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ABSTRACT

ickle cell anemia is a manifestation of a single point mutation in
Shemoglobin, but inflammation and pain are the insignia of this dis-

ease which can start in infancy and continue throughout life. Earlier
studies showed that mast cell activation contributes to neurogenic
inflammation and pain in sickle mice. Morphine is the common analgesic
treatment but also remains a major challenge due to its side effects and
ability to activate mast cells. We, therefore, examined cannabinoid recep-
tor-specific mechanisms to mitigate mast cell activation, neurogenic
inflammation and hyperalgesia, using HbSS-BERK sickle and cannabi-
noid receptor-2-deleted sickle mice. We show that cannabinoids mitigate
mast cell activation, inflammation and neurogenic inflammation in sickle
mice via both cannabinoid receptors 1 and 2. Thus, cannabinoids influ-
ence systemic and neural mechanisms, ameliorating the disease pathobi-
ology and hyperalgesia in sickle mice. This study provides ‘proof of prin-
ciple’ for the potential of cannabinoid/cannabinoid receptor-based thera-
peutics to treat several manifestations of sickle cell anemia.
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Introduction

RECENEd: Septertineiitd, 2013 Sickle-cell anemia (SCA) is one of the most common inherited disorders and is
Accepted: December 18, 2015. associated with both unpredictable recurrent acute pain and chronic pain'.
Pre-published: December 24, 2015. Morphine, an opioid, has been the drug of choice for the treatment of severe pain
associated with SCA."” However, morphine is highly histaminergic, and is known
to activate mast cells.> We showed earlier that mast cells contribute to neurogenic
inflammation and hyperalgesia in sickle mice.* We also found that cannabinoids
mitigate chronic and hypoxia/reoxygenation (H/R)-evoked acute hyperalgesia in
sickle mice.*” Cannabinoids have anti-inflammatory effects and provide protection
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Check the online version for the most updated from ischemia/reperfusion injury.*"* Since pain is a manifestation of complex sickle
information on this article, online supplements, ~ pathobiology including inflammation, vascular dysfunction and ischemia/reperfu-
and information on authorship & disclosures: sion injury, we investigated cannabinoid receptor-specific modulation of vascular
www.haematologica.org/content/101/5/566 function, inflammation and hyperalgesia.

Cannabinoid receptors, CBIR and CB2R, are expressed in both the central nerv-
ous system and non-central nervous system tissues, including inflammatory cells.'"
 CB1R and CB2R activation on mast cells has been shown to inhibit degranulation
and inflammation, respectively.”® Activation of CB2R peripherally generates an
antinociceptive response in inflammatory and neuropathic pain.” CB2R is involved
in neuroinflammation and the CB2R agonist, JWH-133, mitigates stress-related
neuroinflammation-dependent pathologies.”®” Selective activation of peripheral
are allowed for personal or internal use. cannaboid receptors is app.eali.ng because it would avoid neuropsychiatric adverse
Permission in writing from the publisher is effgcts assqc1ateF1 with activation qf CB1R m.the central nervous system.
required for any other use. Sickle mice display neurogenic inflammation and hyperalgesia via a mast-cell-

dependent mechanism.® Cannaboid receptors are important modulators of vascular
function with an anti-ischemic effect and direct anti-inflammatory effects by

inhibiting mast cell degranulation.” Since vascular dysfunction, ischemia/reperfu-
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sion injury and inflammation are hallmark features of
SCA, we hypothesized that targeting specific cannaboid
receptors may have beneficial effects on sickle pathobiol-
ogy and pain. We used transgenic HbSS-BERK mice, here-
after referred to as sickle mice, which show features of
pain and inflammation similar to patients with SCA,**
and sickle mice with deletion of CB2R, to examine the
contribution of each cannaboid receptor in mast cell acti-
vation, neurogenic inflammation, and pain.

Methods

The procedures are described in detail in the Ounline
Supplementary Methods.

Animals

Sickle (HbSS-BERK) and control mice (HhAA-BERK): BERK trans-
genic mice are murine o and B globin knockouts that express
human sickle hemoglobin (S), demonstrating severe sickle cell dis-
ease, or normal (A) hemoglobin.**”!

CB2R lenockout (CB2R") mice: CB2R”™ mice (Stock # 005786;
Jackson Laboratory, Bar Harbor, ME, USA) were backcrossed with
BERK mice to obtain sickle and control mice without CB2R
(HbSS/CB2R"; HbAA/CB2R"), and littermates with CB2R
(HbSS/CB2R*; HbAA/CB2R™). Sickle or control mice with CB2R*
or CB2R" were identified by polymerase chain reaction with
primers specific for the CB2R (Cnr2) gene (Jackson Laboratory).
Sickle (HbSS) and control (HbAA) mice were bred and phenotyped
for sickle and normal human hemoglobin by iso-electric focusing?
and genotyping for the knockout and hemoglobin transgenes
(Transnetyx, Cordova, TN, USA). All experiments were per-
formed following protocols approved by the University of
Minnesota’s Institutional Animal Care and Use Committee.

Treatments

The cannabinoid receptor agonist, CP55,940, (Tocris Bioscience,
Bio-Techne, Minneapolis, MN, USA), was prepared in 2%
dimethylsulfoxide (DMSO) and 98% normal saline. Mice were
treated daily with 0.3 mg/Kg CP55,940 or 2% DMSO in saline
intraperitoneally in a volume of 25 uL/10 g of body weight.

To evaluate the contribution of individual cannaboid receptors,
mice were treated with ACEA (Tocris Bioscience), a CB1R selec-
tive agonist (Ki = 1.4 nM), or JWH-133 (National Institute on Drug
Abuse-NIDA, USA), a CB2R selective agonist (Ki = 3.4 nM).” Mice
received 1 mg/Kg ACEA or JWH-133 prepared in 2% DMSO and
98% normal saline intraperitoneally in a volume of 25 uL/10 g of
body weight.

Pain-related behaviors

Mice were acclimatized to each test protocol in a quiet room at
constant temperature and tested for thermal- (heat and cold),
mechanical-, and deep tissue-hyperalgesia (grip force), and
catalepsy (bar test).*

Hyoxia/reoxygenation
Mice were exposed to hypoxia with 8% O, and 92% N, for 3 h
followed by re-oxygenation in room air for 1 h.*

Neurogenic inflammation

Plasma extravasation in response to vehicle (10% ethanol,
7.5% Tween in saline), capsaicin (1.6%), or substance P (100
nM) injected intradermally in the dorsal skin was assessed by
the Miles assay using Evans blue dye (Sigma-Aldrich, St. Louis,
MO, USA)?

Blood flow measurement

Blood flow in the dorsal skin was measured with a laser
Doppler blood perfusion monitor (Laserflo® Model BPM 403,
Vasamedics, Inc., St. Paul, MN, USA).*

Mast cell activation

At the endpoint of the study, skin punch biopsies (4 mm) were
incubated for indicated times and the culture medium was ana-
lyzed for cytokines (Q-Plex™ Array; Quansys Biosciences, Inc.,
Logan, UT, USA) and neuropeptides by enzyme-linked
immunosorbent assays.” Degranulating mast cells in skin sections
were quantified and cultured mast cells from skin were immuno-
stained for co-expression of mast cell specific c-kit/CD117 (BD
Bioscience, San Jose, CA, USA), FceR1 (eBioscience, San Diego,
CA, USA) and tryptase® (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA).

Hematopathology of blood

Hematocrit, total hemoglobin, complete blood counts and red
cell indices (% sickle red blood cells) were determined as previous-
ly described.?

Statistical analysis

All data were analyzed using Prism software (v 5.0a, GraphPad
Prism Inc., San Diego, CA, USA). Repeated measures analysis of
variance (ANOVA) with the Bonferroni correction was used to
compare the responses between treatments. A summary of the
significance analysis of ANOVA [F(DFn, DFd) values] is given in
Online Supplementary Table S1. A P-value of <0.05 was considered
statistically significant. All data are presented as mean + standard
error of mean (SEM).

Results

Cannabinoids mitigate chronic hyperalgesia in sickle
mice

Similar to chronic pain in SCA, HbSS-BERK sickle mice
demonstrate tonic hyperalgesia*** compared to HbAA-
BERK control mice and H/R evoked acute hyperalgesia
simulating the pain of a vaso-occlusive crisis.” Earlier we
showed that a single injection of CP55,940, a non-selective
cannabinoid receptor agonist, at a dose of 0.3 mg/Kg
relieved tonic deep tissue as well as CFA-induced mechan-
ical hyperalgesia in these sickle mice.” Chronic pain
requires repeated treatment, which can result in tolerance;
we, therefore, examined whether chronic treatment with
CP55,940 had a sustained analgesic effect over a period of
time. Daily treatment with CP55,940 significantly reduced
deep tissue, mechanical and thermal hyperalgesia in sickle
mice (Figure 1A-F). The effect of CP55,940 was sustained
over a period of 3 weeks. Due to the elaborate number of
values for each test and each time point, statistical signifi-
cance between vehicle and CP55,940 for each time point
and for CP55,940 as compared to baseline (before treat-
ment) are indicated in the figures and legends. Chronic
treatment did not lead to catalepsy since the bar test did
not show a significant difference between animals treated
with CP55,940 or vehicle (Figure 1G).

Cannabinoids mitigate hyperalgesia via cannabinoid
receptors

Using pharmacological and genetic approaches we ana-
lyzed whether cannabinoids relieved chronic and acute
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hyperalgesia via CB1R and/or CB2R. Sickle mice were
treated with vehicle, CP55,940, the CB1R agonist ACEA,
or the CB2R agonist JWH-133, for a week (normoxia), fol-
lowed by 3 h of hypoxia and 1 h of reoxygenation. Deep
tissue, mechanical and thermal hyperalgesia were meas-
ured before starting the treatment, at baseline, after 7 days
of treatment under normoxia, and after H/R for different

A 75,

Grip Force (g)

PWF (1.0 g fiber)

PWF Cold (per 2 min)
= N w I
b ? b ?

o
I

1.0

0.8+

0.6+

0.4+

Latency - Bar test (s)

0.2

0.0-

BL-1

BL

BL

1hr

1hr

1hr

1d

1d

3 wk

kK
ek Fedkdk

2wk 3wk

1wk 2wk 3wk

1wk 2wk 3wk End

periods. Under normoxic conditions 7 days of treatment
with CP55,940 and the CB1R agonist ACEA significantly
reduced deep tissue, mechanical and thermal (heat and
cold) hyperalgesia as compared to the levels at baseline
(P<0.05) or in vehicle-treated sickle mice (P<0.05; Figure
2). However, the CB2R agonist was only able to decrease
the deep tissue hyperalgesia significantly following 7 days
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Figure 1. Acute and chronic treatment with CP55,940 decreases hyperalgesia in sickle
mice. Sickle mice were treated with vehicle (Veh) or CP55,940 (0.3 mg/kg/day) for 3
weeks. Pain measures were obtained before starting the drug treatments on day O (base-
line, BL), and periodically following the treatment. Measures of (A) deep tissue pain (grip
force), (B,C) mechanical hyperalgesia (threshold and PWF), (D to F) thermal sensitivity to
heat and cold, and (G) catalepsy are shown. *P<0.05; **P<0.01; ***P<0.001 Veh vs.
CP55,940; P<0.05, "P<0.01 vs. BL of matching group (ANOVA, with the Bonferroni cor-
rection, see Online Supplementary Table S1 for summary of F (DFn, DFd). Each value is
the mean + SEM from eight male mice (~5 months old) with three observations per
mouse. Abbreviations, PWF, paw withdrawal frequency; PWL, paw withdrawal latency;
Veh, vehicle.
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of treatment (P<0.05 versus baseline or vehicle; Figure 2A).
The CB2R agonist did not show a significant effect on
mechanical or thermal (heat and cold) hyperalgesia (Figure
2B-D). Thus, under normoxic conditions representative of
chronic pain in SCA, the CB1R agonist as well as the non-
selective cannaboid receptor agonist CP55,940 appear to
be uniformly effective in attenuating different pain pheno-
types including deep tissue, mechanical and thermal
hyperalgesia in sickle mice. On the other hand, the CB2R
agonist only mitigated deep tissue hyperalgesia, suggest-
ing that CB1R agonism is critical for treating phenotypical-
ly diverse chronic pain in SCA.

Earlier we found that H/R-evoked acute deep tissue
hyperalgesia in sickle mice was attenuated by a single
injection of CP55,940. Here we examined whether treat-
ment with cananbinoids could prevent HR-evoked hyper-
algesia. Pre-treatment of mice with CP55,940, and the
CB1R agonist for 7 days decreased tonic hyperalgesia and
also prevented H/R-evoked deep tissue, mechanical and
thermal hyperalgesia (Figure 2A-D). However, treatment
with the CB2R agonist decreased tonic as well as H/R-
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evoked deep tissue hyperalgesia (Figure 2A) but did not
reduce tonic or H/R-evoked mechanical or thermal (heat
and cold) hyperalgesia (Figure 2B-D).

Furthermore, to determine the contribution of either
CB1R or CB2R to the analgesia provided by CP55,940, we
treated CB2R-deleted (HbSS CB2R”) and intact CB2R
(HbSS CB2R™") sickle mice with a single dose of CP55,940
under normoxia (Figure 3). Control CB2R” and sickle
CB2R" mice did not differ in baseline hyperalgesia as
compared to control CB2R"* and sickle CB2R™, respec-
tively. An increase in grip force was observed in control
CB2R"* mice following CP55,940 treatment, but not in
control CB2R” mice (Figure 3A). CP55,940 had no effect
on mechanical or cold sensitivity in control CB2R" mice or
CB2R"* mice (Figure 3B,D). Conversely, CP55,940
increased heat sensitivity in control CB2R” mice but had
no effect on control CB2R"* (Figure 3C). CP55,940 treat-
ment did not lead to catalepsy since the bar test (Figure 3E)
did not show a significant difference from baseline in any
group.

Sickle CB2R" and sickle CB2R** mice displayed similar
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Figure 2. Cannabioids attenuate hypoxia/reoxygenation-evoked hyperalgesia in a receptor-specific manner. Sickle mice (HbSS) were treated with vehicle (Veh),
CP55,940, CB1R agonist (ACEA) or CB2R agonist (JWH-133) for 7 days. All mice were then treated with 3 h of hypoxia and 1 h of reoxygenation (H/R). Pain measures
were obtained before starting the drug treatments on day O (baseline, BL) and at the conclusion of drug treatments, day 7 (D7) prior to H/R, immediately after H/R
and periodically up to 24 h after H/R. Measures of (A) deep pain, (B) mechanical hyperalgesia and (C-D) thermal sensitivity to heat and cold are shown. 7P<0.05,
7P<0.01 vs. BL of matching group; P<0.05 vs. Day 7 (D7) of matching group; *P<0.05, **P<0.01 vs. Veh of matched time point. (Two-way ANOVA, with the
Bonferroni correction, see Online Supplementary Table S1 for the summary of F (DFn, DFd). Each value is the mean + SEM from five male mice (4-5 months old)

with three observations per mouse. Abbreviations, H/R, hypoxia/reoxygenation.
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pain behaviors at baseline and a significant decrease in
hyperalgesia following CP55,940 treatment (Figure 3A-D).
However, significantly greater relief from heat (P<0.001)
and deep tissue hyperalgesia (P<0.01) was observed in
sickle CB2R” mice compared to sickle CB2R"* mice fol-
lowing CP55,940 treatment. Thus, CB1R or CB2R may be
used to variable extents to respond to cannabinoid therapy
in cases of different pain phenotypes. Together, these data
suggest that under conditions of both chronic and acute
pain, activation of CB1R is critical to attenuate hyperalge-
sia, and CB2R may partly contribute to cananbinoid anal-
gesia, perhaps by modulating inflammatory sickle patho-
biology.
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Cannabinoids attenuate mast cell activation in sickle
cell anemia

We recently reported that mast cell activation occurs in
SCA and contributes to hyperalgesia and observed a cor-
relative increase in dorsal skin blood flow with neurogenic
inflammation and mast cell activation.® We, therefore,
analyzed whether cannabinoids influence vascular flow
and mast cell activation. Sickle mice treated with
CP55,940 daily for 3 weeks showed a significant decrease
in dorsal skin blood flow 1 h after CP55,940 injection and
the decrease persisted for the entire duration of treatment
(P<0.01 versus vehicle 1 h after treatment and P<0.001 1
day, and 1, 2 and 3 weeks; Figure 4A). Treatment with
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Figure 3. Cannabinoid analgesia is modulated in CB2R-knockout sickle mice.
HbAA-CB2R"*, HbAA-CB2R”, HbSS-CB2R"* and HbSS-CB2R” mice were treated with
a single injection of CP55,940 (0.3 mg/kg, i.p.). Pain measures were obtained before
starting the drug treatments (at baseline, BL), and periodically after the injection.
Measures of (A) deep pain, (B) mechanical hyperalgesia and (C-D) thermal sensitivity
. . . . . . to heat and cold, and (E) catalepsy are shown. *P<0.05, **P<0.01, ***P<0.001 vs.
BL f 30' 60" 90' 180" 240" HbAA-CB2-R"* at matching time point; P<0.05, P<0.01 vs. HbSS-CB2-R”* at match-
> ing time point; P<0.05, "P<0.01 vs. BL of matching group (ANOVA, with the
Bonferroni correction, see Online Supplementary Table S1 for the summary of F
(DFn, DFd). Each value is the mean + SEM from five mice (3 males and 2 females,

~4.5 months old) with three observations per mouse.
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CP55,940 significantly decreased activation (degranula-
tion) of mast cells in sickle mice compared to sickle mice
treated with vehicle (Figure 4B-D). Sickle mice treated
with CP55,940 showed about 40% less activated mast
cells compared to those treated with the vehicle (P<0.01;
Figure 4D). Similarly, mast cells isolated from the skin of
sickle mice treated with CP55,940 exhibited lower
immunoreactivity for c-kit, FceRI and tryptase (Figure 4E)
and released significantly less substance P and tryptase as
compared to mast cells from vehicle-treated mice (P<0.05
for both; Figure 4F-G). Earlier we showed that mast cell
activation contributes to inflammation in sickle mice by
enhancing the release of several cytokines or chemokines.’
We observed that, compared to vehicle treatment,
CP55,940 treatment of sickle mice for 3 weeks significant-
ly decreased the cytokines released from skin biopsies (IL-
la, IL-6, TNF-a, MCP-1; P<0.01, Figure 2H). Consistent
with decreased mast cell activation, treatment with
CP55,940 lowered the levels of granulocte macrophage
colony-stimulating factor (GM-CSEF) and regulated on acti-
vation, normal T-cell expressed and secreted (RANTES),
two chemokines involved in mast cell recruitment and
function,” by at least 35% (P<0.01). GM-CSF plays a
critical role in regulating leukocyte counts, which are often
elevated in SCA.”* We have previously reported leukocy-
tosis in sickle mice and have shown that mast cells play a
role in this process.’ Treatment with CP55,940 significant-
ly decreased white blood cell counts and sickle red blood
cells, compared to the effect of vehicle, both under nor-
moxia and following H/R incitement (Table 1). Thus
CP55,940 treatment dampens the inflammatory response
and sickling of red blood cells by decreasing the activation
of mast cells.

Hypoxia/reoxygenation-induced mast cell activation
is attenuated by cannabinoids in a receptor-specific
manner

Next we determined cannaboid receptor-specific inhibi-
tion of mast cell activation in sickle mice under normoxia
and H/R. Sickle mice showed a trend towards increased
mast cell activation following H/R injury as compared to
normoxia (Figure 5A,B). Additionally, treatment with

Table 1. The effect of CP55,940 on hematologic parameters in SCA.

Mechanisms of cannabinoid analgesia in sickle mice -

CP55,940 for 7 days led to a significant reduction in mast
cell activation, both under normoxia and following H/R,
compared to vehicle under the respective conditions
(P<0.05 for each condition; Figure 5B). Although the CB1R
agonist ACEA caused appreciable inhibition of mast cell
activation, the CB2R agonist JWH-133 produced a signifi-
cant decrease in degranulating mast cells (P<0.05).
Consistent with the inhibitory effect on mast cell activa-
tion, administration of CP55,940, compared to treatment
with only the vehicle, significantly reduced plasma
tryptase, B-hexosaminidase and serum amyloid protein
after H/R injury in sickle mice (P<0.05; Figure 5C). The
level of serum substance P was elevated after H/R injury
compared to the level in normoxia in sickle mice (P<0.05;
Figure 5D). CP55,940 treatment decreased the levels of
substance P both under normoxia and following H/R
injury (P<0.01; Figure 5D,E). Following H/R, the CB2R
agonist significantly reduced substance P levels as com-
pared to the levels in vehicle-treated mice (P<0.05; Figure
S5E). The CBI1R agonist tended to decrease serum sub-
stance P but the difference was not statistically significant.
Together, these data suggest that H/R-evoked mast cell
activation leading to neuroinflammation is predominantly
mediated by CB2R.

Cannabinoids reduce neurogenic inflammation

Earlier we found that mast cell activation contributes to
neurogenic inflammation in sickle mice.® Considering the
H/R-induced mast cell activation described above, we
examined the role of cannaboid receptors in relieving neu-
rogenic inflammation. Evans blue leakage increased signif-
icantly in the skin of sickle mice following H/R incitement
compared to the leakage in normoxia (P<0.05; Figure 6A).
CP55,940 decreased Evans blue leakage in sickle mice
under normoxia as well as following H/R (P<0.001; Figure
6A). Evoked leakage of Evans blue by intradermal injec-
tion of capsaicin or substance P is higher in sickle mice
than in control mice under normoxia.’ Treatment with
CP55,940 or CBI1R and CB2R agonists significantly
reduced Evans blue leakage evoked by capsaicin
(CP55,940, P<0.001; CBIR and CB2R P<0.05) and sub-
stance P (CP55,940, CBIR and CB2R P<0.001) as com-

NORMOXIA HYPOXIA/REOXYGENATION

HbAA-BERK HbSS-BERK HbAA-BERK HbSS-BERK
Parameter Veh CP55,940 Veh CP55,940 Veh CP55,940 Veh CP55,940
Peripheral blood
RBC (10%L) 114+03 112+0.1 100 +0.3 102 0.1 110£03  102+0.1 9.1+02 93+03
Total Hb (g/dL) 12.7+0.6 12.7+05 10.2 + 0.4* 98+ 0.3* 129+07  125+03 96+ 0.3 9.9+ 0.6
Hematocrit (%) 452+ 1.0 44409 41.6 + 1.0%* 415+08 $He+11  435+09 408+1.1%  40.1+09%
WBC (10%L) 713+04 71+03 187+ 0.5%** 151 +0.4** 89+03 79+03 22.8 +0.8%  16.9 + (.9%°°
Neutrophils (107L) 1.7+ 0.2 15+02 7.8+ 0.2%** 6.4 + 0.2%* 2102 1.9+02 9.0+02%  56+02°
Lymphocytes (107L) 4.3 + 0.4 43+03 6.3 + 0.4* 57+03 53 +04 49+03 75+ 05 6.0 + 0.6
Monocytes (107L) 0.2 +0.1 0.3+0.1 L1+0.1* 05«01 05+0.1 0401 14402 0.6 +0.1°
RBC indices
Sickle RBC (% total)  n/a n/a 289+18 184 + 12 n/a n/a 379+ 18" 238+ 1.51°°°

Complete blood counts were measured in whole blood after 7 days of treatment with vehicle (Veh) or CP55,940. On day 7, mice were separated into two groups: the normoxia
group (control condition) or the hypoxia/reoxygenation group in wich mice were treated with 3 h of hypoxia and 1 h of reoxygenation (H/R). Blood was collected on day 8, (24
h after the end of treatment or after H/R). RBC: red blood cells; Hb: hemoglobin; WBC: white blood cells; n/a: not applicable. *P<0.05, **P<0.01, ***P<0.001 vs. HbAA-BERK Veh
Normoxia; "P<0.05, "P<0.01 vs. HbSS- BERK Veh Normoxia; #P<0.05, ##P<0.01, ###P<0.001 vs. HbAA-BERK Veh H/R; °P<0.05, °°P<0.01, °°°P<0.001 vs. HbSS-BERK Veh H/R.n =

five male mice in each group. Data are mean + SEM (ANOVA, with the Bonferroni correction).

haematologica | 2016; 101(5)



pared to vehicle (Figure 6B,C). Thus CP55,940 reduces
H/R-mediated neurogenic inflammation via both CB1R
and CB2R. Since neurogenic inflammation is orchestrated
by peripheral nerves in conjunction with mast cell activa-
tion, it is likely that CB2R predominantly mediates the
cannabinoid response on mast cells as indicated above,
while CB1R mediates the response on peripheral nerves.

Discussion

Pain in SCA may be a result of vascular dysfunction,

inflammation and direct neural injury, involving multiple
targets. Moreover, the unique acute pain due to a “crisis”
in addition to chronic pain further adds to the complexity
and heterogeneity of SCA pain as compared to severe pain
in other conditions. It is not, therefore, surprising that cur-
rent pain management strategie, requiring identification of
therapeutic modalities acting on multiple targets peripher-
ally and in the central nervous system are not always
effective. Cannabinoid receptors are unique targets
because of their peripheral and central activity at a multi-
cellular level.

Given the psychotropic effects of CBIR, attention is
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being focused on the possibility of targeting CB2R, which
does not have psychotropic effects.”” CB2R agonists
and/or knockout mice provide compelling evidence that
CB2R activation mitigates neuropathic and inflammatory
pain, and is protective against ischemia/reperfusion injury
by decreasing the endothelial expression of adhesion mol-
ecules and secretion of chemokines,””* and by attenuat-

ing leukocyte adhesion to the endothelium, trans-
endothelial migration, and interrelated oxidative-
nitrosative damage,** all of which are consistent with the
pathobiology of SCA. We show here that targeting the
cannabinoid receptors is effective in reducing inflamma-
tion, mast cell activation and neurogenic inflammation,
which orchestrate pain.
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Sickle mice exhibit spontaneous musculoskeletal pain
and cutaneous hyperalgesia to mechanical, heat and cold
stimuli.*” These symptoms recapitulate the pain pheno-
type observed in patients with SCA." Previously we
observed that an acute dose of CP55,940 attenuated deep
tissue hyperalgesia and mechanical hyperalgesia induced
by complete Freud’s adjuvant (CFA) in sickle mice.*” Our
present observations that sickle mice exhibit sustained
analgesia over 3 weeks of chronic treatment with
CP55,940 suggest that tolerance to cannabinoid analgesia
does not develop.

Cannabinoids have been found to be protective against
ischemia/reperfusion injury.*® CP55,940 prevented sickling
induced by H/R in sickle mice, suggesting that some of the
analgesic effects of cannabinoids could be due to their
effect on sickle pathobiology. Furthermore, treatment
with specific CBIR (ACEA) and CB2R (JWH-133) agonists
reduced deep hyperalgesia, but only the CBIR agonist
was able to reduce mechanical and thermal (heat and cold)
hyperalgesia following H/R. Complementary to these
observations, CP55,940 treatment had an antihyperalgesic
effect in HbSS CB2R” mice on mechanical and thermal

after HIR Veh

HbSS - H/R
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Capsaicin Substance P
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Figure 6. CP55,940 reduces hypoxia/reoxygenation
injury-evoked neurogenic inflammation. (A)
Spontaneous Evans blue leakage in HbSS treated with
vehicle (Veh, red), or CP55,940 (0.3 mg/kg/day, blue) for
1 week, under normoxia or after hypoxia/reoxygenation
(H/R). **P<0.0001; *P<0.05. (B) Evans blue leakage
evoked by injection of saline, capsaicin, or substance P in
the dorsal skin of HbSS mice treated with vehicle,
CP55,940 (0.3 mg/kg), CB1R agonist (CB1-R Ag, ACEA)
or CB2R agonist (CB2-R Ag, JWH-133) for 7 days followed
by H/R. *P<0.05, **P<0.001 vs. Veh for each treatment;
1P<0.05 vs. CP55,940 (ANOVA, with the Bonferroni cor-
rection, see Online Supplementary Table S1 for the sum-
mary of F (DFn, DFd)). (C) Images showing Evans blue
leakage in the dorsal skin of sickle mice after H/R. Each
image represents reproducible images from five male
mice; and each value is the mean + SEM from five male
mice, ~5 months old.

(heat and cold) hyperalgesia but not on deep tissue hyper-
algesia under normoxia. Cannabinoid analgesia is, there-
fore, mediated through both CB1R and CB2R, which is
specific to the sickle pain phenotype. Thus, cannaboid
receptors agonists not only have an analgesic effect but
also have a systemic effect on the disease pathophysiolo-
gy because pre-treatment with cannabinoids for a week
prevented H/R-induced hyperalgesia. Together with our
earlier studies demonstrating that CP55,940 is effective in
decreasing chronic and CFA-induced hyperalgesia,’ the
present findings highlight the analgesic potential of
cannabinoids to relieve different pain phenotypes under
normoxia (representing chronic pain) and under H/R (rep-
resenting the pain of a vaso-occlusive crisis). Importantly,
the present data support the use of both CB1R and CB2R
agonists for overall analgesia but, depending on the char-
acteristics of the pain, one or the other agonist may poten-
tially be more useful.

Mast cell activation contributes to sickle pathophysiolo-
gy by mediating inflammation and pain.’ Inflammatory
mediators, proteases including tryptase and pro-inflam-
matory cytokines are released from mast cells upon activa-
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tion and contribute to heightened inflammation in SCA.
Tryptase, in addition to enhancing inflammation and neu-
rogenic inflammation, activates protease activated recep-
tor 2 (PAR2) on peripheral nerve endings and promotes
nociception.*** Thus, the sickle microenvironment favors
persistent mast cell activation, consecutively causing noci-
ceptor sensitization, which in turn aggravates hyperalge-
sia. Indeed our recent studies showed nociceptor sensiti-
zation and activation of the p38MAPK pathway in the
spinal cords of sickle mice, suggestive of central sensitiza-
tion.* The cannabinoid receptors CB1R and CB2R are
found on mast cells.”* Since, mast cells produce endo-
cannabinoids, including anandamide, palmitoyl-
ethanolamide, and 2-arachidonylglycerol, a potential
autocrine regulatory loop may exist.” Mast cells are tightly
controlled by the endocannabinoid system in the skin
thereby limiting excessive activation and maturation.
Human mucosal-type mast cells use CB1R-mediated sig-
naling to limit degranulation and maturation from progen-
itor mast cells.” Mast cell activation was attenuated fol-
lowing CP55,940 treatment with a correlative decrease in
tryptase, substance P and cytokines released from the skin
and in cutaneous blood flow. Significantly higher acetyl-
choline-induced forearm blood flow has been reported in
sickle patients as compared to normal subjects, and signif-
icantly increased blood flow was observed in females as
compared to male sickle patients.” Sickle females were
responsive to blood flow inhibition with the nitric oxide
synthase inhibitor, N°-monomethyl-L-arginine, but sickle
males were not, suggesting that gender-based nitric oxide-
dependent and -independent mechanisms are involved.
Since, CP55,940 inhibited blood flow in male mice in our
study, it may be acting via nitric oxide-independent mech-
anisms, but may also inhibit nitric oxide-dependent blood
flow in females, an aspect that requires further examina-
tion.

Mast cell activation also occurs in response to
ischemia/reperfusion injury.” Factors associated with mast
cell activation were also reduced in H/R-incited sickle
mice following CP55,940 treatment. GM-CSF and white
blood cell counts are elevated in SCA patients” and in
sickle mice, and are both further increased by H/R incite-
ment.’ Our finding that CP55,940 decreased GM-CSF lev-
els, leukocyte counts and also sickle red blood cells has
important implications for improving vaso-occlusive crises
and the accompanying pain. A direct effect of CP55,940
on reducing sickling of red blood cells is an exciting possi-
bility, but the reduction could also be due to an indirect
effect, which warrants further investigation. Importantly,
the observed inhibitory effect of both CB1R and CB2R
agonists on neurogenic inflammation and mast cell activa-
tion suggests the beneficial effect of cannabinoids on com-
plex inflammatory and vascular sickle pathobiology and
associated conditions.

Several studies support the analgesic effect of cannabi-
noids in humans** Sativex, a cannabis-derived oromu-
cosal spray, containing equal proportions of THC and
cannabidiol has been shown to be effective in treating
symptoms of multiple sclerosis, including spasticity and
neuropathic pain.** Sativex is also being tested in two
phase 3 trials for cancer pain and neuropathic pain.”
Furthermore, Abrams et al.” showed that using vaporized
cannabis in conjunction with opioids augments the anal-
gesic effects of opioids. Unfortunately, side effects associ-
ated with higher doses such as sedation, dizziness, blurred

vision, impaired cognitive functioning and the risk of
addiction limit the use of cannabinoids for therapy.
However, targeting the CB1R and CB2R receptors simul-
taneously in the periphery would minimize the side
effects and concurrently help in managing pain. A recent
report by Khasabova et al.*® described that the activation of
peripheral CB1R and CB2R synergistically reduced tumor-
evoked hyperalgesia. A questionnaire-based study evalu-
ating the use of marijuana in sickle patients found that
52% of patients who indulged in marijuana used it to
reduce or prevent acute or chronic pain.”” Pain in SCA
could be of mixed type, including nociceptive, neuropath-
ic and inflammatory mechanisms with the involvement of
both peripheral and central nociceptor sensitization." The
CB1R agonist was able to improve hyperalgesia signifi-
cantly in sickle mice, and the CB2R agonist significantly
attenuated mast cell activation and neurogenic inflamma-
tion, which may improve the condition of the systemic
disease, consequently reducing pain. Since, deep hyperal-
gesia was mitigated by the CB2R agonist JWH-133), tar-
geting both CB1R and CB2R simultaneously may be of
advantage in treating the complex, mixed type of pain that
typically occurs in SCA. CP55,940, via the CB2R, was
demonstrated to stimulate serotonin 2A receptor activity
in the pre-frontal cortex of rats, suggesting of an influence
on cognitive and mood disorders.” The effect of cannabi-
noids on neuropsychiatric conditions in SCA does, there-
fore, require consideration.

Interestingly we did not see an increase in hyperalgesia
with the deletion of CB2R in either control or sickle mice.
Earlier studies in CB2R-deleted C57BL/6 mice, compared
to wild-type C57BL/6 animals, did not show an effect on
baseline hyperalgesia in paw withdrawal latency in
response to heat or mechanical allodynia induced using
von Frey filaments or in a tail withdrawal assay.®” In this
study on CB2R” mice, an effect on morphine-induced
antinociception was observed only in the early inflamma-
tory phase of formalin-induced nociception, which
diminished later (after 60 min). Similarly, we observed an
increase in paw withdrawal latency in control CB2R” fol-
lowing CP55,940 treatment, which could be due to an
increase in inflammation in CB2R" and may demonstrate
an anti-inflammatory effect of CP55,940 perhaps via
CB1R. An increase in grip force in control mice occurred
following CP55,940 treatment but not in the control
CB2R", suggesting that CB2R is required to alleviate
deep hyperalgesia. Similar to our observations of no
effect of CP55,940 on mechanical hyperalgesia but an
increase in heat-provoked paw withdrawal latency in
control CB2R” mice, in a previous study WIN 55,212-2 (a
potent cannaboid receptor agonist) did not influence
mechanical hyperalgesia but led to an increase in heat-
provoked paw withdrawal latency in CB2R” C57BL/6
mice in a model of neuropathic pain.” These data suggest
arole of CB2R in the anti-allodynic effect in a neuropathic
pain model. In the sickle mice we observed a uniform
effect of CP55,940 on deep tissue, mechanical and ther-
mal hyperalgesia. This shows the diverse pathobiology of
sickle pain, perhaps involving inflammation and neuropa-
thy, making both CB1R and CB2R agonists necessary to
achieve analgesia.

CB1R-mediated psychotropic effects and utilization of
smoked cannabis are major deterrants to the use of
cannabis as a medicine.” However, the recent discovery of
cannaboid receptor-specific agonists and delivery following

tibn

oundat

Mechanisms of cannabinoid analgesia in sickle mice -

errata ostorti

©

haematologica | 2016; 101(5) 575 -



- L. Vincent et al.

- 576 haematologica | 2016; 101(5)

10.

11.

12.

13.

References

. Ballas SK, Gupta K, Adams-Graves P. Sickle

cell pain: a critical reappraisal. Blood.
2012;120(18):3647-3656.

. Gupta M, Msambichaka L, Ballas SK, Gupta

K. Morphine for the treatment of pain in
sickle cell disease. Sci World J. 2015;2015:
540154.

. Vincent L, Vang D, Nguyen J, et al. Mast cell

activation contributes to sickle cell pathobi-
ology and pain in mice. Blood. 2013;122
(11)-1853-1862.

. Kohli DR, Li Y, Khasabov SG, et al. Pain-

related behaviors and neurochemical alter-
ations in mice expressing sickle hemoglobin:
modulation by cannabinoids. Blood.
2010;116(3):456-465.

. Cain DM, Vang D, Simone DA, Hebbel RE,

Gupta K. Mouse models for studying pain in
sickle disease: effects of strain, age, and
acuteness. Br ] Haematol. 2012;156(4):535-
544.

. Klein TW. Cannabinoid-based drugs as anti-

inflammatory  therapeutics. Nat Rev

Immunol. 2005;5(5):400-411.

. Nagarkatti B, Pandey R, Rieder SA, Hegde

VL, Nagarkatti M. Cannabinoids as novel
anti-inflammatory drugs. Future Med Chem.
2009;1(7):1333-1349.

. Pacher P, Bétkai S, Kunos G. The endo-

cannabinoid system as an emerging target of
pharmacotherapy. Pharmacol Rev.
2006;58(3):389-462.

. Hillard CJ. Role of cannabinoids and endo-

cannabinoids in cerebral ischemia. Curr
Pharm Des. 2008;14(23):2347-2361.

Zhang M, Adler MW, Abood ME, Ganea D,
Jallo J, Tuma RE CB2 receptor activation
attenuates microcirculatory dysfunction dur-
ing cerebral ischemic/reperfusion injury.
Microvasc Res. 2009;78(1):86-94.

Di Marzo V, Stella N, Zimmer A.
Endocannabinoid signalling and the deterio-
rating brain. Nat Rev Neurosci. 2015;16(1):
30-42.

Van Sickle MD, Duncan M, Kingsley PJ, et
al. Identification and functional characteriza-
tion of brainstem cannabinoid CB2 recep-
tors. Science. 2005;310(5746):329-332.
Munro S, Thomas KL, Abushaar M.

vaporization provide advantages to the use of cannabinoids
in the medical setting, following well-controlled clinical tri-
als.” Societal stigma against “marijuana” also calls for the
development of cannabis-derived medications in user-
friendly drug-delivery systems to dignify their use.
Evidence-based knowledge about cannabis-derived med-
ications, their dosage and side effects needs to be acquired
in disease-specific, pre-clinical and clinical investigations, as
emphasized recently.” It is noteworthy that in the states
of the USA in which cannabis has been legalized for med-
ical use, the mean annual opioid overdose mortality rates
between 1999 and 2010 were reduced by 24.8% (95% ClI,
-37.5% to -9.5%; P=0.003).” Pain in SCA is associated with
a poor quality of life and increased morbidity and opioids,
with all their side effects, remain the mainstay of therapy.'
Our observations in a pre-clinical setting of SCA provide a
compelling rationale to examine the potential of cannaboid

14.

15.

16.

17

18.

19.

20.

21.

22.

23.

Molecular characterization of a peripheral
receptor for cannabinoids. Nature. 1993;365
(6441):61-65.

Matsuda LA, Lolait SJ, Brownstein M],
Young AC, Bonner TIL Structure of a
cannabinoid receptor and functional expres-
sion of the cloned cDNA. Nature.
1990;346(6284):561-564.

Rajesh M, Pan H, Mukhopadhyay P, et al.
Pivotal advance: Cannabinoid-2 receptor
agonist HU-308 protects against hepatic
ischemia/reperfusion injury by attenuating
oxidative stress, inflammatory response, and
apoptosis. ] Leuko Biol. 2007;82(6):1382-
1389.

Small-Howard AL, Shimoda LM, Adra CN,
Turner H. Anti-inflammatory potential of
CB1-mediated cAMP elevation in mast cells.
Biochem J. 2005;388(Pt 2):465-473.

Ibrahim MM, Deng H, Zvonok A, et al.
Activation of CB2 cannabinoid receptors by
AM1241 inhibits experimental neuropathic
pain: Pain inhibition by receptors not pres-
ent in the CNS. Proc Natl Acad Sci USA.
2003;100(18):10529-10533.

Zoppi S, Madrigal JL, Caso JR, et al.
Regulatory role of the cannabinoid CB2
receptor in stress- induced neuroinflamma-
tion in mice. Br ] Pharmacol.
2014;171(11):2814-2826.

Pini A, Mannaioni G, Pellegrini-Giampietro
D, et al. The role of cannabinoids in
inflammatory modulation of allergic respi-
ratory disorders, inflammatory pain and
ischemic stroke. Curr Drug Targ.
2012;13(7):984-993.

Brandow AM, Stucky CL, Hillery CA,
Hoffmann RG, Panepinto JA. Patients with
sickle cell disease have increased sensitivity
to cold and heat. Am ] Hematol
2013;88(1):37-43.

Paszty C, Brion CM, Manci E, et al
Transgenic knockout mice with exclusively
human sickle hemoglobin and sickle cell dis-
ease. Science. 1997;278(5339):876-878.
Pertwee RG. Pharmacology of cannabinoid
receptor ligands. Curr Med Chem.
1999:6(8):635-664.

McCulloch KM, Ji SA, Raju TNK. Skin
blood-flow changes during routine nursery
procedures. Early Hum Dev. 1995;41(2):147-
156.

Acknowledgments

Funding: this work was supported by NIH RO1 grants
HL68802 and 103773 and UO1 HL117664 and Institute for
Engineeting in Medicine grants 1o KG. Confocal imaging was
performed using the Olympus FluoView 1000 IX2 instrument at
the University of Minnesota - University Imaging Centers,
http://uic.umn.edu. The authors would like to thank Stefan Kren,
Katherine NH Johnson, Sugandha Rajput, Ritu Jha and Susan
Thompson for breeding, genotyping, phenotyping mice and/or
technical assistance; Drs. Robert P. Hebbel and David Archer for
providing breeder sickle mice; Drs. David Largaespada and
Anindya Bagchi for advice on mouse genetics; Dr Donald A.
Simone for a critical review of the manuscript; and Michael ].
Franklin and Carol Taubert for editorial assistance.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

receptor-specific agonists and cannabinoids to treat pain
and ameliorate the associated pathobiology in SCA.

Mattoli S, Ackerman V, Vittori E, Marini M.
Mast cell chemotactic activity of RANTES.
Biochem Biophys Res Commun. 1995;209
(1):316-321.

Galli SJ, Borregaard N, Wynn TA.
Phenotypic and functional plasticity of cells
of innate immunity: macrophages, mast cells
and  neutrophils. ~ Nat  Immunol.
2011;12(11):1035-1044.

Conran N, Saad SO, Costa E Ikuta T.
Leukocyte numbers correlate with plasma
levels of granulocyte-macrophage colony-
stimulating factor in sickle cell disease. Ann
Hematol. 2007;86(4):255-261.

Murineddu G, Deligia F Dore A, Pinna G,
Asproni B, Pinna GA. Different classes of
CB2 ligands potentially useful in the treat-
ment of pain. Recent Pat CNS Drug Disc.
2013;8(1):42-69.

Desroches ], Charron S, Bouchard JE
Beaulieu P. Endocannabinoids decrease neu-
ropathic pain-related behavior in mice
through the activation of one or both
peripheral CB1 and CB2 receptors.
Neuropharmacol. 2014;77:441-452.
Murikinati S, Juttler E, Keinert T, et al.
Activation of cannabinoid 2 receptors pro-
tects against cerebral ischemia by inhibiting
neutrophil  recruitment. =~ FASEB  J.
2010;24(3):788-798.

Montecucco F Lenglet S, Braunersreuther V,
et al. CB(2) cannabinoid receptor activation
is cardioprotective in a mouse model of
ischemia/reperfusion. ] Mol Cell Cardiol.
2009;46(5):612-620.

Pacher P, Hasko G. Endocannabinoids and
cannabinoid receptors in ischaemia-reperfu-
sion injury and preconditioning. Br ]
Pharmacol. 2008;153(2):252-262.

Zhang M, Martin BR, Adler MW, et al.
Modulation of cannabinoid receptor activa-
tion as a neuroprotective strategy for EAE
and stroke. ] Neuroimmune Pharmacol.
2009;4(2):249-259.

Tuma RE Steffens S. Targeting the endo-
cannabinod system to limit myocardial and
cerebral ischemic and reperfusion injury.
Curr Pharm Biotechnol. 2012;13(1):46-58.
Galli SJ, Tsai M. IgE and mast cells in allergic
disease. Nat Med. 2012;18(5):693-704.
Oliveira SM, Silva CR, Ferreira J. Critical role
of protease-activated receptor 2 activation

© Ferrata Storti Foundation



Mechanisms of cannabinoid analgesia in sickle mice -

36.

37.

38.

39.

40.

41.

by mast cell tryptase in the development of
postoperative  pain.  Anesthesiology.
2013;118(3):679-690.

Cataldo G, Rajput S, Gupta K, Simone DA.
Sensitization of nociceptive spinal neurons
contributes to pain in a transgenic model of
sickle cell disease. Pain. 2015;156(4):722-730.
Sugawara K, Zakany N, Hundt T, et al.
Cannabinoid receptor 1 controls human
mucosal-type mast cell degranulation and
maturation in situ. J Allergy Clin Immunol.
2013;132(1):182-193.

Stander S, Schmelz M, Metze D, Luger T,
Rukwied R. Distribution of cannabinoid
receptor 1 (CB1) and 2 (CB2) on sensory
nerve fibers and adnexal structures in
human skin. ] Dermatol Sci. 2005;38(3):177-
188.

Bisogno T, Maurelli S, Melck D,
DePetrocellis L, DiMarzo V. Biosynthesis,
uptake, and degradation of anandamide and
palmitoylethanolamide in leukocytes. ] Biol
Chem. 1997;272(6):3315-3328.

Gladwin MT, Schechter AN, Ognibene FE, et
al. Divergent nitric oxide bioavailability in
men and women with sickle cell disease.
Circulation. 2003;107(2):271-278.

Reichel CA, Lerchenberger M, Uhl B, et al.
Plasmin inhibitors prevent leukocyte accu-
mulation and remodeling events in the

haematologica | 2016; 101(5)

42.

43.

44,

45.

46.

47.

48.

postischemic microvasculature. Plos One.
2011;6(2):e17229.

Williamson EM, Evans FJ. Cannabinoids in
clinical practice. Drugs. 2000;60(6):1303-
1314.

Croxford JL, Miller SD. Immunoregulation
of a viral model of multiple sclerosis using
the synthetic cannabinoid R(+)WINS55,212. ]
Clin Invest. 2003;111(8):1231-1240.

Barnes MP. Sativex®: clinical efficacy and
tolerability in the treatment of symptoms of
multiple sclerosis and neuropathic pain. Exp
Opin Pharmacother. 2006;7(5):607-615.
Collin C, Ehler E, Waberzinek G, et al. A
double-blind, randomized, placebo-con-
trolled, parallel-group study of Sativex, in
subjects with symptoms of spasticity due to
multiple sclerosis. Neurol Res. 2010;32(5):
451-459.

Brower V. New pain drugs in pipeline, but
challenges to usage remain. ] Natl Cancer
Inst. 2012;104(7):503-505.

Abrams DI, Couey P, Shade SB, Kelly ME,
Benowitz NL. Cannabinoid-opioid interac-
tion in chronic pain. Clin Pharmacol Ther.
2011;90(6):844-851.

Khasabova A, Chandiramani A, Harding-
Rose C, Simone DA, Seybold VS. Increasing
2-arachidonoyl glycerol signaling in the
periphery attenuates mechanical hyperalge-

49.

50.

51.

52.

58.

54.

55.

sia in a model of bone cancer pain.
Pharmacol Res. 2011;64(1):60-67.

Howard ], Anie KA, Holdcroft A, Ko S,
Davies SC. Cannabis use in sickle cell dis-
ease: a questionnaire study. Br ] Haematol.
2005;131(1):123-128.

Elikkottil J, Gupta P, Gupta K. The analgesic
potential of cannabinoids. ] Opioid Manag.
2009;5(6):341-357.

Franklin JM, Carrasco GA. Cannabinoid
receptor agonists upregulate and enhance
serotonin 2A (5-HT(2A)) receptor activity
via ERK1/2 signaling. Synapse. 2013;67
(3):145-159.

Desroches ], Bouchard JE Gendron L,
Beaulieu P. Involvement of cannabinoid
receptors in peripheral and spinal morphine
analgesia. Neuroscience. 2014;261:23-42.
Volkow ND, Baler RD, Compton WM,
Weiss SRB. Adverse health effects of mari-
juana use. N Engl ] Med. 2014;370(23):2219-
2227.

Wilkinson ST, D'Souza DC. Problems with
the medicalization of marijuana. JAMA.
2014;311(23):2377-2378.

Bachhuber MA, Saloner B, Cunningham
CO, Barry CL. Medical Cannabis laws and
opioid analgesic overdose mortality in the
United States, 1999-2010. JAMA Intern
Med. 2014;174(10):1668-1673.




