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A major driver of obesity is the increasing palatability of processed foods. Although reward circuits promote the consumption
of palatable food, their involvement in obesity remains unclear. The ventral pallidum (VP) is a key hub in the reward system
that encodes the hedonic aspects of palatable food consumption and participates in various proposed feeding circuits.
However, there is still no evidence for its involvement in developing diet-induced obesity. Here we examine, using male
C57BL6/J mice and patch-clamp electrophysiology, how chronic high-fat high-sugar (HFHS) diet changes the physiology of
the VP and whether mice that gain the most weight differ in their VP physiology from others. We found that 10–12 weeks of
HFHS diet hyperpolarized and decreased the firing rate of VP neurons without a major change in synaptic inhibitory input.
Within the HFHS group, the top 33% weight gainers (WGs) had a more hyperpolarized VP with longer latency to fire action
potentials on depolarization compared with bottom 33% of weight gainers (i.e., non-weight gainers). WGs also showed synap-
tic potentiation of inhibitory inputs both at the millisecond and minute ranges. Moreover, we found that the tendency to
potentiate the inhibitory inputs to the VP might exist in overeating mice even before exposure to HFHS, thus making it a
potential property of being an overeater. These data point to the VP as a critical player in obesity and suggest that hyperpo-
larized membrane potential of, and potentiated inhibitory inputs to, VP neurons may play a significant role in promoting
the overeating of palatable food.
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Introduction
Western calorie-rich diets are becoming more and more com-
mon in households. Consequently, obesity has become a world
epidemic and a leading cause of preventable death worldwide
(World Health Organization, 2003). Despite the drastic increase
in obesity levels, the biological mechanisms driving this epi-
demic are still not understood, and research is being con-
ducted in many disciplines, including psychology, metabolism,
and neurobiology.

One main theory about the burst of the obesity epidemic in
recent decades is that food has become during these years an

Received July 12, 2020; revised Oct. 3, 2020; accepted Oct. 6, 2020.
Author contributions: S.G., D.I., and Y.M.K. designed research; S.G., D.I., K.I., S.M., and Y.M.K. performed

research; S.G., D.I., and Y.M.K. analyzed data; Y.M.K. wrote the paper.
pS.G. and D.I. contributed equally to this work.
This study was supported by the Abisch Frenkel Foundation for the Promotion of Life Sciences (Grant 17/

HU9 to Y.M.K.), the Israel Science Foundation (Grant 1381/15 to Y.M.K.), and the Professor Milton Rosenbaum
Endowment Fund for Research of Psychiatric Sciences (Y.M.K.).
The authors declare no competing financial interests.
Correspondence should be addressed to Yonatan M. Kupchik at yonatank@ekmd.huji.ac.il.
https://doi.org/10.1523/JNEUROSCI.1809-20.2020

Copyright © 2020 the authors

Significance Statement

In modern world, where highly palatable food is readily available, overeating is often driven by motivational, rather than met-
abolic, needs. It is thus conceivable that reward circuits differ between obese and normal-weight individuals. But is such dif-
ference, if it exists, innate or does it develop with overeating? Here we reveal synaptic properties in the ventral pallidum, a
central hub of reward circuits, that differ between mice that gain the most and the least weight when given unlimited access
to highly palatable food. We show that these synaptic differences also exist without exposure to palatable food, potentially
making them innate properties that render some more susceptible than others to overeat. Thus, the propensity to overeat
may have a strong innate component embedded in reward circuits.
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increasingly strong reinforcer (Kenny, 2011). Various studies
have indeed shown that not only do palatable foods act as rein-
forcers and can activate the reward system (de Macedo et al.,
2016), but that direct activation of specific neurons in the reward
system can by itself drive motivated feeding behavior (Nieh et al.,
2015; Stuber and Wise, 2016; Friend et al., 2017). Such a strong
link between the reward system and consumption of palatable
foods poses the possibility that overeating that leads to obesity
may involve pathologies in the reward system akin to those seen
in models of addiction.

Research so far has indeed shown obesity-related changes
both in the function of the reward system and in motivation-
driven food-seeking behavior. Thus, the expression level of the
dopamine receptors D2/D3 in the striatum is decreased in obese
humans (Wang et al., 2001; Haltia et al., 2007; de Weijer et al.,
2011) and rodents (Johnson and Kenny, 2010; Friend et al.,
2017), opioid signaling in both the ventral tegmental area
(Vucetic et al., 2011; Martire et al., 2014) and the nucleus accum-
bens (NAc; Alsiö et al., 2010; Vucetic et al., 2011) is altered in
obese rodents, and the glutamatergic input to the NAc is potenti-
ated in rats that develop diet-induced obesity (Brown et al., 2017;
Oginsky and Ferrario, 2019), which is akin to the effect seen after
withdrawal from cocaine (Gipson et al., 2013a, 2014) or nicotine
(Gipson et al., 2013b, 2014). Possibly as a consequence of these
changes in the reward system, rats and mice that gain the most
weight in a diet-induced obesity model also show the highest
motivation to obtain palatable food (Johnson and Kenny, 2010;
Mancino et al., 2015; Vollbrecht et al., 2015; Brown et al., 2017;
Derman and Ferrario, 2018; Inbar et al., 2019).

A key structure in the reward system, which is yet to be stud-
ied in the context of obesity, is the ventral pallidum (VP). The
VP is a key junction between the reward system and a main hub
for feeding behavior, the lateral hypothalamus (LH; Stratford et
al., 1999; Tripathi et al., 2013). It receives strong inhibitory input
from the NAc (Zahm and Heimer, 1990; Kupchik et al., 2015)
and in turn sends inhibitory projections to the LH and other tar-
gets (Root et al., 2015). Thus, it is not surprising that the VP has
an important role in modulating feeding behavior (Cromwell
and Berridge, 1993; Stratford et al., 1999; Shimura et al., 2006;
Smith et al., 2009). Accordingly, the application of GABA antag-
onists (Stratford et al., 1999; Covelo et al., 2014) or m-opioid re-
ceptor agonists (Smith and Berridge, 2005) into the VP drive
feeding, while fMRI studies in rodents, primates, and humans
show an increase in VP activity on exposure to food or food cues
(Hoch et al., 2013; Jiang et al., 2015; Royet et al., 2016; Kaskan et
al., 2019). Nevertheless, whether the VP has a role in pathologic
overeating and obesity has not been studied.

In this study, we set out to examine whether chronic con-
sumption of a high-fat high-sugar (HFHS) diet alters the physiol-
ogy of the VP and whether mice that are more prone to gain
weight when HFHS food is freely available exhibit different VP
physiology than those that are more resistant to gaining weight.
Moreover, using behavioral and electrophysiological tools we
test whether the differences in VP physiology between weight
gainers (WGs) and non-weight gainers (NWGs) may be innate
and thus possibly be part of the mechanism promoting overeat-
ing and weight gain.

Materials and Methods
Experimental subjects. Experimental subjects were naive C57BL6/J

wild-type male mice weighing between 23 and 30 g at the beginning of
the experiment. A 12 h reversed light/dark cycle was maintained, with
the lights turned off at 8:00 A.M. Experimental procedures were

conducted during dark hours. Mice were housed individually, and nest-
ing/enrichment material was available. Mice were given 7 d to acclimate
before experimentation began. All experimental procedures were approved
by the Authority for Biological and Biomedical Models at the Hebrew
University.

Diet-induced obesity model. After the acclimation period, all mice
were put on a 4 week standard chow diet (Chow group; 18% kcal fat;
total density = 3.1 kcal/g; Teklad Global 2018, Harlan Laboratories), dur-
ing which body weight and caloric intake were monitored and behav-
ioral training was completed (see below). Then, mice that were put into
the HFHS groups (n= 24) were switched to an HFHS diet (45% kcal fat;
total density= 4.73 kcal/g; D12451, Research Diets) for 10–12weeks,
while the control Chow mice (n= 15) continued to feed on the standard
chow diet. At the end of these 10–12weeks, HFHS mice were switched
back to standard chow for 2 additional weeks before being killed for
recordings. Body weight was determined twice per week (BJ-410C scales,
Precisa) throughout the entire experiment. At the end of the diet-
induced obesity protocol, HFHS mice were divided according to their
weight gain (relative to their weight on day 1, when they were first
exposed to the HFHS diet) into diet-induced WGs (top third of weight
gainers) and NWGs (bottom third of weight gainers). These groups are
parallel to, and were generated using the same protocols as, the obesity-
prone and obesity-resistant groups that we and others used in previous
studies (Cifani et al., 2015; Brown et al., 2017; Inbar et al., 2019; Oginsky
and Ferrario, 2019; Alonso-Caraballo et al., 2020).

Operant food self-administration protocol. Food self-administration
was conducted in mouse operant boxes (MedAssociates) as described
previously (Inbar et al., 2019). Briefly, mice were trained to press a lever
to obtain a 20mg precision pellet of chow food (5.6% kcal from fat; total
density = 3.6 kcal/g; catalog #F0071, Bio-Serv) first on a fixed ratio 1
(FR1) schedule (each lever press resulted in a food pellet), and then on
FR3 and FR5 schedules. Mice were eventually tested at the end of the
HFHS diet on a progressive ratio task (where the number of lever presses
required to obtain a pellet increased progressively). The progressive ratio
schedule was 5, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219,
268, 328, 402, 492, and 603 lever presses per pellet. The test was termi-
nated after 6 h or if the mouse did not progress to the next level within
1 h of achieving the previous level. During the test, we monitored the
number of lever presses on the active and inactive levers, and the num-
ber of head entries into the food receptacle (detected by infrared beam).
Operant chambers were located in sound-attenuating boxes to minimize
external noises.

Slice preparation. As described previously (Inbar et al., 2020; Levi et
al., 2020). Mice were anesthetized with 150mg/kg ketamine HCl and
then decapitated. Sagittal slices (200mm) of the VP were prepared (model
VT1200S vibratome, Leica) and moved to vials containing artificial CSF
(aCSF), as follows (in mM): 126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glu-
cose, 1.2 MgCl2, 2.4 CaCl2, 2.5 KCl, 2.0 Na pyruvate, and 0.4 ascorbic acid,
bubbled with 95% O2 and 5% CO2, and a mixture of 5 mM kynurenic acid
and 100 mM MK-801. Slices were stored at room temperature (22–24°C)
until recording.

In vitro whole-cell recording. Recordings were performed at 32°C
(model TC-344B, Warner Instruments). VP neurons were visualized
using an Olympus BX51WI microscope and recorded using glass pip-
ettes (1.3–2 MV; World Precision Instruments) filled with an internal
solution (in mM: 68 KCl, 65 D-gluconic acid potassium salt, 7.5 HEPES
potassium, 1 EGTA, 1.25 MgCl2, 10 NaCl, 2.0 MgATP, and 0.4 NaGTP,
pH 7.2–7.3, 275 mOsm; the junction potential magnitude was,9mV in
all cells and always compensated for). Excitatory synaptic transmission
was blocked with CNQX (10 mM). A Multiclamp 700B Amplifier
(Molecular Devices) was used to record both membrane and action
potentials and IPSCs in whole-cell configuration. Excitability and passive
membrane properties were measured in current-clamp mode, while syn-
aptic activity was measured in voltage-clamp mode at a holding potential
of �80mV. Recordings were acquired at 10 kHz and filtered at 2 kHz
using AxoGraph X software (AxoGraph Scientific). To evoke IPSCs elec-
trically, a bipolar stimulating electrode (FHC) was placed;200–300mm
anterior of the cell to maximize chances of stimulating NAc afferents.
The stimulation intensity chosen evoked 30–70% of maximal IPSC.

9726 • J. Neurosci., December 9, 2020 • 40(50):9725–9735 Gendelis, Inbar et al. · Ventral PallidumMetaplasticity andWeight Gain



Recordings were collected every 10 s. Series resistance (Rs) measured
with a �2mV hyperpolarizing step (10ms) given with each stimulus
and holding current were always monitored online. Recordings with
unstable Rs or when Rs exceeded 20 MV were aborted.

Current-clamp experiments. After penetrating the neuron, we
switched to current-clamp mode and recorded the resting membrane
potential of the neurons and spontaneous action potentials for 60 s. Cells
with unstable membrane potential were discarded. Action potentials
were later detected by their waveform using Axograph software, base-
lined, and analyzed. Potentials of ,20mV in amplitude were discarded.
We then applied the current step protocol—five 500-ms-long depolari-
zation current steps ranging from 0pA to180pA (20 pA intervals) were
applied, and the interstep interval was 3 s. The five-step protocol was
repeated five times with 3 s between repetitions. Baseline membrane
potential was adjusted to be approximately �50mV in all neurons by
injecting constant current (Table 1).

Spontaneous postsynaptic currents. To analyze the sIPSCs we
recorded for 100 s without any stimulation. sIPSCs were later detected
based on their waveform using Axograph software. Events of,10pA in
amplitude or with significant offset in baseline were not included in the
final analysis.

High-frequency stimulation-induced plasticity measurements. Baseline
evoked IPSCs were recorded at �80mV for 3min before applying the
high-frequency stimulation (HFS) protocol. We used the same HFS pro-
tocol that was shown previously to induce long-term plasticity (depres-
sion) in inhibitory synapses in the VP (Kupchik et al., 2014; Heinsbroek
et al., 2017). The protocol consists of two trains separated by 20 s, each
delivering 100 stimulations at 100Hz. The amplitude of the pulses was
identical to that inducing synaptic release when recording at �80mV.
During the HFS protocol, membrane potential was allowed to change
freely (i.e., current-clamp configuration). At the end of the second train
of pulses recording was re-established at holding potential of �80mV.
Recording of evoked IPSCs (eIPSCs) was performed at 0.1Hz, and the
amplitudes (expressed as the percentage at baseline) of every six
responses were averaged to give one data point per minute. Differences
between groups were measured at the first minute after the HFS for
post-tetanic potentiation and at minutes 13–19 for the long-term plastic-
ity in all experiments.

Paired-pulse ratio and coefficient of variation measurements. All
experiments consisted of two consecutive stimulations with a 50ms
interval. We measured the ratio between the amplitudes of the second

and first pulse to calculate the paired-pulse ratio (PPR) and the coeffi-
cient of variation (CV) of the currents generated by the first of the two
pulses. We repeated this at least 20 times for each condition.

Data analysis. Statistics were performed using GraphPad Prism 8.2
(GraphPad Software). Parametric statistics (Student’s t test, one-way,
two-way, or mixed-effects ANOVA with Sidak’s multiple-comparisons
tests where appropriate) was used throughout (except see Figs. 2A,B, 4A,
B, where we used the Kolmogorov–Smirnov test). See lines in Figures
3D, 4I, and 5, F and G, which were generated from simple nonparamet-
ric linear regression to the data. The ANCOVA test used, seen in Figures
2, D and E, 4, D and E, and 5I, compares the slope and intercept with y-
axis (called “elevation” here) of the linear regression of the datasets. If
slopes are significantly different, it is not possible to test whether the
intercepts differ significantly. Thus, in Figure 4E only the slope compari-
son is presented. If the slopes are not significantly different, the inter-
cepts are compared.

Results
High-fat high-sugar diet hyperpolarizes membrane potential
and reduces firing rate in VP neurons
To establish the long-lasting influence of the chronic consump-
tion of highly palatable food on the VP of mice, we exposed two
groups of mice to different diet protocols. The control group
received regular chow throughout the experiment. The experi-
mental group received an HFHS diet ad libitum in the home
cage for 10–12weeks followed by 2 weeks of standard chow diet.
This protocol produces behavioral and synaptic alterations in the
nucleus accumbens (Brown et al., 2017; Inbar et al., 2019) and
aims to model diet-induced weight gain followed by abstinence
from chronic food reward (“going on a diet”). This model also
has the advantage of allowing the detection of long-lasting
changes induced by HFHS diet in the reward system. The second
group received standard chow for a similar time period (Fig.
1A).

We then examined, using whole-cell patch-clamp electro-
physiology, whether the long exposure to HFHS had affected the
cellular properties of VP neurons (Fig. 1B). We found that both
resting membrane potential (Fig. 1C; two-tailed unpaired t test:

Table 1. Action potential and passive membrane properties

HFHS mice Chow mice p Value (t score) WG mice NWG mice p Value (t score)

AP amplitude (mV) 52.066 12.21
(n= 34)

46.146 13.79
(n= 25)

p= 0.0868
(t(57) = 1.74)

48.526 7.46
(n= 10)

55.826 14.92
(n= 15)

p= 0.1526
(t(23) = 1.48)

AP threshold (mV) �42.76 9.7
(n= 33)

�40.06 2.8
(n= 25)

p= 0.1719
(t(56) = 1.38)

�45.36 5.2
(n= 9)

�43.26 6.7
(n= 15)

p= 0.4254
(t(22) = 0.81)

AP half-width (ms) 1.7066 0.829
(n= 34)

1.2586 0.581
(n= 26)

pp= 0.0226
(t(58) = 2.34)

1.7396 0.676
(n= 10)

1.3596 0.484
(n= 15)

p= 0.1140
(t(23) = 1.78)

AP rise time (ms) 1.7846 0.915
(n= 34)

1.1816 0.591
(n= 26)

pp= 0.005
(t(58) = 2.92)

2.1036 1.083
(n= 10)

1.3086 0.516
(n= 15)

pp= 0.0213
(t(23) = 2.47)

AP decay (ms) 1.7146 0.861
(n= 34)

1.3246 0.747
(n= 26)

p= 0.071
(t(58) = 1.84)

1.6206 0.7162
(n= 10)

1.4436 0.583
(n= 15)

p= 0.5036
(t(23) = 0.68)

AHP peak (mV) �12.96 4.112
(n= 29)

�14.26 3.537
(n= 23)

p= 0.2367
(t(50) = 1.20)

�13.656 2.906
(n= 8)

�12.256 5.08
(n= 14)

p= 0.4867
(t(20) = 0.71)

AHP half-width (ms) 8.2816 4.393
(n= 17)

7.466 2.648
(n= 9)

p= 0.6141
(t(24) = 0.52)

10.296 3.307
(n= 5)

7.8786 5.006
(n= 8)

p= 0.3631
(t(11) = 0.95)

Series resistance (MV) 6.4576 2.302
(n = 39)

6.7356 3.257
(n= 26)

p= 0.7114
(t(63) = 0.36)

6.0996 1.968
(n= 9)

6.5836 2.999
(n= 12)

p= 0.521
(t(19) = 0.65)

Capacitance (pF) 7.4756 2.009
(n= 26)

7.8166 2.392
(n= 12)

p= 0.6502
(t(36) = 0.46)

8.0776 1.654
(n= 10)

7.7946 1.758
(n= 8)

p= 0.7301
(t(16) = 0.65)

Membrane resistance (MV) 366.86 170.9
(n= 26)

261.66 58.39
(n= 12)

pp= 0.0463
(t(36) = 2.06)

282.86 154
(n= 10)

3476 138.5
(n= 8)

p= 0.3722
(t(16) = 0.92)

Current injected (pA) �5.246 12.9
(n= 30)

�14.96 8.6
(n= 24)

pp= 0.003
(t(52) = 3.15)

�0.956 10.42
(n= 7)

�7.26 16.2
(n= 14)

p= 0.3682
(t(19) = 0.92)

All comparisons used two-tailed unpaired t tests. AP, Action potential; AHP, afterhyperpolarization; Current injected, amplitude of current injected in current-clamp mode to maintain membrane potential at approximately
�50 mV. The asterisk highlights the tests where p , 0.05.
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t(76) = 4.11, p, 0.0001) and action potential firing frequency
(Fig. 1D,E; two-tailed unpaired t tests: t(67) = 2.02 p= 0.0479)
were significantly lower in the VP of HFHS mice compared with
the Chow mice. Moreover, we found that when depolarized to
different levels, VP neurons of HFHS mice fired significantly less
than VP neurons of Chow mice (Fig. 1F,H; two-way ANOVA;
main group effect: F(1,260) = 23.04, p, 0.0001; no group � step
amplitude interaction: F(3,260) = 0.92 p=0.43). The minimal la-
tency to the first action potential in a depolarizing step (Fig. 1G)
did not differ between groups (two-way ANOVA; no main group
effect: F(1,260) = 0.37 p=0.54; no group � step interaction: F(3,260)
= 0.66 p=0.58). Examination of the shape of the action potential
revealed a wider waveform in the HFHS group, but other parame-
ters did not differ between groups (Table 1). These data demon-
strate that chronic HFHS consumption changes the physiology of
VP neurons, rendering them more hyperpolarized and less active,
even 2 weeks after the last exposure to HFHS.

High-fat high-sugar diet effect on GABA neurotransmission
in the VP
The changes in cellular physiology induced by the chronic HFHS
diet may be accompanied by changes in synaptic neurotransmis-
sion in the VP. To test for that, we compared eIPSCs and sIPSCs,
respectively, between the HFHS and the Chow groups. When
examining the amplitude and frequency of sIPSCs, we found that
chronic HFHS diet significantly decreased the amplitude (Fig. 2A,
C; Kolmogorov–Smirnov test, d= 0.34, p=0.0002; comparison of
medians with unpaired two-tailed t test: t(63) = 3.16, p=0.002)
but not the frequency (Fig. 2B,C; Kolmogorov–Smirnov test:
d=0.128, p=0.91; comparison of medians with unpaired two-
tailed t test: t(63) = 0.84, p=0.41) of sIPSCs. This reflects changes
in GABA neurotransmission in the VP. Changes in the amplitude
of spontaneous events are sometimes interpreted as reflecting
postsynaptic mechanisms, but as these include action potential-
induced events, we think that this claim cannot be made for our
data. Nevertheless, the changes we observed are less likely to be of
presynaptic origin as we did not find an effect on the CV and PPR
of eIPSCs, two indicators of changes in the probability of synaptic
release (Faber and Korn, 1991; Berninger et al., 1999; Schinder et
al., 2000; Table 2).

To examine whether chronic HFHS diet changes also
evoked GABA neurotransmission in the VP, we examined
the generation of synaptic plasticity in the millisecond
(short-term plasticity) and the minute (long-term plasticity)
range. Short-term plasticity was induced by applying five
identical pulses at 1 , 10, or 50 Hz, and the change in eIPSCs
during the protocol was calculated by dividing each eIPSC by
the first one. Our data show that the HFHS diet did not affect
short-term plasticity in the VP in either of the frequencies
(Fig. 2D,E; two-way ANCOVA; 10Hz: slope, F=0.00875, p =
0.9257; elevation, F=1.949, p=0.1641; 50Hz: slope, F=0.0009,
p=0.9752; elevation, F=0.02642, p= 0.8711; data for 1Hz not
shown). To induce long-term plasticity, we applied an HFS protocol
that we and others used previously (Kupchik et al., 2014; Creed et
al., 2016) to elicit transient long-term depression (LTD) in the VP.
In contrast to previous findings, this protocol did not elicit plasti-
city [comparison between groups (minutes 13–19), mixed-effects
ANOVA: main group effect, F(1,35) = 0.016, p=0.901; interaction
group � time, F(6,142) = 1.399, p=0.22; comparison of each group
to baseline (minutes 13–19), one-sample two-tailed t test:, Chow,
t(16) = 0.96, p=0.35; HFHS, t(19) = 0.47, p=0.65] or affect the CV or
PPR parameters in the chow or HFHS groups (Fig. 2F,G, Table 2;
the lack of plasticity at the group level does not reflect lack of plastic-
ity at the single-cell level. As will be shown below, some cells
showed depression while others showed potentiation. The HFS pro-
tocol did generate post-tetanic potentiation in both groups (meas-
ured as the difference from baseline of the eIPSCs during the first
minute after the HFS), but without difference between them (Fig.
2H; unpaired two-tailed t test, t(37) = 1.53, p=0.14). Overall, the
data suggest that chronic HFHS diet impairs spontaneous neuro-
transmission possibly through a postsynaptic mechanism but does
not affect the short-term and long-term plasticity of evoked GABA
neurotransmission.

Weight gainer mice show hyperpolarized membrane
potential and delayed firing in the VP compared with non-
weight gainer mice
Our data so far show that chronic exposure to HFHS food
changes the physiology of the VP. Our next question was
whether, within the group of mice exposed to HFHS diet, those

Figure 1. Chronic high-fat high-sugar diet hyperpolarizes ventral pallidum neurons and
inhibits their firing rate. A, Experimental timeline. Mice in the HFHS group received an HFHS
diet ad libitum in their home cages for 10–12 weeks and then returned to chow diet for 2
additional weeks before recordings. The control Chow group received regular chow during
the same period of time. B, Recording setup. VP neurons were recorded from in sagittal slices
while activating incoming axons using a bipolar stimulating electrode placed;300mm ros-
tral to recorded cells. AC, Anterior commissure; NA, nucleus accumbens. C, D, VP neurons of
HFHS mice had lower membrane potential (C) and lower action potential (AP) frequency (D)
compared with chow mice (two-tailed unpaired t tests). E, Representative current-clamp
traces. F, G, In a series of incrementing depolarizing steps the firing rate was significantly
lower in VP neurons of HFHS mice compared with chow mice (F; two-way ANOVA), but there
was no difference in the minimal latency to the first action potential (G). H, Representative
traces at three depolarizing steps. Data taken from 32–46 cells in 14–21 mice/group. Data
are presented as the mean6 SEM.
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that gained the most weight [top 33% of weight gainers, calcu-
lated as the percentage change between the first and last day of
the HFHS diet (i.e., before switching back to chow diet; called
weight gainers) showed different physiology in the VP compared
with those who gained the least weight (bottom 33% of weight
gainers, called non-weight gainers; Fig. 3A). Importantly, WG
and NWG mice did not differ in their initial weight on day 1 of
the HFHS diet (unpaired two-tailed t test, 24.26 1.08 and
25.66 2.27 g, respectively; t(14) = 1.71, p=0.11) but showed a sig-
nificant difference in the total weight gained during the HFHS
diet (unpaired two-tailed t test, 18.36 1.62 and 13.06 2.16 g,
respectively; t(14) = 5.53, p, 0.0001). Previous studies showed
that not only does weight gain correlate with addictive-like behav-
iors toward palatable food (Vollbrecht et al., 2015; Brown et al., 2017;
Inbar et al., 2019; Oginsky and Ferrario, 2019), it also correlates with syn-
aptic changes in the NAc (Brown et al., 2017; Oginsky and Ferrario,
2019): obesity-prone rats show stronger excitatory input to the NAc
compared with obesity-resistant rats. As the VP is a major target of the

NAc, we expect that the physiology of the
VP will also differ between WG and NWG
mice.

Membrane potential of VP neurons
was significantly more hyperpolarized
in WG mice compared with NWG
mice (Fig. 3B; unpaired two-tailed t
test, t(31) = 1.99, p = 0.017), although
action potential frequency (Fig. 3C;
unpaired two-tailed t test, t(31) = 1.67,
p = 0.085) or shape (Table 1) did not
differ between the groups.Membrane poten-
tial (Fig. 3D; nonparametric Spearman
correlation, r=0.38, p= 0.01) but not
firing frequency (Table 3; nonparamet-
ric Spearman correlation, r = �0.31,
p= 0.06), also showed an inverse corre-
lation with weight gain across the entire
HFHS population. There was no differ-
ence in passive membrane properties of
VP neurons of WG and NWG mice
(Table 1).

Applying depolarizing steps of in-
creasing amplitudes from baseline
membrane potential induced a compa-
rable number of action potentials in
both groups (Fig. 3E; two-way ANOVA;
main group effect, F(1,84) = 0.43, p =
0.51; interaction group � step ampli-
tude, F(3,84) = 0.05, p=0.99), but the
minimal latency to the first action
potential, a measure inversely correlated
with cellular excitability (Alexander et
al., 2019), was significantly longer in the
WG mice (Fig. 3F,G; two-way ANOVA;
main group effect, F(1,78) = 5.37, p =
0.023; interaction group � step ampli-
tude, F(3,84) = 0.73, p= 0.54). Both these
parameters did not correlate with
weight gain when examining the entire
group of mice (Table 3). Overall, these
data show that VP neurons of WG mice
are more hyperpolarized and are slower
to fire compared with those of NWG
mice.

Weight-gainer mice show altered synaptic plasticity in
GABA input to the VP
To evaluate whether GABA synaptic transmission in the VP is
also different between WG and NWG mice, we compared spon-
taneous and evoked IPSCs with the same tools as in Figure 2. An
examination of the amplitude and frequency of the inhibitory
spontaneous events in the VP showed that these parameters
were comparable between WG and NWG mice [Fig. 4A–C;
Kolmogorov–Smirnov tests: for amplitude, d = 0.203, p= 0.08;
interevent interval (IEI), d = 0.128, p=0.91; comparison of
medians, unpaired two-tailed t test: amplitude, t(27) = 0.15,
p= 0.88; IEI, t(27) = 0.48, p=0.64] and did not correlate with
weight gain in the entire HFHS population (Table 3). There was
also no difference in the CV or PPR of eIPSCs between the
groups (Table 2). The ability of VP neurons to show short-term
plasticity, on the other hand, was different between WG and

Figure 2. Chronic HFHS diet alters spontaneous but not evoked GABA neurotransmission in the ventral pallidum. A, The cu-
mulative probability plot of sIPSC amplitude (amp.) is shifted to the left in HFHS mice, pointing to reduced sIPSC amplitude
(Kolmogorov–Smirnov test). Inset, Median sIPSC amplitude was lower in HFHS mice (unpaired two-tailed t test). B, HFHS diet
did not affect the interevent interval (IEI) of sIPSCs in the VP (Kolmogorov–Smirnov test). Inset, Comparison of medians
(unpaired two-tailed t test). C, Representative sIPSC traces. D, E, HFHS diet did not affect short-term plasticity induced
by five consecutive stimulations at 10 Hz (D) or 50 Hz (E; two-way ANCOVA). Insets, Representative traces synchron-
ized with x-axis. Stimulation artifacts were truncated. F, G, The amplitude of evoked IPSCs after an HFS did not differ
between chow and HFHS mice (mixed-effects ANOVA), or from baseline (one-sample two-tailed t test on minutes 13–
19). Inset, Representative traces. H, Post-tetanic potentiation, measured at the first time point after the HFS, did not
differ between groups (unpaired two-tailed t test). Data taken from 19–41 cells in 13–24 mice/group. Data are pre-
sented as the mean 6 SEM. n.s., not significant.
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NWG mice. The application of five con-
secutive stimulations at 10 or 50Hz (but
not at 1Hz; data not shown) induced a
strong potentiation of the IPSC in WG
mice, but not in NWG mice (Fig. 4D,E;
two-way ANCOVA tests; 10Hz: slope,
F(1,4) = 0.55, p=0.50; elevation: F(1,4) =
34.32, p=0.002; 50Hz: slope, F(1,4) =
17.78, p= 0.0134), although the ampli-
tudes of the first IPSCs were similar
(data not shown). This could mean that
in WG mice, but not NWG mice, fast
repeated activation of inhibitory inputs
to the VP may result in stronger inhibi-
tion that builds up with activity. The
short-term plasticity showed a positive
correlation with weight gain, but this
correlation did not reach significance
(Table 3).

VP neurons of WG and NWG mice
also showed a striking difference in their
longer-term response to an HFS (Fig. 4F;
mixed-effects ANOVA; main group
effect comparing minutes 13–19: F(1,12) =
5.29, p=0.029; interaction group � time:
F(6,38) = 0.36, p=0.90; when comparing
minutes 13–19, 100% of baseline with
one-sample two-tailed t test: WG: t(5) =
4.25, p=0.008; NWG: t(5) = 1.77,
p=0.14). Application of the HFS proto-
col (Kupchik et al., 2014) in VP neurons
of NWGmice generated a nonsignificant
transient decrease in the average IPSC
amplitude to 67.46 45% of baseline (Fig.
4F,G). In contrast, the HFS protocol
induced a transient potentiation in VP cells of WG mice that
lasted for ;15min (Fig. 4F,G). In fact, the direction and ampli-
tude of the HFS-induced plasticity correlated with weight gain af-
ter chronic HFHS across all mice, transforming from depression
in NWG mice to potentiation in WG mice (Fig. 4H; nonparamet-
ric Spearman correlation, r=0.45, p=0.04). In addition, the HFS
generated a more robust post-tetanic potentiation in WG mice
(Fig. 4I; unpaired two-tailed t test, t(16) = 2.18, p=0.044), again
pointing to a tendency to strengthen inhibitory input in these
mice after tetanic stimulation. Note the similarity in the results for
the long-term and short-term plasticity protocols: in both cases,
the inhibitory input to the VP of WG mice was potentiated while
the input to the VP of NWGmice did not change or even showed
depression in some cells. Overall, the data in Figure 4 show a dif-
ference in the synaptic plasticity of inhibitory input to the VP

between WG and NWG mice, with a tendency toward potentia-
tion of these inputs inWGmice.

The physiology of the VP is linked to weight gain but not to
weight loss
Our data so far reveal a link between VP physiology and the
amount of weight gained during the HFHS diet. As mentioned
above (Fig. 1), recordings were performed 2 weeks after the ter-
mination of the HFHS diet. During these 2 weeks, mice returned to
normal chow diet and lost weight (weight loss did not differ
between WG and NWGmice: �9.266 11.4% and�10.836 6.4%,
respectively, t(14) = 0.34, p=0.74 using unpaired t test, weight loss
calculated as the percentage of change in weight between the last
day of HFHS diet and the last day of the following 2 weeks of chow
diet). Thus, changes in VP physiology could be linked also to the

Figure 3. Ventral pallidum neurons of weight-gainer mice are more hyperpolarized and slower to fire compared with non-
weight gainer mice. A, Increase in body weight gain (expressed as a percentage of the first day) during 10–12 weeks of chronic
HFHS diet for individual mice. Mice were split into non-weight gainer (bottom 33% of weight gainers on the last day of HFHS
diet) and weight-gainer (top 33% of weight gainers on last day of HFHS diet) groups according to final weight gain. B, VP neu-
rons of WG mice were more hyperpolarized than those of NWG mice (unpaired two-tailed t test). C, There was no significant
difference in the baseline firing frequency of VP neurons between WG and NWG mice (unpaired two-tailed t test). D, VP mem-
brane potential was negatively correlated with weight gain (Middle, middle 33% weight gainers). Correlation was assessed
using nonparametric Spearman correlation. E, F, The firing rates during incrementing depolarization steps did not differ
between WG and NWG mice (two-way ANOVA), but the minimal latency to the first action potential was longer in HFHS mice
(two-way ANOVA), possibly reflecting decreased excitability. G, Representative traces. Data are taken from 9–16 cells in 7
mice/group. Data are presented as the mean6 SEM. AP, Action potential.

Table 2. CV and PPR of evoked IPSCs at baseline and after the HFS

HFHS mice Chow mice p Value (t score) WG mice NWG mice p Value (t score)

CV 39.776 10.33
(n= 24)

37.566 10.6
(n= 15)

p= 0.5225
(t(37) = 0.65)

38.716 9.892
(n= 5)

33.516 7.574
(n= 8)

p= 0.3062
(t(11) = 1.07)

CV after HFS 44.456 9.486
(n= 23)

44.266 10.45
(n= 15)

p= 0.9541
(t(36) = 0.06)

44.066 7.611
(n= 5)

43.086 44.24
(n= 8)

p= 0.8672
(t(11) = 0.17)

PPR 1.3026 0.568
(n= 24)

1.4456 1.233
(n= 19)

p= 0.6163
(t(41) = 0.51)

1.3646 0.812
(n= 8)

1.3766 0.559
(n= 8)

p= 0.9731
(t(14) = 0.03)

PPR after HFS 1.8186 1.228
(n= 16)

1.7976 1.14
(n= 16)

p= 0. 9618
(t(30) = 0.96)

1.2456 0.535
(n= 4)

2.0336 1.293
(n= 5)

p= 0.2954
(t(7) = 1.13)

All comparisons used two-tailed unpaired t tests.
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level of weight loss. However, none of the
electrophysiological measures we used
showed a significant correlation with
weight loss (Table 3). Thus, it seems that
the physiology of the VP is more linked
to the consumption of highly palatable
food and not to the abstinence from it.

Differences in HFS-induced plasticity
betweenWG and NWGmice may be
innate
In this and previous works, we and
others showed various synaptic and
physiological parameters in the NAc
and the VP that differ between animals
that gain the most or the least weight
when given free access to highly palata-
ble food (Brown et al., 2017; Oginsky
and Ferrario, 2019). For obvious rea-
sons, slice recordings in all these studies
could only be performed after the HFHS
diet and splitting mice to groups accord-
ing to final weight gain. This technical
hurdle left one of the most important
questions unanswered: are these synap-
tic differences between obesity-prone
and obesity-resistant animals the cause
or the consequence of obesity?

In a recent study (Inbar et al., 2019),
we showed that in a progressive ratio
task where the reward is a small pellet of
HFHS food, head entries to the food re-
ceptacle are higher in WG mice com-
pared with NWG mice, even before the
beginning of the diet. Based on this, we
hypothesize here that if a physiological
difference in the VP between WG and
NWG mice is innate, it may also exist
without exposure to HFHS diet between
mice that show the highest and the low-
est rates of head entries in a progressive
ratio task.

When choosing the physiological pa-
rameters to test, we specifically looked
for parameters that, on the one hand,
were not affected by the mere exposure
to HFHS diet but, on the other hand,
did differ between WG and NWG mice
after prolonged HFHS consumption.

Figure 4. Weight-gainer and non-weight gainer mice show different synaptic plasticities in their GABA input to the
VP. A, B, sIPSC amplitude (amp.; A) and IEI (B) were similar between WG and NWG mice (Kolmogorov–Smirnov
tests). Insets, Comparison of medians (unpaired two-tailed t tests). C, Representative sIPSC traces. D, E, Five consecu-
tive pulses at 10 Hz (D) or 50 Hz (E) generated short-term potentiation of IPSCs in WG but not NWG mice (two-way
ANCOVA tests). Insets, Representative traces synchronized with x-axis. Stimulation artifacts were truncated. F, G, HFS
protocol given to inhibitory inputs to the VP generated a transient potentiation in WG mice but not in NWG mice
(mixed-effects ANOVA; one-sample t test for comparing minutes 13–19, 100% of baseline). F, Inset, Representative
traces. H, HFS-induced plasticity in VP neurons was positively correlated with weight gain (Middle, middle 33%
weight gainers), going from depression in NWG mice to potentiation in WG mice. Correlation was assessed using non-
parametric Spearman correlation. I, Post-tetanic potentiation, measured at the first time point after the HFS, was
stronger in WG mice (unpaired two-tailed t test). Data are taken from 8–17 cells in 7 mice/group. Data are presented
as the mean6 SEM.

Table 3. Correlation of weight gain or weight loss with various neurophysiological parameters in the VP

Membrane
potential

AP
frequency

APs/180
pA
step

Minimal latency
to first AP (120
pA step)

eIPSC amplitude
(% change after
HFS)

sIPSC
amplitude

sIPSC
frequency
(IEI)

IPSC5\IPSC1
(50 HZ)

Weight gain pp= 0.01
r = 0.38

p= 0.06
r = �0.31

p= 0.56
r = �0.1

p= 0.62
r = �0.1

pp= 0.04
r= 0.45

p= 0.4
r= 0.14

p= 0.87
r= 0.03

p= 0.17
r= 0.25

Weight loss p= 0.54
r= 0.09

p= 0.15
r= 0.24

p= 0.84
r= 0.03

p= 0.88
r= 0.02

p= 0.87
r= 0.03

p= 0.34
r= 0.15

p= 0.31
r= 0.16

p= 0.54
r= 0.09

r, nonparametric Spearman correlation; weight gain, weight on the last day of HFHS diet expressed as percentage of weight on first day of HFHS diet; weight loss, weight on last day of the 2 weeks of chow following the
HFHS diet expressed as percentage of weight on last day of HFHS diet; average weight loss, WG % weight loss (�9.257 6 4.029% for WG mice; �10.83 6 2.263% for NWG mice). AP, Action potential. The asterisk high-
lights the tests where p , 0.05.
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This is because we looked forinnate differences between WG and
NWG mice. Thus, any difference driven by the HFHS diet itself
(Figs. 1, 2) cannot be confirmed as being innate. Based on these a
priori conditions, we examined the only physiological measures
that fulfilled the requirements: the latency to fire on depolariza-
tion and synaptic plasticity.

To examine whether the difference between WG and NWG
mice in either of the physiological measures listed above is
innate, we trained a chow group in a progressive ratio task.
Briefly, mice were first trained to press a lever to receive a 20mg
pellet of chow food (for details, see Materials and Methods) and
then were left in their home cages for 10–12weeks with regular
chow diet (Fig. 5A). Then, their performance (head entries into
the food receptacle and lever presses) was measured during a
progressive ratio task: the number of lever presses required for
the delivery of a 20mg pellet increased progressively until mice
did not reach the next requirement (Fig. 5B–D). We then split
the mice to those who showed the highest (top 33%, “high
seekers”) and lowest (bottom 33%, “low seekers”) number of head
entries (Fig. 5E). Note that there was no correlation between the
head entries and the lever presses or break point (Fig. 5F,G; non-
parametric Spearman correlations: lever press, r=0.097, p=0.73;
break point, r=0.12, p=0.66), corroborating our previous find-
ings showing lack of correlation between consummatory motiva-
tion and persistence in seeking food (Inbar et al., 2019).

The latency to fire on depolarization and the short-term plas-
ticity of evoked GABA release showed no difference between
high and low seekers (Fig. 5H,I; latency to fire: mixed-effects
analysis, no main group effect, F(1,12) = 1.9, p= 0.19; interaction
group � step amplitude, F(3,35) = 3.73, p= 0.02; short term plas-
ticity at 50Hz; two-way ANCOVA: slope, F(1,4) = 0.075,
p= 0.785; elevation, F(1,4) = 0.140, p=0.71), unlike the results in
WG and NWG mice (Figs. 3, 4). This suggests that these differ-
ences may be a consequence of the HFHS diet rather than innate
differences. In contrast, application of the HFS protocol to
induce long-term plasticity showed a significant difference
between high seekers and low seekers: it depressed IPSCs in the
VP of low-seekers but potentiated IPSCs in high-seekers (Fig. 5J,
K; mixed-effects ANOVA comparing minutes 13–19: main
group effect, F(1,7) = 16.13, p= 0.007; interaction group � time,
F(7,22) = 0.72, p=0.65; comparing minutes 13–19, 100% of base-
line, one-sample t test: high seekers, t(3) = 3.75, p=0.033; low-
seekers, t(3) = 3.38, p= 0.043). Note that a similar difference was
also seen between WG and NWG mice after the HFHS diet (Fig.
4F), although only the WG mice showed a significant HFS-
induced potentiation comparable to that of high-seekers (Fig.
4G; mixed-effects ANOVA; no group effect when comparing
WG mice to high-seekers: F(1,9) = 0.7375, p=0.4128). Also note
that although plasticity in WG mice and high-seekers and in
NWG mice and low-seekers trends in the same directions, the

Figure 5. Differences in synaptic plasticity seen between WG and NWG mice exist also between high and low food seekers without exposure to HFHS diet. A, Experimental protocol. Mice
were first trained to press a lever for 20mg of chow precision pellets. After 3 weeks of training, mice were left in their home cages and fed on chow for 10–12 weeks. B, Active and inactive le-
ver pressing, pellets rewarded, and head entries of mice during training. C–E, After the HFHS diet mice were tested in the progressive ratio paradigm and lever pressing (C), break point (D),
and head entries (E) were recorded. Mice were split according to the head entries to the food receptacle (E) into high seekers (top third) and low-seekers (bottom third). F, G, There was no cor-
relation between head entries and lever presses (F) or break point (G). Correlations were assessed using nonparametric Spearman correlation. H, There was no difference in the minimal delay
to the first action potential in a series of depolarizing steps (from 120 to1 80 pA) between high-seekers and low-seekers (mixed-effects ANOVA). I, There was no difference in short-term
plasticity between high-seekers and low-seekers (five stimulations at 50 Hz; two-way ANCOVA). J, K, HFS protocol potentiated eIPSCs in the high-seekers and depressed eIPSCs in the low-
seekers (mixed-effects ANOVA comparing minutes 13–19; one-sample t test for comparing minutes 13–19, 100% of baseline). The level of HFS-induced potentiation was similar between high-
seekers and WG mice (mixed-effects ANOVA). This was also the case between low-seekers and NWG mice, although note that only the change in low-seekers was significantly different from
baseline (p. 0.05 using two-tailed unpaired t test when comparing minutes 13–19 in high-seekers to WG mice or low-seekers to NWG mice). L, Post-tetanic potentiation, measured at the
first time point after the HFS, was stronger in high-seekers compared with low-seekers (unpaired one-tailed t test). Data are taken from 4–9 cells in 5 mice/group. Data are presented as the
mean6 SEM. Amplitude, amp. n.s., not significant.
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plasticity seen in high-seekers and low-seekers seem to last lon-
ger and not be as transient as after the HFHS diet (Fig. 5K).
Moreover, the HFS-induced post-tetanic potentiation in high-
seekers was stronger than that in low-seekers (Fig. 5L; unpaired
one-tailed t test: t(8) = 2.28, p= 0.026), similar to the difference
between WG and NWG mice (Fig. 4I; unpaired two-tailed t test:
t(16) = 2.18, p= 0.044). Thus, the nature of HFS-induced plasticity
in inhibitory inputs to the VP may be an innate property that
could influence the level of weight gain in a chronic highly palat-
able diet, and possibly be part of the cause for the extreme weight
gain inWGmice.

Discussion
In this work, we showed a tight connection between the physiol-
ogy of the VP and diet-induced weight gain. First, we showed
that chronic HFHS diet changed both cellular physiological
properties and inhibitory synaptic input in VP neurons.
Accordingly, VP neurons in HFHS-fed mice were more hyper-
polarized and fired fewer action potentials (Fig. 1), and showed
altered spontaneous GABAergic input (Fig. 2). We also showed
that the physiology of VP neurons differed between WG
and NWG mice. VP neurons of WG mice were more hyperpo-
larized and slower to fire on depolarization compared with those
of NWG mice (Fig. 3), and their inhibitory input tended to
potentiate after protocols that induce plasticity in the millisecond
and minute range (Fig. 4). Last, we were able to identify the tend-
ency to show the potentiation of GABA inputs in the VP as a
possible innate marker for excessive palatable food seeking and
body weight gain. In a previous study, we showed that obesity-
prone mice seek for palatable food more intensely than obesity-
resistant mice even before being exposed to chronic HFHS diet
(Inbar et al., 2019). Here we showed that high-seekers of palata-
ble food never before exposed to HFHS diet showed potentiation
of GABA input akin to WG mice, while low seekers showed
depression comparable in amplitude to that seen in NWG mice
(Fig. 5). Overall, our data pose the VP as a central player in diet-
induced obesity that may contribute to the differences in diet-
induced weight gain between individuals.

Differences in VP physiology between current and previous
data
In the current experiments, the resting membrane potential (Fig.
1C) was more depolarized on average compared with others’
(Tooley et al., 2018) and our own (Kupchik and Kalivas, 2013;
Kupchik et al., 2014) previous data. Also, previous data show
that high-frequency stimulation generates long-term depression
in GABAergic synapses in the VP (Kupchik et al., 2014; Creed et
al., 2016; Heinsbroek et al., 2017), which we were not able to rep-
licate in the Chow group (Fig. 2F). A possible explanation for
these discrepancies is the different age of the animals:;12weeks
in previous studies versus;30weeks in this study. Aging indeed
has significant effects on both excitability (Smithers et al., 2017;
Mattson and Arumugam, 2018) and synaptic plasticity (Burke
and Barnes, 2006; Lynch et al., 2006). However, this has not yet
been studied in the VP.

The ventral pallidum, feeding, and obesity
To date, there are no studies linking diet-induced obesity to
physiological changes in the VP, and only a few show changes in
the striatum in obese individuals. For example, the expression of
the striatal inhibitory D2 dopamine receptor is decreased both in
obese humans (Wang et al., 2001) and animal models of obesity

(Johnson and Kenny, 2010; Friend et al., 2017). Also, the excita-
tory input to the NAc is stronger in obese rats (Brown et al.,
2017; Oginsky and Ferrario, 2019). Both of these findings point
to a possible increase in the activity of NAc GABAergic inputs to
the VP in obesity. This may imply stronger inhibitory input on
the VP in obesity. In line with this hypothesis, our data show a
tendency to potentiate GABAergic input to the VP of WG mice
(Fig. 4).

Our data also link diet-induced obesity to a more hyperpolar-
ized and slower-to-fire VP (Figs. 1, 3). The activity of the VP is
crucial in determining food consumption. Feeding is associated
with increased activation in the VP (Shimura et al., 2006; Zhu et
al., 2017) while reducing VP activity by various methods
(Stratford et al., 1999; Shimura et al., 2006; Smith et al., 2009;
Chang et al., 2017) inhibits food consumption. The VP also enc-
odes the hedonic value of food (Tindell et al., 2006; Smith et al.,
2009): blocking GABA neurotransmission increases food and su-
crose seeking, but not water or quinine consumption (Stratford
et al., 1999; Smith and Berridge, 2005; Shimura et al., 2006), and
the devaluation of palatable food leads to decreased VP activity
(Brownell and Walsh, 2018). Thus, it seems that our data contra-
dict the main current thinking correlating VP activity positively
with food consumption. However, it is important to keep in
mind that here we tested the baseline activity of the VP in a path-
ologic condition and not its acute response during healthy feed-
ing behavior.

Little is known about the role of the VP in obesity. Human
studies show an inverse correlation between VP activity and
unappetitive images and body mass index (Burger and Stice,
2014) and higher levels of the serotonin receptor 5HT4R in the
VP and NAc in obese individuals (Haahr et al., 2012). Other
studies show a decrease in pallidal gray matter and network effi-
ciency in obese patients (Baek et al., 2017; Hamer and Batty,
2019), although in these studies the globus pallidus is included in
the analyses. At this point it is hard to integrate our data, taken
at the synaptic level, with present human studies to form a solid
hypothesis on the role of the VP in obesity; further research is
needed.

Synaptic plasticity and the susceptibility to develop obesity
or addiction
One of our main findings is that VP neurons of WG and NWG
mice show different plasticity patterns on the application of an
HFS (Fig. 4). A similar difference is seen also between high and
low food seekers never exposed to HFHS (Fig. 5). Thus, the pat-
tern of HFS-induced synaptic plasticity may be an innate prop-
erty that may drive some, but not others, to seek for palatable
food and gain weight. This finding can be paralleled to the differ-
ences in metaplasticity (the plasticity of synaptic plasticity;
Abraham and Bear, 1996) sometimes seen in animal models of
addiction. The glutamatergic input to the NAc is a plastic input
that can show both long-term potentiation (LTP) and LTD in
drug-naive animals (Kombian and Malenka, 1994). Chronic ex-
posure to cocaine, with or without subsequent withdrawal,
impairs this plasticity: both LTD (Thomas et al., 2001; Martin et
al., 2006; Moussawi et al., 2009; Kasanetz et al., 2010) and LTP
(Moussawi et al., 2009) induced by experimental protocols ex
vivo and in vivo in the NAc are abolished. Similarly, we have
shown loss of plasticity in the VP after withdrawal from cocaine
(Kupchik et al., 2014). The impaired plasticity in the NAc seems
to not only be a general phenomenon in addiction but to inver-
sely correlate with the susceptibility to develop addiction
(Kasanetz et al., 2010). Thus, rats that show the highest level of
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cocaine self-administration do not show LTD, while rats with
minimal cocaine-seeking behavior have intact LTD expression.
This observation was replicated also in obesity (Brown et al.,
2017). So far, it is not known whether the link between plasticity
and the susceptibility to develop addiction or obesity is innate or
rather is a consequence of the chronic consumption of the
rewarding agent. Our data point for the first time to the possibil-
ity that the differences in synaptic metaplasticity in the VP may
be an innate marker for the susceptibility to develop obesity.

It remains unclear how a tendency to potentiate inhibitory
synapses in the VP may render one more susceptible to overeat-
ing than others. A possible hypothesis is that plasticity serves as a
compensation mechanism against changes in cellular activity.
Thus, depressing the GABAergic input to the VP may somehow
compensate for the HFHS-induced hyperpolarization in the VP.
Such depression may be indeed possible in low-seekers or some
cells of NWG mice (Figs. 4, 5), but WG mice and high-seekers
lack this ability to weaken the inhibitory input to the VP (Figs. 4,
5) and compensate for the decreased excitability. This may
potentially make these latter mice more prone to develop obesity,
in a yet unknown mechanism.
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