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SUMMARY

Chronic administration of /-atropine to rats caused a dose-
dependent increase (30%) in the density of muscarinic receptors,
as measured with [°*H]quinuclidinyl benzilate ([*HJQNB], in cortex
(CTX), dorsal hippocampus (DH), and heart but not the corpus
striatum. Serum concentrations of /-atropine reached 80 to 160
nm within 6 hr, whereas densities of binding sites for [°HJQNB
did not show a significant increase until after the second day of
infusion and receptor densities did not reach new steady state
levels until after the fourth day of infusion. The density of binding
sites for the M1-selective muscarinic receptor antagonist, [°H]
pirenzepine (*H]PZ) was also measured. As noted previously,
the density of binding sites for [°H]PZ (defined as M1) was lower
than the density of binding sites for [°H]JQNB (defined as M1 plus
M2). When the densities of binding sites for [(HJQNB and [*H]
PZ in CTX plus DH were determined after 14 days of treatment,
[®*H]QNB binding sites showed a 28% increase, whereas [*H]PZ
binding sites did not show any increase. The difference between
the densities of binding sites for *HJQNB and [°H]PZ, an estimate
of the density of M2 sites, doubled. The density of binding sites
for [PH]JQNB appeared to be stable for at least 64 hr after the
withdrawal of the drug. The increase in the density of binding

sites for [°HJQNB was not reflected in the binding of [°H]oxotre-
morine-M ([*H]JOXO-M), a muscarinic agonist, which was un-
changed by /-atropine administration. Because the binding of
[*H]JOXO-M is sensitive to GTP, this observation suggests that
the “induced” receptors may not be coupled to a guanine nu-
cleotide-binding protein. In spite of the fact that there was a
doubling of the density of M2 sites, no significant differences in
dose-response curves for carbachol-induced inhibition of [*H]
CAMP accumulation were observed in slices of CTX plus DH
from control and /-atropine-treated rats. Similarity, acetyicholine-
stimulated accumulation of [*H]inositol phosphates in slices of
CTX plus DH showed no significant differences between the
tissues from control and treated rats. The above data show that
1) the density of high affinity binding sites for [°*H]PZ in CTX plus
DH does not increase in response to chronic blockade, 2) al-
though sites with low affinity for [*H]PZ in CTX plus DH are up-
regulated with chronic /-atropine treatment, there was no signif-
icant change in the ability of carbachol to inhibit forskolin-stimu-
lated [*H]JcAMP accumulation or the ability of acetyicholine to
stimulate phosphoinositide metabolism, and 3) the density of
binding sites for [°HJOXO-M is not affected by chronic blockade.

Subtypes of muscarinic cholinergic receptors have been pro-
posed to exist, based on physiological (1, 2), radioligand binding
(3), biochemical (4-7), and, most recently, molecular biological
(8-11) studies. Subtypes were originally designated as either
M1 or M2 depending whether they had high (10 nM) or low
(300-1000 nM) affinity, respectively, for the selective drug PZ
(2). Studies utilizing [PH]PZ supported this concept and this
ligand was shown to label only a subset of the total number of
binding sites labeled by [°PH]QNB (12-14). Thus, sites labeled
by [*H]PZ are called M1 sites and sites labeled by [FTH|QNB
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are assumed to be the total number of muscarinic receptors
(M1 plus M2). In light of the recent publications utilizing
molecular biological approaches, it is clear that more than two
subtypes of muscarinic receptors exist. For example, Bonner et
al. (10, 11) have isolated and sequenced five distinct genes
coding for proteins that appear to be muscarinic receptors.
These authors have suggested naming these receptors of known
sequence ml through m5, noting the use of lower case “m.”
Some (m1 and m4) of these proteins have high affinity for PZ,
whereas others have intermediate (m3 and m5) or low (m2)
affinity for PZ. Thus, it is clear that high affinity binding sites
for [*H]PZ (M1 sites) are likely to represent more than one

ABBREVIATIONS: PZ, pirenzepine; ACH, acetyicholine; Bnex maximal number of specific binding sites; CTX, cortex; DH, dorsal hippocampus; ICso,
concentration necessary to produce 50% of the maximal inhibition; IBMX, isobutyimethyixanthine; IP, inositol phosphates; Ky, equilibrium dissociation
constant; OXO-M, oxotremorine-M; PI, phosphoinositide; QNB, quinuciidinylbenzilate; VH, ventral hippocampus; G protein, guanine nucleotide-

binding protein.
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molecular species (subtype of muscarinic receptor) and, simi-
larly, M2 sites may represent more than one molecular species.
At the current time there are no tools, pharmacological or
immunological, that are selective enough to allow us to assay
for a given molecularly defined subtype of muscarinic receptor.

Chronic blockade of muscarinic receptors by atropine has
been shown to result in an increase in the density of binding
sites for [PHJQNB (15, 16). Presumably, this phenomenon
occurs because normal stimulation of the receptor by ACH is
inhibited and the cell responds to this decreased input by
increasing the number of receptors. No one has, until recently
(17), however, examined the possibility that not all muscarinic
receptor binding sites are regulated similarly. The current
experiments were designed to examine the possibility that
“subtypes” of muscarinic receptors, as defined based on the
affinity of PZ, can be regulated differentially following chronic
blockade with atropine.

In addition to examining the regulation of high and low
affinity binding sites for PZ, these studies were designed to
determine the effects of chronic receptor blockade on the ability
of cholinergic agonists to stimulate the breakdown of PI as well
as inhibit the production of cyclic AMP. There have been
suggestions that these second messenger systems are specifi-
cally related to high and low affinity binding sites for PZ (4,
5). This issue has, however, been the subject of some contro-
versy (18-23) and, as yet, there is no universal simple relation-
ship between the affinity of a receptor for PZ and the second
messenger system that is modulated by that receptor. Never-
theless, in the rat forebrain it appears that muscarinic receptor-
stimulated phosphoinositide breakdown is mediated by recep-
tors having high affinity for PZ, whereas muscarinic receptor-
mediated inhibition of adenylyl cyclase is mediated by receptors
with low affinity for PZ (4, 23). Thus, we thought it worthwhile
to examine the regulation of these receptor-mediated second
messenger systems in response to chronic blockade.

Experimental Procedures
Materials

Tris, l-hyoscyamine hemisulfate, ACH, carbachol, and eserine were
purchased from Sigma Chemical Co. (St. Louis, MO). I-Hyoscyamine
is the active isomer of atropine and it will be referred to as [-atropine.
[*H]QNB (33.2-39.4 Ci/mmol), [*H]PZ (76-85 Ci/mmol), [FH]J0OXO0-M
(87 Ci/mmol), [*H]inositol (12.8 Ci/mmol), [*H)adenine (28 Ci/mmol),
and [«®P]ATP were purchased from New England Nuclear (Boston,
MA). Budget-Solve was purchased from Research Product Int. (Mt.
Prospect, IL). All the other chemicals used in the present studies were
reagent grade from our laboratory stock. Alzet osmotic minipumps
(model 2002) were purchased from Alzet corp. (Palo Alto, CA).

Methods

Atropine treatment. [-Atropine was infused at 0.5 ul/hr from Alzet
osmotic minipumps that contained the drug in distilled water. Control
rats were either implanted with pumps containing distilled water or, in
some cases, sham operated without implantation of pumps. Filled
pumps were primed by storage in 0.9% saline solution overnight before
implantation, when treatment was under 1 week. Rats were anesthe-
tized with ether and the osmotic minipumps were implanted in the
subcutaneous space posterior to the scapulae (and between the shoulder
blades). The incision was closed with wound clips. Minipumps were
left in rats for indicated periods of time and, in all cases except for the
time course in Fig. 1, minipumps were removed from the rats anesthe-
tized with ether 24 hr before the rats were sacrificed for tissue collec-

tion. The distribution and elimination of /-atropine appeared to be
rapid, because mydriasis and loss of light-induced pupillary response
could be detected within 6 hr from the start of drug infusion and the
pupillary response to light reappeared approximately 4-6 hr after the
osmotic minipumps had been removed. The stability of l-atropine
solution was examined in competition curves using both freshly made
l-atropine solution and l-atropine solution that had been stored at 37°
for 19 days. There was no difference in the ICy, values of competition
curves generated using the binding of [°’H]QNB (data not shown).

Determination of serum levels of atropine. Serum samples were
obtained by collecting trunk blood after decapitation. Whole blood
samples were left at room temperature for 30 min and centrifuged at
4000 % g for 5 min. The supernatant (serum) was transferred to a fresh
tube and centrifuged at 4000 X g for 5 min to remove any remaining
clots. The serum concentrations of l-atropine were estimated by meas-
uring the ability of diluted serum samples to inhibit the binding of [*H)
QNB to a rat cortical homogenate that was prepared as described
below. Increasing concentrations of atropine (1072 to 10™® M) were
used in constructing a standard curve from which the serum con-
centrations of l-atropine were determined. In these determinations,
each assay contained 50 ug of cortical membrane protein, 150 pMm
[*H]QNB , 50 ul of buffer alone or buffer containing varying concen-
trations of atropine, and 200 !l of diluted serum, in a final assay volume
of 2 ml. Serum from untreated rats was added into assays for the
standard curve, so that all assays contained an equal amount of serum.

PI breakdown. The breakdown of PI was monitored by measuring
the accumulation of [*H]IP, as reported by Berridge et al. (24) and
modified by Gil and Wolfe (4). CTX plus DH slices were prepared by
removing these brain regions from rats and slicing them with a Mc-
IIwain tissue chopper twice at 250-um thickness, with 90° rotation each
time. The slices from one rat brian were suspended in 4 ml of a pH 7.4
bicarbonate buffer containing (mM): glucose, 10; NaCl, 123; KCl, 5;
MgCl,, 1.3; KH,PO,, 1.4; NaHCO;, 26; and were gassed with 95% O./
5% CO,. A portion of the tissue was resuspended in 10 mM Na-K
phosphate buffer (pH7.4) and processed for receptor binding assays.
Aliquots (200 ul containing 3-3.6 mg of protein) of the suspension of
brain slices were preincubated with approximately 1 uCi of [*H}inositol
for 45 min. LiCl (10 mM final) was added 5 min before the end of the
preincubation period to promote the accumulation of [*H]IP (24). ACH
(1 mM final) and eserine (10 uM final) were added. Final assay volume
was 260 ul. The tissue was incubated at 37°, with shaking and gassing,
for 30 min. [*H]IP was isolated as described in detail by Gil and Wolfe
(4). Protein concentration was measured by the method of Lowry et al.
(25), using fraction V bovine serum albumin as a standard.

[*H]cAMP accumulation. Inhibition of [*'H]JcAMP accumulation
by carbachol was carried out using a modification of the method of
Shimizu et al. (26). CTX plus DH slices, prepared as described for
studies of PI metabolism, were suspended in 20 ml (per rat) of the same
gassed bicarbonate buffer. A portion of the brain slice suspension was
taken out and processed for receptor binding, as described below. The
tissue was preincubated for 20 to 30 min and then transferred to fresh
buffer containing [*H]adenine (2.5 uCi/ml) for 30 min. The slices were
then washed three times before final resuspension (1-1.3 mg/ml; 40
ml/rat) in IBMX (1 mM)-containing buffer for the assay. Aliquots (1
ml of the tissues were incubated with 50 uM forskolin in the absence
or presence of varying concentrations of carbachol at 37°, gassed with
95% 0./5% CO,, and shaken for 30 min. Reactions were stopped by
the addition of trichloroacetic acid (5% final). [°’H]ATP and [*H]cAMP
were separated according to the method described by Salomon et al.
(27). Results were first calculated as the percentage of conversion of
[*HJATP (assumed to be the sum of [PH]JATP and [*H]cAMP) to [*H]
cAMP and were then expressed as a percentage of the value measured
in the presence of forskolin alone.

Adenylyl cyclase assay. Muscarinic receptor-mediated inhibition
of adenylyl cyclase activity in striatal homogenates was measured by
monitoring the conversion of [a-**P]ATP to [a-**P]cAMP, using the
method originally reported by Salomon et al. (27) and described in
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detail by Gil and Wolfe (4). Tissues were prepared as follows. Striata
were placed in cold 10 mM Tris- HCI (pH 7.5) containing 1 mM EDTA,
homogenized with a Polytron, and centrifuged at 30,000 X g for 10 min.
The resulting pellet was resuspended in 20 mM Tris-HCl (pH 7.5)
containing 0.9% NaCl for the assay. Final protein concentration in the
assay was 1.0-1.5 mg/ml and the incubation time was 10 min.

Radioligand binding assays. [°H]JQNB and [*H]PZ binding as-
says. The densities of [’H]QNB and [*H]PZ binding sites were meas-
ured as described by Luthin and Wolfe (14). Tissues were homogenized
in cold 10 mM Na-K phosphate buffer (pH 7.4) with a Brinkmann
Polytron and were centrifuged at 30,000 X g for 15 min. The pellets
were resuspended in the same buffer (approximately 10 mg/ml for brain
tissues and 5 mg/ml for heart), of 10 mM Na-K phosphate (pH 7.4),
disrupted with a Polytron, and stored at —80° until binding assays were
performed. For the data shown in Fig. 1, when no time for drug
clearance was allowed, tissues were washed twice by centrifugation and
incubated at 32° for 10 min to promote the dissociation of residual [-
atropine; they were then centrifuged and washed once more with the
buffer before resuspension and freezing. A Polytron (at speed setting 6
for 5 sec) was used to disrupt the pellets after each centrifugation and
after thawing just before the binding assays were performed.

Aliquots of tissue, 10-20 ug of protein for [*H]QNB binding and
100-200 ug of protein for [*H]PZ binding, were added to tubes contain-
ing varying concentrations of radioligands (10-600 pM for [*H]QNB
and 1-100 nM for [*H]PZ), to initiate the reactions. All saturation
experiments were performed with six concentrations in duplicate. The
final assay volumes were 5.0 ml for [*’H]QNB binding and 0.25 ml for
[*H)PZ binding. Nonspecific binding was defined using 1 uM atropine.
The assays were incubated for 1 hr at 32°. Binding reactions were
terminated by the addition of 5 ml of cold 0.9% NaCl in 10 mM Tris-
HCI (pH 7.5 at 4°) for [*H)QNB binding assays and 10 ml of the same
buffer for [*H]PZ binding assays. The samples were filtered rapidly
through glass fiber filters (Schleicher and Schuell No. 30), and filters
were washed with 10 ml of buffer. Filters were dried by suction, placed
in vials, and counted by scintillation counting at an efficiency of
approximately 40% for *H.

Saturation binding data were transformed using the method of
Scatchard (28) and K, and B, values were estimated using unweighted
linear regression analysis of the transformed data. B.,, values are
expressed as fmol/mg of membrane protein.

[*H]OXO0-M binding assays. The density of binding sites for [*H]
0XO-M was measured using the method reported by Harden et al.
(29), with some modifications. Tissues were homogenized in 10 mM
Tris- HCI (pH 7.5 at 4°) containing 1 mM EDTA (1 CTX+DH/30 ml)
and were centrifuged at 30,000 X g for 15 min. Pellets were resuspended
in fresh buffer and disrupted with a Polytron. This washing step was
repeated twice, with an incubation of 10 min at 32° between the second
and the final wash. Tissues were resuspended in 10 mM Tris- HCI (pH
7.5 at 32°) for the assay. Aliquots of tissue containing 100-150 ug of
protein were added to tubes containing MgCl; (5 mM final) and the
radioligand (0.6-25 nM final) in a final volume of 0.25 ml. Nonspecific
binding was defined using 1 uM atropine. Saturation binding was
performed with six concentrations in duplicate. The reactions were
incubated for 1 hr at 32° and were terminated by the addition of 10 ml
of cold 10 mM Tris- HCI (pH 7.5 at 4°) before filtration. Filters were
presoaked in a solution containing 1% bovine serum albumin and 1%
Aquasil for 1 hr and were rinsed several times with distilled water
before filtering. The collection of radioactivity and calculations were
performed as described above.

Specific binding represented at least 70% for each ligand at all
concentrations used and, in general, correlation coefficients for Scat-
chard (28) plots ranged from 0.950 to 0.999.

Statistical analysis. All data expressed as a percentage were ana-
lyzed by nonparametric tests, whereas all other data were analyzed by
parametric tests. When data of one group were compared with data of
another group in a single comparison, paired or unpaired ¢ test (para-
metric) or Mann-Whitney rank sum test (nonparametric) was used.
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Dunnett'’s test was used when multiple sets of data were compared with
a single set of data individually and when all sets of data follow a
normal distribution. The Newman-Keuls multiple range test was used
when multiple comparisons between sets of data following a normal
distribution were made. The Kruskal-Wallis test was used when com-
parisons between sets of data following a nonnormal distribution (i.e.,
data presented as percentages) were made.

Results

Effects of chronic l-atropine administration on the
density of binding sites for [PH]QNB. To determine
whether chronic blockade of muscarinic receptors resulted in
an increase in the density of binding sites for [P'H]QNB in
various tissues, rats were treated with two doses of l-atropine
for 7 days, at which time pumps were removed. Twenty-four
hours later, the rats were sacrificed and the CTX, striatum,
hippocampus, and heart were collected and processed for recep-
tor binding. When rats were infused with /-atropine at 0.3 or 3
mg/day for 7 days, the CTX and hippocampus showed a 15 or
25% increase in the density of binding sites for [*H]QNB,
respectively, as shown in Table 1. The striatum, however, did
not show a significant change in the density of binding sites
for [PH)QNB at either dose of l-atropine (data not shown). An
additional 7 days of treatment at 3 mg/day did not cause a
further increase in the densities of binding sites for [P'H]QNB
in both CTX and hippocampus (data not shown). The heart
showed a significant increase in the density of binding sites for
[*H]QNB only at a dose of 3 mg/day (Table 1).

When rats were infused with [-atropine at 5 mg/day for 14
days, the CTX and DH from the treated rats showed similar
increases of 29 and 32%, respectively, in the density of binding
sites for [’H]QNB, whereas VH from the treated rats showed a
21% increase in the density of binding sites for [°H)QNB (Table
2). However, at a dose of 3 mg/day for 14 days, the density of
the binding sites for [P(H]QNB in VH did not show a significant
change, whereas both the CTX and DH showed significant
increases (29 + 1% for CTX and 35 + 4% for DH; n = 3) in
the density of binding sites for [*’H]QNB at p < 0.01 (data not
shown). Thus, in all subsequent studies, the CTX and DH were
combined and used. Because the increase in the density of
binding sites for [’HJQNB that resulted from treatment with 5
mg of l-atropine/day was similar to, or perhaps larger than,
that seen with treatment with 3 mg of l-atropine/day, the
former was chosen as the dosage for all subsequent experiments.

TABLE 1

Binding of [’HJQNB to tissues from control and /-atropine-treated
rats: effect of doses

The infusion of /-atropine (0.3 and 3 mg/day for 7 days) was discontinued 24 hr
before collection of tissues. The density of binding sites for [°HJQNB was measured
as described under Experimental Procedures. All resuits shown are the mean +
standard error of duplicate determinations on each rat from Scatchard (28) analysis
of saturation curves. The percentage increase above control is shown in parenthe-
ses. Dunnett's test was used in the statistical analysis.

Brax
Cortex Hippocampus Heart n
fmol/mg
Control 2668 + 62 2236 + 65 232 + 13 4
0.3 mg/day 3063 + 83* 2598 + 59* 259+7 3
(15%) (16%)
3.0mg/day 3327 +120° 2813 +34°® 280+13* 4
(25%) (26%) (21%)

*p < 0.05 and ® p < 0.01 when compared with respective control groups.
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TABLE 2
Binding of [*HJQNB to tissues from control and /-atropine-treated
rats

-Atropine was infused at 5 mg/day for 14 days. The infusion was discontinued 24
hr before the collection of tissues. The density of binding sites for [H)JQNB was
Mnmmwm Al resuits shown are the

mmmmdmslneaehexpem\ent An unpaired t test was used in the
statistical analysis.

B

Cortex Dorsal hippocampus

fmol/mg
Control 2599 + 75 2224 + 62 2137 + 46 8
Treated 3360 =+ 54 (29%)" 2926 + 69 (32%)" 2595 + 107 (21%)* 8

*p < 0.01 compared with respective control groups.

Ventral hippocampus ~ n

Time course of the effects of chronic administration
of l-atropine on the density of binding sites for [*H]QNB.
To determine the relationship between the increase in density
of binding sites for [PH]QNB and serum levels of atropine, rats
were infused with [-atropine at 5 mg/day for up to 2 weeks.
Serum concentrations of l-atropine reached levels of nearly 100
nM within 6 hr of infusion (Fig. 1A), whereas the densities of
binding sites for FHJQNB in CTX plus DH did not show a
significant increase (p < 0.01) until after the second day of
infusion and took at least 4 days to reach the new steady state
levels (Fig. 1B). There were no significant changes in the serum
levels of l-atropine during the 2-week infusion period. Serum
levels of l-atropine were undetectable (<2 nM) 24 hr after the
removal of the minipumps, and the increase in the density of
binding sites for [’H]QNB in CTX plus DH was similar whether
measured before or 24 hr after the removal of drug (Fig. 1B).

Selective up-regulation of the M2 binding/sites with
chronic muscarinic receptor blockade. To examine the
possibility that subtypes of muscarinic receptors respond dif-
ferently to chronic blockade, the densities of binding sites for
[*H]QNB and [*H]PZ in CTX plus DH were determined after
14 days of l-atropine infusion and 1 day of drug clearance time.
The density of binding sites for [*HJQNB (M1 plus M2) showed
a 28% increase, whereas the density of binding sites for [°*H]
PZ (M1) did not show a significant increase (Fig. 2). The
difference between [PH]JQNB and [*H]PZ binding sites, an
estimate of the density of M2 sites, showed a 102% increase
(Fig. 3).

Densities of binding sites for both [PHJQNB and [*H]PZ were
measured at 24, 40, and 64 hr following the removal of osmotic
minipumps (Table 3). The changes in the density of binding
sites for [FH]QNB appeared to be stable for at least 64 hr after
the withdrawal of drug, and no changes in the density of binding
sites for [°H)PZ were observed at any time, as shown in Table
3.

[EH]IP and [*H]cAMP accumulation in slices of CTX
plus DH. To examine the possibility that the biochemical
responses mediated by stimulation of muscarinic receptors are
affected by chronic blockade of the receptors, ACH-stimulated
PI breakdown, a response that has been suggested to be me-
diated by receptors having high affinity for PZ (4, 5), was
measured. Tissues from treated rats produced 86% as great a
PI response to 1 mM ACH as control tissues and this difference
was not statistically significant [control = 100 + 8% (n = 20),
atropine treated = 86 + 7% (n = 18), p > 0.05].
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Fig. 1. Effects of /-atropine treatment on serum concentration of /-
atropine and the density of binding sites for [°HJQNB. Rats were treated
with /-atropine at 5 mg/day for up to 14 days via Alzet osmotic mini-
pumps. Except for the last time point (15-day) (open circle in both A and
B), pumps were not removed before the collection of tissues. The pumps
were removed on the 14th day for the last time point. Serum concentra-
tion of /-atropine and the density of binding sites for [°HJQNB in CTX+DH
were measured for each rat. There were 3 rats for each time point and
11 rats for control (0-day) (open square in both A and B). A, Serum
concentrations of /-atropine were measured as described under Experi-
mental Procedures. Serum concentration of /-atropine at 24 hr after the
withdrawal of pumps were not measurable (<2 nm). Results shown are
the mean + standard error of triplicate determinations for each rat. B,
The density of binding sites for ["HJQNB was measured as described.
Results shown are the mean + standard error of B, values (Scatchard
analysis of specific binding) measured in duplicate for each time point
and are expressed as percentage of the mean of control values (2626 +
51 fmol/mg). *p < 0.01 by Dunnett’s test.

Inhibition of adenylyl cyclase activity by muscarinic agonists
is a response that has been suggested to be associated with
receptors having low affinity for PZ (4, 5). To determine
whether the increase in the density of M2 binding sites caused
by chronic administration of l-atropine is associated with an
increase in the ability of a muscarinic agonist to modulate
cAMP levels, slices from control and [-atropine-treated CTX
plus DH were used to measure carbachol-mediated inhibition
of forskolin-stimulated cAMP accumulation. Although there
was a doubling of the density of the M2 binding sites, the dose-
response curves for carbachol-mediated inhibition of [*H]
cAMP accumulation showed no significant differences in either
maximal effect or the ECs, value for carbachol (Fig. 4A).

Effects of a 6-hr infusion of l-atropine on the dose-
response curves of [)HJcAMP accumulation to carbachol
in CTX plus DH slices. To examine the possibility that
residual l-atropine (if there was any) remaining in the tissue
during the assay could have masked a potential shift to the left
of the dose-response curve to carbachol for treated tissues,
shown in Fig. 4A, rats were infused with [-atropine at 5 mg/
day for 6 hr. At this time, serum levels of atropine have reached
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Fig. 2. Effect of chronic /-atropine treatment on the densities of binding
sites and equilibrium dissociation constants for ["HJQNB and [*H]PZ.
Scatchard (28) analysis of specific binding for [*"HJQNB (A) and [*H]PZ
(B) on control and /-atropine-treated (5 mg/day for 14 days and 1 day of
clearance time) rats were carried out as described. Control and treated
are represented by filled circles and filled squares, respectively. These
are representative Scatchard (28) plots. K, values for the binding of [*H])
QNB: control, 7.5 pwm; treated, 9.4 pwm; for the binding of [PH]PZ: control,
5.6 nm; treated, 8.9 nM. K, values for the binding of [PHJQNB ranged
from 6 to 14 pm and from 7 to 20 pm for control and treated, respectively;
Ky values for the binding of [*H]PZ ranged from 4 to 16 nm and from 7
to 18 nwm, respectively. The units for B/F are mol/mg/m X 100 for A and
mol/mg/m X 10,000 for B.

steady state but no changes in receptors have occurred (Fig. 1).
Serum concentrations of [-atropine were measured in these rats
and were comparable to those shown in Fig. 1A (data not
shown). No drug clearance time was allowed in these rats;
therefore, residual /-atropine (if there was any) would be max-
imal. In tissues from these rats, the dose-response curves to
carbachol showed no significant difference between control and
treated tissues (Fig. 4B) and looked remarkably like those
shown in Fig. 4A. Furthermore, similar dose-response curves
to carbachol were obtained when rats were treated for 2 weeks
and allowed no time for drug clearance before the collection of
tissues (data not shown).

Effects of chronic l-atropine administration on the
density of binding sites for [(H]JOXO-M. To determine
whether chronic blockade of muscarinic receptors resulted in a
change in the density of binding sites for the agonist [P(H]0XO-
M, rats were treated with l-atropine for 14 days and allowed 1
day for drug clearance before the collection of tissues. The
density of [PH]OXO-M binding sites, unlike that of ["H]QNB
binding sites, did not show an increase in the treated tissues
(Table 4).
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Fig. 3. Effects of chronic /-atropine infusion on the densities of M1 and
M2 binding sites. Rats were treated with 5 mg of /-atropine/day for 14
days and allowed 1 day for drug clearance. The densities of binding sites
for *H]JQNB (M1 plus M2) and [*H]PZ (M1) were obtained by Scatchard
(28) analysis of specific binding in saturation experiments. Results shown
are the mean + standard error of duplicate determinations from several
individual e . There were 17 control and 14 treated rats.
Control and /-atropine-treated results are represented by open and
hatched bars, respectively. The data for the rightmost pair of bars (M2)
were obtained by taking the difference between the densities of [°HJQNB
binding sites and [*H]PZ binding sites for each rat and then calculating
the mean + standard error. *p < 0.01 by unpaired ¢t test.

TABLE 3

Stability of receptor changes in CTX+DH

Rats were treated with 5 mg of /-atropine/day for 14 days. The densities of binding

sites for [*HJQNB and [*H]PZ were measured as described under Experimental

Procedures. Data were pooled from several individual experiments. B, values

were obtained from Scatchard (28) analysis of saturation curves. Results shown

were caiculated by first converting the Bme. value obtained for each rat to a
of the mean of the control Bme values found in a given experiment and

then combining these numbers from several experiments to obtain mean + standard

error. The Kruskal-Wallis test was used in the statistical analysis.

Time after pump .
withdrawal [PH)QNB binding [PHIPZ binding n
hr % of control % of control
24 128 + 4* 95 +2 14
40 128 + 5 97 +2 12
64 123 + 3* 9 +1 8
No drug 100+ 2 100 £ 2 17

*p < 0.01 compared with the no-drug group. There were no significant differ-
ences between the 24-, 40-, and 64-hr groups for the binding of either [*H}QNB or

PHIPZ.

Effects of chronic l-atropine administration on the
densities of binding sites for [*H]JQNB and [*H]PZ and
adenylyl cyclase activity in striatum. To determine
whether selective regulation of muscarinic receptors also oc-
curred in striatum in response to chronic blockade, the densities
of binding sites for [*’H]JQNB and [*H]PZ were measured. There
were no significant increases in the density of binding sites for
either ligand in treated tissues (Table 5). Furthermore, treated
tissues did not show detectable changes in either the maximal
value for inhibition or the ICs value for ACH-mediated inhi-
bition of striatal adenylyl cyclase activity (Table 5).

Discussion

Dose-dependent increases in the density of binding sites for
[*H]QNB resulting from chronic blockade of muscarinic recep-
tors have been shown in the present study (Table 1), as well as
in other studies examining muscarinic receptors in cortex (16,
30, 31), heart (32), and hippocampus (15, 33). The time courses
for the serum accumulation of [-atropine and the increase in
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Fig. 4. Effects of /-atropine treatment on carbachol-mediated inhibition
of [*H]JcAMP accumulation. Dose-response curves to carbachol were
performed in the presence of 50 um forskolin. Assays were performed in
triplicate and data were first calculated as the of conversion
of total ["HJATP (assumed to be the sum of [*HJATP and [*H]JcAMP) to
[*H]cAMP. These data were then expressed as percentage of the values
found in the presence of forskolin alone (ranged from 3 to 4.5%). Results
shown are the mean + standard error. A, Rats were treated with /-
atropine (5 mg/day) for 14 days and allowed 1 day for drug clearance (n
= 8). B, Rats were treated similarty for 6 hr and allowed no time for drug
clearance (n = 4).

TABLE 4

Effects of /-atropine treatment on the binding of [*HJOXO-M to
CTX+DH

Rats were treated with 5 mg of /-atropine/day for 14 days and allowed 1 day for
drug to wash out. Tissue tes were washed three times before the assay.
Tissues were incubated at 32° for 10 min between the second and the third wash
before the final resuspension for the binding assays. The density of binding sites
for [PHJOXO-M and K, were obtained from Scatchard (28) analyses of saturation
curves. The mean K, value is shown for each group with the range of K, values in
parentheses, because K, values do not follow a normal distribution. An unpaired t
test was used in the statistical analysis (n = 8); p > 0.05.

Brvax Kq

fmol/mg nu
Control 651 £ 12 1.43 (1.27-1.64)
Treated 629 + 15 1.42 (1.22-1.65)

the density of muscarinic receptors are quite different, as shown
in Fig. 1. The serum concentration of l-atropine reached the
final concentration of 6 hr, which was the earliest time meas-
ured, after the.commencement of infusion. However, the in-
crease in the density of binding sites for [PTHJQNB took at least
4 days of treatment to reach the new steady state. The density
of binding sites for [’lH]JQNB remained stable during the fol-
lowing week of treatment, and this observation was also seen
in both the cortex and hippocampus at a lower dose (3 mg/day
for 7 or 14 days) (data not shown). A similar finding has been
reported in the hippocampal formation in rats treated with
scopolamine (33), in which the same increase in the density of

TABLE §

Lack of effect ot chronic /-atropine administration on striatal
muscarinic receptors

Rats were treated with 5 mg of /-atropine/day for 14 days and allowed 1 day of
drug clearance time. Results shown were pooled from three independent experi-
ments. Receptor binding data shown were obtained from B values in Scatchard
(28) analysis of saturation curves for the binding of [*HJQNB and [*H]PZ and are
given in fmol/mg of protein + standard error. Adenytyl activity data were
obtained from 12-point dose-response curves to ACH (1077 to 10~ m, in the
presence of 10 um eserine); basal adenyly cyclase activity (in the absence of ACH)
was used as 100% activity in calculating percentage of inhibition. Determinations
on each rat were carried out in duplicate for receptor binding and triplicate for
adenylyl cyclase activity assays. The mean + SE of basal adenytyl activity
for control and treated rats were 53 + 3 and 49 + 2 pmol/mg/min, respectively.
For receptor binding assays, control, n = 13; treated, n = 9; for adenylyl cyclase
activity assays, n = 15 for both control and treated. There were no significant
differences (p > 0.05, by an unpaired t test for receptor binding and the Mann-
Whitney rank sum test for adenylyl cyclase activity) between control and treated
tissues for any parameter.

Receptor binding, Bmex
Control Treated
fmol/mg
M1 + M2 ([*H]QNB) 2181 + 86 2338 + 101
M1 ([*H]PZ) 1200 + 79 1176 £ 110
M2 982 + 112 1161 £ 129
Adenytyl cyciase activity
Control Treated
Maximum inhibition by ACH (%) 27 + 1 25+ 2
ICso for ACH (um) 27+13 30+12

binding sites for [’HJQNB was observed when rats were treated
for either 7 or 30 days.

In contrast to the observed changes in the binding of [*H]
QNB, the density of binding sites for [*’H]PZ did not show a
significant change in response to chronic l-atropine treatment.
This lack of increase in the density of binding sites for [*'H]PZ
could be explained by at least two possibilities. The first pos-
sibility is that most or all of the high affinity binding sites for
[*H]PZ (M1 sites) in the brain normally receive little or no
endogenous stimulation; therefore, chronic blockade of these
receptors with [-atropine did not cause a measurable increase
in their density. The second possibility is that these sites do
receive high levels of endogenous stimulation, however, for
some unknown reason, do not respond to blockade with an
increase in density. Supportive of the former hypothesis, Siman
and Klein (34) have compared the regulation of muscarinic
receptors occurring in aggregate cultures of embryonic chicken
cerebrum with that occurring in cultures of N1E-115 neuro-
blastoma cells. The aggregate cultures form functional synapses
and the N1E-115 cells do not. Treatment with different con-
centrations of carbachol caused both types of cells to lose
binding sites for [ H]QNB, whereas treatment with different
concentrations of atropine resulted in increases in binding sites
for [PH]QNB in aggregate cell cultures only. Therefore, it seems
that down-regulation of muscarinic binding sites due to recep-
tor activation does not require the formation of functional
synapses, whereas up-regulation of muscarinic binding sites as
a result of receptor blockage does require functional synapses
with endogenous receptor activation. The selective increase in
the density of M2 binding sites in our studies is likely to indicate
that these receptors normally receive endogenous stimulation
and that they may have a different synaptic localization than
M1 binding sites. It must also be noted that it is likely that
[*H])PZ binding is not confined to a single subtype of muscarinic
receptor. Thus, it is entirely possible that, although the total
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density of M1 sites did not change after [-atropine administra-
tion, there could be an increase in one of the subtypes labeled
by this ligand but that the binding of [*H]PZ to this subtype
represents only a small fraction of the total binding sites for
[*H]PZ.

In a recent study by Goobar and Bartfai (17), chronic atro-
pine treatment has been reported to cause increases in the
density of binding sites for both [PHJQNB and [*H]PZ in rat
cortex and hippocampus. The cause for the discrepancy regard-
ing a change in the density of binding sites for [*H]PZ between
their study and ours is unclear. In the same study, it was shown
that the maximal accumulation of [*H]IP stimulated by 10 mMm
carbachol was the same in control and treated tissues, although
carbachol at lower concentrations was less effective in stimu-
lating the accumulation of [*H]IP in treated tissues. The de-
creased potency of carbachol was likely to have been caused by
residual atropine. A potential explanation for the difference
observed between our study and that of Goobar and Barftai
(17) regarding the density of binding sites for [*H]PZ is the
route of drug administration. In their study, rats were treated
via daily injection; therefore, there was likely to be a much
greater fluctuation in the serum concentration of atropine,
compared with our study in which the serum concentration of
atropine remained relatively constant. Thus, for a part of the
time after each injection, the serum concentration of atropine
would likely to have been substantially higher than that at-
tained with osmotic minipumps. The difference in serum con-
centration of atropine may have differential effects on subtypes
of muscarinic receptors.

The increase in the density of binding sites for °’H]QNB was
stable for at least 64 hr after the withdrawal of l-atropine
treatment, because no significant differences were observed
between tissues with and without 24-hr drug clearance time
(Fig. 1B) or between tissues collected 24, 40, or 64 hr after the
withdrawal of pumps (Table 3). This is in agreement with the
study of Majocha and Baldessarini (31), who have examined
the time course for the recovery of the density of muscarinic
receptor from chronic treatment with scopolamine. They re-
ported that the increase in the density of binding sites for [*H]
QNB was reversible, persisted for 2 to 5 days, and was lost by
day 10. In the present study, the slow rate of recovery from
increased density of muscarinic binding sites at a time when
the serum concentration of l-atropine was not measurable
indicates either that the brain acts as a depot for l-atropine
after the termination of l-atropine infusion, thus keeping local
levels of the drug high, or that the normal turnover rate of
these muscarinic receptors is slow in rat brain. The presence
of a muscarinic antagonist may inhibit the degradation of
muscarinic receptors, as shown by Roskoski et al. (35), therefore
prolonging the effects of chronic /-atropine treatment.

It has been suggested previously that, in rat forebrain, high
affinity binding sites for PZ (M1) are involved in the stimula-
tion of PI breakdown, whereas low affinity binding sites for PZ
(M2) are involved with the inhibition of adenylyl cyclase activ-
ity (4). Thus, because there was no significant change in the
density of binding sites for [*H]PZ, it was not surprising that
there was also no change in the ability of ACH to stimulate PI
breakdown. However, the increase in the density of M2 sites
did not result in an expected change in the ability of carbachol
to inhibit the accumulation of cAMP (Fig. 4A). If there are no
“spare receptors” for this response in this tissue, one may expect

Muscarinic Receptor Regulation 755

an increase of 2-fold in the maximal response, proportional to
the increase in receptor density observed (102%). If, on the
other hand, spare receptors exist in this system, one may expect
a decrease of 2-fold in the IC;, value of carbachol, proportional
to the increase in receptor density (36). Although a 2-fold
increase in the maximal response would have been detected
easily, due to “noise” inherent in the assay a 2-fold change in
the IC;, value would be difficult to detect in these experiments.
In a number of experiments, propylbenzilcholine mustard was
used to irreversibly inactivate a portion of the muscarinic
receptors in vitro in brain slices from l-atropine-treated rats
before assaying for carbachol-mediated inhibition of cAMP
accumulation. These attempts to address the possible existence
of spare receptors were not successful because of the relatively
small response generated by muscarinic receptors and variation
in responses from tissue slices treated with propylbenzilcholine.
A firm conclusion from these studies was difficult to make.

The possibility that residual atropine may have interfered
with the detection of changes in the dose-response curves to
carbachol was examined. Dose-response curves to carbachol
were obtained in tissues that were treated either for 6 hr (Fig.
4B), a time when the serum concentration of atropine was the
same as the final (14-day) concentration but no change in the
density of muscarinic binding sites occurred, or for 2 weeks
with no drug clearance time, to simulate the worst case in
residual drug (data not shown). In neither case was there a
significant change from control tissues in the dose-response
curves to carbachol. Therefore, it is unlikely that residual
atropine could account for the apparent lack of changes in the
dose-response curves for the treated rats.

Another possibility that could explain the lack of effect on
cAMP accumulation is that “induced” receptors are not coupled
to G proteins. To indirectly examine this possibility, the density
of binding sites for the muscarinic receptor agonist [*H]JOXO-
M was measured. Because much (65-70%) of the binding of
this ligand is eliminated by inclusion of GTP, the density of
these sites may provide an estimate of the number of G protein-
coupled receptors. Additionally, some investigators (37) have
suggested that the binding of [PH]OXO-M represents M2 sites,
and data (Fig. 3) indicate that a large (102%) increase in the
density of M2 sites occurred following [l-atropine administra-
tion. The density of binding sites for [*HJOX0-M, however,
did not increase following the drug treatment (Table 4). This
observation is consistent with the hypothesis that the “induced”
receptors are not coupled to G proteins and is inconsistent with
the hypothesis that [*H)0OX0-M binding sites are identical to
those defined as M2 using PZ, as in the current study. Thus, it
is possible that the induced receptors are coupled less efficiently
or not coupled to the adenylyl cyclase response, accounting for
the lack of change in the inhibition of cAMP accumulation in
the treated tissues. A similar observation has been reported in
studies involving in ovo treatment of chicken embryos with
carbachol, followed by atropine administration to block the
effects of the agonist (38), as well as in studies examining the
effects of treating cultured embryonic chicken cardiac cells
with carbachol and propylbenzilylcholine mustard (39). These
studies showed that newly synthesized muscarinic receptors in
treated cells did not differ from those in control cells in molec-
ular weight, isoelectric point, or their affinities for both mus-
carinic receptor agonists or antagonists. These new receptors,
however, exhibited diminished sensitivity in agonist-induced
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physiological (negative chronotropic effect and Rb* efflux) and
biochemical (inhibition of adenylyl cyclase activity) responses.
These responses increased towards the control levels well after
the density of receptors had recovered, and the recovery of
responses did not require de novo protein synthesis.

Chronic treatment with [-atropine did not result in a signif-
icant change in the density of binding sites for either [PH]QNB
or [*H]PZ in the striatum; in addition, chronic l-atropine treat-
ment did not cause any significant changes in muscarinic
receptor-mediated inhibition of adenylyl cyclase activity ex-
amined in dose-response curves to ACH. A potential explana-
tion for this observation is that cholinergic neurons in striatum
are normally less active than those in CTX and hippocampus
and, thus, blockade of the muscarinic receptors would not result
in a significant alteration in input to these receptors. Therefore,
an increase in the density of the receptors may not follow
chronic blockade. However, this is unlikely to be the case,
because the turnover rate of ACH in the striatum has been
reported to be high, compared with occipital and limbic cortex
(40). If the turnover rate of ACH is used as an estimate of the
activity of cholinergic neurons, the striatum would be consid-
ered to contain active cholinergic neurons. The striatum has
been demonstrated to contain mRNA coding for different sub-
types of muscarinic receptors from those found in cerebral
CTX and hippocampus (41). Thus, levels of mRNA coding for
the m4 receptor are high in the striatum and lower in cortex
and hippocampus, whereas the distribution of m1 and m3
receptors is the opposite. Additionally, the innervation to the
striatum is different from that to the cortex and hippocampus
(42). Thus, most of the cholinergic innervation of the CTX and
hippocampus comes from extrinsic sources such as nucleus
basalis of Meynert for CTX and medial septum and vertical
limb of diagonal band for hippocampus, whereas the cholinergic
innervation of the striatum is mainly from intrinsic interneu-
rons. Therefore, muscarinic receptors in the striatum are likely
to be different from and have different properties than mus-
carinic receptors in the CTX and hippocampus. In a study by
Boyson et al. (43), chronic atropine treatment caused a signif-
icant increase (17%) in the density of striatal binding sites for
[*H)QNB. The difference between the results of Boyson et al.
(43) and the current study is likely to be due to daily injection
versus sustained release in the delivery of drug. Alternatively,
the trend toward an increase in the density of binding sites for
[’H])QNB in response to chronic blockade of muscarinic recep-
tors in the current study was slightly smaller in magnitude (7
versus 17%) compared with that in the study of Boyson et al.
(43) and, with a smaller sample size in the current study (9
versus 20), the change in the density of binding sites for [°*H]
QNB, if there was one, may not be detected in the current
study. In any case, the increase in the density of binding sites
for [*H]QNB in response to chronic /-atropine administration
is much more robust in CTX and DH compared with striatum
in rat brain.

One thing that seems clear from these studies is that not all
muscarinic receptor subtypes in the central nervous system are
regulated similarly. In fact, it appears that some subtype(s)
having low affinity for PZ robustly alter their density in re-
sponse to blockade, whereas at least most of the receptors
having high affinity for PZ do not. The fact that PZ lacks the
requisite specificity to identify a specific subtype unambigu-
ously means that it remains to be determined exactly which

subtypes(s) (m1, m2, m3, m4, m5 etc.) is (are) regulated by this
paradigm. New analytical tools, pharmacological or immuno-
logical, will be required to examine this question in more detail.
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