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Abstract-Mecamylamine, an antagonist to nicotine, does not compete at the nicotinic recognition site, 
but is believed to block the ion channel of the nicotinic receptor. The present study demonstrates 
specific, saturable [‘Hlmecamylamine binding in rat brain membranes. [3H]Mecamylamine binding was 
destroyed by heating at 100” and trypsin. Scatchard analysis revealed the presence of two sites with Kd 
values of 9.6 x lo-* and 1.1 X 10m6M and B,,, values of 7 x lo-‘* and 3 x lo-” mol/mg protein 
respectively. A good correlation was observed between the K, values for [3H]mecamylamine binding of 
a number of mecamylamine and related analogues and their ability to block nicotine-induced prostration 
in rats and seizures in mice. Inorganic cations, particularly divalent, and various ion channel blockers, 
such as phencyclidine and verapamil, exhibited a high affinity for the [3H]mecamylamine site. Although 
mecamylamine did not block nicotine binding, nicotine and its analogues exhibited a high affinity for 
the [3H]mecamylamine site, a finding which suggests that nicotine acts directly on ion channels as well 
as the nicotinic cholinergic recognition sites. The data are consistent with the notion that mecamylamine 
interacts with the open ion channel of the nicotinic receptor. 

Mecamylamine (2-methylamino-2,3,3-trimethylnor- 
bornane), which had originally been developed as a 
ganglionic blocking agent [l, 21, is believed to exert 
its pharmacologic action by antagonism at nicotinic 
cholinergic synapses in autonomic ganglia and the 
central nervous system [l-3]. Despite its widespread 
use in recent years as an antagonist to the peripheral 
and central effects of nicotine [4,5], the site and 
molecular mechanism of its action are not under- 
stood. On the basis of receptor binding studies 
employing either [3H]nicotine [6-81 or [3H]methyl- 
carbamylcholine, a specific nicotinic ligand [9], meca- 
mylamine does not appear to interact with the nico- 
tinic recognition site. From electrophysiologic 
studies it has been suggested that mecamylamine 
may be blocking ionic channels associated with the 
nicotinic recepter [lo, 111. Mecamylamine was 
shown to block acetylcholine-induced currents in 
crustacean muscle in a concentration- and voltage- 
dependent manner, and recovery of the blockade 
required the presence of the agonist [lo]. 

The present study was undertaken to identify and 
characterize the binding site for mecamylamine in 
brain tissue with the use of [3H]mecamylamine 
([3H]MEC) and to compare the affinity of meca- 
mylamine and nicotine analogues. 

Preliminary reports demonstrating specific 
[3H]MEC binding to rat brain membranes have been 
published recently [12, 131. 

* Correspondence: Dr. Leo G. Abood, Department of 
Pharmacology, University of Rochester, School of Medi- 
cine and Dentistry, 601 Elmwood Ave., Rochester, NY 
14642. 

METHODS 

Preparation of brain subcellular fractions. Rat 
brains were homogenized in 15 vol. of 0.32 M sucrose 
with a loose fitting Potter-Elvehjem homogenizer, 
and after centrifuging the homogenate for 10 min at 
lOOOg, the supernatant was centrifuged at 20,OOOg 
for 1 hr to yield the crude synaptosomal fraction, P1. 
P, could be stored in 0.32 M sucrose at -70” for at 
least 1 month with little loss of activity. To obtain 
mitochondria and purer synaptosomal preparations, 
PI was layered onto a discontinuous gradient con- 
sisting of equal volumes of 0.8 M + 1.2 M sucrose 
and centrifuged at 100,OOOg for 1 hr. After the mito- 
chondria (bottom of tube), synaptosomes (inter- 
mediate) and myelin (top layer) were resuspended 
in 0.32M sucrose, and centrifuged at 75,OOOg for 
1 hr, they were ready for use. 

Preparation of rat brain membranes. With the 
exception of studies comparing [ 3H]MEC binding in 
the various subcellular fractions of rat brain, all other 
studies were performed with rat brain membranes. 
Rat brains (Sprague-Dawley) were polytroned in 
20 vol. of ice-cold water and centrifuged at 75,000 g 
for 1 hr. The pellet was washed twice by rehomo- 
genization in 40 vol. of 40 mM NaPO, buffer, pH 
7.4, and centrifuged at 20,OOOg for 15 min. Th 
preparation, which could be stored in an ice bath for 
1 week without loss of [3H]MEC binding, was washed 
twice by homogenization in 10 mM Tris . HCl, pH 
7.4, 0.32 M sucrose, and centrifugation at 20,000 g 
for 15 min. 

[ 3H]A4ecamylumine binding. The incubation 
medium for [3H]MEC binding consisted of 1 mL 
of the following (final concentration): 10 mM 
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TrisaHCl, pH 7.4, 0.32M sucrose, 2 x 10mgM 
[3H]MEC (sp. act. 35 Ci/mmol), with or without 
various concentrations of unlabeled mecamylamine 
or other agents, plus 1 mg membrane protein. After 
incubation (in polypropylene test tubes) for 15 min in 
an ice-bath, tae reaction was stopped by the addition 
of 2.5 mL of ice-cold 0.32 M sucrose. The contents 
were immediately filtered in uucuo using glass fiber 
GF/B filters, and after the filters were washed twice 
with 2.5 mL of 0.32 M sucrose, they were determined 
for radioactivity by liquid scintillation. 

For Scatchard analysis the incubation medium con- 
sisted of 0.32 M sucrose with various concentrations 

:of [3H]MEC having a specific activity of 0.52 Ci/ 
mmol. The lower specific activity was necessary since 
saturation of [3H]MEC binding could not be 
achieved at higher levels of specific activity. 

Pharmacological measurements. Mecamylamine 
and related agents were used for their ability to 
antagonize the nicotine-induced prostration syn- 
drome as described elsewhere [6]. Briefly, the pro- 
cedure involved the administration of 10,~L of a 
5 X 10e3 M solution of nicotine. HCl. This dose of 
nicotine alone was the minimal dose in rats resulting 
in prostration of the hind and forelimbs. The results 
of the test agents were expressed as the EDGE, i.e. 
the dose required to block nicotine-induced pros- 
tration in at least the hindlimbs. 

The various agents were also tested for their ability 
to prevent seizures following the administration of 
2 mg/kg nicotine. HCl intraperitoneally to Swiss- 
Webster male mice weighing 20-30 g. A given dose 
of the test agent was administered 2 min prior to 
nicotine, and the minimal dose necessary to prevent 
nicotine-induced seizures was determined. A total 
of five mice were used for each agent tested, and the 
results are expressed as EDGE. 

Materials. Mecamylamine, normecamylamine, 
dimethylaminoisocamphane, and N-( 1,2,2)trimethyl- 
1-bicyclo[2.2.1.]-heptylbenzenamine were supplied 
by Merck Sharp & Dohme Research Laboratories. 
Pempidine, and other tetramethylpiperidines, aman- 
tadine, and exo-aminonorbornane were obtained 
from the Aldrich Chemical Co. Cocaine and phen- 
cyclidine were provided by the National Institute of 
Drug Abuse. The nicotine analogues were gifts of 

Philip Morris. [3H]Mecamylamine was obtained 
from New England Nuclear. 

RESULTS 

Effects of various monovalent and divalent cations 
on [ 3H]MEC binding. A number of monovalent and 
divalent inorganic cations were found to be inhibitory 
to [3H]MEC binding at relatively low concentrations 
(Table 1). The concentration of NaCl and KC1 
needed to produce 50% inhibition of binding was 
2mM. The concentrations of the divalent cations 
Ca2+ and Mg2+ needed for 50% inhibition were 0.05 
and 0.04mM respectively. The Tris.HCl at a final 
concentration of 10mM produced 50% inhibition 
and at 150 mM complete inhibition. 

Effects of trypsin, heating and sodium dodecyl 
sulfate on [3H]MEC binding. At a concentration of 
0.1% sodium dodecyl sulfate [3H]MEC binding was 
inhibited 70% (Table 1). Exposure of the mem- 
branes to 1 mg/mL of trypsin for 1 hr completely 
inhibited [3H]MEC binding. Heating at 100” com- 
pletely destroyed binding activity. 

Scatchard analysis of [ H]mecamylamine binding. 
The saturable binding curve for [3H]MEC was 
obtained using [3H]MEC with a specific activity of 
0.52Ci/mmol (Fig. 1). A Scatchard analysis of 
[3H]mecamylamine binding, performed with 
[3H]mecamylamine having a radioactive specific 
activity of 0.52 Ci/mmol, yielded a curvilinear plot 
with &values of 9.6 x 10ms M and 1.1 x 10e6 M and 
B,,, values of 7 x lo- ‘* mol/mg and 3 x lo- l1 mol/ 
mg protein respectively (Fig. 2). 

Competition of various mecamylamine analogues 
and related agents for [3H]mecamylamine binding. 
A number of mecamylamine analogues and related 
agents were tested for their ability to compete with 
[3H]mecamylamine binding to rat brain membranes 
(Table 2). The most potent derivative was 3- 
dimethylaminoisocamphane with a Ki Of 
7.4 x 10e8 M. The N-benzyl derivative of isocam- 
phane (BCB) and normecamylamine had Ki values 
of 2.5 x 10e6 M. In the norbornane series, exo- 
aminonorbornane had a Ki of 7.4 X 10e5 M, while 
BCB had a value of 2.5 x 10e6 M. Cyclohexylamine 
had a Ki of 4.7 X 10m5 M. Among the most effective 

Table 1. Effects of various cations and treatments on [3H]mecamylamine ([3H]MEC) 
binding to rat brain membrane 

[ 3H]MEC binding 

Treatment Conditions fmol/mg % Binding 

Boiling Hz0 bath 
Trypsin, 1 mg/mL 
Sodium dodecyl sulfate 0.1% 
NaCl 
KC1 
CaCI, 
MgClz 
Tris . HCI 

Sucrose (no Tris) 

1 hr 
1 hr 
1 hr 

2mM 
2mM 

0.05 mM 
0.04 mM 
10 mM* 

150 mM* 

0 
0 

56 
47 
47 
47 

0 
0 

30 
25 
25 
25 

47 25 
93 50 

0 0 
186 100 

All assays were performed in 10 mM Tris. HCl + 0.32 M sucrose. 
* Final concentration of Tris.HCl. 
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Fig. 1. Saturation analysis of [“H]MEC binding to rat brain membranes. Membranes were incubated 
with increasing concentrations of [“HIMEC in the presence (A-A) and absence (+-+) of 100pM 

mecamylamine to obtain specific binding (0-U). 

agents were phencyclidine (PCP) and pempidine 
which had Ki values of 5 x 10m6 M and 7.4 x lo-’ M 
respectively. Displacement curves for normeca- 
mylamine, tetramethylpiperidine, and pempidine 
are presented in Fig. 3. 

Nicotine and its analogues were also found to 
compete for [3H]mecamylamine binding; nicotine, 
N’-ethylnornicotine, 6-methylnicotine, and N- 
methylnicotine had Kj values of 6.3 x lo-‘M, 
1.8 x 10m6 M, and 2 x lO-‘j M respectively. Methyl- 
carbamylcholine, a pure nicotine agonist, had a Ki 
value of 8 x 10e6 M. 

The calcium channel blocker verapamil was an 

effective competitor for [3H]mecamylamine binding 
with a Kj value of 7 x lo-’ M. Trihexyphenidyl, an 
antimuscarinic (M2 type), had a Ki value of 
4 x lo-‘M. 

Antagonism of nicotine behavioral effect. The vari- 
ous agents were tested for their ability to prevent 
nicotine-induced prostration in rats following i.c.v. 
administration. The rank order of mecamylamine 
analogues and related agents agreed with their ability 
to compete for [3H]mecamylamine binding (Table 
2). Dimethylaminoisocamphane and mecamylamine 
were most effective with EDGE values of 15 and 
25 nmol respectively; next were pempidine and tetra- 

6 

1 

10 
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Fig. 2. Scatchard plot for [W]MEC binding to rat brain membranes. 
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Table 2. [3H]Mecamylamine binding and pharmacologic activity of various mecamylamine 
analogues and related agents 

Compound 

[‘H]MEC 
binding 

(2) 

Prostration Seizures 
Enso En~o 

(nmol) (mgkg) 

Mecamylamine 
Normecamylamine 
N-( 1,2,2)Trimethyl-l-bicyclo- 

[2.2.1.]-heptylbenzenamine (BCB) 
Dimethylaminoisocamphane 
N’-Ethylnornicotine 
6-Methylnicotine 
N-Methylnicotine 
Methylcarbamylcholine 
exo-Aminonorbornane 
Cyclohexylamine 
Phencyclidine (PCP) 
Verapamil 
Pempidine 
2,2,6,6_Tetramethylpiperidine 
Piperidine phosphate 
Trihexyphenidyl 
Atropine 
2,2,6,6-Tetramethyl-4- 

aminopiperidine 
Amantadine 
Cocaine 

9.6 x lo-* 25 
2.6 x lo+’ 50 

2.5 x lo+ 
7.4 x 10-R 
6.3 x lo-’ 
1.8 x 1O-6 

2 x 10-G 
8 x lo+ 

7.4 x 10-j 
4.7 x 10-j 

5 x 1o-6 
7 x lo-’ 

7.4 x lo-’ 
1.8 x 1O-6 

>10-4 
4 x lo-’ 

2.5 x 10-C 

2 x 10-e 
1.3 x lo-’ 

9 x lo-’ 

70 
15 

- 
- 
- 
- 
200 
200 
75 

>50* 
40 
40 

>200 
>200 
Inact. 

50 
200 

50 

10 
20 

40 
20 

- 
- 
- 

>50 
>50 
>25* 
>20* 

10 
25 

Inact. 
Inact. 
Inact. 

30 
Inact. 

35 

Agents were tested against nicotine-induced prostration, following i.c.v. injections in rats, 
and nicotine-induced seizures, following i.p. administration in mice. The ED~” values were 
based on five animals at each dose of agent, the standard error ranging within lO-15% of 
the mean. K, values were determined from the formula: K, = 1c5”/(1 + L/K,), where L = 
[[3H]MEC] = 2 x lo-“ M and Kd = 1 X lo-’ M. 

* Drugs were lethal at this dose. 

methylpiperidine with an ED~” of 40nmol. Other Ability of various agents to prevent nicotine- 
effective antagonists were normecamylamine, tetra- induced seizures. The various agents were tested for 
methylaminopiperidine and cocaine with values of their ability to prevent nicotine-induced seizures, 
50 nmol and BCB and PCP, with values ranzinz from tremors, and loss of muscle body tone in mice. 
70 to 75 nmol. 

I I 

Among the mecamylamine analdgues, the most 
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Fig. 3. Inhibition of [3H]MEC binding by normecamylamine (+-+), tetramethylpiperidine (A-A) 
and pempidine (O--O), in rat brain membranes, at a [3H]MEC concentration of 2 x 1O-9 M. Specific 

binding in the absence of any inhibitor was 93 fmol/mg. 
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Table 3. [3H]Mecamylamine binding in various rat tissues 

Tissue 
[3Hl$IE~,bi$ing 

mo m 

Brain 93 
Heart 63 
Kidney 13 
Liver 12 

The values are an average of three separate experiments 
agreeing within lO-20%. The preparation of membranes 
for all tissues was as described in the text for brain. 

effective was mecamylamine itself with an EDGE of 
10 mg/kg, while normecamylamine and dimethyl- 
aminoisocamphane had values of 20 mg/kg. The 
relative effectiveness of various mecamylamine ana- 
logues in preventing nicotine-induced seizures was 
in agreement with that reported by Stone et al. [l]. 
Among the piperidine series, pempidine was com- 
parable in antagonistic potency to mecamylamine; 
tetramethylpiperidine and tetramethylaminopiper- 
idine had EDGE values of 25 and 30 mg/kg respect- 
ively. Other agents with antagonistic activity were 
BCB and cocaine with EDGE values of 40 and 35 mg/ 
kg respectively. The remainder were either inactive 
or, like phencyclidine and verapamil, toxic at higher 
doses. 

[3H]M& binding to various rat tissues. Among 
the various rat tissues, brain had the reatest density 
of [3H]MEC binding sites, 93 fmol mg membrane B 
protein (Table 3). Whole heart contained 63, kidney 
13, and liver 12 fmol/mg. 

Subcellular distribution of [3H]MEC binding. The 
subcellular distribution of [3H]MEC binding re- 
vealed the greatest density of binding sites in the 
myelin fraction, with a value of 89 fmol/mg protein 
compared to 93 fmol/mg for whole rat brain mem- 
branes (Table 4). The density of sites in the syn- 
aptosomal fraction was 58 fmol/mg, while the 
mitochondria contained the least density with 
31 fmol/mg. 

DISCUSSION 

The present study demonstrated the presence of 
specific, saturable [3H]mecamylamine binding sites 
in rat brain membranes and also that the binding 
affinity of mecamylamine and related analogues cor- 
related well with their pharmacologic activity. Simi- 
lar to the findings of London and Majewska [13], 

Table 4. [3H]Mecamylamine binding in various subcellular 
fractions of rat brain 

Subcellular fraction 
[ 3H]MEC binding 

( fmol/mg) 

Whole rat brain membranes 
Myelin 
Synaptosomes 
Mitochondria 

93 
89 
58 
31 

All subcellular fractions were washed twice with 10 mM 
Tris . HCI, pH 7.4, 0.32 M sucrose as described in the text 
for whole rat brain membranes. The values are an average 
of three separate experiments agreeing within 8%. 

Scatchard analysis revealed the presence of two sites. 
Among the isocamphane analogues, mecamylamine 
and dimethylaminoisocamphane had the highest 
affinity; the removal of both N-methyl substituents 
diminished activity. The binding site appears to be 
proteinaceous, since it was inhibited completely by 
trypsin and heating at 100”. 

Among the piperidine analogues, pempidine had 
the highest affinity and ability to block nicotine- 
induced seizures and prostration in rodents, whereas 
removal of the N-methyl group diminished activity 
and piperidine itself was inactive. Replacement of 
the N-methyl with a benzyl group diminished the 
potency of mecamylamine about lo-fold. Other het- 
erocyclic amines tested, such as cyclohexylamine, 
aminonorbornane, and amantadine, possessed low 
affinity and were relatively ineffective as nicotine 
antagonists. 

Although within the series of mecamylamine ana- 
logues and related heterocyclic amines, a good cor- 
relation was observed between competition for 
[3H]MEC binding and antagonism to the phar- 
macologic effects of nicotine, some agents, such as 
the antimuscarinics, trihexyphenidyl and atropine, 
effectively competed for [3H]MEC binding but were 
poor nicotine antagonists. One possible explanation 
for the anomaly is that only a subpopulation of 
[3H]MEC binding sites comprise ionic channels of 
nicotinic receptors. Another possibility is that agents 
may bind to the ionic channels and, unlike meca- 
mylamine, do not diminish the period of open chan- 
nels [ll]. Another agent with a high affinity for 
the MEC site but poor nicotine antagonism was 
verapamil, a calcium-channel blocker. One difficulty 
in screening verapamil for nicotine antagonism was 
its toxicity at lower doses. 

The fact that nicotine and its analogues exhibited 
an affinity for the mecamylamine binding site raises 
the possibility that nicotine may be affecting the 
ionic channel associated with the nicotine cholinergic 
receptor. Mecamylamine does not bind to the nico- 
tinic recognition site, so that its antagonism to nic- 
otine does not involve the recognition site [7-9, 111. 
The functional significance of this finding is not clear, 
insofar as mecamylamine is antagonistic to the phar- 
macologic effects of nicotine. One possibility is that 
nicotine, unlike mecamylamine which diminishes the 
period of open channels [ll], may be prolonging 
the period, i.e. acting as an inverse agonist at the 
mecamylamine recognition site on the ionic channel. 

Evidence that mecamylamine and pempidine are 
ion channel blockers derives from voltage-clamp 
studies with cat fish retinal cones demonstrating that 
both agents non-competitively block the excitatory 
response to N-methyl-d-aspartate and that the block- 
ade is highly voltage sensitive [14]. In another study 
[ll], mecamylamine noncompetitively blocked in- 
direct muscle twitches in frog sartorius muscle with 
no effect on membrane potential, overshoot, or the 
action potential. It also produced a voltage- and 
concentration-dependent depression of the peak 
amplitude of endplate currents and diminished the 
time period of open channels. With the use of 
[3H]perhydrohistrionicotoxin, a ligand to probe the 
ionic channel of the nicotinic cholinergic receptor in 
the electric organ of Torpedo ocellata, Eldefrawi et 



al. [15] demonstrated that nicotine interacts with the 
ionic channel. At lower concentrations nicotine acts 
as an agonist by enhancing [3H]perhydrohistrion- 
icotoxin binding, whereas at higher concentrations 
it acts as an antagonist by inhibiting binding. It has 5 
been reported [13] that nicotine enhances [3H]MEC 
binding to rat brain membranes following brief 
exposure to nicotine, but not during equilibrium. In 
the present study, nicotine was inhibitory to 
[3H]mecamylamine binding to brain membranes at 6. 
all concentrations, a finding which suggests that it 
was acting primarily as an antagonist. Another nico- 
tinic ganglionic blocking agent, chlorisondamine, 7. 
was also shown to block the open channel of the frog 
neuromuscular cholinergic junction [16]. Aman- 
tadine, which has also been demonstrated to block 8, 
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the nicotinic cholinergic ion channel [17], was also 
found to compete effectively for [3H]MEC binding 
and to antagonize the behavioral effects of nicotine. 

The presence of [3H]MEC binding in mitochondria 
as well as nerve endings and myelin-axonal sub- 
cellular organelles suggests that the MEC sites are 
not necessarily associated with voltage-gated ion 
channels. Although excitable tissues such as brain 
and heart contain the preponderance of MEC bind- 
ing sites, some specific MEC binding was observed 
in liver and kidney. Potassium selective channels 
exhibiting inward rectification, but which are not 
voltage- or calcium-dependent, have been demon- 
strated in hepatocytes using the patch-clamp tech- 
nique [18]. 
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