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SUMMARY

Activation of muscarinic cholinergic receptors of 1321N1 human astrocytoma cells
attenuates cyclic AMP accumulation. This effect results from an activation of phospho-
diesterase with no direct inhibition of adenylate cyclase activity. In spite of this lack of
coupling of muscarinic receptors to adenylate cyclase, guanine nucleotides reduce the
apparent binding affinity of the agonist carbachol in a washed membrane preparation of
1321N1 cells. The order of potency for this effect is guanosine 5’-0-(3-thiotriphosphate)
> 5’-guanylyl-imidodiphosphate = GTP = GDP; ATP has no effect. The occurrence of
a M, = 41,000 protein labeled in the presence of [*?P]NAD and pertussis toxin as well as
the occurrence of guanine nucleotide-mediated inhibition of forskolin-stimulated adenyl-
ate cyclase activity indicate that the functional inhibitory guanine nucleotide regulatory
component of adenylate cyclase (N;) is present in 1321N1 cells. Pertussis toxin pretreat-
ment of NG108-15 neuroblastoma X glioma cells, which express muscarinic receptors
that link through N; to inhibit adenylate cyclase, blocked the GTP-sensitive, high affinity
binding of carbachol. In contrast, pretreatment of 1321N1 cells with a concentration of
pertussis toxin that blocked [*?P]JADP ribosylation of the M, = 41,000 substrate and
GTP-mediated inhibition of forskolin-stimulated adenylate cyclase activity had no effect
on GTP-sensitive high affinity binding of carbachol. These results suggest that musca-
rinic cholinergic receptors of 1321N1 cells couple to a guanine nucleotide regulatory

protein that is distinct from N;.

INTRODUCTION

The biochemical sequelae of the interaction of agonists
with muscarinic cholinergic receptors have not been com-
pletely defined. However, in several target tissues, stim-
ulation of muscarinic receptors results in an attenuation
of adenylate cyclase activity (1-3). Advances in knowl-
edge of the mechanisms of hormonal regulation of ade-
nylate cyclase are thus applicable to the quest for under-
standing of cholinergic action. A key step in defining the
mechanism of hormonal stimulation of adenylate cyclase
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was the realization that a guanine nucleotide regulatory
protein, N,,® subserved a central role in information
transfer from agonist-occupied receptors to the catalytic
component of adenylate cyclase (4). It has recently be-
come clear that a second regulatory protein, N;, which
shares considerable structural homology with N, (5, 6),
serves to couple muscarinic cholinergic and other inhib-
itory receptors to the attenuation of adenylate cyclase
(7). A number of functional properties of N; also closely
resemble those of N, (7). Gilman and co-workers (7, 8)
recently have proposed that agonist-occupied inhibitory
receptors catalyze the dissociation of N; into its M, =
41,000 and 35,000 subunits with the latter in turn inter-
acting with the active M, = 45,000 subunit of N, to
inhibit enzyme activity.

The elegant work of Ui and co-workers (9-12) has
provided a basis for both physically and biochemically
distinguishing N; from N,. That is, the M, = 41,000 a-
subunit of N; is selectively ADP-ribosylated and inacti-
vated by pertussis toxin (5, 9, 12). Thus, the capacity of
muscarinic and other inhibitory receptors for inhibition
of adenylate cyclase is lost in pertussis toxin-treated
cells; stimulatory receptor-mediated regulation of ade-
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nylate cyclase remains intact. Not only does pertussis
toxin block receptor-mediated inhibition of adenylate
cyclase, but the capacity of agonists to form a GTP-
sensitive high affinity binding complex with muscarinic
and other inhibitory receptors also is lost in pertussis
toxin-treated membranes (11, 13, 14). In analogy with
the B-adrenergic receptor system (4), it is likely that the
negative heterotropic effect of guanine nucleotides on
agonist binding to muscarinic receptors is a reflection of
the dissociation of a high affinity complex of agonist-
receptor- N..

Although the most prominent means of regulation of
cyclic AMP levels by cholinergic agonists apparently
involves N; and inhibition of adenylate cyclase, recent
work from this laboratory using clonal cell lines (15-17),
in conjunction with that from other laboratories (18, 19),
suggests that muscarinic cholinergic receptors also reg-
ulate cyclic AMP metabolism through a second mecha-
nism involving a cholinergic agonist-stimulated activa-
tion of phosphodiesterase. In 1321N1 astrocytoma cells,
this activation of phosphodiesterase is Ca’** dependent
(15) and occurs concomitantly with a cholinergic agonist-
stimulated increase in phosphoinositide breakdown and
45Ca?* efflux from “°Ca**-prelabeled cells (20). No inhi-
bition of adenylate cyclase activity by cholinergic ago-
nists occurs in cell-free preparations from 1321N1 cells
(15). The mechanisms of muscarinic receptor-mediated
regulation of cyclic AMP metabolism can be further
distinguished by the action of pertussis toxin. Whereas
pertussis toxin has been shown to block the inhibitory
effects of muscarinic receptors and other receptors on
cyclic AMP accumulation or adenylate cyclase activity
in many other tissues (8, 10-12, 21), it has no effect on
muscarinic receptor-mediated attenuation of cyclic AMP
accumulation and activation of phosphodiesterase in
1321N1 cells (21). Thus, on the basis of several lines of
evidence, muscarinic receptors of 1321N1 cells appar-
ently do not couple through N; to attenuate cyclic AMP
accumulation.

Our earlier studies indicated little or no regulation by
guanine nucleotides of oxotremorine binding to mem-
branes of 1321N1 cells. However, as observed in other
systems (22, 23) our subsequent examination of the
cholinergic regulation of phosphoinositide breakdown
and Ca?* mobilization in 1321N1 cells indicated that
oxotremorine is a partial agonist at muscarinic receptors
of these cells (20). We now report high affinity, guanine
nucleotide-sensitive binding of the “full” agonist car-
bachol to the muscarinic receptors of 1321N1 cells. Since
this binding is not sensitive to either pertussis toxin or
cholera toxin pretreatment, it is suggested that musca-
rinic receptors in 1321N1 cells couple with a guanine
nucleotide regulatory protein distinct from N; and N,.

MATERIALS AND METHODS

Materials. DMEM, trypsin, fetal calf serum, and defibrinated sheep
blood were purchased from Grand Island Biological Company, Grand
Island, NY. Carbachol, atropine, cyclic AMP, creatine phosphate,
creatine phosphokinase, ATP, GTP, Gpp(NH)p, GDP, and IBMX were
obtained from Sigma Chemical Co. (St. Louis, MO.). GTPyS was
purchased from Boehringer Mannheim and forskolin and cholera toxin
were from Calbiochem. Bordet-Gengou agar base was purchased from

Oxoid USA (Columbia, MD) and [*H]QNB (33.1 Ci/mmol) was from
New England Nuclear Corporation (Boston, MA). Affi-Gel Blue (100-
200 mesh) was obtained from Bio-Rad (New York).

Cell culture. 1321N1 human astrocytoma cells (15) and NG108-16
neuroblastoma X glioma cells (24) were grown as previously described.
For pertussis toxin treatment, fresh medium containing toxin, penicil-
lin (50 units/ml), and streptomycin (50 ug/ml) was transferred to the
dishes.

Preparation of pertussis toxin. Bordetella pertussis (strain 165) was
grown for four days as previously described (21). Pertussis toxin was
partially purified by chromatography on Affi-Gel Blue according to the
method of Sekura et al. (25).

ADP-ribosylation of N; by pertussis toxin. [a-*P]JATP synthesized
by the method of Johnson and Walseth (26) was used to synthesize
[**P]NAD according to the method of Cassel and Pfeuffer (27). Prep-
aration of plasma membrane fractions (21, 28) and pertussis toxin-
catalyzed ADP-ribosylation (21) were carried out as previously de-
scribed. The extent of incorporation of [**P]JADP ribose into the M, =
41,000 subunit of N; was assessed by densitometric analysis of autora-
diograms using a Kontes Model 800 fiber optics densitometric scanner
and Hewlett Packard Model 3390A integrator.

Adenylate cyclase assay. 1321N1 membranes were prepared by aspir-
ating the medium and hypotonically lysing the cells on ice for 15 min
in 10 mM Hepes, 10 mM EDTA. The cells were scraped from the plate
with a rubber spatula and centrifuged at 500 X g for 5 min to remove
whole cells and nuclei. The resulting supernatant was prepared in 20
mM Tris (pH 8.25), 1 mM IBMX, 0.1 mM EGTA, 1.2 mM MgCl,.
Adenylate cyclase activity was quantitated as previously described (24).

Muscarinic cholinergic receptor assay. Competition binding experi-
ments, using [*H]QNB (20-25 pM) as the radioligand, were performed
essentially as we have previously described (15). Assays were in a 10-
ml volume of 10 mM Hepes, 5 mM Mg** and incubations were carried
out at 37° for 90 min. Binding reactions were initiated by the addition
of washed membranes and terminated by filtration through Schleicher
and Schuell No. 30 glass fiber filters. Each filter was washed with 10
ml of 10 mM Tris (pH 7.5), 145 mM NaCl. Nonspecific binding was
defined as the amount of radioligand bound in the presence of 1 uM
atropine and represented <56% of the total radioligand retained by the
filters. Conditions were modified so that <15% of the total added
radioligand was bound in all experiments. All assays were performed
in triplicate. Binding assays with the muscarinic receptor agonist [*H]
oxotremorine-M were carried out as we previously have described (29).

RESULTS

NG108-15 neuroblastoma X glioma cells express mus-
carinic cholinergic receptors that upon activation atten-
uate adenylate cyclase activity (2, 11, 21, 24). This effect
apparently completely accounts for the cholinergic ago-
nist-induced decrease in cyclic AMP levels in these cells
(21, 24). As has been demonstrated by this (24) and other
(11) laboratories, carbachol and other agonists inhibit
radiolabeled antagonist binding to muscarinic receptors
of washed membranes from NG108-15 cells with high
affinity. The carbachol competition curve in NG108-15
membranes was markedly shifted to the right and
steepened when binding assays were carried out in the
presence of GTP (Fig. 1) or Gpp(NH)p (24). In agree-
ment with the report of Kurose et al. (11), pretreatment
of NG108-15 cells with pertussis toxin resulted in car-
bachol competition curves of low affinity (Fig. 1); gua-
nine nucleotides had no effect on the apparent affinity
of carbachol in membranes from toxin-pretreated cells.
Similar results were obtained using the radiolabeled ago-
nist [*H]oxotremorine-M. That is, in control NG108-15
membranes, [*H]oxotremorine-M bound with high affin-
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F1G. 1. Effect of pertussis toxin on high affinity, guanine nucleotide-
sensitive agonist binding to muscarinic cholinergic receptors in mem-
branes from 1321N1 and NG108-15 cells

Cells were pretreated for 16 hr with vehicle or pertussis toxin (1 ug/
ml). Washed membranes from each condition were incubated with [*H]
QNB (25 pM) and the indicated concentrations of carbachol in the
absence and presence of 100 uM GTP.

ity (Ks = 0.3 nM) to muscarinic cholinergic receptors;
GTP inhibited this binding by greater than 90%. Sub-
sequent to pertussis toxin treatment, [*H]oxotremorine-
M binding was no longer detectable (data not shown).
The time and concentration dependence of the effects of
pertussis toxin on GTP-sensitive high affinity binding
of agonist to muscarinic receptors in NG108-15 mem-
branes was similar to the toxin concentration and time
dependence for blockade of muscarinic receptor-medi-
ated inhibition of adenylate cyclase activity in these cells
(21). Both activities were completely lost subsequent to
an overnight incubation with 100 ng/ml of toxin.

As described above, the evidence to date suggests that
muscarinic receptors of 1321N1 cells do not couple to N;
(15, 21). Nonetheless, when carbachol competition
curves were carried out using [PHJQNB and washed
1321N1 membranes, high affinity binding of carbachol
was observed and the apparent affinity of muscarinic

receptors for carbachol was markedly reduced by GTP
(Fig. 1). In the presence of guanine nucleotide, the com-
petition curve more closely approximated that expected
for the interaction of an agonist with a single affinity
state of the receptor obeying law of mass action (i.e., Hill
slopes of 0.9-1.0). In contrast to the results obtained
with NG108-15 membranes, the negative heterotropic
regulation by guanine nucleotides of carbachol binding
to muscarinic receptors in membranes from 1321N1 cells
was not affected by pretreatment of cells with 1 ug/ml of
pertussis toxin (Fig. 1). Similarly, pretreatment of
1321N1 cells with cholera toxin (1 ug/ml, 4 hr) had no
effect on the apparent affinity of carbachol for musca-
rinic receptors in the absence of guanine nucleotide or
on the capacity of guanine nucleotides to regulate recep-
tor affinity for carbachol (data not shown). Preliminary
experiments demonstrated that cholera toxin at a con-
centration of 10 ng/ml maximally stimulated intracellu-
lar cyclic AMP accumulation in these cells.

The high affinity, GTP-sensitive, pertussis toxin-in-
sensitive binding of carbachol to muscarinic receptors in
washed membranes from 1321N1 cells was investigated
further by examining the specificity and rank order of
potency of the observed nucleotide effect. Thus, [°H]
QNB binding was measured in the presence of a fixed
concentration of carbachol (10 uM) and various concen-
trations of nucleotides. Since guanine nucleotides had no
effect on [PH]QNB binding per se, the increase in [*H]
QNB binding observed in the presence of nucleotides is
a consequence of the guanine nucleotide-induced de-
crease in the receptor affinity for agonist (Fig. 2). The
order of potency for the decrease in apparent affinity of
carbachol was GTP~S > Gpp(NH)p = GTP = GDP, an
order similar to that observed for other guanine nucleo-
tide-dependent processes (4, 7, 30). ATP had no effect
on agonist or *H-antagonist binding.

We have previously demonstrated that 1321N1 astro-
cytoma cell membranes contain a M, = 41,000 substrate
(presumably the a-subunit of N;) that is ADP-ribosylated
by incubation with pertussis toxin and [*’P]NAD (21,
28). Since pertussis toxin failed to modify GTP-sensitive
agonist binding to 1321N1 membranes, it was important
to establish that the toxin nonetheless fully modified N;
in intact cells. Thus, 1321N1 cells were incubated with
various concentrations of toxin for approximately 16 hr.
Membranes were then prepared and adenylate cyclase
activity was measured in the presence of 100 uM forskolin
alone or in the presence of 100 uM forskolin plus 100 uM
GTP (Fig. 3). In cells that had not been pretreated with
toxin, GTP inhibited forskolin-stimulated enzyme activ-
ity by approximately 50%. Pretreatment of cells with
increasing concentrations of toxin resulted in a concen-
tration-dependent loss of the guanine nucleotide-medi-
ated inhibition (Fig. 3). To correlate this loss of inhibi-
tion with the toxin-catalyzed covalent modification of
the a-subunit of N; in the intact cell, membranes from
the same cells were purified and [*P]JADP-ribosylated
in the presence of pertussis toxin and [*P]NAD. The
relative intensity of the labeling of the M, = 41,000
substrate was determined by densitometric analysis of
the developed autoradiogram (Fig. 3). These data illus-
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F1G. 2. Specificity of the nucleotide-induced decrease in affinity of
carbachol in 1321N1 cell membranes

The binding of [°'H)QNB (25 pM) to a washed membrane preparation
of 1321N1 astrocytoma cells was inhibited by a fixed concentration of
carbachol (C, 10 uM). The increase in the binding of the radiolabeled
antagonist, which results from the nucleotide-induced decrease in the
receptor affinity for the agonist, was measured as a function of the
indicated concentration of a series of nucleotides.

trate that pretreatment of intact cells with increasing
concentrations of toxin resulted in a concentration-de-
pendent inhibition of the capacity of the toxin to catalyze
the ADP-ribosylation of the a-subunit of N; in mem-
branes prepared from these cells. This effect correlates
well with the loss of guanine nucleotide-mediated inhi-
bition of forskolin-stimulated adenylate cyclase activity
(Fig. 3). These data also indicate that concentrations of
pertussis toxin 5- to 10-fold less than those that failed
to modify GTP-sensitive agonist binding to muscarinic
receptors in 1321N1 cells prevented [*?P]JADP labeling
of the M, = 41,000 substrate and completely blocked
guanine nucleotide-mediated inhibition of forskolin-
stimulated adenylate cyclase. As described above, mus-
carinic receptor-mediated inhibition of adenylate cyclase
activity (21) and GTP-sensitive high affinity binding of
agonists to muscarinic receptors are both lost in mem-
branes from NG108-15 cells subsequent to treatment of
cells with 100 ng/ml of pertussis toxin.

DISCUSSION

Muscarinic receptor-mediated attenuation of cyclic
AMP accumulation in 1321N1 astrocytoma cells occurs

g 100 »\ * —o o
E’Q /
o< ° =
- v [=4
© 5 52
57© F3
== 32
22 P
25501 {508 o
c © 2\|_
= - . g o
o © O o
= a6
L b
‘ o\\\u Iv
w
2
&‘I ote L . . 4100

(o] | 10 100 1000

Pertussis toxin (ng/mil)

F1G. 3. Effect of pertussis toxin pretreatment on guanine nucleotide-
mediated inhibition of forskolin-stimulated adenylate cyclase is inversely
correlated with toxin-catalyzed ADP-ribosylation of the M, = 41,000
protein

1321N1 astrocytoma cells treated with various concentrations of
pertussis toxin for 16 hr were divided into two groups. In the first
group, forskolin (100 uM)-stimulated adenylate cyclase activity was
assayed in the absence or presence of 100 uM GTP. The data are
expressed as the percentage of maximal GTP-mediated inhibition
observed in control membranes. Pertussis toxin pretreatment decreased
the ability of forskolin to activate adenylate cyclase in these mem-
branes. The enzyme activity (in picomoles/min/mg protein) in control
membranes was 869 + 48 (~GTP) and 440 + 20 (+GTP). The respective
values obtained in membranes pretreated with the highest concentra-
tion of toxin were 498 + 49 and 519 + 20. Membranes from the second
group were purified on a 30-60% linear sucrose gradient, ADP-ribosy-
lated by incubation with [*P]NAD and pertussis toxin, and subjected
to sodium dodecyl sulfate polyacrylamide gel electrophoresis as previ-
ously described (21, 28). Gels were fixed, stained with Coomassie
Brilliant Blue, and dried, and autoradiograms were developed using
Kodak XAR-5 film. The relative intensity of the labeling of the M, =
41,000 substrate was assessed densitometrically and the value obtained
for each toxin concentration is expressed as a percentage of that
obtained for control, nontreated cells.

through activation of a cyclic AMP phosphodiesterase
(15, 21). Although muscarinic receptor-mediated inhibi-
tion of adenylate cyclase activity has not been detected
in these cells, functional N; apparently is present. That
is, guanine nucleotides inhibit forskolin-stimulated ade-
nylate cyclase activity in membranes from 1321N1 cells
(21), and these membranes contain the M, = 41,000
pertussis toxin substrate (21, 28). Furthermore, pretreat-
ment of 1321N1 cells with pertussis toxin blocks the
guanine nucleotide-mediated inhibition of forskolin-ac-
tivated adenylate cyclase but has no effect on muscarinic
receptor-mediated attenuation of cyclic AMP accumu-
lation (21). This finding adds further support to the idea
that cholinergic regulation of cyclic AMP metabolism in
these cells does not occur through adenylate cyclase and
that N; is not involved in the cholinergic agonist-stimu-
lated activation of phosphodiesterase. Thus, taken to-
gether, our data indicate that muscarinic receptors of
1321N1 cells do not interact with N;. With this idea in
mind, it was surprising to observe regulation of musca-
rinic receptor agonist binding by guanine nucleotides in
washed 1321N1 membranes. However, again consistent
with our earlier findings concerning the muscarinic re-
ceptor of 1321N1 cells, pertussis toxin at concentrations
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that apparently fully ADP-ribosylate N; in intact cells
had no effect on this GTP-sensitive, high affinity cholin-
ergic agonist binding.

If muscarinic receptors of 1321N1 cells do not interact
with N;, then how can the occurrence of GTP-sensitive,
high affinity binding of cholinergic agonists be ex-
plained? Unfortunately, explanations at this time remain
speculative. Two hypotheses can be entertained. First,
muscarinic receptors might couple to N,. Direct evidence
for this possibility is not available. However, an analo-
gous interaction between a stimulatory receptor and N;
has been demonstrated. That is, 8-adrenergic receptors
have been shown to stimulate the activation of purified
N; in model vesicles (31). In addition, both Murayama
and Ui (12) and Jakobs et al. (32) have reported that
stimulation of S8-adrenergic receptors can result in inhi-
bition of adenylate cyclase. These reports give credibility
to the idea that similar interactions might occur between
inhibitory receptors and N,. However, the failure of
cholera toxin pretreatment to modify the capacity of
guanine nucleotides to regulate receptor affinity for car-
bachol suggests that this is not the case in 1321N1 cells.

Stimulation of muscarinic receptors of 1321N1 cells
results in marked increases in phosphoinositide break-
down and Ca’* mobilization (20). Could the effects of
guanine nucleotides on agonist binding in membranes
from these cells be a reflection of the interaction of
muscarinic receptors and some unknown guanine nu-
cleotide regulatory protein that couples receptor stimu-
lation to phospholipid metabolism? Several recent re-
ports present data that are potentially related to this
hypothesis. In a preliminary report, Haslam and David-
son (33) have suggested the involvement of a guanine
nucleotide binding protein in the thrombin-induced stim-
ulation of inositol phospholipid hydrolysis in permeabil-
ized human platelets, and Gomperts (34) has suggested
the possibility that an unknown guanine nucleotide reg-
ulatory protein plays a role in the mobilization of Ca®*
by receptors. Although N, or N; potentially could be
involved in receptor-mediated phosphoinositide/Ca®* re-
sponses, our prejudice is that it is more likely that
another guanine nucleotide regulatory protein is in-
volved. The coupling of muscarinic receptors to the phos-
phoinositide system apparently does not involve N; since
pertussis toxin has no effect on phosphoinositide turn-
over in 1321N1 or chick heart cells.*

Substantial evidence is accumulating that suggests the
existence of at least two muscarinic receptor subtypes
(35), only one of which couples to the phosphoinositide
system. Obviously, the muscarinic receptors of 1321N1
cells would be representative of the latter subtype and
data indicate pharmacological differences between the
muscarinic receptor populations of 1321N1 and NG108-
15 cells (36). Thus, the difference in effects of pertussis
toxin on the properties of the muscarinic receptors of
NG108-15 versus 1321N1 cells could be considered fur-
ther evidence for a difference in functionality of different
muscarinic receptor subtypes on these two cell types.
Boyer et al. (37) have presented data in a preliminary

4J. H. Brown, S. B. Masters, and T. K. Harden, unpublished
observations.

report that suggests that guanine nucleotide regulation
of agonist binding at another receptor known to be linked
to the phosphoinositide system is not affected by pertus-
sis toxin. That is, although pertussis toxin blocked GTP-
sensitive high affinity binding of agonists at a,-adrener-
gic receptors of renal membranes, it had no effect on
GTP-sensitive high affinity binding of agonists at a;-
adrenergic receptors.

Finally, as observed in other systems (22, 23), exami-
nation of the capacity of a series of muscarinic receptor
agonists to enhance inositol phospholipid hydrolysis and
promote Ca®* mobilization in 1321N1 cells (20) has led
to identification of “full” (e.g., carbachol and methacho-
line) and “partial” (e.g., oxotremorine and arecoline)
agonists. Initial attempts to observe high affinity, GTP-
sensitive binding of agonists to muscarinic receptors of
1321N1 cells were made using the “partial agonist” oxo-
tremorine and only a very small nucleotide effect was
observed. Preliminary experiments suggest that guanine
nucleotide regulation of the binding of the “partial ago-
nist” arecoline is similar to that observed for oxotremo-
rine, and that for the “full agonist” methacholine is
similar to that observed for carbachol.® The results sug-
gest that the capacity of agonists to promote coupling of
muscarinic receptors of 1321N1 cells with a guanine
nucleotide-binding protein may be indicative of the full
or partial nature of these agonists regarding stimulation
of phosphoinositide breakdown and Ca%* mobilization.

In summary, the current work adds further support to
the idea that the muscarinic cholinergic receptor popu-
lation of 1321N1 cells is incapable of coupling to com-
ponents of the adenylate cyclase system. Nonetheless,
an interaction of these receptors with a guanine nucleo-
tide regulatory protein can be observed. The fact that
this interaction is resistant to inactivation by pertussis
toxin suggests that N; is not involved. Current work in
the laboratory is directed toward identifying this protein
and determining the role, if any, of this muscarinic
receptor-guanine nucleotide regulatory protein interac-
tion in cholinergic agonist-stimulated increases in phos-
phoinositide breakdown and Ca?* mobilization.
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