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SUMMARY

The attenuation of cyclic AMP accumulation occurs by different mechanisms in 1321N1
astrocytoma cells and NG108-15 neuroblastoma X glioma cells. In 1321N1 cells, cholin-
ergic agonists reduce cyclic AMP accumulation through a Ca’*-dependent activation of
phosphodiesterase; in NG108-15 cells, muscarinic receptor-mediated effects on cyclic
AMP metabolism occur through inhibition of adenylate cyclase. The goal of the current
study was to determine whether different pharmacological specificities were expressed
by the muscarinic receptor populations of these two cell lines. The affinity of muscarinic
receptors for [*H]quinuclidinyl benzilate (6 pM), [°’H] N-methylscopolamine (50 pM), and
atropine (80 pM) was similar in membrane preparations from each cell line. The affinity
of the antagonist, pirenzepine, which has been proposed to be a selective ligand for a
muscarinic receptor subtype, was 3-fold higher in competition binding assays carried out
with membranes of 1321N1 cells, than with NG108-15 cells. The Hill coefficients of
pirenzepine competition curves were not significantly different from unity in both cell
lines. This selectivity of pirenzepine was also apparent in studies of the competitive
inhibition of carbachol-induced attenuation of cyclic AMP accumulation in intact cells.
Differences in the relative affinities of agonists were observed in competition binding
analyses carried out with membranes in the presence of GTP and absence of Mg?*. The
K; values of bethanechol and carbachol were 5- and 12-fold lower for receptors of NG108-
15 cells than those of 1321N1 cells and the K; of methacholine was 3.5-fold lower for
1321N1 cells than for NG108-15 cells. The affinities of oxotremorine and arecoline were
similar between the two cell lines. These differences in agonist affinities between the two
cell lines were much smaller in analyses of muscarinic receptor-mediated effects on cyclic
AMP metabolism in intact cells. Taken together, these data suggest that muscarinic
receptors of differing pharmacological specificities regulate cyclic AMP metabolism by
different mechanisms in 1321N1 and NG108-15 cells.

INTRODUCTION

Binding heterogeneity of muscarinic cholinergic recep-
tor agonists and antagonists has been observed in a
variety of preparations (1-7). While complex agonist
competition curves with membrane preparations may
arise in part from interaction of agonist-occupied recep-
tors with other membrane proteins (5-7), less sanguine
statements can be made concerning the origin of heter-
ogeneity of binding observed with the nonclassical mus-
carinic receptor antagonist pirenzepine. However, based
on the tissue selectivity of the antagonism by pirenzepine
of muscarinic receptor-mediated physiological responses
(4, 8), as well as the reported 30-fold variation in appar-
ent K; values of this compound determined in radioli-
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gand-binding experiments (2), it has been proposed that
pirenzepine is a selective antagonist of a putative mus-
carinic receptor subtype.

The recent availability of radiolabeled pirenzepine has
facilitated a direct analysis of the binding of this antag-
onist in a variety of rat tissues. It has been reported (9,
10) that [*H)PZ? binds with high affinity to a subset of
muscarinic receptors with a tissue distribution compati-
ble with the concept of distinct M, and M, receptor
subtypes according to the suggested terminology of Goyal
and Rattan (11) and Hammer and coworkers (2, 4). That
is, [*H]PZ binds with high affinity to a large proportion
of the sites (supposedly M, receptors) labeled by [*H]

*The abbreviations used are: PZ, pirenzepine; QNB, (—)-quinucli-
dinyl benzilate; NMS, N-methylscopolamine; DMEM, Dulbecco’s mod-
ified Eagle’s medium; PGE,, prostaglandin E,; IBMX, 3-isobutyl-1-
methylxanthine; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid; N;, the guanine nucleotide binding protein that couples
inhibitory receptors to adenylate cyclase.
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QNB in the hippocampus, cortex, and striatum. Little
[*H]PZ binding occurs to the muscarinic receptor popu-
lations (supposedly M, receptors) of heart, cerebellum,
and ileum. In tissue preparations where large amounts
of [*H]PZ binding are observed, little regulation by guan-
ine nucleotides of agonist binding to muscarinic receptors
occurs. Conversely, in preparations that exhibit little
[*H]PZ binding, guanine nucleotides markedly reduce
the apparent affinity of cholinergic agonists. Based on
these results, Watson et al. (10) have proposed that [°H]
PZ binds more favorably to tissues where little if any
effect of guanine nucleotides on agonist binding is ob-
served and have referred to this muscarinic receptor
population as the M, subtype. Conversely, they proposed
that the M, receptor subtype represents the muscarinic
receptor population that couples to a guanine nucleotide
regulatory protein and mediates inhibition of adenylate
cyclase.

We recently have initiated a series of experiments
designed to define the biochemical properties of musca-
rinic cholinergic receptors expressed by cultured cell
lines. Two cell lines have been identified that exhibit
markedly different characteristics regarding the regula-
tion of cyclic AMP metabolism by muscarinic receptors.
In intact 1321N1 astrocytoma cells, muscarinic receptor
agonists reduce cyclic AMP levels through the calcium-
dependent activation of phosphodiesterase (12, 13); no
regulation of adenylate cyclase activity by muscarinic
receptor agonists is observed in broken cell preparations
from these cells (12). In contrast, muscarinic receptor-
mediated regulation of cyclic AMP metabolism in
NG108-15 neuroblastoma X glioma hybrid cells is me-
diated by the direct inhibition of adenylate cyclase (14—
16). Consistent with these results, pertussis toxin, which
ADP-ribosylates the M, = 41,000 a-subunit of N; and
blocks inhibitory coupling of receptors to adenylate cy-
clase, has no effect on muscarinic receptor-mediated
attenuation of cyclic AMP accumulation in 1321N1 cells,
but completely blocks cholinergic effects on cyclic AMP
accumulation in NG108-15 cells (17). Since muscarinic
receptor subtypes potentially would be coupled to differ-
ent cellular mechanisms, and since 1321N1 and NG108-
15 cells express two biochemical activities proposed to
be responsible for muscarinic receptor action, we have
compared the pharmacological properties of the musca-
rinic receptor populations coupled to the cyclic AMP
system in each of these cell types. Differences in the
selectivity of muscarinic receptor agonists were observed
between the two systems; in addition, a small but repro-
ducible difference in the apparent affinity of pirenzepine
was detected in membrane preparations from the two
cell lines.

MATERIALS AND METHODS

Materials. NG108-15 neuroblastoma X glioma hybrid cells were
obtained from Drs. Gary Brooker and Barry Wolfe. DMEM, trypsin,
and fetal calf serum were purchased from GIBCO (Grand Island, NY).
Tissue culture dishes (150 mm and 12-well cluster plates) were obtained
from GIBCO and Falcon. Prostaglandin E, was a generous gift from
Dr. John Pike, Upjohn (Kalamazoo). Pirenzepine was a gift from
Boehringer Ingelheim Ltd. Arecoline, atropine, bethanechol, carbachol,
methacholine, oxotremorine, Hepes, Tris, EDTA, (—)-isoproterenol,

Dowex 50-X8-400 (H* form), and guanosine 5’-triphosphate, sodium
salt, were obtained from Sigma Chemical Company (St. Louis, MO).
Neutral alumina (Brockman activity 1, 80-200 mesh) was obtained
from Fisher Scientific Company (Pittsburgh, PA). ["H]JQNB (33.1 Ci/
mmol), ["H]NMS (84.8 Ci/mmol) and [*H]PZ (84 Ci/mmol) were from
New England Nuclear Corporation (Boston, MA). [*H]Adenine (26-29
Ci/mmol) was obtained from Amersham (Arlington Heights, IL). All
other reagents used were of analytical grade.

Cell culture. NG108-15 cells were grown in DMEM supplemented
with 10% fetal calf serum, 4.5 g glucose/liter, 0.1 mM hypoxanthine, 16
uM thymidine, and 1 uM aminopterin (16). Cells were grown in a
humidified atmosphere of 92% air and 8% CO, at 37°. Confluent
cultures on 150-mm dishes were used as seeding stocks. Cells were
harvested by vigorously pipetting the medium against the dish surface
and subcultured at a dilution of approximately 1:10. On the third day
after seeding, and each day thereafter, the medium was replaced by
fresh medium. Conditions for maintenance of 1321N1 astrocytoma
cells were as we previously have described (12, 18).

Membrane preparation. Confluent NG108-15 cell cultures were
rinsed once with 50 mM Tris buffer (pH 7.5 at 4°) containing 250 mM
sucrose and 56 mM MgSO, and 5 ml of the same buffer was added to
each dish. Cells were detached by scraping with a rubber policeman
and then pelleted by centrifugation at 500 X g for 5 min. The super-
natant was removed and the cell pellet was frozen in liquid N, and
stored at —80°. A washed membrane fraction was prepared by thawing
the cell pellet and homogenizing in 10 ml of 10 mM Hepes buffer
containing 10 mM EDTA (pH 7.5 at 4°) with five strokes of a B-type
pestle in a Dounce homogenizer. This protocol of freezing, thawing,
and homogenization resulted in a greater than 90% cell lysis, as judged
by trypan blue exclusion. The homogenate was centrifuged at 500 X g
for 5 min at 4° to remove nuclei and whole cells. The supernatant was
diluted to a final volume of 40 ml with homogenization buffer, and the
membranes were centrifuged at 40,000 X g for 10 min at 4°. The
resulting pellet was resuspended and the wash procedure was repeated.
The membrane preparation was stored at —80° until use.

1321N1 astrocytoma cell membranes were prepared by aspirating
the growth medium and swelling the cells by the addition of 10 ml of 1
mM Hepes buffer (pH 7.5 at 4°). After 15 min on ice, the cells were
scraped from the dish using a rubber policeman and the suspension
was centrifuged at 40,000 X g for 10 min at 4°. The resulting pellet was
resuspended in 10 mM Hepes buffer (pH 7.5 at 4°) containing 10 mM
EDTA and homogenized using a Brinkmann Polytron tissue disruptor
(setting 6.0 for 15 sec). The homogenate was centrifuged at 40,000 X g
for 10 min at 4°. This washing procedure was repeated two more times.
Membranes not used on the day of preparation were stored at ~80° in
a small aliquot of 50 mM Tris buffer containing 250 mM sucrose and 5
mM MgSO, (pH 7.5 at 4°).

Female Sprague-Dawley rats (200-300 g) were killed by decapitation.
The heart, cerebral cortex, and cerebellum were dissected and homog-
enized (approximately 1 g wet weight/20-30 volumes) in 10 mM Hepes
buffer containing 10 mM EDTA (pH 7.5 at 4°) using a Brinkmann
Polytron tissue disruptor (setting 6.0 for 15 sec). The homogenates
were centrifuged at 40,000 X g for 10 min at 4° and the pellets were
resuspended in the same buffer. This washing procedure was repeated
three more times. Membranes were resuspended in 10 mM Hepes buffer
containing 5 mM MgSO, (pH 7.5 at 37°) and used on the day of
preparation.

Muscarinic cholinergic receptor assays. Unless specifically stated, all
receptor assays were performed in 10 mM Hepes buffer containing 5
mM MgSO, (pH 7.5 at 37°). Competition binding experiments using
[*H)QNB (250-350 pM) or [PH]NMS (200-250 pM) were performed
essentially as we have previously described (6, 12) in a final volume of
1 ml in polypropylene tubes (Sarstedt) incubated at 37° for 60 min.
Saturation analysis of [*H]QNB (0.5-200 pM) binding was performed
in a final volume of 10 ml incubated at 37° for 3-4 hr. Saturation
analysis of [PH]NMS (5-260 pM) binding was performed in a final
volume of 1 ml incubated at 37° for 2-3 hr. Assays were initiated by
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the addition of membranes (1321N1 astrocytoma cells, 500-800 ug
protein/assay; NG108-15 cells, 400-600 ug protein/assay; cerebral cor-
tex, 0.4 mg wet weight/assay; cerebellum and heart, 4 mg wet weight/
assay) and terminated by the addition of 10 ml of 10 mM Tris buffer
(pH 7.5 at 37°) followed by immediate filtration through Schleicher
and Schuell No. 30 glass fiber filters. Each filter was washed with a
further 10 ml of 10 mM Tris buffer. Nonspecific binding was defined
as the amount of radioligand bound in the presence of 1 uM atropine
and ranged from 5-10% of the total radioligand retained by the filters.
The filters were transferred to glass vials to which 3 ml of Budget Solve
(Research Products, Inc.) scintillation fluid was added. The samples
were counted in a scintillation counter at 40% efficiency. Under the
conditions stated, less than 10% of total radioligand was bound in all
experiments. All assays were performed in triplicate.

Analysis of [*H]PZ (0.02-10 nM) binding to cerebral cortical mem-
branes (1 mg wet weight/assay) was carried out in a final volume of
0.25 ml. The assay was initiated by the addition of membranes and
continued at 30° for 3 hr. The incubation was terminated by the
addition of 10 ml of ice-cold 10 mM Tris buffer (pH 7.5 at 4°) and
immediate filtration through Schleicher and Schuell No. 30 glass fiber
filters that had been treated with siliconizing agent (Prosil 28) as we
have previously described (19). Nonspecific binding was defined as the
amount of [*H]PZ bound in the presence of 1 uM atropine and ranged
from 15-25% of the total [’H]PZ retained by the filters.

Intact cell binding assays, using [*H)NMS as the radioligand, were
carried out using NG108-15 and 1321N1 cells grown in 12-well cluster
plates. The growth medium was aspirated and replaced with 0.9 ml of
DMEM + 25 mM Hepes (pH 7.5 at 37°). Assays were initiated by the
addition of [PH]NMS and terminated by aspiration and two 1-ml
washes with ice-cold DMEM + 25 mM Hepes. Radioactivity was
solubilized by the addition of 1 ml of 0.5 N NaOH. The samples were
neutralized with 1 ml of 0.5 N HCI prior to the addition of 10 ml of
scintillation fluid. Samples were counted at 30% efficiency. Incubations
were for 90 min at 37° for saturation analysis of [P H]NMS (5-600 pM)
binding and for 60 min at 37° in competition binding experiments
(200-250 pM). Cell density was such that less than 10% of total added
radioligand was bound in all experiments. Nonspecific binding was
defined as the amount of radioligand bound in the presence of 1 uM
atropine and ranged from 4-8% of total radioactivity bound. All assays
were performed in quadruplicate.

There are important differences in binding assays carried out with
[*HJNMS and those carried out with [*HJQNB. These differences
apparently evolve from the difference in relative lipophilicity of [*H)
NMS versus [*H]QNB as previously noted by Galper et al. (20). That
is, due to its hydrophilicity, ['HINMS does not readily detect either
intravesicular or intracellular receptors. In intact cell binding assays
with either 1321N1 cells or NG108-15 cells, [*"H]NMS detected approx-
imately the same density of receptors as was detected by [PH]QNB in
lysates from these cells. Although a high degree of nonspecific binding
was encountered, intact cell binding assays with ["H]JQNB also detected
approximately the same number of receptors as is detected in intact
cell binding assays with [*H)]NMS. In contrast, in cell lysates, [*H])
NMS detected only 30-50% of the receptors detected by [*HJQNB.
Studies on agonist-induced internalization of muscarinic receptors in
1321N1 cells also indicate that [*H]NMS detects only surface receptors,
whereas [*H]JQNB detects both intracellular and intravesicular recep-
tors.? In spite of the difference in the total number of sites labeled with
each radioligand in membrane fractions, the calculated affinities ob-
tained for both agonists and antagonists were the same irrespective of
the radioligand used. [PH]NMS was utilized in competition binding
experiments with agonists in order to circumvent the large shifts of the
competition curves to the right (and therefore the very high concentra-
tions of competing drugs) due to the very low K, of [*(H]QNB, i.e., the
ratio of radioligand concentration to its K, is much higher with [*H]
QNB than with [*H]NMS.

Measurement of cyclic AMP accumulation in intact cells. A modifi-

3T. K. Harden, unpublished.
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cation (12) of the method of Shimizu et al. (21) was used to measure
intracellular cyclic AMP levels. NG108-15 and 1321N1 cells were grown
in 12-well cluster plates. The growth medium was aspirated and the
cells were incubated for 60 min at 37° with 1 ml of DMEM + 25 mM
Hepes (pH 7.5 at 37°) containing 1-2 uCi of [*H]adenine per ml. The
cells were then washed with two 1-ml aliquots of DMEM/Hepes and a
fresh aliquot of 0.95 ml of DMEM/Hepes was added. The cells were
allowed to equilibrate for 30 min. Intracellular cyclic AMP accumula-
tion was stimulated by PGE, (1-10 uM) or isoproterenol (10 uM) and
the capacity of various muscarinic cholinergic receptor agonists to
inhibit accumulation of nucleotide was examined. Incubations (5-10
min) were terminated by aspiration of the medium and addition of 1
ml of 5% trichloroacetic acid (w/v) containing 0.5 mM cyclic AMP.
Separation of the [*H]cyclic AMP formed from [°H]ATP was accom-
plished by a modification (12) of the method of Salomon et al. (22)
using sequential chromatography over Dowex and alumina columns.
The [*H]cyclic AMP synthesized during the challenge period is ex-
pressed as the percentage conversion of [*HJATP to [*H]cyclic AMP,
i.e., (dpm of [*H]cyclic AMP/dpm of [PH]JATP + dpm of [*H)cyclic
AMP) X 100. Column recoveries were assessed by spectrophotometric
determination (259 nM) of the cyclic AMP concentration in an aliquot
of the [*H]cyclic AMP eluate. Recoveries ranged from 50-75%.

Data analysis. Saturation isotherms were transformed using the
method of Scatchard (23) and estimates of K, and B,., obtained using
unweighted linear regression analysis of the transformed data. Hill
slopes and ICy, values were calculated from competition binding exper-
iments and the ICy, values were transformed to apparent K; values
using the method of Cheng and Prusoff (24). When pirenzepine com-
petition curves yielded Hill slopes that were significantly different from
unity (i.e., in the cerebral cortex) the binding data were analyzed by
nonlinear least squares regression analysis using the Gauss-Newton
method (25). The model used was that for law of mass action binding
of the competing ligand with either a single site (n = 1) or two
independent sites (n = 2) as follows:

n B:S
Bs .~§[B' Icm+S]+N

in which S is the concentration of competing ligand, Bs is the [*H)
QNB bound at a given concentration of S, B; is the number of specific
binding sites, ICs, is the ICq, for the competing ligand at each binding
site, and N is the number of nonspecific binding sites. Computer-
derived ICy, values were corrected to apparent K; values as described
above. To determine if the data were fit significantly better by the two-
site model, the residual sums of squares of the respective fits were
compared using a partial F test (26).

Protein assay. Protein concentration was determined by the method
of Lowry et al. (27) using bovine serum albumin as a standard.

RESULTS

The interaction of the two radiolabeled muscarinic
receptor antagonists, [’lHJQNB and [PH]NMS, with re-
ceptors of the two cell lines was investigated. Saturation
binding data were transformed using the method of Scat-
chard (23) and representative plots for [°"HJQNB are
shown in Fig. 1. [°H]QNB bound with high affinity to a
single class of binding sites in both cell lines (K; = 6.4 +
1.2 pM in NG108-15 cells; K; = 6.3 + 1.1 pM in 1321N1
cells; mean + standard error, n = 3). The estimated K,
values are similar to values that we have previously
reported for the binding of [’H]QNB to membrane prep-
arations derived from a number of rat brain regions (7)
and rat heart (6). Similarly, [PH]NMS bound with the
same high affinity (data not shown) to a single class of
binding sites in NG108-15 and 1321N1 cell membrane
preparations (K; = 49 + 17 pM in NG108-15 cells; K, =
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FIG. 1. Scatchard transforms of [FH]QNB binding to NG108-15 and
1321N1 cell membranes

Membrane preparation and saturation analysis of ["THJQNB (0.5-
200 pM) binding were performed as described in Materials and Methods.
Data are representative of three similar experiments for each cell line.

53 £ 11 pM in 1321N1 cells; n = 3). [F(H]NMS bound to
only 30-50% of the sites labeled by [PHJQNB in mem-
brane preparations. As is discussed in Materials and
Methods, this result is apparently due to the relative
hydrophilicity (20) of [PH]NMS and the sequestration of
receptors inside vesicles in the membrane preparation.
Since pirenzepine has been proposed to interact with
putative muscarinic receptor subtypes with different af-
finities, the binding properties of this antagonist were
determined in the two cell lines and compared to its
binding properties in membrane preparations from rat
cerebral cortex, cerebellum, and heart. The competition
binding data obtained with pirenzepine also was com-
pared to that obtained with the classical muscarinic
receptor antagonist, atropine. Representative competi-
tion curves for the two antagonists binding to membranes
of 1321N1 and NG108-15 cells are shown in Fig. 2 and
the apparent K; values and Hill coefficients are presented
in Table 1. As has been previously reported (2), piren-
zepine competed with [PH]QNB in a complex fashion
(i.e., Hill coefficients were significantly less than unity)
in membrane preparations from the cerebral cortex. Un-
weighted nonlinear least squares regression analysis of
the competition curves demonstrated that the data were
significantly better fit by a two-, rather than a single-
site model with a high affinity (K; = 8.0 £ 2.1 nM; 75
7% of total sites; n = 5) and a low affinity (K, = 93 + 43
nM; 25 + 7% of total sites; n = 5) binding component. In
contrast to the cerebral cortex, pirenzepine competition
curves with membrane preparations from the cerebellum
and heart exhibited Hill coefficients that were not sig-

100

[°H] -QNB BOUND (% OF SPECIFIC)

L 1 1
0 9 8 7 6 5 4

-L0G,, [ANTAGONISTIM

FiG. 2. Inhibition of PH]QNB binding to membranes of NG108-15
and 1321N1 cells by atropine and pirenzepine

Membranes were prepared as described in Materials and Methods.
[*H]QNB (300-350 pM) binding to membranes of 1321N1 (O, @) and
NG108-15 cells (O, ®) was determined in the presence of the indicated
concentrations of atropine (open symbols) and pirenzepine (closed
symbols). ICs, values were converted to apparent K; values using the
Cheng and Prusoff (24) correction. These values and the calculated
Hill coefficients for the pirenzepine competition curves are shown in
Table 1. The curves drawn represent the computer-derived fits of the
data to a single site model. The inclusion of a second site did not
significantly improve the fit of the data. Mean and range pirenzepine
K; values were 10.7 nM (10-11.9, n = 6) and 25 nM (23-29.6, n = 7) for
1321N1 and NG108-15 cells, respectively. Mean and range atropine K;
values were 0.08 nM (0.06-0.1, n = 6) and 0.08 nM (0.06-0.09, n = 7)
for 1321N1 and NG108-15 cells, respectively.

nificantly different from unity. The apparent K; values,
93 nM in cerebellum and 147 nM in heart, were much
greater than the high affinity binding component ob-
served in cerebral cortex, and demonstrate the marked
tissue selectivity of the inhibition of radioligand binding
by pirenzepine. Atropine competed with [*HJQNB with
K; values of 0.18 nM in the cerebral cortex and 0.46 nM
in the heart and in a manner compatible with law of
mass action kinetics of a ligand interaction with a single
receptor affinity state in both tissues (data not shown).
The slightly higher affinity of atropine observed in ce-
rebral cortical membranes is consistent with the report
of Hammer and Giachetti (4) who observed a 2.9-fold
difference in the apparent K; for atropine in competition
binding experiments with [P H]NMS in rat sympathetic
ganglia and atria.

In light of the fact that muscarinic receptors of NG108-
15 cells couple to adenylate cyclase while those of 1321N1
cells do not, it was anticipated that pirenzepine might
compete for [PH]QNB binding with high affinity (like
that in the cerebral cortex) at muscarinic receptors of
1321N1 astrocytoma cells and with low affinity (like that
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TABLE 1
K, values and Hill coefficients derived from the inhibition by
pirenzepine of [*H]QNB binding to membranes of NG108-15 and
1321N1 cells and membranes of rat cerebral cortex, cerebellum, and
heart

Membrane preparation and competition binding experiments, using
[*H]QNB as a radioligand, were performed as described in Materials
and Methods. K; values were calculated using the Cheng and Prusoff
(24) correction of estimated ICy values. “K;” represents corrected ICs
values for the unresolved pirenzepine competition curves in cerebral
cortical membranes. Each vertical bar represents an individual exper-
iment. When pirenzepine competition curves yielded Hill slopes that

*  were significantly different from unity (i.e., cerebral cortex), the binding

data were analyzed as described in Materials and Methods. Ky and K,
refer to the K; values of the high and low affinity binding components
of five detailed pirenzepine/[*HJQNB competition curves in cortex.
Hill slopes (nH, mean + standard error) were calculated from the
competition curves by plotting log (fraction bound/1 — fraction bound)
versus log (pirenzepine).

TISSUE -10G [PRENZEPNE] MEANK[ nH

KaCORTEX || |]] 8
"Ki"CORTEX ILA 13 losst002
Ki CORTEX P 11| | o3

Ki 132INI | | Il l040.03
Ki NGIOB-I5 | 25  (L02£005
Ki CEREBELLUM LI 93 |106£004
Ki HEART I {47 |uazoos

10001} L4t aagaa) 1

8 7

observed in the heart) at the muscarinic receptors of
NG108-15 cells. Pirenzepine did bind with high affinity
(K; = 11 nM) to receptors of 1321N1 cells (Fig. 2, Table
1). Furthermore, binding was apparently to a homoge-
neous class of binding sites in membranes from 1321N1
cells (Table 1). The Hill coefficients of pirenzepine com-
petition curves were approximately 1 and computer
analysis of detailed curves (Fig. 2) indicated that these
curves were not significantly better fit to the equation
for two binding sites. The antagonist also bound with
relatively high affinity (25 nM) to muscarinic receptors
of NG108-15 cells (Fig. 2). Thus, only a small, but
reproducible, difference in the apparent K; values be-
tween the two cell lines was observed.* As with 1321N1
cells, pirenzepine apparently interacts with a homoge-

4 A logical extension of these indirect studies of the binding of
pirenzepine was to directly assess the binding of ['H]PZ to the mus-
carinic receptor populations of 1321N1 and NG108-15 cells. To this
end, a binding assay for [*H]PZ was established (as described in
Materials and Methods) using membrane preparations derived from
the rat cerebral cortex. In good agreement with observations from other
laboratories (9, 10, 34), [PH]PZ bound with high affinity (K, = 2.14 +
0.61 nM, n = 8) to a subset (approximately 50-60% of the sites labeled
with [*H]QNB) of the muscarinic receptors. The direct binding of [*H)
PZ to membranes from the two cell lines proved to be technically
difficult due to high nonspecific binding (relative to that observed in
cerebral cortex) in such preparations. However, in two experiments
using 1321N1 astrocytoma cell membranes, [*H]PZ labeled a very high
(>90%) proportion of the sites labeled by [PH]JQNB. Conversely, in
these experiments using NG108-15 cell membranes [*H]PZ labeled a
very small percentage, if any, of the sites labeled by ["THJQNB.
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neous class of binding sites in NG108-15 cells as indi-
cated by Hill slopes of approximately 1 (Table 1) and
computer analysis of detailed pirenzepine competition
curves (Fig. 2). Atropine bound with the same high
affinity to a single class of binding sites in both cell lines.

The competitive inhibition by pirenzepine of car-
bachol-induced decreases in agonist-stimulated cyclic
AMP accumulation was investigated in intact cells (Fig.
3). PGE, and isoproterenol were used to evaluate cyclic
AMP levels in NG108-15 and 1321N1 cells, respectively.
The apparent K; values for the antagonism by pirenze-
pine of the muscarinic receptor-mediated inhibition of
cyclic AMP accumulation were calculated using the
Cheng and Prusoff (24) correction of the estimated ICs,
values. The results are qualitatively in excellent agree-
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F16. 3. Competitive inhibition by pirenzepine of carbachol-induced
attenuation of cyclic AMP accumulation in intact 132IN1 and NG108-
15 cells

Cell culture and measurement of intact cell cyclic AMP accumula-
tion were performed as described in Materials and Methods. Cyclic
AMP synthesis was stimulated by 10 uM isoproterenol (/; 1321N1 cells)
or 1 uM PGE, (P; NG108-15 cells) and stimulated levels were inhibited
by 100 uM carbachol (C). The carbachol-induced attenuation was
competitively reversed by increasing concentrations of pirensepine.
The apparent K; values for pirenzepine were calculated by the Cheng
and Prusoff (24) correction of the estimated ICy values (i.e., that
concentration of pirenzepine that effectively reversed 50% of the inhi-
bition produced by 100 uM carbachol) using the respective Kos values
for carbachol in the two cell lines as shown in Table 3. In 1321N1 cells,
the mean K; value was 35 nM (range 19-68, n = 4) and in NG108-15
cells the mean K; value was 96 nM (range 74-130 nM, n = 6).

o-
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ment with the relative K; values derived from the com-
petition binding studies (Fig. 2, Table 1). That is, piren-
zepine antagonized muscarinic receptor stimulation with
higher affinity in the 1321N1 cell line (K; = 35 nM in
1321N1 cells; K; = 96 nM in NG108-15 cells). Thus, the
values determined by intact cell analysis are of lower
affinity than the values obtained in radioligand-binding
studies (Table 1), but the fold-selectivity of pirenzepine
between the two systems was similar.

Finally, pirenzepine affinity in the two cell lines was
examined in intact cell binding assays using [*H]NMS
(Table 2). The K; obtained for pirenzepine in intact cell
assays with NG108-15 cells (Table 2) was in very good
agreement with the K; obtained by antagonism of cholin-
ergic agonist-mediated attenuation of cyclic AMP accu-
mulation in these cells (Figure 3). In contrast, the K;
determined in intact cell binding assays with 1321N1
cells was approximately 3-fold greater than the K; deter-
mined in the same cells measuring blockade of cholin-
ergic effects on cyclic AMP accumulation. Thus, little
selectivity of pirenzepine between the two cell lines was
detected in intact cell binding assays. In contrast to the
result obtained in membrane binding assays, atropine
exhibited an approximately 2-fold higher affinity in in-
tact cell binding assays with NG108-15 cells than with
1321N1 cells.

The affinities of five agonists for the muscarinic cho-
linergic receptors expressed by the two cell lines were
determined in competition binding experiments using
[*H]NMS (Fig. 4, Table 3). To minimize the formation
of a high affinity, guanine nucleotide-sensitive, agonist-
receptor-guanine nucleotide regulatory protein complex,
these experiments were performed in the absence of any
added Mg?* and in the presence of 500 uM GTP. Under
such conditions, the Hill coefficients of competition
curves for all agonists in both cell lines were not signifi-
cantly different from unity, indicating the interaction of
the ligands with a single affinity state of the receptor. In
NG108-15 cell membranes, the rank order of potency for
agonist affinity was oxotremorine > arecoline = car-
bachol > bethanechol > methacholine (Table 3). In
paired experiments, the potency order of the same ago-
nists in 1321N1 cell membranes was markedly different
with oxotremorine > arecoline > methacholine > car-
bachol > bethanechol. Thus, bethanechol and carbachol

TABLE 2
[PH]NMS binding to intact 1321N1 and NG108-15 cells

Saturation and competition binding experiments were carried out
as described in Materials and Methods. K, values represent mean +
standard error. K; values were calculated using the Cheng and Prusoff
(24) correction of the estimated IC,, values. Values represent means of
the indicated number (n) of experiments. The range of experimental
values is also presented.

1321N1 NG108-15
[*H]NMS K, (pM) 53+6 41+4
(n=4) (n=23)
Atropine K; (nM) 0.61 0.30
(0.53-0.72,n = 5) (0.24-0.35,n = 4)
Pirenzepine K; (nM) 103 137
(76-159, n = 4) (98-167, n = 4)

bound with higher affinity to receptors of NG108-15 cell
membranes (approximately 5- and 12-fold, respectively)
while methacholine bound with higher (3.5-fold) affinity
to receptors of 1321N1 cell membranes. Arecoline and
oxotremorine were only slightly selective, binding with
higher affinity to receptors of NG108-15 cells (2.2- and
1.5-fold, respectively). The affinities of carbachol and
oxotremorine determined using [*H]QNB as the radioli-
gand (data not shown) were essentially identical to the
values for these agonists determined using [PH]NMS
(Table 3).

The capacity of these muscarinic receptor agonists to
attenuate agonist-stimulated cyclic AMP accumulation
also was examined in the two cell lines. The results of
these experiments are shown in Table 3 where the data
are expressed as K,s values, i.e., that concentration of
muscarinic receptor agonist that produced 50% of the
inhibition elicited by a maximally effective agonist con-
centration. All five agonists inhibited cyclic AMP accu-
mulation to approximately the same extent at maximally
effective concentrations, i.e., all were “full” agonists. In
contrast to the K; values determined in membrane bind-
ing assays, bethanechol, carbachol, and methacholine
exhibited little, if any, selectivity in their ability to
inhibit cyclic AMP accumulation in the two cell systems.
Arecoline and oxotremorine were approximately 2-3-fold
more potent in NG108-15 cells.

DISCUSSION

Although extensive information concerning musca-
rinic cholinergic receptors has accumulated through the
use of radioligand binding assays in recent years, crucial
information regarding this receptor is still not available.
Foremost in this deficit in our knowledge is the meaning
of the different affinity states of the muscarinic receptor
encountered with a variety of ligands. Complex binding
curves for ligand interaction at these receptors most
often have been explained either by the existence of
muscarinic receptor subtypes or by the existence of con-
formational states arising from the coupling of a single
population of muscarinic receptors to membrane effector
proteins. While unambiguous evidence for muscarinic
receptor subtypes has not been reported, the contribution
of guanine nucleotide regulatory protein(s) accounts at
least in part for the heterogeneous binding properties of
cholinergic agonists.

Many of the uncertainties regarding complex binding
of ligands to muscarinic receptors have evolved from the
use of membranes prepared from tissues of heteroge-
neous cellular content. The use of cultured cell lines in
the current work circumvents this concern. An y
important impetus for the present work evolved from the
properties of the muscarinic receptor populations ex-
pressed by the two cell lines. A variety of evidence
indicates that activation of muscarinic cholinergic recep-
tors of 1321N1 cells reduces intracellular cyclic AMP
levels through activation of phosphodiesterase (12, 13).
No evidence for inhibition of adenylate cyclase by mus-
carinic receptor agonists has been observed in 1321N1
cells, and pertussis toxin, which blocks inhibitory cou-
pling of receptors to adenylate cyclase, has no effect on
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F1G. 4. Inhibition of PH]NMS binding to 1321N1 and NG108-15 cell membranes by muscarinic receptor agonists

Membranes were prepared as described in Materials and Methods except that the final resuspension was in 10 mM Hepes (pH 7.5 at 37°)
with no added Mg**. Competition binding experiments, using [FH]NMS (200-240 pM) as the radioligand, were performed as described in the text
except that all assays contained 500 uM GTP. Apparent K; values (shown in Table 3) were calculated using the Cheng and Prusoff (24) correction
of estimated 1C;, values.

TABLE 3
Apparent affinity constants for the interaction of agonists with muscarinic receptors of intact cell and membrane preparations of NG108-15 and
1321N1 cells

Membranes were prepared as described in Materials and Methods except that the final resuspension was with 10 mm Hepes (pH 7.5 at 37°)
with no added Mg**. Competition binding assays were performed as described in the text except that all assays contained 500 uM GTP. The
agonist affinities for the two cell lines are presented as apparent K; values and were calculated using the Cheng and Prusoff (24) correction of
the estimated IC,, values. Measurement of intact cell cyclic AMP accumulation was performed as described in the text. Nucleotide accumulation
was stimulated by 1 uM PGE, (NG108-15 cells) or 10 uM ISO (1321N1 cells) and inhibited by increasing concentrations of the muscarinic
agonists. Data are presented as K, values (i.e., that concentration of muscarinic agonist that elicits 50% of the inhibition produced by a
maximally effective agonist concentration). Values (K; and Kos) represent the means of the respective n values. The range of experimental values
are also presented.

Pmparati_on and cell Muscarinic receptor agonist
© Arecoline Bethanechol Carbachol Methacholine Oxotremorine
Membranes
NG108-15
K; (uM) 2.2 10.5 2.4 29.6 0.40
Range (1.6-2.9) (8.5-13.2) (1.7-4.1) (24.0-33.9) (0.2-0.7)
n (6) 4) 6)) 3 6)
1321N1
K; (uM) 4.9 55.9 28.1 8.6 0.6
Range (3.6-6.9) (45.6-69.5) (18.2-35.2) (7.2-9.8) (0.4-0.9)
n (5) (4) (5) 4) (5)
1321N1/NG108-15 2.2 5.3 11.7 0.3 1.5
Intact cells
NG108-15
Kos (uM) 0.6 249 0.7 0.4 0.08
Range (0.3-1.3) (9.0-63.1) (0.4-1.0) (0.2-0.6) (0.05-0.1)
n (6) 3) 4) 3) (6)
1321N1
Kos (uM) 1.7 275 0.84 0.3 0.3
Range (1.6-1.8) (23.4-30.2) (0.5-2.9) (0.2-0.4) (0.1-0.8)

n 3) ) (5) (5) (6)
1321N1/NG108-15 2.8 1.1 1.2 1.2 3.5
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muscarinic receptor-mediated attenuation of cyclic AMP
accumulation in 1321N1 cells (17). One potential conclu-
sion from these findings is that the muscarinic receptor
population of 1321N1 cells is not capable of coupling to
the components of the adenylate cyclase system. In this
regard, we have recently observed marked effects of
muscarinic receptor stimulation on phosphoinositide
breakdown and ‘’Ca®* efflux in 1321N1 cells (28). The
working hypothesis that has evolved from these studies
is that the muscarinic receptor population of 1321N1
cells couples to the phosphoinositide/Ca®** system and
does not interact with adenylate cyclase.

Further evidence for lack of interaction of muscarinic
receptors of 1321N1 cells with components of the ade-
nylate cyclase has recently been obtained. Guanine nu-
cleotide-sensitive high affinity agonist binding to these
receptors has been observed, and the capacity of agonists
to form this binding state is closely correlated with their
efficacies for stimulation of phosphoinositide breakdown
and “°Ca®* efflux.’, Unlike the muscarinic receptors of
NG108-15 cells and other receptors that have been shown
to negatively couple to adenylate cyclase, the GTP-sen-
sitive agonist binding to muscarinic receptors in 1321N1
cells is unaffected by concentrations of pertussis toxin
that maximally ADP-ribosylate and inactivate N,.® Thus,
although functional N, is present in 1321N1 cells (17),
the muscarinic receptors of these cells apparently inter-
act with a different guanine nucleotide regulatory pro-
tein. This interaction may be important for cholinergic
stimulation of phosphoinositide breakdown.

We (16) and others (14, 15) have shown that musca-
rinic receptor stimulation in NG108-15 cells results in
inhibition of adenylate cyclase. This interaction is re-
flected by marked effects of guanine nucleotides on ago-
nist binding to muscarinic receptors (16). In contrast to
1321N1 cells, treatment of NG108-15 cells with pertussis
toxin completely blocks the inhibitory activity of cholin-
ergic agonists (17). Whether this is the only activity of
muscarinic receptors or whether this is the only popula-
tion of muscarinic receptors of NG108-15 cells is brought
into question by the preliminary data of Siman and Klein
(29) who have reported that a muscarinic receptor-stim-
ulated increase in phosphoinositide turnover occurs in
these cells. Furthermore, the recent report of Akiyama
et al. (30) adds uncertainty to the status of the muscarinic
receptor population(s) of NG108-15 cells. These workers
have reported that pirenzepine competition curves can
be modeled to a two-site binding model with 72% of the
interaction occurring at a site with high affinity similar
to that observed in cerebral cortex. It is unclear why this
heterogeneity was not observed in the current study.
Nonetheless, the work of Akiyama et al. (30) as well as
the possibility that a phosphoinositide response to cho-
linergic stimuli occurs in these cells establishes the pos-
sibility that more than a single receptor subtype exists
on these cells. If so, it must be argued that in our hands
pirenzepine does not bind with differing affinities to
these putative subtypes on NG108-15 cells. Furthermore,
the determination of a binding constant for pirenzepine

5T. Evans, J. R. Hepler, S. L. Brown, J. H. Brown, and T. K.
Harden, unpublished observations.

in studies of cyclic AMP accumulation in NG108-15 cells
would circumvent such heterogeneity since this response
should be mediated by a single receptor type.

The source of binding heterogeneity of pirenzepine in
previous work has been proposed to be due to the differ-
ential affinity of this nonclassical antagonist for musca-
rinic receptor subtypes (2, 4, 10). Indeed, a terminology
for putative muscarinic receptor subtypes (“M,” for re-
ceptors that bind pirenzepine with high affinity and “M,”
for receptors that bind pirenzepine with low affinity) is
in part based on this work. Two points need to be made
concerning the present data in relation to that obtained
in previous studies with rat tissues. First, pirenzepine
competition curves with each cell line followed law of
mass action kinetics for interaction at a single binding
site. Since the heterogeneous binding of pirenzepine in
previous studies with rat tissues has been proposed to
result from different affinities of the drug for various
proportions of receptor subtypes in the tissues studied,
these data can be construed to mean that a single mus-
carinic receptor population exists on each of the cell
lines. The second point of concern is the relative affini-
ties of the drug for the muscarinic receptors of each of
the cell lines. In six paired experiments, the affinity of
pirenzepine for muscarinic receptors of 1321N1 cells was
always approximately 3-fold higher than for the receptors
of NG108-15 cells. Since these assays were carried out
under essentially identical conditions in regard to tissue
and receptor concentration and since the affinity of
atropine in the same experiments (and [°’H]QNB and
[*HINMS in other experiments) was not different be-
tween the receptors of the two cell lines, this difference
in affinity of pirenzepine between the two cell lines is
not trivial. This affinity difference was also supported
by assays of cyclic AMP accumulation in intact cells
(Fig. 3). Although pirenzepine affinities determined in
intact cell binding assays did not greatly differ betwen
the two cell lines, the affinity of -atropine differed by 2-
fold. Thus, relative to atropine (which did not differ in
affinity in membrane assays with the two cell lines),
about the same degree of “selectivity” of pirenzepine was
observed between the two cell lines in intact cell binding
assays.

One interpretation of these pharmacological data is
that pirenzepine interacts with one affinity with a mus-
carinic receptor subtype on 1321N1 cells and a lower
affinity with another muscarinic receptor subtype on
NG108-15 cells. However, uncertainties remain in this
interpretation. Hammer and coworkers (2, 4) have dis-
cussed differences in affinity of pirenzepine for putative
receptor subtypes of 10-30-fold; at best only a 3-fold
difference was observed with the two cell lines. In support
of our results, Gil and Wolfe (31) have reported in a
preliminary communication that atropine and scopola-
mine exhibited a 4-6-fold selectivity for blockade of
muscarinic receptor-mediated effects on phosphoinosi-
tide breakdown versus adenylate cyclase activity whereas
pirenzepine exhibited a 16-fold selectivity for the phos-
phoinositide response. Thus, in their hands, the “net
selectivity” of pirenzepine between the two systems was
approximately 3-fold. Hammer and Giachetti (4) also
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have observed a 3-fold selectivity for atropine between
tissues that they proposed expressed M,-receptors and
those that expressed M,-receptors. Thus, the “fold-selec-
tivity” of pirenzepine observed relative to atropine and
other “classical” antagonists may be somewhat less than

" the 10-30-fold selectivity claimed in some studies. In

regard to absolute affinity, the interaction of pirenzepine
with muscarinic receptors of 1321N1 cells occurred with
an affinity similar to the high affinity component of the
binding of this drug to cerebral cortical receptors (Fig. 2;
Table 1). Taken together, these data are consistent with
the idea, but certainly do not prove the existence, of
separate muscarinic receptor subtypes on 1321N1 and
NG108-15 cells. Alternatively, more than two muscarinic
receptor subtypes may exist (32), or as has been recently
proposed by Roeske and Venter (33) pirenzepine may
simply bind to an allosteric state of the muscarinic
receptor.

The paucity of information concerning the relative
affinities of agonists for binding to muscarinic receptors
in tissues other than those that exhibit considerable
cellular heterogeneity led us to undertake a comparative
study of agonists with the two cell lines. Hill coefficients
of approximately unity for the agonist competition
curves indicate that predominantly a single low affinity
“noncoupled” state of muscarinic receptors was observed
in these experiments. To our knowledge, the agonist-
binding data (Table 3): represents the first comparison
of agonist-binding properties between tissues whose mus-
carinic receptor interactions apparently occur by law of
mass action kinetics to a single population of sites. The
K; values of three agonists (bethanechol, carbachol, and
methacholine) were markedly different in comparative
binding assays with membranes from the two cell lines
(Table 3). This apparent difference in affinities was not
as obvious in analyses of cyclic AMP accumulation in
intact cells. However, such a result is not surprising in
light of the fact that multicomponent systems are in-
volved in the regulation of cyclic AMP levels by musca-
rinic receptors in each cell line. Furthermore, in 1321N1
cells, oxotremorine and arecoline are much less effica-
cious agonists than carbachol and methacholine in regard
to stimulation of phosphoinositide turnover and ‘*Ca’*
efflux (28). If these phenomena are reflective of earlier
steps in the series of reactions resulting in activation of
phosphodiesterase, a considerable degree of “receptor
spareness” may be operative in this system. The fact
that the K,s; values for carbachol and methacholine
inhibition of cyclic AMP accumulation are approxi-
mately 30-fold less than their K; values for binding, while
these two values are similar for oxotremorine and are-
coline, is consistent with the premise of receptor spare-
ness and the difference in efficacy of these four agonists
in regard to effects om phosphoinositide turnover and
“Ca’* mobilization. Thus, while marked differences in
agonist affinities were not observed in the intact cell
analyses, there is little reason to believe that the differ-
ences observed with the same agonists in competition
binding assays do not reflect real differences in the
properties of the receptors of the two cell lines.

In summary, substantial arguments can be made for

MUSCARINIC RECEPTORS ON CULTURED CELLS 403

the usefulness of 1321N1 and NG108-15 cells as model
systems for the study of muscarinic receptors. The mus-
carinic receptors of these two cell lines are apparently
coupled to different biochemical mechanisms. The non-
classical antagonist pirenzepine, as well as several ago-
nists, exhibit some selectivity between the receptor pop-
ulations of the two cells. One interpretation of these
results is that muscarinic receptor subtypes exhibiting
different pharmacological specificities are present on
these cells.
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