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SUMiL�RY

SI�oTKIN, ‘FHEOI)Oi(E A., ANI) KIIiSIINEII, \O1(\IAN : lIecovery of rat adr(-nai anlimie

stor(-s after insulin tulniinistration. .1101. I�/iauii,aco1. 9, 105-1 16 (1973).
A_cute atlremial medullarv (liseliarge of (ateclu)lanun(-s ivas pro(lu((-(l itt 0591 )liS( ti ) t h(-
ilypoglycenlia caused 1)V Ii large (lose of insulin (S I IT/kg, intravenously) . Uats were killed

4, 24, 45, 72, or 96 hr after drug administration. Intact a(lrenal storage v(-si(1(-s w(-r(- sepa-
rated from (fliPt� vesicles b� differential and (l(mIsitv gra(li(-nt ((-mitrifugatiomi, Iln(l all frac-

tions \ver( analyze(1 fr catechm )laniines , (l()j)amuine $-hiv lr( )Xy las(- ( a miia rker f )r V si ( Ic

nmeml)rali(’s), and ATP. I’our hours after imlsulin, vesicular cate(ilolamliines an(l ATP fell to

23 � of control levels, while vesicular dopamine /3-hy(lroxylas(- fell to 40 � ; the enzymi�m

activity ilicreasedi in tile i)roken vesicle nienibrami(- fraction. The al)ilitv of isOlate(1 storage

vesicles to incorporate [nC]epinepiirine fell to about 25 � of controls, while incorporation of
[3H]metaraminol ft-li only to 63 %. rf\\.(�nt\.f()ur hours after insulin admiliistratn)II vesicular
ATP, doparnine (�-hvdroxylase, andi [‘4Cjepinephrine inc( rp )rat ion return(-(1 to 50-60 � �

controls, iVilile [�H ]metaraminol iiicorporation ret urliedi to in )rnlal ; Vesi(Ular cat (-CIII )la 1111 1i(�

content r(-nnuhled at al)out 25 .�. Catecholamine recovery COIlSisteIitiV lagged 1)ehind all othier

parameters ; by 96 hr vesicular catecholamines, ATP, timid [1’CJei )in(-ph ri tie ii�c )rporat ion

al)proache(l contrt )l levels, while vesicular dopamine �-hy(lroxylase exceede( I comitrol vu 1ti -s.

IsOi)�CI1ic sucrose (lensity gradient centrifugation of vesi(l(-m from control rats, and froni

rats given insulimi 24 hr previously, indicated that the newly syntii(siz((l stormige vesitlts

were ItI)lc to ine()rporate both isotopicallv labeled ej)imiephrine amid nletaranunol, but that
the new- vesicles had a lower equilibrium (lemisity titan time original poj)uiati�n of v(-sicl(-s.

They ills!) ilad. a lower catecholanune comit.eiit and! a lower specificity for epiIle�)hrimIe relative

to metaramninol than in the controls. The (-flux of endogemious ()r mieivlv imlcOrporate(l (j)i-

nephrine from the new vesicles was Ilearly identical with that of the controls. rfil(s( (lata

suggest that tile Se(lUeflCe of recovery of adrenal amine stores after sympathetic discharge

proceeds i)\ tile following process : (a) resynth(-sis of vt-sick-s (reappearance of vesicular

(lopamnimie �3-hi�-droxvlase) ivith restoration of ability to incorporat(- Imi(taranumiol ; (li) r(mt( )FII-

tion of tin- storage niechianism (ATP) and epin(-phrine imi(-orporatiomi; (c) r(-storatioti of

catecholamines; (d) oversvnthesis of new vesicles (as dleternhin(-dl liv tiopanune (3-hy(Irox-

viase measurememits).
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of a(lIellal glands eithiet iii t’lV() or in titro

results iii the release (if (at(-chu)lamnines and
a(lenimie Ilucleotid(-S ill a n�)lar Iatio of 4 : 1

( 1-5), amid of clil(mmuogramlimlsamid other solul)le

vesicular 1)lOteiIIS, illclu(Iing (lopan�ine f3-

ii\’(lm( )xvlas(- (6-9).

1 )olamninei3-im�droxylase has PIovd-n to be a

� I a the (let(rlllimiatioll of s(-veral aspects of
se(ret ion froni the I1(lleIiI1l flle(lulla, 1)ecause

it is �tsSO(i�tte(l �Vitii 1)0th! tiiP soltiijle and

l)aIti(ulat(- (muemiihrane) fractions of the stor-

age V(si(l(5 (10). If se(retion of the soluble

ci)mlt(-rlts of thu V(SicleS occurs in ami all-or-
tiomie fashion, the matio of the enzynie to cat-

e(hOlItITAJII(S ill r(-nlaimiimlg intact vesicles
shlOUl(l i)( tII( SIIflI(’ IIS in tiie original POPtihti

tion; if On, t lie other liamid, partial secretion of

the Vesicl( cOlit(litS ()(C1II5, the remaining

V(si(l(5 will have higher CI1Z�fllC to catechola-

fliiII( ratu)s. By these criteria all-or-none
secretion im:ts h)eefl denlonstrated in rahl)it

( 1 1) and i�tt (1) adrenals.

I�-ss attemitimimi has been (hirecte(1 to the

llIUSIUIIii5fli 1)� �vhich the a(lrenal nle(luhla

r(-covers its aniimie stores following massive

(lej)letiOli. ilie gl�ind must synthesize vesicle

J)1( )teimis, IRI(liiIlC nucl(-otides, and cat(-chol-

aimiint-s � it is lll1C1e:Ir \VhCther t he eniptv

V(si(le flI(m111)flhli(s �vhich iemain in the
(il1�iiflllifhIi cell aft(-r s(-(r(-ting their contents

mitt IelisC(l 01 \\�ii(�thi(I s�iithiesis of vesicle
lilt -mni )lIiIl(5 ( m((urs ‘ ‘de ,moto. ‘ ‘ 1’\unl(rous
Stii(iieS have sln�vii that the levels of tvrosine
hvdroxylase, t he apparemit rate-linliting (Ii-

Z\fli( ill miorepine�)h1rine Syfltll(sis (12. 13),
increase after nm-urogenic stimulation of time

glamid, such as that pr aiuced 1�,’ insulin-
indu(e(l hy�)Ogly(efl1iII (9, 14, 15) . \Vh(thier
tue resviithii-sis of eate(hlOlamlliIles iS tile rate-

limiting StCl) imi recovery of time arnilie stores,
lit i\�(,Vei, has miot vet heemi (Ieterfliiiiedl.

\iv(-ros amid! (0-workers ( I I ) have shown

that, in a(lrenals from rai)hits in �vhom sym-

1)mttii(ti(� discharge has b)een eli(-ited by
insulin-induced hiypoglycenlia, vesicular (lop-
amin(- �-hiv(lroxvlase r(-turns to normnal levels

prior to tIme re(overy of (atecholamines. rfhus
resvmith(-sis of storag(- vesicles is not the

rat(--linhiting st(-p in the recovery of aniine

stor(-s in this Sj)ecies, timid! time rapi(l recovery

of the enzyme results in the formation of

vesi(-les with higher than normal emizvnie to

catecholanline ratios and lower (quilil )F1UIfl

densities (11).

Additional studies haV(- attempt ( (1 to
determine whether the rate-limiting st(-l) in

recovery is the ai)ility of time IICW vesiches to
take Uj) and store anlines, and \vhiether the

intravesicular accumulation of adenine nu-
cleotides determines the storage capal)i lities

of thi( - newly synthesized vesicles . Viv(-ros

and co-workers (9) found that thie loss of

catecholamines exceedled the loss mif ability to
incorporate [‘4C]epind-phrine 3 hr after imisu-

un. There was a parallel recovery of Lotil

parameters at 24 and 48 hr after insulin, but
at 96 and! 144 hr the recovery of ami�im�es
excd-eded botii the normal content of tile

vesicles IIIi(l their al)ilitv to incorporate

[‘4CIel)inel)hrill(-. T\(-swani and! co-wi )rkers

(16) found that thii- rate of r(-eov(-mv of

[i4(’ }el)iflel)h rime incorporat iou i)ilriL Ileledi

that of epinephriiie repletion in gum(-a i)ig

adrenal glands; tile ATP level returned to
normal at the same rate. This does not agree

w-ith tlie (lata of Schumann (17), who (1)1)-
servetl a decrease in the catecholanlimie to

ATP ratio in adrenal vesicles from rats given
iIisuhin 24 hr previously . These (Iiscr(:-l)ancies
among th( results from various species mdli-

(ate the need for a methlo(lical study of the
recovery of vesicular components and storage

mechanisms.

Short-term studies of insulin-indw-edl (at(--

cholamine secretion in tile rat hav( sug-
geste(1 that vesicle resynthesis may w(-ur

(luite rapidly (1). Thus, while th(- 1055(5 of
intact vesicular catecilolamin(-s, ATP, and

dopanline �3-hiydroxylase are parallel during

the first 2 hr of secretion, there is a smaller

drol) ill vesicular dopamine /3-hydlroxylase

compared to catecholamines in the third

hour, a phenomenon not ()1)s(-rved in rabbits
( 11). This ma�’ indicate the presence of
newly syntiiesized storage vesicles which do

not have a normal catecholamine content.
Furthermore, while the ability to incorporate

I‘4C�epineph rmne (1(-cr(-ases unifornuly with

(-ateeholamine levels ()ver a 4-hr l)eriod

following insulin administration, the ability

of the vesicles to illcorporate metaraminol, a

non-catecholamine, (lecreas(-s only (luring

the imlitial I or 2 hr of stiniulation ( 1 ) , sug-

gestimig that nletaran�imiol n�ay he incor-
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Gross uptake per gland

porated into the new- vesicles. Indeed, earlier

studies hlave show-Il tllat [3H]metaraminol is
taken up by a different meciiamiisrn from that
of epinephrine, is storedl less stahl�- than
epinephriiie, and niav i)C incorporated into a

1)001 �vitii a lower capacity for illeorp( mrated
amities than tile 1)001 into \\ili(hi niost of the

[‘4C]epinephrine is imlcorl)orate(l ( I M-2 1).
The present stu(ly was undertaken to

(leterniine the sequence of events (luring tue
recov(-rv of the various ConliJoflellts of rat

adrenal storage vesicles following massive

depletion. These data can also yield informa-

tion both about the nature of tile rate-

limiting st(1) in the recovers- of amine st()res
an(l tiie properties of newly s)-nthi(-size(l

vesicl(-s.

.\IETHODS

\Iale alh)ino rats of the Sprague-Daivlev
strain (Holtzman Rat Company, 200-250 g)
were fastedl for 24 hr amid givemi insulin (5
IF/kg) via a tail vein ; they were l)rought out

of hlypoglycemic shock 4 hr later In- the

administration of 20 % glucose (3 ml, imitra-

Peritolleally). Animals were killed by die-
caj)itation 4, 24, 48, 72, or 96 1w after insulin
administration. The ad!renal glands from

cacti animal were excised!, cleaned of fat an(l

conne(tive tissue, and! homogenizNl in an

all-glass apparatus in 2.5 ml of ic(--col(l
sucrose-Tris (300 mu sucrose, 25 mit rfris

an(! 0.01 mit iproniazid, adljusted! to I)H 7
w-ithi H2S04) . The suspension was c(-ntrifuged

at 800 X g for 10 mm, and the supernatant
solutiomi ivas decanted. The pellet was re-

susl)ended! l)y glass-to-glass homogenization

in 5 ml of distilled water and analyzed 6

catecholamines and dopamine j3-hydroxylase

(fraction A). One milliliter of the super-

natantw-asdiluted with 1 ml of water, hlomog-

enize(I, ami(l assayedi (fraction B) . AIioth(�r

milliliter of the 800 X �i supernatant was

layered over 2.5 ml of 1.6 �i sucrose (pH 7)

containing 500 units/mi of beef catalase

(Sigma) (required for the maintenance of

dopamine �3-hlydroxy1ase activity) and cen -

trifuged for 2 hlr at 140,000 X g in the No.

40 rotor of a Beckman model L2 ultracentri-

fuge. This separates intact vesicles from

broken vesicle membranes (1) and from most

rnit( )dh tondrial and lysm �sm )nIal (( )mitIIfllitiarItS

(22). The 3(10 fl1M sucrose layer (fractioni C)

afld! the 1.6 a sucrose layer (frartiomi 1)) were

(liitite(lw-ithi water to fitial volunl(-s of 2 and
4 miii, respectively, hlonlog(muz(-d , timid assayed
for catechola.mines and (ioj)amine �3-hiydrox-

ylase. The vesi(ular pehl(-t (fraction E) was
resusl)endied ill 2 ml of writer and honiog-

enize(! to lvse the v(-sicles. ()ne milliliter
was remove(1 for the (letermination of cat(-

chiOliIflIiIIes and! dol)aniiml(- $-hmydroxylase, an(l

the reniainder iVIIS cemitrifug(-(l at 26,000 X ft

to remove the vesi(le nleml)raml(-s; thu super-
natant obtained from thlis hat ter centrifuga-

tioii ��as analyzed! for ATP.
Incorporat ion of )iJIdiOaCt ire omit iii es. Bats

were given insulin and killed as already

described. The glands froni ea(h animal were

hionY)gcllize(i iii 2.2 ml of sucn)sc-Tris, and

an ali(1liot was withdrawmi fi )r (-ate(holamine

analvsi. ��fter time stlSj)(IiSi )li iIII(l 1)Cemi
centrifuged at 500 X y for 10 nun, the sup(-r-

natant \\tis (le(Ilmlte(i, tmn(! 0.4 nil was

pij)ette(! iflt() (-ad-hi of four tubes containing

0.1 ml of 50 mu ATP J)ltis \1g��, 0.1 nil of 1

ni�r epiflej)llrilie, and either 1 pCi ()f [m4C}epi-
nephrine or .) �i(1i of [:iH]lii(�tIlrafliiIl()l l)lrls 0.1
nil of 1 InM nletaraniinol. The a(i(ie(I el)inel)hi-

rime was sufficient to (-linlimlate ami�-

dliffer(-nces ill extrav(-sicular amine C( )ncen-

tratiomis aniomig tue samples. Sucrose-Tris
i_us tt(l(!e(! to each tube to give a total

VolUflie of 1 nil, iIII(1 Olle epinephrine- amid!

one metaranli ml()l-Cd)fltIlifli rig sample were

i)rought to 30#{176}for 30 nun; the diuplicate tubes

were kept at 0#{176}for 30 nun. Uptake was

stopped I�- the a(I(iitiomi of 2 ml of ice-cold
sucrose-Tris, and the samples i�-ere centri-

fuged! for 10 nun at 26,000 X g. The sup(-r-

natants were (lecanted and! addled to an equal

volume of 7 % perchiloric acid, centrifuged,

an(i analyzed for catechiolamines and radio-
activity . The vesicular pellet was w-ashe(!

w-ithi sucrose-Tris, centrifuged , reivashed,

centrifuged , resuspendled (glass-to-glass hmo-

mogenization) in 3 ml of 3.5 �/ I)erchloric

acid, recentrifuged, and! then analyzed for

catecholamines and radioactivity. Uptake in

each sample was calculated as follows, w-hmere

“CA” refers to catecholamines:
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= �1 )fli ill vesich -s )< ( ‘.� i ut tmit p(-r ghtmul

SP((111( �L(tiVil V if htl)(hmig ni(-(liumli

)< ( ‘;\_ i�m 11t (mit I if V(Si(l(S iii S:LniI)l(

(ilOSS tlj)t:Ll� � 100 jAg (�.‘

- ll1)t�Lk( I)(1 glan(1 )< 100

I.Lg (‘.\_ 11(1- gland

�Fh�- uptake at � � tIl(mi SIll)ttIL(t((l froni

tIi( uptake it 30#{176}t() give t ic t(m1�pc-ratur(-

(lej)(lI(l(Ilt vesicular I1l)takes.

1�:u1mi.r oJ iitii’l�j ifl(Oi/)OIUt((/ (ill! ines. 1filux
I )f en(Iogemious (at(-eIIolalllili(-s amid id In-\vl3�

hid )rporate( I [14( ‘ I(l)imi(l )iilili( - tm ii� V(Si(l(S

froma conti 1 rats or fri iii, rat. gi��-mi instilimi
24 hr previously ��ts nil-asuredi at 30#{176}as

(l(s(l�il )edi j)I’eVi( )llSlV ( 1 ) . _\(lr(-nal giant Is
fm�i)miI 10 rats \\eti- iiOlliOg(Iiize(! in :�:� miii of

suer(is(--Tris Iifl(l ((-mitriluge(l at S0() >( �/ for

10 ruin. l’ifteen nlillilit(-r of v(-si(l(- uspen-
511111 \\CI’C �I(l(le(l t( ) ‘1 nil 1)1 sot-ri )s(-Ilis (1)1)-

I iumiilig 20 Il1M .&�r#{231}p 20 muM �1g� , 0.4 ni.�a

(-1)ili(-1)iirin(-,and :� p(i of {‘4(’]epitiephirimu-.
�Flme mnixturd-s \\(-I.(- imlcul)at((l for 3() niiii at
:�)o aiid tilen place(1 iii an i(e b)athl to stop time

111)1 nike. �\ftei’ ((-ntrifugation at 26,000 X �/

f�mit� I 0 mimi t i l )re(iI)itat( - t ii( l�tl )(lP(l V(sicl(S,
ti me l)(11(t � \\tlsii((i I � r(-suspensi()n

(Teflon-to-glass hioniog -tiization) in fresh
su(ros(--Fris an(l t Iieii ((-mltrifuge(1 ; this plo-

(1 -(lure �vas l(�)(�Itt(dl t’sV�(( I�( )re, ali(i t lie

pellet �ias resuspemldle(l in 20 ml of sucrose-

‘Uris. Sets ()f lifted-li 1-rul aliqiiots of labeled
V(Si(les were brought to 30#{176}to allow (-filux

t I ) I )((lit’, and (ifIUX �vas st( )pped I y tlu- a(ldi-
tioii of 2 ml of ice-col(! sucrose-Tris aft(-r

0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, Ilml(! 60 miii. Sanlples \V(I�( (entrifug(-(! for
10 nun at 26,0(X) X q, Itfl(l thi( suj)ernatamlt

Si mutt1( )tI \VIIS (i((ItmIte(! itid anal�zetl 6)1

(lit ((hH)hlfliiml(S ami(l ra(li( iaetivitv. Ihe vesii-

iilam� pellets �v�-re resuspen(ie(I iii 3 nil
:�.s p(-rchilori( acid (to hyse the v(-si(les)

((-ntrifuge(l for 10 miii at 26,0t)() )< q (to
rtqmiovi- pr(-cipitatedl � � (-ills) , nimal analyzed
for cat echiolaniimies and radioactivity. The

(ffllIX(s of (-ndli)g(-miolls (at(-cholamin(-s and

[i4( ‘1(piII(phil�ili( wtre Ctll(tlhite(l as (i(-s(-rih)ed

previously (20).
( ‘ant in mLOUS S U (IOSC (let) ,S1l!J (1 )(�/ ien ts. ( ‘on -

timmuous density gradit-mits, hyperbolic from

I to 2 �i sucrose, were prepared withi a niodifi-

(�lt ii ill (21 ) of tIme al)I)al-atus of &\‘tl(i (1 (ii.

(23). Sucrose (1 �i) �\�as PunhI)e(l into a nix-

imig ciianiier containing 2 u sucrose (15
mni/gradi(-nt) at a rate ((jllttl to that at �ihuchi

it \\.:1s l)ilnil)ed (Jilt ; tue total voluine of each

gra(lient ��as 30 ml. Adrenal storage v(-si(les

froni (-ontrol rats afl(1 froni rats killed 24 hr

aft-r iflslllili a(lmninistration iV(l(�

with I [‘4(’Jepinephrin- ( 10 niCi/rnn�ole) , 11H 1-
nn-taraniumiol (50 ni( ‘illinlole) , or [H]epi-

nephrine (50 rnCi/miiniole) , wash(-(! t wic -,

:111(1 reuspelidled in sucrose-Tris. \Iixtur(-s (if

V(si(l(�S weI�e 1)r(-par(-(l �I5 folloivs : tuha- I
(1 )nt ti iIie(l [14(l](1)iI)( phrine (control ) +

13H}nietaraniinol (comitr )l) ; tube 2, [m4(’jepi_
mlel)hlrine (control) + [3HJnietaraniinol (immu -

lin) ; and tribe �3, [‘4C1]epinephrine (controh) +

[311]epinephirine (insulin).

Th1C mixtures (tt �il V( minnie, 1 miii, nix -

ture) were theit lav(-re(l onto tl� gIadicllts

111(l celltrifuged at 105,000 X g for 3 hr in a
Spinco S’�V 25 rotor. This is sufficient tinu- to

I )erniit (-quilii)rnlm d(-nsity to I e n -ach med.
fi1(� gra(lient tubes were (-mptied dirol)wis(-

froni th( i)Ottofll (20 drops/sanlple), and

(11(1i saniple �vaS dililtedl with 2 nil of 5 �

p(-rciiloric acid, centrifuged at 26,000 X �/ for
10 nih, amid! analyzed for ‘4C, �1I, and cate-

(1 molaniiiies.

Assays. lor catecholarnines, 0.1-nil au-
(1tIOts of all samples were ad!d!ed to 1.9 nih of

:�.s � perchioric acid and celltrifuged at

26,000 X �i 10 nun in ord!er to remove pre-

(ij)it ated protein . The supernat ant s were
analyze(l for catecholarnines i)y the trihiv-

(lroxyindole method, as described previoushy
(20), aIR! reportc(i as niicrogranis or mmammo-

nn(L)les eqiliVil lent of epi iiephrine.

H a(ii( )active amines were nieasure(l I )y

liquidi scintillation spectrometry. One milli-

liter of each sample was addled to 10 nil of a

I :2 mixture of Triton X-100 dietergent and

toluene (containing 2 ,5-diphenyloxazole :113(1

�)-1)is[2-(5-phenyloxazolyl)�i)enzene).
ATP was analyzed 1)� the lUciferin-lu(ilir-

ase method (24). The contents of a vial of

i)ufferedl firefly lantern ext ract w’ere diss )lv( dl

in 5 ml of water; 0.2 ml of enzyme, 0.5 ml of

wat-r, and 0.2 nil of sample were used in each

assay. Phosphorescence was (letermined ill a

larrand sj)(-(trofluoronicter 20 sec after

Rl(litiol1 of time ATP-containing sanlple.
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There w�as a linear relationshup i)etween

sample (lililtiOli illidi I)hos1)I�)resceri(e, itidi-

eating that no cmid )g(mlous inhlil)itors or

quemichers were l)resemit.

D0l)ttmflimie f3-hv(lroxyla.se wits assayedi us-

ing [�H]tyramine, as dlescrii)ed previously
( 15) ; assays were (l()lie on the same day that
the rats were killed!. Tile incui)atiomis lasted

1 hr, over which time the reaction rate was

linear. p-Hydroxyniercurihenzoate was use(1

to inactivate endogenous inhibitors (25)

opti ma! concentrations ( if t he mercurial
were : fraction A, 1 mit; fractions B and! C,

0.5 mu; fraction D, 0.025 mu; fraction E,

none.

Statistical analyses. Data are reported imi
terms of control values, percentages of con-

trols, and! standard errors of the mean. Levels
of significance were calculated by Student’s

I-test, and straight limies \\.(�I�(� deternuined by
linear regression analysis (26).

�i!aterials. [7-’4CjEpinephrine (40 mCi/

mmole) , [7-3H]epinephrine ( 15 Ci/mmole),
[7-3Hjmetaraminol ( 15 Ci/mmole) , and

{G-3Hltyramine (3 Ci/mmole) were Oi)tailledl

from New- England Nuclear Corporation.

Buffered firefly extract was obtained froni
Worthington Biochemical Corporation, and
regular insulin (SO units/rn!) from Squibb.
Epineph rim- hitart rate was obtarned froni
\Vimith r p Lahorat iries, and metaraminol
hitartrate from \Ierck Sharp & Dohime.

RESULTS

Isolatwu of storage vesicles. The subcehlular

distributiomis of catecholamines, dopamimie

�3-iiydroxylase, amul ATP from adrenal glan(ls

of untreated! rats are silown in Table 1. Ap-

proximately 15-iS % of the total catechol-
amines arid! dopamilie �-hydroxylase were

found in time 800 X g pellet; this probai)ly
rel)resents the fractiomi of cells not disrupte(I

during homogenization, and was fairly con-
sistent from preparation to pre.paratioii . ( )f

tile amount placed on the discontinuous
gradient, about 16 % of the catechlolamimi(-s
rind! d!oj)amine �3-hiydroxylase were found

:Lssociate(l with fraction C (0.3 M sucrose),

indicating that about one-sixth of the vesi-
des were lysed during the preparation. Only

6 #{182}/of the catecholamines and less than 2 #{182}
of the tlopamine (�-hydroxylase i�’ere foUIi(l in

t I ii - 1 .6 ui stan )S( (fraction I )) layer ; t I i� -

jut act vei(ular J)-llet (fraction l�) �t )mitaimie(1

aI)(ult (i.�) i o1� the cate(lolaflhiml(5 lIIl(i (h)j)-
�tmilulie �3-iiy(Ir( xvlase 1)lace(1 011 thu gra(liemmt,
OE rtl)OUt .).) � of thie coiitemits of the whole

glamni . Total recoveries f catechiolaniimi(-s

1111(1 dloj)anIiIie �3-hivdir( )Xylase fromu th1(� (lis-

cOmItiIuliI)tis gra(lient average(l about S5 � � of
time aflioulit in fraction B. These values for
sui)cellular distrii)ution agree closely ivith
those of Smith and \Vinkler (22) timid of

\iveros ci (11. (11).
A�1’i� was ts5aVedl ill the intact vesicular

pellet (fractiomi E) : control values averaged
9 nnioles/gland. Catecholaniines in fraet i mi
F: average(1 36 nmoles/glamld. Thus the niolar

ratio (if catt-cliolamines to ATP was 4 : 1

uvhicli is thie thleoreti(al I�IIt1() ill the storage

(( )mill)leX . A’F I � vtihies in othl( -r sul)cellular
fractions ivi-re sniall and � luit(- variahl(-,

j)roi)ably 1)(-(aus(- of hlydrolysis of extra-
vesicular �\.TE� I � h)� AT Pases.

(matechola,n ii) e, dope iii itt C /3-/i !Idro.rykzse,

afl(l ATP (li4t)�ibUtiO1l.’l (lJtei insitliti. I’oumr

hours after insulin a(lniinistration catechol-

atiuine levels in all subcellular fractions i�ere

sul )st alIt iallv (Iecrease(l fr �m (ant rols (Table

1) . Total catecholamines amid thme levels imi

fractions A 1111(1 B (800 )< q l)(11(t and super-

natant) were ai)out 30 � / of controls; time

1)erCent age iii ti me itit tl(t v(-sicles ( fraction E)
was somewhat lower tiiami in fractions A and

B, uviiile time percentages iii fractions (‘ and
D (0.3 u ali(1 1 .(i in sucros(-) \u(-r(- sofliCiVilat

higher. All5 in the intact vesi(le fraction

decreased i�ara 1Id to cat ci molanlines � t In-

difference I)etw(-eIl (leplet ion of ;\.TP �tiid

catecIiolamnines in fraction 1 ivas not signifi-

cant (/) > 0.05).

lour Ii( murs after insuliii a(lfliullist rat n

dopanmine �i-hiy(!r0XylaSe ct )mit(-nt of t lie glan(1

\iiIS ijiil� slightly (IeCrci1s(d, but time distril)u-

tiomi \VtIS shifted niarkedlv (Table 1). The

enzvnie level iii fraction A inert-aseti sliglmtly,

iVilile that ill fraction B (l(-rrease(i to ai)out

so � ; of control. The content in fraction C

( enij)ty vesicle flienibralles) (Ioul)le(l. As was

SC(1i iVitil cUt(chl( )iafliumles, the d paniimie

�3-hi��Jroxvlas- level ill frad-tiori I (lecrease(l

stli)stalitinilly, i)Ut there uvas a significamit

(J) < 0.0 1 ) (lif1(I�(ml(( i)(t\V((n t lIP (ie(r(-ase ill



(‘Time after .�‘- B
insulin

(‘ontrol 10.0 ± 0.5 57.9 ± 2.2
(nmoles/

glamid(

hr

D

9.5 ± 0.5

E Total No. of
(A + B) animals

3.7 ± 0.2 35.7 ± 1.7 67.8 ± 2.7 19

% control

0 1tX)± 5 1()()±-1 10(1± 5 100±4 100±5 100±4 19

4 31± 3 28±4 44± 4 44±5 21±3 28±1 6

24 31± 3 37±3 50± 3 60±6 24±2 36±3 6

48 49± 5 52±3 57± 4 85±8 43±4 51±3 6

72 48± 5 55±3 82± 6 87±4 46±2 54±3 6

91i 69± 2 81±3 66± 4 99±6 78±4 79±3 6

1)opamine j3-hydroxylase

1mw after .� B (: I) E Total No. of
insulin (A + B) animals

Control (1.19 ± 0.01 0.87 ± 0.04 0.15 ± 0.02 <0.02 0.56 ± 0.04 1.06 ± 0.05 19
(nmoles/

gland/hr)

hr ( ; control

(I 100 m 5 100 :1: 5 100 ± 13 100 i 6 100 � 5 19

4 107 ± 3 78 ± 7 207 ± 36 41 ± 4 83 ± 6 6

24 62 ± 5 62 ± 3 135 ± 14 54 ± 9 62 ± 3 6

48 87± 2 82±2 110± 6 62±3 84±1 6

72 1(17± 3 95±3 154± 9 75±3 96±3 6

96 132 ± 10 122 ± 4 152 ± 10 115 ± 2 124 ± 5 6

ATP

‘Fime after E No. of
insulin

8.96 ± 0.44

animals

19Control
( nnioles/

glamul

hr ( � control

(1 1()0±5 19

4 29±2 6

24 55±4 5

48 67±5 6

72 62±3 6

96 88±5 6
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TABLI. 1

S’imbeellular distribution of ca(ech olaniiim es , dopannine �3-hydroxylase , a a ml A TP

- Results are expressed as menus ± standard errors.

Catecholarnines

‘- Fraction A is time 800 X g pellet ; fraction B is the 800 X gsupermiatant; fractiomis C-E were obtained

on a (liscOfltililU)lis sit(r()se (lemmsit\ gradiemit [C = 0.3 ii sucrose layer (broken vesicle membranes),

imm(-luding I lie C I ) jut erface ; I ) = 1 .6 a lavar ; 1� = vesicular pellet (intact vesicles) I.



‘1’�iiLE 2

Incorpor(itlon of (i,1(iflC4 by crmulm preparation of CL(lremmal .�toragc t’CiicleS

Flesimlts tl.e expressed as mnenmms ± standard errors.

Time after Epinephrim3c incorporation \Ietaraminol incorp()ral ii)n
insulin Catecholamines Per gland Per 1(X) jzg of Per glaml(l Per 1(y) �g of No. of

catecholamines catecholamines animals

3.3 ± 0.3 18Control 59.0 ± 2.7a 1.9 ± 01b 18 ± E 0.35 ± 0.02

10()±5 100± 6

22±5 93±14

58±5 260±43
61±6 173±16
82±6 152± 9

89±9 116±11

100 ± I;

67 ± 7

94 ± 7
106 ± 11

87 ± 4

98 ± 7

lOt) ± 9

300 ± 29

381 ± 98

226 ± 37

139 ± 5

101 ± i:�

18

6

5

1�

6

RE(’OVERY OF AI)I(ENAL .�MINE5 .�miElt INSULIN 111

hr control

0 196± 5

4 22± 2

24 27± 4

48 39± (1

72 56± 3
96 88±10

a Namiomoles per gland.

�‘ Nanomoles per gland ier 30 mm.
Nammomoles pe� 30 mimi per 100 �g of catecholamnines mmvesicles.

catechiolaniines (79 ‘ 2) and enzynie (59 � ) in

fraction E 4 hr after insulin.
Tw’enty-four hours after insulin adminis-

tration 1)0th total and vesicular cateehol-
atTunes increased onl� sligiltly from the

values at 4 hr (Table 1). Vesicular ATP andi

dopamine $-hydroxylase, on the other hiand!,
increased to about 55 % of comitrol values,

despite the fact that total enzyme dropped
from 83 ‘� of control at 4 hr to 62 % of con-

trol at 24 hr. The level of enzyme in tIle

empty vesicle memi)rane fraction (C) dc
creased! markedly over the same time period
(Table 1).

Forty-eight and 72 hr after insulimi total

adremial catecholamines increas(-d to 50-55 �
of control values : these values were some-

what lower in fraction E (intact vesicles) amid!

somewhat higher in fractions C and D

(Table 1). During the same time period
vesicular ATP and (lopamine $-hydroxylase

increased to values greater than 60 an(i 70 � �,

respectively (Table 1). Total d!opamimie 4�-
iiydroxyla.se recovered to normal values by
72 hr. The enzyme content iii fraction C first

decreased l)etiveen 24 and 48 hr, ami(1 tin-n

increased markedly between 48 an(! 72 hr

(Table 1).
By 96 hr after insulimi administration tottil

and vesicular catechlolamines and vesicular
AT1� had! returned to nearly normal levels

(8(1-90 ( ) (i�able 1). lam the first tinle since

4 hr after insulin there wits ii significant

difference bet we( mi rec )veri( s t f vesicular

catecholaniines and vesicular ATP. Similarly

for time first time, tIme catechohaniimmes in frac-

tion E had rec()ver(-d to a greater (-xtent th:ui

in fraction (1 (Table 1).
The pattern of (loi)annine �-hiydr )xylase

recovery at 96 hr uvas consi(lerably differemit
froni that of catecimolaniimies or �\‘i�I’ (Table

1). In all fractions time emizynie level was
significantly higher (j) < 0.05) tImami dontrol

values. r11i3(_ iiitact v(-siel(- fractiomi (E)
sIiO\Ved time smallest imicrease aI)( )v(’ (omit I ols,
while the eflll)tV m(-fiiI)rane fraction (C)

showed time largest.
Ineor/)oration of aiiiine.s. r1�i (Itittt are

rel)orte(1 iii ternis of incorporation j�r gland

and incorporation j�-r 100 pg of (atechol-
aniiiies in time vesicles. ‘i’lit- former i)ILr:imeter
is a nieasure of tIid� numi)(-r of fumict i )mlal

vesicles imi tIme gland, uvimile the latter de-

scril)es time ttl)ilit\’ of (-Itch vesicle to 1fl(( )r-

porate anuines reiativ(- to tIme aniount of

ctitecholtiniimies alrea(lv 1)r(-5-lmt.

Sturag(- vesi(les froni control rats uuere
able to imicorporate about 2 nmoles of epi-

nephrine iii 30 miii (‘liable 2) , or 20 nnioles/

100 pg of catecholamints. rfilis (orrespon(ls

ti) li)()Ut 4 �; of time (ttecholtmflIilles 1)resent iii

the vesicles. Metaraniimioh incorporation was
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(OIiSi(l(laI 1y l )\\(V thami that of e�)iIiCphrifl(,

amid! represente(l less thami 1 � of time endlog-

gemious cateeholamllin(-s (Table 2).
lour h� airs tufter insulin, total adr(-nal

ctttcciiohuiiiiiies aml(1 cpiiiephmrimie int-orpora-

tioli imadl d(-(-reas(-d ti m aI)out 20 � of Coiltrol

tIn-re �vtis no dhamig(- imi tlme imi(orporati()n

wh�emm exl)ressed as liamlonlol(-s P(-r l()0 pg of

CItte(holmfllifles, iIl(li(titiIig t hat tin- in(-or-

poratiomi per iiitact vesicle r(-niaine(l the sanie
as in control amiinials. T\velit\--four and 45 hr
tiftem’ imisulin, �vhiemi adrenal (ate(hmolarnines
had recovered omily to al )out 40 � ; of ti )IitI�)lS,

(J)imi(j)llrilie ilidorl) iration ��as gr(-at (l� t hltlfl

60 � ; (rfll 2) , ILI1(i consequently the imi-

(�( m’l)( )rati( ill i�er 100 �g ol iatech�olaniines

\�.ims 2-3 tinies mm()rnlal (]�abl- 2). Sevemity-two

h()urs liftel insulimi thi( a(ir(-nal (-at(-(-hmolamliine

(�()Iit(mit \\t15 al)()ut )5 �c I )f (()ntl’OlS, i)ut

(I)imi(l)lmmimi( incorporation j)(I glaiiti ��as

great(-r than So ‘ , ttIi(1 thmiis incorporation

P(-r 1(R) �.ig (if cat(-(-hmolanlilm(-s remnairie(i (-li-
Vt1t(�(l. �\ll three parameters r(-tuirn(-d to

n(-arly norniai levels aft-r 96 hr, at winch
tinie tileFe \\t15 130 (Iifferenc(- i)(-tw(-en total

tL(il(Iitl (tltecii( )huliliIm(s flhl(l (1)iI1( l)imrili( in-
(�( )ri)( )lttti( )li (Table 2).

lime Pat t(-rmm of loss amid m�-ti V(r’s (_)t tIn-

ill )I lit :‘- t( ) ili(( U1)( )rnt (� mnetaraniimi d \�as (( oi-

Si( l(It1l )i\ ( liII(-rent fi� mi t Imat ( if (l)imiel)I uiiiie
(‘Fable 2) . �\t 4 iir, �vlien adrenal (-atechol-

ttI1iiIi( levels uVe1�e 20 � ; i if (omitr()ls, nl(-tar-

I1 fliill()l 111(1 )rI)( oat ii )I1 �vas lm(-arhy 70 � ; (i�tible
2) ; comisequn-mit ly nl(-taraniinol 1IC )ll)OrtItiOfl

1)(I� I 00 pg ( )f cat(-(li()lanun(-s triple(l. \\lthimi
24 lit ( )I insulin adlnlinistrat i( )� nu-taranhin( d

i 0(1 l�l )( )IIit 1( )Ii hind r(-tuirmi(-(i t ( ) norn�al l(VeiS,

despite the fact that then- �vas 110 �(-(OV(-�� in

a(Im(-mlal (at(-(imolamllines at that timiu- (1 able

2).

1�:tT1ti.t�of ainine.s. Tf() (let(-rnnne the ability
I if im-wly svtithmesized st()rltg( vtsitles to stor(-

(tlt((IiOlttfliilies, nl(-asur(-nl(-nts \V(l(� mlla(le of

tiii- (-fTlux(-s of (-n(logemiouis cat(-cln)lanhimies

and of Iie�Vl\’ iIicOIl)Orttt(d [14( 1](-j)ili(-plirirle

IF( mlii st( �rage v(-si(�l(-s ( if (�( )ntr()l rats timid rats

giv(-lm itmsulimi 24 hr j)reviously ( lig. I ) .

��-as lit t ii- (liff(-r(-mi((- ili anun(- efflux b-tweeml

vesiel(-s fn )l1i (Olitl�i )l an(! insulimi-t r(-ate(I rats,

ami(1 the effitix (lurvis froni 1)0th groiij�s �vt-re

1\i)i(ttllV i)ij)Iitlsi( (l’ig. I).

(‘on tin 000S SU(1oSe defl.-�it!J f/!ThlielI t.s. Un -

- ‘0 20 30 40 50 60
TIME (MINUTES)

Fin. 1. L.1!!ux of [“Cle/)imlep/irime and endogenous

((i!UC/iola?)limieS (CA ) from adrenal storage vesicles of

umitreateil r(i/s amul of rats (/uelm irms�lin (5 ilJ/kg,

imilravcn(must//) 24 hr preciously

‘Flic omdimmate is logaiithnuim.

(liser(-�)ancy 1)et\\((I1 v(-sie-ular catechmolaniine

tifl(i (loparnine �-hydroxylase levels during

u-cretion IIIK! reN)ver\-, an(l the rapid return

of the ii)ility to in(orj)()rat(- anunes, sug-
gested that new vesicles were rapidly syn-

thesizedi after ilisulin-indu(-(-dl secretion. The
I migher levels of (-atecln)laniines ill fractions

C and U alSo sugg(-ste(l that tile new- vesicles

miiight have a low(-r (i(Ilsity than tue original

1)opulation. To test t hiis hypothesis, vesicies
from control rats were lal)el(-d with �‘4C]epi-

Im(I)hrille or [3H1]nietamaniinol, and vesicles

fmoni rats given msuhmi 24 hr 1)reviousl� were

labeled ivith [�H ]epiliei )iirin( - or [�H Imetar-

aminol ; 3H-labeledl vesieles from control and

insulin-treated rats �v-r#{128}-niixe(i with 14C-

ltul)C1C(i vesicles from control rats and sub-

j (-(ted to isopvcnic sucn �se (lenSit y gradi(-nt

((-ntrifulgation. The r(-sults appear in Fig. 2.
In vesicles from untreated rats tue (-n(log-

i-noris (atecholan�in(-s and newly incor-

porat(-dl {‘4Cjepinephrine tIIi(l [3H}m-tarami-

no! coincidled, all(l the rati() of 3H to 14(1 ��as

the same in the leading and trailing e(lges of

the p(-ak (Fig. 2A) . However, when vesicles

from insul imi-treated ra t iv -Fe lai)eled with

[3H]metaraniinol tIIi(l (emit rifuiged �vitii c( )n-
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FIG. 2. Isopycnic sucrose (lciisity gra(lient centrzfugati(’n of (1(lrcnal storage ,esicles from u,(roitiil rats

an(l front rats given insulin (5 lU/kg intravenously) 24 hr preciously

Vesicles were labeled with [#{176}Clepinephrine, [‘Iljnietam-amnimmol, or I1Je�)imi(-phrine amid miiiXI-(I is li--

scribed under �mETHODS. A. [14C IEpimmephrine-labeled (0 ) and {�II Imnet aramui ma 1-labeled (� � v(-smil(-s frommi

control rats. B. [14C]Epinephrimie-labeled vesicies from (-ontrol rats (0) mmnl [311]mnetaramnimiol-Iaheled

vesicles from insulin-treated rats (S). C. fm4Cllipinephrimme-laheled vesicles from t-ommtrol rats tO ) :Lmi(l

I‘Iljepinephrine-labeled vesicles from imi.sulimi-treated rats (s). Endogemiotis cate(-holamimies (0 I wer(-

deterniimied for each gradient. The leading edge in cacti gradient (-omisists of fractions 11-13, mmmd I lie
trailing edge contains fractions 14-2t). \?alues for �11 : ‘�C rat lo� ��ere (-onlj)tmte(l as (t railing e(lg(- 11 : #{176}(‘ ) /

(leadimig edge ‘11: i4C) (two experiments): A, 1.01 amid 0.97; B, 1.48 amid 1.62; C, 1.18 amid I .16.

trol vesicles labeleti with [14C]epineph rmn(-,
there was an increase of 50 % in the 3H : “C

ratio in the trailing edige (Fig. 2B), indicating
skewing of the [3H]metaraminol distribution

toward lower-densit y particles . This skewing

is evidenced by the appearance of a
“shoulder” centered at about fraction 17

[Fig. 2B] . Likewise, [3H]epinephrine-laheled

vesicles from insulin-treated rats centrifuged
with [14C]epinephrine-laheled control vesicles

exhibited a shoulder near the same point,
with a consequent increase of 20 % in the

�11 : m4Ci Itttl() ili the trailing (-(lge (Omfll)aI((l to

the leading (-(lg(- (1’ig. 2(’).

DISCUSSION

Imi exocitosis tlii imltir( soliiiile ctntcnts of
the storage Vesi(l(s ar(- s(-cr(-t(-(l t ( ) tIme cx-
tenor ( )f time (( -11, ��ii ili - t he vesi e1 - un Ill-

l)ran(-s I’eflit1in behiimul. (‘onsequu-mitl\, 4 hr

after insuhiii adniinitratiomi tin-re ��as a

parallel loss (if soluble (onij)onents (catechol-
amines amid ��i�P) IiIi(l an ilicr(-ase in t he

numfl1I)eI of (-nlpty vesiele memi)ralies (dop-
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amin(- /3-IlV(hlOX\ltise in fraction () . Ili( loss

of time ai)ilitV t() in(-orporate [14(’]epimiephirine,

CXJ)ress((l on a l)(1� glamm(l i)asis, reflectedi tile

(!P(l’Pa( iii the nunlh)(-m ( )f fuimictiomial stomag(-

V(�si(l(S, �vhule time uumimllpair(-(1 al)ility to

lllC( )mj) )lItte eI)iliel)iilili( relat i\�C to th( en-

dogenous ttmiiiiie comitt-nt in(!i(atc-(i that the
r(nlaimiillg vesicles \�(-re fully fumictiomial.

Although pri-viouls stuI(lies have shown

that (luamltal r(-lease of vesicle (ont.elits

occurs Iii both rats (1) amld! ral)i)its (11), the

ratio I)! (l( )l)t1111i13( �-liydroxylrise to catecliol-

amuiio-s imi the r(-mnaimiimlg vesicles several
hours aIt-r imisuiimm adniinistration was found

to in- (-l(-vat(-(l iii rats but not iii ral)bits. Ond-

explammat i� )I1 of tin- (liscr(-�)ancy between

sPeies is that the rate of iiew vesicle syntiie-
sis nltl\ I)C higher iii rats furthermore the

rat �)roI)ai)1y I)ossesseS a greater relative

capacity for cateclmolaniine synthiesis, simice a

similar Sl)eei(5 difference exists in tyrosine
hydiroxyla.-s- activity (9, 15). If the ‘extra”
d!Oj)ttmilulle f3-hly(!roxylase found at 4 hr indeed

represents Il(”sV vesicles, significant synthesis

of Vesi(�l(I protein should have occurred! dur-
ing that tinie period. \Vinkler timid! co-workers

(27) have (lenlomistrat cdl maximal incorpora-

tiorm of laleled aniino acidis into cilronl()-

gramiilis 4 hr after exposure of bovine adrenals

to carbachol.

It renlains to I)e (leterflTiiIle(1 \V1�’ the mie�s’

V(si(’les recovered their ability to imicorporate

metaraniinol, ti nomi-catecholamille, sooner

timami the ability to incorporate cateehoh-

aniimn-s. I-’irst , although metaraminol is
reaihil� ill(orporated by the storage vesicles,
it is store(1 ill R mud-il less StttI)le manner (1,
20, 21) an(1 i5 incorporated by a relatively

res(-ri)in(--resistant mechanism ( 18-21) , w-hiile

Cttte(hlOlIl Illilie uptake is r(-s(-ri)ine-Sensit ivt-.

Second!, although there is a slight l)referellce

for catechl( )ialliilles, protein comp( )Iidlit S of

the storage vesicles, sucll as chiromogramiins,

ar(- tlI)he to i)imidl 1)0th cateciioI- and non-

cat(-(ilolamin(-s (21), and this i)in(limig can
accoumit for about 1.5 % of the total amine

comitt-nt of time vesicles (21). Since newly

1I1(( )rI)orat (�(1 anuimles rej)res(nt only a sniall
percentag(- of the total amine content, it

Se(llls likely that metaraminol, less of which
�voult1 be incorporated imito the ATP storage
complex, \Votii(1 O\V( much muore of its 01)-

served vesicular imicorpi )ration to protein

bimlding than would (-j)in(-phrine. At a stage
in recov(-rv wh(-re new vesiches have beemi

synthesized wiiicii (10 not contain ATI?

(4 hr) nietaranuin()l incorporation woul(1

t herefore be closer t han pine� )hrine incor-

poration to control values.

If such a scheme is validi, the incorporat ion

of [‘4C]epinepiirine shoUld recover with a
time course similar to th(- recovery of ATP.

Tue mi-asurenients at 24, 48, 72, and 96 hr
indicate tiiat similarity. I-urth(-rmore, if tIme

i)re�ence of ATl� is respomlsible for th(- re-

coverv of epiiiephriiie imicorporation, time

new’ly incorporated (-Pinel)hrille should 1� ave
thie same storage stability in new vesicles
that it has in normal vesicles. Tiie efflux
studies from vesicles winch �)artit1liy re-

covered 1)0th their AlT and their ability to
incorporate [“Cjepinephrine, but Ilot their
emidogenous catecilolamines (24 hr), indicate
110 difference in storage stability coml)ared to

controls. Thus the newly svnth(-sized storage

vesicles acquire the normal ai)ility to store

catecholamines as soomi as their ATP content

is established.

Since 21 Yc of the (lry �veight of the storage
vesicles is catechola mines new vesicles which
lack catecholamines should have a lower
e(luilihrium density than controls. To test

this 1iypothesis, vesicles from control and
insulin-treated rats (24 hr after insulin) were
ltLbele(l with radioactivd- amiml(-s amid sub-

j ected to isopycnic sucrose density gradient

centrifugation. Imi control rats both [m4C]epi-

nepllrine- and {3H]metaraminol-laheled vesi-

des were (listrii)ute(I ill a fashion nearly

idlentical with catecholamines, illustrating
that both labels were incorporated into the
storage vesicle fraction and that both were

imicorporated into vesicles of e(lual density.

In rats given insulin, hlowever, tile (listribu-

tion ()f [3H]epiml(-phrine-lai)eled vesicles was

shifted to lower (lemlsities compared to COIl-

trols, which is to be exp(-(ted if the new

vesicles lack catechiolanmines. [3HlMetar-
amninol-labeled vesicl(-s from insulin-treated
rats were displaced ev(-n farther toward
lowr (lensities � vesicl(-s whicll lack both

catecholamines and ATP should have even
lower (lensities than vesicl(-s wiiich lack only

the former, and if metaraminol is imicor-

j)orated into tim(-s(- vesicl(-s, tue (listribution
of metaramimn)l label �voul(1 hd- shifted in that
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manmier. Intact vesicles whicii lack catechol-

amines and have lower (lensities have been

observed after insulin administration in

rabbits (11). The appearance of lighter stor-
age vesic!es also accounts for part of the
relatively high amount of dopamine (3-
hydroxylase found in fraction C during
recovery, aithoughl some activity was un-

doubtedly due to broken vesicle membranes
WiliCh ilad not yet been degraded or reco�i-

stituted into new vesicles. Partial eatechol-
amine repletion in the lighter vesicles could

also account for the more rapid initial re-

covery of catecholamines in fractions C and
D and the slower recovery in fraction E.
These vesicles wouldl not appear in fraction

E until their densities permitte(! sedimenta-

tion in 1.6 �r sucrose.
The pattern of dopamine (3-hydroxyhase

levels in fraction C during recovery therefore
represents tile summation of two processes:
destruction of broken vesicle memi)ranes
( through eithler I)rOteolYsis or reuse in :iew

vesicles) and appearance of new vesicles of
lighter density. The decrease in enzyme level
in fraction C from 4 to 48 hr suggests that
the former process continues for at least 2

days, while tue later increase reflects the

large amount of resynthesis of vesicles.
There is an apparent oversynthesis of

storage vesicles within 96 hr of insulin a(1-
ministration, since dopamine (3-hydroxylase

levels at that time exceeded controls in all

subcellular fractions. This suggests that tile
synthesis of new vesicles is not regulated by
the number or vesicles present or by the
enzyme activity itself, hut instead may i)e
determined by the catecholamine level or by
the level of neural input to the gland. Time
importance of neural input in the rate of

catecholamine recovery and tyrosine hydrox-
ylase increase in rats given reserpine has

been demonstrated by Patrick and Kirsilner

(29), although they did not observe as large

an effect on dopamine (3-hydroxylase re-

covery.
These data suggest that the recovery of

amine stores of the a(lrenal medulla after
insulin administration occurs in the fol-

lowing sequence: (a) resynthesis (or recon-

stitution) of vesicles with coneurremit recov-

ery of metaraminol uptake; (h) recovery of

vesicular ATP with concurrent recovery of

epinephriml(- uptak(-; (c) reeov(-ry of cati-chiol-
amine levels. Tints the r(-synthesis of date-
cholaniines is prol)ably th(- rate-limiting step
ill recov(-ry. \\hiiie this view’ agrees wit ii time

earli(-r oI)s(-rvati()n that time ratio of (ate-

cholaniines to � in rat adremials (1(-(m(-aSes

after iIiSUiiIi (17), it conflicts with the data

obtaimied iii guinea pigs by I�-swamii timid

co-workers (16), who observe(i a nior�- rapid

recov(-ry of norepinephrimi(- (ofllj)ared t i t lie

incorporation of {m4Cjepinepiirimie, amid :m

Se(l1IeIlt recovery of epinepimrimie h-u’-is r I1-

curr(-ntly ivith [m4(1Je�iimieplirine iliel )VJ 14 )ra -
tion. % pOSsil)le retusomi for this discme�)ali(-y

lies in tue Iiletiio(i of measuring imlcomj)ora-

tion ; iii the earlier stul(ly ( 16) imi-rp )mat U am

��-as deterniined solely by incorporat U ii of

radioad-tivity, (111(1 thl(� sl)((ific activity during

laI)eling was not (leternune(l. It has been

S1IOWII in several laboratories that time exog-
enous aniili(- (( )n(-ent rat ion tiuring 111(1 )E-

poration plays atm imi� )rtant raI(- in (h(-t(-r-

mining tiit anmount iIl(Orl)Ortlted, an(l that

the exogellouis aniline concentrat n )Ii decreases

if vesicles fmoni insulimi-t reated amliflla is ar� -

iisetl (1, 9, 1S�-21). In our Stu(ly sufh(ient

exog(-nous anlimie (0.1 ni) was ad(l(-(l to etich

incubation ti ( )bviat(- differences i � -t \V( -i-n

treated aml(1 control saIflj)les ; 5l)e(ific activity

ivas determined for each Samph- to (-nsure

that tiie tiifferemites in uiptake \v(-r(- miot din- to

differenct-s ill (-xog(-nous anun(- levt-is.

In assigning ti role to timiiimie svlithi(-SiS as

tue rate-limniting step in (-atd-cim( )laniuIl(- re-

covery, it shlould he kept in nhill(l that tinder

optimal conditions in litr() thu-ri- is (-nought

tyrosine hydroxvlas(- in thm- rat adr(-nal giammd

to symlthesize tIme (-mitire (-at(-ch( ilaniimie c in-

temlt ill 5 hr (15, 29), uuiiiie recov(-rv of ad�

renal cate(-imolaniimles in lao takes 4 dti�.. If
synthd-sis is rat(--liniitimmg, t hmemi (-it I i -m t hme

tyrosin(- hy(lroxvlas(- activity in i’iio is tt

small fraction of its total activity in ti/co or

else utilization of tim(- mie\Vlv svnt h(-izd-dl

amin(-s is rapid! enough to affect tue rate (

repletion of time cat(-(-hioianhumi(- st(im(-s.
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