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tructure-guided drug design, target “templated” synthesis and
omputational analyses of ligand recognition. However, these
fforts have been hampered by the fact that the binding pro-
eins, while homologous with human nicotinic receptors, have
ow overall sequence identity and limited state changes, result-
ng in a pharmacology that is dissimilar to human drug targets.
o address this shortcoming we have designed chimeric binding
rotein constructs in which the C loop and other segments of
he binding site have been replaced with the amino acids corre-
ponding to the Cys-loop receptors. In an initial step to developing
urrogates of human extracellular domains amenable to crys-
allography, we modified the C loop and examined the ligand
electivity changes and X-ray crystal structures of these chimeras
o assess the utility of the chimera approach in high throughput
creening and in situ freeze-frame click chemistry. In addition to
hese constructs providing an interesting prospective on the role
f the C loop in ligand recognition and specificity, they have in
ome cases provided X-ray crystal structures of ligands that hith-
rtofore have been difficult for us to obtain. Among these are
ome touchstone ligands currently on the market or under clin-
cal investigation including varenicline (Chantix®), sazetidine A
nd cytisine and natural toxins, such as anatoxin A. Accordingly,
he C loop and how it is configured in the ligand complex are
eterminants of crystal nucleation and growth. Details on the com-
arative structures of the above ligand complexes provide details
n the determinants of ligand selectivity for receptor subtype and
ffer insights into the development of more selective agonists and
ntagonists.

Acknowledgments: This work was supported by NIH UO1-
A19372-05 and RO1-GM18360-37.
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harmacological properties of sazetidine A, a selective ligand of
4�2 nicotinic acetylcholine receptors

ingxian Xiao 1,∗, Edward Tuan 1, Robert P. Yasuda 1, Niaz
ahibzada 1, Barry B. Wolfe 1, Lindsay Horton 1, Thao Tran 1,
our Al-Muhtasib 1, Adaku F. Iwueze 1,2, James R. Dipietro 1,
eresa Xie 1, Mikell Paige 2, Milton L. Brown 2, Kenneth J. Kellar 1

Department of Pharmacology and Physiology, Georgetown University
chool of Medicine, Washington, DC, USA
Drug Discovery Program, Georgetown University School of Medicine,
ashington, DC, USA

euronal nicotinic acetylcholine receptors (nAChRs) serve a wide
ange of physiological functions and are implicated in a number of
athological processes and many pharmacological effects of nico-
inic drugs. In particular, several lines of evidence indicate that
he nAChRs containing both �4 and �2 subunits mediate impor-
ant in vivo effects of nicotine, including its addictive and cognitive
ffects. Sazetidine-A (Saz-A) selectively binds with high affinity to
4�2 nAChRs and shows potent in vivo effects in animal models

hat include analgesia, reduction in nicotine self-administration,
eduction in alcohol intake, antidepressant-like activity and rever-
al of attentional impairment. In in vitro studies, Saz-A potently
nhibits nicotine-stimulated ion efflux from cells that express �4�2
AChRs after they are pre-incubated for 10 min with Saz-A [1].
az-A shows full agonist activity at (�4)2(�2)3 nAChRs but little
gonist activity (<1% efficacy of that of acetylcholine) at (�4)3(�2)2
AChRs expressed in Xenopus oocytes [2]. Hence, an important

uestion is how each of these two essentially diametrically opposed
ctions of Saz-A, activation and desensitization, contributes to
ach of the in vivo effects of Saz-A. We hypothesize that Saz-A
acology 82 (2011) 1023–1047 1029

converts most of the receptors to a desensitized conformational
state after a brief exposure to it. Using equilibrium and kinetic
binding methods, ion efflux measurements and patch-clamp elec-
trophysiology, we compared in vitro pharmacological properties
of Saz-A with those of nicotine, epibatidine, varenicline, 5-I-A-
85380 and cytisine. Based on data from these in vitro studies and
observations obtained from studies in behavioral animal mod-
els, we hypothesize that the long-lasting, selective desensitization
of �4�2 nAChRs is the main mechanism for long lasting in vivo
effects of Saz-A.

Acknowledgments: This work was supported by NIH grant
DA027990.
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The (�4)3(�2)2 nAChR has a benzodiazepine-like modulatory
binding site in the ��-subunit interface as revealed by studies
with NS9283

Philip K. Ahring 1,∗, Dan Peters 1, Jeppe K. Christensen 1, Marianne
L. Jensen 1, Kasper Harpsøe 2, Thomas Balle 2

1 NeuroSearch A/S, Ballerup, Denmark
2 Department of Medicinal Chemistry, University of Copenhagen,
Copenhagen, Denmark

Modulating �4�2 nicotinic acetylcholine receptors through novel
allosteric binding sites represents an exciting new area for pharma-
cological intervention of higher brain function including attention
and cognition. NS9283 was originally indentified by its ability to
increase agonist-evoked response amplitude of �4�2 nAChRs in
Ca2+-imaging as well as in electrophysiology paradigms. NS9283
did not itself produce receptor activation or displacement of
[3H]-epibatidine binding and the allosteric modulation was found
to be selective for �2- and �4-containing nAChRs whereas no
effects were observed at �1-, �3- or �7-containing nAChRs. �4�2
nAChRs are known to assemble as high- or low-sensitivity receptors
dependent on subunit stoichiometry and in Xenopus oocyte exper-
iments NS9283 modulation only occurred when receptors were
expressed under conditions favoring a (�4)3(�2)2-subunit stoi-
chiometry indicating that NS9283 is selective for low-sensitivity
receptors. We therefore hypothesized that the selectivity was
dependent on a 3�:2�-subunit stoichiometry and in particular
on the ��-subunit interface. Comparing homology models we
have identified amino acids that could be involved in binding of
NS9283. Of these, Histidine 142, located on the (−)-side of the �4-
subunit, was particularly interesting since NS9283 is devoid of any
effects up to a concentration of 31.6 �M on (�4H142V)3(�2)2 recep-
tors. Studies investigating the mode of action of NS9283 revealed
that modulation of i.e. (�4)3(�2)2 receptors could be attributed
to an increase in functional agonist potency but maximal current
amplitude were unaffected. Graphically, this is seen as left-shift of
agonist concentration-response curves, towards higher potency of
the agonist, but maximal efficacy is not affected. The key features
of NS9283, i.e. subunit interface binding and left shift of agonist
concentration–response curves without affecting efficacy, resem-
bles those described for benzodiazepines at the benzodiazepine

binding pocket of GABAA receptors. We therefore propose that
NS9283 is a mimic of a benzodiazepine mechanism in the nicotinic
system. In conclusion, NS9283 demonstrates that it is possible to
find highly selective allosteric modulators of nAChRs and further
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modulate native �7 NNRs controlling synaptic activity and impor-
tant for cognitive processes.

doi:10.1016/j.bcp.2011.07.022
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hat a benzodiazepine-type mechanism of action can be found for
ompounds active at other Cys-loop receptors than GABAARs.
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lectrophysiological characterization of NS9283, a novel posi-
ive allosteric modulator of �4�2 nicotinic receptors

. Grupe 1,2,∗, M. Grunnet 1, J.K. Christensen 1, A.A. Jensen 2, P.K.
hring 1

NeuroSearch A/S, Ballerup, Denmark
Department of Medicinal Chemistry, Faculty of Pharmaceutical Sci-
nces, University of Copenhagen, Copenhagen, Denmark

euronal nicotinic acetylcholine receptors (nAChRs) are implicated
n a wide range of neurological diseases with cognitive impair-

ents, making the members of this Cys-loop receptor subfamily
ighly interesting drug targets. A wide range of agonists and
ositive allosteric modulators (PAM) selective for neuronal nico-
inic acetylcholine receptors (nAChR) has been developed over the
ears. Especially the homomeric �7 nAChR receptor has been tar-
eted as this receptor is implicated in neurological diseases such
s schizophrenia and Alzheimer’s disease. However, recently the
4�2 nAChR has gained increasing notice as it has been demon-
trated to play a key role in mediating attention [1], thereby
mplying an important role in schizophrenia and ADHD. Here we
resent NS9283, a potent and highly selective PAM of the �4�2

ow sensitivity (LS) nAChR subtype. Pro-cognitive effects of NS9283
ave previously been demonstrated in a wide range of in vivo
ssays, underlining the potential of �4�2 nAChR as a drug tar-
et. Using whole-cell patch-clamping with an ultrafast solution
pplication system we performed a detailed electrophysiological
haracterisation of NS9283 in HEK293 cells stably expressing �4�2
AChR. The high potency of NS9283 was confirmed by left-shifting
he ACh concentration–response curve by a factor of ∼40, how-
ver, ACh efficacy was unaffected. Additionally, current kinetics
as addressed: by using exponential curve fitting desensitization
as quantified revealing no significant effect of NS9283. Further-
ore, NS9283 moderately decreased recovery from desensitization

nd could not reactivate desensitized receptors. In contrast to the
ack of effect on desensitization, NS9283 significantly decreased
eceptor deactivation. A modest decrease in and slowing of activa-
ion was also observed. Finally, NS9283’s effect on window current
as investigated. As NS9283 left-shifted the activation curve to a
igher degree than the inactivation curve, the presence of NS9283
esulted in an increased window current. In summary, the main
ndings of this study demonstrate that NS9283 increases ACh
esponsiveness and reduces receptor deactivation of �4�2 nAChR.
reliminary experiments on NS9283 binding site as well as the
bserved increase in potency resemble a mode-of-action similar to
hat of benzodiazepines on GABAA receptors. The presented find-
ngs will form the basis for a deeper mechanistic understanding of
he effect of NS9283 in cognitive studies, especially with regards to
ts effect on synaptic level.
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In vitro pharmacological characterization of ABT-779, a novel
positive allosteric modulator of �7 nAChRs

John Malysz ∗, Jens Halvard Gronlien, Clark A. Briggs, David J.
Anderson, Rachid El-Kouhen, Karla Drescher, Hilde Ween, Kris-
ten Thorin-Hagene, Kathleen Mortell, Chih-Hung Lee, Murali
Gopalakrishnan

Abbott, Neuroscience Research, Global Pharmaceutical Research and
Development, Abbott Park, IL, USA

Targeting �7 nAChRs with subtype selective positive allosteric
modulators (PAMs) may be considered an attractive approach
for treating cognitive deficits associated with diseases such as
schizophrenia. In this study, we describe the in vitro pharmaco-
logical properties of ABT-779, a novel �7 PAM. ABT-779 exhibited
a typical Type II profile, potentiating peak current amplitude and
attenuating desensitization responses to ACh at human and rat
�7 NNRs (expressed in X. oocytes and studied by two-electrode
voltage clamp) with potencies (EC50 values: 80–200 nM) highest
among known �7 PAMs. At much higher concentrations (≥3 �M),
ABT-779 alone directly evoked MLA-sensitive weakly desensitizing
current. As expected for an allosteric modulator, the EC50 and max-
imal efficacy of ACh or choline was shifted to the left by ABT-779
in a concentration-dependent manner. In a cell line endogenously
expressing human �7 NNRs (IMR-32), ABT-779 activated Ca2+

flux responses in the presence of an exogenously added agonist
(EC50 = 80 nM) but with ∼4-fold weaker maximum efficacy than
A-867744 or PNU-120596 (other �7 PAMs). ABT-779 also directly
evoked Ca2+ signals at ≥3 �M. No potentiation of agonist-evoked
responses mediated by �4�2, �3�4* (IMR-32 cell line), 5-HT3A,
and chimeric human �7-5-HT3A receptors was observed with ABT-
779; instead weak inhibition of Ca2+ flux, membrane potential
imaging or current responses were observed (IC50 > 450 nM) or no
effect (5-HT3A). As expected with allosteric type interactions, ABT-
779 showed no significant displacement of binding to orthosteric
sites present at �7 NNRs (Ki > 10,000 nM) or at other NNR sub-
types (�4�2, �3�4*: Ki >100,000 nM). ABT-779 (10 �M) showed
a clean profile in the CEREP radioligand binding panel across vari-
ous receptors, ion channels and transporters, showing no inhibition
greater than 80% across all targets tested. ABT-779 (10 �M) also
did not show inhibition of human acetylcholinesterase activity.
In rat brain hippocampal slices (CA1 region), current responses
evoked by choline were amplified in the presence of ABT-779;
these responses were inhibited by MLA. In dentate gyrus gran-
ule cells, ABT-779 when co-applied with the �7 nAChR agonist
choline (1 mM) increased the sIPSC activity when compared to
choline alone. Further, in vivo administration of ABT-779 enhanced
ACh release from prefrontal cortex and hippocampus in a dose-
dependent manner, with significant effects observed at doses of 0.1
and 1 �mol/kg. These studies collectively demonstrate that ABT-
779 is a novel positive allosteric modulator of �7 nAChRs and can

dx.doi.org/10.1016/j.bcp.2011.07.020
dx.doi.org/10.1016/j.bcp.2011.07.021
dx.doi.org/10.1016/j.bcp.2011.07.022

