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Abstract: Injury, inflammation and nerve damage initiate a wide variety of cellular and 63 
molecular processes that culminate in hyperexcitation of sensory nerves, which underlies 64 
chronic inflammatory and neuropathic pain. Using behavioral readouts of pain hypersensitivity 65 
induced by Angiotensin II (Ang II) injection into mouse hindpaws, our study shows that 66 
activation of the type 2 Ang II receptor (AT2R) and the cell damage-sensing ion channel TRPA1 67 
are required for peripheral mechanical pain sensitization induced by Ang II in male and female 68 
mice. However, we show that AT2R is not expressed in mouse and human dorsal root ganglia 69 
(DRG) sensory neurons. Instead, expression/activation of AT2R on peripheral/skin 70 
macrophages (MΦs) constitutes a critical trigger of mouse and human DRG sensory neuron 71 
excitation. Ang II-induced peripheral mechanical pain hypersensitivity can be attenuated by 72 
chemogenetic depletion of peripheral MΦs. Furthermore, AT2R activation in MΦs triggers 73 
production of reactive oxygen/nitrogen species, which trans-activate TRPA1 on mouse and 74 
human DRG sensory neurons, via cysteine-modification of the channel. Our study thus identifies 75 
a translatable immune cell-to-sensory neuron signaling crosstalk underlying peripheral 76 
nociceptor sensitization. This form of cell-to-cell signaling represents a critical peripheral 77 
mechanism for chronic pain, and thus identifies multiple druggable analgesic targets. 78 
 79 
Significance Statement: Pain is a widespread problem that is under-managed by currently 80 
available analgesics. Findings from a recent clinical trial on a type-II angiotensin II receptor 81 
(AT2R) antagonist showed effective analgesia for neuropathic pain. AT2R antagonists have 82 
been shown to reduce neuropathy-, inflammation- and bone cancer-associated pain in rodents. 83 
We report that activation of AT2R in macrophages that infiltrate the site of injury, but not in 84 
sensory neurons, triggers an intercellular redox communication with sensory neurons via 85 
activation of the cell damage/pain-sensing ion channel TRPA1. This macrophage-to-sensory 86 
neuron crosstalk results in peripheral pain sensitization. Our findings provide an evidence-based 87 



 

 4 

mechanism underlying the analgesic action of AT2R antagonists, which could accelerate the 88 
development of efficacious non-opioid analgesic drugs for multiple pain conditions.  89 
  90 
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Introduction 91 
Acute and chronic pain conditions arise from dysregulation of sensory neuron function, and are 92 
often associated with diverse pathological states, including trauma, cancer, infectious diseases, 93 
and neuropathy. Most chronic pain is under-managed by currently available analgesics 94 
(Yekkirala et al., 2017). Decades of rodent pain model-based research has yielded mechanistic 95 
knowledge of pain/nociceptive neuron function in specific pain states in the peripheral and 96 
central nervous systems (Patapoutian et al., 2009; Mickle et al., 2016; Yekkirala et al., 2017). 97 
However, poor clinical translation of basic mechanistic findings has called into question the 98 
validity of such models for specific human pain conditions (Woolf and Mannion, 1999; Moore et 99 
al., 2014; Yekkirala et al., 2017). Only a few targets identified from discovery research studies, 100 
such as neutralizing antibodies for nerve growth factor (NGF) and calcitonin gene-related 101 
peptide (CGRP) have shown effectiveness in osteoarthritis (Miller et al., 2017) and migraine 102 
(Deen et al., 2017), respectively. Small-molecule antagonists for the majority of nociceptive 103 
targets - sensory neuron receptors, ion channels, and signaling second messengers identified 104 
from mechanism-based studies in rodents - have not yet provided successful translation into 105 
clinical developments (Mickle et al., 2016; Yekkirala et al., 2017). Interestingly, an antagonist of 106 
the Angiotensin II (Ang II) type-2 receptor (AT2R), EMA401, has demonstrated pain relief in a 107 
phase II clinical trial involving patients with neuropathic pain associated with post-herpetic 108 
neuralgia (PHN) (Rice et al., 2014). This provides an opportunity to ‘back-translate’ the site and 109 
mechanism of action, and cellular targets underlying the analgesic effect of AT2R antagonism, 110 
as well as involvement of angiotensin signaling in pain sensitization.   111 

The role of Ang II in regulating blood pressure, via its action on the type 1 (AT1R) 112 
receptor has been well documented; however, the role of AT2R has remained largely undefined 113 
(de Gasparo et al., 2000). Expression of AT2R in rodent brain has been shown to contribute to 114 
regulation of drinking behavior and locomotor activity (Hein et al., 1995; de Gasparo et al., 2000; 115 
de Kloet et al., 2016). The role of AT2R antagonism in rodent models of inflammatory, 116 
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neuropathic and bone cancer pain has been shown more recently (Chakrabarty et al., 2013; 117 
Muralidharan et al., 2014; Smith et al., 2016). Mechanistically, a Gαs-coupled AT2R signaling 118 
cascade in sensory neurons was suggested to elicit peripheral pain sensitization (Danser and 119 
Anand, 2014; Anand et al., 2015). In contrast, Gαi/o-coupled AT2R signaling has also been 120 
suggested to operate in sensory neurons. This signaling was elicited by an ulcerative bacterial 121 
toxin, leading to analgesia in mice (Marion et al., 2014). However, a follow-up in vitro study 122 
failed to reverse the toxin’s effect on sensory neurons with a specific AT2R antagonist (Anand et 123 
al., 2016). More recently, it was reported that AT2R antagonists indirectly increased levels of the 124 
Ang II fragment Ang1-7, which activates the Mas1 receptor to elicit anti-nociceptive effects in a 125 
rodent model of bone cancer pain (Forte et al., 2016). These observations raise questions 126 
regarding the mechanism of action and/or the cellular target(s) of AT2R antagonists. Therefore, 127 
establishing the mechanistic underpinnings of angiotensin signaling in pain sensitization is 128 
essential for formulating further therapeutic developments. 129 

Our study shows that Ang II acutely induces tactile and cold, but not heat pain 130 
hypersensitivity in mice, similar to that associated with neuropathy. By combining 131 
pharmacological and genetic manipulations, we show the requirement of AT2R and the 132 
mechanical/cell damage-sensing receptor TRPA1 in Ang II-induced pain hypersensitivity. 133 
However, our in-depth investigation finds no evidence of AT2R expression in mouse or human 134 
sensory neurons, and Ang II does not directly influence sensory neuron function. Instead, our 135 
study shows the critical role of peripheral/skin macrophages (MΦs) in the development of Ang 136 
II-induced pain hypersensitivity. Furthermore, we identify Ang II-AT2R-mediated reactive 137 
oxygen/nitrogen species (ROS/RNS) production in MΦs as the vital trigger for TRPA1 activation 138 
on sensory neurons. Our findings comprehensively define the role of angiotensin signaling and 139 
MΦ-to-sensory neuron redox communication in peripheral pain sensitization. 140 
 141 
 142 
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Materials and Methods: 143 
Mice  144 
All experiments involving the use of mice and the procedures followed therein were approved by 145 
Institutional Animal Studies Committees of Washington University in St. Louis and The 146 
University of Iowa, in strict accordance with the NIH Guide for the Care and Use of Laboratory 147 
Animals. Every effort was made to minimize the number of mice used and their suffering. Mice 148 
were maintained on a 12:12 light:dark cycle (06:00 to 18:00 hours) with access to food and 149 
water ad libitum. 8-to-14 week-old male and female mice were used for all experiments. All mice 150 
were bred and maintained in-house at the University Animal Facility to obtain the required 151 
number of mice of specific genotype, gender and age. C57BL/6J (157 males and 118 females; 152 
Jackson Labs stock No: 000664, RRID:IMSR_JAX:000664), C57BL/6J-Agtr1a-KO (9 males and 153 
10 females; Jackson Labs stock # 002682, RRID:MGI:3619339), FVB/NJ (21 males and 16 154 
females; Jackson Labs stock # 001800, RRID:MGI:3028967), B6/129PF2/J (7 males and 6 155 
females; Jackson Labs stock # 100903, RRID:IMSR_JAX:100903), B6/129PF2/J-Trpa1-KO (9 156 
males and 9 females; Jackson Labs stock # 006401, RRID:IMSR_JAX:006401), C57BL/6J-157 
Trpv1-KO (8 males and 7 females; Jackson Labs stock # 003770, RRID:IMSR_JAX:003770), 158 
and Macrophage Fas-induced Apoptosis (MaFIA; 22 males and 17 females; Jackson Labs stock 159 
# 005070, RRID:IMSR_JAX:005070) mice were purchased from Jackson Labs, and 160 
subsequently bred in the above-mentioned institutional animal facilities. The FVB/NJ-Agtr2-KO 161 
mouse line (23 males and 19 females) was generated by Victor J. Dzau and Richard E. Pratt 162 
(Hein et al., 1995). The C57BL/6J-Trpv4-KO mouse line (7 males and 7 females) was generated 163 
and generously provided by Dr. Wolfgang Liedtke (Liedtke and Friedman, 2003). The AT2R-164 
eGFP reporter mouse line (MMRRC Stock No: 030278-UCD) was generated by Dr. Nathaniel 165 
Heintz under the GENSAT project, and backcrossed to C57BL/6J for several generations to 166 
yield C57BL/6J-Agtr2GFP. 11 male and 7 female C57BL/6J-Agtr2GFP mice were used in this 167 
study. The MaFIA mouse expresses eGFP and a mutant human FK506 binding protein 1A 168 
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under the control of the Csf1r promoter. This enables selective, inducible depletion of 169 
macrophages with administration of a synthetic homodimerizer, AP20187, also known as B/B 170 
homodimerizer (Burnett et al., 2006). To induce macrophage (MΦ) depletion, MaFIA mice 171 
received 5 daily injections of B/B homodimerizer (2 mg/kg, i.p.) or vehicle (PBS + 10% v/v PEG-172 
400 + 1.7% v/v Tween-80). This treatment regimen is sufficient to reduce Iba1-immunoreactivity 173 
in the skin by ~85%, as reported previously (Shutov et al., 2016). Specific routes of individual 174 
drug injections are mentioned in figures and figure legends. Intraplantar (i.pl.) injections were 175 
performed as described previously (Loo et al., 2012; Mickle et al., 2015b). Mice were manually 176 
restrained with the aid of a cloth such that the plantar surface of one hindpaw was exposed. A 177 
10 μL volume was injected into the plantar surface of the hind paw via a 33-gauge stainless 178 
steel needle coupled to a Hamilton syringe. Intrathecal (i.t.) injection was performed by lumbar 179 
puncture as described previously (Karim et al., 2001), using a Hamilton syringe and a 30-gauge 180 
needle to deliver a volume of 5 μL. Mice were continuously monitored post-injection. 181 
Experimenters were blinded to mouse sham/surgery conditions, saline/drug injection types, and 182 
injection laterality, as well as to mouse sex and genotypes during the conduct of experiments, 183 
data recordings and analyses. With no sex-specific differences in mouse behaviors and 184 
macrophage angiotensin signaling from our preliminary findings, all subsequent experimental 185 
groups utilized both sexes of mice. Please refer to table 6 for details on mouse sex-distributed 186 
individual group numbers for all experiments conducted in this study.   187 
 188 
Behavioral Assessment of Mechanical and Heat Hypersensitivity 189 
Mechanical and heat sensitivity on mouse hindpaws were assessed as described previously 190 
(Loo et al., 2012; Mickle et al., 2015b; Shepherd and Mohapatra, 2018). Animals were 191 
acclimated to the testing environment for 30 min on both of the 2 days prior to testing, as well as 192 
on every behavioral testing day. Mice were placed within single-occupancy Plexiglas boxes 193 
situated on a wire-mesh platform at room temperature (22-23°C). Mechanical sensitivity was 194 
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measured using 8 von Frey hair filaments of increasing strength (0.04 - 2 g), applied to the 195 
plantar surface of the hind paw, as described previously (Mickle et al., 2015b; Shepherd and 196 
Mohapatra, 2018). Beginning with the finest filament (0.04 g), each filament was presented to 197 
each hindpaw 5 times. The number of paw withdrawal responses was recorded and used for 198 
calculating an area under the curve (AUC) value for each hindpaw (Mickle et al., 2015b; 199 
Shepherd and Mohapatra, 2018), which provides a total measure of paw withdrawal response 200 
across the entire testing filament range. For the assessment of heat sensitivity, mice were 201 
placed within single-occupancy Plexiglas boxes situated on a glass plate maintained at a 202 
constant neutral temperature (30°C). The nociceptive heat sensitivity of each hindpaw was 203 
measured by focusing a beam of light (IITC Life Science) on the plantar surface. The latency to 204 
paw withdrawal from the heat source was recorded, and expressed as paw withdrawal latency 205 
(PWL). The light intensity was calibrated to elicit baseline PWL values of 10-14 sec. The mean 206 
of two recordings from each hindpaw was used for analysis. The latency cutoff was 20 s, to 207 
avoid potential heat-related tissue injury. If a hindpaw was not withdrawn prior to cutoff, a PWL 208 
value of 20 s was assigned. Based on numerous prior studies showing hindpaw injection of 209 
several injury/inflammatory mediators, power analysis was performed to determine the 210 
appropriate sample size using the online BioMath software (http://www.biomath.info/). The 211 
effective sample size for these experiments was determined to be ≥6 per experimental group. 212 
For experiments with acute injection of saline/Ang II ± vehicle/drugs in mice, animals were 213 
randomly assigned to individual groups after injections. Our study utilized PD123319 (also 214 
known as EMA200), a 1st generation AT2R antagonist, and EMA401 (used in clinical trial) 215 
represents the [S]-enantiomer of EMA400, a modified EMA200 compound (Blankley et al., 216 
1991; Smith et al., 2013a). EMA401 has superior pharmacokinetic and bioavailability properties, 217 
as well as ~100-fold superior ED50 for attenuating mechanical hypersensitivity in rat 218 
experimental neuropathic pain compared to PD123319. Nevertheless, both PD123319 and 219 
EMA401 are highly selective for AT2R over AT1R, and both these antagonists have been 220 



 

 10 

shown to attenuate pain hypersensitivity in rodent experimental models with increasing doses 221 
and without any visible non-specific effects (Blankley et al., 1991; Smith et al., 2013b; Smith et 222 
al., 2013a; Smith et al., 2016). Due to the ease of procurement of PD123319 over EMA401, the 223 
former was utilized in this study. 224 
 225 
Primary Cell Culture 226 
Mouse DRG neurons were isolated, dissociated and cultured on coated glass coverslips, as 227 
detailed in previous reports (Loo et al., 2012; Mickle et al., 2015b). Isolated DRGs were 228 
digested with 2 mg/mL collagenase for 20 min, followed by neutralization, centrifugation and 229 
trituration before further digestion with 1 mg/mL pronase for 10 min. Dissociated cells were 230 
pelleted by centrifugation and resuspended in DMEM supplemented with 10% FBS. After 60 231 
min incubation at 37°C in a 5% CO2 incubator, the media was changed to a serum-free culture 232 
media supplemented with 50 ng/mL NGF. Neurons were used within 2-3 days of culturing.  233 
 Human DRGs from consented donors (3 females, mean age ~30 years; 6 males, mean 234 
age ~27 years) were acquired through MidAmerica Transplant Services (St. Louis, MO) and 235 
prepared as detailed in several recent reports (Davidson et al., 2016; Valtcheva et al., 2016). 236 
Briefly, lumbar DRGs were extracted 1.5 - 3 h post mortem, then dissected to remove adipose 237 
and connective tissue layers. Following enzymatic digestion and mechanical dissociation of 238 
isolated ganglia, re-suspended cells were plated onto coated glass coverslips. Cells were 239 
maintained in culture at 37°C with 5% CO2 in serum-free media supplemented with 50 ng/mL 240 
NGF. Neurons were used within 5-6 days of culturing in vitro. 241 

Mouse peritoneal MΦs were isolated as described in the literature (Shutov et al., 2016).  242 
5 mL of 3% FBS in DPBS was injected with a 25-gauge needle into the peritoneal cavity of 243 
euthanized mice, followed by gentle massage of the abdomen to dislodge cells resident in the 244 
cavity. The cell suspension was aspirated with a Pasteur pipette, pelleted by centrifugation and 245 
resuspended in RPMI 1640 containing 50 ng/μL recombinant murine GM-CSF (Goldbio Inc). 246 
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Cells were plated onto 35 mm tissue culture dishes for biochemical experiments, or poly-L-247 
lysine-coated glass coverslips for live cell imaging within 2-3 days of culturing in vitro. For 248 
experiments with co-culturing of peritoneal mouse MΦs or J774A.1 cells and mouse DRG 249 
neurons, or U937 cells and human DRG neurons, differentiated MΦs (approximately 1.5 x106 250 
cells) were dissociated by incubating with TrypLE Express dissociation reagent (Invitrogen) for 5 251 
min at 37°C. Following centrifugation and resuspension in TNB medium, MΦs were plated on 252 
coverslips containing DRG neurons (at 24 h in vitro) at a density of 3.5 x105 per coverslip. Co-253 
cultured coverslips were used in live-cell imaging experiments after a further 24 hours in vitro. 254 

Mouse neutrophils were isolated from peritoneal fluid as described previously 255 
(Swamydas et al., 2015). 24 hours prior to euthanasia, mice were injected (i.p.) with 1 mL of a 256 
sterile 9% solution of casein in PBS.  Following euthanasia, 5 mL of a 0.02% EDTA solution in 257 
PBS was injected into the peritoneal cavity. After briefly massaging the abdomen, the fluid was 258 
withdrawn using the same needle and syringe. Cells were pelleted by centrifugation and re-259 
suspended in 1 mL of DPBS mixed with 9 mL of Percoll gradient solution (Sigma-Aldrich).  260 
Centrifugation at 60,000 xg for 20 min separates polymorphonuclear leukocytes into a distinct 261 
band within the gradient, which was then isolated, washed and resuspended in RPMI 1640 262 
supplemented with 10% FBS. Experimenters were blinded to mouse sex and genotypes, as well 263 
as to vehicle or drug types and their concentrations during the conduct of experiments, data 264 
recordings and analyses on cell cultures. 265 
 266 
Culture of Cell Lines 267 
The human monocyte-MΦ cell line U937 (ATCC® Cat# CRL-1593, RRID:CVCL_0007) was cultured 268 
in RPMI 1640 containing 10% FBS and penicillin/streptomycin. When plating onto coverslips for 269 
experimentation, media was supplemented with 100 ng/ml phorbol 12-myristate 13-acetate 270 
(PMA) and 50 ng/ml recombinant human GM-CSF 24 hours prior to use, for differentiation into 271 
MΦs. The mouse monocyte/MΦ cell line J774A.1 (ATCC® Cat# TIB-67, RRID:CVCL_0358) was 272 
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cultured in DMEM containing 10% FBS and penicillin/streptomycin, in a humidified incubator at 273 
37°C with 5% CO2. When plating onto coverslips for experimentation, media was supplemented 274 
with 50 ng/mL recombinant murine GM-CSF to aid MΦ differentiation 24 hours prior to use. 275 
Human embryonic kidney cells stably expressing T-antigen (HEK293T; ATCC® Cat# CRL-3216, 276 
RRID:CVCL_0063) were cultured in DMEM containing Glutamax, 10% FBS and 277 
penicillin/streptomycin. Cells were transiently co-transfected with plasmids containing cDNAs of 278 
eGFP and wild-type (WT) or mutant human TRPA1 in which three key cysteine residues 279 
(Cys421, Cys621, Cys655) are mutated to serine (hTRPA1-3C/S), using Lipofectamine 2000 280 
according to the manufacturer’s instructions, as detailed previously (Loo et al., 2012; Mickle et 281 
al., 2015b; Shepherd et al., 2018). Transfected cells were used in experiments within 36-48 h. 282 
Experimenters were blinded to vehicle or drug types and their concentrations, as well as cDNA 283 
transfection groups during the conduct of these experiments, data recordings and analyses. 284 
 285 
Immunohistochemistry 286 
DRG and spinal cord tissue, and plantar punch tissue biopsies were harvested from mice as 287 
described previously (Shepherd et al., 2012; Shepherd and Mohapatra, 2012; Shepherd et al., 288 
2013). 40 μm-thick fixed frozen sections of mouse spinal cord and plantar punch, and 25 μm-289 
thick sections of mouse DRGs were collected into 0.1 M phosphate buffer (PB). 50 μm-thick 290 
sections of human skin punch biopsies, harvested from the lower leg/ankle region (demographic 291 
details given in Table 1), were collected into 0.1 M phosphate buffer (PB). Tissue sections were 292 
incubated with a blocking/permeabilizing solution (10% goat serum in 0.1 M PB + 0.3% Triton X-293 
100) at 4°C for 1 hour, followed by incubation with either: rabbit anti-Iba1 (MΦ marker), rat anti-294 
mouse Ly6g (neutrophil marker), rat anti-F4/80 and mouse anti-CD68 (MΦ markers), mouse 295 
anti-Neurofilament 200 (NF200; myelinated sensory marker), mouse anti-CGRP (nociceptive 296 
neuronal marker) or rabbit anti-human PGP9.5 (human sensory neuron marker) antibodies in 297 
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blocking solution overnight at 4°C. For validation of AT2R antibodies in DRG tissue, sections 298 
were incubated with individual anti-AT2R antibodies, along with anti-NF200 or CGRP antibodies 299 
in blocking solution overnight at 4°C. After three 10-min washes in blocking solution, sections 300 
were incubated for 3 hours with either: goat anti-rabbit IgG-Alexa 488 or 555 (for detection of 301 
Iba1), goat anti-rat IgG-Alexa 568 (for detection of Ly6g or F4/80), goat anti-mouse IgG-Alexa 302 
568 (for detection of CD68), goat anti-mouse IgG1-Alexa 568 (for detection of NF200 and 303 
CGRP), goat anti-mouse IgG1-Alexa 555, goat anti-rabbit IgG-Alexa 555 and donkey anti-goat 304 
IgG-Alexa 555 (for AT2R), and goat anti-GFP-FITC (for detection of GFP in Agtr2GFP mouse 305 
tissue) antibodies. Details of antibody source and dilutions are provided in Tables 2-3. The 306 
sections were then washed for 10 min in blocking solution, for 10 min in 0.1 M PB and finally for 307 
10 min in 0.05 M PB. Finally, sections were dried on microscope slides and mounted with 308 
ProLong Gold anti-fade reagent with DAPI (Molecular Probes). Confocal fluorescence images 309 
were captured using a Leica TCS-SPE confocal microscope with a 20X / N.A 0.7 plan 310 
apochromat or 40X / N.A. 1.15 apochromatic oil immersion objective. Images are a composite of 311 
11 focal planes in a 20-μm z-stack at 2 μm increments. Tissue samples from >3 mice per group 312 
for each genotype were used for these experiments. Experimenters were blinded to mouse sex 313 
and genotypes, sham/surgery conditions, lateralization, as well as to antibodies used during the 314 
conduct of these experiments, image acquisitions and analyses. Eight human patient skin 315 
biopsy samples for each of healthy control, diabetic peripheral neuropathy and chemotherapy-316 
induced peripheral neuropathy groups were used for these experiments. 317 
 318 
ImageJ quantification 319 
Density of Iba1/PGP9.5 in human skin biopsy sections was quantified using ImageJ as 320 
described previously (Karlsson et al., 2015). Threshold RGB intensity was set in a blinded 321 
fashion and maintained between images to be compared. Approximately 0.5 mm2 of skin area 322 
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were captured in each field. The area of the ROI that exhibited fluorescence above threshold 323 
was recorded as a percentage value. 324 
 325 
Immunocytochemistry 326 
Mouse DRG neurons and peritoneal MΦs cultured on glass coverslips were immunostained 327 
utilizing previously described protocols (Shepherd et al., 2012; Shepherd et al., 2013). Cells 328 
were fixed with 3% paraformaldehyde, and subsequently blocked with 4% non-fat milk powder 329 
in saline, containing 0.1% Triton X-100. Cells were co-stained with rabbit or goat anti-Iba1 (MΦ 330 
marker), along with rabbit anti-Iba1 and mouse anti-GFP antibodies in blocking solution at room 331 
temperature for 1 hour. After three 10-min washes in blocking solution, cells were incubated 332 
with either: donkey anti-rabbit IgG- Alexa 555 and goat anti-mouse IgG-Alexa 488 antibodies for 333 
1 hour at room temperature. Details of antibody source and dilutions are provided in Tables 2-3. 334 
The cells were then washed 3 times for 10 min each in blocking solution and mounted onto 335 
glass slides with ProLong Gold antifade reagent with DAPI (Molecular Probes). Epifluorescence 336 
microscopic images were captured by a MRc-5 digital camera connected to an AxioImager 337 
microscope, using the AxioVision software (Carl Zeiss). Images were taken with a 63X Plan-338 
Apochromat objective (NA 1.4), and transferred to Photoshop software (Adobe Systems) as 339 
TIFF files. Batches of cultured DRGs and MΦs from >3 mice were used for these experiments. 340 
Experimenters were blinded to mouse genotype and antibodies used during the conduct of 341 
these experiments, image acquisitions and analyses. 342 
 343 
Live Cell Imaging 344 
Functional Ca2+ imaging on DRG neurons and MΦs were performed as described previously 345 
(Loo et al., 2012; Mickle et al., 2015b; Shepherd et al., 2018). Glass coverslips containing cells 346 
were incubated at room temperature for 20 min with the Ca2+-sensitive dye Fura 2-AM (2 μM). 347 
The coverslip was placed in the recording chamber mounted on the stage of an inverted Leica 348 
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DMI6000B microscope and washed for 5 min at room temperature with continuous superfusion 349 
of standard extracellular HEPES-buffered HBSS (known hereafter as ‘extracellular imaging 350 
buffer’) containing (concentration in mM) 140 NaCl, 5 KCl, 1.3 CaCl2, 0.4 MgSO4, 0.5 MgCl2, 0.4 351 
KH2PO4, 0.6 NaHPO4, 3 NaHCO3, 10 glucose and 10 HEPES, adjusted to pH 7.4 with NaOH, 352 
and 310 mOsm with sucrose, before the experiment began. All drug applications are performed 353 
in the extracellular imaging buffer with continuous superfusion at room temperature. 354 
Fluorescence was alternately excited at 340 and 380 nm (12 nm bandpass) using a Lambda LS 355 
Xenon lamp (Sutter Instrument) and a 10X / N.A 0.4 objective. Emitted fluorescence was 356 
collected at 510 nm using a Hamamatsu ORCA-100 CCD camera for the entire experimental 357 
duration, including the first 5 min wash duration. Pairs of images were sampled at 1 Hz, 358 
fluorescence was background subtracted and the ratio of fluorescence (F340 / F380) was 359 
calculated. 360 

Fluorescent dye-based imaging of cellular reactive oxygen/nitrogen species (ROS/RNS) 361 
production were conducted on coverslips containing DRG neurons or MΦs were incubated with 362 
5 μM 2’,7’-Dichlorofluorescein diacetate (DCFDA) dye for 30 min. The coverslip was placed in 363 
the recording chamber mounted on the stage of an inverted Leica DMI6000B microscope and 364 
washed for 5 min at room temperature with continuous superfusion of extracellular imaging 365 
buffer before the experiment began. All drug applications are performed in the extracellular 366 
imaging buffer with continuous superfusion at room temperature. Fluorescence was excited at 367 
485 nm using a Lambda LS Xenon lamp (Sutter Instrument) and a 10X / N.A. 0.4 plan 368 
apochromat objective. Emitted fluorescence was collected at 530 nm using a Hamamatsu 369 
ORCA-100 CCD camera, sampling at 0.33 Hz for the entire experimentaratl duration, including 370 
the first 5 min wash duration. Fluorescence was background subtracted and the fold-change in 371 
F485 versus time-t0 (immediately prior the drug application time point) was calculated. 372 

In order to confirm the observed effects in cellular imaging experiments, multiple batches 373 
of cultured cells from 4-5 mice per experimental/treatment group for each genotype were used. 374 
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Cultured cells from individual genotypes and drug treatment experiments were performed in a 375 
randomized fashion, and experimenters were blinded to mouse sex and genotypes, as well as 376 
to drug types used during the conduct of these experiments, image acquisitions and analyses. 377 
 378 
Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) 379 
Total RNA was extracted from DRGs and MΦs as described previously (Loo et al., 2012; Mickle 380 
et al., 2015b), first using TRIzol reagent (Invitrogen), followed by treatment with DNase-I for 30 381 
min (Qiagen). RNA was then reverse transcribed into cDNA using a SuperScript III RT-PCR kit 382 
(Invitrogen) as per the manufacturer’s instructions. PCRs were performed using these cDNA 383 
samples and Pfu DNA polymerase (Agilent Technologies) with specific primer sets (as detailed 384 
in Table 4) and 30 amplification cycles. PCR products were visualized on 2% agarose gels 385 
stained with ethidium bromide. DRG tissue, isolated neutrophils, and cultured macrophages 386 
from 3 mice, as well as 3 culture batches of J774A.1 and U937 monocyte/MΦ cell lines were 387 
used for these experiments. Experimenters were blinded to mouse sex and genotypes, as well 388 
as to specific primers used during the conduct of these experiments. 389 
 390 
RNA Deep Sequencing 391 
Deep sequencing was performed on total RNA isolated from independently obtained human 392 
DRG tissue at two sites. Human lumbar DRGs from tissue donors without any history of pain-393 
related disease conditions were obtained through MidAmerica Transplant Services (St. Louis, 394 
MO). In addition, human lumbar DRGs from tissue donors without or with a history of chronic 395 
pain conditions were obtained through AnaBios Inc. (San Diego, CA). Demographic details of 396 
human DRG tissue donors are provided in table 5.  397 

For RNAseq experiments performed at the Genome Technology Access Center of the 398 
Washington University in St. Louis, total RNA from frozen DRG tissue cut into small pieces was 399 
extracted using TRIzol reagent (Life Technologies Inc.), and subsequently purified using 400 
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RNeasy microkit (Qiagen). Total RNA with RIN value of >7 were used for further analysis. 401 
Library preparation was performed at the Genome Technology Access Center of the 402 
Washington University in St. Louis. Briefly, 30 ng of total RNA was reverse transcribed and 403 
amplified using the SMARTer Ultra low input RNA for Illumina Sequencing –HV kit 404 
(Clontech). After cDNA preparation and shearing using an ultra-sonicator (Covaris), the libraries 405 
were prepared using VeraSeq Ultra DNA Polymerase for 12 cycles.  406 

For next-generation sequencing and analysis, single end (50bp) sequencing was 407 
performed on the Illumina HiSeq2500 platform following the manufacturer's protocol at the 408 
Genome Technology Access Center of the Washington University in St. Louis.   The raw, de-409 
multiplexed RNA-seq reads were aligned with STAR version 2.0.4b 410 
(https://github.com/alexdobin/STAR/releases) (GRCh37 assembly). Low base quality reads and 411 
adaptors were clipped. All known genes with raw counts were enumerated to the matching gtf 412 
file from the same reference build from Ensembl with Subread:featureCounts (version 1.4.5) 413 
(http://sourceforge.net/projects/subread/) using the Ensembl gene ID as the key. Reads per 414 
kilobase of transcript per million mapped reads (RPKM) values were generated in R using raw 415 
counts. We assessed sequencing performance for total number of aligned reads, uniquely 416 
aligned reads, number of genes and transcripts detected, less than 1% of ribosomal fraction and 417 
Spearman correlation of >0.9 between samples. Detailed protocols for RNA isolation, library 418 
preparation and RNAseq are available online on the GUDMAP website 419 
(http://www.gudmap.org/). 420 

For RNAseq experiments performed at the Genome Sequencing Facility of the 421 
University of Texas at Dallas, total RNA from DRG tissues were extracted using TRIzol reagent 422 
(Life Technologies Inc.), and subsequently purified using an RNeasy microkit (Qiagen), as 423 
detailed earlier (Ray et al., 2018). Following library preparation, Poly-A+ RNA was sequenced 424 
using a 75-bp paired-end library on an Illumina sequencer by ActiveMotif (Carlsbad, CA). The 425 
sequenced reads were mapped and mRNA abundance quantified using the Tophat-Cufflinks 426 
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pipeline (PMCID: PMC3334321). Quantification of mRNA abundance was performed using the 427 
Cuffdiff tool in the Tophat-Cufflinks toolkit, using the “classic” normalization mode, as detailed 428 
earlier (Ray et al., 2018). The relative abundances were converted from Fragments Per 429 
Kilobase per Million mapped fragments (FPKM) reported by Cuffdiff to Transcripts per Million 430 
(TPM) by normalizing each gene FPKM by the sum of all gene FPKMs for the sample and 431 
multiplying by 1 million.  432 
 Reference genomes and transcriptomes used for human RNAseq mapping were NCBI 433 
hg19 and Gencode v14, respectively (PMCID: PMC3431492). Data from RNAseq experiments 434 
for the normal, non-pain donors is submitted to dbGaP with the accession number 435 
phs001158.v1.p1. The data from pain donor samples are in the process of being submitted to 436 
dbGaP. 437 
 438 
Western Blotting 439 
Total protein lysates of cultured DRG neurons and MΦs were prepared, as described previously 440 
(Loo et al., 2012; Mickle et al., 2015b). Proteins in lysates were separated in 10% SDS-PAGE 441 
gels and transferred onto nitrocellulose membrane (GE Healthcare). For DRG and MΦ lysates, 442 
membranes were blocked with a 4% solution of non-fat powdered milk in saline, then probed 443 
with: rabbit anti-ERK1/2, mouse anti-phospho-ERK1/2, and/or rabbit anti-p38 MAPK and anti-444 
pp38 MAPK antibodies, along with loading control (Grp75) antibodies. For lysates prepared 445 
from Agtr2-WT and Agtr2-KO MΦs, membranes were blocked with a 4% solution of non-fat 446 
powdered milk in saline, then probed with: rabbit anti-AT2R or goat ant-AT2R, and/or rabbit anti-447 
Iba1 or goat anti-Iba1 antibodies (as detailed in Tables 2-3). Primary antibody binding was 448 
detected on the membranes with donkey anti-rabbit IgG-HRP or donkey anti-rabbit IgG-HRP or 449 
goat anti-mouse IgG-HRP secondary antibody, followed by enhanced ECL-Plus reagent 450 
incubation (PerkinElmer). Protein bands were visualized and densitometric quantification of 451 
band intensity was performed using the Odyssey Fc Imaging System (Li-Cor), as detailed 452 
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previously (Gupte et al., 2016). Isolated neutrophils, cultured DRG neurons and MΦs from 3 453 
mice, as well as 3 culture batches of J774A.1 and U937 monocyte/MΦ cell lines were used for 454 
these experiments. Experimenters were blinded to mouse sex and genotypes, cell line types, as 455 
well as to antibodies used during the conduct of these experiments, image acquisitions and 456 
analyses. 457 
 458 
Bioluminescence Imaging of Reactive Oxygen/Nitrogen Species in vivo 459 
Fifty-five minutes after Ang II injection (i.pl.) into one hindpaw, mice were injected (i.p.) with the 460 
fluorescent ROS/RNS indicator dye L-012 (50 mg/kg) as described previously (Kielland et al., 461 
2009). Following induction of anesthesia with isoflurane, mice were placed on the stage of an 462 
IVIS 100 in vivo imaging system (PerkinElmer) and a 5 min exposure of the plantar surface of 463 
both hind paws was taken. Luminescence signal intensities were then quantified using Living 464 
Image 2.60.1 software (PerkinElmer). Based on prior studies showing the magnitude of L-012 465 
luminescence in vivo with oxidative stress conditions, power analysis was performed to 466 
determine the appropriate sample size using the online BioMath software 467 
(http://www.biomath.info/). The effective sample size for these experiments was calculated to be 468 
≥5 per experimental group. Animals were randomly assigned to individual groups to receive 469 
saline/Ang II ± vehicle/drug injections. Experimenters were blinded to mouse injection 470 
lateralization, and to drug type and concentrations used during the conduct of these 471 
experiments, image acquisitions and analyses. 472 
 473 
Electrophysiology 474 
Mouse and human DRG neurons were superfused at room temperature with external recording 475 
solution containing (in mM): 145 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 7 glucose, 10 HEPES, adjusted 476 
to pH 7.4 with NaOH, 300-310 mOsm. Borosilicate fire-polished glass pipettes (Sutter 477 
Instruments) were filled with internal solution containing (in mM): 120 K-gluconate, 5 NaCl, 2 478 
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MgCl2, 0.1 CaCl2, 1.1 EGTA, 4 Na2ATP, 0.4 Na2GTP, 15 phosphocreatine, 10 HEPES; pH 479 
adjusted to 7.3 with KOH, 291 mOsm.  Pipettes had open tip resistance values of 3-5 MΩ. Cells 480 
were visualized using IR-DIC microscopy on an Olympus BX51 microscope. In order to confirm 481 
the observed effects in cellular electrophysiology experiments, multiple batches of cultured cells 482 
from multiple animals and human donors per experimental/treatment group were used. 483 
Experiments involving drug treatment of cultured cells were performed in a randomized fashion. 484 

Recordings were made with Patchmaster software controlling a HEKA EPC10 amplifier. 485 
After gigaseal formation and stable whole-cell access, membrane excitability was determined in 486 
current-clamp configuration at the resting membrane potential of each cell (average: -62 mV for 487 
mouse, -64 mV for human DRG neurons). Series resistance values were 4-8 MΩ, and cells 488 
were discarded if these values changed by more than 20%. Excitability thresholds and action 489 
potential (AP) firing frequencies were determined from 1 s step or ramp current injections in 490 
increments of 1-10 pA (mouse) or 50-100 pA (human). Input resistance was calculated from 491 
hyperpolarizing current steps of -20 pA (mouse) or -200 pA (human). Ang II (1 μM) or vehicle, 492 
diluted in external solution, was superfused continuously at room temperature for 5 minutes 493 
following excitability protocols, which were then repeated. Angiotensin II was only applied once 494 
per coverslip. Recordings were filtered at 2.9 kHz, digitized at 20-50 kHz, and analyzed off-line 495 
using NeuroMatic software and custom-written macros in Igor Pro.  496 
 497 
Chemicals and Reagents 498 
Losartan (2-Butyl-4-chloro-1-[[2'-(1H-tetrazol-5-yl)-[1,1'-biphenyl]-4-yl]methyl]-1H-imidazole-5-499 
methanol potassium salt), PD123319 ditrifluoroacetate (1-[[4-(Dimethylamino)-3-methylpheny500 
l]methyl]-5-(diphenylacetyl)-4,5,6,7-tetrahydro-1H-imidazo[4,5-c]pyridine-6-carboxylic acid 501 
ditrifluoroacetate), L-012 (8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d]pyridazine 502 
sodium salt), and Bradykinin were purchased from Tocris – R&D Systems. Angiotensin II, AP-18 503 
(4-(4-Chlorophenyl)-3-methylbut-3-en-2-oxime), CGP42112A (Nα-Nicotinoyl-Tyr-(Nα-Cbz-Arg)-504 
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Lys-His-Pro-Ile), 2’,7’-Dichlorofluorescein Diacetate (DCFDA), NGF, LPS, AITC, and N-505 
acetylcysteine were purchased from Sigma-Aldrich. The B/B Homodimerizer (AP20187 or B/B-506 
HmD) was purchased from Clontech. Recombinant murine and human TNF-α were purchased 507 
from Peprotech. Recombinant murine and human GM-CSF were purchased from GoldBio Inc 508 
and Tocris – R&D Systems. All other chemicals used in this study were purchased from Sigma-509 
Aldrich, Bio-Rad, Roche Applied Science, and Thermo Fisher Scientific. 510 
 511 
Experimental Design and Statistical Analysis 512 
Details of specific experimental design, power analysis, data collection/analysis, and 513 
experimenter blinding have been provided under each individual type/techniques throughout the 514 
methods section. Data are presented as mean ± SEM. For behavioral experiments, two-way 515 
ANOVA with Tukey’s multiple comparisons post hoc test was performed. p < 0.05 in each set of 516 
data comparisons was considered statistically significant. Biochemical, Ca2+, DCFDA, and L-012 517 
imaging data were analyzed using one-way ANOVA with Tukey’s or Bonferroni’s multiple 518 
comparisons post hoc test. All analysis was performed using GraphPad Prism 7.0 (GraphPad 519 
Software, Inc.). 520 
 521 
Data Availability 522 
All the data presented in the manuscript are available without any restriction upon request. The 523 
RNAseq data are available through the public database, as mentioned above.   524 
 525 
Results 526 
Angiotensin II induces peripheral mechanical pain hypersensitivity, and is dependent on AT2R 527 
A recent phase II clinical trial of a peripherally-acting AT2R antagonist demonstrated successful 528 
alleviation of neuropathic pain associated with PHN (Rice et al., 2014). However, the underlying 529 
mechanism remains enigmatic, with a number of studies showing that the mechanism of action 530 
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may involve AT2R antagonism directly on sensory neurons [reviewed in (Smith et al., 2016)], 531 
and other studies pointing at no direct functional role of sensory neuron AT2R (Forte et al., 532 
2016; Chakrabarty et al., 2017; Liao et al., 2017). We began with an unambiguous verification of 533 
the role of Ang II signaling in pain sensitization. Ang II injection into mouse hindpaws dose-534 
dependently induced mechanical hypersensitivity, without inducing any heat hypersensitivity 535 
(Fig. 1A,B). Instead of determining mechanical paw withdrawal threshold, the magnitude of total 536 
mechanical sensitivity on mouse hindpaws in response to increasing von Frey filament strength 537 
was determined, as detailed earlier in several reports (Banik et al., 2006; Mickle et al., 2015b). 538 
Interestingly, intrathecal (i.t.) injection of Ang II did not induce mechanical hypersensitivity (Fig. 539 
1C), as reported previously (Cridland and Henry, 1988), suggesting a peripheral, rather than 540 
central action of Ang II in the induction of mechanical hypersensitivity. No sex differences in Ang 541 
II-induced hindpaw mechanical hypersensitivity were observed (Fig. 1D). Also, hindpaw Ang II 542 
injection failed to induce any heat hypersensitivity in male and female mice (Fig. 1E). We next 543 
determined the involvement of specific AT receptor subtypes in this phenomenon. Ang II-544 
induced mechanical hypersensitivity was unaffected by co-administration of an AT1R antagonist 545 
(losartan) in WT mice, and remained intact in Agtr1a-KO mice (Fig. 2A). However, Ang II-546 
induced mechanical hypersensitivity was completely attenuated by co-administration of an 547 
AT2R antagonist (PD123319) in WT mice, and was absent upon Ang II injection in Agtr2-KO 548 
mice (Fig. 2B). Ang II injection in WT, Agtr1a-KO and Agtr2-KO mice (with or without losartan or 549 
PD123319) did not influence hindpaw heat sensitivity (Fig. 2C). Bradykinin injection into Agtr2-550 
KO mouse hindpaws induced heat (Fig. 2D) and mechanical (Fig. 2E) hypersensitivity, 551 
suggesting an absence of any gross deficits in induced pain hypersensitivity in mice lacking 552 
functional AT2R. Collectively, these data suggest that Ang II-induced mechanical pain sensitivity 553 
operates exclusively via AT2R at a peripheral level, and not spinally.  554 
 555 
Requirement of TRPA1 for Ang II-induced mechanical pain hypersensitivity in mice 556 
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To further determine the sensory receptor(s) important for Ang II-induced mechanical 557 
hypersensitivity, we directed our attention to critical TRP channels such as TRPA1, TRPV1 and 558 
TRPV4, which have been suggested to be involved in pain hypersensitivity associated with 559 
injury, inflammation and neuropathy-like conditions (Kwan et al., 2006; Petrus et al., 2007; 560 
Alessandri-Haber et al., 2008; Eid et al., 2008; Chen et al., 2011; Ho et al., 2012; Mickle et al., 561 
2015a, 2016). Ang II-induced mechanical hypersensitivity was completely attenuated by 562 
systemic administration of the TRPA1 inhibitor AP-18 (Fig. 3A). Also, hindpaw injection of Ang II 563 
failed to induce mechanical hypersensitivity in Trpa1-KO mice (Fig. 3A). In contrast, hindpaw 564 
injection of Ang II elicited mechanical hypersensitivity in Trpv1-KO and Trpv4-KO mice to an 565 
extent similar to that observed in WT mice (Fig. 3B). As observed in WT mice, hindpaw Ang II 566 
injection did not influence heat sensitivity in Trpa1-KO, Trpv1-KO and Trpv4-KO mice (Fig. 567 
3C,D). These observations indicate that Ang II-AT2R activation in sensory neurons presumably 568 
trans-activates/modulates TRPA1 to elicit mechanical hypersensitivity. 569 
 570 
Ang II has no direct influence on TRPA1 function and excitability of sensory neurons, and lack 571 
of AT2R expression in sensory neurons 572 
We next investigated how Ang II – AT2R activation in sensory neurons might influence TRPA1 573 
channel activation and/or modulation, which could lead to the mechanical pain hypersensitivity 574 
observed in vivo. Prolonged exposure to Ang II (1h) did not elevate intracellular Ca2+ ([Ca2+]i) in 575 
cultured mouse or human dorsal root ganglion (DRG) sensory neurons, irrespective of 576 
functional TRPA1 expression (Fig. 4A,B), suggesting Ang II does not directly activate TRPA1 or 577 
other Ca2+-permeable TRP channels in DRG neurons. Previous studies have reported that 578 
AT2R activation in mouse DRG neurons modulates TRPV1 function (Anand et al., 2013; Anand 579 
et al., 2015; Smith et al., 2016). Intriguingly, in our experiments Ang II exposure did not 580 
influence the function of TRPA1 or TRPV1 channels in mouse or human DRG neurons (Fig. 581 
4C,D). Dual-pulse activation of TRPV1 leads to decreased Ca2+ flux in response to 2nd capsaicin 582 
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application, due to Ca2+-dependent channel desensitization (Mohapatra and Nau, 2003; 583 
Mohapatra et al., 2003; Mohapatra and Nau, 2005). Nociceptor sensitizing mediators that 584 
influence TRPV1 channel function significantly enhance the magnitude of Ca2+ flux in response 585 
to 2nd capsaicin application (Mickle et al., 2015a). However, Ang II application in between two 586 
successive application of capsaicin did not significantly alter the magnitude of Ca2+ flux in 587 
response to 2nd capsaicin application (Fig. 4D), indicating no influence on TRPV1 channel 588 
activation and/or desensitization. Similarly, Ang II application in between two successive 589 
application of a TRPA1 activator, AITC, did not significantly alter the magnitude of Ca2+ flux in 590 
response to 2nd AITC application (Fig. 4C), indicating no influence on TRPA1 channel activation. 591 
As a positive control, bradykinin exposure led to significant potentiation of both TRPA1 and 592 
TRPV1-mediated Ca2+ flux, and prostaglandin E2 (PGE2) exposure led to significant 593 
potentiation of TRPV1-mediated Ca2+ flux in both mouse and human DRG neurons (Fig. 4C,D). 594 
Furthermore, Ang II exposure did not alter action potential (AP) firing, and membrane excitability 595 
properties of cultured mouse and human DRG neurons (Fig. 5A-D). Altogether, these findings 596 
suggest that Ang II does not directly influence sensory neuron function or excitability, which 597 
prompted us to seek evidence in support of functional AT2R expression in sensory neurons. We 598 
first verified AT2R expression in DRG neurons by antibody-based staining, as shown previously 599 
(Smith et al., 2013b). Commercially available anti-AT2R antibodies stained DRG tissue from 600 
Agtr2-WT and Agtr2-KO mice with similar intensity (Fig. 6A), suggesting possible non-specific 601 
binding of these antibodies, as has been demonstrated earlier in other vascular tissue (Hafko et 602 
al., 2013). Furthermore, no amplification of Agtr2 mRNA from mouse and human DRGs could 603 
be obtained using species-specific AT2R primer sets in qualitative RT-PCR (Fig. 6B). We next 604 
investigated if functional AT2R signaling could be detected in DRG neurons. In contrast to 605 
previous reports (Smith et al., 2013b; Anand et al., 2015), Ang II exposure did not elicit AT2R-606 
dependent ERK1/2 and p38 MAPK phosphorylation in either mouse or human DRG neurons 607 
(Fig. 6C,D). All these observations pointed to a lack of AT2R expression in DRG neurons. In 608 
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order to further confirm this assertion, we performed immunostaining of DRG sections from 609 
Agtr2GFP reporter mice, where GFP expression is driven by the Agtr2 promoter. No detectable 610 
GFP signal was observed in the entire DRGs of these mice, even with anti-GFP antibody-based 611 
amplification of GFP fluorescence (Fig. 6E). 612 

In addition to the lack of sensory neuron GFP expression in the Agtr2GFP mouse, we also 613 
verified high-throughput RNA sequencing data available from published studies and found that 614 
Agtr2 mRNA was either absent, or its levels were negligible (below baseline noise values) in 615 
mouse DRGs (Goswami et al., 2014; Khoury-Hanold and Iwasaki, 2016; Sapio et al., 2016; Yin 616 
et al., 2016; Ray et al., 2018). Furthermore, we performed next-gen deep sequencing on total 617 
RNA isolated from human DRGs, and found no significant expression of AGTR2 mRNA, in 618 
contrast to other pain-related channels, receptors and neuropeptide genes (Fig. 6F). Consistent 619 
with this observation, RNAseq datasets for human DRGs generated by an independent 620 
research group also showed no significant expression of AGTR2 mRNA, from donors without a 621 
history of pain or with a medical history of chronic pain conditions (Fig. 6G, and Table 5). 622 
Collectively, our in-depth analysis argues against any expression of AT2R expression in DRG 623 
neurons and/or the existence of direct AT2R-TRPA1 signaling therein. Rather our data suggest 624 
that non-neuronal AT2R presumably underlies Ang II-induced pain hypersensitivity. 625 
 626 
Macrophage (MΦ) infiltration into the site of skin injury and AT2R expression in skin MΦs  627 
With no indication of sensory neuron expression of AT2R, or signaling crosstalk with TRPA1 628 
channels within sensory neurons, we investigated the sites of Ang II injection to obtain 629 
histological evidence for the underlying mechanism. A marked increase in MΦ (Iba1 staining) 630 
and neutrophil (Ly6G staining) infiltration was observed in the plantar Ang II-injected region of 631 
mouse hindpaws, which could be detected both at early (1 h) and late (5 h) time points post-632 
injection (Fig. 7A). No such MΦ/neutrophil infiltration was observed in contralateral hindpaw 633 
skin, or in saline-injected hindpaw skin (Fig. 7A). Similarly, significant increases in MΦ density 634 
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were observed in leg skin biopsies from human patients with diabetic neuropathy and 635 
chemotherapy-induced peripheral neuropathy versus healthy controls, a difference associated 636 
with loss of PGP9.5+ nerve fibers (Fig. 7B-C). Since AT2R is required for Ang II-induced 637 
mechanical hypersensitivity, we next determined if MΦs and/or neutrophils express AT2R. No 638 
amplification of AT1R and AT2R genes could be obtained from mouse peritoneal 639 
polymorphonuclear neutrophils (PMNs), whereas mRNA for both genes could be amplified from 640 
mouse peritoneal MΦ RNA (Fig. 8A). This is also consistent with high-throughput mRNA 641 
expression data on Agtr2/AGTR2 and other RAS gene expression in mouse and human MΦs 642 
available in the NCBI-GEO database [(Chang et al., 2008; Gleissner et al., 2010; An et al., 643 
2014; Mauer et al., 2014); Fig. 8B]. In order to validate functional AT2R expression on MΦs, we 644 
next performed biochemical assessment of Ang II-stimulated Erk1/2 phosphorylation, a 645 
functional read-out of AT2R expression/activation (Gendron et al., 1999; Dhande et al., 2015). 646 
Increased Erk1/2 phosphorylation in response to Ang II exposure was observed in WT, Agtr1a-647 
KO and Agtr2-WT mouse peritoneal MΦs, but not in WT mouse PMNs or Agtr2-KO MΦs (Fig. 648 
8D,E). Furthermore, Ang II-induced Erk1/2 phosphorylation could be mimicked by the AT2R-649 
selective agonist, CGP42112A, and was blocked by the AT2R antagonist PD123319, but not 650 
the AT1R antagonist losartan (Fig. 8D,E), altogether suggesting that functional Ang II – AT2R 651 
signaling exists in mouse MΦs. 652 

Consistent with these observations, we next verified the expression of Agtr2 on hindpaw 653 
skin MΦs by immunohistological staining of hindpaw plantar punch tissue biopsies from 654 
Agtr2GFP reporter mice with GFP as a surrogate marker of Agtr2 gene expression. Extensive co-655 
localization of GFP with the MΦ markers F4/80 and CD68 was observed in these sections (Fig. 656 
9A), confirming AT2R expression in skin MΦs. Furthermore, Ang II injection into the hindpaw of 657 
Agtr2GFP mice led to increased density of skin MΦs (F4/80+ / CD68+) that expressed GFP, 658 
suggesting AT2R expression in those infiltrated MΦs (Fig. 9A). Although GFP expression was 659 
not detected in any cell type within the lumbar DRGs of Agtr2GFP mice (Fig. 6E), we next 660 
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investigated if plantar Ang II injection could lead to infiltration of GFP-positive peripheral MΦs 661 
into DRGs and/or induction of GFP expression in DRG microglia/ MΦs. Immunostaining of DRG 662 
tissue sections from plantar Ang II-injected Agtr2GFP mice did not detect any specific GFP signal 663 
(with anti-GFP antibody) in any cell types (Fig. 9B). Also, it was observed that hindpaw Ang II 664 
injection did not visibly alter the density of Iba1-stained cells (microglia/MΦs) in the ipsilateral 665 
versus contralateral DRGs  (Fig. 9B), suggesting no infiltration/depletion of DRG microglia/MΦs 666 
in response to hindpaw Ang II injection. Furthermore, we verified that GFP expression was not 667 
detected in the microglia/MΦs present in the primary cultures of dissociated DRGs from 668 
Agtr2GFP mice (Fig. 9C), although GFP expression could be detected in cultured peritoneal MΦs 669 
from Agtr2GFP mice (Fig. 9D). These observations suggest that increased infiltration of skin MΦs 670 
and AT2R expression in these MΦs (but not in the neurons and microglia/MΦs of DRGs) could 671 
be associated with Ang II-AT2R-induced peripheral mechanical hypersensitivity.                  672 
 673 
Peripheral macrophages (MΦs) are required for Ang II-induced mechanical pain hypersensitivity 674 
Since increased MΦ infiltration is observed at the site of Ang II injection, and MΦs express 675 
functional AT2R, we next verified if MΦs are critical to Ang II-induced pain hypersensitivity. 676 
Chemogenetic depletion of peripheral skin MΦs was achieved with designer drug (B/B-HmD) 677 
administration in Macrophage Fas-induced Apoptosis (MaFIA) mice (Fig. 10A). Since this 678 
designer drug (B/B-HmD) does not penetrate the blood-brain barrier, this method of peripheral 679 
MΦ depletion does not influence/deplete MΦs/microglia populations in the DRG and spinal cord 680 
(Fig. 10A). Similar to our observations in Fig. 9, no visible alteration was observed in the density 681 
of Iba1-stained cells (microglia/MΦs) in the ipsilateral DRG and spinal cord of vehicle- versus 682 
B/B-HmD-administered MaFIA mice upon Ang II injection  (Fig. 10A). This again suggests that 683 
hindpaw Ang II injection does not lead to any significant infiltration/depletion of microglia/MΦs in 684 
the DRG and spinal cord. Hindpaw injection of Ang II failed to elicit any significant mechanical 685 
pain hypersensitivity in B/B-HmD-treated mice, compared to vehicle-treated mice, and did not 686 
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influence hindpaw heat hypersensitivity  (Fig. 10B,C). Peripheral MΦ depletion was not 687 
associated with any gross deficits in peripheral pain transduction, as indicated by conservation 688 
of bradykinin-induced mechanical and heat hypersensitivity in peripheral MΦ-depleted MaFIA 689 
mice (Fig. 10D,E). These observations indicate the critical role of peripheral MΦs, but not of 690 
microglia/MΦs in the DRG and spinal cord, in Ang II-induced mechanical pain hypersensitivity in 691 
mice.  692 
 693 
Macrophage AT2R activation leads to increased ROS/RNS production, which underlies Ang II-694 
induced mechanical hypersensitivity  695 
Since MΦs, AT2R and TRPA1 are all required in Ang II-induced peripheral mechanical 696 
hypersensitivity, we next investigated the nature of MΦ angiotensin signaling, and its potential 697 
crosstalk with sensory neurons. We first performed Ca2+ imaging of cultured mouse peritoneal 698 
MΦs, which did not exhibit any [Ca2+]i elevation upon exposure to the TRPA1 activator AITC or 699 
TRPV1 activator capsaicin, before or after Ang II exposure (Fig 11A), suggesting no functional 700 
TRPA1 expression. Also, Ang II exposure did not directly induce any [Ca2+]i elevation in cultured 701 
mouse peritoneal MΦs (Fig 11A). We next performed live cell imaging of mouse peritoneal 702 
MΦs, which showed a time- and dose-dependent increase in DCFDA fluorescence emission - 703 
an indication of increased reactive oxygen/nitrogen species (ROS/RNS) production - when 704 
exposed to Ang II and Ang III, but not Ang IV (Fig. 11B,C). These observations are in 705 
accordance with the reported selectivity and affinity of Ang III for AT2R, as well as the 706 
approximately 100-fold lower relative affinity of Ang IV for AT2R (Bosnyak et al., 2011). No 707 
mouse sex-specific differences could be detected in the magnitude of Ang II-induced MΦ 708 
ROS/RNS production (Fig. 11D). Ang II-induced ROS/RNS production in mouse MΦs could be 709 
mimicked by the AT2R-selective agonist, CGP42112A, and blocked by AT2R antagonist 710 
PD123319, as well as the free radical scavenger n-acetylcysteine (NAC), but not by the AT1R 711 
antagonist losartan (Fig. 11E). MΦ ROS/RNS production in response to higher doses of Ang II 712 
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and Ang III could also be attenuated with co-application of the AT2R antagonist PD123319 (Fig. 713 
11F), suggesting the specific involvement of AT2R. Ang II elicited ROS/RNS production in MΦs 714 
from Agtr1a-KO mice, which could be blocked by PD123319 (Fig. 11G). Ang II and CGP42112A 715 
exposure also led to elevated ROS/RNS production in MΦs from Agtr2-WT, but not from Agtr2-716 
KO mice (Fig. 11G). We confirmed that similar Ang II/AT2R-dependent ROS/RNS production 717 
occurred in GFP-positive MΦs derived from the Agtr2GFP reporter mouse (Fig. 11G). 718 
Furthermore, in primary cultures of mouse and human DRG neurons, Ang II exposure did not 719 
elicit ROS/RNS production (Fig. 11H), which is consistent with our failure to detect AT2R 720 
expression in DRG neurons (Fig. 4,5,6,9). Collectively, these observations suggest that Ang II 721 
activation of AT2R in mouse MΦs increases ROS/RNS production, which we next verified in 722 
vivo. Hindpaw injection of Ang II increased L-012 luminescence intensity, an indicator of 723 
increased redox state, which could be attenuated by co-injection of PD123319 or NAC (Fig. 724 
12A). Furthermore, co-injection of NAC completely attenuated Ang II-induced mechanical 725 
hypersensitivity in mouse hindpaws, without affecting heat sensitivity (Fig. 12B), indicating that 726 
increased local oxidative/nitrosative stress is required for Ang II-induced peripheral mechanical 727 
pain hypersensitivity. 728 
 729 
Macrophage AT2R-mediated redox activation of TRPA1 in sensory neurons 730 
Since TRPA1 is a major target for ROS/RNS-mediated sensory neuron excitation (Andersson et 731 
al., 2008), we next verified if Ang II-induced ROS/RNS production in MΦs could trans-activate 732 
TRPA1 on sensory neurons, using co-cultures of mouse DRG neurons and MΦs. Prolonged 733 
exposure of Ang II led to a slowly-increasing/sustained [Ca2+]i elevation in mouse DRG neurons, 734 
only upon co-culturing with mouse peritoneal MΦs (Fig. 13A,B). We must mention here that in 735 
our co-cultures the DRG neurons were not covered on all sides by MΦs with tight junctions, 736 
rather they are present in the vicinity of DRG neurons at a high density. Therefore, the regions 737 
of interest (ROI) in these live-cell imaging experiments were reliably restricted to the somata of 738 



 

 30 

DRG neurons only. Furthermore, at the end of the recording duration 50 mM KCl (K50) was 739 
applied to confirm the identity of selected ROIs as neurons in these co-culture Ca2+ imaging 740 
experiments. As observed in Ca2+ imaging experiments on cultured mouse peritoneal MΦs (Fig. 741 
11A), non-neuronal cells adjacent to DRG neurons in co-cultures did not exhibit any Ca2+ 742 
elevation upon Ang II and K50 applications. Ang II-induced [Ca2+]i elevation in MΦ co-cultured 743 
mouse DRG neurons was attenuated with co-application of the ROS/RNS scavenger NAC (Fig. 744 
13B), suggesting the involvement of ROS/RNS. Furthermore, application of a TRPA1 745 
antagonist, A967079, also attenuated the Ang II-induced sustained [Ca2+]i elevation in MΦ co-746 
cultured mouse DRG neurons (Fig. 13C), suggesting the involvement of TRPA1. Furthermore, 747 
we verified the involvement of AT2R in these experiments. Ang II exposure did not lead to a 748 
sustained increase in [Ca2+]i in WT mouse DRG neurons co-cultured with peritoneal MΦs from 749 
Agtr2-KO mice (Fig. 13C). In contrast, Ang II exposure led to a sustained increase in [Ca2+]i in 750 
Agtr2-KO DRG neurons co-cultured with Agtr2-WT peritoneal MΦs (Fig. 13C), indicating the 751 
critical involvement of MΦ AT2R in this MΦ-to-DRG neuron trans-signaling, without any 752 
functional deficit in DRG neurons from Agtr2-KO mice. In support of the latter assertion, we 753 
observed significant modulation of TRPA1- and TRPV1-mediated Ca2+ influx by bradykinin in 754 
DRG neurons from Agtr2-KO mice (Fig. 13D), as observed in WT mouse DRG neurons (Fig. 755 
4C,D). Also, we replicated similar Ang II-induced effects on neuronal transactivation and Ca2+ 756 
flux in co-cultures of mouse DRG neurons with the mouse MΦ cell line J774A.1, which exhibits 757 
functional AT2R expression and Ang II – AT2R-induced ROS/RNS production (Fig. 13E).  758 

In accordance with observations in mouse DRG neuron-MΦ co-cultures, human DRG 759 
neurons were co-cultured with the U937 human monocyte-MΦ cell line to verify a similar 760 
transactivation phenomenon. We first verified that U937 MΦs exhibit functional AT2R 761 
expression and Ang II-induced ROS/RNS production that is sensitive to PD123319 and NAC, 762 
but not to losartan (Fig. 14A). Co-culture of human DRG neurons with U937 MΦs exhibited 763 
similar Ang II/MΦ-dependent increases in [Ca2+]i in neurons (Fig. 14B). Ang II-induced increases 764 
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in [Ca2+]i in human DRG neurons co-cultured with U937 MΦs was inhibited by co-application of 765 
an AT2R antagonist (PD123319) or TRPA1 antagonist (A967079) (Fig. 14B). ROS/RNS are 766 
thought to activate TRPA1 by covalent modification of cysteine residues in the N-terminus of the 767 
channel (Macpherson et al., 2007a; Andersson et al., 2008; Takahashi et al., 2008). To test 768 
whether this underlies Ang II/ MΦ-dependent increases in [Ca2+]i in co-culture, we transiently 769 
transfected HEK293 cells with plasmids containing either WT human TRPA1 cDNA, or a mutant 770 
hTRPA1 cDNA in which three key cysteine residues (Cys421, Cys621, Cys655) are mutated to 771 
serine (hTRPA1-3C/S), rendering the channel insensitive to covalent modification-based 772 
activation (Macpherson et al., 2007a). HEK cells transfected with eGFP alone showed no 773 
significant increase in [Ca2+]i, irrespective of the presence of Ang II or co-culture with U937 cells 774 
(Fig. 14C). hTRPA1-WT-expressing cells exhibit Ang II-dependent increased [Ca2+]i, which, as 775 
seen in mouse and human DRG neurons, occurred only under MΦ co-culture conditions (Fig. 776 
14C). This effect was absent in TRPA1-3C/S-transfected HEK cells (Fig. 14C), indicating a 777 
requirement for covalent modification of cysteine residues in the channel protein, downstream of 778 
MΦ ROS/RNS production, to elicit TRPA1 channel activation and Ca2+ flux. 779 

Taken together, these results suggest that Ang II activates MΦ AT2R to elicit ROS/RNS 780 
production, which then trans-activates TRPA1 on sensory neurons. This signaling axis is 781 
targeted by the AT2R antagonist PD123319, which dampens ROS/RNS production, 782 
representing a mechanism by which nociceptor excitation could be attenuated to provide relief 783 
from chronic pain conditions observed in experimental rodent models (Chakrabarty et al., 2013; 784 
Smith et al., 2016; Chakrabarty et al., 2017; Liao et al., 2017) and in humans (Rice et al., 2014).  785 
 786 
Discussion 787 
Our findings demonstrate that intercellular crosstalk between peripheral macrophages (MΦs) 788 
and sensory neurons, mediated by AT2R-to-TRPA1 redox signaling, constitutes a critical 789 
mechanism for peripheral pain sensitization. Analgesic efficacy of the AT2R antagonist EMA401 790 
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for neuropathic pain associated with PHN in humans has been shown recently (Rice et al., 791 
2014). Prior studies have suggested that Ang II acts directly on DRG neurons to induce neurite 792 
outgrowth and modulation of TRPV1 function via Gαs-coupled AT2R-PKA signaling, resulting in 793 
peripheral pain sensitization (Danser and Anand, 2014; Anand et al., 2015). Conversely, 794 
activation of Gαi/o-coupled AT2R on sensory neurons by a bacterial myolactone toxin has been 795 
reported to exert analgesic effects in mice (Danser and Anand, 2014; Marion et al., 2014). 796 
However, our in-depth investigations show that mouse and human DRG neurons do not express 797 
AT2R, nor did we observe any direct influence of Ang II on sensory neuron function. Our study 798 
reveals that Ang II induces infiltration of MΦs, and MΦ AT2R activation triggers ROS/RNS 799 
production, which subsequently trans-activates TRPA1 channel on sensory neurons. By 800 
uncovering how angiotensin signaling drives peripheral pain sensitization, we have identified a 801 
mechanism for peripheral pain sensitization and cellular/molecular targets underlying the 802 
analgesic effectiveness of AT2R antagonists. 803 

We demonstrate that antagonism of AT2R, but not AT1R could attenuate local Ang II-804 
induced mechanical hypersensitivity. PD123319 and EMA401 (used in clinical trial) have 3,000- 805 
and 10,000-fold selectivity, respectively, for AT2R over AT1R, and EMA401 has been shown to 806 
have ~2-fold stronger binding affinity for rodent and human AT2R over PD123319. Furthermore, 807 
both these antagonists were highly effective in attenuating pain hypersensitivity in rodent 808 
experimental models without any visible non-specific effects (Blankley et al., 1991; Smith et al., 809 
2013b; Smith et al., 2013a; Smith et al., 2016). Previous studies have shown attenuation of both 810 
heat and mechanical hypersensitivity by the same AT2R antagonist in CFA-induced chronic 811 
inflammation (Chakrabarty et al., 2013; Chakrabarty et al., 2017), experimental neuropathy 812 
(Smith et al., 2013b), and bone cancer pain (Muralidharan et al., 2014) models in rodents. At 10 813 
mg/kg dose, PD123319 produces saturating attenuation of mechanical hypersensitivity in these 814 
rodent experimental pain conditions, without any gross physiological effects, suggesting the 815 
target specificity and engagement of AT2R. TRPV1, the critical nociceptive target for heat 816 
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hypersensitivity (Caterina et al., 2000), has been implicated as the nociceptive target 817 
downstream of AT2R activation on sensory neurons (Anand et al., 2013; Anand et al., 2015; 818 
Smith et al., 2016). However, our study conclusively shows no involvement of Ang II in heat 819 
sensitivity in mice, and direct Ang II-AT2R signaling is absent in both mouse and human DRG 820 
neurons. Furthermore, Ang II has no influence on TRPV1 channel function, and no expression 821 
of AT2R was detected in mouse and human DRG neurons, which supports and justifies our 822 
observations regarding the lack of Ang II-induced heat hypersensitivity. Furthermore, TRPA1 823 
and TRPV4, but not TRPV1 have been suggested to mediate mechanical hypersensitivity in 824 
rodent models of inflammation and experimental neuropathy (Kwan et al., 2006; Petrus et al., 825 
2007; Alessandri-Haber et al., 2008; Eid et al., 2008; Chen et al., 2011; Ho et al., 2012; Mickle 826 
et al., 2016). Our study found that only TRPA1, but not TRPV1 and TRPV4, is required for Ang 827 
II-induced mechanical hypersensitivity. However, we observed no functional evidence of direct 828 
TRPA1 modulation by Ang II in mouse or human DRG sensory neurons, nor did we observe, in 829 
contrast to prior observations (Marion et al., 2014), any Ang II-induced changes in neuronal 830 
membrane potential. This may be explained by the different origin of the cells used [PC12 cells 831 
and hippocampal neurons (Marion et al., 2014) versus mouse and human DRG sensory 832 
neurons in this study]. Instead, our findings suggest that peripheral intercellular signaling is 833 
critically involved in pain sensitization, via MΦ AT2R-ROS/RNS-mediated trans-activation of 834 
TRPA1 on sensory neurons. TRPA1 can be activated by mechanical force and cell damage 835 
responses, including ROS/RNS (Macpherson et al., 2007b; Trevisani et al., 2007; Andersson et 836 
al., 2008). It must be noted here that Ang II-induced transactivation of TRPA1-mediated Ca2+ 837 
flux in our co-culture experiments are relatively slow, compared to previous reports on ROS-838 
activation of TRPA1 in DRG neurons (Macpherson et al., 2007a; Andersson et al., 2008; 839 
Takahashi et al., 2008). Higher concentrations of ROS (H2O2 and/or 4-HNE) were used (high 840 
μM range) as agonists for TRPA1 activation in prior reports (Macpherson et al., 2007a; 841 
Trevisani et al., 2007; Andersson et al., 2008; Takahashi et al., 2008) leading to rapid and 842 
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robust activation of the channel. Whereas, in DRG neuron-MΦ co-cultures, the concentration of 843 
cellular ROS/RNS levels produced from MΦs in response to Ang II application could be of much 844 
lesser extent. Also, Ang II exposure leads to a slow and steady increase in ROS/RNS in MΦs 845 
(Fig. 11B), which would be followed by the secretion and subsequent transactivation of TRPA1 846 
on DRG neurons (Fig. 13A). Thus, in MΦ-DRG co-cultures, a time-dependent cellular ROS/RNS 847 
production in MΦs upon Ang II exposure presumably leads to sub-threshold TRPA1 channel 848 
activation, which could underlie a slowly-increasing/sustained [Ca2+]i elevation in DRG neurons. 849 
Furthermore, TRPA1 has been shown to have a U-shaped temperature-dependence of channel 850 
activation and modulation by H2O2 (Moparthi et al., 2016), which could also influence the time 851 
course and/or kinetics of ROS/RNS-mediated Ca2+ flux through the channel in MΦ-DRG co-852 
cultures. ROS/RNS are known to activate TRPA1 via covalent modification of Cys residues 853 
(Macpherson et al., 2007a; Trevisani et al., 2007). In agreement with these findings, we report 854 
that mutation of three critical Cys residues in hTRPA1 was associated with a loss of Ang II-855 
induced sensory neuron Ca2+ flux upon co-culture with MΦs. In summary, our study using co-856 
cultures of primary MΦs and DRG neurons shows that AT2R on MΦs and TRPA1 on DRG 857 
neurons are critical components of a peripheral immune-sensory neuron crosstalk, which is 858 
conserved in rodents and humans at a cellular level. 859 

Infiltration of a variety of immune cells, including MΦs, at the site of injury and in the 860 
DRGs have been reported in multiple pathological pain models in rodents (Ristoiu, 2013; 861 
Ghasemlou et al., 2015; Trevisan et al., 2016; Chakrabarty et al., 2017). However, hindpaw Ang 862 
II injection led to local MΦ infiltration in the skin, without any influence on microglia/MΦs in the 863 
DRG and spinal cord. Increased peripheral MΦ infiltration and expression of renin-angiotensin 864 
system (RAS) components therein, such as angiotensinogen, renin, angiotensin converting 865 
enzyme and AT2R, have been shown in rodent models of CFA-induced inflammation and 866 
vestibulodynia (Chakrabarty et al., 2013; Chakrabarty et al., 2017; Liao et al., 2017). 867 
Furthermore, increased expression of RAS components, including AT2R, has been shown to 868 
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accompany the differentiation of MΦs from monocytes (Okamura et al., 1999). Our study shows 869 
that Ang II injection into mouse hindpaws leads to local infiltration of neutrophils and MΦs, and 870 
AT2R is functionally expressed in skin MΦs, but not in neutrophils. Also, no expression of AT2R 871 
is detected on any cell types in DRGs, as supported by RNAseq data and immunostaining for 872 
GFP expression in Agtr2GFP mouse DRGs. Furthermore, our study found increased density of 873 
GFP-expressing MΦs in the hindpaw skin of Ang II-injected Agtr2GFP mice both at 1 and 5 h 874 
post-injection, indicative of MΦ infiltration but not division/expansion of resident MΦs. Whereas, 875 
no alteration in the density of DRG and spinal cord microglia/MΦs, as well as no GFP 876 
expression was observed therein. This suggests that infiltrating MΦs at the site of Ang II 877 
injection represent critical immune cell components underlying mechanical pain hypersensitivity. 878 
Interestingly, intrathecal administration of Ang II in mice did not induce mechanical 879 
hypersensitivity. Furthermore, our study shows that chemogenetic depletion of peripheral/skin 880 
MΦs, which spares microglia/MΦs in the DRG and spinal cord, completely attenuated Ang II-881 
induced mechanical pain hypersensitivity in mice. This again confirms that peripheral/skin MΦs, 882 
but not DRG or spinal cord microglia/MΦs are an indispensable component for Ang II-induced 883 
pain hypersensitivity. MΦ/microglia-derived inflammatory mediators, growth factors and spinal 884 
modulatory signaling have been suggested as predominant nociceptor sensitizing factors in pain 885 
(Kuner, 2010; Old et al., 2014; Trevisan et al., 2016; Weaver et al., 2017). Our findings indicate 886 
that MΦ Ang II-AT2R signaling leads to ROS/RNS production that trans-activates TRPA1 on 887 
sensory neurons to elicit nociceptor excitation and pain. Further studies are thus warranted to 888 
determine any interdependence of MΦ/microglia-derived inflammatory mediators, growth factors 889 
and spinal modulatory signaling with AT2R-ROS/RNS signaling in MΦs, in relation to specific 890 
pathological pain conditions. 891 

 Our study comprehensively shows functional expression of AT2R in MΦs, and that its 892 
activation by Ang II increases cellular ROS/RNS production that is dependent on AT2R. 893 
Furthermore, we directly demonstrate increased local AT2R-dependent ROS/RNS production in 894 
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vivo upon Ang II injection. Accordingly, the ROS/RNS scavenger NAC completely attenuates 895 
Ang II-induced mechanical hypersensitivity. AT2R has been shown to activate NADPH oxidase 896 
(NOX) (Park et al., 2013), which plays a critical role in ROS production, as well as cGMP/nitric 897 
oxide synthase-mediated production of RNS (Ewert et al., 2003). NOX2 constitutes the 898 
predominant MΦ NOX isoform (Lambeth, 2004). Prior studies have shown local elevation of 899 
H2O2 levels in injured sciatic nerves in mice, and NOX2-deficient mice exhibit diminished 900 
mechanical hypersensitivity in response to peripheral nerve injury (Kim et al., 2010; Kallenborn-901 
Gerhardt et al., 2014). Several antioxidants have been proposed as alternative therapeutics for 902 
multiple neuropathic and inflammatory pain conditions (Onysko et al., 2015; Carr and McCall, 903 
2017; Drewes et al., 2017). Importantly, our study demonstrates that local MΦ Ang II-AT2R 904 
signaling serves as a critical source of oxidative stress. Therefore, AT2R antagonists exert 905 
analgesic effects, presumably via blockade of MΦ-derived ROS/RNS production, and thus 906 
attenuate pathological excitation of both mouse and human sensory neurons. Furthermore, 907 
oxidative and nitrosative stress have also been shown to induce mitochondrial dysfunction and 908 
nerve fiber degeneration (Vincent et al., 2011). Since Ang II-AT2R activation on MΦs is the 909 
predominant source of ROS/RNS production, it is plausible that AT2R inhibition could also play 910 
a neuroprotective role, which may also contribute in part to its analgesic efficacy.  911 

The performance of existing analgesics for diverse chronic pain conditions are sub-912 
optimal, and the success rate of new-generation analgesic drug development has proven 913 
insufficient (Percie du Sert and Rice, 2014; Yekkirala et al., 2017). This necessitates a 914 
comprehensive understanding of the pathophysiology and mechanisms underlying distinct 915 
chronic pain conditions. The recent success of the AT2R antagonist EMA401 in a phase II 916 
clinical trial for treatment of neuropathic pain associated with PHN (Rice et al., 2014) has led us 917 
to back-translate the mechanisms underlying angiotensin signaling in pain sensitization. Our 918 
findings implicate peripheral MΦ AT2R-mediated oxidative/nitrosative stress as a critical trigger 919 
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for TRPA1 activation on sensory neurons, which constitutes a mechanism for peripheral 920 
nociceptive sensitization in pathological pain states. 921 
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Figure Legends: 1212 
Figure 1: Ang II induces peripheral mechanical pain hypersensitivity in mice, without any 1213 
sex-specific differences. A, Intraplantar (i.pl.) Ang II injection dose-dependently induces 1214 
mechanical hypersensitivity in the ipsilateral hindpaw of C57BL/6 mice. Data are presented as 1215 
mean ± SEM (n=8 per group). B, Increasing dose of Ang II injection (i.pl.) does not influence 1216 
heat sensitivity in mouse hindpaws. Data are presented as mean ± SEM (n=8 per group). C, 1217 
Intrathecal Ang II (100 pmol) does not induce significant mechanical hypersensitivity. Data are 1218 
presented as mean ± SEM (n=7 per group). D-E, Both male and female mice develop hindpaw 1219 
mechanical hypersensitivity of a similar magnitude (D), in response to Ang II injection (i.pl.), 1220 
without influence on hindpaw heat sensitivity (E). Data are presented as mean ± SEM (n=7 per 1221 
group). *p<0.05, **p<0.01, ***p<0.001, and not significant (ns), versus their respective baseline 1222 
values, as well as individual time points in saline group (panels A-C) or contralateral groups 1223 
(panels D-E), two-way ANOVA with Tukey’s multiple comparison post hoc test.  1224 
 1225 
Figure 2: AT2R, but not AT1R, mediates Ang II-induced mechanical pain hypersensitivity 1226 
in mice. A, Co-administration of losartan, an AT1R antagonist (10 pmol; i.pl.) does not influence 1227 
Ang II-induced (100 pmol, i.pl.) mechanical hypersensitivity in C57BL/6 (B6) mice. Ang II (100 1228 
pmol, i.pl.) induces mechanical hypersensitivity in ipsilateral hindpaws of B6 and B6-Agtr1a-KO 1229 
mice to a similar magnitude. Data are presented as mean ± SEM (n = 6 for B6-Losartan group, 1230 
and 7 each for rest all groups); **p<0.01 and ***p<0.001, versus their respective baseline 1231 
values, as well as individual time points in B6-losartan and B6-Agtr1a-KO-saline groups. B, Co-1232 
administration of PD123319, an AT2R antagonist (10 pmol; i.pl.) completely attenuates Ang II-1233 
induced (100 pmol, i.pl.) mechanical hypersensitivity in ipsilateral hindpaws of B6 mice. Ang II 1234 
(100 pmol, i.pl.) induces mechanical hypersensitivity in in ipsilateral hindpaws of B6 and FVB-1235 
Agtr2-WT mice to a similar magnitude, which is absent in FVB-Agtr2-KO mice. Data are 1236 
presented as mean ± SEM (n = 7 each for B6-PD123319, B6-Ang II+PD123319 and FVB-WT-1237 
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Saline groups, and 8 each for FVB-WT-Ang II, FVB-Agtr2-KO-Saline and FVB-Agtr2-KO-Ang II 1238 
groups). *p<0.05, **p<0.01 and ***p<0.001, versus their respective baseline values, as well as 1239 
individual time points in saline injection for FVB-Agtr2-WT mice; not significant (ns), versus FVB-1240 
Agtr2-KO-saline and B6-PD123319 groups. C, Ang II injection (100 pmol; i.pl.) does not 1241 
influence mouse hindpaw heat sensitivity in panel A-B experimental conditions. ‘ns’ - not 1242 
significant, versus the respective group baseline values, as well as individual time points in 1243 
saline-injected relevant KO genotype groups. D-E, Bradykinin injection (10 pmol; i.pl.) into the 1244 
hindpaws of FVB-Agtr2-KO mice leads to development of mechanical (D) and heat (E) 1245 
hypersensitivity, suggesting no deficits in induced cutaneous hypersensitivity due to Agtr2 gene 1246 
deletion. Data are presented as mean ± SEM (n=7 per group). **p<0.01 and ***p<0.001, versus 1247 
their respective baseline values, as well as individual time points in contralateral groups, two-1248 
way ANOVA with Tukey’s multiple comparison post hoc test. 1249 
 1250 
Figure 3: Requirement of TRPA1, but not TRPV1 or TRPV4 for Ang II-induced mechanical 1251 
pain hypersensitivity in mice. A, Co-administration of AP18, a TRPA1 antagonist (10 nmol; 1252 
i.pl.) prevents Ang II-induced (100 pmol, i.pl.) mechanical hypersensitivity in the ipsilateral 1253 
hindpaws of B6 mice. Ang II (100 pmol, i.pl.) elicits mechanical hypersensitivity in B6/129S-1254 
Trpa1-WT mice, to a similar extent as seen in B6 mice, which is absent in B6/129S-Trpa1-KO 1255 
mice. Data are presented as mean ± SEM (n = 6 each for B6-AP18 and B6/129-Trpa1-WT-1256 
Saline groups, 7 for B6/129-Trpa1-WT-Ang II group, 8 for B6-Ang II+AP18 group, and 9 each 1257 
for B6/129-Trpa1-KO-Saline and B6/129-Trpa1-KO-Ang II groups). ***p<0.001, versus their 1258 
respective baseline values, as well as individual time points in B6/129S-Trpa1-WT-saline group; 1259 
not significant (ns), versus B6-WT-AP18 and B6/129S-Trpa1-KO-saline groups. B, Ang II (100 1260 
pmol; i.pl.) induces a similar magnitude of mechanical hypersensitivity in the ipsilateral 1261 
hindpaws of B6, B6-Trpv1-KO and B6-Trpv4-KO mice. Data are presented as mean ± SEM (n = 1262 
7 each for B6-Saline, B6-Ang II, B6-Trpv1-KO-Saline, B6-Trpv4-KO-Saline and B6-Trpv4-KO-1263 
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Ang II groups, and 8 for B6-Trpv1-KO-Ang II group). *p<0.05, **p<0.01 and ***p<0.001, versus 1264 
their respective baseline values, as well as individual time points for saline injection in 1265 
respective mouse genotype groups. C-D, Ang II injection (100 pmol; i.pl.) does not influence 1266 
hindpaw heat sensitivity in in the hindpaws of mice utilized in panel A-B experimental 1267 
conditions. ‘ns’ - not significant, versus the respective group baseline values, as well as 1268 
individual time points in saline-injected relevant KO genotype groups, two-way ANOVA with 1269 
Tukey’s multiple comparison post hoc test. 1270 
 1271 
Figure 4: Ang II has no direct influence on sensory neuron TRPA1- and TRPV1-mediated 1272 
Ca2+ flux. A, Representative traces (from two individual neurons/species) showing Ang II (1 μM) 1273 
does not induce [Ca2+]i elevation in cultured mouse and human DRG sensory neurons in 1274 
culture. AITC (100 μM) is used for the detection of TRPA1+ neurons. B, Quantification of Ang II-1275 
induced (1 μM; 1 h) [Ca2+]i elevation in cultured mouse and human DRG neurons. Peak 1276 
neuronal [Ca2+]i elevation at 5 min intervals are normalized to baseline Ca2+ levels. AITC (100 1277 
μM) and 50 mM KCl (K50) are used to detect TRPA1-responsiveness and neurons, 1278 
respectively. C-D, Ang II (1 μM) fails to potentiate AITC- (50 μM; 15 sec; C) and capsaicin- (50 1279 
nM; 15 sec; D) induced [Ca2+]i elevation, as depicted by representative traces from single 1280 
neuron/species. Potentiation TRPA1- and TRPV1-induced [Ca2+]i elevation are quantified by 1281 
calculating the ratio of 2nd vs 1st AITC/Cap-induced Ca2+ flux in cultured mouse/human DRG 1282 
neurons. As positive controls, bradykinin (100 nM) significantly potentiates AITC- and capsaicin-1283 
evoked Ca2+ flux, and PGE2 (10 μM) potentiates capsaicin-induced Ca2+ elevation. Data are 1284 
presented as mean ± SEM in panels B-D. Numbers shown inside each column in panels B-D 1285 
indicate the number of DRG neurons in ≥4 culture batches from ≥4 mice/group or ≥4 human 1286 
DRG culture batches/group. *p<0.05, **p<0.01, ***p<0.001 and not significant (ns), versus 1287 
respective baseline/vehicle groups, one-way ANOVA with Bonferroni’s post hoc test.   1288 
 1289 
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Figure 5: Ang II has no direct influence on sensory neuron membrane potential and 1290 
excitability. A-B, Ang II (1 μM; 5 min) fails to influence action potential (AP) firing to ramp 1291 
current injection, and the membrane potential of cultured mouse (A) and human (B) DRG 1292 
neurons. Data are presented as mean ± SEM. ‘ns’ - not significant, versus respective vehicle 1293 
groups, one-way ANOVA with Bonferroni’s post hoc test. C, Representative AP firing traces to 1294 
step current injections, and graphs for step current thresholds and AP frequency of cultured 1295 
mouse (C) and human (D) DRG neurons are also unaffected by Ang II exposure (1 μM, 5 min). 1296 
Data are presented as mean ± SEM. Numbers shown inside each column or on line graphs in 1297 
all panels indicate the number of DRG neurons in ≥4 culture batches from ≥4 mice/group or ≥4 1298 
human DRG culture batches/group. ‘ns’ - not significant, versus respective vehicle groups, one-1299 
way ANOVA with Bonferroni’s post hoc test. AP firing traces for vehicle- and Ang II-treated 1300 
conditions in all panels are offset for distinct visualization from their respective control traces. 1301 
 1302 
Figure 6: AT2R expression is not detected on mouse and human DRG sensory neurons. 1303 
A, Representative confocal microscopy images of DRG tissue sections from FVB-Agtr2-WT and 1304 
FVB-Agtr2-KO mice, immunostained with routinely used anti-AT2R antibodies (red). Scale bar: 1305 
50 μm. No difference in AT2R signal intensity can be seen in the DRG sections from both 1306 
mouse genotypes. B, Representative agarose gel electrophoresis images of RT-PCR 1307 
amplification of AT1R and AT2R genes (Agtr1 and Agtr2, respectively) from the total RNA 1308 
isolated from mouse and human DRGs. Plasmids containing mouse and human AT1R and 1309 
AT2R cDNAs are used as positive control. Also, TRPV1 amplification is used as a positive 1310 
control for DRG tissue. Numbers on the left denote DNA molecular weight markers (in bp). C, 1311 
Ang II (1 μM; 30 min) does not induce phosphorylation of ERK1/2 and p38 MAPK, indicative of 1312 
Ang II-AT2R activation, in cultured mouse and human DRG neurons. TNF-α (10 nM) is used as 1313 
a positive control for induction of ERK1/2 and p38 MAPK phosphorylation. D, Quantification of 1314 
the extent of ERK1/2 and p38 MAPK phosphorylation levels in mouse and human DRG 1315 



 

 53 

neurons, in response to Ang II exposure (1 μM; 30 min), as shown in representative 1316 
immunoblots in Fig. 3A. TNF-α (10 nM; 30 min) is used as a positive control for induction of 1317 
ERK1/2 and p38 MAPK phosphorylation. Data are presented as individual experimental 1318 
replicates, with mean ± SEM marked therein (n=4 per group). *p<0.05, **p<0.01, and not 1319 
significant (ns) versus respective comparison groups, one-way ANOVA with Tukey’s multiple 1320 
comparison post hoc test. E, The AT2R gene (Agtr2) is not expressed in neurons and non-1321 
neuronal cells in mouse DRG, as verified by lack of GFP signal (as a surrogate marker) in DRG 1322 
sections (L2-L5) from Agtr2GFP reporter mice, in which the Agtr2 promoter drives GFP 1323 
expression. Representative confocal microscopy images of DRG sections stained with anti-GFP 1324 
antibodies, along with CGRP and NF200 antibodies to mark peptidergic and myelinated sensory 1325 
neurons. DAPI was used as a nuclear stain. Scale bar: 50 μm. F-G, Heat map showing mRNA 1326 
expression levels (from RNAseq experiments) of renin-angiotensin system (RAS) genes, in 1327 
comparison to critical pain-associated genes in human DRG tissue (F). No alteration in the 1328 
mRNA levels of RAS genes can be observed in DRGs obtained from humans without or with 1329 
chronic pain conditions (G). Red arrows indicate no reliable mRNA expression levels, and green 1330 
arrow indicates considerable mRNA expression of RAS genes. 1331 
 1332 
Figure 7: Ang II induces peripheral macrophage (MΦ) infiltration in mouse hindpaw skin, 1333 
and increased MΦ density in skin biopsies from human patients with diabetic and 1334 
chemotherapy-induced peripheral neuropathy. A, Representative confocal microscopy 1335 
images of mouse hindpaw plantar punch tissue sections showing hindpaw Ang II injection (100 1336 
pmol, i.pl.) enhances MΦ (green – Iba1) and neutrophil (red – Ly6g; blue – DAPI) infiltration 1337 
both 1 and 5 h post-injection, compared to saline injection. Scale bar: 100 μm. Magnified views 1338 
of area indicated as red dotted rectangular boxes are shown on the right top corner in each 1339 
image group.  B, Representative confocal microscopy images of human plantar punch tissue 1340 
sections showing increased MΦ density (Iba1) in human leg/ankle skin biopsies from diabetic 1341 
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neuropathy and chemotherapy-induced peripheral neuropathy patients, compared to age-1342 
matched healthy controls. This is accompanied by a decrease in the density of nociceptive 1343 
nerve fibers (PGP9.5) in the skin (bottom row images). Green dotted rectangular boxes on the 1344 
top-left corners in top row images represent magnified views of individual macrophages in 1345 
indicated areas. Scale bar: 100 μm. C, Density of both MΦs and nociceptive fibers in human 1346 
skin biopsies are quantified and presented as individual experimental replicates, with mean ± 1347 
SEM marked therein (n= 2 sections each from 8 human subjects per group). *p<0.05, 1348 
###p<0.001, and not significant (ns), versus healthy control groups, one-way ANOVA with 1349 
Tukey’s multiple comparison post hoc test. 1350 
 1351 
Figure 8: AT2R is expressed in macrophages (MΦs). A, Representative agarose gel 1352 
electrophoresis images of RT-PCR amplification of AT1R and AT2R genes (Agtr1a and Agtr2, 1353 
respectively) from total RNA isolated from mouse MΦs and polymorphonuclear neutrophils 1354 
(PMNs). Plasmids containing mouse Agtr1a and Agtr2 cDNAs are used as positive controls, and 1355 
Ly6g amplification is used for identification/validation of PMNs. Numbers on the left denote DNA 1356 
molecular weight markers (in bp). B, Heat map showing moderate-to-high expression levels of 1357 
RAS genes in monocytes/macrophages from RNA expression data deposited in the NCBI-GEO 1358 
database. GEO mouse datasets GSE47426 (Mauer et al., 2014) and GSE57468 (An et al., 1359 
2014), and human datasets GSE10856 (Chang et al., 2008) and GSE20484 (Gleissner et al., 1360 
2010) are analyzed for RAS gene mRNA expression in monocytes/macrophages. C, 1361 
Representative immunoblots depicting non-specificity of routinely used anti-AT2R antibodies in 1362 
peritoneal MΦ lysates from FVB-Agtr2-WT and FVB-Agtr2-KO mice. Anti-Iba1 and anti-mortalin 1363 
antibodies are used as positive controls for MΦs and housekeeping protein, respectively. 1364 
Numbers on the left denote protein molecular weight markers (in kDa). D-E, Ang II (100 nM; 30 1365 
min) induces Erk1/2 phosphorylation in mouse (B6-WT) peritoneal MΦs, but not in PMNs. AT2R 1366 
inhibitor PD123319 (1 μM), but not AT1R inhibitor losartan (1 μM) attenuates Ang II-induced 1367 
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Erk1/2 phosphorylation in MΦs. Ang II-induced Erk1/2 phosphorylation is absent in MΦs from 1368 
FVB-Agtr2-KO mice, but intact in FVB-Agtr2-WT mice. The selective AT2R activator 1369 
CGP42112A (100 nM) and TNF-α (10 nM) are used in mouse MΦs as positive controls for 1370 
AT2R activation/signaling and Erk1/2 phosphorylation, respectively. LPS (10 nM) is used as a 1371 
positive control for Erk1/2 phosphorylation in mouse PMNs. Mortalin (Grp75) immunoreactivity 1372 
is used as loading control, and the magnitude of ERK1/2 phosphorylation is quantified in E. 1373 
Data are presented as individual experimental replicates, with mean ± SEM marked therein (n=3 1374 
per group). *p<0.05 and #p<0.05, and not significant (ns) versus indicated comparison groups, 1375 
one-way ANOVA with Tukey’s multiple comparison post hoc test.  1376 
 1377 
Figure 9: AT2R is expressed in skin MΦs, but not in the neurons microglia/macrophages 1378 
(MΦs) of DRGs after hindpaw Ang II injection. A, Representative confocal microscopy 1379 
images of Agtr2GFP mouse hindpaw plantar punch tissue sections showing hindpaw Ang II 1380 
injection (100 pmol, i.pl.; 5 h post-injection) enhances MΦ density (F4/80 and CD68 staining), 1381 
which overlaps with GFP signal (green), suggesting AT2R expression therein. Scale bar: 50 μm. 1382 
Images on the bottom rows represent magnified red dotted rectangular boxes in the respective 1383 
top row images. B, Representative confocal microscopy images of Agtr2GFP mouse DRG (L2-1384 
L5) tissue sections showing hindpaw Ang II injection (100 pmol, i.pl.; 5 h post-injection) does not 1385 
enhance microglia/MΦ density (red, Iba1 staining) in the ipsilateral DRGs, as well as no 1386 
detectable GFP signal (green, with anti-GFP antibody staining), suggesting no AT2R expression 1387 
in neurons and microglia/MΦ. Scale bar: 50 μm. C, Representative microscopy images of 1388 
cultured dissociated DRGs from Agtr2GFP mice showing no detectable GFP signal (green, with 1389 
anti-GFP antibody staining), suggesting no AT2R expression in neurons (red, β3-tubulin 1390 
staining) and microglia/MΦ (red, Iba1 staining). Scale bar: 25 μm. D, Representative 1391 
microscopy images of cultured peritoneal monocytes/MΦs from Agtr2GFP mice showing 1392 
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detection of GFP signal (green, with anti-GFP antibody staining) in Iba1-stained (red) MΦs, 1393 
suggesting AT2R expression. Scale bar: 25 μm. 1394 
 1395 
Figure 10: Peripheral macrophages (MΦs) are required for Ang II-induce mechanical 1396 
hypersensitivity on mouse hindpaws. A, Experimental scheme for chemogenetic depletion of 1397 
skin MΦs in Macrophage Fas-induced Apoptosis (MaFIA) mice with the administration of a 1398 
designer drug (B/B-HmD; 2 mg/kg/day for 5 days). Efficacy of peripheral MΦ depletion in skin, 1399 
but not DRGs and spinal cord in these mice were verified with immunostaining. Representative 1400 
confocal microscopy images of hindpaw plantar punch, DRG (L2-L5) and spinal cord sections 1401 
from MaFIA mice show depletion of skin MΦs, without any alteration in microglia/MΦs in the 1402 
DRG and spinal cord (red, Iba1 staining) of BB-HmD-treated mice. Scale bar: 50 μm. B, Ang II 1403 
(100 pmol; i.pl.) fails to induce mechanical hypersensitivity in the hindpaws of MaFIA mice 1404 
subjected to chemogenetic depletion of peripheral MΦs (as shown in A). Data are presented as 1405 
mean ± SEM (n = 6 for Vehicle-Saline group, 7 each for Vehicle-Ang II and B/B-HmD-Saline 1406 
groups, and 8 for B/B-HmD-Ang II group). ***p<0.001, versus vehicle – saline-ipsi group, and 1407 
###p<0.001, versus vehicle – Ang II-ipsi group, two-way ANOVA with Tukey’s multiple 1408 
comparison post hoc test. C, Chemogenetic depletion of MΦs and subsequent hindpaw Ang II 1409 
injection (100 pmol; i.pl.) in MaFIA mice (in panel B) does not influence hindpaw heat sensitivity. 1410 
Data are presented as mean ± SEM (n = 7 for B/B-HmD-Saline group, and 8 for B/B-HmD-Ang 1411 
II group). D-E, Bradykinin injection (10 nmol; i.pl.) leads to the development of both mechanical 1412 
(D) and heat hypersensitivity (E) in MaFIA mice subjected to chemogenetic depletion of 1413 
peripheral MΦs with B/B-HmD administration (2 mg/kg/day for 5 days). Data are presented as 1414 
mean ± SEM (n = 7 per group). *p<0.05 **p<0.01 and ***p<0.001, versus respective 1415 
contralateral groups, two-way ANOVA with Tukey’s multiple comparison post hoc test. 1416 
 1417 
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Figure 11: Ang II induces no elevation in Ca2+, but ROS/RNS production in macrophages 1418 
(MΦs), in AT2R-dependent manner. A, Representative traces and quantification of ratiometric 1419 
Ca2+ imaging of primary C57BL/6J peritoneal MΦs, showing no response to the TRPA1 agonist 1420 
AITC (100 μM, 30 sec), before or after application of Ang II (1 μM; 5 min). A terminal pulse of 1421 
the Ca2+ ionophore ionomycin (Inm; 10 μM) serves as a positive control. Peak Ca2+ signal data 1422 
(ratio of F340/F380) are plotted on the right column-graph with indicated treatment conditions. In 1423 
addition, capsaicin (1 μM, 30 sec) was used, which failed to induce any Ca2+, before or after 1424 
Ang II application. B, Representative time-lapse images (left) and quantification traces (right) of 1425 
cultured mouse peritoneal MΦs, showing Ang II-induced (100 nM) increase in ROS/RNS 1426 
production, as determined by increased intensity of DCFDA redox-sensitive fluorescent dye. 1427 
Scale bar: 50 μm. C, Ang II and Ang III, but not Ang IV exposure (15 min) dose-dependently 1428 
induce ROS/RNS production in mouse MΦs. D, Ang II (100 nM; 15 min) induces ROS/RNS 1429 
production to a similar extent in both male and female mouse MΦs. E, Ang II-induced (100 nM; 1430 
15 min) MΦ ROS/RNS production can be attenuated by PD123319 (1 μM) and n-acetylcysteine 1431 
(NAC; 3 mM), but not with losartan (1 μM) co-application. Like Ang II, AT2R-selective agonist 1432 
CGP42112A (100 nM; 15 min) also elevates ROS/RNS levels. F, ROS/RNS production in 1433 
mouse MΦs in response to higher Ang II or Ang II doses (10 μM; 15 min) can be attenuated by 1434 
PD123319 (1 μM). G, Ang II (100 nM; 15 min) increases ROS/RNS levels in Agtr1a-KO mouse 1435 
MΦs, which can be attenuated by PD123319 (1 μM) co-application. Both Ang II and 1436 
CGP42112A (100 nM each; 15 min) increase ROS/RNS levels in FVB-Agtr2-WT, but not in 1437 
FVB-Agtr2-KO mouse MΦs. Furthermore, Ang II and CGP42112A (100 nM each; 15 min) 1438 
significantly increase ROS/RNS levels in MΦs from B6-Agtr2GFP reporter mice, similar to that 1439 
observed in B6-WT mice. H, DCFDA fluorescence emission in mouse and human DRG neurons 1440 
is unaffected by Ang II (1 μM; 15 min) and CGP42112A (1 μM; 15 min) exposure, indicating no 1441 
Ang II-induced ROS/RNS production. Data in all panels are presented as mean ± SEM 1442 
Numbers shown inside each column in all panels indicate the number of MΦs and DRG neurons 1443 
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in ≥4 culture batches from ≥4 mice (or human DRG culture batches for panel H)/group. 1444 
***p<0.001, ###p<0.001 and not significant (ns), versus respective vehicle (panel C) and 1445 
indicated comparison groups (panels A-B and D-H), one-way ANOVA with Tukey’s post hoc 1446 
test.  1447 
 1448 
Figure 12: Ang II induces AT2R-dependent ROS/RNS production in mouse hindpaws, and 1449 
attenuation of Ang II-induced hindpaw mechanical hypersensitivity by ROS/RNS 1450 
scavenging. A, Hindpaw injection of Ang II (100 pmol; 1h) increases local ROS/RNS 1451 
production, as determined by increased L-012 redox-sensitive dye luminescence intensity, and 1452 
quantified on the graph (right). Co-injection of PD123319 (10 pmol) and NAC (30 nmol) 1453 
completely attenuate Ang II-induced ROS/RNS production. Data are presented as mean ± SEM 1454 
(n=5 mice per group). ***p<0.001, ###p<0.001 and not significant (ns), versus respective 1455 
comparison groups, one-way ANOVA with Tukey’s multiple comparison post hoc test. B, Co-1456 
administration of NAC (30 nmol; i.pl.) completely attenuates Ang II-induced (100 pmol, i.pl.) 1457 
hindpaw mechanical hypersensitivity in mice. NAC administration does not influence hindpaw 1458 
heat sensitivity. Data are presented as mean ± SEM (n=9 per group). ***p<0.001, versus Ang II 1459 
– contra, and ###p<0.001, versus Ang II - ipsi groups; and not significant (ns), versus respective 1460 
comparison groups, two-way ANOVA with Tukey’s multiple comparison post hoc test.  1461 
 1462 
Figure 13: Ang II-induced macrophage (MΦ) ROS/RNS production trans-activates TRPA1 1463 
on mouse DRG neurons. A, Representative traces of Ang II-induced (100 nM, 1h) [Ca2+]i 1464 
elevation in mouse DRG neurons, observed only upon co-culturing with mouse MΦs (both B6-1465 
WT mice). TRPA1+ neurons are identified by AITC (100 μM) and 50 mM KCl (K50). Area under 1466 
the curve (AUC) for Ang II-induced [Ca2+]i elevation is subsequently quantified. B-C, Ang II-1467 
induced increases in DRG neuron [Ca2+]i elevation in co-cultures can be completely attenuated 1468 
upon co-application of NAC (3 mM; B) and TRPA1 antagonist A967079 (1 μM; C). Ang II (100 1469 
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nM, 1 h) fails to induce [Ca2+]i elevation in FVB-Agtr2-WT DRG neurons co-cultured with FVB-1470 
Agtr2-KO MΦs; however, increased [Ca2+]i is conserved in FVB-Agtr2-KO DRG neurons co-1471 
cultured with FVB-Agtr2-WT MΦs (C). Data are presented as mean ± SEM. ***p<0.001 and not 1472 
significant (ns), versus respective comparison groups, one-way ANOVA with Tukey’s post hoc 1473 
test. D, Representative traces and quantification of bradykinin (BK; 100 nM; 5 min)-evoked 1474 
potentiation of AITC (50 μM)- and capsaicin (100 nM)-induced Ca2+ flux in Agtr2-KO DRG 1475 
neurons. Data are presented as mean ± SEM. *p<0.05, versus control groups, one-way ANOVA 1476 
with Tukey’s post hoc test. E, Upper left: representative agarose gel electrophoresis images of 1477 
RT-PCR amplification of AT1R and AT2R genes (Agtr1a and Agtr2) from total RNA isolated 1478 
from the mouse monocyte-MΦ cell line J774A.1. Gapdh amplification used as a positive control. 1479 
Numbers on the left denote DNA molecular weight markers (in bp). Lower left: western blot 1480 
images demonstrating increased Erk1/2 phosphorylation in J774A.1 cells treated with Ang II 1481 
(100 nM; 30 min), the AT2R-selective agonist CGP42112A (100 nM; 30 min), or TNF-α (10 nM; 1482 
30 min) as a positive control. The Ang II-mediated increase in p-ERK1/2 is inhibited by co-1483 
application of PD123319 (1 μM), but not losartan (1 μM). Numbers on the left denote protein 1484 
molecular weight markers (in kDa). Right: J774A.1 cells demonstrate AT2R-dependent 1485 
increased DCFDA fluorescence, which is inhibited by PD123319 (1 μM) or the antioxidant NAC 1486 
(3 mM), but not Losartan (1 μM). Data are presented as mean ± SEM. ***p<0.001, versus 1487 
vehicle, ###p<0.001, versus Ang II. F, Ang II (100 nM, 1h) induces increase in DRG neuron 1488 
[Ca2+]i elevation upon co-culturing with J774A.1 MΦ cells. Data in panels B-F are presented as 1489 
mean ± SEM, and numbers shown inside each column in these panels indicate the number of 1490 
DRG neurons (and MΦs for panel E) in ≥4 culture batches from ≥4 mice/group. **p<0.05, 1491 
***p<0.001, ###p<0.001 and not significant (ns), versus indicated comparison groups, one-way 1492 
ANOVA with Tukey’s post hoc test. 1493 
 1494 



 

 60 

Figure 14: Ang II-induced macrophage (MΦ) ROS/RNS production in U937 human MΦ 1495 
cells trans-activates TRPA1 on human DRG neurons. A, Upper left: representative agarose 1496 
gel electrophoresis images of RT-PCR amplification of AT1R and AT2R genes (AGTR1 and 1497 
AGTR2) from total RNA isolated from the human monocyte-MΦ cell line U937. GAPDH 1498 
amplification used as a positive control. Numbers on the left denote DNA molecular weight 1499 
markers (in bp). Lower left: western blot images demonstrating increased Erk1/2 1500 
phosphorylation in U937 cells treated with Ang II (100 nM; 30 min), the AT2R-selective agonist 1501 
CGP42112A (100 nM; 30 min), or TNF-α (10 nM; 30 min) as a positive control. The Ang II-1502 
mediated increase in p-ERK1/2 is inhibited by co-application of PD123319 (1 μM), but not 1503 
losartan (1 μM). Numbers on the left denote protein molecular weight markers (in kDa). Right: 1504 
U937 cells demonstrate AT2R-dependent increased DCFDA fluorescence, which is inhibited by 1505 
PD123319 (1 μM) or the antioxidant NAC (3 mM), but not Losartan (1 μM). B, Ang II (100 nM, 1 1506 
h) induces significant elevation of [Ca2+]i levels in human DRG neurons upon co-culturing with 1507 
the U937 human MΦ cell line, which can be completely attenuated upon co-application of AT2R 1508 
antagonist PD123319 (1 μM) and TRPA1 antagonist A967079 (1 μM). C, Ang II (100 nM, 1 h) 1509 
induces significant elevation in [Ca2+]i levels in HEK293 cells transfected with eGFP+hTRPA1-1510 
WT, but not with eGFP alone or eGFP+hTRPA1-3C/S mutant cDNAs, upon co-culturing with 1511 
U937 human MΦ cell line. Data in all panels are presented as mean ± SEM, and numbers 1512 
shown inside each column indicate the number of MΦs (panel A) and DRG neurons (panels B-1513 
C) in ≥4 human DRG culture batches per group. **p<0.05, ###p<0.001 and not significant (ns), 1514 
versus indicated comparison groups, one-way ANOVA with Tukey’s post hoc test. 1515 
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Table 1.  Human skin biopsy tissue donor demographic details 1516 
Healthy control group 1517 
Donor ID# 1 113 24 115 133 335 166 158 
Age 65 55 64 52 57 67 42 71 
Sex Male Female Male Male Female Male Female Male 
Race Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian 
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 
treatment 

None None None None None None None None 

 1518 
Diabetic polyneuropathy (DPN) group 1519 
Donor ID# 59 273 117 202 250 245 266 65 
Age 62 60 60 64 62 69 48 56 
Sex Female Male Male Male Female Female Male Male 
Race Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian 
Type of 
Neuropathy 

DPN DPN DPN DPN DPN DPN DPN DPN 

Type of 
diabetes 

Type-1 Type-1 Type-1 Type-1 Type-1 Type-1 Type-1 Type-1 

Type 
of Pain 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant 
(no details 
available) 

Constant (no 
details 

available) 
Duration of 
pain 

~4 years ~5 years ~2 years ~7 years ~3 years ~5 years ~3 years ~6 years 

Current/ 
recent 
analgesics 

Yes 
(no details 
available) 

Yes 
(no details 
available) 

Yes 
(no details 
available) 

No Yes 
(no details 
available) 

Yes 
(no details 
available) 

Yes 
(no details 
available) 

Yes 
(no details 
available) 

 1520 
Chemotherapy-induced peripheral neuropathy (CIPN) group 1521 
Donor ID# 1 2 8 9 10 11 12 14 
Age 60 53 71 65 64 54 68 73 
Sex Male Female Male Male Female Male Female Male 
Race Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian African-

American 
Caucasian 

Type of 
Neuropathy 

CIPN CIPN CIPN CIPN CIPN CIPN CIPN CIPN 

Type of 
cancer 

Colorectal Colorectal Esopha-
geal 

Colorectal Esopha-
geal 

Colorectal Breast Pancreatic 

Chemothe-
erapeutic 
drug 

Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Oxaliplatin Docetaxel Oxaliplatin 

Type 
of Pain 

Painful cold, 
electric 
shocks, 
pins and 
needles 

Burning, 
pins and 
needles, 

numb 

Electric 
shocks, 
tingling, 
numb 

Burning, 
painful cold, 

tingling 

Painful cold, 
tingling, 
pins and 
needles 

Burning, 
tingling, 
numb 

Tingling, 
pins and 
needles, 

numb 

Painful cold, 
electric 
shocks, 
tingling 

Duration of 
pain 

1-2 years 6-12 
months 

2-5 years 6-12 
months 

6-12 
months 

6-12 
months 

2-5 years 6-12 months 

Current/ 
recent 
analgesics 

Pregabalin Duloxetine, 
pregabalin 

Pregabalin Pregabalin Pregabalin Pregabalin Pregabalin Hydrocodone 
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Table 2.  Primary antibodies used in this study. 1523 
 1524 

Antigen Antibody species / type Dilution Vendor Cat. # and RRIDs 

Angiotensin II 
type 2 receptor 

(AT2R) 

Rabbit polyclonal IgG 1:500 Abcam ab19134 
(RRID:AB_2273884) 

Rabbit polyclonal IgG 1:100 Santa Cruz 
Biotechnology 

sc-9040 
(RRID:AB_2225723) 

Goat polyclonal IgG 1:100 sc-7420 
(RRID:AB_633728) 

Iba1 Rabbit polyclonal IgG 1:500 Wako 
Chemicals USA 

019-19741 
(RRID:AB_839504) 

Mouse Ly6g Rat monoclonal IgG2b 1:200 Abcam ab25377 
(RRID:AB_470492) 

NF200 Mouse monoclonal IgG1 1:250 Sigma-Aldrich N 0142 
(RRID:AB_477257) 

ERK1/2 Rabbit polyclonal IgG 1:1000 

Cell Signaling 
Technology 

9102 
(RRID:AB_330744) 

Phospho-   
ERK1/2 Mouse monoclonal IgG1 1:1000 9106 

(RRID:AB_331768) 

p38 MAPK Rabbit polyclonal IgG 1:1000 9212 
(RRID:AB_330713) 

Phospho-p38 
MAPK Rabbit monoclonal IgG 1:1000 4511 

(RRID:AB_2139682) 

Mortalin/Grp75 Mouse monoclonal IgG1 1:1000 NeuroMab 75-127 
(RRID:AB_2120479) 

GFP Goat polyclonal, FITC 
conjugate 1:250 Abcam ab6662 

(RRID:AB_305635) 

F4/80 Rat monoclonal IgG2b 1:250 ThermoFisher 
Scientific 

MA5-16632 
(RRID:AB_2538128) 

CD68 Mouse monoclonal IgG1 1:200 Abcam ab955 
(RRID:AB_307338) 

GFP Mouse monoclonal IgG2a 1:500 Neuromab 73-131 
(RRID:AB_10671444) 

PGP9.5 Rabbit polyclonal 1:2000 Zytomed 
Systems 

516-3344 
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Table 3.  Secondary antibodies used in this study. 1527 
 1528 

Antigen Antibody species / type Dilution Vendor Cat. # and RRIDs 
Mouse IgG1-

Alexa fluor 488 

Goat polyclonal IgG 

1:1000 

Thermo Fischer 
Scientific 

(previously 
Molecular 
Probes) 

A21121 
(RRID:AB_2535764) 

Rat IgG-   
Alexa fluor 568 

A11077 
(RRID:AB_2534121) 

Rabbit IgG-
Alexa fluor 488 

A11008 
(RRID:AB_143165) 

Rabbit IgG-
Alexa fluor 555 

A21428 
(RRID:AB_2535849) 

Goat IgG-
Alexa fluor 488 

Donkey polyclonal IgG 

A11055 
(RRID:AB_2534102) 

Goat IgG-
Alexa fluor 555 

A21432 
(RRID:AB_2535853) 

Rabbit IgG-
Alexa fluor 488 

A21206 
(RRID:AB_2535792) 

Rabbit IgG-
Alexa fluor 555 

A31572 
(RRID:AB_162543) 

Mouse IgG-
HRP 

Goat polyclonal IgG 
1:10,000 

Cell Signaling 
Technology 

7076 
(RRID:AB_330924) 

Rabbit IgG-
HRP 1:2,500 7074 

(RRID:AB_2099233) 

Goat IgG-HRP Donkey polyclonal IgG 1:1000 Santa Cruz 
Biotechnology 

sc-2020 
(RRID:AB_631728) 
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Table 4.  Oligonucleotides used in RT-PCR experiments. 1531 
 1532 

Species & Gene Primer sets Annealing 
Temp. (°C) 

Amplicon 
size (bp) 

Mouse Agtr1a fwd – 5’ CTGAAGCCAGTACCAGCTCT 3’ 54.0 245 
rev – 5’ CTGGGGCAGTCATCTTGAAT 3’ 

Human AGTR1 
fwd – 5’ GGCCAGTGTTTTTCTTTTGAATTTAGCAC 3’ 

55.0 202 
rev – 5’ TGAACAATAGCCAGGTATCGATCAATGC 3’ 

Mouse / Human 
Agtr2 / AGTR2 

fwd – 5’ GTTCCCCTTGTTTGGTGTAT 3’ 
51.0 274 

rev – 5’ CATCTTCAGGACTTGGTCAC 3’ 

Mouse / Human 
Gapdh / GAPDH 

fwd – 5’ TGATGACATCAAGAAGGTGGTGAAG 3’ 
57.0 240 

rev – 5’ TCCTTGGAGGCCATGTAGGCCAT 3’ 

Mouse Ly6g 
fwd – 5’ CTTCTCTGATGGATTTTGCGTTG 3’ 

52 365 
rev – 5’ CAACTCAGAGCTTCTATATCTC 3’ 

Mouse / Human  
Trpv1 / TRPV1 

fwd – 5’ CTGGACTACCTGGAACACCA 3’ 
53.0 128 

rev – 5’ AACCAGGGCAAAGTTCTTCC 3’ 
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Table 5.  Human DRG donor demographic details for RNAseq performed at 1535 
Site-1 (Washington University in St. Louis, School of Medicine) 1536 

Donor 1 2 3 4 5 
Age 44 58 27 41 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 / cause 
of death 

 
Cerebrovascular 
accident / stroke 

 
Cerebrovascular 
accident / stroke 

Head Trauma / 
motor vehicle 

accident (MVA) 

 
Head 

Trauma 

 
Head 

Trauma 
 1537 

Site-2 (University of Texas at Dallas) 1538 
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 Caucasian Caucasian Caucasian Caucasian Caucasian Caucasian 
Type of 
Pain 

None in 
medical 
record 

None in 
medical 
record 

None in 
medical 
record 

Diabetic 
neuropathic, 
low back and 

leg pain 

Diabetic 
neuropathic, 

upper and lower 
extremity pain 

Low back pain 
from herniated 

discs 

Duration of 
pain 

N/A N/A N/A 15 years 3 years At least 3 
weeks 

Known 
Analgesics 
Taken 

None None None Acetaminophen
/hydrocodone, 

marijuana 

Gabapentin, 
acetaminophen/

hydrocodone 

OTC pain 
medicines 

Any known 
disease 

None in 
medical 
record 

None in 
medical 
record 

None in 
medical 
record 

Diabetes Diabetes Chronic 
bronchitis 
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Table 6.  Sex-distributed mouse numbers in all figures 1542 
 1543 

Figure and Panel Male mice (no.) Female mice (no.) 
Figures 1A-B (B6 : all saline  
and Ang II dose groups) 25 (5/group) 15 (3/group) 

Figure 1C (B6: for both 
saline and Ang II groups) 8 (4/group) 6 (3/group) 

Figures 1D-E (B6: for both 
saline and Ang II groups) 6 (3/group) 8 (4/group) 

Figures 2A and 2C 
  B6 : Losartan 3 3 

Figures 2A and 2C 
  B6 : Ang II+Losartan 3 4 

Figures 2A and 2C 
  B6-Agtr1a-KO : Saline 4 3 

Figures 2A and 2C 
  B6-Agtr1a-KO : Ang II 3 4 

Figures 2B-C 
  B6 : PD123319 3 4 

Figures 2B-C 
  B6 : Ang II+PD123319 3 4 

Figures 2B-C 
  FVB-WT : Saline 5 2 

Figures 2B-C 
  FVB-WT : Ang II 4 3 

Figures 2B-C 
  FVB-Agtr2-KO : Saline 4 3 
Figures 2B-C 
  FVB-Agtr2-KO : Ang II 3 4 
Figure 2D  
  FVB-Agtr2-KO : Bradykinin 3 4 
Figures 3A and 3C 
  B6 : AP18 3 3 
Figures 3A and 3C 
  B6 : Ang II+AP18 3 5 
Figures 3A and 3C 
  B6/129-Trpa1-WT : Saline 3 3 
Figures 3A and 3C 
  B6/129-Trpa1-WT : Ang II 4 3 
Figures 3A and 3C 
  B6/129-Trpa1-KO : Saline 4 5 
Figures 3A and 3C 
  B6/129-Trpa1-KO : Ang II 5 4 
Figures 3B and 3D 
  B6 for both groups  6 (3/group) 8 (4/group) 
Figures 3B and 3D 
  B6-Trpv1-KO : Saline 3 4 
Figures 3B and 3D 
  B6-Trpv1-KO : Ang II 5 3 
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Figures 3B and 3D 
  B6-Trpv4-KO : Saline 3 4 
Figures 3B and 3D 
  B6-Trpv4-KO : Ang II 4 3 
Figure 4  
  B6 : for all Ca2+ imaging 5 3 
Figure 5  
  B6 : for all current-clamp 6 4 
Figure 6A  
  FVB-Agtr2-WT and KO 4 (2 each) 2 (1 each) 
Figure 6B  (B6) 2 2 
Figure 6C  (B6) 2 1 
Figures 6D and 9A-D   
  B6-Agtr2GFP 9 4 
Figure 7A  (B6) 2 1 
Figures 8A, D-E  (B6) 9 7 
Figures 8B, D-E  
  FVB-Agtr2-WT and KO 6 (3 each) 4 (2 each) 
Figures 8D-E  
  B6-Agtr1a-KO 2 1 
Figure 10A  
  MaFIA 2 2 
Figures 10B-C  
  MaFIA : Vehicle 8 5 
Figures 10B-C  
  MaFIA : B/B-HmD 9 6 
Figures 10D-E  
  MaFIA : B/B-HmD-BK 3 4 
Figure 11  
  B6 : for all cellular imaging 27 16 
Figure 11G (B6-Agtr1a-KO) 
  For all ROS/RNS imaging 2 3 
Figure 11G (FVB-Agtr2-WT) 
  For all ROS/RNS imaging 3 3 
Figure 11G (FVB-Agtr2-KO) 
  For all ROS/RNS imaging 3 2 
Figure 11G (B6-Agtr2GFP) 
  For all ROS/RNS imaging 2 3 
Figure 12A (B6: for all six 
treatment groups) 18 (3/group) 12 (2/group) 
Figure 12B (B6: for all three 
treatment groups) 15 (5/group) 12 (4/group) 
Figures 13A-C, F  
  B6 : for all Ca2+ imaging 17 7 
Figures 13C-D  
  FVB-Agtr2-WT and KO 9 (4+5) 5 (2+3) 
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