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STIM1 and ORAI1 form a novel cold transduction
mechanism in sensory and sympathetic neurons

Tamara J Buijs™"@, Bruno Vilar*®, Chun-Hsiang Tan***

Abstract

Moderate coolness is sensed by TRPM8 ion channels in peripheral
sensory nerves, but the mechanism by which noxious cold is
detected remains elusive. Here, we show that somatosensory and
sympathetic neurons express two distinct mechanisms to detect
noxious cold. In the first, inhibition by cold of a background out-
ward current causes membrane depolarization that activates an
inward current through voltage-dependent calcium (Cay) channels.
A second cold-activated mechanism is independent of membrane
voltage, is inhibited by blockers of ORAI ion channels and by down-
regulation of STIM1, and is recapitulated in HEK293 cells by co-
expression of ORAI1 and STIM1. Using total internal reflection fluo-
rescence microscopy we found that cold causes STIM1 to aggre-
gate with and activate ORAIL ion channels, in a mechanism similar
to that underlying store-operated calcium entry (SOCE), but
directly activated by cold and not by emptying of calcium stores.
This novel mechanism may explain the phenomenon of cold-
induced vasodilation (CIVD), in which extreme cold increases blood
flow in order to preserve the integrity of peripheral tissues.
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Introduction

A conscious sensation of temperature is initiated when thermally-
sensitive ion channels expressed in peripheral nerve endings are
activated by temperature changes, leading to membrane depolariza-
tion and the generation of action potentials that propagate to the
spinal cord and from there to higher centres responsible for thermal
sensation. To date, all of the ion channels known to generate dis-
tinct thermal sensations are thermo-TRP channels, members of the
large TRP ion channel family. The sensation of noxious heat is
generated by three TRP channels, namely TRPV1 (Cesare &

& Peter A McNaughton®”

Mcnaughton, 1996; Caterina et al, 1997), TRPM3 (Vriens et al,
2011), and TRPA1 (Vandewauw et al, 2018), whose thermal activa-
tion overlaps in the temperature range that humans describe as
painfully hot. Non-noxious warmth is signalled by TRPM2 (Tan &
McNaughton, 2016; Vilar et al, 2020), while non-noxious coolness is
signalled by TRPM8 (McKemy et al, 2002; Peier et al, 2002; Bautista
et al, 2007; Dhaka et al, 2007).

The molecular basis for the detection of painful levels of cold,
however, remains unresolved. TRPA1 has been suggested as a nox-
ious cold sensor (Story et al, 2003) but in vivo studies showed no
change in the sensation of strong cold when TRPA1 was genetically
deleted (Knowlton et al, 2010). In agreement, TRPA1 was found to
be activated by extreme cold when expressed in some cells but not
in others, possibly because TRPALI is activated by increases in intra-
cellular calcium, rather than being directly activated by cold, and
cold increases intracellular calcium only in some cells (Zurborg
et al, 2007). A second candidate, TRPCS, was found to contribute to
cold responses of DRG neurons in vitro, but TRPC5 KO mice dis-
played no difference in temperature preference compared with WT
mice (Zimmermann et al, 2011). A third potential mechanism for
generating a sensation of extreme cold arises from the observation
that cold suppresses the activity of K" channels belonging to the 2-
pore family (K2P channels), such as TREK and TRAAK channels
(Lesage et al, 2000; Viana et al, 2002; Noél et al, 2009; Pereira et al,
2014; Viatchenko-Karpinski et al, 2018). Suppression of K2P ion
channel activity by cold can therefore lead to membrane depolariza-
tion by background inward currents and to neuronal excitation. In
the present work, we confirm that suppression of a background K"
current by strong cold causes membrane depolarization and activa-
tion of voltage-dependent calcium channels in both sensory and
sympathetic neurons.

Finally, a calcium entry was found to be activated by the removal
of a heat stimulus in non-neuronal cells transfected with STIM1 and
ORAIl (Xiao et al, 2011) and in keratinocytes (Liu et al, 2019a). A
second study, also on keratinocytes, found a calcium increase in
response to a mild cool stimulus (Sadler et al, 2020), but the mecha-
nism was not determined in that study. STIM1 is a protein, located
in the membranes of subcellular calcium stores, that detects the
degree of store filling by calcium (Prakriya & Lewis, 2015; Qiu &
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Lewis, 2019). When stores are depleted of calcium, STIM1 migrates
within the ER membrane to areas of close ER-plasma membrane
apposition, where it binds to and activates ORAI1, a surface mem-
brane calcium-selective ion channel, and the resulting calcium
influx refills stores in a process known as store-operated calcium
entry (SOCE). The studies showing an activation of a STIM1-ORAI1
mechanism in the mild temperature range (Liu et al, 2019a) were
conducted on keratinocytes and it is not clear how they might relate
to the sensation of cold in sensory neurons.

Here, we show that extreme cold causes aggregation and activa-
tion of calcium-permeable ORAI1 ion channels, located in the sur-
face membrane, around STIM1 puncta present in the endoplasmic
reticulum. In contrast to SOCE, however, the calcium increase is
triggered by cold alone, without emptying of intracellular calcium
stores. Because of the high selectivity of ORAII ion channels for cal-
cium, the calcium influx mediated by this mechanism does not gen-
erate a detectable inward current and thus does not cause
significant membrane depolarization that could trigger nerve activ-
ity and signal a sensation of cold to higher centres. The STIMI-
ORAIl-dependent calcium influx is present in somatosensory neu-
rons, where it may contribute to local reactions to noxious cold, and
it is also prominent in sympathetic neurons, where it may be
responsible for triggering cold-induced vasodilation, an important
protective mechanism that restores skin blood flow in conditions of
extreme cold and thus protects exposed peripheral tissues from
damage by frostbite.

Results

DRG and SCG neurons express novel mechanisms that detect
noxious cold

The sensitivity to mild cool stimuli of a small subset of somatosen-
sory neurons from the dorsal root ganglion (DRG) is mediated by
expression of TRPMS, but other cold-sensitive DRG neurons do not
express TRPMS8 and instead respond to cold by an unknown mecha-
nism that is also present in sympathetic neurons (Munns et al,
2007). To decipher the contribution of TRP channels to cold sensa-
tion in peripheral neurons, we exposed neurons from the DRG and
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from the sympathetic superior cervical ganglion (SCG) to a cold
ramp from 32°C to 4°C while measuring the intracellular calcium
level, and in the same neurons we tested the responses to agonists
for the potentially cold-activated TRP channels TRPMS8, TRPA1 and
TRPCS (Figs 1A and B and EV1). The starting temperature of 32°C
was chosen because it is similar to the temperature of peripheral
skin; a starting temperature of 37°C (core body temperature) made
no significant difference to cold responses (Appendix Fig S1). The
fluorescence recorded at the individual excitation wavelengths of
340 and 380 nm was significantly affected by temperature
(Appendix Fig S2), but the Fsu350 ratio was only slightly
temperature-dependent, with a small and steady decrease observed
at low temperatures in the absence of external calcium, in contrast
to the large calcium increases observed in the presence of external
calcium (Appendix Fig S2; two different types of responses shown,
as defined below in Figs 2 and 3). Finally, the possibility that a
temperature-dependent change in solution pH might have affected
calcium signals was tested in Appendix Fig S3; a temperature
change from 34°C to 4°C caused a small change in solution pH
(from pH 7.2 to 7.5) but a similar pH change evoked only a very
small increase F340,350-

Overall, 14% of DRG neurons responded with an increase in
intracellular calcium to a cold ramp to 4°C (Figs 1C and EV1A);
23% of these cold-sensitive DRG neurons (around 3% of the total
number of neurons) expressed TRPMS8, as judged from their
response to menthol, a selective agonist for TRPM8. TRPA1l was
expressed in 31% of DRG neurons overall; most of these TRPA1-
positive neurons co-expressed TRPCS (Fig EV1B) but only a small
fraction of these was cold-sensitive (Fig EV1C). Classification of
DRG neurons by their expression of these three TRP channels
revealed that TRPMS8 expression is more highly correlated with
cold-sensitivity than TRPA1 or TRPCS expression, because most
neurons (73%) that responded to the TRPM8 agonist menthol also
responded to cold, whereas most neurons that responded to TRPA1
or TRPC5 agonists did not respond to cold (36 and 32% cold-
responsive, respectively, see Fig EV1C). A possible reason why the
expression of TRPA1 and/or TRPCS is poorly correlated with sensi-
tivity to cold could be that another feature of neurons that express
TRPA1 or TRPCS may confer cold-sensitivity, such as the presence
of TRP-independent cold sensors, whose existence we demonstrate

Figure 1. DRG and SCG neurons express novel mechanisms to detect noxious cold.

A, B Representative images of changes in intracellular calcium, as measured in fluorescence ratio images (Fsao/3s80) (A) and traces (B). Examples show a TRPMS8-

expressing DRG neuron (left in A, top in B) responding to both the TRPM8 agonist menthol (300 uM) and to a cold stimulus from 32°C to 4°C (temperature trace
bottom in B), and a neuron that responds to cold (right in A, middle in B) but does not express any of TRPM8, TRPA1 or TRPCS5, as shown by lack of response to the
TRPM8 agonist menthol (300 uM), the TRPAL agonist AITC (50 pM) or the TRPC5 agonist rosiglitazone (100 uM). Calcium increase is due to influx from extracellular
solution (see Fig 2A and B).

Venn diagram showing the proportion of neurons that responded to at least one of the three TRP agonists menthol, AITC or rosiglitazone (grey, 44%) and those
that responded to cold (blue, 14%). Neurons that responded to cold, but not to any TRP agonist (5%) were classified as “novel cold-sensitive neurons” (n = 859 neu-

Frequency histogram showing cold activation thresholds of novel cold-sensitive DRG neurons (left, mean cold threshold 15.1 = 1.0°C, n = 40 neurons) and TRPM8"
Similar experiments to (A) and (B) showing an SCG neuron responding to the TRPAL agonist AITC (left in E and top in F) and a novel cold-sensitive SCG neuron that

responds to cold but does not express any of TRPM8, TRPA1 or TRPC5 (right in E and middle in F). Many glial cells are also visibly activated by AITC but not by cold.
Similar Venn diagram to C for SCG neurons (n = 155 neurons). Few responded to any of the TRP agonists (grey, 6%), while many neurons responded to cold (blue,

@
rons imaged on 3 separate days).
D
neurons (right, mean cold threshold 233 4+ 2.1°C, n =15 neurons).
E F
G
44%), of which most responded only to cold (39% “novel cold-sensitive neurons”).
H

Similar histogram to (D) showing cold activation thresholds of novel cold-sensitive SCG neurons (mean cold threshold 13.1 + 0.8°C, n = 61 neurons). See Fig EV1 for
further data on distribution of cold-sensitivity in neurons of the DRG and SCG.

Source data are available online for this figure.
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© 2022 The Authors The EMBO journal 42: e1113482023 3 of 21



The EMBO Journal

below. Expression of TRPA1 and TRPCS may therefore be unrelated
to the cold responses of sensory neurons.

A more surprising observation was that in 35% of cold-sensitive
DRG neurons, no calcium increase was observed in response to any
of the agonists for TRPM8, TRPA1 or TRPC5. We named these
“novel cold-sensitive neurons,” in which the cold response is not
attributable to any of the potential TRP candidates for cold sensitiv-
ity (Figs 1C and EV1A and B). The average thermal response thresh-
old of novel cold-sensitive DRG neurons was 15.1 £+ 1.0°C (Fig 1D
left, mean + SEM). The mean activation threshold of TRPMS8-
expressing DRG neurons, on the other hand, was at a much less cold
23.3 £ 2.1°C, well within the range of non-noxious coolness (Fig 1D
right panel, P < 0.001 compared with novel cold-sensitive DRG neu-
rons). Note that the spread of the thresholds of cold-sensitive neu-
rons around the mean values is large in both cases, however, and
that the behavioural sensitivity to a cold stimulus is likely to be
determined more by neurons responding towards the upper end of
the range than by the mean values.

Novel cold-sensitive neurons were even more prominent in neu-
rons from the SCG, in which 44 % of neurons responded to cold, but
of these cold-sensitive neurons, only 10% also responded to one or
more TRP channel agonists (Figs 1E-G and EV1D, E). No SCG neu-
rons responded to menthol, indicating that TRPMS is not expressed
in the SCG, while 10% of cold-sensitive SCG neurons responded to
AITC, a selective TRPA1 agonist, or rosiglitazone, a selective TRPCS
agonist, indicating that they express TRPA1 and/or TRPCS
(Fig EVIE). Thus, 90% of cold-sensitive SCG neurons, or nearly
40% of the total number of SCG neurons, express a novel mecha-
nism (or mechanisms) for generating an internal calcium increase in
response to cold. The average cold activation threshold of novel
cold-sensitive SCG neurons was 13.1 + 0.8°C (Fig 1H), similar to
the value of 15.1 + 1.0°C found in DRG neurons (see above).
Because of the prevalence of a novel cold-sensitive mechanism or
mechanisms in SCG neurons, we mainly used SCG neurons in sub-
sequent experiments to understand the molecular identity of the
novel cold sensor(s).

In summary, the present results agree with earlier work showing
that TRPMS8-expressing neurons are activated at a temperature cor-
responding to mild non-noxious coolness (McKemy et al, 2002;
Peier et al, 2002; Bautista et al, 2007; Dhaka et al, 2007), while the

Tamara | Buijs et al

novel cold-sensitive mechanism(s) characterized here are activated
at temperatures around 10°C colder, in the range of painful cold
sensation.

Peripheral neurons express both a voltage-dependent and a
voltage-independent cold transduction mechanism

Fig 2A and B show that no cold-activated calcium increase is
observed in the absence of extracellular calcium, demonstrating that
the origin of the intracellular calcium increase in response to cold is
influx through the plasma membrane rather than release from intra-
cellular stores. Concurrent Ca*" imaging and patch clamp electro-
physiology in current-clamp mode (Fig 2C) shows that an SCG
neuron initially depolarizes gradually in response to cold, with a rel-
atively small increase in [Ca*']; (from F340,380 of around 1.0 to 2.0),
but that a subsequent sharp depolarization causes a larger increase
in [Ca*']; (marked by vertical dotted line, from F340/380 0f around 2
to 4). The second depolarization and calcium increase are character-
istic of activation of voltage-dependent calcium channels, a proposal
that is supported by voltage clamp at —60 mV (Fig 2D), in which
the early calcium increase (increase of Fzs0/350 from around 1.0 to
2.0) was still seen, but the later depolarization-activated calcium
increase was abolished. Note that the calcium influx seen under
voltage-clamp at —60 mV is not associated with an inward current,
and in fact the current trace shows a small change in the outward
direction (<14pA, Fig 2D).

These observations support the existence of two distinct sources
of cold-induced calcium influx: a depolarization-activated calcium
influx, typical of voltage-dependent calcium channels; and a
voltage-independent calcium influx of unknown origin. Work
described below investigates the following questions: (i) What
causes the depolarization to the threshold for activation of voltage-
dependent calcium channels in current clamp mode (Fig 2C)? (ii)
What is the origin of the voltage-independent calcium influx
(Fig 2D)? The absence of a detectable inward current associated
with the intracellular calcium increase in voltage-clamp mode
shows that the voltage-independent calcium influx must originate
from a near-electroneutral process such as a highly calcium-
selective ion channel or a calcium exchange mechanism, and that a
cold-activated TRP channel is therefore an unlikely candidate

Figure 2. Electrophysiological dissection of the mechanisms governing cold-induced Ca®" influx.

A Representative Ca*" imaging traces showing cold responses of SCG neurons in absence and presence of extracellular Ca®*. Temperature trace below.
B Collected results of 110 cold-sensitive SCG neurons on 3 coverslips (P < 0.0001, RM one-way ANOVA + Dunnett’s test). Removal of extracellular Ca®* during the first
cold ramp completely prevented cold-induced Ca®* influx. Statistical significance was determined by a repeated measures one-way ANOVA + Dunnett’s multiple com-

parison test.

C Top: membrane potential from current-clamped SCG neuron. Middle: Concurrent Ca*" imaging trace showing cold-induced Ca®" increase. Bottom: temperature trace.

Cold causes a slow depolarization and small calcium increase, followed by a sharp depolarization (vertical line) and a second larger rise in [Ca

obtained in 11 SCG neurons.

2*].. Similar results

D Top: current trace from SCG neuron voltage-clamped at —60 mV. Middle: Concurrent Ca*" imaging trace showing cold-induced Ca*" increase. Bottom: temperature
trace. Cold-induced increase in [Ca®']; is not associated with inward current. Similar results obtained in 21 SCG neurons.

E Effect of cold on current-voltage relation of cold-sensitive SCG neuron. Holding voltage —60 mV, voltage ramp from +30 mV to —100 mV in 500 ms applied every
30 s. Top: current trace. Middle: Concurrent Ca** imaging trace showing cold-induced Ca®* increase. Bottom: temperature trace. Similar results obtained in 10 SCG

neurons.

F Voltage ramp used to determine the current voltage relation of SCG neurons before, during and after the cold stimulation in (E).
G Mean current voltage relation of 10 SCG neurons at 32°C (dashed line), 4°C (blue) and 32°C (red dots).

H Difference trace from (G).

Source data are available online for this figure.
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Figure 2.

because most TRP channels are only weakly Ca**-selective and cur-
rent is carried mainly by Na" ions, producing a large inward current
(Cesare & Mcnaughton, 1996; Ramsey et al, 2006).

The first question was investigated in the experiments shown in
Fig 2E-H, in which a voltage ramp was used to quantify changes in
the steady-state background current caused by application of a cold
ramp from 31°C to 4°C. Measurement of the neuronal current-volt-
age relation with a ramped voltage (Fig 2E and F) showed that

© 2022 The Authors

application of a cold stimulus suppressed an outwardly rectifying
current with reversal potential ~ —60 mV (Fig 2G and H), consistent
with a current carried largely by K™ ions. The reversal potential of this
current is negative to the neuronal resting potential, explaining the
depolarization observed in response to cold in current-clamped neu-
rons (Fig 2C). The outwardly rectifying IV relation and suppression
of the current by cold are both characteristic of a two-pore potassium
channel (K2P) such as a member of TREK or TRAAK families

The EMBO journal 42: 1113482023 5 of 21
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(Maingret et al, 2000; Noél et al, 2009; Pereira et al, 2014). Thus the
depolarization-induced calcium entry caused by a cold stimulus is
likely to be explained by a suppression of K2P ion channel activity,
followed by activation of voltage-dependent calcium channels.

Regarding the second question, the origin of the voltage-
independent calcium influx, the experiment of Fig 2D showed that
under voltage-clamp the current changed in the outward direction
on application of the cold stimulus, in the opposite direction to the
inward current expected for an influx of calcium ions. An increase
in intracellular calcium concentration of the observed size could,
however, be generated by a highly calcium-selective inward current
of as little as 1pA (see Methods, “Calculation of cold-induced cal-
cium concentration increase”), which would be undetectable against
the observed change in background currents caused by cold-
dependent suppression of the K2P current.

The experiments shown in Fig 3A-C further investigate the prop-
erties of the two distinct cold-activated calcium influx pathways in
SCG neurons. Under voltage-clamp at —60 mV (Fig 3A) the calcium
influx in response to a cold ramp was not blocked by the calcium
channel blocker verapamil, and in fact application of verapamil was
even seen to enhance the calcium influx. On release of the voltage
clamp, a larger cold-induced calcium influx was observed, which can
be attributed to activation of voltage-dependent calcium channels in
the absence of verapamil, as in Fig 2C. In the inverse experiment
under current clamp (Fig 3B), the calcium influx was suppressed by
verapamil, identifying the origin of the majority of the calcium influx
in this neuron as voltage-dependent calcium channels. In the same
neuron, a smaller calcium influx was seen under voltage-clamp, con-
sistent with Figs 2D and 3A. These results show a paradoxical double
action of verapamil, which decreases the amplitude of the calcium
signal activated by cold during current clamp (Fig 3B), when Cay
channels are active, but potentiates cold responses during voltage
clamp at —60 mV (Fig 3A), when Cay channel activity is suppressed.

Next, the effects of Cay channel antagonists on the cold-induced
Ca*" influx were determined (Fig EV2). The non-selective Ca*"
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channel blockers Cd*" and Gd®" blocked all cold responses
(Fig EV2A-D), but the Cay-selective antagonists verapamil, mibe-
fradil, bepridil and nifedipine had only a small effect on mean cold-
response amplitude (Fig EV2E-L). Closer examination of the results
showed that this was due to different effects on individual neurons;
in some neurons each of the different Cay channel blockers inhib-
ited the response amplitude (black traces), while in others the
response was potentiated (blue traces). These traces have been
selected to show the extremes of the spectrum of sensitivities to cal-
cium channel antagonists, and in most neurons the effects of cal-
cium channel antagonists fell between these two extremes. These
paradoxical results extend the data obtained under voltage and cur-
rent clamp in Fig 3A-C and support the presence of two distinct cal-
cium influx mechanisms activated by noxious cold: one that is
activated when K2P channels are suppressed by cold, that is blocked
by calcium channel antagonists; and a second novel Cay-
independent calcium entry that is enhanced by calcium channel
antagonists such as verapamil. A clue to the identity of the second
calcium-entry mechanism comes from the recent discovery that acti-
vation of members of the ORAI calcium-selective ion channel family
is enhanced by verapamil (Liu et al, 2019b).

The way in which these two mechanisms determine the cold
temperature threshold in SCG neurons was investigated in Fig 3D.
Cold activated a calcium increase at a mean of 10.8 + 0.2°C in this
experiment, which for unknown reasons is lower than the value of
13.1°C found in Fig 1H. However, following block of Cay channels
by verapamil, the cold threshold was reduced significantly, to
9.4 + 0.1°C (Fig 3D; P < 0.0001). The calcium entry component that
is not blocked by verapamil was found to be blocked by the ORAI
channel blocker YM58483/BTP2 (Zitt et al, 2004; Fig 3E and F), an
effect that was particularly prominent in neurons showing a large
increase in the cold-evoked calcium signal when exposed to vera-
pamil (Fig 3G).

Similar experiments on cold-sensitive DRG neurons are shown in
Fig 3H-J. The cold temperature threshold in DRG neurons not

Figure 3. Dissection of mechanisms underlying the novel cold-induced Ca**entry.

A Example of concurrent electrophysiological and Ca®* imaging of a cold-sensitive SCG neuron in which the calcium channel blocker verapamil enhances the cold
response under voltage clamp at —60 mV. Larger increase in [Ca]; seen in current-clamp mode (4™ cold ramp). Similar results obtained in 4 SCG neurons.
B Example of cold-sensitive SCG neuron in which the calcium channel blocker verapamil inhibits cold response under current clamp. Smaller cold response seen under

voltage-clamp (4™ cold ramp). Similar results obtained in 5 SCG neurons.

C Mean cold-sensitive increase in calcium-dependent fluorescence ratio Fssos3s0 in SCG neurons is significantly smaller in neurons recorded in voltage-clamp at
—60 mV (0.56 + 0.08, mean + SEM, n = 21 neurons) than in neurons recorded in current-clamp mode (1.16 &+ 0.29, n = 11 neurons, P = 0.0165, unpaired t-test).
D Frequency distribution showing the effect of verapamil (100 M, blue bars) on cold activation thresholds of SCG neurons. Mean cold threshold before (10.8 + 0.2°C)

and after (9.4 + 0.1°C) addition of verapamil, n = 301 neurons, P < 0.0001.

E Representative calcium imaging trace showing block of cold responses with ORAI channel antagonist YM58483 (3 uM) in SCG neuron in the presence of Cay

antagonist verapamil (100 puM). Temperature trace below.

F  Summary of results of experiments on SCG neurons (mean + SEM, n = 115 neurons, 4 separate cultures). YM58483 caused a significant decrease in cold-response
amplitude (P < 0.0001, RM one-way ANOVA + Dunnett’s test), with only partial recovery.

G In neurons with a small response to cold (Fzs0s380 increase <0.2; n = 24 neurons), many responses are potentiated by verapamil (31% of cold-insensitive neurons) and
are fully blocked by ORAI channel antagonist YM58483 (P < 0.0001, RM one-way ANOVA + Dunnett’s test).

H Similar histogram to (D) showing the effect of verapamil (100 uM, blue bars) on cold activation thresholds of novel cold-sensitive DRG neurons. Mean cold threshold
without verapamil (15.1 & 1.0°C, black bars, n = 40), and in the presence of verapamil (10.1 + 1.6°C, blue bars, n = 26, P = 0.0080).

I Similar experiment to that shown in (E) but in DRG neurons. Black trace shows DRG neuron responding with a calcium increase to menthol and thus expressing
TRPMS; cold-dependent calcium increase is partially blocked by verapamil (100 uM) but not by ORAI blocker YM58483. Blue trace shows neuron not responding to
either menthol or AITC but activated by cold (novel cold-sensitive neuron) in which response is blocked by ORAI channel antagonist YM58483. Temperature trace

below.

] Summary of results of experiments on novel cold-sensitive DRG neurons (mean + SEM, n = 28 neurons, 3 separate cultures). YM58483 caused a significant decrease

in cold-response amplitude (P < 0.0001, RM one-way ANOVA + Dunnett’s test).

Source data are available online for this figure.
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expressing TRPMS8 (“novel cold-sensitive neurons”) was
15.1 £ 1.0°C, identical to the value obtained in similar experiments
in Fig 1D, while block of the Cay-dependent mechanism with vera-
pamil reduced the threshold to 10.1 + 1.6°C (significantly lower,
P =0.008, Fig 3H). In neurons whose cold response was attributable
to TRPMS, as shown by a large increase in calcium on exposure to
the TRPMS8 agonist menthol, the ORAI channel blocker YM58483
did not block the cold response (Fig 3I), while in novel (TRPMS8-
independent) cold-sensitive neurons YMS58483 completely sup-
pressed the component of the cold response that is not blocked by
verapamil (Fig 3J). The novel cold-induced response in DRG neu-
rons exhibited some tachyphylaxis, but this did not explain the sup-
pression of the cold response by YM58483 (Appendix Fig S4).
Another structurally-different ORAI channel blocker, MRS1845, was
also found to suppress the novel cold response in a similar way to
YM58483 (Appendix Fig S5). In addition, ORAI channels are potenti-
ated by elevated pH (Scrimgeour et al, 2012) which we also found
to be a property of the novel cold-activated calcium entry
(Appendix Fig S6).

In summary, these experiments show the existence of two cold-
activated calcium entry mechanisms in both sympathetic and
somatosensory neurons: one attributable to depolarization-
dependent activation of Cay channels, that is blocked by verapamil;
and a second whose activation is enhanced by verapamil but is sup-
pressed by blockers of ORAI calcium channels. Both mechanisms
are activated by cooling into the noxious cold range of tempera-
tures, but the threshold for the Cay-dependent calcium entry is sig-
nificantly less cold than the threshold for the Cay-independent
calcium entry.

STIM1 and ORAI1 constitute a novel cold
transduction mechanism

The above experiments suggest that a member of the ORAI ion
channel family may be responsible for the novel cold-activated cal-
cium entry but, as with all pharmacological studies, the results are
open to the criticism that off-target block of an unrelated ion chan-
nel or channels may be responsible for the observed suppression of
the cold-activated calcium influx by ORAI blockers. ORAI proteins

Figure 4. STIM1 and ORAI1 underlie cold-induced Ca>* entry.
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form a highly Ca*-selective, voltage-independent ion channel named
Icrac (calcium release-activated current; Lopez et al, 2020). Dis-
charge of intracellular calcium stores is sensed by STIM1 proteins
located in the endoplasmic reticulum (ER) membrane, causing clus-
tering of STIMI into puncta and migration within the ER membrane
to areas of close ER-plasma membrane apposition, where STIM1
puncta bind to and activate ORAI1, causing a calcium influx into the
cytoplasm and thus enabling the refilling of subcellular calcium
stores by ER-resident calcium pumps (Prakriya & Lewis, 2015; Qiu &
Lewis, 2019). The membrane current associated with the calcium
influx through ORAI channels is typically undetectable because of
the high selectivity of the ORAI channel for calcium, and in this
respect the ORAI channel matches the properties of the novel cold-
activated and Cay-independent calcium entry determined above.

We expressed the three homologues of ORAI and two homo-
logues of STIM (Hou et al, 2012) in pairs in HEK293 cells with a
view to determining which STIM and ORAI homologues may be
involved in generating the novel cold-activated calcium entry (see
Fig 4A-C). We identified successfully transfected cells by co-
transfection of mCherry, after verifying that mCherry expression is
an excellent marker for the expression of all ORAI and STIM homo-
logues (Fig EV3). The combination of STIM1 and ORAI1 was found
to induce cold responses in transfected cells, but no other combina-
tions of STIM and ORAI homologues produced a significant cold
response (Fig 4A and B). The mean cold response threshold in
STIM1/ORAIl co-transfected cells was 18.6°C (Fig 4C), somewhat
less cold but not dissimilar to that of the novel cold response in
DRG neurons (15.1°C, Fig 1D) and SCG neurons (12.9°C, Fig 1H).
Experiments performed with PC12 cells showed that expression of
STIM1 and ORAII also enhances cold-activated calcium influx in
this cell line (Appendix Fig S7). Additional evidence excluding
ORAI3 as a contributor to the novel cold response was obtained
with SCG neurons from ORAI3 KO mice, in which the amplitudes of
the novel cold responses were not significantly different from those
in SCG neurons from wildtype littermates (Appendix Fig S8).

We next used an RNA interference (RNAi) gene-silencing
approach to knock down STIM1 proteins in SCG neurons (Fig 4D—
G). Successful electroporation was indicated by expression of
mCherry (# in left-hand panel of Fig 4D). Experiments were carried

A Ca®" imaging traces showing the effect of cooling from 36°C to 6°C on HEK293 cells transfected with mCherry in combination with one STIM homologue and one
ORAI homologue, or mCherry alone (control). Only the combination of STIM1 and ORAIL gives a cold-induced calcium increase.

B Bar chart summarizing cold response amplitudes (mean =+ SEM) of HEK293 cells successfully transfected with mCherry and STIM/ORAI homologues: STIM1 + ORAI1
(n = 220cells), STIM1 + ORAI2 (n = 172 cells), STIM1 + ORAI3 (n = 200 cells), STIM2 + ORAI1 (n = 640 cells), STIM2 + ORAI2 (n = 251 cells), STIM2 + ORAI3 (n = 403
cells), and control (n = 303 cells). Only the combination of STIM1 with ORAI1 induced cold responses that are statistically different from control (P < 0.0001, RM one-

way ANOVA + Dunnett’s test).

C Frequency histogram showing cold response thresholds of 166 HEK293 cells transfected with mCherry, STIM1, and ORAI1. Mean response threshold was 18.6 + 0.6°C.

D Representative fluorescence images of SCG neurons from neonatal mice (age P5-7) electroporated with plasmids coding for mCherry and for siRNA targeting STIM1.
Neurons were cooled from 35°C to 7°C in the presence of 100 uM verapamil. Electroporation was indicated by expression of mCherry (# in left-hand panel); in these
neurons a cold response was absent (# in right-hand panel) while in neurons not expressing mCherry (*) cold responses were still observed. Scale bar 20 um.

E Calcium imaging traces from neurons in D, showing the effect of cooling from 32°C to 6°C on SCG neurons electroporated with mCherry and siRNA targeting STIM1.
Black trace from neuron not expressing mCherry (* in D), red trace from a successfully electroporated neuron that expressed mCherry (# in D). Temperature trace below.

F Cold response amplitudes (Fzao380, mMean + SEM). Successfully electroporated neurons (mCherry positive, red bar, n =111 neurons from four separate cultures) had a
significantly lower cold response amplitude than neurons not electroporated (mCherry negative, black bar, n = 104 neurons from same cultures, P = 0.0082, unpaired

t-test).

G Percentage of neurons that responded to cold ramp with Fs40/380 increase >0.2. Only 5% of mCherry-positive neurons (successfully electroporated, red bar) responded
to cold, compared with 19% of mCherry-negative neurons in same cultures (non-electroporated, black bar, P < 0.001, chi-square test).

Source data are available online for this figure.
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© 2022 The Authors

A
lonomycin
h -
-§s
Rk
S$TIM1 + Orait :
2
STIM1 + Orai2 0
2
STIM1 + Orai3 0
2
STIM2 + Orai1l 0
2
STIM2 + Orai2 uj
2 l"
STIM2 + Orai3 0
p
Control
ontro 0
40
O 20
0
0 200 400
Time (s)
D mCher F
ry 3401380 26
<L
=
o
73]
-
=
l_
W
G
] 0.6 aka 25 ke
A o
b o 204
s 0.4+ -E 15
£ o
[=1
(=] -
2 0.2- 2 10
= - 5_
. 2
“ 0.0- 0-
2 2 ("] 2
A A aﬁ )
@ Q‘;‘a 6\ id
& &
& & & @

F3s40/380 iNCrease
= - L ]
L 1 1

C 30-
<
> 204
(2]
-
a1}
=
g 10+
[
ﬂ_
Temperature (°C)
E
3.0- K"
o 2.5 *
8
E 2.0
[T
1.5
1.0-
1.04 #
0.5-
40 5
o2\ /
0 1 1 1 1 1
D D D O
SESR O
Time (sec)

The EMBO journal ~ 42: 111348 | 2023

The EMBO Journal

9 of 21



The EMBO Journal

out in the presence of verapamil to suppress calcium influx due to
activation of Cay channels, as above. In successfully electroporated
neurons, identified by expression of mCherry, the cold response
was significantly reduced (# in example shown in right-hand panel
of Fig 4D and E), while in neurons in which electroporation had
failed, as shown by the absence of expression of mCherry, cold
responses were still observed (* in right-hand panel of Fig 4D and
E). Successfully electroporated neurons had on average > 5 fold
lower cold response amplitude than neurons not electroporated
(P < 0.01, Fig 4F). Only 5% of successfully electroporated (mCherry
positive) SCG neurons gave a detectable response to cold, compared
with 19% of neurons not electroporated (mCherry negative,
P < 0.001, Fig 4G). A control non-targeting siRNA (see Methods) did
not significantly reduce the amplitude of the calcium increase in
response to cold in successfully electroporated neurons when com-
pared with neurons on the same coverslips that were not electropo-
rated (Appendix Fig S9). These experiments show that expression of
STIM1 is critical for novel cold responses in SCG neurons.

STIM1 and ORAI1 form puncta in response to cold

In order to evoke a surface membrane calcium influx in response to
emptying of intracellular stores (a store-operated calcium influx,
SOCE), STIM1 proteins located in the endoplasmic reticulum aggre-
gate and migrate within the ER membrane to areas of close ER-
plasma membrane apposition, where they interact with and open
ORAII ion channels (reviewed in Prakriya & Lewis, 2015; Qiu &
Lewis, 2019). To determine whether a similar process takes place in
the case of the novel cold-induced calcium entry, we transfected flu-
orescently tagged STIM1-YFP and ORAI1-CFP into HEK293 cells and
imaged the fluorescent proteins using total internal reflection fluo-
rescence (TIRF) microscopy, which images juxta-membrane fluores-
cent STIM1 and ORAII to an imaging depth that had been set to c.
100 nm (Fig SA; see Methods). The HEK293 cells were then cooled,
with solution changing from 35°C to 13°C and back. We found that
the application of a cold stimulus caused HEK293 cells to change
shape, making comparison between images difficult, and that this
could be minimized by removal of calcium (nominal zero Ca) from
the extracellular solution. A second complication was that the fluo-
rescence of STIMI-YFP and ORAII-CFP was found to be
temperature-dependent (STIM1-YFP less so than ORAII-CFP, see
Appendix Fig S10) and the intensities of the images in cold solution
shown in Fig 5A have therefore been adjusted for this.

Tamara | Buijs et al

Representative images before, during and after cooling from
35°C to 13°C show that ORAI1 forms puncta in response to cool-
ing, and that these puncta largely disappear on rewarming
(Fig 5A, examples are visible most prominently in the centre of
the field of view and are marked by *). The numbers of STIM1
and ORAI1 puncta per cell varied considerably, partly because of
variations in cell size; the cell shown in Fig 5A has a lower num-
ber of both STIM1 and ORAIl1 puncta visible than was seen in
many other cells, and this cell was chosen because the change in
ORAI1 puncta number and colocalization with STIM1 on cooling is
best seen when numbers are smaller. A similar reversible increase
in Orail puncta number on cooling is shown in a cell with a larger
number of puncta in Fig EV4. While the magnitudes of the
increases in ORAI1 puncta number on cooling were variable in dif-
ferent cells (see data from individual cells in Fig 5B), the averages
from all cells showed a highly significant increase (P < 0.01, blue
line in Fig 5B), followed by reversal on rewarming. The area occu-
pied by ORAIl puncta was similarly variable (Fig 5C), but the
mean increase caused by cooling was also highly significant
(P < 0.0001).

STIM1 was mostly visible as preformed puncta before cooling
(Fig 5A), probably owing to the omission of calcium from the
bathing solution and consequent partial store emptying (see above).
The videos in Movie EV1 compare STIM1 localization in normal cal-
cium (left-hand video) and in nominal zero calcium (right-hand
video). The majority of STIM1 in normal calcium is highly mobile
and is visible in long tube-like structures, presumably ER, but some
is localized into transient aggregations that resemble puncta. In
nominal zero calcium, some STIM1 is visible in tube-like structures,
but most STIM1 is in the form of puncta, some of which are fixed,
and some mobile or transient. In the example shown in Fig 5A, cool-
ing appears to cause a reduction in the number of STIM1 puncta,
but this change was not found to be significant in averaged data
from a number of cells (P > 0.05, Fig 5D and E). There is, however,
a relocation of STIM1 to the cell surface caused by cooling, as seen
in the edge-on view of the cell membrane (arrow in Fig S5A, lower
panels). The co-localization between STIM1 and ORAI1 was also
significantly increased by cooling (P < 0.0001, Fig 5F). In each case,
the changes seen in Fig 5 were reversed on rewarming (Fig 5D-F).
These data are consistent with STIM1, partly preformed into puncta
by bathing in low calcium, binding to and capturing ORAIl ion
channels and, by the data shown previously, activating ORAI1 and
inducing a calcium influx.

Figure 5. The effect of cold on ORAI1 puncta formation and colocalization of ORAI1 and STIM1 in HEK293 cells.

A Representative TIRF microscopy images (imaging depth c. 100 nm) showing that cooling from 35°C to 13°C increases ORAI1 puncta formation and colocalization of
ORAIL with STIM1 in HEK293 cells transfected with ORAI1-CFP and STIM1-YFP. Cooling to 13°C causes the appearance of new ORAI1 puncta (examples shown by *)
that are not present in the 35°C image and are colocalized with STIM1. Cooling also causes STIM1 to move towards the cell surface in edge-on views (arrows). To
reduce cell motility, the experiment was conducted in nominal 0[Ca],, which caused partial formation of STIM1 puncta before the images shown. Scale bar =5 um.
Temperature trace shown below. Mean fluorescence intensity adjusted to compensate for increase in intrinsic fluorescence of CFP and YFP caused by cooling (see

Appendix Fig S10).

B-F Collected measurements (see Methods for details) of ORAI1 puncta number; relative area occupied by ORAI1 puncta; and colocalization of STIM1 and ORAI1 in
HEK293 cells before, during, and after cooling (mean + SEM, **P = 0.0015 ****P < 0.0001, RM one-way ANOVA + Dunnett’s test, n = 44 cells in 8 wells). Individual
results shown in light grey in B, C and F. Cooling significantly increases the number of ORAI1 puncta per cell (B, D) and the percentage area of the cell membrane
surface covered by ORAI1 puncta (C, E). Cooling causes an apparent small decrease in number of STIM1 puncta per cell (D) and the percentage area of the cell cov-
ered by STIM1 puncta (E) though both were non-significant (P = 0.22 and P = 0.10, respectively). Cooling significantly increased colocalization of STIM1 and ORAI1

(F, P < 0.0001, RM one-way ANOVA + Dunnett’s test).

Source data are available online for this figure.
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Exposure to cold does not discharge intracellular calcium stores

The effects of cooling on the cellular distribution of ORAIL, as
shown in Fig 5, are similar to those observed in other studies when
calcium stores are emptied and store-operated calcium entry is
evoked at room temperature (Gwozdz et al, 2008; McNally et al,
2013). One important difference, though, is that cold does not
appear to discharge intracellular stores (see Fig 2A), suggesting that
cold is able to activate STIM1 and promote calcium entry through
ORAII1 channels independently of calcium discharge from intracellu-
lar stores.

The experiments shown in Fig EVS further investigate whether
cold discharges calcium stores, by comparing the effect of cold
on store-operated calcium entry (SOCE) with that of thapsigargin,
which potently evokes SOCE by inhibiting the sarcoplasmic and
endoplasmic calcium ATPase (SERCA) responsible for store fill-
ing, and therefore empties intracellular calcium stores (Lytton
et al, 1991). Removal of extracellular calcium in Fig EV5A caused
a steady decrease in intracellular calcium, as in Fig 2A. Applica-
tion of 4°C cold caused no detectable calcium release from intra-
cellular stores, because the only effect of cold on Fssg/350 Was a
small downward deflection attributable to a direct effect of cold
on the fura-2 calcium indicator (Appendix Fig S2). On return to
normal extracellular calcium, there was a small overshoot of
intracellular calcium, attributable to a small amount of store
depletion by the 0Ca exposure and consequent partial activation
of SOCE, but an identical small overshoot was also seen after the
same period in 0Ca without a cold stimulus (Fig EV5B, and sum-
mary data in Fig EV5D), showing that the exposure to cold did
not by itself deplete calcium stores. Application of the SERCA
blocker thapsigargin also did not cause a detectable increase in
intracellular calcium while in 0Ca (Fig EV5A and D), which may
be due to the sparse ER in neurons (Gruszczynska-Biegala et al,
2016). However, thapsigargin had in fact caused a calcium
release from intracellular stores, because following return to nor-
mal calcium a significantly increased SOCE was observed
(Fig EV5A, and summary data in Fig EV5D). The failure of thap-
sigargin to cause a visible calcium release from intracellular cal-
cium stores was not due to the length of time in zero external
calcium and consequent passive store discharge, because after an
even briefer exposure to zero calcium, thapsigargin did not cause
a visible calcium release (Fig EVSC and D). This experiment
shows that calcium release by cold in SCG neurons is negligible
compared with the release caused by the SERCA inhibitor thapsi-
gargin, in support of the proposal that cold directly activates
STIM1, and thus causes a calcium influx through ORAIl chan-
nels, without first invoking a discharge of calcium from intracel-
lular stores.

Tamara | Buijs et al

Peripheral sympathetic neurons express nNOS

A possible downstream target for the calcium increase caused by
activation of ORAI1 channels by strong cold is suggested by the
widespread expression of neuronal nitric oxide synthase (nNOS) in
sympathetic neurons (see Fig 6A and B), for instance in the neurons
of the superior cervical ganglion (SCG), that innervates targets
including the skin of the head and neck, and the sympathetic stellate
ganglion (SG) that innervates targets in the chest and skin of the
forelimbs. Increases in intracellular calcium are known to activate
nNOS (Forstermann & Sessa, 2012), so the cold-induced calcium
increase could activate nNOS, releasing nitric oxide and thus caus-
ing cold-induced vasodilation (CIVD), an emergency response to
cold temperatures that acts to preserve peripheral tissues from frost-
bite, and for which no mechanism has been found to date.

Fig 6B shows partial co-expression between nNOS and tyrosine
hydroxylase (TH), an essential biosynthetic enzyme for nora-
drenaline (NA), which acts on a-adrenoceptors to cause vasocon-
striction. In both the SCG and the SG, most neuronal cell bodies
express both nNOS and TH to at least some extent, though expres-
sion of nNOS is greater in some neurons and expression of TH is
stronger in others. Co-expression of nNOS and TH may seem contra-
dictory because cold-induced firing of efferent action potentials in
sympathetic nerves will cause an increase in calcium, directly pro-
moting exocytosis of vesicles containing NA and thus triggering
vasoconstriction, while local activation by cold of the ORAI-
dependent calcium increase characterized in this article will also
increase calcium, activate nNOS and thus potentially cause vasodila-
tion. It is possible that different patterns of calcium elevation—pul-
satile in the case of influx through Cay ion channels, maintained in
the case of influx through Orail ion channels—may activate the TH
and nNOS pathways differentially to cause vasoconstriction or
vasodilation as required (discussed further below).

Discussion

The molecular mechanisms by which noxious heat, non-noxious
warmth and non-noxious coolness are detected in peripheral sen-
sory neurons have each been shown to involve activation of differ-
ent thermally sensitive members of the large TRP ion channel
family. The ability to detect more extreme cold is also vital for the
survival of organisms, in order to avoid life-threatening thermal loss
and tissue damage from frostbite, but the molecular mechanisms by
which this essential sensory function is carried out remain mysteri-
ous. TRPA1 and TRPCS have been suggested as extreme cold sen-
sors, but this has not been confirmed by most subsequent work
(reviewed in Buijs & McNaughton, 2020; Talavera et al, 2020), and

Figure 6. Neuronal Nitric Oxide Synthase (nNOS) is widely expressed in postganglionic sympathetic neurons.

A Representative immunofluorescence images showing adult mouse stellate ganglion (SG) sections stained for nNOS (red), to label nitrergic neurons, Blil Tubulin
(green) to label all neurons, and DAPI to label nuclei. nNOS is widely expressed in neurons of the stellate ganglion, but is absent from glial cells (glial nuclei
identifiable in merged image, similar results in n =5 animals). Antibody against nNOS from Abcam; similar results obtained with antibodies from ECM and Millipore.

All three antibodies show nNOS widely expressed in SG cell bodies and neurites.

B Adult mouse SCG (n = 2 animals, upper) and SG (n =5 animals, lower) sections stained for nNOS (red), tyrosine hydroxylase (TH, green) and DAPI (blue) to label
nitrergic neurons, noradrenergic neurons and nuclei, respectively. Many noradrenergic cells also express nNOS (yellow cells in merged image). Scale bars 50 um.

Source data are available online for this figure.
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in agreement, we show here that expression of TRPA1 and TRPCS is
poorly correlated with cold sensitivity in DRG neurons.

An alternative mechanism for the detection of cold, not involving
TRP channels, arises from the finding that the activity of TREK and
TRAAK channels, members of the two-pore potassium channel fam-
ily, is suppressed by cold, and that the consequent membrane depo-
larization can initiate the firing of action potentials and a calcium
influx into a neuron via voltage-dependent calcium (Cay) ion chan-
nels (Lesage et al, 2000; Viana et al, 2002; Noél et al, 2009; Pereira
et al, 2014). In the present study, we confirm that this mechanism
plays an important role in the cold sensitivity of both somatosensory
and sympathetic neurons. We find, however, that an additional
mechanism for cold-induced calcium influx, through highly
calcium-selective ORAI1 channels, is also important.

We initially confirmed earlier findings that a fraction of DRG neu-
rons (around 14 %) respond to a strong cold stimulus with an eleva-
tion of intracellular calcium, but that roughly one-third of these do
not express any of the potential cold-sensors TRPMS8, TRPCS or
TRPA1 (Story et al, 2003; Babes et al, 2006; Bautista et al, 2007;
Munns et al, 2007; Noé€l et al, 2009). We also found that more than
one third of sympathetic neurons, which are usually thought of as
motor rather than sensory, sense cold stimuli and respond with an
elevation of calcium, and that the large majority of these do not
express any of TRPM8, TRPCS or TRPA1 (see also Babes et al, 2004;
Smith et al, 2004; Munns et al, 2007; Ran et al, 2016). These obser-
vations show that mechanisms other than these three TRP channels
underlie cold responses in many DRG and sympathetic neurons.
The calcium increase in response to cold was in each case com-
pletely abolished by removal of extracellular calcium, and so is due
to a calcium influx rather than to a release from internal stores.

In patch clamp and calcium imaging experiments, we confirmed
that part of the calcium entry was attributable to a cold-activated
neuronal excitability initiated by the suppression of a background
outward current, likely mediated by a member of the K2P ion chan-
nel family, as reported previously (Lesage et al, 2000; Viana et al,
2002; Noél et al, 2009; Pereira et al, 2014). This calcium influx can
be suppressed either by voltage-clamp at the resting potential, to
prevent activation of Cay channels, or by pharmacological block of
Cay channels. When activation of Cay channels was prevented, a
second novel
observed, that differed from the voltage-dependent calcium influx in
several ways: it was unaffected by voltage-clamp at the resting
membrane potential; it was not associated with a detectable inward
current; it was enhanced, rather than being blocked, by Cay ion
channel blockers such as verapamil; and it was inhibited by selec-
tive blockers of ORAI channels. The two calcium-entry mechanisms
were expressed to varying degrees in different neurons: some neu-
rons expressed only the Cay-dependent mechanism, some only the
novel (ORAI-dependent) cold-activated calcium mechanism, while
most neurons expressed both mechanisms to a variable extent. This
article focusses mainly on elucidating cold-activation of the novel
ORAI1-dependent calcium influx mechanism, which has not previ-
ously been described in peripheral neurons.

Members of the SOCE family of proteins (STIM1 and 2; ORAI1-3)
are expressed in DRG neurons (Lirk et al, 2008; Park & Luo, 2010;
Usoskin et al, 2015; Hogea et al, 2021), mainly in small and medium-
sized neurons, the majority of which are nociceptors (Wei et al,
2017). To determine which STIM and ORAI homologues participate in

cold-activated calcium influx mechanism was
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the ORAI-dependent calcium influx mechanism, we tested the effects
on cold-activated calcium influx of overexpression of all combinations
of STIM and ORAI proteins, and we found that only the expression of
STIM1 and ORAII together were able to recapitulate a cold-activated
calcium influx similar to that seen in peripheral neurons. In confirma-
tion, selective knockdown of STIM1 in SCG neurons was found to
abolish cold-sensitivity. These experiments point to STIM1 and ORAI1
as the critical homologues mediating the calcium influx in response to
extreme cold in sensory and sympathetic neurons.

Finally, TIRF imaging showed that in response to cooling, STIM1
migrates towards the surface membrane, STIM1 and ORAII colocal-
ize, and as a result ORAI1 channels in the surface membrane are
opened, as also occurs when SOCE is induced following the dis-
charge of intracellular stores. A difference between the well-known
store-operated mechanism and the cold-activation of ORAI1, how-
ever, is that colocalization of STIM1 and ORAII and triggering of a
calcium influx through ORAIl ion channels in response to cold
occurs without emptying of intracellular calcium stores. These
observations show that STIMI, in addition to its well-known func-
tion as a sensor of the calcium levels in intracellular calcium stores,
is also able to sense cold and trigger activation of ORAI1 channels
without a change in ER calcium levels.

Our results also show that ORAIl calcium channels are cold-
activated by STIM1 only in subsets of somatosensory and sympa-
thetic neurons, a surprising finding because STIM and ORAI pro-
teins are expressed ubiquitously (Uhlen et al, 2015). Splice-variants
of STIM1 have been shown to be cell-type specific (Nelson & Roe,
2018), but this seems unlikely to explain the presence of cold-
sensitivity in specific populations of neurons, because we found that
expression of the most common mouse variant of STIM1, in combi-
nation with human ORAI1, rendered HEK293 and PC12 cells cold-
sensitive. The expression of cold-sensitivity must be regulated in
some way, therefore, to confer cold-sensitivity in only a fraction of
somatosensory or sympathetic neurons.

Calcium influx through ORAI channels, which are highly
calcium-selective, typically does not produce enough inward current
to be detectable against other background currents when activated
by store-emptying (Derler et al, 2013). In agreement, entry of cal-
cium mediated by cold-induced STIM1-ORAIl activation was also
not found in the present study to be associated with any detectable
inward current. The cold-induced STIM1-ORAI1 mechanism demon-
strated here is therefore unlikely to directly generate cold-activated
firing of action potentials, that could then propagate via the axons
of sensory neurons to generate a conscious sensation of cold, unlike
activation of the non-selective cationic ion channel TRPMS8 or inhi-
bition of TREK/TRAAK potassium channels, both of which cause fir-
ing of action potentials in cold-sensitive nerve fibres. The STIM1-
ORAII mechanism is therefore likely to operate at a local level only,
and not to initiate a sensation propagating to consciousness.

The diagram in Fig 7 summarizes the three mechanisms that can
modulate nerve activity and intracellular calcium in response to a
non-noxious cool or a noxious cold stimulus, as observed in the pre-
sent study.

Somatosensory neurons

(i) Non-noxious coolness (mean threshold around 23°C, see Fig 1D;
top left in Fig 7) directly activates TRPMS ion channels expressed in
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Figure 7. Mechanisms activated by mild and noxious cold in somatosensory and sympathetic neurons.

Top left: Mild non-noxious coolness, represented by a single snowflake (mean threshold 23°C, see Fig 1D) activates TRPM8 ion channels (dark blue) that are permeable
to Na®" and Ca®". The consequent depolarization and calcium influx is amplified by the activation (+) of voltage-dependent calcium channels (Cay, orange). The TRPMS
mechanism is present in a small fraction of DRG neurons (5%, Fig EV1A) but is absent from SCG neurons (Fig EV1E). Top right: Stronger cold, represented by two snow-
flakes (mean threshold 13-15°C in DRG and SCG neurons, see Figs 1D and H, and 3H) deactivates potassium channels (lilac) belonging to the TREK/TRAAK two-pore
potassium (K2P) channel family, causing depolarization, activation of voltage-dependent calcium channels (orange) and a consequent calcium influx (see Fig 2E—H). This
mechanism is present in a subset of both DRG neurons and SCG neurons. Bottom: Extreme cold, represented by three snowflakes (mean threshold 9-10°C, see Fig 3D
and H) causes movement of the ER-resident membrane protein STIM1 (yellow) to preformed locations adjacent to the surface membrane, triggering aggregation of
surface-membrane ORAIL channels (light blue) into puncta. Consequent opening of the highly calcium-selective ORAI1 channels causes a calcium influx without detect-
able membrane depolarization. The STIM1-ORAI1 mechanism is triggered by cold without the need for calcium (purple dots) to be emptied from intracellular stores.
This mechanism is present in a subset of DRG and SCG neurons, with some but not complete overlap with the TREK/TRAAK mechanism. TRPA1 and TRPCS5 ion channels
are present in some neurons responsive to cold (Fig EV1) but are also expressed in many neurons that are not cold-responsive (Figs 1 and EV1) so their status as cold-

activated sensory ion channels in neurons is doubtful.

a small subset of sensory neurons, causing an influx of Ca*" and
Na' ions. The consequent depolarization generates a further calcium
influx by activating voltage-dependent Cay channels. (ii) Noxious
cold (mean threshold around 15°C, see Fig 1D; top right in Fig 7)
suppresses potassium channels belonging to the TREK and TRAAK
family, again causing depolarization and activating voltage-
dependent Cay channels. (iii) Finally, a third mechanism (bottom in
Fig 7), whose properties were studied in more detail in sympathetic
neurons, is activated by extreme noxious cold (mean threshold
around 10°C, see Fig 3H); cold activates STIM1, causing aggregation
of surface-membrane ORAII ion channels into puncta, without the
need for emptying of subcellular calcium stores. ORAI1 channels
then open to generate a calcium influx. A possible explanation may
be that extreme cold causes a change in STIM1 structure that allows
it to trigger ORAII aggregation in a way that is not possible at nor-
mal temperatures.

© 2022 The Authors

Sympathetic neurons

The TRPMS8 mechanism is not present in sympathetic neurons, but
around 40% of SCG neurons express a novel (non-TRP dependent)
cold-sensing mechanism, which was a surprise because sympathetic
neurons are commonly thought of as purely motor. As in
somatosensory neurons, noxious cold (threshold around 13°C, see
Fig 1H) triggers closure of K2P channels and thus activates a cal-
cium influx through Cay channels (top right in Fig 7). The STIM1-
ORAIl mechanism (botom in Fig 7) is also prominent in sympa-
thetic neurons, with a lower temperature threshold of around 10°C
(Fig 3D). The expression of these two mechanisms overlaps in cold-
sensitive sympathetic neurons, with some neurons dominated by
one or the other, but most expressing a mixture of the two. We dis-
cuss below possible reasons for the presence of two mechanisms
that can sense noxious cold in sympathetic neurons.
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Apart from the three mechanisms discussed above, other possi-
bilities have been suggested in past work, and while not supported
by the present data, are also not completely excluded. (i) TRPA1
and TRPCS ion channels are present in some somatosensory and
sympathetic neurons that are responsive to cold, but are also
expressed in many neurons that are not cold-responsive, so their
status as cold-activated sensory ion channels in neurons is doubtful.
(ii) A recent report identifies the glutamate receptor GLR-3 (mouse
homologue GluK2) as a cold sensor in C. elegans and mouse (Gong
et al, 2019). While this possibility was not specifically investigated
here, we note that all the cold-activated calcium influx into
somatosensory and sympathetic neurons is accounted for by the
three mechanisms outlined above.

To the best of our knowledge, a cold-dependent activation of
STIM1, leading to opening of surface membrane ORAII ion channels
and a consequent calcium influx, as reported here, has not been
observed before in peripheral neurons, though phenomena that are
likely to be related have been observed in other cell types. In
STIM1-transfected cell lines a calcium influx is activated following
the removal of a heat stimulus (Xiao et al, 2011), which may be
related to the cold-activated calcium entry described in this article.
A similar STIM1-dependent calcium influx in response to removal of
a heat stimulus was observed in keratinocytes, and was shown, like
the calcium entry reported in this article, not to be dependent on
store-emptying (Liu et al, 2019a). A study on keratinocytes found a
calcium release from intracellular stores, by an undetermined mech-
anism, in response to a mild cold stimulus (Sadler et al, 2020). Both
of the most recent studies showed that altering the calcium
responses of keratinocytes to thermal stimuli was able to modulate
thermal preference in vivo, raising the possibility that calcium sig-
nals originating in keratinocytes might be transmitted to sensory
neurons, for instance by the release of ATP (Sadler et al, 2020). In
this article, however, the calcium signals that we observe in neurons
are not transmitted from other cell types that may be present in the
cultures, because they are present in isolated neurons, are inhibited
in neurons by ORAl-specific blockers and are prevented by down-
regulating STIM1 expression in neurons. We also did not observe
calcium signals in response to cold stimuli in any non-neuronal cells
present in our cultures.

In somatosensory nerves, ORAI channels may be involved in
nociception, because they have been found to increase the excitabil-
ity of C- and A-fibres (Wei et al, 2017) and oral administration of
the ORAI antagonist YM58483 in mice produces analgesia and pre-
vents the development of chronic pain (Gao et al, 2013; Qi et al,
2016).

In sympathetic nerves projecting to the skin, which mainly inner-
vate blood vessels, what might be the consequence of the Ca*" entry
induced by noxious cold? A dual response of cutaneous blood ves-
sels defends mammals against cold: mild cold causes vasoconstric-
tion, in order to conserve central heat, but when the skin is strongly
cooled, blood vessels dilate in an attempt to protect tissue from
damage through frostbite, a phenomenon known as cold-induced
vasodilation (CIVD; Daanen & Van Der Struijs, 2005). Peripheral
vasoconstriction in response to mild cold temperatures is thought to
be triggered by TRPM8-expressing somatosensory neurons, that via
a central reflex arc initiate the firing of action potentials in sympa-
thetic axons, releasing the sympathetic vasoconstrictor nora-
drenaline from sympathetic nerve terminals (Tan & Knight, 2018).
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More extreme cold, on the other hand, requires a vasodilator
response that is local rather than reflex, because cold inhibits nerve
conduction velocity by 15 m/s per 10°C until full block is achieved
at noxious cold temperatures of around 8-10°C (Franz & Iggo, 1968;
Vanggaard, 1975). Importantly, CIVD is gradually lost after sympa-
thectomy (Lewis, 1930), showing that it is a local cold response
mechanism that does not require intact sympathetic input from the
CNS but does require sympathetic nerve endings to be functional.

The expression of nNOS in sympathetic neurons shows that they
have the potential ability to release nitric oxide and thereby cause
neurogenic vasodilation (see Fig 6 and Taylor et al, 1993). Neuronal
NOS is a Ca**/calmodulin-dependent protein (Forstermann & Sessa,
2012) that could potentially be activated by a cold-induced Ca*"
influx through ORAI1 channels. Sustained NOS activation in
endothelial cells has been shown to require ORAI1 (Kwan et al,
2000; Lin et al, 2000). We propose, therefore, that activation of
STIM1 by noxious cold, leading to the opening of ORAI1 channels,
to a calcium influx into sympathetic nerve terminals and consequent
release of NO by nNOS, may be the elusive mechanism underlying
the cold-induced vasodilation that helps to protect peripheral tissues
from damage by extreme cold.

Materials and Methods
Mice

All experimental protocols were conducted in accordance with the
Guide for Care and Use of Laboratory Animals (Institute of Labora-
tory Animal Research, 2011) and the ARRIVE guidelines. C57BL/6J
mice were used for all experiments and were maintained on a 12 h
light/dark cycle. ORAI3 ™/~ mice were a kind gift from Prof. M. Tre-
bak.

Primary neuron culture

Adult C57BL/6J mice were euthanized by cervical dislocation, DRG
or SCG ganglia were excised and incubated in papain (2 mg/ml in
Ca*"- and Mg?**-free HBSS) for 30 min at 37 °C, followed by incuba-
tion in collagenase (2.5 mg/ml in Ca*'- and Mg*'-free HBSS) for
30 min at 37°C. Ganglia were re-suspended and mechanically disso-
ciated in culture medium containing Neurobasal-A, supplemented
with 0.25% (v/v) r-glutamine 200 mM (Invitrogen), 2% (v/v) B-27
supplement (Invitrogen), 1% (v/v) penicillin/streptomycin (Invitro-
gen) and nerve growth factor (NGF; Sigma-Aldrich) at 50 ng/ml.
Dissociated neurons were centrifuged and plated onto coverslips
pre-coated with poly-L-lysine (10 pg/ml) and laminin (40 pg/ml).
Neurons were kept in an incubator at 37°C and 5% CO, for 18-24 h
before use.

HEK293 cell culture

Human Embryonic Kidney cells (HEK293, ATCC) were thawed from
liquid nitrogen storage in a 37°C water bath, centrifuged and resus-
pended in Dulbecco’s Modified Eagle Medium (DMEM with L-
glutamine, 1000 mg/l D-glucose and sodium pyruvate, Invitrogen,
supplemented with 10% v/v foetal bovine serum, FBS, Invitrogen,
plus 1% penicillin/streptomycin, Thermo Fisher Scientific),
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mechanically dissociated and cultured in cell culture flasks (Fisher
Scientific) coated with 40 ng/ml laminin (Fisher Scientific) in
0.01% w/v Poly-L-Lysine solution (Sigma). When grown to 90%
confluency, HEK293 cells were detached from the flasks using
0.05% trypsin (Thermo Fisher Scientific), centrifuged, resuspended
in DMEM, and mechanically dissociated. Cells were then seeded on
pre-coated coverslips and kept in an incubator at 37°C and 5% CO,
for 18-36 h before use, by which time they had attained 50-80%
confluency.

PC12 cell culture

Rat adrenal pheochromocytoma 12 (PC12) cells in 10% DMSO
(Greene & Tischler, 1976) were thawed from liquid nitrogen stor-
age in a 37°C water bath, centrifuged, and resuspended in RPMI-
1640 medium (Sigma-Aldrich) supplemented with 1% (v/v) peni-
cillin-streptomycin (Invitrogen), 1% (v/v) L-glutamine (200 mM;
Invitrogen), and 10% (v/v) horse serum (Invitrogen), mechani-
cally dissociated, and plated on 25cm? cell culture flasks (Fisher
Scientific) previously coated for 1 h with 1 mg/ml Collagen IV
from human placenta (Sigma) dissolved in acetic acid and diluted
10x in 0.01% w/v Poly-L-Lysine solution (Sigma), followed by
washing with PBS (Sigma). When grown to 90% confluency, PC12
cells were detached from the flasks using 0.05% trypsin (Thermo
Fisher Scientific), centrifuged, resuspended in RPMI, and mechani-
cally dissociated. Cells were then seeded on pre-coated coverslips.
Cells were kept in an incubator at 37°C and 5% CO, for 18-36 h
before transfection, by which time they had attained 50-80% con-
fluency.

Transfection of plasmid DNA using Lipofectamine LTX reagent

Bacterial stabs containing plasmids with ORAI1, ORAI1-CFP, ORAI2,
ORAI3, STIM1, STIMI1-YFP, STIM2, and mCherry (Table 1) were
amplified using a HiSpeed Plasmid Midi Kit (Qiagen) according to
the manufacturer’s instructions.

Plasmid DNA was transfected into cells using Lipofectamine LTX
Reagent (ThermoFisher Scientific) as per the manufacturer’s instruc-
tions. Briefly, 0.05 pg/ml of total DNA (with STIM, ORAI, and
mCherry in 2:1:1 ratio) was dissolved in Opti-MEM Reduced Serum
Medium containing 0.5% PLUS Reagent (ThermoFisher Scientific).
0.175% Lipofectamine LTX was added and the solution was vor-
texed and incubated at room temperature for 25 min to allow

Table 1. Plasmids.

Gene Supplier Item#
hORAIL Addgene 21638
hORAI2 Addgene 16369
hORAI3 Addgene 16370
mSTIM1 myc Addgene 17732
mSTIM2 myc Addgene 17734
ORAI1-CFP Addgene 19757
STIM1-YFP Addgene 18857
mCherry Clontech PT3974-5

© 2022 The Authors
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formation of DNA-Lipofectamine LTX complexes before adding to
the cells. mCherry was used to indicate which individual cells were
successfully transfected (Chiu et al, 2004). Cells were kept in an
incubator at 37°C and 5% CO, for 18-24 h post-transfection. Cells
with a red pixel intensity value larger than the maximum value of a
control coverslip not transfected with mCherry were assumed to be
expressing mCherry.

Gene silencing

Small interfering RNA (siRNA) against STIM1 (ON-TARGETplus
siRNA, Dharmacon) was used to knock down STIM1 expression in
SCG neurons collected from new-born mice (P5-7). As a control,
ON-TARGETplus Non-targeting Control siRNA was used. The siRNA
was resuspended in RNase-free siRNA buffer containing 60 mM
KCl, 6 mM HEPES-pH 7.5 and 0.2 mM MgCl, to produce 20 pM
stock and was stored at —20°C. siRNA concentration was verified
using a Nanodrop ND-1000 UV spectrophotometer (Sinica).

Superior cervical ganglion (SCG) neurons were enzymatically
dissociated as described previously (Eickholt et al, 2007) and resus-
pended in supplemented Nucleofector Solution for primary mam-
malian neurons (Lonza, Catalogue #: VSPI-1003) containing 300 nM
siRNA and 0.4 pg mCherry plasmid at room temperature in aliquots
of 20,000-50,000 neurons each and placed in small cell number
(SCN) certified cuvettes. Neurons were electroporated using SCN
Basic Neuron Programme 6 of a Nucleofector II machine (Amaxa
Scientific) as per the manufacturer’s instructions. Pre-equilibrated
supplemented RPMI-1640 medium (100 pl) was added immediately
after electroporation and the cells were then placed in a humidified
37°C, 5%CO, incubator for 10 min and then plated onto pre-coated
coverslips. Neurons were allowed to adhere for 10-20 min in the
incubator before wells were filled with cell culture medium. Cells
were kept in an incubator at 37°C and 5% CO, post-electroporation.
Relative quantification (rqAACt) of the mRNA levels normalized to
housekeeping gene GAPDH using qPCR indicated that the largest
reduction of mRNA was achieved at 48 and 72 h. Therefore, 72 h
was chosen as the time-point for imaging experiments to allow for a
lag in protein turnover.

Calcium imaging

Acetoxymethylester fura-2 solution was prepared on the day of the
experiment and consisted of 5 uM fura-2 AM (Life Technologies)
with 0.02% v/v pluronic acid (Life Technologies) and 0.1% v/v
dimethyl sulfoxide (DMSO, Sigma) in Neurobasal-A medium. Cells
were loaded with fura-2 for 30 min before imaging. Coverslips were
then placed on an RC-25 chamber platform (Warner Instrument
Corp.), placed on the stage of a Nikon Eclipse Ti microscope, and
perfused at 32°C with modified HBSS solution containing 140 mM
NaCl, 4 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and
5 mM glucose; pH adjusted to 7.4 with NaOH and with an osmolar-
ity of 295-310 mOsm. As a negative control, calcium-free extracellu-
lar solution was prepared with the formulation above except for the
omission of calcium chloride. Since responses were fully blocked in
the nominal absence of Ca®", it was not deemed necessary to include
an additional Ca** buffer. An eight-line manifold gravity-driven sys-
tem controlled by an automated solution changer with a common
outlet was used to apply extracellular solutions. A Peltier device
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(Pedcool) linked to a custom-built temperature controller (CVScien-
tific) was used to apply cold and heat ramps during the experiments.
Temperature protocol traces were recorded immediately before the
experiment by placing a thermocouple in the centre of the chamber
platform. Cells were perfused with HBSS for at least 5 min before
the start of the experiment and the perfusion speed (3 ml/min) and
baseline temperature were kept constant throughout the day. Cold
ramps to ~ 5°C were applied for 2 min. All agonists and antagonists
were prepared as a 1,000x stock solution in dimethyl sulfoxide
(DMSO) and stored at —20°C. Compounds used were TRPMS8 ago-
nist menthol (300 uM), TRPA1 agonist AITC (50 uM), TRPCS ago-
nist rosiglitazone (100 uM), non-selective Ca®" channel blockers
Cd?" (100 uM) and Gd*>" (1 uM), non-selective Cay blockers bepridil
(10 uM), benidipine (10 uM), nickel (100 pM), and mibefradil
(10 uM), L-type selective antagonists nifedipine (10 uM) and vera-
pamil (100 pM), L-type selective agonist BayK8644 (30 uM), ORAI
channel inhibitors YM58483/BTP2 (3 uM) and MRS1845 (30 uM),
and the ionophore ionomycin (5 uM). Stock solutions were diluted
in HBSS and pH adjusted to 7.4. A high K" solution or ionomycin
was used as a positive control for neurons and HEK293 cells, respec-
tively. A high intensity arc lamp and monochromator (Cairn) was
used to excite fura2 and an iXon EMCCD camera (Andor) was used
to record fluorescence signals. WinFluor software (University of
Strathclyde) was used to record fluorescence at a frame rate of 1 Hz,
alternating between capturing an image at 340 nm excitation and
380 nm excitation with exposure time of 100 ms per frame to obtain
an F349/350 Tatio image every 2 s. Fura-2 emission is affected by tem-
perature differently at 340 nm and 380 nm excitation, causing a
decrease in Fs40/350 during cooling (Oliver et al, 2000), but the
impact on measured values of Fsgo330 Wwas small (see
Appendix Fig S2).

Analysis and statistics: Calcium imaging

Images were exported as TIFF files. ImageJ (NIH) software was
used to measure fluorescence intensity per cell over time. Aver-
age background values were calculated from five unoccupied
regions of the field of view and subtracted from each frame. The
ratio of the fluorescence at 340 and 380 nm excitation was calcu-
lated from subtracted traces. Cell cultures from peripheral ganglia
contain both neuronal and non-neuronal cells, such as glia, which
are readily distinguished by morphology, but an increase of Fs4o,
380 to > 1 caused by application of a high K" solution was used
to confirm the identity of neurons (see for example Fig 1F). In a
similar way, HEK293 cells that did not respond to application of
ionomycin with an increase of Fss4/350 > 1 were excluded from
analysis. Any cell with an abnormally high Ca*" baseline (F340,
3go > 2) was excluded from analysis. These criteria did not result
in exclusion of more than 10% of cells. A positive cold response
was defined as an increase of Fiso;350 > 0.2, a value obtained
from the mean of 3.09 SD of baseline variances in a sample of
neurons, excluding 99.9% of false positives. Individual thresholds
were calculated for each neuron in experiments that measure
temperature activation threshold. For experiments that measure
the amplitude of responses, statistical significance was determined
by a repeated measures one-way ANOVA + Dunnett’s multiple
comparison test, unless otherwise stated in the text. A y* test
was used to determine statistical significance of percentage
changes.
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Calculation of cold-induced calcium concentration increase

An inward Ca*'-current of 1pA, undetectable against typical noise
and background currents of a sensory neuron, would result in an
increase in [Ca®']; which can be calculated as follows: Ca*" entry
rate = I/(zF) so 1pA of Ca®" current equals an increase of c.
5.2 x 107'® mol/s. Cold-sensitive mouse DRG or SCG neurons are
approximately spherical and ~ 20 um in diameter, and therefore
have a cell volume of c. 4.2 x 107" 1. Because of buffering and
intracellular calcium sequestration, only one in every ~ 100 Ca*"
ions contribute to a rise in intracellular free [Ca®"] in neurons (Rous-
sel et al, 2006). With the above assumptions, free Ca®" intracellular
calcium concentration rises c. 1.24 x 1078 M/s, or 12.4 nM/s. As
described above, cold stimuli were applied for 2 min, during which
time the cells are cooled below the threshold of the novel cold-
activated calcium increase for ~ 80 s (see Fig 1B, for example).
Therefore, the total free calcium increase, not allowing for calcium
extrusion, is 992 nM, or from ~ 100 nM at rest to ~ 1,092 nM at
peak response, which is an 11-fold increase of [Ca*]; for a 1pA cur-
rent.

Total internal reflection fluorescence (TIRF) microscopy

HEK293 cells were plated on Ibidi p slides and transfected as
described above with a combination of ORAI1-CFP and STIM1-YFP
plasmids. The field-of-view was selected randomly before imaging
on an Olympus IX83 TIRF microscope with an UAPON OTIRF100X/
1.49 objective and CellSens software at 100 ms exposure time. The
imaging depth of the TIRF beam was adjusted to c¢. 100 nm. To min-
imize cell movement, cells were transferred to a nominal zero-
calcium modified HBSS solution (composition as above) 1-5 min
before imaging. To minimize bleaching, single images were taken
once at the 35°C baseline; once after cooling to 13°C for 2 min, and
once after rewarming for 5 min (see Fig S5A).

Analysis

Analysis of the number of puncta and percentage of cell area cov-
ered by puncta was performed in ImageJ (NIH) according to
Gwozdz et al, 2008. Images were processed using a convolution fil-
ter (1-1-24-1-1), a black and white image was generated with a
threshold of 99.7% pixel intensity, and the “Analyse Particles” func-
tion was used to include puncta of 3-14 pixels in size and 0.7-1 cir-
cularity. For colocalization analysis in ImageJ, images were first
median filtered (1 pixel radius), background subtracted (5 pixel
rolling ball radius), and made binary using the Otsu thresholding
method. From these images, the percentage of overlapping pixels
per cell in the STIM1-YFP and ORAI1-CFP images was measured.

Electrophysiology

Borosilicate patch-clamp pipettes (Science Products GmbH) were
pulled using a P-97 horizontal micropipette puller (Sutter Instru-
ments). Before use, all pipettes were fire polished with a Narishige
MF900 microforge, giving a resistance when filled of 2.5 to 3.5 MQ.
Pipettes were filled with filtered intracellular solution containing (in
mmol/l, from Sigma Aldrich): 140 KCl, 1.6 MgCl2, 2.5 MgATP, 0.5
NaGTP, 10 HEPES (pH adjusted to 7.3 and osmolality to
290 mOsm/1), and 100 pM fura-2 pentapotassium salt (Life Tech-
nologies). Whole-cell patch-clamp recordings were performed using
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an Axiopatch 200B patch-clamp amplifier. Pipette offset was cor-
rected before contacting the cell. Once a giga-seal was obtained
between the pipette and the cell, capacitive transients were can-
celled before achieving the whole-cell configuration. Series resis-
tance was compensated by 40-60%. Cells were held at —60 mV in
the voltage-clamp configuration before applying the voltage pulse
protocol. When working in current-clamp mode, the I-Clamp fast
mode was used. Whole-cell current and voltage recordings were
sampled at 20 KHz and low-pass Bessel filtered at 2 KHz. Data were
acquired using Axon pCLAMP software version 10.4 and analysed
offline with Clampfit 10 (Molecular Devices, LLC).

Immunocytochemistry

Coverslips were fixed with 4% PFA w/v and 15% w/v sucrose solu-
tion in PBS for 20 min at room temperature and slides were washed
three times in PBS on a rocking plate. Blocking buffer consisting of
3% w/v BSA and 0.1% v/v Triton X in PBS was added for 1 h and
slides were washed again. Primary antibodies anti-MYC (Protein-
tech, 60003-2-Ig, 1:10 dilution factor) and anti-mCherry (GeneTex,
GTX128508, 1:100 dilution factor) were added in PBS with 0.1% v/
v Triton X overnight at 4°C. The next day, slides were washed three
times, and secondary antibodies were added at 1:500 dilution factor
in PBS for 1 h at room temperature. Finally, slides were washed and
Fluosave and glass coverslips (VWR International) were added.
Slides were stored in the dark at 4°C until imaging was performed
using an Axioplan2 microscope (Zeiss) and Axiovision software
(Zeiss).

Immunohistochemistry

Sections were labelled with fluorescent antibodies using the two-
step indirect staining method. Primary antibodies anti-nNOS
(Abcam, Ab1376, 1:1000 dilution factor; Millipore, Ab5380, 1:4000
dilution factor; ECM, NP2141, 1:300 dilution factor), anti-BIII Tubu-
lin (Promega, G712A, 1:1000 dilution factor), and anti-TH (Milipore,
Ab152, 1:500 dilution factor) were added in PBS with 0.1% v/v
Triton X overnight at room temperature. Slides were washed three
times in PBS on a rocking platform and incubated with secondary
antibodies at dilution factor 1:1,000 in PBS for 2 h at room tempera-
ture. In some experiments, DAPI (4',6-diamidino-2-phenylindole;
AnaSpec) was added to the secondary antibody solution to stain
nuclei blue. After staining, Fluosave™ reagent (CalBiochem) and
glass coverslips (VWR International) were added to the slides. Then,
slides were stored at 4°C in the dark until being imaged using an
Axioplan2 microscope (Zeiss) and Axiovision software (Zeiss).
Images were exported as Tagged Image File Format (TIFF) files.

Data availability

This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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