
RESEARCH PAPERbph_2003 421..435

The a7 nicotinic ACh
receptor agonist compound
B and positive allosteric
modulator PNU-120596
both alleviate inflammatory
hyperalgesia and cytokine
release in the rat
G Munro*, RR Hansen, HK Erichsen, DB Timmermann, JK Christensen
and HH Hansen†

Department of Pharmacology, NeuroSearch A/S, Ballerup, Denmark

Correspondence
Dr Gordon Munro, Department
of Pharmacology, NeuroSearch
A/S, Pederstrupvej 93, Ballerup
DK-2750, Denmark. E-mail:
gmun@lundbeck.com
----------------------------------------------------------------

*Present address:
Neurodegeneration, H. Lundbeck
A/S, Ottiliavej 9, Valby 2500,
Denmark.
†Present address: Gubra aps,
Agern Allé, Hørsholm DK-2970,
Denmark.
----------------------------------------------------------------

Keywords
analgesia; inflammation;
carrageenan; CFA; diclofenac;
IL-6; IL-1b; NSAID; pain; TNF-a
----------------------------------------------------------------

Received
20 December 2011
Revised
19 March 2012
Accepted
12 April 2012

BACKGROUND AND PURPOSE
Agonists selective for the a7 nicotinic acetylcholine (nACh) receptor produce anti-hyperalgesic effects in rodent models of
inflammatory pain, via direct actions on spinal pain circuits and possibly via attenuated release of peripheral pro-inflammatory
mediators. Increasingly, allosteric modulation of ligand-gated receptors is recognized as a potential strategy to obtain desired
efficacy in the absence of the putative adverse effects associated with agonist activation.

EXPERIMENTAL APPROACH
We compared the anti-hyperalgesic and anti-inflammatory effects of the a7 nACh receptor agonist compound B with the
positive allosteric modulator (PAM) PNU-120596 and the standard non-steroidal anti-inflammatory drug (NSAID), diclofenac,
in rats with hind paw inflammation induced by either formalin, carrageenan or complete Freund’s adjuvant (CFA).

KEY RESULTS
When administered before carrageenan, both diclofenac (30 mg·kg-1) and PNU-120596 (30 mg·kg-1) significantly reduced
mechanical hyperalgesia and weight-bearing deficits for up to 4 h. Compound B (30 mg·kg-1) also attenuated both measures
of pain-like behaviour, albeit less robustly. Whereas compound B and PNU-120596 attenuated the carrageenan-induced
increase in levels of TNF-a and IL-6 within the hind paw oedema, diclofenac only attenuated IL-6 levels. Established
mechanical hyperalgesia induced by carrageenan or CFA was also partially reversed by compound B and PNU-120596.
However, diclofenac was considerably more efficacious. Formalin-induced nocifensive behaviours were only reversed by
compound B, albeit at doses which disrupted motor performance.

CONCLUSIONS AND IMPLICATIONS
a7 nACh receptor PAMs could prove to be useful in the treatment of inflammatory pain conditions, which respond poorly to
NSAIDs or in situations where NSAIDs are contra-indicated.

Abbreviations
CDP, cytidine-5′-diphosphate; CFA, complete Freund’s adjuvant; compound B, (R)-N-[1-azabicyclo(2.2.2)oct-3-yl][5-(2-
pyridyl)thiopene-2-carboxamide]; GM-CSF, granulocyte-macrophage colony stimulating factor; HBCD, hydroxypropyl-
b-cyclodextrin; MLA, methyllycaconitine; MBCD, methyl-b-cyclodextrin; nACh, nicotinic ACh; NSAID, non-steroidal
anti-inflammatory drug; PAM, positive allosteric modulator; PNU-120596, 1-(5-chloro-2,4-dimethoxy-phenyl)-3-(5-
methyl-isoxazol-3-yl)-urea; <LOD, below lower detection limit
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Introduction
The standard of care non-steroidal anti-inflammatory drug
(NSAID) diclofenac, is a relatively selective inhibitor of
COX-2 and effectively inhibits prostaglandin production.
This established mechanism of action contributes to its use in
humans suffering from painful arthritic disorders and for
treatment of mild to moderate pain (Gan, 2010). Although
generally well tolerated, the huge number of patients exposed
to NSAIDs means that safety concerns, principally resolving
around cardiovascular, gastrointestinal and hepatic compli-
cations, are an important limitation in their routine usage.
Thus, the development of novel compounds that possess
anti-inflammatory properties, and if possible, mediate robust
analgesia, is of high priority. Nicotinic acetylcholine (nACh)
receptors are ligand-gated ion channels present in both the
peripheral and central nervous systems. They are composed
of five subunits with the various pentameric combinations
differing in their kinetic and pharmacological properties
(Albuquerque et al., 2009). While modulation of nACh recep-
tor function has primarily been considered for treating
various psychiatric disorders, considerable interest has
increasingly been directed towards chronic pain. This latter
effort has primarily focussed around attempts to develop
a4b2 nACh receptor-preferring agonists as novel analgesics
(Bannon et al., 1998; Rowbotham et al., 2009) but to date has
been severely hindered by tolerability issues.

Thus, attention has moved towards developing different
strategies in relation to obtaining nACh receptor-mediated
analgesia. Accordingly, agonist-mediated activation of a7
nACh receptors has been shown to attenuate pain-like behav-
iours in rodents induced by carrageenan, complete Freund’s
adjuvant (CFA), peripheral nerve injury and glycoprotein-120
(Medhurst et al., 2008; Feuerbach et al., 2009; Gurun et al.,
2009; Loram et al., 2010; Pacini et al., 2010; Bagdas et al.,
2011). Importantly, reversal of CFA-induced inflammatory
pain with the a7 nACh receptor agonist compound B is
blocked by intrathecal application of the a7 nACh receptor
antagonist methyllycaconitine (MLA), confirming a spinal
site of action (Medhurst et al., 2008). However, a contributory
role of peripherally localized nACh receptors in inflammatory
pain cannot be easily discounted. Notably, inactivation of a7
nACh receptor function within primary macrophages, lym-
phocytes and dendritic cells prevents nicotine and a7 nACh
receptor agonists from attenuating peripheral immune cell
infiltration and secretion of pro-inflammatory cytokines such
as TNF-a, IL-1b and IL-6 (Wang et al., 2003; de Jonge et al.,
2005; Nizri et al., 2009; Li et al., 2011). Accordingly, in rats
with carrageenan-induced inflammation, intraplantar
cytidine-5′-diphosphate (CDP)-choline (a precursor to
choline, which is a full agonist at a7 nACh receptors) reverses
hind paw mechanical hypersensitivity and production of the
pro-inflammatory cytokine TNF-a (Gurun et al., 2009).

Alternatively, positive allosteric modulation of ligand-
gated receptor function represents another strategy that can
be pursued to obtain novel nACh receptor-mediated analge-
sia. Alone, this should not in itself induce intrinsic activation
but should theoretically amplify the effects of agonists, which
in the case of nACh receptors implies tonic ACh-mediated
neurotransmission, to putatively confer a higher degree of
selectivity at the target of interest (Taly et al., 2009). PNU-

120596 is a positive allosteric modulator (PAM) of a7 nACh
receptors that displays no detectable effect on a4b2, a3b4 or
a9a10 nACh receptors and improves auditory gating deficits
induced by D-amphetamine in anaesthetized rats (Hurst et al.,
2005). It remains, however, to be established whether an a7
nACh receptor PAM also displays efficacy in inflammatory
pain. Here, we show that PNU-120596 produces anti-
hyperalgesia that is at least comparable with that obtained
with compound B in rats with carrageenan and CFA-induced
hind paw inflammation. Furthermore, a7 nACh receptor acti-
vation differentially affects pro-inflammatory cytokine levels
compared with diclofenac.

Methods

Animals
Adult male Sprague-Dawley rats (Harlan Scandinavia, Alle-
roed, Denmark) were used unless indicated otherwise; the
total number of rats used was 722. They were housed in
Macrolon III cages (Bayer MaterialScience AG, Leverkusen,
Germany; 20 ¥ 14 ¥ 18 cm or 20 ¥ 40 ¥ 18 cm; in groups of
three to five per cage according to weight) containing wood-
chip bedding material (3 ¥ 1 ¥ 4 mm). The environment was
kept at 20 � 2°C, humidity was controlled (55 � 15%) and a
light–dark cycle of 13:11 h (lights on at 0600 h and off at
1900 h) was imposed. Food (Altromin®; Altromin Spezialfut-
ter GmbH & Co., Lage, Germany) and water were available ad
libitum. The rats were allowed to habituate to the housing
facilities for at least 1 week before being assigned to behav-
ioural experiments whereupon they were randomly distrib-
uted across treatment groups. At the end of each experiment,
the rats were killed by cervical dislocation. All experiments
were performed according to the Ethical Guidelines of the
International Association for the Study of Pain (Zimmer-
mann, 1983) and the Danish Committee for Experiments on
Animals. All the studies involving animals are reported in
accordance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath et al., 2010).

Formalin test
Assessment of formalin-induced flinching behaviour in
normal, uninjured rats (body weight 180–300 g) was made
with the use of an Automated Nociception Analyser (Univer-
sity of California, San Diego, CA, USA; Yaksh et al., 2001) as
described previously (Munro et al., 2008; 2011). Briefly, this
involved placing a small C-shaped metal band (10 mm wide ¥
27 mm long) around the hind paw of the rat to be tested. Each
rat (four rats were included in each testing session) was admin-
istered drug or vehicle according to the experimental para-
digm being followed (see Table 1) and then placed in a
cylindrical acrylic observation chamber (diameter 15 cm and
height 30.5 cm). Individual rats were then gently restrained,
and formalin (5% in saline, 50 mL, s.c.) was injected into the
dorsal surface of the hind paw using a 27G needle. They were
then returned to their separate observation chambers, each of
which was, in turn, situated upon an enclosed detection device
composed of a pair of electromagnetic coils designed to
produce an electromagnetic field in which movement of the
metal band could be detected. The analogue signal was then
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digitized and a software algorithm applied to enable discrimi-
nation of flinching behaviour from other paw movements
prior to binning into 1 min sampling intervals. On the basis of
the resulting response patterns, three phases of nocifensive
behaviour were identified: first phase (0–5 min), interphase
(6–15 min) and second phase (16–40 min). Raw data from the
1 min sampling intervals were summed for each phase to
obtain the total number of flinches occurring during that
period. For purposes of statistical analysis, this value was then
expressed as a % of the vehicle response according to the
equation: % vehicle = (post-treatment value) / (vehicle value)
¥ 100.

Carrageenan- and CFA-induced
inflammatory pain
Four separate studies were performed in order to follow the
time course of pain-like behaviours induced by carrageenan
and correlate them with hind paw swelling and cytokine
levels. The anti-hyperalgesic actions of compound B, PNU-

120596 and diclofenac were determined in rats with estab-
lished inflammatory pain induced by either carrageenan or
complete Freund’s adjuvant (CFA). In addition, we deter-
mined the anti-hyperalgesic and anti-inflammatory actions
of the same three compounds administered before the devel-
opment of carrageenan-induced inflammation.

Study 1. In this time course experiment, nine groups of rats
(body weight 200–300 g) were tested in total. Eight groups of
rats were gently restrained and given an s.c. injection of
l-carrageenan (2% in saline, 100 mL, Sigma-Aldrich Danmark
A/S, Brondby, Denmark) into the plantar surface of the hind
paw before being examined for the development of non-
evoked and evoked pain-like behaviours and inflammatory
activity as described later. Individual groups were killed at 60,
120, 180, 240, 300, 360, 420 or 480 min after carrageenan
injection. A control group of rats received no injection and
killed at time = 0 min.

At the designated time point, non-evoked pain-like
behaviours were obtained by measuring hind paw weight

Table 1
Effects of compound B and PNU-120596 in the formalin test

Drug Dose (mg·kg-1)
First phase Interphase Second phase
% Vehicle % Vehicle % Vehicle

Compound B Vehicle 100 � 9.9 100 � 21.5 100 � 10.8

(171.1 � 16.9) (167.8 � 36.1) (907.5 � 98.4)

3 113.4 � 25.7 113.8 � 36.7 109.5 � 10.9

10 97.9 � 20.1 89 � 29.7 102.4 � 8.4

30 92.2 � 18.6 79.2 � 23.6 99.9 � 13.6

45 37.6 � 8.1* 24.2 � 9 49.5 � 16**

60 16.7 � 6.3** 9.1 � 1.4* 18.8 � 2.9***

PNU-120596 Vehicle 100 � 13.9 100 � 22.9 100 � 4.4

(169.1 � 23.4) (162.8 � 37.2) (1052.9 � 46.3)

10 75.8 � 10.8 65.7 � 13.0 107.7 � 8.7

30 73.5 � 16.4 72.8 � 20.7 97.7 � 10.1

60 97.3 � 9.8 83.2 � 14.6 93.9 � 12.7

Diclofenac Vehicle 100 � 21.8 100 � 30.8 100 � 12.2

(123.1 � 26.8) (86.7 � 26.7) (962.6 � 117.8)

3 102.6 � 15.9 62.3 � 28.8 98.8 � 10.3

10 101.5 � 17.5 118.3 � 58.3 117.9 � 11.7

30 116.2 � 23.3 86 � 21.2 107 � 7

Morphine Vehicle 100 � 19.9 100 � 24.4 100 � 7.9

(111.4 � 22.19 (117.3 � 28.6) (968.6 � 76.8)

1 120.4 � 25.3 65.6 � 27.8 65.3 � 13.2*

3 98.9 � 16.1 35.4 � 12 43.4 � 12.4***

6 33.2 � 11* 16.3 � 8.7* 7.9 � 3.2***

The rats were administered either compound B (3–60 mg·kg-1, s.c. t = -30 min), PNU-120596 (10–60 mg·kg-1, i.p., t = -30 min), diclofenac
(3–30 mg·kg-1, p.o., t = -60 min), morphine (1–6 mg·kg-1, s.c., t = -30 min) or vehicle at the time (t) indicated before hind paw formalin
(5% in saline, 50 mL, s.c.) injection. Subsequently, the % vehicle values for first phase (0–5 min), interphase (6–15 min) or second phase
(16–40 min) were calculated; data in parentheses represent raw untransformed flinch data for vehicle-treated animals. All treatment groups:
n = 8–9 rats, except compound B n = 6–8 rats. Data are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding
vehicle group (one-way ANOVA followed by Bonferonni’s t-test).
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bearing distribution using an Incapacitance tester (Linton
Instrumentation, Palgrave, UK). Normally, uninjured rats dis-
tribute their weight evenly between the two hind paws.
However, after tissue injury, the rat preferentially favours the
non-injured hind paw such that the weight-bearing deficit
can be used as a surrogate index of spontaneous nociception.
The rat was placed in the supplied Perspex chamber (Linton
Instrumentation), which is designed so that each hind paw
must be placed on a separate transducer pad. The testing
duration was set to 5 s and the digital read out for each hind
paw was taken as the distributed body weight on each paw
(g). Five readings were obtained to ensure that consistent
responses were measured. These were averaged for each hind
paw and the weight-bearing deficit calculated as the differ-
ence between them. Immediately afterwards, the rat was
gently restrained by the investigator before the application of
progressively increasing mechanical pressure to the mid-hind
paw region using an electronic version of the Randall-Selitto
device (IITC Life Science Inc., Woodland Hills, CA, USA), to
obtain an index of evoked mechanical hyperalgesia (Munro
et al., 2011). The point at which the rat attempted to make a
reflex hind paw withdrawal, which in some instances, was
followed by vocalization, was recorded as the paw pressure
threshold (g). After 2–3 min, a second measurement was
taken from a different region of the hind paw and an average
value was calculated.

Subsequently, putative anti-inflammatory effects of com-
pounds were assessed by measuring effects on hind paw swell-
ing. First, paw thickness, both ipsilateral and contralateral to
carrageenan injection, was measured using a pair of micro-
calipers after which the rat was killed by decapitation. Trunk
blood was collected and stored on ice before being subjected
to cytokine analyses as described later. Immediately thereaf-
ter, both hind paws were removed at the level of the ankle
joint, enabling the wet paw weight to be measured. They
were then stored on ice before being subjected to cytokine
analyses as described later.

Study 2. Mechanical paw pressure thresholds were assessed
in the rats (body weight 200–300 g) in four separate experi-
ments as described earlier to obtain a pre-carrageenan base-
line response. On the following day, each rat was again gently
restrained before a s.c. injection of l-carrageenan (2% in
saline, 100 mL, Sigma) into the plantar surface of the hind
paw. The rats were then returned to their home cage for
2.75–3.5 h after which time the paw pressure threshold was
again measured (post-carrageenan baseline response) for each
rat. In three of the experiments, the rats were randomly
assigned to receive either drug (compound B, PNU-120596 or
diclofenac) or vehicle before a final paw pressure threshold
value was measured. In a fourth experiment, MLA was
injected either before or after PNU-120596 before the meas-
urement of the final paw pressure value. In all cases, post-
drug threshold responses corresponded to 4 h after
carrageenan injection.

Study 3. Mechanical paw pressure thresholds were assessed
in the rats (body weight 250–300 g) as described earlier. Each
rat was briefly anaesthetized with 2 % isoflurane (Baxter A/S;
Alleroed, Denmark) in a mixture of oxygen (0.3 L min-1) and
nitrous oxide (0.7 L min-1). The appropriate level of anaes-

thesia was verified by the absence of a hind paw nociceptive
reflex to interdigital stimulation. Thereafter, a s.c. injection
of CFA (50% in saline, 100 mL, Sigma) was given into the
plantar surface of the hind paw. All the rats were then imme-
diately returned to their home cage, whereupon they quickly
recovered from anaesthesia. After 72 h, paw pressure thresh-
olds were measured (post-CFA baseline response) and then
the rats were randomly assigned to either drug or vehicle
treatment. After either 30 min (compound B and PNU-
120596) or 60 min (diclofenac) had elapsed, the paw pressure
threshold was reassessed (post-CFA baseline response) for
each rat.

Study 4. The rats were removed from their home cage to
enable measurement of non-evoked and evoked pain-like
behaviours using an Incapacitance tester and electronic
Randall–Selitto device as described earlier. On the following
day, they were randomly injected with drug or vehicle and
then returned to their home cage for a period of time, which
depended on the treatment to which they had been ran-
domly assigned (compound B, 30 mg·kg-1, t = 30 min; PNU-
120596, 30 mg·kg-1, t = 30 min; diclofenac, 10 mg·kg-1, 2 h).
Next, they received an injection of 2% carrageenan or vehicle
(referred to as sham in Figures 4 and 5). Evoked mechanical
and non-evoked weight-bearing responses were then meas-
ured at 2 h and 4 h after injection of carrageenan or vehicle.
Finally, the putative anti-inflammatory effects of the com-
pounds were assessed by removing the inflamed hind paw
and measuring the wet weight, as described earlier, and sub-
jecting the samples to cytokine analyses.

Cytokine analyses
Immediately after measurement of hind paw wet weight, a
sharp scalpel blade was used to make single 1 cm incisions
through the dorsal and ventral skin surfaces of the hind paw,
respectively. Extracellular (oedema) fluid samples were
extracted from the whole hind paw by centrifuging at
16 000 x g (4°C) for 10 min. Corresponding trunk blood
samples were centrifuged at 4000 x g (4°C) for 20 min. The
clear supernatants were collected in aliquots and stored at
-80°C until further use. Determination of cytokine concen-
trations was subsequently performed with a Luminex 200
instrument in 96-well plates after the application of 50 mL
sample, 100 mL sample buffer and 50 mL mouse antibody-
coated microsphere beads, according to the manufacturer’s
instructions (Invitrogen, Camarillo, CA, USA). For initial
broad profiling of various cytokines measurable after carra-
geenan treatment (0–8 h post-carrageenan), a 10-plex
cytokine analysis was applied using a rat 10-plex kit, which
included TNF-a, IL-1a, IL-1b, IL-2, IL-4, IL-6, IL-10, IL-12,
INF-g and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Invitrogen). This method was also used for meas-
urement of plasma cytokine levels in study 4. Cytokine analy-
ses in oedema samples from study 4 were performed in
triplicate for the simultaneous detection of rat TNF-a, IL-1b
and IL-6, respectively (Invitrogen). One hundred beads were
counted per sample. A sigmoidal concentration-response
curve fitting equation was applied to the individual rat
cytokine standard curves using the log of standard cytokine
concentrations versus median fluorescence intensity. Regres-
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sion coefficients for all cytokine standard curves were >0.99.
The cytokine concentrations in plasma and oedema samples
were extrapolated from the corresponding standard curves
and expressed as pg·mL-1.

Motor function tests
Exploratory motility. The non-habituated male rats (body
weight 148–211 g) were administered either the test drug or
corresponding vehicle (see Figure 3 for dosing paradigms)
and returned to their home cage. They were then placed
individually in transparent cages (30 ¥ 20 ¥ 25 cm, TSE
Systems, Bad Homburg, Germany) equipped with 12 (6 ¥ 2)
infrared sensors. Locomotor activity, measured as distance
travelled (m), was monitored automatically in the chambers
via the interruption of two consecutive infrared sensors.
Interruptions were detected by a control unit and recorded
via a computer running ActiMot software (TSE Systems). Raw
data obtained via 3 min sampling intervals were summed for
the 30 min duration of the experiment and for the purposes
of statistical analysis expressed as a percentage of the vehicle
response according to the equation: % vehicle = (post-
treatment value / vehicle value) ¥ 100.

Rotarod test. In normal, uninjured rats (body weight 250–
350 g), the effects of test drugs on induced motor function
were evaluated using an accelerating rotarod (Ugo Basile,
Comero, Italy). The rotarod (6 cm diameter) speed was
increased from 3–30 r.p.m. over a 180 s period, with the
minimum time possible to spend on the rod designated as 0 s
and the maximum cut-off time set at 180 s. The rats received
two training trials (separated by 3–4 h) 1–2 days before drug
testing for acclimatization purposes. On the day of drug
testing, a baseline response was obtained, and the rats were
subsequently administered drug or vehicle and the effects on
motor performance tested 30 min later. Raw data were sub-
sequently expressed as a percentage of the corresponding
baseline response according to the equation: % baseline =
(post-treatment value / baseline value) / ¥ 100.

Drugs
Compound B was provided by Eli Lilly & Co. (Windelsham,
UK). Compound B is a potent and efficacious agonist at
human recombinant and rat native a7 nACh receptors, with
confirmed selectivity against this receptor subtype compared
with a1, a4b2 and a3 nACh receptors (Medhurst et al., 2008).
PNU-120596, MLA and diclofenac sodium were purchased
from Sigma. PNU-120596 is a type II a7 nACh receptor PAM
that can enhance agonist-evoked peak current and produce
profound temperature-dependent changes to receptor desen-
sitization and deactivation (Hurst et al., 2005; Sitzia et al.,
2011). Morphine hydrochloride and diazepam solution were
purchased from Nomeco A/S (Copenhagen, Denmark). Com-
pound B and morphine were dissolved in 0.9% NaCl/0.5%
glucose, and administered s.c. MLA and diazepam were dis-
solved in 0.9% NaCl/0.5% glucose and administered i.p.
PNU-120596 was dissolved in 15% methyl-b-cyclodextrin
(15% MBCD, Sigma) and administered i.p. diclofenac was
suspended in 10% hydroxypropyl-b-cyclodextrin (10%
HBCD, Sigma) and administered p.o. Dosing volumes for
p.o., i.p and s.c. administration were 5 mL·kg-1, 2–5 mL·kg-1

and 1–2 mL·kg-1, respectively. All doses are expressed as either
mg weight salt (where indicated) kg-1 body weight or mg
weight free base kg-1 body weight. All experiments with the
exception of automated exploratory motility and formalin
test experiments were performed with the investigator
blinded to treatment.

Data analysis and statistics
Analysis of the data was performed using SigmaPlot for
Windows version 11.0 (Systat Software, Inc., Hounslow, UK).
All data are presented as mean � SEM. Unless otherwise
stated, one-way ANOVA was used to analyse the overall effects
of treatments. This was followed by appropriate post-
treatment analysis for comparison against either vehicle
treatment or baseline response obtained before drug treat-
ment. P < 0.05 was considered to be statistically significant.

Results

Putative analgesia mediated by a7 nAChR
activation in formalin-injected rats
Injection of formalin into the rat hind paw initiates sponta-
neous nocifensive behaviours composed of flinching, licking
and/or biting of the injected paw. The first phase can be
attributed to direct chemical stimulation of nociceptors, the
interphase to activation of noxious inhibitory controls and
the final phase to peripheral inflammatory processes that
induce sensitization of nociceptive spinal neurones (Coderre
et al., 1993; Henry et al., 1999). Administration of compound
B (3–60 mg·kg-1) before the formalin injection was associated
with a significant treatment effect throughout all three
phases of the test [F(5,39) = 6.361, P < 0.001; F(5,39) = 3.552,
P < 0.05 and F(5,39) = 11.025, P < 0.001 for the first phase,
interphase and second phase, respectively], (Table 1).
Notably, only doses exceeding 30 mg·kg-1 attenuated second-
phase nocifensive behaviours compared with vehicle treat-
ment. In contrast, both PNU-120596 (10–60 mg·kg-1, i.p.)
and diclofenac (3–30 mg·kg-1, p.o.) had no effect on flinching
behaviour throughout the entire duration of the test. Finally,
and as expected, the m-opioid receptor agonist morphine
(1–6 mg·kg-1) robustly attenuated flinching during all three
phases [F(3,31) = 4.647, P < 0.01; F(3,31) = 3.856, P < 0.05 and
F(3,31) = 17.064, P < 0.001], with a level of analgesic efficacy
and potency similar to that described previously (Munro,
2009).

Study 1 – developmental time course of
nociceptive behaviours and correlation with
cytokine profiles in rats with hind paw
carrageenan inflammation
Intraplantar administration of carrageenan into the rat hind
paw markedly reduced evoked paw pressure thresholds
[F(9,77) = 52.4, P < 0.001], and non-evoked weight-bearing
deficits [F(9,77) = 19.8, P < 0.001], and increased hind paw
weights [F(9,77) = 65.8, P < 0.001], indicating the presence of
substantial inflammatory hypersensitivity. Post-treatment
analysis confirmed that these markers were not definitively
time-locked with each other. In this respect, a significant

BJPa7 nACh receptors and inflammatory pain

British Journal of Pharmacology (2012) 167 421–435 425



reduction in the paw pressure threshold to mechanical stimu-
lation was observed from 60 min after carrageenan injection
(P < 0.001 vs. vehicle) before peaking at 4 h (Figure 1A).
Reductions in the weight-bearing deficit were a little more
delayed in onset and did not reach significance until nearly
2 h after carrageenan (P < 0.05 vs. vehicle), albeit they also
peaked at 4 h (Figure 1B). Notably, both paw thickness and
paw weight increased significantly from as soon as 30 min
after carrageenan injection (P < 0.01 vs. vehicle) and reached
a peak shortly thereafter (Figure 4C and D). One obvious
point to mention is that whereas paw thickness and weight
remained elevated throughout the 8 h duration of the experi-
ment, the weight-bearing deficit, and to a lesser extent, the
paw pressure threshold, slowly started to migrate back
towards the corresponding level observed prior to carra-
geenan injection.

In keeping with previous observations, injection of carra-
geenan into the hind paw induced a robust increase in several
oedema-associated cytokines. Baseline levels of TNF-a, IL-1b,
IL-2, IL-4, IL-10, IFN-g and GM-CSF were below
detection limits. While IL-4, IFN-g and GM-CSF remained
undetectable up to 8 h after carrageenan injection, TNF-a
(P < 0.0001), IL-1a (P = 0.0006), IL-1b (P < 0.0001), IL-2 (P =
0.0036), IL-6 (P < 0.0001), IL-10 (P < 0.0001) and IL-12 (P =
0.0028) showed significant and robust increases after carra-
geenan (Figure 1E). The time-response study of carrageenan-
evoked nociceptive behaviour indicated that the subset of
oedema-associated cytokines affected by carrageenan injec-
tion showed different temporal profiles in their induction
pattern, peaking either within 2 h (TNF-a, IL-1a, IL-2, IL-10
and IL-12) or later (IL-1b, IL-6) with IL-1a, IL-1b and IL-6 levels
remaining at high intensities. All inducible cytokines
remained significantly elevated throughout the experiment.

Studies 2 and 3 – assessment of
anti-hyperalgesic efficacy in carrageenan- and
CFA-inflamed rats
First, we assessed the efficacy of the NSAID diclofenac
(Figure 2A). Correspondingly, at 3 h after injection of carra-
geenan, a marked reduction in the paw pressure threshold to
evoked mechanical stimulation had occurred (36.1 � 3.4 g
vs. 212.1 � 9.1 g, P < 0.001, Student’s t-test, n = 40 rats).
Subsequently, diclofenac administration dose-dependently
reversed this reduction [F(4,39) = 5.8, P < 0.001]. Similarly, in
separate experiments, compound B and PNU-120596 dose-
dependently reversed the reduction in paw pressure thresh-
old produced by carrageenan [F(4,39) = 4.6, P < 0.01 and
F(6,78) = 14.6, P < 0.001, respectively] (Figure 2B and C).
Notably, the maximal level of efficacy obtained with com-
pound B and PNU-120596 was similar to that produced with
a 10 mg·kg-1 dose of diclofenac. Confirmation that the anti-
hyperalgesic action of PNU-120596 in carrageenan-injected
rats was mediated at least in part via a7 nACh receptors was
demonstrated by MLA block of the increase in paw pressure
threshold obtained with PNU-120596 (P < 0.05 vs. vehicle)
(Figure 3). Appropriate target engagement for compound B
being mediated via a7 nACh receptor activation in rats with
hind paw inflammation has been reported previously (Med-
hurst et al., 2008).

Next, we proceeded to assess the efficacy of the same
compounds in a model of longer term inflammatory pain
produced by hind paw injection of CFA. To this end, we
started by assessing the efficacy of diclofenac in the CFA-
inflamed rats. Seventy-two hours after CFA injection, a
marked reduction in the paw pressure threshold to evoked
mechanical stimulation occurred (73.7 � 4.9 g vs. 302.7 �

6.9 g, P < 0.001, Student’s t test, n = 39–40 rats), and this effect
was dose-dependently reversed by diclofenac [F(3,38) = 11.0,
P < 0.001] (Figure 2D). Moreover, compound B and PNU-
120596 dose-dependently reversed the reduction in paw pres-
sure threshold produced by CFA injection [F(3,38) = 22.2, P <
0.001 and F(3,38) = 23.6, P < 0.001, respectively] (Figure 2E
and F). However, in the CFA-inflamed rats, the maximal level
of efficacy obtained with compound B and PNU-120596 was
approximately half that produced with a 10 mg·kg-1 dose of
diclofenac.

Study 4 – assessment of anti-inflammatory
efficacy in carrageenan-inflamed rats
Next, we assessed the efficacy of the same compounds admin-
istered before the carrageenan injection to determine if they
possess putative anti-inflammatory actions in addition to the
anti-hyperalgesic efficacy described above. Administration of
diclofenac 2 h before carrageenan blunted the development
of hind paw mechanical hyperalgesia and ongoing pain at
both 2 h and 4 h post carrageenan injection (Figure 4A and
B). Compound B only attenuated ongoing pain, albeit less
markedly than diclofenac with significant effects observed
only at 2 h post-carrageenan injection (Figure 4B). Similar to
diclofenac, the attenuation of pain-like behaviours by pre-
treatment with PNU-120596 was significant at 2 h and 4 h
post-carrageenan injection (Figure 4A and B).

Compound B, PNU-120596 and diclofenac all signifi-
cantly attenuated hind paw swelling at 2 h post-carrageenan
injection [F(4,65) = 80.4, P < 0.001] (Figure 4C). The magni-
tude of this reduction in hind paw swelling matched the
anti-hyperalgesic profiles at 2 h post-carrageenan injection;
more specifically, compound B, PNU-120596 and diclofenac
reduced hind paw swelling by 19%, 30% and 42%, respec-
tively, when compared with vehicle-treated animals.
However, by 4 h post-carrageenan, only PNU-120596 and
diclofenac continued to significantly affect hind paw swelling
with a commensurate reduction in efficacy to 23% and 28%
of vehicle-treated animals at the corresponding time point. In
contrast to their capacity to affect hind paw swelling, the
three compounds differed in respect to their effect on hind
paw cytokine profiles. Correspondingly, diclofenac only
attenuated the carrageenan-induced increase in IL-6 levels (P
< 0.01 vs. vehicle), whereas compound B and PNU-120596
both attenuated levels of IL-6 and TNF-a (both P < 0.05 vs.
vehicle for each cytokine) (Figure 5), with the effects of PNU-
120596 on TNF-a levels being particularly robust. Although
compound B and particularly PNU-120596 appeared to
reduce IL-1b levels, in contrast to diclofenac, this trend was
not significant. Measurement of 10 different cytokine levels
in plasma revealed that none were significantly elevated 2 h
after carrageenan injection in the hind paw (Table 2). Accord-
ingly, pretreatment with either diclofenac or compound B
had no effect on plasma levels of TNF-a, IL-1b or IL-6.
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Figure 1
Development of pain-like behaviours and correlation with hind paw swelling and cytokine release in rats with carrageenan-induced inflammation.
Effect of intraplantar carrageenan (2% in saline, 100 mL, s.c.) administration on time course (0–8 h) of (A) paw pressure threshold as an index of
mechanical hyperalgesia, (B) weight-bearing deficit as an index of spontaneous pain, (C) paw thickness and (D) paw weight as an index of hind
paw swelling; (E) cytokine levels within hind paw oedema. All groups (n = 7–8 rats). Shaded bar represents 2 h time point where compound effects
on cytokine levels were determined in subsequent pharmacology experiments. All data are presented as mean � SEM except in (E) where SEMs
were omitted for purposes of clarity. *P < 0.05, **P < 0.01, ***P < 0.001 compared with vehicle (one-way ANOVA followed by Bonferroni’s t-test).
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Assessment of motor function
and coordination
In order to better understand the putative analgesia mediated
by compound B in the formalin test and to be able to confi-
dently attribute the anti-hyperalgesic effects of compound B

and PNU-120596, measured in carrageenan- and CFA-
inflamed rats, to direct actions on nociceptive circuits rather
than via indirect effects on motor circuits, both compounds
were tested for possible impairment of motor function
(Munro et al., 2008; 2011).
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In exploratory motility experiments, administration of
compound B or the m-opioid receptor agonist morphine
(included as a positive control) attenuated the distance trav-
elled throughout the 30 min duration of the experiment
[F(3,27) = 3.860, P < 0.05 and F(3,27) = 51.703, P < 0.001,
respectively] (Figure 6) In contrast, neither PNU-120596 nor
diclofenac had any effect on locomotor behaviour. Based on
these exploratory motility experiments, we were able to
choose appropriate doses for the assessment of motor coor-
dination in the rotarod test. When tested at 30 mg·kg-1, and
30 mg·kg-1 and 60 mg·kg-1, respectively, motor function was
completely unaffected by compound B and PNU-120596 as
compared with vehicle (Table 3). However, when the dose of
compound B was increased to 60 mg·kg-1, a marked deficit in
motor function and coordination was observed (P < 0.001 vs.

vehicle). As expected, motor function was clearly disrupted
by administration of the GABAA receptor agonist diazepam (P
< 0.001 vs. vehicle) (Munro et al., 2008).

Discussion

This study is the first to compare the anti-hyperalgesic actions
of a systemically administered a7 nACh receptor agonist with
that of an a7 nACh receptor PAM in rats with persistent hind
paw inflammation. In the formalin test, none of the com-
pounds tested, including diclofenac, reversed nocifensive
behaviours either per se or at doses that did not impair motor
function and coordination. Moreover, whilst the anti-
hyperalgesic efficacies of compound B and PNU-120596
against established inflammation induced by either carra-
geenan or CFA were similar, only PNU-120596 was found to
be completely devoid of motor-related issues. Subsequently,
when each compound was administered before the initiation
of inflammation, both the level and duration of anti-
hyperalgesic efficacy obtained with PNU-120596 was superior
to that obtained with compound B, albeit it did not quite
match that provided by diclofenac. Nevertheless, while all
three compounds attenuated paw swelling and levels of the
pro-inflammatory cytokine IL-6 within the hind paw oedema
after carrageenan, only compound B and PNU-120596 signifi-
cantly attenuated levels of TNF-a. Thus, the modulation of a7
nACh receptor function appears to confer a means of reliev-
ing pain-like behaviours induced by inflammation, and in
addition, might also reduce the sensitizing effect of pro-
inflammatory mediators on peripheral sensory neurones after
injury, thereby differentiating these compounds from stand-
ard of care medications such as diclofenac.

Carrageenan-induced pain-like behaviours
correlate with hind paw swelling and
pro-inflammatory cytokine levels
Following trauma or injury to cutaneous tissues, tissue acidi-
fication, combined with the local release of peptides,
cytokines and prostanoids, initiates and contributes to neu-
rogenic inflammatory processes, which act to lower the
threshold of activation of peripheral nociceptors (Julius and
Basbaum, 2001). We carefully simulated this process by
injecting carrageenan into the plantar hind paw and then
monitored the rapid development of mechanical hyperalge-
sia and weight-bearing deficits (Hedo et al., 1999); these
peaked at 4 h and persisted throughout the 8 h duration of

Figure 2
Activation of a7 nACh receptors attenuates signs of established inflammatory hypersensitivity. The rats were injected with either (A, B, C)
carrageenan (2% in saline, 100 mL, s.c.) or (D, E, F) CFA (50% in saline, 100 mL, s.c.) into the plantar surface of the hind paw. They were then
administered either drug or vehicle at the time (t) indicated before measurement of a post-treatment response. (A, D) Effects of diclofenac
(1–30 mg·kg-1 and 3–30 mg·kg-1 p.o., t = -60 min) and vehicle (10% HBCD) on paw pressure threshold (g) in response to mechanical stimulation
of the ipsilateral hind paw as an index of mechanical hyperalgesia. Pre- and post-inflammation baseline (BL) values are indicated with dashed lines.
In subsequent experiments, diclofenac (10 mg·kg-1) was included as a positive control and data expressed as a % of diclofenac-mediated
anti-hyperalgesia. Effects of (B, E) compound B (3–30 mg·kg-1 and 10, 30 mg·kg-1, s.c., t = -30 min) and vehicle (0.9% NaCl/0.5% glucose) and
(C, F) PNU-120596 (0.3–30 mg·kg-1 and 10, 30 mg·kg-1 i.p., t = -30 min) and vehicle (15% MBCD) on mechanical hyperalgesia. All groups
n = 8–16 rats. All data are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding vehicle group (one-way ANOVA

followed by Bonferroni’s t-test, and where appropriate, sub-analysis by Student’s t-test).
�

Figure 3
Anti-hyperalgesic actions of PNU-120596 are mediated via activation
of a7 nACh receptors. The rats were injected with carrageenan (2%
in saline, 100 mL, s.c.) into the plantar surface of the hind paw and
then administered either drug or vehicle at the time (t) indicated
before measurement of a post-treatment response. Accordingly,
PNU-120596 (10 mg·kg-1, i.p., t = -60 min) or vehicle (15% MBCD)
was either preceded 15 min earlier (t = -75 min) or followed 30 min
later (t = -30 min) by injection of MLA (3 mg·kg-1, i.p.) or vehicle
(0.9% NaCl/0.5% glucose). Diclofenac (10 mg·kg-1) was included as
a positive control and data expressed as a percentage of diclofenac-
mediated anti-hyperalgesia. All groups (n = 8 rats). All data are
presented as mean � SEM. *P < 0.05, ***P < 0.001 versus Veh + Veh
group (one-way ANOVA followed by Bonferroni’s t-test).
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the time course study (Loram et al., 2007b). The occurrence of
these pain-like behaviours was, in fact, preceded by an
increase in paw swelling, albeit this in itself did not manifest
fully until 2–3 h after the carrageenan injection. We also
noted early and sustained increases in IL-1a and IL-2, fol-
lowed later by elevations in TNF-a, IL-6 and IL-1b. Notably,
consistent with previous findings, plasma levels of TNF-a,
IL-6 and IL-1b were not elevated by carrageenan injection
(Loram et al., 2007a,b). However, others have noted increased

levels of either serum IL-1b (Vajja et al., 2004) or plasma IL-6
(Oka et al., 2007), presumably due to methodological differ-
ences. Importantly, the robust elevation in TNF-a, IL-6 and
IL-1b within the hind paw was confirmed in a later experi-
ment where we assessed the various modulatory effects of
diclofenac, compound B and PNU-120596. Thus, primary
mechanical hyperalgesia does not necessarily temporally
associate with elevations in the local concentration of these
cytokines.

This contrasts with the slower onset of hind paw weight-
bearing deficits, which correlated more closely with increased
cytokine production and the peak in hind paw swelling.
TNF-a activates and sensitizes cutaneous nociceptors to
mechanical and thermal stimulation (Cunha et al., 1992;
Woolf et al., 1997). Similarly, IL-6 and IL-1b sensitize nocic-
eptors to mechanical and thermal stimulation (Cunha et al.,
1992; Binshtok et al., 2008). Notably, intraplantar TNF-a can
stimulate the local release of IL-1b and IL-6, evoking subse-
quent release of nerve growth factor and prostaglandins to
further trigger sensitization in carrageenan-treated mice
(Cunha et al., 1992; 2005). The sequential increase of these
cytokines is in general agreement with the temporal profile of
individual cytokine levels observed in the current study.
Overall, cytokine-mediated enhanced primary afferent drive,
together with IL-1b induction of central COX-2 expression
(Samad et al., 2001), would be expected to contribute to
central sensitization within spinal pain circuits. Importantly,
such central changes contribute to secondary hyperalgesia
and might provide a mechanistic basis for the delayed onset
of weight-bearing deficits associated with carrageenan-
induced inflammation.

a7 nACh receptor activation mediates
anti-hyperalgesic and anti-inflammatory
actions in carrageenan-inflamed rats
Our initial comparative pharmacology experiments were
designed to enable possible anti-hyperalgesic effects of the
various drugs tested to coincide with the peak of the
inflammatory hypersensitivity induced by carrageenan. As
expected, diclofenac reversed mechanical hyperalgesia
irrespective of whether it was administered before or after

Figure 4
Pre-emptive a7 nACh receptor activation attenuates signs of
carrageenan-induced inflammatory hypersensitivity. The rats were
administered either diclofenac (10 mg·kg-1, p.o., t = -120 min),
compound B (30 mg·kg-1, s.c., t = -30 min), PNU-120596
(30 mg·kg-1, i.p., t = -30 min) or vehicle (15% MBCD) at the time (t)
indicated before carrageenan (2% in saline, 100 mL, s.c.) injection
into the plantar surface of the hind paw. Pre- and post-inflammation
baseline (BL) values are indicated with dashed lines. (A) Mechanical
hyperalgesia: effects on paw withdrawal threshold (g) as an index of
mechanical hyperalgesia. (B) Ongoing pain: effects on weight
bearing deficits as an index of spontaneous ongoing pain. (C) Paw
weight: effects on hind paw weights as an index of anti-inflammatory
activity. All groups n = 7–9 rats. All data are presented as mean �

SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding vehicle
group (one-way ANOVA followed by Bonferroni’s t-test).
�
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carrageenan (Jett et al., 1999). This said, it appeared more
efficacious when administered before the establishment of
inflammation, especially against weight-bearing deficits,
which, as already suggested, are probably associated with
both peripheral and central hyperexcitability changes
induced by changes in the level of COX-2 (Samad et al.,
2001). The reversal of established carrageenan- and CFA-
induced pain-like behaviours by compound B is consistent
with results from other studies that have reported efficacious
effects of a7 nACh receptor agonists in models of inflamma-
tory pain (Medhurst et al., 2008; Feuerbach et al., 2009;
Gurun et al., 2009). However, our present data are the first to
demonstrate that a compound with an a7 nACh receptor
PAM mechanism has a similar efficacy to an a7 nACh recep-
tor agonist in a model of inflammatory pain. Importantly,
partial block of the antihyperalgesic effects of PNU-120596 in
carrageenan-treated rats by systemic administration of MLA
indicates that PNU-120596’s actions are likely to be mediated
at least in part via a7 nACh receptors. The finding that the
effects of PNU-120596 and compound B on paw weights were
temporally matched to effects on inflammatory hyperalgesia,
suggests, albeit indirectly, that stimulation of a7 nACh recep-
tors at the primary inflammatory site might contribute to
both these actions. Although, systemic MLA has been
reported to be ineffective at blocking compound B reversal
of CFA-induced inflammatory hyperalgesia, a low dose
(0.5 mg·kg-1, s.c.) was used in order to minimize CNS pen-
etration (Medhurst et al., 2008). Notably, we did not set out
here to define whether the effects of PNU-120596 on pain-
like behaviours are mediated peripherally or centrally. This
said, we have obtained central target engagement with an
intrathecally administered proprietary type II a7 nACh
receptor PAM in carrageenan-inflamed rats (unpublished
observations).

Cobratoxin possesses MLA-reversible analgesic actions in
arthritic rats that are accompanied by reductions in joint
swelling, pro-inflammatory cytokine levels and altered
pathohistological changes (Liu et al., 2009). Moreover,
administration of the a7 nACh receptor-selective agonist
AR-R17779 delays the onset of collagen-induced arthritis in
mice and protects against joint destruction (van Maanen
et al., 2009). Additionally, several pro-inflammatory immune
cell types, including macrophages and neutrophils, migrate
to the inflammatory site upon intraplantar carrageenan
administration (Lazzarini et al., 2006), while a growing body
of evidence indicates that activation of a7 nACh receptors on
peripheral immune cells suppresses peripheral inflammatory
activity by inhibiting the production and secretion of
cytokines (Tracey, 2009). Together, these studies suggest that
modulation of a7 nACh receptor function might also
mediate anti-inflammatory actions in carrageenan-injected
rats. In keeping with these observations, in addition to com-
pound B and PNU-120596 being able to partially prevent the
development of pain-like behaviours in carrageenan-
inflamed rats, we were able to show that both compounds
attenuated paw swelling and local production of TNF-a and
IL-6. This facet of anti-inflammatory activity agrees with a
recent report showing that intraplantar CDP-choline attenu-
ates mechanical hypersensitivity and reduces hind paw skin
TNF-a production in carrageenan-inflamed rats (Gurun et al.,
2009).

Figure 5
Activation of a7 nACh receptors selectively attenuates carrageenan-
induced pro-inflammatory cytokine levels in the rat hind paw. The rats
were administered either diclofenac (10 mg·kg-1, p.o., t = -120 min),
compound B (30 mg·kg-1, s.c., t = -30 min), PNU-120596
(30 mg·kg-1, i.p., t = -30 min) or vehicle (15% MBCD) at the time (t)
indicated before injection of either carrageenan or vehicle (sham) in
the hind paw and determination of effects on hind paw oedema-
associated levels of the pro-inflammatory cytokines (A) TNF-a, (B)
IL-1b and (C) IL-6 at 2 h post-carrageenan. ###P < 0.001 versus Veh +
sham; *P < 0.05, **P < 0.01 versus Veh + Carr (one-way ANOVA followed
by Student Newman–Keuls t-test).
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Table 2
Plasma cytokine levels in carrageenan-inflamed rats

Veh + sham Veh + Carr Dic + Carr Cmpd B + Carr

TNF-a <LOD 9.1 � 3.6 2.7 � 2.7 <LOD

IL-1a 73.4 � 3.9 83.2 � 5.5 79.5 � 6.1 76.1 � 0.5

IL1-b <LOD <LOD <LOD <LOD

IL-2 462.7 � 15.9 414.9 � 57.4 452.4 � 56.5 467.9 � 107

IL-4 <LOD <LOD <LOD <LOD

IL-6 36.2 � 0.7 44.1 � 6.5 37.1 � 8.8 40.9 � 12.5

IL-10 <LOD <LOD <LOD <LOD

IL-12 928.4 � 186.2 751.6 � 149.3 969.7 � 164.7 703.2 � 144.6

INF-g <LOD <LOD <LOD <LOD

GM-CSF <LOD <LOD <LOD <LOD

The rats were administered either diclofenac (Dic; 10 mg·kg-1, p.o., t = -120 min), compound B (Cmpd B; 30 mg·kg-1, s.c., t = -30 min) or
vehicle (Veh, 15% MBCD) at the time (t) indicated before the injection of either carrageenan (Carr) or vehicle (sham) in the hind paw.
Terminal plasma samples were collected at 2 h post-carrageenan treatment (n = 4 per group) and cytokine levels (pg·mL-1) measured. The
lower detection limits for the individual cytokines were as follows: TNF-a (1.7 pg·mL-1), IL-1a (43.4 pg·mL-1), IL-1b (23.1 pg·mL-1), IL-2
(46.6 pg·mL-1), IL-4 (2.8 pg·mL-1), IL-6 (11.4 pg·mL-1), IL-10 (49.8 pg·mL-1), IL-12 (14.2 pg·mL-1), INF-g (5.8 pg·mL-1), GM-CSF
(7.3 pg·mL-1).

Figure 6
Effects of compound B and PNU-120596 on exploratory motility. The normal, uninjured rats were administered either (A) compound B
(3–30 mg·kg-1, s.c., t = -30 min) or vehicle (0.9% NaCl/0.5% glucose), (B) PNU-120596 (3–30 mg·kg-1, i.p., t = -30 min) or vehicle (15%
MCBD), (C) diclofenac (3–30 mg·kg-1, p.o. t = -60 min) or vehicle (10% HBCD), (D) morphine (1–6 mg·kg-1, s.c. t = -30 min) or vehicle (0.9%
NaCl/0.5% glucose), where t = pre-administration time of drug or vehicle, prior to being individually placed in motility cages. Automated
recording of activity was measured as distance travelled (m) enabling the time course to be expressed in 3 min bins for the 30 min duration of
the test. Inset: total distance travelled represented as percentage of vehicle recorded from 0–30 min. All groups n = 7 rats. Data are presented as
mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding vehicle group (one-way ANOVA followed by Bonferonni’s t-test).
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Involvement of a7 nACh receptor-evoked
anti-hyperalgesic mechanisms requires a
minimal level of inflammatory insult
PAMs such as PNU-120596 have low intrinsic activity and
require coordinated binding of an agonist to exert their
effects on a7 nACh receptor function (Barron et al., 2009;
Taly et al., 2009). In the context of endogenous agonists,
PNU-120596 markedly increases the maximal efficacy and
prolongation of a7 nACh receptor-evoked currents and intra-
cellular calcium responses induced by a subsequent challenge
with ACh in vitro (Hurst et al., 2005; Dickinson et al., 2007).
Moreover, co-application of PNU-120596 enables sub-
threshold physiological concentrations of choline to activate
native a7 nACh receptor-evoked currents in rat hypotha-
lamic slices (Gusev and Uteshev, 2010). Although this modu-
lation is greatly attenuated when conditions are raised to near
physiological levels (Sitzia et al., 2011), it is unlikely to be
completely ablated given that PNU-120596 must have
enhanced endogenous cholinergic activation of a7 nACh
receptors to produce its anti-hyperalgesic and anti-
inflammatory effects described here. Notably, peripheral
inflammation can induce the synthesis and release of ACh
from T cells, via increased vagal sympathetic tone, to target
a7 nACh receptors expressed in immune cells and suppress
pro-inflammatory activity, a mechanism that may potentially
apply to both splenic and peripheral lymph node-associated
T cells (Tracey, 2009; Rosas-Ballina et al., 2011). Interestingly,
an increased sympathetic drive is also associated with the
carrageenan model as blockade of catecholamine release by
guanethidine partially inhibits carrageenan-induced hyperal-
gesia (Cunha et al., 2005).

Balancing some of the above with reports that choline
possesses dose-dependent analgesic actions after i.t. and i.c.v.
injection in uninjured mice (Damaj et al., 2000), we had
presumed (incorrectly as events transpired) that central a7

nACh receptor activation would mediate analgesia in all
rodent models of persistent sensitization irrespective of the
level of inflammatory insult. However, multiple a7 nACh
receptor agonists with varying brain/plasma ratios fail to
produce analgesia in the rat formalin test at doses that
correspondingly impair locomotor function in open field
experiments (Gao et al., 2010). Similarly, our rotarod data
indicate that compound B-mediated reversal of formalin-
induced nocifensive behaviours probably occurred as a result
of actions on motor circuits rather than effects on pain cir-
cuits. Although we noted a small reduction in exploratory
motility behaviour after administration of compound B, at a
dose that maximally reversed carrageenan-induced mechani-
cal hyperalgesia, lower doses were also efficacious in
carrageenan-injected rats. Moreover, activity-induced motor
function in the rotarod test was completely unaffected by
either compound B or PNU-120596 at doses up to 30 mg·kg-1

(Table 1), indicating that the anti-hyperalgesic actions
obtained in carrageenan- and CFA-inflamed rats did not
occur by virtue of indiscriminative actions on motor circuits
(Gao et al., 2010).

It is of course possible that the formalin test involves a
relatively limited inflammatory pathology that might not
sufficiently engage an a7 nACh receptor-mediated mecha-
nism to enable the efficacy of an agonist or PAM to be deter-
mined. This notwithstanding, Gao et al., (2010) also tested
the effects of SSR-180711, compound Q and two other a7
nACh receptor agonists on pro-inflammatory cytokine levels
in response to various antigen challenges. Surprisingly, none
of the compounds tested affected levels of TNF-a, IL1b, IL-6,
IL-2 or IFNg despite being tested at concentrations reported to
activate a7 nACh receptors in cultured HEK293 cells (Gao
et al., 2010). This is at odds with our current findings showing
attenuating effects of both compound B and PNU-120596 on
carrageenan-induced increases in TNF-a and IL-6 levels
within hind paw oedema.

Conclusions

Our data clearly show that an a7 nACh receptor PAM medi-
ates anti-hyperalgesic efficacy in response to inflammatory
injury, which is at least comparable with that obtained with
a full nACh receptor agonist. Importantly, PNU-120596 was
well tolerated in contrast to compound B, which impaired
motor performance at high doses, albeit at non-motor
impairing doses, it was clearly efficacious in carrageenan- and
CFA-inflamed rats. Of course, how, and even if, this narrower
therapeutic index for an a7 nACh receptor agonist versus
PAM would translate into treating patients remains to be
determined and might be of little consequence. Moreover,
the differential effects of PNU-120596 and, to a lesser extent,
compound B on pro-inflammatory cytokine release
compared with diclofenac indicate that their anti-
inflammatory actions are probably mediated via distinct
mechanisms of action. Thus, a7 nACh receptor PAMs could
prove to be especially useful in the treatment of inflamma-
tory pain conditions that respond poorly to NSAIDs or in
situations where NSAIDs are contra-indicated due to their
side effects.

Table 3
Effects of compound B and PNU-120596 on motor function and
coordination in the rotarod test

Drug Dose (mg·kg-1) % Baseline

Vehicle 100 � 0 (180 � 0 s)

Compound B 30 89.9 � 6.7

60 52.6 � 5.2*

PNU-120596 60 85.3 � 9.7

Diazepam 5 30.8 � 14.1*

Normal, uninjured rats were administered either drug or vehicle
(15% MBCD) immediately after a baseline response had been
obtained and the maximal effects on activity-induced motor
performance (represented as % baseline) determined 30 min
later. Numbers in parentheses represent raw untransformed data
for vehicle-treated animals. All groups n = 8 rats. Data are
presented as mean � SEM. *P < 0.001 versus vehicle (one way
ANOVA followed by Bonferroni’s t-test).
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