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Drosophila Nociceptive Sensitization Requires BMP
Signaling via the Canonical SMAD Pathway
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Nociceptive sensitization is a common feature in chronic pain, but its basic cellular mechanisms are only partially understood. The
present study used the Drosophila melanogaster model system and a candidate gene approach to identify novel components required for
modulation of an injury-induced nociceptive sensitization pathway presumably downstream of Hedgehog. This study demonstrates that
RNAi silencing of a member of the Bone Morphogenetic Protein (BMP) signaling pathway, Decapentaplegic (Dpp), specifically in the
Class IV multidendritic nociceptive neuron, significantly attenuated ultraviolet injury-induced sensitization. Furthermore, overexpres-
sion of Dpp in Class IV neurons was sufficient to induce thermal hypersensitivity in the absence of injury. The requirement of various
BMP receptors and members of the SMAD signal transduction pathway in nociceptive sensitization was also demonstrated. The effects of
BMP signaling were shown to be largely specific to the sensitization pathway and not associated with changes in nociception in the
absence of injury or with changes in dendritic morphology. Thus, the results demonstrate that Dpp and its pathway play a crucial and
novel role in nociceptive sensitization. Because the BMP family is so strongly conserved between vertebrates and invertebrates, it seems
likely that the components analyzed in this study represent potential therapeutic targets for the treatment of chronic pain in humans.
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This report provides a genetic analysis of primary nociceptive neuron mechanisms that promote sensitization in response to
injury. Drosophila melanogaster larvae whose primary nociceptive neurons were reduced in levels of specific components of the BMP
signaling pathway, were injured and then tested for nocifensive responses to a normally subnoxious stimulus. Results suggest that
nociceptive neurons use the BMP2/4 ligand, along with identified receptors and intracellular transducers to transition to a sensitized
state. These findings are consistent with the observation that BMP receptor hyperactivation correlates with bone abnormalities and pain
sensitization in fibrodysplasia ossificans progressiva (Kitterman et al., 2012). Because nociceptive sensitization is associated with chronic
pain, these findings indicate that human BMP pathway components may represent targets for novel pain-relieving drugs. j

ignificance Statement

Introduction
Chronic pain, perpetuated by the neuroplastic process of nocice-
ptive sensitization, affects millions of people worldwide (Gaskin
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and Richard, 2012). Sensitization in response to tissue damage
can produce a reduction in nociceptive thresholds that in some
cases can outlast the initial injury. A more detailed knowledge of
the pathways that lead to nociceptive neuron sensitization may
allow for the identification of novel targets for the treatment of
chronic pain. It has been estimated that 75% of known human
disease genes have relatives in the Drosophila genome (Reiter et
al., 2001), allowing the genetically tractable fly to serve as a rele-
vant model for human ailments, including neurological disorders
(Pandey and Nichols, 2011; Wangler et al., 2015).
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Figure 1. Model illustrating the BMP signaling components found to be necessary for pain
sensitization in Drosophila larval nociceptive neurons. Dpp (orthologous to BMP2/4) ligand
binds to its primary Type Il receptor, Punt (orthologous to the Type Il TGF 3 receptor). Subse-
quent activation of Type | receptors Tkv (orthologous to ALK3/6) and Sax (orthologous to
ALK1/2) leads to phosphorylation of the SMAD transducer Mad (cofounder of SMAD family),
which then binds Med (orthologous to SMAD4).

Previous studies have used ultraviolet (UV)-induced tissue
damage to sensitize nociceptive neurons in Drosophila larvae. A
defined dose of UV irradiation was delivered to anesthetized an-
imals; and 24 h later, wild-type animals demonstrated an increase
in sensitivity to a light touch with a thermal probe at a normally
subthreshold temperature, referred to as thermal allodynia (Bab-
cock et al., 2009). Using this model, three pathways have been
identified: TNF-a (Babcock et al., 2009; Jo et al., 2017), Hedge-
hog (Hh) (Babcock et al., 2011), and tachykinin (TK) (Im et al.,
2015), which are required for communication among the injured
epidermis, the underlying nociceptive neurons, and the CNS to
bring about the observed thermal allodynia. The Drosophila Bone
Morphogenetic Protein (BMP) Decapentaplegic (Dpp) lies down-
stream of Hh, yet its involvement in the sensitization of nociceptive
neurons remains unknown.

Dpp, a fly ortholog of mammalian BMP2 (Ozkaynak et al.,
1990) and BMP4 (Jones et al., 1991), is a member of the TGF-f3
superfamily of signaling proteins (Padgett et al., 1993) and, as
depicted in Figure 1, binds to receptors (Massagué and Like,
1985) in the serine/threonine kinase family (Lin et al., 1992).
Dpp’s primary receptor Punt (Put) (Letsou et al., 1995), ortholo-
gous to Type II TGF-f receptors, activates Thick Veins (Tkv)
(Ruberte et al., 1995) and Saxophone (Sax) (Xie et al., 1994;
Nellen et al., 1994), both orthologous to Type I TGF- receptors.
In turn, the Type I receptors modify the intracellular transducer
Mothers Against Decapentaplegic (Mad) (Sekelsky et al., 1995)
by phosphorylation and subsequent translocation to the nucleus
(Newfeld et al., 1997) as a complex with Medea (Med) (Wisotz-
key et al., 1998). Mad and Med are members of the SMAD group
named after the small Caenorhabditis elegans SMA mutant
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(Brenner, 1974) and Drosophila melanogaster Mad. As examples
of the strong conservation between mammalian and Drosophila
BMP components, prior studies have shown that Dpp can induce
endochondral bone formation in mice (Sampath et al., 1993),
and human BMP4 DNA sequences inserted into the fly genome
rescue Dpp-deficient larvae to normal development (Padgett et
al.,, 1993).

In the Drosophila larva, four classes of primary afferent neu-
rons, referred to as dendritic arborization neurons, innervate the
body wall. Classification is based on increasing levels of dendritic
arborization (Grueber et al., 2012). Class IV dendritic arboriza-
tion neurons, referred to as nociceptive neurons in this report,
have the most elaborate epidermal arbors of naked dendrites and
respond to noxious mechanical and thermal (heat) stimulation
(Tracey et al., 2003). These neurons express nocisensitive ion
channels, such as Painless, a Transient Receptor Potential (TRP)
channel orthologous to mammalian TRPA1 (Tracey et al., 2003);
Pickpocket (Ppk), a degenerin-like mechanosensory channel
(Adams et al., 1998); the Drosophila dTRPAL, sensitive to elect-
rophiles (Kang et al., 2012) and heat (Neely et al., 2011); and the
mechanosensor Piezo (Kim et al., 2012).

In this study, cell-specific RNAi suppression of BMP pathway
components in nociceptive neurons was used to demonstrate
that BMP signaling via a canonical pathway is required for UV-
injury induced allodynia. Because of the high degree of functional
conservation between mammalian and Drosophila BMP compo-
nents, components of the human BMP pathway may represent
new leads with potential therapeutic value.

Materials and Methods

Fly stocks and genetics. Flies were maintained in 6 oz stock bottles on
sucrose-cornmeal-yeast medium at a temperature of 25°C with a humid-
ity of 50%-—60%. Stock bottles were kept in Percival Scientific Incubators
with a 12 h light/12 h dark cycle. The arbitrary dawn time for the incu-
bators was set to 9:00 A.M. The GAL4/UAS system was used to drive
expression of UAS-inverted repeat (IR) RNAI transgenes targeting spe-
cific genes of interest. The driver in all experiments was Ppkl.9-Gal4,
which expresses GAL4 specifically in the Class IV multidendritic nocice-
ptive neurons (Ainsley et al., 2003). The Ppkl.9-Gal4 line used also
contained a Ppk-GFP element, allowing direct visualization of morphol-
ogy of these neurons (generous gift from Daniel Cox). All other flies
were obtained from the Bloomington Drosophila Stock Center (BDSC;
Bloomington, Indiana). The transgenic UAS-RNAi lines used, featuring
IR construction for RNAi suppression, were as follows: Dpp™ (BDSC
#35214, 25782), Put'™ (BDSC #35195, 27514), Tkv'® (BDSC #35166,
35653), Sax™® (BDSC #55865, 36131), Mad'® (BDSC #35648, 43183), and
Med™ (BDSC #31928, 43961). Additionally, a UAS-Dpp line (BDSC
#1486) (Ward and Berg, 2005) was used to overexpress Dpp. Animals
were included without regard to sex.

UV injury. A method of UV induced allodynia was applied (Babcock et
al., 2009). Third instar larvae were collected 4 d after egg laying, rinsed,
and anesthetized with diethyl ether. Anesthetized larvae were gently ad-
hered dorsal side up to double-sided tape on a microscope slide and were
subjected to 12-15 mJ/cm? of UV light delivered in ~2-5 s in a Spec-
tronics Spectrolinker XL-1000 ultraviolet crosslinker. The larvae were
then placed in a small vial containing ~1 ml of sucrose-cornmeal-yeast
media and allowed to recover for 24 h before assays were performed.

Thermal nociception assay. To test nociceptive behavior, the larvae
were assayed with a thermal probe (Pro-Dev Engineering) 24 h after UV
exposure. The probe tip was gently applied to the dorsal side of the larvae
and held on abdominal segments 2—4 for a maximum of 20 s. To test for
allodynia, the larvae were subjected to 41°C, the highest temperature that
did not elicit a behavioral response in our hands (Fig. 2). The larval
response consisted of a nocifensive 360° lateral rolling that larvae only
exhibit in response to a noxious stimulus (Tracey et al., 2003). The la-
tency for response was recorded and categorized as follows: fast was 0—6
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Figure2. Thermonociception response of wild-type animals. The percentage of wild-type (w

animals that responded to the thermal probe increased with increasing probe temperature from

39°Cto 50°C; 42°Cwas the lowest temperature for which there was a statistically significant proportion of animals responding; therefore, in this study, 41°C, the highest innocuous temperature, was
selected for use in subsequent allodynia testing. Larvae responding with a nocifensive roll were classified as fast (<6 s, black area), slow (6 —20's, gray area), or nonresponders if they did not respond
within 20 s (white area). Whiskers indicate SEM of at least three groups of larvae. Distributions were compared using Fisher’s exact test. n = 90 for each group.

s (indicated by black regions on graphs), slow was 6-20 s (gray), and no
response if the 20 s cutoff was reached (white). To assay normal nocice-
ptive function (see Fig. 10), larvae were tested at 45°C, and the time to
respond was recorded and presented as average response latency. The
probe operator was blinded to the UV treatment and genotype, and all
groups contained a sample size of at least 90 animals.

Quantification of dendritic morphology. Class IV multidendritic neu-
rons were analyzed for total dendritic length and number of dendritic
branches (Iyer et al., 2013). Third instar larvae were anesthetized with
CO, and placed on a microscope slide with a halocarbon-ether mixture
(2:1). Larvae were imaged with a Leica SP5 confocal laser microscope
using a 20X objective. ddaC neurons, the most dorsal pair of Class IV
nociceptive neurons (Grueber et al., 2012), were imaged from abdominal
segments 4—6, and z stacks were taken with a 0.76 um step size to capture
the whole dendritic field. Images were taken with a resolution of 1024 X
1024. Images were skeletonized and analyzed for parameters of dendritic
length and dendritic branching in the open source image-processing
package Fiji (https://imagej.net/Fiji).

Immunohistochemistry conditions and imaging. Third instar larvae
bearing Ppk-GFP to specifically visualize the nociceptive neurons were
filleted longitudinally by incision along the ventral midline without an-
esthesia, and all tissues internal to the muscular body wall were removed.
The body wall was pinned flat on a silicone (Sylgard) surface, fixed 20
min in fresh 4% PFA in PBS, washed in PBS 0.1% Triton X-100 (PBS-T),
and blocked overnight at 4°C with 5% normal goat serum in PBS-T. The
intensity of BMP receptor and transducer immunoreactivity were com-
pared in control and UAS-RNAi-expressing animals. Primary antibodies
to Put (Abcam 14680, 1:100) were incubated 1 h at room temperature,
then overnight at 4°C washed in PBS-T and visualized with fluorescently
conjugated secondary antibodies (AlexaFluor-568, Abcam) at 1:500, in-
cubated for 2 h at room temperature followed by washing with PBS-T.
Suitable antibodies to Med, Sax, and Tkv were not available. The Mad
antibody was raised against mammalian p-Smad1/5/8 (generous gift
from Volkhard Lindner, Maine Medical Center Research Institute) and
used at 1:500. Animals were analyzed 0, 2, 4, 8, 16, and 24 h after UV
injury. For each BMP component, eight larvae were analyzed. The ddaC
nociceptive neurons in abdominal segments 4—6 were identified by
eGFP fluorescence and studied for a total of 10-12 cells per component,
and analyzed by confocal microscopy. Images were collected using a
Leica SP5 Scanning Confocal Microscope using a 40X oil objective. All
images were resolved at 1024 X 1024, and a Z stack was collected to
ensure that the entire cell was analyzed. The Z stacks were collapsed into
maximum projections, and the relative intensity of staining was analyzed
using Fiji (https://imagej.net/Fiji). For immunohistochemistry results,
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Figure3.  UVinjuryresultsinallodynia without altering gross dendriticmorphology of nociceptive

neurons. 4, UV injury leads to allodynia. At 24 h after UV exposure, there was a statistically significant
increase in the number of animals that responded to a previously innocuous stimulus, 41°C. Response
latencies were recorded in seconds and categorized as follows: fast (<<6 s, black area), slow (6205,
gray area), or nonresponders if they did not respond within 20 s (white area). n = 90—117, and
distributions were compared using MLR analysis. Whiskers indicate SEM of at least three groups of
larvae. B, €, Dendritic morphology of nociceptive neurons of normal animals (Ppk7.9-Gal4>>y'v")
exposed to UVinjury is similar to that of uninjured controls. The total number of dendritic branches (B)
and total dendritic length (€) were compared in neurons visualized via Ppk-GFP. Analysis of larvae not
subjected to UV injury (left) and those subjected to UV injury (right) shows no significant changes in
morphology. Skeletons were constructed in Fiji, and total dendritic length and the total numbers of
branches were calculated. Data were analyzed by Welch's ttest.n = 18foreach group. ***p << 0.001.



Follanshee et al. ® Drosophila BMP and Nociceptive Sensitization

J. Neurosci., August 30, 2017 - 37(35):8524 — 8533 « 8527

A b B
c
S o]
100% - —- —5— 2 75 100% 1 I
8 > 1
> =4 Q
g - S
S 8% ° S 80% *ok sk
-] by =3
o = 0.50 (7]
O 60% A S &= 60% -
[F' 9 © o
g -g Kk ¥k 7]
c  40% 1 o S 40%
] 8 025 o
Q. ko] [
0 . O 9]
K 20% £ o 20%
s K
0% - == g 0.00 .
uv- + - + - + & 0 %
SR uv no no Ppk-Gal4
no Gal4 noUAS Dpp'R * Mixed Logistlc UAS Gald >UAS-Dpp
Regression Summary
Figure 4. Manipulation of Dpp level in the primary nociceptive neurons affects production of allodynia. A, Knockdown of Dpp using a Ppk1.9-Gal4>UAS-IR RNAi genotype resulted in

afailure to produce allodynia, compared with control genotypes. Following mock treatment (—) or UV-injury (+), larvae were assayed by gentle touch with a thermal probe set to 41°C.
Response latencies were recorded in seconds and categorized as follows: none (>20's, white area), slow (6 —20's, gray area), and fast (<<6's, black area). Whiskers indicate SEM of at least
three groups of larvae; total n = 90—117. B, Overexpression of Dpp in Ppk1.9-Gal4>UAS-Dpp larvae caused hypersensitivity in the absence of UV injury (p << 0.001). The probability of
a nocifensive response at 41°C was calculated for each group by MLR analysis and was seen to increase significantly compared with control genotypes no-Gal4 (w’’"*>>UAS-IR) and

no-UAS (Ppk1.9-Gal4>yv"). n = 90 for each group. ***p < 0.001.

Table 1. p values corresponding to MLR analysis®

Genotype Control Difference Lower Upper p

wB V) wB (v ) 0.64 051 0.75 <0.001
Dpp'® No UAS 0.58 0.42 0.72 <0.001
Dpp'® No Gal4 0.6 044 074 <0.001
Dpp'*2 No UAS 0.43 0.26 0.59 <0.001
Dpp"™*? No Gal4 0.6 0.44 0.74 <0.001
Put"® No UAS 0.67 0.53 0.79 <0.001
Put'® No Gal4 03 0.14 0.46 <0.001
put'®2 No UAS 048 032 0.63 <0.001
Put'®2 No Gal4 038 0.2 0.55 <0.001
Thy'® No UAS 0.53 037 0.68 <0.001
Thy ® No Gal4 0.43 0.26 0.6 <0.001
Thy'*2 No UAS 0.57 0.41 0.72 <0.001
Thy "2 No Gal4 0.47 03 0.63 <0.001
Sax'® No UAS 0.71 0.57 0.82 <0.001
Sax'® No Gal4 0.35 0.2 0.5 <0.001
Sax 2 No UAS 0.55 039 0.7 <0.001
Sax "2 No Gal4 0.41 0.23 0.57 <0.001
Mad ™ No UAS 0.56 0.41 0.71 <0.001
Mad® No Gal4 028 0.11 0.45 <0.001
Med No UAS 0.49 032 0.65 <0.001
Med No Gal4 0.12 —0.06 03 >0.05
UAS-dpp No UAS 0.28 0.12 0.43 <0.001
UAS-dpp No Gal4 027 0.1 043 <0.001

“Estimated difference in the probability of reacting to a stimulus after UV sensitization for the various treatment group
pairs. The lower and upper bounds indicate the bounds to the 99% Cl about the estimated difference, and the final column
indicates the p value of the estimated difference in reaction probability. The differences, confidence bounds, and p values
were all found via p ichootstrapping (10,000 i ) using the MLR model fit to the data.

mean integrated density was measured as the product of the area of the
region of interest and the mean gray value in the desired channel. All
images were obtained with the same exposure and camera conditions to
compare integrated densities.

Visualization of BMP receptor expression by GFP tagging. Because suit-
able antibodies to Sax and Tkv were not available, a GFP tagging ap-
proach was used (Venken et al., 2011). MiMIC lines were produced by
the Gene Disruption Project, in which a GFP coding sequence was in-
serted intronically such that target genes produce the cognate protein
translationally fused to GFP, thus making the protein directly visible via
GFP fluorescence. Two MIMIC lines were selected, MI05726 and

MI08515, corresponding to Sax and Tkv, respectively. Before use in im-
aging, the normal function of the GFP-modified genes was confirmed by
determining their ability to complement deficient alleles (sax and tkv?).
GFP/deficient flies developed successfully in both cases.

Statistical analysis. To estimate the predicted probability of reacting for
the different treatment groups in sensitization experiments, the response
variable (reaction time) was collapsed into a binary variable and a gen-
eralized linear mixed model (with a logistic link function) was fit to the
data for each pathway component using the Ime4 package (version 1.1.7)
(Batesetal.,2014) in R 3.1.3 (R Core Team, 2015) where larvae batch was
modeled as a random effect (mixed logistic regression [MLR] analysis).
To estimate the 99% ClIs for the various contrasts found in Table 1, a
parametric bootstrap (10,000 iterations) was performed using the corre-
sponding models fit to the data. To test whether the differences between
the postinjury reaction probabilities were significant, bootstrap CIs were
constructed (at the & = 0.05, 0.01, and 0.001 levels) and inverted to test
the significance of various comparisons at the corresponding « level. In
graphs depicting results of allodynia experiments, whiskers indicate SEM
of at least three groups of larvae. For normal nociceptive behavior and
morphometry, a Welch’s ¢ test was performed. Immunoreactivity was
compared using a one-way ANOVA with Tukey—Kramer Multiple Com-
parisons Test.

Results

To optimally assay the nociceptive behavior of Drosophila larvae,
athermal dose—response study was performed on a standard con-
trol genotype (w'''®). Beginning at 39°C, the temperature of the
thermal probe was increased in 1°C increments; and at each tem-
perature, 90 larvae were assayed for behavioral response. The
response latency of each larva to its particular test temperature was
recorded. From 39°C to 41°C, most larvae did not respond. How-
ever, beginning at 42°C, there was a steady increase in responsiveness
with temperature, continuing to 50°C (Fig. 2). Because no animals
responded at 41°C and a statistically significant number responded
at 42°C (MLR), 41°C was selected as the maximum innocuous tem-
perature at which to test for allodynia in this study.

To test for the development of thermal allodynia following
injury, control flies (w''’%) were divided into two groups: a UV-
irradiated group and a non—-UV-irradiated group. In the non-
UV-irradiated group, very few animals responded to 41°C
stimulation, whereas a significantly greater number of animals
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e
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Figure 5.

Put®

Localization of BMP receptor Put in nociceptive neurons. Nociceptive neurons were identified by GFP expression in larvae expressing GFP under the control of the pickpocket promoter

(green; A,C,D). Fillets were incubated with antibodies recognizing Put and fluorescently labeled secondary antibodies (red; B-D) and visualized by confocal microscopy. Put expression was observed
in somata and major dendritic branches (C, inset) of nociceptive neurons as well as other cells. Compared with controls, the expression of Put in nociceptive neurons was significantly reduced (D,E;

p < 0.02, Student's t test) by cell-specific RNAi suppression. *p = 0.05-0.01.

Figure6.

Sax::GFP | C

Tkv::GFP | F

Localization of BMP receptors Tkv and Saxin nociceptive neurons. Tkv (4—C) and Sax (D—F) expression in nociceptive neurons was confirmed by colocalization of GFP-tagged Sax or Tkv

(green; B,G,E,F) and nociceptive neuron-specific expression of red fluorescent protein (red; A,C,D,F). Using the MiMIC method, fluorescently tagged Sax and Tkv were observed in the somata and

major dendritic branches of nociceptive neurons, as well as in other unidentified cells.

responded at this temperature after exposure to UV irradiation
(p < 0.001, MLR; Fig. 3A). The possibility that UV irradiation
affects the dendritic architecture of nociceptive neurons was ex-
amined in animals bearing a Ppk-GFP transgene that causes ex-
pression of GFP specifically in these cells. Nociceptive neurons
dendritic branching and length (Fig. 3B) were measured after
either UV treatment (right bars) or mock treatment (left bars).

Neurons were analyzed at 24 h after injury, the time of peak
development of allodynia (Babcock et al., 2009). No statistically
significant differences were observed between treatment groups
(MLR).

Using IR transgenics to trigger RNAi-mediated knockdown of
Dpp expression in the nociceptive neurons, we observed that
suppressing the availability of the Dpp reduced the development
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Figure 7.  BMP receptors are required in nociceptive neurons for injury-induced allodynia. Ppk1.9-Gal4>UAS-IR RNAi geno-

types targeting Put (4), Sax (B), or Tkv (C) were prepared. Following mock treatment (—) or UV-injury (+), larvae were assayed
by gentle touch with a thermal probe set to 41°C. Response latencies were recorded in seconds and categorized as follows: none
(>20s, white area), slow (6 —20's, gray area), and fast (<65, black area). Larvae of all three genotypes failed to produce allodynia
after injury. Probability of response was compared with control genotypes no-Gal4 (w'""®>UAS-IR) and no-UAS (Ppk1.9-
Gal4>y'v") by MLR analysis. Whiskers indicate SEM of at least three groups of larvae; total n = 83-103. ***p < 0.001.

of thermal allodynia. Compared with controls, the Dpp™ ani-
mals demonstrated a strong attenuation of allodynia (p < 0.001,
MLR; Fig. 4A). It was previously observed that overexpression of
TNF-a by the epidermal cells can induce allodynia via paracrine
signaling in the absence of injury (Babcock et al., 2009) as well as
induce autocrine activation of Hh signaling (Babcock etal., 2011)
and TK signaling (Im et al., 2015). In a similar experiment, UAS-
Dpp was used to drive overexpression of Dpp in the nociceptive
neurons to determine whether increased Dpp availability was
sufficient to induce thermal allodynia without prior injury via
UV irradiation (p < 0.001, MLR; Fig. 4B). Uninjured larvae with
elevated Dpp expression showed significantly higher sensitivity to
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the 41°C probe, compared with control an-
imals (p < 0.001, MLR; Fig. 4B).

Several membrane receptors have been
implicated in transducing Dpp signals.
These are Put (Letsou et al., 1995), Tkv
(Ruberte et al., 1995), and Sax (Nellen et
al., 1994; Xie et al., 1994). The various re-
ceptors for Dpp can be detected via im-
munohistochemistry and protein tagging
in the nociceptive neurons (Figs. 5; 6).
The expression of these Dpp receptors was
suppressed to test for their requirement in
nociceptive neurons for the formation of
allodynia following UV irradiation. Sig-
nificant reduction (Fig. 5D, E) in the level
of Put expression was confirmed by im-
munocytochemistry. Expression of Sax
and Tkv in the somata and dendrites of
nociceptive neurons and other cells was
observed using a GFP tagging approach
(Fig. 6). Very faint Sax expression, but not
Tkv expression, was observed in axon ter-
minals (data not shown). Injury did not
alter the expression pattern of either Tkv or
Sax (data not shown). Larvae in which each
receptor, Put (Fig. 7A), Sax (Fig. 7B), or Tkv
(Fig. 7C), was individually suppressed
showed strong attenuation in the formation
of allodynia (p < 0.001, MLR). Similar re-
ductions in sensitization were observed in
animals in which Dpp, Put, Tkv, and Sax
were individually suppressed using RNAi
lines independent from and nonoverlap-
ping with those shown above, indicating
that the effects observed are not due to off-
target suppression (data not shown).

To test for the requirement of canoni-
cal SMAD signaling downstream of these
receptors (see Fig. 1), the expression of
Mad in nociceptive neurons was sup-
pressed through Ppkl.9-Gal4-mediated
expression of a UAS-RNAI transgene tar-
geting Mad, Mad'™®. Larvae with sup-
pressed Mad demonstrated significantly
less injury-induced sensitization com-
pared with relevant controls (p < 0.001,
MLR; Fig. 8A). When the co-SMAD Med
was suppressed, the larvae again demon-
strated significantly less injury-induced
sensitization (p < 0.001, MLR; Fig. 8B)
compared with the no UAS control group
(Ppkl.9-Gal4>y'v'). Mad activation by the Type I BMP
receptors Tkv and Sax following UV injury was quantified by immu-
nohistochemistry using an antibody specific to the phosphorylated
form of Mad (anti-pSmad1/5/8) at various times after UV damage.
Eight hours after injury, predominantly nuclear basal phospho-Mad
(p-Mad) immunoreactivity was increased by 125.53% (p < 0.001,
Tukey—Kramer Multiple Comparisons Test) and returned to nor-
mal levels by 24 h (Fig. 9).

To confirm that larvae in which BMP components were
suppressed maintained their ability to respond to noxious stim-
ulation, nociceptive responses of uninjured animals to a suprath-
reshold temperature (45°C) were examined. The behavioral
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tion in vertebrates (Wisotzkey et al.,
1998). These roles include control of cell
proliferation and specification of cell fate.
The BMP pathway has been implicated in
neural and synaptic development in ver-
tebrates and invertebrates (Guha et al.,
2004; James et al., 2014). BMP functions
are well conserved across species, and
particularly strong orthology exists be-
tween mammalian BMP 2/4 and inver-
tebrate Dpp (Padgett et al., 1993; Sampath et al., 1993). This
report describes a novel role for BMP signaling in nociceptive
sensitization.

In previous studies performed in Drosophila and other ani-
mals, the Dpp signaling pathway has been well elucidated (Liu
and Niswander, 2005; Affolter and Basler, 2007). Exogenous Dpp
has been shown to specify cell fates, for example, in the develop-
ing wing, by binding its Type II receptor Put. Put then activates
either of two Type I receptors, Tkv (ortholog of mammalian
ALK3/6) or Sax (ortholog of mammalian ALK1/2). In many
mammalian contexts, BMPs act as morphogens that trigger the
specification of bone (Urist, 1965). With regard to roles in sen-
sory processes, BMPs (Ai et al., 1999) and another member of the
TGF- superfamily, activin (Xu et al., 2007), are known to increase
expression of calcitonin gene-related peptide in sensory neurons.
TGF-is known to regulate opioid transmitter synthesis (Kamphuis
et al,, 1997), and mice deficient in a TGF-f3 signaling inhibitor,
BAMB]I, are hyposensitive to noxious stimuli (Tramullas et al.,
2010).

Previous studies have shown that upon cutaneous tissue in-
jury by UV exposure and subsequent TNF« signaling by the ap-
optotic epidermal cells (Babcock et al., 2009), Hh is released from

Figure 8.

Regression Summary

Canonical intracellular transducers are required in nociceptive neurons for injury-induced allodynia. Knockdown of
Mad (A) or Med (B) using Ppk1.9-Gal4>UAS-IR RNAi genotypes resulted in a failure to produce allodynia, compared with control
genotypes no-Gal4 (w'""®>UAS-IR) and no-UAS (Ppk1.9-Gal4>y"v"). Following mock treatment (—) or UV-injury (+), larvae
were assayed by gentle touch with a thermal probe set to 41°C. Response latencies were recorded in seconds and categorized as
follows: none (>20's, white area), slow (620, gray area), and fast (<6 s, black area). Whiskers indicate SEM of at least three
groups of larvae; total n = 82-103. Allodynia in larvae with suppressed Med was significantly different from one of its controls;
Mad suppression resulted in allodynia significantly reduced compared with both controls. ***p < 0.001.

nociceptive neurons in response to TK signaling from the CNS
(Imetal., 2015). Hh activation of its receptor Patched, located on
nociceptive neurons, produces allodynia (Babcock et al., 2011).
The observation that allodynia requires Dpp is consistent with
previous data demonstrating Hh upregulation of Dpp expression
in developmental contexts (Hooper and Scott, 2005). This study
establishes that Dpp is necessary for injury-induced sensitization
of nociceptive neurons. Furthermore, experimental overexpres-
sion of Dpp in nociceptive neurons produces allodynia in the
absence of injury, supporting the conclusion that Dpp is suffi-
cient for the formation of allodynia. Last, knockdown of Dpp
does not alter normal nociceptive function, indicating that Dpp
signaling is specific for nociceptive neuron sensitization.

The requirement of BMP components (see Fig. 1) in nocice-
ptive neurons to produce sensitization was investigated by sup-
pressing their expression in these neurons using Ppk1.9-Gal4 to
drive expression of gene-specific IR RNAi constructs, which trig-
ger the destruction of the matching endogenous mRNA, specifi-
cally in the nociceptive neurons. Results indicate that Dpp, its
Type II primary receptor Put, and the Type I receptors Tkv and
Sax are all necessary in the nociceptive neuron for the formation
of allodynia. This suggests, but does not confirm, the possibility
that the Dpp nociceptive sensitization pathway involves an auto-
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The necessity of both Type I receptors,
Sax and Tkv, for the formation of allo-
dynia suggests that Dpp binds as a dimer,
as has been demonstrated in prior studies
of TGF-B members (Daopin et al., 1992),
to trigger the allodynia-producing path-
way in this cell. Both Type I receptors are
independently necessary; thus, both must
be activated to produce allodynia. Per-
haps this mechanism of sensitization sug-
gests a reason why congenital Type I BMP
receptor ALK2 hyperactivation in human
patients suffering from fibrodysplasia os-
sificans progressiva increases the inci-
dence of neuropathic pain and allodynia
(Kitterman et al., 2012).

The Type I BMP receptors are known
to activate the canonical SMAD signaling
protein Mad (Raftery et al., 1995) through
phosphorylation to form p-Mad (see Fig.
1). Then p-Mad forms a complex with the
co-SMAD Med, homolog of human
SMAD4 (Wisotzkey et al., 1998), which
translocates to the nucleus to regulate
gene expression. Upon suppression of
Mad and Med, the formation of allodynia
was significantly attenuated, demonstrat-
ing that the canonical pathway is required
for the manifestation of allodynia. Fur-
thermore, immunolocalization of p-Mad,
following UV-induced tissue damage, re-
vealed that nuclear p-Mad levels were
nominally elevated by 4 h after injury,

e

0 2 4 8 16

Time After UV injury (Hours)

Figure 9.

Tukey—Kramer Multiple Comparisons Test).

crine signaling strategy. Because suppression of either Dpp or its
receptors specifically in the nociceptive neurons produces a
blockade of injury-induced thermal allodynia, it may be that Dpp
is produced in the nociceptive neuron following epithelial tissue
damage, then is released and interacts with that same nociceptive
neuron’s Dpp receptors. BMPs are known to signal through au-
tocrine mechanisms at the neuromuscular junction (James et al.,
2014), but a role for autocrine BMP signaling in sensory neurons
has not been previously reported.

The effects of BMP signaling on nociception are specific to
nociceptive neuron sensitization, as supported by the finding that
manipulation of receptor expression via RNAI did not alter be-
havioral responses to noxious thermal stimulation. To demon-
strate that the results of manipulating BMP signaling are specific
to the sensitization pathway and not a general loss of nociceptive
functioning in these neurons, uninjured RNAi-suppressed larvae
were tested at the normally noxious 45°C (Babcock et al., 2009,
2011). No changes to normal nociception were observed.

Mad phosphorylation in nociceptive neurons increases after injury. GFP expression indicates nociceptive neurons
(green; A,C,E) and anti-phospho-Mad immunoreactivity (red; B,D,F). Cell bodies of the nociceptive neurons are shown outlined in
white. A, B, Representative images of staining immediately following UV injury. C, D, Representative images of staining 8 h after
UVinjury. E, F, Representative images of staining 24 h following UV injury, at the time of peak allodynia. G, Average calculated
mean intensities of phospho-Mad signaling in the nuclei of the nociceptive neurons at 2, 4, 8, 16, and 24 h after injury. n > 9 for
each group. Significant increase in anti-phospho-Mad immunofluorescence detected at 8 h: ***p << 0.001 (one-way ANOVA and

reached a statistically significant peak 8 h
24 after injury, and returned to baseline at

24 h following injury. This time course is
consistent with the onset of hypersensitiv-
ity (Babcock et al., 2009).

Morphometric analysis was performed
to determine whether the induction of al-
lodynia following UV-mediated tissue
damage was accompanied by changes to
the dendritic architecture of the nocicep-
tive neurons. No significant morphologi-
cal differences between the neurons of UV-
irradiated larvae and those of unirradiated controls were found,
indicating that the observed hypersensitivity following UV damage
is a result of intrinsic mechanisms of sensitivity, rather than changes
in dendritic morphology. This also suggests that the morphological
changes observed in some RNAi manipulations may be the result of
a developmental effect of BMP perturbation.

In some experimental groups, there were some differences in
dendritic morphology that may indicate a separate role for BMP
signaling in these peripheral tissues (Fig. 11). First, Put knock-
down resulted in a significant increase in the amount of dendritic
branching. The direction of this effect is opposite from what
might be expected given the observed failure of UV injury to
produce allodynia in this manipulated animal. Similarly, when
Dpp was upregulated in the nociceptive neurons, a decrease in
both dendritic branching and overall dendritic length of these
nociceptive neurons was observed. The direction of these effects
is also in opposition to the formation of injury-independent al-
lodynia. These inconsistencies between the results of a genetic
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Figure 10.  Nociception of larvae of RNAi and control genotypes is similar at normally nox-
ious temperature of 45°C. Normal nociceptive responses were tested to determine the normal
nociception behavior of uninjured larvae. These data show that uninjured animals bearing IR
RNAi genotypes reducing expression of BMP components are as capable of responding to nor-
mally noxious thermal stimuli as are the controls. Probe temperature was set to 45°C.n = 90for
all groups. In no case did an RNAi genotype show a significant difference from both no-UAS
(Ppk1.9-Gal4>>y"v") controls (Welch’s t test).

manipulation on dendritic morphology and allodynia suggest
that some factor other than the degree of dendritic arborization
connects BMP signaling to the development of allodynia. The
literature describing the role of BMP signaling in plasticity of the
neuromuscular junction (James and Broihier, 2011; James et al.,
2014) suggests that the effect of BMP signaling on injury-induced
allodynia could be to produce changes in synaptic strength at the
central terminals of the nociceptive neurons in the ventral nerve
cord, where connections are made with the first-order interneu-
rons of the central nociceptive circuitry (Ohyama et al., 2015).

It has been reported that BMP released from epithelial tissues
acts to control the degree of sensory neuron innervation through
density of terminal fields and total number of neurons in the
DRGs of mice (Guha et al., 2004). Inhibition of dendritic growth
by epithelially derived Dpp could explain why the RNAi manip-
ulations of BMP receptor Put resulted in an increase in total
dendritic branching. This model is consistent with our observa-
tion that, in animals with Dpp suppressed in nociceptive neu-
rons, normal dendritic morphology was observed. In this case,
Dpp knockdown in the nociceptive neurons would not be ex-
pected to have any effect on the pool of Dpp that might be re-
leased from the epithelial cells; however, the nociceptive neurons
of such animals still have intact receptor machinery to perceive
and transduce the epithelial-derived Dpp signal, thus resulting in
normal dendritic architecture. On the other hand, upregulating
Dpp in the nociceptive neuron would lead to an increase in Dpp
signaling around that neuron and would increase the inhibitory
signal, cuing a decrease in dendritic growth, as observed.

In conclusion, this report demonstrates that Dpp expression in
the nociceptive neuron is both necessary and sufficient for the pro-
duction of thermal allodynia. Dpp signals to the primary Type II
receptor Put, in turn activating Type I receptors Tkv and Sax, which
then activate the canonical signaling pathway by phosphorylating
Mad to ultimately produce allodynia (Fig. 1). Suppression of these
components has no observed effect on the normal nociceptive func-
tioning of these cells and only minor effects on their dendritic mor-
phology. Because of the high degree of conservation of the BMP
system between vertebrates and invertebrates, the pharmacological
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Figure 1. Morphology of nociceptive neuron dendritic fields of larvae in which BMP com-
ponents were manipulated compared with that of normal larvae. Morphological parameters
measured were the total number of dendritic branches () and total dendritic length (B). Larvae
in which Dpp was suppressed in nociceptive neurons by IR-triggered RNAi exhibited no signif-
icant differences in dendritic branching compared with control genotype Ppk1.9-Gal4>y'v’,
nor did larvae in which Tkv or Sax were similarly suppressed. Nociceptive neuron branching was
increased in larvae in which Put (p << 0.007), Mad (p << 0.022), or Med (p << 0.04) was
suppressed (A), but no RNAi manipulation significantly altered overall dendritic length (B).
Overexpression of Dpp in the nociceptive neurons (4,B, rightmost bar) significantly decreased
dendritic branching (p << 0.025) and dendritic length (p << 0.04), compared with control
genotype Ppk1.9-Gal4>w"""%, Skeletons were constructed in Fiji, and total dendritic length
and total number of branches were calculated. Data were analyzed using Welch's t test. n =
18-30. *p = 0.05-0.01. **p < 0.01-0.001.

manipulation of BMP pathways might offer an effective avenue for
the treatment of chronic pain in humans.
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