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Abstract

We compared the binding properties of selective muscarinic antagonists with their potencies for antagonizing muscarinic responses in

Chinese hamster ovary (CHO) cells expressing M2 and M3 muscarinic receptors in combination and in isolation. When measured by the

competitive displacement of [3H]N-methylscopolamine binding to CHO cells expressing both M2 and M3 muscarinic receptors (CHO

M2 þ M3 cells), the competition curves of the subtype-selective muscarinic antagonists were consistent with a two-site model. One site

exhibited binding properties identical to those of CHO M2 cells, whereas the other site exhibited properties like those of CHO M3 cells.

Oxotremorine-M, a muscarinic agonist, elicited a robust, pertussis toxin-insensitive stimulation of phosphoinositide hydrolysis in both

CHO M3 and CHO M2 þ M3 cells, but not in CHO M2 cells. The pharmacological antagonism of the phosphoinositide response exhibited

similar properties in both CHO M3 and CHO M2 þ M3 cells. Oxotremorine-M elicited a pertussis toxin-sensitive, robust inhibition of

forskolin-stimulated cyclic AMP (cAMP) accumulation in both CHO M2 and CHO M2 þ M3 cells and a less robust inhibition in CHO M3

cells. At higher concentrations, oxotremorine-M elicited an increase in cAMP accumulation over the maximal inhibition noted at lower

concentrations in both CHO M3 and CHO M2 þ M3 cells. Following pertussis toxin treatment, only the stimulatory phase of the cAMP

response to oxotremorine-M was observed in CHO M2, CHO M3, and CHO M2 þ M3 cells. The pharmacological antagonism of the

cAMP response in CHO M2 þ M3 cells resembled that expected for a response mediated independently by both M2 and M3 receptors.
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1. Introduction

Selective competitive antagonists can be useful probes

for exploring the functional role of receptor subtypes in

various physiological responses. Because many such agents

exhibit limited selectivity, it is often impossible to identify

a single blocking concentration of an antagonist that would

greatly inhibit responses elicited by one receptor subtype,

without also inhibiting to a certain extent responses elicited

by other subtypes. Moreover, the degree of inhibition

would change depending upon the concentration of agonist

or the amount of endogenous neurotransmitter released.

If a response to an exogenously applied agonist is being

measured in vitro, a more powerful approach is to measure

the shift in the agonist concentration–response curve

caused by the competitive antagonist [1]. With this strategy,

the dissociation constant of the antagonist (Kb value) for the

receptor that mediates the response can be estimated using

standard competitive inhibition relationships. This Kb value

should agree with the Kd value of the antagonist measured

in a binding assay on a cell line expressing the same

recombinant receptor. By repeating this measurement with

a handful of antagonists, it should be possible to identify

the receptor mediating the response with certainty.

A potential complication with this approach is that the

agonist may elicit the response in question by interacting

with more than one receptor subtype. Under this circum-

stance, it is still possible to glean information about the

receptors contributing to the response provided that an

appropriate model for the interaction is considered. It is

also possible that the receptors themselves may interact

with one another to form a heteromeric receptor complex
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exhibiting a unique pharmacology. This situation has been

shown to occur with d- and g-opioid receptors [2].

To examine the feasibility of comparing antagonist

binding affinity with functional antagonism, we investi-

gated the pharmacological antagonism of muscarinic

responses in CHO cells transfected with muscarinic M2

and M3 receptors in isolation, as well as in combination.

These two receptor subtypes are expressed abundantly in

smooth muscle where they signal through Gi and Gq,

respectively [3,4]. Our results show (a) good agreement

between the binding affinity of muscarinic antagonists and

their antagonism of muscarinic responses, and (b) that the

pattern of coupling of M2 and M3 receptors to adenylyl

cyclase and phospholipase-Cb is similar when these recep-

tors are expressed in isolation or in combination.

2. Materials and methods

2.1. Cell culture

Clonally selected CHO cells expressing either the human

M2 muscarinic receptor (CHO M2 cells) or the human M3

receptor (CHO M3 cells) were cultured as previously

described [5] in growth medium (DMEM, high glucose plus

L-glutamine, 7% fetal bovine serum, and 100 units/mL of

penicillin and streptomycin) supplemented with 225 mg/mL

of neomycin (G 418 sulfate). CHO cells expressing both

human M2 and M3 muscarinic receptors (CHO M2 þ M3

cells) were cultured in the same growth medium described

above but supplemented with 400 mg/mL of hygromycin-B.

2.2. Transfection of CHO M3 cells with M2 muscarinic

receptors

An Okayama-Berg expression vector pCD1 containing

the human M2 sequence (M2 pCD clone) and CHO cells

stably transfected with either the M2 or the M3 muscarinic

receptor subtypes were provided by Tom Bonner (NIH)

and Mark Brann (Acadia Pharmaceuticals), respectively.

Since the M2 pCD expression vector contained the same

selection marker (neomycin) as the CHO M3 cell line, the

coding portion of the M2 gene was excised and inserted into

a hygro(–)pcDNA3.1 expression vector (Invitrogen) and

then transfected into the CHO M3 cell line. The portion of

the M2 pCD vector spanning between the XhoI (nucleotide

5738) and the KpnI (nucleotide 1737) restriction sites,

which contains the coding sequence of the M2 receptor,

was inserted between the corresponding sites of the multi-

ple cloning site of the hygro(–)pcDNA3.1 vector using T4

ligase. Digestion with ApaI confirmed that the M2

sequence was inserted with proper orientation. CHO M3

cells were transfected with the M2 pcDNA3.1/hygro(�)

vector using Lipofectamine. Hygromycin-resistant colo-

nies were submitted to three rounds of clonal selection and

screened for M2 receptor expression using a whole cell-

binding assay with the muscarinic antagonist [3H]NMS,

which binds to both M2 and M3 muscarinic receptors. The

selection procedure is based upon the sensitivity of cellular

[3H]NMS binding to prior treatment with 4-DAMP mus-

tard. 4-DAMP mustard is an irreversible alkylating agent

that selectively inactivates M3 receptors over M2, particu-

larly when the alkylation procedure is carried out in

the presence of a competitive M2 selective antagonist, like

[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-

dihydro-6H-pyrido-[2,3-b][1,4]-benzodiazepine-6-one

(AF-DX 116) [6]. CHO cells expressing a substantial

population of 4-DAMP mustard-insensitive [3H]NMS

binding sites were selected as M2 receptor expressing cells.

2.3. [3H]NMS binding to intact cells

CHO cells expressing muscarinic receptors were cul-

tured to confluence in 24-well plates (Costar). Cells were

washed with an aliquot (0.5 mL) of KRB buffer (124 mM

NaCl, 5 mM KCl, 1.3 mM MgCl2, 1.2 mM KH2PO4,

26 mM NaHCO3, 1.8 mM CaCl2, and 10 mM glucose)

and then preincubated with 4 mM AF-DX 116 for

10 min at 378 and 5% CO2/95% air. The medium was

aspirated and cells were incubated with either 4 mM AF-

DX 116 or 4 mM AF-DX 116 plus 40 nM 4-DAMP mustard

for 1 hr at 378 in an atmosphere of 5% CO2/95% air. Prior

to use, 4-DAMP mustard was cyclized to its aziridinium

ion by incubating a 0.4 mM solution of the parent mustard

for 30 min at 378 in 10 mM NaKPO4, pH 7.4, as described

previously [6]. The solution was placed on ice and used as

soon as possible. Cells were washed twice with 0.5 mL of

KRB buffer and then incubated in a final volume of 1 mL

of KRB buffer containing [3H]NMS (0.5 nM) for 1 hr at

378 and 5% CO2. Non-specific binding was defined as that

measured in the presence of 10 mM atropine. Following

two washes with ice-cold KRB buffer, 0.5 mL of 0.25 N

NaOH was added to each well. After 30 min, the cell digest

was neutralized with 2.5 N HCl and transferred to scintil-

lation vials for estimation of radioactivity.

2.4. [3H]NMS binding to cellular homogenates

Confluent CHO cells were detached from 150-mm

dishes by incubation at 378 for 5 min in 2.5 mL of a normal

saline solution containing trypsin (500 mg/mL) and EDTA

(200 mg/mL). The harvested cells were washed once in

saline solution, centrifuged at 2000 g for 5 min at 48, and

the pellets frozen at �208. Frozen cells were resuspended

in modified KRB buffer (124 mM NaCl, 5 mM KCl, 3 mM

MgSO4, 26 mM NaHCO3, 10 mM Na/Hepes, pH 7.4) and

then homogenized with a Potter–Elvehjem glass homo-

genizer with a Teflon pestle. Cellular homogenates were

incubated for 1 hr at 308 in a final volume of 1 mL of

modified KRB buffer containing [3H]NMS and, when

present, various concentrations of muscarinic antagonists.

All assays were run in triplicate, and non-specific binding
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was defined as the residual binding in the presence of

10 mM atropine.

In some experiments, binding assays were run on cel-

lular homogenates that had been incubated with 4-DAMP

mustard and then washed extensively. For these experi-

ments, frozen cells were resuspended in modified KRB

buffer and homogenized with a Polytron homogenizer

(Brinkmann Instruments) at setting #5 for 10 s. The homo-

genate was divided into two equal volumes and incubated

for 5 min at 378 in the presence of AF-DX 116 (4 mM). An

aliquot of cyclized 4-DAMP mustard (final concentration

of 40 nM) was added to one of the homogenates, whereas

the other served as the control. Both homogenates were

incubated for 1 hr at 378. The reaction with 4-DAMP

mustard was stopped by the addition of Na2S2O4 at a final

concentration of 1 mM followed by an additional 10-min

incubation at 378. Homogenates were centrifuged at

30,000 g for 10 min at 48, resuspended in fresh modified

KRB buffer, and then centrifuged once more as just

described. Pellets were resuspended in modified KRB

buffer and incubated in a final volume of 1 mL containing

various concentrations of [3H]NMS for 1 hr at 258.
The binding of [3H]NMS to cellular homogenates was

measured by the filtration method [7] using a cell harvester,

which trapped membrane-bound [3H]NMS on Whatman

GF/B glass fiber filters (Brandel). Before use, the filters

were soaked on 0.1% polyethyleneamine–HCl, pH 7.4.

After filtration of the assay tubes, the filters were rinsed

with three aliquots (4 mL each) of ice-cold saline, and the

trapped radioactivity was measured by liquid scintillation

counting. Non-specific binding was defined as that mea-

sured in the presence of atropine (10 mM).

2.5. Phosphoinositide hydrolysis

Oxotremorine-M-stimulated phosphoinositide hydroly-

sis was measured in CHO cells transfected with muscarinic

receptor subtypes using a modification of the [3H]inositol-

prelabeling method of Berridge et al. [8]. Our method

employed the perchloric acid extraction procedure of

Kendall and Hill [9]. Confluent monolayers grown in

24-well plates were washed with 0.5 mL of Minimal

Essential Medium (MEM) with Earle’s salts, L-glutamine,

and bicarbonate buffer and then incubated overnight at 378
in 0.5 mL MEM containing 2.3 mCi [3H]inositol in an

atmosphere of 5% CO2/95% air (16–18 hr). For antagonist

competition studies, [3H]inositol-treated cells were

washed twice with 0.5 mL MEM and then preincubated

with 10 mM LiCl and the antagonist for 20 min at 378 (5%

CO2/95% air). Medium was aspirated, and the assay was

initiated by the addition of 0.5 mL MEM containing

10 mM LiCl, the antagonist, and various concentrations

of oxotremorine-M. Following a 20-min incubation at 378
(5% CO2/95% air), the reaction was stopped by removal of

the medium and addition of 0.4 mL of ice-cold 2.5% (w/v)

HClO4. After at least 20 min on ice, an aliquot (0.9 mL) of

0.11 M KOH plus 0.01 M Tris base was added to each well,

and the samples were incubated on ice for 15 min, but no

longer. An aliquot (0.15 mL) of 0.5 M Tris–HCl, pH 7.4,

was added, and the contents of each well were transferred

to plastic tubes with an additional 0.5 mL wash volume.

Cell extracts were centrifuged at 3000 g for 10 min at room

temperature, and the supernatant was applied to a column

of 1 mL of Dowex (AG1-X8, formate form, 100–200

mesh) at room temperature. After four washes, each with

5 mL of water, total [3H]inositolphosphates were eluted

into scintillation vials by the addition of 2.5 mL of 1 M

ammonium formate and 0.1 M formic acid. Scintillation

fluid (12 mL) was added to the vials, and radioactivity was

measured for determination of [3H]inositolphosphates. In

experiments with pertussis toxin, the toxin (0.1 mg/mL;

final concentration) was added to cell monolayers at the

beginning of the overnight incubation with [3H]inositol. In

experiments with 4-DAMP mustard, cells were washed

twice with 0.5 mL MEM (378) following the overnight

incubation in [3H]inositol and then preincubated with

MEM plus 4 mM AF-DX 116 for 15 min at 378 (5%

CO2/95% air). Medium was aspirated and replaced with

0.5 mL MEM plus 4 mM AF-DX 116 containing either

40 nM activated 4-DAMP mustard (cyclized to the azir-

idinium ion by a 30-min incubation at 378 in 10 mM

NaKPO4, pH 7.4) or vehicle. Following a 1-hr incubation

at 378 in 5% CO2/95% air, the cells were washed with

MEM (0.5 mL) and used as described above.

In some experiments, phosphoinositide hydrolysis was

measured using a continuous labeling paradigm. Cell

monolayers were washed with 0.5 mL MEM and then

incubated at 378 in 5% CO2/95% air with 0.5 mL MEM

containing various concentrations of oxotremorine-M and

muscarinic antagonist. After 30 min, an aliquot (50 mL)

containing [3H]inositol (2 mCi) and LiCl (10 mM, final

concentration) was added to each well. At the end of a 45-

min incubation, the cells were washed once with 0.5 mL

MEM containing 10 mM LiCl and then digested in 0.4 mL

of 2.5% (w/v) HClO4. Total [3H]inositolphosphates were

measured as described above.

2.6. cAMP accumulation

Oxotremorine-M-mediated inhibition of forskolin-stimu-

lated cAMP accumulation was measured in CHO cells using

a modification of the [3H]adenine-prelabeling method of

Schultz et al. [10]. Confluent cell monolayers were washed

with 0.5 mL MEM and then incubated in 0.3 mL MEM

containing 2 mCi [3H]adenine and 30 mM adenine for 1 hr at

378 in an atmosphere of 5% CO2. After two washes with

0.5 mL MEM, cells were preincubated with 0.5 mL MEM

plus 0.5 mM 1-methyl-3-isobutylxanthine (IBMX) for an

additional 12 min (378, 5% CO2/95% air). The reaction was

started by replacing the medium with an aliquot (0.5 mL) of

MEM containing IBMX (0.5 mM), forskolin (10 mM), and

various concentrations of oxotremorine-M. The plates were
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incubated at 378 for 12 min in 5% CO2/95% air. In antago-

nist competition studies, the antagonist was included in both

the preincubation and the incubation with oxotremorine-M.

The reaction was stopped by aspiration of the reaction

mixture followed by the addition of 0.5 mL of ice-cold

9% (w/v) trichloroacetic acid (TCA). After at least 30 min

on ice, the contents of each well were transferred to plastic

tubes together with an additional 0.5 mL wash of 9% TCA.

The pooled TCA extracts were applied to a column of

1.5 mL Dowex (AG-50W-X4, 200-400 mesh) and washed

with two aliquots of water (1.5 mL each) to remove

[3H]ATP. [3H]cAMP was eluted onto a column of neutral

alumina (0.6 g) with 5 mL of water and then eluted into

scintillation vials with 4 mL of 0.1 M imidazole HCl (pH

7.5), and radioactivity was measured. In experiments with

pertussis toxin, the toxin (0.1 mg/mL; final concentration)

was added to cell monolayers 16–18 hr before [3H]adenine

labeling. In experiments with 4-DAMP mustard, cells were

washed with 0.5 mL MEM following the 1 hr [3H]adenine

labeling and then preincubated with MEM plus 4 mM AF-

DX 116 for an additional 15 min at 378 (5% CO2/95% air).

Medium was removed and replaced with 0.5 mL MEM plus

4 mM AF-DX 116 containing either 40 nM activated 4-

DAMP mustard or vehicle. Following a 1-hr incubation

at 378 in 5% CO2/95% air, the cells were washed twice with

0.5 mL MEM and used as described above.

2.7. Calculations

The percentages of M2 and M3 muscarinic receptors in

CHO M2 þ M3 cells were calculated from measurements

of the percentage of receptors alkylated by 4-DAMP

mustard in CHO M2, CHO M3, and CHO M2 þ M3 cells

in binding assays using the following calculations. If X

denotes the percentage of M2 receptors and Y the percen-

tage of M3 receptors in CHO M2 þ M3 cells then:

X þ Y ¼ 100 (1)

It can also be shown that:

XA þ YB ¼ C (2)

where A denotes the percentage of M2 receptors alkylated

by 4-DAMP mustard in CHO M2 cells, B denotes the

percentage of M3 receptors alkylated in CHO M3 cells, and

C denotes the percentage of receptors alkylated in CHO

M2 þ M3 cells. The values of A, B, and C were measured

through experimentation, and the values of X and Y were

calculated by solving Eqs. (1) and (2) simultaneously.

Accordingly, rearrangement of Eq. (1) yields:

Y ¼ 100 � X (3)

Substitution of Eq. (3) for Y in Eq. (2) followed by

rearrangement yields:

X ¼ B � C

B � A
� 100 (4)

The value of Y can then be estimated from Eq. (3).

The dissociation constant (KNMS) and binding capacity

(Bmax) of [3H]NMS were estimated from the results of

experiments in which specific binding was measured at

various concentrations of [3H]NMS. Nonlinear regression

analysis was used to fit the following equation to the data:

y ¼ ½X�Bmax

½X� þ KNMS

(5)

in which y denotes the specific binding of [3H]NMS, and

[X] denotes the molar concentration of free [3H]NMS. The

binding parameters of AF-DX 116, hexahydrosiladifenidol

(HHSiD), and pirenzepine were estimated by measuring

the specific binding of [3H]NMS at a fixed concentration in

the presence of various concentrations of the nonlabeled

muscarinic antagonists. The following one-site competi-

tive binding equation was fitted to the data from CHO M2

cells using nonlinear regression analysis:

y ¼ P

1 þ ðI=Kd-M0
2
Þ (6)

in which P denotes the estimate of specific [3H]NMS

binding in the absence of the non-labeled antagonist, I

denotes the concentration of non-labeled antagonist, and

Kd-M0
2

denotes the apparent dissociation constant of the

non-labeled antagonist for the M2 receptor. An analogous

equation was fitted to the competitive binding data from

CHO M3 cells:

y ¼ P

1 þ ðI=Kd-M0
3
Þ (7)

In this equation, Kd-M0
3

denotes the apparent dissociation

constant of the non-labeled antagonist for the M3 receptor.

The following two-site model was fitted to the competitive

binding data from CHO M2 þ M3 cells:

y ¼ P � a0

1 þ ðI=Kd-M0
2
Þ þ

1 � a0

1 þ ðI=Kd-M0
3
Þ

 !
(8)

In this equation, a0 denotes the apparent proportion of M2

receptors. Eqs. (6)–(8) were fitted to the data both inde-

pendently and simultaneously. For the simultaneous fit, the

estimate of Kd-M0
2

was shared between the data from CHO

M2 and CHO M2 þ M3 cells and the estimate of Kd-M0
3

was

shared between the data from CHO M3 and CHO M2 þ M3

cells. The apparent dissociation constants (K 0
d) of the non-

labeled antagonists were corrected for the competitive

effect of [3H]NMS using the following equation:

Kd ¼ K 0
d

1 þ ½½3H�NMS�=KNMS

(9)

in which Kd denotes the true dissociation constant of the

non-labeled antagonist, [[3H]NMS] denotes the molar

concentration of [3H]NMS used in the competition experi-

ment, and KNMS denotes the dissociation constant of

[3H]NMS. Different correction factors (i.e. Eq. (9)) were
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used for M2 and M3 receptors because KNMS was found to

differ (approximately 3-fold) between the two receptors.

Since the KNMS was not the same for M2 and M3 receptors,

then receptor occupancy by [3H]NMS at any subsaturating

concentration is not the same at the two receptors. Con-

sequently, the apparent proportion of M2 receptors (a0)
estimated by regression analysis of the competition curves

according to Eq. (8) is not equivalent to the true proportion

of M2 receptors. The apparent proportion of M2 receptors

labeled by [3H]NMS in competition experiments is equal

to the amount of M2 receptors labeled by [3H]NMS divided

by the amount of both M2 and M3 receptors labeled by

[3H]NMS as described by the following equation:

a0 ¼ ½X�Bmax-M2
=ð½X� þ KNMS-M2

Þ
ð½X�Bmax-M2

=ð½X� þ KNMS-M2
ÞÞ

þ ð½X�Bmax-M3
=ð½X� þ KNMS-M3

ÞÞ

(10)

This equation was derived by calculating receptor occu-

pancy at each receptor according to Eq. (5). The parameters

in the above equation are identical to those of Eq. (5) except

for the addition of subscripts to discriminate between M2

and M3 receptors. Rearrangement of Eq. (10) yields the

following equation, which was used to estimate the true

proportion of M2 receptors (a):

a ¼ Bmax-M2

Bmax-M2
þ Bmax-M3

¼ 1 � 1

1 þ ða0ð½X� þ KNMS-M2
Þ=ð1 � a0ÞðX þ KNMS-M3

ÞÞ
(11)

The Hill coefficients (H) of the non-labeled antagonists

were estimated by fitting the following equation to the

competitive binding data:

y ¼ P

1 þ ðIH=icH
50Þ

(12)

In this equation, IC50 denotes the concentration of non-

labeled antagonist causing a 50% displacement of specific

[3H]NMS binding. The IC50 values were corrected to yield Ki

values (concentration of antagonist yielding 50% receptor

occupancy in the absence of [3H]NMS) using an equation

analogous to Eq. (9).

The EC50 (concentration of agonist causing a half-max-

imal effect) and Emax (maximal effect of the agonist) values

of oxotremorine-M for affecting [3H]inositolphosphate

and [3H]cAMP accumulation were estimated by fitting

an increasing (phosphoinositide hydrolysis) or decreasing

(cAMP accumulation) logistic equation to the data as

described previously [7]. The dissociation constants (Kb

values) of antagonists for antagonizing these functional

responses to oxotremorine-M were estimated using the

standard competitive inhibition relationship [1]:

Kb ¼ I

CR � 1
(13)

in which CR (concentration ratio) denotes the EC50 value of

oxotremorine-M measured in the presence of the antago-

nist divided by that measured in its absence, and I denotes

the concentration of the antagonist. In this analysis, the

estimate of Emax was shared between the two concentra-

tion–response curves. In some experiments on cAMP

accumulation in CHO M2 þ M3 cells, the concentration–

response curve in the presence of the antagonist exhibited a

maximal response a little different from that of the control.

In this situation, the CR value was calculated from the

control EC50 value and the concentration of oxotremorine-

M eliciting an equivalent response in the presence of the

antagonist.

2.8. Drugs and chemicals

The reagents used in this study were obtained from the

following sources: pertussis toxin, List Biological Labora-

tories, Inc.; DMEM and MEM, Gibco BRL; G 418 sulfate,

Omega Scientific; hygromycin-B, CalBiochem; [3H]NMS,

[3H]adenine, and [3H]inositol, Dupont New England

Nuclear; AF-DX 116, Boehringer Ingelheim Pharmaceu-

tical; HHSiD, pirenzepine, and oxotremorine-M, Research

Biochemicals International; atropine, Sigma Chemical

Co.; 4-DAMP mustard was synthesized in our laboratory

as described previously [6]; and N-chloromethylbrucine,

Dr. Nigel Birdsall, National Institute for Medical Research.

Additional N-chloromethylbrucine was synthesized as

described by Gharagozloo et al. [11].

3. Results

3.1. [3H]NMS binding experiments

CHO cells transfected with a vector containing genes for

neomycin resistance and the human M3 muscarinic recep-

tor (CHO M3 cells) were transfected a second time with an

expression vector containing genes for both the human M2

muscarinic receptor and resistance to hygromycin. Hygro-

mycin-resistant colonies were selected and screened for the

sensitivity of their [3H]NMS binding sites to treatment

with 4-DAMP mustard. 4-DAMP mustard is an irreversible

muscarinic antagonist that selectively inactivates M3

receptors over M2, particularly when receptors are treated

with 4-DAMP mustard (40 nM) in the presence of the M2-

selective, competitive antagonist AF-DX 116 (4 mM) for

1 hr [6]. Following this treatment, cell monolayers were

washed and assayed for [3H]NMS binding at a concentra-

tion of 0.5 nM using a whole cell assay as described under

Section 2. Fig. 1 shows the results of [3H]NMS binding

assays carried out on intact CHO cells expressing mus-

carinic receptors. Prior treatment with 4-DAMP mustard

only caused a 22% inhibition of [3H]NMS binding to intact

CHO M2 cells. In contrast, 4-DAMP mustard treatment

caused 93% inhibition of [3H]NMS binding to CHO M3
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cells. Hygromycin-resistant colonies that had been trans-

fected sequentially with vectors for M3 and M2 muscarinic

receptors exhibited an intermediate sensitivity (40–80%) to

the inhibitory effect of 4-DAMP mustard treatment. Fig. 1

shows binding data from one such colony that served as a

source of cells for the remainder of the experiments

described in this report. Treatment with 4-DAMP mustard

caused a 69% inhibition of [3H]NMS binding in these cells,

suggesting that both 4-DAMP mustard-insensitive (M2)

and -sensitive (M3) muscarinic receptors are expressed in

this cell line. In the remainder of the text, we designate

these cells as CHO M2 þ M3. By applying Eq. (4) under

Section 2 to the data in Fig. 1, we estimated the percentage

of M2 receptors in CHO M2 þ M3 cells to be 34%.

To confirm that the differential effects of 4-DAMP

mustard on the binding of [3H]NMS in the three CHO

cell lines were due to a decrease in receptor density rather

than a change in receptor affinity, the binding of [3H]NMS

was measured at various concentrations in cell homoge-

nates before and after treatment with 4-DAMP mustard.

Nonlinear regression analysis was used to measure the

effect of 4-DAMP mustard on the dissociation constant

(Kd) and binding capacity (Bmax) of [3H]NMS (see Table 1).

Treatment with 4-DAMP mustard had little effect

on binding affinity as shown by a comparison of Kd

values in each cell line. CHO M2 cells showed no change

in Kd values, whereas the Kd values in CHO M3 and CHO

M2 þ M3 cells increased slightly by 1.2- and 1.5-fold,

respectively, following 4-DAMP mustard treatment.

CHO M2 cells demonstrated a 3-fold higher Kd for

[3H]NMS compared to CHO M3 cells, consistent with

data we have published previously [12]. Compared to

the CHO M2 and CHO M3 cell lines, CHO M2 þ M3 cells

exhibited an intermediate Kd value. The Bmax values of the

three cell lines were differentially affected by 4-DAMP

mustard treatment. Whereas the Bmax in CHO M2 cell

homogenates was hardly affected by 4-DAMP mustard

treatment (95% of control value), the Bmax in CHO M3 cells

was greatly decreased to 3.9% of the control value. The

CHO M2 þ M3 cells showed an intermediate Bmax value

(36% of control) following treatment with 4-DAMP mus-

tard. These decreases in Bmax correspond to 4.8, 96.1, and

64% receptor alkylation in homogenates of CHO M2, CHO

M3, and CHO M2 þ M3 cells, respectively, in good agree-

ment with the data on intact cells (see Fig. 1; alkylation of

22, 93, and 69% in the same corresponding cell lines). By

applying Eq. (4) under Section 2 to the data in Table 1, we

estimate the percentage of M2 receptors in CHO M2 þ M3

cells to be 35%. Total muscarinic receptor density

increased upon transfection of CHO M3 cells with the

M2 gene. Muscarinic receptor density increased from

1:23 
 0:16 pmol/mg protein in CHO M3 cells to

1:85 
 0:32 pmol/mg protein in CHO M2 þ M3 cells as

measured by [3H]NMS binding in homogenized extracts of

whole cells.

To characterize the pharmacological profile of muscari-

nic receptors in CHO M2 þ M3 cells, we investigated the

binding properties of a series of subtype selective antago-

nists known to discriminate between M2 and M3 muscari-

nic receptors. For these experiments, the competitive

inhibition of [3H]NMS binding at a fixed concentration

of 0.5 nM was measured in the presence of increasing

concentrations of AF-DX 116, HHSiD, and pirenzepine in

the three cell lines (see Fig. 2). We previously measured the

pKi values of AF-DX 116 (6.24, 7.27, 6.10, 6.96, and 5.29),

HHSiD (7.66, 6.74, 7.69, 7.65, and 6.77), and pirenzepine

(7.77, 5.96, 6.59, 7.23, and 6.55) at M1, M2, M3, M4, and

M5 receptors, respectively, in CHO cells using the same

modified KRB buffer used in this study [13]. The data in

Fig. 2 were fitted to a decreasing logistic equation

(Eq. (12)) by nonlinear regression analysis to estimate

the IC50 value and Hill coefficient. The IC50 values were

Fig. 1. Specific binding of [3H]NMS in CHO M2, CHO M3, and CHO

M2 þ M3 cell monolayers before (solid bars) and after (open bars)

4-DAMP mustard treatment. Data represent the mean 
 SEM of five

experiments for CHO M2 and CHO M3 cells and seven experiments for

CHO M2 þ M3 cells.

Table 1

Effect of 4-DAMP mustard treatment on the binding parameters of [3H]NMS in CHO cells transfected with M2 and M3 muscarinic receptorsa

Control 4-DAMP mustard-treated

Bmax (pmol/mg protein) pKd Bmax (% of control) pKd

CHO M2 2.03 
 0.75 9.19 
 0.06 95 
 16 9.19 
 0.04

CHO M3 12.8 
 1.6 9.68 
 0.07 3.9 
 0.19 9.66 
 0.02

CHO M2 þ M3 10.7 
 0.03 9.59 
 0.03 36 
 8.2 9.41 
 0.08

a Data represent the means 
 SEM from three to four experiments, each done in triplicate.
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corrected for the competitive effect of [3H]NMS to yield

the Ki values shown in Table 2. As expected, AF-DX 116

exhibited selectivity for M2 receptors relative to M3,

whereas the converse was true for HHSiD and pirenzepine.

The Ki values generated from competition curves in CHO

M2 and CHO M3 cells are in good agreement with data we

have published previously [13]. In all instances except one,

the binding curves of the antagonists yielded very similar

Hill coefficients in both the CHO M2 and CHO M3 cell

lines, indicating behavior consistent with the expression of

a single subtype in these cells. The exception was piren-

zepine, which exhibited a Hill coefficient of 0.88 in the

CHO M2 cells (see Table 2). We have no adequate expla-

nation for this discrepancy but presume it is related to

experimental error. The overall binding affinity of a given

antagonist in the CHO M2 þ M3 cells was always inter-

mediate to the affinities observed in M2 and M3 cells, but

closer to that of the M3 cell. These results are consistent

with a greater expression of M3 receptors in the CHO

M2 þ M3 cell line and with binding affinity at a given

receptor being independent of the other receptor. To test

this hypothesis, we fitted a two-site model to the competi-

tion curves from the CHO M2 þ M3 cells, sharing the

estimate of the binding affinity of one site with that of

the CHO M2 cells and the other site with that of the CHO

M3 cells. The results of this analysis yielded antagonist

dissociation constants for M2 and M3 receptors that

are essentially identical to the Ki values listed in Table 2

for CHO M2 and CHO M3 cells, respectively. There was

no significant improvement in residual error when the

competition curves for AF-DX 116 (F2;49 ¼ 1:460;

P ¼ 0:242), HHSiD (F2;63 ¼ 0:878; P ¼ 0:421), and pir-

enzepine (F2;43 ¼ 0:487; P ¼ 0:618) were fitted indepen-

dently without sharing Kd values between the data from the

CHO M2 þ M3 cells and either the CHO M2 or CHO M3

cells. In other words, there was no significant difference

between the Kd values estimated in CHO M2 þ M3 cells

and those estimated in CHO M2 and CHO M3 cells.

Moreover, the average estimate of the proportion of M2

receptors in the CHO M2 þ M3 cells was 33% as calculated

by nonlinear regression analysis using Eqs. (8) and (11) as

described under Section 2. Thus, these results are similar to

those observed with 4-DAMP mustard treatment in intact

and broken cells where the estimate of M2 receptors was

calculated at 34 and 35%, respectively.

3.2. Phosphoinositide hydrolysis

M3 muscarinic receptors are known to mediate a stimu-

lation of phosphoinositide hydrolysis in cell lines [14] and

in native tissues [15]. Consequently, we investigated the

coupling of muscarinic receptors to phosphoinositide

hydrolysis in the CHO M2, CHO M3, and CHO

M2 þ M3 cell lines. The results of these experiments are

summarized in Fig. 3 and Table 3. It can be seen that

oxotremorine-M, a highly efficacious muscarinic agonist,

elicited a robust stimulation of phosphoinositide hydrolysis

in the CHO M3 and CHO M3 þ M2 cells, but not in the

Fig. 2. Competitive inhibition of specifically bound [3H]NMS by AF-DX 116 (a), HHSiD (b), and pirenzepine (c) in CHO cells transfected with M2 (*), M3

(~), or both M2 and M3 (&) subtypes of the muscarinic receptor. The concentration of [3H]NMS was 0.5 nM. Data are expressed as the percentage of the

specific binding of [3H]NMS measured in the absence of antagonist. Each point represents the mean binding value 
 SEM of three experiments, each done in

triplicate.

Table 2

Competitive inhibition of [3H]NMS binding by AF-DX 116, HHSiD, and pirenzepine in CHO cells transfected with M2 and M3 muscarinic receptorsa

AF-DX 116 HHSiD Pirenzepine

pKi Hill coefficient pKi Hill coefficient pKi Hill coefficient

CHO M2 7.30 
 0.036 0.98 
 0.012 6.79 
 0.059 1.01 
 0.050 6.04 
 0.049 0.88 
 0.031

CHO M3 6.04 
 0.013 0.94 
 0.020 7.79 
 0.124 0.96 
 0.035 6.51 
 0.045 0.96 
 0.064

CHO M2 þ M3 6.15 
 0.004 0.73 
 0.049 7.55 
 0.072 0.85 
 0.009 6.41 
 0.028 0.94 
 0.019

a Binding parameters have been estimated from the data shown in Fig. 2. Data represent the means 
 SEM from three experiments, each done in

triplicate.
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CHO M2 cells. Overnight treatment with pertussis toxin

had little effect on phosphoinositide hydrolysis in the M3

receptor expressing cells, but greatly inhibited the weak

phosphoinositide response observed in the CHO M2 cell

line. Prior treatment of the cells for 1 hr with 4-DAMP

mustard (40 nM) in combination with AF-DX 116

(4.0 mM) followed by washing caused a subsequent, large

inhibition of oxotremorine-M-mediated phosphoinositide

hydrolysis in the M3 receptor expressing cells, but had little

effect in the CHO M2 cell line. An additional experiment

utilizing a longer incubation (2-hr) with 4-DAMP mustard

yielded similar results. These data are consistent with the

postulate that the phosphoinositide response is mediated

primarily by the 4-DAMP mustard-sensitive M3 receptor

via the pertussis toxin-insensitive G protein, Gq.

To characterize the pharmacological profile of the mus-

carinic phosphoinositide response in the CHO M3 and

CHO M2 þ M3 cells, we measured the potency with which

AF-DX 116, HHSiD, and pirenzepine, subtype selective

antagonists, interfered with the response. In these experi-

ments, oxotremorine-M-mediated phosphoinositide hydro-

lysis was measured in CHO M3 (Fig. 4a) and CHO

M2 þ M3 cells (Fig. 4b) in the presence and absence of

a single concentration of either AF-DX 116, pirenzepine,

or HHSiD. For the experiments shown in Fig. 4a and b,

cells were prelabeled overnight with [3H]inositol before

agonist-mediated phosphoinositide hydrolysis was mea-

sured. Antagonist dissociation constants (Kb values) were

estimated from the magnitude of the rightward shift of the

oxotremorine-M concentration–response curve caused by

each antagonist as described under Section 2, and the

negative logarithms of these values (pKb) are listed in

Table 4. The pKb values of the antagonists were similar

in both the CHO M3 and CHO M2 þ M3 cells, indicating

that the M3 receptor is primarily responsible for eliciting

the response in the two cell lines. There was good agree-

ment between the pKb values of AF-DX 116 and HHSiD

for antagonizing the phosphoinositide response and their

respective binding affinities at M3 muscarinic receptors

(see Table 2). In contrast, the pKb values of pirenzepine in

both the CHO M3 and CHO M2 þ M3 cells were approxi-

mately one log unit greater than the binding affinity

measured at the M3 receptor (see Table 2). Thus, pirenze-

pine appeared to exhibit an apparent 10-fold greater

potency in the functional assay as compared to the binding

assay.

Pirenzepine has been shown to equilibrate slowly with

muscarinic receptors [16]. It is possible that the discre-

pancy between binding affinity and functional antagonism

is due to incomplete equilibration of the agonist with the

Fig. 3. Effects of 4-DAMP mustard treatment and pertussis toxin treatment on oxotremorine-M-mediated stimulation of phosphoinositide hydrolysis in CHO

cells transfected with M2 (a), M3 (b), or both M2 and M3 (c) muscarinic receptors. Oxotremorine-M-stimulated phosphoinositide hydrolysis was measured in

control cells (*), in cells incubated with pertussis toxin (0.1 mg/mL) for 16–18 hr (~) and in cells treated with 4-DAMP mustard (40 nM) in combination

with AF-DX 116 (4.0 mM) for 1 hr (*). The data of one representative experiment from a total of two are shown.

Table 3

Activity of oxotremorine-M in second messenger assays in CHO cells transfected with M2 and M3 muscarinic receptorsa

Phosphoinositide hydrolysis cAMP accumulation

pEC50
b Emax

c (cpm) pEC50
b Emax

d (% inhibition)

CHO M2 5.08 
 0.17 840 
 130 7.08 
 0.05 61 
 1.7

CHO M3 6.01 
 0.09 95000 
 8200 6.25 
 0.32 29 
 3.0

CHO M2 þ M3 6.23 
 0.09 72000 
 1900 7.44 
 0.17 85 
 2.8

a Pharmacological parameters have been estimated from the data in Figs. 3, 4, 6, and 7. Data represent the means 
 SEM from two to four experiments,

each done in triplicate.
b Denotes the negative logarithm of the EC50 value of oxotremorine-M.
c Denotes the maximal stimulatory effect of oxotremorine-M on phosphoinositide hydrolysis.
d Denotes the maximal inhibitory effect of oxotremorine-M on cAMP accumulation. In CHO cells expressing M3 muscarinic receptors, rebound

stimulation in cAMP accumulation occurred at oxotremorine-M concentrations greater than that which elicited the maximal inhibitory effect.
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M3 receptor under the conditions of the assay. This situation

might be expected because the cells are first labeled with

[3H]inositol and pre-equilibrated with the antagonist before

addition of the agonist. As soon as the agonist is added, a

measurable accumulation of [3H]inositolphosphates occurs.

If pirenzepine dissociates slowly from the muscarinic recep-

tor, then the agonist will be unable to compete it off the

receptor rapidly, and the amount of [3H]inositolphosphates

accumulated during the assay will be lower than that

expected at equilibrium. To avoid this potential problem,

cells were allowed to come to equilibrium with a single

concentration of pirenzepine in combination with the

various concentrations of oxotremorine-M for 30 min.

Then the [3H]inositol was added, and the incubation

was allowed to continue for another 45 min. It can be seen

in Fig. 5a and b, that the pirenzepine-induced shifts in the

oxotremorine-M concentration–response curves are less

when measured using the continuous labeling paradigm

as compared with those measured using the prelabeling

method. Moreover, when [3H]inositolphosphate accumu-

lation was measured using the continuous labeling tech-

nique, the Kb values of pirenzepine in CHO M2 þ M3 cells

(0.20 mM) and CHO M3 cells (0.091 mM) more closely

approximated the Ki value for binding to muscarinic

receptors expressed in CHO M3 cells (0.33 mM). Table 4

also lists the pKb values of pirenzepine measured using the

continuous labeling paradigm.

3.3. cAMP accumulation

M2 muscarinic receptors are known to mediate an

inhibition of cAMP accumulation in cell lines and in native

tissues. Consequently, we investigated the coupling of

muscarinic receptors to adenylyl cyclase in the CHO

M2, CHO M3, and CHO M2 þ M3 cell lines (see Fig. 6a

and Table 3). By itself, forskolin stimulated cAMP accu-

mulation in intact CHO M3 cells an average of 22-fold over

basal, significantly higher than the 16-fold increase

observed in CHO M2 þ M3 cells. The cAMP accumulation

in CHO M2 cells was elevated 12-fold by forskolin treat-

ment. Oxotremorine-M caused a maximal inhibition of

forskolin-stimulated cAMP production in CHO M2 cells

of 55% with an EC50 value of 0.02 mM. Maximal inhibition

was achieved at a concentration of 0.2 mM oxotremorine-M;

Fig. 4. Stimulation of phosphoinositide hydrolysis by oxotremorine-M in CHO cells transfected with M3 (a), or both M2 and M3 (b) muscarinic receptors in

the absence and presence of selective muscarinic antagonists. Oxotremorine-M-stimulated phosphoinositide hydrolysis was measured in the absence (*) or

presence of 8.74 mM AF-DX 116 (*), 0.225 mM HHSiD (~), or 2.80 mM pirenzepine (&). Each data point represents the mean 
 SEM of three

experiments, each done in triplicate.

Table 4

Antagonism of the phosphoinositide response to oxotremorine-M in CHO cells transfected with M2 and M3 muscarinic receptorsa

CHO M3 CHO M2 þ M3 Binding affinity (pKd)

Shiftb pKb Shiftb pKb CHO M2 CHO M3

AF-DX 116 (8.74 mM) 15.6 (1.19 
 0.15) 6.22 
 0.16 17.5 (1.24 
 0.07) 6.28 
 0.08 7.30 
 0.036 6.04 
 0.013

HHSiD (0.225 mM) 13.3 (1.12 
 0.10) 7.74 
 0.11 14.8 (1.17 
 0.07) 7.79 
 0.08 6.79 
 0.059 7.79 
 0.12

Pirenzepine (2.8 mM) 68 (1.83 
 0.13) 7.38 
 0.13 95 (1.98 
 0.17) 7.52 
 0.17 6.04 
 0.049 6.51 
 0.045

32c (1.50 
 0.05) 7.04 
 0.05c 14.7c (1.17 
 0.07) 6.69 
 0.07c

a Pharmacological parameters have been estimated from the data for phosphoinositide hydrolysis shown in Figs. 4 and 5 and the binding data shown in

Fig. 2. Unless indicated otherwise, phosphoinositide hydrolysis was measured using the prelabeling technique described under Section 2. Data represent the

means 
 SEM from three experiments, each done in triplicate.
b Denotes the EC50 value of oxotremorine-M measured in the presence of the antagonist divided by that measured in its absence. The log shift

values 
 SEM are denoted in parentheses beneath each shift value.
c Phosphoinositide hydrolysis was measured using the continuous labeling technique as described under Section 2.
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higher concentrations elicited no additional response. Oxo-

tremorine-M demonstrated a similar maximal inhibition of

cAMP production in CHO M2 þ M3 cells of 52%, although

inhibitions as great as 80% were seen in individual experi-

ments (CHO M2 cells never showed inhibition greater than

60%). Oxotremorine-M was slightly less potent in CHO

M2 þ M3 cells having an EC50 of 0.07 mM. At higher

concentrations of oxotremorine-M (>1 mM), the inhibition

of cAMP production was reversed in CHO M2 þ M3 cells,

and at the highest concentration of oxotremorine-M tested

(200 mM), cAMP production was actually 1.3-fold greater

than forskolin-stimulated control levels. Unexpectedly,

oxotremorine-M was also able to inhibit cAMP production

in CHO M3 cells although to a lesser extent (23% maximal

inhibition) and with a less potent EC50 (0.5 mM). Higher

concentrations of oxotremorine-M resulted in the same

rebound increase in cAMP accumulation as seen in CHO

M2 þ M3 cells with cAMP levels starting to increase at

concentrations greater than 2 mM oxotremorine-M and

returning to those of the forskolin-stimulated control at

a concentration of 200 mM oxotremorine-M. CHO M2 cells

displayed a very slight increase in cAMP accumulation at

high oxotremorine-M concentrations relative to the max-

imal inhibition observed at 0.2 mM.

It is known that the M2 muscarinic receptor mediates an

inhibition of adenylyl cyclase through Gi. To verify that the

inhibition of cAMP production in CHO M2 þ M3 cells was

mediated by Gi, cultured cells were treated with pertussis

toxin to uncouple Gi from M2 receptors. Oxotremorine-M

inhibition of forskolin-stimulated cAMP production in

each of the CHO cell lines following pertussis toxin

treatment is illustrated in Fig. 6b. Overnight pertussis toxin

treatment inhibited forskolin-stimulated cAMP production

by 60% in each CHO cell line and eliminated the oxo-

tremorine-M-mediated inhibition of cAMP accumulation.

At higher concentrations of oxotremorine-M, treatment

with pertussis toxin unmasked a marked stimulation of

cAMP production in each CHO cell line. At a concentra-

tion of 200 mM, oxotremorine-M stimulated cAMP pro-

duction 4.3-, 3.0-, and 2.2-fold in the CHO M2 þ M3, CHO

M3, and CHO M2 cell lines, respectively. The stimulation

of cAMP production occurred over the same concentration

Fig. 5. Stimulation of phosphoinositide hydrolysis by oxotremorine-M in CHO cells transfected with M3 (a), or both M2 and M3 (b) muscarinic receptors

using a continuous [3H]inositol labeling paradigm. CHO cells were incubated with various concentrations of oxotremorine-M in the absence (*) or presence

(&) of 2.80 mM pirenzepine. After 30 min at 378, [3H]inositol was added to each well, and the incubation was continued for an additional 45 min, after which

total [3H]inositolphosphates were measured. Each data point represents the mean 
 SEM of three experiments, each done in triplicate.

Fig. 6. Effects of various concentrations of oxotremorine-M on forskolin-stimulated cAMP accumulation in CHO cells before (a) and after (b) pertussis toxin

treatment. Forskolin (10 mM) stimulated cAMP accumulation was measured in CHO cells transfected with the M2 (*), M3 (~), or both M2 and M3 (&)

subtypes of the muscarinic receptor. Data are expressed as the percentage of forskolin-stimulated cAMP accumulation measured in the absence of

oxotremorine-M. Each data point represents the mean 
 SEM of at least three experiments.
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range of oxotremorine-M as seen in control cells not

treated with pertussis toxin.

To characterize the pharmacological profile of the mus-

carinic cAMP response in the CHO M2 and CHO M2 þ M3

cells, we measured the potency with which the subtype

selective antagonists AF-DX 116, HHSiD, and pirenzepine

interfered with the response. In these experiments, oxo-

tremorine-M-mediated inhibition of forskolin-stimulated

cAMP accumulation was measured in CHO M2 (Fig. 7a)

and CHO M2 þ M3 (Fig. 7b) cells in the presence and

absence of a single concentration of either AF-DX 116,

HHSiD, or pirenzepine. Antagonist dissociation constants

(Kb values) were estimated from the magnitude of the

rightward shift of the oxotremorine-M concentration–

response curve caused by each antagonist as described

under Section 2, and the negative logarithms of these

values are listed in Table 5. In the CHO M2 cells, oxo-

tremorine-M caused a maximal 61% inhibition of cAMP

accumulation with the EC50 value for this effect being

0.093 mM. AF-DX 116 (0.59 mM), HHSiD (2.0 mM), and

pirenzepine (12 mM) shifted the concentration–response

curve of oxotremorine-M to the right in a parallel fashion

without significantly affecting the maximal response.

Moreover, the estimates of the pKb values of the antago-

nists are in general agreement with the binding affinities of

the same antagonists for the M2 receptor. In the CHO

M2 þ M3 cells, the shift in the oxotremorine-M concentra-

tion–response curve caused by AF-DX 116 was approxi-

mately one-third that observed in the CHO M2 cells,

whereas the converse was observed for HHSiD and pir-

enzepine. The shifts caused by these antagonists in the

CHO M2 þ M3 cells were more than 2-fold greater than

those observed in the CHO M2 cells.

It is possible that the differences between the antagon-

ism of the muscarinic cAMP response in the CHO M2 and

the CHO M2 þ M3 cells is due to the contribution of the M3

receptor to the response in the latter cells. Our prior data in

CHO M3 cells showed that M3 receptors were able to

mediate a productive inhibition of cAMP accumulation

(although not as effective as the M2 receptor; see Fig. 6a).

One might expect, therefore, that the pharmacological

antagonism of this response in the CHO M2 þ M3 cells

might exhibit properties in between M2- and M3-like.

To test this postulate, we measured the effect of AF-DX

116 on oxotremorine-M-mediated inhibition of forskolin-

stimulated cAMP accumulation in CHO M2 þ M3

cells, before and after treatment with 4-DAMP mustard.

4-DAMP mustard treatment should inactivate most of the

M3 receptors. We also ran similar control experiments with

CHO M2 cells to determine the effect, if any, of 4-DAMP

Fig. 7. Effect of selective muscarinic receptor antagonists on the inhibition of forskolin-stimulated cAMP accumulation by oxotremorine-M in CHO cells

transfected with M2 (a) or both M2 and M3 (b) muscarinic receptors. Oxotremorine-M-mediated inhibition of cAMP accumulation was measured in the

absence (*) and presence of 0.59 mM AF-DX 116 (*), 2.0 mM HHSiD (~), or 12 mM pirenzepine (&). The concentration of forskolin was 10 mM. Data are

expressed as the percentage of forskolin-stimulated cAMP accumulation measured in the absence of oxotremorine-M. Each data point represents the

mean 
 SEM of three experiments, each done in triplicate.

Table 5

Antagonism of oxotremorine-M-mediated inhibition of forskolin-stimulated cAMP accumulation in CHO cells transfected with M2 and M3 muscarinic

receptorsa

CHO M2 CHO M2 þ M3 Binding affinity (pKd)

Shiftb pKb Shiftb pKb CHO M2 CHO M3

AF-DX 116 (0.59 mM) 24 (1.38 
 0.23) 7.59 
 0.24 8.1 (0.91 
 0.06) 7.08 
 0.07 7.30 
 0.036 6.04 
 0.013

HHSiD (2.0 mM) 5.2 (0.72 
 0.16) 6.30 
 0.22 12.8 (1.11 
 0.13) 6.77 
 0.15 6.79 
 0.059 7.79 
 0.12

Pirenzepine (12 mM) 6.0 (0.78 
 0.04) 5.62 
 0.05 12.0 (1.08 
 0.02) 5.97 
 0.02 6.04 
 0.049 6.51 
 0.045

a Pharmacological parameters have been estimated from the data for cAMP accumulation shown in Fig. 7 and the binding data shown in Fig. 2. Data

represent the means 
 SEM from three experiments, each done in triplicate.
b Denotes the EC50 value of oxotremorine-M measured in the presence of the antagonist divided by that measured in its absence. The log shift

values 
 SEM are denoted in parentheses beneath each shift value.
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mustard on the M2 cAMP response. Fig. 8a shows that AF-

DX 116 caused a parallel, 7.3-fold rightward shift in the

oxotremorine-M concentration–response curve in CHO M2

cells and that 4-DAMP mustard treatment had no signifi-

cant influence on the effect of AF-DX 116. These results

are consistent with our prior binding data showing that 4-

DAMP mustard has little or no effect on M2 receptors. In

contrast, treatment with 4-DAMP mustard enhanced the

potency of AF-DX 116 for antagonizing oxotremorine-M-

mediated inhibition of cAMP accumulation in the CHO

M2 þ M3 cells (see Fig. 8b). The shift in the concentra-

tion–response curve caused by AF-DX 116 increased from

2.5-fold in the control to 4.8-fold following 4-DAMP

mustard treatment of the CHO M2 þ M3 cells.

We also investigated the effects of N-chloromethylbru-

cine, a novel allosteric agent, on oxotremorine-M-mediated

changes in cAMP accumulation in CHO M2, CHO M3, and

CHO M2 þ M3 cells (Fig. 9). N-Chloromethylbrucine is a

novel allosteric agent first described by Birdsall et al. [17]

that tunes up the responses of acetylcholine at M3 receptors

and inhibits responses at M2 receptors. We also found that

N-chloromethylbrucine (0.2 mM) shifted the oxotremorine-

M concentration–response curve for inhibition of cAMP

accumulation in CHO M2 cells to the right about 2-fold

(Fig. 9a). In contrast, the same concentration of N-chlor-

omethylbrucine shifted the concentration–response curve

of oxotremorine-M to the left in CHO M3 cells about 4-fold

(Fig. 9b). In the CHO M2 þ M3 cells, N-chloromethylbru-

cine had little or no effect on the oxotremorine-M con-

centration–response curve (Fig. 9c).

4. Discussion

Our experiments with 4-DAMP mustard show that this

irreversible antagonist is a useful probe for discriminating

between M2 and M3 muscarinic receptors. When receptors

were first incubated with 4-DAMP mustard (40 nM) in the

presence of the competitive, M2 selective antagonist AF-

DX 116 (4 mM) for 1 hr and then washed extensively, we

Fig. 8. Effects of AF-DX 116 and prior treatment with 4-DAMP mustard on oxotremorine-M-mediated inhibition of forskolin-stimulated cAMP

accumulation in CHO cells transfected with either M2 (a) or both M2 and M3 (b) muscarinic receptors. 4-DAMP mustard treatment was accomplished by

incubating cells with the cyclized mustard (40 nM) in combination with AF-DX 116 (4 mM) for 1 hr at 378 followed by extensive washing. Control cells were

treated similarly except for exposure to 4-DAMP mustard. Forskolin-stimulated cAMP accumulation was measured in control (*, ~) and 4-DAMP mustard-

treated cells (*, ~) in the absence (*, *) and presence (~, ~) of 0.59 mM AF-DX 116. The concentration of forskolin was 10 mM. The data are expressed

as the percentage of forskolin-stimulated cAMP accumulation measured in the absence of oxotremorine-M. Each data point represents the mean 
 SEM of

three experiments, each done in triplicate.

Fig. 9. Effect of N-chloromethylbrucine on oxotremorine-M-mediated inhibition of forskolin-stimulated cAMP accumulation in CHO cells transfected with

M2 (a), M3 (b), or both M2 and M3 (c) subtypes of the muscarinic receptors. The accumulation of cAMP was measured in the absence (*) and presence (~)

of 200 mM N-chloromethylbrucine. The concentration of forskolin was 10 mM. The data are expressed as the percentage of forskolin-stimulated cAMP

accumulation measured in the absence of oxotremorine-M. Each point represents the mean 
 SEM of three experiments, each done in triplicate.

1238 M.T. Griffin et al. / Biochemical Pharmacology 65 (2003) 1227–1241



noted an approximately 95% inhibition of [3H]NMS bind-

ing to M3 receptors and only a 5–20% inhibition at M2

receptors. The reduction in binding was associated with a

decrease in Bmax without an effect on affinity, which is

consistent with the postulate that the mustard causes an

irreversible alkylation of the binding site on muscarinic

receptors. We have noted similar results in work on native

tissues [6].

In our experiments on oxotremorine-M-mediated phos-

phoinositide hydrolysis, we noted good agreement

between the potency of antagonists for blocking phosphoi-

nositide hydrolysis in the CHO M3 and CHO M2 þ M3

cells and their respective binding affinities at the M3

receptor. Initially, we noted a discrepancy with regard to

pirenzepine. However, this situation could be attributed to

a lack of equilibrium between pirenzepine and oxotremor-

ine-M. When pirenzepine and oxotremorine-M were first

allowed to reach equilibrium before the addition of the

[3H]inositol, we found good agreement between binding

affinity and functional antagonism. Thus, our results are

consistent with the postulate that it is primarily the M3

receptor that triggers phosphoinositide hydrolysis in the

CHO M2 þ M3 cells and that there is little contribution of

the M2 receptor. Accordingly, we noted that the phosphoi-

nositide response to oxotremorine-M was very small in the

CHO M2 cells. This small response was pertussis toxin-

sensitive, unlike the phosphoinositide response in CHO M3

and CHO M2 þ M3 cells, which was insensitive to pertus-

sis toxin. Thus, Gi or Go probably mediates the response in

CHO M2 cells, whereas Gq is likely to mediate the response

in the M3 receptor expressing cells. We also noted that

the phosphoinositide responses in CHO M3 and CHO

M2 þ M3 cells were inhibited equally by treatment with

4-DAMP mustard, further suggesting that it is primarily the

M3 receptor that mediates the response in these cells.

The expression of M2 muscarinic receptors in CHO

M2 þ M3 cells was also confirmed in functional assays

that demonstrated an oxotremorine-M-mediated inhibition

of forskolin-stimulated cAMP production. Unexpectedly,

we observed a muscarinic agonist-mediated inhibition of

forskolin-stimulated cAMP accumulation in CHO M3

cells. However, this effect was weak and displayed a

relatively low potency (ec50 ¼ 0:50 mM) and maximal

response (Emax ¼ 23% inhibition). Transfection of the

M2 receptor into the M3 cell line resulted in a more robust

oxotremorine-M-mediated inhibition of cAMP accumula-

tion characterized by a more potent EC50 value and a greater

maximal inhibition (50–80%). The magnitude of the inhi-

bitory phase of the concentration–response curve for

oxotremorine-M in the CHO M2 þ M3 cells was compar-

able to that observed in the CHO M2 cells. The inhibitory

phase of the oxotremorine-M concentration–response

curve in the CHO M3 cells, like that of the CHO M2

and CHO M2 þ M3 cells, was inhibited by pertussis toxin,

indicating that Gi is involved in mediating this response in

the three cell lines.

The inhibitory effect of oxotremorine-M on cAMP

levels in CHO M3 and CHO M2 þ M3 cells was reversed

at high concentrations where stimulation in cAMP accu-

mulation was observed. In contrast, this stimulatory phase

was not observed in the CHO M2 cells, suggesting that the

stimulation is mediated primarily by the M3 receptor in the

CHO M2 þ M3 cells. Treatment with pertussis toxin elimi-

nated the high potency, agonist-mediated inhibition of

cAMP accumulation and enhanced the low potency sti-

mulation of cAMP accumulation in the three cell lines.

Thus, following pertussis toxin treatment, the CHO M2

cells exhibited an agonist-mediated stimulation of cAMP

accumulation. These results suggest that both M2 and M3

receptors can couple with Gs, although the robust M2

receptor-mediated inhibition of cAMP accumulation

obscures the lower potency, stimulatory mechanism in

CHO M2 cells. Other investigators have noticed that M2

receptors mediate a stimulation of cAMP accumulation in

CHO cells in the absence of pertussis toxin and that this

effect is dependent upon the incubation time and is more

apparent with high expression of M2 receptors [18].

The mechanism for the stimulation in cAMP accumula-

tion mediated through M2 and M3 receptors at high levels

of agonist occupancy is unclear. We noted a small stimula-

tion in cAMP accumulation (2.5-fold increase over basal)

by a high concentration of oxotremorine-M (i.e. 10–

100 mM) in M3 CHO cells in the absence of forskolin

(data not shown), suggesting that the M3 receptor weakly

couples to Gas to stimulate adenylyl cyclase. Forskolin is

known to enhance the stimulatory effect of Gas at many

subtypes of adenylyl cyclase [19–21], which can explain

why the muscarinic receptor-mediated increase in cAMP

accumulation is greater in the presence of forskolin.

Another possible mechanism could involve the significant

expression of type II and IV adenylyl cyclases in CHO

cells, which are known to be stimulated by Gbg [19,22].

The source of Gbg could be M3 receptor-mediated activa-

tion of Gq. However, this stimulation is conditional upon

activation by Gas, and thus this hypothesis also depends

upon direct M3 receptor activation of Gs. Also, we are

unaware of reports demonstrating the expression of type II

and IV cyclase in CHO cells. M2 muscarinic receptors were

shown to mediate a stimulation in cAMP accumulation in

pertussis toxin-treated CHO cells. However, it seems unli-

kely that this mechanism involves the liberation of Gbg

from Gq because M2 receptor activation had little or no

effect on phosphoinositide hydrolysis after pertussis toxin

treatment (see Fig. 3a as well as Ashkenazi et al. [23]).

Consequently, we think that the most likely explanation for

the muscarinic stimulation of cAMP accumulation is a

direct coupling of M2 and M3 receptors to Gs.

The competitive antagonism of the cAMP response in

CHO M2 cells was relatively straightforward. The antago-

nists shifted the oxotremorine-M concentration–response

curve to the right in a parallel fashion without significantly

affecting the maximal response. Moreover, the dissociation
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constants of the antagonists, measured by pharmacological

antagonism (Kb values), were in good agreement with

those estimated in competitive binding assays with

[3H]NMS. In contrast, the competitive antagonism of

the response in CHO M2 þ M3 cells was more complex.

In the presence of AF-DX 116, the potent inhibitory phase

of the concentration–response curve exhibited less of a

maximal response compared to control, whereas the con-

verse was observed in the presence of pirenzepine or

HHSiD. These results can be explained by the M2–M3

selectivity of the antagonists and the greater contribution of

the M3 receptor to the low potency, stimulatory phase of the

concentration–response curve. AF-DX 116 is an M2 selec-

tive antagonist and would therefore be expected to interfere

more effectively with the more potent, M2 inhibitory phase

of the concentration–response curve than the less potent,

M3 stimulatory phase of the curve. Since the maximal

inhibition of cAMP accumulation in the CHO M2 þ M3

cells probably represents a balance between M2 inhibitory

and M3 stimulatory effects, a decrease in the maximal

inhibition would be expected in the presence of AF-DX

116. In contrast, the opposite would be expected in the

presence of HHSiD or pirenzepine since these latter agents

exhibit selectivity for M3 receptors relative to M2. As

described above, this type of behavior was observed.

Since the subtype selective muscarinic antagonists

caused changes in the maximal inhibitory response to

oxotremorine-M in the CHO M2 þ M3 cells, we measured

the antagonist-induced shift based on an absolute level of

inhibition of cAMP accumulation as described under

Section 2. Using this approach, we noted that the potency

of AF-DX 116 for antagonizing oxotremorine-M-mediated

inhibition of cAMP accumulation in CHO M2 þ M3 cells

was approximately 2-fold less than that observed in CHO

M2 cells, whereas the converse was true for HHSiD and

pirenzepine. These results can be rationalized by the

contribution of both M2 and M3 receptors to the inhibitory

phase of the concentration–response curve (see Fig. 6) and

to the M2–M3 selectivity of the antagonists. Since AF-DX

116 is M2 selective, its potency for antagonizing a com-

bined M2–M3 response should be less than that expected

for a pure M2 response. Conversely, since HHSiD and

pirenzepine exhibit selectivity for M3 receptors over M2,

their potency for antagonizing a combined M2–M3

response should be greater than that expected for a pure

M2 response. Thus, our data are consistent with the pos-

tulate that both M2 and M3 receptors mediate an inhibition

of cAMP accumulation in the CHO M2 þ M3 cells,

although the M2 receptor appears to have a larger role.

This hypothesis is consistent with our observation that

inactivation of M3 receptors in the CHO M2 þ M3 cells

with 4-DAMP mustard increased the antagonist potency of

AF-DX 116 similar to that observed in CHO M2 cells.

Our experiments with the novel allosteric modulator of

muscarinic receptors, N-chloromethylbrucine, are consis-

tent with the latter hypothesis. Birdsall et al. [17] have

shown that N-chloromethylbrucine interacts allosterically

with muscarinic receptors to enhance the response to

acetylcholine at M3 receptors and to inhibit its action at

M2 receptors. These reciprocal changes in function can be

attributed to corresponding allosteric effects on acetylcho-

line binding affinity at M2 and M3 receptors [24]. We report

similar observations here using oxotremorine-M as the

agonist and the cAMP assay as a measure of function.

Interpolation of the data reported by Birdsall et al. [17] on

[35S]GTPgS binding in CHO cells predicts that N-chlor-

omethylbrucine would enhance the potency of acetylcho-

line at M3 receptors about 4-fold when present at 0.2 mM,

whereas the same concentration of N-chloromethylbrucine

would reduce the potency of acetylcholine at M2 receptors

to about one-fourth. In our studies with N-chloromethyl-

brucine (0.2 mM), we observed a similar effect on the

potency of oxotremorine-M at M3 receptors but a smaller

effect at M2 receptors (i.e. potency reduced to one-half).

This modest difference might be due to the use of oxo-

tremorine-M in our studies. It is known that allosteric

agents have different effects, depending upon the ligand

with which they are interacting. In contrast, N-chloro-

methylbrucine had little effect on oxotremorine-M-

mediated inhibition of cAMP accumulation in CHO

M2 þ M3 cells. These results are consistent with the idea

that both M2 and M3 receptors contribute to the response

in these cells, since the opposing effects of N-chloro-

methylbrucine on these two receptors would be expected

to cancel out.

Recombinant, chimeric proteins provide a unique per-

spective for investigating receptor–receptor interactions

between G protein-coupled receptors. Maggio et al. [25]

and Barbier et al. [26] have co-expressed truncated, wild-

type, and point mutants of M2 and M3 muscarinic receptors

in COS-7 cells, and have carried out binding studies on

membranes prepared from these cells. Their data suggest

that wild-type M2 and M3 receptors may undergo amino

terminal and carboxy terminal domain exchange to yield a

receptor with unique pharmacological properties when

transiently expressed in COS-7 cells. It was suggested that

oligomerization of M2 and M3 receptors results in the

association of the amino terminal portion of the M2

receptor with the carboxy terminal portion of the M3

receptor to yield a pharmacologically distinct binding site,

characterized by its high affinity for pirenzepine. Although

no direct measure of the affinity of pirenzepine for an

oligomeric M2/M3 muscarinic receptor was made, a pKd

value of approximately 7.5 was estimated on the basis of its

affinity for muscarinic sites labeled with [3H]NMS in

COS-7 cells expressing fragments of both M2 (M2 trunc)

and M3 (M3 tail) receptors. This estimate of binding

affinity is approximately 10- and 30-fold greater than those

of pirenzepine for M3 and M2 receptors, respectively (see

Table 2). Our results with wild-type M2 and M3 muscarinic

receptors provide no evidence for the presence of a hetero-

meric complex with high affinity for pirenzepine. It is

1240 M.T. Griffin et al. / Biochemical Pharmacology 65 (2003) 1227–1241



conceivable that such a complex exists, but is in too low

abundance for us to detect in our binding and functional

assays.

We have described the construction of a CHO cell that

expresses both the M2 and M3 muscarinic receptor sub-

types and have characterized the receptor population

pharmacologically. The binding and functional data are

consistent with those expected if the receptor subtypes act

independently of one another without the formation of

heteromeric complexes or the exhibition of a novel phar-

macology. The activity of particular G protein linked

second messenger systems, such as adenylyl cyclase, is

consistent with the postulate that M2 and M3 muscarinic

receptor subtypes interact with multiple G proteins in CHO

cells.
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