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Abstract

G protein-coupled receptor desensitization is typically mediated by receptor phosphorylation by G
protein receptor kinase (GRK) and subsequent arrestin binding; morphine, however, was
previously found to activate a c-Jun N-Terminal Kinase (JNK)-dependent, GRK/arrestin-
independent pathway to produce mu opioid receptor (MOR) inactivation in spinally-mediated,
acute anti-nociceptive responses Melief, et. al., 2010 [1]. In the current study, we determined that
JNK2 was also required for centrally-mediated analgesic tolerance to morphine using the hotplate
assay. We compared JNK activation by morphine and fentanyl in INK1~/~, INK27/~, INK37/-,
and GRK3~~ mice and found that both compounds specifically activate INK2 in vivo; however,
fentanyl activation of INK2 was GRK3-dependent, whereas morphine activation of INK2 was
GRK3-independent. In MOR-GFP expressing HEK293 cells, treatment with either arrestin
SiIRNA, the Src family kinase inhibitor PP2, or the protein kinase C (PKC) inhibitor G66976
indicated that morphine activated JNK2 through an arrestin-independent Src- and PKC-dependent
mechanism, whereas fentanyl activated INK2 through a Src- GRK3/arrestin2-dependent and PKC-
independent mechanism. This study resolves distinct ligand-directed mechanisms of JINK
activation by mu opioid agonists and understanding ligand-directed signaling at MOR may
improve opioid therapeutics.
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1. Introduction

The concept of ligand-directed signaling, also known as biased agonism or functional
selectivity, has become increasingly important for understanding the different signaling
events following G protein-coupled receptor (GPCR) ligand binding [2]. While the
canonical mechanism of GPCR desensitization is GRK/arrestin mediated [3-8], alternative
mechanisms of receptor desensitization have been documented. For instance, the
development of spinally-mediated acute analgesic tolerance following treatment with the
MOR agonist fentanyl requires the GRK3/arrestin pathway, whereas tolerance following
administration of the MOR agonist morphine requires a distinctly different mechanism
involving JNK2 [1]. This INK-dependent mechanism of receptor inactivation has also been
observed at the kappa opioid receptor (KOR), and the durations of action of a broad range of
KOR antagonists positively correlates with the ability of the antagonist to activate JNK in
mouse spinal cord [9, 10]. While JNK has been shown to be directly involved in morphine-
induced MOR desensitization in the dorsal root ganglion [11], others have reported that JINK
is not required for morphine-induced MOR desensitization in the locus ceruleus [12]. Thus
MOR regulation mechanisms may be neuronal pathway selective, and further
characterization of the role of JINK in different pain circuits and brain regions is required.

An additional issue is that although morphine and fentanyl desensitize MOR by different
mechanisms, both compounds activate JNK [1]. How these ligands activate JNK and why
one inactivates MOR, but the other does not, is not known. JNK activation requires
phosphorylation of a threonine and tyrosine residue in the activation loop and the canonical
mitogen-activated protein kinase kinases (MAPKK) MKK4 and MKK7 have been shown to
phosphorylate these residues directly [13, 14]. Additional kinases have been implicated in
opioid receptor mediated JNK activation upstream of the MAPKKSs, including PKC and Src
[1, 15-17]. In some instances, arrestin has been shown to act as a scaffold for INK
activation recruiting MKK4 and MKK?7, in addition to ASK1, in close proximity with JINK
[18-20]. It has also been demonstrated that arrestin can regulate the cellular localization of
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extracellular signal-regulated kinases (ERK) and other signaling molecules [21-23]. Based
on our in vivo tolerance studies, we hypothesized that INK activation by morphine and
fentanyl required distinct upstream mechanisms, which can help explain the differential
behavioral effect. A better understanding of the ligand-directed mechanisms that contribute
to MOR mediated JNK activation and receptor desensitization will be necessary for the
development of improved therapeutics that avoid tolerance or minimize arrestin-dependent
responses. Additionally, this INK mediated mechanism of receptor regulation may be more
generally involved in other GPCR systems.

In this study, we examined the role of JINK in centrally mediated pain circuits and dissected
the arrestin-dependent and arrestin-independent mechanisms of JNK activation by MOR in
mouse spinal cord and MOR-GFP expressing HEK293 cells. Our study also suggests a role
for additional kinases in JNK activation, including PKC and Src, which have been
implicated in MOR desensitization following morphine [24, 25] and in [D-Ala2, N-MePhe4,
Gly-ol]-enkephalin (DAMGO) mediated JNK activation [15], respectively. These results
further elucidate mechanisms of arrestin-dependent and arrestin-independent JNK activation
in an effort to better understand ligand-directed mechanisms of MOR desensitization.

2. Materials and Methods

2.1 Reagents

2.2 Animals

Morphine sulfate was provided by the NIDA Drug Supply (Bethesda, MD). Fentanyl citrate
was purchased from Sigma (St Louis, MO). PP2 and G66976 were purchased from
Calbiochem (Billerica, MA) and dissolved in DMSO. All compounds were diluted in 0.9%
NaCl for animal studies and H,0 for cell based assays.

Male C57BI/6 wild type (WT) mice or GRK3™~, INK17~, and JINK2~~ mice (20-30g) on a
C57BI/6 background were generated and genotyped as previously described [1]. INK3~/~
mice were generated by Dr. RA Flavell (Yale University) [26] and provided by Dr. Zhengui
Xia (UW Toxicology/Environmental Health). Mice were group housed and kept on a 12-h
light/dark cycle with food and water available ad libitum. Animal procedures were approved
by the Animal Care and Use Committee of the University of Washington and conform to the
guidelines of the National Institutes of Health on the care and use of animals.

2.3 Analgesia

Nociceptive responses were measured using a 55°C hotplate (ICTC Life Sciences, model
39/336T) as previously described [27]. To make animals tolerant, mice were injected with
morphine (20mg/kg, s.c.) or saline once per day in the morning for 3 days (Fig. 1A).
Baseline response latencies were assessed 4 hr post injection on Day 1 and Day 3, then again
30 min following a second dose of morphine (10mg/kg, s.c.) on that day. Mice were
removed from the hot plate after a nociceptive response (hindpaw withdrawal or shake) or
before 30 sec to avoid tissue damage. The investigator was blinded to pretreatment and
genotype
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2.4 Spinal Cord Dissection and Immunoblot

Mice were injected with saline, morphine (10mg/kg s.c.), or fentanyl (0.3mg/kg s.c.) at a
volume of 10 mL/kg. Mice were decapitated 30-60 min post injection, and the lumbar
region of the spinal cords were removed and homogenized in lysis buffer (50mM Tris-HCI,
300mM NaCl, ImM EDTA, 1mM Na3V04, 1 mM NaF, 10% Glycerol, 1% Triton-X 100)
with phosphatase inhibitor cocktail (1:100, Calbiochem, Billerica, MA) and protease
inhibitor cocktail (1:100, Calbiochem, Billerica, MA). Lysates were spun at 14,000xg for 30
min at 4°C and protein concentration of the supernatant was determined by BCA assay
(Pierce). Lysates (15-20ug of protein) were heated at 100°C for 5 min and resolved on a
10% Bis-Tris polyacrylamide gel (Invitrogen Life Technologies, Grand City, NY) at 120V
for 2 hr. Blots were transferred to nitrocellulose membranes (Whatman, Middlesex, UK) for
1.5-2 hr at 30V. Membranes were blocked with 5% BSA-TBST for 1 hr at 23°C and blotted
for total-JNK (Cell Signaling Technology, Danvers, MA; 1:1000) or for phospho-JNK (Cell
Signaling, Danvers, MA; 1:1000) and actin (Abcam, Cambridge, MA; 1:5000)
immunoreactivities (-IR) in 5% BSA-TBST overnight at 4°C. Membranes were washed 3x5
min in TBST and incubated in IRdye secondary (Li-Cor Biosciences, Lincoln, NE;
1:10,000) in 1:1 5% milk-TBST and Odyssey buffer (Li-Cor Biosciences, Lincoln, NE) for
1 hr at 23°C. Membranes were washed for 3x5 min in TBST and scanned on the Odyssey
Infrared Imaging System (Li-Cor Biosciences; Lincoln, NE). Relative fluorescent band
intensity was measured using the Odyssey software and expressed as a ratio of total- or
phospho-JNK-IR to actin-IR band intensity and then expressed as change over vehicle
treatment. Both the 46 and 54kDa band were included for total- and phospho-JNK analysis.
All westerns were run and analyzed blinded to treatment and genotype.

2.5 siRNA transfection

HEK?293 cells stably expressing MOR-GFP were transiently transfected with siRNA against
arrestin-2, arrestin-3, or a scrambled siRNA control (Dharmacon Research, Pittsburgh, PA,
50nM final concentration; 48 hr), by using Lipofectamine RNAIMAX (Life Technologies,
Grand Island, NY) according to manufacturer’s recommendations. To assess expression
knockdown, cells were homogenized in lysis buffer (50mM Tris-HCI, 300mM NaCl, 1mM
EDTA, 1mM Na3V04, 1mM NaF, 10% Glycerol, 1% Triton-X 100) with phosphatase
inhibitor cocktail (1:100, Calbiochem, Billerica, MA) and protease inhibitor cocktail (1:100,
Calbiochem, Billerica, MA). Lysates were spun at 14,000xg for 30 min at 4°C and protein
concentration of the supernatant was determined by BCA assay (Pierce, Rockford, IL).
Lysates (10ug of protein) were heated at 100°C for 5 min and resolved on a 10% Bis-Tris
polyacrylamide gel as described above in section 2.4, then blotted for arrestin-2-1R or
arrestin-3-1R (antibody provided by Dr. Jeffrey Benovic, Thomas Jefferson University,
Philadelphia, PA) (1:3000) and actin (Abcam, Cambridge, MA; 1:5000) in 5% BSA-TBST
overnight at 4°C. Relative fluorescent band intensity was measured using the Odyssey
software and expressed as arrestin-2-IR or arrestin-3-IR intensity over actin-IR intensity and
then expressed as change over scrambled siRNA treatment.
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2.6 HEK?293 Cell Treatments, Protein Extraction

Cells were incubated in serum-free media overnight and subsequently treated with opioid
ligands and inhibitors as indicated. Fentanyl and morphine were tested at 10uM for 30 min.
To inhibit Src family kinases, MOR-GFP HEK293 cells were treated with 5uM PP2 [28] 30
min before opioid administration. To inhibit Ca2* sensitive PKC, MOR-GFP HEK293 cells
were treated with 5uM Go6976 [29] 30 min before opioid; an equal volume of DMSO was
employed as vehicle for PP2 and G66976.

2.7 HEK293 Immunoblots

To determine JNK phosphorylation levels in MOR-GFP expressing HEK293 cells, 40g
protein of each lysate was loaded onto 10% Bis-Tris polyacrylamide gel (Life Technologies,
Grand Island, NY) and western blot was performed as described above in section 2.4 and
blotted for phospho-JNK-IR (Cell Signaling Technology, Danvers, MA; 1:1000) and actin-
IR (Abcam, Cambridge, MA; 1:5000). To determine Src phosphorylation levels in MOR-
GFP expressing HEK?293 cells, 30ug of each lysate was resolved then blotted for phospho-
Tyr416-Src-IR (Cell Signaling Technology, Danvers, MA; 1:1000) and actin-IR (Abcam,
Cambridge, MA; 1:5000).

2.8 Analysis

Analysis of Variance, Student’s t-tests, or one-sample t-tests were used to assess statistical
significance of the data («=0.05). Outliers were distinguished by the Grubb’s Test (a=0.05).
In the figures shown, statistical significance is indicated by: * p<0.05, ** p<0.01, and ***
p<0.001).

3. Results
3.1 INK27/~ Mice Do Not Develop Centrally Regulated Analgesic Tolerance to Morphine

To assess whether JINK2 mechanisms contribute to acute analgesic tolerance to mu opioid
agonists in the nociceptive circuits controlling hotplate responses as they do in the tail flick
analgesia assay (Melief et al., 2010), wild-type (WT) and INK2~/~ (knockout) mice were
treated with one 20mg/kg morphine injection every morning for three days or saline as a
control (Fig. 1A). Tail flick analgesia is spinally mediated [30, 31], whereas the opioid-
sensitive nociception controlling the hotplate response is centrally regulated in part by the
periaqueductal gray and rostral ventromedial medulla [31-34]. On Day 1 and Day 3,
nociceptive responses were assessed on the hotplate before and 30 min after an injection of
10mg/kg morphine, which was given 4 hr after a pretreatment of 20mg/kg morphine or
saline (Fig. 1A). Animals did not show acute analgesic tolerance to morphine on Day 1 (data
not shown) whereas on Day 3, WT animals pretreated with morphine (Fig. 1A) showed a
significantly shorter latency to withdraw from the hotplate after a test dose of morphine
(10mg/kg) compared to mice pretreated with saline, indicative of analgesic tolerance (Fig.
1B; p<0.01). This robust analgesic tolerance to morphine was not evident in INK2~/~ mice,
which had equivalent latencies to withdraw regardless of pretreatment (Fig. 1B; p>0.05).
Both genotypes showed equivalent baseline responses prior to the test dose of morphine
(WT Sal=5.47 (+0.595) sec, WT Morphine=5.55 (+0.489) sec, INK27/~ Sal=6.61 (+0.770)
sec, INK2~/~ Morphine=7.27 (+0.812) sec). These results mirror previous results using the
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tail withdrawal assay [1], suggesting that similar INK2 mechanisms regulate morphine
tolerance in both spinal and central pain circuits. However, multiple morphine injections
were required over the course of three days to observe the development of tolerance (Fig. 1)
on the hotplate, suggesting that the mechanisms regulating centrally regulated analgesia
differ temporally from those regulating spinal analgesia.

3.2 INK2 is Specifically Activated by Morphine and Fentanyl in vivo

3.3GRK3is

Both morphine and fentanyl increase phospho-JNK-immunoreactivity (phospho-JNK-IR),
but produce acute analgesic tolerance by different mechanisms [1]. To understand the basis
for this difference, we assessed the specific isoforms of INK activated by morphine and
fentanyl. INK17/~, INK27/~, and INK3~/~ male C57BI/6 mice were treated with saline,
morphine (10mg/kg s.c.), or fentanyl (0.3mg/kg s.c.) for 30 min followed by decapitation
and dissection of spinal cords. This time point corresponds to the peak of the opioid
analgesic response [1]. Although spinal cord contains a diversity of cell types that could
respond to treatment either directly or indirectly, DAMGO stimulated [3°S]GTPyS binding
to spinal cord membranes was reduced by morphine pretreatment in wild type, but not mice
pretreated with JNK inhibitor [1], suggesting that morphine activation of JINK does have
direct effects on MOR signaling in spinal cord.

INK17=, and INK3~/~ animals showed robust phospho-JNK-IR following morphine
treatment (Fig. 2A,B; p<0.05 INK17/~, p<0.01 JNK3~). In contrast phospho-JNK-IR was
not increased in INK2~/~ mice, indicating that the JNK2 isoform was specifically activated
by morphine (Fig. 2A,B; p>0.05 JNK27/). Similarly, both INK1~/~ and JINK3~/~ mice
showed significant increases in phospho-JNK-IR in response to fentanyl, but this was absent
in INK27/~ mice (Fig. 2A,B; p<0.01 INK17/~, p>0.05 JINK2~/~, p<0.01 JNK3~/"). Together
these data indicate that both morphine and fentany! specifically activate spinal INK2, but
not INK1 or JNK3.

Because phospho-JNK-IR was not increased in JINK2~/~ mice, we confirmed that these mice
did not show a change in total-JNK-IR following morphine or fentanyl (Fig. 2C,D; p>0.05),
indicating that the lack of JNK activation in these mice is not due to alterations in total
protein levels.

Required for Fentanyl, but not Morphine, Activation of JNK in vivo

Prior studies have demonstrated that JNK can be activated by an arrestin scaffold [19, 20].
To assess the role of arrestin in opioid-induced JNK activation, we measured the effect of
GRK3 gene deletion (GRK377) on phospho-JNK-IR in vivo. GRK3*/* (wildtype
littermates) and GRK3~/~ male C57BI/6 mice were treated with saline, morphine (10mg/kg
s.c.), or fentanyl (0.3mg/kg s.c.), then spinal cords were harvested 60 min later. GRK3*/*
animals showed significant increases in phospho-JNK-IR following either morphine
(p<0.01) or fentanyl (p<0.01) (Fig. 3A). GRK3~/~ animals treated with morphine also
showed an increase in phospho-JNK-IR over baseline (p<0.0001), whereas fentanyl did not
change phospho-JNK-IR in GRK3™~ mice (p>0.05) (Fig. 3A,B). These results indicate that
fentanyl and morphine activate JINK2 through distinct signaling cascades in vivo.
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Additionally, GRK3~/~ mice did not show a change in total-JNK-IR following morphine or
fentanyl (Fig. 3C,D; p>0.05), indicating that the effects on phospho-JNK were not caused by
alterations in total protein levels.

3.4 Arrestin-2 is Required for Fentanyl, but not Morphine, Activation of INK

While the requirement of GRKS3 for fentanyl activation of JINK in vivo implied an arrestin-
dependent mechanism of JNK activation, to directly establish the role of arrestin in fentanyl
activation of INK, MOR-GFP expressing HEK?293 cells were transfected with 50nM siRNA
against either arrestin-2, arrestin-3, or a scrambled siRNA control for 48 hr. Cells were then
lysed and analyzed for arrestin-2 and arrestin-3 expression using western blot. Arrestin-2
SiRNA resulted in a 49 + 5.6% reduction (p<0.01) in arrestin-2-IR without significantly
affecting arrestin-3-IR compared to scrambled control (p>0.05) (Fig. 4A). Similarly,
arrestin-3 siRNA reduced arrestin-3-1R by 54 + 7.8% (p<0.01) without altering arrestin-2-IR
compared to scrambled control (p>0.05) (Fig. 4B).

To assess the role of arrestin in JINK activation, HEK293 cells were treated with vehicle,
10uM morphine, or 10uM fentanyl for 30 min, then lysed and processed for phospho-JNK-
IR. Morphine treatment significantly increased phospho-JNK-IR, and the increase was not
affected by either arrestin-2 or arrestin-3 siRNA (Fig. 4C,D). Fentanyl treatment also
increased phospho-JNK-IR in scrambled siRNA and arrestin-3 siRNA treated cells (Fig.
4C,D). In contrast, fentanyl failed to increase phospho-JNK-IR in arrestin-2 siRNA treated
cells (Fig. 4C,D; p>0.05). These results suggest that fentanyl activation of INK required a
GRK3/arrestin-2 dependent mechanism whereas morphine activation of JNK was arrestin-
independent. Similar to the in vivo experiments previously described in section 3.2-3,
morphine and fentanyl did not induce changes in total-JNK-IR in HEK293 cells (data not
shown).

3.5 Src is Required for Fentanyl and Morphine Activation of INK

In addition to an arrestin-dependent mechanism, Src kinase has also been implicated in INK
activation by opioid receptors [15-17]. To investigate the role of Src kinases, MOR-GFP
expressing HEK?293 cells were treated with vehicle, 10uM morphine, or 10uM fentanyl for
30 min. Both opioids significantly increased phospho-Src-IR (Fig. 5A,D). To determine the
role of Src in JNK activation, MOR-GFP expressing HEK293 cells were pretreated for 30
min with 5uM PP2 [35-37], which inhibits Src family kinases [28], or vehicle prior to
treatment with vehicle, 10uM morphine, or 10uM fentanyl for 30 min. Both morphine and
fentanyl treatment significantly increased phospho-JNK-IR, and these effects were blocked
by PP2 (Fig. 5B-D). These results suggest that Src mediates JNK phosphorylation either
directly when activated by morphine or indirectly when activated by fentanyl.

3.6 PKC is Required for Morphine, but not Fentanyl, Activation of JINK

Previous work has indicated that PKC is involved in morphine mediated activation of INK
[1] and morphine mediated receptor desensitization [25]. Therefore, MOR-GFP expressing
HEK?293 cells were treated with 5uM Go6976, which inhibits PKC [29], or DMSO prior to
treatment with vehicle, 10uM morphine, or 10uM fentanyl for 30 min. Both morphine and
fentanyl significantly increased phospho-JNK-IR (Fig. 6A-C). Pretreatment with G66976
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also increased phospho-JNK-IR. Morphine did not further increase phospho-JNK-IR in the
presence of G66976, whereas even in the presence of G66976, fentanyl treatment still
elicited an increase in phospho-JNK-IR (Fig. 6B,C). These results suggest that PKC was
required for morphine but not fentanyl induced JNK activation.

4. Discussion

The principal findings of this study are that morphine and fentanyl activate JNK through
distinct arrestin-independent and arrestin-dependent mechanisms, respectively, and this
underlying ligand-directed signaling might explain the differential mechanisms of opioid
tolerance observed in vivo. The concept of ligand-directed signaling has been applied to
uncover multiple mechanisms of MOR desensitization, including GRK2 and GRK3 [5, 6],
PKC [24, 38-40], JNK [1, 11], and ERK [41]. While GRK/arrestin mediated desensitization
has been extensively characterized in multiple GPCR systems [4], less is known about INK
signaling and its role in receptor desensitization as only a few studies have directly tested the
role of INK on MOR desensitization directly using [3°S]GTPyS and slice recordings in
dorsal root ganglion neurons [1, 9, 11].

Previous studies have determined a role for INK2 in spinally mediated morphine acute
analgesic tolerance [1] and in this study we show that this mechanism of INK2 mediated
tolerance exists in additional centrally regulated pain circuits [31-34]. From this data, we
conclude that JNK2 regulation of MOR is a more broadly applicable mechanism of
morphine-induced MOR desensitization. How JNK2 activation causes MOR desensitization
is not yet known; presumably a JINK-phosphorylated arrestin-like substrate binds and
interferes with MOR signaling, but this hypothetical substrate has not yet been identified.
Both morphine and fentanyl are able to activate JNK, however, and it was necessary to
determine the signaling events that contribute to JNK activation in order to uncover a
molecular basis for the differential INK-dependent regulation of MOR following morphine
and fentanyl stimulation. Fentanyl desensitization of MOR requires GRK3/arrestin, thus we
presume that arrestin binding to MOR prevents the association of the putative JNK-
phosphorylated substrate, but this hypothesis requires substantiation.

JNK was first characterized for its role in the stress response [42, 43]. Three genes encode
JNK1, JNK2, and JNK3, and among these isoforms, ten splice variants have been identified
[13, 26, 44]. In this study we determined that both morphine and fentanyl activate JNK2
specifically in vivo using knockout mice. While both compounds were able to activate the
same isoform, which is involved in the development of morphine tolerance specifically,
fentanyl activation of JNK requires GRK3, whereas morphine activation of JNK does not.
This suggested arrestin-dependent and arrestin-independent mechanisms of JNK activation
by MOR.

It has been shown that among the four arrestin subtypes, arrestin-3 can scaffold all three
JNK isoforms along with the upstream kinases responsible for INK phosphorylation and
activation [18, 19, 45]. Surprisingly, we found that fentanyl activation of JINK required
arrestin-2 and not arrestin-3, although it is possible that greater arrestin-3 knockdown might
have suggested a requirement for arrestin-3 as well. Regardless, this suggests a previously
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unidentified mechanism of arrestin-2 mediated JNK2 activation. It is possible that arrestin-2
acts as a scaffold for INK2, similar to arrestin-3, and based on studies with arrestin-3, it is
likely that arrestin-2 is capable of scaffolding all three INK isoforms. Further work will be
required to confirm this proposed scaffolding activity of arrestin-2. Together, our data
suggests that fentanyl activation of INK2 requires GRK3/arrestin-2, whereas morphine
activation of JINK2 is arrestin-independent.

As opiate tolerance is a multidimensional and complex process, we sought to uncover
additional signaling molecules involved in JNK activation. Both morphine and fentanyl
activate Src, and this Src activation was required for activation of JINK by both compounds
at the time point tested. It has been previously shown that Src is responsible for MOR-
mediated JNK activation following DAMGO through a PI3K-, Cdc42-, and Sos-dependent
mechanism [15] and our study indicates that morphine-like compounds also require Src for
JNK activation, although it is possible that upstream mechanisms of Src activation are
distinct. Other studies would suggest that this is likely the case. For example, it has been
shown that morphine mediated Src activation is arrestin-independent [36], whereas
DAMGO mediated Src activation is likely arrestin-dependent whereby arrestin plays a
critical role in maintaining Src at the cell membrane in an organized “lattice-like”
distribution, which is critical for the ability of DAMGO to stimulate Src phosphorylation
[46]. These studies in combination with our results form the basis for our model, where
fentanyl mediated Src activation is downstream of arrestin recruitment whereas morphine
mediated Src activation is arrestin-independent. While Src was not differentially involved in
morphine and fentanyl mediated JNK activation, our study uncovered a differential role for
PKC. These results indicate that PKC is specifically involved in morphine, but not fentanyl,
activation of JNK at the time point tested. This demonstrates that although PKC has been
shown to be involved in tolerance to both compounds in vivo [24, 25], it is differentially
required for JNK activation in our studies. This study helps tie these previously separate
findings together and provides the basis for future studies to further elucidate more
comprehensive signaling mechanisms involved in MOR desensitization.

5. Conclusions

In conclusion, the present study further supports the role of JINK in morphine-induced MOR
desensitization, and we propose distinct mechanisms of JNK activation by morphine and
fentanyl. The arrestin-dependent and arrestin-independent mechanisms of JNK activation
further our understanding of JNK regulation and provide an explanation for the differential
mechanisms of tolerance observed in vivo. How morphine-activated JNK2 causes MOR
desensitization is not clear. Further work will be required to confirm that arrestin-2 scaffolds
JNK?2 specifically and continues to explore the mechanism by which PKC and Src activate
JNK. It still remains to be determined how this differential activation of JNK leads to
distinct regulation of MOR downstream of JNK activation, although it is possible that
differential upstream signaling cascades sequester JNK in distinct cellular compartments.
This study provides the foundation for future work aimed at answering these questions and
suggests that the arrestin-dependent and arrestin-independent mechanisms of JNK activation
might be broadly applicable to additional GPCR systems and JNK signaling cascades.
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ASK1 Apoptosis signal-regulating kinase 1
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ERK Extracellular signal-regulated kinases
GPCR G protein-coupled receptor
GRK G protein receptor kinase
IR immunoreactivity
KOR kappa opioid receptor
MAPKK mitogen-activated protein kinase kinases
MOR mu opioid receptor
PKC protein kinase C
WT wild-type
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FIGURE 1.
JNK2 is Required for Hotplate Analgesic Tolerance to Morphine. A, Animals were treated

with 20mg/kg morphine or saline as a control for 3 days to induce tolerance. On Day 1 and
Day 3 all mice were challenged with 10mg/kg morphine 4 hr after their morning dose and
tested on a 55°C hot plate pre and post 10mg/kg injection to assess analgesia, which was
measured as the latency for hind paw withdrawal/flicks. Animals did not show robust
analgesic tolerance on Day 1 (data not shown). B, WT animals pretreated with saline show a
robust analgesic response to morphine (10mg/kg) (as indicated by an increased latency to
withdraw) on Day 3 whereas animals pretreated with morphine (20mg/kg) do not. JINK2~/~
animals show robust analgesia, as indicated by an increased latency to withdraw, to
morphine regardless of pretreatment with saline or morphine, demonstrating that INK2 is
required for morphine analgesic tolerance on the hotplate. Data presented were calculated as
the response latency 30 min post drug administration minus baseline withdrawal latency
resulting in the post-pre value presented. Baseline responses did not vary across groups (data
summarized in text). n=10-18; Data analyzed by two-way ANOVA with Bonferroni
posttest.
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FIGURE 2.
Morphine and Fentanyl Mediated Phospho-JNK Increase in the Spinal Cord is Selectively

Abolished in INK27/~ Mice, but not Significantly Affected by JNK1 or JNK3 Gene
Knockout. A, Animals were treated with saline, morphine (10mg/kg, s.c.), or fentanyl
(0.3mg/kg, s.c.) and their spinal cords were harvested 30 min post-treatment for phospho-
JNK-IR analysis. Both MOR agonists increase phospho-JNK-IR in INK1~~ and JINK3~/~
mice but failed to increase phospho-JNK-IR over baseline in INK27/~ mice. B,
Representative images are shown for each phospho-JNK data set. C, Total-JNK-IR was also
not altered by morphine or fentanyl in INK2™/~ mice, indicating that the effects on phospho-
JNK were not a result of alterations in total protein levels. D, Representative images are
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shown for the total-JNK data set. n=3-10; Data analyzed by one-sample t-test; statistical
outliers were determined by the Grubb’s Test with significance set to =0.05.
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FIGURE 3.
Fentanyl, but not Morphine, Mediated Phospho-JNK Increase in the Spinal Cord is

Selectively Abolished in GRK3™/~ Mice. A, JNK activation following fentanyl
administration requires GRK3 whereas morphine activation of JINK does not. Animals were
treated with saline, morphine (10mg/kg, s.c.), or fentanyl (0.3mg/kg, s.c.) and their spinal
cords were harvested 60 min post-treatment for phospho-JNK-IR analysis. Both MOR
agonists activate JNK in GRK3*/* mice. However, in GRK3~/~ mice, morphine increased
phospho-JNK-IR over baseline but fentanyl failed to do so. B, Representative images are
shown for each data set. C, Total-JNK-IR was also not altered by morphine or fentanyl in
GRK3~ mice, indicating that the effects on phospho-JNK were not a result of alterations in
total protein levels. D, Representative images are shown for the total-JNK data set. n=3-7;
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Data analyzed by one-sample t-test; statistical outliers were determined by the Grubb’s Test
with significance set to a=0.05.
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FIGURE 4.
Fentanyl Mediated Phospho-JNK Increase is Abolished Following Treatment with

Arrestin-2 sSiRNA. MOR-GFP expressing HEK293 cells were transfected with sSiRNA
against arrestin-2, arrestin-3, or a scrambled siRNA control. Cells were subsequently lysed
for arrestin-2 and -3-IR (A) or treated with vehicle (H,O), 10uM morphine, or 10uM
fentanyl for 30 min before lysis and analysis of phospho-JNK-IR for each sample, which
was normalized as a percent of scrambled siRNA vehicle treated cells (C,D). A, Arrestin-2
SiRNA reduced arrestin-2-IR by 49 + 5.6%. Arrestin-3 siRNA did not significantly reduce
arrestin-2-1R compared to a scrambled siRNA control (ctrl). B, Similarly, arrestin-2 siRNA
did not significantly alter arrestin-3-IR compared to a scrambled siRNA control, whereas
arrestin-3 siRNA reduced arrestin-3-IR by 54 + 7.8%. C, Morphine treatment increased
phospho-JNK-IR regardless of siRNA treatment, indicating that arrestin is not involved in
morphine activation of INK. Fentanyl, however, increased phospho-JNK-IR in control
SiRNA (ctrl) and arrestin-3 siRNA treated cells but this effect was abolished in arrestin-2
SiRNA treated cells, indicating that arrestin-2 is required for fentanyl activation of JNK. D,
Representative westerns are shown for each JNK dataset. n=10-13; Data analyzed by one-
sample t-test (ctrl only) and student’s t-test with Welch’s correction when necessary.
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FIGURE 5.
Src is Required for INK Activation by Morphine and Fentanyl. MOR-GFP expressing

HEK?293 cells were treated with vehicle (H,0), 10uM morphine, or 10uM fentanyl for 30
min before lysis and analysis of phospho-Src-IR. Similar treatments were performed
following a 30 min pretreatment with 5uM PP2 or an equivalent volume of DMSO vehicle
followed by cell lysis and analysis of phospho-JNK-IR for each sample. A, phospho-Src-IR
was increased over baseline following a 30 min morphine treatment or fentanyl treatment. B,
Morphine increased phospho-JNK-IR in the presence of DMSO, but this effect was blocked
by pre-incubation with PP2. PP2 did not increase phospho-JNK-IR on its own. C, Similar
results were observed following fentanyl treatment. E, Representative westerns are shown
for phospho-Src analysis and phospho-JNK analysis. n=4-13; Data analyzed by one-way
ANOVA with Newman-Keuls post-test.
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FIGURE 6.
PKC is Required Morphine Activation of INK. MOR-GFP expressing HEK293 cells were

treated with 5uM Go6976 or an equivalent volume of DMSO (vehicle) for 30 min. Cells
were subsequently treated with vehicle (H,0O), 10uM morphine, or 10uM fentanyl for 30
min before lysis and analysis of phospho-JNK-IR for each sample. A, phospho-JNK-IR was
increased following morphine treatment in the presence of DMSO, but this effect was
blocked by the inhibition of PKC with G66976 pretreatment, although G66976 elevated
phospho-JNK-IR over baseline as well. B, Fentanyl treatment, however, lead to an increase
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in phospho-JNK-IR even in the presence of G66976, suggesting that PKC is not required for
fentanyl mediated JNK activation. C, Representative westerns are shown for each phospho-
JNK analysis. n=7-11; Data analyzed by one-way ANOVA with Newman-Keuls post-test.
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