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SUM MA Hi�

The hiphasic nature of time efflux of amities from isolated adretial storage vesicles suggests

that there are two storage pools. The uptake, storage, and distribution of 11 amities were
determined to elucidate the structural specificity of time uptake mechanism amid storage
system in each P00!. The half-times for efflux of newly incorporated amines from the two
poois were 5 miii (“fast pool”) and 0.5-3 him’ (“slow 1)001”). Both pools were located in the

heavy vesicle fraction, as demonstrated by density gradient cent rifugation of vesicles la-
beled with ‘4C-epinephrine (a slow pool seeker) amid 3H-metaramimiol (a fast pool seeker).
The following moieties increased fast 1)001 ul)take �viien substituted on the basic fl-phenl-
ethylamine structure: p-hydroxyl, n�-methoxy, and a-methyl. Slow pool uptake was in-
creased by p- and in-hvdroxvl substitution atid by replacement of the phenvl ring wit-h

5-hydroxyindole. �-Hydroxyl and catechol groups contributed to the st-ability of storage in
time slow pool, but not in the fast pool. Amimines which enter the slow pool were more de-
pendent on ATP�\lgi+�stimulated uptake (timid thierefor(’ more sensitive to blockade of up-

take by resenl)ine) than were amines which l)rimuarily enter the fast pool. Other amines in-

hibited the uptake of epiniephrine in hot hi pools, and the slow 1)001 uptake mechanism was

saturated at lower substrate concentrations. j3-Phenvlethylamine was not taken up into

either 1)001, but inhibited epinephrine incorporation, suggesting that the uptake process is
independent of time storage 1)roeess. Bindimmg of amities to chromogranins cannot account for

the storage of amines in either j)00l, hut mummy contribute to the specificity of binding in the
slow 1)001.

INTItoDUc’rIoN

Indepemideuil studies by Kirshmtier (1) timid
by Carlssomi timid co-workers (2) demoti-

strated time ability of isolm-ited cat eehiolamine

storage vesicles from time adrenal medulla to

incorporate cat echiolamines, Ut ilizimig an

ATP-Mg2�-st-imu1ated system. The stinmu-
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hat (‘(I uj)ta ke is blocked by reserpim me. Subse-

quent studies of met aranminol ul)take by
Lumidborg (3) and Lundborg and Stitzel (4)
revealed that there is a second mechanism of

amine uptake, which is not stimulated by

ATP and Mg2� and is not blocked by

reserpine.

Recent work front timis laboratory 1mm-is

demouistrated that there are at least two

pools for newly incorporated amines in the

storage vesicles (5). One pool had a high

turnover rate (‘‘fmist 1)001’’) and little de-

pendemmce on stimulated uptake (and was
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therefore relat iyelv imisensit ii’e t o reserpine

blockade) , tili(l it incorporat ed niet aranmmnol

to a greater extent than it incorporated
epiliel)hmrimie. Time second 1)001 had a low

turno�’er rate (“slow pool”) and consider-

able dependence Ofl stimulat ed uptake (and

was t-hierefore sensitive to reserpine), and it

incorporated epinel)hrilie to a greater extent.

than metaraminol . Chase (‘xl)erinment s in-

dicated that time two pools were not inter-

connected. These observations strongly sug-

gested time exist ence of two populations of
storage vesicles withn different uptake and
storage systems. The concept of popula-tiomis

of granules with differing capabilities for

a-mine storage has also beeni suggested by time

studies of Hillarp (6) and Lishajko (7).

Hillarp proposed a schmeme with a large store
of amines associated with granimles of hmigim

density armcl stability, amid a smaller store,
bound lessst ably to granulesof lower deimsity.

Lisimajko (7) denmonst rated a mnore rapid
initial release of norepinephmrine than of

epimiephirine, arid suggested that this differ-
ence in rates represented sequestration into

different vesicle populations.

Time current study was undertaken to ob-

tain additional information on time cimarac-

teristicsof the two pools. These investigations

include a study in detail of time relationships
among structure, uptake, distributiomi, amid
storage of amines iii isolated vesicles; exam-

ination of time ability of ATP and Mg2’ to

stimulate, timid of reserpine to inimibit, time

uptake of the various amines; determination

whether time uptake of epmephmrine into
either storage pool can be blocked with an

appropriate amine; and exanmination of the

binding of the am.imies to chronmograniims timid

its relation.shmip to storage specificity in the

two j)OOIS.

Time structures of time anmiumes studied

appear in Fig. 1.

M ETHOm)s

Pi’epai.ation of storage m’esiclcs. (‘titechiol-

anmine storage m�esicles were isolated by a

modification of time methmod of Kirslmner (1)

as previously described (5). The washed

vesicles were suspended imi a volunme of 0.3

M sumcrose and 25 nimi Tris (1)11 7) (sucrose-

Tris) equivalent to time original weight of

Compound
p- phenylethylamine

R1 R2 R3

H H H

R4 R5

H H

Tyramine OH H H H H

Octopamine OH H OH H H

Norepinephrine OH OH OH H H

Epinephrine OH OH OH H CH3

Isoproterenol OH OH OH H -C3H7

Normetanephrine OH OCH3OH H H

Amphetamine H H H CH3 H

Metaraminol H OH OH CH3 H

DORA OH OH H COOHH

Serotonin repioce rang H

WI?h�3�

H H

FIG. 1. Structures of amnines

adrenal medullae. Time firma! cmitecimola mine
concentration was 445 ± 35 �g/ml of sums-

pension (mean ± standard error).
Uptake studies. Each incubtition utilized

0.2 ml of vesicle suspension. Unless ot hierwise

indicated, 0.1 ml of 50 mmi ATP mind 50 mmt
MgCl2 was added. Other agents, when added,
were (final concentrations in parentheses)

l-epinephmrine (10-� mi), dl-epinephmrine-7-3H

(20 ,.iCi/ml), l-metararninol (10� si), dl-

metaraminol-7-3H (20 MCi/ml), tyraminme
(10-� �i), uniformly labeled tyramine-3H

(20 MCi/nil), fl-pimenyletimylamine (i0-�, 10-�,

or i0� mi), timid reserpine (3 X 10� si). All
drugs were dissolved mm 0.3 mt sucrose, amid time

pH was adjusted to 7. The final volunmes of
the incuhatiomi mixtures m���’e adjusted to 1

ml wit-hi sucrose-Tris. Time ext ravesicular
cat echmoltiminc concentration avertiged :35 ±
5 �i in time absence of added epinephrine.

Duplicate samples were incubated at 0#{176}
or 30#{176}for 20 mm. Uptake was stopped by

time addition of 2 ml of ice-cold 0.3 M sucrose

containming 2 mmr E1)TA (pH 7). Time samples

were centrifuged at 26,000 X ri for 10 miii;

the supernmitant fluid was analyzed for
radioactivity arid catechmolamines. The pellet
was wasimed with 3 ml of sucrose, centrifuged,
and resuspended in �3 ml of distilled mvat-er to

lyse time vesicles. Time lysed preparation was

centrifuged mis before, and time superna-tant
solution was analyzed for radioactivity and
cm-itechmolamines.
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Lube/my of t’esicles an(l .stmtiies of efIlu.t.

Eachi imicuhation mixture conttiined 4 ml of

vesicle suspeiision, to whmich � ad(Ied 0.5
nil of 30 mmmiiATP timid 50 mumi i\lgCi2. ()timer

agents, mvhieii added, Wet’(� (final conicetitra-

tions in parentheses) tyramimie (10� or 10�

si), utiiformly labeled tyrmimuine-3H (20

MCi/nil), l-nmetaramimiol (10� mi), dl-metar-
anminol-7-3H (20 MCi/mi), i-norepinepimrine

(10� �r), dl-norepimiephmrine-7-3H (20 MCi/mi),

dl-isoproterenol (10� mi), dl-isoprot erenol-

7-3H (20 MCi ml), dl-epinephmrine-7-3H

(20 MCi nil), di-miormetanephrme (10-� �i),

elI - normet anephirme - 7 - 3H (20 M(l/ ml),

(i-amphetamine (10� �t), uniformly labeled

(i-mtflipim(’ttimimie-3H (20 JhCi/ml), fl-phmenyl-
ethvlanmine (10-� �i), /3-�)imemiyletimylamine- 1-

‘4C (2 j.iCi ml), dl-dopa (3 ,4-dihydroxy-

pimenylmilanine) (10� m1), di-dopa-2-”C (2

MCi/rn!), serotonin (10-� mi), serotonin-2-’mC
(2 MCi/mi), mimic! reserpine (3 X 10� si). All
drugs were dissolved mi sucrose, mind time pH
was adjusted to 7. The final volumes of time

incuhatiomi mixtures were adj misted to 5 ml
with sucrose-Tris; time external catecimol-

amine concentration (as epuiephriiie)
averaged 104 ± 4 � Time uptake and sub-

sequent efflux of time amines were determined

as described previously (3).
Sucrose density gra(lient studies. Sucrose

density gracliemits were prepared using a
modificatiomi of time aj)pmiratUs described by
Aymid timid co-workers (8) to produce imyper-

bolic gradients. Sucrose (1 �i) was pumped
into a mixing chamber contt-uiniing 2.25 M

sucrose (13 mI-gradient) at a rate equal to
that at wimichi it was pumped out. The total

volunme of each gradient was 30 ml.

Vesicles were doubly labeled in the pres-

ence of l-nietmmrmiminol (10� m1), dl-nietmir-

mmnunOl-7-3H (1 MCI nil), l-epinephmrine (10�
si), timid (il-epmeplmrine-7-’4C (1 MCi/nm1) mis de-
scribed imi time pieceditig section, timid time up-

tmike and efilux of time two amities were

determined. Vesicle suspensioni (1 ml) �

layered on time gradient and centrifuged for
3 hr at 100,000 X q imi time SW 25.1 rotor of a

Beckmanm nmodel L-2 ultracentrifuge. Thie
tube was theum punctured and time solution

wmis allowed to draimi from time bottom; 0.Gnml

fractions were collected. To lyse time vesicles
2 ml of 7 % perehilorie micid were added to

each frmict-iomm, mm-nd time lysates were cent-ri-

fuged at 26,000 X g for 10 nmiui. r1�ii(a super-

nti t mutt solut ions \ver(’ ammmilvzed for rmidio-

mictivitv amid catecholanummes.
Isolation of’ clsi’oinoqraiiins. Tue meduliae

front 100 fresim bovine adrenal glmtncls were

homogenized in arm all-glass appmiratus itt 5

volunmes of ice-cold 0.3 mi sucrose (pH 7), amid

the storage vesicles were prepare(I as before.
The vesicles were lvsed in 5 volunmes of

distilled water, and insoluble mmtterial was

renmoyed by centrifugation at 26,000 X g

for 20 mimi. The supernmttammt solution was

lvophmilized timid resuspended imi 40 ml of dis-
tilled water, and catecholamimies and other

small nmolecules were removed by passing

time solution through mu Sepimadex G-25
colunmn as described by Smitim mind Kirshmmier

(9). The protein fraction was exhiaustiveiy

dialyzed against distilled water arid iyophil-
ized. After resuspension in distilled water,

time solution m�’as dialyzed overnighmt against
0.01 M 1)hmoSPimmmte buffer (pH G.7). Time

chmromogrmmins were separated from other

pm’oteinis by cimromatography ott 1)EAE-
cellulose as described previously (9); time
solution was exhaustively dialyzed! agaitmst

distilled water, lyophilized, resuspended,
and dialyzed against 0.3 M sucrose mind 25

m�t Tris (pH 7). Time final proteimi concert-

tratiomi (a.s determined by nmemisureniemmts of

absorbance at 280 tim) wmms 6.6 immgml.
Bzndinq of a-in ines to c/troinoqran ins.

Dialysis cells whim a 1-nil capmucity in each

chatuher were used. Omme milliliter of chro-
nnogranin solution (6.6 mg/nil imi sucrose-

Tris), comitmiining 0.1 MCi of radioactive

amine and various comicentrmitiomis of tint-
labeledi amine, was placed in omie cimmimber.
Th otlmer chamber \\��5 fihiedi with suem’ose-
Tris, arid time two solutions were stirred until
equilibrium mm.�s reached (about 24 hmr at 3#{176}).

Aliquots were withmdrawn fronm bothi sides of
time menmbrmimte for deternmimimitioum of radio-
activity. Time concentratiomms studied ranged

frommm 5 X 10� to 10� mt for epimmephirimme, timid
fronm 5 X 10� to 10� mi for’ othmer mimuimies.

Catcc/m olain inc determinations. U tilabeled

cat echmolarnines were det ernmimmed by t lie
trihivdlroxyinidole niethod (10); purificatiomm

by alumina adsorption wtis umot jmerformuetl.

Radioactive amines wet’e (let ermmmined miff er
mmmixing a- 1-mn! sminmple wit ii 10 mmii of mu 2: 1

mixture of toluemme atid Tu’itomi X-100 cout-
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tainmiumg 2 , .)-dii)iielmyloXtizol(’ ammtl 1 , 4-his[2-

(5- phmenyloxmmzolyl) jbemizene. TI me sanml)les
were coimmmted in mm Nuclear-Chicago nmark

III liquidi scintillation spectm’ommmetei’.

�ptake and efflux calculations. fime uptake

mind efflux of mmmmminmes were ctilcithut ed mis dc-

scm’ihedl previously (5).

Statistical methods. All (‘XI)et’itmm(�tit5 \Vd’t’C

repeat ed at least omice; time results were re-
producible. lhm(’ titit ti 1)t’(’s(’mtt (‘d are lm’om

iridlividual expem’imetits. 1)tita wem’e fitted to

st-raighmt- limmes hy time mmmethmod of least sdluares

(11).

_llatem’ials. .\11� \Vti5 Obtntmm(’(l fm’ommm P-L

Biochiemimicals; r’eserl)imle Piiosjhmttte (Ser’pmmsil)

fronm Cibmi Piitirtmmaeemnt ictil Conmpnmiv; m’tidio-

aCti\’e anminmes, tt’oni \ew Eumghmmmd Nuclear
Corporatiomi; /-epimmeph mn’inme bit mmrtmite, i-nor-

epiniepiirimu bitmirt-ate, amid di-miornmetammephi-

rine hmydroclmloride, from \\inthmrop Ltii)O1’ti-

tories; f3-piiemmylet-imyltimitme, dl-isoprot erenol

sulfate, d-ammmphmetammumme suiftit e, timid di-dol)a,

from Sigma Cimemictil Company; tyranmine
imydrochmiot’ide, di-octopminmine hmydlm’OChmlOi’idle,

amidi sem’otomumi cremmtinmnie phmospimmit e, tronm

Cmilhiociiem; timid /-metaramuinol hit art rate,

fm’om \lerck Shmmim’p & 1)ohmme. �.

RESULTS

1�]JJIu.m’ of newly incorporated aiim limes. Effl ax

curves for mie\V1V inicorpormited anmines were
tvl)iCmiilv bil)imtisie, eomisistimig of a rapid and a

slo\V comimpomienit. Two efflux curves, otie for

3H-epimiephmrine auid one for’ 3H-met ar’amnimmol,

appear in Fig. 2. Gm’mipiiicmil amimilysis of timese

curves inmdicmites ti fit to mimi (‘(lUiitiOlm of time

t’�pe

noc_At � it�oc_tt

wher’e nt is I lie P’n’cclmt muge remaining in i-he

vesicles at tinme t, n� and n’0 represemit time

percent-ages at zet’o tinme (no + n’0 = 100 %),
mimm(l l� mind k’ are time rmmtc const-ammis fom’ clis-

mippemiranmee of time amines fronm Ilie vesicles.
Thmus time data in Fig. 2 indicate timmit 22 %

of thi(’ labeled epimiel)hrine wmis r’elemLS(-’(l with
a hialf-t-inme of about 5 mini, audI 78 � wit hi a
hmalf-time of abourt 160 mimi; 75 ‘ of the

labeled rmmetaranmimmol \Vti5 1’(’l(’tisedl with a

imalf-tinie of aboimt 5 nmin, and 25 � wit ii a

hmmlf-time of mihout 42 nmimm. Time 1)001 xviI hi a

hmalf-life of 5 mimi is (lesigmitited time ‘‘fast’’

too -

50 E

20 -

a

MA

Ic� I I I I �t1 I
0 20 30 40 50 60

TIME (mm)

Fiu. 2. El/lox of 2H-epiiiephrine (E) (in(l

�H -nato rain inol (‘WA ) from labeted storage m’es ic/es

Each curve caui be resolved mu Iwo first -order

compoutermts : epiuiephrimie-25�, wit Ii 112 5 miii,

75’ with t112 = 160 mimi; metaraminol-75�� with

11-2 = 5 mi 25’ with 1112 = 42 mm.

pool, andi the 1)001 with time reltitively lommg
half-life, time ‘‘slow’’ pool. Metartiminol,

then, is distr’ibuted primarily into the fast

imool, while e1)inephim’inle is (list i’ihtit cdl pm’i-
mnarily into time slow 1)001. lime per’centtiges

timid hmalf-liyes viried fm’omim pm’(’ptmm’tmtion to

1)r’el)mit’atiorm, titus requiring that ant epinephm-
rine commtm’ol eum’ve be plotted whim each set of

(‘Xj)em’itmm(’mits. 1 nless othmer’wise imidicatedi,
thmen’e mvms no efilux of tmnmimmes at 00.

In till expem’imnents, time half-life of endlog-

genmous eateehmoltmmities wtis measum’ed an(l

was found to be sinmila-m’ to that- of time show

phase of newly incom’p( im’ated epinephmrmnme or’
niorepimm(’pimrimm(’ (5).

Sucrose (lensitif qIadicnt studies. \esieles

1)r’ePmired by time method utilized mire known
t-o be conmt tmmnumated with mimitoehioimdr’ia,

lysosomnes, a-rid other 1)tirt-iCles.It thmerefore

seeunedl I)ossii)le thitit time fmmst- j)Ool mighmt

repn’esemmt upt mike by thmese eomit amimimiant s. lo

test this possibility, f-hit’pm’(’partitiomi wtis
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FiG. 3. Distribution of storage tesietes l�tbe1ed wit/i ‘1C-epinephrine (‘4C-E) or 311-metarantinol (2H-MA

on continuous sucrose density gradient (hyperbolic front 1 to 2.25 ti).

labeled iti time pu’’setice of 3H-mmmet ar’aummitmol

timid m4C-epimit’pimr’imie. Ffflirx studies of time

Pt’dPtim’tit iOti 5hiOW(’d thitmt- most- of time met-ar-
a-niinol �v’is comit tuned in tire ftist pool whmile
most of time epiniephm’inme iVas immtime slo�� i)001.
One unillilitem’ of the doubly labeled prep-
aration was I)lace(l on a sucrose density

gradhenit amid cenmtm’ifuged at- 100,000 X g
unit-il equilibrium wtis reached (about 3 hmr).

Fractionmation of the gradliemmt (Fig. 3) in-

dictit ed thmat both t4C_epitmephmr�irme mind 1H-

nmetaraminmol were contained wit hint time
storage �-esicles.

Effect of X-substitution. Time uptake mind

distribution of niom’epinmephrimme, epimmephmr’imme,

arid isoprot er’enol mire sunmmmmrizedl in Table
1. There �vmus little difference between norepi-

nephmrinie amid epimmephmrine itt upt mike, dhs-

tribution, or half-life, milthoughm in till cx-

perimenmts thiere was a trend towmmr’d tin
increased half-life for’ time slow 1)001 of nor-

epinmephrinte. \Vhen a compound withm a
bulky �V-subst ituemit- (isopm’ot eretiol) was

utilized, time uptake imito botim pools mmdl time
himmlf-time of efflux fm’onm time slow 1)001 �

markedly decreased. Thme reltmt ive distribu-

tionm of isoprot-erentol was quite similar t-o

t hmose of norepinepim rimie amid e1)intephiritie,

but a commsistenit tremid toward arm elevated
pem’cemmtmmge in time fast 1)001 could be detected.

LJJcct of hmy(iroxyI fjI’OUJ)s. Tue uptake tumid
(list u’ihut ioti of epimmephirimme, octopanlitme,
tyrtunmine, amm(I $-phenyhet hmylmmmmmimmeam’e i)m’(’-

sented itt Tmmble I . llemuovmil of I hme hmvdroxvl

group mit time meta positiomi relative to the

si(le chain (oetopmmminme) r’e(hmced time net

111)1 ake of munnine amm(i also irmeremised its in-
Cot’pot’tmt iomm into the f:mst pool, SO thitit more

octopmimimme I hum-mmepinmephmrirme was takemi up
by the fast poo1 while mmmore epimmepimrine
thmamm octopamine was immcorporated into time

slow pool. Tue stai)ihity of stom’age of octop-

anmitme in time fmmst 1)001 wm� I ime stmtmme as timat

of epimmephrimme, but time sttmbihty of thme
former in time sh)w 1)001 w�mis less.

1iemovmml of time fl-hmydroxyl group (tyr-

anmimme) from oct opamimme restored I lie miet

uj)tmike to ant anmourtt event great cm’ t-hmati thimit

of epinmepimrimme. Time uptake into eachi 1)001

was iumcreased over thmtt- of ocloptimmumie. Time

distribution wmis evemm furt item’ dispitmee(l in
favor of the fast pool, so thmat tyranmiume was

incorporated rub thm(’ fast pool to a umumehi

greater’ extent timan epinmephritw, i)ttt to a

lesser extent in tue slow pool. Time si ability

of storage in time fast 1)001 was utichiatmged,

but mm time slow 1)001 tue imalf-timmme was even
shmortcr thanm that of octopamiume, iuidictmtinmg

decreased stability itm timat- pooh. .\leasure-
nmetits made withi t yrtmmmii tie weu’e (‘ )umm�)licat cdl

by time Partial cotmversiomm (if tvrmmtmmiti(’ to
octopmmminie by the doptimimm(’ /3-imydi’oxylmise
present in time vesicles. 1mmtill cases, thme data

are reported! mm terms of tottml radioactivity
(tyranmimme Puts oCtoj)tmnlinme).

Wit hi all hydroxvl gm’omrps t’eummoVe(l (0-

phmemmyli’thiyimimimme), time net irptake of anmimme
into Ihme vesicles wtms handy mueasmrrahle, and
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A mine uptake an! distribution

The epinephrinie couiceumtration during labeling

averaged 1O� M. Elilux was studied in sucrose-Tris
for 1 hr at 37#{176}.Pool sizes are reported in ternms of

the percent age of tot ml

tamed iumthe vesicles.

ra(Iioactive amine Cult-

4

Amine (t04 si) size 112

,fljfl

16 4

21 5

23 5

10 5
32 5
52 5

15 4

86 5
75 4

25

S

11/2

mm

177

150

46

171
5))
43

156

114
42

149

6:3

84

79

77

90
68

48

85

14
25

92

5

#{176}Nauiumnules taken up mi 2[) uimiuiPa” amount of

vesicles ((lull ainiuig 1(X) jig of catecholaunirme.

Uptake was too low fur accurate efflux deter-

mniniat ions.
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.V-Substitutioui

Norepintephri tie
Epi uiephri uie

Isoproterenol
Hvdroxvl groups

Epiumephrimme

()ctopamniume

Tyranmi ne

�1-PImemmyIet hylanhiuieb

i�’Iethy1 groups

Epiuiephrine

Nurniet anephriuie

I�Iet araminiol

Aniphet ammuieb

Other t’omnpottuids

Ipi uiephritie

1 )opab

�‘eroI uuiiui

Poot
size

time distm’ii)utiomm could not be determined

accum’ately. \\hmemi time uptmmke of $-phenmyl-

ethmvlamimme wmms dletem’mined timid time vesicles
were wasimed amid resuspended in sucrose at
00 to measure efflux, 93 ‘ of time radioactivity

was found in time medium at zero time. Timis

phmeniommmenon was rioted with only one other
mumine studied, aumipimetamnine, amid suggest-ed

loose hindlimmg of time anmine to a site on or in
time vesicle.

Effect of met/mgi groups. Time uptake timid

dist m’ibut-iomm of epinephirimie, imormetanepim-

r’inm(, metam’aminol, anmd amphetamine mire

shmownm mi Ttible 1. lteplmicement of one of time

cmmtechmol imydroxyl groups with a met-hmoxy
gr ) up (mmor’mnet anmephrine) redmmced the net

upt tmkt’ by about 30%. Time relative distri-

hut ioum \\.��5 tiltem’edl drastically: 86 % of time

mmot’mmm(taum(’phmm’inte was associated withi time
fast pool, comupau’ed to 13 % for epinepimr’iume.

Thins uptmike itito time fast 1)001 wtis mucim
hmigher for nmorntetanmephmrine than for epi-

niephrinte, while uI)take into the slow 1)001 was

mucim lower. There is-as no chmamige in time

stmmbihit-v of storage of anunme mm time fast pool,

but normet armephriime was stored less stably

- thmmmmmepinmepimrinie in the 5l0\V j)ool.

itt)- Insertion of a metlmvi group onm time a-
take#{176} carbon of time side chmaini reduced time mitt up-

- take of anminme mi time slow j)Ool (compare

m( ‘tara minmol wit-hm oct oj)mmnmimie) , but in-
4 4 creased I hme uptake into time fast pool. The

4#{149}7 tlistriburtiorm of metaraminol favored time fast
1 .� pool 73 % :23 � There was rmo cimarmge in the

lmalf-iife of time fast pool, hurt that of time slow

6.3 pool was reduced to 42 mini.
3.0 Methmlation of �-phermylet-hvianmiime on

8.2 time a-can’bon (ampimetamine) raised net up-

0.2 take above thmat of time parenit compounmd, but

time anmounit- inmcorl)om’mitedl was too small for
measurements of efflux.

1 4 Other structural changes. Tue upt mike arid
0.5 efflux of epiimepimr’itte, dopa timid serotomiin are

shown imm Tahhe 1. Addition of mu carboxyl

2. 1 group at time a-positioim (dopa) reduced time
0.06 uptmike nearly to zem’o. Unlike amphetamine
8. 1 amid $-phenyletimylamiime, both of whmicim had

similarly low- uptakes, no dopa was found

loosely associated with time vesicles.
Time uptake of serotonin was imearly 4

times that of epinel)lmrnme, and all time addi-
tiomial uptake was associated w-itim time slow

pool. Only 8 % of time serotoninm was found in
time fast pool, miii amount in immmntomoles

approxinmately equal to the epinephmrimie

taken iij) into this 1)001. As was time case ivitim

all time other’ amiimes, time imaif-life of serotinin
was 3 mini itt time fast pool. Unlike epinepim-

rine, serotomiirm was stored with a htilf-hife of

omily 63 mini in time slow pool, imidicmmtinmg tlma-t

replacement of time cateclmol ring ivitim a
imydroxyimmdole ring decremises time str’engtim of

bindinmg.

Effect of reserpine. Iniclusionm of 3 X 10� M

i’eserpine dun’imig ltmbeling of time vesicles

altered time uptake and distrihutionm of eju-

nephirine (Table 2). Ninety per cent of time

uptake of epiimepimrimie was iimhibited by

reserpine, mind 56 % of time anmount tmmken up

was distributed immto time fast pooi, conmpared

to 13 % in time conmtrols. Time uptmike of

tyraminme, ott the othiem’ imanidi, was immhmibited



TABLE 2

Effect of 5 X 1O’� .v reserpine on amine uptake

and distribution

The epinephrine concemmt rat ion during labeling

averaged 10_a �i. Eullux was stitdied in smncrose-Tris
for 1 hr at 37#{176}.Pool sizes are reported iii ternns of

the percentage of total radioactive amine con-

tamed in the vesicles. Each pair of experiments

utilized a separate preparation. Heserpiuie was

preseuit during labeling of the vesicles as indicated

below.

Uptake’

3.1

0.3

3.7

11/2

mm

4

4

4

4

:3
:3

5

3

Pool
size

85

44

51

50

19

19

92

78

ti ‘2

mm

135

147

:38

37

43

42

59

63

15

56

49

50

81

81

8

22

a Nanomoles taken up in 20 mium per amotnnt (if

vesicles commtainirmg 1(X) zg of catecimolamine.

0.15
1 .89
0.09

0.85

1 .96

OSS

1 .2:3

1 68

1 . 16
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Amine (10� M) Pool
stze

Epiniephri mme

E,�immephrine +

reserpine

Tyraniti tie

Tyrammmine +

reserpi tie

Metararni nol

Metaraminol +

reserpine

Serotoumium

Serot-ouiinm -j-

reserp inc

only 40 % by reserpimme, and there was rio
change in distribution. Metaraminol re-
sembled tvramine iii its sensitivity to reser-

pine. Serotonin, on time other hmanmd, re-
sembled epiniepimrimie, witim 90 % of time uptake

inhibited by reserpinie. Time dist ribumtioni into
the fast pool increased! from mmconutrol vmilue

of 8 % to 22 % for tIme reserpmne-treated

vesicles. Reserpine did not alter time imalf-lives

of any of time anmines.

Effect of A TP and Mg2�. Addition of ATP

and _\Ig2� during imptmmke itmcreased time up-
take of epinmephrinie by mmfactor of 12; tlmis

effect could be blocked by reserpinme (Table
3). ATP and Mg2� produced a doubling of

tyraminie uptnke mmmd a 33-40 �‘ stirnulmitiorm

of met aranminmol uptake. Botim thmese effects

were blocked by reseri)ine.
Inhibition of epinep/irine uptake b!J other

ainines. TIme uptake timid efflux of epimieph-

rine were measured in the presence of various

concentrations of tyramine. Withm 10� i�i

tyramine present during labeling of the
vesicles with epinephrine, time uptake of

epinephrine wa�s inhibited 50%, although
there was little change in relative distribu-
tion (Table 4). At higimer tyramine concen-

trations (10� M), time inhibition of epineph-
rine uptake was nearly complete, and the
distribution of time small amount of epineph-
rine incorporated w-as shmifted more toward
time fast pool than in time controls.

fi-Phienylet hmylammne also immimibited epi-
nephmrine uptake, even thmoughm it ms-as hardly

takerm up itself. When the external epineph-

rinie commcentration was 3.3 X 10� M, l0�� M

fl-phmenylethylammmie j)roduced 25 % block-
tide of uptake (Table 4). $-Phenylethyl-
amine at 10� �i produced 45 % blockade,
amid mit 10-s M /3-phienyietimylaminie time up-

2.2 tmuke of epineplmrine was ommly 10 � of control
vmmlues.

4.7 Binding to chroniogranins. Time hirmdimmg of
2.9 (‘j)inm(phmrinie, isoproteremmol, �3- pimenylethmyl-

ammmme, tyraminme, octopamine, nmet arammnol,

8 1 and serotonin to cimromogranins was meas-ured by equilibriunm dialysis. A Scatchard

0.7 plot (12) for epimmephirimme is shown in Fig. 4.
Extrapolation of time line to time y-muxis in-

TABLE 3

Effect of A TP, Mgi+, and reserpine on amine uptake

Each group of experiments muiilized a separate

preparation. The conceuitratioum of ATP aumd Mg�

was 5 mM; reserpine, 5 X 10-#{176}mu; epinephrine

(endogenous), 3.5 X 10#{176}mm.

Amine (10k M) and additions Uptake�

Epinephriuie

No additiout

ATP, �‘s-Ig2�

ATP, Mg2�, reserpiule

Tyranmiute

No imddit ioui

ATP, Mg2�

ATP, Mg’#{176}’,reserl)inie
Met aramiutol

No itddit iou

ATP, Mg2#{176}’

ATP, Mg2#{176}’,reserpiuie

a Nauiomoles takeui up ium20 nnimi iwr amount of

vesicles contaiuting 1(X) jig of catecholaniiute.



Nanmomnoles taken up in 20 mimi per amount of vesicles Couit-aining 100 jig of catecholamine.

Epinephrine concentration during labeling = 10� M.

‘Epinephritme concentration durimmg labeling = 3.5 x 10� mm.

B/F
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TABLE 4

Effect of other amines on epinephrine uptake and distribution

Efflux was studied in sucrose-Tris for 1 hr at 37#{176}.Pool sizes are reported in ternms of the percentage

of total radioactive amine containied iii the vesicles.

Amine
pooi size

t�/ 3H-Epinephrine1,
2 pool size

Epinephrine
uptake”

mm mm

Couitrol’ 15 5 85 135 3.5

Tyramine�(10_4 M) 17 4 8.3 127 1.8

Tyramine (10� M) 32 4 68 148 0.05

Conmtrol#{176} Efflutx not mneasured 4.0

�3-Phenylethylamiime (10� M) 3. 1

$-Phenylethylamine (10� M) 2.3

t3-Phenylethylamine (10� M) 0.5

Fn�. 4.!�Scatc/mrd ptot s/lowing binding ut 5#{176}of

epin (‘ph rio e to a in u’t ore of ch-romogra n ins

The protein coticeuit ration was 6.6 mg/mI

dicmited timat time concemitrationi of bindimmg
sites iii time solution (6.6 mg of protein per
milliliter) svmus 381 � The slope of time plot

gives time dissociatiomi constant for epimieph-

rine as 4.6 X 10� M. Since the other anmines

were hominid to a lesser extent than epimmeph-
rinme, time slopes of time Scatcimard plots were
even steeper, ani(l time scattering of points

about time hues rendered accurate plotting

impractical. Instead, the dissociation con-
t-ants were calculated from time equation

n-B
K1�. =

where n is time concentration of amine-bind-

ing sites on time protein (381 �i�i), assuming

that n is the same for all amines tested; B is
the commcentration of bound amine; and F is
the concentration of free amine. Four con-
cenmtrations wem’e studied for eacim mimine

(5 x 10-s, 10�, 3 X 10�, and 10� �‘), and
the dissociation conistamit was calculated for

each I)Oilit. Time values of the constants were

t-imen averaged for time four coticentrations;
the results are showui in Table 5. Because of

the magnitmmdes of time standard errors, few

sigmiificamit diffen’emmces in bindiumg commstants

were obsem’ved.

DISCUSSION

Time biphmisic efflux of newly incorporated
amines from isolated adrenal storage vesicles

indicates that there mi-re two storage iools.

Sonic of time chmaracteristics of timese two

pools imave been described by Slotkin and co-

workers (3), who suggested that time two

pools might reflect time existence of two

populations of storage vesieles or two pools
inside time same vesicle wimich do niot- cx-
change amities witim each other. Models
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T�uom�E 5

Binding of a iii ines to eh romogranin-s (is (/eternhined

by equilibrium (lialysi.s

Bindiuig was studied at 5#{176}.The protein ooncenm-

tratioum Was 6.6 nmg/ml.

Amine

??l.tf ± SE

Epinephriume 0.46 ± 0.0()1

Isoprotereuiul 0.61 ± 0.09

Serotuniut 0.88 ± 0.13

Octopanmiume 1.0 ± 0.3

Tyramine 1.5 ± 0.4

/3-Plmeumvletlmvlanminme 2.0 ± 0.2

Metaraminiol 2.4 ± 0.2

inivokinmg two popmmltutionms of vesicies imave

been proposed by Lishmajko (7) amid Hillarp
(6). Our system diffem’s fm’om that of Lishajko
mi timat hot ii epiniephrimie timid miorepinmephmrimie
have time same efflux pattermm. lime two pools

described! mi time current study cannot r’epre-
sent epinephmrine- arid niorepinephrine-spe-
cific vesicles; since time ratio of epinmephmrine

to norepinmephrine in bovine adrenal glmmndls

is a-bout 3: 1, time uptake of epimiepimrine
would exceed timat of norepimiephirine by that

prol)ort-ion if time two pools represented
vesicles specific for timose amities. Time fact

that time umptakes amid effluxes of time two

aminmes are nearly identical militates agmmimist
a model invoking epiniephmi’iime- and norepi-
nepimrimme-specific uptake timid storage systemmms.

1mm time systenm descm’ibed by Hillarp (6),
cmmtechmoiamines wem’e bound less stably in
vesicles of how demmsitv timmmni in vesicles of

hmighm density. Tnt time present study, mittempts

to sepam’at-e time fast- timid slow pools by dlensity
gradient cemitm’ifugttt ion of doubly labeled

vesicles gave equivocal results. 3H- \ letar-
aminol consistently formed a peak omme frac-
t iorm eam’iiem’ than 14C-epimmephmrinme, mind t lie

t4C : 3H rmmtio in time trmiiling edge was corm-

sistemmtly imigimer timmmnmmi time lemmdiumg edge of
time peak. Thiese obsem’vatiomis suggest timat

3H-nmetaraminol nmigimt be conmtamned irm
vesicles of slightly hmigimer dlemisity thmani time

vesicles whelm conit tim ‘4C-epinepi mm’imme.Ini
additiomi, time specific mict ivity of epinephmm’imie
ivas miot constmmnit tlmr’ommghiout time storage

vesicle peak of time grmidiemit. This phmonmonm-
enoni may reflect time existemmee of stormige

vesicles svit hm a dist ributioni of (mit cci to laniinie

conmtenmts suchm that vesicles of hugh cateehiol-
anminie conmi emit have imigimer denmsit ies t imani

vesicles of losv emit ecimolaumminme Cotit (nit . Ti

catecimolmimine eonml emit jer v(sicle womnl(l

therefore be lower mi a frmmctiomi fn’nmm time
traihimig edge of time Peak, and the nmunmmber of
vesicles would he higher than imi tt fn’actiomm.

from the iemiding edge wimicim has t lie same

catechmolamine conmtent . If t lie nmummmber of

vesicies per nmicrogram of cmmtechmolanmminme is
hiigimer iti time tr’mmilinmg e(lge, thie upttike timid

specific activity of t4(�_epimmeI)iiu.immo� would! he
imigimer in time trttilinig edge, 1)t’ovide(l thmmut

mrptake I)d’n’ vesicle is the sammie i hmm’otmgimout

time peak. Depending t�)Ii cmitechio )ltmnmminme Cd)ti-

�‘mmt per vesicle, time sanme results would i)e

observed wimetimer or imot time upttike Per’

vesicle sva.s constant throughout tIme peak, or
even if time uptake per vesicle svem’o’ loss-er in
time trailing edge thmant in time ietidmmtg edge.
Observations similar to thmose mmmtide hen’e for
‘4C-epiiiephrinme imave heemm reported for time

distribution of dopamnmmie $-hmydn’oxylase (10).
A qualitative sumnmary of time m’eltitiomm-

simips among aminme structure, upt mike, timid

storage in the fa.st timid slow pools appears in
Table 6. Comparisons based omi difler’emmces

bet weemi nmetarammmiol mmmd oct optimmminie tire

opemi to dhltestiomi becturse of time diffen’enmce in

locmmtioni of time pimenolic hmydroxyl group.
Studly of tIme uptmike timid subsequemmt

effhrx of amities from midrenmtml nmo’dtmhlary

vesicles provides fmmrthmer inisigh it- in! o t hme

miat ur’e of time imicorl)ortil toni processes. Thins,
if uptake is stirdied alonme, a- decrease in
incorpor’mution might he due eitimer to ti-ri
actual decremise mi affinity for time mrptmike
svstenm or to a decrease imi time stability of time

storage complex. Time st mrdy of efflux deter-
nnimmes the latter factor’, so timmit time two effects

cant be separated. For exaummple, time uptmmke
of ser’otonmium into time show 1)0)01 15 hmigimo’u’thiati
timat of epimiephriume, yet- its rate of effiuX is

hmigimer titan timmit of epinieplirimme. Thiem’efore,

serotommin must imave a hiighmer affinity for time

upt mike pm’ocess timanm (loes epimieph ii’itie, in

order to account for the observed increase iii

incorporation despite a decm’etmse imm storage

stability. fl-Phmemi lethmylanmminme is takemm mrj� to

a very small extemit, but lange aummoumits of

timis amine are loosely tissocimilod �viiim time
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TABLE 6

Summary of structure-activity relations/mips

Uptake Stability Binding to

chromo-
last Slow Fast Slow granins

Basis of comparison

I

N-Alkvlation

Add small group

Add large group

Hydroxyl groups

Add p-OH
Add rn-OH

Add �3-O11
Methyl groups

HeI)lace in-OFI with m-OCH3

Add a-CIT3

Miscella uieous

Add a-C()OH

Replace ring with 5-hydroxyindole

Key: -- = little or mmo chtmnmge; I = increase; J. = decrease; E = epimieplmrine; NE = norepinieph-

riuie; IPR = isoprotereumol; T = tyramine; �-PE = fl-phenylethylamine; 0 = octopamine; NM =

normetanephrine; MA = met-aramiumol; dopa = 3,4-dihydroxyphenylalanine; S = serotou1in.

vesicles; this suggests thmat �-pimenvlethmyl-

amine might hmave an affimiity for the uptake
process hint does not become stably bound.

That �3-phmenvlethiylaminme has ant affinity for
time uptake systenm is conifirnmed by the oh-
servat iomt that it can imihibit epimiepimrine

uptake (Table 4). Time observations nmade

with serotonin amid fi-phmenmyletimylamine

suggest stromigly timmmt time uptake of amines

imito time storage vesicles and their subse-

quenit binding are two separate processes.

The numbem’ a-mmdl locationi of imydroxyl

groups on time phmenyletimylmuminie structure
appear to he critical in determining time up-

take, storage, and distribution of mimines in

time vesicles. Adldition of tIme p-imydroxyl
group has the greatest relative effect on time

net mmpt-ake; thus, while fl-phenylethmylaminie
is riot takemi tip in significamit anmoummts, time

total mrptake of tyramine exceeds that of
epinephmrine. Time addition of a �-imydroxy1

group decr’eases net uptake but increases the

storage stability of time amine in the show

pool. This probably immis functional sigmiifi-

cance, simice time vesicles ordinarily take up

dopamine amid comivert it to norepimiephirinie;

the uptake of dopamine would be high be-

cause of time absence of time �-hydroxyl group
and time presence of time catechol hmydroxyls,

while storage of time norepinmephmm’inme sirhse-

quently symithesized would be stabilized by

time presence of the �-imydroxyl group. Bothm
catechol hydroxyl groups appear to be iieces-

sary for maximal storage stability, since time

imalf-hife of epimmepimrine is time slow pooi is
much higher than that of octopamine.

Furthermore, the replacement of one cat-

echmol imydroxyl with a methoxy group re-
duces both uptake amid storage stability in
the slow pool.

Hydroxyl groups also play a role in uptake

into time fast pool. Tn this case, altimoughm one

phenohic hydroxyl group appears to be re-
quired, the addition of time second phmenohic

hydroxyl or the �3-h droxyh reduces mrptake.
Time observation that time imalf-lives for all

an’iines in the fast Pool are the same mmdi-

cates timat differences in uptake are due to

differences in affinity for time uptake system.
Lumidborg (3) and! Lundborg arid Stitzel

(4) imave reported that metaraminol is tm-mken
up into the vesicles by an ATP-Mg2�-imide-

pendent system whmichm could riot be blocked
by reserpine. Time observations reported in

Tables 2 and 3 suggest that met-araminol

uptake is stimulated by ATP and Mg2�, but

to a lesser extent timan epinmephmrine. Thus
metaraminol has approximately a 25 % con-

t-ribmmtion from stinmulated uptake, whmile
epimmepimrimme owes more than 90 % of its imm-
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corporation to time stinmulated system. Part

of time reasomi for thus is timat n’most of time

metaramimiol is tmtken tip imit-o tIme fast jmooi,

wimiclu is much less dependemit on stimulat ion

by ATP anid :‘�1g2+ t.imaui time slow 1)001 (3).

1mm.additiomi, metaranminiol hmmis a much loss-er
affinity for the stimulated system thman epi-
nephrinme. It seems likely, timeni, that all

aminmes whelm are incorporated will imave

sonme degm’ee of dependence on stimulated
uptake, whmichm is-ill tiepenid in part on the

pool into which time munmine is taken up. For

example, tyramine enters time fast and slow

pools equally, and depends on stimulated

uptmike for about- hmalf its imicorporation.

Serotonin, 92 % of which enters the time slow
pool, is even more sensitive to reserpume
blockade of stimirlated uptake than is epi-

nephrine (Table 2).
A corollary of time differential effect of

reserpimie oii the fast amid slow pools is that

the presence of reserpine during labeling of
the vesicles will riot only decrease time total

uptake but simift the distribution of amine iii
favor of time fast pool; this simift will be largest
for amnines mvhmich enter time slow pool, and
smallest for amines which enter the fast pool.

Hemice time percentage of inmcorporated epi-

nephmr’inie foumid in time ftist pool immcreases

fronm a control of 15 to 36 in time reserpinie-

treated vesicles (Table 2). Although there is
a sinmilar simift for serotonin, timer’e is rio

sigmiificant simif t- mm distributiomm when vesicles

are labeled w-ithm tvraniine or metaraminol in

time presence of reserpinie (Table 2). This
conifirnms time concept of a differential effect

of reserpine on time uptake and distrihutioni

of amines, caused by differemitimil effects on

time slow and fast 1)ools. Fui’ther’more, time

observationi that reserpine does niot alter time
imaif-tinmes of eitimer time fast or time slow pool

(5) suggests timmut time effect of reserpinme on

incorl)oratiomi lies in its ability to block time

uptake 1)rocess, rather tlmant in disruption of

time stormige complex.

If time uptmuke processes imivolve transpom’t

systenmis, time uptake of epinepimr’ine simould be

inhibited by othiem’ anmtimies. Timis has already

been described for epinmephmrine anmd $-pimermyl-

etimylanminie (Table 4). 1mmmmdditiout, tyr’anmimme

Immis time ability to iimhmibit epintepimn’inme uptake

into hot Ii time fast amid slow pools (Table 4);

imi equinmolar concemitrtmtiomis (10’� �sm), tyr-

anmitme in.hmibits epinepimrimme uptake 50 #{182}�, witli
rio apparent change mmtime distribution of time

incorporated epinepimrinme. In higher c bum-

cenitm’ations (10� isi), tyramimie blocks tmlnmost

mill time epinephmrine uj)take, amid time distri-
bimtion of time epiumej)hirnme t.imat is immeorpo-
rated is shifted in favor of the fmist- pool,

suggesting timat time fast pool uptake system

is saturated mit higher substrate coumcenitm’a-

tioums timmmn time sloss- 9001 umptake systenm. Thus
is coliSistelit withm time observation thmat highi

substrate comicenit rations favor incorpormit ion)
into the fast pool (3). Attenmpts to memusure

the Km and K for time various animmmes were
unsuccessful because time endogenmous extra-
vesicumlar catechoiaminme concentration was

imigimer timami time Km for epimiephmrirme amid be-

cause of time difficulties immimmterpretmimg a foirr-
uptake system (fast arid slow, stinmunlated

amid unistimulated) in terms of Michmaehs-
Menten kinetics.

The bindimig of anminies to chmroniogm’ammimms

cmumimiot explain time differences in vesicular
uptake; time concentration of bindimmg sites is

381 �M for a proteimm conmcentratiomi of (L6

g/liter, or’ 0.06 mnmole of aminme bound ier
gram of protein. About 35 % of time dry

weight of time adrenal vesicies is proteimi, ammd

80 � of the pn’oteimm is soluble after’ lysis of time

vesicles (13); 21 % of the dry weigimi is
catecimolaminies (14). Therefore time immtn’a-
vesicular catechmolaminme to proteimm ratio is 4
nmnmoles/g of protein. Time binding of amines

to chmromogramiins eoiml(l miccount for ommly
1.3 #{182}�of time total cmutecimoiammnme conmtemmt of

the vesicles. Time sanme conclusion was

reacimed by Smith arid Kirshnmer (9), w’orkinmg

withi purified S� (cimromogranin A) proteimu
fronn bovine adreimal nmedumilary vesicies. The

qualitative correlatiomi bet weeri time st renmgthm
of hinidimig of amities to chmromogm’anminms arid
I ime stmibility of their storage in time slow po()l
(Tmmble 6) nmighmt simggest timat chronmogm’mummirms

pla�’ a secondary role in the bimidinmg of time
amines to ATP ml time storage cO)nmI)lex, per-
hia-1)s by stabilizing time conmplex timid (‘011-

t-ributing to time str’uctumrmil specificity of

binding of time various tmnmminmesin the commiplex.
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