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Abstract—The effects of several agents on the Mg?+-ATP stimulated incorporation
and release of catecholamines by isolated bovine adrenomedullary storage vesicles
suggest that both of these processes may employ a similar or identical set of reactions
for a portion of their respective pathways. N-ethylmaleimide and N-N-di-isopropyl-
N'-isoamyl-N’-diethylaminoethylurea (P-286) inhibited equally both incorporation
and release. Prenylamine inhibited incorporation to a greater extent than it inhibited
release. Reserpine and propranolol, at concentrations which almost completely blocked
incorporation, had little or no effect on release. N-ethylmaleimide, P-286 and preny-
lamine, when present in the perfusion medium at concentrations which blocked release
from isolated vesicles, also blocked the secretory response of the isolated perfused
adrenal gland to acetylcholine. In isotonic salt solutions, Mg?* plus ATP stimulates to
an equal extent the release of both soluble dopamine-g-hydroxylase and catecholamines.
An hypothesis is proposed to explain these observations and to serve as a model for
additional experiments.

THE CATECHOLAMINE storage vesicles of the adrenal medulla, when incubated with
Mg?+and ATP, exhibit widely different behavior which is dependent upon the compo-
sition of the medium. In isotonic sucrose the vesicles incorporate 4C-adrenaline
into their endogenous stores and only very slowly release their contents into the
medium.1: 2 In isotonic salt solutions the vesicles rapidly release their contents of
amines, ATP and protein3-5 Both the Mg?+-ATP stimulated incorporation and
release are inhibited by N-ethylmaleimide, but only the incorporation is inhibited
by reserpine.l- 2: 5 For both processes Mn2+ can replace Mg2+. These observations
suggest that both processes may have some common features even though the two may
be different.
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In response to cholinergic stimulation, the intact adrenal medulla releases the
soluble contents of the storage vesicles directly to the exterior of the cell.8-12 This
process requires a source of metabolic energy.13: 14 The similarities between secretion
and the Mg?™ATP stimulated release of amines, ATP and protein from isolated
storage vesicles led to the suggestions that the latter phenomenon may be a step in
the secretory response of the adrenal medulla® as well as a generalized reaction for
the secretion of other hormones which are stored in vesicles.!s

The availability of compounds which block incorporation of catecholamines into
the storage complex or which block secretion from the adrenal gland provides an experi-
mental approach which may resolve the fundamental similarities and differences
between the release and incorporation of catecholamines by the storage vesicles,
and which may also provide information to evaluate the role of the Mg2+-ATP
stimulated release in the secretory process. The effects of several drugs on the release
and incorporation of catecholamines by isolated storage vesicles and on secretion
from isolated perfused adrenal glands are reported here.

METHODS

Preparation of adrenal medullary catecholamine storage vesicles. The catecholamine
storage vesicles were prepared from bovine adrenal medulla as previously described.t
The washed vesicles were finally suspended in a volume of 0-3 M sucrose equivalent
to the original weight of the fresh tissue.

Release of catecholamines and incorporation of “C-adrenaline in salt solutions.
Incubations were carried out in polyethylene centrifuge tubes at 30° without shaking.
The standard incubation medium contained NaCl, 5 mM; KCl, 160 mM; TES*
buffer (pH 7-0), 10 mM; EDTA, 0-:05 mM; ATP, 5 mM; Mg2*, 5 mM and 0-2 ml
of the vesicle preparation in a final volume of 1-0 ml. When incorporation studies
were carried out, the reaction medium contained 0-1 uc of dl-adrenaline-2-14C. The
reaction was initiated by the addition of ATP plus Mg2+ immediately before placing
the tubes in the 30° water bath. The incubation time varied from O to 30 min, and the
reaction was terminated by the addition of 2-0 ml of ice-cold 0-3 M sucrose containing
2 mM EDTA. When dopamine-B-hydroxylase was to be assayed, EDTA was omitted
from both the incubation medium and the cold 0-3 M sucrose used to stop the reaction.
The tubes were chilled in ice and then centrifuged at 26,000 g for 20 min. The super-
natants were decanted and saved for measurement of catecholamines and for the
measurement of radioactivity. The 26,000 g pellets were lysed in 3-:0 ml of distilled
water and centrifuged at 26,000 g. The supernatant was saved for assay. Catecho-
lamines were measured by the methods of von Euler and Hambergl6 and radioactivity
assayed in a liquid scintillation spectrometer.

Incubations in all studies were carried out at 0° and at 30° with and without ATP
plus Mg2+ to enable calculation of the temperature dependent and the Mg2+-ATP
dependent release at 30°. At 0° there was little or no difference in extravesicular
catecholamines in the presence or absence of Mg2+-ATP. At 30° the extravesicular
catecholamines generally increased approximately 2-fold in the absence of Mg2+-ATP
but increased 3- to 8-fold in the presence of Mg2+-ATP depending upon the prepara-
tion and length of incubations.

When the effects of various drugs were studied, the adrenal vesicles were pre-

* TES is N-Tris (hydroxymethyl)-2-aminoethane sulfonic acid.
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incubated for 10 min at 30° in the absence of Mg2+-ATP with and without the drugs
at the concentration shown in Table 1. The incubation vessels were then chilled in
ice and the reaction subsequently initiated by the addition of Mg?+-ATP. Concen-
trations of the drugs higher than those shown in Table 1 frequently caused a spon-
taneous release of catecholamines at 0° or at 30° which may have been due to lysis
of the storage vesicles.

Release and incorporation in 0-3 M sucrose. When incubations were carried out in
a sucrose medium, the standard incubation mixtures contained: sucrose, 300 mM;
TES buffer, pH 7-0, 10 mM; EDTA, 0-05 mM; ATP, 5-0 mM; Mg?+, 50 mM; and
0-2 ml of the vesicle preparation in a final volume of 1-0 ml. All other procedures
were the same as those used for studies in salt solutions.

Measurement of dopamine-B-hydroxylase. Dopamine-S-hydroxylase released into
the incubation medium and the amounts present in the lysates of the storage vesicles
was measured as previously described!? using p-hydroxymercuribenzoate (10— M)
to inactivate the endogenous inhibitor.

ATPase activity. The effects of the various drugs on the Mg2+t-stimulated ATPase
activity of the storage vesicles were carried out as previously described.18

Calculations. The amounts of adrenaline incorporated into the storage complex
were calculated from the formula:

Incorporation (ng) =
~C.P.M. Lysed Vesicle Supernatant

Av. Sp.'Tct. Adr. in Medium ><W(1-Fraction of CatecholaminéiRel‘éaéair)“ .

In these calculations it is assumed that the amine taken up is homogenously diluted
in the vesicular pool of releasable amines.
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FiG. 1. Incorporations (uptake) of 14C-adrenaline by isolated adrenomedullary vesicles in isotonic
salt solution in the absence, [ll, and in the presence, @, of added ATP and Mg?+, Incubations were
carried out at 30°.
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Release of catecholamines from isolated perfused adrenal glands. Isolated bovine
adrenal glands were perfused with Locke’s solution and stimulated with acetyl-
choline as previously described.l® Two-min samples were collected and assayed for
catecholamines. The 2-min secretion rate immediately before perfusing with acetyl-
choline (1 x 10~%¢ M) was recorded as the resting level. Acetylcholine in Locke’s
solution was then perfused for 2 min and the perfusion medium then changed to
Locke’s solution. The secretion rate during the first 6 min starting with the perfusion
of acetylcholine was recorded as the response.

After the initial response to acetylcholine, drugs were added to the perfusion medium
at the different concentrations shown (Fig. 3) and perfused for 15 min before stimula-
tion with acetylcholine. Both the Locke’s solution containing acetylcholine and the
Locke’s solution perfused through the gland immediately after stimulation contained
one of the drugs tested. At the end of the first response period, the gland was then per-
fused for 15 min with the next higher concentration of the same drug and the response
to acetylcholine was again measured. Only one drug was tested on each gland. In
separate experiments, it was found that perfusion of the drug at the lower concentra-
tions had little or no effect on the response to the higher concentrations. The same
degree of inhibition was observed at the higher concentration whether or not the
drugs were first perfused at the lower concentrations.

MATERIALS
MC-adrenaline and uniformly labeled 3H-tyramine were obtained from New
England Nuclear Corp. The following drugs were obtained as gifts: P-286 (N, N-di-
isopropyl-N'-isoamyl-N’-diethylaminoethylurea), Pittman-Moore; guanethidine and
reserpine, Ciba; Tranylcypromine, Smith, Kline & French; Chlorthiazide, Merck,
Sharpe & Dohme; Neohydrin, Lakeside Laboratories; prenylamine, Hoechst.

RESULTS

Release and incorporation by isolated vesicles. The release of catecholamines was
approximately linear for 25-30 min (Fig. 2) when the incubations were carried out
as described in Methods. In sucrose solution the incorporation was linear for 15—
20 min!: 2 but in salt solutions (Fig. 1) the rate of incorporation increased with time
due to the increased concentration of amines in the medium.!?

The effects of the various drugs on inhibition of release and incorporation of
catecholamines by isolated vesicles are shown in Table 1. N-Ethylmaleimide had been
previously reported!- 2 to inhibit uptake in sucrose solutions at concentrations (1 or
2 x 1074 M) which also inhibited the Mg2+-dependent ATPase.20 Poisner and
Trifaro® have also reported that N-ethylmaleimide inhibited the Mg2+-ATP depen-
dent release from isolated vesicles. P-286 inhibited equally both the release of endo-
genous catecholamines and the incorporation of C-adrenaline. Prenylamine? and
reserpine!- 2 have been reported to inhibit incorporation of %C-adrenaline from
sucrose media. Prenylamine inhibited both release and incorporation in salt solutions
but incorporation was inhibited to a much greater extent than was release at equal
doses of the drug. Poisner and Trifaro5 reported that reserpine (10-5 M) had no
effect on the release from the isolated vesicles. In our experiments 10— M reserpine
had no effect, but lower concentrations of reserpine caused a small but consistent
inhibition of release and higher concentrations stimulated the release (Table 1).
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FiG. 2. Release of catecholamines by isolated adrenomedullary storage vesicles in isotonic salt solu-

tion in the absence, I, and in the presence, @, of added ATP and Mg2+. At 25 min, 75 per cent of

the total amine content of the vesicles had been released. The results of a single experiment are

shown and are typical of several different preparations of vesicles. Incubations were carried out at 30°,
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Fic. 3. Effect of N-ethylmaleimide (NEM), prenylamine and P-286 on the secretory response of

the adrenal medulla to perfused acetylcholine (10~¢ M). In each set of data, the first response to

acetylcholine was recorded prior to the administration of the drug. The corresponding shaded bars

refer sequentially from left to right to the second, third, fourth, and fifth response of each gland to
acetylcholine.

The enhancement of release by reserpine was consistent, but the extent of enhance-
ment varied considerably as indicated by the large standard error of the mean. Pro-
pranolol had no effect on release but did inhibit incorporation of 4C-adrenaline
from sucrose media. Studies of the effects of propranolol on incorporation in salt
solutions were also carried out. Propranolol decreased the amount of radioactivity
found in the vesicles compared to controls incubated without propranolol, but
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because of the decrease in specific activity of the 14C-adrenaline in the medium due to
release of endogenous catecholamines there appeared to be little or no inhibition of
incorporation.

Effect of other drugs. In addition to the compounds listed in Table 1, a wide variety
of other agents were tested for their ability to inhibit release. Guanethidine (10-°
to 1073 M) tranylcypromine (10-3 to 10-3 M), chlorthiazide (5 x 106 to 104 M),
neohydrin (5 x 10~¢ to 5 x 10-3 M) and dithiothreitol (10-5 to 10-3M) had no

TABLE 1. EFFECT OF VARIOUS AGENTS ON RELEASE AND INCORPORATION OF CATECHOLA-
MINES BY ISOLATED STORAGE VESICLES*

Release Incorporation
K(Cl Sucrose K

% of control value

NEM
I x 103 100 + 18
§ x 10-3 49 + 16
1 x 102 374+ 6
2 x 104 104+ 5
P-286
1 x 1075 M 70 + 4 48 4- 3 58 +3
5x 10°%M 28+ 2 144 5 22 402
1 x 104M 1325 141 1 +2
2 X 10t M 4.5 2 24+ 2 1+10
Prenylamine
1 x105M 63 + 8 8 41
2 x 105M 43 + 3 545
5 x 1073M 24 + 7 545
Propranolol
1 x10-5M 100 4- 1 774+ 2
1 X 104 M 100 + 29 + 10
2 x 10 M 100 + 1 24+ 5
Reserpine
5 x 107 72+ 3
5 x 10-¢ 80 + 4 5+5
1 x 108 92 + 4 5+5
5 x 10-% 171 -+ 29
1 X102 186 -1 49

* Tncubations were carried out as described in Methods.
The data are expressed as the per cent of control values,
the controls being the observed release or incorporation
in the presence of Mg?+ and ATP. Each value represents
the mean 4- the standard error of the mean for three to
five determinations.

effect on release. Higher concentrations of meohydrin (5 x 10-5 to 5 x 104 M)
lysed the storage vesicles. Metabolic inhibitors (oligomycin, 5 pg/ml; antimycin,
10 pg/ml; iodoacetate, 10-4 M ; cyanide, 10-4 M), by themselves, or in combinations
which inhibit secretion from the adrenal medulla!® also had no effect on release or
incorporation. Tri-n-butyl tin chloride, a potent inhibitor of photophosphorylation
and chloroplast ATPase, lysed the vesicles at concentrations of 10-% M and also
inhibited the vesicle ATPase by 74 per cent.
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Effects on secretion from perfused adrenal glands. The effects of N-ethylmaleimide,
prenylamine and P-286 on the acetylcholine induced secretion from the isolated
perfused adrenal gland are shown in Fig. 3. Sequential administration of acetyl-
choline to control glands at 25-min intervals produced responses that moderately
and progressively declined. When the various drugs were perfused through the glands
at concentrations which inhibited release from the isolated vesicles, the response to
acetylcholine was also inhibited. The lowest concentration of N-ethylmaleimide
used consistently increased the response to acetylcholine. Prenylamine had a dual
effect on the adrenal gland. At the concentration shown (Fig. 3) it inhibited the response
to acetylcholine but at higher concentrations it, by itself, markedly stimulated release.
Similar observations had been reported for dog adrenal glands.2! Reserpine, when
perfused at concentrations ranging from 1 X 104 M to 5 X 10~ M had no effect
on secretion by itself nor did it alter the response to acetylcholine. Propanolol at
concentrations of 103 M to 10~4 M has been shown to inhibit the response to acetyl-
choline.22

Release of catecholamines and dopamine-S-hydroxylase. Poisner and Trifaro® have
reported that ATP plus Mg2* caused the release of proportionate amounts of soluble

TABLE 2. Mg2+-ATP STIMULATED RELEASE OF DOPAMINE-S-HYDROXYLASE AND CATE-
CHOLAMINES FROM ISOLATED STORAGE VESICLES*

DBO CA DBO/CA

Med. Lysate Med. Lysate Med. Lysate

No Mg2+.ATP 4-22 15-14 43 159 0-098 0-095
Mg2+.ATP 9-21 10-81 84 118 0-109 0-091

A + 499 — 433 + 41 — 41 0-121 0-105

No Mg2+.ATP 51-36 2575 56 187 1-04 1-38
Mg2+-ATP 119-20 1953 106 141 1-14 1-38

A + 67-84 — 622 -+ 50 — 46 1-36 1-35

No Mg2+.ATP 168-8 4582 52 133 325 344
Mg2+-ATP 244-4 3780 82 102 2:98 3.71

A + 756 — 80-2 + 30 - 31 2-521 259

No Mg2+-ATP 125-4 560-0 58 239 2:16 2:34
Mg2+-ATP 2322 384-0 105 180 2:21 2:14

A +106-8 —176-0 + 47 — 59 2:27 2:98

* The release was measured for a 15-min incubation period in salt media as described in Methods.
Catecholamines are expressed in ug. Dopamine-8-hydroxylase activity (DBO) is expressed as mumoles
of octopamine formed per hr in each of the fractions. Dopamine--hydroxylase was assayed in the
presence of 5, 50, 250 and 500 uM 3H-tyramine, respectively, for experiments 1, 2, 3 and 4. Different
vesicle preparations were used in each of the experiments.

protein, ATP and catecholamines from isolated vesicles. Since dopamine-8-hydroxy-
lase and catecholamines are released upon stimulation of perfused adrenal glands
with acetylcholine in the same ratios as they are found in the soluble fraction of
lysed storage vesicles,23 it was of interest to determine whether the enzyme was also
released by the action of Mg2+ plus ATP on the isolated storage vesicles. The data
of Table 2 show that Mg2+ plus ATP causes a release of dopamine-p-hydroxylase
and catecholamines in the same proportion as that found in the soluble fraction of
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the vesicles. When P-286 or prenylamine was added to the medium, there was a
proportionate decrease in the release of dopamine-8-hydroxylase and catecholamines.

Effect of drugs on ATPase. None of the drugs at the concentrations shown in
Table 1, except N-ethyimaleimide, had any effect on the ATPase activity of the storage
vesicles.

DISCUSSION

The effects of the various drugs suggest that the mechanisms of the Mg2+-ATP
stimulated incorporation and release of catecholamines may not be as dissimilar
as they appear, and also suggest that each of these processes may employ a similar
or identical set of reactions for a portion of their respective pathways. N-Ethyl-
maleimide and P-286 each caused a parallel inhibition of release and incorporation
by the isolated vesicles. However, the mechanism by which these two drugs act
would seem to be different, indicating at least two reactions for incorporation and
for release. N-Ethylmaleimide, at concentrations which block release and incorpora-
tion, inhibits the Mg2+-ATPase activity of the storage vesicles, but P-286, as well as
prenylamine, propranolol and reserpine, had no effect on the ATPase activity. The
inhibition of incorporation by reserpine, prenylamine and propranolol at concentra-
tions which had little or no effect on release further suggests that a third reaction is
required for incorporation.

The inhibition of both release and secretion by N-ethylmaleimide, P-286 and
prenylamine is consistent with the hypothesis® 5 that the Mg?*-ATP stimulated
release observed in isolated vesicles is an event of the secretory response. However,
since N-ethylmaleimide reacts with a wide variety of sulfhydryl or imidazole groups
within the cell and upon the cell surface, and since propranolol as well as several
of the other agents tested had no effect on release but did block secretion, it is not
unlikely that N-ethylmaleimide, P-286 and prenylamine may also block secretion at
some site remote from the storage vesicle.

Since the vesicle membrane is permeable to catecholamines and to ATP at or near
0° in sucrose media,24-26 it is presumed that the vesicle membrane is also permeable
to these materials in both sucrose and salt media at higher temperatures. If this is
true, then the stimulation of both incorporation and release by Mg?* plus ATP
would not involve enhanced transport across the vesicle membrane. Stjarne?? has
proposed that the catecholamines, ATP and protein may be stored in membrane-
bound subgranules within the vesicles and that Mg2+-ATP stimulates transport into
the subgranules. Since a membrane-bound ATPase activity appears to be involved
in both release and incorporation, Stjirne’s proposal offers a localization for the
enzyme.2? However, the presence of subgranules is not necessary for this requirement;
the enzyme may be bound to an intravesicular reticulum forming a three-dimensional
web containing the amine storage complex. Neither subvesicular structures nor a
reticulum has been observed within the storage vesicles.

The effects of the different compounds suggest the following hypothesis as a
tentative model for the release and incorporation of catecholamines:

(1) ATP, in a reaction that requires Mg?*, either produces an intermediate or
induces a conformational change in a protein. In this process ATP is hydrolyzed to
ADP.

(2) The intermediate or the modified protein is in a high-energy state. In a subsequent
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reaction this energy is utilized to activate the catecholamine-ATP-protein storage
complex.

(3) In the ““activated state” the complex is labile and can exchange with or incor-
porate exogenous amines from media of low ionic strength.

(4) In media of isoionic strength, univalent cations (K+, Na+, perhaps others) com-
pete with the amines for exchange with the “activated complex,” or the presence of
a high concentration of univalent cations can, by itself, disrupt the ‘“‘activated”
complex. The increased osmolarity due to release of catecholamines and ATP within
the vesicles, and the subsequent influx of water may result in further disruption of
the complex leading to lysis of the vesicles or distension of the vesicle surface to the
extent that they become permeable to protein. This sequence of events may explain
the observed release of catecholamines, ATP and protein by the isolated vesicles.
In the intact gland, the disruption of the complex and the influx of water after the
vesicles have become attached to the plasma membrane may be an important physio-
logical mechanism for the extrusion of the vesicle contents to the exterior of the cell.

In this model N-ethylmaleimide would inhibit both incorporation and release by
blocking the utilization of ATP in the first step in the sequence. P-286 and preny-
lamine would inhibit the second step in the sequence, the reaction in which the storage
complex is activated. Propranolol and reserpine would block the third stage of the
sequence, the reaction in which the exogenous amines exchange with the endogenous
amines, but would not affect the exchange with, or disruption of, the complex by
univalent metal ions. Prenylamine inhibited incorporation more effectively than release
and may inhibit both the second and third stages. This hypothesis predicts that all
drugs which block the Mg2+-ATP stimulated release must also block the Mg2+-
ATP stimulated incorporation but other models may equally well explain the observed
phenomena.

It is generally accepted that the Mg2+ATP stimulated incorporation is physio-
logically important for maintaining the catecholamine content of the storage vesicles
and for taking up dopamine from the cytoplasm for synthesis of noradrenaline.
Whether the Mg2+-ATP stimulated release plays a role in the secretory response or
whether it is an artifact remains to be established.
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