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Abstract
Activation of CNS cannabinoid subtype-1 (CB1) receptors has been shown to mediate the
antinociceptive and other effects of systemically administered CB receptor agonists. The
endogenous peptide CB receptor ligand hemopressin (HE) has previously demonstrated an
antinociceptive effect in rats with a hind paw inflammation, without exhibiting characteristic CB1
receptor-mediated side-effects. The current study evaluated the effect of intrathecal (i.t.) and
intracerebroventricular (i.c.v.) injection of HE in a rat model of neuropathic spinal cord injury
(SCI) pain. The non-subtype selective CB receptor agonist WIN 55,212-2 was also centrally
administered in SCI rats as a comparator. Four weeks following an acute compression of the mid-
thoracic spinal cord, rats displayed markedly decreased hind paw withdrawal thresholds,
indicative of below-level neuropathic pain. Central administration of WIN 55,212-2 significantly
increased withdrawal thresholds, whereas HE did not. Hemopressin has been reported to block
CB1 receptors in vitro, similar to the CB1 receptor antagonist rimonabant. Pretreatment with
rimonabant completely blocked the antinociceptive effect of centrally administered WIN 55,212-2,
but pretreatment with HE did not. While the data confirm that activation of either supraspinal or
spinal CB1 receptors leads to significant antinociception in SCI rats, the current data do not
support an antinociceptive effect from an acute blockade of central CB1 receptors, HE’s putative
antinociceptive mechanism, in neuropathic SCI rats. Although such a mechanism could be useful
in other models of pain with a significant inflammatory component, the current data indicate that
activation of CB1 receptors is needed to ameliorate neuropathic SCI pain.
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1. Introduction
Neuropathic spinal cord injury (SCI) pain presents unique challenges to clinicians in that
both spontaneous and evoked pain present at various levels relative to the injury, including
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below the level of the injury (Finnerup et al., 2007; Widerstrom-Noga et al., 2009). Drugs
that are effective for other pain states do not appear to be as effective for neuropathic SCI
pain (Cardenas et al., 2002). Furthermore, analgesic drugs that may be useful could be
contraindicated for SCI patients. For example, opiates and tricyclic antidepressants may lead
to visceral distention, which, in turn, could lead to an acute, life-threatening condition
known as autonomic dysreflexia (Finnerup and Jensen, 2004; Rabchevsky, 2006).

Surveys of SCI patients suggest that Cannabis sativa confers significant pain relief
(Cardenas and Jensen, 2006; Warms et al., 2002). Limited clinical findings support the
medical use of Cannabis for other types of chronic pain, and other concurrent physiological
effects, such as sedation, anti-emesis and appetite improvement, may enhance patient quality
of life (Russo et al., 2007). A number of bioactive substances have been isolated from
Cannabis sativa, including Δ9-tetrahydrocannabinol (THC), which potently bind to the CNS
cannabinoid subtype-1 (CB1) receptor (Pertwee, 2008). In vitro autoradiography and in vivo
positron emission tomography imaging studies with CB1 receptor radioligands have
identified CB1 receptors in CNS regions (e.g. spinal cord, thalamus) which may be
associated with the analgesic effects obtained with Cannabis (Burns et al., 2007; Herkenham
et al., 1991; Howlett et al., 2004). However, CB1 receptors have also been identified in brain
regions (e.g. limbic system, prefrontal cortex) associated with the mood-altering and
cognitive-impairing effects of Cannabis which limit its widespread clinical use (Svendsen et
al., 2004). Thus, there is a need for CB receptor ligands with not only robust analgesic
efficacy but minimal adverse side-effects.

The nonapeptide hemopressin (HE), derived from the α-chain of hemoglobin, was identified
in rat brain homogenates and initially characterized as having hypotensive effects following
intravenous administration in rats (Rioli et al., 2003). Interestingly, HE potently binds to the
rat brain CB1 receptor (Heimann et al., 2007). When combined with a CB receptor agonist
in in vitro functional assays, HE inhibits CB1 receptor agonist-mediated effects, functioning
as an antagonist. However, in the absence of an agonist in these assays, HE demonstrated
the pharmacological property of an inverse agonist. The in vitro effects of HE are similar to
those of rimonabant, a well-characterized CB1 receptor antagonist (Rinaldi-Carmona et al.,
1996).

Surprisingly, given its in vitro profile, intrathecal (i.t.) HE has been shown to potently
ameliorate inflammation-induced hind paw hypersensitivity to noxious stimulation, with the
effect limited to the inflamed paw, and no effect reported following i.t. injection in uninjured
rats (Heimann et al., 2007). Although the majority of studies have entirely focused on the
antinociceptive effects of CB1 receptor agonists, a number of studies have demonstrated
significant antinociceptive effects of CB1 receptor antagonists in chronic pain models (Costa
et al., 2005; Croci and Zarini, 2007). The antinociceptive effect of rimonabant could be due
to one of several mechanisms. It has been suggested that by blocking CB1 receptors,
endocannabinoids synthesized following injury induce antinociception by non-CB1
receptor-mediated mechanisms, such as activation of CB2 receptors or desensitization of the
transient receptor potential vanilloid type I (TRPV1) found on primary afferent nociceptors.
(Costa, 2007). In this scenario, then, endocannabinoid binding to the CB1 receptor leads to
nociception. Also, the production of pro-nociceptive cytokines, such as tumor necrosis
factor-α (TNF-α) following tissue injury has been shown to be CB1 receptor-mediated, in
that blockade leads to decreased tissue concentrations of cytokines (Costa et al., 2005; Croci
et al., 2003). An additional, attractive feature of antinociception following CB1 receptor
block, with either HE or rimonabant, is that adverse side-effects commonly observed with
CB1 receptor agonists have not been observed. Thus, blocking of the CB1 receptor is a
potentially novel antinociceptive strategy. It is unknown if i.t. HE is antinociceptive in the
neuropathic state, specifically, following a SCI.
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Because of a potential CB1 receptor-mediated antinociceptive effect and at the same time a
possible in vivo antagonistic effect of HE, there were two main goals in the current study.
The first goal was to determine whether injection of HE is antinociceptive in rats with
below-level neuropathic SCI pain. As mentioned earlier, CB1 receptors are found in CNS
nuclei, both spinal and supraspinal, that modulate nociception. A spinal site of action
appears to be likely given that hind paw cutaneous hypersensitivity induced by inflammation
was significantly ameliorated with HE treatment (Heimann et al., 2007). There is also
increased cytokine expression in spinal cord caudal to a spinal injury, which could be CB1
receptor-mediated (Detloff et al., 2008; Peng et al., 2006). The effect of HE injected into the
lateral ventricular space (intracerebroventricular; i.c.v.) on injury-induced cutaneous
hypersensitivity has yet to be evaluated. Thus, HE was injected i.c.v. As a positive control,
in a separate group of SCI rats, the non-subtype selective CB receptor agonist WIN 55,212-2
was tested, which has shown significant CB1 receptor-mediated antinociception following
systemic administration in SCI rats (Hama and Sagen, 2007a).

The second goal was to determine if HE demonstrated properties of a CB1 receptor
antagonist in vivo in the presence of a CB1 receptor agonist, as HE does in vitro. To this
end, SCI rats were pretreated, either i.t. or i.c.v., with HE, followed by an i.t. or i.c.v.
antinociceptive dose of WIN 55,212-2. As a positive control, SCI rats were treated with
rimonabant prior to treatment with WIN 55,212-2.

2. Results
Prior to spinal compression surgery, hind paw withdrawal thresholds were 15 g. Four weeks
after mid-thoracic spinal compression and prior to drug injections, the mean withdrawal
threshold of all SCI rats decreased to 2.3 ± 0.1 g.

2.1 Effect of centrally administered CB receptor ligands in SCI rats
Central administration of the non-selective CB receptor agonist WIN 55,212-2 lead to robust
antinociceptive effects. Following i.t. injection of 57.4 nmol WIN 55,212-2, withdrawal
thresholds were significantly increased beginning 30 min post-i.t. injection, lasting at least
120 min post-injection (Fig. 1A; p < 0.05 vs. vehicle). At 30 min post-injection, the percent
maximum possible effect (MPE) was 42.5 ± 12.0% (Table 1). No significant effects on
withdrawal thresholds were observed with lower doses of WIN 55,212-2 or vehicle. Because
the effect at the highest tested dose was under 50%, the 50% antinociceptive dose (A50) was
not calculated. A dose-dependent antinociceptive effect was observed at 30 min following
i.c.v. injection of WIN 55,212-2 (Fig 1B; p < 0.05 vs. vehicle). At 30 min, the A50 (95%
confidence limits) was 5.0 (2.7–9.3) µg. No significant antinociceptive effect was observed
at any other time post-injection. Vehicle injection did not significantly alter withdrawal
thresholds.

By contrast, i.t. HE (0.09, 0.9, 9.2 nmol) did not did not affect withdrawal thresholds in SCI
rats (Fig. 2A, Table 1; p > 0.05 vs. vehicle). Likewise, i.c.v. injection of HE (0.09, 0.9, 2.8
nmol) did not affect withdrawal thresholds (data not shown). To determine if an acute spinal
antagonism of CB1 receptors was antinociceptive in SCI rats, rats were injected with either
vehicle, 6.47 nmol or 64.7 nmol rimonabant and tested beginning 30 min post-injection. No
significant effect on threshold was observed (Fig. 2B, Table 1; p > 0.05 vs. vehicle). Neither
i.t. nor i.c.v. vehicle injection altered withdrawal thresholds.
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2.2 Effect of pretreatments on the antinociceptive effect of WIN 55,212-2
Hemopressin did not alter the antinociceptive effect of WIN 55,212-2, either as an i.t.
pretreatment (Fig. 3A) or as an i.c.v. co-treatment (Fig. 3B), (p > 0.05, HE/WIN 55,212-2
vs. Vehicle/WIN 55,212-2).

By contrast, i.t. pretreatment with rimonabant, but not vehicle, blocked the antinociceptive
effect of i.t. WIN 55,212-2 (Fig. 4A; p < 0.05, Rimonabant/WIN 55,212-2 vs. Vehicle/WIN
55,212-2).

Because of a problem with solubility, rimonabant was injected systemically rather than as an
i.c.v. co-treatment with WIN 55,212-2 (See Experimental Procedures). Pretreatment with
s.c. rimonabant (6.47 µmol/kg), but not vehicle, blocked the antinociceptive effect of i.c.v.
WIN 55,212-2 (Fig. 4B; p < 0.05, Rimonabant/WIN 55,212-2 vs. Vehicle/WIN 55,212-2).
In the Rimonabant/Vehicle group, no significant alteration of withdrawal threshold from
baseline threshold was noted following rimonabant treatment.

3. Discussion
There were two main findings of the current study. First, the nonapeptide CB1 receptor
ligand HE demonstrated no antinociceptive effect on below-level neuropathic SCI pain in
rats, whether injected i.t. or i.c.v. However, activation of either lumbar spinal dorsal horn or
supraspinal CB receptors with the non-subtype selective CB receptor agonist WIN 55,212-2
significantly ameliorated neuropathic SCI pain. Hemopressin has been described as a CB1
receptor antagonist, so its potential as a CB1 receptor antagonist in vivo was tested. The
second finding was that pretreatment with HE, either i.t. or i.c.v., did not block the
antinociceptive effect of centrally administered WIN 55,212-2. By contrast, pretreatment
with the CB1 receptor antagonist rimonabant completely blocked the onset of the
antinociceptive effect of WIN 55,212-2. Hemopressin has previously demonstrated a
prominent antinociceptive effect in a model of inflammatory pain. However, the underlying
mechanism of HE’s efficacy in inflammatory pain could be markedly attenuated or lacking
in neuropathic SCI pain. The current data extend a previous finding of a CB1 receptor-
mediated antinociception following systemic administration of WIN 55,212-2, that
activation of either spinal or supraspinal CB1 receptors leads to a significant amelioration of
below-level neuropathic pain SCI rats.

The current study utilized a rat model of acute spinal compression which leads to a robust
and chronic cutaneous hypersensitivity below the level of injury (Bruce et al., 2002; Hama
and Sagen, 2007b). Abnormal spontaneous and evoked neural activity in spinal dorsal horn
and supraspinal nuclei, such as the thalamus, have been reported in both patients and rats
following SCI (Drew et al., 2001; Falci et al., 2002; Gerke et al., 2003; Gorecki et al., 1989;
Hubscher and Johnson, 2006; Loeser et al., 1968; Pattany et al., 2002). The alterations in
basal and evoked neural activity and their persistence long after injury are due to a number
of injury-mediated changes, including glial activation, cytokine production and synaptic
plasticity, which have also been reported in the CNS following peripheral nerve injury
(Gwak and Hulsebosch, 2011; Millan, 1999). Striking changes to neural function can be
found throughout the neuraxis, rostral and at-level as well as caudal to the injury (Carlton et
al., 2009; Hubscher and Johnson, 2006; Hulsebosch et al., 2000; Kloos et al., 2005; Siddall
et al., 1995; Xu et al., 1992). These changes in turn are behaviorally expressed as
neuropathic pain symptoms such as spontaneous pain and cutaneous hypersensitivity.

The hind paw responses of SCI rats to innocuous mechanical stimulation are more than
segmentally-mediated reflexes. Thalamic neurons exhibit significant hyper-responsiveness
to stimulation of the dermatome below the level of the injury (Hains et al., 2005). Behaviors
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such as post-stimulation tending to the hind paw and hind paw licking reflect activity of
supraspinal neural circuitry (Christensen et al., 1996; Detloff et al., 2008). The hind paw
withdrawal response to stimulation with von Frey filaments in sciatic nerve-injured rats also
involves a significant supraspinal component (Ossipov et al., 2000). In fact, the hind paw
response to von Frey filament probing, but not noxious heating, is completely abolished
after a spinal transaction (Bian et al., 1998). Both central and peripheral neuropathic pain
patients report mechanical hypersensitivity within the dermatome of spontaneous pain, and
in SCI patients, both evoked and spontaneous pains can be found within the same region
below the level of the injury (Chaplan et al., 1994; Finnerup et al., 2007; Rowbotham and
Fields, 1996). Thus, the presence of hind paw mechanical hypersensitivity could serve as a
surrogate for below-level spontaneous pain in SCI rats.

A previous study demonstrated robust CB1 receptor-mediated antinociception following
systemic dosing of WIN 55,212-2 in SCI rats (Hama and Sagen, 2007a). The current study
expands on those findings, demonstrating that activation of either lumbar spinal or
supraspinal CB1 receptors leads to significant antinociception. Interestingly, i.t. injection of
WIN 55,212-2 was not as efficacious or potent as i.c.v injection. A similar finding of
differential efficacy between spinal and supraspinal CB1 receptors was noted in a model of
cutaneous hypersensitivity following hind paw tissue injury (Zhu et al., 2009). The
diminished efficacy following i.t. compared to i.c.v. injection could be due to a functional
change or deceased expression of CB1 receptors following a SCI. Four weeks after SCI, a
50 percent decrease in CB1 receptor mRNA at the level of injury has been observed, but
expression at the lumbar spinal cord has yet to be reported (Garcia-Ovejero et al., 2009). A
possible explanation underlying the greater potency of i.c.v. compared to i.t. WIN 55,212-2
in the current study is that CB receptors have been identified in numerous brain areas that
modulate nociception (Horti et al., 2006; Howlett et al., 2004). Thus, high efficacy could be
due to diffusion of WIN 55,212-2 from the lateral ventricle to these nuclei (Zhu et al., 2009).
Since tactile mechanical hypersensitivity is significantly supraspinally mediated, a robust
efficacy following i.c.v. injection should not be surprising (Ossipov et al., 2000). At the
same time, however, many brain nuclei also mediate the side-effects typically obtained with
CB1 receptor agonists, including catalepsy, hypothermia and motor dysfunction (Pertwee,
1997).

Although preclinical and limited clinical data suggest that CB receptor agonists are
promising analgesics, there are serious limitations associated with this drug class that
impedes widespread usage (Martin-Sanchez et al., 2009; Pertwee, 2005a). One possible
method of minimizing supraspinally mediated side-effects while continuously delivering CB
ligands is via the i.t. route (Pertwee, 2005a). In spinal dorsal horn, CB1 receptors are found
mainly on dorsal horn neurons and possibly on central terminals of primary afferents
(Agarwal et al., 2007; Farquhar-Smith et al., 2000; Ross et al., 2001). The antinociceptive
effect of CB1 receptor agonists applied at the spinal level, then, arises from inhibition of
spinal nociceptive neurons and the inhibition of excitatory neurotransmitter release from
primary afferent terminals. Long-term clinical pain relief has been demonstrated via i.t.
infusion pumps utilizing various analgesics but has yet to be demonstrated for CB receptor
ligands, so the long-term safety and efficacy of CBs delivered by such a method is unknown
(Bennett et al., 2000). The i.t. space could also be utilized for the implantation of genetically
engineered cells, acting as bio-pumps to continuously exude naturally derived analgesic
substances, including peptides such as HE (Eaton, 2006). Such a strategy could be useful for
SCI patients in particular, for whom few analgesic therapies are effective (Warms et al.,
2002).

Hemopressin binds to rat brain CB1 receptors with sub-nanomolar affinity (Heimann et al.,
2007). In in vitro functional assays, HE blocks intracellular signaling induced by the non-
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selective CB receptor agonist HU-210 in a manner similar to that of rimonabant.
Furthermore, in the absence of an agonist, HE demonstrates activity as a potent CB1
receptor inverse agonist. In light of its in vitro characteristics, most intriguing is HE’s potent
antinociceptive effect (Dale et al., 2005; Heimann et al., 2007). In a rat model of unilateral
hind paw inflammation, i.t. HE (at doses of 0.09 and 0.92 nmol per rat) significantly
attenuated hind paw hypersensitivity and did not affect withdrawal responses of the
contralateral uninflamed hind paw, an effect that mirrors the effect of 19.1 nmol WIN
55,212-2 (Martin et al., 1999). In non-inflamed rats, HE did not alter withdrawal thresholds,
indicating that the in vivo effect of HE is limited to the hypersensitive state. Importantly, no
side-effects associated with CB receptor activation were reported. Given the favorable in
vivo effects of HE, the antinociceptive potential of HE was evaluated in below-level
cutaneous hypersensitivity in SCI rats.

Several mechanisms have been proposed to underlie the antinociceptive effect of CB1
receptor block, with either HE, rimonabant or rimonabant-like compounds, in previous
studies. Increases in spinal concentrations of endocannabinoids have been reported
following peripheral tissue injury (Guasti et al., 2009; Petrosino et al., 2007).
Endocannabinoid activation of CB1 receptors on spinal dorsal horn inhibitory interneurons
leads to inhibition of these neurons, which in turn leads to disinhibition of spinal nociceptive
neurons and increased activity of these neurons (Pernia-Andrade et al., 2009). Thus,
blocking CB1 receptors with either rimonabant or HE prevents endocannabinoids from
shutting down segmental spinal inhibition. Alternatively, blocking CB1 receptors could
“induce” endocannabinoids to activate CB2 receptors or desensitize TRPV1 receptors,
leading to antinociception (Costa, 2007). Another proposed mechanism is the inhibition of
inflammatory processes that are CB1 receptor-sensitive such as cytokine production. Pro-
inflammatory and pro-nociceptive cytokines, such as TNF-α and interleukin-6, have been
shown to be up-regulated in the spinal cord following SCI as well as peripheral tissue injury
(Detloff et al., 2008; Peng et al., 2006; Raghavendra et al., 2003; Raghavendra et al., 2004).
Rimonabant treatment decreased spinal cord concentrations of TNF-α (Costa et al., 2005). A
similar effect of HE on tissue TNF-α has yet to be documented.

It is also possible that the antinociceptive effects of CB1 receptor antagonism was mediated
through non-CB receptor mechanisms (Pertwee, 2005b; Pertwee, 2010). Rimonabant
activity has been demonstrated at a number of pain-related G protein-coupled receptors and
ion channels. No significant activity at CB2 and opioid receptors has been reported for HE
—activity at ion channels has not been reported (Heimann et al., 2007). Although a non-CB
receptor mechanism is possible, the absence of rimonabant’s antinociceptive effect in
neuropathic CB1 receptor knockout mice, however, strengthens the contention rimonabant’s
effect is CB1 receptor dependent (Costa et al., 2005).

In the current study, there was an absence of an antinociceptive effect following i.t. injection
of 9.2 nmol HE in SCI rats, even though this dose was one hundred-fold higher than the
dose that demonstrated a significant amelioration of inflammation-induced hind paw
hypersensitivity (Heimann et al., 2007). Also, i.t. rimonabant (64.7 nmol) did not
demonstrate an antinociceptive effect in SCI rats. Other studies (Fox et al., 2001; Zhu et al.,
2009) did not reveal an antinociceptive effect of i.t. rimonabant, though those pain models
differed from the one used by Costa et al. (2005). The lack of antinociceptive efficacy of HE
and rimonabant in the current study suggests that mechanisms that exist in the inflamed or
nerve-injured state are either absent or greatly attenuated in the SCI state. For example, in
those models in which no effect of rimonabant was observed, it is possible that there was no
significant injury-induced increase in pro-nociceptive endocannabinoids in the spinal cord.
While an increase in endocannabinoid has been observed at the level of SCI, the level of
endocannabinoids caudal to the SCI—in lumbar spinal cord—has not been reported (Garcia-
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Ovejero et al., 2009). Although spinal tissue concentrations of cytokines increase following
SCI, these increases could be insensitive to CB receptor modulation. Evaluation of tissue
cytokine levels following CB1 receptor modulation will be needed to confirm this.

Since greater potency and efficacy of WIN 55,212-2 was obtained following i.c.v. injection
and that cytokines were previously found to be elevated in brain following SCI, it was
anticipated that i.c.v. injection of HE would lead to antinociception (Brewer and Nolan,
2007; Zhao et al., 2007). In the current study, the highest tested dose of HE (2.8 nmol) did
not increase hind paw withdrawal thresholds. Although rimonabant was not i.c.v. injected in
SCI rats, antinociceptive effects have not been demonstrated following i.c.v. injection in
other pain models, including 150 nmol in rats with hind paw tissue injury and 647 nmol in
uninjured rats (Lichtman and Martin, 1997; Zhu et al., 2009). The effects of HE following
supraspinal injection in inflammatory and other injury models of pain have yet to be
thoroughly characterized.

Given the lack of an antinociceptive effect alone and HE’s in vitro effect as an antagonist,
HE was tested in vivo as a CB1 receptor antagonist. Antagonism of WIN 55,212-2 was not
observed with pretreatments of HE, whether injected i.t. or i.c.v. It is possible that the doses
of HE used were insufficient to block all CB1 receptors. However, in vivo effects were
observed at higher doses of HE in other pain models (manuscript in preparation), which
limited the maximum usable doses for the current study. (For example, high doses of HE
lead to increased pain-related behavior, whereas low doses were antinociceptive, in the
formalin test.) Nonetheless, the doses of HE tested in SCI rats were much greater than that
used by Heimann et al. (2007) to induce a CB1 receptor-mediated response and the in vitro
data indicated that HE is a highly potent CB receptor ligand.

Perhaps the lack of an acute antinociceptive effect in SCI rats of CB1 receptor ligands like
HE and rimonabant should not be surprising. In a previous study, a systemic pretreatment
with CB1 receptor antagonist AM251, a rimonabant analogue, at a dose (5.4 µmol/kg)
which was sufficient to block the antinociceptive effect of WIN 55,212-2, was not
antinociceptive in SCI rats (Hama and Sagen, 2007a). Likewise, in the current study,
pretreatment with rimonabant (6.5 µmol/kg), which was sufficient to block the
antinociceptive effect of i.c.v. WIN 55,212-2, did not significantly alter withdrawal
thresholds. Other in vivo studies reported no significant alterations in cutaneous
hypersensitivity following acute CB1 receptor antagonist treatment at doses which were
sufficient to fully suppress the effect of a CB receptor agonist and block CB1 receptors to
prevent the pro-nociceptive effect of endocannabinoids described earlier (Bridges et al.,
2001; Choong et al., 2007; Hohmann et al., 1999; Scott et al., 2004; Zhu et al., 2009). The
current data indirectly indicate that activation of CB1 receptors by endocannabinoids
produced by SCI is not a crucial mechanisms underlying below-level cutaneous
hypersensitivity. Also, it does not appear that cytokine-mediated below-level
hypersensitivity is sensitive to CB1 receptor blockade. However, these processes could be
important in the mechanism of at-level or above-level neuropathic SCI pain—the effects of
CB receptor antagonists on these pains have yet to be determined.

Common features of studies in which significant antinociception was observed following
CB1 receptor block include the use of a peripherally mediated inflammation and noxious
stimulation. Croci and Zarini (2007) and Heimann et al. (2007) injected inflammogens into
the hind paw. Costa et al. (2005) induced a unilateral chronic constriction injury, which
leads to a marked perineural inflammation of the sciatic nerve. Hind paw injection of
capsaicin in mice induces a neurogenic inflammation and exaggerated responsiveness to
peripheral stimulation of dorsal horn neurons (Lin et al., 1999; Pernia-Andrade et al., 2009;
Saade et al., 2002). Activity of dorsal horn neurons evoked by noxious stimulation was
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significantly attenuated following AM251 treatment (Pernia-Andrade et al., 2009). It is
possible that stimulation of SCI rats with a noxious stimulus, rather than with innocuous von
Frey filaments used in the current study, could have uncovered an antinociceptive effect of
CB1 receptor block. However, Pernia-Andrade et al. (2009) also demonstrated that AM251
reduced dorsal horn neuron responses to innocuous stimuli. The effect of either rimonabant
or HE in other chronic pain models to innocuous stimuli is not known.

Another factor that could influence the expression of an antinociceptive effect of CB1
receptor antagonism is repeated dosing (Costa et al., 2005; Croci and Zarini, 2007). Costa et
al. (2005) dosed neuropathic rats with either vehicle or rimonabant for seven days;
antinociception at the highest tested dose was maintained for at least 28 days after the last
dose of rimonabant. Croci and Zarini (2007) used a similar treatment protocol. Repeated,
rather than acute, CB1 receptor block could be required for amelioration of hind paw
mechanical and thermal hypersensitivity. However, Heimann et al. (2007) and Pernia-
Andrade et al. (2009) demonstrated antinociception after a single i.t. treatment. If the spinal
cord dorsal horn is a key site in mediating the effect of CB1 receptor antagonists, perhaps a
single, direct injection is sufficient to evoke antinociception in particular models. It is
possible that repeated dosing or chronic exposure to HE may lead to antinociception in SCI
rats. One way to accomplish long-term spinal dosing is to engineer cells to express HE and
implant them into the lumbar subarachnoid space (Hentall and Sagen, 2000).

In fact, such a delivery system may be ideal given that the ultimate objective is a long-term
treatment strategy for neuropathic SCI pain. Moreover, if expression is accomplished in
cells that secrete antinociceptive neurotransmitters, such as GABA or catecholamines, HE
could further increase the antinociceptive effect of these transmitters, through the
mechanism of synergy, even though HE alone has no antinociceptive effect (Eaton, 2006;
Tallarida, 2007). Hemopressin could enhance the efficacy of known analgesics that have
previously demonstrated efficacy in SCI rats (Hama and Sagen, 2010; Mao et al., 2011).

The lack of an acute antinociceptive effect of HE in the neuropathic SCI pain state but
efficacy in the inflamed state indicates that the putative mechanism of action of HE is either
attenuated or not critical to the maintenance of neuropathic SCI pain. It appears that the
functionality of central CB1 receptors depends on the pain state, the details of which will
need further elaboration. A divergence in receptor function suggests that treatment required
for one pain state could be counter to what is needed for the other pain state, which raises
the prospect of novel therapeutic interventions but at the same time the need to treat pain
states individually rather than collectively (Yun et al., 2005).

4. Experimental Procedures
Procedures were reviewed and approved by the University of Miami Animal Care and Use
Committee and followed recommendations of the National Research Council’s Guide for the
Care and Use of Laboratory Animals. Male Sprague-Dawley rats (100–150 g at the time of
SCI surgery; Harlan, IN) were used for these experiments. Rats were acclimated to the
animal facility for 5–7 days prior to surgery and housed two per cage. However, following
cannulation surgeries rats were singly housed. Rats were allowed free access to food and
water before and after surgical procedures. At the end of the studies, rats were euthanized
with CO2.

4.1 Surgical procedures
Rats were anesthetized and maintained on isoflurane in O2 for the duration of the surgical
procedures. Aseptic surgical techniques were used.
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4.12 Spinal cord injury—The procedure to induce a mid-thoracic SCI has been described
elsewhere (Hama and Sagen, 2007b). Briefly, a laminectomy was performed to expose
spinal cord segment T6–T7. A micro-vascular clip (Harvard Apparatus, Holliston, MA) was
placed vertically on the exposed thoracic spinal cord and then left in place for 60 sec.
Following removal of the vascular clip, the muscles were sutured shut and the skin closed
with wound clips. Three weeks following compression SCI surgery, rats underwent i.t.
catheter or i.c.v. surgery; rats were tested four weeks following SCI surgery.

4.13 Intrathecal catheters—The method of implanting an i.t. catheter in rats has been
described elsewhere (Yaksh and Rudy, 1976). Briefly, rats were anesthetized and the head
secured in a stereotaxic unit. The atlanto-occipital membrane was exposed and cut and an i.t.
catheter (ReCathCo, Allison Park, PA), internalized length about 8.5 cm, was threaded down
the intrathecal space and the tip terminated at the lumbar enlargement (below the level of the
SCI). The catheter was secured to the neck musculature with sutures and the skin incision
was closed with cyanoacrylate. After flushing the catheter with 10 µl saline, the externalized
catheter was melted shut.

At the end of testing, prior to euthanasia, 5 µl of 1.5% lidocaine was i.t. injected to confirm
that the catheter terminated at the lumbar enlargement. An acute bilateral flaccid paralysis of
the hind limbs indicated that the catheter tip was in the correct spinal location.

4.14 Intracerebroventricular surgery—Implantation of i.c.v. cannulae into the right
ventricular space and the stereotaxic coordinates (Anterior-Posterior: −0.7 mm from
bregma; Medial-Lateral: −1.5 mm from bregma; Dorsal-Ventral: −3.5 from the top of the
skull) were adopted from a method described elsewhere (Taylor et al., 1994). The guide
cannula was secured in place with screws and dental cement. (Cannula parts obtained from
Plastics One, Inc., Roanoke, VA. Dental cement obtained from Stoelting, Wood Dale, IL.)
Five µl of either drug or vehicle was injected into the ventricular space with an injection
cannula that extended 1 mm below the guide cannula.

At the end of the experiment, prior to euthanasia, proper placement of the guide cannula was
confirmed by visualization of 5 µl methylene blue injected into the right ventricular space.

4.2 Testing procedures
4.21 Mechanical sensitivity—Hind paw sensitivity to innocuous mechanical stimulation
was evaluated with von Frey filaments. Rats were placed on an elevated wire mesh surface
and enclosed in a Plexiglas chamber. Using the up-down method, filaments were pressed on
the plantar hind paw until they slightly bent (Chaplan et al., 1994). The pattern of responses
to the filaments determined the 50% withdrawal threshold (in grams, g). In uninjured rats,
the highest force filament, 15 g, did not evoke a response. To be included in the study, rats
needed a withdrawal threshold of 4 g or less. Thresholds were measured prior to i.t. or i.c.v.
injection and once every 30 min up to 2 hrs post-injection.

Four weeks after mid-thoracic SCI, decreased bilateral hind limb function was observed
(Bruce et al., 2002; Hama and Sagen, 2007b). Despite decreased hind limb function, rats
were able to respond to plantar hind paw probing with von Frey filaments.

4.22 Antagonism of WIN 55,212-2 in SCI rats—To antagonize the antinociceptive
effect of i.t. WIN 55,212-2, either 64.7 nmol rimonabant or 2.8 nmol HE (or vehicle) was i.t.
injected 30 min prior to i.t. injection of 57.4 nmol WIN 55,212-2 (or vehicle). Rats were
tested 30 min following the second i.t. injection.
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The doses of HE chosen for the current study were based in part on studies by Heimann et
al. (2007) and from in-house data. Heimann et al. found that i.t. doses of 0.09 nmol and 0.92
nmol were antinociceptive. In the formalin test, we found that an i.t. dose of 2.8 nmol was
antinociceptive (manuscript in preparation). Since this dose of HE demonstrated in vivo
activity, we used this dose as the “antagonist dose”.

Because of solubility issues, for the i.c.v.-antagonism study, rimonabant and WIN 55,212-2
were injected separately. Three mg/kg (6.47 µmol/kg) rimonabant (or vehicle) was injected
s.c. in a volume of 2 ml/kg 30 min prior to i.c.v. injection of 19.1 nmol WIN 55,212-2 (or
vehicle). Rats were tested 30 min after i.c.v. injection. Hemopressin (2.8 nmol), however,
was freely soluble, so it was co-injected i.c.v. with 19.1 nmol WIN 55,212-2 in a volume of
5 µl (or an equal volume of vehicle) and rats were tested 30 min after i.c.v. injection.

The same “antagonist dose” of HE was chosen for i.c.v. injection. Heimann et al. (2007) did
not test i.c.v. injection of HE. In contrast to the antinociceptive effect of i.t. HE in the
formalin test, i.c.v. injection of 2.8 nmol HE increased formalin-evoked behaviors (i.e.
hyperalgesia; manuscript in preparation).

To summarize, there were four treatment groups in the antagonist arm of the study
(pretreatment/post-treatment): i) Vehicle/Vehicle, ii) Vehicle/WIN 55,212-2, iii) antagonist/
Vehicle and iv) antagonist/WIN 55,212-2.

4.3 Drugs
Intracerebroventricular and i.t. injections of drugs were done in a volume of 5 µl. A 5 µl
vehicle flush followed i.t. drug injection. WIN 55,212-2 mesylate was obtained from Sigma-
Aldrich, Inc. (St. Louis, MO) and was dissolved in a vehicle of 45% 2-hydroxypropyl-β-
cyclodextrin in saline. Rimonabant was obtained from Cayman Chemical Co. (Ann Arbor,
MI) and dissolved in a vehicle of 10% DMSO: 10% Tween-80: 80% saline. Hemopressin
(PVNFKFLSH) was obtained from 21st Century Biochemicals (Marlboro, MA) and
dissolved in saline.

The highest tested i.t. dose of WIN 55,212-2 was 57.4 nmol and no noticeable adverse side-
effects were observed following injection. A higher i.t. dose (191.4 nmol), however, lead to
hind limb flaccid paralysis. In addition, it has been reported elsewhere that hind paw
withdrawal thresholds are elevated beyond normal levels, suggesting a possible anesthetic
rather than antinociceptive effect of a high dose of WIN 55,212-2 (Martin et al., 1999).
Therefore, the maximum tested dose of i.t. WIN 55,212-2 in these studies was 57.4 nmol.
Because of solubility issues in formulating a mixture of rimonabant and WIN 55,212 for
i.c.v. injection, these drugs were injected separately via different routes. The doses of
rimonabant (i.t., 64.7 nmol; s.c., 6.47 µmol/kg) were chosen from studies that reported no
observable side-effects and demonstrated in vivo antagonism of CB receptor agonists
(Martin et al., 1999; Rinaldi-Carmona et al., 1996; Welch et al., 1998).

4.4 Statistical analysis
The drug effect on withdrawal threshold was converted to a percent maximum possible
effect (MPE):

MPE % = (Drug threshold – Baseline threshold) ÷ (15 g – Baseline threshold)*100.

The A50 (50% antinociceptive dose) and 95% confidence limits of the drugs were calculated
from the linear portions of the log dose-response curves using a web-based program
(Tallarida and Murray, 1981). The program can be found on the Web at:
http://www.u.arizona.edu/~michaelo/
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Comparisons between treatment groups over time were performed using a repeated-measure
two-way ANOVA with Student-Newman-Keuls test for post hoc comparisons. Statistical
analysis of antagonist pretreatment on the antinociceptive effect of WIN 55,212-2 was
performed using a two-way ANOVA. Statistical significance was taken at p < 0.05. Data are
expressed as mean ± S.E.M.

Highlights
WIN 55,212-2 is antinociceptive in spinal cord injured rats.

Brain and spinal cannabinoid receptors mediate the antinociceptive effect of WIN
55,212-2.

The CB receptor peptide hemopressin is not antinociceptive in spinal cord injured rats.

Abbreviations

A50 50% antinociceptive dose

CB cannabinoid

HE hemopressin

i.c.v. intracerebroventricular

i.t. intrathecal

MPE maximum possible effect

SCI spinal cord injury

s.c. subcutaneous

THC Δ9-tetrahydrocannabinol

TNF-α tumor necrosis factor-α
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Figure 1.
Antinociceptive effect of WIN 55,212-2 injected into rats with a spinal cord injury. The
horizontal axis is time post-injection (min) and the vertical axis is withdrawal threshold (g).
A. Intrathecal injection of the highest dose of WIN 55,212-2 lead to increased hind paw
withdrawal thresholds. N = 6–8/group. B. Dose-dependent antinociceptive effect of i.c.v.
injected WIN 55,212-2. Data are expressed as mean ± S.E.M. N = 7/group. *p < 0.05 vs.
vehicle.
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Figure 2.
Hemopressin and rimonabant intrathecally injected into rats with a spinal cord injury. The
horizontal axis is time post-injection (min) and the vertical axis is withdrawal threshold (g).
Intrathecally injected hemopressin (A), rimonabant (B) did not significantly alter hind paw
withdrawal threshold. Vehicle did not alter withdrawal threshold. Data are expressed as
mean ± S.E.M. N = 6/group.
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Figure 3.
Effect of hemopressin pretreatment on the antinociceptive effect of WIN 55,212-2 in rats
with a spinal cord injury. Baseline withdrawal thresholds were determined prior to i.t. (A) or
i.c.v. (B) injection of either HE or vehicle (Veh). There are four groups (pretreatment/post-
treatment): Veh/Veh; Veh/WIN; HE/Veh and HE/WIN. A. Thirty min following i.t.
injection of 2.8 nmol HE or vehicle, rats were injected with either 57.4 nmol WIN 55,212-2
(WIN) or vehicle and tested 30 min thereafter. Intrathecal pretreatment with HE did not
affect the antinociceptive effect of i.t. WIN 55,212-2. B. Rats were tested 30 min following
i.c.v. co-injection of 2.8 nmol HE and 19.1 nmol WIN 55,212-2. Hemopressin co-treatment
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did not affect the antinociceptive effect of WIN 55,212-2. Data are expressed as mean ±
S.E.M. N = 7/group. * p < 0.05 vs. Veh/Veh.
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Figure 4.
Effect of rimonabant pretreatment on the antinociceptive effect of WIN 55,212-2 in rats with
a spinal cord injury. Rats were pretreated with either rimonabant or vehicle (Veh). Thirty
min later, rats were injected with either WIN 55,212-2 (WIN) or vehicle and tested 30 min
thereafter. The four groups are (pretreatment/post-treatment): Veh/Veh; Veh/WIN;
Rimonabant/Veh and Rimonabant/WIN. A. Intrathecal pretreatment with 64.7 nmol
rimonabant blocked the antinociceptive effect of 57.4 nmol WIN 55,212-2. B. Subcutaneous
pretreatment with 6.5 µmol/kg (s.c.) rimonabant blocked the antinociceptive effect of i.c.v
19.1 nmol WIN 55,212-2. Data are expressed as mean ± S.E.M. N = 6/group. * p < 0.05 vs.
Veh/Veh, #p < 0.05 vs. Veh/WIN 55,212-2.
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Table 1

Effect of cannabinoid receptor ligands in rats with a SCI.

WIN 55,212-2 Rimonabant Hemopressin

Molecular Weight 426.5 463.8 1088.3

Intrathecal

Highest tested dose, nmol 57.4 64.7 9.2

Percent Maximum Possible Effect (S.E.M.) 42.5 (12.0)* 3.8 (2.0) 7.1 (4.0)

Intracerebroventricular

Highest tested dose, nmol 19.1 NT 2.8

Percent Maximum Possible Effect (S.E.M.) 60.6 (12.9)* NT 4(4)

Molecular weight of the free base.
Rats tested 30 min injection.
NT, not tested
N = 7–8/treatment group.

*
P < 0.05 vs. vehicle
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