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surun MARY

The efflux of ‘4C-epimsepismimne frons isolated bovine adrenal medullary granules was deter-
mined in order to study tine storage and distribution of newly incorporated amines. After the
gmanuules had beeni labeled, tine effiux of endogenous and ‘4C-epinephnine was measured for 1

hr at 37#{176}.TIne efflux of t4C-epinuepiunine was bipisasic : a period of fast efflux (25 % of the ‘4C-
epineplurine, 11/2 5 nun) was followed by a period of slow efflux (75 %, 11/2 = 2-3 hr). There
appeared to be nuo excisansge of ‘4C-epinephninse between the two efflux pools, suggesting that

thsese migint represent two populations of granules. By appropriate treatment, each pool
coisld be preferentially loaded with ‘4C-epinepinninse without altering its t112 . The presence of
meserpine (50 j.nrum)or N-ethnylnsaleimide (150 �urun), during loading, the absence of ATP and

MgC12 , and the use of higher epinephnine concentrationss or shorter incubation times all
inucreased tue pencenntmuge of catecholamine ins the rapidly releasing pool and decreased its

proportions ins tine slowly releasing pool. Tine net uptake of epinephnine was reduced in both
pools winens ATP-Mg2�-stimulated amine uptake was blocked. These observations suggest

that epinuepisnine is takens up into two pooLs, onue maying a slower release rate than the other, a
greater clepenudence on ATP-Mg2�-stinsulated uptake, and a greater storage capacity. The

effluxes of 3H-octopamine ansd 3H-metnuraminol were biphasic, but differed from ‘4C-epineph-
ritue ins distributions and in the isaif-hife of tine slow phase: 32 % of tine 3H-octopamine was
released withs (1/2 = 5 mm, mind 68% with t112 = 50 mm; 64% of the 3H-metaraminol was
relenu.sed uvitin � 6 mimi, mind 36 % withs � = 37 nsm�.

INTRODUCTION

Cat echiolamimses cams be takens up anud con-

cemstmmuted in adrenal medullary gramuules by

ann ATP-Mg2�-depenudenst mechansism (1, 2);
reserpinse blocks this uptake. Metamaminol,
hnowever, is taken up by tin ATP�Mg2+�in�
depemsdennt mecluanism, winich is insensitive
to reserpinse (3, 4). Tinus, two different prod-
eases are innplicnuted ins aminue uptake.
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Based on studies of tue distribution of
catechsolamines anud ATP ins subcellular frac-

tions of adrenal homogemsates, Hillarp (5)

proposed the existence of two pools for cate-
cholamine storage: a large stone of amines,

associated with granules of hugh density and
high stability, amid a smaller store, bound

less stably to granules of lower density.

Lishnajko (6) demonstrated in sheep medul-
larv granules that nsorepinephnine was re-

leased at a more rapid insitial rate than

epinepinnine, agains suggesting the existence

of two different amirue storage pools.

In tine present study, the relationships

between the dual-uptake and two-pool con-
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cepts are examimsed by kinsetic analysis of thse
effiux of nnewl� inscorpommited numinses ins bovinse
adrenimul tuuedullarv grmumntnles.

�IETHOD5

Preparation of stora�’je resides. Bovimse ad-
remsal glaIs(ls from freshly killed aninsals were

obtaimned at a local slaugistemhouse and were
kept 011 ice umstil utilized (about 45 mimi). All
steps were performed at 0-2#{176}.Fat mind cois-

nective tissue were removed, and tine cortex
was stripped. Tlse nuedullnue were wnushsed inn
0.3 runsucrose (pH 7.0), blotted dry, weigined,
and isonsogenized in an all-glass muppmuratus
in 10 volumes of 0.3 run sucrose. Tue isonso-
gensate was centrifuged at 750 X i/ for 10

mini to remove emytisrocytes, nuclei, cell frag-
ments, amid other large particles. Tine super-
muatamut fractions was centrifuged at 26,000 X
(J for 20 mims ; tine suj)emnunutanut solutions wmus

disdarded, anid fat was wiped from tise sides
of tine centrifuge tube. Lighter particles
lyinug 011 top of the pellet were removed by

genutly swirlinsg twice with 5 ml of 0.3 �
sucrose. Tise pellet wmus nesuspemndecl by

isomogemuization (Teflons-glass) in onse-isalf
tine originnal volume of sucrose ansd was cenu-
trifuged at 26,000 X y for 10 mins. The

supemmsatmtnst fluid n�’as discarded, ansd tine

pellet was resuspensded by hsomogemuizat ion
(Teflons-glass) in onse-tensth the oniginual vol-
ume of 0.�1 runsucrose, constaininug 25 mrun Tris,

PH 7.0 (sucrose-Tnis). This suspennsion con-
tainss 455 ± 33 (SE) �.ug of catechnolaminse
(as epinsephsninse) pen milliliter of suspemssioms.

Labeling of granules wit/n radioactive
ant ines. Four milliliters of granule suspemssions
were used ins eachs inscubation. Unless otiser-
wise imsdicated, 0.5 ml of a solutions constains-

ing 50 mrun ATP and 50 mrun MgCl2 was added.
Other agensts, wisemi added, were presemnt at

the following fimsal conscenut rat ions: l-epimseph-

nine, ensdogenous levels or 5 mrun, as inudicmuted;
dl-epimsepinrinue-i-t4C, 1 ,�Ci/nsl; dl-epinepiu-

rine-7-3H, 20 �Ciml; (ll-octopmtnsinne, 0.1
mrun; (/l-octoptuminse-2-3H, 20 �sCi/ml; 1-me-
taramimnol, 0.1 mm; ei/-metanmumimsoh-i-3H, 20

j�Ci/nsl; tymaminse, 0.1 mM; umsifommly la-

beled tyrmumine-3H 20 �Ci/ml; neserpinne, 50

j�rum; amid N-ethnyimaleimide, 150 �run. All

drugs were dissolved ins 0.3 run sucrose, tumid

tine pH � adjusted to 7. The fimual volumes
of tine inucubations mixtures were adjusted to

5 mnnl witin sucrose-Tnis. \Vhuens mno nudditionsal

epinnepinninse was mudded, tine extemntil cate-

cisolmumine conncenstrations (tus epinnepinrimne)

wmus 0.22 ± 0.03 (SE) mrun.
Tine samples were inscubated for 20 nuns at

:30#{176},chuilled ins ice, and centrifuged at

26,000 X ij for 10 mimi. Winens N-etisylmmuhei-
mide was used, tine grarsules were inncubated

withu N-etinvlmmuleimide nut 30#{176}for 15 mimi ims
sucrose-Tris before mmiv otinen tugennts were

mudded;2 tine trenutnnenst thuereafter � idensti-
cal. Thue supemnuatanst sohutionss were snuved

for determimsations of mntdioactivity minsd cate-
cluolaminses, annd tine pellets were mvashsed by

nesuspemisiomi (Teflons-to-glass hnomogemsiza-

tions) in ice-cold 0.3 run sucrose. After censtni-
fugatiomu at 26,000 X q for 10 mims, tine wasiu

was discntrded, minnd tine pellet was nesus-

pensded by iuomogensizat ions (Teflomn -to-glass)
in 4 ml of sucnose-Tnis tund used for studies of

efflux.

Efflux. Labeled granule auspemnsioms (0.2
ml) was added to each of 15 tubes conutaimsimug

0.8 ml of sucrose-Tnis. Tine tubes were placed
ins a water baths at 37#{176}amid imucubnuted without
shaking. Tiuinty seconds were allowed to

warm the tubes to 37#{176};one tube m�’as withs-
drawn at cads of tine folhowimng times there-
after: 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, nund 60 mini. To stop tine effiux,

2 nul of ice-cold 0.3 mm sucrose were added,
amsd tise samples were cemstnifuged at
26,000 X ii for 5 mini. Tine supemnatant fmmuc-

tion was saved for radioactivity and cate-
cisolamimne deterrninationus; thse pellet was

resuspenuded in 3 ml of distilled water anud

shakens vigorously to 13-se tise granules. Tune
l�sed I)mepntrat ions was censtnifuged at
26,000 X q for 5 mm, ansd tine supemnatannt
fluid was saved for radioactivity and cate-

cholmuminne determinations.
Dopam me f3-li ydroxylase (EC I .14 .2.1) Ac-

tivity. Assays of supennatannt amid lysed frac-

tions were performed ims tue uiresence of 10

�rum p-isydroxymemcunibenszoate to insactivate

emsdogenous insisibitors (7). Tine reaction mix-
tures cont aimsed potassium phsosphuat e buffer
(140 mrum), sodium ascombate (1 mmm), sodium
fumarate (60 mrum), ATP (5 nurum), tyramimse
Isydrocisloride (10 �.s5I), tranuylcyprominse (0.5

2 Fifteemi-nsimiute incubmutiomi of the granules did

not in itself alter the uptake amid efilux of amities.
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nsmn), ctutmihmuse (9600 unnits), 3H-tymnumine

(100 .�Ci), amid 0.3 ml of supernuatmumut or
lystute ins mufinnal volume of I nsl. All solutionss
were at j)H 5.7. After 20 mins of inscubat ion

nut 37#{176}witlu shnakinng, tine reactiomi � stopped
with 1 nil of 7 % perchloric acid. Tine samples
were cenntnifuged nut 26,000 X g for 10 mimi,

munsd 1 ml of emucin solutions wnus assayed for tine

3H-octopaminse formed (8) . Glycerol instenud
of XaHSO3 was issed to stop tue peniodate
reactions.

Catecli olam me (leterin inations. Umslabeled
cmttechsolnuminnes (mis nnicrograms of epinephu-

rinse) were determimned as described pre-

viously (9) ; purifications by alumina adsonp-

tiomu wmis nnot performed.
Radioactive aminses were determined by

misixinng mu 1-nsl aliquot witin 10 ml of a 2:1
nnixtune of toluene am�d Triton X-100 con-
tmuinninsg fluors (2 , 5-dipinensyloxazole anud 1 , 4-
bis[2-(5-phensyloxazolyl)]benuzene) . Tue sam-
plea were counted iii a Packard Tri-Carb
liquid scinstillmttion counter.

Uptake and e,fflu.x calculations. The uptnuke
of amimses was calculated using tine equation

U L(C
As

winere U = uptake, L0 = counts per minuute
ins the lysmute before the effiux study was

begun, C = conncemstrmutionn of amimse in tine
mediuns at tine completions of the labeling
pinase, and S = counts per minute ins the
medium dunimsg the labehinsg phuase.

Thne efflux is expressed as tine pencenstage of
labeled aminses nemainsimug inuside thue granules;
tine presence of aminses in the supermsatant at
zero time has to be takens into accoumst as
follows:

R - 100 [ b (a + b)
[b0/ (ao + b0)

wisere R = pencemitmuge n’emainiinug, a0 =

counts per minute in tine supemmsatant frac-
tions at zero time, b0 = counsts per minute iii

the lysate at zero time, amid a and b are tine
counts per minute ins tine supemnuatant frac-
tions anud lysate at time I, respectively. a and
b w-ere measured at eacin time poimst to mini-
mize pipetting errors. This equation was

used to determimse tise efflux of unlabeled

ansinues also; ins this case, a, , b, , a, and b

refer to microgrmums of cmutecinolmtminnes inn-

stenud of coumsts per minsute.

Statistical met/nods. All expenimensts were
repeated at least once; tine results were re-

producible. The data presennted are from
individual experiments. Tine results were
fitted to straight lines by tine method of least
squares (10).

Materials. ATP wmuS obtmuimued from P-L
Biochnemicals ; reserpinne phnosphate (Serpasil)

was obtainned from Ciba Pharmaceutical
Company ; N-ethsylmaleimide was obtaimsed
from Sigma Cisemical Companny ; dl-epinephs-
nine-7-’4C (0.04 Ci/mmole ; radiochemical
purity > 99 %), dl-epinepisninne-7-3H (15 Ci/

mmole; radiochemical purity > 97 %), uni-
fonmly labeled 3H-tyramine (7.3 Ci/mmole;
radiocinemical purity > 97 Y�), (/l-metar-

aminol-7-3H (17 Ci/numole ; radiochemical
purity > 99 CA) and dl-octopamimse-2-3H (3
Ci/mmole ; radiochemical purity > 97 %)

were obtained from New Ennglannd Nuclear

Corporations; tyramimse lnydrocinlonide and

dl-octopamine inydrocinlonide were obtainned
from Calbiochem ; i-met armumi niol bitartrate

was obtained from Merck Sinamp and Dohme;
l-epinephnine bitartrate was obtained from
Winstisnop Laboratories.

RESULTS

Efflux of epinep/irine. A typical efflux
curve for ‘4C-epimuephniiie appears in Fig. 1.

A period of rapid effiux was followed by a

period of slow efflux. Graphuical aisalysis re-
vealed mu fit to an equations of the type

= in0e�t + in0�e�”

whuere in, is tiue percemutage of catecholamine
nemaimuing ins the granules at time t, n0 ansd
n0’ nepresenst the proportions remainsing at
zero time (n0 + in0’ = 100%), and k and k’

are the rate conustansts for disappearamsce of

amuse from tine grannuies. The parameters
were evaluated by (a) determimsing mu least-
squares linse to fit the data poimuts from 25 to
60 mm, (b) extrapolating this line to zero
time, (c) subtractinsg tine remaining data
poimuts from the extrapolated line, and (d)

determining a least-squares limse to fit tine
points derived innstep (c).

By thuis method, the data ins Fig. 1 could be

summarized as follows: 25% of the ‘4C-
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FIG. 2. Efflux of endogenomi.s epinephrine (E, 1
and soluble dopamine �3-hydroxylase (DBO, �)

f ronii adrenal ?,le(IullcxriJ gran ulei (logarith vi ic or(li -

nate).

The release of the ansimie wmus accompammied by

little or iso release of the emizvnse. The line was

fitted to the epinephrimme data by the method of

least squares.

Ins order to test wiuetiner tise fast efflux
phmise is a nemul pinensomenoms, nunsd nsot ans nurti-

fact resulting from damage to tise gnansules
from resuspemssioms prior to the determimnationu
of efflux, labeled granules were inucubated for

20 mimi at 37#{176}to allow tine fast efflux to occur.
Following cent nifugat ions , wtushn mug, amid me-

suspension of tue gnanuules, efflux was agaimn

determined. Omil� tine slow phuase of efflux
was observed, insdicating thnat tise fast phase

was not a result of tine nuetisod of prepmurnu-
tion.

To determine w-hethser tine rapidly rehemused

pool nepnesensts a precursor pooi for tine
stably bounsd epinsepisrinse, mini attempt �s-as
made to cisase the epinuepinrine from onue j)ooh

to tine otiner. Labeled grannules were wasined
ansd centrifuged to fomnu mu isard pellet numud
were inscubated at 0#{176}annd 37#{176}for 20 mimu
unsder a solutions conntaimsinng sucnose-Tris,
ATP, and MgCl2 . Tine supermuatant fluid was
removed, ansd tine grmunules were wasined amid
resuspensded; effiux was tisenu measured in tine

usual manner. The efflux from granules

treated in this mannier was idenstical with tine
efflux from gramnules winich were msot pre-

viously imicubated. No reduction was ob-

served ins tine size of eithner pool or in the mag-
mnitudes of tinenate comsstnumsts,suggestimng tinat

the two pools are indepenndemst of each otiser.

Effect of temperature, A TP�1Ig2+, and ne-

serpine On efflux. Tine efflux of ‘4C-epimsephs-

mimic ansd emndogenous epinseplininse w-as tens-

perature-depensdent (Table 1). At 00 essen-

(0 20 30 40 �0 60

TIME - MIN

Ftn. 1. E.lThnx of t4C-epinephrine from labeled

storage resids.

U, experimemntal values; - - -, final slope (deter-

mnsimsed by least-squares analysis) extrapolated to

zero time; �, difference hetweemi experimental

values amid extrapolated himie; --‘ , least-squares

fit of differemice poimsts; ----, theoretical efilux
c urve frons two-compartnuent mmnodel . Parameters

of efilux: � witis ti’� = 4.7 mm; 753(� with

ti/i = 117 niimi.

epimseplurinse is released with mu hsmulf-time of

4.7 mini, tumid 75 % is released with a half -time

of 1 17 mini. The values of tuiese pammumet era

varied from preparations to preparations (10-
30% withs t12 = 3-6 mini, 70-90% mvithi /112 =

110-180 nsmmu) ; tisus, tine determinations of ann
epinepiuminse constrol curve was required for

eacin expem’imemut.
Tine efflux of unnlabeled epinsepinninne con-

nesponsds to tine efflux of tine ensdogenous
compounid, sinscetineamount takems up durimsg

labelimug is nseghigible. Thus release followed an
equations of the type

in, =

wisicis imidicates a nuonsopisnusic efflux (Fig. 2).
Tine inalf-tinse for tine disappearamnce of endog-
ensous catecisolnumimse from the granules was

similar to that of tine slouv phiase of t4C-
epinephnimue effiux. No dopamine fl-lsydrox-

ylase was released alonsg with endogenous

epinsepinninne.
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0#{176} 0

300 15 6.1

37#{176} 24 5.3

m4C-Epinephrine

Efflux conditions

Coat rol

Jieserpi mse

ATP-MgC12
ATP-MgCl2 +

reserpi tie

Pool It,size

“in

24 4.8

20 4.6

23

Pool
size

76

80

112 for

endo-
genous
epine-
phrine

“in

215

226

1033

It/2

“in

148

178

453

23
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TABLE 1

Influence of temperature on epinephrine efflux

The epitiephrine concemit ratiomi during labeli mig

was 0.22 mmmi. Efliux was studied inn siscrose-Tris for
1 hr. Pool sizes are reported its terms of the per-

cemstage of total radioactive anuimse contained its

the vesicles. The efflux of emidogemsoums epimsephrimme

is nnomnophasic.

‘tC-Epinephrine
Efilux

temper- Pool Pool
ature size I� 2 size t� 2

ti� for
endogen-

ous
epine-
phrine

:� mm mis

10) 877 1600

85 151 260

76 133 148

Tum,n�E 2

Influence of 5 tin mi A ‘I’P, 5 tint! .‘hIq(?l2 , and 0.01 nimi

reserpine on epinephrine efflux

The epi miephrine comicent rat iomi dun mig labehi mug

was 0.22 unit. EffluLx was studied for 1 hr at 37#{176}its

sucrose-Tris comit aining the i midictuted agemsts. Pool

sizes are reported its terms of the percemstage of

total radioactive ansimie comitaimied imi the vesicles.

The effiux (If emidogemmomns epimsephrine is mono-

phasic.

f.� Ii

3.2 77 160 258

tiahly no efflux occurred; at 30#{176}tine efflux

rate was lower than at 370� The apparent
cisange in tine distributions of m4C-epinuephninse

witlu temperature is unsexplainued.

The addition of 5 mrun ATP-MgCh2 to tine
imscubatioms medium mad nso effect on the fast

efflux but imncreased tise inalf -time of the slow
efflux substantially; the latter effect could
be blocked by tineinsclusiomiof 10 �mm neserpine

(Table 2). Reserpimne mulomne produced iuo
cinanuge in tine efflux of eithser t4C..labeled or
emudogemnous epimnepinnimue.

Effect of labeling conditions on uptake and

e.fflux. Inn these studies, tine gnansules were
labeled in the presensce of various agemsts, amid

tine effiux was measured for 1 hr in sucrose-

Tnis in the absemnce of these agents. Witisout

tue further additions of epimsephninue, the cx-

temnsmul catecholaminne concenitnation during
loadinsg averaged 0.22 mrum. Imicreasinsg the
conncenstnationu to 5 mrun inncmeased tine per-
cenutage of t4C�epimuephrine ins the rapidly re-
hemused (“fast”) pool to 34 % from a comstrol
vmuiue of 22 % (Table 3) . The met uptake
inncneased by a factor of 6; tine uptake unto the

fast poo1 was increased 10-fold, while the

uptake imuto the slow pool was increased 5-
fold. Thus, the fast pool was more thams twice

as responsive to the inncnease in exogenous

aminnes as was the slow pool.

In tine absence of ATP-Mg2� or in tise
presemsce of N-etlnylmaleimide , the percent-
age of catecholaminse in the fast pool mi-as

44 % winen the gransules were labeled at 5 mrun
epinephnimne (Table 3). Uptake dropped by

50 % compared to gramsules labeled in the

j)nesensce of 5 mrun epinephnine with ATP-

Mg2� ; uptake into the fast pool was 2-3
times less sensitive to tine lack of ATP-Mg2�
on to the presence of N-ethylmaleimide than
was uptake into the slow pooi (Table 3).

Reserpine reduced uptake by about 60%

at the higher epinephsnine comncentnation, mind
90 % at the lower epimsephnine conscentration
(Table 3).3 In the presemnce of reserpinne,
about 60 % of the radioactive 54C-epinephnine
inncorporated into the granules was stored in

thse fast poo1 at either epinephnine concentra-

tionn.
Hensce, although tine percenstage in the fast

pool ni-as increased by the absence of ATP-
Mg2� or by the presemuce of N-ethylmalei-
mide or nesenpine, the net uptake of epineph-
rinse was decreased inn both poois. The per-
centage in the fast pooi imucreased because the
uptake into the slow pool decreased to a
greater extenst thars did tine uptake into the

fast pool. There was muo chanuge in the half-
time of disappearance from either compart-
memut, regardless of treatment (Table 3).

�H-Epinephrine was used at the lower

epi miephri ne comucemit rat moms, because the high

specific activity emiabled measurememits to be made

despite a 10-fold decrease ins uptake in the reser�
pimse-treated granules.



Labeling
incubation time

Pflifl

5
10

20

Pool
size

41

34

27

I, I,

“‘in

4.7

4.5

5.0

Pool
size

59

66

73

/1/2 for
endo-

genous
epine-
t)hrine

‘“in

129

148

152

11/2

nun

129

125

114

Total
ut)takea

0.5

1.2

2.5
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TuILF: 3

Influence of labeling conditions on epinephrine e.fflux: effects of epinephrine concentration, A TP-.TIgC1,

(5 �nii), N-ethylmaleimide (0.15 mv), and reserpine (0.05 Fl?)!)

Efflmmx was stmmdied its sucrose-Tris for 1 hr at 37#{176}.Pool sizes are reported imi terms of the percemitage

of total radioactive amimie contained in the vesiches. The efflunx of endogemnomns epimiephrine is monophasic.

Uptake conditions
‘4C-Epi nephrine

--

lt2

lt2 for en-

- dogenous
epinephrine

i�
� a

UI) a e
Pool size 113 Pool size

% Olin % ?�lifl Olin

0.22 fliM epimsephrine + ATP-MgCl2 22 4.0 78 131 175 3.1

5 mM epinephrimue + ATP-MgC12 34 4.2 66 141 191 19.6

5 mM epimiephrine 44 3.8 56 139 145 10.1

5 mmmi epimnephrimne + ATP-MgCl2 + 44 4.1 56 158 142 10.1

N-ethylnsaleimide
5 ns� eI)inephrine + ATP-MgCl2 + re- 60 4.2 40 131 182 8.4

serpi tie

0.22 nsM epinephrine” + ATP-MgC13 +

reserpitse 58 4.1 42 141 172 0.3

#{176}Nanomoles taken up in 20 nsin per amount of granules constaimsing 100 �ig of cat echolansine.
u 3U-Epinephrimse.

Effect of labeling time on uptake and efflux.

The relationuship betweemn efflux and the
period of incubation during labeling was
determining. Tine shorten the period of label-
ing, tine greaten was tine percentage found ins
fast pool (Table 4). With a 20-mm inscuba-

tion, 27 % was comntained in the fast pool;
with a 5-mm inucubation, this amounted to
42 %. Net uptake during tisis time period
was fairly linear, although uptake into the

fast compartment appeared to level off after
20 mm.

Uptake and efflwc of 3H-octopanm itne, 3H-
nietaram inoi, and 3H-lyramine. The uptake
anud effiux of octopaminue, metanamimsol, amid

tyramine were studied ; the conucentration of
each during loading was 0.1 mrun. Efflux was

measured at 0#{176}and 37#{176}.Witis nuone of tine

aminues w-as there sigmnificant efflux at 0#{176}.At

37#{176}the effiuxes of all thunee were bipinasic.

The distnibutionis of octopamine amid metar-
aminol differed from tinat of epinepinnine
(Table 5) . A much larger proportion was

found in the fast pooi. While thue half-times
of tine fast pool for epinephumimue, octopamine,
and metaraminsol were identical, octop-
amuse anud metanaminol were released much
more rapidly from tine slow pool tisamu was
epinsephnmine.

The uptakes of octopamine aisd nuetar-
amimsol into the fast I)00l mu-crc iuiginer thanu

TABLE 4

Influence of labeling conditions on epinephrine

efflux: labeling incubation time

The epimsephrine conceist ration during ltubehing

was 0.22 mM. Efflux was studied its sucrose-Tris for

1 hr at 37#{176}.Pool sizes are reported imn terms of the

percent age of total radioac I ive ansi tie conit ai ned

its the vesicles. The efflux of emidogemnous epimneph-

mine is momiophasic.

“C-Epinephrine

(A Natsomoles takems up in 20 nun per amounst of

granules contaimsing 100 .ug of catecholamine.

that of epinsephrine; tine uptakes into tine
slow pool and tine muet uptakes were lower

thann those of epimsephrinue. Tine effiux of
endogenous epinepinnine was unaffected by
eitiner amimie. It should be noted tiuat endog-
enous levels of epinsepinninne (0.1 mrun) were

present in tine medium dunimug the htubelinsg of
the granules with other amines.

Tine determination of tine uptake timid

efflux cinaract erist ics of 3H-tynamine was



Amine 0.1 mM)

Epimiephrine
Octopamimne
?slet aransimnol

Tyransi tie5

Pool
size

10

32

64
52

Pool
size

nun j

5.0� 90

5.2: 68

5.8� 36

5.2� 48

1i/�

“‘in

171

49.9

37.3

43.1

11/2 for
endo-

genous
epine-
phrine

�nin

155

172

155

152

Uptake’

6.3

3.0
2.4

8.2
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TABLE 5

Ejilux of tritiated epincpbrine, octopainine,

,netara,ninol, an(l lyrannine

The epi miephrine concent rat tots dun ing labelimig

was 0.1 mM. Elliux was studied its sucrose-Tris for

1 hr at 37#{176}.Pool sizes are reported its terms of the

percemitage of total radioactive aminse comstaimied

iii tine vesicles. The efflux of endogenous epineph-

rinse is monophasic.

‘A Nanonuoles taken up in 20 asia per amount of

granules containi ng 100 �ig of cat echolamine.
b Sixty per cent of the tyrmumimie was converted

to octopamine.

complicated by tine conversion of tynamine
to octopamine by dopamine $-hydroxylase
present ins the granules. About 60 % of the
tyraminse taken up was converted to octop-
amine before the measurement of efflux

begans. The radioactivity was distributed

evenly between the two pools (Table 5). The
half-tinne for disappearance and the uptake
of radioactivity into tine slow pool were inter-
mediate between those of octopamine and

metanaminoi, winile the isalf-time for the fast
pool was the same as that of the other

amimses. The majority of tnitium label in the
fast pooi was associated with tyramine,
while tise majority in the slow pool was asso-
ciated with octopamine. It seems likely,
therefore, that tyramine is distributed in a
mansnser more like metaraminol than like
octopamine. Tine uptake of tnitium label

indicated a greater net uptake for tyramine
tinan for epinephnine; tise fast pool accumu-
lated 6 times as mucin radioactivity as it did
for epinephnine, while the amount taken up
into the slow pool us-as lower than for
epinephininne.

DISCUSSION

Tine gramnule preparations used in these

studies is not completely pure, and is con-

taminnated witin mitochuonudnimu. However, the
presence of a monoamimne oxidase inhibitor
(iproniazid) did not alter tine uptake or efflux
of amines, indicating tinat deaminated
metabolites resulting from mitochnondnial

contaminations are unimportant ims these
determinationns. It should also be nnoted that
metamaminsol, which is not a substrate for
monoaminie oxidase, is distributed primarily
into the fast pool, suggesting that this pool
does not represent acid metabolites.

The efflux of newly incorporated ‘4C-

epimnephninse was biphasic, suggesting that
epinsephnine is stored in tuvo pools. One pool,

containing about one-fourth of the 14C-

epinephnine, released the amine with a 11/2 of
5 mimi at 37#{176}.The other pool, containing
three-fourths of the ‘4C-epinephnine, released
it witin a t112 of 2-3 hr.

The release of endogenous stores of epi-
nepinnimne was monophasic and occurred at a
slightly lower nate thsan that of the larger of

the ‘4C-epinephnine pools. The lower release

rate for enndogenous stores suggests that
equilibrations of the newly incorporated epi-
nsephnine with endogenous amines was not

completed during the 20-mm period of
labelinsg. The fast efflux phase for endog-

enous stores observed by Lishajko (6, 11) is
absent, because this pool is emptied during
the labeling period. In some experiments, the
efflux of endogenous amines was measured

during the labelinsg phase and was found to
be bipinasic.

The release of soluble dopamine fl-hydrox-
ylase may be takems as a measure of the

degree of lysis of granules during incubation
(12). Since little on no dopaminse $-hydrox-
ylase was released during the efflux of

epineplunine, tine effiux represents leakage
from intact granules, rather than release due
to lysis. Furthermore, since the efflux was

negligible at 0#{176},and since the granule mem-
brane is permeable to amines at this tem-

perature (13, 14), the epinephnine in both
pools must exist in a bound state. The rate
of effiux of ‘4C-epinephrine from the two

pools, therefore, is a measure of the stability

of the catecinolamine-binding complex in

each pool.

If tine two pools are in series, a net transfer

of amine from the fast pool to the slow pool
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should occur dunimsg tise imncubations of tine
labeled pellet. Sinsce tine half-time for tine
fast pool is 5 mins, about 85 % of tine annimse
iii the fast pool sisould enster tine slow pool
during tine 20-nnins period dunimsg wisicin tue
pellet was incubated. Tue two pools appear

to be independent of each other; thnere was

mo tramssfen of ‘4C-epinsepisninse from the fast.
pool to tue slow pool or vice versa. Therefore

the poois are inn parallel, nnot series.

Tine two pools do nsot. represent differemstimul

bimndimng of tine ci amid 1 forms of epimnepiuninse
to one type of bindimug site. The release of
eisdogenous l-aminnes is biphasic if the gran-
ules are msot imucubated to label tisemn witin
radioactive annimses (6, 11). Camissons annd co-
workers (15) huave sinowni thnat tiue uptake of
aminses unto tine gramnules is msot stereospecific,
annd ins additions the 1)0015 described ins the
pnesenst work differed from each otisen ins tine
cinaractenistics of uptake. Assumimng tisat amsy
stereospecific uptake mecinannism would favor

tine natural, i-isomer, amid assuming tinat

tinene is onuly omne pool witin different affinities
for the (1- anud /-isomers, onse would nnot expect

tine less stable, fast pool to contains more
tisams 50 % of tine radioactive amine. Tables 3
amid 5 insdicate cases ins whicin more tinan 50 %
was comitnuined in the fnust 1)001.

It seems likely tlnat. the two Pools reflect
tine existence of two populations of particles.

Botin pools have nuns ATP-Mg2�-dependent
uptake system as us-eli nus ann ATP�Mgl+�
indepensdemst system; the uptake into both
pools, tinerefore, is decreased by tine lack of
ATP-Mg2�, or by agemsts which block tinis
stimulmuted uptake, such as resenpine or N-

etinylmaleimide. Tine gransules nepresemuting

tine slow pool are mucin more dependenut on

stimulated uptake tinann those represenstinng

the fast pooh. Thus, whuens stimulated uptake
is blocked, tue proportion of aminue comn-
taimued ins tine fast pool is imscneased, altinough
the nset uptake ins botin pools is decreased.
Sinsce tine active uptake mechamsism cmuuses
saturatiomu nut low substrate levels (15), ans

increase ins exogensous aminse conucemut rmution

during habelinsg inscreases tine percentage of

14C-epinuephsnimse founsd inn tue fast pool. At

low substrate levels, the sbus- 1)001 will be

labeled preferentially. These conclusionss are

supported by the observations that ATP-

Mgi+ jfl the efflux mixture gremutiy lemngtinemns
tine inalf-life of epimneplsnimne ims tue slow pool
but does nnot cinannge tine efflux from thse fast
pool (Table 2). ATP-Mg2� stimulates tine
reuptake of epimnephnimne onuly into tine slow
pool during efflux, since tue extemnnal ansine

comncentrnution is buy, ansd thus uptake is

blocked by neserpine.
Because of tine disparity in tue stnubility of

binnding of epinephnimne ins tine two i)ools (as

reflected ins tineim efflux half-times), the mates

of equilibration duninsg labelinng will differ.
The fast pool will equilibrate rapidly, mind the

slouv Pool will equilibrmute siow-ly. Ion this

reason, anud becmiuse tine slow j)ool ismus a

greater storage capacity, tine bonnger tine gran-
ules mime exposed to ‘4C-epinuepinnine durimsg
lmubelimsg, tue greater is tine percenstmuge found

ins the more stable iool.

The structure-act ivitv relat ionsships for
tine blinding of amimnes were exnumimiecl. Octop-
ansinue us-as distributed insto tine fast 1)001 to a
gnemitem extent tisann epinsepisninse ons botln mini

absolute amid mu percemstmige basis, uvisile the
uptake into tine slow pooi was louver than
that of epimsephnnine. Tine stnubility of the

octopamine storage complex uvas equal to
that of e1)innephnilne inn tine fast pool, but was
markedly lower ins tine show pool. Hence, both
ring inydroxyl groups constnibute to tine up-

take munsd storage by the slous pool. The
uptmuke and the stability of tine storage com-

plex in tine slow iooi were furtinen decreased
if metaraminsol was substituted for ej)imneph-
nine, suggesting tinat side chains modifiemut ions
also alter uptake amid storage ins tisis conspart-
ment . Tine stabiiity of storage of metar-
numinol un the fast 1)001 u�as equnul to tisnut of

epinephunimne, but tine net uptake of metar-
mumimsol was higher. Tine slow pooh, therefore,
inas more rigid structural nequirememits for
uptake and storage thanu does thue fast 1)001.
The qualitative differenices betweenn tine two

pools mire summarized in Table 6.

Tine uptake of tyrannine was complicated

by tine conversiomu of 60 % of tine substansce to
octopamimse. The total uptake of tyransine
was iniginen tisan tismut of epinephsnimne, even

tinougis the uptmuke insto tine slow pool was

lower. Tine relatively large tnnnounnt of

tyrmumine ins the fast. poo1 suggests tinat a
�-isydmoxyl group is nsot nnecessary for uptmuke



Low

Low

Low

Low

Fast

High

Low High
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TABLE 6

Differences between amine storage pools

Characteristic Fast pool Slow pool

Catecholamine capacity

Stabi ii ty of storage coniplex

Depemidetice oti stimulated

uptake
Sensitivity to reserpimse amid

N-ct hvlnnaleimide

itate of equilibration with

exogenous amines

Upttuke of nsetaraminol

Effect of structural chamige
of amine on rate of effiux

annd storage imsto tinis pool. The study of
Musaccinio and co-workers (16), in which a
variety of pisenyletisylaminne derivatives
were adnuinistered to amnimals, indicates that
both the catecinol annd $-hydnoxyl groups are
impomtanst for efficiency of binidimng ins nerve

vesicles.

Tine relatively loss- uptakes of octopamine

and metaraminol into the slow pooi suggest

that tisese amines might conspete for a com-
mois uptake system with the exogemsous
epinnepinrine present. during the labeling of

the granules. Since the slow- pool exhibits
greater structural specificity for uptake thams

does the fast poo1, epinephnniise will reduce

the uptakes of octopaminne annd metaraminol
into tine slow pool but nsot imsto the fast pool.

Previous work by Hillarp (5) suggested the
existensce of two pools for the storage of
amines; the two pools differed in the deissity

of the storage granules and imi tine stability of
amine storage. Lishajko (11) proposed the

existennce of two storage pools in the heavy

granule fraction; the two pools differed in

the idemst.ity of the amimse stoned, the rate of

release of tine amine, amid the osmotic pres-

sure inside the granule. The two-pool system

described in tine present study differs from

that of Hilianp (5) in that it innvolves the

heavy granule fractions omsly. While Lishajko

(11) proposed a system w-itis segregation of

different amines in the two pools, both poois
described iii the present study were able to

_____ take up epinephnine. The rapid imnitial efflux

High of catecholamine, which Lishajko ascribed to
High lysis of the granules, can be demonstrated in

the absence of lysis with newly imicorporated

High amines. In addition, Lishajko demonstrated

that tine rapid release of endogennous amines
High could be reduced if the efflux occurred in

hypentonsic (0.5 sn) sucrose. In the present
Slow study, no cinange in the rate of release of
Low ‘4C-epinephrine was observed in hypertonic

solutiomis.
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