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Visualizing Cold Spots: TRPM8-Expressing Sensory Neurons
and Their Projections

Ajay Dhaka,' Taryn J. Earley,' James Watson,? and Ardem Patapoutian'>
Department of Cell Biology, The Scripps Research Institute, La Jolla, California 92037, and 2Genomics Institute of the Novartis Research Foundation, San
Diego, California 92121

Environmental stimuli such as temperature and pressure are sensed by dorsal root ganglion (DRG) neurons. DRG neurons are hetero-
geneous, but molecular markers that identify unique functional subpopulations are mainly lacking. ThermoTRPs are members of the
transient receptor potential family of ion channels and are gated by shifts in temperature. TRPMS is activated by cooling, and TRPM8-
deficient mice have severe deficits in cool thermosensation. The anatomical and functional properties of TRPM8-expressing fibers have
not been not comprehensively investigated. We use mice engineered to express the farnesylated enhanced green fluorescent protein
(EGFPf) from the TRPMS8 locus (TRPM8 ™) to explore this issue. Virtually all EGFPf-positive cultured DRG neurons from hemizygous
mice (TRPM8"“™™7*) responded to cold and menthol. In contrast, EGFPf-positive DRGs from homozygous mice (TRPM8"“""7EF™f) had
drastically reduced cold responses and no menthol responses. In vivo, EGFPf-positive neurons marked a unique population of DRG
neurons, a majority of which do not coexpress nociceptive markers. The fraction of DRG neurons expressing EGFPf was not altered under
an inflammatory condition, although an increase in TRPV1-coexpressing neurons was observed. TRPM8"“""/ neurons project to the
superficial layer I of the spinal cord, making distinct contacts when compared with peptidergic projections. At the periphery, TRPM8" ™"/
projections mark unique endings in the most superficial layers of epidermis, including bush/cluster endings of the mystacial pads. We
show that TRPM8 expression functionally associates with cold sensitivity in cultured DRGs, and provide the first glimpses of the unique
anatomical architecture of cold fibers in vivo.
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Introduction

Temperature and pressure is sensed by specialized dorsal root
ganglion (DRG) neurons in the trunk, and trigeminal ganglion
(TG) neurons in the head (Dhaka et al., 2006; Lumpkin and
Caterina, 2007). The cell bodies of DRG neurons are adjacent to
the spinal cord within the vertebral column. These neurons send
processes to peripheral tissues, detect changes of environmental
stimuli within the skin, and relay this information to the spinal
cord. DRG neurons are thought to be functionally specialized to
sense either noxious or innocuous stimuli, and are divided ac-
cording to the sensory modalities that they respond to. For ex-
ample, some respond only to cooling, heating, or pressure,
whereas others are polymodal and respond to a variety of thermal
and mechanical stimuli. DRG neurons are also characterized by
cell size, conduction velocity (C, A, AB fibers, etc.), unique pe-
ripheral (epidermis, dermis, Merkel cells, hair follicles, muscle
spindle, etc.) targeting, and central projections (dorsal I to ven-
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tral X layers of spinal cord) (Julius and Basbaum, 2001; Patapou-
tian et al., 2003; Lewin and Moshourab, 2004). For example,
temperature-sensitive neurons are usually C and A8 (unmyeli-
nated or lightly myelinated) fibers that project to the dorsal horn
of the spinal cord. Neurons specifically responding to cooling
have been functionally identified using a variety of methods
(Hensel and Zotterman, 1951; Hensel et al., 1974; Hensel, 1981;
Koltzenburg et al., 1997; Reid et al., 2002). However, a molecular
marker that labels such a functionally distinct DRG population
had been lacking.

In the past decade, a subset of the transient receptor potential
(TRP) family of ion channels was shown to be involved in sensing
temperature (Dhaka et al., 2007). The so-called thermoTRPs are
activated when expressed in heterologous cells by distinct tem-
perature shifts. For example, TRPMS is activated by cooling and
cooling compounds such as menthol and icilin (McKemy et al.,
2002; Peier et al., 2002). Furthermore, TRPMS8-deficient mice
have dramatically reduced cold-sensitive DRG neurons, and
show severe deficits in behavioral cool thermosensation (Bautista
et al., 2007; Colburn et al., 2007; Dhaka et al., 2007). These data
are in agreement with TRPM8 being the main sensor of innocu-
ous cold. Consistent with this, we had previously shown that
TRPMBS is mainly expressed in neurons that do not express noci-
ceptive markers such as heat- and capsaicin-activated TRPV1,
CGRP, or IB4 (the latter two mark mainly distinct populations of
nociceptive neurons) (Peier et al., 2002). However, tallying
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menthol- and capsaicin-responsive DRG neurons in culture, it
was reported that up to 50% of TRPM8-expressing neurons also
express TRPV1, and postulated that these neurons are polymodal
nociceptors (McKemy et al., 2002; Babes et al., 2004). The dis-
crepancy between the in vivo expression and the culture results
has not yet been resolved, but the increased coexpression has
been suggested to reflect an inflammatory or injury state of axo-
tomized cultured neurons (Story et al., 2003). Consistent with
some expression of TRPMS8 in nociceptive neurons, TRPMS-
deficient mice have reduced nociceptive-like responses to cold-
inducing acetone (both acute and in response to injury) (Bautista
et al., 2007; Colburn et al., 2007; Dhaka et al., 2007).

Apart from the expression data on TRPM8-positive cell bod-
ies, information on peripheral and central projections of TRPM8
neurons has been almost completely missing. Here we use mice
with genetically marked TRPMS locus to examine in some detail
the TRPM8-expressing neurons and their projections. We also
show evidence using cultured DRGs that TRPM8-positive neu-
rons are sensitive to cold and menthol, and that this sensitivity is
dependent on the presence of TRPMS protein.

Materials and Methods

Targeted insertion of EGFPf into the TRPMS locus. The targeted disrup-
tion of the TRPMS locus and the insertion of EGFPf in frame with the
TRPMS start codon was described previously (Dhaka et al., 2007). EGFPf
expression was not visible until after we excised the lox-P-flanked neo-
mycin selection cassette by mating F1 TRPMS8-deficient mice to the
germline Cre-recombinase EIIA-Cre deleter strain (The Jackson Labora-
tory, Bar Harbor, ME) on a C57BL/6 background. Progeny positive for
Cre-recombinase and the loss of the neomycin selection cassette as veri-
fied by PCR were mated to C57BL/6 mice. The resultant hemizygous
offspring that were positive for the loss of the neomycin selection cassette
and did not express Cre-recombinase were intercrossed to generate
N3(F2) littermates used in all studies. PCR verifying the loss of the neo-
mycin cassette was performed using the following primers: EGPF1255,
5'-AAGCGCGATCACATGGTCCTGCTGGAG-3" and Sall3'TMS8_R,
5"-AAAAGTCGACTCGCAAAACAA-3’, which flanked the selection
cassette.

All experiments were conducted with the approval of The Scripps
Research Institute Animal Research Committee.

Complete Freund’s Adjuvant injections. Intraplantar injections of com-
plete Freund’s Adjuvant (CFA) were performed as described previously
(Colburn etal., 2007). Briefly, 50 ul of CFA (suspended ina 1:1 emulsion
of saline and heat-killed Mycobacterium tuberculosis in mineral oil) was
injected intraplantarly into the left hindpaw of two TRPM8 ™™+ mice.
Mice were killed 48 h after injection, and the left L4-L6 DRGs were
isolated and stained as described below. The neurons that were positive
for EGFPf and TRPV1 and the total number of neurons were tallied for
each mouse. The results were combined because the percentages of neu-
rons in each category were virtually identical compared against pooled
left and right L4-16 DRG from an uninjected TRPM8 "+ mouse.

Calcium imaging. Dissociation and culturing of mouse dorsal root
ganglion neurons were performed as described with the following mod-
ifications (Story et al., 2003). Dissected DRGs were dissociated by incu-
bation for 1 h at 37°C in a solution of culture medium (Ham’s F12/
DMEM with 10% horse serum, 1% penicillin-streptomycin) containing
0.125% collagenase (Worthington Biochemicals, Lakewood, NJ) fol-
lowed by a 30 min incubation in 10 ml of culture media plus 1.25 U
papain. Calcium imaging was performed essentially as described (Story
et al,, 2003). Growth media was supplemented with 100 ng/ml nerve
growth factor (NGF) and 50 ng/ml glial-derived nerve growth factor
(GDNF). Experiments were performed 24 h after plating, and the thresh-
old for activation was defined at 30% above baseline for cold and men-
thol and 50% above baseline for capsaicin.

Immunofluorescence. Adult mice, ages 6—16 weeks, were asphyxiated
with CO, and perfused transcardially with 200 ml of 30% sucrose in 0.1 m
phosphate buffer (PB; pH 7.3) followed by 200 ml of fixative (4% para-
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formaldehyde in 0.1 M PB, pH 7.3, or Zamboni’s fixative [2% parafor-
maldehyde, 15% (v/v) saturated picric acid, 0.1 m PB, pH 7.3]). The
spinal column, TGs, tongue, and mystacial pads were removed and post-
fixed overnight (o/n) at 4°C in the same fixative. The lumbar spinal cord
and DRGs were then carefully dissected. All tissues were cryoprotected
o/n in 30% sucrose in 0.1 M PB, pH 7.3, frozen in optimal cutting tem-
perature medium (OCT), sectioned with a cryostat at 20 wm, mounted
on Superfrost Plus slide, and stored at —80°C.

Dissection of glabrous skin was described previously (Zylka et al.,
2005). Briefly, glabrous skin was dissected from the hindpaws of nonper-
fused mice, postfixed o/n in Zamboni’s fixative, cryoprotected, and fro-
zen in OCT. Glabrous skin was sectioned at 30 um as free-floating sec-
tions, immediately stained, and then mounted on Superfrost Plus slides.

Frozen slides were dried at room temperature for 1 h. Free-floating
and slide-mounted sections were washed three times in PBS with 0.1%
Triton X-100 (PBS+TX), blocked for 30 min to 1 h in PBS+TX contain-
ing 10% goat serum or 10% donkey serum or 5% goat serum + 5%
donkey serum, depending on secondary antibodies used, and incubated
o/n at 4°C with primary antibodies diluted in blocking solution. The
following antibodies were used: 1:200 rabbit anti-GFP (Invitrogen,
Carlsbad, CA), 1:200 chicken anti-GFP (AbCam, Cambridge, MA), 1:800
guinea pig anti-CGRP (Peninsula, Belmont, CA), 1:1000 anti-rabbit
NF150 (Millipore, Billerica, MA), 1:1000 guinea pig anti-substance P
(AbCam), 1:1000 anti-rabbit TRPV1 (AbCam), 1:5000 anti-rabbit NK1
(Sigma, St. Louis, MO), 1:100 anti-rabbit NK1 (Advanced Targeting Sys-
tems, San Diego, CA), 1:3000 anti-rabbit PGP 9.5 (AbCam), 1:3000
mouse anti-GAD65 (GAD6; Developmental Studies Hybridoma Bank,
University of Towa, Iowa City, IA), 1:1000 mouse anti-GAD67 (Develop-
mental Studies Hybridoma Bank, University of lowa), 1:1000 rabbit anti-
gustducin (Santa Cruz Biotechnology, Santa Cruz, CA). The sections
were then washed three times in PBS+TX and incubated for 2 h at room
temperature with secondary antibodies conjugated to Alexa-568 fluoro-
chrome (Invitrogen) or to FITC, Cy3 fluorochromes (Jackson Immu-
noResearch, West Grove, PA), and diluted 1:200 in blocking solution. To
detect IB4 staining, Griffonia simplicifolia isolectin, GS-IB4-Alexa 568
(Sigma) diluted 1:100 was incubated during secondary antibody incuba-
tion. Sections were then washed three times in PBS+TX and mounted in
anti-fade medium (Vectashield, Vector Laboratories, Burlingame, CA).

Image acquisition. Fluorescence images were collected using an Olym-
pus (Tokyo, Japan) Fluoview 500 confocal microscope by sequential
illumination using the 488 line of an argon laser and the HeNe green 543
laser. Merge stacked images of 20—-30 um made up of 0.6—1 um optical
sections were created using a 20X 0.8 numerical aperture (NA) Plan APO
oil-immersion objective or a 60X 1.4 NA APO oil-immersion objective
(0.34 wm optical sections). Images taken with the 60X objective were
digitally magnified 2X during imaging.

Results

Targeting the axonal tracer EGFPf to the TRPM8 locus

We previously reported the generation of TRPM8-deficient mice
by deleting amino acid residues 2-29 and knocking-in the axonal
tracer EGFPf followed by an SV40 polyA tail in frame with the
start codon (Dhaka et al., 2007). Because EGFPf was not ex-
pressed in these mice, we reasoned that the loxP-flanked EM7-
PGK-Neomycin cassette might be acting to disrupt transcription
of the EGFPf gene from the TRPM8 promoter. By mating
TRPMS"“F"* mice to the EIIA-Cre germline Cre-recombinase
deleter strain, we were able to excise the neomycin cassette, and
remarkably observed robust expression of EGFPf.

EGFPf specifically labels menthol- and cold-responsive
neurons in culture

DRG neurons from TRPM8-deficient mice have severe deficits in
cold and menthol responses in culture. We used the TRPM8F“*/
mice to specifically investigate the cold/menthol responses of pu-
tative TRPM8-expressing neurons (in the presence and absence
of functional TRPMS) with single-cell resolution. We compared
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Figure1.  EGFPfneurons from TRPM8 “"* mice are activated by cold and menthol. Dorsal
root ganglion cells from TRPM8E™”+ (4) and TRPMSETP7ECFP" (B) mice were challenged with
cold, followed by menthol (250 M) and then capsaicin (Caps; 1 um). Individual traces from all
EGFPf-positive neurons are presented.

cold, menthol, and capsaicin (TRPV1 agonist used as control)
responses from EGFPf-positive neurons from TRPM8=“F"/*
and TRPM8*PEGFF mice. When challenged with a cooling
ramp (25°C to 11°C over 120 s), 19/20 or 95% of EGFP{-positive
neurons from TRPMS§FCFE+ responded. In contrast, 7/32 or
22% EGFPf-positive DRG neurons from TRPMS “F7EH mjce
showed cooling-induced significant increases in intracellular cal-
cium ([Ca*"],). Furthermore, the threshold for cold activation of
neurons from mice hemizygous for TRPMS8 was 22.4 * 0.5°C
versus 17.2 = 1.3°C for neurons from homozygous mice (Fig. 1)
(p < 0.001). These temperatures correlate nicely with the re-
ported thermal thresholds for TRPM8 and noxious cold recep-
tors, respectively, and suggest that at least in cultured neurons a
subpopulation of TRPM8-expressing neurons may express addi-
tional cold receptors (McKemy et al., 2002, Peier et al., 2002,
Story et al., 2003). The fold activation to cold stimulation over
baseline was also significantly greater between EGFPf-positive
neurons from TRPMS8 TP+ and TRPM8FCTIEGIH mjce (3.8 +
0.4 vs 2.0 = 0.3; p < 0.05) (Fig. 1). Importantly, the same 19/20
neurons that responded to cold from hemizygous mice also re-
sponded to menthol (250 um), strongly suggesting that EGFPf is
marking TRPMS8-specific neurons (Fig. 1A). The one green
hemizygous neuron that did not respond to cold or menthol also
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did not respond to capsaicin and may have been sick or wrongly
identified (Fig. 1A). None of the EGFP{-positive neurons from
TRPMS8ECFP/EGEF mice responded to menthol, reaffirming that
the observed cold responses in GFP-positive neurons in these
mice are not caused by TRPMS activity (Fig. 1B). These data
support the conclusions that TRPM8FCF#ECHE mice are null for
TRPMS8, and that EGFPf is specifically labeling TRPMS-
expressing neurons (Nealen et al., 2003; Dhaka et al., 2007). Ap-
proximately 40% of both hemizygous and homozygous EGFPf
neurons responded to capsaicin, indicating that under these cul-
ture conditions, TRPV1 is expressed in TRPMS8 * neurons (8/20
and 12/32, respectively) (Dhaka et al., 2006).

TRPMS is expressed in nonpeptidergic and IB4-negative
small-diameter neurons

To characterize the expression of EGFPf in vivo, we analyzed
sections of adult DRG, lumbar spinal cord, and skin from
TRPMS "+ and TRPMS “F/ECFF mice either unstained or
stained with antibodies against GFP. In the DRG and spinal cord,
endogenous EGFPf fluorescence was robust, and staining with an
anti-GFP antibody was not necessary. We observed 100% overlap
between endogenous EGFPf signal and staining with anti-GFP
antibody (Figs. 2 A-C, 4 A—C); however, in the periphery, staining
with anti-GFP was necessary to fully visualize axonal terminals.
In addition, we observed no differences in EGFPf expression (ex-
cept a detectable increase in endogenous fluorescent intensity in
homozygous null mice) and projection patterns between
TRPMS P+ and TRPMSECFPEGEES mice, suggesting that the
survival and the gross patterning of these thermosensitive neu-
rons is not dependent on TRPMS expression (data not shown).
We therefore used both genotypes as indicated in the following
experiments.

There are at least three classes of unmyelinated sensory neu-
rons, which can be differentiated based on their growth factor
dependence (Snider and McMahon, 1998; Julius and Basbaum,
2001): thermosensitive and peptidergic nociceptive neurons,
which are dependent on NGF/TrkA signaling for survival, and
nonpeptidergic nociceptive neurons, which are dependent on
GDNF/c-Ret signaling for survival and which can be marked by
the plant lectin IB4. Using in situ hybridization studies, we have
previously shown that TRPMS is expressed in nonpeptidergic
presumptive unmyelinated small-diameter neurons that do not
express the nociceptive markers, CGRP, IB4, and TRPV1, repre-
senting 5-10% of total DRG neurons (Peier et al., 2002). Other
studies, however, have reported colocalization of TRPMS8 and
TRPV1 in a small subset of TRPM8-expressing neurons in vivo
(Okazawa et al., 2004; Abe et al., 2005). To determine whether
EGFPf expression was consistent with these findings, we stained
DRG and TG from TRPMS"CFECE mice with antibodies
against a number of neuronal markers (Fig. 2) (data not shown).
EGFPf was expressed in small-diameter neurons, colocalized
with the pan-neuronal marker PGP 9.5 but not with NF150, a
marker for myelinated neurons, and was expressed in 7.8% (172/
2207) of DRG neurons and 10.3% (476/4604) of TG neurons
(Fig. 2D-I) (see below). We also observed no colocalization with
IB4 and CGRP (Fig. 2J-0). We did, however, detect some colo-
calization with TRPV1 in a subset of EGFPf-positive neurons,
probably because of the increased sensitivity of EGFPf compared
with our previously used in situ hybridization probe (Figs. 2 P-R,
3) (Peier et al., 2002). In the TG of TRPM8 CTHECF  mice, 10.3%
(476/4604) and 18.8% (866/4604) of the neurons expressed
EGFPf and TRPV1, respectively, and 18.7% (89/476) of EGFPf
neurons coexpressed TRPVI.
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Figure 2.  TRPMSE™ marks a unique population of DRG cell bodies. A—S, DRG neurons from TRPM8™ ™75 mice were
stained with antibodies against GFP and sensory neuron markers (red). TRPM8 ™" neurons were visualized by endogenous
EGFPf (green). Arrowheads indicate examples of double-labeled neurons. Scale bar (in ) is the same for all panels.
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Inflammation does not increase the
percentage of TRPM8-expressing neurons
but does increase the percentage of
TRPMS8 neurons expressing TRPV1

We and others using TRPM8-deficient mice
have reported that TRPMS8 may be involved
in acute cold nociception as assayed by
acetone-induced nociceptive-like responses
(Bautista et al., 2007; Colburn et al., 2007;
Dhaka et al., 2007). It has also been shown
that both nerve injury and CFA-induced in-
flammation can cause TRPMS8-dependent
sensitization to acetone application (Col-
burnetal., 2007). This together with our data
described in Figure 1 and multiple reports of
TRPMS8 and TRPV1 coexpression in in vivo
and in ex vivo sensory neuron cultures (for
review, see Dhaka et al., 2006), suggest that
TRPMS8/TRPV1-expressing neurons may
mark a subclass of TRPMS8 neurons that code
for cold nociception. To test whether acetone
sensitivity of TRPMS after inflammation/in-
jury could be attributable to TRPM8 upregu-
lation (as observed for TRPV1), we asked
whether CFA could induce changes in the
number of neurons that express TRPMS8
(Amaya et al., 2003; Obata et al., 2005). We
injected the left hindpaw of TRPMSF“F*//*
mice with CFA and collected the left L4-L6
DRGs 2 d after injection and compared the
percentage of EGFPf (TRPMS8), TRPV1, and
coexpressing neurons to uninjected control
L4-L6 DRGs (Fig. 3). One hundred seventy-
two of 2207 (7.8%) and 479/2207 (21.7%) of
control DRGs expressed EGFPf and TRPV1,
respectively. Of the EGFPf-positive, 12.2%
(21/172) also expressed TRPV1. In CFA-
injected animals, 6.57% (334/5080) and
34.67% (1761/5080) expressed EGFPf and
TRPV1, respectively. Of the EGFPf-positive
neurons, 18.75% (63/336) expressed TRPV 1.
It appears then that although the number of
TRPMS8-expressing neurons does not change
after CFA treatment, the number of TRPV1-
expressing neurons does increase (as shown
before), and TRPV1 expression is present in
increasing numbers of TRPMS8 neurons
(Amaya et al., 2003; Obata et al., 2005).

TRPMB8ECFP* neurons project primarily

to lamina I of the spinal cord dorsal horn

It has been long recognized that the lamina I
and the various sublayers of lamina II (which
together comprise the dorsal horn) of the
spinal cord receive input from A8 and C pri-
mary afferent thermoreceptors and nocicep-
tors (Light et al., 1979; Craig and Dostrovsky,
2001). Indeed neurons in lamina I of cats that
respond exclusively to innocuous cooling
have been identified electrophysiologically
(Han et al., 1998). Although TRPMS anti-
bodies have shown that TRPM8" neurons
project to the dorsal horn, no detailed infor-
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mation exists (Proudfoot et al., 2006; Bau-
tista et al., 2007). Do TRPMS8 projections
innervate lamina I or IT? Within each lam-
ina, are the projections overlapping or dis-
tinct with other known fibers such as
CGRP or IB4? We examined the laminar
termination of TRPM8““**/ neurons by
staining  spinal cord sections  of
TRPM8ECH/ECEF mice with known mark-
ers for specific lamina in the dorsal horn.
Nonpeptidergic afferents labeled by IB4
terminate in the inner or middle layer of
lamina II (Silverman and Kruger, 1990;
Zylka et al., 2005). We observed almost no
overlap between TRPM8?“**/ afferents and
IB4™ afferents (Fig. 4D-F). Peptidergic
sensory neurons labeled by CGRP and sub-
stance P project mainly to lamina I and the
outer layer of lamina II (McNeill et al.,
1988; Todd, 2002). TRPMS8"*/ afferents
primarily terminated in the superficial
layer of lamina I and only partially over-
lapped with CGRP and substance P. Inter-
estingly, although GFP and CGRP/sub-
stance P fibers were present in the same
lamina, we did not observe any significant
overlap at the single fiber level between
TRPMS8 F*/ afferents and CGRP or sub-
stance P fibers (Fig. 4G-R).

We also stained spinal cord sections of TRPM&ECFP/EGERS
mice with markers for spinal cord neurons (in addition to
afferent markers discussed above) that are present in distinct
layers of the dorsal horn. We did not observe any coexpression
with glutamic acid decarboxylase 67 (GAD67), which is ex-
pressed primarily in lamina III (Fig. 5A-C) (Mackie et al.,
2003). We did see overlap with GAD65, which we found to be
primarily expressed in lamina I of the dorsal horn (Fig. 5D-I)
(Mackie et al., 2003). GADG65 synthesizes the inhibitory neu-
rotransmitter GABA, and GAD65 " neurons may form axo—
axonic synapses on primary afferent terminals (Barber et al.,
1978). The level of resolution observed here makes it difficult
to ascertain whether TRPM8"“"* afferents make synaptic con-
tacts with GAD65 * neurons. We also observed overlap with
neurokininl (NK1) or substance P receptor, which has been
found to make up nearly 80% of the projection neurons in
lamina I of the rat (Fig. 5/-0) (Todd et al., 2002) However, a
high-resolution view of lamina I showed that the majority of
TRPMS8ECF afferents do not appear to make direct contacts
with NK1 " neurons (Todd et al., 2002). From these studies, it
is clear that TRPM8 ™"/ afferents project primarily to lamina
I of the dorsal horn of the spinal cord, making this projection
pattern distinct from other known spinal cord markers, and
this projection pattern is in line with previous electrophysio-
logical experiments, which found specific cool-sensing lamina
I interneurons (see Discussion).

TRPV1

Figure 3.

TRPMS8"“"" free nerve endings project to multiple
termination zones in the epidermis of the glabrous skin of the
hindpaw

Virtually nothing is known about where the exact peripheral ter-
mination sites of cool fibers and/or TRPM8 neurons are located.
This is an important matter, because the free nerve endings in the
skin are the sites where, presumably, temperature information is
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M8-EGFPf Merge

TRPV1 expression is upregulated in TRPMSE™ neurons after CFA injection. DRG neurons from a TRPM8 7+
mouse injected with CFA (A-C) and uninjected TRPM8 £ control (D—F) were stained with antibodies against TRPV1 (red).
TRPMSES™ neurons were visualized by endogenous EGFPf (green). Arrowheads indicate examples of double-labeled neurons.
Scale bar (in €) is the same for all panels.

converted into electrical activity. Recent investigations of CGRP
and IB4 nerve endings have suggested an organization within the
epidermis that is reminiscent of layers within the spinal cord
(Zylka et al., 2005; Liu et al., 2007). We stained glabrous skin
sections with anti-GFP to visualize TRPM8*“**/ free nerve end-
ings and anti-CGRP, which marks peptidergic fibers known to
innervate many structures, including the epidermis in glabrous
skin. It was previously shown that Mrgprd* nonpeptidergic IB4 *
free nerve endings constitute virtually all nonpeptidergic inner-
vation of the epidermis and that together with CGRP-expressing
neurons account for nearly all epidermal free nerve endings
(Zylka et al., 2005). We observed TRPM8““**/ free nerve endings
terminate at the stratum spinosum, where the majority of
CGRP " fibers terminate, as well as at the stratum granulosum,
where all Mrgprd™ fibers terminate (Zylka et al., 2005) (Fig. 6 A—
F). TRPMS8"“"™ free nerve endings were relatively rare with only
a few positive epidermal nerve endings observed per section (re-
flecting the smaller population of neuronal cell bodies that
TRPMS is expressed in compared with CGRP or 1B4). In addi-
tion, TRPM8 "/ free nerve endings that terminated in the stra-
tum granulosum exhibited the meandering profile described for
Mrgprd " fibers (Zylka et al., 2005). We did observe multiple
TRPMSE™ fibers coursing through the dermis but did not ob-
serve any specific innervation of structures located in the dermis
including hair follicles and blood vessels, which were positive for
CGRP innervation (Fig. 6 D-I) (data not shown), although it is
difficult to determine where a sensory fiber is terminating with-
out an obvious endpoint like the epidermis. Nor did we observe
colocalization between TRPM8““"*/ fibers and CGRP, although
TRPMS8 S fibers and CGRP ™ fibers were often intertwined up
to and sometimes into the epidermis (Fig. 6). The location of
TRPMS8"“F*' free nerve endings in the epidermis of glabrous skin
puts these fibers in the optimal location to detect changes in
ambient temperature.
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Figure4.
of adult spinal cord from TRPMEEP7ESF" mice were stained with antibodies against GFP or sensory neuron markers (red).
TRPM8 ™ neurons were visualized by endogenous EGFPf (green). The boxed regions in /and O were reimaged at 60X with 2X
digital zoom and shown in J-L and P-R, respectively. SP, Substance P. Scale bar (in €) is the same for A—I, M—0. Scale bar (in L)
is the same for J-L, P-R.

TRPM8"“*" fibers label the bush/cluster free nerve endings
that terminate in the epidermis of the mystacial pad

There are no specific markers for most of neurons that innervate
the epidermis of the intervibrissal fur of the mystacial pad. These
neurons have been found to be both IB4 ™~ and nonpeptidergic
(Fundin et al., 1997). The free nerve endings of these neurons
have been classified into four different subgroups: (1) bush end-
ings, which are comprised of multiaxonal bundles of unmyeli-
nated C- and A8-fibers, including, in rare cases, CGRP * fibers
that ascend into the epidermis and then branch into dense bush
of terminals that can extend to the stratum lucidum; (2) cluster
endings that arise from a single axon, which branch into loosely
spaced cluster of terminals; (3) radiating free nerve endings,
which have relatively few branches, but do show some immuno-
reactivity for CGRP; and (4) pencillate endings, which are com-
prised of single axons that branch into a simple horizontal ending
(Fundin et al., 1997; Muller, 1999). To ascertain where
TRPMS8"F*' fibers terminate in the skin of the mystacial pad, we
costained sections of the mystacial pad from TRPM8*“**"* mice
with antibodies to GFP and CGRP (Fig. 7). Strikingly, we found
examples of TRPMS8 " fibers that represent all four subtypes of
free nerve endings in the mystacial pad (Fig. 7). It was difficult to
differentiate between bush and cluster termini because we ob-

TRPM8E™ neurons terminate in lamina | of the spinal cord dorsal horn. A-R, Confocal images of the lumbar region
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served both densely and loosely branched
terminals that seemed to arise from only
one axon; we therefore referred to these
terminals as bush/cluster terminals (Fig. 7)
(Muller, 1999). In addition, we did not ob-
serve any colocalization of CGRP with
TRPMS8"“"*/labeled bush/cluster endings
(Fig. 7). We also observed TRPMS8 ', fi-
bers that appear to abut the outside of what
we believe to be sebaceous glands, but we
cannot say with certainty if these fibers are
innervating this tissue or just traveling
around it to reach the epidermis (Fig. 7).
Differences in the sensory properties of
these subtypes of free nerve endings is not
known, but our studies suggest that at least
some of the bush/cluster endings represent
cool fibers.

TRPMB8"“"" free nerve endings form
bundles around taste buds but do not
innervate taste buds

The sensory innervation of the fungiform
papillae on the dorsal tongue is derived
from two cranial nerves: the lingual branch
of the trigeminal nerve, which provides so-
matosensory innervation, and the chorda
tympani branch of the facial nerve, which
innervates the taste receptor cells (TRCs)
of the taste bud. The peripheral endings of
the lingual nerve terminate in the epithe-
lium and connective tissue of the fungi-
form papillae and do not innervate TRCs
(Montavon et al., 1996). We observed that
TRPMS"F*/ fibers were rich in the fungi-
form papillae of the tongue, similar to find-
ings previously reported (Fig. 8) (Abeetal.,
2005). Interestingly, TRPMS8 ™ fibers
seemed to terminate in same type of bush/
cluster endings that we observed in the
mystacial pad. Bundles of TRPM8““**/ and CGRP fibers pro-
jected to the outer layer of the epithelium of the fungiform papil-
lae but did not penetrate into the taste buds (Fig. 8 A-C). We did
observe many fungiform papillae that were richly innervated by
TRPMSE“ fibers but showed little immunoreactivity for CGRP
(Fig. 8 D-F). We also observed single TRPMSECTf and CGRP
fibers that innervated the nongustatory epithelia (Fig. 8G-I). To
confirm that TRPM8"“** fibers do not innervate taste bud cells,
we costained fungiform papillae with anti-gustducin (a marker
for TRCs) and observed no direct contact between TRPM8 G/
fibers and gustducin-positive TRCs (Fig. 8]-L). These data indi-
cate that TRPMS innervation of the tongue arises from the tri-
geminal nerve and that TRPM8““**/ fibers do not appear to in-
nervate taste bud cells.

Discussion

There is unambiguous evidence that TRPMS is a major sensor of
environmental cold temperatures. Indeed, TRPM8 appears to be
necessary and sufficient for cold sensitivity. Expressing TRPM8
induces cold sensitivity in a variety of cells that are cold insensi-
tive (McKemy et al., 2002; Peier et al., 2002). Analyses of TRPMS8-
deficient mice have shown that innocuous cold sensitivity as-
sayed via physiological or behavioral assays are either eliminated
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or dramatically reduced (Bautista et al,,
2007; Colburn et al., 2007; Dhaka et al.,
2007). In this study, we show that virtually
all TRPM8-expressing neurons (as assayed
by EGFPf) in culture respond to cooling
and menthol, reinforcing a direct role of
these neurons in cold thermosensation.
This data also functionally validates that
EGFPf is accurately labeling TRPMS-
positive neurons. We further show that
EGFPf-positive sensory neurons from
TRPM8 CFFIECFF homozygous mice are
present (in vivo and in culture), but no
longer respond robustly to a cooling stim-
ulus in culture. Therefore, the TRPMS ex-
pression is not required for the survival of
these neurons, but is required for cold re-
sponses. The remaining few cold responses
in DRGs from TRPM8 P ECTH mice are
interesting, and may suggest the existence
of another receptor contributing to cold
sensitivity of TRPMS8-positive neurons.

Given the established involvement of
TRPMBS in cold sensation, it befits a careful
study of the cellular properties of the neu-
rons that express the ion channel, because
they represent one of the few instances in
which a molecule clearly marks a function-
ally defined subpopulation of DRG neu-
rons. As assayed by EGFPf expression in
DRG cell bodies, skin projections, and spi-
nal cord projections, we can conclude that
TRPMS8 mainly marks a unique population
of DRG neurons that do not express any
nociceptive markers. This is based on our
findings that >80% of TRPM8"“/ neu-
rons do not express TRPV1, CGRP, or IB4
(it is widely accepted that most if not all
nociceptive neurons would express one of
those three markers) (Woolf and Ma,
2007). Indeed, Hensel and colleagues stud-
ied the physiological properties of innocu-
ous cold fibers decades ago, and could identify nerve endings in
the skin that responded to cooling alone, but not to any other
innocuous or noxious stimuli (Hensel, 1981). The expression
pattern of TRPM8 is also in accord with the primary phenotype of
TRPM8-deficient mice in innocuous thermosensation.

The expression of EGFPfin the periphery and spinal cord also
corroborates the conclusion that TRPM8*“**' mainly marks a
unique population distinct from nociceptive units. In the periph-
ery, TRPM8"“™ projections were observed extending past the
dermis, into the outermost layers of the epidermis. Although
TRPMS8ECHH fibers were in close apposition to CGRP, the indi-
vidual TRPMSET™ fibers were distinct. Zylka et al. (2005) have
previously shown that Mrgprd- and CGRP-positive fibers within
the epidermis account for all but a minority of total projections
there. Based on our results, we would conclude that TRPM8 must
be labeling most of these remaining fibers, because EGFPf is not
expressed with either CGRP or IB4 (which completely overlaps
with Mrgprd). Therefore, cold-sensitive fibers represent another
unique population of nerve endings in the layers of the epidermis.

Our studies also show that all four classes of epidermal IB4 ~/
nonpeptidergic sensory free nerve endings of the intervibrissal

Marker

Figure 5.

same for G-I, M-0.

images of the lumbar region of adult spinal cord from TRPM.
(red). TRPM8 5" neurons were visualized by endogenous EGFPf (green). The boxed regions in F and L were reimaged at 60X
with 2X digital zoom and shown in G-/ and ML, respectively. Scale bar (in €) is the same for A—F, J—L. Scale bar (in /) is the
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TRPM8E" fibers colocalize with spinal cord neurons present in lamina | of the spinal cord dorsal horn. Confocal

§ECFPVEGFP mice. A-0, were stained with spinal cord neuron markers

fur of the mystacial pad, which up until now have had no specific
markers, are labeled by TRPMS"“"" afferents. Differences in the
sensory properties of these classes of free nerve endings are not
understood. The simple radiating and pencillate nerve endings
may have the same properties as similar nerve endings found
throughout the epidermis. The intriguingly shaped bush/cluster
endings have been proposed to be C-mechanoreceptive or ther-
moreceptive “hotspots” by virtue of their contact with skin over a
large surface area (Fundin et al., 1997; Muller, 1999). The pres-
ence of TRPMS in all subtypes suggests that these endings play a
role in the detection of cool temperature, and perhaps the sensi-
tivity of these fibers to cool temperature is determined by their
architecture.

We also found that TRPM8"“*" fibers richly innervated the
epithelial tissue surrounding the taste buds of the fungiform pa-
pillae of the tongue but did not provide any innervation to the
TRCs of the taste buds, similar to what was previously reported
(Abe et al., 2005). These data indicate that although TRPM8 cer-
tainly has a role in how temperature is perceived on the tongue, it
is probably not involved in mediating thermally induced shifts in
taste at the level of the taste bud.
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Figure 6.  TRPM8E™™ epidermal free nerve endings project to multiple termination zones in glabrous skin. A-F, Confocal
images of CGRP (red) and TRPMSE™™" (green) epidermal free nerve endings in the glabrous skin from TRPM8EPECFP mice,
“ marks the stratum spinosum; * marks the stratum granulosum; arrows mark intertwined fibers. G-/, Blood vessel is innervated
with CGRP (red) fibers and has no innervation from TRPM8E™ fibers. # symbol marks blood vessel. Scale bar (in €) is the same for
all panels.

CGRP M8-EGFPf Merge

Figure7.  TRPM8E™™ epidermal free nerve endings mark unique classes of sensory nerve endings in the mystacial pad. A-L,
Confocal images of CGRP (red) and TRPM8E™" (green) epidermal free nerve endings in the mystacial pad from TRPMSESF”*
mice. " marks example of radiating free nerve endings; * marks examples of bush/cluster free nerve endings; # marks example of
pencillate/horizontal free nerve endings, and arrow marks example of TRPM8™" fibers near sebaceous glands. Scale bar (in €)
is the same for all panels.
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At the central end, TRPM8""/ affer-
ents send projections to layer I of the spinal
cord. Although CGRP* and TRPM8*“**f
neurons projected to the same region in
layer I (CGRP labels layers I and II,-
outside), the costaining clearly showed seg-
regation of individual endings. Interest-
ingly, electrophysiological recordings have
highlighted the existence of distinct ther-
moreceptive (COOL), nociceptive (NS),
and polymodal nociceptive (HPC) layer I
interneurons (Christensen and Perl, 1970;
Craig and Dostrovsky, 2001). Our results
suggest that the majority of TRPMS-
positive fibers innervate the previously de-
fined COOL layer I spinal cord neurons.

A small percentage of EGFPf-positive
neurons do express TRPV1 (12% of GFP-
positive, 1% of total DRG neurons). This
relatively minor population could have an
important impact, because an additional
role for TRPMS8 in cold nociception and
cold allodynia has been suggested. Interest-
ingly, CFA (an inflammatory agent) ad-
ministration to the paw of mice did not
increase the number of presumptive
TRPMS8-positive neurons, but as expected,
it increased TRPV1 expression (Amaya et
al., 2003; Obata et al., 2005). Consequently,
EGFPf~-TRPV1 coexpression increased
from 12 to 20% of total GFP. Perhaps, the
up to 50% co-response to menthol and
capsaicin observed in this and other studies
of DRG cultures represents a similar in-
flammatory or injury state of axotomized
cultures that brings about higher levels of
TRPM8-TRPV1 coexpression compared
with in vivo (McKemy et al., 2002; Peier et
al., 2002; Story et al., 2003; Babes et al.,
2004). Alternatively, TRPMS8 and TRPV1
coexpression in vivo might be underesti-
mated when using in situ hybridization,
antibody staining, or EGFPf expression.
Together, it is intriguing to suggest that
TRPMS is present in two labeled lines: a
majority labeling innocuous cold-sensing
neurons (not coexpressing TRPV1); and a
minority, noxious cold-sensing neurons
(coexpressing TRPV1) (Chung and Cate-
rina, 2007). However, it is also possible that
the small numbers of TRP8—-TRPVI-
coexpressing neurons are not abundant
enough to have a major physiological
impact.

Our study uses genetics to mark
TRPMS8-positive neurons and their projec-
tions. The cumulative data suggest that
TRPMS expression parallels the anatomi-
cal and functional properties of cold-
sensitive fibers and their projections as as-
sayed by in wvivo electrophysiological
recordings. Thus, we would predict that
TRPMS8 marks these well studied but elu-
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sive cool neurons. The TRPMS*“** mice
will be further useful in mapping the exact
peripheral and synaptic connections of
these neurons, and to evaluate the detailed
functional properties of these neurons in
normal and injury states.
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