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Abstract Paraventricular thalamic nucleus (PVT) serves
as a transit node processing food and drug-associated
reward information, but its afferents and efferents have not
been fully defined. We test the hypothesis that the CART
neurons in the lateral hypothalamus (LH) project to the
PVT neurons, which in turn communicate via the gluta-
matergic fibers with the nucleus accumbens shell (AcbSh),
the canonical site for reward. Rats conditioned to self-
stimulate via an electrode in the right LH-medial forebrain
bundle were used. Intra-PVT administration of CART
(55-102)  dose-dependently  (10-50 ng/rat) lowered
intracranial self-stimulation (ICSS) threshold and increased
lever press activity, suggesting reward-promoting action of
the peptide. However, treatment with CART antibody
(intra-PVT) or MK-801 (NMDA antagonist, intra-AcbSh)
produced opposite effects. A combination of sub-effective
dose of MK-801 (0.01 pg/rat, intra-AcbSh) and effective
dose of CART (25 ng/rat, intra-PVT) attenuated CART’s
rewarding action. Further, we screened the LH-PVT-
AcbSh circuit for neuroadaptive changes induced by
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conditioning experience. A more than twofold increase was
noticed in the CART mRNA expression in the LH on the
side ipsilateral to the implanted electrode for ICSS. In
addition, the PVT of conditioned rats showed a distinct
increase in the (a) c-Fos expressing cells and CART fiber
terminals, and (b) CART and vesicular glutamate trans-
porter 2 immunostained elements. Concomitantly, the
AcbSh showed a striking increase in expression of NMDA
receptor subunit NR1. We suggest that CART in LH-PVT
and glutamate in PVT-AcbSh circuit might support food-
seeking behavior under natural conditions and also store
reward memory.

Keywords CART - Reward - Intracranial self-stimulation -
Nucleus accumbens shell - Paraventricular nucleus of
thalamus - Glutamate

Introduction

The role of canonical mesolimbic dopaminergic pathway
from the ventral tegmental area (VTA) to the nucleus
accumbens shell (AcbSh) and prefrontal cortex (PFC) in
mediating reward is well established. However, the path-
way is subject to modulation by a range of inputs to the
VTA and also to AcbSh. The paraventricular thalamic
nucleus (PVT), located close to the midline in the dorsal
thalamus, is generally known to play a role in arousal,
attention and awareness (see Kirouac 2015 for review).
However, recent studies have shown that this nucleus
serves as a major transit point for the passage of infor-
mation from the hypothalamus to striato-cortical regions
and is functionally important for processing information on
energy balance, arousal and food reward (Kelley et al.
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2005; Dayas et al. 2008; James and Dayas 2013; Matzeu
et al. 2014; Yeoh et al. 2014; Kirouac 2015).

PVT receives a strong contingent of neuronal efferents
from the lateral hypothalamus (LH; Van der Werf et al.
2002; Thompson and Swanson 2003) and relays informa-
tion to Acb and medial prefrontal cortex (mPFC; Moga
et al. 1995; Li and Kirouac 2008; Vertes and Hoover 2008).
The glutamatergic efferents from the PVT are known to
terminate on the dopamine (DA) fibers in the AcbSh (Pinto
et al. 2003). The electrical stimulation of the PVT triggers
glutamate release from PVT terminals, which in turn acts
on N-methyl-p-aspartate (NMDA) receptors in the Acb and
induces DA release (Jones et al. 1989; Parsons et al. 2007).
The drugs of abuse are known to influence reward behavior
via their action on the NMDA receptor-dependent DA
signaling in AcbSh (Sikora et al. 2016).

PVT also serves as a target for psychostimulant drugs.
Acute administration of amphetamine and cocaine dose-
dependently activated c-Fos expression in the PVT (Deutch
et al. 1998). Moreover, lesioning or silencing of PVT
prevented the expected responses to ethanol and cocaine
(Young and Deutch 1998; Hamlin et al. 2009; James et al.
2010).

A good deal of information is available on the LH-PVT
segment of the circuit. The LH-medial forebrain bundle
(MFB) area shows a rich assemblage of orexin, neu-
ropeptide Y (NPY) or melanocyte-concentrating hormone
(MCH) containing neurons projecting into the PVT (Lee
et al. 2015). These neuropeptides convey feeding, arousal,
anxiety and reward-related information across the LH-
PVT-Acb axis and modulate psychostimulant-triggered
actions (Kelley et al. 2005; Dayas et al. 2008; Li et al.
2010a, b; Choi et al. 2012; Matzeu et al. 2015, 2016).
Several studies underscore the relevance of PVT in pro-
cessing reward-related information following pharmaco-
logical manipulations (Choi et al. 2012; Matzeu et al.
2015, 2016; Neumann et al. 2016). CART is yet another
neuropeptide abundantly expressed in the LH-MFB neu-
rons (Koylu et al. 1997) and several of these are known to
contain GABA (Elias et al. 2001). In recent years, the role
of CART in modulating drug-induced reward has been
recognized (Kuhar et al. 2005; Philpot and Smith 2006;
Rademacher et al. 2010; Upadhya et al. 2012). Intracere-
broventricular (Icv) or intra-VTA microinjection of CART
increased the concentration of DA and its metabolites in
the Acb (Yang et al. 2004; Kuhar et al. 2005) and induced
conditioned place preference (CPP) in rats (Kimmel et al.
2000). Activation of hypothalamic CART neurons has been
implicated in the conditioned reinstatement of ethanol
relapse (Dayas et al. 2008). Intra-PVT injections of CART
attenuated cocaine self-infusion behavior by negatively
modulating PVT (James et al. 2010). Application of CART
significantly attenuated cocaine-triggered excitability of
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PVT neurons (Yeoh et al. 2014). Studies from our labo-
ratory showed that CART neurons in the LH area modulate
reward associated with binge eating in rats (Bharne et al.
2015).

In a recent study, we have shown that CART neurons in
the LH-MFB area project into the posterior VTA (pVTA)
and play an important role in mediating reward (Somalwar
et al. 2017). In addition, there is anatomical evidence to
suggest a role for CART in the LH-PVT circuit. The CART
neurons in the LH-MFB region project into the PVT (Kir-
ouac et al. 2006; Parsons et al. 2006), make synaptic contacts
with the target neurons and send divergent axonal collaterals
to the AcbSh (Lee et al. 2015). In spite of the above, the role
of CART in modulating reward in the LH-PVT—AcbSh
circuit has not been examined in behaving animals. In this
study, we test the hypothesis that CART neurons in the LH
communicate with the glutamatergic neurons of the PVT,
which in turn transmit the information to AcbSh and influ-
ence reward and reinforcement behavior.

Traditionally, studies aimed at investigating reward
mechanisms have employed drug administration protocols.
However, drugs may exercise non-specific pharmacologi-
cal effects which tend to confound interpretation. On the
contrary, intracranial self-stimulation (ICSS) serves as a
surrogate for the natural reward, and provides a simple,
reliable and quantitatively reproducible tool (Wise 1996).
In the present study, the rats were implanted with bipolar
electrode targeted at the LH-MFB and conditioned to press
the lever in an operant chamber to gain electrical self-
stimulation. We test if CART, stereotaxically targeted at
PVT, can modulate the lever press activity. Since gluta-
matergic neurons in the PVT evoke DA release in the
AcbSh (Parsons et al. 2007), there is a possibility that the
glutamatergic system may mediate the rewarding action of
CART. Therefore, we employed MK-801 (NMDA receptor
antagonist given via the intra-AcbSh route), with and
without CART (intra-PVT), and monitored the ICSS
activity. The neuroadaptive changes due to ICSS experi-
ence in the operant chamber were evaluated in terms of
alterations in the CART mRNA expression in the LH-MFB
area. The changes in the CART fiber innervation of the
PVT, coupled with activation of neurons as revealed by
c-Fos, were evaluated using immunohistochemistry. To
examine the possibility of cross talk between CART fiber
terminals and glutamatergic neurons in the PVT region,
CART and vesicular glutamate transporter 2 (vVGLUT2; a
marker for glutamatergic neurons; Herzog et al. 2001;
Huang et al. 2006) proteins were immunolabeled in the
PVT of unconditioned (control) and conditioned rats.
Further, we tested the effect of ICSS conditioning on
NMDA receptor expression in the AcbSh using antibodies
against its subunit NR1 (NMDARI1) in the immunohisto-
chemistry protocol.
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Materials and methods
Experimental animals

Adult male Wistar rats weighing 220-260 g were group
housed in polypropylene cages and maintained at
25 £ 2 °C and 12:12 h light/dark cycle, light on at 0700 h.
The rats had free access to food (Trimurti Feeds, Nagpur,
India) and water. The behavioral assessment was con-
ducted during the light cycle between 0900 and
1400 hours. All experimental protocols were employed
under strict compliance with the Institutional Animal
Ethics Committee (IAEC), Department of Pharmaceutical
Sciences, Rashtrasant Tukadoji Maharaj Nagpur Univer-
sity, Nagpur, India.

Surgery for intra-AcbSh, intra-PVT cannulation,
intra-LH-MFB electrode implantation
and habituation of rats

The procedure of stereotaxic surgery has been standardized
in our laboratory (Dandekar et al. 2008; Nakhate et al.
2009). Rats were anesthetized with thiopentone sodium
(50 mg/kg; intraperitoneal, ip, Neon Laboratories Ltd,
Mumbai). The hair was removed by applying the hair
depilator (Anne French Cream, Wyeth Limited, Mumbai,
India) on the head and then rats were placed in a stereo-
taxic instrument (David Kopf Instruments, USA). Follow-
ing a mid-sagittal incision on the scalp, the bregma was
located. A set of rats was implanted with a bipolar elec-
trode, prepared in-house (Desai et al. 2014), in the right
LH-MFB (AP — 2.8 mm, ML — 1.7 mm, DV — 8.5 mm)
and with a 24-gauge stainless steel guide cannula (Kokare
et al. 2011) unilaterally in the right PVT (AP — 1.8 mm,
ML — 0.8 mm, DV — 5.1 mm ventral from the surface of
the skull at 10° angle to the vertical) for delivery of arti-
ficial cerebrospinal fluid (aCSF), non-immune serum
(NIS), CART or CART antibody (CART-Ab). Another
group of animals was implanted with bipolar stimulating
electrode in the right LH-MFB (co-ordinates given above)
and with guide cannula in the right AcbSh (AP +0.7 mm,
ML — 0.8 mm, DV — 6.5 mm) for MK-801 administra-
tion. Additional groups of animals were implanted with
bipolar electrode in the right LH-MFB, cannulae in the
right PVT and AcbSh (Paxinos and Watson 1998) and used
for combination treatment with MK-801 (intra-AcbSh) and
CART peptide (intra-PVT). Guide cannula and electrode
were secured to the skull and a flush-fitting stylet was
inserted into the guide cannula to prevent blockage
(Kokare et al. 2011). Following surgery, the animals were
allowed to recover for 7 days. During this period, from day
4 onward, the rats were habituated to gentle handling for

about 5 min each day. The rats were then divided into
separate groups with five to six animals in each and con-
ditioned in the operant chamber for electrical self-
stimulation.

The position of the electrodes and guide cannulae was
confirmed in post-necroscopy brain sections. In the ICSS
experiment, out of a total of 85 rats, 61 were found with
correct placement of electrode and guide cannulae (Sup-
plementary Figs. 1-3). The rats in which the cannulae or
electrodes missed the target could not be trained. The data
from the animals with correct placement of electrode or
guide cannulae were considered for the statistical
analyses.

Procedure for operant conditioning

The rats were allowed to self-stimulate via an electrode
implanted into the LH-MFB. The conditioning apparatus
(Coulbourn Instruments, USA) consists of a sound-atten-
uating acrylic test chamber (30.48 x 25.40 x 30.48 cm)
equipped with the grid floor and active and inactive levers
located 3 cm above the floor. The simulation light posi-
tioned 8 cm above the active lever was illuminated after
each lever pressing. The operant chamber was equipped
with continuous glowing 2-W white house light, which was
placed on the opposite wall of the lever and a fan was
switched on throughout the experiment for white noise. In
addition, a stimulator (Coulbourn Instruments, USA) was
placed with the test chamber and the electrode was con-
nected to the stimulator via a swivel connector. The stim-
ulator was controlled by a computer software program that
controlled all the programming parameters and data col-
lection (Graphic State® 3.0).

With reference to conditioning of animals, we followed
the procedure described by Somalwar et al. (2017) which
has been standardized in our laboratory. One week after
surgery, rats were trained in the operant chamber on a
continuous reinforcement schedule (FR1) to press the lever
for electrical self-stimulation. Each active lever press by
the animal illuminated the cue light and delivered a 0.5 s
train of square-wave cathodal pulses (0.1 ms pulse dura-
tion) at a definite frequency of 186 Hz [log(2.270)]. The
frequency was varied instead of intensity of stimulation,
since such manipulations activated the same population of
neurons. The stimulation current (100-300 pA) was grad-
ually adjusted for each rat. During ICSS conditioning, the
cathodal current was used. The use of the cathodal current
is appropriate, not only because it allows conditioning at
lower stimulation parameters, but also because prolonged
application of anodal current may lesion the tissue (Car-
lezon and Chartoff 2007; Somalwar et al. 2017). During the
acquisition phase, the animals were trained to self-
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stimulate for at least three consecutive days, using stimu-
lation parameters that maintain near maximal rates of
response/lever press activity. After acquisition of the
behavior, each rat was subjected to 15 trials of descending
series of frequencies (often called as a ‘pass’) of 1 min
each. One minute frequency trial comprised 5 s priming
phase, 50 s test phase and 5 s time-out phase, where each
1 s phase delivered electrical pulses for 500 ms, followed
by 500 ms time-out (no stimulation). During the initial 5 s
priming phase, non-contingent stimulations were delivered.
Following the primes, there was a 50 s test phase in which
the number of lever pressings was recorded. During the last
5 s interval period, no stimulation was delivered and this
completed the 1 min frequency trial. The stimulation fre-
quency was then reduced by about 10% (0.05 log10 units)
and another trial (pass) was initiated. Reward and rein-
forcement were evaluated in terms of the lever press
activity and represented as rate—frequency curves and ICSS
threshold (Msq and T,)) (Negus and Miller 2014; Somalwar
et al. 2017). The frequency that maintains 50% of maximal
response is often called ‘half maximum’ or M5 value. The
frequency at which the stimulation becomes rewarding and
where the line intersects the x-axis is considered as ‘Theta-
0’ (Ty; rate of responding > 0). The ICSS threshold (M5,
and T,) was calculated using nonlinear regression curve fit
method using GraphPad Prism 5 software (Coulombe and
Miliaressis 1987; Somalwar et al. 2017). The leftward shift
in the rate—frequency curve function indicated reward
facilitation, while the rightward shift suggested reward
attenuation (Wise 1996; Negus and Miller 2014). Once the
ICSS threshold was stabilized (< 10% variation), the dose-
dependent effects of CART, CART-Ab and MK-801 in the
behavioral test were evaluated. With a view to test the
involvement of NMDA receptors in CART-mediated acti-
vation of the mesolimbic reward system, MK-801 and
CART were co-administered. On each test day, three pas-
ses were obtained for each animal prior to the drug treat-
ment. In each drug-treated animal, three to four additional
rate—frequency curves were generated.

Drug solutions and administrations

CART (55-102; Phoenix, cat. no. 003-62) and monoclonal
CART-Ab (generous gift from Drs. Lars Thim and Jes
Clausen) were dissolved in 0.2 M phosphate buffer and
diluted to a final concentration in artificial cerebrospinal
fluid (aCSF), while MK-801 (Sigma-Aldrich, St. Louis,
MO, USA, cat. no. M107) was dissolved in double distilled
water. These agents were stored at — 20 °C as stock
solutions. The final dilutions were made with aCSF and
injected stereotaxically using a microliter syringe (Hamil-
ton, NV, USA).
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A dose-dependent study of CART and MK-801 was
carried out in operant conditioned animals (n = 5-6 per
group). Rats were administered aCSF (0.25 pl/rat, intra-
PVT or AcbSh), NIS (0.25 pl/rat, intra-PVT), CART
(10-50 ng/0.25 pl/rat, intra-PVT), CART-Ab (1:500,
0.25 pl/rat; intra-PVT) and MK-801 (0.01-0.1 ng/0.25 pl/
rat, intra-AcbSh). Fifteen minutes post-intra-nuclear infu-
sions, the effects on reward behavior were evaluated in an
operant chamber.

With a view to finding out the modulatory effect of MK-
801 on the rewarding effect of CART, separate groups of
animals (n = 5-6 per group) were subjected to the following
treatments: (1) aCSF + aCSF, (2) aCSF + CART, (3)
aCSF + MK-801 and (4) MK-801 4+ CART. The relevant
details are furnished below: aCSF (0.25 pl/rat, intra-PVT) or
MK-801 (0.01 pg/0.25 pl/rat, intra-AcbSh) injected 15 min
prior to CART (25 ng/0.25 pl/rat, intra-PVT). Fifteen min-
utes thereafter, the rats were subjected to ICSS test in the
operant chamber. Following the ICSS test, the individual
animal was evaluated for locomotor activity in an open field
arena and the number of crossovers was measured.

Assessment of locomotor activity

To test the possible involvement of locomotor component
in the reward behavior following various treatments, an
open field test (OFT) was employed (Dandekar et al. 2008).
Immediately after the operant task, the rat was individually
placed at the center of the OFT apparatus, and the number
of crossovers were monitored over a period of 10 min.

The effect of different treatments with aCSF (0.25 pl/
rat, intra-PVT), CART (10-50 ng/rat, intra-PVT), NIS
(0.25 pl/rat, intra-PVT), CART-Ab (1:500 dilution, intra-
PVT) and MK-801 (0.01-0.1 pg/rat, intra-AcbSh) on
locomotor activity has been summarized in Table 1. No
statistically significant differences were found across the
treatment and control groups (p > 0.05).

Immunohistochemistry

Brains from the control and operant conditioned rats were
isolated, cryoprotected (25% sucrose), embedded and
serially sectioned on a cryostat (Leica CM-1850, Leica
Microsystems, Germany) at 30 um thickness in the coronal
plane. The sections passing through PVT were processed
for double immunolabeling with antibodies in the follow-
ing combinations: (a) anti-mouse CART (1:5000) and anti-
rabbit c-Fos (1:500; Santa Cruz Biotechnology; cat. no. sc-
52); (b) anti-mouse CART and anti-rabbit vGLUT2
(1:4000; Abcam; cat. no. ab181773). Additionally, the
brain sections passing through the AcbSh were incubated
for single immunolabeling with antibodies against NR1
(polyclonal rabbit NMDARI, dilution 1:500; Cell
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Table 1 Effect of operant

conditioning and various Sr. no. Groups Treatments Dose Number of crossovers = SEM
treatments on locomotor activity Unconditioned aCSF 0.25 pl/rat 66.67 + 3.11
2 Operant conditioned aCSF 0.25 pl/rat 68.83 £ 3.68
CART 10 ng/rat 64.28 £ 3.63
25 ng/rat 66.57 £ 4.42
50 ng/rat 69.00 + 4.82
NIS 0.25 pl/rat 65.67 £ 3.26
CART-Ab 1:500 dilution 61.83 £ 2.72
MK-801 0.01 pg/rat 63.17 £ 2.77
0.05 pg/rat 58.50 £+ 2.52
0.1 pg/rat 60.50 £+ 2.34

signaling; cat. no. 5704). All the sections were incubated
overnight at 4 °C, washed in PBS and incubated either in a
single or cocktail of respective secondary antibodies using
Alexa Fluor-488 conjugated anti-mouse IgG or Alexa
Flour-568 conjugated anti-rabbit IgG (Jackson Immuno
Research; 1:500 each) for 2 h at room temperature. Finally,
sections were washed, mounted (medium: 50% glycerol,
0.5% N-propyl-gallate, 20 mM Tris, pH 8.0) containing
4’ 6-diamidino-2-phenylindole (DAPI; 1 pg/ml) and
observed under Leica DM-2500 (Leica Microsystems,
Germany) fluorescence microscope using suitable dual
filter sets, and the images were captured. The representa-
tive images were taken on a laser scanning confocal
microscope (Zeiss LSM 710, Carl Zeiss, Germany) and
merged using ImageJ 1.45 software. To test the specificity
of the immunoreaction, the following steps were carried
out. The specificity of CART antibody was tested in an
earlier study from our laboratory (Dandekar et al.
2008, 2009). Briefly, application of 1 ml diluted antibody,
pre-incubated with CART (55-102) at 10~ 5 M for 24 h,
completely failed to produce immunoreaction. The primary
antibody against vGLUT2, c-Fos or NR1 was omitted and
replaced with bovine serum albumin (BSA); these sections
did not produce immunoreaction.

Morphometric analyses

The immunostained sections were subjected to relative
quantitative analyses according to the procedure described
earlier (Somalwar et al. 2017). The percentage (%)
immunoreactive area occupied by CART fibers (green) and
the number of c-Fos cells (red) were evaluated in the PVT of
unconditioned and conditioned rats using microscopic images
from predetermined areas in the sections. Similarly, the per-
centage (%) immunoreactive areas occupied by CART fibers
(green) and vGLUT?2 elements (red) were evaluated from the
double-labeled sections through the PVT. The percentage (%)
immunoreactive area occupied by NR1 subunit elements in
the AcbSh was evaluated across the different groups.

The images of brain section were digitized, the back-
ground was considered as threshold, and percent area
occupied by immunostained elements was measured based
on individual pixel intensity in all the control and ICSS-
conditioned groups using Imagel] software (National
Institutes of Health, Bethesda, MD, USA). Five sections
passing through the PVT or AcbSh of each brain were
processed for single or double immunolabeling. Ten mea-
surements of both sides of the five sections were taken and
the data from five brains in each group were collated
(n = 5 each group). The immunoreactivity in the prede-
termined rectangular area (691 x 578 pm demarcated in
Figs. 3 and 5) and square area (135 x 135 pm demarcated
in Fig. 4) was evaluated. 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
measurements were taken by the investigator blind to the
treatment.

Dil retrograde neuronal tracing

To explore the connectivity between the AcbSh and PVT,
rats (n = 3) were unilaterally implanted with cannulae
targeted at right AcbSh and the right lateral ventricle. After
7 days of recovery, animals were injected with retrograde
tracer Dil [1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocar-
bocyanine perchlorate (1%; 0.25 pl/rat, intra-AcbSh: cat.
no. 42364, Sigma)] prepared in dimethyl sulfoxide. Fol-
lowing an interval of 13 days, the rats were injected with
colchicine (60 pg/5 pl/rat, icv) and after 24 h perfused
transcardially with PBS, followed by 4% paraformalde-
hyde fixative. Brains were isolated, cryoprotected and
embedded, and coronal sections (30 um thickness) passing
through the PVT were taken on a cryostat. Sections were
processed for CART immunolabeling using anti-mouse
CART primary antibody and later with Alexa Fluor
488-conjugated anti-rabbit IgG (dilution 1:400; Jackson
Immunoresearch, West Grove, PA, USA) secondary anti-
body as described in “Immunohistochemistry”.
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Quantitative real-time PCR for CART mRNA
measurements

CART transcript levels were analyzed using quantitative
real-time PCR (qRT-PCR) as described previously by
Sakharkar et al. (2014). Immediately after the ICSS tasks,
the brains of six conditioned rats were separated, quickly
frozen and stored at — 80 °C. Six brains of unconditioned
rats were similarly processed and used as controls. The LH
area from the contralateral and ipsilateral side of each brain
was separated and RNA was isolated using TRIZOL
reagent (Life Technologies, Grand Island, NY, USA).
DNA was removed using DNA-free™ Kit (Life Tech-
nologies). Purified RNA was reverse-transcribed using
High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, USA) and cDNA was subjected to qRT-PCR
(SYBR Green qPCR Master Mix, Applied Biosystems) on
CFX96 real-time PCR machine (Bio-Rad). NCBI Primer
Blast tool was used to design the CART primer to measure
CART transcript in the brain of rat. The primer sequences
and qRT-PCR conditions used in this study are as follows:
CART Rat mRNA (F-5-GGATGATGCGTCCCATG-3';
R-5-G'GAACCGAAGGAGGCTGTCACC-3') and B-actin
(F-5'-TGTGATGGTGGGAATGGGTCAG-3'; R-5-TTT
GATGTCACGCACGATTTCC-3").

gRT-PCR conditions: 10 min at 95 °C, followed by 40
cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
30 s, then 95 °C for 15 s and 60 °C for 1 h. For normal-
ization, B-actin was used as an internal control. Each
reaction was performed in duplicate. Relative expression of
CART was analyzed using the 272" method (Livak and
Schmittgen 2001). Fold changes were calculated after
considering the contralateral as control for the respective
ipsilateral samples and the results are represented as mean
fold changes (+ SEM) in different groups.

Data analyses

Data obtained from the behavioral studies were separately
pooled, averaged and represented as mean + SEM. The
rate—frequency curves were represented by the curve fit
method and statistically analyzed by two-way ANOVA
with 95% confidence level, using GraphPad Prism 5 soft-
ware. The ICSS threshold (M5, and T,) was calculated
using nonlinear regression curve fit method and analyzed
using one-way ANOVA, followed by post hoc Bonfer-
roni’s multiple comparison test. The immunofluorescence
data were analyzed using one-way ANOVA or unpaired
t test. Post hoc analyses were performed with Bonferroni’s
multiple comparison test. The CART mRNA levels were
analyzed using one-way ANOVA, followed by post hoc
comparisons using Tukey’s multiple comparison test. For
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all the analyses, a value of p < 0.05 was considered to be
significant.

Results
Response of the operant conditioned rat

As reported in our earlier studies (Desai et al. 2013; Soma-
Iwar et al. 2017), rats conditioned to self-stimulate via an
electrode in the LH-MFB area showed an incremental lever
press activity with the application of higher-frequency cur-
rent and a maximum of 35-40 lever presses (per 50 s) were
recorded at 165 Hz [log(2.217)]. However, the lever press
activity was depressed at higher frequencies (186 Hz)
[log(2.270)]. The application of lower frequencies linearly
reduced the response, and the frequency that produced 50%
of maximum response was considered as Msq. The minimum
lever press activity was detected at 59-66 Hz [log(1.771)—
log(1.820)] and this was considered Theta-0 (7).

CART (intra-PVT) dose-dependently increased
the lever press activity and lowered the ICSS
threshold

CART given via the PVT route (25 and 50 ng/rat) signif-
icantly increased the number of lever pressings and low-
ered the ICSS threshold, as indicated by a leftward shift in

the  rate—frequency  curve [factor ‘frequency’
Fi5.400 = 5334, p < 0.0001; factor ‘treatments’
Fy400 = 155.6, p <0.0001 and interaction ‘treat-

ment’ x ‘frequency’ Fgg400 = 3.791, p < 0.0001]. This
suggested amplification of the ICSS activity by CART
(Fig. 1b). Application of one-way ANOVA showed a sig-
nificant decrease in Mso [F429 = 13.05, p < 0.0001] and
Ty [Fape = 37.12, p < 0.0001]. Post hoc Bonferroni’s
multiple comparison test revealed that CART at the doses
of 25 and 50 ng/rat produced significant decrease in Msq
(p < 0.01 and p < 0.001, respectively) and T, (p < 0.01
and p < 0.001, respectively) compared to that following
aCSF treatment (Fig. 1c, d). However, at lower dose
(10 ng/rat), CART failed to influence the ICSS threshold.

CART antibody (intra-PVT) decreased lever press
activity and elevated the ICSS threshold

Application of CART antibodies (1:500 dilution, intra-PVT)
significantly reduced contingent lever pressings and elevated
ICSS threshold as reflected by the rightward shift in the fre-
quency-response curve (factor ‘frequency’ Fis 19, = 278.2,
p < 0.0001; factor ‘treatments’ F; 19, = 208.4, p < 0.0001
and interaction ‘treatment’ X ‘frequency’ Fig 192 = 9.774,
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Fig. 1 Flowchart (a) summarizes the schedule of surgery, recovery,
training, treatments and behavioral assay in an operant chamber and
tissue processing. The effects of various treatments [artificial
cerebrospinal fluid (aCSF), non-immune serum (NIS), cocaine- and
amphetamine-regulated transcript peptide (CART, 10-50 ng/rat) or
CART antibody (CART-ADb, 1:500 dilution)] on lever pressings, Msq
and T, have been summarized (b—g). Brain schematic indicates the

p < 0.0001) (Fig. le). Application of one-way ANOVA
showed a significant increase in Msy (Fa14 = 76.65,
p < 0.0001) and Ty (F214 = 29.91, p < 0.0001) following
CART antibody treatment. The post hoc Bonferroni’s test
revealed that CART antibody (1:500 dilution), increased M35
(p < 0.001)and T;, (p < 0.001) as compared to that in the NIS
control rats (Fig. 1f, g).
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position of the electrode in the lateral hypothalamus (LH)-medial
forebrain bundle (MFB) and cannula in the paraventricular nucleus of
thalamus (PVT). The rate—frequency curves were analyzed by
nonlinear regression curve fit method, and the percentage Ms, and
T, thresholds were analyzed using one-way ANOVA followed by post
hoc Bonferroni’s multiple comparison test. *p < 0.01, **p < 0.001
versus respective control

MK-801 (intra-AcbSh) decreased lever press activity
and elevated the ICSS threshold

Microinjections of MK-801 (0.01-0.1 pg/rat) in the AcbSh
dose-dependently decreased the lever press activity and
increased ICSS threshold, as indicated by the rightward
shift in the rate—frequency curve (factor ‘frequency’
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Fig. 2 Modulation of intracranial self-stimulation (ICSS) activity by
MK-801 (a—c¢) and MK-801 + CART (d-f). Brain schematics
indicate the position of the electrode in the lateral hypothalamus
(LH)-medial forebrain bundle (MFB) and cannulae in the nucleus
accumbens shell (AcbSh) and paraventricular nucleus of thalamus
(PVT) (a, d). Dose-dependent effect of MK-801 (0.01-0.1 pg/rat),
administered in the AcbSh, on the number of lever pressings (a), Msg
(b) and Tj (c), and modulation of the CART (25 ng/rat, intra-PVT)-

Fi5320 = 319.7,  p < 0.0001; factor ‘treatments’
F430 = 129.0, p < 0.0001 and interaction ‘treatment’ X
‘frequency’ Fgp320 = 7.208, p < 0.0001), suggesting
reward attenuating effect (Fig. 2a). Based on these curves,
the M5, and Ty were calculated for aCSF and each dose of
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induced ICSS activity in rats pre-treated with MK-801 (0.01 pg/rat,
intra-AcbSh) (d—f). The rate—frequency curves were analyzed by
nonlinear regression curve fit method, and the percentage Mso and T
thresholds were analyzed using one-way ANOVA followed by post
hoc Bonferroni’s multiple comparison test. *p < 0.05, **p < 0.01,
##kp < 0.001 versus aCSF control and *p < 0.01, #p < 0.001 versus
CART per se treated rats

the MK-801. Application of one-way ANOVA showed a
significant increase in Msq (F404 = 51.89, p < 0.0001) and
Ty (Fapqa = 70.32, p < 0.0001) following MK-801 treat-
ment. The post hoc Bonferroni’s test revealed that MK-
801, at the doses of 0.05 and 0.1 pg/rat, resulted in a dose-
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dependent increase in Msq (p <0.01 and p < 0.001,
respectively) and Tj (p < 0.01 and p < 0.001, respectively)
as compared to that in the conditioned control rats (Fig. 2b,

).

MK-801 pre-treatment attenuated CART-induced
facilitative effect on ICSS

With a view to evaluate the involvement of NMDA
receptors in CART-promoted ICSS activity, a combination
study was performed. A sub-effective dose of MK-801
(0.01 pg/rat, via AcbSh) was injected prior to the effective
dose of CART (25 ng/rat, intra-PVT). CART-induced
increase in lever press activity was significantly attenuated
in MK-801 pre-treated animals (Fig. 2d). Administration of
MK-801 with CART significantly shifted the rate—fre-
quency curve towards the right as compared to that in
CART per se group (factor ‘frequency’ Fjsn7, = 399.9,
p < 0.0001; factor ‘treatments’ F3 570 = 107.9, p < 0.0001
and interaction ‘treatment’ x ‘frequency’ Fys5,7, = 5.239,
p < 0.0001). The application of one-way ANOVA showed
a significant effect of MK-801 treatment for Msq
(F3’20 = 2871, p < 00001) and To (F3,20 = 3510,
p < 0.0001) (Fig. 2e, f). Application of post hoc Bonfer-
roni’s multiple comparisons test revealed that pre-treat-
ment of MK-801, at the sub-effective dose of 0.01 pg/rat
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Fig. 3 Coronal sections through the paraventricular nucleus of
thalamus (PVT) showing CART immunoreactive fibers (green,
arrows; a, d), c-Fos cells (red, arrowheads; b, e) and overlay (CART
and c-Fos; ¢, f) in unconditioned (a—c) and conditioned (d—f) rats.
Data on the percent (%) immunoreactive area covered by CART
fibers and the number of c-Fos cells are represented in ‘g’ and ‘h’

coupled with the CART, resulted in elevation of Ms,
(p <0.05) and Ty (p <0.001) relative to CART per se
treated group (Fig. 2e, f).

Effect of conditioning on the expression of CART
and c-Fos in the PVT

In the control rat, CART fibers showed rich innervation of
the posterior PVT concurrent with few c-Fos-labeled cells.
However, the ICSS conditioning resulted in ~ 2-fold
increase in the population of CART fibers (p < 0.001)
and ~ 3-fold increase in the number of c-Fos cells in the
PVT (p < 0.001) (Fig. 3a—f). This suggested the possibility
of increased CARTergic inputs to the PVT and concomi-
tant stimulation of the target neurons.

Effect of conditioning on the expression of CART
and vGLUT2 in the PVT

The percent immunoreactivity of CART fibers and
vGLUT?2 elements was significantly increased in the PVT
of the animals conditioned to self-stimulate versus that in
the unconditioned rats (p < 0.001; Fig. 4a—f). The CART
fibers were noticed in the close vicinity of vGLUT2
immunoreactive elements (glutamatergic neurons) in the
conditioned rats (Fig. 4f).
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respectively (n = 5 in each group). The data were collated from the
demarcated rectangular area shown in the schematic (not to scale)
taken from Paxinos and Watson (1998) coordinates (AP — 1.8 mm to
bregma). The data were analyzed by unpaired ¢ test. *p < 0.001
versus unconditioned rats. D3V dorsal third ventricle. Scale
bar = 100 pm. Magnification is same in ‘a—f’
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vGLUT2

Unconditioned

Self Stimulation

Fig. 4 Coronal sections through the paraventricular nucleus of
thalamus (PVT) showing the CART fibers (green, arrows; a, d) and
vGLUT2 immunoreactive elements (red, arrowheads; b, e), and
overlay (CART and vGLUT2; ¢, f) in unconditioned and conditioned
rats. Data on the percent (%) immunoreactive area covered by CART
fibers and vGLUT2 elements are represented in ‘g’ and ‘h’

Effect of conditioning on the expression of NMDA
receptor subunit NR1 in the AcbSh

A significant increase in the frequency of puncta repre-
senting NR1 subunit was noticed (p < 0.001) in the AcbSh
of the ICSS-conditioned rats as compared to that in the
unconditioned control rats (Fig. 5a—f).

Effect of conditioning on the expression of CART
mRNA in the LH

We examined the effect of ICSS conditioning on the
expression of CART mRNA level in the LH-MFB. The
ICSS-conditioned rats showed a significant increase in the
CART mRNA expression (p < 0.001) on the ipsilateral
LH-MFB versus that in the contralateral side. However,
there was no difference in the expression of CART mRNA
across the tissues collected from the contralateral side of
the conditioned and those from unconditioned rats (Fig. 6).

Dil neuronal tracing study
The Dil injection in the AcbSh showed retrogradely

labeled neurons in the PVT. Some of these neurons were
colabeled with the CART antibody (Supplementary Fig. 4).
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respectively (n = 5 in each group). The data were collated from the
demarcated square area shown in the schematic (not to scale) taken
from Paxinos and Watson (1998) coordinates (AP — 1.8 mm to
bregma). The data were analyzed by unpaired ¢ test. *p < 0.001
versus unconditioned rats. D3V dorsal third ventricle. Scale
bar = 100 um. Magnification is same in ‘a—f’

Discussion

The LH-MFB area is an important site known to support
ICSS (Wise 1996; Fulton et al. 2000). In the present study,
the rats conditioned to self-stimulate via an electrode in the
LH-MFB area showed an incremental lever press activity
with the application of higher frequency. These results
confirm our earlier findings (Desai et al. 2013; Somalwar
et al. 2017) and are quite similar to those already reported
in literature (Tomasiewicz et al. 2008).

CART injected in PVT promotes ICSS behavior

Intra-PVT administration of CART, at the doses of 25 and
50 ng/rat, significantly facilitated the electrical self-stimu-
lation; however, the lower dose (10 ng/rat) was ineffective.
On the other hand, CART antibody injected into the PVT
(to immunoneutralize endogenous CART locally) depres-
sed the lever press activity, suggesting reward attenuation.
These data are consistent with the range of studies
attributing reward-promoting activity of the peptide
(Kimmel et al. 2000; Philpot and Smith 2006; Upadhya
et al. 2012; Somalwar et al. 2017). However, the role of
CART in attenuating the reward and locomotor activity
produced by the drugs of abuse has been underscored in
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NMDAR1 DAPI

Unconditioned

Self-stimulation

Fig. 5 Coronal sections through the nucleus accumbens shell
(AcbSh) showing the immunoreactive NMDARI elements (green;
arrowheads; a, d), DAPI (blue; b, e) and overlay (NMDARI and
DAPI, ¢, f) in unconditioned (a—¢) and conditioned (d—f) rats. Data on
the percent (%) immunoreactive area covered by NMDARI1-positive
elements is represented in ‘g’ (n = 5 in each group). The data were
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Fig. 6 The effect of intracranial self-stimulation (ICSS) on CART
mRNA expression in the lateral hypothalamus (LH)-medial forebrain
bundle (MFB) area. The demarcated areas in ‘a’ and ‘b’ indicate the
scope of tissue collected from the LH-MFB region (— 1.8 to —
2.8 mm with reference to bregma; Paxinos and Watson 1998).
Asterisk in ‘b’ indicates the position of the electrode for ICSS. The
data were analyzed by unpaired 7 test. *p < 0.001 versus contralateral
side or unconditioned rats

several studies (Jaworski et al. 2003; Yeoh et al. 2014;
Kuhar 2016). It seems that the action of CART depends on
the context to which the animal is exposed. This notion is

OVERLAY

-

o [ Unconditined
[ Self-stimulation
*

-
L

Lo

Immunoreactive elements
(% area)

NMDAR1

collated from the demarcated rectangular area shown in the schematic
(not to scale) taken from Paxinos and Watson (1998) coordinates (AP
+0.7 mm to bregma). The data were analyzed by unpaired ¢ test.
*p < 0.001 versus unconditioned rats. aca anterior commissure
(anterior part). Scale bar = 100 pm. Magnification is same in ‘a—f

in agreement with the recent literature; Job and Kuhar
(2017) have proposed that intra-Acb CART can promote or
block rewarding behavior depending on the context (or
type) of the reward. Furthermore, with specific reference to
Acb, the direction of the effect of CART peptide is
dependent on the level of activity of a psychostimulant, or
on the baseline rate of the observed behavior (Job and
Kuhar 2017).

CARTergic circuit from LH area to PVT may be up-
regulated in the conditioned animals

The ICSS via an electrode implanted in the LH-MFB area
induced an increase in the population of CART cells in the
adjoining area with concomitant increase in c-Fos expres-
sion (Somalwar et al. 2017). The present study confirms
these findings (data not shown). In addition, we report a
more than twofold increase in CART mRNA expression in
the ipsilateral LH-MFB versus the contralateral of the
conditioned rats, as well that in the comparable tissue in
unconditioned rats. This suggests activation of the CART
gene, followed by transcription and translation of the
CART peptide, as a function of electrical self-stimulation
in the LH-MFB region. Concomitantly, the conditioned
rats showed a robust increase in CART fibers in the PVT
region bilaterally. The PVT of rat is known to receive
CARTergic inputs from the LH-MFB area as well as
arcuate nucleus (ARC), zona incerta and periventricular
region of the hypothalamus (Kirouac et al. 2006). There-
fore, the possibility of CARTergic innervations from these
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sources cannot be ruled out. In sum, we suggest that the
increase in the CART fiber density in the PVT, at least
partly, may be due to the electrical stimulation of the
CART neurons in the LH-MFB area.

ICSS behavior induces neuroadaptive changes
in the PVT: involvement of CARTergic inputs

In addition to the conspicuous increase in the population of
CART fibers in the PVT of conditioned rats, the region
showed a several-fold rise in the c-Fos expressing neurons
in the conditioned rats versus that in unconditioned rats.
The role of PVT in processing drug reward is well known.
Acute administration of amphetamine and cocaine dose-
dependently activated c-Fos expression in the PVT (Deutch
et al. 1998; James et al. 2012; Matzeu et al. 2015). Since
CART neurons in the LH-MFB area are known to project
into the PVT (Parsons et al. 2006), we suggest that ICSS
behavior might up-regulate the PVT neurons, and
CARTergic inputs from LH may play an important role in
the process. In the light of the information that CART
neurons of the LH innervate the PVT (Kirouac et al. 2006;
James et al. 2012), we suggest that in the conditioned
animals, there might be an increase in the CARTergic
innervation from the LH to PVT.

In view of the rich occurrence of glutamatergic neurons
in the PVT (Frassoni et al. 1997; Parsons et al. 2007), we
suggest that at least some of the c-Fos expression seen in
the conditioned rats represents activation of the gluta-
matergic neurons. The PVT is a major source of glutamate
neurons (Frassoni et al. 1997), and in situ hybridization
studies have shown that glutamatergic cells in the PVT
express vGLUT?2 (Herzog et al. 2001; Huang et al. 2006).
We found that CART and vGLUT2 immunoreactive ele-
ments increased dramatically with extensive overlappings
in the frame of PVT in the conditioned animals. Therefore,
the possibility exists that the conditioning experience may
strengthen communication between CART afferents and
the recipient glutamatergic neurons of the PVT. However,
electron microscopy studies will be essential to reveal the
synaptic contact between the neurons. In recent years, the
role of PVT in modulating mesolimbic reward circuitry has
been emphasized (Parsons et al. 2007; Matzeu et al. 2014).
Neuronal tracing studies have shown that PVT receives
strong neuronal afferents from the LH (Van der Werf et al.
2002; Thompson and Swanson 2003) and the information
is transmitted onward to the Acb and mPFC using gluta-
mate (Otake et al. 1995; Cornwall and Phillipson 1988; Li
and Kirouac 2012; Kirouac et al. 2006). Electrophysio-
logical studies have shown that hypocretin/orexins neurons
in the LH project into the PVT and activate the vGLUT2-
positive neurons (Huang et al. 2006). In this background,
we suggest that ICSS via the LH-MFB might activate the
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CARTergic inputs to the PVT, which in turn may promote
glutamatergic PVT signaling to modulate the reward
behavior.

Glutamate in the PVT-AcbSh circuit may mediate
the rewarding action of CART

The role of glutamatergic system in reward processing in
the PVT—AcbSh circuit is well established. The PVT is a
major source of glutamate neurons (Frassoni et al. 1997)
and their glutamatergic fiber projections were detected in
close vicinity to the tyrosine hydroxylase (TH)-positive
(dopaminergic) axons in the AcbSh (Pinto et al. 2003).
Blockade of glutamate receptors attenuated the PVT-
evoked glutamate release in the AcbSh following electrical
stimulation (Parsons et al. 2007). Intra-Acb infusion of
NMDA receptor antagonist attenuated the facilitating
effect of brain stimulation reward (Bespalov Alu and
Evartau 1996). Blockade of NMDA receptors attenuated
morphine-induced CPP and reduced the extinction period
of morphine reward (Ma et al. 2006; Siahposht-Khachaki
et al. 2016). Systemic administration of MK-801 showed
extinction deficit in appetitive operant tasks (Holahan et al.
2012). In the present study, intra-AcbSh administration of
MK-801 (NMDA antagonist) decreased the lever press
activity and elevated the ICSS threshold in a dose-depen-
dent manner, suggesting the involvement of glutamatergic
receptors. However, it is possible that the micro-infusions
targeted at the AcbSh might diffuse into adjoining areas
such as ventral palladium and the bed nucleus of stria
terminalis. With a view to evaluate the involvement of
glutamatergic system in the rewarding effects of CART,
the combination study was undertaken. At the sub-effective
dose, MK-801 prevented the rewarding activity of CART
given directly in the PVT. DA released from the VTA is
regulated by CART either directly or through disinhibition
of GABAergic interneurons (Jaworski and Jones 2006).
Several studies suggest that CART may act through inhi-
bitory Gj,-G-protein coupled receptor (GPCR) (Yermo-
laieva et al. 2001; Lakatos et al. 2005; Lin et al. 2011).
However, in the current study, CART administered in the
PVT is found to promote reward. The discrepancy may be
explained as follows. There is a possibility that CART
might exert its effects via some, as yet undetermined, type
of disinhibition. Elias et al. (2001) have demonstrated that
67% CART cells in the LH contain GABA. We speculate
that at least some of these neurons might communicate
with the glutamatergic neurons of the PVT and exert their
effect by disinhibiting the PVT neurons, which in turn may
positively modulate DA release in the AcbSh to induce
reward activity.

The NMDA receptor is a subtype of ionotropic gluta-
mate receptors and regulates the synaptic plasticity in
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excitatory synapses of the reward pathway (Sikora et al.
2016). The NMDA receptors expressed in the mesolimbic
reward pathway have been implicated in processing
synaptic plasticity, locomotor sensitization, reward-related
learning and drug addiction (Smith-Roe and Kelley 2000;
Ma et al. 2006; Siahposht-Khachaki et al. 2016; Sikora
et al. 2016; den Hartog et al. 2017). Concurrent activation
of DA and NMDA receptors in the Acb core is a prereq-
uisite for acquisition of appetitive instrumental learning
(lever press activity) (Smith-Roe and Kelley 2000). An
exposure to natural reward (sexual experience) transiently
increased NMDA receptor (NMDAR 1subunit) expression
in the AcbSh (Pitchers et al. 2012) and acute/repeated
administration of drugs of abuse such as cocaine or ethanol
altered the NMDA receptor expression in the Acb (Wolf
2010; den Hartog et al. 2017) and VTA (Fitzgerald et al.
1996). Selective inactivation of NMDA receptors (NR1
subunit) on DA neurons significantly impaired the long-
term potentiation in the Acb and also attenuated the drug
(cocaine, morphine or ethanol)-induced CPP (Sikora et al.
2016). These data strongly implicate NMDA receptors in
neuroadaptive changes following exposure to natural
reward or drugs of abuse. Therefore, we sought to examine
the effect of ICSS conditioning on NMDA receptors sub-
type NR1 expression in the reward pathway. We found that
electrical stimulation in the LH-MFB area significantly
enhanced the expression of NR1 subunit in the AcbSh.

Role of the LH-PVT-AcbSh circuit in mediating
reward

The LH-MFB area is a rich assemblage of neurons con-

taining orexin, NPY, MCH, neurotensin and CART, and
the involvement of these neuropeptides in arousal, feeding

PVT q

and reward has been suggested (Bharne et al. 2015; James
et al. 2017; Walker and Lawrence 2017). Orexin neurons
from the LH colocalize with glutamate, the two agents are
co-released and evoke glutamatergic release in the PVT
(Schone et al. 2012; Kolaj et al. 2014). Involvement of
hypothalamic orexin neurons in mediating ethanol or
cocaine reward-seeking behavior in the PVT is well
established (Dayas et al. 2008; James et al. 2011). The role
of orexin neurons in processing arousal, energy balance
and reward-related information over the LH-PVT-Acb
pathway has been suggested (Kelley et al. 2005; Matzeu
et al. 2015, 2016). The orexins and CART are co-expressed
within presynaptic sites and these peptides may be released
in the synaptic cleft to modulate the postsynaptic neuron
(Smith et al. 1999; Parsons et al. 2006). CART or orexin is
found to colocalize with synaptophysin on fiber enlarge-
ments in the PVT (Kirouac et al. 2005, 2006). Interestingly,
orexin as well as CART fibers were seen close to the PVT
neurons, which were retrogradely labeled from the AcbSh
(Parsons et al. 2006). On similar lines, hypothalamic
CART/NPY neurons make synaptic contact with PVT
soma that sends divergent axon collaterals to AcbSh (Lee
et al. 2015). Almost all CART neurons in the LH colocalize
with MCH, a neuropeptide involved in the regulation of
feeding behavior (Vrang et al. 1999). Electrophysiological
studies have demonstrated that hypothalamic hypocretins/
orexin neurons strongly excite the glutamatergic neurons of
the PVT (Huang et al. 2006). These investigations indicate
that apart from CART, other agents in the LH system may
be involved in modulating the PVT neurons. It would be
interesting to probe the role of orexin, MCH and NPY in
the LH in mediating brain stimulation reward.

(Kirouac et al. 2006; James et al. 2012)

pVTA
CART Neuron

) @®—< Dopamine Neuron

®—=< Glutamate Neuron

(Somalwar et al. 2017 CART
® Dopamine
: ® Glutamate
(Wise 2004; Koob and Volkow 2010) NMDAR1

Fig. 7 Hypothesized mechanism: The pVTA neurons communicate
with the nucleus accumbens shell AcbSh over the dopaminergic
mesolimbic pathway. CART neurons in the lateral hypothalamus
(LH)-medial forebrain bundle (MFB) area communicate with the

Indirect action

posterior ventral tegmental area (pVTA) and paraventricular nucleus
of thalamus (PVT). The information from the PVT may be conveyed
to the (AcbSh) over the glutamatergic fibers, which in turn may
modulate the reward behavior via NMDARI1 receptors
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Role of CART in modulating reward behavior:
hypothesized mechanism

The CARTergic neuronal population in the LH-MFB area
seems to project into the PVT where the peptide via an
indirect action may influence the glutamatergic neurons.
The glutamatergic projection, in turn, may communicate
with the Acb and process reward behavior. Our earlier
findings (Somalwar et al. 2017) suggest that the CART
neurons residing in the LH-MFB region may communicate
with the DA neurons in the pVTA and modulate the
activity of the mesolimbic dopaminergic pathway. Kelley
et al. (2005) have suggested the role for the LH-PVT-
AcbSh pathway in food reward. Studies from our labora-
tory showed that rats fed on high-fat sweet palatable diet
with reinforcing properties developed binge eating and
showed concomitant up-regulation of CART neurons in the
ARC-LH-PVT-AcbSh reward circuit (Bharne et al. 2015).
Based on these emerging evidences, we suggest that under
natural conditions, the CART neurons in the LH-MFB
region may serve as an important player in mediating food
reward. The hypothesized mechanism is schematically
represented in Fig. 7.
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