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EXOCYTOTIC SECRETION OF CATECHOLAMINES FROM THE CAT
ADRENAL MEDULLA BY SODIUM DEPRIVATION: INVOLVEMENT OF
CALCIUM INFLUX MECHANISM

S. NISHIMURA, M. SORIMACHI & K. YAMAGAMI
Department of Physiology, Kagoshima University, School of Medicine,

Kagoshima 890, JAPAN

1 Cat adrenal glands were perfused with Ca-deficient medium and secretion of catecholamines (CA)
was induced by perfusion with Na-free medium in which NaCl was replaced by an osmotically
equivalent amount of sucrose.

2 Release of CA and dopamine-B-hydroxylase (DBH), but not that of phenylethanolamine-N-meth-
yltransferase, was concomitantly found in the effluents when the adrenals were stimulated, indicating
that secretion was due to exocytosis.

3 Secretion of CA induced by Na-free (sucrose) medium was dependent on the concentration of Ca
and was saturated at 0.5 mm of Ca.

4 Sr or Ba substituted for Ca in maintaining secretion by Na-free (sucrose) medium.

5 The addition of Na, Li or alkali metal ions to Na-free (sucrose) medium containing Ca reduced
the response to a variable extent but this inhibition was reversed by raising the concentration of Ca in
the Na-free medium.

6 All of the Na substitutes used induced secretion only when this medium contained Ca. However,
different Na substitutes released different amounts of CA; sucrose was most effective, I, Tris and
choline were moderately and Li least effective.

7 Secretion of CA by Na-free (sucrose) medium was strongly inhibited by D-600, tetracaine or
divalent cations such as Co, Ni, Zn and Mg, The inhibition by Co was partially reversed by raising
the concentration of Ca in the Na-free medium.

8 Secretion of CA from bovine isolated chromaffin cells was induced by Na-deficient (sucrose)
medium and was dependent on the concentrations of ionized Ca involved.

9 All the Na substitutes tested increased secretion of CA and #*Ca uptake, in a parallel fashion.

10 A correlation between secretion and *°Ca uptake was found under various experimental manipu-
lations which reduced secretion of CA.

11 These results demonstrated that unlike the perfused bovine adrenals, the Ca influx mechanism is
essential for secretion by Na deprivation in the perfused cat adrenals as it is in bovine isolated
chromaffin cells.

12 It is suggested that Na deprivation increases Ca entry through the Ca channels by eliminating

the competition between Na and Ca, and possibly by activating Ca influx linked with Na efflux.

Introduction

Studies with chromaffin cells revealed that the action
potentials generated by the physiological transmitter,
acetylcholine (ACh) (Brandt, Hagiwara, Kidokoro &
Miyazaki, 1976; Biales, Dichter & Tischler, 1976) or
depolarization caused by a number of agents includ-
ing K-enriched medium, promote the influx of Ca and
that a prompt rise in the intracellular Ca provides the
immediate stimulus for exocytotic secretion of cate-
cholamines (CA) (Douglas, 1975). The evidence sup-
porting this view has been obtained in other secretory
cells. Iontophoretic injection of Ca releases the neuro-
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transmitter from the squid giant axon (Miledi, 1973)
and there is a degranulation (exocytosis) of mast cells
(Kanno, Cochrane & Douglas, 1973). In the light of
the Ca hypothesis, intracellular Ca bound to the
membrane is also essential for the secretion which
persists in the absence of extracellular Ca (Rahman &
Borowitz, 1973; Lastowecka & Trifaro, 1974; Rink,
1977). Douglas & Rubin (1961) observed that in the
absence of extracellular Ca, there was an increase in
CA secretion when NaCl in the medium was replaced
by sucrose. This secretion was biochemically shown
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to reflect an exocytosis and it was suggested that the
response depended on the availability of intracellular
Ca (Lastowecka & Trifaro, 1974).

The present study was undertaken on both cat and
bovine adrenals in order to acquire further infor-
mation on the mechanism of this secretion. The
results suggest that the Ca influx mechanism is criti-
cally involved in this secretion in both species and
that Na deprivation increases the Ca entry into the
chromaffin cells thereby inducing the secretion.

Methods
Perfusion

Adrenal glands of the cat were retrogradely perfused
at room temperature (24 to 26°C) through the adrenal
vein by the procedure developed by Douglas & Rubin
(1961). The only modification was that the glands
were perfused by means of a peristaltic pump at a
constant rate of flow of 0.6 to 1.0 ml/min. Two basic
Ca-deficient perfusion media were used, either Tris-
buffered solution containing (mm): NaCl 150, KCl 5,
Tris(aminomethane)-maleate buffer (pH 7.2) 5 and
glucose 11, or phosphate buffered solution containing
(mM): NaCl 150, KCl1 2, K phosphate buffer (pH 7.2) 3
and glucose 11. There was no discernible difference in
the responses of the glands with the differently buf-
fered solutions. Na-deficient. and Na-free solutions
were of the same composition as the main perfusion
medium except that NaCl was partially or totally re-
placed by osmotically equivalent amounts of sucrose,
choline Cl, LiCl, KCI or Tris Cl. When Ca-EGTA
buffer (0.1 or 1.0 mm) was used to adjust the concen-
trations of ionized Ca contained in Na-free solution,
20 mM Tris-maleate buffer was used so that the final
pH became 6.8 and in this solution, NaCl or Na sub-
stitute was reduced by an osmotically equivalent
amount. HEPES or PIPES buffer with a pK, near the
working pH could not be used because of the increase
in concentration of Na or K in the medium. These
solutions were equilibrated with pure O,. Effluents
were collected in test tubes containing 10 pl of acetic
acid. When dopamine-g-hydroxylase activity (DBH)
was measured, non-acidified samples were divided
into two parts: one for DBH assay was transferred to
test tubes containing bovine serum albumin (BSA,
final 0.25%) and the other for CA assay to test tubes
containing acetic acid.

Bovine isolated chromaffin cells

Chromaffin cells were isolated by the method of Fen-
wick, Fajdiga, Howe & Livett (1978). Usually 3 to 4
bovine adrenals were used and approx. 2 to 3 x 107
cells were obtained. Chromaffin cells were purified

and finally suspended in BSA (0.2%;)-containing Tris-
buffered solution used for perfusion experiments.
More than 95% of the cells was found to be viable by
exclusion of trypan blue.

For release experiments, 20 pl samples of cell sus-
pensions, containing 2 to 5 x 10° cells, were added to
plastic tubes containing 0.5 to 1.0 ml of Ca-deficient
basic solution (mM: NaCl 135, KCl 5, Tris-maleate 20,
pH 7.2 and glucose 11) or 0.5 to 1.0 ml of Na-free
solution containing various concentrations of Ca
adjusted by | mM Ca-EGTA buffer. Following incu-
bation at 37°C for 10 min, the samples were chilled on
ice, the cells were removed by centrifugation at 800 g

“for 5 min and the CA content in the supernatant was

determined.

For 4°Ca uptake experiments, 20 ul samples of cell
suspensions were added to plastic tubes containing
0.5 ml basic solution (or Na-free solution) and 0.1 mm
of #3CaCl, (1 to 2 uCi). After 5 min incubation, the
reaction was terminated by adding 1.5 ml of ice-cold
basic solution, and the cell suspensions were layered
over 0.2 ml of ice-cold basic solution containing 5%
BSA which was kept in other plastic tubes, and centri-
fuged at 800 g for 5 min at room temperature. The
resulting supernatant was discarded, and the tubes
were freed of adhering solution with filter paper. The
cell pellets were successively dispersed in 2 ml of
toluene-Triton X-100 (2:1) scintillator twice and in
4 ml of toluene scintillator once. The radioactivity
was measured by conventional scintillation counting.
The net uptake of 3Ca was calculated by subtracting
the value obtained after incubation in an ice-water
bath.

Analytical procedure

CA in the effluents was determined fluorimetrically by
the conventional trihydroxyindole method (Anton &
Sayre, 1962). DBH activity was measured radiochemi-
cally by the method of Molinoff, Weinshilboum &
Axelrod (1971) as described previously (Sorimachi &
Yoshida, 1979). Ca concentrations in the medium
were measured by atomic absorption spectrophoto-
metry (Gimblet, Marney & Bonsnes, 1967). NaCl-
based solution was concentrated by a rotary evapor-
ator at 40°C or by heating at 70°C in an oven, and
sucrose-containing solution was ashed under reduced
pressure at 120°C in a Hitachi Plasma Asher
ASH-15R. Ca levels in Ca-deficient medium and in
the effluents were found to be comparable (approx. 1
to 2 uM), indicating that little Ca leached into the
solution out of the glands, even when a solution of
low Ca content was perfused.

Chemicals

The chemicals were obtained from the following
sources: tetracaine, from Sigma chemical Co. D-600
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(methoxyverapamil) was a generous gift from Dr K.
Yamatsu (Eisai Pharmaceutical Co., Japan). D-600
was dissolved in ethanol (80 to 160 mg/ml) and the
final concentration of ethanol was 0.025 to 0.05%,. All
other chemicals were of analytical grade.

Results
Experiments with the perfused cat adrenal glands

Secretion of catecholamines induced by Na-free solution
(replaced by sucrose) in the absence of Ca When the
adrenals were perfused with Ca-deficient medium, the
secretion of CA in response to ACh (0.1 mMm) was
greatly diminished (Figure 1). On the other hand,
repeated secretion of CA was observed immediately
after the perfusion medium was changed to a Na-free
solution, in which sucrose was substituted for NaCl.
The adrenals were therefore routinely perfused with
Ca-deficient medium and the response to Na depri-
vation in these conditions was investigated. Figure 1
also shows the concomitant increase in the secretion
of CA and DBH after stimulation by Na depri-
vation. On the other hand, phenylethanolamine-N-
methyltransferase, a cytoplasmic enzyme converting
noradrenaline to adrenaline, was never detected in the
effluents. These results confirmed the observations by

others (Lastowecka & Trifard, 1974) indicating that
the secretion is due to exocytosis.

However, the response to the Na-free (sucrose)
medium was readily abolished by a chelating agent
(EGTA) (Figures 1, 2) and these findings are in sharp
contrast to those observed in the case of perfused
bovine adrenals (Lastowecka & Trifard, 1974). This
inhibition was readily reversed by the removal of this
agent (Figure 1) or by the addition of Ca to Na-free-
EGTA solution (Figure 2), suggesting that the block-
ing effect of EGTA is not due to depletion of Ca
bound to the surface membrane, but rather to chela-
tion of contaminating Ca involved in Na-free solution
(approx. 2 to 3 pM according to atomic absorption
analysis). Indeed, the response was considerably
reduced when the solution contained sucrose which
had been through the cation exchanger, Amberlite
IR-120[H*], to remove any contaminating cations. In
the following experiments, therefore, deionized su-
crose was routinely used to replace NaCl

Quantitative relation between secretion and Ca concen-
tration of the Na-free (sucrose) solution There was a
quantitative relation between the amounts of CA
released by Na-free medium and the concentrations of
Ca in this medium, over a wide range. This was
shown by experiments in which the response to Na-
free medium containing 10 pmM and other concen-
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Figure 1

The effect of perfusion with Ca-deficient medium or Ca-free medium (containing 0.1 mM EGTA) on

catecholamine (CA) and dopamine-g-hydroxylase (DBH) secretion from the cat adrenal. Secretion was induced by
acetylcholine (ACh, 0.1 mm) or by Na-free medium(S) in which isotonic sucrose was substituted for NaCl. The
height of the columns represents the amount of DBH (dashed line) and CA (continuous line) in the effluents
collected every 5 min. The filled rectangles represent the period during which the gland was perfused with medium

containing ACh or sucrose.
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Figure 2 Inhibitory effect of EGTA on catecholamine
(CA) secretion induced by Na-free medium (replaced by
sucrose) and its reversal by the addition of Ca to Na-
free medium containing EGTA. The cat adrenal was
perfused throughout with Ca-deficient medium with or
without EGTA (0.1 mM) and was stimulated by per-
fusion of either Na-free medium containing EGTA or
containing both EGTA and CaCl, (0.12 mm) for a
5 min period (indicated by filled rectangles under the
figure). The height of the columns represents the
amount of CA in the effluents collected every 5 min. A
representative result is shown and 3 additional experi-
ments produced similar results.

trations (1 to 50 um) of ionized Ca (concentrations
were adjusted by Ca-EGTA buffer) were tested alter-
nately. One of four such experiments is illustrated in
Figure 3. Control experiments indicated that the mag-
nitude of the response to Na-free medium containing
0.5 mm Ca decreased successively when tested at
25 min intervals; when the first response was referred
to as 100%, the second response was 75.5 + 4.1%
(mean + s.e. mean, n = 6), the third was 45.1 + 4.7%,
the fourth was 320 + 3.0% and the fifth was
19.6 + 2.5%. Thus, the second and the fourth re-
sponses were nearly equal to the mean of the first and
the third response and to the mean of the third and
fifth response, respectively. Therefore, the tested re-
sponses to Na-free medium containing Ca (1 to
50 uM) are expressed as percentages of the mean of the

preceding and the following response observed in the
presence of 10 pm Ca (Figure 4b). In another series of
experiments, the tested responses to Na-free medium
containing Ca (50 um to 0.5 mMm) were similarly
expressed as percentages of the mean of the two re-
sponses in the presence of 2 mMm Ca (Figure 4a).
Figure 4 shows that the minimal concentration of Ca
required for secretion over the resting level was about
1 uM and the secretion was saturated at 0.5 mm Ca.

The absolute amounts of CA released by Na-free
medium containing the fixed level of Ca varied in
different glands. When the glands were first stimu-
lated with Na-free medium containing 10 um ionized
Ca, the amounts of CA released during the 5 min
stimulation and the 5 min post-stimulation period
ranged from 2.8 to 25.1 pg (mean 14.3 pg, n = 12).
When the Ca level was increased to 100 um, the range
was 21.0 to 47.5 pg (mean 30.6 pg, n = 11), that is,
10 to 20% of total CA stored in the gland was
released. These amounts are comparable to those
released in response to ACh (0.1 mM) in the presence
of 2 mm Ca, although the two kinds of response can-
not be validly compared in the same gland as the
response to ACh was greatly diminished when several
periods of Na deprivation were interpolated, as de-
scribed previously (Douglas & Rubin, 1961).

Time course of secretion induced by Na-free
medium  As shown in Figure Sa, the rate of secretion
per min reached a maximum at 2 to 5 min when the
glands were stimulated for 5 min with Na-free
medium containing 10 pm Ca. In the presence of Na,
reintroduction of such a low concentration of Ca into
Ca-deficient medium never induced CA release
(cf. Figure 8). When the Ca concentration in Na-free
medium was increased to 2 mM, the maximal rate was
attained more rapidly (Figure 5b). In the same figure
is also included the rate of secretion in response to
reintroduction of 2 mM Ca into Ca-deficient medium;
the peak was observed during the first min after
which secretion rapidly decreased (Figure 5c).

The ability of Sr and Ba to substitute for Ca in se-
cretion induced by Na-free medium Sr and Ba have
been shown to mimic Ca in that each induced se-
cretion when introduced during perfusion with Ca-
deficient medium and restored the responses to ACh
and excess K otherwise absent in this solution
(Douglas & Rubin, 1964). As shown in Figure 6, Sr or
Ba could substitute for Ca to maintain secretion by
Na-free medium in a concentration which, in the pres-
ence of Na, never induced secretion.

Effect of Na substitutes other than sucrose When Na
was replaced by Li, choline or K in the absence of Ca,
no secretion of CA occurred, as has been demon-
strated in bovine slices (Rink, 1977). However,
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Figure 3 Ca-dependence of catecholamine (CA) secretion in response to Na-free (sucrose) medium. Ca-deficient
medium was perfused throughout except for a 5 min period of stimulation (open or filled squares under the figure).
The responses to Na-free medium containing 10 pum (open squares and dotted column) or other concentrations of
ionized Ca (adjusted by 0.1 mm of Ca-EGTA buffer: filled squares and columns) were tested alternately at 25 min
intervals. Re-introduction of ionized Ca (up to. at least, 50 uM) did not induce secretion in the presence of Na.

marked secretion was observed when the various con-
centrations of Ca were added to these Na-free sol-
utions. In Table 1, the responses induced by solutions
with four different Na substitutes containing various
amounts of Ca were compared with those induced by
sucrose-substituted medium containing a given con-

2
> b g
|- L
’
s 4
P ’
2 s
© -
: ¥
=
[
et
[3]
(V]
@ L n
Z[) 6 5 4 3

pCa

Figure 4 Ca-dependence of catecholamine (CA) se-
cretion induced by Na-free (sucrose) medium. As shown
in Figure 3, the tested responses to Na-free medium
containing various amounts of ionized Ca were com-
pared to the mean of two control responses to Na-free
medium containing 10 puM ionized Ca (b). In another
series of similar experiments, the tested responses were
compared to the mean of two control responses to Na-
free medium containing 2 mm Ca (a). In (a) the concen-
trations of Ca were adjusted by adding Ca to sucrose
medium without the use of Ca-EGTA buffer. Each
point and bar represents the mean and s.e. mean, re-
spectively (n = 4).

centration of Ca. It is apparent that different Na sub-
stitutes produced quantitatively different effects, but
the rate of secretion was similar for any Na substitute
used; secretion was highest during the 5 min stimu-
lation period, followed by that during the 5 min post-
stimulation period and then fell to the level compar-
able to that during the pre-stimulation period.
Although replacing Na and Tris was shown to pro-
duce a gradual increase of secretion in bovine slices
(Rink, 1977), this replacement produced an immediate
secretion in the perfused cat adrenals.

Inhibition of the response to Na deprivation by Na, Li
or K, and its reversal by raising the concentration of
Ca The response to Na-free (sucrose) medium con-
taining 3.4 uM Ca was markedly reduced when 10 mm
Na was added to this solution (Figure 7; isotonicity
was maintained by reducing sucrose to 20 mm). In
four experiments, the response in the presence of Na
was 26.3 + 5.6% (mean + s.e. mean) of the mean of
the preceding and the following responses in the
absence of Na. This effect of Na could be, at least
partially, reversed by increasing the concentration of
Ca contained in the Na-free medium; the higher the
concentrations of Ca, the less the inhibition (Fig-
ures 7, 8). When the concentrations of Na were in-
creased, a more marked inhibition was observed, but
a similar reversal of inhibition was observed when
increasing the concentrations of Ca, regardless of the
concentration of Na used (Figure 8).

It should be noted that in Ca-deficient conditions.
introduction of Ca alone (if increased to over 0.5 mM)
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Figure 5 Time course of catecholamine (CA) secretion induced by Na-free (sucrose) medium or by re-introduction
of Ca. In (a to c), Ca-deficient medium was perfused throughout except for a 5 min stimulation period and
secretion was induced by perfusion of Na-free medium containing 10 uM (a) or 2 mM (b) Ca or by perfusion of
Na-based conventional medium containing 2 mM Ca (c). In (d) adrenals were perfused throughout with medium
containing 2 mm Ca and secretion was induced by perfusion of Na-free medium containing 2 mm Ca for 5 min. In
each experiment, rate of secretion per min was expressed as percentage of the maximal rate. Each column and bar

represents the mean and s.e. mean, respectively (n = 4 to 7).

induced secretion, even in the presence of Na, a
phenomenon which was first described by Douglas &
Rubin (1961). This finding raises the question as to
whether or not it is the increased permeability of the
cell membrane, induced by the omission of Ca from
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Figure 6 The effect of Na-free (sucrose), Ca-free
medium containing Sr or Ba on catecholamine (CA)
secretion. Either ion restored the response to Na depri-
vation in a concentration which failed to induce se-
cretion in the presence of Na. EGTA was added to
Ca-deficient medium in the presence or absence of Na
to rule out the possible secretion due to contaminating
Ca. Adrenals were stimulated with Na-free medium
several times before starting this experiment, thus the
response to Na deprivation was weakened. A represen-
tative result is shown and two additional experiments
produced similar results.

the perfusion medium (Douglas & Rubin, 1961) and
not Na deprivation per se, which is responsible for
secretion. Na deprivation may enable the lower con-
centrations of Ca, which are otherwise ineffective, to
induce secretion. Experiments were therefore done to
determine whether the presence of Ca or Mg in the
perfusion medium would prevent secretion induced
by Na deprivation. We found that Na-free medium
containing 2 mM Ca induced secretion even after the
gland was perfused with Ca (2 mMm)-containing med-
ium (time course of secretion is shown in Figure 5d).
However, the magnitude of secretion was much
smaller than that in the absence of Ca; the response
in the presence of Ca (2 mm) was only 19.6 + 4.0%,
(n = 4) of the mean of the preceding and the following
responses to Na-free medium containing 3.4 uM Ca,
which were obtained after the glands had been
exposed to Ca-deficient medium for 15 min. There
was a similarly reduced response when the glands
were previously perfused for 20 min with Mg (2 mm)-
containing medium and were stimulated with Na-free
medium containing 50 uyM Ca and no Mg In three
experiments, the response after prior exposure to Mg-
containing medium was 35.1 + 10.0% of the mean of
the two control responses obtained in the absence of
both Ca and Mg.

The addition of Li to Na-free (sucrose) medium
containing 3.4 uM Ca was also found to diminish se-
cretion to 21.0 + 4.7% (n = 3) or 14.0 + 58% (n = 3)
of the mean of two control responses at concen-
trations of 10 mm and 20 mM, respectively. The ad-
dition of alkali metal ions (K, Rb or Cs) to Na-free
medium containing 3.4 uM Ca inhibited secretion, but
to a lesser extent than Li: the response was
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Table 1

The effects of different Na substitutes on catecholamine (CA) secretion

Na substitutes

Concentrations of ionized Ca(mm)

0.01 0.05 0.1 0.5 20
K 71 +153) 81 +10(3) — — —
Choline 53+ 8(5) 39+ 45) — — —
Li 12+ 3(7) 30+ 3(09) — 11 +54) 82
Tris — 55+ 11(3) 43 +6(3) —

Ca-deficient medium was perfused throughout except for a 5 min period of stimulation with medium containing
different Na substitutes and with different concentrations of ionized Ca. In each experiment, the responses to
Na-free medium with Na replaced by sucrose and by other substitutes containing a given concentration of Ca were
tested alternately and values are expressed as percentages of the mean of two responses to sucrose-substituted
medium. Values represent the mean + s.e. mean and numbers of experiments are indicated in parentheses.

57.0 + 4.7% (n = 6) and 49.5 + 5.9% (n = 6) of mean
controls in the presence of 20 mM and 40 mM, respect-
ively (relative potencies of inhibiting secretion were
similar among these ions, and the data were com-
bined). However, the inhibition by Li or alkali metal
ions was reversed by raising the concentration of Ca
added to Na-free medium; inhibition was only 32.0%,
(mean of two experiments) in the presence of 20 mm
Li, and no significant inhibition was found in the
presence of 20 mM K (two experiments) when the con-
centration of Ca was raised to 10 pM in each case.

The effects of Ca channel blockers The results de-
scribed above strongly suggest that the Ca influx
mechanism is critically involved in secretion induced
by Na-deprivation in the cat adrenals. We therefore

investigated the effects of Ca channel blockers on this
secretion to determine whether or not Ca entry
through the specific channels is responsible for se-
cretion (Douglas & Kanno, 1967; Jaanus, Miele &
Rubin, 1967; Baker, Meves & Ridgway, 1973; Pinto
& Trifaro, 1976).

The response to Na-free (sucrose) medium was
strongly inhibited by both the organic blockers D-600
and tetracaine (Figure 9, Table 2) and divalent ions
such as Co, Ni, Zn (each 0. mm) and Mg (1 mm)
either when the gland was treated for 10 min prior to
stimulation (organic agents) or when directly added to
Na-free medium (divalent ions). The responses in the
presence of divalent ions ranged from 0 to 32% of the
mean of two control responses when stimulated with
medium containing 3.4 uM Ca (more than two experi-
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Figure 7 The inhibitory effect of Na on catecholamine (CA) secretion in response to Na deprivation, and its
reversal by raising the concentration of Ca contained in Na-deficient medium. Ca-deficient medium was perfused
throughout except for a S min period of stimulation (filled rectangles under the figure). The adrenal gland was
stimulated with Na-free (sucrose) or Na-deficient medium containing 3.4 pM ionized Ca (left half of the figure) or

50 uM Ca (right half of the figure).
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Figure 8 The inhibition by Na of catecholamine (CA)
secretion induced by Na-free medium (sucrose) and its
reversal by raising the concentration of Ca contained in
the Na-deficient medium. At each concentration of Ca
in the Na-deficient medium (abscissae). the responses to
Na-deficient medium containing the various amounts
of Na were expressed as percentages of the mean of two
responses to Na-free (sucrose) medium as shown in the
representative experiment in Figure 7. The points with-
out a bar represent the mean of two experiments, and
those with bars are the mean of 3 to 4 experiments with
s.. mean. Note that the adrenals were perfused
throughout with Ca-deficient medium: therefore the
Ca-dependent secretion was obtained in the presence of
a conventional concentration of Na (135 mm).

ments were done for each divalent ion). The inhibition
by tetracaine or divalent ions was easily reversed by
removal of the agent but a long washing period was
required for the recovery of the response after the
removal of D-600 (Figure 9. Table 2).

The inhibition by Co was, at least partially reversed
by raising the concentration of Ca added to Na-free
medium (Figure 10). The addition of 70 pm Co to
Na-free medium containing 3.4 pm Ca completely
blocked secretion, while the response in the presence
of the same concentration of Co was 357 + 5.2%
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Figure 9 The effect of D-600 (0. mM) on catechol-
amine (CA) secretion induced by Na-free (sucrose)
medium containing 0.1 mM Ca. Ca-deficient medium
was perfused throughout except for a 5 min period of
stimulation and for a 20 min period of exposure to
D-600. Two control experiments showed that 0.05%,
ethanol used to dissolve D-600 did not affect the re-
sponse to Na deprivation. Note the slow reversibility of
the blocking effect of D-600.

(n = 3) of the controls when the level of Ca was raised
to 50 pMm.

Experiments with bovine isolated chromaffin cells

The chromaffin cells isolated from the bovine medulla
contained 1 pg CA per 2.11 +0.17 x 10* cells
(n = 13). The preparations purified in the absence of
Ca responded poorly to ACh stimulation unless pre-
treated with Ca at 37°C (Fenwick et al. 1978) but
these cells secreted CA in response to excess K or Na

Table 2 The effects of tetracaine and D-600 on catecholamine (CA) secretion induced by Na-free (sucrose)

medium containing 3.4 um Ca

Test agents

Tetracaine (0.33 mM)
D-600 (0.04-0.08 mM)

2nd response

74 +45(7)
7.8 + 4.0(7)

% of the first response
3rd response

356 + 5.0(7)
109 + 3.8(7)

Adrenals were perfused during the first and third stimulation with Na-free medium containing 3.4 um Ca. Ten min
before the second stimulation, test agents were added to Ca-deficient medium. Test agents were removed from the
medium 5 min after the second stimulation. CA secretion during the 10 min collection period after the first
stimulation is referred to as 100%, and that in the second and third stimulation is expressed as a percentage of the
first response (mean + s.e. mean). Numbers of experiments are shown in parentheses.
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Figure 10 The inhibitory effect of Co on catecholamine (CA) secretion by Na-free (sucrose) medium and its
partial reversal by raising the concentration of Ca contained in Na-free medium. The adrenal gland was stimulated
for 5 min with Na-free medium containing 3.4 um Ca in the presence (filled column) or absence (shaded column) of
Co (left half of the figure) and with Na-free medium containing 50 um Ca in the presence (filled column) or absence

(dotted column) of Co (right half of the figure).

deprivation in the presence of Ca, without Ca pre-
treatment.

Catecholamine release Some features of secretion by
these cells were noted; the temperature-dependent
resting secretion of CA was higher and the secretion
induced by either excess K or Na deprivation in the
presence of 2 mM Ca was smaller than that in the
perfused adrenals of the cat. CA release during 10 min
stimulation by Na deprivation never exceeded 5 to
6% of the total cellular content, while in the cat per-
fused adrenals the release often reached 15 to 20%,
with the same stimulation. These results suggest that
these cells could be useful for investigating the secre-
tory mechanism, but that some deterioration of cellu-
lar function might occur during the purification pro-
cedure.

All of the Na substitutes induced secretion over the
resting level in the presence of Ca (Figure 11). The
secretion was dependent on the concentrations of Ca
and also on the Na substitute used, as it was in the
cat adrenals.

43Ca uptake  When the isolated cells were incubated
at 37°C in the presence of Na, the temperature-depen-
dent uptake of *°Ca (0.1 mm) slowly increased with
time (Figure 12). On the other hand, incubation of the
cells in Na-deficient solution replaced by sucrose
resulted in a rapid and a marked increase in the

uptake of Ca (Fig. 12). Na deprivation caused a 10 to
20 fold stimulation of Ca uptake during 5 min incu-
bation period, indicating that the Ca influx mechan-
ism is involved in the secretion induced by Na depri-
vation.

Correlation between secretion and Ca uptake To de-
termine the exact correlation between secretion and
Ca uptake, in some experiments the cells were divided
into two parts, one of which was used for release
experiments and the other for Ca uptake experiments.
Both were incubated in the presence of 0.1 mM Ca
under the same conditions and these results are
shown in Table 3. Any of the Na substitutes tested
increased Ca uptake or CA release in a parallel fash-
ion. Tris was found to have equal potency to sucrose,
followed by choline and Li in increasing both Ca
uptake and CA release.

The addition of Na to Na-free (sucrose) medium
dose-dependently inhibited both Ca uptake and CA
release, in a parallel fashion. Similar tendencies were
also observed in the inhibitory effects of Mg and Co
on the two parameters. These ions thus inhibit se-
cretion by blocking inward Ca movement, although
the possibility has been raised that in some secretory
cells, including the adrenal medulla, that the inhibi-
tory action of Mg is exerted at the intracellular Ca
sites (Douglas & Poisner, 1964; Rahman, Borowitz &
Miya, 1973; Lastowecka & Trifaro, 1974; Cochrane
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Figure 11 Catecholamine (CA) secretion from bovine

isolated chromaffin cells in response to different Na
substitutes, and its dependence on the concentrations of
ionized Ca (adjusted by 1 mm of Ca-EGTA buffer). CA
secretion induced by sucrose-substituted medium con-
taining 5.6 mm Na and 0.5 mm Ca is taken as 100%, in
each experiment and the responses to solutions with
different Na substitutes and containing 5.6 mM Na and
different concentrations of ionized Ca are expressed as
percentages. CA secretion induced by Na-deficient
medium containing EGTA was comparable to the
spontaneous secretion in the presence of Na. The re-
sponses to Na-deficient medium containing 10 um
(open column), 50 pM (shaded column), 0.2 mm (stippled
column) and 0.5 mM (solid column) are shown from left
to right in each group of columns. Each column and
bar indicates the mean and s.e. mean. (n = 3), respect-
ively.

& Douglas, 1976). We did not investigate the effects of
D-600 and tetracaine as both agents were found to
increase the spontaneous secretion of CA.

Discussion

The requirement of extracellular Ca for secretion of
CA in the adrenal medulla is well established
(Douglas, 1975). There is also evidence that secretion
can be induced in the absence of Ca under certain
experimental conditions (Rahman et al, 1973; Rah-
man & Borowitz, 1973; Lastowecka & Trifard, 1974;
Rink, 1977). Evidence favouring exocytotic secretion
is lacking in most cases with the exception that this
mechanism was indicated in the secretion observed
when sucrose replaced NaCl in the bovine adrenals

Sucrose 0.29m

100} Na 5.6mm
S
)
X
2 sof
3
©
(8]
<
Na 150mm
1 J
5 10 min

Figure 12 Time course of *>Ca uptake by bovine iso-
lated chromaffin cells. Cells were incubated at 37°C for
1 to 10 min with Na-deficient (sucrose) medium (@) or
Na-based medium (O) containing 0.1 mm **Ca. Uptake
is expressed as a percentage of the maximal uptake.
Values are the means of comparable duplicate determi-
nations and two additional experiments produced simi-
lar results.

(Lastowecka & Trifaro, 1974). Trifar6 and coworkers
considered that this secretion depended on the avail-
ability of intracellular Ca (Lastowecka & Trifaro.
1974; Pinto & Trifaro, 1976; Aguirre, Pinto & Tri-
faro, 1977). Rink (1977) also investigated this mechan-
ism of secretion using the same animal species and
suggested that secretion is not due to Na deprivation,
but to the sucrose solution substituted for NaCl as he
found no secretion when Li or choline replaced Na in
the absence of Ca.

However, in sharp contrast to these observations
we found that in the cat adrenals, secretion with a
sucrose-substituted solution was dependent on the
concentration of extracellular Ca, and that all the Na
substitutes could induce secretion only when extracel-
lular Ca was available, thus indicating that Na depri-
vation per se is closely related to the marked se-
cretion. An essentially similar dependency of secretion
on Ca was observed in bovine isolated chromaffin
cells (Figure 11). The discrepancy between the results
with the perfused adrenals (Lastowecka & Trifaro,
1974) and those with isolated cells of the same species
has not been explored but it is possible that the intact
cells use both intracellular and extracellular Ca for
secretion induced by Na deprivation, and that some
properties of cells are altered during the enzyme
digestion so that secretion depends only on extra-
cellular Ca.

The minimal concentration of Ca required for se-
cretion by Na-free (sucrose) medium is about 1 uM.
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Table 3 Correlation between catecholamine (CA) secretion and *3Ca uptake by bovine isolated chromaffin cells
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Medium

Na 150 mm

K 60 mMm

Sucrose 0.29 M, Na 5 mm
As above, plus Mg | mm
As above, plus Mg 5 mm
As above, plus Co | mm
Sucrose 0.27 M, Na 15 mMm
Sucrose 0.234 M, Na 33 mm
Sucrose 0.198 M, Na 51 mm
Li 0.145 M, Na 5.6 mm
Choline 0.145 M, Na 5 mm
Tris 0.185 M, Na 5 mm

“3Ca uptake(%,)

CA secretion(%)

9.8 + 0.9 (6) 229 +25(5)
26.6 + 3.3(5) 303 +£2003)
100 100
489 +2.5(3) 672 £3.6(3)
245 +£23(3) 319 +£22(3)
16.2 +09(3) 246 +3.1(3)
60.7 + 4.1 (3) 70.5 (2)
258 £ 0.8(3) 385(2)
17.6 + 0.9 (3) 23.0(2)
448 +3.1(4) 55.7+1744)
480 + 6.1 (4) 520+ 394
90.3 + 19.7(4) 127.5 + 25.3(4)

The media contained 0.1 mM Ca. The values for CA secretion and Ca uptake obtained under the appropriate
conditions are expressed as percentages of those obtained with sucrose (0.29 mM)-based medium containing 5.6 mm
Na. Incubations were carried out at 37°C for 10 min for CA secretion and for 5 min for Ca uptake. In each
experiment, values (mean + s.e. mean) were obtained by duplicate determinations, and the number of experiments

is shown in parentheses.

and the secretion was saturated at a concentration of
0.5 mM Ca. When the adrenals were stimulated with
ACh, secretion was not saturated even at a concen-
tration of 2 mM since secretion increased further when
the concentrations of Ca were raised (Douglas &
Rubin, 1961). Thus, the apparent affinity of the secre-
tory process for Ca is increased when sucrose replaces
NaCl. This may not be due to increase in the affinity
for Ca of the intracellular Ca sites as it was reported
that in cells rendered freely permeable to Ca, se-
cretion was saturated at about 10 um Ca (Baker &
Knight, 1978), but is probably due to the saturation of
these sites with increase in the entry of ionized Ca (see
below).

Experiments carried out on the endocrine pancreas
have also shown that Na deprivation produced an
immediate rise in insulin secretion (Lambert, Henquin
& Malvaux, 1974; Griffey, Conaway & Whitney,
1974) and that this is Ca-dependent (Griffey et al.,
1974). It was suggested that secretion in this tissue
may be due to an increase in the level of intracellular
ionized Ca as a result of a decrease in Ca efflux fol-
lowing the removal of extracellular Na. The existence
of a Na-dependent Ca extrusion mechanism has been
demonstrated in the adrenal medulla (Rink, 1977;
Aguirre et al, 1977) as in other excitable tissues
(Baker & Reuter, 1975) and Na deprivation was
expected to produce a decrease in the net Ca efflux
even in the presence of Ca (Aguirre et al, 1977). A
decrease in the rate of Ca extrusion in the absence of
Na would explain the failure of the transient secretion
to return quickly to the basal level (compare Figure 5b
and c), but it seems unlikely that this mechanism is
directly involved in secretion induced by Na depri-

vation. Na-dependent Ca efflux was shown to be little
affected by Mg and Co (Rink, 1977), which strongly
inhibited secretion by Na deprivation. In experiments
on isolated chromaffin cells, we found that *Ca
uptake was rapidly promoted by Na deprivation and
that this uptake is fairly well correlated with se-
cretion, under various experimental conditions.
These results favour the view that Na deprivation
promotes Ca entry into the cells either by activation
of Ca influx linked with Na efflux (Baker, Blaustein,
Hodgkin & Steinhardt, 1969; Baker, 1972; Baker &
Reuter, 1975) or by suppression of competition
between the two cations (Niedergerke, 1963; Dean &
Matthews, 1970; Droograms & Casteels, 1979). As
shown in Figure 8, the introduction of relatively high
concentrations of Ca alone induced secretion, even in
the presence of a conventional concentration of Na.
This is not consistent with the former mechanism
which includes an increase in the [Na],/[Na], ratio,
and raises the possibility that the increased per-
meability of the plasma membrane, induced by Ca
removal, is a prerequisite for the secretion induced by
Na deprivation and that Na competes with Ca to
penetrate the plasma membrane. This view is not in-
compatible with the findings that the secretion
induced by Na deprivation was markedly reduced
when permeability of the cell membranes was main-
tained at a normal level by perfusion with a medium
containing conventional concentrations of Ca or Mg,
If this is feasible, then the different effects of various
Na substitutes in producing secretion could be
explained by assuming that some of the Na substi-
tutes mimic Na, to a variable extent, in preventing Ca
movement. This assumption is reasonable if we con-
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sider that Li can substitute for Na in producing
action potentials (Hodgkin & Katz, 1949; Keynes &
Swan, 1959). Indeed, the addition of Li or K to Na-
free (sucrose) medium significantly inhibited secretion
when the level of Ca was 3.4 uM, but this inhibition
was readily reversed by raising the concentration of
Cato 10 pm.

On the other hand, it should be kept in mind that,
unlike the reintroduction of Ca (Douglas & Rubin,
1963), Na deprivation continued to induce a signifi-
cant secretion even when the plasma membrane was
stabilized with Ca or Mg. Thus. the increase in Ca
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