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SUMMARY

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) was
found to immeversibly decrease the Bma. of [PH{~)-quinuclidinyi-
benzilate [(—)QNB] binding in rat brain following in vivo adminis-
tration or by incubation of tissue homogenates with EEDQ in
vitro. A greater reduction in the B, of [PH}(—)QNB binding was
observed in the hippocampus and cortex than in the brainstem
following in vivo or in vitro treatment with EEDQ. Competition of
pirenzepine for [*H}(—)QNB binding was best described by com-
puter-derived models assuming two binding sites in all brain
regions. However, following EEDQ treatment there was a right-
ward shift in the pirenzepine competition curves for the remaining
[*H—)QNB-binding sites in all brain regions. Computer analysis
of the pirenzepine competition curves indicated that this was
due to a selective decrease in the number of [°H}(—)QNB-binding
sites having high affinity for pirenzepine. Although the binding of
[*H}(—)QNB to the site having lower affinity for pirenzepine was

apparently unaltered, the affinity of pirenzepine for this binding
site was significantly lowered following both in vivo and in vitro
treatment with EEDQ. Thus, EEDQ differentially modifies mus-
carinic receptor-binding sites having high and low affinity for
pirenzepine. The reduction in the By, of [°H)(—)QNB binding and
the rightward shift in the pirenzepine competition curve elicited
by EEDQ both in vivo and in vitro could be prevented by co-
administration of reversible muscarinic antagonists, thereby dem-
onstrating that EEDQ interacts at the ligand recognition site of
muscarinic receptors. These data suggest that the putative
muscarinic receptor subtypes discriminated by pirenzepine may
represent differences in the accessibility of pirenzepine and
EEDQtoa s population of [°*H}(—)QNB-binding sites
or, alternatively, that these muscarinic receptor-binding sites
discriminated by pirenzepine and EEDQ represent structurally
distinct molecular entities.

From physiological (1) and receptor binding (2-6) studies,
the novel muscarinic receptor antagonist pirenzepine has been
reported to distinguish two putative subtypes of muscarinic
receptors in brain and peripheral tissues. These muscarinic
receptor subtypes are proposed to have identical affinities for
classical muscarinic antagonists such as QNB, scopolamine,
and atropine, in spite of their differential affinities for piren-
zepine. The site having high affinity for, and pharmacological
sensitivity to, pirenzepine has been designated the M, musca-
rinic receptor, and the site having lower affinity for pirenzepine
has been designated the M, muscarinic receptor. Radioligand
binding studies have demonstrated a marked regional variation
in the ratio of these high and low affinity pirenzepine-binding
sites in the rat brain. The cortex and hippocampus are reported
to contain mainly high affinity pirenzepine, M,, binding sites,
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whereas the brainstem has a greater proportion of low affinity
pirenzepine, M, binding sites (4, 5). There is some controversy,
however, surrounding this classification. Thus, there are re-
ports that, in peripheral tissues, pirenzepine is equipotent for
all muscarinic receptors (7). Furthermore, solubilized receptors
from brain tissue may have interconvertible states of [°H]
(—)QNB-binding sites having high and low affinity for piren-
zepine (Ref. 8, but see Refs. 9 and 10). It is therefore unclear
at present whether these two muscarinic receptor subtypes
discriminated by pirenzepine represent distinct molecular en-
tities or two conformational states of the same receptor protein.
The lack of other selective pharmacological agents for these
putative muscarinic subtypes has severely limited the further
delineation of their pharmacological and biochemical charac-
teristics.

EEDQ has been reported to act as an irreversible antagonist
at various monoaminergic receptors in peripheral tissues and
in brain. EEDQ irreversibly blocks binding to «-adrenergic
receptors in peripheral tissues (11) and blocks binding to D,

ABBREVIATIONS: QNB, quinuclidinylbenzilate; EEDQ, N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline; EDTA, ethylenediaminetetraacetate; ACh,

acetylichotine.
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and D, dopamine receptors (12) and S, serotonergic receptors
(13) in brain following peripheral administration. EEDQ has
also been reported to act as an irreversible antagonist of mus-
carinic receptors in peripheral tissues in vitro (14).

We report here that EEDQ acts as an irreversible antagonist
of [*H](—)QNB binding to rat brain muscarinic receptors in
vivo and in vitro and, furthermore, demonstrate that EEDQ
differentially modifies [°H](—)QNB-binding sites having high
and low affinity for pirenzepine.

Experimental Procedures

Materials. [*H](—)QNB (specific activity 30 Ci/mmol) was pur-
chased from Amersham, Deerfield, IL. Atropine sulfate and scopol-
amine hydrobromide were purchased from Sigma Chemical Co., St.
Louis, MO. EEDQ was purchased from Aldrich Chemical Co. Milwau-
kee, WI. Pirenzepine dihydrochloride was generously donated by Dr.
D. Jenden, University of California, Los Angeles, and Boehringer
Ingelheim, Ridgefield, CT.

In Vivo EEDQ treatments. Male Sprague-Dawley rats (Simonsen
Laboratories, Gilroy, CA; 160-200 g) were used in all experiments. For
investigation of the in vivo effects of EEDQ, the compound was dis-
solved in ethanol/water (1:1, v/v) and rats were injected intraperito-
neally with EEDQ (10-20 mg/kg) or vehicle with a volume of 1 ml/kg.
Rats were decapitated 3 hr later and the brain was rapidly removed
into ice-cold saline. Individual brain regions were dissected on an ice-
cold glass Petri dish, placed in plastic vials, frozen in liquid nitrogen,
and stored at —70° until use. Tissue from individual control and EEDQ-
treated rats was homogenized by a Tekmar Tissumizer (setting 7, 10
sec) in 50 volumes of cold 50 mM Tris-HCl buffer (pH 7.7 at 25°),
washed twice by centrifugation (48,000 X g, 10 min), and resuspended
in fresh buffer. The final resuspension was into assay buffer consisting
of 50 mM Tris-HCI containing 5 mM MgSO, and 0.5 mMm EDTA (pH
7.7 at 25°).

In vivo receptor protection. In these experiments rats were
subcutaneously administered scopolamine (0.7 mg/kg) dissolved in
saline) or vehicle 30 min before injection of EEDQ (20 mg/kg i.p.). The
rats were then decapitated 3 hr after administration of EEDQ, the
cerebral cortex was removed, and the Bn.. and Kp of [*H](—)QNB
binding were determined in saturation experiments.

In Vitro EEDQ treatments. Cortex, hippocampus, and brainstem
from untreated male Sprague-Dawley rats (180-200 g) were individually
homogenized in 50 volumes of cold 50 mM Tris-HCI buffer (pH 7.7 at
25°) and centrifuged at 48,000 X g for 10 min. The pellets were then
resuspended to a concentration of 10 mg original wet weight tissue in
warm Tris-HCI buffer and divided into two (for pirenzepine competi-
tion experiments) or eight (for time course and EEDQ concentration
experiments) 12-ml aliquots in plastic centrifuge tubes. The tubes were
then placed in a water bath at 37° and 120 ul of EEDQ (107'-107* M)
in an ethanol/water vehicle were added to give a final concentration of
EEDQ of 10°-107% M. Vehicle alone was added to one of the aliquots
of each tissue which served as the control. Following incubation for 20
or 50 min, 12 ml of ice-cold Tris-HCI buffer were rapidly added to all
tubes, and the tissues were washed three times by centrifugation and
resuspended into fresh buffer. The final resuspension was into assay
buffer.

In vitro receptor protection. In these experiments cerebral cortex
was homogenized and washed once by centrifugation and then divided
into aliquots as described above. Aliquots were incubated at 37° for 20
min in the presence and absence of 1 uM atropine in the presence and
absence of 100 uM EEDQ. Tissue was then washed as described above
and the B... and K of [°*H](—)QNB binding and pirenzepine compe-
tition for [*'H](—)QNB binding were determined as described below.

Binding assays. All [°H](—)QNB binding assays were conducted
in a total assay volume of 5 ml for 90 min at 25°. Pirenzepine compe-
tition curves were generated using three intermediate concentrations
per log unit in the presence of 0.2 or 0.4 nM [*H](—)QNB, using 1 mg
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original wet weight of tissue per tube for cortex and hippocampus and
2 mg original wet weight of tissue per tube for brainstem. Under these
conditions greater than 95% of added [*H](—)QNB remained free. [*H]
(—)QNB saturation assays used 0.5 mg of tissue per tube for cortex and
hippocampus and 1 mg of tissue per tube for brainstem with a concen-
tration range of 0.005-0.5 nM [*H](~)QNB. Although a low tissue
concentration was used in saturation studies, at the lower concentra-
tions of [°H](—)QNB up to 35% of added [°*H](—~)QNB was bound to
the tissues in the absence of atropine, thus significantly reducing the

. free concentration of [°’H](—)QNB. Direct measurement of the free

concentration of [*H](—)QNB were made in aliquots of supernatant by
centrifugation of a replicate. These measurements demonstrated that
greater than 95% of [*H](—)QNB added to the tube could be accounted
for by specifically bound and free [*H](~)QNB. Thus, there was very
little [*H](~)QNB nonspecifically bound to either the tissue or the
walls of the glass test tubes used. Atropine (1 uM) was used to define
nonspecific binding in all experiments. Assays were terminated by
rapid filtration over Whatman GF/C filters and washed three times
with 5 ml of cold Tris-HCl buffer. Filters were placed in plastic
minivials and 4 ml of Cytoscint (Westchem, San Diego, CA) were
added. Radioactivity trapped on the filters was measured using a
Beckman LS 7500 liquid scintillation counter at an efficiency of 52%.

Data analysis. The computer analyses employed the weighted,
nonlinear least squares curve-fitting program LIGAND (15, 16) which
uses a general model for complex ligand-receptor binding systems (17).
The exact treatment of experimental data has been described previously
in detail (16). Briefly, competition curves were first analyzed according
to a four-parameter logistic equation (18), and the slope factor (pseudo-
Hill coefficient, designated ny) was derived. The curves were then
analyzed according to a model for the binding of the radioligand and
competing drug to one, two, or more binding sites. Deviation of the
observed points from the predicted values were weighted according to
the reciprocal of the predicted variance (19). Testing for statistical
difference between models was obtained by comparing their residual
variances of fits to the data by a partial F test (20). A model for two
binding sites was retained only when it fitted the data significantly
better than a model for a single binding site (p < 0.05, partial F test).
For these analyses, nonspecific binding of [’H](—)QNB was constrained
to experimentally determined values. In some experiments, computer-
derived parameter estimates from different curves were tested for
significance of difference. The control curves were first analyzed allow-
ing the parameter estimates to reach their optimal values. The affinities
of pirenzepine for the two putative muscarinic binding sites in EEDQ-
treated tissue were then allowed to reach their optimal values, and
these values were then constrained to those values found in control
tissue. The effect of this constraint on the goodness of fit was tested
and the parameters were considered statistically indistinguishable if
the constraining process did not significantly worsen the fit. Saturation
curves were analyzed by Scatchard analysis (21). In some experiments,
statistical significance was determined using a two-tailed Student’s ¢
test for comparison of means.

Results

Following intraperitoneal injection of EEDQ, rats displayed
marked catalepsy and some of the rats displayed convulsions.
As shown in Fig. 1, Scatchard analysis of [*H](—)QNB satura-
tion data demonstrated a single homogeneous population of
[*H](—)QNB-binding sites in rat cerebral cortex from both
control and EEDQ-treated rats. As shown in Table 1, there was
a significant reduction in the Bp,, of [*H](—)QNB binding to
cortex, hippocampus, and brainstem 3 hr after injection of
EEDQ. However, the reduction in the B,,, of [*H}(—)QNB
binding in the EEDQ-treated compared to control rats was
significantly greater in the hippocampus and cortex (approxi-
mately 56% and 53% reduction, respectively) than in the brain-
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Fig. 1. Effect of in vivo EEDQ administration on the specific binding of
[’H](—)QNB to homogenates of rat cerebral cortex. Rats were injected
traperitoneally with EEDQ (20 mg/kg) (A) or vehicle () and decapitated
3 hr later. [*H)(—)QNB saturation assays were conducted as described
in Experimental Procedures using a concentration range of 0.005—0.5
nM [*HK—)QNB. A 1 um concentration of atropine defined nonspecific
binding. The Bmex and Ky values of this representative experiment were,
respectively, 136.5 pmol/g of tissue and 61 pm for control, and 50.6
pmol/g of tissue and 93 pm for tissue from EEDQ-treated rats. This

represents a 63% decrease in the specific binding of [*H{—)QNB.

stem (34% reduction) (p< 0.01). The reductions in the B, of
[*H)(-)QNB binding could not be reversed by repeated washing
of the tissues.

Similar to the effects produced by in vivo treatment with
EEDQ, Scatchard analysis of [*H](—)QNB saturation data
demonstrated that incubating tissue homogenates for 20 min
in vitro with 100 uM EEDQ produced a significant reduction in
the B... of [*H](~)QNB binding with no significant effect on
the Kp of [*H](—)QNB in all brain regions assayed (Table 2).
The reduction in the B,,,, of [’H](—)QNB binding was greater
in the hippocampus and cortex (approximately 69% and 59%
reductions, respectively) compared to the reductions obtained
in the brainstem (approximately 36%) (p< 0.01).

As shown in Fig. 2, there was a concentration-dependent,
irreversible reduction in the specific binding of 0.5 nM [*H]
(—)QNB following incubation of homogenates of hippocampus
and brainstem (and cortex; data not shown) with EEDQ in
vitro. EEDQ was significantly more effective at reducing [*H]
(—=)QNB binding to homogenates of hippocampus than to

TABLE 1

brainstem. The apparent ECs, of EEDQ for the inhibition of
[*H](—)QNB binding under the conditions employed in these
experiments was approximately 3 X 10™* M in the brainstem
and 9 X 107® M in the hippocampus (and the cortex; data not
shown). Nonspecific binding of [°H](—)QNB was not signifi-
cantly altered by any concentration of EEDQ, being 200 + 30
cpm in control tissue and 190 + 28 cpm at the highest concen-
tration of EEDQ (3 mM) employed.

As shown in Fig. 3, there was a time-dependent reduction in
the specific binding of 0.5 nM [*H](—)QNB produced by 100
uM EEDQ in homogenates of hippocampus and brainstem (and
cortex; data not shown). However, the irreversible reduction of
[*H](—)QNB binding was slower in brainstem and less complete
compared to the effects observed in the hippocampus (or cortex;
data not shown).

Pirenzepine has previously been reported to discriminate
multiple muscarinic receptor-binding sites labeled by [*H]
(—)QNB (3, 6). Similarly, in the present experiments, pirenze-
pine competition for [*H](—)QNB binding was best described
by a computer-derived model assuming two binding sites in all
brain regions assayed (see control curve, Fig. 4). In rat cerebral
cortex, EEDQ treatment, in vivo, produced a 67% decrease in
specific [*’H](—)QNB binding and shifted pirenzepine compe-
tition curves over to the right and made them less steep (Fig.
4). Computer-assisted analysis of pirenzepine competition
curves following EEDQ treatment demonstrated that the pro-
portion of sites having low affinity for pirenzepine was in-
creased in tissue from EEDQ-treated rats (Table 3). As also
shown in Table 3, a similar shift to the right in the pirenzepine
competition curve for [*H)(~)QNB binding was found in hip-
pocampus and brainstem.

Computer-assisted analysis of pirenzepine competition
curves demonstrated a significant increase {p < 0.001, two-
tailed ¢ test) in the proportion of [°’H](—)QNB-binding sites
having low affinity for pirenzepine in all three brain regions.
This demonstrated that there was a greater reduction in the
absolute number of [°H)(—)QNB-binding sites having high af-
finity for pirenzepine. The LIGAND program was used to
calculate the concentration of the high and low affinity piren-
zepine binding sites. As seen in Table 3, EEDQ-treatment
produced a significant loss of [*H](—)QNB-binding sites having
high affinity for pirenzepine in hippocampus, cortex and brain-
stem, respectively. In contrast, there was no significant loss of
[®*H)(—)QNB-binding sites having low affinity for pirenzepine.
When the affinity of pirenzepine for its high affinity binding

Eftect of in vivo administration of EEDQ on [*H}(—)QNB binding in rat brain

RmmWMMyWEEDQ(mmg/kg)avmwdecamatedammer [*HK—)QNB saturation assays used 0.5 mg of tissue per repiicate for
and cortex and 1 mg of tissue per replicate for brainstem and a concentration range of 0.005-0.5 nm [*HK—)QNB. Nonspecific binding was defined by 1
uM atropine in all experiments. Bmex and K, values represent the mean + standard error from the number of rats shown in parentheses.
Control EEDQ treated Percentage of
decrease
from mean
B Ko Brnax Ko 470l B,
pmol gftissue pu pmol gftissue pm
Hippocampus 1285+ 5.6 486 £ 5.0 56.4 + 8.8° 61 +84 56
(n=6)
Cortex 1464+ 5.5 749 £ 6.7 67.8 + 4.6* 97.2+76 53
(n=14)
Brainstem 38111 1824 £ 115 25.1 £ 2.5° 127.5 £ 16.1 34
(n = 6)

* Significantly different from control Bmex (P < 0.01, two-tailed t test).
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TABLE 2
Eftect of in vitro EEDQ treatment on [*HK—)QNB binding in rat brain
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Tissue homogenates (10 mg/mi) were divided into two aliquots and incubated in the absence and presence of 100 um EEDQ for 20 min at 37°, and the tissues were

then washed three times to remove any remaining EEDQ. [*H)—)QNB saturation assays used 0.5 mg of tissue per replicate for hippocampus and cortex and 1 mg of

tissue per replicate for brainstem, and a concentration range of 0.005-0.5 nm [*H}(—)QNB. Nonspecific binding was defined by 1 um atropine in all experiments. Values
parentheses.

represent the mean + standard error from the number of experiments shown in

Control EEDQ treated Mean percentage
decrease from
Brnax Ko Broax Ko CONtrol Buax
pmol gftissue pu pmol gftissue pu
Hippocampus 722+ 37 458 + 2.3 28.0+27° 582+ 148 612
(n=4)
Cortex 919+75 541+34 37.2+42° 60.0+ 3.2 59+4
(n=6)
Brainstem 275+23 946 + 18.1 17.2+0.9* 945+11.4 365
(n=3)

* Significantly different from control Bmex (P < 0.01, two-tailed ¢ test).
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Fig. 2. Effect of increasing concentrations of EEDQ in vitro on the
subsequent specific binding of [*H}(—)QNB to homogenates of rat hip-
pocampus and brainstem. Membrane homogenates were divided into
eight identical aliquots and incubated with seven different concentrations
of EEDQ. One aliquot of each tissue was incubated with vehicle only
and served as the control. All aliquots were incubated for 20 min at 37°
and then washed three times and assayed for [*H}—)QNB binding using
a single concentration of [*H)(—)QNB (0.5 nm). Nonspecific binding was
defined by 1 um atropine. The apparent ECs of EEDQ under these
conditions was 9 X 1075 m for homogenates of hippocampus and 3 X
10~ m for homogenates of brainstem. Points represent the mean and
standard error from four separate experiments. =, significantly different
from values observed in brainstem, p < 0.01, two-tailed t test.

sites in tissues from EEDQ-treated rats was constrained to
values found in tissues from control rats, the fit to the data
points was not significantly different, thereby demonstrating
that these values were statistically indistinguishable. However,
when the affinity of pirenzepine for its low affinity binding
sites in hippocampus and cortex was constrained to values
found in tissues from control rats, the fit to the data points
was significantly impaired (p < 0.05, partial F test), demon-
strating that these values were significantly different. The
affinity of pirenzepine for its low affinity binding site is ap-
proximately 6-, 5-, and 2-fold lower in hippocampus, cortex,
and brainstem, respectively, in tissue from EEDQ-treated rats
compared to control rats. This effect on the affinity of piren-
zepine for its lower affinity binding site can be clearly observed
in Fig. 4, where [°’H](—)QNB binding is completely inhibited
at 3 X 10~° M pirenzepine in cerebral cortex from control rats,
whereas in cortex from EEDQ-treated rats there is still approx-
imately 20% of the specific binding of [°H](—)QNB remaining
at this concentration of pirenzepine.

Percent Control [3H] (-) QNB Binding

20 O Brainstem
@ Hippocampus

10p

0 1 1 1 1 —d
0 10 20 30 40 50

Time (minutes)

Fig. 3. Time-dependent EEDQ-induced reduction in specific [*H(—)QNB
binding to homogenates of hippocampus and brainstem in vitro. Mem-
brane homogenates were divided into eight identical aliquots and incu-
bated for 50 min at 37°. EEDQ (100 um) was added to individual aliquots
at various times prior to termination of the incubation. Incubation was
terminated by dilution with cold buffer, and the tissues were washed
three times by centrifugation and in fresh cold buffer. One
aliquot of each tissue was not incubated with EEDQ and served as the
control. The tissue in each aliquot was assayed for [*H}(—)QNB binding
using a single concentration of [*H}—)QNB (0.5 nm). Nonspecific binding
was defined by 1 um atropine. There was no significant difference in
nonspecific binding between the control and EEDQ-treated tissue at any
time point. Points represent the mean and standard error from five
separate experiments. =, significantly different from values observed in
brainstem, p < 0.01, two-tailed t test.

The classical muscarinic receptor antagonist (—)-scopol-
amine is generally believed to have identical affinity for all
putative muscarinic receptor subtypes. In order to determine
whether a supposedly non-subtype-selective antagonist was
also affected by EEDQ, we examined its competiton for [*H]
(—)QNB-binding sites in cortex in tissue from control and
EEDQ-treated rats. Interestingly, as shown in Table 4, (-)-
scopolamine also fits significantly better to a model assuming
two binding sites in both control and EEDQ-treated tissue,
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Fig. 4. Competition of pirenzepine for [*H—)QNB binding to membranes
from rat cerebral cortex from control (0) and EEDQ-treated (A) rats.
Rats were administered EEDQ (20 mg/kg) or vehicle intraperitoneally
and were decapitated 3 hr later. In cerebral cortex the total and nonspe-
cific binding values of [*HK—)QNB (0.24 nm) in the representative exper-
iment shown were 3937 cpm and 140 cpm, ively, in control and
1386 cpm and 149 cpm, respectively, in tissue from EEDQ-treated rats,
representing a 67% loss of specific [°H(—)QNB binding. Each tube
contained 1 mg original wet weight of tissue. Pirenzepine competition
curves were analyzed by the computer program LIGAND. Both curves
were best described by a computer-derived model ing two binding
sites: control: Ky = 5.4 nm, K, = 157 nm, %R, = 10%; EEDQ-treated: Ky
=7.3nm, K, =912 nm, and %R, = 29.8%.

although the difference in affinity for two [°H](—~)QNB-binding
sites in control tissue was not as great as that observed with
pirenzepine, and the proportion of lower affinity sites was
therefore more difficult to establish accurately. Also of interest
was the observation that, in tissue from EEDQ-treated rats,
the competition of (—)-scopolamine was more shallow and the
affinity of this low affinity component was lower than that
observed in control tissue. The proportion of [*H](—)QNB-
binding sites having lower affinity for (—)-scopolamine in
EEDQ-treated tissue was similar to the proportion of [*H]
(—)QNB-binding sites having lower affinity for pirenzepine in
EEDQ-treated tissue.

As shown in Table 5, the apparent selectivity of EEDQ for
reducing the B, of the high affinity pirenzepine-binding sites,

TABLE 3

which was observed in vivo, is maintained when homogenates
of the brain regions are incubated with EEDQ in vitro. Again,
a shift to the right in the pirenzepine competition curves was
observed in all brain regions for the remaining [*H](~)QNB-
binding sites and there was an increase in the proportion of
[*H]}(—)QNB-binding sites having lower affinity for pirenze-
pine.

A potential explanation for the lack of effect of EEDQ on
putative M, muscarinic cholinergic receptors is that they are
“protected” by bound endogenous ACh, putative M, muscarinic
receptors having higher affinity for agonists than putative M,
muscarinic receptors (22). One set of experiments was designed
to test whether residual endogenous ACh might account for the
apparent lack of effect of EEDQ on [*H](—)QNB binding to
the site having low affinity for pirenzepine. Cerebral cortex was
homogenized in 50 volumes of Tris-HCI buffer and centrifuged
for 10 min at 48,000 X g. The tissue homogenate was resus-
pended to a concentration of 10 mg/ml in warm Tris-HCI
buffer and incubated at 37° for 20 min, then diluted with buffer
and washed twice by centrifugation and resuspended in fresh
buffer. A wash procedure less rigorous than this has previously
been shown to remove essentially all endogenous ACh (23).
The homogenate was resuspended to 10 mg of tissue/ml, divided
into two 10-ml aliquots, and incubated for 20 min at 37° in the
presence or absence of 100 uM EEDQ. The tissues were then
washed a further three times by centrifugation with the final
resuspension into assay buffer (50 mM Tris-HCI containing 5
mM MgSO, and 0.5 mM EDTA). Pirenzepine competition for
0.4 nM [*H}(—)QNB binding was assayed as described above.
EEDQ produced a 65% loss of specific [°H](—)QNB binding
and pirenzepine competition curves were again shifted to the
right in EEDQ-treated compared to control tissue. Computer-
assisted analysis demonstrated a significant increase in the
proportion of [*H]}(—)QNB-binding sites having lower affinity
for pirenzepine. Thus, in tissue extensively washed and sub-
jected to two 37° incubation steps [a much more rigorous wash
procedure than has previously been demonstrated to remove
endogenous ACh (23)], the selectivity of EEDQ for irreversibly
reducing the binding of [*’H](—)QNB to the muscarinic binding
site having high affinity for pirenzepine is still apparent.

As shown in Fig. 5, there was a protection of the binding of
[*H)(-)QNB when rats were injected intraperitoneally with

Computer-assisted analysis of pirenzepine competition for [*H}(—)QNB binding to brain areas from control and EEDQ-treated rats
Rats were treated intraperitoneally with EEDQ (20 mg/kg) or vehicie and decapitated 3 hr later. Speciﬁc[’H](—)QNBmmr\ppownpusmdmexwasto1 mg of

tissue and specific binding to brainstem was to 2 mg of tissue. Pirenzepine competition curves were

LIGAND. K, and K, correspond

analyzed using the computer program
to the affinity of pirenzepine for the putative M, and M, muscarinic receptors, respectively. R, conespmdshothepropo:ﬂmofﬂwtotdpopdaﬂmoﬂ‘H](—)QNB—bhdhg
sites having low affinity for pirenzepine. Values represent the mean + standard error from the number of rats shown in parentheses.

. . No. of putative
Specific [*HK—)ONB No. of putative M, ;
binding Kn K R, binding sites Mz&lﬁq
cpm M % pmoi[q tissve
Hippocampus
Control (n = 5) 3610 £ 175 55+12 1280+ 413 84+14 1213+ 64 109+14
EEDQ treated (n = 5) 1468 + 245°* 61+14 765.6 + 237* 215+ 3.8 41.0+9.1° 10.3+ 0.6
Cortex
Control (n = 8) 4001 + 245 6.0+ 0.5 1214 £ 122 122+141 1371 £10.7 176+1.2
EEDQ treated (n = 8) 1775 + 214* 74+05 576.1 + 85.6° 256 +2.7* 50.6 + 8.8° 153+ 1.0
Brainstem
Control (n = 5) 1305 + 78 151 +24 3445 + 34.0 574+28 11.4+£10 154+14
EEDQ treated (n = 5) 1035 + 62* 152+15 607.4 + 84.6° 710+15° 5.7 +£0.8* 15.0+ 09

¢ Significantly different from control values (p < 0.01, two-tailed t test).
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TABLE 4

Computer-assisted analysis of (—)-scopolamine competition for [*H]
(—)QNB binding to cerebral cortex from control and EEDQ-treated
rats

Rats were injected intraperitoneally with EEDQ (20 mg/kg) or vehicle and decapi-
tated 3 hr later. Specific binding of [°H)—)QNB was to 1 mg of tissue. Competition
curves were analyzed using the computer program LIGAND. Nonspecific binding
was defined by 1 um atropine. Values represent the mean + standard error from
five separate experiments.

Ky K A,
n~ %
Control 0.16 + 0.02 0.8 +£0.1 72+09
EEDQ treated 0.15 + 0.02 13+0.2* 33.2+25°

* Significantly different from control values (p < 0.05, two-tailed t test).
® Significantly different from control values (p < 0.005, two-tailed t test).

scopolamine (0.7 mg/kg) prior to injection with EEDQ, or when
homogenates of cortex were incubated with atropine in vitro in
the presence of EEDQ. Pretreatment of tissue with the revers-
ible muscarinic antagonist, scopolamine, or atropine had no
significant effect on the binding of [*H](—)QNB. Furthermore,
as shown in Fig. 6, when [°’H](—)QNB binding was protected
from the irreversible modification produced by EEDQ in vitro
by co-incubation with atropine, the shift to the right in the
pirenzepine competition curve for [°*H](~)QNB binding was
also prevented.

Discussion

Inhibition of [*H}(—)QNB binding elicited by EEDQ follow-
ing both in vivo and in vitro treatment is clearly irreversible as
repeated washes produced no increase in the Bg. of
[*H](—)QNB. Furthermore, there was only a small change in
the K, of [*H])(—)QNB binding following the EEDQ treatment,
whereas a simple competitive inhibition by EEDQ would be
expected to result in a large change in the K, with no change
in the B,.,

The differential loss of [°H](—)QNB binding between various
brain regions following in vivo administration of EEDQ might
have been accounted for by a differential distribution of EEDQ
between these various regions. We therefore examined the
effect of EEDQ on [°H](—)QNB binding to these individual
brain regions in vitro and found that the tissue specificity of
EEDQ for reducing [*H](—)QNB binding was maintained. The
greater sensitivity to the loss of [*H](—)QNB binding produced

TABLE 5
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by EEDQ in the hippocampus and cortex compared to the
brainstem correlates with the respective ratios of high to low
affinity pirenzepine-binding sites in these tissues. In the hip-
pocampus and cortex, which contain a majority of [*H]
(—)QNB-binding sites having high affinity for pirenzepine (pu-
tative M, muscarinic receptors), a larger proportion of [*H]
(—)QNB binding is lost following treatment with EEDQ com-
pared with the loss of [°H](—)QNB binding in the brainstem
which contains a majority of [°H](—)QNB-binding sites having
low affinity for pirenzepine. Therefore, these data may suggest
that the binding of [*H](—)QNB to putative M; muscarinic
receptors appears to be more susceptible to irreversible antag-
onism by EEDQ than is the binding of [*H](—)QNB to putative
M; muscarinic receptors.

It has been hypothesized that muscarinic receptors discrim-
inated by pirenzepine might also possess differential affinities
for agonists (22). Indeed, M, and M, muscarinic receptors have
been defined on the basis of agonist affinities (24, 25) with
agonists having been proposed to have higher affinity for M,
muscarinic receptors than for M, muscarinic receptors (24, 25).
Thus, a potential explanation for the selectivity of EEDQ for
reducing the binding of [*H](—)QNB to M, muscarinic recep-
tors following in vivo administration might be that endogenous
ACh is more tightly bound to and protects the M, muscarinic
receptors from modification by EEDQ. This hypothesis is un-
likely, however. When homogenates of cerebral cortex were
subjected to an extensive wash procedure more than sufficient
to remove endogenous ACh (23), prior to incubation with
EEDQ, the selectivity of EEDQ for reducing the binding of
[*H](-)QNB to M, muscarinic receptors was still evident.

The mechanism of action of EEDQ is thought to involve the
activation of peptide carboxyl groups forming a highly reactive
mixed carbonic anhydride (26). In a receptor protein this re-
active group may then interact with suitable nucleophilic
groups, such as adjacent a-amino groups producing an irrevers-
ible covalent crosslinking of peptide chains within the receptor
(26). It is therefore possible that the selectivity of EEDQ for
putative M; and M, muscarinic receptors may be due to differ-
ences in the accessibility of peptide carboxyl groups on these
two receptors to EEDQ. M, muscarinic receptors would there-
fore have carboxyl groups which are more readily accessible for
interaction with EEDQ than does the M, muscarinic receptor.

Effect of in vitro EEDQ treatment on pirenzepine competition for [*H}(—~)QNB binding in rat brain
Tissue homogenates were divided into two equal aliquots and incubated at 37° for 20 min in the presence and absence of 100 um EEDQ, and the tissues were then

washed three times to remove any residual EEDQ. Pirenzepine competition curves were analyzed using the computer

affinity of pirenzepine for the putative M, and M, muscarinic

LIGAND. K, and K, correspond to the

. R corresponds to the proportion of the total population of [*H{—)QNB-binding sites
parentheses.

receptors,
having low affinity for pirenzepine. Values represent the mean + standard error from the number of separate experiments shown in

Specific [H)—JONB No. of putative M, No. of putative
- . . v CeRat e
cpm nw % pmol[g tissue

Hippocampus (n = 4)

Control 2406 + 321 54+13 227.4 + 54.6 7.7 21 99.1 +11.0 103+14

EEDQ treated 1296 + 129° 6416 2704 £ 119.8 16.0 £ 0.5* 441 +3.3* 84+15
Cortex (n = 5)

Control 2875 +£ 125 52+10 973+ 245 143+ 20 95.2+94 16.0+ 27

EEDQ treated 1396 + 105° 62+12 2413 + 86.5° 235+ 2.3 42.0+1.3* 158 + 3.6
Brainstem (n = 4)

Control 1378 + 125 124 + 39 701 £ 247 66.6 + 2.9 89+13 154+18

EEDQ treated 1062 + 81* 10324 1561.2 + 45.5* 739+27° 49 +1.4° 134+£15

* Significantly different from control values (p < 0.01, two-tailed t test).
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Fig. 5. Protection by muscarinic antagonists against the in vitro and in
vivo reduction of specific [°H}(—)QNB binding in rat cerebral cortex
produced by EEDQ. In vivo EEDQ: Rats were injected subcutaneously
with scopolamine (0.7 mg/kg) or vehicle 20 min before intraperitoneal
injection with EEDQ (20 mg/kg) or vehicle and decapitated 3 hr later. In
vitro EEDQ: Homogenates of rat cerebral cortex were washed once,
divided into equal aliquots, and incubated for 20 min at 37° with atropine
(1 um), EEDQ (100 um), or atropine together with EEDQ. One aliquot
received neither drug and served as the control. For all experiments Bmax
values were determined by Scatchard analysis of [°H}(—)QNB saturation
data. Nonspecific binding was determined by 1 um atropine. s, signifi-
cantly different from control values, p < 0.05; =+, p < 0.001, two-tailed t
test.
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Fig. 6. Pirenzepine competition for [°H(—)QNB binding in EEDQ-treated
and atropine-protected rat cerebral cortex. Homogenates of rat cerebral
cortex were washed, divided into three equal aliquots, and incubated for
20 min at 37° with: 100 um EEDQ (©), 1 um atropine and 100 um EEDQ
(4), neither drug (control) (), or atropine alone (curve not shown). All
curves were best described by a computer-derived model assuming two
binding sites: control: Ky = 4.6 nM, K. = 150.5 nm, %R, = 13%; EEDQ
and atropine: Ky = 5.5 nm, K, = 170.1 nm, %R, = 12.5%; EEDQ-treated:
Ky = 6.4 nm, K. = 359.7 nMm, %R, = 20%.

Alternatively, the availability of suitable nucleophilic groups
with which the activated carboxyl group(s) may react may be
different in the putative M, and M, muscarinic receptors. Thus,
the M, muscarinic receptor may not have suitable nucleophilic
groups which are easily accessible to activated carboxyl groups,
thereby reducing the probability of an activated carboxyl group
interacting to form a covalent linkage with a nucleophile. The
slower time course of inactivation of [*H]}(—)QNB binding in
the brainstem which contains a larger proportion of putative
M. muscarinic receptors might be taken to indicate that nu-
cleophilic groups are indeed less accessible to the activated

carboxyl groups which may regenerate to stable carboxyl groups
before covalent linkage occurs to an internal nucleophile.

It is also possible that the selectivity of EEDQ for M; and
M muscarinic receptors may be due to differences in the
accessibility of these two receptors to EEDQ. It has been
reported that muscarinic receptors differing in agonist affinity
are located differentially on intracellular and extracellular
membranes (27). It is possible that the intracellular receptors,
which might be postulated to have low affinity for pirenzepine,
are inaccessible to EEDQ. Indeed, although EEDQ is very
lipophilic, it is not known whether it is able to cross neuronal
membranes during the time that EEDQ is in an active form.
EEDQ has been shown to be active for a relatively short period
following in vivo administration (28). This laboratory has pre-
viously reported that EEDQ, when administered in vivo, does
not functionally modify adenylate cyclase or the stimulatory
guanine nucleotide-regulatory subunit (N,), although both are
modified following in vitro EEDQ treatment of membranes,
suggesting that these moieties are inaccessible to EEDQ follow-
ing in vivo administration (29). However, this possibility is
unlikely to explain the selectivity of EEDQ for putative M,
muscarinic receptors in vivo since, when homogenates of tissues
were incubated with EEDQ, the selectivity of EEDQ for reduc-
ing [*H]}(—)QNB binding to putative M, muscarinic receptors
was still evident. [°H](—)QNB binding to homogenates of brain-
stem, which have a greater proportion of low affinity pirenze-
pine-binding sites, was less susceptible to EEDQ in both a time-
and a concentration-dependent fashion than was [*H](—)QNB
binding to hippocampus and cortex, which contain predomi-
nantly high affinity pirenzepine-binding sites. Furthermore, in
homogenates of individual tissues, the binding of [*H](—)QNB
to M, muscarinic receptors was still more susceptible to irre-
versible modification by EEDQ than was the binding of [*H]
(—=)QNB to M. muscarinic receptors. Although the inaccessi-
bility of intracellular receptors may not account for EEDQ
selectivity in vivo, the possibility cannot be discounted that the
microenvironment of the receptor, for example, a lipid annulus
surrounding the receptor or sugar residues, may be different
for the two receptors, thus impeding access of EEDQ.

A further observation does suggest that the putative M:
muscarinic receptor is accessible to EEDQ, however. That we
observed a significant shift in the affinity of pirenzepine for
the putative M, muscarinic receptor, with no detectable change
in the affinity of [*H](—)QNB for these binding sites following
EEDQ treatment, suggests that EEDQ may indeed modify these
[*H](—)QNB-binding sites. However, the modification of the
M., muscarinic receptor would be different from that which
occurs at the M, muscarinic receptor in that [*H](-)QNB
binding is abolished at the M, but not at the M, muscarinic
receptor, whereas the M, muscarinic receptor is also modified
such that pirenzepine no longer binds in the same fashion.
Furthermore, the affinity of (—)-scopolamine for a population
of [*'H](—)QNB-binding sites was also altered following EEDQ
treatment. The proportion of remaining [*H)(—)QNB-binding
sites having lower affinity for (—)-scopolamine was similar to
the proportion of lower affinity pirenzepine-binding sites. This
observation might suggest that these are the same binding sites
which were modified by EEDQ. It is important to note that,
due to the shift in affinity of pirenzepine for a population of
[*H](—)QNB-binding sites, it is not possible to definitively
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conclude at this time that the modified lower affinity site, in
fact, corresponds exclusively to a modified putative M, receptor.

That protection of [*H](~)QNB binding is possible with
muscarinic receptor antagonists both in vivo and in vitro sug-
gests that EEDQ modifies the receptors at the ligand recogni-
tion site, rather than via an allosteric modification of the
recognition site produced by a modification of a remote carboxyl
group(s). That protection with scopolamine also blocks the
change in pirenzepine competition for [°H](—)QNB binding
indicates that the change in affinity of pirenzepine by EEDQ
is also restricted to modification of the ligand recognition site.
Thus, if EEDQ also modifies the muscarinic receptor at remote
sites, this would not appear to affect the conformation of the
ligand recognition site. Whether possible interactions of EEDQ
at other sites on the receptor remote from the ligand recognition
site modifies coupling of the receptor to effector moieties re-
mains to be elucidated.

It is possible that the differential accessibility of the putative
muscarinic receptor subtypes discriminated by pirenzepine to
EEDQ might explain the apparent selectivity of this compound.
Although it still remains to be conclusively demonstrated that
[*H]}(—)QNB-binding sites having lower affinity for pirenzepine
and (—)-scopolamine in EEDQ-treated tissues do in fact cor-
respond to the putative M, muscarinic receptor, that differen-
tial modification by EEDQ of two distinct [*H](—)QNB-binding
sites does occur suggests that there are differences in the
carboxyl groups and/or availability of internal nucleophilic
groups between the ligand recognition sites of these two puta-
tive receptor subtypes. This would represent either different
conformational states of the same molecular entity (differences
in tertiary or quaternary structure of the receptor protein) or
discrete molecular entities (different primary structures of the
receptor).
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