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Acute nociception is essential for survival by warning organisms against potential dan-
gers, whereas tissue injury results in a nociceptive hypersensitivity state that is closely
associated with debilitating disease conditions, such as chronic pain. Transient receptor
potential (Trp) ion channels expressed in nociceptors detect noxious thermal and chem-
ical stimuli to initiate acute nociception. The existing hypersensitivity model suggests
that under tissue injury and inflammation, the same Trp channels in nociceptors are
sensitized through transcriptional and posttranslational modulation, leading to nocicep-
tive hypersensitivity. Unexpectedly and different from this model, we find that in Dro-
sophila larvae, acute heat nociception and tissue injury-induced hypersensitivity involve
distinct cellular and molecular mechanisms. Specifically, TrpA1-D in peripheral sensory
neurons mediates acute heat nociception, whereas TrpA1-C in a cluster of larval brain
neurons transduces the heat stimulus under the allodynia state. As a result, interfering
with synaptic transmission of these brain neurons or genetic targeting of TrpAl-C
blocks heat allodynia but not acute heat nociception. TrpA1-C and TrpAl-D are two
splicing variants of TrpAl channels and are coexpressed in these brain neurons. We fur-
ther show that Gq-phospholipase C signaling, downstream of the proalgesic neuropep-
tide Tachykinin, differentially modulates these two TrpAl isoforms in the brain
neurons by selectively sensitizing heat responses of TrpAl-C but not TrpAl-D.
Together, our studies provide evidence that nociception and noncaptive sensitization
could be mediated by distinct sensory neurons and molecular sensors.

nociception | nociceptive hypersensitivity | Drosophila | transient receptor potential (Trp) | alternative
splicing

As an ancient property of the nervous system, nociception is essential for survival by
protecting organisms from potential dangers, such as high-intensity thermal and
mechanical stimulation (1-4). Remarkably, tissue injury causes hypersensitivity of the
nociceptive responses, manifested as lowered activation threshold (i.e., allodynia) and
increased response magnitude to suprathreshold stimulation (i.e., hyperalgesia) (5-8).
Although short-term hypersensitivity is beneficial by enhanced protection of the
injured area during tissue healing, hypersensitivity may persist after healing. This pro-
longed hypersensitivity no longer serves protective functions but is rather associated
with debilitating diseases, including chronic pain. Thus, acute nociception and hyper-
sensitivity reflect two different functional states of the nociceptive circuit and elucidat-
ing their differences is likely to shed light on the mechanisms of chronic pain.

Drosophila larvae have emerged as an important genetically tractable model for
studying acute nociception and nociceptive hypersensitivity (9-12). Despite a simpler
nervous system, larvae exhibit robust nocifensive withdrawal behavior to noxious heat,
mechanical and chemical stimulation (12—15). Moreover, a well-controlled and robust
tissue injury model has been established (9). In this model, brief exposure of larvae to
UVC light elicits injury and apoptosis of epidermal cells, resulting in behavioral hyper-
sensitivity to heat stimulation, including allodynia and hyperalgesia. Genetic studies
have identified several proalgesic factors, including Tachykinin, tumor necrosis factor-
a, and Hedgehog in regulation of nociceptive hypersensitivity (9-11). Importantly,
these proalgesic agents also contribute to pain hypersensitivity in mammals (10, 16),
suggesting the signaling mechanisms driving transition from acute nociception to noci-
ceptive hypersensitivity are conserved.

From arthropods to mammals, transient receptor potential (Trp) ion channel family
members are the primary molecular detectors of thermal and chemical stimuli that acti-
vate nociceptors to produce acute nociception (17-19). In addition to their essential roles
in nociception, genetic and pharmacological studies have implicated Trp channels, most
notably TrpV1 and TrpAl, as critical regulators of nociceptive hypersensitivity (7). For
example, through transcriptional and posttranslational modulation, proalgesic agents and
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inflammartory factors released after tissue injury sensitize TrpV1
and TrpA1l responses to noxious stimuli, resulting in hypersensi-
tivity of cellular and behavioral responses (7, 20). These findings
have stimulated enormous interest in developing new analgesics
by antagonizing Trp channel activity (18). However, as a foresee-
able adverse effect of this strategy, not only hypersensitivity but
also nociception will be affected. Indeed, animal and clinical stud-
ies indicate that treatment with TrpV1 antagonists impairs heat
nociception, thereby causing unwanted burning injury; moreover,
it produces hyperthemia due to a critical role of TrpV1 in con-
trolling core body temperature (21-23). Hence, it would be
important to develop strategies that can block Trp channel sensi-
tization while leaving intact their beneficial functions in acute
nociception and homeostatic regulation (24, 25).

TrpAl is activated by environmental irritant chemicals and
proalgesic agents (26). Strikingly, its chemosensory functions
are conserved across 500 million y of animal evolution (3). In
addition, heat and related infrared sensing by TrpAl have been
discovered in insects, such as Drosophila and mosquitoes (27,
28), as well as frogs (29, 30) and snakes (31), although TrpAl
thermal sensitivity in mammals remains controversial (26,
32-34). In Drosophila, alternative splicing produces five TrpAl
isoforms that differ in the N-terminal cap, as well as the linker
domain connecting ankyrin repeats to the transmembrane
domain (28, 35). Previous reports indicate that Drosophila
TrpAl isoforms are functional different (27, 35). To further
characterize in vivo expression and functions of individual
TrpAl isoforms, we have modified the Drosophila TrpAl geno-
mic locus to generate knockin (KI) flies that only express a sin-
gle isoform, and knockout (KO) flies that lack select isoforms
(28). We find that TrpA1-C and TrpAl-D are two functional
isoforms expressed in class 4 dendritic arborization (C4da) neu-
rons (28), the primary nociceptors in the larval peripheral ner-
vous system (PNS) (13). Ca** imaging and behavioral analyses
indicate that acute heat nociception is primarily mediated by a
single isoform TrpAl-D in C4da neurons, with negligible con-
tribution from TrpA1-C (28). However, TrpAl-C bears intrin-
sic heat sensitivity as heat activates TrpA1-C in heterologous
cells (28). Therefore, while TrpAl-D mediates heat nocicep-
tion, TrpA1-C is normally a dormant heat sensor in vivo.

Inspired by the diverse functions of TrpAl isoforms in acute
heat nociception, herein, we aim to determine how individual
TrpAl isoforms contribute to heat allodynia after tissue injury.
Contrary to our expectation that heat allodynia results from sensiti-
zation of TrpAl-D in C4da neurons, we find that heat allodynia
involves TrpAl-C and a cluster of heat-sensing neurons in larval
brain. Heat responses of these brain neurons are sensitized after tis-
sue injury and blocking their synaptic transmission impairs behav-
joral allodynia. We further show that Gq-phospholipase C (PLC)
specifically sensitizes heat responses of TrpAl-C but not TrpAl-D
in larval brain neurons. Taken together, our studies provide
evidence that acute nociception and hypersensitivity could exploit
distinct neurons and molecular sensors.

Results

Heat Is Transduced by Distinct TrpA1 Isoforms in Nociception
and Allodynia States. By stimulating a third-instar Drosophila
larva using a custom-built heat probe with constant set-point
temperature, we and others have shown that larvae exhibit
nocifensive rolling behavior only when the probe temperature
is set at 42 °C or higher (9, 28). This acute nociception requires
TrpAl activity in larval C4da neurons (28, 35). To induce
thermal hypersensitivity, we adopted an established tissue injury
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paradigm by brief exposure of larvae to UVC (Fig. 14), which
elicited epidermal cell apoptosis, as previously reported (87
Appendix, Fig. S11) (9). We found that ~60% of UVC but not
mock-treated larvae rolled in response to otherwise subthresh-
old stimulation of 40 °C, starting at ~4 h after UVC treatment
(81 Appendix, Fig. S1 Cand D). Moreover, UVC-treated larvae
responded to subthreshold temperature as low as 32°C (87
Appendix, Fig. S1 E and F). These results indicate that UVC
elicits heat allodynia in larvae, with a magnitude of behavioral
hypersensitivity consistent with a previous report (9). To inves-
tigate the heat transduction mechanisms underlying allodynia,
we assessed the role of TrpAl, which has been implicated in
heat hypersensitivity in larvae (10). We found that heat allody-
nia was almost completely abolished in 77pAI1-KO larvae (Fig.
1 Cand D), an allele we have generated by removing the entire
TrpAl genomic region, including exons and introns (28).
These data indicate that TrpAl is responsible for transducing
heat stimuli in the allodynia state.

Alternative splicing generates five TrpAl isoforms (Fig. 1B).
To dissect their functions in vivo, we have previously generated
an extensive collection of TrpAl isoform-specific alleles, includ-
ing knockin flies each expressing a single isoform (e.g., 77pAI-C-
KI, in which TrpA1-C is intact but TrpA1-A/B/D/E isoforms are
depleted), as well as knockout flies lacking select isoforms (e.g.,
TrpA1-BC-KO allele depletes TrpAl-B and -C but expresses
TrpAl-A/D/E isoforms; see SI Appendix, Fig. S1A for details)
(28). We have previously shown that a single isoform, TrpAl-D,
expressed in C4da neurons is necessary and sufficient for acute
heat nociception, whereas the other four isoforms including
TrpAl-C, which is coexpressed in C4da neurons, are not
required (28). Based on the prevailing hypersensitivity model, we
hypothesized that heat allodynia would involve sensitization of
TrpAl-D in C4da neurons, whereas TrpA1-A/B/C/E isoforms
are not involved. To test this hypothesis, we assessed how TrpAl
isoform alleles respond to subthreshold stimulation of 40 °C after
UVC treatment. We found that whenever TrpA1-C is depleted
(e.g., in TrpAI-BC-KO and in TrpAIl-A/B/D/E-KI larvae), heat
allodynia was severely impaired with extent indistinguishable
from that of 77pAI1-KO (Fig. 1 Cand D). Conversely, heat allo-
dynia was normal and indistinguishable from that of wild-type
larvae whenever TrpAl-C is expressed (e.g., in TrpAI-C-KI,
TrpA1-AD-KO, and TrpAI-E-KO larvae) (Fig. 1 Cand D). We
further showed that UVC-treated 7rpAI1-C-KI larvae responded
to subthreshold temperature as low as 32 °C (S/ Appendix, Fig.
S1 G and H), similar to wild-type (S Appendix, Fig. S1 E and
F). These results are unexpected, as they suggest that a single iso-
form TrpAl-C appears to mediate heat allodynia, whereas other
TrpAl isoforms including TrpAl-D contribute minimally.

Together with our published results (28), these data further
demonstrate that heat nociception and allodynia exploit differ-
ent transduction mechanisms; a single isoform, TrpAl-D, is
the heat transducer for acute nociception, whereas another iso-
form, TrpAl-C, transduces heat stimuli in the allodynia state.
As a result, TrpAl-D depletion abolishes acute heat nocicep-
tion but not allodynia; conversely, TrpA1-C depletion abolishes
heat allodynia without affecting nociception. Because in the
current behavioral paradigm heat nociception and allodynia
involve TrpAl-D and TrpA1-C but no other TrpAl isoforms,
we will focus on these two isoforms in the rest of report.

Nociception and Allodynia Require TrpA1 Activity in the PNS
and Central Nervous System, Respectively. Examining the
TrpAl-C-KI-T2A-GAL4 knockin flies that report endogenous
TrpAl-C expression, we have shown TrpAl-C expression in
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Fig. 1. TrpA1-C controls heat allodynia. (A) Schematic diagram of heat allodynia of Drosophila larvae. The nocifensive rolling behavioral assay was per-
formed on third-instar larvae, at 24 h after brief exposure to UVC light (UVC, ~6 s, 20 m)/cm?). (B) Diagram of TrpAT alternative splicing, with alternative
exons marked in colors. (C) Accumulated percentage of larvae showing rolling behavioral responses to a 40°C-heat probe at 24 h after UVC treatment.
Larvae with knockout (KO) or knockin (KI) of select TrpA1 isoforms were analyzed, including TrpA1-KO, TrpA1-AD-KO (AD-KO), TrpA1-BC-KO (BC-KO), TrpA1-E-KO
(E-KO), TrpAT1-A-KI (A-KI), TrpA1-B-KI (B-KI), TrpA1-C-KI (C-KI), TrpA1-D-KI (D-KI), TrpA1-E-KI (E-KI). The sample numbers are indicated with brackets. (D) Rolling
responses in C are categorized into three groups: no rolling (white bar, no rolling recorded in less than 20 s), slow rolling (gray bar, rolling occurred after 5 s
but within 20 s), and fast rolling (black bar, rolling occurred in no longer than 5 s). This category scheme was applied to all heat probe behavioral assay
in this study unless noted otherwise. Log-rank tests, corrected by total comparing group numbers, were performed to compare datasets displayed in accu-
mulated response curves in C. For clarity, results of statistical analysis are instead marked in the accompanying bar graph in D. Columns with different
superscripts (a and b) are significantly different from each other (P < 0.05).
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multiple larval tissues, including the central nervous system
(CNS), corpus cardiacum (CC) cells, the gut, and C4da neu-
rons in the PNS (28). The genomic organization of TrpAl
does not allow specific knockdown of TrpAl-C by RNA inter-
ference (RNAI) without affecting other isoforms. Therefore, to
determine the cellular loci of TrpAl action in heat allodynia,
we expressed the RNAI construct that has been shown to effec-
tively knock down all TrpAl isoforms by targeting the com-
mon region (28, 36). By tissue-specific knockdown of TrpAl
expression, we have previously shown that heat nociception
requires TrpAl in C4da neurons in the PNS, but not in the
CNS (28). Here, we exploited the same approach to determine
where TrpAl is required for heat allodynia, by expressing UAS-
TrpA1-RNAi under control of GAL4 drivers that overlapped
with TrpA1-C expression. Unexpected and contrary to our ini-
tial prediction, we found heat allodynia was unaffected when
TrpAl was knocked down by the C4da-neuron—specific driver
pp/e—Gz‘lLﬂ‘Z (Fig. 2 A and B; see also SI Appendix, Fig. S5F for
ppk-GAL4" expression) (37). Similarly, TrpAl knockdown
under control of ppkl.9-GAL4, another C4da neuron driver
(9-11, 38), did not affect heat allodynia (S Appendix, Fig. S5
D and E; see also SI Appendix, Fig. S5F for ppkl.9-Gal4 expres-
sion). The lack of effect was not due to RNAI efficacy as larvae
bearing ppk-GAL4"* and UAS-TrpA1-RNA: exhibit drastically
reduced acute nociceptive responses to a 44 °C probe (28).
These data suggest that heat allodynia does not require TrpAl
activity in C4da neurons.

Next, we knocked down TrpAl with TrpAI1-B-KI-T2A-GAL4,
a driver that reports endogenous expression of the TrpAI-B iso-
form (28). Notably, larvae express 77pAI-C and TrpAI-B in
identical cells, with the exception that 7rpAI-C but not TrpAI-B
is expressed in C4da neurons (28). As a result, 77pA1-B-KI-T24-
GAL4 marks all TrpAI-C* cells except for C4da neurons (28).
We found that heat allodynia was severely impaired when 77pA1
was knocked down under control of 77pAI-B-KI-T2A-GAL4
(Fig. 2 A and B), indicating that heat allodynia requires TrpAl in
cells other than C4da neurons. We substantiated this conclusion
by showing that 77pAI knockdown by 77pA1-A-KI-T2A-GAL4,
which marks all TrpA1* cells except for C4da neurons (28), sig-
nificantly impaired heat allodynia (Fig. 2 A and B). To determine
whether allodynia requires TrpAl in nonneuronal tissues, we
knocked down T7pAI in CC cells by Akh-GAL4 (39), or in the
gut by pros-GAL4 (40, 41), and found that heat allodynia was
not affected (Fig. 2 A and B). These data suggest that TrpAl
activity in C4da neurons, CC cells, or the gut does not play a
major role in heat allodynia, further raising a possibility that heat
allodynia involves TrpAl activity in larval CNS. By crossing
TrpA1-C-KI-T2A-GAL4 with a reporter line, we showed TrpAl-
C expression in three anatomically distinct neuronal clusters in
larval CNS (Fig. 2D). They included two clusters in larval brain:
that is, BLP (brain lateral posterior) neurons and BLA (brain lat-
eral anterior) neurons, and a third cluster VLT (VNC lateral and
TrpA1™) neurons in the ventral nerve cord (VNC) (28, 42).

Consistent with our previous observation that TrpAl-C is
expressed in a subgroup of TrpA1-D™ neurons (28), our analy-
sis of the T7pAI-D-KI-T2A-GAL4 allele revealed TrpAl-D
expression in BLA, BLP, VLT, and other neurons in larval
CNS (Fig. 2D). Therefore, TrpAl-C and TrpAl-D isoforms
are coexpressed in BLA, BLP, and VLT neurons. In an effort to
identify drivers that can distinguish BLA, BLP, and VLT neu-
rons, we found R21G0I1-GAL4, driven by the TrpAI cisregula-
tory sequence (Fig. 2C), was specifically expressed in BLA and
VLT, but not in BLP or other PNS neurons (Fig. 2D and S/
Appendix, Fig. S1K). Moreover, TrpAl knockdown by

https://doi.org/10.1073/pnas.2113645119

R21G01-GAL4 severely impaired heat allodynia (Fig. 2 A
and B). To assess the role of VLT neurons, we knocked down
TrpAl with the pan-VNC driver #h-GAL4 (43), or with two
additional drivers R78E05-GAL4 and R74A06-GAL4 that were
expressed in VLT but not BLA neurons (Fig. 2 E and £), and
found that heat allodynia was unaffected (Fig. 2 A and B).
Therefore, TrpAl activity in BLA but not VLT neurons
appears to be critical for heat allodynia. Finally, we showed that
TrpAl activity in BLP was not required for heat allodynia, as
knocking down 77pAIl under control of RGOFO7-GAL4, a
driver labeling BLP but not BLA or VLT neurons (42), did not
affect heat allodynia (Fig. 2 A and B).

In summary, these cell-specific RNAi analyses suggest that
heat allodynia requires TrpAl activity in BLA neurons in larval
brain. Altogether, our findings support the notion that heat
nociception and allodynia involve distinct neurons and molecu-
lar sensors; nociception is mediated by TrpAl-D in PNS C4da
neurons, whereas in the allodynia state heat is transduced by
TrpAl-C in brain BLA neurons.

BLA Neurons Control Heat Allodynia and Are Sensitized after
Epidermal Injury. Next, we expressed tetanus toxin (TnT), a
neurotoxin that blocks synaptic transmission by cleaving synap-
tobrevin (44), under R21G01-GAL4 control. We found that
TnT expression almost completely abolished heat allodynia
(Fig. 3 A and B). In contrast, heat nociception was unaffected
as these TnT expressing larvae responded normally to supra-
threshold stimulation of 44 °C (Fig. 3 Cand D). These results
indicate that larval CNS neurons marked by R21G01-GAL4
are specifically required for heat allodynia. Next, we activated
these CNS neurons by expressing the light-sensitive CsChrimson
under R21G01-GAL4 control and stimulating larvae with 620-
nm red light (45). We found light stimulation elicited rolling
of over 70% larvae (Fig. 3 £ and F, and Movies S1 and S2).
To substantiate this finding, we activated neurons by another
approach. Specifically, we expressed heat-sensitive TrpAl-A
(i.e., the A isoform of TrpAl), which is activated by warm tem-
perature as low as ~29 °C (46), under R21G0I-GAL4 control.
To ensure robust neuronal activation, we stimulated larvae with
a 40 °C probe and found that 100% larvae rolled (Fig. 3 G and
H). In contrast, control larvae bearing R21G0I-GAL4, or
UAS-TrpAI-A alone failed to roll (Fig. 3 G and H). These
optogenetics and thermogenetics results together indicated that
activation of R2I1GOI-GAL4"™ CNS neurons is sufficient to
elicit rolling behavior. R21G0I1-GAL4 was expressed in BLA
and VLT neurons (Fig. 2D); we therefore attempted to deter-
mine behavioral outcome after perturbation of VLT neurons.
There is no available GAL4 driver that specifically labels VLT
neurons. As such, we exploited the split- GAL4 system, in which
the DNA binding domain (GAL4.DBD) and the activation
domain (p65AD) of GAL4 are expressed in distinct cell groups,
allowing functional reconstitution of GAL4 activity only in cells
that express both GAL4.DBD and p65AD (47, 48). Intrigu-
ingly, we found combining R21G01-GAL4.DBD and R78E05-
PG65AD reconstituted GAL4 activity specifically in VLT neurons
(Fig. 3]). We further showed that expression of TnT under
split-GAL4 control did not affect heat allodynia (Fig. 3 J and
K). Moreover, thermogenetic activation of VLT neurons by
split- GAL4 or R74A06-GAL4 failed to induce rolling (Fig. 3 L
and M). Taken together, our results suggest that BLA but not
VLT neurons are important for heat allodynia.

To measure heat responses of BLA neurons, we performed
GCaMP imaging in dissected larval brain. We found that BLA

neurons from control larvae were activated by heat, a response
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Fig. 2. TrpA1 in larval brain BLA neurons is required for heat allodynia. (A and B) Behavioral responses to a 40 °C heat probe of larvae in which UAS-TrpA1-
RNAi was expressed in various tissues under control of different GAL4 drivers. A copy of UAS-Dcr2 was included to increase RNAI efficiency. Behavioral assay
was performed 24 h after UVC treatment. The sample numbers are indicated with brackets in A. Log-rank tests, corrected by total comparing group
numbers, were performed to compare dataset displayed in accumulated response curves in A. Results of statistical analysis are marked in the bar graphs in
B for clarity, and columns with different superscripts (a, b, and c) are significantly different from each other (P < 0.05). (C) Diagram of the cis-regulatory
element R27G017 (black bar), located at the TrpA7 intron between exons 7 and 8. Arrows indicate alternative exons. (D) Expression of TrpA7-C, TrpA1-D, and
R21G07 in larval CNS in transheterozygotes bearing TrpA7-(C or -D)-KI-T2A-lexA > lexAop2-6XmCherry and R21G01-GAL4 > UAS-6XGFP. BLA, BLP, VLT, and
CC cells, are indicated by arrows. Enlarged view of a brain lobe is shown in the right-most panels. () R78E05 and R21G01 expression in larval CNS in transhe-
terozygotes bearing R78E05-GAL4 > UAS-6XGFP and R21G07-lexA > lexAop2-6XmCherry. (F) R74A06 and TrpA1 expression in larval ventral nerve cord in
transheterozygotes bearing R74A06-GAL4 > UAS-6XGFP and TrpA1-T2A-lexA > lexAop2-6XmCherry. (Scale bars in D-F, 100 pm.)
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Fig. 3. BLA neurons mediate heat responses in the allodynia state. (A and B) Behavioral responses of larvae bearing R21G07-GAL4 > UAS-TnT to a 40°C heat
probe, at 24 h after UVC treatment. (C and D) Behavioral responses of larvae bearing R21G07-GAL4 > UAS-TnT to a 44°C heat probe, without UVC treatment.
(E and F) Optogenetics-induced rolling behavior of larvae bearing R21G01-GAL4 > UAS-CsChrimson. 2.1 x 2.1 cm? test fields are shown. Larvae displaying roll-
ing are indicated with arrows in E. Here, behavioral responses are categorized into two groups, no rolling (white bar, if no rolling was observed during 20 s
of light stimulation), and rolling (black bar, rolling occurred in 20 s). (G and H) Rolling behavior of larvae bearing R21G01-GAL4 > UAS-TrpA1-A, in response to a
40°C-heat probe. (/) VLT neurons in larval ventral nerve cord were specifically labeled by the split-GAL4 (R21G07-GAL4.DBD, R78E05-p65AD). (J and K) Rolling
behavior of larvae bearing split-GAL4 > UAS-TnT to a 40 °C-heat probe, at 24 h after UVC. (L and M) Thermogenetics stimulation of larvae bearing split-GAL4 >
UAS-TrpA1-A (L) or R74A06-GAL4 > UAS-TrpA1-A (M) by a 40°C heat probe did not induce rolling behavior. (N) Representative heat responses of BLA neurons
from larvae bearing R21G071-GAL4 > UAS-GCaMPe6s, at 24 h after mock or UVC treatment. A diagram for BLA and VLT neurons in larval CNS, labeled by
R21G017-GAL4 is displayed, Left. Squared area (25 pm x 25 pm) including the cell body of BLA neurons is enlarged (Right) to show somatic heat responses. Dis-
sected larval brains were stimulated using a program-controlled heat block. (O and P) Summary results of peak heat responses of BLA neurons from wild-
type (O) and TrpA7-KO (P) larvae. Larvae were mock or UVC-treated 24 h before imaging. Genotypes used for GCaMP imaging are: wt (w; UAS-GCaMP6s/+;
R21G01-GAL4/+). KO (w; UAS-GCaMPés/+; R21G01-GAL4, TrpA1-KO/TrpA1-KO). For A-D, G and H, and J-M, the sample numbers are indicated with brackets. Log-
rank tests were performed and corrected by total comparing group numbers. Results of statistical analysis are marked in the corresponding bar graphs for
clarity, and columns with different superscripts (a and b) are significantly different from each other (P < 0.05). ns, no significant difference (P > 0.05). For F,
Fisher's exact test was performed. For O and P, unpaired Student's t tests were performed. *P < 0.05, ns, no significant difference.
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that was abolished in 77pA1-KO larvae (Fig. 3 N-P and S/
Appendix, Fig. S2 A and B). Next, we bath-applied the Na™
channel blocker tetrodotoxin (TTX). TTX blocks action poten-
tials in Drosophila brain (49); thus, it should block synaptic
inputs to BLA neurons. We found TTX did not alter heat
responses of BLA neurons (S Appendix, Fig. S2C), suggesting
that BLA are intrinsically heat-sensitive neurons that detect
heat through TrpAl. Furthermore, heat responses of BLA neu-
rons were potentiated after UVC treatment, and this potentia-
tion was not observed in 77pAI-KO larvae (Fig. 3 N-DP).
Together, our results suggest that UVC sensitizes TrpAl-
mediated heat responses of BLA neurons, leading to allodynia.

Gq-PLC Sensitizes Heat Responses of TrpA1-C but Not TrpA1-D.
A previous study has shown the sensitization agent Tachykinin, a
neuropeptide expressed in larval brain, critically controls heat
allodynia of Drosophila larvae (11). Consistently, we found that
heat allodynia was severely impaired in larvae bearing the null
allele of 7kR99D (Tachykinin receptor 99D) (Fig. 4 A and B).
TkRIID is a G protein-coupled receptor linked to Ggq-PLC sig-
naling (11); we therefore assessed the role of Gq and PLC and
found that heat allodynia was severely impaired in larvae bearing
the null allele of Gag (Ga49B) and the hypomorphic allele of
PLCP (norpA) (Fig. 4 A and B). Furthermore, heat allodynia was
markedly reduced after RNAi knockdown of TkR99D, Gag, or
norpA under control of R21G01-GAL4 (Fig. 4 Cand D). In con-
trast, 7/#R99D knockdown in C4da neurons under control of
either p -GAL4™ or another C4da-neuron-specific driver ppk-
GAL4™ did not affect heat allodynia (SI Appendix, Fig. S5 A
and B; see SI Appendix, Fig. S5F for ppk-GAL4" k37 expression)
(37). These data indicate that heat allodynia requires TkR99D in
larval brain neurons, but not C4da neurons. Because BLA but
not VLT neurons were critically involved in heat allodynia, these
results further suggest that heat allodynia requires TkR99D-Gg-
PLC signaling in BLA neurons. Previous studies in Drosophila
have shown that activity of TkR99D, Gagq, and PLC can be
increased by overexpression (11, 50-54). Here, we found overex-
pression of TkR99D, Gag, or norpA under control of R21G0I-
GAL4 was sufficient to induce heat allodynia (Fig. 4 E and F).
Together, these loss-of-function and gain-of-function analyses
suggest that TkR99D-Gq-PLC signaling in BLA neurons criti-
cally controls heat allodynia.

Next, we determined whether Gq-PLC activity could differ-
entially regulate TrpAl-C versus TrpAl-D. We found that
overexpression of TkR99D, Gag, or norpA under control of
R21G01-GAL4 was sufficient to elicit robust heat allodynia in
TrpA1-C-KI larvae, with ~80% larvae rolled at 40 °C (Fig. 4 G
and A). In contrast, no heat allodynia was induced in 77pAI-
D-KI larvae (Fig. 41). These behavioral data suggest that
Gq-PLC activation in BLA neurons sensitizes heat responses of
TrpAl-C but not TrpAl-D. To substantiate this conclusion,
we performed GCaMP imaging to determine how acute phar-
macological activation of PLC regulates heat responses of BLA
neurons. We found that brief treatment of dissected larval
brains with the PLC agonist m-3M3FBS, which activates PLC
in Drosophila (55), significantly potentiated heat responses of
BLA neurons in wild-type larvae (Fig. 4 J and K and S/
Appendix, Fig. S3). On the other hand, heat responses were
abolished, and no potentiation was observed in TrpA1-KO lar-
vae (Fig. 4L and SI Appendix, Fig. S3). These data indicate that
PLC sensitizes heat responses of TrpAl in BLA neurons. We
further found that m-3M3FBS potentiated heat responses of
BLA neurons in 77pAI-C-KI but not TrpAI-D-KI larvae (Fig.
4 M and N and SI Appendix, Fig. S3), providing cellular

PNAS 2022 Vol.119 No.12 2113645119

evidence that PLC sensitizes TrpA1-C but not TrpAl-D. Based
on these behavioral and Ca®* imaging results, we propose that
activation of Gq-PLC in BLA neurons specifically sensitizes
TrpAl-C but not TrpAl-D, leading to cellular and behavioral
hypersensitivity.

Finally, we determined whether Gq-PLC could differentially
modulate TrpAl-C and TrpAl-D in C4da neurons, which
express TrpAl-C and TrpAl-D at comparable levels (28). Con-
sistent with our previous report (28), we found that 7rpA1-C-
KT larvae exhibited severe defects of acute heat nociception as
only ~20% rolled in response to a 44 °C probe (SI Appendix,
Fig. S4 A and B). However, the response ratio was increased to
100% after Gagq or morpA overexpression in C4da neurons
under ppk-GAL4” *37 control (SI Appendix, Fig. S4 A and B). In
contrast, Gag or norpA overexpression did not further increase
rolling responses of TrpAI-D-KI larvae (SI Appendix, Fig. S4 C
and D). Together, these results strengthen the conclusion that
Gq-PLC specifically sensitizes TrpA1-C but not TrpAl-D.

Discussion

Acute nociception and hypersensitivity reflect two functional
states of the nociceptive circuit. Elucidating the differences
between these two states is important as it will likely shed light
on chronic pain mechanisms. Based on results from the current
and prior studies (28), we propose a working model (Fig. 40).
In this model, acute heat nociception and heat allodynia in
Drosophila larvae involve distinct transduction mechanisms,
including different TrpAl ion channel isoforms as heat trans-
ducers (i.e., TrpAl-D vs. TrpAl-C) and different heat-sensitive
neurons (i.e., C4da neurons in the PNS vs. BLA neurons in the
CNS). These conclusions are supported by the following obser-
vations. First, TrpAl-D mediates acute heat nociception (28),
whereas TrpAl-C mediates heat allodynia (Fig. 1 C and D).
Second, RNAi knockdown of TrpAl in BLA neurons impairs
heat allodynia (Fig. 2 4 and B), but not heat nociception (28).
On the other hand, TrpAl knockdown in C4da neurons abol-
ishes acute nociception (28), but has little effect on heat allody-
nia (Fig. 2 A and B and S/ Appendix, Fig. S5 D and E). Third,
perturbing signaling of the sensitization agent Tachykinin by
knocking down TKR99D in BLA neurons impaired heat allo-
dynia (Fig. 4 C and D). On the other hand, TKR99D knock-
down in C4da neurons did not affect heat allodynia (87
Appendix, Fig. S5 A and B). Fourth, synaptic transmission of
BLA neurons is required for heat allodynia (Fig. 3 A and B),
but not for acute nociception (Fig. 3 Cand D). Fifth, artificial
activation of BLA neurons by optogenetics or thermogenetics is
sufficient to elicit rolling behavior (Fig. 3 E-H). Sixth, heat
responses of BLA neurons are potentiated after epidermal injury
(Fig. 3 N-P). Therefore, multiple heat-sensitive neurons are
distributed in larval PNS and CNS, to regulate nociception
and allodynia. Such anatomical and molecular segregation sug-
gests a possibility to counteract allodynia while leaving nocicep-
tion intact, by targeting allodynia-specific neurons or molecular
sensors.

A previous study has shown that RNAi knockdown of
TKR99ID by ppkl.9-GAL4 impairs heat allodynia, and TkR99D
expression by ppkl.9-GAL4 rescues the allodynia defect of
TkR99D mutants (11). These results suggest that Tachykinin acts
on C4da neurons to elicit allodynia, a conclusion that appears
inconsistent with our model (Fig. 40). To investigate this discrep-
ancy, we expressed UAS-TERIID-RNAi under control of three
different C4da neuron drivers: ppk-GAL4" and ppk-GAL4"*
used in the present study (37), and ppkl.9-GAL4 used in the
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Fig. 4. Gg-PLC signaling modulates heat responses of TrpA1-C but not TrpA1-D. (A and B) Injury-induced heat allodynia was impaired in larvae bearing
genetic mutation of TkR, Gq, or PLC. Behavioral assay was performed 24 h after UVC treatment. (C and D) Injury-induced heat allodynia was impaired in lar-
vae in which TkR, Gq, or PLC was knocked down in BLA neurons. Behavioral assay was performed 24 h after UVC treatment. (E and F) Heat allodynia was
induced in wild-type larvae in which TkR, Gq or PLC was overexpressed in BLA neurons, in the absence of tissue injury. (G and H) Heat allodynia was induced
in TrpA1-C-KI larvae in which TkR, Gg, or PLC was overexpressed in BLA neurons, in the absence of tissue injury. (/) No heat allodynia was induced in TrpA7-
D-Kl larvae in which TkR, Gq, or PLC was overexpressed in BLA neurons, in the absence of tissue injury. (/) Representative somatic heat responses of wild-
type BLA neurons, in the presence of DMSO or the PLC agonist m-3M3FBS (20 uM). Larvae bearing R21G07-GAL4 > UAS-GCaMP6s were used, in the absence
of tissue injury. A diagram for BLA and VLT neurons in CNS is displayed (Left), and BLA cell body is enlarged (Right) to show somatic heat responses. (K-N)
Summary results of peak heat responses of BLA neurons from wild-type (K), TrpA71-KO (L), TrpA1-C-KI (M), and TrpA1-D-KI (N) larvae. Their genotypes are: wt
(w; UAS-GCaMP6s/+; R21G01-GAL4/+), KO (w; UAS-GCaMP6s/+; R21G01-GAL4, TrpA1-KO/TrpA1-KO), C-KI (w; R21GO01-lexA/lexAop2-myr-GCaMP6s; TrpA1-C-KI/TrpAT-C-
Kl), and D-KI (w; R21G01-lexA/lexAop2-myr-GCaMPés; TrpA1-D-KI/TrpA1-D-KI). (O) A working model showing two distinct transduction mechanisms regulate acute
heat nociception and allodynia. Nociception is mediated by TrpA1-D in peripheral C4da neurons, while allodynia by tissue injury is mediated by TrpA1-C in
brain BLA neurons. Tachykinin receptor/G protein/PLC cascades specifically sensitize TrpA1-C by switching it from a dormant to a functional state. For A to /,
the sample numbers are indicated with brackets. Log-rank test was performed and corrected by total comparing group numbers. Results of statistical
analysis are marked in the corresponding bar graphs, and columns with different superscripts (a, b, and c) are significantly different from each other
(P < 0.05). ns, no significant difference (P > 0.05). For K, Mann-Whitney U test was performed. ***P < 0.001. For L-N, unpaired Student's t tests were
performed. *P < 0.05, **P < 0.01.
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previous study (11). We found TkR99D knockdown by ppkl.9-
GAL4 significantly reduced heat allodynia (87 Appendix, Fig. S5 A
and B), consistent with the previous report (11), In contrast,
TkR9ID knockdown by ppk-GAL4™ or ppk-GAL4™ had no
effect on heat allodynia (87 Appendix, Fig. S5 A and B). These
results raised possibilities that GAL4 drivers could have different
strength in C4da neurons, or alternatively could differ in their
expression patterns. To test these possibilities, we expressed GFP
under control of ppk-GAL4", ppk-GALE™, or ppkl.9-GAL4.
We found GFP intensity in C4da neurons was comparable
between ppkl.9-GAL4 and ppk-GAL4™, arguing against driver
strength differences (SI Appendix, Fig. S5C). We next examined
the expression patterns. Although ppk-GAL4" and ppk-GAL4"*>”
were barely detected in larval tissues other than C4da neurons,
ppkl.9-GAL4 was expressed in ring gland, lymph gland, fat body
and hemocytes (SI Appendix, Fig. S5F). Therefore, the discrepancy
between the present study and the previous one might be caused
by different GAL4 drivers used; the defective heat allodynia
observed with ppkl.9-GAL4 could result from TkR99D knock-
down in tissues other than C4da neurons.

To further determine the cellular loci for allodynia, we per-
formed genetic rescue studies by expressing TkR99D in UVC-
treated TkR99D mutant larvae, or by expressing TrpAl in
UVC-treated TrpAl mutant larvae. We found the expression of
TkRI9ID or TrpAl in either BLA or C4da neurons was sufficient
to rescue allodynia phenotype of the respective mutant larvae (57
Appendix, Fig. S6 A, B, E, and F). To assess whether the rescue
effects could result from ectopic TkR99D or TrpAl activity, we
repeated the genetic rescue studies but this time in larvae not
treated with UVC. We expect that if TKR99D and TrpAl were
restored to their endogenous expression levels in either BLA or
C4da neurons, mutant larvae not treated with UVC should not
exhibit allodynia. Contrary to our expectation, we found that
TkRI9ID or TrpAl expression in either BLA or C4da neurons
was sufficient to induce rolling responses to 40 °C in the respec-
tive mutant larvae (87 Appendix, Fig. S6 C, D, G, and H). These
results suggest the rescue effects we observed in UVC-treated
mutant larvae could result from ectopic activity of TkR99D
and TrpAl in BLA or C4da neurons, likely due to Gal4-UAS
mediated overexpression.

Activation of BLA or C4da neurons is sufficient to elicit roll-
ing, prompting us assess whether they could act in the same
neural pathway. To address this, we first determined whether
BLA and C4da neurons could directly interact. We conducted
GFP reconstitution across synaptic partners (GRASP) studies
but found no reconstituted GFP signals (SI Appendix, Fig. S7 A
and B). The Drosophila genome encodes no ATP receptors. To
assess whether C4da neurons could activate BLA neurons, we
expressed the ionotropic ATP receptor P2X2 in C4da neurons
(56). We validated that ATP application strongly activated
C4da neurons (SI Appendix, Fig. S7 C and D); however, this
treatment failed to activate BLA neurons (SI Appendix, Fig. S7
E and F). Together, our results suggest that C4da and BLA
neurons are two independent groups of heat-sensitive neurons
(Fig. 40). Several interneurons in the rolling circuit have been
identified to act downstream of C4da neurons (57); it will be
of interest to investigate whether rolling induced by BLA neu-
rons is also mediated by the same set of interneurons.

Larvae are small, suggesting that heat applied to the body
wall, as in the behavioral study, could alter brain temperature.
To estimate temperature changes in brain, we inserted a
tiny thermal probe inside the larval body into the brain lobe
location. Touching a larva with a 40 °C heat probe elicited a
rapid temperature rise with a plateau at ~34 °C (S/ Appendix,
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Fig. S1/). These results suggest that external heat could effec-
tively stimulate larval brain neurons.

TrpA1-C exhibits higher sensitivity to reactive oxygen species
(ROS) than other TrpAl isoforms (28). As heat has been
implicated in ROS production (58), one possible mechanism
underlying heat allodynia would be sensitization of TrpAl-C
by ROS. To determine whether ROS could play a role in heat
allodynia, we expressed an ROS scavenger, catalase (59), in
BLA neurons under R21G01-GAL4 control. We found catalase
expression did not affect allodynia (S Appendix, Fig. S8 A and
B). Although the human catalase used here has been shown to
be secreted from cells to counteract ROS in the extracellular space
(59), it may not effectively reduce intracellular ROS levels. There-
fore, a role of intracellular ROS in heat hypersensitivity cannot
be completely ruled out.

The only difference between TrpAl-C and TrpAl-D is the
linker connecting ankyrin repeats to transmembrane domains
(Fig. 1B and SI Appendix, Fig. S1B). Our results suggest
TrpAl-C and TrpAl-D differendially responded to Gq-PLC
activity (Fig. 4 G-I, M, and N), suggesting the linker domains
could differentially interact with Gq-PLC downstream effec-
tors. One such effector could be phosphatidylinositol 4,5-
bisphosphate (PIP,), the lipid in membrane inner leaflet that
has been shown to interact with ion channels to regulate their
functions (18, 20, 60). Indeed, PIP, has also been proposed to
inhibit TrpAl, as antibody sequestration of PIP, potentiates
human TrpAl responses in heterologous systems (20). One
known mechanism by which PIP, interacts with ion channels
is via electrostatic interactions between positively charged resi-
dues and negatively charged PIP, (61). Based on the published
TrpAl structure (62), the linker domain is in close proximity
to inner membrane leaflet thus could potentially interact with
PIP,. When analyzing the linker domain, we found no obvious
differences, such as phosphorylation sites, but noticed more
positively charged Lysine and Arginine in TrpAl-C than
TrpAl-D (seven in TrpAl-C vs. three in TrpAl-D) (87
Appendix, Fig. S1B), raising a possibility that PIP, could differ-
entially interacts with TrpA1-C and TrpA1-D through electro-
static interaction. Therefore, one hypothesis would be that
PIP, inhibits TrpAl-C in the normal condition, and this inhi-
bition is released by sensitization agents such as Tachykinin
through PLC-mediated PIP, depletion, leading to TrpAl-C
sensitization (Fig. 4 G, H, and M). On the other hand, PIP,
does not appear to inhibit TrpA1-D as PLC activation did not
alter TrpA1-D heat responses (Fig. 4 /and N). This hypothesis
predicts that increasing the ratio of TrpA1-C over PIP, would
sensitize TrpAl-C. Indeed, we have shown that although
TrpAl-C is normally heat-insensitive in C4da neurons in vivo,
overexpression of TrpAl-C in C4da neurons renders robust
heat responses of TrpAl-C (28), consistent with the notion
that increasing TrpAl-C levels allows escaping from PIP,
inhibition.

Alternative splicing is enriched in the nervous system and is
thought to expand the functional genome capacity (63, 64). By
revealing TrpAl-D and TrpAl-C as heat transducers exclu-
sively for nociception and allodynia, respectively, our study sug-
gested alternative splicing as a previously underappreciated
mechanism that regulates nociception and hypersensitivity.
Although splicing variants of mammalian 77pAI with different
linker domains, like those of Drosophila TrpAl-C and -D, has
not been identified, other splicing variants of human and
mouse 77pAI have been identified and many of these variants
exhibit functional diversity in vitro (65, 66). It will be of inter-
est to determine expression of TrpAl splicing variants and their
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contribution to mammalian nociception and hypersensitivity.
In summary, our study highlights the importance of investigat-
ing distinct in vivo functions of alternative isoforms of sensory
ion channels to advance our understandings of nociception and
hypersensitivity.

Finally, UVC was used in the present study as an experimen-
tal paradigm to induce tissue injury and heat allodynia. It is
worth noting that UVC is an unnatural stimulus as it does not
reach the surface of earth. On the other hand, UVA is natural
and can cause skin damage to humans. It will be interesting to
know whether exposure of larvae to UVA could elicit heat
hypersensitivity by employing the similar cellular and transduc-
tion mechanisms described here.

Materials and Methods

Fly Stocks. Flies were raised in cornmeallyeast-based food and maintained in
incubators with the temperature set at 25°C and humidity set at 60% in a
12:12-h light:dark cycle. The fly stocks were used as follows. w’"™®, TipAT iso-
form knockout and knockin stocks (28), isoform-T2A-GAL4/lexA drivers (28), UAS-
TrpAT-A (28), 386Y-GAL4 (BL#25410), R21G01-GAL4 (BL#48951), R21GOT-lexA
(BL#61521), pros-GAL4 (a gift from Wei Zhang, Tsinghua University, Beijing,
China), tsh-GAL4 (a gift from Yulong Li, Peking University School of Life Sciences,
Beijing, China), Akh-GAL4 (a gift from Rebecca Yang, Duke University Medical
School, Durham, NC), UAS-TnT (BL#28837), R60F07-GAL4 (BL#45358), R78E05-
GAL4 (BL#39998), R74A06-GAL4 (BL#47398), R21G0T-GAL4.DBD (BL#69471),
R78E05-p65.AD (BL#68630); UAS-Dcr2 (BL#24650), UAS-TrpA1-RNA (BL#36780),
UAS-TKR99D-RNAi - (BL#27513), UAS-Gaq-RNAi (BL#33765), UAS-norpA-RNAi
(BL#31113); UAS-6XGFP (BL#52261, BL#52262), lexAop2-6XmCherry (BL#52271,
BL#52272), UAS-EGFP (from Wei Xie), UAS-GCaMPés (BL#42746), lexAop2-myr-
GCaMP6s (28), UAS-GCaMP6m (BL#42748), lexAop2-GCaMP6f (BL#44277), UAS-
CsChrimson (BL#55135), Gaq' (BL#42257), norpA™** (BL#9048), UAS-Gaq
(BL#30734), UAS-nomA (BL#35529), nsyb-GRASP (BL#64314), ppk-Ga/47" (37),
ppk-Gald™ (37), UAS-P2X2 (67), and TkRI9D"?"?”, UAS-TKR99ID, and ppk1.9-Gal4
(gifts from Michael J. Galko, The University of Texas MD Anderson Cancer Center,
Houston, Texas).

Epidermal Injury by UVC Treatment. Early third-instar larvae were briefly
cleaned by distilled water and then anesthetized by ether for about 2 min until
immobilized. Larvae were then transferred to a SYLGARD silicone (Dow Corning)
plate with the dorsal side facing up. The plate was then placed inside a Specto-
linker XL-1000 UV cross-linker (254 nm, Spectronics Corporation) and exposed
to a brief UVC radiation (~6 s, ~20 mJ/cm?, measured by UV spectrophotome-
ter AccuMAX XS-254, Spectroline). After treatment, larvae were retumed to
mashed fly food and recovered for 24 h before behavioral assay was performed.

Thermal Nociception Assay. Thermal nociception assay was performed as
previously described (9, 28). Briefly, the heat stimulus was applied by a custom-
made heat probe with a PID (Proportional Integral Derivative) controller. Early
third-instar larvae were cleaned with distilled water and stimulated by the heat
probe tip at abdominal segments 4 to 6 in the dorsal side. Rolling was defined
as at least one 360° roll. One larva was stimulated only once. The latency
between stimulation onset and rolling was recorded with up to a 20-s cutoff.
According to the latency, responses were divided into three categories, fast roll-
ing (<5 s), slow rolling (>5 but <20 s), and no rolling (>20 s). The assays were
performed at room temperature (about 23 °C) under a dissection scope (Nikon
SMZz800) and a light source (Fostec ACE).

Confocal Microscopy and Immunofluorescence. Drosophila larval tissues
were dissected in ice-cold phosphate-buffered saline (PBS) and then fixed with
4% paraformaldehyde (PFA/PBS) for 1 h at room temperature. After fixation,
samples were washed by 0.3% Triton X-100/PBS for 4 x 15 min. Then the sam-
ples continue to be washed by PBS for 3 x 15 min. Samples were then
mounted on glass slides with mounting media (Vectashield H-1000, Vector Lab).
Images were acquired with a confocal microscope (Zeiss LSM700). For immunos-
taining, fixed tissues were incubated in blocking buffer (5% normal donkey
serum, 0.3% Triton X-100/PBS) for 1 h at room temperature. Samples were then
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incubated with anti-Fasciclin-3 for labeling epidermal membranes (Developmen-
tal Studies Hybridoma Bank, 7G10; 1:50) overnight at 4 °C. After washing, the
samples were incubated with secondary antibody goat-anti-mouse Cy3 (Jackson
ImmunoResearch; 1:1,000) for 1 h at room temperature. Samples were washed
by PBS for 3 x 15 min and mounted on glass slides for imaging. For HRP stain-
ing, dissected larval fillets were incubated with anti-HRP-Cy3 (Jackson ImmunoR-
esearch, 123-165-021; 1:500) for 1.5 h at room temperature.

Program-Controlled Peltier Plate. To apply heat stimulation to dissected lar-
vae brain, we built a program-controlled Peltier device. Briefly, a Peltier plate
(12706, 4 x 4 cm) was attached on a copper block (4 cm x 4 cm) with circulated
cooling water. The Peltier plate and copper block were then mounted on the
sample stage of the confocal microscope. The power controller for the Peltier
device was an FTC200 TEC board (Accuthermo Technology) connected with an
FTX700D H-bridge amplifier and a 300 W 12 V DC power. The real-time temper-
ature of samples was monitored by a T-type thermal coupler (Omega 5SRTC-TT-T-
36-36). The device was controlled by the FTC200 controller software. The PID
parameters were optimized to achieve fast and smooth temperature holding and
ramping curves.

GCaMP Imaging. The laval brain was dissected in HL3 (NaCl 70 mM, KC
5 mM, CaCl, 1.5 mM, MgCl, 20 mM, NaHCO; 10 mM, Trehalose 5 mM,
Sucrose 115 mM, Hepes 5 mM, pH 7.2) and transferred to program-controlled
Peltier plate containing ~10 pL HL3 solution with a cover glass. The brain sam-
ple was placed between the Peltier plate and the cover glass, allowing it to rest
for 10 min at 20 °C before imaging. The temperature program was controlled by
FTC200 software (Accuthermo Technology) as follows; holding at 20 °C for 60 s,
ramping up to 40 °C at about 0.5 °C/s, and holding at 40 °C for 80 s. R27G07-
GAL4 > UAS-GCaMPés or R21G0T-lexA > lexAop2-myr-GCaMPés larvae were
used to monitor Ca>* responses of BLA neurons upon heat stimulation. Data
were recorded on a Zeiss LSM700 confocal microscope with a Zeiss 20x/1.0 NA
water-immersion objective lens (421452-9800). GCaMPés fluorescence was
excited by a 488 nm laser. Images were acquired at 512 x 512 pixels, 12-bit
dynamic range in a time-lapse mode. Region-of-interest (ROI) was selected from
the somatic region of BLA neurons. Changes of GCaMPés fluorescence were cal-
culated by AFIFy = (F, — Fo)lFo, where F; was the fluorescent value of an ROI of a
given frame. Fy was defined as the value of the same ROl in the 60-s frame. Maxi-
mal AFlFo was the maximum value during the imaging period from 60 to 120 s.
For TipA1-KO, the AFIFy was calculated from the frame when temperature reached
40°C. For m-3M3FBS treatment, larval brains were incubated with m-3M3FBS
(20 uM) on the 20 °C heat plate for 10 min before imaging. As negative control
m-3M3FBS, equal amounts of DMSO vehicle were applied. We noted that BLA
neurons showed reduced heat responses when DMSO was present.

For GCaMP imaging of P2X2 responses to ATP, larvae were carefully dissected
and mounted on SYLGARD silicone plate in HL3 saline with VNC connected to
the peripheral nervous system. After 5-min rest, ATP solution (Sigma, A2383-5G)
was gently added with a final ATP concentration of 1 mM. Thirty seconds of aver-
aged fluorescence intensities before and after ATP application were used to
calculate baseline and response values.

Optogenetics. To stimulate BLA neurons, we expressed CsChrimson under
control of R21G0T-GAL4. Two copies of UAS-CsChrimson were used to
enhance the expression levels. The larvae were fed on food containing all-
trans-retinal (400 pM) and maintained in dark throughout the entire devel-
opment and the experimental procedure. Third-instar larvae were used for
behavioral assay in a 10-cm Petri dish. To deliver red light, we connected a
10 x 10 cm LED back-light plate (620 nm, 12 Volts, 4.8 Watts) to an LED
power driver (ONI-P12R). The behavioral videos were recorded with an indus-
try camera (CGimagetech, CGU2-130M) adapted with an infrared long-pass
filter (Zomei, >760 nm).

Brain Temperature Measurement. A tiny thermocouple (IT-24P, Physitemp)
was inserted into the brain lobe location (segment T3-A1) of the third-instar lar-
vae through an excision at the posterior end. The thermocouple was connected
with the temperature logging device to monitor temperature changes. The heat
probe contacted larval dorsal side around segment A4, the same way as we per-
formed rolling behavioral assay, for a duration of 20 s.
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Statistical Analyses. Statistical analysis was performed by Graphpad Prism
software. The latency of rolling behavior was analyzed using the Log-rank
(Mantel-Cox) test. The P values were corrected by multiplying total compar-
ing numbers. Whenever t test was used, the dataset passed normality test. A
dataset of Fig. 4K did not satisfy normal distribution, therefore, the nonpara-
metric Mann-Whitney U test was used instead. For optogenetic stimulation
assay, Fisher's exact test was performed. In all figures, ns, P > 0.05, *P <
0.05, **P < 0.01, and ***P < 0.001. Columns with different superscripts (a,
b, and c) are significantly different from each other (P < 0.05). Error bars
are SEMs.
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