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SUMMARY

The nicotinic acetylcholine receptor of Torpedo californica has been shown to be subject
to cyclic AMP-dependent phosphorylation, raising the possibility that nicotinic receptors
may be regulatable by phosphorylation. To investigate this possibility for a neuronal
nicotinic receptor, we have studied the effects of elevation of cyclic AMP on the ion-
conducting properties of the nicotinic receptor of PC12 cells. The cyclic AMP content of
the cells was altered by exposure to various concentrations of forskolin (an activator of
adenylate cyclase) for periods of time ranging from 1 to 40 min. Receptor activation then
was measured as agonist-induced influx of %Rb* into the cells. Throughout a variety of
conditions, no changes in agonist-induced ion influx were detected. This was true
regardless of the concentration of agonist used, the duration of receptor stimulation that
was measured, the concentration of forskolin employed, or the duration of elevation of
cyclic AMP prior to receptor activation. Experiments designed to measure receptor
desensitization also were unable to detect any differences upon elevation of cyclic AMP.
Finally, the antagonism of receptor activation by substance P also was not affected by
elevation of cyclic AMP. Thus, no evidence could be obtained in these cells supporting
the hypothesis that a neuronal nicotinic acetylcholine receptor can be acutely regulated

by changes in cellular cyclic AMP.

INTRODUCTION

Recently, Huganir and Greengard (1) have shown that
the gamma and delta subunits of the nicotinic AChR?
from Torpedo californica are subject to phosphorylation
by both endogenous and exogenous cyclic AMP-depend-
ent protein kinases. On the basis of this observation, the
logical possibility was raised that phosphorylation and/
or dephosphorylation may regulate the receptor in some
manner. However, no data relating to this question have
appeared. The observation that the muscle-type nicotinic
receptor may be regulatable by phosphorylation raises
the possibility that nicotinic receptors in general may be
subject to phosphorylation-dependent regulation. This
question is of particular importance for the neuronal
nicotinic receptor; many noncholinergic neurotransmit-
ters are known to alter cellular cyclic AMP and could
affect cholinergic excitability in this manner. Unfortu-
nately, since muscle and neuronal nicotinic receptors
have both similarities and distinct differences, conclu-
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sions based on data obtained with one type of receptor
will not necessarily transfer to the other.

In beginning the study of phosphorylation-dependent
regulation of neuronal nicotinic receptors, one is faced
with the problem that actual phosphorylation of the
neuronal receptor cannot be readily assessed at present.
For this reason, we have taken a functional approach,
determining whether the properties of the receptors are
changed by conditions known to alter cyclic AMP-de-
pendent protein phosphorylation. The studies were per-
formed with tissue-cultured pheochromocytoma cells,
clone PC12, which possess neuronal-type nicotinic
AChRs that are not blocked by a-bungarotoxin (2, 3).
Preliminary experiments showed that forskolin (an ac-
tivator of adenylate cyclase) stimulated cyclic AMP-
dependent protein phosphorylation in the cells (4) and
indicated that forskolin and adenosine-induced accu-
mulation of cyclic AMP did not affect carbachol-elicited
ion influx (5, 6). We report here a continuation of those
experiments—a detailed study of the effects of elevated
cyclic AMP on several receptor properties.

MATERIALS AND METHODS

Tissue culture methods. The PC12 cells were originally obtained
from Dr. Lloyd Greene. The cells were routinely grown in plastic tissue
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culture flasks in DMEM containing 10% heat-inactivated horse serum
and 5% fetal bovine serum at 37° in a humidified atmosphere of 90%
air:10% CO,. Animal sera were from K.C. Biologicals (Kansas City,
Mo.).

Uptake of %Rb*. Activation and ion conductance of the nicotinic
AChR of PC12 cells were measured using ®*Rb* as the tracer ion and a
modification of the techniques described by Huang et al (7) and
Stallcup (8). The ion channel of the nicotinic AChR from both muscle
and PC12 cells has been shown to be relatively nonselective, especially
for monovalent cations. Thus, tracer quantities of ®*Rb* can compete
with other monovalent cations and enter the cells upon activation of
the receptors. We have used ®*Rb* rather than the more commonly
used Z?Na* because *Rb* is less expensive and it is much less hazardous
to use than the high-energy gamma-emitting *Na*.

Cells to be used for experiments were replated from flasks to poly-
L-lysine-coated 24-well plates (16-mm diameter wells) as previously
described (5, 6) and allowed to attach for 8-16 hr before use. To initiate
experiments, plates were transferred to a 37° water bath and growth
medium was replaced with a 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid-buffered BSS containing 130 mM NaCl, 5.4 mm KCl, 1.8
mM CaCl;, 1.2 mMm MgCl,, 0.8 mM NaH,PO,, 15 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid, and 20 mM dextrose (pH 7.4).
The cells were then allowed to equilibrate for 10 min before use.
Pretreatments with forskolin [a specific activator of adenylate cyclase
(5, 9)] to alter cellular cyclic AMP levels are described in individual
tables and figures. The actual ®Rb* uptake assay was initiated by
replacing BSS with BSS containing 2 mM ouabain and incubating for
1 min. Inhibition of Na*,K*-ATPase was necessary because *Rb*
behaves much like K* and will be pumped into the cells by the ATPase,
increasing basal uptake of *Rb*. Following the 1-min pretreatment
with ouabain, each well was rapidly rinsed twice with 0.5 ml of a BSS
containing reduced Na* (NaCl replaced by isosmotic sucrose). The cells
then were exposed to 0.2 ml of reduced Na* BSS containing *Rb*
[approximately 5 uCi/ml, 2 mM ouabain, and indicated concentrations
of carbamylcholine (carbachol)]. Uptake was terminated by rapidly
rinsing each well four times with 1 ml of BSS. Cells were dissolved in
0.5 ml of 1 M NaOH, and the amount of ®Rb* and protein was
determined for each well. Uptake of ¥Rb* always was determined in
the presence and absence of agonist, and the difference was taken as
receptor-mediated ion flux.

Normalization of ®*Rb* uptake to the amount of protein in each well
was done in two different ways. Initially, protein was simply measured
by the method of Lowry et al. (10), using bovine serum albumin as a
standard. To decrease the number of protein determinations which had
to be performed, later experiments used cells that had been prelabeled
with [*H]leucine while they were growing in culture flasks. Routinely,
[®*H]leucine (0.01 xCi/ml) was added to the DMEM at least 48 hr prior
to the time that cells were to be transferred to multiwell plates. At the
time of transfer, the growth medium was switched to DMEM without
[®*H]leucine. At the end of each experiment, 4 wells were randomly
selected from each group of 24 for determination of both protein and
[*H]leucine content. The amount of protein in each well then was
calculated from the amount of *H in each well. This method was shown
to give an accurate reflection of the amount of protein per well for a
large range of cell densities.

In addition to normalizing uptake to the amount of protein in each
well, it was necessary to normalize for the concentration of #*Rb* in
the uptake medium to account for small day-to-day variations in the
isotope concentration. Initial experiments demonstrated that car-
bachol-stimulated uptake of ®Rb* was linearly proportional to the
concentration of ®Rb* over at least a 2-fold variation in concentration
in the region of 5 uCi/ml. Therefore, all uptake values have been
normalized to what they would have been if the concentration of ®*Rb*
was 5 uCi/ml.

The assay described above employed BSS containing reduced Na*
to diminish competition between Na* and ®*Rb* for the open ion
channels and thus to give an increased signal to noise ratio for the

assay. Initial experiments confirmed that qualitatively identical results
were obtained if the assay was performed in normal BSS, but the
apparent uptake of *Rb* was much lower and less accurately measured.

Measurements of cyclic AMP. The cyclic AMP content of the cells
was determined as previously described (5, 6). Briefly stated, cells were
grown and treated identically as for ®*Rb* uptake asasys. To terminate
experiments, the cultures were rinsed once with BSS, and then cyclic
AMP was extracted with 0.5 ml of 0.1 M HCI. The cyclic AMP extracted
into the HC] was acetylated with acetic anhydride and triethylamine
(11) and then assayed by a radioimmunoassay with [**I]cyclic AMP
using the automated Gamma Flow system (12).

RESULTS

Characteristics of agonist-stimulated influx of %Rb*.
Most studies of ion fluxes through nicotinic AChR are
performed at low temperatures (4-24°) to slow desensi-
tization and increase the linear period of ion flux (8).
However, since we were interested in approaching phys-
iological conditions and studying enzymatic processes
that would be temperature-sensitive, we were obliged to
perform all experiments at 37°. Even at this temperature
the rate of carbachol-stimulated *Rb* uptake was essen-
tially linear for about 15 sec (data not shown). Therefore,
most of our studies were performed using this uptake
duration. Many other experiments using receptor antag-
onists (such as d-tubocurarine) showed that carbachol-
stimulated uptake was due to receptor activation (data
not shown).

Effects of elevated cyclic AMP on initial rates of *Rb*
influx. Previous studies had shown that a short pretreat-
ment of PC12 cells with 1 uM forskolin caused a 30- 50-
fold increase in cyclic AMP content and maximal facili-
tation of depolarization-dependent neurosecretion (5).
As shown by the data in Table 1, similar conditions
caused no change in the initial rate of %Rb* uptake
either in the presence or absence of maximal receptor
stimulation with 1 mM carbachol. This was true even if
uptake was measured at 6.5 sec, where the initial rate of
uptake might be more closely approximated.

Although 1 uM forskolin was known to facilitate secre-
tion maximally, it was possible that the AChR would be
responsive to different cyclic AMP concentrations. How-
ever, as shown by the data in Fig. 1, similar results were
obtained at lower concentrations of forskolin, where the
changes in cyclic AMP were much smaller. From Fig. 1
one can see the very large changes in cyclic AMP content
which were caused by forskolin. The data in Fig. 1 are

TABLE 1
Effects of forskolin pretreatment on the initial rate of ®*Rb* uptake into
PC12 cells
Cells were incubated with or without 1 uM forskolin for 12 min and
then the uptake of *Rb* was measured for the indicated times as
described under Materials and Methods. Each value is the mean +
standard error of the mean for five or six replicate cultures.

Condition Uptake time %Rb* uptake
Basal  Stimulated Net
sec pmoles/mg protein
Control 6.5 6.1+04 135+04 74+08
Forskolin 6.5 52+04 131+05 79+09
Control 15.0 100+ 03 279+03 179+06
Forskolin 15.0 83+03 250+09 167%+12
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F1G. 1. Effects of various forskolin concentrations on cellular cyclic AMP content and uptake of **Rb*
Cells were pretreated with the indicated concentrations of forskolin for 12 min prior to determination of cyclic AMP content and *Rb*
uptake. Both basal and carbachol-stimulated (1 mM carbachol) uptake of ®*Rb* were measured for 15 sec as described under Materials and
Methods. All values are means + standard error of the mean for five or six replicate assays.

representative of several repetitions of this experiment,
and the apparent small increases in *Rb* uptake with
0.01 and 0.1 uM forskolin were not reproducibly observed
(see also Table 2). The decrease in *Rb* uptake with 10
uM forskolin was not investigated further, since the
elevation of cyclic AMP was so great under these condi-
tions.

All of the experiments described above employed max-
imal stimulating concentrations of carbachol and would
not have detected changes in the sensitivity of the recep-
tor to various concentrations of agonist. The carbachol
concentration dependence for *Rb* uptake is shown in
Table 2. Response was first detected above 10 uM car-
bachol, peaked at 1 mM carbachol, and then declined at

TABLE 2

Effects of forskolin treatment on the concentration dependence of

carbachol-stimulated uptake of ®*Rb*

Cells were pretreated for 12 min with or without the indicated
concentration of forskolin. Uptake of *Rb* then was determined for
15 sec with the concentrations of carbachol given. Values are means +
standard error of the mean of six assays.

Carbachol %Rb* uptake
concentration Control  Forskolin-treated
mM pmoles/mg protein
Expt. 1, 0.01 uM forskolin
0 10.8 £ 0.7 10.6 £ 0.8
0.03 19.6 £ 0.8 215+1.1
0.10 280+ 1.9 31.1+£20
1.0 31.5+18 32416
5.0 21.7+ 1.8 234+ 23
Expt. 2, 1 uM forskolin
0 10.7 £ 0.6 104 £ 04
0.03 168 £ 1.1 179+ 14
0.10 26.6 £ 1.5 249+ 05
1.0 325+ 1.1 31411
5.0 220+1.1 224 +1.2

higher concentrations. The concentration causing one-
half maximal uptake was about 50-100 uM, consistent
with other reports for both neural and muscle nicotinic
receptors. The pronounced decline of *¥Rb* uptake with
supermaximal concentrations of carbachol probably re-
flects an increased rate of desensitization of the recep-
tors, as has been seen previously in Torpedo californica
and PC12 cells (13, 14). Of greatest importance, however
(as shown by the data in Table 2), neither 0.01 nor 1 uM
forskolin had any effect on carbachol-stimulated uptake
of 3Rb* at any concentration of the agonist.

Finally, to test whether the duration of time during
which the cyclic AMP content was elevated made any
difference, cells were pretreated with forskolin for times
varying from 1 to 40 min. Previous experiments have
shown that the cyclic AMP content of the cells treated
in this manner plateaus within 4-6 min and then stays
constant for prolonged periods of time (5, 6). Again, no
effect on basal or carbachol-stimulated uptake of *Rb*
was seen (Fig. 2). This is in contrast to the enhancement
of depolarization-dependent secretion produced by ele-
vation of cyclic AMP, which is very time-dependent (5,
6). Taken together, the data support the conclusion that
elevation of cyclic AMP does not alter the initial rate of
ion influx through the activated AChR.

Effects of elevated cyclic AMP on receptor desensitiza-
tion. By studying the initial rate of ion flux subsequent
to receptor activation, one minimizes the influences of
receptor desensitization on observed rates of *Rb* in-
flux. However, elevation of cyclic AMP (and presumably
subsequent phosphorylations) also could alter the desen-
sitization process directly. The observation that elevated
cyclic AMP did not alter *Rb* uptake at very high
carbachol concentrations (where desensitization is es-
pecially pronounced) suggested that desensitization was
not altered by these conditions. However, this question
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FIG. 2. Effects of various forskolin pretreatment times on uptake of *Rb*
Cells were pretreated with 1 uM forskolin for the indicated times prior to determination of both basal and carbachol-stimulated uptake of
8%Rb* (1 mM carbachol) for 15 sec. Values are means + standard error of the mean for six replicate assays.

was addressed directly in three ways. First, cells were
pretreated with 1 uM forskolin for 12 min and then
carbachol-stimulated uptake of *Rb* was monitored for
an additional 12 min in the presence and absence of
forskolin. Carbachol-stimulated uptake of **Rb* under
these conditions would reflect both the initial rapid in-
flux and the subsequent, much reduced, uptake through
the predominantly desensitized population of receptors.
As shown by the data in Experiment 1 of Table 3, under
these conditions basal uptake of **Rb* was slightly de-
creased by elevation of cyclic AMP, but carbachol-stim-
ulated uptake was unchanged.

A limitation with the experimental design described
above was that the measured uptake represented a com-
posite of the initial, linear rate of uptake and the subse-
quent uptake associated with the desensitized population
of receptors. A second method which avoids this problem
is to examine the actual rate of desensitization by varying
the duration of time cells are pretreated with carbachol
(in the absence of ®Rb*) and then determining the initial
rate of *Rb* uptake during the next 15 sec of receptor
activation. Experiment 2 of Table 3 depicts such an
experiment. The concentration of carbachol used in this
experiment was 0.5 mM in order to decrease the rate of
desensitization to a point where the process could be
better studied. As shown by the data, with 20 sec of
exposure to carbachol, desensitization had decreased the
initial rate of uptake by about 50% whether the cells had
been pretreated with forskolin or not. Similarly, 35 sec
of exposure to carbachol decreased uptake by about 70%
in the presence or absence of elevated cyclic AMP. Thus,
forskolin pretreatment did not appear to alter the rate
of receptor desensitization.

TABLE 3
Effects of forskolin treatment on desensitization of receptors

In all cases, cells were first pretreated with or without 1 uM forskolin
for 12 min. For Experiment 1, cells then were incubated for 12 min
(forskolin continued where appropriate) with **Rb*, with or without 1
mM carbochol. In Experiment 2, cells then were pretreated with 0.5
mM carbachol for the indicated time, and then immediately exposed to
%Rb* and 0.5 mM carbachol for 15 sec. For Experiment 3, cells were
then incubated for 12 min in the absence (basal) or presence (stimu-
lated) of 1 mM carbachol; forskolin was continued where appropriate.
At the end of this time, 3¥Rb"* uptake was determined for an additional
15 sec. Values are means + standard error of the mean for six assays.

Treatment Carbachol Uptake 8%Rb* uptake
pretx:ia;t;n ent  time Basal Stimulated Net
pmoles/mg
Expt. 1
Control 0 12min 208+8 2918 83+ 16
Forskolin 0 12min 180 +3 268+ 7 88 + 10
Expt. 2
Control 0 15sec 72+04 322+10 250+ 14
20 sec 15 sec 218+12 146+ 1.6
35 sec 15 sec 145+04 7308
Forskolin 0 15sec 94+03 326+11 232+14
20 sec 15 sec 218+1.1 124+ 1.4
35 sec 15 sec 16.7+06 73+0.9
Expt. 3
Control 12 min 15sec 83+05 110x11 27%+1.6
Forskolin 12 min 15sec 7.7+£05 102+06 25%+1.1

Finally, an attempt was made to look at the equilib-
rium distribution of active and desensitized receptors by
exposing the cells to carbachol for a long period of time
(12 min) prior to assessment of carbachol-stimulated
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uptake of *Rb*. As seen by the data in Experiment 3 of
Table 3, even after 12 min of exposure to carbachol, a
measurable uptake of *Rb* was seen during the next 15
sec of exposure. However, elevation of cyclic AMP with
forskolin during this time had no effect on carbachol-
stimulated uptake. Taken together, these three experi-
ments appear to indicate that elevation of cyclic AMP
does not alter desensitization of these nicotinic AChRs.

Effects of elevated cyclic AMP on substance P inhibition
of ®Rb* influx. A final property of the AChR of PC12
cells is its sensitivity to inhibition by substance P; it has
been suggested that substance P produces its inhibitory
action by increasing the rate of receptor desensitization
(15). The inhibitory effect of substance P also was ob-
served using our *Rb* influx assay (Table 4), but again,
pretreatment of the cells under conditions that should
promote cyclic AMP-dependent protein phosphoryla-
tions had no effect on the inhibition produced by sub-
stance P.

DISCUSSION

Of the many different ACh receptors that have been
identified, the neuronal nicotinic receptor has been the
most resistant to study. Significant advances recently
have been made with the renewed use of receptor-binding
techniques applied to brain tissue (16). However, as yet,
little progress has been made in the development of an
assay of receptor function, i.e., ion conduction. For this
reason, we are focusing our attention on the neuronal
receptor of PC12 cells as a model system in which regu-
lation of the functioning receptors can be studied. It
should be recognized that the nicotinic AChR of PC12
cells is a model of a neuronal receptor, not the neuronal
receptor; as yet it is unclear just how many different
nicotinic receptors exist in neuronal tissues.

Our initial characterization of the influx of #Rb* upon
stimulation with carbachol showed clearly that the re-
sponse can be studied at a physiological temperature.
This is important if one wishes to study various pertur-
bations meant to mimic physiological changes. However,
taken as a whole, the results presented here indicate that
the ion-conducting properties of the neuronal nicotinic
AChR of PC12 cells are not acutely regulated by in-
creases in cyclic AMP-dependent phosphorylations. This

TABLE 4
Effects of forskolin treatment on inhibition of receptor activation by
substance P

Uptake of *Rb* was determined in cells pretreated for 12 min in
the presence or absence of 1 uM forskolin. Basal and carbachol-
stimulated uptake (1 mM carbachol) was determined either with or
without the simultaneous addition of substance P. Values are means +
standard error of the mean of four to six assays.

conclusion is based on the lack of systematic changes in
agonist-induced ion flux through the receptor-linked ion
channel throughout a broad range of cellular cyclic AMP
levels maintained for times from 1 to 40 min. Qur ability
to make this conclusion obviously is dependent on our
previous observation that cyclic AMP-dependent protein
phosphorylation generally is increased under these con-
ditions (4), and that a functional change in cell behavior
(i.e., secretion) also can be detected (5, 6). One possible
explanation for our inability to detect any change in
receptor function is that the receptor is maximally phos-
phorylated even at resting cyclic AMP levels. If this is
the case, then at least we can conclude that increases in
phosphorylation do not appear to play an important role
in acute regulation of receptor function. It must be
emphasized, however, that our results do not provide
evidence that the AChR actually is phosphorylated in
PC12 cells. We can conclude for now only that, if phos-
phorylations occur, we can find no evidence that they
alter the function of the receptor. Finally, our analysis
of receptor activation has been limited to times greater
than 5 sec. Although influx of ®Rb* during the first 15
sec was linear, it still is possible that elevation of cyclic
AMP could cause changes observable at the single-chan-
nel level. Experiments to test this possibility are in
progress.

At present we can find no evidence that conditions
that greatly favor cyclic AMP-dependent phosphoryla-
tions alter functioning of the nicotinic receptor of PC12
cells. These studies strengthen our earlier conclusion (5,
6) that facilitation of carbachol-stimulated neurosecre-
tion from PC12 cells by elevation of cyclic AMP is not a
result of increased depolarization; some step subsequent
to receptor-mediated ion influx must be involved. How-
ever, the results reported here have been directed only
toward the acute effects of cyclic AMP elevation. A
separate possibility is that changes in cyclic AMP con-
tent for longer periods of time could cause changes in
receptor properties or receptor number. Evidence sup-
porting this possibility was provided by a recent study in
which exposure of PC12 cells to 1 mM dibutyryl cyclic
AMP blocked B-nerve growth factor-induced increases
in nicotinic receptor responsiveness (17). Thus, even
though our studies failed to detect any effects of elevated
cyclic AMP on receptor function, some elements of the
relationship between cell cyclic AMP content and neu-
ronal nicotinic receptors remain to be characterized.
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