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Abstract
Artemin, a member of the glial cell line-derived neurotrophic factor (GDNF) family, supports a
subpopulation of trigeminal sensory neurons through activation of the Ret/GFRα3 receptor tyrosine
kinase complex. In a previous study we showed that artemin is increased in inflamed skin of wildtype
mice and that transgenic overexpression of artemin in skin increases TRPV1 and TRPA1 expression
in dorsal root ganglia neurons. In this study we examined how transgenic overexpression of artemin
in tongue epithelium affects the anatomy, gene expression and calcium handling properties of
trigeminal sensory afferents. At the RNA level, trigeminal ganglia of artemin overexpresser mice
(ART-OEs) had an 81% increase in GFRα3, a 190% increase in TRPV1 and a 403% increase in
TRPA1 compared to wildtype (WT) controls. Myelinated and unmyelinated fibers of the lingual
nerve were increased in diameter, as was the density of GFRα3 and TRPV1-positive innervation to
the dorsal anterior tongue and fungiform papilla. Retrograde labeling of trigeminal afferents by WGA
injection into the tip of the tongue showed an increased percentage of GFRα3, TRPV1 and isolectin
B4 afferents in ART-OE mice. ART-OE afferents had larger calcium transients in response to ligands
of TRPV1 (capsaicin) and TRPA1 (mustard oil). Behavioral sensitivity was also exhibited by ART-
OE mice to capsaicin and mustard oil, measured using a two-choice drinking test. These results
suggest a potential role for artemin-responsive GFRα3/TRPV1/TRPA1 sensory afferents in
mediating sensitivity associated with tissue injury, chemical sensitivity or disease states such as
burning mouth syndrome.
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INTRODUCTION
Primary sensory neurons that are responsive to noxious mechanical, thermal or chemical
stimuli are dependent on neurotrophic growth factors for their embryonic survival and postnatal
maturation (Hjerling-Leffler et al., 2007; Luo et al., 2007). In adult animals, the survival role
of growth factors is diminished and they are instead thought to contribute to the maintenance
of sensory neuron phenotype and functional properties (Reichardt, 2006). Tissue injury in the
adult can lead to enhanced expression of growth factors such as the neurotrophin nerve growth
factor (NGF) (McMahon et al., 2006) and the GDNF family member artemin (Malin et al.,
2006). NGF and artemin signaling are mediated through binding of receptor tyrosine kinases
expressed by nociceptive sensory afferents. A subpopulation of these afferents coexpress the
NGF receptor trkA and the artemin receptor components, GDNF-family receptor alpha 3
(GFRα3) and Ret receptor tyrosine kinase. These GFRα3/Ret/trkA neurons are therefore
responsive to both artemin and NGF (Malin et al., 2006; Orozco et al., 2001). GFRα3/Ret/trkA
neurons are small to medium in diameter and comprise 20–25% of the trigeminal and dorsal
root ganglion (DRG) populations (Orozco et al., 2001). Many express calcitonin gene related
peptide (CGRP) and the thermal and chemically sensitive transient receptor potential channels,
TRPV1 and TRPA1 (Elitt et al., 2006; Story et al., 2003). TRPV1 is a polymodal calcium-
permeable cation channel that is activated by heat (> 43°C), protons, anandamide and vanilloid
compounds (e.g., capsaicin, resinferatoxin) and is required for the development of
hypersensitivity associated with inflammatory stimuli (Davis et al., 2000; Jordt and Ehrlich,
2007; Levine and Alessandri-Haber, 2007; Tominaga and Caterina, 2004). TRPA1 is an
ionotropic channel stimulated by chemicals (mustard oil, cinnamonaldehyde), cold and
cannabinoids (Bandell et al., 2004; Bautista et al., 2005; Jordt et al., 2004; Patwardhan et al.,
2006; Story et al., 2003). Cultured adult DRG neurons can be sensitized to TRPV1 ligands
following exposure to artemin or NGF as shown by enhanced calcium transients in response
to capsaicin and reduced capsaicin-induced tachyphylaxis (Malin et al., 2006; Shu and
Mendell, 2001).

Using transgenic mice that express a K14 promoter-artemin transgene (ART-OE mice), we
previously showed that increased levels of artemin in the skin increase TRPV1 and TRPA1
expression in DRG neurons and behavioral sensitivity to noxious heat and cold (Elitt et al.,
2006). Ex vivo analysis of cutaneous C-fibers from ART-OE mice also showed reduced heat
thresholds and increased firing to an applied heat ramp. These changes in behavior and afferent
physiology led us to consider whether artemin expressed in other keratinized, K14-keratin
enriched structures such as the tongue would have similar changes in sensitivity. The tongue
is highly innervated and routinely comes in contact with noxious thermal, chemical and
mechanical stimuli. The anterior two thirds of the tongue is rich in afferents that convey sensory
stimuli via the lingual nerve to cell bodies in the trigeminal ganglion. Dysfunction of these
afferents is thought to underlie a variety of chronic oral pain disorders such as the oral pain
disorder known as burning mouth syndrome (BMS, stomatodynia) (Grushka et al., 1987;
Maltsman-Tseikhin et al., 2007). BMS typically affects middle-aged women and is
characterized by burning pain localized to the tip and anterior two-thirds of the tongue. Patients
with BMS may have a small fiber neuropathy that is associated with sensitization of lingual
afferents (Lauria et al., 2005). Although few treatments are available for BMS, topical (Epstein
and Marcoe, 1994) and systemic capsaicin (Petruzzi et al., 2004) are reported to provide
symptomatic relief suggesting involvement of TRPV1 trigeminal afferents. The increased
sensitivity of neurons from ART-OE mice to heat and capsaicin and overlap of TRPV1 and
GFRα3 led us to test whether increased artemin alters lingual afferent phenotype and
sensitization to chemical stimuli. Results show changes in lingual afferent phenotype and
sensitization and support a linkage between artemin level and oral sensitivity to chemical
stimuli.
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RESULTS
Transcriptional changes in trigeminal ganglia of ART-OE mice

Previous studies of DRG neurons of WT and ART-OE mice have shown that artemin
overexpression in skin leads to hypertrophy of GFRα3-positive afferents and a 20.5% increase
in total neuron number (Elitt et al., 2006). Nearly all (~95%) GFRα3-positive afferents express
the TRPV1 ion channel and many of these neurons exhibit TRPA1 immunoreactivity (Elitt et
al., 2006; Orozco et al., 2001). TRPV1 and TRPA1 mRNA levels were also found to be elevated
(61% and 210%, respectively) in DRG of ART-OE mice, although the percentage of TRPV1
neurons was not increase (Elitt et al., 2006). To expand our analysis of the role of artemin
responsive neurons to trigeminal neurons, SYBR green RT-PCR assays were performed using
RNA from trigeminal ganglia of WT and ART-OE mice (Table 1). Analysis shows ART-OE
ganglia have a significant increase in TRPV1 (190%), TRPA1 (403%) and GFRα3 (81%), a
decrease in TRPM8 (−70%) and no change in ret receptor, TRPV2, TRPV3 and TRPV4.
Interestingly, a modest increase in TrkA mRNA (56%) occurred in ART-OE ganglia. Because
trkA expression can be increased in response to elevated NGF, this raised the possibility that
enhanced expression of artemin indirectly increased NGF expression in the target tissue.
However, real time PCR analysis of mRNA from footpad skin and tongues of WT (n=3) and
ART-OE (n=3) mice showed no difference in NGF transcript level (tongue, 0.89-fold change,
p>0.05; skin, 1.08-fold change, p>0.05).

Phenotypic changes in trigeminal neurons resulting from artemin overexpression
A significant portion of nerve innervation to the tongue arises from neurons in the trigeminal
ganglia. To examine the impact of increased artemin on trigeminal neurons, immunolabeling
of the ganglia was carried out using antibodies against artemin, GFRα3 and TRPV1. Labeling
for TRPA1 was not done due to the lack of a suitable antibody. We first confirmed that tongues
from ART-OE mice had increased expression of artemin in the K14-expressing epithelial cells
(Fig. 1) as seen in the epidermis of ART-OE mice (Elitt et al., 2006). Increased artemin
reactivity was detected in transgenic tongues (Fig. 1A) compared to relatively low staining in
WT tongues (Fig. 1B). As in the skin, the density of GFRα3-positive nerve fibers was also
increased in ART-OE tongues (Fig. 2A,C) and many of these were TRPV1-immunopositive
(Fig. 2B,D). Few TRPV1-positive fibers were visible in WT tongues in comparison to ART-
OE mice where staining and overlap with GFRα3 labeling was easily visible in the subepithelial
compartment. In contrast to transgenic mice that overexpress BDNF or NT4 (Krimm et al.,
2001), aberrant targeting of sensory fibers did not occur in ART-OE transgenics.

Although some GFRα3-positive innervation was evident on the ventral surface of the tongue
(not shown), the majority of GFRα3-positive fibers were on the dorsal side in both WT and
transgenic samples. GFRα3 and TRPV1 labeling was also associated with fungiform papilla
structures (Fig. 3) and an increase in labeling intensity was generally seen in ART-OE papilla.
Fungiform papillae are innervated by trigeminal afferents of the lingual nerve and geniculate
ganglia taste afferents of the chorda tympani nerve (Whitehead et al., 1999). This raises the
possibility that some of the fungiform hyperinnervation arose from geniculate ganglia neurons.
However, immunolabeling of geniculate ganglia from ART-OE and WT animals showed no
significant labeling for GFRα3 and few TRPV1-positive neurons suggesting artemin
expression in the tongue epithelium did not affect geniculate neurons (Fig. 4).

Characterization of backlabeled lingual neurons
To further characterize properties of tongue afferents, neurons that innervate the tip of the
anterior tongue were retrogradely-labeled by injection of wheat germ agglutinin (WGA).
Immunolabeling of backlabeled neurons in the trigeminal ganglia was then performed for
GFRα3, TRPV1, IB4, and CGRP (Fig. 5). WGA injections produced robust labeling primarily
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on the ventral surface near the exit of the mandibular nerve, similar to areas described in ferrets
(Biggs et al., 2007). In WT ganglia approximately 25% of the labeled lingual somata were
TRPV1-positive (Fig. 5B), which is similar to the percentage (27.8%) of TRPV1-positive
cutaneous neurons (Christianson et al., 2006). However, in contrast to cutaneous afferents,
where many (70%) are IB4-positive (Christianson et al., 2006;Lu et al., 2001), very few (10%)
lingual neurons bound IB4 lectin and many (50%) expressed CGRP (Fig. 5B). Nearly 25% of
labeled lingual somata were GFRα3-positive (Fig. 5B). Thus, lingual neuron properties differ
from cutaneous neurons, which are primarily IB4 positive and CGRP negative.

In ART-OE mice, an increase occurred in the percent of WGA-positive afferents that were
TRPV1-positive (1.62-fold; p≤0.005), IB4-positive (2.66-fold; p≤0.005), both TRPV1 and
IB4-positive (3.65-fold; p≤0.005) or GFRα3-positive (1.47-fold; p≤0.005) (Fig. 5B). There
was no change in the percentage of WGA-positive neurons that expressed CGRP (Fig. 5B).

Effects of artemin on lingual nerve anatomy
The lingual nerve is comprised of myelinated (Aβ and Aδ) and unmyelinated fibers (Holland
and Robinson, 1992). Aβ lingual afferents are mechanoreceptive and unresponsive to thermal
or chemical stimuli (Holland and Robinson, 1992; Wang et al., 1993) whereas Aδ fibers are
heterogeneous in their response properties and can respond to mechanical, thermal and
chemical stimuli (Wang et al., 1993). To determine if increased artemin in the tongue altered
lingual nerve anatomy, WT (n=3) and ART-OE (n=3) lingual nerves were examined at the
electron microscopic level. A significant hypertrophy of the lingual nerve was evident in ART-
OE mice (Fig. 6A). There was no difference in the percentage of myelinated (WT 71 ± 1%,
ART-OE 75 ± 5%) or unmyelinated fibers (WT 29 ± 1%, ART-OE 25 ± 5%) (Fig. 6B) although
a significant hypertrophy of both myelinated and unmyelinated axon diameters was measured
(Fig. 6C, D).

ART-OE mice exhibit oral sensitivity to capsaicin and mustard oil
Because the tongue is an anatomical site that routinely contacts stimuli that activate TRPV1
(capsaicin, heat, low pH) and TRPA1 (mustard oil, cold), we tested whether ART-OE mice
had functional consequences related to the anatomical and neurochemical changes. A two
bottle drinking aversion test was used in which two bottles, one that contained water with
vehicle (0.5% ethanol) and the other containing water plus ligand (capsaicin (CAP) or mustard
oil (MO)) in vehicle, were available to separately housed mice. Mice were tested over three
days and separate groups of male and female WT and ART-OE mice (10 per group; 40 mice
total) were used to assess response to capsaicin or mustard oil (Fig. 7). Although water
(containing 0.5% ethanol) consumption was the same across sex and strain (Fig. 7E, F), male
and female ART-OE mice drank significantly smaller volumes of water containing capsaicin
or mustard oil (Fig. 7A, B). Ligand sensitivity was also evident when volumes were calculated
as a percentage of total water consumed (Fig. 7C, D) with the exception of male ART-OE mice.
As a percentage, male ART-OE mice did not drink significantly less MO water than male WT
mice. This seems to have occurred because these mice reduced their total fluid consumption
although females did not. Thus, male ART-OE mice appear to be more sensitive to mustard
oil as reflected by the decrease in total drinking behavior.

Calcium handling in response to CAP or MO is enhanced in trigeminal afferents of ART-OE
mice

To examine whether increased artemin modulated the functional properties of isolated
trigeminal neurons, we measured the response of neurons from WT and ART-OE mice to CAP
or MO using fura-2 calcium imaging (Table 2, Table 3). ART-OE mice had a greater number
of MO responsive trigeminal neurons compared to WT mice. In addition, calcium transients
of ART-OE neurons exposed to MO were of larger magnitude (Farea) compared to WT neurons.
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These findings indicate a greater number of MO responsive cells that exhibit increased MO-
evoked calcium transients are present in ART-OE trigeminal ganglia.

In contrast to MO, comparison of the percentage of trigeminal neurons responsive to CAP
application was not significantly different between ART-OE (n=11) and WT (n=10) mice)
(Table 2). However, CAP responsive trigeminal neurons from ART-OE mice had larger
Farea than WT mice. These results suggest that trigeminal ganglia from ART-OE mice do not
have more CAP-responsive neurons but that the CAP-responsive neurons that are present
exhibit larger calcium transients. This finding is consistent with previous analysis that showed
an increase in TRPV1 mRNA in ART-OE dorsal root ganglia but no change in the percentage
of TRPV1-positive neurons (Elitt et al., 2006).

To refine the calcium imaging analysis, lingual afferents labeled by injecting WGA conjugated
to AlexaFluor 488 into the dorsal tip of the tongue were analyzed (Table 2). Analysis of WGA-
labeled lingual afferents from WT (n=12) and ART-OE (n=17) mice showed no difference in
the percentage of CAP (WT 43%, ART-OE 50%; WT responsive cells 30; ART-OE responsive
cells 58). Similarly, the number of MO responsive cells (WT n=8, ART-OE n=11) was
unchanged (WT 35%, ART-OE 42%; WT responsive cells 21; ART-OE responsive cells 41).
The magnitude of response to CAP (Area: WT 99.58 ± 26.82; ART-OE 126.35 ±14.02; p>0.05)
or MO application (Area: WT 53.25 ± 14.05; ART-OE 76.49 ± 16.16; p>0.05) in WGA labeled
afferents was also not significantly changed.

Interestingly, the only significant change in WGA-labeled lingual afferent response properties
was indicated by an increase in the peak response (Fpeak) of lingual afferents exposed to CAP
suggesting a particular sensitivity to this ligand. In addition, for both genotypes, the total
magnitude (Farea) of lingual afferent response to CAP or MO was greater when compared to
the whole population of trigeminal afferents (Table 2), suggesting a specialized sensitivity
exists for tongue afferents for detection of these chemicals.

DISCUSSION
Increased expression of artemin in keratinized epithelium of the tongue caused a significant
alteration in anatomical and physiological properties of trigeminal afferents that innervate the
tongue. These changes include hypertrophy of myelinated and unmyelinated fibers of the
lingual nerve, increased density of GFRα3 and TRPV1 positive afferents in sub-epithelial and
epithelial compartments of the tongue and to fungiform taste structures on the dorsal tongue.
The hypertrophy of the lingual nerve and increased innervation density is likely a reflection of
the 20% increase in GFRα3-positive neuron survival (Elitt et al., 2006) as well as an increase
in branching of GFRα3 afferents in the tongue.

Previous studies of ART-OE mice showed nearly all GFRα3-neurons (97%) to be
immunopositive for TRPV1 and TRPA1 channel proteins (Elitt et al., 2006). In the present
study, WGA-labeled tongue afferents showed an expected increase in the percentage of
GFRα3 and TRPV1-positive neurons in ART-OE mice. Interestingly, an increase also occurred
in the percentage of WGA-afferents that coexpressed TRPV1 and IB4. Colocalization of
TRPV1 and IB4 is rare in mouse with very few (2–5%) afferents expressing both markers
(Zwick et al., 2002). In addition, only 30% of the GFRα3-positive neurons bind IB4 (Orozco
et al., 2001). The functional significance of the increase in GFRα3/TRPV1/IB4 overlap is yet
to be determined but suggests artemin may regulate expression of the extracellular matrix
protein versican, which binds IB4 (Bogen et al., 2005).

An increase in transcripts encoding TRPV1, TRPA1 and GFRα3 was measured in ART-OE
trigeminal ganglia. This increase is consistent with coexpression of these markers in the
GFRα3-neuron population, the increased density of GFRα3/TRPV1 afferents in the tongue and
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the aversive behaviors displayed by ART-OE mice to capsaicin and mustard oil. This aversive
behavior suggests that GFRα3/TRPV1 afferents in the oral mucosa have a role in the
sensitization caused by chemical or thermal stimuli (Szolcsanyi, 1990). The relevance of
GFRα3-positive afferents in human oral pathologies is still to be investigated, although both
mustard oil and capsaicin elicit a burning sensation when either is applied to the tip of the
tongue of human subjects (Green and Schullery, 2003; Simons et al., 2003), suggesting TRPV1/
TRPA1 afferents are present.

Although the drinking aversion exhibited by ART-OE mice likely reflects nociceptive input
via lingual afferents innervating the tongue surface, sensory input from fibers associated with
taste and olfaction may also have influenced consumption. GFRα3-positive fibers were present
at high density in fungiform taste structures of WT animals and at a greater density in ART-
OE mice. Taste bud cells of zebrafish have also been shown to express artemin (Lucini et al.,
2004) and a low-level of artemin expression in tongue epithelium of WT mice is present (this
report). Because it is possible that artemin release by non-neuronal cells acts in a paracrine
manner to modulate taste-specific afferents, the contribution of geniculate ganglia neurons that
also innervate taste buds in fungiform papilla to the increased CAP and MO aversion in ART-
OE mice must be considered. A recent study showed TRPV1 mRNA and TRPA1 mRNA
expression in geniculate ganglion neurons in rats (Katsura et al., 2006), in contrast to an earlier
study in mouse that showed TRPV1 mRNA was not expressed in geniculate neurons
(Matsumoto et al., 2001). Our immunolabeling results indicate mouse geniculate neurons do
not express GFRα3 and only few of these neurons are TRPV1-positive. Thus, the increased
taste aversion displayed by ART-OE transgenics is likely to be primarily generated by
trigeminal input.

What is less clear is whether olfactory perception of CAP or MO was sensitized in ART-OE
mice. The K14 transgene is expressed in cells of the ventral meatus and vomeronasal organ
cells (Takami et al., 1995), making it possible that transgenic artemin expression modified
trigeminal sensory innervation to these regions. Both CAP and MO have chemesthetic
properties and afferents in the ethmoid branch of the trigeminal nerve in rats respond to TRPV1
ligands (Silver et al., 2006).

RT-PCR analysis showed an increase in the relative amount of trkA mRNA in ART-OE
ganglia. To assess if this increase in receptor resulted from an artemin-induced increase in NGF
in target tissues, we measured the relative level of NGF mRNA in the skin and tongue of ART-
OE mice (see Results). No change in NGF expression occurred suggesting that artemin
signaling led to the increase in trkA expression. In vitro assays using cultured primary DRG
neurons also showed that artemin (100ng/ml) in the culture medium increased trkA mRNA to
a level nearly equivalent to the level seen following NGF addition (data not shown), suggesting
artemin indirectly modulates transcriptional control of trkA gene expression. This may occur
through artemin activation of Ret, in a manner similar to that reported in a study that showed
a GDNF evoked increase in trkA in neuroblastoma cells (Peterson and Bogenmann, 2004).

The increase in TRP channel expression in ART-OE mice may provide insight into the role of
artemin and TRPs in injury and disease. In skin of WT mice, artemin expression rises
significantly (~10-fold) following adjuvant-induced inflammation. Artemin injection into the
foot also caused heat hyperalgesia lasting up to 24h (Malin et al., 2006). The duration of
hyperalgesia exceeded 7 days if artemin was coinjected with NGF suggesting synergistic ligand
action. Concurrent with the rise of artemin in the periphery was an increase in TRPV1 mRNA
in lumbar DRG. These coordinated changes suggest that injury or disease in peripheral tissues
may increase artemin expression and in so doing, increase GFRα3/Ret kinase activity. Future
studies that examine whether injury to oral epithelium affects artemin and TRP expression and
sensitization of GFRα3 afferents will address this possible mechanism.
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An interesting pain-associated pathology that is related to changes in sensory innervation to
the tongue is burning mouth syndrome (BMS). Biopsies from BMS patients show a reduction
in the number of unmyelinated fibers associated with taste papilla (Lauria et al., 2005) and
another a reduction in the number of intraepithelial fibers (Yilmaz et al., 2007). Interestingly,
although the overall epithelial nerve fiber density was decreased in the study by Yilmaz and
colleagues, a significant increase in TRPV1 and NGF-positive fibers and NGF reactivity in
basal epithelial cells was found. In addition, pain scores reported by patients in response to
applied capsaicin were increased (Yilmaz et al., 2007). These findings are consistent with a
role for GFRα3/TRPV1, NGF and artemin responsive fibers as possible contributors to the
underlying pathology of BMS.

EXPERIMENTAL PROCEDURE
Animals

Isolation and characterization of transgenic mice that overexpress the coding region of the
artemin gene in basal keratinocytes of the epidermis and tongue are described in Elitt et al.,
2006. Experiments were performed on 12–16 week-old male and female wildtype and ART-
OE mice that were housed in group cages, maintained on a 12:12 hour light-dark cycle in a
temperature controlled environment (20.5°C) and given food and water ad libitum. These
studies were carried out in accordance with the guidelines of the Institutional Animal Care and
Use Committee at the University of Pittsburgh and the NIH Guide for the Care and Use of
Laboratory Animals.

Surgical procedure
Animals were lightly anesthetized with inhaled isoflurane and deeply anesthetized with an
intraperitoneal injection of 2.5% avertin (2,2,2-tribromoethanol tert-amyl alcohol diluted in
0.9% saline). The tongue was extracted slightly from the mouth and approximately 1µl of 2%
wheat germ agglutinin conjugated to AlexaFluor 488 (WGA-488)(Molecular Probes, Eugene,
OR) in sterile saline was injected into the superficial dorsal epithelium at the tip of the tongue
using a glass micropipette. Injections were performed bilaterally. The injection sites were
carefully washed with saline and dried with a cotton swab to prevent leakage to surrounding
tissues. Mice were allowed to recover for two days after which ganglia were removed and
processed for immunocytochemistry or cell culture.

Tissue preparation and immunocytochemistry
Animals were deeply anesthetized as described above, transcardially perfused with ice-cold
4% paraformaldehyde in 0.1M phosphate buffer (PB), pH 7.4 and trigeminal ganglia and
tongues immediately collected (n=4 WT and 4 ART-OE mice). Other sets of animals (n=3 WT
and 3 ART-OEs) were used to immunolabel trigeminal and geniculate ganglia. Ganglia were
embedded in 10% gelatin, post-fixed for 1hr in 4% paraformaldehyde, cryoprotected in 25%
sucrose at 4°C overnight and then sectioned at 35µm using a sliding microtome. Tongues were
embedded in Optimal Tissue Compound (Thermo Fisher Inc) and 20µm sections collected
using a cryostat. Sections were washed 3X’s in PB and incubated overnight in primary
antibodies diluted in PB containing 0.25% triton X-100 (GFRα3 (1:40) R&D Systems,
Minneapolis, MN; TRPV1 (1:500) Oncogene Research, San Diego, CA) or the lectin IB4
conjugated to Alexa Fluor 568 (1:200; Molecular Probes; Eugene, OR). Antibody binding was
detected using fluorescent conjugated IgGs used at 1:200–1:1000 dilutions (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA). Retrogradely-labeled afferents were
visualized using a Leica confocal microscope (Leica Microsystems; Wetzlar, Germany). On
average, 75 WGA-positive neurons per animal were analyzed at 40X in at least 4 non-
overlapping fields from 4 sections (spaced at least 175µM apart). Since cell bodies in ART-
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OE mice are hypertrophied, only neurons containing a visible nucleus were analyzed to
minimize bias from this hypertrophy.

Lingual nerve analysis
Lingual nerve segments were removed, post-fixed 2h in 4% paraformaldehyde and 2%
glutaraldehyde, washed in 0.1 M phosphate buffer, immersed in osmium tetraoxide for 90 min
at 4°C, deh ydrated in graded ethanols, embedded in Spurr’s resin (EM Corporation) and cut
at 0.7–0.8 nm using a ultramicrotome (Reichert Ultracut E). Sections were stained with lead
citrate and uranyl acetate and photographed on an electron microscope. Between 250–500
axons were analyzed per animal with the number of myelinated and unmyelinated axons
determined from 3–4 cross-sectional images of nerves from 3 WT and 3 ART-OE mice. Axon
diameters were measured using NIH Image J software.

SYBR green real time PCR
Total RNA was isolated from trigeminal ganglia as previously described in Elitt et al., 2006.
Tissue was homogenized in Trizol (Invitrogen) and RNA in the aqueous phase precipitated
using isopropanol. RNA was treated with DNase and 1 µg reverse transcribed using Superscript
(Invitrogen). PCR amplification was performed using an Applied Biosystems 5700 real-time
thermal cycler. Relative fold change in transcript level was calculated using the ddCt method
(Livak and Schmittgen, 2001) using GADPH as a reference standard since its expression (i.e.,
Ct value) was unchanged in ART-OE ganglia or epithelium. Primers were designed using ABI
software and are reported in (Elitt et al., 2006).

Drinking behavior
Mice were tested for oral sensitivity to capsaicin or mustard oil using a modified paired-
preference drinking aversion paradigm (Furuse et al., 2002; Simons et al., 2001). A total of 40
mice were used for these experiments (10 WT males, 10 WT females, 10 ART-OE males, 10
ART-OE females). Mice were housed in cages individually and given food and water ad
libitum. Each cage was fitted with one bottle that contained normal water plus vehicle (0.5%
ethanol) and another bottle that contained 1µM capsaicin or 100µM mustard oil (Sigma-
Aldrich, St. Louis, MO). Mice were allowed to drink freely from the two bottles for 24h and
then the volume consumed was measured. To ensure that there was not a place preference, the
bottle positions were reversed at the end of each day. The average volume consumed over three
days of testing and the ratio of capsaicin or mustard oil intake versus total liquid intake
(percentage) was calculated. To ensure that there was not a difference in the total volume of
liquid consumed by ART-OE mice compared to WT mice, mice were also tested using the
same paradigm with both bottles filled with normal water. All mice drank the same volume of
water and did not display a bottle preference when both bottles contained normal water. Within
group differences between water with vehicle and water with capsaicin or mustard oil were
determined using unpaired t-tests.

Calcium imaging of identified lingual afferents
Lingual afferents from male and female mice were backlabeled as described above in Surgical
Procedures. Two days following injection, mice were perfused with ice cold Ca+2/Mg+2-free
Hanks’ Balanced Salt Solution (HBSS) (Invitrogen) and trigeminal ganglia were dissected and
prepared for culture as described (Malin et al., 2007). Dissociated cells were resuspended in
F12 media (Invitrogen) containing 10% FBS and penicilin/streptomycin (50 units/ml) and
plated onto laminin (0.1mg/mL) and poly-d-lysine (5mg) coated glass coverslips, incubated
for 2h at 37°C, fed F12/FBS media and incub ated overnight. Calcium imaging was performed
12–24h post plating. Cells were incubated in HBSS containing 10mg/ml bovine serum albumin
(Sigma #A6003) and 2µM of the acetoxymethyl ester of fura-2 (Molecular Probes, Oregon)
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for 30 min at 37°C. Coverslips were mounted on an Olympus upright microscope stage with
HBSS buffer flowing at 5 ml/min. Perfusion rate was controlled with a gravity flow system
(VC66; Warner Instruments) and perfusate temperature maintained at 30°C using a heated
stage and an in-line heating system (PH1, SHM-6, TC344B; Warner Instruments). Chemicals
were delivered with a rapid-switching local perfusion system. Firmly attached, WGA-
backlabeled neurons were identified using a 480nm filter and chosen as regions of interest
using Simple PCI software (Compix Imaging Systems, Sewickley, PA). Unlabeled, adjacent
cells were also identified and imaged. All fields were first tested with brief application of 50mM
K+ (high K+) and Ca++ transients imaged to standardize pipette placement and to insure that
cells were healthy and responsive. Responses were measured as the ratio of absorbance at
340nm to that obtained at 380nm (ΔF340/380; DG4, Sutter Instruments). Peak responses were
> 0.08 ΔF340/380 and were easily distinguished from optical noise (< 0.02 ΔF340/380).
Absorbance data at 340 and 380 nm were collected at one per second. Calcium transients were
examined in response to local application of either 1µM capsaicin (5–6sec) or 100µM mustard
oil (7–10sec) using a rapid-switching perfusion system (Warner Instruments). These doses of
capsaicin and mustard oil were chosen based on previous studies in our laboratory showing
they elicit responses (>0.08 ΔF340/380) from the maximal number of cells and could be applied
repeatedly without significant loss in the number of responding cells. These concentrations are
also within the range reported in the literature for calcium imaging in mouse trigeminal neurons.

The number of capsaicin or mustard oil responsive cells was determined as a percentage of
total healthy cells (cells that responded to high K+). Ca++ response peak and area (Fpeak,
Farea) were calculated using Microsoft Excel for suprathreshold responses (peak response >
0.08 ΔF340/380) as a measure of total Ca++ influx. The portion of the calcium response used
for this measurement included the entire curve from the initiation of the response until the point
at which the calcium signal returned to the prestimulus baseline. Response parameters were
compared for significance using Student’s t test. 10mM capsaicin in 1-methyl-2-pyrrolidinone
was used as a stock solution; 1.0 µM capsaicin was made fresh daily in HBSS. 100mM mustard
oil in 1-methyl-2-pyrrolidinone was made fresh daily and diluted to 100µM using HBSS.
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Figure 1. K14-keratin promoter drives increased expression of artemin in the tongue epithelium
Tongue sections from ART-OE (A) and wildtype (B) mice immunolabeled using anti-artemin
antibody. Fluorescent signal is localized to basal epithelial cells (arrowheads in A and B) and
in the heavily keratinized filiform papillae (arrows). Epi, epithelial layer. Bar in B = 100 µm.
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Figure 2. Tongues of ART-OE mice have increased innervation
Wildtype (A, B) and ART-OE (C, D) sections of tongue immunolabeld with antibodies against
GFRα3 (A, C) and TRPV1 (B, D). ART-OE tongues are hyperinnervated in epithelial and
subepithelial compartments by GFRα3-positive fibers, some of which contain TRPV1.
TRPV1-positive fibers in WT tongues were rare (none apparent in B, but see Fig. 3).
Arrowheads in A, C and D indicate positive-labeling of afferents in mucosa. Bar in D = 100
µm.
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Figure 3. Fungiform papillae are innervated by GFRα3 afferents in WT and ART-OE mice
Sections of tongue from wildtype (A, B) and ART-OE (C, D) mice show representative
fungiform papilla (arrows in A and C) immunolabeled with antibodies against GFRα3 (A, C)
and TRPV1 (B, D). GFRα3 (not shown) and TRPV1-fiber labeling to fungiform papillae of
ART-OEs (D, H) was generally greater compared to wildtype (B, F) structures. Some fibers
appeared associated with the single taste bud structure of the papilla made visible using
hemotoxylin and eosin staining (E, G). H&E staining of WT (E) and ART-OE (G) sections
was done on sections shown in F and H, respectively. Arrows in E and G show taste bud. Bar
in D = 50 µm; bar in E = 40µm.
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Figure 4. Few geniculate ganglia neurons are immunopositive for GFRα3 or TRPV1
Immunolabeling for GFRα3 (A-C) and TRPV1 (D-F) on sections of trigeminal (TG, A, D) and
geniculate (Gen, B, C, E and F) ganglia. Trigeminal ganglia (from ART-OE mice) were labeled
in parallel with geniculate ganglia and serve as a positive control for staining. Few if any
geniculate neurons were GFRα3-positive in WT (B) and ART-OE (C) mice. TRPV1 reactivity
was evident in many neurons of the trigeminal ganglia (D) but few neurons labeled in geniculate
ganglia of WT (E) and transgenic (F) mice. Scale bar in D for A, D = 100 µm; bar in F is for
B, C, E and F and = 60µm.

Elitt et al. Page 15

Brain Res. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. The percentage of lingual neurons that express GFRα3, TRPV1 and IB4 is increased in
ART-OE mice
A. Representative photomicrographs of WGA-labeled lingual-projecting somata from WT
(top) and ART-OE (bottom) mice immunolabeled for TRPV1 (red), IB4 (blue) and TRPV1/
IB4 overlap. Neurons in ART-OE ganglia exhibited somal hypertrophy and an increased
percentage of neurons expressing TRPV1, IB4 and TRPV1/IB4 (arrows, overlap panel). B.
Quantification of the percentage of WGA-positive lingual somata that express GFRα3 and
TRPV1, IB4 or CGRP. ART-OE ganglia (red bars) had an increased percentage of WGA-
positive neurons that co-expressed GFRα3, TRPV1, IB4, or both TRPV1 and IB4 compared
to WT mice (blue bars). No significant change in ART-OE WGA-positive neurons that express
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CGRP occurred. The mean percentage ± SEM is plotted. Analysis was done with n=4 WT and
4 ART-OE mice. Asterisk indicates p<0.05 vs. WT.
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Figure 6. Artemin expression causes hypertrophy of lingual nerve fibers
A. Low magnification electron microscopy image comparing representative lingual nerve from
WT (left) and ART-OE (right) mice demonstrates enlarged nerve diameter in ART-OE mice.
B. No difference in the percentage of myelinated and unmyelinated axons in the lingual nerve
of WT (blue, n=3) and ART-OE (red, n=3) mice was detected. Rightward shift in distribution
of axons in diameter (microns) in ART-OE mice indicates hypertrophy of myelinated (C) and
unmyelinated (D) axons in transgenic nerves (p<0.002 and p<0.009, two-way ANOVA). Bar
in A = 50µm.
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Figure 7. ART-OE mice display oral sensitivity to capsaicin and mustard oil
Ten WT (white bars) and 10 ART-OE (black bars) mice of both sex (40 mice total) were tested
for oral sensitivity to capsaicin and mustard oil using a two-bottle drinking aversion assay. A.
Male and female ART-OE mice drank less capsaicin containing water compared to WT mice
(males WT 1.57 ± 0.09 ml; ART-OE 1.00 ± 0.07 ml, p≤0.005: females WT 1.72 ± 0.11 ml;
ART-OE 0.98 ± 0.04, p≤0.005). B. Both male and female ART-OE mice drank less mustard
oil containing water (males WT 1.47 ± 0.14 ml; ART-OE 1.11 ± 0.06 ml, p≤0.05: females WT
1.68 ± 0.10 ml; ART-OE 1.16 ± 0.06, p≤0.005). C. Same data as panel A but calculated as a
percentage of total water consumed (CAP - males WT 29.08 ± 1.37 %; ART-OE 22.16 ± 1.26%,
p≤0.005; females WT 28.87 ± 1.90 %; ART-OE 19.74 ± 0.79 %, p≤0.005). D. Calculated as
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a percentage, female ART-OE mice drank less mustard oil containing water (MO - females:
WT 31.15 ± 2.47 %, ART-OE 22.69 ± 1.58 %; p≤0.005). Male ART-OE mice did not drink
significantly less mustard oil containing water when calculated as a percentage of total water
(see text). E and F. The amount of water (containing 0.5% ethanol) consumed across genotype
and sex was unchanged. However, the total amount of water consumed by ART-OE males
tested for mustard oil sensitivity was less than WT males (males WT 5.29 ± 0.18 ml, ART-OE
4.52 ± 0.20 ml, p≤0.005). This was not the case for female mice (WT 5.47 ± 0.16 ml; ART-
OE 5.19 ± 0.17 ml, p>0.05). Mean ± SEM. Asterisk indicates p<0.05 vs WT.
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Table 1
Change in expression of channel and receptor genes in trigeminal ganglia from WT and ART-OE mice measured using
real-time PCR analysis.

Gene
assayed

Percentage
change

GFRα3 +81%*
Ret +1%
TrkA +56%*
TRPV1 +190%**
TRPV2 +7%
TRPV3 +23%
TRPV4 +5%
TRPA1 +403%**
TRPM8 −70%*

N = 4–6 animals per group.

*
P<0.005.

**
P≤0.0005
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Table 2
Area and peak measures of calcium transients elicited by brief application of either 100µm mustard oil or 1µM capsaicin
to cultured trigeminal neurons from ART-OE and WT mice. Because the percent of lingual (WGA backlabeled) neuron
responders is a ratio obtained by dividing the number of responsive cells by the total number of imaged cells, no error
is calculated. Trigeminal neuron responders and area and peak data are shown as the mean ± SEM of values.

% Mustard Oil
responders

F (area) F (peak)

Trigeminal
    WT 28 ± 8 12.24±2.06 0.31±0.05
    ART-OE 42 ± 2* 32.67±6.01* 0.36±0.04
Lingual only
    WT 35 53.25±14.05 0.62±0.07
    ART-OE 42 76.49±16.16 0.63±0.06

% Capsaicin responders F (area) F (peak)

Trigeminal
    WT 41 ± 3 53.87± 8.80 0.72±0.07
    ART-OE 48 ± 6 78.67 ± 10* 0.70±0.06
Lingual only
    WT 43 99.58±26.82 0.52±0.11
    ART-OE 50 126.35±14.02 0.73±0.05*

Asterisks indicate p≤0.05.
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Table 3
Summation of cells that were tested and responded to CAP or MO treatment. Not all responder cells were used for area
and peak analysis (see Table 2) because they could not be analyzed, i.e., they exhibited an abnormal return to baseline.

TRIGEMINAL NEURONS
CAP Number of

cells tested
Number of
responders

Number of
mice (N)

# of responders
used for magnitude

analysis
    WT 152 65 10 46
    ART-OE 196 85 11 64
MO
    WT 109 31 5 26
    ART-OE 126 53 6 46

LINGUAL NEURONS
CAP
    WT 69 30 12 13
    ART-OE 116 58 17 29
MO
    WT 60 21 8 13
    ART-OE 97 41 11 28
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