
ABBREVIATIONS: DAMGO, [D-A1a2, N-methyl Phe4, Gly-o15]enkephalin; DPDPE, [D-penicillamine2,
ethyl)-1 -piperazineethanesulfonic acid.
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SUMMARY

Synthetic (+)- and (-)-epibatidine (an alkaloid originally charac-
terized from frog skin) have potent analgetic activity in mice,
using the hot-plate assay. The natural (+)-enantiomer, with an
EDse of about 1 .5 pg/kg upon intrapentoneal injection, is about
2-fold more potent than the (-)-enantiomer. The analgetic activity
is blocked by the nicotinic antagonist mecamylamine. Both the
(+)- and (-)-enantiomers have high affinity (K1 values of 0.045
and 0.058 flM, respectively) for nicotinic sites that bind [3H]
nicotine in rat brain membranes. An analog of epibatidine with
the chloro substituent of the pyndyl ring replaced with hydrogen
has comparable affinity for nicotinic sites, whereas replacement
with a methyl or iodo substituent lowers activity. Both (-I-)- and

(-)-epibatidine have potent agonist activity at ganglionic-type
nicotinic receptors in pheochromocytoma PC-12 cells, with EC56
values for stimulation of sodium influx of 72 and 1 11 n�, respec-
tively. (-)-Epibatidine is about 5-fold less potent as an agonist
at muscle-type central nicotinic receptors of medulloblastoma
TE671 cells. It would appear that the analgetic activity of epi-
batidine is due to activity as a nicotinic agonist. The epibatidines
have little or no activity at a variety of other central receptors,
including opioid receptors, muscannic receptors, adrenergic
receptors, dopamine receptors, serotonin receptors, and �y-ami-
nobutync acid receptors.

The structure of a novel azabicycloheptane alkaloid was

recently elucidated and the compound was named epibatidine,

in reference to the Ecuadorean frog Epipedobates tricolor from
which it was isolated in trace amounts (1). Epibatidine was a

potent analgetic agent whose in vivo activity was not antago-

nized by naloxone (1). Additional studies were not possible

because of the lack of a significant source of the natural

alkaloid. Synthesis of epibatidine has now been achieved by

five laboratories (2-6). Synthesis of both racemic epibatidine
and (+)- and (-)-epibatidine was reported. We have now mi-

tiated studies on the central sites of action of synthetic (+)-

and (-)-epibatidine. Both enantiomers had potent analgetic

activity, and the only central receptors at which potent activity

was found were the nicotinic receptors. Structures of epibati-

dine and analogs are shown in Fig. 1.

Materials and Methods

Drugs. The enantiomers ofepibatidine, i.e., (+)-la and (-)-lb, and
the three analogs 2, 3, and 4 were provided by Drs. Teck-Peng Loh

and E. J. Corey (Harvard University, Cambridge, MA). The radioli-
gands [3H]nicotine (75.7 Ci/mmol), [3H]DAMGO (52.5 Ci/mmol), [3H]
U69,593 (50.6 Ci/mmol), and [3HJDPDPE (33.0 Ci/mmol) were from

New England Nuclear (Boston, MA). �9-Dihydroerythroidine, mecamy-

lamine, and (-)-nicotine ditartrate were from Research Biochemicals,

Inc. (Natick, MA), and d-tubocurarine was from Boehringer Mannheim

(Mannheim, Germany).

Animals. Adult male NIH Swiss strain mice, weighing 25-30 g,

were used. All drugs were dissolved in a 20:80 (v/v) mixture of Emuiphor
EL-620 (Rh#{244}nePoulenc, Cranbury, NJ) and 0.9% saline solution and
were administered intraperitoneally in a volume corresponding to 5

ml/kg of body weight.

Hot-plate analgetic assay. The mice were placed on a metal plate

that was heated to 55-56’ and enclosed in a glass cylinder. Time to

appearance of the first sign of pain (licking or shaking the hind paw,
jumping, or climbing the sides of the cylinder) was measured. The

procedure was based on that described by Eddy and Leimbach (7). The
reaction time for each mouse without drug was determined twice by

using a stopwatch. Each mouse was then given an intraperitoneal

injection of test agent or agents. The reaction time of each mouse was

determined at preset time intervals of 5, 10, 20, 30, 45, 60, 90, and 120

mm.

Membrane preparation. Brains from rats or guinea pigs obtained
from Pel Freez Biologicals (Rogers, AR) were placed in ice-cold 50 mM

Tris . HCI buffer, pH 7.4. Tissue was homogenized using a Polytron

homogenizer (setting 6, 10 sec). The homogenate was centrifuged for

15 mm at 35,000 x g at 40#{149} The pellet was washed once by recentrifu-

HEPES, 4-(2-hydroxy-
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gation in Tris buffer. The final pellet was resuspended in Tris buffer

and stored at -70’ until needed. Aliquots were suspended in the
appropriate incubation buffer and used for receptor binding assays.

Binding assays. Membranes were diluted to a concentration of 1-

3 mg/ml for binding assays. Protein concentrations were determined
by the bicinchoninic acid protein assay (Pierce Chemical Co., Rockford,
IL), using bovine albumin as a standard.

[3H]Nicotine receptor binding was assayed with rat cerebral cortical
membrane preparations by a modification of described procedures (8-
10), in 20 mM HEPES buffer, pH 7.4, containing 1 mM MgC12, 120 mM

NaC1, 5 mM KC1, and 2 mM CaC12. Each assay contained the test agent

or agents added in 5 �tl, a suspension of the rat cerebral cortical
membranes (100 �zl containing 200-300 �g ofprotein), 200 �M diisopro-

pyl fluorophosphate, and 2 nM [3Hjnicotine, in a final volume of 0.5
ml. Each assay was for 120 mm at 0-4’ and was performed in triplicate.

Nonspecific binding was determined with 10 �tM nicotine. Binding
reactions were terminated by filtration through Whatman GF/B filters,

using a Brandel M24R cell harvester (Brandel, Gaithersburg, MD).
Filters were washed twice with 5 ml of ice-cold buffer and placed in
scintillation vials with 5 ml of Hydrofluor scintillation fluid, followed
by counting for tritium. The filters were presoaked in 0.3% polyeth-
ylenimine to reduce nonspecific binding.

Opioid receptor binding was assayed in membrane preparations from
rat brain (;� and 6 receptors) or guinea pig cerebellum (� receptors), at

pH 7.4 in 50 mM Tris . HC1 buffer, by a modification of described

procedures (11). Each assay contained the agent or agents added in 5
�l, a 2 nM concentration of tritiated ligand, and a suspension of brain

membranes (100 �zl containing 400-500 zg of protein), in a final volume

of 0.5 ml. Tritiated ligands were as follows: �s receptors, [3HJDAMGO;

i5 receptors, [3H]DPDPE; K receptors, [3H]U69,593. Each assay (60 mm
for � and K receptors, 120 mm for #{244}receptors) was at 25’ and was

performed in triplicate. Nonspecific binding was determined with 10
�iM naltrexone. Filtration, washing, and scintillation counting were as

described above for the [3H]nicotine binding assay. Filters were pre-

soaked in 0.3% polyethylenimine to reduce nonspecific binding.

Serotonin receptor (5-hydroxytryptamine type 1 receptor) binding
was assayed in rat cerebral cortical membrane preparations by a

modification of described procedures (12), in 50 mM Tris . HC1 buffer,

pH 7.4, containing 4 mM CaCl2 and 10 �M pargyline. Each assay

contained 5 � of the test agent or agents, a suspension of rat cerebral

cortical membranes (100 �cl containing 200-300 �tg of protein), and 2
nM 5-[3H]hydroxytryptamine, in a final volume of 0.5 ml. Each assay

was for 10 mm at 37’ and was performed in triplicate. Nonspecific

binding was defined in the presence of 10 �sM 5-hydroxytryptamine.
Filtration, washing, and scintillation counting were as described above

for the [3H]nicotine binding assay.

Muscarinic receptor binding was assayed in rat cerebral cortical
membrane preparations by a modification of described procedures (13),

(+)-la
R-a

2: A-H
3: R-CH3
4: A-I

FIg. 1. Structures of (+)- and (-)-epibatidine (Ia and Ib) and analogs
(2-4). Natural epibatidine was found to be the enantiomer lb (negative
rotation as free base, positive rotation as oxalate salt) by comparison of
a sample of N-acetylepibatidine with N-acetyl derivatives of the two
synthetic enantiomers (Dr. R. Baker, Merck Sharp and Dohme Research
Laboratories, personal communication).

in 20 mM HEPES buffer, pH 7.4, containing 100 mM NaC1 and 10 mM

MgCl2. Each assay contained 5 �zl of the test agent or agents, a

suspension of rat cerebral cortical membranes (100 �l containing 200-
300 �tg of protein), and 2 nM [3Hjquinuclidinyl benzilate, in a final
volume of 0.5 ml. Each assay was for 30 mm at 37’ and was performed
in triplicate. Nonspecific binding was defined in the presence of 1 �M

atropine. Filtration, washing, and scintillation counting were as de-

scribed above for the [3H]nicotine binding assay.

Cultured cells. Pheochromocytoma PC-12 cells were provided by
Dr. G. Guroff (National Institutes of Health, Bethesda, MD), and

medulloblastoma TE671 cells were from the American Type Culture

Collection (Rockville, MD). Pheochromocytoma PC-12 cells were

grown in Dulbecco’s modified Eagle medium with 6% fetal calf serum,
6% horse serum, 100 units/ml penicillin, and 100 �g/ml streptomycin.
Medulloblastoma TE671 cells were grown in Dulbecco’s modified Eagle

medium with 10% fetal calf serum, 100 units/ml pencillin, and 100 �g/
ml streptomycin. Cells were grown at 37’ in an atmosphere enriched
in CO2.

Ion flux assays. Stimulation of sodium influx was assayed in
cultured cells based on a described procedure (14). Cells were plated in
six-well culture plates (coated with poly-D-lysine for PC-12 cells) and

cultured with [3H]leucine-containing medium for 24 hr (TE671 cells)
or 48 hr (PC-12 cells). Medium was removed by aspiration and 0.5 ml

of preincubation buffer (150 mM NaCl, 5.4 mM KC1, CaCl2, 50 mM

HEPES/Tris, pH 7.4, 5 mM glucose) was added at 22’. After 10 mm,
the preincubation buffer was replaced with influx buffer (50 mM NaC1,

5.4 mM KC1, CaCl2, 50 mM HEPES/Tris, pH 7.4, 5 mM glucose, 179

mM sucrose, 5 mM ouabain) containing 22NaCl and epibatidine or other
agonists. Antagonists were present in both preincubation and influx

buffers. After 2 mm at 22’, the influx buffer was removed by aspiration
and the cells were washed three times with wash buffer (same compo-
sition as preincubation buffer). Cells were solubilized with 0.5 ml of
1% sodium dodecyl sulfate in 0.5 N NaOH for 30-60 mm and were
pipetted into counting vials with 5 ml of Hydrofluor and 0.25 ml of 1
N HC1; radioactivity (3H or 22Na) was determined in a scintillation

counter.
Data analysis. Dose-response curves were analyzed for ECse and

IC� values by computer, using a nonlinear regression formula.

Results

(+)-Epibatidine caused significant hot-plate analgesia in

mice at a dose of 2.5 �sg/kg (Fig. 2A). (-)-Epibatidine was
somewhat less potent, but a 5 pg/kg dose caused marked

analgesia (Fig. 2B) comparable to that elicited by 10 mg/kg

morphine (see Fig. 3B). The analgesia elicited by (-)-epibati-

dine was abolished by the nicotinic antagonist mecamylamine

but was only slightly reduced by the nicotinic antagonist fi-
dihydroerythroidine (Fig. 3A). Mecamylamine produced no sig-

nificant reduction in morphine-induced analgesia (Fig. 3B).

Both (+)- and (-)-epibatidine inhibited binding of [3H]

nicotine to rat cerebral cortical membranes (Fig. 4). The (+)-

enantiomer was slightly more potent than the (-)-enantiomer.

The K values were, respectively, 0.045 ± 0.004 and 0.058 ±

0.007 nM An analog with the pyridyl chloro substituent re-

placed with hydrogen had a K1 value of 0.031 ± 0.002 nM,

whereas analogs with methyl or iodo substituents were much

less potent than epibatidine (Table 1).

Epibatidine at 10 �iM had no effect on the binding of radioli-

gands to /L-, t5-, or K-opioid receptors, muscarinic receptors, or

serotonin 5-hydroxytryptamine type 1 receptors (data not

shown). Epibatidine also was assayed in the NOVA Screen

(Hanover, MD) at 10 tiM. No significant activity was found at

adenosine, adrenergic, dopamine, �y-aminobutyric acid, sero-

tonin, cholecystokinin, substance P, neurotensin, or excitatory
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Fig. 2. Analgetic activity of(+)-epibatidine(A) and (-)-epibatidine (B) in mice. Hot-plate analgetic assays were as deSCribed in Materials and Methods.
Each value is mean ± standard error (n = 10-20 animals).

amino acid receptors, at regulatory sites at y-aminobutyric acid

(benzodiazepine) or N-methyl-D-aspartate (MK-801) receptors,

or at phencyclidine or � sites (data not shown).

In rat pheochromocytoma PC-12 cells (+)- and (-)-epibati-

dine caused a marked stimulation of 22Na� influx (Fig. 5A).

The EC� values were 72 ± 7 and 111 ± 17 nM. (-)-Nicotine

had an EC56 of 20,200 ± 1,800 nM. In rat medulloblastoma

TE671 cells (-)-epibatidine had an EC56 of 528 ± 23 nM (Fig.

5B). (+)-Epibaticline was not tested because oflimited supplies.

Data with epibatidine oxalates in TE671 cells indicated that

(+)-epibatidine is about 2-fold less potent than (-)-epibatidine.

(-)-Nicotine had an EC56 of 60,300 ± 3,200 nM. The responses

to (-)-epibatidine were blocked in both cell lines by nicotinic

antagonists. For PC-12 cells the order of potency was mecamy-

lamine = d-tubocurarine (Fig. 6A), whereas for TE671 cells the

order of potency was d-tubocurarine >> mecamylamine (Fig.

6B). The IC56 values are given in Table 2.

Discussion

Elucidation of the structure of epibatidine, an alkaloid that

has analgetic activity many-fold greater than that of morphine

and that acts through naloxone-insensitive pathways (1),
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Fig. 3. Effect of nicotinic antagonists on
(-)-epibatidine-elicited analgesia (A) and
morphine-elicited analgesia (B). (-)-Epibati-
dine at 5 �zg/kg or morphine at 10 mg/kg
was adminstered 5 mm after 2 mg/kg fi-
dihydroerythroidine (DHE) or 2 mg/kg me-
camylamine (MEC). Hot-plate analgetic
assays were as described in Materials and
Methods. Each value is mean ± standard
error (n = 10-20 animals).
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prompted synthesis in several laboratories (2-6). The site of

action of epibatidine has now been investigated. Epibatidine

was found to act selectively as a potent agonist at nicotinic

receptors. Such activity is perhaps not unexpected in view of

structural similarities to nicotine. The epibatidines are about

20-fold more potent at central nicotine binding sites than is

nicotine (Table 1). In contrast to the epibatidines, which show

little enantiomeric selectivity (Table 1), nicotine exhibits

marked enantiomeric selectivity for central nicotinic receptors,

with the natural (+)-enantiomer being about 20-fold less active

than the (-)-enantiomer (10). Thus, unlike that of nicotine,

the mode of binding of epibatidine to nicotinic receptors must

occur so that the relative position of the chloropyridyl ring is

not crucial for activity. This is also true for the nornicotines,

where the (+)- and (-)-enantiomers have equivalent affinities

at [3H]nicotine binding sites (10). The K values reported for

(-)-nicotine were 1.4-1.9 nM, whereas (+)-nicotine and the two

nornicotines all had K1 values in the 30-50 nM range (10).

When (+)- and (-)-N-methylepibatidine are available, their

activities will be of considerable interest. Epibatidine had no

activity at a variety of other receptors (see Results).

The epibatidines are full agonists at nicotinic receptors, as

demonstrated by effects on sodium influx in cultured cells

expressing different subtypes of nicotinic receptors (Fig. 5). In

pheochromocytoma PC-12 cells, containing a ganglionic-type

nicotinic receptor (14), (+)- and (-)-epibatidine had compa-

rable potencies, with EC50 values of 72 nM and 111 nM, respec-

tively. The epibatidines were about 200-300-fold more potent

than (-)-nicotine in PC-12 cells (Fig. 5A). The response was

effectively blocked by both d-tubocurarine and mecamylamine,

demonstrating the involvement of a ganglionic-type nicotinic

receptor (Fig. 6A). fl-Dihydroerythroidine was relatively weak
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Fig. 4. Inhibition of [3H]nicotine binding to rat brain membranes by
epibatidines and nicotine. Binding assays were as descnbed in Materials
and Methods, with (-)-epibatidine (#{149}),(+)-epibatidine (U), and (-)-nic-
otine (A). Each value is reported as a percentage of specific binding of
[3H]nicotine in the absence of competing ligand and is mean ± standard
error (three experiments).

TABLE 1
Inhibition of binding of [�H]nicotine to rat brain membranes
Assays were as described in Materials and Methods. Values are means ± standard
errors (three experiments).

All�d r�r�
subsrnuent

K
I

flu

(-)-Epibatidine (Ia) Cl 0.058 ± 0.007
(+)-Epibatidine (lb) Cl 0.045 ± 0.004
Analog 2 H 0.031 ± 0.002
Analog3 CH3 0.13±0.02
Analog 4 I 0.48 ± 0.07
(-)-Nicotine 1.01 ± 0.09

as an antagonist. In medulloblastoma TE671 cells, containing
a central nicotinic receptor with properties similar to those of

muscle-type nicotinic receptors (15), (-)-epibatidine was 5-fold

less potent, with an EC� value of 528 nM (Fig. 5B). (-)-

Epibatidine was about 110-fold more potent than (-)-nicotine

in TE671 cells. The response was effectively blocked by d-

tubocurarine, whereas both mecamylamine and f3-dihythoery-

throidine were relatively weak (Fig. 6B). Electrophysiological

characterization of the agonist properties of epibatidines at

central and peripheral nicotinic receptors may reveal further
selectivity and may provide insights into the central nicotinic

receptors and pathways involved in the analgetic activity of
epibatidine. The potent blockade of the analgetic activity of

epibatidine by mecamylamine suggests that ganglionic-type

central receptors may be involved.
Analgetic activity of a nicotinic agonist is not unprecedented.

The analgetic activity of nicotine has been documented in many
species (for a review, see Ref. 16). In mice, an ED� of 2 mg/kg
(subcutaneously) was reported (17). In contrast, in NIH Swiss

strain mice, in which the epibatidines exhibit maximal analgetic

effects at 0.5 pg/kg (Fig. 2), nicotine at doses of 0.1 and 3 mg/
kg (intraperitoneally) evoked no significant analgesia (data not

shown). There has been a history of nonresponders with respect

to nicotine-elicited analgesia (see Ref. 18).
The pathways involved in nicotine-invoked analgesia have

been probed using various receptor antagonists. Mecamy-

l0�� 10.
Iog[agent]. H

Fig. 5. Stimulation of influx of sodium by epibatidines and nicotine in rat
pheochromocytoma PC-l 2 cells (A) and human medulloblastoma TE671
cells (B). Influx assays with �NaCl were as described in Materials and
Methods, with (-)-epibatidine (#{149}),(+)-epibatidine (U), and (-)-nicotine
(A). Each value is reported as a percentage of the maximal stimulation
obtained with (-)-nicotine and is mean ± standard error (three expen-
ments).

lamine, a ganglionic nicotinic antagonist and a general noncom-

petitive nicotinic antagonist, does antagonize nicotine-induced

analgesia (19), indicating the involvement of nicotinic recep-

tors. Mecamylamine also blocked epibatidine-induced analgesia

(Fig. 3A). The nicotinic antagonist f�-dihythoerythroidine had
little effect on epibatidine-induced analgesia at 2 mg/kg (Fig.

3A) and could not be tested at higher doses because of toxicity.

fl-Dihydroerythroidine has high activity at some central nico-
tinic receptors and relatively low activity at others (20).

A variety of studies suggest that nicotine-invoked analgesia
involves activation, via calcium channel-dependent mecha-
nisms, of adrenergic, serotonergic, and cholinergic pathways

(see Refs. 21-23 and references cited therein). Nicotinic ago-

nists in vitro do elicit release of a variety of neurotransmitters,
including acetylcholine, dopamine, and serotonin, in the

striatum (24-26). Epibatidine, with its high potency as an

analgetic, provides a powerful tool for the delineation of path-
ways subserving nicotinic receptor-mediated analgesia.

Further studies of structure-activity relationships for epi-
batidine analogs as analgetic agents and as nicotinic agonists,

when such analogs become available, should provide additional

insights into the role of nicotinic receptors in the analgetic
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Fig. 6. Inhibition of (-)-epibatidine-elicited influx of sodium by nicotinic
antagonists in rat pheochromocytoma cells (A) and human medulloblas-
toma TE671 cells (B). Influx assays with �NaCl were as described in
Materials and Methods, with 300 n�i (-)-epibatidine and indicated con-
centrations of d-tubocuranne (U), �-dihydroerythroidine (#{149}),and me-
camylamine (0). Each value is mean ± standard error (three experi-
ments).

TABLE 2

Inhibition of (-)-eplbatldlne-ellcfted flux of sodium-22 in
cultured cells
Assays were with 300 nu (-).epibatidine, as described in Materials and Methods.
Each value is mean ± standard error (three experiments).

Agem
�n

Pheo�oma
PC-12 cells

Med�ob�m
TE671 cells

�LM

d-Tubocuranne 0.38 ± 0.09 0.16 ± 0.03
�-Dihydroerythroidine 64 ± 5 1 1 .9 ± 1.7
Mecamylamine 0.27 ± 0.04 12.5 ± 2.6

effects of epibatidine and the “toxic” effects, such as Straub
tail, seen at higher concentrations (1, 2, 5). Three analogs have
now been tested for affinity at central nicotine binding sites,
but sufficient material was not available for in vivo studies.

Replacement of the chloro substituent on the pyridyl ring with

hydrogen had little effect on affinity (Table 1) and, thus, the

chloro substituent is not necessary for nicotinic activity. How-
ever, replacement with methyl or iodo substituents resulted in

568 Badlo and Daly

about 2-fold and 10-fold reductions in affinity, respectively.
The effects on activity of structural alterations in the azabicy-

cloheptane ring or in the sterorelationship of the pyridyl ring

to the azabicycloheptane ring are unknown, because such corn-
pounds have not yet been synthesized.
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