
ABBREVIATIONS: EC50, concentration of agonist required to elicit 50% maximal response; K, or Kb, equilibrium binding constant for an antagonist;

Kd, dissociation binding constant for a ligand; pA2, negative logrithm of antagonist K, or Kb PBS, phosphate-buffered saline; PrBCM, propylbenzilyl-

choline mustard.
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SUMMARY
In dissociated cellular preparations of adult rat cortex, Ml and
M2 muscarinic receptors were shown to mediate phosphoinosi-
tide metabolism and cAMP inhibition, respectively. Additionally,
in dissociated striatum, an M2 receptor was shown to inhibit the
level of cAMP. The components of “receptor reserve” in these
three receptor-effector systems were evaluated by the method
of partial receptor inactivation and the dissociation constants for
the full agonist carbachol were determined. In dissociated cellular
preparations of cortex, and in the presence of 1 0 m�i lithium ion,
carbachol (EC50 = 1 1 6 ��M) activated an Ml receptor subtype
(atropine K, = 0.9 nM; pirenzepine K1 = 9.3 nM) to elicit up to a
7-fold release over the basal level of [3H]inositol 1 -phosphate.
Carbachol was 1 00-fold more potent (EC50 1 �M) in the
inhibition of forskolin-elevated [3H]cAMP levels in both the cortex
(maximally 28%) and stnatum (maximally 49%). Pirenzepine
blocked the [3H]cAMP inhibition responses to carbachol in cortex
and striatum with K, values of 334 n� and 31 3 n�, respectively,
which indicated that cortical and striatal M2 receptors mediate

[3H]cAMP inhibition. The equilibrium dissociation constants for
the full agonist carbachol in mediating these two biochemical
responses were determined after partial receptor inactivation
with propylbenzilylcholine mustard. The results indicate that
cortical Mi receptor-mediated phosphoinositide metabolism is
elicited by carbachol through a low affinity agonist-receptor
complex (carbachol Kd = 90 � However, the cortical and
stnatal M2 receptor-mediated inhibition of [3H]cAMP is mediated
by a high affinity agonist-receptor complex (carbachol Kd = 8.5

�uM and 2.9 �zM, respectively). Thus, the agonist is bound in a low
affinity active conformation of the Ml receptor but the agonist is
bound in a high affinity active conformation of the M2 receptor.
In contrast to the cortical Ml -phosphoinositide system, the can-
tral M2 receptors exhibited a significant receptor reserve in their
mediation of [3H]cAMP inhibition, as elicited by the full agonist
carbachol. Whereas the ratio of Kd/ECSO for carbachol was 0.9
at the cortical Ml receptor, this ratio was 9.4 and 3.2 at the
cortical M2 and striatal M2 receptors, respectively.

The pharmacological demonstration of subtypes of the mus-

carinic receptor has recently been corroborated by molecular

cloning. Cortical Ml receptors and cardiac M2 receptors have

different amino acid sequences, as deduced from their respec-

tive mRNA molecules (1-4). Further, the cloning of genomic

sequences indicates that at least four intronless genes code for

muscarinic receptors (5, 6). Such findings suggest numerous

possibilities for tissue- and cell-specific expression of unique

proteins, which would presumably couple to various effector

systems. At least three of these muscarinic receptors are ex-

pressed in the cortex and hippocampus (5). Cholinergic neuro-

transmission via muscarinic receptors is of key importance in

cortical activation (7), information processing (8, 9), and be-

havior (10-12). The projection from the nucleus basalis is the

major source of the cortical cholinergic innervation (13) and

many data support a role for this projection (e.g., see Ref. 14)

and central Ml receptors (15-17) in cognitive function. How-

ever, little is rigorously known of the relationship between the

specific muscarinic receptor sequences and the mechanisms of

transducing ligand binding into cellular function or, ultimately,

cognitive function.

Pharmacological studies of muscarinic receptor subtypes rely

on the selectivity properties of pirenzepine and certain other

antagonists. Studies have shown that cortical and hippocampal

Mi receptors are coupled to phosphoinositide metabolism (18,

19); this class of receptor may mediate excitatory effects in

cortex or hippocampus (7, 20-22). Striatal M2 receptors couple

to both phosphoinositide metabolism (19) and inhibition of

adenylate cyclase (18, 23). Cortical M2 receptors, thought to be

in part presynaptic (24, 25), are less well characterized. North-

em blot analysis indicates that the cortex expresses little or no

mRNA for the cardiac type of the M2 receptor (2, 3). However,

M2 binding sites are present in cortical tissue (26-28), cortical

M2 receptors regulate acetylcholine release (24, 25), and an M2
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Because Kd and EC50 values are log-normally distributed (36), we

receptor inhibits [4H]cAMP levels in dissociated cortex (23). It

is possible, therefore, that cortical M2 receptors are localized

on the extrinsic cholinergic afferents. In the coupling to ace-

tylcholine release modulation and the inhibition of cAMP,

these cortical M2 receptors appear to be pharmacologically

similar to striatal M2 receptors (23-25).

It is evident from a number of studies that agonists are more

potent at central M2 receptors than at the cortical Ml receptor.

For example, whereas carbachol mediates phosphoinositide me-

tabolism in cortex with an EC5() value of about 100 zM (27), the

EC5() value for this agonist in inhibiting acetylcholine release

in cortical preparations (a presumptive M2 response) was about

10 �cM and 1 �iM (Refs. 24 and 25, respectively). The inhibition

of adenylate cyclase in striatal membranes has been reported

to be 1 zM or 22 �cM (Refs. 26 and 18, respectively). In our

studies of the cortical and striatal M2-mediated inhibition of

cAMP (23), and the analogous response in N1E-115 cells (28),

we observed EC50 values for carbachol of about 1 huM.

Such findings of greater potency for an agonist at neuronal

M2 receptors suggest that these receptors may be coupled more

efficiently to responses than are Ml receptors. Alternatively,

the difference in EC5t) values between Ml and M2 receptors

could indicate that agonists bind selectively to M2 receptors.

Although an absence of a receptor reserve in the cortical Ml

receptor-mediated phosphoinositide response has been re-

ported, the striatal M2 receptor mediating this response seems

to be coupled more efficiently (27). There have been no com-

parable studies of the coupling efficiencies of the cortical M2

receptor, nor (to our knowledge) have there been any measures

of receptor reserve in muscarinic receptor interactions with the

adenylate cyclase system in brain tissue. Differences in coupling

efficiencies or binding potencies of cortical Ml and M2 mus-

carinic receptors would have important implications for the

development of selective ligands to activate or block them,

particularly if they have opposing roles in setting cortical

cholinergic tone.

We have found previously that accurate evaluations of ligand

selectivities require the use of the same tissue preparations for

both assays (29). In the present study we use dissociated rat

brain preparations to demonstrate that rat cortical Ml and

cortical/striatal M2 receptors, which are differentially coupled

to two biochemical effector systems, bind carbachol in two

different agonist-receptor conformations. Additionally, the

data indicate the absence of “spareness” in the cortical Ml

system but a modest receptor reserve in the M2 systems. These

findings indicate that Ml and M2 receptors differ fundamen-

tally in their recognition of agonists, provide insight into the

well known phenomenon of agonist binding heterogeneity, and

help to predict the effects of systemic administration of ligands

on central cholinergic tone.

Methods

Preparation of dissociated brain tissue. This method of tissue

preparation was originally designed for use with fetal rat brain (30) but

has been employed recently for functional receptor studies in adult rat
brain (23, 29, 31, 32). Cortex or striatum, dissected from adult rat (male
Sprague-Dawley) brain, was mechanically dissociated, as previously

described in detail (23). In brief, cortex or striatum was minced with a
razor blade on an ice-cold surface, suspended in ice-cold Puck’s Dl
solution (138 �zM NaCl, 5.4 mM KC1, 0.17 mM Na2HPO4, 0.22 mM

KH2PO4, 5.5 mM glucose, and 58.4 mM sucrose; osmotic strength

adjusted to 340 mOsm; pH 7.4), and filtered sequentially through two

Nitex bags (2lO-�zm and l3O-�uL pore). For the cAMP assays, the final

suspension was washed twice with a physiological PBS solution (110

mM NaC1, 5.3 mM KC1, 1.8 mM CaC12, 1.0 mM MgCl2, 25 mM glucose,

25 mM Na2HPO4; osmotic strength adjusted to 340 mOsm; pH 7.4). For
the phosphoinositide assays, the final suspension was washed twice

with oxygenated, modified Krebs-Hensleit buffer (118 mM NaC1, 4.7

mM KC1, 1.2 mM KH2PO4, 25 mM NaHCO3, 1.3 mM CaC12, 1.2 mM

MgC12 . 6 H20, 1.2 mM glucose). Washed dissociated tissue was sus-

pended in PBS or Krebs-Hensleit buffer for distribution into tubes or
culture wells (2-4 mg/ml final concentration). As we described previ-

ously (23), the final preparation is a mixture of dispersed cells and

small fragments of brain tissue of about l00-�um diameter. Histological

analysis (not shown) indicated that elements with neuronal morphology

were present in this preparation.
Metabolic prelabeling of cells. For phosphoinositide assays, re-

suspended dissociated cortical tissue was rejuvenated with three se-
quential 20-mm incubations in oxygenated Krebs-Hensleit buffer (com-
position given above) at 37” under 95% 02/5% C02, with the renewal

of the buffer after each incubation; the final incubation was in the

presence of 10 mM lithium ion. When the effects of receptor alkylation
on muscarinic receptor-mediated phosphoinositide metabolism were

measured, PrBCM was added during the third 20-mm incubation; this
was followed by two washes with Krebs-Hensleit buffer to remove free
mustard. The rejuvenated cells were then labeled 60 mm at 37” in a

volume of 4 ml, under an atmosphere of 95% 02/5% C02, with 60 �cCi

of [‘H]inositol (New England Nuclear, Boston, MA) per rat frontopa-

rietal cortex (two sides; approximately 260 mg total original wet weight

of tissue). For cAMP assays, dispersed cells were incubated 45 mm
with 20-40 �uCi of [3H]adenine (22 Ci/mmol; Amersham, Arlington
Heights, IL) at 37” in a volume of 2 ml under ambient air. For receptor

alkylation studies, the mustard was incubated with tissue during the

final 20 mm of the [3H]adenine labeling period; this was followed by

two washes with PBS to remove unincorporated mustard.
Second messenger assays. For the phosphoinositide assays, the

suspension ofprelabeled dissociated tissue was diluted to approximately

15 mg/ml with Krebs-Hensleit buffer, containing 10 mM lithium ion,

and aliquoted to 4-ml plastic tubes to a final concentration of 2-4 mgI
ml. Antagonists were added and, 15 mm later, agonists were added to

a final volume of 300 �ul; the cells were further incubated under 95%

oxygen/5% CO2 for 60 mm. Reactions were terminated with the addi-
tion of 1 ml ofchloroform/methanol (2:1). Chloroform (1 ml) and water

(1 ml) were added to facilitate phase separation. The water contained
approximately 2000 dpm of [‘4C]inositol-1 phosphate (Amersham) as

a “recovery standard.” The samples were capped, vigorously mixed, and
then centrifuged at 3000 rpm for 15 mm to separate phases. The

aqueous phases of the samples were transferred to new tubes and mixed
with 2 ml of water. [3H]Inositol-1 phosphate was purified on Dowex
columns as previously described (33).

The [3H]cAMP assays with prelabeled dissociated tissue were per-
formed as previously described (23).

Data analysis. Concentration-response data were fitted with a four-
parameter logistic model employing the program ALLFIT (34). In the
studies of atropine and pirenzepine, the concentration-response curves

were usually constrained to a competitive model. In the receptor

occlusion experiments, the parameter values resulting from independ-

ently fitting the “control” and “treated” curves were used to calculate
“smooth” values of equieffective carbachol concentrations (A, in jzM

for the control curve; A ‘, in zM for the treated curve) for a range of

responses in the most linear regions of the concentration-response

curves. The paired inverses of A and A ‘ were plotted and fitted by
linear regression, and the slope and intercept were determined (35).
The fraction of unoccluded receptors (Q) is the inverse of the slope;

thus, the fractional occupany of the occluding agent is 1 - Q. The Kd

for the agonist was calculated by the following equation (35):

Kd (Slope - 1)/Intercept

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


5)
U)

C
0
0�
U)

5)

0

E
x
0

80

60

40

20

0-
-7

S-cAMP Inhibition
.-IP1 accumulation

-6 -5 -4

log [carbachol] (M)

-3 -2

Muscarinic Subtype Agonist-Receptor Active Conformations 41

transformed such data (from independent experiments) to logrithmic
form (i.e., obtaining pKd and pEC50 values), determined the arithmetic

means and standard errors of the log-transformed data, and used these

to make statistical comparisons (using the unpaired Student’s t test).

However, data are expressed here as geometric means, i.e., as the
antilogrithms of the mean pKd or pEChO. The standard error of the

geometric mean was determined by multiplying the geometric mean by

the standard error of the pKd or pEC50 mean (37).

Results

Demonstration of the muscarinic receptor subtypes

involved in cAMP and phosphoinositide metabolism in

dissociated rat brain. The muscarinic receptor inhibits [tH]

cAMP levels in [H]adenosine-prelabeled dissociated rat cortex

(23). To observe this response, we find it necessary to activate

adenylate cyclase in the preparation with forskolin. A 10-mm

stimulation with 10 �zM forskolin elevates [tHJcAMP levels to

a level up to 9-fold over basal; carbachol decreases the forskolin-

[tH]cAMP response by 20-30% (23). A composite concentra-

tion-response relation for carbachol’s inhibition of the forsko-

lin-elevated [:cH]cAMP levels for eight experiments in disso-

ciated cortical tissue appears in Fig. 1, where it is compared

with the concentration response for carbachol-mediated phos-

phoinositide metabolism in dissociated cortex. In the experi-

ments shown, the EC�( for the inhibition by carbachol of the

forskolin-mediated elevation of [3H]cAMP levels was 1.1 ± 0.1

zM, with a maximal response at 27 ± 1.5% inhibition (eight

experiments) (see Table 1).

In the [Hjinositol-prelabeled dissociated cell preparation of

adult rat cerebral cortex and in the presence of 10 mM lithium

ion, carbachol stimulated the formation of [3H]inositol-1 phos-

phate from 3- to 6-fold over basal levels (about twice the

response we observed in 350 x 350 �um slices; data not shown).

The concentration-response curve in Fig. 1 is a composite of

six assays with dissociated cortical tissue (EC5 = 116 ± 10 �M;

see Table 1 and legend to Fig. 1). In dissociated cortical tissue,

atropine blocked carbachol-mediated phosphoinositide metab-

olism with a K, value of 0.9 ± 0.1 nM (four experiments) and

the carbachol-mediated [3H]cAMP inhibition response with a

K, value of 2.7 ± 0.3 nM (four experiments). These values,

which were obtained by the “dose-ratio” method, were signifi-

cantly different (p < 0.05), indicating that atropine possesses

about 3-fold selectivity for blocking cortical muscarinic recep-

tor-mediated phosphoinositide metabolism.

Pirenzepine was employed to demonstrate which subtypes of

the muscarinic receptor were involved in these two cortical

responses. Pirenzepine shifted the concentration-response

curves of carbachol rightward and the maximal response was

achievable with higher carbachol concentrations, indicating

competitive inhibition by this antagonist (Fig. 2). The cortical

phosphoinositide response was inhibited potently by pirenze-

pine (Fig. 2A; K, = 8 nM for the shift achieved by 30 nM

pirenzepine), whereas this antagonist was much less potent in

blocking the cortical [3H]cAMP inhibition response to car-

bachol (Fig. 2B; the two K values were 233 nM and 417 nM,

determined from the shift resulting from 10 zM and 100 �tM

pirenzepine). Schild plots for both cortical receptor-effector

systems are shown in Fig. 3 and the data are summarized in

Table 1. The pA2 values for pirenzepine’s inhibition of the

carbachol-mediated phosphoinositide and cAMP responses

were 8.16 and 6.48, respectively. Because the slopes of these

plots (given in the legend to Fig. 3) were not significantly

different from unity, the data in Fig. 3 were constrained to unit

slope in order to determine the Kb values (see Table 1). The

potency of pirenzepine in blocking phosphoinositide metabo-

lism (Kb 9.3 nM) indicates the involvement of an “Mi”

receptor, whereas the potency of this antagonist in blocking

the cAMP response (K,, = 334 nM) indicates mediation by an

“M2” receptor.

In dissociated striatum, where carbachol elicited a potent

(EC5O = 0.9 �tM) and robust (44.6%) inhibition of 10 �tM forsko-

lin-elevated [3H]cAMP levels, pirenzepine shifted the carbachol

concentration-response curve rightward in accordance with

competitive inhibition (Fig. 2C; K1 = 221 nM and 392 nM were

calculated from the shifts achieved by 10 �zM and 100 �M

pirenzepine, respectively). Data for several experiments with

the [3H]cAMP response in dissociated striatum are plotted by

the method of Arunlakshana and Schild (38) in Fig. 3; the pA 2

for pirenzepine was 6.64. The slope of the Schild plot for this

M2 response was not significantly different from unity and the

calculated Kb was 313 nM (Table 1).

100

Fig. 1 . Concentration-response curves for carbachol
in the cortical muscarinic systems. Various concen-
trations ofcarbachol were incubated with prelabeled
dispersed cortical cells. The maximal response for
each experiment was normalized to 100%. The data
for the inhibition of 1 0 MM forskolin-stimulated [3H]
cyclic AMP formation (#{149})are the averages ± stand-
ard error of eight combined experiments (100%
response is 27 ± 1 .7% inhibition). The data for
stimulation of [3H]inositol i-phosphate (IP1) forma-
tion (U) are averages of six combined assays (i 00%
response is 7537 ± 890 dpm [3Hjmnositol i -phos-
phate over basal levels, which averaged 1979 ±

237 dpm).
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TABLE i
Pharmacological properties of muscarinic receptor-mediated biochemical responses in dissociated adult rat cortex and stnatum
The K, values for atropine were calculated from the dose-ratio (DR) by the formula K, = [antagonist]/(DR - 1). The K, value of pirenzepine was calculated from �i42 values
determined by the method of Arunlakshana and Schild (38), as described in the legend to Fig. 3, constraining the plots to have unit slopes. Numbers in parentheses,
number of experiments.

Parameter
Cortex Stnatum

. .
cAMP inhibitionInositol 1-phosphate formation cAMP inhibition

EC� for carbachol (��M) i 16 ± 9.9
(6)

1 .12 ± O.iO
(8)

0.90 ± 0.08
(3)

Maximal response to carbachol 3.9 ± 0.4 folda
(6)

27.i ± i .5% inhibition
(8)

44.6 ± 1 .6% inhibition
(3)

K, atropine (nM) 0.9 ± 0.06
(4)

2.7 ± 0.3k’

(4)
NDC

K, pirenzepine(nM) 9.3 ± 0.5
(6)

334 ± 2i”
(7)

313 ± i8’�
(5)

. Response over basal formation of [3H]inositol 1 -phosphate, which was 1 979 ± 237 dpm (six experiments).
a Significantly different from K for inositol 1-phosphate in cortex, p < 0.05.
C ND, not determined.
a Significantly different from cortex inositol 1 -phosphate, p < 0.001.
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Pharmacological determination of binding constants

for carbachol and measurement of receptor reserve in

brain Ml and M2 receptor-effector systems. PrBCM was

employed to alkylate muscarinic receptors in dissociated corti-

cal and striatal tissue. Treatment of cortical tissue with varying

concentrations of PrBCM for 20 mm, followed by two washes,

resulted in progressive occlusion of muscarinic receptor binding

sites, as determined with [tH]N-methylscopolamine (Fig. 4).

Half-maximal occlusion with this protocol occurred with 5.6

nM PrBCM. The effect of the mustard on the concentration-

response relation for carbachol was evaluated in the cortex with

both the Ml and M2 responses, and in the striatum with the

M2 response. Representative experiments are shown in Figs.

5-7.

Treatment of dissociated cortex with 10 nM PrBCM effected

an immediate reduction of the maximal phosphoinositide re-

sponse to carbachol, without increasing the EC5() value. In the

representative experiment shown in Fig. 5, the Kd value calcu-

lated for carbachol by the method of Furchgott and Bursztyn

(35) was 180 �tM. As shown in Table 2, the average Kd value for

five experiments with the cortical Mi receptor was 90 ± 11 �tM,

a value not significantly different from the average EC�() value

for carbachol in the “control” tissue (100 ± 7 �tM). The Q value

(fraction of unoccluded receptors) for the experiment with the

Mi receptor in Fig. 5 was 0.26, in good agreement with the

value predicted from the binding data in Fig. 4, which is 0.36.

In the five experiments with the cortical Ml receptor, all of

which were performed with 10 nM PrBCM, the average Q value

was 0.49 ± 0.07.

The method of Furchgott and Bursztyn (35) was also used to

obtain the dissociation constant of carbachol for the cortical

M2 receptor mediating [‘H]cAMP inhibition. Because of the

modest response to carbachol at this receptor and the variable

data obtained in treated tissue, we were able to calculate a Kd

value in only three experiments. Fig. 6 shows one of these

experiments, in which the K,1 value for carbachol was 9.9 �tM

(calculated Q = 0.1; predicted Q = 0.2). The average Kd value

for the three experiments was 8.5 ± 3.1 �M (Table 2). This

value was significantly different from the Kd value for carbachol

determined for the cortical Ml receptor (p < 0.05). Addition-

ally, the Kd value of carbachol at the cortical M2 receptor was

significantly higher (9.4-fold) than the corresponding EC50

value, indicating the presence of a substantial receptor reserve

for this response.

Finally, we determined the Kd value of carbachol at the

striatal M2 receptor mediating [3H}cAMP inhibition. The Kd
value for carbachol was 3.4 �tM in the representative experiment

shown in Fig. 7 (calculated Q = 0.16; predicted Q = 0.26),

whereas the average K,, in five experiments with the striatal

M2 receptor was 2.9 ± 0.6 uM (Table 2). This value was

significantly different from the Kd for carbachol obtained for

the cortical Ml receptor (p < 0.01) but not significantly differ-

ent from the Kd for carbachol at the cortical M2 receptor. The

Kd value for carbachol at the striatal M2 receptor was signifi-

cantly larger (3.2-fold) than the corresponding ECr,o value (p <

0.05), indicating that a receptor reserve exists for the striatal

M2 system, as for the cortical M2-cAMP system.

Discussion

The primary finding of the present study is that central Mi

and M2 muscarinic receptors couple with differing efficiencies

to effectors for phosphoinositide metabolism (cortex) and

cAMP inhibition (cortex and striatum). Our studies with dis-

sociated cortex confirm a previous finding in cortical slices (27)

of the absence of a receptor reserve in the cortical Ml receptor-

effector system. In contrast, our data indicate that cortical and

striatal M2 receptors involved in inhibition of cAMP levels

exhibit a significant receptor reserve. The Kd/ECr,o ratios for

carbachol in the cortical and striatal M2 systems were 9.4 and

3.2, respectively. Carbachol mediated the cortical Ml response

with an EC�() value about 100-fold greater than for the M2

responses studied and this difference in functional potency

seems to be largely because the agonist binds to the M2 receptor

with higher affinity (about 11-fold and 31-fold more potently

to the cortical and striatal M2 receptors, respectively), as

compared with the cortical Ml receptor.

Pirenzepine was about 34-fold more potent in blocking car-

bachol-mediated [tH]inositol 1-phosphate release in dissociated

cortex than in blocking carbachol-mediated [tHJcAMP inhibi-

tion in dissociated cortex and striatum. Although these findings

to a certain extent confirm previous work (18, 23, 26, 27), our

study demonstrated this selectivity in parallel experiments

using the same method of tissue preparation for the two differ-

ent kinds of biochemical assays. Such comparisons using the

same tissue preparation should allow more confident assess-
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Fig. 2. Effect of pirenzepine on carbachol-induced
cortical and striatal biochemical responses. A, Ef-
fect of 30 nM pirenzepine (PZ) on carbachol-me-
diated phosphoinositide metabolism in dissociated
cerebral cortex. This is one of six similar experi-
ments, in which the pirenzepine concentration
ranged from 30 nM to 300 n�. B, Effect of iO �M

and i 00 gcM pirenzepine on carbachol-mediated
inhibition of i 0 �zM forskolin-elevated [3H]cAMP
levels dissociated cerebral cortex. This is one of
four experiments, each performed in quadrupli-
cate, in which the pirenzepine concentration
ranged from 1 �M to i 00 �M. C, Effect of i 0 �M

and iOO �iM pirenzepine on carbachol-mediated
inhibition of 1 0 zM forskolin-elevated [3H]cAMP
levels in dissociated striatal tissue. This is one of
two similar experiments, in which five concentra-
tions of pirenzepine ranging from i �M to i 00 �M

were tested; each experiment was performed in
quadruplicate. The legends within the panels mdi-
cate the concentrations of pirenzepine used for
the experiments shown. The Kd values for the
antagonist calculated from the dose ratios are
given in the text.
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3

Fig. 3. Schild plots for the blockade of carbachol-
induced cortical and striatal second messenger re-
sponses to pirenzepine. The dose ratios for experi-

2 ments of the type shown in Fig. 2 were obtained and
,.-‘% plotted by the method of Arunlakshana and Schild. (38).

‘- Six experiments with cortical (CX) [3H}inositol 1 -phos-
I phate formation (#{149}),five experiments with seven con-

� centrations of pirenzepine versus the carbachol-in-

‘-G:; duced cortical [3H]cAMP inhibition response in the cor-
0 � tex (A), and two experiments with five pirenzepine

- concentrations versus carbachol-induced [3H]cAMP in-
hibition in the striatum (STR) (V - - -) are plotted. The
slopes of the plots were 0.89 ± 0.12, 0.99 ± 0.1 1 , and
0.91 ± 0.08 for these three plots, respectively. These
slopes were not significantly different from unity; there-

F-’ fore the data in this figure were constrained to unit
U 7 8 9 slope and the resulting pA2 values are given in Table

-log[PZP] (M)

120

100

C

.� 80 Fig. 4. Occlusion of [3H]N-methylscopolamine
� binding sites in dissociated cortical tissue by 20-
� mm incubation with varying concentrations of

L- 60 PrBCM. Alkylated tissue was washed twice be-
� fore binding with 1 nM [3H]N-methylscopolamine

-�. was performed at room temperature for 1 hr.
5) This figure is a composite of four experiments;
� 40 results from each experiment are shown with
L� the various symbols. The concentration of

�Q PrBCM that caused half-maximal blockade of

20 binding was 5.6 n�i.

0
-1 1

log [PrBCM] (M)

4 , I ‘ � . , , ,

,-.. 3
E
% Fig. 5. Effect of alkylation of cortical muscarinic

,-, receptors on the concentration-response relation of
‘-.- carbachol for the Mi -mediated phosphoinositide re-
Q: 2 . sponse ([3H]inositol 1 -phosphate formation) in dis-

r�, sociated cortical tissue. The inset shows the Kd for
N�) carbachol and the Q value (fraction of unoccluded

L-J receptors), calculated as described in Methods and
>< Ref. 35. This is one of five similar experiments, each
r? 1 � . performed in triplicate, which are summarized in

Li.J Table 2.

0 � �
-6 -4

log [carbachol]

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


. Contro�

S -2On�A PrE3CM

oL�.
-8

.

.

� . _�__I

-6

a�

.� 20
0

U)

0

LL.

.� 10

�0

-1:

60
3.-

r�:?, 50
I
N�)

I 40
C

0

� 30
0

U-

�20

C

0

�10

C

-�- 4

Iog[Carbacholj (M)

-8 -7 -6 -5 -4 -3

log[Carbachol] (M)

Muscannic Subtype Agonist-Receptor Active Conformations 45

Fig. 6. Effect of alkylation of cortical muscarinic re-

� ceptors with 20 nM PrBCM on the M2-mediated [3H]
cAMP inhibition response in dissociated cerebral cor-
tex. The K,, for carbachol and the Q value (fraction of

- unoccluded receptors) were calculated as described
� in Methods and are shown in the inset, which is a plot

of the inverse of the equieffective concentrations of
, carbachol (35). This is one of three experiments, each

performed in quadruplicate, which are summarized in
Table 2.

Fig. 7. Effect of alkylation of striatal muscarinic receptors
with 10 nM PrBCM on the M2-mediated [3H]cAMP inhi-
bition response in striatum. The Kd for carbachol and the
Q value (proportion of unoccluded receptors) for the
experiment were calculated as described in Methods (35)
and are shown in the inset. This is one of five expen-
ments, each performed in quadruplicate. The data for all
experiments are summarized in the text and in Table 2.

TABLE 2
Determination of the dissociation constants for carbachol in Ml and M2 muscannic receptor-mediated biochemical responses in
dissociated cortex and stnatum
Values were determined in experiments in which treatment with PrBCM was employed to partially occlude receptors. The EC�, and maximum response values are for
the control (untreated) curves, whereas the K,, values were determined by comparing control and treated curves by the method of Furchgott and Bursztyn (35). Numbers
in parentheses, number of experiments.

Cortex
Parameter Sthatum, M2-CAMP

M1-lnosa� 1-phosphate M2-CAMP

EC50 Control (NM) 100 ± 7 0.9 ± 0.la 0.9 ± 0.048
(5) (5) (4)

Maximal response, control 6.4 ± 0.6 fold” 28 ± 1 .7% inhibition 48.5 ± 1 .3% inhibition

(5) (4)
8.5 ± 3.ic�� 2.9 ± 0.6e.f

(3) (5)

(5)
90 ± 11

_________________________________________________ (5)

a Significantly different from Ml -inositol 1 -phosphate EC�, p < 0.001.
b Refers to the maximal formation over basal levels of [3H]inositol 1-phosphate in stimulated control tissue; basal levels were 567 ± 64 dpm (five experiments).
C Significantly different from Ml -inositol 1 -phosphate K,,, p < 0.05.

a Significantly different from cortex M2-cAMP EC�, p < 0.05.
8 Significantly different from M1-inositol 1-phosphate K,,, p < 0.001.
f Significantly different from stnatal M2-cAMP EC�, p < 0.05.

K� carbachol (MM)
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iments with human muscarinic genes, in which all four subtypes

ment of ligand selectivities. That this is a valid point is shown

by the fact that amitriptyline is nonselective when comparing

its antimuscarinic potencies at Ml and M2 receptors in disso-

ciated cortex in this fashion (29), whereas the antidepressant

appears to be M2 selective when the comparison is made using

different types of tissue preparations for the Ml and M2 assay

(39). It is, thus, likely that the 3-fold Mi selectivity for atropine

found in the present study is real.

Although the Ml receptor predominates in cerebral cortex, a

subpopulation of binding sites with low affinity for pirenzepine

is also present (40, 41), and functional data indicate that these

are coupled to cAMP inhibition (23) and modulation of acetyl-

choline release (24, 25). From one binding study (42), it appears

that two cortical M2 receptors exist, one being similar to the

cardiac M2 receptor (judging by the potency of AFDX 116) and

the other appearing similar to the ileal M2 receptor (judging

by the potency of 4-diphenylacetoxy-N-methyl-piperidine

methbromide). However, molecular biological studies indicate

that only Ml, M3, and M4 muscarinic receptors are expressed

in cortex (5). Therefore, the cortical M2 receptors identifiable

by cAMP inhibition or by modulation of acetylcholine release

may reside on terminals of ascending cholinergic (or nonchol-

inergic) projections. The cortical M2 receptors that modulate

acetylcholine release and inhibit cAMP have not been charac-

terized sufficiently to compare them either with each other or

with smooth muscle, cardiac, or glandular M2 receptors. Stria-

tal M2 receptors are also linked to cAMP metabolism (18, 23)

and the modulation of acetylcholine release (24, 25). Thus, it

might be speculated that cAMP metabolism is involved in M2-

mediated presynaptic inhibition of acetylcholine release in cor-

tex and striatum, whereas the cortical Mi-mediated phosphoi-

nositide metabolic response may underly postsynaptic excita-

tion (7, 20) or long term potentiation (43).

The differential binding of agonists to Ml and M2 receptors,

found in our functional studies, may help to explain the re-

ported correlation between high affinity binding sites for piren-

zepine (Mi receptors) and low affinity binding sites for car-

bachol in various brain regions (41), inasmuch as the dissocia-

tion constant for carbachol (90 �sM), determined at a

pharmacologically defined Ml receptor, is quite similar to the

low affinity binding constant for this agonist measured in

cortical membranes (66 �M) (44). However, the dissociation

constants for carbachol at M2 receptors (8.5 �eM and 3 jIM) are

somewhat larger than the high affinity binding constant for

carbachol in cortical membranes (44). This discrepancy may

reflect the involvement of guanine-nucleotide binding proteins,

which seem to regulate M2 receptors (45) more than Ml recep-

tors (46). It might be expected that, in a metabolically active

preparation such as the dissociated cortex or striatum used in

our studies, the level of GTP would be higher than in mem-

branes derived from the brain.

In the present study with brain tissue, as well as in a previous

study with N1E-ii5 mouse neuroblastoma cells (47), we found

that carbachol is bound to the Ml receptor in a low affinity

active conformation whereas this agonist is bound to the M2

receptor in a high affinity active conformation. Thus, our data

indicate a fundamental difference in the recognition of agonists

by Mi and M2 receptors. One possible explanation for this

phenomenon may relate to differing protein structures for Ml

and M2 receptors. It is noteworthy that, in transfection exper-

display multiple states for the binding of carbachol, the Mi

muscarinic receptor displays much lower affinities for both

binding states for carbachol than the corresponding states of

the M2 receptor (6). However, the interaction of the receptor

with the effector is probably also important in determining the

potency with which the agonist binds.

The fact that agonists bind with higher potency to M2

receptors (activation of which is thought to inhibit cholinergic

tone) than to cortical Ml receptors (activation of which is

important in cognition) sets limits on the selectivity of ligands

that may be employed to manipulate cholinergic systems. Ad-

ditionally important is the fact that M2 receptors are more

efficiently coupled than the cortical Ml receptor. If in vivo

effects can be predicted from these in vitro properties, it would

appear that the behavioral profile of partial muscarinic agonists

will reflect more their activity at M2 receptors than that at Ml

receptors and that M2-mediated side effects will be pronounced

in agonist therapy with nonselective agonists.
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