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The role of pituitary adenylate 
cyclase-activating polypeptide 
neurons in the hypothalamic 
ventromedial nucleus and the 
cognate PAC1 receptor in the 
regulation of hedonic feeding
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Sciences, Pomona, CA, United States

Obesity is a health malady that affects mental, physical, and social health. Pathology 
includes chronic imbalance between energy intake and expenditure, likely facilitated 
by dysregulation of the mesolimbic dopamine (DA) pathway. We explored the 
role of pituitary adenylate cyclase-activating polypeptide (PACAP) neurons in the 
hypothalamic ventromedial nucleus (VMN) and the PACAP-selective (PAC1) receptor 
in regulating hedonic feeding. We hypothesized that VMN PACAP neurons would 
inhibit reward-encoding mesolimbic (A10) dopamine neurons via PAC1 receptor 
activation and thereby suppress impulsive consumption brought on by intermittent 
exposure to highly palatable food. Visualized whole-cell patch clamp recordings 
coupled with in vivo behavioral experiments were utilized in wildtype, PACAP-cre, 
TH-cre, and TH-cre/PAC1 receptor-floxed mice. We found that bath application of 
PACAP directly inhibited preidentified A10 dopamine neurons in the ventral tegmental 
area (VTA) from TH-cre mice. This inhibitory action was abrogated by the selective 
knockdown of the PAC1 receptor in A10 dopamine neurons. PACAP delivered directly 
into the VTA decreases binge feeding accompanied by reduced meal size and 
duration in TH-cre mice. These effects are negated by PAC1 receptor knockdown 
in A10 dopamine neurons. Additionally, apoptotic ablation of VMN PACAP neurons 
increased binge consumption in both lean and obese, male and female PACAP-cre 
mice relative to wildtype controls. These findings demonstrate that VMN PACAP 
neurons blunt impulsive, binge feeding behavior by activating PAC1 receptors to 
inhibit A10 dopamine neurons. As such, they impart impactful insight into potential 
treatment strategies for conditions such as obesity and food addiction.
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1 Introduction

Obesity is a health malady that affects an individual’s mental, physical, and social health 
(1). Furthermore, obesity promotes the development of metabolic and physiological 
comorbidities such as, but not limited to, type 2 diabetes, hypertension, cardiovascular disease, 
obstructive sleep apnea, and respiratory disease (2, 3). Pathology of obesity includes prolonged 
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imbalance between energy expenditure and energy intake (4). The 
cause of this imbalance is multifactorial, however, a main proponent 
may stem from the hedonic control of appetite and food intake. The 
hedonic pathway utilizes food reward cues to modulate energy intake 
and expenditure (5). Rodent studies investigating motivated behavior 
suggest that substance abuse and consumption of palatable foods 
converge at the same pathway within the limbic system (5–7). This 
pathway is comprised of dopaminergic (DA) signaling from A10 
dopamine neurons originating at the ventral tegmental area (VTA) of 
the mesencephalon and terminating in the nucleus accumbens (NAc) 
(8). These neurons comprise the mesolimbic pathway (9) and are 
associated with regulation of behaviors motivated by reward (10). The 
release of DA in the NAc has been shown to facilitate goal directed 
motor behavior (11). In relation to obesity, an individual’s consistent 
consumption of highly palatable foods over-activates this 
dopaminergic circuitry as it becomes habitually stimulated. This 
repeated activation of the mesolimbic pathway dampens the self-
regulation of the mesolimbic circuitry, thereby rendering the subject 
susceptible to compulsive actions such as overeating or binge eating 
behaviors (12, 13).

Previous studies have depicted pituitary adenylate cyclase-
activating polypeptide (PACAP) as a prominent regulator of feeding 
behavior (14–16). PACAP is abundantly expressed in the hypothalamic 
ventromedial (VMN), paraventricular (PVN), and arcuate (ARC) 
nuclei (17–19), which are implicated in homeostatic regulation of 
feeding. Administration of PACAP into the ARC, VMN, and PVN has 
been evidenced to decrease food intake and increase metabolic 
parameters such as locomotor activity, core body temperature, and O2 
consumption (20–23). There are two populations of appetite-
regulating PACAP neurons within the hypothalamus: one in the VMN 
and the other in the PVN. VMN PACAP neurons co-express 
steroidogenic factor-1 and glutamate, and are considered anorexigenic 
(18, 22, 24). PVN PACAP neurons co-express thyrotropin-releasing 
hormone and glutamate, and are considered orexigenic (19, 25). There 
are also two classes of receptors to which PACAP can bind. The 
PACAP-specific PAC1 receptor is highly selective for PACAP, whereas 
the VPAC1 and VPAC2 receptors have comparable affinity for both 
PACAP and vasoactive intestinal polypeptide (26). The PAC1R system 
is highly expressed within the dorsomedial nucleus (DMN), PVN, 
ARC, and VMN of the hypothalamus (15, 26, 27).

Activation of the PAC1R in anorexigenic proopiomelanocortin 
(POMC) neurons within the ARC elicits Gq-and phosphatidylinositol-
3-kinase (PI3K)-mediated signaling that links this cognate receptor to 
transient receptor potential channel 5 (TRPC5) channels (22, 23). 
Opening of these channels upon PAC1R activation in POMC neurons 
leads to calcium and sodium influx and consequent depolarization of 
these cells, an effect that is potentiated by estradiol in females (22, 28). 
On the other hand, orexigenic ARC NPY/AgRP neurons express 
PAC1R and VPAC2R (29). PVN PACAP neurons provide excitatory 
input to ARC NPY/AgRP neurons, and are therefore able to modulate 
consumption via these orexigenic neurons (19). However, in keeping 
with their prominent anorexigenic role, optogenetic stimulation of 
VMN PACAP neurons, as well as bath application of exogenous 
PACAP powerfully hyperpolarizes NPY/AgRP neurons via 
Gq-coupled, PAC1R-mediated activation of KATP channels (23).

Investigation of the effects of PACAP in both the homeostatic and 
hedonic circuitries reveal PACAP exerts pleiotropic effects. While 
PACAP elicits excitation of ARC POMC neurons under ad libitum-fed 

conditions, deviations from homeostasis have been shown to either 
attenuate this response (in the case of diet-induced obesity), or reverse 
its polarity altogether (in the case of fasting) due to a switch in the 
PAC1R coupling from TRPC5 channels to KATP channels, which 
promote potassium efflux and hyperpolarization of the postsynaptic 
neuron (22, 30). We have also shown that the effect of PACAP on 
NPY/AgRP neurons reverses polarity from predominantly inhibitory 
to mostly excitatory under conditions of fasting (23). Injections of 
PACAP into the NAc reduces hedonic feeding and drive (31, 32). 
Additionally, PACAP and its cognate PAC1R are expressed in the NAc 
and VTA, which are evidenced to be  involved in the hedonic 
regulation of feeding (33, 34). Similarly, intra-VTA PACAP 
administration suppresses the binge-like consumption of palatable 
food in lean mice due to activation of KATP channels and 
hyperpolarization of A10 DA neurons in the VTA (35), which is 
blocked by the PAC1/VPAC2R antagonist PACAP6-38. A similar 
polarity switch occurs in A10 dopamine neurons from obese, high fat 
diet (HFD)-fed females, where the PACAP response flips from 
predominantly inhibitory to excitatory (5).

Seeing as the VMN PACAP neurons project to and synapse with 
VTA neurons, and with supporting evidence from previous studies 
depicting decreased drive for palatable food upon administration of 
PACAP to the VTA (35), it is hypothesized that selective knockdown 
of the PAC1R in A10 DA neurons will diminish the activation of KATP 
channels and subsequent inhibition of these cells; thereby blunting the 
PACAP-induced suppression of binge feeding. Furthermore, 
we postulate apoptotic ablation of VMN PACAP neurons will enhance 
the hedonic drive for highly palatable food evidenced by increased 
consumption during intermittent exposure to HFD. This research 
brings further clarity to the hedonic energy balance circuitry and the 
mechanisms driving food addiction and obesity, as well as potential 
therapeutic targets to alleviate hedonic drive and promote a return to 
homeostasis between energy intake and expenditure.

2 Materials and methods

2.1 Animal models

All animal care and procedures were compliant with Western 
University of Health Sciences’ Institutional Animal Care and Use 
Committee, and the NIH Guide for the Care and Use of Laboratory 
Animals. The presented study utilizes PACAP-cre and tyrosine 
hydroxylase (TH-cre) transgenic mice populations purchased from 
Jackson Laboratories (Stock #030155, #008601 respectively, Bar 
Harbor, ME, United  States). These strains were generated on a 
C57BL/6 background and bred in house. PAC1Rfl/fl mice were obtained 
from Dr. Rachel Ross (Albert Einstein College of Medicine, Bronx, 
NY, United States), and bred with TH-cre mice to produce double 
transgenic TH-cre/PAC1Rfl/fl mice (for experimentation lean mice: 
16–25 g, 12–26 weeks; HFD mice: 18–35 g, 14–30 weeks). Additionally, 
wildtype mice bred in house on a C57BL/6 background were utilized. 
A total of 175 males and 41 ovariectomized females were utilized. 
Animals were provided food and water ad libitum, kept on a 12 h 
light–12 h dark schedule (light 06:00–18:00), and maintained under 
25°C. At 21 days of age, pups were weaned and genotyped utilizing 
standard PCR protocols. Animals were subsequently assigned to 
either a standard chow diet (Teklad Rodent Diet, Teklad Diets, 
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Madison, WI, United States) with 18% of calories derived from fat, 
24% from protein, and 58% from carbohydrates, or they were assigned 
to a high fat diet (HFD) group which derived 45% of calories from fat, 
20% from protein, and 35% from carbohydrates 5–8 weeks prior 
to experimentation.

2.2 Surgical procedures

Approximately 5 days prior to experimentation, all female TH-cre 
and TH-cre/PAC1Rfl/fl mice were ovariectomized (OVX) under 2% 
isoflurane anesthesia. Ovariectomies were utilized to control the 
estrous cycle and study sex differences. Surgical outfitting with a 
26-gauge guide cannula (Plastics One, Roanoke, VA, United States) or 
stereotaxic injection of adeno-associated viral vector constructs 
(AAV) was performed in TH-cre, TH-cre/PAC1Rfl/fl, PACAP-cre, and 
wildtype mice. Animals were placed in a stereotaxic frame (Stoelting, 
Wood Dale, IL, United States), and anesthetized with 2% isoflurane. 
An incision was made to expose the skull, and either a unilateral or 
bilateral holes were drilled on one or both sides of the mid-sagittal 
suture to allow the guide cannula or injection needle to be lowered 
into the VTA (from bregma AP: −2.1 mm; ML: ±0.5 mm; DV: 
−4.0 mm from dura) or VMN (from bregma AP: −0.6 mm; ML: 
±0.3 mm; D: −5.6 mm from dura). Injections of cre-recombinase 
dependent AAV1 containing either enhanced yellow fluorescent 
protein (eYFP) blank control (pAAV-Ef1a-DIO EYFP; 1.0 × 1013, 
300 nL total volume, Addgene, plasmid #27056, deposited by Karl 
Deisseroth), or caspase-3 (pAAV-flex-taCasp3-TEVp; 7 × 1012 genomic 
copies/mL); 300 nL total volume (gift from Nirao Shah and Jim Wells; 
Addgene plasmid #45580). Animals were used 2–4 weeks following 
AAV eYFP injection/surgical implantation with guide cannula for 
experimentation. Only animals with correct placement were included 
in experimentation data. Wildtype and PACAP-cre animals who 
received bilateral VMN injections with AAV caspase-3 were utilized 
for experimentation 4 weeks post injection to allow adequate time for 
viral transfection and subsequent VMN PACAP specific ablation 
to occur.

2.3 Drugs

All drugs were purchased from Tocris Bioscience/ R&D Systems 
(Minneapolis, MN, United  States), unless stated otherwise. For 
electrophysiological experiments, the PAC1R agonist, PACAP1-38 was 
prepared as a 100 μM stock solution in UltraPure H2O and further 
diluted with artificial cerebrospinal fluid (aCSF) to a working 
concentration of 100 nM. For behavioral experiments, the PAC1/
VPAC2 antagonist, PACAP6–38 was prepared as a 200 mM stock 
solution, and PACAP1–38 was prepared as a 150 μM stock, and these 
two stock solutions were further diluted to 1 nM and 30 pM solutions, 
respectively, by dissolving them in filtered saline.

2.4 Midbrain slice preparation

On experiment day, 32% isoflurane was utilized to briefly 
anesthetize the animal (TH-cre or TH-cre/PAC1Rfl/fl) prior to 

rapid decapitation. The brain was carefully and swiftly extracted 
from the skull and a coronal mesencephalic block was procured. 
The block was then mounted on a cutting platform and secured 
in a vibratome filled with ice-cold, oxygenated, sucrose-based 
cutting solution (NaHCO3 26; dextrose 10, HEPES 10; sucrose 
208; KCl 2; NaH2PO4 1.25; MgSO4 22; CaCl2 1; in mM). Two to 
three slices at 250 um were obtained through the rostrocaudal 
aspect of the VTA. The slices were then transferred to an auxiliary 
chamber containing room temperature oxygenated aCSF 
containing the following (mM):

NaCl, 124; NaHCO3 26; dextrose 10, HEPES 10; KCl 5; NaH2PO4 
2.6; MgSO4 2; CaCl2 1

2.5 Electrophysiology

Whole-cell patch clamp electrophysiological recordings from 
VTA neurons were performed utilizing biocytin-filled electrodes. 
During recordings, the slices were maintained in a chamber 
under continuous perfusion with oxygenated aCSF (35°C), with 
the CaCl2 concentration raised to 2 mM. Artificial CSF and all 
drugs diluted with aCSF were perfused via a peristaltic pump at 
a rate of 1.5 mL/min. Borosilicate glass (World Precision 
Instruments, Sarasota, FL, United  States; 1.5 mm OD) patch 
electrodes were pulled on a P-97 Flaming Brown Puller (Sutter 
Instrument Co., Novato, CA, United States), and filled with an 
internal solution containing the following: Potassium gluconate 
128; NaCl 10; MgCl2 1; EGTA 11; HEPES 10; ATP 1; GTP 0.25; 
(in mM) and 0.5% biocytin. Internal solution was adjusted to a 
pH of 7.3 with KOH; osmolality: 286–320 mOsm. Recording 
electrode resistances ranged from 3 to 8 MΩ.

Recordings were visualized using an Olympus BX51 W1 fixed 
stage microscope outfitted with infrared differential interference 
contrast (DIC) video imaging. Multiclamp  700A or B 
preamplifiers (Molecular Devices) amplified potentials and 
passed current through the electrode. Analog-digital conversion 
of membrane current was carried out using Digidata 1550A or B 
interfaces (Molecular Devices) coupled to pClamp 10.6 or 11.0 
software. Access resistance, resting membrane potential (RMP), 
and input resistance were monitored for the entirety of 
recordings. Recording was ended if access resistance deviated 
more than 10% of the original value. Low-pass filtering of the 
currents was conducted at a frequency of 2 kHz. Liquid junction 
potential was calculated as −10 mV, and corrected during data 
analysis with pClamp software. Recordings were performed at 
holding potential of −60 mV.

Initial baseline current–voltage (I/V) relationship was 
generated in slices from TH-cre or TH-cre PAC1Rfl/fl mice injected 
2–3 weeks prior with eYFP blank AAV into the VTA using a 
ramp protocol (75 mV/s; from −110 to −30 mV). Following 
baseline I/V, PACAP1-38 [100 nM] was bath applied and the 
membrane current was continuously monitored until a new 
steady-state value was observed. Following this, a second I/V 
relationship was recorded. Membrane current was again 
continuously monitored as PACAP washed out and a final I/V 
relationship was recorded.
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2.6 Behavioral studies

Behavioral studies were conducted utilizing a four station 
Comprehensive Lab Animal Monitoring System (CLAMS; 
Columbus Instruments, Columbus, Ohio, United  States) as 
previously described and validated (36). Meal pattern and energy 
intake in intact male and OVX female wildtype, PACAP-cre, TH-cre, 
and TH-cre/PAC1Rfl/fl mice were monitored. Prior to executing our 
binge feeding protocol, animals were allowed to acclimate in the 
CLAMS chambers for 3 days where they were handled, weighed, and 
returned to their cages every afternoon. Following acclimation, 
binge feeding was monitored over the course of 5 consecutive days 
as previously described (37, 38). Briefly, animals were exposed to 
HFD from 16:00 to 17:00, and at the end of each 1-h exposure, they 
were switched back to standard chow for the remaining 23 h. For the 
studies involving apoptotic ablation of VMN PACAP neurons, lean 
and obese male and OVX female wildtype and PACAP-cre animals 
were randomly assigned to either standard chow or HFD 5 weeks 
prior to experimentation. Subjects were injected with a caspase-3-
containing AAV into the VMN 4 weeks prior to experimentation. 
Long term HFD-fed animals were switched back to standard chow 
a week before experimentation, then reintroduced to HFD for the 
binge hour as described above. For the studies involving TH-cre and 
TH-cre/PAC1Rfl/fl animals, subjects were injected with PACAP1-38 
(30 pmol, 0.2  μL), PACAP6–38 (1 nM, 0.2  μL), or its 0.9% saline 
vehicle (0.2 μL) directly into the VTA just prior to the HFD 
exposure hour.

2.7 Immunohistochemistry

Slices containing the VTA region from TH-cre and TH-cre/
PAC1Rfl/fl mice were fixed with 4% paraformaldehyde (PFM) in 
Sorenson’s phosphate buffer (pH 7.4) overnight. Following the fixation 
period, slices were then immersed for 3 days in 20% sucrose dissolved 
in Sorenson’s buffer which was changed daily. 2-methylbutane (EMD 
Millipore Corporation, Burlington, MA, United States) was utilized 
to snap freeze slices. Coronal sectioning (20 μM) through the VTA 
was conducted on a cryostat and mounted on chilled slides. Sections 
were then washed with 0.1 M sodium phosphate buffer (PBS; pH 7.4), 
and then processed overnight with a polyclonal antibody directed 
against PAC1R (ABCAM; Cambridge, MA, United States; AB28670; 
1:500 dilution). The following day, two 15-min washes with PBS, and 
a 2 h incubation period with secondary biotinylated goat anti-rabbit 
antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA, United States; 1:300), then three 15 min washes with PBS and 
another 2 h overlay with streptavidin-Alexa Fluor 546 (Molecular 
Probes Inc., Eugene, OR, PA, United States 1:600) was conducted. 
This was followed by a final series of three 30-min washes. For TH 
immunolabeling, these same slides were washed in PBS as described 
above and processed overnight with a monoclonal antibody for TH 
(Immunostar, Inc., Hudson, WI, United States; 1:4,000 dilution). The 
following day, slides were washed with PBS twice for 15 min and 
secondary goat anti-mouse antibody conjugated with Alexa Fluor 488 
(Life Technologies, Carlsbad, CA, United States, 1:300) was utilized 
for the 2 h overlay. Following the final series of three 30 min washes 
with PBS, slides were coverslipped and evaluated using fluorescence 
immunohistochemistry on a Zeiss Axioskop 2 Plus microscope (Carl 

Zeiss, Gӧttingen, Germany). Percent colocalization was calculated bia 
comparison of TH and PAC1R fluorescence. PAC1R positive and TH 
positive cells were divided by the total number of TH positive cells. 
Representative sections were evaluated in triplicate from three TH-cre 
mice and three TH-cre/PAC1Rfl/fl mice. Cell counts were taken from 
0.12 mm2 area in the VTA and determined in triplicate (22, 23).

2.8 Statistical analysis

Student’s t-test or Mann–Whitney U-test were utilized to draw 
comparisons between two groups. One-way or repeated measures, 
multifactorial ANOVA, followed by Least Significant Difference (LSD) 
test were utilized for comparisons made between more than two 
groups. An alpha probability of <0.05 was necessary for a difference 
to be considered statistically significant.

3 Results

3.1 The PAC1R is effectively knocked down 
in TH-cre/PAC1Rfl/fl mice

Intra-VTA administration of PACAP1–38 has been associated with 
decreased binge-like consumption of palatable food due to KATP 
channel activation and hyperpolarization of VTA A10 DA neurons 
(35). This effect is blocked by the PAC1/VPAC2R antagonist 
PACAP6-38 (35). To confirm whether, indeed, the PAC1R is the 
mediator for the PACAP-induced hyperpolarization of A10 DA 
neurons, we  utilized double transgenic TH-cre/PAC1Rfl/fl mice to 
determine if inhibition persisted when the PAC1R was knocked down. 
We first wanted to validate the knockdown of the PAC1R expression 
in VTA neurons. We  compared coronal VTA slices from 
TH-cre (Figures 1A–C) to TH-cre/PAC1Rfl/fl mice (Figures 1D–F) that 
we  immunostained with antibodies directed against TH and the 
PAC1R, and confirmed the PAC1R is appreciably knocked down in 
A10 DA neurons from TH-cre/PAC1Rfl/fl animals (Figure 1G: Mann–
Whitney U-test: W = 0, p < 0.04).

3.2 PAC1R is necessary for PACAP induced 
VTA A10 DA neuron hyperpolarization in 
TH-cre mice

Following establishment of the PAC1R knockdown in A10 DA 
neurons, we  tested whether PACAP1-38 would still induce 
hyperpolarization of these cells in the absence of the 
PAC1R. We conducted whole-cell patch clamp recordings of A10 DA 
neurons visualized with eYFP (Figures  2A–C) in both TH-cre and 
TH-cre/PAC1Rfl/fl mice. The representative traces and I/V plots reveal 
that bath application of PACAP1–38 (100 mM) induced a robust outward 
current in A10 DA neurons from TH-cre mice (Figure  2D), with a 
corresponding increase in slope conductance and reversal potential of 
−90 mV (Figure 2E). In contrast, bath application of PACAP1–38 had no 
significant effect on membrane current from recorded A10 DA neurons 
nor a change in slope conductance in TH-cre/PAC1Rfl/fl mice 
(Figures 2F,G). These are largely corroborated when looking at the 
composite data, with the slope conductance (ΔG) reduced by 69% 
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(Figure 2H: student’s t-test, t = 1.649, DF: 16, p < 0.12) and the membrane 
current (Figure  2I: student’s t-test, t = 5.160, DF: 16, p < 0.0001) 
negligible in TH-cre/PAC1Rfl/fl compared to TH-cre mice with intact 
PAC1Rs. These data suggest the PAC1R is necessary to effectuate the 
inhibitory effect of PACAP on VTA A10 DA neurons (Figures 2J,K).

3.3 PAC1R knockdown abrogates the 
intra-VTA PACAP-induced decrease in 
binge intake, frequency, and bout duration 
in TH-cre mice

Seeing as how exogenous PACAP elicited no significant effect on 
recorded A10 DA neurons from TH-cre/PAC1Rfl/fl mice, we therefore 
postulated that knockdown of the PAC1R would also negate the 
PACAP-induced inhibition of binge-like behavior. TH-cre and TH-cre/
PAC1Rfl/fl groups both were surgically outfitted with a guide cannula 
situated just above the VTA to allow for focal injection of PACAP1–38 
(30 pmol) or its saline vehicle (0.9%) and underwent intermittent 1-h 

exposure to HFD as previously described and validated (Figure 3A) 
(38). Pre-surgical weights were not significantly different between the 
two groups (TH-cre—23.8 ± 0.6 g, TH-cre/PAC1Rfl/fl—24.8 ± 1.6 g 
student’s t-test, t = 0.6705, DF: 84, p < 0.51). Intra-VTA administration 
of PACAP1–38 significantly just prior to this HFD exposure decreased 
binge intake in TH-cre mice (Figure  3B). This PACAP-induced 
decrement is associated with a reduction in both meal frequency 
(Figure 3C) and bout duration (Figure 3D) in TH-cre but not TH-cre/
PAC1Rfl/fl mice. The decreases in binge intake (Figure 3B) and meal 
frequency (Figure 3C) caused by PACAP were largely abolished in 
TH-cre/PAC1Rfl/fl mice (Figure 3B: repeated measures multi-factorial 
ANOVA/LSD: FPACAP1-38: 13.42, DF: 1, p < 0.0006; Fgenotype: 5.86, DF: 1, 
p < 0.02; Finteraction: 13.94, DF: 1, p < 0.0005, one-way ANOVA/LSD: 
F = 8.12, p < 0.0002; Figure  3C: repeated measures multi-factorial 
ANOVA/LSD: FPACAP1-38: 19.19, DF: 1, p < 0.0001; Fgenotype: 0.63, DF: 1, 
p < 0.43; Finteraction: 6.79, DF: 1, p < 0.02, one-way ANOVA/LSD: F = 6.74, 
p < 0.0005). There was a significant main effect of both PACAP1–38 and 
genotype on bout duration, but no interaction between the two 
factors, and we  interpreted this to mean that the PACAP-induced 

FIGURE 1

Validation of PAC1R knockdown in TH-cre/PAC1Rfl/fl mice. Photomicrographs on the left represent TH immunostaining (visualized with Alexa Fluor 
488) in sections from TH-cre (A) and TH-cre/PAC1Rfl/fl (D) mice. Photomicrographs in the middle illustrate PAC1R immunostaining (visualized with 
Alexa Fluor 546) in the same sections from TH-cre (B) and TH-cre/ PAC1Rfl/fl (E) mice. The photomicrographs in panels (C,F) denote merged images 
depicting retention of PAC1R in A10 DA neurons (denoted by the arrows) from TH-cre but not TH-cre/PAC1Rfl/fl mice. (G) Percent of cells positive for 
colocalization of TH and PAC1R in TH-cre and TH-cre/PAC1Rfl/fl mice. Mann–Whitney U-test, *p  <  0.05, TH-cre n  =  4, TH-cre/PAC1Rfl/fl n  =  4. Bars 
represent means and lines 1 SEM.
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diminution of this meal pattern index was attenuated in TH-cre/
PAC1Rfl/fl mice (Figure  3D: repeated measures multi-factorial 
ANOVA/LSD: FPACAP1-38: 4.38, DF: 1, p < 0.04; Fgenotype: 7.58, DF: 1, 
p < 0.008; Finteraction: 1.11, DF: 1, p < 0.30). Thus, the knockdown of the 
PAC1R in A10 DA neurons greatly compromises the inhibitory effect 
of intra-VTA PACAP on binge feeding behavior.

3.4 Apoptotic lesioning of VMN PACAP 
neurons enhances hedonic drive in 
PACAP-cre animals

Because VMN PACAP neurons project to and terminate in the 
VTA, and optogenetic stimulation of these cells inhibits A10 DA 
neurons (35), we tested the hypothesis that apoptotic ablation of 
VMN PACAP neurons would enhance hedonic drive. Lean, 

chowfed, and DIO HFD-fed male and female wildtype and PACAP-
cre cohorts were injected with caspase-3 AAV in the VMN to 
apoptotically lesion VMN PACAP neurons 4 weeks prior to 
experimentation as described and validated previously (Figure 4A)
(23). Caspase ablation promoted a significant increase in binge 
consumption in both lean and obese male (Figure  4B: repeated 
measures multi-factorial ANOVA/LSD: Fgenotype: 23.88, DF: 1, 
p < 0.0001; Fdiet: 0.38, DF: 1, p < 0.55; Finteraction: 2.15, DF: 1, p < 0.15) 
and female (Figure 4C: repeated measures multi-factorial ANOVA/
LSD: Fgenotype: 15.01, DF: 1, p < 0.0005; Fdiet: 2.06, DF: 1, p < 0.16; 
Finteraction genotype/diet: 0.07, DF: 1, p < 0.80) subjects. Thus, VMN 
PACAP neurons may tonically inhibit the hedonic consumption of 
palatable food irrespectively of sex or energy status. In comparing 
body weight of TH-cre and TH-cre/PAC1Rfl/fl animals utilized for 
both feeding and electrophysiology studies, starting weight was not 
significantly different (student’s t-test, t = 0.6705, DF: 84, p > 0.05).

FIGURE 2

Lack of PAC1R attenuates PACAP induced outward current in VTA A10 DA neurons in TH-cre/PAC1Rfl/fl mice. (A) Low powered (4X) photomicrograph of 
eYFP-fluorescing A10 DA neurons localized to the VTA. (B) High powered (40X) photomicrograph illustrating a representative A10 DA neuron about to 
undergo electrophysiologic recording. (C) Corresponding DIC image of the recorded TH neuron. (D) Representative outward current elicited in A10 DA 
neurons in TH-cre mice upon bath application of PACAP1-38. (E) I/V plot showing a  −90  mV reversal potential corresponding with the Nernst equilibrium 
potential for potassium conductance. (F) Representative voltage clamp trace depicting no significant change in membrane current in A10 DA neurons 
recorded from TH-cre/PAC1Rfl/fl animals. (G) I/V relationship showing no significant change in slope conductance compared to baseline. (H,I) 
Composite data depicting slope conductance and membrane current are lower in TH-cre/PAC1Rfl/fl animals following bath application of PACAP. 
Student’s t-test, *p  <  0.05, TH-cre n  =  6 animals, 9 slices, 9 cells, TH-cre/PAC1Rfl/fl n  =  5 animals, 5 slices, 9 cells. Bars represent means and lines 1 SEM. 
(J,K) Pie charts reflecting the distribution of A10 dopamine neurons from TH-cre and TH-cre/PAC1Rfl/fl animals that are inhibited, excited or 
unresponsive to PACAP.
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4 Discussion

The data curated throughout this project indicate PACAP-induced 
inhibition of VTA A10 DA neurons is PAC1R-dependent. The PAC1R 
is necessary for PACAP’s ability to exert its inhibitory effects on VTA 
A10 DA neurons, and attenuation of the PACAP mediated inhibition 
upon knockdown of the PAC1R in VTA A10 DA neurons increases 
hedonic drive. Additionally, VMN PACAP neurons tonically reduce 
hedonic drive independent of sex and diet. We  have confirmed 
exogenous PACAP inhibits of VTA A10 DA neurons as evidenced by 
the robust and reversible outward current bath application of PACAP1-

38 promoted in recordings of VTA A10 DA neurons. Following 
knockdown of the PAC1R in these A10 DA neurons, bath application 
of PACAP1-38 elicited no significant change in A10 DA membrane 
current. The reduced PACAP-mediated inhibition of A10 DA neurons 
greatly attenuates the decreased binge intake as well as meal frequency 
and bout duration during intermittent exposure to highly palatable 
food. Lastly, ablation of VMN PACAP neurons promoted increased 
drive for highly palatable food consumption, in both male and female 
groups, as well as lean and DIO sub-groups, confirming that VMN 
PACAP neurons tonically inhibit VTA A10 DA neurons.

4.1 Knockdown of PAC1R functionality in 
VTA A10 DA neurons diminishes PACAP 
induced inhibition

Retrograde tracing has indicated VMN PACAP neurons 
project to and terminate at VTA A10 DA neurons (35). Optogenetic 

stimulation of VMN PACAP neurons inhibits VTA neurons. This 
inhibitory effect was replicated with exogenous bath application 
of PACAP1–38 in VTA A10 DA neurons and diminished in the 
presence of KATP channel blocker and PAC1R antagonist, 
tolbutamide and PACAP6-38, respectively (35). PACAP selectively 
binds to PAC1R with high affinity, however, this neuropeptide 
also binds to VPAC1R and VPAC2R (39). It has been shown that 
the PAC1R/VPAC2R antagonist PACAP6-38 abrogates the appetite-
suppressing effects of PACAP in several different species, 
including goldfish and chicks; indicating PACAP’s anorexic effects 
are PAC1R mediated (40, 41). In the present study, we  show 
knockdown of the PAC1R in VTA A10 DA neurons renders the 
bath application of exogenous PACAP in mesencephalic slices 
ultimately ineffective. This was evidenced by the significant 
attenuation in change in A10 DA membrane current, as well as a 
lesser increase in slope conductance. These data confirm and 
extend PAC1R’s role in mediating PACAP induced inhibition of 
A10 DA neurons.

4.2 Blunted PACAP-mediated inhibition of 
VTA A10 DA neurons increases tendencies 
toward binge feeding behavior during 
intermittent exposure to highly palatable 
food

The NAc has been strongly tied to appetitive motivation in 
both rodents and humans (42–44). The incentive-sensitization 
model of obesity suggests hyper-responsivity of the DA reward 

FIGURE 3

Intra-VTA PACAP1-38 significantly reduces binge intake, meal frequency, and bout duration in TH-cre but not TH-cre/PAC1Rfl/fl mice. (A) Schematic 
illustrating the procedural timeline for the execution of these experiments. (B–D) Composite data depicting PACAP1–38 significantly decreases binge 
intake (B), meal frequency (C), and bout duration (D) in TH-cre mice, effects which are largely negated in the absence of PAC1R in VTA TH neurons. 
*p  <  0.05 relative to vehicle, #p  <  0.5 relative to genotype. Repeated measures, multifactorial ANOVA/LSD, TH-cre vehicle n  =  10, TH-cre PACAP1–38 n  =  9, 
TH-cre/PAC1Rfl/fl vehicle n  =  30, and TH-cre/PAC1Rfl/fl n  =  26. Bars represent means and lines 1 SEM.
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circuitry is due to repeated pairings of reward from food intake 
and food-intake associated cues (45). In accordance with this 
theory, the incentive-sensitization model of drug addiction 
asserts that hypersensitivity to motivational stimuli associated 
with high incentive salience promotes attentional processing bias 
toward reward-related cues (46). This bias toward reward-related 
cues is proposed to trigger the release of DA and drive 
consumption (47). The same underlying processes most likely 
extend to food addiction and eating disorders like bulimia. 
Indeed, our binge feeding paradigm results in a dramatic 
escalation in the ingestion of palatable food over the 5 days of the 
monitoring period; resulting in upwards of 40% of the daily 
caloric intake being consumed during the one-hour HFD 
exposure. This escalation is blunted by PACAP and other 
neuropeptides like nociceptin/orphanin FQ due to their ability 
to inhibit A10 dopamine neurons (35, 38).

Food cues act as stimuli, which promote the urge to eat. This 
is evidenced by rodent studies depicting increased cue-triggered 
motivation and a sensitized mesolimbic system following high fat 
diet (HFD) consumption resulted in increased activity of DA cells 

and increased expression of the rate limiting enzyme of DA 
synthesis, tyrosine hydroxylase (TH), within the NAc (48). 
Studies with clinically obese populations have reported stronger 
cue triggered food cravings coupled with larger portion 
consumption (47). Additionally, this study demonstrated that 
body mass index (BMI) is positively correlated with food-seeking 
behavioral responses, which implied food cues triggered a greater 
attention bias toward food in overweight versus lean 
individuals (47).

Pituitary adenylate cyclase-activating polypeptide and its 
cognate receptors are expressed in the NAc and VTA, which are 
evidenced to be involved in the hedonic regulation of feeding (5, 
33, 34). In accordance with this, PACAP administered to the NAc 
reduced hedonic feeding without affecting homeostatic feeding 
(31, 32). Likewise, intra-VTA PACAP administration suppresses 
the binge-like consumption of palatable food in lean mice due to 
activation of KATP channels and hyperpolarization of A10 DA 
neurons in the VTA (35), which is blocked by the PAC1/VPAC2R 
antagonist PACAP6–38. In the present study, intra-VTA 
administration of PACAP1–38 significantly decreased binge intake, 

FIGURE 4

VMN PACAP neuron ablation in PACAP-cre mice increases binge consumption in males and females. (A) Schematic illustrating the procedural timeline 
for the execution of these experiments. (B,C) Composite data depicting caspase ablation of VMN PACAP neurons in PACAP-cre mice elicits a 
significant increase in binge consumption in both lean and obese male (B) as well as female (C) mice. *p  <  0.05 relative to wildtype controls. Repeated 
measures, multifactorial ANOVA/LSD, (B) lean wildtype n  =  30, lean PACAP-cre n  =  30, DIO wildtype n  =  10, DIO PACAP-cre n  =  10; (C) lean wildtype 
n  =  10, lean PACAP-cre n  =  10, DIO wildtype n  =  10, DIO PACAP-cre n  =  10. Bars represent means and lines 1 SEM.
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meal frequency, and bout duration during intermittent exposure 
to HFD in TH-cre, but not TH-cre/PAC1Rfl/fl animals. The most 
parsimonious explanation of this finding is that knockdown of 
the PAC1R attenuated the suppressive effect promoted by PACAP 
on hedonic feeding. TH-cre/PAC1Rfl/fl animals exhibited binge 
feeding behavior virtually indistinguishable from their TH-cre 
saline vehicle-treated counterparts despite receiving intra-VTA 
administration of PACAP1–38. Therefore, the reduced PACAP 
mediated inhibition of A10 DA neurons in TH-cre/PAC1Rfl/fl 
animals exhibited in our electrophysiology studies translates 
behaviorally to decreased inhibition of the hedonic feeding 
behavior. Admittedly, we did not see an elevation in binge feeding 
per se in the vehicle treated, TH-cre/PAC1Rfl/fl animals, which 
suggests that activation of PAC1Rs by PACAP do not tonically 
inhibit hedonic feeding. We  also reported no significant 
difference in starting body weight for TH-cre and TH-cre/PAC1Rfl/

fl animals. While this data was solely from pre-surgical body 
weight, previous research followed body weight across an eight-
week timespan and reported a significant increase in body weight 
gain in caspase induced ablation of VMN PACAP neurons (23). 
Additionally, this research depicted PACAP inhibits AgRP 
neurons resulting in decreased energy intake and expenditure, 
however, upon knockdown of the PAC1R in AgRP neurons, there 
was no significant difference in energy intake nor expenditure 
with application of PACAP. Nevertheless, our findings 
demonstrate the PAC1R can play a role in inhibition of the 
hedonic mesolimbic pathway. PACAP activation of the PAC1R, 
and subsequent activation of KATP channels (5), decreases A10 DA 
activity; desensitizing the mesolimbic system to food cues and 
decreasing hedonic drive toward highly palatable food.

4.3 VMN PACAP neurons are a key 
proponent for inhibition of the 
mesolimbic DA pathway and attenuation 
of hedonic behavior

The cre-dependent apoptotic ablation of VMN PACAP 
neurons promoted a significant increase in hedonic feeding 
behavior in both male and female, lean and obese cohorts. The 
significant increase in hedonic drive strongly indicates that VMN 
PACAP neurons are necessary for the tonic inhibition of VTA A10 
DA neurons. In previous studies, we  have demonstrated that 
optogenetic stimulation of VMN PACAP neurons effectively 
inhibit VTA neurons (35). VMN PACAP neurons contain other 
important phenotypic markers including glutamate steroidogenic 
factor-1 (24, 49–51). Considering that acute knockdown of 
PAC1R in A10 dopamine neurons per se did not affect binge 
feeding, it is entirely plausible that glutamate released from these 
neurons carry out this tonic inhibition via activation of 
metabotropic glutamate receptor, and future studies will 
determine if this is in fact the case. Nevertheless, it is apparent 
that VMN PACAP neurons play a key role in the inhibition of 
VTA A10 DA neurons and consequently the reduction in drive for 
hedonic feeding. On the other hand, the PACAP-induced 
diminution of binge feeding behavior is sex dependent in that 
intra-VTA PACAP decreases binge feeding in lean, otherwise 

chow-fed males but not in their female counterparts (35). 
Moreover, PACAP delivery into the VTA of obese females 
actually increases binge feeding behavior (5). Studies have shown 
that women have a greater risk of developing food addiction. This 
may be  due, in part, to greater activation of the dorsolateral 
prefrontal cortex (dlPFC), medial orbitofrontal cortex, and the 
amygdala when presented with a food cue (52). Activation of the 
dlPFC is increased during reward anticipation, and this enhanced 
activity of the dlPFC stimulates A10 DA neurons (53). The medial 
orbitofrontal cortex and amygdala receive A10 DA input and are 
important for goal directed behavior and processing of emotional 
stimuli associated with food cues (54, 55). Additionally, binge 
studies in female rats depicted heightened tolerance to high levels 
of foot shock in acquiring Oreo cookies—indicating a food 
addiction defined as sustained desire for food consumption 
despite negative consequences (56, 57). Within the mesolimbic 
pathway, estradiol regulates dopamine neuron sensitization in 
females (58, 59), an effect that is not present in males (60). It 
follows then that estradiol’s role in sensitization is a likely 
underlying factor in the sexually differentiated disparities in 
addiction and hedonic feeding behavior. However, in the present 
study we found that apoptotic ablation of VMN PACAP neurons 
increased binge feeding behavior in both lean and obese, male 
and female PACAP-cre animals. As mentioned above, VMN 
PACAP neurons are glutamatergic (24, 50, 51), and it bears 
repeating that glutamate acting at inhibitory metabotropic 
glutamate receptors may very well be responsible for the tonic 
suppression of binge feeding that is relieved upon apoptotic 
ablation of these cells. On the other hand, the actions of PACAP 
in the VTA with respect to hedonic feeding are clearly sexually 
differentiated; as PACAP decreases binge feeding in lean males 
but not females and increases it in obese females (5, 35). Thus, 
once sex and energy status have been factored in appropriately. 
The PACAP/PAC1R system may very well prove to be an effective 
target to curb excessive eating via inhibiting the hedonic 
feeding pathway.

In conclusion, we  have demonstrated that the PACAP-
induced inhibition of the mesolimbic pathway is reliant on 
PAC1R activation. Taken together, these data demonstrate the 
contribution of the PACAP/PAC1R system and VMN PACAP 
neurons in reducing excitability of the mesolimbic dopamine 
pathway via inhibition of VTA A10 DA neurons that in turn 
suppresses hedonic feeding. This knowledge renders the PAC1R 
a potential therapeutic target in managing excessive eating.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Institutional Animal Care and 
Use Committee. The study was conducted in accordance with the local 
legislation and institutional requirements.

https://doi.org/10.3389/fnut.2024.1437526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Sayers et al. 10.3389/fnut.2024.1437526

Frontiers in Nutrition 10 frontiersin.org

Author contributions

SS: Data curation, Formal analysis, Investigation, Methodology, 
Writing – original draft, Writing – review & editing. NL: Data 
curation, Formal analysis, Investigation, Methodology, Writing – 
review & editing. EW: Conceptualization, Funding acquisition, 
Methodology, Resources, Supervision, Writing – original draft.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by PHS grant DA024314.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Lim Y, Boster J. Obesity and comorbid conditions In: Statpearls. Treasure Island 

(FL): StatPearls Publishing LLC (2024).

 2. Webber J. The Comorbities of obesity. Pract Diabet Int. (2001) 18:293–6. doi: 
10.1002/pdi.274

 3. Katsareli EA, Dedoussis GV. Biomarkers in the field of obesity and its related 
comorbidities. Expert Opin Ther Targets. (2014) 18:385–401. doi: 
10.1517/14728222.2014.882321

 4. Hall KD, Hammond RA, Rahmandad H. Dynamic interplay among homeostatic, 
hedonic, and cognitive feedback circuits regulating body weight. Am J Public Health. 
(2014) 104:1169–75. doi: 10.2105/ajph.2014.301931

 5. Le N, Sayers S, Mata-Pacheco V, Wagner EJ. The Pacap paradox: dynamic and 
surprisingly pleiotropic actions in the central regulation of energy homeostasis. Front 
Endocrinol. (2022) 13:877647. doi: 10.3389/fendo.2022.877647

 6. DiLeone RJ, Georgescu D, Nestler EJ. Lateral hypothalamic neuropeptides in 
reward and drug addiction. Life Sci. (2003) 73:759–68. doi: 10.1016/
S0024-3205(03)00408-9

 7. Georgescu D, Sears RM, Hommel JD, Barrot M, Bolaños CA, Marsh DJ, et al. The 
hypothalamic neuropeptide melanin-concentrating hormone acts in the nucleus 
Accumbens to modulate feeding behavior and forced-swim performance. J Neurosci. 
(2005) 25:2933–40. doi: 10.1523/JNEUROSCI.1714-04.2005

 8. Lutter M, Nestler EJ. Homeostatic and hedonic signals interact in the regulation of 
food intake. J Nutr. (2009) 139:629–32. doi: 10.3945/jn.108.097618

 9. Nestler EJ. Is there a common molecular pathway for addiction? Nat Neurosci. 
(2005) 8:1445–9. doi: 10.1038/nn1578

 10. Liu JJ, Mukherjee D, Haritan D, Ignatowska-Jankowska B, Liu J, Citri A, et al. High 
on food: the interaction between the neural circuits for feeding and for reward. Front 
Biol. (2015) 10:165–76. doi: 10.1007/s11515-015-1348-0

 11. Wakabayashi KT, Fields HL, Nicola SM. Dissociation of the role of nucleus 
accumbens dopamine in responding to reward-predictive cues and waiting for reward. 
Behav Brain Res. (2004) 154:19–30. doi: 10.1016/j.bbr.2004.01.013

 12. Hyman SE. Addiction: a disease of learning and memory. Am J Psychiatry. (2005) 
162:1414–22. doi: 10.1176/appi.ajp.162.8.1414

 13. Volkow ND, Wise RA, Baler R. The dopamine motive system: implications for 
drug and food addiction. Nat Rev Neurosci. (2017) 18:741–52. doi: 10.1038/nrn.2017.130

 14. Christophe J. Is there appetite after Glp-1 and Pacap? Ann N Y Acad Sci. (1998) 
865:323–35. doi: 10.1111/j.1749-6632.1998.tb11192.x

 15. Rudecki AP, Gray SL. Pacap in the defense of energy homeostasis. Trends 
Endocrinol Metab. (2016) 27:620–32. doi: 10.1016/j.tem.2016.04.008

 16. Gargiulo AT, Curtis GR, Barson JR. Pleiotropic pituitary adenylate cyclase-
activating polypeptide (PACAP): novel insights into the role of PACAP in eating and 
drug intake. Brain Res. (2020) 1729:146626. doi: 10.1016/j.brainres.2019.146626

 17. Dürr K, Norsted E, Gömüç B, Suarez E, Hannibal J, Meister B. Presence of pituitary 
adenylate cyclase-activating polypeptide (PACAP) defines a subpopulation of 
hypothalamic POMC neurons. Brain Res. (2007) 1186:203–11. doi: 10.1016/j.
brainres.2007.10.015

 18. Hawke Z, Ivanov TR, Bechtold DA, Dhillon H, Lowell BB, Luckman SM. Pacap 
neurons in the hypothalamic ventromedial nucleus are targets of central leptin signaling. 
J Neurosci. (2009) 29:14828–35. doi: 10.1523/JNEUROSCI.1526-09.2009

 19. Krashes MJ, Shah BP, Madara JC, Olson DP, Strochlic DE, Garfield AS, et al. An 
excitatory paraventricular nucleus to AGRP neuron circuit that drives hunger. Nature. 
(2014) 507:238–42. doi: 10.1038/nature12956

 20. Resch JM, Boisvert JP, Hourigan AE, Muller CR, Yi SS, Choi S. Stimulation of the 
hypothalamic ventromedial nuclei by pituitary adenylate cyclase-activating polypeptide 
induces hypophagia and thermogenesis. Am J Phys Regul Integr Comp Phys. (2011) 
301:R1625–34. doi: 10.1152/ajpregu.00334.2011

 21. Resch JM, Maunze B, Gerhardt AK, Magnuson SK, Phillips KA, Choi S. 
Intrahypothalamic pituitary adenylate cyclase-activating polypeptide regulates energy 
balance via site-specific actions on feeding and metabolism. Am J Physiol Endocrinol 
Metab. (2013) 305:E1452–63. doi: 10.1152/ajpendo.00293.2013

 22. Chang R, Hernandez J, Gastelum C, Guadagno K, Perez L, Wagner EJ. Pituitary 
adenylate cyclase-activating polypeptide excites proopiomelanocortin neurons: 
implications for the regulation of energy homeostasis. Neuroendocrinology. (2021) 
111:45–69. doi: 10.1159/000506367

 23. Mata-Pacheco V, Hernandez J, Varma N, Xu J, Sayers S, Le N, et al. Dynamic, sex-
and diet-specific pleiotropism in the Pac1 receptor-mediated regulation of arcuate 
POMC and NPY/AGRP neuronal excitability by anorexigenic ventromedial nucleus 
PACAP neurons. J Neuroendocrinol. (2024) 36:e13357. doi: 10.1111/jne.13357

 24. Cardinal P, André C, Quarta C, Bellocchio L, Clark S, Elie M, et al. Cb1 
cannabinoid receptor in Sf1-expressing neurons of the ventromedial hypothalamus 
determines metabolic responses to diet and leptin. Mol Metab. (2014) 3:705–16. doi: 
10.1016/j.molmet.2014.07.004

 25. Grzelka K, Wilhelms H, Dodt S, Dreisow ML, Madara JC, Walker SJ, et al. A 
synaptic amplifier of hunger for regaining body weight in the hypothalamus. Cell Metab. 
(2023) 35:770–85.e5. doi: 10.1016/j.cmet.2023.03.002

 26. Vaudry D, Gonzalez BJ, Basille M, Yon L, Fournier A, Vaudry H. Pituitary 
adenylate cyclase-activating polypeptide and its receptors: from structure to functions. 
Pharmacol Rev. (2000) 52:269–324.

 27. Mounien L, Do Rego J-C, Bizet P, Boutelet I, Gourcerol G, Fournier A, et al. 
Pituitary adenylate cyclase-activating polypeptide inhibits food intake in mice through 
activation of the hypothalamic melanocortin system. Neuropsychopharmacology. (2009) 
34:424–35. doi: 10.1038/npp.2008.73

 28. Bacsa B, Tiapko O, Stockner T, Groschner K. Mechanisms and significance of 
ca(2+) entry through TRPC channels. Curr Opin Physiol. (2020) 17:25–33. doi: 
10.1016/j.cophys.2020.06.005

 29. Mounien L, Bizet P, Boutelet I, Gourcerol G, Basille M, Gonzalez B, et al. 
Expression of PACAP receptor mRNAs by neuropeptide Y neurons in the rat arcuate 
nucleus. Ann N Y Acad Sci. (2006) 1070:457–61. doi: 10.1196/annals.1317.061

 30. Gastelum C, Perez L, Hernandez J, Le N, Vahrson I, Sayers S, et al. Adaptive 
changes in the central control of energy homeostasis occur in response to variations in 
energy status. Int J Mol Sci. (2021) 22, 2728. doi: 10.3390/ijms22052728

 31. Hurley MM, Maunze B, Block ME, Frenkel MM, Reily MJ, Kim E, et al. Pituitary 
adenylate-cyclase activating polypeptide regulates hunger-and palatability-induced 
binge eating. Front Neurosci. (2016) 10:383. doi: 10.3389/fnins.2016.00383

 32. Hurley MM, Robble MR, Callan G, Choi S, Wheeler RA. Pituitary adenylate 
cyclase-activiating polypeptide (Pacap) acts in the nucleus accumbens to reduce hedonic 
drive. Int J Obes. (2019) 43:928–32. doi: 10.1038/s41366-018-0154-6

 33. Masuo Y, Ohtaki T, Masuda Y, Nagai Y, Suno M, Tsuda M, et al. Autoradiographic 
distribution of pituitary adenylate cyclase activating polypeptide (Pacap) binding sites 
in the rat brain. Neurosci Lett. (1991) 126:103–6. doi: 10.1016/0304-3940(91)90529-3

 34. Hashimoto H, Nogi H, Mori K, Ohishi H, Shigemoto R, Yamamoto K, et al. 
Distribution of the Mrna for a pituitary adenylate cyclase-activating polypeptide 
receptor in the rat brain: an in situ hybridization study. J Comp Neurol. (1996) 
371:567–77. doi: 10.1002/(sici)1096-9861(19960805)371:4<567::Aid-cne6>3.0. 
Co;2-2

https://doi.org/10.3389/fnut.2024.1437526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/pdi.274
https://doi.org/10.1517/14728222.2014.882321
https://doi.org/10.2105/ajph.2014.301931
https://doi.org/10.3389/fendo.2022.877647
https://doi.org/10.1016/S0024-3205(03)00408-9
https://doi.org/10.1016/S0024-3205(03)00408-9
https://doi.org/10.1523/JNEUROSCI.1714-04.2005
https://doi.org/10.3945/jn.108.097618
https://doi.org/10.1038/nn1578
https://doi.org/10.1007/s11515-015-1348-0
https://doi.org/10.1016/j.bbr.2004.01.013
https://doi.org/10.1176/appi.ajp.162.8.1414
https://doi.org/10.1038/nrn.2017.130
https://doi.org/10.1111/j.1749-6632.1998.tb11192.x
https://doi.org/10.1016/j.tem.2016.04.008
https://doi.org/10.1016/j.brainres.2019.146626
https://doi.org/10.1016/j.brainres.2007.10.015
https://doi.org/10.1016/j.brainres.2007.10.015
https://doi.org/10.1523/JNEUROSCI.1526-09.2009
https://doi.org/10.1038/nature12956
https://doi.org/10.1152/ajpregu.00334.2011
https://doi.org/10.1152/ajpendo.00293.2013
https://doi.org/10.1159/000506367
https://doi.org/10.1111/jne.13357
https://doi.org/10.1016/j.molmet.2014.07.004
https://doi.org/10.1016/j.cmet.2023.03.002
https://doi.org/10.1038/npp.2008.73
https://doi.org/10.1016/j.cophys.2020.06.005
https://doi.org/10.1196/annals.1317.061
https://doi.org/10.3390/ijms22052728
https://doi.org/10.3389/fnins.2016.00383
https://doi.org/10.1038/s41366-018-0154-6
https://doi.org/10.1016/0304-3940(91)90529-3
https://doi.org/10.1002/(sici)1096-9861(19960805)371:4<567::Aid-cne6>3.0.Co;2-2
https://doi.org/10.1002/(sici)1096-9861(19960805)371:4<567::Aid-cne6>3.0.Co;2-2


Sayers et al. 10.3389/fnut.2024.1437526

Frontiers in Nutrition 11 frontiersin.org

 35. Le N, Hernandez J, Gastelum C, Perez L, Vahrson I, Sayers S, et al. Pituitary 
adenylate cyclase activating polypeptide inhibits a(10) dopamine neurons and 
suppresses the binge-like consumption of palatable food. Neuroscience. (2021) 
478:49–64. doi: 10.1016/j.neuroscience.2021.09.016

 36. Farhang B, Pietruszewski L, Lutfy K, Wagner EJ. The role of the Nop receptor in 
regulating food intake, meal pattern, and the excitability of proopiomelanocortin 
neurons. Neuropharmacology. (2010) 59:190–200. doi: 10.1016/j.
neuropharm.2010.05.007

 37. Rospond B, Szpigiel J, Sadakierska-Chudy A, Filip M. Binge eating in pre-clinical 
models. Pharmacol Rep. (2015) 67:504–12. doi: 10.1016/j.pharep.2014.11.012

 38. Hernandez J, Perez L, Soto R, Le N, Gastelum C, Wagner EJ. Nociceptin/Orphanin 
Fq neurons in the arcuate nucleus and ventral tegmental area act via Nociceptin opioid 
peptide receptor signaling to inhibit proopiomelanocortin and a 10 dopamine neurons 
and thereby modulate ingestion of palatable food. Physiol Behav. (2021) 228:113183. doi: 
10.1016/j.physbeh.2020.113183

 39. Vaudry D, Falluel-Morel A, Bourgault S, Basille M, Burel D, Wurtz O, et al. 
Pituitary adenylate cyclase-activating polypeptide and its receptors: 20 years after the 
discovery. Pharmacol Rev. (2009) 61:283–357. doi: 10.1124/pr.109.001370

 40. Tachibana T, Tomonaga S, Oikawa D, Saito S, Takagi T, Saito ES, et al. Pituitary 
adenylate cyclase activating polypeptide and vasoactive intestinal peptide inhibit feeding 
in the chick brain by different mechanisms. Neurosci Lett. (2003) 348:25–8. doi: 10.1016/
s0304-3940(03)00646-3

 41. Matsuda K, Maruyama K, Nakamachi T, Miura T, Uchiyama M, Shioda S. 
Inhibitory effects of pituitary adenylate cyclase-activating polypeptide (Pacap) and 
vasoactive intestinal peptide (Vip) on food intake in the goldfish, Carassius Auratus. 
Peptides. (2005) 26:1611–6. doi: 10.1016/j.peptides.2005.02.022

 42. Oginsky MF, Goforth PB, Nobile CW, Lopez-Santiago LF, Ferrario CR. Eating 
'Junk-Food' produces rapid and long-lasting increases in Nac Cp-Ampa receptors: 
implications for enhanced Cue-induced motivation and food addiction. 
Neuropsychopharmacology. (2016) 41:2977–86. doi: 10.1038/npp.2016.111

 43. Chan YC, Hsu WC, Chou TL. Dissociation between the processing of humorous 
and monetary rewards in the 'Motivation' and 'Hedonic' brains. Sci Rep. (2018) 8:15425. 
doi: 10.1038/s41598-018-33623-4

 44. Oldham S, Murawski C, Fornito A, Youssef G, Yücel M, Lorenzetti V. The 
anticipation and outcome phases of reward and loss processing: a neuroimaging meta-
analysis of the monetary incentive delay task. Hum Brain Mapp. (2018) 39:3398–418. 
doi: 10.1002/hbm.24184

 45. Berridge KC. 'Liking' and 'Wanting' food rewards: brain substrates and roles in 
eating disorders. Physiol Behav. (2009) 97:537–50. doi: 10.1016/j.physbeh.2009.02.044

 46. Robinson TE, Berridge KC. The incentive sensitization theory of addiction: some 
current issues. Philos Trans R Soc B. (2008) 363:3137–46. doi: 10.1098/rstb.2008.0093

 47. Yokum S, Ng J, Stice E. Attentional Bias to food images associated with elevated 
weight and future weight gain: an Fmri study. Obesity (Silver Spring). (2011) 19:1775–83. 
doi: 10.1038/oby.2011.168

 48. Naneix F, Tantot F, Glangetas C, Kaufling J, Janthakhin Y, Boitard C, et al. Impact 
of early consumption of high-fat diet on the mesolimbic dopaminergic system. eNeuro. 
(2017) 4:ENEURO.0120–17.2017. doi: 10.1523/eneuro.0120-17.2017

 49. Conde K, Fabelo C, Krause WC, Propst R, Goethel J, Fischer D, et al. Testosterone 
rapidly augments retrograde endocannabinoid signaling in proopiomelanocortin 
neurons to suppress glutamatergic input from steroidogenic factor 1 neurons via 
upregulation of diacylglycerol lipase-α. Neuroendocrinology. (2017) 105:341–56. doi: 
10.1159/000453370

 50. Fabelo C, Hernandez J, Chang R, Seng S, Alicea N, Tian S, et al. 
Endocannabinoid signaling at hypothalamic steroidogenic Factor-1/
proopiomelanocortin synapses is sex-and diet-sensitive. Front Mol Neurosci. (2018) 
11:214. doi: 10.3389/fnmol.2018.00214

 51. Hernandez J, Fabelo C, Perez L, Moore C, Chang R, Wagner EJ. Nociceptin/
Orphanin Fq modulates energy homeostasis through inhibition of neurotransmission 
at VMN Sf-1/arc POMC synapses in a sex-and diet-dependent manner. Biol Sex Differ. 
(2019) 10, 1–9. doi: 10.1186/s13293-019-0220-3

 52. Gearhardt AN, Yokum S, Orr PT, Stice E, Corbin WR, Brownell KD. Neural 
correlates of food addiction. Arch Gen Psychiatry. (2011) 68:808–16. doi: 10.1001/
archgenpsychiatry.2011.32

 53. Ballard IC, Murty VP, Carter RM, MacInnes JJ, Huettel SA, Adcock RA. 
Dorsolateral prefrontal cortex drives mesolimbic dopaminergic regions to initiate 
motivated behavior. J Neurosci. (2011) 31:10340–6. doi: 10.1523/
jneurosci.0895-11.2011

 54. Tessitore A, Hariri AR, Fera F, Smith WG, Chase TN, Hyde TM, et al. Dopamine 
modulates the response of the human amygdala: a study in Parkinson's disease. J 
Neurosci. (2002) 22:9099–103. doi: 10.1523/jneurosci.22-20-09099.2002

 55. Cetin T, Freudenberg F, Füchtemeier M, Koch M. Dopamine in the orbitofrontal 
cortex regulates operant responding under a progressive ratio of reinforcement in rats. 
Neurosci Lett. (2004) 370:114–7. doi: 10.1016/j.neulet.2004.08.002

 56. Oswald KD, Murdaugh DL, King VL, Boggiano MM. Motivation for palatable food 
despite consequences in an animal model of binge eating. Int J Eat Disord. (2011) 
44:203–11. doi: 10.1002/eat.20808

 57. di Giacomo E, Aliberti F, Pescatore F, Santorelli M, Pessina R, Placenti V, et al. 
Disentangling binge eating disorder and food addiction: a systematic review and meta-
analysis. Eat Weight Disord. (2022) 27:1963–70. doi: 10.1007/s40519-021-01354-7

 58. Hu M, Becker JB. Effects of sex and estrogen on behavioral sensitization to cocaine 
in rats. J Neurosci. (2003) 23:693–9. doi: 10.1523/JNEUROSCI.23-02-00693.2003

 59. Quigley JA, Logsdon MK, Turner CA, Gonzalez IL, Leonardo NB, Becker JB. Sex 
differences in vulnerability to addiction. Neuropharmacology. (2021) 187:108491. doi: 
10.1016/j.neuropharm.2021.108491

 60. Becker JB, Molenda H, Hummer DL. Gender differences in the behavioral 
responses to cocaine and amphetamine. Implications for mechanisms mediating gender 
differences in drug abuse. Ann N Y Acad Sci. (2001) 937:172–87. doi: 
10.1111/j.1749-6632.2001.tb03564.x

https://doi.org/10.3389/fnut.2024.1437526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.neuroscience.2021.09.016
https://doi.org/10.1016/j.neuropharm.2010.05.007
https://doi.org/10.1016/j.neuropharm.2010.05.007
https://doi.org/10.1016/j.pharep.2014.11.012
https://doi.org/10.1016/j.physbeh.2020.113183
https://doi.org/10.1124/pr.109.001370
https://doi.org/10.1016/s0304-3940(03)00646-3
https://doi.org/10.1016/s0304-3940(03)00646-3
https://doi.org/10.1016/j.peptides.2005.02.022
https://doi.org/10.1038/npp.2016.111
https://doi.org/10.1038/s41598-018-33623-4
https://doi.org/10.1002/hbm.24184
https://doi.org/10.1016/j.physbeh.2009.02.044
https://doi.org/10.1098/rstb.2008.0093
https://doi.org/10.1038/oby.2011.168
https://doi.org/10.1523/eneuro.0120-17.2017
https://doi.org/10.1159/000453370
https://doi.org/10.3389/fnmol.2018.00214
https://doi.org/10.1186/s13293-019-0220-3
https://doi.org/10.1001/archgenpsychiatry.2011.32
https://doi.org/10.1001/archgenpsychiatry.2011.32
https://doi.org/10.1523/jneurosci.0895-11.2011
https://doi.org/10.1523/jneurosci.0895-11.2011
https://doi.org/10.1523/jneurosci.22-20-09099.2002
https://doi.org/10.1016/j.neulet.2004.08.002
https://doi.org/10.1002/eat.20808
https://doi.org/10.1007/s40519-021-01354-7
https://doi.org/10.1523/JNEUROSCI.23-02-00693.2003
https://doi.org/10.1016/j.neuropharm.2021.108491
https://doi.org/10.1111/j.1749-6632.2001.tb03564.x

	The role of pituitary adenylate cyclase-activating polypeptide neurons in the hypothalamic ventromedial nucleus and the cognate PAC1 receptor in the regulation of hedonic feeding
	1 Introduction
	2 Materials and methods
	2.1 Animal models
	2.2 Surgical procedures
	2.3 Drugs
	2.4 Midbrain slice preparation
	2.5 Electrophysiology
	2.6 Behavioral studies
	2.7 Immunohistochemistry
	2.8 Statistical analysis

	3 Results
	3.1 The PAC1R is effectively knocked down in TH- cre /PAC1R fl/fl mice
	3.2 PAC1R is necessary for PACAP induced VTA A 10 DA neuron hyperpolarization in TH- cre mice
	3.3 PAC1R knockdown abrogates the intra-VTA PACAP-induced decrease in binge intake, frequency, and bout duration in TH- cre mice
	3.4 Apoptotic lesioning of VMN PACAP neurons enhances hedonic drive in PACAP- cre animals

	4 Discussion
	4.1 Knockdown of PAC1R functionality in VTA A 10 DA neurons diminishes PACAP induced inhibition
	4.2 Blunted PACAP-mediated inhibition of VTA A 10 DA neurons increases tendencies toward binge feeding behavior during intermittent exposure to highly palatable food
	4.3 VMN PACAP neurons are a key proponent for inhibition of the mesolimbic DA pathway and attenuation of hedonic behavior


	 References

