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SCHWARZ, R. D., A. A. BERNABEI, C. J. SPENCER AND T. A. PUGSLEY. Loss ofmuscarinic M1 receptors with aging in the 
cerebral cortex of Fisher 344 rats. PHARMACOL BIOCHEM BEHAV 35(3) 589-593, 1990.--Age-related changes in central 
cholinergic muscarinic receptors were measured in young (3--6 month), middle-aged (15-17 month), and aged (22-26 month) male 
Fisher 344 rats by receptor binding techniques. Using [aH]-quinuclidinyl benzilate as the ligand, a significant decrease (14-19%) in 
the number of muscarinic cortical receptors was measured in aged rats compared to both young and middle-aged rats. With the selective 
M1 antagonist, [3H]-pirenzepine, a 17% decrease in receptor density was observed in the cortex of aged animals compared to young 
rats. For both ligands no differences were observed in the striatum or hippocampus between any age group and there was no change 
in affinity (Kd) in any of the three brain regions for the three age groups. Additionally, there was no difference in choline 
acetyltransferase activity measured in cortex, hippocampus, or striatum of young and aged rats. Thus, there is a loss of M1 muscarinic 
receptors in the cerebral cortex of aged male Fisher 344 rats, 
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MORPHOLOGICAL and neurochemical changes have been shown 
to occur as a result of aging in the CNS of both humans and 
experimental animals (1,7). The activity of a variety of central 
neurotransmitter systems, including the cholinergic system, ap- 
pears to be significantly decreased due to the process of aging and 
also in response to certain age-related neurodegenerative disor- 
ders, such as Alzheimer's disease (AD) or senile dementia of the 
Alzheimer type (SDAT) (8, 24, 32). For clarity, AD is used to 
define those persons with early onset of the disorder, while SDAT 
is used for individuals with late onset. AD/SDAT is characterized 
in part by a marked loss of short-term memory and it is this 
cognitive deficit which has been associated with a loss of cholin- 
ergic neurons (2). 

Muscarinic receptors have been classified into two putative 
subtypes, M1 and M2, on the basis of receptor binding studies. 
M1 binding sites show high affinity and pharmacological sensi- 
tivity for the atypical antagonist pirenzepine (PZ), while M2 sites 
show lower affinity for PZ (16, 36, 39). Recent cloning, sequenc- 
ing, and genetic expression of muscarinic receptors has confirmed 
the heterogeneity of muscarinic receptors and clearly demonstrate 
the existence of five distinct receptors (5, 18, 19, 31). On the basis 
of [3H]-acetylcholine (ACh) release studies, it has been suggested 
that M1 receptors may be postsynaptic in location, while M2 may 

correspond to presynaptic autoreceptors (33). However, it has 
been suggested that the precise localization of M1 and M2 
receptors with regard to pre- and postsynaptic receptor sites has 
not been clearly defined (37). Further, M1 receptors may be 
positively coupled to phosphoinositide hydrolysis and M2 recep- 
tors negatively coupled to adenylate cyclase through guanine (G) 
regulatory proteins, although it has been suggested that both 
membrane transductions systems may be linked to either of the 
two receptors (4, 13, 14, 39). 

A number of studies which have examined the effect of aging 
on muscarinic receptors in the brain measured only the total 
population of receptors. Some of these studies report a decrease in 
muscarinic receptor density with age in the hippocampus (15, 20, 
21), while others report no change (6, 9, 10, 22, 26, 29, 34). 
Recently, it was observed that the number of cortical muscarinic 
M2 receptors were decreased in AD/SDAT patients compared to 
age-matched controls (25). Since there may also be alterations in 
muscarinic receptor subtypes with aging, the present study was 
undertaken to examine possible changes of brain M l/M2 receptors 
in rats during aging using receptor binding techniques. The 
following results demonstrate that the number of cortical MI 
muscarinic receptors are decreased in aged Fisher 344 rats. 

~Requests for reprints should be addressed to Dr. Roy D. Schwarz, Parke-Davis Pharmaceutical Research Division, Warner-Lambert Co., 2800 Plymouth 
Road, Ann Arbor, MI 48105. 
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METHOD 

Animals and Brain Dissection 

Male Fisher 344 rats, 3-6 (young), 15-17 (middle-aged), and 
22-26 (aged) months old, were obtained from Harlan Sprague- 
Dawley Inc., Indianapolis, IN. Animals were individually housed 
under a 12-hr light/dark cycle with food and water available ad lib. 
Following sacrifice by decapitation, the brains were quickly 
removed and placed on ice. The whole cerebral cortex (minus 
olfactory bulbs), hippocampus, or corpus striatum were then 
dissected free and weighed. 

Receptor Binding 

[3H]-Quinuclidinyl benzilate ([3H]-QNB) binding was per- 
formed according to the method of Yamamura and Synder (40) as 
modified by Pedigo et al. (29). Tissue from a specific brain region 
was homogenized in 50 mM Na+/K + phosphate buffer (1:800 
w/v) using a Kinematica polytron (setting = 5, 20 sec) and centri- 
fuged at 40,000 x g for 10 min. The resulting pellet was then 
rehomogenized and the process repeated twice to yield a crude 
membrane preparation. Saturation isotherms were obtained by 
adding aliquots of tissue (1-2 mg wet weight) and [3H]-QNB (final 
concentrations, 18-300 pM), with or without 2.0 ixM atropine, to 
glass tubes containing phosphate buffer in a final volume of 2 ml. 
Samples were then incubated to equilibrium (60 min at 37°C) and 
the binding reaction terminated by filtration under reduced pres- 
sure through Whatman GF/B filters. Each filter was rinsed 3 times 
with 4 ml of ice-cold buffer. Radioactivity was extracted overnight 
in 10 ml Beckman HP scintillation cocktail with dpms measured 
by a Beckman LS2800 liquid scintillation counter. All assays were 
carried out in triplicate. Specific binding, defined by the presence 
of atropine, represented 90-98% of the total binding. Protein was 
determined by the Lowry method (23). The total number of 
specific sites (Bmax) and the ligand's dissociation constant (Kd) 
were estimated by Scatchard analysis. Analysis of variance (ANOVA) 
and Student's t-test were employed to establish statistical signifi- 
cance. 

[3H]-PZ binding was performed according to the method of 
Watson et al. (35). The tissue was prepared as in the [3H]-QNB 
experiments except an initial 1% tissue homogenate was made in 
10 mM Na+/K ÷ phosphate buffer. Tissue (4-5 mg wet wt.) and 
[3H]-PZ (final concentrations, 0.5-75 nM), with or without 2.0 
IxM atropine, were incubated to equilibrium in a 2 ml volume for 
60 min at 25°C. The reaction was terminated and samples counted 
as described above. Filters were soaked in 0.1% polyethylenimine 
for 30-60 min prior to use in order to prevent filter binding of the 
polar [3H]-PZ. All assays were carried out in triplicate. Specific 
binding, defined as that which could be inhibited by 2.0 txM 
atropine, was greater than 90%. Data analysis was performed in a 
manner similar to the [3H]-QNB studies. 

Measurement of Choline Acetyltransferase 

Choline acetyltransferase (CHAT) activity was measured ac- 
cording to the method of Fonnum (11,12). 

RESULTS 

Receptor Binding Experiments 

[3H]-QNB binding. Specific binding of [3H]-QNB in the three 
brain regions examined from young, middle-aged, and aged rats 
was saturable over the range of concentrations tested with the 
Scatchard plots of the binding data being linear in all cases. This 

indicated that in the tissues studied, the labelled ligand bound to a 
homogenous population of sites. Scatchard plots for [3H]-QNB 
binding are shown on the right side of Fig. 1 with binding 
characteristics obtained from the plots found in Table 1. A 
statistically significant decrease in the number of receptors (Bmax) 
was found in the cerebral cortex of aged animals compared to both 
young (14% difference) and middle-aged animals (19% differ- 
ence). No changes in Bma x were measured in the hippocampus or 
striatum between any of the three age groups and there was no 
difference in receptor affinity (Kd) for all three brain areas among 
the age groups. 

[3H]-PZ binding. As with the [3H]-QNB studies, receptor 
binding with [3H]-PZ was saturable and Scatchard plots linear for 
all brain areas and age groups. Scatchard plots (left side of Fig. 1) 
and binding characteristics obtained from these plots (Table 1) 
revealed a significant decrease in receptor density ( -  17%) in the 
cerebral cortex of aged rats as compared to young rats. No 
alterations in Bma x were seen in striatal or hippocampal regions. 
Additionally, no differences in Ko were observed among brain 
regions for the three age groups. 

Measurement of Choline Acetyltransferase (CHAT) Activi~ 

In young rats (4 months), ChAT activity (mean-+ S.E.M.) in 
cortex, hippocampus, and striatum was found to be 44.2 ± 1.9, 
48.5 ± 1.7, and 140.3 ± 4.5 nmoles/hour/mg protein respectively. 
There were no significant differences between young and old rats 
(N = 5-6 for both age groups). ChAT activity in the same brain 
regions of aged rats (26 months) was 48.2 ± 1.2, 52.6 ± 2.0 and 
123.2 ± 5.1 nmoles/hour/mg protein, respectively. 

DISCUSSION 

Using [3H]-QNB to measure the total population of muscarinic 
receptors in three brain areas which have considerable cholinergic 
innervation, a significant decrease (14-19%) in cortical muscar- 
inic receptor density was found in aged male Fisher 344 rats 
compared to either young or middle-aged rats. Since [3H]-QNB 
recognizes both M 1 and M2 receptor subtypes equally, a second 
series of receptor binding studies were performed using [3H]-PZ 
which selectively labels only M1 muscarinic receptors (16, 35, 36, 
38, 39). With this ligand, a significant reduction ( - 17%) was also 
measured in the cerebral cortex of aged animals compared to 
young ones. The combined results demonstrate that the number of 
M1 muscarinic receptors are decreased in the cerebral cortex of 
aged rats. Since the cortex possesses both M1 and M2 receptors 
(38), small but significant changes in M2 receptors cannot be ruled 
out. M2 receptors can be indirectly measured by subtracting the 
number of M1 sites (PZ-labelled sites) from the total number of 
receptors (QNB-labelled sites). However, the almost identical 
decrease in the absolute number of [3H]-QNB and [3H]-PZ binding 
sites indicates a loss of the M1 subtype binding site. 

Measurement of ChAT activity in young and aged rats revealed 
no significant differences in the three brain regions examined. 
Since ChAT is a marker for intact cholinergic neurons, it is 
possible that the decrease in M1 muscarinic receptors is occurring 
without a concurrent loss of cholinergic neurons. Thus, as has 
been previously hypothesized (33), M1 receptors may reside on 
nerve cells postsynaptic to cholinergic neurons. 

A decrease in the total number of muscarinic receptors in the 
cerebral cortex of aged rodents has been consistently reported (10, 
15, 17, 28-30, 34). However, two studies using female rats were 
exceptions where no change in receptor density was found (6,26). 
In addition to measuring total binding, age-related changes in the 
conformational state of the muscarinic receptor have also been 
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FIG. 1. Scatchard Plots for [3H]-PZ and [3H]-QNB receptor binding obtained using cortex, hippocampus, and striatum of young (3-6 month), 
middle-aged (15-17 month), and aged (22-26 month) male Fisher 344 rats. 
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TABLE 1 

3H-QNB AND 3H-PIRENZEPINE BINDING IN FISHER 344 RATS 

Brain 
Area 

3H-QNB Binding 3H-Pirenzepine Binding 

Bma x (fmol/ Bma x (fmol/ 
K D (pM) mg protein) K D (pM) mg protein) 

Cortex 
3-6 months 56 _+ 4 3000 - 90 4400 _+ 400 2100 _ 90 
15-17 months 54 --- 3 3200 __. 70 4600 ± 300 1900 ~ 90 
22-26 months 50 --_ 2 2600 ___ 50*t 4900 _+ 300 1700 _+ 50* 

Hippocampus 
3-6 months 46 ___ 7 2200 __. 50 3500 _+ 100 1800 _+ 40 
15-17 months 47 ___ 6 2600 __+ 240 3200 ___ 200 1900 ± 40 
22-26 months 48 ± 10 2300 --- 140 3200 --_ 100 1800 _+ 90 

Striatum 
3-6 months 64 +__ 7 1900 ___ 120 4600 ± 400 1600 _+ 130 
15-17 months 62 ___ 6 1800 _+ 120 4600 _+ 500 1500 ___ 160 
22-26 months 59 ___ 7 1800 ~ 160 4700 ___ 100 1500 ___ 120 

*p<0.01 for young vs. aged. 
tp<0.01 for middle aged vs. aged. 
N = 4-6 in each brain area for the three age groups. 

examined. In one study, carbachol displacement of [3H]-QNB 
binding showed no change in the proportion of high- and low- 
affinity states of the receptor in young versus aged rats (3). A 
second study (22), also using [3H]-QNB binding, observed an 
age-related change in the IC5o value and Hill coefficient for 
oxotremorine, but not for carbachol. This indicated the possible 
existence of two or more receptor states with differential affinity 
for oxotremorine in old but not young rats. Agonist, as opposed to 
antagonist, binding sites were found to be reduced in the dorsal 
hippocampus of aged Fisher 344 rats as measured by the agonist 
[3H]-cis methyldioxolane (21). Comparing agonist ([3H]-ACh) 
and antagonist ([3H]-N-methyl-4-piperidyl benzilate) binding, Gur- 
witz et al. (15) demonstrated a loss of low-affinity agonist sites in 
all brain areas of aged females, but a mixed response in aged males 
(a decrease in hypothalamus and an increase in brain stem of high 
affinity agonist sites). This suggested sexual dimorphism of the 
aging process in central cholinergic mechanisms. A recent study 
addressed M l /M2 receptor changes in senescence using [3H]-QNB 
and [3H]-N-methylscopolamine ([3H]-NMS) binding (28). Similar 
to the present results, an 18% decrease in cortical Bma x was 
measured in aged rats using [3H]-QNB with no change in cortical 
ChAT activity. [3H]-NMS binding was also decreased by 20% in 
the cerebral cortex of aged rats, but there were no significant 
changes in the proportions or affinities of high and low PZ and 

( - ) - N M S  sites as measured by their displacement of [3H]-QNB. 
The interpretation of these findings was that the proportions of M 1 
and M2 receptors had not been altered with aging. The reasons for 
discrepency between that study and the present results are not 
clear. However, the age of the rats used in the Norman study (28) 
are not noted and marked variation in animal age between studies 
could account for the difference. Alternatively, [3H]-PZ binding 
may represent a more quantitative measurement of M1 receptors 
than displacement by PZ of [3H]-QNB. 

Memory impairment, as a result of central cholinergic dysfunc- 
tion, appears to occur both in aging and in neurodegenerative 
disorders such as AD/SDAT. Therapeutic treatment of this cog- 
nitive decline may be achieved by enhancing or replacing cholin- 
ergic neurotransmission (2). However, this may be difficult to 
achieve if receptors involved in signal transduction are signifi- 
cantly altered. While the effect of aging on the total number of 
muscarinic receptors within regions of the human brain has been 
reported (27), measurement of muscarinic receptor subtypes has 
not been examined in normal aged humans. However, loss of M2 
receptors have been reported in persons suffering from AD/SDAT 
(25). Thus, the present results showing a loss of M1 receptors in 
rat cerebral cortex, if translatable to humans, may be relevant for 
designing novel agents in the treatment of age-related cognitive 
decline. 
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