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Abstract:
Morphine and other opioids are commonly used to treat pain, despite their numerous
adverse side effects that include respiratory depression, addiction, and tolerance. The modulation
of µ-opioid receptor (MOR) signaling is one way to potentially improve opioid therapy. Heat shock
protein 90 (Hsp90) is a molecular chaperone protein that has been shown to mediate MOR
signaling within the brain in mice. Here, we found that the inhibition of Hsp90 specifically within
the spinal cord enhanced morphine-induced anti-nociception. Intrathecal, but not systemic,
administration of the Hsp90 inhibitors 17-AAG or KU-32 amplified the effects of morphine in
suppressing both thermal and mechanical sensitivity in mice. Furthermore, Hsp90 inhibition
enabled phosphorylation of the kinase ERK in response to opioid treatment. ERK activation was
localized within the dorsal horns of the spinal cord, which are heavily populated with primary
afferent sensory neurons. The additive effects of Hsp90 inhibition were abolished upon intrathecal
inhibition of ERK or protein synthesis. Quantitative proteomic analysis identified upregulated
abundance of the kinase RSK after Hsp90 inhibition in the spinal cord; intrathecal inhibition of
RSK with a small molecule inhibitor blocked the additive effects of Hsp90 inhibitors on morphineinduced anti-nociception. This identified ERK/RSK cascade downstream of MOR, localized to the
spinal cord and repressed by Hsp90, may be used to enhance the efficacy and presumably decrease
the side effects of opioid therapy.

Introduction
Currently available therapeutics for the treatment of chronic pain are largely limited by
their efficacy and undesired side effects. With over 100 million individuals affected and an
economic burden exceeding $600 billion in the United States alone, chronic pain remains an area
of critical and growing medical need (1, 2). One of the more efficacious treatment options are
opioid analgesics, such as morphine. Although these drugs can be very effective acutely, their side
effects such as tolerance, addiction, and respiratory depression make them a high-risk choice when
dealing with long-term medication regimens (3, 4). Accompanying these negative side effects is a
growing social awareness of the potential dangers of opioids that have begun to negatively
stigmatize their use, abetted by a growing opioid abuse and addiction crisis (5).
Intensive decades-long research has revealed a complex signaling network evoked by
opioid treatment downstream of the µ-opioid receptor (MOR) (6). Increased understanding of the
complexity of MOR signal transduction has resulted in new efforts for drug discovery and
development, such as biased agonism to reduce opioid side effects (7-9). These efforts have
produced new biased ligands, as well as additional drugs targeting key proteins such as the kinase
mTOR or MOR signaling-relevant receptors, such as PAR2, to either augment or reduce key
behavioral outputs, such as anti-nociception (10-14). These efforts illuminate the relevant MOR
signaling cascades beyond the “classical” GαI cascade and show the value in elucidating key
downstream signaling regulators.
Heat shock protein 90 (Hsp90) is a molecular chaperone protein that is upregulated in
response to stress. It regulates its client proteins via several molecular mechanisms, including
protein folding, kinase modulation, protein complex formation, and subcellular localization (15,

16). Hsp90 makes up roughly 2% of the total protein pool in a given cell, highlighting its centrality
to cell biology. Its functions have primarily been investigated in the context of cancer (17-19), but
Hsp90 has been shown to have a key role in regulating signal transduction at the receptor and
downstream cascade levels in a number of different tissues and physiological contexts (20).
In earlier work, we tested the hypothesis that Hsp90 could play a key role in MOR signal
transduction by selectively inhibiting Hsp90 in the brain using intracerebroventricular (i.c.v.)
administration of 17-N-allylamino-17-demethoxygeldanamycin (17-AAG). In that study, we
found that brain Hsp90 inhibition completely suppressed the anti-nociceptive effects of
systemically administered morphine in a variety of murine pain models (21). In addition, we
showed that i.c.v. administration of 17-AAG blocked the phosphorylation of extracellular signalregulated kinase (ERK) in response to the selective MOR agonist and synthetic opioid peptide
DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin), and that this loss of ERK phosphorylation
was responsible for the loss of morphine anti-nociception. Those findings demonstrated that Hsp90
promotes MOR signaling in the brain and identified new signaling pathways to explore further.
However, that work left many mechanistic details unknown, as well as the contribution of other
regions of the central nervous system like the spinal cord, which may be more applicable clinically
due to the potential for intrathecal drug delivery.
Here, we investigated Hsp90 modulation of MOR signal transduction in the spinal cord in
mice. Contrary to what was observed in our previous study in the brain, Hsp90 inhibition in the
spinal cord amplified the anti-nociceptive effects of morphine. We further identified a molecular
mechanism for this effect within the spinal cord dorsal horn. Our findings suggest a potential
opioid dose reduction strategy via spinal Hsp90 inhibition to minimize the negative side effects of
opioids while maintaining their analgesic benefits.

Results
Inhibition of Hsp90 in the spinal cord enhances morphine-induced anti-nociception
We previously showed that i.c.v.-administered Hsp90 inhibitors completely ablated
morphine-induced anti-nociception in multiple pain models (21). In addition, Hsp90 has a
considerable number of client proteins, which differ in various tissue, cellular, and environmental
contexts (22-24). This suggests the potential for context specific roles for Hsp90 within
downstream MOR signaling. We sought to test this role for Hsp90 in MOR signaling by
considering the contribution of Hsp90 to morphine-induced anti-nociception within the spinal
cord. CD-1 mice were treated with intrathecally (i.t.)-administered 17-AAG, a geldanamycin
derivative which competitively binds the N-terminal ATP binding domain of Hsp90. 24 hours after
injection, mice were then treated with 3.2 mg/kg morphine subcutaneously (s.c.), and behavioral
pain assays were performed.
Contrary to our previous report with i.c.v. administered 17-AAG, we found that spinally
inhibited Hsp90 resulted in an increased anti-nociceptive response (meaning, less pain-evoked
sensitivity) due to morphine in both thermal tail flick and mechanical post-operative paw incision
pain models (Fig. 1A-B). To verify the Hsp90 selectivity of these results, we utilized a C-terminal
inhibitor of Hsp90, KU-32, that binds to an alternate site than 17-AAG, and thus is unlikely to
share off-target interactions (25, 26). KU-32 was administered to the spinal cord followed by
subcutaneous morphine 24 hours later. Enhanced morphine-induced anti-nociception was also
observed with KU-32 treatment, confirming the Hsp90 selectivity of our results (Fig. 1C).

We next confirmed that these findings were not due to off-target motor or sedative effects
using the Rotarod test. Spinal 17-AAG treatment had no impact on Rotarod performance in the
mice, suggesting that our findings reflect bona fide changes to the opioid pain modulatory system
(Fig. 1D). Lastly, in our previous report, we tested the brain role of Hsp90 in tail flick pain using
i.c.v. DAMGO instead of morphine, showing that inhibition of brain Hsp90 had no impact on tail
flick pain (21). To confirm that our tail flick results here were due to changes in Hsp90 location
(brain vs. spinal cord) rather than drug and route (i.c.v. DAMGO vs. s.c. morphine), we tested
i.c.v. 17-AAG combined with s.c. morphine. We found that at both 3.2 and 10 mg/kg s.c., morphine
had no impact on tail flick response (Fig. 1E), the same as for i.c.v. DAMGO in our earlier study
(21).

Inhibition of Hsp90 in the brain overrides inhibition in the spinal cord
With behavioral differences identified in brain vs. spinal cord Hsp90 inhibition, we next
tested the interaction of these two regions using systemic Hsp90 inhibition, which would impact
both brain and spinal cord. To do this we injected mice with intraperitoneal (i.p.) 17-AAG and
assessed its effects on morphine induced anti-nociception after a 24-hour period. We tested for
increased Hsp70 expression levels as a marker of Hsp90 inhibition within the periaqueductal grey
(PAG) brain region and spinal cord tissue post 24 hours i.p. 17-AAG using Western blot (21). We
found that Hsp70 levels were increased in the PAG as expected, validating our treatment regimen
as effective in inhibiting CNS Hsp90 (Fig. 2A-B). Unexpectedly, we were unable to detect an
increase in spinal cord Hsp70 (Fig. 2A-B). 17-AAG was likely reaching the spinal cord since
we’ve shown it can reach the PAG, thus this result may represent different molecular mechanisms
for Hsp90 in the brain vs. the spinal cord. Now validated, we tested the impact of systemic 17-

AAG on morphine anti-nociception. We observed that systemic delivery of 17-AAG had no impact
on anti-nociception in the tail flick pain model and markedly reduced anti-nociception in the paw
incision pain model (Fig. 2C-D); these results are very similar to what was observed with i.c.v.
17-AAG treatment previously (21) as well as here (Fig. 1E).
The effects on morphine anti-nociception seen with systemic Hsp90 inhibition suggest that
the signaling events within the brain may override that of the spinal cord. To directly test this
hypothesis and rule out peripheral mechanisms, we performed dual i.c.v. and i.t. injections of 17AAG. We found that dual brain and spinal cord injections recapitulated systemic injection in both
the tail flick and paw incision pain models (Fig. 2E-F). These results suggest that the signaling
events regulated by Hsp90 within the brain override MOR signaling within the spinal cord, which
would otherwise allow for amplified pain relief in these models.

ERK MAPK signaling is activated by spinal Hsp90 inhibition and mediates enhanced antinociception
Our previous study within the brain demonstrated that blocked activation of ERK MAPK
in the PAG by 17-AAG treatment is a mechanism for the reduction in morphine induced antinociception (21). We thus tested ERK signaling activation within the spinal cord after i.t. 17-AAG
and DAMGO (selective MOR agonist) treatment using Western blot. DAMGO was used as a high
efficacy selective agonist, increasing our ability to observe kinase changes in tissue vs. the partial
agonist morphine; our results above (Fig. 1E) and experiments below validate this choice. Notably,
DAMGO alone showed no ERK activation relative to vehicle treatment; in contrast, 17-AAG
induced an elevated ERK baseline with a further increase in ERK phosphorylation when combined
with DAMGO (Fig. 3A-B). As in our systemic inhibition studies above, we also sought to confirm

Hsp90 inhibition by 17-AAG by testing for Hsp70 upregulation (21, 27, 28). We again found no
Hsp70 upregulation, even with direct i.t. injection of inhibitor, confirming our systemic results
above and further suggesting that Hsp90 molecular mechanisms may differ in the spinal cord vs.
the brain (Fig. 3A, C).
To localize the observed increases in ERK phosphorylation within the spinal cord, we
performed immunohistochemical (IHC) analysis of spinal cord tissue from mice treated with i.t.
17-AAG and DAMGO as for our Western studies. Our findings confirmed the Western results,
with very low phospho-ERK signal observed in vehicle-only treated mice (Vehicle/Vehicle; order
of treatment denoted by /) and vehicle followed by DAMGO-treated mice (Vehicle/DAMGO); we
observed some increase in signal in the 17-AAG/Vehicle group, and a large increase in specific
phospho-ERK signal in the 17-AAG/DAMGO group (Fig. 3D). We particularly noted an apparent
increase in ERK phosphorylation in the lamina I/II region of the dorsal horn, a region rich in
nociceptive input and opioid receptors (Fig. 3D, white arrows). We also performed co-localization
studies with NeuN, a marker for neuronal cell bodies, and MAP2, a neuronal cytoskeletal protein
enriched in dendrites; we found that the pERK signal co-localized with MAP2 but not NeuN,
suggesting ERK activation in post-synaptic dendrites (Fig. 3E). This was confirmed using high
magnification imaging (Fig. 3F), in which substantial but not complete pERK/MAP2 overlap was
detected. We also quantitated the pERK signal in the dorsal horn region, which confirmed a
significant increase with 17-AAG and DAMGO co-treatment (Fig. 3G).
To investigate whether these differences in ERK signaling contribute to the enhanced
morphine-induced anti-nociception observed, we performed behavioral analysis with co-treatment
of i.t. 17-AAG and i.t. U0126, a MEK/ERK inhibitor. In both tail flick and paw incision models,
U0126 treatment brought the enhanced morphine-induced anti-nociceptive profile back to the

baseline morphine response (Fig. 3H-I). In addition, mice treated with U0126 alone without 17AAG showed no difference in morphine induced anti-nociception (Fig. 3H-I). These results
demonstrate that ERK phosphorylation within the spinal cord is necessary for increased morphine
induced anti-nociception via spinal cord Hsp90 inhibition. They also support our Western and IHC
results suggesting that ERK is not activated by opioids without Hsp90 inhibition.

Rapid protein translation after ERK activation mediates enhanced morphine anti-nociception after
spinal inhibition of Hsp90
Hsp90 and ERK MAPK signaling pathways have been previously connected to
translational initiation (29-32). To evaluate the possibility of these pathways altering translation
and subsequently contributing to the behavioral differences observed here, we administered the
translational inhibitor cycloheximide (CX) i.t. in the context of our behavioral experiments. In a
very similar pattern to the ERK inhibitor experiments above, we found that CX, 24 hours post17AAG and 30 minutes prior to morphine, reduced the enhancement of morphine induced antinociception back to baseline in the tail flick model (Fig. 4A). CX alone without 17-AAG treatment
did not change morphine-induced anti-nociception (Fig. 4A). These findings suggest that rapid
translation within 30 minutes of opioid treatment is necessary for the enhanced morphine antinociception seen through spinally inhibited Hsp90.
To identify the position of translation within the Hsp90/ERK molecular cascade, we
performed Western blot analysis on spinal cord tissues harvested from mice treated with 17-AAG
and combinations of CX and DAMGO. 17-AAG paired with DAMGO treatment stimulated ERK
phosphorylation as above; CX treatment 30 minutes prior to DAMGO had no effect on this

stimulation (Fig. 4B-C). These results suggest that translational initiation is a downstream event
from ERK phosphorylation after Hsp90 inhibition.

Proteomic analysis reveals a protein network altered by spinal Hsp90 inhibition
Our results above suggest that protein translation is altered by spinal Hsp90 inhibition;
these changes should thus in principle be measurable by quantitative proteomics. We treated mice
with i.t. 17-AAG or Vehicle control as above for 24 hours and removed their spinal cords for
analysis. We followed a protocol of protein extraction, SDS-PAGE gel separation with 6 equal
bands excised, tryptic digest, and an MS-MS analysis workflow (Fig. 5A). We detected 116
proteins significantly downregulated by 17-AAG treatment and 69 proteins significantly
upregulated; unbiased hierarchical clustering analysis showed that the individual mice in each
sample group (Vehicle vs. 17-AAG) clustered together, validating a consistent effect of 17-AAG
treatment (Fig. 5B). The full data sets for the significantly altered proteins in the whole analysis
and in the sub-analyses shown in this figure are available in data files S1 and S2. Of the proteins
in this data set, we noted that the abundance of the kinase RSK2 was significantly upregulated by
17-AAG treatment (Fig. 5C). RSK2 has been shown to promote acute opioid anti-nociception,
highlighting this protein as a potential mechanism for spinal Hsp90 inhibition impacting opioid
anti-nociception (33).
We next performed additional analyses to validate the proteomic data set and explore the
network of protein changes evoked by Hsp90 inhibition. Principal component analysis (PCA)
showed that the individual mice in each treatment group (vehicle vs. 17-AAG) clustered together;
the groups were strongly separated from each other on Component 1, accounting for 75.1% of the
variance; whereas within the same treatment, the samples were much closer together along

Component 2, accounting for only 8.5% of the variance (Fig. 5D). We also represented our data
in a volcano plot, permitting an overall visualization of significance and fold-change (Fig. 5E).
Together these analyses further confirm the quality of our data and analysis.
Lastly, we performed Gene Ontology and KEGG Pathways analysis of the significantly
changed proteins using Database for Annotation, Visualization, and Integrated Discovery
(DAVID) to identify broad themes in functions and processes altered by Hsp90 inhibition. We
identified proteins heavily represented in molecular functions such as kinase activity, protein
kinase binding, and protein phosphatase binding; pathways including metabolic pathways and
oxytocin signaling; processes such as phosphorylation, cell proliferation, lipid metabolism, and
synaptic plasticity; and cell components including synapse, exosome, focal adhesion, and
postsynaptic density (Fig. 5F and data file S2). This network analysis begins to identify an overall
role for Hsp90 in regulating protein networks in the spinal cord, which has not been previously
reported.

RSK signaling mediates the enhanced anti-nociceptive effects of spinally inhibited Hsp90
Cytosolic RSK1 and RSK2 have both been implicated in translational initiation through
several substrates, suggesting a potential link to 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 utilized 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 i.t. 17-AAG was combined with i.t. Fmk 30 minutes before morphine
treatment in the tail flick model. Fmk treatment returned the enhanced morphine anti-nociception
caused by 17-AAG treatment back to baseline, while Fmk alone without 17-AAG treatment had
no effect on morphine anti-nociception (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. Notably, Fmk is non-selective between RSK1 and
RSK2, so either or both isoforms could promote anti-nociception.
To confirm and extend these findings, we evaluated phosphorylation 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 elicits
increases in both RSK1 and RSK2 phosphorylation that rises to the level of significance for RSK2;
17-AAG and DAMGO co-treatment significantly increases phosphorylation of both proteins vs.
the Vehicle/Vehicle control group, and over the 17-AAG/Vehicle group for RSK2 (Fig. 6B-D).
These results show that both RSK1 and RSK2 are activated by 17-AAG and DAMGO co-treatment
and may both promote morphine anti-nociception after spinal cord Hsp90 inhibition.

Discussion
In this study, we’ve identified a previously unknown molecular ERK-RSK signaling circuit
in the spinal cord which can promote acute opioid-induced anti-nociception; 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 extensive 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-RSKtranslation–mediated cascade facilitating opioid-induced anti-nociception (Fig. 7).
Our results provide strong support that spinal ERK, RSK, and translation are not active at
baseline for acute opioid anti-nociception. The inhibitors U0126, Fmk, and CX all had no effect
on their own without 17-AAG treatment; 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. Notably, we could find no literature reports showing 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 anti-nociception (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 tolerance (45). ERK also has
a well-established role in promoting chronic pain states after activation in the dorsal horn by strong
and chronic pain stimuli (46). These contrasting findings show the importance 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 organized 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 activation, leading
to RSK activation, translation of new proteins, and enhanced anti-nociception. Uncovering these

additional mechanisms 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 upregulation, confirmed in multiple
experiments. Hsp70 upregulation 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 upregulated in response to
Hsp90 inhibition in numerous cell lines as well as brain tissue (21, 47). Notably, however, we
cannot find any reports of Hsp70 upregulation 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 heat
shock response leading to Hsp70 upregulation (48). It may be that Hsp90 in the spinal cord is
organized differently at the molecular level than in the brain; perhaps it does not interact with heat
shock factor-1 or similar proteins in the spinal cord. These differences may point to the mechanism
by which Hsp90 has different signaling roles in brain vs. spinal cord.
Our observations are consistent with the ERK/RSK cascade enhancing 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 (eIF4B), tuberous
sclerosis complex-1/2 (TSC1/2), the 40S ribosomal subunit protein S6 (rpS6), glycogen synthase
kinase-3 (GSK3β), and elongation factor-2 (EF2) 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
treatment in our proteomic analysis were candidate proteins for this mechanism (data file S1).

These include ion channels like KCNA4 and the CACNA2D1 subunit of the voltage-gated calcium
channel, and numerous signaling proteins and signaling protein regulators (such as PLCD3, PP1,
RGS12, and GPR162); these provide plausible future candidates to investigate that could link the
protein translation we observe to enhanced anti-nociception. One finding which will guide such a
search is that any candidate protein must have a rapid turnover half-life, given our observation that
inhibiting translation within 30 minutes of opioid treatment abolished the response, suggesting the
protein must be degraded sufficiently within that timeframe.
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 spinal cord in terms of the
overall behavioral output, with either systemic or combined i.c.v./i.t. inhibition. For example, in
the tail flick pain model, brain Hsp90 inhibition had no notable effect on opioid-induced antinociception but nonetheless repressed the effects of spinal inhibition. The brain has a wellestablished 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 modulatory neurons in the brain can override the spinal circuits
when Hsp90 is inhibited in the brain. Lending some support to this hypothesis is our finding that
spinal 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 descending 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 spinal 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 impact systemic morphineinduced anti-nociception. 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 anti-nociception through RSK activation and rapid translation. This translation event must
upregulate proteins which contribute to either hyperpolarization or the prevention of
neurotransmitter release in primary or secondary nociceptive afferents within the spinal cord,
further preventing the transmission of pain signals. This mechanism is not only significant in the
context of molecular signaling, but there is also the potential to capitalize on these findings
clinically by developing 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 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), cycloheximide
(#AC357420010), and U0126 (#11-445) were all purchased from Fisher Scientific (Waltham,
MA). Morphine sulfate pentahydrate 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 confirmed by HPLC and
mass spectrometry (25). 17-AAG, U0126, Fmk, KU-32, and cycloheximide were prepared as stock
solutions in DMSO, and DAMGO was prepared as a stock solution in water. Morphine was

prepared fresh for each experiment in USP saline. Powders were stored as recommended by the
manufacturer, and stock solutions stored at -20°C. Appropriate vehicle controls were used for each
experiment: 10% DMSO in water for KU-32, Fmk, and cycloheximide i.t. injections; water for
DAMGO i.t. injections; USP saline for systemic morphine injections; and 10% DMSO, 10%
Tween-80, and 80% USP saline for the 17-AAG and U0126 i.t., i.c.v., and i.p. injections.

Animals
Male and female CD-1 mice in age-matched controlled cohorts from 4–8 weeks of age
were used for all experiments and were obtained from Charles River Laboratories (Wilmington,
MA). Male and female mice were used in approximately 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 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
AAALAC-accredited vivarium at the University of Arizona under temperature control and 12hour light/dark cycles with food (standard lab 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
IACUC-approved protocols at the University of Arizona and according to the guidelines of the
NIH Care and Use of Laboratory Animals handbook.

Behavioral experiments

Prior to 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
approximate time of day between experiments, and environmental factors (noise, personnel, and
scents) were minimized. All testing apparatus (cylinders, grid boxes, etc.) were cleaned between
uses. The experimenter 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 prior to surgery using calibrated 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”W x 4”L x 3”H with 0.25” wire mesh). The surgery
was then performed by anesthesia with ~2% isoflurane in standard air, preparation of the left
plantar hind paw with iodine and 70% ethanol, 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 i.c.v. and i.t. injections were performed as described in our
previous work (21). For the 17-AAG/KU-32 experiments, the mice were then injected i.t. and left
to recover for 24 hours. The next day, the mechanical threshold was again determined as described
above, and i.t. 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 3.2 mg/kg morphine s.c., and mechanical
thresholds were determined over a 3-hour time course. No animals were excluded from these
studies.

Tail flick assay
Pre-injection tail-flick baselines were determined in a 52 °C warm water tail-flick assay
with a 10 sec cutoff time (21). The mice were then injected i.t. with 17-AAG, KU-32,
cycloheximide, Fmk, or U0126 with a 24-hour (17-AAG and KU-32), 30-min (cycloheximide 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 s.c. with 3.2mg/kg of
morphine, 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 injected i.t. 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 accelerating 4–16 rpm task over the 3-min trial time. No
mice were excluded 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 BCA 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 TBS and incubated
with primary antibody in 5% BSA in TBS + 0.1% Tween-20 (TBST) overnight rocking at 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 LiCor Odyssey infrared imaging system (LiCor, Lincoln, NE). Some blots were
then stripped with 25 mM glycine-HCl and 1% SDS, pH 2.0, for 30–60 min of rocking at room
temperature prior to being washed and re-exposed to primary antibody. The resulting image bands
were quantified using Scion Image (based on NIH Image). All images were quantified in the linear
signal 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 tERK signal, and pRSK1 and
2 were normalized to tRSK1 and 2 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 PBS, followed with cold 4%
paraformaldehyde in PBS. Shortly after the perfusions were complete, fixed spinal cords were
extracted and immediately placed in cold 4% paraformaldehyde for ~6 hours. Spinal cords were
then placed in 15% sucrose in PBS overnight, followed by 30% sucrose in PBS overnight. Spinal
cords were then flash frozen in O.C.T. Compound using liquid nitrogen and sectioned with a

Microm HM 525 cryostat at a thickness of 20 μm 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
consisting of 60% methanol and 0.3% H2O2 in PBS at RT for 30 minutes and then washed with
PBST. They were then incubated in 5% goat serum, 1% BSA in PBST at RT for 1 hour. Samples
were then incubated with 1:5000 primary pERK antibody in 1.5% goat serum, 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 IgG antibody in 1.5% goat serum, 1% BSA in PBST at RT
for 1 hour. Samples were prepared as instructed using the Vectastain Elite ABC HRP Kit (#PK6101) and TSA Plus Fluorescein Evaluation Kit (#NEL741E001KT), both from PerkinElmer.
NeuN and MAP2 primary 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 4x, 10x, and 63x 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 intensities were measured and normalized to no
primary Ab and vehicle controls within experimental groups.

Antibodies
The antibodies used were: Hsp70 (Cell Signaling 4872S, lot 4, rabbit, 1:1000), GAPDH
(ThermoFisher MA5-15738, lot PI209504, mouse, 1:1000), pERK (Cell Signaling 4370S, lot 12,
rabbit, 1:1000 for Westerns and 1:5000 for IHC), tERK (Cell Signaling 4696S, lot 16, mouse,

1:1000), pRSK1 (Cell Signaling 11989S, lot 4, rabbit 1:1000), tRSK1 (Cell Signaling 8408S, lot
5, rabbit 1:1000), pRSK2 (Cell Signaling 3556S, lot 4, rabbit, 1:1000), tRSK2 (Cell Signaling
5528S, lot 1, rabbit 1:1000), MAP2 (Invitrogen 13-1500, lot TJ275359, mouse, 1:500), NeuN
(Abcam ab104224, lot GR3247200-1, mouse, 1:1000), secondary GαM680 (LiCor 926-68020, lot
C50721-02, goat, 1:10,000–1:20,000), secondary GαR800 (LiCor 926-32211, lot C50602–05,
goat, 1:10,000–1:20,000), and secondary Alexa Fluor goat anti-mouse IgG 594 (Invitrogen
A11032, lot 1985396, mouse, 1:500).

Proteomics - In-gel digestion
Mouse spinal cord protein lysates (100 µg) 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% SDSPAGE 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 subjected 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-ESI-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 previously 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 (16965 entries) using Mascot

(Matrix Science, London, UK; version 2.6.0) using the default probability cut-off score. The search
variables that were used were: 10 ppm mass tolerance for precursor ion masses and 0.5 Da for
product ion masses; digestion with trypsin; a maximum of two missed tryptic cleavages; 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, USA). 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 PRIDE (55, 56) partner repository with the dataset
identifier PXD015060 and 10.6019/PXD015060. The reviewer account details are 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 converted into twodimensional maps (y-axis = time, x-axis = m/z) followed by selection of a reference run for
alignment purposes. An aggregate data set 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. 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 (Matrix Science, London, UK;
version 2.4) with the same search variables as described above. The resulting Mascot .XML file

was then imported into Progenesis, allowing for peptide/protein assignment, while peptides with
a Mascot Ion Score of <25 were not considered for further analysis. Protein quantification was
performed using only non-conflicting 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 the mean ± SEM and normalized where appropriate as described
above to total protein and/or Vehicle control groups. The behavioral data were reported raw
without maximum possible effect (MPE) or other normalization. Biological and technical
replicates are described in the Figure Legends. Comparisons between two groups (HSP70 protein
expression) were performed by unpaired 2-tailed t tests. Comparisons of more than two groups
(ERK and RSK signaling, paw incision, tail flick, and rotarod) were performed by two-way
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 performed using GraphPad
Prism 8.1 (San Diego, CA).

Supplementary Materials
Data file S1. Full set of proteomic analysis results.

Data file S2. Individual proteomic analysis results for GO/KEGG analysis.
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Figure Legends
Fig. 1 – Spinal cord Hsp90 inhibition enhances morphine anti-nociception. (A to E) Male and
female CD-1 mice were treated as indicated in the labels with either 17-AAG (0.5 nmol) or KU32 (0.01 nmol; C), or vehicle injected by the intracerebroventricular (icv) or intrathecal (it) route,
followed by a 24-hour recovery and then injected subcutaneously with or without morphine (Mor;
A to D, 3.2 mg/kg; E, 3.2 or 10 mg/kg) and subjected to behavioral testing. BL = baseline response.
Data are mean ± SEM from N = number of mice per group noted on each graph; each experiment
was performed with one (D), two (A to C) or three (E) independent technical replicates (meaning
groups of mice performed on different days). * p < 0.05, *** p < 0.001, **** p < 0.0001 vs. same
time point in Vehicle group, by two-way ANOVA with Sidak’s post hoc test.

Fig. 2 – Brain Hsp90 inhibition overrides spinal cord Hsp90 inhibition with respect to opioid
anti-nociception. (A and B) Representative images (A) and analysis (B) of Western blotting for
Hsp70 in the periaqueductal grey (PAG) and spinal cord (SC) from male and female CD-1 mice
that had received intraperitoneal (ip) injection with 50 mg/kg 17-AAG or vehicle with a 24 hour
recovery. Hsp70 densitometry was normalized to that of GAPDH (loading control) from each
sample and was further normalized to the vehicle group within each tissue. Data are mean ± SEM
of N = 9-10 mice, performed with two technical replicates. ** p < 0.01 vs. same tissue in vehicle
group, by unpaired two-tailed t test. (C and D) Tail flick (C) and paw incision (D) pain behavior
tests in mice injected with 50 mg/kg 17-AAG or vehicle intraperitoneally (ip), followed by a 24hour recovery and then a subcutaneous injection of 3.2 mg/kg morphine. Data are mean ± SEM of
N = number of mice per group, noted on each graph, performed with 4 (C) or 2 (D) technical

replicates. * p < 0.05, **** p < 0.0001 vs. same time point in the 17-AAG group, by two-way
ANOVA with Sidak’s post-hoc test. (E and F) Tail flick (E) and paw incision (F) pain behavior
tests in mice that received both intracerebroventricular (icv) and intrathecal (it) injections of 0.5
nmol 17-AAG or vehicle, followed by a 24-hour recovery and then a subcutaneous injection of 3.2
mg/kg morphine. Data are mean ± SEM of N = number of mice per group, noted on each graph,
performed with 2 technical replicates. * p < 0.05, **** p < 0.0001 vs. same time point in the 17AAG group, by two-way ANOVA with Sidak’s post-hoc test.

Fig. 3 – Spinal Hsp90 inhibition enables opioid activation of ERK MAPK signaling, leading
to enhanced anti-nociception. (A to C) Representative images (A) and analysis (B and C) of
Western blotting for phosphorylated ERK (pERK) and Hsp70 in the spinal cord from male and
female CD-1 mice injected intrathecally (i.t.) with 0.5 nmol 17-AAG or vehicle followed by a 24hour recovery and then 0.1 nmol DAMGO or vehicle (Veh) i.t. for 10 min. Densitometry of pERK
was normalized to that of total ERK (tERK) within each sample, and the densitometry of Hsp70
was normalized to that of GAPDH; each was further normalized to that in the Vehicle/Vehicle
group. Data are mean ± SEM from N = the number of mice per group noted on the graphs, each
performed as 4 technical replicates. In (B), * p < 0.05 and **** p < 0.0001 vs. Vehicle/Vehicle
group, and ## p < 0.01 vs. 17-AAG/Vehicle group; both by two-way ANOVA with Tukey’s post
hoc test. In (C), p > 0.05 by unpaired two-tailed t test. (D) Immunohistochemistry (IHC) for pERK
(green) performed on L4-L6 region spinal cord tissue from mice treated as described in (A).
Representative images from N = 9-10mice/group are shown. (E and F) Assessment of
colocalization (yellow staining; white arrow) of pERK (green) with neuronal markers NeuN or
MAP2 (red) by IHC of the dorsal horn region from 17-AAG/DAMGO-treated mice.

Representative images from N ≥ 3 individual spinal cords per target, each performed as two
independent technical replicates. Higher magnification images (63x) are shown in (F). (G)
Quantitation of the pERK signal in the dorsal horn region from all four groups in (D). Intensity
values were normalized to the Vehicle/Vehicle group. N = 9-10 mice per group, each performed
in 4 independent technical replicates. ** p < 0.01 vs. Vehicle/Vehicle group by two-way ANOVA
with Tukey’s post hoc test. (H and I) Tail flick (H) and paw incision (I) pain behavior tests in
mice treated with 0.5 nmol 17-AAG or vehicle (Veh) i.t. for 24 hours, followed by 5 μg U0126 or
vehicle i.t. for 15 min, followed by 3.2 mg/kg morphine s.c.. Data are mean ± SEM from N = the
number of mice per group noted on the graphs, each performed as 4 (H) or 3 (I) independent
technical replicates.* p < 0.05, ** p < 0.01, *** p < 0.001, **** = p < 0.0001 vs. same time point
in the Veh/Veh group by two-way ANOVA with Sidak’s post hoc test..

Fig. 4 – Spinal Hsp90 inhibition evokes rapid protein translation that mediates enhanced
morphine-evoked anti-nociception. (A) Tail flick assay on male and female CD-1 mice injected
with 0.5 nmol 17-AAG or vehicle (Veh) i.t. for 24 hours, then 85 nmol cycloheximide (CX) or
vehicle i.t. for 30 min, then 3.2 mg/kg morphine s.c.. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
corresponding Veh/Veh data; # p < 0.05, ## p < 0.01 vs. corresponding 17-AAG/CX data; by twoway ANOVA with Sidak’s post hoc test. Data are mean ± SEM from N= the number of mice per
group as noted in the graph, each performed as four technical replicates. (B and C) Western
blotting and densitometry analysis of phosphorylated ERK (pERK) abundance in the spinal cords
of mice treated i.t. with 17-AAG then CX or vehicle as in (A), followed by 0.1 nmol DAMGO or
vehicle for 10 min. pERK density was normalized to total ERK (tERK) density in each sample,
and further normalized to the 17-AAG/Vehicle/Vehicle group. * p < 0.05 vs. 17-

AAG/Vehicle/Vehicle; # p < 0.05 vs. 17-AAG/CX/Vehicle; both by two-way ANOVA with
Tukey’s post hoc test. Data are mean ± SEM from N= the number of mice per group as noted in
the graph, each performed as six technical replicates.

Fig. 5 – Quantitative proteomic analysis reveals a protein network altered by spinal Hsp90
inhibition. (A) Protein sample preparation and proteomic analysis workflow, as detailed in the
Methods. The samples were prepared using female CD-1 mice (N=3 per group), which were
injected with 0.5 nmol 17-AAG or vehicle i.t. for 24 hours. Spinal cords were removed for
proteomic analysis and protein extracted as for Western blotting, detailed in the 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 mean ± SEM of N = 3 per group. * p < 0.05 by unpaired twotailed t test. (D) Principal component analysis of the full proteomic data set 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 data set, plotting
p-value vs. fold change. Red = significantly downregulated; blue = significantly upregulated; grey
= not significant. (F) Gene ontology (GO) and KEGG pathway analysis of significantly altered
proteins from (B) (see Methods for details). Data are plotted as significance vs. fold enrichment.

Fig. 6 – Spinal Hsp90 inhibition activates RSK1/2 phosphorylation, which mediates
enhanced morphine-evoked anti-nociception. (A) Tail flick assay in male and female CD-1 mice
injected with 0.5 nmol 17-AAG or vehicle i.t. for 24 hours, followed by 10 nmol Fmk or vehicle
i.t. for 30 min, followed by 3.2 mg/kg morphine s.c.. Data are mean ± SEM from N = number of
mice per group noted in the graph, each as three technical replicates. ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. 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 injected with 0.5 nmol 17-AAG or Vehicle i.t. for 24 hours, followed
by 0.1 nmol DAMGO or Vehicle i.t. 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 mean ± SEM from N = number of mice per group noted in the
graph, each as three technical replicates. * p < 0.05, *** p < 0.001, **** p < 0.0001 vs.
Vehicle/Vehicle group; ## p < 0.01 vs. 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 phosphorylation 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, leading to an ERK-RSK-translation
cascade that promotes opioid anti-nociception.
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