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SUMMARY

Heterogeneity in the muscarinic receptor population of guinea
pig ileum longitudinal smooth muscle was found in competition
binding experiments against N-methyi[°*H]scopolamine using
either a cardioselective (AF-DX 116) or a smooth muscle-selec-
tive (hexahydrosiladifenidol) antimuscarinic compound. AF-DX
116 recognized 65% of the total receptors with high affinity and
35% with low affinity. Hexahydrosiladifenidol distinguished 24%
of the total receptors with high affinity and 76% with low affinity.
The two affinity binding constants displayed in smooth muscle
by the compounds were similar to those of heart and glands,
suggesting that the muscarinic receptor population in the smooth
muscle is formed of about 30% glandular type and 70% cardiac
type of the M. receptors. In dissociation experiments, the rate
of breakdown of the N-methyi[*H]scopolamine receptor compiex
in the smooth muscle was rapid and similar to the dissociation
of N-methyi[*H]scopolamine from muscarinic receptors in cardiac
membranes, supporting the evidence for the presence of a large
fraction of the cardiac receptor type in smooth muscle. To further
characterize the population of the smooth muscle receptors

recognized as glandular type, we performed protection experi-
ments with hexahydrosiladifenidol, which binds to glandular M;
receptors with high affinity. Smooth muscie membranes were
initially incubated with this compound and then phenoxybenz-
amine was added to ireversibly alkylate the remaining unpro-
tected receptors. Data from competition and dissociation binding
experiments showed that, under these conditions, this protected
fraction of the total receptor population in ileum smooth muscie
had all the characteristics of the glandular type, i.e., siow N-
methyi[*H]scopolamine dissociation and affinity constants for a
series of selective and nonselective muscarinic antagonists in
the same order of magnitude as those found in the glandular
tissue. These findings, together with the known observation that
hexahydrosiladifenidol is more potent in inhibiting the functional
activation of muscarinic receptors in smooth muscle relative to
heart, lead to the hypothesis that smooth muscle contractility is
mediated by a muscarinic receptor subtype similar to that found
in glandular tissue.

The recent discovery of a novel selective antimuscarinic
compound, AF-DX 116 (1), has provided deeper insight into
the previous classification of the mAChRs (2-9). The M; type,
as formerly defined with PZ, could be further divided into two
different subclasses based on in vitro and in vivo data from AF-
DX 116 studies, a cardiac M. subtype, which displays high
affinity for AF-DX 116, and a glandular M, subtype, which has
low affinity for the drug. Summarizing the available pharma-
cological data, the muscarinic system seems to be formed of
three main mAChR subclasses, M, (in neuronal tissues such as
brain, enteric, and sympathetic ganglia), M, (mainly in heart
but also in some brain regions), and M; (essentially in exocrine
glands and even in different brain regions) (10-22).

The existence of different mAChR subtypes has been re-
cently shown also by various groups using the receptor cloning
technique. The porcine cerebral (M,) and cardiac (M,) recep-

tors were characterized and differentiated on the basis of their
primary structures (23, 24). Moreover, analysis of genomic
clones has revealed that there are at least four functional
mAChR genes present in the brain of humans and rats (25).

The characterization of the mAChRs in smooth muscle has
been less well clarified. With the use of PZ (26-29), it was
established that smooth muscle contains an M, receptor type,
but whether this M, is a cardiac or a glandular receptor, a
combination of both, or yet another type could not be differ-
entiated by the compound used. Consequently, it is not possible
to categorize the mAChRs of smooth muscle within the M,
subclass with any certainty. However, emerging evidence indi-
cates that, functionally, the mAChRs present in ileum smooth
muscle and atria may be considered to be different (11, 16, 28,
30, 31).

In preliminary binding experiments we found that, whereas

ABBREVIATIONS: mAChR, muscarinic acetyicholine receptor; ["[HINMS, N-methyi{*H]scopolamine methyl chioride; NMS, N-meth

ATR, atropine sulfate; QNB, 3-quinuclidinyl benzilate, racemic mixture; AF-DX 116, (11-{[[2-(diethylamino) methyl]-1-piperidinyi]acetyi}-5, 114ihydro~
6H-pyrido[2,3-b] [1,4]benzodiazepine-6-one); PZ, pirenzepine; HHSID, hexahydrosiladifenidol; PBZ, phenoxybenzamine; 4-DAMP, 4-diphenylacetoxy
N-methyl piperidine methiodide; CPPS, cyclohexyiphenyl 2-piperidinoethyl silanol.
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PZ recognized a uniform mAChR population in smooth muscle
with a low affinity (600-1000 nM),’ AF-DX 116 brought out a
particular behavior in a number of smooth muscles of the
gastrointestinal tract (32, 33), urinary bladder (34), and respi-
ratory tract (17), indicating receptor heterogeneity in each
preparation. Moreover, it was demonstrated that in isolated
organs AF-DX 116, differently from PZ, had the ability to
discriminate between atrial and ileal mAChRs (11, 16).

On the other hand, another antimuscarinic compound,
HHSID, showed inverse pharmacological selectivity with re-
spect to AF-DX 116 in isolated organ preparations (35, 36),
displaying greater potency in inhibiting smooth muscle con-
traction. In this study, we exploited the antithetic selectivity
properties of AF-DX 116 and HHSiD to characterize the
mAChR population of smooth muscle. Competition and disso-
ciation binding experiments were performed on membranes
from guinea pig ileum longitudinal smooth muscle after pro-
tecting one of the subtypes with HHSiD (or AF-DX 116) and
then irreversibly alkylating the other with PBZ (37).

Materials and Methods

Tissue Preparation

Homogenization procedure. Male guinea pigs (Dunkin Hartley,
400-500 g) were used. Ileum longitudinal smooth muscle was removed
by slipping ileal segments (about 10 cm long) rinsed with cold Tyrode’s
buffer, pH 7.5, over a tapered glass rod and then shearing away the
longitudinal muscle with a buffer-wetted cotton swab (38). The muscle
tissue was weighed and homogenized for 30 sec at maximal speed with
an Ultra-Turrax in ice-cold Tyrode’s buffer, pH 7.5, and then suspended
in a glass-Teflon Potter-Elvehjem homogenizer (15 strokes), diluted 1/
50 (w:v), and filtered through two layers of cheesecloth.

Heart and submandibular salivary glands were removed, cleansed,
weighed, homogenized in ice-cold Tyrode’s buffer, pH 7.5, and diluted
1/50 (w:v), following the previously described procedure. For other
experiments, an artificial tissue was prepared by combining cardiac
membranes (1/50; w:v) with glandular membranes (1/50; w:v) in a
proportion of 70:30.

Receptor protection. A scheme depicting the various steps of drug
addition, incubation, centrifugation, and subsequent washing used in
the protection experiments is shown in Fig. 1. Aliquots (15 ml) of the
ileum longitudinal smooth muscle homogenates were incubated with
either 3 uM HHSiD or 10 umM AF-DX 116 for 30 min at 30°. This was
followed by the addition of 100 uM PBZ and the homogenates were
incubated for another 30 min. Pilot experiments were performed at
different concentrations of AF-DX 116 (10 nM to 10 uM), HHSiD (10
nM to 10 uM), and PBZ (10 nM to 100 uM) and incubation times of 10—
30 min. The conditions of drug concentrations and exposure times to
the drugs were selected to achieve reproducible alkylation and to yield
<10% (5.87 + 0.82, mean + SE, 19 experiments) of total number of
receptors, ensuring the presence of a homogeneous receptor population
sufficient to perform binding studies. After incubation was terminated,
the homogenate was centrifuged at 20,000 X g for 20 min at 4°, the
supernatant was discarded, and the pellet was washed with Tyrode’s
buffer and resuspended by continuous gentle aspirations with a syringe
to avoid foaming. Centrifugations and resuspensions in 10 ml of Ty-
rode’s buffer were performed twice more. This ensured the elimination
of all unbound (reversible plus irreversible) and bound (reversible)
ligand; further washing did not modify binding results. The final pellet
was transferred to a glass-Teflon Potter-Elvehjem homogenizer, gently
homogenized, and diluted.

Homogenates of glands or the artificial mixture of cardiac and
glandular membranes were treated as above. Aliquots of control ho-

! E. Giraldo and E. Monferini, unpublished observation.

HOMOGENATE

HHS1D(3pM)

AF-E; 116(10uM)

30min/30°C

PBZ(100pM)
30m1n/30°C

20.000is/20n|n

SUPERNATANT DISCARDED

WASH

20,000le/20n|u

SUPERNATANT DISCARDED
WASH

20,000Le/20n|n

SUPERNATANT DISCARDED

WASH

FINAL PELLET SUSPENSION

BINDING EXPERIMENTS

Fig. 1. Flow chart of the procedure used to selectively protect the
glandular or the cardiac muscarinic receptor subtype from the alkylating
agent PBZ.

mogenates of the different tissues were prepared in parallel, following
the same procedure but omitting the drugs. For the heart, only the
control procedure was followed.

Tissue dilution. For binding experiments, membrane suspensions
were filtered through one layer of cheesecloth and diluted with ice-cold
Tyrode’s buffer, pH 7.5, to yield a final protein concentration (ug/ml)
for each tissue of about: 20 (ileum control) and 150 (ileum treated); 60
(glands control) and 300 (glands treated); 200 (heart). Protein concen-
tration was determined by the method of Bradford (39) with dye reagent
(Bio-Rad, Richmond, CA). Bovine serum albumin (Fluka, Buchs, Swit-
zerland) was used as standard.

Binding Assays

Control and treated homogenates (1 ml/tube) were incubated for 45
min at 30° with the marker ligand [P'HJNMS (equilibrium conditions,
as determined by appropriate experiments). Incubation was stopped by
rapid filtration under reduced pressure through GF/B glass fiber filters
(Whatman, Maidstone, England). Filters were washed with 3 X 5 ml
of ice-cold Tris-HCI buffer (pH 7.5) and then introduced into glass
scintillation vials. A total of 4 ml of Filter-count (Packard, Downers
Grove, IL) was added and radioactivity was determined by liquid
scintillation counting.

Specific binding was defined as that displaceable by 1 uM QNB and
averaged about 95 and 60% of total binding for control and treated
tissues, respectively.

Saturation curves. The homogenates were incubated as indicated
above in the presence of various concentrations (0.01-30 nM) of [*H]
NMS.

Competition curves. The homogenates were incubated as above in
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the presence of 0.6 nM [PHJNMS and different concentrations of
unlabeled ligands.

Dissociation kinetics. Dissociation of ["H]NMS was started after
incubating 0.6 nM [PTH)NMS with membrane preparations at 30° for 45
min. At this time (time 0), 1 uM unlabeled NMS was added and
determinations were made at various intervals over a 90-min period.
In parallel, the stability of the [PH]NMS-receptor complex equilibrium
was checked by adding 1 uM unlabeled NMS and filtering immediately
thereafter, every 20 min throughout the experiment. The extent of
dissociation at various times was calculated as a percentage of [*H]
NMS specifically bound (dpm), after 45 min equilibrium (time 0),
taking into account the stability of the [PHJNMS-receptor complex
equilibrium.

Data Analysis

Saturation and competition curves were analyzed by a nonlinear
least squares regression analysis on the basis of a one or a two binding
site model with a TOPFIT pharmacokinetic program package (40).
Dissociation constants (Kp) for the different unlabeled ligands were
obtained after correction for the radioligand occupancy shift, according
to the equation Kp = ICs/1+ [*C]/*Kp where ICq, is the concentration
of unlabeled ligand displacing 50% of specific binding and [*C] and
*Kp represent the concentration and the dissociation constant of the
radioligand used, respectively (41). Kp values for ["H]NMS in the
various tissues under different treatments, as used in the calculations,
are found in the tables in Results.

Hill coefficients (ny) were calculated by linear regression analysis
and assessed for significant deviation from unity (Student’s ¢ test).

Materials

[*H]JNMS (85 Ci/mmol) was purchased from New England Nuclear
(Boston, MA); AF-DX 116, PZ, and QNB were synthesized at Dr. K.
Thomae GmbH (Biberach an der Riss, FRG); HHSiD was a generous
gift from Drs. E. Mutschler and G. Lambrecht (University of Frankfurt,
Frankfurt, FRG) and Dr. R. Tacke (University of Braunschweig,
Braunschweig, FRG); ATR and NMS were purchased from Sigma (St.
Louis, MO) and PBZ was a gift from Smith Kline & French (Philadel-
phia, PA). All compounds, prepared fresh before use, were dissolved in
distilled water.

Results

Cardiac and Glandular Tissues

Displacement experiments. Table 1 gives the binding
estimates from curves generated in heart and glands by various
muscarinic antagonists (NMS, ATR, PZ, AF-DX 116, and
HHSID) in competition experiments against 0.6 nM [PH]NMS.
In each case, the data were well explained by interaction with
a single site (ny = 1), indicating that the antagonists bound to
a homogeneous population of receptors in both heart and
glands. Whereas NMS, ATR, and PZ did not distinguish be-

TABLE 1

Muscarinic Receptors in Smooth Muscle 619

tween the mAChRs present in the two tissues, AF-DX 116 and
HHSID showed a discriminating profile. AF-DX 116 displayed
high affinity for the receptors in the heart, with a K, of 112 +
13 nM and low affinity for the receptors in the glands, with a
K of 3982 + 659 nM. HHSiD demonstrated inverse selectivity,
showing high affinity for the glandular receptors, with a K, of
63 + 4 nM and low affinity for the cardiac subtype, with a K,
of 499 + 11 nM.

The binding curves of AF-DX 116 and HHSID, derived from
the competition experiments against 0.6 nM [*PH]NMS in mem-
branes from the guinea pig heart and glands, are illustrated in
Fig. 2.

Dissociation experiments. Dissociation experiments were
performed on these two tissues to investigate the kinetic char-
acteristics of the two receptor subtypes (Fig. 3). After the
addition of excess unlabeled NMS (1 uM), a clear difference in
the dissociation of [FH]NMS from receptors in the heart with
respect to those in the glands was noticed. In cardiac mem-
branes, the dissociation reached 50% in less than 1 min and
was completed after 10-20 min; by contrast, in glandular mem-
branes the half-time dissociation was about 20 min, and even
after 90 min a detectable amount of [’TH]NMS-receptor complex
was present.

Smooth Muscle Tissue

Competition experiments. The presence of a heteroge-
neous population of receptors in guinea pig ileum longitudinal
smooth muscle membranes was revealed by displacements car-
ried out against 0.6 nM [PH]NMS with AF-DX 116 and HHSiD
(Fig. 4). The AF-DX 116/[°H]NMS competition experiments
generated a shallow curve with ny significantly less than unity.
Computer analysis revealed that the data points fitted best to
a two binding site model, thus indicating the presence of a
mixed population of receptors. AF-DX 116 recognized 66% of
total receptors with high affinity (K, = 64 + 16 nM) and 35%
of receptors with low affinity (Kp = 2097 + 490 nM) (Table 2).

In HHSIiD/[*'H]NMS competition experiments, a shallow
curve was also generated with an ny significantly less than
unity. According to a two binding site model, HHSiD distin-
guished 24% of total receptors with high affinity (Kp =25 + 5
nM) and 76% of receptors with low affinity (K, = 355 + 18
nM) (Table 2).

In Table 2, the values for smooth muscle are compared with
affinity values for the compounds in heart and glands. The
binding constants of the smooth muscle receptors showing high
and low affinity for AF-DX 116 were similar to the respective
ones in heart and glands. In the same way, the binding con-
stants of HHSID for the high and low affinity sites in smooth

Binding estimates of different mAChR antagonists in heart and submandibular salivary glands of guinea pig
Dissociation constants (K,) and Hill coefficients (n,,) were determined as described in Materials and Methods. Each value is the mean + standard error of three to five

experiments performed in triplicate.
Heart Glands

Ko Ko Nn

M M
NMS 098 +0.14 1.05 +£ 0.04 0.81 + 0.08 110+ 0.10
ATR 5.57 + 0.46 1.06 £ 0.07 6.01 £ 0.29 1.03+ 0.04
PZ 1246 <+ 115 1.03 + 0.01 1570 +178 1.00 + 0.03
AF-DX 116 12 +13* 1.03 £ 0.07 3982 +659 0.99 + 0.06
HHSID 439 +11° 1.01 £ 0.05 63 4 1.03 £ 0.06

*p < 0.05 versus glands K, (Student’s t test).
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Fig. 2. Binding curves of AF-DX 116 and HHSID derived from competition
experiments against 0.6 nm [PH]NMS in guinea pig cardiac and glandular
membranes. Datallustratearepresemaﬁveexperknentpetformedm
triplicate, after correction for the radioligand-induced

o—e glands
O—0 ileum long sm muscle
«—e heart

%SFECFKJ’g%m

0 30 60 TIME (min)

Fig. 3. Time course of 0.6 nm [*H]NMS dissociation from muscarinic
receptors of cardiac, ileal, and glandular membranes. The dissociation of
[*H]NMS was measured at 30° after incubation with the radioligand to
equilibrium for 45 min. At time 0, thereafter, 1 um cold NMS was added
and determinations were made at various times over a 90-min period.
Nonspecific binding was defined with 1 um QNB for each time. Data
represent the means of at least three experiments performed in triplicate.
Standard errors are within the diameter of the symbols.

AF-DX 116
ilkum long. smooth muscle
9% 0CCUPANCY
100 -
80 - -
60 - -
40 - -
20 -
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Fig. 4. profile of AF-DX 116 and HHSID in ileum longitudinal

Binding
smooth muscie in 0.6 nm [*H]NMS competition experiments. The curves
indicate the computer fits of the experimental data points of represent-
ative experiments after correction for the radioligand occupancy shift,
according to a two binding site mode! with visualization of the individual
components of the curves and their dissociation constants.

muscle were quite comparable to those found in glands and
heart, respectively. In addition, similar proportions of receptor
populations were detected by both antagonists, about 70%
cardiac type and 30% glandular type.

Dissociation experiments. In dissociation experiments,
the breakdown of the [PH]NMS-receptor complex from the
smooth muscle membranes (Fig. 3) was very similar, but not
identical, to that for the heart. The first phase was rapid in
both tissues, but the amplitude of the first phase was lower and
the rate of the second phase was slower for the smooth muscle.

Protection experiments. Saturation studies were carried
out in control and treated preparations of guinea pig ileum
longitudinal smooth muscle using increasing concentrations of
[ECH]NMS. The equilibrium constants (K,) and the total recep-
tor number (Rr) are given in Table 3. Control smooth muscle
contained 3225 + 441 fmol of mAChR/mg of protein with a K,
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TABLE 2

Muscarinic Receptors in Smooth Muscle 621

AF-DX 116 and HHSID binding profile in ileum longitudinal smooth muscie, heart, and submandibular salivary glands of guinea pig

Dissociation constants (Ko, Ko,, and K,,) were determined as described in Materials and Methods. Hill coefficients are indicated in Table 5 (for ileum longitudinal smooth
muscie) and Tabie 1 (for heart and submandibular salivary glands). Each value is the mean + standard error of five to six experiments performed in triplicate.

Neum longitudinal smooth muscle

Heert Ko Glands Ko
K°| nﬂ K’n R'z
n~ % % nM
AF-DX 116 64 + 16 65+ 3 2097 + 490 3B +2 112+ 13 3982 + 659
HHSID 355 + 18 76+ 4 255 24+ 4 499 + 11 634
TABLE 3 The difference in binding characteristics between the control
Equilibrium constant (K,) and total receptor number (Ry) in control and the HHSiD/PBZ-protected preparation was further con-
and treated ileum smooth muscile of guinea pig, firmed in kinetic experiments, in which the off rate of 0.6 nM

derived from [*H]NMS saturation experiments
The data are the mean + standard error of at least three experiments each run in
triplicate.

Ko Rr
('] fmoijmg of
Control 0.73 £ 0.12 3225 + 441
Treated (HHSID/PBZ) 2.17 £ 0.58* 169 + 18°
*p < 0.05 versus respective controis (Student's ¢ test).
TABLE 4
Binding estimates of NMS, ATR, and PZ in control and treated ileum
longitudinal smooth muscie of guinea pig

Dissociation constants and Hilt coefficients were determined as described in Ma-
terials and Methods. Each value is the mean + standard error of three to five
experiments performed in triplicate.

Control HHSD/PBZ
Ko My Ko ny

nu M

NMS 0.92+0.17 0.93 + 0.04 3.10 £ 0.49* 0.96 + 0.06
ATR 547 +0.18 099+004 19 +48° 0.99x0.02
PZ 1356 +238 091+0.03 9289 +1281* 0.96+0.13

* p < 0.05 versus respective controis (Student's ¢ test).

for [PH]NMS of 0.73 £ 0.12 nM, as determined by nonlinear
least squares regression analysis. After protection with HHSiD
and treatment with PBZ, the total receptor number was reduced
by about 95% to 169 + 18 fmol of mAChR/mg of protein, and
the affinity value for [PHJ]NMS was significantly increased to
2.17 + 0.58 nM. This affinity change was also found in displace-
ments with NMS against 0.6 nM [*PH]NMS, in which the K
was increased from 0.92 + 0.17 nM (control) to 3.10 + 0.49 nM
(treated) (p < 0.05) (Table 4). Other studies showed that a
rightward shift of the same magnitude in the affinity binding
constant for the protected receptor was evident for ATR (from
5.47 £+ 0.18 to 19 + 4.8 nM) and PZ (from 1356 + 238 to 9289
+ 1281 nM) in displacements against 0.6 nM [PH]NMS (Table
4).

The binding curves for NMS, ATR, and PZ in both control
and HHSiD/PBZ-protected tissues were compatible with an
interaction at one binding site (n; = 1) (Table 4). On the other
hand, whereas AF-DX 116 and HHSiD displaced ['H]NMS
with a heterogeneous behavior in the control preparations (ny
values significantly less than unity) (see Fig. 4 and Table 2), in
the protected tissue, the experimental data for both compounds
followed simple mass action law (ny values =~ 1) and showed a
uniform receptor population with affinity values of 16330 +
4500 and 217 + 46 nM for AF-DX 116 and HHSID, respectively
(Table 5).

[PCH]NMS from the mAChR in the smooth muscle membrane
suspension was evaluated. As illustrated in Fig. 5, "H]NMS
dissociated much more slowly (half-time of dissociation of 30
min) from HHSiD/PBZ-treated receptors than from the con-
trol ones, for which the half-time of dissociation was about 1
min. The [PH]NMS off rate behavior from the HHSiD/PBZ-
protected smooth muscle receptors was comparable to that from
the receptors in the glandular suspension shown in Fig. 3,
suggesting in this case too a similarity between the subtype in
smooth muscle showing high affinity for HHSiD and the glan-
dular M; receptor type.

When the smooth muscle receptors were protected with 10
uM AF-DX 116 instead of 3 uM HHSID and then treated with
PBZ to unmask the cardiac subtype, the dissociation rate for
[PHINMS was somewhat faster than for the control (Fig. 6),
revealing kinetic characteristics typical of the cardiac receptor.

Glandular Tissue

Binding curves generated by the classical and selective an-
tagonists in competition experiments against 0.6 nM [*"H]NMS
in both control and HHSiD/PBZ-protected submandibular sal-
ivary glands are well explained by interaction with a single site
(ngy = 1). Similarly to that found in smooth muscle, the affinity
values for all the compounds were shifted to the right by 5- to
10-fold in the protected tissue (Table 6).

Cardiac/Glandular Tissue Mixture

An artificial mixture of 70% cardiac and 30% glandular
membranes was treated with HHSiD/PBZ and then used for
kinetic studies. As seen in Fig. 7, while the off rate of 0.6 nM
[*'H]NMS from receptors in the mixed membrane suspension
of untreated control reached 50% in less than 2 min, the half-
time of dissociation was markedly increased to about 30 min in
the treated suspension, suggesting that the receptors in the
glandular membranes, but not in the cardiac ones, were pro-
tected by HHSiD.

Discussion

Competition binding experiments with the cardioselective
antimuscarinic compound AF-DX 116 against [PH]NMS gen-
erated a shallow curve in guinea pig ileum longitudinal smooth
muscle, indicating the presence of a heterogeneous population
of receptors; 65% of the total receptors showed high affinity
for AF-DX 116, with a K, of 64 nM, and the remainder, 35%,
bound the cardioselective antagonist with low affinity, display-
ing a Kp of 2097 nM. In guinea pig heart and submandibular
salivary glands, AF-DX 116 recognized a uniform population
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TABLE 5

AF-DX 116 and HHSID binding profile in control and treated ileum longitudinal smooth muscie of guinea pig
Dissociation constants and Hill coefficients were determined as described in Materials and Methods. Each value is the mean + standard error of five to six experiments

performed in triplicate.
Control HHSID/PBZ
Ko Koz Ny Ko Ny
nM nw~
AF-DX 116 64 + 16 2097 + 490 0.74 + 0.03* 16330 + 4500 0.99 + 0.04
HHSID 355 + 18 255 0.84 + 0.03* 217 + 46 0.90 + 0.04

* n significantly less than 1 (p < 0.05) (Student's  test).

100
:
§ 50 \ ¢HHSID/PBZ
Q
u
;
2 control
[oF

0 30 60

Fig. 5. [PHINMS dissociation from ileum longitudinal
membranes as control and after HHSID/PBZ treatment. After an incu-
bation of 45 min at 30° with 0.6 nm [PHINMS, 1 um cold NMS was added
and determinations were made at various times over a period of 90 min.
Nonspecific binding was defined with 1 um QNB at each time point. Data
represent the means of at least three experiments performed in triplicate.
Standard errors are within the symbols.

1004

%SPECIIC 'HNMS BOUND
(<]

TIME (min)
Fig. 6. [PH]NMS dissociation from ileum longitudinal smooth muscie
muscarinic receptors of untreated control and AF-DX 116/PBZ-treated
membranes. Details are given in the legend to Fig. 5.

of sites exhibiting a selective profile; it bound with high affinity

TABLE 6

(Kp of 112 nM) to cardiac membranes and with low affinity
(Kp of 3982 nM) to glandular membranes. The K, values for
the two subtypes found in longitudinal smooth muscle, when
compared with the respective K, values in heart and glands,
were close enough to suggest that these subtypes may be con-
sidered cardiac M, and glandular M; receptors, as already
described (32, 33).

The evidence for the presence of two different receptor
populations in smooth muscle was supported by data obtained
using HHSID, a selective compound demonstrated to exhibit a
30-fold selectivity for smooth muscle versus atrium in isolated
organ preparations (35, 36). The K, values obtained from [*H]
NMS/HHSID competition experiments in smooth muscle (25
and 355 nM), again, were comparable to the respective Kj
values found in glands (63 nM) and in heart (449 nM). It is
clear from the data that AF-DX 116 and HHSiD possess inverse
binding characteristics, the former being cardioselective, the
latter glandular selective. Both drugs revealed that approxi-
mately 70% of receptors in smooth muscle showed similarity
to the cardiac M, and 30% emulated the glandular M; types.

Additional evidence attesting to this phenomenon was fur-
nished by the kinetic experiments, valuable tools for bringing
out differences between receptors (42, 43). The rate of break-
down of the [PHJNMS-receptor complex in smooth muscle
membranes was close to, but not overlapping with, that of the
heart. This finding may be due to the existence of a new
muscarinic receptor subtype (M,?), because the presence of a
significant amount of the M, subtype has to excluded from
binding and functional data (26, 29). Alternatively, the differ-
ences in the dissociation curves may be due to the described
heterogeneity (cardiac plus glandular subtypes) of the smooth
muscle receptors, and the higher proportion of the cardiac
subtype may account for the closeness of the dissociation curve
to that of the heart.

The presence of heterogeneous populations of receptors in
the smooth muscle preparation does not alone show that they

Binding estimates of different mAChR antagonists in control and treated submandibular salivary glands of guinea pig
Dissociation constants and Hill coefficients were determined as described in Materials and Methods. Each value is the mean + standard error of at least three experiments

performed in triplicate.
Control HHSID/PBZ

Ko Ny Ko M

nM M
NMS 0.81 £ 0.08 1.10+0.10 4.02 + 0.33* 0.97 + 0.08
ATR 6.01 £ 0.29 1.03 £ 0.04 32 +4.10* 1.02 + 0.09
Pz 1570 +178 1.00 £ 0.03 13653  + 342° 1.08 + 0.04
AF-DX 116 3982 +659 0.99 + 0.06 31940 + 5500* 0.89 + 0.07
HHSID 63 407 1.03 +£ 0.06 647 +87° 1.06 £ 0.07

* p < 0.05 versus respective controis (Student's t test).
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Fig. 7. Dissociation of 0.6 nm [PHJNMS from muscarinic receptors of
untreated control artificial mixture of 30% glandular and 70% cardiac
membranes and after treatment with HHSID/PBX. Details are given in
the legend to Fig. 5.

are intrinsic to the muscle cells. It cannot be readily excluded
that some receptors are localized to membranes of other cell
types (e.g., neuronal cells from Auerbach’s plexus or endothelial
cells), which are likely present in the preparation. On the other
hand, we have evidence that the total mAChR number in
synaptosomes from the myenteric plexus amounted to 23.5
fmol/mg of protein (20) or less than 1% of the total mAChR
number (3225 fmol/mg of protein) in the smooth muscle mem-
branes. Although receptor presence on endothelial cells cannot
be excluded, some preliminary binding studies' performed with
AF-DX 116 on isolated smooth muscle cells in competition
against [PH]NMS have confirmed heterogeneity, indicating
localization of the receptor subtypes to the muscle. Whereas
Roffel et al. (17) concluded that the glandular subtype they
found in tracheal smooth muscle was localized in the submu-
cosal glands, this is not the case in our longitudinal muscle
preparation from which the mucosa was removed.

The property of HHSID to distinguish the functional
mAChRs in smooth muscle from those in atria in in vitro
isolated organ preparations (pA; of 7.96 versus 6.53-6.83, re-
spectively) (36) and to discriminate between glandular M; and
cardiac M, types in binding (K of 63 versus 499 nM, respec-
tively) was exploited to selectively protect the higher affinity
sites present in the longitudinal smooth muscle. The protection
of these sites was achieved by preincubation with an appropri-
ate concentration of HHSID followed by treatment with the
alkylating agent PBZ to irreversibly block the remaining un-
protected sites. Saturation experiments indicated that effec-
tively less than 10% of the total amount of receptors was
available after this treatment. To verify the nature of the
protected receptors, displacement studies with different classi-
cal and selective antagonists were performed. The first result
to emerge from these experiments was the change of the shape
of the displacement curves generated by AF-DX 116 and
HHSID. In fact, they were modified from shallow in control
membranes to steep in protected ones and, in this case, they
could be sufficiently described by a one binding site model.
This suggested a uniformity in the receptor population inves-
tigated. Although this finding was to be expected, because the
purpose of the experiment was to eliminate the low affinity
sites for HHSiID and work with only the high affinity glandular
subtype of receptors, an unexpected result was the rightward
shift of the affinity values for AF-DX 116 and HHSID in the
treated membranes. Starting from the assumption that the
protected receptor had glandular characteristics, we would have

Muscarinic Receptors in Smooth Muscle 623

expected to find a low affinity site for AF-DX 116 with a K, of
approximately 2000-4000 nM and a high affinity site for
HHSID with a K, of approximately 30-60 nM rather than the
Kp values found, which were 4- to 8-fold higher for each
compound. This rightward shift of about the same extent was
observed, too, for other antagonists, i.e., NMS, ATR, and PZ.

To find an explanation for this phenomenon, displacement
experiments with the ligands were repeated in glandular mem-
branes treated with HHSiD/PBZ. Because a similar rightward
shift in the curves generated by all the tested antagonists was
found in this tissue, too, which contains a uniform population
of mAChRs, it appears that the artificial creation of a new type
of receptor in smooth muscle by the HHSiD/PBZ treatment
could be ruled out. Other proof substantiating that the HHSiD/
PBZ treatment protected a receptor population already existent
in this tissue was furnished by the kinetic experiments. In this
condition, the protected receptor exhibited an off rate profile
quite similar to that of the glandular type. This evidence
confirmed that the HHSiD/PBZ treatment was able, indeed,
to protect a glandular receptor population present in this tissue.

In order to exclude a possible influence of the experimental
procedure on the kinetic properties of the receptor(s), we de-
cided to characterize in the same way the cardiac receptor
subtype present in the smooth muscle by using an AF-DX 116/
PBZ treatment. As expected, we found that this differently
protected receptor possessed the same kinetic characteristics
as the pure cardiac subtype, with [PHJNMS dissociating faster
from the treated than from the control membranes. It is thus
demonstrated that the receptor protection with selective com-
pounds, followed by an irreversible alkylating treatment, is a
suitable procedure to obtain a homogeneous receptor popula-
tion, validating our results with the smooth muscle.

The hypothesis of the presence of 70% cardiac type and 30%
glandular type in smooth muscle was further confirmed by
other kinetic studies performed with an artificial mixture of
the two pure receptor populations. In fact, a combination of
70% cardiac and 30% glandular membranes, subjected to the
same HHSiD/PBZ procedure, showed a dissociation profile
quite superimposable on that found in smooth muscle. This
gives the first direct indication of the presence of both cardiac
and glandular receptor subtypes in the smooth muscle mem-
branes. Displacement studies with this mixture may be helpful
in confirming this assessment.

It has been reported (44) that methoctramine, a tetraamine
derivative described to have higher affinity for cardiac musca-
rinic receptors both in functional and binding studies (45, 46),
recognized two receptor populations in rat longitudinal and
circular smooth muscles in competition binding experiments
against [PH]NMS, a cardiac type (70-80% of total receptors)
and a glandular type (20-30% of total receptors). The authors
showed in the same way that AF-DX 116 exhibited a hetero-
geneous binding profile in circular but not in longitudinal
smooth muscle. This discrepancy with our results can likely be
explained on the basis of different experimental conditions
because we were able to find the concomitance of cardiac and
glandular receptor subtypes in various intestinal smooth mus-
cles of guinea pig, rat, and rabbit (33) and in urinary bladder
of rat (34) with AF-DX 116.

A significant consequence of these results is to verify which
of the two receptor populations, or which combination of the
two, is responsible for the muscarinic agonist-stimulated
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smooth muscle contraction. From a direct correlation between
in vitro binding data and in vitro functional results with the
smooth muscle-selective compound, HHSID, and the cardiose-
lective one, AF-DX 116, we are led to believe that the receptor
mediating the contraction belongs to the glandular population.
In fact, HHSIiD and AF-DX 116, which in functional tests (11,
16, 35, 36) have, respectively, high and low potency in blocking
muscarinic agonist-mediated ileal contraction, show in binding
studies a comparable affinity for the glandular receptor. The
hypothesis is further supported by studies performed with other
compounds such as 4-DAMP, CPPS, and methoctramine. 4-
DAMP and CPPS, ileum-selective compounds in functional
studies (28, 30, 47), exhibited high binding affinity for the
glandular receptor (34, 44, 48). Methoctramine, a cardioselec-
tive compound with low potency in inhibiting ileal contraction
(45), has low affinity for the glandular receptor (44, 46).

The role that the cardiac subtype plays in smooth muscle
cell function is unclear. Answers as to whether it is accessible
to agonists and whether it is externalized during the homoge-
nization process, while normally it is down-regulated by endo-
geneous ACh, will shed some light on its function in contrac-
tility mechanisms. However, it is interesting to note that Bur-
gen and Spero (49), studying the effect of various agonists and
antagonists on two different functional responses (contraction
and Rb* efflux), suggested that there are present in guinea pig
ileum two types of muscarinic receptors, “one possibly located
in the vicinity of the neural endings and the other elsewhere,
and that these receptors are distinguishable in their respon-
siveness to muscarinic agonists” (p. 114).
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