 11.04, p < 0.001] and To [F32) = 6.968, p < 0.001].
Moreover, application of post-hoc Bonferroni's multiple comparisons test showed that
HS014 significantly increased Msg (at 0.1 pg/rat, p < 0.05, at 0.2 pg/rat, p < 0.001) and
To (0.2 pg/rat, p < 0.05) as compared to aCSF, indicating attenuation of reward.
However, at lower dose (0.05 pg/rat), HS014 failed to increase Mso and Ty values and

therefore considered as sub-effective (Fig. 3H and ).

a-MSH, NDP-MSH or HS014 modulates the effect of nicotine on ICSS activity in
OVXrats
With a view test if the rewarding action of nicotine is via melanocortin system, we
administered a-MSH at sub-effective dose (0.5 ug/rat) in combination with nicotine at
sub-effective (0.3 pg/rat) or effective dose (0.5 pg/rat) and screened the ICSS activity.
14



Significant potentiation in the nicotine induced reward behavior in OVX rats was
observed following combination treatments of sub-effective doses of both agents as well
as sub-effective a-MSH + nicotine effective doses as compared to respective nicotine
per se [factor ‘frequency’ Fss76) = 542.1, p < 0.0001; factor ‘treatments’ Fs576) = 286.6,
p < 0.0001 and interaction ‘treatment’ x ‘frequency’ Fzs576) = 10.75, p < 0.0001] (Fig.
4A). Application of one-way ANOVA showed significant elevation in Msg [F3,27) = 6.229,
p <0.01 and [F27 = 6.017, p < 0.01], and To [F@z27) = 14.99, p < 0.001] and [F27) =
29.60, p < 0.0001] at a-MSH (0.5 pg/rat) + nicotine 0.3 and 0.5 mg/kg doses,
respectively. Post-hoc Bonferroni's multiple comparisons test showed significant
decrease in M50 in OVX rats treated with a-MSH prior to nicotine (for both
combinations, p < 0.05) as compared to aCSF and nicotine (0.3 mg/kg) per se.
Similarly, To was also significantly reduced (for 0.5 pg/rat a-MSH + 0.3 mg/kg nicotine, p
< 0.05; for 0.5 pg/rat a-MSH + 0.5 mg/kg nicotine, p < 0.001) as compared to aCSF
(Fig. 4B and C).

NDP-MSH (0.1 pg/rat) administration by icv route, 15 min prior to nicotine
(0.3 and 0.5 mg/kg, ip) increased the rate of lever presses and decreased reward
thresholds as compared to that of the respective nicotine per se group [factor
‘frequency’ Fse08) = 638.7, p < 0.0001; factor ‘treatments’ F608) = 215.3, p <
0.0001 and interaction ‘treatment’ x ‘frequency’ F(7s608) = 9.774, p < 0.0001] (Fig.
4D). A significant reduction in Mso [Fs28) = 6.942, p < 0.01 and [Fs2s) = 14.59, p
< 0.001] and To [Fs,28) = 4.33, p < 0.05 and [Fz28 = 16.20, p < 0.0001] was
observed at NDP-MSH (0.1 ug/rat) + nicotine 0.3 and 0.5 mg/kg doses,
respectively. Post-hoc Bonferroni's multiple comparisons test revealed the effect
of treatment with sub-effective dose of NDP-MSH (0.1 ug/rat), prior to the sub-
effective (0.3 mg/kg, ip) or effective dose (0.5 mg/kg, ip) of nicotine produced
significant decrease in Mso (both p < 0.05) and To (only at 0.5 mg/kg, ip; p < 0.05)
as compared to nicotine per se (Fig. 4E and F).

To confirm the involvement of MC4-R in nicotine induced reward, sub-effective
dose of HS014 (0.05 ug/rat) was given 15 mins prior to effective doses of nicotine (0.5
and 1 mg/kg, ip). HS014 treatment significantly suppressed the lever press activity of
nicotine at 1 mg/kg, ip, as revealed by two-way ANOVA [factor ‘frequency’ F(is560) =
553.4, p < 0.0001; factor ‘treatments’ Fss60) = 241.7, p < 0.0001 and interaction
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‘treatment’ x ‘frequency’ F(7s560) = 9.786, p < 0.0001] (Fig. 4G). Application of one-way
ANOVA showed significant elevation in Mso [F326) = 13.48, p < 0.001] and To [F.26) =
32.57, p <0.0001] at HS014 (0.05 pg/rat) + nicotine 1 mg/kg doses, respectively (Fig.
4H and I). The rightward shift in rate-frequency curve suggested that nicotine-induced
reward was attenuated by HS014 treatment, and the presence of HS014 prevented the
drop in Msg and To values produced by nicotine per se. However, HS014 treatment
prior to 0.5 mg/kg nicotine did not show any attenuation in nicotine’s effect. The raw
values and conversion for obtaining To and Msp are shown in Suppl Tables 2 and 3.
None of the above treatments either per se or in combination produced any effect on
the locomotor activity as compared to their respective control in open field test (data not

shown).

Effect of nicotine treatment on a-MSH-immunoreactivity in trained and OVX rats

The nucleus accumbens shell (AcbSh)

Immunoreactive profile of a-MSH in the AcbSh of the various groups of rats is
shown in Fig. 5 A1-A6 and Fig. 7A. While several a-MSH-ir fibers were seen in the
AcbSh of naive control rats (Al), a significant decrease was observed in the OVX rats
(A2, p< 0.01). Operant conditioning in the intact rats showed an increase in a-MSH-ir
fiber density (A3, p < 0.001). On the other hand, the density of a-MSH-ir fibers in the
AcbSh of the trained OVX rats was significantly decreased (A4, p <0.001). The
immunoreactivity in the nicotine treated intact rats (A5) was significantly higher (p <
0.05) as compared to that in the saline treated intact rats (A3). In addition, a highly
significant increase was noticed in the OVX rats treated with nicotine (A6) as compared
to that of the saline treated OVX rats (A4; p < 0.001). The morphometric analysis is
represented in Fig. 7A.

The arcuate nucleus of hypothalamus (ARC)

The profiles of a-MSH-ir in different groups, and their morphometric analyses, are
summarized in Figs. 5 B1-B6, 7 B and C. The a-MSH-ir density and cell count was
significantly decreased (p < 0.001) in the OVX rats (B2) as compared to naive (B1). On

the other hand, highly significant increase in the density of a-MSH-ir cells and fibers,
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and number of a-MSH positive cells was observed in intact conditioned, saline treated
rats (B3; p < 0.001). The a-MSH-ir density and cell count in the ARC of the conditioned
OVX rats was significantly decreased (B4; p < 0.001). In contrast, nicotine treatment in
conditioned intact (B5; p < 0.001) as well as OVX (B6; p < 0.001) rats significantly
increased the density of a-MSH-ir cells and fibers, and cell count as compared to their

respective controls.

The bed nucleus of stria terminals, lateral division (BNSTI)

Fig. 5 C1-C6 shows several a-MSH-ir fibers in the BNSTI region. A dramatic
decrease (p < 0.001) was observed in the a-MSH-ir fibers density in the OVX rats (C2)
as compared to naive control (C1). In contrast, significant increase in the density of a-
MSH-ir fibers was observed in saline treated intact operant conditioned rats (C3; p <
0.001). The density of a-MSH-ir fibers in the BNSTI of the saline treated conditioned
OVX rats was significantly decreased (C4; p <0.001). On the other hand, nicotine
treatment in conditioned OVX rats showed significant increase (C6; p < 0.001) as
compared to that in the saline treated conditioned OVX rats (C4). The immunoreactive
content in the BNSTI of intact nicotine treated conditioned rats (C5) was quite similar to
that in the saline treated conditioned rats (C3; p > 0.05). The morphometric analyses of

a-MSH-ir density in the BNSTI of the various groups of rats are summarized in Fig. 7 D.

The paraventricular nucleus of hypothalamus (PVN)

a-MSH-ir profile in the PVN of the various groups of rats, and their morphometric
analyses are summarized in Figs. 6 A1-A6 and 7 E. While several a-MSH-ir fibers were
seen in the PVN of naive control rats (Al), a significant decrease in the density was
noted in OVX rats (A2, p < 0.001). On the other hand, the higher density of a-MSH-ir
fibers was seen in saline treated operant conditioned rats (A3; p < 0.001). However, the
density of a-MSH-ir fibers in the PVN of the conditioned OVX saline treated rats was
significantly decreased (A4; p < 0.001). Nicotine treatment in conditioned intact (A5)
and conditioned OVX (A6) rats significantly increased (p < 0.001) the density of a-MSH-

ir fibers in PVN as compared to that in respective controls.

The central nucleus of amygdala (CeA)
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Several a-MSH-ir fibers were seen in the CeA of naive control rats (Fig. 6 B1).
The density of the a-MSH-ir fibers in CeA did not alter in OVX (B2; p > 0.05) and
operant conditioned saline treated rats (B3; p > 0.05) as compared to that in the naive
control rats (B1). Similarly, the density of a-MSH-ir fibers in the CeA was not altered in
conditioned OVX saline treated rats (B4; p > 0.05) or nicotine treated intact and OVX
rats (B5 and B6; p > 0.05) as compared to respective controls. The data are

summarized in Fig. 7 F.

DISCUSSION
ICSS reward in OVX rats

In the present study, rats were implanted with the electrode targeted at MFB and
trained in the operant chamber for self-stimulation. The consistent lever pressings for 3
consecutive days confirmed that the animals were trained. The use of ICSS to study
reward and reinforcement behavior is well established (Carlezon and Chartoff, 2007,
Sagara et al., 2008). While the leftward shift in the frequency response curve (FRC)
and lowering of ICSS thresholds indicated facilitation of brain stimulation reward,
rightward shift of FRC and elevation of thresholds suggested anhedonia (Carlezon and
Chartoff, 2007, Vlachou and Markou, 2011; Desai et al., 2013; Somalwar et al., 2017).
Herein, the OVX rats showed higher reward threshold and shifted the FRC towards right
indicating decreased reward which might be attributed to depleted estrogen. OVX rats
showed diminished dopamine in the VTA and reward behavior (Russo et al., 2003).
Flores et al. (2016) reported that, estradiol plays an important role in altering dopamine
activity in female rats. Estrogen acts on its receptors located on the inhibitory
GABAergic terminals in the VTA dopaminergic cell body and inhibits GABAergic
transmission which inhibits dopamine release in Acb (Torres et al., 2009). Estrogen is
also reported to target presynaptic dopamine terminals and downregulate D2
autoreceptors which eventually increase dopamine release (Becker, 1999). Galankin et
al. (2010) demonstrated that estradiol adds to the sensitivity of the brain reward system
in rats, which in turn enhances the cocaine effects on the ICSS reward. In this
background, we suggest that similar mechanisms may be responsible for the decreased

ICSS reward observed in the OVX animals in the present study.
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Nicotine-induced brain reward function in OVX rats

Nicotine treatment in OVX rats decreased the threshold and produced reward.
The observations are in accordance with the previous report which suggests decreased
nicotine reward following ovariectomy in rats (Torres et al., 2009). Nicotine-induced
increase in striatal dopamine levels is enhanced via estrogen (Dluzen and Anderson,
1997). Flores and colleagues (2016) also suggested that estradiol enhanced the
nicotine induced reward in female rats. Estrogen facilitates dopamine release in the
terminal region of the Acb and mediates the rewarding effects of drugs of abuse like
nicotine (Becker, 1999). Nicotine amplifies reward signals in the brain, an effect shared
by other drugs of abuse (Rice and Cragg, 2004). Consistent with an excitatory action of
nicotine on reward circuitries, intravenously self-administered and experimenter
administered bolus nicotine injections lowered ICSS thresholds in rats (Huston-Lyons
and Kornetsky, 1992; Bauco and Wise, 1994; Harrison et al., 2002; Kenny and Markou,
2006), reflecting nicotine-induced increase in BSR. Nicotine, via nAChRs in the VTA
and Acb, activates mesolimbic reward pathway and releases dopamine in the Acb
which results in reward behavior (Dani and Heinemann, 1996; Mansvelder and
McGehee, 2000; Laviolette and Van der Kooy, 2004). Lesions in the mesolimbic
pathway disrupt the self-administration of drugs of abuse (Corrigall et al., 1992;
Rassnick et al., 1993; Gerrits and Van Ree, 1996). nAChRs are expressed by
excitatory and inhibitory neurons that control excitability of dopamine neurons
(Mansvelder et al., 2007). However, single exposure to nicotine increases dopamine
release in the Acb for over an hour in vivo (Imperato et al., 1986; Schilstrom et al.,
1998). Thus, urge of obtaining reward effects may motivate nicotine consumption and

contribute to the addictive properties of this drug (Donny et al., 2003; Kenny, 2007).

MCs on reward and reinforcement behavior in OVX rats using ICSS

a-MSH and NDP-MSH, in dose dependent manner, increased the number of
lever pressings in OVX rats and shifted the FRC towards left. The leftward shift of FRC
suggests reward and reinforcement actions of MCs in the ICSS. Conversely, HS014
decreased the rate of lever pressings which suggests decreased reward. The
observation confirms the role of MC4-R in reward and reinforcement action in OVX rats.

These results are in accordance with the previous reports. MC agonist infusion into
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lateral ventricle or VTA enhanced the dopamine release in the striatum and Acb (Florijn
et al., 1993; Lindblom et al., 2001), and administration directly into Acb augmented
dopaminergic activity resulting in more grooming (Florijn et al., 1993). Furthermore, in
vitro studies reveal that a-MSH stimulates cAMP production via interactions with
dopamine D1 receptors (Lezcano et al., 1995; Cremer et al., 2000). MC agonist
infusion into the lateral ventricle also improved amphetamine reward effect on lateral
hypothalamic self-stimulation (Cabeza de Vaca et al., 2002). Hsu et al. (2005) reported
that inhibition of MC transmission blocked the cocaine reward. Agonists directly acting
on dopamine, or an indirect agonist like cocaine, enhanced POMC expression in the
ARC and a-MSH levels in Acb by assisting activation of dopamine neurotransmission
(Sarnyai et al., 1992; Tong and Pelletier, 1992). These studies indicate that MC may

promote dopaminergic neurotransmission; vice-versa interaction is also suggested.

Expression of MC4-R mRNA in Acb was increased following repeated
administration of cocaine (Hsu et al., 2005). Increased MC-4 mRNA expression was
also reported in the hypothalamus and amygdala of rats exposed to ethanol (Kokare et
al., 2017). In the present study, ICSS conditioned rats showed an increase in MC4-R
gene expression in Acb on the ipsilateral side, but a decrease was noted on the
contralateral side. While we do not know the underlying reason, we speculate that the
decrease may be due to compensatory reduction following ipsilateral increase in MC4-R

MRNA. Additional studies will be required to clarify the issue.

Modulation of nicotine-induced reward via MC4-R in ICSS

Several studies have reported a close interaction between nicotinic and MC
systems. Altered a-MSH level was found in rat plasma following peripheral
administration of nicotine (Conte-Devolx et al., 1981). Hypothalamic a384 nAChRs
stimulation activated POMC gene and consequently MC4-R expression which is
essential for nicotine-induced hypophagia in mice (Mineur et al., 2011). Bellinger and
colleagues (2003) reported that icv administration of MTII (melanocortin agonist)
reversed nicotine withdrawal induced hyperphagia. On the other hand, continual
nicotine exposure inhibited POMC expression and biosynthesis of 3-endorphin
(endogenous opioid peptide derived from POMC) (Rasmussen, 1998), thus implicating

B-endorphin in nicotine self-administration and withdrawal syndrome. More recently, Qi
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et al. (2015) suggested a dichotomy in the role of MC4-R in the dysphoria associated
with nicotine withdrawal and stress-induced reinstatement of nicotine seeking. Hence,
these reports support close association between MC and cholinergic system.
Furthermore, in the present study, this association was confirmed in ICSS assay
conducted in rats receiving treatment with nicotine and melanocortin. Herein, sub-
effective doses of MC agents co-administered with nicotine significantly raised the rate
of lever pressings as compared to nicotine per se. Similar results were obtained with
NDP-MSH administration. On the contrary, HS014 treatment prior to nicotine,
attenuated nicotine reward in OVX rats. These results underscore the role of MC4-R in
nicotine-induced reward function in OVX rats. Thus, based on these observation we
may infer that activation of MC system while attempting the nicotine withdrawal during
the menopausal phase may help in easy quitting and without any harmful adverse
effects of nicotine.

Effect of ICSS and nicotine treatment on a-MSH-immunoreactivity

To explore the involvement of endogenous MCs in the reward and reinforcement
activity of nicotine in OVX rats, we investigated the a-MSH-ir profile in different regions.
a-MSH-immunoreactivity in the AcbSh, ARC, BNSTI and PVN was increased in the
animals conditioned to self-stimulation. On the other hand, unconditioned or
conditioned, OVX animals showed a decrease in the a-MSH-ir density in these regions.
A decrease in reward behavior following OVX in rats has been reported (Galankin et al.,
2010). Estrogen regulates the POMC gene expression and peptide release
(Matsumura et al., 2004). It seems that the depletion of the estrogen levels following
OVX might be responsible for the decrease in the MCs in the brain regions. This
eventually might decrease the dopamine release in AcbSh and thus influence reward
(Fig. 8). In contrast to the results that were obtained in the OVX rats, nicotine treatment
increased the a-MSH-ir density in all the aforementioned nuclei. The results are in
agreement with the studies showing increased POMC gene expression following
nicotine treatment (Mineur et al., 2011). Peripheral nicotine treatment is known to
stimulate a-MSH secretion from hypothalamus (Marty et al., 1985; Garnier et al., 1994).
Moreover, hypothalamic a334 nAChRs stimulation activates POMC gene and

consequently MC4-R expression which may be considered as essential component for
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nicotine-induced hypophagia in mice (Mineur et al., 2011). Bellinger et al. (2003)
reported reversal of nicotine withdrawal symptoms like hyperphagia following treatment
with a-MSH agonist. We may recall that co-administration of sub-effective doses of MC
agonists and nicotine potentiated the number of lever pressings, suggesting a role for
endogenous MCs in nicotine mediated reward. AcbSh, the site for mediating reward
behavior, serves as a recipient area for the dopaminergic neurons from VTA (Kleijn et
al., 2011) and MC inputs from the ARC (Lutter and Nestler, 2009). Receptors for
dopamine as well as MCs are present in the AcbSh (Pandit et al., 2015). In the present
study, the increase in the a-MSH fiber density in the AcbSh might be attributed to the
increased a-MSH positive cell bodies in the ARC in the nicotine treated conditioned rats.
Thus, we propose that the a-MSH may positively modulate the dopamine release and

promote reward under the influence of nicotine.

The issues associated with smoking by post-menopausal women, like difficulty in
quitting, cannot be over-emphasized. The reward producing action of estradiol may
involve cholinergic-melanocortin system which in turn serves as the target for nicotine
consumed by the post-menopausal women. We suggest that strategies aimed at testing

the intervention with MC4-R may help to address the condition.
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FIGURE LEGENDS:

Fig. 1. Schematic drawing of the coronal section (A) through the brain of rat [-2.8 mm
posterior to the bregma (Paxinos and Watson, 1998)] showing the position of the
electrode tip (black circle) in the lateral hypothalamus-medial forebrain (LH-MFB) and
passage of electrode (B; asterisks) directed toward the LH-MFB (Scale bar = 500 pm).
C represents the schematic diagram at the level of Acb from where the tissue was
isolated for MC4-R mRNA expression. The effect of intracranial self-stimulation (ICSS),
on melanocortin-4 receptors (MC4-R) mRNA expression in the nucleus accumbens
(Acb) is shown in D. The graphs represent the means £ SEM values for fold changes in
the MC4-R mRNA expression across ipsilateral and contralateral Acb regions in the
control and ICSS groups (n = 4 rats/group). The data were analyzed by non-parametric
t-test. *p < 0.05 vs ipsilateral control, #p < 0.05 vs contralateral control. Figure E
represents the staining specificity for a-MSH-immunoreactivity at the level of arcuate
nucleus of hypothalamus (ARC) in the presence of a-MSH antibody E(i) and its
respective preadsorption control E(ii). Scale bar = 50 um. 3V, third Ventricle.

Fig. 2. Effect of ovariectomy (OVX, n = 6-8 rats/group; A-C), and saline (n =6
rats/group; ip), nicotine in intact (NIC, n = 5 rats/group; ip; D-F) and OVX (NIC,n =8
rats/group; ip; G-1) rats on intracranial self-stimulation (ICSS) activity. The data
represents the number of lever pressings (A, D and G), Mso (B, E and H) and To (C, F
and I). Each bar represents the mean + SEM. The post-hoc Bonferroni’s multiple
comparison test revealed the significance value for the condition and nicotine treatment
*p < 0.05, **p < 0.01, ***p < 0.001 versus respective baseline control and $p < 0.05, %%p
< 0.001 versus respective Sham control.

Fig. 3. Effect of artificial cerebrospinal fluid (aCSF, n = 7 rats/group; icv), alpha-
melanocyte stimulating hormone (a-MSH, n = 7 rats/group; icv; A-C), NDP-MSH (n =6
rats/group; icv; D-F), HS014 (n = 6 rats/group; icv; G-1) on intracranial self-stimulation
(ICSS) activity of ovariectomized rats. The data represents the number of lever
pressings (A, D and G), Mso (B, E and H) and To (C, F and I). Each bar represents the
mean + SEM. The post-hoc Bonferroni’s multiple comparison test revealed the
significance value for the treatments *p < 0.05, **p < 0.01, ***p < 0.001 versus
respective control.

Fig. 4. Graph representing the effect of alpha-melanocyte stimulating hormone (a-MSH,
n = 6 rats/group; icv; A-C), NDP-MSH (n = 7 rats/group; icv; D-F) and HS014 (n=6
rats/group; icv; G-I) prior to nicotine (NIC, ip) in ovariectomized rats on intracranial self-
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stimulation (ICSS) activity. The data represents the number of lever pressings (A, D, G,
H and M), Mso (B, E, H, Kand N) and To (C, F, I, L and O). Each bar represents the
mean + SEM. The post-hoc Bonferroni’s multiple comparison test revealed the
significance value for the treatments *p < 0.05, **p < 0.01, ***p < 0.001 versus
respective aCSF control and #p < 0.05, #p < 0.01, *#p < 0.001 versus respective NIC
control.

Fig. 5. Photomicrographs of coronal section showing alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive cells (arrow heads) and fibers (arrows) in the
nucleus accumbens shell (AcbSh; A1-A6), arcuate nucleus of hypothalamus (ARC; B1-
B6) and lateral part of bed nucleus of stria terminalis (BNSTI; C1-C6) of the
unconditioned naive control (A1, B1, C1), ovariectomized rats (OVX; A2, B2, C2), saline
treated intact control (intact+saline; A3, B3, C3), saline treated ovarectomized
(OVX+saline; A4, B4, C4), nicotine treated intact (intact+nicotine; A5, B5, C5), nicotine
treated ovarectomized (OVX+nicotine; A6, B6, C6) operant conditioned rats. Scale bar
=50 uym. 3V, third ventricle; aca, anterior commissure (anterior part).

Fig. 6. Photomicrographs of coronal section showing alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive cells (arrow heads) and fibers (arrows) in the
paraventricular nucleus of hypothalamus (PVN; A1-A6) and central nucleus of amygdala
(CeA; B1-B6) of the unconditioned naive control (Al and B1), ovariectomized rats
(OVX; A2 and B2), saline treated intact control (intact+saline; A3 and B3), saline treated
ovarectomized (OVX+saline; A4 and B4), nicotine treated intact (intact+nicotine; A5 and
B5), nicotine treated ovarectomized (OVX+nicotine; A6 and B6) operant conditioned
rats. Scale bar = 50 um. 3V, third ventricle.

Fig. 7. Semiquantitative morphometric analysis of alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive (ir) content the nucleus accumbens shell (AcbSh; A),
the arcuate nucleus of hypothalamus (ARC; B and C), the lateral part of bed nucleus of
stria terminalis (BNSTI; D), the paraventricular nucleus of hypothalamus (PVN; E) and
the central nucleus of amygdala (CeA; F) of the unconditioned naive control, OVX and
saline or nicotine treated intact and/or ovariectomized (OVX) operant conditioned rats.
The outline of the transverse section through the brain [co-ordinates: bregma +0.7 mm
(AcbSh), —2.56 mm (ARC), -0.26 (BNSTI), =1.80 mm (PVN) and -2.56 mm (CeA)
(Paxinos and Watson, 1998)] indicates the respective regions (square, not to scale)
from which the measurements were collated. The bar values are shown as the mean +
SEM of five measurements from AcbSh, ARC, BNSTI, PVN and CeA on both the sides
of each brain (n = 5 rats/group). The data were analyzed by one-way ANOVA followed
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by post-hoc Bonferroni’s multiple comparison test. **p < 0.01, ***p < 0.001 versus Naive
control; #p<0.05, #p<0.01, ##p<0.001 versus Intact+Saline conditioned rats and ¥*%p <
0.001 versus OVX+saline conditioned rats. 3V, third ventricle; ac, anterior commissure;
aca, anterior commissure (anterior part); AcbC, nucleus accumbens core; acp, anterior
commissure (posterior part); AHC, central part of anterior hypothalamic area; BLA,
lateral part of basolateral amygdaloid nucleus; DMH, dorsomedial hypothalamic
nucleus; LGP, lateral globus pallidus; LSV, ventral part of lateral septal nucleus; LV,
lateral ventricle; MeAD, medial amygdaloid nucleus, anterodorsal part; opt, optic tract;
Rch, retrochiasmatic area and VMH, ventromedial hypothalamic nucleus.

Fig. 8. Hypothesized mechanism: Nicotine may act presynaptically on the pro-
opiomelanocortins (POMC) containing axonal terminals of arcuate (ARC) neurons,
which may be under the influence of peripheral estrogen. a-MSH released by the POMC
neurons may modulate the reward behavior via release of dopamine in the frame of the
nucleus accumbens (Acb). a-MSH, alpha-melanocyte stimulating hormone; AcbSh,
accumbens shell; DA, dopamine; LH-MFB, lateral hypothalamus-medial forebrain
bundle; MC4-R, melanocortin-4 receptors; nAchRs, nicotinic cholinergic receptors;
OVX, ovariectomized; VTA, ventral tegmentum area. (1) Flores et al., 2016; (2) Lutter
and Nestler, 2009; (3) Wise 1996; (4) Mineur et al., 2011; (5) Lindblom et al., 2001.

FIGURE LEGENDS:

Fig. 1. Schematic drawing of the coronal section (A) through the brain of rat [-2.8 mm
posterior to the bregma (Paxinos and Watson, 1998)] showing the position of the
electrode tip (black circle) in the lateral hypothalamus-medial forebrain (LH-MFB) and
passage of electrode (B; asterisks) directed toward the LH-MFB (Scale bar = 500 pm).
C represents the schematic diagram at the level of Acb from where the tissue was
isolated for MC4-R mRNA expression. The effect of intracranial self-stimulation (ICSS),
on melanocortin-4 receptors (MC4-R) mRNA expression in the nucleus accumbens
(Acb) is shown in D. The graphs represent the means £ SEM values for fold changes in
the MC4-R mRNA expression across ipsilateral and contralateral Acb regions in the
control and ICSS groups (n = 4 rats/group). The data were analyzed by non-parametric
t-test. *p < 0.05 vs ipsilateral control, #p < 0.05 vs contralateral control. Figure E
represents the staining specificity for a-MSH-immunoreactivity at the level of arcuate
nucleus of hypothalamus (ARC) in the presence of a-MSH antibody E(i) and its
respective preadsorption control E(ii). Scale bar = 50 um. 3V, third Ventricle.

Fig. 2. Effect of ovariectomy (OVX, n = 6-8 rats/group; A-C), and saline (n=6
rats/group; ip), nicotine in intact (NIC, n = 5 rats/group; ip; D-F) and OVX (NIC,n =8
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rats/group; ip; G-1) rats on intracranial self-stimulation (ICSS) activity. The data
represents the number of lever pressings (A, D and G), Mso (B, E and H) and To (C, F
and ). Each bar represents the mean + SEM. The post-hoc Bonferroni’s multiple
comparison test revealed the significance value for the condition and nicotine treatment
*p < 0.05, **p < 0.01, ***p < 0.001 versus respective baseline control and *p < 0.05, %*%p
< 0.001 versus respective Sham control.

Fig. 3. Effect of artificial cerebrospinal fluid (aCSF, n = 7 rats/group; icv), alpha-
melanocyte stimulating hormone (a-MSH, n = 7 rats/group; icv; A-C), NDP-MSH (n =6
rats/group; icv; D-F), HS014 (n = 6 rats/group; icv; G-I) on intracranial self-stimulation
(ICSS) activity of ovariectomized rats. The data represents the number of lever
pressings (A, D and G), Mso (B, E and H) and To (C, F and I). Each bar represents the
mean + SEM. The post-hoc Bonferroni’s multiple comparison test revealed the
significance value for the treatments *p < 0.05, **p < 0.01, **p < 0.001 versus
respective control.

Fig. 4. Graph representing the effect of alpha-melanocyte stimulating hormone (a-MSH,
n = 6 rats/group; icv; A-C), NDP-MSH (n = 7 rats/group; icv; D-F) and HS014 (n =6
rats/group; icv; G-I) prior to nicotine (NIC, ip) in ovariectomized rats on intracranial self-
stimulation (ICSS) activity. The data represents the number of lever pressings (A, D, G,
H and M), Mso (B, E, H, Kand N) and To (C, F, I, L and O). Each bar represents the
mean + SEM. The post-hoc Bonferroni’s multiple comparison test revealed the
significance value for the treatments *p < 0.05, **p < 0.01, **p < 0.001 versus
respective aCSF control and #p < 0.05, #p < 0.01, ##p < 0.001 versus respective NIC
control.

Fig. 5. Photomicrographs of coronal section showing alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive cells (arrow heads) and fibers (arrows) in the
nucleus accumbens shell (AcbSh; A1-A6), arcuate nucleus of hypothalamus (ARC; B1-
B6) and lateral part of bed nucleus of stria terminalis (BNSTI; C1-C6) of the
unconditioned naive control (A1, B1, C1), ovariectomized rats (OVX; A2, B2, C2), saline
treated intact control (intact+saline; A3, B3, C3), saline treated ovarectomized
(OVX+saline; A4, B4, C4), nicotine treated intact (intact+nicotine; A5, B5, C5), nicotine
treated ovarectomized (OVX+nicotine; A6, B6, C6) operant conditioned rats. Scale bar
=50 uym. 3V, third ventricle; aca, anterior commissure (anterior part).

Fig. 6. Photomicrographs of coronal section showing alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive cells (arrow heads) and fibers (arrows) in the
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paraventricular nucleus of hypothalamus (PVN; A1-A6) and central nucleus of amygdala
(CeA; B1-B6) of the unconditioned naive control (A1 and B1), ovariectomized rats
(OVX; A2 and B2), saline treated intact control (intact+saline; A3 and B3), saline treated
ovarectomized (OVX+saline; A4 and B4), nicotine treated intact (intact+nicotine; A5 and
B5), nicotine treated ovarectomized (OVX+nicotine; A6 and B6) operant conditioned
rats. Scale bar = 50 ym. 3V, third ventricle.

Fig. 7.Semiquantitative morphometric analysis of alpha-melanocyte stimulating
hormone (a-MSH) immunoreactive (ir) content the nucleus accumbens shell (AcbSh; A),
the arcuate nucleus of hypothalamus (ARC; B and C), the lateral part of bed nucleus of
stria terminalis (BNSTI; D), the paraventricular nucleus of hypothalamus (PVN; E) and
the central nucleus of amygdala (CeA; F) of the unconditioned naive control, OVX and
saline or nicotine treated intact and/or ovariectomized (OVX) operant conditioned rats.
The outline of the transverse section through the brain [co-ordinates: bregma +0.7 mm
(AcbSh), —-2.56 mm (ARC), -0.26 (BNSTI), =1.80 mm (PVN) and -2.56 mm (CeA)
(Paxinos and Watson, 1998)] indicates the respective regions (square, not to scale)
from which the measurements were collated. The bar values are shown as the mean +
SEM of five measurements from AcbSh, ARC, BNSTI, PVN and CeA on both the sides
of each brain (n = 5 rats/group). The data were analyzed by one-way ANOVA followed
by post-hoc Bonferroni’s multiple comparison test. **p < 0.01, ***p < 0.001 versus Naive
control; #p<0.05, #p<0.01, ##p<0.001 versus Intact+Saline conditioned rats and ¥%p <
0.001 versus OVX+saline conditioned rats. 3V, third ventricle; ac, anterior commissure;
aca, anterior commissure (anterior part); AcbC, nucleus accumbens core; acp, anterior
commissure (posterior part); AHC, central part of anterior hypothalamic area; BLA,
lateral part of basolateral amygdaloid nucleus; DMH, dorsomedial hypothalamic
nucleus; LGP, lateral globus pallidus; LSV, ventral part of lateral septal nucleus; LV,
lateral ventricle; MeAD, medial amygdaloid nucleus, anterodorsal part; opt, optic tract;
Rch, retrochiasmatic area and VMH, ventromedial hypothalamic nucleus.

Fig. 8. Hypothesized mechanism: Nicotine may act presynaptically on the pro-
opiomelanocortins (POMC) containing axonal terminals of arcuate (ARC) neurons,
which may be under the influence of peripheral estrogen. a-MSH released by the POMC
neurons may modulate the reward behavior via release of dopamine in the frame of the
nucleus accumbens (Acb). a-MSH, alpha-melanocyte stimulating hormone; AcbSh,
accumbens shell; DA, dopamine; LH-MFB, lateral hypothalamus-medial forebrain
bundle; MC4-R, melanocortin-4 receptors; nAchRs, nicotinic cholinergic receptors;
OVX, ovariectomized; VTA, ventral tegmentum area. (1) Flores et al., 2016; (2) Lutter
and Nestler, 2009; (3) Wise 1996; (4) Mineur et al., 2011; (5) Lindblom et al., 2001.
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Electrode in the LH-MFB
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a-MSH immunoreactivity

«-MSH immunoreactivity

(optical density per unit area ( p,m2

< 5001
H
-~ #
S 4004 . $.$;$
] & .
= .
5 300+
o
3
o e
2
g 2001 .

ol
% ‘; )
] ~ ®
S 1004
a
S

Naive  OVX Intact OVX Intact OVX

Saline Nicotine

Operant conditioned

\
———
N

-

\

\

1

1

1

!

R /
—————

.
500+ 4
#z##
(&) 3" _T.o
& 400
400
£
2
8 300 $3%
T 2o
8 =% ¢
2 200
N 2 8
é _'_.
é 100+ HH
*kk r.‘.1

Nave OVX st OVX It OVX
Saline Nicotine

Operant conditioned

)
@
o
=
3

4004

3004

2004

100+

Naive  OVX Intact OVX Intact OVX
Saline Nicotine

Operant conditioned

o.-MSH immunoreactivity
(optical density per unit area ( umz)

«-MSH immunoreactivity
(optical density per unit area ( pmz)

«-MSH immunoreactivity
(optical density per unit area ( pmz)

5001

400+

3004

200+

1004

-,

#
LJ
o e $5$
L]
1 O
s | ==
00 83,9

O

300+

g

8

M

150+

100+

504

#i#
. *hk e
L] ’ h =
|~..Ei=. | S
Naive ovX Intact OVvX Intact OVX
Saline Nicotine
Operant conditioned
L3
.’..
% o H*kk
Ld
. [ .V ‘.&0
L]
o [
Naive ~ OVX Intact OVX Intact OVX

Saline Nicotine

o
L]

.‘.‘:5 ]

Naive

OovX

Intact OVX Intact OVX
Saline Nicotine
Operant conditioned

40



Nicotine —»- *

nAChRs

Estrogen

# Nicotine
i nAChRs
Y mcar
® o-MSH
Dopamine
DAergic neurons
= POMC neurons

HIGHLIGHTS:

» The MC4-R mRNA level was increased in ipsilateral nucleus accumbens of the

ICSS trained intact rats.

» Trained OVX rats revealed reward deficit behavior in ICSS paradigm.
» While Nicotine, a-MSH and NDP-MSH improved; HS014 impaired reward

behavior.

» a-MSH or NDP-MSH potentiated nicotine reward however HS014 attenuated the

same.

» a-MSH-ir was decreased in the reward processing regions in the OVX rats, while

nicotine treatment restored the same.
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