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SUMMARY

The properties of the binding sites for radiolabeled acetyicholine
(measured in the presence of atropine), nicotine, and a-bungar-
otoxin were compared in brain tissue prepared from both rat and
mouse. These three binding sites were tested for the following
properties: affinity and density of ligand binding, effects of com-
petitive inhibitors, regional distribution, effects of treatment with
dithiothreitol and the reversal of these effects by treatment with
5,5’ -dithiobis(2-nitrobenzoic acid), thermal lability, effects of pro-
tease treatment, and response to chronic administration of nic-
otine in vivo. The binding sites for acetylcholine and nicotine

were affected identically for all measurements, whereas the
binding site for a-bungarotoxin was affected in a manner different
from that for the other two ligands. Although the regional distri-
bution of nicotine and acetyicholine binding differed between rat
and mouse brain, other properties of this binding site were very
similar between the two species. The results are consistent with
the proposal that ine and nicotine bind to the same
sites in both rat and mouse brain, whereas a-bungarotoxin binds
to different sites.

Several potential nicotinic receptor sites in brain have been
identified by the binding of radiolabeled ligands. The snake
neurotoxin, «-BTX, is one such ligand. This toxin binds to
sites in the brain that have kinetic properties consistent with
those anticipated for a nicotinic cholinergic receptor (1-3). In
addition, the subunit composition of the a-BTX binding com-
ponent isolated from chick brain closely resembles that of the
nicotinic cholinergic receptor of muscle (4). However, snake a-
toxins often fail to block nicotinic responses in vivo (5-7),
leading to the suggestion that the toxin-binding sites are not
really cholinergic receptors, or that additional nicotinic binding
sites also exist in brain.

Based on the assumption that some nicotinic sites in the
brain are cholinergic, the binding of [P'HJACh (determined in
the presence of atropine to inhibit binding to muscarinic sites)
has been used to investigate potential receptor sites in rat brain
(8). ACh binds saturably and reversibly. Classical nicotinic
agonists are potent inhibitors of ACh binding, but most antag-
onists, including a-BTX, are less potent.

Radiolabeled nicotine, itself, has also been used to measure
nicotinic sites in mammalian brain (9-13). Nicotine binds
saturably and reversibly to brain tissue. Nicotine binding is
inhibited by cholinergic agonists, but most cholinergic antago-
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nists, including a-BTX, are poor inhibitors. The relative inef-
fectiveness of cholinergic antagonists to inhibit nicotine bind-
ing has led to the postulate that the nicotine-binding site is
noncholinergic (9, 11, 14).

Comparison of the distribution of nicotine-binding sites in
mouse brain regions or ACh-binding sites in rat brain regions
to the distribution of the binding sites for a-BTX suggests that
the sites labeled with «-BTX differed from those labeled with
either nicotine or ACh (8, 12). An autoradiographic analysis of
the distribution of the binding of these three ligands in rat
brain has also demonstrated the difference between «-BTX
binding and that of the other two ligands. In addition, the
autoradiographic patterns observed for nicotine and ACh were
strikingly similar, suggesting that these two ligands label the
same binding sites (15). The binding of nicotine and ACh in
brains of rodents treated chronically with nicotine changes in
a similar, but unusual, pattern: nicotine binding in mice and
ACh binding in rats increase with nicotine treatment (16-20).
This unusual response to treatment with a classical nicotinic
agonist in two different species further suggests that nicotine
and ACh may be labeling the same sites in the brain.

Several inconsistencies in the properties of the binding sites
for these two ligands have been observed. The regional distri-
bution of nicotine binding in mouse brain does not correspond
to that for ACh binding in rat brain (8, 12). This may be a
species difference or a fundamental difference in the sites.
When the regional distribution of nicotine and ACh binding

ABBREVIATIONS: «-BTX, a-bungarotoxin; ACh, acetyicholine; DFP, diisopropylfluorophosphate; DTNB, 5,5’-dithiobis-(2-nitrobenzoic acid); DTT,
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HEPES, 4-(hydroxyethyl)-1-piperazineethanesutfonic acid.
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were directly compared in two mouse strains, the patterns were
not identical (21), but the fact that in some preparations
nicotine displays two binding sites of different affinity, whereas
ACh does not, confounds the regional comparisons. A nicotine-
binding site has been purified from rat brain by affinity chro-
matography (22). In contrast to the four subunits observed for
most nicotinic receptors, this material consisted of single pro-
tein component. This result suggests that the nicotine binding
site is not a classical nicotinic cholinergic receptor, and that it
may not be cholinergic at all.

The present study was undertaken to systematically compare
the properties of the nicotine-, ACh-, and a-BTX-binding sites
in both rats and mice to determine whether several properties
of these binding sites were consistent with the proposal that
nicotine and ACh label the same binding sites. The two species
most widely used for investigations of nicotine effects were
both examined. The results presented in this paper are consist-
ent with the proposal that nicotine and ACh label the same
population of binding sites, and that a-BTX clearly labels a
distinct population of sites.

Materials and Methods

Animals. Mice of the strain DBA/2J/Ibg have been maintained in
the colony at the Institute for Behavioral Genetics for more than 25
generations. Mice of either sex were housed with two to five like-sexed
and like-aged animals. Mice were between 50 and 90 days of age when
used.

Female Sprague-Dawley rats were purchased from Sasco Co., Omaha,
NE. The rats were housed five per cage and weighed between 250 and
350 g when used.

Animals of the two species were housed in separate rooms. A 12-hr
light/12-hr dark cycle (lights on 7 a.m. to 7 p.m.) was used. Animals
were allowed free access to food (Wayne Lab Blox) and water.

Materials. The radiochemicals used in this study were obtained
from the following sources: L-[*H]nicotine (N-methyl-[*H], specific
activity 75.7 Ci/mmol) and o-['"*I]BTX (Tyr-[**I], initial specific
activity 132.6 Ci/mmol) were obtained from New England Nuclear,
Boston, MA; [*H]choline (N-methyl-[*H], specific activity 80 Ci/mmol)
was obtained either from New England Nuclear or Amersham Corp.,
Arlington Heights, IL.

Drugs and biochemicals were obtained from the following sources:
L-nicotine, L-lobeline, hexamethonium bromide, decamethonium bro-
mide, gallamine triethiodide, d-tubocurarine chloride, atropine sulfate,
ACh iodide, carbamylcholine iodide, tetramethylammonium iodide,
tetraethylammonium chloride, DFP, acetic anhydride, triethylamine,
polyethyleneimine, Tris, Tris-HCl, DTNB, EDTA, protease from
Streptomyces griseus (Pronase E), bovine serum albumin, «-BTX, and
«-cobratoxin from Sigma Chemical Co., St. Louis, MO; HEPES and
DTT from Boehringer-Mannheim, Indianapolis, IN; dimethylphenyl-
piperazinium chloride from Aldrich Chemical Co., Milwaukee, WI.;
piperidine, DL-anabasine, and cytisine from Carl Roth through
Atomergic Chemetals, Plainview, NY; D-nicotine as a generous gift
from Dr. Takuro Kisaki of the Nippon Salt and Tobacco Institute.

Polypropylene test tubes were purchased from Sarstedt Co., Prince-
ton, NJ. Glass fiber filters were obtained from Boehringer-Mannheim.
Scintillation fluid (Safety Solve) was purchased from Research Prod-
ucts International, Mt. Prospect, IL.

Tissue preparation. Mice were killed by cervical dislocation and
rats by decapitation. Each brain was removed and placed on an ice-
cold platform. For most experiments, whole brain minus cerebellum
was used. In the experiments in which the regional distribution of the
binding sites was examined, the brains were dissected into eight regions:
cerebral cortex, hindbrain (pons-medulla), cerebellum, hypothalamus,
striatum, hippocampus, superior and inferior colliculi, and midbrain
(primarily thalamus). Only six regions of chronically treated animals

were dissected; cerebellum was discarded and the colliculi were included
with midbrain.

After dissection, the brain or brain region was placed in 10 volumes
of ice-cold buffer (Krebs-Ringer’'s HEPES: NaCl, 118 mm; KCl, 4.8
mM; MgSO,, 1.2 mMm; CaCly, 2.5 mM; HEPES, 20 mM, pH adjusted to
7.5 with NaOH). The tissue was homogenized using a Teflon pestle.
The tissue preparation used was essentially that described by Romano
and Goldstein (10). The homogenate was centrifuged at 18,000 X g for
20 min and the pellet was resuspended in 20 volumes of distilled water.
After a 60-min incubation at 4°, the pellet was collected by centrifu-
gation at 18,000 X g for 20 min. This pellet was subsequently resus-
pended in 10 volumes of Krebs-Ringer’'s HEPES and the suspension
was centrifuged at 18,000 X g for 20 min. The buffer was discarded and
10 volumes of fresh Krebs-Ringer's HEPES were added. The sample
was then frozen at —70° until assay. Prior to each centrifugation, the
sample was incubated at 37° for 10 min to promote hydrolysis of
endogenous ACh.

On the day of assay, the pellet was resuspended in the overlying
buffer and DFP was added to a final concentration of 100 uM. The
sample was then incubated at 37° for 10 min after which it was
centrifuged at 18,000 X g for 20 min. The resulting pellet was then
resuspended in Krebs-Ringer’s HEPES containing 100 uM DFP for use
in the assays.

L-[*H]Nicotine binding. The binding of L-[*H]nicotine was deter-
mined using a modification of the method of Romano and Goldstein
(10) as described previously (12, 17, 20). In these experiments L-[*H]
nicotine binding was measured both at 4° and at 37° such that direct
comparisons of the results obtained with these assays could be made
to those for [PHJACh binding, which was performed at 4°, and for a-
[**I)BTX binding, which was performed at 37°.

Incubations were conducted in 12 X 75 mm polypropylene test tubes.
Final incubation volume was 250 ul. The buffer used in these incuba-
tions was Krebs-Ringer's HEPES and 200 mM Tris buffer (pH 7.5 at
the appropriate temperature) was also included in the incubations. The
incubation time for binding at 4° was 2 hr (equilibrium reached at 1
hr) and at 37° was 5 min (equilibrium reached at 2 min). Samples
contained 100-500 ug of protein. At the completion of the incubation
period, samples were filtered in the cold room using apparatus which
had been cooled to 4°. The binding reaction was terminated by diluting
the samples with 3 ml of ice-cold buffer and followed immediately by
filtration of the samples onto Boehringer-Mannheim glass fiber filters
which had been soaked overnight in buffer containing 0.5% polyethyl-
eneimine. Vacuum pressure was —50 to —100 torr. Samples routinely
contained approximately 5 nM L-[*H]nicotine. Blanks were established
by including 10 M nicotine in the samples.

The measurement of Kp and Bi.., were accomplished both by increas-
ing the amount of radiolabeled compound in the incubation (to a
concentration of 10 nM) and by adding nonlabeled nicotine to the
incubations for concentrations greater than 10 nM. The binding con-
stants were determined by linear regression analysis of Scatchard plots
of the data.

The L-[*H]nicotine was repurified by thin layer chromatography
before use. The chromatogram was developed using Silica Gel G and a
solvent system composed of CHCl;:CH;OH:NH,OH (60:40:0.1). The
nicotine was extracted with ethanol and stored frozen at —70° in
ethanol/water containing a 5-fold molar excess of mercaptoacetic acid.

[*HJACh binding. [PHJACh was synthesized by reaction of [*H]
choline with acetic anhydride as described by Schwartz et al (8). The
purity of the radiolabeled choline was checked prior to synthesis.

The binding of [*H]JACh was measured using a modification of the
method of Schwartz et al. (8). Incubations were conducted at 4° in
polypropylene test tubes. Final incubation volume was 250 ul. Krebs-
Ringer’s HEPES was the principal buffer, but 20 mM Tris buffer (pH
7.5 at 4°) was added, as well. All incubations contained 5 uM atropine
to inhibit the binding of [*H]JACh to muscarinic receptors. The incu-
bation time was 1 hr (equilibrium reached in 30 min). Samples con-
tained 100-500 ug of protein. The binding reaction was terminated by
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addition of 3 ml of buffer and filtration onto Boehringer-Mannheim
glass fiber filters which had been soaked in buffer containing 0.5%
polyethyleneimine. The filters were subsequently washed four more
times with 3 ml of buffer. Vacuum pressure was —300 to —400 torr.
Filtrations were conducted in the cold room with apparatus which had
been cooled to 4°. Incubations routinely contained approximately 10
nM [*H]ACh. Blanks were established by including 10 uM L-nicotine
in the incubations.

The binding constants, Kp and B,,,, were measured by increasing
the concentration of [*H]JACh to 20 nM and for higher concentrations
by adding nonradioactive ACh. Constants were calculated by linear
regression analysis of Scatchard plots.

a-['?*I}-BTX binding. The binding of a-['*I]|BTX was measured
at 37° essentially as described previously (12, 17, 20). The binding
buffer was Krebs-Ringer's HEPES containing 0.01% bovine serum
albumin. Binding reactions were conducted in polypropylene test tubes
in an incubation volume of 500 ul. Samples contained 50-250 ug of
protein. Incubations were conducted for 4 hr (equilibrium reached in
2.5 hr). The binding reaction was terminated by dilution of the sample
with ice-cold wash buffer and by filtration onto Boehringer-Mannheim
glass fiber filters which had been soaked in buffer containing 0.5%
polyethyleneimine. Wash buffer contained 0.05% polyetheleneimine.
The filters were washed four additional times with 3-ml aliquots of
buffer. Samples routinely contained approximately 2 nM «-['*I|BTX.
Blanks were established by including 1 mM L-nicotine in the incuba-
tion.

The binding constants Kp and By, were determined from experi-
ments in which increasing amounts of a-['"*I]BTX were included in
the incubations. Binding constants were estimated by linear regression
analysis of Scatchard plots.

Scintillation counting. After filtration, the washed glass fiber
filters were placed in 7-ml plastic scintillation vials and 2.5 ml of Safety
Solve were added to each vial. The vials were capped and mechanically
shaken. Samples were counted on a Beckman 1800 Liquid Scintillation
Spectrometer. Efficiency of counting was 45% for both *H and '*I.

Protein assay. Protein was measured using the method of Lowry
et al. (23) with bovine serum albumin as the standard.

Effects of competitive inhibitors. The effects of potential com-
petitive inhibitors on the binding of L-[*H]nicotine, [*H]ACh, and
«['"”I]BTX were examined by including the potential inhibitor in the
incubations. Five concentrations chosen to bracket the ICs values were
used for each potential inhibitor. Inhibitors were added to the incuba-
tions prior to the addition of the radiolabeled ligand. When the effects
of a-BTX and a-cobratoxin were examined, the tissue was incubated
with the toxins for 2 hr at 37° prior to addition of the labeled com-
pounds. This preincubation was included to allow the toxins to interact
with the tissue since binding of these compounds is slow at 37° and
virtually nonexistent at 4°.

Thermal denaturation. The stability of the binding sites to heat
denaturation was determined by incubating the tissue at one of the
following temperatures: 60° (10-40 min), 65° (10-40 min), 70° (5-30
min), 75° (2-20 min), and 80° (0.5-8 min). Buffer was warmed to the
appropriate temperature and the incubation was begun by adding a
concentrated aliquot of homogenate such that the final protein concen-
tration was approximately 3 mg/ml. Aliquots were removed at four
times during the incubation. Sampling times varied with temperature
as indicated above. After removal, the aliquot was cooled to 4°. Samples
were assayed for the binding of L-[*H]nicotine, [*'H]ACh, and a-['?I]
BTX using the assay methods described above.

Effects of DTT. Aliquots of tissue homogenate were incubated with
DTT (0.01-10 mM) for 10 min at 37°. At the completion of the
incubation the samples were centrifuged at 18,000 X g for 20 min. The
pellet was resuspended in buffer, and centrifuged at 18,000 X g for 20
min. The pellet was resuspended in buffer containing 100 uM DFP for
assay of the binding of the three ligands.

Effects of treatment with DTNB after treatment with DTT.
Tissue was first incubated with 1 mM DTT for 10 min at 37°. After the
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incubation, the samples were centrifuged at 18,000 X g for 20 min, the
pellets were resuspended in buffer, and the samples were again centri-
fuged at 18,000 X g for 20 min. The resulting pellets were resuspended
in buffer and aliquots were added to buffer containing DTNB (0.001-
1 mM). Samples were incubated for 10 min at 37° and then centrifuged
at 18,000 X g for 20 min. The pellets were washed by resuspension in
fresh buffer followed by centrifugation at 18,000 X g for 20 min. These
final pellets were resuspended in buffer containing 100 uM DFP for
assay of the binding of the three ligands.

Effects of Pronase E treatment. Homogenates which had not yet
been treated with DFP were incubated at 37° with 1 mg/ml of Pronase
E with constant shaking for 1 hr. At the conclusion of the incubation,
DFP and EDTA were added to give final concentrations of 100 uM and
5 mM, respectively. The samples were then centrifuged at 18,000 X g
for 20 min. The pellets were resuspended in buffer and these samples
were centrifuged at 18,000 X g for 20 min. These final pellets were
resuspended in buffer for assay of the binding of the three ligands.
Pronase concentrations ranging from 0.2 to 20 mg/ml and incubation
times between 5 and 120 min were also examined.

Chronic treatment with nicotine. Both rats and mice were chron-
ically treated with nicotine to determine the effects of these treatments
on the binding of the three ligands.

Rats were treated by subcutaneous injection of saline or 0.8 mg/kg
or 1.6 mg/kg of nicotine base twice daily for 5 or 9 days. Injection
solutions were neutralized with HCl. At the end of the treatment
period, the rats were decapitated and the brains were dissected into six
regions. Mice were treated by constant intravenous infusion of saline
or 2.0, 4.0, or 6.0 mg/kg/hr of nicotine base. Solutions were neutralized
with HCL. Chronic drug treatments were conducted as described in
detail elsewhere (17, 20). Treatment at final dose was for 8-10 days. At
the end of the treatment period, mice were killed by cervical dislocation
and their brains were dissected into six regions.

Data analysis. Binding constants were calculated by linear regres-
sion of Scatchard plots. ICs values were calculated from log dose
response curves of inhibition experiments. Estimates of the K; values
were made using the equation of Cheng and Prusoff (23a). Correlations
between the binding of any two ligands were determined by linear
regression analysis. This analysis was applied to the following results:
K, values (on a log-log scale), regional distribution of binding sites,
effect of DTT treatment, effects of DTNB reversal of DTT treatment,
and regional distribution of binding sites after chronic drug treatment.
One-way analysis of variance was used to test for the effects of chronic
nicotine on the binding of each ligand in each region of rat and mouse
brain. The first order decay curves for the thermal denaturation exper-
iments were tested for parallelism and superimposability (i.e., identity
of the lines) with ¢ tests.

Results

The results that follow are a series of comparisons of the
properties of binding sites measured with L-[*H]nicotine, [°H]
ACh, and o-['*I)BTX. Measurements were made using tissue
prepared from both rat and mouse brain. In addition, L-[*H]
nicotine binding was measured at both 4° and 37° to provide
direct comparison to the binding of [P(H]JACh and «-['*I)BTX,
respectively. The different incubation temperatures were ne-
cessitated because [’H)ACh binding is poor at 37° and a-['*I]
BTX binding fails to reach equilibrium after 24 hr at 4°. The
results of these direct comparisons should provide further evi-
dence of the nature of the three nicotinic ligands and should
provide additional tests to determine whether these ligands
bind to different sites.

Saturability of binding sites. The results presented in
Fig. 1 are Scatchard plots for the binding of L-[*H]nicotine,
[*H]JACh, and o-['*I]BTX to particulate fractions prepared
from mouse and rat brain. The Scatchard plots for the binding
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of all three ligands are linear. The K; values for nicotine
binding differed at the two incubation temperatures: the affin-
ity of nicotine for its binding site at 4° was approximately twice
the affinity at 37°. The incubation temperature had no effect
on the B.. values. Although the B,..x values in mouse brain
tended to be slightly lower for all three ligands, the Bi.., for L-
[*H]nicotine binding did not differ from that for [*H]ACh
binding in either species. The B,.. values for a-['*I)BTX
binding were approximately 20% higher than the B, values
for the other two ligands.

Competitive inhibition of ligand binding. The inhibition
of L-[*H]nicotine, [*H]ACh, and a-[**I)]BTX binding by nico-
tinic agonists and antagonists was measured and the K; values
for these compounds are summarized in Table 1. The com-
pounds tested displayed similar potency for inhibition of the
ligands in rat and mouse tissue. In general, nicotinic agonists
were more potent inhibitors of the binding of L-[*H]nicotine
and [PH)ACh than were nicotinic antagonists. Whereas several
agonists were considerably more potent inhibitors of L-[*H]
nicotine and [*H]ACh binding than of a-['*I)BTX (L-nicotine,
D-nicotine, cytisine, lobeline, ACh, and carbamylcholine), sev-
eral agonists were equally effective inhibitors of all three ligands
(anabasine, dimethylphenylpiperazinium, piperidine, and tet-
ramethylammonium). Although L-nicotine was 20-30-fold
more potent than D-nicotine as an inhibitor of L-[*H]nicotine
and [*H]ACh binding, it was only about 4-fold more potent as
an inhibitor of a-['*I)BTX binding.

With the exception of d-tubocurarine, which displayed a K;
‘or inhibition of a-['**I]BTX that was 10-fold lower than that
‘or the other two ligands, the classical antagonists were ap-
nroximately equipotent for all three ligands.

The two snake a-toxins tested were potent inhibitors of a-
{"*I)BTX binding but had no effect on either L-[*H]nicotine
“inding or [PHJACh binding at concentrations as high as 100
oM.

The K; values were subsequently examined graphically in

order to provide a more direct comparison of the potency of the
cholinergic agents in inhibiting the binding of the three ligands.
The results displayed in Fig. 2 examine the relationship be-
tween the log of the K; values obtained for L-[*H]nicotine and
[*H]JACh and for L-[*H]nicotine and a-[**I]BTX in both rats
and mice. Linear regression analyses of these data demonstrate
that the K; values obtained for L-[*H]nicotine and [*H]ACh are
highly correlated for both rat (r = 0.98) and mouse (r = 0.99)
brain tissue. The K; values obtained for inhibition of L-[*H]
nicotine and for inhibition of a-['*I)BTX are less closely
correlated. If the values for a-BTX and a-cobratoxin are omit-
ted, the correlation constants are modest for both rat (r = 0.79)
and mouse (r = 0.80). However, if the values for the toxins are
included, the correlation is completely lost (rat, » = 0.14; mouse,
r=0.04).

Since the K, values for L-[*H]nicotine and [PH]ACh binding
were determined under the same conditions as the K; for the
inhibition of L-[*H]nicotine binding by ACh and of [*H]ACh
binding by L-nicotine, the K, and K; values can be directly
compared. In the rat brain, the K, for L-[°*H]nicotine binding
was 13.8 =+ 1.3 nM, whereas the K| for L-nicotine inhibition of
[*H]ACh binding was 6.7 + 1.5 nM. In the mouse brain, these
values were 10.1 £ 0.4 and 7.3 + 3.8 nM, respectively. In neither
species did the K), for L-nicotine binding differ from its K; for
inhibition of [PH)ACh binding. In the rat brain, the K, for [°H]
ACh binding was 37.4 + 3.9 nM and the K; for ACh inhibition
of L-[*H]nicotine binding was 44 = 4 nM. In the mouse brain,
these values were 37.1 + 7.2 nM and 41 + 28 nM, respectively.
In neither species did the K, for [PHJACh binding differ from
the K; for ACh inhibition of L-[*H]nicotine binding.

Regional distribution of ligand binding. Both rat brain
and mouse brain were dissected into eight regions, each of
which was assayed for the binding of L-[*H]nicotine, [*’H]ACh,
and a-['*I]BTX. The results presented in Fig. 3 compare the
regional distribution for the binding of these three ligands in
both species.
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TABLE 1
Inhibition of L-[*H]nicotine, "H]ACh, and o-["*1]BTX binding

The K, values (um) were calculated from EDso values from inhibition curves for each ligand. The binding of L-{*H
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Jnicotine was measured both at 4° and 37° as indicated.

The ligand concentrations used in these experiments were: L-{*H]nicotine, 4.5 + 0.2 nm; [*HJACh, 11.1 £ 0.5 nm; and o{**1)BTX, 1.92 + 0.10 nm. Values given are

means for triplicate determinations, with standard errors in parentheses.

Rats Mice
Inhibitor Nicotine Nootine
ACh a-BTX ACh a-BTX
4 37° 4 ar
1. Cytisine 0.0020 0.0015 0.0030 14 0.0016 0.0011 0.0022 1.1
(0.0029) (0.0007) (0.0021) 0.3 (0.0037) (0.0005) (0.0015) 0.2
2. L-Nicotine 0.0067 0.0104 0.0142 0.82 0.0073 0.0080 0.015 0.62
(0.0015) (0.0033) (0.0049) (0.36) (0.0038) (0.0060) (0.003) (0.07)
3. p-Nicotine 0.36 0.33 0.28 3.0 0.33 0.24 0.23 28
(0.09) (0.09) (0.03) (0 5) (0.06) (0.18) (0.04) (0.7)
4. Acetyicholine 0.051 0.044 0.120 0.052 0.041 0.088 31
(0.014) (0.006) (0 01 0) (1 2) (0.027) (0 025) (0.005) (0.3)
5. Carbamyicholine 11 1.0 12.0 0.8 1.1 13.0
0.3) 0.2) (o 2) (2.0) (0.5) (o 2) (0.1) (4.0)
6. L-Lobeline 0.17 0.05 0.24 1.0 0.10 0.16 10.0
(0.25) (0.02) (0.10) 4.0) (0.05) (0 02) (0.01) (3.0
7. Dimethylphenyl- 0.30 0.19 0.20 0.47 0.09 0.14 0.19 0.68
piperazinum (0.14) (0.05) (0.03) (0.06) (0.15) (0.10) (0.04) (0.28)
8. Anabasine 0.59 0.52 0.26 0.34 0.86 0.51 0.25 0.33
0.13) 0.11) 0.12) (0.05) (0.07) 0.13) (o 03) (0.45)
9. Tetramethyl- 44 28 22 1.8 54 29 1.8 22
ammonium (1.6) (0 6) 0.7) (0.3) (2.2) (0.8) (0 6) (0.3
10. Piperidine 120 22 23 9.8 40 21
(20) (6) (10) (17) (7.6) (16) (4) (10)
11. d-Tubocurarine 59 81 33 2.8 96 100 40 37
(18) (19) @ (1.2 (34) (12) ) (1.0)
12. Decamethonium 24 27 16 25 41 26 17 20
(9) (6) (6) (6) 4) 3) 4) (5)
13. Gallamine 100 350 170 120 290 360 250 96
(30) (190) (50) (30) (250) (70) (50) (37)
14. Hexamethonium 1000 760 720 540 1200 540 790 540
(200) (80) (170) (490) (800) (400) (60) (470)
15. Tetraethyl- 2300 350 80 42 570 550 86 25
ammonium (3700) (120) (19) (10) (150) (190) 5) 9
16. a-Bungarotoxin >100 >100 >100 0.00016 >100 >100 >100 0.00013
(0.00017) (0.00005)
17. a-Cobratoxin >100 >100 >100 0.0026 >100 >100 >100 0.0021
(0.0013) (0.0011)

The patterns of L-[*H]nicotine and [*HJACh binding were
very similar in both species as demonstrated by the high cor-
relation between these two parameters (r = 0.99 for rat and r
= 0.98 for mouse). In contrast, the patterns of distribution for
L-[*H]nicotine and «-['*I)BTX binding were dissimilar (r =
—0.33 for rat and r = 0.36 for mouse).

Whereas the pattern of regional distribution of the binding
sites for the three ligands were comparable between the two
species, the absolute and relative binding of the ligands differed
between rat and mouse. The binding of L-[*H]nicotine and [*H]
ACh was higher in cortex, cerebellum, and striatum of the rat.
In contrast, the binding of L-[*H]nicotine and [*H]ACh was
higher in the midbrain, hypothalamus, and colliculi of the
mouse. The binding of a-['**I)BTX was higher in hindbrain,
hippocampus, hypothalamus, and colliculi of the rat. Mouse
striatum, however, displayed a-['*I]BTX binding approxi-
mately 6-fold higher than that of rat striatum.

Effect of DTT. The effect of treatment with several con-
centrations of DTT on the binding of L-[*H]nicotine, [*H]ACh,
and a-['*I]BTX in rat and mouse are shown in Fig. 4. DTT
treatment reduced the binding of all three ligands in a concen-
tration-dependent manner. Binding of both L-[*H]nicotine and
[*'H]ACh was reduced to one-half of control binding by treat-
ment with approximately 500 uM DTT in both species. Incu-

bation temperature did not affect the pattern observed for the
effects on L-[*H]nicotine binding. A higher concentration of
DTT was required to reduce a-['*I)|BTX binding to 50% of
control, but the inhibition occurred over a wider range of
concentrations. Correlations of the effects of DTT treatment
on L-[*H]nicotine binding and [*H]ACh binding were high (r
= 0.99 for rat and r = 0.97 for mouse), indicating that the
effects of this reagent on the binding sites for the two ligands
were very similar. Correlations of the effects of treatment on
a-["*I)BTX binding and L-[*H]nicotine binding were also sub-
stantial (r = 0.87 for rat and r = 0.96 for mouse), suggesting
that the effects of DDT on these two binding sites were also
similar.

The reduction of the binding resulted from decreases in the
apparent B, for the binding. The K, values were unaffected
(data not shown).

Reversal of DTT effects by treatment with DTNB. The
results shown in Fig. 5 demonstrate the effects of incubation
with various concentrations of DTNB on the binding of the
three ligands to tissue that had previously been treated with 1
mM DTT. The inhibition observed after treatment with this
concentration of DTT was 80-90% for [*HJACh and L-[*H!
nicotine binding and 25-40% for a-['*I]BTX binding. The
effects of DTT are reversed by treatment with DTNB in -
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concentration-dependent fashion. Under these conditions the
concentration of DTNB required for 50% reversal was 20-30
uM for all ligands in both species. The concentration depend-
ence for reversal of DTT effects by DTNB treatment was
similar for [*H]JACh and L-[*H]nicotine in rats (r = 0.99) and
mice (7 = 0.96). The pattern of reversal for a-['*I)BTX binding
and L-[*H]nicotine binding was not as similar (r = 0.96 for rat,
r = 0.76 for mouse). Treatment of the tissue with 1 mM DTNB
had little effect on the binding of any ligand.

Thermal sensitivity of the binding sites. The results
shown in Fig. 6 are the values for the slopes of the first order
decay curves generated by heating tissue at 60°, 65°, 70°, 75°,
or 80° for varying lengths of time. Increasing the temperature
decreases the stability of the binding site for each ligand. The
binding site for a-["*’I)BTX is more stable to thermal denatur-
ation at 75° and 80° than are the binding sites for either [*H]
ACh or L-[*H]nicotine. The sensitivity to thermal denaturation
of the [*H]JACh and L-[*H]nicotine binding sites is the same at
all five temperatures in both species: no differences in the decay
constants were observed.

Heating had no significant effect on the K, values; decreases
in binding resulted from decreases in B, (results not shown).

Effects of protease treatment. The effects of incubation
of the tissue with protease isolated from S. griseus (Pronase E)
are summarized in Table 2. Protease treatment (1 mg/ml for 1
hr at 37°) decreased the protein content in the particulate
fraction by approximately 40%. The binding of a-[*’I]BTX
was reduced by approximately 95% in both species. Both the
total binding and the specific activity were affected by protease
treatment. This effect did not result from the presence of

-log K| vs o-['”l]BTX (M)

protease in the tissue during the binding assay since mixing of
protease-treated tissue with untreated tissue gave binding
equivalent to the sum expected from each source. In contrast,
the specific activity of neither [PHJACh binding nor L-[*H]
nicotine was reduced by more than 20% by protease treatment.
The total number of binding sites was reduced by approxi-
mately 50%, a value slightly greater than that observed for the
bulk particulate protein.

Response of the binding sites to chronic nicotine treat-
ment. Chronic nicotine injection of rats resulted in an overall
increase in both [*HJACh and L-[*H]nicotine binding in cortex,
hippocampus, and hypothalamus. The binding of these two
ligands in the other three regions and of o-['*I]BTX in all six
regions was not significantly changed by the treatments. The
relationship among the binding of the three ligands in the six
brain regions of the three treatment groups is summarized in
Fig. 7. Drug treatment had similar effects on the binding of
[*H]JACh and L-[*H]nicotine as evidenced by the high correla-
tion between the binding of these two ligands (r = 0.95). No
significant relationship between a-['*I]BTX and L-[*H]nico-
tine binding was observed (r = —0.33).

The relationship among the binding of the three ligands in
six regions of mice chronically infused with nicotine is also
shown in Fig. 7. Owing to tissue limitations, one set of mice
served as the source of tissue for the measurement of [*H]ACh
and L-[*H]nicotine binding and another set as the source of
tissue for measurement of a-['*I]BTX and L-[*H]nicotine
binding. Chronic nicotine infusion resulted in a significant
increase in both [PHJACh and L-[*H]nicotine binding in all six
regions and in a significant increase in a-['*I]BTX binding in
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Fig. 3. Comparison of regional distribution of binding. Rat and
mouse brains were dissected into eight regions as described
in Materials and Methods, and the binding of the three ligands
was measured in each region. Assays were conducted using
a single concentration of each ligand: L-[*H]nicotine, 4.8 = 0.1
n™; [PHJACh, 9.9 + 0.7 nm; and o-['®1]BTX, 1.73 + 0.06 nm.
The figures show the amount of L-[*H]nicotine binding meas-
ured in each region as a function of the binding of each of the
other two ligands. The brain regions are identified by the
following symbols: X, cortex, B, cerebellum; H, hindbrain; P,
hippocampus; S, striatum, T, hypothalamus; L, colliculi; and
M, midbrain. Each point represents the mean + standard error
of six measurements. The equations of the lines are: rat, ACh
binding versus nicotine binding, Y = 1.14X + 0.42, r = 0.99;
Rat, «-BTX binding versus nicotine binding, Y = —0.06X +
15.12, r = —0.33; Mouse, ACh binding versus nicotine binding,
Y = 0.93X + 2.39, r = 0.98; and Mouse, «-BTX binding versus
nicotine binding, Y = 0.16X + 7.32, r = 0.36.

L]
Mouse

-

% Control

=5 4 3 2 =5 4 3 2
-log DTT (M)

Fig. 4. Effect of DTT. Tissue was incubated with the indicated concen-
trations of DTT, washed, and incubated with a single concentration of
one of the three ligarids: L-[*H]nicotine, 4.1 nm (®); [°*H]ACh, 13.0 nm (O),
or «-['*I]BTX, 1.81 nm (X). Each point is the mean obtained from two
separate experiments. Control binding for the ligands was: L-[>H:]nico-
tine, rat = 17.8 fmol/mg and mouse = 17.6 fmol/mg; [*H]JACh, rat = 20.1
fmol/mg and mouse = 20.2 fmol/mg; and o-[**1]BTX, rat = 51.8 fmol/
mg and mouse = 46.8 fmol/mg.

b
-

cortex, hippocampus, hindbrain, and hypothalamus. Chronic
nicotine infusion had similar effects on the binding of [*H]ACh
and L-[*H]nicotine: the amount of binding measured with these
two ligands is closely correlated (r = 0.96). The binding of a-
[**I)BTX and L-[*H]nicotine binding are not closely correlated,
however (r = —0.18).

Discussion

The properties of the binding sites for [P'H]ACh and L-[*H]
nicotine have been examined in parallel with the following

g 8 8 8§

%/ Control
&

8

o

' I ' i Il

® 6 5 4 3
-log DTNB (M)

Fig. 5. Reversal of DTT effects with DTNB. Tissue was incubated with
1 mm DTT, washed, and then treated with the concentrations of DTNB
indicated. After the DTNB treatment, the tissue was washed and the
binding of the three ilgands was measured. The concentrations of the
ligands used were: L-[*H]nicotine = 4.8 nm (@), [*HJACh = 11.8 nm (O),
and o-'®I)BTX = 1.87 nm (X). Each point represents the mean of two
separate experiments. The control binding values of the various ligands
were: L[*H]nicotine, rat = 19.6 fmol/mg and mouse = 19.7 fmol/mg; [*H]
ACh, rat = 18.8 fmol/mg and mouse = 21/4 fmol/mg; and o{'?(]BTX,
rat = 44.4 fmol/mg and mouse = 35.7 fmol/mg.

results: the numbers of binding sites in whole brain are the
same, the K), for L-[*H]nicotine binding corresponds to its K;
in inhibiting [PH]ACh binding and the K|, for [’(H]ACh binding
corresponds to its K; for inhibiting L-[*H]nicotine binding, the
inhibitory potency of many nicotinic agents at both binding
sites is virtually identical, the regional distributions of the
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Fig. 6. Effect of elevated temperature. Tissue was incubated at one of
the five temperatures indicated and aliquots were periodically removed
and cooled. Tissue was subsequently assayed for the binding of the
three ligands using the following concentrations: L-[*H]nicotine = 4.7 nm
(®); [*HJACh = 11.8 nm (O); and o-['*I]BTX = 1.88 nm (). The values
shown represent the mean + standard error for the slopes of the first
order decay curves for each ligand at each temperature. The slopes for
the «-BTX curves for both rat and mouse tissue differ from those for
both nicotine and ACh at 75° and 80°.

binding sites correspond, the binding sites are identically af-
fected by treatment with DTT, the DTT inhibition is identi-
cally reversed by treatment with DTNB, the sensitivity of the
binding sites to thermal denaturation is the same, treatment
with a protease has the same effect on both sites, and both
binding sites respond in identical fashion to chronic nicotine
treatment. The series of observations listed above is completely
consistent with the hypothesis that [’H]ACh and L-[*H]nico-
tine bind to the same sites in both rat and mouse brain. Martino
et al. (24) reached the same conclusion after direct comparison
of the binding of these two ligands in rat brain. The observa-
tions are also consistent with the pattern of regional distribu-
tion of the binding of the two ligands as examined autoradi-
ographically (15).

The binding site for a-[**I)BTX is not the same as the ACh/
nicotine site. The properties of the a-['*’I)BTX site differ from
those of the ACh/nicotine site for nearly all of the criteria
listed above. The contention that these two nicotinic sites differ

TABLE 2
Binding after Pronase treatment

is consistent with previous observations of the kinetic proper-
ties of these sites (8, 12) and of their autoradiographic distri-
bution (15). The nicotine-binding site does appear to be unusual
in that the potency of nicotinic antagonists is much lower than
is the potency of the agonists. Inspection of the data contained
in Table 1 reveals, however, that the potency of the antagonists
is very similar at the ACh/nicotine site and at the a-BTX site.

The results presented in this paper suggest that the proper-
ties of the two classes of nicotinic binding sites are very similar
in rat and mouse brain, inasmuch as the K, values are similar,
the K; values for many inhibitors are comparable, and the
sensitivities to treatment with DTT, protease, and heat are
also comparable. Although the properties of the nicotinic sites
are nearly identical, their distribution in the brains of the two
species differs markedly. An autoradiographic analysis of nic-
otinic binding sites in mouse brain is required to provide a
more detailed comparison to that obtained in rat brain. The
regional distributions for ACh/nicotine binding in rat brain for
two well defined regions (relative to cerebral cortex) can be
compared to those obtained from a semiquantitative autoradi-
ographic analysis of ACh binding (25) (relative hippocampal
binding 0.64 by dissection, 0.61 by autoradiography; relative
hypothalamic binding 0.55 by dissection, 0.57 by autoradiog-
raphy). Although dissection can not achieve the level of reso-
lution attained with autoradiography, it appears that, when
direct comparisons can be made, the results obtained with the
two methods are comparable. If the pharmacological effects of
nicotine are regulated in part through «-BTX- and ACh/
nicotine-binding sites, the difference in the regional distribu-
tion of these sites suggests that the central effects of nicotine
may occur through different neuronal pathways in these two
species.

The patterns of regional distribution of L-[*H]nicotine bind-
ing and [PH]ACh binding presented in this paper are identical
in the two species tested. This result would appear to be in
conflict with a previous report that regional distribution of the
binding of these two ligands differed in two mouse strains (21).
It should be noted that the previous study measured both high
and low affinity nicotine binding, a fact which may have
obscured the relationship between the high affinity binding of
these two ligands.

The binding of L-[*H]nicotine reported in this paper occurs

Prior to treatment with DFP, tissue was incubated for 1 hr at 37° with 1 mg/mi of Pronase. After incubation, DFP and EDTA were added to final concentrations of 100
um and 5 mm, respectively. The samples were washed by centrifugation and the tissue was assayed for protein and ligand binding. Control samples were incubated at
37° without Pronase. Values represent mean + standard error for three separate experiments. Protein content is expressed as mg/ml, the specific activity of ligand
binding is fmol/mg of protein, and the total ligand binding is expressed as fmol. Ligand concentrations used in the assays were: L-{*H]nicotine, 4.4 + 0.4 nm; [*HJACh,

13.6 + 1.2 nm; and o-{"]BTX, 1.96 + 0.1 nm.

Before treatment After treatment
specific activity Total/mi Specific activity Total/mi Percentage control

Rat

Protein 3.03 +0.33 1.70 £ 0.26 56.4 + 6.7

L{*H]Nicotine 234 +42 68.3 +4.2 20.0 + 3.1 336+5.6 50.7 £ 9.9

[*HJACh 16.2 £ 0.1 490+55 12715 221+59 456 = 10.9

a["®BTX 489 +17 1479 + 183 6.4+04 11.0+48 6.9+26
Mouse

Protein 3.30 £ 0.17 1.98 + 0.08 60.6 + 4.8

L-[*H]Nicotine 184+ 05 60419 150+1.2 299 + 3.3 50.5+6.9

[*HJACh 196+14 65.0+7.7 15410 30.7+29 49.7 +10.8

a['"BBTX 394 +37 1342+ 150 46+ 33 7.7+£50 53+35
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to a single site of high affinity in contrast to reports suggesting
that [*H]nicotine binding may occur to a low affinity site as
well (10-13, 26), or even exhibit positive cooperativity in its
binding interactions (27). Although the reasons for these dis-
crepancies are not clear, the low affinity binding site for nico-
tine may arise from proteolysis during tissue preparation (28).
In our previous report (12), we described a low affinity site for
nicotine binding that occurred at 4°, but not at 37° when 1 mM
nonradioactive nicotine was used to establish blank values.
Since 10 uM nicotine (rather than 1 mM nicotine) was used to
establish blank values, the low affinity site was not observed
in the present study.

The effects of DTT on the nicotinic sites reported in this
paper are comparable to those obtained previously for both a-
[*1)BTX and [PH]ACh binding sites and are consistent with
the hypothesis that a disulfide bond is critical for the interac-
tion of the ligands with their binding sites (29-31).

It is as yet unclear whether the binding sites measured with
any of the ligands investigated here are truly the receptors
mediating nicotine actions or nicotinic cholinergic activity.
Several lines of indirect evidence suggest that these binding
sites may be functional receptors, however. The binding of both
(®*H]nicotine and [PH]ACh responds to chronic treatment with
direct acting nicotinic agonists (increased binding) and to treat-
ment with anticholinesterases (decreased binding) (13, 16-20).
The effect of in vivo nicotine administration on these sites has
been confirmed in the present study. Chronic nicotine treat-

o-[’”l] BTX Bound (fmol/mg)

ment also increases a-['*I)BTX binding in mouse brain (17,
20). This in vivo regulation of these postulated nicotinic recep-
tors suggests that they may indeed have a function. This
assertion is also supported by the observation that the time
course of the changes of L-[*H]nicotine-binding sites with
chronic nicotine treatment parallels the tolerance developed
for several behavioral tests (20). The amount of «-[**I|BTX
binding in mouse hippocampus appears to correlate with the
sensitivity of mice of different genotypes to nicotine-induced
convulsions (31, 32). Although more direct demonstration that
these binding sites relate to a physiological response is required,
the observations cited above suggest that they may each be
functional.

In summary, from the results presented in this paper, the
weight of evidence strongly supports the contention that the
nicotinic binding of [PH]ACh and the binding of L-[*H]nicotine
occur at the same site and, therefore, that L-[*H]nicotine bind-
ing is cholinergic. It would seem reasonable to conclude, in the
absence of any evidence to the contrary, that [*’H]JACh and L-
[*H]nicotine bind to the same set of sites and can be used
interchangeably to measure the high affinity binding to sites
with nicotinic cholinergic properties. The results do not dis-
count the possibility that some of the effects of nicotine in vivo
are mediated through noncholinergic sites, but it appears un-
likely that those sites are measured by high affinity nicotine
binding.
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