
ORIGINAL INVESTIGATION

A role for leptin and ghrelin in the augmentation of heroin seeking
induced by chronic food restriction

Tracey M. D’Cunha1,2 & Alexandra Chisholm1,2
& Cecile Hryhorczuk2,3 & Stephanie Fulton2,3

& Uri Shalev1,2

Received: 7 August 2019 /Accepted: 25 November 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Rational Caloric restriction increases the risk of relapse in abstinent drug users. Hormones involved in the regulation of energy
balance and food intake, such as leptin and ghrelin, are implicated in drug-related behaviors.
Objectives We investigated the role of leptin and ghrelin in the augmentation of heroin seeking induced by chronic food
restriction.
Methods Rats self-administered heroin (0.1 mg/kg/infusion) for 10 days followed by 14 days of drug withdrawal. During
withdrawal, rats were food restricted to 90% of their original body weight or were given free access to food. In experiment 1,
we measured the plasma concentrations of leptin and ghrelin following heroin self-administration and withdrawal. In experiment
2, leptin was administered centrally (2.0 or 4.0 μg; i.c.v.) prior to a heroin-seeking test under extinction conditions. High density
of both leptin and ghrelin receptors was previously identified in the ventral tegmental area (VTA), suggesting a direct effect on
reward and motivation. Hence, we administered leptin (experiment 3; 0.125 or 0.250 μg/side), or ghrelin receptor antagonist
JMV 2959 (experiment 4; 2.0 or 10.0 μg/side) directly into the VTA prior to the heroin-seeking test.
Results Chronic food restriction significantly decreased plasma levels of leptin and elevated plasma levels of ghrelin. Central
administration of leptin had no statistically significant effect on heroin seeking. Intra-VTA administration of either leptin or JMV
2959 dose-dependently and selectively decreased heroin seeking in the food-restricted rats.
Conclusions Leptin and ghrelin transmission in the VTA can modulate the augmentation of heroin seeking induced by chronic
food restriction.

Keywords Heroin . Self-administration . Food restriction . Leptin . Ghrelin . Ventral tegmental area

Introduction

Dependent drug users are characterized by compulsive drug
seeking, and cycling through phases of drug use, abstinence,
and relapse (O’Brien 1997; O’Brien and McLellan 1996). In
particular, relapse is considered a major obstacle in the suc-
cessful treatment of addiction. For example, in dependent her-
oin users followed for three decades, 25% had relapsed even
after 15 years of abstinence (Hser et al. 2001). Relapse to drug

use is triggered by three factors: exposure to the self-
administered drug (de Wit 1996), cues associated with drug
availability and drug effects (Carter and Tiffany 1999;
Childress et al. 1993), and stress (Sinha 2001).

These triggers to relapse are modulated by restricted food
intake, or caloric restriction. For example, the risk for relapse
in abstinent smokers was remarkably higher when subjects
underwent concurrent caloric restriction (Hall et al. 1992).
The effects of caloric restriction on increased drug seeking
are also evident in animal models of relapse. We found that
chronic food restriction following extinction training (Shalev
2012), or during 2 weeks of drug withdrawal (D’Cunha et al.
2013) augmented heroin seeking in rats that previously self-
administered heroin.

Earlier work from our laboratory was focused on the brain
mechanisms that underlie acute food deprivation-induced re-
instatement of extinguished drug seeking.We have previously
reported that acute food deprivation can reinstate heroin and
cocaine seeking, an effect that is mediated by extra-
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hypothalamic corticotropin-releasing factor (CRF), and in-
volves dopamine (DA) transmission in the mesolimbic path-
way (e.g., Shalev et al. 2006; Tobin et al. 2013). However, our
recent work suggests that the brain mechanisms that underlie
the effects of chronic food restriction on drug seeking are not
entirely identical to the ones described for acute food depriva-
tion (Sedki et al. 2013a). Thus, the neural mechanisms under-
lying the augmentation of heroin seeking induced by chronic
food restriction are not fully elucidated.

We have previously demonstrated that DA in the
mesolimbic pathway plays a key role in the augmentation
of heroin seeking induced by chronic food restriction.
Specifically, chronic food restriction increased levels of ex-
tracellular DA in the nucleus accumbens, and blocking DA
receptors in the nucleus accumbens reduced the augmentation
of heroin seeking induced by chronic food restriction
(D’Cunha et al. 2017). Dopamine in the mesolimbic pathway
can be modulated by the hormones leptin and ghrelin, which
regulate food intake and energy homeostasis (Abizaid et al.
2006; Fulton et al. 2006; Hommel et al. 2006). Leptin is
released by peripheral adipocytes (Friedman and Halaas
1998), and central administration of leptin decreases food
intake and increases energy expenditure (Ahima et al.
2000). Additionally, central administration of leptin attenu-
ates the reinstatement of heroin seeking induced by acute
food deprivation (Shalev et al. 2001). Leptin receptors can
be found on DA neurons in the ventral tegmental area (VTA;
Figlewicz et al. 2003; Hommel et al. 2006), but leptin’s ef-
fects on DA neurons function may also be mediated presyn-
aptically (Thompson and Borgland 2013). Intra-VTA leptin
reduces cocaine-induced DA release in the mesolimbic path-
way terminals, specifically in the nucleus accumbens (NAc),
and decreases the expression of cocaine conditioned place
preference, suggesting an attenuation in cocaine reward
(You et al. 2016). Taken together, these findings suggest that
leptin is a likely modulator of drug reward and the incentive
value of drug-associated cues.

Ghrelin has the reciprocal actions as leptin. It is released by
the gut and binds to the growth hormone secretagogue recep-
tor (GHS-R1a; Kojima et al. 1999). Plasma ghrelin is elevated
during food restriction and rapidly decreases following meal
intake (Toshinai et al. 2001). As with leptin, the effects of
ghrelin extend beyond energy balance and food intake and
can affect drug use and drug seeking. Central administration
of ghrelin increases alcohol intake (Jerlhag et al. 2009), and
increases the breakpoint for heroin under a progressive ratio
schedule of reinforcement (Maric et al. 2012). Like leptin,
ghrelin receptors are abundant in the VTA, and the VTA is a
target for ghrelin as shown in binding studies (Abizaid et al.
2006). Ghrelin in the VTA increases DA neuronal activity, and
intra-VTA infusions of ghrelin increase food intake in rats
(Abizaid et al. 2006). Therefore, ghrelin may mediate heroin
seeking induced by chronic food restriction.

The current study was designed to elucidate the role of
leptin and ghrelin in chronic food restriction-induced augmen-
tation of heroin seeking. In experiment 1, we characterized
basal plasma levels of circulating leptin and ghrelin in sated
and food-restricted rats, as well as changes in their levels
following re-feeding. Moreover, since it is demonstrated that
ghrelin levels fluctuate throughout the day, and peak prior to
meals (Drazen et al. 2006), we wanted to assess if the increase
in plasma ghrelin, that usually accompanies the onset of the
dark phase, would be shifted in the chronically food-restricted
rats to precede their daily meal that was delivered in the mid-
dle of the dark phase. Next, in experiment 2, we tested the
hypothesis that centrally administered leptin will attenuate
food restriction-induced augmentation of heroin seeking. As
a follow-up to experiment 2, in experiment 3, we used intra-
VTA injections of leptin to locally target leptin receptors and
investigate their involvement in heroin seeking, and also
assessed changes in leptin receptor-mediated signaling in the
VTA in food-restricted rats. Finally, experiment 4 examined
whether ghrelin receptors (GHS-R1a) in the VTA are involved
in the augmentation of heroin seeking induced by chronic
food restriction.

Materials and methods

Subjects

Male Long Evans rats (325–350 g on arrival; Charles River,
St. Constant, Quebec, Canada or Raleigh, North Carolina,
USA) were used in the four experiments. Rats were kept on
a reverse 12 h light-dark cycle (lights OFF 9:30 am) at 21 °C.
Following recovery from surgery (described below), rats were
individually housed in operant conditioning chambers with
free access to food and water during heroin self-administra-
tion. At the end of heroin self-administration phase, rats were
returned to the animal colony for the withdrawal and food
restriction phase (described below). On the last day of the
withdrawal phase, rats were brought back to the operant con-
ditioning chambers for the heroin-seeking test. All animals
were treated in accordance with the guidelines of the
Canadian Council on Animal Care and the approval for all
procedures was granted by the Concordia University Animal
Research Ethics Committee.

Surgical procedures

Intravenous catheterization was completed under ketamine
and xylazine (90.0 and 13.0 mg/kg, i.p.) anesthesia as previ-
ously described (Sedki et al. 2013b). Briefly, silastic catheters
(Dow Corning, Midland, MI, USA) were inserted into the
right jugular vein and secured with silk sutures. During the
intravenous catheter surgery, rats were also implanted with
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either a unilateral guide cannula (23 gauge; Plastics One,
Roanoke, VA) aimed 2 mm above one of the lateral ventricles:
AP = − 0.5 mm, ML = ± 1.4 mm, DV = − 3.0 mm relative to
Bregma (experiments 1A and 1B), or bilateral guide cannulae
(23 gauge) targeting the VTA: AP = − 5.8 mm, ML = ±
2.2 mm, DV= − 7.5 mm with a 12° angle. Following surgery,
rats were given penicillin (450,000 IU/rat, s.c.) and analgesic
ketoprofen (5.0 mg/kg, s.c.; CDMV, Quebec, Canada).
Throughout self-administration, rats were flushed daily with
heparin and gentamicin in sterile saline (7.5 IU + 12.0 μg per
day per rat) to prevent catheter blockage. Following recovery
from surgery in experiment 2, intracerebroventricular (i.c.v.)
guide cannula placement was verified by demonstrating a
short latency (< 60 s) vigorous drinking response to angioten-
sin II (100.0 nmol, i.c.v.).

Apparatus

Experiments were conducted in operant conditioning cham-
bers (Colburn Instruments, Whitehall, PA, USA; 29.0 cm ×
29.0 cm × 25.5 cm), placed in individual sound-attenuating
cubicles. Each chamber contained two retractable levers locat-
ed 9 cm above the grid floor. Responses on the “active” lever
activated the infusion pump (Colburn Instruments), whereas
responses on the “inactive” lever were recorded but had no
programmed consequences. Rats were attached to the infusion
pump via a liquid swivel (Lomir Biomedical, QC, Canada)
and Tygon tubing shielded with a metal spring.

Drugs

Heroin (diacetylmorphine HCl; National Institute on Drug
Abuse, Baltimore, MD, USA) was dissolved in physiological
saline and delivered at a concentration of 0.1 mg/kg per infu-
sion. Recombinant murine leptin (Peprotech; Roanoke, VA)
was dissolved in sterile water to concentrations of 0.25 μg/μl,
0.50 μg/μl, 1.0 μg/μl, or 2.0 μg/μl. Doses of hormone admin-
istered were based on previous reports (Fulton et al. 2000;
Shalev et al. 2001; You et al. 2016). GHS-R1a antagonist
JMV 2959 (EMD Millipore, Billerica, Massachusetts, USA)
was dissolved in 0.9% sterile saline to a concentration of
4.0 μg/μl or 20.0 μg/μl. Administered doses were based on
previous work (Skibicka et al. 2011).

Procedure

Experiments 2–4 all consisted of three phases: heroin self-
administration, withdrawal and food restriction, and finally
the heroin-seeking test.

Training Following recovery from surgery, rats were housed in
the operant conditioning chambers for a 24-h habituation pe-
riod and 10 days of heroin self-administration training. Rats

were given three 3-h training sessions per day separated by a
3-h period under a fixed interval (FI) 20 s schedule of rein-
forcement. The first self-administration session started at the
onset of the dark phase and was marked by the insertion of
both levers, the illumination of a red houselight and the acti-
vation of a white-light/tone complex cue (2.9 kHz; 10 dB
above background level) above the active lever. The white-
light/tone complex remained on for 30 s or until the active
lever was pressed. A response on the active lever resulted in
the activation of the infusion pump (5 s; 0.13 ml/infusion) and
the white-light/tone complex, and the houselight was turned
off. Subsequent responses on the active lever for the following
20 s were recorded but not reinforced. Responses on the inac-
tive lever had no programmed consequences. At the end of
each 3-h session, the active lever was retracted and the house-
light was turned off. To help with lever discrimination, the
inactive lever remained extended until 1 h before the 1st ses-
sion on the following day.

Withdrawal and food restriction After the heroin self-
administration training, rats were transferred back to the ani-
mal colony and individually housed in standard Plexiglass
cages. Following a 24-h drug washout period, rats were
matched for average number of infusions, active lever re-
sponses, and body weight during the last 5 days of training
and assigned to either the food restricted (FDR) or sated
group. FDR rats were given approximately 15 g of standard
rat chow daily at 1:30 pm. The food ration was titrated daily to
bring the FDR rats to 90% of their original body weight at the
beginning of the withdrawal period. “Sated” rats had unre-
stricted access to food throughout the withdrawal period.

Intracranial injections Intracranial injections were made using
a syringe pump (Harvard Apparatus, Holliston, MA, USA)
connected to a 10-μl Hamilton syringe. The syringe was at-
tached via polyethylene-20 tubing to a 28-gauge injector
(Plastics One) that extended either 2 mm (experiment 2), or
1 mm beyond the guide cannula (experiments 3 and 4). In all
experiments, rats received mock injections on the 2 days pre-
ceding the heroin-seeking test to habituate them to the proce-
dure, using short injectors, not extending beyond the guide
cannulae.

Experiment 1A: characterization of plasma levels of leptin and
acylated ghrelin following chronic food restriction and re-
feeding Blood was collected from groups of rats that went
through the phases of heroin self-administration for 10 days,
14 days of withdrawal/food restriction, and a heroin-seeking
test. A small nip was made at the tip of the tail, and blood was
collected in Eppendorf tubes which contained 20μl of heparin
per 1 ml of blood collected. A baseline measure of blood was
collected in FDR and sated rats at the onset of the dark phase
(9:30 am). Next, FDR rats were allowed 2 h of free access to
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rat chow in their home cage, followed by another tail blood
collection from both 2-h re-fed and sated rats. Finally, 24 h
following ad libitum access to food, a third and final tail blood
collection was taken from the 24-h re-fed and sated rats. In
another group of rats, we assessed plasma fluctuations of ac-
ylated ghrelin. The first sample was collected at the onset of
the dark phase (9:30 am), then again prior to the chronically
food-restricted rats’ meal time (1:30 pm), and lastly at the
onset of the light phase (9:30 pm) in both FDR and sated rats.

Plasma was separated by centrifugation at 10,000 rpm for
10min. Following centrifugation, blood plasmawas aliquoted
and stored at − 80 °C until processed. To protect the acylated
ghrelin molecule, 1.0 μl of 1.0 N HCl and 1.0 μl of the pro-
tease inhibitor phenylmethylsulfonyl fluoride (PMSF; Sigma-
Aldrich) were added per 100 μl of blood plasma. Plasma
leptin and ghrelin were determined in separate enzyme-
linked immunosorbent assay (ELISA) kits (Millipore, MA,
USA). The reported detection sensitivity for the ELISA kits
was 0.04 ng/ml for leptin and 7.9 pg/ml for acylated ghrelin.

Experiment 2A: the effect of a single central administration of
leptin on the augmentation of heroin seeking induced by
chronic food restriction In a different group of rats, on the
14th day of food restriction, rats were injected with vehicle
or leptin (2.0 μg/rat, i.c.v.) approximately 30 min before the
3-h heroin-seeking test. Leptin was administered over 2 min at
a rate of 1.0 μl/min and the injector was left in place for an
additional 1 min. Sterile water was used as the vehicle.

Experiment 2B: the effect of repeated central administration
of leptin on the augmentation of heroin seeking induced by
chronic food restrictionWe have previously reported that 24 h
of re-feeding the FDR rats eliminates the augmentation of
heroin seeking induced by chronic food restriction (D’Cunha
et al. 2013). In experiment 1 in the current study, we found a
statistically significant increase in plasma leptin 24 h follow-
ing re-feeding. Consequently, we wanted to investigate if we
could mimic the re-feeding effects with leptin administration
approximately 24 h and 30min prior to the 3-h heroin-seeking
test. Moreover, we have previously demonstrated that a simi-
lar repeated treatment with leptin was highly effective in
blocking acute food deprivation-induced reinstatement of her-
oin seeking (Shalev et al. 2001). Rats received either vehicle,
2.0, or 4.0 μg of leptin into the ventricles on the 13th day of
food restriction and the same dose on the 14th day of food
restriction, approximately 22 h and 30 min prior to the 3-h
heroin-seeking test, respectively. Administration of leptin was
identical to experiment 2A and sterile water was used as the
vehicle.

Experiment 3A: the effects of intra-VTA leptin on the augmen-
tation of heroin seeking induced by chronic food restriction
As previously mentioned, leptin receptors are found in high

density in the VTA, and intra-VTA leptin can modulate DA
activity (Fulton et al. 2006; Hommel et al. 2006; Thompson
and Borgland 2013). The purpose of experiment 3 was to
investigate the role of leptin administration directly into the
VTA. Rats received a bilateral infusion of vehicle or leptin
(0.125 or 0.250 μg/side) into the VTA approximately
30 min prior to the heroin-seeking test on the 14th day of food
restriction. Solutions were administered over 1 min at a flow
rate of 0.5 μl/min. The injector was left in place for 1 min
following each microinjection.

Experiment 3B: the effects of chronic food restriction on
leptin-receptor signaling in the VTA Leptin induces rapid
phosphorylation of signal-transducer-and-activator-of-tran-
scription-3 (STAT3), a key intracellular signaling pathway of
leptin receptor activation (Banks et al. 2000) that is found in
DA and GABA neurons in the VTA (Fulton et al. 2006). In a
separate group of rats, we assessed the levels of STAT3 pro-
teins in VTA tissue obtained from flash frozen brains collected
immediately following a 30-min heroin-seeking test in FDR
(14 days) or sated rats. Tissue punches (0.75 mm diameter),
one for each hemisphere, were collected from 1 mm thick
frozen coronal slices and homogenized in lysis buffer
(20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM Na2EDTA;
1 mM EGTA; 1% Triton; 2.5 mM sodium pyrophosphate;
1 mM β-glycerophosphate; 1 mM sodium orthovanadate;
1 μg/ml leupeptin; 1 mM phenylmethylsulfonyl fluoride;
1 μl phosphatase inhibitors cocktails 2, and 1 μl phosphatase
inhibitors cocktails 3; Sigma-Aldrich). Proteins (40 μg) were
loaded into 10% polyacrylamide gel, and separated under
90 V electrophoresis. Proteins on each gel were then trans-
ferred to nitrocellulose membrane, non-specific biding was
blocked with 5% dry skim milk in TBS-Tween 0.1% and
incubated with the primary antibodies for pSTAT3 (1:1000;
Cell Signaling, 9145). Membranes were then washed and in-
cubated with secondary antibody (1:3000 for pSTAT3 and
1:10,000 for GAPDH; Goat-anti-rabbit-HRP, Bio-Rad,
1721019), washed and developed by enhanced chemilumines-
cence. Bands were revealed on a film and analyzed using
ImageJ software (free software available from NIH at http://
rsbweb.nih.gov/ij/). For total STAT3 assessment, membranes
were stripped with 0.2 NNaOH, reprobed with an anti-STAT3
antibody (1:1000; Cell Signaling, 4904), and analyzed as de-
scribed above. GAPDH was used as loading and transfer con-
trol, and data were standardized according to GAPDH values.

Experiment 4: the effects of intra-VTA GHS-R1a antagonist,
JMV 2959, administration on the augmentation of heroin
seeking induced by chronic food restriction On the 14th day
of food restriction, rats were administered with vehicle or the
GHS-R1a receptor antagonist JMV 2959 (2.0 or 10.0 μg/side)
bilaterally into the VTA approximately 10 min prior to the 3-h
heroin-seeking test. JMV 2959was administered at a flow rate
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of 0.5 μl/min over 1 min. Injector was left in place for an
additional minute and 0.9% sterile saline was used as a
vehicle.

Histology

At the end of experiments 3 and 4, rats were euthanized with
carbon dioxide and decapitated. Brains were fixed with 4%
paraformaldehyde solution for a week before being sliced in
40 μm coronal sections. Slices were then stained with cresyl
violet and cannula placements were determined under a light
microscope with reference to a brain atlas (Paxinos and
Watson 2005).

Statistical analysis

To characterize the changes of plasma levels of leptin and
acylated ghrelin, separate mixed factorial analyses of variance
(ANOVA) were used, with the between subjects factor of
feeding condition (FDR, sated) and the within subjects factor
of time (baseline, 2-h re-fed, 24-h re-fed; or the following
sample times: 9:30 am, 1:30 pm, 9:30 pm). To assess the
effects of leptin or JMV 2959 on the augmentation of heroin
seeking induced by chronic food restriction, active and inac-
tive lever responses made during the 3-h heroin-seeking test
were analyzed separately using a two-way ANOVA with the
between subjects factor of feeding condition (FDR, sated) and
either: experiment 2A leptin dose (vehicle or 2.0 μg/rat); ex-
periment 2B leptin dose (vehicle, 2.0 or 4.0 μg/rat); experi-
ment 3 leptin dose (vehicle, 0.125, 0.250 μg/side); experiment
4 JMV 2959 dose (vehicle, 2.0 or 10.0 μg/side). Repeated
measures ANOVAs were preceded by Mauchly’s sphericity
test, and a Greenhouse-Geisser correction was used when sta-
tistical significance was found. Statistically significant main
effects and interactions are reported for p ≤ 0.05, and were
followed up with post hoc analyses with a Bonferroni correc-
tion. STAT3 and pSTAT3 optical density data were adjusted to
GAPDH expression, and feeding condition groups were com-
pared using independent samples t tests.

Results

All rats acquired reliable heroin self-administration behavior.
Mean ± SEM number of infusions and number of active and
inactive lever responses made on the last day of heroin self-
administration training for each experiment are shown in
Table 1. For experiments 3A and 4, only rats that had correct
histological placements and were included in the analysis
(Fig. 2). In all experiments, on test day, the FDR rats were
approximately 90% of their original body weight at the start of
the withdrawal phase, or approximately 75–80% of the sated
rats’ body weight (Table 1).

Experiment 1A: characterization of plasma levels of leptin and
acylated ghrelin following chronic food restriction and re-
feeding Following the heroin-seeking test, rats were main-
tained as either food restricted (FDR; n = 6) or sated (n = 6)
and assessed for plasma hormone concentration levels at 3
time-points.

As seen in Fig. 1a, plasma concentrations of leptin were
significantly reduced in chronically food-restricted rats (feed-
ing condition, F(1,10) = 13.484, p = 0.004, η2 = 0.574). Plasma
levels in FDR rats increased gradually following re-feeding
(time, F(2,20) = 7.303, p = 0.004, η2 = 0.337; feeding condition
× time, F(2,20) = 4.397, p = 0.026, η2 = 0.203). Within the FDR
rats, there was a trend difference in plasma leptin levels from
baseline compared to 2 h following re-feeding (p = 0.064),
and a statistically significant increase from baseline to 24 h
following re-feeding (p = 0.003). There were no statistically
significant changes in plasma leptin concentrations in the sat-
ed rats over time.

For the analysis of plasma acylated ghrelin levels following
re-feeding, Mauchly’s sphericity test was significant
(p < 0.05); therefore, data were analyzed using the
Greenhouse-Geisser correction. Plasma ghrelin levels in
FDR rats were higher than in sated rats but decreased rapidly
following re-feeding (Fig. 1b). The main effect of feeding
condition was not statistically significant, although there was
a large effect size, F(1,10) = 3.246, p = 0.102, η2 = 0.245. The
effect of feeding status on plasma ghrelin levels was reflected
in the statistically significant main effect of time (F(2,20) =
19.859, p = 0.001, η2 = 0.490) and feeding condition × time
interaction (F(2,20) = 10.688, p = 0.007, η2 = 0.264). Pairwise
comparisons with a Bonferroni correction revealed that within
the FDR rats, there was a statistically significant decrease in
plasma acylated ghrelin levels from baseline compared to 2 h
following re-feeding (p = 0.001) and to 24 h following re-
feeding (p = 0.001). There were no statistically significant
changes in plasma acylated ghrelin levels in the sated rats over
time.

For the analysis of changes in plasma acylated ghrelin
levels at different time-points throughout the day, Mauchly’s
test of sphericity was significant (p < 0.05); therefore, data
were analyzed using the Greenhouse-Geisser correction. As
seen in Fig. 1c, plasma ghrelin levels were higher in FDR rats
compared to the sated group (feeding condition, F(1,10) =
37.822, p < 0.001, η2 = 0.791). Plasma ghrelin levels in FDR
rats fluctuated dramatically over time (time, F(2,20) = 25.263,
p < 0.001, η2 = 0.366; feeding condition × time, F(2,20) =
33.673, p < 0.001, η2 = 0.488). Pairwise comparisons with a
Bonferroni correction revealed that within the FDR rats, there
was a statistically significant increase in ghrelin from the onset
of the dark phase at 9:30 am to prior to meal time at 1:30 pm
(p < 0.001). There was also a significant decrease in plasma
ghrelin from 1:30 pm to the onset of the light phase at 9:30 pm
(p < 0.001). Plasma ghrelin levels at the onset of the dark
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phase at 9:30 am were also significantly higher than at the
onset of the light phase at 9:30 pm, (p = 0.020). There were
no statistically significant changes in plasma ghrelin levels in
the sated rats.

Experiment 2A: the effect of a single central administration of
leptin on the augmentation of heroin seeking induced by
chronic food restriction The final analysis included 20 rats
divided into four groups: FDR–vehicle (n = 4), FDR–2.0 μg
(n = 6), sated–vehicle (n = 4), sated–2.0 μg (n = 6). As seen in
Fig. 2a, overall the FDR groups pressed more on the active
lever during the 3-h heroin-seeking test compared to the sated
groups (feeding condition, F(1,16) = 7.083, p = 0.017, η2 =
0.304). A single pre-test i.c.v. administration of leptin had
no effect on active lever responses (leptin dose, F(1,16) =
0.244, p = 0.628, η2 = 0.010), and there was no statistically
significant interaction for feeding condition × leptin dose
(F(1,16) = 0.010, p = 0.922, η2 = 0.000421).

Leptin injections resulted in a statistically significant in-
crease in inactive lever responses (leptin dose, F(1,16) =
4.955, p = 0.041, η2 = 0.184). It should be noted that inactive
lever responses were still much lower than active lever re-
sponses. There were no other significant effects observed for
inactive lever responses during the heroin-seeking test (feed-
ing condition, F(1,16) = 4.165, p = 0.058, η2 = 0.155; feeding
condition × leptin dose F(1,16) = 1.773, p = 0.202, η2 = 0.066).

Experiment 2B: the effect of repeated central administration
of leptin on the augmentation of heroin seeking induced by
chronic food restriction The final analysis included 60 rats
divided into six groups: FDR–vehicle (n = 15), FDR–2.0 μg
(n = 8), FDR–4.0 μg (n = 8), sated–vehicle (n = 13), sated–
2.0 μg (n = 7), sated–4.0 μg (n = 9). As previously demon-
strated, the FDR groups pressed significantly more on the
active lever than the sated groups, (feeding condition,
F(1,54) = 11.329, p = 0.001, η2 = 0.165; Fig. 2b). Although
both feeding condition groups showed a decrease in active
lever responses following leptin administration, there was no
statistically significant main effect of leptin dose (F(2,54) =
1.421, p = 0.250, η2 = 0.042) or an interaction of feeding
condition × leptin dose (F(2,54) = 0.153, p = 0.858, η2 =

0.0044). Inactive lever responses were not statistically signif-
icantly affected by feeding condition, (F(1,54) = 1.484, p =
0.228, η2 = 0.024), treatment with leptin dose (F(2,54) =
0.931, p = 0.401, η2 = 0.030) or interaction of feeding
condition × leptin dose (F(2,54) = 2.020, p = 0.142, η2 = 0.066).

Both 2.0 μg and 4.0 μg of leptin administered on FDR 13
and FDR 14 significantly reduced 24 h food intake in the sated
rats as compared to vehicle. A one-way ANOVA performed
on FDR 14 food consumption data revealed a main effect of
leptin dose (F(2,26) = 5.006, p = 0.014, η2 = 0.278; Fig. 3). Post
hoc analysis revealed that both the sated–2.0 μg and the sat-
ed–4.0 μg groups consumed less food than the sated–vehicle
group (p = 0.034, p = 0.055, respectively). Similarly, a one-
way ANOVA performed on FDR 15 food consumption data
(~ 24 h after the last leptin injection) revealed a statistically
significant main effect of leptin dose (F(2,26) = 5.665, p =
0.009, η2 = 0.304). Post hoc analysis revealed that both the
sated–2.0 μg and the sated–4.0 μg groups consumed less food
than the sated–vehicle group (p = 0.031, p = 0.027,
respectively).

Experiment 3A: the effect of intra-VTA leptin administration
on the augmentation of heroin seeking induced by chronic
food restriction Only rats with correct cannula placements
located in the VTA were included in the statistical analysis
(Fig. 4a). The final analysis included the following groups
of rats: FDR–vehicle (n = 9), FDR–0.125 μg (n = 8), FDR–
0.250 μg (n = 9), sated–vehicle (n = 9), sated–0.125 μg (n =
9), and sated–0.250 μg (n = 8).

Food restriction augmented heroin seeking on test day, as
indicted by the higher number of active lever responses com-
pared to the sated rats (feeding condition, F(1,46) = 21.181,
p < 0.001, η2 = 0.261; Fig. 5). Intra-VTA leptin injections re-
versed the food restriction effect, without changing drug seeking
in the sated groups (leptin dose F(2,46) = 1.688, p = 0.196, η

2 =
0.042; feeding condition × leptin, F(2,46) = 5.328, p = 0.008,
η2 = 0.131). Post hoc analysis revealed that the FDR–vehicle
had statistically significantly more active lever presses than all
of the sated groups during the heroin-seeking test (p < 0.002).
Furthermore, the FDR–vehicle group had significantly more
active lever presses than the FDR–0.250 μg group (p = 0.012)

Table 1 Mean ± SEM of the
number of infusions taken, and
the number of active and inactive
lever responses made on the last
training day (9 h) in each
experiment, as well as body
weight for the FDR and sated rats
on the 14th day of food restriction
(the drug seeking test)

Self-administration training day 10 Food-restriction day 14

Experiment Infusions Active lever
responses

Inactive lever
responses

Body weight
(FDR)

Body weight
(sated)

2A 36.10 ± 4.42 123.15 ± 31.36 9.15 ± 3.10 326.60 ± 4.93 447.00 ± 13.46

2B 43.18 ± 6.44 139.13 ± 15.68 14.87 ± 4.02 322.61 ± 3.55 420.86 ± 6.21

3A 35.31 ± 2.59 110.71 ± 17.82 13.44 ± 2.60 323.96 ± 3.43 431.23 ± 6.74

3B 48.62 ± 6.82 157.50 ± 41.53 13.01 ± 3.88 369.70 ± 18.56 436.10 ± 20.21

4 34.16 ± 3.36 103.64 ± 19.21 8.36 ± 1.37 327.77 ± 5.09 427.71 ± 11.25
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but not the FDR–0.125 μg group (p = 0.507). There were no
statistically significant effects on inactive lever responses (feed-
ing condition, F(1,46) = 1.158, p = 0.288, η

2 = 0.021; leptin dose
F(2,46) = 1.802, p = 0.176, η

2 = 0.066; feeding condition × leptin,
F(2,46) = 1.783, p = 0.180, η

2 = 0.066).

Experiment 3B: the effects of chronic food restriction on
leptin-receptor signaling in the VTA Four rats were removed
from the final analyses (1 sated, 3 FDR) because of low self-
administration training, insufficient protein in sample, or lack
of protein expression signal. The mean ± SEM number of
active lever response made during the 30-min heroin-seeking
test by the FDR rats (95.0 ± 16.9, n = 6) was statistically sig-
nificantly higher compared to the sated rats (46.3 ± 10.3, n =
7; t(11) = 2.54, p = 0.03; d = 1.53). Inactive lever responses in
the two feeding condition groups were not statistically signif-
icantly different (data not shown). Levels of STAT3 or
pSTAT3 were not statistically significantly different between
the groups (t(11) = 0.56, p = 0.58, d = 0.35; t(11) = 0.63, p =
0.54; d = 0.37, respectively; Fig. 6a). The pSTAT3/STAT3 ra-
tios also showed no statistically significant difference between
FDR and sated rats (t(11) = 0.71, p = 0.49; d = 0.44; Fig. 6b). A
strong, although not statistically significant, inverse
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correlation was found only in the FDR group between
pSTAT3/STAT ratio and the number of active lever response
made during the heroin-seeking test (FDR: r = − 0.78, p =
0.06; sated: r = − 0.14, p = 0.76).

Experiment 4: the effects of intra-VTA ghrelin receptor antag-
onist (JMV 2959) administration on the augmentation of her-
oin seeking induced by chronic food restrictionOnly rats with
correct cannula placements located in the VTA as assessed by
histological verification were included in the final statistical
analyses (Fig. 4b). The final analyses included the following
groups of rats: FDR–vehicle (n = 9), FDR–2.0 μg (n = 8),
FDR–10.0 μg (n = 9), sated–vehicle (n = 8), sated–2.0 μg
(n = 8), and sated–10.0μg (n = 8). Food restriction significantly
augmented heroin seeking, as the FDR groups pressed more on
the active lever than the sated groups (feeding condition,

F(1,44) = 8.834, p = 0.005, η
2 = 0.140; Fig. 7). Intra-VTA injec-

tions of JMV 2959 reversed the food restriction effect, without
affecting drug seeking in the sated groups (JMV 2959 dose,
F(2,44) = 1.116, p = 0.337, η2 = 0.048; feeding condition ×
JMV 2959 dose, F(2,44) = 4.095, p = 0.023, η2 = 0.129). Post
hoc analyses revealed that the FDR–vehicle group had signifi-
cantly more active lever presses than the sated–vehicle (p =
0.009), the sated–2.0 μg (p = 0.015), and the FDR–10.0 μg
(p = 0.046) groups. Analysis of the inactive lever responses
found only a significant effect of JMV 2959 dose (F(2,44) =
3.45, p = 0.041, η2 = 0.136), driven by a small overall increase
in inactive lever response in rats treated with the 10.0 μg dose.
No other significant effects were observed for inactive lever
responses during the heroin-seeking test (feeding condition,
F(1,44) = 0.003, p = 0.953, η

2 = 0.0000638; feeding condition ×
JMV 2959 dose, F(2,44) = 1.936, p = 0.156, η

2 = 0.071).
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Discussion

As we have previously demonstrated (D’Cunha et al. 2013),
chronic food restriction over a period of drug withdrawal sig-
nificantly augmented heroin seeking in rats with a history of
heroin self-administration. Central administration of leptin,
either as single or repeated infusions, had no selective effect
on food restriction-induced augmentation of heroin seeking.
Most importantly, administration of leptin directly into the
VTA decreased heroin seeking selectively in the FDR rats.
Lastly, administration of the ghrelin receptor antagonist JMV

2959 directly into the VTA selectively decreased heroin seek-
ing in the FDR rats.

We also found that, as expected, plasma leptin and ghrelin
levels in rats with a history of heroin self-administration are
modulated by chronic food restriction; however, we did not
identify food restriction-induced changes in STAT3 signaling
in the VTA.

Changes in plasma concentrations of leptin
and acylated ghrelin in the FDR and sated rats

In agreement with previous reports (Johansson et al. 2008;
Kinzig et al. 2009), 14 days of chronic food restriction follow-
ing 10 days of heroin self-administration significantly de-
creased plasma leptin levels. Absolute basal levels of plasma
leptin in the current study were higher than previously report-
ed. Possible reasons for these discrepancies include acute food
deprivation of sated rats prior to blood collection, differences
in time of blood collection (light vs. dark phase in the current
study), and lower body weight of the rats at baseline in the
previous studies. Nevertheless, the pattern of change in plas-
ma leptin levels that we recorded is consistent with the effects
of chronic food restriction that were observed in earlier stud-
ies. In addition, plasma leptin levels significantly increased
following 2 or 24 h of free access to chow, supporting leptin’s
potential role as a short-term satiety signal (Johansson et al.
2008).

Chronically food-restricted rats also had significantly
higher plasma acylated ghrelin levels compared to the sated
rats, a finding that is consistent with previous reports (Kinzig
et al. 2009; Toshinai et al. 2001), but see (Johansson et al.
2008). In contrast to a previous report (Drazen et al. 2006),
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we did not see a peak in plasma ghrelin in the sated rats at the
onset of the dark phase. This intriguing discrepancy could be
the result of the plasma ghrelin analysis method that targeted
acylated ghrelin in the current study, while no information is
available for the method used by Drazen et al. (2006). We did
however observe that plasma ghrelin levels were the highest
prior to the delivery of the daily meal in the FDR rats, similar
to the findings reported by Drazen et al. (2006). Finally, re-
feeding the previously food-restricted rats for 2 h or 24 h
statistically significantly decreased plasma ghrelin levels.

We therefore have demonstrated a considerable modulation
of circulating levels of leptin and ghrelin in our experimental
subjects that coincided with the augmentation of heroin seek-
ing in FDR rats.

Effects of central administration of leptin on heroin
seeking in the FDR and sated rats

Contrary to our hypothesis, central administration of leptin did
not statistically significantly decrease heroin seeking in the
FDR rats. Although repeated i.c.v. administration of the high
dose of leptin (4.0μg) attenuated overall heroin seeking with a
considerable effect size (vehicle vs. 4.0 μg leptin-treated rats:
Cohen’s d = 0.61; 95%CI [−30.19, 31.4]), the treatment effect
was not statistically significant, and small attenuation in her-
oin seeking was also observed in the sated group. These re-
sults contrast with our previous report that the same doses of
leptin attenuated acute food deprivation-induced reinstate-
ment of heroin seeking (Shalev et al. 2001). A possible expla-
nation is the different types of caloric restriction challenges.
Not only are there distinctions in the metabolic consequences
between acute food deprivation and chronic food restriction
(Bi et al. 2003), but the neural mechanisms impacted by these
manipulations are distinct. For example, administration of a
corticotrophin releasing factor (CRF) antagonist attenuated
acute food deprivation-induced reinstatement of heroin seek-
ing (Shalev et al. 2006) but had no effect on food restriction-
induced augmentation of heroin seeking (Sedki et al. 2013a).
Alternatively, the current study investigated heroin seeking
following an “abstinence” period, whereas Shalev et al.
(2001) investigated reinstatement of heroin seeking following
extinction training. The neural mechanisms mediating these
procedures are, at least partially, distinct (Fuchs et al. 2006).

Interestingly, intravenous leptin attenuated cocaine seeking
in rats with unlimited access to food under “surprising” ex-
tinction conditions (You et al. 2016). The discrepancy be-
tween our results and You et al.’s could be explained by the
different procedures used (prolonged withdrawal versus a
“surprise extinction” during the self-administration phase, re-
spectively). Alternative explanations could be the different
classes of self-administered drugs (opiate versus
psychostimulant drugs, respectively), or the different route
of leptin administration (i.c.v. vs. intravenous).

The small effect for repeated leptin treatment on heroin
seeking could be explained by an ineffective dose or reduced
leptin sensitivity of the rats in our study. However, in accor-
dance with the well-established effect of central leptin admin-
istration on food intake ((Bruijnzeel et al. 2011; Halaas et al.
1997; Morton et al. 2006), we have found that both doses of
leptin significantly reduced food intake in the sated rats; there-
fore, the non-significant effects on heroin seeking are not due
to a lack of efficacy of the leptin treatment.

Effects of intra-VTA leptin administration on heroin
seeking in FDR and sated rats

We found that intra-VTA leptin significantly decreased the
augmentation of heroin seeking induced by chronic food re-
striction. Although leptin’s primary role is in the hypothala-
mus to regulate food intake and energy metabolism (Ahima
et al. 2000), it also acts on extra-hypothalamic targets, specif-
ically the VTA to affect food intake and reward function
(Bruijnzeel et al. 2011). Within the VTA, there is high expres-
sion of leptin receptors located on dopaminergic neurons, on
gamma-aminobutyric acid-ergic (GABAergic) neurons
(Figlewicz et al. 2003; Fulton et al. 2006; Hommel et al.
2006), and putatively, on presynaptic glutamatergic terminals
(Thompson and Borgland 2013). Leptin application to the
midbrain in vitro and systemic administration in anesthetized
rats in vivo both significantly decrease the firing rate of DA
neurons in the VTA (Hommel et al. 2006). These inhibitory
actions of leptin on VTA DA neurons are thought to be medi-
ated through a change in VTADA neurons intrinsic properties
(Hommel et al. 2006), and by presynaptic inhibition of gluta-
matergic release onto DA neurons (Thompson and Borgland
2013).More recently, Shen et al. (2016) reported that selective
knockdown of leptin receptors in the VTA resulted in in-
creased DA levels in the NAc. In addition, intra-VTA admin-
istration of leptin inhibited the increase in extracellular DA in
the NAc induced by cocaine in rats (You et al. 2016), while
i.c.v. injections of a leptin antagonist, superactive mouse lep-
tin antagonist (SMLA), resulted in upregulation of DA and its
metabolites in the NAc in mice (Shen et al. 2016).
Importantly, the leptin-signal driven changes in DA transmis-
sion described above were associated with altered reward-
related behaviors. Thus, You et al. (2016) found that intra-
VTA leptin decreased conditioned place preference for co-
caine, and central administration of a leptin receptor antago-
nist increased cocaine conditioned place preference (Shen
et al. 2016).

We have recently identified a selective increase in extracel-
lular DA levels in the NAc of food-restricted rats during her-
oin seeking tests (D’Cunha et al. 2017). Moreover, we have
found that blocking DA D1-like receptors in the NAc de-
creased the augmentation of heroin seeking induced by chron-
ic food restriction (D’Cunha et al. 2017). Taken together with
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the previous findings described above, our current findings
suggest that chronic food restriction-induced reduction in
plasma leptin levels results in a decrease in the inhibitory
signal of leptin on VTA DA neurons’ activity and increases
excitability in these neurons. This, in turn, would make the
FDR rats more responsive to drug-associated cues, leading to
increased dopaminergic transmission in the terminals of the
mesolimbic pathway, such as the NAc, and to augmented
heroin seeking. Accordingly, when leptin is administered di-
rectly into the VTA of FDR rats, it reduces DA neurons excit-
ability, effectively attenuating the impact of re-exposure to the
heroin-taking context and cues. It has been previously sug-
gested that under food restriction, the DA system becomes
highly responsive to leptin and its effects on appetitive moti-
vation (Fernandes et al. 2015). Such an adaptation would help
explain why we only see decreased heroin seeking in the
FDR, but not sated, rats following intra-VTA leptin
administration.

The same mechanism could explain our previous findings
that acute re-feeding (2 or 24 h before testing) reversed the
augmentation of heroin seeking in food-restricted rats
(D’Cunha et al. 2013). Thus, as demonstrated here, re-
feeding increases plasma leptin in FDR rats, which would
result in reduced/normalized excitability of VTA DA neurons
and a reduction in DA levels in the NAc, eventually leading to
decreased heroin seeking. Although plasma leptin levels did
not recover to baseline levels following 24 h re-feeding, the
robust behavioral effect reported by D’Cunha et al. (2013) can
be explained by an increased sensitivity to leptin that follows
exposure to low circulating leptin levels (Zhao et al. 2019).
Interestingly, with both the re-feeding and intra-VTA leptin
injections approaches, heroin seeking was reduced to the level
demonstrated by the sated rats, but not completely eliminated.
This suggests a “ceiling effect” or a limit to the inhibitory
signal of leptin in the VTA, maybe due to receptor saturation.

We did not identify changes in pSTAT3 or pSTAT3/STAT3
ratio in the VTA that paralleled the changes in plasma leptin in
the FDR rats. Intra-cellular leptin receptor signaling in the
VTA is complex, and involves multiple pathways, i.e., the
JAK-STAT (Morton et al. 2009), PI3K (Thompson and
Borgland 2013), and the ERK 1/2 (Trinko et al. 2011) path-
ways. Thus, a critical involvement of a different intra-cellular
leptin receptor signaling pathway should be considered. In
addition, the STAT3 pathway can be activated by signals other
than leptin (Frias et al. 2007), which could make the identifi-
cation of a reduction in activation of leptin receptors through
the expression of pSTAT more challenging. The lack of dif-
ference between FDR and sated in STAT3 activation, and the
partial recovery of leptin levels following 24 h re-feeding
could also be interpreted as a local pharmacological effect of
intra-VTA leptin, while under physiological conditions, circu-
lating leptin is not involved. However, we believe that our data
do not support this interpretation. We suggest a “disinhibition

process” by which the lower presence of leptin removes a
tonic inhibition of VTA DA neurons, but this might not be
readily observed by changes in pSTAT3. The only report of a
parallel reduction in plasma leptin and VTA pSTAT3 (You
et al. 2016) involved concomitant exposure to cocaine. We
are not aware of a similar report in naïve or drug abstinent
food-restricted animals. Interestingly, although the result did
not quite reach statistical significance (p = 0.06), data from the
FDR rats demonstrated a strong inverse correlation (r = −
0.78) between the pSTAT3/STAT3 ratio and heroin seeking
during the test. This strong correlation suggests a modulation
of heroin seeking by VTA leptin receptor activation, in food-
restricted rats.

It is unclear why central administration and direct infusion
of leptin into the VTA resulted in different behavioral re-
sponses. One possibility is that leptin administered into the
ventricles is unable to reach the local concentration for suffi-
cient receptor activation in the VTA, and in turn drive signif-
icant behavioral effects. It has been reported that i.c.v. admin-
istration of leptin results in limited diffusion into the brain
tissue, and that the affected brain areas are the ones close to
a periventricular space, e.g., the hypothalamus (Maness et al.
1998). If indeed most i.c.v. leptin targets the hypothalamic
nuclei, we would predict that these nuclei play a minimal role
in drug seeking as their primary function is to regulate feeding
and energy homeostasis (Acquas et al. 1993). Although spec-
ulative, we would predict that intra-hypothalamic leptin ad-
ministration would have little or no effect on heroin seeking in
the FDR rats.

Effects of blocking ghrelin receptors in the VTA
on heroin seeking in FDR and sated rats

Administration of the ghrelin receptor antagonist, JMV 2959,
into the VTA selectively decreased heroin seeking in chroni-
cally food-restricted rats, suggesting an important role for
ghrelin receptor activation in the augmentation of heroin seek-
ing induced by chronic food restriction. This is in contrast to
previous findings in our laboratory that central administration
of a ghrelin receptor antagonist had no effect on heroin self-
administration, or on the reinstatement of heroin seeking in-
duced by acute food deprivation (Maric et al. 2012). This may
be explained by, first, the use of different ghrelin receptor
antagonists: Maric et al. (2012) used the peptide-based
GHS-R1a antagonist D-Lys3-GHRP-6 (Traebert et al. 2002),
whereas here we used the small molecule-type antagonist
JMV 2959 (Moulin et al. 2013). Second, Maric et al. (2012)
administered the antagonist centrally, whereas in the current
study, we directly targeted the VTA. Finally, as mentioned
above, the neural adaptations associated with acute food dep-
rivation, used in the previous study, versus chronic food re-
striction, used in this study, are distinct (Bi et al. 2003); as are
the differences between the neural mechanisms mediating the
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reinstatement of extinguished drug seeking versus drug seek-
ing following drug withdrawal and abstinence (Fuchs et al.
2006).

We propose that intra-VTA administration of JMV 2959
directly altered dopaminergic transmission in the downstream
terminals of the mesolimbic circuit, consequentially affecting
heroin seeking. It is well documented that ghrelin transmis-
sion in the VTA modulates DA activity in the mesolimbic
pathway (Abizaid et al. 2006). Approximately 35–60% of
neurons in the VTA that express GHS-R1a are dopaminergic,
with the remainder being GABAergic (Abizaid et al. 2006;
van Zessen et al. 2012). However, it seems that ghrelin also
increases the activation of VTA DA neurons by increasing
excitatory presynaptic glutamatergic input and decreasing in-
hibitory GABAergic input through rearrangement of the syn-
aptic input (Abizaid et al. 2006). Since chronic food restriction
increases plasma ghrelin levels, it is possible that this lowering
of the activation threshold in VTA neurons could increase DA
levels in the terminal regions of the mesolimbic pathway, such
as the NAc, upon exposure to drug cues. Indeed, we have
recently reported that FDR rats are more responsive to drug-
associated cues, leading to increased DA transmission in the
NAc and augmented heroin seeking (D’Cunha et al. 2017).
Therefore, we suggest that administration of JMV 2959
blocked this ghrelin-mediated increase in VTA DA firing
rates, subsequently reducing DA levels in the NAc and heroin
seeking in the FDR rats. This process would also explain why
JMV 2959 had no effect on heroin seeking in the sated rats,
which demonstrated lower levels of circulating ghrelin.

An important consideration when interpreting the current
results is that the ghrelin receptor, GHS-R1a, has constitutive
activity (Holst et al. 2003; Holst and Schwartz 2004). The
physiological role of this activity remains unclear, although
it is hypothesized to be related to ligand-independent release
of growth hormone (Holst and Schwartz 2004). Importantly,
recent evidence suggests that the GHS-R1a receptor antago-
nist that we used, JMV 2959, does not affect growth hormone
secretion, yet effectively reduces ghrelin-induced food intake
(M’Kadmi et al. 2015). These findings suggest dissociated
pathways that are involved in ghrelin actions on its receptor
and the constitutive activity of the GHS-R1a.

Conclusion

We have demonstrated here that changes in leptin and ghrelin
transmission in the VTA can modulate heroin seeking in food-
restricted rats. Moreover, the rapid decrease in plasma ghrelin
to baseline levels following re-feeding, concomitantly with
the fast increase in plasma leptin described above, coincide
nicely with the attenuation of heroin seeking in food-restricted
rats re-fed for 2 h or 24 h that we have previously reported
(D’Cunha et al. 2013). We suggest that chronic food

restriction-induced changes in both leptin and ghrelin levels
in the VTA could lead to altered DA transmission in the VTA
and downstream mesolimbic pathway targets, following ex-
posure to heroin-associated cues. These changes in leptin and
ghrelin signaling in the VTA may be directly linked to the
dopaminergic changes that we have observed in the NAc of
food-restricted rats during the heroin-seeking test (D’Cunha
et al. 2017). Future studies should investigate this putative link
between leptin and ghrelin in the VTA and downstream regu-
lation of DA in the NAc in chronically food-restricted rats.
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