
The Role of ATP and ATPase in the Release of

Mo!. Pharrnacol. 3, 561-571(1967)

Catecholamines from the Adrenal Medulla

I. AlP-Evoked Release of Catecholamines, AlP, and Protein

from Isolated Ch romaffl n Gran ules

A. M. POISNER1 AND J. M. TRIFAR62

Department of Pharmacology, Albert Einstein College of Medicine,

New York, New York 10461

(Received July 5, 1967)

SUMMARY

Studies were carried! out oim isolated chromaffin grammules from bovitme aciretmal mmmedul-
lac. The granules were purified by Milhipore filtration and incubated at 30#{176}C. ATP

caused a concemmtnation-depemmdemmt release of catecholamines at commeentrations fm’om
0.0625 to 0.5 m�i. AMP, cyclic 3’,5’-AMP,’ and CTP were ineffective, while ADP and
adenosine tetraphosphate hmad some t’eleasing activity. ATP-evoked release was observed

imm the presence of Mg or Mn, but not in that of Ca, Ba, or Sr. Na and K were equally
effective in supporting release by ATP + Mg, but 0.3 Al sucrose abolished time m’esponse.
AMP and NEM also inhibited ATP-evoked release. There was a correlation between

catecholamine release and ATPase activity. Discharge of catecholamines was accom-

Panied by liberation of ATP and protein but not of cholesterol. A model is pm’oposed to
explain the presemmt results in relation to catecimolammmine secrctiomm in vivo.

INTRODUCTION

Beginning with the discovery that time

catecholamines in the adrenal medulla are

stored in membrane-limited particles-time

so-called chromaffin granules (1, 2)-stud-

ies on catecholamine storage and release

in vitro have am’oused a great deal of atten-
tion. This is partly because the chromaffimm

granules are relatively stable in vitro (par-
ticularly at lower temperatures) and partly

because the isolation of semipurified
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granules is relatively easy. Although stud-

ies on storage mechasmisms in vitro have

provided clues of probable relevance to

physiology and pharmacology, such as the
elucidlation of the Mg + ATP-activated

and reserpine-blocked upt.ake of amines

(3-5), studies on cateeholamine release by
possible physiological agemmts in vitro have
been less successful.

For an in vitro system to be useful as a

model for catechmolamine release in vivo,

it must be consistent with what is known

about adrenomedullary secretion. The gemm-

erahly accepted facts at’e these: Stimulatiomm
of the nerves to the adrenal medulla results

in the release from the nerve endings of

acetylcholine which diffuses across the

sysmaptic cleft and causes depolarization of

the chmromaffin cell (6). Depolarization is

accompanied by atm itmflux of ions itmcludimmg
calcium (7, 8). Time presemmee of calcium is

critical for time release of catecholamimmes
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by acctylcimolitmc (9� or by I’Cl amm(l a host

of other agemmts ( 10, 1 1 ) . The next step imp-

pamemmtly immvolves time release of datecimol-
aimmimmes, ATP ( 12, 13) ammd l)m�Otei1m ( 14, 15)

fronm time clmroinaffimm gmammules. �flme grammule

mmmcmmmbrammcis retaitmcd by time cell, i)1Obtli)l�’

as a dhscmete l)article (16-19).

It imas been reported l)y immany workers
�20) timat. acetylcimolimme does not release

catecimolammmines fronm isolated cimmommmaffimm

granules. Furtimerimmoic, experumments in vitro

�vitim calciunm iotms imave sinmilarly yielded

tmegative results (21 , 22) or revealed oimly
nmimminmal effects (23, 24). Thus a satisfac-

tory modlel systenm br studying time release
of catechmolaniimmes Imas mmot beemm developed.

Siimce time b)ulk of reeemmt evidemmce immdi-

ctttes timat catecimoltumminc release occurs

from granules at or close to time 1)lasflmI�

mmmeimmbraime, it would seemmm timat amm altera-

tiomi in time emmvirommtmmetmt of time grammules at
timis locus mmmust occur to bring about cate-

cimolaimmimme release. Timere fore it was timought
desirable to exanmiimc time effect omm chmro-

maffimm granules of substances (25) whmich

migimt be expected! to be released by time

plasnma membrane during depolarizatiotm.

1mm time presemmt study we hmave obtained

evidemmce timat omme substammce with this
property, ATP (25), itm low cotmcemmt.rations

causes release of catecimolammmimmes, ATP, aimd

protein from cimmomaffin granules in vitro.
1mm adldhitiomm we have exanmimmed time under-
lying mecimammisimm for catecimolaimmimme release

in vivo.

at ETHODS

Prepa ra tion of ch romaffin gra nules. Ad-

retmal glammds were obtained fronm time slaugh-
terimouse otm ice aimd time medullae were

dissected out. After weiglmitmg and mincing,

eacim immeduhia was imomogenized in 5 vol-

umes of ice-cold! 0.3 M sucrose (wimich was

adjusted to pH 7.0 with NaOH ammd some-
times contained 1 mi�i EDTA ot’ EGTA).

After removimmg a low-speed sediment by

cemmtrifuging at 800 g for 10 mimm, time super-
natammt was passed througim a series of

I\Iillipore filters (25-mm syrimmge filter). The

order of time filters used was as follows:

prefilter, 3 p., 1.2 p., 0.65 p., 0.45 p., 0.3 p., and
0.22 p. After passage tlmrougim time 0.22 p. flu-

ter, time ii it t�at (� \\�iS dCmmtti illg(( I br I 0 mmmiii

at 20,000 �i. lime sui)erlmatammt was dhiscarde(!
atmd time sedimmmemmt was resuspended in time

sucrose mmme(hilmmmmtot’ sotmmetinmes in time imm-
cui)atiolm nmediummm to be used! ) , a loose-

flttiimg 1)oummcc imomogctmizci beimmg use(1.
Usually 1 nml of suspemmsiomm nmedium was

used! lot’ ea(lm grammm of imme(lulla imomoge-

imized. Timis grammule suspctmsion was stored!

at 4#{176}ammdl was used eithmem’ immmmediately om

after 24 imours.
Incuba tion proce(lure . i�wo immilhliters of

an itmcul)ation iimixture was l)t’e\Vam’med to

30#{176}almdl at zero tinme 100 p.1 of time grammule

suspemmsiotm w�as addled. Immeubation times

varied fmomim 0 to 60 immimm. Soimmetimes ath!i-

tions were mmma(!e to time immixtures at 0 or 10
mum in 5-20 p.1 voluimmes. Timese will be de-
scm’ibe(l later. Time incubatiomm was ternmi-
Imatedi i)y ra�)i(lly a(!dimmg 4.0 mmmlof ice-cold

0.3 �r suemose coimtaimmimmg 2 nmai EDTA,
coolimmg itt aim ice-water l)atlm for a few nmin-

utes, amm(I demmtmifugitmg itt time cold at
20,000 g lot’ 10 mmmimm.Incubations were usu-

ally doime iim duplicate or triplicate.
IncubatiOn in e(lium. Time stammdlard incu-

bation immixture commtaitmed (tmmM) : KCI, 160;

NaCI, 5; TES buffer �pH 7.0), 10; MgCl2,

0.5; EDTA, 0.05. Variatiomms of this mix-
ture will i)e dlescmibed! utmder results.

Analytical in ethods. Catecimolamines were

assayed usimmg time triimydroxynmdole fluoro-
metm’ic metimod (26). Immomgammic pimosphate
was d!etemmnmed according to Martin and

Doty (27). ATP was nmeasured using the

firefly lumimmescemmce tecimimique (12, 13).
Protein was dletermmmimmedl using a modified!
biuret metimod (28). Chmolesterol was meas-

ured! on cimlorofornm-metimammol extracts by

a fluorommmetric metimod as described pre-

viously (17).
Calculation of results. Time release of

catechmolammmimmes aimd inorgaimic phmospimate
(P04) was calculated from the increase itm

commcemmtrat.ioim of timese substammces imm the

supermmatant fronm zero time to time end of

the incubatioim. When additiomms of mmucleo-

tides were made at 10 mimm, release was cal-

culated! fronm time iimcremmmemmt imm eommcetmtra-
tiotm iim time supem’mmatant of timese substammees

above timat. l)reselmt at 10 mum. Sometimes

results imave heemm expressed! as a percent of
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m�eiease ltll(Id1 dotltm’Ol conditioim (i.e., witim

no mmuc!eoti(!e l)meselmt) . Release of ATP

and proteimm were calculated by the d!iffer-

ence ii) quaimtity of these substammces imm time

pellet before amm(! after time immcul)atiomm

period. 1mm omme experiimmemit cimo!estem’ol was
measured! imm time supermmatammt hefot’e alm(1

after umcul)atjon to (letemmmmilme release of timis

lipid.
Chemicals lISe(l. ATP. A1)P, AMP,

cyclic 3’,S’-A\IP, ammd! CTP were obtained

from Sigmmma Clmetmmical Co. amm(! from Boeim-
ringer-�1ammiiimeimmm. TES buffer � 29) � oh-

tamed frommm Ca!liocimcnm. EGTA was oh-

tainedi fronm Geigy Pimarmmmaceut icals.

RESULTS

Effect of ATP, �1Iq, and Ca on

Catecholam inc Release

Initially experiimmetmts � domme to test
time effect of ATP, Mg, Ca, alm(l comhimma-

tions of timese agents on catecimolamitme me-

lease frotmm isolated! chmronmaffimm graimules.

ATP (0.5 mmm�sr) caused! release of cate-

cholamines iim time presetmce of Mg or �Ig +

Ca. ATP alomme om’ imm cotmmi)immatiomm witim Ca

produced! otmly nmimmimmmal or mmeg!igii)le effects,
as did time (livalent catiomms alomme ot’ itm commm-

hination (Fig. 1). Time effect of ATP plus

Mg (0.5 nmr%Iof eacim) was observed! imm cacim

of 75 experiimmemmts witim TES buffer and! in

eacim of 10 witlm P01 buffer (also 10 imm�m,

pH 7.0). In addition ATP plus Mg elicited
eateeholarnine release imm eacim of 8 experi-

ments in time presence of 10� M reserpine,
a concentratiomm known to block tIme uptake

of catecholanmines by cimromaffin grammules
(4). Time rate of catecholamine release in

time presetmce of 0.5 nm� ATP plus Mg

rammged! from 2 to 10 tinmes thmat imm time pres-

(nec of Mg aloime.
In a few expem’imemmts, othmcr concemmtra-

tions of Mg ammd Ca were tested. Withm 0.5
mM ATP, eatecimolanmimme release was greater

at 0.5 thamm at 0.05 nm� Mg, but no further

increase was obtained! by raisimmg time Mg

concentratioim to 5.0 nmi. Wlmemm Ca alone

was tested, a small ammd variable release of

catecholamimmes was observed witim mmodiffer-

ence between 0.5 atmd 2.0 m�i Ca. The maxi-
mum releasimmg effect of Ca (2.0 mmmi) was

Mg - + - - - + + +

Ca4� - - + - + + - +

ATP - - - + + - + +

I’m. 1. Effect of Mg, Ca, ATP, and conibina-

tions of these agents on catecholamine release

horn isola ted cli 1.0 111alfiti grait tiles

Isolated clmronmaffin granules (equivalent to 369

�ig/m1 bound catecholamine) were incubated for
10 mm at 30#{176}in a nmedittm containing (mM)

KC1. 160; NaCI, 5; TES buffer, pH 7.0, 10;

EGTA, 0.05. Wlmen Mg. Ca, or ATP were present,

the final concentration was 0.5 mM. Tile vertical

hats represent the mean ( ± SE) release of (ate-

iIiolamitme in micrograms per milliliter.

less timan omme-eigimth of that of 0.5 m�i ATP

plus Mg.

Elfect of Xa, K, and Sucrose on

Catecholamine Release

Several experinmeimts were (!otme to cx-

ammmimme time effects of Na, K, ammd sucm’ose on

the ATP-indlimced release of catecimolanmines.

No dliffereimce was imoted! hetweemm medlia

cotmtainimmg 160 rmmr KC1 i)lus 5 nmi NaCl

and! thmose coimtaimmimmg 165 immar NaCl plus no

KCI, hut time ATP-immd!ueed release of cate-

cimolammmimmcs was conmpletely hlocke(! by

0.3 M sucrose (Fig. 2). Timis nmay provide

an explammation for time faiiure of marmy
previous itmvestigators to observe time me-

lease pimemmomenotm since immcubatiotms imave

lrequemmtly been carried out imm0.25 or 0.3 M

sucrose. In one experimeimt wimen time KC!

concentration was raised to 200 mmmi, spon-

taneous aimd ATP-evoked release of cate-
cimolamines were depressed! to about otme-

third! of that in 160 m�t KC1. Timis may
reflect a stabilizing effect of imypertonicity.

Wlmetm KC1 was redluced fronm 160 m� to

100 mmmi atmd sucrose was 105 mmmi (to pre-

serve tonicity), the spommtammeous release was
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Fro. 2. Effect of KG!, NaCl, and sucrose on

A TP-e coked release of cat(chola miii es front i.�o-

lated chromaffin granules

Isolated clmromaffin gratmules were incubated at

30#{176}for 10 mm (imm A) or for 30 nmin after 10

mm preincubation (in B). Time concetmtration

(mM) of KCI, NaCl, sucrose, and ATP in time

incubation tmmedia is indicated below time vertical

bars. In addition the media contained (mM):

TES buffer, pH 7.0, 10; MgCl,, 0.5; and EDTA,

0.05. ATP was added at zero tinme (in A) or after

the 10 mm preinetibation perio(I (in 13). Gate-

cholamine release is expressed as a percentage of

the release obtained in the absence of ATP in
the standard incubat ion nmediunm.

not affected, but time ATP-evoked release

was reduced to about 45% of tlmat in time

absetmce of sucrose.

Time Course of Catecholainine Release

Time tiimme course of time spommtammeous aimd

ATP-evoked release of catecimolamines was

examined up to 60 nmimm. In time first few

minutes botim spommtatmeous ammc! ATP-evoked

release were relatively rapid!. However,

after about 10 mum, time spommtaneous release

practically stopped! wimile time ATP-evoked

release commtimmued! (Fig. 3). Time rapid immitial
release may be related! to time suddlen tem-

pem’ature rise (from 0#{176}to 30#{176}).

Relation of ATP Concentration to

Catechola mine Release

Wimen increasitmg commcetmtrations of ATP

were employed (0.0625-0.5 mmmi), a liimear

relationship was obtaimmed between the

logaritimmmm of time ATP commcentratiolm ammc!

the release of catecimolamines (Fig. 4) . Time

threshold for time respommse seemed to he

about 0.0625 nmi ATP.

Effect of Other ?�uclcoti(les on

Catecholamine Release

Wimen mmucleotides other than ATP �

tested at 0.5 nmar, mmo release of catecimol-

amimmes \Vi15 oi)served! with AMP, cyclic

3’,5’-AMP, ot’ CTP. ADP gave variai)!e m�e-

suits, sonietimmmes producing a small respommse

(mucim less t.hamm timat of ATP) ammd at otimer

times simowiimg no effect. Time releasing effect

of ADP was nmore commsistent with longer

incubation periods. Time releasing effect of

ADP may l)e due to the adeimylate kinase

activity (30) in clmrommmaffin granules as will
be discussed! later amid imm time next paper

t 35) . Ad!enosilme tetrapimosphate produced a
deflimite release of catcclmo!arnines, altimougim

it was less iotemmt timan ATP (Fig. 5).

Effect of Divalent Metal Ions

Time effect of virious d!ivalemmt metal iomms
at 0.5 nm� was studied to see wimicim ommes

could! support time ATP-evoked release of

catecimolanmines. Of time nmetals tested, ommly
Mg ammd Mmm were effective imm timis regard!

while Ca, Ba, aimd Sr were uimai)le to sui)-

stitute for Mg (Fig. 6).

Effect of ATP on the Release of

ATP and Protein

Since it is known timat mmot only cate-

cholamimmes but also ATP (12, 13) and!

soluble proteitm (14, 15) ate released from

chromaffin graimules wlmemm time a(lrenal me-

dulla is stimulated! with acetylcimoline, the

effect of ATP omm time release of granule
ATP and! lmrotcimm was exammminedl. ATP (0.5

mM) caused a sigmmificant release of ATP

and of proteitm frommi time isolated granules.

Furthermmmore, time nmolar ratio of catechol-

amimmes: ATP released was 4.0, wimieim is vem’y

similar to the ratio found in the granules

before incul)ation (17) (Table 1). While

the scatter is somewhat greater for the

proteimm data, time results are consistent with
release of catecimoiamiimes and soluble pro-

teimm fmonm time granules in the same propor-
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Fia. 5. Effect of ATP and other nuc!eotides on

release of catecho!amines from isolated chromaffin

gran tiles

Isolated chromaffin granules were incubated at

30#{176}for 10 mm (in A) or for 30 mm after 10 mm

preincitbation (in B) as described in Fig. 2. TIme

incubation nmedium contained (nmas): KCI, 160;

NaCl, 5; TES buffer, pH 7.0, 10; MgC12, 0.5; and

EDTA, 0.05. Time nucleotides used (indicated

below the vertical bars) were present at a con-

centration of 0.5 nmM). Catecholamine release is

expres.sed as a percentage of the release in the

absence of nuckotide.

250

ATP (jIM)

Fic. 4. Effect of ATP concentration on tin

release of cateciio!amines from isolated chromaffin

granules

The larger curve simows the release of bound
catecholamine from isolated chromaffin granules

by increasing concentrations of ATP during 30
mm incubation at 30#{176}(following a 10 mm pre-

incubation without ATP). The incubation me-
dium contained (mM): KC1, 160; NaC1, 5; TES
buffer, pH 7.0, 10; MgCl2, 0.5; and EDTA, 0.05.
The inset simows the results with ATP plotted
Iogaritlmmnically.
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Fm. 3. Time course of release of catecho!amines from isolated chroinaffin granules

Isolated chromaffin granules were incubated at 30#{176}for varying periods of time in the presence or

absence of ATP (0.5 mM). The incubation medium contained (mM): KC1, 160; NaC1, 5; TES buffer,

pH, 7.0, 10: MgCI2, 0.5; and EDTA, 0.05. Catecimolamine release is expressed as a percentage of the

bound imines ( ± SE).

LU

LU

Ui

LU

z

0
I
U

- AlP A- CTP
Te,rQ-

plo,.
plate



z

L.)

ATP - + - + + + - +

MetaI�#{176} Mg Mn Co Ba Sr

a,
0
E

0

(Pt

Mg Mg+ATP Ca Ca+ATP

Fia. 7. Effect of ATP on (lie release of cate-

cholamines, ATP, and inorganic phosphate front
isolated cli rom atfin gran tiles
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11G. 6. �.1 1)11! ( �/ of canons dii ale,, I metal ions

to SupJ)Ort A TP-e , oked release of catecholam ines

from isolated cii onia(jin gl(iii tiles

Isolated clmrotmiaffin granules were incubated

for 10 mm at 30#{176}in an iflctti)atiotm medium con-

taming (mas) : KC1, 160; NaC1, 5; TES buffer,

pH 7.0, 10; EDT:�, 0.05; and various divalent
metal ions (0.5 mat) as in(hcatcd at time bottom

of the figure. Catecholamine release in the pres-

ence (+) or absence (-) of ATP (0.5 mM) is

xpresscd as a percentage of time bommnd cate-

cholamines.

tiomm as tlmat wimicim exists in the gm’ammules

15).

Effect of ATP, Mg, and Ca on the

Release of Inorganic Phosphate

Since time chromaffin granules are kmmown
to eommtaimm an active ATPase (31, 32) which

can act on exterimally applied ATP, it was

cotmsidem’ed of immterest to studly time release

of inorganic pimospimate (P04) uimder the

PI’esemmt expem’inmental conditions. It was
foummd that comm!itions leading to catechol-

amiime release (timat is ATP plus Mg but
tmot ATP plus Ca or Ca alone) led to a

Isolated clmrommmaffin granules were incubated for

10 mm at 30� in a medium containing (mM):

KC1, 160; NaCl, 5; TES buffer, pH 7.0, 10; and

EDTA, 0.05. When Mg, Ca, or ATP was added.

the final concentration of each was 0.5 mar. Re-

lease of catecimolamines and inorgatmic phosphate
(P04) (left ordinate) and of ATP (right ordi-

nate) are expressed in nanonmoles per milliliter

above (or below) that released with no addi-

tions. In the case of P04, release represents the

increase of this sui)stance in time incubation mix-

ture, some coming from imydrolysis of exogenous

ATP and some fronm hydrolysis of granule ATP.

marked rise in P0.1 imm time iimcubatiomm

medium (Fig. 7). Some of timis probably

represents P04 hi)erated! from exogenous

ATP ammd some from ATP released from

time granules. Timis seems reasotmable since

even in the absence of ATP release (that

is in time presence of ATP alone) timere was

a rise of P04. Ammd studies in our labora-

tory as well as elsewhere (33) imave shown

TABLE 1
Effect of ATP on the release of catecholantines, A TP, and protein front isolated chromaffin granules

Isolated cimromaffin granules were incubated for 10 mm at 30#{176}Cin a mediunm containing (mM): KC1, 160;
NaC1, 5; TES buffer, pH 7.0, 10; MgCl2, 0.5; EDTA, 0.05; with or without ATP. 0.5. The total volume was
2.1 ml. Each value is the tmmean (±SE) of 7-9 observations.

Significance
Substance released Control ATP treated treated vs control

Catecholamines (nnmoles/ml) 39.9 ± 2 .2 93 .4 ± 5. 1 p < 0.001
ATP (nmoles/ml) 14.9 ± 1.9 23.1 ± It) p < 0.005

Ratio: catecholamimmes: ATP 2 .7 4 .0 -

Protein (�g/ml) 21 .4 ± 14.7 65.7 ± 6 .S p < 0.02
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timat upon incubatiomm ATP lost. froum cimmo-

maffimi grammules is largely (lepimospimoryiate(!

immthe nmcubation nmediummm.

Effect of ATP on the Release of Cholesterol

Simmce ATP was slmowim to release time

mimajor water-soluble commstitucmmts of time
granules, timat is catecimolammmiimes, ATP, ammd!

pm’otein, we next looked! at time release of a
mmmenmbramme commstituemmt, clmo!esterol. Tim six

experimemmts 0.5 mmmi ATP did tmot release

granule cimolesterol. Timis suggests that
memhrammcs are mmot brokemm tiown durimmg

catechoiammmimme release, a view commsistemmt
witim cimemimical (16-18) am! clectrotm mmmicro-
seopic (19) studies oim acctylcimoiitme-evokedl

release of catecimolaimmumes froimm time adrenal
tmmed!ulla.

Effect of Inhibitors of A TPase on
A TP-lnduced Release of Catechola mines

To study time possible role of granule

ATPase in time ATP-indluced release of

0

S

LU
at)

Ui

Ui

z

0
I
U

A B

AMP

Fic. 8. Inhibition of ATP-et’oked release of

catecholontines front isolated chroinaqin granules

by AMP and by NEM

Isolated chromaffin granules were incubated for

10 mm at 30#{176}(in A) or for 30 mm after 10 mm

preincubation period (in B) as described in Fig.
2. The incubation medium contained (nmM): KCI,

160; NaCi, 5; TES buffer, pIT 7.0, 10; MgCI, 0.5;
and EDTA, 0.05. When AMP (0.5 hiM) or NEM
(0.2 mM) was used, it was present throughout the
total inctmbation period. When ATP (0.5 mM)

was used, it was added at zero tinme (in A) or
after the 10 mm preintubatmon p(riod (in B).

Catecimolatnine release is expressed as a per-

centage of the release in the control nmediiim

without ATP.

cateclmolammmimmes, two types of AT I�tse in-

imihitors were tested!. Botim AMP (0.5 mat
amid NE\I ) 0.2 immat) blocked time ATP-in-
(!uced! release of catecimolanmimmes (Fig. 8 )

Time blockade of ATP action by AMP ammi!
NE)d was simowmm in otimer experumments to

i)d’ accommml)ammie(l i)V a i)lO(k of P01 release;

NE)4I Imas also i)eetm simowim elsewimere (34)
to block grammule ATPase. Informatiomm o:m

time mmature of time 1)lockade i)y these agents
( commmpetitive vs. mmommcommmpctitive ) will be

l)m�esemmted! imm the next i�aper (35) . NE�i it-
self, in imigimer concentrations, caused! time

release of catecimolanmimmes.

I)tSCU�SId)N

lime l)1�csemit study imas clearly (le!mmon-

strated timat ATP releases catecimolatmmitmd�
ill vitro frotim isolated clmmommmaffimmgranules

at commcemmtratiomms lower timamm timose used! to

show active Ul)take of amnines. It seenms m.e-

mmmarkahle t!mat timis plmemmoimmeimomm was imot

fully descrii)ed earlier since mmummmemous stud-

ies omm isolated chrommmaffiti gratmules imave
beemm carried out ( cf. 3-5) . Althottglm ATP

has l)eemm en1�)lOyed iim nmatmy of timese stud-
ics, timere Imave i)cen at least two itmiportatmt

(lifferemmces. First, uptake of labeled exoge-
mmous catecimolamimmnes imas usually been cx-

aimmimmet! ammd, wimemm ommly radioactive anmimme
accummmulatiomm is mmmeasured, Ito atmalysis of

release is possible. Secoimdlly, mmmost studies

witim isolated! granules imave used 0.25-0.3 M

sucrose as time itmcuhatiomm mmmediumn, ammd the

I)t’escmmt results simow timat sucrose l)reVemmts
ATP-evoked release. It is of interest timat

sucrose also i)revemmts ATP-immduced mmmito-

cholmdlrial commtractiomm (36) . Furtimer paral-

lels l)etweelm tlmese pimemmommmemmawill he mmmcii-
tiotme(l later. Time oimlv immdicat.ioims of an
effect of ATP omi catecimolamimimme release
imave come in prelimmmimmaiy studies usimmg imigim
concemmtrations of ATP (37, 38).

Tim previous work time releasing effect of

ATP mmmav also have beemm obscured by otimer

factors, sueim as absemmce of an optimal eomm-

eemmtratioim of mmmagmmcsiummm or perhaps eomm-

t�iimmiimti.tiomm ‘Vitim imoimgrmmmii.tie AT’Pase, which
wouk! imave effectively lowered the commcemm-

tratiomm of ATP. It is virtually immmpossihie
solely by (tlfferemmtial centri fugatiomm to 01)-
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tajim grammule preparatiomms wimidh are free

from all otlmer subcellular particles, par-

ticularly mitochondria (39) . The best tech-
niques for obtaining pure chromaffin gran-

ules usimmg centrifugation have employed

density gradients (32) which segregate the

granules imm a layer of sucrose of very high

nmoiarity and thus preclude the demonstra-

tion of time releasing effect of ATP. The

porous membrane filter method (38) , which
yields granules of high chemical (38, and

unpublished observations) and morpho-

logical (S. Malamed, personal conmmunica-
tion) purity, permits separation in isotonic

medium, wimich is necessary to demonstmate

the full effect of ATP.

The specificity of the releasing effect by
mmucleotid!es iS relatively high. AMP, cyclic

3’,5’-AMP, ammd CTP were without effect.
Adenosine tetraphosphate (which is prob-

ably Imydrolyzed rapidly to ATP) and ADP

also causet! catecholamine release, altimougim

less than that caused by ATP. The effect of
ADP, which was small and! variable, may

well be due to the adenylate kinase ac-
tivit.y iim chromaffin granules (30). This
conjecture is strengthened by time evidlemmce

presetmted immthe following paper (35) that,

when an effect of ADP on cimromaffin gran-

ules is seen, it is delayed in onset and themm

resembles that of ATP.

The divalent metal ion requirements are

also relatively specific. Of the metals

testedl, only Mg and Mn were able to sup-
port ATP-evoked release of catechol-
amimmes. Ca, Sr, and Ba, all of which sup-

port acetylcholine-evoked release in situ,

were ineffective. This division of metal ion

requirements is similar to that found for
ATP-evoked mitochommd!rial commtraction

(40). In contrast to the divalent ions, there
was mmo difference betweemm the major phys-
iological monovalent cations, Na and K.

It is possii)le that the ATP-evoked release

of catecholamines has no monovalent Ca-
tiomm specificity, a phenomenon analogous
to ATP-inducecl mitochondrial commtraction

(40) and histamine release from mast cells

(41). Preliminary experiments suggest that

litlmiunm and cimolimme can substitute for Na

or K and furtimer stuc!ies will he necessary
to test this possibility.

ATP releases two otlmer major corn-
ponents of the chromaffin granule, ATP

and protein, wlmich are known to be re-

leased when time ad!relmal gland is stimulated

witim acetylcholine. Furthermore, the ratio
of eatecholamines : ATP : protein released in

vitro is comparable to the loss of these

substances from the intact adrenal medulla

stimulated with acetylcholine (12, 14). In

contrast, ATP caused no loss of cholesterol,

a component of the granule membrane.

There is also no increase in the efflux of
cholesterol (17) or loss of cellular content

of this lipid (18) when catecholamine secre-

tion from time adrenal gland is evoked with

acetylcholine.
Very little of time total pimosphate preseimt

in the chromaffin granules is present as in-

organic phosphate (P04)-most is present
as nucleotide phosphate-yet P04 accurnu-
lates in time incubation medium during cate-

cholamine release. Timis appearance of P04

reflects hydrolysis of ATP. It is known

that both exogenously added (32) and

endogenously released (33) ATP is d!e-

phosphorylated by isolated chromaffin gran-
ules. The splitting of ATP in different
media correlated with release of catechol-

amines.

The release of catecholamines by ATP
was inhibited by two known inhibitors of

ATPase, NEM and AMP. This fact, plus

the metal and nucleotide specificity, sug-
gests that the release of granule constit-

uents is a consequence of ATPase activity.

This view is supported by the correlation
between catecholamimme and P04 release.

The release of catecholamines (and other

granule constituents) from isolated chro-

maffin granules by ATP can be accom-

modated into a scheme for the physiological
release of catecimolamines in vivo by utiliz-
ing a concept for molecular events asso-

ciated with membrane depolarization die-

scribed by Abood (25) and by invoking

known properties of calcium ions. In this

vic�’ (25), the membrane is considered to

contain complexes of protein, phospholipid,

ATP, and Ca. On stimulation (neural or
chemical) the Ca and ATP are freed (42)

permmmitting hydrolysis of ATP and influx
of iomms with subsequent depolarization. Re-
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FIG. 9. A proposed model for release of catecholanlines from (lie adrenal medulla

The above scheme shows a 9roposed sequence of events in tile adrenal chromaffin cell during release
of catccholamines. The initial stimulus could be acetylcholine, KC1, or a host of other seiretogogue.s

which cause depolarization and calcium influx. For a full explanation see text.
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Polarization is associated witim repimos-
phorylation of ADP to ATP ammd binding
witim Ca in the membrane. A commsequence

of the liberatiomm of nmembrane Ca and ATP

(and influx of Ca) would be a temporary

localized increase in concentration of timese

substances in time vicinity of the plasma

membrane (25). A proposed model for the

molecular events associated with cateelmol-

amine secretion from the adremmal nmedulla

based on these commcepts is showtm in Fig. 9.

1. The plasma nmemmmbramme coimtaitms

(among other components) pimospimolipid

(PL), ATP, Ca, Mg, almd! proteitm wimicim imm

the scimeme of Ahood! is a Na + K acti-

vated ATPase (E . Time grammule nmemmmbmaime

cotmtaiims l)lmOsPimOliPid and a Mg-activate(i

ATPase (E2). Catecholamines are stored!

within the granule in a complex with ATP

and protein whiclm is weakly bound to the

granule menmbramme.

2. TJpomm stimulation, Ca is freed from

the plasma nmembramme (extracellular Ca
also etmters time cell) (7, 8), timus increasimmg

the local concentration of Ca which then

forms a link between ammionic groups (pos-

sibly PL) itm time plasma membrane and

timose in time nmembranes of chromaffin gran-

ules imm the vicinity of the plasma immern-

brane. The plasma nmemhramme ATP wimich

is also freed! uimotm stimulation can be acted

u�momm by time granule ATPase (E�� (or by
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l)l�tstmma immemmmi)ramme ATP�tse, 1 , ( . \Iove-
mnent of Na, K, aimd Ca diowim their electro-

eimemmmical gra(!ients takes Place while the

mernl)rane is imm its altered state.

3. TIme interactioim i�etwcen E2 aimc! ATP,

whicim causes imv(!rolysis of ATP, produces
some conforimmatiommal cimaimge in the grammule

nmeml)raimc ( see later cliscussioim ) wimich
breaks time weak boimds imolding the cate-

cimoiammmimme-ATP-protein coniplex to the

cimromaffin graimule Immenmi)rane. Timis l)em�mits

egress of these sul)stalmces at time area of

nmcreasedl immeimmbmamme permeability. It is
knowmm timat complexes of catecimolamines
witim ATP ammd proteiim in the grammules are
easily 1)moken, e.g., by imypotoimicity (2).

4. Restoratioim of the irmitial coimditioim
( repolarizat ioim ) immvolves resytmtlmesis of

ATP, 1el)indlnmg of Ca bi� time plasma mem-

i)ranc, amid returmm of time grammule mmmerni)rane

to its original state.

Timis sequeimce is aim attemmmpt to provide

a molecular dlescription of exocytosis. It

fits immany of time facts kmmowmm aI)out time me-

lease of catecimolanmimmes fromim time adrenal
mimedulla

a. Catecimoiammmnme release in vivo is de-

pendlelmt on extracellular Ca (9, 11)
1!). Cateclmolammmine release in vivo is

1)locke(l by immlmiiiitoms of ATP syntimesis

43) amid of ATPase (unpublished obser-

vat motis

(‘atechol:ti I 1ii( reI(as( iii. vitro is dIe-

peiident on Mg, a good cofactor for granule
AT Pase (32), 1nmt mmot 01) Ca, a 1)001 eo-

t:tetoi for granule ATPase (32) . Time Mg-

:t(tiV:tte(l ATPttse iii gritmmules is probably
lifleieii(. I oum I he (‘a-activated emmzvmime

34)

1. the ‘9.tIIlllt m)melllhmaIR al)h)(ars to be

metaiiietl jim time cell as nit intact structume
it tel (ttt((l)OlaI)IiiIe meltase (1619).

(. It. iS k 1)OWII that cimiomimallin granules

I ave a mmcl mmmgal ye (imalge at pimysiologi-

I iiit and I limit (‘a eamm cause aggmegatiomm
if 11 a getti mitlis by eoImil)immimmg with aimiommic

t�l�0t1J)S, Wluil( �\1 g is IlUldil less active (22)

\ Iomeo�ei, ( � �v1 11(11 l )emmluits release of t Ime
iuimteimts of 5(11(101 graimules fiommi letmkd)-

cttijim-tiiat (‘(I lelIkO(\l (S, Immis 1)((Im siio�vim

to (�tLI�( atl:moiIIlteImt of t1i(�( LPmilitllos to

1 he plmNIli:L IIm(1Iml)1:tma ) 44)

f. Release of cateclmolamimiimes in. vitro is

blocked by inimihitoms of time granule Mg-
activated ATPase.

Time interestiimg fimmding tlmat extragranu-
lar ATP releases granule ATP permmmits time

speculation of a positive feedlback system,

as has beemm i)rOPOSed for time action of
ADP released fronm platelets duriimg agglu-

timmation (45) , itm wimich the released ATP

may act in turn on time granule memimbrane

to ammmplify time effects of time initially re-
leased! ATP.

\Vork in other fields also l)t’o\’idles R �0S-

sible explaimation for the mmmode of action of
ATP in altering time cimroimmaffin granule

membramme. One cxaimmple is in time action

of ATP in �)ro(hmcing nmitoclmommdrial con-

tractioim ( 36) . Simmee an actomyosin-like
proteiim, wimidh commtmacts in response to

ATP, imas been extracted front nmitocimon-

dna (46) , a truly commtractile event imm

nmitocimondmial “contraction” imas been pro-

posed (46). It is immterestimmg that mito-

chondrial coimtmaction (a) is induced by
ATP (36), (b) reqimires Mg or Mn but not

Ca (40), amid! (c) is inimihited by sucrose

(40). All these commditions parallel the ef-

fects of ATP on release of catechoiarnines

frommm isolated cimrommmaffin grammules.

Time remmmarkahle pamallels in vivo be-

tween excitation-commtraction coupling in

i tiusele amm(l st itimulation-secretion coupling

in the admeimal iimedimlla Imave been coim-

iimemmted on liteviously (9-11) . Time parallels

desemilall Imeme hetweemm melease of cate-

cholanmimmes in. vitro fiomim clmrommmffltm genii-
ules and (otmtmaotioiii in vitro of rnitoelmomm-

(lria (for coiimpaiisomm to actonmyosin, see

47) suggest timat time giammule immembrane

ATPase may fummetiomm as a meclmatioeimemmmi-

cal tittimS(lll(el---a PIetmolmmetmon ascribe(I to

time mmmit oel 1011(1 i :11 immet 11watme (48) . �fImis

�mossi I mmlily is pmesel mliv it! ohm 1mmvest igatiomm

imm 0(11 laboiatorv.

N ((‘tV1.K1)( \t EN IS

\\e ��t�Ii to) L(ktiii\\l(iIg( I 1i( slti)!)((lt tmmii (Ii-

iiiitt:getiiemmt �if I )r. W’. W. I)omighms and Ilie

0 el iii .� 1 ossist (11(0 of Mr. A . lion mo!. �It ppott ed

h� L5.P.I1.�. gIants 5T1-( M-65-o9, 5K3-CM-

25301. nI 5110l-NR-04006.
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