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Drug-resistant effect of adenine nucleotides and magnesium on catecholamine efflux
from isolated adrenal medullary storage vesicles

(Recewed 14 September 1973 ; accepted 7 December 1973)

ADENINE NUCLEOTIDES and divalent cations play vital roles in the uptake, storage and release of the
catecholamines of adrenal medullary vesicles. The incorporation of amines into isolated vesicles is
stimulated by ATP and magnesium and inhibited by reserpine.!-?> The intravesicular storage complex
probably consists of four molecules of catecholamines combined with one molecule of ATP,>~7 and ATP
and magnesium have also been implicated in the mechanism of catecholamine secretion.®~!! A question
which has attracted some attention is whether ATP and magnesium exert a direct effect upon the rate at
which amines leak outward across the vesicle membrane. In 1967, Taugner and Hasselbach!? reported that
ATP and magnesium accelerated the influx of amines into the vesicles but had no effect upon amine
efflux; they also found that N-ethylmaleimide, which inhibits the ATPase utilized for catecholamine uptake,
accelerated efflux. In contrast, Lishajko!® found that ATP and magnesium both accelerated amine influx
and reduced efflux and that reserpine prevented most but not all of the dual effect. Subsequent studies from
our laboratory!#!5 showed that uptake inhibitors, such as reserpine or N-ethylmaleimide, themselves
produced no change in efflux but could prevent completely the effect of ATP and magnesium, suggesting
that the apparent reduction in efflux might actually represent re-uptake of amines into the vesicles.
Unfortunately, the experiments from the various laboratories involved different species as well as different
amine and vesicle concentrations, all of which could have affected the results and interpretations.
Specifically, in most studies in which efflux has been measured, concentrations of storage vesicles have
been sufficiently high so that the extravesicular amine concentration (from breakage of vesicles during
preparation) has generally exceeded 10™* M. Since the K, of the ATP and magnesium-stimulated amine
uptake system 1s estimated to be 4 x 1075 M,'® the addition of ATP and magnesium during efflux
always produces re-uptake during these conditions. In the current studies, we have examined amine effiux
at low concentrations to determine whether ATP and magnesium exert an effect exclusive of uptake.
Isotonic sucrose medium has been utilized to avoid the ATP-Mg?*-stimulated release which occurs in
chloride-containing tonic media,® a phenomenon which nvolves all-or-none release of the entire soluble
contents of the storage vesicle;'” in contrast, the efflux observed in isotonic sucrose is a completely different
process, representing leakage of catecholamines (but not of soluble proteins) across an intact vesicle
membrane.'*

Male albino Wistar rats (Hilltop), weighing 200300 g, were sacrificed by decapitation, and the adrenals
were homogenized in isotonic sucrose buffered at pH 7-4 with 25 mM tris. Iproniazid (10~ 3 M) was added
to inhibit monoamine oxidase For each experiment, consisting of four to six efflux curves, glands from
15 to 25 rats were pooled 1n a total volume of 10 ml. After centrifugation at 800 g to remove debris, the
vesicle-containing supernatant was added to 1-5 ml of 1 mM epinephrine, 1-5 ml of 50 mM ATP and
magnesium, 1 5 ml of !*C-epinephrine (10 uCi/ml) and sucrose-tris to a final volume of 15 ml. After
incubation at 30° for 30 min, the mixture was centrifuged at 26,000 g, and the vesicular pellet was washed
and recentrifuged twice with fresh sucrose-fris Under these conditions, labeling occurs solely into storage
vesicles.!® The final pellet was resuspended 1n sucrose-fris, and 0-5-ml aliquots, containing a total of
approximately 3 pg catecholamines. were added to an equal volume of sucrose-ris and used for efflux
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FiG. 1. Efflux of *C-epinephrine in isotonic sucrose at 30°, in the presence (O) and absence (@) of
0 01 mM reserpine, with and without ATP and magnesium. The ordinate is logarithmic.
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determinations at 30 . In some experiments, other agents were present in the eflux muxture: adenine
nucleotides (5 mM), magnesium chloride (5 mM), reserpine (0-01 mM), harmne (0-1 mM), epinephrine
(0-1 mM) and EDTA (2 mM). In experiments utilizing N-ethylmaleimide (0-1 mM), the addition of ATP
and magnesium was delayed for 7-5 min to allow the N-ethylmaleimide to react with sulfhydryl groups in the
vesicle membrane.!? Each efflux curve consisted of at least seven time points from 0 to .60 min; the
detailed methodology has been described previously.'*!5:1® The effluxes of !*C-epinephrine and endo-
genous catecholamines gave similar results, except that the efflux of endogenous amines could not be
measured in experiments where 0-1 mM epinephrine was present. In most experiments, the extravesicular
amine concentration averaged about 3x 107¢ M, and unless epinephrine was added, never exceeded
8 x 107 M, thus ensuring that re-uptake would be minimal. The efflux rate varied from preparation to
preparation. thus requiring the determination of control curves with and without ATP and magnesium for
each set of experiments. Each experiment was performed twice, and the results were 1n good agreement
Data are reported from individual curves. -

A typical expertment appears i Fig 1. ATP and magnesium substantially reduced the rate of '*C-
epinephrine efflux (half-life of 181 mun for late phase vs 100 min without ATP and magnesium). Reserpine
in concentrations which produce nearly complete blockade of uptake!'2'** had little or no effect on efflux

TABLE |. EFFECTS OF NUCLEOTIDES, MAGNESTUM AND DRUGS ON THE EFFLUX OF '“C-EPINEPHRINE FROM
ADRENAL MEDULLARY VESICLES

Nucleotide Magnesium Half-life of late
(S mM) (5 mM) Other efflux component (min)

A — 96
— Harmine (0-1 mM) 100

ATP + 185

ATP + Harmine 185

B - 87
- Epinephrine (0-1 mM) 95

ATP + 228

ATP + Epinephrine 224

C - 80
- EDTA (2 mM) 76

ATP + 156

. ATP - EDTA 108
+ 81

D - 55
ATP + 110

ADP + 75

AMP + 57

— NEM (0 1 mM) 62

ATP + NEM 122

with or without ATP and magnesium, suggesting that re-uptake was not responsible for the reduced
efflux in the presence of ATP and magnesium. Harmine. which also blocks uptake.'® demonstrated the
same lack of cffect on efflux as reserpine (Table 1. A). Since thesc observations were substantially
different from those reported previously for other species,'? ' we repeated the experiments with bovine
adrenal medullary vesicles in concentrations equivalent to those in the present studies with rat vesicles
and obtained results identical to those reported here. Thus, the differing results'2~!% do not reflect species
differences but rather the fact that the higher vesicle concentrations used 1n earlier studies produced a
correspondingly high extravesicular amine concentration; consequently, the addition of ATP and
magnesium had previously resulted in re-uptake and the complete or partial masking of the currently
observed, reserpine-resistant, direct effect of ATP and magnesium on efflux.

To demonstrate further that the reduced efflux in the presence of ATP and magnesium was independent
of the uptake phenomenon, the labeled vesicles were exposed to high (0-1 mM) concentrations of unlabeled
epinephrine during efflux of '*C-epinephrine. Since the extravesicular specific activity is, therefore, very
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low, very little re-uptake of labeled epinephrine should take place. If re-uptake is responsible for the
effect of ATP and magnesium, then the apparent reduction in efflux of **C-epinephrine should disappear.
As shown in Table 1 (B), the unlabeled epinephrine did not alter the actions of ATP and magnesium,
confirming the hypothesis that the effect is direct and unrelated to uptake.

Both ATP and magnesium are required in the stimulated uptake system, and ADP is totally ineffective in
stimulation of amine uptake.' In contrast, a partial reduction 11 amine efflux was observed with ATP alone
(with EDTA added to chelate endogenous magnesium) as well as with ADP and magnesium (Table 1, C
and D); AMP and magnesium did not reduce efflux, nor did magnesium alone. These data suggested that
the membrane ATPase, which requires magnestum'® and utiizes ATP, might not be mvolved n the
reduction of efflux. To test this hypothesis, the actions of N-ethylmaleimide (NEM) were studied. Although
this agent blocks amine uptake and inhibits the vesicle membrane ATPase by about 50 per cent,!®2% 1t
did not alter efflux either in the presence or absence of ATP and magnesium (Table 1, D). The apparent
lack of dependence on the ATPase again differentiates the effect of ATP and magnesium on efflux from
that on uptake.

It is interesting to note that the data reported here parallel to a great extent observations that adenine
nucleotides, divalent cations and reserpine decrease the binding of catecholamines to purified adrenal
storage vestcle membranes.?! The similarities include : partial activity of ATP without magnesium, lack of
effect of magnesium alone, partial activity of ADP, lack of effect of AMP, failure of uptake inhibitors to
alter the actions of ATP and magnesium, and lack of dependence on the ATPase. These data suggest that
the efflux of catecholamines from the vesicles is not a simple diffusion process, but rather may require the
interaction of the amine with a specific component of the vesicle membrane, and that the reduction in
amine efflux produced by the addition of ATP and magnesium may result from interference with this
interaction.

In conclusion, these studies demonstrate that ATP and magnesium reduce amine efflux by a mechanism
which 1s independent of amine uptake into the vesicles and 1s not blocked by drugs which inhibit uptake.
This effect may play a role in the stability of catecholamine storage.
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