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Painful or threatening experiences trigger escape responses that
are guided by nociceptive neuronal circuitry. Although some compo-
nents of this circuitry are known and conserved across animals, how
this circuitry is regulated at the genetic and developmental levels is
mostly unknown. To escape noxious stimuli, such as parasitoid wasp
attacks, Drosophila melanogaster larvae generate a curling and roll-
ing response. Rover and sitter allelic variants of the Drosophila for-
aging (for) gene differ in parasitoid wasp susceptibility, suggesting a
link between for and nociception. By optogenetically activating cells
associated with each of for’s promoters (pr1–pr4), we show that pr1
cells regulate larval escape behavior. In accordance with rover and
sitter differences in parasitoid wasp susceptibility, we found that
rovers have higher pr1 expression and increased sensitivity to
nociception relative to sitters. The for null mutants display impaired
responses to thermal nociception, which are rescued by restoring for
expression in pr1 cells. Conversely, knockdown of for in pr1 cells
phenocopies the for null mutant. To gain insight into the circuitry
underlying this response, we used an intersectional approach and
activity-dependent GFP reconstitution across synaptic partners
(GRASP) to show that pr1 cells in the ventral nerve cord (VNC) are
required for the nociceptive response, and that multidendritic sensory
nociceptive neurons synapse onto pr1 neurons in the VNC. Finally, we
show that activation of the pr1 circuit during development suppresses
the escape response. Our data demonstrate a role of for in larval
nociceptive behavior. This function is specific to for pr1 neurons in
the VNC, guiding a developmentally plastic escape response circuit.

nociception | optogenetics | Drosophila | plasticity | genetic variation

Efficient and rapid escape behavior in reaction to threatening
sensory stimuli is vital for defense and, ultimately, survival

(1–5). Despite their importance, little is known about how nox-
ious stimuli bring about stereotyped escape behaviors, as well as
what factors contribute to variation in the latency to perform
these escape responses.
Drosophila melanogaster larvae must forage for food while

avoiding noxious stimuli and predators, such as parasitoid wasps
(6, 7). Drosophila larvae use class IV (cIV) multidendritic sensory
neurons on their cuticle to detect noxious stimuli or an attack by a
parasitoid wasp and then escape by eliciting a sequential body
bending and corkscrew-like rolling response (8, 9). This escape
behavior is also seen in response to mechanical or thermal nociception
(10–16). Silencing cIV multidendritic sensory neurons with tetanus
toxin eliminates this nociceptive-like escape response (8), whereas
optogenetic activation of these neurons induces the curling and
rolling escape response (8, 17, 18). These sensory neurons also
display experience-dependent plasticity, as prolonged optogenetic
activation during development sensitizes these neurons, resulting
in larvae that are less likely to roll in response to subsequent
optogenetic stimulation (19).
The Drosophila foraging (for) gene encodes a guanosine 3′,5′-

cyclic monophosphate–dependent protein kinase (PKG) (20) and

affects numerous behaviors (20–25), several types of plasticity (26–
29), and synaptic function (30–32). Allelic variants of for (rover
and sitter) differ in for messenger RNA (mRNA) levels, foraging
behavior (20–22), and their susceptibility to predation by parasit-
oid wasps (33–35). However, it is not known if for is involved in the
nociceptive-like escape response. PKG has been shown to regulate
nociception in several organisms (36–38). Here, we use an opto-
genetic screen to show that activation of a subset of for neurons
induces a nociceptive-like escape response. In addition, we show
that FOR is required for this nociceptive-like escape response and
that this response is influenced by both genetic variation of for and
activation of these for neurons during development.

Results
Activation of for pr1 Cells Induces a Curling and Rolling Response.
The for gene has a complex structure that contains four pro-
moters (pr1–pr4) (22). GAL4 lines were previously generated for
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genetic variation and experiences in development can shape
escape responses.
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each of these promoters, and these pr-GAL4s drive expression of
GFP in distinct patterns in the larval central nervous system
(CNS) (25). We confirmed that pr1-GAL4 and pr4-GAL4 express
primarily in neurons in the larval CNS, whereas pr2-GAL4 and
pr3-GAL4 express in glia (Fig. 1 A and B). To better understand
the functional significance of this expression pattern, we took an
optogenetic approach and used the GAL4/UAS system (39) to drive
the expression of a red-light–activated channelrhodopsin, chrimson
(40), in subsets of cells that are associated with each of the four for
promoters (pr1–pr4). Larvae were stimulated for 5 s with red light
(617 nm). Activation of pr1 cells induced a curling and rolling be-
havior (Movie S2) that was not seen in control larvae (Movie S1) or
when pr2, pr3, or pr4 cells were activated (Fig. 1 C and D). Thus,
activation of pr1 cells results in a curling and rolling behavior.

for in pr1 Cells Regulates Thermal Nociception. The curling and
rolling behavior is reminiscent of an escape response that larvae
display in response to both a parasitoid wasp attack (8) and
thermal nociception (10). To determine if for functions in ther-
mal nociception (Fig. 2B), we examined two allelic variants of for
(rover and sitter) that differ in their susceptibility to predation by
parasitoid wasps (33–35). We found that the response latency
(the time in seconds to the onset of curling and rolling) was
significantly shorter for rovers (forR) than for sitters (fors; Fig.
2C). The pr1-GAL4 primarily expresses in the CNS of larvae
(25). Consequently, we hypothesized that for pr1 mRNA levels of
rover and sitter larvae would differ in dissected larval CNSs. We
tested this by performing quantitative RT-PCR (qRT-PCR) to
characterize the levels of for mRNA associated with each of for’s
four promoters in dissected larval CNSs. We found rovers had
significantly higher levels of for pr1 mRNA in comparison to sit-
ters (Fig. 2A). Correspondingly, we detected no differences in the
other for pr transcripts between rovers and sitters in the larval
CNS (Fig. 2A). We concluded that rovers are more sensitive
(shorter response latencies) to thermal nociception and have
higher levels of for pr1 mRNA in their larval CNSs than sitters do.
We further studied the role of for in thermal nociception,

using genetic and transgenic manipulations of for. We found that
for0 null mutants (22) had significantly longer response latencies
than both rovers and sitters (Fig. 2C). To determine if the ab-
sence of for in pr1 cells was responsible for the longer latency
response seen in for0 null mutants, we used the GAL4/UAS
system (39) to drive expression of for in pr1 cells in a for0 null
mutant background. We found that expression of for in pr1 cells
rescued the longer latency response seen in for0 null mutants
(Fig. 2D). Next, we used a for RNA interference (RNAi) line to
knock down for transcripts (described and validated in SI Ap-
pendix, Fig. S1). Knocking down for with RNAi in pr1 cells
phenocopied the longer response latencies seen in for0 null
mutants (Fig. 2E). Overall, these data demonstrate that for in pr1
cells is required for the curling and rolling response induced by
thermal nociception.

pr1 Neurons in the Ventral Nerve Cord Are Required for the Curling
and Rolling Response. The cIV multidendritic neurons are required
for generating the nociceptive-like escape response (8). Therefore,
we next determined if pr1-GAL4 expresses in cIV multidendritic
neurons by comparing its expression with that of ppk-eGFP (41), a
protein known to be expressed in cIV multidendritic neurons. We
found that pr1-GAL4 does not express in cIV multidendritic
neurons, but appears to express in tracheal multidendritic neurons
on the larval body wall (SI Appendix, Fig. S2).
pr1-GAL4 also expresses outside the nervous system in a few

enteroendocrine cells in the anterior of the midgut (25). To
further refine the expression patterns of GAL4s, we used the
GAL4 repressor, GAL80 (42, 43) (Fig. 3A). To determine if pr1
neurons were required for the curling and rolling response, we
combined the pan-neuronal GAL4 inhibitor nsyb-GAL80 (44) with

pr1-GAL4 and tested whether activation of nonneuronal pr1 cells,
such as enteroendocrine cells, could induce the response. Loss of
most of the neuronal expression (Fig. 3C) blocked the curling and
rolling response (Fig. 3B). Thus, pr1 neurons specifically are re-
quired for the curling and rolling response.
The cIV multidendritic neurons are known to synapse onto the

ventral region of the ventral nerve cord (VNC) (19, 45–47). We
next tested whether pr1 VNC neurons were required for the
curling and rolling response by genetically separating pr1-GAL4
brain lobe expression from VNC expression by combining the
VNC-specific GAL4 inhibitor tsh-GAL80 (48) with pr1-GAL4.
Loss of expression in the VNC (Fig. 3C) blocked the curling and
rolling response (Fig. 3B). This demonstrates that pr1 neurons in
the VNC are required for the curling and rolling response.
To determine if cIV multidendritic neuron synapse onto pr1

neurons in the VNC, we used activity-dependent GFP reconsti-
tution across synaptic partners (GRASP) (49). This involves the
reconstitution of two fragments of a split GFP (spGFP1–10 and
spGFP11) across active synapses. The spGFP1–10 is fused to the
C terminus of n-synaptobrevin (n-syb) and only binds to its GRASP
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Fig. 1. Optogenetic activation of for pr1 neurons induces a curling and
rolling response. (A) Schematic of the for gene. The four transcription start
sites (pr1, pr2, pr3, and pr4) are indicated with arrows, exons are indicated
with boxes, and introns are shown as black lines. Regions used to make pr-
GAL4s are indicated in red. (B) Representative images (n = 6 per genotype)
of fixed pr1-GAL4 > UAS-mCD8GFP, pr2-GAL4 > UAS-mCD8GFP, pr3-GAL4 >
UAS-mCD8GFP, and pr4-GAL4 > UAS-mCD8GFP larval CNSs stained with anti-
GFP. (C) pr1-GAL4 > UAS-chrimson larvae curl and roll in a corkscrew-like
motion in response to red light. (D) pr1-GAL4 > UAS-chrimson larvae
exhibited significantly more curling and rolling than UAS-chrimson/+ lar-
vae when stimulated with red light [one-way ANOVA: curling F(4,145) =
754.7, P < 0.0001; rolling F(4,145) = 72.67, P < 0.0001; n = 30 per
genotype]. No significant effect was seen when pr2-GAL4, pr3-GAL4, or
pr4-GAL4 was used to drive UAS-chrimson P > 0.05; n = 30 per genotype].
Error bars indicate SEM. wt, wild type.

Dason et al. PNAS | September 22, 2020 | vol. 117 | no. 38 | 23287

N
EU

RO
SC

IE
N
CE

SP
EC

IA
L
FE
A
TU

RE

D
ow

nl
oa

de
d 

at
 P

or
tic

o,
 IT

H
A

K
A

 o
n 

O
ct

ob
er

 2
7,

 2
02

0 

This content downloaded from 
������������142.150.215.198 on Thu, 06 Apr 2023 17:32:44 UTC������������ 

All use subject to https://about.jstor.org/terms

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1820840116/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1820840116/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820840116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820840116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820840116/-/DCSupplemental


partner (CD4::spGFP11) when it is exposed to the synaptic cleft
following synaptic vesicle (SV) fusion (49). We used ppk-lexA to
drive the expression of lexAop-nsyb-spGFP1–10 in cIV multi-
dendritic neurons and pr1-GAL4 to drive the expression of UAS-
CD4-spGFP11 in pr1 neurons (Fig. 3D). We used high K+ saline
to induce SV fusion and observed a specific GFP signal along the
axon tracks of cIV multidendritic neurons (Fig. 3E), demonstrating
that cIV multidendritic neurons do, in fact, synapse onto pr1
neurons in the VNC. Collectively, these experiments allow us to
conclude that cIV multidendritic neurons, involved in the curling
and rolling response, synapse onto pr1 neurons in the larval VNC.

pr1 Neurons Are Part of a Developmentally Plastic Sensory Circuit.
Next, we tested if optogenetic activation of pr1 cells at different
larval stages of development could induce a curling and rolling
response. We found that optogenetic activation of pr1 neurons,
but not pr2 cells, elicited a curling and rolling response in first
instar [48 h after egg laying (AEL)], second instar (72 h AEL),
early third instar (96 h AEL) and mid-third instar (120 h AEL)
larvae (Fig. 4A). This demonstrates that the sensory circuit for
the curling and rolling response is functional at all three larval
stages of development.

Optogenetic stimulation of cIV multidendritic neurons during
development sensitizes cIV multidendritic neurons and makes
larvae less likely to curl and roll in response to subsequent
optogenetic stimulation (19). Given that pr1 neurons are
downstream of cIV multidendritic neurons, we hypothesized that
activation of pr1 neurons during development would also suppress
the nociceptive-like escape response. We expressed chrimson in
pr1 cells and activated it in developing larvae with brief pulses of
red light (5 s of illumination followed by 5 min of no illumination).
We then used the thermal nociception assay to determine if the
nociceptive-like escape response was affected by activation of pr1
cells during third instar larval development. Activation of pr1 cells
at 103–119 h AEL (5 s of illumination every 5 min) increased the
response latency of larvae (Fig. 4C), whereas activation of pr1 cells
at 79–95 h AEL (5 s of illumination every 5 min) had no effect on
the response latency of larvae (Fig. 4B). More acute stimulation
for 1 h (5 s of illumination every 5 min) at 103 h AEL or 118 h
AEL had no effect on response latency (Fig. 4 D and E). Taken
together, these results show that activation of pr1 cells during a
specific time during larval development (103–119 h AEL) sup-
pressed the nociceptive-like escape response of Drosophila larvae.

Discussion
We establish that FOR is required for a nociceptive-like escape
response by Drosophila larvae and that this response is influenced
by genetic variation of for. Furthermore, we show that pr1 neurons
in the VNC are required for this curling and rolling response and
that these pr1 neurons are part of a plastic sensory circuit.
Our data demonstrate that activation of for pr1 cells induces a

curling and rolling response and that reduction of FOR in these
cells reduces the likelihood that larvae will curl and roll in response
to thermal nociception. Together, these data suggest that FOR is
required for activation of pr1 cells to induce the nociceptive-like
escape response. Presynaptic Drosophila FOR and mammalian
PKG maintain sustained neurotransmitter release by facilitating
SV endocytosis (32, 50, 51). The inability of for0 null mutants to
maintain sustained neurotransmitter release in pr1 neurons, which
are downstream of cIV multidendritic sensory neurons, may re-
duce the likelihood of larvae curling and rolling in response to
thermal nociception. Mammalian PKG has also been shown to
have a presynaptic function in nociception (37) and is required for
activity-dependent nociceptive hypersensitivity in mice (37) and
Aplysia (36).
Rovers have a shorter latency to perform the nociceptive-like

escape response and have higher levels of for pr1 transcript in the
larval CNS than sitters. Several single-nucleotide polymorphisms
(SNPs) between rovers and sitters are found in the DNA se-
quence of pr1, and several putative transcription factor binding
sites have been identified in this region (21, 52). A SNP in pr4
was previously found to correlate with differences in foraging
behaviors of rover and sitter adult flies (21). We speculate that
the SNPs in the DNA sequence of pr1 are responsible for the
higher levels of for pr1 transcripts in rovers, which is likely the
cause of the shorter latency time seen in rovers in response to
thermal nociception in comparison to sitters.
Interestingly, for expression in pr1 neurons was recently shown

to be required for larval foraging behavior (25). It seems likely
that the higher levels of for pr1 transcript that we find in rovers
may also be the cause of the increased foraging trail lengths seen
in rovers in comparison to sitters. This increased foraging behav-
ior makes rovers more susceptible to parasitization by parasitoid
wasps, such as Ganaspis xanthopoda and Asobara tabida (33–35),
that search for larvae by sensing their vibrations. We found that
rovers have a shorter latency to perform the nociceptive-like es-
cape response than sitters. A shorter latency may benefit larvae
that are more easily detected by parasitoid wasps because they
move more and cover a larger area while foraging (33). It may be
advantageous for the same neurons or neurons in the same circuit
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Fig. 2. for in pr1 neurons regulates thermal nociception. (A) Rovers
(+;forR;+) have significantly higher pr1 transcript levels than sitters (+;for s;+)
in dissected larval CNSs [unpaired t test: t(10) = 3.12, P = 0.011; n = 6]. No
significant differences were found in the levels of common coding, pr2, P1/3,
or pr4 transcripts between rovers and sitters (P > 0.05; n = 6). (B) Schematic
of thermal nociception assay. Larvae curl and roll in a corkscrew-like motion
when touched with a probe heated to 42 °C. (C) Rovers (+;forR;+) displayed a
significantly shorter response latency (P < 0.001) in comparison to sitters
(+;fors;+). The response latency of for null mutants (+;for0;+) was signifi-
cantly increased (P < 0.001) in comparison to rovers and sitters [n = 126 for
sitters, n = 58 for rovers, and n = 123 for for null mutants; Kruskal–Wallis
one-way ANOVA: H(2) = 112.46, P < 0.001]. (D) Increased response latency
seen in for null mutants was rescued by expressing for in pr1 neurons
(+;for0;pr1-GAL4/UAS-for-flag-4c) [n = 34 for +;for0;pr1-GAL4/+, n = 13 for
+;for0; UAS-for-flag-4c/+, n = 18 for +;for0;pr1-GAL4/UAS-for-flag-4c; one-
way ANOVA F(2,62) = 10.76, P < 0.001]. (E) Knocking down for in pr1 neu-
rons (+;UAS-Dcr, fors/fors;pr1-GAL4/UAS-for-RNAi) significantly increases
response latency in comparison to controls (+;fors;pr1-GAL4/+ and +;UAS-
Dcr, fors/fors;UAS-for-RNAi/+) [n = 78 for +;fors;pr1-GAL4/+, n = 73 for +;UAS-
Dcr, fors/fors;/UAS-for-RNAi/+, and n = 114 for +;UAS-Dcr, fors/fors;pr1-GAL4/
UAS-for-RNAi; Kruskal–Wallis one-way ANOVA: H(2) = 28.74, P < 0.001]. Error
bars indicate SEM.
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to regulate the nociceptive-like escape response and foraging be-
havior; however, it is not known if this is the case. Alternatively,
different subsets of pr1 neurons in different circuits may regulate
these behaviors.
Reconstructed electron microscopy data have identified 13

second-order neurons in the VNC that are targets of cIV
multidendritic neurons in Drosophila larvae (18). Of these, several
have been shown to trigger the nociceptive-like escape response
(18, 46, 47, 53) and one activates a pair of command-like high-
order neurons (18). It is not known whether all 13 second-order
neurons can trigger the nociceptive-like escape response. Using
activity-dependent GRASP, we show that cIV multidendritic
neurons synapse onto pr1 neurons in the VNC, which can also
trigger the nociceptive-like escape response. The dilp7 second-
order neurons have previously been identified to be part of the
nociceptive-like escape response circuit (53), and they do not
colocalize with pr1 neurons (SI Appendix, Fig. S3). Future studies
will address whether the pr1 neurons identified in the present
study correspond to the second-order neurons known to trigger
the nociceptive-like escape response.
Optogenetic activation of cIV multidendritic neurons during

development sensitizes these sensory neurons, resulting in larvae
being less likely to curl and roll in response to subsequent
optogenetic stimulation (19). We show that cIV multidendritic
neurons synapse onto pr1 neurons and that activation of pr1
neurons reduces the likelihood of larvae curling and rolling in
response to a thermal probe. This may allow larvae to adapt to
continuous noxious stimuli and suppress the nociceptive-like
escape response to perform other important behaviors, such as
foraging for food.
There are multiple levels of biological organization underlying

animal behavior. Drosophila nociception has primarily been
studied from a neuronal circuitry perspective (18, 46, 47, 53), but
less is known about the genes and factors that influence the
functioning of this circuitry. Here, we describe a role for the for
gene in modulating the function of a nociceptive circuit. Fur-
thermore, our data suggest that differences in nociceptive sen-
sitivity might arise from genetic variation at the for locus. We
show that for regulates nociception and that for pr1 neurons are

part of a nociceptive circuit that can be influenced by synaptic
activity during development.

Methods
Fly Stocks. Fly stocks were grown in uncrowded conditions at 25 °C on
molasses-based fly medium (54). This fly medium was supplemented with all-
trans retinal for optogenetic experiments. Mid-third instar larvae were used
for all experiments unless otherwise indicated. Rover (forR) and sitter (fors)
strains were previously described (22). The GAL4/UAS system (39) and the
lexA/lexAop system (55) were used for tissue-specific expression of trans-
genes. pr1-GAL4, pr2-GAL4, pr3-GAL4, and pr4-GAL4 (25) were used to drive
the expression of UAS-mCD8-GFP or other transgenes in subsets of for cells.
The for0 null mutant contains a 35-kb deletion that removes the entire
for locus (22). UAS-chrimson was used to express a red-light–activated
channelrhodopsin, chrimson (40). UAS-for-flag-4c was used to express FOR
with a flag-4c tag on the C terminus in selected tissues or cells (32). FOR-flag-
4c was previously shown to be a functional FOR protein that recapitulates
FOR function (32). UAS-Dcr, UAS-forRNAi was used to knock down for in
selected cells. Knockdown of for was performed in a fors background to get
as strong a knockdown as possible, since fors has lower levels of for than forR

(Fig. 2A). da-GAL4 was used as a ubiquitous driver (56). ppk-eGFP was used
to visualize cIV multidendritic neurons (41). The n-syb–GAL80 was used to
repress GAL4 activity in the nervous system (44). tsh-GAL80 was used to in-
hibit GAL4 activity in the VNC (48). ppk-lexa was used as a cIV multidendritic
neuron driver (57). lexAop-nsyb-spGFP1–10 and UAS-CD4-spGFP11 were used
for GRASP experiments (49).

Cloning. A RNAi line targeting all for transcripts was designed for the exon 7
and 8 exon junction. A 376-bp region spanning exons 7 and 8 was amplified
from complementary DNA (cDNA) with the following primers: RNAi-forexon7:8-
forward (F): AATAGCTAGCATGGACGCGTGGAGGTTTCCC and RNAi-forexon7:8-
reverse (R): AATAGCTAGCATCGTCACTCGCACTTTTCC. The primers included a
NheI restriction site (underscored in primer sequences), which was used to clone
the 5′-3′ fragment into the NheI site of the pWIZ RNAi cloning vector (58) and
the 3′-5′ fragment into the AvrII site of pWIZ. P element injections into w1118,
performed by BestGene, Inc., resulted in insertion of the transgene on the third
chromosome.

qRT-PCR. Total RNA was extracted using the Arcturus PicoPure RNA Isolation
Kit (catalog no. KIT0204; Applied Biosystems) and the RNase-free DNase set
(catalog no. 79254; Qiagen), with the following modifications from the
manufacturer’s protocol: CNSs of 74 ± 2-h-old larvae (posthatch) were dis-
sected in Schneider’s Insect Medium (catalog no. S0146; Sigma–Aldrich) and
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immediately placed in 100 μL of RNA extraction buffer and incubated at
42 °C for 30 min. The manufacturer’s protocol for CapSure Macro LCM Caps
was then followed starting at step 2, including the optional DNase treat-
ment step. RNA was extracted from three to six biological replicates with n =
4 brains per replicate.

Following extraction, RNA was quantified using a Nanodrop 2000c
(Thermo Scientific) and RNA integrity was accessed by gel electrophoresis.
cDNA was synthesized with the iScrip Advanced cDNA Synthesis Kit for qRT-
PCR (catalog no. 1725037; Bio-Rad), using 250 μg of transfer RNA per sample.
qRT-PCR was performed on a CFX384 Touch Real-Time PCR Detection System
(Bio-Rad), using SsoAdvanced Universal SYBR Green Supermix and the fol-
lowing primers: for common-F CTCCATTCACGGGCTCGGAT, for common-R
ATCTCGCTGATTCCCCCACG, for pr1-F TTTGTCGCGATCGTGCTTGG, for pr1-R
ACCACCGAACTAAATGGCGATG, for pr2-F GGATGTCGCTAGCACGCAAAC, for
pr2-R TAACACACGCACAAGCACACC, for pr1/3-F TCTGGTGGGTGGCATTGTGA,
for pr1/3-R TGTGGGTCAGCACATCCGAG, for pr4-F GCGCTCGGTTGCGAAAA-
GTG, for pr4-R CCAAACACGAAGTGGGGGAGT, 1433e-F ACCAACACACCCCATCC-
GTT, 1433e-R ATGGCATCATCGAAAGCGGC, act5c-F GCTGAGCGTGAAATCGTC-
CG, act5c-R GATGCCGCAAGCCTCCATTC, tub-F GGACGTCAACGCCGCTATTG, and

tub-R TTGGACAACATGCACACGGC. Since pr3 is embedded in an exon that is
shared by the P1 (made by pr1 and pr2) and P3 (made by pr3) protein isoforms,
and thus cannot be amplified separately, the primer pair designed for pr3 was
designated P1/3. Primer efficiency ranged between 98% and 104%. Target
gene expression was standardized to three reference genes (α-tub, act5c, and
1433e) with robust stability values (mean coefficient variance < 0.05, mean M
value < 0.1), and fold change cycle threshold values (2-ΔΔCt) were determined
to quantify relative expression differences between genotypes.

Optogenetics. A single first, second, or third instar larva was placed on a small
Petri dish with distilled water to clean off remnants from the culture medium.
The larva was then transferred to a 2% agar plate (100 × 15 mm) and allowed
to acclimate for 20 s. Following acclimatization, the larva was stimulated
three times for 5 s by a red light-emitting diode (LED) light source (M617F1;
Thorlabs) controlled by an LED driver (LED1B; Thorlabs), with 5-s pauses
between each pulse of light. An overhead camera (Canon Vixia HFR400)
recorded larval behavior.

The videos were reviewed and scored to determine the number of curling
and rolling occurrences. Curling was defined as the larval anterior and
posterior regions moving simultaneously toward each other. Rolling was
defined as a corkscrew-like rotation along the larval body axis (10). Each 5-s
light stimulation was defined as a trial, for a total of three sequential trials
of stimulation for each larva. Each trial was scored as 0 if the larva did not
curl and as 1 if the larva did curl. Rolling behavior was scored in the same
manner. The scores of the three trials were totaled, and a score out of three
was determined for each behavioral response.

Thermal Nociception. Thermal nociception was tested as described previously
(10, 59). A single larva was removed from its food vial and placed on a small
Petri dish with distilled water to wash off food remnants. The larva was then
transferred to a Petri dish (100 × 15 mm) with a drop of water shallow
enough to allow contact of the larva’s ventral cuticle with the surface of the
dish. A soldering iron with a 0.6-mm-wide tip was used as the probe, and
the voltage of the probe was adjusted using a variable autotransformer
(VARIAC). The temperature of the probe was calibrated with a thermocouple
(Physitemp BAT-12) and was determined using a temperature sensor
(Physitemp IT-23) wrapped around the tip of the probe. The probe was
heated to 42 ± 1 °C and was used to gently touch each larva in segments
4–6 of the abdominal region. An overhead camera (Canon Vixia HFR400)
recorded larval behavior.

Larval behavior was analyzed and scored as described above in the
optogenetics experiments. Larval response latency was measured as the time
from stimulation of the probe to the onset of the curling or rolling response.

Developmental Assay. Larvaewere reared in the dark in small Petri dishes with
a thin layer of fly medium supplemented with all-trans retinal. Larvae were
stimulated for 5 s every 5 min using a red LED light source (Thorlabs M617F1)
controlled by a LED driver (Thorlabs LED1B) for 16 h (at either 79–95 or 103–
119 h AEL) or 1 h (at either 103 or 118 h AEL). Control larvae were reared in
the same conditions but were not exposed to red light.

Immunohistochemistry. Immunohistochemistry was performed as previously
described (60). Briefly, preparations were fixed in Bouin’s solution (Sigma)
for 5 min, washed, and then incubated overnight at 4 °C with a mouse anti-
GFP monoclonal antibody (mAb) 3E6 (1:500; Molecular Probes) or a rabbit
polyclonal anti-dilp7 antibody (1:5,000) (61). Primary antibodies were diluted
in blocking solution. Preparations were mounted in Permafluor (Immunon)
on a glass slide with a coverslip and viewed under a Leica TCS SP5 confocal
laser-scanning microscope with a 20× air objective [0.7 numerical aperture
(NA)] or 63× oil-immersion objective (1.4 NA).

GRASP. Activity-dependent GRASP was performed as previously described
(49). Larval CNSs were dissected and stimulated by high K+ depolarization
for 20 min using the following high K+ saline: 25 mM NaCl, 90 mM KCl,
10 mM NaHCO3, 5 mM Hepes, 30 mM sucrose, 5 mM trehalose, 10 mM
MgCl2, and 2 mM CaCl2 (pH 7.2) (62). Preparations were subsequently fixed
in Bouin’s solution (Sigma) for 5 min. Preparations were washed and then
incubated overnight at 4 °C with a monoclonal anti‐GFP mAb 3E6 (1:500;
Molecular Probes) diluted in blocking solution. Preparations were mounted
in Permafluor (Immunon) on a glass slide with a coverslip and viewed under
a Leica TCS SP5 confocal laser-scanning microscope with a 20× air objective
(0.7 NA) or 63× oil-immersion objective (1.4 NA).
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Fig. 4. Optogenetic activation of pr1 neurons during development reduces
the curling and rolling response of larvae in response to thermal nociception.
(A) pr1-GAL4 > UAS-chrimson larvae curl and roll in response to red light
at different stages of development (n = 50 for 48 h AEL, n = 22 for 72 h AEL,
n = 98 for 96 h AEL, n = 75 for 120 h AEL) significantly more than control pr2-
GAL4 > UAS-chrimson larvae at 48 h after AEL [Mann–Whitney rank sum test:
U = 217, P < 0.001 for curling and U = 294.5, P < 0.001 for rolling; n = 31, 50],
72 h AEL [Mann–Whitney rank sum test: U = 0, P < 0.001 for curling and U =
23, P < 0.001 for rolling; n = 22, 23], 96 h AEL [Mann–Whitney rank sum test:
U = 0, P < 0.001 for curling andU = 70, P < 0.001 for rolling; n = 28, 98], and 120
h AEL [Mann–Whitney rank sum test: U = 115.5, P < 0.001 for curling and U =
198, P < 0.001 for rolling; n = 33, 75]. (B–E) pr1-GAL4 > UAS-chrimson larvae
were exposed to red light at different times during development and then
tested for thermal nociception at 120 h AEL. Control larvae were reared in the
same conditions but were not exposed to red light. (B) Activation of pr1
neurons (from 79 to 95 h AEL) did not significantly affect response latency in
comparison to controls [unpaired t test: t(223) = 0.0325, P = 0.974; n = 84–
141]. (C) Activation of pr1 neurons (103–119 h AEL) significantly increased
response latency in comparison to controls [unpaired t test: t(300) = 4.961, P <
0.0001; n = 134–168]. Activation of pr1 for 1 h [D; at 103 h AEL, unpaired
t test: t(502) = 1.960 P = 0.051; n = 242–262] or [E; at 118 h AEL, unpaired
t test: t(472) = 1.647, P = 0.100; n = 229–245] did not significantly affect
response latency in comparison to controls. Error bars indicate SEM. stim,
stimulation.
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Statistical Analysis. SigmaPlot (version 11.0; Systat Software) was used for
statistical analysis. Unpaired t tests or Mann–Whitney rank sum test were
used for comparing datasets of two groups, and one-way ANOVA tests (with
a Kruskal–Wallis or Holm–Sidak post hoc test) were used for comparing
datasets of more than two groups. Error bars in all figures represent ± SEM.
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