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Abstract

Preventing and treating opioid dependence and withdrawal is a major clinical challenge, and the
underlying mechanisms of opioid dependence and withdrawal remain elusive. We hypothesized
that prolonged morphine exposure or chronic inflammation-induced p-opioid receptor activity
serves as a severe stress that elicits neuronal alterations and recapitulates events during
development. Here, we report that Wnt signaling, which is important in developmental processes
of the nervous system, plays a critical role in withdrawal symptoms from opioid receptor
activation in mice. Repeated exposures of morphine or peripheral inflammation produced by
intraplantar injection of complete Freund’s adjuvant significantly increase the expression of
Whnt5b in the primary sensory neurons in dorsal root ganglion (DRG). Accumulated Wnt5b in
DRG neurons quickly transmits to the spinal cord dorsal horn (DH) after naloxone treatment. In
the DH, Wnt5b, acts through the atypical Wnt-Ryk receptor and alternative Wnt-YAP/TAZ
signaling pathways, contributing to the naloxone-precipitated opioid withdrawal-like behavioral
symptoms and hyperalgesia. Inhibition of Wnt synthesis and blockage of Wnt signaling pathways
greatly suppress the behavioral and neurochemical alterations after naloxone-precipitated
withdrawal. These findings reveal a critical mechanism underlying naloxone-precipitated opioid
withdrawal, suggesting that targeting Wnt5b synthesis in DRG neurons and Whnt signaling in DH
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may be an effective approach for prevention and treatment of opioid withdrawal syndromes, as
well as the transition from acute to chronic pain.
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1. Introduction

Whnts, a family of secreted lipid-modified signaling proteins, act as short- or long-range
signaling molecules in the regulation of cellular processes, such as proliferation,
differentiation, and migration during the development of nervous systems.11:13 Typical Wnt
signaling pathways include the canonical B-catenin-dependent and noncanonical B-catenin—
independent pathways.10:11.15.40.44 The core of the canonical Wnt signaling pathway is the
regulation of B-catenin, a multifunctional protein that interacts with transcription factors to
activate target gene transcription. The noncanonical Wnt pathways include the release of
intracellular calcium and subsequent activation of calcium-calmodulin—-dependent
kinasel®44 as well as the atypical Ryk-mediated pathways.13:20:39 Transcriptional regulators
YAP and TAZ are found to be key downstream effectors of the alternative Wnt signaling
pathway, as they mediate the effects of Wnt ligands and regulate canonical Wnt/B-catenin
signaling.1:34:35 Ligands and receptors of Wnt signaling play critical roles in the
development of the nervous system,11:30 and regulate neuronal and synaptic plasticity in
adulthood.#10 Dysregulation of Wnt signaling is an etiology for poor postinjury axon
regeneration, certain mental disorders,2%42 and neuropathic pain.*® Recently, many
compounds that target Wnt pathways are under clinical trials, suggesting the promise of Wnt
signaling modulators in clinical practice, although some common adverse drug reactions
have been indicated.*6

Opioids are used and abused for their analgesic and euphoric effects. Repeated uses of
opioids such as morphine for relief of chronic pain lead to opiate tolerance and dependence.
Also, tissue inflammation and nerve injury induce p-opioid receptor (MOR) constitutive
activity, which causes latent sensitization in the dorsal horn (DH) of the spinal cord that can
be unmasked by MOR antagonism.12 Mechanisms of opiate dependence are complex and
involve factors at multiple levels, including drug receptors, neuronal properties, and
remodeling of brain circuits. Roles of diverse neurotransmitter systems and intracellular
signaling proteins in acute and chronic opioid actions have been demonstrated.2:6:16.19.27.31
However, despite decades of investigation, the specific cellular and molecular mechanisms
underlying opioid actions remain elusive. Opiate tolerance, dependence, and the other side
effects that accompany repeated administration have limited opioid use in clinical practices.
Here, we report roles of Wnt signaling in opioid physical dependence and withdrawal using
a well-characterized mouse model of repeated morphine usage!® and a model of MOR
constitutive activity induced by complete Freund’s adjuvant (CFA) injection-induced chronic
inflammation.12 Our results show that Wnt5b is produced and accumulated in the dorsal root
ganglia (DRGs) after repeated morphine treatment. Following naloxone-precipitated
withdrawal, the accumulated Wnt5b in DRG can be released to the DH and activates both
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the atypical noncanonical Wnt-Ryk and alternative Wnt-YAP/TAZ signaling pathways.
Inhibition of Wnt5b synthesis or downstream Wnt signaling largely suppresses withdrawal
behaviors, suggesting a role for the Wnt signal pathways in opioid withdrawal and the latent
sensitization induced by opioid receptor activation. These findings provide potential targets
in Wnt signaling for the prevention and treatment of opioid withdrawal syndromes, as well
as preventing the transition from acute to chronic pain.

2. Materials

2.1. Animals, drugs, and drug administration

We purchased adult, male CD-1 mice (22—-26 g-wt) from the Experimental Animal Center,
Southern University of Science and Technology (SUSTech). Animals were housed at the
SUSTech Animal Center in groups of 6 mice per cage under a normal 12-hour light:12-hour
dark schedule, with free access to food and water. All animals were used in accordance with
the regulations of the ethics committee of the International Association for the Study of
Pain, and all protocols approved by the Institutional Animal Care and Use Committees. We
purchased IWR-1 (Cat. 681669) and IWP-2 (681671) from EMD Millipore (Hayward, CA);
Recombinant mouse Frizzled-8 Fc chimera protein (Fz-8/Fc, 112-FZ), recombinant mouse
Whnt-5b protein (Wnt5b, 3006-WN), and control 1gG (6—-001-A) were purchased from R&D
Systems (Minneapolis, MN); PEG400 and DMSO were purchased from Sigma-Aldrich St.
Louis, MO and used for vehicle controls. We synthesized dCTB as we have recently
described. Drug doses were selected based on previous reports and our preliminary
experiments. The drugs and vehicle controls were injected intrathecally (in a total volume of
5 uL for mice) by means of lumbar puncture at the intervertebral space of L4-5 under
transient anesthesia with isoflurane (1% for mice). Multiple injections through L4-5 and L5-
S1 were only performed for IWP-2.

2.2. Morphine withdrawal

Mice were repeatedly injected with morphine in 7 escalating doses every 8 hours (20, 40, 60,
80, 100, 100, and 100 mg/kg, intraperitoneally). In the chronic paradigm, fixed doses of
morphine (50 mg/kg/day) were injected for 10 consecutive days. Two hours after the last
morphine injection, those mice received naloxone injection (1 mg/kg, subcutaneously) and
the withdrawal symptoms were monitored for 30 minutes immediately after naloxone
administration.16:28 For testing the morphine withdrawal-like behavioral signs following
intrathecal Wnt5b delivery, the withdrawal symptoms were monitored for 30 minutes, 8
hours after last morphine administration, without additional naloxone treatment. For
naloxone-induced withdrawal symptoms in the CFA model, the withdrawal symptoms were
monitored for 30 minutes immediately after naloxone administration (1 mg/kg,
subcutaneously). In addition to measuring individual withdrawal signs, an overall opiate
withdrawal score was calculated as: (no. of backward walking steps x 0.1) + (diarrhea x 2) +
(no. of jumps x 0.1) + (paw tremor x 0.1) + no. of ptosis x 1 + no. of tremor x 1 + (%
weight loss x 5) + no. of wet-dog shakes.16:27:28 \We obtained the diarrhea data by counting
the frequency of watery stools from each mouse during the 30 minutes. No. of ptosis events
was evaluated every 5 minutes and measured as the number of times ptosis events occurred
during the evaluation period. If more than 1 ptosis occurred within a 5-minute evaluation
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period, we counted it as a single event for that period. The overall withdrawal score is an
arbitrary number that reflects the severity of withdrawal syndrome in the subjects, and the
relative weight is determined by the frequency of each withdrawal-like behavior in the
original report.16 The relative weights are justified to ensure even contributions from
individual subtotal score for each behavior.#’ Eight to 12 animals were included in each
experimental group as indicated in scatter plots and figure legends. After naloxone
administration, animals were individually placed in the container for behavioral assessments,
with randomized number assigned to each container. Experimenters who performed
behavioral tests were always blinded to treatment conditions during the assessments of
withdrawal symptoms. The experimenters who performed drug administration and
randomization were not involved in the behavioral assessments. All the behaviors were
tested during the active phase of the animals, and the time points of morphine treatments
were adjusted accordingly.

2.3. Complete freund’s adjuvant model of inflammatory pain

Following baseline assessment of mechanical thresholds, the tested mouse received injection
of CFA (5 pL, nondiluted) into the intraplantar surface of the left hindpaw. Sham injuries
consisted of a saline injection (5 UL, 0.9%), which controlled for needle puncture and
subcutaneous injection.

2.4. Assessment of mechanical allodynia

For naloxone-induced allodynia in the CFA model, the mechanical pain thresholds were
measured at different time points after naloxone administration (1 mg/kg, subcutaneously).
Mechanical allodynia was determined by measuring the threshold of foot withdrawal in
response to mechanical stimulus of each hindpaw using a sharp, cylindrical probe with a
uniform tip diameter of 0.2 mm from an Electro von Frey (ALMEMO 2390-5
Anesthesiometer; 1ITC Life Science, Woodland Hills, CA). The probe was applied to 6
designated loci distributed over the plantar surface of the foot. The minimal force (in grams)
that induced paw withdrawal was read off of the display. Threshold of mechanical
withdrawal in each animal was calculated by averaging the 6 readings, and the force was
converted into milli-Newtons (mN). The results represent the mean values of ipsilateral feet.
Experimenters who performed behavioral von Frey tests were always blinded to the
treatment conditions.

2.5. Quantitative real-time polymerase chain reaction RT-PCR

Under deep anesthesia, the spinal cord segments of rats were quickly removed and analyzed.
Total RNA was isolated with TRIzol reagent (Ambion, Austin, TX) according to the
manufacturer’s instructions. cDNA was then synthesized using the Takara PrimeScript
Master Mix (Perfect Real Time) kit. Quantitative real-time polymerase chain reaction was
performed with the DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scientific,
Waltham, MA). The standard conditions were as follows: 95°C for 7 minutes, then 40 cycles
at 95°C for 10 seconds and 60°C for 30 seconds, then 95°C for 15 seconds, 60°C for 60
seconds, and 95°C for 15 seconds for melt curve. Primers used for expression analysis of
wnt3aand wnt5b were as follows: gene wnt3a. forward (5-3)-
GGTGGTAGAGAAACACCGAGA,; reverse (5-3)-CAGCTGACATAACAGCACCAG,; gene

Pain. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 5

wntsp. forward (5-3)-GCAAGCTGGAACTGACCAAC,; reverse (5-3)-
GTCCACGATCTCGGTGCATT,; and gene gapdfr. forward (5-3)-
AGAGAGAGGCCCTCAGTTGCT; and reverse (5-3)-TTGTGAGGGAGATGCTCAGTGT.
Relative mRNA levels were calculated using the 2-CT method. Gene expression was first
normalized to the housekeeping control gene gapadh, and subsequently, the relative
expression of genes of interest was compared with the respective experimental control.

2.6. Protein determinations

2.7.

To quantify temporal changes in protein levels, Western blotting analysis was used. The
spinal cord segments and DRGs (L4 and L5) were quickly removed from deeply
anesthetized mice and stored at —80°C. Sequential precipitation procedures were used on the
tissue samples that were lysed in ice-cold (4°C) NP-40 lysis buffer containing a mixture of
protease inhibitor, phosphatase inhibitors, and phenylmethylsulfonyl fluoride (Sigma-
Aldrich). For the analyses of nuclear YAP, TAZ, and active p-catenin, nuclear extractions
were prepared using a NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce
Biotechnology, Waltham, MA) according to the manufacturer’s instructions. The protein
concentrations of the lysates were estimated using the method of bicinchoninic acid assay
(with reagents from Pierce), and the total protein content between samples was equalized.
The total protein was separated by SDS-PAGE and transferred to polyvinylidene fluoride
membrane (both from Bio-Rad Laboratories, Hercules, CA). The following primary
antibodies were used: anti-Wnt3a (1:1000, Millipore Cat# 09-162, RRID:AB_1587634),
anti-Wnt5b (1:1000, Abcam Cat# ab94914, RRID:AB_ 10675241), anti-YAP1 (1:1000; Cell
Signaling Technology Cat# 4912, RRID:AB_2218911), anti-TAZ (1:1000; Cell Signaling
Technology Cat# 4883, RRID:AB_1904158), anti-active B-catenin (1:1000; (Millipore Cat#
05-665, RRID:AB_309887), anti-Ryk (1:1000, Thermo Fisher Scientific Cat# PA1-30319,
RRID: AB_2183043), anti-pCaMKII (Thr286) (1:1000, Cell Signaling Technology Cat#
3361, RRID:AB_10015209), anti-pCREB (Ser33) (1: 1000, Cell Signaling Technology
Cat# 9190, RRID:AB_330498), anti-pNR1 (Ser897) (1:1000; Millipore Cat# ABN99, RRID:
AB_10807298), anti-pNR2B (Tyr472, 1:1000; Millipore Cat# 454583-100UL,
RRID:AB_212176), anti-lamin-B (1:10000; Abcam Cat# ab133741, RRID:AB_2616597),
anti-B-actin (1:2000, Bioworld Technology), and anti-GAPDH (1:8000, Sigma-Aldrich Cat#
G9545, RRID:AB_796208). The membranes were then developed by enhanced
chemiluminescence reagents (PerkinElmer, Waltham, MA) with horseradish peroxidase—
conjugated secondary antibodies (R&D Systems, Minneapolis, MN). We used ImageJ to
quantify the absolute gray-level of each blot with background subtraction, and then
normalize the ratio to the control blot in each replicate. After the determination of each
target protein, we incubate the same membrane with the antibodies of B-actin (total protein)
or lamin-B (nuclear protein) to determine the total protein loaded. We here show them in
separate images for display purpose to avoid the overexposure of the loading controls. The
specificity of antibodies has been demonstrated in recent studies from our laboratory and
others, in addition to that described by the vendors.21:22.24,25,38,48

Immunohistochemistry

Deeply anesthetized mice were perfused transcardiacally with 0.9% saline followed by 4%
paraformaldehyde. The spinal cord segments and DRGs were removed and postfixed in 4%

Pain. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 6

paraformaldehyde 24 to 48 hours. After being postfixed, antigen retrieval was conducted in
citric acid buffer. Then the tissues were transferred into 40% sucrose (in 0.1 M PB) for 3
days for dehydration. The tissues were sectioned at 30-um thickness for spinal cord and
DRG sections. For immunofluorescence staining, free-floating sections were blocked in
phosphate buffered saline containing 10% donkey serum with 0.3% Triton X-100 for 2 hours
and incubated in primary antibody at 4°C overnight. Sections were then washed in 0.1 M
phosphate buffered saline with 0.05% Triton X-100, pH 7.6 (3 x 5 minutes) followed by
incubating in the secondary antibody at room temperature for 2 hours and washing. Sections
were mounted on slides and covered with 90% glycerin for observation under a confocal
microscope (FluoView FV1000, Olympus, Japan). The antibodies used included anti-Wnt5b
(1:100, Abcam Cat# ab66616, RRID:AB_2241623), anti-c-FOS (1:1000, Synaptic Systems
Cat# 226 003, RRID:AB_2231974), anti-NeuN (1:400, Millipore Cat# MAB377,
RRID:AB_2298772), anti-GFAP (glial fibrillary acidic protein 1:200, Millipore Cat#
IFO3L-100UG, RRID:AB_10681761), anti-IBA1 (1:200, Abcam Cat# ab5076,
RRID:AB_2224402), FITC conjugated isolectin B4 (1B4, 1:100, Sigma-Aldrich Cat#
L2140, RRID:AB_2313663), anti-calcitonin gene-related peptide (1:100, Abcam Cat#
ab139264, RRID:AB_2341090), anti-NF200 (1:100, Abcam Cat# ab40796,
RRID:AB_2149620), and anti-MAP2 (1: 5000, Abcam Cat# ab75713, RRID:AB_1310432).
For nucleus counterstaining, sections were incubated with 4’, 6-diamidino-2-phenylindole
(DAPI 1:3000, Sigma-Aldrich) for 3 minutes at room temperature. Data were analyzed with
ImageJ. To quantitatively measure the mean intensity of Wnt5b and Ryk
immunofluorescence in the DH or DRGs, 3 to 5 sections from each animal were evaluated
and photographed at the same exposure time to generate the raw data. The average
fluorescence intensity of each pixel was normalized to the background intensity in the same
image. To measure the ratio of colocalization in the DH, the percentages of overlapped
pixels (Wnt5b*/marker) from total marker* pixels were used to represent the degree of
colocalization. The values from the entire DH (Under x200 magnification) were obtained to
calculate the mean intensity (pixel). To measure the Ryk internalization in the DH, the
number of neurons with Ryk/DAPI overlapping was counted.

2.8. Primary culture of the dorsal horn neurons

The protocol was modified from what was previously used for DH neuron culture. Briefly,
the dorsal part of the spinal cord from adult rats was dissected, minced, and then the
fragments were transferred into the buffered solution containing collagenase (type IA, 1
mg/mL, Sigma) and trypsin (0.5 mg/mL). After an incubation for 30 minutes at 37°C, the
fragments were removed, rinsed, and then put into the buffered solution containing DNase
(0.2 mg/mL, Sigma). Individual neurons were dissociated by passing the fragments through
a set of fire-polished glass pipettes with decreasing diameter. After brief centrifugation,
neurons were transferred into 10% fetal bovine serum DMEM (Dulbecco’s Modified Eagle
Medium) medium in poly-D-lysine precoated confocal dishes for 3 hours followed by 72
hours incubation in neurobasal medium for primary culture. The purity of the cultured
neurons was verified by immunostaining of MAP2 and DAPI staining. The cultured DH
neurons of the spinal cord were visualized as round-shaped neuron bodies with processes.
Most of the cells (percentage not quantified) showed MAP2-positive staining.
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2.9. Calcium imaging

Primary cultured DH neurons were incubated in Fura-2/AM (5 uM) and Pluronic F-127 (0.5
mg/mL) (Thermo Fisher Scientific, Invitrogen Inc., Waltham, MA) diluted in Ringer’s
solution (pH = 7.4) containing 135 mM NaCl, 2 mM CaCl2, 5.4 mM KCI, 5 mM HEPES,
and 5.5 mM glucose for 30 minutes. After washing, neuron fluorescence emission was
measured at 520 nm following excitation at 340 nm and 380 nm (Olympus IX51 with
ORCA-R2 digital camera, Hamamatsu Inc, Japan). The 340/380 nm emission ratio was used
to determine intracellular calcium ([Ca2*];). After loaded with Fura-2, cells with round-
shaped cell bodies and multiple processes were identified as neurons and selected for
imaging and quantification of calcium concentrations. At the end of all the experiments, 5
uL 10% KCI was added to bath solution to check the viability of the cells. Only those cells
responded to KCI were accepted for quantification.

2.10. Statistics

Prism (GraphPad) was used to conduct all statistical analyses. All statistics were performed
based on the number of animals. Alterations of detected mMRNA and protein expression and
the behavioral results were tested over time among groups were tested with one-way or two-
way analysis of variance (ANOVA). Bonferroni’s multiple comparisons were used to test
specific hypotheses about differences between each operated or drug-treated group and its
corresponding control group between the naive or sham animals and the treatment for
Western blot or behavior data. All data are presented as mean = SEM. The criterion for
statistical significance was P < 0.05.

3. Results

3.1

Naloxone-precipitated morphine withdrawal induces robust increase of Wnt5b in the

dorsal horn originating from the primary afferent terminals

To verify the hypothesis that Wnt signaling in the spinal cord may play a role in morphine
dependence and naloxone-precipitated withdrawal, we first examined expression of Wnt
family mRNA in the spinal cord using RT-PCR. Among the 19 Wnt ligands currently
known, Wnt3a and Wnt5b showed elevated expression in mMRNA. Wnt3a mRNA increased
significantly after morphine treatment and plateaued after the naloxone-precipitated
withdrawal. Wnt5b mRNA did not respond to 7 escalating doses of morphine treatment, but
increased significantly following naloxone administration (Fig. 1A). In addition, expression
of the mRNA levels of Wnt1, Wnt2, Wnt5a, Wnt7a, Wnt8b, Wnt9b, Wnt10b, and Wnt16
decreased after morphine treatment and naloxone-precipitated withdrawal (Fig. S1A,
available as supplemental digital content at http://links.lww.com/PAIN/A900). The DRG and
spinal cord tissues were taken 2 hours after the seventh dose of the escalating morphine
treatment or after naloxone administration as indicated in the figures. We further examined
the protein expression of Wnt3a and Wnt5b under the same conditions by western blotting.
Surprisingly, Wnt3a protein expression was not altered after morphine treatment or naloxone
withdrawal. By contrast, Wnt5b protein expression was rapidly and substantially increased
30 minutes after naloxone administration, and the increased expression lasted for at least 2
hours (Fig. 1B). Using immunohistochemistry, we then determined the distribution of Wnt5b
in the DH after morphine withdrawal, compared with the distribution in both naive animals
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and those who received morphine treatment alone. In naive and the morphine-treated mice,
the expression of Wnt5b was sparsely distributed within the DH. However, after naloxone-
precipitated withdrawal, Wnt5b was densely accumulated in the laminae I-1V (Fig. 1C).
Immunoreactivity of the increased Wnt5b was predominantly localized within the afferent
terminals, including the small, peptidergic fibers (CGRP-positive), and the large fibers
(NF200), with some also seen in the small, nonpeptidergic fibers (I1B4-positive) (Fig. 1D).
Whnt5b was also heavily localized within neural soma (NeuN), local neural dendrites
(MAP2), which may form the largest number of synapses with the primary afferent
terminals,817 and astrocytes (GFAP); however, colocalization with microglia (IBA1)
reactivity was negligible (Fig. S1B, available as supplemental digital content at http://
links.lww.com/PAIN/A900). Morphine treatments increased CGRP and GFAP expression in
DH, while the expression of other markers was not altered (Fig. S1C, available as
supplemental digital content at http://links.lww.com/PAIN/A900). These results demonstrate
that naloxone-precipitated morphine withdrawal, but not morphine treatment alone, can
induce a quick and significant increase of Wnt5b in the superficial layers of the DH,
particularly in the primary afferent terminals.

To further examine the possibility that the increased Wnt5b in the DH may originate mainly
from the primary sensory neurons, we examined the expression and distribution of Wnt5b in
DRG neurons in naive, morphine-treated, and naloxone-precipitated withdrawal animals.
Western blot analysis showed that morphine treatment induced a significant increase of
Wnt5h expression in the DRG, which then decreased significantly within 30 minutes and
went back to baseline level within 2 hours after naloxone-precipitated withdrawal. Again,
Whnt3a expression in the DRG was not changed (Fig. 1E). These results suggest that Wnt5b
in the DRG is one of the sources of Wnt5b in the DH. Immunohistochemistry further
showed that the immunoreactive intensity of Wnt5b was low in the naive DRG, and its
distribution was evenly across both the large-sized (NF200-positive) and small-sized CGRP-
positive and IB4-positive neurons. After prolonged morphine exposure, Wnt5h expression
increased significantly in the large- and medium-sized as well as the small DRG neurons.
Whnt5b-positive neuronal expression was increased in NF200-positive, CGRP-positive, and
IB4-positive neurons about x4, x2.5, and x1.5 compared with the controls, respectively.
After naloxone treatment, morphine treatment-induced Wnt5b expression was significantly
decreased in the DRG neurons. In NF200-positive neurons, Wntbb started decreasing within
30 minutes after naloxone treatment and maintained a high level for at least 2 hours. In
CGRP-positive neurons, Wntbb started decreasing within 30 minutes and returned to
baseline at 2 hours after naloxone. In 1B4-positive neurons, Wnt5b returned quickly back to
baseline within 30 minutes after naloxone treatment. Representative immunoreactivity and
data summary are shown in Fig. 1F and G. This timing of Wnt5b in DRG corresponded with
the increase of Wntbb in the DH (Fig. 1B-D).

Taken together, our results indicate that the morphine treatment induces Wnt5b
accumulation mainly in DRG, and that, after morphine withdrawal, the accumulated Wnt5b
is exported to the central terminals in the DH, where it may contribute to the subsequent
behavioral and neurochemical alterations of morphine withdrawal.
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3.2. Blocking Wnt signaling in spinal cord suppresses behavioral and neurochemical
signs of naloxone-precipitated morphine withdrawal, while spinal administration of
exogenous Wnt5b enhances spontaneous withdrawal behaviors

To investigate roles of spinal Wnt5b release in the action of morphine withdrawal, we
examined the effects of Wnt scavenger Fz-8/Fc, a recombinant protein that mainly disrupts
Whnt ligand-receptor interaction, on the behavioral and neurochemical alterations after
naloxone-precipitated morphine withdrawal in mice. Intrathecal administration of Fz-8/Fc (2
ug in 5 pL saline, 30 minutes before naloxone injection) significantly suppressed both
behavioral and neurochemical signs after naloxone-precipitated withdrawal, compared with
IgG control (2 pg in 5 pL saline). The overall score of behavioral symptoms and individual
behavioral signs (except for diarrhea and ptosis) was significantly reduced (Fig. 2A).
Morphine withdrawal-induced induction of c-FOS expression, which is an indicator of
increased neural excitability,® was greatly inhibited by Fz-8/Fc treatment in the same
protocol (Fig. 2B).

In addition to blocking Wnt signaling acutely after naloxone-precipitated withdrawal, we
tested whether inhibition of Wnt synthesis during morphine exposure could prevent or
ameliorate the withdrawal symptoms. To address this question, IWP-2, a porcupine inhibitor
that inhibits the synthesis of Wnt ligands,® was intrathecally injected after each dose of
morphine, and its effects on the behavioral signs were observed and recorded. IWP-2
treatments at different doses (5 g, 2 g, and 1 pg, in 5-uL DMSO) produced significant
dose-dependent suppression on naloxone-induced individual withdrawal behaviors and the
overall withdrawal score (Fig. 2C). These results demonstrated that Wnt signaling activation
in the spinal cord and Wnt synthesis are required in morphine withdrawal-induced neural
excitability and behavioral alterations.

We then examined whether exogenous Wnt5b would be sufficient to enhance morphine
withdrawal-like behaviors in naive and morphine exposure animals. In naive mice,
intrathecal administration of a single dose of recombinant mouse Wnt5b (100 ng in 5-uL
saline) did not induce gross behavioral changes. However, in animals that had received
prolonged morphine treatment, a single dose of recombinant mouse Wnt5b (100 ng/5 uL)
enhanced morphine withdrawal-like behaviors when animals were in the transition period to
spontaneous withdrawal, 8 hours after the last morphine treatment. The overall score and 5
of 8 individual behavioral signs increased significantly (Fig. 3A). These results indicate that
Whnt signaling activation is sufficient to enhance morphine withdrawal-like behavioral signs
in animals with prolonged morphine exposure.

3.3. Activation of Ryk receptor contributes to behavioral and neurochemical alterations
after naloxone-precipitated withdrawal

Ryk is a single-span transmembrane receptor with an intracellular tyrosine domain and a
recently discovered atypical receptor involved in Wnt signaling. The Ryk receptor is
required for various Wnt signaling functions involved in diverse roles in the nervous
system18:20.30.39 (Fig. 4A). After binding with Wnt5b, the Ryk receptor is cleaved by -
secretase to release the Ryk intracellular domain, which is then translocated to the nucleus to
regulate transcriptional activities.13 We first examined the expression of Ryk receptors in the
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spinal cord after morphine exposure and naloxone-precipitated withdrawal. The results
showed that the prolonged exposure of morphine induced a significant increase in the full-
length domain of Ryk receptors (Ryk-FL), indicating the upregulation of Ryk expression
and translation. The Ryk intracellular domain (Ryk-1CD), which is the active form of Ryk
receptor, showed no change after morphine exposure. However, after naloxone-precipitated
withdrawal, the Ryk-ICD expression was significantly increased for at least 2 hours after
naloxone injection (Fig. 4B). This increased expression of Ryk was distributed in the DH
and Ryk immunoreactivity was mostly localized within neural soma and dendrites, and with
astrocytes (Fig. 4C). Naloxone-precipitated withdrawal also induced intracellular
accumulation of Ryk immunoreactivity. The percentage of Ryk-NeuN and Ryk-DAPI
colocalization was significantly increased after naloxone treatment, compared with
morphine exposure alone (Fig. 4D). These results indicate that expression and activation of
Ryk receptor is correlated with prolonged morphine exposure and naloxone-precipitated
withdrawal, suggesting that Ryk activation is involved in regulation of naloxone withdrawal-
induced neural and behavioral alterations.

Our results further show that intrathecal administration of anti-Ryk, an antibody of Ryk (2
ug in 5 pL, given 30 minutes before naloxone), which blocks the functional activation of
Ryk receptors, greatly reduced the overall score and individual behavioral signs of naloxone-
precipitated morphine withdrawal (Fig. 4E). We also used calcium imaging to study the
effect of Ryk receptor activation on the excitability of nociceptive secondary sensory
neurons in the DH. Application of recombined Wnt5b ligands produced a significant
increase of Ca2* influx in the morphine-exposed animals, but not in naive control neurons.
Wht5b-induced increase of Ca2* influx and the ratio of responsive cells were greatly
reduced by pretreatment with anti-Ryk (4 pg/mL in bath) (Fig. 4F). Furthermore,
pretreatment with anti-Ryk significantly inhibited naloxone-precipitated withdrawal-induced
phosphorylation of N-methyl-D-aspartate receptor (NMDAR) subtypes NR1 and NR2B as
well as the subsequent Ca?*-dependent signals CaMKII and cAMP response element-
binding protein (CREB) in the spinal cord (Fig. 4G). These results indicate that increased
expression of Ryk receptor in the spinal cord is involved in the latent sensitization after
morphine exposure, and that activation of Ryk signaling contributes to the neuronal
hyperactivity, mediating the behavioral and neurochemical alterations after naloxone-
precipitated morphine withdrawal.

3.4. Activation of the transcription factors YAP, TAZ, and pB-catenin contributes to the
development of naloxone-precipitated withdrawal

The transcription factors YAP and TAZ are the key downstream effectors of alternative Wnt
signaling, which consists of Wnt-FZD/ROR-Ga15/13-Rho-Lats1/2-YAP/TAZ pathway. YAP
and TAZ also mediate the effects of Wnt ligands on cell migration and osteogenic
differentiation3* (Fig. 5A). We have recently demonstrated that the YAP/TAZ activity can
precisely orchestrate pain status by flipping an “ON-OFF” switch after nerve injury or
activation of certain pain initiators.*® Here, we test our hypothesis that the YAP/TAZ might
also be important in the precipitation of morphine withdrawal symptoms. We determined the
transcriptional activity of YAP and TAZ by examining their nuclear protein levels in the
spinal cord after treatment of morphine and the following naloxone-precipitated withdrawal.
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The results showed that the nuclear expression of YAP and TAZ protein remained
unchanged following prolonged morphine exposure. However, naloxone-precipitated
withdrawal induced significant nuclear accumulation of YAP and TAZ. The expression
patterns of YAP and TAZ expression were different, such that YAP expression increased
within 30 minutes and lasted for at least 2 hours after naloxone administration, while TAZ
expression increased at 2 hours, but not at 30 minutes. Meanwhile, expression of the
transcriptional factor B-catenin was not altered by prolonged morphine exposure, although it
was transiently and significantly increased at 30 minutes and returned to baseline at 2 hours
after naloxone precipitated-withdrawal (Fig. 5B).

Furthermore, we tested whether blockage of YAP/TAZ/B-catenin activity could suppress the
behavioral signs of morphine withdrawal. Intrathecal administration of dCTB (200 pg in 5
uL, given 30 minutes before naloxone injection), a reagent that inhibits nuclear activity of
YAP/TAZ/B-catenin through GSK-3 and MST/LATS,*® greatly suppressed the overall score
and individual behavioral signs of naloxone-precipitated withdrawal. To selectively inhibit
B-catenin, we used IWR-1, an Axin activator that inhibits nuclear translocation of p-catenin.
IWR-1 (5 ug in 5 pL, 30 minutes before naloxone injection) also produced significant
suppression on the overall score and individual behavioral signs of naloxone-precipitated
withdrawal (Fig. 5C). These results suggest that YAP, TAZ, and B-catenin are each involved
in development of morphine withdrawal but may have different regulatory effects on the
development of morphine withdrawal.

3.5. Wnt signaling contributes to withdrawal symptoms from prolonged p-opioid receptor
activity induced by chronic morphine exposure or inflammation

We continued to test our hypothesis that Wnt signaling might also be involved in chronic
exposure of morphine and not just in acute morphine exposure as we described above.
Chronic morphine administration at a fixed dose (50 mg/kg/day) for 10 consecutive days
recapitulates a more appropriate condition in clinical practice (Fig. 6A). Naloxone
administration in this paradigm induced comparable levels of withdrawal behaviors. IWP-2
treatments after each dose of morphine suppressed future withdrawal after naloxone
injection in a dose-dependent manner. Furthermore, acute administration of IWR-1 before
naloxone treatment also reduced the severity of withdrawal (Fig. 6B and C). These results
suggest that, in addition to effects induced by acute morphine exposure, Wnt signaling also
contributes to the withdrawal from prolonged MOR activity induced by chronic exposure of
morphine.

Chronic inflammation or tissue injury induces MOR constitutive activity, and opioid
antagonist application can restore previous tissue injury-induced pain hypersensitivity,12:43
suggesting that the cessation of such tonic constitutive activity of MOR may play a key role
in the transition from acute to chronic pain. Given that Wnt signaling is critical in
withdrawal after prolonged exogenous morphine treatment, we asked whether Wnt signaling
might be also involved in the MOR constitutive activity after chronic inflammation. We
examined this idea using a recently described mouse model.12 A unilateral intraplantar
injection of CFA in mice produced mechanical allodynia that recovered within 2 weeks.
However, when delivered 21 days after CFA injection, subcutaneous injection of naloxone (1
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mg/kg) completely restored the mechanical allodynia. This result indicated a pre-existing
endogenous opioid dependence (Fig. 7A and B). After naloxone injection on the 21st day
after CFA, the mechanical nociceptive threshold decreased significantly starting within 30
minutes, was maintained at a constant low level for at least 90 minutes, and returned to
baseline within 3 hours. Interestingly, such MOR antagonist (naloxone)-induced
hyperalgesia in animals with pre-existing endogenous opioid dependence was significantly
suppressed or prevented by intrathecal administration of Wnt ligand scavenger, Fz-8/Fc (2
ug in 5 L), and Ryk receptor functional blocker, anti-Ryk (2 pg in 5 pL), 30 minutes before
naloxone injection (Fig. 5B). These results indicate that Wnt signaling may also contribute
to the processing of CFA-generated MOR constitutive activity and MOR antagonist-evoked
painful and somatomotor symptoms.

We then examined expression of Wnt5b in animals that previously received CFA injection.
The results showed that Wnt5b immunoreactivity was not altered by CFA treatment alone
but was significantly increased after naloxone treatment on the 21st day after CFA injection
(Fig. 7C). The increased Wnt5b expression was distributed in the superficial layers of the
DH and mostly localized in the primary afferents, including the CGRP-, IB4-, and NF200-
positive terminals (Fig. 7D). Furthermore, we found that on the 215 day after CFA,
expression of Wnt5b was significantly increased in the DRG and then reduced after
naloxone treatment (Fig. 7E). These findings strongly support the idea that the increased
Whnt5b in the superficial DH in the condition of chronic peripheral inflammation also
predominantly originated from its peripheral afferent terminals, the central axons of DRG
neurons.

Interestingly, subcutaneous injection of MOR antagonist naloxone also precipitated
somatomotor behaviors including backward walking, jumping, paw tremor, and wetdog
shake on the 21st day in animals that developed MOR constitutive activity in the CFA
model. These morphine withdrawal-like symptoms were prevented or significantly
suppressed by pretreatment with the Wnt scavenger Fz-8/Fc and Ryk receptor blocker anti-
Ryk, respectively (Fig. 7F). These findings strongly support the idea that Wnt signaling
plays important roles in not only classical morphine withdrawal, but also the latent
sensitization following chronic inflammation. The latter has been considered an important
mechanism underlying the chronification of acute pain.*3

4. Discussion

Our study reveals a critical role for Wnt signaling in opioid withdrawal through the Wnt-
Ryk and Wnt-YAP/TAZ signaling axes. After prolonged MOR activation induced by
prolonged morphine treatment or previous tissue inflammation, naloxone-precipitated
withdrawal induces significant increase of Wnt5b expression in primary sensory afferents in
DH. Wnt signaling may contribute to the subsequent withdrawal behaviors and
neurochemical alterations through the atypical noncanonical Wnt-Ryk and the alternative
Wnt-YAP/TAZ signaling pathways. We believe that these findings may support a new
mechanism underlying opioid dependence and withdrawal symptoms following prolonged
morphine exposure and chronic inflammation-induced opioid receptor activation. This study
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also provides potential targets in Wnt-Ryk and Wnt-YAP/TAZ signaling axes for the
prevention of opioid withdrawal syndromes and chronification of acute pain.

Whnts are known to be important for various developmental processes. Studies have
demonstrated the dysregulation of Wnt signaling in certain diseases and disorders. For
example, Wnt signaling is upregulated in schizophrenic brains4 and peripheral nerve-
injured DRG and spinal cord,*149 as well as downregulated in brains with Alzheimer
disease.’32 Here, we show that prolonged morphine treatment causes expression and
accumulation of Wnt5b in DRG; naloxone-precipitated withdrawal induces apparent, rapid
export of Wnt5b from DRG and robust increase of Wnt5b in the superficial DH, where
Wnt5b may originate predominantly from the DRG afferent terminals. Another possibility
for the increased Wnt5b might be that naloxone quickly increases the synthesis of Wnt5b in
the DRG soma and terminals, but also stimulates a degradation of Wnt5b that is slower in
the terminals. We noticed the broad changes of Wnt5b expression in various myelinated and
unmyelinated DRG and DH cells. These perhaps reflect some morphine-mediated effects in
MOR™ afferents and DH neurons, which could then indirectly influence the expression of
Wnt5b in DRG neurons that may lack MOR expression. Surprisingly, the expression of
another important Wnt ligand, Wnt3a, did not show any alteration in DRG and the DH,
although its MRNA expression was increased after morphine and naloxone treatment.

The Wnt-Ryk signaling pathway is one of the major noncanonical, p-catenin—independent
Whnt pathways, in which the atypical Ryk receptor may mediate Whnt activation of
intracellular signaling cascades.13:18:26:36 Here, our results show that the prolonged
morphine exposure induces upregulation, translation, and naloxone withdrawal-induced
activation of Ryk receptor in the neuronal somata and dendrites in the DH. These changes
correspond with Wnt5b alterations. Spinal blockade of Ryk receptor with the Ryk antibody
suppresses morphine withdrawal-induced behavioral signs and the accompanying
neurochemical alterations. Thus, these findings support the idea that the spinal Wnt-Ryk
signaling axis is important in the sensitization and the hyperactivity induced by withdrawal.
A potential mechanism of Wnt-Ryk signaling is the regulation of signal transduction and
synaptic plasticity, which have been considered essential to the spinal central sensitization.

The transcription factors YAP and TAZ are key downstream effectors of alternative Wnt
signaling, while both of them mediate the effects of WNT ligands on cell migration and
osteogenic differentiation.34 Here, we demonstrate that naloxone-precipitated morphine
withdrawal induces activation of YAP and TAZ in the DH, in addition to increasing the
levels of Wnt5b in the DH. Spinal blockade of YAP/TAZ activity suppresses the behavioral
signs of naloxone-precipitated withdrawal. YAP/TAZ inhibition reduced NLX-precipitated
withdrawal effects similarly to the Wnt scavenger FZ-8/Fc. These findings indicate that the
alternative Wnt-YAP/TAZ signaling axis also participates in the withdrawal symptoms from
morphine.

Constitutive activation of MOR induced by the activation of spinal pain pathways suppresses
the primary pain caused by nerve inflammation or injury.12 The complex effect of
constitutive MOR activity may promote latent sensitization in the spinal DH. Unmasking of
latent sensitization caused by antagonism of MOR may restore the original pain.43 Improper
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cessation of tonic constitutive activity of MOR after injury may play a key role in the
transition from acute to chronic pain.12 We have recently reported that CFA-produced tissue
injury induces activation of the Wnt/FZD/B-catenin signaling pathway (onset within 24
hours and lasting for at least 72 hours).*® Here, our results further show that, on day 21 after
CFA when Wnt5b expression and the mechanical hyperalgesia had recovered to their
baseline, naloxone administration reproduces the elevated Wnt5b immunoreactivity in the
DH as well as the mechanical allodynia or hyperalgesia and withdrawal symptoms. Wnt5h
in the superficial DH, which is transported from the DRG neurons, then activates
downstream signaling and mediates withdrawal symptoms. These findings support the idea
that Wnt expression and secretion may be regulated by opioid receptor activation.3:23:33.37
The interaction between Wnt and MOR can be an important mechanism for Wnt signaling to
trigger or enhance withdrawal symptoms. Furthermore, such hyperalgesia and withdrawal
symptoms can be inhibited by spinal administration of Wnt scavenger Fz-8/Fc or functional
blocker of Ryk receptor. These findings strongly support potential clinical interventions
targeting Wnt signaling to treat opioid withdrawal and the opioid-induced sensitization. The
latent sensitization induced by opioid receptor activation is considered a key event in
chronification of acute pain.*3 We noticed that compound administration by intrathecal
injection may also reach the DRG, in addition to the spinal cord. Thus, intrathecal injection
of Wnt inhibitors may also act by disrupting the Wnt signaling pathway within the DRG-
spinal cord loop to suppress withdrawal behaviors. Mareover, inhibition of Wnt signaling in
the spinal cord may disrupt the feed-forward sensitization caused by primary pain and
repeated opioid receptor activation.124349 These findings may suggest a new mechanism of
opioid-induced sensitization and provide a potential target for the prevention of transition
from acute to chronic pain.
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Figure 1.
Naloxone-precipitated morphine withdrawal induces a quick and significant increase of

Whnt5b expression in the DH originating from DRG neurons. (A) Expression of Wnt3a and
Wnt5b mRNA in the DH. Wnt3a, one-way ANOVA, P = 0.0005. Bonferroni’s multiple
comparisons vs naive: Mor, P=0.0392, after NLX 0.5 hours, =0.02, 2 hours, P=
0.0001.Wnt5b, one-way ANOVA, P=0.0027.Bonferroni’smultiple comparisons vs naive:
Mor, £>0.99, After NLX 0.5 hours, £=0.0078, 2 hours, P= 0.0114. (B) Expression
ofWnt3a andWnt5b protein in the DH (Wnt3a, one-way ANOVA, P= 0.3174. Wnt5b, one-
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way ANOVA, P=0.0044. Bonferroni’s multiple comparisons vs naive: Mor, £> 0.99, After
NLX 0.5 hours, P=0.0054, 2 hours, £=0.0138). Left, representative Western blotting
bands. Right, data summary (mean = SEM). (C) Immunofluorescence showing expression of
Whnt5b (red) in the DH (left). Histogram showing the mean intensity of Wnt5b
immunofluorescent activity (right) (one-way ANOVA, P < 0.0001. Bonferroni’s multiple
comparisons vs naive: Mor, P=0.3389, after NLX 0.5 hours, £< 0.0001, 2 hours, P=
0.0001). Original magnifications: x200, scale bar = 50 pm. (D) Colocalization ofWnt5b
(red) with primary sensory afferents (NF200, CGRP, and B4, green) in the DH. Left:
representative immunofluorescent activity. Original magnifications: x800, scale bar = 50
pum. Right: Colocalization ratio of Wnt5b with CGRP (one-way ANOVA, P< 0.0001.
Bonferroni’s multiple comparisons vs naive: Mor, £=0.2186, After NLX, £< 0.0001), IB4
(One-way ANOVA, P=0.0141. Bonferroni’s multiple comparisons vs naive: Mor, P> 0.99,
after NLX, P=0.0158) and NF200 (one-way ANOVA, P=0.001. Bonferroni’s multiple
comparisons vs naive: Mor, A= 0.9307, after NLX, A= 0.001) following different treatments
(Right). (E) Expression of Wnt3a and Wnt5b in DRG (Wnt3a, one-way ANOVA, P=
0.9876. Wnt5b, one-way ANOVA, P = 0.0037. Bonferroni’s multiple comparisons vs naive:
Mor, £=0.0015, after NLX 0.5 hours, P=0.0402, 2 hours, P=0.4257). Top: representative
Western blot bands. Bottom, data summary (mean + SEM). (F) Immunofluorescence
showing expression and cellular distribution of Wnt5b in DRG neurons (marked with
NF200, CGRP and IB4).Original magnifications: x200, scale bar = 50 um. (G) Histogram
showing the ratio of Wnt5b-positive neurons in NF200 (one-way ANOVA, P£< 0.0001.
Bonferroni’s multiple comparisons vs naive: Mor, £< 0.0001, after NLX 0.5 hours, P<
0.0001, 2 hours, £<0.0001), CGRP (one-way ANOVA, P< 0.0001. Bonferroni’s multiple
comparisons vs naive: Mor, £< 0.0001, after NLX 0.5 hours, 2= 0.0006, 2 hours, £> 0.99)
and 1B4 (one-way ANOVA, P = 0.0002. Bonferroni’s multiple comparisons vs naive: Mor, P
=0.0002, after NLX 0.5 hours, = 0.7622, 2 hours, P> 0.99) positive DRG neurons. *P <
0.05, **P < 0.01 vs naive. Number of animals included in each group: 5 in A-D, 4 in E, and
8 in G. ANOVA, analysis of variance; DH, dorsal horn; Mor = morphine; NLX = naloxone.
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Figure2.
Inhibition of Wnt signaling suppresses naloxone-precipitated withdrawal. (A) Intrathecal

administration of Wnt scavenger Fz-8/Fc inhibited the overall withdrawal scores (left) and
individual behavioral signs after withdrawal (one-way ANOVA, P < 0.0001. Bonferroni’s
multiple comparisons vs NLX: IgG, P> 0.99, after Fz-8/Fc, £=0.0002). *~< 0.05, **P<
0.01 vs NLX. Individual signs (Bonferroni’s multiple comparisons, NLX + Fz-8/Fc vs NLX,
backward walking, = 0.0018, diarrhea, A= 0.7008, jump, P=0.0420, paw tremor, P=
0.0004, ptosis, P> 0.99, tremor, P=0.0011, Wetdog shake, A= 0.0001, weight loss, P=
0.0269) (B) Immunofluorescence showing effects of Wnt scavenger Fz-8/Fc on induction of
¢-FOS in the DH. Fz-8/Fc, 2 pug in 5 pL, intrathecally 30 minutes before naloxone
administration (One-way ANOVA, P=0.0069. Bonferroni’s multiple comparisons, after
Mor + NLX, IgG vs naive, P=0.0049, Fz-8/Fc vs 1gG, P=0.0374). Tissues were collected
30 minutes after naloxone injection (n = 5 animals, 4 spinal cord sections from each animal
in each group, edge stainings were excluded from quantification). Original magnification:
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x200s, scale bar = 50 pm. **P < 0.01 vs naive. #P< 0.05 vs Mor + NLX + 1gG. (C)
Intrathecal administration of Wnt synthesis inhibitor IWP-2 after each morphine treatment
inhibited the overall withdrawal scores (left) and individual behavioral signs after naloxone-
precipitated withdrawal (one-way ANOVA, P < 0.0001. Bonferroni’s multiple comparisons
vs NLX: IWP-2, 1 ug, £P=0.0087, 2 ug, £<0.0001, 5 pg, A< 0.0001). **P< 0.01 vs NLX.
Individual signs (Bonferroni’s multiple comparisons, NLX + IWP-2 (1, 2, 5 pg) vs NLX,
backward walking, 2> 0.99, £=0.0998, £=0.0484, diarrhea, £=0.8605, P=0.0994, P=
0.3197, jump, P=10.4892, P=0.0665, = 0.0465, paw tremor, = 0.6322, P=0.0248, P=
0.0081, ptosis, P> 0.99, tremor, P= 0.4160, P=0.0422, P=0.0065,Wetdog shake, P=
0.1030, A=0.0056, = 0.0071, weight loss, #=0.1237, £=0.0122, P=0.0039). *F< 0.05,
**P < 0.01 vs NLX. Number of animals included in each group: 12, 5, and 8 in A, B, and C,
respectively. ANOVA, analysis of variance; CFA, complete Freund’s adjuvant; DH, dorsal
horn; Mor = morphine; NLX = naloxone.

Pain. Author manuscript; available in PMC 2020 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

>

Overall withdrawal score

40

20

%
]

Page 22

y @

[e<]

* 4 *% *k

i
o

N

o

*%

}_|

Backward walking (No
=N
Diarrhea (No.)
N
Jump (No.)
(%))
Paw tremor (No.)
N
[=]

vy

w
=]

<

N
E
I
i
o
E“
o o
|

Naive Mor Mor Mor
+ Wnt5b + Saline + Wnt5b

W

H

*
N
o

N
R
o

Il Naive + Wnt5b
= Mor

I Mor + Saline
1

Mor + Wnt5b

N W D O O

Ptosis (No.)
Tremor (No.)

[= TS
r

o -
(=]

Wetdog shake (No.)
N
Weight loss (%)
o A
(¢} o

o

o
o

Figure 3.
Exogenous Wnt5b administration enhances spontaneous withdrawal behaviors. Intrathecal

injection of Wnt5b (100 ng in 5 uL saline)-induced morphine withdrawal-like behavioral
signs in animals with prolonged morphine exposure. Wnt5b or saline was injected 8 hours
after last morphine treatment. Behavioral signs were recorded (30 minutes), 0.5 hours after
Whnt5b injection. (A) Overall withdrawal scores. (B) Individual behavioral signs. Eight
animals in each of the 4 groups. One-way ANOVA, P< 0.0001. Bonferroni’s multiple
comparisons vs Mor: After saline, 2> 0.99, after Wnt5b, £< 0.0001. Individual signs
(Bonferroni’s multiple comparisons, Mor + Wnt5b vs Mor, backward walking, 2= 0.009,
diarrhea, > 0.99, jump, £=0.005, paw tremor, 2= 0.0001, ptosis, 2= 0.0025, tremor, P=
0.0604, Wetdog shake, £=0.0135, weight loss, £=0.1332). Higher amount of diarrhea was
observed in morphine-treated groups due to spontaneous morphine withdrawal. *P< 0.05,
**P<0.01 vs Mor. ANOVA, analysis of variance; Mor = moprhine; NLX = naloxone.
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Figure 4.
Ryk receptor activation after morphine exposure and naloxone-precipitated withdrawal. (A)

Schematic representation of Wnt-Ryk signaling and its downstream activation of Ca2* and
Ryk-1CD pathways. (B) Western blot showing expression of Ryk-FL/CTF and Ryk-ICD.
Left, representative bands. Right, data summary. Ryk-FL/CTF, one-way ANOVA, P=
0.0002. Bonferroni’s multiple comparisons vs naive: Mor, £> 0.0022, after NLX, 0.5 hours,
P<0.0002, 2 hours, P<0.0005. Ryk-1CD, one-way ANOVA, P=0.0233. Bonferroni’s
multiple comparisons vs naive: Mor, P> 0.4251, after NLX, 0.5 hours, £=0.0149, 2 hours,
P=0.0345). *P< 0.05, **P < 0.01 vs naive. The upper band inRyk-FL/CTF is full-length
Ryk receptor (FL), while the lower band is the C terminal fragment of Ryk receptor (CTF).
(C) Immunofluorescence showing expression of Ryk (red) in the DH (left) and its cellular
colocalization with neuronal soma (NeuN) and dendrites (MAP2) and astrocytes (GFAP)
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(right). (D) Immunofluorescence showing the cellular internalization of Ryk receptors.
Neuronal soma was marked with NeuN or DAPI. Dendrite was marked with MAP2.
Histogram showing the mean intensity of Ryk receptors immunofluorescent activity, (one-
way ANOVA, P=0.0002. Bonferroni’s multiple comparisons vs naive: Mor, P> 0.0022,
after NLX, 0.5 hours, £<0.0002, 2 hours, £< 0.0005) (Y axis, left) and number of Ryk-
positive neurons (one-way ANOVA, P< 0.0001. Bonferroni’s multiple comparisons vs
naive: Mor, P> 0.99, after NLX, 0.5 hours, £=0.001, 2 hours, £=0.0004) (Y axis, right).
*P<0.05, **P< 0.01 vs naive. Original magnification in and Cand D: x800; scale bar = 50
pum. (E) Intrathecal injection of anti-Ryk (2 pg in 5 pL) suppresses the overall withdrawal
scores and individual behavioral signs after naloxone-precipitated withdrawal. One-way
ANOVA, P<0.0001. Bonferroni’s multiple comparisons vs NLX: 1gG, P= 0.5476, after
anti-Ryk, £<0.0001) **P< 0.01 vs NLX group. Individual signs, Bonferroni’s multiple
comparisons, NLX + anti-Ryk vs NLX, backward walking, 2= 0.0028, diarrhea, P=
0.0003, jump, P=0.0375, paw tremor, P=0.0242, ptosis, = 0.8832, tremor, P= 0.0158,
Wetdog shake, P=0.0122, weight loss, £=0.0024). (F) Bath application of anti-Ryk (4
pg/mL) reduced Wnt5b (20 mM)-induced calcium transient in the primary cultured DH
neurons with prolonged in vivo morphine exposure. Number of neurons: naive = 49; Mor =
33; (Mor + anti-Ryk) = 51 in each group from 3 animals (one-way ANOVA, P< 0.0001.
Dunnett’s multiple comparisons vs Mor + IgG, naive, A= 0.0047, Mor + anti-Ryk, P=
0.0445). **P < 0.01 vs naive, #P < 0.05 vs Mor + IgG. (G) Intrathecal administration of anti-
Ryk (2 pg in 5 pL) inhibits naloxone-precipitated withdrawal-induced increased
phosphorylation of CaMKII (one-way ANOVA, P=0.0003.Bonferroni’s multiple
comparisons: naive vs Mor + NLX, £=0.0008, NLX + Mor vs IgG, P> 0.99, vs anti-Ryk, P
=0.0153), CREB (one-way ANOVA, P=0.001. Bonferroni’s multiple comparisons: naive
vs Mor + NLX, P=0.0026, NLX + Mor vs IgG, P> 0.99, vs anti-Ryk, £=0.0029), NR1
(One-way ANOVA, P<0.0001. Bonferroni’s multiple comparisons: naive vs Mor + NLX, P
=0.0002, NLX + Mor vs 1gG, P> 0.99, vs anti-Ryk, A< 0.0001), and NR2B (One-way
ANOVA, P=0.0033. Bonferroni’s multiple comparisons: naive vs Mor + NLX, £=0.0043,
NLX + Mor vs IgG, P> 0.99, vs anti-Ryk, £=0.0143) in the spinal cord. The upper band in
p-CamKIll is p-CamKII-g (Thr287), while the lower band is p-CamKIlI-a (Thr286). Tissues
were collected 30 minutes after naloxone injection (n = 5 animals in each group). Left,
representative bands. Right, data summary (mean £ SEM). *P< 0.05, **P< 0.01 vs naive;
#P<0.05, ##P<0.01 vs Mor + NLX. Number of animals: 4, 5, and 9 in B, D, and E,
respectively. Mor = morphine; NLX = naloxone.
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Figure5.

Activation of the transcriptional factors YAP, TAZ, and p-catenin contributes to the
development of naloxone-precipitated morphine withdrawal. (A) Schematic presentation
showing canonical Wnt-pB-catenin and alternative Wnt-YAP/TAZ signaling pathways and the
pharmacological targets of the reagents IWR-1 and dCTB. (B) Western blot showing nuclear
expression of YAP/TAZ/B-catenin. Left, representative bands. Right, data summary (mean +
SEM). Five animals in each group. YAP, One-way ANOVA, P=0.0004. Bonferroni’s
multiple comparisons vs naive: Mor, P=0.7513, after NLX 0.5 hours, £=0.0012, 2 hours,
P=10.0009. TAZ: One-way ANOVA, P=0.0018. Bonferroni’s multiple comparisons vs
naive: Mor, P=0.8354, After NLX 0.5 hours, = 0.2025, 2 hours, £= 0.0009, p-catenin:
One-way ANOVA, P=0.0038. Bonferroni’s multiple comparisons vs naive: Mor, £> 0.99,
after NLX 0.5 hours, £=10.0028, 2 hours, P=0.7397). *P< 0.05, **P < 0.01 vs naive. (C)
Intrathecal administration of dCTB (200 pg in 5 pL) and IWR-1 (5 pg), respectively,
significantly suppressed the naloxone-precipitated withdrawal. Nine animals in each group.
One-way ANOVA, P<0.0001. Bonferroni’s multiple comparisons vs NLX: PEG400, P=
0.5476, after dCTB, £< 0.0001, IWR-1, A= 0.0001). Individual signs (Bonferroni’s
multiple comparisons, NLX + dCTB/IWR-1 vs NLX, backward walking, = 0.0143/0.0025,
diarrhea, P=0.6624/0.99, jump, = 0.0020/0.1808, paw tremor, A= 0.0001/0.0015, ptosis,
£=0.1941/0.1502, tremor, = 0.0021/0.0238, Wetdog shake, 2= 0.0005/0.0021, weight
loss, P=0.06/0.1118). *~P< 0.05, **P< 0.01 vs NLX. ANOVA, analysis of variance; Mor =
morphine; NLX = naloxone.
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Figure®6.

Inhibition of Wnt signaling suppresses NLX-induced withdrawal behaviors after chronic
morphine administration at fixed dose. (A) Schematic of experimental design, morphine was
given at a fixed dose (intraperitoneally, 50 mg/kg/day) for 10 consecutive days before
naloxone treatment. (B and C) Intrathecal administration of morphine with Wnt synthesis
inhibitor IWP-2 or with canonical pathway inhibitor IWR-1, both in 1, 2, and 5 g, produced
dose-related suppression on the naloxone-induced withdrawal overall score (B) and
individual behaviors (C). Seven animals in each group. One-way ANOVA, P< 0.0001.
Bonferroni’s multiple comparisons vs NLX: IWP-2, 1 ug, P=0.121, 2 pug, A= 0.0002, 5 ug,
P<0.0001. IWR-1, 1 pg, P=0.637, 2 ug, A=0.0068, 5 ug, < 0.0001). *P< 0.05, **P<
0.01 vs NLX. Individual behavioral signs, Bonferroni’s multiple comparisons vs NLX, *P<
0.05, **P<0.01 vs NLX.
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Figure7.
WNT signaling contributes to the withdrawal from opioid receptor activation following

CFA-induced chronic inflammation in mice. (A) Schematic representation showing the
experimental procedure of the NLX-induced mechanical allodynia testing. (B) Intrathecal
administration (in 5 pL) of anti-Ryk (2 pg) and Fz-8/Fc (2 pg), respectively, suppressed the
mechanical allodynia. Eight animals were included in each group. Two-way ANOVA,
Bonferroni’s multiple comparisons Sham vs CFA + NLX, 1, 3 day, A< 0.0001, 7 day, P=
0.0140, after NLX, 30, 60, 90 minutes, £< 0.0001, 180 minutes, A= 0.4597. After anti-Ryk/
Fz-8, two-way ANOVA, Bonferroni’s multiple comparisons vs CFA + NLX + IgG,
30minutes, £=0.0335/0.0495, 60minutes, A= 0.0020/0.0223, 90minutes, P =
0.0002/0.0001, 180 minutes, £ > 0.99). The solid triangle indicates CFA injection, and the
arrow indicates drug injection. *£< 0.05, **P < 0.01 vs Sham; #P < 0.05, ##P< 0.01 vs
CFA + NLX + 1gG. (C-E) Immunofluorescence showing expression of Wnt5b (red) and its
colocalization with the CGRP-, 1B4-, and NF200-positive afferents (C-D) in the DH as well
as Wnt5b expression in the DRG (E) 21 days after CFA injection. Five animals were
included in each group. In C, one-way ANOVA, P = 0.0235. Bonferroni’s multiple
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comparisons vs Sham: Sham + NLX, P=0.9272, CFA, P> 0.99, CFA + NLX, £=0.0178.
In E, CFA vs Sham: Sham, A= 0.0047, CFA vs CFA + NLX, £P=0.0380). Original
magnification: x200, scale bar = 50 um (C and E); x800, scale bar = 50 pm (D). (F) Effects
of intrathecal anti-Ryk and Fz-8/Fc on naloxone-induced withdrawal-like behaviors on the
21 days after CFA injection. The anti-Ryk or FZ-8/Fc was given 30 minutes before naloxone
injection. Ten animals were included in each group. Backward walking, one-way ANOVA, P
< 0.0001. Bonferroni’s multiple comparisons CFA + NLX + IgG vs Sham, < 0.0001,
Fz-8/Fc vs 1gG, P< 0.0001, anti-Ryk vs 1gG, P< 0.0001, paw tremor: one-way ANOVA, P
< 0.0001. Bonferroni’s multiple comparisons CFA + NLX + IgG vs Sham, < 0.0001,
Fz-8/Fc vs 1gG, P<0.0001, anti-Ryk vs 1gG, P< 0.0001, Wetdog shake: One-way ANOVA,
P<0.0001. Bonferroni’s multiple comparisons CFA + NLX + 1gG vs Sham, £< 0.0001,
Fz-8/Fc vs 1gG, P=0.0005, anti-Ryk vs IgG, £< 0.0001, jump: one-way ANOVA, P<
0.0001. Bonferroni’s multiple comparisons CFA + NLX + IgG vs Sham, £< 0.0001,
Fz-8/Fc vs 1gG, P=0.0292, anti-Ryk vs 1gG, P=0.0135). **P< 0.01 vs Sham; #P< 0.05,
##P< 0.01 vs CFA + NLX + IgG. ANOVA, analysis of variance; CFA, complete Freund’s
adjuvant; NLX = naloxone.
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