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mechanisms to suppress nociception.

Using Drosophila, Liu et al. identify a pair

of neurons in the brain (Epi neurons)

critical for suppressing thermal

nociception. Epi neurons sense heat via a

TRP channel and then release a

neuropeptide that suppresses

nociception.
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SUMMARY
Acute avoidance of dangerous temperatures is critical for animals to prevent or minimize injury. Therefore,
surface receptors have evolved to endow neurons with the capacity to detect noxious heat so that animals
can initiate escape behaviors. Animals including humans have evolved intrinsic pain-suppressing systems to
attenuate nociception under some circumstances. Here, using Drosophila melanogaster, we uncovered a
newmechanism throughwhich thermal nociception is suppressed.We identified a single descending neuron
in each brain hemisphere, which is the center for suppression of thermal nociception. These Epi neurons, for
Epione—the goddess of soothing of pain—express a nociception-suppressing neuropeptide Allatostatin C
(AstC), which is related to a mammalian anti-nociceptive peptide, somatostatin. Epi neurons are direct sen-
sors for noxious heat, and when activated they release AstC, which diminishes nociception. We found that
Epi neurons also express the heat-activated TRP channel, Painless (Pain), and thermal activation of Epi neu-
rons and the subsequent suppression of thermal nociception depend on Pain. Thus, while TRP channels are
well known to sense noxious temperatures to promote avoidance behavior, this work reveals the first role for
a TRP channel for detecting noxious temperatures for the purpose of suppressing rather than enhancing no-
ciception behavior in response to hot thermal stimuli.
INTRODUCTION

Endogenous pain inhibitory systems can temporarily provide re-

lief. Millions of people suffer from chronic and debilitating pain,

some of which might be induced by abnormalities in the de-

scending pain modulatory system.1–12 In mammals, neurotrans-

mitters and neuromodulators, including endogenous opioids

(b-endorphin, encephalin, and dynorphin) and endogenous can-

nabinoids, play important roles in nociception inhibition.13,14

Brain imaging and electrophysiological studies indicate that

the pain-suppressing descending modulatory circuit receives

input from multiple brain regions including the rostral anterior

cingulate cortex, the periaqueductal gray region, and the rostral

ventromedial medulla.12,13 However, the key neurons that are

activated in the inhibitory pathway, and the target neurons that

are silenced, have not been clearly delineated.

A pain inhibitory system has also been documented in worms.

In C. elegans avoidance responses that are mediated through

the polymodal ASH neurons15,16 are suppressed by complex

signaling pathways initiated by octopamine and neuropeptides.17
Current Biology 33, 2397–2406, Ju
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Drosophila has also been employed to study the inhibition of no-

ciception,18 in addition to the far more extensive studies focusing

on the mechanisms for detecting noxious stimuli, such as exces-

sive heat, to initiate escape responses.19,20 Tracey et al. revealed

that aDrosophila channel, Painless (Pain),21 which is related to the

TRP channel in the fly’s compound eye,22 is critical for sensing

noxious heat. This work, which followed the seminal discovery

of TRPV1 as a heat sensor in mammals23 and the finding that a

related TRPV channel (Osm-9) contributes to several other sen-

sory modalities in C. elegans,24 contributed significantly to the

notion that TRP channels are evolutionarily conserved polymodal

sensors.25 In addition to Pain, two other Drosophila TRP channels

also function in sensing high temperatures to promote escape

behavior: Pyrexia (Pyx) and TRPA1.26–29 However, it is unclear

whether any TRP channel serves to detect noxious heat for the

purpose of alleviating thermally induced nociception.

In this work, we used the fruit fly, Drosophila melanogaster,

to investigate an intrinsic system for suppression of thermal

nociception. We identified a pair of bilaterally symmetrical

neurons in the brain that is required for decreasing the
ne 19, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 2397
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Identification of a pair of nocicep-

tion-inhibitory neurons in the central brain

(A) Design of the hot plate for the jump assay. The

dashed lines indicate water tunnels inside the plate.

The black shading around the periphery represents

the moat.

(B) Jump percentages of the control line (w1118) at

different temperatures. n R 20.

(C) Jump percentages (45�C–46�C) exhibited by

flies expressing peptidergic and aminergic Gal4

lines driving expression of NaChBac. The control

lines (black bars) are w1118 (left bar) and UAS-

NaChBac/+ (second bar from the left). n R 20.

Fisher’s exact test. ***p < 0.001.

(D–F) Percentages of flies showing the indicated

jump latencies (s) on a 45�C–46�C hot plate.

(D) UAS-NaChBac only control.

(E) Epi-Gal4-2 only control.

(F) Epi-Gal4-2>NaChBac.

(G) Average values of jump latencies on a 45�C–
46�C hot plate. n R 20. Error bars indicate SEMs.

Mann-Whitney test. ***p < 0.001.

(H and I) Jump percentages (H) and average jump

latencies (I) of flies on a 45�C–46�C hot plate, when

Epi neurons were optogenetically activated for

0.5 min and then allowed to recover in the dark for

0.5–5 min. To stimulate the Epi neurons, the flies

expressed UAS-ReaChR under control of the Epi-

Gal4-2 andwere exposed to red lights. nR 20. Error

bars indicate SEMs. Fisher’s exact test (H). Mann-

Whitney test (I). *p < 0.05, **p < 0.01, ***p < 0.001;

ns, not significant.

(J and K) Jump percentages (J) and average jump

latencies (K) on a 35�C–36�C hot plate using flies in

which the Epi neurons were blocked with TNTG. nR

20. Error bars indicate SEMs. Fisher’s exact test (J).

Mann-Whitney test (K). *p < 0.05, ***p < 0.001.

See also Figures S1 and S2.
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nociceptive response to hot temperatures. These Epi neurons

respond directly to heat and release a neuropeptide, Allatos-

tatin C (AstC), which is required for suppression of nocicep-

tion. The ability of Epi neurons to sense noxious heat depends

on Pain, demonstrating a role for a thermo-TRP in suppress-

ing rather than enhancing the nociceptive response to high

temperatures.

RESULTS

Epi neurons function in suppression of thermal
nociception
To identify neurons that may play roles in the suppression of

thermal nociception, we devised a thermal nociception assay
2398 Current Biology 33, 2397–2406, June 19, 2023
(Figures 1A, S1A, and S1B). We placed

flies on a hot plate and assayed the per-

centage that jumped within 10 s. To pre-

vent the insects from flying away during

the assay, we first amputated their wings

and allowed them to recover for 24 h.

To establish the relationship between

temperature and the jump response, we

exposed control flies (w1118) to a series of
temperatures ranging from 29�C to 50�C. At 29�C–30�C, few flies

exhibited jump responses (17.2%), while at temperatures be-

tween 33�C and 34�C more than half (54.2%) of the flies jumped

(Figure 1B). The percentage of flies that responded continued to

increase with temperature. Between 38�C and 44�C, nearly all

the files jumped (92.6%–100%; Figure 1B). Once the tempera-

ture exceeded 44�C, all of the flies reacted to the noxious stimuli

(Figure 1B).

To interrogate candidate neurons that might contribute to sup-

pression of thermal nociception, we tested the effects of acti-

vating peptidergic and aminergic neurons. We chronically acti-

vated different subsets of neurons by expressing the bacterial

Na+ channel NaChBac (UAS-NaChBac) under the control of 31

peptidergic and 4 aminergic Gal4 drivers and monitored the
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percentage of flies that jumped at 45�C–46�C. Expression of

UAS-NaChBac under the control of most Gal4 lines had no sig-

nificant effect (Figure 1C). In contrast, two distinct drivers corre-

sponding to the AstC gene, AstC-Gal4-1 (BL39283)30 and AstC-

Gal4-2 (BL52017), significantly diminished the percentage of

flies that jumped (Figure 1C). We refer to these lines as Epi-

Gal4-1 and Epi-Gal4-2, respectively. We also tested whether

activation of the neurons labeled by the Epi-Gal4 lines impacted

jump latency. When we placed control flies on a 45�C–46�C sur-

face, most jumped in %1 s (Figures 1D, 1E, and S2A; UAS-

NaChBac/+, 60.9%; Epi-Gal4-1/+, 71.4%; Epi-Gal4-2/+,

61.9%). In addition, the average jump latencies were only

�1.0–1.6 s (Figure 1G; UAS-NaChBac/+, 1.63 ± 0.46 s; Epi-

Gal4-1/+, 0.95 ± 0.28 s; Epi-Gal4-2/+, 1.35 ± 0.34 s; see

STAR Methods for calculation of average jump latencies). In

contrast, activation of the Epi-Gal4-positive neurons dramati-

cally increased the latency before jumping. The majority of

Epi>NaChBac flies required R10 s (Figures 1F and S2B; Epi-

Gal4-1>NaChBac, 57.5%; Epi-Gal4-2>NaChBac, 56.0%), and

the average jump latencies were also greatly increased

(Figures 1G and S2C; Epi-Gal4-1>NaChBac, 7.52 ± 0.57 s;

Epi-Gal4-2>NaChBac, 6.72 ± 0.78 s). At higher noxious

temperatures (48�C–50�C), Epi>NaChBac flies reacted similarly

to control flies (Figures S2D–S2H), indicating the limits of

Epi>NaChBac neuronal activation in suppressing the jump reac-

tion. These data also show that the reduced jump reactions at

45�C–46�C were not due to impaired jump ability.

To address whether acute activation of Epi-Gal4-positive neu-

rons is sufficient to alleviate nociception, we used an optoge-

netic approach. We expressed the red-shifted channelrhodop-

sin, ReaChR (UAS-ReaChR), under control of the Epi-Gal4-1 or

Epi-Gal4-2; exposed the animals to red lights (655 nm peak)

for 30 s; and assayed their jump responses when placed on a

45�C–46�C surface. We found that acute activation of the Epi-

Gal4 neurons significantly reduced the percentages of flies that

jumped (Figures 1H and S2I) and increased the jump latency

(Figures 1I and S2J).

To determine how long the nociception-alleviation effects

continued following acute activation of the Epi-Gal4 neurons, we

exposed the UAS-ReaChR flies to light for 30 s and then main-

tained them in the dark for 0.5–5 min before testing their jump re-

sponses. We found that the alleviation of nociception gradually

diminished over time. After only 30–60 s in the dark, the jump per-

centages and the average jump latencies were not statistically

different from flies that did not have their Epi neurons light acti-

vated (Figures 1H, 1I, S2I, and S2J). However, �3 min was

required before the decreased jump percentages, and latencies

were significantly different from flies immediately after activation

(Figures 1I, 1J, S2I, and S2J). Because several minutes were

required for full restoration of the nociceptive response, a neuro-

modulator such asAstC,which is longer lasting than a neurotrans-

mitter, might underlie this relatively slow recovery.

To confirm the role of Epi-Gal4 neurons in suppressing noci-

ception, we tested the effects of inhibiting synaptic transmission

from these neurons and on the reaction to a 35�C–36�C heat

stimulus. We expressed tetanus toxin (UAS-TNTG)31 under con-

trol of the Epi-Gal4-2 driver and found that disrupting signaling

from these neurons significantly increased the jump percentage

(Figure 1J) and decreased the average jump latency (Figure 1K).
To identify the neurons expressing the Epi-Gal4-1 and the

Epi-Gal4-2, we used these lines to drive expression of UAS-

mCD8::GFP and performed staining with anti-GFP. The Epi-

Gal4-1 reporter stained multiple brain regions, including neurons

in a region near the optic lobe (OL), neurons in the primary taste

center (the subesophageal zone [SEZ]), and a cluster of neurons

projecting to the ellipsoid body (EB) of the central complex,

which functions in multisensory integration (Figures 2A and

2B).24,32,33 The Epi-Gal4-2 displayed a much more restricted

pattern—labeling one pair of neurons in the brain with large

cell bodies (Figures 2E and 2F). We expressed a nuclear GFP

(UAS-Stinger 2), which confirmed that there were only two cells

labeled in the brain using the Epi-Gal4-2 (Figure S3A). We did not

detect Epi-Gal4-2 expression in other organs, including the legs,

wings, antenna, proboscis, and digestion system (Figures S3B–

S3H). The Epi-Gal4-2-positive neurons arborized a portion of the

dorsal region in the brain (Figures 2E and 2F) and projected to

multiple segments in the ventral nerve cord (VNC) (Figures 2G

and 2H). The arborization was more extensive with the Epi-

Gal4-1 (Figures 2A–2D). Based on the position and arborization

pattern, the neurons labeled by the Epi-Gal4-2 (arrows,

Figures 2E and 2F) also appeared to be labeled by the Epi-

Gal4-1 (arrows, Figures 2A and 2B). We refer to this pair of neu-

rons as Epione (Epi) neurons after theGreek goddess of soothing

of pain,34 since chronic or acute activation of these neurons is

sufficient to alleviate thermal nociception.

To better visualize the distribution of the dendrites and axons of

the Epi neurons, we used the Epi-Ga4-2 to drive expression of

DenMark and synaptotagmin::GFP (Syt::GFP), which label den-

drites and axons, respectively.35,36 Both DenMark and Syt::GFP

also label the cell bodies. We found that the dendrites of the Epi

neurons innervated multiple regions in the brain, including the

OL, the lateral horn (LH), and areas close to the mushroom body

(MB) (Figures 2I, 2K, and 2O). However, there was very limited

DenMark staining in the VNC (Figure 2L). The axonal signals,

which were marked by Syt::GFP, branched extensively in

the brain, including regions in the OL, MBs, and the SEZ

(Figures 2J, 2K, and 2O). The axons also projected tomultiple seg-

ments in the VNC, including the prothoracic, metathoracic, meso-

thoracic, and abdominal ganglion (Figures 2M–2O).

AstC is required in Epi neurons to control nociception
AstC receptors have been proposed to be expressed in nocicep-

tive neurons,37 but the neurons secreting AstC to inhibit nocicep-

tion have not been identified. To determine whether Epi neurons

express the AstC neuropeptide, we performed double labeling.

We found that the twomost prominent neurons that were labeled

with anti-AstC also expressed the Epi-Gal4-1 and the Epi-Gal4-

2, which drove the expression of UAS-mCD8::GFP (Figures 2P–

2U). Thus, Epi neurons express AstC.

AstC is related to the mammalian neuropeptide, somatostatin,

which plays a role in suppressing thermally induced pain.38

Expression of AstC in Epi neurons raised the possibility that it

is a nociceptive-suppressing neuromodulator produced by Epi

neurons. To address this idea, we used the Epi-Gal4-2 to knock

down AstC (UAS-AstCRNAi). This approach was effective since

the anti-AstC staining was virtually eliminated in the Epi neurons

(Figures S4A and S4B). To determine whether the reduction in

AstC increased the nociceptive response, we tested whether
Current Biology 33, 2397–2406, June 19, 2023 2399
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Figure 2. Spatial localization of Epi neurons

(A–H) Expression patterns of Epi-Gal4-1 (A–D) and

Epi-Gal4-2 (E–H) in the brain and VNC.Gal4-driven

expression of UAS-mCD8::GFP is indicated in

green (anti-GFP) and the neuropil marker BRP is

labeled in magenta (anti-BRP). Scale bars indicate

50 mm.

(I–N) Axons (green) and dendrites (magenta) of Epi-

Gal4-2-positive neurons labeled with Syt::eGFP

and DenMark, respectively. (I–K) Brain. (L–N)

VNC. Scale bars indicate 50 mm. CB, cell body; OL,

optic lobe; LH, lateral horn; MB, mushroom body;

AL, antenna lobe; SEZ, subesophageal zone.

(O) Schematic illustration of the dendrites

(magenta), axons (green), and cell bodies (two

black ovals) of Epi neurons in the brain and VNC.

(P–U) Adult brains stained with anti-AstC

(magenta) and anti-GFP (green). (P–R) Epi-Gal4-1-

driven expression of UAS-mCD8::GFP. (S–U) Epi-

Gal4-2-driven expression of UAS-mCD8::GFP.

Scale bars indicate 50 mm.

See also Figure S3.
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the flies exhibited hypersensitivity to 35�C–36�C. We found that

knockdown of AstC in Epi neurons (Epi-Gal4-2>UAS-AstCRNAi)

greatly increased the percentage of flies that jumped (Figure 3A)

and decreased the jump latency (Figure 3B).

To confirm a role for AstC as a nociception modulator, we

created a mutant that deleted most of the region coding for the

122 amino acid protein that is the precursor for the 15 residue

AstC peptide. However, the line was lethal. Therefore, we gener-

ated an allele (AstC1), which changed the C-terminal two resi-

dues from cysteine and phenylalanine to leucine and lysine (Fig-

ure S4D). The mutation reduced expression of the AstC peptide

below the level of detection and was therefore a strong allele

(Figure S4C). However, AstC1 was not a null since it did not

cause lethality. Consistent with the RNAi knockdown phenotype,

AstC1 flies showed an increased propensity to jump upon con-

tacting a 35�C–36�C surface and a decreased jump latency

(Figures 3C and 3D). Because knockdown of AstC in Epi neurons

increased nociception, we tested the idea that increased expres-

sion of AstC would render flies less sensitive to nociception.

Therefore, we expressed UAS-AstC under control of the Epi-

Gal4-2 and tested the response to 45�C–46�C. We found that

the percentage of flies that jumped declined, while the jump la-

tency increased (Figures 3E and 3F).
2400 Current Biology 33, 2397–2406, June 19, 2023
We then tested the idea that artificially

activating Epi neurons would decrease

their sensitivity to nociception. We ex-

pressed ReaChR in Epi neurons to acutely

activate them with red lights (655 nm) and

tested the response of the flies to 45�C–
46�C. Again, the percentage of flies that

jumped declined and the jump latency

increased (Figures 3I and 3J). The reduc-

tion in thermal nociception (45�C–46�C)
induced by optogenetic activation of Epi

neurons was suppressed by RNAi knock-

down of AstC (Figures 3I and 3J), while

overexpression of AstC in combination
with optogenetic stimulation of these neurons resulted in a

greater alleviation of thermal nociception (Figures 3I and 3J).

Drosophila encodes two AstC receptors, AstC-R1 and AstC-

R2.39,40 To address which of these two receptors might function

in the suppression of thermal nociception, we examined the

jump reactions of AstC-R1MI04794 and AstC-R2f01336 mutants in

response to a 35�C–36�C surface. We found that mutation of

AstC-R1 increased the percentage of flies that jumped and

decreased the jump latency, while disruption of AstC-R2 had

no effect (Figures 3G and 3H).

Epi neurons are sensors in the brain for noxious heat
To test whether Epi neurons respond to noxious heat, we ex-

pressed the genetically encoded Ca2+ sensor, GCaMP6f,41 in

Epi neurons. We dissected out the brains andmonitored fluores-

cence changes (DF/F0) in the cell bodies as we applied an 18�C–
44�C temperature ramp and then decreased the temperature

back to 18�C (Figure 4A). We found the signals in Epi neurons

were not increased by the lower temperatures. Between

�18�C and 40�C, the DF/F0 dipped slightly (Figure 4D). Once

the temperature reached �39�C–40�C, the Ca2+ signals

increased (Figures 4D and 4G; quantification was limited to the

cells bodies, indicated by the dashed circles). Then during the



A

light activation 30 secno activation

UAS-A

* ns

20

40

60

80

100

Ju
m

p 
%

*
*

stC 
RNAi

UAS-AstC
Epi-Gal4-2>ReaChR

-
- -

-+
+

I

UAS-

***

ns

***

0

2

4

6

8

A
ve

. j
um

p 
la

te
nc

y 
(s

) 10

AstC 
RNAi

UAS-AstC
Epi-Gal4-2>ReaChR

-
- -

-+
+

J

UAS-AstCRNAi - + +
Epi-Gal4-2 + - +

0

20

40

60

80

100

Ju
m

p 
%

* **

B

E

0

20

40

60

80

100

Ju
m

p 
%

**

+ - +
- + +

Epi-Gal4-2
UAS-AstC

45 oC-46 oC

0

2

4

6

8

A
ve

. j
um

p 
la

te
nc

y 
(s

)

***

+ - +
- + +

Epi-Gal4-2
UAS-AstCRNAi 

35 oC-36 oC35 oC-36 oC

0

20

40

60

80

100

Ju
m

p 
%

35 oC-36 oCC

***

0

2

4

6

8

A
ve

. j
um

p 
la

te
nc

y 
(s

)

35 oC-36 oCD

F

0

2

4

6

8

A
ve

. j
um

p 
la

te
nc

y 
(s

)

***

+ - +
- + +

AstC
-R

1

UAS-AstC

45 oC-46 oC

45 oC-46 oC45 oC-46 oC

0

0

20

40

60

80

100
Ju

m
p 

%
**

35 oC-36 oC

AstC
-R

2

co
nt

ro
l

G H

0

2

4

6

8

A
ve

. j
um

p 
la

te
nc

y 
(s

)

**

35 oC-36 oC

AstC
-R

1

AstC
-R

2

co
nt

ro
l

ns
ns

co
nt

ro
l

AstC
1

co
nt

ro
l

AstC
1

Figure 3. AstC contributes to inhibition of no-

ciception

(A and B) Effects ofUAS-AstCRNAi knockdown in Epi

neurons (Epi-Gal4-2) on the jump percentages

(A) and the average jump latencies (B) on a 35�C–
36�C hot plate.

(C and D) Jump percentage (C) and average jump

latency (D) of AstC1 flies on a 35�C–36�C hot plate.

(E and F) Jump percentages (E) and average jump

latencies (F) of flies overexpressing AstC in Epi

neurons.

(G and H) Jump percentages (G) and average jump

latencies (H) of AstC-R1 and AstC-R2 mutants.

(I and J) Effects of optogenetic stimulation of Epi

neurons (Epi-Gal4-2 and UAS-ReaChR) on the jump

percentages (I) and average jump latencies (J) to

45�C–46�C. The Epi neurons were activated by red

lights for 30 s. The flies tested either had AstC

knocked down (UAS-AstCRNAi) or AstC overex-

pressed (UAS-AstC) in Epi neurons. n R 20.

Error bars indicate SEMs. Fisher’s exact test (A, D,

F, and H). Mann-Whitney test (B, E, G, and I).

*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

See also Figure S4.

ll
OPEN ACCESSArticle
44�C–18�C ramp, the fluorescence declined (Figures 4D and

4G). When we limited the temperature rise to 32�C (Figure 4B),

there was no increase in Ca2+ (Figures 4E and 4H).

To address whether the Epi neurons directly sense noxious

heat, we applied the voltage-gated Na+ channel blocker tetrodo-

toxin (TTX) to the brain to inhibit action potential firing. Epi neu-

rons responded to noxious heat even in the presence of TTX

(Figures 4C, 4F, 4I, and 4J; dashed circles indicate cell bodies),

supporting the conclusion that Epi neurons are direct internal

sensors for noxious heat. In some samples, we were able to

detect GCaMP6f signals in arborizations from the Epi neurons

(Figure 4I, panel 2). However, for consistency, these Ca2+ signals

were not included in the quantification. The absence of effect of

TTX on the responses was not due to technical difficulties in

applying the TTX to the brain since TTX inhibited GCaMP signals

induced by ATP in neurons expression the ATP-gated P2X2

cation channel (Figures S5A–S5E).

We also compared AstC signals within Epi neurons before and

after a 5-min heat shock. We examined the anti-AstC signals

from flies at 25�C and after heating to 39�C (near the threshold

for detecting changes in GCaMP6f fluorescence) or to 44�C.
Current
We found that either the 39�C or 44�C
treatment significantly decreased the anti-

AstC signals in Epi neurons (Figures 4K–

4N), suggesting that Epi neurons that are

exposed to heat release AstC.

Painless required in Epi neurons to
sense noxious heat
The TRP channel, Pain, is a prime candi-

date temperature sensor in Epi neurons

since it has an activation threshold in vivo

in the mid 30�C range21 and is widely ex-

pressed in the brain.42 To test whether

pain is expressed in Epi neurons, we used
a Gal4 reporter to drive membrane GFP (UAS-mCD8::GFP)

and performed double labeling using anti-AstC and anti-GPF.

The pain reporter was widely expressed in the brain, including

AstC-positive Epi neurons (Figures 5A–5C).

To test whether the heat responsiveness of Epi neurons de-

pends on the pain gene, we generated a pain-null allele by insert-

ing mini-white in the coding region, thereby creating a deletion

that removed +1,877–2,660 base pairs, including part of trans-

membrane domain 4, and all of the transmembrane domains 5

and 6 (pain4; Figure 5D). The pain4 mutation abolished the

response of the Epi neurons to temperatures R40�C
(Figures 5E–5G). The small, initial dip in DF/F0 during the early

phase of the temperature ramp still occurred (Figure 5F), demon-

strating that this phase is pain independent.

To determine whether mutation of pain increases thermal no-

ciception, we employed the jump assay. We tested 35�C–36�C
since 45�C–46�C causes 100% of control flies to jump (Fig-

ure 1B). In response to 35�C–36�C, 49.6% of control flies

jump, and they do so with a latency of 5.1 ± 0.2 s (Figures 5H

and 5I). We found that null pain4 mutants exhibited a large in-

crease in the percentage of flies that jumped (Figure 5H;
Biology 33, 2397–2406, June 19, 2023 2401
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Figure 4. Epi neurons are direct sensors for

nociception

Changes in Ca2+ levels in Epi neurons during tem-

perature changes were determined by expressing

UAS-GCaMP6f under control of the Epi-Gal4-1.

Brains were dissected, and GCaMP6f signals were

monitored in response to temperature ramps in the

absence or presence of tetrodotoxin (TTX).

(A–C) Temperature ramps with the maximum tem-

peratures indicated. TTX was added to the bath

in (C).

(D)Changes inGCaMP6f signals (DF/F0) in response

to the temperature ramp in (A). The ①, ②, and ③

indicate the time points for the sample images in

(G)–(I).

(E) Changes inGCaMP6f signals (DF/F0) in response

to the temperature ramp in (B).

(F) Changes inGCaMP6f signals (DF/F0) in response

to the temperature ramp in (C) in the presence

of TTX.

(G–I) Images of the GCaMP6f signals in Epi neurons

(the dashed circles indicate the cell bodies) at three

time points during the Ca2+ imaging as indicated in

(D)–(F), respectively. Scale bars indicate 50 mm.

(J) Average peak DF/F0 exhibited by Epi neurons in

(A)–(C). n = 10–27 neurons from R6 dissected

brains. Error bars indicate SEMs. Mann-Whitney

test. ***p < 0.001; ns, not significant.

(K) Normalized anti-AstC signals in Epi neurons.

The brains were incubated at room temperature

(�24�C), at 39�C, or at 44�C for 5 min. n = 10–16

neurons from R5 dissected brains. Error bars indi-

cate SEMs. Mann-Whitney test. **p < 0.01;

***p < 0.001.

(L–N) Sample images of anti-AstC signals at 25�C
(L), 39�C (M), and 44�C (N).

See also Figure S5.
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88.4%) and a 4.1-fold decrease in the jump latency (Figure 5I;

control, 5.1 ± 0.2 s; pain4, 1.2 ± 0.3 s). Another Drosophila

TRP channel, Pyx, is heat activated with a threshold of

�40�C,29 which is in a similar range as Pain.21,43 Opposite to

the pain mutant phenotype, we found that pyxex44 mutants ex-

hibited lower jump percentages and increased jump latencies

at both 35�C–36�C and 45�C–46�C (Figures S5F–S5I). These

results indicate that Pyx contributes to the thermal nociceptive

response, rather than suppressing the response.

To address whether the pain mutant phenotype reflects a

requirement for pain in Epi neurons, we used two effective

RNAi lines45 to knock down pain under control of the Epi-

Gal4-2. We found that knockdown of pain specifically in Epi

neurons increased the jump percentage (Figure 5J) and

reduced the average jump latency (Figure 5K). Thus, Pain is

required in Epi neurons for suppressing the nociceptive

response to heat.

To address whether expression of Pain affects expression of

AstC in Epi neurons, we stained both control and pain4 mutant

brains with anti-AstC. We found that pain is also required for
2402 Current Biology 33, 2397–2406, June 19, 2023
expression of AstC in Epi neurons

(Figures S4E and S4F). However, AstC

expression was still detected in other

neurons in the pain4 brain, such as the
pair of small neurons proximal to the OLs (Figures S4E and

S4F, arrowheads).

DISCUSSION

We found that a single pair of bilaterally symmetrical Epi neurons

in the fly brain is critical for suppressing thermal nociception. The

importance of Epi neurons is underscored by the observation

that artificial activation of these neurons is sufficient to suppress

the aversive jump response to hot temperatures and that inhibi-

tion of signaling from these neurons increases the jump re-

sponses to moderate heat. The profound effect of a single pair

of neurons in reducing thermal nociception is surprising given

that multiple brain regions appear to function in pain suppression

in mammals.46

The dendrites of Epi neurons arborize tomultiple regions of the

brain, such as the OLs, the LH, and a region near the mushroom

bodies, indicating that Epi neurons receivemultiple signal inputs.

The LH is a higher-order processing center that receives input

from the antennal (olfactory) lobes and then sends relays to other
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Figure 5. painless functions in Epi neurons

(A–C) Testing for co-localization of anti-AstC

staining with the pain reporter. A brain from a fly

expressing UAS-mCD8::GFP under control of the

pain-Gal4 (painless>GFP) was stained with anti-

AstC (magenta, A) and anti-GFP (green, B).

(A) Rabbit anti-AstC. Scale bar indicates 50 mm.

(B) Chicken anti-GFP.

(C) Merge of (A) and (B). Bottom-left panel is an

enlarged image of the framed area. Scale bar in-

dicates 5 mm.

(D) Schematic of the gene structure of the wild-

type pain gene and the pain4 mutant. The red

vertical bars represent the six transmembrane

domains.

(E–G) GCaMP6f responses of Epi neurons from

pain4 brains during a temperature ramp (maximum

44�C).
(E) Temperature ramp.

(F) Changes in GCaMP6f signals (DF/F0) in

response to the temperature ramp in (E). The ①,

②, and ③ indicate the time points for the sample

images in (G).

(G) Sample images of GCaMP6f signals displayed

by Epi neurons (indicated by the dashed circles) at

three time points during the Ca2+ imaging in (F).

Scale bar indicates 50 mm. n = 23 neurons from 15

dissected brains.

(H and I) Jump percentages (H) and average jump

latencies (I) of control and pain4 flies on a 35�C–
36�C hot plate. n R 20. Error bars indicate SEMs.

Fisher’s exact test (H). Mann-Whitney test (I).

***p < 0.001.

(J and K) Effect of RNAi knockdown of pain in Epi

neurons on jump percentages (J) and average

jump latencies (K) using flies on a 35�C–36�C hot

plate. n R 20. Error bars indicate SEMs. Fisher’s

exact test (J). Mann-Whitney test (K). ***p < 0.001.

See also Figure S5.
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brain regions such as the mushroom bodies.47 Therefore, it is

intriguing to speculate that the Epi neurons may be activated

by noxious odorants and aversive visual cues, which attenuate

the avoidance behavioral responses to these stimuli. Epi neurons

might also receive input from attractive olfactory and visual cues,

which in turn diminish the escape responses to noxious stimuli

such as high temperatures. In addition, the axons of Epi neurons

project to the VNC, consistent with a role in descending control

of motor output.

A key question is the mechanism through which Epi neurons

respond to hot temperatures and alleviate thermal nociception.

We found that Epi neurons are directly activated by hot temper-

atures and do so through activation of the thermo-TRP channel,

Pain,21 which is expressed in Epi neurons. The Pain channel is

critical for suppressing nociception since mutation of the pain

gene causes an increase in thermal pain sensitivity (hyperalge-

sia). While Epi neurons respond directly to heat and are anti-no-

ciceptors, other neurons in the fly brain, the so-called anterior

cell neurons, respond directly to suboptimal warm tempera-

tures.48 In contrast to the anti-nociceptive Epi neurons, the AC

neurons function in thermal avoidance, which is mediated

through thermal activation of TRPA1.48
The next question is the mechanism through which activation

of Epi neurons suppresses thermal pain. Epi neurons express

a neuropeptide, AstC, which binds to receptors that have

sequence homology (39.0% identity for AstC-R1; 38.5% identity

for AstC-R2) to human opioid receptors,49 which function in the

suppression of nociception in mammals.50,51 Moreover, muta-

tion ofAstC or knockdown ofAstC in Epi neurons causes thermal

hyperalgesia, and mutation of AstC-R1 elicits a similar pheno-

type. Heat stimulation diminishes the level of AstC in Epi neu-

rons, indicating that activation of these neurons promotes

release of AstC. We conclude that Epi neurons alleviate thermal

nociception through a mechanism that depends on heat sensing

by the Pain channel, leading to release of AstC.

Surprisingly, mutation of pain also reduced expression of AstC

in Epi neurons below the level of detection. This effect was not

due to elimination of Epi neurons since pain mutant brains ex-

press UAS-GCaMP6f under control of the Epi-Gal4. Expression

of neuropeptides has been linked to neuronal activity.52 More-

over, there is an example in which a thermosensory TRPV chan-

nel affects expression of a neuropeptide receptor.53,54 Pain is

activated by thermal heat, with the most pronounced activation

in the noxious heat range.21,43 However, even at temperatures
Current Biology 33, 2397–2406, June 19, 2023 2403
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significantly below the flex point in which a given temperature

rapidly opens the gate of a thermosensory TRP, such as Pain,

there is some channel activity. We suggest that low levels of

Pain and Epi neuron activities are necessary for expression of

AstC, while high levels of activities that are induced by noxious

heat are required for release of the AstC.

A feature of activation of Epi neurons is that the pain suppres-

sion due to an acute 30-s activation of Epi neurons is sustained

for several minutes. We suggest that the slow termination of the

pain suppression following stimulation of these neurons is medi-

ated by release of the neuromodulator AstC, which persists for

several minutes.

Epi neurons appear to be non-adapting, as chronic acti-

vation of these neurons with the NaChBac channel leads to

similar levels of pain suppression as acute stimulation with

channelrhodopsin. This non-adapting feature of Epi neurons

may be beneficial because it allows for pain suppression under

conditions in which the aversive response to heat needs to be

suppressed sufficiently long enough to allow activities that pro-

mote survival. Given that fruit flies are poikilothermic, and their

body temperature equilibrates with the environment, direct

activation of Epi neurons would allow the flies to suppress no-

ciception and enter excessively warm environments to feed or

avoid predators.

In conclusion, this study unveils a molecular and cellular ba-

sis for pain suppression in Drosophila. The observation that

Pain is essential for suppressing nociception is surprising given

that all other thermal-TRP channels function in avoidance of

suboptimal or noxious temperatures. Mutation of pain in fly

larvae eliminates the sensitivity to hot temperatures (hypoalge-

sia).21 Thus, it is remarkable that the same TRP channel has

opposite functions in nociception and anti-nociception in larvae

and adults.
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This paper N/A
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For DNA sequencing of pain4. Reverse primer:

TAAGTAGTTCGGGTAGATGTT

This paper N/A

Recombinant DNA

pUAST cDNA vector55 N/A

pU6-BbsI-chiRNA gRNA vector Addgene Plasmid #45946

pw35 Donor vector61 N/A
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Prism9 Software https://www.graphpad.com/scientific-
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Lead contact
The lead contact is Craig Montell (cmontell@ucsb.edu).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact without restriction. The fly stocks generated in

this study will be deposited with the Bloomington Drosophila Stock Center for public distribution (http://flystocks.bio.indiana.edu/).

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact.

Data and code availability

d This study did not generate any standardized datatypes.

d This study did not generate any original code.

d 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

Fly stocks and husbandry
All experiments were performed with the indicated strains of adult male and female Drosophila melanogaster. Flies were raised at 25
�C and 60% relative humidity on standard cornmeal fly food under a 12 hr light:12 hr dark cycles. The control flies werew1118, unless

indicated otherwise. The following fly lines were from the Bloomington Drosophila Stock Center (Indiana University): w1118 (BL5905),

AstA (Allatostatin A)-Gal4 (BL51978, BL51979), Epi-Gal4-1 (AstC-Gal4-1; BL39283), Epi-Gal4-2 (AstC-Gal4-2; BL52017), Akh (Adi-

pokinetic hormone)-Gal4 (BL25683, BL25684), Burs (Bursicon)-Gal4 (BL51980), Capa (Capability)-Gal4 (BL51970), Crz (Corazo-

nin)-Gal4 (BL51977), CCAP (Crustacean cardioactive peptide)-Gal4 (BL25685), Dh31 (Diuretic hormone 31)-Gal4 (BL51988,

BL51989), Dh44 (Diuretic hormone 44)-Gal4 (BL51987), Dsk (Drosulfakinin)-Gal4 (BL51981), ETH (Ecdysis triggering hormone)-

Gal4 (BL51982), Eh (Eclosion hormone)-Gal4 (BL6301), FMRFa (FMRFamide)-Gal4 (BL51990), Hug (Hugin)-Gal4 (BL58769), Ilp2

(Insulin-like peptide 2)-Gal4 (BL37516), Lk (Leucokinin)-Gal4 (BL51992, BL51993), Mip (Myoinhibiting peptide precursor)-Gal4

(BL51984), Ms (Myosuppressin)-Gal4 (BL51985, BL51986), NPF (neuropeptide F)-Gal4 (BL25681, BL25682), Pdf (Pigment-

dispersing factor)-Gal4 (BL6899), Proc (Proctolin)-Gal4 (BL51971, BL51972), sNPF (short neuropeptide F precursor)-Gal4

(BL51991), Tk (Tachiykinin)-Gal4 (BL51975), TH (tyrosine hydroxylase)-Gal4 (BL8848), Trh (trachealess)-Gal4 (BL38388, BL38389),

Tdc2 (Tyrosine decarboxylase 2)-Gal4 (BL9313), UAS-NaChBac (BL9469), UAS-mCD8::GFP (BL5137), UAS-DenMark,UAS-sy-

t.eGFP (BL33064), UAS-ReaChR (BL53741), UAS-AstCRNAi (BL25868), UAS-GCaMP6f (BL42747), UAS-Stinger 2 (BL84277), pain

(painless)-Gal4 (BL27894), 70FLP,70I-SceI (BL6935), UAS-TNTG (BL28838), AstC-R1MI04794 (BL59307), AstC-R2f01336 (BL18622),

AstA-R1-Gal4 (BL49032), and AstA-LexA (BL53625). The following fly lines were from the Vienna Drosophila Resource Center:

UAS-painRNAi-1 (v39477), UAS-painRNAi-2 (v39478). We described pyxex previously.44 UAS-GCaMP3;LexAop-P2X2 was from

Dr. Orie Shafer (University of Michigan).56 The following flies were outcrossed to w1118 (BL5905) for 6 generations: Epi-Gal4-1
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mailto:cmontell@ucsb.edu
http://flystocks.bio.indiana.edu/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://imagej.net/Fiji
https://www.physics.ucsb.edu/resources/machineshops/shop
https://www.physics.ucsb.edu/resources/machineshops/shop


ll
OPEN ACCESS Article
(AstC-Gal4-1; BL39283), Epi-Gal4-2 (AstC-Gal4-2; BL52017), UAS-ReaChR (BL53741), UAS-AstCRNAi (BL25868), UAS-NaChBac

(BL9469), UAS-painRNAi-1 (v39477), and UAS-painRNAi-2 (v39478).

METHOD DETAILS

Generation of UAS-AstC
To generateUAS-AstC, we first cloned the AstC cDNA. We extracted mRNA fromw1118 heads, performed reverse transcription PCR

(RT-PCR), and inserted the cDNA into the pUAST vector between the EcoRI and XhoI sites. We added the Drosophila Kozak

consensus sequence (CAAA)57 immediately 5’ to the start codon. The primers for cloning the AstC cDNA were: forward:

AGGGAATTGGGAATTCAAAATGATGAAATTCGTGCAGATATTATTGTGC; reverse: TAGAGGTACCCTCGAGTTACTTCCTAAAGC

AGGAGATGGGATT. We injected the pUAST-AstC construct into embryos from phiC31 transgenic flies that contained the attP2

docking site (BestGene).

Generation of the AstC1 mutant using CRISPR-Cas9
The primary translation product of AstC is 122 residues, and the 15 amino acid AstC peptide is encoded by residues 104-115. We

used CRISPR/Cas958–61 to generate the AstC1 mutant by changing the last two residues of AstC (amino acids 118—119 of the pri-

mary translation product) from cysteine and phenylalanine to leucine and lysine. We designed the CRISPR targets with the CRISPR

Optimal Target Finder (http://targetfinder.flycrispr.neuro.brown.edu/). We inserted the 20 base pair guide sequence

(GAACTTACTTCCTAAAGC) targeting the region coding for the AstC peptide (Figure S4D) into pU6-BbsI-chiRNA.59 We then injected

this plasmid into embryos ofCas9 transgenic flies (BestGene). To screen for the AstC1 allele, we performed PCR to amplify the flank-

ing regions and genotyped by DNA sequencing. The primers for DNA sequencing of AstC1 and AstC2 were: forward:

TTTTTGCGTGAACTCGCCTC; reverse: CCATTATGCTAATCTTTGTGTTGTGG.

Generation of pain4 mutant by ends-out homologous recombination
Wegeneratedpainlessknock-out flies (pain4) byends-outhomologous recombination.62The targetingconstructdeleteda782-bpregion

encompassingpartofexons3and4 (encodingaminoacid residues606 to844),which removespartof transmembranedomain4,and the

entirety of transmembrane domains 5 and 6 (Figure 5D). To generate the construct for the ends-out recombination, we inserted two 3 kb

genomic fragments into theNotI site and theBamHI sites of pw35,62 respectively. Transgenic fliescarrying the targeting construct on the

third chromosome were crossed to 70FLP,70I-SceI flies, and the progeny were screened for gene targeting by DNA sequencing. The

primers used for DNA sequencingwere: forward: AGTGAGCGACACCCAAGT; reverse: TAAGTAGTTCGGGTAGATGTT. These primers

amplified pain from wild-type and pain4/+ flies, but not from the pain4 homozygous mutant

Construction of the hot plate apparatus for the thermal jump assays
The apparatus for the assay (Figure S1) was fabricated at the UCSB Physics Machine Shop (https://www.physics.ucsb.edu/

resources/machineshops/shop) and was a copper plate (19 mm thick, 190 mm wide and long) with 8 internal 10 mm water tunnels.

The hot plate contained a 3 mm deep moat near the perimeter, which was filled with water so that the flies with clipped wings would

not be able to escape from the hot plate surface. The temperature of the plate was controlled by water circulating through the tunnels

in the plate from a water bath (PolyScience 9106, Refrigerated/Heated 6L Circulating Bath). We used silicone tubing (1/4" ID x 3/8"

OD x 1/16" wall) to connect the outlets of the water bath to the two connectors on the plate. After the water bath was turned on, we

allowed the temperature of the plate to equilibrate for 30 min. We used a thermometer (Fluke 51II) with a thermocouple (Fluke K type)

to measure the temperature of the surface of the plate.

Hot plate jump assays
To perform the jump assays on a hot plate, we amputated the wings from 2—3 day-old flies using Vannas Spring scissors (No.

15000-04, Fine Science Tools), and allowed them to recover for 24 hrs on standard corn meal/molasses fly food in vials (AS-

516, Fisherbrand). We tapped down individual flies from the vials to transfer them to the hot plate and determined whether the flies

jumped. We recorded the behavior of the flies using a webcam (Logitech C615 HD Webcam) and manually analyzed the percent-

age of flies that jumped as well as the jump latencies (sec), by examining the individual frames on a VLC media player for 10 sec.

The jump responses were straightforward to score since the assessments of flies that left the surface of the hot plate were unam-

biguous. We displayed the results in 1 sec bins. All flies that did not jump within the 10 sec window were placed in the >10 sec bin.

The average jump latencies were calculated by averaging the individual jump latencies. For flies that jumped within 10 sec, we

used the exact number. For flies that did not jump within the first 10 sec, we used a value of 10 sec to determine the jump latencies.

Therefore, the average jump latencies are an underestimate, especially for experiments in which the majority of flies jumped

in >10 sec.

Immunostaining
We performed the dissections and immunostaining as we described previously.63 Briefly, we dissected out the brains and fixed them

in 4% paraformaldehyde in PBST [0.3% Triton X-100 (Sigma) in 1X PBS (diluted from 10X PBS; AAJ62036K2, Fisher Scientific)] at

room temperature for 30 min. We washed the fixed brains 3x briefly with PBST and blocked them with 5% normal goat serum (Fisher
e4 Current Biology 33, 2397–2406.e1–e6, June 19, 2023
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Scientific, ICN19135680) in PBST at room temperature for 1 hr. We then incubated the brains with primary antibodies overnight at 4
�C. After three washes (15 min each) in PBST, we incubated the brains with secondary antibodies overnight at 4 �C. We imaged the

samples using a Zeiss LSM700 Confocal Laser Scanning Microscope using a 20x/0.8 Plan-Apochromat DIC objective and Zen soft-

ware. We used the following primary antibodies: chicken anti-GFP (1:500; A10262, Invitrogen), rabbit anti-DsRed (1:500; 632496,

Clontech), mouse anti-BRP (nc82, Developmental Studies Hybridoma Bank) and rabbit anti-AstC (a generous gift from

Dr. Jan Veenstra).64 We used the following secondary antibodies: Alexa Fluor 488 goat-anti-chicken IgG (1:1000; A11039, Thermo

Fisher Scientific), Alexa Fluor 555 donkey-anti-rabbit IgG (1:1000; A31572, Thermo Fisher Scientific) and Alexa Fluor 633 goat-anti-

mouse IgG (1:1000; A21050, Thermo Fisher Scientific).

Optogenetic stimulation of Epi neurons for thermal jump assays
To stimulate Epi neurons with light, we expressedUAS-ReaChR under control of the Epi-Gal4-2. For some experiments, we knocked

down or overexpressed AstC in Epi neurons by introducing either UAS-AstCRNAi or UAS-AstC, respectively. Prior to initiating the ex-

periments, we amputated the wings from 2—3 day-old flies using Vannas Spring scissors (No. 15000-04, Fine Science Tools). We

allowed them to recover for 24 hrs in vials (AS-516, Fisherbrand) with �10 mL of standard corn meal/molasses fly food in which

we added 50 mL of 100 mM all-trans-retinal (R2500-1G, Sigma) to the food surface.

To carry out the optogenetic experiments, we collected the flies in transparent vials (AS-516, Fisherbrand) and stimulated the an-

imals for 30 sec with red lights using an AmScope CF-4 Color Filter with an AmScope HL250YA 150W Fiber Optic Dual-Gooseneck

Stereo Microscope Light Illuminator. The light intensity was 5.2 mW/cm2. We then transferred the flies to a hot plate quickly (< 5 sec)

or after a 0.5—5min delay, and assayed their jump responses to temperatures ranging from 45 �C to 50 �C.We recorded the behavior

of the flies using a webcam (Logitech C615 HD Webcam) and manually analyzed the jump latencies by examining individual frames

using a VLC media player.

Ex vivo GCaMP imaging with temperature ramps
To perform the Ca2+ imaging assays with temperature ramps, we used 3—5 day-old flies that expressed UAS-GCaMP6f under con-

trol of the Epi-Gal4-1, which drove higher UAS-GCaMP6f expression than Epi-Gal4-2. To enhance the expression level of GCaMP6f,

we used a fly stock with two copies of Epi-Gal4-1 and UAS-GCaMP6f. We controlled the temperature as previously described.65

Briefly, we used a QE-1HC quick exchange heating/cooling platform with a CL-100 bipolar temperature controller (Warner Instru-

ments). We dissected the brains from adult flies in Drosophila imaging saline (108 mM NaCl, 5 mM KCl, 8.2 mM MgCl2, 2 mM

CaCl2, NaHCO3 4 mM, NaH2PO4 1 mM, trehalose 5 mM, sucrose 10 mM, HEPES 5 Mm, pH 7.5), and quickly transferred the brains

to the center of a copper chamber (1-5/8’’ in diameter, 1/16’’ thick and a 1/4’’ glass window on the bottom) filled with the saline so-

lution, which fits the QE-1HC. For experiments with TTX, which suppresses voltage-gated Na+ channels and synaptic transmission,

we pre-dissolved 1 mMTTX inDrosophila imaging saline before transferring the brains to a copper chamber.We placed a temperature

probe (IT-18, Physitemp) next to the brain to detect the ambient temperatures that the brain was exposed to. We recorded from each

brain only once, and collected images of the GCaMP6f fluorescence using an upright Zeiss LSM700 Confocal Laser Scanning Mi-

croscope, and a 488-nm laser at a resolution of 256 3 256 pixels using a 20x/1.0 Plan-Apochromat water immersion objective.

We recorded from each brain for 10 min in total and at a rate of 400 ms/frame. �15 Z axial sections were imaged in one time-series

cycle. The section interval was�6 mm. The time intervals between each cycle were�8 sec. The images were analyzed using ImageJ/

Fiji. The increases in Ca2+ levels in each neuron were indicated by DF/F0. F0 was the average baseline fluorescence of GCaMP6f dur-

ing the first 90 seconds of the experiment before the temperature was increased, and DF equals F-F0. We rectified the photobleach-

ing effect according to the following equation: F = F0e
(-kt). To obtain the photobleaching factor k, wemeasured the fluorescent signals

before and after the temperature stimuli, and assumed that they were the samewithout photobleaching. Then, we used the factor k to

compensate for photobleaching: (DF/F0)rectified = ((DF/F0)measured+1)e
kt-1.

To perform the Ca2+ imaging assays with AstA-R1 neurons, we dissected 3—5 day-old flies and transferred individual brains

to 35 mm plastic Petri dishes (35 3001, Falcon) filled with 2 mL Drosophila imaging saline, and immobilized the brain with a

metal harp (SHD-26GH/10, Warner Instruments). We imaged the basal GCaMP3 signals for 15 cycles, and then added

200 ml 50 mM ATP (pH adjusted to 7.0, A2383-5G, Sigma) to the Petri dishes, resulting in a final ATP concentration of

5 mM. For experiments with TTX, we pre-dissolved 1 mM TTX in Drosophila imaging saline before transferring the brains to

the 35 mm plastic Petri dishes. We collected images of the GCaMP3 fluorescence using an upright Zeiss LSM700 Confocal

Laser Scanning Microscopy and a 488-nm laser at a resolution of 256 3 256 pixels using a 20x/1.0 Plan-Apochromat water

immersion objective. �10 Z axial sections were imaged in one time-series cycle. The section intervals were �1 mm. The time

intervals between each cycle were �2 sec. The images were analyzed using ImageJ/Fiji. The increases in Ca2+ levels in each

neuron were indicated by DF/F0. F0 was the average baseline fluorescence of GCaMP for 5 cycles immediately before ATP

application, and DF equals F-F0.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptions, results, and sample sizes of each test are provided in the figure legends. All replicates were biological replicates using

different flies. Data for all quantitative experiments were collected on at least three different days. For the hot plate jump assays, each

‘‘n’’ represents an individual fly. Based on our experience and common practices in this field, we used a sample size of n R 20 for
Current Biology 33, 2397–2406.e1–e6, June 19, 2023 e5
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each genotype or treatment for the hot plate jump assays. Each ‘‘n’’ for theCa2+ imaging experiments represents a single neuron from

R6 independent flies. Each ‘‘n’’ for quantification of the AstC staining intensities represents a single neuron from R5 independent

flies. GraphPad Prism 9 software or MS Excel were used for statistical tests. We used Fisher’s exact test (in MS Excel) and the

Mann-Whitney test for non-parametric tests (in GraphPad Prism 9). Sample sizes were determined based on previous publications

and are cited in the figure legends. In all graphs, error bars represent the standard error of the mean (S.E.M.). We set the significance

level, a = 0.05. Asterisks indicate statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.
e6 Current Biology 33, 2397–2406.e1–e6, June 19, 2023
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Figure S1. Dimensions of the hot plate used to assay thermal nociception, Related to 
Figure 1.
(A) Design and parameters of the hot plate for the jump assay. The dashed lines indicate the
water tunnels inside the copper plate. The gray shading near the periphery represents the moat,
which is 3 mm deep.
(B) Photo of a hot plate. The hot plate is connected to a circulating bath. Water circulating in the
tunnels control the surface temperature of the hot plate.
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Figure S2. Nociceptive responses resulting from manipulating Epi neurons, Related to Figure 1.
(A) Percentages of control flies (Epi-Gal4-1) showing the indicated jump latencies (sec) when placed 
on a 45 °C—46 °C hot plate.
(B) Epi neurons were inactivated with NaChBac (Epi-Gal4-1 and UAS-NaChBac), and then these flies 
were placed on a 45 °C—46 °C hot plate and tested for jump latencies.
(C) Average jump latencies from (A and B). n = 21 (A) and 40 (B). Error bars indicate S.E.M.s. Mann-
Whitney test. ***p < 0.001.
(D-H) Jump percentages of the indicated flies on hot plates set at the indicated temperatures. n ≥ 20.
(I and J) Effects of optogenetically stimulating Epi neurons with ReaChR (UAS-ReaChR/+ and Epi-
Gal4-1/+) on the jump percentages (I) and the average jump latencies (J) after placing the indicated 
flies on a 45 °C—46 °C hot plate. The Epi neurons were optogenetically activated for 0.5 min and then 
allowed to recover in the dark for 0.5—5 min. n ≥ 20. Error bars indicate S.E.M.s. Fisher’s exact test 
(I). Mann-Whitney test (J). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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Figure S3. Expression pattern of Epi-Gal4-2 , Related to Figure 2.
(A) Fluorescence exhibited by nuclei of Epi neurons expressing UAS-Stinger 2 under control of the 
Epi-Gal4-2. The boundary of the brain tissue is indicated with the short dashes. Scale bar indicates 50 
µm. The framed areas are enlarged below, and include 5 µm scale bars.
(B-H) Testing for expression of UAS-GFP under control of the Epi-Gal4-2 in the indicated tissues: (B) 
foreleg, (C) midleg, (D) hindleg, (E) wing, (F) antenna, (G) proboscis, and (H) digestion system. The 
boundaries of the tissues in F-H are indicated by the dashes. Scale bars indicate 0.5 mm.

rectum
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Figure S4. Loss of expression of AstC in the AstC1 mutant or due to RNAi knockdown of 
AstC, Related to Figure 3.
(A-C, E and () $rains were stained with anti-AstC (magenta). Scale bars indicate 5� zm. 

#� Control (w1118). The white arrows point to Epi neurons.

$� AstC knockdown (Epi-Gal4-2 and UAS-AstCRNAi).

%� AstC1.

&� Schematic illustration of the AstC1 mutant generated by CRISPR-Cas9. The coding region is 
indicated in black, the introns are indicated with horizontal lines, and the parallel diagonal lines 
with the adjacent horizontal lines indicate a 3915 bp intron. The primary AstC translation product 
is 122 amino acids, and the AstC peptide is 15 residues. The pQ is pyroglutamate.S1 The last 
two amino acids of the AstC peptide are changed from cysteine and phenylalanine to leucine 
and lysine in AstC1.

'� Control (w1118). The arrows point to Epi neurons. The arrowheads point to two pairs of AstC-
positive neurons proximal to the optic lobes.

(� pain4. The arrowheads point to two pairs of AstC-positive neurons proximal to the optic lobes.
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Figure S5. TTX blocks signaling between AstA and AstA-R1 neurons, and effects of the 
pyx mutation on the jump response, Related to Figures 4 and 5.
(A and B) GCaMP3 signals exhibited by AstA-R1 neurons before (A) and after (B) application of 
200 µl of 50 mM ATP.
(C and D) GCaMP3 signals exhibited by AstA-R1 neurons before (C) and after (D) application of 
200 µl 50 mM ATP in the presence of 1 µM TTX.
(E) Average peak ∆F/F0 of AstA-R1 neurons in (A-D). n = 19-21 neurons from 3 dissected 
brains.
(F and G) Jump percentages (F) and average jump latencies (G) of control and pyxex flies on a
35 °—36 °C hot plate.
(H and I) Jump percentages (H) and average jump latencies (I) of control and pyxex flies on a
45 °—46 °C hot-plate.
Error bars indicate S.E.M.s. Mann-Whitney test. *p < 0.05, ***p < 0.001. Scale bars indicate 10 
µm.
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