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Abstract

Vagal afferents regulate energy balance by providing a link between the brain and postprandial
signals originating from the gut. In the current study, we investigated melanocortin-4 receptor
(MC4R) expression in the nodose ganglion, where the cell bodies of vagal sensory afferents
reside. Using a line of mice expressing Green Fluorescent Protein (GFP) under the control of the
MCA4R promoter, we found GFP expression in approximately one third of nodose ganglion
neurons. Using immunohistochemistry combined with in situ hybridization, we also demonstrated
that ~20% of GFP-positive neurons coexpressed cholecystokinin receptor A. In addition, we
found that the GFP is transported to peripheral tissues by both vagal sensory afferents and motor
efferents, which allowed us to assess the sites innervated by MC4R-GFP neurons. GFP-positive
efferents that co-expressed choline acetyltransferase specifically terminated in the hepatic artery
and the myenteric plexus of the stomach and duodenum. In contrast, GFP-positive afferents that
did not express cholinergic or sympathetic markers terminated in the submucosal plexus and
mucosa of the duodenum. Retrograde tracing experiments confirmed the innervation of the
duodenum by GFP-positive neurons located in the nodose ganglion. Our findings support the
hypothesis that MC4R signaling in vagal afferents may modulate the activity of fibers sensitive to
satiety signals such as cholecystokinin, and that MC4R signaling in vagal efferents may contribute
to the control of the liver and gastrointestinal tract.
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Introduction

The melanocortin-4 receptor (MC4R) is a major regulator of food intake, body weight and
glucose homeostasis (Cone, 2006). For instance, the peripheral and central administration of
MCA4R agonists suppresses feeding in rats and mice in a dose dependent manner, without
producing aversion (Fan et al., 1997; Benoit et al., 2000; Lu et al., 2003; Sutton et al., 2005;
Zhang et al., 2005). Likewise, MC4R-induced food suppression is associated with
accelerated meal termination (Azzara et al., 2002; Williams et al., 2002). Conversely, mice
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lacking MC4R show hyperphagia, with larger meals and reduced sensitivity to the satiety
factor cholecystokinin (CCK) (Huszar et al., 1997; Butler et al., 2001; Fan et al., 2004;
Vaughan et al., 2006; Blevins et al., 2009).

We and others have identified multiple brain sites that express MC4R (Mountjoy et al.,
1994; Kishi et al., 2003; Liu et al., 2003), a number of which are important in regulating
energy balance. Furthermore, genetic models in which MC4R expression can be selectively
reactivated in specific neurons have identified the paraventricular hypothalamus and the
amygdala as brain sites through which MCA4R regulates food intake (Balthasar et al., 2005).
However, several other brain sites may contribute to the feeding effects of MC4R, including
the nucleus of the solitary tract (NTS) in the brainstem. For example, injections of the
MC4R agonist, MTII, into the 4™ ventricle (overlying the NTS) decreases food intake, while
similar injections of the MC4R antagonist, SHU9119 dose dependently increases food
intake (Grill et al., 1998; Williams et al., 2000). Moreover, CCK administration suppresses
feeding through the activation of vagal afferents terminating into the NTS, and this effect is
prevented by SHU9119 injected into the 4t ventricle (Fan et al., 2004). Finally, Wan and
colleagues (2008) also demonstrated that MTII increased the firing frequency of NTS
neurons in slice preparations. Importantly, this effect was not mediated by direct
postsynaptic action on NTS neurons, but by presynaptic action on the vagal afferents
originating from the nodose ganglion (Wan et al., 2008). Using RT-PCR, the same study
showed MC4R mRNA expression in the nodose ganglion, where the cell bodies of vagal
afferents reside.

Collectively, this suggests that MC4R in vagal afferents may modulate their sensitivity to
signals arising from the gut including CCK. Thus, determining MC4R expression in the
nodose ganglion will provide a greater understanding of the mechanisms underlying MC4R
action. Our current study examines the expression of MC4R in the nodose ganglion using a
unique model of MC4R-GFP reporter mice. Additionally, we use immunohistochemistry
combined with RNA in situ hybridization to show that MC4R-expressing neurons co-
express CCK receptor A. Lastly, we describe the distribution of GFP-positive vagal fibers
and terminals in peripheral tissues involved in regulating energy balance.

Materials and methods

Animals

12 MC4R-GFP male mice between 2 and 4 months of age (~25 g) were housed in a light-
controlled (12 hours on/12 hours off; lights on at 7 a.m.) and temperature-controlled
environment (21.5-22.5°C). The MC4R-GFP mice express Tau-Sapphire GFP under the
control of the MC4R promoter (Liu et al., 2003). The genetic background was an admixture
of C57BI6/J and CBA. Our group has previously demonstrated that these animals faithfully
express GFP in MC4R-expressing neurons (Kishi et al., 2003; Liu et al., 2003). Mice were
genotyped as described by Liu and colleagues (2003). The procedures used in this study
were approved by the University of Texas Southwestern Medical Center at Dallas
Institutional Animal Care and Use Committees.

To label sensory neurons projecting to the gut, a subset of mice received Fluorogold (1% in
saline; Fluorochrome, Inc., Denver, CO) in the duodenum (n=3). Briefly, mice were
anesthetized with Ketamine HCI/Xylazine HCI (80/12 mg/kg, i.p.) and the abdomen was
opened longitudinally under aseptic conditions. The stomach and proximal duodenum were
gently exposed and Flurogold (~100 pl) was injected into the wall of the proximal
duodenum using a needle (30G/2) connected to a syringe. A single injection was performed
1 cm below the pyloric sphincter. After injection, the surface of the duodenum was rinsed
with saline to limit contamination of the surrounding tissues. Animals were allowed to
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survive 5 days after surgery. Injection was considered successful when significant
fluorescence was seen in freshly isolated duodenum exposed to ultraviolet illumination (see
Figure 8).

Tissue preparation

Mice were deeply anesthetized with chloral hydrate (500 mg/kg, i.p.), and then perfused
transcardially with 0.9% diethylpyrocarbonate (DEPC)-treated saline followed by 10%
formalin (Sigma). The left nodose ganglion and peripheral organs (including stomach,
duodenum, pancreas, liver, spleen, heart, lungs, and adrenals) were removed, post-fixed 2
hours, and submerged in 20% sucrose overnight at 4°C. Tissue was embedded in OCT
compound (Sakura) and frozen on dry ice. Then, sections were cut at 16pm using a cryostat
(1:5 series) collected on Superfrost slides (Fisherbrand) and stored at -80°C until further
processing. Whole mounts of the circular muscle of the stomach and duodenum were also
sampled and processed for histology immediately after fixation. As a note, our study focused
on the left nodose ganglion which is known to innervate the gastrointestinal tract more
substantially than the right nodose ganglion does (Berthoud and Neuhuber, 2000).

Antibody Characterization

The antisera used in the present study are all commercially available and have been tested by
different laboratories, and their key features are summarized in Table 1.

1. Rabbit anti-GFP polyclonal antiserum (Invitrogen). The manufacturer has verified
that this antibody detects GFP using a Microplate Dilution Assay. Scott and
colleagues showed that this antiserum produces no staining in the brain of wild-
type mice, but does stain GFP in the brain of transgenic mice that express GFP
under the control of the leptin receptor promoter (Scott et al., 2009). The staining
that we obtained using this antibody was cytoplasmic and was present in both cell
bodies and fibers. Immunoreactivity was absent in nodose ganglia from wild-type
mice (not shown). Furthermore, GFP-expressing neurons in the nodose ganglion of
GFP reporter mice show endogenous fluorescence (sapphire-GFP/UV filter) that is
only enhanced by immunostaining with the antiserum. For instance, the GFP
endogenous fluorescence was directly comparable to the immunostaining.

2. Chicken anti-GFP polyclonal antiserum (Aves Laboratories). The manufacturer has
previously analyzed the antibody by western blot using transgenic mice expressing
the GFP gene product. Western blot analysis produced a single band of 28 kDa.
Furthermore, Zhao and colleagues (2008) showed that the antiserum produces no
staining in the brain of wild-type mice, but did stain brain sections of transgenic
mice expressing GFP. In our samples, the antiserum produced directly comparable
staining to that obtained with the rabbit antiserum described above.

3. Goat antiserum against Choline acetyltransferase (ChAT) (Chemicon). The
antiserum recognizes a single band of approximately 68-70 kDa molecular weight
on western blots of mouse brain (Chemicon datasheet), and has been used by others
to stain the cholinergic terminals and neurons of the myenteric plexus in rats and
guinea pigs (Mawe et al., 1996; Schicho et al., 2001; Miampamba et al., 2002;
Kuramoto et al., 2004; 2006). ChAT is commonly used for detecting
parasympathetic cholinergic preganglionic terminals as well as a subset of
postganglionic myenteric neurons (Mawe et al., 1996; Mann et al., 1999; Schicho
et al., 2001; Miampamba et al., 2002; Kuramoto et al., 2004; 2006). In our samples,
the antiserum produced a staining pattern identical to previous reports (Mawe et al.,
1996; Mann et al., 1999; Schicho et al., 2001; Miampamba et al., 2002; Kuramoto
et al., 2004; 2006).
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4. Rabbit polyclonal antiserum against Tyrosine hydroxylase (TH) (Chemicon). The
antiserum detects a single band at 62 kDa by western blot (Chemicon datasheet).
This antiserum was previously used to stain sympathetic terminals in the mouse
lymph nodes and in the mouse myenteric plexus (Carlson et al., 1995; Anderson et
al., 2007). In our samples, the antiserum produced intense staining in fibers and
varicosities directly comparable to that obtained by others using the same antibody

(Anderson et al., 2007) and other antibodies raised against other TH epitopes

(Mawe et al., 1996; Phillips et al, 2006; 2007). While TH is commonly used as a
marker for sympathetic postganglionic terminals (Mawe et al., 1996; Phillips et al,
2006), TH immunoreactivity is also present in a small subset of nodose ganglion
neurons and vagal motor neurons (Katz et al., 1983; Zhuo et al., 1995; Tsukamoto

et al., 2005).

5. Rabbit polyclonal antiserum against calcitonin gene-related peptide (CGRP)

(Peninsula Laboratories). The antiserum recognizes canine, rat and mouse alpha-
CGRP as determined by radioimmunoassay (Peninsula datasheet). This antiserum
has been reported to label CGRP-positive fibers in mouse oesophageal myenteric
ganglion (Kraus et al., 2007), fibers in the lamb intestine (Chiocchetti et al., 2006),
and neurons in the mouse trigeminal ganglion (Kosaras et al., 2009). It also detects

a single band of 4 kDa on western blots of mouse trigeminal ganglion, and
preadsorption with alpha-CGRP eliminated this band (Kosaras et al., 2009).

Similarly, preadsorption using CGRP completely prevented the immunostaining in

the lamb intestine (Chiocchetti et al., 2006) and the mouse trigeminal ganglion

(Kosaras et al., 2009). Spinal afferent terminals in the gastrointestinal tract

predominantly contain CGRP (Schutz et al., 2004; Phillips et al., 2007). The

staining we obtained with this antibody was in agreement with the known

distribution of CGRP in fibers terminating in the myenteric plexus (Schutz et al.,
2004; Phillips et al., 2007). CGRP can also be found in a small subset of nodose

ganglion neurons (Zhuo et al., 1995).

6. Rabbit polyclonal antiserum against Fluorogold (FG) (Chemicon). Kaufling and

colleagues (2009) showed that this antibody stains FG injections sites and

retrogradely labeled neurons in the rat brain, but it doesn't stain brain sections of
animals without FG injections. The antibody produced a punctate staining in the
cytoplasm of retrogradely-labeled neurons in the nodose ganglion. Intraduodenal
injections inevitably resulted in misses (i.e. FG delivered into the lumen instead of

the wall). Animals with missed injections showed no labeling in the nodose
ganglion (not shown).

Immunohistochemistry

Indirect immunoperoxidase technique—After washing in phosphate-buffered saline
(PBS), pH 7.4, nodose ganglion sections were pretreated with 0.3% hydrogen peroxide in
PBS for 15 minutes at room temperature. Sections were incubated overnight in anti-GFP

rabbit polyclonal antiserum (see Table 1) in 3% normal donkey serum (Jackson

ImmunoResearch Laboratories Inc., West Grove, PA) with 0.25% Triton X-100 in PBS

(PBT). After washing in PBS, sections were incubated in biotinylated donkey anti-rabbit
(Jackson Immunoresearch; cat#711065152; lot#81161; 1:1,000), then incubated in a solution

of ABC (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA; 1:1,000)

dissolved in PBS for 1 hour. After washing in PBS, the sections were incubated in a solution
of 0.04% diaminobenzidine tetrahydrochloride (DAB, Sigma) and 0.01% hydrogen peroxide
(Aldrich). This resulted in a brown cytoplasmic staining. Omission of the primary antiserum
eliminated the staining. DAB-labeled sections were air-dried, dehydrated in graded ethanols,
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cleared in xylenes, and coverslipped with Permaslip (Alban Scientific). GFP detection by
immunoperoxidase staining was carried out in three MC4R-GFP mice.

Indirect immunofluorescence technique—After washing in PBS, nodose ganglia
sections were incubated overnight at room temperature in the anti-GFP rabbit or anti-GFP
chicken polyclonal antiserum (Table 1) in 3% normal donkey serum (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA) with 0.25% Triton X-100 in PBS
(PBT). After washing in PBS, sections were incubated in anti-chicken (Invitrogen;
cat#A11039; lot#488734; 1:1,000) or anti-rabbit (Invitrogen; cat#A11039; lot#57542A,;
1:1,000) Alexa 488-conjugated secondary antibody for 1 hour at room temperature.

Dual labeling immunohistochemistry—Sections were processed as described above to
detect GFP (rabbit or chicken) using a fluorescent secondary antibody. After several washes,
sections were incubated overnight with primary antiserum against TH, ChAT, CGRP or
Fluorogold (Table 1) in PBT with donkey normal serum. The next day, the tissue was
washed and incubated with Alexa 594-conjugated anti-rabbit (Invitrogen; Cat# A21207; lot#
404239; 1/1,000) or anti-goat (Invitrogen; Cat# A11058; lot# 54258A; 1/1,000) secondary
antibodies. Fluorescently-labeled sections were mounted on gelatin-coated slides, air-dried
and coverslipped with vectashield mounting medium containing DAPI (Vector laboratories,
Burlingame, CA; H-1500). Three MC4R-GFP mice were used for the dual
immunohistochemistry experiments.

In situ hybridization combined with immunohistochemistry

Nodose ganglion sections were fixed in 4% formaldehyde in DEPC-treated PBS, pH 7.0, for
20 minutes at 4°C, dehydrated in increasing concentrations of ethanol, cleared in xylenes,
rehydrated in decreasing concentrations of ethanol. Sections were incubated in sodium
citrate buffer (95-100°C, pH 6.0) and microwaved for 10 minutes at 70% power. Sections
were then dehydrated in graded ethanols and air-dried.

The CCKAR probe spans nucleotides 2133-2545 of Genbank accession number
NM_009827, and was made from PCR fragments amplified with Taq DNA polymerase
(Millipore) from cDNA generated with SuperScript Il First-Strand Synthesis System for
RT-PCR (Invitrogen, Carlsbad, CA) from total mouse brain RNA (Stratagene). The product
was cloned with the TOPO TA Cloning® Kit for Sequencing (Invitrogen). The MC4R
antisense probe for MC4R was made exactly as previously described by our group
(Balthasar et al., 2005). Antisense and sense 3°S labeled probes were generated with
MAXIscript® In Vitro Transcription Kits (Ambion, Austin, TX). The 35S-labeled cRNA
probes were diluted to 108 cpm/ml in a hybridization solution containing 50% formamide,
10 mM Tris-HCI, pH 8.0, 5 mg tRNA (Invitrogen), 10 mM dithiothreitol (DTT), 10%
dextran sulfate, 0.3M NaCl, 1 mM EDTA, pH 8.0, and 1x Denhardt's solution.

Hybridization solution and a coverslip were applied to each slide, and sections were placed
at 57°C for 12-16 hours. The next day, sections were washed with 2x SSC buffer and
incubated in 0.002% RNase A (Roche Molecular Biochemicals, Indianapolis, IN) with 0.5
M NaCl, 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA for 30 minutes, followed by a 30
minutes incubation in the same buffer without the RNase. The sections were subsequently
incubated in 2x SSC, 0.25% DTT at 50°C for 1 hour, in 0.2x SSC, 0.25% DTT at 55°C for 1
hour, in 0.2x SSC, 0.25% DTT at 60°C for 1 hour. Afterwards, the sections were rinsed with
PBS.

Immunohistochemistry for GFP was performed, as described above, using the

immunoperoxidase indirect technique. The DAB staining was optimized by incubating the
slides 2 days with diluted rabbit primary antiserum (1/10,0000).
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Slides were air-dried and placed in X-ray film cassettes with BMR-2 film (Kodak,
Rochester, NY) for 3 days. Slides were then dipped in NTB2 photographic emulsion
(Kodak), dried, and stored in desiccated, foil-wrapped boxes at 4°C for 6 weeks (MC4R) or
4 weeks (CCKAR). Finally, slides were developed with D-19 developer (Kodak),
dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permaslip (Alban
Scientific, St. Louis, MO). Three MC4R-GFP mice were used for dual labeling experiments.

Data analysis and production of digital images

Results

DAB staining and in situ hybridization materials were viewed using a Zeiss microscope
Axioimager Z1 using brightfield optics. Digital images were captured using a digital camera
(Axiocam) attached to the microscope and a desktop computer running the Axiovision 3.1
software.

Estimates of double-labeled cells for hybridization and GFP were performed as described in
Liu and colleagues (2003). GFP-positive cells were considered double-labeled only if the
DAB-stained profile was overlaid by silver grains conforming its shape and at a density at
least 2x above background. Cells with only weak DAB staining or uncertain hybridization
signal were excluded. Using this method, we evaluate that GFP colocalized with its own
MRNA in ~ 90% of the cells (see results). Thus, our results provide relative data which are
not meant to be accurate estimates of absolute cell counts. Estimates were done in the left
nodose ganglion of 3 different mice. Drawings for double-labeled cells for GFP and
CCKAR mRNA were generated using a camera lucida attached to the microscope.

High resolution fluorescent images were generated using stacks of optical sections (between
6 to 10 sections covering a thickness of ~10um) obtained with a Zeiss microscope Imager ZI
attached to the Apotome system. Images were captured with a digital camera (Axiocam)
attached to the microscope and a desktop computer running Axiovision 4.5. To visualize
colocalizations, optical sections obtained in 3 different color channels (GFP, CY3 and DAPI
filters) were digitally merged using Axiovision 4.5. Counting of GFP-positive neurons was
done in DAPI-counterstained sections. Indeed, neuronal nuclei (large and round) were easily
distinguished from non-neuronal (elongated and bright) allowing us to count the number of
GFP-positive neurons out of 437 neurons (see figure 1) taken from sections 80 um apart
from 3 animals.

Qualitative estimates of GFP-positive fibers distribution were performed considering the
density of GFP-positive fibers and terminals (density scale: + + +, high; + +, moderate; +,
low; -, absent) and doubly-labeled terminals for TH, CGRP and ChAT.

Photoshop CS2 was used to combine drawings and digital images into plates. The contrast
and brightness of images were adjusted. Red-green fluorescence images were converted to
magenta-green for the readers who are color blind. Areas of overlap will appear white.

Specific expression of MC4R in the nodose ganglion

We assayed GFP expression in the MC4R-GFP reporter mouse and observed a large number
of GFP-positive neurons in the left nodose ganglion (Fig.1 B,C). DAB- or fluorescently-
labeled sections resulted in directly comparable results (Fig.1 B,C). Omission of the primary
antibody resulted in no specific staining (Fig. 1A). Approximately 30% of nodose ganglion
neurons were positive for GFP (Fig. 1D). MC4R mRNA in situ hybridization followed by
GFP immunohistochemistry showed identical distribution patterns for both MC4R mRNA
and GFP immunoreactivity in the nodose ganglion (Fig. 1E). In double labeling
experiments, 90% of GFP-profiles also showed silver grains accumulating (Fig. 1F). The

J Comp Neurol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

density of silver grains overlying individual neurons positively correlated with the intensity
of GFP immunoreactivity lying beneath (Fig. 1F).

Coexpression of MC4R and CCKAR

We next carried out in situ hybridization for CCKAR mRNA. As expected, we detected a
robust signal for CCKAR mRNA in the left nodose ganglion (Fig. 2A) (Broberger et al.,
2001). Using in situ hybridization combined with GFP immunohistochemistry, we detected
neurons expressing both GFP and CCKAR in the nodose ganglion (Fig. 2B,b1,b2). A
significant proportion of CCKAR-expressing neurons (~53%) expressed GFP (Fig. 2C),
whereas ~20% of GFP-expressing neurons also expressed CCKAR mRNA (Fig. 2C).

Innervation of the gastroinstestinal tract by MC4R-expressing neurons

The vagus nerve provides both motor and sensory input to most of the gastrointestinal tract
(Berthoud and Neuhuber, 2000) and our current findings and previous data have
demonstrated that both vagal sensory and motor neurons express MC4R (Mountjoy et al.,
1994; Kishi et al., 2003; Liu et al., 2003). Thus, we assessed GFP immunoreactivity in axons
traveling along the vagus nerve as shown in Figure 3. Notably, we identified two types of
fibers. The majority of fibers were thin with moderate immunoreactivity, and were
distributed throughout the vagal trunk (Fig. 3A,D,G). These fibers did not display choline
acetyltransferase (ChAT)-immunoreactivity suggesting that they are sensory afferents (Fig.
4B, C). The second type of fibers were thicker with strong immunoreactivity, and were
typically seen bundled together (Fig. 3A,D,G). These ticker fibers displayed ChAT-
immunoreactivity (Fig. 3B, C), and likely originate from the dorsal nucleus of the vagus
nerve in which MC4R is abundantly expressed (Mountjoy et al., 1994; Kishi et al., 2003;
Liu et al., 2003). GFP-positive fibers were not immunoreactive for tyrosine hydroxylase
(TH) (Fig. 3E, F) which identifies a small subset of vagal afferents and efferents, nor for
calcitonin gene-related peptide (CGRP) (Fig. 3H, I) which identifies a small subset of vagal
afferents.

Since we could clearly see GFP immunoreactivity in fibers traveling through the vagus
nerve, we investigated the distribution of GFP-positive fibers and terminals in peripheral
tissues. GFP immunoreactivity was abundantly seen in the stomach, portal hilus, and
duodenum, but not observed in any other of the tissues examined. In the stomach, GFP-
positive fibers were found running through the external muscle layers of the fundus (Fig.
4A,B). GFP-positive fibers in the myenteric plexus formed large conical terminals encircling
myenteric neurons (Fig. 4C), which resemble the endings of vagal efferents (Berthoud et al.,
1990; Kressel et al., 1994; Phillips et al., 2008). These terminals were ChAT-positive (Fig.
5B).

In peripheral tissues, TH labeling identifies mostly sympathetic postganglionic efferents
(Mawe et al., 1996; Phillips et al, 2006) while CGRP is predominantly found in spinal
afferents terminals in the gastrointestinal tract (Schutz et al., 2004; Phillips et al., 2007).
CGRP- and TH- fibers were frequently seen in the stomach but never colocalized with GFP
(Fig. 5D-I), indicating that GFP was not present in spinal afferents or efferents.

The duodenum contained dense innervations of GFP-positive fibers terminating in the
myenteric ganglia, submucosal ganglia and mucosa (Fig. 6A,B). Fibers in the myenteric
ganglia resembled vagal efferents (Fig. 6C) (Berthoud et al., 1990; Kressel et al., 1994;
Phillips et al., 2008). By contrast, GFP fibers in the submucosal ganglia showed complex
branching with ornate puncta (Fig. 6D), which are typical of terminals found in the duodenal
submucosal ganglia (Kressel et al., 1994). The terminals resembled intraganglionic laminar
endings found in the myenteric ganglia, although they are not officially classified as such
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(Kressel et al., 1994; Berthoud et al., 1995). Simple fibers with large varicosities were also
found wandering into the villi, which is typical of duodenal chemoreceptors (Fig. 6E)
(Berthoud et al., 1995). Of note, a subpopulation of myenteric neurons scattered throughout
the circular muscle, the submucosa and mucosa were faintly GFP immunoreactive (Fig 6C
inset). GFP-positive terminals in the myenteric ganglia were ChAT-positive (Fig. 7A,B,C),
whereas GFP-fibers in the submucosal ganglia and mucosa were always ChAT-negative
(D,E), TH-negative (F) and CGRP-negative (G,H).

Retrograde tracing experiments were conducted to confirm that the fibers observed in the
duodenum are sensory afferents from the nodose ganglion. We observed a significant
accumulation of Fluorogold in the left nodose ganglion of 3 animals injected in the duodenal
wall. Out of 71 retrogradely-labeled neurons, 25 also contained GFP (~ 35%) (Fig. 8A, B).

We did not detect GFP in the portal vein or in the liver parenchyma (Fig. 9B, E). However,
GFP immunoreactivity could be observed in parallel arrays of fibers running in the
adventitial layers of the common hepatic artery at the level of the hilus (Fig. 9A, C). Itis
known that the liver receives cholinergic innervation from vagal fibers running along the
internal advential layers of the hepatic artery (Amenta et al., 1981), but it is unclear where
these fibers terminate since the parenchyma is devoid of significant innervation and
parasympathetic ganglia are not found in the liver (Sawchenko and Friedman, 1979;
Berthoud, 2004). It is possible, however, that these fibers innervate a small fraction of the
paraganglia (Berthoud et al., 1992). Our results are summarized in Table 2.

Discussion

This study investigated the expression of MC4R in the nodose ganglion using MC4R-GFP
reporter mice previously characterized by our group (Kishi et al., 2003; Liu et al., 2003). We
found that MC4R-GFP is expressed in a significant proportion of nodose ganglion neurons.
Furthermore, many of the GFP-positive neurons in the nodose ganglion co-expressed
CCKAR. Lastly, we found that peripheral tissues including the liver, stomach and the
duodenum are innervated by GFP-positive vagal afferents and efferents.

Technical considerations

The current study provides a detailed description of MC4R expression in the nodose
ganglion using a unique model of MC4R-GFP reporter mice. Immunohistochemistry for
GFP allowed us to easily detect MC4R expression alone or in combination with CCKAR
mRNA. As in all studies involving a GFP protein reporter, it is important to confirm the
faithful expression of GFP. Here, we have confirmed that the expression of GFP in the
nodose ganglion was directly comparable to that of MC4R mRNA and that a majority of
GFP-positive profiles also expressed MC4R mRNA. Our findings indicate that the pattern of
GFP expression represents endogenous expression of MC4R in the nodose ganglion.

We observed that many CCKAR-expressing neurons also expressed GFP. It is possible that
our data may not account for all double-labeled cells because of variability of CCKAR
expression. For example, while some neurons had a small number of silver grains, the
hybridization signal in other neurons was so dense that it was difficult to visualize GFP
staining. Thus, while it is possible that our results underestimate the degree of co-
expression, our findings clearly demonstrate co-expression of a significant population of
nodose neurons.

Our study also demonstrates that GFP is efficiently transported to axons terminating in
peripheral tissues, allowing us to explore sites innervated by MC4R-expressing neurons.
Several approaches were used to determine whether GFP-fibers in these tissues were
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afferents or efferents. First, we performed a detailed morphological analysis of the GFP-
fibers in peripheral tissues, focusing on their resemblance to vagal sensory terminals, which
have been previously described in detail by others (Berthoud, 1995; Phillips et al., 2008).
Second, immunohistochemical techniques were used to analyze the overlap of GFP-fibers
with cholinergic or sympathetic markers. Third, we used retrograde tracing to label nodose
ganglion neurons innervating the duodenum. Each of these approaches has inherent
limitations. For example, there is currently no unifying marker for vagal afferents, making it
difficult to discriminate between vagal afferents and efferents. Also, though CGRP is
present in the majority of spinal afferents innervating the stomach and intestines (Green and
Dockray, 1988; Phillips et al., 2007), it is not present in all spinal fibers. Consequently, it is
possible that some GFP-positive fibers originate from other sensory ganglia (i.e. dorsal root
ganglia). Finally, leaking of the tracer during retrograde tracing experiments can generate
false positive results. While anterograde tracing methods have been developed to efficiently
label either vagal afferents or efferents in rats (Berthoud, 1995; Phillips et al., 2008), those
methods remain difficult to perform in mice. Despite these difficulties, the combination of
these various approaches provides convincing evidence that GFP is present in a fraction of
vagal afferents that innervate the gut, as well as in vagal efferents that innervate the liver and
the myenteric plexus of the stomach and intestine.

Functional considerations: MC4R in vagal afferents

Numerous physiological studies have shown that normal feeding behavior results from the
coordinated actions of long-term and short-term metabolic cues. For instance, the
administration of leptin and MC4R agonists potentiate the feeding effects of CCK and
gastric distension (Barrachina et al., 1997; Emond et al., 1999; Martinez et al., 1999; Morton
et al., 2005; Sutton et al., 2005; Huo et al., 2007). Although discrepancies are found in the
literature (Vaughan et al., 2006), two studies demonstrated that mice lacking MC4R show
reduced sensitivity to CCK (Fan et al., 2004; Blevins et al., 2009). Furthermore, several
studies have established that CCKAR expression in vagal afferents is required for the
feeding effects of CCK. In the studies presented here, we found that CCKAR-expressing
neurons coexpressed MC4R. This observation is consistent with the fact that GFP-fibers
were found in the duodenal mucosa where CCK is released during meal ingestion.
Moreover, it has been shown that exogenous CCK exerts its feeding action at the level of the
duodenum (Cox, 1998), and that CCKAR-expressing neurons in the nodose ganglion
predominantly project to the stomach and duodenum (Burdyga et al., 2004). Hence, it is
possible that MCA4R signaling in vagal afferents could directly modulate sensitivity to CCK,
resulting in increased activation of the brainstem neurons responsible for satiety. However,
Williams and colleagues (2000) demonstrated that vagotomized rats (bilateral
subdiaphramatic vagotomy) still respond to the anorectic effect of MTII, a MC4R agonist,
suggesting that the vagus nerve is not required for the feeding actions of MC4R.

It is possible that MC4R signaling in vagal afferents may be important in these functions
rather than food intake. For instance, CCK controls a wide range of postprandial functions
including gallbladder contraction, insulin secretion, gastric emptying, and intestinal motility
(Moran et al., 2001; Chandra and Liddle, 2007). Furthermore, we found that many MC4R-
expressing neurons do not express CCKAR, instead, many of the GFP-positive terminals in
the duodenum resembled intraganglionic laminar endings which could be tension sensors.
Also, not all fluorogold-labeled neurons innervating the duodenum demonstrated GFP
fluorescence, suggesting that GFP was present only in a specific subset of neurons
innervating the gut. Additionally, we did not see terminals resembling intramuscular endings
and which are thought to be stretch sensors. Further studies are needed to determine whether
or not MC4R is co-expressed with other receptors important in gut functions.
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The cellular localization of MC4R along vagal fibers remains a matter of debate. Although
alpha-melanocyte-stimulating hormone (a-MSH) is expressed in peripheral tissues and
detectable at low levels in the serum (DeBold et al., 1988; Gavrila et al., 2005), the
physiological significance of peripheral a-MSH in feeding remains unclear. It is possible
that MC4R is transported to the terminals of nodose neurons in the nucleus of the solitary
tract (NTS). For example, previous electrophysiological findings (Wan et al., 2008) suggest
that MC4R is located in presynaptic terminals within the NTS. This is consistent with the
abundant innervation of the NTS by a-MSH fibers (Zheng et al., 2005). This issue of MC4R
cellular localization will remain unclear until MC4R antiserum become available.

Functional considerations: MC4R in vagal efferents

Conclusion

It is well recognized that MC4R regulate glucose homeostasis. For example, the
pharmacological blockade of MCA4R signaling in the brain prevents the action of leptin and
insulin on glucose uptake and production (Obici et al., 2001; Gutiérrez-Juérez et al., 2004).
In contrast, the stimulation of MC4R signaling inhibits insulin release (Fan et al., 2000;
Bliher et al., 2004). However, the brain sites that mediate the effects of MC4R on glucose
homeostasis remain unknown. Our results indicate that MC4R-expressing neurons in the
dorsal nucleus of the vagus nerve directly innervate the hepatic artery. Early work by
Shimazu and Fujimoto (1971) suggested that vagal cholinergic transmission to the liver
increases glycogen synthesis. Recently, it has been shown that the actions of central insulin
on hepatic glucose production depends on the integrity of vagal fibers innervating the liver
(Obici et al., 2002; Pocai et al., 2005). Thus, the stimulation of MC4R in the dorsal nucleus
of the vagus nerve may alter hepatic function, which could explain the actions of MC4R on
glucose homeostasis.

Our findings also show MC4R-expressing vagal efferents that innervate the myenteric
plexus. These neurons could control several functions including gut motility and intestinal
endocrine secretions. Clearly, more studies are needed to clarify the role of MC4R in vagal
efferents.

Pharmacological agents modulating MC4R signaling are currently being tested to treat
metabolic and eating disorders (Foster et al., 2003). However, the neural pathways
underlying the potential anti-obesity and anti-diabetic actions of MC4R remain largely
unknown. Our data suggest that MC4R signaling is ideally positioned to modulate vago-
vagal reflexes involved in postprandial functions. MC4R signaling in vagal afferents may
modulate sensitivity to signals arising from the gut, including cholecystokinin, while MC4R-
expressing vagal efferents that innervate the liver and myenteric plexus probably influence
glucose homeostasis, gut motility and intestinal endocrine secretions. Investigating the role
of MC4R signaling in the vagus nerve is truly relevant in the fight against obesity and
diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Immunohistochemical labeling of GFP-positive neurons in the left nodose ganglion. Many
GFP-positive neuronal somas and fibers were observed in DAB-labeled (brightfield) (B) and
fluorescently-labeled sections (epifluorescence and Apotome) (C). Omission of the primary
antibody resulted only in residual background staining (A). Higher magnification of DAPI-
counterstained sections reveals neurons (large cellular nuclei marked by asterisks), a number
of which show GFP immunoreactivity (D). Note that GFP-positive neurons vary in size.
Coexpression of MC4R mRNA and GFP in the left nodose ganglion (E,F). Neurons with
clusters of silver grains are visible throughout the ganglion (darkfield) (E). GFP-positive
neurons (stained in brown) are overlaid by black silver grains which indicate MC4R mRNA
expression (brightfield) (F). Black arrows show examples of colocalization. The black
arrowhead shows one example of a GFP-positive profile devoid of hybridization signal. The
doubled-headed arrows indicate the central (c) versus the peripheral (p) tip of the ganglion.
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Figure 2.

Coexpression of CCKAR mRNA and GFP in the left nodose ganglion. Robust hybridization
signal for CCKAR mRNA is visible in the nodose ganglion (darkfield) (A, B). The boxed
areas in B (darkfied) are magnified in b1 and b2 (brightfield). Many GFP-positive neurons
(stained in brown) are overlaid by black silver grains which indicate CCKAR mRNA
expression (b1, b2). Black arrows show example of double-labeled neurons whereas white
arrows show neurons with only CCKAR signal. Drawing showing the distribution of
neurons positive only for GFP (open profiles), only for CCKAR (asterisks) or double-
labeled (black profiles) in one representative nodose ganglion (C). Scale bar in A applies
through B. The same scale bar applies to b1 and b2.
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Figure 3.

Immunohistochemical labeling of GFP-positive fibers in the left cervical vagus nerve
(epifluorescence and Apotome). GFP-positive fibers are seen coursing the vagal trunk (A, D,
G). In the same section, we found ChAT labeling in a subset of vagal fibers corresponding
to motor efferent fibers (B). Some GFP-positive fibers (mostly of large diameter; white
arrows) colocalized with ChAT (C). TH labeling is observed in a subset of fibers (E), but
none of them colocalized with GFP (F). CGRP labeling is also observed (H) but doesn't
colocalize with GFP (I). A magenta-green version is provided in supplementary figure 1.
Scale bar in A applies through 1. Abbreviations: CGRP, calcitonin gene-related peptide;
ChAT, choline acetyltransferase; TH, tyrosine hydroxylase.
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Figure 4.

Optical sections reconstruction (epifluorescence and Apotome) of GFP-positive fibers in the
stomach (A). The histological structure of the stomach is revealed by DAPI staining of the
same section (B). The white arrows show GFP-positive fibers running through the external
muscle layers. Some bright autofluorescent debris are seen in the villi. Representative GFP-
positive endings are shown magnified in a myenteric plexus (whole mount) (C). Note how
the GFP-positive terminals resemble vagal efferents terminals. Scale bar in A applies to B.
Abbreviations: cm, circular muscles; Im, longitudinal muscles; mg, myenteric ganglion; v,
villi.
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Figure 5.

Double immunolabeling for GFP and ChAT (A, B, C) or CGRP (D,E,F) or TH (G, H, I) in
the stomach (epifluorescence and Apotome). GFP-positive endings in myenteric ganglion
are shown in A and D. ChAT stains cholinergic terminals in the myenteric plexus (B) and
colocalizes with many GFP-positive terminals (C). Numerous CGRP- and TH-positive
fibers are seen in myenteric ganglia but do not colocalize with GFP (E,F,H,I). A magenta-
green version is provided in supplementary figure 2. Scale bar in A applies through I.
Abbreviations: CGRP, calcitonin gene-related peptide; ChAT, choline acetyltransferase; TH,
tyrosine hydroxylase mg, myenteric ganglion.
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Figure 6.

Optical sections reconstruction (epifluorescence and Apotome) of GFP-positive fibers in the
proximal duodemun (A). The histological structure of the duodenum is revealed by DAPI
staining of the same section (B). The white arrows show GFP-positive fibers running
through the external muscle layers, ending in myenteric ganglia, and traveling toward the
villi (white arrows). GFP-positive endings in the myenteric ganglia typically resembled
vagal efferents (C) (whole mount) and occasionally in myenteric neurons (inset), whereas
GFP endings in the submucosal ganglion typically resembled specialized sensory terminals
known as intraganglionic laminar endings (D). Fibers with large varicosities are seen in the
villi (E). Scale bar in A applies to B. Scale bar in C applies through E. Abbreviations: m,
muscle layer; mg, myenteric ganglion; sm, submucosal space; smg, submucosal ganglion; v,
villi.
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Double immunolabeling for GFP and ChAT (A-E) or TH (F) or CGRP (G, H) in the
proximal duodenum (epifluorescence and Apotome). GFP-positive endings in a myenteric
plexus is shown in A (whole mount). They show typical conical shaped terminals
surrounding myenteric neurons which are ChAT-positive (B,C) (white arrows). Some
ChAT-negative GFP fibers may be afferents traveling in the muscle toward the submucosa
and mucosa. By contrast, GFP-positive fibers in the submucosal myenteric ganglia and villi
did not colocalized with ChAT (D,E). GFP-positive fibers never colocalized with TH (F) or
CGRP (G,H). Asterisks indicate the position of the duodenal lumen on transversal sections
of the mucosa (E,F,G). A magenta-green version is provided in supplementary figure 3.
Scale bar in A applies through H. Abbreviations: CGRP, calcitonin gene-related peptide;
ChAT, choline acetyltransferase; TH, tyrosine hydroxylase; smg, submucosal ganglion; mg,
myenteric ganglion.
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6.2 mm

Figure 8.

Double immunolabeling for GFP and FG (A, B) in the nodose ganglion (epifluorescence and
Apotome). The boxed area in A is magnified in B. White arrows show examples of GFP-
positive neurons (Alexa 488) also containing FG-positive vesicles (Alexa 594). Freshly
isolated duodenum was flatten and exposed to ultraviolet light (C). The white arrow shows
one successful FG injection site. A magenta-green version is provided in supplementary
figure 4. Abbreviations: FG, fluorogold; ps, pyloric sphincter; pd, proximal duodenum.

J Comp Neurol. Author manuscript; available in PMC 2010 July 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Page 23

200 pm

GFP / ChAT / DAP GFP / TH / DAPI

Figure 9.
Optical sections reconstruction (epifluorescence and Apotome) of GFP-positive fibers in the

hepatic hilus (A-E). Sections are all counterstained with DAPI. Boxed areas in A are
magnified in B and C. GFP-positive fibers are clearly seen traveling through the hepatic
branch along the hepatic artery (C), but are absent in the portal vein and liver parenchyma
(B). GFP-positive fibers running through the advential layers of the hepatic artery are all
positive for ChAT (D). Of note, liver samples were collected to include the portal hilus as
close as possible to the liver in order to obtain the hepatic proper division without the
gastrointestinal division. TH immunoreactivity, but not GFP, is typically found in terminals
wandering in the adventia of the portal vein (E). The white arrows show representative GFP-
positive fibers. A magenta-green version is provided in supplementary figure 5. Scale bars in
B and D apply to C and E respectively. Abbreviations: adv., advential layers; ChAT, choline
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acetyltransferase; HA, hepatic artery; hX, hepatic branch of the vagus nerve, PV, portal
vein; TH, tyrosine hydroxylase.

J Comp Neurol. Author manuscript; available in PMC 2010 July 1.



Page 25

Gautron et al.

000°2/T [euojoAjod qge. ‘5597£02090410] ‘ZGTV#IEI ‘UOdIWBYD BWOA0WOIY20ayd JeJ WOl H1 painieusp HL

000'2/T [euojoAjod usxaIyd ‘€0d4EZZT#O0] ‘020T-dd4D #1ed ‘qeT] SoAY jueAn(pe s,punal- ur paRISINWR d49 d49

000'0¢/T [euojoAjod nqgel ‘TGT/#0] ‘GGHIV#1ED ‘UsBoinAul BLIO0JOIA RIONDY WOy payund 449 d49

000'2/T [euojaAjod Hqgel ‘0SEIFYTATHIOl ‘€GTAV#IRD ‘U0dIWBYD aulpiweqnsAxoipAy o4
JeuojaAjod

000°2/T Hqqes '£-928010#10] ‘2E0Y.L#Rd ‘soliojeIoqe] eInsuludd | ZHN-3Ud-BIV-NID-19S-A|D-[eA-USY-1Y L-0d-[eA-8Ud-USY-USY-SAT-[BA-[eA-A1D-A|D-185-1v-195-N87-N97-A| O-B| v-N97-Biv/-SIH-1Y L-[eA-SAD-IU L-8|/-4U L -USY/-SAD-19S-H dd90

00S/T [euojaAjod 1806 ‘6EE0TOECHIO] ‘dYy T VIO ‘U0dIWBYD awAzus [ejusoeld uewny 1VUd

pasn uonn|ig Jaanjoejnuei uafounww | usbnuy

NIH-PA Author Manuscript

NIH-PA Author Manuscript

"plasnUe Arewd

T alqel

NIH-PA Author Manuscript

J Comp Neurol. Author manuscript; available in PMC 2010 July 1.



Page 26

Gautron et al.

*35e]AX0IPAY BUIS0IAY 'HL ‘SIUBIaYe 44T ‘aselajsuenA1aoe auljoyD ‘1 wyD ‘opndad pare|ai-aush UIuoNOed ‘e ‘Slusaye Y [SUOIRIASIGOY

NIH-PA Author Manuscript

YBIH + + +
d1eI8POIN + +
MOT +

wasqy -

HY
HY
‘B3

‘H3

‘H3

‘WY ® H3

+

+++

SU0INaU JLIRUAAN
BSOON|A

e116ueb jesoonwigns
e116ueb o1sIUBAN
1[em 3]asn|N
wnuspong

SU0INaU JLIRUAAN
BSOON|A

e11Bueb susIuBAN
11em ajasnin
yorwols

seaJloued

1onp 311q / Jsppejqies
eWAyYdUaIed

UISA [elod

snbea onjedaH
PET |

snbena onjedsH
uoifaa [erod

snBbeA [eaIA180 1Yo

BLISIID [edlWoreuy _ dd90 + _ HL+ _ 1vyd + _ d49 + _

sanssiy [edaydiiad Ul sjeulwI8) 10/pue siagiy aAIIsod-d-49) JO aduepuUNCR 3AIRIeY

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Comp Neurol. Author manuscript; available in PMC 2010 July 1.



