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Expression of ectopic heat shock protein 90 inmale
and female primary afferent nociceptors regulates
inflammatory pain
YaominWanga, Scott A. Scarneoa,b, Shin Hyung Kima,c, Xin Zhanga, Jiegen Chena, Kelly W. Yangb, Philip Hughesb,
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Abstract
Heat shock protein 90 (Hsp90) is a ubiquitously expressed integral cellular protein essential for regulating proteomic stress. Previous
research has shown that Hsp90 regulates critical signaling pathways underlying chronic pain and inflammation. Recent discovery of
membrane bound ectopic Hsp90 (eHsp90) on tumor cells has shown that Hsp90 induction to the plasma membrane can stabilize
disease-relevant proteins. Here, we characterize eHsp90 expression in a mouse model of inflammation and demonstrate its role in
nociception and pain. We found that intraplantar complete Freund adjuvant (CFA) induced robust expression of eHsp90 on the cell
membranes of primary afferent nociceptors located in the L3-L5 dorsal root ganglia (DRG), bilaterally, with minimal to no expression
in other tissues. Complete Freund adjuvant–induced increases in eHsp90 expression on lumbar DRG were significantly greater in
females compared with males. Furthermore, exogenous Hsp90 applied to primary Pirt-GCaMP3 nociceptors induced increases in
calcium responses. Responses were estrogen-dependent such that greater activity was observed in female or estrogen-primed
male nociceptors compared with unprimed male nociceptors. Treatment of mice with the selective eHsp90 inhibitor HS-131 (10
nmol) significantly reversed CFA-induced mechanical pain, thermal heat pain, and hind paw edema. Notably, a higher dose (20
nmol) of HS-131 was required to achieve analgesic and anti-inflammatory effects in females. Here, we provide the first
demonstration that inflammation leads to an upregulation of eHsp90 on DRG nociceptors in a sex-dependent manner and that
inhibition of eHsp90 reduces nociceptor activity, pain, and inflammation. Thus, eHsp90 represents a novel therapeutic axis for the
development of gender-tailored treatments for inflammatory pain.
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1. Introduction

Chronic pain is a prevalent health concern, affecting up to 100million
people in theUnitedStatesalone,withgreater rates of pain reported in
females compared with males.10,11 The development of chronic pain
is driven by multiple signaling pathways linked to heightened
nociceptor activity. Emerging data have shown that heat shock
protein 90 (Hsp90) is a key regulator of signal transduction events
underlyingchronicpainand inflammation.14Heat shockprotein90 is a

ubiquitously expressed cellular protein essential for regulating
proteomic stress by modulating the tertiary structure of cytosolic
proteins and maintaining their stability in both homeostatic and
disease states.23,40 To date, only a handful of studies have explored
the role of Hsp90 in pain. Hsp90 has been shown to contribute to the
pathophysiology of monoarthritis and neuropathic pain through its
regulation of TLR4 signaling in dorsal root ganglia (DRG), spinal cord,
and brain.14,22 In linewith these findings, inhibition of Hsp90 has been
shown to reverse mechanical allodynia and enhance morphine-
induced analgesia.14 However, inhibition of Hsp90 has also been
shown to block morphine-induced antinociception in HIV and cancer
pain models primarily through regulation of downstream extracellular
signal-regulated kinase (ERK) signaling and protein translation.32,18

Thus, Hsp90’s role in pain signaling may be context-dependent.
Heat shock protein 90 was long believed to be solely

expressed intracellularly; however, data in the cancer field have
shown that membrane-bound, ectopic Hsp90 (eHsp90) expres-
sion can be induced in metastatic tumor cells during disease
progression.4 In metastatic cancer cells, eHsp90 has been
shown to regulate the expression and signaling of disease-
relevant proteins at the cellular membrane. Similar to cancer cells,
eHsp90 expression is increased on immune cells after their
activation, where it is believed to regulate the rapid increase in
membrane-bound receptor signaling.34 Yet, a significant gap
remains in our knowledge of eHsp90 on noncancerous cells in
various disease states, and no published reports have begun to
elucidate the putative role of eHsp90 in pain.
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Here, using a cell-impermeable eHsp90 inhibitor, we sought to
determine the expression of eHsp90 in the peripheral and central
nervous system as well as to determine the role of eHsp90 in
mediating pain, edema, and nociceptor activity in the complete
Freund adjuvant (CFA) model of inflammation. Our results show
that inflammation leads to an upregulation of eHsp90 on DRG
nociceptors and that inhibition of eHsp90 reduces nociceptor
activity, pain, and inflammation in a sex-dependent manner.
Thus, eHsp90-targeted inhibitors may represent novel therapies
for the treatment of chronic pain conditions associated with
autoimmunity or immune challenge.

2. Materials and methods

2.1. Animals

For biochemical and behavioral experiments, adult male (N5 69)
and female (N 5 87) C57/BL6 mice weighing ;18 to 23 g were
bred in-house or purchased from The Jackson laboratory (Bar
Harbor, ME). For calcium imaging experiments, adolescent male
(N5 15) and female (N5 10) Pirt-GCaMP3miceweighing;18 to
23 g were bred in-house. Mice were housed in a temperature-
controlled and humidity-controlled facility maintained under a 12-
hour light–dark cycle (lights on at 7 AM) and had access to food
and water ad libitum. All procedures were approved by the Duke
University Institutional Animal Care and Use Committee and
conformed to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals43 and the Animal Research:
Reporting of In Vivo Experiments guidelines.24

2.2. Complete Freund adjuvant model of inflammation

Mice were gently restrained, and separate groups received a
unilateral intraplantar (i.pl.) injection of CFA (25 mL) or incomplete
Freund adjuvant (IFA; 25 mL). In all studies, the experimenter was
blinded to the treatment conditions.

2.3. Whole-body cryo-imaging

HS-131 is a well-established selective non–cell-permeable
eHsp90 fluorinhibitor consisting of an Hsp90-binding ligand, a
polyethylene-based tether (linker), and a fluorophore (Cy5 dye
ex640 nm/em680 nm) (Fig. 1A).7,13 HS-198 is a control molecule,
where substitution of N’N-dimethylamide to the Hsp90 ligand
renders it inactive. After cellular upregulation of eHsp90, HS-131
can bind membrane-expressed Hsp90 and subsequently be
internalized into the intracellular space (Fig. 1B). On day 3 after
i.pl. CFA, separatemice received either HS-131 (10 nmoles i.v.) or
HS-198 (10 nmoles i.v.) and were fixed for whole-body cryo-
imaging 6 hours later. Mice were serially imaged at 10.23 mm 3
10.23 mm in-plane resolution by an Olympus MVX-10 micro-
scope with a 13 objective, 30.63 magnification, and 40-mm
section thickness, using the CryoViz (BioInVision, Inc, Cleveland,
OH). Individual slices were captured using a dual-band FITC/
TxRed fluorescence filter (Chroma, Inc, Rockingham, VT), a liquid
crystal RGB filter, and a low-noise monochrome camera. Raw
images were reconstructed using Imaris 9.5 software to generate
3D pictures and videos.

2.4. Immunohistochemical and fluorotag staining

On day 3 after i.pl. CFA or IFA administration, mice were deeply
anesthetized with an intraperitoneal injection of 300 mg/kg Fatal-
Plus (Vortech Pharmaceuticals, Dearborn, MI) and subsequently

perfused intracardially with 50 mL of ice-cold heparinized 0.1 M
phosphate-buffered saline. This was followed by 25 to 50 mL of
fixative (4% paraformaldehyde in 0.1 M sodium phosphate buffer).
The DRG were isolated, postfixed in 4% paraformaldehyde for 12
hours, and finally immersed in 30% sucrose solution for storage at
4˚C until sectioning. Transverse sections were cut to a thickness of
10 mm, incubated in 5% fetal bovine blocking serum in 0.01 M
phosphate-buffered saline at room temperature for 1 hour, and
stainedovernight at 4˚Cwithprimary antibodies for anti-rabbitHsp90
(1:1000; Cell Signaling Technologies, Danvers, MA), anti-mouse
GFPA (1:1000; MilliporeSigma, Burlington, MA ), and anti-rat CD68
(1:1000, Bio-Rad, Hercules, CA ). The following day, the sections
were incubated with corresponding secondary antibodies or
NeuroTraceTM fluorescent Nissl (1:500, Invitrogen, Carlsbad, CA)
for 1 hour at room temperature. The specificity of immunohisto-
chemical stainingwas verified by omission of the primary antibody or
omission of the secondary antibody from the staining protocol for
each set of experiments.Histological features of DRGwere captured
using a Zeiss 880 confocal microscope (Germany). Heat shock
protein 90 expression was determined for 3 different cell areas
(,400mm2 for small, 400–900mm2 formedium, and.900mm2 for
large). ImageJ was used for Hsp90 intensity quantification.

Ectopic Hsp90 expression was evaluated in female mice DRG
6 hours after HS-131 treatment (10 nmoles, i.v.) on day 3 after
intraplantar CFA injection. In brief, mice were perfused with
1XPBS immediately after killing, followed by perfusion in 4%
paraformaldehyde solution. Dorsal root ganglia were isolated and
stored in 30% sucrose solution overnight at 4˚C overnight.
Transverse sections were cut to a thickness of 12 mm and placed
on a tissue slide. Images were captured using a Zeiss 880
confocal microscope (Germany).

2.5. Western blot analysis

Affected L4-6 DRG and unaffected C5-7 DRG were harvested
from CFA or IFA mice on day 3. The Mem-PER Plus Membrane
Protein Extraction Kit (89842, Thermo Scientific, Waltham, MA)
was used to separate membrane and cytosolic protein fractions.
In brief, the homogenized DRG lysates were permeabilized with a
mild detergent to allow the release of soluble cytosolic proteins
and then a second detergent was used to solubilize membrane
proteins. Protein concentrations were normalized by bicincho-
ninic acid (BCA; Pierce, Grans Island, NY) measurement. Gels
were run using the standard SDS-PAGE method and transferred
onto PVDF membranes using an iBlot2 dry blotting system (Life
Technologies). Membranes were then blocked, probed with
primary antibodies for Hsp90 (1:1000; Cell Signaling), Na1–K1–
ATPase (1:1000; Cell Signaling), and GAPDH (1:1000; Cell
Signaling), and finally probed with corresponding secondary
antibodies. Specific bands were visualized with enhanced
chemiluminescence (Thermo Scientific) and quantified using
ImageJ. The relative levels of membrane and cytosolic Hsp90
proteins were normalized to Na1–K1–ATPase and GAPDH,
respectively.

2.6. Heat shock protein 90 purification

Heat shock protein 90 was purified from C57/Bl6 livers through
Hsp90 affinity resins. Mouse livers were dissected from mice
immediately after killing and mechanically dissociated through a
0.22-mm filter and lysed in 30 mM Tris-HCl, pH 7.5, 1 mM EGTA,
1 mM EDTA, 150 mM NaCl, and 0.2 mM DTT with protease
inhibitor solution. Three milliliter of lysis supernatant was loaded
onto 2 mL of selective Hsp90 affinity resin.13 The resin–cell lysis
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mixture was placed on a rocker at 4˚C for 45 minutes. This was
followed by a sequence of 4 washes in low-salt wash buffer
(150 mMNaCl, 25 mM Tris pH 7.5, and 60mMMgCl2), 2 washes
in high-salt wash buffer (1 M NaCl, 25 mM Tris pH 7.5, 60 mM
MgCl2, and 1 mM DTT), and 2 washes in low-salt wash buffer.
Purified Hsp90 was eluted from the resin by 1 mmol HS-10,
verified by silver stain and stored at 220˚C.

2.7. Calcium imaging

Calcium imaging was conducted in primary DRG neurons from
Pirt-GCaMP3mice at room temperature.1 Dorsal root ganglia were
removed aseptically from euthanized mice and incubated with
collagenase (1.25 mg/mL) or dispase-II (2.4 units/mL) at 37 ˚C for
120minutes and then digested with 0.25% trypsin for 8 minutes at
37 ˚C, followed by 0.25% trypsin inhibitor. Cells were mechanically
dissociated with a flame-polished Pasteur pipette in the presence
of 0.05% DNase I. Dorsal root ganglia cells were plated on glass
coverslips and grown in a neurobasal-defined medium with 2%
B27 supplement and 5 mM AraC maintained in a 5% CO2
incubator at 37 ˚C. Dorsal root ganglion neuronswere grown for 24
hours before use. The calcium imaging buffer included 140 mM
NaCl, 10 mM D-(1)-glucose, 1 mM MgCl2, 2 mM CaCl2, 5 mM
KCl, and10mMHEPES, pH5 7.4 and osmolarity5 320mOsm/L.
Calcium signals were measured using green emitted light in a 3-
second interval. To evaluate the effect of Hsp90 on calcium
responses, 3 different doses of Hsp90 (0.5, 1.5, and 5.0 mg/mL,
diluted in calcium imaging buffer) were prepared and each
delivered to a separate coverslip of DRG cells for 2 minutes. To
determine the effect of HS-131 on Hsp90-induced calcium
responses, 3 different doses of HS-131 (0.01, 0.05, and 1.0 uM,
diluted in DMSO solution) were prepared and each loaded onto a
separate coverslip of DRG cells for 2 minutes before delivery of 5.0
mg/mL Hsp90. To evaluate the effects of female hormones on
Hsp90-induced calcium responses, 1 ng/mL 17 b-estradiol (E2)
was administrated to male DRG cells for overnight incubation.
Calcium signal amplitudes representing change in calcium influx
(DF) are represented as (Ft-F0)/F0, where F05 average fluores-
cence intensity during the baseline period and Ft5 the fluores-
cence intensity at a specific time point.

2.8. Systemic heat shock protein 90 challenge

Male and female mice were gently restrained and received tail
vein injections (i.v.) of Hsp90 (10, 20, or 40 mg/mouse).

Mechanical allodynia and mechanical hyperalgesia were evalu-
ated before (baseline) and at 1, 3, and 6 hours after injection.
Thermal hyperalgesia was evaluated before and 6 hours after
injection.

2.9. Pain behavior testing

In general, male and female mice were handled and habituated to
the testing environment for 3 days before random assignment to
1 of 4 experimental groups: CFA1Vehicle, CFA1HS-131,
IFA1Vehicle, or IFA1HS-131. Pain behaviors evoked by
mechanical and thermal stimuli were evaluated on day 0 before
and on days 1, 2, and 3 after administration of CFA or IFA. On day
3, behaviors were re-evaluated after treatment with HS-131 (or
HSP90) or vehicle at 1, 3, and 6 hours.

Paw withdrawal thresholds were determined using the von
Frey up–down method.8 Mice were placed in clear Plexiglas
chambers with a wire mesh floor and allowed to habituate for 30
minutes. Testing was conducted using a series of 9 von Frey
monofilamentswith logarithmically increasing stiffness (0.02-2.56
g, North Coast Medical, CA) presented perpendicularly to the
central plantar surface of the hind paw. First, the middle filament
(0.4 g) was applied to the hind paw for 2 seconds. If the mouse
respondedwith awithdrawal, an incrementally lower filament was
applied. In the absence of a withdrawal, an incrementally higher
filament was applied. A series of 6 total responses were recorded
for each paw. Results were determined using a logarithmic
algorithm to determine the gram-force value that would elicit paw
withdrawal in 50%of trials (10 [Xf1 kd])/10,000, where Xf5 value of
final von Frey hair used (log units); k5 tabular value of X (positive)
and O (negative) responses; and d 5 mean difference between
stimuli (log units). Mechanical allodynia was defined as a
significant decrease in paw withdrawal threshold from baseline.

After determining paw withdrawal threshold, paw withdrawal
frequency to a noxious von Frey monofilament was assessed. A
suprathreshold filament (0.4 g) was applied to the hind paw 10
times for a duration of 1 second, with a 1-second interval between
stimuli. Mechanical hyperalgesia was defined as a significant
increase in the number of paw withdrawals from baseline.

Finally, paw withdrawal latency to thermal heat was assessed
using the Hargreaves method.12 Mice were placed in plexiglass
chambers on a glass table and habituated for 30 minutes. A heat
source was positioned under the glass directly beneath the hind
paw to obtain withdrawal latencies. A maximal cut-off of 20
seconds was used to prevent tissue damage. Paw withdrawal

Figure 1. Selective targeted inhibition of eHsp90 function. (A) Chemical scaffolds of the eHsp90 inhibitor HS-131 and the inactive analog HS-198 (negative
control). (B) Ectopic Hsp90 expressed on the cellular membrane, where it binds and internalized HS-131. eHsp90, ectopic Hsp90; Hsp90, heat shock protein 90.
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latencies were recorded in duplicate per paw. If the second
latency recorded was not within 6 4 seconds of the first, a third
measure was recorded. The 2 latencies closest in value were
averaged to determine overall latency to withdrawal. Thermal
hyperalgesia was defined as a decrease in paw withdrawal
latency from baseline.

2.10. Motor function and hind paw edema assessment

On day 3 after CFA administration, motor function was evaluated
before and 6 hours after HS-131 or vehicle treatment using a Rota-
rod system (IITC Life Science Inc., Woodland Hills, CA). Each test
consisted of 3 trials separated by 10-minute intervals, during which
the speed of rotation accelerated from 4 to 40 rpm in 5minutes. The
falling latency was recorded.42 In addition, on day 3 after CFA
administration, hind pawdiameter (mm)wasmeasured before and6
hours after HS-131 or vehicle treatment using a caliper.

2.11. Statistical analysis

GraphPad Prism 9 was used for statistical analysis of all data.
Immunohistochemical, calcium imaging, and behavioral data
were evaluated by 1-way or 2-way analysis of variance to identify
main effects followed by the Dunnett multiple comparison test to
identify specific group differences. Western blot data were
analyzed by the two-tailed t test. An alpha of 0.05was considered
statistically significant.

3. Results

3.1. Intraplantar complete Freund adjuvant induces Ectopic
heat shock protein 90 expression on primary afferent
nociceptors in dorsal root ganglia

Here, we sought to characterize the expression of membrane
bound eHsp90 in a mouse CFA model of inflammation and
determine its role in nociception and inflammatory pain. First, we
examined global expression of eHsp90 by whole-body cryo-
imaging mice injected with the selective non–cell-permeable
eHsp90 fluorinhibitor HS-131 or the inactive control HS-198 on
day 3 after intraplantar CFA. Biodistribution of HS-131 was
observed by histological examination of individual slices and after
in silico reconstruction of the entire mouse anatomy (Movie S1,
available as supplemental digital content at http://links.lww.com/
PAIN/B523). Examination of the in silico mouse reconstruction
showed fluorescence in the hepatobiliary and intestinal tissues,
consistent with the previously observed mechanisms of clear-
ance HS-131 in vivo.7 Comparison of HS-131–treated with HS-
198–treated mice shows that CFA induced robust eHsp90
expression in lumbar DRG (Fig. 2A). Further histological analysis
demonstrates that expression is highest in L3-L5 DRG, with no
difference between those ipsilateral and contralateral to the CFA
injection site (Fig. 2B).

The DRG is a vast network of cells composed of neurons, glia,
and immune cells, all of which influence nociception.28 Thus, we
evaluated the expression of Hsp90 in these cellular populations
after intraplantar CFA. Immunohistochemical analysis of DRG
isolated on day 3 post-CFA shows that Hsp90 is localized to
Nissl1 neurons, with minimal to no expression in GFAP1 satellite
glia or CD681 monocytes/macrophages (Fig. 2C). Consistent
with cryo-imaging results, Hsp90 expression levels were com-
parable between ipsilateral and contralateral DRG neurons (Fig.
2D). Control animals injected with IFA showed similar staining
patterns in the DRG, with Nissl1 neurons showing robust

expression of Hsp90 (Fig. S1A, available as supplemental digital
content at http://links.lww.com/PAIN/B522). In addition, owing
to the lack of eHsp90 discriminant antibodies, we performed
fluorescence staining on L4 DRG on day 3 post-CFA after HS-
131 i.v. injection. Immunohistochemical analysis of the DRG (Fig.
S1B, available as supplemental digital content at http://links.lww.
com/PAIN/B522) showed similar staining patterns as observed in
Figure 2.

3.2. Complete Freund adjuvant–induced ectopic heat shock
protein 90 expression in lumbar dorsal root ganglia is greater
in females

Next, we examined the expression of eHsp90 in membrane vs
Hsp90 in cytosolic fractions of DRG nociceptors collected from
male and female mice on day 3 post-CFA. Western blot analysis
of these fractions showed that eHsp90 expression was higher in
membranes isolated from lumbar DRG innervating the affected
hind paw compared with membranes isolated from cervical DRG
innervating unaffected remote sites for both males (t12 5 3.55, P
, 0.01) and females (t12 5 4.14, P , 0.001; Fig. 3A). Notably,
comparedwithmales, females exhibited significantly higher levels
of eHsp90 expression in membranes from lumbar DRG (t12 5
2.42; P , 0.05). No differences in cytosolic Hsp90 expression
were found between lumbar and cervical DRG or between males
and females (Fig. 3B). Furthermore, no differences in eHsp90
expression were observed in cervical or lumbar DRG collected
from control male and female mice on day 3 post-IFA (Fig. S2,
available as supplemental digital content at http://links.lww.com/
PAIN/B522).

3.3. Exogenous heat shock protein 90 induces nociceptor
activity and pain, which is greater in females

To directly test the effect of increased Hsp90 levels on nociceptor
activity, we used primary DRG neurons isolated from Pirt-
GCaMP3 mice which express a fluorescent calcium indicator in
response to activating ligands.1 In mixed primary neurons
isolated from both male and female Pirt-GCaMP3 mice, we
observed a dose-dependent increase in calcium response after
administration of 0.5, 1.5, and 5.0 mg/mL Hsp90 (F3, 1489 5
95.52, P , 0.001; Fig. 4A).

Owing to our observed sex differences in eHsp90 expression,
we next evaluated Hsp90-induced calcium responses in sepa-
rate DRG isolated from either male or female Pirt-GCaMP3 mice
in the presence or absence of HS-131. Administration of Hsp90
(5 mg/mL) to male-isolated and female-isolated primary neurons
induced significant increases (60% and 80%, respectively) in
male (Fig. 4B) and female (Fig. 4C) DRG calcium responses that
were dose dependently decreased by HS-131. Treatment with
the high 1-mM dose of HS-131 more effectively attenuated
calcium responses in male compared with female-isolated
neurons.

To determine if the exaggerated Hsp90-induced calcium
signaling in female-isolated DRG neurons is dependent on sex
hormones, we treatedmale-isolated primary neuronswith varying
concentrations of the female hormone estrogen as previously
described.41 We found that male-isolated neurons exhibited
dose-dependent increases in Hsp90-induced calcium responses
after overnight incubation with 1.0, 3.0, or 30.0 ng/mL estrogen
compared with naive male neurons (F4, 2609 5 6.26, P, 0.0001,
n 5 10; Fig. 4D).

We next tested the effects of systemic Hsp90 administration
(10, 20, or 40 mg, i.v.) in male and female mice. In male mice, the

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

4 Y. Wang et al.·00 (2021) 1–11 PAIN®

http://links.lww.com/PAIN/B523
http://links.lww.com/PAIN/B523
http://links.lww.com/PAIN/B522
http://links.lww.com/PAIN/B522
http://links.lww.com/PAIN/B522
http://links.lww.com/PAIN/B522
http://links.lww.com/PAIN/B522


40-mg dose directly induced mechanical allodynia (F9, 42 5 2.22,
P5 0.04) and mechanical hyperalgesia (F9, 42 5 2.55, P5 0.02),
but not thermal heat hyperalgesia within 3 to 6 hours (Fig. S3,

available as supplemental digital content at http://links.lww.com/
PAIN/B522). In female mice, the 10-, 20-, and 40-mg doses
directly induced mechanical allodynia (F9, 42 5 3.90, P 5 0.001)

Figure 2. Dorsal root ganglion (DRG) neurons innervating sites of peripheral inflammation express eHsp90. (A)Whole-body cryo-imaging of femalemice 6 hours after HS-
131 treatment (10nmoles, i.v.) onday3post-CFA (i.pl.) reveals eHsp90expression in lumbarDRG. (B) EctopicHsp90expressionwasgreatest in ipsilateral andcontralateral
DRG in the L3-L5 region. (C) Confocal imaging shows that CFA-induced Hsp90 expression in DRG was localized to Nissl1 neurons. (D) Immunohistochemical analysis
revealsHsp90 expression is comparable in small,medium, and large neurons in both ipsilateral andcontralateral DRG.N51428DRGneurons from2malemice and1463
DRG from 2 female mice. Data are mean6 SEM. CFA, complete Freund adjuvant; eHsp90, ectopic Hsp90; Hsp90, heat shock protein 90.
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andmechanical hyperalgesia (F9, 425 5.33, P, 0.0001), and the
40-mg dose induced thermal heat hyperalgesia (F3, 14 5 9.09, P
5 0.001) within 3 to 6 hours.

3.4. Ectopic heat shock protein 90 inhibitor HS-131 reverses
complete Freund adjuvant–inducedmechanical and thermal
pain, with females requiring a higher dose

Finally, we sought to determine the therapeutic potential of eHsp90
inhibition on pain behavior in vivo. As illustrated in Figure 5A,
behavioral responseswereevaluated in separategroupsofmale and
female mice treated with HS-131 (10 nmoles) or vehicle on day 3
after i.pl. injection of CFA or IFA. Consistent with previous literature,
both male and female mice showed robust CFA-dependent
mechanical allodynia (F3, 90 5 22.27, P , 0.0001 for males and
F3, 995 9.29, P, 0.0001 for females), mechanical hyperalgesia (F3,
905 17.21, P, 0.0001 for males and F3, 995 8.53, P, 0.0001 for
females), and thermal heat hyperalgesia (F3, 90 5 6.21, P5 0.0007
for males and F3, 99 5 4.89, P5 0.004 for females) in their injected
hind paws on days 1 to 3 compared with baseline, whereas i.pl. IFA
had no effect (Fig. S4, available as supplemental digital content at
http://links.lww.com/PAIN/B522).25 In line with our finding that
Hsp90 is expressed inDRG innervating the hindpawcontralateral as
well as ipsilateral to the CFA injection site, female mice also showed
CFA-dependent mechanical allodynia (F3, 99 5 6.80, P 5 0.0003),
mechanical hyperalgesia (F3, 99 5 5.80, P 5 0.001), and thermal
heat hyperalgesia (F3, 99 5 6.63, P 5 0.0004) in their noninjected
hind paws on days 1 to 3 compared with baseline (Fig. S5, available
as supplemental digital content at http://links.lww.com/PAIN/B522).
Male mice showed similar trends towards CFA-dependent
increases in mechanical and thermal pain in their noninjected hind
paws, although not significant. In male mice, administration of HS-
131 (10 nmol) on day 3 reversed CFA-dependent mechanical
allodynia (F9, 81 5 2.00, P 5 0.04) measured at 1, 3, and 6 hours

posttreatment, mechanical hyperalgesia (F9,81 5 2.76, P 5 0.007)
measured at 3 and 6 hours posttreatment, and thermal heat
hyperalgesia (F3,25 5 10.73, P 5 0.0001) measured at 6 hours
posttreatment (Fig. 5B). In female mice, however, administration of
HS-131 (10 nmol) failed to significantly reduce mechanical and
thermal pain (Fig. 5C).

A signature feature of the CFA inflammatory model is the
induction of edema within the intraplantar space, with the
expression of inflammatory mediators leading to heightened
nociceptor activity.9 Previous literature has shown that inhibition
of Hsp90 on activated innate and adaptive immune cells can
block functional responses such as release of
cytokines.29,20,26,39,6 To evaluate the effects of systemic eHsp90
inhibition on hind paw edema, we measured paw diameter in
mice receiving HS-131 or vehicle on day 3 after i.pl. injection of
CFA or IFA. In male mice, administration of HS-131 (10 nmol)
significantly reduced hind paw edema by ;15% 6 hours
posttreatment (F3,16 5 5.41, P , 0.01; Fig. 5B). In female mice,
however, administration of HS-131 had no effect on hind paw
edema (Fig. 5C).

As female mice express significantly more eHsp90 on primary
afferent neurons than domales aswell as heightened response to
systemic Hsp90 delivery we next tested a higher (20 nmol) dose of
HS-131 in the CFA model. Indeed, treatment of female mice with
20 nmol HS-131 significantly reversed mechanical allodynia (F3,
27 5 15.32, P , 0.0001) and mechanical hyperalgesia (F3, 27 5
40.05, P , 0.0001) at 1, 3, and 6 hours as well as thermal heat
hyperalgesia at 6 hours (t9 5 3.01, P , 0.02) (Fig. 6A–C).
Furthermore, treatment of female mice with 20 nmol HS-131
significantly reduced CFA-induced hind paw edema measured 6
hours later (t9 5 3.01, P 5 0.01) (Fig. 6D).

Finally, as eHsp90 inhibitors represent a novel class of potential
analgesics, we evaluated the effects of HS-131 onmotor function
in male and female mice. Compared with vehicle, administration

Figure 3. Intraplantar CFA injection induces membrane Hsp90 expression in lumbar DRG, especially in females. (A) Complete Freund adjuvant (CFA)-induced
membrane-bound eHsp90 expression was higher in lumbar DRG compared with control cervical DRG. Furthermore, eHsp90 expression was higher in females
than in males. (B) Cytosolic Hsp90 expression did not differ between lumbar and cervical DRG or between males and females. N5 14 (7M, 7F) mice per group.
Data are mean6 SEM. **P, 0.01 different from cervical. #P, 0.05 different from males. DRG, dorsal root ganglia; eHsp90, ectopic Hsp90; Hsp90, heat shock
protein 90.
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Figure 4. Exogenous Hsp90 induces calcium influx in primary afferent nociceptors. (A) Calcium traces and analysis of group differences in primary DRG
nociceptors isolated from Pirt-GCaMP3 mice after ex vivo stimulation with Hsp90 show that Hsp90 dose-dependently increases calcium responses. N5 5 (2M,
3F) mice per group. (B) Administration of HS-131 before Hsp90 dose-dependently decreases calcium responses in males. N 5 5M mice per group. (C)
Administration of HS-131 before Hsp90 dose-dependently decreases calcium responses in females. N 5 5M mice per group. (D) Female primary nociceptors
exhibit greater calcium responses to Hsp90 compared with male primary nociceptors. Incubation of male primary DRG nociceptors with estrogen overnight at
varying concentrations enhances calcium response to exogenous Hsp90. N 5 10 (8M, 2F) mice per group. Data are mean 6 SEM. *P , 0.05, **P , 0.01, ***
P , 0.001 different from vehicle in A, B, and C and different from males in D. DRG, dorsal root ganglia; Hsp90, heat shock protein 90.
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of HS-131 had no effect on fall latency measured at 6 hours
posttreatment in either male or female mice (Fig. S6, available as
supplemental digital content at http://links.lww.com/PAIN/
B522).

4. Discussion

Emerging evidence suggests that Hsp90 regulates critical
signaling pathways underlying chronic pain, yet the role of the
membrane-bound eHsp90 form in this pathway, if any, has

remained undetermined. Here, using HS-131, a cell-
impermeable eHsp90 inhibitor, we provide the first demon-
stration that eHsp90 plays a key role in the pathogenesis of
inflammatory pain. We found that inflammation leads to an
upregulation of eHsp90 on DRG nociceptors, with higher
levels observed in females. Furthermore, we found that
inhibition of eHsp90 reduces nociceptor activity, pain, and
inflammation in a sex-dependent manner such that females
require higher dosing with the selective eHsp90 inhibitor
HS-131.

Figure 5. Inhibition of eHsp90 with HS-131 (10 nmols) alleviates CFA-induced pain and inflammation in male, but not female mice. (A) Experimental timeline.
Mechanical pain (MP), thermal pain (TP), and motor function (Mot) were evaluated before CFA or IFA administration on days 1, 2, and 3 post-CFA or IFA, and at
hours 1, 3, and 6 after HS-131/Veh. Hind paw edema (HE) was measured on day 3 before and 6 hours after HS-131/Veh. (B) Administration of HS-131 (10 nmol)
attenuated CFA-induced mechanical allodynia, mechanical hyperalgesia, thermal heat hyperalgesia and edema in male mice. (C) By contrast, administration of
HS-131 (10 nmol) had no significant effect on pain and hind paw edema in female mice. IFA-Veh N5 18 (7M, 11F), IFA-HS131 N5 17 (7M, 11F), CFA-Veh N5 20
(9M, 11F), andCFA-HS131N5 20 (9M, 11F)mice. For edema, IFA-VehN5 9 (5M, 4F), IFA-HS131N5 10 (5M, 5F), CFA-VehN5 12 (5M, 7F), andCFA-HS131N
5 12 (5M, 7F) mice. Data are mean6 SEM. *P, 0.05, **P, 0.01, *** P, 0.001 different from IFA controls. #P, 0.05, ##P, 0.01 different from CFA-Veh. CFA,
complete Freund adjuvant; eHsp90, ectopic Hsp90; Hsp90, heat shock protein 90; IFA, incomplete Freund adjuvant.
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4.1. Complete Freund adjuvant induces ectopic heat shock
protein 90 expression on dorsal root ganglion nociceptors,
where it acts to increase calcium responses

Previous studies have shown that eHsp90 is upregulated in tumor
cells undergoing metastatic progression, and it is believed to
stabilize oncogene-driven client proteins and receptors in the cell
membrane.2,3,17 Here, using the eHsp90 selective fluorinhibitor
HS-131, we show that eHsp90 is upregulated on the cell bodies
of primary afferent nociceptors located in L3-L5 DRG on day 3
after intraplantar CFA injection. Western blot analysis of these
fractions confirmed that CFA-induced increases in Hsp90 were
localized to themembrane and not the cytosol. Of note, increased
eHsp90 expression was observed in lumbar DRG contralateral as
well as ipsilateral to the site of CFA injection. Contralateral
expression of eHsp90 in lumbar DRG is unlikely due to a lack of
specificity of HS-131 or the Hsp90 antibody because only
minimal expression was observed in cervical DRG with no
difference between CFA and IFA groups. It is possible that
cleaved eHsp90 from ipsilateral DRG is stimulating nociceptor
activity through ectopic Hsp90 secretion and stimulation of
adjacent contralateral DRG; however, further experimental
studies would be needed to more fully define this hypothesis.31

To directly test the effect of increased eHsp90 levels on
nociceptor activity, we used primary DRG neurons isolated from
Pirt-GCaMP3mice which express a fluorescent calcium indicator
in response to activating ligands.1 In mixed primary neurons
isolated from both male and female Pirt-GCaMP3 mice, we
observed a dose-dependent increase in calcium response after
administration of Hsp90. This finding is in line with those
demonstrating that exogenous Hsp90 can bind and activate
signaling pathways such as ERK and MAP,5,30,33,36 which are
known to promote increased nociceptor activity and pain.15,16

4.2. Heat shock protein 90 expression and activity is greater
in female versus male nociceptors

The effects of Hsp90 may be potentiated by sex hormones, such
as estrogen, based on our results showing (1) CFA-induced
increases in membrane-bound eHsp90 were significantly greater
in lumbar DRG isolated from female comparedwithmalemice, (2)
female nociceptors and estrogen-treated male nociceptors
showed enhanced activity to exogenous Hsp90 stimuli relative
to untreatedmale nociceptors, and (3) systemic delivery of Hsp90
induced greater pain behavior in female compared with male
mice. Based on these collective findings, it is possible that
estrogen increases eHsp90 expression on neurons, which then
chaperones critical pronociceptive and proinflammatory proteins

in the membrane leading to heightened nociceptive responses in
females. In fact, it has been shown that Hsp90 is expressed in the
membrane and forms a functionally integral component of the
TLR4 signaling complex, subsequently influencing cellular re-
sponse to extracellular inflammatory signaling.35 Although the
exact membrane clients of Hsp90 in nociceptors are still
unknown, we predict Hsp90 stabilizes several membrane-
bound proteins involved in pain transmission. Future experiments
are needed to truly elucidate the specific mechanism(s) whereby
eHsp90 and estrogen network to induce inflammatory pain.

4.3. Ectopic heat shock protein 90 inhibition reduces
nociceptor activity, pain, and inflammation, with females
requiring higher doses of HS-131

After demonstrating CFA-induced eHsp90 expression is local-
ized to DRG neurons, where it promotes increases in their
calcium-dependent activity, we next sought to test the effects of
the specific eHsp90 inhibitor HS-131 on nociception, pain, and
inflammation. In primary DRG neurons isolated from Pirt-
GCaMP3 mice, we found that HS-131 dose-dependently
decreased Hsp90-induced calcium responses. In line with the
finding that Hsp90-induced responses were greater in females
than in males, we observed that treatment with the high 1-mM
dose of HS-131more effectively attenuated calcium responses in
male-isolated neurons compared with female-isolated neurons.

Next, in mice, we found that HS-131 (10 nmols) attenuated
mechanical pain, thermal pain, and inflammation in male, but not
female mice. Based on the higher expression profile of eHsp90 in
female mice, we treated a separate cohort of females with a
higher dose HS-131 (20 nmols), after which we observed
significant reductions in pain and inflammation. Together, results
from both in vivo and ex vivo experiments support that eHsp90
regulates signaling of proteins in pathways associated with
inflammatory pain. In addition, our data suggest that expression
of hormones such as estrogen in female nociceptors may
increase the expression of eHsp90, leading to a higher drug
concentration needed to attenuate eHsp90 signaling in females.

Previous groups have evaluated the therapeutic potential of
Hsp90 inhibition in multiple animal models of pain.22,19 Hsp90
inhibition as a whole has generally shown robust attenuation of
pain in these models; however, the proposed mechanism of how
Hsp90 influences pain has been vast. For example, 1 group has
shown that Hsp90 can regulate TLR4 receptor signaling, where
Hsp90 enhanced TLR4-mediated inflammatory nociception
leading to an increase in pain-like behaviors in rats.14 In addition
to Hsp90 regulation of inflammatory processes that underlie pain,

Figure 6. A higher dose of HS-131 (20 nmol) alleviates CFA-induced pain and inflammation in female mice. Administration of HS-131 (20 nmols) significantly
reduced mechanical allodynia, mechanical hyperalgesia, thermal heat hyperalgesia, and hind paw edema after treatment on day 3 post-CFA. N 5 10 mice per
group. Data are mean 6 SEM. **P , 0.01, ***P , 0.001 different from hour 0 before HS-131. CFA, complete Freund adjuvant.
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our group and others have shown that Hsp90 inhibition in
nociceptors can reduce pain-like behaviors. For example, the
development of C-terminal–targeted Hsp90 inhibitors has been
shown to block the development of peripheral diabetic neurop-
athies by blocking neuronal apoptosis, improving mitochondrial
function as well as sensory fiber recovery.37,38 Ultimately, our
results and that of others support the continued investigation of
Hsp90 as a novel analgesic target for the treatment of awide array
of pain syndromes.

4.4. Ectopic heat shock protein 90 represents a novel
therapeutic target for the treatment of pain

Current treatments for chronic pain include conventional non-
steroidal anti-inflammatory drugs (eg, aspirin and ibuprofen), which
are short-acting and fail to alleviate severe chronic pain, as well as
longer-acting centrally targeted therapies (eg, opioids, antidepres-
sants, and anticonvulsants) that show poor efficacy for managing
chronic pain and produce adverse side effects, such as altered
mental state, addiction, and respiratory depression.27,21 Here, we
show that CFA induces eHsp90 expression on nociceptors which
may then promote increases in their activity so as to drive
nociception and pain. Furthermore, selective inhibition of eHsp90
reduces nociceptor activity and alleviates pain and inflammation.
These results support the therapeutic role of targeting eHsp90 in
inflammatory pain syndromes. To date, multiple Hsp90 inhibitors
have been clinically developed and tested where they have been
well tolerated in patients. In conclusion, our results show that
Hsp90, and in particular eHsp90, regulates critical signaling
pathways that underlie the etiology of inflammatory pain and may
represent a novel, safe, and effective therapeutic target for patients
with chronic pain conditions linked to abnormalities in immune
signaling.
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