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Abstract: Several studies have shown that CNS provides the regulation of gastric functions. Recent evidence indi-
cated that the activation of melanocortin 4 receptors (MC4R) in brain nuclei played an important role in modulating 
gastric activity. This study was designed to assess whether MC4R signaling existed in autonomic circuitry modulated 
the activity of stomach by a virally mediated transsynaptic tracing study. Pseudorabies virus (PRV)-614 was injected 
into the ventral stomach wall in adult male MC4R-green fluorescent protein (GFP) transgenic mice (n = 5). After a 
survival time of 5 days, the mice were assigned to humanely sacrifice, and spinal cords and caudal brainstem were 
removed and sectioned, and processed for PRV-614 visualization. Neurons involved in the efferent control of the 
stomach were identified following visualization of PRV-614 retrograde tracing. The neurochemical phenotype of 
MC4R-GFP-positive neurons was identified using fluorescence immunocytochemical labeling. PRV-614/MC4R-GFP 
dual labeled neurons were detected in spinal IML and the dorsal motor nucleus of the vagus nerve (DMV). Our find-
ings support the hypothesis that MC4R signaling in autonomic circuitry may participate in the modulation of gastric 
activity by the melanocortinergic-sympathetic pathway or melanocortinergic-parasympathetic pathway.
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Introduction

Knowledge on the neural bases of gastric func-
tion may help to explain many mechanisms 
associated with the gastrointestinal phenome-
na, e.g., gastric stress responses, gastric acid 
secretion and motility [1, 2]. The past two 
decades have witnessed an explosion in the 
recognition of autonomic circuitry involved in 
gastric function [3-5]. Several studies have 
shown that the CNS cell groups that project to 
the gastric sympathetic preganglionic neurons 
were identified by the viral retrograde transneu-
ronal labeling method [6-9]. Card et al used 
synapse-dependent retrograde transneuronal 
transport of pseudorabies virus (PRV) to trace 
autonomic emotional motor circuit develop-
ment from the stomach wall to CNS [10]. Gao et 
al used PRV-152 expressed EGFP to inject into 
the stomach wall, and found that neurons 
expressed EGFP 60-72 h subsequent to PRV-
152 inoculation of vagal terminals in the stom-
ach wall were targeted in transverse brainstem 
slices [8].

Recent evidence indicated that the activation 
of melanocortin 4 receptors (MC4R) in brain 
nuclei played an important role in modulating 
gastric activity [11]. It is known that vagal affer-
ents regulate energy balance by providing a link 
between the CNS and stomach [12]. In present 
study, we designed to assess whether MC4R 
signaling existed in autonomic circuitry modu-
lated the activity of stomach by a virally medi-
ated transsynaptic tracing study [13-16]. We 
seek to map the polysynaptic pathways between 
stomach and MC4R-expressing regions in the 
brainstem and spinal cord, using pseudorabies 
virus (PRV)-614 in MC4R-green fluorescent pro-
tein (GFP) transgenic mice.

Materials and methods

Animals

Male transgenic MC4R-GFP mice weighing 
between 25 g and 30 g (n = 5), which were  
first obtained from Dr. Joel Elmquist (UT 
Southwestern Medical Center, USA), were used 
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for these experiments. Mice were genotyped as 
described by Rossi and colleagues [17]. Mice 
were housed under controlled conditions (12 h 
alternating light-dark cycle, food and water ad 
libitum). Experimental procedures and proto-
cols were approved in advance by the local 
Animal Care and Use Committee.

Microinjection of virus into the ventral stomach 
wall

PRV-614 was generated by the Enquist labora-
tory at Princeton University and was made 
available through the Center for Neuroanatomy 
with Neurotropic Viruses (NIH P40 OD010996). 

Figure 1. PRV-614/MC4R-GFP double-labeled neurons in the spinal cord. Images (A-C) were taken from an animal 
after injections of PRV-614. (A) Showed MC4R-GFP positive neurons in the spinal cord; (B) Showed neurons infected 
with PRV-614, which send transsynaptic projections to the stomach; (C) Showed overlaid images of (A) plus (B). 
Images (D-F) amplified views of (A-C), respectively. Arrows (white) indicate double-labeled neurons. IML, the interme-
diolateral cell column; DH, Dorsal horn; VH, ventral horn. Scale bars, 50 µm.
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PRV-614 was microinjected into the ventral 
stomach wall on male transgenic MC4R-GFP 
mice using a previously described approach [6, 
18]. After mice were anesthetized with 
isoflurane (1.5%-2%), a small transverse inci-
sion was made to expose the ventral stomach 
wall for injection under direct vision, and 2 µl 
injections of PRV-614 were inserted into the 
ventral stomach wall (0.5 µl per injection at 4 
injection sites per one mouse). The incision was 
closed using tissue glue. To minimize discom-
fort during and after PRV-614 infection, the ani-
mals were treated with ketoprofen (3 mg/kg).

Fluorescence immunohistochemistry and tis-
sue analysis

At 5 d after PRV-614 injection into the ventral 
stomach wall, he animals were humanely sacri-
ficed under deep anesthesia with ketamine 

hydrochloride and transcardially perfused with 
0.9% saline followed by 4% paraformaldehyde-
borate fixative (pH 9.5). Spinal cords and cau-
dal brainstem were removed and sectioned 
into 30 µm coronal sections.

To determine which PRV-614-immunoreactive 
(IR) neurons coexpress MC4R-GFP, distinct flu-
orophores were used for PRV-614 and GFP. 
PRV-614 infected neurons express the red fluo-
rescent protein for direct visualization under 
fluorescence microscope. Immunofluorescence 
studies were carried out to determine expres-
sion of MC4R-GFP in IML and DMV slices. 
according to published protocols [19, 20]. The 
sections were pre-incubated for 1 h in 2% nor-
mal donkey serum followed by incubation for 
24 h with a chicken polyclonal anti-GFP 
(1:1000) primary antibodies in 0.01 M PBS con-
taining 0.5% Triton-X 100 at 4°C. Slices were 

Figure 2. PRV-614/MC4R-GFP double-labeled neurons in the dorsal motor nucleus of the vagus nerve (DMV). Image 
(A) taken from Toshiko Tsumori (Brain Res 2014) indicates the approximate location from which the images were 
digitized. Images (B, D) were taken from an animal after injections of PRV-614. Image (B) showed neurons infected 
with PRV-614, which send transsynaptic projections to the stomach; Image (C) showed MC4R-GFP positive neurons 
in the DMV; Image (D) showed overlaid images of (B) plus (C). Arrows indicate double-labeled neurons. DMV, dorsal 
motor nucleus of the vagus nerve; 12, hypoglossal nucleus. Scale bars, 50 µm.
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614 (Figures 1-3). The infection stage following 
inoculation of the stomach with PRV-614 in 
mice was consistent with previously published 
results using PRV Bartha or PRV-614 [6, 9].

Discussion

In this study, we report the distribution of 
MC4R-GFP in the two main autonomic centers 
of the CNS. Two major findings have emerged 
from this investigation: 1) PRV-614 and MC4R-
GFP are expressed in the DMV and IML neu-
rons; 2) Stomach-related DMV and IML neurons 
express MC4R.

By using PRV-614, we identified stomach-relat-
ed neurons in the IML and DMV. This approach 
allowed us to determine expression of MC4R at 
stomach-related preautonomic neurons. Our 
results further support the viral fluorescent 
transneuronal tracer, PRV-614 as a useful tool 
for labeling a specific neuronal population that 
have direct or indirect projections to the viscer-
al organs. PRV-614 is used to study neurons of 
the CNS that have projections to the visceral 
organs including the kidney, stomach and liver 
[21-24]. Results from previous work suggested 
that the spinal IML contained sympathetic pre-
ganglionic neurons (SPNs) [6, 25]. Our findings 
demonstrate that PRV-614 and MC4R appear 
to be co-expressed in the IML of spinal cord, 

then washed with PBS 3 times for 10 minutes 
and incubated for 2 h in Alexafluor 488-conju-
gated anti-chicken IgG (1:1000); then they were 
washed several times at room temperature. 
Sections were washed, mounted onto slides 
and cover slipped with mounting media.

To identify immunohistochemical co-localiza-
tion of MC4R-GFP and stomach-related neu-
rons, an Olympus IX81 photomicroscope was 
used. Double labeled neurons were merged by 
using Adobe Photoshop. These data were 
obtained from at least 4-5 sections.

Results

MC4R expression in the IML of spinal cord and 
in the DMV of brainstem

A typical example of the distribution of MC4R-
GFP and the summary of MC4R-GFP immunos-
taining within the IML of spinal cord and in the 
DMV of brainstem is shown in Figures 1A and 
2C. Prominent MC4R-GFP labeling was present 
in the DMV and the nucleus of the solitary tract 
(NTS). MC4R-GFP immunofluorescent labeling 
was more abundant in the DMV compared to 
the NTS. To test the specificity of the MC4R-
GFP staining, we performed staining without a 
primary or secondary antibody. In both cases, 
staining was not observed.

Identification of stomach-
related mouse DMV and IML 
neurons with PRV-614

A retrogradely transported 
PRV-614, a PRV construct iso-
genic with PRV Bartha, which 
expresses red fluorescent 
protein (RFP), was used to 
identify stomach-related neu-
rons in the DMV and IML. A 
set of experiments was  
conducted to determine the 
time course of PRV-614 label-
ing in mice to reveal sufficient 
labeling of preautonomic 
stomach-related neurons in 
the DMV and IML. At 1 and 2 d 
post-inoculation, we did not 
observe RFP labeling in either 
the IML or the DMV. The infec-
tion of DMV and IML neurons 
detected at 5 d after inocula-
tion of the stomach with PRV-

Figure 3. Summary diagram showed that the melanocortinergic pathway 
between the sympathetic and parasympathetic circuitry involved in gastric 
function. Dorsal motor nucleus of the vagus nerve (DMV) and intermedio-
lateral column of spinal cord are all participated in the modulation of the 
gastric activities. It is speculated that IML sympathetic preganglionic neurons 
control gastric activity by the melanocortinergic-sympathetic signals whereas 
DMV parasympathetic preganglionic neurons control gastric activity by the 
melanocortinergic-parasympathetic signals. IML, intermediolateral column; 
MC4R, the melanocortin-4 receptor; PRV-614, pseudorabies virus-614. 
Some drawings were taken from HB Xiang (Brain 2013) and L Banihashemi 
(Neuroscience 2010).



Melanocortin-4 receptor and gastric function

4156 Int J Clin Exp Med 2015;8(3):4152-4157

suggesting that MC4R expression in sympa-
thetic circuitry involved in gastric function. This 
neuroanatomical evidence may underlie a 
direct central modulation of the sympathetic 
outflow to stomach by the melanocortins 
through the MC4R signaling. Our data are also 
consistent with the prior demonstrations that 
MC4R expression exist spinal primary afferent 
neurons [26] and underscoring the role of the 
melanocortinergic signaling in modulating noci-
ceptive peripheral sensory modalities [27].

It is well known that DMV plays an important 
role in the central regulation of the parasympa-
thetic nervous system [28]. Our study shows 
that PRV-614 and MC4R appear to be co-
expressed in DMV neurons in the brainstem. 
Zhang et al reported Gastrointestinal-related 
neurons in the dorsal vagal complex including 
DMV in rats [29]. Although immunohistochemi-
cal distribution of MC4R in mouse brainstem 
has been shown previously [5, 11, 30], this is 
the first study demonstrating MC4R co-expres-
sion with stomach-related PRV-614 in the same 
DMV neurons, suggesting that MC4R signaling 
plays a pivotal role in the central regulation of 
gastric function via the regulation of parasym-
pathetic nervous system. Our data are consis-
tent with previous findings showing MC4R 
expression in different classes of vagal afferent 
neurons [27].

In conclusion, our findings revealed MC4R ex- 
pression at stomach-related preautonomic IML 
and DMV neurons providing anatomical back-
ground for both melanocortinergic signaling 
and MC4R activation, which potentially can 
contribute to the central control of the gastric 
function. However, to establish the role of 
MC4R in the regulation of gastric function 
requires further functional investigation.
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