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Abstract

Melanocortin-4 receptor (MC4R) ligands are known to modulate nociception, but the site of action
of MCA4R signaling on nociception remains to be elucidated. The current study investigated MC4R
expression in dorsal root ganglia (DRG) of the MC4R-GFP reporter mouse. Because MC4R is
known to be expressed in vagal afferent neurons in the nodose ganglion (NG), we also
systematically compared MC4R-expressing vagal and spinal afferent neurons. Abundant green
fluorescent protein (GFP) immunoreactivity was found in about 45% of DRG neuronal profiles (at
the mid-thoracic level), the majority being small-sized profiles. Immunohistochemistry combined
with in situ hybridization confirmed that GFP was genuinely produced in MC4R-expressing
neurons in the DRG. While a large number of GFP profiles in the DRG coexpressed Nav1.8
MRNA (84%) and bound isolectin B4 (72%), relatively few GFP profiles were positive for NF200
(16%) or CGRP (13%), suggesting preferential MC4R expression in C-fiber nonpeptidergic
neurons. By contrast, GFP in the NG frequently colocalized with Nav1.8 mRNA (64%) and
NF200 (29%), but only to a moderate extent with isolectin B4 (16%). Lastly, very few GFP
profiles in the NG expressed CGRP (5%) or CART (4%). Together, our findings demonstrate
variegated MC4R expression in different classes of vagal and spinal primary afferent neurons, and
underscore the role of the melanocortin system in modulating nociceptive and nonnociceptive
peripheral sensory modalities.
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Melanocortin-4 receptor (MC4R) signaling regulates a variety of functions in mammals
including, most notably, energy balance and autonomic outflow (Cowley et al., 1999; Adage
etal., 2001; Butler et al., 2001; Farooqi et al., 2003; Sutton et al., 2005; Tallam et al., 2006;
Nogueiras et al., 2007; Krakoff et al., 2008; Greenfield et al., 2009; Skibicka and Grill,
2009), anxiety (Adan et al., 1999; Chaki et al., 2003), and several neuroendocrine systems
(Fekete et al., 2000; Dhillo et al., 2002; Lu et al., 2003). Given its varied effects, it is not
surprising that MC4R is widely expressed in the central and peripheral nervous systems.
Prior anatomical mapping studies in rodents revealed MC4R expression in many
hypothalamic, corticolimbic, and brainstem sites, as well as preganglionic and sensory
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autonomic neurons (Mountjoy et al., 1994; Kishi et al., 2003; Liu et al., 2003; Paues et al.,
2006; Gautron et al., 2010).

Although the involvement of MC4R signaling in nociception has received little attention,
there is emerging evidence that MC4R agonists are pronociceptive. For instance, the
peripheral administration of melanotan Il, an MC4R agonist, increases sensitivity to cold
and mechanical pain in rats (Vrinten et al., 2000; Starowicz et al., 2002; Bertorelli et al.,
2005). Conversely, the administration of the MC4R antagonist SHU9119 has potent
antiallodynic effects. Although MC4R is present in brain sites important in pain processing
such as the periaqueductal gray and reticular area (Kishi et al., 2003; Liu et al., 2003), the
site(s) of action of MC4R signaling on nociception remains to be elucidated. However, the
aforementioned modulatory effects of MC4R ligands on nociception are all recapitulated
after their intrathecal delivery in the spinal cord (Vrinten et al., 2003; Starowicz et al.,
2005), thus suggesting that MC4R could be present in spinal primary afferent terminals in
the dorsal horn. In support of a direct action of MC4R in spinal primary afferents, two
studies have detected MCA4R transcripts by reverse-transcription polymerase chain reaction
(RT-PCR) in the rodent dorsal root ganglion (DRG) (Starowicz et al., 2004; Tanabe et al.,
2007).

Given all of the above observations, we reasoned that MC4R could be expressed in spinal
primary afferent neurons in the DRG. However, the distribution and detailed anatomical
characterization of MCA4R in these neurons remained to be carried out. The present study
investigated the distribution and phenotype of MC4R-expressing neurons in the mouse DRG
using a unique MC4R-GFP reporter mouse model. In addition, double-labeling experiments
with select presumptive markers for primary afferent neurons were performed. Because we
previously reported MC4R expression in vagal afferent neurons in the nodose ganglion
(NG) (Gautron et al., 2010), the present study systematically compares MC4R-expressing
spinal afferent neurons to their vagal counterparts.

MATERIALS AND METHODS

Animals

Nine MC4R-GFP male mice between 2 and 4 months of age (*25 g) were housed in a light-
controlled (12/12 hours on/off; lights on at 6 ax) and temperature-controlled environment
(21.5-22.5°C). As previously demonstrated by us (Liu et al., 2003; Gautron et al., 2010),
MCA4R-GFP mice faithfully express a blue-shifted green fluorescent protein (GFP) variant
(Tau-Sapphire GFP) in MC4R-expressing neurons located in the central nervous system and
peripheral ganglia. The maintenance and genotyping of the mice was performed as described
before (Liu et al., 2003; Gautron et al., 2010). The procedures used in this study were
approved by the University of Texas Southwestern Medical Center at Dallas Institutional
Animal Care and Use Committees.

Tissue preparation

Mice were deeply anesthetized with chloral hydrate (500 mg/kg, intraperitoneally [i.p.]), and
then perfused transcardially with 0.9% diethylpyrocarbonate (DEPC)-treated saline followed
by 10% formalin (Sigma, St. Louis, MO). The left NG and DRG (both sides) were taken out
with the help of a surgical scope, postfixed for 2 hours, and submerged in 20% sucrose
overnight at 4°C. Tissue was embedded in OCT compound (Sakura, Torrance, CA) and
frozen on dry ice. Sections were cut at 16 pum using a cryostat (1:5 series) collected on
Superfrost slides (Fisherbrand, Pittsburgh, PA) and stored at —80°C until further processing.
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Antibody characterization

The antisera used in the present study are all commercially available and their key features
are summarized in Table 1.

Rabbit anti-GFP polyclonal antiserum (Invitrogen, La Jolla, CA): According to the
manufacturer, this antibody detected GFP in a Microplate Dilution Assay. In addition, we
have previously verified that this antibody only stained GFP-expressing neurons in the
mouse (Scott et al., 2009; Gautron et al., 2010). Specifically, this antiserum produced no
staining in wildtype mice, but stained GFP-expressing cells in the brain and NG of
transgenic mice that express GFP. The present study further demonstrated that GFP
immunoreactivity almost exclusively colocalized with MC4R mRNA in situ hybridization
signal in the DRG of MC4R-GFP mice (Fig. 3), thus showing the specificity of the GFP
staining.

Chicken anti-GFP polyclonal antiserum (Aves Laboratories, Tigard, OR): The manufacturer
demonstrated that this antibody detected a single band of 28 kDa using western blot
analysis. We also verified the specificity of this antibody in the mouse NG (Gautron et al.,
2010), including the absence of staining after omitting the primary antiserum, and when
used against wildtype tissue. In addition, we reported that GFP-expressing neurons in the
NG of GFP reporter mice showed endogenous fluorescence (sapphire-GFP filter) that is
only enhanced by immunostaining with the antiserum. The staining obtained using this
antibody was cytoplasmic.

Rabbit polyclonal antiserum against calcitonin gene-related peptide (CGRP) (Bachem,
Torrance, CA): Briefly, this antiserum recognizes canine, rat, and mouse a.-CGRP and
faithfully labels CGRP-expressing neurons in peripheral ganglia (Hall et al., 1997; Lennerz
et al., 2008; Kosaras et al., 2009; Gautron et al., 2011). Controls for specificity included
detection of one 4 kDa band corresponding to CGRP using western blot (Kosaras et al.,
2009), and the absence of immunoreactivity in the presence of blocking peptide (Hall et al.,
1997). CGRP immunoreactivity (using this antibody or others) has been reported in 20-50%
of neuronal profiles in the mouse DRG depending on the anatomical level (Henken and
Martin, 1992; Zwick et al., 2002; Price and Flores, 2007; Yamamoto et al., 2008; Tan et al.,
2009). In the mouse NG, about 15-30% of the neurons are CGRP-positive (Ruan et al.,
2004; Tan et al., 2009). It is noteworthy that it can be difficult to distinguish CGRP-positive
neurons in the rostral pole of the NG from petrosal ganglion neurons, which often contain
CGRP (Zhuo et al., 1997) and, hence, our CGRP profiles counts may include a few petrosal
ganglion neurons.

Mouse monoclonal antibody (Sigma) against phosphorylated and nonphosphorylated
neurofilament 200 (NF200): This antiserum is directed against the C-terminal segment of
enzymatically dephosphorylated pig NF200. Fukuoka et al. (2008) validated the specificity
of this antibody in the rat DRG. For instance, they demonstrated that it detected a single
200-kDA band, and preincubation with porcine NF200 (Chemicon, Temecula, CA) and
omission of primary resulted in no staining. NF200 is mostly present in DRG neurons
containing myelinated fibers including proprioceptors and low-threshold mechanoreceptors
(Lawson et al., 1993; Fukuoka et al., 2008). In the mouse DRG, about 20-40% of the
neuronal profiles are NF200-positive (Ruan et al., 2004; McGraw et al., 2005). While our
current study identified 24% of neuronal profiles positive for NF200 in the NG, other reports
range from 8-32% (Ruan et al., 2004; Staaf et al., 2010). NF200 immunoreactivity in our
samples displayed a typical fiber-like appearance.

Rabbit polyclonal antiserum (Phoenix Pharmaceutical, Belmont, CA) against cocaine- and
amphetamine-regulated transcript (CART): This antibody recognizes rat, mouse, and bovine
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CART peptide fragment 55-102. Pre-adsorption with CART 55-102 peptide and omission
of primary antibody both resulted in no staining (Dun et al., 2000; Cavalcante et al., 2006).
Furthermore, western blot analysis of rat brain samples produced a single band of 5 kDa
(manufacturer). This antibody was previously used to detect CART immunoreactivity in the
rat NG (Zheng et al., 2002), and CART staining in our samples displayed a distribution
pattern consistent with prior reports using this antiserum (Zheng et al., 2002; De Lartigue et
al., 2010). The previous reports also demonstrated that roughly 50% of vagal afferents are
CART-positive expressing vagal afferents represent of the ganglion neurons and include
many CCK-sensitive neurons projecting to the gastrointestinal tract.

Immunohistochemistry (IHC)

Indirect immunoperoxidase technique—After washing in phosphate-buffered saline
(PBS, pH 7.4), sections were pretreated with 0.3% hydrogen peroxide in PBS for 10 minutes
at room temperature. Sections were incubated overnight in a rabbit anti-GFP polyclonal
antiserum in 3% normal donkey serum (Jackson ImmunoResearch Laboratories, West
Grove, PA) with 0.25% Triton X-100 in PBS (PBT). After several PBS rinses, sections were
incubated in biotinylated donkey antirabbit (Jackson ImmunoResearch; cat. no. 711065152;
lot no. 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 Chemical,
Milwaukee, WI). DAB-labeled sections were air-dried, dehydrated in graded ethanols,
cleared in xylenes, and coverslipped with Permaslip (Alban Scientific, St. Louis, MO). GFP
detection by immunoperoxidase staining was carried out in three MC4R-GFP mice.

Dual labeling fluorescent IHC—ATfter several washes in PBS, sections were incubated
overnight at room temperature in the anti-GFP chicken polyclonal antiserum in PBT with
normal donkey serum (Jackson ImmunoResearch Laboratories) together with anti-CGRP, -
NF200, or -CART (Table 1). After washing in PBS, sections were incubated in antichicken
Alexa 488-conjugated secondary antibody (Invitrogen; cat. no. A11039; lot no. 488734;
1:1,000) for 1 hour at room temperature, then followed by Alexa 594-conjugated antirabbit
(Invitrogen; cat. no. A21207; lot no. 404239; 1/1,000) or biotinylated-conjugated antimouse
(Invitrogen; cat. no. 715065150; lot no. 85819; 1/1,000) secondary antibodies. The
antimouse secondary was followed by Alexa 594-conjugated streptavidin (S32356; lot no.
830728; 1/1,000). Isolectin B4 (1B4) is commonly used to label nonpeptidergic C-fiber
neurons (Fang et al., 2006). Sections were simultaneously incubated overnight at room
temperature with primary anti-GFP chicken as described before and biotinylated-1B4
(Sigma; 5 mg/ml), followed by Alexa 594-conjugated streptavidin. 1B4 binds to about 50%
of murine DRG and NG neurons (Zwick et al., 2002; Ruan et al., 2004; Yamamoto et al.,
2008; Tan et al., 2009). Fluorescently labeled tissue was washed and mounted on gelatin-
coated slides, air-dried, and coverslipped with Vectashield mounting medium containing
DAPI (Vector Laboratories; H-1500). Three MC4RGFP mice were used for the dual
fluorescent IHC experiments.

MC4R and Nav1.8 in situ hybridization (ISH) combined with IHC

The MCA4R antisense probe was made exactly as previously described (Gautron et al., 2010).
Nav1.8 is a TTX-resistant voltage-gated sodium channel important in pain (Akopian et al.,
1996; Laird et al., 2002). In the DRG, Nav1.8 is expressed in virtually all C fiber neurons
and subsets of low threshold A-mechanoreceptors (Djouhri et al., 2003; Fukuoka et al.,
2008). About 75-82% of NG neurons also express Nav1.8 (Stirling et al., 2005; Gautron et
al., 2011). The Nav1.8 probe was designed from GenBank sequence NM_009134, spanning
nucleotide positions 5825-6229, and was made from PCR fragments amplified with Taq
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DNA polymerase (Millipore, Bedford, MA) from cDNA generated with SuperScript 111
First-Strand Synthesis System for RT-PCR (Invitrogen) from total mouse brain RNA
(Stratagene, La Jolla, CA). The primers used to clone the probe were: 1) NavlF
TGACAGGGCCAACATTAACA and 2) Nav2R ACCACCAGAAATGTCCTTGC. The
PCR product was cloned with the TOPO TA Cloning Kit for Sequencing (Invitrogen).
Antisense and sense 3°S labeled probes were generated with MAXIscript In Vitro
Transcription Kits (Ambion, Austin, TX).

The procedure for ISH was performed as previously reported (Gautron et al., 2010). Briefly,
sections were fixed in 4% formaldehyde in DEPC-treated PBS, pH 7.0 (20 min at 4°C),
dehydrated in ethanol, cleared in xylene, and rehydrated in decreasing concentrations of
ethanol. Sections were then incubated in sodium citrate buffer (95-100°C, pH 6.0) and
microwaved for 10 minutes (70% power), dehydrated in graded ethanol, and air-dried.

The 35S-labeled cRNA probes were diluted to 10° 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, 0.3 M 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. Afterwards, 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-minute 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. Sections
were rinsed with PBS and immunohistochemistry for GFP was performed as described
above using the immunoperoxidase indirect technique. The DAB staining was optimized by
incubating the slides for 2 days with diluted rabbit primary antiserum (1/10,0000). Slides
were air-dried, placed in x-ray film cassettes with BMR-2 film (Kodak, Rochester, NY) for
3 days, and then dipped in NTB2 photographic emulsion (Kodak) at 4°C for 2 weeks.
Finally, slides were developed with D-19 developer (Kodak), dehydrated in graded ethanols,
cleared in xylenes, and coverslipped with Permaslip (Alban Scientific). Three MC4R-GFP
mice were used for combined ISH/IHC experiments.

Profile counts

Profiles counts methods are admittedly biased, as they do not allow for the determination of
the true number of neurons in a particular structure (Coggeshall and Lekan, 1996).
Nonetheless, profile counting was chosen because we were only interested in the proportion
of neuronal profiles being positive for a specific marker rather than the absolute numbers of
neurons being positive for the markers of interest. The following steps were taken to reduce
counting biases: 1) only nucleated profiles were taken into account; 2) evenly spaced series
of sections (1 in 5) from three entire ganglia (NG and DRG) from three different mice were
used for quantitative analysis; 3) a large number of profiles was sampled and correction
factors were applied when necessary (see below). Once again, this approach provides
relative data that are not meant to be accurate estimates of absolute cell counts.

The surface area (in pm?) of individual thoracic GFP-positive neuronal profiles was
measured using Zeiss Axiovision 4.7 software. Counting of GFP-positive neuronal profiles
was performed on fluorescently labeled and DAPI-counterstained sections. Of note, large
profiles tend to be overrepresented and our counts were corrected using the Abercrombie
formula as follows:

N=(n +T)/(T+D)

J Comp Neurol. Author manuscript; available in PMC 2013 August 06.
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Where N = corrected number of profiles; n = counted number of profiles; T = sections
thickness; D = mean neuronal diameter bin. The size of profiles was expressed in frequency
(%) and appeared normally distributed compared to other studies on the mouse DRG using
biased or unbiased profiles counting (Brumovsky et al., 2005; Tan et al., 2009).

We also estimated the proportion of GFP-profiles expressing MC4R or Nav1.8 mRNA, as
well as displaying CGRP, NF200, and B4 staining. Double fluorescence data are
represented as percentages of counted profiles positive for GFP alone or in combination with
select markers (mean + SEM, n = 3). Cautiously, we were reluctant to directly compare our
ISH/IHC with double fluorescence experiments as it is possible that ISH and IHC combined
together can reduce the efficacy of both procedures. Thionin-counterstained profiles were
considered to express MC4R or Nav1.8 mRNA only if silver grains above background
conformed to the shape of identified GFP profiles. Cells with only weak DAB staining or
uncertain hybridization signal were excluded. Combined ISH/IHC data are only represented
as percentages of GFP-profiles expressing selected mRNA (mean = SEM, n=3). The
Abercrombie formula was not applied to our double-labeling counts because the size of
counted profiles was not taken into consideration.

Production of digital images

RESULTS

DAB-stained and ISH materials were analyzed 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 4.7 software. A
camera lucida attached to the microscope was used to draw double-labeled cells for GFP and
Nav1.8 mRNA. High-resolution fluorescent images were generated using stacks of optical
sections (between 4 and 6 sections, step of 0.8-1.5 um) obtained with a Zeiss microscope
Imager ZI attached to the Apotome system. Images were captured with a black and white
digital camera (Axiocam) attached to the microscope and a desktop computer running
AXxiovision 4.5. Optical sections obtained in three different channels (GFP, CY3, and DAPI
filters) were digitally merged and the GFP-CY3-DAPI channels were converted to red-
green-white. Magenta-green versions are provided for the assistance of color-blind readers.
Of note, images used for quantitative estimates were captured under standardized exposure
settings. Photoshop CS2 (Adobe, San Jose, CA) was used to make annotations, combine
drawings and digital images into plates, and adjust the contrast and brightness of images.

GFP distribution in the mouse DRG

GFP IHC was used to systematically identify MC4R-expressing neurons in the DRG of
MCA4R-GFP reporter mice (Fig. LA-E). Robust GFP immunoreactivity was observed in the
cytoplasm of many DRG neurons (Fig. LA-E). The distribution of GFP appeared
comparable throughout the entire extent of the spinal cord from the cervical to lumbar level
(Fig. 1A-D). As a note, our analyses from here onward were conducted in the mid-thoracic
DRG only (T4-T6). Thoracic DRG neurons were chosen because they are known to
innervate visceral tissues more substantially, and therefore are more directly comparable to
NG neurons in terms of functions and innervated targets. We found that 45.0 + 1.7% (out of
7,586 profiles, 7= 3) of thoracic DRG neuronal profiles were positive for GFP.
Interestingly, GFP-positive profiles were mostly, but not exclusively, represented by small-
sized profiles (Fig. 2). For comparison, GFP-positive profiles in the NG represented 32.6 £
0.4% (out of 3,109 profiles, n= 3; see also Gautron et al., 2010). MC4R mRNA ISH
followed by GFP IHC was performed in order to evaluate the respective distribution patterns
of MC4R mRNA and GFP immunoreactivity (Fig. 3A,B). These double-labeling
experiments showed that 98.3 + 0.9% (out of 100 GFP profiles; 7= 3) of GFP-positive

J Comp Neurol. Author manuscript; available in PMC 2013 August 06.



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

1duasnuey Joyiny vd-HIN

Gautron et al.

Page 7

profiles at the thoracic level also showed silver grain accumulation (Fig. 3B), and hence
GFP was genuinely present in DRG MC4R-expressing neurons. A similar control
experiment for MC4R-expressing NG neurons was included in a previous publication
(Gautron et al., 2010).

Phenotyping of spinal and vagal GFP-positive profiles

Combined ISH/IHC labeling was conducted to determine the proportion of GFP profiles that
coexpressed Nav1.8 mRNA in the DRG and NG. As anticipated, Nav1.8 mRNA was present
in a large number of neurons in both sensory ganglia (Fig. 4). Hybridization with the
corresponding sense probe produced no detectable signal (Fig. 4B). A high degree of
colocalization between Nav1.8 mRNA and GFP was observed in the thoracic DRG (Fig. 4
D,F). Based on our observations, 84.3 + 2.9% (out of 253 GFP profiles, 7= 3) of GFP-
positive profiles coexpressed Nav1.8 mRNA. Notably, Nav1.8 mRNA also extensively
colocalized with GFP in the NG with about 67.7 + 6.7% (out of 200 profiles, n= 3) of GFP
profiles coexpressing Nav1.8 mRNA (Fig. 4C,E; Table 2).

In order to further narrow down the identity of GFP-positive profiles, we conducted double
fluorescent labeling experiments with CGRP and 1B4 which identify C-fiber peptidergic vs.
nonpeptidergic neurons in the DRG, respectively (Snider and McMahon, 1998). Relatively
few GFP profiles colocalized with CGRP in both the DRG (13.4%) and NG (4.2%) (Fig. 5;
Table 2). Surprisingly, colocalization with IB4 revealed a different pattern of MC4R
expression in the two sensory ganglia. In the DRG, as many as 72% of GFP profiles bound
IB4 (Fig. 6A,C,E; Table 2), suggesting a predominant C-fiber nonpeptidergic phenotype
consistent with our double-labeling experiments with Nav1.8 mRNA. By contrast, only
16.7% of GFP profiles bound IB4 in the NG (Fig. 6B,D,F; Table 2). Double-labeling
experiments with NF200, a marker of myelinated A-fiber neurons in the DRG (see Materials
and Methods), were then conducted. While a rather small proportion of neurons in the DRG
were NF200-positive (16%) (Fig. 7A,C,E; Table 2), a larger proportion of GFP profiles
coexpressed NF200 in the NG (29%) (Fig. 7B,D,F; Table 2). Because many of the GFP-
positive vagal afferents could not be categorized using classical anatomical markers for
DRG neurons, we reasoned that GFP could be present in a neurochemical type specific for
vagal neurons. For example, CART is abundantly expressed in the NG but nearly absent in
the DRG (Broberger et al., 1999; Zheng et al., 2002). However, less than 4% of GFP
profiles in the NG expressed CART (Fig. 8A-C; Table 2).

DISCUSSION

Our results show that: 1) MC4R expression in the mouse DRG is found predominantly in,
but not limited to, presumptive nociceptors which also express Nav1.8 and bind I1B4; 2)
MCA4R-expressing vagal afferent neurons are comprised mainly of Nav1.8-expressing
neurons and NF200-positive neurons, but few IB4- or neuropeptide-positive neurons.
Collectively, our anatomical findings suggest that MC4R signaling in peripheral ganglia is
implicated in a wide range of nociceptive and nonnociceptive peripheral sensory modalities.

Technical considerations

The use of transgenic MC4R-GFP mice allows for the straightforward anatomical analysis
of MC4R-expressing neurons in the peripheral ganglia. Comparatively, the detection of
MC4R-expressing neurons using MC4R mRNA ISH is a far more cumbersome approach.
While this transgenic approach is limited to mice, the MC4R expression pattern is very
similar between species (Mountjoy, 2010) and one can reasonably expect that our findings
may apply to other animal species. Of note, we found that the GFP produced in DRG
neurons did not appear to be effectively transported far from the cell body, for instance, to
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peripheral tissues or the dorsal horn (not shown). This is in contrast with GFP-expressing
vagal afferents that were shown to effectively transport GFP to their peripheral terminals
(Gautron et al., 2010). In fact, more GFP-labeled axons can be seen in our NG compared to
DRG samples (Figs. 5-8). The reason for the difference between the two types of ganglion
is unknown.

It is important to keep in mind that, while anatomical criteria (size and
immunohistochemical markers) have been widely used and proven useful for distinguishing
major classes of primary sensory neurons (Brumovsky et al., 2005; Fukuoka et al., 2008;
Scherrer et al., 2010), the classification of DRG neurons based on anatomical criteria alone
is always oversimplistic. For instance, markers employed in this study showed some degree
of overlap in DRG neurons (Fang et al., 2006; Price and Flores, 2007). Vagal afferent
neurons display an even broader spectrum of functional properties that are not adequately
reflected by anatomical criteria (Zhuo et al., 1997; Czaja et al., 2006; Fox, 2006). For
example, in this study very few vagal GFP-profiles colocalized with IB4, CART, or CGRP,
and yet these markers combined together accounted for almost the entire ganglion.

Functional significance of MC4R expression in DRG neurons

This study provides evidence that many DRG neurons express MC4R, a number of which
are presumptive nonpeptidergic nociceptors. Our interpretation is based on the frequent
expression of Nav1.8 mRNA in these neurons as well as their ability to bind I1B4. It is well
accepted that this category of DRG neurons (Nav1.8 and I1B4) includes many C-fiber
nociceptors that respond to mechanical and thermal noxious stimuli (Djouhri et al., 2003;
Fang et al., 2006; Abrahamsen et al., 2008). These results are also agreement with
pharmacological studies showing that MC4R ligands specifically modulate mechanical and
thermal pain (Vrinten et al., 2000; Bertorelli et al., 2005; Starowicz et al., 2005). It will be
interesting to test whether MC4R knockout mice display a pain phenotype independent of
their obesity and late-onset diabetes phenotype.

The most likely source of ligands to MC4R located in DRG neurons is a descending
hypothalamic input to the spinal cord from alpha-melanocyte stimulating hormone (a.-MSH)
neurons. This is based on the following observations: 1) a-MSH immunoreactive fibers
have been reported in the rat spinal cord near the central canal and dorsal horn (Tsou et al.,
1986), as well as the mouse spinal cord (Broberger et al., 1998); 2) binding of radioactive a-
MSH within the dorsal horn (Lichtensteiger et al., 1996); 3) the intrathecal delivery of a-
MSH exerts pronociceptive actions (Starowicz et al., 2005); 4) certain POMC neurons in the
retrochiasmatic area and arcuate nucleus of the hypothalamus directly send projections to
the spinal cord (Swanson and Kuypers, 1980; Elias et al., 1998). Together, these
observations imply that MC4R may be transported to the presynaptic compartment of DRG
neurons within the dorsal horn where it binds locally released a-MSH originating from the
hypothalamus. A similar mechanism has been proposed to explain MC4R signaling in
presynaptic vagal afferent terminals within the dorsovagal complex (Wan et al., 2008).

Importantly, the central melanocortin system is deeply implicated in the regulation of energy
balance, and hence MCA4R signaling in spinal afferents may provide a functional link
between energy balance and nociception. In fact, obesity and food restriction have been
demonstrated to influence pain thresholds. Despite some confounding factors (e.g.,
neuropathy and skin thickness in the obese), it is generally accepted that obesity enhances
pain sensitivity in humans and rats (McKendall and Haier, 1983; Roane and Porter, 1986).
Conversely, caloric restriction in mice exerts antinociceptive effects (Hargraves and Hentall,
2005). Changing levels of endogenous opioids in response to obesity and fasting have been
long suspected to be implicated in linking energy balance to pain (de los Santos-Arteaga et
al., 2003). The present data suggest an additional and complementary mechanism involving
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the central melanocortin system. Such a mechanism could be speculated to dampen pain
during periods of starvation to facilitate risky and food-seeking behaviors. Taken together,
these observations underscore the importance of MC4R signaling as a promising target in
the treatment of abnormal pain. Of note, small-diameter spinal afferent fibers are not
exclusively involved in pain transmission, but also convey information relevant to the
physiological conditions of innervated tissues (Craig et al., 2001).

Functional significance of MC4R expression in the NG

As previously mentioned, the categorization of vagal afferent neurons based on anatomical
criteria is complicated due to their inherent heterogeneity. Here we show that about 30% of
GFP-profiles in the NG included neurofilament-positive neurons that are regarded as A-fiber
neurons. Ultrastructural and electrophysiological studies actually established that less than
10% of NG neurons correspond to A-fiber neurons in rabbits and cats (Agostoni et al., 1957;
Stansfeld and Wallis, 1985). In addition, the reliability of NF200 as a marker for vagal A-
neurons is questionable, as NF200-positive neurons in the NG sometimes share C-fiber
electrophysiological features (Bielefeldt et al., 2006). Regardless of the true categorization
of these fibers, it is known that subgroups of NF200 neurons are mechanoreceptors for
airways and the heart (Ricco et al., 1996; Chuaychoo et al., 2005; Kosta et al., 2010), and
others are gastrointestinal fibers that do not respond to stretch (Bielefeldt et al., 2006). Thus,
at least a subgroup of vagal MC4R-expressing sensory neurons may be A-
mechanoreceptors.

Interestingly, at least 64% of vagal MC4R-expressing profiles coexpressed Nav1.8 mRNA.
It is known that Nav1.8 segregates C-fiber neurons from most A-fiber neurons in the rat
DRG (Djoubhri et al., 2003; Fukuoka et al., 2008). Hence, assuming that Nav1.8 is similarly
distributed in the NG, many vagal MC4R/Nav1.8-expressing neurons should theoretically be
C-fiber neurons. However, the exact role of these neurons can only be speculated. Although
vagal afferents are not traditionally viewed as nociceptors (Cervero, 1994), they are
increasingly recognized as being able to detect noxious and inflammatory stimuli that can
evoke feelings of unpleasantness (Nassenstein et al., 2010). Perhaps Nav1.8-expressing
vagal neurons are implicated in the response to noxious stimuli in vagally innervated
viscera. Alternatively, there is mounting evidence that TTX-resistant sodium currents are not
exclusively implicated in noxious responses but also contribute to nonnoxious sensory
modalities including smell and itch (Liu et al., 2010; Weiss et al., 2011) as well as
cardiovascular functions (Blasius et al., 2011). One of our prior studies showed that vagal
Nav1.8-expressing neurons project to the cardiovascular system and gastrointestinal tract
and are mostly represented by chemoreceptors/polymodal receptors (i.e., mucosal intestinal
receptors) rather than pure mechanoreceptors (e.g., intramuscular arrays, baroreceptors)
(Gautron et al., 2011). It is therefore tempting to believe that vagal MC4R/Nav1.8-
expressing neurons could be implicated in normal visceral and autonomic functions.
Interestingly, we previously established that about 20% of the GFP profiles in the NG
coexpressed cholecystokinin receptor 1 and were connected to the duodenum (Gautron et
al., 2010). Anatomical, physiological, and calcium imaging studies have shown that many
cholecystokinin-sensitive fibers correspond to C-fiber neurons innervating the
gastroduodenal mucosa (Ritter and Ladenheim, 1985; Holzer, 1991).

In conclusion, the current anatomical study provides evidence that MC4R signaling may be
implicated in diverse vagal and spinal sensory modalities. Additional pharmacological,
genetic, and physiological studies are warranted to determine the exact role of MC4R-
expressing sensory neurons in nociception, bronchorespiratory, cardiovascular, and ingestive
functions.
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Figure 1.

Immunohistochemical labeling of GFP-positive profiles in the DRG of MC4R-GFP mice.
DAB-labeled profiles were observed in DRG from all levels of the spinal cord that were
studied (A-D) (brightfield). Anatomical levels indicated in bottom right corners. Higher
magnification of DAPI-counterstained (white color) thoracic DRG reveals the
morphological details of GFP-positive profiles (epifluorescence and Apotome) (E).
Representative GFP-positive and -negative profiles are indicated by white arrows and
asterisks, respectively. Scale bars = 100 wm in A-D; 50 pum in E.
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Figure 2.

Graph showing the size distribution of GFP-positive profiles in the thoracic DRG. Note that
GFP-positive profiles are most often represented by small-sized profiles. Data are expressed
in wm? and include observations pooled from 387 profiles. These data were corrected using

the Abercrombie formula (see Materials and Methods).
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MC4R mRNA

MC4R mRNA + GFP

Figure 3.
Double ISH/IHC labeling for MC4R mRNA and GFP. White arrows indicate representative

cells with visible ISH signal in the thoracic spinal cord and attached DRG (darkfield) (A).
GFP-positive profiles (brown) are consistently overlaid by black silver grains, which
indicate MC4R mRNA expression (brightfield) (B). Black arrows show examples of
colocalization. IML, intermediolateral cell column. Scale bars = 500 pm in A; 50 im in B.
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Navi.8 mRNA § B sense

Figure 4.
Double ISH/IHC labeling for Nav1.8 mRNA and GFP. Robust hybridization signal

(darkfield) for Nav1.8 mRNA is visible in the NG (A). By contrast, the sense probe reveals
no significant signal (B). GFP-positive profiles (brown) are frequently overlaid by black
silver grains, which indicate Nav1.8 mRNA expression in both the NG (C) and DRG (D).
Black arrows show examples of double-labeled neurons, whereas white arrows show
profiles solely GFP positive, and circles highlight Nav1.8-expressing cells only. Camera
lucida drawings showing the typical distribution of profiles only positive for GFP (open
profiles), only for Nav1.8 (asterisks), or double-labeled (black profiles) in a representative
NG (E) and DRG (F). c, central end; p, peripheral end. Scale bars = 500 wm in A; 50 pm in
CpD.
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DRG NG

Figure 5.
Double immunolabeling for GFP and CGRP. Optical sections (epifluorescence and

Apotome) of the DRG and NG double-labeled for GFP (A,B) and CGRP (C,D). DAPI
staining appears in white in the merge color images (E,F). Note that double-labeled profiles
(white arrows) are relatively rare in either ganglia. Scale bar = 100 wm (applies to all).
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Figure 6.

Double immunolabeling for GFP and I1B4. Optical sections (epifluorescence and Apotome)
of the DRG and NG double-labeled for GFP (A,B) and 1B4 (C,D). DAPI staining appears in
white in the merge color images (E,F). Strikingly, double-labeled profiles are very frequent
in the DRG (white arrows), but rare in the NG. Scale bar = 100 wm (applies to all).
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Figure 7.
Double immunolabeling for GFP and NF200. Optical sections (epifluorescence and

Apotome) of the DRG and NG double-labeled for GFP (A,B) and NF200 (C,D). DAPI
staining appears white in the merge color images (E,F). Although double-labeled profiles
are observed in both ganglia (white arrows), they appear more frequently in the NG. Scale
bar = 100 um (applies to all).
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Figure 8.

Double immunolabeling for GFP and CART. Optical sections (epifluorescence and
Apotome) of the NG double-labeled for GFP (A) and CART (B). Of note, CART-positive
profiles are rare in the DRG (not shown). DAPI staining is white in the merged color images
(C). Double-labeled profiles are not seen. Scale bar = 100 um (applies to all).
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Phenotype of GFP Profiles Within Mouse Peripheral Ganglia
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Marker GFP*/marker~  GFP*/marker* (marker/GFP) GFP~/markert* GFP-/marker-
1B4

DRG (1686) 13+1.2% 34.7+0.2% (72.1 £ 2.5%) 122 +2.1% 40.1 £ 2.4%

NG (1185) 27.9+0.4% 5.1+ 0.3% (16.7 + 0.6%) 40.1 £ 2.4% 21.7+2.3%
CGRP

DRG (1741) 39.7 £ 2.9% 6.2 £ 1.4% (13.4 £ 2.7%) 141+1.4% 40 £3.2%

NG (1159) 325+2.2% 1.8+ 0.5% (4.2 £ 1.6%) 12.3+1.8% 53.4+0.1%
NF200

DRG (1336) 34.6 + 1.6% 8.8 +1.3% (16.7 = 1.7%) 15.6 £1.2% 41£2.7%

NG (988) 232+2.7% 9.3+1.1% (29.1 + 4.4%) 14.3 £ 0.9% 53.2 +1.6%
CART

NG (936) 30.9+2.2% 14+04% (43%1.2) 39527 28.2 + 4.6%
Marker GFP*/marker*
MC4R mRNA

DRG (100) 98.3+0.9%
Nav1.8 mRNA

DRG (253) 84.3+2.9%

NG (200) 67.7 £ 6.7%

Mean percentages (+SEM, 1= 3) of GFP profiles positive or negative for select markers of primary afferents within the thoracic DRG and left NG
relative to the total number of sampled profiles. Data in the upper part of the table were obtained using double fluorescence labeling. The total
number of profiles is indicated in parentheses in the first column. The proportion of GFP profiles positive for each marker is also indicated in
parentheses in the middle column. Data in the bottom part of the table were obtained using combined ISH/IHC. Mean percentages (+SEM, 1= 3)
of GFP profiles positive for MC4R and Nav1.8 mRNA. The total number of examined GFP-profiles is indicated in parentheses in the first column.
CART, cocaine- and amphetamine-regulated transcript; CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglion; GFP, green fluorescent
protein; IB4, isolectin B4; MC4R, melanocortin-4 receptor; NF200, neurofilament 200; NG, nodose ganglion.
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