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SUMMARY

DOLAIS-KITABGI, JACQUELINE & PERLMAN, ROBERT L. (1975) The stimulation of

catecholamine release from chroma.ffin granules by valinomycin. Mol. Pharmacol.,

11, 745-750.

Valinomycin stimulates the release of catecholamine from isolated guinea pig adrenal

medullary chromaffin granules incubated in vitro. Valinomycin-stimulated catechola-
mine release is dependent on the ionophore concentration and on the concentration of K�
in the incubation medium. In. 0.15 M KC1-5 m� Na�PO4, pH 7.0, valinomycin at 1 p.M

increases catecholamine release about 5-fold. The finding that catecholamine release is

accompained by the release of adenine nucleotides and of dopamine /3-hydroxylase from
the chromaffin granules indicates that valinomycin induces the lysis of the granules.
The effect of valinomycin on catecholamine release is also dependent upon the anions

present in the incubation medium. The anions tested support valinomycin-stimulated
catecholamine release in the order SCN, I-, Br > Cl > acetate, F, isethionate.
These data suggest that, in the presence of a membrane-permeable anion, valinomycin-

mediated transport of K� into chromaffin granules leads to the osmotic lysis of these

granules.

INTRODUCTION

Recent studies have shown that the iono-
phore lasalocid (X-537A) stimulates the re-
lease of catecholamines from isolated chro-

maffin granules in vitro (1, 2).� Because
lasalocid is known to form lipid-soluble
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complexes with catecholamines (3), it has

been proposed that its effect is due, at least
in part, to an ion-exchange mechanism:
lasalocid transports extragranular cations

into the granules in exchange for catechol-
amines (1, 2). In the course of our studies
on the effects of lasalocid on chromaffin

granules, we observed that the specific K�
ionophore, valinomycin, also stimulated
the release of catecholamines from chro-
maffin granules. This paper reports our
investigation of this phenomenon.

MATERIALS AND METHODS

Chromaffin granules were isolated from
guinea pig adrenal glands. Adrenal glands
were homogenized in 0.25 M sucrose-0.05
M Ti-is HC1, pH 7.4, in a Potter-Elvehjem
homogenizer with a Teflon pestle. The ho-
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mogenate was centrifuged for 10 mm at

800 x g. The supernatant fraction was di-
luted 5-fold with sucrose-Ti-is and then
centrifuged for 10 mm at 20,000 x g. The
particulate fraction obtained after this cen-
trifugation was washed once by centrifuga-
tion in 0.3 M sucrose and then resuspended
in 0.3 M sucrose. All steps in the isolation
procedure were done at 4#{176},and the chro-
maffin granules were maintained at 0-4#{176}
until use. Most experiments were per-
formed with freshly isolated granules, and

all experiments were performed within 30
hr after isolation of the granules.

Aliquots of the chromaffin granule sus-

pensions, containing 3-5 nmoles of cate-
cholamine (about 0.1 mg of protein), were
incubated under the conditions described

below. Unless otherwise indicated, incu-
bations were carried out for 5 mm at 30#{176},in
a final volume of 0.1 ml. Incubations were

terminated by the addition of 0.5 ml of ice-
cold 0.27 M sucrose-S m� Na�PO4, pH 7.0.
After centrifugation of the incubation mix-

tures for 10 mm at 20,000 x g, the superna-
tants were assayed for released chromaffin
granule constituents. Catecholamines
were assayed by the method of Anton and
Sayre (4). Adenine nucleotides were meas-
ured by the luciferase method of Cole et al.
(5), using the adaptations introduced by

Imai et al. (6). Dopamine f3-hydroxylase
(EC 1.14.17.1) was assayed by a modifica-
tion of the method of Nagatsu and Uden-
friend (7). In this modification the tyra-
mine concentration was increased to 40

m�, and octopamine was eluted from the
cation-exchange columns with 3 ml of 4 M

NH4OH. One unit of dopamine f3-hydroxyl-
ase activity catalyzes the formation of 1
nmole of octopamine per minute. Release
was estimated after subtraction of the
small amounts of these substances which
were found in unincubated control sam-
ples. All experiments were performed at
least three times.

Valinomycin (Calbiochem), a gift from
Dr. T. H. Wilson, Harvard Medical School,
was dissolved in ethanol at a concentration
of 1 m�. The final concentration of ethanol
in the experiments never exceeded 1%; con-

trol experiments showed that this concen-
tration of ethanol had no effect on the re-

lease of catecholamines from chromaffin

granules. All other chemicals were re-

agent grade. Glass-distilled water was

used throughout.

RESULTS

When chromaffin granules are incu-

bated at 30#{176}in 0.15 M KC1-5 m� Na�PO4,
pH 7.0, they release a small percentage of
their stored catecholamines into the incu-

bation medium. The addition of valinomy-

cm greatly increases the rate of catechola-
mine release. Catecholamine release is de-

pendent both on the time of incubation
(Fig. 1) and on the valinomycin concentra-

tion (Fig. 2). At a concentration of 1 p.M,

valinomycin stimulates catecholamine re-

lease about 5-fold. Effects of valinomycin
can be detected at ionophore concentra-

tions as low as 50 nM. At high concentra-
tions of valinomycin, all the catechola-

mines in the granules can be released
within S mm. In the experiment illus-

trated in Fig. 2, valinomycin had little

effect on catecholamine release in 5 mm at
0#{176}.However, valinomycin does cause a sig-
nificant increase i#{149}ncatecholamine release
after prolonged incubation (30-45 mm)

at 0#{176}.The stimulation of catecholamine
release by valinomycin is not inhibited by
0.2 m�i N-ethylmaleimide, by 0.01 mM
reserpine, or by 1 m� EDTA (not shown).

FIG. 1. Time course of valinomycin-induced cate-

cholamine release

Chromaffin granules containing 3 nmoles of cate-

cholamine were incubated at 30� in 0.15 M KC1-5

mM NaP04, pH 7.0, in the presence (#{149})and absence

(0) of valinomycin (1 SM). Catecholamine release is

expressed as the means ± standard errors of four

samples.
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FIG. 2. Dependence of catecholamine release on

valinomycin concentration

Chromaffin granules containing 3 nmoles of cate-

cholamine were incubated for 5 mm at 30#{176}(#{149})or at

0#{176}(0) in 0.15 M KCI-5 mist NaPO4, pH 7.0, contain-

ing valinomycin at the concentrations indicated.

Catecholamine release is expressed as the means ±

standard errors of five samples.

If valinomycin-stimulated catechola-

mine release is due to the function of vali-
nomycin as a K� ionophore, the effect of
valinomycin should be a function of the K�
concentration in the incubation medium.
The data in Fig. 3 indicate that this is the

case: valinomycin-induced catecholamine
release is dependent upon the concentra-

tion of K� in the incubation medium.
It was of interest to determine whether

valinomycmn would cause the release of

other chromaffin granule constituents, in
addition to catecholamines. Attempts to
measure ATP release were frustrated by
the rapid hydrolysis of ATP in our incuba-
tion mixtures. We therefore chose to meas-
ure total adenine nucleotide release from
the granules. Valinomycin stimulates the
release of adenine nucleotides from chro-
maffin granules (Table 1). In the presence

of valinomycin, catecholamines and ade-
nine nucleotides are released in a molar

ratio of 4.6, which is similar to the ratio in
which they are stored in chromaffin gran-

ules (8). Valinomycin causes the release of
0.86 unit of dopamine /3-hydroxylase per
nanomole of catecholamine. Again, this
ratio is similar to the ratio of dopamine /3-

hydroxylase activity to catecholamine con-
tent in the soluble fraction of the granules.
Lysis of the granules in hypotonic media

results in the release of 0.95 unit of dopa-

mine /3-hydroxylase per nanomole of cate-

cholamine (about 85% of the total dopa-
mine /3-hydroxylase activity in the gran-
ules is released by hypotonic lysis).

We then investigated the effects of an-
ions on valinomycin-induced catechola-
mine release. In these experiments chro-

maffin granules were incubated with vali-
nomycin in 0.15 M solutions of a variety of
K� salts. All samples were buffered with 5
mM Na�PO�, pH 7.0, and had a final pH

between 7.0 and 7.2. Changes in pH over
this range had no significant effect on the
stability of the granules. Valinomycin-in-
duced catecholamine release is pronounced

in KSCN, KI, and KBr, but is small in

potassium isethionate (Table 2). The order
of effectiveness of various anions in sup-

porting this action of valinomycin is, ap-
proximately, SCN-, I, Br- > Cl- > ace-
tate, F, isethionate. Valinomycin also has
little effect on catecholamine release in
0.137 M K�PO4, pH 7 (not shown). KSCN
also promotes catecholamine release in the

absence of valinomycin, but the effect of
KSCN alone is small compared to the ef-

fect of valinomycin. The mechanism of this
effect of KSCN is not known.

The anion dependence of valinomycin-

induced catecholamine release was studied
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FIG. 3. Potassium dependence of valinomycin-in-

duced catecholamine release

Chromaffin granules containing 3 nmoles of cate-

cholamine were incubated for 5 mm at 30#{176}in mix-

tures of NaC1 and KC1, in the presence (#{149})and

absence (0) of valinomycin (10 MM). The chloride

concentration was maintained constant at 0.15 M.

All samples contained, in addition, 5 mist NaP04,

pH 7.0. Catecholamine release is expressed as the
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TABLE 1

Valinomycin-induced release of catecholamines, adenine nucleotides, and dopamine f3-hydroxylase

Chromaffin granules were incubated for 5 mm at 30#{176}in 0.15 M KC1-5 mist NaP04, pH 7.0, with and

without valinomycin (10 /.LM). In experiment 1 the release of catecholamines and of adenine nucleotides was

measured. The granules used in this experiment contained 5 nmoles of catecholamine per sample, and were

incubated in a volume of 0.5 ml. In experiment 2 the release of catecholamines and of dopamine /3-

hydroxylase was measured. The granules used in this experiment contained 4 nmoles of catecholamine per

sample, and were incubated in a volume of 0.1 ml. The data are expressed as the means ± standard errors of

four samples.

Conditions Catecholamine release Adenine nucleotide release Catecholamine/adenine nu-
cleotide

nmoles nmoles moles/mole

Experiment 1

Control 0.39 ± 0.06 0.25 ± 0.09 1.6

Valinomycin 4.60 ± 0.34 1.01 ± 0.11 4.6

Conditions Catecholamine release Dopamine f3-hydroxylase re-
lease

Dopamine /3-hydroxyl-
ase/catecholamine

nmoles units unit/nmole

Experiment 2

Control 0.36 ± 0.10 0.07 ± 0.02 0.19

Valinomycin 1.90 ± 0.16 1.64 ± 0.11 0.86

TABLE 2

Effect of anions on valinomycin-induced

catecholamine release

Chromaffin granules containing 4 nmoles of cate-

cholamine were incubated for 5 mm at 30#{176},with and

without valinomycin (10 MM), in 0.15 M solutions of

the potassium salts listed. All samples contained 5

mM NaP04, pH 7.0, and had a final pH between 7.0

and 7.2. Catecholamine release from the granules is

expressed as the means ± standard errors of the

number of samples in parentheses.

Salt Catecholamine release

No valinomycin 10 /LM valinomycin

nmoles

KSCN 0.68 ± 0.05 3.31 ± 0.09 (8)

K! 0.23 ± 0.04 3.27 ± 0.13 (15)

KBr 0.36 ± 0.09 3.07 ± 0.11 (17)

KC1 0.20 ± 0.02 1.90 ± 0.07 (15)

K acetate 0.20 ± 0.03 0.49 ± 0.08 (7)

KF 0.17 ± 0.03 0.32 ± 0.04 (7)

K isethionate 0.10 ± 0.04 0.21 ± 0.06 (8)

in gTeater detail in the experiment illus-

trated in Fig. 4. In this experiment chro-
maffin granules were incubated with vali-

nomycin in buffers containing mixtures of
KC1 and potassium isethionate, such that

the final K� concentration was maintained

FIG. 4. Chloride dependence of valinomycin-in-

duced catecholamine release

Chromaffin granules containing 3 nmoles of cate-

cholamine were incubated for 5 mm at 30#{176}in mix-

tures of KC1 and potassium isethionate, in the pres-

ence (�) or absence (0) of valinomycin (10 .tM). The

potassium concentration was maintained constant

at 0.15 M. Each sample contained, in addition, 5 mM

NaP04, pH 7.0, and had a final pH between 7.0 and

7.2. Catecholamine release is expressed as the

means ± standard errors of four samples.

at 0.15 M. As before, all samples were

buffered with 5 m�i Na�PO4, pH 7.0, and

had a final pH between 7.0 and 7.2. Cate-
cholamine release is small in the absence



VALINOMYCIN-INDUCED CATECHOLAMINE RELEASE 749

R. L. Perlman, unpublished observations.

of Cl-, and increases with increasing con-
centrations of Cl

DISCUSSION

Valinomycin is known to form lipid-solu-
ble complexes with K� and to facilitate the

transport of K� across both artificial and
biological membranes (9). Because the

stimulation of catecholamine release by
valinomycin is dependent upon the concen-
tration of K� in the incubation medium, it
seems very likely that this effect of valino-
mycin is due to its function as a K� iono-
phore, and not to some unrelated biologi-

cal activity. There are several plausible
mechanisms by which the entry of K� into

chromaffin granules might lead to the re-
lease of catecholamines from these gran-

ules. The entry of K� might lead to the
release of catecholamines by an ion-ex-

change mechanism, such as that proposed
to explain the action of lasalocid (1, 2).
Alternatively, the entry of K� might alter
the electrical potential across the chromaf-
fin granule membranes in such a way as to

promote the release of catecholamines. Fi-

nally, the entry of K� into chromaffin gran-
ules could lead to the osmotic lysis of these

granules. Our experiments are most con-
sistent with the osmotic lysis hypothesis.

If valinomycin caused catecholamine re-
lease by an ion-exchange mechanism or by
changing the chromaffin granule mem-

brane potential, its action would be inde-
pendent of the anions in the incubation
medium. In contrast, osmotic lysis would
require the entry of anions as well as of K�
into the chromaftin granules, and so
should occur only in the presence of mem-

brane-permeable anions. SCN- and I,
which support valinomycin-induced cate-

cholamine release, are lipid-soluble an-
ions, which are relatively permeant to
many membranes (10); isethionate, which
does not support this effect of valinomycin,
is a large, polar anion which would not be
expected to cross membranes readily. Al-

though we have no independent estimate
of the permeability of the chromaffin gran-
ule membrane to anions, our data suggest

that, in the presence of membrane-permea-
ble anion, valinomycin-induced entry of

K� into chromaffin granules leads to the

osmotic lysis of these granules. The concur-
rent release of catecholamines, adenine nu-

cleotides, and dopamine f3-hydroxylase
supports the conclusion that valinomycin

actually produces lysis of the granules.
The finding that the effect of lasalocid on

chromaffin granules occurs equally well
in the presence of NaCl and of sodium

isethionate4 is consistent with the idea

that valinomycin and lasalocid cause the
release of catecholamines by different

mechanisms.

The fact that valinomycin causes the
lysis of guinea pig chromaffin granules im-
plies that these granules are normally im-

permeable to Kt Carlsson and Hillarp re-
ported that bovine chromaffin granules
are permeable to KC1, NaCl, and sucrose
(11). There is no obvious explanation for
their results. However, the known stabil-
ity of freshly prepared chromaffin gran-

ules in isotonic solutions of these com-
pounds (12) is incompatible with the idea
that the granules are permeable to these
substances. The stability of chromaffin
granules in vivo must depend upon their

being impermeable to the K� salts present
within the chromaffin cells. It is possible

that an alteration in the permeability of
chromaffin granules may be involved in
the process of catecholamine secretion. If
ions enter the chromaffin granules after

they have fused with the plasma mem-
brane, secretion could occur by the osmotic
lysis of these granules. Experiments to
test this possibility are currently in prog-
ress in our laboratory.
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