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Abstract

Functionally selective signaling appears to contribute to the variability in
mechanisms that underlie tolerance to the antinociceptive effects of opioids. The
present study tested this hypothesis by examining the contribution of G protein-
coupled receptor kinase (GRK)/Protein kinase C (PKC) and C-Jun N-terminal
kinase (JNK) activation on both the expression and development of tolerance to
morphine and fentanyl microinjected into the ventrolateral periaqueductal gray of
the rat. Microinjection of morphine or fentanyl into the periaqueductal gray
produced a dose-dependent increase in hot plate latency. Microinjection of the non-
specific GRK/PKC inhibitor Ro 32-0432 into the periaqueductal gray to block mu-
opioid receptor phosphorylation enhanced the antinociceptive effect of morphine
but had no effect on fentanyl antinociception. Microinjection of the JNK inhibitor
SP600125 had no effect on morphine or fentanyl antinociception, but blocked the
expression of tolerance to repeated morphine microinjections. In contrast, a
microinjection of Ro 32-0432 blocked the expression of fentanyl, but not morphine
tolerance. Repeated microinjections of Ro 32-0432 blocked the development of
morphine tolerance and inhibited fentanyl antinociception whether rats were
tolerant or not. Repeated microinjections of SP600125 into the periaqueductal gray
blocked the development of tolerance to both morphine and fentanyl
microinjections. These data demonstrate that the signaling molecules that
contribute to tolerance vary depending on the opioid and methodology used to
assess tolerance (expression vs. development of tolerance). This signaling
difference is especially clear for the expression of tolerance in which JNK
contributes to morphine tolerance and GRK/PKC contributes to fentanyl tolerance.
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Introduction

Opioids such as morphine and fentanyl are the most commonly used and effective
drugs to treat severe pain. Unfortunately, tolerance to the analgesic effects of
opioids can occur following a single injection and can result in a 10-fold escalation
in the dose needed to relieve pain [1,2]. Tolerance to morphine is easy to induce
in laboratory animals, and thousands of studies examining the neural mechanisms
underlying tolerance have been undertaken. Despite this effort, there is no
coherent understanding of the molecular changes that cause opioid tolerance.

The primary problem is that there are multiple mechanisms for opioid
tolerance and the contribution of a specific mechanism varies with subtle
differences in experimental design. For example, different mechanisms are
engaged in different parts of the nervous system as demonstrated by the
involvement of NMDA receptors in tolerance when morphine is administered to
the spinal cord, but not to the periaqueductal gray (PAG) [3,4]. Second, the
signaling molecules involved in tolerance may differ depending on whether the
development or expression of tolerance is assessed (Fig. 1). Third, different
molecules contribute to tolerance to different opioids. Tolerance occurs to
morphine, but not fentanyl in G protein-coupled receptor kinase (GRK) knock
out mice, whereas blocking C-Jun N-terminal kinase (JNK) disrupts tolerance to a
single injection of morphine, but not fentanyl [5]. Others have shown that
pharmacological disruption of GRK signaling prevents the expression of tolerance
to DAMGO, but not morphine or fentanyl [6].

The present study addresses these methodological issues by examining both the
development and expression of tolerance to microinjections of morphine or
fentanyl into the ventrolateral PAG. The ventrolateral PAG is known to contribute
to both antinociception [7, 8] and tolerance [9-11] to morphine and fentanyl, and
microinjections into the PAG limits drug action while also allowing neural
changes to be linked to behavior. The contribution of GRK/PKC and JNK
signaling to this antinociception is particularly interesting because activation of
GRK causes mu-opioid receptor (MOPr) phosphorylation which terminates the
antinociceptive signaling driven by G-proteins [12—14] and JNK signaling inhibits
MOPr gene expression [15]. Enhancement of MOPr phosphorylation or
activation of JNK could contribute to tolerance by reducing MOPr signaling from
the plasma membrane. The present study tested this hypothesis by assessing the
effect of blocking GRK and JNK signaling on nociception, antinociception, and
the expression and development of tolerance to repeated microinjections of
morphine or fentanyl into the ventrolateral PAG. The present data support the
hypothesis that distinct molecular signaling pathways underlie antinociception
and tolerance to morphine and fentanyl.
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Fig. 1. Model of MOPr signaling showing that distinct molecules contribute to the development and
expression of opioid tolerance. Tolerance could be caused by a change anywhere along the signaling
pathway. If this change occurs at point C in the model, then repeated co-administration of an opioid with a
drug that blocks signaling at points A, B, or C will prevent the development of tolerance. Once tolerance has
developed, blocking signaling at points A or B will have no effect on the expression of tolerance because
signaling at point C is already altered. However, a drug that blocks the enhanced signaling from points C, D, or
E will block the expression of tolerance.

doi:10.1371/journal.pone.0114269.9001

Materials and Methods

Subjects

Data were collected from 257 adult male Sprague-Dawley rats purchased from
Harlan Laboratories (Livermore, CA). Rats were anesthetized with pentobarbital
(60 mg/kg, i.p) and implanted with a guide cannula (23 gauge; 9 mm long) aimed
at the ventrolateral PAG using a stereotaxic apparatus (AP: +1.7 mm, ML:

0.6 mm, DV: —4.6 mm from lambda). Dental cement was used to secure the
guide cannula to two screws placed in the skull. Following surgery, a stylet

(9 mm) was inserted into the guide cannula and the rat was allowed to recover
under a heat lamp until awake.

Rats were housed individually or in pairs in a room maintained on a 12:12 hr
reverse light cycle (lights off at 7:00 AM). Food and water were available at all
times, except during testing. Each rat was handled daily for at least one week
between surgery and the initiation of testing. Rats weighed between 192 and 353 g
at the start of the experiment (median =268 g).
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Ethical Statement

All procedures were approved by the Washington State University Animal Care
and Use Committee (Permit Number 2156) and conducted in accordance with
the International Association for the Study of Pain’s Policies on the Use of
Animals in Research. The number of rats used was kept to a minimum by using
cumulative doses to generate dose-response curves. Potential suffering was
minimized by assessing nociception with the hot plate test (see below).

Microinjections and Behavioral Testing

Morphine sulfate, fentanyl citrate, the GRK/Protein Kinase C (PKC) inhibitor Ro
32-0432 [16], the JNK inhibitor SP600125 [17] or the appropriate vehicle were
administered into the ventrolateral PAG through a 31-gauge injection cannula
that extended 2 mm beyond the guide cannula. All drugs were purchased from
Sigma-Aldrich (St. Louis, MO) except morphine, which was a gift from the
National Institute on Drug Abuse. Saline was the vehicle for morphine and
fentanyl, whereas the vehicle for Ro 32-0432 was a 7:2:1 ratio of saline/
Cremophor/DMSO, and the vehicle for SP600125 was an 8:1:1 ratio of saline/
Tween/DMSO. Microinjections were administered in a volume of 0.4 pL at a rate
of 0.1 pL/10 s. The injection cannula remained in place for 20 s after the injection
to minimize backflow of the drug up the cannula tract. Immediately following the
microinjection, the stylet was replaced and the rat was returned to its home cage.
A sham injection in which the injector was inserted into the guide cannula
without drug administration was conducted 24 hours prior to the first
microinjection. The purpose of this sham injection was to habituate the rat to the
injection procedure and prevent confounds caused by mechanical activation of
neurons on the test day.

The doses of morphine (5 pg/0.4 pL) and fentanyl (3 pg/0.4 pL) selected for
the induction of tolerance were slightly higher than the half maximal dose (Ds)
for antinociception following microinjection into the ventrolateral PAG [7,9].
The doses and pretreatment time (20 min) for Ro 32-0432 (400 ng/0.4 pl) and
SP600125 (100 ng/0.4 pL) were selected based on conversion from systemic or
intracerebroventricular doses [5, 6] and preliminary testing.

The hot plate test was used to assess nociception because it is sensitive to opioid
microinjections into the PAG and can be applied repeatedly without damaging the
skin [9, 10]. Rats were placed on a 52.5°C hot plate and the latency to lick a hind
paw was measured. The rat was removed from the plate if no response occurred
within 50 s.

Procedure

Rats were injected with morphine, fentanyl, or saline into the ventrolateral PAG
twice daily for two consecutive days (Trials 1-4). Injections were administered at
approximately 10:00 and 16:00 each day. Given the difference in time to maximal
antinociception following microinjection of morphine and fentanyl [7],
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nociception was assessed 30 min following the first microinjection of morphine

and 3 min following the first microinjection of fentanyl. No hot plate testing was
conducted following microinjections on Trials 2—4 to prevent the development of
behavior tolerance as a result of repeated testing [18, 19].

The potency of morphine or fentanyl was assessed 18 hours after the
microinjection on Trial 4 using a cumulative dosing procedure. Baseline
nociception was assessed using the hot plate test followed by microinjections of
cumulative doses of morphine (1, 2.2, 4.6, 10, & 22 ng/0.4 pl) or fentanyl (0.46,
1.0, 2.2, 4.6, & 10 pg/0.4 pl) into the ventrolateral PAG [10]. Morphine was
administered every 20 min and hot plate latency was measured 15 min after each
injection until the hot plate latency reached 50 s or the highest dose had been
administered (a cumulative dose of 22 pg). Given the rapid onset and short
duration of action of fentanyl following microinjection into the ventrolateral PAG
[7], fentanyl was injected every 4 min and hot plate latency was measured 2 min
after each injection until the hot plate latency reached 50 s or the highest dose had
been administered (a cumulative dose of 10 ng).

Effect of GRK/PKC and JNK Inhibition on Nociception

Rats treated with saline on Trials 1-4 were used to determine the effects of Ro 32-
0432 and SP600125 on nociception. Eighteen hours after the last saline injection
on Trial 4, hot plate latency was assessed before and 15 min after microinjection
of Ro 32-0432 (400 ng/0.4 pl), SP600125 (100 ng/0.4 pl), or the appropriate
vehicle into the ventrolateral PAG.

Effect of GRK/PKC and JNK Inhibition on Antinociception

Following the baseline tests described above, the effects of Ro 32-0432 and
SP600125 on morphine and fentanyl antinociception were assessed. Rats were
injected with saline into the ventrolateral PAG on Trials 14 so they received the
same number of injections as rats made tolerant to morphine or fentanyl, but
were naive to Ro 32-0432, SP600125, morphine, and fentanyl. Cumulative doses
of morphine or fentanyl were administered on Trial 5 starting 20 min after
microinjection of Ro 32-0432 or SP600125 into the ventrolateral PAG. The effect
of each protein inhibitor (Ro 32-0432 or SP600125) on morphine and fentanyl
potency was compared to rats injected with vehicle.

Effect of GRK/PKC and JNK Inhibition on the Expression of Tolerance

The contribution of GRK/PKC and JNK to the expression of tolerance was
assessed in rats treated with morphine or fentanyl on Trials 1-4. Tolerance was
defined as a rightward shift in the dose-response curve on Trial 5 compared to rats
treated with saline on Trials 1-4. On Trial 5, Ro 32-0432, SP600125, or the
appropriate vehicle was injected 20 min prior to administration of cumulative
doses of morphine or fentanyl into the ventrolateral PAG. The blockers were only
injected prior to the final test in order to assess the effect of blocking these
proteins during the expression as opposed to the development of tolerance. A
leftward shift in the opioid dose response curve in rats treated with an inhibitor
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compared to rats treated with vehicle indicates that GRK/PKC or JNK contributes
to opioid tolerance.

Effect of GRK/PKC and JNK Inhibition on the Development of Tolerance

Ro 32-0432, SP600125, or vehicle was microinjected into the ventrolateral PAG
20 minutes prior to each opioid or saline microinjection on Trials 1-4 to
determine whether blocking GRK/PKC or JNK activation prevents the develop-
ment as opposed to the expression of opioid tolerance. Tolerance was assessed on
Trial 5 in the absence of the blockers by microinjecting cumulative doses of
morphine or fentanyl into the ventrolateral PAG.

Histology

Immediately following testing, rats were exposed to a lethal dose of Halothane.
The brain was removed and placed in formalin (10%) for at least 48 hours.
Coronal sections through the caudal PAG (100 um) were made with a vibratome
to determine the location of the injection cannula. Only injection sites located
within or immediately adjacent to the ventrolateral PAG [20] were included in
data analysis (Fig. 2).

Data Analysis

Hot plate latency data from Trial 1 were analyzed using ANOVA or t-test as
appropriate. Tolerance was assessed by comparing shifts in the opioid dose-
response curves in rats pretreated with morphine, fentanyl, or saline as assessed by
the half-maximal antinociceptive effect (Dsq) [21]. The D5, value for each group
was calculated using non-linear regression (GraphPad Prism) with the lower limit
set at the mean baseline hot plate latency and the upper limit set at the cutoff hot
plate latency (50 s). Changes in D5, values were assessed using ANOVA
(GraphPad Prism).

Results

Nociception

There was no effect on baseline nociception following inhibition of GRK/PKC
(F(1,24) =0.039, n.s.) or JNK (F(1,28) =0.889, n.s.) activation in the PAG. Mean
hot plate latency went from 14.3+ 1.1 to 14.9+ 1.8 s following Ro 32-0432
microinjection into the ventrolateral PAG and from 14.4+1.0 to 15.5+1.2 s
following vehicle microinjection. Mean hot plate latency went from 13.15+ 1.1 to
12.4+ 1.6 s following microinjection of SP600125 into the ventrolateral PAG and
from 12.8+ 1.0 to 13.8 + 1.3 s following microinjection of the SP600125 vehicle.
These data indicate that subsequent changes in morphine or fentanyl
antinociception caused by blocking GRK/PKC or JNK are not caused by a shift in
baseline nociception.
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Fig. 2. Location of representative microinjection sites in the ventrolateral PAG. Morphine injections
(filled squares) are shown on the left and fentanyl injections (filled circles) on the right even though all
injections were administered on the right side of the PAG. The effect of the opioid was compared between rats
receiving repeated opioid (closed symbols) and saline injections (open symbols). All injections were located
between coronal sections 0.98 and 1.56 from the interaural line [20].

doi:10.1371/journal.pone.0114269.g002

Antinociception

Microinjection of Ro 32-0432 into the ventrolateral PAG to block GRK/PKC
activation enhanced the antinociceptive effect of morphine, but had no effect on
fentanyl antinociception (Figs. 3A & B). A significant leftward shift in the
morphine dose response curve was evident in rats treated with Ro 32-0432
compared to vehicle treated controls (F(1,101) =11.66, p=.0009). The fentanyl
dose-response curves were nearly identical whether rats were treated with Ro 32-
0432 or vehicle (F(1,96) =0.001, p=.97). The enhancement of morphine
antinociception by Ro 32-0432 administration is consistent with prolonged G-
protein signaling as a result of blocking MOPr phosphorylation [14].

There was no significant inhibition of morphine (F(1,76) =2.641, p=.1085) or
fentanyl (F(1,71) =3.355, p=.0712) antinociception following microinjection of
the JNK inhibitor SP600125 into the ventrolateral PAG. The morphine and
fentanyl dose-response curves are similar whether rats were treated with SP600125
or vehicle (Figs. 3C & D). The lack of effect of JNK inhibition on morphine or
fentanyl antinociception is consistent with previous research in mice [5].

Expression of Tolerance

Microinjection of morphine or fentanyl into the ventrolateral PAG on Trial 1
caused a significant increase in hot plate latency compared to saline-pretreated
animals as expected (Fig. 4; F(3,136) =51.60; p=.0001). The magnitude of
antinociception produced by these doses and test times resulted in a slightly
greater antinociception for morphine (5 pg/0.4 pL at 30 min) compared to
fentanyl (3 pg/0.4 pL at 3 min) treated rats (#(63) =2.376, p=.02), but this
difference was small compared to the magnitude of antinociception in both
groups (Fig. 4). The same doses were injected on Trials 2—4, but nociception was
not assessed following these injections to prevent the development of behavioral
tolerance from repeated testing [18, 19]. Each of these groups was divided into
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Fig. 3. Analysis of GRK/PKC and JNK inhibition on morphine and fentanyl antinociception. Rats were injected with the GRK/PKC inhibitor Ro 32-0432
(400 ng/0.4 pl), the JNK inhibitor SP600125 (100 ng/0.4 pL), or the appropriate vehicle into the ventrolateral PAG 20 min before microinjection of cumulative
doses of morphine or fentanyl (N=7-11/condition). Morphine or fentanyl administration produced a dose dependent increase in hot plate (HP) latency.

Microinjection of Ro 32-0432 into the ventrolateral PAG enhanced the antinociceptive effect of morphine (A) as indicated by a leftward shift in the morphine
dose-response curve, but had no effect on fentanyl antinociception (B). Neither morphine (C) nor fentanyl (D) antinociception were altered by microinjection

of SP600125 into the ventrolateral PAG.

doi:10.1371/journal.pone.0114269.9003
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Fig. 4. Microinjection of morphine and fentanyl into the ventrolateral PAG produced antinociception on
Trial 1. Despite different doses and test times, microinjection of morphine (tested 30 min after a dose of 5 ng,
N=232) or fentanyl (tested 3 min after a dose of 3 ug, N=33) produced a significant increase in hot plate (HP)
latency compared to saline treated controls tested 30 or 3 min after the microinjection (F(3,136)=51.60;

p=.0001).

doi:10.1371/journal.pone.0114269.g004
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two conditions on Trial 5 to determine the effects of Ro 32-0432 and SP600125 on
the expression of morphine and fentanyl tolerance.

Tolerance was assessed on Trial 5, 18 hours after the Trial 4 injection. There
was no significant difference in baseline hot plate latency immediately prior to
Trial 5 injections whether rats had received morphine (13.0+0.6 s), fentanyl
(14.5+0.8 s), or saline (14.3+0.5 s) microinjections on Trials 1-4 (F(2,134)
=1.434, n.s.). These data show that there was no lasting effect of repeated
morphine or fentanyl microinjections on nociception when assessed one day later.

Microinjection of cumulative doses of morphine or fentanyl into the
ventrolateral PAG produced a dose-dependent increase in hot plate latency in all
groups. The potency of morphine antinociception was reduced in rats injected
with morphine on Trials 1-4 compared to saline treated rats as would be expected
with the development of tolerance [F(2,119) =3.935, p=.0221 and F(2,109)
=7.755, p=.0007, for the Ro 32-0432 and SP600125 experiments, respectively;
Table 1]. Likewise, the potency of fentanyl antinociception was reduced in rats
treated with fentanyl on Trials 1-4 compared to saline treated rats [F(2,124)
=4.933, p=.0087 and F(2,114) =3.950, p=.022 for the Ro 32-0432 and SP600125
experiments, respectively; Table 1].

Microinjection of the GRK/PKC inhibitor Ro 32-0432 into the ventrolateral
PAG enhanced the expression of morphine tolerance (Fig. 5A), but reversed
fentanyl tolerance (Fig. 5B). In contrast, microinjection of the JNK inhibitor
SP600125 attenuated the expression of morphine tolerance as indicated by a
leftward shift in the morphine dose response curve (Fig. 5C), but had no effect on
the fentanyl dose response curve (Fig. 5D). The Ds, value for each condition is
presented in Table 1. These data demonstrate ligand-biased activation of distinct
signaling molecules in the expression of tolerance: GRK/PKC activation
contributes to the expression of fentanyl tolerance and JNK activation contributes
to the expression of morphine tolerance.

Development of Tolerance

Rats received repeated injections of Ro 32-0432, SP600125, or vehicle along with
morphine, fentanyl, or saline into the ventrolateral PAG on Trials 1-4 to
determine whether GRK/PKC and JNK contribute to the development of
tolerance. The antinociception produced by microinjecting morphine or fentanyl
into the ventrolateral PAG on Trial 1 was evident regardless of pretreatment with
Ro 32-0432, SP600125, or vehicle (Fig. 6). In no case did repeated microinjection
of Ro 32-0432 or SP600125 alter the antinociception evoked by morphine or
fentanyl compared to vehicle treated controls given morphine or fentanyl. Each
rat received the same drug combination for Trials 1-4, but no behavioral testing
was conducted on Trials 2—4.

The effect of prior administration of Ro 32-0432 or SP600125 on the
development of tolerance was assessed 18 hours after Trial 4 by microinjecting
cumulative doses of morphine or fentanyl into the ventrolateral PAG. Repeated
microinjections of either morphine or fentanyl into the ventrolateral PAG caused
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Table 1. Effect of GRK/PKC and JNK inhibition on the Expression of Tolerance.

Saline Vehicle 4.5 g (17) 2.3 pug (17)
GRK/PKC Opioid Vehicle 9.9 ug (8) 3.9 ug (7)

Opioid Ro 32-0432 *15.5 ng (7) *2.0 ug (9)
JNK Opioid Vehicle 8.0 ug (7) 3.1 g (10)

Opioid SP600125 *3.9 ug (9) 2.5 g (7)

Notes: N= sample size.
*Denotes a significant difference from the vehicle control.

doi:10.1371/journal.pone.0114269.t001
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Fig. 5. GRK/PKC contributes to the expression of fentanyl tolerance, and JNK contributes to the expression of morphine tolerance. A)
Microinjection of the GRK/PKC inhibitor Ro 32-0432 (400 ng/0.4 pl) into the ventrolateral PAG 20 min prior to administration of cumulative doses of
morphine on Trial 5 enhanced the expression of morphine tolerance (F(1,71) =5.061, p=.0276). B) In contrast, microinjection of Ro 32-0432 on Trial 5
reversed the expression of fentanyl tolerance (F(1,76) =10.55, p=.0017). C) Microinjection of the JNK inhibitor SP600125 (100 ng/0.4 pL) on Trial 5
reversed the expression of morphine tolerance (F(1,76) =4.436, p=.0385), but D) had no effect on the expression of fentanyl tolerance (F(1,81) =0.880,

p=.351).

doi:10.1371/journal.pone.0114269.9005
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Fig. 6. The antinociceptive effects of microinjecting morphine or fentanyl into the ventrolateral PAG on Trial 1 were not altered by blocking
activation of GRK/PKC or JNK. A) Microinjection of morphine produced an increase in hot plate latency compared to vehicle treated controls (F(3,32)
=8.592, p=.0003) whether rats were pretreated with the GRK/PKC inhibitor Ro 32-0432 (400 ng/0.4 pl) or not (Bonferroni, t=0.689, n.s.). B) Likewise,
fentanyl antinociception (F(3,29) =7.661, p=.0008) was not altered by pretreatment with Ro 32-0432 (t=1.882, n.s.). C) Microinjection of morphine
produced an increase in hot plate latency compared to vehicle treated controls (F(3,29) =29.67, p=.0001) whether rats were pretreated with SP600125
(100 ng/0.4 pL) or not (t=1.942, n.s.). D) Likewise, fentanyl antinociception (F(3,28) =3.194, p=.041) was not altered by SP600125 pretreatment (t=0.008,

n.s.).

doi:10.1371/journal.pone.0114269.9006

PLOS ONE | DOI:10.1371/journal.pone.0114269 December 11, 2014

tolerance as evident by a rightward shift in the dose-response curve compared to
rats treated with saline on Trials 1-4 (Fig. 7). Administration of Ro 32-0432 with
morphine on Trials 1-4 prevented the development of morphine tolerance
assessed on Trial 5 (Fig. 7A). In contrast, repeated microinjections of Ro 32-0432,
whether with fentanyl or not, reduced fentanyl potency as evident by rightward
shifts in the dose-response curves (Fig. 7B). Changes in potency (Dsg) as a result
of repeated morphine or fentanyl administration with and without Ro 32-0432 are
shown in Table 2. In sum, inhibition of GRK/PKC activation attenuated the
development of morphine tolerance and inhibited fentanyl antinociception.
Microinjection of SP600125 into the ventrolateral PAG on Trials 1-4 had no
effect on morphine or fentanyl antinociception in saline pretreated rats, but
attenuated the development of tolerance in morphine (Fig. 7C) and fentanyl
(Fig. 7D) pretreated rats. Changes in potency (Ds,) as a result of repeated
morphine or fentanyl administration with and without SP600125 are shown in
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Fig. 7. Contribution of GRK/PKC and JNK to the development of morphine and fentanyl tolerance. A) Repeated microinjections of morphine into the
ventrolateral PAG caused tolerance as evident by a rightward shift in the morphine dose response curve (F(3,157) =3.689, p=.0043). Administration of the
GRK/PKC inhibitor Ro 32-0432 (400 ng/0.4 pl) with morphine on Trials 1-4 prevented the development of morphine tolerance (p<.05). B) Repeated
microinjections of fentanyl into the ventrolateral PAG also caused tolerance (F(3,142) =17.10, p=.0001). Administration of Ro 32-0432 on Trials 1-4 caused
a rightward shift in the fentanyl dose-response curve whether rats were made tolerant to fentanyl or not (p<<.05). C) Microinjection of the JNK inhibitor
SP600125 into the ventrolateral PAG with morphine on Trials 1-4 prevented the development of morphine tolerance (F(3,142) =13.82, p=.0001). D)
Microinjection of SP600125 (100 ng/0.4 pL) with fentanyl on Trials 1-4 prevented the development of fentanyl tolerance (F(3,137) =7.866, p=.0001).

doi:10.1371/journal.pone.0114269.9007

Table 2. Effect of GRK/PKC and JNK inhibition on the Development of Tolerance.

[ Protein | Trials 14 Morphine Dso (N) Fentanyl Dso (N)

GRK/PKC Vehicle & Saline 7.9 ng (9) 1.7 pg (7)
Ro 32-0432 & Saline 6.1 pug (8) *3.1 ug (7)
Vehicle & Opioid 18.6 pug (9) 3.0 ng (8)
Ro 32-0432 & Opioid *8.4 ng (7) 6.3 ng (8)

JNK Vehicle & Saline 4.2 ug (8) 2.5 pg (6)
SP600125 4.8 g (7) 3.6 ng (8)
Vehicle & Opioid 13.4 ng (7) 7.0 ug (7)
SP600125 & Opioid *7.9 ug (8) *2.0 ug (8)

Notes: N= sample size.

*Denotes a significant difference from the preceding vehicle group.

doi:10.1371/journal.pone.0114269.t002
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Table 2. These data demonstrate that disrupting JNK signaling prevents the
development of both morphine and fentanyl tolerance.

Discussion

The present data reveal functionally selective mechanisms underlying antinoci-
ception and tolerance to morphine and fentanyl microinjections into the
ventrolateral PAG. Microinjection of Ro 32-0432 into the ventrolateral PAG to
block GRK/PKC phosphorylation of the MOPr had no effect on baseline
nociception, enhanced morphine antinociception, and reversed the expression of
fentanyl tolerance. Inhibition of JNK signaling by microinjection of SP600125 into
the PAG had no effect on baseline nociception or morphine or fentanyl
antinociception, but blocked the expression of morphine tolerance and the
development of tolerance to both morphine and fentanyl. A summary of these
effects is shown in Table 3. The difference in the involvement of GRK/PKC and
JNK signaling between the expression of morphine and fentanyl tolerance
demonstrate that multiple mechanisms for opioid tolerance exist within the PAG.

The lack of effect of blocking MOPr phosphorylation or JNK signaling on
baseline nociception demonstrates that changes in opioid tolerance are not
secondary to changes in nociception. Manipulations that enhance antinociception
also can confound interpretation of studies reporting opioid tolerance. For
example, our enhancement of morphine antinociception following microinjection
of Ro 32-0432 into the PAG could confound the assessment of tolerance. We
avoided this problem by assessing the effect of Ro 32-0432 on the development of
tolerance 18 hours after the last injection of Ro 32-0432. Moreover, microinjec-
tion of Ro 32-0432 occurred immediately prior to the expression of morphine
tolerance but had no effect, suggesting that GRK/PKC regulates morphine
antinociception specifically. This enhancement was not evident following a single
injection of morphine (see Fig. 6). This difference might be caused by GRK/PKC
inhibition prolonging antinociception as opposed to increasing the magnitude of
antinociception. This prolonged antinociception would be evident with the
prolonged cumulative dose response testing, but not following assessment of
antinociception 30 min after a single morphine injection. A final point is that the
different vehicles for Ro 32-0432 and SP600125 could influence morphine and
fentanyl antinociception [22].

The enhanced morphine antinociception following microinjection of Ro 32-
0432 into the PAG is consistent with data from in vitro studies showing enhanced
morphine signaling when MOPr phosphorylation is prevented by blocking GRK
and/or PKC activation [14, 23, 24]. Given that MOPr phosphorylation terminates
G-protein signaling and G-protein signaling appears to underlie the antinoci-
ceptive effects of opioids [13,25], it is not surprising that blocking GRK/PKC
phosphorylation of the MOPr enhanced morphine antinociception. One would
expect that blocking GRK/PKC would have a similar effect on fentanyl
antinociception, but that was not the case. It is possible that kinases other than
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Table 3. Summary of ligand-biased signaling for morphine and fentanyl antinociception and tolerance following microinjection into the ventrolateral PAG.

Antinociception

GRK/PKC

JINK

Expression of Tolerance
GRK/PKC

JINK

Development of Tolerance
GRK/PKC

JINK

Inhibits antinociception No effect

No effect No effect

No effect Contributes to tolerance
Contributes to tolerance No effect

Contributes to tolerance Enhances antinociception
Contributes to tolerance Contributes to tolerance

doi:10.1371/journal.pone.0114269.t003

those blocked by Ro 32-0432 phosphorylate the MOPr following fentanyl binding
or that other signaling pathways, such as those activated by MOPr internalization,
contribute to fentanyl antinociception. Whatever the reason for the lack of a
change in fentanyl antinociception, the present data clearly show that functionally
selective signaling regulates morphine and fentanyl antinociception.

Once tolerance develops to repeated morphine injections, blockade of GRK/
PKC activation by microinjection of Ro 32-0432 neither enhanced nor reversed
morphine antinociception, whereas the expression of fentanyl tolerance was
reversed by Ro 32-0432 administration. Inhibition of JNK activation by
microinjecting SP600125 into the PAG had the opposite effect: The expression of
morphine, but not fentanyl tolerance was reversed. These findings are consistent
with a study by Melief et al. [5] showing that morphine but not fentanyl tolerance
was reversed by inhibition of JNK activation, and fentanyl but not morphine
tolerance was disrupted in GRK knockout mice. However, other studies report
contradictory findings: Inhibition of PKC has been shown to reverse tolerance to
continuous morphine administration [26,27], and intracerebroventricular
administration of Ro 32-0432 did not reverse an acute form of fentanyl tolerance
[6]. These differences point out that subtle methodological differences such as
species (rat vs. mouse), brain region targeted (PAG vs. intracerebroventricular),
and method to induce tolerance (repeated microinjections vs. continuous
administration) can influence the tolerance mechanism engaged.

Nonetheless, the present data clearly show different mechanisms of opioid
tolerance even when the methodology is the same. Both morphine and fentanyl
were injected directly into the ventrolateral PAG where they have comparable
antinociceptive efficacy [9]. Although the antinociception produced by micro-
injecting fentanyl into the ventrolateral PAG is more potent and has a shorter
duration of action than morphine [7], the magnitude of tolerance with repeated
microinjections is similar [9]. The difference in drug duration results in a much
longer test session for cumulative doses of morphine compared to fentanyl, and
could interfere with the ability of Ro 32-0432 and SP600125 to block morphine
effects. However, this long duration did not appear to limit the efficacy of these
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blockers as indicated by the ability of Ro 32-0432 administration to enhance
morphine antinociception and administration of SP600125 to attenuate the
expression of morphine tolerance.

In contrast to the expression of tolerance, both GRK/PKC and JNK appear to
contribute to the development of morphine tolerance. JNK also contributes to the
development of fentanyl tolerance. The only situation in which tolerance was not
disrupted was with repeated administration of the GRK/PKC blocker Ro 32-0432
on the development of fentanyl tolerance. Repeated administration of Ro 32-0432
reduced fentanyl antinociception whether rats were tolerant or not (see Fig. 7).
Assessment of the development of tolerance requires microinjection of the protein
blocker prior to each opioid injection, allowing for greater adaptations than occur
with the single injection required to assess the expression of tolerance.

Inhibition of JNK could counteract the development of morphine and fentanyl
tolerance by increasing the expression of MOPrs [15,28]. The opposite effects of
repeated inhibition of GRK/PKC on the development of morphine (reverses
tolerance) and fentanyl tolerance (blocks antinociception) is harder to explain,
but provides a fourth example of ligand-biased signaling in this study. These four
examples of ligand biased signaling are:

a) Microinjection of Ro 32-0432 attenuates morphine, but not fentanyl
antinociception;

b) Microinjection of SP600125 inhibits the expression of morphine, but not
fentanyl tolerance;

¢) Microinjection of Ro 32-0432 inhibits the expression of fentanyl, but not
morphine tolerance; and

d) Repeated microinjections of RO 32-0432 inhibit the development of morphine
tolerance and fentanyl antinociception (Table 3).

Such functionally selective signaling is consistent with studies in heterologous
cell systems showing differences in morphine and fentanyl signaling [29, 30].

Although our data show that both GRK/PKC and JNK contribute to tolerance
depending on the opioid, these molecules are just one part of a complex adaptive
process. Blocking proteins anywhere along the signaling pathway that runs from
the MOPr to JNK should also prevent the development of opioid tolerance. A
decrease in MOPr signaling as a result of enhanced MOPr internalization and
degradation combined with a lack of MOPr replacement is a possible mechanism
for this tolerance. An increase in GRK signaling has been shown to enhance MOPr
internalization [31] and morphine activation of JNK appears to inhibit MOPr
expression [15,28,32,33]. However, recent studies showing that PAG microglia
contribute to morphine tolerance [34,35] demonstrate that the mechanisms
underlying tolerance, even within the PAG, are complex.

The present data indicate that tolerance mechanisms can be identified through
carefully designed studies that target specific neural structures, control for effects
on antinociception, and distinguish between the expression and development of
tolerance. Moreover, the different effects of GRK/PKC on the development and
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expression of morphine tolerance demonstrate the importance of distinguishing
between these two processes (see Fig. 1).

Supporting Information

S1 Data. Raw data used in this manuscript.
doi:10.1371/journal.pone.0114269.s001 (XLSX)

Author Contributions

Conceived and designed the experiments: MMM. Performed the experiments:
RAR KAS. Analyzed the data: MMM RAR KAS. Wrote the paper: MMM KAS
RAR.

References

1.

10.

1.

12,

13.

Buntin-Mushock C, Phillip L, Moriyama K, Palmer PP (2005) Age-dependent opioid escalation in
chronic pain patients. Anesth Analg 100: 1740-1745.

Chia YY, Liu K, Wang JJ, Kuo MC, Ho ST (1999) Intraoperative high dose fentanyl induces
postoperative fentanyl tolerance. Can J Anaesth 46: 872-877.

Trujillo KA (1995) Effects of noncompetitive N-methyl-D-aspartate receptor antagonists on opiate
tolerance and physical dependence. Neuropsychopharmacology 13: 301-307.

Morgan MM, Bobeck EN, Ingram SL (2009) Glutamate modulation of antinociception, but not
tolerance, produced by morphine microinjection into the periaqueductal gray of the rat. Brain Res 1295:
59-66.

Melief EJ, Miyatake M, Bruchas MR, Chavkin C (2010) Ligand-directed c-Jun N-terminal kinase
activation disrupts opioid receptor signaling. Proc Natl Acad Sci U S A 107: 11608—-11613.

Hull LC, Llorente J, Gabra BH, Smith FL, Kelly E, et al. (2010) The effect of protein kinase C and G
protein-coupled receptor kinase inhibition on tolerance induced by mu-opioid agonists of different
efficacy. J Pharmacol Exp Ther 332: 1127—-1135.

Bobeck EN, McNeal AL, Morgan MM (2009) Drug dependent sex-differences in periaqueducatal gray
mediated antinociception in the rat. Pain 147: 210-216.

Jacquet YF, Lajtha A (1974) Paradoxical effects after microinjection of morphine in the periaqueductal
gray matter in the rat. Science 185: 1055—-1057.

Bobeck EN, Haseman RA, Hong D, Ingram SL, Morgan MM (2012) Differential development of
antinociceptive tolerance to morphine and fentanyl is not linked to efficacy in the ventrolateral
periaqueductal gray of the rat. J Pain 13: 799-807.

Morgan MM, Fossum EN, Levine CS, Ingram SL (2006) Antinociceptive tolerance revealed by
cumulative intracranial microinjections of morphine into the periaqueductal gray in the rat. Pharmacol
Biochem Behav 85: 214-219.

Tortorici V, Robbins CS, Morgan MM (1999) Tolerance to the antinociceptive effect of morphine
microinjections into the ventral but not lateral-dorsal periaqueductal gray of the rat. Behav Neurosci 113:
833-839.

Zhang L, Yu Y, Mackin S, Weight FF, Uhl GR, et al. (1996) Differential mu opiate receptor
phosphorylation and desensitization induced by agonists and phorbol esters. J Biol Chem 271: 11449—
11454,

Bodnar RJ, Paul D, Rosenblum M, Liu L, Pasternak GW (1990) Blockade of morphine analgesia by
both pertussis and cholera toxins in the periaqueductal gray and locus coeruleus. Brain Res 529: 324—
328.

PLOS ONE | DOI:10.1371/journal.pone.0114269 December 11, 2014 16 /17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114269.s001

@'PLOS | ONE

Functionally Selective Antinociceptive Tolerance

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25,

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

Doll C, Poll F, Peuker K, Loktev A, Gluck L, et al. (2012) Deciphering micro-opioid receptor
phosphorylation and dephosphorylation in HEK293 cells. Br J Pharmacol 167: 1259-1270.

Wagley Y, Hwang CK, Lin HY, Kam AF, Law PY, et al. (2013) Inhibition of c-Jun NH2-terminal kinase
stimulates mu opioid receptor expression via p38 MAPK-mediated nuclear NF-kappaB activation in
neuronal and non-neuronal cells. Biochim Biophys Acta 1833: 1476—1488.

Aiyar N, Disa J, Dang K, Pronin AN, Benovic JL, et al. (2000) Involvement of G protein-coupled
receptor kinase-6 in desensitization of CGRP receptors. Eur J Pharmacol 403: 1-7.

Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, et al. (2001) SP600125, an
anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc Natl Acad Sci U S A 98: 13681-13686.

Lane DA, Morgan MM (2005) Antinociceptive tolerance to morphine from repeated nociceptive testing in
the rat. Brain Res 1047: 65-71.

Gunn A, Bobeck EN, Weber C, Morgan MM (2011) The influence of non-nociceptive factors on hot-
plate latency in rats. J Pain 12: 222-227.

Paxinos G, Watson SJ (2005) The rat brain, in stereotaxic coordinates. Sydney: Academic Press.

Tallarida RJ (2000) Drug Synergism and Dose-Effect Data Analysis. Boca Raton: Chapman & Hall/
CRC. 247 p.

Fossum EN, Lisowski MJ, Macey TA, Ingram SL, Morgan MM (2008) Microinjection of the vehicle
dimethyl sulfoxide (DMSOQ) into the periaqueductal gray modulates morphine antinociception. Brain Res
1204: 53-58.

Johnson EA, Oldfield S, Braksator E, Gonzalez-Cuello A, Couch D, et al. (2006) Agonist-selective
mechanisms of mu-opioid receptor desensitization in human embryonic kidney 293 cells. Mol Pharmacol
70: 676-685.

Kelly E, Bailey CP, Henderson G (2008) Agonist-selective mechanisms of GPCR desensitization.
Br J Pharmacol 153 Suppl 1: S379-388.

Lamberts JT, Smith CE, Li MH, Ingram SL, Neubig RR, et al. (2013) Differential control of opioid
antinociception to thermal stimuli in a knock-in mouse expressing regulator of G-protein signaling-
insensitive Galphao protein. J Neurosci 33: 4369-4377.

Smith FL, Javed R, Elzey MJ, Welch SP, Selley D, et al. (2002) Prolonged reversal of morphine
tolerance with no reversal of dependence by protein kinase C inhibitors. Brain Res 958: 28-35.

Smith FL, Javed RR, Smith PA, Dewey WL, Gabra BH (2006) PKC and PKA inhibitors reinstate
morphine-induced behaviors in morphine tolerant mice. Pharmacol Res 54: 474—480.

Kim do K, Hwang CK, Wagley Y, Law PY, Wei LN, et al. (2011) p38 mitogen-activated protein kinase
and PI3-kinase are involved in up-regulation of mu opioid receptor transcription induced by
cycloheximide. J Neurochem 116: 1077-1087.

McPherson J, Rivero G, Baptist M, Llorente J, Al-Sabah S, et al. (2010) mu-Opioid receptors:
correlation of agonist efficacy for signalling with ability to activate internalization. Mol Pharmacol 78: 756—
766.

Rivero G, Llorente J, McPherson J, Cooke A, Mundell SJ, et al. (2012) Endomorphin-2: a biased
agonist at the mu-opioid receptor. Mol Pharmacol 82: 178-188.

Kim JA, Bartlett S, He L, Nielsen CK, Chang AM, et al. (2008) Morphine-induced receptor endocytosis
in a novel knockin mouse reduces tolerance and dependence. Curr Biol 18: 129-135.

Fan XL, Zhang JS, Zhang XQ, Ma L (2003) Chronic morphine treatment and withdrawal induce up-
regulation of c-Jun N-terminal kinase 3 gene expression in rat brain. Neuroscience 122: 997—-1002.

Ma W, Zheng WH, Powell K, Jhamandas K, Quirion R (2001) Chronic morphine exposure increases
the phosphorylation of MAP kinases and the transcription factor CREB in dorsal root ganglion neurons:
an in vitro and in vivo study. Eur J Neurosci 14: 1091-1104.

Eidson LN, Murphy AZ (2013) Blockade of Toll-like receptor 4 attenuates morphine tolerance and
facilitates the pain relieving properties of morphine. J Neurosci 33: 15952—15963.

Eidson LN, Murphy AZ (2013) Persistent peripheral inflammation attenuates morphine-induced
periaqueductal gray glial cell activation and analgesic tolerance in the male rat. J Pain 14: 393-404.

PLOS ONE | DOI:10.1371/journal.pone.0114269 December 11, 2014 17117



	Section_1
	Section_2
	Section_3
	Section_4
	Figure 1
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Figure 2
	Figure 3
	Figure 4
	Section_17
	TABLE_1
	Figure 5
	Figure 6
	Figure 7
	TABLE_2
	Section_18
	TABLE_3
	Section_19
	Section_20
	Section_21
	Section_22
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35

