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SUMMARY

The binding of carbachol, quinuclidinyl benzilate, pirenzepine,
and scopolamine to muscarine receptors from the rabbit hippo-
campus and brainstem was examined in membranes and in
digitonin solution, in order to determine whether the dispersion
of receptor molecules altered the distinct ligand-binding profiles
of the receptors of these tissues. The modification of receptor-
effector complexes showing high affinity for carbachol in mem-
branes, with guanyl 5’-yl imidodiphosphate (GppNHp), N-ethyl-
maleimide (NEM), and ethylenediaminetetraacetate (EDTA), did
not remove receptor heterogeneity. In addition to receptor het-
erogeneity, GppNHp-sensitive high affinity agonist binding to
membranes was NEM sensitive in the brainstem but NEM insen-
sitive in the hippocampus. Solubilization with digitonin in the
presence of Mn2� ions yielded GppNHp-sensitive, high affinity

agonist-binding complexes from the brainstem but not the hip-
pocampus. More extensive dissociation was achieved with sol-
ubilization in EDTA and NEM, and resulted in receptor popula-
tions which showed markedly lower and slightly different affinities
for carbachol. However, the selectivities and affinities for three
antagonists were little changed in solution from those found in
membranes. These results support the view that there are dif-
ferences in muscarine receptors as well as different receptor
complexes with guanine nucleotide-binding regulatory proteins.
The selective binding of carbachol appears largely dependent
upon the association of receptors with other molecules, including
effector molecules, whereas antagonists appear to recognize
receptors irrespective of associated molecules.

Muscarine receptors in membranes are known to be hetero-

geneous with respect to their affinities for certain antagonists

(1-3) and agonists (4-7), the sensitivity of their high affinity

agonist-binding states to NEM (7-11), guanine nucleotides

(12), and pertussis toxin (13), locations (14, 15), mechanisms

(16, 17) and functions (18, 19). Marked differences in the

binding of agonists and antagonists to hippocampal and brain-

stem membranes persist even in the presence of GppNHp,

NEM, and EDTA (7), which are believed to dissociate com-

plexes of receptors with guanine nucleotide-binding regulatory

proteins (20). In contrast, soluble muscarine receptors appear

identical with respect to size, isoelectric point, and reactivity

to antibodies (21, 22). Thus, it is possible that a single receptor

protein assumes heterogeneous conformations in membranes

because of different associated molecules. Studies of soluble

receptors are clearly necessary to establish whether there is

only one or several receptors. Upon solubilization in detergents,

some muscarine receptors retain guanine nucleotide-sensitive

high affinity binding of agonists (23, 24). Thus, receptor-effec-

tor complexes persist in solution and must be dissociated in
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order to distinguish different receptors from distinct receptor-
nucleotide protein complexes. With purification, muscarine
receptors lose sensitivity to guanine nucleotides, but those from

the heart retain at least two affinity states for agonists (25).

Receptors in the heart (26), the hippocampus, and brainstem

(7) are also known to have allosteric sites for agonists. Thus,

the presence of mixed agonist affinities in one receptor prepa-
ration in solution (25, 27) does not constitute adequate evidence
for distinct receptors. Conversely, isolation of receptor popu-

lations with distinct agonist affinities (either from different
tissues or by purification techniques) would suggest separate

receptors. Upon solubilization, muscarine receptors with differ-

ent affmities for pirenzepine have also been described (27-29).

However, it has not yet been shown that these different affin-
ities persist when receptor-effector complexes are dissociated.

To examine further the question of whether there are mus-

carine receptors with distinct affinity profiles, we have com-
pared the binding properties of hippocampal and brainstem

receptors in membranes and in solution, with particular atten-

tion to conditions which demonstrably decrease high affinity

agonist binding. The results show that the hippocampus and

brainstem have receptors with different affinities for pirenze-

pine, scopolamine, and QNB, even in solutions containing
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GppNHp, or NEM plus EDTA. A small difference also appears

to persist for carbachol. This evidence favors the view that
there are pharmacologically distinct receptors as well as differ-
ent receptor-effector complexes.

Experimental Procedures

Materials. (-)-[3HJQNB (phenyl-4-�H; 30-40 Ci/mmol) was pur-
chased from New England Nuclear Corp., Boston, MA. Protamine
sulfate was from Calbiochem-Behring, La Jolla, CA, and pirenzepine

was a gift from Boehringer Ingelheim, Ltd., Ridgefield, CT. Carbachol,
NEM, digitonin, scopolamine, PMSF, GppNHp, polyethylene glycol

(Mr 8000) and all buffers were obtained from Sigma Chemical Co., St.
Louis, MO. The Triton X-100-based phosphor used for liquid scintil-
lation spectrometry (Liquiscint) was obtained from National Diagnos-

tics Co., Sommerville, NJ.
Preparation of membranes. Adult albino rabbits weighing 1.6-

2.7 kg were anesthetized with diethyl ether and exsanguinated. The
“brainstem” was isolated by a coronal cut at the rostral boundary of

the superior colliculi, and by removal of the cerebellum; the sample

used included the medulla, pons, and lower midbrain. The hippocampi
(0.4-0.7 g) and brainstem (0.8-1.2 g) were homogenized with a Brink-

man Polytron PlO blender (setting 6/10 for 30 see) in 19 ml/g of ice-
cold 50 mM sodium phosphate buffer containing 10 mM Na3EDTA, pH

7.4, and homogenates were left on ice for 30 mm to allow dissociation
of endogenous agonist-receptor complexes (7). In all cases, PMSF was

added to the buffer immediately before homogenization (1 ml of0.1 M

PMSF in isopropanol/lit.er).
Membranes were sedimented by centrifugation at 48,000 x � for

10 mm, and were gently resuspended with the blender to the original

weight of the homogenates in one of the two buffers used for assays.

Assays were performed with 0.1 ml of suspension, thus utilizing unse-

lected membranes from 5 mg of tissue. The recovery of binding sites

for 3F1-QNB from homogenates exceeded 98%.

Assays of i�ceptQrs in ipembranes. Freshly prepared membranes

were incubated at 37� for 45 mm in 10 ml of 1.0 nM 3H-QNB, in one of

two assay buffers. This large volume and high concentration of QNB

were necessary to prevent ligand depletion, which can greatly distort

affinity profiles (30). Triplicate assays without and with 1 jiM (±)-QNB
served to establish totaL and nonspecific binding, and the difference

was taken as specific binding to receptors. For competition studies,

various concentrations of counterligands were included, and the per-

centage inhibition of specific QNB binding was taken as the percentage

occupation of receptors by the counterligand used. Membranes with

bound H-QNB were recovered by filtering suspensions at reduced

pressure 011 2.4-cm-diameter Reeve-Angel 934H glass fiber filters. Each

assay tube and filter was rinsed three times with 4 ml of ice-cold assay

buffer within 10 sec. Filters were placed in counting vials, dried in an

oven at 60� , and covered with 4 ml of phosphor, and radioactivity was

counted at an efficiency of 37-38%.

To assess the binding of carbachol to the high affinity state of each

receptor, and the ability of GppNHp or NEM to interconvert these

sites to those having lower affinity, assays were carried out in 20 mM

Tris-HC1 buffer containing 1 mM MnCl2 at pH 7.4. Similar results

could be obtained in 1-lepes buffer. To stabilize receptors in their lowest

agonist-affinity states, assays were carried out in 50 mM sodium phos-

phate buffer containing 1 mM EDTA and 0.1 mM NEM, at pH 7.4 (7).
To measure the association rate f�r 3H-QNB, binding was initiated

by injecting 0.1 ml of membrane suspension into 9.9 ml of 3H-QNB at

37’, as for competition experiments, followed by 1 ml of 10 �M (±)-

QNB after 15-135 sec, and immediate filtration. To measure the

dissociation rate, samples were equilibrated as for competition assays,

dissociation was initiated by the addition ofO.1 ml of 100 �M (±)-QNB,
and samples were filtered after further incubation for periods up to 5

hr.

In preliminary experiments the following points were established.

Recovery of membrane-bound H-QNB on filters was indistinguishable

from recovery by ultracentrifugation. No delay was necessary between

adding phosphor and counting. No quenching of internal standards
was found with filters. The same binding curves were obtained for
carbachol when the incubation time was 45 mm or 2 hr. Depletion of

the free radioligand never exceeded 5%. Since Kd values for 3H-QNB
were found to be 4-8 pM and the final free radioligand concentration
was no less than 0.95 nM, receptor occupation always exceeded 99%.
Average receptor levels in the hippocampus and brainstem were 73 and

28 pmol/g of tissue, respectively. By comparison, nonspecific binding
was equivalent to 2-3 pmol/g.

Preparation of soluble receptors. Membranes were prepared as
described above. For experiments in which NEM was used, membranes
were pretreated with ice-cold 0.1 mM NEM for 30 mm by resuspension
and recentrifugation in assay buffer containing NEM. For all experi-

ments membrane proteins were then dissolved by resuspension of

membranes in ice-cold assay buffer containing 1% digitonin (20-ml
suspension for membranes from 1 g of tissue). After 30-60 mm with
occasional swirling, most insoluble material was removed by recentrif-

ugation. Assays were performed with 0.1 ml ofthe resultant supernatant
fluid, thus utilizing membrane proteins from 5 mg of tissue.

Assays of receptors in solution. Freshly prepared membrane
protein was incubated at 3T for 15 mm with 1.9 ml of buffer and a

final concentration of 1.0 nM 3H-QNB. The final concentration of
digitonin was 0.05%. The same buffers, counterligands, and procedures
for determining the kinetics of binding were used as described for

membranes, except that NEM was not present during assays. After
incubation, receptors with bound 3H-QNB were precipitated by the
sequential addition of 0.2 ml of 5% (w/v) protamine sulfate and 2.0 ml
of 25% (w/v) polyethylene glycol, and chilling of the samples on ice for

3-5 mm (31). Precipitated protein was recovered by filtration at reduced
pressure on glass fiber fitters and rinsed three times with 4 ml of ice-

cold 10% polyethylene glycol in buffer. Filters were dried and radioac-

tivity was measured as described above.

In preliminary experiments the following points were established.

Centrifugation at 100,000 x g for 1 hr did not sediment soluble

receptors. An average of 36% of hippocampal and 66% of brainstem

receptors were solubilized in P04/EDTA/digitonin, whereas 10% and

26% were solubilized in Tris/Mn2/digitonin, respectively. Depletion

of the free radioligand never exceeded 10%. Since Kd values for 3H-

QNB were found to be 6-22 pM and the final free radioligand concen-
tration was no less than 0.9 nM, receptor occupation always exceeded

97%. Nonspecific binding in the presence of 1 j�M (±)-QNB was less

than 10% of specific binding in 3H-QNB alone.

P1�14i i��lys�. Since binding curves for carbachol, pirenzepine,
and scopolamine conformed closely to mass action curves for a single

type of site in the hippocampus and in the brainstem, when assays

were performed in EDTA, no computerized analysis was necessary to

analyze the present results. An estimate of the dissociation constant

for each of these receptor ligands was made according to the equation

(32): apparent Kd - rc50 #{247}i #{247}([QNBI/Kd for QNB). The Kd values

for QNB were determined for the receptors in each tissue by kinetic

analyses.

Fig. 1 shows binding curves for carbachol to muscarine re-

ceptors from the brainstem, in membranes, and in solution, in

Tris/Mn2� buffer. Without GppNHp or NEM, the biDding

curves were clearly flatter than expected for a single population
of sites. Addition of either or both of these agents caused a

steepening of each binding curve, with no loss in the total

number of biDding sites. The final binding curve in solution fit

a mass action curve suggesting a single population of binding
sites, whereas the membrane binding data deviated slightly
from a curve calculated for a single class of sites. These data
emphasize the near-homogeneity of brainstem receptors (1, 7),
their ability to exist in two affinity states, both in membranes
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Fig. 1. Effect of GppNHp and of NEM on the affinity of brainstem
receptors for carbachol in Tris/Mn2� buffer. In this and subsequent figures
points are mean values for specific binding from two to six separate
experiments, curves were drawn by eye except where data fit a single
mass action curve, and results obtained with membranes are shown
above results obtained in solution. Here the left-hand points were ob-
tamed with buffer alone; for the right-hand points: 0, obtained with 0.1
mM NEM; & obtained with 0.1 mM GppNHp. The right-hand points in
solution are fit to a single mass action curve. The figure demonstrates
the presence of GppNHp- and NEM-sensitive high affinity binding in
solution as well as in membranes.

(1, 7) and in solution (27, 28), and the fact that either GppNHp
or NEM can be used to interconvert higher to lower affinity.
Thus, solubilization does not disrupt complexes of brainstem
receptors with guanine nucleotide-binding protein, in Tris/
Mn2� buffer.

Fig. 2 shows the affinities of hippocampal receptors for
carbachol, in membranes, and in solution, in Tris/Mn2� buffer
containing 0.1 mM NEM. NEM was used to uncouple high
affinity binding to receptors in the hippocampus having prop-

erties like those in the brainstem. Without GppNHp the bind-
ing curves were flatter than expected for a single population of

sites. With GppNHp, the binding curve for receptors in mem-

branes shifted to the right and steepened, approaching a single
mass action curve. Thus, in membranes, some hippocampal
receptors can form an NEM-insensitive, GppNHp-sensitive

complex, presumably with a guanine nucleotide-binding pro-
tein. In contrast, no effect of GppNHp was found in solution,
in confirmation of results by Berrie et at. (28). The fact that

the binding curve remained flat in solution in Tris/Mn2� may

carbachol (log M)

Fig. 2. Effect of GppNHp on the affinity of hippocampal receptors for
carbachol in Tns/Mn2� buffer. All results were obtained with receptors
treated with 0.1 mM NEM. In the upper panel the left-hand curve was
obtained without GppNHp and the right-hand curve with 0.1 m�
GppNHp. In the lower panel results were the same without (#{149})and with
(A) 0.1 mM GppNHp. The figure demonstrates the presence of GppNHp-
sensitive high affinity binding only in membranes.

result from solubilization of receptor complexes which are no
longer sensitive to GppNHp, or relatively selective solubiliza-
tion of a small population of receptors known to be present in
the hippocampus, which has properties like those in the brain-
stem (7).

Fig. 3 restates the right-hand curves shown in Figs. 1 and 2,
in order to compare directly the properties of the low affinity
states of muscarine receptors in the hippocampus and brain-

stem. It is clear that, although there is a loss of affinity for
carbachol upon solubilization, the carbachol affinities of most
of the receptors in these two tissues remain different after
solubilization, even after attempts to dissociate receptor-effec-
tor complexes.

Fig. 4 shows the effect of using NEM and EDTA instead of
GppNHp to stabilize both hippocampal and brainstem recep-
tors in their lowest affinity states for agonists. Solubilization
markedly decreased the affinity of each receptor for carbachol
and the selectivity of carbachol for receptors characteristic of
the brainstem. The binding profiles in solution could be fitted
to single mass action curves, and their IC� values differed by
a factor of 9. A difference of 3.6 is expected on the basis of the

different affinities of hippocampal and brainstem receptors for
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Fig. 3. This figure restates the right-hand curves found in Figs. 1 and 2,
in order to compare directly the different properties of hippocampal and
brainstem receptors in their lower affinity states in Tns/Mn2� buffer.

3H-QNB under the same conditions (see below). Hence, a small
difference in the affinities of these receptors for carbachol (47

versus 22 �M) appears to remain in EDTA and NEM.
Fig. 5 shows that the rates of association of 3H-QNB with all

the receptors in the hippocampus and brainstem in phosphate/
EDTA buffer were the same, and that solubilization had no
effect on these rates (1.1 and 1.17 x iO� M’ mm ‘ for receptors
in membranes and in solution, respectively). In contrast, Fig. 6
shows that the rates of dissociation were different for hippo-
campal and brainstem receptors, both in membranes (4.3 and
9.0 x iO-� min’) and in solution (7.2 and 25.7 x iO� min�);
solubilization resulted in slightly more rapid rates. Both for
association and dissociation, the rates were exponential (mon-
ophasic), again indicating the near-homogeneity of hippocam-
pal and brainstem receptor populations. Kinetically determined

Kd values for these populations were 4 and 8 �M in membranes,

and 6 and 22 pM in solution, respectively. Thus, solubilization
caused only small changes in the affinity of the antagonist,
QNB, and slightly increased rather than reducing its selectivity
for hippocampal receptors.

Two other antagonists, pirenzepine and scopolamine, also
bound selectively to hippocampal versus brainstem receptors,
both in membranes and in solution (Fig. 7). After correction
for the difference in QNB affinities, apparent Kd values for
pirenzepine for hippocampal and brainstem membranes were 5

and 100 nM in membranes, and 9 and 345 nM in solution,

respectively. Corresponding values for scopolamine were 0.06

V

a,

0.

0
0
0

0,

a,

Cl)

carbachol (log M)

Fig. 4. Effect of EDTA and NEM on the affinity of receptors for carbachol.
All results were obtained in the presence of 1 m� EDTA with receptors
treated with 0.1 mM NEM. The figure demonstrates that solubilization
results in a large loss in the affinity of carbachol for each receptor
population and a decrease in selectivity between populations. The curves
for soluble receptors represent single classes of sites. lCse values are
given in the text.

and 1.0 nM in membranes, and 0.11 and 1.7 nM in solution.

Thus, solubilization caused only small changes in the affinity
of these antagonists and, if anything, increased their selectivity
for hippocampal receptors.

Discussion

We have examined the effects of two means of separating
muscarine receptor molecules from other molecules, solubili-
zation and the use of agents which uncouple receptor-effector

complexes, on the remarkably distinct binding profiles of re-
ceptors from the rabbit hippocampus and brainstem. Three
points may be made from this study.

First, it is apparent that the actions of digitonin, GppNHp,
NEM, and EDTA do not produce pharmacologically homoge-

neous muscarine receptors. Instead, receptors from the hippo-

campus and brainstem retain different affinities for three an-
tagonists, QNB, pirenzepine, and scopolamine, and a small but
reduced affinity difference for carbachol. Several prior studies
have demonstrated that binding heterogeneity for agonists
remains after solubilization of muscarine receptors, reflecting
the presence of GTP-sensitive receptor-effector complexes (23,
24). This study shows, in addition, that some of this heteroge-
neity is lost when receptor-effector complexes are dissociated
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minutes

Fig. 5. Rates of association of 3H-QNB in phosphate/EDTA buffer, using
receptors treated with 0.1 m� NEM. Rates were monophasic and very
similar in membranes and in solution. The lines are least squares regres-
sion lines; for each component r� was 0.98-1 .00. Rate constants are
given in the text.

with guanine nucleotides and/or NEM, and that most is lost

upon the removal of divalent cations, which are universally
required to maintain high affinity guanine nucleotide-sensitive
agonist binding to receptors (20). A minor, 2-fold difference

between hippocampal and brainstem receptors appears to re-
main in EDTA plus NEM. This could be dismissed if there
were no other evidence for heterogeneity. However, prior stud-

ies have shown that muscarine receptors from different tissues
retain different affinities for pirenzepine in solution (27-29).
The present study has confirmed these findings and shows
additionally that pirenzepine is not a unique antagonist in this

regard, since both QNB and scopolamine show selectivity in
solution, and that the heterogeneous binding of these three
antagonists is unaffected by conditions which greatly reduce
agonist selectivity. The present evidence for the heterogeneous
binding of several ligands to two dispersed populations of
muscarine receptors thus favors the idea that there are distinct
receptors. The existence of GppNHp-sensitive, NEM-sensitive,
and NEM-insensitive receptors in the brainstem and hippo-
campus, respectively, also favors the idea that there are distinct
receptor-effector complexes. These may involve different gua-
nine nucleotide-binding proteins (33, 34). To our knowledge
this is the first demonstration of a GppNHp-sensitive, NEM-

Fig. 6. Rates of dissociation of3H-QNB in phosphate-EDTA buffer, using
receptors treated with 0.1 mM NEM. Rates were monophasic with r�
values of 0.99-1 .00. The figure shows that solubilization slightly in-
creases the rates of dissociation but does not remove the distinction
between hippocampal and brainstem receptors. Rate constants are given
in the text.

insensitive muscarine receptor in brain tissue which has a high
affinity for pirenzepine. A similar receptor (having high affinity
for pirenzepine which is also NEM insensitive but GppNHp-
sensitive) has been demonstrated in intact 1321N1 astrocytoma

cells (11, 35, 36). The reason for the difference in receptors
may be minor and post-translational, such as different glyco-
sylation (37, 38), phosphorylation, acetylation, or polymeriza-
tion (39) of a single protein, or may be related to differences in
primary structure. Analyses of separately purified receptors are

necessary to resolve such questions.
A second conclusion of the present study is that extensive

dispersion of muscarine receptors does not significantly alter
the distinct affinities of hippocampal and brainstem receptors
for antagonists. Some prior studies have shown abrupt in-
creases in selectivity or affinity (40) for pirenzepine upon
solubilization; these changes were not apparent in EDTA. Loss

ofhigh affinity pirenzepine-binding sites has also been observed
in solution (41) and upon purification (29), but no losses were

seen in the present study. The present evidence thus strongly
supports the general view that antagonists recognize receptors
independently oftheir association with other molecules, includ-
ing guanine nucleotide-binding regulatory proteins.

Finally, we observed a major loss in the selective binding of
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Fig. 7. Binding curves for scopolamine and pirenzepine in phosphate/
EDTA buffer, using receptors treated with 0.1 mM NEM from the hippo-
campus (#{149})and brainstem (0). The figure demonstrates small decreases
in affinities upon solubilization, with little change in the selectivity of these
antagonists. All curves in this figure are single mass action curves. lCsc
values are given in the text.

carbachol to brainstem versus hippocampal receptors upon

solubilization of membranes in EDTA. This was due to a large

loss in the affinity of hippocampal receptors, and an even

greater loss in the affinity of brainstem receptors (Fig. 4). Prior

investigators have noted increases (42) or decreases (43) in

agonist affinities upon solubilization of receptors from a single

tissue, but not the decrease of selectivity between tissues (42).

Since changes in affinity and selectivity are marked for car-

bachol but not for antagonists upon solubilization, the basis

for the selective binding of carbachol in membranes must be

different from that for antagonists. It appears that the associ-

ation of receptors with other molecules in membranes must be

responsible for relatively high agonist affinities and selectivity.

The results presented here have ruled out the possibility that

selectivity is entirely due to the presence of GppNHp-, NEM-,

or EDTA-sensitive receptor-effector complexes. Several re-

maining possibilities are that there are cooperative receptor

interactions or loosely associated receptor-effector complexes

(44), which are still capable of stabilizing different receptor

conformations in membranes.
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