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Abstract

Distal sensory neuropathies are a hallmark of HIV infections and can result in persistent and
disabling pain despite advances in antiretroviral therapies. HIV-sensory neuropathic (HIV-SN)
pain may be amenable to cannabinoid treatment, but currently available agonist treatments are
limited by untoward side effects and potential for abuse in this patient population. Fatty acid
amide hydrolase (FAAH) inhibitors may offer an alternative approach by inhibiting the
degradation of endocannabinoids with purportedly fewer untoward CNS side effects. In order to
evaluate this potential approach in the management of HIVV-SN pain, the recombinant HIV
envelope protein gp120 was applied epineurally to the rat sciatic nerve to induce an HIV-SN-like
pain syndrome. Two distinct FAAH inhibitory compounds, URB597 and PF-3845 were tested,
and contrasted with standard antinociceptive gabapentin or vehicle treatment, for attenuation of
tactile allodynia, cold allodynia, and mechanical hyperalgesia. Both FAAH inhibitors markedly
reduced cold and tactile allodynia with limited anti-hyperalgesic effects. Peak antinociceptive
effects produced by both agents were more modest than gabapentin in reducing tactile allodynia
with similar potency ranges. URB597 produced comparable cold anti-allodynic effects to
gabapentin, and the effects of both FAAH inhibitors were longer lasting than gabapentin. To
assess the contribution of cannabinoid receptors in these antinociceptive effects, CB1 antagonist
AM251 or CB2 antagonist SR144528 were tested in conjunction with FAAH inhibitors. Results
suggested a contribution of both CB1- and CB2-mediated effects, particularly in reducing tactile
allodynia. In summary, these findings support inhibition of endocannabinoid degradation as a
promising target for management of disabling persistent HIV-SN pain syndromes.

© 2014 Published by Elsevier Ltd

Corresponding Author: Jacqueline Sagen, Ph.D., Miami Project to Cure Paralysis, University of Miami Miller School of Medicine,
095 NW 14" Terrace (R-48), Miami, FL 33180, jsagen@miami.edu, Tel: (305) 243-5618, Fax: (305) 243-3923.

Current address: Department of Physiology, Physiology Research Center, Tehran University of Medical Sciences, Tehran, Iran
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nasirinezhad et al. Page 2

Keywords
neuropathic pain; HIV neuropathy; allodynia; antinociception; endocannabinoid; gabapentin

Introduction

Sensory neuropathies have emerged as the most common and disabling neurological
consequence of human immunodeficiency virus (HIV) infection. Commonly encountered
symptoms of HIV sensory neuropathies (HIV-SN) include numbness and sensory loss, but
frequently dominated by chronic neuropathic pain which can significantly diminish the
quality of life and daily functioning in these patients (Freeman et al., 2014; Phillips et al.,
2010; Robinson-Papp et al., 2010; Robertson et al., 2011; Schiitz and Robinson-Papp, 2013;
Verma et al., 2005). The pain is typically characterized by burning sensations, sharp
stabbing, and paresthesias, predominantly affecting the distal innervation of the feet and
hands. HIV-distal sensory polyneuropathies are attributable to both the disease itself and to
some antiretroviral treatments which can exacerbate neurotoxicity (Ghosh et al., 2011).
While combination antiretroviral therapy has markedly improved survival in HIV patients
and reduced the incidence of neurological complications, HIV-SN prevalence remains high
globally, estimated from 20% to over 50%, with nearly half of those experiencing severe
pain (Ellis et al., 2010; Phillips et al., 2010). Symptomatic control of HIV-associated
neuropathic pain is difficult to achieve using conventional analgesic therapies and further
complicated by concerns with potential substance abuse disorders in this patient population
(Phillips et al., 2010; Robinson-Papp et al., 2010). There is an urgent need to better
understand the pathogenesis of HIV-SN, identify risk factors, develop effective preventative
strategies, and improve symptom control among existing sufferers.

Gp120 is the external envelope protein of HIV which binds to the chemokine receptors
CXCR4 and/or CCR5 on neurons. Peripheral application of gp120 produces neurotoxicity
and nociceptive behavior in rodents (Herzberg et al., 2001; Keswani et al., 2003; Wallace et
al., 2007a,b) suggesting that HIV-1 gp120 interactions with the peripheral nerve may be a
causative factor in the generation of peripheral neuropathic pain in humans, and serve as a
useful model for HIVV-SN in rodents.

Cannabinoid (CB) receptor agonists have been shown to be effective in attenuation of pain-
related behaviors in a wide variety of animal models (Hama and Sagen, 2007a; Hohmann,
2005; Pertwee, 2001; Rahn and Hohmann, 2009; Whiteside et al., 2007). The potent mixed
CB agonist WIN 55,212-2 can reduce neuropathic pain symptoms in an HIV-SN model
(Wallace et al., 2007a,b). In randomized clinical trial studies, efficacy of smoked cannabis in
the management of painful HIV-SN has been reported in humans (Abrams et al., 2007; Ellis
et al., 2009; Phillips et al., 2010). Alternative administration routes for cannabinoids in
treatment HIV-SN pain are also under evaluation. Nevertheless, effective analgesic dosing is
frequently associated with significant psychoactive side effects, potentially limiting their
usefulness for prolonged pain management therapies. Instead, recent research has focused on
targeting the endogenous cannabinoid system and endogenous fatty acid amides for the
development of new analgesics (Ahn et al., 2011; Cravatt and Lichtman, 2003; Guindon et
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al., 2013). The endogenous cannabinoid system consists of endocannabinoid ligands, the
enzymes that regulate their biosynthesis and catabolism, and two cannabinoid receptors
(CB1 and CB2). The CB1 receptor mainly exists in the central nervous system and mediates
potent analgesic as well as most of the adverse effects of cannabinoids (Martin et al., 1993;
Ledent et al., 1999; Zimmer et al., 1999). Although the CB2 receptor is found primarily in
peripheral immune cells (Galiegue et al., 1995), antinociceptive effects of CB2 agonists
have been shown in models of acute, inflammatory and neuropathic pain (Anand et al.,
2009; Elmes et al., 2005; Ibrahim et al., 2003; Quartilho et al., 2003; Sagar et al., 2010;
Scott et al., 2004), and it has been suggested that CB2 receptors are upregulated in sensory
neurons and the CNS following peripheral nerve injury (Beltramo et al., 2006; Hsieh et al.,
2011; Wotherspoon et al., 2005).

Endocannabinoids serve as natural ligands for the CB receptors and TRP channels.
Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are two central components of the
endocannabinoid signaling networks (Ahn et al., 2008; Lambert and Fowler, 2005).
Endocannabinoid levels are tightly controlled by enzymatic biosynthesis and degradation,
particularly by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL),
the primary catabolic enzymes of AEA and 2-AG, respectively (Blankman et al., 2007;
Cravatt et al., 1996, 2001). Although AEA is rapidly hydrolyzed in vivo, pharmacological
inhibition of FAAH using selective inhibitors can elevate and prolong AEA. FAAH
inhibitors are being actively explored for their antinociceptive activity. The goal of the
present study was to determine whether FAAH inhibition may be a promising alternative
strategy in the therapeutic management of persistent HIVV-SN pain.

1. Methods

1.1.Animals

Male Sprague-Dawley rats (Harlan, IN) weighing 200-250 g at the initiation of the study
were housed in a temperature-controlled environment (67-73°C, 30-55% humidity) under a
12 h light/dark cycle; 2 animals per cage. Food and water were available ad libitum.
Animals were acclimatized to housing facilities for at least 1 week prior to the start of the
study. All animal procedures followed NIH guidelines and were approved by the University
of Miami Animal Care and Use Committee.

1.2.Surgeries

Surgery was performed in an isolated facility intended for this purpose. Rats were
anesthetized with isoflurane in O, and the left sciatic nerve was exposed in the popliteal
fossa without damaging the perineurium. Oxidized cellulose (Surgicel; Ethicon, Johnson &
Johnson, NJ) was used as a carrier matrix to deliver proteins directly to the sciatic nerve.
The oxidized cellulose was prepared in strips of about 8 mm long by 4 mm wide, cut
obliquely to prevent unraveling. The strips were wrapped loosely around 4 mm of the sciatic
nerve 2-3 mm proximal to the trifurcation, using care not to cause any nerve constriction.
Strips were saturated with 50 ul of saline containing 300 ng gp120 (HIV-1 MN recombinant
Baculovirus, product 1021-2, Immunodiagnostics, Bedford, MA), as described previously in
our laboratory using this gp120 pain model (Herzberg and Sagen, 2001). Following nerve
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surgery, the muscles were sutured and the skin was closed with wound clips. Animals were
held in recovery for observation for approximately 24 hours post-surgery and then returned
to their home cages and checked daily. No animals died or were excluded from the study.

1.3.Behavioral tests

All the behavioral tests were done by the same person who was trained and unaware of
experimental groups. Behavioral testing for antinociceptive drug treatments were initiated
beginning 2 weeks post-gp120 administration. For the assessment of tactile and cold
allodynia, the rats were placed on a metal mesh covered with a plastic dome (15x20x40 cm)
for at least 20 minutes before testing. The thresholds for tactile allodynia were measured
with a series of von Frey filaments. The filaments were applied to the plantar skin of the
hind paw and bent slightly. Eight specific calibrated von Frey filaments were used via the
up-down method to determine the withdrawal threshold (Chaplan et al., 1994). A positive
response was defined as withdrawal and holding the paw up/or licking of the paw upon
application of the stimulus, which was then followed by application of the next finer von
Frey filament, while after a negative response, the next higher von Frey filament was
applied. An upper limit of 15 g, which produces force equal to 15 g was selected, and the
threshold was recorded as 15 if the strongest hair did not elicit a response. A pattern of six
responses was used to calculate the 50% withdrawal threshold (g).

Cold allodynia was measured as the number of foot withdrawal responses after application
of an acetone droplet (20 pl via blunted needle tip) to the plantar surface of the paw. Usually
normal rats do not respond to acetone application, while neuropathic rats show pain-like
responses such as foot shaking, biting, licking or jumping. Observation of at least one of
these behaviors, which suggests the involvement of supraspinal processing, was considered
a response. The test was repeated five times with an interval of approximately 3-5 min
between each test. The response frequency to acetone was expressed as a percent response
frequency ([number of paw withdrawals/number of trials] x 100).

Mechanical hyperalgesia was measured using an analgesiometer (Randall-Selitto test, Ugo
Basile, Italy). This method allows for the determination of a threshold (in arbitrary units, as
specified by the manufacturer) response to mechanical pressure. Rats are wrapped in a towel
and an increasing force (48 g/s) is applied to the plantar surface of the hind paw until the rat
reacts with vocalization or struggle or flight response. The vocalization threshold was
measured 3—4 times in order to obtain two consecutive values that differed by no more than
10%. The apparatus terminated at 1000 g (25 in scale units) in the absence of a response.

On all testing days measurement of tactile and cold allodynia was followed by assessment of
mechanical hypersensitivity.

1.4.Drug testing

FAAH inhibitor URB597 was purchased from Sigma Corporation (Sigma, St. Louis, USA).
FAAH inhibitor PF-3845 was a kind gift from Professor Benjamin Cravatt (The Skaggs
Institute for Chemical Biology Department of Chemical Physiology, Scripps Research
Institute, La Jolla, CA) or purchased from Tocris (Cookson Inc, Bristol, UK). Gabapentin
and CB1 antagonist AM251 were purchased from Tocris. CB2 antagonist SR144528 was a
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kind gift from Ironwood Pharmaceuticals, Inc.. Gabapentin (1.0-30.0 mg/kg) was dissolved
in saline for i.p. injections. This dose range was selected based on previous findings in our
laboratory showing antinociceptive effects in the absence of apparent untoward side effects
in a neuropathic pain model (Hama and Sagen, 2007b). FAAH inhibitors URB597 and
PF-3845 were dissolved in a vehicle consisting of Dulbecco’s Modified Eagle Medium
(DMEM): Cremofor and saline in ratio of 1:1:8. URB597 was administered i.p. while
PF-3845, which has shown oral bioavailability more amenable for clinical usage (Ahn et al.,
2009), was administered p.o. Vehicle controls were administered by comparable routes for
each drug (i.p. for URB597 control and p.o. for PF-3845 control). All solutions were
warmed to room temperature prior to injection and prepared immediately before
administration. Several doses of gabapentin (1, 3, 10 and 30 mg/kg, i.p.) were used for
comparison and approximation of anti-nociceptive potency of the FAAH inhibitors. Since
the goal of this study was to evaluate the maximum potential benefit of the FAAH
inhibitors, and these agents reach a plateau in their ability to increase CNS levels of
endocannabinoids, the dose producing maximum AEA elevations in previous studies in our
lab and others was tested (10 mg/kg of PF-3845 and 3 mg/kg of URB597; Ahn et al., 2009;
Bradshaw et al., 2009; Hama et al., 2014). In addition, both a higher and lower dose of both
of these FAAH inhibitors (1 and 10 mg/kg URB597; 3 and 20 mg PF-3845) were included
to determine for dose-ranging. All drugs were administered in a volume of 1 mi/kg 15 min
prior to initiation of behavioral tests. The effect of different doses of gabapentin or saline
vehicle was tested at 30, 60, 90 and 120 minutes after injection and the effects of URB597
and PF-3845 and their vehicles were evaluated hourly for 4 hours starting 15 minutes after
injection, in order to cover the reported times for peak elevation of FAAs and
antinociceptive effects. URB597 has been shown to produce a slow and reliable
accumulation of AEA in the nervous system with a maximal effect at 2 hours post-injection
(Fegley et al., 2005), while PF-3845 produces a more prolonged brain elevation of AEA,
reaching maximal levels by approximately 3—4 hours (Ahn et al., 2009). In order to assess
the contribution of CB receptors to antinociceptive effects of FAAH inhibitors, the CB1
receptor antagonist, AM251 (1 mg/kg, i.p.) or the CB2 receptor antagonist, SR144528 (1
mg/kg, i.p.), or 1:1:8 DMEM:cremofor:saline vehicle were injected immediately after
injection of FAAH inhibitors to block onset of antinociceptive activity. A higher dose of
each of the antagonists (3 mg/kg, i.p.) was also used in some animals in order to determine
whether lack of antagonism in some cases might be due to insufficient antagonist dose.
Since the antagonists are also inverse agonists, the effects of these administered alone were
also tested.

Drug testing was done at 10-20 days following gp120 surgery when neuropathic pain
symptoms are maximum and stable in this model. A within-subjects design was used to
reduce the total number of animals needed for these experiments. For each study, treatments
were counterbalanced across test days. In order to avoid carry over effects, drug (or vehicle)
washout time between treatments was at least 3 days. In order to minimize potential bias, the
experimenter was blinded to drug treatment.
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Statistical analysis

2. Results

Data are expressed as mean + S.E.M (n = 8-12 per groups). Analysis of nociceptive data
following treatments was performed using repeated measure two-way ANOVA. Bonferroni
post-tests for multiple comparisons were carried out when p<0.05. Antagonist reversal data
were analyzed using one-way ANOVA.

For dose-response comparisons, the drug treatment effects on were converted to a percent
maximum possible effect (% MPE) for each drug as follows:

%MPE = [(Post-drug threshold — Pre-drug post-injury baseline) / (Cut-off threshold —
Pre-drug post-injury baseline)] x 100

Cut-off threshold values were determined for each test as values representing no pain-related
behavior; 15¢ for tactile allodynia test, 0% for cold allodynia responses and 36g for
mechanical hyperalgesia responses. Mean MPE values were used to calculate 50%
antinociceptive dose (A50) and 95% confidence intervals from the linear portion of the
dose-response curves using a web-based program (Murray et al. 1981). The program can be
found on the Web at: http://www.u.arizona.edu/~michaelo/. (Hama and Sagen 2011).
Comparisons were made using one-way ANOVA.

2.1.Antinociceptive effects of of gabapentin on gp120-induced neuropathic pain-related

behavior

The effect of gabapentin on tactile (A) and cold (B) allodynia and mechanical hyperalgesia
(C) were tested using von Frey, acetone, and Randall-Selitto test, respectively. Figure 1
shows the nociceptive responses of animals injected with gabapentin (1-30 mg/kg i.p.) or
saline at various time intervals. Mean response thresholds in all tests before the gp120
surgery were similar in all groups (p>0.05). Gp120 administration around the sciatic nerve
produced pain-related behavior in all three tests. Gabapentin treatment decreased the
response thresholds to innocuous tactile and cold stimuli and noxious mechanical pressure
(overall F (df 4, 5) = 19.85, 11.26, and 6.21, p<0.001 for von Frey, acetone, and Randall-
Selitto tests, respectively). The lowest dose of gabapentin used (1 mg/kg) produced no
apparent antinociceptive effects on any of the outcome measures compared to saline
(p>0.05). The maximum antinociceptive effects were observed following administration of
10 or 30 mg/kg gabapentin (p<0.001 — 0.05 depending on dose, test, and time, compared
with saline; see Fig. 1). The antinociceptive effects of 10 and 30 mg/kg of gabapentin were
not significantly different from each other in any of the behavioral tests (p>0.05). Both of
these doses nearly completely reversed allodynia and hyperalgesia to intact pre-gp120
response levels. The intermediate dose (3 mg/kg) appeared to produce a slight
antinociceptive effect on tactile and cold allodynia, but this did not reach statistical
significance. Maximum antinociceptive effects of gabapentin were observed at
approximately one hour after administration, ranging from 30-90 min post-injection with
the peak values between 30 and 90 minutes after injection, and declining towards pre-
injection baselines by 120 min on all three tests.
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2.2.Effect of URB597 administration on gp120 induced neuropathic pain-related behavior

Figure 2 shows the effects of i.p injection of URB597 or its vehicle on tactile (A) and cold
(B) allodynia and mechanical hyperalgesia (C). Pre-surgical responses are not repeated as
the same animals were used as above. Pre-injection responses were obtained just prior to
FAAH inhibitor administration and shown as the baseline values. 1.p. injection of URB597
produced observable antinociceptive responses within first hour after injection. Significant
differences were observed in rats treated with URB597 compared with rats treated with i.p.
vehicle (overall F(df 3,4) = 11.273 (p<0.001), 9.23 (p<0.001) and 5.56 (p<0.001) for tactile
allodynia, cold allodynia and mechanical hyperalgesia respectively. Anti-allodynic effects
were sustained for 2 hours post-injection of URB597 at both 3 mg/kg and 10 mg/kg using
the von Frey tactile allodynia assessment (Fig. 2A; p<0.05 and p<0.001, respectively)
compared with vehicle treatment). Both the 3 mg/kg and 10 mg/kg doses of URB597
produced comparable tactile anti-allodynic effects (p>0.05 between the 2 treatment doses),
and these were significantly greater than the low (1 mg/kg) dose of URB597 (p<0.05 ).
Robust cold anti-allodynic effects were observed following treatment with all three doses of
URB597 (Fig. 2B; p<0.01 compared with vehicle treatment). These antinociceptive effects
were sustained for at least 3 hours at all three concentrations of URB597 using the acetone
cold allodynia test. No statistically significant differences were found between any of the
URB597 treatment doses using this test (p>0.05). The antinociceptive effects of URB597 on
mechanical hyperalgesia were modest and shorter acting compared with the anti-allodynic
effects, attaining statistical significance only during the first hour post-injection (Fig. 2C;
p<0.05). By the second hour after injection of URB597, the response of the animals to the
increased mechanical pressure in the Randall-Selitto test returned to its baseline level before
injection (p>0.05).

2.3.Effect of PF-3845 administration on gp120 induced neuropathic pain-related behavior

To examine the effect of an orally administered FAAH inhibitor with reported
antinociceptive potency, PF-3845 treatment was assessed. The pre-injection baseline values
in all groups for the three tests were similar to previous gabapentin and URB597 test groups,
and no differences were observed in baseline values between the 2 groups prior to p.o.
PF-3845 or vehicle treatment (Fig. 3; p>0.05). Antinociceptive effects of PF-3845 were
observed for all 3 tests (overall F(df 3,4)=6.24 (p<0.001), 3.39 (p<0.05) and 2.98 (p<0.05)
respectively). The time course of peak antinociceptive effects varied depending on outcome
measures. Significant effects on tactile allodynia were observed at one hour after injection of
PF-3845 (Fig. 3A; p<0.01 and p<0.05 for 20 mg/kg and 10 mg/kg PF-3845, respectively,
compared with oral vehicle), but appeared to wane at later time points. However, effects on
cold allodynia were observed at one hour post-PF-3845, and were sustained and robust at
least through 4 hours following PF-3845 administration (Fig. 3B; p< 0.001 for all 3 doses of
PF-3845 compared with vehicle at 4 hrs post-injection). In addition, the highest dose of
PF-3845, 20 mg/kg, produced significantly greater anti-allodynic effects on cold responses
than the lower doses (p<0.05 compared with 10 mg/kg PF-3845). Effects on noxious
pressure threshold were marginal, only reaching statistical significance at 1 hr for the
highest dose p<0.05.
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2.4.Dose-response comparisons of gabapentin and FAAH inhibitors on gp120 induced
neuropathic pain-related behavior

For assessing relative antinociceptive potencies of the FAAH inhibitors compared with more
standard gabapentin treatment, dose-response curves were constructed at the 60 min post-
injection time points. Fig. 4 shows the MPEs and A50s for the drug treatment groups as
assessed for tactile (Fig. 4A) and cold (Fig. 4B) allodynia (effects on mechanical
hyperalgesia are not shown due to marginal effects on this outcome measure. The MPE for
gabapentin suggested higher achieveable potency of this agent in reducing tactile allodynia
compared with the FAAH inhbitors, although the dose-response differences in
antinociceptive effects of URB597 or PF-3845 compared with gabapentin did not reach
statistical significance (p>0.05). Similarly, MPEs for cold allodynia were comparable for
URB597 and gabapentin (p>0.05 between all 3 drug treatment groups). Calculated A50
values for gabapentin treatment were 3.6 mg/kg (C.L. 1.4-9.6), 6.3 mg/kg (C.L. 2.6-10.6.)
for URB597, and 5.9 mg/kg (C.L. 0.4-8.0) for PF-3845 for effects on tactile allodynia. For
effects on cold allodynia, the calculated A50s were 5.0 mg/kg (C.L. 2.0-6.7), 1.8 mg/kg
(C.L.0.8-6.9), and 19.9 mg/kg (C.L. 18.5-21.4) for gabapentin, URB597, and PF-3845,
respectively. Values for mechanical allodynia were not calculated as there was less than
50% effect of any of the tested drugs using this test.

2.5 Effect of CB1 and CB2 receptor antagonist on antinociceptive effects of FAAH

inhibitors

To explore which subtype(s) of cannabinoid receptor may mediate the antiallodynic and
antihyperalgesic effects of URB597, CB1 antagonist AM251 or CB2 antagonist SR144528
was injected concomitantly with the URB597. As shown in Fig. 5A, the tactile anti-
allodynic effect of URB597 was completely blocked by the CB1 antagonist AM251 at 15 —
90 min post-injection (Fig. 4A; p<0.01 and 0.001 compared with vehicle-treated animals
receiving URB597, as assessed by von Frey responses). Both the 1 mg/kg and 3 mg/kg
doses of the AM251 produced reduced the anti-allodynic effects of URB597 with co-
administration. The AM251 alone (3 mg/kg) did not produce alterations in tactile responses,
either increasing or decreasing tactile allodynia. Similarly, cold anti-allodynic effects of
URB597 were reversed by AM251 treatment (1 mg/kg; Fig. 5C; p<0.05 compared with
vehicle at 15-90 min post-injection). The higher dose of AM251 (3 mg/kg) was not as
robust in reversing cold anti-allodynic effects of URB597 as the 1 mg/kg dose, only showing
a non-significant trend toward partial reversal (p>0.05). Paradoxically, this higher dose of
the CB1 antagonist alone (without URB597) appeared to produce some increased cold
allodynia, although this was not statistically significant. Mechanical anti-hyperalgesia was
also reversed by 1 mg/kg AM251, but this was only apparent by 90 min post-injection (Fig.
5E; p<0.01 compared with vehicle); no effects of AM251 (3 mg/kg) either alone or in
combination with URB597 on mechanical hyperalgesia were observed. The CB2 antagonist
SR144528 also attenuated the URB597 effects on tactile allodynia at both doses of the
antagonist (Fig. 5B, p<0.05 compared with vehicle). SR144528 alone did not attenuate
tactile allodynia. In contrast to effects on tactile allodynia, SR144528 treatment did not
produce any significant effects on cold allodynia or mechanical hypearalges (Fig. 5D,F,
p>0.05 compared with vehicle).
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The effects of AM251 and SR144528 on the pain behavior reducing effects of PF-3845 are
shown on Figure 5. Injection of either AM251 or SR144528 (1 mg/kg) significantly blocked
the antiallodynic effect of PF3854 on responses to von Frey filament as observed at 90 min
after injection (Figs. 6A and 6B; p<0.001 compared with vehicle). Neither antagonist
produced significant antinociceptive effects in the absence of FAAH inhibitors. Treatment
with CB1 antagonist AM251 (1 mg/kg; Fig. 6C), but not CB2 antagonist SR144528 (Fig.
6D), attenuated the antiallodynic effects of PF-3845 on cold responses (p<0.05 for PF-3845
+ AM251 compared with vehicle at 90 min). No other significant effects on cold allodynia
or mechanical hyperalgesia were observed in this group for CB antagonist alone or in
combination with PF3845 were observed (Figs. 6C-F).

3. Discussion

The management of persistent neuropathic pain associated with HIV continues to be a major
therapeutic challenge motivating the search for improved treatment options. This study has
characterized the antinociceptive effects of the systemic administration of two different
selective FAAH inhibitors, URB597 and PF-3845, in an experimental model of HIV
neuropathic pain. The overall results indicated that the pain relieving effects of FAAH
inhibitors URB597 and PF-3845 are comparable to standard antinociceptive gabapentin
treatment in the rat gp120 model, albeit with slightly longer duration. In addition, findings
from this study suggest a role for both CB1 and CB2 receptor activation in reducing HIV-
SN pain-related behavior.

Gabapentin was selected as a positive control as it is currently among the top prescribed
medications for treating clinical neuropathic pain of various etiologies, and also was shown
to effectively in reduce gp120-induced mechanical hypersensitivity (Wallace et al.,
2007a,b). Gabapentin has been reported to significantly reduce pain in patients with HIV-SN
in a placebo-controlled study (Hahn et al., 2004). However, except for slight improvement in
hyperalgesia in some patients, placebo-controlled trials with pregabalin in these patients did
not show significant pain improvement (Simpson et al., 2010, 2014). This failure was
attributed in part to the complexity and variability of HIV-SN and the high placebo effects in
the patients, but also reveals some limitations in translating robust preclinical findings to
successful clinical outcomes.

Although HIV neuropathic pain has been a difficult clinical challenge, refractory to most
currently available pharmacologic options, anecdotal reports and promising randomized
clinical trials using smoked cannabis (Abrams et al., 2007; Ellis et al., 2009; Phillips et al.,
2010) provide the underlying impetus for the current study. The potent mixed cannabinoid
agonist WIN 55,212-2 can attenuate mechanical hypersensitivity in the gp120 model
(Wallace et al., 2007a,b). Cannabinoids have long been known to exhibit antinociceptive
activity in animal models of pain through both spinal and supraspinal mechanisms (Martin et
al., 1993; Martin et al., 1999; Pertwee, 2001). There is considerable evidence in animal
models supporting the effectiveness of cannabinoids in alleviating the experimental
persistent pain induced of various etiologies, including inflammation, peripheral nerve
injury and disease, and spinal cord injury (Hama and Sagen, 2007a, 2011; Herzberg et al.,
1997; Li et al., 1999; Martin et al., 1999; Wallace et al., 2007). Promising preclinical and
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clinical studies suggest that activation of CB receptors may be particularly effective in
alleviating HIV-SN pain. However, the long-term clinical utility of CB1 agonists for
persistent pain may be limited by untoward CNS side effects. The use of FAAH inhibitors is
a novel means of pharmacologically increasing endocannabinoid levels, while possibly
avoiding the undesirable side effects produced by exogenous cannabinoids. FAAH controls
the degradation of endogenous AEA as well as several other FAAs, including palmitoyl
ethanolamide (PEA) and oleoyl ethanolamide (OEA). FAAH inhibitors have been reported
to reduce pain behaviors in several animal models in the absence of cannabinoid-like
untoward side effects (Ahn et al., 2009, 2011; Chang et al., 2006; Guindon et al., 2013;
Jayamanne et al., 2006; Jhaveri et al., 2006; Kinsey et al., 2009; Russo et al., 2007).
Although CNS levels of FAAs were not assayed in the current study, recent findings in our
laboratory showed consistent elevations of FAAs, including AEA, in both brain and spinal
cord at the doses and time courses of URB597 and PF-3485 in the current study (Hama et
al., 2014).

URB597 is selective covalent inhibitor of FAAH that elevates AEA and other FAAs in brain
and spinal cord after systemic administration in rodents and primates (Ahn et al., 2009;
Hama et al., 2014; Justinova et al., 2008; Kinsey et al., 2009; Russo et al., 2007). It has
antihyperalgesic effects in various rodent pain models (Ahn et al., 2008; Guindon et al.,
2013; Jahaveri et al., 2006; Jayamanne et al., 2006; Kinsey et al., 2009; Naidu et al., 2010;
Russo et al., 2007). The antinociceptive effects of URB597 in mouse and rat inflammatory
pain models have been consistent, although effects on neuropathic pain appear more
complex. While systemic administration of URB597 can effectively reduce neuropathic pain
symptoms in mouse peripheral nerve injury models, it was reportedly ineffective in reducing
tactile allodynia following sciatic nerve ligation in rats (Jayamanne et al., 2006). Recent
findings in our lab also indicated that systemic administration of URB597 is ineffective in
reducing neuropathic pain behaviors in a rat spinal cord injury model despite elevated AEA
levels in brain and spinal cord tissue (Hama et al., 2014). In contrast, both URB597 and a
brain-impermeant FAAH inhibitor (URB937) have been recently reported to reverse
neuropathic pain symptoms in a rat chemotherapy-induced neuropathy model (Guindon et
al., 2013). In the current study, gp120 sciatic nerve exposure produces neuropathic pain-like
symptoms, but is also thought to have an inflammatory component, as is elevates peripheral
nerve and spinal cord inflammatory mediators (Herzberg and Sagen, 2001). Thus, anti-
allodynic effects of URB597 in this and other models may be mediated in part via reducing
the inflammatory component of the pain processes.

PF-3845 is a selective covalent inhibitor of FAAH which carbamylates the active serine site
of FAAH. Improved properties of PF-3845 include its oral bioavailability and extended
longevity of action (Ahn et al., 2009; Booker et al., 2012). While both URB597 and
PF-3845 increase brain anandamide levels, the duration of brain FAA elevation is
considerably longer following PF-3845 treatment (Ahn et al., 2009). Findings in the current
study are also suggestive of prolonged antinociceptive effects of PF-3845, particularly in
reducing cold allodynia, although animals were not evaluated beyond the 4 hours after drug
administration.
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Results of this study suggest that FAAH inhibitors can produce comparable anti-allodynic
effects to gabapentin in the gp120 HIV neuropathic pain model, as indicated by dose-
response comparisons and A50 ranges. In particular, URB597 was equally or more effective
as gabapentin in reducing cold allodynia in this model. The anti-allodynic effects of
URB597 appeared to reach their maximum potential in the 3 mg/kg dose range, with no
further improvement at higher doses, possibly due to a ceiling effect on endogenous FAA
levels if FAAH is maximally inhibited. In contrast, PF-3485 appeared less effective than
URB597 in reducing cold allodynia, and its effectiveness was further increased with higher
doses up to 20 mg/kg. The relatively lower potency of PF-3485 may be due to lower
bioavailability via the oral dosing route, although previous findings in our group has
demonstrated that this dose and route results in high levels of FAAs in brain and spinal cord
(Hama et al., 2014). Both URB597 and PF-3845 produced more moderate maximal effects
on tactile allodynia than gabapentin, but with similar potencies. Gabapentin was also more
effective than the FAAH inhibitors in reducing mechanical hyperalgesia in the gp120 model,
although none of the agents tested were robust in this behavioral measure. Of note, the
FAAH inhibitors produced prolonged antinociception (e.g. 3—4 hours for cold allodynia) in
comparison with gabapentin, which reversed to pre-injection baselines by 2 hours following
administration.

There are numerous studies in rat models of peripheral neuropathic pain that demonstrate
significant suppression of thermal and mechanical hypersensitivity with non-selective CB
receptor agonists, which is attenuated with selective CB1 receptor antagonists (Bridges et
al., 2001; Fox et al., 2001; Herzberg et al., 1997; Ulugol et al., 2004). Activation of the CB2
receptor has also been suggested as a potential therapeutic target, and CB2-selective agonists
display antinociceptive activity in rodent models of persistent inflammatory and neuropathic
pain (Anand et al., 2009; Whiteside et al., 2007). CB2 receptors are thought to be primarily
peripherally localized, but can be upregulated in the spinal cord following peripheral nerve
injuries (Anand et al., 2009; Beltramo et al., 2006). A role for both CB1 and CB2 receptors
in mediating antinociceptive effects of FAAH inhibitors is suggested by the blockade of
anti-allodynic effects in CB1 (-/-) or CB2 (-/-) mice (Kinsey et al., 2009, 2010). To
investigate the mechanism of action of the FAAH inhibitors used in the present study, the
effects of selective CB1 or CB2 antagonists were assessed. Findings supported a prominent
role for CB1 receptors in mediating the antinociceptive effects of both FAAH inhibitors on
both tactile and cold allodynia induced by gp120. Higher doses of CB1 antagonist AM251
did not further reverse the anti-allodynic effects of either URB597 or PF-3845. In addition,
CB2 receptors appeared to play a role in some of the anti-allodynic effects of both URB597
and PF-3845, since effects on tactile allodynia were nearly equally blocked by either CB1
antagonist AM251 or CB2 antagonist SR144528. In contrast, attenuation of cold allodynia
by FAAH inhibitors in this model was attenuated by the CB1, but not the CB2 antagonist,
even when higher doses of CB2 antagonist SR144 was evaluated in some animals. These
findings suggest that the two cannabinoid receptors play differential roles in mediating the
antinociceptive actions of FAAH blockade in the gp120 HIV pain model. Interestingly, the
higher dose of AM251 showed a tendency (albeit non-significant) to reduce cold allodynia
on its own in some cases. This may be indicative of the emergence of off-target or mixed
agonist-antagonist effects of this agent at higher doses.
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Thus, it is likely that systemically administered FAAH inhibitors can block symptoms of
HIV-SN pain in this gp120 model via both CB1 and CB2 receptor activation. Since a
peripherally restricted FAAH inhibitor has been shown to attenuate inflammatory and
neuropathic pain behavior, a role for peripheral endocannabinoids in pain modulation has
also been suggested (Clapper et al., 2010; Guindon et al., 2013). Although URB597 most
likely acts at CNS sites to reduce nociception in the current study, where CB1 receptors
predominate, the contribution of peripheral targets cannot be excluded since it was
systemically administered. Thus FAAH inhibitors in the current study may reduce gp120
allodynia via central and/or peripheral CB receptors. FAAs such as AEA also activate the
TRPV1 receptor, albeit with lower affinity than cannabinoid receptors, but TRPV1 receptors
do not appear to play a predominant role in the antiallodynic effects of PF-3845 (Booker et
al, 2012). PEA as well as novel endogenous N-acyl amides can activate the TRPV1 receptor
(Borelli et al., 2014; Raboune et al., 2014). In this experiment we did not test the role of
TRPV1 receptors so we cannot exclude the role of these receptors in gp120 HIV pain model.
In addition, potential non-CB mediated roles of PEA and OEA could contribute to the
antinociceptive effects observed.

It has been suggested that pharmacotherapies targeting the endocannabinoid catabolic
enzymes are less likely to produce tolerance than direct acting CB1 receptor agonists
(Falenski et al., 2010). This is another potential advantage of FAAH inhibitors in the
treatment of persistent pain. Nevertheless, this is somewhat controversial, with some reports
showing that normal CB1 receptor function is maintained without CB1 agonist cross-
tolerance following repeated treatment with FAAH inhibitors (Schlosburg et al., 2010, 2014)
and others showing reduced effectiveness of FAAH inhibitors on inflammatory pain
behaviors following repeated administration (Okine et al., 2012). This may be dose or model
dependent, and would be interesting to explore for HIV-SN pain in future studies.

Cannabinergic agents may offer promise in clinical pain management both on their own and
as adjuncts to conventional therapeutic agents. Inhibitors of endocannabinoid-degrading
enzymes such FAAH may function to selectively enhance CB-mediated neurotransmission
only in nervous system, where endocannabinoids are synthesized and released on demand,
thereby preventing the induction of side effects associated with more global activation
(Cravatt and Lichtman, 2003). Thus FAAH inhibitors may be good candidates for
alleviation of pain in conditions which are resistant to prolonged treatment with
conventional analgesics and in patient populations where the emetic effects of opioids are
poorly tolerated such as AlDs patients. The current results support this approach for the
treatment of persistent HIVV-SN pain and suggest that inhibition of endocannabinoid
degradation is a promising target for management of this disabling pain syndrome.
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hyperalgesia (C) in the gp120 HIV-model of rat neuropathic pain. Pre-surgery responses
(normal) and pre-drug baselines are indicated. Data are presented as mean + SEM (n=8
animals per treatment group). Asterisks and solid circles are differences between gabapentin
30 mg/kg and gabapentin 10 mg/kg respectively compared with saline treated rats. * and @:
p<0.05, ** and @@: p<0.01, ***: p<0.001.
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Figure 2.
Effect of URB597 or vehicle on tactile (A) and cold (B) allodynia and mechanical

hyperalgesia (C) in the gp120 HIV-model of rat neuropathic pain. The graphs show the
baseline (before injection) values and up to 4 hours values following injection. Data are
presented as mean+SEM (n= 8-12 animals per treatment group). Asterisks, solid circles, and
hash marks are differences between URB597 10, 3, and 1 mg/kg, i.p. respectively compared
with saline treated rats. * and @ and #: p<0.05, ** and @@ and ##: p<0.01, ***, @@®, and
###: p<0.001.
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Time course of the effect of a single administration of PF-3845 or vehicle on tactile (A) and
cold (B) allodynia and mechanical hyperalgesia (C) in the gp120 model of HIV neuropathic
pain. Data are presented as mean £ SEM (n= 8-12 animals per treatment group). Asterisks,
solid circles, and hash marks are differences between PF-3845 20, 10, and 3 mg/kg p.o.,
respectively compared with saline treated rats. * and @ and #: p<0.05, ** and @@ and ##:
p<0.01, ***, @@®, and ###: p<0.001.
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Figure 4.
Comparison of the maximal possible effects of gabapentin, URB597 and PF-3845 at 60

minutes post administration in the gp120 model for tactile allodynia (A) and cold allodynia
(B (n=8 rats). The 50% antinociceptive dose (A50) is indicated for each drug in plot inset.
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Figure 5.
Effect of CB1 and CB2 receptor antagonists on the antinociceptive effect of i.p. URB597.

Sensory behaviors (tactile allodynia: A and B; cold allodynia: C and D; mechanical

hyperalgesia: E and F were evaluated 15 and 90 min after co-adminstration of URB597 and
CB1 antagonist AM251 (A,C,and E) or CB2 antagonist SR144528 (B,D, and F), or vehicle.
Higher doses of CB1 and CB2 antagonists were assessed by themselves and in combination
with URB597. Data are expressed as mean + SEM (n = 8-11 animals per treatment group).
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Asterisks show the differences compared with vehicle injected group. *: p<0.05, **: p<0.01,
**%: p<0.001.
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Effect of CB1 and CB2 receptor antagonists on the antinociceptive effect of p.o. PF-3845.
Sensory behaviors (tactile allodynia: A and B; cold allodynia: C and D; mechanical
hyperalgesia: E and F were evaluated 15 and 90 min after co-administration of PF-3845 and
CB1 antagonist AM251 (A,C, and E) or CB2 antagonist SR144528 (B,D, and F), or vehicle.
Higher doses of CB1 and CB2 antagonists were also used by themselves and in combination

with PF3845. Data are expressed as mean £ SEM (n = 8 animals per treatment group).

Asterisks show the differences compared with vehicle injected group. *: p<0.05; **: p<0.01,

***: p<0.001.
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