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AGONIST-INDUCED MUSCARINIC CHOLINERGIC 
RECEPTOR INTERNALIZATION,  RECYCLING A N D  
D E G R A D A T I O N  IN CULTURED NEURONAL CELLS 

C E L L U L A R  M E C H A N I S M S  A N D  R O L E  IN D E S E N S I T I Z A T I O N  

J. M. MALOTEAUX* and E. HERMANS 
Laboratoire de Neurochimie, Universit6 Catholique de Louvain, B-1200 Brussels, Belgium 

Abstract--Short-term incubation of intact neuronal cells with muscarinic cholinergic agonists resulted 
in a rapid decrease of the specific binding of [3H]methylscopolamine to cell surface receptors indicative 
of receptor internalization. The agonists induced the internalization of both the muscarinic receptor 
subtypes coupled to adenylyl cyclase and those coupled to phosphoinositide turnover. Receptor intern- 
alization, which was inhibited at 0-4 ° and by depletion of intracellular K +, is thought to occur through 
coated pits formation and was rapidly reversible. Receptor recycling did not imply protein synthesis. 
Down-regulation of muscarinic receptors occurred slowly in the presence of agonists, needed intact 
cytoskeleton (demonstrated by the inhibitory effect of colchicine) and involved lysosomal activity. 
Both receptor internalization and down-regulation were prevented by muscarinic receptor antagonists. 
Receptor internalization and down-regulation are agonist-induced cellular mechanisms that with receptor 
phosphorylation and uncoupling, may induce desensitization. These processes may contribute to complex 
intracellular regulatory processes and may be involved in some of the long-term effects of neuro- 
transmitters (mainly neuropeptides and growth hormones) or drugs. 
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Desensitization significantly limits the clinical use of 
many pharmacological agents and could play a role 
in the development of tolerance and dependence to 
several drugs such as opiates and benzodiazepines. 
However, the slow process which leads to tolerance 
and dependence has to be distinguished from 
desensitization because most desensitization pro- 
cesses occur within seconds or minutes and even the 
down-regulation of receptors occurs within a few 
hours whereas slowly developing sensitivity changes, 
which are thought to lead to tolerance and 
dependence, generally require several days or weeks 
to reach their maximum and disappear equally slowly 
when the stimulus is removed. The desensitization 
mechanisms may differ from one system to the other 
but, if we consider the large family of G-protein 
coupled receptors, we have to distinguish molecular 
processes from cellular mechanisms which include 
receptor internalization and increased rates of 
degradation. Different subtypes of muscarinic 
receptors are present in cultured neurons, they may 
be identified at the cell surface of intact cells and 
several agonists and antagonists are available for 
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their study. For these reasons, we will focus in this 
report on the agonist-induced muscarinic receptor 
regulation at a cellular level in cultured neuronal 
cells. 

Ligand binding to cell surface muscarinic receptors 
in cultured neuronal cells 

Muscarinic receptors have been characterized in 
several neuronal cell clones, such as mouse 
neuroblastoma N1E-115 cells [1-3], mouse neuro- 
blastoma x rat glioma NG108-15 hybrid cells 
[1,4, 5], human neuroblastoma IMR-32 and SH- 
SY5Y cells [6] and rat pheochromocytoma PC12 
cells [7]. Muscarinic receptors have also been 
described in primary cultures of rat neuronal cells 
[8, 9]. Most of the labeled ligands available for 
specific binding to muscarinic receptors are lipophilic, 
such as [3H]QNBt [10-12], pH]dexetimide (d- 
benzetimide) [13, 14] or [3H]pirenzepine [15-17] and 
they do not discriminate between cell-surface 
receptors and receptors localized within the cells. 
One ligand, [3H]-N-methyiscopolamine [18, 19] is 
less lipophilic than the others, and for this reason 
binds to cell-surface muscarinic receptors only and 
does not gain access to receptors localized in 
intracellular vesicles [9, 20]. Moreover, this ligand 
is not accumulated in intracellular compartments 
such as iysosomes where most labeled drugs are 
concentrated because of the acidic lysosomal pH 
[21,22]. We usecl-[3H]-N-methylscopolamine to 
study the disappearance of cell surface receptors and 
their recycling in different cultured neuronal cells. 
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Muscarinic receptor heterogeneity, which was 
initially suggested by the complex binding profile of 
the antagonist pirenzepine, has now been clearly 
demonstrated. At least five different genes encode 
muscarinic receptor subtypes, which all belong to 
the G-protein coupled receptors family [23-25]. 
Most authors consider that muscarinic receptors in 
NG108-15 neuroblastoma × glioma cells are coupled 
to adenylyl cyclase (mz or m 4 subtype) whereas 
muscarinic receptors in NIE-115 neuroblastoma cells 
stimulate phosphoinositide breakdown (ml subtype). 
Muscarinic receptors of the ml, m3 or m5 subtypes, 
coupled to phosphoinositide turnover, are also found 
in other cells including human neuroblastoma IMR- 
32 and SH-SY5Y cells and rat cerebeUar granule 
cells, whereas m E or m 4 receptors, coupled to 
adenylyl cyclase, predominate in human astrocytoma 
1321-N1 cells and PC12 pheochromocytoma cells 
[26-29]. Muscarinic receptors that are linked to the 
different second messengers may coexist in some 
cell types. 

Cholinergic agonists interact with at least two 
distinct populations of sites; high and low affinity 
sites [10,30-32]. Guanine nucleotides induce 
interconversion of agonist high-affinity sites to the 
low-affinity state [10, 33-35]. In NG108-15, NIE- 
115 and primary cultured neuronal cells, there is a 
high affinity and saturable binding of [3H]QNB to 
a total particulate fraction [22] and of [3H]-N- 
methylscopolamine to intact cells [9]. In these 
different cell types and in the absence of cholinergic 
stimulation, the majority of the receptors are located 
at the cell surface and among these receptors, 
binding studies performed at 4 °, using agonists as 
displacers of the labeled ligands, revealed that about 
80% of the receptors at the cell surface were present 
in a low affinity state for the agonists. 

Muscarinic receptor regulation in cultured neurons 

A reduction in responsiveness of neuronal cells to 
cholinergic agonists (desensitization) could be 
brought about by several mechanisms: (1) structural 
changes of the receptor involving its phosphorylation; 
(2) uncoupling of the receptor from its associated 
G-protein and/or effector (disruption of the coupling 
might occur through receptor phosphorylation); (3) 
internalization of the receptor and therefore 
inaccessibility of the agonist to the receptor; (4) 
decrease in receptor number (down-regulation) 
corresponding to degradation or reduced synthesis, 
which might follow agonist-induced receptor intern- 
alization. 

Structural changes involved in receptor desen- 
sitization. Possible role of receptor phosphorylation 

Receptor phosphorylation has been shown to play 
a role in the mechanism of fl2-adrenergic receptor 
desensitization [36, 37] but this is less clear for 
Other receptors including acetylcholine muscarinic 
receptors. Phosphorylation of brain synaptic mem- 
brane fragments was reported to induce a decrease 
of [3H]QNB specific binding to muscarinic receptors 
[38, 39]. This decrease was higher in the cerebellum 
than in the cerebral cortex but did not exceed 30% 
of control values and could be reversed by a protein 
phosphatase [40]. Increased phosphorylation of some 

membrane proteins was observed after exposure of 
cultured neurons to muscarinic agonists [8]. 
Muscarinic receptors contain potential sites of 
phosphorylation by a cAMP-dependent protein 
kinase [41]. Purified muscarinic receptors from rat 
brain, at least some of them, are a substrate for cAMP- 
dependent protein kinase and phosphorylation of 
these receptors reduces their ability to bind [3H]- 
QNB [42]. In chick heart, the level of phosphorylation 
of purified muscarinic cholinergic receptors (m2- 
subtype) was found to be 10 times higher after 
desensitization following exposure to muscarinic 
agonists [43]. 

Agonist-induced phosphorylation and uncoupling 
of the cl2-adrenergic receptors is known to result 
from the activation of either a cAMP-dependent 
kinase (protein kinase A) or a CLARK. At low agonist 
concentrations, protein kinase A is activated, which 
phosphorylates one or two sites adjacent to the 
region of the receptor involved in the coupling with 
the o~subunit of Gs (as) protein. This phosphorylation 
disrupts the coupling. This protein kinase A can also 
phosphorylate other activated receptors, including 
some muscarinic subtypes, and therefore may play 
a role in their desensitization. At high concentrations 
of agonists, the rapid homologous desentization may 
occur through phosphorylation of the receptor by 
the cAMP-independent kinase, CLARK [44]. CLARK 
is a kinase which phosphorylates the CL-adrenergic 
receptors [45, 46] and also other G-protein coupled 
receptors including o~2-adrenergic receptors and heart 
muscarinic (m2) receptors. Therefore, homologous 
desensitization of the mz-muscarinic receptor subtype 
might result from a mechanism similar to that of the 
~-adrenergic receptors. In this way, agonist-induced 
phosphorylation and desensitization of human m 2 
(but not ml) muscarinic receptors expressed in Sf9 
insect cells has been recently reported [47]. In these 
cells, pertussis toxin suppressed the interaction 
between mE-receptors and G-proteins without 
changing the ability of carbachol to induce receptor 
phosphorylation, suggesting that G-proteins or G- 
protein-activated signals were not necessary for 
agonist-induced phosphorylation of the receptors. 

Protein kinase C, which is activated by muscarinic 
(ml, m3, ms) receptor occupancy might also mediate 
receptor phosphorylation. The breakdown of phos- 
phatidylinositol bisphosphate induced by muscarinic 
agonists generates DAG, an endogenous activator 
of protein kinase C [48, 49]. The role of protein 
kinase C in desensitization has therefore been studied 
in N1E-115 cells using phorbol esters that activate 
protein kinase C by substituting for the endogenous 
DAG. Phorbol esters such as PMA which activate 
protein kinase C are reported to promote rapidly 
the translocation of protein kinase C from the cytosol 
to the cellular membrane. This translocation has 
been shown in several systems to correlate with the 
activation of protein kinase C [48, 50, 51]. PMA was 
shown to desensitize the muscarinic receptor- 
mediated stimulation of cGMP synthesis that is 
mediated through activation of the muscarinic 
receptor (ml subtype) in NIE-115 cells [52-54]. 
PMA induced a desensitization which is protein 
kinase C-dependent but without receptor intern- 
alization, whereas the agonists induced a protein 
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Fig. 1. Time course of carbachol-induced effect on muscarinic receptors. Intact neurons (cerebellar 
cultured cells) were incubated with carbachol (0.5 mM) at 37 ° up to 1 hr (0). Ceils were then washed 
to remove carbachol and were further incubated at 37 ° (O) or 4 ° (12). The specific binding was measured 
in intact cells with 0.5 nm [3H]-N-methylscopolamine (0, O, [~) or in cell homogenate with 1 nM [3H]- 

QNB (A). 

kinase C-independent receptor desensitization and 
internalization. Lai and El Fakahany [55] concluded 
that desensitization induced by the phorbol ester is 
heterologous and that protein kinase C is not 
involved in the desensitization induced by the m 1 
muscarinic cholinergic agonists. 

Receptor uncoupling from its associated G-protein or 
second messenger 

Under prolonged stimulation by the agonist, 
receptors may undergo a rapid (and readily 
reversible) uncoupling from the G-protein that 
mediates the second messenger response, leading to 
the return of second messenger levels near basal 
levels in a few minutes. The mechanism of such 
uncoupling remains controversial but it may involve 
activation of protein kinases and subsequent 
phosphorylation of the receptor is thought to induce 
the uncoupling or the internalization of receptors 
like the fl-adrenergic receptors [44-46]. 

All the muscarinic receptor subtypes are coupled 
to the two main membrane-transducing systems 
through a GTP-dependent mechanism [56-58]. 
Muscarinic receptor activation may lead to either 
stimulation of PI breakdown by stimulation of 
phospholipase C (ml, m3, m5 subtypes), mainly 
found in neuronal tissue, or inhibition of cAMP 
accumulation by inhibition of adenylyl cyclase 
activity (m2 or m 4 subtypes) [12, 16, 17]. Moreover, 
in some cells (such as neuroblastoma cells N1E-115) 
activation of muscarinic receptors leads to a calcium- 
dependent stimulation of NO-synthetase resulting in 
guanylate cyclase activation and increase in cGMP 
level [59]. The third cytoplasmic loop of the receptors 

plays a crucial role in the selective coupling to their 
intracellular effector system [37, 60-62]. 

Pretreatment of NG108-15 cells, which possess m2 
muscarinic receptors, with carbachol (100/~M) 
resulted in a rapid loss of the carbachol-induced 
inhibition of adenylyl cyclase that was blocked by 
atropine [5]. In cells bearing muscarinic receptors of 
the ml subtype (mainly N1E-115 cells), the coupling 
to PI hydrolysis and its desensitization has been 
studied in many experimental conditions [20, 52, 63- 
68]. Cholinergic stimulation led, within a few minutes 
to an increase of PI metabolism which slowly 
decreased and reached the level of unstimulated 
cells (after 20rain in N1E-115 ceils), indicating 
desensitization. This effect was blocked by atropine 
[69]. In the same cells, short-term incubation of 
intact cells with cholinergic agonists resulted in rapid 
and specific desensitization of agonist-induced effects 
such as the transient increase in cGMP synthesis 
[63, 64]. This rapid desensitization was not related 
to changes in muscarinic receptor number studied 
with [3H]QNB. There was good correlation between 
the ability of various muscarinic receptor agonists to 
induce a rapid decrease in muscarinic cell-surface 
receptors and the stimulation of cGMP synthesis in 
these cells. The kinetics of the rapid disappearance 
of [3H]methylscopolamine binding sites and that of 
agonist-induced desensitization of receptor-mediated 
increase in cGMP were similar [53]. Moreover, the 
desensitized cGMP formation and the number of 
cell surface receptors recover simultaneously [70]. 
It is noteworthy that in these experiments, receptor 
internalization and desensitization did not occur very 
rapidly. Interestingly, recent studies in Chinese 



I N T A C T  CELLS 

100' 

H O M O G E N A T E  

100" 

O 
Z 
O 
Z 

75 ¸ 
u .~  
O..J 
ujO 
O.O; 
o3; 
tuO _zo 5 0  

< o  

o 
o 2 5  
o 3  

i 
i "r 

o3 

4"C _ 1  

O n- 
h -  

z 
O (o 

O 

v 

o 
Q 
_z 
m 

t..) 
i.iJ 

37 *C o3 
¢0 
Z 
O 

i "r 
o3 

4"C 

75 

50 

25 

80 J . M .  MALOTEAUX and E. HERMANS 

o 6 ; ;, ~ ;, o ~ ~ ,'6 
TIME (HOURS) TIME (HOURS) 

Fig. 2. Time course of carbachol-induced effect on muscarinic receptors in intact neurons and cell 
homogenate at different temperatures. Intact neurons were incubated with carbachol at 4 ° (11), 15 ° 
( • )  or 37 ° (0) .  The specific binding to muscarinic receptors was measured using [3H]methylscopolamine 

(0.5 nM) in intact neurons and [3H]QNB (1 nM) in the homogenate.  
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Fig. 3. Scatchard analysis of [3H]methylscopolamine specific binding in intact neurons and [3H]QNB 
specific binding in the homogenate from cells incubated in the presence or absence of carbachol. Intact 
neurons were incubated at 37 ° with or without carbachol (0.5 mM) for 1 hr and the specific binding was 
measured on intact cells, at 4 °, with [3H]methylscopolamine. When the ceils were incubated for 16 hr 
with carbachol, the specific binding of [3H]QNB was measured on the total particulate fraction from 

the ceils (results are means of three different experiments). 
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hamster ovary cells, transfected with m3 receptors, 
showed that rapid desensitization of the agonist- 
induced phosphoinositide response (inositol-l,4,5- 
trisphosphate formation) was not accompanied by 
a decrease of cell surface muscarinic receptors. The 
rapid desensitization and recovery of inositol-l,4,5- 
trisphosphate response was correlated with the 
transient receptor-mediated mobilization of intra- 
cellular calcium [71]. Therefore, a fast receptor 
desensitization might occur without receptor intern- 
alization but the role of uncoupling and/or  
phosphorylation in this process is still unclear. 

Internalization of muscarinic receptors 
Referring to the rapid agonist-induced intern- 

alization of fl-adrenergic receptors, demonstrated 
with the hydrophilic ligand CGP 12177 [72], [3H]- 
N-methylscopolamine, allowed us to study the fate 
of cell surface muscarinic receptors after incubation 
of intact cells with agonists. The incubation of 
cultured cells (NG108-15, N1E-115, IMR-32, PC12, 
neuronal cells from rat cerebral cortex or rat 
cerebellum) in the presence of agonists (acetyl- 
choline, carbachol, oxotremorine or pilocarpine) 
resulted in the rapid decrease of the [3H]-N- 
methylscopolamine specific binding to intact cells 
(about 80% of the control values). The reduction 
of [3H]-N-methylscopolamine binding sites was 
dependent on the duration of the incubation and 
reached a steady state within 60 min (Fig. 1). The 
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effect was concentration and temperature dependent.  
Experimentally, the most effective way to inhibit 
receptor mediated internalization is to reduce the 
temperature to between 0 ° and 4 ° [73-75]. The rapid 
disappearance of the cell surface receptors was 
observed when incubation with cholinergic agonist 
was performed at 37 ° and 15 ° but not at 4 ° (Fig. 2); 
indeed, the binding experiment with the labeled 
ligand was always performed at 4 ° (for 30 min) to 
avoid receptor reappearance during that phase of 
the experiment. The effect was rapidly reversible 
when the incubation of the cells was prolonged after 
the agonist had been washed away (Fig. 1). 

The reduction of [3H]-N-methylscopolamine bind- 
ing corresponded to a decrease in receptor number 
at the cell surface (Bmax) without change of receptor 
affinity (Fig. 3). The total amount of receptors in 
the homogenate of the same cells was not reduced. 
The agonist-induced disappearance of cell surface 
receptors was never complete: about 30% of the 
total receptor population, apparently resistant to 
agonist treatment, was not internalized. The 
explanation for this is not known but, it is probably 
not due to inefficent linkage to the G-proteins since 
G-protein coupling does not seem to be a prerequisite 
for receptor internalization. 

Several drugs and chemical compounds, as well 
as changes in ionic buffer composition, were tested 
in order to inhibit (or potentiate) the carbachol- 
induced rapid disappearance of [3HI-N-methyl- 

Table 1. Effect of drugs on the agonist-induced short-term disappearance of [3n]- 
methylscopolamine (2 nM) specific binding to cell surface muscarinic receptors of 

intact neuroblastoma x glioma NG108-15 cells 

[3H]methylscopolamine 
specific binding 

% of control values 
(fmol/mg protein) 

Control 
Carbachol (0.5 mM) 
Acetylcholine (1 mM with eserine) 
Atropine (10 nM) 
Carbachol (0.5 mM) + atropine (10 nM) 
Colchicine (1 mM) 
Carbachol (0.5 mM) + colchicine (1 mM) 
Methylamine (20 mM) 
Carbachol (0.5 mM) + methylamine (20 mM) 

100 (22.86 -+ 1.09) 
28 (6.43 -+ 0.74) 
24 
92 
78 
89 
29 

101 
25 

Drugs, transmitters or incubation conditions that were without influence on the 
[3H]methylscopolamine specific binding to intact cells and on the disappearance of 
muscarinic receptors on cell surface induced by carbachol incubated for 1 hr with 
intact NG108-15 cells were dansylcadaverin (200/~M), monensine (250/~M), 
vincristine (0.55/aM), azide (10 raM), valinomycine (5/aM), NEM (10/aM), GppNHp 
(10/aM), tunicamycine (0.1/ag/mL), 3-4-diaminopyridine (1/aM), A 23187 (1/uM), 
ouabain (lmM), apamine (10nM), phencyclidine (I/aM), verapamil (10/aM), 
flunarizine (10/aM), noradrenaline (100/aM), serotonin (100/aM), ( - ) -  or (+)- 
etomidate (10/aM), spiperone (1/aM), yohimbine (1 #M), puromycine (50/~M), 
cycloheximide (50/aM), met-enkephalin (10/aM) in the presence of puromycin 
(50/aM), morphine (1/aM), imipramine (1/aM), diphenylhydantoine (1/aM), nicotine 
(10/aM); 55 or 155mM K ÷ buffer, calcium free buffer (with or without 1 mM 
EGTA). 

Intact cells were incubated for 1 hr in the presence or absence of drugs or 
transmitters. The [3H]methylscopolamine specific binding was measured in intact 
cells at 0-4 °. The results are expressed as a percentage of control values. 
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scopolamine specific binding to cell surface mus- 
carinic receptors (Table 1). The rapid agonist- 
induced decrease in [3H]-N-methylscopolamine 
binding sites was partially prevented in the 
presence of the muscarinic antagonists atropine or 
scopolamine, but only under experimental conditions 
that allowed a complete wash out of the antagonists 
in order to avoid their persistence on the receptor 
sites. Methylamine is a weak basic compound 
which accumulates within lysosomes [76], increases 
lysosomal pH [77, 78] and can impair receptor 
endocytosis, recycling or degradation [79,80]. 
Preincubation of the cells with methylamine (1 mM) 
did not inhibit the carbachol-induced decrease of 
muscarinic receptor internalization in NG108-15 cells 
(Table 1). Dansylcadaverine is an amine which 
inhibits the uptake of most but not all ligands 
[79,81, 82], probably by inhibition of transglu- 
taminase, an enzyme capable of cross-linking proteins 
in coated pits. Bacitracin is also an amine that 
inhibits internalization of some ligands but not others 
[79, 83-85]. Monensin, a carboxylic ionophore for 
monovalent ions [86], inhibits the processing of 
proteins in the Golgi apparatus and the endocytosis 
of some ligand-receptor complexes [87, 88] and 
interrupts the recycling of some receptors [89-91]. 
Monensin, like other alkylamines, raises the pH of 
endosomes and lysosomes [92]. Dansylcadaverine 
(0.2 mM), bacitracin (10 ~tM) and monensin 
(0.25 raM) did not prevent the agonist-induced rapid 
disappearance of cell surface muscarinic receptors. 
This is compatible with the fact that lysosomes are 
not involved in short-term agonist-induced decrease 
of muscarinic receptor number. Colchicine and 
vincristine (poisons which interrupt the motion of 
vesicles along the microtubules), azide (which 
inhibits mitochondrial activity), antimycin A (that 
reduces intracellular ATP concentration) and 
valinomycine (an ionophore which reduces K + 
gradients) did not inhibit receptor internalization. 
NEM reduces the binding affinity of agonists for the 
muscarinic receptor (m E subtype) and greatly reduces 
the ability of agonists to inhibit the adenylyl cyclase 
activity [12, 34, 93, 94]. We observed a significant 
reduction in the affinity of agonists for the muscarinic 
receptor when a NG108-15 cell homogenate was 
incubated with NEM, but preincubation and/or 
incubation of the intact cells in the presence of NEM 
was without influence on the carbachol-induced 
rapid decrease in [3H]-N-methylscopolamine specific 
binding. GTP (0.1 ~tM) and GppNHp (a stable 
analog of GTP) induce a shift from the high-affinity 
agonist binding state to the low affinity [94] but did 
not influence the receptor internalization rate. 

When NG108-15 cells were incubated in a K + free 
buffer, the rapid decrease in [3H]-N-methyl- 
scopolamine specific binding was less marked and 
this was more significant when the cells were 
preincubated in the K + free buffer for 30 min before 
further incubation in the presence of carbachol (Fig. 
4). The effect of K ÷ free buffer was reversed in the 
presence of rubidium. Larkin et al. [95] showed that 
the depletion of intracellular K ÷ (by incubation of 
the intact cells in isotonic K + free buffer) caused a 
rapid reduction in the rate of endocytosis of receptor 
bound low-density protein (LDL) and EGF in human 
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Fig. 4. Effect of depletion of intracellular K ÷ (by incubation 
in isotonic K+-free buffer) on the carbachol-induced 
decrease of muscarinic receptors in intact neuronal cells. 
Intact NG108-15 cells were incubated with or without 
carbachol for 1 hr in 5 mEq K ÷ or K÷-free buffer (with or 
without preincubation for 30min or 1 hr). In some 
experiments, rubidium (Rb, 5 mEq) was added in the K ÷- 
free preincubation buffer of carbachoi treated cells. [3H]- 
methylscopolamine specific binding was measured in intact 
neurons and expressed as a percentage of the control values 
(experiments were performed three to six times in 

triplicate). 

fibroblasts. Depletion in intracellular K ÷ reversibly 
arrests coated pits formation and receptor mediated 
endocytosis in fibroblasts. Depletion of intracellular 
K ÷ also induces a reduction in several anabolic 
processes such as inhibition of protein and DNA 
synthesis [96] and a loss of response to polypeptide 
growth factors such as EGF, vasopressin and insulin 
[97]. It was recently shown that EGF receptors may 
bind to assembly proteins (adaptins), which anchor 
the clathrin lattice to the inner surface of the cell 
membrane. Although unoccupied receptors may 
associate with the adaptins, binding of EGF to its 
receptors increased the interaction with adaptins. 
The depletion of K ÷ blocked endocytosis of EGF 
receptors and increased receptor-adaptin association, 
suggesting that receptor adaptin interactions occur 
before coated pits are assembled [98]. Our results 
in K+-depleted neuronal cells suggest the role of 
coated pits in the internalization mechanism of 
muscarinic receptors activated by agonists. 

High K + concentrations (55 or 155 mM K ÷) in the 
incubation medium for a short time (up to 60 min) 
were without effect on the agonist-induced decrease 
in [3H]-N-methylscopolamine specific binding but 
we observed that prolonged (24 hr) neuronal cell 
depolarization in medium containing a high potassium 
concentration (25raM) induced an increase in 
muscarinic receptors that could be due to increased 
receptor synthesis or, as suggested by Liles and 
Nathanson [99], by inhibition of muscarinic receptor 
degradation. However, the effect of cell depo- 
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larization varies from one cell type to the other, 
since Shaw et al. [100] observed a muscarinic receptor 
down-regulation in cortex slices after a 4-hr 
depolarization using veratridine or high external 
potassium concentration. 

The rapid disappearance of muscarinic receptors 
was specifically induced by muscarinic agonists and 
was related to the potency of these agonists. Other 
receptor sites (opiate, ol2-adrenergic) have been 
measured in NG108-15 cells after incubation with 
carbachol and were unchanged (not shown here). 
The reappearance of [3H]methylscopolamine specific 
binding on intact cells was rapid, temperature 
dependent (Fig. 1) and was not accelerated by 
depolarization of the cells in high K ÷ medium nor 
by A23187 or BAY K8644. The reappearance of 
muscarinic receptors at the cell surface, after short 
term incubation with carbachol, was not inhibited 
by protein synthesis inhibitors such as cycloheximide 
(50 ~M) or puromycine (50/~M). 

Muscarinic receptor down-regulation 

A down-regulation of muscarinic receptors, 
induced by the agonists, corresponds to a decrease 
in the number of cellular receptors. Muscarinic 
agonists were found to shorten muscarinic receptor 
half-life [4, 26]. We observed a muscarinic receptor 
down-regulation after prolonged incubation of the 
cells in the presence of cholinergic agonists. 
The down-regulation was concentration and tem- 
perature dependent. There was no down-regulation 
when the cells were incubated at 0-4 ° for 16 hr with 
the agonist but more surprisingly, there was no 
down-regulation at 16 ° (Fig. 2). This could be 
explained by the absence of fusion of lysosomal 
and vesicular membranes at this temperature. 
Interestingly, there was a similar temperature 
dependence for desensitization of muscarinic recep- 
tor mediated cGMP formation [64]. 

The agonist-induced muscarinic receptor down- 
regulation was fully prevented by pharmacological 
concentrations of muscarinic antagonists (atropine 
or scopolamine, 50 nM). The down-regulation was 
also inhibited by so-called lysosomotropic compounds 
such as methylamine (Table 2) and was not 
accompanied by down-regulation of opiate or ol2- 
adrenergic receptors. Colchicine (1-10~uM) com- 
pletely inhibited the slow carbachol-induced receptor 
down-regulation (Table 2). 

Pertussis toxin (which inactivates the inhibitory 
G-protein Gi involved in the adenylyl cyclase 
response of m2-muscarinic receptor subtype) did not 
prevent the agonist-induced muscarinic receptor 
down-regulation [101]. Therefore, a functional Gi 
does not seem to be required for down-regulation 
of muscarinic cholinergic receptor in NG108-15 cells. 
Higher doses of the toxin were reported to induce 
a decrease in muscarinic receptors of neuronal cells 
that were chronically treated (5 days) suggesting a 
possible role of Gi in the control of muscarinic 
receptor turnover [102]. After down-regulation, 
there was a slow increase in receptor number which 
was inhibited, to a large extent, by puromycine or 
cycloheximide suggesting that receptor reappearance 
corresponds to newly synthesized receptors in the 
neuronal cells. 

The signals which determine whether an internal- 
ized receptor will be degraded or recycled are not 
known. Antagonists, despite binding to receptors 
with a very high affinity, never induce receptor 
internalization and they are never endocytosed by 
a receptor-mediated process. On the contrary, 
endocytosis of high affinity agonists like neuro- 
peptides or growth factors has been reported 
simultaneously with their receptor internalization. 
The persistent binding of the agonist on the receptor 
after internalization, might be one of the signals that 
leads to receptor degradation. In these conditions, 
the receptor might be maintained in phosphorylated 
or affinity conformations which would not allow 
receptor recycling to the cell surface. Neurotensin 
receptors, which are internalized with the peptide, 
do not rapidly recycle at the cell surface [103] but, 
when internalization is induced by a peptide 
derivative which displays a lower affinity for the 
receptor, this peptide is thought to dissociate and 
the receptor returns to the cell surface [104]. 
Prolonged receptor occupancy by the agonist might 
trigger the degradation of the internalized receptor. 
It has been shown that the endocytic vesicles that 
contain a newly ingested ligand become rapidly 
acidified after the internalization process [105] and 
this can induce the dissociation of the ligand (EGF, 
insulin, a~2-macroglobulin) from the receptor [85, 87]. 
However, this is not the rule: iron transport protein 
transferrin remains associated with the transferrin 
receptor under similar acidic conditions although the 
bound iron is released [106, 107]. The affinity of 
most cholinergic agonists is low for the muscarinic 
receptor (micro- to millimolar range) and the 
dissociation rate is very fast. Moreover, there is a 
rapid degradation of the transmitter by acetyl- 
cholinesterase and a very efficient choline re-uptake 
system by the cholinergic neurons. For these reasons, 
it is unlikely that muscarinic agonists will always be 
internalized with the receptors, but this might be 
the case for a small proportion of the receptors, 
leading to their progressive degradation after several 
hours of incubation with the agonists. 

The cytoskeleton plays a key role in the down- 
regulation of several receptors such as the transferrin 
receptor. Down-regulation of transferrin receptors 
can be mediated by phorbol esters and is associated 
with receptor phosphorylation by activated protein 
kinase C [108,109]. An intact cytoskeleton is needed 
to allow transferrin receptor internalization since 
colchicine inhibited phorbol-ester receptor intern- 
alization, whereas colchicine did not inhibit receptor 
phosphorylation, suggesting that in this model, 
receptor phosphorylation is not sufficient to induce 
its internalization and down-regulation. An intact 
cytoskeleton is also required for recycling of newly 
synthesised receptors such as insulin receptors [110]. 
In heart cell culture [111] and in organ cell culture 
of guinea pig vas deferens [112,113], agonist- 
induced down-regulation has been suggested via 
endocytosis and cytoskeletal dependent transport of 
internalized receptors to intracellular degradation 
sites. Higuchi et al. [114] also reported that 
the recovery of muscarinic cholinergic receptors 
following agonist-induced down-regulation was 
reduced by drugs that interfere with microtubules. 
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Table 2. Effect of drugs on the down-regulation of muscarinic receptors 
induced by 16 hr incubation of NG108-15 cells with carbachol 

[3H]QNB specific 
binding (% of 

control values; fmol/ 
mg protein) 

Control 100 (43.5 --- 5.2) 
Carbachol (0.5 mM) 36 (15.7 -+ 2.6) 
Acetylcholine (1 mM; with eserine) 33 
Scopolamine (50 nM) 108 
Carbachol + scopolamine (5 nM) 66 

scopolamine (50 nM) 103 
scopolamine (500 nM) 91 

Colchicine (1 raM) 94 
Carbachol + colchicine 96 
Methylamine (20 mM) 91 
Carbachol + methylamine 80 

[3H]QNB (1.5 nM) was measured in the homogenate from these cells. 
Intact cells were incubated for 16 hr in the presence or absence of drugs 

or transmitters. The [3H]QNB specific binding was measured in the cell 
homogenate and the result expressed as a percentage of control values 
(experiments were performed at least three times in triplicate). 

In neuronal cells in culture, nocodazole (an 
antimicrotubular agent dissimilar from colchicine) 
but not cytochalasin B (an antimicrofilament agent) 
was reported to reduce muscarinic receptor down- 
regulation and to inhibit the externalization of newly 
synthesised receptors. We observed that colchicine 
(up to 10/~M) did not inhibit muscarinic receptor 
internalization (Table 1) but reduced receptor down- 
regulation in NG108-15 (Table 2), PC12 cells and 
neurons from rat forebrain. 

The third cytoplasmic loop of the muscarinic 
receptor was shown to be very important in agonist- 
induced internalization mechanism [115,116]. More- 
over, this third loop of the muscarinic (ml) receptor 
is also involved in long-term agonist-mediated down- 
regulation of a number of receptors. It is not known 
whether the removal of the major portion of the 
third intracellular loop may stabilize the receptor 
against degradation by reducing the accessibility to 
intracellular proteases or is required for targeting 
internalized receptors to lysosomes [117]. 

The various agonist-induced mechanisms leading 
to cell desensitization clearly differ in their duration 
and may be different according to the type of second 
messenger coupled to the receptors or receptor 
subtypes. In most cases, several successive or 
simultaneous reactions that cannot be easily 
dissociated are involved in desensitization. The 
contributions of three of the main mechanisms of fl- 
adrenergic receptor desensitization: phosphorylation 
by protein kinase A,  by f lARK [44-46] and 
sequestration or redistribution of E-receptors to 
other cell compartments such as light vesicles 
[72, 118, 119], were investigated by selective inhi- 
bition [120]. This led to the conclusion that the three 
mechanisms were distinct, but had probably 
overlapped physiological roles in controlling receptor 
function. A complete blockage of the desensitization 
required the concurrent inhibition of the three 

pathways [120]. This is probably also true in the case 
of muscarinic receptor desensitization. 

Besides desensitization, another aspect of agonist- 
induced delayed effects will be increasingly studied 
in the future. Internalized receptors might have 
some physiological roles in the cells, and those which 
will not undergo recycling to the cell surface might 
initiate or participate in slow and complex 
intracellular regulatory processes including down- 
regulation, retrograde axonal transport or specific 
modulation of mRNA levels [121-125]. 

Acknowledgements--This work was supported by a grant 
from the Fonds National de la Recherche Scientifique 
(FRSM 9.45.11.89), by the Minist~re de i'Education et de 
la Recherche Scientifique (Grant Action Concert6e 89/95- 
135) and by the Queen Elisabeth Medical Foundation. E. 
Hermans is a Research assistant of the National Fund for 
Scientific Research (FNRS). 

REFERENCES 

1. Burgermeister W, Klein WL, Nierenberg M and 
Witkop B, Comparative binding studies with chol- 
inergic ligands and histriotoxin at muscarinic receptors 
of neural cell lines. Mol Pharmaco114: 751-767, 1978. 

2. Taylor JE, E1-Fakahany E and Richelson E, Long- 
term regulation of muscarinic acetylcholine receptors 
on cultured nerve cells. Life Sci 25: 2181-2187, 1979. 

3. Siman RG and Klein WL, Cholinergic activity 
regulates muscarinic receptors in central nervous 
system cultures. Proc Natl Acad Sci USA 76: 4141- 
4145, 1979. 

4. Klein W, Multiple binding states of muscarinic 
acetylcholine receptor in membranes from neuro- 
blastoma-glioma hybrid cells. Biochem Biophys Res 
Commun 93: 1058--1066, 1980. 

5. Green DA and Clark RB, Specific muscarinic 
cholinergic desensitization in the neuroblastoma- 
glioma hybrid NG 108-15. J Neurochem 39: 1125- 
1131, 1982. 



Internalization of muscarinic receptor 85 

6. Kukkonen J, Ojala P, Nasman J, Hamalainen H, 
Heikkila J and Akerman KE, Muscarinic receptor 
subtypes in human neuroblastoma cell lines SH-SY5Y 
and IMR32 as determined by receptor binding, 
calcium mobilization and northern blotting. J 
Pharmacol Exp Ther 263: 1487-1493, 1992. 

7. Cross AJ, Johnson JA, Frith C and Taylor 
GR, Muscarinic cholinergic receptors in a rat 
pheochromocytoma cell line. Biochem Biophys Res 
Commun 119: 163-167, 1984. 

8. Burgoyne RD and Pearce BR, Muscarinic ace- 
tylcholine receptor regulation and protein phos- 
phorylation in primary cultures of rat cerebellum. 
Deo Brain Res 2: 55-63, 1982. 

9. Maloteaux JM, Gossuin A, Pauwels P and Laduron 
PM, Short-term disappearance of muscarinic cell 
surface receptors in carbachol-induced desensitization. 
FEBS Lett 156: 103-107, 1983. 

10. Ehlert FJ, Roeske WR and Yamamura HI, Muscarinic 
receptor: regulation by guanine nucleotides, ions and 
N-ethylmaleimide. Fed Proc 40: 153--159, 1981. 

11. Vickroy TW, Watson M, Roeske WR and Yamamura 
HI, Agonist binding to multiple muscarinic receptors. 
Fed Proc 43: 2785-2790, 1984. 

12. Watson M, Roeske WR and Yamamura HI, 
Cholinergic receptor heterogeneity. In: Psy- 
chopharmacology: The Third Generation o f  Progress. 
pp. 241-248. Raven Press, New York, 1987. 

13. Soudijn W, Van Wijngaarden I and Ariens FJ, 
Dexetimide: a useful tool in acetylcholine receptor 
localization. Eur J Pharmacol 24: 43-48, 1973. 

14. Laduron PM, Verwimp M, and Leysen JE, Stereo- 
specific in vitro binding of [3H]-dexetimide to brain 
muscarinic receptors. J Neurochem 32: 421-427, 1979. 

15. Watson M, Roeske WR, Johnson PC and Yamamura 
HI, 3H-pirenzepine identifies putative M1 muscarinic 
receptors in human stellate ganglion. Brain Res 290: 
179-182, 1984. 

16. Watson M, Roeske WR and Yamamura HI, 3H- 
pirenzepine and 3H-QNB binding to rat cerebral 
cortical and cardiac muscarinic cholinergic sites. J 
Pharmacol Exp Ther 237: 419-427, 1986. 

17. Watson M, Roeske WR, Vickroy TW, Smith TL, 
Akiyama K, Gulya K, Duckies SP, Serra M, Adem 
A, Nordberg A, Gehlert D, Wamsley JK and 
Yamamura HI, Biochemical and functional basis of 
putative muscarinic receptor subtypes and its 
implication. Trends Pharrnacol Sci 2 Suppl: 46-55, 
1986. 

18. Hulme EC, Birdsall NJM, Burgen ASV and Mehta 
P, The binding of antagonists to brain muscarinic 
receptors. Mol Pharmacol 14: 737-750, 1978. 

19. Galper JB, Dziekan LC, Miura DS and Smith TW, 
Agonist-induced changes in the modulation of K ÷ 
permeability and beating rate by muscarinic agonists 
in cultured heart cells. J Gen Physiol 80: 231-256, 
1982. 

20. Feigenbaum P and El-Fakahany E, Short-term 
regulation ofmuscarinic acetylcholine receptor binding 
in cultured nerve cells. Res Commun Chem Pathol 
Pharmacol 43: 519-522, 1984. 

21. Maloteaux JM, Gossuin A, Waterkeyn C and Laduron 
PM, Trapping of labelled ligand in intact cells: a pitfall 
in binding studies. Biochem Pharmacol 32: 2543- 
2548, 1983. 

22. Gossuin A, Maloteaux JM, Trouet A and Laduron 
PM, Differentiation between ligand trapping into 
intact cells and binding on muscarinic receptors. 
Biochim Biophys Acta 804: 100-106, 1984. 

23. Peralta EG, Ashkenazi A, Winslow JW, Ram° 
achandran J and Capon D J, Differential regulation 
of PI hydrolysis and adenylyl cyclase by muscarinic 
receptor subtypes. Nature 334: 434-437, 1988. 

24. Fukuda K, Higashida H, Kubo T, Maeda A, Akiba 
I, Bujo H, Mishina M and Numa S, Selective coupling 
with K ÷ currents of muscarinic acetylcholine receptor 
subtypes in NG108-15 cells. Nature 335: 355-358, 
1988. 

25. Barnard E, Separating receptor subtypes from their 
shadows. Nature 335: 301-302, 1988. 

26. Klein W, Nathanson N and Nirenberg M, Muscarinic 
acetylcholine receptor regulation by accelerated rate 
of receptor loss. Biochem Biophys Res Commun 90: 
506--512, 1979. 

27. Siman RG and Klein WL, Specificity of muscarinic 
acetylcholine receptor regulation by receptor activity. 
J Neurochem 37: 1099-1108, 1981. 

28. Akiyama K, Watson M, Roeske WR and Yamamura 
HI, High affinity [3H]-pirenzepine binding to putative 
M1 muscarinic sites in the neuroblastoma-glioma 
hybrid cell line NG 108-15. Biochem Biophys Res 
Cornmun 119: 289-297, 1984. 

29. Evans T, Smith MM, Tanner L and Harden TK, 
Muscarinic cholinergic receptors of two cell lines that 
regulate cyclic AMP metabolism by different molecular 
mechanisms. Mol Pharmaco126: 395-404, 1984. 

30. Fields JZ, Roeske WR, Morkin E and Yamamura HI 
Cardiac muscarinic cholinergic receptors. J Biol Chem 
253: 3251-3258, 1978. 

31. Birdsall NJM, Burgen ASV and Hulme EC The 
binding of agonists to brain muscarinic receptors. Mol 
Pharmacol 14: 723--736, 1978. 

32, Birdsall NJM, Burgen ASV, Hulme EC and Wells 
JN, The effects of ions on the binding of agonists and 
antagonists to muscarinic receptors. Br J Pharmacol 
67: 371-377, 1979. 

33. Sokolovsky M, Eurwitz D and Galron R, Muscarinic 
receptor binding in mouse brain: Regulation by 
guanine nucleotides. Biochem Biophys Res Commun 
94: 487-492, 1980. 

34. Harden TK, Sheer AG and Smith MM, Differential 
modifications of the interaction of cardiac muscarinic 
cholinergic and beta adrenergic receptors with a 
guanine nucleotide binding component(s). Mol 
Pharmacol 21: 570-580, 1982. 

35. Waelbroeck M, Robberecht P, Chatelain P and 
Christophe J, Rat cardiac muscarinic receptors. Effect 
of guanine nucleotides on high- and low- affinity 
binding sites. Mol Pharmacol 21: 581-588, 1982. 

36. Lefkowitz RJ, Hausdorff WP and Caron MG, Role 
of phosphorylation in desensitization of the /3- 
adrenoreceptor. Trends Pharmacol Sci 11: 190-194, 
1990. 

37. Savarese TM and Fraser CM, In oitro mutagenisis 
and the search for structure-function relationships 
among G-protein-coupled receptors. Biochem J 283: 
1-19, 1992. 

38. Burgoyne RD, Regulation of the muscarinic ace- 
tylcholine receptor: effect of phosphorylation con- 
ditions on agonist and antagonist binding. FEBS Lett 
122: 288-292, 1980. 

39. Burgoyne RD, Regulation of the muscarinic ace- 
tylcholine receptor: effect of phosphorylating con- 
ditions on agonist and antagonist binding. JNeurochem 
40: 324-331, 1983. 

40. Ho AKS and Wang JH, Calmodulin regulation of 
cholinergic muscarinic receptor: effects of calcium 
and phosphorylating states. Biochem Biophys Res 
Commun 133: 1193-1200, 1985. 

41. Krebs EG and Bears JA, Phosphorylation-depho- 
sphorylation of enzymes. Annu Rev Biochem 48: 923- 
959, 1979. 

42. Ho AK, Ling QL, Duffield R, Lam PH and Wang 
JH, Phosphorylation of brain muscarinic receptor: 
evidence of receptor regulation. Biochem Biophys 
Res Commun 142: 911-918, 1987. 



86 J. M. MALOTEAUX and E. HERMANS 

43. Kwatra HM and Hosey MM, Phosphorylation of the 
cardiac muscarinic receptor in intact chick heart and 
its regulation by a muscarinic agonist. J Biol Chem 
261: 12429-12432, 1986. 

44. Benovic JL, Strasser RH, Benovic JL, Daniel K and 
Lefkowitz RJ, Beta-adrenergic receptor kinase: 
identification of a novel protein kinase that phos- 
phorylates the agonist occupied form of the receptor. 
Proc Natl Acad Sci USA 83: 2797-2801, 1986. 

45. Sibley DR, Strasser RH, Benovic JL, Daniel K and 
Lefkowitz R J, Phosphorylation/dephosphorylation of 
the fl-adrenergic receptor regulates its functional 
coupling to adenylate cyclase and subcellular distri- 
bution. Proc Natl Acad Sci USA 83: 9408-9412, 1986. 

46. Sibley DR, Benovic JL, Caron MG and Lefkowitz 
RJ, Regulation of transmembrane signaling by 
receptor phosphorylation Cell 48: 913-922, 1987. 

47. Richardson RM and Hosey MM, Agonist-induced 
phosphorylation and desensitization of human m2 
muscarinic cholinergic receptors in Sf9 insect cells. J 
Biol Chern 267: 22249-22255, 1992. 

48. Berridge MJ and Irvine RF, Inositol triphosphate, a 
novel second messenger in cellular signal transduction. 
Nature 312: 315-321, 1984. 

49. Nishizuka Y, The role of protein kinase C in cell 
surface signal transduction and tumor promotion. 
Nature 308: 693-698, 1984. 

50. Kraft AS and Anderson WB, Phorbol esters increase 
the amount of Ca 2+, phospholipid-dependent protein 
kinase associated with plasma membrane. Nature 301: 
621-623, 1983. 

51. Wise BC, Raynor RL and Kuo JF, Phospholipid 
sensitive calcium-dependent protein kinase from 
heart. I. Purification and general properties. J Biol 
Chern 257: 8481-8488, 1983. 

52. Lai WS and E1-Fakahany E, A selective effect of 
protein kinase C activation on pirenzepine high- 
affinity muscarinic receptors in a neuronal clone. Eur 
J Pharrnacol 129: 201-202, 1986. 

53. Cioffi CL and EI-Fakahany E, Short-term desen- 
sitization of muscarinic cholinergic receptors in mouse 
neuroblastoma cells: selective loss of agonist low 
affinity and pirenzepine high affinity binding sites. J 
Pharmacol Exp Ther 238: 916--923, 1986. 

54. Kanba S, Kanba KS and Richelson E, The protein 
kinase C activator, 12-O-tetradecanoylphorbol-13- 
acetate (TPA), inhibits muscarinic (M1) receptor 
mediated inositol phosphate release and cyclic GMP 
formation in murine neuroblastoma cells (clone N1E- 
115). Eur J Pharrnacol 125: 155-156, 1986. 

55. Lai WS and E1-Fakahany E, Regulation of [3H]- 
phorbol-12,13-dibutyrate binding sites in mouse 
neuroblastoma cells: simultaneous down-regulation 
by phorbol esters and desensitization of their inhibition 
of muscarinic receptor function. J Pharmacol Exp 
Ther 244: 41-50, 1990. 

56. Brown JH and Brown SL, Agonists differentiate 
muscarinic receptors that inhibit cyclic AMP formation 
from those that stimulate phosphoinositide metab- 
olism. J Biol Chem 259: 3777-3781, 1984. 

57. Merrit JE, Taylor CW, Rubin RP and Putney JN, 
Evidence suggesting that a novel guanine nucleotide 
regulatory protein couples receptors to phospholipase 
C in exocrine pancreas. Biochem J 236: 337-345, 
1986. 

58. Evans T, Helper JR, Master SB, Brown JH and 
Harden TK, Guanine nucleotide regulation of agonist 
binding to muscarinic receptors: relation to affinity of 
agonist for stimulation of phosphoinositide breakdown 
and calcium mobilization. Biochem J 232: 751-757, 
1985. 

59. Arroyo CM and Forray C, Activation of cGMP 
formation in mouse neuroblastoma cells by a labil 

nitroxyl radical. An electron paramagnetic resonance/ 
spin trapping study. Eur J Pharmacol 208: 157-161, 
1991. 

60. Kubo T, Bujo H, Akiba I, Nakai J, Mishina M and 
Numa S, Location of a region of the muscarinic 
acetylcholine receptor involved in selective effector 
coupling. FEBS Lett 241: 119-125, 1988. 

61. Wong SKF, Parker EM and Ross EM, Chimeric 
muscarinic cholinergic/fl-adrenergic receptors that 
activate Gs in response to muscarinic agonists. J Biol 
Chem 265: 6219-6224, 1990. 

62. Wess J, Bonner TI, Dorje F and Brann MR, 
Delineation ofmuscarinic receptor domains conferring 
selectivity of coupling to guanine nucleotide-binding 
proteins and second messengers. Mol Pharmacol 38: 
517-523, 1990. 

63. Richelson E, Desensitization of muscarinic receptor 
mediated cyclic GMP formation by cultured nerve 
cells. Nature 272: 366-368, 1978. 

64. El-Fakahany E and Richelson E, Regulation of 
muscarinic receptor-mediated cyclic GMP synthesis 
by cultured mouse neuroblastoma cells. J Neurochem 
34: 941-948, 1980. 

65. Feigenbaum P and El-Fakahany E, Regulation of 
muscarinic cholinergic receptor density in neuro- 
blastoma cells by brief exposure to agonist: possible 
involvement in desensitization of receptor function. J 
Pharmacol Exp Ther 233: 134-140, 1985. 

66. Lai WS and EI-Fakahany E, Phorbol ester-induced 
inhibition of cyclic GMP formation mediated by 
muscarinic receptors in murine neuroblastoma cells. 
J Pharmacol Exp Ther 241: 366-373, 1987. 

67. Lenox RH, Hendley D and Ellis J, Desensitization 
of muscarinic receptor coupled phosphoinositide 
hydrolysis in rat hippocampus. Comparisons with the 
alpha adrenergic response. J Neurochem 50: 558-564, 
1988. 

68. Xu J and Chuang D, Muscarinic acetylcholine receptor 
mediated phosphoinositide turnover in cultured 
cerebellar granule ceils: desensitization by receptor 
agonists. J Pharmacol Exp Ther 242: 238-244, 1987. 

69. Cohen NM, Schmidt DM, McGlennen RC and Klein 
W, Receptor mediated increases in phos- 
phatidylinositol turnover in neuron-like cell lines. J 
Neurochem 40: 547-554, 1983. 

70. Cioffi CL and EI-Fakahany EE, Differential sensitivity 
of phosphoinositide and cGMP responses to short- 
term regulation by a muscarinic agonist in mouse 
neuroblastoma cells. Biochem Pharmacol 38: 1827- 
1834, 1989. 

71. Tobin AB, Lambert DG and Nahorski SR, Rapid 
desensitization of muscarinic m 3 receptor-stimulated 
polyphosphoinositide responses. Mol Pharmacol 42: 
1042-1048, 1992. 

72. Staehelin M and Simons P, Rapid and reversible 
disappearance of beta-adrenergic cell surface recep- 
tors. EMBO J 1: 187-190, 1982. 

73. Brown MS and Goldstein JL, Analysis of a mutant 
strain of human fibroblasts with a defect in 
the internalization of receptor-bound low density 
lipoprotein. Cell 9: 663-674, 1976. 

74. Dunn WA, Hubbard AL and Aronson NM, Low 
temperature selectively inhibits fusion between 
pinocytic vesicles and lysosomes during heterophagy 
of 125I-asialofeuin by the perfused rat liver. J Biol 
Chem 255: 5971-5978, 1980. 

75. Marsh M and Helenius A, Adsorptive endocytosis of 
semliki forest virus. J Mol Biol 142: 439-454, 1980. 

76. de Duve C, de Barsy T, Poole B, Trouet A, Tulkens 
P and Van Hoof F, Lysosomotropic agents. Biochem 
Pharmacol 23: 2495-2531, 1974. 

77. Ohkuma S and Poole B, Cytoplasmic vacuolisation of 
mouse peritoneal macrophages and the uptake into 



Internalization of muscarinic receptor 87 

lysosomes of weakly basic substances. J Cell Bio190: 
656--664, 1981. 

78. Poole B and Ohkuma S, Effect of weak bases on the 
intralysosomal pH in mouse peritoneal macrophages. 
J Cell Biol 90: 665-669, 1981. 

79. Maxfield FR, Davies PJA, Klempner L, Willingham 
MC and Pastan I, Epidermal growth factor stimulation 
of DNA synthesis is potentiated by compounds that 
inhibit its clustering in coated pits. Proc Natl Acad 
Sci USA 76: 5731-5735, 1979. 

80. Wibo M and Poole B, Protein degradation in cultured 
cells. II. The uptake of chloroquine by rat fibroblasts 
and the inhibition of cellular protein degradation. J 
Cell Biol 63: 430-440, 1974. 

81. Pastan I and Willingham MC, Journey to the center 
of the cell; role of the receptosome. Science 214: 504- 
509, 1981. 

82. Fitzgerald D, Monis RE and Saelinger CB, Receptor 
mediated internalization of pseudomonas toxin by 
mouse fibroblasts. Cell 21: 867-870, 1980. 

83. Clementi F, Sher E and Erroi A, Acetylcholine 
receptor degradation: study of mechanism of action 
of inhibitory drugs. Eur J Cell Bio129: 274-280, 1983. 

84. Levitzki A, Willingham M and Pastan I, Evidence for 
participation of transglutaminasein receptor-mediated 
endocytosis. Proc Natl Acad Sci USA 77: 2706-2710, 
1980. 

85. Haigler HT, Maxfield FR, Willingham MC and Pastan 
I, Dansylcadaverine inhibits internalization of 125I- 
epidermal growth factor in BALB 3T3 cells. J Biol 
Chem 255: 1239-1243, 1980. 

86. Tartakoff AM, Perturbation of vesicular traffic with 
the carboxylic ionophore monensin. Cell 32: 1026- 
1028, 1983. 

87. Maxfield FR, Weak bases and ionophores rapidly 
raise the pH of endocytic vesicles in cultured mouse 
fibroblasts. J Cell Biol 95: 676-681, 1982. 

88. Dickson RB, Willingham MC and Pastan IH, 
Receptor-mediated endocytosis of alpha2-macro- 
globulin inhibition by ionophores and stimulation 
by Na ÷ and HCO3-. Ann N Y  Acad Sci 401: 38-49, 
1982. 

89. Basu SK, Goldstein JL, Anderson RGW and Brown 
MS, Monensin interrupts the recycling of low density 
lipoprotein receptors in human fibroblasts. Cell 24: 
493-502, 1981. 

90. Berg T, Blomhoff R, Naess L, Tolleshaug H and 
Drevon CA, Monensin inhibits receptor-mediated 
endocytosis of asialoglycoproteins in rat hepatocytes. 
Exp Cell Res 148: 319-330, 1983. 

91. Carpentier JL, Dayer JM, Lang U, Silvermann R, 
Orci L and Gorden P, Down-regulation and recycling 
of insulin receptors. Effects of monensin on IM-9 
lymphocytes and U-937 monocyte like cells. J Biol 
Chem 259: 14190-14195, 1984. 

92. King AC, Monensin, like methylamine, prevents 
degradation of 125I-epidermal growth factor, causes 
intracellular accumulation of receptors and blocks the 
mitogenic response. Biochem Biophys Res Commun 
124: 585-591, 1984. 

93. Wei JN and Sulakhe PV, Cardiac muscarinic 
cholinergic receptor sites: opposing regulation by 
direct divalent cations and guanine nucleotides of 
receptor-agonist interaction. Eur J Pharmacol 62: 
345-347, 1990. 

94. Korn SJ, Martin MW and Harden N, N-Ethyl- 
maleimide induced alteration in the interaction of 
agonists with muscarinic cholinergic receptors of rat 
brain. J Pharmacol Exp Ther 224: 118-126, 1983. 

95. Larkin JM, Brown MS, Goldstein JL and Anderson 
RGW, Depletion of intracellular potassium arrests 
coated pit formation and receptor-mediated endo- 
cytosis in fibroblast. Cell 33: 273-285, 1983. 

96. Ledbetter MLS and Lubin M, Control of protein 
synthesis in human fibroblasts by intracellular 
potassium. Exp Cell Res 105: 223-226, 1977. 

97. Lopez-Rivas A, Adelberg EA and Rozengurt E, 
Intracellular potassium and the mitogenic response of 
3T3 cells to peptide factors in serum-free medium. 
Proc Natl Acad Sci USA 79: 6275-6279, 1982. 

98. Sorkin A and Carpenter G, Interaction of activated 
EGF receptors with coated pit adaptins. Science 261: 
612-615, 1993. 

99. Liles WC and Nathanson NM, Regulation of 
muscarinic acetylcholine receptor number in cultured 
neuronal cells by chronic membrane depolarization. 
J Neurosci 7: 2556--2563, 1987. 

100. Shaw C, van Huizen F, Cynader MS and Wilkinson 
M, A role for potassium channels in the regulation of 
cortical acetylcholine receptors in an in vitro slice 
preparation. Mol Brain Res 5: 71-83, 1989. 

101. Thomas JM and Hoffman BB, Agonist-induced down- 
regulation of muscarinic cholinergic and tr2 adrenergic 
receptors after inactivation of Ni by pertussis toxin. 
Endocrinology 119: 1305-1314, 1986. 

102. Westlind-Danielson A, Gillenius P, Askel6f P and 
Bartfai T, Chronic exposure to pertussis toxin alters 
muscarinic receptor mediated regulation of cyclic 
AMP metabolism in neuroblastoma-glioma NG 108-- 
15 hybrid cells. J Neurochem 51: 38-44, 1988. 

103. Vanisberg, MA, Maloteaux, JM, Octave JN and 
Laduron PM, Rapid agonist-induced decrease of 
neurotensin receptors from cell surface in rat cultured 
neuronal cells. Biochem Pharmacol 42: 2265-2274, 
1991. 

104. Donato Di Paolo E, Cusak E, Yamada M and 
Richelson E, Desensitization and down-regulation of 
neurotensin receptors in murine neuroblastoma clone 
N1E-115 by (D-lysS)-neurotensin(8-13). J Pharmacol 
Exp Ther 264: 1-5, 1993. 

105. Tycko B and Maxfield FR, Rapid acidification of 
endocytic vesicles containing ol2 macroglobulin. Cell 
28: 643-651, 1982. 

106. Dautry-Vassart A, Ciechanover A and Lodish HF, 
pH and the recycling of transferrin during receptor- 
mediated endocytosis. Proc Natl Acad Sci USA 80: 
2258-2262, 1983. 

107. Klausner RD, van Renswoude J, Ashwell G, Kempf 
C, Schechter AN, Dean A and Bridges KR, Receptor- 
mediated endocytosis of transferrin in K562 cells. J 
Biol Chem 258: 4715-4724, 1983. 

108. May WS, Jacobs S and Cuatrecasas P, Association of 
phorbol ester-induced hyperphosphorylation and 
reversible regulation of transferrin membrane recep- 
tors in HL60 cells. Proc Natl Acad Sci USA 81: 2016- 
2020, 1984. 

109. May WS, Sahyoun N, Jacobs S, Wolf M and 
Cuatrecasas P, Mechanism of phorbol diester-induced 
regulation of surface transferrin receptor involves the 
action of activated protein kinase C and an intact 
cytoskeleton. J Biol Chem 260: 9419-9426, 1985. 

110. Whittaker J, Hammond VA and Alberti KG, Effects 
of colchicine on insulin binding to isolated rat 
hepatocytes. Biochem Biophys Res Commun 103: 
1100-1106, 1981. 

111. Galper JB and Smith TW, Agonist and guanine 
nucleotide modulation of muscarinic cholinergic 
receptors in cultured heart cells. J Biol Chem 255: 
9571-9579, 1980. 

112. Higuchi H, Takeyasu K and Yoshida H, Receptor 
activated and energy-dependent decrease of mus- 
carinic cholinergic receptors in guinea pig vas deferens. 
Eur J Pharmacol 75: 305-311, 1981. 

113. Higuchi H, Takeyasu K, Uchida S and Yoshida H, 
Mechanism of agonist induced degradation of 
muscarinic cholinergic receptor in cultured vas 



88 J.M. MALOTEAUX and 

deferens of guinea pig. Eur J Pharmacol 79: 67-77, 
1982. 

114. Higuchi H, Uchida S and Yoshida H, Recovery of 
the muscarinic cholinergic receptor from its down- 
regulation in cultured smooth muscle. EurJ Pharmacol 
109: 161-171, 1985. 

115. Shapiro RA and Nathanson NM, Deletion analysis of 
the mouse ml muscarinic acetylcholine receptor: 
Effects on phosphoinositide metabolism and down- 
regulation. Biochemistry, 28: 8946-8950, 1989. 

116. Maeda S, Lameh J, Mallet WG, Philip M, 
Ramachandran J and Sadee W, Internalization of 
Hml muscarinic cholinergic receptor involves the 
third cytoplasmic loop. FEBS Lett 269: 386-388, 1990. 

117. Lameh J, Philip M, Sharma YK, Moro O, 
Ramachandran J and Sadee W, Hml Muscarinic 
cholinergic receptor internalization requires a domain 
in the third cytoplasmic loop. J Biol Chem 267: 13406- 
13412, 1992. 

118. Strader CD, Sibley DR and Lefkowitz RJ, Association 
of sequestered fl-adrenergic receptors with the plasma 
membrane: novel mechanism for receptor down- 
regulation. Life Sci 35: 1601-1610, 1984. 

119. Stadel JM, Strulovici B, Nambi P, Lavin TN, Briggs 
MM, Caron M and Lefkowitz RJ, Desensitization of 
the fl-adrenergic receptor of frog erythrocytes. J Biol 
Chem 258: 3032-3038, 1983. 

E. HERMANS 

120. Lohse MJ, Benovic J, Caron M and Lefkowitz RJ, 
Multiple pathways of rapid fl2-adrenergic receptor 
desensitization. J Biol Chem 2,65: 3202-3209, 1990. 

121. Collins S, Bouvier M, Bolanowski MA, Caron MG 
and Lefkowitz RJ, cAMP stimulates transcription of 
the fl-adrenergic receptor gene in response to short 
term agonist exposure. Proc Natl Acad Sci 86: 4853- 
4857, 1989. 

122. Hadcock JR and Malbon CC, Down-regulation of fl- 
adrenergic receptors: agonist-induced reduction in 
receptor mRNA levels. Proc Natl Acad Sci USA 85: 
5021-5025, 1988. 

123. Fukamauchi F, Hough C and Chuang DM, Expression 
and agonist-induced down-regulation of mRNAs of 
m2 and m3 muscarinic acetylcholine receptors in 
cultured cerebeUar granule cells, J Neurochem 56: 
716--719, 1991. 

124. Castel MN, Malgouris C, Blanchard JC and Laduron 
PM, Retrograde axonal transport of neurotensin in 
the dopaminergic nigrostriatal pathway in the rat. 
Neuroscience 36: 425-430, 1990. 

125. Castel MN, Beaudet A and Laduron PM, Retrograde 
axonal transport of neurotensin in rat nigrostriatal 
neurons: modulation during aging and possible 
physiological role. Biochem Pharmacol 47: 53-62, 
1993. 


