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Abstract 
Pituitary adenylate cyclase activating polypeptide (PACAP) exerts pleiotropic effects on ventromedial 
nuclei (VMN) of the hypothalamus and its control of feeding and energy expenditure through the type I 
PAC1 receptor (PAC1R). However, the endogenous role of PAC1Rs in the VMN and the downstream 
signaling responsible for PACAP’s effects on energy balance are unknown. Numerous studies have 
revealed that PAC1Rs are coupled to both Gαs/adenylyl cyclase/protein kinase A (Gαs/AC/PKA) and 
Gαq/phospholipase C/protein kinase C (Gαq/PLC/PKC), while also undergoing trafficking following 
stimulation. To determine the endogenous role of PAC1Rs and downstream signaling that may explain 
PACAP’s pleiotropic effects, we used RNA interference to knockdown VMN PAC1Rs and 
pharmacologically inhibited PKA, PKC, and PAC1R trafficking. Knocking down PAC1Rs increased meal 
sizes, reduced total number of meals, and induced body weight gain. Inhibition of either PKA or PKC 
alone in awake male Sprague–Dawley rats, attenuated PACAP’s hypophagic and anorectic effects during 
the dark phase. However, PKA or PKC inhibition potentiated PACAP’s thermogenic effects during the 
light phase. Analysis of locomotor activity revealed that PKA inhibition augmented PACAP’s locomotor 
effects, whereas PKC inhibition had no effect. Finally, PACAP administration in the VMN induces surface 
PAC1R trafficking into the cytosol which was blocked by endocytosis inhibitors. Subsequently, inhibition 
of PAC1R trafficking into the cytosol attenuated PACAP-induced hypophagia. These results revealed that 
endogenous PAC1Rs uniquely engage PKA, PKC, and receptor trafficking to mediate PACAP’s pleiotropic 
effects in VMN control of feeding and metabolism. 

NEW & NOTEWORTHY Endogenous PAC1 receptors, integral to VMN management of feeding behavior 
and body weight regulation, uniquely engage PKA, PKC, and receptor trafficking to mediate the 
hypothalamic ventromedial nuclei control of feeding and metabolism. PACAP appears to use different 
signaling mechanisms to regulate feeding behavior from its effects on metabolism. 

INTRODUCTION 
Obesity is a consequence of homeostatic imbalances between energy intake and energy expenditure 
that can lead to health complications such as heart disease and diabetes. However, regulation of energy 
homeostasis involves an intricate neuroendocrine system involving numerous neuropeptides that can 
either suppress or promote feeding or alter energy expenditure. Various attempts to target 
neuropeptide systems have shown promise to mitigate obesity, however, none has succeeded, as 
reviewed in Boughton and Murphy (1). One emerging neuropeptide system that has demonstrated a 
capacity for regulating appetite and metabolism involves pituitary adenylate cyclase-activating 
polypeptide (PACAP). PACAP is a pleiotropic neuropeptide that has been implicated in a wide array of 
central nervous system functions including neural development, modulation of neurotransmitter 
release, and endocrine responsivity (2–7). 



In the hypothalamus, PACAP is abundantly expressed and shown to be a potent regulator of energy 
homeostasis within several nuclei (8–12). Acute PACAP administration in hypothalamic ventromedial 
nuclei (VMN) decreases food intake with concomitant increases in core body temperature and 
spontaneous locomotor activity, which results in rapid reductions in body weight (10–12). Importantly, 
these effects in the VMN were confirmed to be mediated specifically by PAC1 receptors with no 
involvement of the VPAC receptors (10, 11). However, the intracellular signaling mechanisms that 
determine the comprehensive sensitivity of VMN cells to PACAP is poorly understood. Considering its 
clear and marked involvement in regulating energy homeostasis, it is essential to characterize 
downstream consequences of PACAP signaling to identify potential etiologies of obesity as well as 
exploring possible future therapies. Examination of the receptor-activated cascade may help to 
differentiate the mechanisms by which PACAP exerts a diverse array of actions on specific cellular and 
physiological processes that may ultimately impact disease states such as obesity. 

PACAP is a 38-amino acid peptide from the vasoactive intestinal peptide glucagon secretin superfamily 
(13–17). PACAP has two receptor subtypes, type I and type II, that belong to the class B family of G protein-
coupled receptors (GPCRs) (7, 18–21). Type II receptors include vasoactive intestinal polypeptide receptors 
VPAC1 and VPAC2, whereas the type I or PAC1 receptor (PAC1R) selectively binds PACAP. In the VMN, 
PACAP’s hypophagic and metabolic effects are mediated through the PAC1R (11). This raises the question, 
how does PAC1R signaling regulate disparate aspects of feeding and metabolism in the VMN. A recent 
analysis of PAC1R COOH-terminus revealed essential amino acid motifs that are necessary for Gs, Gq-
protein coupling, and receptor trafficking. In addition, PAC1Rs exist in multiple isoforms that can 
generate diverse and complex signaling by coupling to multiple G-proteins to modulate channel function 
and cell responses in different tissues (3, 22–25). The isoforms found in the rat brain include PAC1null, 
PAC1hop1, PAC1hop2, PAC1hip, PAC1hip-hop, PAC1-short, and PAC1-very short (3, 18, 26). Although G-
protein coupling has been the primary focus of PAC1R signaling, recent evidence in cardiac and dentate 
granule neurons have demonstrated that PAC1R endocytosis facilitates neuronal excitation further 
adding to the complex PACAP signaling repertoire (27–30). These characteristics of PAC1R signaling may 
explain PACAP’s pleiotropic effects in the VMN by fine-tuning PAC1R-dependent regulation of feeding 
and metabolism through G-protein coupling and PAC1R trafficking. 

Identifying which specific PAC1R-mediated second messenger signaling is activated or whether PACAP-
induced PAC1R endocytosis in the VMN affect feeding and metabolism is still unknown. Earlier studies 
have demonstrated that PKA, PKC, and receptor endocytosis influence both central and peripheral 
control of feeding and metabolism (31–35). As such, disruptions to PKA, PKC, and receptor endocytosis 
mechanisms could be a gateway leading to aberrant regulation of feeding and metabolism that 
ultimately results in overweight and obesity. Recent findings, for example, demonstrate that 
hypothalamic cAMP/PKA activity and regulation of scheduled feeding share an inverse relationship; 
cAMP/PKA activity levels are low during the dark cycle, when rats normally eat and are at peak during 
the light cycle, when rats eat little (35–37). Moreover, administration of a membrane permeable cAMP 
agonist (Sp-cAMP) in the perifornical hypothalamus results in a significant increase in VMN PKA activity 
and suppression of food intake (35). Taken together, hypothalamic circadian regulation of cAMP/PKA 
activity appears to be correlated with the regulation of feeding. Although PAC1Rs are known to couple 
with Gαq/PLC/PKC signaling, no study has directly assessed the potential for PKC signaling to influence 
feeding and metabolism in the VMN. Previous studies have shown that central and hypothalamic PKC is 
critical for food intake and energy metabolism control. As such, pharmacological or genetic suppression 



of PKC function leads to elevated food intake, poor glucose and lipid metabolism, and susceptibility to 
diet-induced obesity (34, 38–40). Although Gαs/cAMP/PKA and Gαq/PLC/PKC activity have been associated 
with aspects of feeding and metabolic regulation such as glucose and lipid metabolism, the functional 
consequences of cAMP/PKA and PLC/PKC activity on VMN locomotor activity, core body temperature, 
and body weight have not been examined. 

More recently, we have shown that the activity of VMN neurons is regulated by cell surface PAC1Rs 
belonging to the Class B superfamily of GPCRs (41). Although G-proteins transduce second messenger 
signaling following ligand binding to surface GPCR receptors, the location of GPCRs following stimulation 
can be an important factor for diverse cell signaling. Canonically, GPCRs are endocytosed following 
stimulation, often considered as a means of signal termination. However, recent findings demonstrate 
that GPCR endocytosis facilitates non-classical signaling. In pig cardiac neurons, and dentate gyrus 
granule cells, blocking PAC1R endocytosis blocks PACAP-induced neuronal excitability (30, 42), 
demonstrating that PAC1R trafficking is a potential signaling mechanism regulating neuronal activation. 
Although PACAP-induced PAC1R endocytosis function has been examined in these two cell types, the 
functional consequence of PAC1R endocytosis in VMN regulation of feeding and metabolism has also 
not been examined. 

To address these outstanding questions, the current study begins to delineate which signaling 
mechanisms are involved in the behavioral and metabolic responses of PACAP activation in the 
hypothalamic VMN. First, we characterized endogenous PAC1R signaling in the VMN regulation of food 
intake and body weight. Second, we examined the roles of PKA and PKC activity on PACAP-induced 
effects on food intake and body weight as well as core body temperature. Furthermore, since there is 
evidence that PAC1Rs undergo endocytosis following ligand binding, we explored the effects of 
transiently blocking endocytosis on feeding behavior following PACAP administration. These data 
suggest that PKA, PKC, and PAC1R endocytosis are critical signaling avenues for PACAP-dependent 
regulation of feeding, spontaneous locomotor activity, core body temperature, and body weight 
through the VMN. 

MATERIALS AND METHODS 
Animals 
Male Sprague-Dawley rats (Envigo, Indianapolis, IN) weighing 225–300 g were individually housed in 
either standard cages or BioDAQ feeding cages (Research Diets, Inc., New Brunswick, NJ) in a climate-
controlled room under a 12-h light/dark cycle (lights on at 0200). Animals were weighed daily and 
provided ad libitum access to standard chow (Teklad global 18% protein diet 2018 formulation, Envigo, 
Indianapolis, IN) and water. On experiment days, animals were weighed and food intake measurements 
were collected using the BioDAQ Food Intake Monitor before and up to 24-h after the onset of the 
experiments. For BioDAQ meal pattern analysis, the data were analyzed over the first 12 h. Meals were 
defined as food intake of 0.2 g or more with less than 15 min elapsing between feeding bouts (10, 11, 43, 44). 
All procedures using animals were approved by the Marquette University Institutional Animal Care and 
Use Committee. 

Surgery 
Animals were anesthetized with 2% isoflurane using a SomnoSuite Low-Flow Anesthesia System (Kent 
Scientific, Torrington, CT) and placed in a stereotaxic apparatus (Stoelting Co, Wood Dale, IL). Stainless 



steel 26-gauge bilateral guide-cannulae (Plastics One, Roanoke, VA) were stereotaxically implanted 3 
mm dorsal to the hypothalamic ventromedial nuclei (VMN) in all animals and secured to the surface of 
the skull with an acrylic resin. The stereotaxic coordinates for the VMN injection sites were 
anterior/posterior, −2.5 mm from bregma; medial/lateral, ±0.6 mm from midline; dorsal/ventral, −9.2 
mm from the surface of the skull based on The Rat Brain in Stereotaxic Coordinates, 6th edition (45). 
Microinjectors extended 3 mm past the ventral tip of the cannulae reaching an injection site of −9.2 mm 
ventral from the surface of the skull. The upper incisor bar was positioned −3.3 mm below horizontal 
zero. Animals were given 2 mg/kg ketoprofen once postsurgery and allowed to recover from surgery for 
1 wk before they were included in experiments, during which time the animals were handled daily to 
acclimate them to the necessary physical manipulations during experiments. Correct cannulae 
placements were confirmed when possible at the conclusion of each experiment by microscopic 
examination of fluorescent protein markers and Nissl-stained sections. Image capture was conducted on 
a confocal microscope using ×10 and ×20 magnification (Nikon-confocal; Nyquist sampling) with Nikon 
NIS Elements software (Nikon, Melville, NY). On average, the included studies produced 85% accurate 
stereotaxis placement. Only those with correct placement were included in the studies when 
experimental design allowed. 

Microinjections 
In all experiments, a microinjection pump was used to inject 0.25 µL/side of vehicle or treatment 
through bilateral guide-cannulae in awake animals over a 2-min period. After injection delivery was 
complete, an additional minute elapsed before removing injectors to minimize backflow. Control and 
treatment groups were reversed after a 2-day washout period and normal food intake levels were 
confirmed. Microinjections were completed ∼30 min before lights off for experiments assessing 
nocturnal food intake. For experiments assessing core body temperature and locomotor activity, 
microinjections were initiated 2 h after the onset of the lights-on and lasted approximately for 1 h. 

Western Blot Analysis 
Protein analysis using Western blot was conducted once for each animal in the study. However, each 
study involving signaling inhibitors were repeated twice and studies involving RNAi were repeated and 
analyzed four times. Bilateral dissections of the ventromedial hypothalamus (VMH; including the VMN 
and surrounding areas) were collected following rapid decapitation. VMH tissue was homogenized by 
hand (10 strokes) in ice-cold homogenization buffer (320 mM sucrose, 10 mM Tris·HCl, pH 7.4, 10 mM 
EDTA, 10 mM EGTA) containing Halt Protease and Phosphatase Inhibitor Cocktail (No. 78447; Thermo 
Fisher Scientific, Rockford, IL), followed by 3–4 s of sonication. Homogenates were centrifuged at 
1,000 g for 2 min at 4°C and the resulting supernatant was further centrifuged at 10,000 g for 30 min at 
4°C to remove crude membrane protein. The resulting supernatant rich in crude cytoplasmic protein 
was saved for further processing. Protein quantification of samples was determined using a 
bicinchoninic acid (BCA) assay (No. 23252; Pierce). Protein (30 µg) was run on an 8% gel by SDS-PAGE 
and transferred to a polyvinylidene fluoride (PVDF) membrane (No. LC2002; Thermo Fisher Scientific, 
Rockford, IL). Membranes were blocked for 1 h at room temperature with 5% bovine serum albumin 
(BSA) or 5% nonfat milk in tris-buffered saline containing 0.1% Tween-20 (TBS-T). Blots were then 
probed with either rabbit anti-PAC1R antibody alone (No. AV-R003; 1:1,000; Alomone Labs, Jerusalem, 
Israel) or dually probed with β-actin using a mouse anti-β-actin (No. MA5-15452; 1:2,000; Thermo Fisher 
Scientific, Rockford, IL) overnight at 4°C, followed by washes with TBS-T and incubation with an 
horseradish peroxidase (HRP)-linked anti-rabbit secondary antibody (No. 7074P2; 1:3,000; Cell Signaling 



Technologies, Danvers, MA) and HRP-conjugated anti-mouse (No. 7076P2; 1:5,000; Cell Signaling 
Technologies, Danvers, MA) at room temperature for 2 h. Band intensities were developed using 
SuperSignal West Atto Chemiluminescent Substrate (No. A38556; Thermo Fisher Scientific, Rockford, IL) 
and visualized using the Odyssey Fc Dual-Mode Imaging System (LI-COR Biosciences, Lincoln, NE). Band 
densities were measured and quantified using Odyssey Fc Dual-Mode Imaging System software. PAC1R 
antibody specificity was validated by preincubating rabbit anti-PAC1R with PAC1R blocking peptide (No. 
BLP-VR003; Alomone Labs, Jerusalem, Israel). Following visualization of PAC1R signal alone, blots were 
stripped and reprobed in an identical fashion for β-actin using a mouse anti-β-actin (No. MA5-15452; 
1:2,000; Thermo Fisher Scientific, Rockford, IL) and HRP-conjugated anti-mouse (No. 7076P2; 1:5,000; 
Cell Signaling Technologies, Danvers, MA). 

Experiments 
Design and construction of shRNA. 
Hairpin RNA was designed to target specific regions of PAC1R mRNA (CGGAATCCACTACACAGTATT) or a 
nonsilencing control (NSc; scrambled nucleotides) mRNA. The nucleotide sequences were individually 
inserted into an adeno-associated virus serotype 8 (AAV8) vector after the H1 promoter, followed by a 
fluorescent protein, reporter sequence for red fluorescent protein, tdTomato under the cytomegalovirus 
(CMV) enhancer. The resulting plasmids, AAV8-H1-shPAC1R-CMV-tdTomato and AAV8-H1-shNSC-CMV-
tdTomto, were made into an infectious virus with concentrations of 1.05 × 1013 vg/mL and 5.25 × 
1012 vg/mL, respectively. 

Viral delivery. 
Approximately 1 wk following cannulae surgery, rats (n = 8/group) were anesthetized and placed in a 
stereotaxic apparatus. Then, 0.25 µL of AAV8-H1-shPAC1R-CMV-tdTomato 1.05 × 1013 vg/mL or AAV8-
H1-NSC-CMV-tdTomto 5.25 × 1013 vg/mL was microinjected through bilateral guide-cannulae over 10 
min. Following each injection, an additional 20 min elapsed before removing injectors to minimize 
backflow of delivered material. Animals were allowed to recover from anesthesia and returned to their 
home cage. Food intake was measured using the BioDAQ Food Intake Monitor and body weight were 
collected manually. Food intake and body weight measures were collected for 21 days following virus 
injections. 

AAV transduction and shRNA-mediated PAC1R knockdown. 
Twenty-one days following AAV injection, rats were either euthanized and brains were collected for 
microscopic examination of fluorescent protein and Western blot analysis or they received 
microinjections of vehicle or pituitary adenylate cyclase-activating polypeptide (No. 350-35; PACAP; 50 
pmol/0.25 µL/side; California Peptide Research; Napa, CA) followed by food intake measurements for 24 
h and a final body weight measurement. To assess fluorescent markers, rat brains were sectioned 
coronally at 14 µm using a cryostat, thaw-mounted onto electrostatically clean sides, and stored at 
−80°C until postfixed. Before microscopic examination of fluorescent protein markers, brain sections 
were postfixed in 4% paraformaldehyde, rinsed in 0.1 M PBS (pH 7.4), and cover-slipped with mounting 
medium (Vector Labs, Burlingame, CA). Image capture was performed using a confocal microscope 
(Nikon Inc., Tokyo, Japan). 



Cell signaling inhibitors. 
Microinjections of vehicle, KT5720 (No. 1288/100 U; protein kinase A inhibitor; 10 nM/0.25 µL/side; Bio-
Techne Corporation, Minneapolis, MN), GF109203X (No. 0741/1; protein kinase C inhibitor; 0.1 
mM/0.25 µL/side; Bio-Techne Corporation, Minneapolis, MN) and endocytosis inhibitors, Pitstop 2 (No. 
ab120687; clathrin inhibitor; 6 mM/0.25 µL/side; Abcam, Cambridge, MA) and Hydroxy-Dynasore (No. 
HY-13863; dynamin inhibitor; Dyngo-4a; 0.38 mM/0.25 µL/side; MedChem Express LLC; Monmouth 
Junction, NJ) were administered 15 min before rats (n = 6/group) received a second bilateral injection of 
either saline containing 1% DMSO or PACAP (50 pmol/0.25 µL/side). Approximately 5 min after 
injections, animals were returned to their home cage and food intake was measured for the next 24 h 
followed by a final measurement of body weight. KT5720, GF109203X, Pitstop 2, and Dyngo-4a were 
prepared as DMSO stocks, diluted and injected in animals. To avoid potential VMN cell toxicity, low 
concentrations of Pitstop 2 and Dyngo-4a were combined and administered as an endocytosis inhibitor 
cocktail (46). The final concentration of DMSO was <1%. PACAP was prepared as a stock in 0.9% saline 
and diluted just before use. 

Thermogenesis and spontaneous locomotor activity. 
At the time of cannulation surgery, telemetry probes (Mini Mitter Co. Inc., Sunriver, OR) were implanted 
in the intraperitoneal cavity of rats to record core body temperature and spontaneous locomotor 
activity. On the experiment day, 2 h after the onset of the lights-on cycle, rats (n = 6/group) received 
bilateral injections of KT5720, GF109203X, or the endocytosis inhibitors Pitstop 2 and Dyngo-4a 10–15 
min before an injection of either saline or PACAP. Animals were returned to their home cage, and 
telemetric data for core body temperature and spontaneous locomotor activity were collected remotely 
as previously described (10, 11). In brief, spontaneous locomotor activity was collected remotely every 5 
min and then summed to give cumulative activity every hour. Core body temperature data were 
averaged by the hour, and spontaneous locomotor activity data were summated to give cumulative 
activity over a specified amount of time. 

Data analysis. 
Data are presented as means ± standard error and were analyzed statistically by analysis of variance 
(with repeated measures when appropriate). Fischer’s least significant difference (LSD), and Tukey’s 
honestly significant difference (HSD) analyses were used for post hoc group comparisons. Group sizes 
were designed to detect a 0.05 significance level with a power of 0.8 assuming a standard deviation of 
10% of the mean. Statistical analyses were performed using SigmaPlot 11 (Systat Software, Inc., San 
Jose, CA). P values <0.05 were considered statistically significant. 

RESULTS 
AAV Transduction and shRNA-Mediated PAC1R Knockdown 
Confocal fluorescent microscopy analysis (×10 and ×20 Nikon-confocal; Nyquist sampling with Nikon NIS 
Elements software, Nikon, Melville, NY) validated rat brains injected with AAV8-shPAC1R-tdTomato 
resulted in transduction of a large population of VMN cells (Fig. 1A). tdTomato fluorescent images were 
converted to binary black and white images. Microinjections of virus were contained within the borders 
of the VMN and shown to be expressed in a large percentage of VMN cells. Western blot analysis of 
VMN homogenates (Fig. 1B) confirmed that AAV8-shPAC1R-tdTomato decreased VMN PAC1R 



expression by ∼50%–60% compared with the scrambled shRNA nonsilencing control (NSc; F1,14 = 
11.276, P < 0.01). 

 
Figure 1. AAV8-mediated transduction of VMN cells with PAC1R shRNA decreases PAC1R protein 
expression. A: ×10 stitched confocal photomicrograph of VMN cells 21 days after transduction with 
AAV8 containing control or PAC1R-shRNA (scale bar = 100 µm). Inset is a ×20 magnification of the 
injection area (scale bar = 50 µm). B: representative Western blots and quantification of PAC1R protein 
expression in VMN tissue from Sprague-Dawley rats injected with AAV8 nonsilencing control (NSc) or 
PAC1R shRNA. Data are expressed as means ± SE, *P < 0.05 compared with control (n = 8 rats/group). 
ARC = arcuate nucleus, 3V = third ventricle; PAC1R, pituitary adenylate cyclase receptor; VMN, 
ventromedial nuclei. 
 

PAC1R Knockdown: Food Intake and Body Weight 
RNA interference of PAC1 receptors by AAV8-shPAC1R-tdTomato injections in the VMN increased both 
food intake and body weight compared with the scrambled shRNA nonsilencing control (Fig. 2, A and B). 
Specifically, decreasing PAC1R expression in the VMN reduced the number of meals consumed while 
increasing overall meal size (Table 1). In addition, significant increased food intake occurred only during 
the dark phase starting at day 4 and consistently between days 13–21. The inset graph in Fig 2A, 
illustrates significantly increased dark phase food intake averaged over the 21-day period but not light 
phase feeding. Consistent and significant differences were detected in feeding by day 13, whereas body 
weight changes were significant by day 18. Analysis of variance (ANOVA) showed a significant main 
effect of treatment for food intake F1,25 = 4.916, P < 0.04, and body weight F1,21 = 3.534, P < 0.001. All 
post hoc pairwise multiple-comparison procedures (Fisher’s LSD method) analysis showed that rats 
injected with AAV8-shPAC1R-tdTomato significantly increased body weight after day 18 (P < 0.03) 
compared with nonsilencing control shRNA (Fig. 2B) 

 



 
Figure 2. Knocking down PAC1Rs in the VMN increases daily food intake and cumulative body weight 
change. Knocking down VMN PAC1Rs increased daily food intake by day 12 (A) and increased body 
weight by day 18 (B). Inset in A shows a significant increase in dark phase food take but not light phase 
feeding averaged over the 21-day period. Knocking down VMN PAC1Rs is sufficient to block PACAP-
induced decreases in food intake (C) and body weight (D). Data are expressed as means ± SE, *P < 0.05 
compared with control (n = 8 rats/group). NSc, nonsilencing control; PAC1R, pituitary adenylate cyclase 
receptor; PACAP, pituitary adenylate cyclase-activating polypeptide; VMN, ventromedial nuclei. 
 

Table 1. Meal pattern analysis following PAC1R knockdown  
Nsc-shRNA PAC1R-shRNA 

Average number of meals 8.381 ± 0.257 7.333 ± 0.268* 
Average meal size, g 2.486 ± 0.08 2.883 ± 0.08* 

Data are means ± SE. Meal patterns were analyzed for 21 days postinjection. Nsc, non-silencing control 
shRNA; PAC1R, pituitary adenylate cyclase receptor. 
*P < 0.05 vs. Nsc-shRNA. 
 

To assess the functional degree to which PACAP receptors in the VMN were suppressed, exogenous 
PACAP was administered to assess hypophagia and changes in body weight in both PAC1R-shRNA and 
nonsilencing shRNA-treated animals. PAC1R-shRNA treatment prevented exogenous PACAP-induced 
hypophagia and ameliorated the decrease in body weight (Fig. 2, C and D). Thus, a 50%–60% PAC1R 
knockdown was sufficient to disrupt PAC1R regulation of feeding and body weight in the VMN. Analysis 
of food intake data show a significant effect of treatment (F3,37 = 6.499, P < 0.001), time (F11,33 = 
361.500, P < 0.001), and treatment × time interaction (F33,460 = 2.460, P < 0.001; Fig. 2C), whereas body 
weight changes showed a significant main effect of treatment F3,37 = 2.964, P < 0.05 when compared 
with the control group (Fig. 2D). 

Cell Signaling Inhibitor: PKA 
Bilateral VMN injections of KT5720, a PKA-specific inhibitor just before PACAP injections attenuates 
PACAP-induced decreases in nocturnal food intake and body weight compared with controls. Food 
intake analyses show a significant interaction of treatment × time (F33,264 = 9.820, P < 0.001) and a 



significant main effect of treatment (F3,24 = 20.536, P < 0.001) when compared with saline controls (Fig. 
3A). Significant inhibition of PACAP-induced hypophagia by KT5720 is observed by 5 h and up to 8 h, P < 
001(PACAP vs. KT5720 + PACAP), which was similar to feeding levels observed in animals that received 
saline or KT5720 alone (Fig. 3A). Analyses of body weight change (Fig. 3B) revealed that pretreatment of 
KT5720 significantly attenuated but did not completely block PACAP-induced decreases in body weight 
(saline controls vs. PACAP; F3,18 = 40.996, P < 0.001) and (PACAP vs.KT5720 + PACAP; P = 0.009). 

 
Figure 3. Blocking PKA signaling with KT5750 blocks PACAP-dependent decreases in food intake and 
attenuates PACAP-induced decrease in body weight. A: blocking PKA signaling with KT5720 reverses 
PACAP-induced suppression of food intake from 5 h postinjection lasting up to 8 h. B: KT5720 
attenuated PACAP-induced reduction in body weight 24 h following injection. KT5720 potentiates 
PACAP’s thermogenic (C) and locomotor effects (D). Data are expressed as means ± SE, *P < 0.05 
(treatment vs. control), #P < 0.05 (PACAP vs. PACAP + KT5720); n = 6 rats/group. PACAP, pituitary 
adenylate cyclase-activating polypeptide; PKA, protein kinase A. 
 

Consequences of blocking PKA on PACAP-induced increases in core body temperature and spontaneous 
locomotor activity were assessed at the onset of the light phase when both are at their nadir. As 
previously shown (11), PACAP infusions in the VMN increase both core body temperature and locomotor 
activity. However, blocking PKA activity with KT5720 before PACAP infusions did not suppress PACAP-
induced increases in core body temperature or locomotor activity. Interestingly, blocking PKA activity 
with KT5720 appeared to potentiate PACAP-induced increases in both core body temperature and 
locomotor activity (Fig. 3, C and D). ANOVA of core body temperature and locomotor activity show a 
significant treatment × time interaction (F24,120 = 13.527, P < 0.001; F24,127 = 10.152, P < 0.001), 
respectively, when compared with controls. Post hoc analysis of treatment on core body temperature 
and locomotor activity following a two-way repeated-measures assessment shows that blocking PKA 
before PACAP infusions potentiates both PACAP-induced increase in core body temperature and 
locomotor activity from 5 h up to 8 h, P < 0.01 (PACAP vs. KT5720 + PACAP; Fig. 3, C and D). 

Cell Signaling Inhibitor: PKC 
Activation of PKC is a downstream response of PAC1R activation through the Gαq/PLC pathway. Direct 
injections of GF109203X, a PKC-specific inhibitor in the VMN, preceding PACAP injections significantly 



reversed PACAP’s anorexigenic effects in rats during the first 8 h of the dark phase when rats normally 
eat. Food intake data show a significant interaction between treatment and time, F33,231 = 2.242, P < 
0.001, whereas body weight data reveal a significant main effect of treatment, F3,21 = 3.821, P < 0.03 
(Fig. 4, A and B). Post hoc analyses show that PACAP’s capacity to suppress food intake and decrease 
body weight is dependent on time. PACAP significantly inhibits food intake from 5 h (P = 0.028) up to 8 h 
(P = 0.016) and decreases body weight after 24 h (P = 0.019), respectively, when compared with saline 
controls (Fig. 4, A and B). PACAP’s hypophagic and anorexic effects are reversed by GF109203X at 5 h 
(P < 0.015), 8 h (P < 0.019), and 24 h (P = 0.023), respectively, when compared with the PACAP alone 
(PACAP vs. GF109203X + PACAP; Fig. 4, A and B). However, after 5 h PACAP’s hypophagic actions 
persisted and food intake decreased, although not significantly different from saline controls. This 
suggests that PACAP-dependent regulation of feeding and body weight in the VMN likely involves 
induction of PKC-related signaling. 

 
Figure 4. Blocking PKC with GF109203X transiently reduces PACAP’s hypophagic and anorectic effects. A: 
blocking PKC with GF109203X attenuates PACAP-induced decrease in food intake for 3 h 
postinjection. B: GF109203X blocked PACAP-induced decrease in body weight 24 h following injection. 
GFX109203X potentiates PACAP-dependent increase in core body temperature (C) but not spontaneous 
locomotor activity (D). Data are expressed as means ± SE, *P < 0.05 (PACAP vs. control), #P < 0.05 
(PACAP vs. PACAP + GF109203X); n = 6 rats/group. PACAP, pituitary adenylate cyclase-activating 
polypeptide; PKC, protein kinase A. 
 

During the light phase, however, when rodent core body temperature and locomotor activity are at 
their nadir, GF109203X injections in the VMN before PACAP injections were not sufficient to prevent 
PACAP-induced increases in temperature and locomotor activity. In fact, GF109203X-mediated inhibition 
of PKC enhanced PACAP-induced increase in core body temperature. Core body temperature showed a 
significant interaction between treatment and time, F24,96 = 3.405, P < 0.001. Post hoc pairwise 
comparisons show that PACAP increased both core body temperature and locomotor activity from 3 h 
lasting up to 8 h post injection, P < 0.03, when compared with saline controls. GF109203X enhanced 
PACAP’s potentiation of core body temperature at 3 h but not locomotor activity, P < 0.25, when 
compared with PACAP treatment alone (Fig. 4, C and D). 



Endocytosis Inhibition 
PAC1Rs undergo endocytosis following stimulation by their cognate ligand, PACAP. We measured 
changes in PAC1R subcellular expression from rat VMN tissue injected with PACAP. Western blot 
analysis of VMN tissue homogenates confirmed that PACAP promotes PAC1R trafficking from the 
membrane to the cytosol. Crude subcellular fractionation analyses show that PACAP significantly 
increases cytosolic PAC1Rs and decreases membrane PAC1Rs, F3,12 = 4.084, P = 0.03, F3,12 = 4.619, P < 
0.03, respectively (Fig. 5, A and B). This PACAP-induced shift in PAC1R subcellular localization was 
blocked using a cocktail of dynamin and clathrin inhibitors, Dyngo-4a and Pitstop, 2 P = 0.025 
(membrane) and P = 0.023 (cytosolic), respectively, when compared with PACAP treatment alone (Fig. 
5, A and B). 

 
Figure 5. Inhibiting surface PAC1R trafficking attenuates PACAP-induced decrease in food intake and 
exaggerates PACAP-induced decrease in body weight. A and B: Western blot analysis showing PACAP 
promotes PAC1R trafficking from the membrane to the cytosol, which can be blocked by Dyngo-
4a/Pitstop 2 and measured at 30 mins following PACAP injection. C: Dyngo-4a/Pitstop 2, dynamin and 
clathrin-dependent endocytosis inhibitors, briefly attenuate PACAP-induced suppression of food intake 
for 5 h postinjection. D: Dyngo-4a/Pitstop 2 does not prevent PACAP-induced reduction in body weight 
at 24 h. Data are expressed as means ± SE, *P < 0.05 (PACAP vs. control), #P < 0.05 (PACAP vs. 
PACAP+Dyngo-4a/Pitstop 2); n = 8 rats/group. PACAP, pituitary adenylate cyclase-activating 
polypeptide; PAC1R, pituitary adenylate cyclase receptor. 
 

We further assessed whether PACAP-induced PAC1R endocytosis was required for PACAP’s anorexigenic 
effects in the VMN. In rats, combined Dyngo-4a and Pitstop 2 infusions in the VMN before PACAP 
administration briefly blocked PACAP-induced decreases in food intake but did not block body weight 
change (Fig. 5, C and D). Analyses of food intake data show that blocking endocytosis transiently 
reversed PACAP-induced hypophagia at 2 h and 4 h, P < 0.03 and P = 0.023, respectively, when 
compared with PACAP treatment alone (Fig. 5C). There is a significant interaction between treatment 
and time, F12,80 = 2.320, P < 0.02. Comparably, blocking endocytosis before PACAP injection did not 
prevent PACAP-induced decreases in body weight; it appears that PACAP continued to suppress body 



weight at 24 h following injections. There is a significant main effect of treatment, F3,20 = 7.267, P < 0.003 
(Fig. 5D). 

DISCUSSION 
In these experiments, we demonstrate that PACAP’s type I receptor (PAC1R) signaling in the VMN is 
endogenously relevant for feeding and body weight control. shRNA-mediated PAC1R knockdown in the 
VMN, resulting in a 50%–60% reduction in PAC1R protein expression, functionally increased daily food 
consumption and body weight gain. Specifically, diminishing PAC1R expression decreased the overall 
number of meals while increasing the size of their meals (Table 1). Moreover, the ability for exogenous 
PACAP administration to potently induce hypophagia and body weight loss was blocked following VMN 
PAC1R knockdown, indicating that this magnitude of PAC1R knockdown was sufficient to disrupt 
endogenous VMN PACAP signaling. Thus, there is a clear role for endogenous PACAP signaling in the 
VMN for the control of feeding behavior and body weight regulation. The changes in food consumption 
and body weight gain following VMN-specific PAC1R knockdown are similar to that observed in 
postnatal steroidogenic factor-1 (SF1) knockout mice (47). Interestingly, VMN SF1-positive neurons 
coexpress both PACAP and PAC1Rs (41, 47, 48). Although VMN SF1 knockout animals also exhibit 
dysregulated temperature regulation and locomotion, we did not evaluate the consequences of shRNA-
induced PAC1R knockdown on these measures. However, we would predict that animals lacking VMN 
PAC1Rs would exhibit decreased spontaneous locomotion and core body temperature since the PAC1R 
antagonist in the VMN reverses PACAP’s thermogenic and locomotor effects in addition to preventing 
hypophagia (11, 41). Furthermore, there are salient similarities between our findings and those in mice 
with genetic mutations in PAC1R. These PAC1R mutations result in phenotypes that are replicated by 
local genetic or pharmacological PAC1R inhibition such as increased feeding, suggesting that the 
hypothalamic VMN could be a primary control site (49). 

With the clarity of the PAC1R site-specific knockdown demonstrating an endogenous role for PACAP in 
feeding and metabolism, it becomes critical to begin to understand the subsequent signaling cascades 
following PAC1R activation. We and others have previously reported that PACAP in the VMN reduces 
nocturnal food consumption and subsequent decreases in body weight (8–12). In addition, VMN PACAP 
increases core body temperature and spontaneous locomotor activity during the light phase (10, 50). It is 
now well established that PAC1Rs are dually coupled GPCRs that stimulate both Gs/cAMP/PKA and 
Gq/PLC/PKC-related signaling that can influence various physiological systems (3, 25, 51, 52). This might 
explain PACAP’s pleiotropic effects in the VMN as well as in the hypothalamus since PKA and PKC activity 
are implicated in neuronal regulation of feeding and metabolism (34, 35, 38, 53, 54). 

In the hypothalamus, cAMP/PKA is a second messenger target of several neuropeptides and hormones 
such as neuropeptide Y (NPY) and has been shown to influence leptin signaling, both of which have been 
implicated in the neuronal regulation of feeding and metabolism (35, 54). Earlier reports find that cAMP 
and PKA activity increase in the hypothalamus including the VMN when animals are fasting and asleep 
whereas, cAMP and PKA levels diminish during nocturnal feeding when rats are active (35–37). In VMN 
cells, genetic ablation of cAMP-response element binding protein (CREB)-binding protein, a downstream 
target of PKA-binding protein causes hyperphagia, and thermogenic dysregulation with concomitant 
decreases in brain-derived neurotrophic factor (BDNF) and proopiomelanocortin (POMC) mRNA (54). Not 
surprising, both BDNF and POMC mRNA levels increase following PACAP administration (9, 10, 41). Taken 
together, these findings position PKA as a key signaling cascade in the VMN regulation of energy 



balance. In the current study, we found that directly inhibiting PKA exerted opposing effects on PACAP 
signaling. Administering a PKA inhibitor just before PACAP completely blocks PACAP-induced 
hypophagia, yet facilitates PACAP-induced thermogenesis and locomotor activity, suggesting that the 
involvement of PKA in PACAP signaling is behavior specific. This combination of both positive and 
negative influences of PKA on energy regulation is reflected in the partial reversal of PACAP-induced 
body weight loss. The selectivity of PKA involvement suggests that other signaling mechanisms may be 
primary for the metabolic features of PACAP signaling that contribute to its overall effects on body 
weight. This raises important future questions of how downstream PAC1R signaling differentially 
regulates indices of homeostasis. In the arcuate, for example, impaired PKA signaling exaggerates 
leptin’s catabolic and molecular effects (54). In the absence of functional PKA, low-leptin doses potently 
decrease feeding with concomitant increases in energy expenditure, suggesting there exists a PKA-
regulating signaling system that may dictate the magnitude of leptin’s influence on metabolism (54). 
Considering that accumulating evidence in the VMN is establishing a relationship between PAC1 and 
leptin receptor signaling, it is possible that VMN PKA may be involved in the gating of leptin signaling 
although this remains to be tested (9, 41). 

It is also well recognized that PAC1Rs couple to Gq/PLC/PKC second messenger signaling, however, the 
direct consequences of this signaling on VMN regulation of food intake and metabolism remains to be 
thoroughly investigated. Previous studies have shown that VMN PKC is involved in regulating other 
physiological and behavioral outcomes in rodents including sexual behaviors and glucose metabolism 
(34, 39, 55, 56). In addition to PKA, it cannot be overlooked that PAC1R signaling may also use PKC activity to 
regulate energy balance. One recent study showed that isoforms of PKC are highly expressed in 
hypothalamic nuclei including the VMN, where they have been shown to influence feeding and 
metabolism in response to leptin and insulin (39). Interestingly, a recent study demonstrated that POMC-
neuron-specific deletion of PKCλ, a PKC isoform disrupts leptin signaling and renders high-fat diet-fed 
mice susceptible to obesity (38). VMN neurons also regulate glucose and lipid metabolism and are 
significant targets of leptin signaling. In addition, emerging evidence suggest a dependent relationship 
between PAC1 and leptin receptor signaling, positioning PKC as a possible link. We found that PKC is 
required for PACAP signaling in the VMN since PKC inhibition abrogated PACAP-induced hypophagia 
whereas, it augmented PACAP’s thermogenic effects and had no effect on PACAP-induced locomotor 
activity. The failure of PKA inhibition to only attenuate PACAP-induced body weight loss may suggest 
that signaling mechanisms independent of PKA inhibition continue to engage metabolic systems and 
reduce body weight following PACAP administration. Taken together, however, these findings suggest a 
putative role for VMN PACAP receptors to engage both PKA- and PKC-related signaling to regulate 
different aspects of energy homeostasis. 

In addition to PKA and PKC signaling mechanisms, we explored whether endocytosis of PAC1R was 
essential to PACAP’s behavioral and physiological effects. Canonically, cell surface GPCRs are 
endocytosed following stimulation, in part, as a desensitization mechanism. However, earlier reports 
show that ligand-activated PAC1R endocytosis is important for neuronal action potential firing for PAC1R 
in hippocampal and cardiac neurons (30, 57, 58). Considering that our laboratory recently reported that 
PACAP increases action potential firing frequency in ex vivo VMN slices, it is possible that blocking VMN 
PAC1R endocytosis would alter action potential generation and subsequently food intake or metabolic 
indices such as thermogenesis and/or locomotor activity. In the VMN, PACAP promotes PAC1R 
endocytosis from the membrane to the cytosol, which was subsequently blocked by the inhibitors of 



endocytosis, clathrin, and dynamin. Inhibition of PAC1R trafficking temporarily attenuated PACAP-
induced hypophagia but did not prevent its anorexic effects after 5 h. The short-lived effects of 
endocytosis inhibitors are in line with data demonstrating that endogenous endocytosis can be restored 
within ∼1 h following washout (59). This experiment demonstrates that PACAP’s hypophagic effects in 
the VMN appear to be mediated, in part, by PAC1R endocytosis. Conversely, temporal blockade of 
PAC1R trafficking and hypophagia produced a more pronounced body weight loss, suggesting that 
transient inhibition of trafficking is not sufficient to attenuate PACAP’s decrease in body weight. The fact 
that we observe partial potentiation of PACAP’s effects on body weight may indicate a delayed effect of 
PAC1R endocytosis on other metabolic factors that may contribute to body weight change. Future 
studies will need to assess whether blocking PAC1R trafficking delays the onset of thermogenesis and 
increase in locomotor activity as well as the need to determine the consequences of blocking PAC1R 
endocytosis on PACAP-induced increase in firing frequency. 

Collectively, these studies suggest that PACAP signaling in the VMN is clearly a regulating factor of both 
feeding behavior and metabolic outputs such as thermogenesis and locomotor activity. The approximate 
16% increase in feeding and 20% increase in body weight following PAC1R knockdown demonstrate that 
PACAP signaling in the VMN still has a wide influence over energy balance. Moreover, these studies 
reveal that PACAP’s effects are elicited by its actions at the membrane and that PAC1R uses both PKA- 
and PKC-dependent signaling to differentially regulate feeding behavior and metabolism. The findings 
and conclusions from these studies are summarized in Table 2. 

Table 2. Responses to selective inhibition of VMN PACAP-dependent signaling  
Signaling 
Inhibitors 

Food 
Intake 

Body 
Weight 

Core Body 
Temperature 

Locomotor 
Activity 

PAC1R PACAP 6-38 √ √ √ √ 
PAC1R shPAC1R √ √ ND ND 
PKA KT5720 √ √ × × 
PKC GF109203X √ √ × × 
PAC1R 
trafficking 

Pitstop 2 + Dyngo 
4a 

√ × ND ND 

√, required; ×, not required; ND, not done; PACAP, pituitary adenylate cyclase-activating polypeptide; 
PAC1R, pituitary adenylate cyclase receptor; PKA, protein kinase A; PKC, protein kinase C; VMN, 
ventromedial nuclei. 
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