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AbstrAct
A large proportion of pulpal nociceptors are known 
to contain neuropeptides such as CGRP. However, 
the projection of non-peptidergic nociceptors to 
tooth pulp is controversial. Recently, the non- 
peptidergic subset of nociceptors has been impli-
cated in mechanical pain in the skin. Since 
mechanical irritation of pulpal nociceptors is criti-
cal for evoking tooth pain under pathophysiologi-
cal conditions, we investigated whether the 
non-peptidergic afferents project to tooth pulp as 
potential mechanotransducing afferents. For clear 
visualization of the non-peptidergic afferents, we 
took advantage of a recently generated knock-in 
mouse model in which an axonal tracer, farnesyl-
ated green fluorescence protein (GFP), is expressed 
from the locus of a sensory neuron-specific gene, 
Mrgprd. In the trigeminal ganglia (TG), we dem-
onstrated that GFP is exclusively expressed in 
afferents binding to isolectin B4 (IB4), a neuro-
chemical marker of non-peptidergic nociceptors, 
but is rarely co-localized with CGRP. Retrograde 
labeling of pulpal afferents demonstrated that a 
low proportion of pulpal afferents was co-local-
ized with GFP. Immunohistochemical detection of 
the axonal tracer revealed that GFP-positive affer-
ent terminals were densely projected into the tooth 
pulp. These results provide convincing evidence 
that non-peptidergic nociceptors are projected into 
the tooth pulp and suggest a potential role for these 
afferents in tooth pain.

KEY WOrDs: pain, nociceptor, dental pulp, 
immunohistochemistry, transgenic mice, Mas-
related receptor MrgD.

IntrODuctIOn

Pain is the predominant sensation in teeth, regardless of the types of stim-
uli, and no spontaneous sensation arises from dental pulp in healthy teeth 

(Henry and Hargreaves, 2007). The environment of tooth pulp makes mecha-
nosensitive nociceptors critical in the generation of tooth pain, because unique 
noxious mechanical stimuli are generated within tooth pulp under pathologi-
cal conditions. A hydrodynamic stimulus applied to exposed dentin can cause 
dentinal hypersensitivity (Brannström, 1986). Increased intra-pulpal inter-
stitial pressure under inflammation due to the limited compliance of pulpal 
tissues also evokes or aggravates tooth pain (Hakumaki and Närhi, 1973; 
Heyeraas and Berggreen, 1999). A cellular and molecular matrix of such 
mechanisms has been hypothesized (Hermanstyne et al., 2008; Magloire et al., 
2010; Fried et al., 2011; Kim et al., 2011) but is still poorly understood.

Earlier studies on the neurochemical characterization of retrogradely 
labeled pulpal nociceptors in TG revealed their unique composition. Most 
pulpal afferents range in size from medium to large (Pan et al., 2003; 
Kvinnsland et al., 2004; Chung et al., 2011). The projection of peptidergic 
pulpal afferents has been well-characterized (Pan et al., 2003; Henry and 
Hargreaves, 2007). However, the presence or the extent of pulpal projection 
of non-peptidergic nociceptors that bind to the plant lectin isolectin B4 (IB4) 
has not been convincingly demonstrated and remains controversial in rats 
(Fried et al., 1989; Yang et al., 2002; Kvinnsland et al., 2004; Park et al., 
2006). Demonstration of the projection of the two groups of nociceptors is 
highly significant, because recent studies have suggested that the peptidergic 
and non-peptidergic nociceptors constitute two parallel pain circuits, each 
with a unique function (Hunt and Mantyh, 2001; Zylka et al., 2005; 
Cavanaugh et al., 2009). For instance, recent works using the approach of 
selective ablation of a certain subset of primary afferents strongly suggest that 
IB4-positive non-peptidergic afferents play a critical role in the transduction 
of innocuous and noxious mechanical stimuli in skin (Abrahamsen et al., 
2008; Cavanaugh et al., 2009). Therefore, the non-peptidergic nociceptors 
projecting to tooth pulp may be implicated as potential mechanosensitive 
pulpal nociceptors.

Recently, a knock-in mouse line exclusively labeling a major subset of non-
peptidergic neurons was generated (Zylka et al., 2005). In these mice 
(Mrgprd∆EGFPf), an axonal tracer, farnesylated enhanced green fluorescent pro-
tein (EGFPf), is expressed from the locus of a sensory neuron-specific 
G-protein-coupled receptor, Mrgprd (Dong et al., 2001). A highly specific 
antibody against GFP clearly shows the afferent ‘terminals’, which overcome 
the technical limitation of labeling the non-peptidergic nerve terminals with 
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IB4. In Mrgprd∆EGFPf mice, all GFP-positive afferents are co-
labeled with IB4 and cover approximately 75% of IB4-positive 
afferents in dorsal root ganglia (DRG). Interestingly, GFP-positive 
fibers are projected exclusively to skin epidermis but not to other 
tissues, including corneas and visceral organs (Dong et al., 2001; 
Zylka et al., 2005). However, it is not known whether Mrgprd-
expressing afferents are projected to tooth pulp.

The objectives of this study were to use immunohistochemi-
cal methods, combined with the novel transgenic mouse model, 

to determine the neurochemical proper-
ties of Mrgprd-expressing afferents in 
trigeminal ganglia (TG) and to examine 
whether the Mrgprd-expressing afferents 
project to tooth pulp.

MAtErIAls & MEthODs

Experimental Animals

The Mrgprd∆EGFPf mice were generously 
provided by Dr. David Anderson 
(California Institute of Technology, 
Pasadena, CA, USA). All procedures 
were conducted in accordance with the 
NIH Guide for the Care and Use of 
Laboratory Animals and under a 
University of Maryland–approved 
Institutional Animal Care and Use 
Committee protocol. Five C57/bl6 and 
15 Mrgprd∆EGFPf mice were used for the 
experiments. All experiments were car-
ried out on adult mice (each weighing 
from 22 to 30 g).

retrograde labeling of Pulpal 
Afferents

The entire layer of enamel overlying the 
occlusal surface of the maxillary left first 
molar was carefully removed without 
exposure of pulp, following methods 
described previously (Chung et al., 2011). 
To remove the dentinal debris, we treated 
the tooth surface with 10% EDTA for 1 
min. For retrograde labeling of pulpal 
afferents, crystals of Fluorogold (FG; 
Fluorochrome) were placed on the occlu-
sal surface. To prevent leakage, we sealed 
the tooth surface with a light-cured resin 
(Maxcem; KerrUSA). The animals were 
sacrificed following a week for immuno-
histochemical studies. Three mice were 
used for the experiments.

Immunohistochemistry

The mice were transcardially perfused 
with 4% paraformaldehyde. The maxilla 

or mandible, including the teeth, was dissected and decalcified 
with 10% EDTA for 5 to 7 days at 4°C. The tissue was cryopro-
tected with 30% sucrose and cryosectioned at 30 µm in the tooth 
and at 12 µm in the TG. The conventional procedures of immu-
mohistochemistry were performed. Since endogenous fluorescence 
signals from GFP were not detected from afferent terminals in 
decalcified tooth pulp, we performed immunohistochemical 
labeling using a specific antibody against GFP (1:2,000, rabbit; 
Invitrogen, Carlsbad, CA, USA). Although fluorescence from 

Figure 1. Co-labeling of GFP with neurochemical markers in TG of Mrgprd∆EGFPf. Double-
labeling in TG sections with anti-GFP (left panels in A to D) and IB4 (middle in A), anti-CGRP 
(b), anti-P2X3 (c), or anti-TRPV1 (D). Right panels show superimposed images. Images were 
obtained by optical sectioning at 0.5 µm. Scale bar, 20 µm.
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GFP was detected in TG sections, we 
decided to perform immunohistochemi-
cal staining using the anti-GFP antibody 
to amplify the signals. For double-label-
ing experiments in TG sections, we used 
GFP antibody raised in chicken (1:2,000; 
Aves Lab Inc., Tigard, OR, USA). As a 
marker of peptidergic afferents, we 
labeled TG sections with anti-CGRP 
antibody (1:1,000, rabbit; Millipore, 
Billerica, MA, USA). To investigate the 
expression of a nociceptive neuronal 
marker, we labeled using an antibody 
against P2X3, an ATP-gated ion channel 
(1:2,000, guinea pig; Millipore) or 
Transient Receptor Potential Vanilloid 
subtype 1 (TRPV1), a capsaicin receptor 
(1:2,000, goat; Santa Cruz Biotechnology 
Inc., Santa Cruz, CA, USA). P2X3 and 
TRPV1 are expressed in tooth pulpal 
afferents (Alavi et al., 2001; Ichikawa 
and Sugimoto, 2004; Chung et al., 2011; 
Gibbs et al., 2011). We verified the 
specificity of these primary antibodies 
either by using genetically engineered 
mice lacking the expression of the gene 
of interest or by omitting the primary antibody (Appendix  
Fig. 1). The sections were incubated with appropriate secondary 
antibodies conjugated with fluorophores as indicated. For label-
ing IB4, we used IB4 conjugated with Alexa Fluor 594 (5 µg/
mL, Invitrogen). We stained tooth sections with 4′,6-diamidino-
2-phenylindole (DAPI) to visualize the nuclei of pulp cells.

To count the labeling of neurochemical markers in TG, we 
used 4 to 5 sections from each ganglion per animal. Each set of 
markers was quantified in 2 animals. Following retrograde 
labeling, 4 alternative sets of TG sections were collected, and 
only 2 non-adjacent slides were counted for FG-labeled neurons 
and stained for examination of the neurochemical properties of 
pulpal afferents. FG signal was identified under gold filter 
(Chroma, Bellows Falls, VT, USA). Images were taken by opti-
cal sectioning fluorescence microscopy with appropriate filter 
sets (Zeiss Axiovert with Apotome, Carl Zeiss Microimaging 
GmbH, Oberkochen, Germany). We used ImageJ software for 
analysis. To count the number of TG neurons positively labeled, 
we determined a threshold intensity in each staining, which was 
uniformly applied to every section. For classification of neuro-
nal size, we measured the area of the neurons in ImageJ and 
followed the criteria described elsewhere (small, < 300 µm2; 
medium, 300 to 600 µm2; large, > 600 µm2) (Ichikawa et al., 
2006).

rEsults

To determine the neurochemical properties of the Mrgprd-
expressing afferents in TG, we performed immunohistochemical 
double-labeling in the TG of Mrgprd∆EGFPf mice. The sizes of 
GFP-positive neurons ranged from small (68.5%) to medium 

(31.3%), and the average was 270.4 ± 83.1 µm2 (mean ± stan-
dard deviation, n = 489). The entire population of GFP-positive 
neurons was co-labeled with IB4 (100%, 392/392 neurons from 
2 TG; Fig. 1A), and most IB4-positive afferents were co-local-
ized with GFP (75%, 392/525 neurons from 2 TG). In contrast, 
GFP-positive neurons rarely expressed CGRP (5%, 13/267 
neurons from 2 TG; Fig. 1B). GFP-positive afferents were 
mostly co-localized with nociceptive neuronal marker P2X3 
(95%, 132/139 neurons from 2 TG; Fig. 1C). In contrast, GFP-
positive afferents were seldom co-localized with TRPV1 (4%, 
15/353 neurons from 2 TG; Fig. 1D).

To determine whether Mrgprd-positive afferents are pro-
jected to tooth pulp, we performed retrograde labeling of pulpal 
afferents in Mrgprd∆EGFPf mice using FG. To estimate the propor-
tions of non-peptidergic and peptidergic pulpal afferents, we 
simultaneously labeled GFP and CGRP in the same sections. We 
obtained 280 FG-labeled neurons from 3 ganglia from 3 mice. 
Among them, 2.5% of pulpal afferents were co-localized with 
GFP (Fig. 2A), whereas 28.6% of pulpal afferents were CGRP-
positive (Fig. 2B). The Mrgprd-positive dental afferents were in 
the small (3/7 neurons) or medium range (4/7 neurons), and the 
average was 329 ± 108 µm2 (n = 7). Most of the CGRP-positive 
dental afferents were medium-sized (42.5%, 34/80 neurons), 
and the proportions of small and large CGRP-positive dental 
afferents were 31.2% (25/80 neurons) and 26.2% (21/80 neu-
rons), respectively. No pulpal afferent showed co-localization of 
CGRP and GFP. Most dental afferents were co-localized with 
neither CGRP nor Mrgprd (68.9%, 193/280 neurons, Fig. 2C).

As another approach to demonstrate the projection of 
Mrgprd-positive afferents to tooth pulp, we examined whether 
GFP-positive afferent terminals are actually projected to tooth 

Figure 2. GFP- and CGRP-positive pulpal afferents in TG of Mrgprd∆EGFPf mice. Examples of 
GFP-positive (A) or CGRP-positive (b) pulpal afferents identified by retrograde labeling with 
fluorogold (FG). Scale bar, 50 µm. Proportions of GFP (+) / CGRP (-) (green), GFP (-) / CGRP 
(+) (red), GFP (-) / CGRP (-) (blue) FG-labeled afferents are displayed in c.



780  Chung et al. J Dent Res 91(8) 2012

pulp. Immunohistochemical labeling of GFP in the decalcified 
sections of mouse molars from Mrgprd∆EGFPf mice revealed a 
dense projection of nerve fibers within pulp (Fig. 3A). The fluo-
rescence signal was not observed when the primary antibody 
against GFP was omitted (Fig. 3B). The same set of primary and 
secondary antibodies did not display any signal except faint 
background in wild-type C57/bl6 mice lacking the expression of 
GFP (Fig. 3C). The immunohistochemical labeling of GFP was 
also robust in Mrgprd∆EGFPf mice when another secondary anti-
body conjugated with Cy3 was used, which was not observed in 
the absence of primary antibody (Appendix Figs. 1I, 1J).

The GFP-positive nerve terminals were located at both coro-
nal (Figs. 4A, 4B) and radicular pulp (Fig. 4C). The density of 
the GFP-positive terminals was higher in coronal pulp. The 
GFP-positive terminals formed a nerve plexus (arrowheads in 
Fig. 4Ac) next to an odontoblast layer, which was determined to 
be a layer of cells adjacent to dentin in DAPI staining (Fig. 
4Ab). The density of GFP-positive nerve terminals was higher 
in the sub-odontoblastic region than in the core of the coronal 
pulp (asterisk in Fig. 4Ac). This may be due to the extensive 
branching of the GFP-positive afferents (Fig. 4B). The GFP-
positive nerve terminals were also observed in the pulp of not 
only maxillary molars but also mandibular molars. Besides 
tooth pulp, GFP-positive terminals were also observed in 
intra-oral mucosa covering the gingiva and palate (Appendix 

Figs. 2A, 2B). However, GFP-positive 
afferents were absent in salivary glands 
(Appendix Figs. 2C-2E).

DIscussIOn

In this study, we investigated the neuro-
chemical properties of Mrgprd-
expressing afferents in the TG. 
Immunohistochemical staining of the 
TG from Mrgprd∆EGFPf mice demon-
strated that the primary afferents 
expressing Mrgprd in TG are small to 
medium-sized and are exclusively co-
localized with IB4, but rarely with 
CGRP. Most of the Mrgprd-positive 
afferents in the TG were co-localized 
with P2X3 but not with TRPV1. These 
properties are consistent with the neuro-
chemical characteristics of Mrgprd-
positive afferents in the DRG (Zylka  
et al., 2005; Cavanaugh et al., 2009). 
Therefore, we confirmed that the expres-
sion of GFP driven by the Mrgprd pro-
moter can be used as a reliable marker 
for IB4-positive non-peptidergic affer-
ents in the TG.

Immunohistochemical studies com-
bined with the selective genetic and ret-
rograde labeling strategy revealed clear 
projection of a previously poorly defined 
subpopulation of afferents to mouse 

tooth pulp. The extent of the proportion of IB4-positive pulpal 
afferents in retrogradely labeled pulpal afferents is controver-
sial. In rats, labeling of IB4 in TG sections showed that less than 
5% of retrogradely labeled dental afferents are IB4-positive 
(Fried et al., 1989; Yang et al., 2002; Kvinnsland et al., 2004; 
Gibbs et al., 2011). In contrast, the percentages of IB4-positive 
pulpal afferents in cultured dental afferents were as high as 75% 
(Park et al., 2006; Kim et al., 2011). The source of such a dis-
crepancy is not clear. It is possible that differences in experi-
mental methods, e.g., labeling of IB4 in fixed tissue sections vs. 
cultured neurons, or labeling of pulpal afferents with different 
tracer dyes, might have affected the outcome. In the current 
study, we labeled pulpal afferents using FG and detected non-
peptidergic pulpal afferents through immunohistochemical 
labeling of the genetically engineered tracer GFP. Using this 
approach, we found that pulpal afferents were 2.5% GFP-
positive in mice. This confirms the results from the studies in 
rats reporting a rare population of IB4-positive pulpal afferents 
identified by approaches similar to those used in the current 
study (Fried et al., 1989; Yang et al., 2002; Kvinnsland et al., 
2004; Gibbs et al., 2011).

Despite low proportions of GFP-positive pulpal afferents in 
the TG, immunohistochemical labeling of the axonal tracer 
allowed for clear visualization of Mrgprd-positive nerve termi-
nals in tooth pulp. A series of control experiments demonstrated 

Figure 3. Projection of GFP-positive afferents to molar pulp of Mrgprd∆EGFPf mice. A pulp horn 
of a decalcified tooth section stained with (A, c) or without (b) antibody against GFP followed 
by secondary antibody conjugated to Dylight488. Sections were obtained from either 
Mrgprd∆EGFPf mice (A, b) or wild-type C57/bl6 mice (c). In panel A, labeling of GFP (left), DAPI 
(middle), and merged image (right) is shown. Control images (B, C) were obtained under 
identical settings used for taking the image shown in A. The images were obtained by optical 
sectioning at 2 µm. Dotted lines in B and C represent approximate demarcation between pulp 
and dentin. Scale bar, 50 µm.
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that the fluorescent signals are due not to 
the non-specific reaction of primary or 
secondary antibodies, but to specific 
labeling. So far, actual projection of 
nerve terminals of IB4-positive afferents 
to tooth pulp has not been demonstrated 
in rodents. Considering the low propor-
tion of GFP-positive pulpal afferents, it 
appears to be contradictory that GFP-
positive afferent terminals are densely 
projected in the tooth pulp. In the molar 
pulp of rats, however, a subpopulation of 
individual sensory axonal terminals arbo-
rizes extensively in a broad fan shape, 
and an arbor derived from a single axon 
innervates as broadly as 80 × 350 µm of 
the dentinal surface (type C pulpal affer-
ents) (Byers, 1985). Although the neuro-
chemical properties of such afferents are 
not known, we speculate that the GFP-
positive population of neurons might 
form a large arbor within pulp, based 
upon the appearance of afferent termi-
nals. Cutaneous afferents expressing 
MrgB4, another member of the IB4-
positive Mrgpr gene family, are another 
example of such extensively arborizing 
afferents (Liu et al., 2007).

Our results clearly demonstrated that 
at least 3 types of afferents project to the 
mouse molar pulp, each showing distinct 
neurochemical properties. However, the roles of these afferents 
in tooth pain remain to be elucidated. Most of the TRPV1-
expressing pulpal afferents are CGRP-positive (Gibbs et al., 
2011), suggesting the possibility that some peptidergic afferents 
are transmitting thermal pain. Tooth injury induces branching of 
peptidergic afferent terminals and release of CGRP (Byers and 
Närhi, 1999), suggesting the possible involvement of peptider-
gic pulpal afferents in mechanical nociception as well. The 
Mrgprd-negative non-peptidergic afferents may constitute the 
bulk of the medium- to large-diameter pulpal afferents. Some of 
these may be myelinated afferents that were proposed to trans-
mit mechanical pain within pulp (Fried et al., 2011), which 
needs to be proven. What could be the role of the Mrgprd-
positive pulpal afferents? Mrgprd is expressed in non-peptider-
gic polymodal c-nociceptors in DRG (Rau et al., 2009). Recent 
studies have suggested that IB4-positive non-peptidergic affer-
ents play a critical role in mechanical pain in skin (Abrahamsen 
et al., 2008). The selective destruction of Mrgprd-positive affer-
ents showed impairment in cutaneous mechanical pain but not 
in heat pain (Cavanaugh et al., 2009). These reports, therefore, 
suggest the possibility that Mrgprd-positive afferents may con-
tribute to tooth pain evoked by mechanical irritation of pulpal 
nociceptors. In the future, combination of the Mrgprd∆EGFPf 
model with other mouse models for selective ablation or activation 
of the Mrgprd-positive afferents (Cavanaugh et al., 2009; Wang 
and Zylka, 2009) will help us to determine the contributions of 

pulpal Mrgprd-positive afferents to nociceptive signal transduc-
tion in tooth pulp under pathophysiological conditions.
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