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Detection and adaptation to cold temperature is crucial to survival.
Cold sensing in the innocuous range of cold (>10-15 °C) in the
mammalian peripheral nervous system is thought to rely primarily
on transient receptor potential (TRP) ion channels, most notably
the menthol receptor, TRPM8. Here we report that TRP cation
channel, subfamily C member 5 (TRPC5), but not TRPC1/TRPC5 het-
eromeric channels, are highly cold sensitive in the temperature
range 37-25 °C. We found that TRPCS is present in mouse and
human sensory neurons of dorsal root ganglia, a substantial num-
ber of peripheral nerves including intraepithelial endings, and in
the dorsal lamina of the spinal cord that receives sensory input
from the skin, consistent with a potential TRPC5 function as an
innocuous cold transducer in nociceptive and thermosensory nerve
endings. Although deletion of TRPC5 in 12951/SvimJ mice resulted
in no temperature-sensitive behavioral changes, TRPM8 and/or
other menthol-sensitive channels appear to underpin a much
larger component of noxious cold sensing after TRPC5 deletion
and a shift in mechanosensitive C-fiber subtypes. These findings
demonstrate that highly cold-sensitive TRPC5 channels are a molec-
ular component for detection and regional adaptation to cold tem-
peratures in the peripheral nervous system that is distinct from
noxious cold sensing.

pain | single-fiber | thermo-transient receptor potential | nociception |
temperature sensing

ociceptors and thermoreceptive neurons, such as cold and

heat receptors, innervate the skin and deep tissues. The cell
bodies of sensory nerve endings are clustered in ganglia located
in the vertebral column and cranium. Their projections extend to
the skin where they arborize in terminals embedded between
keratinocytes. Although nociceptors are polymodal and respond
to stimuli (cold, heat, pressure, and noxious chemicals) that are
capable of producing tissue damage and pain (1), cold receptors
are unimodal and specialized to detect cool and cold temper-
atures (2). Transient receptor potential (TRP) ion channels are
principal transducers of thermal stimuli that depolarize nerve
terminals to the action potential threshold. Action potentials
then relay the sensory information to integrative centers in the
spinal cord and brain.

All proteins are temperature sensitive, but most ion channels
exhibit two- to threefold increases in gating with a 10 °C change
in temperature (Q;o = 2-3). Certain ion channels exhibit dra-
matic temperature sensitivity in gating over physiologically rel-
evant ranges (Q;p = 10-30). Mammalian ion channels with such
high Qy values include particular two-pore K* channels (3), the
voltage-gated proton channel (4), transient receptor potential
cation channel subfamily V members 1-3 (TRPV1-3) (5-7),
transient receptor potential menthol receptor 8 (TRPMS) (8), and
in some reports, TRP cation channel subfamily A member 1
(TRPA1) (9, 10). There is no a priori requirement for cold
encoding by high Q;( channels—action potential firing rates are
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affected perforce by temperature, even if driven solely by con-
ventional Nay and Ky channels—but high Q;( channels are likely
suspects in encoding temperature changes. Although TRPMS
(a menthol receptor) is generally considered the primary cold
sensor for innocuous cold (11-13), and TRPAI participates in
noxious cold sensing (9, 10) (14), many cold-sensitive neurons
lack TRPMS as well as TRPA1 (15).

Results

TRPC5 Is Potentiated by Cooling. We conducted a search for cold
sensitivity across the canonical TRP channel subfamily (TRPC)
(16). TRPC channels were expressed heterologously in HEK293
cells stably expressing the muscarinic type 1 receptor (HM1-
HEK?293), and whole-cell currents were recorded in response to
cold stimulation. As for many other TRP channels (17), TRPCS
is constitutively active at ambient temperature in heterologous
expression systems, is sensitive to internal Ca®*, and is potenti-
ated by phospholipase C (PLC)-coupled receptor activation (18).
Surprisingly, we found that TRPCS current (Itrpcs) increased as
temperature cooled below 37 °C, peaking around 25 °C at neg-
ative membrane potentials. Cold-induced activation of TRPC5
current was potentiated by activation of Gg-linked HM1 via
carbachol as well as by PLC activation via extracellular lantha-
num (La>"). The cold-activated current was constant over a large
range of physiologically relevant membrane potentials (—40 to
—80 mV). Ca**-imaging exgeriments confirmed a cold-induced
increase in intracellular Ca** following PLC activation only in
TRPC5-transfected HM1 cells (Fig. 1 A-H).

Unlike TRPMS, which inactivates over time at a constant tem-
perature (19), TRPCS does not inactivate significantly in persis-
tent colder temperatures. Also, unlike TRPMS, TRPCS is not
activated by menthol in our heterologous expression system (Fig.
S1) and thus can be separated easily from TRPMS. As we have
shown previously, TRPC1 can heteromerize with TRPCS and, al-
though also potentiated by La** and PLC activation, the current—
voltage (I-V) curves are quite distinct (20). In addition, TRPC1/C5
heteromers are confined to the cell body, whereas TRPC5 homo-
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Fig. 1. Cooling potentiates TRPC5 current. (A) Whole-
cell currents of an HM1-HEK293 cell expressing mouse
TRPC5. Circles represent current amplitudes derived
from 400-ms voltage ramps (—120 to +120 mV) applied
at 2.4-s intervals (holding potential: gray circles, +80 mV;
black circles, —40 mV; white circles, —80 mV). Cooling
;‘ from 32-14 °C increased ltrpcs, Whereas warming to
40 °C decreased Igpcs. Carbachol (Cch; 100 pM) or La®*
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response to cold and Cch, measured using fura2-AM (n =
45 each). (E) Representative images from calcium im-
aging. Top Left to Bottom Right: Cherry-FP signal illus-
trates transfection of HM1-HEK293 cells with TRPC5
(arrowheads); basal Ca?* signal using fura2-AM; num-
bers 1-4 correspond to conditions as marked in the
column pairs in D; ionomycin (IM) highlights maximum
Ca%*in all cells. (F) Averaged current densities at 40 mV.
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mers are transported down neurite processes to growth cones and
nerve terminals where they can be exposed to changes in temper-
ature (20-22). In contrast to TRPCS5 homomeric channels, cooling
did not enhance TRPC1/5 heteromeric current (Fig. 1), and thus
we focused on TRPCS5 homomeric channels.

TRPC5 in Peripheral Nerves, Dorsal Root Ganglion, and the Spinal
Cord Dorsal Horn. We applied previously characterized antibodies
(Table S1) to tissue sections and confirmed the presence of
TRPCS in murine dorsal root ganglion (DRG) neurons (Fig.
2A4), consistent with previous reports (23). We confirmed the
presence of TRPCS in DRG lysates via Western blot and as-
sessed the specificity of reactions via staining of TRPC5 ™' tissues
(Fig. 24, Inset). Size—frequency distribution demonstrated that
the majority of TRPC5* neurons are small- to medium-sized,
but, clearly, TRPC5 also was present in large-diameter neurons
(Fig. 2B). We also isolated mRNA from lysates of dissociated
DRG neurons and detected TRPCS transcripts (24). TRPCS
also is present in human tissues, and immunolabeling demon-
strated that TRPCS is expressed in intraepithelial nerve endings
within the human skin (Fig. 2C). Although regionally variable,
the dorsum of the hand and the proximal forearm are innervated
densely with these fibers. In peripheral nerves, ~34% of fibers in
the proximal incoming processes of LS5 are positive for TRPCS
(Fig. 2D). This proportion, and the colocalization of ~15% of
fibers with TRPMS, indicates distinct fiber populations. In hu-
man DRGs, size—frequency distribution of TRPCS5 positivity was
similar to that observed in the mouse (~30% of DRGs). Double-
labeling experiments with TRPCS5 and TRPMS also indicated
distinct populations (Fig. 2E, Inset); however, colocalization
studies in humans are limited by lipofuscin autofluorescence
(25). In the human spinal cord, TRPCS was most dense in the
outer parts of the dorsal horn, corresponding to regions I-III of
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32 28 | 24 mV. TRPC1/C5 heteromers are not cold sensitive. (/nset)
Temperature(°C) Heteromeric current densities at 25 °C and 35 °C; n = 5.

the superficial laminae (Fig. 2F). Thus, the distribution of TRPCS
in the examined levels of the human and mouse peripheral sen-
sory systems is typical of proteins involved in temperature sensing
and nociception, suggesting a potential role for TRPCS5 in the
perception of cold and/or cold pain. Therefore, we analyzed the
functional role of TRPCS in murine sensory neurons.

Characterization of Thermally Sensitive TRPs in DRG Neurons from WT
and TRPC5~'~ Mice. Sensory ganglia from TRPC5-deficient mice
appeared structurally normal (Fig. 2 A and B), and the pro-
portion of cells stained with antibodies to neurofilament 200
(NF200) protein (a marker of A-fiber sensory neurons) and
peripherin (present in most nociceptive neurons) was not sig-
nificantly different than in WT neurons (Fig. 34). Similarly, the
proportion of neurons containing calcitonin gene-related peptide
(CGRP), important in setting heat thresholds of sensory neurons
(26), and of nonpeptidergic neuronal cell bodies [labeled with
isolectin B4 (IB4)] was unchanged (Fig. 34). Immunopheno-
typing of WT and TRPC5~~ DRGs showed similar proportions
of TRPV1* neurons; however, TRPMS™* neurons were reduced
by almost half (Fig. 34 and B and Table S2). To test whether the
reduction of TRPMS protein is related to transcript levels, we
determined mRNA levels for TRPMS, TRPV1, and TRPAI in
DRG lysates but found no significant difference between WT
and TRPC5~'~ mice. Conversely, TRPCS, TRPV1, and TRPAL1
mRNA levels were unchanged from WT in TRPMS8™~ mice. In
conjunction with previously documented TRPMS in peripheral
endings (11) and TRPCS outgrowth to neurites (20-22), our
findings suggest that TRPMS8 and TRPC5 might function pri-
marily in peripheral terminals rather than in cell bodies.

In initial behavioral tests of 129S1/SvIimJ TRPC5~~ mice, we
found that acute pain thresholds for heat, mechanical threshold,
sensitivity to noxious cold pain, and temperature preference
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Fig. 2. TRPC5 in mouse and human peripheral nerves, DRG, and the spinal
cord dorsal horn. (A) (Upper) TRPC5 is present as diffuse cytoplasmic staining
in adult mouse DRG neurons. (Lower) TRPC5 staining in sections from
TRPC5™'~ DRGs. (B) Size—-frequency distribution of TRPC5 in murine sensory
neurons (TRPC5*/total neuron counts from eight DRGs: 290/687; 194/515;
169/482; 52/284; 158/451; 167/488; 37/408; and 88/350, respectively; mean
diameter: 27.3 pm). Note: The majority of TRPC5" neurons are small (<600
pmz) to medium-sized (<1,400 pmz). (C) TRPC5 is present in adult human skin
intraepithelial nerves (arrows); dotted line indicates basement membrane.
(Inset) TRPC5 channel. (D) Cross-section of a peripheral nerve: TRPC5 and
TRPMS8 are present in peripheral incoming processes from spinal nerve L5
(160 fibers TRPC5*, 146 fibers TRPMS8*, 49 fibers colabeled, out of 325 fibers
counted in peripheral incoming processes from three DRG neurons). (E)
TRPC5 is present as diffuse cytoplasmic staining in adult human DRG neu-
rons. LF, lipofuscin autofluorescence (arrows). (Inset) Human L5-DRG, dou-
ble-labeled for TRPC5/TRPMS, contains three populations of neurons: 36%
TRPMS8™ (102/287; note the emerging fiber), 34% TRPC5* (102/287 neurons),
and 11% TRPM8/C5-colabeled neurons (32/287 neurons; n = 5 DRGs). (F)
TRPC5* is located in the adult human superficial dorsal horn, corresponding
to lamina /Il (dotted lines). (Scale bars: A, C, F, and Inset E, 50 pm; E,
200 pm; D, 250 pm.)

behavior as well as behavior in a temperature gradient were all
normal (Fig. S2). Similarly, neither acetone- nor icilin-induced
writhing behavior exhibited measurable differences. We con-
clude that, like TRPMS, TRPCS is not required for noxious cold
sensing. The negative results on the temperature gradient pref-
erence test do not rule out TRPCS function for sensing changes
in the 37-25 °C range, because currently the understanding of
the cause-and-effect relationship between sensory stimuli and
behavioral responses is limited (27). Thus, we set out to inves-
tigate temperature sensing in the peripheral nervous system.

In patch clamp studies of cultured sensory ganglia or dissoci-
ated DRG neurons, we were unable to detect cold-activated
Itrpcs, suggesting that TRPCS channels are down-regulated in
culture, are present only in cold-insensitive C1/C5 heteromul-
timers, or are confined to nerve terminals. To determine whether
cold sensitivity was intact in these isolated neurons, we also used
ratiometric Ca®* imaging of dissociated cultured DRG from WT
and TRPC5~'~ mice. When isolated neurons were cooled from
30 °C to 10 °C, intracellular Ca®* increased in 16% of cells.
Consistent with some prior studies (15), we found that 8% of the
whole neuron population and 40% of the cold-sensitive cells
were sensitive to menthol. In DRG neurons isolated from
TRPC5~'~ mice, ~70% of cold-sensitive cells were lost, and the
fraction of cold-sensitive cells was reduced to ~4.6 + 0.9% in

18116 | www.pnas.org/cgi/doi/10.1073/pnas.1115387108
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Fig. 3. Functional and immunophenotypic characterization of thermo-TRPs
in DRG neurons from WT and TRPC5~~ mice. (A) Percentage of isolated
DRG neurons identified by anti-TRPM8, -TRPV1, -CGRP, -peripherin, -NF200,
and -IB4 antibodies. Only the percentage of TRPM8* neurons was signifi-
cantly different (**P < 0.005). (B) DRG were immunostained with anti-
TRPM8 (green) or -peripherin (red) antibodies and DAPI nuclear staining
(blue). TRPMS expression is decreased in TRPC5~~ mouse DRG. (Scale bars: 50
pum.) (C) Comparison of cold sensitivity in WT and TRPC5~~ DRG neurons. WT
neurons: 16% (105/655) of neurons were activated by cold, and 40% (42/105)
of cold-sensitive neurons demonstrated menthol sensitivity. TRPC5™~ neu-
rons: 4.6% (32/690) of neurons were activated by cold, and 50% (16/16) of
cold-sensitive neurons were menthol-sensitive (***P < 0.00001). Note: De-
spite a striking reduction of cold-sensitive TRPC5™~ neurons, the fraction of
cold-sensitive neurons that demonstrate menthol sensitivity was maintained
(40% vs. 50%). (D) Percentage of WT (gray) and TRPC5~~ (red) neurons with
responses to menthol (TRPM8 activator), allyl isothiocyanate (AITC) (TRPA1
activator), or capsaicin (TRPV1 activator). Fewer neurons in TRPC5™~ mice
than in WT mice responded to menthol or allyl isothiacyanate (AITC) (**P <
0.005; *P < 0.05).

TRPC5™'~ mice (n = 8) compared with 16.0 + 1.7% in WT mice
(n = 7). These results indicate that the total number of cold-
sensitive neurons and functional expression of TRPMS8 were
reduced in TRPC5~~ cultured DRG neurons. Despite the
striking reduction, the fraction of cold-sensitive neurons that
demonstrate menthol sensitivity was maintained (TRPCS5™/":
50% vs. WT: 40%; Fig. 3C). In contrast, the proportion of
neurons expressing functional TRPV1 was similar in cells iso-
lated from TRPC5~~ and WT mice (~30%), and TRPA1 was
reduced only slightly (TRPC5~~: 30% vs. WT: 40%; Fig. 3D and
Table S3). Thus, dissociated neurons in culture have altered
TRPMS8 and TRPCS5 function but maintain sensitivity to stimuli
in the noxious cold range (10-15 °C). We presume that most
noxious cold sensitivity is encoded via ion channels other than
TRPMS or TRPCS.

skin-Nerve Recordings of WT and TRPC5~'~ Mice. The dearth of re-
liable assays to quantify protein levels of ion channels in pe-
ripheral nerve terminals in the skin led us to assay their function
in skin-nerve preparations. We compared the functional proper-
ties of C-fiber responses to cold in TRPC5~'~ and TRPM8~'~ mice
(11, 13, 28). Skin-nerve preparations allow stimulation of isolated

Zimmermann et al.
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receptive fields of single C- and Ad-fibers in mouse skin while
recording propagated action potentials extracellularly (29, 30).
Extensive prior work in mammals established three types of cold-
sensitive afferent fibers: mechanosensitive C-fibers (nociceptors,
C-mechano; CM), cold receptors (C-cold; CC), and mech-
anosensitive Ad-fibers (Ad-nociceptors) (31-37). In the mouse,
CM-fibers can be subdivided further into two cold-sensitive
subclasses, the cold nociceptors (C-mechano cold, CMC) and the
multimodal cold nociceptors (C-mechano-cold-heat, CMCH)
(29). In primates, CMC- and CMCH-fibers are believed to relay
information to the brain that is perceived as painful cold, whereas
CCHfibers are likely associated with innocuous cold (33, 35).

We compared responses of C-fiber nociceptors to cooling of
the receptive fields from 30 to ~10 °C. TRPC5~'~ mice had a
lower proportion of CMCH-fibers (<2% compared with 10% in
WT mice), which appeared to be replaced by hypersensitive

CMC-fibers. Specifically, CMC-fibers in TRPC5~~ mice dis-
played a fourfold increase in response magnitude with threefold
higher peak discharge rates (Fig. 4 A-D). In TRPC5™~ mice,
84% of CMC-fibers were sensitive to menthol compared with
38% in WT (Fig. 4 E-G and Fig. S3). In both WT and TRPC5~"~
mice, the menthol-sensitive population of cold nociceptors con-
tributed the majority of action potentials to the combined cold
response. Significantly, this proportion increased from ~70% in
WT to 95% in the TRPC5~'~ fibers (Fig. 4 F and G). A small but
significant shift of the median mechanical (Von Frey) threshold
to lower values accompanied these changes (Fig. S4 4 and B).
However, other characteristics of CM-fibers, such as heat sen-
sitivity and conduction velocity, remained unchanged. We in-
terpret these data to mean that loss of TRPCS leads to plastic
changes in the response properties of CMC-fibers, most likely
because of adaptation of TRPMS8 or other menthol-sensitive
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Fig. 4. Skin-nerve recordings of WT and TRPC5~~ mice: gain of function in C-cold nociceptors (CMC). C-cold nociceptors of TRPC5~~ mice had larger cold
responses than those of WT mice as measured by action potential firing rates (A), action potentials (APs) per cold stimulus (B), and peak firing rates (C) but
exhibited similar temperature thresholds (D). (E) Four-way distribution pattern of the subclasses of mechanosensitive C-fibers in WT and TRPC5™~ mice,
identified by mechanostimulation and subsequent thermal characterization. The numbers of fibers in WT and TRPC5™"~ cells are given in parentheses. CM,
mechano-sensitive nociceptor; CMC, mechano-cold nociceptor; CMCH, mechano-cold and heat nociceptor; CMH, mechano-heat nociceptor. (F) TRPC5™~ mice
exhibited more menthol-sensitive CMCs and fired more cold- and menthol-activated action potentials than WT mice (500 pM menthol). Numbers in bars
indicate number of fibers (Left) and number of action potentials (Right). (G) Original cold response of WT and TRPC5~~ CMC-fibers before and after
treatment with menthol (arrow); I.f.p. s, instantaneous frequency plot. (Insets) Extracellular potentials; y = 200 pV, x = 1 ms. (H) Four-way distribution
pattern of the subclasses of mechanosensitive C-fibers in WT and TRPM8~'~ mice; compare to E. TRPM8™"~ mice lack CMC-fibers and exhibit more CMH-fibers.
(1) Menthol-insensitive As-cold nociceptors were observed infrequently in TRPC5™~ mice, and responses were small (n = 65 each genotype). Note: The fraction
of cold-sensitive fibers that demonstrate menthol sensitivity (WT: 13.3% vs. TRPC5~": 33.3%) as well as responses (WT: 13.7% vs. TRPC5~~: 58.2%) was in-
creased. (J) Representative responses of TRPC5~~ and WT As-cold nociceptors; (Insets) extracellular potentials; y = 200 pV, x = 1 ms. *P < 0.05; **P < 0.0005;
Mann-Whitney U test (B-D) and ;(2 test (F and /). See also S/ Materials and Methods.
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channels and a subsequent shift in mechanosensitive C-fiber
subtypes.

To test whether genetic ablation of TRPCS results in up-reg-
ulation of TRPMS, we examined mRNA levels of pooled pe-
ripheral nerves, DRG, and trigeminal ganglia and quantified
TRPMS-positive peripheral fibers by 1mmunohrstochem1stry No
significant difference between WT and TRPMS™'~ mice (n > 8)
was found, although there was a trend toward increased numbers
of TRPMS- -positive fibers in TRPC5~'~ mice (average fibers per
hlgh power field, WT: 2.7 + 0.4 vs. TRPC57/~: 3.4 4 0.4; ¢ test;

= 0.059). For comparison, we examined TRPMS™~ mice and
found a complete lack of CMC-fibers accompanied by increased
numbers of heat-sensitive C-fibers (CMH) (Fig. 4H). A signifi-
cant shift of the median mechanical (Von Frey) threshold to
higher values accompanied these changes (Fig. S4 C and D). In
TRPMS™~ mice, CMCH-fibers appear at normal ratios (Table
S4) and may be responsible for noxious cold sensing in the ab-
sence of TRPMS. Together, these findings suggest that noxious
cold sensation does not require TRPCS and that noxious cold
sensation in TRPM8~'~ mice is maintained by a shift from CMC-
to CMCH-fibers (Fig. 4H and Table S4).

We also examined the rare unimodal cold receptors, CC (2),
that frequency-encode temperature and show phasic activity upon
cooling and rapid adaptation to warming (33). CC-fibers were
characterized recently in the mouse cornea (35), are menthol
sensitive, and exhibit 20-fold larger responses than CMC-fibers.
CC-fibers in the cornea of TRPMS '~ mice are menthol insensitive
(35), and we found no dlfference in CC-fiber characteristics be-
tween WT and TRPC5'~mice (Fig. S5). However, a significant
fraction of CC-fibers was able to encode noxious cold-stimuli
(Fig. S5G).

Finally, we assessed cold-sensitive Ad-fibers and found an
overall reduction in cold-induced action potentials, from 21%
in WT to 9% in TRPC5~'~ mice, whereas the menthol-sensitive
fraction was maintained in both genotypes (Fig. 4 I and J and
Fig. S6). A similar reductlon of cold-sensitive Ad-fibers has been
documented in TRPM8™'~ mice (11). Note, however, that the
pattern of encoding cold stimulus intensity in murine Ad-fibers is
different from that in primates, and the significance of alter-
ations in this fiber type is currently unknown (33, 37).

Discussion

The most surprising finding of this study is that TRPC5 mono-
meric channels have high gating sensitivity to cooling in the
range from 37-25 °C. As expected, this effect is strongly poten-
tiated by Gqg-linked G protein-coupled receptors. Interestingly,
TRPC1/C5 heteromeric channels did not display strong cold
sensitivity. Exceptionally high temperature sensitivities in ion
channel gating likely result from large changes in molar heat
capacity, but these changes can be accounted for by relatively few
residues within a domain or distributed throughout the protein.
One likely scenario is that hydrophobic residues exposed to
water during gating of TRPCS are made inaccessible when
TRPCS forms a complex with TRPCI.

The ability to occlude TRPC5 cold sensitivity by multi-
merization is an interesting adaptation and is unlike previous
paradigms in TRP-channel temperature-sensing biology. TRPC1/
TRPCS5 heteromers presumably are confined to cell bodies,
whereas TRPCS is targeted to distal processes (20-22). Thus,
TRPCS, which is highly sensitive to mild cooling, is expected to
increase depolarization in distal processes but not in cell bodies.
This targeting may confine the neuronal response to cooling to
the periphery, leading to increased intracellular calcium in these
processes. The findings presented here suggest that these changes
are not sensed by the central nervous system in ways leading to
appreciable changes in behavior. However, they may lead to
changes in neurite outgrowth, local vascular perfusion, or other
cellular adaptation such as up-regulation of other channel types.

We emphasize the distinction between avoidance behavior
to noxious cold and thermal preference behavior from other
biological adaptations. Although temperature sensing is such a
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common experience that we tend to attribute temperature changes
to conscious recognition, all biological processes are temperature
dependent, and most are not reported to the nervous system. In
this context, we postulate that the heightened sensitivity of TRPCS
to cooling is used for other adaptations, such as localized meta-
bolic changes, vascular changes, retraction of neurites, or initiation
of transcriptional programs. Our findings suggest that TRPCS
activation may be potentiated by PLC-coupled receptors, such as
growth factors, as well as by Gg-linked receptors. Indeed, in rep-
tiles and mammals long-term exposure to various temperatures
results in impressive long-lasting adaptive changes in the firing
properties of innocuous thermosensors (38, 39). Another expla-
nation would be that deleting TRPCS results in compensatory
replacement by functionally overlapping cold transducers (e.g.,
TRPMS). Increased functional availability of TRPMS then may
account for the avoidance of cold temperatures by TRPC5~~ mice.
Reminiscent of our findings in TRPC5~'~ mice, the compensatory
replacement of functionally related tetrodotoxin-sensitive ion
channels in Nav1.8-deficient mice (40) partially restored the loss
of Navl.8 function in the null-mutant nerve endings but not in
their cultured DRG neurons (30, 41). In both cases, the result is
protection from cold via functionally overlapping but molecularly
independent cold-detection mechanisms.

In summary, we found that innocuous cold-responsive TRPC5
is present in approximately one-third of mouse sensory neurons
as well as in a substantial number of human peripheral nerves. In
agreement with previous work demonstrating targeting of
TRPCS to neurites (21), we failed to measure TRPCS currents in
isolated neurons lacking neurites. Given that DRG neurons are
pseudounipolar and that propagation of cell soma action po-
tential is not required for transmission from the periphery to the
spinal cord, we hypothesized that most TRPCS5 homomeric
channels are targeted to nerve terminals that are inaccessible to
direct recording. To determine whether this idea is functionally
relevant, we conducted behavioral tests and found no differences
between WT and TRPC5~'~ mice in various temperature-sensing
assays, suggesting a role for TRPCS that is distinct from noxious
cold sensing. However, several limitations apply to our results.
First, it is not clear whether cold-induced activation of TRPC5
contributes directly to propagation of action potentials along the
sensory pathway. Second, we used 129S1/SvImJ mice in these
studies, and this strain may be inferior to C57BL/6 mice in be-
havioral assays (42, 43). It has been noted that there are tem-
perature-sensing differences between mouse strains (44, 45), and
we cannot generalize our results to other strains or species.

Despite these limitations, we found that loss of TRPCS re-
sulted in significant adaptive responses. In isolated neurons,
these changes resulted in a significant drop in the percentage of
cold-sensitive (both menthol-sensitive and methol-insensitive)
DRG neurons and TRPMS detected by antibody. Interestingly
the fraction of cold-sensitive neurons demonstrating menthol
sensitivity was maintained, and loss of TRPCS did not result in
changes in CGRP, 1B4, NF200, peripherin, or TRPV1 protein.
Paradoxically, in intact animals, TRPMS8 and/or other menthol-
sensitive channels appear to underpin a much larger component
of noxious cold sensing after TRPC5 deletion, resulting in a
subsequent shift in mechanosensitive C-fiber subtypes. In future
experiments, it will be important to examine changes in nerve
terminals, including axon outgrowth and guidance, blood flow,
tissue architecture near nerve endings, and responses to both
growth factors and Ggq-linked receptors in TRPC5™'~ mice to
understand the specific role of TRPCS in the innocuous range of
cold temperature (37-25 °C) that evidently is distinct from
noxious cold sensing.

Materials and Methods

Animals and Behavioral Assays. Mice were housed in a 12-h light-dark cycle at
room temperature, and experiments were performed under the policies of
the International Association for the Study of Pain and approved by the
Animal Resources of Children’s Hospital Boston facility. Standard sensory
assays included paw flick, cold plate, von Frey thresholds, and temperature
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choice assays. Behavioral studies were carried out with paired littermates
while blind to genotype or (for temperature preference behavior) were
videotaped and analyzed by automated detection software. See SI Materials
and Methods for details.

DRG Neuronal Cultures and Ca?* Measurements. Calcium imaging/patch clamp
recordings were made using DRGs from all spinal levels after ~15-18 h in
culture. For calcium imaging, DRGs were loaded with Fura2-AM (Invitrogen)
dissolved in TNB medium (for 60-70 min) followed by a 15-min wash in
TNB medium. Cells were considered menthol- (250 pM), capsaicin- (10 pM), or
allyl-isothiocyanate- (100 uM) responsive when Ca®* increased >25% above
baseline. Cells were considered cold-sensitive when Ca®* increased >15%
above baseline (apparent Ca®* fluorescence decreased in cold-insensitive cells
during cold stimulation by 5-10%).

Patch Clamp Recordings. The extracellular solution contained (in mM): 140
Nadl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 Hepes, and 10 glucose (adjusted to pH 7.4
with NaOH). The pipette (intracellular) solution contained (in mM): 120
CsMES, 10 Cs;-BAPTA, 10 Hepes, 2 MgATP, 0.4 Na,GTP, 0.47 MgCl,, and 3.26
CaCl,. Whole-cell recordings were acquired at 5 kHz and were low-pass fil-
tered (eight-pole Bessel) at 2 kHz. Temperature coefficients (Qo) were es-
timated by plotting log (I/l,ax) vs. temperature. Statistical data are presented
as mean + SEM; Student’s t test was calculated, and P < 0.05 was considered
statistically significant.
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Single Nerve Fiber Electrophysiology. The isolated skin saphenous nerve
preparation and single-fiber recording technique was used (29, 30) on male
littermates of WT and TRPC5™~ mice (n = 32) weighing 20-32 g and on
12951/5vimJ mice (n = 17; Jackson Labs). TRPM8™'~ mice were from Ajay
Dhaka and Ardem Patapoutian (Department of Cell Biology, The Scripps
Research Institute, La Jolla, CA). Recordings were performed from male mice
(n = 10) backcrossed on N5 (F1-F2) generations to C57BL/6 background and
from corresponding male littermates (n = 11).

Immunohistochemistry. Cryostat- or paraffin-embedded sections of 3- to 8-uM
thickness were prepared from fresh-frozen or paraformaldehyde-fixed (4%)
tissues, respectively. Quantification of labeled cells was assessed blinded to
genotype and according to previously published protocols (46, 47).
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