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Heat-shock protein 90 (Hsp90) promotes opioid-induced
anti-nociception by an ERK mitogen-activated protein kinase
(MAPK) mechanism in mouse brain
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Recent advances in developing opioid treatments for pain
with reduced side effects have focused on the signaling cascades
of the p-opioid receptor (MOR). However, few such signaling
targets have been identified for exploitation. To address this
need, we explored the role of heat-shock protein 90 (Hsp90) in
opioid-induced MOR signaling and pain, which has only been
studied in four previous articles. First, in four cell models of
MOR signaling, we found that Hsp90 inhibition for 24 h with
the inhibitor 17-N-allylamino-17-demethoxygeldanamycin
(17-AAG) had different effects on protein expression and opioid
signaling in each line, suggesting that cell models may not be
reliable for predicting pharmacology with this protein. We thus
developed an in vivo model using CD-1 mice with an intracere-
broventricular injection of 17-AAG for 24 h. We found that
Hsp90 inhibition strongly blocked morphine-induced anti-no-
ciception in models of post-surgical and HIV neuropathic pain
but only slightly blocked anti-nociception in a naive tail-flick
model, while enhancing morphine-induced precipitated with-
drawal. Seeking a mechanism for these changes, we found that
Hsp90 inhibition blocks ERK MAPK activation in the periaque-
ductal gray and caudal brain stem. We tested these signaling
changes by inhibiting ERK in the above-mentioned pain models
and found that ERK inhibition could account for all of the
changes in anti-nociception induced by Hsp90 inhibition.
Taken together, these findings suggest that Hsp90 promotes
opioid-induced anti-nociception by an ERK mechanism in
mouse brain and that Hsp90 could be a future target for improv-
ing the therapeutic index of opioid drugs.

Chronic pain is a serious public health problem in the United
States, with an estimated ~100 million affected people and an
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annual economic cost of $600 billion (1). Moderate to severe
cancer and non-cancer chronic pain seriously degrades patient
quality of life and interferes with daily activities (2). There are
multiple drug classes for the treatment of chronic pain, includ-
ing tricyclic antidepressants and gabapentinoids, but often the
only efficacious option for serious pain is opioid drugs such
as morphine or fentanyl. Although efficacious, opioid drugs
induce a constellation of side effects, including abuse liability,
tolerance, constipation, and respiratory depression (3, 4). These
limitations have spurred a search for new analgesic drugs with a
reduction or elimination of side effects, which has persisted for
more than 100 years with little success (5).

Recent advances in the understanding of signal transduction
downstream of the p-opioid receptor (MOR)? have suggested
new approaches for drug discovery. Notably, the ubiquitous
signaling regulator B-arrestin2 (Barr2) has been found to
reduce anti-nociception (6) and promote opioid side effects (4,
7), leading to the development of biased ligands that activate
MOR without recruiting Barr2, one of which is currently in
clinical trials (8 —11). Although promising, this signal transduc-
tion-focused approach is limited by the availability of signaling
targets to exploit; some targets such as Raf-1 (12) and RGS
proteins (13) have been shown to regulate opioid side effects,
but they have not been exploited for drug discovery to our
knowledge, and few other such targets are known.

To address this need and improve our chances of developing
new opioid therapies, we investigated the ubiquitous and cru-
cial signaling regulator Hsp90 as a potential regulator of opioid
signaling and behavioral responses. Hsp90 is a chaperone pro-
tein that prevents protein aggregation and degradation. How-
ever, it can also facilitate the activation of signal transduction
molecules, including kinases, by promoting a conformation
that is ideal for activation (14, 15). Hsp90, present in all cell
types, makes up 2-3% of total cell protein content and up to
4-5% during heat stress. The activity of Hsp90 is regulated and

2 The abbreviations used are: MOR, w-opioid receptor; Barr2, -arrestin2; Hsp,
heat-shock protein; CCl, chronic constriction injury; 17-AAG, 17-N-allyl-
amino-17-demethoxygeldanamycin; pERK, phosphorylated ERK; tERK,
total ERK; LPA, lysophosphatidic acid; i.c.v., intracerebroventricular; PAG,
periaqueductal gray; s.c., subcutaneous; GPCR, G-protein-coupled recep-
tor; ANOVA, analysis of variance; AUC, area under the curve; DAMGO,
[D-Ala?, N-MePhe*, Gly*-ol]-enkephalin.
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directed by co-chaperone proteins, including Hop/STIP1 and
Cdc37, which are more selective by tissue and signaling type
than Hsp90 itself (14, 16). Because of this selectivity, co-chap-
erone proteins may represent future targets for modulation
that could decrease the side effects of modulating Hsp90 itself,
as has been done for Hsp70 (17).

Hsp90 has only been studied in two pain models to date.
First, it has been found that Hsp90 inhibition reverses diabetes-
induced mechanical hypoalgesia (18). Second, it has been
shown that Hsp90 inhibition reverses chronic constriction
injury (CCI)-induced mechanical allodynia and potentiates
morphine anti-nociception in this model, whereas Hsp90 acti-
vation has the opposite effect when combined with lipopolysac-
charide treatment (19). Only two studies have examined the
role of Hsp90 specifically in MOR signal transduction and opi-
oid response. One study found in an in vitro model that Hsp90
inhibition reduces adenylyl cyclase superactivation, a cellular
marker of dependence (20). An article by the Devi group found
that Hsp90 is up-regulated by chronic morphine treatment in
the presynaptic terminal and that administration of the Hsp90
inhibitor geldanamycin in the periphery immediately prior to
naloxone precipitation reduces the somatic signs of withdrawal
(21). This limited evidence from the literature suggests that
Hsp90 has a role in regulating MOR signal transduction and
opioid behavioral responses. However, in the CCI and depen-
dence in vivo studies (19, 21) the Hsp90 inhibitor was adminis-
tered 3 h or less prior to measuring pain or withdrawal, which
may not be a good model for chronic pain treatment.

In our current studies, we tested the role of Hsp90 in MOR
signaling and pain using the selective inhibitor 17-AAG (22) on
a 24-h treatment regimen to more closely model chronic pain
treatment. The results from both in vitro and in vivo experi-
ments indicated strong impacts of Hsp90 inhibition on opioid-
induced signaling and pain behaviors, showing that Hsp90
regulates pain behavior through an ERK mechanism. These
findings suggest that Hsp90 could be a target for promoting
analgesia and reducing the side effects of opioid therapy.

Results
Hsp90 inhibition in cell models of MOR signaling

We first sought to explore the role of Hsp90 in regulating
MOR signaling in four in vitro models. These include Chinese
hamster ovary (CHO), human embryonic kidney (HEK), and
human bone osteosarcoma (U20S) cell lines stably expressing
the human MOR (see “Experimental procedures” for cell line
details) and the human neuroblastoma cell line SH-SY5Y,
which endogenously expresses the MOR and 8-opioid receptor
(DOR) (23). All cells were treated with 1 um 17-AAG for 24 h
and then stimulated with the MOR full agonist DAMGO ([p-
Ala®>, N-MePhe*, Gly*-ol]-enkephalin) for 10 min; signaling
protein expression and signal transduction were analyzed by
Western blotting.

For signaling protein expression changes, we found that
Hsp70 was induced in all four cell lines, which is a canonical
effect of this class of Hsp90 inhibitors and serves as a marker of
Hsp90 inhibition (Fig. 1, A and B) (24, 25). We also found that
Hsp90 inhibition altered the protein expression levels of the
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MOR itself and of the signaling regulator Barr2 and the kinase
Akt. Unlike Hsp70, however, the regulation of these protein
levels differed considerably by cell line; the MOR was decreased
in CHO cells but unaltered in HEK, Barr2 levels were decreased
in U20S but not CHO cells, and Akt levels were decreased in
CHO cells but not U20S (Fig. 1B).

This heterogeneity continued when we analyzed the phos-
phorylation and activation of ERK (pERK) in these cells in
response to DAMGO after Hsp90 inhibition (total ERK levels
(tERK) were not altered by Hsp90 inhibition (Fig. 14)). In CHO
cells, the per-unit ERK activation was strongly increased by
Hsp90 inhibition in response to DAMGO and the endogenous
GPCR agonist lysophosphatidic acid (LPA) (Fig. 1C). However,
in HEK cells the pattern of ERK activation was not changed by
Hsp90 inhibition, whereas it was decreased in U20S cells.
Lastly, the SH-SY5Y cells displayed an unusual ERK activation
pattern whereby the unstimulated baseline was strongly
increased but ERK was not stimulated above that elevated base-
line by either DAMGO or LPA. As summarized in Table 1,
Hsp90 inhibition showed heterogeneous results in different cell
lines, which suggested that in vitro models would not be reliable
in studying the role of Hsp90 in the opioid system and would
necessitate the use of relevant in vivo models for the study of
this protein.

Hsp90 inhibition in mouse models of opioid-induced behavior

For the in vivo studies, mice were treated with 17-AAG by the
i.c.v. route to isolate the role of Hsp90 specifically in the brain,
with a 24-h recovery time as described above, to more closely
model chronic pain treatment. The i.c.v. route results in higher
concentrations of injected drug molecules around the wall of
the ventricles and associated areas, which have high levels of
opioid receptors and are known to be important in producing
various effects of opioid drugs such as morphine (e.g. anti-no-
ciception, physical dependence, etc.). However, we could not
find in the literature that 17-AAG had been administered by the
i.cv. route, although Hsp70 is up-regulated in the brain in
response to systemic 17-AAG (25). We thus performed a dose-
response study ofi.c.v. 17-AAG in male CD-1 mice, with a read-
out of Hsp70 up-regulation by Western blotting (Fig. 2). We
found robust dose-dependent Hsp70 up-regulation in the peri-
aqueductal gray (PAG), a region high in MOR expression and
critical for pain regulation (26), with an approximate A, of
0.084 nmol. Based on these results, we chose the approximate
Agq dose of 0.5 nmol for further studies, which reduced the risk
of off-target effects from using the highest dose tested (5 nmol).

We then tested the effects of Hsp90 inhibition on opioid
response in several pain and dependence/withdrawal models.
We first established a clinically relevant post-surgical pain
model by paw incision (27) with concurrent 17-AAG injection
and a 24-h recovery. Pain response and allodynia were mea-
sured by mechanical stimulation with Von Frey filaments (28).
The animals showed a robust allodynia post-surgery that was
not altered by 17-AAG treatment (Fig. 34). The vehicle-treated
animals showed a robust time-dependent anti-nociception in
response to systemic morphine (1, 3.2, and 10 mg/kg s.c.),
which was strongly blocked by 17-AAG treatment (area under
the curve (AUC) reduction of 70.2, 81.5, and 67.0% at 1, 3.2, and
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Table 1

Summary of the effects of Hsp90 inhibition in vitro

The results of Fig. 1 are summarized here. Stim, stimulation; triangle, increased;
inverted triangle, decreased; —, no change; blank, not investigated.

Cell Line
Protein CHO HEK u20Ss SH-SY5Y
Hsp70 A A A A
MOR v —_—
Barr2 -_— v
tAkt v —_—
ERK Base A —_— v A
ERK Stim A —_— v v
90— Vehicle 0.05 nmol 0.5 nmol 5.0 nmol
W R W S W W W Wy ey ey =g | HSp70
¥=

el ad . badadal o ol ol KR P

26 =

17-AAG Dose/Response
Hsp70 Expression in Mouse PAG

Hsp70 Expression
Fold Over Vehicle]

L o5 N =6-10

’ A50 = 0.084 nmol

"~ veh 2 A 0 1
Log[17-AAG], nmol

Figure 2. Hsp90 inhibitor (17-AAG) dose response in mouse brain. Mice
were injected i.c.v. with a dose response of 17-AAG or an equalized vehicle
and allowed to recover for 24 h. The mice were sacrificed, and the PAG dis-
sected, removed, and analyzed by Western blotting. Representative blots of
Hsp70 and GAPDH are shown with treatment and molecular weight markers
indicated. The Hsp70 signal is normalized to GAPDH and further to vehicle
control. GAPDH was not altered by 17-AAG treatment. The data were
reported as the mean = S.D. Linear regression was performed on the data
points, and the Ag, (0.084 nmol) was calculated as described under “Experi-
mental procedures.” The reported sample size is for experiments performed
on individual mice (biological replicates) over two technical replicates on
different days with different mouse cohorts by the same experimenter. Based
on this experiment, 0.5 nmol of 17-AAG was chosen for further experiments.

10 mg/kg with 17-AAG) (Fig. 34 and Table 2). The AUC values
from individual mice at the three dosages were used to con-
struct dose-response curves (Fig. 3B). Analysis of these curves
showed an A, of 3.98 mg/kg for vehicle-treated mice and an
Ay, 0f522.2 mg/kg for 17-AAG-treated mice, a 131.2-fold shift
(Table 2). We observed strongly reduced but still present anti-
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nociception in 17-AAG-treated mice at 10 mg/kg morphine but
not at 1 and 3.2 mg/kg, suggesting that this shift represents a
change in potency (not efficacy) of the opioid system in this
pain model with 17-AAG treatment.

Seeking to determine whether this effect of 17-AAG was con-
sistent across pain models, we next tested the effects of the
inhibitor in a model of thermal tail-flick anti-nociception in
naive mice treated with i.c.v. DAMGO. Tail-flick baselines were
not altered by 17-AAG treatment, whereas both vehicle- and
17-AAG-treated mice displayed robust anti-nociception in
response to 0.01,0.032, and 0.1 nmol of DAMGO i.c.v. (Fig. 3C).
17-AAG treatment reduced the extent of the anti-nociception
but by far less than in the paw-incision model, with an AUC
increase of 5.3% at 0.01 nmol and a reduction of 19.6 and 18.2%
at 0.032 and 0.1 nmol (Fig. 3C and Table 2 compared with a
67.0—81.5% reduction with paw incision). As described above,
the AUC values of the individual mice were used to construct
dose-response curves (Fig. 3D). Analysis of these curves
revealed an A, of 0.095 nmol for vehicle-treated mice and an
Ago0f0.251 nmol for 17-AAG-treated mice; this was a 2.64-fold
shift, far less than the 131.2-fold shift for paw incision (Table 2).
Because the magnitude of the anti-nociception was equal for
both vehicle- and 17-AAG-treated mice at the low dose of 0.01
nmol, we concluded that 17-AAG treatment reduces the effi-
cacy (not potency) of the opioid system in this pain model.

Both the paw-incision and tail-flick models represent acute
pain, with durations of 24 h or less. To investigate the role of
Hsp90 in chronic pain anti-nociception, we established a
mouse model of HIV peripheral neuropathy (29). The pain state
was induced by intrathecal injection of HIV gp120 protein at
days 1, 3, and 5, which induced a progressive and strong
mechanical allodynia over a 3-week treatment period (Fig. 3E).
We injected 17-AAG on day 20 as described above and mea-
sured mechanical allodynia as for the paw-incision experiments
on day 21 in response to 10 mg/kg morphine. As for the other
two pain models, 17-AAG treatment did not alter the pain base-
line. However, 17-AAG treatment completely abolished anti-
nociception in response to 10 mg/kg morphine s.c. (AUC
reduction of 97.6%) (Fig. 3F and Table 2). This result demon-
strates that Hsp90 has a strong role in chronic pain anti-noci-
ception, likely stronger than in acute pain. Dose-response
experiments could not be completed in this model, as the
motor-activating effects of the next half-log dose of morphine
(32 mg/kg) were too strong for us to reliably measure mechan-
ical thresholds.

Figure 1. Hsp90 inhibition has multivariate effects on protein expression and signal transduction in vitro. Four different cell models of MOR signal
transduction were treated with 1 um 17-AAG or vehicle for 24 h, serum-starved (see “Experimental procedures”), and treated with vehicle, 10 um DAMGO, or 10
uM LPA (a non-opioid GPCR endogenous agonist) for 10 min. Results were measured by Western blot, and analyzed as reported under “Experimental
procedures.” The sample size reported in each experiment graph represents an independent technical replicate consisting of two or more averaged replicate
wells counted as n = 1. All data are reported as the mean = S.D. A, representative Western blots for each target are shown, with vehicle (Veh) or 17-AAG (AAG)
treatment. The cell line from which each representative blot was taken is indicated below the target name. The numbers with arrows on the left side of each
image represents the position of the nearest molecular weight markers. These images also indicate that GAPDH and tERK were not altered by 17-AAG
treatment (data not shown). B, the expression levels of four separate signaling proteins normalized to GAPDH and vehicle control were analyzed in each cell line
aslabeled.*, *** and **** p < 0.05,0.001,and 0.0001, respectively, versus same cell line vehicle control by unpaired 2-tailed t test. Only Hsp70 shows consistent
regulation across cell lines with Hsp90 inhibition. C, signal transduction via ERK phosphorylation is reported for each cell line in a separate graph. The pERK
signal was normalized to tERK and, in the case of CHO, was normalized further to MOR levels as they were decreased. The pERK/tERK signal was further
normalized to the vehicle:vehicle group. * and **, p < 0.05 and 0.01 versus same pretreatment group (vehicle, 17-AAG) vehicle control; #, ##, ###, and ####, p <
0.05, 0.01, 0.001, and 0.0001, respectively, versus vehicle:vehicle group; both sets by two-way ANOVA with Fisher’s least significant difference post-hoc test.
Each line showed a different alteration in the ERK signaling pattern after Hsp90 inhibition, and both DAMGO and LPA showed similar behavior.
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Figure 3. Hsp90 inhibition decreases opioid-induced anti-nociception. All data are reported as the mean = S.D. A, post-surgical pain was induced by
paw-incision surgery, and mechanical thresholds were measured with Von Frey filaments as described under “Experimental procedures.” Vehicle or 17-AAG
(0.5 nmol) was injected i.c.v. concurrent with surgery. After 24 h, morphine was injected (1, 3.2, or 10 mg/kg s.c.), and mechanical thresholds were measured
over a time course. Each dose is reported in a separate graph. *, **, *** and **** (same with # and $), p < 0.05,0.01, 0.001, and 0.0001, respectively, versus same
time point by two-way ANOVA with Fisher's least significant difference post-hoc test. AUC analysis results are summarized in Table 2. The reported sample size
of individual mice includes two to three technical replicates for each dose on different days by the same experimenter. B, the AUC values from each individual
mouse in A were used to construct dose-response curves, and linear regression analysis was performed to calculate the A, values (see “Experimental
procedures” and results in Table 2). Vehicle = 3.98 mg/kg and 17-AAG = 522.2 mg/kg, a 131.2-fold shift. The results suggest a strong decrease in potency for
the system. C, 52 °C tail-flick baselines were determined as reported under “Experimental procedures” prior to and 24 h post-i.c.v. injection of vehicle or 0.5
nmol of 17-AAG. DAMGO (0.01, 0.032, or 0.1 nmol) was then injected i.c.v., and tail-flick latencies were determined over a time course. * and ** = p < 0.05 and
0.01, respectively, versus 0.1 nmol time point; #, p < 0.05 versus 0.032 nmol time point; both by two-way ANOVA with Fisher’s least significant difference
post-hoc test. AUC analysis results are summarized in Table 2. The reported sample size of individual mice includes three technical replicates for each dose from
two different experimenters at different institutions; each replicate showed very similar results. D, dose-response curves were created and analyzed from C
using the same method as described in B. The results are summarized in Table 2. Vehicle = 0.095 nmol and 17-AAG = 0.251 nmol, a 2.64-fold shift. The results
suggest a modest decrease in efficacy for the system. E, HIV peripheral neuropathy was established using the method outlined under “Experimental proce-
dures.” This figure demonstrates progressive, severe, mechanical allodynia, measured as described in A, over a 21-day treatment period. Both hind paws were
measured, and the injection days were noted (/nj). The reported sample size of individual mice includes every HIV neuropathy mouse used in this study
combined with six technical replicates by the same experimenter on different days. F, HIV neuropathy was established as described in E, with pre-gp120, day
19, and day 21 post-i.c.v. injection baselines noted. On day 20, vehicle or 17-AAG was injected i.c.v. as above followed by 10 mg/kg morphine s.c. on day 21.
17-AAG had no effect on pain baselines but abolished (AUC reduction of 97.6% (Table 2)) morphine anti-nociception. * and ****, p < 0.05 and 0.0001 versus
same time point by two-way ANOVA with Fisher's least significant difference post-hoc test. The reported sample size of individual mice includes two technical
replicates performed on different days by the same experimenter. Both hind paws showed extremely similar results, and thus only the data from the left paw
is shown (data not shown).
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Table 2

Summary of in vivo anti-nociception assays
The relevant results of Figs. 3 and 6 are summarized here. AAUC, change in AUC percentage, either increased (+) or decreased (—) with treatment. The A, values are

derived from the dose-response curves shown in Fig. 3. Veh, vehicle.
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Figure 4. Hsp90 inhibition increases opioid-induced withdrawal symptoms. Acute (A) and chronic (B) morphine dependence and withdrawal paradigms
were established with concurrent vehicle and 17-AAG (0.5 nmol) i.c.v. injections as described under “Experimental procedures.” Withdrawal was precipitated
with 10 mg/kg (acute) or 30 mg/kg (chronic) naloxone i.p. with behaviors recorded for 20 min. Jumps and urine/feces weight are reported for each paradigm
asthe mean * S.D.*, p < 0.05 versus the same measure vehicle control by unpaired two-tailed t test; n = 24-29 mice/group for each paradigm; three technical
replicates were used for each paradigm by the same experimenter using different mouse cohorts on different days. 17-AAG treatment increased urine and
feces weight, but not jumps, in both paradigms. C, mice were exposed to three 3-min training sessions on a Rotarod device followed by vehicle or 0.5 nmol of
17-AAG injected i.c.v. and a 24-h recovery. Another 3-min trial was then performed with acceleration from 4 to 16 rpm and no further treatment. The sample
size reported for individual mice consisted of one technical replicate. 17-AAG had no effect on Rotarod performance (p > 0.05). Data are reported as the

mean *+ S.D.

We next tested the effects of Hsp90 inhibition on the opioid
side effects of dependence and withdrawal. This was performed
first in an acute model of dependence and withdrawal, with
17-AAG treatment for 20 h as described above, a single 100
mg/kg s.c. injection of morphine with a 4-h recovery, and the
precipitation of withdrawal with 10 mg/kg naloxone i.p. (Fig.
4A). We also tested 17-AAG in a model of chronic dependence
and withdrawal, with an escalating dosage protocol over 4 days
(see “Experimental procedures”) with daily re-injection of
17-AAG, and precipitation of withdrawal on day 4 with 30
mg/kg naloxone i.p. (Fig. 4B). In both models of dependence
and withdrawal, 17-AAG treatment significantly increased the
production of withdrawal-associated feces and urine without
altering jumping behavior. The above results suggest that

SASBMB

Hsp90 inhibition with 17-AAG worsens the opioid thera-
peutic index by decreasing anti-nociception and increasing
side effects.

Lastly, to determine whether the above results were due to
off-target motor, sedative, or similar effects, we measured the
effect of 17-AAG treatment on performance in the rotarod test
(30). Both 17-AAG and vehicle-treated mice had unaltered per-
formance in this test, suggesting that the above results are spe-
cific to the opioid system and are not off-target (Fig. 4C).

Hsp90 inhibition alters protein expression and signal
transduction in the brain

In an effort to explore the mechanism of Hsp90 regulation of
the above-described opioid-induced behaviors, we measured
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brain protein expression and ERK and Akt signal transduction
in the PAG and caudal brain stem (pons and medulla) by West-
ern blotting after 24 h of 17-AAG treatment and 0.1 nmol of
DAMGO administered i.c.v. for 10 min. As expected, we found
up-regulation of Hsp70 in both brain regions in response to
17-AAG (Fig. 5, A-C). Contrary to some of our in vitro findings
shown in Fig. 1B, we did not observe changes in MOR, Barr2, or
STAT3. Importantly for our analysis, 17-AAG treatment did
not change the protein expression levels of GAPDH, tERK, or
tAkt (Fig. 5, A—C, and data not shown).

Both brain regions also displayed an unusual pattern of ERK
signaling in response to 17-AAG whereby the pERK baseline
was increased to the same level as DAMGO stimulation in the
vehicle-treated brains, but stimulation above that baseline in
response to DAMGO was completely lost (Fig. 5, D and E). This
was a similar pattern of signaling as observed in SH-SY5Y cells
treated with 17-AAG (Fig. 1C). We also examined pAkt levels in
both regions and found a pattern similar to but less robust than
the ERK signaling pattern (Fig. 5, F and G).

As a control, we also examined ERK activation in mice
treated with 5 nmol of 17-AAG, the highest dose tested in our
dose-response experiment shown in Fig. 2. The ERK pattern
observed in this experiment was identical to that observed with
0.5 nmol of 17-AAG, with no increase in the magnitude of sig-
naling, further justifying the choice of 0.5 nmol of 17-AAG for
our studies (Fig. 5H).

Determining the mechanism of Hsp90 regulation of
anti-nociception

In our signaling studies of mouse brain, we determined that
Hsp70 expression and ERK signaling were altered by 17-AAG
treatment. We thus tested these two proteins as mechanisms
for Hsp90 regulation of anti-nociception. First, we tested the
role of Hsp70 by combining Hsp90 inhibition by 17-AAG with
Hsp70 inhibition by pifithrin-u, a selective Hsp70 inhibitor.
17-AAG and 50 pug of pifithrin-u, a previously established i.c.v.
dose of this inhibitor (31), were co-injected i.c.v. with a 24-h
recovery (along with single drug and vehicle controls). The
mice were then i.c.v. injected with 0.1 nmol of DAMGO i.c.v,,
and a tail-flick assay performed as described above. We found
that pifithrin-p had no effect on the tail-flick response, with
indistinguishable vehicle and pifithrin groups (AUC of 100 and
100.5%), and indistinguishable 17-AAG and 17-AAG/pifithrin
groups (AUC of 76.3 and 78.7%) (Fig. 6A). This finding suggests
that up-regulated Hsp70 is not responsible for the anti-nocice-
ption changes we observed.

For ERK signaling, we reasoned that the loss of DAMGO
stimulation seen with 17-AAG treatment (Fig. 5, D and E) was
more critical for acute anti-nociception than the elevated base-
line. We thus modeled the change in ERK signaling seen with
17-AAG by i.c.v. injection of 5 ug of U0126, a selective ERK
inhibitor used at this i.c.v. dose previously (32). Vehicle or
U0126 wasi.c.v. injected with a 15-min treatment time followed
by 0.1 nmol of DAMGO i.c.v. and a tail-flick assay as described
above. We observed that U0126 reduced tail-flick anti-nocice-
ption with a pattern very similar to 17-AAG (Fig. 6B and Table
2) and a very similar AUC reduction of 23.5% (versus 18.2% for
17-AAG in Fig. 3C). These results suggest that the loss of ERK
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stimulation with 17-AAG treatment is the mechanism for the
reduction of tail-flick anti-nociception seen with 17-AAG
treatment.

We then extended these results to the paw-incision model to
determine whether ERK signaling would explain the results
there as well. We performed paw-incision surgery as described
above, except without the 17-AAG i.c.v. injection. After the
24-h recovery time, the animals displayed significant mechan-
ical allodynia as measured by Von Frey filaments. The mice
were then i.c.v. injected with 5 ug of U0126 (or vehicle control)
with a 15-min treatment time followed by 1 mg/kg morphine
s.c. We observed that the vehicle-treated mice displayed ro-
bust time-dependent anti-nociception, as expected. We also
observed that U0126 blocked nearly all morphine anti-nocice-
ption in this model, with an AUC reduction of 89.2% (Fig. 6C
and Table 2). Again, the U0126 results showed a similar pattern
to that of 17-AAG (results from Fig. 34), with similar AUC
reductions (89.2% for U0126 versus 70.2% for 17-AAG).

We also tested the role of ERK in our HIV peripheral neurop-
athy model. Peripheral neuropathy was established as described
above with a 21-day treatment period. On day 21, the mice
received vehicle or U0126 i.c.v. as described above, with a
15-min treatment time followed by 10 mg/kg morphine s.c.
Again, we found that ERK inhibition strongly blocked mor-
phine anti-nociception in this model, with an AUC reduction of
99.7% (Fig. 6D and Table 2). This was again very similar to the
17-AAG treatment AUC reduction value of 97.6% in this model
(Table 2). Taken together, our data suggest that the loss of ERK
stimulation caused by 17-AAG treatment is the mechanism by
which 17-AAG reduces opioid anti-nociception in the paw-
incision, tail-flick, and HIV peripheral neuropathy models.

Discussion

During the course of this study, we first sought to establish an
in vitro model for Hsp90 regulation of MOR signaling, as Hsp90
is expressed ubiquitously. We found that changes in both pro-
tein expression and ERK signal transduction varied consider-
ably between the four cell models used (Fig. 1). We took this to
mean that the context of Hsp90 activity is important in deter-
mining which proteins Hsp90 regulates and thus presumably
the resultant signal transduction and opioid-induced behav-
iors. This may be due to differential expression of Hsp90 co-
chaperones (Hsp70, Hsp40, Hop/STIP1, Cdc37, etc.) in differ-
ent cell and tissue types (14, 16, 33). These co-chaperones,
particularly Hop/STIP1 and Cdc37, are very important in
directing the activity and targeting of Hsp90 and should be
investigated in the context of the brain, both to determine the
mechanism of Hsp90 regulation of MOR signaling and opioid-
induced behaviors and as potential targets for therapeutic
intervention. Targeting the co-chaperone complex may be
more selective by tissue type, thus reducing the potential side
effects of targeting the ubiquitously expressed Hsp90. An anal-
ogous approach has been used to design Hsp70-targeted ther-
apeutics and could be adapted for Hsp90 and pain (17). We
note, however, that the neuroblastoma cell line SH-SY5Y dis-
played a similar ERK signaling profile after 17-AAG treatment
to that we observed in the brain (Figs. 1C and 5, D and E).
SH-SY5Y cells may express a similar profile of co-chaperones as
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Figure 6. ERK inhibition recapitulates the effects of Hsp90 inhibition on anti-nociception. Tail-flick, HIV neuropathy/Von Frey, and paw-incision/Von Frey
tests were performed as described in the legend for Fig. 3 and under “Experimental procedures.” Data are reported as the mean = S.D. A, vehicle or 17-AAG (0.5
nmol) combined with pifithrin-w (50 wg), as well as single injection controls, were injected i.c.v. with a 24-h recovery period. 0.1 nmol of DAMGO was then
injected i.c.v., and tail-flick latencies were determined in a time course. ** and ***, p < 0.01 and 0.001 for vehicle versus pifithrin/17-AAG; #, ##, and ###, p < 0.05,
0.01, and 0.001, respectively, for pifithrin versus pifithrin/17-AAG group; both at the same time point using a two-way ANOVA with Fisher’s least significant
difference post-hoc test. AUC analysis revealed: 17-AAG, 23.7% decrease; pifithrin, 0.5% increase; pifithrin/17-AAG, 21.3% decrease. Pifithrin had no effect alone
or in combination with 17-AAG on tail-flick anti-nociception. The sample size of individual mice reported consisted of two technical replicates by the same
experimenter on different days. B, vehicle or 5 ug of U0126 was injected i.c.v. with a 15-min treatment period followed by 0.1 nmol of i.c.v. DAMGO and a
tail-flick time course. *, p < 0.05 versus same time point via two-way ANOVA with a Fisher’s least significant difference post-hoc test. AUC analysis revealed a
decrease of 23.5% with U0126, very similar to the AUC values for 17-AAG treatment (Table 2). The sample size of individual mice reported consisted of two
technical replicates performed on different days by the same experimenter. C, paw-incision surgery and pre- and post-surgery mechanical withdrawal
thresholds were performed in mice. 5 ug of U0126 or vehicle control was injected i.c.v. with a 15-min treatment time. Morphine (1 mg/kg s.c.) was then injected,
and withdrawal thresholds were determined over a time course. ** and **** p < 0.01 and 0.0001 versus same time point via two-way ANOVA with a Fisher’s
Least Significant Difference post-hoc test. AUC analysis revealed that U0126 reduced anti-nociception by 89.2%, very similarly to the reduction caused by
17-AAG above (Table 2). The sample size of individual mice reported consisted of 2 technical replicates performed by the same experimenter on different days.
D, HIV neuropathy was induced as in Fig. 3 and under “Experimental procedures.” On day 21, U0126 or vehicle control was i.c.v. injected as above with a 15 min
treatment time. This was followed by 10 mg/kg morphine s.c.,, and mechanical thresholds were measured in a time course. *, **** = p < 0.05,0.0001 versus same
time point by 2 Way ANOVA with Fisher’s least significant difference post-hoc test. AUC analysis revealed that U0126 reduced morphine anti-nociception by
99.7%, very similar to the value for 17-AAG (Table 2). The sample size of individual mice reported consisted of three technical replicates performed by the same
experimenter on different days. Both hind paws showed very similar results; only the left paw is reported here (data not shown).

Figure 5. Hsp90 inhibition induces protein expression and signaling changes in mouse brain. Mice were injected i.c.v. with vehicle or 0.5 nmol of 17-AAG,
allowed to recover for 24 h, and then injected i.c.v. with vehicle (Veh) or 0.1 nmol of DAMGO for 10 min. Brains were extracted and analyzed by Western blot
analysis as reported under “Experimental procedures.” All data are reported as the mean = S.D. A, representative blots from each protein target are shown, with
the treatment and molecular weight markers indicated as described in the legend for Fig. 1. PAG (B) and caudal brain stem (pons and medulla) (C) protein
expression changes are indicated. The signal for each target is normalized to GAPDH and further normalized to the vehicle control for each. MOR and Barr2 in
the PAG were measured by immunoprecipitation (see “Experimental procedures”). *, p < 0.05 versus same target vehicle control by unpaired 2-tailed t test. The
reported sample size of the individual mice consists of two technical replicates performed by two different experimenters at different institutions. Only Hsp70
expression was altered by 17-AAG treatment in both brain regions, contrary to some of the results reported in the legend for Fig. 1. Importantly, GAPDH, tERK,
and tAkt protein levels were not changed (see A; GAPDH and tAkt quantified data not shown). PAG (D) and caudal brain stem (E) ERK signaling changes are
indicated. pERK was normalized to the tERK signal and further normalized to the vehicle:vehicle group. **,*** and **** p < 0.01,0.001,and 0.0001, respectively,
versus vehicle:vehicle group by Fisher's least significant difference post-hoc test. The reported sample size of individual mice for both D and E consisted of two
technical replicates each performed by different experimenters at different institutions. Hsp90 inhibition increased the ERK signaling baseline, and stimulation
above that baseline by DAMGO was completely lost in both brain regions. PAG (F) and caudal brain stem (G) Akt signaling changes are indicated. Akt was
analyzed as described for ERK from the same samples and with the same technical replicates. * and **, p < 0.05 and 0.01 versus vehicle:vehicle group by Fisher’s
least significant difference post-hoc test. Hsp90 inhibition induced a very similar, albeit less robust pattern in Akt as in ERK. H, in a control experiment, ERK
signaling was assessed in mice injected i.c.v. with the highest dose of 17-AAG tested in the dose response (5 nmol). PAG ERK signaling in these mice was
assessed as described in D and E. *, p < 0.05 versus vehicle:vehicle group by Fisher’s least significant difference post-hoc test. 5 nmol of 17-AAG induces the
same ERK pattern as seen in D and E with no increased magnitude of the effect, suggesting that 0.5 nmol has a maximal effect on brain signaling, justifying the
use of the lower dose. The reported sample size of individual mice consisted of one technical replicate.
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found in the brain and should be investigated as a potential cell
model for Hsp90 activity in the brain.

We also found that Hsp90 inhibition strongly or completely
blocked morphine anti-nociception in the clinically relevant
paw-incision post-surgical pain and HIV peripheral neuropa-
thy pain models and slightly blocked DAMGO anti-nocicep-
tion in the naive tail-flick model (Fig. 3). These results are strik-
ing and strongly implicate Hsp90 for a role in regulating opioid
anti-nociception in both acute and chronic pain states. It’s also
notable that Hsp90 inhibition in the brain itself was able to
block (79.3% reduction) systemic morphine anti-nociception
from a peripherally induced pain state in the paw-incision
model. This may indicate that Hsp90 in brain descending mod-
ulatory circuits is more critical than in the spinal circuits or
primary afferents, at least in this particular model. Along these
lines, Hsp90 inhibition only slightly reduced centrally adminis-
tered DAMGO anti-nociception in the tail-flick model. This
may also indicate a more important role for Hsp90 in descend-
ing modulatory circuits rather than centrally mediated affective
anti-nociception (34), but this remains to be demonstrated.
Because the two pain models differed by drug, opioid route, and
pain model/type, these other variables must also be explored
and may explain the differences seen. Morphine was chosen for
the paw-incision and HIV neuropathy models due to clinical
relevance of the drug and route, and DAMGO was chosen for
the tail-flick model as a highly MOR-selective drug that would
remain in the brain, helping to isolate mechanisms of action.

Hsp90 inhibition was even more effective in blocking opioid
anti-nociception in the HIV neuropathy model than in either
the paw-incision or tail-flick models (Fig. 3 and Table 2). Pain is
induced in this model from the pro-inflammatory activity of the
gp120 protein in the spinal cord (29). This may further indicate
that Hsp90 is more effective in descending modulatory circuits
to the spinal cord than in central circuits. These results also
demonstrate that Hsp90 is involved in anti-nociception against
multiple pain types (mechanical, thermal, inflammatory, and
neuropathic) and in both acute and chronic pain states. Fur-
ther investigation should focus on the molecular and circuit
mechanisms by which Hsp90 regulates this broad array of
anti-nociception.

We also found that Hsp90 inhibition worsened gastrointes-
tinal effects, but not jumping behavior, in both acute and
chronic morphine dependence and withdrawal (Fig. 4, A and
B). Hsp90 thus has effects beyond anti-nociception, and Hsp90
inhibition worsens the opioid therapeutic index (decreasing
anti-nociception and increasing side effects). These effects are
likely specific to the opioid system and not off-target, as Hsp90
inhibition did not alter anti-nociceptive naive, paw-incision, or
HIV neuropathy baselines or performance in the rotarod test
(Fig. 4C). These results also imply that an Hsp90 activator could
improve the opioid therapeutic index, which could be a basis for
improving opioid therapy. Tamoxifen (35) and DMSO (19)
are both Hsp90 activators, which we will use in future studies
to test this hypothesis. Long-term, new and more selective
Hsp90 activators need to be developed through drug discov-
ery and development.

This study suggests that the mechanism for Hsp90 regulation
of anti-nociception is through the signaling kinase ERK.
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Figure 7. Summary model of the role of Hsp90 in opioid signaling and
behavior. This model summarizes our findings that Hsp90 inhibition causes
ERK MAPK to lose the ability to be stimulated through opioid-receptor acti-
vation in the brain. This loss of stimulation may account for the loss of opioid
anti-nociception seen in three pain models. The molecular mechanisms link-
ing Hsp90 to ERK and ERK to anti-nociception and potentially to dependence/
withdrawal are currently unknown. We also note in this figure that Hsp90
effects on signaling kinases are likely to impact other receptor systems,
including GPCRs and receptor tyrosine kinases. Stimulating these systems
while Hsp90 is inhibited could cause a variety of other physiological effects.

17-AAG treatment caused an elevation in the ERK signaling
baseline in both the PAG and the caudal brain stem, which was
unable to be stimulated above that baseline with DAMGO (Fig.
5). We also saw similar results with the kinase Akt. By using the
ERK-selective inhibitor U0126 to model this effect, we were
able to completely account for the anti-nociceptive changes
caused by 17-AAG in tail-flick, post-surgical, and HIV neurop-
athy pain, with nearly identical curve shapes and AUC reduc-
tions (Fig. 6 and Table 2). Hsp70 was also up-regulated by
17-AAG treatment, but an Hsp70 inhibitor had no effect on
tail-flick anti-nociception (Fig. 6A4). Taken together, our results
suggest that Hsp90 promotes anti-nociception in these pain
models by maintaining the ability of ERK to be stimulated by
opioid drugs. Our findings are summarized in Fig. 7. The mag-
nitude of the ERK effect is different in the different pain models,
with a small contribution to tail-flick anti-nociception and a
very large or even total contribution to post-surgical and HIV
neuropathy anti-nociception. These findings should be ex-
plored in greater detail. From the literature, it is clear that ERK
has a substantial role in the pathophysiology of pain states and
opioid-receptor function and side effects. However, that role
appears to be very context-dependent, as ERK located in differ-
ent circuits or regions or manipulated in different models can
have different or opposing effects (36 —41). We found ~5 stud-
ies each that tested ERK specifically in paw-incision and tail-
flick pain, and none of these tested these models as we did,
specifically by testing ERK in the opioid anti-nociceptive
response. We could find no studies that tested the role of ERK
in HIV neuropathic pain. Thus our findings contribute to the
growing understanding of the role of ERK in pain and opioid
response, which should be further investigated for possible
therapeutic use.

From known roles in the literature and our data showing
changes in ERK and Akt generally in the brain, it is very likely
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that numerous other receptor systems are affected by Hsp90
inhibition. These could include receptor tyrosine kinases, other
GPCRs, and other receptor systems generally. Specificity to the
opioid system was achieved in this study by using selective opi-
oid drugs and assessing opioid-mediated behaviors. This repre-
sents an opportunity, in that our model will be useful for explor-
ing the role of Hsp90 in many brain systems and responses. This
also represents a challenge to developing Hsp90 as a therapeu-
tic target, as there are likely to be off-target effects. As discussed
above, targeting selective co-chaperones could be a means of
decreasing off-target interactions (17). In addition, biased
ligands or similar approaches could be developed to manipulate
the Hsp90-regulated signaling cascade downstream of a spe-
cific receptor. This would be analogous to the method used to
target another universal regulator, Barr2 (8). The likelihood
that Hsp90 affects other receptor systems is also included in the
summary presented in Fig. 7.

As discussed above, Hsp90 has been investigated in 4 studies
for its role in pain and opioid response. The Devi group (21)
found that Hsp90 inhibition immediately prior to precipitation
of morphine withdrawal reduced jumping behavior; and a sep-
arate group found that Hsp90 inhibition blocked adenylyl
cyclase superactivation, a marker of dependence, in a cell model
(20). In contrast, we found that Hsp90 inhibition promoted the
gastrointestinal effects of dependence and withdrawal (Fig. 4, A
and B). For the Devi study (21), the differences observed may be
because they applied the inhibitor immediately prior to with-
drawal via the i.p route, whereas we applied inhibitor chroni-
cally using the i.c.v. route. We suggest that chronic treatment
may more closely model chronic pain treatment, but these dif-
ferences are still notable. We will investigate the chronic appli-
cation of 17-AAG systemically in future studies to explore these
differences. For the adenylyl cyclase superactivation study,
Koshimizu et al. (20) applied the inhibitor chronically as did we.
However, as we discovered in our in vitro studies (Fig. 1), the
effects of Hsp90 inhibition can be highly heterogeneous
between lines. The SK-N-SH cells used in that study may or
may not accurately model Hsp90 in the brain. Further investi-
gation into the role of Hsp90 in dependence and withdrawal is
needed.

For the pain studies, it was found that Hsp90 inhibition
reversed diabetes-induced sensory hypoalgesia in mice (18) and
that Hsp90 inhibition reversed CCI-induced mechanical allo-
dynia and potentiated morphine anti-nociception (19). The
hypoalgesia results are too orthogonal to our model for a direct
comparison, but the reduction in pain and enhancement of
morphine anti-nociception in the CCI model is opposed to our
results, particularly our findings with HIV neuropathy, as CCI
is also a chronic neuropathic pain model. Important differences
between our studies include that the Hsp90 inhibitor was given
systemically over a 3-h or less time scale, whereas we adminis-
tered inhibitor i.c.v. for 24 h. CCI also has a different mecha-
nism of pain induction than HIV neuropathy. Either of these
differences could explain the discrepancy, and future studies
will explore CCI neuropathic pain and different routes of
administration in our pain models. Given the importance of
context to Hsp90 function, future therapy may need to be
closely tailored to the specific pain state of the patient.
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In summary, we have demonstrated that Hsp90 promotes
opioid anti-nociception in three different pain models by an
ERK-dependent mechanism. Based on our signaling findings in
the brain, this is likely accomplished by Hsp90 maintaining ERK
in a competent state for opioid signal transduction activation.
Despite the role of Hsp90 as a ubiquitous and crucial signaling
regulator, very little work has been done on the role of this
protein in opioid signal transduction and pain. Our results thus
make a significant contribution to this field and provide the
rationale for testing Hsp90 activators as therapies to enhance
the opioid therapeutic index. Future studies will expand on the
molecular mechanisms downstream of Hsp90 and ERK respon-
sible for these effects and the specific cell types, regions, and
circuits in the brain responsible for the effects of Hsp90 on
opioid signal transduction and anti-nociception.

Experimental procedures
Materials

17-AAG, DAMGO, LPA, naloxone, and U0126 were all pur-
chased from Tocris (subsidiary of R&D Systems, Minneapolis,
MN). Pifithrin-p was purchased from Sigma-Aldrich. Mor-
phine sulfate pentahydrate was obtained through the National
Institute on Drug Abuse Drug Supply Program and distributed
through the Research Triangle Institute. Gp120 IIIb protein
was obtained from SPEED BioSystems, LLC (Gaithersburg,
MD, catalog no. YCP1549). 17-AAG, U0126, and pifithrin-u
were prepared as stock solutions in DMSO, and DAMGO and
LPA were prepared as stock solutions in water. Naloxone and
morphine were prepared fresh for each experiment in USP
saline. Appropriate vehicle controls were used for each experi-
ment: 0.1% DMSO in serum-free culture media for 17-AAG
and DAMGO in the culture experiments; 10% DMSO in water
for 17-AAG i.c.v. injections; water for DAMGO i.c.v. injections;
USP saline for systemic morphine and naloxone injections;
and 10% DMSO, 10% Tween-80, and 80% USP saline for the
17-AAG/pifithrin-u and U0126 i.c.v. injections.

Cell lines, culture, and in vitro experiments

Parental CHO-K1, HEK, and SH-SY5Y cells were obtained
from American Type Culture Collection (ATCC, Manassas,
VA). Human MOR-B-arrestin2EGFP-U20S cells were a kind
gift from Dr. Larry Barak of the Duke University Addiction
Research GPCR Assay Bank (42). The SH-SY5Y and U20S cells
were used without further modification. The CHO and HEK
cells were developed into stable cell lines by electroporation of
a 3X-HA N-terminally tagged human MOR expression con-
struct (Genecopoeia, Rockville, MD) and by selection with 500
pg/ml G418. The populations were enriched for MOR expres-
sion by two cycles of flow cytometry, selecting the top 2—3% of
the population in each round. The resulting stable, high-ex-
pressing cell lines were characterized by immunocytochemistry
and Western blot analysis of ERK activation in response to
DAMGO, and the CHO line was further characterized by satu-
ration radioligand binding with [*H]diprenorphine (K, =
2.81 £ 0.72nm; B, = 435 = 76 fmol/mg; n = 3 independent
experiments). Both lines were also characterized in multiple
signal transduction assays for MOR function for other projects
(data not shown).
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The cells were all maintained in growth medium (DMEM/
F12 for CHO and SH-SY5Y cells and MEM for HEK and U20S
cells) with 10% heat-inactivated FBS (Gibco brand, Thermo-
Fisher Scientific) and 1X penicillin/streptomycin. The CHO
and HEK cells were further maintained with 500 pg/ml G418,
and the U20S cells with 200 pug/ml G418 and 100 ug/ml Zeocin.
All lines were incubated at 37 °C in a 5% CO,, humidified incu-
bator. All lines were monitored for mycoplasma contamination
by DAPI staining and microscopy, and all cells were mycoplas-
ma-negative for these experiments.

For experiments, the cells were plated in 6-well plates in a
minimum of two replicate wells/condition (averaged for a tech-
nical replicate of n = 1), recovered overnight, and then treated
with 1 um 17-AAG or vehicle for a further 24 h. Then the cells
were serum-starved with the appropriate serum-free culture
medium: 30 min for HEK, 60 min for CHO, and 24 h for U20S
and SH-SY5Y cells (serum starvation concurrent with 17-AAG
treatment for U20S and SH-SY5Y cells). The cells were then
treated with vehicle, 10 um DAMGO, or 10 uMm LPA for 10 min.
The cells were washed in ice-cold PBS and then collected with a
plastic cell scraper in the presence of lysis buffer (20 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 2 mm EDTA, 0.1% SDS, 1%
Nonidet P-40 or equivalent, 0.25% deoxycholate, 1 mm sodium
orthovanadate, 1 mm PMSF, 1 mm sodium fluoride, and a pro-
tease inhibitor mixture from EMD Millipore, Billerica, MA).
The lysates were sheared twice with a 27-gauge needle and cen-
trifuged at 13,000 rpm at 4 °C for 10 min, and the supernatants
were stored at —80 °C.

Animals

Male 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).
CD-1 (a.k.a. ICR) mice are commonly used in opioid research as
a line with a strong response to opioid drugs (e.g. see Refs. 43
and 44). Mice were allowed to recover for a minimum of 5 days
after shipment before being used in experiments. The mice
were kept in AAALAC-accredited vivaria at the University of
New England and the University of Arizona under temperature
control and 12-h 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, includ-
ing after surgical procedures, by trained veterinary staff. All
experiments performed were in accordance with IACUC-ap-
proved protocols at both the University of New England and the
University of Arizona.

Dose-response and brain-signaling experiments

For the dose-response experiments, the mice were injected
i.c.v. with 0.05, 0.5, or 5 nmol of 17-AAG or vehicle. For the
brain signaling experiments, the mice were injected with 0.5
nmol of 17-AAG i.c.v. This was performed by anesthetizing the
mice with ~2% isoflurane in standard air and incising the skin
by ~5 mm with a no. 10 scalpel blade. The i.c.v. injection was
made using a jacketed 10-ul Hamilton syringe in a 5-ul maxi-
mum volume, 1 mm posterior and 1 mm lateral to bregma and
2.5 mm deep. The skin was closed with tissue glue, and the mice
were allowed to recover for 24 h in their home cage. The next
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day, the signaling experiment mice had the incision reopened,
and ani.c.v.injection of 0.1 nmol of DAMGO was done as above
using the same site. After 10 min, the mice were sacrificed by
rapid cervical dislocation. The dose-response mice proceeded
immediately to sacrifice after 24 h. For both groups of mice, the
brains were removed and dissected on an ice-cooled block.
PAG and caudal brainstems (pons and medulla) were
removed and rapidly frozen on liquid nitrogen. Protein was
extracted using the same lysis buffer and general protocol as
described above, except that a Polytron homogenizer was used
to disrupt the tissue (maximum speed, 3 X 105, on ice) for PAG,
and a 1-ml glass/glass Dounce homogenizer was used for the
caudal brain stem. For a subset of the brain signaling experi-
ments, MOR and Barr2 were immunoprecipitated from PAG
using the protocol reported by Schmid and Bohn (45).

Western blotting and blot analysis

Cell and brain protein lysates were quantified with a BCA
protein quantitation assay using the manufacturer’s protocol
(Bio-Rad). The protein was run on precast Tris-glycine gels
using a mini-PROTEAN Tetra Western blotting apparatus
(Bio-Rad) following the manufacturer’s instructions. The gels
were transferred to nitrocellulose membrane (Bio-Rad) using
a wet transfer system (30 V, minimum of 1 h 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 anti-
body (see below) in 5% milk in TBST for 1 h 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 Odys-
sey imager is a dynamic imager that allows for fine control of
exposure. Scion Image also indicated any saturated pixels. The
intensity levels of all proteins except ERK and Akt were normal-
ized to the housekeeping protein GAPDH, the pERK signal was
normalized to the tERK signal, and pAkt was normalized to
tAkt, with both measured from the same blot as the primary
target. Separate quantitation of GAPDH, tERK, and tAkt indi-
cated that the drug treatments used did not change the expres-
sion levels of these proteins (Fig. 5, A-C, data not shown). The
normalized intensities were further normalized to a vehicle
control present on the same blot.

Antibodies

All antibodies were validated prior to use by in vitro experi-
ments using a cell line expressing the target in question with a
negative control cell line that did not express the target in ques-
tion or, in the case of Hsp70 and ERK, by treatment with a drug
as a positive control. Hsp70 and ERK were validated by proper
response to the drug (17-AAG and DAMGO/10% FBS/LPA);
the other targets were validated by comparison with the nega-
tive control.
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The antibodies used were: Hsp70 (Cell Signaling 48728, lot
4, rabbit, 1:1000), GAPDH (ThermoFisher MA5-15738, lot
PI209504, mouse, 1:1000), STAT3 (Cell Signaling 91398, lot 7,
mouse, 1:1000), pERK (Cell Signaling 4370S, lot 12, rabbit,
1:1000), tERK (Cell Signaling 4696S, lot 16, mouse, 1:1000),
pAkt (Cell Signaling 9018P, lot 3, rabbit, 1:1000), tAkt (Cell
Signaling 29208, lot 3, mouse, 1:1000), MOR (Abcam ab10275,
lot GR81301-2, 1:500 for immunoprecipitation), B-arrestin2
(Abcam ab54790, rabbit, 1:500 for immunoprecipitation), B-ar-
restin2 (Cell Signaling 3857S, 2, rabbit, 1:1000 for Western blot-
ting), HA tag for in vitro MOR (Cell Signaling 3724S, lot 3,
rabbit, 1:1000), secondary GaM680 (LiCor 926-68020, lot
C50721-02, goat, 1:10,000-1:20,000), and secondary GaR800
(LiCor 926-32211, lot C50602- 05, goat, 1:10,000 —1:20,000).

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 h for acclimation. Testing always occurred within the same
approximate time of day between experiments, and environ-
mental 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 (28). The mice were housed in a home-
made apparatus with Plexiglas walls and ceiling and a wire-
mesh floor (3-inch wide X 4-inch long X 3-inch high with 0.25-
inch 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. For the 17-AAG experiments, the mice were then
injected i.c.v. and left to recover for 24 h. For the U0126 exper-
iments, the mice went directly to recovery. The next day, the
mechanical threshold was again determined as described
above, and i.c.v. injections took place for the U0126 experi-
ments with a 15-min treatment time. Both the 17-AAG and the
U0126 mice were then injected with 1, 3.2, or 10 mg/kg mor-
phine s.c., and mechanical thresholds were determined over a
time course. No animals were excluded from these studies.

Tail-flick assay

Pre-injection tail-flick baselines were determined in a 52 °C
tail-flick assay with a 10-s cutoff time. The mice were then
injected i.c.v. with 17-AAG/pifithrin-u or U0126 with a 24-h
(17-AAG/pifithrin-u) or 15-min (U0126) treatment time. 24 h
post-injection baselines were determined for the 17-AAG
experiments. The mice were then injected i.c.v. with 0.01, 0.032,
or 0.1 nmol of DAMGO, and tail-flick latencies were deter-
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mined over a time course. After completing the study, the mice
that did not respond to DAMGO were excluded from the anal-
ysis, suggesting a missed i.c.v. injection, as it was clear that the
17-AAG and other treatments did not cause a large decrease in
anti-nociception.

HIV peripheral neuropathy

HIV peripheral neuropathy was induced by intrathecal injec-
tion of gp120 protein (15 ng/ulin 0.1 M PBS and 0.1% BSA, 7-ul
volume) using an established protocol (29) on days 1, 3, and 5.
Mechanical thresholds were monitored every 2 days on both
hind paws using Von Frey filaments as described above. For the
17-AAG experiments, 17-AAG was injected i.c.v. as described
above on day 20 with a 24-h treatment time. For the U0126
experiments, U0126 was injected i.c.v. on day 21 with a 15-min
treatment time. For both experiments, morphine (10 mg/kg
s.c.) was then injected, and mechanical thresholds were mea-
sured over a time course on both hind paws. Both hind paws
gave highly similar results, so only the morphine results from
the left paw are shown (data not shown). No animals were
excluded from these studies.

Dependence and withdrawal

For the acute dependence and withdrawal paradigm, mice
were injected i.c.v. with 17-AAG or vehicle and left to recover
for 20 h. They were then injected with 100 mg/kg morphine s.c.
and left to recover for 4 h, and then withdrawal was precipitated
with 10 mg/kg naloxone i.p. For the chronic dependence and
withdrawal paradigm, a 4-day escalating-dosage protocol was
used. Morphine was injected twice daily, with 1X A4, on day 1,
2X Aggonday2,3.5X Ay, on day 3, and finally one injection of
3.5X Ay, on day 4 followed 4 h later by 30 mg/kg naloxone i.p.
17-AAG or vehicle was injected i.c.v. daily from days 0-3. For
both paradigms, behavior was observed in 16-inch-high X
6-inch-deep Plexiglas cylinders for 20 min. The number of
jumps was recorded, and the weight of the urine and feces was
recorded at the end of the observation period. One whole tech-
nical replicate of the chronic dependence and withdrawal was
excluded (both treatment groups) because the majority of the
vehicle-treated animals did not display any withdrawal behav-
ior. No animals were excluded from the acute dependence and
withdrawal 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 (30). An automatic timer in the unit was used to
record fall latencies with a 3-min maximum time. The mice
were then injected i.c.v. with 17-AAG or vehicle and allowed to
recover for 24 h, and another 3-min Rotarod trial was per-
formed without additional treatments or interventions. This
trial was done with an accelerating 4—16 rpm over the 3-min
trial time. No mice were excluded from these studies.

Statistical analysis

All data were reported as the mean = S.D. and normalized
where appropriate as described above. The behavioral data
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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 (protein expression and withdrawal) were performed by
unpaired 2-tailed ¢ tests. Comparisons of more than two groups
(ERK and Akt signaling, paw incision, tail flick, HIV neuropa-
thy, and rotarod) were performed by two-way ANOVA with
Fisher’s least significant difference post-hoc test. In all cases,
significance was defined as p < 0.05. For the dose-response
experiments, the A, was calculated by performing linear
regression analysis of the data points and solving for A, by the
equationy = a + B(logA,,), where y is the effect at the desired
percentage (i.e. 1.6 at the A, in the 17-AAG dose-response
experiment), « is the y intercept of the line, and S is the slope.
The stimulation caused by 5 nmol of 17-AAG was assumed to
be the maximum stimulation for the 17-AAG dose-response
analysis. AUC analysis was performed in the tail-flick, paw-
incision, and HIV neuropathy experiments by setting the low-
est point from both summary curves as the baseline in each
analysis. The dose-response curves for the paw-incision and
tail-flick experiments were constructed using the AUC from
the individual curve of each mouse. All graphing, AUC, and
statistical analyses were performed using GraphPad Prism 7.0
(San Diego, CA).
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