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ABSTRACT: Cannabinoid 1 (CB;R) and delta opioid receptors (DOR) associate to
form heteromers that exhibit distinct pharmacological properties. Not much is known
about CB;R-DOR heteromer location or signaling along the pain circuit in either animal
models or patients with chemotherapy-induced peripheral neuropathy (CIPN). Here,
we use paclitaxel to induce CIPN in mice and confirm the development of mechanical
allodynia. Under these conditions, we find significant increases in CB;R-DOR
heteromers in the dorsal spinal cord of mice with CIPN as well as in postmortem
spinal cords from human subjects with CIPN compared to controls. Next, we
investigated receptor signaling in spinal cords of mice with CIPN and found that
treatment with a combination of low signaling doses of CB;R and DOR ligands leads to
significant enhancement in G-protein activity that could be selectively blocked by the
CB,R-DOR antibody. Consistent with this, administration of subthreshold doses of a
combination of ligands (CBR agonist, Hu-210, and DOR agonist, SNC80) leads to
significant attenuation of allodynia in mice with CIPN that is not seen with the
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administration of individual ligands, and this could be blocked by the CB;R-DOR antibody. Together, these results imply that
CB,R-DOR heteromers upregulated during CIPN-associated mechanical allodynia could serve as a potential target for

treatment of neuropathic pain including CIPN.
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B INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN) is a
debilitating and dose-dependent side effect caused by
anticancer agents that interferes with cancer therapy regimens
and affects long-term quality of life."” Even though the
epidemiology of CIPN is unclear, the overall incidence is
estimated to be approximately 38% in patients treated with
multiple chemotherapy agents,” although this percentage varies
depending on the dose, chemotherapy cocktails used, and
duration of exposure.”
derivatives, bortezomib, and thalidomide are the most frequent
agents causing CIPN.' These drugs predominantly impair
afferent sensory fibers with a symmetric, distal, length-
dependent “glove and stocking” distribution.” Patients report
either positive (e.g., paresthesia, dysesthesia, tingling, burning,
stabbing, or aching pain), negative (e.g, sensory loss)
symptoms or evoked pain such as allodynia, that is, pain due
to a stimulus that does not normally provoke pain.’ Although
the mechanisms underlying the changes leading to allodynia
are not fully understood, several studies have suggested a three-
hit hypothesis involving structural plasticity of Af afferents,
loss of spinal inhibitory neurons, and changes in afferent drive
or neuron-glia signaling (reviewed in ref 7). Paclitaxel is a
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taxane-based drug commonly used alone or in combination
with platinum compounds for the treatment of solid tumors
such as breast, lung, or ovarian cancer.” It is believed that the
antineoplastic properties of paclitaxel are due to its ability to
increase the stability of tubulin polymers, thus inhibiting
cellular replication.” Although the mechanism by which
paclitaxel damages peripheral sensory fibers is not fully
understood, it has been suggested that paclitaxel impairs
axoplasmatic transport,'’ causes a dysfunction in neuronal
mitochondria,"' and promotes epithelial damage leading to
axonal degeneration.12 In addition, human studies have
revealed that mechanical transmission related pathways (i.e.,
Ap and AG fibers) are preferentially impaired in CIPN patients
treated with paclitaxel.””> This leads to patients experiencing
CIPN, and to date there are no effective treatments for this
condition.

Cannabinoids and opioids are among the drugs known to
induce analgesia. Furthermore, cannabinoid and opioid
receptors and their endogenous ligands share similar
anatomical and cellular distribution through sensory nuclei
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and related pathways (e.g., dorsal spinal cord) and receptor
activation leads to pain attenuation."* However, the clinical
utility of ligands targeting these receptors is limited by a
compromise between efficacy and time-related side-effects such
as tolerance (i.e, need to increase a dose to maintain the
analgesic effects) and undesired effects in nonrelated pain
regions (i.e, gastrointestinal disturbances or depression),
especially for p-opioid receptor (MOR) agonists.">'® In the
case of §-opioid receptor (DOR) agonists, studies show that
they have markedly different properties from MOR agonists'’
in that they are less effective as analgesics in acute pain models
but appear to be efficacious in the treatment of neuropathic
pain, specifically mechanical allodynia."®™*' Moreover, DOR
agonists do not induce the same types of adverse events as
MOR agonists (e.g,, depression and constipation)n’23 and
their chronic administration does not cause hyperalgesia.”*
However, to date drugs targeting either opioid or cannabinoid
receptors have had limited clinical success in the treatment of
neuropathic pain.

Growing evidence demonstrates that cannabinoid and
opioid receptors, such as other G-protein coupled receptors
(GPCRs) can physically interact with each other to form
receptor heteromers. This interaction leads to a switch in
signaling, trafficking, and pharmacological properties (i.e.,
allosteric modulation) of each functional receptor unit (i.e.,
monomer or protomer).”> This challenges the classic notion
that GPCRs function solely as independent monomers and
demonstrates their functional complexity. Allosteric modu-
lation induced by the binding of a ligand to the orthosteric site
of one receptor (e.g., CB;R) can modify the affinity and/or
intrinsic efficacy of the ligand for the orthosteric site of the
partner receptor (e.g, DOR), ultimately leading to a functional
response, independently of its affinity for the receptor.”® Not
surprisingly, a combination of low doses of drugs targeting
cannabinoid and opioid receptors or the use of novel
therapeutic approaches (e.g, use of bivalent drugs) that take
advantage of this phenomenon have shown promising results
in animal models and in humans.””** In an attempt to explore
the CB;R-DOR interaction we previously showed in
heterologous cells that CB;R and DOR associate to form
heteromers that exhibit distinct pharmacological properties.”’
However, the main challenge in the field of GPCR heteromers
is demonstrating their presence and functional significance not
only in native tissues, and even more challenging in vivo but
also the clinical consequences in human patients. By using an
animal model of sciatic nerve injury (SCI), we demonstrated a
disease-specific regulation in the prefrontal cortex of animals
with neuropathic pain.’® However, little is known about the
specific location, regulation, and behavioral effects of CB,R-
DOR heteromers in animal models of CIPN and in human
disease.

In this study we used anatomical, proximity-based,
pharmacological and behavioral techniques to demonstrate
the presence of CB,R-DOR heteromers in vitro (i.e.,
heterologous cells), ex vivo by using an animal model of
paclitaxel-induced peripheral neuropathy and tissue samples
from human patients affected with CIPN, and in vivo by
targeting the CB;R-DOR heteromer. Our findings suggest that
CB,R-DOR-mediated signaling and allodynia can be modu-
lated by a combination of ligands targeting both receptors.
Thus, targeting CB;R-DOR heteromers in CIPN is a novel
therapeutic approach to treat this condition.
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B MATERIAL AND METHODS

Ethics Statement. Animal studies were carried out
according to protocols approved by the Institutional Animal
Care and Use Committees at the Icahn School of Medicine at
Mount Sinai (IACUC-2014-0291) and Utah State University
(IACUC 2775).

All described human samples (controls and patients) were
obtained from the biorepository and pathology core brain bank
at Mount Sinai Hospital. This study was performed in
compliance with Mount Sinai Hospital ethics committee
guidelines. For this type of study formal consent was not
required.

Animals. Mice. Adult male C57BL/6] mice (12 weeks)
were purchased from Jackson laboratories (Ban Harbor, ME)
and used for the experimental groups (vehicle and paclitaxel).
Animals were maintained on a 12-h light/dark cycle and were
acclimatized to their environment for 1 week prior to
experimentation. For antibody testing, DOR™~ mice were
generated at the Mount Sinai Mouse Genetics Research
Facility as described previously.”

Postmortem Human Samples. The Mount Sinai Data
Warehouse provided the information regarding the human
autopsies that met the following criteria: cancer patients who
suffered pain in the limbs in the context of treatment with
paclitaxel and/or platinum. We included both paclitaxel and
platinum treatments for the following reasons: (i) both have
poor penetration through the blood-brain barrier (BBB) so
their central effects are thought to be preceded by a peripheral
sensitization,””*” (i) both cause a similar length and dose-
dependent sensory axonal neuropathy,” and (iii) both exhibit
similar CB;R and DOR protein level profiles in the spinal cord
(see Results section). Patients with advanced or poorly
controlled diabetes mellitus, alcohol abuse, evidence of
metastatic disease that involves the disruption of the BBB,
systemic diseases causing pain (e.g, rheumatoid arthritis),
compressive or hereditary neuropathy, consumption or
treatment with cannabinoid or opiates were excluded. Spinal
cords from 10 subjects with no history of pain or any
neurological disease were used as controls. Patients and
controls were matched for age. The study was based on 19
human patients. Formalin-fixed paraffin-embedded (FFPE)
lumbar spinal cord sections were collected from the Brain and
Tissue Repository of Mount Sinai. Nine cases (six males, three
females) treated with paclitaxel and/or platinum chemotherapy
with a clinically confirmed diagnosis of CIPN according to the
medical records and 10 controls (seven males, three females)
were included in this study. Neuropathological examination of
the spinal cord was initially performed at the Department of
Pathology to confirm the absence of macroscopic changes.

Assessment of Mechanical Allodynia (Von Frey
Filament Test) In Mice. All animals (vehicle- and
paclitaxel-treated) were placed onto a testing platform
containing a metal, perforated floor (Stoelting Co., Wood
Dale, IL, USA). Animals were acclimatized to the testing
chamber for 3 days (40 min/session). After verifying that the
mice were calm, mechanical allodynia was assessed by applying
von Frey filaments to the midplantar region of both hindpaws
for approximately 2 s per stimulus using calibrated filaments
(Stoelting Co., Wood Dale, IL, USA). All trials began with the
1 g filament, and proceeded using an up—down trial
design.”* Response (i.e, sudden paw withdrawal, sudden
flinching, or sudden paw licking) in two out of three trials was
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regarded as a positive response. A negative response was
followed by the use of a larger filament. The average score was
used as the recorded value. Paw mechanical withdrawal
threshold was expressed in g, Figure 3B and in % where
100% represent the baseline values (before vehicle or paclitaxel
was administered), and subsequent measurements were
expressed as relative to baseline values, Figure 3C.

Paclitaxel, Analgesic Drugs, and Monoclonal Anti-
bodies. Paclitaxel (Sigma-Aldrich, MO, USA) stocks were
dissolved in DMSO (50 mg/mL). The CB;R agonist Hu-210
(Tocris bioscience, MN, USA) and the DOR agonist SNC80
(Tocris Bioscience) were reconstituted in DMSO (10 mM
stock solutions). Paclitaxel was diluted in a vehicle which
comprised Kolliphor EL (Sigma-Aldrich, MO, USA)/ethanol/
0.9% saline in a 1:1:18 ratio, and administered intraperitoneally
(ip; 4 mg/kg) to 7 mice in a total volume of 100 uL on four
alternate days (cumulative dose 16 mg/kg) to induce
neuropathy.” The control group received the same vehicle
containing DMSO instead of the drug. Development of
paclitaxel-induced mechanical allodynia was assessed on days
0, 4, 7, and 15 from the first injection. A second set of animals
was treated with vehicle (n = 20) or paclitaxel (n = 18) in a
similar way. Animals were then split into different groups and
randomized to receive Hu-210 (0.5 ug/kg), SNC80 (0.1 mg/
kg), a combination of both (also referred as combo) dissolved
in 0.9% saline (100 uL; ip.), combo + S uL of intrathecal anti-
Flag monoclonal antibody (Flag M2 mAb, Millipore-Sigma) or
combo + S5 uL of intrathecal anti-CB;R-DOR monoclonal
antibody (see CB;R-DOR generation in a subsequent section)
at day 16. Following a washout period of 7 days, animals were
tested again for mechanical allodynia. The next day (day 22)
each group received a different drug treatment. The same
strategy was carried out for the third, fourth, and fifth
treatments (day 23, 30, 37, and 44) so that every group
received every treatment (Figure 3A).

Intrathecal Administration of Monoclonal Antibod-
ies. A dose of 5 yL of 1 mg/mL anti-CB;R-DOR monoclonal
antibody or 1 mg/mL anti-Flag antibody was injected
intrathecally. This volume avoids redistribution of the antibody
through the cerebrospinal fluid to the basal cisterns of the
brain.”® Animals were lightly restrained on a flat bench surface
and percutaneus intrathecal injections were made into the L4—
LS or L5—L6 intervertebral space of unanaesthetized mice
using a 50 L Hamilton syringge connected to a 30-gauge
needle as previously described.”” Intrathecal placement was
suggested by a lateral tail flick as the needle penetrated into the
subarachnoid space. After 5 min, drug treatment was
administered as discussed in the previous section.

Membrane Preparation. Membranes were prepared from
spinal cords of vehicle- and paclitaxel-treated mice. Animals
were euthanized with CO, gas and then rapidly decapitated.
Spinal cords were removed, and the lumbar section dissected
out. To prepare membranes, dissected tissue was manually
homogenized in cold buffer containing 20 mM Tris, 2 mM
EGTA, 250 mM MgCl,, and 250 mM sucrose (pH 7.4). The
homogenate was centrifuged at 27 000g for 15 min at 4 °C, and
the supernatant was discarded. The resulting pellet was
resuspended in the same cold buffer and incubated for 10
min at 4 °C, followed by centrifugation at 27 000g for 15 min
at 4 °C. The supernatant was discarded, and the resultant
pellet was resuspended in buffer containing 2 mM Tris, 2 mM
EGTA, and 10% glycerol (pH 7.4). Membranes were stored in
aliquots at —80 °C.
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CB;R-DOR Antibody Generation. The generation and
characterization of the CB;R-DOR antibody was described
previously.”® Briefly, mice were first made tolerant to
immunogenic epitopes in N2A cell membranes endogenously
expressing CB R. This was followed by ip. injections of
membranes from N2A cells expressing DOR, along with three
boosters (one booster injection every 15 days). Spleen cells
from animals giving a high titer by enzyme-linked immuno-
sorbent assay (ELISA) with membranes from N2A cells
expressing DOR were used to generate monoclonal antibodies.
Clones secreting monoclonal antibodies were screened by
ELISA as described®® against the following cells lines:
untransfected N2A cell membranes that endogenously ex-
pressed CB|R, N2A cell membranes coexpressing CB;R with
either DOR, MOR, KOR, CB,R, or AT R and HEK293
membranes expressing either DOR, or coexpressing KOR and
DOR or MOR and DOR. Hybridoma supernatants from
clones that gave a signal only with CB,R-DOR were further
purified as described in ref 38 and screened for specificity
against cortical membranes from wild-type, CB,R™/7, and
DOR™/~ animals.

ELISA. Quantification of levels for receptor homomers
(commercial antibodies) or heteromers (our antibody) in
vehicle- and paclitaxel-administered animals was carried out by
ELISA.** Membranes (from n = 7 animals/group) were diluted
in PBS (S pg/100 uL) and coated onto 96-well plates (S pug/
well). All experiments were carried out in triplicate.
Membranes were fixed with 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS) for 20 min and then washed
five times in PBS, followed by incubation in blocking buffer
(1% bovine serum albumin (BSA) in PBS) for 90 min.
Membranes were incubated overnight with primary antibody.
Primary antibodies used included rabbit polyclonal antibody
against N-terminus CB;R (Thermo Scientific, Rockford, IL,
USA) (1:1000), a goat polyclonal antibody directed against the
C-terminus of DOR (ProSci, Poway, CA, USA) (1:1000) and
a mouse monoclonal antibody directed against CB,R-DOR
(1:100). After the membranes were washed in PBS, horse-
radish peroxidase conjugated secondary antibody was added
for 90 min. After final washes in PBS, colorimetric substrate
was added, and the plate was scanned at 490 nm.

[3SS]GTP}'S Binding. Assays were carried out as described
previously’”™*' in membranes from CHO cells stably
expressing DOR or CHO—DOR cells transiently expressing
CB,R (DOR®®™®), and lumbar spinal cord membranes from
vehicle and paclitaxel animals (n = 7/group) 16 days after the
first paclitaxel injection. The membranes were incubated with
two concentrations (0.1 and 1 nM) of the DOR agonist
SNC80 in the presence of 2 mM GDP and 0.5 mM [*S]
GTPyS for 1 h at 30 °C. Basal binding was determined in the
presence of GDP and absence of the agonist. Nonspecific
binding was determined by adding 10 uM GTPyS to a parallel
set of tubes. Membrane bound radioactivity was collected by
filtration and detected using a scintillation counter. In
experiments examining the effect of the CB;R antagonist,
SR141716 or the monoclonal antibodies to CB;R-DOR (1 ug)
and CB;R-AT R (1 pg), membranes were preincubated with
these agents for 15 min prior to carrying out the assay. In
experiments examining the effect of the combination of SNC80
and the CB;R agonist, Hu-210, both drugs were added
together.

Immunohistofluorescence Assay. To characterize cell
subtypes, the following primary antibodies (1:200) raised in
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Schematic representation of proximity ligation assay (PLA) used to demonstrate the presence of CB;R-DOR heteromers (left side). Positive PLA
signal (red dots, left panel figure) is seen only with cells coexpressing CB,R and DOR and not in cells where anti-receptor primary antibodies were
not used (middle panel figure) or that lack CB|R (right panel figure). (B) [**S]GTPyS binding assay using membranes from CHO cells expressing
DOR (left panel) or coexpressing CB;R and DOR (middle and right panels) following treatment with SNC80 (0.1 nM or 1 nM) in the absence or
presence of either 10 nM SR141716 (left and middle panels) or 1 nM Hu-210 (right panel). The effect of heteromer-selective antibodies on
[**S]GTPyS binding was examined by preincubating membranes with either CB;R-DOR (black bars) or CB,R-AT,R (lined bars) heteromer
selective monoclonal antibodies. Basal [**S]GTPyS binding observed in the absence of ligand treatment was taken as 100%. Data represent mean =+

SEM (n = 3). * p < 0.05, ***p < 0.001, **** p < 0.0001.

mouse were used: Neu-N Alexa 488 for neuronal nuclei
(Millipore, MA, USA), Bassoon for presynaptic location
(Enzo, CA, USA), GFAP for astrocytes (Cell Signaling, MA,
USA) or Iba-1 for microglia (Millipore, MA, USA). An
antimouse Alexa 488 secondary antibody (1:200) was used to
detect the above-mentioned primary antibodies except for
Neu-N.

In Situ Proximity Ligation Assay (PLA). PLA was carried
out on CHO cells transiently expressing DOR or coexpressing
CB,R and DOR, on postfixed mice and FFPE human lumbar
spinal cord sections using the Duolink in situ kit (Sigma-
Aldrich, MO, USA) as described.*” Primary antibody dilution
was 1:200 for rabbit anti-CB;R (Thermo Scientific, Rockford,
IL, USA) and for goat anti-DOR (ProSci, Poway, CA, USA).
For antibody validation (CB;R and DOR) WT, CB,R and
DOR knockout mice were used (Suppl. Figure 1).

Confocal Visualization Settings and Automated Dot
Counting. Stained samples (immunohistofluorescence and
PLA signal) were inspected under a Leica SPS DMI laser-
scanning confocal microscope using a 63 X /1.4 oil objective
and sequential scanning with narrow band-pass filters (420—
480 nm for DAPI, 505—530 nm for Alexa 488, and 560—615
nm for PLA signal). Dot counting was performed as described
elsewhere.*”

Statistical Analyses. Animals were randomly assigned to
experimental conditions. Paw withdrawal thresholds (mechan-
ical allodynia) were calculated for each paw and averaged. Data
were analyzed using ANOVA for repeated measures or one-
way ANOVA as appropriate. Two-way ANOVA was used to
identify the source of significant analgesic effects at each time
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point and to compare postinjection responses with the values
of the previous day, followed by Sidak’s multiple comparisons
test. The impact of paclitaxel on CB;R, DOR, or CB;R-DOR
levels was analyzed using two-tailed ¢ tests. For the analysis of
[**S]GTPyS binding results, values from each experimental
condition (e.g., SNC80 dose response curve +10 nM
SR141716) were compared using a one-way ANOVA.
Statistical analyses were performed using Prism 7 (GraphPad
Software, San Diego, California). p < 0.05 was considered
significant.

B RESULTS

CB;R and DOR Form Heteromers in Heterologous
Cells. We carried out a proximity ligation assay (PLA) to
investigate if CB,R and DOR are in close proximity for
interaction, and can form heteromers. We find a PLA signal
only in cells coexpressing CB;R and DOR, and not in cells
expressing only DOR (Figure 1A), confirming that CB;R and
DOR are in close proximity (criteria 1 for receptor
heteromerization).*** To demonstrate that the CB,R-DOR
heteromer exhibits a unique biochemical fingerprint (criteria 2
for receptor heteromerization)*** we used CHO cells
individually expressing or coexpressing CB;R and DOR. We
examined signaling by treating cells with either 1 nM SNC80
or Hu-210 or with a combination of both. We find that a
combination of SNC80 and Hu-210 leads to a significantly
greater [**S]GTPyS binding as compared to each agonist alone
in cells coexpressing both receptors (Figure 1B, right panel). In
addition, we find that this increase in signaling is significantly
blocked by the CB;R-DOR heteromer selective antibody, but
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Figure 2. Paclitaxel treatment induces mechanical allodynia and increases CB;R-DOR heteromers levels and signaling in the lumbar spinal cord of
mice. (A) Treatment with paclitaxel induces mechanical allodynia in C57BL/6 mice. At day 15 the difference in the mechanical threshold is
significantly lower in animals treated with paclitaxel. Vehicle-injected animals show an increase in the mechanical threshold during the study period.
*#kEp < 0.0001 versus vehicle-injected, Student’s test (n = 7 animals/group).(B) ELISA using rabbit polyclonal anti-CB R antibody (left panel),
goat polyclonal anti-DOR antibody (middle panel), and mouse monoclonal anti-CB;R-DOR heteromer selective antibody (right panel) in lumbar
sections of the spinal cord of mice treated with paclitaxel to induce neuropathic pain. Vehicle-treated animals were used as controls. Data are mean
+ SE (n = 7/group). Statistically significant differences between vehicle and paclitaxel groups are indicated ** p < 0.01, **#¥p < 0.0001, Student’s ¢
test. (C) CB,R-DOR heteromers (red dots) are detected in the posterior region of the lumbar spinal cord of vehicle- and paclitaxel-treated animals.
No PLA signal is detected in the absence of primary anti-receptor antibodies. Quantification of the PLA signal detects a significant increase in
CB,R-DOR heteromers in paclitaxel-treated mice; *p < 0.05, Student’s t test (n = 7 animals/group). (D) Membranes from lumbar spinal cords of
vehicle- and paclitaxel-treated mice were treated with 1 nM SNC80, 1 nM Hu-210 or both, in the presence or absence of either CB;R-DOR or
CB,R-AT R heteromer selective monoclonal antibodies. Basal [**S]GTPyS binding in the absence of ligand treatment were taken as 100%. Data
represent mean + SEM (n = 7). *p < 0.05, ***p < 0.001, ****p < 0.0001 Student’s ¢ test for comparison between vehicle and paclitaxel, otherwise
one-way ANOVA.
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to Day 43 of testing. The threshold is normalized to each animal’s response on Day 0, prior to commencement of paclitaxel administration.
Paclitaxel produced a significant decrease in mechanical threshold compared to vehicle controls F(1, 25) = 25.48, p < 0.0001. (C) Changes in
mechanical threshold following drug treatment. Combined administration of Hu-210 and SNC80 can produce greater alleviation of neuropathic
pain compared to Hu-210 or SNC80 alone. This effect was not seen in the absence of neuropathic pain (F (1, 194) = 39.14, p < 0.0001). In
addition, pretreatment with the anti-CB1R-DOR antibody significantly decreased the analgesic response of the combined administration of Hu-210
and SNC80, whereas pretreatment with anti-Flag antibody did not (F(6, 109) = 7.828, p < 0.0001). Data on left panel was analyzed using a two-
way ANOVA and Sidak’s multiple comparison test while data on right panel was analyzed by one-way ANOVA with Tukey’s multiple comparison
test. Data represents mean + SEM (n = 18, paclitaxel; n = 20, vehicle). *p < 0.0, *¥p < 0.01, ***p < 0.001, ****p < 0.0001, n.s.= not significant.

not by the CB,R-AT|R antibodies (Figure 1B, right panel). antibody) blocks heteromer-specific properties (i.e., potentia-
These results suggest that the ligand-occupied CB R allosteri- tion of DOR signaling observed in the presence of a CB;R
cally modulates the associated DOR activity. To test this ligand). Taken together, these studies argue for the notion that
further, we examined if the CBR antagonist, SR141716, can CB,R and DOR form heteromers in heterologous cells.
allosterically modulate the associated DOR signaling. As seen Paclitaxel-Induced Mechanical Allodynia Increases
with the agonist, SR141716 increased SNC80-mediated the Abundance of CB;R-DOR Receptor Heteromers in
signaling in cells coexpressing CB,R and DOR. This increase the Superficial Posterior Region of the Lumbar Spinal
in signaling could be blocked by the CB,R-DOR, but not by Cord of Mice. Next, we investigated the involvement of
the CB,R-AT|R heteromer selective antibodies (Figure 1 CB,R-DOR complexes in paclitaxel-induced neuropathy. For
middle and left panels); the antibodies have no effect on this, we first treated C57BL/6 male mice with paclitaxel and
signaling in cells expressing only DOR (Figure 1 left panel). assessed them for development of mechanical allodynia. We
These results indicate that the CB;R-DOR heteromers also find that treatment with paclitaxel induces a significant
fulfill criteria 3 for receptor heteromerization in that a decrease in mechanical threshold (mechanical allodynia) that
heteromer specific reagent (CB;R-DOR heteromer selective could be detected even 15 days after the first paclitaxel
224 DOI: 10.1021/acsptsci.9b00008
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Figure 4. CB;R-DOR heteromer levels are significantly increased in patients with chemotherapy-induced peripheral neuropathy. (A) Axial section
of the lumbar spinal cord of one deceased subject stained with hematoxylin and eosin (H&E). Upper black square highlights the dorsal region that
was used for PLA; lower black square highlights the ventral horn region. (B) Quantification of PLA dots for CB;R-DOR in control (left panel of C)
and CIPN patients (right panel of C). ***p < 0.001 control vs paclitaxel Student’s ¢ test (n = 10 controls or 9 CIPN patients). (C) CB,R-DOR
heteromers (red dots in color panels, black dots in inverted color panels) are detected in the dorsal region of the lumbar spinal cord of control and
chemotherapy-induced neuropathy patients. No PLA signal is detected in the ventral horn of the spinal cord of either control or CIPN patients.

injection (Figure 2A). In contrast, vehicle-treated mice exhibit
a slightly higher mechanical threshold throughout the same
period in agreement with observations made previously by
other investigators.35 Next, we examined the abundance of
CB,R and DOR in the lumbar spinal cord of paclitaxel-treated
mice and compared it to vehicle-treated mice. There is a
significant increase of CB;R (99%) and DOR (40%) protein
levels in paclitaxel-treated mouse spinal cords as measured by
ELISA. Interestingly, using a CB;R-DOR heteromer selective
antibody we also find a significant increase in the levels of this
complex (125%) in paclitaxel-treated animals compared to
vehicle-treated controls (Figure 2B). These results support the
notion that paclitaxel treatment leads to an increase in CB,R-
DOR heteromers in the lumbar spinal cord.

To examine if CB|R and DOR are in close proximity for
direct interactions in the spinal cord (criteria 1 for
heteromerization),"”** we carried out the proximity ligation
assay (PLA) using antibodies to CB;R and DOR (Figure 2C).
We find that animals treated with paclitaxel exhibit an
increased abundance of the PLA signal compared to vehicle-
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treated controls (132.4 + 259 vs 55.86 + 7.7, p < 0.01)
(Figure 2C, left and middle panels); this increased PLA signal
occurs particularly in somatodendritic and presynaptic regions
of neurons and astrocytes (Suppl. Figure 2). Negative controls
carried out in the absence of primary antibodies did not detect
the presence of a PLA signal (Figure 2C, right panel). These
results are consistent with the notion that in the spinal cord of
paclitaxel-treated mice there is an increase in the levels of
CB,R and DOR, and that the receptors are in close proximity
for direct receptor—receptor interactions.

We examined whether the interaction between CB;R and
DOR affected receptor signaling. For this we compared
agonist-mediated changes in G protein activity in membranes
from vehicle-treated and paclitaxel-treated animals, and found
comparable levels of [**S]GTPyS binding mediated by 1 nM
Hu-210 or 1 nM SNC80 in both groups (Figure 2D).
Interestingly, a combination of 1 nM Hu-210 and 1 nM
SNC80 led to a significant increase in [**S]GTPyS binding to
membranes from paclitaxel-treated animals as compared to
vehicle-treated controls (Figure 2D). These results suggest that
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coactivation of CB;R and DOR in paclitaxel-treated animals
leads to potentiation in receptor signaling responses (criteria 2
for receptor heteromerization). Next, we tested the contribu-
tion of the heteromer-mediated signaling using CB,R-DOR
heteromer selective antibodies. We find that incubation of
spinal cord membranes with the CB;R-DOR antibody, but not
CB,R-AT R heteromer selective antibody, selectively blocked
the enhanced signaling seen with the combination of Hu-210
and SNC80 (criteria 3 for receptor heteromerization) (Figure
2D). A residual activity of 8 + 6% was detected in the presence
of the CB,R-DOR antibody which was not statistically
different from that observed with each drug alone (Figure
2D). Together, these results suggest that paclitaxel treatment
increases not only CB;R-DOR heteromer levels but also
signaling via the heteromer, and that the agonist-occupied
CBR allosterically modulates the associated DOR activity.

Treatment with a Combination of Low Doses of CB;R
and DOR Agonists Attenuates Paclitaxel-Induced
Mechanical Allodynia and This Effect Is Blocked by
the CB,R-DOR Selective Antibody. Next, we tested if a
combination of low doses of Hu-210 and SNCB80 could
alleviate mechanical allodynia induced by paclitaxel. For this,
animals were treated with vehicle or paclitaxel as described
previously. Using a within-group treatment design, on day 15
animals were divided into different groups to receive either
Hu-210 (i.p. 0.5 pug/kg; treatment 1), SNC80 (ip. 0.1 mg/kg;
treatment 2), a combination of both (ip.; treatment 3), a
combination of both preceded by S yL of it. anti-CB;R-DOR
or anti-Flag antibody (Figure 3A). The treatment order was
randomly assigned with a washout period of 7 days after each
treatment. Mechanical allodynia was assessed 24 h before
(Figure 3B) and 40 min after each individual treatment. Using
this paradigm of treatment we find that treatment with Hu-210
or SNC80 alone had a mild effect in the % change of
mechanical threshold in vehicle- and paclitaxel-treated animals
(10.7 vs 11.2% in the case of Hu-210, and 12.4 vs 13.5% in the
case of SNC80). However, a combination of Hu-210 and
SNC80 resulted in a statistically significant mechanical
threshold difference in the paclitaxel group (43.3%) vs the
vehicle group (12.3%), p < 0.018 (Figure 3C). In order to
assess if the difference in mechanical threshold by the
combination of drugs is mediated by the CB;,R-DOR
heteromer, we used the CB,R-DOR selective antibody.
Pretreatment with the anti-CB;R-DOR antibody significantly
decreased the analgesic effect of the combination of the two
drugs in the paclitaxel group (40.2%) versus the vehicle group
(12.1%), p < 0.0S. On the other hand, pretreatment with the
anti-Flag antibody (used as control) did not produce a
significant decrease in the analgesic effect of both drugs in the
paclitaxel group compared to the vehicle group. Taken
together, these results support the idea that the CB,R-DOR
heteromer could serve as a potential therapeutic target for the
treatment of paclitaxel-induced mechanical allodynia, and that
a combination of CB;R and DOR agonists could be used to
treat paclitaxel-induced neuropathy.

Paclitaxel and Platinum Derivatives Induce an
Increase of CB;R and DOR Levels in the Superficial
Region of the Human Lumbar Spinal Cord. For CB,R-
DOR heteromers to be considered a therapeutic target for the
treatment of paclitaxel-induced neuropathy in humans, it is
important to first assess the levels of this heteromer in the
spinal cord. To do this, we obtained post-mortem human
spinal cord sections from human control subjects and from
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patients diagnosed with CIPN (paclitaxel and/or platinum
compounds) (Suppl. Table 1). We carried out PLA to
investigate the presence of CB;R-DOR in the superficial
region of the lumbar spinal cord. We observed a significant
increase in the PLA signal for CB,R-DOR (p < 0.0003)
between control (218 + 31.3 PLA dots) and CIPN (503 +
55.3 PLA dots) groups (Figure 4 and Suppl. Table 1). In
addition, CB;R-DOR PLA levels in the CIPN group did not
depend on the type of tumor present or on the drug regimen
received (Suppl. Table 1). Taken together, these results
demonstrate that CB;R-DOR levels are increased in the spinal
cord of cancer patients treated with paclitaxel and/or platinum
compounds. This finding supports this heteromer as a novel
target for the treatment of neuropathies associated with the use
of these compounds.

B DISCUSSION

Neuropathic pain is a complex disorder that includes a wide
variety of causes (e.g, systemic vs isolated diseases), all of
them accompanied by injury to the somatosensory system.
Contrary to other neuropathies, CIPN has a definite onset
time, clear identification and exposure to the toxic drug, and
different pathogenic mechanisms leading to neurotoxicity.*
Previous studies have shown that drugs targeting either CB;R
or DOR in the spinal cord could attenuate neuropathic
pain.***” Thus, CB;R and DOR are increasingly becoming an
important target for investigation of new drugs to treat pain
(reviewed in refs 48 and 49). However, although the location
of CB|R in pain-related nuclei makes it a promising target for
pain treatments, its ubiquitous presence throughout the CNS>
makes it difficult for selective targeting to specific regions. In
addition, some clinical trials have shown that cannabinoid
treatment side-effects could outweigh the benefits provided.”!
In the case of DOR, it exhibits a similar distribution and/or
higher analgesic profile as MOR; however, the use of moderate
to high doses of the DOR agonist, SNC80, has been reported
to trigger seizures.”” Given that heteromers would have a
restricted tissue distribution compared to receptor homomers,
it is possible that targeting the CB;R-DOR heteromer for the
development of therapeutics could avoid many of the side-
effects observed with drugs targeting individual receptors. In
this study we demonstrate that (1) CB;R-DOR heteromers can
be identified in the lumbar spinal cord of CIPN mice and
human patients, (2) the CB;R-DOR heteromer is mostly
located in neurons, (3) CBR acts as an allosteric modulator of
DOR within the CB;R-DOR heteromer leading to a
potentiation of signaling when ligands for both receptors are
added, (4) that targeting the CB;R-DOR heteromer leads to
increased attenuation of neuropathic pain compared to
individual receptor—ligand pairs, and (S) that the CB,R-
DOR heteromer in the spinal cord plays a crucial role in
paclitaxel-induced mechanical allodynia. These results suggest
that the CB;R-DOR heteromer constitutes a promising target
for the treatment of CIPN.

Previous studies examining levels of CB;R and DOR in the
spinal cord during nquro}gathic pain did not detect an increase
in the level of DOR.*>*™>° In contrast, in the current study we
found an increase in the levels of DOR and CB;R-DOR in the
dorsal spinal cord of both animals and human patients. This
could be due to the different models used to induce
neuropathic pain [i.e., nerve ligation model (previous studies)
versus CIPN model (current study)]. These findings would be
in agreement with observations that CIPN might have a
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disease-specific signature compared to other causes of
neuropathic pain® and point out the importance of CB,R
and DOR in this disorder. Although CB;R and DOR have
been reported to be present at the membrane or on fibers
impinging upon dorsal horn neurons,”®’” astrocytes, and
microglia,’g_ ! there is limited information about the location
of CB;R-DOR heteromers. In this study, we made use of PLA
and found that CB;R and DOR are in close enough proximity
for direct interactions in neurons, presynaptic fibers, and
astroglial cells within the superficial posterior horn of the
lumbar spinal cord of mice. Moreover following CIPN, we
detect significant increases in CB;R-DOR heteromer levels not
only in the dorsal region of the spinal cord (part of the sensory
pathway) but also in the basolateral amygdala (BLA)
(participates in the processing of polymodal nociceptive
information and development of chronic pain state,”” Suppl.
Figure 3). Interestingly, our results with CIPN human spinal
cord samples confirm the significant increase of CB;R-DOR
levels seen with tissue from mice treated with paclitaxel. Taken
together our observations point to a significant relevance of the
CB,R-DOR heteromer in the regulation of neuropathic pain
processing.;.63

Both CB;R and DOR couple to G, proteins, and the
activation of either receptor leads to the inhibition of adenylyl
cyclase activity, membrane depolarization, and neurotransmit-
ter release leading to physiological responses such as pain
attenuation.'* We previously showed in heterologous cells
coexpressing both receptors that the addition of Hu-210 leads
to a decrease in G, signaling engaging both PLC- and
arrestin2-mediated pathways to phosphorylate ERK.* In this
study we show that the addition of SNC80 causes a decrease in
DOR-mediated G/, signaling when CB;R and DOR are
coexpressed, suggesting that CB|R acts as a negative allosteric
modulator for DOR signaling. Interestingly, we find that the
coadministration of SNC80 with a CB;R agonist (Hu-210) or
an antagonist (SR141716) disrupts the negative allosteric
modulation of DOR signaling. This is blocked by the CB,R-
DOR heteromer-selective antibody. These results would
suggest that the CB,R-DOR heteromer is in a distinct
conformation when both binding sites are simultaneously
occupied; this could explain the differential ability of each
receptor to allosterically modulate the partner receptor’s
binding and intrinsic efficacy similar to what has been reported
for the A,,R-D,R heteromer.®* Moreover, we find that
coadministration of low doses of SNCB80 in combination
with Hu-210 can significantly attenuate neuropathic pain in
paclitaxel-treated animals. Although this study focused on the
changes within the spinal cord, we cannot exclude an effect of
the activation of CB;R-DOR heteromers in the BLA (that are
increased following paclitaxel treatment) on the increased
attenuation of mechanical allodynia observed with a combina-
tion of ligands targeting both receptors. Taken together our
results indicate that the CB;R-DOR heteromer could be a
novel therapeutic target for the treatment of neuropathic pain
associated with CIPN.
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