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our translation findings above (34–40). RSK2 has also been implicated 
in acute morphine-induced analgesia within the medial habenula 
(33). Our proteomic analysis demonstrated altered expression levels 
of RSK2 within the spinal cord due to Hsp90 inhibition. Therefore, 
we aimed to probe both RSK1 and RSK2 as a potential mechanism 
within this molecular pathway.

To evaluate the necessity of RSK activation within our behavioral 
model, we used the irreversible RSK1/2 inhibitor 1-[4-amino-7-(3-
hydroxypropyl)-5-(4-methylphenyl)-7H-pyrrolo[2,3-d] pyrimidin-6-yl]-
2-fluoroethanone (Fmk). In a similar design to the U0126 and CX 
experiments above, 24-hour intrathecal 17-AAG was combined with 
intrathecal Fmk 30 min before morphine treatment in the tail-flick model. 
Fmk treatment returned the enhanced morphine antinociception caused 
by 17-AAG treatment back to baseline, whereas Fmk alone without 17-
AAG treatment had no effect on morphine antinociception (Fig. 6A). 
These results show the same pattern as the U0126 and CX experiments 
above and strongly suggest that RSK promotes morphine antinociception 
after spinal Hsp90 inhibition. Fmk is nonselective between RSK1 
and RSK2, so either or both isoforms could promote antinociception.

To confirm and extend these findings, we evaluated phosphoryl
ation levels of both isoforms by Western blot in treated spinal cords as 
above. We found that both RSK1 and RSK2 demonstrate a similar 
phosphorylation pattern to that of ERK. 17-AAG treatment alone elic-
its increases in both RSK1 and RSK2 phosphorylation that rises to the 
level of significance for RSK2; 17-AAG and DAMGO cotreatment sig-
nificantly increases phosphorylation of both proteins versus the Vehicle/
Vehicle control group and over the 17-AAG/Vehicle group for RSK2 
(Fig. 6, B to D). These results show that both RSK1 and RSK2 are acti-
vated by 17-AAG and DAMGO cotreatment and may both promote 
morphine antinociception after spinal cord Hsp90 inhibition.

DISCUSSION
In this study, we have identified a previously unknown molecular 
ERK-RSK signaling circuit in the spinal cord that can promote 

acute opioid-induced antinociception; 
this circuit is normally suppressed by 
Hsp90 and is only uncovered by spinal 
Hsp90 inhibition. Our results place rapid 
protein translation as a downstream 
event of ERK activation. Given the ex-
tensive literature that has shown an 
ERK-RSK-translation cascade (34–40), 
we propose a model by which Hsp90 
inhibition relieves the repression of 
ERK activation by MOR, resulting in an 
ERK-RSK-translation–mediated cascade 
facilitating opioid-induced antinoci-
ception (Fig. 7).

Our results provide strong support 
that spinal ERK, RSK, and translation 
are not active at baseline for acute 
opioid antinociception. The inhibitors 
U0126, Fmk, and CX all had no effect 
on their own without 17-AAG treat-
ment; we also showed that neither ERK 
nor RSK phosphorylation was stimulated 
by opioid treatment in vehicle-treated 
control mice using both Western blot 

and IHC methods. We could not find any literature reports show-
ing acute activation of these kinases by opioids in the spinal cord. 
This is in sharp contrast to the brain, where our results and others 
show that ERK and RSK are phosphorylated by baseline opioid 
treatment and contribute to opioid antinociception (21, 33, 41–44). 
This is not to say that ERK can have no impact on the opioid system 
in the spinal cord. Spinal ERK has been shown to have a role in 
mediating chronic opioid treatment side effects, particularly toler-
ance (45). ERK also has a well-established role in promoting chron-
ic pain states after activation in the dorsal horn by strong and 
chronic pain stimuli (46). These contrasting findings show the im-
portance of context in the function of signaling kinases. ERK is 
downstream of numerous receptor systems in the same cell and 
must be able to carry out diverse functions in the same cell when 
stimulated by these different systems. We propose that ERK is orga-
nized uniquely within the spinal cord so that it does not respond to 
acute MOR activation but is free to act in response to chronic MOR 
activation and in response to other receptor systems; our results 
suggest that Hsp90 could be this organizing factor preventing acute 
activation by the MOR. Removing this blockade enables ERK acti-
vation, leading to RSK activation, translation of new proteins, and 
enhanced antinociception. Uncovering these additional mecha-
nisms will lend great insight into how MOR signaling is organized 
in the spinal cord.

One potential clue to the unique organization of Hsp90 in the 
spinal cord is that we found that spinal Hsp90 inhibition does not 
result in Hsp70 up-regulation, confirmed in multiple experiments. 
Hsp70 up-regulation in response to Hsp90 inhibition has long been 
considered a canonical response, caused by the release of heat shock 
factor-1 when Hsp90 is inhibited; we and many others have shown 
in this paper and elsewhere that Hsp70 is up-regulated in response 
to Hsp90 inhibition in numerous cell lines and brain tissue (21, 47). 
However, we cannot find any reports of Hsp70 up-regulation in the 
wild-type spinal cord in vivo after Hsp90 inhibitor treatment. Others 
have pointed out that Hsp90 inhibition does not always result in a 

Fig. 4. Spinal Hsp90 inhibition evokes rapid protein translation that mediates enhanced morphine-evoked 
antinociception. (A) Tail-flick assay on male and female CD-1 mice intrathecally injected with 0.5 nmol of 17-AAG or 
vehicle for 24 hours, then 85 nmol of cycloheximide (CX) or vehicle intrathecally for 30 min, and then morphine 
(3.2 mg/kg, subcutaneously). *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding Veh/Veh data; #P < 0.05 and 
##P < 0.01 versus corresponding 17-AAG/CX data (by two-way ANOVA with Sidak’s post hoc test). Data are 
means ± SEM from N (the number of mice per group as noted in the graph), each performed as four technical repli-
cates. (B and C) Western blotting and densitometry analysis of pERK abundance in the spinal cords of mice intrathe-
cally treated with 17-AAG then CX or vehicle as in (A), followed by 0.1 nmol of DAMGO or vehicle for 10 min. pERK 
density was normalized to tERK density in each sample and further normalized to the 17-AAG/Vehicle/Vehicle group. 
*P < 0.05 versus 17-AAG/Vehicle/Vehicle and #P < 0.05 versus 17-AAG/CX/Vehicle (both by two-way ANOVA with 
Tukey’s post hoc test). Data are means ± SEM from N (the number of mice per group as noted in the graph), each 
performed as six technical replicates.
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heat shock response leading to Hsp70 up-regulation (48). It may be 
that Hsp90 in the spinal cord is organized differently at the mo-
lecular level than in the brain; perhaps it does not interact with heat 
shock factor-1 or similar proteins in the spinal cord. These differ-
ences may point to the mechanism by which Hsp90 has different 
signaling roles in brain versus spinal cord.

Our observations are consistent with the ERK/RSK cascade en-
hancing opioid activation via rapid protein translation. Hsp90 and 
ERK have both been linked to the initiation of protein translation 
(29–32). RSK phosphorylation by ERK has been shown to activate 
translation through a variety of substrates including eukaryotic 
translation initiation factor-4B, tuberous sclerosis complex-1/2, the 
40S ribosomal subunit protein S6, glycogen synthase kinase-3, and 
elongation factor-2 kinase (34–40). These studies provide plausible 
targets linking ERK/RSK to protein translation but do not provide a 

potential mechanism for how protein translation enhances anti
nociception. Among the full list of proteins altered by 17-AAG treat-
ment in our proteomic analysis were candidate proteins for this 
mechanism (data file S1). These include ion channels, such as 
potassium voltage-gated channel subfamily A member 4 and the 
calcium voltage-gated channel auxiliary subunit a2d1 subunit 
of the voltage-gated calcium channel, and numerous signaling 
proteins and signaling protein regulators (such as phospholipase Cd3, 
protein phosphatase 1, regulator of G protein signaling 12, and 
G protein-coupled receptor 162); these provide plausible future can-
didates to be investigated that could link the protein translation 
that we observed to enhanced antinociception. One finding that 
will guide such a search is that any candidate protein must have a 
rapid turnover half-life, given our observation that inhibiting trans-
lation within 30  min of opioid treatment abolished the response, 

Fig. 5. Quantitative proteomic analysis reveals a protein network altered by spinal Hsp90 inhibition. (A) Protein sample preparation and proteomic analysis work-
flow, as detailed in Materials and Methods. The samples were prepared using female CD-1 mice (N = 3 per group), which were intrathecally injected with 0.5 nmol of 
17-AAG or vehicle for 24 hours. Spinal cords were removed for proteomic analysis, and protein was extracted as for Western blotting (detailed in Materials and Methods). 
These samples were used for all subsequent analysis in this figure. (B) Unbiased hierarchical clustering and heat map analysis of proteins significantly altered by 17-AAG 
treatment (P < 0.05). Red, increased; green, decreased; rows, individual proteins; columns, individual samples. Protein quantity traces for all proteins in each sample are 
shown (right insets). (C) Protein quantity data for the protein kinase RSK2, shown as means ± SEM of N = 3 per group. *P < 0.05 by unpaired two-tailed t test. (D) Principal 
components analysis of the full proteomic dataset was performed. Both treatment groups cluster together and are well separated along component 1, accounting for 
75.1% of the variance. Within-group variance only occurs along component 2, accounting for only 8.5% of the variance. (E) Volcano plot of all detected proteins from the 
full proteomic dataset, plotting P value versus fold change. Red, significantly down-regulated; blue, significantly up-regulated; gray, not significant. (F) Gene ontology 
(GO) and KEGG pathway analysis of significantly altered proteins from (B) (see Materials and Methods for details). Data are plotted as significance versus fold enrichment. 
JNK, c-Jun N-terminal kinase.
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suggesting that the protein must be degraded sufficiently within that 
time frame.

We also observed interesting systemic interactions above the 
level of molecular circuitry when investigating how Hsp90 inhibition 

in the brain and spinal cord interact. We 
found that Hsp90 inhibition in the brain 
had a dominant effect over that in the spi-
nal cord in terms of the overall behavioral 
output, with either systemic or combined 
intracerebroventricular/intrathecal in-
hibition. For example, in the tail-flick 
pain model, brain Hsp90 inhibition had 
no notable effect on opioid-induced anti-
nociception but nonetheless repressed 
the effects of spinal inhibition. The brain 
has a well-established circuit of opioidergic 
descending modulation with cell bodies 
in the rostroventral medulla and other 
regions and synapsing on nociceptive 
modulatory circuits in the spinal cord 
(49). It may be that descending modu-
latory neurons in the brain can override 
the spinal circuits when Hsp90 is inhib-
ited in the brain. Lending some support 
to this hypothesis is our finding that spi-
nal Hsp90 inhibition leads to enhanced 
ERK phosphorylation in lamina I/II of 
the dorsal horn of the spinal cord, which 
is a key target region for these descend-
ing neurons (50). Investigating the circuit 
context in which Hsp90 regulates anti-
nociception will provide key insights into 
how the molecular circuitry translates into 
a whole animal behavioral response.

In this study, we demonstrated a spi-
nal cord–specific role for Hsp90 within 
MOR downstream signaling and, in 
doing so, have begun to elucidate MOR-
dependent downstream mechanisms of 
ERK phosphorylation within the spinal 
cord that can affect systemic morphine-
induced antinociception. We propose a 
mechanism in which Hsp90 serves as a 
brake on ERK phosphorylation within 
neurons in the spinal cord dorsal horn. 
Once the brake is removed by a spinal 
Hsp90 inhibitor, ERK phosphorylation 
is “unchained” and can contribute to 
MOR agonist–induced antinociception 
through RSK activation and rapid 
translation. This translation event must 
up-regulate proteins that contribute to 
either hyperpolarization or the preven-
tion of neurotransmitter release in primary 
or secondary nociceptive afferents within 
the spinal cord, further preventing the 
transmission of pain signals. Not only is 
this mechanism important in the con-
text of molecular signaling, but there is 

also the potential to capitalize on these findings clinically by devel-
oping an opioid dose reduction strategy. Hsp90 inhibitors could be 
used to amplify morphine analgesia through the spinal cord without 
altering unwanted morphine side effects, many of which are evoked 

Fig. 6. Spinal Hsp90 inhibition activates RSK1/2 phosphorylation, which mediates enhanced morphine-evoked 
antinociception. (A) Tail-flick assay in male and female CD-1 mice intrathecally injected with 0.5 nmol of 17-AAG or 
vehicle for 24 hours, followed by 10 nmol of Fmk or vehicle intrathecally for 30 min and then by morphine (3.2 mg/kg, 
subcutaneously). Data are means ± SEM from N (number of mice per group noted in the graph), each as three techni-
cal replicates. **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus same time point Vehicle/Vehicle group by two-way 
ANOVA with Sidak’s post hoc test. (B to D) Western blotting for phosphorylated (p) and total (t) RSK1 and RSK2 in the 
spinal cords from mice intrathecally injected with 0.5 nmol of 17-AAG or Vehicle for 24 hours, followed by 0.1 nmol of 
DAMGO or Vehicle intrathecally for 10 min. Densitometry of pRSK1 (C) and pRSK2 (D) was normalized to the corresponding 
tRSK within each sample and further normalized to the Vehicle/Vehicle group. Data are means ± SEM from N (number of mice 
per group noted in the graph), each as three technical replicates. *P < 0.05, ***P < 0.001, and ****P < 0.0001 versus 
Vehicle/Vehicle group and ##P < 0.01 versus 17-AAG/Vehicle group (both by two-way ANOVA with Tukey’s post hoc test).

Fig. 7. Proposed model of Hsp90 regulation of opioid signaling in the spinal cord. Our data suggest that phos-
phorylation of ERK-MAPK proteins in the spinal cord by the MOR in response to opioids is blocked by Hsp90. Thus, 
Hsp90 inhibition (by 17-AAG or KU-32) enables ERK MAPK phosphorylation by the MOR with opioid treatment, lead-
ing to an ERK-RSK-translation cascade that promotes opioid antinociception.

 on M
ay 18, 2021

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


Duron et al., Sci. Signal. 13, eaaz1854 (2020)     5 May 2020

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

9 of 12

through brain regions such as the striatum (reward) or through the gut 
(constipation) and would not be affected by spinal cord treatment.

MATERIALS AND METHODS
Reagents
17-AAG (#AAJ66960MC), DAMGO (#11711), Fmk (#46-901-0), 
CX (#AC357420010), and U0126 (#11-445) were all purchased 
from Fisher Scientific (Waltham, MA). Morphine sulfate penta
hydrate was obtained through the National Institute on Drug Abuse 
Drug Supply Program and distributed through the Research Triangle 
Institute. KU-32 was synthesized using published protocols, and 
purity (>95%) and identity were confirmed by high-performance 
liquid chromatography (HPLC) and mass spectrometry (25). 17-AAG, 
U0126, Fmk, KU-32, and CX were prepared as stock solutions in 
dimethyl sulfoxide (DMSO), and DAMGO was prepared as a stock 
solution in water. Morphine was prepared fresh for each experiment 
in United States Pharmacopeia (USP) saline. Powders were stored 
as recommended by the manufacturer, and stock solutions were 
stored at −20°C. Appropriate vehicle controls were used for each 
experiment: 10% DMSO in water for KU-32, Fmk, and CX intrathecal 
injections; water for DAMGO intrathecal injections; USP saline for 
systemic morphine injections; and 10% DMSO, 10% Tween 80, and 
80% USP saline for the 17-AAG and U0126 intrathecal, intracere-
broventricular, and intraperitoneal injections.

Animals
Male and female CD-1 mice in age-matched controlled cohorts 
from 4 to 8 weeks of age were used for all experiments and were 
obtained from Charles River Laboratories (Wilmington, MA). Male 
and female mice were used in about equal numbers in each experiment; 
no sex differences were observed, so the male and female cohorts were 
combined for all data shown. CD-1 [also known as Institute for Cancer 
Research (ICR)] mice are commonly used in opioid research and in 
our previous work as a line with a strong response to opioid drugs 
[as in (21, 51)]. Mice were allowed to recover for at least 5 days after 
shipment before being used in experiments. The mice were kept 
in an Association for Assessment and Accreditation of Laboratory 
Animal Care–accredited vivarium at the University of Arizona un-
der temperature control and 12-hour light/dark cycles with food 
(standard laboratory chow) and water available ad libitum. No more 
than five mice were kept in a cage. The animals were monitored daily, 
including after surgical procedures, by trained veterinary staff. All 
experiments performed were in accordance with Institutional Ani-
mal Care and Use Committee–approved protocols at the University 
of Arizona and according to the guidelines of the National Institutes 
of Health (NIH) Guide for the Care and Use of Laboratory Animals 
handbook.

Behavioral experiments
Before any behavioral experiment or testing, the animals were 
brought to the testing room in their home cages for at least 1 hour 
for acclimation. Testing always occurred within the same approxi-
mate time of day between experiments, and environmental factors 
(noise, personnel, and scents) were minimized. All testing appara-
tus (cylinders, grid boxes, etc.) were cleaned between uses. The ex-
perimenter was blinded to treatment group by another laboratory 
member delivering coded drug vials, which were then decoded after 
collection of all data.

Paw incision and mechanical allodynia
Mechanical thresholds were determined before surgery using cali-
brated Von Frey filaments (Ugo Basile, Varese, Italy) with the up-
down method and four measurements after the first response per 
mouse (21, 52). The mice were housed in a homemade apparatus 
with Plexiglas walls and ceiling and a wire mesh floor (3 inches by 
4 inches by 3 inches with 0.25-inch wire mesh). The surgery was 
then performed by anesthesia with ~2% isoflurane in standard air, 
preparation of the left plantar hindpaw with iodine and 70% etha-
nol, and a 5-mm incision made through the skin and fascia with a 
no. 11 scalpel. The muscle was elevated with curved forceps, leaving 
the origin and insertion intact, and the muscle was split lengthwise 
using the scalpel. The wound was then closed with 5-0 polyglycolic 
acid sutures. All intracerebroventricular and intrathecal injections 
were performed as described in our previous work (21). For the 
17-AAG/KU-32 experiments, the mice were then intrathecally in-
jected and left to recover for 24 hours. The next day, the mechanical 
threshold was again determined as described above, and intrathecal 
injections took place for the U0126 experiments with a 15-min 
treatment time. Both the 17-AAG and the U0126 mice were then 
injected with morphine (3.2 mg/kg, subcutaneously), and mechanical 
thresholds were determined over a 3-hour time course. No animals 
were excluded from these studies.

Tail-flick assay
Preinjection tail-flick baselines were determined in a 52°C warm 
water tail-flick assay with a 10-s cutoff time (21). The mice were 
then intrathecally injected with 17-AAG, KU-32, CX, Fmk, or 
U0126 with a 24-hour (17-AAG and KU-32), 30-min (CX and 
Fmk), or 15-min (U0126) treatment time. Twenty-four hours after 
injection, baselines were determined for the 17-AAG experiments. 
The mice were then injected with morphine (3.2 mg/kg, subcutane-
ously), and tail-flick latencies were determined over a 2-hour time 
course. No animals were excluded from these studies.

Rotarod test
Mice were subjected to three training trials of 3 min each on a 
rotarod device, with the machine off for trial 1, the machine on but 
not rotating for trial 2, and the machine rotating at 4 rpm for trial 3 
(21). An automatic timer in the unit was used to record fall latencies 
with a 3-min maximum time. The mice were then intrathecally in-
jected with 17-AAG or vehicle and allowed to recover for 24 hours, 
and another 3-min rotarod trial was performed without additional 
treatments or interventions. This trial was done with an accelerat-
ing 4- to 16-rpm task over the 3-min trial time. No mice were ex-
cluded from these studies.

Western blotting and analysis
Mouse spinal cord or PAG protein lysates were prepared using our 
previously published protocol (21) and quantified with a bicin-
choninic acid protein quantitation assay using the manufacturer’s 
protocol (Bio-Rad). The protein was run on precast 10% bis-tris 
Bolt gels (Fisher Scientific, #NW00100BOX) using the Bolt gel 
apparatus and following the manufacturer’s instructions. The gels 
were transferred to nitrocellulose membrane (Bio-Rad) using a wet 
transfer system (30 V, minimum of 1 hour on ice). The blots were 
blocked with 5% nonfat dry milk in tris-buffered saline (TBS) and 
incubated with primary antibody in 5% bovine serum albumin 
(BSA) in TBS + 0.1% Tween 20 (TBST) overnight rocking at 
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4°C. The blots were then washed three times for 5 min in TBST, 
incubated with secondary antibody (see below) in 5% milk in TBST 
for 1 hour of rocking at room temperature, washed again, and 
imaged with a LI-COR Odyssey infrared imaging system (LI-COR, 
Lincoln, NE). Some blots were then stripped with 25 mM glycine-
HCl and 1% SDS (pH 2.0) for 30 to 60 min of rocking at room tem-
perature before being washed and reexposed to primary antibody. 
The resulting image bands were quantified using Scion Image 
(based on NIH Image). All images were quantified in the linear sig-
nal range, which is easier to ensure because the Odyssey imager is a 
dynamic imager that allows for fine control of exposure. The pERK 
signal was normalized to the total ERK (tERK) signal, and pRSK1 
and pRSK2 were normalized to tRSK1 and tRSK2, respectively, 
with both measured from the same blot as the primary target. The 
normalized intensities were further normalized to a vehicle control 
present on the same blot.

Immunohistochemistry
Perfusions were performed on drug-treated mice with cold phos-
phate-buffered saline (PBS), followed by cold 4% paraformaldehyde 
in PBS. Shortly after the perfusions were complete, fixed spinal 
cords were extracted and immediately placed in cold 4% parafor-
maldehyde for ~6 hours. Spinal cords were then placed in 15% su-
crose in PBS overnight, followed by 30% sucrose in PBS overnight. 
Spinal cords were then flash-frozen in optimal cutting temperature 
compound using liquid nitrogen and sectioned with a Microm HM 
525 cryostat at a thickness of 20 m between the L5 and L6 vertebrae 
and mounted on Surgipath X-tra microscope slides. Spinal cord sections 
were rehydrated in PBS in preparation for free-float staining. Samples 
were incubated in an endogenous peroxidase blocking buffer con-
sisting of 60% methanol and 0.3% H2O2 in PBS at room temperature 
for 30 min and then washed with PBS + 0.1% Tween 20 (PBST). They 
were then incubated in 5% goat serum and 1% BSA in PBST at 
room temperature for 1 hour. Samples were then incubated with 
1:5000 primary pERK antibody in 1.5% goat serum and 1% BSA in 
PBST at 4°C overnight. Samples were then washed with PBST and 
then incubated with a 1:400 biotinylated secondary goat anti-rabbit 
immunoglobulin G (IgG) antibody in 1.5% goat serum and 1% BSA 
in PBST at room temperature for 1 hour. Samples were prepared as 
instructed using the VECTASTAIN Elite ABC horseradish peroxi-
dase kit (#PK-6101) and TSA Plus Fluorescein evaluation kit 
(#NEL741E001KT), both from PerkinElmer. NeuN and MAP2 pri-
mary antibodies were used at 1:1000 and 1:500, respectively, during 
the pERK primary incubation. The secondary for NeuN and MAP2 
was Alexa Flour goat anti-mouse IgG 594, which was used at 1:500 
for both which was added during the pERK secondary incubation 
mentioned above. Stained spinal cord sections were then mounted 
onto slides with Novus FluorEver. Sections were imaged at 4×, 10×, 
and 63× using an Olympus BX51 microscope equipped with a 
Hamamatsu C8484 digital camera. Images were analyzed using 
ImageJ. Dorsal horn regions were selected, and average mean inten-
sities were measured and normalized to no primary antibody and 
vehicle controls within experimental groups.

Antibodies
The antibodies used were as follows: Hsp70 (1:1000; Cell Signaling 
Technology, 4872S, lot 4, rabbit), glyceraldehyde phosphate dehy-
drogenase (GAPDH) (1:1000; Thermo Fisher Scientific, MA5-15738, 
lot PI209504, mouse), pERK (1:1000 for Westerns and 1:5000 for 

IHC; Cell Signaling Technology, 4370S, lot 12, rabbit), tERK (1:1000; 
Cell Signaling Technology, 4696S, lot 16, mouse), pRSK1 (1:1000; 
Cell Signaling Technology, 11989S, lot 4, rabbit), tRSK1 (1:1000; Cell 
Signaling Technology, 8408S, lot 5, rabbit), pRSK2 (1:1000; Cell 
Signaling Technology, 3556S, lot 4, rabbit), tRSK2 (1:1000; Cell Sig-
naling Technology, 5528S, lot 1, rabbit), MAP2 (1:500; Invitrogen, 
13-1500, lot TJ275359, mouse), NeuN (1:1000; Abcam, ab104224, 
lot GR3247200-1, mouse), secondary GM680 (1:10,000 to 1:20,000; 
LI-COR, 926-68020, lot C50721-02, goat), secondary GR800 (1:10,000 
to 1:20,000; LI-COR, 926-32211, lot C50602-05, goat), and secondary 
Alexa Fluor goat anti-mouse IgG 594 (1:500; Invitrogen, A11032, lot 
1985396, mouse).

Proteomics: In-gel digestion
Mouse spinal cord protein lysates (100 g) were prepared as for 
Western blot from animals that were treated with either 17-AAG or 
vehicle (N = 3 each) and were separated on a 10% SDS-PAGE gel 
and stained with Bio-Safe Coomassie G-250 Stain. Each lane of the 
SDS-PAGE gel was cut into six slices, and the gel slices were subject-
ed to trypsin digestion. The resulting peptides were purified by 
C18-based desalting exactly as previously described (53, 54).

Proteomics: Mass spectrometry and database search
HPLC–electrospray ionization–MS/MS was performed in positive 
ion mode on a Thermo Scientific Orbitrap Fusion Lumos Tribrid 
mass spectrometer fitted with an EASY-Spray Source (Thermo 
Scientific, San Jose, CA). NanoLC was performed exactly as previ-
ously described (53, 54). Tandem mass spectra were extracted from 
Xcalibur “RAW” files, and charge states were assigned using the 
ProteoWizard 3.0 msConvert script using the default parameters. 
The fragment mass spectra were searched against the Mus musculus 
SwissProt_2018_01 database (16,965 entries) using Mascot (version 
2.6.0; Matrix Science, London, UK) using the default probability 
cutoff score. The search variables that were used were as follows: 
10–parts per million mass tolerance for precursor ion masses and 
0.5 Da for product ion masses; digestion with trypsin; a maximum 
of two missed tryptic cleavages; and variable modifications of 
oxidation of methionine and phosphorylation of serine, threonine, 
and tyrosine. Cross-correlation of Mascot search results with X! 
Tandem was accomplished with Scaffold (version Scaffold_4.8.7; 
Proteome Software, Portland, OR). Probability assessment of peptide 
assignments and protein identifications were made using Scaffold. Only 
peptides with ≥95% probability were considered. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange 
Consortium via the Proteomics Identifications Database (PRIDE) 
(55, 56) partner repository with the dataset identifier PXD015060 and 
10.6019/PXD015060. The reviewer account details are as follows: 
username, reviewer97855@ebi.ac.uk and password, 8AM00kfd.

Label-free quantitative proteomics
Progenesis QI for proteomics software (version 2.4; Nonlinear 
Dynamics Ltd., Newcastle upon Tyne, UK) was used to perform 
ion intensity–based label-free quantification as previously described 
(54). In an automated format, .RAW files were imported and con-
verted into two-dimensional maps (y axis, time and x axis, m/z), 
followed by selection of a reference run for alignment purposes. An 
aggregate dataset containing all peak information from all samples 
was created from the aligned runs, which was then further narrowed 
down by selecting only +2, +3, and +4 charged ions for further analysis. 
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The samples were then grouped, and a peak list of fragment ion 
spectra from only the top eight most intense precursors of a feature 
was exported to a Mascot generic file (.MGF) format and searched 
using Mascot (version 2.4; Matrix Science, London, UK) with the 
same search variables as described above. The resulting Mascot 
.XML file was then imported into Progenesis, allowing for peptide/
protein assignment, whereas peptides with a Mascot ion score of <25 
were not considered for further analysis. Protein quantification was 
performed using only nonconflicting peptides, and precursor ion 
abundance values were normalized in a run to those in a reference 
run (not necessarily the same as the alignment reference run).

Statistical analysis
All data were reported as means ± SEM and normalized where ap-
propriate as described above to total protein and/or Vehicle control 
groups. The behavioral data were reported raw without maximum 
possible effect or other normalization. Biological and technical 
replicates are described in the figure legends. Comparisons between 
two groups (Hsp70 protein expression) were performed by unpaired 
two-tailed t tests. Comparisons of more than two groups (ERK and 
RSK signaling, paw incision, tail flick, and rotarod) were performed 
by two-way analysis of variance (ANOVA) with Sidak’s (behavior) 
or Tukey’s (Western) post hoc tests. In all cases, significance was 
defined as P < 0.05. All graphing and statistical analyses were per-
formed using GraphPad Prism 8.1 (San Diego, CA).

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/630/eaaz1854/DC1
Data file S1. Full set of proteomic analysis results.
Data file S2. Individual proteomic analysis results for Gene Ontology/KEGG analysis.

View/request a protocol for this paper from Bio-protocol.
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of Hsp90 in opioid signaling is tissue specific.
touch, suggesting that this approach might be beneficial in patients. Additional observations further suggest that the role 
Hsp90 in the spine, but not in the brain or periphery, made opioids more effective at dampening sensitivity to heat and
the activity of a kinase-to-protein synthesis pathway required for the antinociceptive effects of opioids. In mice, blocking 

rich regions of the spine, the chaperone protein Hsp90 attenuated−systemically administered opioids. In sensory neuron
 found that Hsp90 inhibitors injected into the spine of mice enhanced the efficacy of et al.adverse effects. Duron 

Until alternatives to opioids are developed, keeping opioid doses low but effective may be key to preventing their
Chaperones put the brakes on opioids
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