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Abstract-Agonist induced short-term down-regulation of central muscarinic cholinergic receptors in 
mechanically dissociated cells of the mouse brain has been shown to predict the efficacy of agonists at 
muscarinic receptors. Pretreatment of cells with full agonists such as carbachol or oxotremorine M 
resulted in a loss of available muscarinic cholinergic receptors of about 30% using [)H]N- 
methylscopolamine ([3H]NMS) as radioligand, whereas a second group of agonists e.g. RS86 were 
only weakly active in this regard producing a significantly smaller loss of cell surface muscarinic 
cholinergic receptors. The magnitude of down-regulation of muscarinic receptors induced by 
pretreatment with several cholinergic drugs correlates fairly well with their ability to stimulate the 
phosphatidylinositol turnover. It seems that the agonist induced down-regulation of muscarinic 
cholinergic receptors on mechanically dissociated neurons of the mouse brain is a simple screening 
method to test for centrally acting cholinergic agonists. 

Most recent treatment strategies of geriatric memory 
disorders and especially of dementia of the 
Alzheimer’s type aim to substitute the pronounced 
loss of central cholinergic functions of demented 
patients by treatment with cholinergic drugs like 
cholinesterase inhibitors and cholinergic agonists [l]. 
Research for clinically effective agonists is hampered 
by the lack of simple screening systems to test 
for centrally acting cholinergic agonists. Many 
cholinergic drugs characterized by peripheral test 
systems as agonists are only weakly active in the 
brain, e.g. in stimulating inositol phosphate (IP) 
accumulation in rat brain synaptosomes [2] or in 
increasing the firing rates of rat hippocampal neurons 
after iontophoretic application [3]. Since both 
methods, IP response and single cell recording, are 
very time consuming, better screening tests for 
centrally acting cholinergic agonists are needed. 
Lippa et al. [3] reported that the ability of cholinergic 
drugs to desensitize hippocampal muscarinic recep- 
tors in electrophysiological experiments correlates 
quite nicely with their ability to stimulate IP response 
in brain tissue. Since muscarinic cholinergic receptor 
desensitization can also be measured in rather simple 
biochemical experiments by the agonist induced 
receptor internalization in neuronal cells, e.g. 
dissociated neurons or neuroblastoma cells [4-6], we 
investigated if the ability of cholinergic agonist to 
down-regulate muscarinic cholinergic receptors on 
mechanically dissociated neurons of the mouse brain 
can be used to predict their agonist efficacy on 
central muscarinic choline@ receptors as usually 
measured by their ability to stimulate IP accumu- 
lation. 

* To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Female NMRI mice (3 months old) were obtained 
fromInterfauna(Tuttlingen,F.R.G.).Tritiated l-[N- 
methyl-3H]scopolamine methylchloride ([3H]NMS, 
sp. act. 85 Ci/mmol) was purchased from Amersham 
Buchler (Braunschweig, F.R.G.). All other chemi- 
cals were obtained from commercial suppliers. 

Preparation of dissociated mouse brain cells. Mice 
were killed by decapitation and brains were 
immediately dissected on ice. After removing the 
cerebellum, brains were minced and suspended in 
ice cold medium I (NaCl 138, KC1 5.4, Na2HP04 
0.17, KH2P04 0.22, glucose 5.5 and sucrose 58.4, 
all in mmol/L; pH7.35, 340 mOsm). Tissue was 
dissociated by trituration through a nylon mesh 
(210 pm pore diameter) with a Pasteur pipette. The 
resulting suspension was filtered by gravity through 
a tighter nylon mesh (102 pm pore diameter) and 
the dissociated cell aggregates were washed twice by 
centrifugation (1 min, 4OOg, 4’) and resuspension in 
20 mL ice-cold medium II (NaCl 110, KC1 5.3, CaC12 
1.8, MgC12 1, glucose 25, sucrose 70, and N- 
2-hydroxyethylpiperazine-N’-Zethanesulfonic acid 
(Hepes) 20, all in mmol/L; pH 7.4,340 mOsm). For 
down-regulation experiments dissociated brain cells 
were suspended in Dulbecco’s modified Eagle’s 
medium supplemented with 10% newborn calf serum 
and buffered at pH7.35 with 20mmol/L Hepes 
(medium III). Final composition of cell suspension 
recovered by this procedure of tissue preparation 
consists of dispersed cells and small fragments of 
brain tissue of about 100 pm diameter. Viability tests 
performed by trypan blue exclusion method usually 
yielded viability values of 8&90%. 

Down-regulationexperiments. Dissociatedneurons 
were incubated at 37” in a shaking waterbath for 
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Fig. 1. Effect of preincubation of dissociated cell aggregates of mouse brain with carbachol or RS 86 
on the binding properties of [jH]NMS. Left: Effect of preincubation with carbachol (1 mmol/L) on the 
specific binding of increasing concentrations of [‘HINMS. Data are given as Scatchard plot and represent 
a typical experiment. Insert: Time course of the effect of carbachol preincubation on the specific binding 
of [3H]NMS. Cells were preincubated with carbachol (1 mmol/L) for the time indicated. [3H]NMS 
binding is given as per cent of control binding. Right: Effect of preincubation with RS 86 (1 mmol/L) 
on the specific binding of increasing concentrations of [3H]NMS. Data are given as Scatchard plot and 

represent a typical experiment. 

2 hr in a final volume of 4 mL with or without the 
agonist (1 mmol/L). At the end of incubation period 
the suspension of cells was centrifuged at 400g for 
1 min at 4” and washed twice with 20 mL of ice-cold 
medium II. Washed cells were suspended in cold 
medium II and used for the receptor binding 
experiments. 

Binding assay. Cells were incubated in quad- 
ruplicate for 90 min at 1.5” with [3H]NMS (2 nM) in 
a final volume of 0.3 mL in absence and in presence 
of 2pM atropine as blank. The incubation mixture 
was filtered through Whatman GF/B glass fiber 
filters. The filters were washed three times with 5 mL 
of ice-cold 0.9% NaCl solution and placed in 
minivials. After extraction into 4 mL Quick-szint 
402 (Zinsser, Frankfurt, F.R.G.) radioactivity was 
measured in a Beckman scintillation counter at 40% 
counting efficiency. 

RESULTS 

In agreement with experiments on neuroblastoma 
cells [5,6] and dissociated neurons from rat brain 
[S] pretreatment of mechanically dissociated neurons 
from mouse brain with carbachol resulted in a 
reduction of the available number of muscarinic 
cholinergic receptors by about 30% as determined 
by the specific binding of the hydrophilic antagonist 
[3H]NMS (Fig. 1). Carbachol induced muscarinic 
receptor short-term down-regulation [&6] was 
maxima1 at a carbachol concentration of 1 mmol/L 
(data not shown) and was fully pronounced after 
2 hr (Fig. 1). Pretreatment with carbachol did not 
alter the dissociation constant of the radioligand 
(Fig. 1) strongly indicating that the washing 
procedure was sufficient to completely remove the 
unlabelled carbachol. When dissociated neurons 
were pretreated with the cholinergic agonist RS 86 
under similar experimental conditions, muscarinic 

cholinergic receptor density as determined by the 
specific binding of [3H]NMS was not changed (Fig. 
1). There was no difference in the reduction of 
[3H]NMS binding sites derived either from Scatchard 
analysis or from single point determination using 
a saturating concentration of [3H]NMS (2nM). 
The eleven cholinergic agonists tested showed 
considerable differences in their ability to induce 
a down-regulation of muscarinic receptors on 
dissociated neurons (Table l), e.g. agonists like 
muscarine, acetylcholine or oxotremorine M were 
nearly as potent as carbachol, while all other agonists 
were considerably weaker than carbachol in down- 
regulating muscarinic cholinergic receptors and only 
reached lC-50% of the effect of carbachol (Fig. 2). 
Very interestingly, the ability of all agonists to induce 
down-regulation of muscarinic cholinergic receptors 
showed excellent correlations with their ability to 
stimulate phosphatidylinositol turnover in the brain 
(Fig. 2). Due to the high concentration used (1 mmol/ 
L) receptor occupation can be assumed to be nearly 
100% for the agonists investigated [9]. 

DISCUSSION 

Short-term exposure of neuronal cells (mech- 
anically dissociated neurons, neuroblastoma cells) 
to cholinergic agonists has been repeatedly demon- 
strated to down-regulate between 30 and 50% of 
muscarinic receptors located on the cell surface by 
sequestration into intracellular structures [4-6, 81. 
Agonist induced receptor internalization seems to 
be paralleled by desensitization of muscarinic 
cholinergic receptor function as measured by agonist 
induced accumulation of cyclic GMP or of inositol 
phosphates in mouse neuroblastoma cells [5,6], and 
has been suggested as a specific response of the M, 
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Table 1. Agonist induced down-regulation of (3H]NMS 
binding sites on mechanically dissociated cells of the mouse 

brain 

Compound 
Specific [)H]NMS binding 

(% of control) 

McN-A 343 
RS 86 
Bethanechol 
Pilocarpine 
Oxotremorine 
Arecoline 
Acetylcholine 
Methacholine 
Muscarine 
Carbachol 
Oxotremorine M 

98.5 + 6.5 
93.5 2 9.0 
89.6 2 10.8 
87.4 2 3.6 
85.7 2 3.7 
83.2 t 5.1 
73.1 f 6.1 
72.9 ? 5.2 
71.4 * 1.9 
67.2 2 6.5 
65.2 * 6.1 

Effect of 11 muscarinic receptor agonists on subsequent 
[‘H]NMS binding in intact mouse brain cells. Dissociated 
mouse brain cells were preincubated with or without the 
various muscarinic agonists in a concentration of 1 mM for 
2 hr at 37”. Diisopropylfluorophosphate (10 PM; no effect 
on I’HlNMS bindine itself) was added to cells 30min 
before ;he addition if acetyicholine and methacholine to 
inhibit acetylcholinesterase activity. After preincubation 
with the agonists cells were centrifuged and washed. The 
cell pellet was resuspended in medium II and binding assay 
was performed as described under Methods. Values are 
represented as the mean 5 SEM from four to six 
independent experiments. 

subtype [5]. However, agonist-induced down- 
regulation has also been observed with human SK- 
N-SH neuroblastoma cells, which possess high levels 
of high molecular weight muscarinic cholinergic 
receptors of the M3 subtype [7]. Thus, involvement 
of M3 receptors in agonist-induced down-regulation 
cannot be excluded. The biochemical mechanisms 
leading to down-regulation of receptor density and 
function are not yet well understood. Recent work 
by Lai et al. [9] suggests that products of 
the phosphoinositide hydrolysis are probably not 
involved in agonist-induced down-regulation of 
receptor density. 

On the other hand, agonist induced muscarinic 
cholinergic receptor down-regulation and agonist 
induced muscarinic receptor response as measured 
by cyclic GMP accumulation in neuroblastoma cells 
seem to require similar agonist efficacy for maximal 
response [S, 61. This possible relationship between 
the ability of cholinergic agonists to internalize as 
well as to stimulate muscarinic receptors as also 
described previously [7,8] opens the possibility to 
use agonist induced muscarinic cholinergic receptor 
down-regulation as a relatively simple in vitro model 
to investigate agonist efficacy of cholinergic drugs 
on central muscarinic receptors. In agreement with 
this assumption we could demonstrate in the 
present communication that cholinergic agonists with 
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Fig. 2. The relationship between the abilities of various cholinergic agonists to downregulate muscarinic 
cholinergic receptors on dissociated mouse brain neurons and to stimulate PI turnover in the brain. 
Data for PI turnover were taken from Fisher et al. [2] (0) or from Freedman et al. [8] (A). Data for 
the down-regulation of specific [3H]NMS binding by agonists (1 mmol/L) represent means of four to 

six individual experiments as described in Materials and Methods. 
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different agonist efficacies for central muscarinic 
receptors [2] desensitize central muscarinic chol- 
inergic receptors to different degrees. Moreover, the 
abilities of these agonists to down-regulate central 
muscarinic receptors show an excellent correlation 
with their abilities to stimulate the accumulation of 
inositol phosphates, the most important transducing 
mechanism of central muscarinic receptors [2,6]. 

Thus, agonist induced muscarinic receptor loss on 
dissociated neurons of the mouse brain represents a 
very simple model to investigate the agonist efficacy 
of cholinergic agonists on central muscarinic 
receptors. This model has the advantage compared 
to the estimation of the potency ratio for the 
inhibition of antagonist and agonist binding [lo, 111 
that it seems to be much more closely related to the 
cellularresponse. Itrequiresintactcells,physiological 
temperature and physiological buffer [4,7] and it 
seems to differentiate agonists with low efficacy 
much better than the ratio of the inhibition constants 
for antagonists and agonist binding [lo, 111. It is 
much less time consuming as a screening system than 
measuring the agonist induced accumulation of 
inositol phosphates, but it uses the same cellular 
model. This offers the possibility that agonist 
response as measured by the intracellular accumu- 
lation of inositol phosphates can be investigated in 
the same cellular system* as a second step in the 
screening procedure. The limitations of the model 
are due to the possible involvement of M, and M3 
receptors [7]. Both subtypes might be coupled to PI 
turnover with different degrees of efficacy and might 
be down-regulated at different rates. This might 
cause problems in discriminating agonists of very 
low efficacy (Fig. 2). 
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