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A Nociceptive Signaling Role for Neuromedin B
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Here we used an array-based differential screen to uncover the expression of the neuropeptide neuromedin B (NMB) in the trigeminal
ganglia of mice. Double-labeling experiments reveal NMB is expressed in a subset of sensory neurons that colabel with calcitonin
gene-related peptide and TRPV1 suggestive of a role for NMB in nociception. Indeed, administration of NMB antagonist greatly attenu-
ates edema and nerve sensitization following stimulation of peripheral nerves with mustard oil, demonstrating that NMB contributes to
neurogenic inflammation. Moreover, direct injection of NMB causes local swelling and nociceptive sensitization. Interestingly, we also
find that the receptor for NMB is expressed in interneurons in the superficial layers of the dorsal horn. We used NMB-saporin to
specifically eliminate NMBR-expressing neurons and determined they are required in responses to noxious heat, but not for reaction to
mechanical and pruritic stimuli. Thus, NMB may be a neurotransmitter that is selectively involved in the perception of thermal stimuli.

Introduction
Neuropeptides and their receptors are important in somatosen-
sory signaling pathways. Many different peptides have been re-
ported to be present in the trigeminal (TG) and dorsal root
ganglia (DRG), including substance P (SP), calcitonin gene-
related peptide (CGRP), galanin, neuropeptide Y (NPY), and
gastrin releasing peptide (GRP) (Zhang et al., 1995; Bergman et
al., 1996; Sun and Chen, 2007; Xu et al., 2010). SP and CGRP are
the best characterized of these neuropeptides and are involved in
peripheral and central nociceptive processes. They enhance ex-
citatory stimulation in the dorsal horn of the spinal cord and are
also released in the periphery, resulting in the local heating,
wheal, and flare, a reaction known as neurogenic inflammation
(Brain and Cox, 2006).

Neuromedin B (NMB) and GRP are the only two members of
the mammalian bombesin family of peptides. These two peptides
activate structurally similar but pharmacologically distinct
G-protein-coupled receptors: the NMB receptor (NMBR) and
the GRP receptor (GRPR) (Corjay et al., 1991; Jensen et al., 2008).
In the periphery NMB and GRP have a wide variety of actions
including smooth muscle contraction and exocrine and endo-
crine functions (Heasley, 2001). In the CNS these peptides regu-
late food intake and body temperature, as well as stress behavioral
responses (Battey and Wada, 1991; Ohki-Hamazaki et al., 1999;

Ladenheim et al., 2002). Additionally, immunolocalization stud-
ies showed that NMB protein is present in the dorsal horn of the
spinal cord (Massari et al., 1983; Namba et al., 1985) and expres-
sion was also seen in sensory neurons (Wada et al., 1990). Intra-
thecal injection of NMB elicits nociceptive reflex responses, but
the nature of the reaction produced is unclear (O’Donohue et al.,
1984; De Koninck and Henry, 1989; Cridland and Henry, 1992).
In contrast, GRP has been clearly demonstrated to be involved in
itch sensation (Sun and Chen, 2007; Sun et al., 2009). GRPR
knock-out mice, and animals in which GRPR-expressing neu-
rons in the dorsal horn are eliminated, exhibit attenuated re-
sponses to most pruritic agents. Moreover, loss of GRPR or
ablation of the GRPR-expressing neurons has no effect on other
sensory modalities (Sun and Chen, 2007; Sun et al., 2009). This
has led to the proposal that GRP is an itch-specific signaling
neuropeptide and GRPR neurons in the dorsal horn represent a
labeled line for itch.

A direct approach to examine the central role of nociceptive
neuropeptides is the targeted ablation of peptide receptors ex-
pressing neurons with saporin-conjugated peptides (Wiley and
Lappi, 2003). The elimination of neurons expressing different
neuropeptide receptors in the dorsal horn reveals that these cells
are functionally heterogeneous; loss of spinal neurons
expressing TacR1, NPY, �-opioid, and the galanin receptor
generates mice that exhibit a variety of different deficits in
processing nociceptive stimuli (Nichols et al., 1999; Kline and
Wiley, 2008; Wiley et al., 2009; Lemons and Wiley, 2011). The
differences in behavior of mice lacking different cell types
highlights the distinct roles of diverse classes of dorsal horn
neurons (excitatory and inhibitory interneurons and projec-
tion neurons) (Nichols et al., 1999; Kline and Wiley, 2008;
Wiley et al., 2009; Lemons and Wiley, 2011).

To begin to characterize the role of NMB in sensory neurons,
we have examined its effects on neurogenic inflammation. In
addition, using a cell-ablation approach we have established a
central function for NMB in the spinal cord.
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Table 1. Molecules identified by comparison of trigeminal ganglia and genticulate ganglion RNA transcripts

Change Gene name Acc number Change Gene name Acc number

65.9 Npy2r NM_008731 7.2 Nmur1 NM_010341
41.2 Dgkk NM_177914 7.2 Kcnmb1 NM_031169
30.1 Oprm1 AK079569 7.2 Prl NM_011164
29.8 Trpm8 NM_134252 7.2 Grid1 AK039103
28.4 Klhl5 AK090246 7.1 Gh NM_008117
28.0 Krt27 NM_010666 7.1 Pfkfb3 NM_133232
28.0 Scn11a NM_011887 7.1 Dgkh AK083897
27.5 BC023719 BC023719 7.0 Dopey2 AK009785
27.2 Calca NM_001033954 7.0 Rab27b NM_030554
27.0 Tshr NM_011648 7.0 Cpn1 NM_030703
26.6 Fgg NM_133862 7.0 Myh7 NM_080728
26.0 Prokr2 NM_144944 6.9 Rnf112 NM_009548
25.8 9130204L05Rik NM_001101461 6.9 Epha10 NM_177671
25.1 Gfra3 NM_010280 6.9 Shisa9 NM_028277
22.2 Ntrk1 NM_001033124 6.9 Myt1l AK012660
22.1 Mrgprb5 NM_207538 6.9 Plau NM_008873
21.9 Tmem45b NM_144936 6.8 Chrna7 NM_007390
20.4 Giyd2 NM_029420 6.8 Gpr35 NM_022320
19.5 Calcb NM_054084 6.8 Lrrn4 NM_177303
19.3 Tshb NM_009432 6.8 LOC791382 AK048476
18.5 Scn10a NM_009134 6.7 LOC545785 AK037393
17.7 Prdm8 NM_029947 6.7 Zdhhc14 AK033799
15.9 LOC100504399 AK081497 6.6 Mas1 NM_008552
15.7 Dyrk4 NM_207210 6.6 5930438M14 AK031263
14.9 Trpc6 NM_013838 6.6 Celf6 NM_175235
14.7 IgG2a like XR_033948 6.6 Arg2 NM_009705
14.4 Chrna7 NM_007390 6.6 E430024P14Rik AK083703
13.6 Npy5r NM_016708 6.5 Ms4a3 NM_133246
13.3 GlyT2 like XM_001004722 6.5 Dnajc22 NM_176835
13.2 Gna14 NM_008137 6.5 Serpine3 XM_893895
13.2 7530428D23Rik XM_887943 6.5 Osta AK147155
12.9 Kcnf1 NM_201531 6.4 Myo15 NM_010862
12.1 Vstm2b NM_021387 6.4 Opalin NM_153520
12.1 Pkib NM_001039050 6.4 Myh3 NM_001099635
12.1 1700030C10Rik NR_015521 6.4 Wnt3a NM_009522
11.8 Kcng2 NM_001190373 6.4 Kif17 NM_010623
11.3 1300015D01Rik AK005014 6.4 Opn5 NM_181753
11.2 Oxtr D86599 6.4 Dlk1 NM_010052
11.1 LOC242594 NM_001162980 6.4 Gys2 NM_145572
11.0 Ankrd58 NM_173779 6.4 Cdkn3 NM_028222
11.0 Ly75 AK157921 6.3 Inadl NM_001005787
11.0 Slc4a11 NM_001081162 6.3 Kcng3 NM_153512
10.9 Kcng4 NM_025734 6.3 Sst NM_009215
10.8 Grik1 NM_010348 6.3 Kcna6 AK031890
10.8 Mrgprb3 NM_207537 6.3 Hoxd8 NM_008276
10.7 Col11a1 NM_007729 6.2 Aldh1l2 NM_153543
10.7 Acpp NM_019807 6.2 Agxt2l1 NM_027907
10.6 Bad AK029400 6.2 Cryba2 NM_021541
10.1 Mas1 NM_008552 6.1 Mrgpra3 NM_153067
9.7 Scn10a Y09108 6.1 Arhgap36 NM_001081123
9.6 Ptgir NM_008967 6.1 Ccdc68 NM_201362
9.5 Nppb NM_008726 6.1 Bcl11b NM_001079883
9.5 Nmb NM_026523 6.0 B230311B06Rik XM_001001884
9.3 Pitx2 NM_001042502 6.0 Tmem114 NM_029070
9.1 Tep1 AK033525 6.0 Dgkh NM_001081336
9.1 AceCS AK035497 6.0 Dgkh AK031069
9.0 L3mbtl4 NM_177278 5.9 Grpr NM_008177
8.8 Tmem233 AK047066 5.9 Pit-1 D12885
8.5 Lgals7 NM_008496 5.9 Apc NM_007462
8.4 Pmp2 NM_001030305 5.9 Mrgpra2b NM_153101
8.3 Ret NM_009050 5.9 Fam19a1 NM_182808
8.3 Trpa1 NM_177781 5.9 Slc7a10 NM_017394
8.3 Fam19a1 NM_182808 5.9 Dmbx1 NM_130865
8.2 Mpped1 NM_172610 5.9 Gpr83 NM_010287
8.1 Dnase1l3 NM_007870 5.8 Cgnl1 NM_026599

(Table continues.)
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Materials and Methods
Animals. Mice were 25–30 g male C57BL/6 and Tg(Nmbr-EGFP)
JG22Gsat (GENSAT Project at Rockefeller University). Procedures fol-
lowed the National Institutes of Health (NIH) guidelines for the use and
care of laboratory animals and were approved by the National Institute of
Dental and Craniofacial Research Animal Care and Use Committee.

To eliminate specific subsets of dorsal horn interneurons 10 �g of
NMB-saporin or 0.13 �g of stable SP-saporin (SSP-saporin) or 1.3 �g of
bombesin-saporin or 10 �g of blank-saporin (20 �l of PBS; Advanced
Targeting System) were administered to the lumbar 4 –5 segments
(Mishra and Hoon, 2010). Behavioral testing occurred between 1 and 3
weeks after toxin treatment. Tissue was harvested for expression analysis
7 d after injection of toxin.

Behavioral assays. For thermal responses, a radiant heat source was
focused on the hindpaw and the time from the initiation until withdrawal
was measured using an automated Hargreaves test apparatus (Ugo
Basile). Animals were habituated for at least 30 min in individual cham-
bers before experiments and a maximum cutoff of 20 s was used to
prevent tissue damage. Using an automated von Frey apparatus (Ugo
Basile), mechanical responses were assayed by determining the threshold

force required to induce paw withdrawal. For itch assays, hair was re-
moved from the lumbar back region and 100 nM of histamine trifluorom-
ethyl toluidide (HTMT) was administered in a 10 �l subcutaneous
injection. Following administration of itch-inducing agent, numbers of
itching bouts were counted over 30 min.

To test for effects of neuropeptides 10 �l of NMB (50 �g) or 10 �l of
NMB (50 �g) CGRP (10 �g) and SP (1 �g) were injected into the hind-
paw. Thirty minutes after injection of peptides, paw edema was measured
using a plethysmometer (IITC) and thermal and mechanical sensitiza-
tion measured by Hargreaves and von Frey apparatus assays (Ugo Basile),
respectively. We examined if pretreatment with peptide antagonists could
prevent neurogenic inflammation. Ten minutes before inducing neurogenic
inflammation, neuropeptide antagonists or vehicle control were adminis-
tered via tail vein injection; 10 �g of NMB antagonist BIM 23042 (Tocris
Bioscience) or a mixture of 10 �g BIM 23042, 10 �g CGRP 8–37, and 1 �g
spantide were given as a single bolus (100 �l in PBS vehicle). BIM 23042 is a
specific antagonist of the NMBR (Orbuch et al., 1993), CGRP 8–37 is an
antagonist of the CGRP receptor (Deems et al., 1991; Wang et al., 1991), and
spantide is an inhibitor of TacR1 (Folkers et al., 1984). Hindpaw reflex re-
sponses for thermal (Hargreaves) and mechanical stimuli (von Frey) and

Figure 1. ISH reveals the expression pattern of genes identified in the differential screen of TG versus GG. Sections of TG were hybridized with probes to select molecules as indicated.

Table 1. Continued

Change Gene name Acc number Change Gene name Acc number

8.1 Prkcq NM_008859 5.8 Fam188b2 AK030561
8.0 Capn9 NM_023709 5.8 Fam19a1 NM_182808
7.9 Gpr35 NM_022320 5.7 Syt16 NM_172804
7.8 Ropn1 NM_030744 5.7 Lgi1 NM_020278
7.8 Htr1a NM_008308 5.6 Rnf112 NM_009548
7.8 Lpar3 NM_022983 5.6 Myh7 NM_080728
7.5 Gsg1l NM_001101488 5.6 Tmem26 NM_177794
7.5 Krt79 NM_146063 5.6 Robo3 NM_001164767
7.5 Kiaa1239 NM_177006 5.5 Slc34a2 NM_011402
7.4 Mal2 NM_178920 5.5 Bcl2l14 NM_025778
7.4 Syt5 NM_016908 5.5 Casc1 AK034148
7.4 Slc5a1 NM_019810

List of genes differentially expressed in trigeminal ganglia versus genticulate ganglion with fold -change�2 SDs from the mean; n �4. ISH data are presented for genes highlighted in bold (see Fig. 1). Fold differences in expression (Change)
and GenBank accession numbers (Acc number) are indicated.
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changes in paw volume were assessed before treatment and 30 min after
induction of inflammation with mustard oil (10 �l; 1% in mineral oil).
Increased paw volume to injection of neuropeptide or mustard oil was nor-
malized to the untreated or mustard oil-treated condition, respectively.

To investigate the effects of inflammation on
mechanical sensitivity, the plantar surface of
the hindpaw was injected with 20 �l of com-
plete Freund’s adjuvant (CFA; Sigma). Behav-
ioral testing was performed 24 h after injection.

In situ hybridization and immunohisto-
chemistry. In situ hybridization (ISH) was
performed at high stringency (washed 30 min,
0.2� SSC, 70°C) as described previously
(Hoon et al., 1999). Probes were generated for
genes of interest by PCR and Topo-cloned into
pCRII (Invitrogen). Sequences of cloned genes
were confirmed and in vitro transcription was
used to generate antisense cRNA probes. ISH
was used to detect select genes in the TG and
DRG and TacR1 and GRPR-positive interneu-
rons in the spinal cord. Immunohistochemis-
try with chicken anti-green fluorescent protein
(GFP) (1:500; Abcam) was used to detect
NMBR-positive neurons in Nmbr-EGFP mice.
Development of immunopositive GFP signal
was achieved with donkey anti-chicken HRP-
conjugated secondary antibody (Jackson Im-
munolabs) together with NovaRed . Analysis of
ablation was performed on tissue collected
from �3 mice. For each mouse, numbers of
positive neurons for each receptor were
counted from �10 16 �M serial sections. Total
numbers of neurons expressing receptor were
calculated for each animal, averaged, and nor-
malized to values from blank-saporin controls.

Double-label ISH/immunohistochemistry
was developed with anti-digoxigenin antibod-
ies coupled to alkaline phosphatase together
with Fast Red. CGRP and TRPV1 were de-
tected with anti-CGRP (1:200; Millipore Bio-
science Research Reagents) and anti-TRPV1
antibodies (1:100; Millipore Bioscience Re-
search Reagents) and developed with donkey
anti-rabbit FITC (Jackson Immunolabs)
(Adler et al., 2000). The ISH signal for Nmb is
nuclear because the doubling-labeling tech-
nique preferentially detects unspliced nuclear
transcripts. Quantization of NMB overlap with
CGRP and TRPV1 was performed by counting
positive neurons from more than four sections
for each double staining. Images were collected
using a Microphot FX microscope (Nikon) and
a Zeiss LSM 510 confocal microscope and pro-
cessed using Adobe Photoshop.

Gene array analysis. Total RNA was isolated
from TG, DRG, or geniculate ganglion (GG)
using an RNeasy minikit (Qiagen). cDNA was
synthesized from total RNA and used as a tem-

plate to produce a cy5-labeled cRNA probe following protocols recom-
mended by the manufacturer (Agilent). Gene arrays (GE4 � 44K V2;
Agilent) were hybridized, washed, and scanned as recommended by the
manufacturer. Data were analyzed using Gene Spring (version 11)
software.

Heterologous expression of NMBR and GRPR. Full-length NMBR and
GRPR were amplified from brain cDNA and cloned into mammalian
expression vector pEAK8 (Egde Biosystems). HEK-293 cells were tran-
siently transfected with pEAK8-NMBR-ires-EGFP or pEAK8-GRPR and
pEAK8-GFP using the Trans-it-293 kit in 24-well culture plates as rec-
ommended by the manufacturer (Mirus). Twenty-four hours after trans-
fection, 20 �g/ml of NMB-saporin or blank-saporin or 2.5 �g/ml of
bombesin-saporin were added to cultured media and 48 h later fields of
live cells were photographed and GFP-positive cells counted. Cells were
also stained with the vital stain propidium iodide to measure cell viabil-

Figure 2. NMB is specifically expressed in a subset of TG and DRG neurons and is undetectable in the GG. ISH reveals that Nmb
(a, d, g) and Calcb (b, e, h) are expressed in the TG (a– c) and DRG (g–i), but are undetectable in the GG (d–f ). In contrast, the
ionotrophic ion-channel P2Rx3 is expressed in all ganglia (c, f, i). ISH of sections through the spinal cord (j–l ) establishes that Nmb
(j) is not expressed, while Tac1 (k) and GRP (l ) are found in a small number of interneurons in the dorsal horn.

Table 2. Relative expression levels of neuropeptides in dorsal root ganglia

Mean expression SD Gene name Neuropeptide

861.6 229 Calca CGRP
215.0 34 Nmb NMB
129.9 19 Tac1 SP
22.9 3.8 Gal Galanin
18.4 3.0 Calcb CGRP

Expression was determined in arbitrary units; data were normalized to median microarray values. Data represent
means � SD; n � 4 arrays. CGRP, calcitonin gene-related peptide; NMB, neuromedin B; SP, substance P.
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ity. Images were collected from at least four
randomly chosen fields of cells from three in-
dependent experiments, and data were nor-
malized versus untreated cells.

Results
We set out to identify novel molecules in-
volved in detection and signaling pro-
cesses of somatosensory neurons and used
mouse whole genome microarrays to an-
alyze genes expressed in the TG. To sub-
tract genes expressed in glia and
molecules involved in the general house-
keeping functions, we compared gene ex-
pression profiles of TG with GG. Unlike
the TG, which is composed of neurons
that detect as well as transmit somatosen-
sory input, the neurons in the GG are only
involved in transmitting signals from taste
buds. Table 1 lists genes we identified with
TG versus GG differential expression �
5.5 (genes whose expression is highly sig-
nificant with �2 SDs from the mean). As
expected, many of the molecules we un-
covered have been identified previously
and are known to be important in so-
matosensation, e.g., TrpM8, TrpA1,
Scn10a, Scn11a, Mrgpcr, and neu-
rotrophic factor receptors. To identify
genes likely to be involved in mediating
responses to specific stimuli, we examined
the expression patterns of selected mole-
cules by ISH, looking for genes expressed
in a subsets of neurons (Fig. 1). Among
the molecules prominently enriched and
expressed in subsets of neurons were neu-
ropeptides (Fig. 1). One of the neuropep-
tides we found was NMB. As expected
from its differential expression, NMB is
expressed in the TG and DRG but is not
detectable by ISH in the GG (Fig. 2). The
level of expression of NMB estimated
from normalized gene array data indicates
it is expressed at a level similar to CGRP (Calca and Calcb) and SP
(Tac1) (Table 2). Previously, immunological methods were used
to show NMB fibers, but no cell bodies were observed in the
spinal cord (Massari et al., 1983; Namba et al., 1985). We con-
firmed using ISH that there are no NMB-expressing cells in the
spinal cord (Fig. 2j). In contrast, mRNA transcripts for tachy-
kinin (Tac1) and GRP are expressed in neurons in the dorsal horn
as recently reported (Polgár et al., 2006; Koga et al., 2011)(Fig.
2k,l). The studies characterizing immunopositive NMB fibers in
the spinal cord (Massari et al., 1983; Namba et al., 1985) are
consistent with this staining due to afferent projections of DRG
neurons.

The function of NMB in somatosensation is still not fully
understood, therefore, we focused our studies on this neuro-
peptide. Initially, we examined the expression pattern of NMB
relative to two markers of nociceptive cells: CGRP and TRPV1.
Double-label ISH/immunochemistry was used to determine
the overlap in expression. Figure 3 shows an overlap of NMB
and CGRP expression, �25% of NMB-expressing neurons co-
express CGRP (mean 26% �2.7), similar to the partial super-

imposition of CGRP and SP (data not shown). In addition, we
found NMB expression overlaps with TRPV1-positive cells
(24% � 2.6 NMB-cells coexpress TRPV1; Fig. 3b). Thus, NMB
is present in a subset of nociceptive sensory neurons.

Peripheral role for NMB
Release of CGRP and SP from sensory neurons elicits peripheral
vasodilation and extravasation via stimulation of endothelial cells
and also induces local hyperalgesia (Brain and Cox, 2006). To
examine if NMB can cause swelling and sensitization, we performed
injections of NMB into the plantar surface of the hindpaw of mice.
Injection of NMB produced a significant enlargement of the
foot and swelling was increased further by coadministration
with SP and CGRP (Fig. 4a). Withdrawal latencies to thermal
and mechanical stimulation were also decreased upon injec-
tion of NMB (Fig. 4b,c). In addition, coinjection of NMB, SP,
and CGRP elicited greater hyperalgesia than NMB alone (Fig.
4b,c). These results indicate NMB can cause local swelling and
induce sensitization of peripheral neurons.

To determine whether release of NMB is involved in periph-
eral sensitization, we examined if neurogenic inflammatory

Figure 3. Nmb is coexpressed with markers of nociceptive neurons CGRP and TRPV1. Double-label ISH/immunochemistry of
sections through TG establish that Nmb (a, b; red) is coexpressed with CGRP (a; green) and TRPV1 (b; green). Nmb was detected
using ISH and cells positive for CGRP and TRPV1 staining were identified using immunohistochemistry. The ISH signal for Nmb is
nuclear (see Materials and Methods), while CGRP and TRPV1 antibodies recognize antigen in the cell body. Yellow arrows indicate
cells that coexpress both Nmb and either CGRP (a) or TRPV1 (b), red arrows indicate neurons that are positive for Nmb alone, and
green arrows highlight cells that contain only CGRP (a) or only TRPV1 (b).
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events can be prevented by pretreatment with the specific NMB-
antagonist BIM 23042 (Orbuch et al., 1993). We activated pe-
ripheral nerves in the foot by injection of mustard oil and
measured the effectiveness of antagonist to block swelling and
hyperalgesia. Figure 4 shows that BIM 23042 attenuates neuro-
genic swelling and thermal and mechanical sensitization, dem-
onstrating NMB contributes to neurogenic inflammation upon
activation of peripheral nerve fibers. Combined pretreatment
with antagonists for NMB, SP, and CGRP produced the greatest
reduction of neurogenic inflammation with an �70% reduction
in swelling and 40% attenuation of sensitization.

Central role for NMB
Many neuropeptides act centrally by activating receptors ex-
pressed in the postsynaptic membranes of interneurons in the
dorsal horn (Hökfelt, 1991; De Felipe et al., 1998; Salio et al.,
2006). Therefore, we examined if the receptor for NMB is ex-
pressed in cells in the dorsal horn of the spinal cord. To visualize
the NMBR, we made use of Nmbr-GFP transgenic mice (Gong et
al., 2003). Revealingly, we found that NMBR is expressed in a
small number of neurons in the superficial layers of the dorsal
horn (Fig. 5a). The NPY and galanin peptide receptors have also
been shown to be expressed in sensory neurons (Zhang et al.,
1997, 1998; Landry et al., 2000). Therefore, we also investigated if

NMBR is expressed in sensory neurons
and found a subset of NMBR-positive
cells in DRG (Fig. 5b).

A useful approach to examine the
function of neurons that express peptide
receptors (Wiley and Lappi, 2003) is to
use specific toxins to ablate these cells.
Therefore, we synthesized a targeted
toxin against NMBR by conjugating
carboxy-amidated NMB with the
ribosome-inactivating protein saporin.
To determine the specificity of this re-
agent, we tested toxin on cells that heter-
ologously express NMBR or GRPR.
Expression of receptors was performed in
HEK-293 cells, and the effectiveness of
toxin treatment was determined by mea-
suring loss of GFP fluorescent cells (GFP
was cotranscribed with receptor). Figure 5
shows that HEK-293 cells expressing
NMBR were efficiently ablated following
application of NMB-saporin. In contrast,
GRPR-transfected cells were not killed by
NMB-saporin (Fig. 5e). As expected,
bombesin-saporin-conjugated toxin elimi-
nated GRPR-transfected cells, but did not
reduce numbers of NMBR-expressing cells
(Fig. 5f). Therefore, NMB-saporin is a selec-
tive ablation agent for NMBR-expressing
cells.

Ablation of TacR1 and GRPR-
expressing neurons in the dorsal horn
leads to the selective loss of thermal and
mechanical nociceptive responses or itch
responses, respectively (Nichols et al.,
1999; Sun et al., 2009). Since NMB and
GRP have similar signaling roles in the
CNS (Battey and Wada, 1991; Ohki-
Hamazaki et al., 1999; Ladenheim et al.,

2002), we were interested if there is overlap in the function of
NMBR and GRPR neurons in somatosensory signaling. We de-
termined that a dose of 10 �g NMB-saporin was effective at
ablating �80% of NMBR-expressing neurons. Importantly,
toxin treatment did not reduce numbers of DRG neurons ex-
pressing NMBR. After administration of toxin, animals were in-
jected subcutaneously at the lumbar back region with histamine
agonist HTMT and the number of scratching bouts determined.
Itch responses of animals given NMB-saporin were not signifi-
cantly reduced compared with control animals, whereas
bombesin-saporin treatment led to a dramatic reduction of re-
sponses (Fig. 6a). Thus, NMBR neurons are not required for
responses to pruritic substances. Since NMB is expressed in many
TRPV1 sensory neurons, we reasoned that the loss of NMBR
neurons might have an effect on responses to heat. Thus, we
tested mice using the Hargreaves test (Fig. 6b). NMB-saporin-
treated mice exhibited considerably less sensitivity to heat stim-
ulus with response latencies approximately twice as long as blank
saporin-treated controls (Fig. 6b). In addition, it has been shown
that SSP-saporin treatment produces deficits in reaction to me-
chanical stimulation (Nichols et al., 1999). Therefore, to measure
responses to noxious mechanical stimuli, we induced inflamma-
tion in the plantar surface of the foot with CFA and used von Frey
microfilaments to measure mechanical sensitivity. As expected,

Figure 4. Injection of NMB induces edema and hyperalgesia and administration of NMB antagonist attenuates mustard oil-
induced neurogenic inflammation. To determine the effects of NMB and BIM 23042, paw volume was measured by plethysmom-
etry (a, d), thermal sensitization was assayed using the Hargreaves test (b, e), and mechanical hyperalgesia was quantified using
von Frey microfilament measurements (c, f ). Hindpaws were injected with NMB or NMB, SP, and CGRP as indicated (a– c).
Pretreatment of mice with NMB antagonist BIM 23042, or BIM 23042, CGRP8 –37, and spantide dramatically reduces mustard
oil-induced swelling and hyperalgesia compared with vehicle-treated animals (d–f ). Data represent means � SEM; n � 6
animals; significant differences between treatments (Student’s t test) are indicated by *p � 0.05, **p � 0.01, and ***p � 0.001.
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SSP-saporin-injected animals showed reduced reaction to nox-
ious mechanical force (Nichols et al., 1999)(Fig. 6c). In contrast,
NMB-saporin-treated mice exhibited reflex responses similar to
control animals (Fig. 6c). In summary, eliminating NMBR-
expressing neurons produces a reduction of responses to heat,
but no change in reaction to itch or noxious mechanical
stimulation.

Given the distinct phenotype of mice with reduced numbers
of neurons expressing NMBR, GRPR, and TacR1, we were inter-
ested in determining the effectiveness of toxins in eliminating

cells expressing these receptors in the dorsal horn of the spinal
cord. Examination of sections of untreated animals showed the
numbers of NMBR- and GRPR-expressing neurons was approx-
imately the same (Fig. 7a,c; mean of 14.2 � 0.7 cells/16 �M sec-
tions in the lumbar spinal cord for NMBR and 9.0 � 0.6 cells for
GRPR). While NMBR and GRPR neurons are present predomi-
nantly in the superficial layers of the spinal cord, TacR1 is found
in approximately four times as many cells throughout this region
and also in deeper areas. For this reason we chose to score TacR1-
positive neurons in laminar layer I through IV (mean of 43.8 �
1.9 cells/16 �M sections in the lumbar spinal cord for TacR1).
Injection of blank-saporin did not reduce numbers of NMBR-,
GRPR-, or TacR1-positive neurons. Quantization of neurons ex-
pressing NMBR revealed that NMB-saporin treatment leads to
loss of most NMBR-expressing neurons (Fig. 7d,g). As expected
from our behavioral results, bombesin-saporin treatment does
not significantly reduce numbers of NMBR-positive neurons but
ablates GRPR-expressing neurons (Fig. 7e,h). SSP-saporin was
less effective at eliminating TacR1-expressing cells, but, interest-
ingly, numbers of NMBR-expressing neurons were reduced
�65% after injection with this toxin (Fig. 7g). In addition, NMB
toxin results in the elimination of significant numbers of TacR1-
positive cells (including most lamina I neurons; Fig. 7g). These
results indicate that there is a partial overlap in the expression of
NMBR and TacR1 and suggests there are two separate classes of
interneurons: cells that express NMBR and TacR1 and neurons
that express GRPR but not NMBR or TacR1.

Discussion
We set out to discover new somatosensory signaling molecules in
the TG. By comparing genes transcribed in two functionally dis-
tinct ganglia, we identified a small number of novel genes and
validated their expression by ISH. These genes are presented in
Table 1, and offer a resource of TG-specific candidate signaling
molecules for the somatosensory research community. Some of
the genes uncovered were expressed in subsets of neurons, sug-
gestive of a modality-specific role (Fig. 1). The significance of
these molecules is emphasized by their relative expression levels
compared with known signaling molecules like TRPA1 and
TRPM8 (McKemy et al., 2002; Peier et al., 2002; Story et al., 2003;
Jordt et al., 2004). A number of molecules we identified could
well be components of signaling pathways that have been previ-
ously partially characterized. For other molecules, further work
will be needed to assign definitive functions. Our screen also
revealed neuropeptides highly expressed in TG, including NMB.
Although the function of NMB in the CNS has been studied
(Battey and Wada, 1991; Ohki-Hamazaki et al., 1999; Ladenheim
et al., 2002), its role in the peripheral nervous system is not clear
(O’Donohue et al., 1984; De Koninck and Henry, 1989; Cridland
and Henry, 1992), therefore, we performed experiments to better
understand its function.

Peripheral sensory neurons are classified histologically and
functionally as “peptidergic” or “nonpeptidergic” (Snider and
McMahon, 1998; Patapoutian and Reichardt, 2001). We found
that NMB is expressed with CGRP and TRPV1 (Fig. 3); therefore,
NMB must be coexpressed also with SP in many neurons. A
possible explanation for the coexpression of peptides is that they
have partially redundant functions, and they combine to produce
their effects. This concept is supported by the partial nociceptive
phenotypes of mice lacking CGRP and SP (Cao et al., 1998;
Salmon et al., 2001, 2004). Our studies also suggest that these
neuropeptides combine to induce hyperalgesia and neurogenic
swelling at a site of injury (Fig. 4). An additional potential role for

Figure 5. NMBR is expressed in the dorsal horn of the spinal cord and DRG; NMB-saporin
selectively ablates NMBR-expressing cells. Immunostaining of sections through dorsal horn
(DH) of the spinal cord (a) and DRG (b) from Tg(Nmbr-EGFP) mice detects cells expressing
NMBR. Brightfield images were captured for fields of HEK-293 cells expressing NMBR-ires-GFP
(c, d). Untreated (c) and NMB-saporin (NMB-sap)-treated cells (d) were counterstained with
vital stain propidium iodide (red) to illustrate the increase in nonviable cells following admin-
istration of toxin. Quantification of the ablation of cells expressing NMBR (e) or GRPR (f ) was
measured by the loss of GFP fluorescent cells normalized to untreated controls. NMB-sap results
in efficient ablation while bombesin-saporin (Bomb-sap) or blank-saporin (blank-sap) have no
effect on NMBR-expressing cells. Cells transfected with GRPR were successfully eliminated with
bombesin-saporin, whereas NMB-saporin and blank-saporin treatment did not alter numbers
of GRPR-expressing cells. Data represent means � SEM; n � 3 independent experiments;
significant differences between treatments (Student’s t test) are indicated by **p � 0.001.
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NMB could be in feedback processes. Indeed, we find the receptor
for NMB is expressed in sensory neurons; therefore, these cells could
be activated by NMB (Fig. 5).

In addition to its role in the periphery, we discovered that
NMB, akin to its bombesin family counterpart GRP, is probably
also involved as a central neurotransmitter. We found that the
receptor for NMB is present in neurons in the superficial lamina
of the spinal cord (Fig. 5). When NMBR-expressing neurons are
eliminated, there was no change in itch responses (Fig. 6). There-
fore, NMB is not involved in pruritic signaling. Revealingly,
NMB-saporin-treated mice exhibited specific attenuation of re-
sponses to heat (Fig. 6), consistent with the expression of NMB in
TRPV1 neurons. The multiple neuropeptide expressed in the
same neurons, the moderate blocking effects of individual antag-
onists (Lecci et al., 1991; Birch et al., 1992), and the partial phe-
notypes of neuropeptide knock-out mice (Cao et al., 1998;
Salmon et al., 2001, 2004) all point to functional redundancy
between nociceptive neuropeptides. Thus, for NMBR antago-
nists to be effective at ameliorating pain they will probably need
to be combined with antagonists to other peptides or other ther-
apeutic targets.

NMB-saporin administration attenuates responses to heat,
but has no effect on noxious mechanical responses, demonstrat-
ing that NMBR-expressing neurons are selective for responses to
thermal stimuli (Fig. 6). Moreover, we found indirect evidence
that there is partial coexpression of NMBR with TacR1 (Fig. 7).
TacR1-expressing neurons have previously been shown to be
required for processing noxious thermal and mechanical pain
(Nichols et al., 1999). This suggests that NMBR-TacR1-
expressing cells could represent a specific class of interneuron
involved in processing thermal heat reception. Sensory neurons
send axons centrally, forming synapses with neurons in the dorsal
horn of the spinal cord, with most nociceptive input occurring in
the most superficial lamina. Recent molecular genetic studies
demonstrate functionally defined subsets of sensory neuron
target-specific lamina in the dorsal horn (Zylka et al., 2005; Liu et
al., 2007; Seal et al., 2009; Li et al., 2011). These studies suggest
that sensory afferents are topologically organized, with input of

specific sensory modalities forming cir-
cuits with specific classes of interneurons
found in particular zones of the spinal
cord. Thus, our studies extend the con-
cept that input into the dorsal horn is de-
fined by selective connections and lays the
foundation for future studies exploring
the specificity of dorsal horn circuits.

In summary, we have identified NMB
as both an agent that contributes to neu-
rogenic inflammation and a potential
neurotransmitter used by thermal nocice-
ptive receptors.
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