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SUMMARY

Nicotinic cholinergic receptor recognition sites have been measured in rat brain using
[*H]acetylcholine. Modification of these sites in vitro with the disulfide bond reducing
agent, dithiothreitol, resulted in a decrease in the density (Bmax) of [*H]acetylcholine
binding sites while the affinity of these sites was unaltered. Reoxidation of the reduced
sites with 5,5'-dithiobis(2-nitrobenzoic acid) reversed the effects of dithiothreitol. The
reoxidation effect was partially prevented by p-chloromercuribenzoic acid, which gener-
ates thiol complexes with exposed sulfhydryl groups. Reduction of disulfide bonds had no
effect on the ability of nicotinic cholinergic agonists or antagonists to compete for the
remaining [*H]acetylcholine binding sites. In addition, pretreatment of cortical homoge-
nates with acetylcholine or nicotine did not alter the effects of dithiothreitol on [°H]
acetylcholine binding, suggesting that the disulfide bonds which are critical for [°H]
acetylcholine binding are not located directly at the recognition site.

INTRODUCTION

[*H]Acetylcholine binds to a site that has characteris-
tics of a nicotinic cholinergic receptor recognition site in
rat brain membranes (1). This site has high affinity (1-
12 nm) for cholinergic agonists such as nicotine, cytisine,
and carbachol, but relatively low affinity for antagonists
of peripheral nicotinic cholinergic receptors (1). The
pharmacological characteristics of the binding site sug-
gest that the brain receptor may differ from either of the
two types of peripheral nicotinic cholinergic receptors
found in ganglia and skeletal muscle. In addition, both
the pharmacological characteristics and the brain re-
gional distribution of the [°H]acetylcholine binding site
suggest that it is distinct from the a-bungarotoxin binding
site in brain (1).

In the electroplax and in skeletal muscle, modifications
of disulfide bonds or sulfhydryl groups with dithiothreitol
or with PCMB? decrease the potency of agonists at
nicotinic cholinergic receptors (2-5). Dithiothreitol has
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also been reported to decrease synaptic transmission at
frog sympathetic ganglia (6). Karlin (7) has concluded
that reducible disulfide bonds near acetylcholine recog-
nition sites may be commonly associated with nicotinic
acetylcholine receptors from a variety of tissues. In rat
brain homogenates, modification of disulfide bonds or
sulfhydryl groups does not alter the binding of [*H]a-
bungarotoxin, a peripheral nicotinic cholinergic receptor
antagonist, but does decrease the potency of agonists in
competing for the binding of the radiolabeled antagonist
(8).

We have used [*H]acetylcholine to label nicotinic cho-
linergic binding sites in rat brain membranes and to
study directly the effects of modifications of disulfide
bonds and sulfhydryl groups on the receptor recognition
site for agonists. When disulfide bonds are reduced to
sulthydryl groups, there is an apparent decrease in the
number of binding sites. This effect is at least partially
reversed by reoxidation of sulfhydryl groups. The data
presented here thus indicate that a disulfide bond is
essential for acetylcholine to bind to the membrane rec-
ognition site.

MATERIALS AND METHODS

In vitro modifications. Cerebral cortex from male Sprague-Dawley
rats was homogenized in 50 mm Tris-HCI buffer (pH 8.5, 0°) containing
120 mM NaCl, 5 mMm KCl, 2 mM CaCl;, 1 mm MgCl., and 1.5 uM atropine
sulfate using a Brinkmann Polytron. The homogenates were pretreated
with dithiothreitol to reduce disulfide bonds, with PCMB to form thiol
complexes with sulfhydryl groups, or with DTNB to reoxidize sulfhy-
dryl groups. In each case, the homogenates were preincubated with the
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modifying agent for 30 min at 0° and pH 8.5. The preincubation was
terminated by dilution with cold buffer and washing by centrifugation
at 49,000 X g for 10 min. The pellets were either resuspended in buffer
at pH 8.5 and preincubated with another modifying agent or resus-
pended in buffer at pH 7.4 at 0° and prepared for the assay of [°H]
acetylcholine binding sites. In all cases, control tissues were carried
through the same number of preincubation procedures under similar
conditions but without modifying agents.

Binding assays. The [*H]acetylcholine binding assay was carried
out as previously described (1). Briefly stated, the tissues were homog-
enized with a Brinkmann Polytron in 50 mm Tris-HCI buffer containing
120 mm NaCl, 6 mm KCl, 2 mMm CaCl;, 1 mm MgCl,, and 1.5 uM atropine
sulfate (pH 7.4 at 0°). The homogenates were centrifuged twice at
49,000 X g for 10 min with intermediate washes with buffer. A cholin-
esterase inhibitor, DFP (100 uM), was added to the final volume of
homogenate prior to adding the tissue to the assay tube. Aliquots of
tissue (5-10 mg) were added in sextuplicate to assay tubes containing
the indicated concentration of [*H]acetylcholine and incubated for 40
min at 0°. One-half of the tubes contained 100 uM carbachol for the
determination of nonspecific binding. The reaction was stopped by
rapid filtration over Whatman GF/C filters which had been treated
with 0.05% polyethyleneimine to eliminate displaceable binding to the
filters. The filters were placed in Liquiscint scintillation cocktail and
counted in a Searle Mark III liquid scintillation counter at approxi-
mately 40% efficiency. Specific binding was defined as the difference
between total and nonspecific binding. Under these conditions, specific
binding of 10 nM [*H]acetylcholine to 10 mg of cerebral cortex (equiv-
alent to 660 ug of protein) is approximately 3000 dpm and represents
60%-70% of total binding.

[*H]Acetylcholine of high specific activity (80 Ci/mmole) was syn-
thesized by acetylation of [*H]choline (80 Ci/mmole; New England
Nuclear Corporation) as described previously (1). All other drugs and
reagents were obtained from commercial sources.

Statistics. Differences between groups were analyzed statistically by
Student’s ¢-test or by Duncan’s new multiple-range test when more
than two groups were compared.

RESULTS

In vitro modifications of [°H]acetylcholine binding
sites. Preincubation of cerebral cortical homogenates
with dithiothreitol decreased specific binding of ["H]ace-
tylcholine. The decrease was due to a loss in specific
binding; nonspecific binding was unaltered. The IC;, for
reduction of binding by dithiothreitol preincubation was
approximately 500 um. Saturation analyses by Scatchard
plots (9) indicated that the decrease in binding was
attributable entirely to an apparent decrease in the num-
ber of binding sites (Bma) without alterations in the
affinity of the sites (Kp) for [*H]acetylcholine (Fig. 1).

The most prominent chemical effect of dithiothreitol
is reduction of disulfide bonds to sulfhydryl groups. If the
presence of disulfide bonds is critical to the binding of
(*H]acetylcholine, then reoxidation of the sulfhydryl
groups should restore binding sites. Preincubation with
the oxidizing agent DTNB alone had no effect on [°H]
acetylcholine binding (Table 1). However, the decrease
in binding following dithiothreitol pretreatment could be
reversed substantially by subsequent treatment with 1
mM DTNB (Table 1). This effect was due to a restoration
of the number of binding sites by DTNB (data not
shown). When 1 mm dithiothreitol was added to the [*H]
acetylcholine binding assay without prior incubation
there was no change in binding, indicating the impor-
tance of the preincubation conditions (pH 8.5 at 0°). This
requirement for an alkaline pH during the modification
of [*H]acetylcholine binding sites in brain is similar to
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Fic. 1. Scatchard analysis of [*H]acetylcholine binding in dithi-
othreitol-treated cerebral cortex

Cortical homogenates were incubated with 0.3, 1.0, or 3.0 mM dithi-
othreitol (DTT') for 30 min at 0° (pH 8.5). The reactions were termi-
nated by dilution with cold buffer and centrifugation at 49,000 X g for
10 min. The treated homogenates were then prepared for the [°H]
acetylcholine binding assay as described in the text using 2.5-30.0 nM
[*H]acetylcholine. The scatchard plots are representative of 2-7 exper-
iments. The Kp and Bm.. were determined by least-squares linear
regression. The By, value for the control was 3.7 + 0.2 pmoles/g of
tissue. Pretreatment with 0.3, 1.0, and 3.0 mm dithiothreitol decreased
the Bmax values to 1.8 + 0.2, 1.3 + 0.2, and 0.7 + 0.1 pmoles/g of tissue,
respectively. The Kp value for the control was 11.1 + 1.3 nM. The Kp
values following pretreatment with 0.3, 1.0, and 3.0 mm dithiothreitol
were 11.4 £ 1.8, 12.1 + 1.2, and 13.6 + 2.6 nM, respectively.

that reported recently for peripheral nicotinic cholinergic
receptors (6).

The effects of generating thiol complexes with the
reduced sites were investigated by preincubation of the
homogenates with PCMB. Preincubation with PCMB
alone (1 mm) had no effect on [?H]acetylcholine binding
(Table 1), and preincubation with dithiothreitol followed
by a second preincubation with PCMB reduced binding
to approximately the same extent as dithiothreitol prein-
cubation alone (Table 1). However, when dithiothreitol-
treated tissue was exposed to PCMB, the restoration of

TABLE 1
Effects of disulfide bond and sulfhydryl reagents on [*H]
acetylcholine binding in cerebral cortex

Cortical homogenates were incubated with 1 mM dithiothreitol,
DTNB, or PCMB for 30 min at 0° (pH 8.5) and either washed for
subsequent treatment with another reagent or prepared for [*HJacetyl-
choline binding (10 nM) as described in the text. Control binding = 2.11
%+ 0.08 pmoles/g of tissue. Data are expressed as the mean * standard
error of the mean of four experiments.

Pretreatment % of control
Control 100 + 3.8
A. 1mum dithiothreitol 244 + 8.0°
B. 1mM DTNB 90.0 + 8.0
C. 1 mu dithiothreitol followed by 1 mM DTNB 90.6 + 4.1
D. 1mmPCMB 107.6 + 3.7
E. 1mu dithiothreitol followed by 1 mM PCMB 33.7+12°
F. 1mu dithiothreitol followed by 1 mM PCMB
followed by 1 mM DTNB 714 £ 5.7
@ p < 0.01 compared with control.

% p < 0.01 compared with control and with Treatments C and E.
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binding sites by DTNB was partially prevented (Table
1). This indicates that interaction of the sulfhydryl
groups with PCMB retards or prevents reoxidation by
DTNB. (It is possible that a longer preincubation period
with PCMB would have complexed more sites, thus
preventing more sites from being reoxidized by DTNB.)

Scatchard analyses indicated that the apparent affinity
of the sites for [*H]acetylcholine was unchanged follow-
ing dithiothreitol treatment (Fig. 1). The effects of disul-
fide bond reduction on agonist and antagonist drug affin-
ities for [*H]acetylcholine binding sites were also studied
by comparing competition curves in control and dithio-
threitol-treated brain membranes. Among nicotinic cho-
linergic antagonist drugs which we have tested, dihydro-
B-erythroidine had the highest apparent affinity for the
[*H]acetylcholine binding site in brain. Its ICs of 215 nM
indicated that it is 400 times more potent than the
neuromusclar antagonist d-tubocurarine and more than
2000 times more potent than the ganglionic antagonist
hexamethonium in competing for these brain sites (Table
2; see also ref. 1). Reduction of disulfide bonds by prein-
cubation with dithiothreitol did not alter the apparent
affinity of dihydro-S-erythroidine for the remaining sites
(Table 2; Fig. 2, left ). Similar results were obtained using
d-tubocurarine and hexamethonium as the competing
antagonist (Table 2). Cytisine, a ganglionic-stimulating
drug, had high affinity for [*H]acetylcholine binding sites
(Table 2). Following reduction of disulfide bonds with
dithiothreitol cytisine competed for the remaining sites
with approximately the same affinity as in membranes
not treated with dithiothreitol (Table 2; and Fig. 2,
right). In addition, the maximal decrease in [*H]acetyl-
choline binding by antagonists or agonists was unaltered
(Fig. 2). Thus, although reduction of disulfide bonds
markedly decreased the number of [*H]acetylcholine

% Control Bound

TaBLE 2
Effect of dithiothreitol pretreatment on agonist and antagonist
competition for [*H]acetylcholine binding sites in cerebral cortex

Cortical homogenates were incubated with 300 um dithiothreitol for
30 min at 0° (pH 8.5). The reaction was terminated by dilution with
cold buffer. The washed homogenates were washed and subsequently
incubated with 10 nM [*H]acetylcholine and several concentrations of
competing drugs for 40 min at 0° as described in the text. The concen-
tration of drug which decreased specific binding of [*H]acetylcholine
by 50% (ICso) was determined graphically by inspection. Each value is
the mean + standard error of the mean of two to four experiments.

Competing drug ICs
Untreated Dithiothreitol-
treated
nM

Dihydro-8-eryhtroidine 2156+ 39 214 + 31
d-Tubocurarine 38,000 + 2,500 25,300 + 5,800
Hexamethonium 630,000 + 60,000 530,000 + 30,000
Cytisine 50+0.1 73+03

binding sites, the remaining sites appeared to retain the
native properties which determine the affinities of ago-
nists and antagonists.

To determine whether agonist occupation of the bind-
ing site could protect the disulfide bond from cleavage
by dithiothreitol, preincubation with dithiothreitol was
carried out in the presence of agonists. The presence of
100 um acetylcholine or nicotine (concentrations which
are approximately 10,000 times their Kp values) before
and during the preincubation with dithiothreitol (1 mm)
failed to prevent the reduction in [*H]acetylcholine bind-
ing (Table 3). To determine whether acetylcholine can
bind under the incubation conditions which favor the
action of dithiothreitol, [*H]acetylcholine binding was

A&—A untreated
A & A DTY

L# L] Ll T
10 100 1000

dihydro-p -erythroidine

14
L4

cytisine

Concentration (nM)

FiG. 2. Effect of dithiothreitol pretreatment on antagonist and agonist competition for [*H]acetylcholine binding sites in cerebral cortex

Cortical homogenates were incubated with 300 uM dithiothreitol (DTT') for 30 min at 0° (pH 8.5). The reaction was terminated by dilution
with cold buffer. The washed homogenates were subsequently incubated with 10 nM [*H]acetylcholine and several concentrations of either (left)
the antagonist dihydro-B-erythroidine or (right) the agonist cytisine for 40 min at 0° as described in the text. The data are representative of two

to four experiments.
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TaBLE 3
Effect of nicotinic cholinergic agonist pretreatment on the reduction
of disulfide bonds by dithiothreitol in rat cerebral cortex
Cortical homogenates were incubated in the presence or absence of
100 uM acetylcholine (in the presence of 100 um DFP) or 100 uM (—)-
nicotine for 30 min at 0°. Subsequently, 1 mM dithiothreitol was added
and the total mixture was incubated for an additional 30 min at 0° (pH
8.5). The reaction was terminated by dilution with cold buffer, and the
homogenates were washed two times. [*H]Acetylcholine binding (10
nM) was assayed in the washed homogenates as described in the text.
Control binding = 1.81 + 0.22 pmoles/g of tissue. The data are expressed
as the mean + standard error of the mean of three experiments.

Pretreatment % of control
Control 100 + 122
A. 1 mM dithiothreitol 40.7 + 4.6°
B. 100 uM acetylcholine 993 + 89
C. 100 uM (—)-nicotine 106.6 + 5.6
D. 100 uM acetylcholine + 1 mM dithiothreitol 325 +2.1°
E. 100 M (—)-nicotine + 1 mM dithiothreitol 43.0 + 4.5°

? p < 0.01 compared with control.

carried out at pH 8.5, 0°. [°H]Acetylcholine binding at
this pH was comparable to that at pH 7.4. Thus, receptor
occupation by acetylcholine during dithiothreitol treat-
ment was unaffected by the higher pH required for the
effect of dithiothreitol, and agonist occupation did not
protect the disulfide bond from cleavage.

DISCUSSION

The [°H]acetylcholine binding site described here has
properties of a nicotinic cholinergic receptor recognition
site in brain (1). The reversible decrease in the number
of binding sites following treatment with dithiothreitol
suggests that membrane disulfide bonds are required for
the binding of acetylcholine to nicotinic cholinergic re-
ceptors in brain. The restoration of the number of binding
sites by DTNB, which reoxidizes free sulfhydryl groups
to disulfide bonds, and the prevention of this binding site
restoration by PCMB, which combines with free sulfhy-
dryl groups, provide further evidence of the requirement
for disulfide bonds at or near the [*H]acetylcholine rec-
ognition site. The lack of effect of DTNB alone or PCMB
alone on [*H]acetylcholine binding indicates that the
essential disulfide bonds are not in equilibrium with
reduced sulfhydryl groups, since it would be expected
that such an equilibrium would be shifted by DTNB
(toward disulfide formation) and PCMB (away from
disulfide formation) with consequent increases and de-
creases, respectively, in the binding.

The presence of high concentrations of agonists during
preincubation with dithiothreitol did not prevent de-
creases in binding. This suggests that the critical disulfide
bond is not directly at the recognition site but is close
enough that, when reduced to the sulfhydryl group, it
renders the site incapable of binding [°*H]acetylcholine.
It is possible that breakage of the disulfide bond causes
a change in the conformation of the receptor molecule so
that agonists can no longer bind to the recognition site.

Although dithiothreitol preincubation reduces the
number of brain [*H]acetylcholine binding sites, the af-
finities of agonists and antagonists for the remaining sites
appear to be unaltered, indicating that these remaining
sites retain the native properties which determine the

recognition of agonists and antagonists. This is in con-
trast to the effects of dithiothreitol on nicotinic cholin-
ergic receptor-mediated responses in skeletal muscle and
in electroplax, where reduction of disulfide bonds de-
creases the apparent affinity of agonists, but does not
appear to alter the maximal response (2-5) or the number
of a-bungarotoxin binding sites (5). It is also in contrast
to the effects of dithiothreitol on a-bungarotoxin binding
sites in brain, where reduction of disulfide bonds de-
creases the apparent affinity of the binding site for ago-
nists but does not alter the number of binding sites (8).

The [*H]acetylcholine recognition site has an unusual
pharmacological profile. Nicotinic agonists are 10-10,000
times more potent than antagonists in competing for [*H]
acetylcholine binding (1). One explanation may be that
the [*H]acetylcholine binds to a desensitized site during
the assay incubation. The desensitized site would have
high affinity for agonists, whereas antagonists may not
compete as effectively for desensitized sites. [’H]Nicotine
binding in rat brain has also been characterized by high
agonist and low antagonist potencies (10). In electroplax,
although the affinity of [*H]acetylcholine for binding to
nicotinic cholinergic receptors is approximately 3 nm
(11), the ECs for acetylcholine to induce ion permeability
responses is in the micromolar range (12, 13). The high
affinity binding has been explained by the existence of a
desensitized site or state of the receptor which has high
affinity for the agonist (11-14). In brain, the ECs for
acetylcholine to elicit biochemical and electrophysiolog-
ical responses is also in the micromolar range (15, 16).
Thus, the low Kp for [°*H]acetylcholine and the high
agonist affinities for the [*H]acetylcholine binding site in
brain are consistent with a desensitized state.

Thus, although the [*H]acetylcholine binding site has
properties of a nicotinic cholinergic receptor recognition
site, it differs from skeletal muscle and electroplax nico-
tinic cholinergic receptors and from brain a-bungarotoxin
binding sites in its pharmacological characteristics (1)
and in the apparent effect which chemical modification
of its disulfide bond has on its kinetics. In addition to
these pharmacological and chemical differences, the dis-
tributions of [°H]acetylcholine binding sites and a-bun-
garotoxin binding sites in brain are different (1).

The function of these [*H]acetylcholine recognition
sites is not yet clear. Nicotinic cholinergic receptor-me-
diated release of catecholamines from rat brain tissue
slices has been reported (15), and nicotinic cholinergic
agonists are reported to elicit excitatory electrophysio-
logical responses in rat brain (16). In addition, we have
recently reported that repeated administration of DFP
to rats decreases [*H]acetylcholine recognition sites in
brain (17). Thus, these sites appear to be innervated by
cholinergic neurons and appear to be regulated by the
synaptic concentrations of acetylcholine.

The in vitro modification of the [*HJacetylcholine
binding sites by alterations of disulfide bonds should be
a valuable tool for determining the relationship between
the [*H]acetylcholine binding site and nicotinic cholin-
ergic receptor-mediated functions in brain.
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