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riene-4,6-diol (4R) protects acute hippocampal slices against
xcitotoxicity via a nicotinic mechanism. The data shows that 4R
rotects against the neurotoxic organophosphates paraoxon (POX)
nd diisopropylfluorophosphate (DFP) suggesting that cembra-
oids could be novel antidotes against these neurotoxins. Exposure
o organophosphate (OP) insecticides or sublethal doses of OP
ar nerve toxins cause health impairment. The best-documented
etrimental effects involve deficits in behavioral performance and
bnormalities in nerve function. Many of the chronic symptoms
ssociated with OP insecticide exposure are indistinguishable from
hose reported by Gulf War veterans allegedly exposed to OP nerve
oxins. Current postexposure medical countermeasures against
erve agents (atropine, oximes, reversible AChE inhibitors and
enzodiazepines) are useful in preventing mortality but are not
ufficiently effective as far as protecting the CNS against apop-
otic neuronal death. We used acute hippocampal slices to study
he toxicity of POX and DFP and the protection by 4R. Acute hip-
ocampal slices are a choice preparation to quantitatively measure
arly neurotoxic and neuroprotective events. This model has been
uccessfully used for more than two decades by others and by
s to study the effect of anoxia, oxygen and glucose deprivation,
nd excitotoxic amino acids. The main parameter measured is the
oss of synaptically evoked population spikes (PS), which reflects
he sum of axon potentials from a population of neurons and is
n early predictor of neuronal apoptosis. Routinely, POX and DFP
ere superfused for 10 min and washed off for 30 min. Afterwards

ntidotes were applied for 60 min, and the PS were recorded. Our
esults show that 50–100 �M POX decreased the PS area by 60-80%;
higher concentration, up to 200 �M POX, did not increase the

amage. The effect of POX developed with a half-life of 2 min; the
aximum effect was reached by 10 min and remained unchanged

or up to 1 hour. Ten �M POX completely inhibited AChE activity
n the slice. The classical antidote, 200 �M pralidoxime, applied
0 min after POX provided an almost total remission of the damage
aused by POX. One �M atropine, the main antidote against OPs
resently used, was not significantly neuroprotective against POX
hen used alone. As POX, DFP inhibited the activity of AChE; but

ontrary to POX, DFP caused a concentration dependent loss of PS.
R, at 2 to 10 �M applied together with 1 �M atropine 30 min after
xposure to POX or DFP, protected nearly 100% and after 1 hour 70%
f PS area.

Acknowledgements: Grant support: 1UO1NS0635551; NCRR
CMI G-12RR03035.
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rom acetyl bispidine to an extended bispidine amide frame-
ork: Synthesis and structure–affinity relationships for nico-

inic acetylcholine receptors (nAChRs)

. Gündisch ∗, C. Eibl

Department Pharm. Sci., College of Pharmacy, University of Hawaii at
ilo, HI, United States

Cytisine discovered in the 19th century is an invaluable tem-
late in the development of bioactive compounds. Especially its
ispidine framework which is fused to a 2-pyridone moiety has
een used as a core structure for the synthesis of ligands for
umerous biological targets including nAChRs. It is accessible by
ouble Mannich reaction from N-tBoc-4-piperidone, formaldehyde
nd benzylamine and subsequent reduction of the carbonyl group
ielding N-benzyl-N′-tBoc-bispidine. The N-protected bispidine,
specially N-tBoc-bispidine after cleavage of the N-benzyl protect-
ng group, served as starting material for the synthesis of diverse
ispidine analogs. N-tBoc-bispidine itself interacts with nAChRs
e.g. Ki: 45 nM for �4/�2*). The obtained bispidine amides were
ested for their affinities for different nAChR subtypes by competi-
ion assays with [3H]epibatidine �4/�2*, �3/�4*, muscle type) and
3H]MLA (�7*), respectively, using membrane fractions of native
issues (rat brain, calf/pig adrenals and Torpedo californica electro-
lax). The simplest analog, acetyl bispidine, displayed high affinity
or �4/�2 (Ki: 5.6 nM). Compounds showed a broad affinity spec-
rum (e.g. Ki values from 1.2 nM to >10,000 nM for �4/�2*), which
rovided important insight into structure–affinity relationship.

oi:10.1016/j.bcp.2009.06.044
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robing the non-competitive binding site within the n-terminal
egion of �4�2 nicotinic receptors

racia X.J. Quek 1,∗, Jill I. Halliday 2, Malcolm D. McLeod 2, Mary
hebib 1

Faculty of Pharmacy, The University of Sydney, Australia
Research School of Chemistry, The Australian National University,
ustralia

Novel nicotinic acetylcholine receptor (nAChR) antagonists have
een derived from methyllycaconitine (MLA). AE Alcohol analogue

[(1S*, 5S*)-(3-ethyl-9-methylidene-3-azabicyclo[3.3.1]non-1-
l)methanol] is a truncated version and displays non-competitive
inding on �4�2, �3�4 and �7 nAChRs. AE Succinimide analogue

[(3-ethyl-9-methylene-3-aza-bicyclo[3.3.1]nonan-1-yl)methyl
-(3-methyl-2,5-dioxopyrrolidin-1-yl)benzoate] contains an
nthranilate ester side-chain displaying mixed competitive and
on-competitive binding at these receptors.
Mutation of the acetylcholine binding protein (AChBP) subunits
o mimic the binding site of mammalian nAChRs combined with
adioligand binding studies and X-ray crystallography has provided

dx.doi.org/10.1016/j.bcp.2009.06.043
dx.doi.org/10.1016/j.bcp.2009.06.044
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trong evidence that non-competitive binding sites exist at non-�
nterfaces of heteromeric nAChRs. Furthermore, non-competitive
ntagonist binding of natural alkaloids has been shown to occur
t the channel pore. In previous studies using Analogue 1, the ion
hannel pore appears to be the main binding site for this com-
ound. In contrast Analogue 2 does not bind to this site. Here,
e report studies of the non-competitive binding site within the
-terminal domain on the �4�2 nAChR. Since this �(−) �(+)

ubunit interface of the N-terminal domain is not well studied,
ater accessibility of the residues was first examined using the

ubstituted Cysteine Accessibility Method (SCAM). The residues
n Loop D (N88, V89, W90, V91, K92, Q93 and E94) of the �4
ubunit and Loop A (V116, V117, L118, Y119, N120, N121, A122,
123 and G124) of the �2 subunit were individually mutated to
ysteine, expressed in Xenopus oocytes and analysed using two-
lectrode voltage clamp recordings. Surface accessibility was tested
y evaluating the reaction of sulfhydryl reagent ethylammonium-
ethanethiosulfonate (MTSEA) in the opened (in the presence of

Ch) and closed channel states (in the absence of ACh). The site
as then evaluated using two methods: (1) The antagonists were

ompeted with the sulfhydryl reagents where protection from irre-
ersible inhibition infers the binding site. (2) Analogue 1 and 2
ere synthesized into a thiol reactive probe capable of reacting
ith cysteine directly. Irreversible inhibition infers the binding site.
ll mutants generated functional receptors and most were acces-
ible to MTSEA. Both competition and reactive probe experiments
howed that neither of these analogues bind within the N-terminal
omain. Other loops within the non-competitive �(−) �(+) inter-

ace and the competitive �(+) �(−) interface will be studied in the
uture.

oi:10.1016/j.bcp.2009.06.045
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utation of proline enables subtype selectivity of �-conotoxin
uIA

elena Filchakova ∗, Amy B. Godoy, Sean Christensen, J. Michael
cIntosh

University of Utah, Department of Biology, 257 South 1400 East, Salt
ake City, UT, United States

�-Conotoxins are neuroactive peptides, isolated from the venom
f carnivorous snails that act as competitive antagonists of nico-
inic acetylcholine receptors (nAChRs). �-Conotoxins are small
eptides that have two cysteine loops and a highly conserved
roline (Pro) in the first loop. Crystal structures of �-conotoxins

n complex with the acetylcholine binding protein (AChBP) show
hat the �-conotoxin Pro side chain is positioned to potentially
nteract with the ACh binding pocket. BuIA is a 13 amino acid
–conotoxin that kinetically discriminates between �2- and �4-
ontaining nAChRs; the off-rate of BuIA is slow for all �4- vs.
2- containing nAChRs. Three residues on the � subunit at posi-

ions 59, 111 and 119 are critical for binding of some �-conotoxins.
hese residues line the putative acetylcholine-binding pocket and
iffer between �2 and �4 nAChR subunits. Site-directed mutage-
esis has demonstrated that Thr59 is an important determinant
f sensitivity for �-conotoxins as well as other competitive antago-
ists. Homology modeling studies with the AChBP identified Val111
nd Phe119 as likely residues interacting with �-conotoxins MII

nd PnIA. BuIA contains two Pro residues. In the present study
e explored the role of the BuIA Pro residues in the ability of
uIA to discriminate between �2- and �4-containing nAChRs. We
ypothesized that Pro6 and/or Pro7 interacts with non-conserved

t
(
s
o
P

ig. 1. Presence of hydroxyproline enables �-conotoxin BuIA to discriminate
etween r�3�2 and r�3�4 nAChRs.

esidues on the nAChR � subunit and through this interaction
nfluences the subtype selectivity of BuIA. BuIA as well as BuIA
nalogs were synthesized using Fmoc chemistry. Pro6 or Pro7 was
ubstituted with 4-trans hydroxyproline or 3-trans hydroxypro-
ine. nAChR residues present in the �4 subunit were introduced
s point mutations in the homologous positions in the �2 sub-
nit. These mutations included �2T59K, �2V111I and �2F119Q.

n addition, one mutant �4 subunit was made, �4K59T. Two-
lectrode voltage clamp of oocytes injected with cRNA encoding
ild type and mutant nAChRs was used to assess the activity of

he conotoxin analogs. The interaction between the �-conotoxin
uIA analogs and the � subunit of the nAChR was assessed by
ouble-mutant cycle analysis; pair-wise interaction energies of
ro6 and Pro7 with nAChR residues (at positions 59, 111 and 119)
ere determined. Pro6 interacts with Thr59 (on the �2 subunit)
ith a coupling energy of 2.4 kcal/mol and Pro6 interacts with

ys59 (on the �4 subunit) with a coupling energy of 2.6 kcal/mol
energies are absolute values). The introduction of 4-trans hydrox-
proline in the 6th position selectively decreased binding of BuIA
o �3�2 nAChRs thus enabling BuIA to selectively block �3�4 vs.
3�2 nAChRs (Fig. 1). Pro6 thus represents an amino acid that
ay be mutated to create �-conotoxins with improved subtype

electivity.
Acknowledgements: This work was funded by NIH grants

H53631 and GM48677.
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soanatabine, a naturally occurring �4�2 nicotinic receptor
gonist

. Xing ∗, A. Rouchaud, S. Keshwah, W.R. Kem

Dept Pharmacology and Therapeutics, University of Florida College of
edicine, Gainesville, FL32610-0267, United States

Anabaseine was the first nemertine alkaloid to be isolated and
harmacologically characterized; benzylidene-substituted anaba-
eines including DMXBA (GTS-21) are being investigated as
otential therapeutic agents for treating cognitive dysfunction
Kem, 2000; Freedman et al., 2008). Here we examine the
harmacological properties of isoanatabine [2-(3-pyridyl)-1,2,5,6-
etrahydropyridine], an anabaseine isomer, that was isolated
rom a different species of nemertine. Enantiomers of synthetic
soanatabine and anatabine were obtained by chiral HPLC. Func-
ional properties (EC and I ) were assessed on Xenopus oocytes
50 max

n ≥ 4)) using 100 �M (alpha4beta2) or 1000 �M (alpha7) ACh as
tandards; �4�2 nAChR binding was measured by displacement
f [3H]-cytisine using rat brain membranes. Data were fitted with
rism software, to yield calculated properties shown below:

dx.doi.org/10.1016/j.bcp.2009.06.045
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