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SUMMARY
Pharmacological properties of the (+)- and (-)-isomers of syn-
thetic epibatidine, exo-2-(6-chloro-3-pyridyl)-7-azabicyclo-
[2.2.1]heptane, were compared with nicotine and acetylcholine
on several subtypes of chicken and human nicotinic acetylcho-
line receptors (AChRs). Both isomers of epibatidine behaved as
extremely potent full agonists on chicken (a3�2, a3f34, a4f32,
a7, and a8) and human (a3�32, a3134, and a7) neuronal AChRs
expressed in Xenopus oocytes. Currents induced by epibati-
dine were effectively blocked by the nicotinic antagonists hex-
amethonium and mecamylamine. Apparent affinity was 1 00 to
1000-fold higher for epibatidine than for nicotine or acetylcho-
line. EC50 values ranged from 1 I1M (for homomeric chicken a8)
to 2 p.M (for homomeric chicken a7). Epibatidine showed corn-
paratively lower affinity for muscle-type AChRs from Torpedo

and humans (EC50 values, 1 .6 and 1 6 p.M respectively). In
binding assays, epibatidine was used on AChR subtypes im-
munoisolated from chicken brain and retina (a4/32, a7, and a8),
the human neuronal cell line SH-SY5Y (a3 and a7), Torpedo
electric organ (al f31 ‘ye), or the human rhabdomyosarcoma cell
line TE671 (al �31 ‘y6). Both isomers of epibatidine exhibited
extremely high affinity for all neuronal AChRs tested, with K,
values ranging from 0.6 �M (human a3 AChRs) to 0.6 p.M (chick-
en a7 AChRs). In contrast, epibatidine had lower affinity for
Torpedo muscle-type AChRs (K, -5 p.M). Racemic [�H]epibati-
dine was an effective labeling reagent for human a3f32 AChAs,
exhibiting a K0 (0.1 4 nM) similar to the K, values observed for
unlabeled (+)-epibatidine (0.23 nM) or (-)-epibatidlne (0.16 nM).

Epibatidine, an alkaloid obtained from skin extracts of the
Ecuadoran poison frog Epipedobates tricolor (1), has proved
to be 200-fold more effective than morphine in preventing

nociception (2, 3). Nine chemical syntheses of epibatidine

have been published (e.g., 4-7, for a review see Ref. 8).

Epibatidine-induced analgesia is most likely mediated by
AChRs because it is blocked by the selective nicotinic antag-

onist mecamylamine (2, 9, 10). Moreover, epibatidine effec-
tively competes with nicotine and cytisine in rat brain prep-
arations (2, 11, 12), it acts as a potent nicotinic agonist
(12-15), and it has structural similarities with acetylcholine
and nicotine (Fig. 1). Epibatidine analgesic activity resem-

bles the analgesic activity that has been previously shown for

nicotine (16, 17).

The physiological effects of epibatidine need to be corre-

lated with specific AChR subtypes. AChRs are diverse in

subunit compositions, pharmacological properties, and tissue

distribution. To date, the gene family of vertebrate AChRs
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subunits includes 16 subunits: al-9, p1-4, y, �, and #{128}(for

reviews see Refs. 18-20). Most a subunits are particularly

associated with cholinergic ligand binding, but the structural

subunits also contribute to ligand binding specificity. There

are embryonic (a1(31’y�) and adult (a1�1e#{246}) forms of muscle

AChR, but it is unknown whether there are similar develop-

mental changes in the subunit compositions of neuronal

AChRs. Many potential subtypes of neuronal AChRS might

be formed from combinations of the known subunits. Precise

subunit compositions of most subtypes are unclear, although
predominant subtypes of some regions are known. In brain,

the predominant subtype with high affinity for nicotine is

composed of a4 and �2 subunits, whereas the predominant

subtype with high affinity for aBgt contains a7 subunits

(21-22). In autonomic ganglia and retinae, the predominant

AChRs contain a3 subunits in combination with /34 or �2 and

a5 subunits (23-25). These AChRs have lower affinity for

nicotine than do a4f32 AChRs. Chicken retina contains a
relative abundance ofAChRs containing a8 or both a7 and cr8

subunits (21, 26). cr8 AChRs have lower affinity for aBgt than
do cr7 AChRS or muscle AChRs, but they have much higher

affinity for small cholinergic ligands than do cr7 AChRS (27).

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Epibatidine and AChRs 775

1 R. Anand and J. Lindstrom, unpublished observations.

Acetyicholine

CH3

CH3

native and heterologously expressed AChRS, extremely high
binding affinity of epibatidine for cr3-, cr4-, and cr8-containing

AChRs was found in contrast to cr7- and cr1-containing

AChRs. This will prove to be very valuable for research

purposes. The recognition of those AChR subtypes with very

high affinity and those with relatively low affinity for epiba-

tidine will be useful for understanding its pharmacological

effects in intact animals.

Nicotine

Epibatidine

H-

Fig. 1. Comparison of the structures of acetylcholine, nicotine, and
epibatidine.

Recent studies indicate the presence of AChR subunits in

some nonneuronal tissues (28, 29).

Different combinations ofAChR subunits show significant

functional diversity (for reviews see Refs. 18 and 30). Not

only does sensitivity to agomsts vary significantly between

subunit combinations, but also the mode of action of a ligand

may be changed from full agonist to partial agonist or antag-

onist (31, 32).

Therefore, to obtain an extended pharmacological profile
for epibatidine, it is necessary to test its action on tissues

that contain different AChR subtypes. Alternatively, it is

possible to use as an assay recombinant AChRs with differ-

ent combinations of the subunits in a heterologous expres-
sion system. Both approaches have limitations. A complica-

tion of testing different tissues containing AChRS is that
many neuronal preparations contain more than one combi-

nation of the subunits, and the pharmacological profile ob-

tamed is an average ofthe properties ofthe different AChRS.

A complication of studying the expression of combinations of

subunit cDNAs is that the functional properties of these

combinations do not always completely match those of the
native AChRS. Nevertheless, the recombinant approach has

the advantage of dealing with AChRS of known subunit com-
positions.

We report that both (+)- and (-)-isomers of synthetic epi-

batidine behave as potent agonists for several of the predom-

inant subtypes of neuronal AChRS (a3(32, a3j34, a4(32, and
cr8) but exhibit lower affinity for muscle-type (al(31y6)

AChRS and for homomers ofneuronal cr7 subunits when they
are expressed in Xenopus oocytes. Epibatidine is a much

more potent agonist than acetylcholine or nicotine on a3�32,
a3�34, a4�32, and cr8 homomers. From binding studies with

Materials and Methods

DNAS. Chicken cr4 and �32 (33) and cr7 and cr8 (21) and human cr7

(34), cr1 (35), and �32 (36) cDNAs were described previously. Human
cr3 was cloned from a human brain library, and 134 was cloned from

the human neuroblastoma cell line SH-SY5Y.’ Torpedo cr1, f31, y, and

b cDNAs were obtained through the generosity of Dr. Toni Claudio

(Department of Cellular and Molecular Physiology, Yale University

ofMedicine, New Haven, CT). Genomic clones ofchicken cr3, �32, and
/34 were obtained through the generosity of Dr. Mark Ballivet (De-

partment of Physiology, CMU, Geneva, Switzerland).

Expression of AChE subunits in Xenopus oocytes. Chicken
and human cDNAs were cloned into a modified SP64T expression
vector (37) with standard DNA-cloning procedures. cRNA was syn-

thesized in vitro with the Megascript kit (Ambion, Austin, TX).

Oocytes were prepared for injections as described in Colman (38) and
injected with either 15 or 100 ng ofcRNA per oocyte. Chicken cr3, j32,
and �34 subunits were expressed by nuclear injections of 2 ng of

genomic DNAS per oocyte. The oocytes were incubated in semisterile

conditions at 18#{176}in saline solution (96 mM NaCl, 2 mM KC1, 1 mM

MgCl2, 1.8 mM CaCl2, 5 mM HEPES, pH 7.6) containing 5% heat-
inactivated horse serum or, more recently, in 50% Leibovitz-15 me-

din (GIBCO-BRL) buffered to pH 7.4 with 10 mr�i HEPES. Oocytes
were incubated at 18#{176}for 3-6 days before use.

Electrophysiological procedures and drug application.
Currents in oocytes were measured with a standard two-microelec-

trode voltage-clamp amplifier (Oocyte Clamp OC-725, Warner In-
strument Corp.). Electrodes were filled with 3 M KC1 and had resis-

tances ofO.5-1.0 Mil for the voltage electrode and 0.4-0.6 MCI for the
current electrode. All records were digitized (MacLab/2e interface

and Scope software, AD Instruments), stored on a Macintosh IIcx
computer, and analyzed with AXOGRAPH software (Axon Instru-
ments).

The recording chamber was continually perfused at a flow rate of
10 mI/mm with saline solution containing 96 mM NaCl, 2 mM KCI,

1.8 mrvi CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.6. Application of

the agonists was performed as described in detail previously (39). In

summary, all agonists were applied with the use of a set of 2-mm
glass tubes directed on the animal pole ofthe oocyte. Application was

achieved by manual unclamping and clamping of a flexible tube

connected to the syringe with the test solution. Typically, delay
between beginning the application and the first deflection of the
induced current was -0.3 sec.

The Hill equation was fitted to the concentration-response depen-

dencies with a nonlinear least-squares error curve fit method (Ka-
leidaGraph, Abelbeck Software): 1(x) = Im,,�,,[X”/(f+EC&o”)], where

1(x) is current measured at the agonist concentration x, � the
maximal current response at the saturating agonist concentration,
EC50 is the agonist concentration required for the half-maximal

response, and n is the Hill coefficient.

Cell cultures. SH-SY5Y cells were cultured in a 1:1 mixture of
Ham’s F12 nutrient mixture and Eagle’s minimal essential medium
containing 1% nonessential amino acids supplemented with 10%
fetal calf serum in a 95% air/5% CO2 humidified incubator at 37#{176}.

M10 cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum. The cell monolayers were washed
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200nA

lOsec.

After 5 mm.
Mecamylamine 1O�iM
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with phosphate-buffered saline and then scraped, pelleted in a mi-

crofuge in the cold, and stored at -80#{176}until used.

mAbs. mAbs to cr7 (m.Ab 306 and mAb 319) (21), cr1, cr3 (mAb 210)

(40), cr8 (mAb 305) (21), and (32 (mAb 290) (41) have been described
previously. The mAbs were affinity purified with a protein G column.

Epibatidine. Epibatidine (oxalate salt) was synthesized at Merck
Sharp & Dohme Research Laboratories (5, 6). Natural epibatidine is
levorotatory as the free base but dextrorotatory as a salt (2, 6). In the

present study, ( +)- and ( - )-epibatidine refer to rotation of the salts.

Stocks of racemic [3Hlepibatidine were generous gifts of Dr. Ralph
Loring (Department of Pharmaceutical Sciences, Northeastern Uni-

versity, Boston, MA) (42) or New England Nuclear, Inc. (Chadds

Ford, PA). ( -)-Nicotine tartrate and acetylcholine chloride were

obtained from Sigma Chemical Co. (St. Louis, MO).

Solubilization of AChRS from SH-SY5Y cells, M1O cells,
TE671 cells, and oocytes. Tissue was disrupted by brief vortexing

in 5-7 volumes oflysis buffer (2% Triton X-100, 50 mM NaCl, 50 niM

sodium phosphate buffer (pH7.5), 5 mM EDTA, 5 mM EGTA, 2 mM
phenylmethylsulfonyl fluoride, 5 mM benzamidine, 5 mM iodoacet-

amide). After 20 mm of gentle rotation at 4#{176},the samples were
centrifuged for 20 mm at 4#{176}in a microfuge, and the supernatants
were used for subsequent binding studies.

Solubilization of AChRS from chick brains and retinae.
Detergent extracts of AChRs from brains and retinae of embryonic

day-18 chicks were prepared in the following manner. Brains and

retinae were dissected from the chick and then frozen at -80#{176}.The

frozen tissues were thawed in 6 volumes of homogenization buffer
(50 mM phosphate buffer, pH 7.5, 1 M NaCl, 5 mM EDTA, 5 mM

EGTA, 2 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, 5

mM iodoacetamide) and then homogenized on ice for 2 mm at 15,000

rpm with a Brinkman Polytron. After centrifugation at 50,000 rpm

in a Beckman 50.2 Ti rotor for 30 mm at 4#{176},the pellet was homog-

enized again in an equal volume of buffer (this time containing only
50 mM NaCl), and centrifuged again. The pellet was then extracted

with 4 volumes oflysis buffer by brief homogenization with a Brink-

man Polytron. The resuspended pellet was gently shaken for 2 hr at

4#{176}.The mix was then centrifuged at 50,000 rpm in a Beckman 50.2

Ti rotor at 4#{176}for 30 mm, and the clear supernatant was used for

subsequent experiments.

Immunoaffinity separation of cr7 AChRS and cr8 AChRS.
Detergent extracts of chick brain were depleted of all cr8-containing
AChRs with purified mAb 305 coupled at 5 mg/ml of gel to Actigel

ALD (Sterogene) according to the manufacturer’s instructions. Ex-
tracts were incubated overnight at 4#{176}with gentle agitation with mAb

305-coupled beads at a ratio of 1:5 (bead/extract). The beads were
removed by brief centrifugation. The efficacy of depletion was then

tested by solid radioimmunoassay with mAb 305-coated wells and 50
nM ‘251-aBgt. Similarly, retina extracts were depleted of all cr7-

containing AChRs with mAb 319-coupled beads [coupled at 5 mg/ml
of gel to Affigel H2 (BioRad) according to the manufacturer’s direc-

tions]. The mAb 319-coupled beads were then used for depletion in

the same way as were the mAb 305-coupled beads. The extent of

depletion of cr7-containing AChRs was determined by solid-phase

radioimmunoassays with mAb 319-coated wells and 20 nM ‘251-crBgt.

Bound ‘25I-crBgt was determined by gamma counting. Background

binding was determined with microwells not coated with mAbs.
Binding assays. Binding assays were carried out by procedures

similar to those we used previously (27). Briefly, solubilized AChRS

were added to mAb-coated Immulon 4 microwells. After incubation

overnight at 4#{176},the wells were rinsed three times with PBS-Tween

20 buffer. Various concentrations of epibatidine were added and
incubated for 20 mm before the addition of 125I-crBgt (for overnight)

or [3H]nicotine (for 1 hr or overnight; similar results were obtained
both ways). The assays were performed in duplicate in a total volume

of 100 pA in the presence of ‘251-crBgt (0.1 ni� for cr1 AChRs, 2 nrs� for

cr7 AChRS, 20 nM for cr8 AChRS) or [3Hjnicotine (5 ni�i for cr4f32 and
cr3f32 AChRs, 20 nM for cr3 AChRs). Background binding was deter-

mined with buffer rather than with solubilized AChRs. Normalized

data were fitted to the Hill equation. Apparent K1 values were

calculated with the Cheng-Prusoff equation.

Results and Discussion

Action of epibatidine on chicken AChRS. Fig. 2 gives
representative responses induced by consecutive applications

of increasing concentrations of epibatidine to an oocyte in-

jected with chicken cr4 and �2 mRNAS. Measurable responses

were elicited by epibatidine in concentrations as low as 0.1

nM. Maximal responses were obtained at 100-300 nr�. No

responses were detected during epibatidine application on

control noninjected oocytes.

Concentration dependence of the epibatidine-induced re-
sponse of cr4�32 AChRs is compared with the action of nicotine

and acetylcholine (Fig. 2, top right). Nicotine and acetylcho-

line showed nearly the same potency in activating a4�32
AChRs, with EC50 values of -0.4 jcM, whereas epibatidine

Chicken a4�2 AChRs in Xenopus Oocytes

After 30 mm. Wash

______I lOOnA

10 sec.

Fig. 2. Activation by epibatidine of chicken cr4�2 nicotinic AChRs ex-
pressed in Xenopus oocytes. Top left, inward currents induced by the

application of different concentrations of (+)-epibatidine on an oocyte
2 days after cytoplasmic injection of chicken cr4 and �2 nicotinic
subunit cRNAs (holding potential -50 my). Top right, dose-response
curves for (+)-epibatidine, acetylcholine, and nicotine. Normalized cur-
rents are plotted against agonist concentrations. Averaged data (each
point from three to five experiments) were fitted by the Hill equation (see
Materials and Methods). Middle, time course of currents induced by
saturating concentrations of the acetylcholine and epibatidine on the
same oocyte held at -50 mV. Notice that the response induced by
epibatidine exhibits significantly slower activation, desensitization, and
inactivation. Bottom, inhibition of the epibatidine-induced current by
the nicotinic antagonist mecamylamine. Three traces (before, after 5
mm of mecamylamine application, and after 30-mm washout) are
shown.
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was 2 orders of magnitude more potent (EC5#{216}values for the

agonists studied are listed in Table 1). Epibatidine behaved

as a full agonist on a4�2 AChRs because maximal currents

induced by epibatidine had the same amplitude as maximal
currents induced by acetylcholine (Fig. 2). Currents induced

by epibatidine had a similar voltage dependence (i.e., strong
inward rectification) as currents induced by nicotine or ace-

tylcholine.

Kinetics of epibatidine currents differed significantly from

the currents induced by acetyicholine and nicotine (Fig. 2,

middle). Activation of AChRS by epibatidine was signifi-
cantly slower, possibly reflecting the much lower concentra-
tions of epibatidine used compared with acetyicholine (300-

fold in Fig. 2, middle). Time from the beginning of the

application of the saturating concentrations to the peak of

the inward current was -5 sec compared with 1 sec for
nicotine and acetylcholine applied to the same oocyte. It
takes -0.3 sec for solution to the reach the oocyte (see Ma-

terials and Methods and Ref. ). Maximal epibatidine re-
sponses exhibited much slower desensitization: during a 20-

sec application, the current decreased only 30% compared
with 65% for both acetylcholine and nicotine. After washout,
AChRS stayed activated significantly longer, typically result-

ing in a long “tail” inward current that lasted up to 2 mm
after a 20-sec application of epibatidine. This might reflect

the 200-fold greater affinity of epibatidine for a4�2 AChRs
compared with acetyicholine or nicotine [e.g., K1 epibatidine

= 2 x 10” M (Table 2) versus 4 X iO� M for nicotine (34)].

Responses induced by epibatidine were inhibited by the
noncompetitive channel-blocking antagonist mecamylamine
(Fig. 2, bottom). Perfusion of the oocyte for 5 mm with 10 p.M

mecamylamine caused almost complete block of the current

with very slow partial (-30%) washout.

High potency of epibatidine as an agonist was reported
previously for putative native a4f32 AChRS in electrophysi-

ological studies on rat hippocampal neurons ( 15) and by

86Rb� efflux studies on mouse thalamic synaptosomes (13).
In both studies, epibatidine was shown to be a significantly
more potent agonist than nicotine, with EC50 values in the
low nanomolar range.

Epibatidine effectively inhibited [3Hlnicotine binding on

TABLE 1

M10 cells, a mouse fibroblast cell line permanently trans-

fected with chicken cr4�32 AChR subunits (43) (Fig. 3, top left,

and Table 2). The K1 value for epibatidine (19 pM) for chicken
cr4f32 AChRS was close to the K1 for epibatidine (-40 pM)

estimated for rat brain preparations by several groups (8, 13,
44). Epibatidine had 7-fold higher affinity than cytisine and

a 200-fold higher affinity than nicotine for chicken ct4�2
AChES as measured by Whiting et al. (42). The differences in
the apparent affinities obtained electrophysiologically and in
binding studies could be due to the increase in affinity of the

ACh.R in the desensitized state, given the equilibrium condi-
tions in binding studies.

Epibatidine behaved as an extremely potent agonist when

applied to oocytes expressing chicken cr3 subunits with �2 or

134 subunits (Fig. 4). Currents induced by epibatidine acting
on cr3 AChRS were blocked by the nicotinic antagonist hexa-

methonium (Fig. 4, bottom). Differences in the time course of
currents induced by epibatidine for cr3�32 compared with

cr3J34 (slow activation and and slow inactivation for a3�2
versus fast activation and fast desensitization for a3�34; Fig.

4, top and middle) were observed as well when these AChRs
were activated by acetyicholine or nicotine.

(+)-Epibatidine did not discriminate between chicken

a3f32 and cr3f34 AChRS, whereas (-)-epibatidine was 4-fold
less potent for a3�32 ACh.Rs than for a3f34 AChRs (Fig. 4 and

Table 1). Substitution for the �2 structural subunit in cr3-

containing AChRS by the j34 subunit caused both a 2-fold
decrease in the apparent affinity for nicotine (Fig. 4 and
Table 1) and a 2-fold shift in intrinsic activity ofnicotine from

a partial agonist to a full agonist (Fig. 4). These results
support the idea that in cr3 AChRs the time courses of acti-

vation, desensitization, and the apparent affinity for some

ligands are determined by the �3 subunits (31, 32, 45).

The high apparent affinity for epibatidine activation of
cr3-containing AChRS expressed in Xenopus oocytes that we

observed correlates well with data reported by other groups

who studied the effects of epibatidine on responses mediated
by native nicotinic AChRs. cr3 AChRS are believed to be

responsible for synaptic transmission in autonomic ganglia
(23, 24). High potency of epibatidine as an agonist with low

nanomolar EC50 values was reported for the responses me-

comparison of the agonist potency of (+)- and (-)-e pibatidine, acetylcholin e, and nic otine on nicotinic ACh Rs expressed in Xenopus
oocytes

EC50 (+)-Epibatidine 0H ECse (-)-Epibatidine 0H EC50 (-)-Nicotine ECse Acetylcholine ACh

,.&M �cM pM �cM

Chicken AChAs
cr4f32 0.0045 ± 0.0002 1.4 0.0042 ± 0.0003 1.5 0.35 ± 0.02 0.48 ± 0.04
cr3/32 0.017 ± 0.002 1.0 0.042 ± 0.005 1.2 200 ± 15.Oa 4.1 ± 0.5
cr3f34 0.021 ± 0.003 1.2 0.009 ± 0.002 1.3 410 ± 35.0 53 ± 5.6

cr7 2.0 ± 0.1 1.8 2.2 ± 0.3 1.8 18 ± 0.5� 120 ± 74C

cr8 0.0011 ± 0.0001 1.4 0.0012 ± 0.0003 1.1 1.0 ± 0.1c 1.8 ± o.lc

Human AChRs
cr3�32 0.022 ± 0.003 1.6 0.13 ± 0.03 1.1 6.7 ± 0.58 26 ± 0.3

cr3j34 0.073 ± 0.006

cr7 1.2 ± 0.2
1.4

1.1
0.021 ± 0.007

1.1 ± 0.2
1.8

1.3
110 ± 4.0

40 ± 17d

160 ± 5.0

79 ± 37.0”

cr1131y6b 7.3 ± 0.5 1.2 15.9 ± 2.2 1.4 ND ND
Torpedo AChAs

cr1 �31 ‘y#{244} 1 .6 ± 0.2 1 .0 3.9 ± 0.2 1 .2 250 ± 48.0 5.6 ± 0.5

a � agonist.
b cr1 human, f31’y& Torpedo.
C From Ref. 31.
d From Ref. 26.
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Fig. 3 Binding of epibatidine to expressed and native AChRs. Two left panels, inhibition of [�Hlnicotine binding. Two right panels, inhibition of
1251-aBgt binding. Top left, M10 cell line, which expresses chicken cr4f32 AChRs (34). Bottom left, binding of epibatidine to human cr3�2 AChRs
expressed in oocytes and native cr3 AChRs from the SH-SY5Y cell line. The data points shown represent values for [�H]nicotine binding (at 5 nM

[�HJnicotine) in the presence of different concentrations of (+)-epibatidine normalized to the control value obtained in the absence of the
epibatidine. Top right, binding of epibatidine to native cr7 and cr8 AChRs immunoisolated from chicken brain and retinae. Bottom right, binding of
epibatidine to native human cr7 AChRs from the SH-SY5Y cell line, native human muscle-type AChRs from the TE671 cell line, and Torpedo AChRs
expressed from cRNAs in oocytes. The data points shown represent values of the 1251-aBgt binding (at 0.1 nM 125l-crBgt for both muscle-type
human AChRs and Torpedo AChRs, at 2 n� 125l-crBgt for cr7, and at 20 n�i 125l-aBgt for cr8) in the presence of different (+)-epibatidine
concentrations normalized to the control value obtained in the absence of epibatidine. Background was subtracted from all data presented. The
cr8 AChR data were fitted with a Hill equation for two sites.
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TABLE 2
Binding affinity of (+)- and (-)-epibatidine to native and expressed nicotinic AChRs

K,

(+)-Epibatidine ( -)-Epibatidine

flMa

Chicken
cr4�32 AChRs from M10 cells 0.019 ± 0.0016 0.01 ± 0.0016

cr7 AChRs from chicken brain 590 ± 10 350 ± 40

cr8 AChRs from chicken brain
Site 1 0.00023 ± 0.00004

Site 2 24 ± 7.4 7.3 ± 0.3

Human
cr3f32 AChRs expressed in oocytes 0.23 ± 0.58 0.15 ± 0.06

cr3 AChRs from SH-SY5Y cells 0.00059 ± 0.00013 0.031 ± 0.009

cr7 AChRs from SH-SY5Y cells 9.8 ± 2.1 3.1 ± 1.4

cr1 AChRs from TE671 cells 6.0 ± 2.1 12 ± 4.3

Torpedo
cr1 AChRs from electric organ 3000 ± 1 90 5700 ± 140

a Each entry represents mean and standard error of at least three experiments. Competitive binding studies with immunoisolated AChRs used [�H]nicotine for cr3

and cr4 AChRs and 1251-aBgt for cr1 , cr7, and cr8 AChRs as described in Materials and Methods. Estimates of affinity shown in this table used 30-mm preincubations
with epibatidine followed by either 1 -hr incubation with [�‘H]nicotine or overnight incubation with ‘251-crBgt. Overnight incubations with [‘H]nicotine gave similar results.
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Fig. 4. Activation by epibatidine of chicken cr3�2 and cr3f34 AChRs

expressed in oocytes. Top left, typical responses to (+)-epibatidine of
cr3132 AChRs. Top right, dose-response curves for (+)-epibatidine,
acetylcholine, and nicotine on chicken cr3132 AChRs. Middle left, typical
responses to (+)-epibatidine of cr3f34 AChRs. Middle right, dose-
response curves for (+)-epibatidine, acetylcholine, and nicotine on
chicken cr3$34 AChRs. Bottom, inhibition of the currents induced by
(+)-epibatidine in cr3f34 AChRs by the nicotinic antagonist hexametho-
nium. Traces obtained before, after 2 mm of perfusion with 30 p.M

hexamethonium, and after 1 5-mm washout are shown. Data for Fig. 4

were obtained at 2-5 days after intranuclear injection of chicken
genomic cDNAs.

diated by the native AChRs on isolated preparations of rat
and guinea pig autonomic ganglia (46) and rat PC12 cells (9).

In situ, epibatidine behaved as a potent ganglionic agonist,
modulating ganglionic synaptic transmission and cardiore-

spiratory function in anesthetized rats when administered

intravenously in very low doses (0.5-2 mg/kg) (47).
Epibatidine acted as a full agonist on chicken aBgt-sensi-

tive homomeric cr7 and cr8 AChRs, producing rapidly desen-
sitizing currents indistinguishable from those induced by
acetylcholine or nicotine (Fig. 5). Half-maximum activation of

cr8 homomers required a 2000-fold lower concentration of

epibatidine than did activation ofa7 homomers (Table 1). For

both homomers, epibatidine showed 10-1000-fold higher po-

tency compared with nicotine or acetylcholine.
Selectivity of epibatidine for cr8 homomers over cr7 ho-

momers was preserved in cr8- and cr7-containing native
AChRs immunoisolated from chicken brain (Fig. 3 and Table

2). Epibatidine had relatively low affinity for cr7 AChRs (-1
p.M). The difference between binding affinity (measured un-
der equilibrium conditions when the AChRs presumably
were in a desensitized state) and apparent affinity for acti-
vation of the cr7 homomers (obtained in nonequilibrium con-

ditions) was minimal (Tables 1 and 2).

Fig. 5. Activation by epibatidine of chicken homomeric cr7 and cr8
AChRs expressed in oocytes. Top left, typical responses to (+)-epiba-
tidine of cr7 homomers. Top right, dose-response curves for (+)-epiba-
tidine, acetylcholine, and nicotine on chicken cr7 homomers. Bottom
left, typical responses to (+)-epibatidine of cr8 homomers. Bottom right,
dose-response curves for (+)-epibatidine, acetylcholine, and nicotine
on chicken cr8 AChRs. Responses and dose-response curves were
obtained under the conditions described in the legend of Fig. 2 at 2-5

days after cytoplasmic injection of the chicken cr7 and cr8 cRNAs.

As shown previously, some nicotinic ligands recognize two
pharmacologically distinct binding sites in native cr8 AChRs
immunoisolated from chicken retina (27). Competitive inhi-

bition of 20 nivi ‘251-aBgt binding by epibatidine revealed two
binding sites for cr8 AChRs immunoisolated from chicken

brain, with the higher affinity site in the picomolar range and

the lower affinity site in the 50 n�t range (Fig. 3, top right,

and Table 2). None of the sites match the apparent affinity
obtained electrophysiologically for cr8 homomers, but both

sites have significantly higher affinities compared with na-

tive cr7 AChRs.

Action ofepibatidine on human and Torpedo AChRS.

We tested epibatidine on human neuronal AChRs cloned

from the cell line SH-SY5Y and expressed from cRNAs in
Xenopus oocytes. Coinjection of human cr3 with /32 and 134

nicotinic subunit mRNAs resulted in very effective expres-

sion of functional acetylcholine-gated channels (Fig. 6). Both

human cr3132 and cr3134 ACh.Rs showed lower affinity for

acetylcholine and higher affinity for nicotine compared with
chicken cr3132 and cr3134 AChRs (Table 1 and Fig. 6). As was
the case for chicken cr3132 AChRs, nicotine behaved as a
partial agonist for human cr3132 AChRs, resulting in a max-
imum response to nicotine of -50% ofthe maximum response
induced by acetylcholine. Presence of the human 134 subunit

caused nicotine to behave as a full agonist (Fig. 6), as was the
case with chicken 134 subunits (Fig. 4). Epibatidine exhibited

essentially the same potency on human cr3 AChRs compared

with chicken cr3 AChRs. Currents induced by epibatidine
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Epibatidine lOOnM

V
Human o.3134AChRs Expressed in Xenopus Oocytes

Epibatidine 10, 30, 100, 300 nM

Fig. 6. Activation by epibatidine of human cr3132 and cr3134 AChRs

expressed in oocytes. Top left, typical responses to (+)-epibatidine of
cr3132 AChRs. Top right, dose-response curves for (+)-epibatidine,
acetylcholine, and nicotine on human cr3132 AChRs. Middle, inhibition of
currents induced by (+)-epibatidine acting on cr3f32 AChRs by the
nicotinic antagonist hexamethonium. Traces before, after 5 mm of
perfusion by 30 p.M of hexamethonium, and after 15-mm washout are
shown. Bottom left, typical responses to (+)-epibatidine of cr3/34

AChRs. Bottom right, dose-response curves for (+)-epibatidine, ace-
tylcholine, and nicotine on human cr3134 AChRs. Responses and dose-
response curves were obtained under the conditions described in the
legend of Fig. 2 at 2-5 days after cytoplasmic injection of human
cRNAs.

were effectively blocked by the nicotinic antagonist hexame-

thonium (Fig. 6).
Differences in the time courses of responses induced by

epibatidine were observed with human cr3132 and cr3134
AChRs (Fig. 6). Activation of cr3132 AChRs was faster, with a
characteristic peak that decayed to a relatively steady level

within a few seconds. These responses of human ACb.RS
contrast with those of chicken AChRs (Fig. 4) because
chicken cr3132 AChRs were activated and desensitized by
epibatidine more slowly than were chicken cr3134 AChRS.
Differences between responses mediated through cr3132 and
cr3134 subunits were described previously for rat AChRs (31,
45), and it was suggested that 132 and 134 subunits determine
the time course of desensitization in cr3 AChRs.

Binding affinity of epibatidine for human recombinant
cr3132 AChR expressed in oocytes was estimated by both com-

petitive inhibition of [3Hlnicotine binding and direct binding
of racemic [3H�epibatidine (Fig. 7). In the competitive inhi-
bition experiments, the K1 values of(+)- and (-)-epibatithne

for cr3132 were 0.23 and 0. 16 nj�, respectively (Table 2). The

[3H] Epibatidine (1O-10M)

Fig. 7. Binding of racemic �H]epibatidine to recombinant human cr3132
AChRs expressed in oocytes. The binding data are fitted to the Hill

equation (K, = 0.14 nM). Inset, Scatchard plot. These binding data
reflect the results after a 24-hr incubation with �H]epibatidine.

KD value of racemic [3H}epibatidine was similar (0. 14 nM).
The addition of an equal amount of unlabeled epibatidine
(with equal amounts of (+)- and (-)-isomers) to [3H]epibati-

dine bound to cr3132 at a saturating concentration (5.3 nr�)

reduced the amount of bound [3Hlepibatidine by 50%. This
result demonstrates that the process of tritiation does not

significantly alter the affinity of [3H]epibatidine for cr3132.
Native human cr3-containing AChRS immunoisolated from

the SH-SY5Y cell line exhibited picomolar affinity for the
(+)-isomer and 50-fold lower affinity for the (-)-isomer of

epibatidine (Fig. 3 and Table 2). Binding affinity for (+)-

epibatidine estimated for human recombinant cr3132 AChRS

expressed in oocytes was 400-fold lower compared with na-

tive cr3 AChRs (Fig. 3 and Table 2). Because SH-SY5Y cells
are known to express cr3, cr5, 132, 134, and cr7 subunits (34, 48),

this may indicate that the native human cr3 AChR from the
SH-SY5Y cell line either contains a structural subunit other

than 132 or contains additional subunits such as 134 and cr5
that change the pharmacological properties of the native
AChRs.

Epibatidine activated human homomeric cr7 AChRs, re-
sulting in responses indistinguishable in time course and

voltage dependence from those induced by acetylcholine and
nicotine (Fig. 8). Epibatidine appeared to be less potent on
human cr7 homomers compared with cr3132 and cr3134 AChRs;
however, it was 40-80-fold more potent on cr7 homomers

compared with nicotine or acetylcholine, respectively.
In electrophysiological studies, human and chicken homo-

meric cr7 AChRs showed essentially the same EC50 values for

both epibatidine isomers. In binding studies, however, hu-
man native cr7 AChRs immunoisolated from the SH-SY5Y
cell line exhibited 50-fold higher affinity for (+)-epibatidine
and 100-fold higher affinity for the (-)-isomer compared with
chicken brain cr7 AChRS (Fig. 3 and Table 2).

Torpedo muscle-type AChRS showed lower binding affinity
for epibatidine compared with neuronal-type AChRS (Table

2). The EC50 for activation of the Torpedo AChRs (1.6 p.M for
the (+)-isomer) (Table 1) surprisingly did not differ substan-
tially from the K1 estimated by epibatidine inhibition of 1251..

crBgt binding (3 p.M for the (+)-isomer) (Table 2). Epibatidine
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Human cx7 Homomers Expressed in Xenopus Oocytes

Fig. 8. Activation by epibatidine of human cr7 homomers and muscle-
type Torpedo cr1131 �r AChRs expressed in oocytes. Top left, typical
responses to (+)- epibatidine of cr7 homomers. Top right, dose-
response curves for (+)-epibatidine, acetylcholine, and nicotine on
human cr7 homomers. Bottom left, typical responses to (+)-ep batidine
of Torpedo cr1 131y� AChRs. Bottom right, dose-response c’ irves for
(+)-epibatidine, acetylcholine, and nicotine on the Torpedo AChRs.
Responses and dose-response curves were obtained under he con-
ditions described in the legend of Fig. 2 at 2-5 days after cyt plasmic
injection of cRNAs.

is a more potent agonist for Torpedo AChRs than is acetyl-

choline (by 3.5-fold) or nicotine (by 160-fold) (Fig. 7 an Table
1). Substitution of the human cr1 subunit for the Torp ‘do cr1

subunit in combination with Torpedo 131, -y, and � su )units

resulted in formation of new functional AChRs with slightly
lower apparent affinity for epibatidine (Table 2).

Human muscle-type cr1 AChRs from the TE671 cell line
exhibited nanomolar binding affinity for both isomers of epi-
batidine (Table 2).

Conclusions. The present study summarizes properties of
(+)- and (-)-isomers ofthe alkaloid epibatidine as an agonist

and ligand for different subtypes of native and recombinant
nicotinic AChRs. Epibatidine behaves as an extremely potent

agonist for several subtypes of chicken and human neuronal

nicotinic AChRs, whereas it has rather moderate affinity for
muscle-type AChRs.

For all chicken and human combinations of nicotinic AChR

subunits functionally tested in oocytes, epibatidine showed

much higher apparent affinity than did acetylcholine or nic-
otine, being able to activate most of them (except cr7 ho-

momers) in low nanomolar concentrations. Both isomers of
epibatidine have more than 10-fold higher affinity (EC5O -4
nM) for chicken cr4132 AChRs than does the potent alkaloid

anatoxin (EC5O -50 nM), which is produced by the cyanobac-
terium Anabaena fibs aqua (49, 50). Thus, epibatidine is the
most potent nicotinic agonist so far described.

The high potency of both epibatidine enantiomers that we

observed for cr4132, cr3132, and cr3134 recombinant AChRs ex-
pressed in Xenopus oocytes correlates well with data ob-

tamed in functional studies on native putative cr4132 AChRs

and cr3 AChRs (9, 13-15). Lower potency for expressed crBgt-
sensitive neuronal cr7 AChRs and muscle crl13lyb AChRs also

parallels data on native putative cr7 and muscle-type AChRs

(8, 13, 15).

Comparison of different nicotiic AChR subunit combina-
tions expressed in oocytes reveals clear differences between

their sensitivity to the classic nicotinic agonists acetylcholine

and nicotine. Chicken cr4132 ACh.Rs have high affinity for
both agonists (EC5O < 1 p.M). Recombinant AChRs formed

from chicken cr3132 and cr3134 subunit combinations or human

cr3134 subunit combination have low affinity for nicotine

(EC5#{216}>100 p.M). For both chicken and human recombinant
cr3134 AChRs, nicotine behaves as partial agonist. Human

and chicken recombinant cr7 homomeric AChRS and recom-

binant cr3134 AChRs show rather low affinity for acetylcho-

line.

In both functional and binding studies, most AChRS
showed only moderate selectivity between (+ )- and (-)-iso-
mers of epibatidine. However, (+)-epibatidine had substan-

tially higher affinity for native chick cr8-containing and na-

tive human cr3-containing AChRs.

High affinity for neuronal nicotinic AChRS as well as high

potency for gating of these AChRs position epibatidine in the
ranks of the most powerful tools for binding and functional

studies of the native and recombinant nicotinic AChRs. Re-

cent studies on analgesic, locomotor, hypothermic, cardiovas-
cular, and metabolic activity of epibatidine (9, 10, 44, 45, 50)

indicate the potential importance of this compound for fur-

ther exploration of the physiological roles of central nicotinic
AChRs, as well as for possible application of related com-
pounds in clinical studies and therapy of pathological condi-

tions that involve disorders of central neuronal nicotinic

AChR function (51, 52).
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