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SUMMARY
Precise monitoring of internal temperature is vital for thermal homeostasis in mammals. For decades, warm-
sensitive neurons (WSNs) within the preoptic area (POA) were thought to sense internal warmth, using this
information as feedback to regulate body temperature (Tcore). However, the cellular and molecular mecha-
nisms by which WSNs measure temperature remain largely undefined. Via a pilot genetic screen, we found
that silencing the TRPC4 channel in mice substantially attenuated hypothermia induced by light-mediated
heating of the POA. Loss-of-function studies of TRPC4 confirmed its role in warm sensing in GABAergic
WSNs, causing additional defects in basal temperature setting, warm defense, and fever responses. Further-
more, TRPC4 antagonists and agonists bidirectionally regulated Tcore. Thus, our data indicate that TRPC4 is
essential for sensing internal warmth and that TRPC4-expressing GABAergic WSNs function as a novel
cellular sensor for preventing Tcore from exceeding set-point temperatures. TRPC4may represent a potential
therapeutic target for managing Tcore.
INTRODUCTION

Warm-sensitive neurons (WSNs) have been found to account

for 10%–30% of neurons within the preoptic area (POA).1–7 For

decades, it has been thought that WSNs function as internal

cellular sensors for detectingbrainwarmthand triggeringcounter-

active hypothermic responses.1–6,8–14 Pioneer studies used large

thermodes or water circulators to heat the hypothalamus of rela-

tively large animals, including rats,10–12,15,16 goats,17 cats,18 and

dogs,14 triggering hypothermic responses.11,16,18 However, the

function of WSNs in mice has not been thoroughly tested since
the sizes of these early heaters were too large for mice brains.

WSNs have also not been genetically characterized. For example,

brain-derived neurotrophic factor (BDNF) neurons within the

ventromedial preoptic area (VMPO), which were independently

discovered by Tan et al.8 and our group,19 are weakly warm sen-

sitive,8 but whether these neurons function as WSNs has not

been determined. It has been proposed that the warm-sensitive

transient receptor potential melastatin 2 (TRPM2) channel func-

tions as the warm sensor in WSNs.6 However, genetic deletion

of TRPM2had only a small effect on thermoregulation, and the au-

thors instead suggested that TRPM2 works as a synaptic sensor
Neuron 111, 387–404, February 1, 2023 ª 2022 Elsevier Inc. 387

mailto:zhangjiefa8888@126.com
mailto:yangwen@shanghaitech.edu.cn
mailto:shenwei@shanghaitech.edu.cn
https://doi.org/10.1016/j.neuron.2022.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2022.11.008&domain=pdf


(legend on next page)

ll
Article

388 Neuron 111, 387–404, February 1, 2023



ll
Article
to modulate WSNs indirectly.20 Therefore, the genetic properties

of WSNs and their temperature sensors remain largely unknown.

The delivery of light to the brain inevitably results in an opto-

thermal effect, with stimulations of 3–30 mW light power

increasing temperature by 0.2�C–2�C.21–25 This effect has

been measured near the brain surface22,24,26 and in brain sli-

ces,21 anesthetized animals,23 and head-fixed configurations.21

However, direct measurement of this effect in freely behaving

mice has not been possible, preventing the assessment of this

effect under natural behaviors and limiting the utility of this sys-

tem for studying WSN functions in mice.

In this study, we designed an implantable device for heating

the brain in freely behaving mice. This device, along with genetic

manipulation and pharmacological studies, was used to better

understand the cellular and molecular mechanisms by which

WSNs measure temperature. Our studies reveal that TRPC4 is

essential for internal warm sensing and that TRPC4-expressing

GABAergic WSNs is a novel warm cellular sensor for thermoreg-

ulation. Additionally, our studies provide a practical guide for ac-

cessing optothermal effects in neuroscience.27–31

RESULTS

Optothermal effects in the deep brain of freely
behaving mice
To measure optothermal effects in the deep brain of mice, we

designed a small, implantable device to simultaneously heat

the brain optically and measure brain temperature in freely

behaving animals (Figures 1A–1C). After testing the accuracy

of our device (Figure S1A), we measured hippocampal tempera-

ture while applying either constant light or light pulses

(Figures 1D, 1E, and S1B–S1G). We found that the delivery of

blue light (473 nm) at 2–8 mW increased hippocampal tempera-

ture sharply, reaching a plateau within 3 s (Figures 1D, S1B, and
Figure 1. Optical heating of the POA induced a counteractive hypothe

(A and B) Diagram (A) and photo (B) of the device for delivering light to the brain a

were packed inside a capillary shown on the right panel of (B).Scale bar, 2 mm;

(C) Freely behaving mouse with the device implanted in the hippocampus (left) and

1 mm.

(D) Temperature changes of the hippocampus under constant and pulsed blue li

(E) Summary distributions and statistics of hippocampal temperature changes in

(F) Simulated heat distribution in brain tissues for blue light, assuming brain temp

(G) Simulation of temperature increases from blue light illumination at the indicate

coefficient; ms is the scattering coefficient; g is the anisotropic parameter in the H

simulated lines as indicated. Solid red dots indicate the measured temperatures

(H) Schematic showing simultaneous recording of Tcore and brain temperature in

(I) Position of the device capillary implanted in the POA. Scale bar, 1 mm.

(J) Changes of Tcore and TPOA with changes in ambient temperature (Ta) (n = 4 m

(K) Changes of Tcore and TPOA after POA heating with a 4-mW blue laser (n = 6 m

(L) Changes of Tcore and Thippo (hippocampal temperature) after hippocampal op

(M) Summary of DTcore changes after the optical heating under different power

temperature difference at t = 30 min subtracted by t = 1 min.

(N) Representative thermograph images showing the surface temperature of the in

heating the POA (fiber was inserted in the MPA) by blue laser (4 mW, 473 nm, 30

(O) Dynamics of DTcore, DTiBAT, and DTtail after heating the POA (fiber was inserte

Where DTcore and DTiBAT differ significantly are indicated by *.

(P) Physical activity changes after heating POA (n = 10mice) or hippocampus (n =

changes before (�30–0 min) and after (20–30 min) heating of the POA or hippoc

All data are shown as mean ± SEM and were analyzed by two-way RM ANOVA (

****p < 0.0001; ns, not significant.

See also Figures S1–S6.
S1C). Quantification of these changes revealed a power-depen-

dent temperature increase (Figure 1E). As with blue light,

induced temperature changes by green light (532 nm) were posi-

tively correlated with light powers (Figures S1D–S1G). Notably,

following 1 s of blue light exposures (8 mW), a 2 s off interval is

needed to recover the temperature (Figures S1I–S1K).

We next simulated the spatial distribution of heat in the brain in

response to light stimuli using previously measured parame-

ters32,33 (Figures 1F and S2). We then plotted temperature

changes against light powers at 100, 200, and 300 mm from

the end of the fiber for both blue and green lights (Figures 1G

and S2G). Temperature changes linearly correlated with light po-

wer, and the measured temperatures matched predicted values

(Figures 1G and S2G). These results indicated that our model

accurately predicts temperature changes.

As seen in the hippocampus, the optothermal effects

measured in the POA had similar relationships between light pat-

terns and heat (Figure S3). Finally, we compared optothermal

effects elicited by optical fibers that were 200 (as above) or

300 mm in diameter. The 300-mm fibers had a slightly smaller op-

tothermal effect due to reduced power density (Figure S4).

Heating the POA triggers counteractive body cooling
To begin to evaluate the functional significance of internal tem-

perature sensors, we first used wired thermal probes to record

brain temperature (measured in the POA, TPOA) and Tcore
(measured intraperitoneally) at high temporal resolution as we

manipulated ambient temperature (Ta) (Figures 1H–1J). Strik-

ingly, following warm exposure, TPOA quickly followed Tcore
changes without delay (Figure 1J). Following cold exposure,

Tcore tended to be lower than TPOA (statistically insignificant)

but still varied in a similar way (Figure S5). These results suggest

that brain temperature tightly follows Tcore and that both are sen-

sitive to Ta changes in mice.
rmic effect

nd measuring brain temperature. The optical fiber and a T-type thermocouple

scale bar for boxed ROI, 0.2 mm.

representative image shows the track of the device capillary (right). Scale bar,

ght (473 nm) stimulations (n = 7 mice).

duced by 2-, 4-, and 8-mW blue lights (n = 7 mice).

erature was 37�C. The dashed line indicate the optical fiber position.

d depth from the fiber end (100, 200, and 300 mm), where ma is the absorption

enyey-Greenstein model (defined in STAR Methods); and k is the slope of the

.

the POA (TPOA) while optically heating the POA.

ice).

ice).

tical heating with an 8-mW blue laser (0–30 min; n = 4 mice).

s (hippocampus, n = 4 mice; POA, n = 6 mice). DTcore was calculated as the

terscapular brown adipose tissue (TiBAT) and the tail skin temperature (Ttail) after

min) in WT mice. White arrows indicate the positions Ttail was measured.

d in the MPA) by blue laser (4 mW, 473 nm, 30 min) in WT mice (n = 10 mice).

7 mice) as indicated. Laser pattern: 4mW, 473 nm, 30min. The physical activity

ampus are summarized in the right.

E, J, O, and P), or one-way RM ANOVA (M). *p < 0.05, **p < 0.01, ***p < 0.001,
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Next, we heated the POA using 4-mW blue light and measured a

sharp increase in TPOA to 39.5
�C (Figure 1K), which is within the tem-

perature range of a fever. Remarkably, following the initial light-

induced jump in TPOA, both TPOA and Tcore gradually declined

(��2�C) while the laser was on (Figures 1K, S6A, and S6B). In

contrast, heating the hippocampus with the same light pattern or

heating the POAwith pulses of light that did not affect brain temper-

ature (Figure S3D) did not change Tcore (Figures 1L, 1M, and S6C–

S6F). These results suggest that this induced hypothermia is specific

to heating the POA. Thus, we confirmed that the POA harbors func-

tionalWSNs that triggerhypothermic responsesduringbrainheating.

POA heating is associated with changes in
thermoeffector activities
To discern which thermoeffector activities underlie the hypother-

mic effect induced by POA heating, we measured the surface

temperature of interscapular brown adipose tissue (TiBAT) and

tail skin temperature (Ttail) using infrared thermal imaging and

measured physical activity by telemetry probes implanted intra-

peritoneally. Interestingly, after heating the POA (4 mW, 473 nm,

30min) in theWTmice, where the fiber was inserted in themedial

preoptic area (MPA), TiBAT was sharply reduced prior to the Tcore
reduction (Figures 1N and 1O), suggesting the reduction in inter-

scapular brown adipose tissue (iBAT) thermogenesis contributes

to the decline of Tcore aswe observed previously.34 However, Ttail
did not increase but rather was slightly reduced by POA heating,

suggesting that tail vasodilation is not activated (Figures 1N and

1O). The slight reduction in Ttail was probably a secondary effect

of Tcore reduction. Noticeably, physical activity was also sharply

reduced (Figure 1P). Hence, these results suggest that the mod-

erate hypothermia induced by POA heating is associated with re-

ductions in iBAT thermogenesis and physical activity but not

activation of tail vasodilation.

Mapping warm-sensitive nuclei within the POA
The POA is a complex area comprised of several small nuclei. To

map the sensitivities of these nuclei to heating, we implanted
Figure 2. Several POA cell types were required for the heating-induce

(A) Schematic for detecting cFos expression after POA heating (left panel). Repre

light illuminations in the MPA (4-mW laser) (right three panels), the first two being

(B) Summary of cFos positive cells in the MPA following different light illuminatio

(C) Schematic for testing the thermosensitivity of different POA nuclei in response

minimize the insert size.

(D) Anatomical map of the warm-sensitive regions as indicated by the areas with

heating areas were defined as the areas with temperature increases R1.5�C
commissure, anterior part; VOLT, vascular organ of the lamina terminalis.

(E) Schematic for blocking MPA heating-induced hypothermic effects by express

(bregma = 0.38–0 mm). The mCherry was the control (CT) for TeNT-mCherry.

(F–I) Changes of Tcore induced by MPA heating (4 mW, 473 nm) after blocking cP

TeNT, n = 8 mice; CT, n = 7 mice), cPOABDNF neurons (H; TeNT, n = 13 mice; CT

(J) Schematic for blocking VMPO heating-induced hypothermic effects by TeNT

(K–N) Changes of Tcore by VMPO heating (4 mW, 473 nm) after blocking aPOAVglu

n = 6 mice; CT, n = 13 mice), aPOABDNF neurons (M; TeNT, n = 16 mice; CT, n =

(O) Schematic for testing the requirement of TRPM2 channel in POA-heating ind

(P–R) POA heating-induced Tcore changes after knocking out the TRPM2 channe

mice), the VMPO (Q; n = 5 mice each), and the vLPO (R; KO, n = 6 mice; WT, n =

All data are shown as mean ± SEM and were analyzed by one-way RM ANOVA

(I) and (N). *p < 0.05, **p < 0.01, ns, not significant.

See also Figures S7–S11.
heating optical fibers without the thermocouple (to minimize

the size of the implant) and used pre-characterized light patterns

to heat the POA. Heating the MPA, ventromedial preoptic nu-

cleus (VMPO), ventral part of the lateral preoptic nucleus

(vLPO), and median preoptic nucleus (MnPO) with 2-mW light

stimuli induced modest reductions in Tcore (Figure S7). When

the light power was increased to 4–8 mW, stimulating the MPA

and MnPO induced a more noticeable reduction of Tcore
compared with the VMPO and vLPO (Figure S7).

To estimate degrees of temperature that could effectively acti-

vate WSNs in vivo, we performed cFos staining after heating the

MPA (4 mW, 20 min) (Figure 2A). Interestingly, the cFos was

distributed underneath the fiber tip (Figures 2A and 2B), within

areaswithR1.5�C temperature increases predicted in Figure 1F.

Hence, we defined the effective heating areas where tempera-

ture increased by R1.5�C, and we color coded the areas with

DTcore (Figures 2C and 2D). We also plotted the effective heating

areas together with their original fiber tip positions (Figure S8).

These maps show that heating the MPA and MnPO elicited the

most substantial hypothermic effects.

POA neuron types required for the heat-induced
hypothermic effect
To identify the neuronal cell types necessary for the hypothermic

effect of WSNs, we used Cre-dependent expression of tetanus

neurotoxin (TeNT) to block different types of neurons in the

POA. We injected adeno-associated viruses (AAVs) carrying

DIO-TeNT into the MPA (bregma = 0.14 mm), the VMPO

(bregma = 0.5mm), and the vLPO (bregma= 0.14mm). However,

due to viral spreading, TeNT was expressed in multiple POA

nuclei at each injected bregma site. Thus, we redefined the

blocked areas as follows: the anterior POA (aPOA; bregma =

0.5 mm; Figure S9) and the central POA (cPOA; bregma = 0.0–

0.38 mm; Figures S9 and S10). In the cPOA, blocking glutama-

tergic (Vglut2+) or GABAergic (Vgat+) but not BDNF neurons

(labeled by BDNF-IRES-Cre35) nearly abolished the hypothermic

effect induced byMPA heating (Figures 2E–2I and S9A–S9G). By
d hypothermic effect

sentative cFos expressions after no light exposure, pulsed light, and constant

used for control. Scale bars were 200 mm.

ns as indicated (n = 3 mice each).

to local heating. The optical fibers were implanted without the thermocouple to

effective heating (R1.5�C). Laser pattern: 4 mW, 473 nm, 30 min. The effective

as predicted in Figure 1F and are color coded using DTcore. aca, anterior

ing TeNT in the cPOAVglut2/Vgat/BDNF neurons as indicated. cPOA, central POA

OAVglut2 neurons (F; TeNT, n = 9 mice; CT, n = 10 mice), cPOAVgat neurons (G;

, n = 12 mice), and a summary of DTcore (t = 30 min) is shown in (I).

in aPOAVglut2/Vgat/BDNF neurons. aPOA, anterior POA (bregma = 0.5 mm).
t2 neurons (K; TeNT, n = 10 mice; CT, n = 8 mice), aPOAVgat neurons (L; TeNT,

17 mice), and a summary of DTcore (t = 30 min) is shown in (N).

uced hypothermic effect.

l. An 8-mW blue laser was used to heat the MPA (P; KO, n = 6 mice; WT, n = 5

5 mice).

in (B), two-way RM ANOVA in (F)–(H), (K)–(M), and (P)–(R), or unpaired t test in

Neuron 111, 387–404, February 1, 2023 391



Figure 3. Identifying TRP channels that are required for internal warm sensing

(A) Schematic for screening TRP channels enriched in POA neurons. The single-cell RNA sequencing data (68 cells) were downloaded from databases online

(GEO: GSE126657).

(B) Enrichment ratio of TRPs inWSNs calculated using the normalized expression counts in different clusters. Enrichment ratio = (counts inWSNs + silent-TSNs)/

(counts in silent-TINs + CSNs + TINs). WSNs, warm-sensitive neurons; silent-TSNs, silent (temperature-sensitive neurons); TINs, temperature-insensitive

neurons; silent-TINs, silent (temperature-insensitive neurons); CSNs, cold-sensitive neurons.

(C) Schematic illustration of shRNAmediated TRP knockdowns in theMPA. Two shRNAs were co-expressed in the same lentivirus vector except for TRPM5. The

GFP was co-expressed with shRNAs.

(D) Representative expression of the lentivirus (green) carrying both TRPC4 and TRPC6 shRNAs in theMPA labeled by the GFP co-expressed. Scale bar, 500 mm.

(E) Validation of knockdown efficiency. The relative expression levels of TRPsmRNA from bulk POA tissues were determined by qPCR. NC shRNA, scramble RNA

controls; ND, not detectable.

(legend continued on next page)
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contrast, blocking these three neural types in the aPOA abol-

ished the hypothermic effect of VMPO heating (Figures 2J–2N

and S9H–S9M), which is consistent with previous findings that

VMPOVglut2 neurons and VMPOBDNF neurons are hypother-

mic.8,36 Unexpectedly, blocking Vglut2 neurons or Galanin-

expressing neurons in the cPOA did not alter the hypothermic

effect of vLPO heating (Figures S10A–S10E), although these

neurons are hypothermic.19,37,38 Blocking Vgat neurons in the

cPOA suppressed hypothermic effects induced by the 8-mW

laser but not those induced by the 4-mW laser (Figures S10F–

S10H). These results suggest that vLPO WSNs are partly

GABAergic. Since TeNT blocking did not abolish heating-

induced hypothermic effects, vLPO WSNs may also use

vesicle-independent mechanisms to control Tcore, as exempli-

fied by PGD2.
5 Thus, these analyses reveal that several neural

types within the POA are required for the hypothermic function

of WSNs; however, determining whether they are actually

WSNs or act downstream of WSNs require furthers tests.

To determine the temperature sensing mechanisms of WSNs,

we knocked out TRPM2, a warm-sensitive channel proposed to

be an internal warm sensor.6,20 Surprisingly, TRPM2 deletion did

not affect basal Tcore and hypothermia induced by heating the

MPA, VMPO, or vLPO (Figures 2O–2R and S11), suggesting

that TRPM2 does not function as a warm sensor.

Pilot screen to identify TRP channels required to detect
hypothalamic warming
Several TRP channels function to detect temperature, either as

direct sensors or acting downstream of a signaling cascade.39–41

We, therefore, suspected that TRP channels other than TRPM2

might play roles in brain temperature detection. To identify

TRPs enriched in WSNs, we downloaded single-cell RNA

sequencing data (68 cells) that included WSNs in the MPA and

classified cells into five groups as suggested previously:5 (1)

warm-sensitive, (2) cold-sensitive, (3) silent (T-sensitive), (4) si-

lent (T-insensitive), and (5) insensitive. As the silent (T-sensitive)

group was also warm-sensitive, we calculated the enrichment

ratio of TRPs using the sum expression counts in warm-sensitive

and silent (T-sensitive) groups divided by the sum counts of

the other three groups (Figures 3A, 3B, and S12A). We then

selected the top nine genes for further study, namely TRPM6,

TRPA1, TRPM5, TRPC6, TRPC4, TRPM3, TRPM7, TRPC1,

and TRPM2. We also analyzed the expression of TRPs in the

POA using a larger dataset containing �31,000 POA cells.42 Af-

ter data filtering, we obtained 23,476 cells and 18,553 neurons

and confirmed that most WSN-enriched TRPs were expressed

in POA neurons (Figure S12B).

To test the function of enriched TRPs, we knocked each down

using shRNAs expressed by lentiviruses (two shRNAs were ex-
(F and G) Changes of Tcore induced byMPA heating after knockdown of TRPs in th

mice; TRPM5, n = 17 mice; TRPM6&7, n = 11 mice; negative control [NC], n =

473 nm, 30 min.

(H and I) Changes of basal Tcore at 26
�C after knockdown of MPA TRPC4 and TR

(J and K) Changes of Tcore after warm exposure (35�C, TPRC4&6, n = 6 mice; NC

All data are shown as mean ± SEM, and were analyzed by two-way RM ANOVA in

(K). *p < 0.05, **p < 0.01, ns, not significant.

See also Figures S12 and S13.
pressed by each vector; Figures 3C, 3D, and S13). We used

qPCR to assess knockdown efficiency in POA bulk tissues and

confirmed the reductions of TRP expressions except TRPM5 (Fig-

ure 3E). The TRPM5 expression was below the detection limit.

In thermoregulatory behavior assays, knocking down TRPA1/

TRPC1 (co-expressed), TRPM5, TRPM2/TRPM3 (co-expressed),

or TRPM6/TRPM7 (co-expressed) in the MPA did not affect heat-

ing-induced hypothermic effects (Figures 3F and 3G). However,

knocking down TRPC4/TRPC6 in the MPA significantly blocked

the heating-induced hypothermic effect (Figures 3F and 3G).

This knockdown also increased basal Tcore during the dark phase

(Figures 3H and 3I) and aggravated hyperthermia whenmicewere

exposed to 35�C (Figures 3J and 3K). Therefore,we reveal that the

co-knockdownof TRPC4andTRPC6 impairs heating-inducedhy-

pothermic effects, basal temperature setting, and warm defense.

TRPC4 is required for warm sensing and
thermoregulation
After usingRNAi todemonstrate thatTRPC4/C6are critical inwarm

sensing, we sought to verify their function using knockouts (Fig-

ure 4A). Evidently, knocking out TRPC4 substantially blocked the

hypothermiaandhypoactivityphenotypes inducedbyMPAheating

(Figures 4B and 4C). In contrast, TRPC4 heterozygotes (HEs) and

TRPC5 KO mice exhibited strong hypothermic effect in response

to MPA heating (Figure 4B). Similar to RNAi results, TRPC4 KO

miceexhibitedahigherbasalTcore (Figures4Dand4E)andmorese-

vere hyperthermia when exposed to 35�C compared with HE con-

trols (Figures4Fand4G).Therewasnosignificantdifference inTcore
when exposed to 10�C (Figure 4H). Notably, the fever temperature

(induced by intra-MPA injection of prostaglandin E2 [PGE2]) was

significantly increased in TRPC4 KOmice compared with HE con-

trols (Figure 4I). In combinationwith our RNAi evidence that TRPC6

does not playa role inwarmsensing (Figures 5I and 5J), our genetic

evidence indicates that TRPC4 is required for warm sensing, basal

temperature setting, warm defense, and fever responses.

TRPC4 neurons in the MPA are mainly GABAergic
AsTRPC4 isessential forwarmsensing,wesought tocharacterize

the properties of TRPC4-expressing neurons. The mRNA in situ

hybridization indicated that TRPC4 was expressed in 8.9% of

cPOA cells (Figure 4J), which agreed with sequencing data

(8.5% of POA cells and 12.7% of POA neurons; Figure S12).42

TRPC4 was also expressed sparsely in other POA nuclei (Fig-

ure S14A). We then analyzed potential genetic markers co-ex-

pressedwithTRPC4using thesequencingdataset.42 Interestingly,

TRPC4 was co-expressed most often with the GABAergic

markers, Slc32a1 (66%) and Gad2 (72%); only 15% of TRPC4+

cells co-expressed the glutamatergicmarker, Slc16a6 (Figure 4K).

TRPC4 was co-expressed with other known hypothermic neural
eMPA (TRPC4&6, n = 14 mice; TRPA1&TRPC1, n = 14 mice; TRPM2&3, n = 14

21 mice). DT was the mean temperature at t = 30 min. Laser pattern: 4 mW,

PC6 (TRPC4&6, n = 7 mice; NC, n = 6 mice).

, n = 9 mice).

(F), (H), and (J), ordinary one-way ANOVA in (G), or unpaired t test in (E), (I), and
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Figure 4. TRPC4 is required to regulate body temperature

(A) Schematic for testing the requirement of TRPC channels in POA heating-induced (4-mW blue laser) hypothermic effect.

(B and C) MPA heating-induced changes in Tcore (B) and physical activity (C) after knocking out TRPC4 or TRPC5 (TRPC4 KO, n = 4 mice; TRPC5 KO, n = 8 mice;

TRPC4 heterozygous [HE], n = 7 mice).

(D and E) Basal Tcore of TRPC4 KO mice kept at 26�C (KO, n = 14 mice; HE, n = 19 mice). Summary statistics are shown in (E).

(legend continued on next page)
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markers (Nos1,Gal, Esr1, Adcyap1, andBDNF8,19,38,43–45) but had

low co-expression ratios (<5%) with other hypothermic (Lepr,

Qrfp, and Opn5)36,46,47 and hyperthermic (Avp and Brs3)48,49 neu-

ral markers (Figure 4K). We confirmed the TRPC4 expression in

GABAergic and glutamatergic neurons by analyzing the overlap

between TRPC4 mRNA and VgatGFPL10 or Vglut2GFPL10 neurons

in the MPA. This was accomplished by injecting AAV2/8-DIO-

GFPL10 into the MPA of Vgat-IRES-Cre or Vglut2-IRES-Cre

mice to labelVgatGFPL10orVglut2GFPL10neurons, respectively (Fig-

ure 4L). As expected, TRPC4 overlapped extensively with

VgatGFPL10 neurons but less so with Vglut2GFPL10 neurons (Fig-

ure 4M). TRPC4+ neurons accounted for 19.3% of MPAVgat neu-

rons and 6.4% ofMPAVglut2 neurons (Figure 4M), which would ac-

count for 13%of totalMPAneurons (assuming anequal number of

GABAergic and glutamatergic neurons based on sequencing

data42 andour recordings shown inFigure 5). Thus, theprevalence

of TRPC4 neurons matched the sequencing data, where TRPC4+

neurons accounted for 12.7% of POA neurons42 (Figure S12) and

half of the WSNs reported in the MPA (�26%).5

Furthermore, we analyzed the overlap between TRPC4 and

EP3R. Interestingly, �50% of TRPC4+ neurons in the MPA ex-

pressed EP3R, which accounted for 8.1% of EP3R neurons there

(Figures 4N and 4O). This high overlap ratio suggests that

TRPC4+ neurons may participate in fever development. Addition-

ally, to evaluate whether TRPC4+ neurons could integrate with

known thermoregulatory networks,50–52 we checked whether

GABAergic TRPC4+ neurons could innervate dorsomedial hypo-

thalamic nucleus (DMH) neurons known to promote thermogene-

sis.19,50 We injected the retrograde AAVs carrying Cre-dependent

GFP (Retro-DIO-GFPL10) into the DMH of the Vgat-IRES-Cre

mice and co-stained the TRPC4 mRNA with the GFPL10 in the

MPA (Figures 4P and 4Q). Interestingly, 17.7%of TRPC4+ neurons

in theMPAoverlappedwithDMH-projectingMPAGABAergic neu-

rons, and 15.2% of DMH-projecting MPAGABAergic neurons co-

expressed TRPC4 (Figures 4R and 4S), suggesting MPA TRPC4+
(F and G) Tcore changes of TRPC4 KOmice in response to warm exposures (35�C;
is the maximum Tcore at Ta = 35�C.
(H) Tcore changes of TRPC4 KO mice in response to cold exposures (10�C; KO,

(I) The impact of TRPC4 knockout on the fever induced by intra-POA PGE2 injectio

into the POA via a cannula.

(J) TRPC4 mRNA expression in the MPA of WT mice. White arrowheads indicate

autofluorescence. Scale bar, 200 mm for main panels and 20 mm for close-up.

(K) Thermoregulation-related markers co-expressed with TRPC4 in the POA, whi

GSE113576).

(L and M) Overlap between TRPC4 mRNA (red) and GABAergic or glutamatergic

MPA. GABAergic or glutamatergic neurons were labeled by AAV8-DIO-GFPL10 i

Arrowheads in the close up show the colocalization of neurons expressing TRPC

ratios are shown in (M).

(N and O) Overlap between TRPC4 mRNA (red) and EP3R (green) in the POA. Me

The experiment was repeated 3 times independently.

(P) Schematic for labeling DMH-projecting POAVgat neurons. We injected retrogra

GFPL10) into the DMH of Vgat-IRES-Cre mice, driving the expression of GFP-L1

(Q) Representative image showing the expression of GFP-L10 (green) at the viral i

of Vgat-IRES-Cre mice (n = 3 mice). 3V, dorsal 3rd ventricle; VMH, ventromedia

200 mm.

(R and S) Overlap between TRPC4 mRNA in the POA (red) and DMH-projecting P

bar for boxed ROI, 10 mm.

All data are shown as mean ± SEM and were analyzed by two-way RM ANOVA

significant.

See also Figure S14.
neurons could provide inhibitory tones to DMH thermogenic neu-

rons. These data indicate that MPA TRPC4+ neurons are likely to

integrate with the current thermoregulatory network.

TRPC4 functions in MPA GABAergic neurons to sense
warmth
To determine whether TRPC4 affects the thermosensitivity of

MPA GABAergic neurons, we analyzed intrinsic thermosensitiv-

ity by recording neural activity (blind to neural cell types and

fluorescent markers; with synaptic blockers) (Figure 5A). After

recording, we classified neurons according to their thermosensi-

tivity, including WSNs (thermal coefficient R0.8 impulses/s/�C),
temperature-insensitive neurons (TINs, thermal coefficient < 0.8

but >�0.6 impulses/s/�C), and cold-sensitive neurons (CSNs,

thermal coefficient%�0.6 impulses/s/�C).53,54 Overall, WSN ra-

tios were similar among MPA neurons recorded from VgatNC

mice (Vgat-IRES-Cre injected with AAV-DIO-NC shRNA:

18.8%), Gad67-GFP mice (transgenic markers for GABAergic

neurons: 21.1%), and Vglut2mCherry mice (Vglut2-IRES-Cre in-

jected with AAV-DIO-mCherry: 19.4%) (Figure 5B). We detected

few CSNs since we blocked neural transmission.55 However,

knocking down TRPC4 in Vgat neurons substantially reduced

the overall WSN ratio (10.8%; Figure 5B).

Noticeably, there were similar numbers of GABAergic and glu-

tamatergic neurons within theMPA, as estimated from recordings

of Gad67-GFP mice (GFP(+): GFP(�) = 56: 67) and Vglut2mCherry

mice (mCherry(+):mCherry(�) = 66:63) (Figures 5C–5F). WSNs

were 25% (14/56) of Gad67-GFP(+) neurons, 18% (12/67) of

Gad67-GFP(�) neurons, 20.6% (13/63) of Vglut2mCherry(�) neu-

rons, and 18.2% (12/66) of Vglut2mCherry(+) neurons (Figures 5C–

5F). Evidently, knocking down TRPC4 in Vgat(+) neurons reduced

their overall warm sensitivity andWSN ratioswhen comparedwith

theNCgroup (Figures 5Cand 5D). In contrast, thewarmsensitivity

andWSN ratios were not significantly changed in Vgat(�) neurons

that did not express shRNAs (Figures 5E and 5F). Taken together,
KO, n = 5mice; HE, n = 5 mice) with summary statistics shown in (G). Max Tcore

n = 4 mice; HE, n = 5 mice).

n (TRPC4 KO, n = 4mice; TRPC4HE, n = 5mice). PGE2 (0.4 nmol) was injected

TRPC4 mRNA signals, and the yellow arrowhead indicates tissue debris with

ch were reanalyzed from Single-cell RNA sequencing (scRNA-seq) data (GEO:

neurons labeled by GFP-L10 (green; L10 is a ribosomal resident protein) in the

njected into the MPA of Vgat-IRES-Cre or Vglut2-IRES-Cre mice, respectively.

4 and GFP. Scale bars, 200 mm for main panels and 20 mm for close-up. Merge

rge ratios are shown in (O). Scale bar, 200 mm; scale bar for boxed ROI, 20 mm.

de tracing AAVs carrying Cre-dependent GFP-L10 (AAV2-Retro-hEF1a-FLEX-

0 in Vgat+ neurons in the POA.

njection site in the DMH. AAV2-Retro-FLEX-GFPL10 was injected into the DMH

l hypothalamic nucleus; DMH, dorsomedial hypothalamic nucleus. Scale bar,

OAVgat neurons (green). Merge ratios are shown in (S). Scale bar, 200 mm; scale

in (B), (C), and (I) or unpaired t test in (E) and (G). *p < 0.05, **p < 0.01, ns, not
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we conclude that TRPC4 is required in MPA GABAergic WSNs to

sense brain warming.

TRPC4 functions in MPA GABAergic neurons to
regulate Tcore

To determine cell types required for TRPC4 function, we injected

AAVs carrying Cre-dependent shRNA into the MPA of

Vgat-IRES-Cre, Vglut2-IRES-Cre, and BDNF-IRES-Cre mice

(Figures 5G and S15A–S15D). The expression of shRNA in

MPAVgat neurons rendered 60% of MPA TRPC4+ cells undetect-

able to TRPC4 RNAscope fluorescence (Figure 5H). As ex-

pected, TRPC4 knockdown in MPAVgat neurons, but not

MPAVglut2 neurons, reduced the hypothermic effect induced by

MPA heating, compared with the NC (Figures 5I and 5J).

TRPC4 knockdown in MPABDNF neurons also partially reduced

heating-induced hypothermia (Figure 5K). This is consistent

with the findings that BDNF and TRPC4 were co-expressed (Fig-

ure 4K) and that one-third of BDNF neurons are GABAergic.19 In

contrast, TRPC6 knockdown in MPAVgat or MPAVglut2 neurons

did not affect heating-induced hypothermia (Figures 5I and 5J).

As seen with the knockouts, TRPC4 knockdown in MPAVgat neu-

rons increased basal Tcore and impaired warm defense

(Figures 5L–5O). In addition, fever temperature was modestly

but significantly increased by knocking down TRPC4 in Vgat

neurons but not in Vglut2 or BDNF neurons (Figures 5P, S15E,

and S15F). Together, these analyses reveal that TRPC4 is

required in MPA GABAergic WSN neurons to set basal temper-

atures, prevent hyperthermia, and limit fever.

TRPC4 is not a warm thermoreceptor
To test whether TRPC4 functions as a direct thermoreceptor, we

expressed it in HEK293T cells and used calcium imaging tomea-
Figure 5. TRPC4 is required in MPA GABAergic neurons to sense warm

(A) Schematic for testing the thermosensitivity of MPA neurons from the indicated

DIO-TRPC4-shRNA-GFP (VgatC4-KD-GFP), Vgat-Cre mice with the intra-MPA inje

and Vglut2-Cre mice with the intra-MPA injection of AAV(2/8)-DIO-mCherry (Vglut

temperature changes (36�C–39�C–33�C–36�C) with synaptic transmission blocke

blind to the fluorescence, and epifluorescent pictures were taken after the recor

(B) Percentage of WSNs, CSNs, and TINs in the MPA from different mice. All re

fluorescence.

(C and D) Summary of the thermosensitivity (C) andWSN percentage (D) of MPA V

C4-KD(+)), GFP-positive neurons from VgatNC-GFP mice (Vgat & NC(+)), GFP-posit

in the Vglut2mCherry mice (Vglut2(�)).

(E and F) Summary of the thermosensitivity (E) andWSN percentage (F) of MPA Vg

C4-KD(�)), GFP-negative neurons from VgatNC-GFP mice (Vgat & NC(�)), GFP

neurons in the Vglut2mCherry mice (Vglut2(+)).

(G) Schematic illustration of Cre-dependent TRPC4 knockdown in theMPA of Vglu

expression labeled by GFP (co-expressed) is shown in the right. Scale bars, 200

(H) Knockdown efficiency of TRPC4 shRNA. Representative images of TRPC4mR

TRPC4 shRNA (TRPC4 KD). TRPC4 mRNA signals are shown as small dots indica

200 mm for main panels and 20 mm for boxed ROI.

(I–K) Changes of Tcore by MPA heating after knockdown of TRPC4 or TRPC6 in M

neurons (J; C4, n = 10 mice; C6, n = 3 mice; NC, n = 5 mice) or MPABDNF neuron

(L and M) Changes of basal Tcore at 26
�C after knockdown of TRPC4 in MPAVgat

(N and O) Changes of Tcore after knockdown of TRPC4 in MPAVgat neurons in r

4–6 weeks post-viral injection). Max Tcore in (O) is maximum Tcore at Ta = 36�C.
(P) Impact of TRPC4 knockdown in MPAVgat neurons on the fever induced by IL-

All data are shown as mean ± SEM and were analyzed by two-way RM ANOVA (I

multiple comparison test (C and E), or chi-squared test (D and F). *p < 0.05, **p

See also Figure S15.
sure its intrinsic thermal activity. We did not detect significant

calcium activity in response to warming (Figure S16A). As a

control, Englerin A, a selective agonist for TRPC4/TRPC5,56–59

induced a strong calcium response (Figure S16B). Thus,

TRPC4 is not a warm thermoreceptor. We further tested the

PLCb function since TRPC channels often function downstream

of a PLCb pathway.39,40,60,61 First, we noticed that several PLCb

isoforms were co-expressed with TRPC4 in the POA (Fig-

ure S16C). Next, we blocked PLCb using its blocker, U73122.

U73122 did not affect the mean WSN thermosensitivity; howev-

er, it reduced thermosensitivity in 46% of WSNs (Figures S16D

and S16E), implying that PLCb might function only in a subset

of WSNs. Behaviorally, U73122, but not its inactive analog,

U73433, blocked the hypothermic effect induced by brain heat-

ing (Figures S16F and S16G). Therefore, our data suggest that

TRPC4 is not a warm receptor but may function downstream

of a PLCb pathway to sense temperature.

TRPC4 antagonists and agonists bidirectionally control
WSN activity and Tcore

To evaluate whether TRPC4 could be targeted to manage Tcore,

we pharmacologically modulated TRPC4 activity and analyzed

their effects on Tcore. First, we analyzed the effects of these drugs

on the WSN activity (Figure 6A). Perfusion of the TRPC4 blocker,

ML204 (10 mM; IC50 = 1–3 mM62,63), but not the TRPC6 blocker,

SAR7334 (100 nM; IC50 = 8–10 nM64), suppressed the intrinsic

thermosensitivity of WSNs (Figures 6B–6D). Perfusion of the

two blockers together did not cause a more noticeable suppres-

sion of the thermosensitivity than ML204 alone (Figure 6E). We

also analyzed the effect of another TRPC4 blocker, HC-070.

Similar to ML204, 20-nM of HC-070 (IC50 = 10–100 nM65) effec-

tively suppressed the thermosensitivity of WSNs (Figures 6F and
th and regulate body temperature

genotypes, including Vgat-Cre mice with the intra-MPA injection of AAV(2/9)-

ction of AAV(2/9)-DIO-NC-shRNA (VgatNC-GFP), Gad67-GFP transgenic mice,

2mCherry). The firing activity of neurons was continuously recorded during cyclic

rs (10 mMCNQX, 50 mM AP-5, and 25 mM bicuculline). Neurons were recorded

dings to confirm the genotypes.

corded neurons were analyzed here before determining genotypes using epi-

gat+ neurons, including GFP-positive neurons from VgatC4-KD-GFP mice (Vgat &

ive neurons from Gad67-GFP mice (Gad67(+)), and mCherry-negative neurons

at� neurons, including GFP-negative neurons from VgatC4-KD-GFP mice (Vgat &

-negative neurons from Gad67-GFP mice (Gad67(�)), and mCherry-positive

t2-IRES-Cre, Vgat-IRES-Cre, or BDNF-IRES-Cre mice. Representative shRNA

mm.

NA in situ from brain sections expressed the scramble sequence (NC shRNA) or

ted by white arrowheads. Yellow arrowheads indicate tissue debris. Scale bar,

PAVgat neurons (I; C4, n = 6 mice; C6, n = 4 mice; NC, n = 4 mice), MPAVglut2

s (K; C4, n = 6 mice; NC, n = 5 mice).

neurons (TRPC4, n = 12 mice; NC, n = 9 mice).

esponse to warm and cold challenges (TRPC4, n = 6 mice; NC, n = 4 mice;

1b injection (i.p.) (TRPC4, n = 6 mice; NC, n = 10 mice).

–K and P), unpaired t test (M, O, and P), one-way ANOVA followed by Tukey’s

< 0.01, ns, not significant.
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6G). As a control, these blockers did not affect the thermosensi-

tivity of TINs (Figures S17A–S17D). Conversely, 10 nM of EA

(EC50 = 11 nM56) increased firing rates of WSNswithout affecting

TINs (Figures 6H–6J). These data suggest that TRPC4 antago-

nists and agonists could bidirectionally regulate the activity of

WSNs at low concentrations.

Next, we measured the effect of these blockers on the heat-

ing-induced hypothermic effect (Figure 6K). We estimated drug

concentrations in the cerebrospinal fluid (CSF) by assuming

the total CSF was 100 mL and injected ML204 (CSF

concentration = �10 mM, 10-fold of IC50), or SAR7334 (CSF

concentration = �100 nM, 10-fold of IC50), into the MPA

10-min before brain heating. The injection procedure itself

induced mild hyperthermia, and the MPA heating could sup-

press it (Figure 6L). Interestingly, injection of ML204, but not

SAR7334, blunted the suppression of injection-induced hyper-

thermia, suggesting that ML204 blocked the heating-induced

hypothermic effect (Figures 6L and 6M). Similarly, HC-070

(CSF concentration = �1 mM, 10-fold of IC50) also blocked the

heating-induced hypothermic effect (Figures 6L and 6M).

Next, we injected EA into the MPA and found it induced hypo-

thermia in a concentration-dependent manner (Figure 6N). A

concentration at 5-mM induced significant hypothermia

(�1.2�C; Figure 6N), accompanied by reduced physical activity,

energy expenditure, and TiBAT, but not Ttail (Figures 6O–6Q).

These data suggest that TRPC4 might be involved in the inte-

gration of the CNS control of body temperature and energy
Figure 6. Pharmacological modulation of TRPC4 activity bidirectionall

(A) Schematic illustration of testing drug responses of MPA WSNs in WT mice. T

(36–39–33–36�C) with synaptic transmission blockers (10 mMCNQX, 50 mMAP-5,

to drugs was recorded.

(B) Representative traces of aWSN in response to TRPC4 blocker ML204. Top: sp

33�C, 36�C, and 39�C, where the thermosensitivity was decreased from 1.53 to

temperature (red) plotted over time. The perfusion period with ML204 is shaded

(C–E) Summary of the thermosensitivity of MPA WSNs before (black) and after (bl

(D; 100 nM; IC50 = 8–10 nM), or 10-mM ML204 plus 100-nM SAR7334 (E).

(F) Representative traces of a WSN in response to TRPC4 blocker HC-070. Top: s

at 33�C, 36�C, and 39�C, where the thermosensitivity was decreased from 0.89 to

temperature (red) plotted over time. The HC-070 perfusion period is shaded in g

(G) Summary of the thermosensitivity of MPA WSNs before (black) and after (blu

(H) Representative traces of aWSN in response to TRPC4 agonist EA (10 nM), whe

of the WSN at 36�C in response to EA perfusion. Bottom: experimental records

perfusion period is shaded in gray.

(I and J) Summary of firing rates of MPA WSNs (I) and TINs (J) before (black) and

(K) Schematic of the intra-MPA drug delivery and optical heating experiment. The

heating.

(L and M) Changes of Tcore by heating the MPA after intra-POA delivery of ML20

tration =�100 nM), or HC-070 (0.1 nmol; CSF concentration =�1 mM) as indicate

mice; ML204 + Laser, n = 8 mice; SAR7334 + Laser, n = 8 mice; HC-070 + Lase

(N and O) Changes of Tcore (N) and physical activity (O) after MPA injection of

concentration = �2.5 mM, n = 8 mice; 0.5 nmol—CSF concentration = �5 mM, n

(15–20 min) are summarized in the right panel of (O).

(P) Changes in energy expenditure after intra-MPA injection of EA (0.5 nmol) in W

(Q) Dynamics of DTiBAT and DTtail after intra-MPA injection of EA (0.5 nmol) in WT

(R) Impact of optical heating (4 mW) on fever induced by intra-MPA PGE2 injection

mice; 0.4 nmol PGE2, n = 8 mice. Heating started 5-min after PGE2 injection.

(S) Impact of EA on the fever induced by intra-MPA PGE2 injection. 0.4 nmol PGE2

10-min after PGE2 injection.

All data are shown as mean ± SEM and were analyzed by paired t test (C–E, G, I, a

and S). *p < 0.05, **p < 0.01, ns, not significant.

See also Figures S16 and S17.
metabolism via regulating energy consumption. The relatively

higher concentration used in behavioral analysis than that

used in electrophysiology (Figure 6I) was probably due to the

instability of this drug in vivo66 and the need to suppress the in-

jection-induced hyperthermia (Figure 6N). Finally, we tested

whether MPA heating and EA could limit fever. As expected,

heating the MPA lowered the fever temperature induced by

PGE2 (Figure 6R). Interestingly, EA injection (�5 mM) also signif-

icantly suppressed fever temperature (Figure 6S). Therefore, our

results show that TRPC4 antagonists effectively block the hypo-

thermic function of WSNs, whereas its agonist could induce hy-

pothermia and limit fever, suggesting that TRPC4 may represent

a molecular target for Tcore management.

DISCUSSION

Feedback control of Tcore by TRPC4-expressing
GABAergic WSNs
WSNs have been proposed as an internal cellular sensor to

detect brain warming and their artificial activation by brain heat-

ing triggers a counteractive body cooling response.1,3–6,8–14

However, how WSNs contribute to physiological thermoregula-

tion is unclear, and the genetic identity of WSNs remains unde-

fined. Here, we first found that heating the POA (2�C–4�C) with

a small-sized device induced a fast-cooling response in mice

(Figure 1), suggesting the existence of functional WSNs. Next,

we identified TRPC4 as an essential molecule in warm sensing
y controlled WSN activity and body temperature

he firing activity of neurons was recorded during cyclic temperature changes

and 25 mMbicuculline). After characterizing the thermosensitivity, the response

ontaneous firing activity of theWSN in response to ML204 (10 mM) treatment at

0.39 impulses/s/�C. Bottom: the spontaneous firing rate (blue) and tissue slice

in gray.

ue) perfusion with TRPC4 blocker ML204 (C; 10 mM), TRPC6 blocker SAR7334

pontaneous firing activity of the WSN in response to HC-070 (20 nM) treatment

0.08 impulses/s/�C. Bottom: the spontaneous firing rate (blue) and tissue slice

ray.

e) perfusion with TRPC4 blocker HC-070 (20 nM).

re the firing rate was increased from 11 to 19 impulses/s. Top: action potentials

of spontaneous firing rates (blue) and tissue slice temperature (red). The EA

after (blue) perfusion with EA (10 nM).

same cannula placed in the MPA was used for both drug delivery and optical

4 (1 nmol; CSF concentration = �10 mM), SAR7334 (0.01 nmol; CSF concen-

d. The saline injections were controls (Saline, n = 6 mice; Saline + Laser, n = 14

r, n = 6 mice).

EA (0.05 nmol—CSF concentration = �0.5 mM, n = 7 mice; 0.25 nmol—CSF

= 9 mice; Saline, n = 11 mice). Changes in physical activity after EA injection

T mice (n = 9 mice).

mice (n = 8 mice).

. PGE2 dose, 0.4 nmol. Saline + Laser, n = 6mice; 0.4 nmol PGE2 + Laser, n = 7

+ Saline, n = 7mice; 0.4 nmol PGE2 + 0.5 nmol EA, n = 5mice. EAwas injected

nd J), ordinary one-way ANOVA (M and O), or two-way RM ANOVA (L, N, P, R,
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(Figures 4 and 5), allowing functional manipulation of TRPC4-

expressing WSNs by targeting TRPC4. Indeed, TRPC4 deletion

or its silencing in MPA GABAergic neurons increased basal

core temperature, impaired warm defense, and aggravated fe-

ver. Therefore, our results establish that TRPC4-expressing

GABAergic WSNs function as an essential warm cellular sensor

to set body temperature, prevent hyperthermia, and limit fever.

Furthermore, conditions such as fever, exercise, and heatstroke

can also increase brain temperatures by 2�C–4�C67–70 in hu-

mans. Hence, WSNs might also be activated in these conditions

to control Tcore as well.

Thermoreceptor for WSNs
Identifying the thermoreceptor that enablesWSNs to detect tem-

perature is crucial. Surprisingly, we found that the thermosensi-

tive TRPM2 is not required for brain heating-induced hypother-

mia. Consistent with this, a recent study confirmed that

TRPM2 does not function as an intrinsic warm receptor in

WSNs, but instead acts as a synaptic warm sensor.20 This study

showed that TRPM2 deletion has a small effect on brain heating-

induced hypothermia.20 However, we could not replicate this ef-

fect, which might be due to different experimental settings

(Figures 2P–2R and S11). Via a pilot RNAi screen, we found

that TRPC4 is critical for warm sensing in WSNs and accounts

for half of MPA WSNs5 (Figures 3, 4, and 5). Genetic downregu-

lation of TRPC4 suggests that TRPC4 is essential for intrinsic

warm sensing in TRPC4-expressing GABAergic WSNs (Fig-

ures 3, 4, and 5). Noticeably, only 9.3% of TRPC4+ cells co-ex-

pressed TRPM2 (Figure 4K), suggesting the two channels mainly

function in different cells. Thus, if TPRM2 still plays a role in warm

sensing, such as under more extreme heating, it may modulate

the activity of TRPC4+ WSNs via direct or indirect neural

connections.

Notably, in vitro calcium imaging suggested that TRPC4 is not

a direct thermoreceptor (Figure S16). It is known that TRPC

channels can function downstream of the Gaq-phospholipase

Cb (PLCb) pathway,60,61 and this pathway has been shown

to mediate warm sensing in Drosophila.39,40 Thus, we manipu-

lated this pathway using a selective PLCb blocker and

found that it reduced the warmth sensitivity of 46% of WSNs

and partially suppressed the hypothermic effect induced by

brain warming (Figure S16). Thus, we propose that a TRPC4-

mediated PLC pathway indirectly senses warmth in GABAergic

WSNs. The sensing mechanism for glutamatergic WSNs re-

mains unknown.

A molecular target for Tcore management
Body temperature management is needed in thermoregulatory

disorders such as fever, heatstroke, and malignant hyperther-

mia.71–73 Also, the ability to therapeutically induce hypothermia

helps reducing tissue damage during medical emergencies.74,75

However, besides antipyretic drugs used to treat fever, few

drugs are available to manage Tcore, resulting in the use of phys-

ical methods.75 Here, we showed that TRPC4 antagonists effec-

tively alleviated the hypothermia induced by brain heating (Fig-

ure 6). Conversely, TRPC4 agonists effectively induced

hypothermia and limited fever (Figure 6). These results indicate

that TRPC4 might be a promising molecular target for body tem-
400 Neuron 111, 387–404, February 1, 2023
peraturemanagement. Given that mice are torpid animals, which

might use slightly different thermoregulatory mechanisms than

non-torpid largermammals, it would be exciting to knowwhether

TRPC4 also regulates Tcore in non-torpid mammals including hu-

mans. Interestingly, progesterone could inhibit TRPC4,76 raising

a question of whether this inhibition induces mild hyperthermia

during menstrual cycles in women.77

Optothermal effects under natural behaviors
The delivery of light into the brain is vital for neuroscience

research.27,28,78,79 However, the optothermal effects associated

with light may alter neuronal activity2,4,21,25 and behavior,10,21

which needs to be precisely evaluated in vivo. By designing a

small, implantable device, we were able to precisely measure

optothermal effects in the brain of freely behavingmice (Figure 1)

and found that it was underestimated by up to 2-fold.21,23,25 We

further built mathematical models to accurately predict temper-

ature changes (Figures 1 and S2). Therefore, we have provided a

practical guide for neuroscientists to access the optothermal ef-

fect under natural behaviors.
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FOC-C-200-1.25-0.37-3.0

FOC-C-200-1.25-0.37-13.0

Polyimide tube Shanghai Gukai New Materials

Technology Corporation

300 mm-350 mm

Guide cannnula RWD Life Science Co.,Ltd 62003

Dummy cannula RWD Life Science Co.,Ltd 62102

Internal cannula RWD Life Science Co.,Ltd 62203

Fixing screw RWD Life Science Co.,Ltd 62502

Micro injector Shanghai Gaoge industrial

and trading Co.,LTd

2 mL

Regular Chow Diet SLAC Cat# M03
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the corresponding author Wei L. Shen

(shenwei@shanghaitech.edu.cn).

Materials availability
This study did not generate new unique reagents or mouse lines.

Data and code availability
Any raw data supporting the current study is available from the lead contact upon request. The paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Animal care and use conformed to institutional guidelines of ShanghaiTech University, Shanghai Biomodel Organism Co., and

governmental regulations. All experiments were performed on male adult mice (8–16 weeks old). Mice were housed with a reversed

12-h light-dark cycle (9 am–9 pm, dark phase), and allowed to receive food and water ad libitum. All behaviors were tested during the

dark phase. The mice strains were listed in the key resources table.

METHOD DETAILS

Manufacture the device for intracranial temperature measurement
1.5-cm long thermocouple wire (44 Gauge, Physitemp instruments) with the T-type thermal probe on one tip and the optical fiber

(200 mm, NA 0.37, Inper Ltd, Hangzhou, China) were encapsulated by a polyimide tube with an inner diameter of 300 mm and an

outer diameter of 350 mm (Shanghai Gukai New Materials Technology Corporation). The thermocouple wire end was bent 90 de-

grees so that the thermal probe was 100 mm beneath the optical fiber tip. The ceramic cannula of the optical fiber was glued on a

plastic base, and the two endings of the thermocouple wire (copper and constantan) were co-assembled with copper and

constantan pins into the holes on the base, respectively, without introducing a third type of metal. The device weighted approx-

imately 0.1 grams. The custom-made device was implanted on the mouse skull seven days before the experiment. During the
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experiment, a standard T-type female connector with extension wire (SMPW-T-M, OMEGA) was used to connect the copper and

constantan pins to a temperature logger (USB-TC01, National Instruments Co.), and the fiber cannula was connected with stan-

dard optical fiber to deliver laser lights.

Manufacture the wired thermal probe for core body temperature measurement
We cut out a 5-cm long T-type thermocouple wire (40 Gauge, Xinghua suma electric instrument), left 5-mm naked overhangs in one

end, and welded together the overhangs to form a T-type thermocouple probe. The probe can be implanted intraperitoneally to mea-

sure the core body temperature. The other wire endings were co-assembled with the copper and constant pins into holes on the pin

base and fixed with glue. The pin base could be implanted on the back of mice during the experiment.

T-type thermocouple calibration
We inserted a standard T-type thermocouple (used as the reference), together with our custom-made T-type thermocouples, into a

warmwater bath. Then, we recorded both temperatures while the water was cooled down gradually from 45 to 25 �C, and plotted our

probe temperatures against the reference temperatures. We calculated the correlation coefficients by linear regression.

Light stimulation patterns
For optical stimulation, lights were generated by the 473-nm laser (Inper, China) or 532-nm laser (Anilab, China). The light intensity

from the fiber tip was measured by using a power meter (PM20A, Thorlabs). The laser powers and patterns were indicated directly in

the figures.

In vivo temperature measurement in freely-behaving mice
The intracranial temperature of freely-behaving mice was performed by implanting the custom-made device on the skull seven days

before the experiment. During the experiment, a standard T-type male connector with wire (SMPW-T-M, OMEGA) was used to con-

nect the copper and constantan pins on the device to a temperature logger (USB-TC01, National Instruments Co.). The recording

frequency was 1 Hz. The temperature changes in response to laser illumination were recorded for the indicated time, and each laser

power was repeated twice.

For wired core body temperature measurement, a custom-made T-type thermocouple probe was implanted in the abdomen cav-

ity, and the base was left on the back skin. 3�5 days after the surgery, we connected the base with the temperature logger (NI-9213,

National Instruments Co.). The supporting Labview 2017 software (National Instruments Co.) was used for data collection, with a

sampling rate of 1 Hz.

Core body temperature and physical activity telemetry
The core temperature and physical activity were recorded at a 1-min interval by VitalView Data Acquisition System Series 4000 (Starr

Life Sciences Corp., Oakmont, USA) unless specified. To record core temperature and physical activity, we used G2 E-Mitter tran-

sponders (Mini-Mitter, Oregon, USA) implanted intraperitoneally34. At least three days before experiments, mice were housed in a

temperature-controlled chamber in their home cages on ER4000 energizer/receivers (Mini-Mitter, Oregon, USA). All measurements

were conducted during the dark phase. Experiments were performed at 22 � 25 �C unless indicated otherwise.

Metabolic measurement
Energy expenditure wasmonitored by theComprehensive Lab AnimalMonitoring System (CLAMS; Columbus Instruments). The data

was acquired at a 10-min interval, as shown in the figures. Mice were adapted in the chambers for 2 days before giving saline (intra-

MPA) and Englerin A (5 mM in the CSF, intra-MPA). Stimuli (Englerin A or saline) were delivered in the dark phase.

The iBAT and tail skin temperature measurement
The interscapular brown adipose tissue (iBAT) surface temperature (TiBAT) and the tail skin temperature (Ttail) were measured using a

thermal infrared camera (A655sc, FLIR). We analyzed the infrared images using the FLIR Tools software (Teledyne FLIR). To measure

the iBAT surface temperature, the hair on top of the iBAT was shaved 3-5 days before measurement. The TiBAT was defined as the

average temperature in the interscapular region. The Ttail referred to the temperature at the tail base, which also indicated by white

arrow heads in the Figures 1N and 6P. We used the factory settings to convert raw pixel counts to units of temperature and analyzed

the pictures taken from the same angle.

Stereotaxic brain injection
Mice were anesthetized and placed in a stereotaxic frame (David Kopf Instruments, #PF-3983; RWD Life Science, #68030; Thinker

Tech Nanjing Biotech, #SH01A). A feedback heater was used to keep mice warm during surgeries. We delivered �0.15 ml (unless

specified) of AAV virus through a pulled-glass pipette at a slow rate (20 nl min�1). We delivered �1 ml Lenti-Trp-shRNA at a faster

rate (100 nl min�1). Following infusion, the needle was kept at the injection site for 10 min and then slowly withdrawn.

Virus preparations were injected at the following coordinates. VMPO: (AP +0.5 mm, ML ±0.1 mm, DV -4.8 mm), MPA:

(AP +0.14 mm, ML ±0.4 mm, DV -5.25 mm), vLPO: (AP +0.14 mm, ML ±0.7 mm, DV -5.25 mm). The optogenetic fiber was inserted
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into the following coordinates. VMPO: (AP +0.5 mm, ML ±0.1 mm, DV -4.6 mm), MPA: (AP +0.14 mm, ML ±0.4 mm, DV -5.0 mm),

vLPO: (AP +0.14 mm, ML ±0.7 mm, DV -5.0 mm), MnPO (AP +0.14 mm, ML 0 mm, DV -3.9 mm), hippocampus: (AP -2.0 mm,

ML ±1.5mm, DV -2.0mm), DMH: (AP -1.67mm,ML ±0.35mm, DV -5.10mm). The drug delivery cannula was inserted at the following

coordinates. MPA: (AP +0.14 mm, ML ±0.4 mm, DV -5.0 mm),

The fiber cannulas or drug delivery cannula were chronically implanted and secured with dental cement (C&B Metabond�
Quick Adhesive Cement System, Parkell, Japan). The mice were allowed to recover for at least one week before experimental

procedures.

cFos induction by brain warming
After implantation of optical inserts for five days, mice were transferred to the climatic chamber and maintained at a Ta of 25

�C. To
acclimate the mice, the animals were handled for 10 min and then attached optical fiber for 6 h. Seven days after acclimation, the

mice were divided into two groups. All the mice were attached to optical fiber for 2 h. Then the POA of the experimental groups

was heated for 20 min by 473 nm laser (4 mW). No operation was performed on the control groups that have also been implanted

with optical inserts. After the laser off for 1.5 h, mice were anesthetized with isoflurane and perfused transcardially with PBS followed

by 50-mL 4% paraformaldehyde (PFA) in PBS without post-fixation. Brains were dissected and immersed in 30% sucrose for 2 days

at 4 �C before sectioning and immunohistochemistry.

Immunohistochemistry and histological analysis
Mice were deeply anesthetized and then fixed by transcardial perfusion with 4% paraformaldehyde, then brain tissues were dehy-

drated in 20% sucrose for 1 day and 30% sucrose for 2 days at 4�C. Mouse brains were sectioned at 45 mm thicknesses using cryo-

stat microtome (Leica, CM3050s). Brain slices were collected and washed three times in PBS to remove embedding agent. For cFos

staining, brain slices were collected and blocked with blocking solution containing 10%Normal goat serum (v/v), 1.5%Bovine serum

albumin (w/v), 0.7% Triton X-100 (v/v) in PBS for 1 h at room temperature, and subsequently incubated with primary antibodies (anti-

cFos, 1:1000, listed in the key resources table) for 24 h at 4 �C. Then, the samples were washed three times in PBST (PBS with 0.7%

Triton X-100, v/v) before incubation in secondary antibodies (Alexa Fluor 488 conjugated goat anti-Guinea pig IgG(H+L), 1:1000,

listed in the key resources table) for 2 h at room temperature. Subsequently, brain sections were mounted on slides and then

cover-slipped with DAPI Fluoromount-G mounting medium (SouthernBiotech, #0100-20). Images were captured on a Leica SP8

confocal microscope or Olympus VS120 Virtual Microscopy Slide Scanning System. Antibodies for immunolabeling were listed in

the key resources table.

TRPC4 mRNA RNAscope (in-situ hybridization)
To detect TRPC4 expression, mRNA in situ hybridization was performed on PFA-fixed (10%) brain sections using the RNAscope 2.5

HD-Red Assay (ACD, Inc., Newark, NJ, USA) with probes against murine TRPC4-ex4 (Cat No. 312271). Briefly, mice were deeply

anesthetized and followed by transcardial perfusion with 4% paraformaldehyde, and then brains were dissected. Brains were dehy-

drated in 20% sucrose for one day and 30% sucrose for one day at 4 �C, then cryosectioned at 18 mm and placed onto SuperFrost

Plus slides, which were then dried at�20 �C for 1 hr and transferred to�80 �C for storage. Before probes incubation, pretreated first

with hydrogen peroxide for 10 min at room temperature, then with Protease for 30 min at 40 oC. After the pretreatment steps, brain

sections were incubated with individual probes for 2 hours, and the standard RNAscope protocol was followed. Lastly, an

RNAscope� 2.5 Fast-RED kit was used for chromogenic labeling. After the rinse, the slides were then cover-slipped with DAPI

Fluoromount-G mounting medium (SouthernBiotech, #0100-20). To co-detect the TRPC4 mRNA with GFPL10-labeled neurons or

EP3R-expressing neurons, a RNA-Protein Co-detection Ancillary Kit (ACD, Inc., Newark, NJ, USA; cat #323180) was used and fol-

lowed its standard protocol, where TRPC4 was stained for mRNA, and GFP or EP3R was stained for their antibodies (anti-GFP,

1:250; anti-EP3R, 1:200; secondary antibodies, 1:500) listed in the key resources table. Images were acquired on a Nikon CSU

Sora 2 Camera microscope using 20 x objective (Nikon, CSU-W1) or Olympus VS120 Virtual Microscopy Slide Scanning System.

Cell numbers were counted by ImageJ software (NIH ImageJ).

RNAi design
Short-hairpin (sh) oligonucleotides designed to target TRP-mRNAswere cloned into the pCLenti-U6-shRNA-CMV-EGFP-WPRE vec-

tor in which EGFP was under the pCMV promoter and anti-TRP shRNAs were under the pU6 promoter. The targeting sequence was

listed in the table oligonucleotides. TRPA1 shRNA & TRPC1 shRNA, TRPC4 shRNA & TRPC6 shRNA, TRPM5 shRNA, TRPM3

shRNA & TRPM2 shRNA, or TRPM7 shRNA & TRPM6 shRNA were packaged into lentivirus as indicated in the following table. Titers

of Lenti-NC-shRNA-CMV-EGFP, Lenti-TRPM5-shRNA-CMV-EGFP, Lenti-TRPC4&C6-shRNA-CMV-EGFP, Lenti-TRPM2&M3-

shRNA-CMV-EGFP, Lenti-TRPA1&C1-shRNA-CMV-EGFP, Lenti-TRPM6&M7-shRNA-CMV-EGFP were 5.80E+08 TU ml-1,

6.16E+08 TU ml-1, 6.22E+08 TU ml-1, 7.11E+08 TU ml-1, 7.69E+08 TU ml-1, 5.51E+08 TU ml-1, respectively. For Cre-dependent

RNAi, short-hairpin (sh) oligonucleotides designed to target TRPC4-mRNA or TRPC6-mRNA were cloned into the pAAV2/9-CAG-

DIO-eGFP-shRNA vector. Titers of pAAV2/9-CAG-DIO-eGFP-NC shRNA, pAAV2/9-CAG-DIO-eGFP-TRPC4 shRNA and pAAV2/

9-CAG-DIO-eGFP- TRPC6 shRNA were 8.43 E+12 vg ml-1, 8.85 E+12 vg ml-1 and 10.91 E+12 vg ml-1, respectively.
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Lentivirus Trp Channels Gene accesion number shRNA sequence

virus 1 TRPA1 NM_001348288 5-GCAAGCTTCCTTTCTGCATATTTCCAAGTTA ATATGCAGAAAGGAAGCTTGC TTTTG-3

TRPC1 NM_011643 5-GATCCGGGTGACTATTATATGGTTTTCAAGAGAAACCATATAATAGTCACCCTTTTTG-3

Virus 2 TRPC4 NM_016984 5-GGTGGAATCTAATGGACTTTCCAAGTTAACCAAAGTCCATTAGATTCCACCCTTTTTG-3

TRPC6 NM_001282087 5-GGACCAGCATACATGTTTATTCCAAGTTATAAACATGTATGCTGGTCC TTTTG-3

Virus 3 TRPM2 NM_138301 5-TTTGGCTCATGGATTCCCGAGAATACTCGAGTATTCTCG GGAATCCATGAGCTTTTTG-3

TRPM3 JF706722 5-AGAGAATGTGTTCACATCATATTCCAAGTTATATGATGTGAACACATTCTCT TTTTG-3

Virus 4 TRPM5 NM_020277 5-ATTGATGAGGCTCGTGTGAACTTCCAAGTTAGTTCACACGAGCCTCATCAATTTTTTG-3

Virus 5 TRPM6 NM_153417 5-CCGGCCAAATTCTAATGGAGTGTATCTCGAGATACACTCCATTAGAATTTGGTTTTT-3

TRPM7 NM_021450 5-CCGGCCTTATCAAACCCTATTGAATCTCGAGATTCAATAGGGTTTGATAAGGTTTTTG-3

ll
Article
Quantitative (or real-time) PCR
Total RNA was isolated from brain tissue (the POA region) using trizol (Sangon, #B511311-0100). Total RNAs (1.0 mg) were reverse-

transcribed with PrimerScript� RTMaster Mix (Takara, #RR047A) after DNase I treatment (Takara, #RR047A). qPCR was performed

in triplicate using an SYBR Green PCR kit (Takara, #RR820A) in a 10 ml volume. Mouse GAPDH was used as endogenous control to

which sample values were normalized. Expression levels were calculated based on the 2�DDCq method. The primers used were

listed below.
Gene Primer Sequence

TRPM2 Forward 5’-CTTTGGGGTGCAGTCAAGGAG-3’

Reverse 5’-TCCATGAGCTAAGGTTTTCTTGC-3’

TRPM3 Forward 5’-CAAGATGCCTGCCGTTTTTCT-3’

Reverse 5’-GTCTAATTGGCAACTACCCCAAA-3’

TRPA1 Forward 5’-GTCCAGGGCGTTGTCTATCG-3’

Reverse 5’-CGTGATGCAGAGGACAGAGAT-3’

TRPC1 Forward 5’-TACGGTTGTCAGTCCGCAGA-3’

Reverse 5’-TCGTTTTGGCCGATGATTAAGTA-3’

TRPM5 Forward 5’-CCAGCATAAGCGACAACATCT-3’

Reverse 5’-GAGCATACAGTAGTTGGCCTG-3’

TRPM6 Forward 5’-TCTGCCACAATTTAGTCAGGTG3’

Reverse 5’-TGGTGCCGAAGGTATCTGTAG-3’

TRPM7 Forward 5’-AGGATGTCAGATTTGTCAGCAAC-3’

Reverse 5’-CCTGGTTAAAGTGTTCACCCAA-3’

TRPC4 Forward 5’-GTGTGCTACCTGATAGCTCCC-3’

Reverse 5’-GGCAGAGACACGTTCGTTATT-3’

TRPC6 Forward 5’-AGCCAGGACTATTTGCTGATGG-3’

Reverse 5’-AACCTTCTTCCCTTCTCACGA-3’

GAPDH Forward 5’-TGGATTTGGACGCATTGGTC-3’

Reverse 5’-TTTGCACTGGTACGTGTTGAT-3’
Procedure to deliver drugs and laser simultaneously
When the core body temperature of mice fluctuated less than 0.5 �C for half an hour, the pre-implanted dummy cannula was

unscrewed, and the internal cannula was inserted into the guide cannula. The drug injection was done by a microinjector at slow

speed until the drug was fully injected into the brain. Then, the internal cannula was left for 1 min. After pulling out of the internal

cannula, a modified optic fiber with a fixing screw was re-inserted into the guide cannula and locked there. The tip of the optical

fiber was at the same position as the drug delivery location. Mice were gently returned to the home cage after connecting the

optical fiber with the 473 nm laser. The time of grasping the mouse was recorded as the zero points. 10 min later, the brain

nucleus was heated by a 4-mW laser for 30 min. The dosages of the drugs were listed as the following: TRPC4 antagonist

ML204 (1 nmol, 1 ml) and HC-070 (0.1 nmol, 1 ml), TRPC6 antagonist SAR7334 (0.01 nmol, 1 ml), TRPC4/C5 agonist Englerin

A (0.05 nmol, 0.25, nmol, or 0.5 nmol, 1 ml), PLCb inhibitor U73122 (1 nmol, 1 ml), and U73122 inactive analog U73433

(1 nmol, 1 ml), PGE2 (0.4 nmol, 1 ml).
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Simulation of heat distribution in brain tissues
The simulation of temperature changes in brain tissues after continuous optical heating was performed by finite element methods in

COMSOLMultiphysics� software, using the module ofHeat Transfer with Radiation in Absorbing-Scattering Media. The brain tissue

was modeled by a cylinder with a 2-mm diameter and 2-mm height, and the end of the fiber was placed along the axes of the tissue

cylinder as an ideal circle plane. For light transport simulations, the total optical incident power was distributed uniformly on the sur-

face of the fiber end, and incident into the tissue within the shape of a cone, whose semi-angle qaccept was calculated by

4ðm0Þ =
�
1 � g2

��
1 + g2 � 2gm0

�� 3=2

where g was the anisotropy parameter (value between -1 and 1, indicating the extent to which the scattering was backward or

forward). The solid angle was discretized using the discrete ordinates method with 80 space directions in total. Optical parameters

of brain tissue were determined from previous experiments.89

For heat transfer studies, heat sources in brain tissue (designated as Q in the following equation, W/m3) were defined as the ab-

sorbed optical radiation energy, which was automatically implemented by the COMSOL Multiphysics� coupling feature. Absorbing

boundary conditions with a constant temperature of 37�C (310.15 K) were applied to all surfaces of the brain tissue cylinder to simu-

late a semi-infinite tissue block, and the temperature distribution T was calculated by solving the following heat transfer equation:

rCpu$VT + V$q = Q
qaccept = sin� 1
�
NA

�
n
�

whereNAwas the numerical aperture of the fiber (0.37) and nwas the refractive index (n = 1.36) of brain tissue.90,91 In other words,

the fiber output radiation intensity (I, W/m2/sr) can be expressed as

I = P =
�
pr2

� � ð2pð1 � cos qacceptÞÞ
where P denotes the total optical power and rwas the radius of the fiber. The absorbing-scattering light transport within the tissue

was modeled by the Henyey-Greenstein phase function as follows:

q = �KVT

where r was the density of brain tissue, Cp was the heat capacity at constant pressure and k was the thermal conductivity. The

values of these parameters were determined from previous experimental measurement results.32,33

A self-adaptive mesh setup was applied to the geometric model with a minimum element size of 0.05 mm, and three temperature

probes were located along the axes of the cylinder in the simulation at distances to the fiber end of 0.1, 0.2, and 0.3mm, respectively.

Solutions of temperature distribution and radiation distribution were acquired by a stationary segregated solver within the conver-

gence tolerance of 10-7. The final results of temperature changes were plotted on the section plane crossing the axes of the tissue

cylinder, as illustrated in Figures 1G and S2G.

Brain slice electrophysiology
Brain slice electrophysiology recording was performed on male C57BL/6 mice (Chengdu Dossy Experimental Animals Co., Ltd),

Gad67-GFP mice, Vgat-IRES-Cre mice received intra-MPA microinjection of AAV2/9 vectors expressing Cre-dependent GFP,

and Vglut2-IRES-Cre mice received intra-MPA microinjection of AAV2/9 vectors expressing Cre-dependent mCherry. The mice

were anesthetized with isoflurane and perfused transcardially with ice-cold oxygenated (95%O2/5%CO2) cutting solution containing

(in mM) 213 sucrose, 0.5 CaCl2, 1.25 NaH2PO4, 10 MgSO4, 2.5 KCl, 26 NaHCO3, and 10 glucose (pH: 7.4, 300 mOsm), and decap-

itated to remove the brain. The tissue block containing the POA was then cut and sectioned into 300-mm thick coronal slices in the

buffer using a vibrating blade microtome (VT1200; Leica, Germany). The slices were incubated in oxygenated artificial cerebrospinal

fluid (ACSF) containing (in mM) 124 NaCl, 5 KCl, 2.4 CaCl2, 1.3 MgSO4, 1.24 KH2PO4, 26 NaHCO3, and 10 glucose (pH: 7.4, 300

mOsm) for at least 1 h at 32�C. Subsequently, slices containing the POAwere transferred to a recording chamber andwere constantly

perfused at 1.2 ml/min with oxygenated ACSF, which was warmed to 35–37�C using a Peltier thermoelectric device (SC-20, Warner

Instruments Inc., USA). Patch pipettes (4–7 MU) were pulled from borosilicate glass and filled with an internal solution containing (in

mM) 130 potassium gluconate, 10 EGTA, 10 HEPES, 2 MgATP, 2 Na2GTP, 1 CaCl2 (pH: 7.2, 295 mOsm). Whole-cell recordings were

made from the somata of POA neurons in current-clamp mode and monitored by infrared differential interference contrast (ID-DIC)

video microscopy using an upright microscope (Nikon, Tokyo, Japan) and an infrared camera (IR-1000, DAGE-MTI, USA). The spon-

taneous firing activity of the POA neurons was amplified with an EPC-10 patch-clamp amplifier (HEKA, Germany), filtered at 2 kHz,

and digitized at 10 kHz. All voltage measurements were corrected for the liquid junction potential (approximately –12 mV).53

The thermoelectric assembly allowed the tissue slice temperature to be periodically varied 3–5 �C above and below the neutral

temperature (35–37 �C) to characterize the thermosensitivity of each recorded neuron. The firing activity of neurons was continuously

recorded during cyclic temperature changes. To test the intrinsic neural thermosensitivity, synaptic transmission blockers of AMPA-

receptors (CNQX, 10 mM), NMDA-receptors (AP-5, 50 mM), GABAA-receptors (bicuculline, 25 mM) were added into the chamber

throughout the whole recording. Thermosensitivity (impulses/s/�C) was defined by the slope of the linear regression line (thermal
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coefficient) plotted by the firing rate as a function of temperature. This plot was determined over a temperature range (minimal 3�C).
Based on the thermal coefficient, neurons were classified as warm-sensitive neurons (WSNs, thermal coefficient R 0.8 impulses/s/
�C), cold-sensitive neurons (CSNs, thermal coefficient% -0.6 impulses/s/�C) and temperature-insensitive neurons (TINs, thermal co-

efficient < 0.8 but > -0.6 impulses/s/�C).53,54 After determining the intrinsic thermosensitivity of each neuron, we tested its response to

ML204 (10 mM, TRPC4/TRPC5 channel blocker), SAR7334 (100 nM, TRPC6 inhibitor), ML204 (10 mM) & SAR7334 (100 nM), HC-070

(20 nM, TRPC4/TRPC5 channel blocker), U73122 (10 mM, PLCb inhibitor), or Englerin A (10 nM, TRPC4/C5 agonist). The neuron was

exposed to these drugs for a period from 3 to 5 min. The criteria for a change in the thermosensitivity were an increase or decrease

of > 0.1 impulses/s/�C in thermal coefficient after treatment. The criteria for a change in the firing rates was R10% change in fre-

quency after drug perfusion, and the frequency number should be no less than R 1 impulses/s and could recover after wash.

When patch-clamp recordings were made from POA neurons from Gad67-GFP, Vgat-IRES-Cre, or Vglut2-IRES-Cre mice shown

in Figure 5, neurons were visualized with epifluorescence to determine whether they were labeled by GFP or mCherry after the

recordings.

Bioinformatics for single-cell RNA sequencing data
Single-cell RNA seq data of 96 neurons (GEO: GSE126657) obtained from whole-cell patch-clamp recordings5 was used for

analyzing expression profiling of temperature-sensitive neurons. Using the SingleCellExperiment method (SingleCellExperiment:

S4 Classes for Single Cell Data, R package version 1.11.2.) and KNN clustering, we got similar clustering results after

LogNormalization. Then we manually quality-checked the clustering results by marker genes obtained in the original report.5 The

expression levels (in counts) of Transient Receptor Potential (TRP) channels in each cluster were calculated after CPM normalization

across these five different clusters, including warm-sensitive, cold-sensitive, silent (T-sensitive), silent (T-insensitive), and insensitive.

Next, as the silent (T-sensitive) group was also sensitive to warmth, we calculated the warm-sensing enrichment ratio using TRPs

expression counts in different clusters by this formula: [warm-sensitve + silent (T-insensitive)]/[cold-sensitive + insensitive + silent

(T-insensitive) + 0.1], where 0.1 was added to avoid zero of the denominator.

To analyze TRPs expression in the POA in a larger dataset, we used a more comprehensive dataset (GEO: GSE113576) where

�3,1000 POA cells were sequenced42 by using Seurat suite version 3.0.0 implemented in R (version 3.6.1).92 Cells with < 200 or

> 6500 unique genes expressed or > 6% of reads mapping to mitochondria were filtered out to obtain a total of 23476 cells. The

expression levels (in counts) were also CPM normalized. We defined a gene as ‘‘expressed’’ when its expression counts were larger

than the mean counts of the total 23476 cells. The expression ratio in neurons was calculated as the following: number of expression

cells / 18553 (number of neurons defined in the original publication42), as shown in Figure S12A. The ‘‘co-expression’’ of two genes

was defined when both two genes of interest were ‘‘expressed’’ in one single cell (Figures 4K and S16C).

Cell culture
For ex vivo imaging, HEK 293t cells were plated onto Nunc� EasyDish� (Thermo Scientific�) andwere cultured in DMEMcontaining

10% fetal bovine serum, 1% glutamax (Invitrogen), 1% penicillin/streptomycin at 37 oC in a humidity-controlled incubator with 5%

CO2. Cells were then transfected with TRPC4-mCherry and GCaMP6s using Lipo2000 (Invitrogen Lipofectamine 2000, Thermo Sci-

entific�). Following transfection, cells were cultured at 37 oC for an additional 24 – 48 h before they were used for experiments.

Calcium imaging
Cells bathed in the bath solution were recorded for one minute at 33 oC to establish a base line. Then the solution temperature were

changed to 36 oC or 39 oC by a heating equipment, or the bath solution changed to Englerin A (100 nM, TRPC4/C5 agonist). Solutions

in the perfusion chamber were controlled by a valve commander (Scientific Instruments). After, samples were washed out again with

bath solution. The bath solution contained (inmM): 150NaCl, 4 KCl, 2 CaCl2, 2MgCl2, 10 glucose, and 10HEPES, pH 7.4 with NaOH,

as reported previously.93 All calcium imaging were performed on Olympus TH4-200. Image analyses were performed in ImageJ and

plotted in Excel (Microsoft) or Matlab (MathWorks). The ratio changes were calculated using the following formula: DF/F=[F – F0] / F0,

where F is the mean florescence of cell body, F0 is the average base line (1-min interval before stimulation).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Excel or Graphpad (GraphPad Software Inc.). No specific test for normality or outliers was

performed. We used parametric statistics including paired and unpaired Student’s t-tests, one-way ANOVA or two-way ANOVA.

Two-tailed tests and an alpha cutoff of <0.05were employed. Statistical tests used for analyses were also described in the respective

figure legends and detailed statistical analysis data can be found in Table S1.
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