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Neurturin Overexpression in Skin Enhances Expression of
TRPMS in Cutaneous Sensory Neurons and Leads to
Behavioral Sensitivity to Cool and Menthol
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Neurturin (NRTN) is a member of the glial cell line-derived neurotrophic factor family of ligands that exerts its actions via Ret tyrosine
kinase and GFRa2. Expression of the Ret-GFRa2 coreceptor complex is primarily restricted to the peripheral nervous system and is
selectively expressed by sensory neurons that bind the isolectin B, (IB, ). To determine how target-derived NRTN affects sensory neuron
properties, transgenic mice that overexpress NRTN in keratinocytes (NRTN-OE mice) were analyzed. Overexpression of NRTN increased
the density of PGP9.5-positive, but not calcitonin gene-related peptide-positive, free nerve endings in footpad epidermis. GFRa2-
immunopositive somata were hypertrophied in NRTN-OE mice. Electron microscopic analysis further revealed hypertrophy of unmy-
elinated sensory axons and a subset of myelinated axons. Overexpression of NRTN increased the relative level of mRNAs encoding GFRa:2
and Ret, the ATP receptor P2X; (found in IB,-positive, GFRa2-expressing sensory neurons), the acid-sensing ion channel 2a, and
transient receptor potential cation channel subfamily member M8 (TRPMS) in sensory ganglia. Behavioral testing of NRTN-OE mice
revealed an increased sensitivity to mechanical stimuli in glabrous skin of the hindpaw. NRTN-OE mice also displayed increased behav-
ioral sensitivity to cool temperature (17°C-20°C) and oral sensitivity to menthol. The increase in cool and menthol sensitivity correlated
with a significant increase in TRPM8 expression and the percentage of menthol-responsive cutaneous sensory neurons. These data
indicate that the expression level of NRTN in the skin modulates gene expression in cutaneous sensory afferents and behavioral sensi-

tivity to thermal, chemical, and mechanical stimuli.

Introduction

Neurotrophic growth factors are important for the maintenance
of sensory neuron phenotype and functional properties in adult
animals (Korsching, 1993; Lewin and Barde, 1996; McAllister et
al., 1999). Neurturin (NRTN), a member of the glial cell line-
derived neurotrophic factor (GDNF) ligand family, is a growth
factor ligand that binds a receptor complex comprised of the
receptor tyrosine kinase Ret and the glycophosphatidylinositol-
anchored protein GFRa2 (Kotzbauer et al., 1996). Electrophysi-
ologic evidence indicates that the majority of sensory neurons
expressing GFRa2 in adult animals are polymodal nociceptors
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with small somata and unmyelinated axons that bind IB,, project
to skin, and transduce noxious thermal, mechanical, and chem-
ical stimuli (Lu et al., 2001; Woodbury et al., 2004; Lindfors et al.,
2006; Jankowski et al., 2009).

NRTN is required for the development and maintenance of
GFRa2-positive sensory neurons, as indicated by a significant
decrease in the number of these neurons in trigeminal (TG) and
dorsal root (DRG) ganglia of NRTN knock-out (KO) mice
(Heuckeroth et al.,, 1999). The remaining GFRa2-expressing
neurons in these animals show significant somatic atrophy ac-
companied by a reduction in axon diameter in the saphenous
nerve (Heuckeroth et al., 1999). Interestingly, the reduction in
GFRa2-positive neurons in NRTN KO mice does not appear to be
the result of neuron death because GFRa2 KO mice have a normal
number of sensory neuron somata and saphenous nerve axons
(Stucky et al., 2002; Lindfors et al., 2006). Consistent with studies of
NRTN KO mice, examination of GFRa2 KO mice revealed that the
size of IB,-binding neurons in the DRG and the density of unmyeli-
nated free nerve endings (as visualized with PGP9.5 staining) in the
footpad skin were markedly reduced (Lindfors et al., 2006).

NRTN/GFRa2 signaling appears to regulate functional prop-
erties of peripheral nociceptors. Electrophysiological analysis of
dissociated DRG neurons from GFRa2 KO mice showed that
NRTN/GFRa2 signaling is required for transduction of noxious
heat but not mechanical stimuli in IB,-binding nociceptors
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Figure 1. Overexpression of NRTN in the skin is driven by the K14 keratin promoter. 4,
Diagram of the transgene construct used forisolation of NRTN-OE mice. The K14 promoter drives
expression of the NRTN sequence (black boxes). The 3" noncoding hGH sequence provides splice
sites and a poly A (PA) addition signal. The arrow indicates transcription start site. B, RT-PCR
analysis of RNA isolated from WT (n = 3) and NRTN-OE (n = 3) back skin showing relative level
of NRTN mRNA in WT and NRTN-OE skin. Note the enhanced level of NRTN mRNA in NRTN-OE
skin and the absence of transgene expression (hGH) in WT skin samples.

(Stucky et al., 2002). Furthermore, GFRa2 KO mice exhibit de-
creased nocifensive behaviors during the second phase of the
formalin test, suggesting a deficit in inflammatory pain signaling
(Lindfors et al., 2006).

To further our understanding of NRTN in afferent function,
we studied anatomical, neurochemical, and behavioral changes
in mice that overexpress NRTN in basal keratinocytes of the epi-
dermis (NRTN-overexpresser [OE]; NRTN-OE mice). NRTN
overexpression led to hypertrophy of GFRa2-positive sensory
neurons, hyperinnervation of footpad skin, and a marked in-
crease in saphenous nerve diameter. The mRNA levels of P2Xj,
the cool-sensitive channel transient receptor potential M8
(TRPMS8), and the mechanosensitive channel acid-sensing ion
channel 2a (ASIC2a) were also increased in DRG and TG of
NRTN-OE mice. In conjunction with these changes in mRNA,
behavioral tests showed that NRTN-OE mice had increased cool
and menthol sensitivity as well as icreased mechanical sensitivity.
These findings indicate that NRTN can modulate the functional
properties of cutaneous afferents and expression of a number of
genes implicated in nociceptive signaling.

Materials and Methods

Generation of transgenic mice. NRTN-OE mice were generated and
screened following procedures described previously (Albers et al., 1994;
Albers etal., 1996; Zwick et al., 2002; Elitt et al., 2006). A 645 bp fragment
containing the coding region of mouse NRTN, obtained by restriction
digest from IMAGE Clone #5345262 (GenBank accession number
BC057993; Invitrogen), was cloned into the pG4K14pro-human growth
hormone (hGH) vector and sequenced to verify orientation. A gel and
column purified fragment containing 2.3 kb of human K14 keratin pro-
moter sequence, 645 bp of the mouse NRTN coding sequence, and 1.4 kb
of the human growth hormone gene containing intron/exon and poly
(A) signal sequences (Fig. 1A) was injected into fertilized oocytes from
C57BL/6 mice using services provided by the Transgenic and Gene Tar-
geting Core Facility at the University of Pittsburgh. Three founder lines
were identified by slot-blot assay of tail skin DNA using transgene- and
NRTN-specific random primed *?P-dCTP-labeled probes. RT-PCR
analysis of total RNA isolated from founder offspring back skin was used
to assay the relative level of transgene expression. Detailed analyses of
anatomy and behavior were focused on the transgenic line that exhibited
the highest transgene expression. Primers to detect endogenous and
transgenic NRTN (5'-GGATGTGCCAGGAGGGTCTG —3’ and 5'-
CAGGTCGTAGATGCGGATGG-3") as well as transgene-specific prim-
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ers (5'-ACCGTGCTGTTCCGCTACTG-3" and 5'-AAGAGGGCAGCC
AGTGTTTCTC-3") were used.

Animals. Experiments were performed on 6- to 8-week-old male wild-
type (WT) and age-matched NRTN-OE mice. Mice were housed in
group cages except where noted, maintained on a 12:12 h light-dark cycle
in a temperature-controlled environment, and given food and water ad
libitum. All studies were performed in accordance within guidelines of
the Institutional Animal Care and Use Committee at the University of
Pittsburgh and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All behavioral studies were conducted in a
blinded fashion in the University of Pittsburgh Rodent Behavioral Anal-
ysis Core that is located within the rodent housing facility.

Immunohistochemistry. After deep anesthesia with avertin anesthetic,
mice (WT, n = 4; and NRTN-OE, n = 4) were transcardially perfused
with chilled 4% paraformaldehyde. Glabrous hindpaw skin and L2-L4
DRG were dissected, cryoprotected overnight in 25% sucrose, embedded
in OCT, cut at 20 wm using a cryostat and collected on SuperFrost
microscope slides. Slides were washed in 0.1 M phosphate buffer (PB; 3 X
5min), blocked in 5% normal horse serum with 0.2% Triton X-100 made
in 0.1 M PB for 1 h, and then incubated overnight at 4°C in primary
antibodies diluted in blocking solution. Slides were washed in 0.1 m PB
and incubated 1 h in appropriate secondary antibodies diluted in 0.1 m
PB. The primary antibodies used were as follows: goat anti-GFRa2 (1:
500, R&D Systems), rabbit anti-PGP9.5 (1:1000, Ultraclone), rabbit anti-
calcitonin gene-related peptide (CGRP) (1:1000, Sigma-Aldrich), rat
anti-TRPMS8 (1:1000, a generous gift from Masatoshi Takeichi, RIKEN
Center for Developmental Biology, Chuo-ku Japan) (Suzuki et al., 2007).
The GFRa2 antibody has been used by several laboratories, including our
own, to label specifically GFRa2-positive neurons (Malin et al., 2006;
Forrest and Keast, 2008). This antibody stains a single band in Western
blot analysis and stains no cells in GFRa2 knock-out mice (Voikar et al.,
2004; Wanigasekara and Keast, 2006). We have previously published
preabsorption studies with the CGRP antiserum and found no staining
of sensory ganglia when antibody is preincubated with targeted peptide
(Fasanella et al., 2008). The PGP 9.5 specificity was described by Doran et
al. (1983). This antibody detects a single band in Western blot analysis for
the human version of this neuron-specific ubiquinase and is a standard
reagent for labeling peripheral fibers. The specificity of TRPMS8 antibody
has been tested as previously described (Suzuki et al., 2007). Briefly,
incubation of GST-TRPMS antigen with TRPMS antiserum blocked the
immunostaining of TRPMS8 in mouse DRG neurons. In addition, West-
ern blots show that anti-TRPMS8 recognizes a major band at 127 kDa in
lysates of DRG but not cerebral cortex, which does not express TRPMS.

Secondary antibodies/stains used were as follows: IB,-Cy3 (1:200, In-
vitrogen), Cy2-conjugated donkey anti-goat (1:1000, Jackson Immu-
noResearch Laboratories), and Cy-2 donkey anti-rabbit (1:1000, Jackson
ImmunoResearch Laboratories). Slides were coverslipped and photo-
graphed using a confocal microscope (Leica Microsystems).

Quantification of PGP and CGRP-positive fibers in skin. NIH Image]J
software was used to quantify the density of PGP9.5- and CGRP-positive
fibers in glabrous skin. A “convert to mask” operation was performed to
convert fluorescently labeled tissue to black and white such that immu-
nopositive fibers were black against a white background. The epidermis
was then outlined, and the percentage of areas containing immunoposi-
tive fibers was determined. Adjacent sections of glabrous skin from WT
(n = 3) and NRTN-OE (n = 3) mice were analyzed. One section was
stained with PGP9.5, and the adjacent section was stained for CGRP.
Three evenly spaced sections were analyzed per animal. Statistical anal-
ysis of the data was performed by  test. Using the same images, we also
estimated the number of immunopositive nerve fibers in the epidermis as
described previously (Lindfors et al., 2006). Briefly, the dermal-
epidermal junction was traced, its length measured using NIH Image]
software, and the number of PGP 9.5- or CGRP-positive nerve fibers
within each imaged area counted. Data are presented as the number of
immunopositive fibers per 100 wm.

Cell area measurement. A total of 200 GFRa2-positive neurons in the
DRG and TG were randomly selected from each animal (n = 3 for each
genotype) and the cell areas measured using NIH Image] software. Sta-
tistical significance between groups was determined using a x? test.
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Western blotting. Pooled L2-L4 DRG from WT (n = 4) and NRTN-OE
(n = 4) mice were homogenized in SDS lysis buffer and protein concen-
tration determined using the Pierce 660 nm Protein Assay (Thermo Sci-
entific). A total of 30 ug of protein was boiled in 5 X SDS loading buffer
for 10 min, separated on an 8% SDS-PAGE gel, transferred to PVDF
membranes, blocked, and incubated with primary antibodies at 4°C
overnight (rat anti-TRPMS, 1:1000 and rabbit-anti-GAPDH, 1:5000,
Santa Cruz Biotechnology). Horseradish peroxidase-coupled secondary
antibodies were used for amplification and antibody binding visualized
using chemiluminescent detection (Thermo Scientific).

Neuron cell counts. L4 DRG neuron number was estimated as previ-
ously described (Harrison et al., 2004; Elitt et al., 2006). Briefly, DRG
were collected, postfixed in 4% paraformaldehyde for 30 min, and cryo-
protected overnight in 25% sucrose. Serial sections (10 wm) stained with
hematoxylin and eosin were examined at a total magnification of 400X,
and a drawing tube was used to record neurons containing one or more
nucleoli. Six evenly spaced sections were analyzed per ganglion, and the
number of neurons counted was multiplied by the interval between sec-
tions. These raw counts were adjusted using a correction factor (percent-
age of neurons with only one nucleolus) to account for the possibility that
individual neurons had multiple nucleoli and could be theoretically
counted more than once. This correction factor was multiplied by the
raw count to provide an adjusted estimate of cell number. Statistical
significance between groups was determined using a ¢ test. The percent-
age of GFRa2-positive cells was determined using the procedure de-
scribed by Elitt et al., 2006. The percentage of GFRa2/NeuN-positive
cells relative to all NeuN-positive cells (used to distinguish neurons from
non-neuronal cells) was determined in the L4 and trigeminal ganglia. At
least three 40 X fields from a minimum of four nonadjacent sections were
counted. Only neurons with visible nuclei were counted to avoid count-
ing errors that could result from neurturin-overexpresser (NRTN-OE)
neuron hypertrophy. A minimum of 1000 neurons per animal was
counted in at least four WT and four NRTN-OE mice. The same proce-
dure was used to determine the percentage of IB,-positive cells in the L4
ganglion of WT and NRTN-OE mice.

Electron microscopic analysis of nerve fibers. Saphenous nerves from
WT and NRTN-OE mice (1 = 4 per group) were exposed at mid-thigh
level and fixed in situ with 4% paraformaldehyde and 2% glutaraldehyde
in 0.1 M PB for 10 min. A 3 mm segment was removed, postfixed in 4%
paraformaldehyde for 2 h, and washed 3 X 5 min in 0.1 M PB. Nerve
segments were dehydrated in graded alcohols, infiltrated with propylene
oxide, embedded in epoxy resin, and polymerized at 60°C for 24 h. Ul-
trathin sections (0.7-0.8 wm) were cut on an ultramicrotome, stained
with lead citrate and uranyl acetate, and photographed on an electron
microscope. The number of myelinated and unmyelinated axons in
nerve cross-sections was counted and axon diameters measured using
NIH Image] software.

RNA isolation and real-time RT-PCR. RNA was isolated from hindpaw
skin, pooled L2-L4 DRG, and pooled TG using RNeasy Mini kits (QIA-
GEN). RNA (1 ug) was DNase-treated (Invitrogen), reverse-transcribed
using Superscript II reverse transcriptase (Invitrogen), and analyzed us-
ing SYBR Green PCR as described previously (Malin et al., 2006). Prim-
ers were designed using Oligo software (Molecular Biology Insights) and
are listed in Table 1. Statistical significance was determined using a ¢ test
and Holm’s correction (Holm, 1979) for multiple comparisons.

Single-cell PCR analysis

Single-cell RT-PCR was conducted as previously described (Malin et al.,
2011; Schwartz et al., 2011; Wang et al., 2011). Cutaneous afferents were
retrogradely labeled by subcutaneous injection of 10 ul of IB,-488 (2
ug/ul) on the dorsal-medial side of the hindpaw. At 3 d after injection,
DRG cultures were prepared and individual IB,-backlabeled neurons
were collected with large-bore (~50 um) glass pipettes and expelled into
microcentrifuge tubes containing reverse-transcriptase (RT) mix (Invit-
rogen). For each experiment, two negative controls were included, either
omitting RT or using a cell-free RT mix as template. The first-strand
c¢DNA from back-labeled neurons was used as template in a PCR con-
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Table 1. Sequences of primers used for real-time RT-PCR assays

Gene Forward Primer (5'-3") Reverse Primer (5'-3")

ARTN GGCCAACCCTAGCTGTTCT TGGGTCCAGGGAAGCTT

ASIQ2a ATGGACCTCAAGGAGAGCCCCAG AAGTCTTGATGCCCACACTCCTGC
ASIC2b CGCACAACTTCTCCTCAGTGTTTAC TTGGATGAAAGGTGGCTCAGAC
GAPDH ATGTGTCCGTCGTGGATCTGA ATGCCTGCTTCACCACCTTCTT
GDNF AGCTGCCAGCCCAGAGAATT GCACCCCCGATTTTTGC

GFRa1 GTGTGCAGATGCTGTGGACTAG TTCAGTGCTTCACACGCACTTG
GFRa2 TGACGGAGGGTGAGGAGTTCT GAGAGGCGGGAGGTCACAG
GFRa3 CTTGGTGACTACGAGTTGGATGTC AGATTCATTTTCCAGGGTTTGC
Nav 1.8 GCCACCCAGTTCATTGCCTTTTC TCCCCAGATTCTCCCAAGACATTC
NGF ACACTCTGATCACTGCGTTTTTG CCTTCTGGGACATTGCTATCTGT
NRTN TGAGGACGAGGTGTCCTTCCT AGCTCTTGCAGCGTGTGGTA
P2X; TGGAGAATGGCAGCGAGTA ACCAGCACATCAAAGCGGA

p75 GGGTGATGGCAACCTCTACAGT GTGTCACCATTGAGCAGCTTCT
Piezo 2 GGCACTAGCATGTGCGTTC TGTCCTTGCATCGTTGCTTTG

Ret TGAGTGCACCAAGCTTCAGTAC GCGAAGCCTGGGTCTGTCT
Runx1 TTTCAAGGTACTCCTGCCTGA CAGTGAGAAGGACCAGAGACT
TrkA AGAGTGGCCTCCGCTTTGT (GCATTGGAGGACAGATTCA
TRPA1 GCAGGTGGAACTTCATACCAACT CACTTTGCGTAAGTACCAGAGTGG
TRPM8 (GTGGGAGGGTGTCATGAAG GTTGTCGTTGGCTTTCGTGTT
TRPV1 TTCCTGCAGAAGAGCAAGAAGC CCCATTGTGCAGATTGAGCAT

taining 1X GoTagq reaction buffer (Promega), 20 nm external primers,
0.2 uMm deoxynucleoside triphosphates, and 0.2 ul of GoTaq DNA poly-
merase (Promega). Each initial PCR product served as template in a
subsequent PCR using a nested primer pair (TRPA1 external primer =
CTTCCTGGATTACAACAATGCTCTG, ATGTCCCCAACCGCCAA
GC; internal Primer = CAGTGGCAATGTGGAGCAATAG, AAGGAA
AGCAATGGGGTGC). Products were electrophoresed on 2% agarose—
ethidium bromide gels and photographed. Only samples that amplified
the housekeeping gene GAPDH were analyzed.

Calcium imaging. Nonpeptidergic cutaneous afferents (the majority of
which express GFRa2) were retrogradely labeled by subcutaneous injec-
tion of 10 ul of I1B,-488 (2 ug/ul) on the dorsal-medial side of both
hindpaws. This site allows preferential labeling of saphenous nerve affer-
ents located in the L2-L3 DRG. At 3 d after injection, DRG cultures were
prepared and analyzed as described previously (Malin et al., 2007). Ca**
imaging was performed 15-18 h after plating on neurons labeled for 30
min at 37°C with the Ca** indicator dye Fura-2 AM (2 mg/ml; Invitro-
gen). Coverslips were placed on an Olympus microscope stage mount
with HBSS buffer flowing at 5 ml/min and maintained at 30°C using a
heated stage and in-line heating system (Warner Instruments). Cells with
IB,-488 labeling were identified as regions of interest. Emission data at
510 nm were collected at 1 Hz with excitation at 340 and 380 nm and the
change in the 340/380 ratio analyzed using SimplePCI software (Compix
Imaging Systems). Ca" transients were examined in response to brief
application of menthol (250 uMm), capsaicin (1 um), and mustard oil (100
uM). Drugs were obtained from Sigma-Aldrich.

Behavioral analysis

Hargreaves test. WT (n = 10) and NRTN-OE (n = 10) mice were placed
in individual Plexiglas chambers set on a glass plate maintained at 30°C
(IITC Life Science). Animals were acclimated to the apparatus for 1 h
daily for 3 d before the day of testing when response latencies (flinching
or paw lifting) to noxious thermal stimulation were measured by apply-
ing a radiant heat stimulus applied to the glabrous skin of each hindpaw.
Three measures from left and right paws (six total) were averaged to
obtain a single score for each animal. The experimenter was blinded to
mouse genotype. Statistical significance was determined by one-way
ANOVA.

Mechanical sensitivity (von Frey filament test). Hindpaw withdrawal
frequencies in response to von Frey filament stimulation were performed
as described previously (Schwartz et al., 2008). Mice [WT (n = 8) and
NRTN-OE (n = 8)] were acclimated daily for 30 min for 3 d before the
day of testing. Mechanical stimuli were applied from below to the plantar
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surface of the right hindpaw (~2-3 s) and responses to the applied
monofilament (vF #3.61, equivalent to 0.4 g of force) determined. Stim-
uli were applied 10 times and the number of positive responses converted
into a percentage with 10 positive responses corresponding to 100%. The
experimenter was blinded to mouse genotype. Statistical significance was
determined using a one-way ANOVA.

Two-temperature choice test. WT (n = 20) and NRTN-OE (n = 20)
mice were placed into a thermal gradient apparatus (IITC Life Science)
and allowed to explore two adjacent temperature controlled surfaces for
5 min. One surface was held at a constant temperature of 32°C, and the
other ranged in temperature from 4°C to 32°C (test surface). The time
spent on each surface was recorded, and the percentage of time spent on
the test surface was calculated. Statistical significance was determined by
t tests at each temperature using Holm’s correction (Holm, 1979) for
multiple comparisons.

Tests for noxious cold responses. WT (n = 20) and NRTN-OE (n = 20)
mice were placed in a Plexiglas container with an ice block floor. The ice
block was placed on top of dry ice, and its temperature was maintained at
—20°C (monitored using a infrared thermometer). The latency to the
first nocifensive response (foot lifting or jumping) and the number of
responses in 60 s were quantified. Mice were also tested using a tail-flick
test. Mice (n = 6) were placed in Plexiglas holders and allowed to accli-
mate for 5 min. Their tails were then dipped into —15°C 95% ethanol,
and the time to the tail-flick response was recorded (Mogil and Adhikari,
1999; Elitt et al., 2006). For all studies, the experimenter was blinded to
mouse genotype. Statistical significance for each measure was deter-
mined by a ¢ test.

Tests for oral sensitivity. Mice were tested for oral sensitivity to menthol
and mustard oil using a modified paired-preference drinking aversion
paradigm as described previously (Elitt et al., 2008). Mice were caged
individually and given food and water ad libitum. Each cage was fitted
with two drinking bottles. On d1 and d2, both bottles contained normal
water and mice were allowed to drink ad libitum. The volume consumed
from each bottle was measured each day to compare baseline drinking
between groups. On d3, oral sensitivity to menthol or mustard oil was
determined. In tests of menthol sensitivity, one bottle contained normal
water plus vehicle (0.07% ethanol) and the other bottle contained nor-
mal water plus menthol at a concentration of 0.1, 1, or 5 mm. Six mice per
group were tested at each menthol concentration (total of n = 18 WT and
n = 18 NRTN-OE). In tests of mustard oil sensitivity, one bottle con-
tained normal water plus vehicle (0.5% ethanol) and the other bottle
contained normal water plus mustard oil at a concentration of 100 um
(n =9 per group) or 300 um (n = 6 per group). Separate cohorts of mice
were used to test menthol and mustard oil. The experimenter was
blinded to the genotype of each mouse tested.

Statistical analysis. Data are expressed as mean * SEM. Statistical sig-
nificance for all analyses was set at p << 0.05. Data were analyzed using
Prism software (GraphPad Software).

Results

NRTN is increased in skin of NRTN-OE mice

The human epidermal K14 keratin promoter was used to drive
NRTN cDNA overexpression in basal keratinocytes of the epider-
mis (Fig. 1A). This promoter becomes transcriptionally active in
developing whisker pad skin at embryonic d10.5 and has been
shown to direct high-level expression of NGF, brain-derived neu-
rotrophic factor, neurotrophin 3 (NT-3), GDNF, and artemin
(ARTN) to the epidermis when linked to the respective cDNA
(Albers et al., 1994; 1996; Zwick et al., 2002; Albers et al., 2006;
Elitt et al., 2006). Real-time PCR analysis of back skin showed an
increase in NRTN mRNA in transgenic NRTN-OE mice (Fig.
1B), as did glabrous hindpaw skin, hairy hindpaw skin, and flank
skin (11-, 5-, and 3-fold increase, respectively; Table 2). Concom-
itant with the increase in NRTN was a decrease in GDNF in all
skin types assayed (Table 2). Overexpression of NRTN had no
overt effect on epidermal (glabrous skin) thickness (WT, 36.11 =
1.74 um; NRTN = 36.45 * 3.28 um).
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Table 2. Change in mRNA level of growth factors in skin of NRTN-OE mice relative to
WT mice

Percentage change in NRTN-OE

Geneassayed”  Flank skin (%)  Glabrous skin of hindpaw (%)  Hairy skin of hindpaw (%)
NRTN 313* 1123* 485*

GDNF —73* —56* —67*

ARTN 14 8.0 12

“NRTN was increased in all skin regions tested. ARTN mRNA did not change, whereas GDNF mRNA was decreased in
all skin regions tested.

*NRTN-OE value significantly differs from WT (p << 0.05; ¢ test with Bonferroni correction).

NRTN-OE

Figure 2.  NRTN overexpression increases the density of PGP9.5-positive, but not CGRP-
positive, nerve endings in the epidermis of footpad skin. Immunolabeling of glabrous skin from
WT (n = 4; 4, C)and NRTN-OE (n = 4; B, D) mice. The number and intensity of PGP9.5-positive
fibers are increased in NRTN-OE (B) relative to WT (A) skin. No change was evident for CGRP-
positive fibers between NRTN-OE (D) and WT (C). Scale bar, 25 m.

NRTN-OE mice exhibit hypertrophy of peripheral

afferent projections

Most NRTN-responsive/ GFRa2-positive neurons are unmyeli-
nated C-fibers (Snider and McMahon, 1998; Stucky and Lewin,
1999) and account for 70% of cutaneous afferents (Lu et al.,
2001). The increase of NRTN mRNA in skin correlated with hy-
perinnervation by PGP9.5-positive fibers in the epidermis of gla-
brous hindpaw skin. This is apparent via visual inspection (Fig. 2)
and confirmed by measures of PGP9.5-positive fiber density
(WT, 4.37 = 0.36%; NRTN-OE, 8.05 * 0.85%; n = 3, p < 0.05)
and by counts of fiber number per 100 um (WT, 4.29 = 0.38
fibers/100 wm; NRTN-OE, 10.99 = 1.18; p < 0.05). In contrast,
no increase was measured in the density or number of CGRP-
immunopositive fibers.

In previous studies, overexpression of NGF, NT-3, GDNF, or
ARTN led to an increase in the number of DRG neurons (Albers
et al., 1994; 1996; 2006). However, counts of neurons in L4 DRG
of WT and NRTN-OE mice showed no difference (WT, 3927 =
62; NRTN-OE, 3930 * 54), suggesting that the increased inner-
vation to the skin was the result of hypertrophy of terminal pro-
jections of NRTN-responsive afferents.

Low-magnification electron microscopic montages showed
that the diameter of the saphenous nerve was larger in
NRTN-OE mice (Fig. 3A,B), although the total number of
myelinated and unmyelinated axons was unchanged (Table 3).
This is consistent with the lack of change in the total DRG
neuron number. Interestingly, the mean diameter of both my-
elinated (WT, 3.64 = 0.11 wm; NRTN-OE, 3.92 = 0.23 um;
p < 0.05) and unmyelinated (WT, 0.86 % 0.04 wm; NRTN-
OE, 1.12 £ 0.05 um; p < 0.05) axons increased significantly in
NRTN-OE mice (Table 3). Moreover, the distribution histo-
gram for unmyelinated axons shows a uniform rightward shift
(Fig. 3C). These observations are consistent with the hyper-
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trophy of GFRa2-positive sensory so- A
mata and hyperinnervation of the gla-
brous skin.

Relative to changes in unmyelinated
axons, hypertrophy of myelinated axons
in NRTN-OE mice was more selective.
The greatest effect was seen in the largest
fibers (5-6 wm diameter; Fig. 3D), sug-
gesting that NRTN overexpression selec-
tively affects a subset of myelinated
cutaneous afferents. This subpopulation
may be the large Ret and GFRa2-positive
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GFRa2 and Ret expression
The canonical receptor complex for
NRTN is composed of the Ret receptor
tyrosine kinase and GFRea2. All GDNF
family ligands bind Ret (although evi-
dence also supports Ret-independent sig-
naling) (Poteryaev et al., 1999; Paratcha et
al., 2003; Cao et al., 2008; Schmutzler et
al., 2011), whereas the coreceptor GFRa:2
confers specificity for NRTN (Heuckeroth et
al., 1999; Rossi et al., 1999; Baloh et al.,
2000b). Because neurotrophic factors can regulate expression of
their cognate receptors (Delcroix et al., 1998; Harrison et al.,
2000; Gratto and Verge, 2003), we examined whether increased
NRTN affected sensory neuron GFRa2 expression. Immunola-
beling of L4 DRG and TG showed a 30% increase of GFRa2-
positive neurons in NRTN-OE DRG (WT, 33.3 = 2.6%; NRTN-
OE, 43 = 1.3%; p < 0.01) and a 25% increase in the TG (WT,
34.8 £ 1.8%; NRTN-OE, 46.2 = 2.4%; p < 0.01). A similar
increase (24%) in the percentage of cells staining for IB, was also
present; 34.3 = 3.2% of WT L4 neurons were 1B, positive com-
pared with 45.0 * 4.9% of NRTN-OE L4 neurons (p < 0.05).
Cell area measures also showed hypertrophy of GFRa2-
expressing neurons in both TG (WT, 164.6 = 3.0 um? NRTN-
OE, 335.5 + 7.6 um?; p < 0.001; Fig. 4A-F) and L4 DRG (WT,
196.0 = 4.5 um?* NRTN-OE, 290.4 * 8.2 um?; p < 0.001; Fig.
4G-L). The size distribution of GFRa2-positive somata in both
DRG and TG showed a significant rightward shift (Fig. 4 M,N).
In addition, real-time RT-PCR analysis showed GFRa2 mRNA
increased 62% in pooled lumbar DRG and 98% in TG, whereas
Ret mRNA increased 77% in DRG and 144% in TG of NRTN-OE
mice (Table 4). The mRNA levels for the NGF receptors, tyrosine
kinase A (TrkA) and p75, were unchanged (Table 4). There also
was no change in GFRal mRNA, although GFRa3 mRNA was
significantly decreased in NRTN-OE mice (—32% in DRG and
—28% in TG; Table 4). Given that there was no increase in the
number of DRG neurons, these data indicate that the increase in
expression of GFRa2 and Ret occurs on a per cell basis, and
perhaps by de novo synthesis in some cells.

Figure 3.
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NRTN overexpression increases the diameter of myelinated and unmyelinated axons in the saphenous nerve. Low-
power magnification electron microscopicimages of saphenous nerve cross-sections at mid-thigh level from a WT (4) and NRTN-OE
(B) mouse. Although the total number of axons was unchanged (Table 2), nerves of NRTN-OE mice are larger than those from WT.
Histograms show the distribution of axon diameters of unmyelinated (€) and myelinated (D) fibers in saphenous nerves from WT
(n = 4) and NRTN-OE (n = 4) mice. The average diameter of myelinated and unmyelinated axons is significantly increased in
NRTN-OE mice (Table 2). For unmyelinated axons, a significant rightward shift of the entire population occurs (two-way ANOVA,
p < 0.05). For myelinated axons, an enlargement of the largest-diameter axons (>4.5 pum) occurs. Scale bar, 20 m.

Table 3. Number and diameter of myelinated and unmyelinated fibers in the
saphenous nerve of WT and NRTN-OE mice

No./diameter/thickness” WT NRTN-OE

No. of myelinated axons 556.25 = 14.64 550.5 £ 21.17
No. of unmyelinated axons 2472.25 + 83.78 2430.25 = 44.95
Diameter of myelinated axons (um) 3.64 = 0.11 3.92 +0.23*
Diameter of unmyelinated axons (um) 0.86 + 0.04 1.12 = 0.05%
Myelin thickness (m) 0.65 = 0.03 0.70 = 0.03

“The number of myelinated and unmyelinated axons in the saphenous nerve was unchanged in NRTN-OE mice.
However, the average diameter of both populations was increased. Myelin thickness was unchanged.

*NRTN-OE > WT (p << 0.05;  test).

NRTN-OE mice exhibit increased TRPMS8 expression

Several TRP nonselective cation channel family members are ex-
pressed in cutaneous afferents. The relative expression of three genes
within this family with putative functions in heat (TRPV1) and cool/
cold (TRPM8 and TRPA1) thermosensation were examined in
NRTN-OE mice using real-time RT-PCR. No significant change in
TRPV1 mRNA expression occurred in NRTN-OE ganglia (Table 4).
However, the mRNA level of TRPMS was significantly increased in
both lumbar DRG and TG (44% and 84%, respectively; p < 0.05) of
NRTN-OE mice relative to WT mice. TRPAI was also increased
(74% in DRG; 42% in TG; p < 0.05; Table 4).

To determine whether the number of TRPM8-expressing
neurons was increased, we performed two experiments using IB -
labeled cells as our reference population (as most of these neu-
rons are NRTN-responsive). In the first experiment, L4 DRG
were colabeled using an antibody to TRPM8 and IB,-conjugated
Cy3. No double-labeled cells were seen in WT mice (n = 4),
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confirming the results of McKemy and
coworkers who used a TRPMS8 reporter
mouse and found that TRPMS is only ex-
pressed in ~8% of L4 DRG neurons, all of
which are IB,-negative (Takashima et al.,
2010). However, in NRTN-OE mice, the
overlap between IB, and TRPMS8 was
40.0 = 7.4% (n = 4), indicating that in
NRTN-OE mice the percentage of
TRPM8-positive cells may be increased by
as much as 18%; i.e., IB,-positive cells ac-
count for 45% of the somatic profiles in
the NRTN-OE L4 DRG (above) and 40%
of these are TRPMS-positive (45% X
0.4 = 18%). In the second experiment, IB,-
488 was injected into the glabrous skin of the
hindpaw, and the overlap between back-
labeled neurons and TRPMS8 was deter-
mined. In WT mice, very few IB,-binding
neurons were TRPMS8-immunoreactive
(6.0%, n = 4; Fig. 5), whereas in NRTN-OE
mice, 70% (n = 4) were TRPM8-positive.
The fact that a higher percentage of NRTN-
OE, IB,-back-labeled neurons expressed

M D 100 TG N 100 DRG TRPMBS then did the entire IB, population
3 CawT . o
o * BENRTN-OE (Experiment 1) indicates that the effect of
- 75 75 . .
) NRTN overexpression was specific for cuta-
5 % 50 neous afferents.
'g 25 25 The TRPM8-positive IBA)inding neu-
2 . . rons exhibited size heterogeneity. Measure-

S S S S S S S S & ment of somal diameter of neuronal

Area (um?)

Figure4.

hypertrophy of GFRa:2-positive/IB,-binding neurons. *NRTN-OF > WT (2 test, p < 0.05).

Table 4. Change in gene expression in lumbar DRG and TG of NRTN-OE mice

Somas of NRTN-responsive neurons are hypertrophied. GFRce2-positive/IB,,-binding neurons (arrows) from NRTN-OE
mice (n = 4) appeared larger relative to WT neurons (n = 4) in the TG (compare A-Cwith D—F) and DRG (compare G—/ with J-L).
In WT DRG, GFRar2-positive/IB,-negative neurons were rare, whereas in the NRTN-OE mice, numerous GFRa2-positive/IB,-
negative neurons could be found (J-L; arrowheads). The size distribution of somal areas of GFRar2-positive neurons for TG and DRG
is shown in M and N, respectively. A significant rightward shift in TG and DRG populations in NRTN-OE ganglia occurs, indicating

Gene assayed” DRG (percentage change) TG (percentage change)
ASIC2a 95% 125*
ASIC2b 20 13
GFRa1 6.0 =17
GFRa2 62* 98*
GFRa3 —32* —28*
Nav 1.8 13 ND
P2X, 84* 4
p75 —5.0 -1
Piezo 2 15 ND
Ret 7* 144*
Runx1 38* 76*
TrkA —-23 —13
TRPA1 74* 42*
TRPM8 44* 84*
TRPV1 —22 —=10

“ASIC2a, GFRae2, P2X; , Ret, Runx1, and TRPM8 were increased in ganglia of NRTN-OE mice relative to WT mice. ND,

Not determined.
*Significant difference (p << 0.05; ¢ test with Bonferroni correction).

profiles revealed that in WT mice only
15% of TRPMS8-positive cells were =30
um, whereas 55% of NRTN-OE TRPMS-
positive profiles were =30 um. These
larger cells were lightly labeled relative to
the population of smaller cells, similar to
reports describing TRPV1 labeling (Chen
et al., 2006). Immunoblot analysis also
showed an increase in TRPMS8 protein
level in the DRG of NRTN-OE mice com-
pared with WT mice (Fig. 5G). Together, these results suggest
that, in NRTN-OE ganglia, either a dramatic hypertrophy of
TRPMS8-expressing cells occurs or neurons that normally do not
express TRPMS8 begin to do so. Given the large increase in the
number of TRPM8-immunopositive cells, the second possibility
seems more likely.

Because we did not have access to a validated antibody for
TRPA1, we performed single-cell PCR on lumbar DRG neurons
retrogradely labeled from hindpaw skin with IB, to determine the
percentage that express TRPA1 mRNA. There was no difference
in this percentage between WT and NRTN-OE mice (WT, 56 =
2.16%; NRTN-OE, 47 = 2.87%; n = 4; p > 0.05). However, the
percentage of cells expressing TRPA1 mRNA was higher than
predicted based on previous calcium imaging functional studies
(only 19% of WGA back-labeled afferents exhibited mustard oil-
induced calcium signals) (Malin et al., 2011). We therefore con-
ducted calcium imaging studies on IB,-positive cells retrogradely
labeled from hindpaw skin. We found no difference between WT
and NRTN-OE in the percentage of cells responding to the
TRPA1 agonist, mustard oil (WT, 29.4 *= 4.1%; NRTN-OE,
21.0 £ 3.9%; n = 4; p > 0.05), although the percentage of re-
sponders was notably less than the percentage expressing TRPA1
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mRNA. This finding suggests that a pop-
ulation of cutaneous afferents contain
TRPA1 mRNA but do not produce pro-
tein and functional TRPA1 channels.

NRTN-OE mice do not exhibit altered
behavioral sensitivity to noxious heat
NRTN-responsive neurons make up the
majority of fibers innervating the epider-
mis and functionally these afferents are
primarily polymodal nociceptors respon-
sive to mechanical and heat stimuli. Elec-
trophysiological analysis of dissociated
DRG neurons from GFRa2 KO mice G
showed that NRTN/GFRa2 receptor sig-

naling is required for noxious heat re-
sponses (Stucky et al., 2002). To test
whether changes in sensitivity to noxious
heat occur in vivo in mice that overexpress
NRTN, glabrous hindpaw withdrawal la-
tencies were measured in response to nox-
ious radiant heat. Withdrawal latencies
were not different between WT and
NRTN-OE mice (WT, 11.21 = 1.59 s;
NRTN-OE, 9.81 = 1.43 5), indicating that
overexpression of NRTN does not alter
sensitivity to noxious heat. This is consis-
tent with the lack of change in TRPVI
mRNA expression in NRTN-OE ganglia.

TRPM8

Figure 5.

um.

NRTN-OE mice exhibit increased behavioral sensitivity to
innocuous cold stimuli

The observed change in NRTN-OE lumbar DRG expression of
TRPMS, a channel activated by menthol or temperatures <25°C
(McKemy et al., 2002; Peier et al., 2002; Bautista et al., 2007),
suggested that sensitivity to cool stimuli may be altered in
NRTN-OE mice. A two-temperature choice test was used to de-
termine whether NRTN-OE mice had increased sensitivity to
innocuous cold. The reference temperature was set at 32°C be-
cause preliminary experiments showed that both WT and
NRTN-OE mice spent the greatest amount of time at this tem-
perature when allowed to explore a continuous gradient of 16°C
to 45°C (data not shown). When the temperature of both keys
was maintained at 32°C in the two-choice temperature test, mice
spent equal time on each key, indicating no preference for right
and left keys. Both WT and NRTN-OE mice showed a preference
for the 32°C control key when the temperature of the variable key
ranged from 4°C to 26°C. However, NRTN-OE mice spent sig-
nificantly more time than WT mice on the 32°C control key
relative to the variable key at the test temperatures of 17°C and
20°C (p < 0.01), indicating increased sensitivity to cooling (Fig.
6A). NRTN-OE mice also showed a trend for increased sensitivity
to 14°C, although this did not reach statistical significance (p =
0.082).

Because NRTN-OE mice expressed more TRPA1 mRNA per
ganglia (Table 4) and because there is still controversy as to
whether this TRP channel can mediate sensitivity to noxious cold
(Bautista et al., 2006; da Costa et al., 2010; del Camino et al., 2010;
Chen et al., 2011), we tested the NRTN-OE mice in two assays
using noxious cold stimuli. In the first assay, mice were placed on
a wet ice block sitting on dry ice (an infrared thermometer re-
ported a consistent temperature of —20°C). Latency to the first
nocifensive response and the number of responses were deter-
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NRTN overexpression increases the number and size of TRPM8-positive/IB,-binding neurons. In WT DRG (A-C),
TRPM8 staining was not detectable in IB,-binding neurons, whereas in NRTN-OE DRG (D-F), most IB,-binding neurons express
TRPMS (arrows). Immunoblot analysis of pooled L2—L4 DRG from WT (n = 3) and NRTN-OE (n = 3) mice (G). TRPM8 protein level
was greater in DRG from NRTN-OE mice. TRPM8 protein was undetectable in WT ganglia under the conditions used. Scale bar, 20

mined. The second test was a tail flick assay using —15°C circu-
lating ethanol bath. Surprisingly, in both assays, the NRTN-OE
mice were less sensitive than WT mice (Fig. 6B,C). In the ice
block test, NRTN-OE mice had a longer latency (NRTN-OE,
21.7 £ 1.7 s; WT, 13.3 £ 0.85 s; n = 20; p < 0.05) to the first
response and subsequently exhibited fewer responses (NRTN-
OE, 15.6 £ 1.36; WT, 21 = 1.5, n = 20; p < 0.05). A longer
latency was also seen in the tail flick test (NRTN-OE, 9.8 = 1.3 s;
WT,58 * 1.1s;n=6; p <0.05).

NRTN-OE mice exhibit increased oral sensitivity to menthol
Because TRPMS8 was increased in the TG of NRTN-OE mice
relative to WT (84%, Table 4), and TRPM8-expressing neurons
in the TG have branches in lingual nerve fibers that innervate the
tongue (Abe et al., 2005), oral sensitivity to menthol, a TRPM8
ligand, was assessed using a two-bottle drinking aversion test.
During the acclimation period, all mice drank the same volume
of water from each bottle and did not display a bottle preference
(data not shown). On the test day, one bottle was filled with
vehicle (0.07% ethanol in normal water), and the other was filled
with menthol solution at 0.1, 1, or 5 mM concentration. Neither
WT nor NRTN-OE mice exhibited a bottle preference at the
lowest menthol concentration. However, at concentrations of 1
and 5 mM menthol, both WT and NRTN-OE mice drank less
menthol-containing water relative to vehicle-containing water,
and NRTN-OE mice consumed significantly less compared with
WT mice (Fig. 6D). This result suggests that NRTN-OE mice had
increased oral sensitivity to menthol.

Having seen no changes in thermal behavior that potentially
correlated with the increase in TRPA1 expression, we tested
whether there was an impact on oral sensitivity to mustard oil. In
previous studies, we found that mice with increased TRPA1 ex-
pression in response to transgenic expression of artemin
(ARTN-OE mice) in the oral epithelium exhibited decreased
consumption of water-containing mustard oil (Elitt et al., 2008).
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¢ o 0

4 10 14 17 20 23 26 29 32

ference in increased responsiveness to

C Test Temperature (°C) D wi NRTH-OE menthol. The magnitude of the menthol-
. o ® evoked calcium transient was unchanged
35 E., N ENRN-0E between WT and NRTN-OE neurons.
30 I g There was no change in the number of
225 e IB,-488 labeled cells that responded to
520 . g, capsaicin (NRTN-OE, 32.3 = 0.47; WT,
S5 I 3 . 30.3 = 0.31;n = 3, p > 0.05) or mustard
10 SE oil (NRTN-OE, 26.5 = 7.9; WT, 20.9 =
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Figure 6.  NRTN-OE mice have increased sensitivity to innocuous cold temperature and oral menthol. A, A two-temperature  specific manner.

choice test was performed in which mice explored two adjacent temperature-controlled keys for 5 min. The control key was held at
aconstant 32°C, whereas the test key ranged from 4°C to 32°C. Data are plotted as percentage of time spent on the test key ( y-axis)
as a function of test temperature (x-axis). No preference was displayed by NRTN-OE (n = 20) or WT (n = 20) mice at test
temperatures of 29°C and 32°C (i.e., they spent ~50% of the time on both keys). When the temperature of the test key was
<C29°C, both NRTN-OE and WT mice spent less time on the test key relative to the control key, indicating a preference for 32°C.
NRTN-OE mice spent significantly less time than WT mice at the 17°Cand 20°C test temperatures. *NRTN-OE << WT (¢ tests; at each
temperature). B, NRTN-OE mice have decreased sensitivity to noxious cold on wet ice block. Plot shows that NRTN-OE mice placed
ona —20°Csurface have a longer latency to their first nocifensive response than WT mice (p << 0.05; t test). €, NRTN-OE mice also
had fewer responses during the ice block trial period (p << 0.05; ttest). D, WT (n = 6) and NRTN-OE (n = 6) mice were tested for
oral sensitivity to menthol using a two-bottle drinking aversion assay. One bottle contained water with vehicle (0.07% ethanol),
and the other bottle contained water with menthol (0.1, 1,and 5 mm). At the lowest concentration (0.1 mm), both WT and NRTN-OE
mice drank equal amounts of vehicle and menthol solutions, exhibiting no preference. At menthol concentrations of 1and 5 mwu,
both WT and NRTN-OE mice drank less menthol solution compared with baseline, and NRTN-OE mice drank significantly less
menthol-water than WT mice. *NRTN-OE << WT (p << 0.05; two-way ANOVA and Bonferroni post hoc test).

NRTN-OE mice exhibit increased
mechanical sensitivity

Behavioral tests for mechanical sensitivity
of WT and NRTN-OE mice showed that
overexpression of NRTN significantly in-
creased mechanical sensitivity, as defined
by the percentage of responses to applied
von Frey filaments (NRTN-OE, 42.5 *
3.85%; WT, 20.0 = 2.50%; n = 20; p <
0.05). A similar increase in mechanical
sensitivity was observed previously in
mice overexpressing GDNF (Albers et al.,

Using a similar test with 100 wM mustard oil (the concentration
that revealed hypersensitivity in the ARTN-OE mice), NRTN-OE
and WT mice drank the same amount of water and mustard oil
solution (water: WT, 3.96 * 0.66 ml; NRTN-OE, 4.71 * 0.55 ml;
mustard oil: WT, 1.28 = 0.12 ml; NRTN-OE, 1.23 £ 0.26 ml;n =
9; p > 0.05). Wealso tested a higher mustard oil concentration (300
uMm); although both groups of mice drank less of this mustard oil
solution compared with the 100 uM concentration, no difference
was measured between WT and NRTN-OE mice (water: WT,
3.35 %+ 0.17 ml; NRTN-OE, 4.96 * 0.49 ml; mustard oil: WT, 0.49 *
0.07 ml; NRTN-OE, 0.71 =% 0.09 ml; n = 6; p > 0.05).

NRTN-OE cutaneous sensory neurons exhibit increased
response to menthol

Overexpression of NRTN increased TRPM8 mRNA and protein
in sensory neurons and increased behavioral responses to cold
and menthol stimuli, suggesting that NRTN enhances TRPM8-
mediated responses in sensory neurons. To examine TRPMS8 ac-
tivation, we used ratiometric Ca®" imaging to assess how WT
and NRTN-OE cutaneous sensory neurons responded to the
TRPMS8 agonist menthol. Nonpeptidergic cutaneous afferents
(primarily those expressing GFRa2) (Malin et al., 2011) were
retrogradely labeled with IB,-488. Dissociated L2-1L4 DRG neu-
rons were briefly exposed to 250 uM menthol followed by 10 min
of flowing buffer and application of 1 uM capsaicin, during which

2006). This raises the possibility that
NRTN and GDNF level modulates mechanical sensitivity in cu-
taneous afferents, possibly via changes in the expression of me-
chanical transducers. One candidate is ASIC2a, a splice variant of
the proton-gated sodium channel ASIC2 that is required for me-
chanical sensitivity in myelinated low-threshold mechanore-
ceptors (Price et al.,, 2000). In NRTN-OE mice, ASIC2a
expression was significantly increased in both DRG and TG
(95% and 125%, respectively; p < 0.05) relative to WT mice. It
is possible that increased expression of ASIC2a in cutaneous
unmyelinated afferents increases their sensitivity to mechani-
cal stimuli. However, in the absence of specific ASIC2
agonists, this suggestion is speculative. Finally, another DRG-
expressed, mechanically sensitive gene, piezo 2 (Coste et al.,
2010), was examined. No significant increase in NRTN-OE
mice was found (Table 4).

Discussion

The findings of this study show that target-derived overexpres-
sion of NRTN in skin increases the number of cutaneous neurons
that express phenotypic markers associated with NRTN-
responsive afferents (i.e., GFRa2 and Ret mRNA and IB, bind-
ing). NRTN overexpression also led to an increase in the level of
TRPMS expression and enhanced behavioral sensitivity to cool
and menthol, both likely the result of the increase in TRPMS8. The
phenotypic changes were greatest in the TG, similar to what has
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been seen in other transgenic lines overex- A
pressing growth factors (Albers et al.,
1994, Albers et al., 1996, Albers et al.,
2006) and is probably related to the dense
projection of TG neurons to the whisker
pad and oral epithelium.

The increased mechanical sensitivity
of NRTN-OE mice, similar to the pheno-
type of GDNF-OE mice, is likely the result
of changes in the response properties of
unmyelinated cutaneous afferents. We
cannot rule out the possibility that
changes in the properties of myelinated afferents that express
GFRa2 during development contributed to the mechanosensory
phenotype; however, the majority of these afferents innervate
hairy skin, whereas sensory thresholds were tested here in gla-
brous skin. (Luo et al., 2009; Li et al., 2011). It should also be
noted that IB,-positive polymodal nociceptors have a wide range
of mechanical thresholds, including some that are surprisingly
low (e.g., some IB,-positive CPM respond to 1 mN von Frey hairs
(Woodbury et al., 2004; their Fig. 2).

Unlike overexpression of the growth factors NGF, NT-3, or
ARTN, overexpression of NRTN did not increase total DRG neu-
ron number (Albers et al., 1994; Albers et al., 1996; Albers et al.,
2006). However, the percentage of GFRa2-expressing and
IB,-positive neurons was significantly increased. Although it is
possible that NRTN overexpression increased survival of GFRa2-
positive neurons and a concomitant and equal loss of another
neuron population, this seems unlikely because the majority of
GFRa2 expression appears late in development (Luo et al., 2007),
after the greatest period of developmental programmed cell death
(Davies and Lumsden, 1984; Mendell et al., 1999; Huang and
Reichardt, 2001). Interestingly, RNA expression analysis showed
a decrease in GFRa3 in DRG and TG that could have resulted if
some GFRa3-expressing neurons expressed GFRa2 in response
to increased NRTN levels. During mouse development (extend-
ing into early postnatal times), some DRG neurons do express
both GFRa2 and GFRa3 (Baudet et al., 2000), allowing such a
switch between GFRa2 and GFRa3 phenotype to exist. This
mechanism is further supported by studies of regenerating pe-
ripheral nerves that show a near-complete loss of GFRa2 expres-
sion coupled with a doubling of GFRal- and GFRa3-
immunopositive neurons (Baudet et al., 2000).Together, these
results suggest that the increase in the percentage of neurons
expressing GFRa2 in the NRTN-OE mice is the result of upregu-
lation of GFRa2 expression in cells that do not normally express
detectable levels, and not as a result of increased cell survival.

In addition to an increased number of GFRa2-positive neu-
rons in NRTN-OE mice, the average somal diameter of GFRa:2-
positive neurons increased, as did axonal diameter in the
saphenous nerve, skin innervation density, and the number of
PGP 9.5-positive fibers in the skin. These results complement
previous findings in GFRa2 KO and NRTN KO mice: both
knock-out lines exhibited a reduction in the size of GFRa2-
positive/IB,-binding sensory somata, saphenous axonal diame-
ter, and density of nonpeptidergic free nerve endings in footpad
skin (Heuckeroth et al., 1999; Stucky et al., 2002; Lindfors et al.,
2006). In combination, these results suggest that NRTN is not
required for neuron survival but instead regulates peripheral in-
nervation density as well as the axonal and somatic diameter of
GFRa2-positive neurons.

One of the most striking findings of our characterization of
the NRTN-OE mice was the robust increase observed in TRPMS8
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mRNA, protein, and functional properties as measured by sensi-
tivity to cool temperatures and menthol. In a TRPMS8 reporter
mouse line, the percentage of neurons that express TRPM8 in P14
lumbar ganglia is estimated to be ~8% (Takashima et al., 2010).
The increase in the percentage of retrogradely IB,-labeled cells
expressing TRPMS8 was large (NRTN-OE = 70% vs WT = 6%),
and this was coupled with an equally impressive increase in the
percentage of TRPMS8-positive cells with diameters >30 um
(NRTN-OE = 55% vs WT = 15%). These results suggest that
cells that do not normally express detectable levels of TRPM8 do
so in the NRTN-OE mice. How NRTN/Ret—-GFRa2 signaling
upregulates TRPMS8 expression in GFRa2-positive neurons is
not clear. A potential regulatory molecule is the transcription
factor Runxl. GFRa2 and TRPMS8 gene expression requires
Runx1, as no TRPMS8 expression is detected in Runx1 KO mice
(Chen et al., 2006). Runx1 also regulates the expression of P2X;,
the expression of which is increased in NRTN-OE DRG and TG,
suggesting that Runx1 function is stimulated in NRTN-OE neu-
rons. Real-time PCR analysis of NRTN-OE DRG shows that
Runxl is increased 38% in DRG and 76% in TG (Table 4). Em-
bryonic NRTN overexpression (starting at E10.5) could therefore
induce upregulation of Runxl1, resulting in increased expression
of TRPMS8 and P2X;. TRPV1 expression is also regulated by
Runx1 but is not increased in neurons of NRTN-OE mice. This
may reflect cell type-specific regulation of Runx1 function (Chen
et al., 2006).

The drinking aversion test revealed NRTN-OE mice to be
hypersensitive to the TRPMS ligand menthol, which likely re-
flects the increase in TRPMS in TG neurons. Several groups have
characterized TRPMS expression in TG and tongue (Abe et al.,
2005; Kobayashi et al., 2005), as well as GFRa2 expression in
lingual ganglia (Nosrat, 1998). NRTN overexpression in the
tongue appears to increase TRPM8 expression in TG neurons,
thereby increasing oral sensitivity to menthol. Coupled with the
aversion to oral menthol was an aversion to cool temperatures in
NRTN-OE mice. TRPMS is activated by cooling temperature
between 18°C and 25°C and required for avoidance of innocuous
cold (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al.,
2007). These observations confirm the importance of the fiber
type that is stimulated with respect to the behavioral outcome.
That is, even if the stimulus is “nonthreatening,” if the afferent is
connected to a nociceptive pathway, as is the case for these poly-
modal nociceptors expressing TRPMS, the behavioral response
will be similar to that seen after exposure to a legitimate noxious
input.

In previous behavioral studies of GFRa2 KO mice, no change
in response to noxious heat was observed (Lindfors et al., 2006).
This observation is consistent with the lack of heat hypersensitiv-
ity we observed in NRTN-OE mice (i.e., the level of NRTN/
GFRa2 signaling does not appear to affect the behavioral
response to noxious heat). However, these behavioral results
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from both the GFRa2 KO and NRTN-OE mice are inconsistent
with an in vitro study that found a decrease in heat sensitivity of
IB,-positive neurons isolated from GFRa2 KO mice (Stucky et
al., 2002). Given the anatomical atrophy that occurs in GFRa2-
null neurons (Lindfors et al., 2006), it is reasonable to assume that
their ability to respond to appropriate stimuli would be reduced.
However, it is surprising that the GFRa2 KO mice exhibited nor-
mal behavioral heat responses because epidermal innervation by
polymodal nociceptors is greatly reduced (Lindfors et al., 2006).
Likewise, it was unexpected that skin hyperinnervation in
NRTN-OE mice was not accompanied by increased sensitivity to
noxious heat. These results highlight the resilience of the sensory
nervous system in accommodating alterations in anatomical sub-
strates and the expression of critical regulatory proteins.
Phylogenetic analysis indicates that orthologs of all four GFRa
receptors are present in all vertebrate classes from bony fish to
human (Hatinen et al., 2007). However, not all vertebrate classes
have all four orthologs of the respective growth factor ligands;
although frogs have a GFRa2 receptor, an ortholog of NRTN is
missing from the frog genome, and GDNF is thought to act as the
endogenous ligand for both GFRa1 and GFRa2. The binding site
of both GFRal and GFRa2 is similar in both frog and human
(Hatinen et al., 2007), suggesting a mechanisms for the in vitro
observations that both NRTN and GDNF can act via GFRa1 or
GFRa2 (Baloh et al., 2000a; Airaksinen and Saarma, 2002). Fur-
ther support for the functional overlap of GDNF and NRTN
comes from the similarity in phenotype of mice overexpressing
GDNF or NRTN in the skin: both GDNF-OE and NRTN-OE
mice exhibited hypertrophy of nonpeptidergic endings and ax-
ons, and no change in response to noxious heat (Zwick et al.,
2002). However, each growth factor appears to also have unique
effects on polymodal nociceptor function; NRTN-OE but not
GDNF-OE mice, expressed significant behavioral sensitivity to
mechanical stimulation (Zwick et al., 2002), although an ex vivo,
single-afferent analysis revealed a significant increase in mechan-
ical sensitivity in GDNF-OE polymodal nociceptors (Albers et al.,
2006). Moreover, TRPM8 is upregulated in NRTN-OE DRG, but
downregulated in GDNF-OE mice (Albers et al., 2006). These
results extend previous studies showing that development and
maturation of individual populations of sensory afferents are the
result of the combined effect of multiple neurotrophic growth
factors, acting at various times during development (Molliver et
al., 1997; Chen et al., 2006; Luo et al., 2007), each contributing
differentially to the final afferent phenotype. Based on the exten-
sive overlap of GFRa1 and GFRa2 expression in cutaneous affer-
ents (Malin et al., 2011) and the demonstration that these
neurons are initially dependent on NGF/TrkA signaling
(Molliver et al., 1997), it seems reasonable to conclude that the
phenotype of NRTN-responsive afferents is determined by the
combination of growth factors and their receptors that are ex-
pressed at different times during development and that NRTN
levels modulate cutaneous nociceptor functionality in the adult.
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