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SUMMARY

Cytisine, a ganglionic agonist, competes with high affinity for erythroidine competes with high aftinity (in the nanomolar range).
brain nicotinic cholinergic receptors labeled by any of several Comparison of binding in several brain regions showed that [3H]
nicotinic 3H-agonist ligands. Here we have examined the binding cytisine binding is higher in the thalamus, striatum, and cortex
of [3H]cytisine in rat brain homogenates. [3H]Cytisine binds with than in the hippocampus, cerebellum, or hypothalamus. The
high affinity (Kd < 1 nM), and specific binding represented 60- pharmacology and brain regional distribution of [3H]cytisine bind-
90% of total binding at all concentrations examined up to 1 5 nM. ing sites are those predicted for neuronal nicotinic receptor
The nicotinic cholinergic agonists nicotine, acetylcholine, and agonist recognition sites. The high affinity and low nonspecific
carbachol compete with high affinity for [3H]cytisine binding sites, binding of [3H]cytisine should make it a very useful ligand for
whereas among nicotinic receptor antagonists only dihydro-fl- studying neuronal nicotinic receptors.

Nicotinic cholinergic binding sites in brain can be labeled by FL), and DI3E and mecamylamine, which were kind gifts from Merck

several agonist ligands, including [3H}nicotine (1-3), [3H]ace- Sharp & Dohme Research Laboratories (West Point, PA).

tylcholine (4), and N-[3H]methylcarbamylcholine (5, 6). All of

these ligands appear to label the same agonist recognition site

of neuronal nicotinic receptors with affinities of 3-12 nM, and

each has been useful for characterizing the pharmacological

properties, anatomical distribution, and regulation of these

receptors (1-11).

R5t brain tissues were homogenized in 50 mM Tris.HC1 buffer (pH
7.0 at room temperature) containing 120 mM NaCI, 5 mM KC1, 1 mM
MgCl2, and 2.5 mM CaC12. The homogenate was centrifuged at 40,000
x g for 10 mm, the pellet was resuspended in fresh buffer and centri-

fuged a second time, and the final pellet was resuspended in fresh

buffer. Aliquots of homogenate equivalent to 10 or 15 mg of tissue (600

or 900 �g of protein) were added to test tubes containing buffer and
Cytisine (Fig. 1), an alkaloid found in the seed of Laburnum the indicated concentrations of [3Hjcytisine and were incubated in a

anagyroides, is an agonist at autonomic ganglia; in binding final volume of 250 Ml for 75 mm at 2� , unless otherwise indicated.

competition studies it has the highest affinity of all drugs Nonspecific binding was determined in tissues incubated in parallel in

examined for brain nicotinic cholinergic binding sites (1, 4, 12,

13). In this paper, we report the characteristics of [‘H]cytisine

binding to rat brain membrane homogenates. We found that

[3H]cytisine binds with a Kd of less than 1 nM to nicotinic

cholinergic recognition sites in brain. Its high affinity, low rate

of dissociation from its binding site, low nonspecific binding,

and high stability should make [3H]cytisine very useful for

the presence of 10 MM (-)-nicotine bitartrate, which was added before

[3HJc’tisine. In competition studies, drugs were dissolved in buffer and
added to the tubes at the indicated concentrations before the [3HJ
cytisine. When acetylcholine was used in competition studies, 200 MM

DFP, a cholinesterase inhibitor, was added to the tissue homogenate

approximately 30 mm before initiation of the assay. The incubations
were terminated by rapid vacuum filtration through Whatman GF/C
filter paper mounted on a Brandel cell harvester. The filters were

further studies of these receptors. washed rapidly three times with 4-ml aliquots of cold buffer and then
counted in a scintillation counter.

Materials and Methods
Data were analyzed by nonlinear regression analyses (Accufit Satu-

ration-Two Site and Accufit Competition programs; Beckman Instru-

ments mc, Fullerton, CA). The data were fit to both a one-site and a

[3H]Cytisine (12.4 Ci/mmol) was synthesized by Dr. Ernest Do of two-site binding model. The simpler model was chosen unless the two-

Dupont New England Nuclear Products. The purity was determined site model gave a statistically better fit of the data (p < 0.05 by F test).

to be greater than 98% by high performance liquid chromatography.
Drugs and chemicals were purchased from Sigma Chemical Co., except Results
a-bungarotoxin, which was purchased from Biotoxins, Inc. (St. Cloud,

This work was supported by National Institute on Drug Abuse Grant DA06486.

Specific binding of [3H]cytisine in membranes of rat cerebral

cortex is saturable and represents 60-90% of total binding at

ABBREVIATIONS: DI3E, dihydro-f3-erythroidine; DFP, diisopropyl-fluorophosphate.
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Fig. 2. [3H]Cytisine binding in rat cerebral cortex. A, Saturation binding
of [3H]cytisine (0.2-14 nM). Washed cortical membranes were incubated
for 75 mm at 2#{176}with the concentrations of [3H]cytisine shown. Nonspe-
cific binding (A) was determined in the presence of iO MM nicotine.
Specific binding (#{149})was defined as the difference between total and
nonspecific binding. B, Scatchard plot of specific binding data shown in
A. The means ± standard errors of K,, and Bmse values from seven such
analyses were 0.9 ± 0.i nM and 4.0 ± 0.2 fmol/mg of tissue, respectively.
Inset, Hill plot of specific binding data shown in A. The mean ± standard

error of the Hill coefficients (nH) from seven such analyses was
0.96 ± 0.i.

Kd 0.96 nM

Bmsx 4.8 fmol/mg

10 Pabreza eta!.

Fig. 1. Structure of cytisine.

all concentrations of [3H]cytisine examined between 0.2 and 15

nM (Fig. 2A). The data for specific binding were fit best to a

model for a single class of binding sites. Scatchard plots (Fig.

2B) indicate that the equilibrium dissociation constant (Kd) for

[3H]cytisine binding is approximately 0.9 nM and that the

density (Bmex) of binding sites in the cortex is 4 fmol/mg of

tissue (66 fmol/mg of protein). The Hill coefficient (nH) of [‘H]

cytisine saturation binding is close to 1 (Fig. 2B, inset). The

density of [3H]cytisine binding sites in rat cortex is similar to

the density of sites labeled by other nicotinic cholinergic agonist

ligands (2-6), but the affinity of [3H]cytisine is 3-15 times

higher than that of other ligands for this site. At 3T, [3H]

cytisine labeled the same number of sites but its affinity was

decreased, resulting in a Kd of 2.5 nM (data not shown). We

have detected no decrease in the binding affinity of [3H]cytisine

over a period of 8 months when it is stored at -20�; thus, it

appears to be very stable.

Under standard assay conditions (2�), the half-time (t,12) for

[3H}cytisine association to its binding site is approximately 11

mm (Fig. 3A) and its t,,2 for dissociation is approximately 13

mm (Fig. 3B). The rate constants for association (k,) and

dissociation (k.,) were derived from first-order kinetic plots

(Fig. 3, insets), and the Kd calculated from the ratio k,/k, was

0.6 ± 0.3 nM, in reasonable agreement with the Kd value

determined in saturation experiments.

In preliminary studies, the affinity of [‘H]cytisine binding in

whole rat brain, as well as in several subcortical regions of

brain, did not vary significantly from the affinity found in the

cerebral cortex (data not shown). Therefore, the relative density

of [3H]cytisine binding sites in several grossly dissected areas

of rat brain was determined by measurement of binding of [3H]

cytisine at a concentration of 4 nM, which should occupy 80-

85% of the sites in each brain area. These studies indicated

that the relative density of [3H]cytisine binding sites in rat

brain is higher in the thalamus, striatum, and cortex than in

the hippocampus, hypothalamus, or cerebellum (Fig. 4).

In competition studies, unlabeled cytisine competed for [3H]

cytisine binding sites with an IC50 of less than 1 nM and with

a Hill slope consistent with a single binding site (Fig. 5 and

Table 1). Acetylcholine (in the presence of DFP to inhibit

cholinesterases) and nicotine also have high affinity for [‘H]

cytisine binding sites, whereas the affinity of carbachol is about

20-fold lower than that of acetylcholine (Fig. 5 and Table 1).

In all cases, the competition curves for these nicotinic agonists

had Hill slopes close to 1 and the data were fit best by a model

for a single binding site.

The nicotinic antagonist DflE has high affinity for [‘H]

cytisine binding sites, competing with an IC50 of about 57 nM

(Fig. 5 and Table 1), whereas d-tubocurarine (curare) competes

with an IC50 of about 30 MM and mecamylamine with an IC50 of

greater than 100 MM (Table 1). a-Bungarotoxin, a potent an-

tagonist at nicotinic receptors in skeletal muscle and electro-

0 1.0 2.0 3.0 4.0 5.0

Bound (fmol/mg tissue)

plax tissues, did not compete for brain [3H]cytisine binding

sites at concentrations up to 2 MM (Table 1). Neither the

muscarinic antagonist atropine nor the cholinesterase inhibi-

tors DFP and physostigmine competed effectively for [3H]

cytisine binding sites (Table 1).

Discussion

[1H]Cytisine binds with high affinity to sites in brain that

have the characteristics of nicotinic cholinergic receptor agonist

recognition sites. The pharmacology and the relative distribu-

tion of the binding site in grossly dissected brain areas are

nearly identical to those that have been found using [3H]

acetylcholine (4, 12, 13), [‘H]nicotine (1, 2, 12, 13), and N-[3H]

methylcarbamylcholine (6, 7). What distinguishes [3H]cytisine
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Fig. 3. Association and dissociation of [3H]cytisine binding in rat cerebral
cortex. A, The association rate was determined by incubation of tissues
with 2 nM [3H]cytisine at 2#{176}for the times shown, before filtration. Inset,
psuedo-first-order kinetic plot of [3H]cytisine binding. The association

rate constant, k1, was calculated from the equation k1 = (k� - k1)/[3H]
cytisine concentration. This experiment was replicated three times. B,

The dissociation rate was determined by incubation of tissues with 2 nM

[3H]cytisine at 2#{176}for 75 mm and then addition of 10 MM nicotine. The
reaction was then stopped by filtration at the times shown. Inset, first-
order kinetic plot of dissociation of [3H]cytisine from its binding site. The
rate constant for dissociation, k_1, is given by the slope of the line. This
experiment was replicated three times.

as a ligand for neuronal nicotinic receptors is its higher affinity,

very low nonspecific binding, and slow rate of dissociation from

the receptor. These characteristics, as well as its stability,

should make [3H]cytisine very useful as a ligand for neuronal

nicotinic receptors.

In contrast to nicotinic receptors in vertebrate muscle and

fish electric organs, which are assembled from four different

but homologous protein subunits arranged as the pentamer

a2j3,’Y,� (14, 15), available evidence suggests that neuronal

nicotinic receptors are composed of only a and �3 subunits (16).

As in the muscle receptor, the agonist recognition site of

neuronal nicotinic receptors is located on the a subunit, but

the total number of subunits of the neuronal receptor and the

subunit stoichiometry is at present uncertain.

Although most radioligand binding studies indicate that 3H-

agonists bind to a homogeneous population of brain nicotinic

cholinergic receptors, mammalian brain expresses mRNA cod-

ing for at least four different a subunits (17-21) and three

4,)
4,)

E

0
E
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!s� �ss

�
Fig. 4. Relative distribution of [3H]cytisine binding in several areas of rat
brain. Binding of [3H]cytisine (4 nM) in the brain areas shown was
measured as described in the text. Values are the mean and standard
error of five independent measurements.

100

-log (Drug] (M)
Fig. 5. Competition for [3H]cytisine binding sites by nicotinic cholinergic
drugs. Cerebral cortical homogenates were incubated with 8-i 0 concen-
trations of drugs before addition of approximately 1 .5 nM [3H]cytisine.
Curves are representative of three to five such determinations for each

drug. When competition with acetylcholine (ACh) was examined, the
tissues were preincubated for 30 mm with the cholinesterase inhibitor
DFP. See Table 1 for lC� values.

different fi subunits (21-24). In Xenopus oocytes injected with

synthetic mRNA encoding different subunits of neuronal nic-

otinic receptors, the sensitivity to activation by agonists, the

sensitivity to blockade by neurotoxins, and the channel prop-

erties of the nicotinic receptors expressed appear to depend on

both the particular a subunit and $ subunit that the receptor

contains (24-26). If different combinations of these subunits

form functional receptors in brain, it could provide a basis for

significant diversity with respect to receptor function and reg-

ulation (for reviews, see Refs. 27 and 28).

The binding characteristics of [3H]cytisine should make it
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TABLE 1
Competition by drugs for [3H]cytisine binding sites in rat cerebral
cortex
Homogenates of cortex were incubated with 8-1 0 concentrations of each drug
and approximately 1 .5 nr�i [3H}cytisine. Values are the mean ± standard error from
at least three determinations.

Drug lC� flH

flM

Cytisine 1.2±0.4 0.9± 0.1

Nicotine 8.9 ± 2.6 0.9 ± 0.1

Acetylcholine 32.7 ± 1 0 0.9 ± 0.2

Carbachol 600 ± 89 0.9 ± 0.1

DI3E 57.4 ± 20 0.8 ± 0.1

Curare 28,000 ± 2,000
Mecamylamine >100,000
a-Bungarotoxin >2,000
DFP >1,000,000
Physostigmine >1,000,000

Atropine >1,000,000

particularly useful for further studies of neuronal nicotinic

receptors in tissues with a relatively low density of receptors,

such as ganglia and neuronal cells in culture, for further char-

acterization of the receptors in brain, and possibly for labeling

of specific subtypes of these receptors. Although the [‘H]cyt-

isine used in the present studies had a specific activity of only

12.4 Ci/mmol, [3H]cytisine with a specific activity of 42 Ci/

mmol has been synthesized recently. We tested this batch of

[3H]cytisine and found that it bound in rat cortex with an

affinity of 0.4 nM.
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