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The a7 nicotinic receptor dual allosteric
agonist and positive allosteric modulator
GAT107 reverses nociception in mouse models
of inflammatory and neuropathic pain
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BACKGROUND AND PURPOSE

Orthosteric agonists and positive allosteric modulators (PAMs) of the a7 nicotinic ACh receptor (nAChR) represent novel
therapeutic approaches for pain modulation. Moreover, compounds with dual function as allosteric agonists and PAMs, known as
ago-PAMs, add further regulation of receptor function.

EXPERIMENTAL APPROACH

Initial studies examined the a7 ago-PAM, GAT107, in the formalin, complete Freund’s adjuvant (CFA), LPS inflammatory pain
models, the chronic constriction injury neuropathic pain model and the tail flick and hot plate acute thermal nociceptive assays.
Additional studies examined the locus of action of GAT107 and immunohistochemical markers in the dorsal horn of the spinal
cord in the CFA model.

KEY RESULTS

Complementary pharmacological and genetic approaches confirmed that the dose-dependent antinociceptive effects of GAT107 were
mediated through a7 nAChR. However, GAT107 was inactive in the tail flick and hot plate assays. In addition, GAT107 blocked condi-
tioned place aversion elicited by acetic acid injection. Furthermore, intrathecal, but not intraplantar, injections of GAT107 reversed
nociception in the CFA model, suggesting a spinal component of action. Immunohistochemical evaluation revealed an increase in the
expression of astrocyte-specific glial fibrillary acidic protein and phosphorylated p38MAPK within the spinal cords of mice treated with
CFA, which was attenuated by intrathecal GAT107 treatment. Importantly, GAT107 did not elicit motor impairment and continued to
produce antinociceptive effects after subchronic administration in both phases of the formalin test.

CONCLUSIONS AND IMPLICATIONS
Collectively, these results provide the first proof of principle that a7 ago-PAMs represent an effective pharmacological strategy for
treating inflammatory and neuropathic pain.

Abbreviations

CCI, chronic constriction nerve injury; CFA, complete Freund’s adjuvant; GFAP, astrocyte-specific glial fibrillary acidic
protein; i.pl., intraplantarly; KO, knockout; MLA, methyllycaconitine; nAChRs, nicotinic ACh receptors; PAM, positive
allosteric modulator; p-p38MAPK, phosphorylated p38MAPK; WT, wild-type
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Introduction

Neuronal nicotinic ACh receptors (nAChR) are recognized
targets for drug development in several preclinical models of
cognitive and neuro-degenerative disorders (Dziewczapolski
et al., 2009; Thomsen et al., 2010). Along with their well-
documented roles in cognition, nAChR activation produces
analgesic effects in laboratory animal and human studies
(Umana et al., 2013). The homomeric a7 nAChR subtype is
abundantly expressed in the CNS and periphery (Girod
etal., 1999). While activation of a7 nAChRs by orthosteric ag-
onists induces antinociceptive effects in several experimental
models of pain (Damaj et al., 2000; Wang et al., 2005;
Feuerbach et al., 2009; Bagdas et al., 2011), these approaches
may bring forward limitations, such as low probability of
channel opening and rapid desensitization (Feuerbach et al.,
2009; Williams et al., 2011). New approaches for the
activation of a7 nAChRs have led to the identification of
a7-selective positive allosteric modulators (PAMs) that cir-
cumvent the limitations of ligands that directly activate a7
nAChRs (Williams et al., 2011) as well as a new class of agents
identified as a7 ‘silent agonists’ (Papke et al., 2014a, 2015).
Recently, several structurally distinct and selective a7
nAChR PAMs were developed (Hurst et al., 2005;
Timmermann et al., 2007). These PAMs were shown to in-
crease the potency and/or maximal efficacy of endogenous
(ACh and choline) or exogenous agonists for the a7 nAChRs.
These a7 PAMs were active in mouse and rat models of
chronic and inflammatory pain (Munro et al., 2012; Freitas
et al., 2013a,b,c; Bagdas et al., 2015b). In addition, a7 drugs
for chronic pain and inflammation indications may not be
ion channel activators but rather ‘silent agonists’, which bind
to the receptor but preferentially induce non-conducting
states that modulate signal transduction (Papke et al., 2015).
While PAMs are thought to bind to a distinct binding site
from the orthosteric site and lack intrinsic agonist activation,
recent studies have reported that some molecules show dual
activity, namely, allosteric modulators and allosteric agonists
(Gill et al., 2012; Thakur et al., 2013). These molecules are de-
scribed as ago-allosteric ligands or ago-PAMs. Accordingly,
the present study investigated the antinociceptive properties
of the recently reported ago-PAM compound, GAT107
(Thakur et al., 2013; Papke et al., 2014b). GAT107 is a potent
a7 nAChR type II PAM with intrinsic allosteric agonist activi-
ties (Thakur et al., 2013). We therefore tested and character-
ized GAT107 in mouse models of acute and chronic pain
that mimic different pain modalities in humans. Its

analgesic-like properties in acute (thermal spinal and
supraspinal), tonic (formalin) inflammatory (both chemical
and bacterial) and neuropathic pain [chronic constriction
nerve injury (CCI)] models were determined.

Previous studies report that the a7 nAChR is found within
the CNS on astrocytes (Shen and Yakel, 2012), and modula-
tion of astrocytic a7 nAChR leads to anti-inflammatory sig-
nalling cascades, as well as decreases in astrocyte activation
shown by the astrocyte-specific glial fibrillary acidic protein
(GFAP) (Liu et al., 2012; Niranjan et al., 2012; Di Cesare
Mannelli et al., 2015). It is now supported that glial activa-
tion, including astrocyte activation, within the dorsal horn
of the spinal cord may also play a critical role in mediating
pathological pain (Kim et al., 2009; Wilkerson et al., 2012a,
b). Indeed, increased GFAP expression has been widely used
as a cellular marker coincident with pathological pain
(Schreiber et al., 2008; Gao and Ji, 2010; Wilkerson et al.,
2012a,b). One major upstream signalling cascade that leads
to the production and release of pro-inflammatory cytokines
is the phosphorylation of p38MAPK. This phosphorylated
p38MAPK (p-p38MAPK) plays a critical role in mechanical
allodynia that involves the action of pro-inflammatory cyto-
kines, including IL-18 (Ji and Suter, 2007; Ji et al., 2009), and
astrocyte-specific p-p38MAPK is sufficient to produce patho-
logical pain states (Moon et al., 2014). Thus, here, we deter-
mined if GAT107 would reverse alterations in
immunoreactivity of GFAP and p-p38MAPK and within the
dorsal horn of the spinal cord in mice treated with complete
Freund’s adjuvant (CFA).

Methods

Animals

Male adult (8-10 weeks of age) ICR mice obtained from
Harlan Laboratories (Indianapolis, IN, USA) and male adult
C57BL6/] mice from The Jackson Laboratory (Bar Harbor,
ME, USA) were used throughout the study. Mice null for the
a7 subunits (The Jackson Laboratory) and their wild-type
(WT) littermates were bred in an animal care facility at Vir-
ginia Commonwealth University. For all experiments, mice
were backcrossed for >8-10 generations. Mutant and WT
mice were obtained by crossing heterozygote mice. This
breeding scheme controlled for any irregularities that might
occur with crossing solely mutant animals. Mice were housed
in a 21°C humidity-controlled Association for Assessment
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and Accreditation of Laboratory Animal Care-approved ani-
mal care facility. They were housed in groups of four and
had free access to food and water. The rooms were on a
12 h light/dark cycle (lights on at 07:00 h). All experiments
were performed during the light cycle (between 07:00 and
19:00 h), and the study was approved by the Institutional
Animal Care and Use Committee of Virginia Common-
wealth University. All studies were carried out in accor-
dance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals. Animals were
killed via CO, following by cervical dislocation after the ex-
periments finished, unless noted otherwise. Any subjects
that subsequently showed behavioural disturbances unre-
lated to the pain induction procedure were excluded from
further behavioural testing. Animal studies are reported in
compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

Behavioural assessments

Formalin test. The formalin test was carried out in an open
Plexiglas cage (29 x 19 x 13 cm each). Mice were allowed to
acclimatize for 15 min in the test cage prior to injection.
Each animal was injected with 20 pL of (2.5%) formalin to
the right hind paw i.pl. Mice were observed from O to 5 min
(phase I) and 20 to 45 min (phase II) post-formalin
injection. The amount of time spent licking the injected
paw was recorded with a digital stopwatch. Paw diameter
(see the Measurement of paw oedema section) was also
measured before and 1 h after formalin injection.

GAT107 (0.1, 1, 3 and 10 mg-kg™") or vehicle was injected
i.p. 15 min before formalin injection. For the antagonist stud-
ies, the o7 nicotinic antagonist MLA (10 mg-kg '), opiate an-
tagonist naloxone (2 mg-kg ") or vehicle (saline) was injected
s.c. 15 min before the GAT107 (10 mg-kg ", i.p.) or vehicle in-
jection. In a separate group, GAT107 (10 mg-kg ™", i.p.) effects
in the formalin test were measured in a7 WT and knockout
(KO) mice.

For the subchronic GAT107 administration study, mice
were administered GAT107 (1 and 10 mg~kg_1, i.p.) or vehicle
for 6 days twice daily with 8 h apart and were challenged with
GAT107 (1 or 10 mg-kg ', i.p.) on day 7 and tested in forma-
lin test. A vehicle control group, in which mice were exposed
to 7 days of vehicle, was also included.

CH-induced inflammatory pain model. Mice were injected i.pl.
with 20 uL of CFA (50%, diluted in mineral oil). Mechanical
allodynia (see measurement of von Frey test) and thermal
hyperalgesia (see Hargreaves test) were measured before and
3 days after CFA injection. GAT107 (1, 3 and 10 mg-kg™") or
vehicle was injected i.p. on day 3 after CFA injection and
tested for possible anti-allodynic and antihyperalgesic efficacy.
Antagonist studies were performed as described above.

We also determined the contribution of spinal a7 nAChR
mediation in the effects of GAT107 usingi.t. injection of MLA
in a separate cohort of mice. For this reason, we injected MLA
(10 ug 5 uL™' per mouse, i.t.) or its vehicle 15 min before
GAT107 (10 mgkg ', i.p.) or its vehicle. Mice were tested
for allodynia 15 min after the last injection.

In order to test whether GAT107 produced its
antinociceptive effects through a spinal or peripheral site of
action, drugs were administered i.t. or i.pl. respectively. For
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spinal studies, GAT107 (0.3 and 3 pg 5 uL™ per mouse) or ve-
hicle (5% DMSO) were injected i.t. 3 days after the CFA injec-
tion. For peripheral studies, GAT107 (3 and 9 ug 20 uL™ per
mouse) or vehicle (1:1:18) was injected i.pl. Mechanical
allodynia was then tested at different time points, and paw di-
ameter was measured 1 h after GAT107 injection.

In a separate experiment, we performed immunohisto-
chemistry of GFAP and p-p38MAPK staining in the dorsal
horn of the spinal cord 3 days after the CFA or its vehicle in-
jection. We examined whether i.t. GAT107 would reduce
the increase oinGFAP and p-p38MAPK in the dorsal horn of
the spinal cord. For this study, CFA or mineral oil (vehicle of
CFA) was injected to the right hind paw. After 3 days,
GAT107 (3 ng 5 pLt per mouse) or vehicle (5% DMSO) was
injected i.t. to the CFA and mineral oil-treated mice. Mechan-
ical thresholds were measured before CFA or its vehicle, on
the test day (3 days after) and after 2 h from GAT107 or its ve-
hicle i.t. injection. Following determination of the last me-
chanical threshold, mice were immediately overdosed with
vaporized isoflurane, perfused, and tissues harvested for im-
munohistochemical procedures.

LPS-induced inflammatory pain model. Inflammatory pain
was induced by injecting 2.5 pug LPS from Escherichia coli
026:B6 (Sigma) in 20 pL of physiological saline into the
plantar surface of the right hind paw of each mouse. The
LPS dose used in this study does not produce oedema
(Booker et al., 2012). Mice were returned to their home cages
after LPS injection for a 22 h period before commencing all
experiments. On the test day, GAT107 (1, 3 and 10 mg-kg™")
or vehicle was injected i.p., and the animals were tested for
mechanical allodynia.

CCl-induced neuropathic pain model. Mice were anaesthetized
with pentobarbital (45 mg-kg ™', i.p.). An incision was made
just below the hip bone, parallel to the sciatic nerve. The
left common sciatic nerve was exposed at the level proximal
to the sciatic trifurcation, and a nerve segment 3-5 mm
long was separated from the surrounding connective tissue.
Two loose ligatures with 5-0 silk suture were made around
the nerve with a 1.0-1.5 mm interval between each of them.
Muscles were closed with suture thread and the wound with
wound clips. This procedure resulted in CCI of the ligated
nerve. GAT107 (1, 3 and 10 mg-kg ") or vehicle was injected
i.p. 2 weeks after CCI surgery, and the animals were tested
for changes in thermal hyperalgesia and mechanical
allodynia.

Evaluation — of thermal  hyperalgesia and  mechanical
allodynia. Thermal hyperalgesia was measured via the
Hargreaves test as described before (Bagdas et al., 2015a).
Three measures of paw withdrawal latency were taken and
averaged for each hind paw using the Hargreaves test.
Results are expressed either as withdrawal latency for each
paw or as APWL (in s) = contralateral latency — ipsilateral
latency.

Mechanical allodynia thresholds were determined ac-
cording to the method of Chaplan et al. (1994 and as adapted
in Bagdas et al. (2015a. A series of calibrated von Frey fila-
ments (Stoelting, Wood Dale, IL, USA) with logarithmically
incremental stiffness ranging from 2.83 to 5.07 expressed as



dsLog10 of (10 1b force in mg) were applied to the paw with a
modified up-down method (Dixon, 1965). The mechanical
threshold was expressed as Log10 of (10 Ib force in mg), indi-
cating the force of the von Frey hair to which the animal
reacted (paw withdrawn, licking or shaking). All behavioural
testing on animals was performed in a blinded manner.

Measurement of paw oedema. The thickness of the formalin-
or CFA-treated paws was measured both before and after
injections at the time points indicated above, using a digital
calliper (Traceable Callipers, Friendswood, TX, USA). 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).

Acetic acid-induced writhing test. For the measurement of
acetic acid-induced nociceptive behaviour, each mouse was
placed in a Plexiglas box and allowed to acclimatize for
20 min. Then the mouse was given an i.p. injection of acetic
acid (1%) or saline at a total volume of 1 mL 100 g™ body
weight and then returned to the box. Counting the number
of typical writhing behaviours started immediately after
acetic acid administration, and the number of stretches
(a stretch was operationally defined as a contraction of the
abdomen followed by an extension of the hind limbs) was
recorded in 10 min bins for a total of 60 min. Experiments
were carried out by injecting the mice with either vehicle or
GAT107 (1, 3 and 10 mg-kg ', i.p.), and 15 min later, they
received acetic acid (1%) and were tested as described above.

Acetic acid-induced CPA. To evaluate the negative affective
component of pain, the conditioned place aversion (CPA)
test was performed as previously described (Papke et al.,
2015). In brief, separate groups of mice were handled for
3 days prior to initiation of CPA testing. On day 1, mice
were placed in the grey centre compartment for a 5 min
habituation period, followed by a 15 min 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 i.p.
injection of saline as a control non-noxious stimulus or 1%
acetic acid as a noxious stimulus at a total volume of 1 mL
100 g body weight (for both saline and acetic acid) and
then immediately confined in the drug-paired compartment
for 40 min. In addition, mice were pretreated with vehicle
(i.p.) or GAT107 (1, 3 and 10 mg-kg ', i.p.) 15 min prior to
acetic acid 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 are expressed as time
spent on the drug-paired side post-conditioning minus the
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 zero indicates no
preference for either side.

a7 ago-PAM in inflammatory and neuropathic pain m

Acute thermal pain tests. The antinociceptive effect of
GAT107 was assessed by the tail flick method of D’Amour
and Smith (1941 as modified by Dewey et al. (1970.
Antinociceptive response was calculated as the percentage
maximum possible effect (%MPE), where %MPE = {[(test
value — control value)/(cut-off (10 s) — control
value)] * 100}. The antinociceptive effect of GAT107 was
also assessed in the hot plate test (Thermojust Apparatus,
Columbus, OH, USA) maintained at 55°C. Antinociceptive
response was calculated as %MPE, where %MPE = {[test
value — control]/[cut-off time (40 s) — control] * 100}. The
reaction time was recorded when the animal jumped or
licked its paws. Experiments were carried out by injecting
the mice with either vehicle or GAT107 (10 mg-kg ', i.p.),
and animals were tested 15, 30, 45 and 60 min after injection.

Locomotor activity test. Mice were placed into individual
Omnitech photocell activity cages (28 x 16.5 cm) (Columbus,
OH, USA). Interruptions of the photocell beams (two banks of
eight cells each) were recorded for the next 30 min. Data are
expressed as the number of photocell interruptions.

Motor coordination. The effects of drugs on motor
coordination were measured using the rotarod test (IITC
Inc., Life Science, Woodland Hills, CA, USA) as previously
described (Freitas et al.,, 2013a). The impairment was
calculated as follows: % impairment = (180 — test time)/
(180 * 100). Mice were pretreated with either i.p. vehicle or
GAT107 (10 mg-kg ™", i.p.) 15 min before the test.

Intrathecal (i.t.) injections

Injections were performed free hand between the fifth and
sixth lumbar vertebra in unanaesthetized mice according to
the method of Hylden and Wilcox (1980).

Immunohistochemical procedures from
CHA-treated mice

Mice were overdosed with vaporized isoflurane and then per-
fused transcardially with saline followed by 4% paraformal-
dehyde. Whole vertebral columns with intact spinal cords
(cervical 2 through sacral 1 spinal column segments) were re-
moved and underwent overnight fixation in 4% paraformal-
dehyde at 4°C. All specimens underwent EDTA (Sigma
Aldrich) decalcification for 20 days, and spinal column sec-
tions were subsequently treated with paraffin, embedded,
sliced and mounted on slides, as previously described
(Wilkerson et al., 2012a,b).

Slides were treated for immunohistochemistry for the de-
tection of GFAP and p-p38MAPK, as previously described
(Wilkerson et al., 2012a,b). Briefly, slides were incubated with
primary antibody overnight at 4°C, in a humidity chamber,
and incubated with a fluorophore-conjugated secondary
antibody for 2 h the following day. For the detection of
p-p38MAPK, slides were incubated with biotinylated second-
ary antibody for 1 h and then treated with Vectastain ABC
Elite kit (Vector Labs, Burlingame, CA, USA) and stained
using TSA Plus Fluorescein System (PerkinElmer Life Sciences,
Waltham, MA, USA) to allow for signal amplification.
Slides were cover slipped with Vectashield containing DAPI
(Vector Labs).
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Image | software analysis

Fluorescent images for standard fluorescence analysis were
obtained in the same manner as detailed above and analysed
as previously described (Wilkerson et al., 2012b). Briefly, im-
ages were taken on a Zeiss Axiolmager Z2 fluorescence micro-
scope (Carl Zeiss, AG, Germany). Images were then converted
to grey scale and analysed using Image J software available for
free download at http://rsb.info.nih.gov/ij/. Briefly, a total of
four tissue sections from a single animal were averaged to ob-
tain an individual animal’s overall fluorescent intensity, with
four animals in each experimental treatment group, to gener-
ate an average for that experimental condition. Likewise,
background values were generated from control tissues incu-
bated with PBS and the given secondary antibody and aver-
aged together. The average background was then subtracted
from the above mentioned average of each experimental
treatment group.

Statistical analysis

The data obtained were analysed using the GraphPad software,
version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA), and
expressed as the mean + SEM. Statistical analysis was done using
the one-way or two-way ANOVA test, followed by the post hoc
Tukey’s test. Student’s unpaired t-test was used for spontaneous
activity and motor coordination. The P values <0.05 were con-
sidered significant. The data and statistical analysis comply with
the recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015).

Drugs

Methyllycaconitine (MLA) citrate was purchased from RBI
(Natick, MA, USA). Naloxone was obtained from the National
Institute for Drug Abuse (Rockville, MD, USA). Acetic acid,
carrageenan, CFA and DMSO were purchased from
Sigma-Aldrich (St. Louis, MO, USA). GAT107 ((3aR,4S,9bS)-
4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta|c]
quinoline-8-sulfonamide) was synthesized as described
previously (Kulkarni and Thakur, 2013; Thakur et al., 2013).
GAT107 was dissolved in a mixture of 1:1:18 [1 volume
ethanol/1 volume Emulphor-620 (Rhone-Poulenc, Inc.,
Princeton, NJ, USA)/18 volumes distilled water] and adminis-
tered i.p. for systemic injections and intraplantarly (i.pl.) for pe-
ripheral injections. GAT107 was dissolved in 5% DMSO for
intrathecal (i.t.) injection experiments. Other drugs were dis-
solved in physiological saline (0.9% sodium chloride) and injected
s.c. 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.

Results

Acute GAT107 dose-dependently attenuates
phase 1l formalin-induced pain and oedema

As seen in Figure 1A, GAT107 did not significantly affect no-
ciceptive behaviour during phase I [F4 25y = 1.913, P = 0.90].
However, it dose-dependently attenuated mnociceptive
behaviour in phase II [F(4 25, = 8.231, P < 0.001]. In addition,
GAT107 significantly reduced paw oedema [F 23y = 9.345,
P < 0.001; Figure 1B], with mice treated with 3 and 10 mg-kg™"
doses differing from the vehicle group.
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We next explored the possible role of a7 nAChRs and opi-
oid receptors in the effect of GAT107 in phase II of the forma-
lin test. As shown in Figure 1C, a significant effect of
treatment was found [Fs 30, = 40.82, P < 0.001]. Neither an-
tagonist given alone significantly affected nociceptive behav-
iour (P = 0.72). While s.c. naloxone (2 mg~kg’1) failed to
reverse the effect of GAT107 (10 mg-kg™ ', i.p.) (P > 0.05),
MLA (10 mg-kg ', s.c.) blocked the antinociceptive effect of
GAT107 (P < 0.001). Furthermore, while GAT107 reduced
formalin-induced paw licking in WT mice, the effect
vanished in a7 KO mice [F( 20y =20.38, P < 0.001; interaction
between drug and genotype; Figure 1D].

Subchronic GAT107 attenuates phase I and
phase 1l formalin pain, without producing
tolerance

In the next experiment, we investigated whether the
antinociceptive effects of GAT107 in the formalin test would
undergo tolerance after subchronic administration. GAT107
produced significant effects in phase I [Fy42s) = 5.842,
P < 0.01; Figure 2A] and phase 2 [F4 25y = 12.66, P < 0.001;
Figure 2B]. In phase I, GAT107 failed to reduce paw licking be-
haviour in subchronic vehicle-treated mice (P > 0.05).
Surprisingly, it induced antinociceptive behaviour in sub-
chronic GAT107-treated mice (P < 0.001; Figure 2A). Further-
more, tolerance did not develop after subchronic exposure to
GAT107 during phase II of the formalin test (P < 0.001;
Figure 2B).

GAT107 dose-dependently attenuates
CH-induced inflammatory pain in an o/
nAChR-dependent manner

GAT107 dose-dependently reduced CFA-induced allodynia
[Faosextime21,147y = 5.969, P < 0.01; Figure 3A] and
hyperalgesia [Fqosextime(12,84) = 9.585, P < 0.001; Figure 3B).
Post hoc analysis revealed that 10 mg-kg ' GAT107 yielded
maximal reversal similar to pretreatment baseline values at
15 to 30 min after injection. The anti-allodynic effects of
10 mgkg ' GAT107 lasted for 2 h, while the
antihyperalgesic effects lasted for 1 h.

We next evaluated the possible role and site of a7 nAChRs
in the antinociceptive effects of GAT107 in the CFA model.
Both systemic (10 mgkg ") [Fa20 = 26.21, P < 0.001;
Figure 3C] and spinal (10 pg/5 pL) [F3,20) = 24.77, P < 0.001;
Figure 3D] administration of the a7 nAChR antagonist
MLA totally reversed the anti-allodynic effects of GAT107
(10 mg-kg ', i.p.). Similarly, MLA (10 mg-kg ', s.c.) blocked
the antihyperalgesic effect of 10 mgkg ! GAT107 [F,20) = 22.82,
P < 0.001; Figure 3E|.

GAT107 has a central site of action and not
peripheral

Figure 4 shows a comparison of spinal and peripheral
administration of GAT107 (0.3 and 3 png, i.t.; 3 and 9 ng, i.
pl.) in the CFA test. Spinal GAT107 induced anti-allodynic ef-
fects in a dose-related manner [Faosextime(14,70) = 3.58,
P < 0.001; Figure 4A]. GAT107 also reducedthe CFA-induced
paw oedema at both doses [F(;,15) = 5.124,P < 0.05; Figure 4
B]. In contrast, i.pl. administration of GAT107 failed to show
any significant anti-allodynic [Faose(2,10) = 0.20, P = 0.82] or
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Figure 1

The antinociceptive and anti-oedema effects of GAT107 in the formalin test. (A) The effect after i.p. administration of GAT107 (0.1, 1, 3 and 10 mg-kg ')
on formalin-induced pain behaviour in the mouse. Mice were treated with i.p. GAT107 15 min prior to formalin (2.5%, 20 pL) injection into the plantar
region of the right hind paw. The cumulative pain response of time of licking was measured during the period of 0-5 (first phase) and 20-45 min (second
phase). (B) Anti-oedema effect of GAT107 (1, 3 and 10 mg-kg ™, i.p.) in the formalin test, as measured by the difference in the ipsilateral paw diameter
before and after injection (APD), 1 h after i.pl. injection of 2.5% formalin. (C) Blockade of the antinociceptive effect of GAT107 in the second phase of the
formalin test by the a7 antagonist MLA citrate and opioid antagonist naloxone. MLA (10 mg-kg™', s.c.) and naloxone (2 mg-kg™", s.c.) were given
15 min before GAT107 (10 mg-kg ™', i.p.) or vehicle (Veh). (D) Antinociceptive effects of GAT107 (10 mg-kg ', i.p.) in the second phase of the formalin
test in the a7 WT and KO mice. Data are given as the mean + SEM of six animals for each group in A, C and D. In (B) group sizes as follows: Veh (n = 6),
GAT107 1 mgkg™' (n=7),3mg-kg™" (n=7)and 10mg-kg™" (n=7). The differences in experimental numbers within these studies reflect an odd num-
ber of animals evenly distributed in the experimental design. *P < 0.05, significantly different from its Veh group; #P < 0.05, significantly different from its
corresponding control group (GAT107-treated group or WT group).
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Figure 2

The antinociceptive effects of repeated administration GAT107 in the formalin test. The effect of GAT107 after subchronic i.p. administration of
the drug on formalin-induced pain behaviour in the mouse. Mice were treated with GAT107 (1 and 10 mg-kg ™', i.p.) or vehicle (Veh) for 6 days
twice daily with 8 h apart and were challenged with GAT107 (1 and 10 mg-kgq, i.p.) on day 7 and effects evaluated in formalin (2.5%) test. AVeh
control group, in which mice were exposed to 7 days of vehicle, was also included. The cumulative pain response of time of licking was measured
during the period of 0-5 min first phase (A) and 20-40 min second phase (B). Data are given as the mean + SEM of six animals for each group.
*P < 0.05, significantly different from its Veh group. #P < 0.05, significantly different from acute group.
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Figure 3

The anti-allodynic and antihyperalgesic effects of systemic GAT107 in the CFA-induced chronic inflammatory pain model. The (A) anti-allodynic
and (B) antihyperalgesic effects of after i.p. administration of various doses of GAT107 (1, 3 and 10 mg-kg ™). The mechanical paw withdrawal
thresholds and differences in paw withdrawal latencies (APWL = contralateral — ipsilateral hind paw latencies) were determined 3 days after i.pl.
injection of CFA (50%). To determine the blockade of the anti-allodynic effect of GAT107 by the a7 antagonist MLA citrate, MLA was administered
(C) systemically (10 mg-kgq, s.c.) and (D) spinal (10 pg in 5 pL, i.t.) 15 min before GAT107 (10 mg-kgq, i.p.) injection. (E) Blockade of the
antihyperalgesic effects of GAT107 by MLA (10 mg~kg’1, s.c.) in the Hargreaves test. Data are given as the mean + SEM of eight animals for each
group in Aand B and six animals for each group in C, D and E. *P < 0.05, significantly different from its vehicle (Veh) group. #P < 0.05, significantly
different from its corresponding control group (GAT107-treated group). BL, baseline.

anti-oedematous [F(z 15y = 2.2, P = 0.15] effects, even at the
higher dose of 9 pg per mouse (Figure 4C and D).

GAT107 attenuates CRA-induced GEAP and
p-p8MAPK activation in spinal cord dorsal horn
The above pharmacological studies identified the spinal
cord as an important site for the effects of GAT107 in the
CFA test. Accordingly, we next examined whether i.t.
GAT107 would reduce CFA-induced phosphorylation of in-
tracellular p38MAPK as well as the specific marker for astro-
cytic activation GFAP (Eng et al., 2000) in the dorsal horn
of the spinal cord. As shown in Figure 5A, while CFA re-
duced paw withdrawal thresholds, mineral oil (vehicle of
CFA) did not alter mechanical thresholds 3 days following
administration. GAT107 (3 pg per mouse, i.t.) attenuated

2512 British Journal of Pharmacology (2016) 173 2506-2520

CFA-induced reduction (Figure 5A). We did not perform
the statistical analysis for the immunohistochemistry stud-
ies, because of the group size (n = 4 per group). Although
statistical analysis was not conducted, there was a trend
for GAT107 to reduce CFA-induced GFAP and p-p38MAPK
immunoreactivity in the dorsal horn of the spinal cord.

Figure 5B shows that CFA-treated mice displayed a robust
bilateral increase in dorsal horn GFAP immunoreactivity. i.t.
administration of GAT107 attenuated CFA-induced astrocyte
activation. GAT107 reduced the bilateral increases of GFAP
immunoreactivity in dorsal horn (Figure 5B). Corresponding
representative fluorescent images used for analysis are
shown, vehicle (mineral oil)-injected mice treated with i.t.
vehicle (5% DMSO) or CFA-treated mice injected with either
i.t. GAT107 or equivolume vehicle (Figure 5B).
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In addition, CFA produced a bilateral increase of
p-p38MAPK immunoreactivity in dorsal horn. GAT107 (i.t.)
reduced the bilateral increases of p-p38MAPK immunoreac-
tivity in dorsal horn (Figure 5C). Again, representative fluo-
rescent images are presented, which correspond to image
analysis of vehicle-injected mice with i.t. vehicle, CFA-
treated mice with i.t. vehicle or CFA-treated mice with
GAT107 (Figure 5C). The figures are based on the studies re-
ferred in the Supporting Information.

GAT107 dose-dependently attenuates
LPS-induced inflammatory pain

GAT107 dose-dependently reversed LPS-induced mechanical
allodynia [Fqosextime(15,90) = 3.762, P < 0.001; Figure 6], with
the dose of 10 mg-kg~' producing complete blockade. Post
hoc analysis revealed that the anti-allodynic effects of
GAT107 were evident from 15 to 60 min after injection and
returned to control by 120 min.

GAT107 dose-dependently attenuates
CCl-induced neuropathic pain

The anti-allodynic and antihyperalgesic effects of GAT107
were explored in the CCI-induced neuropathic pain model.
GAT107 dose-dependently and time-dependently reversed
CCl-induced allodynia [Fdosextime(15,135) = 929, P < 0001,
Figure 7A]. However, GAT107 did not alter von Frey responses
in sham-treated mice [Fyose(3,15) = 0.28, P > 0.05; Figure 7BJ.

Furthermore, GAT107 induced significant dose-related
antihyperalgesic effects in CCI mice [Fgosextime(s,30) = 6.622,
P < 0.001; Figure 7C] but not in the sham mice [Fgose
3,15 = 0.40, P > 0.05; Figure 7D].

GAT107 dose-dependently reduces acetic
acid-induced writhings and CIA

GAT107 (3 or 10 mg-kg™") significantly reduced both acetic acid-
induced nociceptive behaviours [F320 = 16.25, P < 0.001;
Figure 8A]. Acetic acid (1%) induced CPA, which was prevented
by pretreatment with GAT107 [Fs3z = 2.649, P < 0.05;
Figure 8B|. Post hoc analysis revealed that 10 mg-kg " GAT107
blocked place aversion (P < 0.001).

GAT107 has no antinociceptive properties in
acute thermal pain

In contrast to the other nociceptive assays, 10 mg-kg™' GAT107
failed to show significant antinociceptive activity in the tail flick
and hot plate tests [Fgose(1,100 = 0.042, P > 0.05, and Fyose
a,10) = 2.232, P > 0.05 respectively; Figure 9].

GAT107 does not alter motor activity and
coordination

As seen in Table 1, mice treated with GAT107 (10 mg-kg !,
i.p.) did not affect spontaneous activity or performance in
the rotarod test (t = 0.04698, d.f. = 10, P > 0.05, and
t=0.3359, d.f. =9, P > 0.05 respectively).
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Immunoreactivity of GFAP and p-p38MAPK following GAT107-induced reversal of allodynia. (A) Prior to CFA injection, all groups exhibited similar
baseline (BL) thresholds. CFA produced significant allodynia. Behavioural responses following i.t. GAT107 (3 pg) produced maximal reversal of
allodynia. At peak reversal, animals were killed, and spinal tissue was collected. (B) Compared with vehicle (Veh)-injected mice given i.t.
GAT107 or equivolume of Veh, CFA mice demonstrated a robust increase in dorsal horn GFAP immunoreactivity given i.t. Veh. Representative im-
ages at 20x magnification of GFAP fluorescent staining (green). (C) Compared with Veh-injected mice given i.t. GAT107 or equivolume Veh, CFA
mice produced a robust p-p38MAPK increase in dorsal horn spinal cord tissues following i.t. Veh injection. GAT107 administered i.t. reversed CFA-
induced increases in p-p38MAPK immunoreactivity. Representative images at 20x magnification of p-p38MAPK fluorescent staining (red). In all
images, the scale bar is equal to 50 um. Data are given as the mean + SEM of four animals for each group.

Discussion

The recent discovery of compounds that can function as dual
allosteric agonists and PAMs (ago-PAMs) add a new pharma-
cological approach for the regulation of a7 nAChR function
(Gill et al., 2011, 2012; Thakur et al., 2013; Papke et al.,
2014b). In this concept, the identification of GAT107
(Thakur et al., 2013) as an a7 ago-PAM provides a new ap-
proach for the treatment of chronic pain and inflammation.
Our results establish the antinociceptive and anti-
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inflammatory efficacy of GAT107 in a battery of mouse
models of pain. Similar to some a7 nAChR agonists
(Gao et al., 2010; Papke et al., 2015) and PAMs (Freitas et al.,
2013a), GAT107 lacked activity in acute thermal pain tests
(hot plate and tail flick). Importantly, no changes were seen
in motor locomotion or coordination with antinociceptive
doses of GAT107 in mice.

a7 nAChR-dependent antinociceptive activity results via
interaction with the receptor by orthostatic agonists, PAMs
or the more recently characterized dual ago-PAMs. Since
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The anti-allodynic effects of GAT107 in LPS-induced inflammatory
pain model. The anti-allodynic effects after i.p. administration of var-
ious doses of GAT107 (1, 3 and 10 mg-kg™'). The mechanical paw
withdrawal thresholds were determined 24 h after i.pl. injection of
LPS (2.5 ugin 20 plL). Data are given as the mean + SEM of seven an-
imals for each group. *P < 0.05, significantly different from its vehicle
group. BL, baseline.

there are limitations via direct agonist activation, such as low
probability of channel opening and rapid desensitization
(Williams et al., 2011), PAMs provide antinociceptive action
with less side effects. a7 nAChR PAMs have been classified
as either type I, such as NS1738, or type II, such as PNU-
120596, based on differences in their effect on desensitiza-
tion (Bertrand and Gopalakrishnan, 2007; Timmermann
et al., 2007). Specifically, PAMs classified as type I predomi-
nantly affect the apparent peak current, with little effect on
desensitization kinetics, whereas type II increase the appar-
ent peak current and evoke a distinct weakly decaying current
(Hurst ef al., 2005). Interestingly, while a type I PAM failed to
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produce an antinociceptive effect, a type II PAM induced
long-lasting anti-allodynic effects (Freitas et al., 2013b;
Bagdas et al., 2015b). While mainly PAMs have been de-
scribed as allosteric modulators that lack direct agonist activ-
ity, ago-PAMs can produce both allosteric agonist activation
and allosteric modulation of a7 nAChR function. Hence, the
ago-PAMs of a7 nAChRs would be more efficacious in multi-
ple and varied pain models. Indeed, the analgesic activity of
GAT107 was assessed through various pain models including
chemical, mechanical and thermal nociception assays, as
well as chronic inflammatory and neuropathic pain models.
Here, we show that GAT107 provides a wide spectrum of an-
algesic activity compared with other nicotinic ligands which
show variations and limitations in their analgesic action (Gao
etal., 2010).

Our current results with GAT107 confirm previous studies
and provide novel findings. To better evaluate the potential
analgesic properties of GAT107, various mouse models of
pain were chosen to mimic distinct clinical pain conditions
and pathological etiologies. Here, we show that GAT107 is ef-
ficacious in chronic and inflammatory but not acute forms of
pain. a7 nAChRs agonists show variable effects in acute pain
assays where some of the ligands are active and others not
(Hamurtekin and Gurun, 2006; Gao et al.,, 2010; Freitas
et al., 2013a; Papke ef al., 2015). GAT107’s activity on acute
pain stimulus was consistent with our previous results with
PAMs (Freitas et al., 2013a; Bagdas et al., 2015b).

GAT107 attenuated pain behaviour in the second phase
of the formalin test, which is associated with the develop-
ment of inflammation and spinal cord dorsal horn sensitiza-
tion, but was ineffective in phase I (immediately after
formalin injection), which is mediated by C-fibre activity
(Abbott et al., 1995; Davidson and Carlton, 1998). Moreover,
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The anti-allodynic effects of GAT107 in CCl-induced neuropathic pain. The anti-allodynic effects after i.p. injection of GAT107 (1, 3 and 10 mg-kg™ ") in (A)
CCl and (B) sham mice were determined using the von Frey test. The antihyperalgesic effects of GAT107 (1, 3 and 10 mg-kg’1) were tested 30 min after its
injection in (C) CCl and (D) sham mice using the Hargreaves test. Data are given as the mean + SEM of 10 animals for each group in (A) and six animals for
each group in (B, C and D). *P < 0.05, significantly different from its vehicle group. BL, baseline.
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Effects of GAT107 in (A) the tail flick and (B) hot plate tests. The antinociceptive effects of GAT107 (10 mg~kgf1, i.p.) were measured at multiple
time points (in min) after injection. Data are presented as %MPE + SEM of six animals for each group.

Table 1

Effects of GAT107 on motor activity and coordination of mice

Rotarod activity (% impairment)

Treatment Spontaneous activity (# interrupts per 10 min)
Vehicle 743.8 £169.7
GAT107 755.2+£171.4

1.483+£0.8
1.120£0.8

Mice were placed into photocell activity cages for 30 min or placed on the rotarod for 3 min after 15 min i.p. administration of GAT107. Data are
presented as mean + SEM as the number of photocell interruptions and time to fall in % impairment for each group respectively (5-6). The differences in
experimental numbers within these studies reflect an odd number of animals evenly distributed in the experimental design.

GAT107 decreased formalin-induced paw oedema, consistent
with the idea that it acts on the inflammatory phase of forma-
lin test. In addition, repeated GAT107 administration not
only maintained its antinociceptive effects during phase II
of the formalin test but also significantly reduced nociceptive
behaviours during phase I. The effectiveness of GAT107 expo-
sure during phase I, therefore, may also be due to adaptive
changes induced by repeated exposure to the drug or drug ac-
cumulation at the a7 nAChR. The results of the present study
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are consistent with our previous work showing that o7
nAChR PAMs produce antinociceptive effects in formalin test
(Freitas et al., 2013a,c).

To verify the selectivity of o7 nAChRs in GAT107’s effects,
we utilized complimentary genetic and pharmacological ap-
proaches, a7 KO mice and the a7-selective antagonist MLA.
Using these approaches, we confirmed that the
antinociceptive effects of GAT107 in the formalin test require
a7 nAChRs. In order to minimize the number of animals



used, we tested the o7 antagonist MLA in only the formalin
and CFA models and a7 KO mice in the formalin model. Ad-
ditionally, the opioid receptor antagonist naloxone failed to
reverse the antinociceptive effects of GAT107 in the formalin
test, suggesting a lack of involvement of the opioid receptors.

To further address the selectivity of a7 nAChR activation
by GAT107, we examined several anatomical sites where
GAT107 may act to produce antinociceptive behavioural
effects. GAT107 exhibited clear anti-allodynic and
antihyperalgesic effects in the CFA model via spinal a7
nAChRs. Indeed, i.t. but not i.pl.,, GAT107 administration
attenuated CFA-induced mechanical allodynia and paw
oedema. These data suggest that GAT107 reverses mechanical
allodynia through the central sites of action, namely, the spi-
nal cord. Furthermore, the finding that MLA given i.t.
completely blocked the anti-allodynic effects of systemically
administered GAT107 suggests that spinal pain mechanisms
may play an important role for the expression of the anti-
allodynic effects of GAT107.

The spinal cord has previously been shown to be a key site
where the molecular action of nAChRs produces analgesia. It
has been reported that electrophysiological recordings from
spinal cord slices show a strong nicotine-induced increase in
inhibitory synaptic transmission, which was mediated par-
tially by 04p2 and only minimally by a7 subtypes (Gao et al.,
2010). However, this previous report mainly focused on the
actions of neuronal o7 nAChR and not glial a7 nAChR within
the dorsal horn of the spinal cord. Other studies demonstrate
that a7 nAChR activation produces neuroprotective effects
(Shytle et al., 2004; de Simone et al., 2005; Nizri et al., 2009;
Liuetal., 2012; Egeaetal., 2015). Here, we report that bilateral
increases in both GFAP and p-p38MAPK immunoreactivity
were observed in the dorsal horn of the spinal cord following
injection of CFA. Spinal administration of GAT107 reversed
CFA-induced allodynia and blocked the activation of both
GFAP and p-p38MAPK in the spinal cord. One possible expla-
nation of our findings is that spinal a7 nAChR activation
leads to either direct or indirect decreases in astrocyte activa-
tion, leading to reductions in p-p38MAPK, ERK1/2 and down-
stream proinflammatory signalling molecules such as TNF-a
(Moon et al., 2014). This is supported by previous studies
showing that PNU-120596 produces anti-inflammatory ef-
fects in rats via a decrease in TNF-a and IL-6 levels (Munro
et al., 2012) and GAT107 includes type II PAM properties. It
is also possible that an o7-dependent regulation of
cholinergic anti-inflammatory pathway (e.g. TNF-a through
an NF-xB pathway) may mediate the antinociceptive effects
of GAT107 (Bernik et al., 2002). Although not examined here,
it is important to note that a7 nAChR is expressed on microg-
lia and macrophage (de Simone et al., 2005; Su et al., 2007;
Takeda et al., 2007) and microglial a7 nAChR is a key element
in promoting neuroprotection (Shytle et al., 2004; Parada
etal., 2013; Egea et al., 2015; Yang et al., 2015) and may con-
tribute to the effects observed. More studies, outside the
scope of this body of work, are needed to elucidate the full cel-
lular mechanisms and contributions underlying the effects
shown here. Taken together, these findings suggest that mod-
ulation of spinal cord glia, via a7 nAChRs, is sufficient to pro-
duce antinociceptive effects.

GAT107 dose-dependently inhibited acetic acid-induced
CPA as well as acetic acid-induced abdominal stretching

a7 ago-PAM in inflammatory and neuropathic pain m

behaviour. GAT107 inhibition of CPA was not due to the re-
warding properties of the drug since GAT107 alone did not in-
duce a conditioned place preference. Our results are also
consistent with a7 nAChR silent agonist NS6740 and a7 nAChR
type I PAM 3-furan-2-yl-N-p-tolyl-acrylamide, which modulates
the acetic acid-induced stretching behaviour and pain-related
aversion (Papke et al., 2015; Bagdas et al., 2015b). These results
suggest that a7 nAChR modulation may play an important role
in dampening the aversive signs of pain.

GAT107 activity at a7 nAChRs has been shown to be reg-
ulated by aromatic amino acids that span the subunit inter-
face (Papke et al., 2014b). It has recently been reported that
there are three distinct forms of GAT107 effects on the cur-
rents of Xenopus oocytes expressing human a7 nAChR: (1) di-
rect activation, (2) direct potentiation obtained when
GAT107 and ACh are together and (3) primed potentiation,
which involves potentiation of agonist-evoked responses af-
ter GAT107 has been applied, with an intervening washout
period prior to the agonist (e.g. ACh) application (Papke et al.,
2014b). Because a7 nAChR has an additional and potentially
druggable site, molecules working at this direct allosteric acti-
vation site may allow fine-tuning over a broad range of phar-
macological responses (Horenstein et al.,, 2016). In this
context, GAT107 may act more effectively than PAMs under
appropriate conditions in vivo. While this may be due to
GAT107’s channel activating properties, it should also be
noted that GAT107 has very prolonged effects on the confor-
mational dynamics of the receptor, which are not manifested
in its allosteric activation but rather in its ability to prime po-
tentiation (Papke et al., 2014b). When primed for potentia-
tion, channels are closed, but receptors are in a unique
conformation, which may impact the signal transduction
through the protein’s interactome (Paulo et al., 2009), medi-
ated by epitopes in the protein’s poorly understood intracel-
lular domain (Stokes et al., 2015). The potential significance
of stabilized non-conducting (desensitized) states for signal
transduction is consistent with the effects of NS6740, a
strongly desensitizing a7 silent agonist which has effects in
these same pain models that are very similar to those of
GAT107, in spite of the fact that it produces essentially no
channel activation (Papke et al., 2015). Since there are no
published data with a7 nAChR ago-PAMs in pain, it is hard
to separate the origin of the mechanisms in effects come from
such agonist, PAM or both. On the other hand, we suggest
that the GAT107 has a similar efficacy to an o7 nAChR mainly
PAM in chronic pain (Munro et al., 2012; Freitas et al., 2013a;
Freitas et al., 2013b; Freitas et al., 2013c; Bagdas et al., 2015b)
and it has lack of activity in acute thermal pain tests similar to
some o7 nAChR agonists (Gao et al., 2010; Papke et al., 2015)
and PAMs (Freitas et al., 2013a). Therefore, further work is
needed to dissect the in vivo impact of allosteric activation
from allosteric modulation functions of ago-PAMs.

In conclusion, this study is the first to demonstrate the
anti-inflammatory and antinociceptive actions of the o7
ago-PAM GAT107 in mouse models of chronic inflammatory
and neuropathic pain. Furthermore, our current observations
emphasize the important role of spinal a7 nAChRs as well as
astrocytic mechanisms in the dorsal spinal horn in GAT107
effects. Overall, these results suggest that targeting o7
nAChRs with ago-PAMs represents a promising therapeutic
strategy for treating chronic pain.
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Figure S1 Low power staining in spinal cord. (A) Image
taken at 5x magnification of GFAP fluorescent staining in
mouse lumbar spinal cord treated with CFA-vehicle. (B)
Image taken at 5x magnification of p-p38MAPK fluorescent
staining in mouse lumbar spinal cord treated with CFA—
vehicle. Scale bar is equal to 200 pm.
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