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Abstract

BACKGROUND—Positive allosteric modulators (PAMs) facilitate endogenous
neurotransmission and/or enhance the efficacy of agonists without directly acting on the
orthosteric binding sites. In this regard, selective a7 nicotinic acetylcholine receptor type IT PAMs

display antinociceptive activity in rodent chronic inflammatory and neuropathic pain models. This
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study investigates whether 3-furan-2-yl- V-p-tolyl-acrylamide (PAM-2), a new putative a7-
selective type II PAM, attenuates experimental inflammatory and neuropathic pains in mice.

METHODS—We tested the activity of PAM-2 after intraperitoneal administration in 3 pain
assays: the carrageenan-induced inflammatory pain, the complete Freund adjuvant induced
inflammatory pain, and the chronic constriction injury—induced neuropathic pain in mice. We also
tested whether PAM-2 enhanced the effects of the selective a7 agonist choline in the mouse
carrageenan test given intrathecally. Because the experience of pain has both sensory and affective
dimensions, we also evaluated the effects of PAM-2 on acetic acid—induced aversion by using the
conditioned place aversion test.

RESULTS—We observed that systemic administration of PAM-2 significantly reversed
mechanical allodynia and thermal hyperalgesia in inflammatory and neuropathic pain models in a
dose- and time-dependent manner without motor impairment. In addition, by attenuating the paw
edema in inflammatory models, PAM-2 showed antiinflammatory properties. The antinociceptive
effect of PAM-2 was inhibited by the selective competitive antagonist methyllycaconitine,
indicating that the effect is mediated by a7 nicotinic acetylcholine receptors. Furthermore, PAM-2
enhanced the antiallodynic and antiinflammatory effects of choline, a selective a7 agonist, in the
mouse carrageenan test. PAM-2 was also effective in reducing acetic acid induced aversion in the

conditioned place aversion assay.

CONCLUSIONS—These findings suggest that the administration of PAM-2, a new a7-selective
type II PAM, reduces the neuropathic and inflammatory pain sensory and affective behaviors in
the mouse. Thus, this drug may have therapeutic applications in the treatment and management of
chronic pain.

Chronic pain remains one of the most challenging of all neurologic diseases and, currently
approved drugs have only a modest efficacy in several patient groups and numerous side
effects. In recent years, a variety of structurally distinct a7 nicotinic acetylcholine receptor
(nAChR) agonists have been developed and profiled for a variety of neurologic diseases. In
particular, some of these agonists have been shown to have therapeutic significance in
reducing inflammation and nociception, as well as in providing neuroprotection in animal
models.!"® The a7 nAChRs were targeted because they are expressed on both supraspinal
and spinal pain transmission pathways.?-4 These receptors are also found on immune and
nonimmune cytokine-producing cells, such as macrophages and keratinocytes.!> However,
there are still a number of uncertainties in the development of a7 nAChR agonists for the
treatment of pain, including receptor selectivity (namely cross-reactivity with 5-HT;
receptors, which have high homology with a7 nAChRs) and possible adverse effects.!¢-17

In addition, although a7 nAChR agonists have shown beneficial effects in chronic pain
models in some studies, this effect was not consistently seen in other studies.'® An
alternative therapeutic approach has been the development of positive allosteric modulators
(PAMs), which can synergize and augment orthosteric-site—mediated signaling of
endogenous neurotransmitters, including acetylcholine and choline, without, in most cases,
directly activating or desensitizing the receptor. Several selective a7 nAChR PAMs have
been reported and classified as type I and type II. Type I PAMs increase peak agonist-evoked
responses, but have little or no effect on the decay rate of macroscopic currents or the
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equilibrium desensitization of a7 nAChRs, whereas type II PAMs both increase peak
currents and slow down the apparent desensitization profile of the agonist response and/or
recover nAChRs from the desensitized state.'?>? Both PAM types have been recently tested
in vivo for their efficacy in animal models of inflammation and neuropathic pain; however,
type II but not type I PAMs were shown to be effective in neuropathic pain models.2!-22
Most studies with a7 nAChR PAMs in chronic pain models were conducted with
PNU-120596,%1-2% and more recently with the newly reported 2,4,20,50-
tetrahydroxychalcone.”® Hence, additional studies are needed to fully explore and
investigate the analgesic-like properties of a7 nAChR PAMs in animal models of chronic

pain.

Therefore, in this study, we sought to evaluate the anti-nociceptive and antiinflammatory
effects of 3-furan-2-yl- N-p-tolyl-acrylamide (PAM-2), a novel and putative selective a7
nAChR type IT PAM,?%27 using different mouse models of chronic pain. PAM-2 has recently
been found to enhance a7 nAChR activity in vitro?® and to produce antidepressant activity
in mice in vivo.”” The first aim of this study was to evaluate whether PAM-2 produces
antiallodynic or antihyperalgesic activities in several mouse inflammatory and neuropathic
pain models. We also assessed the effects of PAM-2 on aversion, an important affective
component of pain.

METHODS

Animals

Male adult Institute of Cancer Research (ICR) mice obtained from Harlan Laboratories
(Indianapolis, IN) were used throughout the study. Mice were housed in a 21°C humidity-
controlled animal care facility approved by the Association for Assessment and
Accreditation of Laboratory Animal Care. They were housed in groups of 4 and had free
access to food and water. The rooms were on a 12-hour light/dark cycle (lights on at 7:00
an). Mice were weighed approximately 25 to 35 g at the start of all experiments. All
experiments were performed during the light cycle (between 7:00 av and 7:00 »u), and the
study was approved by the Institutional Animal Care and Use Committee of Virginia
Commonwealth University. All studies were performed in accordance with the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Chemical Synthesis, Purification, and Chemical Characterization of PAM-2

The synthesis of PAM-2 was performed by the coupling between (£)-3-(furan-2-yl)acrylic
acid and p-toluidine using N, N-2-dicyclohexylcarbodiimide and 4-(dimethylamino)
pyridine (Appendix 1). (E)-3-(Furan-2-yl)acrylic acid (10.1 mmol), N,N-2-
dicyclohexylcarbodiimide (10.1 mmol), and 4-(dimethylamino)pyridine (10.1 mmol) were
dissolved in anhydrous dichloromethane (50 mL), and the solution was cooled to 0°C and
stirred for 30 minutes. Then, a solution of p-toluidine (1.07 g, 10.0 mmol) in
dichloromethane (50 mL) was added dropwise over 15 minutes. When the addition was
complete, the mixture was warmed to room temperature and stirred for 12 hours. The
reactions were monitored by thin-layer chromatography using precoated silica gel 60 plates
(Merck 60 F;54 0.2 mm, Merck KGaA, Darmstadt, Germany). Thin-layer chromatography
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spots were visualized by ultraviolet light at 254 nm, and final compounds were purified by
using silica gel column chromatography and mixtures of dichloromethane-methanol as
eluent. The product showed a purity of approximately 98%.

'H and 13C NMR spectra for PAM-2 were determined in deuterated chloroform (CDCls)
using a Bruker Advance 400 at 400 and 100 MHz, respectively. Chemical shifts are given in
parts per million (8), and coupling constant values (J) are given in Hertz (Hz). Signal
multiplicities are represented by s (singlet), d (doublet), t (triplet), q (quadruplet), m
(multiplet), and br (broad signal). The obtained NMR data are as follows: 'H NMR (CDCls,
400 MHz): &: 2.32 (s, 3H), 6.45 (d, 1H), 6.51 (s, 1H), 6.55 (d, L1H), 7.12 (d, 2H), 7.52 (d,
2H), 7.43 (s, 1H), 7.47 (m, 1H), 7.63 (s, 1H); 3C NMR (CDCls, 400 MHz): & &: 166.31,
153.14, 145.86, 135.58, 131.14, 130.13, 121.83, 120.67, 115.78, 113.93, 22.53.

Melting points were determined on a Reichert Galen III hot plate microscope apparatus and
are uncorrected. Infrared spectra were obtained with a Bruker Vector 22-FT
spectrophotometer (Bruker, Billerica, MA) using potassium bromide plates. The activity of
PAM-2 was further tested by Ca?™ influx assays. The method to determine Ca®" influx in

CH3-ha7 cells was the same as described previously.2¢

PAM-2 was dissolved in a mixture of ethanol/Emulphor-620 (Rhone-Poulenc, Inc.,
Princeton, NJ)/distilled water (1:1:18, by volume) and administered intraperitoneally (IP).
Mecamylamine hydrochloride, Complete Freund Adjuvant (CFA), and A-carrageenan were
purchased from Sigma-Aldrich (St. Louis, MO). Methyllycaconitine (MLA) citrate and
choline were obtained from RBI (Natick, MA). Other drugs were dissolved in physiologic
saline (0.9% sodium chloride) and injected subcutaneously (SC) at a total volume of 1
mL/100 g body weight, unless noted otherwise. All doses are expressed as the free base of
the drug. For control injections in the behavioral tests, 1:1:18 was used as a vehicle of
PAM-2, whereas saline was used for the other drugs. In the sham studies of inflammatory
models, distillated water was used as a vehicle of carrageenan, whereas mineral oil was used
as a vehicle of CFA.

BEHAVIORAL ASSESSMENTS

Carrageenan-Induced Inflammatory Pain Model

Mice were injected with 20 uL of (0.5%) of A-carrageenan in the intraplantar region of the
right hind paw. Paw diameter and mechanical allodynia were measured before and 6 hours
after carrageenan injection. PAM-2 or vehicle was injected IP 6 hours after the carrageenan
injection, and the animals were tested for mechanical allodynia for possible efticacy. In the
sham group of carrageenan, mice were injected with distilled water as the vehicle of i-
carrageenan under the same conditions. Mechanical stimuli thresholds were determined for
each animal 15, 30, 60, and 120 minutes after the PAM-2 injection.

To determine whether mecamylamine or MLA inhibits the effects of PAM-2, mecamylamine
(2 mg/kg SC), MLA (10 mg/kg SC), or its vehicle was injected 15 minutes before PAM-2 (8
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mg/kg IP) or its vehicle injection, and animals were then tested for mechanical allodynia.
Mechanical thresholds were determined for each animal 30 minutes after the last injection.

To assess the interaction between PAM-2 and choline in the carrageenan-induced
inflammatory pain model, separate groups of mice were administrated PAM-2 (2 mg/kg IP)
or vehicle and 30 minutes later were given intrathecal (IT) injections of vehicle or choline
(10 pg/mouse in 5 pL. volume). After drug treatment, mechanical stimuli thresholds were
tested for each animal 10, 20, 30, 60, 120, and 240 minutes after the last injection.

CFA-Induced Chronic Inflammation

Mice were injected with 20 L of CFA (50%) in the intraplantar region of the right hind
paw. In the sham group of CFA, mice were injected with mineral oil as the vehicle of CFA.
Paw diameter and thermal hyperalgesia were measured before and 3 days after the CFA
injection. PAM-2 (2, 6, and 8 mg/kg) or vehicle were injected IP 3 days after the CFA
injection, and the animals were tested for mechanical allodynia for possible efficacy.
Mechanical stimuli thresholds were determined for each animal 15, 30, 60, and 120 minutes
after the PAM-2 injection.

Measurement of Paw Edema

The thickness of the carrageenan or CFA-treated and control paws were measured both
before and after injections at the time points indicated earlier, by using a digital caliper
(Traceable Calipers, Friendswood, TX). Data were recorded to the nearest £0.01 mm and
expressed as change in paw thickness (APD = difference in the ipsilateral paw diameter
before and after injection paw thickness).

Chronic Constrictive Nerve Injury Induced Neuropathic Pain Model

This chronic constriction injury (CCI) procedure was conducted as described previously.22
PAM-2 (2, 6, and 8 mg/kg) or vehicle was injected IP 2 weeks after CCI surgery, and the
animals tested for mechanical allodynia for possible efficacy. Mechanical stimuli thresholds
were determined for each animal 15, 30, 60, and 120 minutes after the PAM-2 injection.

To determine whether mecamylamine or MLA inhibits the effects of PAM-2, mecamylamine
(2 mg/kg SC), MLA (10 mg/kg SC) or its vehicle was injected 15 minutes before PAM-2 (8
mg/kg IP) or its vehicle injection, and animals were then tested for mechanical allodynia.
Mechanical thresholds were determined for each animal 30 minutes after the last injection.

Evaluation of Thermal Hyperalgesia and Mechanical Allodynia

Thermal hyperalgesia was measured by the Hargreaves test as described previously.?2
Results were expressed either as paw withdrawal latency (PWL) for each paw or as APWL
(in seconds) = contralateral latency — ipsilateral latency. Mechanical allodynia thresholds
were determined using the Von Frey filaments according to the method suggested by

1,78 as described in our previous reports.”> The mechanical threshold was

Chaplan et a
expressed as log10(10 £ force in [mg]). All behavioral testing on animals was performed in a

blinded manner.
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Acetic Acid Induced Conditioned Place Aversion

To evaluate the negative affective component of pain, the conditioned place aversion (CPA)
test was performed.2”-30 In brief, separate groups of mice were handled for 3 days before the
initiation of CPA testing. The CPA apparatus consisted of a 3-chambered box with a white
compartment, a black compartment, and a center gray compartment. The black and white
compartments also had different floor textures to help the mice further differentiate between
the 2 environments. On day 1, mice were placed in the gray center compartment for a 5-
minute habituation period, followed by a 15-minute test period of freely exploring all
compartments to determine baseline responses. A baseline score was recorded and used to
randomly pair each mouse with either the black or white compartment. Drug-paired sides
were randomized so that an even number of mice received drug on the black and white side.
On day 2 (conditioning session), conditioning was performed as follows: the mice were
given an IP injection of saline (10 mL/kg) as a control nonnoxious stimulus or 1% acetic
acid (AA; 10 mL/kg) as a noxious stimulus and then immediately confined in the drug-
paired compartment for 40 minutes. In addition, mice were pretreated with saline as a
vehicle (IP) or PAM-2 (2 and 8 mg/kg IP) 15 minutes before AA or saline injection. On the
test day (day 3), mice were allowed to freely explore all compartments, and the day 1
procedure was repeated. Data were expressed as time spent on the drug-paired side
postconditioning minus time spent on the drug-paired side preconditioning. A positive
number indicates preference for the drug-paired side, whereas a negative number indicates
aversion to the drug-paired side. A number at or near 0 indicates no preference for either
side.

Motor Coordination

The effects of drugs on motor coordination were measured using the rotarod test (IITC Life
Science, Woodland Hills, CA) as described previously.?! The percentage of impairment was
calculated as follows: % impairment = (180 — test time)/(180 x 100). Mice were pretreated
with either IP vehicle or PAM-2 (8 or 20 mg/kg IP) 15 minutes before the test.

Intrathecal Injections

Injections were performed free hand between the fifth and sixth lumbar vertebra in

unanesthetized male mice according to the method suggested by Hylden and Wilcox.?!

Statistical Analysis

The data obtained were analyzed using the GraphPad software, version 6.0 (GraphPad
Software, Inc., La Jolla, CA) and expressed as the mean + SEM. We selected sample size
based on our previous studies.”'~>* Dose-response curves of PAM-2 in each pain model were
analyzed by using 2-way repeated measure analysis of variance (ANOVA) and followed by
the post hoc Tukey test. The antiedema effect of PAM-2 was analyzed using an unpaired ¢
test. The involvement of a7 AChRs in the effect of PAM-2 was analyzed by 1-way ANOVA
using pharmacologic antagonists and followed by the post hoc Tukey test. Before ANOVA,
the data were first assessed for the normality of the residuals (using Shapiro-Wilk test for
> 6 or Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor test for 2 < 6) and equal
variance (F test). The homogeneity of variance was evaluated by the Brown-Forsythe test.
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Because some data did not pass these tests, we used strict statistic method to treat 2< 0.01
as significant. The exact values for 0.01 < P<0.05 were given in figures.

PAM-2 was first synthesized by a new chemical strategy on a 10-mmol scale (Appendix 1),
and its structure characterized by spectroscopic methods. This new strategy gave a product
with higher purity (~98%) than that obtained using the previously published method
(~70%).2 The activity of PAM-2 was further tested by Ca®™ influx assays as described
previously.2® The Ca”" influx results indicated that 10 uM PAM-2 enhances (+)-epibatidine-
induced a7 AChR activity, increasing the potency of (£)-epibatidine from 52 +4to 17+ 5
nM, with efficacy (E.x = 190%) in the same range as that determined previously (204%

= 13%).20

The antiallodynic effects of PAM-2 (2, 6, and 8 mg/kg IP) were explored in the carrageenan-
induced inflammatory pain model. Mice were given an intraplantary injection of
carrageenan (0.5%) and then tested for allodynia 6 hours later. PAM-2 induced a significant
dose by time interaction for the measure of allodynia (F gosextime(15,75) = 4.818, P<0.001,
Fig. 1A). The antiallodynic effects of PAM-2 were evident from 15 to 60 minutes after
injection and returned to baseline by 120 minutes. In addition, treatment with the highest
dose of PAM-2 (8 mg/kg IP) showed a trend toward attenuation of carrageenan-induced paw
edema (Fig. 1B). The antiallodynic effect of PAM-2 (8 mg/kg IP) in the carrageenan test was
blocked by pretreatment with either antagonist mecamylamine (nonselective) or MLA
(relatively a7-selective; F(2,17) = 48.963, P<0.001; Fig. 1C). Interestingly, the highest dose
of PAM-2 (8 mg/kg IP) failed to show an antinociceptive effect in sham mice that received
vehicle of carrageenan (F go5.(1,5) = 0.6984, P=0.4414; F;j,e(5,25) = 0.6893, P=0.6361
and Fiose » time(3,25) = 0.3174, P=0.8978; Fig. 1D).

We then determined the effects of PAM-2 on the choline-evoked possible antiallodynic
effects using the carrageenan test. A 2-way (time x treatment) repeated measures ANOVA
for antiallodynia was significant for treatment (Featment(3,15) = 26.21, P<0.001), time
(Fime(7,35) = 16.36: P<0.001), and their interaction (Fieatment » time(21,105) = 11.05, P<
0.001). Pretreatment with a low dose of PAM-2 (2 mg/kg IP) or choline (10 pg/5 pL IT)
showed slight but significant antiallodynic effects in early evaluation times when tested
alone (H2,10) = 7.709, P=0.0094, Fig. 2A). However, combination of choline and PAM-2
markedly induced antiallodynic effects. The combination showed greater and more
prolonged activity when compared with choline or PAM-2 alone (F2,10) = 27.47, P<0.001
and F{2,10)=27.15, P<<0.001, respectively). The combination induced antiallodynic
activity started after drug injection and peaked 30 minutes later and then slowly reduced, but
was still evident atter 4 hours (/{3,20) = 6.001, P= 0.0044). Similarly, the combination of
PAM-2 and choline significantly reversed paw edema (F{1,11) =48.5, P<0.001, Fig. 2B).

We next evaluated possible antihyperalgesic and antiinflammatory effects of PAM-2 in the
CFA model. Interestingly, PAM-2 dose dependently reduced CFA-induced hyperalgesia (F
dose(3,15) = 10.06, P<0.001; F'jme(5,25) =49.33, P<0.001 and F goge x time(13.75) =
2.356, P=0.0079, respectively; Fig. 3A), and there was a trend toward attenuation of
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carrageenan-induced paw edema by the highest dose (8 mg/kg IP) of PAM-2 (Fig. 3B). The
antihyperalgesic effects of PAM-2 peaked between 15 and 30 minutes after the injection and
lasted for 2 hours. We also evaluated the possible antinociceptive effects of the highest dose
of PAM-2 (8 mg/kg IP) in sham group of CFA. PAM-2 did not show significant effect on
thermal sensitivity (F gose(1,5) = 0.01253, P=0.9152; Fjne(5,25) = 0.6925, P=0.6339; and
Fiose = time (5.25) = 0.356, P=0.87735, Fig. 3C).

The antiallodynic eftect of systemic PAM-2 administration in mice was then tested after 2
weeks in the CCI or sham mice. PAM-2 (2, 6, and 8 mg/kg IP) significantly reversed the
allodynia in a dose-, time-, and dose time-dependent manner (Fyoe.(3,15) = 7.235, P=
0.0032; Fjpe(5,25)=109.3, P<0.001; and Fypse x time(13,75) = 5.020, P<0.001,
respectively; Fig. 4A). Similar to the previous test, the antiallodynic effects of PAM-2
peaked between 15 and 30 minutes after injection and lasted for 120 minutes. In addition,
PAMS-2, at the highest dose (8 mg/kg IP), failed to show any significant antinociceptive
effect in sham mice (Fyose(1.5) = 0.09956, P=0.7651; Fime(5,25)=0.2312, P=0.9453; and
Fiose « time (5,25) = 1.798, P=0.1498, Fig. 4B). The antiallodynic effect of PAM-2 (#=
5.678, P<0.001; vehicle-PAM-2 versus vehicle-vehicle treatments) in the CCI model was
totally inhibited by pretreatment with mecamylamine or MLA (£(2,17) =22.341, < 0.001;
Fig. 4C). By themselves, the 2 nicotinic antagonists did not significantly affect the
mechanical thresholds of the CCI mice (F2,15) = 0.068, P=0.9345).

Finally, AA administration induced place aversion in the CPA test (F{1,14) = 5.874, P=
0.0077; Fig. 5B) in mice. Pretreatment with PAM-2 (2 or 8 mg/kg IP) significantly
attenuated AA-induced aversion in a dose-related manner (/{5,37) = 5.607, P=0.0015; Fig.
5C). At 8 mg/kg, PAM-2 totally blocked the aversion in the CPA test. At the highest dose (8
mg/kg), PAM-2 did not induce a place preference or aversion on its own in mice (£=0.2612,
P=10.2612; PAM-2-vehicle versus vehicle-vehicle treatments).

At the highest effective dose of PAM-2 (8 mg/kg IP) in the pain models, naive mice treated
with PAM-2 did not show significant changes in motor coordination using the rotarod test (#
= 1.0, P=0.3409; Table 1). Furthermore, when mice were treated with a much higher dose
of PAM-2 (20 mg/kg IP), no disruption of motor coordination of the animals were observed
(#=0.9045, P=0.3893; Table 1). In addition, we measured the possible motor coordination
in carrageenan-treated mice using the highest dose of PAM-2 in the behavioral experiments
(Table 2). PAM-2 (8 mg/kg IP) did not significantly alter motor coordination (/= 1.0, P=
0.3466).

DISCUSSION

The identification of PNU-120596, an a7 nAChR-selective type II PAM,3? has stimulated
the development of other a7 nAChR-selective PAMs. PNU-120596 has been reported to
have several bioactivities, such as cognitive enhancement and neuroprotective effects.3-34
PNU-120596, by itself, showed relevant antinociceptive activities in rodent pain
models.>!>* This study establishes the antinociceptive efficacy of PAM-2, a new putative a7
nAChR-selective type II PAM,2%27 in mice. PAM-2 attenuated the allodynic pain behavior

in the carrageenan test of short-term inflammation. Furthermore, 1t was also able to reverse
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hyperalgesia in the CFA test of long-term inflammation. In addition, treatment with the
highest dose of PAM-2 (8 mg/kg IP) showed a trend toward attenuation of carrageenan- and
CFA-induced inflammation as seen in paw edema. In the CCl-induced neuropathic pain
model, PAM-2 was effective in reversing mechanical allodynia in mice. However, PAM-2
did not change the mechanical sensitivity of sham mice. A potential explanation for this may
be that PAM-2 has no effect on acute mechanical sensitivity and that it works only after
neuropathic and inflammatory conditions. Furthermore, our results with MLA, an a7-
selective antagonist, suggest that a7 nAChRs play a critical role in its action, confirming its
receptor selectivity.2® Importantly, the antinociceptive effects of PAM-2 occurred at doses
that had no effect on motor coordination in mice. Because a7 nAChR PAMs presumably
have the capability of enhancing a7 nAChR agonists response,’2-3> we investigated the
interaction between PAM-2 and the selective a7 nAChR agonist choline. As predicted, the
combination of PAM-2 and choline produced enhanced antiallodynic and antiinflammatory
effects in the carrageenan model compared with the effects of each drug given separately.
Therefore, these results suggest that PAM-2 potentiates the effect mediated by choline given
exogenously and support the idea that the activity of PAM-2 (when administered alone) can
be mediated by enhancement of the endogenous cholinergic tone.

The exact mechanisms involved in the antinociceptive effects of PAM-2 in the chronic pain
models are unknown. Our results with IT choline suggest that PAM-2 could be enhancing
endogenous cholinergic tone through a7 nAChRs in the spinal cord.*® In addition, PAM-2
could be enhancing endogenous cholinergic tone through a7 nAChRs in dorsal root ganglia
neurons, reducing pain-related behaviors. Indeed, up-regulation of a7 nAChRs in dorsal root
ganglia was observed in CCI-induced neuropathic pain in rodents.*37-3% Furthermore, it is
also possible that the effects of PAM-2 could be mediated by an a7-dependent regulation of
antiinflammatory chemokines such as tumor necrosis factor-a through a nuclear factor-xB
pathway.*? In line with this suggestive mechanism, Munro et al.># recently showed that
antiinflammatory effects of PNU-120596 in rats are possibly mediated through a decrease in
tumor necrosis factor-a and interleukin-6 levels. Furthermore, Ca?™ influx results indicated
that PAM-2 potentiates ha7 nAChRs with apparent EC50 approximately 5 M.

Overall, our results in chronic pain models with PAM-2 are consistent with those found
using PNU-120596. Indeed, PNU-120596 at equivalent doses (3 8 mg/kg) was shown to
have pronounced antiallodynic and antihyperalgesic activities in CCI-induced neuropathic
and carrageenan-induced inflammatory pain models in mice?? and rats.2* However, the
antinociceptive effects of PAM-2 in these chronic pain models were shorter than those
observed with PNU-120596 (between 3 and 6 hours) in the mouse.”” Similarly, both PAM-2
and PNU-120596 enhanced the antinociceptive properties of choline after IT administration
in a synergistic fashion.?3

Because the experience of pain has both sensory and affective dimensions, we also evaluated
the etfects of PAM-2 on AA-induced aversion, an important atfective component of pain, by
using the CPA test.*142 In this study, we show for the first time that PAM-2, a putative type
IT a7 nAChR-selective PAM, was effective in blocking the development of AA-induced
pain-related depressive behavior as seen in CPA. The PAM-2 induced inhibition of CPA was
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not the result of its intrinsic reward properties, because the drug alone did not induce
conditioned place preference.

Because a7 nAChR PAMs presumably have the capability of enhancing agonist-induced a7
nAChR responses,’?-> we investigated the interaction between PAM-2 and choline, an
endogenous a7 nAChR agonist. The antiallodynic effects of PAM-2 were investigated in the
presence of choline to address potential drug interactions (i.e., synergism) by using low or
inactive doses of both compounds. The drug combination produced greatly enhanced
antiallodynic and antiedema effects in the carrageenan-induced inflammatory pain model
compared with the effects of each drug given separately. The current results are in line with
those using a combination of PNU-120596 and other a7 nAChR agonists, such as choline
and PHA-543613.22:23 These results also support the concept that the antiallodynic effects
are mediated by a7 nAChRs.

In conclusion, this study suggests that PAM-2 and other a7 nAChR type 11 PAMs may
represent novel therapeutic agents in the treatment of inflammatory and neuropathic pain

symptoms.
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APPENDIX
7] "
Reagents and N
condltlons 0 =
o}
(E)-3-(furan-2-y|)acry|ic acid p-toluidine PAM-2
Scheme 1.

New strategy for the synthesis of 3-furan-2-yl-N-p-tolyl-acrylamide. Reagents and
conditions: (£)-3-(furan-2-yl)acrylic acid (10.1 mmol, 1.01 Eq), p-toluidine (10 mmol, 1.0
equiv.), N,N-dicyclohexylcarbodiimide (DCC) (10.1 mmol, 1.01 Eq), 4-
(dimethylamino)pyridine (10.1 mmol, 1.01 Eq), dichloromethane, 0°C to RT, 12 hours (see
Methods for more details).
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Figure 1.

Tl’:}e antiallodynic and antiinflammatory effects of 3-furan-2-yl- N-p-tolyl-acrylamide
(PAM-2) using the carrageenan-induced inflammatory pain model in mice. A, The
antiallodynic effects after intraperitoneal (IP) administration of various doses of PAM-2 (2,
6, and 8 mg/kg). B, Antiinflammatory effect of PAM-2, as measured by the difference in the
ipsilateral paw diameter before and after carrageenan injection (APD), 1 hour after IP
injection of PAM-2 (8 mg/kg). C, Blockade of the antinociceptive effects of PAM-2 by
subcutaneous administration of either mecamylamine or methyllycaconitine (MLA).
Mecamylamine (2 mg/kg) or MLA (10 mg/kg) was given 15 minutes before an active dose
of 8 mg/kg of PAM-2 or vehicle. D, The antinociceptive effects of PAM-2 (8 mg/kg IP) in
vehicle of carrageenan-injected*mice. Pain sensitivity was measured by von Frey filament
thresholds. Data are given as the mean = SEM of 5 to 7 animals for each group. ¥*P2<0.01,
significantly different from its vehicle group; #P2< 0.01, significantly different from PAM-2—
treated group. 0P = 0.022, £~ 2.815 for APD difference between groups.
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Figure 2.

Effects of PAM-2 and choline on carrageenan-induced inflammatory pain behaviors (A) and
paw edema (B) in mice. Mice received PAM-2 (2 mg/kg intraperitoneally) or vehicle, and 30
minutes later mice were given an intrathecal injection of choline (10 pg/mouse) or vehicle.
Paw edema, measured by the difference in the ipsilateral paw diameter before and after
carrageenan injection (APD), was assessed 1 hour after the last injection. Pain sensitivity
was measured by von Frey filament thresholds. Data are given as the mean £ SEM of 6
animals for each group. * P< 0.01, significantly different from vehicle group; #P<0.01,
significantly different from PAM-2 treated group; ¢P < 0.01, significantly different from
cholinetreated group. PAM-2 = 3-furan-2-yl- N-p-tolyl-acrylamide.
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The antihyperalgesic and antiinflammatory effects of 3-furan-2-yl- A-p-tolyl-acrylamide

(PAM-2) using the complete Freund adjuvant (CFA)-induced chronic inflammatory pain

model in mice. A, The antihyperalgesic effects after intraperitoneal (IP) administration of

various doses of PAM-2 (2, 6, and 8 mg/kg). B, Antiinflammatory effect of PAM-2,

measured by the difference in the ipsilateral paw diameter before and after carrageenan

injection (APD), was assessed | hour after the injection of PAM-2 (8 mg/kg). C, The
antinociceptive effects of PAM-2 (8 mg/kg IP) on vehicle of CFA-injected mice. Pain

sensitivity was measured by paw withdrawal latency (PWL) with radiant heat beam. Data

were given as the mean + SEM of 5 to 6 animals for each group. *P< 0.01, significantly
different from its vehicle group; ¢ P=0.0257, £=2.617 for APD difference between groups.
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Figure 4.

Thge antiallodynic effects of PAM-2 using the chronic constriction injury (CCI)-induced
neuropathic pain model in mice. A, The antiallodynic eftects after intraperitoneal (IP)
administration of various doses of PAM-2 (2, 6, and 8 mg/kg) in CCI mice. B, The effects of
PAM-2 (8 mg/kg IP) on mechanical sensitivity in sham mice. C, Blockade of the
antiallodynic effects of PAM-2 by subcutaneous administration of mecamylamine or MLA.
Mecamylamine (2 mg/kg) or MLA (10 mg/kg) was given 15 minutes before an active dose
of 8 mg/kg of PAM-2 or vehicle. Pain sensitivity was measured by von Frey filament
thresholds. Data are given as the mean = SEM of 6 animals for each group. *P<0.01,
significantly different from its vehicle group; #P< 0.01, significantly different from PAM-2—
treated group. MLA = methyllycaconitine; PAM-2 = 3-furan-2-yl- A-p-tolyl-acrylamide.

Anesth Analg. Author manuscript; available in PMC 2016 April 27.

Page 17
PAM-2 B s PAM-2
(mg/kg; i.p.) (mglkg; i.p.)
< 0 R o 0
* * - 2 =] ;: - 8
-+ 6 22
* - 8 g
£ 1-
[
04
e T T T T T - T T T T T
BL 0 15 30 60 120 BL 0 15 30 60 120
Time (min) Time (min)
C..
D 31 3 veh - veh
3 AV 3 mecamylamine - veh
2 2] g; 22 MLA - veh
g HY 3 veh - PAM-2
ﬁ 14 g s @ mecamylamine - PAM-2
HY B8 MLA - PAM-2
oLLIHY



iduosnuey Joyiny 1duosnuey Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Bagdas et al.

Preference score (s)

Page 18

100' #

N P
-100-
-200+4
*
-300 T T T T T
& & F Y
x x

Figure 5.

Eé‘ect of 3-furan-2-yl- N-p-tolyl-acrylamide (PAM-2) on acetic acid (AA)-induced
conditioned place aversion. PAM-2 (2 or 8 mg/kg) or vehicle was injected intraperitoneally
15 minutes betore administration of AA (1%). Data are given as the mean = SEM of 6 to 9
ani-mals for each group. *P< 0.01, compared with the vehicle-injected mice; #P< 0.01,
compared with the AA-injected mice.
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Table 1

Effects of PAM-2 on Motor Coordination of Mice

PAM 2 (mg/kg IP)
0

8

20

% Impairment
0.6+0.6
0.0+0.0
0.0£0.0

The effect of PAM-2 on motor coordination was evaluated using the rotarod test in mice 15 min after injection of either PAM-2 or vehicle. Mice
were placed on the rotarod for 3 min. Data were presented as mean = SEM. % impairment of 5 to 6 animals for each group.

IP = intraperitoneal; PAM-2 = 3-furan-2-yl-N-p-tolyl-acrylamide.
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Table 2

Eftects of PAM-2 on Motor Coordination in Carrageenan-Treated Mice

PAM-2 (mg/kg; IP) % Impairment
0 0x0
8 1=1

Mice were injected with 20 uL of (0.5%) of -carrageenan in the intraplantar region of the right hind paw. PAM-2 or vehicle was injected IP 6 h after
the carrageenan injection, and the animals were tested for possible motor impairment. The motor coordination was evaluated using the rotarod test
in mice 15 min after injection of either PAM-2 or vehicle. Mice were placed on the rotarod for 3 min. Data were presented as mean = SEM. %
impairment of 5 animals for each group.

IP = intraperitoneal; PAM-2 = 3-furan-2-yl-N-p-tolyl-acrylamide.
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