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SUMMARY

HANLEY, MICHAEL R. & IVERSEN, L. L. (1978) Muscarinic cholinergic receptors in

rat corpus striatum and regulation of guanosine cyclic 3’,5’-monophosphate. Mol

Pharmacol., 14, 246-255.

Binding of cholinergic agonists and antagonists to muscarinic receptors in slices of rat

striatum was assessed by their ability to displace the specific ligand [3H]quinuclidinyl
benzilate (QNB), and these results were compared with the effects of these drugs in

eliciting changes in cyclic 3’,5’-GMP in the same preparation in vitro. The agonists
oxotremorine, arecoline, and carbachol caused transient increases in cyclic GMP,
reaching a maximum after 2 mm of incubation. The increase in cyclic GMP amounted
to a 6-fold change over basal levels in the absence of the phosphodiesterase inhibitor
isobutylmethylxanthine, or a doubling over basal levels in its presence. There was also

a significant increase in tissue cyclic AMP, which, like the cyclic GMP response, was
antagonized by muscarinic blocking drugs. The EC50 values for agonists in increasing
cyclic GMP were similar to the estimated K. values for these compounds in inhibiting
QNB binding; thus the cyclic GMP response appears to be linearly related to muscarinic

receptor occupancy. Muscarinic antagonists and some neuroleptic drugs antagonized
the cyclic GMP response elicited by oxotremorine, with relative potencies as follows:

scopolamine > QNB > atropine > clozapine > thioridazine > chlorpromazine >

haloperidol. Similar rank orders and relative potencies were seen for these drugs as
inhibitors of QNB binding. Pilocarpine increased cyclic GMP at low concentrations,

but this effect was no longer seen at higher concentrations. The cyclic GMP response to
oxotremorine required the presence of calcium ions in the external medium, and was
maximal at calcium concentrations above 1 m�. Sodium azide caused an increase in

tissue cyclic GMP which was additive to that elicited by oxotremorine. It is suggested
that occupation of muscarinic receptors may activate a soluble intracellular guanylate
cyclase indirectly, with calcium possibly acting as the intracellular mediator. The

ability of some neuroleptic drugs to inhibit the cyclic GMP response to muscarinic
agonists in brain slices adds further weight to the view that such compounds may
possess important antimuscarinic actions in mammalian central nervous system.
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INTRODUCTION

The second messenger role of cAMP2 in
hormonal activity has prompted research

into its involvement in synaptic transmis-

sion (1, 2). Ample evidence has accumu-
lated that some putative neurotransmit-
ters can alter cAMP levels in both intact

and cell-free systems (3, 4), and these
changes have been linked to the physiolog-
ical control of postsynaptic potentials (5).

By analogy, a mediator role has also

been postulated for cGMP. Cholinergic ag-
onists increased cGMP levels in heart (6),

smooth muscle (7), secretory systems (8,

9), cultured neurons (10), and brain tissue

slices (11-13). In all instances the response
had a drug sensitivity characteristic of

muscarinic acetylcholine receptors. Keba-
bian et al. (14) examined in detail the
muscarinic cholinergic regulation of

cGMP content in the superior cervical gan-
glion. Muscarinic agonists caused a cGMP
increase that was mimicked by pregan-
glionic electrical stimulation (15) and was

localized histochemically in the postgan-
glionic neurons (16).

The identification and study of musca-
rinic receptors has become possible by ap-
plication of radiolabeled reversible ago-
nists (13) and antagonists (17), or irrevers-

ible alkylating antagonists (18). This has

allowed a direct comparison of drug effects
in terms of muscarinic receptor occupancy

and their actions on contraction in smooth
muscle (19). We have attempted a similar

comparison in the central nervous system,
using increased cGMP accumulation as

the pharmacological response. The rat cor-
pus striatum was considered to be a partic-

ularly suitable tissue, since it has a high
density of muscarinic receptors (20) and
exhibits various other receptor-linked

changes in cyclic nucleotide metabolism
(21). A similar comparison of muscarinic
receptor occupancy and guanylate cyclase
activation has recently been reported in
studies on neuroblastoma cells (22).

The abbreviations used are: cAMP, adenosine

cyclic 3’ ,5’-monophosphate; cGMP, guanosine cyclic

3’ ,5’-monophosphate; IBMX, 3-isobutyl-1-methyl-

xanthine; QNB, quinuclidinyl benzilate.

METHODS

Preparation of striatal slices. Adult Wis-
tar rats were decapitated, and the brains

were rapidly dissected on a chilled surface.

Striata were trimmed free of surrounding
tissue (approximately 100 mg of striatal

tissue wet weight, per rat), and 250 x 250
�m slices were cross-cut with a Mcllwain

tissue chopper. The slices were suspended
in 50 ml of oxygenated Krebs-Ringer-bi-

carbonate (37#{176},pH 7.4). The suspension
was incubated in a shaking water bath at

37#{176}(constantly gassed with 95% 02-5%
C02) for 1 hr, with decantation and re-

placement of the Krebs medium at 20-mm
intervals. For the final 20 mm of this

incubation, in most experiments, the slices
were resuspended in Krebs medium con-
taining 1 mM 3-isobutyl-1-methylxan-
thine. At the end of the preliminary incu-
bation period, the medium was decanted
and the slices were resuspended at a con-

centration of 200 mg, wet weight, per
milliliter in a calibrated plastic vial.

Drug treatment of slices and assay of

cyclic nucleotides. Fifty-microliter ali-
quots (10 mg, wet weight) of the striatal

slice suspension were added to 220 jAl of
Krebs medium plus 1 m�i IMX in small

glass centrifuge tubes and equilibrated at

37#{176}for 10 mm. Antagonist drugs were

added at the beginning of this final equili-
bration period. Agonists were added after

this step in 2.5 jAl of medium, and the
incubation was continued for a further 2
mm, unless otherwise noted. Tissue cGMP
was released by heating the samples on a

boiling water bath for 10 mm (21) and the
tissue debris was removed by centrifuga-

tion at 4#{176}for 10 mm. Duplicate 100-jAl
samples of the supernatant were taken for
cGMP determination using a radioimmu-
noassay kit (Radiochemical Centre), and
5O-jAl samples were taken in some experi-

ments for cAMP determination by a sensi-
tive protein-binding assay (23). The tissue
pellets were solubilized by heating in 1 ml
of 1 N NaOH, and the protein concentra-

tion was determined using bovine serum
albumin as a standard.

Control experiments established that
the measured cGMP content was linearly



tion constant for specific [3HIQNB binding
(3.1 nM). Thus calculated K, values for

inhibition of [3HIQNB binding are 1.44
times lower than measured IC� values
and it is assumed that all inhibitors act

competitively and obey simple mass-action
kinetics.

RESULTS

[3H]QNB binding to striatal slices. The

slice preparation was assessed for its suit-
ability for use in receptor occupancy meas-
urements. Specific binding of [3H]QNB

measured in the concentration range 0.1-
10.0 n� occurred rapidly and reached sat-

uration within 30 mm at 20#{176},whereas
nonspecific binding, in the presence of a

high concentration of nonradioactive oxo-
tremorine or QNB, increased linearly with

incubation time (Fig. 1). The amount of
nonspecific binding was similar whether
oxotremorine (1 mM) or QNB (1 jAM) was
used as the displacing agent. Nonspecific
binding accounted for 30-40% of total
[3HIQNB binding when 250-jAm slices were
incubated with 1.36 nM [3HIQNB for 30
mm. In other experiments the proportion

of nonspecific binding was found to be
reduced if smaller slices of striatal tissue
(100 jAm) were used, and in striatal homog-

enates under comparable incubation con-
ditions nonspecific binding was approxi-
mately 10% of total binding and did not
increase with time. The specific binding of
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FIG. 1. Time course of binding of saturating con-

centration of [3H]QNB (5 nM) in rat striatal slices

during incubation at 20#{176}

0, specific binding; X, nonspecific binding. Val-

ues are means of quadruplicate determinations.
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related to sample volume. Internal stan-

dards of cGMP were quantitatively re-

covered and were additive to measured tis-

sue levels.
[3H]QNB binding to slices. Twenty-five-

microliter aliquots of striatal slice suspen-
sion (5 mg, wet weight), prepared and
initially incubated as described above,
were added to 460 jAl of Krebs medium in
15-ml plastic centrifuge tubes. Drug addi-
tions were made in 5 jAl of Krebs medium.

(±)-[3-3H]Quinuclidinyl benzilate (specific
activity, 13 Ci/mmole; Radiochemical

Centre, Amersham) was added in 10 jAl of
a diluted stock solution (stored frozen) to
give a final concentration of 1.36 n� (un-

less otherwise noted). Incubations were

carried out at 20#{176}for 30 mm with gentle
agitation of the slices at 5-mm intervals.
Slices were then pelleted by centrifugation
for 2 mm at 3500 x g with a bench centri-
fuge at 20#{176}.The tubes were drained, and
the slices were washed twice by resuspen-
sion in 1 ml of Krebs medium and centrifu-

gation. After the last draining, residual
Krebs medium was removed from the
walls of the tube with tissue paper.
[3H]QNB was extracted by addition of 1
ml of ethoxyethanol to the pellet. The

ethoxyethanol-slice suspension was
counted by liquid scintillation spectrome-
try after the addition of 10 ml of 0.4%
(2,4”-tert-butylphenyl)-5-(4”-biphenyl-1,3,4-
oxidazole) (w/v) in toluene. Blank values

for nonspecific binding were determined
by parallel incubation in the presence of 1
mM oxotremorine or 1 jAM QNB. Control

experiments showed that more than 99%
of tissue [3HIQNB was extracted by ethox-

yethanol.
Calculation of IC50 and apparent K. val-

ues for [3H]QNB binding. Apparent K
values for drugs acting as inhibitors of

[3H]QNB binding were calculated from the

formula

K - IC511 100

- 1 + S/K(f

IC50 values were determined from log
probit plots of percentage inhibition of
specific [3HIQNB binding at various test
concentrations of drug, each assayed in
triplicate. S is the concentration of

[3H]QNB (1.36 nM), and K�, is the dissocia-
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R. Gilbert, M. Hanley, and L. L. Iversen, un-

published observations.

[3HIQNB, but not the nonspecific compo-

nent, was saturable, and a Scatchard anal-

ysis of these data indicated K,, = 3.1 n�i

(mean of two separate �X��1hients). In

other �r�ments, using competition with

unlabeled QNB, an IC50 value of 5.0 n�i
was obtained, indicating a calculated K,

value of 3.47 n�, similar to the K,, value.
The number of specific binding sites for
[3H]QNB in striatal slices was calculated

from the Scatchard analysis as 0.4 pmole/
mg of protein, and this value is similar to

that determined in other experiments us-
ing striatal homogenates,3 and to the

value reported previously for rat striatal

homogenates (20) of 0.48 pmole/mg of pro-
tein. Thus it would appear that saturable
[3HIQNB binding can be measured in a
brain slice preparation, and that the num-

ber of binding sites estimated in this way

is similar to that observed in cell-free
homogenates of brain tissue, although the
apparent K,, for QNB in slices indicates a
considerably lower affinity for binding in
slices than in homogenates, a point that
will be developed more fully elsewhere.3

To check whether any metabolism of
[3H]QNB occurred during incubation with
the brain slices, in some experiments

striatal slices were rinsed and homoge-
nized after incubation with [3HIQNB, and

the labeled material in the tissue extract
was subjected to high-voltage electropho-

resis. Essentially all the extracted radio-
activity moved as a single peak, co-migrat-
ing with standard [3H]QNB. Similar
checks were applied to stock solutions of
[3H]QNB, which were found to remain

stable on storage at - 20#{176}and with re-
peated freezing and thawing.

cGMP responses to cholinergic drugs.

The incubation conditions were chosen to
minimize variations in control levels of

cyclic nucleotides. Resting levels of cGMP
in the absence of the phosphodiesterase
inhibitor IBMX were 0.20 ± 0.03 pmole/mg
of protein (n = 10), and for cyclic AMP,
4.20 ± 0.62 pmoles/mg of protein (n = 6).
The addition of 1 m� IBMX to the incuba-

tion medium raised the basal level of
cGMP to 0.72 ± 0.09 pmole/mg of protein

(n = 34), and that of cAMP, to 7.80 ± 0.30

pmoles/mg of protein (ii = 1�)
l�’igure �2 9h0�5 the time course of

changes in cGMP concentrations in re-

sponse to added muscarinic receptor ago-
nists. Oxotremorine at 100 jAM produced a

6-fold increase in cGMP in the absence of
IBMX, and approximately a doubling in its

presence. Arecoline at 100 jAM and car-
bachol at 500 jAM (without IBMX) gave

comparable results. In all cases the maxi-
mal cGMP response was reached within

60-90 sec after drug addition, and declined
rapidly thereafter. The addition of IBMX
did not affect the time needed to attain

the maximum response, but it appeared
to prolong the falling phase. For example,
without IBMX the oxotremorine-induced

cGMP response fell to control values 4
mm after drug addition, whereas with
IBMX it did not return to the baseline until
10 mm. There were slight differences in
both the rate of onset of the cGMP re-

sponse and the decay time for the different
agonists. The half-times for decay were
2.5 mm for oxotremorine, 2.9 mm for are-
coline, and 3.4 mm for carbachol. The

time course of the cGMP response was
unaffected by the concentration of agonist

used, peak responses being consistently
reached at 2 mm.

OXOTREMORI NE
(100�M)

IBMX

No !BMX

6 8 10 2 4 6 10

TIME (minutes)

FIG. 2. Time course of cGMP responses to mus-

carinic agonists

Slices were incubated for the indicated periods at

37#{176}and promptly placed in a boiling water bath (10

mm) to release cyclic nucleotides. Each data point

is the mean ± standard error of duplicate determi-

nations in two separate experiments. Units are

picomoles of cGMP per milligram of protein. IBMX,

3-isobutyl-1-methylxanthine.



TABLE 2

Pharmacology of cAMP response in striatal slices

Values are means ± standard errors for six exper-
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The muscarinic nature of the cGMP re-

sponse was confirmed by the use of selec-
tive inhibitors (Table 1). Nicotinic recep-

tors antagonists (a-bungarotoxin and
hexamethonium) were ineffective, but

muscarinic antagonists (QNB and atro-
pine) were potent blocking agents. Nico-

tine did not change basal levels of cGMP.
Oxotremorine (100 jAM) also unexpectedly

caused a significant increase (80%) in the
concentration of cAMP after 2 mm (Table
2). This response was blocked by musca-

rinic but not by nicotinic antagonists. An-
tagonists for beta adrenoceptors (propran-

olol), alpha adrenoceptors (phentolamine),
and H1-histamine (mepyramine) and H2-
histamine (methiamide) receptors did not

affect the cAMP response. The dopami-
nergic antagonist a-flupenthixol (10 jAM).

however, completely inhibited the oxotre-

morine-induced cAMP rise, suggesting
that it might represent an indirect re-

sponse possibly due to release of dopamine.
The elevated levels of cAMP were stable

for 2-5 mm, and declined thereafter to
basal levels at 15 mm.

Although the percentage increase in
cGMP was greater without IBMX, the
addition of IBMX was desirable in order to
obtain reproducible responses at low ago-
nist concentrations, and to improve the

reproducibility with which basal cyclic nu-
cleotide levels could be determined in dif-
ferent slice preparations. In the presence
of IBMX the muscarinic cGMP response
was sufficiently consistent to allow dose-
response curves to be established.

Figure 3 shows such dose-response
curves for three agonists, and Table 3
gives the EC50 values determined by log
probit analysis, together with Hill coeffi-

cients. Oxotremorine was more potent
than arecoline, which was in turn more
potent than carbachol, as has been ob-
served physiologically (19). All these
curves yielded Hill coefficients less than
unity: 0.75 for oxotremorine, 0.77 for are-

coline, and 0.45 for carbachol (Table 3).
All three agonists produced identical max-
imal cGMP levels (Fig. 2). The effect of
the partial agonist pilocarpine is illus-

trated in Fig. 4. The dose-response curve
was bell-shaped, with responses diminish-

TABLE 1

Pharmacology of cGMP response in striatal slices

Values are means ± standard errors for six exper-

iments.

Addition cGMP

pmoles/mg protein

None (basal level) 0.72 ± 0.09

100 �LM oxotremorine 1.25 ± 0.08

+1 /.LM atropine 0.71 ± 0.05

+1 �LM QNB 0.69 ± 0.06

+10 /.LM cr-bungarotoxin 1.31 ± 0.11

+10 j.tM hexamethonium 1.27 ± 0.10

100 MM nicotine 0.77 ± 0.09

iments

Addition cAMP

pmoleslmg protein

None (basal level)

100 �.LM oxotremorine

+10 /.LM a-bungarotoxin

+1 /.LM atropine

+14LMQNB

+10 j.LM hexamethonium

+10 ,.tM propranolol

+10 MM phentolamine

+10 MM mepyramine

+10 MM methiamide

+10 MM a-flupenthixol

7.8 ± 0.3

13.2 ± 0.7

13.0 ± 0.8

7.4 ± 0.4

7.6±0.2

13.1 ± 0.7

12.7 ± 0.7

13.1 ± 0.6

13.6 ± 0.6

13.1 ± 0.7

7.9 x 0.4

ing at drug concentrations above 10 jAM.

The Hill coefficient for the stimulating
range of pilocarpine concentrations was

0.80.

Antagonist potencies were determined

against maximal stimulation of musca-
rinic receptors by 100 jAM oxotremorine.
Figure 5 shows the results obtained with

a range of antagonists, including both
classical muscarinic drugs and some neu-
roleptics which have previously been
shown to be active on central nervous

system muscarinic receptors (24). The an-
tagonists were effective in the order sco-
polamine > QNB > atropine. All had Hill
coefficients near 1.0. The neuroleptics
were active in the order clozapine > thior-
idazine > chlorpromazine > haloperidol.

Clozapine and chiorpromazine yielded un-
usually steep dose-response curves, with

Hill values approaching 2.0 (Table 4). In
control experiments antagonists were in-
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#{176}Displayed mixed agonist-antagonist properties.

cubated with slices in the absence of oxo-
tremorine. None of the drugs tested caused

any change in cGMP or cAMP, except for
haloperidol, which sometimes caused a

small increase in the levels of both cyclic
nucleotides.

Comparison of drug potencies toward
[3H]QNB binding and cGMP production.

The results obtained with the agonists
oxotremorine, arecoline, and carbachol in
the two systems agreed, and in both in-
stances the Hill values were less than 1.0
(Table 3). Pilocarpine, although classified
as a partial agonist (13), behaved as a
mixed agonist-antagonist in its effects on

cGMP accumulation. It was an order of
magnitude more potent in stimulating
cGMP accumulation than in displacing

[3HIQNB.
Results obtained with antagonists are

compared in Table 4. It is difficult to

� � 106 )�-5 io-4 i03 102 101
MOLAR CONCENTRATION

FIG. 3. Dose-response curves for muscarinic

agonists

Agonists were added at the indicated concentra-

tions, and the slices were incubated for 2 mm. Each

data point is the mean of triplicate determinations

in three separate experiments (oxotremorine) or

two separate experiments (carbachol and arecoline).

The standard error of the mean was 10-15% of the

data point in each case.

compare directly the values obtained from

the antagonism of the cGMP response elic-

ited by a high concentration of an agonist
(100 jAM oxotremorine) with the results

obtained for the same drugs against a low

concentration of an antagonist (1.4 n�i
[3HIQNB). For this reason, we have com-
pared the IC50 values from the cGMP ex-
periments with the K, values for inhibition
of [3HIQNB binding. Scopolamine was
more effective than QNB in antagonizing
the cGMP response, whereas the reverse
was true for inhibition of [3HIQNB bind-
ing. With this exception, the rank order

and relative differences in potency for the
two systems were very similar. Apparent

K� values for inhibition of the cGMP re-

sponse could be calculated, assuming
mass-action interaction at a single site,
these values being 18.8 times lower than

the IC51 values. These values indicated
that most of the antagonists tested were

approximately 10 times more potent in
the cGMP system than in the [3HJQNB
binding assay (Table 4). Furthermore, the
neuroleptics clozapine and chlorpromazine
displayed apparent cooperativity in their

antagonism of the oxotremorine stimula-

tion of cGMP, whereas their inhibition of

�
io8 io� io-6 io� io4

FIG. 4. Dose-response curve for pilocarpine

Each data point is the mean ± standard error of

triplicate determinations in two separate experi-

ments.

Comparison of ago nist potencies for cGM P and [3H]QNB binding

Agonist EC5 for cGMP in-
crease

Hill coefficient
cGMP response

K, for inhibition of
13H]QNB binding

Hill coefficient for
inhibition of

13H]QNB binding

Oxotremorine

MM

5.6 0.75

MM

5.7 0.49

Arecoline 22.0 0.77 54.2 0.42

Carbachol 120.0 0.45 102.0 0.31

Pilocarpine 1.2” 0.80 18.6 0.75
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#{176}Against 100 MM oxotremorine.

[3HIQNB binding gave Hill coefficients
near 1, suggesting no such cooperativity.

Characteristics of the m uscarinic cGMP
response. Previous results (8, 14, 25-28)

have indicated that changes in tissue

cGMP content are dependent on the pres-
ence of extracellular calcium. Figure 6

shows the effect of calcium ion concentra-
tion on the basal and oxotremorine-stimu-
lated levels of cGMP in striatal slices.
Basal levels of cGMP were increased by

elevated calcium concentrations in the in-
cubation medium. The oxotremorine-in-

duced stimulation was abolished by re-
moval of calcium, and was reduced to 30%

of maximal values in the presence of 0.25

1(a)SCOPOIAMINE 5(o):THIORIDAZINE
2(.)=O N B 6(#{176})=CHLORPROMAZI NE
3(’)=ATROPINE 7(.)#{176}HALOPERIDOL
4(X)” CLOZAPINE

1�2 - 3 6 7�

\

,�. � �

M

FIG. 5. Dose-response curves for muscarinic an-

tagonists and neuroleptics against cGMP stimulation

by 100 MM oxotremorine

Antagonists were incubated for 10 mm with slices

before the addition of oxotremorine. For the neuro-

leptics, controls were run with the solubilization

medium alone (0.1% ascorbic or lactic acid). Each

data point is the mean of triplicate determinations

in one or two experiments. The standard error of

the mean was 10-15% of the data point in each

case.

m� calcium. The inset (Fig. 6) shows the
difference between oxotremorine-stimu-
lated and basal levels, plotted as a per-

centage of the maximum response. The
concentration of calcium required for full
stimulation was 1 m� and increasing cal-

FIG. 6. Basal and oxotremorine-stimulated levels

of cGMP as a function of calcium concentration in

the incubation medium

Slices were transferred for the final 10-mm incu-

bation into Krebs solution containing the indicated

calcium concentration and then exposed to 100 MM

oxotremorine (added in the same medium) for 2

mm or incubated for an additional 2 mm. The upper

curve shows the oxotremorine-stimulated values,

and the lower shows the basal values (picomoles

per milligram of protein). The inset shows the

dependence of the oxotremorine stimulation on cal-

cium, expressed as a percentage of the maximum

difference between basal and oxotremorine-induced

levels. Each data point is the mean ± standard

error of triplicate determinations in two separate

experiments.

Comparison of antag onist potencies for cG MP and [3HJQNB binding

Antagonist IC50 for cGMP res-
ponse#{176}

MM

Hill coefficient
cGMP response

K. for inhibition of
[3HIQNB binding

nM

Hill coefficient for
[3H]QNB binding

QNB 23.0 1.05 3.1 1.46

Scopolamine 5.6 1.10 5.2 1.05

Atropine 54.0 1.10 6.8 1.15

Clozapine 600.0 1.70 311.0 0.80

Thioridazine 1,300.0 1.10 836.0 0.97

Chlorpromazine 9,300.0 1.65 6,850.0 0.85

Haloperidol 64,000.0 1.00 32,900.0 1.06



C

5,

0

a

E

0

E
a

a

(0

22

18

14

10

06

.lOOpM Oxotremorine

Control (Azide alone)

02

STRIATAL MUSCARINIC RECEPTORS AND CYCLIC GMP 253

cium levels beyond this had no further
effect.

Sodium azide has been used to differen-

tiate soluble from particulate guanylate
cyclase. The former is unresponsive to

azide, whereas the particulate enzyme in
brain can be activated by azide in a con-

centration-dependent manner (29). The
dose-response curve of cGMP vs. sodium

azide concentration, in both the presence
and absence of 100 jAM oxotremorine, is
shown in Fig. 7. Maximal responses to
azide were obtained at 5 m� in striatal
slices. The oxotremorine-induced response
was additive to the azide-induced in-
creases at all azide concentrations.

DISCUSSION

This study demonstrates the feasibility

of using a tissue slice preparation for the
comparison of binding data and cyclic nu-
cleotide responses. The suitability of the

slices for binding experiments was not
unexpected, since [3HIQNB binds with
high affinity and specificity to muscarinic

receptors (17). For the purpose of the pres-
ent study we felt it important to compare
cyclic nucleotide responses and [3H}QNB

binding under similar experimental con-
ditions. There are differences between

binding data obtained in intact striatal
slices and in striatal homogenates, and
these will be described in more detail

elsewhere.
Muscarinic receptor-linked changes in

io5 io�” io3 io-2

SODIUM AZIDE - M

FIG. 7. Basal and oxotremorine-stimulated levels

of cGMP as a function of sodium azide concentration

in the incubation medium

Azide treatment was conducted as were experi-

ments on altered calcium concentration (see legend

to Fig. 6). Each data point is the mean ± standard

error of triplicate determinations in two separate

experiments.

cGMP levels have been demonstrated in
several systems (10, 12, 14, 30, 31). Our
results in striatal slices are similar to

these previous reports in several respects.
One common feature is the transient du-

ration of the changes in cGMP accumula-

tion. In all cases maximal cGMP levels

are reached 1-2 mm after stimulation of
muscarinic receptors. We found the time

course of the cGMP response to be rela-
tively independent of the particular ago-
nist used or its concentration. Receptor
desensitization is therefore unlikely to ex-
plain the transient nature of the response.
The decay phase was prolonged by the
addition of a phosphodiesterase inhibitor,

as reported previously for neuroblastoma
responses to carbachol (10). This suggests
that phosphodiesterase activity may regu-

late the rapid removal of intracellular
cGMP.

A second consistent feature of musca-

rinic cGMP responses is their dependence
on calcium. The striatal slice response to
various calcium concentrations in the me-
dium (Fig. 6) is similar to that obtained

for cell-free guanylate cyclase (32). It has
been suggested that calcium may function
in the intact cell as an intermediate mes-

senger between stimulation of cell surface
receptors and activation of guanylate cy-
clase (25-28). The calcium activation of
the oxotremorine-induced cGMP response
suggests that a soluble form of guanylate
cyclase is involved, since the particulate
enzyme is inhibited by calcium (33). The
results obtained with sodium azide also
support the view that a soluble guanylate
cyclase is the source of the increased
cGMP. Cholinomimetic and azide-induced

stimulations were additive irrespective of

the azide concentration (Fig. 7). Since the

particulate and not the soluble enzyme is
activated by sodium azide (29), the mus-

carinic response appears to be coupled to
activation of a soluble guanylate cyclase,

possibly mediated by changes in intracel-
lular calcium (27, 28).

In spite of the indirect nature of the
receptor-cyclic nucleotide coupling, there
was nonetheless good agreement between
measures of receptor occupancy and the

cGMP response. EC50 values for the ago-
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nists oxotremorine, arecoline, and car-

bachol agreed well with the K values for
antagonist ([3H]QNB) displacement (Ta-
ble 3). Thus receptor occupancy appeared
to be linearly related to the magnitude of

the cGMP change over the effective con-
centration range for each agonist. This

appears to rule out the possible existence
of “spare receptors” (13), which have been
invoked to explain the discrepancy be-
tween drug potencies in binding assays

and biological test systems (13, 19).
Agonist dose-response curves for both

binding and cGMP experiments displayed
apparent negative cooperativity. The pos-

sible origins of this effect have been dis-
cussed in some detail (13). The possibilities

are receptor heterogeneity, true negative
cooperativity, receptor desensitization,

and competing agonist-agonist interac-
tions. The available evidence would sug-
gest that the first of these is the most
likely (13).

Muscarinic antagonists were active in

both systems, although estimated K, val-
ues suggested that they were approxi-

mately one order of magnitude more po-
tent in blocking the cGMP response than
in displacing [3H]QNB. The reasons for
this disparity are unknown, and it may be

more apparent than real, since the validity
of such estimates of absolute potency in
either system may be questioned. The
finding that the rank order of potencies of
these drugs in the two systems were
nearly identical supports the notion that
both assays involve the same receptor sys-
tem.

We have also extended the observations

of antimuscarinic activity in some neuro-
leptic drugs (24) to show that these drugs

can block the cGMP elevation coupled to
muscarinic receptor stimulation. The rank

order of potency of the neuroleptics tested
agrees well with previous data (24, 34).
Richelson (35) has also recently reported
that these and other neuroleptic drugs
were able to antagonize the muscarinic
receptor-mediated stimulation of cGMP

formation in cultured neuroblastoma cells.
One difference between the binding

and cGMP results obtained with the neuro-
leptics clozapine and chlorpromazine was

that the antagonism of cGMP production
was apparently cooperative, unlike the

simple mass-action curves obtained for the

other muscarinic antagonists, or for these
drugs as inhibitors of [3HJQNB binding.
These discrepancies are difficult to inter-

pret, but they suggest that the interaction

of neuroleptics with cGMP is complex.
Pilocarpine acted as a mixed agonist-

antagonist for cGMP, with the agonist
character being expressed at lower concen-
trations than those expected from [3H]QNB
displacement. The ability of pilocarpine to

produce a full cGMP response was unex-
pected in view of its partial agonist classi-
fication (13), but this has also been seen
in its stimulation of phosphatidylinositol
turnover (36).

In their similar studies of muscarinic

responses in neuroblastoma cells, Strange
et al. (22) failed to find any activation of
guanylate cyclase activity by pilocarpine,

although the drug did antagonize the acti-
vation caused by carbachol and was able

to displace [3HIQNB binding. Their results
were also somewhat different from ours in

that muscarinic agonists yielded steeper
dose-response curves for activation of gua-
nylate cyclase (Hill coefficient >1.0) than

for displacement of [3HIQNB. Their sug-

gestion that muscarinic activation of
cGMP formation corresponds only to the
occupancy of a relatively low-affinity sub-
population of muscarinic receptors in neu-
roblastoma cells does not appear to be the

case in brain slice preparations.
In conclusion, the present results indi-

cate that the transient increase in cGMP
observed in brain slices following musca-
rinic receptor stimulation is a reliable in-
dicator of drug interactions for both ago-
nists and antagonists at central nervous

system muscarinic receptors. Neverthe-
less, the importance of the cGMP change
in determining the over-all physiological
response of the tissue to muscarinic ago-
nists remains unclear. The finding that

certain neuroleptic drugs are able to an-
tagonize this response in brain slices adds
further support to the hypothesis that
some drugs in this category possess impor-
tant central nervous system muscarinic
antagonist activity (24).
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