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A B S T R A C T

Motivation alters behaviour in a complex manner and nucleus accumbens (NAc) shell has been implied as a key
structure regulating such behaviour. Recent studies show that acute ghrelin signalling enhances motivation
when assessed in a simple motor task. The aim of the present study was to define the role of ghrelin signalling on
motivation in a more complex motor behaviour. Rats were tested in the Montoya staircase, an animal model of
skilled reach foraging assessed by the number of sucrose pellets consumed. Electrophysiological recordings were
conducted to explore the neurophysiological correlates of ghrelin signalling. The initial electrophysiological
results displayed that ex vivo administration of ghrelin increased NAc shell output in brain slices from drug- and
training-naïve rats. In rats with an acquired skilled reach performance, acute as well as repeated treatment with
a ghrelin receptor (GHSR-1 A) antagonist (JMV2959) decreased the number of sucrose pellets consumed.
Moreover, infusion of JMV2959 into NAc shell reduced this consumption. Sub-chronic, during ten days,
JMV2959 treatment during training on the Montoya staircase reduced the number of pellets consumed, whereas
ghrelin improved this behaviour. In addition, field potential and whole cell recordings were conducted in NAc
shell of rats that had been treated with ghrelin or GHSR-1 A antagonist during training on the Montoya staircase.
Sub-chronic administration of ghrelin during motor-skill learning selectively increased the frequency of in-
hibitory transmission in the NAc shell, resulting in a net suppression of accumbal output. Collectively these data
suggest that ghrelin signalling in NAc shell enhances skilled reached foraging tentatively by increasing the
motivation.

1. Introduction

The neurocircuits underlying motivated behaviours are complex
and involve multiple neurotransmitters. When assessing the motivation
as well as learning of a complex motor behaviour, the Montoya stair-
case test can be used as a valid model of skilled reach foraging for su-
crose pellets (Montoya et al., 1991). Learning and motivational pro-
cesses can be studied during the acquisition of Montoya skilled reach
performance, whereas the performance of trained rats reflects motiva-
tion. Studies investigating the neuronal circuits involved in skilled
reach foraging show that the initial learning involves projections from
the medial prefrontal cortex (mPFC) to the dorsomedial striatum (DMS)
(Licheri et al., 2018), whereas the dorsolateral striatum (DLS) is an
important structure during consolidation of a motor skill (Balleine and

Dickinson, 1998; Barnes et al., 2005; Corbit and Balleine, 2003; Jog
et al., 1999; Yin et al., 2006). Furthermore, extensive research has es-
tablished that motivated behaviours also involve nucleus accumbens
(NAc) shell, a key area of the mesolimbic dopamine circuit (Robinson
and Berridge, 1993).

The orexigenic peptide ghrelin regulates feeding behaviours via
both hedonic and homeostatic circuits (for review see (Muller et al.,
2015). Ghrelin has also been attributed an ability to activate the do-
pamine reward circuit through stimulation of ghrelin receptors (growth
hormone secretagogue receptor, GHSR-1 A) expressed in key reward
areas of the mesolimbic dopamine system such as the ventral tegmental
area (VTA) (Abizaid et al., 2006; Jerlhag, 2008; Jerlhag et al., 2006,
2007; Quarta et al., 2009; Wellman et al., 2012) and NAc (Landgren
et al., 2011a). Acute systemic administration of ghrelin increases,
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whereas a GHSR-1 A antagonist decreases, the motivation to consume
sucrose or alcohol in the operant lever-pressing paradigm, an effect
linked to ventral tegmental GHSR-1 A (Landgren et al., 2012, 2011b;
Skibicka et al., 2011, 2012). We therefore hypothesise that ghrelin
signalling alters motivation via NAc shell, where the expression of the
GHSR-1 A has been detected (Landgren et al., 2011a; Skibicka et al.,
2011). In the present line of research, a combination of behavioural and
electrophysiological studies is used to identify the role of ghrelin sig-
nalling in areas of importance for complex motor behaviours as ex-
emplified by skilled reach foraging.

Ex vivo electrophysiology was performed to define the acute effects
by ghrelin or a GHSR-1 A antagonist, JMV2959, on neurotransmission
in NAc shell, mPFC, DLS and DMS, in drug and training naïve rats. In
addition, to further link the behavioural outcome of sub-chronic, ten
days of repeated, effects by ghrelin or GHSR-1 A antagonist to accumbal
neurotransmission ex vivo electrophysiology was performed in NAc
shell in rats with an acquired skilled reach performance. The Montoya
staircase test was used to evaluate the effects of altered ghrelin sig-
nalling on the motivation of skilled reach foraging in rats with an ac-
quired skilled reach performance as well as in rats without prior
Montoya experience. In addition, the influence of local infusion of a
GHSR-1 A antagonist into NAc shell on behaviour in the Montoya
staircase test was studied in rats with an acquired skilled reach per-
formance.

2. Material and methods

2.1. Experimental procedure

A combination of electrophysiological recordings and behavioural
assessments were used to address the role of ghrelin signalling in skilled
reach foraging (Supplementary table 1). Field potential and whole cell
recordings were conducted to evaluate possible neurocircuits under-
lying behaviours regulated by ghrelin signalling. The effects of repeated
ghrelin or JMV2959 treatment on the motivation, as measured by the
number of pellets consumed as well as the improvement of success rate,
of skilled reach performance in the Montoya staircase test. To exclude
that treatment influences gross motor performance the Rotarod test was
used. To achieve groups with similar motor capacities the results of the
Rotarod was used for stratification. In addition, to confirm the orexi-
genic properties of ghrelin food intake measurements were undertaken.

2.2. Animals

Outbred male Wistar Rcc Han rats (160–190 g; Envigo, Horst,
Netherlands) were group-housed (total of n= 92, in experiments with
systemic administration) or housed individually (n=12, in the ex-
periment with local injections). Wistar Rcc Han was used since this
strain shows a robust ability to pick sucrose pellets in the Montoya
staircase test. They were kept on a 12/12 h light/dark cycle at 20 °C
with 50% humidity with free access to water. Food availability in the
home-cage after behavioural assessments was restricted during night
(8% of body weight in chow per day, which correspond to 80% of the
daily free-feeding) to increase the motivate for skilled reach perfor-
mance. All experiments were approved by the Gothenburg Animal
Research Ethics Committee (151–2015) and conducted during the light
time cycle. All behavioural experiments used an independent set of rats.

2.3. Drugs

Acylated rat ghrelin (Bionuclear, Bromma, Sweden) was diluted in
vehicle (0.9% NaCl) for intraperitoneal (IP) use and was administered
10min prior to initiation of the experiments as this time frame has been
found to be required for initiation of the behavioural effects (Jerlhag,
2008; Landgren et al., 2011b; Skibicka et al., 2012). The selected dose
(0.33mg/kg=100 nmol/kg) activates the mesolimbic dopamine

system and increases sucrose intake (Jerlhag, 2008; Landgren et al.,
2011b; Skibicka et al., 2012). JMV2959, a potent and selective GHSR-
1 A antagonist (Moulin et al., 2007), was synthesised at the Institut des
Biomolécules Max Mousseron (IBMM; UMR5247, CNRS, Montpellier 1
and 2 Universities, France). For systemic as well as intra-NAc injection,
JMV2959 was administered 20min prior to test since this time is ne-
cessary for its pharmacological effect to be initiated (Jerlhag et al.,
2012; Landgren et al., 2012, 2011b; Prieto-Garcia et al., 2015). The
selected systemic dose (3mg/kg=5.9 μmol/kg, IP) was dissolved in
vehicle (0.9% NaCl), and was used since it attenuates alcohol-mediated
behaviours and has no effect per se on gross behaviour nor accumbal
dopamine release in rats (Jerlhag et al., 2012; Landgren et al., 2012,
2011b). For local and bilateral infusion into NAc shell JMV2959 was
dissolved in vehicle (Ringer solution: NaCl 140mM, Ca Cl2 1.2mM, KCl
3.0 mM and MgCl2 1.0mM). The selected dose of JMV2959 (10 μg=
20 nmol in 0.5 μl per side) reduces food intake in mice (Prieto-Garcia
et al., 2015) and alcohol intake in rats (Abtahi et al., 2018) without
affecting gross behaviour of the mice (Prieto-Garcia et al., 2015). In the
electrophysiology experiments the response to three different doses of
ghrelin (10, 100 or 5000 nM) was evaluated, while 1 μM of JMV2959
was used to block the effect.

2.4. Guide canula implantation

To enable accumbal injections, guides (stainless steel, length
10mm, with an o.d./i.d. of 0.6/0.45mm) were implanted two days
prior to the drug challenge. The rat was anaesthetized with isofluran
(Isofluran Baxter, Kronans Apotek, Gothenburg, Sweden) using a pump
(Univentor 400 Anaesthesia Unit, Univentor Ldt., Zejtun, Malta), placed
in a stereotaxic apparatus (David Kopf Instruments; Tujunga, CA, USA)
and kept on a heating pad to prevent hypothermia. Two drops of
Xylocain (10mg/ml) adrenalin (5 μg/ml) (Pfizer Inc, Kronans Apotek)
applied locally on the skull surface, were used for local anaesthesia. The
skull bone was exposed after an incision and three holes were drilled,
two for the guide and one for the anchoring screw. The NAc shell co-
ordinates relative to bregma was: AP+1.85mm, ML ± 1.0mm, DL
7.8 mm (Paxinos and Watson, 1998) The tip of each guide was inserted
1mm into the brain and they were anchored to the screw and the skull
with dental cement (DENTALON® plus; Agntho’s AB, Lidingö, Sweden).
Carprofen (5mg/kg, SC, Rimadyl®; Astra Zeneca, Kronans Apotek) was
administered once directly following surgery to relieve pain. One hour
prior to the injection, a dummy cannula was carefully inserted and
retracted from the guide to remove clotted blood and hamper spreading
depression. At the time of the experiment, a cannula was inserted an-
other 6.8 mm ventrally beyond the tip of the guide aiming for drug
administration into the NAc shell. The drug was administered over one
minute and the cannula was left in place for another minute before it
was retracted. The injections sites were verified post mortem (Supple-
mentary Fig. 1) and only rats with correct placements were included in
the statistical analysis.

2.5. Montoya staircase test

Three sucrose pellets (45mg; BioServ, Frenchtown, NJ, USA) were
placed on each staircase of Montoya apparatus (9× 6×30 cm,
Campden Instruments Ltd; Loughbrough, United Kingdom). At each
session the rat was placed inside the Montoya for 15min and the
number of sucrose pellets consumed as well as the success rate, re-
flecting motivation of skilled reach performance was measured. There
was two treatment/test free days between session 5 and 6.

2.5.1. Treatment effects in rats with an acquired skilled reach performance
Rats were subjected to vehicle treatment and trained in the Montoya

staircase for the initial five days (session 1–5) allowing rats to acquire a
skilled reach performance (Soderlund et al., 2015). This baseline be-
haviour was used to divide rats into future treatment groups with equal
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skilled reach performance. In these experiments the rats received
pharmacological treatment or relevant vehicle in combination with the
Montoya staircase after session 5.

In experiment one, rats received either JMV2959 or vehicle for four
days (session 6–9) and were treated acutely with ghrelin (treatment
group: JMV2959-ghrelin) or vehicle (treatment group: vehicle-vehicle)
at session 10. Separate rats received bilateral infusion of JMV2959 or
vehicle into NAc shell at session 6 and 7 (experiment two). To further
study how ghrelin influences motivation in rats with high or no skilled
reach performance, rats were treated with either ghrelin or vehicle for
five days (session 6–10) (experiment three).

2.5.2. Treatment effects in rats treated during acquisition of skilled reach
performance

Two separate experiments (experiment four and five) were con-
ducted in rats without prior exposure to the Montoya staircase test. In
these experiments the rats received treatment in combination with
training in the Montoya staircase.

In the fourth experiment, rats were treated daily with JMV2959 or
vehicle for ten days (session 1–10). A subset of rats, exposed to either
JMV2959 or vehicle for seven days, were included in the electro-
physiological recordings allowing identifications of neurocircuits in-
volved in the behavioural effects observed.

In experiment five, rats were treated daily for ten days with ghrelin
or vehicle (session 1–10). To evaluate if the effect of ghrelin treatment
is transient, the rats were then exposed to the Montoya staircase test for
three additional days with only vehicle treatment (session 11–13). To
test if acute JV2959 reduces the motivation in rats with an acquired
skilled reach performance, the GHSR-1 A antagonist was administered
at session 14 (treatment groups ghrelin-vehicle-JMV2959 and vehicle-
vehicle-JMV2959). A subset of rats, exposed to either ghrelin or vehicle
for seven days, were included in the electrophysiological recordings
allowing identifications of neurocircuits involved in the behavioural
effects observed.

2.6. Rotarod test

Rats were trained to stay on a rotating and accelerating (from 4 to
40 rpm) rotarod device (LE-8500, Panlab S.L.U.; Barcelona, Spain)
placed in a ventilated and sound attenuating cupboard for 10 min per
session. The mean time of four daily trials on the rod indicates the rat’s
gross motor performance. Rats with similar gross motor performance
were thereafter divided into future treatment groups (vehicle or phar-
macological manipulations). This design was used to reduce the pos-
sible effect of altered gross motor performance on the consumption of
sucrose pellets in the Montoya staircase test. In addition, rats were
trained on the rod following drug exposure at session 10 (experiment
one), at session 7 (experiment two), at session 10 (experiment three)
and at session 0, 5 and 10 (experiment four and five).

2.7. Food intake measurements

As ghrelin is an orexigenic peptide the effect of ghrelin manipula-
tions was also evaluated with food intake measurements. Following the
Montoya staircase test, where the rats consume sucrose pellets, a subset
of rats that were injected with JMV2959 or vehicle (experiment four)
were transferred to an individual empty cage, which they had habi-
tuated to earlier. The cage contained pre-weighed rat chow ad libitum.
Food intake was measured in other rats that were injected systemically
with ghrelin or vehicle (experiment five) during the Montoya staircase
test. The food was re-weighed after one hour. The rats were thereafter
transferred back to their home cage (group-housed condition).

2.8. Electrophysiological recordings

2.8.1. Brain slice preparation
Brain slice preparation was performed as previously described

(Adermark et al., 2016). In brief, animals were anesthetized and the
brain quickly removed and submerged in ice-cold modified artificial
cerebrospinal fluid (aCSF) containing (in mM); 194 sucrose, 30 NaCl,
4.5 KCl, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4 and 10 d-glucose, con-
tinuously bubbled with 95% O2/ 5% CO2. Coronal brain slices (300 μm)
were transferred to conventional aCSF containing (in mM); 124 NaCl,
4.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4 and 10 d-glucose,
continuously bubbled with a gas mixture of 95% O2/5% CO2. Slices
were incubated in aCSF for 30min at 30 °C and then at room tem-
perature for the remainder of the day.

2.8.2. Field potential recordings
Field potential recordings were performed to investigate the acute

and sub-chronic effects elicited by ghrelin and JMV2959 on neuro-
transmission. For field potential recordings, one hemisphere of a slice
was transferred to a recording chamber and perfused with pre-warmed
aCSF kept at 30 °C as previously described elsewhere (Morud et al.,
2016). Population spikes (PS) were activated by paired pulse stimula-
tion (50ms interpulse interval) at a frequency of 0.05 Hz. Stimulus
intensity (0.01−0.04mA) was adjusted so that the PS amplitude was
approximately half the size of the maximal response. Signals were
amplified by a custom-made amplifier, filtered at 3 kHz, and digitized
at 8 kHz.

To assess the acute effects displayed by ghrelin, PSs were monitored
in NAc shell, DLS, DMS and mPFC of treatment-naïve rats (Fig. 1A, I).
Following a stable baseline, ghrelin (10–5000 nM) or JMV2959 (1 μM)
was administered via the perfusion system. In a subset of recordings,
slices were pre-treated with JMV2959 for at least 20min before ghrelin
administration. The paired pulse ratio (PPR) was calculated to estimate
changes in release probability (PS2/PS1) elicited by ghrelin. To eval-
uate the sub-chronic effect by ghrelin and JMV2959 field potential
recordings were performed in animals trained on the Montoya staircase
for seven days during treatment. This allows the assessment of neu-
roadaptations caused by treatment in combination with training.
Changes in excitability were measured in the NAc shell and DMS by
stepwise increasing the stimulation strength (18–72 μA), and by cal-
culating PPR.

2.8.3. Whole cell recordings
To further assess the origin of neuroadaptations elicited by seven

days of training combined with drug-treatment, whole cell recordings
in voltage-clamp mode were performed in the NAc shell and DMS as
previously described in detail (Licheri et al., 2018). Only animals with
an acquired skilled reach performance in the Montoya staircase test
were used. Spontaneous inhibitory currents (sIPSCs) were isolated by
blocking NMDA and AMPA receptors using 50 μM AP5 (dissolved in
H2O; 28mM) and 10 μM CNQX (dissolved in H2O; 20mM). For re-
cording spontaneous excitatory postsynaptic currents (sEPSCs), brain
slices were perfused with the GABAA receptor antagonist bicuculline
(20 μM; dissolved in H2O, 20mM). NAc shell and DMS were identified
using a 10x/0.30 objective attached to a Nikon Eclipse FN-1 micro-
scope, while a 40x/0.80 water-immersion objective was used to localize
medium spiny neurons (MSNs). Recording pipettes with a resistance
ranging from 2.5 to 4.5MΩ were prepared from borosilicate glass
(Sutter Instruments; Novato; CA, USA) and filled with an internal so-
lution containing (in mM): 150 CsCl, 10 Hepes, 2 MgCl2, 0.3 Na2GTP, 3
MgATP, and 0.2 BAPTA, 5 lidocaine N-ethyl bromide (QX314), pH
adjusted to 7.2 with CsOH, with the osmolarity adjusted with sucrose to
292–294 mOsm. MSNs were voltage clamped at −70mV, and a stable
baseline response was observed over 5–10min before spontaneous ac-
tivity was recorded for 5min. Data was amplified using an Axopatch
700B amplifier (Axon Instruments; Foster City, CA, USA), filtered at
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2 kHz, digitized at 5 kHz, and acquired using Clampex 10.2 (Molecular
Devices, Foster City, CA, USA). All recordings were performed under
constant flow of pre-warmed aCSF (33–34 °C, 2ml/min). Only record-
ings with a stable series resistance that varied less than 20% and did not
exceed 25MΩ were included in the analysis.

2.9. Statistical analysis

The data from the Montoya staircase test, rotarod as well as one
hour food intake was analysed using repeated measure two-way
ANOVA. In addition, an unpaired t-test was used to analyse the data
from rats receiving acute drug treatments in the Montoya staircase test.
Data from electrophysiological recordings were analysed using Clampfit
(Molecular Devices, Foster City, CA), Minianalysis 6.0 software
(Synaptosoft; Decatur, GA, USA) and Graph Pad Prism. Treatment-ef-
fects were analysed using two-way ANOVA, or t-test when applicable.
All data is presented as mean values ± SEM, and the level of sig-
nificance was set to p < 0.05.

3. Results

3.1. Effects of acute administration of ghrelin on ex vivo accumbal output in
training and treatment naïve rats

The electrophysiological recordings confirmed that ghrelin acts in
the NAc shell, as acute perfusion of physiologically relevant ghrelin
concentrations ex vivo onto brain slices from treatment and training-
naïve rats significantly modulated evoked PS amplitude in the NAc shell
in a concentration dependent manner (one-way ANOVA: F(1.1,
38.5)= 378, P < 0.001; Fig. 1B), while JMV2959 (10 μM) had no ef-
fect (two-way ANOVA: F(1,11)= 0.72, P > 0.05; Fig. 1D). The dose of
100 nM, which was the lowest concentration to produce a change in
neurotransmission and that correlates relatively well with the dose used
for previous (Jerlhag, 2008; Landgren et al., 2011b; Skibicka et al.,
2012), as well as the present in vivo experiments, was therefore used in
the subsequent electrophysiological recordings. Pre-treatment with
JMV2959 prevented the increase in PS amplitude induced by 100 nM
ghrelin (two-way ANOVA: F(1,21)= 5.24, P < 0.05; Fig. 1E), showing
that the effect is mediated via GHSR-1 A. The increase in PS amplitude
was accompanied with a decrease in PPR, indicating that ghrelin fa-
cilitates transmitter release (t-test: t = 2.75, df= 13, P < 0.05;
Fig. 1G). The change in PPR was not present in JMV2959-pretreated
slices (t-test: t= 0.23, df= 14, P > 0.05; Fig. 1G). Ghrelin (100 nM)
did not modulate PS amplitude as compared to JMV2959+ghrelin in
the DLS (two-way ANOVA: F(1,11)= 0.03, P > 0.05; Fig. 1H). Ghrelin
(100 nM) did also not produce any significant increase in PS amplitude
(two-way ANOVA: F(1,12)= 2.08, P= 0.18; Fig. 1I) or PPR in the DMS
(paired t-test: t= 0.25, df= 9, P= 0.81; Fig. 1J). Ghrelin (100 nM) did
not modulate PS amplitude as compared to JMV2959+ghrelin in the
mPFC (two-way ANOVA: F(1,08)= 0.02, P > 0.05; Fig. 1L).

3.2. Effects of systemic or NAc JMV2959 on the number of pellets
consumed and success rate in rats with an acquired skilled reach
performance

Rats established an acquired skilled reach performance as demon-
strated by an increase in the number of sucrose pellets consumed
(treatment F(1,35)= 0.28, P= 0.599, time F(4,35)= 5.17, P= 0.002,
interaction F(4,35)= 0.03, P= 0.999; n=8 per group; Fig. 2A) as well
as enhanced success rate (treatment F(1,35)= 0.13, P=0.722, time F
(4,35)= 2.05, P= 0.109, interaction F(4,35)= 0.19, P= 0.941;
Fig. 2B) during session 1–5. Sub-chronic JMV2959 reduced the number
of sucrose pellets consumed during session 6–9 (treatment F
(1,28)= 4.30, P=0.047, time F(3,28)= 0.37, P= 0.774, interaction
F(3,28)= 0.26, P=0.855; Fig. 2A) and acute ghrelin reversed the
ability of JMV2959 to reduce the pellets consumption in a complex

motor task to the level of vehicle (P= 0.511; Fig. 2A). Neither
JMV2959 (session 6–9; treatment F(1,28)= 0.51, P=0.481, time F
(3,28)= 0.49, P=0.691 interaction F(3,28)= 0.43, P=0.734;
Fig. 2B) nor ghrelin (P= 0.95) influenced success rate in rats with
acquired skilled reach performance. There was no difference in time at
the rotarod between treatment groups at baseline (treatment F
(1,28)= 0.13, P= 0.717, time F(3,28)= 2.23, P= 0.107, interaction
F(3,28)= 0.83, P=0.488; Fig. 2C). Neither treatment affected gross
motor performance since there were no differences in time at the ro-
tarod between rats in treatment groups (P=0.847; Fig. 2C).

In a separate experiment, rats established an acquired skilled reach
performance as shown by the increase in the number of pellets con-
sumed (treatment F(1,25)= 0.20, P= 0.661, time F(4,25)= 9.14,
P < 0.001, interaction F(4,25)= 0.23, P= 0.917; n=6 per group;
Fig. 2D) and increased success rate (treatment F(1,25)= 0.002,
P= 0.969, time F(4,25)= 6.69, P=0.001, interaction F(4,25)= 0.42,
P= 0.795; Fig. 2E) during session 1–5. Local and bilateral infusion of
JMV2959 into NAc shell reduced the number of sucrose pellets con-
sumed during session 6–7 compared to vehicle (treatment F
(1,10)= 5.37, P= 0.043, time F(1,10)= 0.09, P= 0.766, interaction
F(1,10)= 0.29, P=0.605; Fig. 2D). There was a tendency to a re-
duction in success rate following JMV2959 treatment (session 6–7;
treatment F(1,10)= 3.95, P= 0.075; Fig. 2E), indicating that
JMV2959 into NAc shell may alter the execution of skilled reach per-
formance. However, there was no effect of time (F(1,10)= 0.34,
P= 0.572) or interaction (F(1,10)= 0.03, P=0.869).There were no
differences in time at the rotarod between treatment groups at baseline
(treatment F(1,25)= 0.0002, P=0.993, time F(4,25)= 2.57,
P= 0.063, interaction F(4,25)= 0.07, P= 0.991; Fig. 2F) nor after
accumbal JMV2959 or vehicle treatment (P= 0.742; Fig. 2F), in-
dicating that JMV2959 into NAc shell does not alter gross motor per-
formance.

3.3. Effects of ghrelin on the number of pellets consumed and success rate in
rats that did as well as did not established an acquired a skilled reach
performance

Some rats established a skilled reach performance during session
1–5 (treatment F(1,30)= 0.10, P=0.760, time F(4,30)= 12.56,
P < 0.001, interaction F(4,30)= 0.06, P= 0.992; n=7 per group;
Fig. 3A), whereas some did not (n= 5 per group; Fig. 3B). In rats with
an acquired skilled reach performance sub-chronic ghrelin did not in-
fluence on the number of sucrose pellets consumed during session 6–10
(treatment F(1,30)= 0.32, P=0.577, time F(4,30)= 0.51, P=0.727,
interaction F(4,30)= 0.08, P= 0.987; Fig. 3A). On the other hand,
sub-chronic ghrelin had a tendency to increase the number of sucrose
pellets consumed during session 6–10 in rats with no acquired skilled
reach performance (treatment F(1,20)= 4.31, P= 0.051, time F
(4,20)= 0.33, P=0.853, interaction F(4,20)= 0.04, P=0.997;
Fig. 3B). The success rate was increased over time (session 1–5) in rats
with an acquired skilled reach performance (treatment F(1,30)= 0.08,
P= 0.778, time F(4,30)= 4.61, P=0.005, interaction F(4,30)= 0.32,
P= 0.860; Fig. 3C), but not in the rats with no established skilled reach
performance (Fig. 3D). Sub-chronic ghrelin treatment did not alter the
success rate in rats with an acquired skilled reached performance
(session 6–10; treatment F(1,30)= 3.29, P=0.080, time F
(4,30)= 0.09, P=0.987, interaction F(4,30)= 0.39, P=0.813;
Fig. 3C). However, ghrelin increased the success rate in rats with no
acquired skilled reach performance (treatment F(1,20)= 4.91,
P= 0.038, time F(4,20)= 0.35, P=0.842, interaction F(4,20)= 0.05,
P= 0.996; Fig. 3D).

In rats with high acquired skilled reach performance there were no
differences in time at the rotarod between treatment groups at baseline
(treatment F(1,30)= 0.29, P=0.597, time F(4,30)= 0.22, P=0.923,
interaction F(4,30)= 0.30, P=0.879; Fig. 3E) nor after ghrelin or
vehicle treatment (P= 0.678; Fig. 3E). In rats without acquired skilled
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reach performance there were no differences in time at the rotarod
between treatment groups at baseline (treatment F(1,20)= 2.85,
P=0.107, time F(4,20)= 0.23, P=0.916, interaction F(4,20)= 0.28,
P=0.890; Fig. 3F) nor after ghrelin or vehicle treatment (P=0.541;
Fig. 3F), collectively indicating that ghrelin does not alter gross motor
performance.

3.4. Effects of daily JMV2959 treatment on the number of pellets consumed
and success rate

Compared to vehicle, daily JMV2959 decreased the number of
pellets consumed (treatment F(1,90)= 48.16, P < 0.001, time F
(9,90)= 2.61, P= 0.010, interaction F(9,90)= 0.99, P= 0.455;
n=10 per group; Fig. 4A) as well as reduced the success rate (treat-
ment F(1,90)= 18.60, P < 0.001, time F(9,90)= 1.15, P=0.339,
interaction F(9,90)= 0.53, P=0.850; Fig. 4B).

The rats were divided into treatment groups based on their baseline
rotarod performance. Comparison between future treatment groups
revealed similar gross motor behaviour at baseline (treatment F
(1,27)= 0.28, P=0.598, time F(2,27)= 3.46, P= 0.046, interaction
F(2,27)= 0.004, P= 0.996; Fig. 4C). JMV2959 did not influence the
time at the rotarod (treatment F(1,27)= 0.41, P=0.529, time F

(2,27)= 0.65, P=0.528, interaction F(2,27)= 0.10, P=0.903;
Fig. 4C). Repeated JMV2959 treatment reduced chow intake (treatment
F(1,60)= 10.24, P=0.002, time F(9,60)= 5.58, P < 0.001, interac-
tion F(9,60)= 0.31, P=0.968; n=7 per group; Fig. 4D), in rats that
consumed sucrose in the preceding Montoya staircase test.

3.5. Effects of daily ghrelin treatment on the number of pellets consumed
and success rate

Daily ghrelin treatment increased the number of pellets consumed
compared to vehicle treatment (treatment F(1,80)= 7.78, P=0.007,
time F(9,80)= 3.08, P=0.003, interaction F(9,80)= 1.15, P=0.339,
n=9 per group; Fig. 5A). At the drug-free session 11–13, there was no
significant difference in consumption between rats previously treated
with ghrelin or vehicle (treatment F(1,24)= 2.23, P=0.149, time F
(2,24)= 0.01, P=0.995, interaction F(2,24)= 0.05, P=0.951;
Fig. 5A), indicating that the ghrelin-induced potentiation of motivation
of skilled reach foraging is transient and disappears when the drug is no
longer present. In comparison to the prior non-treatment session 13,
acute JMV2959 injection decreased the number of pellets consumed in
both groups of rats (P=0.001 for both ghrelin-vehicle-JMV and ve-
hicle-vehicle-JMV, Fig. 5A). JMV2959 reduced the number of pellets

Fig. 1. Effects of acute administration of ghrelin on ex vivo accumbal output in training and treatment naïve rats.
A) Schematic slice showing the areas where field potential recordings were performed. B) Perfusion of ghrelin increases evoked population spike (PS) amplitude in
the NAc shell. C) Example traces showing evoked PS at baseline (black) and following 15min administration of ghrelin (100 nM; gray) in the NAc shell. Calibration is
0.2 mV, 2ms. D–E) JMV2959 (JMV) did not affect PS amplitude per se, but prevented the effect displayed by 100 nM ghrelin. F) Example traces show paired pulse
stimulation-evoked PS at JMV-treated baseline (black) and following 15min administration of JMV+ghrelin (gray). Calibration is 0.2 mV, 2ms. G) The increase in
PS amplitude induced by 100 nM ghrelin was accompanied with a decrease in PPR in aCSF-treated slices, but not in JMV pre-treated slices. H) PS amplitude in the
DLS was not modulated by 100 nM ghrelin perfusion as compared to JMV+ghrelin. I) Perfusion of 100 nM ghrelin did not modulate PS amplitude in the DMS as
compared to aCSF. J) Ghrelin did not alter pre-pulse ratio in aCSF pre-treated slices. K) Schematic slice showing the area where field potential recordings were
performed in the mPFC. L) PS amplitude in the mPFC was not modulated by 100 nM ghrelin perfusion as compared to JMV+ghrelin. Data are presented as mean
values ± SEM. n= number of brain slices taken from rats from at least 3 different litters. * P < 0.05, significant from control.
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consumed similarly in both groups since there was no difference in
response between the two group of rats at session 14 (P > 0.05). This
confirmed the hypothesis that JMV2959 reduced the motivation to
consume sucrose pellets in rats with an acquired skilled reach perfor-
mance. On the other hand, ghrelin administration at session 1–10 did
not alter the success rate (treatment F(1,80)= 1.86, P=0.176, time F
(9,80)= 1.75, P= 0.091, interaction F(9,80)= 0.77, P= 0.642,
Fig. 5B). The rats were divided into treatment groups based on their
baseline rotarod performance, comparison between groups at baseline
(treatment F(1,24)= 0.60, P= 0.447, time F(2,24)= 4.10, P= 0.029,
interaction F(2,24)= 1.42, P=0.260; Fig. 5C). Sub-chronic ghrelin did
not alter gross motor performance as treatment did not alter the time at
the rotarod (treatment F(1,24)= 2.05, P= 0.166, time F(2,24)= 0.32,
P=0.727, interaction F(2,24)= 0.16, P= 0.853; Fig. 5C). In rats
previously consuming sucrose in the Montoya staircase test, ghrelin
increased chow consumption (treatment F(1,70)= 19.99, P < 0.001,
time F(9,70)= 1.83, P= 0.078, interaction F(9,70)= 0.41, P= 0.926,

n=8 per group; Fig. 5D), supporting the established orexigenic role of
ghrelin.

3.6. Effects of sub-chronic administration of ghrelin during skilled reach
foraging on neuroadaptations in the NAc shell

To assess long-lasting effects of ghrelin on neurotransmission un-
derlying the ability of ghrelin to enhance the motivation of skilled reach
foraging, electrophysiological field potential recordings and whole cell
recordings in voltage clamp mode were performed in animals trained
on the Montoya Staircase test for seven days during administration of
ghrelin, JMV2959 or vehicle. Field potential recordings performed in
the NAc shell showed that animals receiving ghrelin during training had
a significantly lower PS amplitude as compared to vehicle-treated
controls (two-way ANOVA F(1,73)= 4.80, P < 0.05; Fig. 6B), while
PPR was not significantly modulated (unpaired t-test: vehicle vs.
ghrelin: t= 1.04, df= 81, P > 0.05; Fig. 6C). In addition, sIPSC

Fig. 2. Effects of JMV2959, repeated systemically or into NAC shell, on the motivation of skilled reach foraging in rats with an acquired skilled reach performance.
A) Rats in both future treatment groups established similar acquired skilled reach performance during the first vehicle (Veh)-treatment period (session 1–5). Repeated
JMV2959 (JMV) treatment (n= 8) during session 6–9 decreased the number of pellets consumed in rats with an acquired skilled reach performance compared to
vehicle (n=8). At session 10, there was no difference in number of pellets consumed between acute vehicle or ghrelin (Ghr) treatment, indicating that ghrelin
reversed the ability of JMV2959 to reduce the number of sucrose pellets consumed. B) There were no differences in success rate during the five first vehicle days,
between repeated JMV2959 or vehicle treatment nor between acute vehicle and ghrelin treated rats C) There were no differences in time at the rotarod (sec) between
groups at baseline nor after drug treatment, indicating that treatment does not influence gross motor performance. D) Rats later infused locally with JMV2959 or
vehicle into NAc shell established similar acquired skilled reach performance during the first vehicle (Veh)- treatment period (session 1–5). Infusion of JMV2959
(JMV, n= 6) into NAc shell decreased the number of pellets consumed in rats with an acquired skilled reach performance compared to vehicle (n= 6)(session 6–7).
E) Rats later infused locally with JMV2959 or vehicle into NAc shell established similar success rate during the five first vehicle days. JMV2959 treatment into NAc
shell had a tendency to reduce the success rate compared to vehicle F) There were no differences in time at the rotarod (sec) between groups at baseline nor after
accumbal JMV2959 or vehicle treatment, indicating that accumbal JMV2959 does not influence on gross motor performance. Data are presented as mean ± SEM;
*P < 0.05 and n.s. = not significant.
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frequency was significantly increased in the NAc shell of rats treated
with ghrelin (sIPSC frequency: t= 2.30, df= 13, P < 0.05; sIPSC
amplitude: t= 1.38, df= 13, P > 0.05; Fig. 6D–E), while neither
frequency nor amplitude of recorded sEPSCs were affected (sEPSC
frequency: t= 0.00, df= 10, P > 0.05; sEPSC amplitude: t= 0.27,
df= 10, P > 0.05; Fig. 6F-G). In addition, repeated administration of
JMV2959 did not affect input/output function (F(1,63)= 0.355,
P > 0.05; Fig. 6B) nor sIPSC frequency (t= 0.24, df= 9, P > 0.05;
Fig. 6D). Sub-chronic-treatment of ghrelin did not produce neuroa-
daptations in the DMS as compared to vehicle-treated controls trained
in parallel (Input/Output: F(1,75)= 0.31, P=0.579; PPR: t= 1.57,
df= 20, P= 0.13; sIPSC frequency: t= 0.10, df= 10, P=0.92; sIPSC
amplitude: t= 0.25, df= 10, P=0.81; Fig. 6H-K).

4. Discussion

The data presented here suggest that the orexigenic peptide ghrelin
may regulate motivation of skilled reach foraging via activation of ac-
cumbal circuits. Firstly, our electrophysiological recordings revealed
that ghrelin strengthens evoked field potentials in NAc shell, putatively
by facilitating accumbal transmitter release, in brain slices from drug-

and training-naïve rats (Fig. 1B, G). This increase in excitatory neuro-
transmission by ghrelin was only apparent in the NAc shell, a key area
involved in motivation (Robinson and Berridge, 1993), but not in other
brain regions investigated including DMS, DLS and mPFC (Fig. 1H, I, L)
which are involved in learning and consolidation of motor skill per-
formance (Balleine and Dickinson, 1998; Barnes et al., 2005; Corbit and
Balleine, 2003; Jog et al., 1999; Yin et al., 2006). These electro-
physiological findings may thus provide identification of a tentative
neurochemical substrate mediating previous data demonstrating that
acute systemic administration of ghrelin increases, whereas JMV2959
reduces, the number of lever presses for sucrose as well as alcohol in an
operant self-administration model (Gomez et al., 2015; Landgren et al.,
2012, 2011b; Skibicka et al., 2012). A physiological role of ghrelin
signalling in NAc shell is further substantiated by the data showing that
GHSR-1 A are expressed in NAc (Landgren et al., 2011a; Skibicka et al.,
2011) and that pharmacological or genetic manipulations of NAc shell-
GHSR-1 A modulates the intake of chow, palatable food, high fat diet as
well as alcohol (Abtahi et al., 2018; King et al., 2016; Naleid et al.,
2005; Prieto-Garcia et al., 2015). Even though the expression of GHSR-
1 A have been detected in NAc, the present study cannot determine
whether the acute effects of ghrelin are mediated by presynaptic or

Fig. 3. Effects of ghrelin on the motivation of
skilled reach foraging in rats with no or high
acquired skilled reach performance.
Some rats A), but not all B) established an ac-
quired skilled reach performance during the
first vehicle (Veh)- treatment period (session
1–5). A) Repeated ghrelin (Ghr) treatment
(n=7) did not alter the number of pellets
consumed in rats with an acquired skilled
reach performance compared to vehicle
(n=7)(session 6–10). B) Repeated ghrelin
treatment (n=5) tended to increase the
number of pellets consumed in the rats that did
not established a skilled reach performance
during session 1–5, compared to vehicle
(n=5)(session 6–10). C) Among rats that es-
tablished an acquired skilled reach perfor-
mance there were no differences in success rate
during the five first vehicle treatment days.
Repeated ghrelin did not alter success rate
compared with vehicle in these rats (session
6–10). D) Among rats that did not establish an
acquired skilled reach performance during the
five first vehicle treatment days, repeated
ghrelin increased success rate compared to
vehicle (session 6–10). E) In rats with high
acquired skilled reach performance (session
1–5) there were no difference in time at the
rotarod (sec) between groups at baseline nor
after ghrelin or vehicle treatment, indicating
that ghrelin does not influence on gross motor
performance. F) In rats without acquired
skilled reached performance (session 1–5)
there were no difference in time at the rotarod
(sec) between groups at baseline nor after
ghrelin or vehicle treatment, indicating that
ghrelin does not influence on gross motor
performance. Ghrelin did not influence the
time at the rotarod (sec) compared to vehicle,
indicating that treatment does not influence
gross motor performance. Data are presented
as mean ± SEM; *P < 0.05 and n.s. = not
significant.
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postsynaptic mechanisms. Therefore, future studies should evaluate the
location of GHSR-1 A within NAc shell.

Secondly, the results obtained herein expand on these previous
studies that are investigated in the operant self-administration models,
which is considered a simpler motor skill task (Gomez et al., 2015;
Landgren et al., 2012, 2011b; Skibicka et al., 2012). Indeed, we de-
monstrated in rats with an acquired skilled reach performance that
acute (Fig. 5A) as well as repeated (Fig. 2A) JMV2959 treatment de-
creased the motivation of skilled reach foraging, where rats with more
established skilled reached performance tentatively display a more ro-
bust inhibitory effect of JMV2959. The data also indicate that acute
ghrelin restored the JMV2959-mediated reduction in motivation
(Fig. 2A). When it comes to ghrelin administration to rats with an ac-
quired skilled reach performance, we found somewhat surprisingly that
ghrelin did not alter the motivation of skilled reach foraging (Fig. 3A).
However, in rats with no prior learning of the task during session 1–5,
ghrelin administration during session 6–10 increased the motivation of
skilled reach foraging (Fig. 3B). Collectively these findings indicate that
ghrelin only increase the motivation in rats with low or no acquired
skilled reach performance. It should however be considered that a
pharmacological or behavioural ceiling effect may influence the out-
come in this experiment. We further established that ghrelin signalling
in NAc shell is involved in this behaviour in rats with acquired skilled
reach performance since infusion of JMV2959 into NAc shell reduced
the consumption of sucrose pellets (Fig. 2D).

Thirdly, we found that sub-chronic treatment of a GHSR-1 A an-
tagonist reduced (Fig. 4A) the motivation of skilled reach foraging,
while repeated ghrelin injection increased (Fig. 5A) this behaviour in
rats treated throughout the entire behavioural testing (session 1–10).

The electrophysiological results conducted in these rats suggest that
sub-chronic administration of ghrelin reduced accumbal output by se-
lectively increasing sIPSC frequency (Fig. 6B, D). Considering previous
findings showing that GABA in the NAc shell participates in the central
regulation of feeding behaviour, and that intra accumbal administra-
tion of the GABAA receptor agonist muscimol enhances food intake
(Khaimova et al., 2004; Newman et al., 2013; Stratford and Kelley,
1997), increased inhibitory transmission could indirectly enhance
performance by increasing the reward-value of the pellets. Considering
the putative role of dopamine in mediating structural and synaptic
plasticity in inhibitory MSNs (Adermark, 2011; Fasano et al., 2013;
Villalba and Smith, 2013), these findings might be connected to region
specific effects by ghrelin on dopaminergic signalling. However future
studies should investigate the underlying mechanisms to this sustained
effect on sIPSC frequency in NAc shell MSNs induced by repeated
ghrelin treatment during motor skill behaviour. Systemic ghrelin has
repeatedly been shown to exert a strong modulation over neuronal
activity in the VTA resulting in accumbal dopamine release (Abizaid
et al., 2006; Jerlhag, 2008; Sommer and Hauber, 2016; van der Plasse
et al., 2015), while the effect by ghrelin on nigro-striatal circuitry is less
well studied. Even though it remains to be determined, it is therefore
possible that ghrelin elevates dopamine to a greater extent in the NAc
compared to striatal circuitry, thereby facilitating long-lasting specific
neuroadaptations in this brain subregion. In support for this contention
are our data revealing that the inhibitory neurotransmission was not
altered in the DMS. We therefore postulate that the ability of sub-
chronic ghrelin treatment during skilled reach foraging to augment
motivation and performance is linked to accumbal neuroadaptations
elicited by repeated administration of ghrelin during the Montoya

Fig. 4. Effects of daily JMV2959 treatment on the motivation to skilled reach foraging.
A) Sub-chronic JMV2959 (JMV, n= 10) treatment decreased the number of pellets consumed compared to vehicle (Veh, n= 10) in the Montoya staircase. B)
Repeated JMV2959 treatment decreased the success rate compared to vehicle. C) There were no differences in time at the rotarod (sec) between groups at baseline
nor after JMV2959 or vehicle treatment, indicating that JMV2959 does not influence on gross motor performance. D) Daily injection of JMV2959 decreased 1 h food
intake compared to vehicle in rats that consumed sucrose during the preceding Montoya staircase test. Data are presented as mean ± SEM; ***P < 0.001,
**P < 0.01 and n.s. = not significant.
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staircase test. However, it should also be considered that ghrelin sig-
nalling within other areas, not investigated in the present electro-
physiological studies, may also be involved in regulating the motivation
to engage in a complex motor skill function (Balleine and Dickinson,
1998; Gremel and Costa, 2013).

As further shown in the conducted electrophysiological experiments
JMV2959 blocks ghrelin’s effects on neurotransmission, but does not
affect neurotransmission in investigated brain areas per se. The differ-
ence in response between ghrelin and the GHSR-1 A antagonist on
outcome measurement is in line with findings that ghrelin increases
whereas JMV2959 by it self does not alter dopamine release in NAc
(Abizaid et al., 2006; Jerlhag et al., 2006, 2007). We therefore spec-
ulate that pharmacological GHSR-1 A suppression does not interact
with the mesolimbic dopamine system in absence of reinforcers but
prevents the system from being activated by external stimuli such as
consumption of sucrose pellets. In support for this contention are pre-
vious data showing that JMV2959, which have no effect on gross be-
haviour nor accumbal dopamine transmission per se, reduces sexual
behaviour as well as prevents drug reinforcement in rodents (Egecioglu
et al., 2016; Jerlhag et al., 2010, 2009; Prieto-Garcia et al., 2015).

The well-documented orexigenic role of ghrelin signalling (for re-
view see (Muller et al., 2015)) is supported by our present data showing
that sub-chronic ghrelin administration increases, whereas JMV2959
reduces, food intake in rats. It is known that energy status affects the
outcome of ghrelin (Alen et al., 2013) and it should therefore be taken
into consideration that all rats used in the present study were food
deprived. It is therefore possible that elevated ghrelin levels observed in

food restriction and hunger (Bhatti et al., 2006) enhance the motivation
of skill reached behaviour. This are a potential limitation in inter-
pretation of the data and upcoming studies using food restriction should
correlate endogenous plasma levels of ghrelin to motivation of skilled
reach behaviour.

The behavioural outcome in the complex motor task used herein is
likely to be influenced by various factors other than motivation. One of
these is alteration in calorie intake since we in addition to sucrose
consumption demonstrate an effect on regular chow intake. However
ghrelin signalling also modulates reinforcers without caloric content
such as cocaine, amphetamine, nicotine and saccharin (for review see
(Morris et al., 2018). It is unlikely that JMV2959 and ghrelin alter the
consumption of sucrose pellets by affecting gross motor performance
since neither treatment affected the time spend on the rod in the Ro-
tarod test. Moreover, these Rotarod findings suggest that performance
on the rod is independent of ghrelin signalling. The possibility that
behaviours such as novelty seeking, impulsivity and anxiety, which
ghrelin influences (Anderberg et al., 2016; Hansson et al., 2011, 2012)
may affect the obtained results should also be considered. It should also
be consider that the process of prediction error learning could be in-
volved in the behavioural outcome of the present studies (Schultz and
Dickinson, 2000). Factors such as sex (Clegg et al., 2007; Johnson et al.,
2016) may affect the behavioural outcome of ghrelin, and therefore
future studies should investigate the role of ghrelin signalling for the
motivation of skilled reach performance in female rats. Contrarily to
rats with an acquired skilled reach performance, learning processes
may in all probability influence the obtained data in rats without prior

Fig. 5. Effects of daily ghrelin treatment on the motivation of skilled reach foraging.
A) Repeated ghrelin (Ghr, n=9) treatment increases the number of pellets consumed compared to vehicle (Veh, n=9) in the Montoya staircase during session 1–10.
There are no differences between groups during the subsequent three sessions with vehicle treatment (session 11–13), indicating that the ghrelin-induced po-
tentiation of motivation of skilled reach foraging is short-lasting, and disappears when the drug is no longer present. On the last day (session 14), acute JMV2959
injection decreased the number of pellets consumed compared with values at session 13 in both groups of rats. B) Daily injection of ghrelin did not influence the
success rate compared to vehicle. C) There were no differences in time at the rotarod (sec) between groups at baseline nor after ghrelin or vehicle treatment,
indicating that ghrelin does not influence gross motor performance. D) Ghrelin administered repeatedly increased 1-hour food intake compared to vehicle, in rats that
consumed sucrose during the proceeding Montoya staircase test. Behavioural data are presented as mean ± SEM; ***P < 0.001, **P < 0.01 and n.s. = not
significant. ## P < 0.01 for acute JMV2959 treatment in both Ghr-Veh-JMV or Veh-Veh-JMV versus the proceeding vehicle-treatment day (session 13).
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Montoya experience. Indeed, we found that daily JMV2959 treatment
reduced the number of pellets consumed (Fig. 4A) as well as success
rate (Fig. 4B) during the initial sessions. On the other hand, ghrelin
treatment to rats without prior Montoya experience did not alter the
success rate (Fig. 5B) and only enhances sucrose pellets consumption
during session 6–10 (Fig. 5A), implying that the behavioural output of
ghrelin in this model are more influenced by motivation than learning.
This is substantiated by the electrophysiology data showing that ghrelin
alters neurotransmission in NAc shell, but not DMS.

In summary, the present data contribute to further understand the
pleiotropic effects of ghrelin as we demonstrated that ghrelin signalling
regulate the motivation to complex behaviours such as skilled reach
foraging via limbic neurocircuits, which supports the emerging litera-
ture suggesting that ghrelin signalling increases the incentive salience
of motivated behaviours. Taken together with previous studies estab-
lishing that pharmacological suppression of the GHSR-1 A attenuate
alcohol-mediated behaviours in rodents (for review see (Jerlhag,
2018)), the clinical use of such compounds, which are well tolerated

and tested in patients with alcohol use disorder (Denney et al., 2017;
Lee et al., 2018), would consist of an interesting future treatment per-
spective for various addictive disorders.
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Fig. 6. Effects of sub-chronic administration of ghrelin during skilled reach foraging on neuroadaptations in the NAc shell.
Schematic drawing showing the area from which electrophysiological measures were conducted. B) Input/output function was suppressed in brain slices from
animals previously treated sub-chronically during the Montoya staircase test with ghrelin, but not JMV2959 (JMV), as compared with vehicle treated controls. C)
PPR was not modulated by ghrelin or JMV treatment. D) sIPSC frequency was enhanced in slices from ghrelin-treated rats. E–G) Neither sIPSC amplitude, sEPSCs
frequency nor sEPSCs amplitude were affected by ghrelin treatment. H–I) Input output function and PPR were not altered in the DMS of ghrelin-treated rats as
compared to vehicle-treated control. J–K) Whole cell voltage clamp recordings conducted in the DMS further showed no effect on sIPSC frequency or amplitude in
ghrelin-treated rats. Electrophysiology data are presented as mean values ± SEM. n= number of brain slices taken from rats from at least 3 different animals/
treatment. * P < 0.05, significant from control.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.psyneuen.2019.04.
008.
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