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Abstract—Neuronal nicotinic acetylcholine receptors are expressed on a variety of cells in the nervous system
where they play key roles in synaptic transmission and information transfer. Little is known, however, about the
molecular mechanisms that control their expression, distribution, and function during nervous system develop-
ment. We have investigated the control of expression during differentiation of one class of acetylcholine
receptors that bind a-bungarotoxin of human neuroblastoma cells. We report that induction of differentiation of
SH-SYSY, SK-n-SH or IMR-32 cells by the phorbol ester 12-O-tetradecanoyl phorbol 13-myristate (10 nM,
TPA) or by retinoic acid resulted in as much as a 70% decline in a-bungarotoxin receptors on the cells. The
response to the phorbol ester was blocked by the protein kinase C inhibitors staurosporine and bisindolylma-
leimide. The decrease in receptors induced by 10 pM retinoic acid was not affected by either agent. However,
responses to lower (10 nM) concentrations of retinoic acid were blocked by staurosporine but not bisindolyl-
maleimide, suggesting a dual mechanism of action for retinoic acid in regulating acetylcholine receptors. It
appears that acetylcholine receptors on neuroblastoma cells are regulated during differentiation by both protein
kinase C-dependent and -independent mechanisms.
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Neurons have the potential to express a variety of nico-
tinic ACht receptor subtypes. It is generally believed
that neuronal nicotinic receptors have the same basic
structure as muscle nicotinic receptors and are formed as
hetero-pentameric complexes with at least two ACh-
binding alpha subunits [1]. In the case of muscle-type
receptors, the alpha subunit is designated al, and the
remaining subunits PBl, y (or €), and 8. Neuronal ACh
receptors are capable of forming from a much larger
group of gene products; thus, when expressed in Xeno-
pus oocytes, various combinations of one type of alpha
subunit with a single type of non-alpha subunit form a
functional ACh-gated ion channel [1]. In embryonic
chick ciliary ganglia, at least four distinct alpha subunits
and two different non-alpha subunit genes are active [2].
However, recent results from studies using subunit spe-
cific antibodies provide evidence that a population of
receptors in ciliary ganglia are composed of at least three
different subunits, a3, a5 and B4, that participate in
rapid signaling events at the synapse [3-5]. In addition,
these neurons express a second type of receptor that
binds aBgt and contains the a7 subunit but not any of
the other known ACh receptor subunits [4]. Activation
of the a7 containing receptors results in an increase in
intracellular Ca* and regulates neurite outgrowth [6, 7].
A key question emerges as to how cells control the genes
for different subunits and how, when multiple genes are
active, cells direct particular combinations of subunits to
assemble and form functional receptors. Thus, the ef-
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t Abbreviations: ACh, acetylcholine; TPA, 12-O-tetra-
decanoyl phorbol 13-myristate; aBgt, o-bungarotoxin; and
BIM, bisindolylmaleimide.

fects of electrical activity, neurotransmitter-generated
activity, and exposure to environmental cues, such as
hormones and neurokines, on ACh receptor expression
are being examined in detail on nerve and muscle cells
[8-16).

The human neuroblastoma cell lines SH-SYSY, SK-
n-SH, and IMR-32 express neuronal-type nicotinic ACh
receptors similar to those expressed in autonomic gan-
glia and in the central nervous system {17-19]. SH-
SYSY cells are known to contain ACh receptors that
bind aBgt and contain the o7 gene product (18, 19].
Neuroblastoma cell lines are being utilized increasingly
as model systems to examine the properties of neurons
undergoing certain phases of development and differen-
tiation. These cells are sympathetic ganglia-like precur-
sor cells that undergo limited differentiation when ex-
posed to phorbol esters, cyclic AMP derivatives, or ret-
inoic acid [20-23]. For example, SH-SY5Y cells, when
treated with TPA, a phorbol ester, slow their rate of
division, extend neurites, undergo a series of morpho-
logical changes, and enhance their adrenergic properties
by increasing tyrosine hydroxylase activity and ACh-
stimulated norepinephrine release [21].

We report here that treatment with TPA and retinoic
acid, but not cyclic AMP (cAMP), leading to the differ-
entiation of the human neuroblastoma cells SH-SYSY,
SK-n-SH and IMR-32 resulted in a large reduction in the
numbers of aBgt-binding ACh receptors on the cells.
The reduction is consistent with involvement of mech-
anisms, both inclusive and exclusive, of protein kinase C
activation.

MATERIALS AND METHODS

Materials

aBgt was purified from Bungarus multicinctus venom
as described previously [24] and radioiodinated to a spe-

1665



1666

cific activity of 300-400 cpm/fmol using a modified
chloramine T method [10, 25]. Na'?°I was purchased
from Amersham (Arlington Heights, IL). Staurosporine
and BIM were from Calbiochem (La Jolla, CA), cell
culture reagents were from GIBCO (Grand Island, NY),
and other reagents were obtained from the Sigma Chem-
ical Co. (St. Louis, MO).

Cell culture

The human neuroblastoma cell line SH-SYSY was
obtained from Dr. June Biedler of the Sloan Kettering
Institute for Cancer Research [26]. SK-n-SH (the parent
line of SH-SY5Y) and IMR-32 [27] cells were obtained
from the American Type Culture Collection. Cultures of
SH-SYS5Y and SK-n-SH were grown in a 1:1 mixture of
Ham’s F12 and Eagle’s minimal essential medium
(MEM) containing 1% nonessential amino acids, 50
U/mL penicillin, 50 pg/mL streptomycin, and 10% fetal
bovine serum in a humidified incubator with 95% air/5%
CO, atmosphere at 37°. IMR-32 cells were cultured in
MEM supplemented with 50 U/mL penicillin, 50 pg/mL
streptomycin and 10% fetal bovine serum. Cultures were
grown to confluence in 75 cm? tissue culture flasks;
before each experiment cells were replated into 35-mm
wells of 6-well trays in the same medium without pen-
icillin/streptomycin. After 24 hr, the culture medium was
supplemented as indicated with TPA, retinoic acid, or
the indicated reagent.

Binding assays

Binding assays for ACh receptors on cells in culture
were initiated by replacing the culture medium in dupli-
cate or triplicate wells with 1.0 mL fresh medium con-
taining 3 x 10° M '>I-aBgt as previously described
[10]. After 60 min at 37°, the reaction was terminated by
removing the medium and rinsing the cells three times
with 2-mL aliquots of rinse buffer (MEM with 10 mM
HEPES, pH 7.2). The cells were solubilized in 1 mL of
0.1 N NaOH and measured for radioactivity in a gamma
counter. Specific binding was defined as the difference
between total binding and nonspecific binding, which
occurred in the presence of 2.5 mM d-tubocurarine.
Binding data were normalized for growth and plating
differences between wells following a Lowry protein
determination, using BSA as a standard. Statistical anal-
yses of data were performed using a one-tailed Student’s
t-test.

RESULTS

Regulation of aBgt binding to cells

Treatment of neuroblastoma cells with retinoic acid or
phorbol ester resulted in a time-dependent decrease of
1L oBgt binding to cells (Fig. 1). Treatment of SH-
SYS5Y cells with either retinoic acid (10 pM) or TPA (10
nM) elicited a significant response within 1 day and a
maximal response after 2 days of exposure, resulting in
a 60-70% decline in surface '*’I-oBgt binding (Fig. 1).
During this time period, the cells showed a decrease in
growth rate and most extended processes and developed
morphological changes consistent with previously pub-
lished results [20, 21]. The response to TPA was rela-
tively stable for up to an additional 4 days of treatment,
showing only a modest recovery of binding activity. In
contrast, the response to retinoic acid was more tran-
sient. Upon reaching a maximum decline of about 40%
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Fig. 1. Time course of the effects of TPA and retinoic acid on
12L.oBgt binding. SH-SYSY cells were planted into 35 mm
dishes as described in Materials and Methods. After 24 hr, all
cells were grown for an additional 6 days. Prior to assay for
1251.aBgt, binding cells were incubated in the presence of 10
nM TPA (@), 1-2 mM 8-borom-cAMP (A), or 10 uM retinoic
acid (M) for the indicated number of days. All cultures were
assayed at the same time and normalized to binding levels from
untreated cells [100% (no treatment control) was 32 + 5 fmol/
mg]. Results are the means + SEM from 3 independent exper-
iments for retinoic acid and TPA and the means + range from 2
experiments for 8-bromo-cAMP.

of control at 2 days, a gradual and partial recovery was
observed until day 5 of continuous treatment, reaching a
new steady-state level of about 70-75% of control.
Treatment of cells for as long as 3 days with 1-2 mM
8-bromo-cAMP did not cause a reduction in aBgt bind-
ing (Fig. 1). These results suggested that induction of
cell differentiation by itself was not sufficient to cause
down-regulation of aBgt receptors.

Concentration-dependence of receptor regulation

To determine the effective concentration range, we
treated SH-SYSY cells with increasing concentrations of
TPA from 0.1 to 100 nM. The cells showed decreasing
levels of '>*I-aBgt binding for TPA concentrations up to
10 nM, which are concentrations expected to increase
protein kinase C activity in these cells (Fig. 2A). TPA
concentrations of 100 nM produced a less than maximal
response (Fig. 2A). The primary effect that we would
expect on these cells from TPA at 10 nM is the activa-
tion of protein kinase C, and this effect is specific for the
biologically active 4-B phorbol esters {28]. SH-SY5Y
cells treated with the non-tumor promoting 4o-phorbol
ester derivative (4a-phorbol 12,13-didecanoate, 10 nM)
had '?*I-aBgt binding levels similar to control (109 +
7% of control), which were different from those of 10
nM TPA-treated cells (40 £ 4% of control, N = 6). The
possibility that even at the relatively low 10 nM concen-
tration TPA was down-regulating, and thus inhibiting,
protein kinase C was examined by testing the effects of
the protein kinase C inhibitors staurosporine and BIM.
Staurosporine at 10 nM was shown previously to be
effective at blocking PKC-mediated events in SH-SYSY
cells [22, 29]. Staurosporine (21 nM) was without effect
on '**I-aBgt binding when used alone on the cells, but
blocked the effects of TPA (Table 1A). We also tested
the activity of a newer, more selective PKC inhibitor,
BIM, on the TPA response [30]. Partial inhibition of
TPA-mediated biochemical and morphological effects
are seen at 0.5 to 1.0 pM, and complete block is ob-
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Fig. 2. Concentration dependence of TPA and retinoic acid on
regulation of '**I-aBgt binding. SH-SYS5Y cells were planted
into 35 mm dishes as described in Materials and Methods. After
24 hr, all cells were grown for an additional 2 days in the
presence of the indicated concentration of TPA (A) or retinoic
acid (B). Cells were assayzd for '>*I-aBgt binding and normal-
ized to binding levels from untreated cells (100% control); re-
sult are the means + SEM from 13 independent experiments for
TPA and 3-6 experiments for retinoic acid. The mean 100%
contro! binding value was 35 + 2 fmol/mg (TPA) and 28 + 3
(retinoic acid). Key: (*) in panel A, P < 0.05 vs TPA at 10 nM,
using Student’s r-test; and (**) in panel B, P < 0.025 vs control,
using Student’s #-test.
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served at 2-4 pM [31]. BIM at the submaximal concen-
tration of 1 uM blocked approximately 45% of the TPA-
induced down-regulation of aBgt binding (Table 1C).
These results are consistent with the actions of TPA
being mediated through activation of protein kinase C.

The response to increasing concentrations of retinoic
acid on aBgt binding appeared biphasic. A decrease in
'251.aBgt binding was seen following exposure to a con-
centration of 1 nM and appeared to plateau at about 80%
of control between 10 nM and 1 pM (Fig. 2B). A further
decrease was seen at concentrations greater than 1 pM
(Fig. 2B). Activity over this concentration range of ret-
inoic acid is consistent with previous studies showing
that morphological differentiation of SH-SYSY cells is
observed at retinoic acid levels as low as 1 nM, and
changes are optimal between 10~% and 1077 M [20].
Therefore, SH-SY5Y cells were responsive to retinoic
acid over an extended concentration range, suggesting a
complex mechanism(s) of action.

Distribution of response by cell type

Previous results have indicated that bovine chromaffin
cells respond to TPA by increasing the numbers of '>’I-
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Table 1. Effects of protein kinase C inhibitors on response to
TPA and retinoic acid

oBgt binding
(% of control)

Treatment Control +Staurosporine +BIM
Section A
~TPA 100 105+ 6
+TPA 33+11 85+ 6%
Section B
—Retinoic acid 100 99+2
+Retinoic acid (10 nM) 80 %47 95+ 7%
+Retinoic acid (10 pM) 311 30+3
Section C
~TPA and retinoic acid 100 93+3
+TPA 255 58+ 4§
+Retinoic acid (10 nM) 7216 6714
+Retinoic acid (10 uM) 41+2 34+1

SH-SYSY cells were plated into 35 mm dishes as described
in Materials and Methods. After 24 hr all cells were grown for
an additional 2 days in the presence or absence of (A) TPA (10
nM) and/or staurosporine (21 nM), (B) retinoic acid and/or
staurosporine, or (C) either TPA or retinoic acid and/or BIM (1
uM), as indicated. Cells were assayed for '2’I-aBgt binding/mg
protein, and the results were normalized to binding levels from
untreated cells (100% control). Results are the means = SEM of
the percent of control determined from N = 3 for sections A and
C and N = 4 for section B. Control values are: section A, 13 +
1 fmol/mg; section B, 14 £ 1 fmol/mg; section C, 18 + 1
fmol/mg.

* P < 0.005 compared with +TPA control (A).

1 P < 0.05 compared with -retinoic acid control (B).

{ P < 0.05 compared with +retinoic acid (10 nM) control (B).

§ P < 0.005 compared with +TPA control (C).

aBgt receptors [32]. Therefore, we examined cell types
other than SH-SYSY for their response to retinoic acid
and TPA. The regulatory response was also measured in
an unrelated neuroblastoma cell line by treating IMR-32
cells and a related cell line, SK-n-SH, and then com-
pared with the results obtained from SH-SYS5Y cells. All
cell types responded to TPA and retinoic acid by slowing
their proliferation, showing more extensive process out-
growth and through changes in morphology. aBgt bind-
ing was affected to varying degrees depending on the
cell line (Table 2). SK-n-SH cells responded to TPA (10
nM) with a smaller reduction in binding than did SH-
SYSY cells, but increasing the concentration of TPA to
100 nM increased the response of SK-n-SH cells while
decreasing the response of SH-SYSY cells. The response
of IMR-32 cells was intermediate between the SH-cell
types. Differences in the degree of regulation of aBgt
receptors among these different cell lines in response to
retinoic acid was not as apparent. SK-n-SH cells were
most sensitive and SH-SYSY were the least responsive
when assayed following exposure to 10 uM retinoic acid
(Table 2). IMR-32 cells were intermediate between the
other cell lines in the level of decrease of aBgt binding
in response to retinoic acid.

Differential mechanism of regulation

The reduction in '*’I-aBgt binding could have been
due to either a decrease in receptor affinity and/or a
decrease in receptor number. SH-SYS5Y cells treated for
2 days with either TPA (10 nM) or retinoic acid (10 uM)
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Table 2. Regulation of c-bungarotoxin receptors on different
neuroblastoma cells

aBgt binding
(% of control)

TPA TPA Retinoic acid

Cell type 10 nM) (100 nM) (10 uM)
IMR-32 60£5 ND* 41 +4

(N=9 (N=9)
SH-SYSY 464 61t4 503

(N=13) (N=13) (N=6)
SK-n-SH 71+6 30+3 3216

(N=6} (N=6} (N=6)

The indicated cell types were plated into 35 mm dishes as
described in Materials and Methods. After 24 hr all cells were
grown for an additional 2 days in the presence of TPA or
retinoic acid. Cells were assayed for '**I-aBgt binding/mg pro-
tein, and the results were normalized to binding levels from
untreated cells (100% control). Results are the means + SEM
of the percent of control determined from the number of inde-
pendent experiments (N) indicated. Control binding levels
were: IMR-32 cells, 21 * 2 fmol/mg; SH-SYSY cells, 36 £ 2
(TPA), 33 £ 2 (retinoic acid); and SK-n-SH cells, 16 + 2.

* ND = not determined.

had no change in affinity, whereas the density of aBgt
receptors declined by 49 and 51%, respectively, com-
pared with control cells based on Scatchard analysis of
equilibrium '?*I-aBgt binding (Fig. 3). Treatment of
cells for 2 days at the lower retinoic acid concentration,
10 nM, followed by Scatchard analysis of '*I-aBgt
binding produced a similar result. Control cells had a K
of 1.9+ 0.1 nM and a B,,,, of 31 2 fmol/mg, whereas
cells treated with 10 nM retinoic acid had a K, of 2.1
02 nM and a B, of 24 + 2 fmol/mg (79 * 7% of
control, N = 3). These results indicated that the affinity
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Fig. 3. Scatchard analysis of '**I-aBgt binding to TPA- and
retinoic acid-treated cells. SH-SY5Y cells were plated into 35
mm dishes as described in Materials and Methods. After 24 hr,
all cells were grown for an additional 2 days in the presence of
control medium (O,—), 10 nM TPA (l,——) or 10 pM
retinoic acid (@, -~—-). Cells were assayed for '*I-aBgt
binding in the presence of increasing concentrations of '*I-
aBgt and normalized per mg protein. The data were then ana-
lyzed by the method of Scatchard to determine the apparent X,
and B,,,, for binding. Results are from a single experiment, but
similar results were obtained in a second experiment. The cal-
culated X, and B,,,, values were: control = 1.72 nM and 17.5
fmol/mg protein; TPA-treated = 1.83 nM and 9.0 fmol/mg; and
retinoic acid-treated = 1.75 nM and 8.5 fmol/mg, respectively.
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of the receptor for '>’I-aBgt had not changed following
treatment with TPA or either concentration of retinoic
acid, and that the total density of receptors on the cells
was decreased following each treatment.

Since both TPA and retinoic acid induce differentia-
tion of SH-SYSY cells and since the maximal decrease
and the time—course for the decrease were qualitatively
similar, we explored the possibility that these agents
were utilizing a common mechanism to elicit the de-
crease in aBgt receptors. We performed a series of mix-
ing experiments by co-administering retinoic acid and
TPA to the cells to determine if the regulatory response
was additive. Addition of retinoic acid at the lower con-
centration of 10 nM to cells incubated with increasing
concentrations of TPA resulted in a gradual diminution
of the response to retinoic acid such that no additional
effect of retinoic acid was seen at a maximal concentra-
tion of TPA (3 nM in this set of experiments; Fig. 4).
However, treatment of cells with a higher concentration
of retinoic acid (10 pM) resulted in a significant de-
crease compared with cells treated only with 10 nM TPA
(22 £ 4 vs 40 * 6%, respectively, N =9, P < 0.025).

The results of the experiments described above com-
bining TPA and retinoic acid suggested an overlapping
pathway for TPA and 10 nM retinoic acid but not 10 pM
retinoic acid (Fig. 4). Therefore, we tested if the effect of
10 nM retinoic acid on aBgt receptor levels was influ-
enced by protein kinase C inhibitors. A concentration of
staurosporine, 21 nM, that inhibited TPA effects (Table
1A) and effectively blocks TPA-induced differentiation
of SH-SYSY cells [22, 29] nearly abolished the response
of SH-SYSY cells to 10 nM retinoic acid, but was with-
out effect on the response to 10 uM retinoic acid (Table
1B). The more selective PKC blocker, BIM, was without
effect on the response to retinoic acid at either 10 nM or
10 pM (Table 1C). Thus, the mechanism of retinoic
acid-induced regulation of aBgt receptors on SH-SY5Y
cells at the lower 10 nM concentration is apparently not
mediated via protein kinase C, but does require activa-
tion of a protein kinase that is inhibited by staurosporine
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Fig. 4. Additive effects of TPA and retinoic acid on '**l-aBgt
binding to SH-SYSY cells. SH-SYSY cells were plated into 35
mm dishes as described in Materials and Methods. After 24 hr,
all cells were grown for an additional 2 days in the presence of
the indicated concentration of TPA alone (), or TPA with 10
nM retionic acid (@). Cells were assayed for '25I-aBgt binding
and normalized to binding levels from untreated cells (32 * 1
fmol/mg). Results are the means + SEM of 3 independent ex-
periments. Key: (*) P < 0.025 vs TPA at 0.1 and 0.3 nM, using
Student’s t-test; and (**) P < 0.1 vs TPA at 1.0 nM, using
Student’s r-test.
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but not by BIM, whereas the effect of retinoic acid at 10
uM is not dependent con this protein kinase(s).

Reversal of down-regulation by TPA and retinoic acid

Removal of TPA and retinoic acid from the culture
medium revealed an additional difference in their cellu-
lar responses. Recovery from the effects of TPA and
retinoic acid exposure followed a similar time—course,
but with different final results. Following removal of
TPA (10 nM) from SH-SY5Y cells, '**I-aBgt binding
began to recover after 12-16 hr, and approached control
values by 24 hr (Fig. 5). We tested the recovery of bind-
ing to cells following exposure to either a lower retinoic
acid concentration (100 nM) or to the higher level (10
uM). After 2 days of exposure, removal of retinoic acid
from the medium also resulted in a lag of 6-12 hr after
which '2°[-aBgt binding began to recover; full recovery
was achieved by 16 hr and rebounded to beyond 100%
of control levels by 24 hr post-removal. The rebounded
binding levels were greater following treatment with 10
UM retinoic acid (140%), and the lag was longer than
that seen following the 100 nM treatment (120%) (Fig.
5). In either case, recovery from the down-regulation
induced by retinoic acid appeared more rapid and more
complete than recovery from TPA. During the recovery
period, the cells retained their morphologically differen-
tiated appearance, and the final difference in binding
levels between the two agents did not simply reflect a
delayed removal or reversal of TPA since at 24 hr the
values had reached steady state and no further increases
were observed over the next 24 hr (Fig. 5). Thus, the
cells recovered from exposure to either TPA or retinoic
acid by a relatively slow replacement of aBgt receptor to
the cell surface, but following retinoic acid treatment and
removal an overexpression of the receptor was observed.

DISCUSSION

In this report, we have shown that the induction of
differentiation in several neuronal cell lines resulted in
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Fig. 5. Time course for recovery of '**I-aBgt binding to SH-
SYSY cells following treatment with TPA or retinoic acid. SH-
SYSY cells were plated into 35 mm dishes as described in
Materials and Methods. Following treatment for 2 days with
either 10 nM TPA (@), 0.1 uM retinoic acid (&), or 10 uM
retinoic acid (M) or no treatment, the medium was removed,
cells were rinsed thoroughly, and the medium was replaced with
fresh control medium. At the indicated times following removal
of the reagents, cells were assayed for '2’I-aBgt binding and
normalized to binding levels from untreated cells (17 + 2 fmol/
mg) as previously described. Treatments were initiated at var-
ious times after replating to permit all cells to be assayed on the
same day. Results are the means + range from 2 experiments.
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the down-regulation of nicotinic ACh receptors on the
cells. The reduction occurred whether the cells were in-
duced by the phorbol ester, TPA, or the hormone, reti-
noic acid. These are compounds considered to have dis-
tinct targets of action in the cells. The effects seen fol-
lowing TPA treatment were most consistent with a
requirement for the activation of protein kinase C. TPA
at 10 nM has been shown previously to produce a peak
in protein kinase C activity within 6 hr on SH-SYSY
cells [28]. The blockade of the effects of TPA by the
protein kinase C inhibitors, staurosporine and BIM (Ta-
ble 1), provides further evidence for involvement of this
kinase. Both staurosporine and BIM completely block
the differentiation effects of TPA on SH-SYSY celis
[31]. Although staurosporine is not very selective among
protein kinases, BIM shows good selectivity for inhibi-
tion of protein kinase C over protein kinase A, receptor
tyrosine kinases, and CaZ*/calmodulin-dependent ki-
nases at the concentrations used here [30, 33]. However,
blockade of responses by protein kinase C inhibitors
should, in general, not be considered conclusive for in-
dicating a protein kinase C-dependent mechanism. The
reduced effect of TPA observed at concentrations above
10 nM (Fig. 2A, Table 2) may be a result of protein
kinase C desensitization, which occurs frequently at
higher concentrations and longer treatment times [28].
Another possibility for the reduced response at higher
TPA concentrations is that the cells express multiple
types of protein kinase C with different sensitivities to
TPA. SH-SYS5Y cells are known to contain a, B, & and
¢ forms of the kinase that respond differently to activa-
tors and inhibitors of protein kinase C [29].

The effects seen following retinoic acid treatment sug-
gest different mechanisms of action for lower (1-100
nM) compared with higher (10-30 uM) concentrations
(Fig. 2B). The response to lower, but not higher, con-
centrations was inhibited effectively by staurosporine
but not BIM, suggesting that a functional protein kinase
other than protein kinase C is necessary for its effect
(Table 1). Alternatively, retinoic acid at 10 nM may
activate a protein kinase C subtype not sensitive to in-
hibition by BIM. The biphasic effects observed with
retinoic acid of different concentrations is likely the re-
sult of actions at distinct retinoic acid receptors. SH-
SYSY cells express several types of retinoic acid recep-
tors that are regulated differently during differentiation
[34]. The continued exposure of cells to 10 uM retinoic
acid resulted in a gradual recovery of aBgt receptor
levels after several days (Fig. 5). This recovery may be
the result of retinoic acid receptor desensitization or it
could be due to the generation of a final cell phenotype
with distinct aBgt receptor regulatory properties as com-
pared with cells undergoing differentiation.

The extended time courses for down-regulation and
recovery of aBgt receptors (Figs. 1 and 5) suggest that
changes in protein turnover are involved rather than a
more transient sequestration of receptors within cells.
However, an additional factor to consider for the recov-
ery phase is the length of time required for complete
elimination of the lipophilic retinoic acid and TPA from
the cells following their removal from the medium. An
interesting feature of the recovery was the overshoot
seen following removal of retinoic acid. This may be
related to the cells developing different phenotypes. SH-
SYSY cells are known to develop distinct biochemical
and morphological characteristics following TPA and
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retinoic acid-induced differentiation [20]. Studies are in
progress to discern the precise fate of the receptors un-
dergoing regulation.

The regulation of nicotinic ACh receptors is an event
commonly seen following treatments that induce differ-
entiation. However, the extent and direction of the reg-
ulation are dependent on the type of receptor and the
type of cell. In the case of rat PC12 cells, NGF-induced
differentiation results in an increase in ACh-mediated
channel activity and an increase in the levels of mRNA
for several receptor subunits including a7 [13, 35]. Our
results indicate that SH-SY5Y cells induced to differen-
tiate with 8-bromo-cAMP show no decrease in levels of
oBgt receptor after 3 days, and perhaps a small increase,
consistent with results previously reported using IMR-32
cells. IMR-32 cells induced to differentiate with dibu-
tyryl-cAMP for 13 days show a 3-fold increase in aBgt
receptors compared with undifferentiated cells [23]. The
apparent smaller response reported here could be due to
either the extended treatment times previously utilized,
the different cell types, or differences in the effects of
dibutyryl- as compared with 8-bromo-cAMP. In any
case, cells differentiated by retinoic acid and TPA ex-
press markedly fewer aBgt receptors than those differ-
entiated following cAMP treatment. Chick skeletal mus-
cle responds in a manner similar to SH-SY5Y cells, as
electrical activity triggers an activation of protein kinase
C and a decrease in synthesis of muscle-type ACh re-
ceptor [8]. The regulatory response of the adrenergic-
like cell lines reported here to TPA was the opposite of
those previously reported for primary adrenergic chro-
maffin cells in culture. Freshly isolated bovine adrenal
cells respond to TPA by increasing as much as 10-fold
their levels of aBgt receptors through an apparent pro-
tein kinase C mechanism [32]. The subunit structure of
chromaffin nicotinic receptors is not known, but in cul-
ture they appear to express ganglia-type receptors that
contain an &3 subunit [36] as well as relatively small
numbers of aBgt receptors that do not contain either al,
a3 or S [37]. It will be interesting to learn the molec-
ular basis for the different responses seen in chromaffin
as compared with neuroblastoma cells.

Our resuits reported here indicate a potential role of
protein kinase C in the regulation of neuronal ACh re-
ceptor assembly and/or turnover, and also suggest that
additional pathways are utilized that require other pro-
tein kinases yet to be identified. Elucidation of the mech-
anisms controlling ACh receptor expression on differen-
tiating neuroblastoma cells will enhance our understand-
ing of the ways that cells regulate neurotransmitter
receptors in developing nerve cells.
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