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Abstract— Catecholamine secretion induced by various secretagogues in cultured bovine chromaftin cells
has been correlated with Ca”* influx and intracellular Ca** concentrations. Nicotine and high K* caused
prompt secretion of catecholamines from cells. Coincidently, both secretagogues evoked *[Ca’*] influx
with a parallel increase in free intracellular Ca’* concentration, as determined by Quin 2 fluorescence.
However, the rate of return of Ca’* level to baseline after nicotine stimulation was more rapid than after
K* stimulation. In comparison, stimulation with veratridine produced a slow and prolonged Ca** influx
accompanied by lower levels of intracellular Ca* than those observed after nicotine or K~ stimulation.
Yet, during 15 min of stimulation, veratridine induced a substantial catecholamine release, which was
larger than that obtained after nicotine or K* stimulations. The Ca** ionophore A23187 (1 M) induced
a pronounced increase in intracellular Ca’* levels, but did not evoke any significant catecholamine release.
Finally. addition of the Ca** channel blocker verapamil following stimulation. at a time when intracellular
Ca™* concentration was at its peak level, did not affect the rate of decline in intracellular free Ca*’
concentration but promptly blocked Ca®" uptake and catecholamine secretion. These findings suggest that
the rate of Ca”* influx. rather than the absolute level of intracellular Ca>* concentration. determines the

rate and cxtent of catecholamine release.

Studies on stimulus--secretion coupling of neuro-
transmitters and hormones have established the piv-
otal role of calcium in the release process (Pollard et
al., 1985; Cheek and Barry, 1993). Cultured chro-
matffin cells secrete catecholamines in a Ca*-depen-
dent manner by the process of exocytosis (Kilpatrick
et al.. 1982), and can be used as a model system to
study the relationships between the intracellular Ca**
levels and exocytotic release. It has been suggested
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that in chromaffin cells the rise in cytosolic Ca* pro-
motes the initiation of a chain of intracellular events
leading to exocytosis (Burgoyne et al., 1991). Various
Ca®*-dependent reactions have been proposed to par-
ticipate in this process. Among those are phos-
pholipase A, (Laychock. 1982: Moskowitz et al..
1982 Petit ¢f al.. 1992), Ca*' jcalmodulin-dependent
protein phosphorylation (Treiman et al.. 1983),
Ca’*/synexin-dependent granule aggregation and
fusion (Creutz er al., 1992 Pollard et af., 1992), cal-
pactin-dependent fusion of granules to plasma mem-
brane (Burgoyne e7 /., 1991 ; Cheek, 1991), synapsin
phosphorylation (Firestone and Browning, 1992) and
Ca’*-dependent dissociation of F-actin granule com-
plexes (Trifaro er «l., 1992). In this regard. it has
been shown that stimulation of chromaffin cells with
nicotine or high K ' increases intracellular Ca*™ con-
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centration from ca 100 to 400 nM (Baker und Knight,
1984). However. most of the Ca’'-dependent pro-
cesses need significantly higher Ca’' concentrations
for optimal activity in vitro (Pollard et al., 1985). [t is
possible. however, that high concentrations of Ca”~
are formed at specific compartments within the cell
and thereby initiate Ca” ' -dependent processes leading
to exocytosis. Such spatial localization of intracellular
Ca** has recently been demonstrated by a video-imag-
ing technique following stimulation of chromaffin cells
by agonists (Cheek et af.. 1993).

In order to determine the relationship between
stimulus-coupled Ca*' entry and the exocytotic
release of catecholamines in chromatffin cells, we com-
pared the rates of *[Ca*~] influx with the changes in
intracellular Ca*~ concentration as determined with
the fluorescent dye Quin 2 (Tsien ¢t «l., 1982). We
then correlated these changes with the amount and
ratc of catecholamine release from the cells. The
results indicate that. in chromaffin cells. Ca® " influx.
and not intracellular Ca®" concentration, correlates
best with catecholamine release, suggesting that in
triggering the chain of events leading to exocytosis.
Ca™" ions act at or near the point of entry. as recently
suggested by O'Connor e1 al. (1993),

EXPERIMENTAL PROCEDURES

Cultred chromaftin cells

Isolated chromathin cells were obtained as described (Held-
man ef al.. 1991). Briefly. adrenal glands were perfused
through the adrenal vein with 0.2% collagenase in a balanced
salt solution (BSS) consisting of 125 mM NaCl. 4.7 mM
KCL 1.2 mM MgSO,. 2.2 mM CaCl,. 25 mM Hepes, and 10
mM glucose. pH 7.35. The tissue was then dissected out.
minced and washed on a nylon mesh (Tetco HC;160). The
tissue collected from the nylon mesh was treated with 0.2%
collagenase in BSS for 30 min at 37 C. The dissociated cells
were collected by centrifugation. washed four limes with BSS
and plated. either in 250 ml tissue culture flasks (50 x 10°
cells flask) or in 24-well plates (10° cells/well) in Eagle's
medium containing 5% fetal calf serum (FCS), 100 pg/ml
streptomycin. 5 pg'mi gentamicin, 10 pg/ml cytosine ara-
binoside and 3 mM glutamine.

Assay of catecholamine release

Chromatftin cells, cultured for 3 days in 24-well plates, were
washed with BSS and then incubated in the presence or
absence of a secretagogue. as described in Results. At the
appropriate times. the medium covering the cells was col-
lected for catecholamine analysis (Kelner er al., 1985). The
plated cells were lysed with 2% acetic acid, frozen and thawed
and the lysate centrifuged to remove cell residues. The super-
natant was analyzed for total catecholamines (Kelner e «l..
1985). The relative amounts of catecholamine relcased into
the medium were calculated as a percent of the total cat-
echolamines in the particular well. No significant alteration

in catecholamine release was observed in Quin 2-loaded cells
compared with contro! cells.

Measurement of Ca” influx

Plated cells were washed with BSS, as described above.
and incubated at 37 C with BSS containing *[Ca’'] (0.5~1
#Cr/well) and secretagogues where appropriate. At the end of
the incubation the cells were quickly washed four times with
BSS containing 2 mM LaCl; and lysed with 2% acetic acid.
LaCl, completely blocks further **[Ca*"] influx or efflux. The
radioactivity accumulated in the absence of the secretagogue
was subtracted from the radioactivity accumulated in the
presence of secretagogue to yield the secretagogue-dependent
Ca’ influx (Heldman e a/.. 1989).
Determination of intracellular Ca™ " concentration

Cells were collected from the tissue culture flask, washed
with BSS and incubated with 20 #M Quin 2/AM (Cal-
biochem) in BSS. Quin 2:AM was dissolved in dimethyl
sulfoxide (DMSO) and added to cells to yield a proper con-
centration of Quin 2/AM and a DMSO concentration not
greater than 0.1%. At the end of a | h incubation at 37 C in
the dark. the cells were collected by centrifugation, washed
twice with BSS and resuspended in fresh BSS (4 x 10°
cells/ml). Aliquots of 3 ml of the cell suspension were then
transferred to a quartz cuvette, placed in a temperaturc-
controlled (37 C) fluorometer and the fluorescence deter-
mined using excitation wavelength of 335 nm and emission
wavelength of 495 nm. Effectors {either secretagogues or
inhibitors) were added to the cuvette (in 30 ul), while mea-
suring the fluorescence. During the entire procedure the cells
were stirred by a magnetic stirrer built into the cell holder.
Portions of the cell suspension were incubated in parallel
without Quin 2;AM. for correction of light scattering and
autofluorescence. At the end ol the incubation. the cells were
lysed with 3% Triton X-100 to determine the maximum
fluorescence: 25 mM Mg EGTA complex. pH 8.0. was
added to obtain the minimum fluorescence in the absence of
free Ca” " . Intracellular Ca® " concentrations were calculated
as previously described (Tsien er af.. 1982).

RESULTS

Stimulation of chromaflin cells with various
secretagogues (nicotine. high K*' and veratridine)
induced a time-dependent release of catecholamines
(Fig. 1). When we transformed the release at each
time point to percentages. according to the maximum
amount of release obtained by each secretagogue at
30 min of stimulation (considered as 100% for cach
secretagogue). we found that each of the scc-
retagogues induced release by a different rate
constant. Nicotine (62 ¢M) induced a fast and short-
lasting response. reaching a platcau at 2-5 min after
stimulation. The initial rate of catecholamine release
following K ' stimulation was somewhat slower, and
veratridine (20 ;M) produced a significantly slower
initial rate of release (Fig. 1). However, when the total
amount of released catecholamines during a 15-min
stimulation period is considered, it is apparent that
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Fig. 1. Time dependency and extent of catecholamine release induced by various secretagogues from
chromatffin cells in culture. Cells were preincubated in BSS at 37 C for 10 min. Nicotine (62 uM), veratridine
(20 uM) or BSS. in which 50 mM KCI was substituted for 50 mM NaCl. were then added to the cells in
triplicate. At various periods after the beginning of stimulation, the medium was withdrawn and analyzed
for catecholamines. The amounts of catecholamines released during 30 min were considered as maximum
release (100%) for cach particular secretagogue. Data are from a representative experiment performed in
triplicate and repecated three times. The bars in the insert represent the actual percentage of release obtained
by each secretagogue after a 15-min incubation with the secretagogue.

veratridine evoked far more release than nicotine or
high K* [Fig. | (inset)].

Kinetic analysis of **[Ca’*] influx induced by
nicotine. high K ' or veratridine (Fig. 2) showed that
nicotine or high K activated robust- and short-
lasting influxes. whereas veratridine produced a less
intense but a long-lasting increase in *[Ca’*] influx.
The data in Fig. 2 represent secretagogue-dependent
#[Ca**] uptake, calculated by subtracting basal
uptake from uptake in the presence of secretagogues.
In the case of nicotine, *[Ca’ "] uptake ceased after
2 min. probably due to receptor desensitization and
¥[Ca**] efflux. which follows the rise in intracellular
Ca”'. On the other hand. basal **[Ca**] uptake con-
tinued to rise. Therefore, after 2 min. nicotine-depen-
dent **[Ca’ "] uptake started to decline. By contrast,
in the case of veratridine, stimulated Ca®* uptake
continued to rise more rapidly than the basal for a
longer period of time, leading to a prolonged rise in
veratridine-dependent *[Ca” '] uptake.

Utilizing Quin 2/AM, we studied how the intra-
cellular Ca** concentration is related to the Ca®'

influx on one hand. and to the rate of catecholamine
release on the other hand. As shown in Fig. 3(A).
addition of nicotine to the cells induced a quick
increase in intracellular Ca*~ concentration, reaching
its peak level in 10-20 s. A gradual decline of Ca*"
concentration to its resting level persisted 3—6 min
after stimulation with the agonist [Table | and Fig.
3(A)]. In some cases, the new baseline was somewhat
higher than that observed before stimulation. By com-
parison, K* stimulation [Fig. 3(B)] led to a rise in
intracellular Ca™' followed by a decay that lasted
significantly longer ([2--16 min) than that observed in
nicotine-stimulated cells. In many experiments, the
new baseline was higher than that observed before
stimulation.

As shown in Fig. 4. stimulation with veratridine
also caused a rise in Ca™* concentration. However,
this increase was much slower (75-90 s) than the rise
observed after stimulation with either high K' or
nicotine (cf. Fig. 3), and its magnitude was generally
lower. The peak values for Ca®* concentration after
various stimulations, as well as their rise and decay
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Fig. 2. Kinetics of the secretagogue-dependent **[Ca’~] uptake to chromaffin cells in culture. Cells were

preincubated at 37°C in BSS 10 min prior to the addition of “[Ca’*] together with nicotine (62 uM),

veratridine (20 uM) or KCI (50 mM). At various times after the simultaneous addition of *[Ca**] and

secretagogue, cells were washed and radioactivity in cell lysate counted. Each point represents the mean

difference between the uptake observed in the presence of secretagogue and that observed in its absence.
Data are from a representative experiment replicated three times.

times, are summarized in Table 1, and the real-time
kinetics is displayed in Fig. 5. Veratridine induced a
slow increase in Ca’* concentration that was lower in
magnitude than that produced by nicotine or high
K*. However, 3—10 min after stimulation, Ca** con-
centrations reached similar levels to those induced by
high K*. However, as shown in Fig. | (inset), the
release induced by high K * is smaller than the release
induced by veratridine over the same time period.
Thus, intracellular Ca®~ concentrations do not seem
to correlate quantitatively with the magnitude of cat-
echolamine secretion.

These findings raise the possibility that the site for

regulation of secretion by Ca** is at the site of entry,
i.e. at the Ca’*-channel level. We therefore inves-
tigated the effect of verapamil, an agent known to
cause an abrupt blockade of Ca®* influx by inhibiting
the Ca’* channel. We confirmed previous studies
(Corcoran and Kirshner, 1983 ; Knight and Kesteven,
1983) that verapamil (5x 107* M) inhibits *[Ca’"]
influx stimulated by high K* or nicotine. Using the
same paradigm, we found that addition of verapamil,
a short time after stimulation with high K* or
nicotine, completely inhibits catecholamine secretion.
For example, in the case of stimulation by nicotine,
6% of the catecholamines were released in the first

Table 1. Parameters related to changes in Ca** concentration following various stimulations

Peak value Ca®"

Time to peak Time to baseline

Stimulus (nM mean + SE) (n) (range in s) (range in min)
Resting cells 14246 (43)

Nicotine 318420 (13) 10-20 3-6
KCI (50 mM) 329418 (13) 15 25 12 16
Veratridine 256446 (12) 90-150 6--10
A23187 249435 (4) 90- 210
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Fig. 3. Intracellular Ca’* levels in chromaffin cells at various time intervals after stimulation with (A)

nicotine or (B) high K. Quin-loaded cells were stimulated with nicotine (62 M) or KCI (25 mM).

Fluorescence was continuously determined during and after stimulation. Intracellular Ca®* concentrations

were calculated from the fluorescence values by considering the maximum and minimum fluorescence

values obtained at the end of each experiment (Tsien ez a/l., 1982) (see Table 1 for mean values and statistical
analysis).

minute of incubation. An additional 8% were released
in the second minute after stimulation. Addition of
verapamil | min after stimulation with nicotine,
completely abolished the secretion of catecholamines
during the second minute after stimulation. This
observation allows examination of whether secretion
is coupled to the elevated intracellular Ca** con-
centration or to Ca** influx. Ifintracellular Ca** level
is directly related to Ca’* influx, then verapamil
should induce an abrupt reduction in Ca’* con-
centration coincident with its blockade of secretion.
However, as shown in Fig. 6, when verapamil (500
uM) was added after Ca** levels have reached the
peak value, no immediate drop in intracellular Ca**
concentration could be observed. Similar results were
obtained by addition of 2 mM La**, which is known
as a specific Ca®*-channel blocker. Thus, the impor-
tant site for Ca®* regulation of secretion would appear

to be at the level of the channel rather than at the level
of intracellular Ca** concentration per se.

To test this conclusion, we utilized the Ca’* ion-
ophore A23187 to introduce Ca’* ions by a route
exclusive of the Ca®" channel. When the Ca** ion-
ophore A23187 (1 uM) was added to resting chro-
maffin cells, a significant increase in Ca’*
concentration was seen within 1.5-3.5 min (Table 1).
However, this increase was not accompanied by a
significant catecholamine release (data not shown ; see
also Morita ef al.. 1985), suggesting again that the rise
in cytosolic Ca®* alone is not sufficient to trigger the
exocytotic process.

DISCUSSION

The conventional concept of how calcium controls
secretion in chromaffin cells is based on several obser-
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Fig. 4. Intracellular Ca** levels in chromaffin cells at various time intervals after veratridine stimulation.
Veratridine was added to the cell suspension to yield a final concentration of 20 yM (see Table | for
statistical analysis).

vations: (i) extracellular Ca* is essential to trigger
the secretory process; (ii) Ca’' influx is activated
upon cell stimulation : (iii) Ca** influx is followed by
catecholamine release (Holz et al., 1982 Kilpatrick
et al., 1982, Corcoran and Kirshner, 1983). It has
therefore been assumed that Ca*~ that enters the cell
during stimulation causes cytosolic Ca’" to rise to
such a concentration that it initiates Ca’* -dependent
processes that are part of the release mechanism. The
experimental results presented here demonstrate that
even when cytosolic Ca*' is elevated, release does
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not necessarily occur. This is in agreement with our
previous results demonstrating an insignificant release
of catecholamines from chromaffin cells treated with
the Ca™~ ionophore A23187 (Morita et al., 1985). Yet
another Ca®* ionophore, ionomycin, induces Ca**
influx and some catecholamine secretion (Kilpatrick
et al., 1980). However, the release induced by ion-
omycin is much smaller than that induced by nicotine
or acetylcholine and may be related to the effect of
this Ca?" ionophore on K* currents (Estacion, 1991).
To explain our observations we propose that the
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Fig. 5. Intracellular Ca’* concentrations in chromaffin cells at various times after stimulation with

secretagogues. Each point represents the mean values for the particular time after stimulation, calculated

from at least five different experiments. The concentrations of the secretagogues were: nicotine (62 uM).
veratridine (20 4uM) and KCI (25 mM).
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Fig. 6. Effect of verapamil on intracellular Ca?~ concentrations. Verapamil (500 uM) was added to cells
stimulated with (A) nicotine (62 M) and (B) KC1 (25 mM). The figure shows representative traces.

release of catecholamines is initiated by Ca**, entering
the cell from the extracellular medium, acting at/or
near the site of Ca* entry.

This hypothesis can be examined by comparing the
rate of catecholamine release (regardless of the choice
of secretagogue) with either the changes of internal
free Ca’" concentration or with the rates of *[Ca’']
influx. As shown in Fig. 7(A), there is a general tend-
ency for morc release to occur at higher con-
centrations of intracellular free Ca**. However, the

two parameters are poorly correlated (r = 0.3088).
For analysis of the correlation, data for high K*,
veratridine and nicotine were simply pooled. There is
some clustering of points for a particular secret-
agogue, and this may be of importance in terms of
secretagogue-specific mechanism. However, this clus-
tering of points for each secretagogue and the lack of
correlation between intracellular Ca®' concentration
and catecholamine release suggest that elevation of
intracellular Ca** concentration alone is not sufficient
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induced by the same secretagogues. (C) Correlation between
the Ca’* influx and the extent of catecholamine release under
the same conditions. The regression analyses as shown by
the r values are significant, P < 0.05. Small r values are
indicative of a poor correlation between the parameters.
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to trigger the exocytotic mechanism. In contrast, there
seems to be a better correlation between the rates of
#[Ca’*] influx and the magnitude of catecholamine
release (r = 0.7672) [see Fig. 7(B)]. As shown in Fig.
7(C), a comparison of the relative extent of release
with the proportion of total Ca®! influx at any given
time reveals a close correlation (r = 0.9402). Most of
the Ca’" influx occurs within the first few minutes
after stimulation (Fig. 2), and it is after this period
that the catecholamine rate of release begins to
decline. Thus, it seems that release of catecholamines
is dependent on the rate of Ca** influx and not on the
level of intracellular Ca’* per se.

It is worthwhile to note that this analysis explains
the hitherto enigmatic aspects of veratridine-stimu-
lated secretion and the accompanying changes in
intracellular Ca>* concentration. Veratridine causes a
slow but continuous Ca’* influx. According to our
hypothesis, the cell should thus secrete slowly and
continuously, as it indeed does. The intracellular Ca®*
concentration after stimulation with veratridine
remains relatively low (possibly due to sequestration),
but without a decreasing effect on release. This obser-
vation is consistent with the concept that Ca** con-
centration is not directly related to rate of secretion.

We would like to propose that a site at/or near the
Ca’* channel must be occupied by Ca’* in order for
release to occur (see also O’Connor et al., 1993). Our
observations with verapamil, mentioned above, are
also consistent with this concept. Furthermore, this
model also explains why high K* induces cat-
echolamine release that ceases even at a time when
cytosolic Ca** levels are still high. It is known that
Ca’" channels are inactivated within a short time after
K™ stimulation causing Ca*" influx to cease (Held-
man et al., 1991). When Ca’* influx ceases, the high
local Ca’* concentration in the immediate vicinity of
the channel is decreased, leading to a reduction in
the rate of catecholamine release. Indeed, imaging of
intracellular free Ca®>~ demonstrates that after stimu-
lation, the rise of intracellular Ca** concentration
begins at the periphery of the cell (Neher and Augu-
stine, 1992). Moreover, it has been suggested that
following depolarization (Augustine and Neher,
1992), as well as following agonist stimulation (Cheek
et al., 1993), spatial gradients of intracellular Ca*~
concentration are formed. Our data suggest that the
spatial gradients must begin at the point of Ca** entry
and this could very well be in proximity to the site
where Ca’” ions initiate the processes leading to
exocytotic release. A hypothetical Ca**-binding pro-
tein is believed to be present at the site of Ca®* action
in exocytosis (Howell ef al., 1987; Gomperts er al.,
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1988 : Monck and Fernindez, 1992; Okano et al.,
1993}, and it is thought to be close to the fusion site
(Bennett et al., 1992; Monck and Fernandez, 1992 ;
White, 1992). Based on caged calcium studies, it has
been estimated that the affinity of this hypothetical
protein for calcium is in the low 50-200 uM range
(Augustine and Neher, 1992 ; Bittner and Holz, 1992;
Neher and Zucker, 1993; von Riiden and Neher,
1993). Our study shows that the average intracellular
Ca’* concentration obtained following stimulation
with K*, nicotine or veratridine is well below this
value. The high Ca*~ concentrations (50-200 pM)
needed to activate such a hypothetical Ca**-binding
protein can only be obtained locally at or near the
Ca’* points of entry into the cell. In conclusion, the
present findings suggest that the regulation of cat-
echolamine secretion by Ca** occurs at or close to the
sites of Ca’* entry.
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