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Abstract

A significant complaint associated with spinal cord injury (SCI) is chronic pain, which includes
symptoms such as cutaneous hypersensitivity and spontaneous unevoked pain and is difficult to treat
with currently available drugs. One complication with current analgesics is tolerance, a decrease in
efficacy with repeated treatment over time. One promising class of pharmacological treatment is
cannabinoid (CB) receptor agonists. The current study assessed the efficacy of the CB receptor
agonist WIN 55,212-2 (WIN) in a rat model of neuropathic SCI pain. Brief spinal compression leads
to significant hindpaw hypersensitivity to tactile stimulation. WIN dose-dependently increased
withdrawal thresholds and continued to demonstrate efficacy over a twice-daily 7-day treatment
regimen. By contrast, the efficacy of morphine in SCI rats decreased over the same treatment period.
Similarly, the antinociceptive efficacy of WIN to acute noxious heat in uninjured rats diminished
over time. These data suggest that the sustained efficacy of a CB receptor agonist for pain could
depend on the pain state. Such agonists may hold promise for long-term use in alleviating chronic
SCI pain.
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INTRODUCTION

The incidence of spinal cord injury (SCI) is about 3 percent of all combat-related wounds [1-
2]. High mortality rates following SCI were observed in previous military conflicts, but recent
advances in emergency medicine and improved rehabilitation have increased patient survival
[3]. In addition to physical disability and psychological distress, a significant complication
accompanying SCI is moderate to severe intractable pain [4-8]. The prevalence of pain in
veterans and nonveterans with SCI is similar (~70%) [4]. However, veterans report both a
higher average pain rating and worst-pain rating than nonveterans [4]. As the population of
both civilian and veteran SCI patients ages, the need for pain control, in addition to
rehabilitation services, will increase [9].
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Although SCI pain may be present at any level relative to the lesion, pain below the lesion has
been particularly difficult to treat [6,8,10]. The symptoms of below-level pain are reminiscent
of neuropathic pain, which includes hypersensitivity to cutaneous stimulation and diffuse
spontaneous pain, variously described as shooting, burning, and electric [4,11-13].
Neuropathic SCI pain treatment options were limited to surgical procedures such as cordotomy
and, in an extreme case, bilateral frontal lobotomy [6,10]. In the past, narcotics were denied to
patients because of the misguided fear of addiction [8]. Poorly treated SCI pain degrades mood
and hinders full participation in rehabilitation and integration into society, which may further
heighten pain and anxiety [5]. Thus, nonsurgical, effective SCI pain control is needed.

A promising class of analgesics is ligands that activate the cannabinoid (CB) receptor.
Preclinical studies indicate robust antinociception following acute administration of CB
receptor agonists in various pain models, including neuropathic SCI pain [14-15]. Several
clinical studies have reported a robust analgesic effect in several pain states of A°-
Tetrahydrocannabinol (THC), an active component of marijuana and a CB receptor agonist
[16-18]. However, it is not clear whether repeated administration will lead to the decrement
of antinociceptive efficacy (tolerance) as observed with other drugs (e.g., opiates) [19]. The
primary objective of the current study was to evaluate the efficacy over time of daily
administration of the CB receptor agonist WIN 55,212-2 ((R)-(+)-[2,3-Dihydro-5-methyl-3
[(4-morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)methanone)
(WIN) and morphine in rats with neuropathic SCI pain. Since WIN is known to be
antinociceptive in uninjured rats, the effect of WIN over time, using the same treatment
schedule as in SCI rats, was also evaluated [20].

METHODS

Animals and Surgery

Male Sprague-Dawley rats (Harlan Laboratories; Indianapolis, Indiana) were used. Rats to be
used for spinal cord compression surgery (N = 39) were about 100 to 125 g at the time of arrival
to the animal facility and housed two per cage. Before and after surgery, rats were allowed free
access to water and standard rat chow. Studies were reviewed and approved by the University
of Miami Animal Care and Use Committee.

The procedure to induce a spinal cord compression-type injury was described previously
[15]. The rat was anesthetized with isoflurane in oxygen and its back was shaved and swabbed
with chlorhexidine. With aseptic surgical technique, a laminectomy was performed to expose
the sixth to seventh thoracic spinal segment. A microvascular clip (Harvard Apparatus;
Holliston, Massachusetts) was placed vertically on the exposed thoracic spinal cord, such that
the clip compressed the entire segment, and then left in place for 60 s. Care was taken not to
cut the dura or disturb nearby spinal nerve roots. After spinal compression, the clip was
removed, the muscles were sutured shut, and the skin was closed with wound clips. Bladder
function spontaneously returned in these rats 1 to 2 days after surgery.

Sensory Testing

Mechanical Stimulus—To evaluate hindpaw response to innocuous mechanical stimuli,
we measured the withdrawal thresholds (in grams) by the up-down method with von Frey
filaments [21]. Before surgery, rats did not respond to the highest force filament (15 g).

Four weeks after spinal compression, hindpaw baseline withdrawal thresholds were measured
in rats. Stable hindpaw hypersensitivity was previously observed to occur at this time after
surgery [22]. Rats were placed in Plexiglas containers with a wire mesh floor and allowed to
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acclimate. For a rat to be included in the study, the withdrawal threshold of one hindpaw had
to be 4 g or less.

Following baseline testing, rats were injected subcutaneously with either WIN (0.3, 1, 3 mg/
kg in 45% p-hydroxyl-propyl-cyclodextrin in water, 2 mL/kg), morphine sulfate (3 mg/kg in
saline, 1 mL/kg), or respective vehicles. Rats were tested 30 min postinjection. Injections of
either drugs or vehicle occurred twice daily (BID) about 8 am and 5 pm. Testing was performed
after the morning injections. Drugs were obtained from Sigma-Aldrich, Corp (St. Louis,
Missouri).

Acute Thermal Stimulus—In uninjured rats (250-275 g at the time of testing; N = 28), a
baseline response latency (in seconds) to a noxious heat source was measured with a hot plate
apparatus (Columbus Instruments; Columbus, Ohio). Rats were placed on a heated surface (55
°C) and the amount of time between placement on the apparatus and a hindpaw lick or jump
was recorded. Rats were then injected with either WIN or vehicle and tested 30 min
postinjection. To avoid tissue damage due to prolonged exposure to the heated surface, we
used a cutoff time of 45 s. Rats were injected BID but tested only after the morning injections.

Data Analysis

RESULTS

The withdrawal thresholds of the hindpaws were used in calculating the percent maximum
possible effect (MPE):

9o MPE eshola=((Drug threshold — Baseline threshold )+
(15 g — Baseline threshold)) x 100. (1)

The response latencies from the hot plate test were also converted into a percent MPE:

9%MPE jgtency =((Drug latency — Baseline latency )+
(45 s — Baseline latency)) x 100. )

The MPE values were plotted versus dose-response. From the linear portion of the dose-
response curves, the mean MPE of each dose and the 50 percent antinociceptive (A50) dose
were calculated using a computer program [23]. The A50 values at day 1 and either day 5 (hot
plate test) or day 7 (von Frey filaments) were compared to determine whether a significant
change in potency had occurred. A rightward shift in the A50 values at either day 5 or day 7
suggests that the drug effect has diminished over repeated administration (tolerance).

Data are expressed as mean = standard error of the mean (SEM). Statistical analyses of drug
effects over time were performed using a two-way analysis of variance (ANOVA) followed
by a Student-Newman-Keuls test. Statistical significance was taken at p < 0.05.

Spinal Cord Injury Mechanical Hypersensitivity

WIN—~Four weeks after spinal compression surgery, the mean = SEM hindpaw withdrawal
thresholds of the WIN group and vehicle group were 1.8 + 0.2 g and 2.4 + 0.3 g, respectively
(Figure 1(a)). On day 1 of injection, WIN dose-dependently increased withdrawal thresholds
30 min postinjection (Figure 1(b)). The A50 dose (95% confidence interval) was 0.9 (0.6-1.2)
mg/kg [15]. The A50 dose of WIN on day 7 was 0.8 (0.6-1.2) mg/kg, which was not
significantly different from day 1 (Figure 2). The MPEs of 3 mg/kg of WIN were not
significantly different from day 1 (99% + 1%) and day 7 (88% % 9%).
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Before morning injections, baseline thresholds of the treatment groups did not significantly
change over the 7-day treatment period (p > 0.05).

The withdrawal threshold in a small group of age-matched control rats was 15 g. These rats
did not undergo surgery. Seven days of treatment with either 3 mg/kg of WIN or vehicle did
not alter withdrawal thresholds (data not shown).

Morphine—Four weeks after spinal surgery, the preinjection withdrawal thresholds of the
morphine group and vehicle group were 2.6 + 0.2 g and 2.4 £ 0.3 g, respectively (Figure 3(a)).
On day 1 of injection, morphine significantly increased withdrawal thresholds 30 min
postinjection (Figure 3(b)). By day 3, the efficacy of morphine (MPE = 61% + 11%) was
significantly decreased compared with the efficacy of the first injection (88% % 7%; p < 0.05
vs day 1). By day 7, the MPE of morphine was 38 + 8 percent (p < 0.05 vs day 1). Despite the
decrease in peak efficacy, the withdrawal thresholds after morphine treatment were
significantly greater than those after vehicle treatment on all days except day 6 (p < 0.05 vs
vehicle). Preinjection thresholds did not significantly change over time (p > 0.05).

Acute Thermal Nociception

The preinjection withdrawal latency of all rats was 11.1 + 0.5 s (Figure 4(a)). On day 1 of
treatment, WIN dose-dependently increased response latencies in the hot plate test (Figure 4
(b)). Peak efficacy was observed 30 min following injection, and the A50 dose was 1.1 (0.6—
1.8) mg/kg. By day 5, the MPE of the 3 mg/kg dose markedly decreased to 30 + 13 percent,
compared with the MPE of day 1, 82 + 12 percent (p < 0.05). The A50 dose was also
significantly increased, 15.1 (6.2-36.3) mg/kg, a 14-fold rightward shift of the dose-response
curve (Figure 5). One should note that even though the efficacy of 3 mg/kg of WIN decreased
over time, a significant increase in latency was still observed at day 5 (p < 0.05 vs vehicle).

Baseline preinjection latencies did not significantly change over time. At no time did vehicle
injection alter latencies.

Neither saline (morphine vehicle) nor g-hydroxyl-propyl-cyclodextrin (WIN vehicle)
significantly affected responses to stimuli (Figures 1, 3-4; p > 0.05 vs baseline).

DISCUSSION

In rats with neuropathic SCI pain, repeated treatment with the CB receptor agonist WIN
resulted in a sustained reduction of neuropathic pain-related behavior. By contrast, repeated
treatment with WIN in uninjured rats led to a loss of antinociceptive efficacy. Similarly, the
initially robust efficacy of morphine in rats with SCI diminished over time with repeated
treatment. The data suggest that sustained efficacy with a CB receptor agonist could depend
on the pain state or the pain symptom and may be amenable to long-term therapeutic usage.

An increased understanding of the mechanism of pain has lead to the identification of several
potential molecular targets that could lead to the development of efficacious analgesic drugs

[24]. However, considerable time will be required to develop compounds that are selective for
these targets into drugs with little or no adverse side effects. Alternatively, sources of analgesic
drugs, such as marijuana, can be found in nature and have been used since ancient times [25].

THC, an active component of marijuana, has been demonstrated to have antinociceptive effects
in animal pain models [26]. The antinociceptive effect of THC is significantly decreased with
intracerebroventicular pre-treatment with the CB4 receptor antagonist SR 141716A,
demonstrating that the effect of THC is mediated via brain CB receptors [27]. These receptors
are found in various central nervous system areas that are involved in pain perception and
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modulation, such as the periaqueductal grey, the thalamus, and the spinal cord dorsal horn
[28]. THC is analgesic in some, but not all, types of clinical pains [17,29-32]. Although THC
is available in capsule form (dronabinol), inhalation, rather than oral administration, appears
to be both titratable and a more rapid means of delivering THC to the bloodstream [29,33]. A
recent study demonstrated the analgesic efficacy of an oral-mucosal aerosolized formulation
of a THC mixture in patients with central and peripheral neuropathic pain [17]. Formulation
issues will need to be resolved if natural cannabinoids such as THC are to be used clinically.

Several synthetic cannabinoids, such as WIN, are potent agonists to the CB receptor and have
demonstrated antinociceptive effects in preclinical pain models. Whether these molecules have
been tested in humans is unknown, so the clinical utility and safety of these molecules are
unknown. An advantage, however, of synthetic molecules over marijuana is that a single
molecule, rather than the mixture of characterized and uncharacterized ligands found within
marijuana, may be accurately administered for clinical use. Also, further development of a
molecule with defined characteristics may improve its chemical properties over those of, for
example, THC. Such improvements include better water solubility, metabolic stability, and
affinity to a particular CB receptor subtype [34]. The receptor binding affinity (K;) for THC is
41 nM and 36 nM to the human CB; and CB,, receptors, respectively [35]. By contrast, WIN
is much more potent, with K; = 2 nM and 0.3 nM, and has no binding activity at receptors
related to pain modulation (e.g., opiate receptors) [36]. The antinociceptive duration of WIN,
possibly due to its chemical structure, is as long as 3 to 4 h following subcutaneous injection,
whereas the duration of THC, up to 1.5 h, is much shorter [37-38]. For clinical use, a synthetic
CB ligand with known properties clearly offers pharmacological properties superior to those
of a natural CB ligand.

The current study demonstrated a consistent antinociceptive effect of WIN dosed over a 7-day
period in rats with neuropathic SCI pain. The intermediate and high doses of WIN showed
sustained efficacy for 7 days; the A50 dose at day 7 did not significantly differ from the A50
dose at day 1. By contrast, the efficacy of WIN gradually diminished over a 5-day treatment
period in uninjured rats. The data suggest that the difference in response to a CB receptor
agonist over time may depend on the pain state of the animals. In rats with chronic peripheral
neuropathic pain, CB receptor agonists exhibit robust efficacy despite repeated administration
[39-40]. The limited clinical data suggest that chronic pain patients do not develop analgesic
tolerance [30]. Following a peripheral nerve injury, expression of CB receptors increases in
the ipsilateral dorsal root ganglia, spinal cord dorsal horn, and contralateral thalamus [41-
43]. Currently not known is whether such an increase in CB; receptors occurs after SCI or
other chronic pain states, but an increase in CB receptors in neural areas involved in
nociception may underlie the sustained response observed in the current study.

Tolerance to the pharmacological effects of CB receptor agonists has been documented in
uninjured animals [20]. In normal (nonchronic pain) subjects, tolerance to the psychological
effects of marijuana has been reported, but a similar phenomenon to the analgesic effects has
not been widely investigated [44]. Thus, whether analgesic tolerance develops with acute
noxious stimuli such as heat, pressure, or cold is unknown. Further complicating the issue is
that the relevance of these acute stimuli to clinical chronic pain is unknown [31,45]. De Vry
et al. noted that behaviors that were most sensitive to a CB receptor agonist were least likely
to develop tolerance (e.g., drug discrimination), whereas behaviors that were less sensitive to
the agonist (e.g., hot plate test) were more likely to develop tolerance [20]. Thus, tolerance is
more likely to develop if assessed with acute noxious stimuli. Verification of this hypothesis
would include measuring receptor function or expression from tissues of animals treated with
a CB receptor agonist over a period of time. Further studies on the influence of particular
sensory stimuli may determine whether a particular type of neuropathic pain symptom is more
or less sensitive to CB receptor agonists.

J Rehabil Res Dev. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hama and Sagen

Page 6

WIN is potent to the CB, receptor as well as to the CB receptor. The long-term efficacy of
WIN in the current study may also be mediated via the CB, receptor. An increase in CB,
receptors occurs in the ipsilateral dorsal horn after nerve injury, but whether this receptor is
also upregulated in the SCI state is unknown [46]. However, in other neuropathic pain models
as well as the current model, most, if not all, of the efficacy of WIN appears to occur via the
CB1 receptor, because pretreatment with a CB, receptor antagonist did not alter antinociception
[15,47-48].

The current data and the study by Yu et al. [49] suggest that clinical neuropathic SCI pain will
be initially responsive to morphine, but dosing may need to be titrated to sustain efficacy
[50]. Rats intrathecally dosed morphine in a different neuropathic SCI pain model developed
tolerance beginning on the third day of treatment, indicating that a possible mechanism
underlying morphine tolerance is a decrease of opiate receptors in the spinal dorsal horn [49].
The neural mechanism underlying CB and opiate tolerance may be similar, involving changes
in receptor function and intracellular signaling over time [51-52]. Since the adverse side effects
of morphine, including respiratory depression and constipation, may impose serious
complications in SCI patients, alternate therapies without these side-effects may be more
desirable.

CONCLUSIONS

The current study confirmed the antinociceptive effect of the nonselective CB receptor agonist
WIN in two different pain models. Although the initial potencies were comparable in both
models, after repeated treatment, efficacy was significantly diminished in the hot plate test. By
contrast, the antinociceptive effect in SCI rats was maintained for the duration of the
experimental period. Thus, the data suggest that depending on the pain state (or type of pain),
a CB may have either persistent or short-term analgesic effects. SCI patient suffering may be
further ameliorated by other effects of CBs, such as improving sleep quality and decreasing
spasticity and anxiety [30]. Interestingly, SCI patients who used marijuana rated the obtained
pain relief much higher than that of a separate group that used opiates (and yet another group
that used gabapentin) [53]. Several small clinical trials in central neuropathic pain states, such
as multiple sclerosis, demonstrated significant pain relief with an oromucosal spray
formulation of THC and other CBs. More extensive, controlled clinical trials are needed to
confirm the use of CBs in human neuropathic SCI pain.
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A50
50 percent antinociceptive (dose)
BID
twice daily
ANOVA
analysis of variance
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cannabinoid
Ki
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receptor binding affinity

MPE
maximum possible effect
SCI
spinal cord injury
SEM
standard error of the mean
THC
A9-Tetrahydrocannabinol
WIN
WIN 55,212-2 ((R)(+)-[2,3-Dihydro-5-methyl-3[(4-morpholinyl)methyl]
pyrrolo [1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)methanone)
References
1. Little, JW.; Goldstein, B.; Hammond, MC. Spinal cord injury rehabilitation. In: Dillingham, TR.;

Belandres, PV., editors. Textbook of military medicine. Vol. 1. Washington (DC): The Borden
Institute; 1998. p. 161-205.

. Cloonan, CC. Immediate care of the wounded. Wilmette (IL): Brookside; 2007. p. 246

. Strauss DJ, Devivo MJ, Paculdo DR, Shavelle RM. Trends in life expectancy after spinal cord injury.
Arch Phys Med Rehabil 2006;87(8):1079-85.10.1016/j.apmr.2006.04.022 [PubMed: 16876553]
[PMID: 16876553]

4. Rintala DH, Holmes SA, Fiess RN, Courtade D, Loubser PG. Prevalence and characteristics of chronic

pain in veterans with spinal cord injury. J Rehabil Res Dev 2005;42(5):573-84.10.1682/JRRD.
2005.02.0033 [PubMed: 16586183][PMID: 16586183]

. Widerstrom-Noga EG, Felipe-Cuervo E, Broton JG, Duncan RC, Yezierski RP. Perceived difficulty
in dealing with consequences of spinal cord injury. Arch Phys Med Rehabil 1999;80(5):580—
86.10.1016/S0003-9993(99)90203-4 [PubMed: 10326925][PMID: 10326925]

. Botterell EH, Callaghan JC, Jousse AT. Pain in paraplegia: Clinical management and surgical
treatment. Proc R Soc Med 1954;47(4):281-88. [PubMed: 13155537][PMID: 13155537]

. Holmes, G. Pain of central origin: Contributions to medical and biological research. New York (NY):
Hober; 1919.

. Kennedy RH. The new viewpoint toward spinal cord injuries. Ann Surg 1946;124(6):1057—
62.10.1097/00000658-194612000-00007 [PubMed: 17858895][PMID: 17858895]

. Samsa GP, Patrick CH, Feussner JR. Long-term survival of veterans with traumatic spinal cord injury.
Arch Neurol 1993;50:909-14. [PubMed: 8363444][PMID: 8363444]

10. Siddall PJ, Loeser JD. Pain following spinal cord injury. Spinal Cord 2001;39(2):63-73.10.1038/

5j.5¢.3101116 [PubMed: 11402361][PMID: 11402361]

11. Burchiel KJ, Hsu FP. Pain and spasticity after spinal cord injury: Mechanisms and treatment. Spine

2001:26(Suppl 24):5146-60.10.1097/00007632-200112151-00024 [PubMed: 11805622][PMID:
11805622]

12. Finnerup NB, Jensen TS. Spinal cord injury pain—Mechanisms and treatment. Eur J Neurol 2004;11

(2):73-82.10.1046/j.1351-5101.2003.00725.x [PubMed: 14748766][PMID: 14748766]

13. Finnerup NB, Johannesen IL, Sindrup SH, Bach FW, Jensen TS. Pain and dysesthesia in patients with

spinal cord injury: A postal survey. Spinal Cord 2001;39(5):256-62.10.1038/sj.5¢.3101161
[PubMed: 11438841][PMID: 11438841]

14. Iversen L, Chapman V. Cannabinoids: A real prospect for pain relief? Curr Opin Pharmacol 2002;2

(1):50-55.10.1016/S1471-4892(01)00120-5 [PubMed: 11786308][PMID: 11786308]

J Rehabil Res Dev. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hama and Sagen

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 8

Hama A, Sagen J. Antinociceptive effect of cannabinoid agonist WIN 55,212-2 in rats with a spinal
cord injury. Exp Neurol 2007;204(1):454-57.10.1016/j.expneurol.2006.09.002 [PubMed:
17045264][PMID: 17045264]

Attal N, Brasseur L, Guirimand D, Clermond-Gnamien S, Atlami S, Bouhassira D. Are oral
cannabinoids safe and effective in refractory neuropathic pain? Eur J Pain 2004;8(2):173-
77.10.1016/S1090-3801(03)00084-3 [PubMed: 14987627][PMID: 14987627]

Rog DJ, Nurmikko TJ, Friede T, Young CA. Randomized, controlled trial of cannabis-based medicine
in central pain in multiple sclerosis. Neurology 2005;65(6):812-19.10.1212/01.wnl.
0000176753.45410.8b [PubMed: 16186518][PMID: 16186518]

Campbell FA, Tramer MR, Carroll D, Reynolds DJ, Moore RA, McQuay HJ. Are cannabinoids an
effective and safe treatment option in the management of pain? A qualitative systematic review. BMJ
2001;323(7303):13-16.10.1136/bm;.323.7303.13 [PubMed: 11440935][PMID: 11440935]

Levy R, Leiphart J, Dills C. Analgesic action of acute and chronic intraspinally administered opiate
and a-2-adrenergic agonists in chronic neuropathic pain. Stereotact Funct Neurosurg 1994;62(1-4):
279-89.10.1159/000098633 [PubMed: 7631082][PMID: 7631082]

De Vry J, Jentzsch KR, Kuhl E, Eckel G. Behavioral effects of cannabinoids show differential
sensitivity to cannabinoid receptor blockade and tolerance development. Behav Pharmacol 2004;15
(1):1-12.10.1097/00008877-200402000-00001 [PubMed: 15075621][PMID: 15075621]

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assessment of tactile allodynia
in the rat paw. J Neurosci Methods 1994;53(1):55-63.10.1016/0165-0270(94)90144-9 [PubMed:
7990513][PMID: 7990513]

Hama A, Sagen J. Behavioral characterization and effect of clinical drugs in a rat model of pain
following spinal cord compression. Brain Res 2007;1185:117-28.10.1016/j.brainres.2007.09.013
[PubMed: 17935699][PMID: 17935699]

Tallarida, RJ.; Murray, RB. Manual of pharmacological calculations with computer programs. New
York (NY): Springer-Verlag; 1981. p. 150

Millan MJ. The induction of pain: An integrative review. Prog Neurobiol 1999;57(1):1-164.10.1016/
S0301-0082(98)00048-3 [PubMed: 9987804][PMID: 9987804]

Mechoulam, R. The pharmacohistory of cannabis sativa. In: Mechoulam, R., editor. Cannabinoids as
therapeutic agents. Boca Raton (LA): CRC Press; 1986. p. 1-19.

Azad SC, Rammes G. Cannabinoids in anaesthesia and pain therapy. Curr Opin Anaesthesiol 2005;18
(4):424-27.10.1097/01.ac0.0000174959.05383.9¢c [PubMed: 16534269][PMID: 16534269]

Lichtman AH, Martin BR. The selective cannabinoid antagonist SR 141716A blocks cannabinoid-
induced antinociception in rats. Pharmacol Biochem Behav 1997;57(1-2):7-12.10.1016/
S0091-3057(96)00121-9 [PubMed: 9164547][PMID: 9164547]

Walker JM, Hohmann AG, Martin WJ, Strangman NM, Huang SM, Tsou K. The neurobiology of
cannabinoid analgesia. Life Sci 1999;65(6-7):665-73.10.1016/S0024-3205(99)00289-1 [PubMed:
10462067][PMID: 10462067]

Kumar RN, Chambers WA, Pertwee RG. Pharmacological actions and therapeutic uses of cannabis
and cannabinoids. Anaesthesia 2001;56(11):1059-68. [PubMed: 11703238][PMID: 11703238]
Russo EB, Guy GW, Raobson PJ. Cannabis, pain, and sleep: Lessons from therapeutic clinical trials
of Sativex, a cannabis-based medicine. Chem Biodivers 2007;4(8):1729-43.10.1002/cbdv.
200790150 [PubMed: 17712817][PMID: 17712817]

Wallace M, Schulteis G, Atkinson JH, Wolfson T, Lazzaretto D, Bentley H, Gouaux B, Abramson I.
Dose-dependent effects of smoked cannabis on capsaicin-induced pain and hyperalgesia in healthy
volunteers. Anesthesiology 2007;107(5):785-96.10.1097/01.anes.0000286986.92475.b7 [PubMed:
18073554][PMID: 18073554]

Abrams DI, Jay CA, Shade SB, Vizoso H, Reda H, Press S, Kelly ME, Rowbotham MC, Petersen
KL. Cannabis in painful HIV-associated sensory neuropathy: A randomized placebo-controlled trial.
Neurology 2007;68(7):515-21.10.1212/01.wnl.0000253187.66183.9¢c [PubMed: 17296917][PMID:
17296917]

Hollister LE, Gillespie HK, Ohlsson A, Lindgren JE, Wahlen A, Agurell S. Do plasma concentrations

of A%-tetrahydrocannabinol reflect the degree of intoxication? J Clin Pharmacol 1981;21(8-9 Suppl):
171S-77S. [PubMed: 6271822][PMID: 6271822]

J Rehabil Res Dev. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hama and Sagen

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 9

Martin BR, Wiley JL, Beletskaya I, Sim-Selley LJ, Smith FL, Dewey WL, Cottney J, Adams J, Baker
J, Hill D, Saha B, Zerkowski J, Mahadevan A, Razdan RK. Pharmacological characterization of novel
water-soluble cannabinoids. J Pharmacol Exp Ther 2006;318(3):1230-39.10.1124/jpet.106.104109
[PubMed: 16757541][PMID: 16757541]

Showalter VM, Compton DR, Martin BR, Abood ME. Evaluation of binding in a transfected cell line
expressing a peripheral cannabinoid receptor (CB2): Identification of cannabinoid receptor subtype
selective ligands. J Pharmacol Exp Ther 1996;278(3):989-99. [PubMed: 8819477][PMID: 8819477]

D’Ambra TE, Estep KG, Bell MR, Eissenstat MA, Josef KA, Ward SJ, Haycock DA, Baizman ER,
Casiano FM, Beglin NC, Chippari SM, Grego JD, Kullnig RK, Daley GT. Conformationally
restrained analogues of pravadoline: Nanomolar potent, enantioselective, (aminoalkyl)indole
agonists of the cannabinoid receptor. J Med Chem 1992;35(1):124-35.10.1021/jm00079a016
[PubMed: 1732519][PMID: 1732519]

Fox A, Kesingland A, Gentry C, McNair K, Patel S, Urban L, James I. The role of central and
peripheral Cannabinoidl receptors in the antihyperalgesic activity of cannabinoids in a model of
neuropathic pain. Pain 2001;92(1-2):91-100.10.1016/S0304-3959(00)00474-7 [PubMed:
11323130][PMID: 11323130]

Smith FL, Fujimori K, Lowe J, Welch SP. Characterization of Ag-tetrahydrocannabinol and
anandamide antinociception in nonarthritic and arthritic rats. Pharmacol Biochem Behav 1998;60
(1):183-91.10.1016/S0091-3057(97)00583-2 [PubMed: 9610941][PMID: 9610941]

De Vry J, Denzer D, Reissmueller E, Eijckenboom M, Heil M, Meier H, Mauler F. 3-[2-cyano-3-
(trifluoromethyl)phenoxy]phenyl-4,4,4-trifluoro-1-butanesulfonate (BAY 59-3074): A novel
cannabinoid Ch1/Cb, receptor partial agonist with antihyperalgesic and antiallodynic effects. J
Pharmacol Exp Ther 2004;310(2):620-32.10.1124/jpet.103.062836 [PubMed: 15140913][PMID:
15140913]

Costa B, Colleoni M, Conti S, Trovato AE, Bianchi M, Sotgiu ML, Giagnoni G. Repeated treatment
with the synthetic cannabinoid WIN 55,212-2 reduces both hyperalgesia and production of
pronociceptive mediators in a rat model of neuropathic pain. Br J Pharmacol 2004;141(1):4—
8.10.1038/sj.bjp.0705587 [PubMed: 14662732][PMID: 14662732]

Lim G, Sung B, Ji RR, Mao J. Upregulation of spinal cannabinoid-1-receptors following nerve injury
enhances the effects of Win 55,212-2 on neuropathic pain behaviors in rats. Pain 2003;105(1-2):
275-83.10.1016/S0304-3959(03)00242-2 [PubMed: 14499445][PMID: 14499445]

Siegling A, Hofmann HA, Denzer D, Mauler F, De Vry J. Cannabinoid CB1 receptor upregulation
in a rat model of chronic neuropathic pain. Eur J Pharmacol 2001;415(1):R5-7.10.1016/S0014-2999
(01)00798-1 [PubMed: 11245860][PMID: 11245860]

Mitrirattanakul S, Ramakul N, Guerrero AV, Matsuka Y, Ono T, Iwase H, Mackie K, Faull KF,
Spigelman 1. Site-specific increases in peripheral cannabinoid receptors and their endogenous ligands
in a model of neuropathic pain. Pain 2006;126(1-3):102-14.10.1016/j.pain.2006.06.016 [PubMed:
16844297][PMID: 16844297]

Jones RT, Benowitz N, Bachman J. Clinical studies of cannabis tolerance and dependence. Ann N Y
Acad Sci 1976;282:221-39.10.1111/j.1749-6632.1976.tb49901.x [PubMed: 798533][PMID:
798533]

Yaksh TL, Hua XY, Kalcheva I, Nozaki-Taguchi N, Marsala M. The spinal biology in humans and
animals of pain states generated by persistent small afferent input. Proc Natl Acad Sci U S A
1999;96:7680-86.10.1073/pnas.96.14.7680 [PubMed: 10393880][PMID: 10393880]

Zhang J, Hoffert C, Vu HK, Groblewski T, Ahmad S, O’Donnell D. Induction of CB2 receptor
expression in the rat spinal cord of neuropathic but not inflammatory chronic pain models. Eur J
Neurosci 2003;17(12):2750-54.10.1046/j.1460-9568.2003.02704.x [PubMed: 12823482]

Bridges D, Ahmad K, Rice AS. The synthetic cannabinoid WINS55, 212-2 attenuates hyperalgesia
and allodynia in a rat model of neuropathic pain. Br J Pharmacol 2001;133(4):586—94.10.1038/sj.bjp.
0704110 [PubMed: 11399676][PMID: 11399676]

Liu C, Walker JM. Effects of a cannabinoid agonist on spinal nociceptive neurons in a rodent model
of neuropathic pain. J Neurophysiol 2006;96(6):2984-94.10.1152/jn.00498.2006 [PubMed:
16943316][PMID: 16943316]

J Rehabil Res Dev. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hama and Sagen

Page 10

49. Yu W, Hao JX, Xu XJ, Wiesenfeld-Hallin Z. The development of morphine tolerance and dependence

50.

51.

52.

53.

in rats with chronic pain. Brain Res 1997;756(1-2):141-46.10.1016/S0006-8993(97)00132-7
[PubMed: 9187324][PMID: 9187324]

Attal N, Guirimand F, Brasseur L, Gaude V, Chauvin M, Bouhassira D. Effects of IV morphine in
central pain: a randomized placebo-controlled study. Neurology 2002;58(4):554-63. [PubMed:
11865132][PMID: 11865132]

Mao J, Price DD, Mayer DJ. Experimental mononeuropathy reduces the antinociceptive effects of
morphine: Implications for common intracellular mechanisms involved in morphine tolerance and
neuropathic pain. Pain 1995;61(3):353-64.10.1016/0304-3959(95)00022-K [PubMed: 7478678]
[PMID: 7478678]

Sim-Selley LJ, Martin BR. Effect of chronic administration of R-(+)-[2,3-Dihydro-5-methyl-3-
[(morpholinyl)methyl]pyrrolo [1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)methanone mesylate
(WIN55,212-2) or delta(9)-tetrahydrocannabinol on cannabinoid receptor adaptation in mice. J
Pharmacol Exp Ther 2002;303(1):36-44.10.1124/jpet.102.035618 [PubMed: 12235230][PMID:
12235230]

Warms CA, Turner JA, Marshall HM, Cardenas DD. Treatments for chronic pain associated with
spinal cord injuries: Many are tried, few are helpful. Clin J Pain 2002;18(3):154—
63.10.1097/00002508-200205000-00004 [PubMed: 12048417][PMID: 12048417]

J Rehabil Res Dev. Author manuscript; available in PMC 2009 September 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hama and Sagen

Page 11
(a)

15 = - - Vehicle
=) —m— 0.3 mg/kg
T 12 + —&— 1 mag/kg
% —— 3 mg/kg
9 9-
o=
-

TU 6 -
&
2 s-
E
0 T T T T T T T
1 2 3 4 5 6 7
Treatment Day
(b)

15 +
C
T 12 4
[+]
o=
7]

o 9.
N —

|_

w© -
g 6

i

2 s-
=

0 1 L ] ) |} ¥ |} |

2 3 4 5 6 7
Treatment Day

Figure 1.

Sustained antinociceptive effect of WIN 55,212-2 (WIN) over time in rats with spinal cord
injury (SCI) (n = 5-6/group). Hindpaw withdrawal thresholds (in grams) in SCI rats were
measured (a) before and (b) 30 min after injection of either WIN (0.3, 1, or 3 mg/kg) or vehicle.
Rats were injected twice a day but tested only after first daily injection. Data are shown as
mean * standard error of the mean.
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Figure 2.

Dose-response to WIN 55,212-2 (WIN) 30 min after injection in rats with spinal cord injury
(n = 5-6 rats/group). Vertical axis is percent maximum possible effect (MPE) and horizontal
axis is dose of WIN. On day 1, 50% antinociceptive (A50) dose of WIN was 0.9 mg/kg; on
day 7, A50 dose was 0.8 mg/kg. Data are shown as mean + standard error of the mean.
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Diminished antinociceptive efficacy of morphine over time in rats with spinal cord injury (SCI)
(n=8/group). Hindpaw withdrawal thresholds (in grams) in SCI rats were measured (a) before
and (b) 30 min after injection of either morphine (3 mg/kg) or vehicle. Rats were injected twice
a day but tested only after first daily injection. Data are shown as mean + standard error of the

mean.
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Treatment Day

Diminished antinociceptive efficacy of WIN 55,212-2 (WIN) over time in uninjured rats (n =
7/group). Response latencies (in seconds) of hindpaw to noxious heat stimulus were measured
in uninjured rats (a) before and (b) 30 min after injection of either WIN (0.3, 1, or 3 mg/kg)
or vehicle. Rats were injected twice a day but tested only after first daily injection. Data are

shown as mean + standard error of the mean.
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Figure 5.

Dose-response to WIN 55,212-2 (WIN) 30 min after injection in uninjured rats (n = 7/group).
Vertical axis is percent maximum possible effect (MPE) and horizontal axis is dose of WIN.
On day 1, 50% percent antinociceptive (A50) dose of WIN was 1.1 mg/kg; on day 5, A50 dose
was 15.1 mg/kg. Data are shown as mean + standard error of the mean.
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