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ABSTRACT The release of catecholamines from adrenal
chromaffin cells is known to be blocked by dihydropyridines,
such as nitrendipine, and enhanced by others, such as BAY
K8644. On the other hand, release from sympathetic neurons
is predominantly insensitive to these agents. Release of
[3H]norepinephrine from undifferentiated PC-12 pheochromo-
cytoma cells resembles that from chromaffin cells in that it is
extremely sensitive to dihydropyridines. Following differenti-
ation, however, release of catecholamine becomes predomi-
nantly insensitive to both nitrendipine and BAY K8644. Under
both growth conditions, release remains completely blocked by
3 mM Co2+ or by removal of Ca2+ from the release media.
Dose-response curves to K+ show that following differentia-
tion, cells become more sensitive, releasing transmitter at lower
K+ concentrations. In contrast, depolarization-induced uptake
of 45Ca2+ remains sensitive to dihydropyridines and shows
similar sensitivity to K+ stimulation in both growth conditions.
These results can be explained by invoking a model involving
dihydropyridine-sensitive and -insensitive types of voltage-
sensitive calcium channels.

The biochemical identification of ion channels has been
greatly aided by the use of specific drugs or toxins that bind
with high affinity to the channel protein (1-3). In the case of
voltage-sensitive Ca2+ channels, there are several classes of
drugs that have been shown to interact with voltage-sensitive
Ca2+ channels in smooth, cardiac, and skeletal muscle (3). Of
these agents, the dihydropyridines (DHP) are the most potent
and specific. Some DHP (antagonists) block voltage-sensi-
tive Ca2+ channels (4, 5) whereas others cause them to remain
open for increased periods of time (agonists) (6, 7). Radio-
active DHP have been used to label voltage-sensitive Ca2+
channels in muscle, endocrine cells, and neurons (3, 8-11).
The nervous system contains a high concentration of specific
[3H]nitrendipine binding sites (11).

In neurons and most endocrine cells, the influx of Ca2+
through voltage-sensitive Ca2+ channels acts as the initial
trigger for release of hormones or neurotransmitters
(stimulus/secretion coupling) (12). Thus, drugs that block
voltage-sensitive Ca2+ channels should inhibit the evoked
release of neurotransmitters. However, in spite of the fact
that the nervous system contains many specific DHP "re-
ceptors", it has often been observed that such drugs do not
alter neurotransmitter release (3). This has given rise to the
suggestion that both drug-sensitive and -insensitive voltage-
sensitive Ca2+ channels exist (13). Indeed, a few reports have
indicated that DHP-sensitive 45Ca2+ uptake (14) and neuro-
transmitter release (15, 16) can occur in some instances.
Moreover, electrophysiological and fluorescence data have
revealed the presence of both DHP-sensitive and -insensitive
Ca2+ currents in neurons and other cells (17-19).

The evoked release of catecholamines from adrenal chro-
maffin cells is highly sensitive to modulation by DHP (9).
However, evoked release of transmitter from sympathetic
nerves has been shown to be completely insensitive or very
slightly sensitive to these same agents (3, 16, 20-22). The
PC-12 pheochromocytoma cell line can be cultured under
various conditions (23, 24). Normally its properties are
similar to those of adrenal chromaffin cells. However, as with
authentic chromaffin tissue, under appropriate culture con-
ditions, PC-12 cells can be differentiated to resemble sym-
pathetic neurons (23, 24). Interestingly, we show here that
this change to a neuron-like morphology is accompanied by
a change in the DHP sensitivity of catecholamine release.

MATERIALS AND METHODS

Materials. Nitrendipine and BAY K8644 were gifts from
Alexander Scriabine (Miles). 45Ca2+ was purchased from
Amersham. [3H]Norepinephrine was from New England
Nuclear. All other materials were obtained from commercial
sources.

Cell Culture. PC-12 rat pheochromocytoma cells were
cultured as described (10, 23), with slight modifications. The
PC-12T subclone was cultured in Dulbecco's modified Ea-
gle's medium (DMEM from GIBCO) supplemented with 10%
(vol/vol) heat-inactivated horse serum (KC Biological,
Lenexa, KS), 5% (vol/vol) fetal bovine serum (KC Biolog-
ical), and penicillin/streptomycin (100 units/ml and 100
gg/ml, respectively, from GIBCO). The PC-12P subclone
was cultured in RPMI 1640 (GIBCO) rather than DMEM. The
PC-12T subclone was from Lawrence Toll (SRI Inter-
national, Menlo Park, CA) and the PC-12P subclone was
provided by Mark Bothwell (Princeton University). The data
from both subclones were similar and were pooled in all
calculations. For release assays, cells were subcultured onto
60-mm tissue culture plates (Falcon) coated with rat tail
collagen (25). Nerve growth factor-treated cells were grown
in the presence of 1 mM dibutyryl cAMP and 50 ng of nerve
growth factor/ml (7S nerve growth factor from Sigma) for
about 2 weeks (range 10-21 days) (24).

[3H]Norepinephrine Release Assays. Release assays were
performed essentially as described by Shalaby et al. (26).
Briefly, cells were loaded with 2 ml of medium containing
[2,5,6 3H]norepinephrine at a concentration of 3 ,uM (specific
activity approximately 1.65 ,Ci/ml; 1 Ci = 37 GBq) for about
60 min at 37°C in a Hepes-buffered assay medium (26). This
loading is inhibited by 10 ,uM desmethyl imipramine or by
incubation on ice. Cells were then washed eight times with 3
ml of buffer each over a half-hour period in a shaking water
bath at 37°C. Release was assessed by replacing the medium
in the plate every 5 min over 25 min and collecting 1-ml
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fractions for liquid scintillation counting. Media containing
higher K+ concentrations (choline chloride concentrations
reciprocally reduced) were added at the third fraction. When
drugs were used, they were preincubated for 10 min (i.e.,
added to the first two fractions). At the end of the release
period, plates were extracted with 3 ml of 0.2% NaDodSO4
to determine the amount of tissue 3H remaining. Release is
expressed as a percentage of radioactivity present in the cells
prior to the release period. Typically, basal release was
approximately 1200 cpm per plate per 5 min, stimulated
release was about 12,000 cpm per plate per 5 min, and counts
remaining on the plate at the end of the experiment were
about 90,000 cpm.

45Ca2+ Uptake Assays. Calcium uptake assays were per-
formed as described by Freedman et al. (27) except the
incubation media used were those in Shalaby et al. (26). The
sodium concentration in these Hepes-buffered media was
kept constant to eliminate any contribution by sodi-
um-calcium exchange at these relatively long incubation
times (min). Briefly, cells grown in 60-mm dishes were
preequilibrated in a shaking water bath at 370C for 10 min
during which time any drugs were added. At time zero,
preequilibration media were replaced by media of different
K+ concentrations, containing 1jCi of 45CaC12/ml, and after
5 min, plates were aspirated and washed four times in ice cold
175 mM choline chloride/2 mM EGTA baths. Plates were
then extracted with 5 ml of 0.2% NaDodSO4. One milliliter
was taken for liquid scintillation counting, and the remainder
was used for a protein assay.

Protein Assays. Protein assays were performed according
to the fluorescence method of Avruch and Wallach (28) by
using bovine serum albumin as standard.

RESULTS

Fig. 1 shows the morphology of PC-12 cells grown under
normal and under differentiating conditions. PC-12 cells
normally appear round and quite devoid of processes similar
to neurites (23). Following differentiation, however, cells put
out many neurites and take on a highly neuronal appearance
(23, 24). They possess many properties of sympathetic
ganglion cells (29).

Fig. 2A shows some data from a typical release experi-
ment. Cells preloaded with [3H]norepinephrine rapidly re-
lease catecholamine upon depolarization with 70 mM K+,
release returning quickly to prestimulation values when the
stimulus is removed. As demonstrated by ourselves (26) and
others (30, 31), evoked release of catecholamine from undif-
ferentiated cells is greatly enhanced by the voltage-sensitive
Ca2+ channel agonist BAY K8644 and blocked by the
voltage-sensitive Ca2+ channel antagonist nitrendipine.
Dose-response curves for these two effects are shown in Fig.
2 B and C. It can be seen that in addition to being very
effective, the DHP are also very potent, producing significant
effects at low concentrations. Interestingly, careful inspec-
tion of Fig. 2 A and C shows that even at high concentrations
(1 ,M) nitrendipine only blocks about 95% of evoked release.
Addition of 3 mM Co2+ or stimulation in a Ca2+ free medium,
however, completely abolished evoked release.
The effects of DHP on evoked release of [3H]norepineph-

rine from differentiated PC-12 cells, however, were strikingly
different. As observed (32), differentiated PC-12 cells release
less norepinephrine than undifferentiated cells upon depo-
larization by 70mM K+ (12.2 + 0.22% undifferentiated, 8.66
± 0.20% differentiated, n = 6). Release of [3H]norepineph-
rine from differentiated PC-12 cells was only slightly en-
hanced by BAY K8644 (Fig. 2B) and was very poorly
inhibited by nitrendipine even at high concentrations (Fig.
2C). The maximal inhibition achieved by 1 IiM nitrendipine
varied between 74.6 and 0% depending on the culture (n = 6);

FIG. 1. PC-12 rat pheochromocytoma cells cultured with 1 mM
dibutyryl cAMP and 50 ng of nerve growth factor/ml for 2 weeks
(Upper) and in the absence of such treatment (Lower).

the mean inhibition was 32.6%. Thus release of norepineph-
rine under these conditions is predominantly resistant to
modulation by DHP. In spite of this, in differentiated as in
undifferentiated cells, 3 mM Co2+ or Ca2+-free medium
blocked evoked transmitter release virtually completely,
indicating that the calcium source to trigger release remains
extracellular.

Depolarization-induced uptake of 45Ca2+ into PC-12 cells
was also examined. As with [3H]norepinephrine release,
absolute uptake of 45Ca2+ in response to 70mM K+ was lower
in the differentiated state. However, Fig. 3 A and B illustrate
that the drug sensitivity of the evoked 45Ca2+ uptake was
similar under both growth conditions. Thus, the percentage
enhancement of 45Ca2+ uptake produced by BAY K8644 was
at least as great in the differentiated state (Fig. 3A). Moreover
in both growth states, nitrendipine (1 /xM) reduced evoked
45Ca2+ uptake completely to values not significantly different
from basal or those found in the presence of 3 mM Co2+ (Fig.
3B).
Thus, catecholamine release in the differentiated state is

considerably less drug sensitive than in the undifferentiated
state although the sensitivity of evoked 45Ca2+ uptake is
similar in both cases. How may this be explained? One clue
is suggested by the data in Fig. 4. It can be seen that in the
differentiated state, evoked release of catecholamine is
achieved at lower external K+ concentrations, half-maximal
release occurring at approximately 40 mM K+ in undifferen-
tiated cells and 20mM K+ in differentiated cells. On the other
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hand, Fig. 4B shows that the sensitivity of 45Ca2l uptake to
increasing K+ concentrations was unchanged in the two
growth modes.

DISCUSSION

In most cases the voltage-sensitive Ca2+ channels that
provide an influx of Ca2+ that triggers the release of
neurotransmitters have been shown to be insensitive to
organic voltage-sensitive Ca2' channel blocking drugs such
as DHP (3). This appears to be true for sympathetic neurons
(3, 20-22). Studies in our laboratory (43) have shown that the
evoked release of [3H]norepinephrine from cultured superior

10-5

FIG. 2. Release of [3H]norepinephrine from PC-12
cells. (A) A typical release experiment in undifferenti-
ated cells is shown. Cells were preloaded with [3H]nor-
epinephrine for approximately 60 min, washed, then
release was assessed as shown. Release is expressed as
a percentage of tissue stores present at the beginning of
the particular fraction. The first two 5-min fractions
were release in 5 mM K+ (non-depolarizing), with or
without preincubation of drugs. The third fraction was
release in 70 mM K+ (depolarizing condition) followed
by a return to baseline (5 mM K+; final two fractions).
(o) 70 mM K+ alone; (v) 70 mM K+ plus 10-6 M BAY
K8644; (i) 70mM K+ plus 1 ,uM nitrendipine; (A) 70mM
K+ Ca-free plus 0.2 mM EGTA. (B and C) Dose-
response curves to BAY K8644 (B) and nitrendipine (C)
in undifferentiated (0) and differentiated (e) cells. Re-
sults are expressed as a percentage ofcontrol-stimulated
release in 70 mM K+. Bars indicate SEM (n = 6-12
experiments in duplicate). Release in the presence of 3
mM Co2" (i) undifferentiated and (m) differentiated.

cervical ganglion neurons ofnewborn rats is completely DHP
resistant. On the other hand, release of catecholamines from
adrenal chromaffin cells is extremely sensitive to DHP (9).
Adrenal chromaffin cells and sympathetic neurons are both
derived from neural crest and are thus closely related. PC-12
pheochromocytoma cells normally resemble adrenal chro-
maffin cells, but they can be converted into cells resembling
sympathetic neurons by nerve growth factor (23, 29, 32). We
have shown here that the drug sensitivity of catecholamine
release from PC-12 cells in the two growth modes closely
reflects that of chromaffin cells and sympathetic neurons.
Thus, the PC-12 system should be a useful experimental
system for investigating this phenomenon.
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FIG. 3. 45Ca2+ uptake into differentiated (*; m) and undifferen-
tiated (o; o) PC-12 cells over 5 min stimulated by 70 mM K+.
Dose-response curves to BAY K8644 (A) and nitrendipine (B) are
shown. Points at left in A are uptake in the absence of drug. Bars
indicate SEM (n = 2-6).

What is the basis for this change in sensitivity? Our studies
imply that the voltage-sensitive Ca2+ channels providing
Ca2+ for transmitter release are predominantly DHP sensitive
in undifferentiated (chromaffin-like) PC-12 cells and predom-
inantly DHP insensitive in differentiated (neuron-like) PC-12
cells. Indeed, several kinds of voltage-sensitive Ca2+ chan-
nels have now been reported in neurons (17, 33). One type of
channel (L-type) is activated by strong depolarizations and is
DHP sensitive. It inactivates slowly. Another type (T-type)
has a low threshold and is DHP insensitive. This type of
voltage-sensitive Ca2+ channel inactivates rapidly. Both L-
and T-type channels have been found in numerous cell types
including neurons (17, 18, 33, 34). A third type of voltage-
sensitive Ca2+ channel (N) so far only reported in dorsal root
ganglion cells has biophysical characteristics between L and
T (17, 33). However, it also inactivates rapidly and is DHP
insensitive. Electrophysiological data from PC-12 cells is
rather scanty (35-39). There are some indications that at least
two types of voltage-sensitive Ca2+ channels may be found.
It has been reported that in undifferentiated cells, although
the evoked release of transmitter is blocked by DHP, the
Ca2+ spike recorded in the same cells is quite unaffected (35).
Significantly, these investigators found that cells had to be
preconditioned at hyperpolarized membrane potentials to
produce good Ca2+ spikes. Under voltage clamp, hyperpolar-
izing steps are required to remove inactivation from both T

0 5 15 30 50 70
K+, mM

91.1

FIG. 4. Dose-response curves to K+. Differentiated (e) and
undifferentiated (0) PC-12 cells. (A) [3H]Norepinephrine release,
expressed as a percentage of tissue stores released, is plotted against
K+. Bars indicate SEM (n = 4-6 plates). (B) 45Ca2+ uptake, ex-

pressed as cpm/Ag of protein, is plotted against K+. Bars indicate
SEM (n = 2-4 plates).

and N (drug resistant) voltage-sensitive Ca2+ channels (17).
Secondly, it has also been reported that under voltage clamp
the Ca2+ current recorded in undifferentiated PC-12 cells was
only partially blocked by DHP when evoked from hyper-
polarized holding potentials but was completely blocked
when evoked from depolarized holding potentials (39). This
again suggests the presence of two channel types, although
other explanations are also possible.

It should be pointed out that 45Ca2` flux studies carried out
under the conditions reported here and elsewhere almost
exclusively monitor Ca2+ influx via DHP-sensitive L-type
channels. Thus, incubations are carried out over relatively
long time periods and mask the small uptake occurring
through rapidly inactivating channels. It is clear from our
studies that drug-sensitive (L-type) channels occur in both
undifferentiated and differentiated PC-12 cells, and yet the
sensitivity ofthe release process to DHP differs dramatically.
To explain this, it may be supposed that drug-sensitive
(L-type) and -insensitive (probably N-type) voltage-sensitive
Ca2+ channels occur in PC-12 cells in both growth modes (35,
39). We suggest that upon differentiation, there is a rearrange-
ment of voltage-sensitive Ca2+ channels. Release from neu-
rons occurs mainly from terminal varicosities rather than
from the soma, although some release is still possible from
this latter region (40). It is thought that voltage-sensitive Ca2+
channels cluster around sites on the plasma membrane
("active zones") with which transmitter-containing vesicles
fuse during exocytosis (41, 42). A clustering of voltage-
sensitive Ca2+ channels around active zones has been sug-
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gested on morphological and biophysical grounds (41, 42).
Interestingly, clusters of drug insensitive N-type voltage-
sensitive Ca2' channels have also been detected electrophys-
iologically (33). Upon differentiation, it is possible that
drug-insensitive voltage-sensitive Ca2l channels already pres-
ent in the cells are grouped into clusters around transmitter
release sites in terminal varicosities, or alternatively new
channels could be synthesized and inserted. Thus, drug-
insensitive channels would have a far greater influence on
release in the differentiated state by virtue of their position
even though they make a relatively minor contribution to the
total depolarization-induced uptake of Ca2l into the cell. This
suggested scenario is given some credence by our observa-
tion that release in differentiated cells occurs at lower K+
concentrations. Thus, N-type DHP-insensitive channels ac-
tivate at somewhat lower thresholds than L-type channels
(17). There is apparently no change in PC-12 resting potential
in the two growth states (37). It is also possible that L-type
channels are preferentially localized in the cell soma. Indeed,
it has been recently shown that there is a different voltage
dependence for Ca2+ uptake into the soma and neuropil of
single molluscan neurones (16).
More work is required to establish the feasibility of our

hypothesis. Furthermore, DHP-sensitive release is clearly
observed in some neurons. For example, in dorsal root
ganglion neurons from newborn rats, the evoked release of
substance P is very DHP sensitive (43). Why different
neurons use predominantly different types of voltage-sensi-
tive Ca2+ channels to provide Ca2+ for transmitter release is
an intriguing question.

Note Added in Proof. Since this paper was submitted, we have found
that release under both differentiated and undifferentiated conditions
is very sensitive to Cd at micromolar concentrations. In addition, a
paper has appeared that has results supporting our findings (44).
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