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SUMMARY

KLoogG, YOEL, Ecozi, Y. & SokoLovsKY, M. (1979). Characterization of muscarinic
acetylcholine receptors from mouse brain. Evidence for regional heterogeneity and
isomerization. Mol. Pharmacol., 15, 545-558.

High affinity binding of tritium labeled N-methyl-4-piperidyl benzilate to homogenates
from various regions of mouse brain is used to characterize the binding mechanism to
specific muscarinic sites at 25°. Binding experiments at equilibrium reveal differences in
the affinity of various muscarinic agonists and antagonists for the binding sites in the
various regions: cortex, putamen, hippocampus, medulla pons, and cerebellum. The
density of muscarinic binding sites is also different in these regions. The regional
heterogeneity is further investigated by kinetic experiments which measure the rates and
the mechanisms of association and dissociation of [*H]-N-methyl-4-piperidyl benzilate.
These experiments suggest that while each region contains a homogeneous population of
binding sites, the association and dissociation of the ligands do not follow a simple first
order mechanism. The simplest model which fits the experimental findings and which is
compatible with previously published models, consists of a fast binding step followed by

a slow isomerization process of the receptor-ligand complex.

INTRODUCTION

The binding to muscarinic receptors pre-
pared from whole mouse brain was recently
examined using the potent and highly spe-
cific antagonists 4-NMPB,' scopolamine
and atropine which were radiolabeled to a
high specific activity (1-3). The binding
assay with these antagonists, based on the
filtration technique, enabled us to investi-
gate directly the ligand specificity in con-
junction with detailed kinetic studies. From
previous studies it was concluded that bind-
ing of antagonists to the muscarinic recep-
tors proceeds by a two-step mechanism: a
fast binding step followed by a slow isom-

! The abbreviations used are: 4-NMPB, N-methyl-
4-piperidyl benzilate; [*H]-4NMPB, [*H]-N-methyl-4-
piperidyl benzilate; QNB, quinuclidinyl benzilate.
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erization process of the receptor-ligand
complex (1-3). A two-step mechanism was
recently described also for the muscarinic
receptors in developing chick heart (4), ret-
ina (5) and in the iris of albino rabbit (6)
and cat (7).

The kinetic experiments carried out pre-
viously with the whole mouse brain prepa-
ration favored the assumption that antag-
onists bind to a homogeneous population of
binding sites (1-3). However, heterogeneity
of receptors could not be dismissed alto-
gether. Hence, the purpose of the present
work was to investigate the characteristics
of the regional distribution of in vitro bind-
ing of [PH]-4NMPB and [°H]-atropine in
mouse brain. Kinetic as well as equilibrium
analysis of the binding in different brain
regions were used to probe the nature of
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the binding sites and the possible differ-
ences between specific muscarinic sites in
the various regions. An analysis of associa-
tion and dissociation parameters for the
interaction of [PH]-4NMPB with musca-
rinic binding sites was performed in order
to characterize the dynamic steps involved
in the interaction of the labeled drug with
the receptors. A preliminary report of some
of these studies has been published (8).

MATERIALS AND METHODS

Materials. [*H]-atropine 2.6 Ci/mmole,
and [*H]-4NMPB 6 Ci/mmole were pre-
pared by catalytic tritium exchange as de-
scribed elsewhere (2). The chemical and
radiochemical purity was determined by
analytical thin-layer = chromatography
(Merck Silica 60 plates, 0.25 mm thickness)
in two solvent systems: n-butanol, acetic
acid, water (4:1:1), and chloroform, acetone,
diethylamine (5:4:1). [°H] labeled drugs
moved as a single peak, identical to the
authentic unlabeled compound in these two
systems. The purity was >99% for [°H]-
atropine and >97% for [°’H]-4NMPB.

(+) QNB and (—) QNB were prepared as
described elsewhere (9). Other compounds
were: oxotremorine (Aldrich), scopolamine
HBr (Plantex, Israel), atropine sulfate hy-
drate, acetylcholine, carbamylcholine chlo-
ride, propranolol and d-tubocurarine
(Sigma); all other compounds were of the
best grade available.

Methods. Male ICR mice (20-25 g) were
decapitated, brains were rapidly removed
and the brain areas were dissected in a cold
room after identification with the aid of the
Stereotaxic Atlas of the Albino Mouse
Forebrain (10). After dissection, brain re-
gions (from 15-25 mice for the caudate pu-
tamen, 10-15 mice for the hippocampus,
and 5-10 mice for other regions) were ho-
mogenized in ice cold 0.32 M sucrose using
a motor-driven teflon pestle (950 rpm) in a
glass homogenizer to yield a 10% homoge-
nate (W/V). In order to achieve a constant
receptor density the preparations were fur-
ther diluted whenever necessary in 0.32 M
sucrose to obtain a desired protein content.
Unless otherwise indicated 50 ul of tissue
preparation were incubated as described
previously (2, 3) at 25°, in 2 ml modified
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Krebs-Hensleit solution (25 mm Tris-HCI,
118 mm NaCl, 4.69 mm KCl, 1.9 mm CaCl,,
0.54 mMm MgClz, 1.0 mm NaH2PO4, 11.1 mMm
glucose), pH 7.4, containing the labeled li-
gand. After various incubation times, ice
cold Krebs solution (3 ml) was added and
the contents were passed rapidly through a
glass filter (GF/C, Whatman 25 mm diam-
eter) by suction. The filters were washed 3
times (3 ml of ice cold Krebs solution). All
procedures were completed within less than
10 sec and all binding experiments were
performed in triplicate together with trip-
licate samples containing 5 X 107° M of
unlabeled ligand. The filters were placed in
vials containing 5 ml of scintillation liquid
(330 ml Triton-X-100, 660 ml toluene, 5.5 g
PPO (Packard) and 0.1 g dimethyl-POPOP
(Merck)) maintained at 25° for 30 min and
the radioactivity then assayed by liquid
scintillation spectrometry (Packard Prias
model PL). Standard tritiated water (Pack-
ard) was used to establish the efficiency of
counting 40-45%. Protein was determined
by the method of Lowry et al. (11) using
bovine serum albumin as a standard.

Specific binding is defined as the total
minus the nonspecific binding, i.e., binding
in the presence of 5 X 10~° M of unlabeled
4-NMPB and atropine.

The total binding in the S, (1000 X g, 10
min supernatant) and P, (17,500 X g, 20
min pellet resuspended) fractions was sim-
ilar and represented 85% of the binding in
the whole tissue homogenate. The total
binding in fractions P, (1000 X g, 10 min
pellet resuspended) and S, (17,500 X g, 20
min supernatant), on the other hand, was
relatively low. In the presence of excess (5
pM) unlabeled 4-NMPB or atropine, the
total binding of the whole brain homoge-
nate and of fractions S, and P; was reduced
to less than 10% of the values recorded in
the absence of unlabeled drug. No change
was found, under the same conditions, in
the total binding of fractions P, and S..
Consequently the experiments were carried
out with the whole tissue homogenate.

Possible chemical alterations of [*H]-
4NMPB and [*H]-atropine in the course of
a binding experiment was tested by thin-
layer chromatography. After 60 min of in-
cubation aliquots were chromatographed as
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described in MATERIALS. [°H]-labeled com-
pounds moved as a single peak with the
same Rr as authentic samples.

Competition experiments and the analy-
sis of binding kinetics were carried out as
described in details in previous reports (1,
2).

RESULTS

Equilibrium binding. The binding of
[’H]-4NMPB and [°H]-atropine at 25° was
studied in homogenates of the following
brain regions: cortex, caudate putamen,
hippocampus, medulla pons, and cerebel-
lum.

The concentration dependence of specific
binding of [°H])-4NMPB at equilibrium is
shown in Fig. 1 for each of the five separate
regions. As reported previously for the
binding of this ligand to whole brain ho-
mogenate (2), the specific binding is shown
in Fig. 1 to be saturable in the concentration
range of 0.25-10 nM [°’H]-4NMPB. The non-
specific binding (not shown) represented 8-
10% of total binding even at the highest
ligand concentration used, in all brain re-
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gions except in the cerebellum where the
receptor density is much lower (see below)
and where the non-specific binding was rel-
atively higher. Even these higher values did
not, however, interfere with the reliable
determination of binding parameters. Sim-
ilar results were obtained with [°H]-atro-
pine as ligand.

The specific binding of [’'H]-4NMPB was
found to be linear as a function of protein
concentration in each of the five regions, up
to 0.8 mg protein per assay. Tissue concen-
trations of 0.2-0.7 mg protein per assay
were therefore used for all experiments.
Double reciprocal plots as well as the Scat-
chard (12) representations of the equilib-
rium binding data shown in Fig. 2, yielded
straight lines for each of the five regions
examined, indicating a homogeneous pop-
ulation of high-affinity binding sites within
each region, in the concentration range ex-
amined.

Table 1 shows the regional distribution
of receptors labeled by [°H]-4NMPB and
[*H]-atropine in mouse brain. The concen-
tration of high affinity binding sites seems
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Fi16. 1. Specific binding of [*H]-4NMPB at 25° as a function of ligand concentration

0.05 ml tissue homogenate were incubated with varying concentrations of [’H]-4NMPB for 30 min at 25° in
2 ml modified Krebs solution (pH 7.4). O—1 caudate putamen; l— hippocampus; A——A cortex;
O——0 medulla; ®@—@ cerebellum. Each point is the mean of triplicate samples with standard error less than

5%.
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TaBLE 1
Regional distribution of specific [*H]-4NMPB and [*H]-atropine binding*®
Region Kp [*H)-4aNMPB K»p [°H]Atropine
binding pmole/mg binding pmole/mg
protein protein
(nM) (nM)

Caduate

putamen 0.38 + 0.01 1.54 + 0.38 1.02 £ 0.02 19 +0.38
Hippocampus 0.47 £ 0.03 1.05 + 0.05 —
Cortex 0.41 £ 0.03 0.91 + 0.06 1.5 +£0.12 1.05 £ 0.12
Medulla pons 0.82 + 0.02 0.26 + 0.05 4.27 £ 0.32 0.31 £ 0.07
Cerebellum 1.15+ 0.2 0.12 £ 0.01 — —_

? The values given are the mean of at least six separate binding curves + SEM. K values are obtained from
Scatchard plots. See text for description of binding assays.

to be slightly higher in the caudate puta-
men than in hippocampus and cortex, and
there is a very marked difference between
receptor density in these regions and the
density in the cerebellum and medulla pons.
The relative receptor-capacity in the latter
regions compared to the first three is also
reflected in the results obtained with [°H]-
atropine as the labeled ligand (Table 1).

The nature of the high affinity binding of
[*H]-4NMPB to the various preparations
was tested by competition experiments in
which selected unlabeled ligands with
known muscarinic properties inhibit the
binding of [°H]-4NMPB. Figures 3 and 4
show the results of competition experi-
ments in homogenates from hippocampus
and medulla pons, respectively. The potent
muscarinic antagonists (—) QNB, (+) QNB,
scopolamine and atropine inhibit the bind-
ing of [°’H]-4NMPB in a competitive man-
ner in all brain regions investigated.

The binding constants measured in these
competition experiments are given in Table
2 and compared to the corresponding affin-
ity constants in a pharmacological system.
The Kp values in all brain regions investi-
gated were found to be independent of re-
ceptor concentrations within the limits of
accuracy of the assay. Note the excellent
agreement between the Kp values meas-
ured for atropine from the competition ex-
periment and from a direct binding assay
with [*H]-atropine. Equally significant for
the characterization of the binding sites is
the fact that the affinity ratio of the enan-
tiomers as measured by the ratio of their
Kp values, (—) QNB: (+) QNB (=20), holds

both for the binding experiments and for
the bioassay in the intact organ (9, 13)
(Table 2). The identical stereo-selectivity is
a good indication that the structural integ-
rity of the membrane preparation is pre-
served in the binding experiments.

The complex nature of the binding of
agonists to the muscarinic receptor (14, 15)
precludes a reliable determination of Kp
values for agonists from competition exper-
iments with [°H]-4NMPB. An indication of
the relative affinity of agonists for the bind-
ing sites labeled with [*H]-4NMPB can
nevertheless be obtained from the I5 values
obtained for a series of muscarinic agonists.
The concentration range at which sizable
inhibition of [’H]-4NMPB is obtained is 2-
3 orders of magnitude higher than the con-
centrations at which these drugs act as
muscarinic agonists.

The slopes of Hill plots obtained such as
in Figs. 3 and 4 for both agonists and an-
tagonists are given in Tables 2 and 3. The
complex agonist binding properties of the
muscarinic receptor were described previ-
ously by Birdsall and Hulme (14 and ref.
therein), who suggested the presence of a
heterogeneous population of agonist bind-
ing sites in rat cerebral cortex. In agreement
with these observations (14) the slopes ob-
tained here for the binding of muscarinic
antagonists are not significantly different
from 1.0, whereas the agonists exhibit lower
values. This is observed in most brain re-
gions studied here with some noteworthy
exceptions such as the caudate putamen
and hippocampus where the values for ox-
otremorine are also close to unity, as for
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F1G. 3. Competition binding of muscarinic drugs to hippocampus homogenates

A. Samples (0.05 ml) were incubated at 25° for 30 min in 2 ml modified Krebs solution containing 2.0 nmM
[°’H]-4ANMPB and the concentrations of unlabeled ligands indicated. Specific binding was determined as
described in METHODS. Each point represents the average of two triplicate determinations. @—@, (—)QNB;
B—A, scopolamine, O——CO atropine; —@, (+)QNB; A——A, oxotremorine; A——A, acetylcholine;
O—-0, arecoline and O——<, carbamylcholine. B. Hill plot of the same data. Y is the fractional binding of

[°H]-4NMPB.

the antagonists. The reasons underlying
such interesting exceptions are currently
investigated.

Kinetics of the high-affinity binding.
The time course of [°H]-4NMPB binding at
two ligand concentrations, corrected for
non-specific binding, is presented in Fig. 5
for the medulla pons and in Fig. 6 for the
caudate putamen. Binding appears to reach
equilibrium within about 30 min of incu-
bation with 0.5 nM ligand at 25°. In order
to compare the association rates, conditions

for the experiments were chosen for which
the concentrations of receptor and labeled
ligand were identical fer the caudate puta-
men and the medulla pons (see legends to
Figs. 5 and 6). As shown in these figures the
half maximal binding occurs at 2.5 min in
the medulla pons and at 7.8 min in the
caudate putamen. Similarly, the rates of
binding to the cortex and hippocampus
preparations were slower than to the me-
dulla pons while the value for the cerebel-
lum was close to that of the medulla pons.
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F16. 4. Competition binding of muscarinic drugs to the medulla pons homogenates

A. Samples (0.05 ml) were incubated at 25° for 30 min in 2 ml modified Krebs solution containing 2.0 nm
[*H]-4NMPB and the concentration of unlabeled ligands indicated. Specific binding was determined as described
in METHODS. Each point represents the average of two triplicate determinations. ®@—@ (—)QNB; BI—,
scopolamine, O——O, atropine; ¢—@, (+)QNB; A——A, oxotremorine; A——A, acetylocholine; O—7J,
arecoline and O——<, carbamlycholine. B. Hill plot of the same data. Y is the fractional binding of [°H]-

4NMPB.

The solid lines in Figs. 5 and 6 were
obtained by curve fitting using a non-linear
regression procedure for a simple bimoiec-
ular reaction scheme. By analogy to pre-
vious observations (2, 3) this overall behav-
ior could in principle be attributed to a
“true” simple bimolecular reaction, i.e., a
single population of binding sites. Close in-
spection of the data shown in Figs. 5 and 6
suggests, however, a significant and system-
atic deviation. The systematic difference
was that for short times the experimental
points were higher (30%-40%) than the

value expected from curve fitting; while for
long times the deviation from the expected
value was in the opposite direction (ca.
20%). This phenomenon was especially out-
standing in experiments using low ligand
concentrations and the tissues of cortex,
hippocampus and caudate putamen. Such
deviations are difficult to characterize from
the relatively insensitive hyperbolic plots.
To delineate the region where systematic
deviations from simple single-population
behavior of binding might occur, the data
obtained were replotted in a linear form
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TABLE 2
Binding constants (nM)° for muscarinic antagonists determined by direct® binding and competition with 2
nM [*H]-4NMPB
Ligand Pharmaco- Cortex Caudate pu- Hippocam- Medulla Cerebellum

logical affin- tamen pus pons

ity constant®
[*H}-4NMPB® 0.2 0.41(1.02)¢  0.38 (1.0) 047 (1.02)  0.82 (1.0) 1.15 (1.05)
(-)QNB — 0.37 (1.1) 0.15 (0.98) 0.45 (0.96) 0.35 (0.95) - -
Scopolamine 04 0.62 (0.97) 0.62 (1.1) 0.72 (1.05) 2.6 (1.0) 2.6 (1.07)
Atropine 0.5 1.1 (1.06) 0.91 (1.07) 1.4 (1.01) 4.0 (0.95) 4.1 (1.08)
[°H]-Atropine® —_ 1.5 (1.02) 1.02 (1.05) - - 4.3 (0.99) - -
(+)QNB 5 7.5 (0.99) 5.2 (0.95) 6.2 (0.95) 841.05 - -

2 The average values of binding constants determined in 3 separate experiments each performed in triplicate
whose results varied by less than 15%. Values for K for antagonists were calculated as described previously (1,
2), assuming a simple competitive interaction between 4-NMPB and the competing ligand. ["H]-4NMPB binding
sites concentrations (nM) were: cortex 0.14-0.22, caudate putamen 0.08-0.15, hippocampus 0.12-0.25, medulla
pons 0.09-0.13, and cerebellum 0.06-0.09.

® Direct binding.

‘ These values refer to determinations of antimuscarinic potency in isolated guinea pig ileum. Data taken
from references (35, 9, 13).

4 Numbers in parentheses are Hill coefficients.

TABLE 3
Iso values (uM)° for muscarinic agonists determined by competition with 2 nm [*H]-4NMPB
Ligand Cortex Caduate Hippocampus Medulla Cerebellum
putamen pons

Oxotremorine 4.8 (0.8)° 5.9 (1.0) 7.2 (0.95) 0.39 (0.5) 0.47 (0.4)
Carbamylcholine 170 (0.4) >100 — >100 — 4.7 (0.5) 5.5 (0.6)
Arecoline 55 (1.06) 40 (0.6) 72 (0.62) 4.2 (0.6) - -
Acetylcholine 30 (0.6) 13 (0.5) 64 (0.7) 3.0 (0.5) - -

% Values for Kp for agonists depend on their mode of binding and hence values of Is are given, i.e., the
concentration of drug causing 50% reduction in binding of [°’H]-4NMPB under the experimental conditions
described. The average values of Is, determined in experiments similar to that in Figs. 3 and 4 are presented.
Values given are the means of 3-4 separate experiments, each performed in triplicate, whose results varied by
less than 15%. For cholinesterase-sensitive agonists the assay contained 10~ M physostigmine. This concentra-
tion of inhibitor did not affect the binding characteristics of [’H]-4NMPB in the absence of agonists. [*H]-

4NMPB binding site concentrations were as in Table 2.
® Numbers in parentheses are Hill coefficient.

using the integrated rate equation for bi-
molecular reaction:

In (B,qB— B))
eq (1)
= —(ki[4-NMPB] + k_)) -t

where B.q and B, are the concentrations of
bound receptor at equilibrium and at time
t. Free 4-NMPB is in great excess and
therefore can be considered constant
throughout the reaction. Under such
pseudo first order conditions, data plotted
according to Eq. 1 should yield straight
lines if the reaction is bimolecular.

The actual results obtained from a plot

of this equation for different concentrations
of [°’H]-4NMPB are shown in Fig. 7 for
medulla pons and caudate putamen. The
plots are linear only at high concentrations
of labeled ligand. Similar biphasic behavior
was observed for the binding of [*H]-
4NMPB to homogenates from the other
regions studied: cortex, cerebellum and hip-
pocampus. The dependence of the fraction
of receptors reaching in the first phases of
reactions on ligand concentration (Fig. 7) is
inconsistent with the assumption of two
independent classes of sites and is consist-
ent with an isomerization step of ligand-
receptor complex (vide infra).

To complete the dynamic picture of
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Fic. 5. Time course of association of [*H]-
4NMPB to medulla pons preparation at 25°

Samples (0.05 ml) were incubated in 2 ml modified
Krebs solution with ligand for various periods of time.
Specific binding was determined as described in METH-
obs. Receptor binding sites concentration was 66 pM.
Each experimental point is the mean of triplicate
samples whose standard error was less than 5%. The
kinetics were measured with [°’H]-4NMPB at the fol-

lowing concentrations: l—, 0.5 nmM; O0—(3, 1.0
nM.

[*H]-4NMPB binding, the rate of dissocia-
tion of the ligand from each of the separate
brain regions was determined by the tech-
nique of isotopic dilution (see legend to Fig.
9 for details). The first order plots for the
dissociation of [*H]-4NMPB from the var-
ious preparations shown in Fig. 8 deviate
from linearity, indicating again that more
than one kind of ligand-receptor complexes
may exist in the various regions of mouse
brain preparations. This phenomenon was
observed previously with whole mouse
brain preparation (2, 3). The dissociation
data can be fitted with the sum of at least
two first order exponential terms. For ex-
ample, the dissociation has been fitted here
to the equation:

Y = aje”*" + qpe 2

where k-, and k_; are the first order rate
constants corresponding to the fractions a;
and a; of binding sites.

The parameters of this fit (i.e., rate con-
stants and coefficients) as well as calculated
half-life times for the dissociation, are given

REGIONAL HETEROGENEITY AND ISOMERIZATION
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0 ’ 10 20 30
Time (min)

FiG. 6. Time course of association of [°*H]-
4NMPB binding to homogenate of caudate putamen

For details see legend to Fig. 5. Ligand concentra-
tions: l—, 0.5 nM, 0— 1 nM; receptor binding
sites concentration 62 pM.

in Table 4. As shown, the t,/. for the dis-
sociation from the cortex is 20 min while
that from the medulla pons is 5 min. Again,
as in the case of the binding experiments
this strongly suggests heterogeneity.

DISCUSSION

Regional distribution and characteris-
tics of muscarinic high-affinity binding
sites. The binding of [*H]-atropine and
[*H]-4NMPB to various regions of mouse
brain homogenates bears the characteris-
tics of specific interactions with muscarinic
acetylcholine recentors: i) saturability (Fig.
1) at very low concentrations (i.e., high
affinity); ii) similar binding capacity (Table
1) for different labeled muscarinic antago-
nists; iii) direct relation to the muscarinic
profile and rank order of potency of both
agonists and antagonists (Tables 2 and 3),
including specific muscarinic stereoselectiv-
ity (e.g., the potency ratio of QNB enan-
tiomers—Table 2). The very low levels of
non-specific binding allowed us to obtain
reliable equilibrium binding data in several
separate regions of the mouse brain in spite
of the relatively small number of receptors
in some of these regions (Table 1). In agree-
ment with neurophysiological data (16, 17),
we found marked variations in the maximal
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Fic. 7. Initial rate of [*H]-4NMPB binding at different ligand concentrations to caudate putamen (left)

and medulla (right) preparations

Homogenates were incubated with 0.5 nM (@), 1.0 nM (), 2.0 nm (M) and 5.0 nm (O) [*H]-4NMPB at 25° for
the various time intervals. Association was begun by addition of tissue (62 pM and 66 pM binding sites for the
putamen and medulla, respectively), and terminated by rapid filtration, as described in METHODS. The data are
plotted according to the equation described in the text. The data presented are from a single experiment
performed in triplicate (standard error was less than 5%), which was replicated twice.

number of high affinity binding sites that
bind [*H]-4NMPB: caudate putamen, hip-
pocampus and cortex had the highest con-
centration of binding sites, while the me-
dulla pons and the cerebellum showed the
lowest binding capacity per mg protein (Ta-
ble 1). This distribution is in agreement
with known distributions of muscarinic re-
ceptors in other mammalian brains, and it
parallels the distribution of acetylcholine
and its synthetic and degradative enzymes
in these systems (8, 18-20).

The equilibrium binding studies in ho-
mogenates from the separate regions pre-
sented here indicate an interaction of the
labeled ligand with a homogeneous popu-
lation of binding sites within each prepa-
ration (e.g., Fig. 2). Data in Table 2, how-
ever, clearly demonstrate some small but
consistently reproducible differences be-

tween the Kp values of [’H]-4NMPB on the
high affinity binding sites in various regions
of mouse brain. Thus, while the Kp values
in the cortex, caudate putamen and the
hippocampus are very similar, the musca-
rinic ligand seems to have a consistently
lower affinity for the binding sites in the
cerebellum and medulla pons. This trend is
reproduced with the other labeled antago-
nists: [’H]-atropine and the unlabeled drugs
for which the dissociation constants were
measured by competition. Notably, the Kp
values in pharmacological preparations re-
semble more the high affinity characteris-
tics of the cortex, caudate putamen and
hippocampus than the lower affinity of the
medulla and cerebellum (Table 2).

It is also noteworthy that the degree of
heterogeneity, as measured by differences
in Kp values for the various regions, seems
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FiG. 8. Dissociation of [*H]-4NMPB from the muscarinic receptors in the various tissue preparations

Samples (0.05 ml) were incubated to equilibrium at 25° in the presence of 5 nm [°H]-4NMPB. Dissociation
was begun by addition of 50 um 4-NMPB to tubes and the samples were filtered immediately (zero time) and at
the times indicated. Specific binding was determined as described in the text. Each point is the mean of at least
three experiments whose standard error was less than 5%. ([*H}-4NMPByound)=0 Was 0.87 pmole/mg protein for
the cortex (A), 1.0 pmole/mg protein for the hippocampus (®), 1.45 pmole/mg protein for the caudate putamen
(0J), 0.29 pmole/mg protein for the medulla pons (O), and 0.11 pmole/mg protein for the cerebellum (@®).

TABLE 4
Kinetic parameters for binding of [*H]-4NMPB to various brain regions
Region Association ex- . .. . »

periments Dissociation experiments

Kon X 10° (M—l k-, (min") k-2 ay az ti2
min~')? (min~"')

Cortex 2.45 0.028 0.44 0.88 0.12 20
Caduate putamen 2.57 0.05 — 0.92 0.08 16
Hippocampus 2.28 0.021 0.09 0.45 0.55 16
Medulla pons 4.03 0.05 0.21 0.21 0.79 5
Cerebellum 5.83 0.036 0.3 0.35 0.65 5

® Values calculated from initial rates.
® Calculated according to equation Y = e + aze™** as described previously (2). Data calculated from at

least three separate experiments performed in triplicate (see legend to Fig. 8).

to depend somewhat on the nature of the and cerebellum if the ligand used is a ben-
ligand. Thus, the Kp values measured in zilate derivative (e.g., 4-NMPB, QNB) than
cortex, caudate putamen and hippocampus if the ligand is a tropate (i.e., atropine,
differ less from Kp values in medulla pons scopolamine). It is difficult to conclude at
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this stage whether this finding is directly
related to differences in the large variety of
pharmacological effects exhibited by these
structural classes of drugs, and whetier the
differences observed between them consti-
tute a significant element in their modes of
action.

In contrast to this trend in the affinity of
antagonists for the binding sites in the var-
ious brain regions, the competition experi-
ments with muscarinic agonists revealed an
opposite and even more pronounced re-
gional difference: the affinity of agonists
(measured as Iso) for the sites in the cere-
bellum and medulla pons can be more than
one order of magnitude higher than the
affinity for the binding sites in mouse cor-
tex, caudate putamen or hippocampus (Ta-
ble 3). This consistency in the regional
grouping of muscarinic binding sites by a
criterion of affinity (albeit with opposite
trends for agonists and antagonists) pro-
vides a very strong indication that the ob-
served differences in Kp reflect a regional
heterogeneity of muscarinic receptors in
mouse brain. This suggestion was further
investigated, and received additional sup-
port, from the kinetic analysis of [*H]-
4NMPB binding in the various regions.

Kinetics of association and dissociation
of [*H]-4NMPB from muscarinic binding
sites. As shown from the equilibrium bind-
ing experiments, the data from the kinetics
of association and dissociation of [*H]-
4NMPB also suggest that the five brain
regions studied may be grouped into two
subsets containing binding sites of slightly
different character. Thus, Table 4 shows
that the association constants (ko) in the
cerebellum and medulla pons are different
from the constants measured for the other
group composed of the cortex, hippocam-
pus, and the caudate putamen. The same
grouping is also apparent in the results from
the dissociation experiments (Table 4): the
apparent half-life times (#,/2) of the disso-
ciation of [’H]-4NMPB from binding sites
in the cerebellum and medulla pons are
three to four times shorter than for the
dissociation from the other three regions. It
appears therefore that the trend in the ki-
netics of association and dissociation of
[*H]-4NMPB from muscarinic binding sites
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in the various regions of mouse brain is
entirely consistent with the reproducible
differences in Kp measured for the ligand
in the same regions. These findings lend
additional support to our conclusion that
within the set of conditions created by our
standard methods for the definition and
characterization of receptors by labeled lig-
ands, mouse brain homogenates exhibit re-
gional heterogeneity of high affinity mus-
carinic binding sites.

The simplest mechanism that would ex-
plain the biphasic behavior observed here
for [°’H])-4NMPB association to the musca-
rinic binding sites in each of the studied
brain regions were summarized recently by
Galper et al. (4) and Sugiyama et al. (5).
Our results (Figs. 7 and 8) are equally in-
consistent with a simple bimolecular mech-
anism. Moreover, the dependence of the
fraction of receptors reacting in the first
phases of reaction on ligand concentration
(Fig. 7) and the deviation of the dissociation
kinetics from first order behavior (Fig. 8,
Table 4) strongly suggest an isomerization
of the ligand-receptor complex. Such a
mechanism was proposed earlier by us from
kinetic data on the interaction of [*H]-
4NMPB with muscarinic binding sites in
whole mouse brain homogenates (1-3).
Data suggesting an isomerization step of
the ligand (L)-receptor(R) complex (LR) to
a different form (LR*):

L+R2LR2LR*

has now been reported independently for
chick heart (4) and retina (5). Recent char-
acterizations of muscarinic receptors in the
irides of rabbit (6), and cat (7) yielded sim-
ilar results, thus increasing the variety of
systems and animal species in which an
isomerization step appears to be related to
the interaction of antagonists with musca-
rinic receptors. The receptor population
within each one of the mouse brain regions
studied here appears however to be homo-
geneous, as seen also from the equilibrium
binding experiments described above.
According to a previous report (2), bind-
ing studies to whole mouse brain homoge-
nate indicated that [*H]-4NMPB or [°H]-
scopolamine binding could not be fitted and
analyzed in terms of a simple population of
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binding sites. The Scatchard plots for the
binding of the two ligands deviated from
linearity, in contrast to the binding of
[*H]-atropine which gave straight lines.
This could be explained as a combination
of at least two complementary factors: (a)
differences in the values of Kp for the re-
ceptor of each region in the brain, (b) dif-
ferences in the specific densities of recep-
tors located in different regions. It is im-
portant to note that the regions investi-
gated here represent no more than 55% of
the whole brain.

The functional role of the isomerization
step may be related to the models that have
been invoked to explain receptor interac-
tions of both agonists and antagonists with
nicotinic (21-29) and muscarinic receptors
(14, 29-33). Recent work on agonist-in-
duced desensitization phenomena (see, for
example, Grunhagen and Changeux (23)
and ref. therein) is of particular interest in
the context of the present work. The antag-
onist-induced generation of more than one
receptor conformer might well be analogous
to those structural changes which find their
physiological expression in the form of de-
sensitization; this most probably indicates
a common feature pertaining to all ligand-
receptor complexes with agonists as well as
antagonists.

The dramatic changes in the I profile of
the various agonists when considered to-
gether with the kinetics of binding are con-
sistent with the hypothesis of functional
heterogeneity of the muscarinic receptor in
the mouse brain. It is noteworthy that re-
ceptor heterogeneity was also implicated in
the interaction of muscarinic receptors with
weak antagonists (34).
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