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Mechanical sensitization is one of the most difficult clinical pain problems to treat. However, the molecular and genetic bases of mechan-
ical nociception are unclear. Here we develop a Drosophila model of mechanical nociception to investigate the ion channels and signaling
pathways that regulate mechanical nociception. We fabricated von Frey filaments that span the subthreshold to high noxious range for
Drosophila larvae. Using these, we discovered that pressure (force/area), rather than force per se, is the main determinant of aversive
rolling responses to noxious mechanical stimuli. We demonstrated that the RTK PDGF/VEGF receptor (Pvr) and its ligands (Pvfs 2 and 3)
are required for mechanical nociception and normal dendritic branching. Pvr is expressed and functions in class IV sensory neurons,
whereas Pvf2 and Pvf3 are produced by multiple tissues. Constitutive overexpression of Pvr and its ligands or inducible overexpression
of Pvr led to mechanical hypersensitivity that could be partially separated from morphological effects. Genetic analyses revealed that the
Piezo and Pain ion channels are required for mechanical hypersensitivity observed upon ectopic activation of Pvr signaling. PDGF, but
not VEGF, peptides caused mechanical hypersensitivity in rats. Pharmacological inhibition of VEGF receptor Type 2 (VEGFR-2) signaling
attenuated mechanical nociception in rats, suggesting a conserved role for PDGF and VEGFR-2 signaling in regulating mechanical
nociception. VEGFR-2 inhibition also attenuated morphine analgesic tolerance in rats. Our results reveal that a conserved RTK signaling
pathway regulates baseline mechanical nociception in flies and rats.
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[Signiﬁcance Statement \

Hypersensitivity to touch is poorly understood and extremely difficult to treat. Using a refined Drosophila model of mechanical
nociception, we discovered a conserved VEGF-related receptor tyrosine kinase signaling pathway that regulates mechanical
nociception in flies. Importantly, pharmacological inhibition of VEGF receptor Type 2 signaling in rats causes analgesia and
blocks opioid tolerance. We have thus established a robust, genetically tractable system for the rapid identification and functional
analysis of conserved genes underlying mechanical pain sensitivity. j

Introduction

Animals must discriminate gentle touch from noxious mechan-
ical stimuli capable of damaging tissue. High-threshold noxious

mechanical stimuli elicit specific escape behaviors to avoid po-
tential damage. These behaviors are initiated by mechanosensi-
tive peripheral nociceptors (Dubin and Patapoutian, 2010).
Diverse behavioral assays have been used to study mechanical

nociception. One approach used extensively in humans (Levin et
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al., 1978), rodents (Bonin et al., 2014), worms (Chalfie et al.,
2014), and flies (Zhong et al., 2010; Kim et al., 2012) is von Frey
filaments, which are small fibers that produce a defined force
when applied to the skin (Levin etal., 1978). Studies in Drosophila
larvae have found that application of similar forces to the skin
produced variable behavioral responses (Zhong et al., 2010; Kim
etal., 2012; Guo et al., 2014), implying that applied force may not
be the variable that determines the behavioral response.

Drosophila Type II multidendritic (md) sensory neurons are
structurally and functionally similar to vertebrate nociceptors.
These neurons have nonmyelinated endings and display elabo-
rate peripheral dendritic projections that contact nearly every
larval epidermal cell (Singhania and Grueber, 2014). There are
four classes of Type II multidendritic sensory neurons (I-IV)
defined by peripheral arbor complexity (Singhania and Grueber,
2014). Class III neurons respond to gentle touch (Tsubouchi et
al., 2012; Yan et al., 2013), whereas class IV neurons transduce
noxious mechanical stimuli (Hwang et al., 2007). Noxious me-
chanical stimuli elicit an aversive rolling behavior in Drosophila
larvae distinct from normal locomotion and gentle touch re-
sponses (Im and Galko, 2012). Nociceptive responses are as-
sumed to be efforts by an organism to avoid potential tissue
damage. However, it is not known whether all nociceptive re-
sponses correlate with epidermal tissue damage, and conversely,
whether stimuli can also induce tissue damage without produc-
ing nociceptive behavioral responses.

Ion channels are important sensors of mechanical stimuli (Ei-
jkelkamp et al., 2013). In Drosophila, transient-receptor potential
A family members Pain and Trpal mediate behavioral responses
to high-threshold mechanical stimuli (Tracey et al., 2003; Zhong
et al., 2012). Piezo-like channels (Coste et al., 2010) mediate
touch responses (Faucherre et al., 2013; Ranade et al., 2014) and
mechanical allodynia (Murthy et al., 2018; Szczot et al., 2018) in
vertebrates. The Drosophila Piezo gene is expressed in nocicep-
tors and is required for mechanical nociception (Kim et al.,
2012). However, the upstream signaling pathways that activate
different ion channels that mediate mechanical nociception in
Drosophila are not known.

In vertebrates, activation of the platelet-derived growth factor
receptor (PDGFR) regulates mechanical sensitivity (Narita et al.,
2005; Masuda et al., 2009). PDGER signaling also selectively me-
diates opioid tolerance (Wang et al., 2012). In addition, VEGFR
signaling is involved in the genesis of cancer-associated pain (Sel-
varaj et al., 2015; Yang et al., 2018). Drosophila have a cognate
receptor, Pvr, which is related to both PDGFR and VEGFR
(Heino et al., 2001). Pvr and its three ligands (Pvfl, Pvf2, and
Pvf3) mediate multiple physiological processes, including wound-
induced cell migration (Wu et al., 2009), hemocyte proliferation
(Munier et al., 2002), and cellular development and differentiation
(Mondal et al., 2014). The role of Pvr in nociception in the fly has not
been studied previously, and no previous work has determined
whether VEGFRs modulate opioid tolerance.

Here, using larval-specific von Frey filaments of our own de-
sign, we characterize the larval dose-response to mechanical
stimuli. We show that applied pressure (force/area), rather than
force, is the critical determinant of behavioral responsiveness. We
demonstrate that Pvr and two of its ligands (Pvf2 and Pvf3) reg-
ulate mechanical nociception. Genetic interaction analysis re-
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veals that Piezo and Pain channels are required to modulate
mechanical nociceptive responsiveness after Pvr activation. We
establish that mechanical nociception in vertebrates is regulated
by PDGF ligands and VEGEFR signaling, suggesting a novel inter-
action between these related signaling systems in the regulation of
mechanical sensitivity. We also demonstrate that VEGFR inhibi-
tion causes analgesia and blocks opioid tolerance, and that the
analgesia induced by VEGFR inhibition is opioid-mediated.

Materials and Methods

Drosophila stocks and genetics

All fly stocks used in this work were maintained at 18°C. Crosses to
generate larval progeny were performed on regular cornmeal food at
25°C.

The following mutants were used: Pvr“°?** is a hypomorphic allele
and Pvr®?'® herein referred to as Pvr™¥# (Cho et al., 2002). PVfZEP 1624,
here referred to as Pvfl mull is a null allele (Cho et al., 2002). Pvf2C069 7
(Cho etal., 2002) and Pvf3°*>*! (BL17577) are hypomorphic alleles, here
referred to as Pvf2""?° and Pvf3"7°, respectively. Pvf2"770 (BL32696)
and Pyf3M04168 (B1.37270) are MiMIC lines that disrupt Pvf2 and Pvf3.
Pvf2-3 is a targeted deletion that removes the coding region of Pvf3 and
decreases Pvf2 expression (Parsons and Foley, 2013). Ion channel defi-
ciencies: Piezo Df (2L)Exel7034 (BL7807); Pain Df (2R)BSC602
(BL25435). Ton channels mutants: Piezo®® (Kim et al., 2012) is a deletion
of piezo; pain” is a deletion allele of pain (Im et al., 2015).

The GAL4/UAS system was used to drive tissue-specific gene expres-
sion of transgenes under UAS control (Brand and Perrimon, 1993). The
following Gal4 drivers were used: embryonic and larval epidermis, e22c-
Gal4 (Lawrence et al., 1995); larval epidermis, A58-Gal4 (Galko and
Krasnow, 2004); gut, Myola-Gal4 (Jiang and Edgar, 2009); embryonic
and larval hemocytes, hmlA-Gal4 (Sinenko and Mathey-Prevot, 2004);
somatic muscle, Dmef2-Gal4 (Zars et al., 2000); fatbody, fatbody-Gal4
(Wu et al., 2009); class IV multidendritic nociceptive sensory neurons,
ppk1.9-Gal4 (Ainsley et al., 2003); daughterless-Gal4 (da-Gal4 ) (Wodarz
etal., 1995) was used for ubiquitous expression. Temporal control of the
Gal4/UAS system was performed using tubP-gal80* under permissive
temperature (McGuire et al., 2004). e22¢-Gal4, UAS-DsRed2Nuc(21),
FasIII-GFP (Wang et al., 2015) was used to label the larval epidermis.

UAS-RNAi lines from Vienna Drosophila Research Center (Dietzl et
al., 2007) (stock numbers indicated below in parentheses) were as fol-
lows: painRNAi#] (v39477); PvrNA#2 (y13502); PyrfNA#3 (y43459), and
PyrRNA#L(4105353); Pvf2RNA#2 - (y7628) and Pv2RNA# (47626);
Pyf3RNA#3(437933) and Pvf3RNA#1 (137935); Piezo™N4"! (v102440),
Piezo"N*#? (v2796), Piezo"N**> (v105132). UAS-RNAi lines from the
TRiP (Ni et al, 2011) Bloomington collection were as follows:
pain®™NA#2 (B131510), pain®N4#3 (BL31511), pain®N4#* (BL51835);
mCherry™™A7 (BL35785) (RNAI targeting mCherry under UAS control)
and UAS—LucifemseRNAi (BL31603) were used as irrelevant control genes
(not present in the Drosophila genome) for behavior and immunostain-
ing experiments.

UAS-RNAi lines from NIG-Fly (http://www.shigen.nig.ac.jp/fly/
nigfly/index.jsp) were as follows: Pyr®NA#1 (8222R-3), Pyf2RNA#! (for-
merly NIG13780), Pyf2"N4#3 (13780R-1), Pvf2"N4#> (13780R-2),
Pvf3RNAi#1 (13781R-1),and Pvf3m\m’#2 (13781R-3). UAS transgenes used:
UAS-Pvf1 (McDonald et al., 2003), Pyf2992444 (3 UAS-containing EP al-
lele of Pvf2 that allows overexpression of this ligand in the presence of a
Gal4 driver) (Cho et al., 2002), and UAS-Pvf3 (Rosin et al., 2004) were
used to overexpress Pvfl, Pvf2, and Pvf3, respectively. UAS-Pvr and
UAS-Pvir“? (Duchek et al., 2001) were used to overexpress the WT and
the constitutively active forms of Pvr, respectively. UAS-Pvr™N (Duchek
etal.,, 2001) was used to overexpress the dominant negative form of Pvr.
UAS-Pain (Al-Anzi et al., 2006) and UAS-Piezo (BL58773) were used to
overexpress these ion channels.

Recombination between transgenes/alleles was genetically and molec-
ularly confirmed. The oligonucleotide primers used to confirm the re-
combination of pain7 0 UAS-Pvr and piezo, UAS-Pyr are available on
request.
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Table 1. Calibration of the different mechanical probes”
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Mechanical probes (P)

Measurement no. P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
1 0.14 0.16 0.16 0.27 0.40 0.55 1.80 492 7.00 17.36
2 0.14 0.16 0.18 0.27 0.40 0.55 1.90 5.10 7.20 17.40
3 0.14 0.16 0.19 0.27 0.40 0.58 1.92 4.94 7.22 16.46
4 0.13 0.15 0.19 0.26 0.4 0.57 1.87 4.86 7.20 17.00
5 0.13 0.16 0.18 0.26 0.39 0.55 1.90 5.00 6.99 16.90
6 0.14 0.16 0.18 0.26 0.40 0.57 1.88 481 7.20 16.90
7 0.14 0.15 0.18 0.27 0.40 0.56 1.89 4.99 7.01 17.40
8 0.13 0.15 0.17 0.26 0.40 0.57 1.85 4.95 7.04 17.42
9 0.14 0.16 0.17 0.26 0.39 0.58 1.92 491 6.99 16.53
10 0.14 0.16 0.18 0.26 0.40 0.55 191 5.05 7.33 17.00
Average mass (g) 0.14 0.16 0.18 0.26 0.40 0.56 1.88 4.95 7.12 17.04
SD 0.005 0.005 0.009 0.005 0.006 0.013 0.037 0.086 0.125 0.357
Force (mN) 137 1.57 1.76 2.55 3.92 5.49 18.42 48.51 69.78 166.99
Pressure (kPa) 175 200 224 325 499 699 2346 2746 3951 5318

“Calibration and forces/pressures produced by the different mechanical probes. Each mechanical probe was measured 10 times, and the average mass (in grams) is reported. The forces are converted to millinewtons (mN), and to pressure
in kilopascals (kPa) based upon the diameter of the wire tip. The wire diameters of the different mechanical probes were as follows: P1-P7 = 0.01 cm; P8 —P9 = 0.015 cm; P10 = 0.02 cm.

Mechanical probes and mechanical nociception assays

We custom-built mechanical probes similar to von Frey filaments. Each
probe was made by gluing (Aleene’s All-Purpose Wood Glue) nitinol
filaments (Mailin) of specified lengths and diameters to a graspable
holder (Stained Craft Sticks, Loew Cornell) (see Fig. 1A). The probes
were calibrated to apply a measured amount of force (in grams) when
they bend against a scale (Table 1). The mass (m; recorded in grams) was
then converted to force in millinewtons (mN) using the formula f = ma
where the measured mass was multiplied by gravitational acceleration
(9.8 m/s?). Finally, the measured force (in mN) was converted to pres-
sure (force/area; in kilopascals [kPa]) by dividing the force by the surface
area of the smoothened tip of the filament (Table 1).

To assess behavioral responses in the nociceptive assay, each mechan-
ical probe was applied to the posterior dorsal side of the larva (abdominal
segment A8) until the filament bent, typically 1-2 s. A complete roll of
360 degrees along the body axis within 10 s of probe bending was con-
sidered a positive response. Other responses, such as fast crawling, at-
tempting to turn, and wiggling, were categorized as negative responses. A
200 kPa probe was used as a subthreshold standard, and a 2346 kPa probe
was used as a mid-range noxious probe. Other probes were used where
indicated. The experimenter was blind to the genotype of the larvae being
tested. Three independent experiments, each using 30 larvae, were per-
formed unless otherwise indicated.

Immunofluorescence

To evaluate epidermal tissue damage induced by mechanical probes,
third instar epidermal reporter larvae (e22c-Gal4, UAS-DsRed2Nuc(21),
FasIII-GFP) were etherized (Ethyl Ether Anhydrous, Fisher Scientific,
catalog #E138-500), dissected in ice-cold PBS, and then fixed for 1 h in
4% PFA. After several washes in PBS-Tx (1X PBS with 0.3% Triton
X-100), all samples were mounted in Vectashield (Vector Laboratories,
catalog #H-1000).

For isolated class IV sensory neuron immunostaining, the experimen-
tal procedure was as detailed previously (Im et al., 2015). Briefly, third
instar larvae expressing ppk-Gal4>UAS-mCD8-GFP were cut open in
Schneider’s medium (where gut and fat body were then removed from
the carcass by vortexing) and washed three times in 1 ml of Rinaldini
solution. The cleaned carcasses were incubated to 0.5 mg/ml Collagenase
I solution (Sigma-Aldrich, catalog #C9722) for 1 h at room temperature,
washed in Schneider’s medium (Thermo Fisher Scientific, catalog
#21720-024), and then mechanically dissociated by repeated pipetting
for 10 min. The dissociated tissue was then filtered through a 40 um cell
strainer (Corning, product # 431750), and cells were incubated with
anti-mCD8a antibody-conjugated magnetic beads (eBioscience, catalog
#13-0081-82) on ice for 1 h followed by washes. Finally, isolated class IV
sensory neurons were plated on concanavalin A (Sigma-Aldrich, catalog
#C5275) coated coverslips and immunostained with primary rabbit anti-Pvr
antibody (1:500 dilution in PBS-Tx; gift from Jocelyn McDonald, Kansas

University) (McDonald et al., 2003) at 4°C overnight. The secondary anti-
body was applied for 2 h at room temperature and was a Cy3-conjugated
goat antiserum (1:500 dilution in PBS-Tx) against rabbit IgG (Jackson Im-
munoResearch Laboratories, catalog #111-165-003). Nuclei were identified
by DAPI (Sigma-Aldrich, catalog #D9542) staining (1X dilution in PBS-Tx,
10 min incubation followed by washing in PBS-Tx). All stained samples were
mounted in Vectashield (Vector Laboratories, catalog #H-1000).

Confocal microscopy and stereomicroscope

Larvae were imaged on an Olympus FV1000 Confocal microscope, and
Fluoview software was used to obtain the images. The following confocal
microscope lasers were used: wavelengths 405 (DAPI), 488 (GFP), and
543 (far red fluorescent protein). Images were captured at a resolution of
1024 X 1024 pixels for tissue damage experiments using a 20 X numerical
aperture (NA) 0.85 oil objective lens at 1X zoom; for isolated sensory
neurons, images were captured at the same resolution using a 60X, NA
1.4 oil objectivelens at 4 X zoom. A Z-series stack, step size of 1.5 um, was
collected and processed into a single Z projection. Identical settings for
laser intensity and other image capture parameters were applied for com-
parison of staining in the control and experimental groups. A MZ16FA
stereomicroscope (Leica Microsystems) with Planapo 1.6 X objective was
used to image scab formation. All figures were assembled with Photo-
shop CS6 and Ilustrator CS6 (Adobe).

Quantitation of tissue damage

To measure the area of epidermal tissue damage, a maximum intensity
projection Z-stack image was created for each wounded/probed larval
whole mount. The area of the gap (if any) in the epidermal membrane
marker (FasciclinIII-GFP) was measured using the Fluoview software.

Quantitation of Pvr expression in Class IV neurons

To measure Pvr levels in class IV sensory neurons, total fluorescence mea-
surements were performed using Fiji software on maximum intensity pro-
jection Z-stack images (McCloy et al., 2014) of Pvr-stained neurons.

Quantitation of Class IV neuronal morphology

Drosophila third instar larvae (ppk-Gal4>UAS-mCD8-GFP with or
without Pvr, Pvf2, or Pvf3 allele combinations; see Fig. 4) were etherized,
immobilized, gently immersed in 1:5 (v/v) diethyl ether to halocarbon oil
(Sigma-Aldrich, catalog #H8898), and covered with 22 X 50 mm glass
coverslips (Das et al., 2017). Images of Class IV multidendritic sensory
neurons (right hemi-segment A5 or A6) were captured using an Olym-
pus Fluoview confocal microscope at a resolution of 1024 X 1024 pixels
using a 20X dry objective (1.4X zoom, NA 0.7), at a step size of 1.5 wm.
Images obtained from maximum intensity projection of the Z stacks were
manually curated as necessary (Ferreira et al., 2014; Das et al., 2017) to
eliminate nonspecific autofluorescence. Image processing was per-
formed in Fiji. Background image noise was eliminated by 3D median
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filtering (typical radius = 1-3) (Ferreira et al., 2014). The pixel intensity
for each image was globally thresholded in Fiji/Image]. The dendritic
morphology of each image was skeletonized using the Skeletonize3D
plugin in Fiji/ImageJ followed by use of the Analyze Skeleton Fiji/Image]
plugin (Das et al., 2017). The resulting neurometric data (total dendritic
length and total dendritic branches) were analyzed and plotted in Graph-
Pad. The Sholl analysis plugin in Fiji/Image] (Ferreira et al., 2014) was
used to quantify the distribution of branches within a dendritic arbor and
determine the critical value (or peak number of intersections of the arbor
tree with arbitrary concentric circles [centered on the cell body] of in-
creasing radius). The corresponding critical radius (the distance from the
cell soma at which the critical value is observed) was also measured (Das
etal, 2017). All images were assembled using Photoshop CS6 and Illus-
trator CS6 (Adobe). Total dendritic length and branch numbers were
expressed as mean = SEM. The Sholl profile for each neuron was fitted to
an eighth-degree polynomial, from which the critical value (the maxi-
mum of the polynomial function) and critical radius (the distance at
which the critical value occurs) were determined.

Measuring mRNA levels from whole larvae and Class IV neurons
Total RNA from 50 larvae was extracted using Trizol (Invitrogen, catalog
#15596018). RNA quantity and quality were determined by measuring
absorbance at 260 and 260 nm/280 nm (ratio of 1.8-2.1), using Nano-
Drop technology (NANODROP 1000 spectrophotometer, Thermo
Fisher Scientific). Then RNA samples treated with DNase I (New Eng-
land BioLabs, catalog #M0303S) at 37°C for 10 min were purified using
the RNeasy Mini Kit (QIAGEN, catalog #74104). cDNA synthesis was
performed using the High Capacity RNA-to-cDNA Kit (Thermo Fisher
Scientific, catalog #4387406). The cDNA samples were then treated with
RNase H (New England BioLabs, catalog #M0297S) for 20 min at 37°C,
and purified using the QIAquick PCR Purification Kit (QIAGEN, catalog
#28104). qPCR products from this cDNA template were measured using
the curve of the SYBR Green method (Thermo Fisher Scientific, catalog
#4367659) and an Applied Biosystems QuantStudio 6 Flex Real-Time
PCR System (Thermo Fisher Scientific). GAPDH was used as reference
gene: GAPDH (forward), TAAATTCGACTCGACTCACGGT; GAPDH
(reverse), CTCCACCAACATACTCGGCTC amplified a product of 151
bp. The primers used to amplify Pvr were Pvr (forward), GGAT-
GAGAATCGCATATTTGCCT; Pvr (reverse), ACTTTCGTTTTGCTT-
TAGCACCT, which amplified a 205 bp product spanning two exons
common to all 13 isoforms of Pvr. Reaction conditions were as follows:
10 min at 95°C followed by 35 cycles of 15 s at 95°C and 1 min at 64°C.
Three samples were taken for each gene, and the qRT-PCR was repeated
three times for each sample. The ddCt, 2 AACT ethod was used to
calculate real-time PCR results.

The gene expression analysis of Pvr-mRNA levels in isolated class IV
sensory neurons was performed by TagMan Gene Expression Assay
(Thermo Fisher Scientific, catalog #4369016). Briefly, 15 class IV sensory
neurons ( ppk-Gal4>UAS-mCD8-GFP) for each genotype were collected
using FACS. Single Cell-to-CT qRT-PCR Kit (Thermo Fisher Scientific,
catalog #4458237) was used for sample preparation, reverse transcription,
preamplification, and qPCR. The predesigned TagMan Assay, probe and
primer sets, used for Pvr (TagMan Assay ID: Dm01803625_m1) covered all
the Pvr transcripts variants. Rpl32 was used as gene of reference, TagMan
Assay ID: Dm02151827_gl.

Vertebrate methods

Animals. Male Sprague Dawley rats (150—200 g, Envigo, catalog #002)
were housed in groups of 2 and were maintained on a 12 h light/dark
cycle with ad libitum access to food and water. Rats habituated to the
colony room for 1 week before experimental manipulations. All proto-
cols were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee.

Drug administration. Peptides: Carrier-free PDGF and VEGF peptides
were obtained from R&D Systems (PDGF-AA catalog #1055-AA;
PDGF-BB catalog #520-BB/CF; PDGF-CC catalog #1687-CC/CF;
VEGF-A catalog #564-RV/CF; VEGF-B catalog #2595-VE/CF; VEGF-C
catalog #9199-VC/CF; VEGEF-D catalog #469-VD/CF). They were recon-
stituted as directed by the manufacturer and stored at —80°C until used.
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Inhibitors: VEGFR-1, ZM306416 (ChemCruz Biochemicals, catalog
#HY-13785); VEGFR-2, cabozantinib (LC Laboratories, catalog #C-
9000); and VEGFR-3, SAR 131675 (APEX Bio, catalog #B2301). Drugs
were dissolved in DMSO (Thermo Fisher Scientific, catalog #D128-500;
100 mg/ml) before dilution to working concentration. Morphine (cata-
log #M8777) and naloxone (catalog #PHR1802) were obtained from
Sigma Aldrich. All drugs and peptides were dissolved to their working
concentration in a solution of 10% B-cyclodextrin sulfobutyl ether (Cap-
tisol, CyDex, catalog #RC-0C7-100) and 0.9% saline, which was used as
vehicle in all vertebrate experiments. Drugs were administered daily via
lumbar puncture (20 wl/injection) as previously described (Xu et al.,
2006).

Nociceptive testing. Mechanical sensitivity was measured using the
Randall-Selitto paw-pressure test (Analgesy-meter, Ugo Basile). A lin-
early increasing pressure was applied to the hindpaw of rats. The weight
(in grams) eliciting a paw withdrawal was defined as the mechanical
nociceptive threshold. A maximum of 250 g was used as a cutoff to avoid
tissue damage. Animals were handled for 4 d, and baselines were taken
1 d before the beginning of the injections. Nociceptive testing was per-
formed daily 40 min after intrathecal injection.

Statistical analysis

All statistical analyses were performed using Prism version 7 (GraphPad
Software). Drosophila data were tested for normal distribution using Kol-
mogorov—Smirnov tests, then were analyzed using either the two-tailed
unpaired Student’s f test or one-way ANOVA followed by Tukey’s or
Dunnett’s post hoc tests. Rodent behavioral assays were analyzed using
two-way ANOVA followed by Sidak or Dunnett’s post hoc tests.

Results

A new tool for assessing mechanical nociception in
Drosophila larvae

To evaluate mechanical nociception in Drosophila larvae, we
modified an established assay (Zhong et al., 2010; Kim et al.,
2012; Gorezyca et al,, 2014; Guo et al., 2014) with the goal of
generating a stimulus—response curve extending from subthresh-
old mechanical stimuli that did not produce a behavioral re-
sponse through stimuli that produced the stereotypical rolling
response in nearly all larvae. We constructed mechanical probes
of defined length and diameter from nitinol wire. These are sim-
ilar to the von Frey filaments used for testing mechanical stimuli
in humans and other vertebrates (Bonin et al., 2014). Each probe
was smoothed at the tip and attached to a handle (Fig. 1A) before
calibration (Table 1) and conversion of measured force values to
pressure based on the tip area (for details, see experimental pro-
cedures and Table 1).

To assess behavior, each probe was pressed against the larva
until bending, exerting a constant force and pressure. A response
of a 360 degree roll along the body axis was considered aversive
(Fig. 1A; Movie 1). This response differed from normal locomo-
tion and light touch responses (Movie 2). Pressures <200 kPa did
not elicit rolling responses (Fig. 1B). The prevalence of observed
aversive rolling steadily increased with applied pressure from 224
to 5318 kPa (Fig. 1B). When we measured response latency (time
to rolling after probe bending), we found that all probes induced
aversive rolling between 1 and 2 s after probe application (Fig.
1C). To determine whether responsiveness differed along the lar-
val body axis, we stimulated thoracic (T3) or abdominal (A2 and
A8) segments with noxious probes (Fig. 1D). Neither percentage
of responders nor latency (Fig. 1D) differed between A2 and A8.
Most larvae failed to respond when these probes, 3951 kPa (one-
way ANOVA, F, 5y = 242.9, p < 0.0001, Tukey’s post hoc test for
T3 vs A2 comparison: p < 0.0001; for T3 vs A8 comparison: p <
0.0001) and 5318 kPa (one-way ANOVA, F,, = 116.1, p <
0.0001, Tukey’s post hoc test for T3 vs A2 comparison: p < 0.0001;
for T3 vs A8 comparison: p < 0.0001), were applied to the T3
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Customized von Frey filaments for testing mechanical nociception
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Figure 1.  Development of a refined mechanical nociception assay using von Frey-like filaments in Drosophila larvae. A, Schematic of mechanical probe design and assay. B, Dose—response of

aversive rolling versus increasing mechanical pressure. C, Latencies of aversive rolling upon application of the indicated mechanical pressures. D, Aversive rolling to mechanical probes as a function
of the anatomical location stimulated. Diagram represents the approximate locations of thoracic segment 3 (T3) and abdominal segments 2 (A2) and 8 (A8). Both percentage response (left graph)
and response latencies (right graph) are shown. E, Linear regression model relating mechanical pressure to nociceptive behavior. F, Nociceptive behavioral responses to mechanical probes exerting
approximately equivalent force but differing pressures. G, Linear regression model relating applied pressure to nociceptive responses. H, Linear regression model relating applied force to nociceptive responses.
Error bars indicate mean == SEM. Two-tailed unpaired ¢ test (F) and one-way ANOVA with post hoc Tukey's test (D) were used for statistical analysis: *p << 0.05; ***p << 0.001, ns, not significant.

segment (Fig. 1D). A8 was chosen for our standard assay because
it was procedurally easier to stimulate this segment.

Studies of mechanical nociception in Drosophila larvae have
generated variable behavioral responses from probes delivering
similar forces (Zhong et al., 2010; Kim et al., 2012; Guo et al.,
2014; Huetal., 2017). We observed that the relationship between
pressure and behavioral responsiveness was linear (Fig. 1E). To
test whether force or pressure was the main determinant of be-
havioral responsiveness, we used probe pairs that generated
nearly identical forces but differing pressures. Behavioral re-
sponses differed markedly between probes generating identical
forces (Fig. 1F). For one pair of 3.8 mN probes, one generating
200 kPa of pressure produced no aversive responses, whereas the
other probe did (400 kPa; 24% responders) (f test, p < 0.001).

Two 17 mN probes generating different pressures also produced
differing behavioral responses (28% vs 41% responders; Fig.
1 F,G) (ttest, p = 0.0003). At higher intensities, a probe of slightly
lower force generating higher pressure (70 mN, 3800 kPa) pro-
duced more rolling behavior than a probe of higher force gener-
ating less pressure (75 mN, 2300 kPa) (t test, p < 0.001; Fig.
1 F,G). Thus, the relationship between applied force and behav-
ioral responsiveness is not linear (Fig. 1H). In sum, our results
suggest that the most robust and reliable way to assess larval
mechanical nociception is by plotting applied pressure (force/
area of probe tip) versus behavioral responsiveness.

A determinant of whether a particular mechanical stimulus is
noxious includes whether the stimulus impacts survival and/or
causes tissue damage. We determined whether application of in-
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Movie 1. Aversive response to noxious mechanical stimulation.

creasing mechanical pressure to larvae affected survival to the
pupal or adult stage. Pressures <2746 kPa did not reduce survival
(Fig. 2A). However, probing once with a 3951 kPa probe ora 5318
kPa probe reduced survival by 30% (¢ test, pupae p = 0.0488; ¢
test, adult p = 0.0020) and 50% (¢ test, pupae p = 0.0013; ¢ test,
adult p = 0.0013), respectively (Fig. 2A). Pressures >2346 kPa
induced visible cuticular scabs (Fig. 2B) and gaps in the epider-
mal sheet (Fig. 2D, E). The percentage of larvae exhibiting scabs
(Fig. 2C) and epidermal disruption (Fig. 2E) increased with in-
creasing pressure, as did the area of tissue damage (Fig. 2F). As
expected, a subthreshold probe (200 kPa) did not induce visible
tissue damage. Interestingly, our data showed that even larvae
that did not show a behavioral response to 2346 kPa pressure
(~50% of larvae) suffered tissue damage (Fig. 2G), indicating
that stimuli that do not elicit aversive rolling can cause epidermal
damage.

The PDGF/VEGF-like ligands Pvf2 and Pvf3 mediate
mechanical nociception

Because PDGFRs and VEGFRs have been implicated in mechan-
ical nociception in vertebrates (Masuda et al., 2009; Hulse et al.,
2014), we hypothesized that PDGF/VEGF-related ligands might
affect mechanical nociception in flies. The Drosophila genome
encodes three such ligands: Pvfl, Pvf2, and Pvf3 (Heino et al,
2001; Cho et al., 2002). Larvae homozygous for a PvfI null allele
(Cho et al., 2002) showed mechanical nociception responses
equivalent to relevant controls (Fig. 3A). By contrast, larvae ho-

Movie 2.  Normal larval locomotion.

mozygous or transheterozygous for two alleles of both Pvf2 and
Pyvf3 showed substantially attenuated mechanical nociception
(Fig. 3A) (t test, Pvf2 homozygous vs Pvf2/+, p = 0.0014; ¢ test,
Pvf3 homozygous vs Pvf3/+, p = 0.0017; ¢ test, Pvf3"0*% ho-
mozygous vs Pyf3"101%/+ p = 0.046; one-way ANOVA, Pvf2
heterozygous, F, ) = 25.95, p = 0.0011, Tukey’s post hoc test for
Pyf2!pe pyf2MIC0770 v pyf2"Po]+ comparison: p = 0.0014; for
Pyf20P0  pyf2MIC0770 g pyf2MI0770) + comparison: p = 0.0028;
one-way ANOVA, Pvf3 heterozygous, F}z,e) =9.972,p = 0.0124,
Tukey’s post hoc test for Pvf3"7°/ Pyf3MI04168 v pyf3re/+ com-
parison: p = 0.0126; for Pvf3"Po/Pyf3MI04168 yg pyf3MIo4168) 4
comparison: p = 0.0383). The Pv2""%”7% mimic allele had a mild
phenotype when homozygous but led to a transheterozygous
phenotype significantly more severe than either Pvf2 allele
(Pyf2MI00770 or Pyf2P°) alone. We also tested larvae-bearing al-
lele combinations targeting both Pvf2 and Pvf3 (Parsons and
Foley, 2013), as these genes are chromosomally adjacent. Larvae
carrying hypomorphic alleles of Pvf2 or Pvf3 over a genomic de-
letion that disrupts both Pvf2 and Pvf3 (Pvf2-3) displayed atten-
uated mechanical nociceptive responses (one-way ANOVA,
F, 5 = 43.68,p < 0.0001, Tukey’s post hoc test for Pvf2""%°/Pvf2-3
vs Pvf2"P°[+ comparison: p < 0.0001; Pvf2""7°/Pvf2-3 vs Pvf2-
3/4 comparison: p < 0.0001; for Pvf3"7°/Pvf2-3 vs Pvf3"7°/+
comparison: p < 0.0001; for Pvf3"?°/Pyf2-3 vs Pvf2-3/+ com-
parison: p < 0.0001). Comparison between larvae carrying the
hypomorphic alleles of Pvf2 or Pvf3 and the Pvf2M%770 or
Pyf3MI041%8 mimic alleles also showed a decreased mechanical
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Analysis of Probe-Induced Tissue Damage
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Percentage of larvae developing melanized scabs on the dorsal and ventral sides. D, Dissected whole mounts of third instar larvae with fluorescently labeled epidermis probed at dorsal segment A8
with indicated pressures. Red represents epidermal nuclei. Green represents epidermal cell membranes. Dark areas (white asterisks) represent epidermal gaps. White circle represents broken
epidermal membrane. Scale bar, 100 p.m. Percentage of open wounds (E) and area of epidermal damage (F) after mechanical stimulation (E,F; n = 9 animals for each condition). G, Percentage of
larvae that showed tissue damage, probed at dorsal segment A8 with the indicated pressures, that did or did not exhibit a nociceptive behavioral response. Error bars indicate mean = SEM.

Two-tailed unpaired ¢ test was used for statistical analysis: *p << 0.05; **p < 0.01.

nociceptive response (one-way ANOVA, F,4 = 11.25, p =
0.0047, Tukey’s post hoc test for Pyf2"!00770/pyf3MI0468 g
Pyf2MI00770] + comparison: p = 0.0088; for Pyf2M00770
Pyf3MI0He8 g py3MIOHS) 4 comparison: p = 0.0133; one-way
ANOVA, F, ;) = 18.51, p = 0.0016, Tukey’s post hoc for Pvf2"*°/
Pyf3MI0H68 yg pyfhPo/+ comparison: p = 0.002; for Pvf2"7°/
Pyf3MI0H68 v pyf3MI0HsS) 1+ comparison: p = 0.0062; one-way
ANOVA, F,, = 17, p = 0.0034, Tukey’s post hoc test for
Pyf3" 0| pyf2MI00770 \s pyf3P°) + comparison: p = 0.0039; for

Pyf3/pe pyf2MIC0770 ys pyRMIC0770] 4 comparison: p = 0.0090).
The strongest defects were observed with larvae transheterozy-
gous for various hypomorphic alleles of Pvf2/Pvf3 (one-way
ANOVA, F,4 = 27.31, p = 0.0010, Tukey’s post hoc test for
Pyf27Po/Pyf3P° vs Pyf2"P°/+ comparison: p = 0.0019; for
Pvf2"Po/Pyf3P s Pyf3"P°/+ comparison: p = 0.0015) (Fig.
3A). These results indicate that Pvf2 and Pvf3 are required for
mechanical nociception and suggest that they may work in
concert.
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The Pvr-ligands Pvf2 and Pvf3 are required for mechanical nociception. A, Responses to noxious mechanical pressure (2346 kPa) of the indicated Pvf alleles and respective controls. B,

Responses to noxious mechanical pressure (2346 kPa) of relevant controls and UAS-RNAi transgenes targeting either Pvf2 or Pvf3. Red arrows indicate the strongest RNAi transgenes. C, Responses
to noxious mechanical pressure (2346 kPa) of relevant controls and UAS-RNAi transgenes targeting both Pvf2 and Pvf3 ligands in all tissues. D, Responses to noxious mechanical pressure (2346 kPa)
of relevant controls and larvae expressing UAS-Pvf2™4# or UAS-Pyf3™4# in the indicated tissues. E, F, Response to non-noxious (200 kPa) (E) and noxious (2346 kPa) (F) mechanical pressure of
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(6) and 2346 kPa (H) mechanical probes. Controls: w’" or tissue-specific Gal4 driver or UAS transgene alone. Data are mean + SEM. Statistical analysis was performed using two-tailed unpaired
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To determine the tissue source(s) of functional Pvf2 and Pvf3,
we expressed UAS-RNAi transgenes targeting them in specific
tissues and evaluated mechanical nociception in progeny larvae.
Ubiquitous expression of select UAS-RNAi transgenes targeting

Pyf2 or Pvf3 via the ubiquitously expressed da-Gal4 significantly
attenuated mechanical nociception and identified the strongest
UAS-RNAI transgene targeting each ligand (# test, p = 0.0132; ¢
test, p = 0.048) (Fig. 3B). Consistent with our mutant analysis,
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targeting Pvf2 and Pvf3 together led to a stronger defect in me-
chanical nociception (one-way ANOVA, F,4 = 49.05, p =
0.0002, Tukey’s post hoc test for da-Gald>Pyf2RNA#4
Pyf3RNAFL g pypRNAL L comparison: p = 0.0002; for da-
Gal4>Pyf2RNA#L 4 py3RNAFL v pyBRNARL - comparison: p =
0.0004) (Fig. 3C). We used the strongest UAS-RNAI transgenes to
survey which tissues might produce active ligands. Targeting Pv{2 or
Pvf3 in fat body (¢ test, fatbody-Gald>Pvf2"* vs fatbody-Gald/+,
p = 0.0046; t test, fatbody-Gald>Pvf3*N*' vs fatbody-Gald/+, p =
0.0058), class IV nociceptive sensory neurons (¢ test, classIV-
Gald>Pv2"N"" vs classTV-Gald/+, p = 0.0229; t test, classIV-
Gal4>Pvf3RNAi vs classIV-Gal4/+, p = 0.0024), epidermis (¢ test,
eZZc—Gal4>Pvf2RNAi vs e22¢-Gal4/+, p = 0.0008; t test, e22c-
Gala>Pvf3*™4 vs e2cc-Gald/+, p = 0.0011; t test, A58-
Gal4>Pyf2"N*' vs A58-Gald/+, p = 0.0238; t test, A58-Gal4>
Py vs AS8-Gald]+ p — 0.0069), and hemocytes ( test
Hml(delta)—Gal4>Pvf2RNAi vs Hml(delta)-Gal4/+, p = 0.0096;
Hml(delta)-Gal4> Gal4>Pvf3RNAi vs Hml(delta)-Gald/+, p =
0.0022) (Fig. 3D) led to defects in mechanical nociception. This
distributed nature of the requirement for Pvf ligands sug-
gested that both ligands might function within the same tissue.
When we targeted Pvf2 and Pvf3 together in the same tissue,
we observed a stronger mechanical nociception defect in all of
the tissues tested ( test, fatbody-Gald>Pvf2RNAT 4 pyf3RNAi v
fatbody-Gal4/+, p = 0.0005; t test, classIV-Gal4>Pyf28"N4 +
Pyf3*NAT s classIV-Gald/+, p = 0.0008; t test, Hml(delta)-
Gald>Pvf2RN4 4 pyf3RNAiys Hml(delta)-Gal4/+, p = 0.0015;
t test, e22c-Gal4>Pvf2RNA + Pyf3RNAL vs e22¢-Galdl+, p =
0.0012; t test, A58-Gald> Pvf2"N4" vs A58-Gald/+, p =
0.0074) (Fig. 3D). These data suggest that Pvf2 and Pvf3 may
have additive effects on mechanical nociception.

We further tested the possibility that Pvf2 and Pvf3 work to-
gether using a gain-of-function approach. Ubiquitous overex-
pression of Pvf2, Pvf3, or both ligands simultaneously induced
“genetic” mechanical allodynia (one-way ANOVA, F,, =
25.32, p = 0.0012, Tukey’s post hoc test for da-Gal4>Pvf2+ Pvf3
vs da-Gal4>Pvf2 comparison: p = 0.0020; for da-Gal4>
Pvf2+ Pvf3 vs da-Gal4>Pvf3 comparison: p = 0.0020) (Fig. 3E)
and mechanical hyperalgesia (one-way ANOVA, F(, ¢, = 5.712,
p = 0.0408, Tukey’s post hoc test for da-Gal4>Pvf2+ Pvf3 vs da-
Gal4>Pvf2 comparison: p = 0.1108; for da-Gal4>Pvf2+ Pvf3 vs
da-Gal4>Pvf3 comparison: p = 0.0180) (Fig. 3F), which was
more pronounced when the ligands were coexpressed. Geneti-
cally induced mechanical allodynia was more pronounced in
most tissues when both ligands were coexpressed than when they
were expressed singly (Fig. 3G) (neuron: one-way ANOVA, F 5
= 16.16, p = 0.0006, Tukey’s post hoc test for classIV-
Gal4>Pvf2+Pvf3 vs classIV-Gal4/+ comparison: p = 0.0002; for
classIV-Gal4>Pvf2+ Pvf3 vs classIV-Gal4>Pyf2 comparison: p =
0.0190; for classIV-Gal4> Pvf2+ Pvf3 vs classIV-Gal4>Pvf3 com-
parison: p = 0.0049; fatbody: one-way ANOVA, F ;4 = 5.904,
p = 0.0165, Tukey’s post hoc test for fatbody-Gal4>Pvf2+ Pvf3 vs
fatbody-Gal4/+ comparison: p = 0.0166; for fatbody-
Gald>Pvf2+Pvf3 vs fatbody-Gal4>Pvf3 comparison: p =
0.0164; hemocyte: one-way ANOVA, F; 5 = 8.955, p = 0.0062,
Tukey’s post hoc test for Hml(delta)-Gal4>Pvf2+Pvf3 vs Hm-
I(delta)-Gal4/+ comparison: p = 0.0043; for Hml(delta)-
Gal4>Pvf2+Pvf3 vs Hml(delta)-Gal4>Pvf2 comparison: p =
0.0075; for Hml(delta)-Gal4>Pv2+Pvf3 vs Hml(delta)-
Gal4>Pvf3 comparison: p = 0.0190). Mechanical hyperalgesia
was most pronounced when both ligands were overexpressed in
neurons or hemocytes (neuron: one-way ANOVA, F; 4 =
9.746, p = 0.0004, Tukey’s post hoc test for classIV-
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Gal4>Pvf2+Pvf3 vs classIV-Gal4/+ comparison: p = 0.0042; for
classIV-Gal4> Pvf2+ Pvf3 vs classIV-Gal4>Pvf3 comparison: p =
0.0002; hemocyte: F; 1, = 18.88, p < 0.0001, Tukey’s post hoc
test for Hml(delta)-Gal4>Pvf2+Pvf3 vs Hml(delta)-Gal4/+
comparison: p = 0.0001; for Hml(delta)-Gal4>Pvf2+Pvf3 vs
Hml(delta)-Gal4>Pvf2 comparison: p = 0.0001; for Hml(delta)-
Gal4>Pvf2+Pvf3 vs Hml(delta)-Gal4>Pvf3 comparison: p =
0.0001) (Fig. 3H).

Pvr, a PDGFR/VEGFR-like receptor tyrosine kinase, mediates
mechanical nociception

Loss of Pvfligands attenuated responsiveness to noxious mechanical
stimulation, whereas overexpression induced mechanical hypersen-
sitivity (Fig. 3). This suggested that the Pvr RTK might also be
required for mechanical nociception. We therefore assayed mechan-
ical nociceptive responses in Pyr mutants. Larvae homozygous for
hypomorphic Pvr alleles and transheterozygous for hypomorphic/
null alleles of Pyr, all of which showed reduced Pvr mRNA (one-way
ANOVA, F, 39y = 66.40, p < 0.0001, Dunnett’s post hoc test for
PvP°/Py’P° s control (w1118) comparison: p = 0.0009; for Pv-
2P°/Pyr™ vs control (w1118) comparison: p = 0.0001) (Fig. 4A),
exhibited decreased responsiveness to a noxious 2346 kPa probe (¢
test, Pvr’"P°/Pvi?P vs w!l1s, p = 0.030; one-way ANOVA, F, ,, =
8.67, p = 0.0128, Tukey’s post hoc test for Pvi’?°/Pvr™! s Py?"P°/+
comparison: p = 0.0734; for Pvr’??°/Pyr"*"vs Pyr*!/+ comparison:
p = 0.0107) (Fig. 4B) and 5318 kPa probe (t test, Pvi’??°/Py’"?° vs
w8 p = 0.0072; one-way ANOVA, F, 5 = 11.63, p = 0.0043,
Tukey’s post hoc test for Pvr’?°/Pyr™ ! vis Pw}”’ P°/+ comparison: p =
0.0218; Pvr??°/Pyr™ vs Pvr™!/+ comparison: p = 0.0045) (Fig.
4C). Thus, Pvr is required for full responsiveness to noxious me-
chanical stimuli.

We next determined whether Pvr was expressed in and func-
tions in class IV multidendritic nociceptive sensory neurons
(Hwangetal., 2007; Zhonget al., 2010; Kim et al., 2012). Express-
ing Pvr-specific UAS-DN or UAS-RNAi transgenes in class IV
sensory neurons diminished responsiveness to a noxious 2346
kPa (Pyr™™4*!; one-way ANOVA, F,, = 9.721, p = 0.0095,
Tukey’s post hoc test for classIV-Gald>Pvr*™**! vs classIV-
Gal4/+ comparison: p = 0.0079; for classIV-Gald>Pvr®N# ys
Pyr®NA#l 4 comparison: p = 0.0179; Pvr"N4#2: one-way
ANOVA, F(,, = 8.23, p = 0.0145, Tukey’s post hoc test for
classIV-Gald>Pvr®™N4#2 vs classV-Gal4/+ comparison: p =
0.0466; for classIV-Gald>>PyrRNA#2 g pyRNA#2, 1 comparison:
p = 0.0113) (Fig. 4D) and 5318 kPa probe (Pvr": one-way
ANOVA, F, g = 12.62, p = 0.0034, Tukey’s post hoc test for
classTV-Gal4>PvrPN vs classIV-Gal4/+ comparison: p = 0.0070;
for classTV-Gal4>Pvr”N vs Pvr®N/+ comparison: p = 0.0035;
Pyr*NA#1: one-way ANOVA, F(, ;) = 22.44, p = 0.0009, Tukey’s
post hoc test for classIV-Gald>Pyr®™N**! ys classIV-Gal4/+ com-
parison: p = 0.0008; for classIV-Gald>Pyr"N4#1 yg pyyRNAil /4
comparison: p = 0.0035; Pvr"™*?: one-way ANOVA, F, 2) =
8.23, p = 0.0145, Tukey’s post hoc test for classIV-Gal4>> Pyr®N4#2
vs classIV-Gal4/+ comparison: p = 0.0466; for classIV-
Gal4>Pyr®NA#2 ys pyrRNA#2/ 4+ comparison: p = 0.0113;
Pyr*™NA#3: one-way ANOVA, F(, 5, = 14.26, p = 0.0016, Tukey’s
post hoc test for classIV-Gald>>Pyr®™N4% ys classIV-Gal4/+ com-
parison: p = 0.0028; for classIV-Gald>Pvr"NA#3 yg pyyRNAi#3 /4
comparison: p = 0.0029; Pvr"N**%: one-way ANOVA, F,, =
10.52, p = 0.0078, Tukey’s post hoc test for classIV-
Gal4>Pyr®™N*#1 ys classIV-Gal4/+ comparison: p = 0.0102; for
classIV-Gal4> Pyr®NA4i#t g pyyRNA# /4 comparison: p = 0.0083)
(Fig. 4E). All of the RNAI transgenes tested substantially reduced
Pvr mRNA levels within class IV sensory neurons (Fig. 4F) (one-
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way ANOVA, F, 45, = 10.84, p < 0.0001, Dunnett’s post hoc test
for classIV-Gal4>mCD8-GFP>Pyr™N4#1  vs  (lassIV-Gal4>
mCD8-GFP/+ comparison: p = 0.0002; for classIV-
Gal4>mCD8-GFP>Pvr™4#2 ys (lassIV-Gald>mCDS-GFP/+
comparison: p 0.0001; for classIV-Gal4>mCD8-GFP>
PvNA v classIV-Gald>mCDS-GFP/+ comparison: p = 0.0001;

for classIV-Gal4>mCD8-GFP>>Pyi

Ai#4 s classIV-Gal4>mCD8-

GFP/+ comparison: p = 0.0001). The behavioral and mRNA
expression results suggest that Pvr is expressed in class IV multiden-
dritic neurons. Harvesting and plating class IV nociceptive sensory neu-
rons revealed that Pvr was present, and its levels could be reduced by

expression of UAS-P

[Ai#]

AL (¢ test, ppk-Gald, mCDS-GFP>P Vs
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ppk-Gald, mCD8-GFP>Lud™*#, p = 0.0032) or enhanced by expres-
sion of UAS-Pvr (t test, ppk-Gald, mCD8-GFP>Pvr vs ppk-Gal4,
mCDS-GFP>Luc™¥, p = 0.0004) (Fig. 4G-G").

Pvr and Pvf2/Pvf3 alter dendritic branching of class IV
Sensory neurons

Because Pvr is expressed in class IV sensory neurons (Fig. 4G) and
Pyr/Pvf mutants display defective mechanical nociception (Figs.
3A, 4A,B), it seemed possible that developmental alterations in
the neurons could underlie these effects. Therefore, we examined
dendritic branching of class IV mechanical nociceptors in Pvr,
Pvf2, and Pvf3 mutants. Although class IV multidendritic neu-
rons are present in the normal number and location, Pvr, Pvf2,
and Pvf3 mutants showed reduced total dendritic length (one-
way ANOVA, F; 55, = 17.64, p < 0.0001, Dunnett’s post hoc test
for ppk-Gal4-mCDS8-GFP, Pvi"?°/Pvr™! ys control ( ppk-Gal4-
mCD8-GFP) comparison: p < 0.0001; for ppk-Gal4-mCD8-GFP,
Pyf2"P°/Pyf2-3 vs control comparison: p < 0.0001; for ppk-Gal4-
mCD8-GFP, Pvf3"7°/Pvf2-3 vs control comparison: p < 0.0001)
(Fig. 5A,B) and dendritic branching compared with controls
(one-way ANOVA, F; 5, = 14.03, p < 0.0001, Dunnett’s post hoc
test for ppk-Gald-mCDS8-GFP, Pvr?°/Pvr™*!" vs control (ppk-
Gal4-mCD8-GFP) comparison: p < 0.0001; for ppk-Gal4-
mCD8-GFP, Pvf2"#°/Pyf2-3 vs control comparison: p = 0.0003;
for ppk-Gald-mCDS-GFP, Pvf3"?°/Pvf2-3 vs control compari-
son: p < 0.0001) (Fig. 5C). For all numerical values of branch
length, number, critical value, and critical radius, see Table 2. A
measure of neuronal arbor complexity of these mutants (Sholl
analysis) (Ferreira et al., 2014) demonstrated a decrease in the
critical value (for maximum number of crossings; see Experi-
mental procedures) in all three mutant genotypes (Pvr, 27%;
Pvf2, 29%; Pvt3, 21%; Fig. 5D-F) (one-way ANOVA, F; 3, =
5.776, p = 0.0029, Dunnett’s post hoc test for ppk-Gal4-mCD8-
GFP, Pvi"?°/Pyr™!' vs control ( ppk-Gal4-mCD8-GFP) compari-
son: p = 0.0036; for ppk-Gald-mCD8-GFP, Pvf2""?°/Pvf2-3 vs
control comparison: p = 0.0030; for ppk-Gal4-mCD8-GFP,
Pvf3"7°/Pvf2-3 vs control comparison: p < 0.0331). The critical
radius (see Experimental procedures) was similar between mu-
tants and controls (Fig. 5G). This morphological analysis indi-
cates that Pvr signaling in class IV sensory neurons alters both
dendritic length and branching.

Constitutive versus inducible activation of Pvr separates

nociceptive signaling effects from developmental morphology
We next investigated whether Pvr overexpression or hyperactiva-
tion in class IV sensory neurons could also induce hypersensitiv-
ity. Both overexpression (one-way ANOVA, F, 4 = 43.69, p <
0.0001, Tukey’s post hoc test for classIV-Gal>Pvr vs classIV-
Gal4/+ comparison: p < 0.0001; for classIV-Gal>Pvr vs Pyr/+
comparison: p < 0.0001) and hyperactivation (one-way
ANOVA, F, g = 9.612, p = 0.0075, Tukey’s post hoc test for
class-Gal4>Pvr“* vs classIV-Gal4/+ comparison: p = 0.0090;
classTV-Gal>Pvr vs Pvr“‘/+ comparison: p = 0.0170) of Pvr
caused mechanical allodynia (Fig. 6A), whereas only overexpres-
sion induced mechanical hyperalgesia (one-way ANOVA, F, o, =
8.579, p = 0.00082, Tukey’s post hoc test for classIV-Gal4>Pvr vs
classIV-Gal4/+ comparison: p = 0.0069; for classIV-Gal4>Pvr vs
Pvr/+ comparison: p = 0.0454) (Fig. 6C). Both types of Pvr-
induced hypersensitivity could be attenuated by reducing Pvr func-
tion in class IV sensory neurons (for mechanical allodynia, see Fig.
6B; one-way ANOVA, F, 4, = 8.309, p = 0.0090, Tukey’s post hoc
test for classIV-Gald>Pvr, Pvr™™#! ys control (classIV-Gald/+)
comparison: p = 0.00112; for classIV-Gald>Pyr,Pvr"™™4#! s
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classIV-Gald> Luciferase®™*" (Luc™*") comparison: p = 0.0176)
and Figure 6D for mechanical hyperalgesia (one-way ANOVA, F, ¢,
= 11.81, p = 0.0041, Tukey’s post hoc test for classIV-Gal4>Pvr,
PyrNA# s control (classIV-Gald/+) comparison: p = 0.0028; for
classIV-Gald>Pyr, Py"™"4#! vs classIV-Gald>Luc®™*" comparison:
p = 0.0120). Coexpression of an irrelevant UAS-RNAi transgene,
UAS—LucifemseRNA" (UAS-Tuc™4%) in class IV neurons did not atten-
uate ectopic mechanical allodynia or hyperalgesia (Fig. 3E, G), sug-
gesting that the observed attenuation is not caused by titration of the
Gal4/UAS system.

Constitutive Pvr overexpression in class IV sensory neurons
caused mechanical hypersensitivity, whereas loss of Pvr function
(Fig. 5) caused mild dendritic branching defects and reduced
mechanical nociception. To determine whether these effects on
nociceptive thresholds could be separated from effects upon de-
velopmental morphology, we performed conditional expression
of relevant Pvr variants (RNAi and overexpression) using the
tub-Gal80” system (McGuire et al., 2004) and a heat shock regi-
men (Fig. 6E). A 2 d induction of Pvr expression in class IV
multidendritic neurons induced mechanical allodynia (Fig. 6F; ¢
test, p = 0.0031) and hyperalgesia (Fig. 6G; t test, p = 0.0025).
Allodynia, but not hyperalgesia, was attenuated by coexpression
ofa UAS-Pvr®N* transgene (Fig. 6 F, G, respectively). At the mor-
phological level, conditional reduction of Pvr in class IV multi-
dendritic neurons showed a decrease of the critical value (¢ test,
p = 0.0071), but not the critical radius (¢ test, p = 0.5074) (Fig.
6H-]). Overexpression of Pvr caused a slight increase in the crit-
ical value that was not reduced by coexpression of UAS-Pyr®N4i
(Fig. 6I). Given that the behavioral effects of conditional Pvr
overexpression = Pvr reduction do not directly correlate with
induced morphological changes, it appears that the changes in
nociceptive thresholds may be separable from effects on neuronal
morphology.

The Painless and Piezo ion channels interact genetically with
Pvr to regulate mechanical nociception

We next asked whether piezo and TRP channels play a role in
mechanical nociception. As reported previously (Tracey et al.,
2003; Kim et al., 2012), mutants for Piezo and painless (pain), a
TRP channel, showed defects in mechanical nociception (¢ test,
Piez0"/ Piezo™ vs Piezo™/+, p = 0.0129; t test, pain”®/+ vs w'!'5,
p = 0.0024; t test, pain”®/pain”vs w'''%, p = 0.0018) (Fig. 7 A, B).
Transheterozygotes of each mutant allele over a corresponding
deficiency for Piezo and pain’® also led to defects in baseline me-
chanical nociception (Piezo: one-way ANOVA, F, ) = 6.356,
p = 0.0330, Tukey’s post hoc test for Piezo"’/Piezo Df vs Piezo
Df/+ comparison: p = 0.0226; pain: F, ,, = 14.59, p = 0.0032,
Tukey’s post hoc test for pain”®/pain Dfvs pain Df/+ comparison:
p = 0.0027) (Fig. 7A, B). Interestingly, larvae heterozygous for
pain”® were haploinsufficient for mechanical nociception (Fig.
7B). To determine whether these channels functioned in class IV
nociceptive sensory neurons, we used ppkl.9-Gal4 to express
gene-specific UAS-RNAi transgenes targeting Piezo and pain.
RNAI transgenes targeting each channel significantly attenuated
mechanical nociception (Piezo™*: one-way ANOVA, F, ¢ =
6.212, p = 0.0345, Tukey’s post hoc test for classIV-
Gal4> Piezo™ " vs classIV-Gal4/+ comparison: p = 0.0334;
Piezo"N*"*?: one-way ANOVA, F, 5, = 11.49, p = 0.0089, Tukey’s
post hoc test for classIV-Gal4>>Piezo™™""** vs classIV-Gald/+
comparison: p = 00079; for classIV-Gal4> Piezo"***? vs Piezo®-
Nai#2/+ comparison: p = 0.0459; Piezo"™""*’: one-way-ANOVA,
Fioe = 41.90, p = 0.0003, Tukey’s post hoc test for classIV-
Gald> Piezo™ "’ vs classIV-Gal4/+ comparison: p = 0.0004; for
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Table 2. Morphometric properties of class IV sensory neurons®

Lopez-Bellido et al. ® Growth Factor Signaling and Mechanical Nociception

Control Pyr o pyr Pv2"P/pyf)-3 Pv3 ™PO/pyf)-3
Total length (mm) 382 £35 29.1 = 4.1 28.9 £ 2.6 265 £33
Total branches 1745.1 = 3513 1148 = 307.3 917.6 = 237.9 766.7 = 119.7
(ritical value 584+ 88 427 +98 413 £ 125 46.2 * 831
(ritical radius 455.9 + 21.1 4571 =156 4528 = 18.4 4551+ 19.9

“The total dendritic length, branch numbers, and Sholl profiles (critical value and critical radius) of class IV sensory neuron are expressed as mean = SEM.

classIV-Gal4>Piezo" " vs Piezo™™**/+ comparison: p =
0.0007; pain®*N**!: one-way ANOVA, F, ) = 56.74, p = 0.0001,
Tukey’s post hoc test for classIV-Gald>pain® "' vs classIV-
Gal4/+ comparison: p = 0.0002; for classIV-Gald>pain™N4*! ys
pain®™4#1/+ comparison: p = 0.0002; pain®™™**%: one-way
ANOVA: F,4 = 22.20, p = 0.0017, Tukey’s post hoc test for
classIV-Gald>pain™N**? vs classIV-Gal4/+ comparison: p =
0.0028; for classIV-Gal4>pain™N** vs pain®N*#?/+ compari-
son: p = 0.0029) (Fig. 7C,D). These results confirm that Piezo and
the Trp channel pain are required in class IV multidendritic neu-
rons for mechanical nociception.

Our data implicate Pvr signaling and two ion channels (Pain
and Piezo) in mechanical nociception. Therefore, to determine
whether Pyr interacted genetically with piezo and pain, we com-
bined loss-of-function alleles of each gene to create double-
heterozygous larvae carrying alleles of Pvr/Piezo and Pvr/pain.
Both combinations showed reduced mechanical nociception
compared with single alleles (one-way ANOVA, FSM) = 23.79,
p = 0.0014, Tukey’s post hoc test for Piezo"*/Pvr™" vs Pyr""/+
comparison: p = 0.0015: for Piezo**/Pvr ™" vs Piezo**/+ compar-
ison: p = 0.0021; F, 4) = 26.44, p = 0.0049, Tukey’s post hoc test
for Pain”®/Pvr™" vs Pvr"*!/+ comparison: p = 0.0036, respec-
tively) (Fig. 7E), indicating genetic interactions.

We next determined whether coexpression of the strongest
RNAI transgenes targeting Piezo or pain could suppress Pvr-
induced genetic mechanical hypersensitivity. As expected, coex-
pression of UAS-Pv™™4#! rescued Pvr-induced genetic
mechanical allodynia (¢ test, classIV-Gal4>Pvr + PyrRNA#L g
classIV-Gal4>Pvr + mCherry, p = 0.0154) (Fig. 7F) and hyper-
algesia (¢ test, classIV-Gal4>Pvr + Pyr®™N4#1ys classIV-Gal4>Pvr
+ mCherry, p = 0.0004) (Fig. 7H ). UAS-RNAI transgenes target-
ing Piezo or pain also attenuated Pvr-induced mechanical
allodynia (¢ test, classIV-Gal4>Pyr + Piezo®™N4#3 ys classIV-
Gal4>Pvr + mCherry, p = 0.0078; t test, classIV-Gal4>Pyr +
pain™4*1 ys classIV-Gal4>Pvr + mCherry, p = 0.0326, respec-
tively) (Fig. 7F) and mechanical hyperalgesia (¢ test, classIV-
Gal4>Pyr + Piezo™ " vs classIV-Gal4>Pvr + mCherry, p =
0.0024; t test, classIV-Gald>Pyr + pain™N** vs classIV-
Gal4>Pvr + mCherry, p = 0.0009, respectively) (Fig. 7H). Co-
expression of an independent exogenous UAS-RNAI transgene
targeting mCherry did not suppress the Pvr-induced genetic me-
chanical allodynia, or hyperalgesia (Fig. 7F,H), indicating that
suppression of Pvr-induced genetic mechanical hypersensitivity
was not due to titration of the Gal4/UAS system. As predicted by
the RNAi results, Pvr-induced genetic mechanical allodynia (Fig.
7G) and hyperalgesia (Fig. 7I ) were also attenuated in pain (¢ test,
pain’®/pain Df, ppk-Gal4>Pvr vs ppk-Gald>Pvr, p = 0.0480; ¢
test, pain”®/pain Df, ppk-Gald>Pvrvs ppk-Gald>Pvr, p = 0.0410,
respectively) and Piezo mutant larvae (t test, Piezo*/Piezo Df,
ppk-Gald>Pvrvs ppk-Gal4>Pyr, p = 0.0281; t test, Piezo*°/Piezo
Df, ppk-Gal4>Pvr vs ppk-Gal4>Pvr, p = 0.0032). Together, our
results indicate that Pvr signaling mediates mechanical nocicep-
tion and hypersensitivity, at least in part through Piezo and pain
in class IV sensory neurons.

Vertebrate PDGFR and VEGEFR signaling modulates
mechanical nociception

Given that Pvf 2 and Pvf 3 overexpression caused mechanical
sensitization in the fly, we determined whether VEGFR and
PDGEFR ligands could induce mechanical hypersensitivity in rats.
Using an analogous assay in vertebrates, we found that none of
the VEGFR ligands caused mechanical sensitization (Fig. 8A;
two-way ANOVA; interaction: F, 1,5, = 0.5838, p = 0.9174, not
significant; time: F s ,,) = 2.587, p = 0.0293; treatment: F(, ,,, =
0.349, p = 0.8421). However, consistent with previous results
(Narita etal., 2005; Masuda et al., 2009), we found that PDGF AA,
BB, and CC induced mechanical hypersensitivity (Fig. 8B; two-
way ANOVA; interaction: F(;5 199y = 5.8, p < 0.0001; treatment:
Fis.00) = 15.94, p < 0.0001; day: F(s 100, = 25.12, p < 0.001;
Dunnett’s multiple-comparison test: vehicle vs PDGF-AA: p =
0.0020; vehicle vs PDGF-BB: p = 0.0001; vehicle vs PDGF-CC:
p = 0.0001).

Our previous findings showed that PDGFR inhibition in ver-
tebrates did not cause analgesia (Wang et al., 2012; Donica et al.,
2014). However, Drosophila Pvr loss of function decreases noci-
ception. Therefore, we investigated whether inhibition of the
phylogenetically related VEGFR could induce analgesia in rats.
We treated rats with selective inhibitors targeting VEGFR-1
(Antczak et al., 2012; Wu et al.,, 2017), VEGFR-2 (Yakes et al.,
2011), or VEGFR-3 (Alam et al.,, 2012). Cabozantinib, a
VEGEFR-2 inhibitor, caused mechanical analgesia. In contrast,
inhibition of VEGFR-1 (ZM306416), VEGFR-3 (SAR 131675), or
PDGEFR (imatinib) did not cause analgesia (Fig. 8C; two-way
ANOVA; interaction: F, »5) = 81.7, p < 0.0001; treatment: F, ,5
= 40.89, p < 0.0001; time: F,, ,5, = 328.8, p < 0.0001; Sidak’s
multiple-comparison test: baseline vs + 40 min: morphine, p <
0.0001; cabozantinib, p < 0.0001).

Our previous discovery that PDGFR inhibition eliminated
morphine analgesic tolerance (Wang et al., 2012) prompted us to
test whether VEGFR signaling could also modulate tolerance.
Rats treated with morphine and the VEGFR-2 inhibitor cabozan-
tinib demonstrated a marked inhibition of analgesic tolerance
(Fig. 8D; two-way ANOVA; interaction: F,, 40 = 4.486, p <
0.0001; treatment: F; 5oy = 13.7, p < 0.0001; day: Fg 140, = 23.95,
p < 0.0001; Dunnett’s multiple-comparison test, morphine vs
morphine + cabozantinib: day 5, p = 0.0205; day 6, p = 0.0047;
day 8, p = 0.0018; day 9, p = 0.0252). It is possible that the
tolerance inhibition by cabozantinib could be due to its analgesic
effect. However, two lines of evidence argue against this possibil-
ity. First, the initial analgesic effect of morphine was not changed
by coadministration with cabozantinib on day 1 (Fig. 8D; day 1,
Dunnett’s multiple-comparison test, morphine vs morphine +
cabozantinib, p = 0.9943, not significant), suggesting that cabo-
zantinib did not augment the acute analgesic effect of morphine.
Second, tolerance to the analgesic effect of cabozantinib devel-
oped over time (Fig. 8D). This development of tolerance led us to
investigate whether the analgesic effects of cabozantinib were
opioid-mediated. Remarkably, naloxone treatment completely
eliminated the acute analgesic effect of cabozantinib (Fig. 8E;
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two-way ANOVA; interaction: F, ) = 1.414, p = 0.264, not
significant; treatment: F, o) = 8.561, p = 0.0169; time: F, o) =
4.565, p = 0.614). In sum, our vertebrate data suggest that me-
chanical nociception mediated by Pvr and its ligands in Drosoph-
ila is mediated in rats by PDGF ligands and VEGFR-2. We also
established a role for VEGFR-2 signaling in opioid tolerance.

Discussion

Our work establishes a role for Pvr signaling in modulating me-
chanical nociception in Drosophila and shows that this role is
conserved in mammals using the homologous vertebrate recep-
tors, PDGFR and VEGFR. Using custom-made metal filaments,
we generated a full behavioral dose-response curve to mechani-

cal stimulation and found that pressure, rather than force, is
linearly related to behavioral responsiveness in Drosophila larvae.
Genetically, we showed that Pvr and two of its ligands (Pv{2 and
Pvf3) determine baseline responsiveness to mechanical nocicep-
tive stimuli. Pvr signaling appears to modulate nociception either
by controlling the degree of arborization of class IV multiden-
dritic neurons and/or by regulating Pain and Piezo ion channel
function.

Many assays of mechanical nociception use mechanical
probes that produce a defined amount of force and induce an
aversive behavioral response when applied to the skin (Levin et
al., 1978; Zhong et al., 2010; Bonin et al., 2014; Chalfie et al.,
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2014). Our finding that pressure correlates more reliably with
aversive behavioral responsiveness than force in Drosophila lar-
vae could explain the variability in behavioral responses reported
by previous investigators (Zhong et al., 2010; Kim et al., 2012;
Guo et al., 2014). Drosophila larvae are small (~5 mm long and
0.7 mm wide at the stage tested), and it is possible that pressure is
amore relevant variable for animals when the potentially noxious
stimulus affects a relatively large percentage of the animal’s body
surface area. Alternatively, it is possible that pressure is also an
operant variable in larger vertebrates, although most studies have
reported only force (Dellon et al., 1993; Cunha et al., 2004). The
relevance of pressure versus force may be worth revisiting in
other animal models. In our study, noxious pressures (320-5300
kPa) produced gradually increasing damage to the local epider-

mis and overlying cuticle. The extent of damage was correlated
with aversive behavior. Intriguingly, epidermal damage can be
observed even when there is no aversive response, suggesting that
even non-noxious stimuli can be damaging to the organism.
We found that Pvr and its ligands, Pvf2 and Pvf3, determine
the mechanical nociceptive baseline in Drosophila. Some of these
effects are likely developmental, as Pvr mutants exhibit reduced
dendritic arbor complexity. However, developmental effects may
not be necessary for sensitization, as acute hyperactivation of Pvr
causes mechanical hypersensitivity. Conditional induction of Pvr
revealed a separability of behavior and morphology that rein-
forces the idea that morphological changes may not be the sole
driver of behavioral output. Functional Pvf2 and Pvf3 are pro-
duced by multiple tissues (fat body, hemocyte, epidermis, and
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neurons), suggesting that the mechanical nociceptive threshold
may be set by diverse physiological stimuli modulating the ambi-
ent levels of these ligands in multiple tissues. Pvf2 and Pvf3 act
more efficiently together, as knocking them both out or overex-
pressing both of them produced a stronger mechanical nocicep-
tive defect or hypersensitivity, respectively. RTKs have not
previously been implicated as a modulator of baseline mechani-
cal nociception in Drosophila, although Neuropeptide F and its
G-protein-coupled receptor do act in a similar manner (Hu et al.,
2017).

In agreement with previous reports, our findings suggest that
Piezo, a mechanically activated channel, and Pain, a transient-
receptor potential A family member, function in larval class IV
nociceptive sensory neurons to mediate mechanical nociception
(Tracey etal., 2003; Kim et al., 2012). One interesting question is
why nociceptors contain multiple ion channels that can respond
to noxious mechanical stimulation. One possibility is that each
channel responds distinctly to pressure-induced membrane de-
formation (Lewis and Grandl, 2015; Cox et al., 2016). Another
possibility is that TRP and other channels form different com-
plexes that mediate mechanical nociception (Staruschenko et al.,
2010; Ma et al., 2011). In sum, modulation of mechanosensation
by multiple effectors could function to tailor response sensitivity
and reduce response ambiguity (Ohyama et al., 2015). It is also
possible that having multiple redundant channels could serve asa
“fail-safe” mechanism to ensure that signals critical in detecting
sensory stimuli are reliably transmitted (Tsubouchi et al., 2012;
Turner et al., 2016).

While the signaling mechanisms underlying mechanosensa-
tion remain elusive in vertebrates (Peirs and Seal, 2016), our
findings suggest that vertebrate homologs of RTKs would be
likely candidates. A striking result of our study is that the role of
Pvr in mechanical nociception is conserved in the rat by the
VEGFR and PDGF mammalian orthologs. Consistent with pre-
vious studies (Masuda et al., 2009; Wang et al., 2012), we found
that PDGF ligands caused mechanical sensitization while PDGFR
inhibition did not cause analgesia. Other recent studies have
noted VEGFR expression on peripheral nerves and effects on
nociception with peripherally administered VEGF ligands (Sel-
varaj et al., 2015; Yang et al., 2018). While we did not see effects
of intrathecally administered VEGF peptides, inhibition of
VEGFR-2 raised the mechanical threshold in rats. Our results
suggest the intriguing possibility that crosstalk between PDGF
peptides and VEGF receptors could modulate mechanical sensi-
tivity. PDGF peptides can bind with extremely high affinity to the
VEGFR-2, and computational predictions suggest that PDGF
peptides may account for a large percentage of VEGFR-2 binding
invivo (Mamer et al., 2017). Also, the FIt3 RTK can alter mechan-
ical sensitivity in a TRP channel-dependent manner (Rivat et al.,
2018), further supporting the concept that RTKs may regulate
mechanical nociception. Further studies are indicated to better
understand how RTKs, piezo, and TRP channels might interact
to regulate mechanical sensitivity in vertebrates.

We also made the intriguing observation that VEGFR-2 sig-
naling blocks opioid tolerance. We previously showed that
hedgehog signaling regulated thermal nociceptive sensitivity in
the fly, and also modulated opioid tolerance in the rat (Babcock et
al., 2011). While there is no known opioid receptor or peptide in
the fly, our findings suggest that signals regulating nociceptive
sensitivity in the fly may also modulate opioid analgesic signaling
in vertebrates. VEGFR-2 inhibition of tolerance is consistent with
previous work by our group and others indicating that blocking
activation of the phylogenetically related RTKs PDGF receptor- 3
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(Wang et al., 2012), fibroblast growth factor receptor (Fujita-
Hamabe et al.,, 2011), and ephrin B receptor (Liu et al., 2011)
inhibits morphine tolerance. These emerging findings suggest
that RTK inhibitors could eventually be of therapeutic impor-
tance in pain treatment. Our discovery that analgesia induced by
the VEGFR-2 inhibitor cabozatinib is opioid-mediated suggests a
complex and previously undescribed relationship between opi-
oid receptor and VEGFR-2 signaling system:s.

In conclusion, we have refined a genetically tractable model
for studying mechanical nociception and used the power of Dro-
sophila genetics to identify novel conserved mediators of me-
chanical nociception: Pvr and its ligands. This regulatory system
is conserved in the rat, as PDGF ligands and VEGFR-2 modulate
mechanical thresholds. VEGFR-2 antagonism also blocks opioid
tolerance in vertebrates. Together, our results demonstrate the
power of Drosophila genetics to quickly identify and screen novel
therapeutic targets of potential clinical importance.
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