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Regulation of Muscarinic Acetylcholine Receptor Number in Cultured 
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The effect of chronic membrane depolarization on the reg- 
ulation of muscarinic acetylcholine receptor (mAChR) num- 
ber was studied in neuroblastoma cells (clone Nl E-l 15). 
Receptor number was determined by a filter binding assay 
using 3H-quinuclidinyl benzilate (QNB) in membrane and crude 
cellular homogenates. Incubation with 50 PM veratridine 
(VTN), an activator of voltage-sensitive Na+ channels, in- 
duced a 50-200% increase in mAChR number at 24 hr, which 
was inhibited 80% by TTX. Scatchard analysis showed that 
affinity of the mAChR for 3H-QNB was not affected by VTN. 
Upon withdrawal of VTN, mAChR number returned to control 
levels within 20 hr. Chronic membrane depolarization caused 
by incubation in medium containing 80 mu K+ induced a 
TTX-insensitive 50% increase in mAChR number at 24 hr. 
AChE activity was unaffected by chronic membrane depo- 
larization. The VTN-induced increase in mAChR number was 
not blocked by coincubation with cycloheximide or tunica- 
mycin, both inhibitors of de nova mAChR synthesis. The rate 
of mAChR degradation was reduced in the presence of 50 
FM VTN, with the apparent half-life increased from - 18 hr 
(control) to -40 hr (VTN). Although treatment with either 1 
mu 8Br-CAMP or 1 mM 8Br-GMP failed to increase mAChR 
number, treatment with either the inorganic Ca*+ channel 
blocker Co*+ (1 mM) or the organic Ca*+ channel antagonist 
D800 (lo-100 AM) produced 40-80% increases in mAChR 
number. The combination of VTN and either D600 or Co*+ 
failed to induce a greater increase in mAChR number than 
incubation with VTN alone. Coincubation with 1 AM A23187 
(the calcium ionophore) negated the effect of both VTN and 
D600 on mAChR number. These data demonstrate that 
chronic membrane depolarization of cultured neuroblastoma 
cells increases mAChR number by inhibiting mAChR deg- 
radation. Our results suggest that inactivation of voltage- 
sensitive Ca2+ channels may account for the alteration in 
regulation of mAChR number induced by chronic membrane 
depolarization of neuroblastoma cells. 
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Electrical activity has been shown to play an important role in 
the regulation of functional properties of neurons (Walicke et 
al., 1977; Chalazonitis and Fischbach, 1980; Bergey et al., 198 1; 
Nishi and Berg, 198 1; Hefti et al., 1982; Betz, 1983; Ishida and 
Deguchi, 1983; Sherman and Catterall, 1984) and other elec- 
trically excitable cells (Hogan et al., 1976; Reiness and Hall, 
1977; Zigmond and Bowers, 1981; De La Porte et al., 1984). 
One mechanism by which neuronal function is regulated is via 
alterations in the number of neurotransmitter receptors on the 
neuronal cell surface. Electrical activity has been reported to 
modulate muscarinic acetylcholine (mAChR) levels in vivo and 
in vitro. Both increases and decreases in CNS mAChR number 
have been observed following kindling, an animal model of 
epilepsy and neuronal plasticity in which the repeated admin- 
istration of an initially subconvulsive electrical stimulus to the 
brain induces progressive intensification of stimulus-induced 
seizure activity (Byrne et al., 1980; Dasheiff and McNamara, 
1980; Moire11 et al., 1980; Savage and McNamara, 1982). Re- 
cent evidence suggests that the reduction in mAChR number is 
agonist-independent and probably results from enhanced elec- 
trical activity per se (Dasheiff and McNamara, 1980; Savage et 
al., 1985; Liles et al., 1986b). In vitro, short-term membrane 
depolarization by Veratrum alkaloids (activators of voltage-sen- 
sitive sodium channels; Catterall, 1980) or direct electrical stim- 
ulation has been reported to reduce mAChR number in rat brain 
synaptosomes (Luqmani et al., 1979). In vivo, long-term depo- 
larization by Tityus toxin has been reported to decrease mAChR 
number in rat brain. Although the molecular mechanism un- 
derlying the depolarization-induced decrease in mAChR num- 
ber was undefined in these studies, receptor loss appeared to be 
associated with the persistent opening of voltage-sensitive so- 
dium channels. 

Because of our interest in the molecular mechanisms me- 
diating the regulation of the neuronal mAChR, we have studied 
the effect of chronic depolarization, induced by treatment with 
either veratridine (VTN) or elevated extracellular potassium on 
mAChR number in N 1 E- 115 cells. N 1 E- 115 is an adrenergic 
clone originally derived from the Cl 300 murine neuroblastoma, 
which has been used extensively for studying various aspects of 
neuronal mAChR function and regulation (Taylor et al., 1979; 
Shifrin and Klein, 1980; Liles and Nathanson, 1986; Liles et 
al., 1986a). This cell line possesses functional voltage-sensitive 
sodium channels (Kato et al., 1983) and provides a relatively 
homogeneous neuronal population that is easily grown and ex- 
perimentally manipulated (Burgermeister et al., 1978; Richel- 
son, 1979). We report here that chronic membrane depolariza- 
tion of neuroblastoma cells inhibits the degradation of neuronal 
mAChR, leading to an observed increase in mAChR number 
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Figure 1. Effect of 24 hr incubation with VTN on specific 3H-QNB 
binding in membrane homogenates of neuroblastoma cells. N 1 E- 115 
cells were grown and maintained in 60 mm plastic culture dishes as in 
Materials and Methods. Monolayer cultures were incubated with the 
specified concentrations of VTN for 24 hr at 37°C. Specific ‘H-QNB 
binding was then determined in membrane homogenates as described 
under Materials and Methods. Data represent means * SD from du- 
plicate determinations from 3 separate cultures in a single experiment, 
expressed as the percentage of control mAChR number. Control mAChR 
number in this experiment was 65 fmol/mg membrane protein. Six 
similar experiments showed increased mAChR number following in- 
cubation with 50 PM VTN, with values ranging from 150 to 300% of 
control. The decreased mAChR number following incubation with 100 
nM VTN was inconsistent, being observed in 3 out of 6 additional 
experiments. VTN induced statistically significant increases in specific 
3H-QNB binding at concentrations > 1O-6 M (D < 0.005). Student’s t 

test was employed for statistical analysis. _ 

as determined by the specific binding of 3H-quinuclidinyl ben- 
zilate (QNB). In addition, the increase in mAChR was mimicked 
by long-term incubation with D600 and Co2+, putative blockers 
of the voltage-sensitive calcium channel. 

Materials and Methods 
Materials. Dulbecco’s modified essential medium (DMEM) with high 
glucose (4.5 gm/liter) and fetal calf serum were purchased from Grand 
Island Biological Co. (Grand Island, NY), cycloheximide, VTN, atro- 
pine, choline chloride, and cobalt chloride from Sigma (St. Louis); tuni- 
camycin from Calbiochem-Behring (La Jolla, CA); I-)H-QNB (30-40 
Ci/mmol) from Amersham (Amersham. Endand). TTX and D600 were 
kindly provided by Dr. William Catterall (Department of Pharmacol- 
ogy, University of Washington, Seattle, WA). 

Culture conditions. N 1 E- 115 mouse neuroblastoma cells (passages 
16-26) were grown at 37°C in DMEM (high glucose) supplemented with 
5% fetal calf serum in an atmosphere of 10% CO,/90% humidified air, 
unless specified otherwise. The cells were grown to approximately 80% 
confluency in plastic tissue culture dishes before the start of each ex- 
periment. Cells were subcultured weekly, and culture medium was 
changed on days 3, 5, and daily thereafter. All experiments were begun 
on day 5 or 6 following subculture. 

Culture of neuroblastoma cells in high-potassium culture media. Nl E- 
115 cells were grown in 60 mm plastic culture dishes for 6 d under 
standard culture conditions as described above. On day 6, the 4 ml 
volume of medium was changed to a mixture consisting of (1) 2 ml of 
DMEM (high glucose) with 10% fetal calf serum; (2) 1.8ml ofmedium 
K (CaCl,. 200 me/liter: MaSO,.7H,O. 200 ma/liter: NaHCO,. 3700 
m$liter;-‘NaH,PG,.H,G, l-25 mg/liter~ glucose, 4500 mg/liter;‘r&u- 
tamine, 584 mg/liter; phenol red, 15 mg/liter); (3) an aliquot of 1 M KC1 
to achieve the desired K+ concentration; (4) the volume of 5 M choline 
chloride required to maintain the final total concentration ofNaC1, KCl, 
and choline chloride at 114.9 mM; and (5) the volume of distilled H,O 
required to achieve the desired volume of 4 ml. Thus, all incubations 
were performed in isosmolar media. Control experiments demonstrated 
that addition of choline choride at the highest concentration used (60 
mM) had no effect on mAChR number (data not shown). 
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Figure 2. Scatchard analysis of ‘H-QNB binding to membrane ho- 
mogenates of neuroblastoma cells incubated in the presence and absence 
of VTN. N 1 E- 115 cells were grown in 100 mm plastic culture dishes 
as described under Materials and Methods. Following incubation in 
normal growth medium (0) or medium containing 50 PM VTN (+) for 
24 hr at 37°C the cells were harvested and homogenized, and the specific 
3H-QNB binding (fmol/mg membrane protein) at concentrations of 3H- 
QNB ranging from 10 PM to 1 nM was determined in duplicate for each 
time point. Data are represented as a Scatchard plot. 

Binding assays in membrane homogenate. Cultures of neuroblastoma 
cells were washed twice with ice-cold 50 mM NaPO, buffer (pH 7.4) 
and homogenized by hand with 15 strokes of a ground glass homoge- 
nizer. The homogenates were centrifuged at 12,000 x R at 4°C for 10 
min, washed once, and membranes resuspended in cold-50 mM NaPO, 
buffer (nH 7.4) at an aunroximate concentration of 1 ma membrane 
protein‘jml for the assay. -Total membrane mAChR numb& was deter- 
mined by a modification of the glass-fiber filter binding assay of Ya- 
mamura and Snyder (1974) as previously described (Halvorsen and 
Nathanson, 1981; Liles et al., 1986a, b) using 3H-QNB at a saturating 
concentration of approximately 800 PM. Protein concentration was de- 
termined bv a modification of the method of Lowrv et al. (1951) as 
previously described (Halvorsen and Nathanson, 1981). Control mem- 
brane mAChR number ranged from 40 to 80 fmol/mg membrane pro- 
tein among cell passages but was constant within any single passage as 
previously noted (Liles and Nathanson, 1986). 

AChE activity assay. Confluent cultures of control and VTN-treated 
NlE- 115 cells were washed 3 times with ice-cold NaPO, buffer (pH 
7.4) then homogenized in NaPO, buffer with 10 strokes of a groundglass 
homogenizer. AChE activity in these whole-cell homogenates was de- 
termined by the method of Ellman et al. (196 1). 

Results 
Long-term VTN treatment increases total mAChR number 
To determine the effects of chronic membrane depolarization 
on regulation of total neuronal mAChR number, cultured neu- 
roblastoma cells (clone N 1 E- 115) were initially incubated with 
varying concentrations of veratridine for 24 hr, and total mem- 
brane mAChR number was determined by specific 3H-QNB 
binding (Fig. 1). VTN in micromolar concentrations maintains 
voltage-sensitive Na+ channels in the open state, thereby in- 
ducing a chronic partial membrane depolarization (Catterall, 
1975, 1980). An increase in total membrane mAChR number 
was observed following 24 hr incubations with l-100 PM VTN 
in all 7 dose-response experiments performed. At a concentra- 
tion of 50 PM, VTN induced an increase of 50-200% in mAChR 
number. The VTN-induced increase in mAChR number was 
inhibited by 80-90% in the presence of the Na+ channel blocker 
TTX (1 WM; data not shown), indicating that the increase in 
mAChR number induced by VTN was due to activation of 
voltage-sensitive Na+ channels. The increase in mAChR num- 
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Figure 3. Time course of the increase in specific ‘H-QNB binding 
induced by VTN in membrane homogenates of neuroblastoma cells. 
N 1 E- 115 cells were grown and maintained in 60 mm plastic culture 
dishes as described under Materials and Methods. At time 0 hr, mono- 
layer cultures were treated with 50 PM VTN and cells harvested at the 
designated time points for assay of specific 3H-QNB binding in mem- 
brane homogenates as described under Materials and Methods. Data 
are from a single experiment and represent means + SD (n = 3) ex- 
pressed as the percentage of control specific 3H-QNB binding in un- 
treated cultures determined at each time point. Two additional exper- 
iments yielded similar results. 

ber was not an artifact of the membrane preparation, as similar 
VTN-induced increases in mAChR number were observed in 
assays of crude whole-cell homogenates (Fig. 7). The VTN con- 
centration of 50 PM was chosen for future experiments to avoid 
the cellular toxicity that occurred at higher concentrations. 

As seen in the experiment shown in Figure 1, an approximate 
20% decrease in mAChR number occurred at 100 nM VTN. 
Similar decreases in mAChR were seen in only 4 out of 7 ex- 
periments. The inconsistency of this effect precluded further 
study. 

Complete 3H-QNB saturation binding curves were obtained 
for parallel control cultures and cultures incubated with 50 PM 

VTN for 24 hr. Scatchard analysis (Fig. 2) showed that control 
cells had a single class of binding sites with a KD of 110 PM and 
aB max of 62 fmol/mg membrane protein, whereas cells incubated 
with 50 PM VTN exhibited a single class of binding sites with 
a KD of 100 PM and a B,,, of 124 fmol/mg membrane protein. 
Thus, chronic membrane depolarization induced by a 24 hr 
incubation with 50 PM VTN caused a large increase in the num- 
ber of mAChR binding sites but did not affect mAChR affinity 
for the radioligand. 

Veratrum alkaloids have been reported to inhibit ligand in- 
teractions with mAChR in binding assays (Milligan and Strange, 
1982, 1984). Addition of 50 KM VTN directly to 3H-QNB bind- 
ing assays of control membrane homogenates inhibited specific 
3H-QNB binding to the mAChR by increasing the observed KD 
and reducing the observed B,,, on Scatchard plots (data not 
shown). These inhibitory effects were completely abolished by 
the membrane washing procedure described under Materials 
and Methods. The blockage of mAChR binding sites by VTN 
could potentially induce receptor “up-regulation” by blocking 
the effects of ACh released from the NlE-115 cells. Hedlund 
(1986) has, in fact, reported that growth of N 1 E- 115 cells in 1 
PM atropine for 9 d resulted in increased mAChR binding sites. 
However, 24 hr incubations with atropine failed to alter specific 
3H-QNB binding (104% control binding), demonstrating that 
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Figure 4. Time course of the decrease in specific ‘H-QNB binding 
following the withdrawal of VTN. Nl E- 115 cells were grown and main- 
tained in 60 mm plastic culture dishes as described under Materials and 
Methods. Prior to time 0 hr, monolayer cultures were incubated with 
50 PM VTN for 24 hr at 37°C. At time 0 hr, VTN was removed, the 
cultures washed, and fresh control medium added. The cells were har- 
vested at the designated time points, and specific )H-QNB binding in 
membrane homogenates was determined as described under Materials 
and Methods. Data are from a single experiment and represent means k 
SD (n = 3) expressed as the percentage of control specific 3H-QNB 
binding in untreated cultures determined at each time point. Two ad- 
ditional experiments yielded similar results. 

the potential pharmacological antagonism of mAChR by VTN 
cannot account for the increase in mAChR number observed 
in these experiments. 

Time course of the VTN-induced increase in mAChR number 
To examine the kinetics of the VTN-induced increase in mAChR 
number, cultures of neuroblastoma cells were incubated with 
50 I.LM VTN and assayed for specific 3H-QNB binding at various 
time points (Fig. 3). Following a lag of 4-8 hr, incubation with 
50 PM VTN caused a gradual increase in mAChR, which was 
maximal at 24 hr. The increase in mAChR persisted in the 
presence of VTN for up to 48 hr and was reversible upon with- 
drawal of VTN (Fig. 4). Following washout of VTN, mAChR 
number gradually declined, returning to control values by 20- 
24 hr. 

Efect of chronic membrane depolarization by elevated 
extracellular K+ on mAChR number in neuroblastoma cells 
To determine whether the mechanism underlying the VTN- 
induced increase in mAChR number involved increased Na+ 
flux through persistently activated Na+ channels or chronic 
membrane depolarization per se, cultures of N 1 E- 115 cells were 
incubated in media containing increasing concentrations of ex- 
tracellular K+ (5.4-60 mM) for 24 hr and mAChR number as- 
sayed (Fig. 5). Chronic membrane depolarization induced by 
elevated extracellular K+ rapidly inactivates the voltage-sensi- 
tive Na+ channel in the neuronal cell membrane (Moolennar 
and Spector, 1977, 1978). The number of mAChR sites in- 
creased as the concentration of extracellular K+ was raised from 
a control level of 5.4 to 60 mM. At a K+ concentration of 60 
mM, mAChR number increased by 50% over control as com- 
pared to a 70% increase induced by 50 PM VTN in a parallel 
set of cultures. The increase in mAChR caused by 60 mM K+ 
was not inhibited by 1 PM TTX (data not shown). Thus, elevated 
extracellular K+ simulates the response in mAChR number in- 
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Figure 5. Effect of chronic membrane depolarization induced by ele- 
vated extracellular K+ on specific 3H-QNB binding in neuroblastoma 
cells. N 1 E- 115 cells were grown and maintained in 60 mm plastic culture 
dishes as described under Materials and Methods prior to the start of 
the experiment. Cultures were then incubated with increasing concen- 
trations of elevated extracellular K+ for 24 hr at 37°C; the cells were 
then harvested, homogenized, and assayed for specific 3H-QNB binding 
as described under Materials and Methods. Data are from a single 
experiment and represent means + SD (n = 4) expressed as the per- 
centage of control specific )H-QNB binding in cultures incubated with 
5.4 mM K+. Addition of 50 PM VTN to control (5.4 mM K+) cultures 
caused an increase in mAChR number to 170 f  12% of control. An 
additional experiment yielded similar results. 

duced by 50 FM VTN, implying that the mechanism underlying 
the increase in mAChR number involves chronic membrane 
depolarization rather than persistent Na+ channel activity. 

Efect of cycloheximide and tunicamycin on the increase in 
mAChR number in neuroblastoma cells induced by veratridine 
Increased cellular receptor number may result from either an 
increase in the rate of de novo receptor synthesis or a decrease 
in the rate of receptor degradation. In the case of the mAChR, 
the reduction in mAChR number (i.e., down-regulation) ob- 
served upon incubation with muscarinic agonists is caused by 
an increase in the rate of receptor internalization and degra- 
dation (Klein et al., 1979; Siman and Klein, 1979; Shifrin and 
Klein, 1980; Galper et al., 1982). To determine whether chronic 
membrane depolarization alters mAChR degradation, we ex- 
amined the effects of cycloheximide and tunicamycin, inhibitors 
of protein synthesis and protein glycosylation, respectively, on 
the VTN-induced increase in mAChR number (Table 1). We 
have previously demonstrated that 100 pg/ml cycloheximide 
inhibits ‘H-leucine incorporation by >90% and that 0.35 pg/ 
ml tunicamycin inhibits 3H-mannose incorporation by >80% 
in N 1 E- 115 cells. These concentrations of cycloheximide and 
tunicamycin inhibit de novo mAChR synthesis (Liles and Na- 
thanson, 1986). However, neither cycloheximide nor tunica- 
mycin reduced the relative effect of 50 PM VTN on mAChR 
number. VTN in the presence of cycloheximide induced a 100% 
increase in mAChR number compared to cultures with cyclo- 
heximide alone. Similarly, in a separate experiment, VTN in 
the presence of tunicamycin induced a 70% increase in mAChR 
number compared to cultures with tunicamycin alone. Thus, 
inhibition of de novo mAChR synthesis does not alter the effect 
of chronic membrane depolarization on mAChR number. The 
increase in mAChR number caused by chronic membrane de- 
polarization does not require de novo mAChR synthesis, im- 
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Figure 6. Effect of chronic membrane depolarization induced by VTN 
on membrane mAChR turnover rate in neuroblastoma cells. NlE-115 
cells were grown and maintained in 60 mm plastic culture dishes as 
described under Materials and Methods. Half of the cell cultures were 
preincubated with 50 PM VTN for 24 hr. At time 0 hr, cycloheximide 
(100 &ml) was added to both control (0) and VTN-treated (A) cells. 
At the designated time points, cells were harvested, homogenized, and 
assayed for specific 3H-QNB membrane binding (fmol/mg membrane 
protein), which is represented as the mean k SD of 4 separate cultures 
(duplicate determinations per culture). 

plying that chronic membrane depolarization does not affect the 
rate of mAChR synthesis. 

Efect of VTN on mAChR degradation in neuroblastoma cells 

Previous studies conducted in neuronal cell culture ha,ve dem- 
onstrated that the rate of mAChR degradation can be deter- 
mined by following the decrease in mAChR number after ad- 
dition of cycloheximide at concentrations sufficient to inhibit 
protein synthesis (Siman and Klein, 1979; Liles and Nathanson, 
1986). We used this technique to determine the effects ofchronic 
membrane depolarization on the turnover time (t ,,,) of mAChR 
in neuroblastoma cells (Fig. 6). The t,,, of mAChR in the pres- 

Table 1. Effect of cycloheximide and tunicamycin on the VTN- 
induced increase in membrane mAChR number in neuroblastoma cells 

Culture condition 
mAChR number 
(% of control) 

Experiment A 
50 /.tM VTN 
100 pg/ml cycloheximide 
50 PM VTN + 100 &ml cycloheximide 

Experiment B 
50 FM VTN 
0.35 &ml tunicamycin 
50 PM VTN + 0.35 pg/rnl tunicamycin 

184 + 11 (n = 6) 
79 + 6 (n = 6) 

156 -+ 12 (n = 6) 

149 k 9 (n = 3) 
78 * 5 (n = 3) 

133 k 7 (n = 3) 

Cultures ofN 1 E- 115 cells were grown and maintained as described under Materials 
and Methods, then incubated with the designated agents for 16 hr at 37°C prior 
to the determination of specific )H-QNB binding as described under Materials 
and Methods. Data represent the mean mAChR number f  SD (n = number of 
independent cultures assayed in duplicate) expressed as the percentage of values 
determined in parallel control cultures. Control mAChR number was determined 
at the end of each incubation from control cultures maintained under drug-free 
conditions. 
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Figure 7. Effect of chronic membrane depolarization induced by VTN 
on AChE activity and total cellular mAChR number in neuroblastoma 
cells. N 1 E- 115 cells were grown and maintained in 60 mm plastic culture 
dishes as described under Materials and Methods. Following incubation 
with 50 PM VTN for 24 hr at 37°C cells were harvested, crude whole- 
cell homogenates prepared, and both specific 3H-QNB binding (4) and 
AChE activity (0) assayed simultaneously for each separate culture. Data 
represent means + SD from separate cultures for each concentration of 
VTN, expressed as the percentage of the control value determined in 
untreated cultures. 

ence of 50 PM VTN was approximately 40 hr compared to 18 
hr in the absence of VTN, indicating that the rate of degradation 
of the mAChR was decreased by chronic membrane depolariza- 
tion. 

Effect of VTN incubation on AChE activity in neuroblastoma 
cells 

Decreased cholinesterase activity in muscarinic neurons has been 
suggested as a biochemical correlate of muscarinic supersensi- 
tivity (Bird and Aghajanian, 1975; Hedlund, 1986). Because 
long-term membrane depolarization has been reported to alter 
AChE activity in cultures of excitable cells (Ishida and Deguchi, 
1983; De La Porte et al., 1984), we determined cholinesterase 
activities in cultures of neuroblastoma cells after incubation with 
50 PM VTN (Fig. 6). Whereas mAChR number in crude cellular 
homogenates increased 75-100% following 18-36 hr incuba- 
tions with VTN, cholinesterase activity remained virtually at 
control levels (O-20% increase over control activity : 3.2-4.0 x 
1O-8 mol/Mg proteimmin). Thus, the increase in mAChR num- 
ber induced by VTN in these experiments was not associated 
with a change in cholinesterase activity. 

Table 2. Effect of 8Br-CAMP and SBr-cGMP treatment on total 
membrane mAChR number in neuroblastoma cells 

mAChR number 

Culture treatment 12 hr 24 hr 48 hr 

1 mM 8Br-CAMP 85 k 13 84 t 6 98 5 2 

1 mM 8Br-cGMP 89 -c 12 100 + 9 101 I!? 2 

Cultures of N 1 E- 115 cells were grown and maintained as described under Materials 
and Methods and then incubated with either 1 rn~ 8Br-CAMP or 1 rn~ 8Br- 
cGMP at 37°C for the time periods indicated. Specific ‘H-QNB binding was 
determined in membrane homogenates at the end of each incubation as described 
under Materials and Methods. Data represent mean mAChR number + SD (n = 
4 independent cultures per point) expressed as the percentage of control. Control 
mAChR number was determined at the end of each incubation from parallel 
control cultures maintained under drug-free conditions. 

Table 3. Effect of calcium channel blocking agents and calcium 
ionophore on regulation of mAChR number in neuroblastoma cells 

Culture treatment 
mAChR number 
(% of control) 

50 /.LM VTN 
1 rnM coz+ 

10 /.LM D600 

100 /.LM D600 

50 /.LM VTN + 10 /IM D600 
1 /.LM A23187 
10 /tM D600 + 1 PM A23187 
50 PM VTN + 1 /.LM A23187 

19Ok4 (n=8) 
143 k 8 (n = 3) 
148 k 4 (n = 6) 
179k 12(n=3) 
189 ? 13 (n = 3) 

78 k 4 (n=4) 

78 k 2 (n = 3) 

81?5 (n=4) 

Cultures ofN 1 E- 1 I5 cells were grown and maintained as described under Materials 
and Methods and then incubated with the agents indicated for 16 hr at 37°C. At 
the end of the incubation, total membrane mAChR number was determined by 
specific ‘H-QNB binding in membrane homogenates as described under Materials 
and Methods. Data represent mean mAChR number + SD (n = number of 
independent cultures assayed in duplicate) expressed as the percentage of control. 
Control mAChR number was determined at the conclusion of each incubation in 
parallel control cultures maintained under drug-free conditions. The values reported 
for the various treatment conditions are statistically different than control @ < 
0.005). Student’s t test was employed for analysis. 

Efects of SBr-cGMP and 8Br-CAMP on mAChR number in 
neuroblastoma cells 

Elevations in intracellular cyclic nucleotide levels have been 
shown to influence the developmental regulation of neuronal 
cell properties (Walicke and Patterson, 198 la; Betz, 1983). Be- 
cause membrane depolarization increases cGMP formation in 
neuroblastoma cells (Study et al., 1978), we incubated neuro- 
blastoma cells with 1 mM 8Br-cGMP, a membrane-permeable 
analog of cGMP, and assayed mAChR binding (Table 2). No 
significant change in mAChR number was induced by 1 mM 
8Br-cGMP at 12, 24, or 48 hr. Because membrane-permeable 
analogs of CAMP have been shown to induce changes in the 
physical and biochemical properties of neuroblastoma cells 
(Furmanski et al., 1971; Prasad and Hsie, 1971; Chalazonitis 
and Greene, 1974), cultures of neuroblastoma cells were also 
incubated with 1 mM 8Br-CAMP, and mAChR number deter- 
mined (Table 2). No consistent alteration in mAChR number 
was observed up to 48 hr. These results indicate that the VTN- 
induced increase in neuroblastoma mAChR number is not me- 
diated by elevated cyclic nucleotide concentrations. 

Effects of A23187 and calcium channel antagonists on 
mAChR number in neuroblastoma cells 

Intracellular free calcium is thought to play a fundamental role 
in the control of cellular function in all tissues. Calcium influx 
via receptor-mediated and voltage-sensitive calcium channels 
has been implicated in the regulation of a wide variety of short- 
and long-term neuronal responses, functions, and properties 
(Walicke and Patterson, 198 lb; Study et al., 1978; El-Fakahany 
and Richelson, 1980; Hefti et al., 1982; Betz, 1983; Ishida and 
Deguchi, 1983; Shieh et al., 1983; Sherman and Catterall, 1984). 
In neuroblastoma cells, we have recently provided evidence that 
the calcium-dependent protein kinase C system may be involved 
in agonist-induced internalization and degradation of mAChR 
(Liles et al., 1986a). Consistent with this hypothesis, the calcium 
ionophore A23 187 (1 PM) induced a 22% decrease in mAChR 
number within 16 hr (Table 3). Moreover, A23187 was able to 
overcome the increase in mAChR number induced by VTN. 
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Because chronic membrane depolarization has been dem- 
onstrated to inactivate calcium influx via the voltage-sensitive 
calcium channel in neuroblastoma cells (Freedman et al., 1984; 
Bolsover, 1986) we determined whether chronic calcium chan- 
nel blockade with either the organic calcium channel antagonist 
D600 or the inorganic calcium channel antagonist CoZ+ could 
qualitatively mimic the effects of VTN-induced membrane de- 
polarization on mAChR number. Incubation with 10 and 100 
PM D600 produced 50 and 80% increases in mAChR number, 
respectively, which were overcome by simultaneous treatment 
with A23 187 (Table 3). CoZ+ (1 mM) produced a 40% increase 
in mAChR number (Table 3); higher concentrations caused sig- 
nificant cellular toxicity. Thus, chronic blockade of voltage- 
sensitive calcium channels qualitatively reproduced the 
VTN-induced increase in mAChR number, and A23 187, which 
enhances calcium influx independent of the activity of voltage- 
sensitive calcium channels, was able to overcome the effects of 
both VTN and calcium channel antagonists on mAChR num- 
ber. 

If VTN and calcium channel antagonists mediate long-term 
increases in mAChR number by a common mechanism or path- 
way, then the increase in mAChR number induced by D600 
should not be additive to that induced by VTN when cultures 
of neuroblastoma cells are incubated with both agents. To test 
the hypothesis that VTN may induce long-term increases in 
mAChR by chronic inactivation of voltage-sensitive calcium 
channels, cultures of neuroblastoma cells were incubated with 
both 50 PM VTN and 10 PM D600, and mAChR number assayed 
(Table 3). The addition of D600 to cultures treated with VTN 
did not augment the observed increase in mAChR number; 90% 
increases were seen in VTN-treated cultures incubated with and 
without 10 PM D600, suggesting that VTN and D600 produce 
increases in mAChR number by similar mechanisms. These 
results support the hypothesis that VTN-induced membrane 
depolarization produces long-term increases in mAChR number 
via a mechanism involving inactivation of voltage-sensitive cal- 
cium channels. 

Discussion 

The experimental results presented in this paper demonstrate 
that chronic membrane depolarization of cultured neuroblas- 
toma cells induced by either VTN treatment or elevated extra- 
cellular K+ inhibits the rate of degradation of mAChR, thereby 
producing an increase in mAChR number. The data suggest that 
the alteration in mAChR metabolism induced by chronic mem- 
brane depolarization may involve chronic inactivation of the 
neuronal voltage-sensitive calcium channels. 

Previous studies conducted in mammalian synaptosomes 
provided suggestive evidence that short-term membrane de- 
polarization induced by neurotoxins that maintain sodium 
channels in a persistent “activated” state caused decreased cell- 
surface mAChR number (Luqmani et al., 1979). In viva exper- 
iments examining the effects of long-term membrane depolar- 
ization on rat brain supported this hypothesis (Abdul-Ghani et 
al., 198 1). However, we demonstrate here that long-term mem- 
brane depolarization (i.e., > 12 hr) induced by either VTN (Fig. 
3) or elevated extracellular K+ (Fig. 5) causes a substantial in- 
crease in membrane mAChR number. This depolarization-de- 
pendent increase in mAChR number is apparently due to a 
depolarization-dependent reduction in the rate of mAChR deg- 
radation. In contrast, Milligan and Strange (1982, 1984) failed 
to observe such effects on neuronal mAChR metabolism fol- 

lowing short-term incubation of Nl E- 115 cells with veratrine, 
a mixture of alkaloids that causes persistent opening of voltage- 
sensitive sodium channels. However, these studies involved 
membrane depolarization limited to 6 hr or less, which is an 
insufficient time to induce observable increases in neuroblas- 
toma mAChR number (Fig. 3). We also inconsistently observed 
a small (-20%) decrease in mAChR number following incu- 
bation with low concentrations of VTN (i.e., 100 nM; Fig. 1) 
occurring within 2 hr (data not shown). This decrease in neu- 
ronal mAChR number may be analogous to that seen previously 
in synaptosomes incubated with veratrine (Luqmani et al., 1979); 
however, the variability of this finding precluded further study. 

The experimental evidence indicates that chronic membrane 
depolarization per se underlies the molecular mechanism in- 
volved in the VTN-induced reduction in mAChR turnover and 
subsequent increase in mAChR number. Because 24 hr incu- 
bation with the mAChR antagonist atropine (1 MM) does not 
alter mAChR number in NlE- 115 cells, potential mAChR 
blockade by VTN cannot account for the changes in mAChR 
regulation observed in these experiments. Because the VTN- 
induced increase in mAChR is mimicked by elevated extracel- 
lular K+ (Fig. 5) which rapidly inactivates voltage-sensitive 
sodium channels (Moolennar and Spector, 1977, 1978) persis- 
tent sodium channel activity is probably not an essential com- 
ponent of the underlying molecular mechanism. 

Previous studies employing protein synthesis inhibitors have 
demonstrated that accelerated mAChR degradation is respon- 
sible for muscarinic agonist-mediated “down-regulation” of 
mAChR number in neuronal cells (Klein et al., 1979; Siman 
and Klein, 1979). Employing cycloheximide and tunicamycin, 
we showed that the membrane depolarization-induced increase 
in mAChR number does not require de novo mAChR synthesis 
(Table 1). In the presence of cycloheximide, VTN (50 PM) in- 
creased the turnover time (t,,*) of the mAChR from the control 
value of 18 hr to 40 hr (Fig. 6). Thus, chronic membrane de- 
polarization appears to decrease the metabolic degradation of 
mAChR in neuroblastoma cells. Assuming that the rate of 
mAChR synthesis is unaffected by VTN, the VTN-induced 
change in mAChR number (Ax) for a given time period of 
incubation (t) can be calculated from the equation AX = 
R,(l -e-“‘)lk, where R, is the rate of receptor synthesis and k 
the rate of receptor degradation. Solving this equation for a 24 
hr incubation with VTN (50 KM) predicts a 66% increase in 
mAChR number as compared to control, consistent with the 
50-200% increase in mAChR number observed in other ex- 
periments. Although our data do not rule out the possibility 
that chronic membrane depolarization affects mAChR synthe- 
sis, this finding suggests that the decrease in the rate of mAChR 
degradation induced by VTN is sufficient to account for the 
increase in mAChR number observed in these studies. 

Membrane depolarization has been shown to influence the 
function of excitable cells by affecting the expression and de- 
velopment of a wide variety of cellular biochemical and physical 
properties. For example, Walicke et al. (1977) have shown that 
membrane depolarization plays an important role in determin- 
ing whether cultured sympathetic neurons develop adrenergic 
or cholinergic properties. Neurotransmitter receptors also rep- 
resent an important class of macromolecules influencing excit- 
able cell function. In the case of ACh receptors, while it has 
been well established that chronic membrane depolarization 
decreases the rate of nicotinic ACh receptor synthesis in muscle 
cells (Reiness and Hall, 1977) and avian retina cultures (Betz, 
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1983), the role and effect of membrane depolarization in mAChR 
regulation has been less clear. Although Siman and Klein (1983) 
presented evidence suggesting that drug-induced (gramicidin D, 
protoveratrine, and ouabain) depolarization “blocked” mus- 
carinic agonist-induced receptor loss in chick retina cells, the 
molecular mechanism underlying depolarization-mediated reg- 
ulation of mAChR metabolism remained undefined. However, 
our data from experiments involving inhibition of de novo re- 
ceptor synthesis demonstrate that chronic membrane depolar- 
ization decreases the rate of mAChR degradation. 

Intracellular Ca2+ levels and/or CaZ+ flux have been impli- 
cated in the molecular mechanisms underlying depolarization- 
mediated regulation of neuronal properties in several systems. 
Inhibitors of Ca*+ influx have been shown to block the effect of 
depolarization on neurotransmitter choice in cultured sympa- 
thetic neurons (Walicke and Patterson, 198 lb). The depolariza- 
tion-induced decreases in nicotinic ACh receptor, NGF, and 
AChE activity in chick retina cultures (Betz, 1983), dissociated 
sympathetic neurons (Hefti et al., 1982), and primary spinal 
cord cell cultures (Ishida and Deguchi, 1983), respectively, are 
also antagonized by putative blockers of the voltage-sensitive 
calcium channel, as are the membrane depolarization-induced 
increases in AChE in cultures of rat muscle cells (De La Porte 
et al., 1984) and tyrosine hydroxylase in cultures of dissociated 
sympathetic neurons (Hefti et al., 1982). In contrast, we found 
that both organic (D600) and inorganic (Co*+) blockers of volt- 
age-sensitive calcium channels simulated, rather than antago- 
nized, the effect of chronic membrane depolarization on mAChR 
regulation in the N 1 E- 115 clone (Table 3). 

Although short-term depolarization induced by either ele- 
vated extracellular K+ or VTN increases CaZ+ influx via voltage- 
sensitive calcium channels in a variety of neuronal preparations 
(Hagiwara and Byerly, 198 l), the voltage-sensitive calcium 
channels of neuroblastoma cells, including N 1 E- 115, rapidly 
inactivate in the presence of sustained membrane depolariza- 
tion, leading to inhibition of Ca *+ flux into the cytosol (Freed- 
man et al., 1984; Bolsover, 1986). Thus, chronic membrane 
depolarization induces a state of chronic inactivation of neu- 
ronal voltage-sensitive calcium channels, such as would be 
achieved by incubation with either D600 or Co2+, suggesting 
the possibility that chronic membrane depolarization may re- 
duce the rate of neuronal mAChR degradation via inactivation 
of Ca2+ flux. Consistent with this hypothesis is the finding that 
A23187, the calcium ionophore that promotes Ca*+ influx in- 
dependent of voltage-sensitive calcium channels, overcomes the 
effects of both VTN and D600 on mAChR number (Table 3). 
In addition, the effects of VTN and D600 on mAChR number 
are not additive (Table 3), suggesting that the respective mech- 
anisms of action underlying their observed increase in mAChR 
number converge on a single common pathway. 

In an earlier study, we demonstrated that the activation of 
protein kinase C, a phospholipid- and Caz+-dependent intra- 
cellular enzyme, induced a decrease in neuroblastoma mAChR 
number, perhaps analogous to muscarinic agonist-induced 
“down-regulation” (Liles et al., 1986a). Consistent with this 
observation, conditions that increase intracellular Ca*+ concen- 
tration via CaZ+ mobilization or enhanced Cal+ influx, such as 
specific muscarinic agonist binding (Ohsako and Deguchi, 1984; 
Kao and Schneider, 1985; Vincentini et al., 1985) or treatment 
with A23 187, decrease neuronal mAChR number. The present 
study indicates that chronic inactivation of voltage-sensitive 
calcium channels, which occurs with sustained membrane de- 

polarization, may lead to an increase in neuronal mAChR num- 
ber. Together, these results suggest that the level of cytosolic 
Ca2+ may play a central role in the regulation of neuronal mAChR 
number. 
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