Check for
updates

Macrophage angiotensin Il type 2 receptor triggers

neuropathic pain

Andrew J. Shepherd®®, Aaron D. Mickle**?, Judith P. Golden®?, Madison R. Mack®, Carmen M. Halabi®, Annette D. de Kloet®,

Vijay K. Samineni?, Brian S. Kim¢, Eric G. Krause®, Robert W. Gereau IV*9, and Durga P. Mohapatra

a,b,h,1

2Washington University Pain Center, Department of Anesthesiology, Washington University School of Medicine, St. Louis, MO 63110; PDepartment of
Pharmacology, The University of lowa Carver College of Medicine, lowa City, IA 52242; “Center for the Study of Itch, Department of Dermatology,
Washington University School of Medicine, St. Louis, MO 63110; “Division of Nephrology, Department of Pediatrics, Washington University School of
Medicine, St. Louis, MO 63110; “Department of Physiology and Functional Genomics, College of Medicine, University of Florida, Gainesville, FL 32610;
fDepartment of Pharmacodynamics, College of Pharmacy, University of Florida, Gainesville, FL 32610; Department of Neuroscience, Washington University
School of Medicine, St. Louis, MO 63110; and "Center for the Investigation of Membrane Excitability Diseases, Washington University School of Medicine,

St. Louis, MO 63110

Edited by Ardem Patapoutian, The Scripps Research Institute, La Jolla, CA, and approved July 17, 2018 (received for review December 14, 2017)

Peripheral nerve damage initiates a complex series of structural and
cellular processes that culminate in chronic neuropathic pain. The
recent success of a type 2 angiotensin Il (Ang Il) receptor (AT2R)
antagonist in a phase Il clinical trial for the treatment of postherpetic
neuralgia suggests angiotensin signaling is involved in neuropathic
pain. However, transcriptome analysis indicates a lack of AT2R gene
(Agtr2) expression in human and rodent sensory ganglia, raising
questions regarding the tissue/cell target underlying the analgesic
effect of AT2R antagonism. We show that selective antagonism of
AT2R attenuates neuropathic but not inflammatory mechanical and
cold pain hypersensitivity behaviors in mice. Agtr2-expressing mac-
rophages (M®s) constitute the predominant immune cells that in-
filtrate the site of nerve injury. Interestingly, neuropathic mechanical
and cold pain hypersensitivity can be attenuated by chemogenetic
depletion of peripheral M®s and AT2R-null hematopoietic cell trans-
plantation. Our study identifies AT2R on peripheral M®s as a critical
trigger for pain sensitization at the site of nerve injury, and there-
fore proposes a translatable peripheral mechanism underlying
chronic neuropathic pain.
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N europathic pain is caused by diseases or lesions affecting the
somatosensory nervous system. Often intractable in nature,
neuropathic pain is estimated to affect ~3-17% of the chronic
pain population (1). The etiology of neuropathic pain is complex,
therefore presenting a formidable challenge to its effective
management. It is associated with drugs used in cancer chemo-
therapy, diabetic neuropathy, postherpetic neuralgia (PHN),
traumatic injury, and trigeminal neuralgia, among others (2, 3).
The lack of a precise mechanistic understanding of neuropathic
pain, which is poorly managed by existing drugs, has undoubtedly
hampered the development of effective analgesics (3—-6). How-
ever, angiotensin II (Ang II) type 2 receptor (AT2R) antagonists
have recently proven efficacious in preclinical models of neuro-
pathic, inflammatory, and cancer pain (7), and the AT2R an-
tagonist EMA401 has shown effective pain relief in PHN
patients in a phase II clinical trial (8). However, the site of action
for this antagonist remains controversial: prior reports suggested
that Ang II acts directly on dorsal root ganglia (DRG) neurons
to induce peripheral pain sensitization (9-12), whereas activation
of sensory neuron AT2R by a bacterial mycolactone toxin has
been reported to be analgesic in mice (13). Recent transcriptome
analysis in human and rodent sensory ganglia and neurons show
a lack of AT2R gene (Agtr2) expression therein, which raises
important questions about the tissue/cell target underlying the
analgesic action of AT2R antagonism (14-18).

The major effector of the renin-angiotensin system (RAS),
Ang II is generated from angiotensinogen (Agt) and angiotensin
I by renin and angiotensin-converting enzyme (ACE), respectively
(19). The regulation of blood pressure by Ang II has been well-
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established, with most of these physiological actions ascribed to
type 1 receptor (AT1R) signaling; however, the role of AT2R has
remained more enigmatic (19). Expression of AT2R in the brain
has been reported contributing to a number of functions, such as
regulation of drinking behavior and motor activity (19-21). Recent
findings have also suggested that AT2R in peripheral sensory
neurons is involved in pain modulation (7). Signaling originating
from Gos-coupled AT2R in sensory neurons was shown to elicit
peripheral pain sensitization (9, 10). In contrast, activation of Gojo-
coupled AT2R in sensory neurons by a mycolactone toxin was
shown to induce analgesia in mice (13). Interestingly, a recent
follow-up study demonstrated that the AT2R antagonist
EMAA401 was unable to prevent the mycolactone toxin’s effect on
sensory neurons in vitro (22). This raises the possibility that the
analgesic actions of EMA401 could result from targeting non-
neuronal AT2R, or could be entirely independent of AT2R an-
tagonism. This further emphasizes that establishing the tissue/cell
target of angiotensin signaling in chronic neuropathic pain states is
essential for further therapeutic developments.

Using the spared nerve injury (SNI) model of experimental
neuropathy (23) and the complete Freund’s adjuvant (CFA)
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model (24) of inflammation in mice, we corroborate the effec-
tiveness of AT2R antagonism selectively in neuropathic pain hy-
persensitivity. Elevated levels of Ang II are detected specifically in
injured sciatic nerves. Our observations in Ag#r2°™ reporter mice
suggest the absence of its expression on any cell type in the DRG.
Instead, we report that Agr2 expression is detected on macro-
phages (M®s) that infiltrate the site of peripheral nerve injury.
Accordingly, chemogenetic depletion of peripheral M®s, and
transplantation of AT2R-null bone marrow into WT recipients
were both able to attenuate neuropathic mechanical and cold pain
hypersensitivity. These findings describe the critical role for M®s
expressing AT2R at the site of nerve injury in the development of
neuropathy-induced chronic pain hypersensitivity.

Results

AT2R Activation Is Critical for Nerve Injury-Induced Mechanical and
Cold Pain Hypersensitivity. We began by evaluating the ability of
ATIR and AT2R antagonism to alleviate nerve injury-induced
chronic pain. SNI-induced peripheral neuropathy in mice elicited
long-lasting mechanical hypersensitivity when the region being
stimulated is innervated by the spared sural nerve: that is, the
extreme lateral edge of the plantar surface of the hindpaw (Fig. 1
A and B), as reported previously (23, 25, 26). Instead of me-
chanical paw withdrawal threshold, the magnitude of total me-
chanical sensitivity on mouse hindpaws in response to increasing
von Frey filament strength was determined, as detailed earlier
(27-30) and outlined in SI Appendix, Fig. S14. Systemic admin-
istration of the AT2R antagonist PD123319 dose-dependently
attenuated SNI-induced mechanical hypersensitivity in male and
female mice to a similar extent (Fig. 1B and SI Appendix, Fig. S1 B
and E). However, administration of the ATIR antagonist losartan
did not influence SNI-induced mechanical hypersensitivity (Fig.
1C). Administration of PD123319 or losartan alone in sham mice
did not alter hindpaw mechanical sensitivity, and no change in
mechanical sensitivity was observed in the contralateral hindpaws
of SNI mice (Fig. 1 B and C and SI Appendix, Fig. S1C). SNI did
not influence hindpaw heat sensitivity in male or female mice (S
Appendix, Fig. S1 D and F), as demonstrated previously (25, 26).
We next verified whether AT2R inhibition of SNI-induced me-
chanical hypersensitivity targets the central or peripheral nervous
system. Intrathecal administration of PD123319 did not attenuate
mechanical hypersensitivity (Fig. 1D), but peri-sciatic delivery, as
with systemic administration (intraperitoneal, i.p.), proved effec-
tive (Fig. 1E). Attenuation of SNI-induced mechanical hypersen-
sitivity by PD123319 was independent of any hemodynamic
changes, because PD123319 administration did not influence
blood pressure, whereas the AT1R antagonist losartan did reduce
blood pressure (SI Appendix, Fig. S1G). Vascular permeability of
the hindpaw was also unaffected by PD123319, as determined by
Evans blue extravasation (SI Appendix, Fig. S1H). Systemic ad-
ministration of PD123319 did not attenuate mechanical and
thermal hypersensitivity induced by chronic hindpaw inflammation
with hindpaw CFA injection (SI Appendix, Fig. S2 A-C), sug-
gesting its analgesic efficacy is selective for neuropathic pain.
We next investigated if SNI was associated with changes in
Ang II production. Ang II levels were elevated in the ipsilateral
sciatic nerve from SNI mice, but not in contralateral or sham-
operated mice. Ang II levels were unchanged in the spinal cords
of SNI- vs. sham-operated mice (Fig. 1F). Furthermore, hindpaw
CFA injection did not lead to any elevation in local Ang II levels
(SI Appendix, Fig. S2D). Collectively, these observations suggest
that SNI elevates local Ang II levels at the site of injury in the
sciatic nerve, which induces AT2R signaling that contributes to
mechanical hypersensitivity associated with neuropathic pain.
Given that neuropathic conditions elicit pronounced cold hy-
persensitivity (31), we assessed hindpaw cold sensitivity in SNI-
and sham-operated mice (Fig. 1G). SNI induced significant cold
hypersensitivity in ipsilateral hindpaws of SNI mice, which could
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be attenuated by systemic administration (intraperitoneal) of the
AT?2R antagonist PD123319 (Fig. 1H). These observations sug-
gest that both mechanical and cold hypersensitivity associated
with experimental neuropathy in mice are mediated by periph-
eral activation of AT2R.

Nerve Injury-Induced Mechanical and Cold Pain Hypersensitivity Is
Dependent upon TRPA1. We next investigated the involvement of
sensory transient receptor potential (TRP) channels in nerve
injury-induced mechanical and cold hypersensitivity. Both TRPV1
and TRPA1 have been implicated in mechanical hypersensitivity
(32, 33), and in addition, TRPAL1 is involved in cold hypersensi-
tivity in experimental nerve injury/neuropathic pain states in mice
(32, 34, 35). Systemic administration of a TRPAI antagonist
(A967079), but not TRPV1 antagonist (AMG9810), attenuated
SNI-induced hindpaw mechanical hypersensitivity (Fig. 24). Ad-
ministration of a TRPAI1 antagonist (A967079) also attenuated
SNI-induced hindpaw cold hypersensitivity (Fig. 2B). Systemic
coadministration of submaximal dose of AT2R antagonist
(PD123319; 3 mgkg, ip.) and TRPA1l antagonist (A967079;
10 mg/kg, i.p.) did not lead to any greater attenuation of hindpaw
mechanical and cold hypersensitivity than either drug in isolation
at that dose (Fig. 2C). This observation indicates that antagonism
of AT2R and TRPAI presumably act in series to attenuate SNI-
induced mechanical and cold hypersensitivity.

Macrophages Infiltrating the Site of Nerve Injury Express AT2R.
Earlier studies used AT2R antibody staining to show AT2R
expression in rodent DRGs, which also exhibited Ang II/AT2R-
mediated potentiation of TRPV1 currents (11). However, recent
transcriptome analysis showed negligible or zero expression of
Agtr2/AGTR2 mRNA in mouse and human DRGs (14-16, 36,
37). Furthermore, we also assessed Agtr2 expression in DRG
neurons in Agrr2°" mice, where GFP expression is driven by the
Agtr2 promoter. Immunostaining of DRG sections from Agtr2""
reporter mice displayed no detectable GFP signal (Fig. 34). In
the sciatic nerves of Agrr2°"" mice, GFP staining is observed only
in a subset of NF200* (myelinated) fibers, but not in CGRP™*
(peptidergic nociceptive neuron marker) fibers (Fig. 3B). In ac-
cordance with this observation, no GFP signal is observed in
neurons or nerve fibers in the superficial laminae of Agr2¢"
mouse spinal cord, where CGRP expression by central terminals
of sensory neurons is detectable (SI Appendix, Fig. S3). However,
numerous NF200 and NeuN" somata in deeper laminae of the
spinal cord dorsal horn and ventral horn express GFP (SI Ap-
pendix, Fig. S3), indicating that a subset of central neurons do
express AT2R. In particular, GFP expression on ventral horn
neurons with larger somata (an anatomical feature of motor
neurons) coincides with the expression of GFP in a subset of
NF200* fibers in the sciatic nerves (38, 39). Furthermore, in-
duction of SNIT in Agtr2°"* mice did not lead to any detectable
GFP signal in any cell types, including neurons and microglia/
M®s in DRGs (Fig. 3C). Consistent with prior reports (40-42),
increased microglia/M®s were observed in the ipsilateral DRGs
of SNI mice (Fig. 3C). Collectively, our findings argue against
AT2R expression and downstream signaling within DRG sensory
neurons, as has been proposed earlier (11, 12), thereby sug-
gesting the possible involvement of nonneuronal AT2R.

We next investigated the site of nerve injury to obtain histo-
logical evidence for the underlying mechanism. SNI induced
massive and sustained infiltration of M®s in both male and fe-
male mice, and some level of increase in neutrophil infiltration
into the site of nerve injury (Fig. 4 A-C and SI Appendix, Fig.
S4). Interestingly, the spared sural nerve fibers, which did not
show any loss of nerve fiber staining (with NF200), also did not
show any M® infiltration. As has been shown previously (43),
increased microglial density was observed in the ipsilateral spinal
cord dorsal horn of SNI mice, without any detectable neutrophil
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Fig. 1. Peripheral AT2R activation mediates neuropathic pain hypersensitivity. (A) Experimental scheme depicting nerve injury-induced neuropathy, pain

behavioral assessments, and drug administration timeline in C57BL/6 (B6) mice for B-E (data analysis scheme in S/ Appendix, Fig. S1A). (B) Systemic admin-
istration of PD123319 (10 mg/kg, i.p.) attenuates SNI-induced mechanical hypersensitivity. Mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham+
saline/PD123319 groups; *P < 0.05 and *P < 0.01 vs. SNI+saline group. (C) Losartan (10 mg/kg, i.p.) has no effects on SNI-induced mechanical hypersensitivity.
Mean + SEM; **P < 0.01 and ***P < 0.001 vs. sham+losartan-ipsilateral (ipsi) group. (D) Intrathecal PD123319 (30 nmol in 10 pL) does not attenuate SNI-
induced mechanical hypersensitivity. Mean + SEM; ***P < 0.001 vs. contralateral (contra) groups; not significant (ns) vs. SNI+saline-ipsi group. (E) Peri-sciatic
PD123319 administration (30 nmol in 10 pL) attenuates SNI-induced mechanical hypersensitivity. Mean + SEM; ***P < 0.001 vs. contra groups; ***P < 0.001 vs.
SNI+saline-ipsi group. (F) SNI elevates Ang Il levels in injured mouse sciatic nerve, but not in the spinal cord. Mean + SEM (n = duplicate tissue samples from six
mice per group). ***P < 0.001 vs. respective SNI-contralateral groups; not significant (ns) vs. sham/SNI-contralateral or vehicle groups. (G) Experimental
scheme depicting cold hypersensitivity assessment, and drug administration timeline in mice subjected to sham/SNI surgery. (H) Systemic administration of
PD123319 (10 mg/kg, i.p.) attenuates SNI-induced cold hypersensitivity. Mean + SEM; *P < 0.05 and ***P < 0.001 vs. sham+PD123319 group; P < 0.01 vs.
SNI+saline group. Rectangular boxes in B-E and H denote postdrug administration time points for behavioral assessment.

staining (SI Appendix, Fig. S5). Because AT2R is critical for SNI-
induced mechanical and cold hypersensitivity, we next determined
whether M®s infiltrating the injured sciatic nerve express AT2R.
Induction of SNI in Agtr2"" mice showed substantial overlap of
F4/80 and GFP immunoreactivity, indicating that M®s in the vi-
cinity of the nerve mjury express AgtrZ (Fig. 4 C and D). However,
spinal cord microglia in Agtr2“" mice do not exhibit any detect-
able GFP signal after SNI (SI Appendix, Fig. S6). These obser-
vations suggest that peripheral M®s that infiltrate the site of nerve
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injury, but not spinal cord microglia, express AT2R, and could
therefore constitute a target for the analgesic action of AT2R
antagonism in neuropathic pain.

Macrophages and AT2R Expression Therein Are Critical for Neuropathic
Mechanical and Cold Pain Hypersensitivity. We next verified if pe-
ripheral M®s are critical for neuropathic pain hypersensitivity. We
utilized specific chemogenetic depletion of peripheral M®s (but
not in brain, spinal cord, and DRG M®s/microglia) with designer
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Experimental Days

Peripheral AT2R/TRPA1 inhibition attenuates neuropathic pain hypersensitivity. (A) TRPA1 antagonist A967079, but not TRPV1 antagonist AMG9810

(30 mg/kg for each, i.p.), attenuates SNI-induced mechanical hypersensitivity. Rectangular boxes denote postdrug administration behavioral assessment time
points. Mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham-A967079/AMG9810 groups; not significant (ns) vs. sham-A967079 group, n = 8 mice per
group. (B) TRPA1 antagonist A967079 attenuates SNI-induced cold hypersensitivity. Rectangular box denotes postdrug administration behavioral assessment
time point. Mean + SEM; ***P < 0.001 vs. sham-A967079 group; **P < 0.01 and ##P < 0.001 vs. SNI-saline group. (C) Coadministration of the AT2R antagonist
PD123319 (3 mg/kg, i.p.) and the TRPA1 antagonist A967079 (10 mg/kg, i.p.) does not additively reverse SNI-induced mechanical (Left) or cold hypersensitivity
(Right). Rectangular boxes denote postdrug administration behavioral assessment time points. Mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs.

respective SNI-contralateral groups; *P < 0.05 vs. 10d-BL time point.

drug (B/B-HmD) treatment in macrophage Fas-induced apoptosis
(MaFIA) mice (Fig. 54 and SI Appendix, Fig. S7). SNI induced
robust mechanical and cold hypersensitivity in MaFIA mice,
similar to that observed in WT mice (Fig. 5 B and C). Following
SNI, chemogenetic M® depletion progressively attenuated me-
chanical and cold hypersensitivity, with no influence on heat
sensitivity (Fig. 5 B and C and SI Appendix, Fig. S84). The at-
tenuating effect of M® depletion on mechanical hypersensitivity
was observed in male and female MaFIA mice to a similar degree
(SI Appendix, Fig. S8 B and C). As seen earlier in WT mice,
massive M® infiltration was also observed in injured sciatic nerves
of MaFIA mice before M® depletion. In SNI-MaFIA mice,
5 consecutive days of B/B-HmD administration (days 6-10 after
SNI) significantly depleted most peripheral M®s at the site of
injury (Fig. 5 D and E). Interestingly, cessation of M® depletion
(day 11 after SNI onwards) was associated with progressive re-
development of mechanical and cold hypersensitivity (Fig. 5 B and
(), which was accompanied by repopulation of infiltrating M®s in
the injured sciatic nerves (Fig. 5 D and E). Chemogenetic de-
pletion of M®s did not influence the increase in M®/microglia
density in the spinal cord dorsal horn of MaFIA-SNI mice (S
Appendix, Fig. S9). These observations suggest that peripheral
M®®s are critical for neuropathic pain hypersensitivity. We verified
the specificity of B/B-HmD-mediated peripheral immune cell
depletion to monocytes/M®s by flow cytometry. In line with prior
reports (44, 45), compared with vehicle-administered MaFIA
mice, B/B-HmD administration led to a significant loss (~50%) of
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monocytes/M®s in the peripheral blood, accompanied by neu-
trophilia, without any alteration in T or B lymphocyte numbers (S7
Appendix, Fig. S7 C and D). This indicates that a 50% reduction in
peripheral blood monocyte/M®s leads to near-complete loss of
infiltrating M®s at the site of nerve injury (Fig. 5 D and E).

To test further whether the requirement for functional AT2R
signaling resides within hematopoietic cells, we irradiated Agtr2-
WT recipients and transplanted bone marrow hematopoietic
progenitors from Agtr2-WT or Agtr2-KO donors 8 wk before SNI
(Fig. 64). We verified the loss of Agr2 mRNA expression in the
isolated M®s from the ipsilateral sciatic nerves of Agr2-KO
chimera mice with SNI by qRT-PCR (SI Appendix, Fig. S104).
Agtr2-WT chimeras display similar mechanical and cold hyper-
sensitivity to that seen in Ag#r2-WT mice, and retained respon-
siveness to treatment with PD123319 on postoperative day 11
(Fig. 6B and SI Appendix, Fig. S10 B-D). However, significant
attenuation of mechanical and cold hypersensitivity was observed
in Agtr2-KO chimeras (Fig. 6B), despite a similar increase in M®
infiltration into the sciatic nerve and elevation of microglial
density in the spinal cord of Agr2-WT and Agtr2-KO chimeras
(Fig. 6 C and D). Taken together, these observations suggest that
peripheral M® infiltration and the AT2R signaling therein are
necessary for SNI/Ang II-induced pain hypersensitivity.

Discussion

Our findings demonstrate that local Ang II-AT2R activation in
peripheral M®s constitutes a critical trigger for chronic pain
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Fig. 3. Absence of AT2R gene expression in DRG sensory neurons and microglia/M®s without or with nerve injury/neuropathy. (A) The Agtr2 gene (coding
for AT2R) is not expressed in neurons and nonneuronal cells in mouse DRG, as verified by lack of GFP signal in DRG sections from AgtrZGFP reporter mice, in
which the Agtr2 promoter drives GFP expression. DRG sections are stained with CGRP and NF200 antibodies to mark peptidergic and myelinated sensory
neurons. (Scale bars, 50 um.) (B) A subset of sciatic nerve fibers of AgtrZGFP mice are GFP* (green). Such fibers are CGRP™ (red; Upper), and NF200™ (red; Lower)
DAPI: blue. (Scale bars, 200 pm.) (C) Seven days following SNI surgery, there is an appreciable increase in Iba1* cells (red; Center) in ipsilateral vs. contralateral

DRG, wherein GFP signal (green; Left) remains negligible. DAPI: blue. (Scale bars, 50 pm.)

hypersensitivity associated with nerve injury/neuropathy. Prior
reports suggested that Ang II acts directly on DRG neurons to
induce neurite outgrowth and PKA-mediated TRPV1 modula-
tion via Gos-coupled AT2R, resulting in peripheral pain sensi-
tization (9, 10). Furthermore, activation of Ga;,-coupled AT2R
on sensory neurons by a bacterial mycolactone toxin has been
reported to be analgesic in mice (13). Our findings indicate that
AT?2R antagonism provides effective analgesia in neuropathic,
but not inflammatory pain. However, our findings also suggest
that DRG neurons do not express AT2R. Instead, AT2R acti-
vation in M®s that infiltrate the site of injury induces persistent
neuropathic mechanical and cold pain hypersensitivity. Our
findings identify M® AT2R as the tissue/cell target underlying
the analgesic action of AT2R antagonism for chronic neuro-
pathic pain, and also uncover a translatable peripheral mecha-
nism for such pain.

We demonstrate that Ang II levels are elevated in injured sci-
atic nerve, and that an AT2R antagonist dose-dependently at-
tenuates mechanical hypersensitivity induced by nerve injury/
neuropathy, but not by chronic hindpaw inflammation. Attenua-
tion of both heat and mechanical hypersensitivity by the same
AT?2R antagonist in CFA-induced chronic inflammation has been
shown previously (46). Similar to M® infiltration in nerve injury/
neuropathy, M®s and other immune cell infiltration has been well
characterized in the CFA-induced model of inflammation (24).

Shepherd et al.

Furthermore, accumulation of a wide variety of inflammatory
mediators that sensitize multiple pain-transducing receptors/
channels, such as TRPs and Na,, are considered to constitute in-
flammatory thermal and mechanical pain mechanisms (32, 47).
This, in combination with our observation that Ang II levels are
unchanged in CFA versus saline-injected hindpaws, suggests a lack
of AT2R activation at the site of CFA-induced inflammation,
which would preclude the effectiveness of AT2R antagonism for
inflammatory pain.

With regard to the source of Ang II, mouse and human M®s
have been shown to express the RAS genes Agt, renin, and ACE
(48), raising the possibility that the entirety of the RAS required
is supplied by M®s. A scenario where the liver and vasculature
are the source of this Agt/Ang II is unlikely, because this would
presumably lead to changes in blood pressure, which we show
remains unaltered following nerve injury. It is more likely that
infiltrating M®s at the site of nerve injury contribute to the local
elevation of Ang II levels. Considerable levels of Agt mRNA
have also been detected in mouse and human DRGs, without
any detectable renin mRNA, as revealed by RNA-seq data (14—
16, 36, 37). Because renin serves as the first rate-limiting enzyme
for the generation of Ang II, direct secretion of Ang II by neu-
rons is implausible. One possible scenario is that following nerve
injury, sensory nerves secrete Agt, which is then processed by
local M®-derived renin and ACE to produce Ang II. In depth
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studies utilizing tissue-specific expression/knockdown of RAS
genes are thus needed to determine the precise source of Ang II
under multiple experimental and disease-related neuropathic
pain conditions.

Prior studies have suggested AT2R expression in DRG neu-
rons, with AT2R antibody staining, Ang II-induced potentiation
of capsaicin-mediated Ca®* influx, and its attenuation by an
AT2R antagonist (11, 12). However, our histological analysis
utilizing Agtr2°"™ show no detectable AT2R expression on sen-
sory neurons under naive or SNI conditions, clearly implicating
nonneuronal AT2R signaling in the development of neuropathic
pain. It is important to note that we do observe AT2R expression
in a subset of spinal cord ventral horn neurons, possibly in motor
neurons that send efferents to the periphery along the sciatic
nerve. Because intrathecal administration of an AT2R antago-
nist did not influence pain hypersensitivity in mice, we speculate
that AT2R function in these spinal cord ventral horn neurons is
not involved in neuropathic pain states. The Agtr2°"" reporter
mouse we utilized is a BAC-transgenic line, and it does not

E8062 | www.pnas.org/cgi/doi/10.1073/pnas.1721815115

employ expression from the endogenous Agtr2 locus. However,
prior studies in the central nervous system detected a high de-
gree of colocalization between GFP immunoreactivity and
presence of the Agtr2 transcript (21).

In search of the mechanism underlying the analgesic action of
AT?2R antagonism, we observed massive M® infiltration into the
injured sciatic nerve, as well as increased density of microglia in
the ipsilateral DRG and spinal cord, consistent with prior ob-
servations (43, 49). Chemogenetic depletion of peripheral M®s
(while sparing DRG and spinal cord microglia) in mice attenu-
ated nerve injury-induced mechanical and cold pain hypersen-
sitivity, indicating that peripheral M®s are an indispensable
component. Restoration of mechanical and cold hypersensitivity
following repopulation of M®s at the site of nerve injury
strengthens this assertion. Infiltration of M®s into peripheral
nerves and DRGs, as well as microglial activation in spinal cord,
have been implicated in multiple inflammatory, neuropathic, and
cancer pain conditions. M®/microglia-derived inflammatory
mediators, growth factors, and spinal modulatory signaling have
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been suggested as the predominant modulatory factors for pe-
ripheral pain sensitization (15, 49-52).

It has been long understood that central sensitization of pe-
ripheral nerve injury responses, which serves as a pain signal
amplification system in the CNS, is instrumental in the devel-
opment of persistent neuropathic pain states (51). A large body
of literature suggests that microglial activation at DRG and
spinal cord levels is a critical driver of nociceptive hypersensi-
tivity and subsequent chronic pain (40-42, 51, 53, 54). Accord-
ingly, effective attenuation of nociceptive hypersensitivity in
experimental rodent pain models has been reported, utilizing
pharmacological and genetic approaches targeting a number of
genes and signaling axes in the spinal cord microglia (15, 51, 53,
54). Our data also show DRG and spinal cord microgliosis, ip-
silateral to injury/SNI (Figs. 3C and 6D and SI Appendix, Figs.
S3, S5, S6, S7B, and S9). Importantly, this microgliosis persists in
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situations where peripheral M® density has been compromised
(B/B-HmD depletion in the MaFIA mouse) (SI Appendix, Figs.
S7B and S9) or a lack of AT2R function in M®s (Agtr2-KO
chimerism) (Fig. 6D), both of which result in attenuation of
neuropathic pain hypersensitivity. Altogether, these findings lead
us to propose that both peripheral and central microglial/M®
activation are critical components of peripheral and central pain
sensitization, respectively. There is a high likelihood that pe-
ripheral M® signaling triggers the nociceptive excitatory input,
which is then amplified by the central microglial/M® activation,
leading to amplification of this excitatory signal input to drive
neuropathic pain. Therefore, targeted depletion or inhibition of
microglial/M®-derived signals at either level are capable of at-
tenuating neuropathic pain hypersensitivity. However, the full
repertoire of molecular and cellular signaling mechanisms linking
peripheral M®-induced hyperexcitability to DRG/spinal cord
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microglial/M® activation, and how such processes are disrupted by
interfering with peripheral M® function, remains to be uncovered.
We observed that AT2R is not expressed in DRG and spinal cord
microglia under naive or nerve injury conditions (Fig. 3C and S/
Appendix, Figs. S3 and S6). Furthermore, it is important to note
that AT2R antagonists, including PD123319 and EMAA401, do not
cross the blood-brain barrier (11, 12). Recent findings suggest the
involvement of M® infiltration in pain hypersensitivity in rodent
models of experimental trigeminal neuropathy and chemotherapy-
induced neuropathy (49, 52). This phenomenon, in combination
with DRG/trigeminal/spinal cord sensitization pathways, likely main-
tains persistent neuropathic pain. Furthermore, we observed no sex-
specific differences in neuropathic pain hypersensitivity. Sex differ-
ences in the contribution of immune cells, including spinal cord
microglia, to chronic pain conditions in mice have recently been
detailed (55). The observation that Ang II-AT2R-dependent me-
chanical and cold hypersensitivity does not appear to directly involve
microglia in the spinal cord may explain the lack of any sex-related
differences in peripheral nerve injury-induced pain hypersensitivity.

The mechanism linking M® AT2R activation to persistent ex-
citation of peripheral sensory nerves remains a matter of in depth
investigation. Among the pain-transducing receptors, TRPV1 was
shown to be directly modulated by AT2R expressed on DRG
neurons (11). However, our study did not find evidence of AT2R
expression in DRG neurons. Furthermore, TRPAl—but not
TRPV1—has been suggested to be involved in nociceptor sensi-
tization underlying neuropathic mechanical and cold pain hyper-
sensitivity in rodent models (32-35). TRPAL1 is also shown to be a
sensor of cell damage products, including reactive oxygen/nitrogen
species (ROS/RNS), which activate the channel in sensory neu-
rons (56-58). Our findings suggest that TRPAL is involved in
AT?2R-dependent neuropathic mechanical and cold pain hyper-
sensitivity (Fig. 2). Because peripheral M®s infiltrate the site of
nerve injury in neuropathy, it is plausible that AT2R activation in
M®s serves as a cell damage signal, which subsequently provides
pathological activators/modulators of TRPA1. Our parallel study
has recently identified such macrophage-to-sensory neuron cell
damage signaling. This involves M® AT2R activation followed by
ROS/RNS production, which then transactivate TRPA1 on sen-
sory neurons to elicit sustained nociceptor excitation (17). Pre-
viously, ROS activation of TRPA1 has been shown to sensitize
channel activation to mild cold temperatures (59), which pre-
sumably constitutes a mechanism for M® AT2R-mediated cold
hypersensitivity in nerve injury/neuropathy.

Interestingly, a recent study utilizing M® depletion in clodro-
nate liposome-treated mice showed a significant delay in the de-
velopment of SNI-induced tactile hypersensitivity, with only a
small/transient delay in cold hypersensitivity, suggesting no in-
volvement of M®s in neuropathic cold hypersnsitivity (40).
Clodronate liposome-treatment leads to depletion of monocytes/
M®s in blood and DRGs (40). However, in our chemogenetic
monocyte/M® depletion, utilizing MaFIA mice, the DRG micro-
glia/M®s remain unaffected (SI Appendix, Fig. S7B), and AT2R is
expressed only in peripheral monocyte/M®s that infiltrate the in-
jured sciatic nerve, but not in DRG microglia/M®s (Figs. 3C and
4D). Additionally, in the above-mentioned study, clodronate
liposome-mediated monocyte/M® depletion was initiated before
the induction of neuropathic injury (SNI), whereas we performed
monocyte/M® depletion after the establishment of sustained me-
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general population: A systematic review of epidemiological studies. Pain 155:654-662.
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ropathic pain and fibromyalgia in adults. Cochrane Database Syst Rev (4):CD007938.
. Woolf CJ, Mannion RJ (1999) Neuropathic pain: Aetiology, symptoms, mechanisms,
and management. Lancet 353:1959-1964.
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chanical and cold hypersensitivity (Fig. 5). This may explain the
differences in our observation on attenuation of both mechanical and
cold hypersensitivity in SNI by peripheral monocyte/M® deple-
tion. AT2R has previously been implicated in injury/inflammatory
responses, albeit in a largely antiinflammatory capacity (60). Fur-
thermore, increased expression of RAS components, including
AT2R, has been shown to accompany the differentiation of M®s
from monocytes (48). Therefore, future studies are needed to
identify the role of AT2R activation in M® infiltration at the site of
nerve injury, and its involvement in the induction versus mainte-
nance of mechanical and cold pain hypersensitivity under specific
disease-related neuropathies.

Our findings raise some intriguing possibilities that warrant
further exploration. Conditions in which local or circulating RAS
components are elevated may be associated with mechanical and
cold pain hypersensitivity. An association between hypertension
and neuropathy has been observed in diabetes mellitus (61, 62).
Furthermore, ACE inhibitors have been demonstrated to impact
nerve conduction in human diabetic neuropathy (63, 64). Whether
this effect could be ascribed to a reduction in Ang II levels or Ang
II-AT2R-mediated pain sensitization remains unclear, but it may
be contingent on M® accumulation in the vicinity of damaged
nerves. A recent report showed an increase in M® density in the
skin biopsies of diabetic neuropathic patients (65). Consistent with
this speculation on RAS involvement in pain, our study defines
Ang II-AT2R signaling on peripheral M®s as an indispensable
component for the development of chronic neuropathic pain.

The performance of existing analgesics for neuropathic pain
and the success rate of new-generation analgesic development
have been suboptimal (66). This necessitates a comprehensive
understanding of the pathophysiology and mechanisms un-
derlying neuropathic pain. With the recent success of the AT2R
antagonist EMA401 for treatment of neuropathic pain associ-
ated with PHN (8), our discovery of M® AT2R as a critical
peripheral trigger for neuropathic pain sensitization provides a
translatable mechanism for pharmacotherapeutic targeting.

Materials and Methods

All experiments involving the use of mice and the procedures followed therein
were approved by Institutional Animal Studies Committees of Washington
University in St. Louis and The University of lowa, in strict accordance with the
NIH Guide for the Care and Use of Laboratory Animals (67). Details of mice,
experimental models of neuropathy and inflammation, behavior tests, blood
pressure monitoring, plasma extravasation assay, Ang Il enzyme immunoassay,
immunohistochemistry and image quantification, irradiation and mouse bone
marrow transplantation, FACS, flow cytometry, qPCR, chemicals and reagents,
and statistical analyses are provided in S/ Appendix, S| Materials and Methods.
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