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Abstract

Understanding the signaling mechanisms leading to neurogenic inflammation, a process found in chronic pain, psoriasis and
migraine, is key for the development of more effective analgesics. A key player in the onset of this inflammation is transient
receptor potential cation channel, subfamily V, member 1 (TRPV1), an ion channel abundant at the free terminals of nociceptors,
which can be directly activated by capsaicin (CAP), acidic pH or noxious heat, and indirectly through phospholipase C-y (PLCy),
which promotes cleavage of the inhibitory phosphatidylinositol-4,5-bisphosphate from the channel. In turn, PLCy is activated via
its phosphorylation by growth factor receptor tyrosine kinases, such as the high affinity nerve growth factor receptor, tropomyo-
sin kinase A (TrkA). We previously developed a permeable phosphopeptide (TAT-pQYP) that binds to PLCy, preventing lipase
anchoring to TrkA, and hence its phosphorylation/activation, and showed that PLCy is key for mechanical hypersensitivity in
CFA-induced inflammation. Herewith, we investigate the role of PLCy in an acute model of inflammatory nociception induced by
the subcutaneous injection of CAP in the hind paw of male mice. This model elicited a two phase response, the first related to
TRPV1's sensitization and the latter to neurogenic inflammation. TAT-pQYP did not alter the TRPV1-mediated chemonociceptive
response and neurogenic signaling itself, but it was able to disrupt PLCy signaling, reverting nerve growth factor/TrkA-depend-
ent mechanical hypersensitivity in nociceptors, and returning paw diameter to baseline levels by disrupting vascular endothelial
growth factor A/endothelial nitric oxide synthase signaling in endothelial cells. Altogether, our results show that TAT-pQYP dis-
rupts PLCy signaling in CAP-triggered neurogenic inflammation, leading to an anti-inflammatory and antinociceptive effect with-
out interfering with TRPV1 chemosensitivity and neuropeptides activity. PLCy represents a potential target to relieve neurogenic
inflammation-dependent pain while preserving TRPV1's physiological activity.

NEW & NOTEWORTHY When activated, TRPV1 promotes neurogenic inflammation via neuropeptide signaling. However, drugs
designed to directly block TRPV1 may impair its nociceptive roles, essential for tissue preservation. In this work, pain and swel-
ling caused by neurogenic inflammation were mitigated after blocking PLCy’s activity, modulating TRPV1’s activity without affect-
ing normal chemosensitivity. This suggests that blocking PLCy could be a new approach for the development of painkillers
maintaining the physiological detection of harmful stimuli.

analgesia; inflammatory pain; nociception; pain mechanisms; phospholipase Cy

INTRODUCTION of immune cells that mediate the inflammatory process (4).
Among them, the recruitment and degranulation of mast cells
triggered by SP is important for the release of multiple proin-

flammatory molecules, including nerve growth factor (NGF)

Pain is an emotional and sensorial aversive experience typi-
cally caused by lesion or potential tissue damage. Nociceptive

pain is perceived by normal functioning nociceptors (1).
Nociceptors can be sensitized through their membrane chan-
nels, including transient receptor potential cation channel,
subfamily V, member 1 (TRPV1), which can be activated by
noxious heat, acidic environments, and vanilloids (2, 3).
Binding of the exovanilloid ligand capsaicin (CAP) to TRPV1
enhances expression and release of proinflammatory neuro-
peptides, substance P (SP) and calcitonin gene-related peptide
(CGRP), in peptidergic nociceptors, leading to the recruitment
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(5). In turn, NGF activates its high affinity receptor tyrosine
kinase (RTK), tropomyosin kinase A (TrkA), substantially
expressed in nociceptors, thereby creating a neuro-immune
inflammatory feedback loop (6). Upon NGF-TrkA interaction,
multiple signaling pathways are activated (7), including acti-
vation of phospholipase C-y (PLCy) (8, 9), which hydrolyses
phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglyc-
erol (DAG) and inositol 1,4,5-trisphosphate (IP3), promoting
calcium efflux from the endoplasmic reticulum mediated by
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IP3 receptors and influx via TRPV1 opening by releasing the
channel from PIP2 inhibition (8, 10). Calcium and DAG are
also essential for activation of protein kinase C (PKC), which
can phosphorylate TRPV1, sustaining channel activity (11).

Many compounds were designed to directly modulate
pain signaling in nociceptors by directly inhibiting NGF,
TrkA, or TRPVI. Several of these have been tested in clinical
trials and shown to be very effective in mitigating pain (12).
However, side effects due to downstream inhibition of other
important signaling pathways, such as Akt and ERK, which
are involved in neurite outgrowth and neuronal survival in
the case of NGF/TrKkA (13), and inhibition of normal thermal
and chemical nociceptive activity of TRPV1 (14), have been
reported. Thus, elucidating signaling pathways that are
more specific to the inflammatory pain processes is key for
the development of more effective analgesics that do not
compromise physiological activity of their targets (13, 15).

In this context, our group previously designed a permeable
phosphopeptide (TAT-pQYP) based on mutations identified
in patients with congenital insensitivity to pain with anhi-
drosis (CIPA) that could lead to a truncated TrkA, lacking the
PLCy’s binding site, necessary for the phosphorylation/acti-
vation of the lipase (16). Likewise, TAT-pQYP prevents
PLCy’s anchoring to TrkA by binding to the lipase’s SH2
domain, disrupting its activation (17). Intraplantar injection
of TAT-pQYP attenuated complete Freund’s adjuvant (CFA)-
induced mechanical hypersensitivity, in a similar fashion to
Trk and PLC inhibitors (17), underscoring the role of PLCy sig-
naling in inflammatory pain mediated by NGF in nociceptors.

Here, we used subcutaneous injection of CAP in the hind
paws of mice, to evaluate how PLCy is implicated in TRPV1-
dependent inflammatory nociceptive pain phenotypes. Using
TAT-pQYP as a tool to disrupt PLCy signaling by inhibiting its
interaction with RTKs, we show the interplay between TrkA,
PLCy, and TRPV1 in chemosensitivity and mechanical hyper-
sensitivity. Furthermore, we show that RTK signaling via
PLCy is also relevant in endothelial cells by contributing to
the increase in paw diameter during neurogenic inflamma-
tion. Taken together, we suggest that targeting PLCy in pain
mechanisms that rely on neurogenic inflammation could lead
to more effective pain management strategies.

MATERIALS AND METHODS

Cell Culture and Western Blot

Neuro2A cells (mouse neuroblastoma cells, ATCC No. CCL-
131) were maintained in high-glucose Gibco Dulbecco’s modified
Eagle medium (DMEM) supplemented with NaHCO; (3.7 g/L),
1 mM sodium pyruvate, penicillin (100 U/mL), streptomycin (100
pL/mL), and 10% fetal bovine serum, at 37°C and 5% CO,. Cells
were cultured in six wells plates until they reached 80% conflu-
ency, when they were transiently transfected in Opti-MEM
(Gibco by Life Technologies) using polyethylenimine (3 pg/well)
and 1pg/well of Ntrki (TrkA) DNA (obtained from G. Lewin, Max
Delbruck Center for Molecular Medicine, in an eucaryotic expres-
sion plasmid with resistance gene for ampicillin; pEXPR IBA
105). Six hours after transfection medium was replaced by com-
plete culture medium, and cells were cultured for another 48 h.

Cells were then starved for 12 h in serum-free culture
medium and incubated with either, TAT, TAT-QYP, or TAT-
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PQYP (0.8 uM) for 30 min and treated with 100 ng/mL
B-recombinant human NGF (Cat. No. 450-01, PeproTech) for
5 min. Concentrations of peptides and NGF were determined
based on previous studies. Cells were then lysed in 70 pL of
lysis buffer [1% Triton X-100, 20 mM TRIS, pH 7.4, 100 mM
NaCl, 1x protease (SIGMAFAST, Sigma-Aldrich), and 2 x phos-
phatase (PhosSTOP, Roche) inhibitors]. Lysates were sonicated
(30 pulses) and centrifuged at 16,000 RCF for 15 min at 4°C.
The supernatant was collected and fully mixed in a 1:4 ratio
with 5x Laemmli buffer (0.125 M Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, 10% 2-mercaptoethanol, and 0.004% bromophe-
nol blue) and heated to 95°C for 5 min. Lysates were then run
on 7.5% SDS-PAGE, which were subsequently transferred to
7.5% polyacrylamide gel was loaded with proteins for electro-
phoresis, before proteins were transferred to a PVDF mem-
branes in a wet-transfer system (Bio-Rad). Membranes were
dried for at least 1 h before blocking with LI-COR Intercept
Blocking Buffer. Blotts were probed with primary antibodies
against total TrkA (Cat. No. A4147, AbClonal, 1:1,000), total
PLCy (Cat. No. 2822, Cell Signaling, 1:1,000), phospho-PLCy
Tyr’® (Cat. No. 2821, Cell Signaling, 1:100), phospho-MARCKS
Ser'52/156 (Cat. No. 2741, Cell Signaling, 1:500), o-tubulin (Cat.
No. A11126, Thermo Fisher Scientific, 1:3,000) diluted in block-
ing buffer (SuperBlock Blocking Buffer, Thermo Fisher
Scientific) containing 0.1% tween-20 and incubated overnight
at4°C. Membranes were washed five times for 5 min in T-TBS
(20 mM Tris-base, 150 mM Nacl, 0.1% Tween-20, pH 7.6) and
incubated for 2 h with IRDye 800CW donkey anti-rabbit
(1:15,000) or IRDye 680CW donkey anti-mouse (1:15,000) at
room temperature, protected from light. Images were acquired
using LI-COR Odyssey DLx imaging system, and densitometry
of the immunoreactive bands were carried out using ImageJ
software.

Animals

Isogenic male C57BL/6NTac mice from 8 to 10 wk old (20-26
g) were used for behavioral assessment and tissue extraction.
Animals were housed at the following conditions: 21+2°C
room temperature, tap water ad libitum, and NuVital ration, 4
or 5 mice/house cage, 12/12 dark/light cycle. Mice were accli-
mated to the animal facility for 1 wk before any behavioral test.
Animals were randomly assigned to groups, with blinding of
the experimenter, who performed all behavioral analysis and
in vivo measurements. Sample size was calculated using 80%
statistical power and 95% confidence interval. All animal pro-
tocols were previously approved by the competent ethics com-
mittee of the Institute of Biomedical Sciences of the university
of Sdo Paulo (CEUA 4121050423) and designed according to
ARRIVE 2.0 guidelines (18).

Drugs and Substances

All drugs or substances were injected subcutaneously (sc) to
the dorsal surface of the hind paw using 29 G needles in a 20
uL volume. Baseline (BSL) behavioral assessments were per-
formed at least 30 min before the first injection. Inhibitors
were diluted in 1% DMSO: Capsazepine (CPZ; Sigma Aldrich,
Cat. No. C191; 100 pmol/paw) (19); U-73122 (Sigma Aldrich,
Cat. No. 662035; 100 pmol/paw); GNF-5837 (Sigma
Aldrich, Cat. No. SML0844; 2 umol/paw) (17). Proalgesic sub-
stances and peptides were diluted and used in the following
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concentrations: p-recombinant human NGF (Cat. No. 450-
01, PeproTech), 500 ng/paw in distilled water (20); CAP
(Cat. No. 0462, Tocris), 2.00 pg/paw in 10% ethanol and
10% tween-20 (19); peptides (obtained from Chinese
Peptide), 1.6 umol/paw in distilled water (17). Peptides
sequences are linked (GSG linker) to human immunodefi-
ciency virus-1 TAT peptide (GRKKRRQRRRPQ) for intra-
cellular delivery (21) and the respective sequences are:
TAT-pQYP (GRKKRRQRRRPQGSGQAPPVpPYLDVLG), TAT-
QYP (GRKKRRQRRRPQGSGQAPPSYLDVLG), and pQYP
(QAPPSPpYLDVLG) (17). All experiments were conducted in
a vehicle-paired fashion, using 1% DMSO when involving
CPZ, U-73122, and GNF-5837, distilled water for NGF or
peptides only, and 10% ethanol/10% tween-20 solution as
a control for CAP.

Behavioral Assays

Capsaicin test (CAP test) was performed on an acrylic
apparatus in front of a mirror for better visualization. Mice
were injected with CAP and immediately placed in the appa-
ratus for filming. Time spent licking and biting the injected
hind paw was assessed for 5 min and the results expressed as
nociceptive response to CAP (s) (19).

Von Frey test was performed to determine mechanical sen-
sitivity according to up-down method (22). In brief, nylon
monofilaments (North Coast Medical) 0.07 g, 0.16 g, 0.4 g, 0.6
g,1.0g,14g,2.0g,4.0 g, and 6.0 g were used to build a sensi-
tivity profile of the plantar region of the hind paw, interpreted
by: 0.5g =10 [Xf + ky], where Xf is the logarithmic of the last
monofilament applied, k is the constant value correspondent
to the sequence of six responses (positive: withdrawal; nega-
tive: no response), and v is the logarithmic mean of the mono-
filaments used. Results are expressed as 50% paw withdrawal
threshold (g).

For mechanical sensitivity to innocuous touch, the 0.07 g
monofilament was applied six consecutive times to the hind
paw, in intervals of at least 30 s. For mechanical sensitivity to
noxious touch, a 24 G needle was applied 10 times to the hind
paw with no skin perforation, in intervals of at least 3 min
(23). Mice that exhibited a maximum response to the stimula-
tions at the BSL test were excluded from data analysis.

Paw Diameter Assessment

The diameter of the hind paw was assessed using a digital
caliper. Mice were kept in their housing cages during the
experiments and had their paws measured at the same site,
determined at the BSL measure, during the experimental
time course.

RT-qPCR

Mice were euthanized by 2% isoflurane inhaling and had
their death confirmed by cervical dislocation. Paws were col-
lected and stored immediately on dry ice. RNA extraction
was performed using the TRIzol kit (Thermo Fisher), and
cDNA was obtained using the SuperScript IV kit (Thermo
Fisher), according to manufacturer instructions. RT-qPCR
was run according to standard amplification protocols using
SYBR green fluorescent probe (Thermo Fisher). Quantitation
was performed by the 2724€t method, using Gapdh as a
housekeeping control (24). Primers used for the different
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genes were: Ngf forward 5'-GGGAGCGCATTCGAGTGAC-
3’; Ngf reverse 5'-CAAAACTCCACCATGCTGCC-3'; Vegfa
forward 5'-CCCAGAGAGCAGGTGGTTTA-3'; Vegfa reverse
5'-TGCCCTTCTCCTTCCTTCTG-3'; Gapdh forward 5'-ACTTCA-
ACAGCAACTCCCACT-3'’; Gapdh reverse 5'-TGGGTGGTCC-
AGGGTTTCTTA-3'.

Immunofluorescence

L4-L6 ipsilateral DRGs (dorsal root ganglia) were collected
and fixed embedded in 4% paraformaldehyde (in 0.1 M phos-
phate buffer) for 24 h before moving to a 30% sucrose solution
(in 0.1 M phosphate buffer) for long term storage. Tissues
were processed in optimal cutting temperature at —35°C, and
12 um sections were obtained using a cryostat on SuperFrost
Plus slides, which were latter blocked in 10% normal goat
serum and 0.05% Tween-20, in phosphate buffered saline,
followed by incubation in 0.3 M glycine with 0.2% Tween-20
for 20 min. Primary antibody against CGRP (Cat. No. 14959,
Cell Signaling) was diluted 1:300 in the blocking buffer and
incubated at 4°C overnight. After washing 2 times each for
10 min in PBS, sections were incubated with secondary
antibody (Cat. No. A-21428, goat anti-rabbit Alexa Fluor
555, Thermo Fisher, 1:1,000) for 2 h at 4°C, and washed two
times for 10 min in PBS. Glass slides were mounted with
Fluoromount-G (Thermo Fisher Scientific). Images were
captured using ZEISS Axio Observer, and two image fields
from each animal, and a total of three animals per group,
were analyzed with ImageJ.

Western Blot of Tissue

Ipsilateral paws were dissected and automatically homog-
enized in RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NacCl,
1% IGEPAL, 1% sodium deoxycholate, 0.1% SDS, EDTA
5 mM) with 10% protease (SIGMAFAST, Sigma-Aldrich) and
phosphatase (PhosStop, Roche) inhibitors. Lysates were cen-
trifuged at 16,000 RCF for 20 min at 4°C, and the superna-
tant was collected. Total protein content was quantified
using bicinchoninic acid (BCA) assay quantification kit
(Thermo Fisher Scientific). Protein (40 pg) were prepared for
SDS-PAGE in Laemmli buffer and heated to 70°C for 10 min.
SDS-PAGE and transfer of gels to PVDF membranes was per-
formed as described in Cell Culture and Western Blot section.
Blotts were probed with total eNOS (Cat. No. 9586, Cell
Signaling, 1:1,000), phospho-eNOS Ser''”” (Cat. No. 9570, Cell
Signaling, 1:1,000). Membranes were then reprobedfor total
eNOS after stripping using NewBlot LI-COR PVDF stripping
buffer, incubated with IRDye 800CW donkey anti-rabbit
(1:15,000) and developed as described in Cell Culture and
Western Blot section.

Histochemistry

Glabrous skin from injected paws were collected and fixed
in 4% paraformaldehyde (in 0.1 M phosphate buffer) for 24 h
before moving to a 30% sucrose solution (in 0.1 M phosphate
buffer) for long term storage. Tissues were mounted in paraf-
fin and 16 um longitudinal sections were obtained. Sections
were stained with toluidine blue to assess mast cells distribu-
tion in the tissue (25). Tissues were processed by the Sdo
Paulo University Institute of Biomedical Sciences histotech-
nology facility, and micrographs were obtained using bright-
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field high-resolution objectives. Sections from three mice for
each group were assessed. Three image fields from individual
mice were analyzed, and the results were averaged for multiple
comparison analysis. Cell counts were performed by an experi-
menter blinded to treatments using Image-Pro Plus (version
6.0). Background cells are blue-stained after toluidine blue,
whereas mast cells could be identified as violet metachromatic
structures. Among them, spread granules and cloudy sur-
roundings were counted as degranulating mast cells.

Statistical Analysis

Normality of samples was assessed by fitting data to a nor-
mal distribution. Unpaired ¢ test was used to assess differences
between two groups. One-way or two-way ANOVA tests were

used for three or more groups, when appropriate, with Tukey
post hoc test for significance assessment (P value < 0.05). All
statistical analysis and graphs were generated using the soft-
ware GraphPad PRISM (10.3 version).

RESULTS

TAT-pQYP Inhibits PLCy and Downstream PKC-
Mediated Signaling

We started assessing TAT-pQYP’s capacity to inhibit PLCy
activation and downstream signaling in Neuro2A cells tran-
siently expressing TrkA after NGF stimulus. We observed
that TAT-pQYP, but not TAT carrier alone or the peptide
lacking the phosphorylated Tyr (TAT-QYP), decreased PLCy
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Figure 1. TAT-pQYP prevents TrkA mediated PLCy and PKC activation in NGF-treated transfected Neuro2A cells. A, top: Western blot showing that TAT-
PQYP, but not TAT or TAT-QYP, decreased both PLCy and MARCKS phosphorylation as seen with anti-p-PLCy (Tyr’®® residue) and anti-p-MARCKS (Ser'>%/156
residue). Blots were probed with anti a-tubulin for normalization. B: Western blot of a separate gel with the same lysates probed for total PLCy, total TrkA, and
o-tubulin. Each gel contains three independent experiments (N = 3). Bottom: quantitative representation of gels (A and B), where independent experiments
are presented as black dots, and average * SD is indicated. Densitometric values of the immunoreactive bands panel (A and B) were normalized to a-tubulin,
and individual experiments were compared with their respective control group (density of the TAT group), which was considered the maximal activation for
each biological replicate. Multiple comparison analysis was performed by one-way ANOVA followed by Tukey’s post hoc test to determine statistical signifi-
cance. *P < 0.05. NGF, nerve growth factor; PKC, protein kinase C; PLCy, phospholipase C-y; TrkA, tropomyosin kinase A.
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phosphorylation at Tyr’®? (Fig. 14), a phosphorylation neces-
sary for lipase activation (17), whereas PLCy expression levels
are not different between groups (Fig. 1B), these effects were
similar to the previously observed with HEK-293T cells
expressing TrkA (17). To assess the effect on PLCy-mediated
downstream signaling, blots were probed for a protein kinase
C (PKC) substrate, phosphorylated myristoylated alanine-
rich C kinase substrate (MARCKS) (26). Since, PKC activation
requires PLC activity/generation of DAG (11). As expected,
TAT-pQYP was able to decrease MARCKS phosphorylation at
Ser'S?/15 (Rig. 1A), supporting the fact that TAT-pQYP inhib-
its PLCy and PKC signaling, further supporting pathway dis-
ruption by the peptide.

PLCy Activity Does Not Modulate the Immediate TRPV1-
Related Chemonociceptive Response to CAP, but it
Participates in the Later TrkA-Mediated Mechanical
Hypersensitivity

We next tested whether injection of 1.6 umol/paw of TAT-
PQYP, previously associated with PLCy inhibition and a
decrease in mechanical hypersensitivity mediated by CFA
(17), would promote an antinociceptive effect upon exoge-
nous NGF injection. Using pan-PLC inhibitor U-73122 (27) as
a positive control, we found that only full length TAT-pQYP,
but not peptide lacking the phosphorylated Tyr (TAT-QYP)
neither the intracellular carrier (pQYP) nor the carrier alone
(TAT), reversed mechanical hypersensitivity caused by NGF
(Fig. 2A). Pretreatment with TAT-pQYP or pan-PLC inhibitor,
had the same impact over mechanical hypersensitivity,
whereas control TAT-QYP had no effect (Fig. 2B).

The impact of inhibition of PLCy (TAT-pQYP), PLCs (U-
73122) (27), Trk (GNF-5837) (28), and TRPV1 (CPZ) (19)
injected before CAP on CAP-elicited spontaneous nocifen-
sive response was evaluated using the CAP test. Only the
antagonism of TRPV1 by CPZ attenuated the assessed noci-
ceptive phenotype (Fig. 2C). However, 2 h after CAP injec-
tion, TAT-pQYP and all inhibitors tested were able to
prevent mechanical hypersensitivity (Fig. 2D), indicating
the dependence of PLCy, TrkA, and TRPV1 in this hyper-
sensitivity mechanism.

Neurogenic Signaling in Nociceptors Promoted by CAP
Leads to Enhanced CGRP Signaling and Mast Cell
Degranulation in a PLCy-Independent Manner

Our data confirms a two-phase response elicited by
CAP: an early chemonociceptive response and a later
mechanical hypersensitive response as has been previ-
ously reported (29-31). Considering that TAT-pQYP had
no effect on chemonociception, we next evaluated if it
modulated neuropeptide signaling. We found that CGRP

was enhanced in ipsilateral DRG neurons after CAP injec-
tion, and this enhancement was not affected by prior
injection of TAT-pQYP (Fig. 3, A and B).

Furthermore, glabrous skin of mice injected with CAP pre-
sented an increased mast cell recruitment and degranulation
(Fig. 3, C-F), a phenomenon associated with SP signaling (32,
33), regardless of peptide pretreatment. Since Trk inhibitor
demonstrated a similar effect to TAT-pQYP and PLC inhibi-
tion regarding mechanical sensitivity (Fig. 2D), we assessed
NgfmRNA expression after CAP injection in the paw soft tis-
sues to confirm that this is an NGF-mediated mechanism.
We observed that Ngf'was enhanced in CAP-injected ipsilat-
eral paws compared with the contralateral control (Fig. 3G).
In addition, the mechanical hypersensitivity profile induced
by CAP was similar to that induced by exogenous NGF injec-
tion (Fig. 3H), persisting for 24 h compared with the vehicle
control. However, mechanical sensitivity did not return to
baseline levels until 72 h consistent with the nociceptive
pain average time course.

PLCy Activity Promotes Mechanical Hypersensitivity Via
NGF/TRPV1in Nociceptors and Paw Diameter Increase
Via VEGFA/eNOS in Endothelial Cells

CAP-elicited mechanical hypersensitivity was further
explored to assess the role of PLCy up to 24 h postinjec-
tion, consistent with the hypersensitivity profile observed
(Fig. 3H). TAT-pQYP, U-73122, GNF-5837, and CPZ, but
not TAT-QYP, reverted the mechanical hypersensitivity
threshold and had a sustained effect throughout 24 h post
treatment (Fig. 4A). Given our previous finding that TAT-
pQYP had a sustained effect for up to 6 h after treatment
in the CFA model, upon which hypersensitivity was rees-
tablished (17), we hypothesized that in the CAP model there
was an additional effect of PLCy aside from directly inhibi-
ting PLCy in nociceptors to promote hypersensitivity.

To address this hypothesis, paw diameter was evaluated
for up to 24 h to assess edema. We found that TAT-pQYP was
able to attenuate paw diameter increase by 2 h after treat-
ment compared with vehicle or TAT-QYP controls. TAT-
PQYP was able to decrease paw diameter to a level compara-
ble to vehicle injected mice at 4 h posttreatment (Fig. 4B).
Regarding U-73122 and CPZ injection, paw diameter reached
diameters of control animals only after 6 h posttreatment.
On the other hand, GNF-5837 was not able to reach the diam-
eter of control animals (Fig. 4B), indicating that TAT-pQYP
could be affecting PLCy activation through Trk-independent
signaling pathways.

Vascular endothelial growth factor A (VEGFA) promotes
vasodilation and plasma extravasation by interacting with
its RTK (VEGFR2) in endothelial cells (34). We found

Figure 2. TAT-pQYP does not modulate nocifensive response related to TRPV1 direct sensitization by CAP, but reverses the mechanical hypersensitivity
promoted by CAP. A: full length TAT-pQYP and U-73122 (PLC inhibitor), but not modified versions of the peptide (TAT, pQYP, and TAT-QYP), reverses
mechanical hypersensitivity elicited by NGF subcutaneous injection (N = 7-8). B: TAT-pQYP, but not TAT-QYP, protects from mechanical hypersensitiv-
ity elicited by subcutaneous (sc) injection of NGF (N = 7-8). C: TAT-pQYP, U-73122, and GNF-5837 (pan-Trk inhibitor) did not alter the spontaneous noci-
fensive behavior elicited by CAP subcutaneous injection, which was only modulated by CPZ (TRPV1 inhibitor) (N = 8-9). D: TAT-pQYP, U-73122, GNF-
5837, and CPZ rescued the mechanical threshold of CAP subcutaneous injected mice after 2 h (N = 6-9). N refers to number of animals used. Multiple
comparison analysis was performed by two-way ANOVA in A, B, and D and one-way ANOVA in C, followed by Tukey’s post hoc test to determine statis-
tical significance. Results of each individual biological replicate are presented as black dots, and data are expressed and means + SD. *P < 0.05. BSL,
baseline measure; CAP, capsaicin; CPZ, capsazepine; NGF, nerve growth factor; TRPV1, transient receptor potential cation channel, subfamily V, mem-
ber 1. Experimental timeline images made with a licensed version of BioRender.com.
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enhanced levels of Vegfa in soft tissues of paws injected
with CAP compared with its contralateral control (Fig. 4C).
Since, PLCy can be phosphorylated/activated by VEGFR2,
subsequently activating signaling cascades that culmi-
nates in phosphorylation of endothelial nitric oxide
synthase (eNOS) at Ser'”” via PKC, a key process for

A Vehicle+TAT-pQYP

CAP+Vehicle

vasodilation/edema (35, 36), we evaluated phosphorylated
eNOS protein levels in paws of injected mice 4 h after
treatment, consistent with paw diameter normalization to
control levels (Fig. 4B). TAT-pQYP led to a decrease in
phosphorylated eNOS compared with TAT-QYP control
(Fig. 4D).
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To confirm that inflammation was in fact enhancing the
nociceptive profile observed in CAP-injected mice during the
timepoints where there is coexistence of mechanical hyper-
sensitivity and increase in paw diameter (Fig. 4, A and B), we
evaluated the mechanical sensitivity to innocuous and nox-
ious touch, which are highly modulated by inflammatory
responses (37), at the 4 h posttreatment point. As expected,
we also found that TAT-pQYP was able to revert the associ-
ated hypersensitivity to innocuous touch and hypernocicep-
tion to noxious stimuli as compared with TAT-QYP (Fig. 4, E
and F).

DISCUSSION

Neurogenic inflammation plays a significant role in
many disease-mediated pain mechanisms. In migraine,
CAP-sensitive peptidergic nociceptors have been impli-
cated with plasma extravasation, vascular effects and
hypersensitivity mechanisms linked to headache in a
TRPV1-dependent manner (7, 38). Although enhanced SP,
CGRP, and NGF levels are associated with pain intensity
and frequency (39, 40). In psoriasis, TRPV1 and neuropep-
tides are upregulated and essential for driving skin inflam-
mation (41-43), NGF is enhanced to promote itch and
hypersensitivity (44) and involved with the increase in
neuropeptides in DRG sensory neurons (45). Thus, both
NGF and TRPV1-mediated signaling pathways are targets
for treating these diseases.

Directly modulating TRPV1 promotes hyperthermia in
mice and humans, followed by a subsequent desensitiza-
tion and decreased expression of TRPV1, impairing heat
sensitivity, essential for tissue preservation (14, 46). We
previously proposed that disrupting protein-protein inter-
actions (PPIs) in nociceptors may be a more effective strat-
egy for developing analgesic treatments with fewer side
effects compared with inhibiting the activity of channels
and enzymes (47). In the present study, we propose that
targeting the interaction between RTKs and PLCy in both
nociceptors and endothelial cells is a strategy to attenuate
the outcomes of neurogenic inflammation, including pain
and edema, without disrupting TRPV1’s physiological
activity.

Considering that both chemonociception and neuropep-
tide release were unaffected by TAT-pQYP treatment, we
propose that during CAP-triggered neurogenic inflamma-
tion, both the chemonociceptive phenotype and the proin-
flammatory peptidergic signaling are PLCy-independent.
CAP is capable of outcompeting the inhibitory PIP2 binding

to TRPV], activating the channel (10). Subsequent activation
of mast cells leads to an inflammatory environment marked
by NGF and VEGFA expression, initiating RTK- and PLCy-
dependent signaling pathways, modulated by TAT-pQYP in
both nociceptors and endothelial cells, respectively. In noci-
ceptors, TrkA phosphorylates PLCy, releasing TRPV1 from
PIP2 inhibition, activating PKC potentiation of channel
activity, and promoting the observed hypersensitivity. In
endothelial cells, VEGFR2 activates PLCy, and in turn PKC,
responsible for eNOS phosphorylation and the respective
nitric oxide synthesis that promotes vasodilation (Fig. 5).

Furthermore, it is possible that the definitive effect of
TAT-pQYP on nociception and inflammation is also sup-
ported by disruption in the positive neurogenic feedback
mechanism that arises from NGF-TrkA signaling endo-
somes, which translocate to the DRG, amplifying PLCy sig-
naling (48, 49) further sensitizing TRPV1 (48), thus
restarting the neurogenic loop. TAT-pQYP may also disrupt
other PLCy-mediated effects, such as calcium/calmodulin-
dependent kinase 2 (CaMKII) triggered by calcium signaling
through IP3 receptors in the endoplasmic reticulum, leading
to TRPV1 phosphorylation and activation of the transcription
factor and cAMP-response element binding protein (CREB),
responsible for an increase in expression of genes, determin-
ing nociceptor hyperactivity (50-53).

Here, we add evidence to the existing literature that block-
ing PLCy or PLCs, in general, is an effective method to pro-
mote antinociception in both inflammatory and chronic
pain models (17, 50-59). TAT-pQYP could be a lead com-
pound for the development of small molecule analgesics
selectively targeting PLCy with potentially fewer side effects
than NGF/TrKkA inhibitors. Though successful in mitigating
pain, blocking NGF-NGFR signaling with NGF antibodies/
inhibitors impairs bone remodeling in osteoarthritic joints
(60, 61). On the other hand, Trk inhibitors promote analgesia
but can lead to paresthesia and withdrawal pain (62).
Importantly, PLC signaling is key in several processes in the
nervous system, as opposed to pan-PLC inhibitors, TAT-
pQYP dampens PLCy signaling specifically, preserving other
PLCs (17).

Recently, 2023, a mutation on Lys710 that interferes with
TRPV1 activity led to the design of V1-cal peptide, that was
able to prevent paw diameter increase and attenuate, but not
suppress CGRP and SP enhanced expression in the DRG (63).
TAT-pQYP did not modulate SP-related mast cells degranu-
lation or CGRP enhanced expression in the DRG, which
could explain why reestablishing the paw diameter to base-
line levels is delayed.

Figure 3. TAT-pQYP does not modulate enhanced CGRP expression, nor act on mast cells recruitment or degranulation after CAP subcutaneous injec-
tion, which promotes the NGF-mediated mechanical hypersensitivity. A: representative sections of CGRP expressing DRG neurons with x200 magnifica-
tion from each experimental group (indicated above the sections). B: percentage of CGRP + cells in DRG neurons. Scale bar = 50 pum. C and D: mast
cell infiltration to the hind paw’s glabrous skin after CAP injection was determined relative to total cells (C) and image field area (D). E: CAP promotes
mast cell degranulation, which is not modulated by TAT-pQYP treatment. F: representative sections of toluidine blue stained glabrous skin with a x400
magnification from each experimental group (indicated above the sections). Red asterisks indicate regions of mast cells infiltration. Red arrows indicate
mast cells degranulation. Scale bar = 24 um. G: CAP subcutaneous injection induces enhanced Ngf mRNA expression in total extract of mice paws after
30 min (N = 8-9). H: CAP and NGF subcutaneous injection promotes similar mechanical hypersensitivity profiles that are statistically different to vehicle
subcutaneous injected mice from 1h to 24 h postinjection (N = 7-8). Two-way ANOVA, Tukey post hoc test. *P < 0.05 to CAP vs. Vehicle; #P < 0.05 to
CAP vs. vehicle. Multiple comparison analysis was performed by one-way ANOVA in B—E (N = 3), unpaired student’s t test in G, and two-way ANOVA in
H, followed by Tukey’s post hoc test to determine significance, and data are expressed and means + SD. N refers to number of animals or animal tissues
used. *P < 0.05. BSL, baseline measure; CAP, capsaicin; CGRP, calcitonin gene-related peptide; NGF, nerve growth factor.
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A limitation of our study is that we only used male mice as proposed mechanism may differ. Also, we cannot discard
a model, and although neurogenic inflammatory signaling the possibility that TAT-pQYP acts through PLCy-independ-
in neurons may be similar between sexes in mice in naive ent mechanisms by interfering with other SH2 domain con-
conditions (64), the role of immune cells involved in the taining proteins, however, similar effects were observed
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Figure 5. Proposed signaling pathways implicated in the dual effect of TAT-pQYP on nociception and endothelial cells induced by neurogenic
stimuli. CAP directly opens TRPV1in nociceptors to induce spontaneous burning and itching related chemonociceptive behavior. Cations enter
through TRPV1, enhancing proinflammatory neuropeptides CGRP and SP signaling in peptidergic nociceptors, initiating neurogenic inflammation.
CGRP can act directly on endothelial cells to promote vasodilation and SP activation of mast cells leads to degranulation and release of inflamma-
tory factors, such as growth factors NGF and VEGFA. The latter promote autophosphorylation/activation of their respective RTKs, TrkA (nocicep-
tors), and VEGFR2 (endothelial cells) and activation of downstream signaling (PLCy/PKC). TAT-pQYP inhibits the interaction between PLCy and
RTKs, preventing eNOS phosphorylation in endothelial cells, which inhibits vasodilation through nitric oxide (NO) signaling, and favoring the
closed state of TRPV1 by sustained PIP2 in nociceptors, preventing hypersensitivity and the neuro-immune inflammatory loop. CAP, capsaicin;
CGRP, calcitonin gene-related peptide; NGF, nerve growth factor; PIP2, phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; PLCy, phos-
pholipase C-y; RTKs, receptor tyrosine kinase; SP, substance P; TrkA, tropomyosin kinase A; TRPV1, transient receptor potential cation channel,
subfamily V, member 1. Figure created with a licensed version of BioRender.com.
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using a pan-PLC inhibitor, suggesting that PLCy is a main
component in neurogenic inflammation and a good phar-
macological target for the development of non-opioid
analgesics for inflammatory pain. Finally, we pave the

way for future studies to address the role of RTKs, and
specifically for PLCy, in other pain models and suggest the
lipase as a promising target for diseases mediated by neu-
rogenic inflammation.

Figure 4. TAT-pQYP treatment after CAP subcutaneous injection rescues mechanical threshold and modulates paw diameter increase acting on endo-
thelial cells. A: TAT-pQYP, as U-73122 (PLC inhibitor), GNF-5837 (Trk inhibitor), and CPZ (TRPV1 inhibitor), rescued the mechanical threshold when
injected after CAP (N = 9). B: TAT-pQYP, U-73122, and CPZ reverses paw diameter increase after CAP subcutaneous injection (/eft). Highlight on the 4 h
time point of paw diameter measures (right) (N = 7-10). C: CAP subcutaneous injection enhances Vegfa mRNA expression in total extract of mice paws
after 30 min (N = 7). D: TAT-pQYP inhibited phosphorylation of eNOS Ser1177 compared with TAT-QYP 4 h after treatment (N = 5; 1 outlier excluded for
each group - lanes 4 and 10). E: TAT-pQYP, but not TAT-QYP, rescues paw withdrawal percentages for innocuous mechanical stimuli (0.07 g von Frey)
(N = 9-10). F: TAT-pQYP, but not TAT-QYP, rescues paw withdrawal percentages for noxious mechanical stimuli (24 G needle pin-prick) (N = 9-10).
Each individual biological replicate results are presented as black dots in graphs. N refers to number of animals or animal tissues used. Multiple compari-
son analysis was performed by two-way ANOVA in A, B, E, and F and unpaired student’s t testin C and D, followed by Tukey’s post hoc test to determine
statistical significance. Experimental timelines of each approach are presented above the respective results sets. Data are expressed and means + SD.
*P < 0.05. BSL, baseline measure; CAP, capsaicin; CPZ, capsazepine; TRPV1, transient receptor potential cation channel, subfamily V, member 1;
VEGFA, vascular endothelial growth factor A. Experimental timeline images made with a licensed version of BioRender.com.
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