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without altering adverse effects, suggesting that selective positive
modulation of �4�2 nAChR subtype by PAM may represent a novel
analgesic approach.
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uman �7 nAChRs (expressed in oocytes, TEVC, IC50 ∼ 15 �M),
uman 5-HT3A (expressed in oocytes, TEVC, IC50 > 30 �M). In con-
rast, NS9283 was able to potentiate submaximum nicotine evoked
esponses at human �4�4 receptors (EC50 ∼ 0.3 �M), expressed in
EK-293 cells, and to enhance agonist concentration responses

uggesting that this compound interacts with the �4 subtype. In
ummary, this study identifies NS9283 as a novel and selective posi-
ive allosteric modulator of the �4 containing nAChRs, including the
4�2 subtype that will be useful in further defining physiological

oles of these nAChRs both in in vitro and in vivo studies.

oi:10.1016/j.bcp.2009.06.080
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mproving the efficacy-tolerability profile of nAChR agonists for
he treatment of neuropathic pain in combination with positive
llosteric modulators

hih-Hung Lee ∗, Chang Zhu, Thomas Campbell, Thomas
haughnessy, Prisca Honore, James Polakowski, Murali Gopalakr-
shnan

Neuroscience Research, Global Pharmaceutical Research and Devel-
pment, Abbott Laboratories, 100 Abbott Park Road, Abbott Park, IL
0064-3500, United States

Various neuronal nAChR subunits (�2-�10 and �2-�4) are dif-
erentially expressed throughout the nervous system and combine
o form diverse subtypes with a wide range of physiological and
harmacological profiles. Gene knockout and antisense studies
oupled with pharmacological studies with nAChR agonists have
ocumented a clear role of �4�2 activation in analgesia. Studies
onducted at Abbott and elsewhere have demonstrated that �4�2
AChR agonists possess potential as broad-spectrum analgesics
ased on preclinical studies demonstrating their efficacy in diverse
ain states including multiple forms of acute, chronic, inflamma-
ory and neuropathic pain. ABT-594, for the first time, provided
linical validation to the nAChR agonist pharmacology as a novel
echanism for treatment of pain. However, ABT-594 was poorly

olerated at these doses, particularly with respect to the side effects
f nausea and emesis, thought to be mediated by activation of the
anglionic-type (�3-containing) receptors. An alternate approach
s to selectively modulate the �4�2 nAChR via positive allosteric

odulation. Positive allosteric modulators (PAMs) are compounds
hat do not interact with the agonist binding sites or possess intrin-
ic activity at the receptor per se, but potentiate the effects of the
gonist. Here, we report that A-969933 (NS-9283) was found to
electively enhance the potency of a range of nAChR agonists at
4�2 but not �3�4 nAChRs. Studies were conducted in the Chung
odel of neuropathic pain to establish the efficacy of nAChR ago-

ists such as ABT-894 could be enhanced in combination with PAMs
ithout affecting the tolerability profile (gastrointestinal, cardio-

ascular, etc.). These preclinical studies collectively demonstrate

hat the pain efficacy of clinically well-tolerated doses of ABT-594
n humans can be significantly enhanced by co-administration with
he �4�2 PAM.

oi:10.1016/j.bcp.2009.06.081
acology 78 (2009) 899–925
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n vivo characterization of the co-administration of �4�2
euronal nicotinic receptor agonist and positive allosteric mod-
lator in experimental pain in rats

hang Z. Zhu ∗, Chih-liang Chin, Chengmin Zhong, Joe Mikusa,
rasant Chandran, Anita Salyers, Erica Wensink, Gricelda Silmer,
a Geisha Lewis, Donna Gauvin, Scott Baker, Ann Tovcimak, Jordan
rown, Nathan Rustay, Gerard B. Fox, Michael W. Decker, Chih-
ung Lee, Murali Gopalakrishnan, Prisca Honore

Neuroscience Research, Global Pharmaceutical Research and Devel-
pment, Abbott Laboratories, 100 Abbott Park Road, Abbott Park, IL
0064-3500, United States

Positive modulation of the neuronal nicotinic acetylcholine
eceptor (nAChR) �4�2 subtype by selective positive allosteric
odulator (PAM) NS-9283 (A-969933) has been demonstrated to

otentiate the nAChR agonist ABT-594-induced analgesic activity
n preclinical neuropathic pain, without worsening ABT-594-
ssocated adverse effects (see Lee et al., accompanying abstract).
o determine whether this beneficiary is neuropathic pain limited,
he present study examined the analgesic activity and adverse effi-
acy profile across variety of animal models, utilizing the combined
dministration of ABT-594 and NS-9283 (A-969933) in rats. The
ffects of the combined therapy on drug-induced brain activities
ere also determined using pharmacological magnetic resonance

maging (phMRI). In carrageenan-induced thermal hyperalge-
ia, co-administration of NS-9283 (A-969933) (3.5 �mol/kg ip)
nduced leftward shift of the dose–response of ABT-594 by 5
old (EC50 = 30 nmol/kg vs 150 nmol/kg). In rat paw skin incision

odel of post-operative pain, co-administration of NS-9283 (A-
69933) similarly induced leftward shift of ABT-594 by 4 fold
EC50 = 30 nmol/kg vs 120 nmol/kg). In monoiodo-acetate (MIA)
nduced knee joint pain, co-administration of 969933 enhances
he capacity of ABT-594 returning to the normalcy by 3 fold
EC50 = 30 nmol/kg vs 120 nmol/kg). In phMRI, our data also show
hat, compared to the brain activity patterns obtained by infus-
ng ABT-594 alone at various doses, co-administration of ABT-594
0.03 �mol/kg iv) with NS-9283 (A-969933) (3 mg/kg po) leads
o a leftward shift of dose–response in cortical activation, with-
ut activating the emetic center in brainstem. Interestingly, CNS
ffects of ABT-594 observed at supra-therapeutic doses (effects on
alance and co-ordination, temperature, locomotor activity) were
ot exacerbated in presence of the efficacious dose of NS-9283
A-969933) (3.5 �mol/kg). These results demonstrate that selec-
ive positive allosteric modulation at the �4�2 nAChR potentiates
AChR agonist-induced analgesic activity across rat pain models
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