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Abstract—The muscarinic antagonist 1-{benzilic 4,4'-’H]-quinuclidinyl benzilate [*H]-QNB) bound to a
single class of non-cooperative sites in calf cerebral cortex membranes (Kp = 0.290M and B, =
1.06 pM/mg protein). Computer-assisted analysis of the shallow pirenzepine/[*H]-QNB competition
binding curves indicated that 68% of these sites were of the M1-subtype and the remaining 32% of the
M2 subtype. Respective K-values for pirenzepine were 27 nM and 1.14 uM. Binding characteristics of
the antagonist atropine and of the agonist carbachol for M2 were evaluated by performing competition
binding with 0.5 nM [*H]-QNB in the presence of 2 uM pirenzepine. The binding characteristics for the
M1 receptors were obtained indirectly by subtracting the curve for M2 from the total curve, or directly
by competition binding with 0.3 nM [*H]-pirenzepine. Atropine competition curves were steep for M1
and M2 and were not affected by 1 mM GTP nor by 1 mM N-ethylmaleimide. The carbachol competition
curve was shallow for M2. The steep curves for M1 indicate that this receptor subclass was only composed
of low agonist affinity sites. GTP, which caused a rightward shift and a steepening of the carbachol
competition curve for M2, did not affect the curves for M1. N-cthylmaleimide provoked a leftward shift
and a steepening of the carbachol competition curve for M2 and abolished GTP modulation. A leftward
shift was also observed for M1, but of a smaller magnitude (i.e. 3-4-fold for M1 compared to 17-fold
for M2). These data suggest that, in calf brain cortex, M1 and M2 receptors show different susceptibility
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towards GTP and N-ethylmaleimide modulation.

The great majority of acetylcholine effects in the
central nervous system are mediated via interaction
with muscarinic receptors {1}. These receptors can
be easily identified and characterized by binding of
radiolabelled muscarinic antagonists such as [°HJ-
dexetimide, [°H]-N-methylscopolamine and 1-
(benzilic-4-4'->H)-quinuclidinyl  benzilate ([*H]-
QNB) [24].

Muscarinic receptors were initially assumed to be
composed of a single population of sites with regard
to antagonist binding [3]. However, it is now gen-
erally accepted that they comprise two subtypes with
respectively high and low affinity for the antagonist
pirenzepine [5]. The high affinity sites, which can
be selectively labelled with [*H]}-pirenzepine, are
denoted as M1 receptors and are most abundant in
cerebral cortex, striatum and hippocampus. Much
lower affinity for pirenzepine is observed for M2 sites
which are predominant in the heart, cerebellum and
brain stem [6].

Heterogeneity for muscarinic receptors has also
been observed for agonists. Shallow agonist com-
petition curves are currently explained assuming the
existence of different receptor subpopulations with
superhigh, high and low agonist affinity {7]. Guanine
nucleotides have been shown to provoke a marked
rightward shift of agonist competition curves in the
heart. Hence, it is suggested that the muscarinic
receptors in the heart undergo functional coupling to
the inhibitory regulatory component of the adenylate

cyclase system (Gi) [9]. In contrast, only slight or
even no effects of the nucleotides are observed on
agonist binding in the cerebral cortex [8-12}.

Muscarinic receptors appear also to display dif-
ferent susceptibility towards the alkylating reagent
N-gthylmaleimide (NEM). This reagent causes a
more pronounced leftward shift and steepening of
the carbachol competition curve in the bovine heart
as compared to the bovine forebrain [12]. These
differences in NEM and guanine nucleotide action
can be attributed to either different properties of
M1- and M2-receptors or to the different cellular
origin of the investigated membrane preparations.

To evaluate both possibilities, we investigated the
effect of NEM and GTP on agonist and antagonist
competition binding for the M2- and M1-sites in calf
cerebral cortex membranes separately.

MATERJIALS AND METHODS

Materials. Carbamylcholine chloride (carbachol)
and atropine sulfate monohydrate were from Aldrich
Europe (Beerse, Belgium). N-Ethylmaleimide
(NEM) and neostygmine bromide were from Sigma
Chemical Company (St. Louis, MO), guanosine-5'-
triphosphate (GTP) from Boehringer Pharma
(Mannheim, F.R.G.) and pirenzepine was purchased
from Dr Karl Thomae GMBH (Biberach an der Riss,
F.R.G.). l-{Benzilic-4-4'-3H}-quinuclidinyl benzilate
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(I*H}-ONB, 33 Ci/mmol} and [*H]-pirenzepine
{70 Ci/mmol} were supplied by NEN (Dreieich,
F.R.G).

Membrane preparations. Calf brains were obtained
from a slaughterhouse and kept in ice. Further
manipulations were performed within less than 1
hour, Samples of frontal cortex were dissected from
coronal slices and homogenized in 10 mM sodium
phosphate (pH 7.4)/145mM NaCl (PBS) with a
polytron mixer (15sec) and with a Potter homo-
genizer (5 strokes at maximum speed). The homo-
genate was then centrifuged at 700 g for 15 min and
subsequently at 10,000 g for 15 min. The resulting
supernatant was further centrifuged at 29,000 g for
30 min and the pellet suspended in buffer (10 mg
protein/ml) was stored at —70° for up to 2 months
without loss of muscarinic receptor binding charac-
teristics. Protein determinations were performed by
the method of Lowry et al. [13] using bovine serum
albumin as the standard.

[*H]-QONB and [*H]-pirenzepine binding assay.
Calf brain cortex membranes, at the final protein
concentration of 0.2 mg/ml, were incubated with
[*H]-QNB or [*H]-pirenzepine (respectively for 30
and 60 min) at 30° in a final volume of 1 ml sodium
phosphate buffer (PBS). Under these conditions,
binding reached equilibrium after 20 min for [°H}-
QNB and 40min for [°H]-pirenzepine. The ace-
tylcholine esterase inhibitor neostygmine bromide
{3 uM) was included in the assay medium to prevent
a possible degradation of carbachol by this enzyme.
For saturation binding experiments, the radioligand
concentration ranged between 0.01 and 2nM for
[*H]-QNB and between 0.5 and 10nM for [*H]-
pirenzepine. The concentrations used in the com-
petition binding experiments equalled 0.5 oM for
[*H]-QNB and 0.3 nM for [*H]-pirenzepine. Non-
specific binding was determined in the presence of
1 uM atropine. At the end of the incubation, 3 ml
ice-cold buffer was added and the sample filtered
through Whatmann GF/B glass of fiber filters. Filters
were pretreated with 0.1% polyethylencimine for
the [*H]}-pirenzepine binding assays. The filters were
washed twice with 3 ml of ice-cold PBS and counted
after addition of 1 ml 0.1 M NaOH and 8 mli Pico-
fluor 15 in a Packard liquid scintillation spectro-
meter. Each experiment involved triplicate
determinations.

Calculation of antagonist- and agonist/[*H]-ONB
competition binding parameters for M1 and M2-
muscarinic receptors. To label the total amount of
muscarinic receptor, the cortical membranes were
incubated with 0.5aM [*H}-QNB. Agonist and
antagonist competition binding was performed by
incubation with an increasing concentration of
unlabelled competitor. The competition binding
curve with unlabelled pirenzepine was analysed
according to a two-site model by LIGAND as
described by Munson and Rodbard [14]. 68 + 5.1%
of the sites showed high affinity for this drug (1Csp =
61 = 13.1 nM) and were denoted as Ml-sites. The
remaining low-affinity sites (1Cg0 = 2.6 = 0.44 uM)
were denoted as M2-sites. [*H]-QNB and piren-
zepine interacted with each receptor class according
to the law of mass action. Hence, for each receptor
class, binding of the radioligand (B) in the presence
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of a given concentration pirenzepine {P) was related
to binding of the radioligand in the absence of piren-
zepine {Bg) by the following equation:

B = By/(1 + P/icsp) H

where 1C5 is the pirenzepine concentration that
caused half-maximal displacement of [*H]-QNB
(61 oM for M1-sites and 2.6 uM for M2-sites). By
use of this equation, it could be calculated that 2 yM
pirenzepine displaces 97% of [°’H]-QNB binding to
the Mi-sites. Hence, the M2-receptors represented
90% of the sites when the binding assay was carried
out in the presence of 2 uM pirenzepine. Binding
characteristics of unlabelled muscarinic ligands for
the M2-sites can be evaluated with approximation
under this condition. The competition binding curves
for the Mi-sites could be approximated as follows:

By = (Bi — 0.32 X B,)/0.68 )

where By, B, and B, represent [*H]-QNB binding
in the presence of a given concentration competitor
for the total receptor population, for the M1l-sites
and for the M2-sites (determined in the presence of
2 uM pirenzepine), respectively.

RESULTS

Muscarinic acetylcholine receptors can be ident-
ified in calf brain cortex membranes by the specific
and saturable binding of [PH}-QNB. The Scatchard
plot is linear and the Hill coefficient equals unity
{nH = 1.1), which argues for the absence of coop-
erative interactions. The equilibrium dissociation
constant (Kp) for [°H]-QNB equals 0.29 = 0.03 nM
and the number of binding sites is 1.06 = 0.132 pmol/
mg protein (Table 1). The competition binding curve
for the M1-selective antagonist pirenzepine is shal-
low (nH = 0.66) (Fig. 1). This can be attributed to
the presence of two receptor subclasses with high-
and low-affinity for pirenzepine (defined as M1- and
M2-sites respectively). The curve can be analysed by
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Fig. 1. Pirenzepine/["H]-QNB competition binding to calf
brain cortex membranes: effects of NEM and GTP. Control
{0—®), 1M GTP (G—0), 1 mM NEM {B-—W) and
NEM + GTP ((0—0). The concentration of [*"H}-QNB was
0.5 oM. Values are means of three separate experiments.
Insert: Hofstee plot of the competition binding data {con-
trol). B represents the percentage displacement of [*H]-
QNB and F the free pirenzepine concentration. The non-
linear Hofstee plot was analysed according to a two-site
model; 68+ 5.1% of the total amount of binding sites
exerted high affinity for pirenzepine (Ics, = 61 = 5.1 nM)
whereas 32 + 5.1% had low affinity for pirenzepine (ICs, =
2.6 + 0.45 uM).
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Table 1. [*H]-QNB and [*H]-pirenzepine binding characteristics for calf brain cortex membranes: effects
of NEM and GTP

[*H]-QNB [*H]-pirenzepine
Addition Kp (nM) B...x (pM/mg) r Kp (nM) Boax (PM/mg) r
None 0.29 = 0.03 1.061 +£0.132 098 0.14+0.01 0.92+0.14 0.99
NEM (1 mM) 0.29 = 0.03 1.011 £ 0.185 0.98 0.14 = 0.06 0.80 = 0.34 0.99
GTP (1 mM) 0.26 = 0.02 1.019 = 0.207 095 0.15+0.03 0.92 £ 0.19 0.96
NEM + GTP 0.26 = 0.05 1.015 = 0.182 0.99 0.17 = 0.04 0.96 = 0.22 0.98

The Kp and B, values are determined by Scatchard analysis of saturation binding data and r is the
regression coefficient of the Scatchard plots. Values are means * SD of three separate determinations.

the computerized method (LIGAND) of Munson
and Rodbard [14] to yield the proportion of M1-
(68 = 5.1%) and M2-sites (32 £ 5.1%) as well as
their 1Csqo-values for pirenzepine, i.e. 61 £ 5.1 nM
and 2.6 = 0.45 uM, respectively. The K; values for
pirenzepine, calculated from their ICsy-values
according to the method of Cheng and Prusoff [15],
are 27 = 0.6nM for M1- and 1.14 + 0.198 uM for
M2-sites. The M1 sites can also be directly labelled
with [*H]-pirenzepine (Table 1). The Scatchard plot
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Fig. 2. Carbachol/[*H}-QNB competition binding to the
total receptor population (A), the M2-receptors (B) and
the M1-receptor (C): effects of NEM and GTP. Control
(0—@), 1mM GTP (0—0), 1mM NEM (A—A) and
NEM + GTP (A—A). Competition binding for M2 was
performed in the presence of 2 uM pirenzepine. The com-
petition binding data for M1 were calculated by subtracting
the curve for M2 from the total curve as described in the
Methods.

is linear and the Kp for [°H]}-pirenzepine
(14.9 = 0.12 nM) is in good agreement with the value
calculated from the unlabelled pirenzepine [*H]-
QNB competition curve, [*H]-QNB, [*H]-piren-
zepine binding and pirenzepine/[*H]-QNB com-
petition binding is not affected by 1 mM GTP and
1 mM NEM, either alone nor in combination (Table
1 and Fig. 1).

The competition binding curve of the agonist car-
bachol with [*H]-QNB is shallow (nH = 0.49) indi-
cating the presence of multiple receptor
subpopulations with different affinity for agonists as
well (Fig. 2A). To assess whether these differences
in agonist affinity can be attributed to the coexistence
of M1- and M2-sites, the agonist binding charac-
teristics are evaluated for M1 and M2 separately. As
described in Materials and Methods, 90% of the
[*H]-QNB-labelled sites are of the M2-type when
2uM pirenzepine is included in the incubation
medium. Competition binding experiments, per-
formed under this condition allow a good evaluation
of the binding characteristics of M2-sites in the
cortex. Binding characteristics of the M1-sites can
then be calculated by subtracting the competition
binding curves for M2 from the total curves
(Materials and Methods). As shown in Figs 2B and
C and Table 2, the carbachol/[*H]-QNB competition
binding curve is steep for the M1-sites (nH = 0.97)
but is shallow for the M2-sites (nH = 0.38). The
Hofstee plot of the competition curve for M1 is also
linear (r = 0.97). Similar resuits for M1 are obtained
when agonist competition binding was performed
with 0.3 nM [*H]-pirenzepine (Fig. 3 and Table 3).

Whereas M1 is composed of a uniform population
of low-agonist affinity sites, M2 comprises high- as
well as low-affinity sites. M1 and M2 are also dif-
ferent with respect to the ability of GTP to modulate
the agonist binding: the nucleotide does not affect
the carbachol competition binding curve for M1
(Tables 2 and 3), but causes a steepening and right-
ward shift of the curve for M2 (Table 2 and Fig. 2B).
The alkylating reagent NEM, on the other hand,
causes a leftward shift of the curves for M1 as well
as M2. For M2, this shift is also accompanied by a
steepening of the curve. Moreover, NEM impairs
the ability of GTP to modulate the agonist binding
for M2 (Table 2 and Fig. 2B). In the presence of
GTP, NEM provoked a 3- to 5-fold shift for M1 and
a 17-fold shift for M2.
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Table 2. Apparent K; values (in mM) of carbachol/[*H]-QNB competition binding curves to
the total receptor population (M1 + M2), the M1-receptors and the M2-receptors: effects of

NEM and GTP
M1 + M2 M1 M2
Addition K; nH K; nH K; nH
None 0.60 = 0.19 0.49 0.67 £ 0.11 0.97 0.019 £ 0.005 0.38
NEM (1 mM) 0.11 £ 0.01 0.48 0.20 = 0.03 0.84 0.007 = 0.002 0.66
GTP (1 mM) 0.74 £ 0.24 0.54 0.83 £0.26 0.95 0.102 = 0.018 0.59
NEM + GTP 0.13+x0.03 0.50 0.23 +0.04 0.92 0.006 = 0.002 0.55

The corresponding curves are shown in Fig. 2. Values are means + SD of three separate
determinations.

Table 3. K; values of carbachol and atropine/[*H]-pirenzepine competition binding
curves to Ml-receptors: effects of NEM and GTP

Carbachol Atropine
Addition K; (mM) nH r K; (nM) nH r
None 049+020 094 097 031014 110 0.99
NEM 0.19+0.02 095 099 035+0.11 1.08 0.99
GTP 053025 095 099 045+0.15 094 0.99
NEM + GTP 0.12+002 109 094 030x0.12 1.01 098

r represents the regression coefficient of the corresponding Hofstee plot. The
displacement curves are shown in Fig. 3. Values are means * SD of three separate

determinations.

The competition curve for the antagonist atropine
is steep for M1 as well as for M2 (Tables 3 and 4).
As for pirenzepine, GTP and NEM does not affect
the atropine binding characteristics for M1- and M2-
sites.

DISCUSSION

The introduction of the antagonist pirenzepine
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Fig. 3. Carbachol (A) and atropine (B)/[*H]-pirenzepine
competition binding to M1-receptors: effects of NEM and
GTP. Control (—@®), 1 mM GTP (0—CO), 1 mM NEM
(A—A) and NEM + GTP (A—A). The concentration
[*H]-pirenzepine was 0.3 nM which selectively occupies
M1-sites. Insert: Hofstee plot of the competition binding
data (control). B represents the percentage displacement
of [*H]-pirenzepine and F the free concentration of the
inhibitor. The regression coefficient of the Hofstee plots
are given in Table 4.

has resulted in the classification of the muscarinic
acetylcholine receptors into two subtypes, denoted
as M1 and M2, respectively [5]. The M1-receptors
have considerably higher affinity for pirenzegine
than the M2-sites (K; = 2 X 107 # versus 1 X 107 M)
[16]. This difference in affinity enables the cal-
culation of the proportion of each receptor subclass
in a given membrane preparation by two-site analysis
of the pirenzepine competition binding curve with
[*H]-QNB. Alternatively, the availability of [*H]-
pirenzepine enabled the direct identification of M1-
receptors in different tissues. It is now generally
recognized that the Ml-receptors are predominant
in the cerebral cortex, hippocampus and striatum,
whereas the heart, brain stem and cerebellum con-
tain almost exclusively M2-receptors {6]. Membrane
preparations from these tissues have been used for
the characterization of each receptor subclass.

In this study, we have investigated agonist- and
antagonist-binding properties of M1- and M2-recep-
tors in a membrane preparation from the same tissue,
i.e. the bovine cerebral cortex. Computer analysis of
pirenzepine/[°’H}-QNB competition binding curves
reveal that these membranes contain 68% of M1-
sites and 32% of M2-sites. The Scatchard plot of
[’H}-ONB saturation binding is linear, which indi-
cates that both receptor subclasses have closely the
same affinity for the radioligand (Table 1). Binding
characteristics of the M2-sites were approximated by
competition binding studies with {*H}-QNB in the
presence of 2uM pirenzepine. Under these
conditions, it can be calculated that 90% of the [*H]-
QNB labelled sites are of the M2-type. A further
elevation of the pirenzepine concentration would
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Table 4. K, values (in nM) of atropine/[*H]-QNB competition binding curves to the total
receptor population (M1 + M2), the M1-receptors and the M2-receptors: effects of NEM and

GTP
M1 + M2 M1 M2
Addition K; nH K; nH K; nH
None 2.33+1.27 1.10  1.43x0.79 108 7.10+x123 090
NEM (1 mM) 246+1.18 097 149x0.78 120 7.01x149 098
GTP (1 mM) 223+049 1.02 1.36x028 120 6.66+048 0.93
NEM + GTP 2.16+0.83 09 130+0.10 110 5.74=0.51 1.07

Values are means + SD of three separate determinations.

have resulted in an even higher proportion of the
[*H}-QNB labetled M2-sites, but the concomitant
decrease in total binding would have hampered an
accurate evaluation of the competition binding data.
The binding properties of the Ml-sites were esti-
mated by subtracting the competition binding curves
in the presence of 2 uM pirenzepine from those
obtained for the total muscarinic receptor
population. Agonist- and antagonist-binding prop-
erties to M1-sites, evaluated by direct competition
binding with 0.3nM [*H]-pirenzepine, were
identical.

The carbachol/[*H}-ONB competition binding
curve for the M2-sites was shallow (Fig. 3B). A
similar deviation from the mass action behaviour was
also observed in M2-receptor prominent tissues such
as the heart and cerebral basal arteries [12, 17]. This
phenomenon had been attributed to the existence of
multiple M2-receptor subpopulations with different
agonist affinity but with the same affinity for the
radioligand [7]. In contrast, the carbachol com-
petition curve for M1 obeyed the law of mass action,
the Hofstee plot was linear and the Hill coefficient
of this curve was close to unity (Tables 2 and 3).
Hence, the M1 receptors were only composed of
sites with low affinity for the agonist (K;=
0.67 £ 0.12mM). Our agonist competition data
were in agreement with recent autoradiographic
studies [18] describing a correlation between high
pirenzepine affinity and low agonist affinity.

Both muscarinic receptor subtypes also differed in
their sensitivity towards GTP. Whereas GTP caused
a rightward shift and a steepening of the agonist
competition curve for M2, no effect could be
detected for M1. These data indicated that M2-sites
are entirely responsible for the reported GTP modu-
lation of agonist competition binding for the total
receptor population in brain cortex. The GTP sen-
sitivity of M2 receptors occurred also in other tissues
and it has been proposed that the nucleotide effect
is associated with its ability to convert sites with high
agonist affinity (Gi-compound receptors) into sites
with low agonist affinity (uncoupled receptors) (8, 9].
In contrast, both competition studies with [°H]-QNB
and with [*H]-pirenzepine revealed that GTP did not
cause a significant decrease in the carbachol affinity
for M1 in calf brain cortex membranes. However,
Watson et al. found that Gpp(NH)p was able to
provoke a small (2-fold) shift of the agonist/[*H}-
pirenzepine competition curves in rat cortex mem-
branes [19]. This small shift can be explained by the

involvement of a guanine regulatory protein (Gp) in
Ml-mediated stimulation of phosphatidyl inositol
turnover. The discrepancy between the guanine
nucleotide shifts on agonist binding to calf and rat
brain cortex membranes might be imputed to dif-
ferent experimental conditions but equally well to
species-dependent differences in the degree of M1-
receptor—Gp coupling or to the sensitivity of guanine
nucleotides.

The ability of the alkylating reagent NEM to shift
agonist competition binding curves to the left in brain
cortex membranes has already been documented.
Different interpretations for this phenomenon have
been presented, i.e. a conversion of low into high
agonist affinity sites {20] and an increase in agonist
affinity for the low affinity sites without alteration of
the binding properties for high affinity sites [21].
These different interpretations may arise from the
complexity of the system investigated, a problem
which can be overcome by investigating NEM action
on M1 and M2 separately. In this study, we show that
NEM was indeed capable to increase the carbachol
affinity for both M1 and M2. For the M2-sites, this
shift was accompanied by a steepening of the curve
and by the loss of GTP-modulation (Fig. 2B, Table
2). This phenomenon could be related to two dif-
ferent actions of NEM, i.e. uncoupling of the M2-
receptor—Gi complex and an increase of the agonist
affinity for the free receptors. This latter action has
been illustrated by the ability of NEM to increase
the agonist’s affinity for M2-receptors in digitonin
solubilized heart membranes [12]. When the agonist
competition binding experiments for cortical M2-
sites were carried out in the presence of GTP, the
NEM-mediated increase in carbachol affinity was
approximately 14-fold. An NEM shift of the same
magnitude has also been observed in membrane
preparations of M2-prominent tissues such as the
heart, cerebral basal arteries and brain stem. In
contrast, NEM, provoked only a 3-5-fold increase in
the carbachol affinity for the M1-sites in the forebrain
(Table 2). In addition, no modulation of agonist
binding was reported for the Ml-sites in the hip-
pocampus [21]. These findings suggest that M1- and
M2-sites may have a different sensitivity for the
alkylating reagent NEM, independently of the tissue
examined. The possibility that differences in NEM
sensitivity reflect structural differences between M1-
and M2-receptor merits further evaluation.

The [*H]-QNB and [*H]-pirenzepine saturation
binding curves as well as the atropine- and
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pirenzepine/[°’H]-QONB competition binding curves
were superimposable for all the experimental con-
ditions. These data are consistent with the earlier
described inability of NEM and GTP to modulate
antagonist binding to M1 and M2 [12].
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