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Cellular/Molecular

Angiotensin II Triggers Peripheral Macrophage-to-Sensory
Neuron Redox Crosstalk to Elicit Pain

Andrew J. Shepherd,'? Bryan A. Copits,'* ““Aaron D. Mickle,">* ““Pall Karlsson,*>** Suraj Kadunganattil,'*

Simon Haroutounian,! Satya M. Tadinada,> “Annette D. de Kloet,> Manouela V. Valtcheva,' “Lisa A. McIlvried,'

Tayler D. Sheahan,' Sanjay Jain,® Pradipta R. Ray,” ““Yuriy M. Usachev, Gregory Dussor,’ Eric G. Krause,®

Theodore J. Price,” “Robert W. Gereau IV,"* and ““Durga P. Mohapatra'>'°
Department of Anesthesiology and Washington University Pain Center, Washington University School of Medicine, St. Louis, Missouri 63110,
2Department of Pharmacology, The University of Iowa Carver College of Medicine, Iowa City, Iowa 52242, *Danish Pain Research Center, Department of
Clinical Medicine, Aarhus University Hospital, DK-8000 Aarhus C, Denmark, “Department of Clinical Medicine, Core Center for Molecular Morphology,
Section for Stereology and Microscopy, Aarhus University Hospital, DK-8000 Aarhus C, Denmark, *Department of Physiology and Functional Genomics,
College of Medicine, University of Florida, Gainesville, Florida 32610, *Departments of Medicine, Pathology, and Immunology, Washington University
School of Medicine, St. Louis, Missouri, 63110, ?School of Behavioral and Brain Sciences, University of Texas at Dallas, Richardson, Texas 75080,
8Department of Pharmacodynamics, College of Pharmacy, University of Florida, Gainesville, Florida 32610, °Department of Neuroscience, Washington
University School of Medicine, St. Louis, Missouri 63110, and °Center for the Investigation of Membrane Excitability Diseases, Washington University
School of Medicine, St. Louis, Missouri 63110

Injury, inflammation, and nerve damage initiate a wide variety of cellular and molecular processes that culminate in hyperexcitation of
sensory nerves, which underlies chronic inflammatory and neuropathic pain. Using behavioral readouts of pain hypersensitivity induced
by angiotensin II (Ang II) injection into mouse hindpaws, our study shows that activation of the type 2 Ang II receptor (AT2R) and the
cell-damage-sensing ion channel TRPA1 are required for peripheral mechanical pain sensitization induced by Ang Il in male and female
mice. However, we show that AT2R is not expressed in mouse and human dorsal root ganglia (DRG) sensory neurons. Instead, expres-
sion/activation of AT2R on peripheral/skin macrophages (M®s) constitutes a critical trigger of mouse and human DRG sensory neuron
excitation. Ang II-induced peripheral mechanical pain hypersensitivity can be attenuated by chemogenetic depletion of peripheral M®s.
Furthermore, AT2R activation in M®s triggers production of reactive oxygen/nitrogen species, which trans-activate TRPA1 on mouse
and human DRG sensory neurons via cysteine modification of the channel. Our study thus identifies a translatable immune cell-to-
sensory neuron signaling crosstalk underlying peripheral nociceptor sensitization. This form of cell-to-cell signaling represents a critical
peripheral mechanism for chronic pain and thus identifies multiple druggable analgesic targets.

Key words: angiotensin II; AT2R; neuroimmune interaction; oxidative stress; pain; TRPA1

(s )

Pain is a widespread health problem that is undermanaged by currently available analgesics. Findings from a recent clinical trial
on a type II angiotensin II receptor (AT2R) antagonist showed effective analgesia for neuropathic pain. AT2R antagonists have
been shown to reduce neuropathy-, inflammation- and bone cancer-associated pain in rodents. We report that activation of AT2R
in macrophages (M®s) that infiltrate the site of injury, but not in sensory neurons, triggers an intercellular redox communication
with sensory neurons via activation of the cell damage/pain-sensing ion channel TRPA1. This M®-to-sensory neuron crosstalk
results in peripheral pain sensitization. Our findings provide an evidence-based mechanism underlying the analgesic action of
AT2R antagonists, which could accelerate the development of efficacious non-opioid analgesic drugs for multiple pain conditions.

ignificance Statement

Introduction pathological states, including trauma, cancer, infectious diseases,

Acute and chronic pain conditions arise from dysregulation of and neurgpathy. MOSt. chronic .pain is undermanaged by cur-
sensory neuron function and are often associated with diverse ~ rently available analgesics (Yekkirala et al., 2017). Decades of ro-
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dent pain model-based research has yielded mechanistic knowledge
of pain/nociceptive neuron function in specific pain states in the
PNS and CNS (Patapoutian et al., 2009; Mickle et al., 2016; Yek-
kirala et al., 2017). However, poor clinical translation of basic
mechanistic findings has called into question the validity of such
models for specific human pain conditions (Woolfand Mannion,
1999; Moore et al., 2014; Yekkirala et al., 2017). Only a few targets
identified from discovery research studies, such as neutralizing
antibodies for nerve growth factor (NGF) and calcitonin gene-
related peptide (CGRP), have shown effectiveness in osteoar-
thritis (Miller et al., 2017) and migraine (Deen et al., 2017),
respectively. Small-molecule antagonists for the majority of no-
ciceptive targets, sensory neuron receptors, ion channels, and
signaling second messengers identified from mechanism-based
studies in rodents, have not yet provided successful translation
into clinical developments (Mickle et al., 2016; Yekkirala et al.,
2017). Interestingly, an antagonist of the angiotensin II (Ang II)
type 2 receptor (AT2R) EMA401 has demonstrated pain relief in
a phase II clinical trial involving patients with neuropathic pain
associated with postherpetic neuralgia (PHN) (Rice et al., 2014).
This provides an opportunity to “back-translate” the site and
mechanism of action and cellular targets underlying the analgesic
effect of AT2R antagonism, as well as involvement of angiotensin
signaling in pain sensitization.

The role of Ang II in regulating blood pressure, via its action
on the Ang I type 1 (AT1R) receptor has been well documented;
however, the role of AT2R has remained largely undefined (de
Gasparo et al., 2000). Expression of AT2R in rodent brain has
been shown to contribute to regulation of drinking behavior and
locomotor activity (Hein et al., 1995; de Gasparo et al., 2000; de
Kloet et al., 2016). The role of AT2R antagonism in rodent mod-
els of inflammatory, neuropathic, and bone cancer pain has been
shown more recently (Chakrabarty et al., 2013; Muralidharan et
al., 2014; Smith et al., 2016). Mechanistically, a Ga,-coupled
AT?2R signaling cascade in sensory neurons was suggested to elicit
peripheral pain sensitization (Danser and Anand, 2014; Anand et
al., 2015). In contrast, Ga;,,-coupled AT2R signaling has also
been suggested to operate in sensory neurons. This signaling was
elicited by an ulcerative bacterial toxin, leading to analgesia in
mice (Marion et al., 2014). However, a follow-up in vitro study
failed to reverse the toxin’s effect on sensory neurons with a spe-
cific AT2R antagonist (Anand et al., 2016). More recently, it was
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reported that AT2R antagonists indirectly increased levels of the
Ang II fragment Angl-7, which activates the Masl receptor to
elicit anti-nociceptive effects in a rodent model of bone cancer
pain (Forte et al., 2016). These observations raise questions re-
garding the mechanism of action and/or the cellular target(s) of
AT2R antagonists. Therefore, establishing the mechanistic un-
derpinnings of angiotensin signaling in pain sensitization is es-
sential for formulating further therapeutic developments.

Our study shows that Ang II acutely induces tactile and cold,
but not heat pain hypersensitivity in mice, similar to that associ-
ated with neuropathy. By combining pharmacological and ge-
netic manipulations, we show the requirement of AT2R and the
mechanical/cell-damage-sensing receptor TRPA1 in Ang II-induced
pain hypersensitivity. However, our in-depth investigation found
no evidence of AT2R expression in mouse or human sensory
neurons and Ang II did not directly influence sensory neuron
function. Instead, our study shows the critical role of peripheral/
skin macrophages (M®s) in the development of Ang II-induced
pain hypersensitivity. Furthermore, we identify Ang II-AT2R-
mediated reactive oxygen/nitrogen species (ROS/RNS) produc-
tion in M®s as the vital trigger for TRPA1 activation on sensory
neurons. Our findings comprehensively define the role of angio-
tensin signaling and M®-to-sensory neuron redox communica-
tion in peripheral pain sensitization.

Materials and Methods

Mice. All experiments involving the use of mice and the procedures fol-
lowed therein were approved by Institutional Animal Studies Commit-
tees of Washington University in St. Louis and The University of Iowa, in
strict accordance with the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals. Every effort was made to minimize
the number of mice used and their suffering. Mice were maintained on a
12:12 light:dark cycle (06:00 to 18:00 h) with access to food and water ad
libitum. Eight- to 14-week-old male and female mice were used for all
experiments. All mice were bred and maintained in-house at the Univer-
sity Animal Facility to obtain the required number of mice of specific
genotype, gender, and age. C57BL/6] (157 males and 118 females; The
Jackson Laboratory, catalog #000664, RRID:IMSR_JAX:000664), C57BL/6]-
Agtrla-KO (9 males and 10 females; The Jackson Laboratory, catalog
#002682, RRID:MGI:3619339), FVB/NJ (21 males and 16 females; The
Jackson Laboratory, catalog #001800, RRID:MGI:3028967), B6/129PF2/] (7
males and 6 females; The Jackson Laboratory, catalog #100903, RRID:
IMSR_JAX:100903), B6/129PF2/]-Trpal-KO (9 males and 9 females;
The Jackson Laboratory, catalog #006401, RRID:IMSR_JAX:006401),
C57BL/6J-TrpvI-KO (8 males and 7 females; The Jackson Laboratory,
catalog #003770, RRID:IMSR_JAX:003770), and Macrophage Fas-
Induced Apoptosis (MaFIA; 22 males and 17 females; The Jackson
Laboratory, catalog #005070, RRID:IMSR_JAX:005070) mice were pur-
chased from The Jackson Laboratory and subsequently bred in the above-
mentioned institutional animal facilities. The FVB/NJ-Agtr2-KO mouse line
(23 males and 19 females) was generated by Victor J. Dzau and Richard E.
Pratt (Hein et al., 1995). The C57BL/6]-Trpv4-KO mouse line (7 males
and 7 females) was generated and generously provided by Dr. Wolfgang
Liedtke (Liedtke and Friedman, 2003). The AT2R-eGFP reporter mouse
line (MMRRC catalog #030278-UCD) was generated by Dr. Nathaniel
Heintz under the GENSAT project and backcrossed to C57BL/6] for
several generations to yield C57BL/6]-Agtr2**. Eleven male and 7 fe-
male C57BL/6]-Agtr2“™ mice were used in this study. The MaFIA
mouse expresses eGFP and a mutant human FK506-binding protein 1A
under the control of the Csf1r promoter. This enables selective, inducible
depletion of M®s with administration of a synthetic homodimerizer,
AP20187, also known as B/B homodimerizer (Burnett et al., 2006). To
induce M® depletion, MaFIA mice received 5 daily injections of B/B
homodimerizer (2 mg/kg, i.p.) or vehicle (PBS + 10% v/v PEG-400 +
1.7% v/v Tween 80). This treatment regimen is sufficient to reduce Ibal
immunoreactivity in the skin by ~85%, as reported previously (Shutov
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Table 1. Sex-distributed mouse numbers in all figures

Figure(s)  Group(s) Male mice (no.) ~ Female mice (no.)
1AB B6 FOR all saline and Ang Il dose groups 25 (5/group) 15 (3/group)
1C B6 for both saline and Ang Il groups 8 (4/group) 6 (3/group)
1D,E B6 for both saline and Ang Il groups 6 (3/group) 8 (4/group)
2AC B6 for Losartan 3 3

24,C B6 for Ang Il + Losartan 3 4

24, B6-Agtr1a-KO: saline 4 3

2A,C B6-Agtr1a-KO: Ang Il 3 4

28,C B6 for PD123319 3 4

28,C B6 for Ang Il + PD123319 3 4

28,C FVB-WT: saline 5 2

28,C FVB-WT: Ang I 4 3

28,C FVB-Agtr2-KO: saline 4 3

28,C FVB-Agtr2-KO: Ang Il 3 4

2D FVB-Agtr2-KO: bradykinin 3 4

34,C B6 for AP18 3 3

3A,C B6 for Ang Il + AP18 3 5

3AC B6/129-Trpal-WT: saline 3 3

3AC B6/129-Trpal-WT: Ang I 4 3

3A,C B6/129-Trpa1-KO: saline 4 5

34,C B6/129-Trpa1-KO: Ang Il 5 4

38D B6 for both groups 6 (3/group) 8 (4/group)
38D B6-Trpv1-KO: saline 3 4

38D B6-Trpv1-KO: Ang I 5 3

38D B6-Trpv4-KO: saline 3 4

38D B6-Trpv4-KO: Ang Il 4 3

4 B6 for all Ca® " imaging 5 3

5 B6 for all current-clamp 6 4

64 FVB-Agtr2-WT and KO 4(2each) 2 (1each)
68 B6 2 2

6C B6 2 1

6D,9A-D  B6-Agtr2 9 4

7A B6 2 1

8ADE B6 9 7

8B,D,F FVB-Agtr2-WT and KO 6 (3 each) 4(2each)
8D,F B6-Agtr1a-KO 2 1

104 MaFIA 2 2

108,C MaFIA: vehicle 8 5

108,C MaFIA: B/B-HmD 9 6

100,E MaFIA: B/B-HmD-BK 3 4

1 B6 for all cellular imaging 27 16

16 B6-Agtr1a-KO for all ROS/RNS imaging 2 3

116 FVB-Agtr2-WT for all ROS/RNS imaging 3 3

16 FVB-Agtr2-KO for all ROS/RNS imaging 3 2

116 B6-Agtr2 ™ for all ROS/RNS imaging 2 3

124 B6 for all six treatment groups 18 (3/group) 12 (2/group)
12B B6 for all three treatment groups 15 (5/group) 12 (4/group)
134-CF  B6forallCa’* imaging 17 7

136D FVB-Agtr2-WT and KO 9(4+5) 52+3)

etal., 2016). Specific routes of individual drug injections are provided in
figures and figure legends. Intraplantar injections were performed as
described previously (Loo et al., 2012; Mickle et al., 2015b). Mice were
manually restrained with the aid of a cloth such that the plantar surface of
one hindpaw was exposed. A 10 ul volume was injected into the plantar
surface of the hindpaw via a 33-gauge stainless steel needle coupled to a
Hamilton syringe. Intrathecal injection was performed by lumbar punc-
ture as described previously (Karim et al., 2001) using a Hamilton syringe
and a 30-gauge needle to deliver a volume of 5 ul. Mice were continu-
ously monitored after injection. Experimenters were blinded to mouse
sham/surgery conditions, saline/drug injection types, and injection lat-
erality, as well as to mouse sex and genotypes, during the experiments,
data recordings, and analyses. With no sex-specific differences in mouse
behaviors and M® angiotensin signaling from our preliminary findings,
all subsequent experimental groups used both sexes of mice. Please refer
to Table 1 for details on mouse sex-distributed individual group numbers
for all experiments conducted in this study.

Shepherd et al. @ Macrophage Angiotensin Signaling in Pain

Behavioral assessment of mechanical and heat hypersensitivity. Mechan-
ical and heat sensitivity on mouse hindpaws were assessed as described
previously (Loo et al., 2012; Mickle et al., 2015b; Shepherd and Mohapa-
tra, 2018). Animals were acclimated to the testing environment for 30
min on both of the 2 d before testing, as well as on every behavioral testing
day. Mice were placed within single-occupancy Plexiglas boxes situated
on a wire mesh platform at room temperature (22-23°C). Mechanical
sensitivity was measured using 8 von Frey hair filaments of increasing
strength (0.04 - 2 g) applied to the plantar surface of the hindpaw, as
described previously (Mickle et al., 2015b; Shepherd and Mohapatra,
2018). Beginning with the finest filament (0.04 g), each filament was
presented to each hindpaw 5 times. The number of paw withdrawal
responses was recorded and used for calculating an area under the curve
value for each hindpaw (Mickle et al., 2015b; Shepherd and Mohapatra,
2018), which provides a total measure of paw withdrawal response across
the entire testing filament range. For the assessment of heat sensitivity,
mice were placed within single-occupancy Plexiglas boxes situated on a
glass plate maintained at a constant neutral temperature (30°C). The
nociceptive heat sensitivity of each hindpaw was measured by focusing a
beam of light (IITC Life Science) on the plantar surface. The latency to
paw withdrawal from the heat source was recorded and expressed as paw
withdrawal latency (PWL). The light intensity was calibrated to elicit
baseline PWL values of 10—14 s. The mean of two recordings from each
hindpaw was used for analysis. The latency cutoff was 20 s to avoid
potential heat-related tissue injury. If a hindpaw was not withdrawn
before cutoff, a PWL value of 20 s was assigned. Based on numerous prior
studies showing hindpaw injection of several injury/inflammatory medi-
ators, power analysis was performed to determine the appropriate sam-
ple size using the online BioMath software (http://www.biomath.info/).
The effective sample size for these experiments was determined to be =6
per experimental group. For experiments with acute injection of saline/
Ang II * vehicle/drugs in mice, animals were randomly assigned to in-
dividual groups after injections. Our study used PD123319 (also known
as EMA200), a first-generation AT2R antagonist and EMA401 (used in
clinical trial) represents the [S]-enantiomer of EMA400, a modified
EMA200 compound (Blankley et al., 1991; Smith et al., 2013a). EMA401
has superior pharmacokinetic and bioavailability properties, as well as
~100-fold superior EDx, for attenuating mechanical hypersensitivity in
rat experimental neuropathic pain compared with PD123319. Neverthe-
less, both PD123319 and EMA401 are highly selective for AT2R over
ATI1R and both of these antagonists have been shown to attenuate pain
hypersensitivity in rodent experimental models with increasing doses and
without any visible nonspecific effects (Blankley et al., 1991; Smith et al.,
2013a,b; 2016). Due to the ease of procurement of PD123319 over EMA401,
the former was used in this study.

Primary cell culture. Mouse DRG neurons were isolated, dissociated,
and cultured on coated glass coverslips, as detailed in previous reports
(Loo etal., 2012; Mickle et al., 2015b). Isolated DRGs were digested with
2 mg/ml collagenase for 20 min, followed by neutralization, centrifuga-
tion, and trituration before further digestion with 1 mg/ml Pronase for 10
min. Dissociated cells were pelleted by centrifugation and resuspended in
DMEM supplemented with 10% FBS. After 60 min of incubation at 37°C
in a 5% CO, incubator, the medium was changed to a serum-free culture
medium supplemented with 50 ng/ml NGF. Neurons were used within
2-3 d of culturing.

Human DRGs from consented donors (3 females, mean age ~30
years; 6 males, mean age ~27 years) were acquired through MidAmerica
Transplant Services and prepared as detailed in several recent reports
(Davidson et al., 2016; Valtcheva et al., 2016). Briefly, lumbar DRGs were
extracted 1.5-3 h postmortem and then dissected to remove adipose and
connective tissue layers. After enzymatic digestion and mechanical dis-
sociation of isolated ganglia, resuspended cells were plated onto coated
glass coverslips. Cells were maintained in culture at 37°C with 5% CO, in
serum-free medium supplemented with 50 ng/ml NGF. Neurons were
used within 5-6 d of culturing in vitro.

Mouse peritoneal M®s were isolated as described previously (Shutov
et al., 2016). Five milliliters of 3% FBS in DPBS was injected with a
25-gauge needle into the peritoneal cavity of euthanized mice, followed
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Table 2. Human skin biopsy tissue donor demographic details
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Healthy control group

Donor ID# 1 113 24 15 133 335 166 158

Age 65 55 64 52 57 67 'y} Ul

Sex Male Female Male Male Female Male Female Male

Race Caucasian Caucasian (aucasian (aucasian Caucasian Caucasian Caucasian (aucasian

Chronic disease None None None None None None None None

Type of Pain None None None None None None None None

Duration of pain 0 0 0 0 0 0 0 0

Current/recent analgesic None None None None None None None None

treatment

Diabetic polyneuropathy (DPN) group

Donor ID# 59 273 17 202 250 245 266 65

Age 62 60 60 64 62 69 43 56

Sex Female Male Male Male Female Female Male Male

Race (aucasian (aucasian (aucasian (aucasian (aucasian (aucasian (aucasian (aucasian

Type of Neuropathy DPN DPN DPN DPN DPN DPN DPN DPN

Type of diabetes Type1 Type 1 Type 1 Type 1 Type 1 Type 1 Type 1 Type 1

Type of Pain Constant (no details Constant (no details ~ Constant (no details Constant (no details Constant (no details Constant (no details  Constant (no details Constant (no details
available) available) available) available) available) available) available) available)

Duration of pain ~4y ~5y ~2y ~T7y ~3y ~5y ~3y ~6y

Current/recent analgesics Yes (no details Yes (no details Yes (no details No Yes (no details Yes (no details Yes (no details Yes (no details
available) available) available) available) available) available) available)

Chemotherapy-induced peripheral neuropathy (CIPN) group

Donor ID# 1 2 8 9 10 n 12 14

Age 60 53 7 65 64 54 68 73

Sex Male Female Male Male Female Male Female Male

Race (aucasian (aucasian (aucasian (aucasian (aucasian (aucasian African-American  Caucasian

Type of Neuropathy CIPN CIPN CIPN CIPN CIPN CIPN CIPN CIPN

Type of cancer Colorectal Colorectal Esophageal Colorectal Esophageal Colorectal Breast Pancreatic

Chemothe-erapeutic drug Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Docetaxel Oxaliplatin

Type of Pain Painful cold, electric Burning, pins and Electric shocks, Burning, painful  Painful cold, tingling, Burning, tingling, numb Tingling, pinsand  Painful cold, electric
shocks, pinsand ~ needles, numb tingling, numb cold, tingling pins and needles needles, numb shocks, tingling
needles

Duration of pain 1-2y 6-12mo 2-5y 6-12mo 6-12mo 6-12mo 2-5y 6-12mo

Current/recent analgesics Pregabalin Duloxetine, pregabalin Pregabalin Pregabalin Pregabalin Pregabalin Pregabalin Hydrocodone

by gentle massage of the abdomen to dislodge cells resident in the cavity.
The cell suspension was aspirated with a Pasteur pipette, pelleted by
centrifugation, and resuspended in RPMI 1640 containing 50 ng/ul re-
combinant murine granulocyte-macrophage colony stimulating factor
(GM-CSF; Goldbio). Cells were plated onto 35 mm tissue culture dishes
for biochemical experiments or poly-L-lysine-coated glass coverslips for
live-cell imaging within 2-3 d of culturing in vitro. For experiments with
coculturing of peritoneal mouse M®s or J774A.1 cells and mouse DRG
neurons or U937 cells and human DRG neurons, differentiated M®s
(~1.5 X 10° cells) were dissociated by incubating with TrypLE Express
dissociation reagent (Invitrogen) for 5 min at 37°C. After centrifugation
and resuspension in TNB medium, M®s were plated on coverslips con-
taining DRG neurons (at 24 h in vitro) at a density of 3.5 X 10° per
coverslip. Cocultured coverslips were used in live-cell imaging experi-
ments after a further 24 h in vitro.

Mouse neutrophils were isolated from peritoneal fluid as described
previously (Swamydas et al., 2015). Twenty-four hours before euthana-
sia, mice were injected intraperitoneally with 1 ml of a sterile 9% solution
of casein in PBS. After euthanasia, 5 ml of a 0.02% EDTA solution in PBS
was injected into the peritoneal cavity. After briefly massaging the abdo-
men, the fluid was withdrawn using the same needle and syringe. Cells
were pelleted by centrifugation and resuspended in 1 ml of DPBS mixed
with 9 ml of Percoll gradient solution (Sigma-Aldrich). Centrifugation at
60,000 X g for 20 min separates polymorphonuclear leukocytes into a
distinct band within the gradient, which was then isolated, washed, and
resuspended in RPMI 1640 supplemented with 10% FBS. Experimenters
were blinded to mouse sex and genotypes and to vehicle or drug types and
their concentrations during the conduct of experiments, data recordings,
and analyses on cell cultures.

Culture of cell lines. The human monocyte-M® cell line U937 (ATCC
catalog #CRL-1593, RRID:CVCL_0007) was cultured in RPMI 1640 con-

taining 10% FBS and penicillin/streptomycin. When plating onto cover-
slips for experimentation, medium was supplemented with 100 ng/ml
phorbol 12-myristate 13-acetate and 50 ng/ml recombinant human GM-
CSF 24 h before use for differentiation into M®s. The mouse mono-
cyte/M® cell line J774A.1 (ATCC catalog #T1B-67, RRID:CVCL_0358)
was cultured in DMEM containing 10% FBS and penicillin/streptomycin
in a humidified incubator at 37°C with 5% CO,. When plating onto
coverslips for experimentation, medium was supplemented with 50
ng/ml recombinant murine GM-CSF to aid M® differentiation 24 h
before use. Human embryonic kidney cells stably expressing T-antigen
(HEK293T; ATCC catalog #CRL-3216, RRID:CVCL_0063) were cul-
tured in DMEM containing Glutamax, 10% FBS, and penicillin/strepto-
mycin. Cells were transiently cotransfected with plasmids containing
cDNAs of eGFP and WT or mutant human TRPAI in which three key
cysteine residues (Cys421, Cys621, and Cys655) are mutated to serine
(hTRPA1-3C/S) using Lipofectamine 2000 according to the manufactur-
er’s instructions, as detailed previously (Loo et al., 2012; Mickle et al.,
2015b; Shepherd et al., 2018). Transfected cells were used in experiments
within 36—48 h. Experimenters were blinded to vehicle or drug types and
their concentrations and cDNA transfection groups during the conduct
of these experiments, data recordings, and analyses.
Immunohistochemistry. DRG and spinal cord tissue and plantar punch
tissue biopsies were harvested from mice as described previously
(Shepherd and Mohapatra, 2012; Shepherd et al., 2012, 2013). Forty-
micrometer-thick fixed frozen sections of mouse spinal cord and plantar
punch and 25-um-thick sections of mouse DRGs were collected into 0.1
M phosphate buffer (PB). Fifty-micrometer-thick sections of human skin
punch biopsies harvested from the lower leg/ankle region (demographic
details given in Table 2) were collected into 0.1 M PB. Tissue sections were
incubated with a blocking/permeabilizing solution (10% goat serum in
0.1 M PB + 0.3% Triton X-100) at 4°C for 1 h, followed by incubation
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Table 3. Primary antibodies used in this study
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Antigen Antibody species/type Dilution Vendor Catalog # and RRID
Angiotensin Il type 2 receptor (AT2R) Rabbit polyclonal/lgG 1:500 Abcam ab19134 (RRID:AB_2273884)
Rabbit polyclonal/lgG 1:100 Santa Cruz Biotechnology 5¢-9040 (RRID:AB_2225723)
Goat polyclonal/lgG 1:100 Santa Cruz sc-7420 (RRID:AB_633728)
Ibal Rabbit polyclonal/lgG 1:500 Wako Chemicals USA 019-19741 (RRID:AB_839504)
Mouse Ly6g Rat monoclonal/lgG2b 1:200 Abcam ab25377 (RRID:AB_470492)
NF200 Mouse monoclonal/lgG1 1:250 Sigma-Aldrich N 0142 (RRID:AB_477257)
ERK1/2 Rabbit polyclonal/lgG 1:1000 Cell Signaling Technology 9102 (RRID:AB_330744)
Phospho- ERK1/2 Mouse monoclonal/lgG1 1:1000 Cell Signaling Technology 9106 (RRID:AB_331768)
p38 MAPK Rabbit polyclonal/lgG 1:1000 Cell Signaling Technology 9212 (RRID:AB_330713)
Phospho-p38 MAPK Rabbit monoclonal/lgG 1:1000 Cell Signaling Technology 4511 (RRID:AB_2139682)
Mortalin/Grp75 Mouse monoclonal/lgG1 1:1000 NeuroMab 75-127 (RRID:AB_2120479)
GFP Goat polyclonal/FITC conjugate 1:250 Abcam ab6662 (RRID:AB_305635)
F4/80 Rat monoclonal/lgG2b 1:250 Thermo Fisher Scientific MA5-16632 (RRID:AB_2538128)
(D68 Mouse monoclonal/lgG1 1:200 Abcam ah955 (RRID:AB_307338)
GFP Mouse monoclonal/lgG2a 1:500 NeuroMab 73-131 (RRID:AB_10671444)
PGP9.5 Rabbit polyclonal 1:2000 Zytomed Systems 516-3344
Table 4. Secondary antibodies used in this study
Antigen Antibody species/type Dilution Vendor Catalog # and RRID
Mouse IgG1-Alexa Fluor 488 Goat polyclonal IgG 1:1000 Thermo Fisher Scientific (previously Molecular Probes) A21121 (RRID:AB_2535764)
Rat lgG—Alexa Fluor 568 Goat polyclonal IgG 1:1000 Thermo Fisher Scientific A11077 (RRID:AB_2534121)
Rabbit IgG—Alexa Fluor 488 Goat polyclonal IgG 1:1000 Thermo Fisher Scientific A11008 (RRID:AB_143165)
Rabbit IgG—Alexa Fluor 555 Goat polyclonal IgG 1:1000 Thermo Fisher Scientific A21428 (RRID:AB_2535849)
Goat IgG—Alexa Fluor 488 Donkey polyclonal IgG 1:1000 Thermo Fisher Scientific A11055 (RRID:AB_2534102)
Goat IgG—Alexa Fluor 555 Donkey polyclonal IgG 1:1000 Thermo Fisher Scientific A21432 (RRID:AB_2535853)
Rabbit IgG—Alexa Fluor 488 Donkey polyclonal IgG 1:1000 Thermo Fisher Scientific A21206 (RRID:AB_2535792)
Rabbit IgG—Alexa Fluor 555 Donkey polyclonal IgG 1:1000 Thermo Fisher Scientific A31572 (RRID:AB_162543)
Mouse IgG—HRP Goat polyclonal IgG 1:10,000 Cell Signaling Technology 7076 (RRID:AB_330924)
Rabbit IgG—HRP Goat polyclonal IgG 1:2,500 Cell Signaling Technology 7074 (RRID:AB_2099233)
Goat IgG—HRP Donkey polyclonal IgG 1:1000 Santa Cruz Biotechnology 5¢-2020 (RRID:AB_631728)

with either rabbit anti-Ibal (M® marker), rat anti-mouse Ly6g (neutro-
phil marker), rat anti-F4/80 and mouse anti-CD68 (M® markers),
mouse anti-Neurofilament 200 (NF200; myelinated sensory marker),
mouse anti-CGRP (nociceptive neuronal marker), or rabbit anti-human
PGP9.5 (human sensory neuron marker) antibodies in blocking solution
overnight at 4°C. For validation of AT2R antibodies in DRG tissue, sec-
tions were incubated with individual anti-AT2R antibodies, along with
anti-NF200 or CGRP antibodies, in blocking solution overnight at 4°C.
After 3 10 min washes in blocking solution, sections were incubated for
3 h with either goat anti-rabbit IgG-Alexa Fluor 488 or 555 (for detection
of Ibal), goat anti-rat IgG-Alexa Fluor 568 (for detection of Ly6g or
F4/80), goat anti-mouse IgG-Alexa Fluor 568 (for detection of CD68),
goat anti-mouse 1gG1-Alexa Fluor 568 (for detection of NF200 and
CGRP), goat anti-mouse IgG1-Alexa Fluor 555, goat anti-rabbit IgG-
Alexa Fluor 555 and donkey anti-goat IgG-Alexa Fluor 555 (for AT2R),
and goat anti-GFP-FITC (for detection of GFP in Agtr2 ** mouse tissue)
antibodies. Details of antibody source and dilutions are provided in
Tables 3 and 4. The sections were then washed for 10 min in blocking
solution, for 10 min in 0.1 M PB and finally for 10 min in 0.05 m PB.
Finally, sections were dried on microscope slides and mounted with
ProLong Gold anti-fade reagent with DAPI (Invitrogen). Confocal fluo-
rescence images were captured using a Leica TCS-SPE confocal micro-
scope with a 20X/numerical aperture (NA) 0.7 plan apochromat or
40X/NA 1.15 apochromatic oil-immersion objective. Images are a com-
posite of 11 focal planes in a 20 wm z-stack at 2 um increments. Tissue
samples from >3 mice per group for each genotype were used for these
experiments. Experimenters were blinded to mouse sex and genotypes,
sham/surgery conditions, lateralization, and antibodies used during the
conduct of these experiments, image acquisitions, and analyses. Eight
human patient skin biopsy samples each for the healthy control, diabetic
peripheral neuropathy, and chemotherapy-induced peripheral neurop-
athy groups were used for these experiments.

Image] quantification. Density of Ibal/PGP9.5 in human skin biopsy
sections was quantified using Image] as described previously (Karlsson et
al., 2015). Threshold RGB intensity was set in a blinded fashion and
maintained between images to be compared. Approximately 0.5 mm? of
skin area was captured in each field. The area of the ROI that exhibited
fluorescence above threshold was recorded as a percentage value.

Immunocytochemistry. Mouse DRG neurons and peritoneal M®s cul-
tured on glass coverslips were immunostained using previously de-
scribed protocols (Shepherd et al., 2012, 2013). Cells were fixed with 3%
paraformaldehyde and subsequently blocked with 4% nonfat milk pow-
der in saline containing 0.1% Triton X-100. Cells were costained with
rabbit or goat anti-Ibal (M® marker), along with rabbit anti-Ibal and
mouse anti-GFP antibodies, in blocking solution at room temperature
for 1 h. After three 10 min washes in blocking solution, cells were incu-
bated with either donkey anti-rabbit IgG—Alexa Fluor 555 and goat anti-
mouse IgG—Alexa Fluor 488 antibodies for 1 h at room temperature.
Details of antibody source and dilutions are provided in Tables 3 and 4.
The cells were then washed 3 times for 10 min each in blocking solution
and mounted onto glass slides with ProLong Gold antifade reagent with
DAPI (Invitrogen). Epifluorescence microscopic images were captured
by an MRc-5 digital camera connected to an Axiolmager microscope
using the AxioVision software (Carl Zeiss). Images were taken with a
63X Plan-Apochromat objective (NA 1.4), and transferred to Photoshop
software (Adobe Systems) as TIFF files. Batches of cultured DRGs and
M®s from >3 mice were used for these experiments. Experimenters
were blinded to mouse genotype and antibodies used during the conduct
of these experiments, image acquisitions, and analyses.

Live-cell imaging. Functional Ca*" imaging on DRG neurons and
Mds were performed as described previously (Loo et al., 2012; Mickle et
al., 2015b; Shepherd et al., 2018). Glass coverslips containing cells were
incubated at room temperature for 20 min with the Ca?*-sensitive dye
Fura 2-AM (2 um). The coverslip was placed in the recording chamber
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Table 5. Oligonudleotides used in RT-PCR experiments
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Annealing Amplicon

Species and gene Primer sets temperature (°C) size (bp)

Mouse AgtrTa Forward: 5" CTGAAGCCAGTACCAGCTCT 3’ 54.0 245
Reverse: 5" (TGGGGCAGTCATCTTGAAT 3/

Human AGTR1 Forward: 5" GGCCAGTGTTTTTCTTTTGAATTTAGCAC3’ 55.0 202
Reverse: 5" TGAACAATAGCCAGGTATCGATCAATGC 3’

Mouse/human Agtr2/AGTR2 Forward: 5" GTTCCCCTTGTTTGGTGTAT 3/ 51.0 274
Reverse: 5" CATCTTCAGGACTTGGTCAC3'

Mouse/human Gapdh/GAPDH Forward: 5 TGATGACATCAAGAAGGTGGTGAAG 3’ 57.0 240
Reverse: 5 TCCTTGGAGGCCATGTAGGCCAT 3/

Mouse Ly6g Forward: 5" CTTCTCTGATGGATTTTGCGTTG 3’ 52 365
Reverse: 5" CAACTCAGAGCTTCTATATCTC3'

Mouse/human Trpv1/TRPV1 Forward: 5" CTGGACTACCTGGAACACCA 3’ 53.0 128

Reverse: 5" AACCAGGGCAAAGTTCTTCC 3!

mounted on the stage of an inverted Leica DMI6000B microscope and
washed for 5 min at room temperature with continuous superfusion of
standard extracellular HEPES-buffered HBSS (known hereafter as extra-
cellular imaging buffer) containing the following (in mm): 140 NaCl, 5
KCl, 1.3 CaCl,, 0.4 MgSO,, 0.5 MgCl,, 0.4 KH,PO,, 0.6 NaHPO,, 3
NaHCO;, 10 glucose, and 10 HEPES adjusted to pH 7.4 with NaOH and
310 mOsm with sucrose before the experiment began. All drug applica-
tions are performed in the extracellular imaging buffer with continuous
superfusion at room temperature. Fluorescence was alternately excited at
340 and 380 nm (12 nm band-pass) using a Lambda LS Xenon lamp
(Sutter Instruments) and a 10X/NA 0.4 objective. Emitted fluorescence
was collected at 510 nm using a Hamamatsu ORCA-100 CCD camera
for the entire experimental duration, including the first 5 min wash
duration. Pairs of images were sampled at 1 Hz, fluorescence was
background subtracted, and the ratio of fluorescence (Fs,o/Fsg,) Was
calculated.

Fluorescent dye-based imaging of cellular ROS/RNS production were
conducted on coverslips containing DRG neurons or M®s were incu-
bated with 5 um 2',7’-dichlorofluorescein diacetate (DCFDA) dye for 30
min. The coverslip was placed in the recording chamber mounted on the
stage of an inverted Leica DMI6000B microscope and washed for 5 min at
room temperature with continuous superfusion of extracellular imaging
buffer before the experiment began. All drug applications are performed
in the extracellular imaging buffer with continuous superfusion at room
temperature. Fluorescence was excited at 485 nm using a Lambda LS
Xenon lamp (Sutter Instruments) and a 10X/NA 0.4 plan apochromat
objective. Emitted fluorescence was collected at 530 nm using a
Hamamatsu ORCA-100 CCD camera, sampling at 0.33 Hz for the entire
experimentaratl duration, including the first 5 min wash duration. Fluores-
cence was background subtracted and the fold change in F,¢5 versus time f,
(immediately before the drug application time point) was calculated.

To confirm the observed effects in cellular imaging experiments, mul-
tiple batches of cultured cells from four to five mice per experimental/
treatment group for each genotype were used. Cultured cells from
individual genotypes and drug treatment experiments were performed
in a randomized fashion and experimenters were blinded to mouse sex
and genotypes, as well as to drug types used during the conduct of these
experiments, image acquisitions, and analyses.

RT-PCR. Total RNA was extracted from DRGs and M®s as described
previously (Loo et al., 2012; Mickle et al., 2015b), first using TRIzol
reagent (Invitrogen), followed by treatment with DNase-I for 30 min
(Qiagen). RNA was then reverse transcribed into cDNA using a Super-
Script III RT-PCR kit (Invitrogen) as per the manufacturer’s instruc-
tions. PCRs were performed using these cDNA samples and Pfu DNA
polymerase (Agilent Technologies) with specific primer sets, as detailed
in Table 5, and 30 amplification cycles. PCR products were visualized on
2% agarose gels stained with ethidium bromide. DRG tissue, isolated
neutrophils, and cultured M®s from 3 mice, as well as 3 culture batches
of J774A.1 and U937 monocyte/M® cell lines were used for these exper-
iments. Experimenters were blinded to mouse sex and genotypes, as well
as to specific primers used during the conduct of these experiments.

RNA deep sequencing. Deep sequencing was performed on total RNA
isolated from independently obtained human DRG tissue at two sites.
Human lumbar DRGs from tissue donors without any history of pain-
related disease conditions were obtained through MidAmerica Trans-
plant Services. In addition, human lumbar DRGs from tissue donors
without or with a history of chronic pain conditions were obtained
through AnaBios. Demographic details of human DRG tissue donors
are provided in Table 6.

For RNAseq experiments performed at the Genome Technology Ac-
cess Center of the Washington University in St. Louis, total RNA from
frozen DRG tissue cut into small pieces was extracted using TRIzol re-
agent (Life Technologies) and subsequently purified using the RNeasy
microkit (Qiagen). Total RNA with RIN value of >7 were used for fur-
ther analysis. Library preparation was performed at the Genome Tech-
nology Access Center of the Washington University in St. Louis. Briefly,
30 ng of total RNA was reverse transcribed and amplified using the
SMARTer Ultra low input RNA for Illumina Sequencing HV kit (Clon-
tech). After cONA preparation and shearing using an ultrasonicator (Co-
varis), the libraries were prepared using VeraSeq Ultra DNA Polymerase
for 12 cycles.

For next-generation sequencing and analysis, single end (50 bp) se-
quencing was performed on the Illumina HiSeq2500 platform following
the manufacturer’s protocol at the Genome Technology Access Center of
the Washington University in St. Louis. The raw, de-multiplexed RNA-
seq reads were aligned with STAR version 2.0.4b (https://github.com/
alexdobin/STAR/releases) (GRCh37 assembly). Low-base-quality reads
and adaptors were clipped. All known genes with raw counts were enumer-
ated to the matching gtf file from the same reference build from Ensembl
with Subread:featureCounts (version 1.4.5) (http://sourceforge.net/
projects/subread/) using the Ensembl gene ID as the key. Reads per kilo-
base of transcript per million mapped read values were generated in R
using raw counts. We assessed sequencing performance for total number
of aligned reads, uniquely aligned reads, number of genes, and transcripts
detected, <1% of ribosomal fraction, and Spearman correlation of >0.9
between samples. Detailed protocols for RNA isolation, library prepara-
tion, and RNAseq are available online on the GUDMAP website (http://
www.gudmap.org/).

For RNAseq experiments performed at the Genome Sequencing Facil-
ity of the University of Texas at Dallas, total RNA from DRG tissues was
extracted using TRIzol reagent (Life Technologies) and subsequently
purified using an RNeasy microkit (Qiagen), as detailed previously (Ray
et al., 2018). After library preparation, Poly-A+ RNA was sequenced
using a 75-bp paired-end library on an Illumina Sequencer by ActiveMo-
tif. The sequenced reads were mapped and mRNA abundance quantified
using the Tophat-Cufflinks pipeline (PMCID: PMC3334321). Quantifi-
cation of mRNA abundance was performed using the Cuffdiff tool in the
Tophat-Cufflinks toolkit using the “classic” normalization mode, as de-
tailed previously (Ray et al., 2018). The relative abundances were con-
verted from fragments per kilobase per million (FPKM) reported
mapped fragments by Cuffdiff to transcripts per million (TPM) by nor-
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Table 6. Human DRG donor demographic details for RNAseq
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Site 1: Washington University St. Louis School of Medicine

Donor # 1 2 3 4 5

Age 44 58 27 4 10

Sex Male Female Female Male Male

Race Caucasian Caucasian Caucasian Caucasian Caucasian

Type of pain None in medical record  None in medical record None in medical record ~ None None

Duration of pain N/A N/A N/A N/A N/A

Known Analgesics Taken None None None None None

Any known disease/ Cerebrovascular Cerebrovascular Head trauma/motor Head trauma Head trauma

cause of death accident/stroke accident/stroke vehicle accident (MVA)

Site 2: University of Texas at Dallas

Donor # 1 2 3 4 5 6

Age 40-50 40-50 40-50 37 50 47

Sex Female Female Female Female Male Female

Race (aucasian (aucasian (aucasian Caucasian (Caucasian (aucasian

Type of Pain None in medical record None in medical record None in medical record  Diabetic neuropathic, low back Diabetic neuropathic, upperand Low back pain from
and leg pain lower extremity pain herniated discs

Duration of pain N/A N/A N/A 15y 3y At least 3 weeks

Known Analgesics Taken None None None Acetaminophen/hydrocodone, Gabapentin, acetaminophen/  OTC pain medicines
marijuana hydrocodone

Any known disease None in medical record None in medical record None in medical record  Diabetes Diabetes Chronic bronchitis

N/A, Not applicable.

malizing each gene FPKM by the sum of all gene FPKMs for the sample
and multiplying by 1 million.

Reference genomes and transcriptomes used for human RNAseq mapping
were NCBI hg19 and Gencode v14, respectively (PMCID: PMC3431492). Data
from RNAseq experiments for the normal, nonpain donors were submit-
ted to dbGaP with the accession number phs001158.v1.p1l. The data from
pain donor samples are in the process of being submitted to dbGaP.

Western blotting. Total protein lysates of cultured DRG neurons and
M®s were prepared as described previously (Loo et al., 2012; Mickle et
al., 2015b). Proteins in lysates were separated in 10% SDS-PAGE gels and
transferred onto nitrocellulose membrane (GE Healthcare). For DRG
and M® lysates, membranes were blocked with a 4% solution of nonfat
powdered milk in saline and then probed with rabbit anti-ERK1/2,
mouse anti-phospho-ERK1/2 and/or rabbit anti-p38 MAPK and anti-
pp38 MAPK antibodies, along with loading control (Grp75) antibodies.
For lysates prepared from Agtr2-WT and Agtr2-KO M®s, membranes
were blocked with a 4% solution of nonfat powdered milk in saline and
then probed with rabbit anti-AT2R or goat ant-AT2R and/or rabbit anti-
Ibal or goat anti-Ibal antibodies (as detailed in Tables 3 and 4). Primary
antibody binding was detected on the membranes with donkey anti-
rabbit IgG-HRP or donkey anti-rabbit IgG-HRP or goat anti-mouse IgG-
HRP secondary antibody, followed by enhanced ECL-Plus reagent
incubation (PerkinElmer). Protein bands were visualized and densito-
metric quantification of band intensity was performed using the Odyssey
Fc Imaging System (Li-Cor), as detailed previously (Gupte et al., 2016).
Isolated neutrophils, cultured DRG neurons, and M®s from three mice
and three culture batches of J774A.1 and U937 monocyte/M® cell lines
were used for these experiments. Experimenters were blinded to mouse
sex and genotypes, cell line types, and antibodies used during the conduct
of these experiments, image acquisitions, and analyses.

Bioluminescence imaging of ROS/RNS species in vivo. Fifty-five minutes
after intraplantar Ang II injection into one hindpaw, mice were injected
intraperitoneally with the fluorescent ROS/RNS indicator dye L-012 (50
mg/kg), as described previously (Kielland et al., 2009). After induction of
anesthesia with isoflurane, mice were placed on the stage of an IVIS 100
in vivo imaging system (PerkinElmer) and a 5 min exposure of the plantar
surface of both hindpaws was taken. Luminescence signal intensities
were then quantified using Living Image 2.60.1 software (PerkinElmer).
Based on prior studies showing the magnitude of L-012 luminescence in
vivo with oxidative stress conditions, power analysis was performed to
determine the appropriate sample size using the online BioMath soft-
ware. The effective sample size for these experiments was calculated to be

=5 per experimental group. Animals were randomly assigned to individ-
ual groups to receive saline/Ang II = vehicle/drug injections. Experi-
menters were blinded to mouse injection lateralization and to drug type
and concentrations used during the conduct of these experiments, image
acquisitions, and analyses.

Electrophysiology. Mouse and human DRG neurons were superfused at
room temperature with external recording solution containing the fol-
lowing (in mm): 145 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 7 glucose, and 10
HEPES adjusted to pH 7.4 with NaOH and 300-310 mOsm. Borosilicate
fire-polished glass pipettes (Sutter Instruments) were filled with internal
solution containing the following (in mm): 120 K-gluconate, 5 NaCl, 2
MgCl,, 0.1 CaCl,, 1.1 EGTA, 4 Na,ATP, 0.4 Na,GTP, 15 phosphocre-
atine, and 10 HEPES pH adjusted to 7.3 with KOH and 291 mOsm.
Pipettes had open tip resistance values of 3—5 M(). Cells were visualized
using IR-DIC microscopy on an Olympus BX51 microscope. To confirm
the observed effects in cellular electrophysiology experiments, multiple
batches of cultured cells from multiple animals and human donors per
experimental/treatment group were used. Experiments involving drug
treatment of cultured cells were performed in a randomized fashion.

Recordings were made with Patchmaster software controllinga HEKA
EPC10 amplifier. After gigaseal formation and stable whole-cell access,
membrane excitability was determined in current-clamp configuration
at the resting membrane potential of each cell (average: —62 mV for
mouse, —64 mV for human DRG neurons). Series resistance values were
4-8 M(), and cells were discarded if these values changed by >20%.
Excitability thresholds and action potential (AP) firing frequencies were de-
termined from 1 s step or ramp current injections in increments of 1-10 pA
(mouse) or 50—100 pA (human). Input resistance was calculated from hy-
perpolarizing current steps of —20 pA (mouse) or —200 pA (human).
Ang IT (1 uMm), or vehicle diluted in external solution was superfused
continuously at room temperature for 5 min after excitability protocols,
which were then repeated. Ang II was only applied once per coverslip.
Recordings were filtered at 2.9 kHz, digitized at 20-50 kHz, and analyzed
offline using NeuroMatic software and custom-written macros in Igor Pro.

Chemicals and reagents. A967079 (1E,3E)-1-(4-Fluorophenyl)-2-
methyl-1-pentene-3-one oxime), AMG 9810 ((2E)-N-(2,3-Dihydro-1,
4-benzodioxin-6-yl)-3-[4-(1,1-dimethylethyl)phenyl]-2-propenamide),
Losartan (2-butyl-4-chloro-1-[[2'-(1 H-tetrazol-5-yl)-[1,1’-biphenyl]-4-yl]
methyl]-1 H-imidazole-5-methanol potassium salt), PD123319 ditri-
fluoroacetate (1-[[4-(dimethylamino)-3-methylphenyl]methyl]-5-(dipheny
lacetyl)-4,5,6,7-tetrahydro-1 H-imidazo[4,5-c]pyridine-6-carboxylic
acid ditrifluoroacetate), L-012 (8-amino-5-chloro-2,3-dihydro-7-phenyl-
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Figure 1. Ang Il induces peripheral mechanical pain hypersensitivity in mice, without any sex-specific differences. A, Intraplantar Ang Il injection dose dependently induces mechanical

hypersensitivity in the ipsilateral hindpaw of C57BL/6 mice. Data are presented as mean == SEM (n = 8 per group). B, Increasing doses of intraplantar Ang Il injection does not influence heat
sensitivity in mouse hindpaws. Data are presented as mean = SEM (n = 8 per group). C, Intrathecal Ang I (100 pmol) does not induce significant mechanical hypersensitivity. Data are presented
asmean = SEM (n = 7 per group). D, E, Both male and female mice develop hindpaw mechanical hypersensitivity of a similar magnitude (D) in response to Ang Il injection (intraplantar) without
influence on hindpaw heat sensitivity (E). Data are presented as mean == SEM (n = 7 per group). *p << 0.05, **p << 0.01, ***p < 0.001, and not significant (ns) versus their respective baseline
values, as well as individual time points in saline group (A—C) or contralateral groups (D, E), two-way ANOVA with Tukey’s multiple-comparisons post hoc test.

pyrido[3,4-d]pyridazine sodium salt), and bradykinin were purchased
from Tocris Bioscience and R&D Systems. Ang II, AP-18 (4-(4-
chlorophenyl)-3-methylbut-3-en-2-oxime), CGP42112A (N -nicotinoyl-
Tyr-(N,-Cbz-Arg)-Lys-His-Pro-Ile), DCFDA, NGF, LPS, AITC, and
N-acetylcysteine were purchased from Sigma-Aldrich. The B/B Ho-
modimerizer (AP20187 or B/B-HmD) was purchased from Clontech.
Recombinant murine and human TNF-« were purchased from Pepro-
tech. Recombinant murine and human GM-CSF were purchased from
GoldBio, Tocris Bioscience, and R&D Systems. All other chemicals used in
this study were purchased from Sigma-Aldrich, Bio-Rad, Roche Applied
Science, and Thermo Fisher Scientific.

Experimental design and statistical analysis. Details of specific experi-
mental design, power analysis, data collection/analysis, and experimenter
blinding have been provided under each individual type/techniques throughout
the Materials and Methods section. Data are presented as mean *+ SEM. For
behavioral experiments, two-way ANOVA with Tukey’s multiple-compa-
risons post hoc test was performed. p << 0.05 in each set of data comparisons
was considered statistically significant. Biochemical, Ca?", DCFDA, and
L-012 imaging data were analyzed using one-way ANOVA with Tukey’s or
Bonferroni’s multiple-comparisons post hoc test. All analysis was performed
using Prism 7.0 software (GraphPad Software).

Data availability. All of the data presented herein are available without
any restriction upon request. The RNAseq data are available through the
public database, as mentioned above.

Results

Ang IT induces peripheral mechanical pain hypersensitivity
and is dependent on AT2R

A recent phase II clinical trial of a peripherally acting AT2R an-
tagonist demonstrated successful alleviation of neuropathic pain
associated with PHN (Rice et al., 2014). However, the underlying

mechanism remains enigmatic, with a number of studies show-
ing that the mechanism of action may involve AT2R antagonism
directly on sensory neurons (for review, see Smith et al., 2016)
and other studies finding no direct functional role of sensory
neuron AT2R (Forte et al., 2016; Liao et al., 2017; Chakrabarty et
al., 2018). We began with an unambiguous verification of the role
of Ang II signaling in pain sensitization. Ang II injection into
mouse hindpaws dose dependently induced mechanical hyper-
sensitivity without inducing any heat hypersensitivity (Fig. 1A, B).
Instead of determining mechanical paw withdrawal threshold, the
magnitude of total mechanical sensitivity on mouse hindpaws in
response to increasing von Frey filament strength was deter-
mined, as detailed earlier in several reports (Banik et al., 2006;
Mickle et al., 2015b). Interestingly, intrathecal injection of Ang II
did not induce mechanical hypersensitivity (Fig. 1C), as reported
previously (Cridland and Henry, 1988), suggesting a peripheral
rather than central action of Ang II in the induction of mechan-
ical hypersensitivity. No sex differences in Ang II-induced hind-
paw mechanical hypersensitivity were observed (Fig. 1D). In
addition, hindpaw Ang II injection failed to induce any heat hy-
persensitivity in male and female mice (Fig. 1E). We next deter-
mined the involvement of specific AT receptor subtypes in this
phenomenon. Ang II-induced mechanical hypersensitivity was
unaffected by coadministration of an AT1R antagonist (losartan)
in WT mice and remained intact in Agtrla-KO mice (Fig. 2A).
However, Ang II-induced mechanical hypersensitivity was com-
pletely attenuated by coadministration of an AT2R antagonist
(PD123319) in WT mice and was absent upon Ang Il injection in
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Figure 2.  AT2R, but not AT1R, mediates Ang Il-induced mechanical pain hypersensitivity in mice. A, Coadministration of losartan, an AT1R antagonist (10 pmol, ipl), does not influence Ang

[l-induced (100 pmol, ipl) mechanical hypersensitivity in C57BL/6 (B6) mice. Ang |1 (100 pmol, ipl) induces mechanical hypersensitivity in ipsilateral hindpaws of B6 and B6-Agtr7a-KO mice to a
similarmagnitude. Data are presented asmean == SEM (n = 6 for B6-losartan group and n = 7 each for the remaining groups); **p << 0.01and ***p < 0.001 versus their respective baseline values,
as well as individual time points in B6-losartan and B6-Agtr7a-KO-saline groups. B, Coadministration of PD123319, an AT2R antagonist (10 pmol, ipl), completely attenuates Ang Il-induced (100
pmol, ipl) mechanical hypersensitivity in ipsilateral hindpaws of B6 mice. Ang Il (100 pmol, ipl) induces mechanical hypersensitivity in in ipsilateral hindpaws of B6 and FVB-Agtr2-WT mice to a
similar magnitude, which is absent in FVB-Agtr2-KO mice. Data are presented as mean = SEM (n = 7 each for B6-PD123319, B6-Ang 1 +PD123319, and FVB-WT-Saline groups and n = 8 each for
FVB-WT-Ang Il, FVB-Agtr2-K0-Saline, and FVB-Agtr2-KO-Ang Il groups). *p << 0.05, **p << 0.01, and ***p << 0.001 versus their respective baseline values, as well as individual time points in saline
injection, for FVB-Agtr2-WT mice; not significant (ns) versus FVB-Agtr2-K0-saline and B6-PD123319 groups. €, Ang Il injection (100 pmol, ipl) does not influence mouse hindpaw heat sensitivity in
experimental conditions shown in A and B. ns, Not significant versus the respective group baseline values, as well as individual time points in saline-injected relevant KO genotype groups.
D, E, Bradykinin injection (10 pmol, ipl) into the hindpaws of FVB-Agtr2-KO mice leads to development of mechanical (D) and heat (E) hypersensitivity, suggesting no deficits in induced cutaneous
hypersensitivity due to Agtr2 gene deletion. Data are presented as mean == SEM (n = 7 per group). **p << 0.01and ***p < 0.001 versus their respective baseline values, as well as individual time
points in contralateral groups, two-way ANOVA with Tukey’s multiple-comparisons post hoc test.

Agtr2-KO mice (Fig. 2B). Ang Il injection in WT, Agtrla-KO, and
Agtr2-KO mice (with or without losartan or PD123319) did not
influence hindpaw heat sensitivity (Fig. 2C). Bradykinin injection
into Agtr2-KO mouse hindpaws induced heat (Fig. 2D) and me-
chanical (Fig. 2E) hypersensitivity, suggesting an absence of any
gross deficits in induced pain hypersensitivity in mice lacking func-
tional AT2R. Collectively, these data suggest that Ang II-induced
mechanical pain sensitivity operates exclusively via AT2R at a pe-
ripheral level, not spinally.

Requirement of TRPA1 for Ang II-induced mechanical pain
hypersensitivity in mice

To further determine the sensory receptor(s) important for Ang
II-induced mechanical hypersensitivity, we directed our attention to
critical TRP channels such as TRPA1, TRPV1, and TRPV4, which
have been suggested to be involved in pain hypersensitivity associ-
ated with injury, inflammation, and neuropathy-like conditions (Kwan
et al., 2006; Petrus et al., 2007; Alessandri-Haber et al., 2008; Eid
etal., 2008; Chen etal., 2011; Ho et al., 2012; Mickle et al., 2015a,
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Figure3. Requirement of TRPA1, but not TRPV1 or TRPV4, for Ang Il-induced mechanical pain hypersensitivity in mice. A, Coadministration of AP18, a TRPA1 antagonist (10 nmol, ipl) prevents
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2016). Ang II-induced mechanical hypersensitivity was com-
pletely attenuated by systemic administration of the TRPA1 in-
hibitor AP-18 (Fig. 3A). In addition, hindpaw injection of Ang II
failed to induce mechanical hypersensitivity in Trpal-KO mice
(Fig. 3A). In contrast, hindpaw injection of Ang II elicited me-
chanical hypersensitivity in Trpv1-KO and Trpv4-KO mice to an
extent similar to that observed in WT mice (Fig. 3B). As observed
in WT mice, hindpaw Ang II injection did not influence heat
sensitivity in Trpal-KO, Trpvi-KO, or Trpv4-KO mice (Fig.
3C,D). These observations indicate that Ang II-AT2R activation
in sensory neurons presumably trans-activates/modulates TRPAI to
elicit mechanical hypersensitivity.

Ang II has no direct influence on TRPA1 function and
excitability of sensory neurons and lack of AT2R expression
in sensory neurons

We next investigated how Ang II/AT2R activation in sensory
neurons might influence TRPA1 channel activation and/or mod-
ulation, which could lead to the mechanical pain hypersensitivity
observed in vivo. Prolonged exposure to Ang II (1 h) did not

elevate intracellular Ca*™* ([Ca®*],) in cultured mouse or human
DRG sensory neurons regardless of functional TRPA1 expression
(Fig. 4A,B), suggesting that Ang II does not directly activate
TRPA1 or other Ca*" -permeable TRP channels in DRG neurons.
Previous studies have reported that AT2R activation in mouse
DRG neurons modulates TRPV1 function (Anand et al., 2013,
2015; Smith et al., 2016). Intriguingly, in our experiments, Ang
IT exposure did not influence the function of TRPA1 or TRPV1
channels in mouse or human DRG neurons (Fig. 4C,D). Dual pulse
activation of TRPV1 leads to decreased Ca** flux in response to
second capsaicin application due to Ca**-dependent channel
desensitization (Mohapatra and Nau, 2003, 2005; Mohapatra et
al., 2003). Nociceptor-sensitizing mediators that influence
TRPV1 channel function significantly enhance the magnitude of
Ca*™ flux in response to second capsaicin application (Mickle et
al., 2015a). However, Ang II application between two successive
application of capsaicin did not significantly alter the magnitude
of Ca** flux in response to second capsaicin application (Fig.
4D), indicating no influence on TRPV1 channel activation
and/or desensitization. Similarly, Ang II application between two
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successive application of a TRPA1 activator, AITC, did not sig-
nificantly alter the magnitude of Ca®" flux in response to second
AITC application (Fig. 4C), indicating no influence on TRPA1
channel activation. As a positive control, bradykinin exposure led
to significant potentiation of both TRPA1- and TRPV1-mediated Ca **
flux and prostaglandin E2 (PGE2) exposure led to significant
potentiation of TRPV1-mediated Ca** flux in both mouse and

human DRG neurons (Fig. 4C,D). Furthermore, Ang II exposure
did not alter AP firing or membrane excitability properties of
cultured mouse and human DRG neurons (Fig. 5A-D). Alto-
gether, these findings suggest that Ang II does not directly influ-
ence sensory neuron function or excitability, which prompted us
to seek evidence in support of functional AT2R expression in
sensory neurons. We first verified AT2R expression in DRG neu-
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AT2R expression is not detected on mouse and human DRG sensory neurons. A, Representative confocal microscopy images of DRG tissue sections from FVB-Agtr2-WT and FVB-Agtr2-KO

mice immunostained with routinely used anti-AT2R antibodies (red). Scale bar, 50 wm. No difference in AT2R signal intensity can be seen in the DRG sections from both mouse genotypes.
B, Representative agarose gel electrophoresis images of RT-PCR amplification of AT1R and AT2R genes (Agtr7 and Agtr2, respectively) from the total RNA isolated (Figure legend continues.)
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rons by antibody-based staining, as shown previously (Smith et
al., 2013b). Commercially available anti-AT2R antibodies stained
DRG tissue from Agtr2-WT and Agtr2-KO mice with similar intensity
(Fig. 6A), suggesting possible nonspecific binding of these antibod-
ies, as has been demonstrated earlier in other vascular tissue (Hafko
et al., 2013). Furthermore, no amplification of Agtr2 mRNA from
mouse and human DRGs could be obtained using species-
specific AT2R primer sets in qualitative RT-PCR (Fig. 6B). We
next investigated whether functional AT2R signaling could be
detected in DRG neurons. In contrast to previous reports (Smith
et al., 2013b; Anand et al., 2015), Ang II exposure did not elicit
AT2R-dependent ERK1/2 and p38 MAPK phosphorylation in
either mouse or human DRG neurons (Fig. 6C,D). All of these
observations pointed to a lack of AT2R expression in DRG neu-
rons. To further confirm this assertion, we performed immuno-
staining of DRG sections from Agtr2 "™ reporter mice, in which
GFP expression is driven by the Agtr2 promoter. No detectable
GFP signal was observed in the entire DRGs of these mice even
with anti-GFP antibody-based amplification of GFP fluorescence
(Fig. 6E).

In addition to the lack of sensory neuron GFP expression in
the Agtr2“™ mouse, we also verified high-throughput RNAseq data
available from published studies and found that Agtr2 mRNA was
either absent or its levels were negligible (below baseline noise val-
ues) in mouse DRGs (Goswami et al., 2014; Khoury-Hanold and
Iwasaki, 2016; Sapio et al., 2016; Yin et al., 2016; Ray et al., 2018).
Furthermore, we performed next-generation deep sequencing on
total RNA isolated from human DRGs and found no significant
expression of AGTR2 mRNA, in contrast to other pain-related
channels, receptors, and neuropeptide genes (Fig. 6F). Consis-
tent with this observation, RNAseq datasets for human DRGs
generated by an independent research group also showed no sig-
nificant expression of AGTR2 mRNA from donors without a
history of pain or with a medical history of chronic pain condi-
tions (Fig. 6G, Table 6). Collectively, our in-depth analysis argues
against any expression of AT2R expression in DRG neurons and/or
the existence of direct AT2R-TRPA1 signaling therein. Rather, our
data suggest that non-neuronal AT2R presumably underlies Ang
II-induced pain hypersensitivity.

<«

(Figure legend continued.) from mouse and human DRGs. Plasmids containing mouse and hu-
man AT1R and AT2R <DNAs are used as a positive control. In addition, TRPV1 amplification is
used as a positive control for DRG tissue. Numbers on the left denote DNA molecular weight
markers (in base pairs). €, Ang Il (T tum; 30 min) does not induce phosphorylation of ERK1/2 and
p38 MAPK, indicative of Ang II/AT2R activation, in cultured mouse and human DRG neurons.
TNF-cx (10 nm) is used as a positive control for induction of ERK1/2 and p38 MAPK phosphory-
lation. D, Quantification of the extent of ERK1/2 and p38 MAPK phosphorylation levels in mouse
and human DRG neurons in response to Ang Il exposure (1 wm; 30 min), as shown in represen-
tative immunoblots in Figure 34. TNF-c (10 nm; 30 min) is used as a positive control for induc-
tion of ERK1/2 and p38 MAPK phosphorylation. Data are presented as individual experimental
replicates, with mean = SEM marked therein (n = 4 per group). *p < 0.05, **p < 0.01, and
not significant (ns) versus respective comparison groups, one-way ANOVA with Tukey's
multiple-comparisons post hoc test. E, The AT2R gene (Agtr2) is not expressed in neurons and
non-neuronal cellsin mouse DRG, as verified by lack of GFP signal (as a surrogate marker) in DRG
sections (L2—L5) from Agtr2 ° reporter mice in which the Agtr2 promoter drives GFP expres-
sion. Representative confocal microscopy images of DRG sections stained with anti-GFP anti-
bodies, along with CGRP and NF200 antibodies to mark peptidergic and myelinated sensory
neurons. DAPI was used as a nuclear stain. Scale bar, 50 wm. F, G, Heat map showing mRNA
expression levels (from RNAseq experiments) of RAS genes compared with critical pain-
associated genes in human DRG tissue (F). No alteration in the mRNA levels of RAS genes can be
observed in DRGs obtained from humans without or with chronic pain conditions (G). Red
arrows indicate no reliable mRNA expression levels and green arrow indicates considerable
mRNA expression of RAS genes.
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M®® infiltration into the site of skin injury and AT2R
expression in skin M®s

With no indication of sensory neuron expression of AT2R or
signaling crosstalk with TRPA1 channels within sensory neurons,
we investigated the sites of Ang IT injection to obtain histological
evidence for the underlying mechanism. A marked increase in
M (Ibal staining) and neutrophil (Ly6G staining) infiltration
was observed in the plantar Ang II-injected region of mouse
hindpaws, which could be detected both at early (1 h) and late
(5 h) time points after injection (Fig. 7A). No such M®/neutro-
phil infiltration was observed in contralateral hindpaw skin or in
saline-injected hindpaw skin (Fig. 7A). Similarly, significant in-
creases in M® density were observed in leg skin biopsies from
human patients with diabetic neuropathy and chemotherapy-
induced peripheral neuropathy versus healthy controls, a differ-
ence associated with loss of PGP9.5" nerve fibers (Fig. 7B,C).
Because AT2R is required for Ang II-induced mechanical hyper-
sensitivity, we next determined whether M®s and/or neutrophils
express AT2R. No amplification of AT1R or AT2R genes could be
obtained from mouse peritoneal polymorphonuclear neutro-
phils (PMNs), whereas mRNA for both genes could be amplified
from mouse peritoneal M® RNA (Fig. 8A). This is also consistent
with high-throughput mRNA expression data on Agtr2/AGTR2
and other RAS gene expression in mouse and human M®s avail-
able in the NCBI-GEO database (Chang et al., 2008; Gleissner et
al., 2010; An et al., 2014; Mauer et al., 2014) (Fig. 8B). To validate
functional AT2R expression on M®s, we next performed biochem-
ical assessment of Ang II-stimulated Erk1/2 phosphorylation, a
functional readout of AT2R expression/activation (Gendron et al.,
1999; Dhande et al., 2015). Increased Erk1/2 phosphorylation in
response to Ang II exposure was observed in WT, Agtrla-KO, and
Agtr2-WT mouse peritoneal M®s, but not in WT mouse PMNs
or Agtr2-KO M®s (Fig. 8D, E). Furthermore, Ang II-induced
Erk1/2 phosphorylation could be mimicked by the AT2R-
selective agonist CGP42112A and was blocked by the AT2R an-
tagonist PD123319, but not the AT1R antagonist losartan (Fig.
8D, E), suggesting that functional Ang II/AT2R signaling exists in
mouse M®Ps.

Consistent with these observations, we next verified the ex-
pression of Agtr2 on hindpaw skin M®s by immunohistological
staining of hindpaw plantar punch tissue biopsies from Agtr2 *"
reporter mice with GFP as a surrogate marker of Agtr2 gene ex-
pression. Extensive colocalization of GFP with the M® markers
F4/80 and CD68 was observed in these sections (Fig. 9A), con-
firming AT2R expression in skin M®s. Furthermore, Ang II
injection into the hindpaw of Agtr2S™ mice led to increased
density of skin M®s (F4/80 "/CD68 ) that expressed GFP, sug-
gesting AT2R expression in those infiltrated M®s (Fig. 9A). Al-
though GFP expression was not detected in any cell type within
the lumbar DRGs of Agtr2 “"* mice (Fig. 6E), we next investigated
whether plantar Ang Il injection could lead to infiltration of GFP-
positive peripheral M®s into DRGs and/or induction of GFP
expression in DRG microglia/M®s. Immunostaining of DRG tis-
sue sections from plantar Ang II-injected Agtr2 ™" mice did not
detect any specific GFP signal (with anti-GFP antibody) in any
cell types (Fig. 9B). In addition, it was observed that hindpaw Ang
IT injection did not visibly alter the density of Ibal-stained cells
(microglia/M®s) in the ipsilateral versus contralateral DRGs
(Fig. 9B), suggesting no infiltration/depletion of DRG microglia/
M®s in response to hindpaw Ang II injection. Furthermore, we
verified that GFP expression was not detected in the microglia/
M®s present in the primary cultures of dissociated DRGs from
Agtr2S™ mice (Fig. 9C), although GFP expression could be
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Figure7.  AngIlinduces peripheral M@ infiltration in mouse hindpaw skin and increased Md density in skin biopsies from human patients with diabetic and chemotherapy-induced peripheral
neuropathy. A, Representative confocal microscopy images of mouse hindpaw plantar punch tissue sections showing hindpaw Ang Il injection (100 pmol, ipl) enhances M (green; Iba1) and
neutrophil (red, Ly6g; blue, DAPI) infiltration both 1and 5 h after injection compared with saline injection. Scale bar, 100 m. Magnified views of area indicated as red dotted rectangular boxes are
shown on the right top corner in each image group. B, Representative confocal microscopy images of human plantar punch tissue sections showing increased M density (Iba1) in human leg/ankle
skin biopsies from diabetic neuropathy and chemotherapy-induced peripheral neuropathy patients compared with age-matched healthy controls. This is accompanied by a decrease in the density
of nociceptive nerve fibers (PGP9.5) in the skin (bottom row images). Green dotted rectangular boxes on the top left corners in top row images represent magnified views of individual M®s in
indicated areas. Scale bar, 100 wm. €, Density of both Mds and nociceptive fibers in human skin biopsies are quantified and presented as individual experimental replicates, with mean = SEM
marked therein (n = 2 sections each from n = 8 human subjects per group). *p << 0.05, ###p << 0.001, and not significant (ns) versus healthy control groups, one-way ANOVA with Tukey's
multiple-comparisons post hoc test.
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Figure 8.  AT2R is expressed in Ms. 4, Representative agarose gel electrophoresis images of RT-PCR amplification of AT1R and AT2R genes (AgtrTa and Agtr2, respectively) from total RNA
isolated from mouse Mds and PMNs. Plasmids containing mouse Agtr7a and Agtr2 cDNAs are used as positive controls and Ly6g amplification is used for identification/validation of PMNs. Numbers
on the left denote DNA molecular weight markers (in base pairs). B, Heat map showing moderate to high expression levels of RAS genes in monocytes/Mds from RNA expression data deposited in
the NCBI-GEO database. GEO mouse datasets GSE47426 (Mauer et al., 2014) and GSE57468 (An et al., 2014) and human datasets GSE10856 (Chang et al., 2008) and GSE20484 (Gleissner et al., 2010)
are analyzed for RAS gene mRNA expression in monocytes/MPs. €, Representative immunoblots depicting nonspecificity of routinely used anti-AT2R antibodies in peritoneal M lysates from
FVB-Agtr2-WT and FVB-Agtr2-KO mice. Anti-Iba1 and anti-mortalin antibodies are used as positive controls for Ms and housekeeping protein, respectively. Numbers on the left denote protein
molecular weight markers (in kilodaltons). D, E, Ang Il (100 nu; 30 min) induces Erk1/2 phosphorylation in mouse (B6-WT) peritoneal M®s, but not in PMNs. The AT2R inhibitor PD123319 (1 um),
but not the ATTR inhibitor losartan (1 jum), attenuates Ang ll-induced Erk1/2 phosphorylation in Mds. Ang Il-induced Erk1/2 phosphorylation is absent in Ms from FV/B-Agtr2-KO mice, but intact
in FVB-Agtr2-WT mice. The selective AT2R activator CGP42112A (100 nm) and TNF-cx (10 nw) are used in mouse Mds as positive controls for AT2R activation/signaling and Erk1/2 phosphorylation,
respectively. LPS (10 nm) is used as a positive control for Erk1/2 phosphorylation in mouse PMNs. Mortalin (Grp75) immunoreactivity is used as loading control and the magnitude of ERK1/2
phosphorylation is quantified in E. Data are presented as individual experimental replicates, with mean == SEM marked therein (n = 3 per group). *p << 0.05, #p << 0.05, and not significant (ns)
versus indicated comparison groups, one-way ANOVA with Tukey’s multiple-comparisons post hoc test.

detected in cultured peritoneal M®s from Agtr2“** mice (Fig.

9D). These observations suggest that increased infiltration of skin
M®s and AT2R expression in these M®s, but not in the neurons
and microglia/M®s of DRGs, could be associated with Ang II-
AT2R-induced peripheral mechanical hypersensitivity.

Peripheral M®s are required for Ang II-induced mechanical
pain hypersensitivity

Because increased M® infiltration is observed at the site of Ang I1
injection and M®s express functional AT2R, we next verified
whether M®s are critical to Ang II-induced pain hypersensitivity.
Chemogenetic depletion of peripheral skin M®s was achieved
with designer drug (B/B-HmD) administration in MaFIA mice
(Fig. 10A). Because this designer drug does not penetrate the
blood-brain barrier, this method of peripheral M® depletion
does not influence/deplete M®s/microglia populations in the
DRG and spinal cord (Fig. 10A). Similar to our observations
shown in Figure 9, no visible alteration was observed in the den-
sity of Ibal-stained cells (microglia/M®s) in the ipsilateral DRG
and spinal cord of vehicle- versus B/B-HmD-administered Ma-

FIA mice upon Ang II injection (Fig. 10A). This again suggests
that hindpaw Ang II injection does not lead to any significant
infiltration/depletion of microglia/M®s in the DRG and spinal
cord. Hindpaw injection of Ang II failed to elicit any significant
mechanical pain hypersensitivity in B/B-HmD-treated mice
compared with vehicle-treated mice and did not influence hind-
paw heat hypersensitivity (Fig. 10 B, C). Peripheral M® depletion
was not associated with any gross deficits in peripheral pain transduc-
tion, as indicated by conservation of bradykinin-induced mechanical
and heat hypersensitivity in peripheral M®-depleted MaFIA mice
(Fig. 10D, E). These observations indicate the critical role of periph-
eral M®s, but not of microglia/M®s, in the DRG and spinal cord of
Ang IT-induced mechanical pain hypersensitivity in mice.

M® AT2R activation leads to increased ROS/RNS production,
which underlies Ang II-induced mechanical hypersensitivity

Because M®s, AT2R, and TRPA1 are all required in Ang II-
induced peripheral mechanical hypersensitivity, we next investi-
gated the nature of M® angiotensin signaling and its potential
crosstalk with sensory neurons. We first performed Ca** imag-
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AT2R is expressed in skin Mds, but not in the neurons microglia/Ms, of DRGs after hindpaw Ang Il injection. A, Representative confocal microscopy images of Agtr.
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hindpaw plantar punch tissue sections showing hindpaw Ang Il injection (100 pmol, ipl; 5 h after injection) enhances M density (F4/80 and (D68 staining), which overlaps with GFP signal (green),
suggesting AT2R expression therein. Scale bar, 50 um. Images on the bottom rows represent magnified red dotted rectangular boxes in the respective top row images. B, Representative confocal
microscopy images of Agtr2 °* mouse DRG (L2—L5) tissue sections showing hindpaw Ang Il injection (100 pmol, ipl; 5 h after injection) does not enhance microglia/Md density (red, Iba1 staining)
in the ipsilateral DRGs, as well as no detectable GFP signal (green, with anti-GFP antibody staining), suggesting no AT2R expression in neurons and microglia/M®. Scale bar, 50 um.
€, Representative microscopy images of cultured-dissociated DRGs from Agtr2 °F mice showing no detectable GFP signal (green, with anti-GFP antibody staining), suggesting no AT2R expression
in neurons (red, 33-tubulin staining) and microglia/Md (red, Iba1 staining). Scale bar, 25 um. D, Representative microscopy images of cultured peritoneal monocytes/Mds from Agtr2 °F mice

showing detection of GFP signal (green, with anti-GFP antibody staining) in Iba1-stained (red) M®s, suggesting AT2R expression. Scale bar, 25 m.

ing of cultured mouse peritoneal M®s, which did not exhibit any
[Ca**]; elevation upon exposure to the TRPA1 activator AITC or
TRPV1 activator capsaicin before or after Ang II exposure (Fig.
11A), suggesting no functional TRPA1 expression. In addition,
Ang IT exposure did not directly induce any [Ca**]; elevation in
cultured mouse peritoneal M®s (Fig. 11A). We next performed
live-cell imaging of mouse peritoneal M®s, which showed a time-
and dose-dependent increase in DCFDA fluorescence emission, an
indication of increased ROS/RNS production, when exposed to
Ang II and Ang III, but not Ang IV (Fig. 11 B, C). These observa-

tions are in accordance with the reported selectivity and affinity
of Ang III for AT2R, as well as the ~100-fold lower relative affin-
ity of Ang IV for AT2R (Bosnyak et al., 2011). No mouse sex-
specific differences could be detected in the magnitude of Ang
II-induced M® ROS/RNS production (Fig. 11D). Ang II-
induced ROS/RNS production in mouse M®s could be mim-
icked by the AT2R-selective agonist CGP42112A and blocked by
the AT2R antagonist PD123319, as well as the free radical scav-
enger n-acetylcysteine (NAC), but not by the AT1R antagonist
losartan (Fig. 11E). M® ROS/RNS production in response to
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Figure10. Peripheral M®sare required for Ang ll-induced mechanical hypersensitivity on mouse hindpaws. A, Experimental scheme for chemogenetic depletion of skin Mds in MaFIA mice with
the administration of a designer drug (B/B-HmD; 2 mg/kg/d for 5 d). Efficacy of peripheral M depletion in skin, but not DRGs and spinal cord, in these mice were verified with immunostaining.
Representative confocal microscopy images of hindpaw plantar punch, DRG (L2-L5) and spinal cord sections from MaFIA mice show depletion of skin Ms without any alteration in microglia/Mds
inthe DRGand spinal cord (red, Iba1 staining) of BB-HmD-treated mice. Scale bar, 50 um. B, Ang 11 (100 pmol, ipl) fails to induce mechanical hypersensitivity in the hindpaws of MaFIA mice subjected
to chemogenetic depletion of peripheral M®s (as shown in A). Data are presented as mean == SEM (n = 6 for Vehicle-Saline group, n = 7 each for Vehicle-Ang Il and B/B-HmD-Saline groups, and
n = 8forB/B-HmD-Ang Il group). ***p << 0.001 versus vehicle/saline-ipsi group, and ###p << 0.001 versus vehicle/Ang II-ipsi group, two-way ANOVA with Tukey’s multiple-comparisons post hoc
test. ¢, Chemogenetic depletion of M®s and subsequent hindpaw Ang Il injection (100 pmol, ipl) in MaFIA mice (B) does not influence hindpaw heat sensitivity. Data are presented as mean = SEM
(n = 7 for B/B-HmD-Saline group and n = 8 for B/B-HmD-Ang Il group). D, E, Bradykinin injection (10 nmol, ipl) leads to the development of both mechanical (D) and heat (E) hypersensitivity in
MaFIA mice subjected to chemogenetic depletion of peripheral Ms with B/B-HmD administration (2 mg/kg/d for 5 d). Data are presented as mean == SEM (n = 7 per group). *p << 0.05 **p <
0.01, and ***p < 0.001 versus respective contralateral groups, two-way ANOVA with Tukey’s multiple-comparisons post hoc test.

higher doses of Ang IT and Ang III could also be attenuated with
coapplication of the AT2R antagonist PD123319 (Fig. 11F), sug-
gesting the specific involvement of AT2R. Ang II elicited ROS/
RNS production in M®s from Agtrla-KO mice, which could be

mouse (Fig. 11G). Furthermore, in primary cultures of mouse
and human DRG neurons, Ang II exposure did not elicit ROS/
RNS production (Fig. 11H ), which is consistent with our failure
to detect AT2R expression in DRG neurons (Figs. 4, 5, 6, 9).

blocked by PD123319 (Fig. 11G). Ang Il and CGP42112A expo-
sure also led to elevated ROS/RNS production in M®s from
Agtr2-WT mice, but not from Agtr2-KO mice (Fig. 11G). We
confirmed that similar Ang II/AT2R-dependent ROS/RNS production
occurred in GFP-positive M®s derived from the Agtr2™ reporter

Collectively, these observations suggest that Ang II activation
of AT2R in mouse M®s increases ROS/RNS production,
which we next verified in vivo. Hindpaw injection of Ang II
increased L-012 luminescence intensity, an indicator of in-
creased redox state, which could be attenuated by coinjection
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Figure 11.  Ang Il induces no elevation in Ca® ", but ROS/RNS production in Ms, in an AT2R-dependent manner. A, Representative traces and quantification of ratiometric Ca* imaging of

primary (57BL/6) peritoneal Mds showing no response to the TRPA1 agonist AITC (100 um, 30 s) before or after application of Ang Il (1 wm; 5 min). A terminal pulse of the Ca* ionophore
ionomycin (Inm; 10 m) serves as a positive control. Peak (a2 signal data (ratio of £ q/Fs4,) are plotted on the right column graph with the indicated treatment conditions. In addition, capsaicin
(1 jam, 30's) was used, which failed to induce any Ca**, before or after Ang Il application. B, Representative time-lapse images (left) and quantification traces (right) of cultured mouse peritoneal
Mds showing Ang II-induced (100 nw) increase in ROS/RNS production, as determined by increased intensity of DCFDA redox-sensitive fluorescent dye. Scale bar, 50 em. €, Ang Il and Ang Ill, but
not Ang 1V, exposure (15 min) dose dependently induces ROS/RNS production in mouse M®s. D, Ang Il (100 nw; 15 min) induces ROS/RNS production to a similar extent in both male and female
mouse M®s. E, Ang Il-induced (100 nw; 15 min) Md ROS/RNS production can be attenuated by PD123319 (1 M) and NAC (3 mu), but not with losartan (1 wm) coapplication. Like Ang II, the
AT2R-selective agonist CGP42112A (100 nw; 15 min) also elevates ROS/RNS levels. F, ROS/RNS production in mouse Mds in response to higher Ang Il or Ang Il doses (10 wum; 15 min) can be
attenuated by PD123319 (1 um). G, Ang Il (100 nw; 15 min) increases ROS/RNS levels in AgtrTa-KO mouse Ms, which can be attenuated by PD123319 (1 wm) coapplication. Both Ang Il and
(GP42112A (100 nm each; 15 min) increase ROS/RNS levels in FVB-Agtr2-WT, but not in FVB-Agtr2-KO, mouse Ms. Furthermore, Ang Il and CGP42112A (100 nm each; 15 min) significantly increase
ROS/RNS levels in MdDs from B6-Agtr2 & reporter mice similar to that observed in B6-WT mice. H, DCFDA fluorescence emission in mouse and human DRG neurons is unaffected by Ang 1l (1 um; 15
min) and CGP42112A (1 wum; 15 min) exposure, indicating no Ang lI-induced ROS/RNS production. Data in all panels are presented as mean == SEM. Numbers shown inside each column in all panels
indicate the number of Mds and DRG neurons in =4 culture batches from =4 mice (or human DRG culture batches for H) per group. ***p << 0.001, ###p << 0.001, and not significant (ns) versus
respective vehicle (€) and indicated comparison groups (A, B and D, H), one-way ANOVA with Tukey's post hoc test.

of PD123319 or NAC (Fig. 12A). Furthermore, coinjection of
NAC completely attenuated Ang II-induced mechanical hy-
persensitivity in mouse hindpaws without affecting heat sen-
sitivity (Fig. 12B), indicating that increased local oxidative/
nitrosative stress is required for Ang II-induced peripheral
mechanical pain hypersensitivity.

M® AT2R-mediated redox activation of TRPA1 in

sensory neurons

Because TRPALI is a major target for ROS/RNS-mediated sensory
neuron excitation (Andersson et al., 2008), we next verified
whether Ang II-induced ROS/RNS production in M®s could
trans-activate TRPA1 on sensory neurons using cocultures of
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antagonist A967079 also attenuated the
Ang II-induced sustained [Ca®*]; eleva-
tion in M® cocultured mouse DRG neu-
rons (Fig. 13C), suggesting the involvement
of TRPAL. Furthermore, we verified the
involvement of AT2R in these experi-
ments. Ang I exposure did not lead to a
sustained increase in [Ca®*], in WT
mouse DRG neurons cocultured with
peritoneal M®s from Agtr2-KO mice
(Fig. 13C). In contrast, Ang II exposure
led to a sustained increase in [Ca*"]; in
Agtr2-KO DRG neurons cocultured with
Agtr2-WT peritoneal M®s (Fig. 13C), in-
dicating the critical involvement of M®
AT2R in this M®-to-DRG neuron trans-
signaling, without any functional deficit
in DRG neurons from Agtr2-KO mice. In
support of the latter assertion, we ob-
served significant modulation of TRPA1-
and TRPVI1-mediated Ca’** influx by
bradykinin in DRG neurons from
Agtr2-KO mice (Fig. 13D), as observed in
WT mouse DRG neurons (Fig. 4C,D). In
addition, we replicated similar Ang II-
induced effects on neuronal frans-
activation and Ca** flux in cocultures

Heat
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Tukey's multiple-comparisons post hoc test.

mouse DRG neurons and M®s. Prolonged exposure of Ang 11 led
to a slowly increasing/sustained [Ca?"]; elevation in mouse DRG
neurons only upon coculturing with mouse peritoneal M®s (Fig.
13 A, B). We must mention here that, in our cocultures, the DRG
neurons were not covered on all sides by M®s with tight junc-
tions, but rather were present in the vicinity of DRG neurons at a
high density. Therefore, the ROIs in these live-cell imaging ex-
periments were reliably restricted to the somata of DRG neurons
only. Furthermore, at the end of the recording duration, 50 mm
KCl (K50) was applied to confirm the identity of selected ROIs as
neurons in these coculture Ca**-imaging experiments. As ob-
served in Ca**-imaging experiments on cultured mouse perito-
neal M®s (Fig. 11A), non-neuronal cells adjacent to DRG neurons
in cocultures did not exhibit any Ca*" elevation upon Ang II and
K50 applications. Ang II-induced [Ca’"]; elevation in M®-
cocultured mouse DRG neurons was attenuated with coapplica-
tion of the ROS/RNS scavenger NAC (Fig. 13B), suggesting the
involvement of ROS/RNS. Furthermore, application of a TRPA1

2h
Experimental Days

Ang Ilinduces AT2R-dependent ROS/RNS production in mouse hindpaws and attenuation of Ang Il-induced hind-
paw mechanical hypersensitivity by ROS/RNS scavenging. A, Hindpaw injection of Ang Il (100 pmol; 1 h) increases local ROS/RNS
production, as determined by increased L-012 redox-sensitive dye luminescence intensity and quantified on the graph (right).
Coinjection of PD123319 (10 pmol) and NAC (30 nmol) completely attenuate Ang Il-induced ROS/RNS production. Data are
presented as mean = SEM (n = 5 mice per group). ***p << 0.001, ###p << 0.001, and not significant (ns) versus respective
comparison groups, one-way ANOVA with Tukey’s multiple-comparisons post hoc test. B, Coadministration of NAC (30 nmol, ipl)
completely attenuates Ang ll-induced (100 pmol, ipl) hindpaw mechanical hypersensitivity in mice. NAC administration does not
influence hindpaw heat sensitivity. Data are presented as mean == SEM (n = 9 per group). ***p << 0.001 versus Ang Il/contra,
#iH#p << 0.001 versus Ang Il/ipsi groups, and not significant (ns) versus respective comparison groups, two-way ANOVA with

AT2R-induced ROS/RNS production
(Fig. 13E).

Consistent with observations in mouse
DRG neuron-M® cocultures, human
DRG neurons were cocultured with the
U937 human monocyte-M® cell line to
verify a similar trans-activation phenom-
enon. We first verified that U937 M®s ex-
hibit functional AT2R expression and Ang
II-induced ROS/RNS production that is
sensitive to PD123319 and NAC, but not
to losartan (Fig. 14A). Coculture of hu-
man DRG neurons with U937 M®s ex-
hibited similar Ang II/M®-dependent
increases in [Ca" ], in neurons (Fig. 14B).
Ang Il-induced increases in [Ca**]; in human DRG neurons
cocultured with U937 M®s was inhibited by coapplication of an
AT2R antagonist (PD123319) or TRPA1 antagonist (A967079)
(Fig. 14B). ROS/RNS are thought to activate TRPA1 by covalent
modification of cysteine residues in the N terminus of the chan-
nel (Macpherson et al., 2007a; Andersson et al., 2008; Takahashi
et al., 2008). To test whether this underlies Ang II/ M®-
dependent increases in [Ca*™ |, in coculture, we transiently trans-
fected HEK293 cells with plasmids containing either WT human
TRPA1 ¢cDNA or a mutant hTRPA1 cDNA in which three key
cysteine residues (Cys421, Cys621, and Cys655) are mutated to
serine (hTRPA1-3C/S), rendering the channel insensitive to co-
valent modification-based activation (Macpherson et al., 2007a).
HEK cells transfected with eGFP alone showed no significant
increase in [Ca*"|; regardless of the presence of Ang IT or cocul-
ture with U937 cells (Fig. 14C). hTRPA1-WT-expressing cells

exhibit Ang II-dependent increased [Ca®"];, which, as seen in

4 6h  24h
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Figure 13.  Ang ll-induced M ROS/RNS production trans-activates TRPAT on mouse DRG neurons. A, Representative traces of Ang Il-induced (100 nw, 1h) [Ca2*]; elevation in mouse DRG
neurons observed only upon coculturing with mouse M<s (both B6-ITmice). TRPAT ™ neurons are identified by AITC (100 ) and 50 mm KCI (K50). Area under the curve (AUC) for Ang lI-induced
[Ca2*];elevationis subsequently quantified. B, €, Ang lI-induced increases in DRG neuron [Ca ], elevation in cocultures can be completely attenuated upon coapplication of NAC (3 mw; B) and the
TRPAT antagonist A967079 (1 wm; €). Ang Il (100 nw, 1 h) fails to induce [Ca?*]; elevation in FVB-Agtr2-WT DRG neurons cocultured with FVB-Agtr2-KO MdDs; however, increased [Ca® ", is
conserved in FVB-Agtr2-KO DRG neurons cocultured with FVB-Agtr2-WT M®s (€). Data are presented as mean == SEM. ***p << 0.001 and not significant (ns) versus respective comparison groups,
one-way ANOVA with Tukey's post hoc test. D, Representative traces and quantification of bradykinin (BK; 100 nw; 5 min)-evoked potentiation of AITC-induced (50 pum) and capsaicin-induced (100
nm) Ca2* flux in Agtr2-KO DRG neurons. Data are presented as mean % SEM. *p << 0.05 versus control groups, one-way ANOVA with Tukey's post hoc test. E, Top left, Representative agarose gel
electrophoresis images of RT-PCR amplification of AT1R and AT2R genes (Agtr1a and Agtr2) from total RNA isolated from the mouse monocyte-M® cell line J774A.1. Gapdh amplification is used as
a positive control. Numbers on the left denote DNA molecular weight markers (in base pairs). Bottom left, Western blot images demonstrating increased Erk1/2 phosphorylation in J774A.1 cells
treated with Ang 1 (100 nm; 30 min), the AT2R-selective agonist CGP42112A (100 nm; 30 min), or TNF-cx (10 nm; 30 min) as a positive control. The Ang Il-mediated increase in p-ERK1/2 is inhibited
by coapplication of PD123319 (1 wum), but not losartan (1 wum). Numbers on the left denote protein molecular weight markers (in kilodaltons). Right, J774A.1 cells demonstrate AT2R-dependent
increased DCFDA fluorescence, which is inhibited by PD123319 (1 um) or the antioxidant NAC (3 mw), but not losartan (1 wum). Data are presented as mean = SEM. ***p < 0.001 versus vehicle,
##t#p < 0.001 versus Ang II. F, Ang 11 (100 n, 1 h) induces increase in DRG neuron [Ca*" ], elevation upon coculturing with J774A.1 M cells. Data in B—F are presented as mean = SEM and
numbers shown inside each column in these panels indicate the number of DRG neurons (and Mds for E) in =4 culture batches from =4 mice/group. **p << 0.05, ***p << 0.001, ###p < 0.001,
and not significant (ns) versus the indicated comparison groups, one-way ANOVA with Tukey's post hoc test.

mouse and human DRG neurons, occurred only under M® co-
culture conditions (Fig. 14C). This effect was absent in
TRPA1-3C/S-transfected HEK cells (Fig. 14C), indicating a re-
quirement for covalent modification of cysteine residues in the

channel protein downstream of M® ROS/RNS production to
elicit TRPA1 channel activation and Ca** flux.

Together, these results suggest that Ang II activates M® AT2R to
elicit ROS/RNS production, which then trans-activates TRPA1 on
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Figure 14.  Ang ll-induced M ROS/RNS production in U937 human Md cells trans-activates TRPA1 on human DRG neurons.

A, Top left, Representative agarose gel electrophoresisimages of RT-PCR amplification of AT1R and AT2R genes (AGTR7 and AGTR2)
from total RNA isolated from the human monocyte-M® cell line U937. GAPDH amplification is used as a positive control. Numbers
on the left denote DNA molecular weight markers (in base pairs). Bottom left, Western blotimages demonstrating increased Erk1/2
phosphorylation in U937 cells treated with Ang Il (100 nm; 30 min), the AT2R-selective agonist CGP42112A (100 nm; 30 min), or
TNF-c: (10 nw; 30 min) as a positive control. The Ang I-mediated increase in p-ERK1/2 is inhibited by coapplication of PD123319(1
um), but not losartan (1 wm). Numbers on the left denote protein molecular weight markers (in kilodaltons). Right, U937 cells
demonstrate AT2R-dependent increased DCFDA fluorescence, which is inhibited by PD123319 (1 wum) or the antioxidant NAC (3
m), but not losartan (1 wu). B, Ang II (100 nw, Th) induces significant elevation of [Ca*]; levels in human DRG neurons upon
coculturing with the U937 human M cell line, which can be completely attenuated upon coapplication of the AT2R antagonist
PD123319(1 wum) and the TRPA1 antagonist A967079 (1 um). €, Ang 1l (100 nm, 1 h) induces a significant elevationin [Ca® ], levels
in HEK293 cells transfected with eGFP+hTRPA1-WT, but not with eGFP alone or eGFP+hTRPA1-3(/S mutant cDNAs, upon
coculturing with U937 human M® cell line. Data in all panels are presented as mean == SEM and numbers shown inside each
column indicate the number of Mds (A) and DRG neurons (B, €) in =4 human DRG culture batches per group. **p << 0.05, ###p <
0.001, and not significant (ns) versus the indicated comparison groups, one-way ANOVA with Tukey's post hoc test.

sensory neurons. This signaling axis is targeted by the AT2R antag-
onist PD123319, which dampens ROS/RNS production, represent-
ing a mechanism by which nociceptor excitation could be attenuated
to provide relief from chronic pain conditions observed in experi-
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mental rodent models (Chakrabarty et al.,
2013, 2018; Smith et al., 2016; Liao et al.,
2017) and in humans (Rice et al., 2014).

Discussion

Our findings demonstrate that intercellu-
lar crosstalk between peripheral M®s and
sensory neurons, mediated by AT2R-to-
TRPA1 redox signaling, constitutes a critical
mechanism for peripheral pain sensitization.
Analgesic efficacy of the AT2R antagonist
EMAA401 for neuropathic pain associated
with PHN in humans has been shown re-
cently (Rice et al., 2014). Prior studies
have suggested that Ang II acts directly
on DRG neurons to induce neurite
outgrowth and modulation of TRPV1
function via Ga,-coupled AT2R-PKA sig-
naling, resulting in peripheral pain sensi-
tization (Danser and Anand, 2014; Anand
et al, 2015). Conversely, activation of
Gay,-coupled AT2R on sensory neurons
by a bacterial mycolactone toxin has been
reported to exert analgesic effects in mice
(Danser and Anand, 2014; Marion et al.,
2014). However, our in-depth investiga-
tions show that mouse and human DRG
neurons do not express AT2R, nor did we
observe any direct influence of Ang II on
sensory neuron function. Our study re-
veals that Ang II induces infiltration of
M®s, and M® AT2R activation triggers
ROS/RNS  production, which subse-
quently frans-activates TRPA1 channel on
sensory neurons. By uncovering how angio-
tensin signaling drives peripheral pain sen-
sitization, we have identified a mechanism
for peripheral pain sensitization and cellu-
lar/molecular targets underlying the analge-
sic effectiveness of AT2R antagonists.

We demonstrate that antagonism of
AT2R, but not AT1R, could attenuate lo-
cal Ang II-induced mechanical hypersen-
sitivity. PD123319 and EMA401 (used ina
clinical trial) have 3000- and 10,000-fold
selectivity, respectively, for AT2R over
ATIR and EMA401 has been shown to
have an approximately twofold stronger
binding affinity for rodent and human
AT2R over PD123319. Furthermore, both
these antagonists were highly effective in
attenuating pain hypersensitivity in ro-
dent experimental models without any
visible nonspecific effects (Blankley et al.,
1991; Smith et al., 2013a,b; 2016). Previ-
ous studies have shown attenuation of
both heat and mechanical hypersensitivity
by the same AT2R antagonist in CFA-
induced chronic inflammation (Chakrabarty

etal.,2013,2018), experimental neuropathy (Smith etal., 2013b),
and bone cancer pain (Muralidharan et al., 2014) models in ro-
dents. At 10 mg/kg dose, PD123319 produces saturating attenu-
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ation of mechanical hypersensitivity in these rodent experimental
pain conditions without any gross physiological effects, suggest-
ing the target specificity and engagement of AT2R. TRPV1, the
critical nociceptive target for heat hypersensitivity (Caterina et
al., 2000), has been implicated as the nociceptive target down-
stream of AT2R activation on sensory neurons (Anand et al.,
2013, 2015; Smith et al., 2016). However, our study conclusively
shows no involvement of Ang II in heat sensitivity in mice and
direct Ang II/AT2R signaling is absent in both mouse and human
DRG neurons. Furthermore, Ang II has no influence on TRPV1
channel function and no expression of AT2R was detected in
mouse and human DRG neurons, which supports and justifies
our observations regarding the lack of Ang II-induced heat hy-
persensitivity. Furthermore, TRPA1 and TRPV4, but not TRPV1,
have been suggested to mediate mechanical hypersensitivity in
rodent models of inflammation and experimental neuropathy
(Kwan et al., 2006; Petrus et al., 2007; Alessandri-Haber et al.,
2008; Eid et al., 2008; Chen et al., 2011; Ho et al., 2012; Mickle et
al., 2016). Our study found that only TRPA1, not TRPV1 or
TRPV4, is required for Ang II-induced mechanical hypersensi-
tivity. However, we observed no functional evidence of direct
TRPA1 modulation by Ang II in mouse or human DRG sensory
neurons, nor did we observe, in contrast to prior observations
(Marion et al., 2014), any Ang II-induced changes in neuronal
membrane potential. This may be explained by the different ori-
gin of the cells used, PC12 cells and hippocampal neurons (Mar-
ion et al., 2014), versus mouse and human DRG sensory
neurons in this study. Instead, our findings suggest that periph-
eral intercellular signaling is critically involved in pain sensitiza-
tion via M® AT2R-ROS/RNS-mediated trans-activation of
TRPA1 on sensory neurons. TRPA1 can be activated by mechanical
force and cell damage responses, including ROS/RNS (Macpherson
etal., 2007b; Trevisani et al., 2007; Andersson et al., 2008). It must be
noted here that Ang II-induced trans-activation of TRPAI1-
mediated Ca*" flux in our coculture experiments was relatively
slow compared with previous reports on ROS activation of
TRPA1 in DRG neurons (Macpherson et al., 2007a; Andersson et
al., 2008; Takahashi et al., 2008). Higher concentrations of ROS
(H,O, and/or 4-HNE) were used (high micromolar range) as
agonists for TRPAL1 activation in prior reports (Macpherson et
al., 2007a; Trevisani et al., 2007; Andersson et al., 2008; Takahashi
etal., 2008), leading to rapid and robust activation of the channel,
whereas, in DRG neuron/M® cocultures, the concentration of
cellular ROS/RNS levels produced from M®s in response to Ang
IT application could be of much lesser extent. In addition, Ang II
exposure leads to a slow and steady increase in ROS/RNS in M®s
(Fig. 11B), which would be followed by the secretion and subse-
quent trans-activation of TRPA1 on DRG neurons (Fig. 13A).
Therefore, in M®/DRG cocultures, a time-dependent cellular
ROS/RNS production in M®s upon Ang II exposure presumably
leads to subthreshold TRPAI channel activation, which could
underlie a slowly increasing/sustained [Ca>* ] elevation in DRG
neurons. Furthermore, TRPA1 has been shown to have a U-shaped
temperature dependence of channel activation and modulation by
H,O, (Moparthi et al., 2016), which could also influence the time
course and/or kinetics of ROS/RNS-mediated Ca*" flux through
the channel in M®/DRG cocultures. ROS/RNS are known to
activate TRPA1 via covalent modification of Cys residues
(Macpherson et al., 2007a; Trevisani et al., 2007). In agreement
with these findings, we report that mutation of three critical Cys
residues in hTRPA1 was associated with a loss of Ang II-induced
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sensory neuron Ca** flux upon coculture with M®s. In sum-
mary, our study using cocultures of primary M®s and DRG neu-
rons shows that AT2R on M®s and TRPA1 on DRG neurons are
critical components of a peripheral immunosensory neuron
crosstalk, which is conserved in rodents and humans at a cellular
level.

Infiltration of a variety of immune cells, including M®s, at the
site of injury and in DRGs have been reported in multiple path-
ological pain models in rodents (Ristoiu, 2013; Ghasemlou et al.,
2015; Trevisan et al., 2016; Chakrabarty et al., 2018). However,
hindpaw Ang II injection led to local M® infiltration in the skin
without any influence on microglia/M®s in the DRG and spinal
cord. Increased peripheral M® infiltration and expression of
renin—angiotensin system (RAS) components therein, such as ang-
iotensinogen, renin, angiotensin-converting enzyme, and AT2R,
have been shown in rodent models of CFA-induced inflammation
and vestibulodynia (Chakrabarty et al., 2013, 2018; Liao et al., 2017).
Furthermore, increased expression of RAS components, includ-
ing AT2R, has been shown to accompany the differentiation of
M®s from monocytes (Okamura et al., 1999). Our study shows
that Ang II injection into mouse hindpaws leads to local infiltra-
tion of neutrophils and M®s and AT2R is functionally expressed
in skin M®s, but not in neutrophils. In addition, no expression of
AT2R is detected on any cell types in DRGs, as supported by
RNAseq data and immunostaining for GFP expression in
Agtr2 " mouse DRGs. Furthermore, our study found increased
density of GFP-expressing M®s in the hindpaw skin of Ang II-
injected Agtr2 " mice both at 1 and 5 h after injection, indicative
of M® infiltration, but not division/expansion of resident M®s,
whereas no alteration in the density of DRG and spinal cord
microglia/M®s and no GFP expression was observed therein.
This suggests that infiltrating M®s at the site of Ang II injection
represent critical immune cell components underlying mechan-
ical pain hypersensitivity. Interestingly, intrathecal administra-
tion of Ang Il in mice did not induce mechanical hypersensitivity.
Furthermore, our study shows that chemogenetic depletion of
peripheral/skin M®s, which spares microglia/M®s in the DRG
and spinal cord, completely attenuated Ang II-induced mechan-
ical pain hypersensitivity in mice. This again confirms that pe-
ripheral/skin M®s, but not DRG or spinal cord microglia/
M®s, are an indispensable component for Ang II-induced pain
hypersensitivity. M®/microglia-derived inflammatory media-
tors, growth factors, and spinal modulatory signaling have been
suggested as predominant nociceptor-sensitizing factors in pain
(Kuner, 2010; Old et al., 2014; Trevisan et al., 2016; Weaver et al.,
2017). Our findings indicate that M® Ang II-AT2R signaling
leads to ROS/RNS production that trans-activates TRPA1 on sen-
sory neurons to elicit nociceptor excitation and pain. Further
studies are thus warranted to determine any interdependence of
M®/microglia-derived inflammatory mediators, growth factors,
and spinal modulatory signaling with AT2R-ROS/RNS signaling
in M®s in relation to specific pathological pain conditions.

Our study comprehensively shows functional expression of
AT2R in M®s and that its activation by Ang II increases cellular
ROS/RNS production that is dependent on AT2R. Furthermore,
we directly demonstrate increased local AT2R-dependent ROS/
RNS production in vivo upon Ang II injection. Accordingly, the
ROS/RNS scavenger NAC completely attenuates Ang II-induced
mechanical hypersensitivity. AT2R has been shown to activate
NADPH oxidase (NOX) (Park et al., 2013), which plays a critical
role in ROS production, as well as cGMP/nitric oxide synthase-
mediated production of RNS (Ewert et al., 2003). NOX2 consti-



Shepherd et al. @ Macrophage Angiotensin Signaling in Pain

tutes the predominant M® NOX isoform (Lambeth, 2004). Prior
studies have shown local elevation of H,O, levels in injured sci-
atic nerves in mice and NOX2-deficient mice exhibit diminished
mechanical hypersensitivity in response to peripheral nerve in-
jury (Kim et al., 2010; Kallenborn-Gerhardt et al., 2014). Several
antioxidants have been proposed as alternative therapeutics for
multiple neuropathic and inflammatory pain conditions (On-
ysko et al., 2015; Carr and McCall, 2017; Drewes et al., 2017).
Importantly, our study demonstrates that local M® Ang II/AT2R
signaling serves as a critical source of oxidative stress. Therefore,
AT?2R antagonists exert analgesic effects, presumably via block-
ade of M®-derived ROS/RNS production, and thus attenuate
pathological excitation of both mouse and human sensory neu-
rons. Furthermore, oxidative and nitrosative stress have also been
shown to induce mitochondrial dysfunction and nerve fiber de-
generation (Vincent et al., 2011). Because Ang II/AT2R activa-
tion on M®s is the predominant source of ROS/RNS production,
itis plausible that AT2R inhibition could also play a neuroprotective
role, which may also contribute in part to its analgesic efficacy.

The performance of existing analgesics for diverse chronic
pain conditions are suboptimal and the success rate of new-
generation analgesic drug development has proven insufficient
(Percie du Sert and Rice, 2014; Yekkirala et al., 2017). This neces-
sitates a comprehensive understanding of the pathophysiology
and mechanisms underlying distinct chronic pain conditions.
The recent success of the AT2R antagonist EMA401 in a phase II
clinical trial for treatment of neuropathic pain associated with
PHN (Rice et al., 2014) has led us to back-translate the mecha-
nisms underlying angiotensin signaling in pain sensitization. Our
findings implicate peripheral M® AT2R-mediated oxidative/
nitrosative stress as a critical trigger for TRPA1 activation on
sensory neurons, which constitutes a mechanism for peripheral
nociceptive sensitization in pathological pain states.
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