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SUM MA Ill

Tine (listributiomn of dopanuimne /3-IrIs droxylase (EC 1.14.21) aind catecimolaummunes mm time
nm(lremnai giamn(ls of rabbits imas beemr deternminmed by differential amid isopvcnnic cent.rifugatiomm
at various timmmes after treatnmemnt uvitir immsulimm. Fractiomnationm of tire subccllular componrenmts
by (liff(un.enrtinnl cenrtrifugatiotm demonstrated tinat. all the dopaminne �3-inydroxylase boummd to
tine storage vesicle nienibramme was retained 3 mr after innsnllinn-imn(hlced sccretiomn amnd tinat ommly
tine sOl1Ibl(� (lopanmimme fl-imydroxylntse svitimimn time storage vesicle matrix uvas released. Tsvemmty-
four inours after inrsulin trcatnmenmt tiiere us-crc cimanuges inn the distribution of time menibranme-

bounnd (umrz\’flmtusviiicin suggest tinat partial rcstorationm of storage vesicles innid already oc-

curre(l anm(l tinat at least some of time nmembranmes of tine evacuated vesicles us-crc destroyed.

Isoi)vcnmic cemntrifugnntionm of time crude storage vesicle fractiomn obtainmed from adremnal glands
3 mr after imrsulinn adnminnistratiomm sinosved niarked decreases inn total dopanmine �3-hydroxylasc

anrd catecinoiaminme conrtcmmt but mm(.)cimamnges in tineir relative amoumnts inn tinose fractiomns of
tine sucrose denmsitv gradicnmt. comrtaimmimmg intact storage vesicles amid rio changes inn tine buoyant

demnsities of tire storage vesicies. Timese studies inidicate tirat those vesicles wimich participated
in tine secretory responnsc released t.ineir enmtire soluble comntemmt mm ann “ali-or-mmonme” fashionn.

rjnsve,lt\.four hours after inrsuiinm treatment botir tine dopamimme fl-iuydroxylase amid ca.te-
cinolatmminne commtennt of tine giamnds uvas still markedly depicted. rFhe buoyamrt denmsity of tine

storage vesicies ssas less than timat of vesicles obtaimmed from adrenmal giammds of untreated

rabbits, but tine dopamimme fl-hvdroxylasc to catecinolaminre ratio of tine vesicles uvas tine same
as timnit of comntrois. l’orty-eigimt hours after insuiimn treatment time dopamimme $-hydroxylasc

leveis innL(l recovered to nnornmai but. tine catccimolaminme content � only 35 % of control
values. Tine buovanmt. denmsitv of tine storage vesicles suggested tira.t there svas ni larger propor-

t.ioin of vesicles svitim liginter thanm nnornmal denmsities, arid time (lopaminie $-imydroxylase to
catecinoianmine ratio 55��i� 3 tinmmcs mnormal values. Glamnds ex:nminmcd 96-144 hr after inmsulinn
treatmenrt svt#{176}i.eimnclistinmguisirabie from glands of nrnmtreated anninmals. These studies inmdicate

tinat. (hlrinng recovery the formatiomm of storage vesicles is nmot. tine rate-limitinng step, and that
tinei.e is a cotmsnlen’abie lag betsveemn time formatiomm of tine storage vesicles and recovery of the
catecinolanmmimre stores.
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AM 05427 from time Natiomial Imistitutes of Health. 2 Imitermmatiotial Fellow of the National Insti-

1 Present address, Departmnmemnt of Physiology tutes of Health during the tenure of this work.
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SCHEME 1. Differential centrifugation of adrenal homogenates

I NTRODUCTION

In tine precedinig paP��’ (1) it uvas simosvmn
timat urorumually filled, partially depleted, annd

fully depleted adrennal catecholaminne storage
vesicles earn be differeintiated by isopycnnic

cemutrifugation tinrougim sucrose demmsity gradi-
emits. After reserpinne treatmenmt time date-

cimolaminne conrtcnmt is depleted but no dopa-

minne $-imydroxvlase (EC 1.14.21) is lost (1,
2). Tire storage vesicles from tlmcse amninnals,

wimeni cemutrifuged timrougin a sucrose density
gradiemmt, equilibrate at a loss-er demusity and

have a imigimer dopamimme fl-imydr oxylase to
catecholaminme ratio tinan do vesicles ob-

taimmed from adremual glarmds of untreated ani-
mals (1). Althoughm tine storage vesiclcs se-

crete tineir soluble conmtennt. by exocvto�is
durinng rmeurogernic stimulation (3-10), it has
nrot previously beenn det ermimied uvimet imer
tlmose vesicles uvimicin participate mi tlne secre-

tory responusc release all on only part of timeir
conntcnmt. Time studies reported imere provide
evidemice timtnt nmeuronnahlv induced secrctionn

from time adrenmal medulla, mu contrast to
rescrpinme-innduced depletion, occurs by amn

“all-or-none” release of time contemnts of tine

storage vesicles. A prehimimuary report of this

work ima’ been publisimed elseuvimere (11).
After nieuronnahly imnduced depletion, 4-fl

days are required for time rabbit adrenmal
glammd t.o recover its catecholamine stores

(12). Durimug repletion, it is not knnosvn

whether time storage vesicles are reused,
wimetimer enmtirely neuv vesicles must. be as-

scnnblcd, or winat tire ratc-himitinng factors

may be. Studies reported mere of tine recovery
of time catecimolaminme stores follouving insulin-
induced depletion suggest. tinat syntincsis of
storage vesicles is nmot time rate-limitinmg step.

METHOI)S

Treatment ()�f annuals. Au annimals uvere a

strairn of Xess’ Zealand svinite rabbits and

sveiglned 2-3 Kg. Anmimals uvimicin received in-
suhinn uvere fasted for 24 mr amid tineum givein 40

unmits of insuhimn per kilogram of body weight

via time ear veinm. Tinreeor four hours after time
insulin inmjectiomn time animals eitiner uvere killed

or us’ere brought out. of imypoglycemic smock
by adminmistrationi of 15 ml of 50 7’ sucrose
by stomacin tube amid killed at various times
aftersvard. If imypoglycemic symptoms reap-

peared, tine adnninnistratiomm of sucrose svas
repeated.

Preparat iOfl of /io)no(/ellates for sncrosc (len -

sity cein tr ifugat ion . Honnogenmat e’ of adrcmnal
glamnds svere prepared and cenmt rifuged
tinrougim both light amid imeavy sucrose dennsit�
gradiemnts (1). Catecholamimnes amid dopamimme

�-iiydroxylase svere assayed as described
previously (13).

Differential cen trifugation. Adremmal glands
ss’ere obtained as described above, inomoge-

nized, amid separated inmto subcellular frac-

Lyse, distilled water

26,000 X g, 20 mmmiii

Sediment (P2) Supernatamit (52) Sedimemnt (P3) Supernatant (S3)



I

I

I

446 VIVEROS ET AL.

tions as shosvnn inn Scincnme 1. After cenrtrifuga-
tion at. 800 X g for 10 mm, time particulate
fractionn (P1) svas reimomogemiized iii amu

amount. of ice-cold distilled water equal to

the volume of tine original homogenate. Tine
800 X �j supernmatant fraction uvas cenmtri-
fuged at 26,000 X ii for 20 mini. Time super-

niatamit fluid (Si) � decanted arid saved.
Time sedimennt uvas iyscd by reinomogenuiza-
tion in distilled uvater to give a volume equal
to time originnal honnogennate amid cemmtrifugcd
at. 26,000 X q for 20 mm. The supernmatarnt.
fractiomm (Se) svas saved for assay, arid tire

sedimemit. (P2) us�as again suspended in the

origimial volume of distilled uvater. The first

26,000 X q superimatarmt. fraction (Si) uvas
centrifuged at 100,000 X g for 1 imr. The
supermnatanmt fluid (Si) us-as decanmted amid
saved for assay, arid tine sediment (P3) uvas
resuspended inn uvater equal to time volume of
the initial imomogemmate.

�lIateriah. Imnsuhin svas obtainred from

Squibb arid Sonrs, Inmc. 3H-Tyramine was ob-
tamed from Neuv England Nuclear Corpora-

tionn, anmd was purified before use by adsorp-
tion orm a cohummm (0.5 X 3 cm) of I)ouvex
50-H’, follouved by elutionm uvitim 0.5 N HC1.

RESULTS

Release of soluble (lo/)aln me f3-Iq/(!ro.rylase

and retention of particulate (lopani nie /3-by-

(iroxylase following insulin. aani inistra.l ion.

Previous studies omm tine subcellular distribu-
tiomr of dopanminne f3-imydroxyhase arid date-
cimolarnimnes follossing various (lrUg treat�
merits irmdicated timat only the soluble

dopaminc /3-imydroxylase uvas released durirmg
secretionn, amid tinat time particulate fractionu
was retainned by tire gland (2). However, tine

total dopamirme /3-imydroxyiase recovered in
tine crude storage vesicie fractiomn (26,000 X

1/) prepared from adrernai glands of insulin-

treated animals wa,s less timanm tinat expected
if the pellet had contained all of time meni-
brammes from time disrupted vcsiclcs as uvell as
time remaining mitact storage vesicles. To de-
terminme wimetiner the apparent decrease inn

particulate dopaminme fl-hydroxylase migint

have been due either to some fragmenmtationm

of tire vesicle rnenmbrannes or to adimesiomn to

otimer membrammes resuitinng inn particulate

dopamine /3-hydroxylase that did riot sedi-

menmt at. 26,000 X ii, more extensive frac-
tionatiomn studies timani those previously re-

ported uvere carried out.
Homogenates of adrenal glands prepared

from control anmd iumsulinu-trcated anmimals
uvere fractionated as simouvin in Sdhmeme 1 arid
described in METHODS. Time data in Table 1
simouv that. time loss of dopamine /3-hydroxyl-
ase 4 hr after insulin treatment. occurred
from the soluble fraction (S2) of the storage

vesicles. Timere uvas a decrease of time emmzyme
activity in the particulate fraction (P2) of
time storage vesicles, but this uvas compen-
sated for by an equivalemmt increase of ac-

t.ivit.v in the 100,000 X ii pellet (Pr). Ap-
parently some of the membranes of the
storage vesicles imad become fragmented to
the extent that they rio lounger sedimenmted at.
26,000 X q. Twenty-four imours after immsuhimn
treatmenmt time dopaminne f3-hydroxylase ac-

tivity inn P2 rose to mmormal levels arid time
activity inn P3 decreased to normal levels,
but. time activity iii S� us-as still signmificanmtiy

belouv normal. Time mean dopamimme (3-h y-

droxyla.se and catecholaminme levels inn P2 arid
S2 were greater at. 24 hr thanm at 4 inr, sug-

gesting timat some rcsynntimesis of storage
vesicles turd catecinolaminres mad mnlreadv oc-
curred. Time loss of dopaminme f3-imydroxylase
activity in time P3 fractionn during time 4-24-mr
interval may irave been due either to reutiii-

zat.ion of tine particulate fractionn for vesicle
formation or to its destructionn.

Because of the loss of eatechnoiaminies aind
soluble dopamine /3-imydroxyhase aund time re-

tenmtionn of all of time particulate dopaminne
/3-hydroxylase, timere uvas a significannt in-
crease in time ratio of total dopamirne /3-my-

droxylase to total catecimolamirnes at bothm 4
arid 24 mr. Hoss’ever, in time 52 fractionr, from
uvimicim catecimolaminics ammd dopamimme /3-imy-

droxylase uvere relcnLsed, tinere uvas only nn
barely signnificanit increase (p < 0.05) inn tine
dopamimne /3-inydroxylase t o cat ecinolamimme
ratio at 4 inr, arid by 24 imr timis ratio svas not.

different from time conmtrols. These results
cormfirm arid extenmd our previous report timat

tire soluble contents of storage vesicles are
released to tine exterior of time cell during
secretion ammd thnat the storage vesicie mem-
branmes remain within time gland (2).

Effects of insulin treatment on storaqe yes-

ic/es. Tine crude storage vesidle fractionns ob-
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taimned from adrenal glannds of conrtrol and
inrsulimr-treated rabbits uvere resuspennded inn

0.3 M sucrose amid centrifuged timrougim imeavy
sucrose dennsity gradients. I”raetiorns uvere
collected and assayed for catecholaminres ann!

dopamine /3-imydroxylase (Fig. 1). Time data
were grouped inito five segmennts of the

gradiemmt as previously described (1). Seg-
merit E comnsisted of time tsvo uppermost frac-

tionms and ss’as equivalent to time volume of

nnaterial placed oni tine g1�a(hicnmt. Segment I)
conmtairmed time mmext timree fractions. Tine four

fractions beloss- tinis ss’ere grouped into seg-

merit C, arnd consisted of tine buy plateau of
activity internnediate betsveen tine tuvo nmajor
peaks of dopaminme /3-hydroxylase activity.
Tine renmainminng 10-12 fractions, uvinicir dorm-

tamed tine purified storage vesicles, svcre

divided equally into segments A amid B. To
define time position of time peaks of dopaminne
/3-imydroxyla.se arid catecirolamines inn time
gradients, time number of fractiorms from tine

denser peaks of dopanmine /3-imydroxylase arid
of catecimolannines to time top of tine grnndicnnt
was divided by time total number of fractions
iii the gradiemnt.. Timis is designated R5 , and
is a relative measure of time buoyarmt cquilib-

rium positions.
Three imours after insulin treatment timere

was a decrease inn time total content of dopa-
mine $-imydroxyiase amid catecholaminnes but
rio cimange in tine position of time peaks. Time
catecimolamine content uvas louvered in all
segments of time gradients prepared from
vesicles of inmsuhinm-treatcd annimmnis, amid tine
dopamimne fl-imydroxyha.se contennt � like-
wise reduced, except inn fraction D. From
Table 2 it earn be seen tirat time percentage
loss of dopaminme /3-imydroxylase from tine

storage vesicles (A and B) uvas approxi-

mately the same as that of catecholaminmes.
The dopaminne-/3-lmydroxylase t o cat ecimola-

mine ratio of segment A ss.as onnly shigimtly
less than that of tine controls, arid timere uvas

no difference inn the dopamine j3-imydroxylase
to catecholamine ratios in segment B. In
segments C anmd D of time gradient, a.s svell as

inn the total fractiorm applied to time gradient,

time dopamine /3-hydroxylasc t o cat echola-

mine ratios of the irmsulimm-treated group uvere

greater timanm those of time controls. The total

dopamine fl-hydroxylase activity in fraction

132

� /34

�I ,.%

E

2

T’

t
B’J c

CONTROL

INSULIN

in �

�
6

:i
6�

:�
F,oc?,o, Number

Fno . 1 . Isopycn ic centrifugation , th rough

‘‘ heavrj’’ sucrose density gradients, of crude storage

reside fraction obtained from (ant rot non! ins olin-

treated animals

DBO, dopanmine j3-hydroxylase ; CA , catechol-

ami mies.

I) of control animals uvas approximately 10 �
of time total activity applied to time gradiennt,

amid probably arose from membranes of yes-
ides disrupted during time preparation. In
insulin-treated animals tine dopamimne /3-imy-

droxylase activity in fraction 1) uvas ap-
proximately 45 � of time total activity ap-
plied to the gradient. Part of time activity in

timis fraction may irave been derived from

membranes of vesicles disrupted durinmg prep-
aration of time sample, amid part from mem-

brammes of vesicles disrupted during secretiorm.
Timus treatment of rabbits uvith insulin

caused depletion of botin the dopaminme fl-by-

droxylase and time catecimolamine content of
time storage vesicles. Tinis treatmenit pro-
duced a relative increase inn dopaminme fi-hy-
droxylasc in scgmemrt I), svircre membrannes

of iysed vesicles equilibrate (1), but. did riot.
ciranuge time relative amounts of dopaminme

/3-imydroxylase arid catecimolaminmes in time
storage vesicies, nor did it affect their buoy-

ant. density.
Twennty-four hours after inisulin treatment.

there us’ere no apparent differences in time
total catccimoiamirre content arid dopaminue

13-hydroxyiase activity compared to time
levels observed 3 imr after insulin treatment.

However, tinere uvere signnificant cimarnges inn
the distribution of dopaminne fi-hydroxylase
onm the demmsity gradients. Inn time 3-hr group,
segments B and D contaimued 21 and 46 #{176}/of
time total dopamine fi-imydroxylase activity,
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respectively, compared to 39 arid 1 1 % for the

control group and 41 arid 17 % for tine 24-hr
group. Hence the distribution of dopamine

fi-Imydroxylase in the 24-hr group was similar
to that. of the control group, even though time
24-hr post-insulin group was markedly de-
pleted of botim dopannine /3-imydroxylase arid
catecholamines. The redistribution was due

largely to a loss of activit.y in segmeunt D and

an increase in activit.y in segment B. The

distribution of activities at 24 hr was riot

entirely the same as that of the untreated
animals ; in the controls the dopamine fi-hy-

droxylase and catecholamine contemnt.s uvere

distributed approximately equally between
segments A and B, but 24 hr after insulin
treatment segment B contained about. twice
tine amount of catecholamines arid 3 times
the amount. of enzyme activity as segmemnt.
A. The dopamine $-hydroxyla.se to cat.e-
cinolamine ratios of time vesicles imm all seg-

ments of the gradients at 24 hr were nmot.

sigmnificantly different from time control
groups, but. the vesicles mad a louver buoyant

density. In contrast, the vesicles from reser-
pine-treated groups at. 24 hr had a lower

buoyant density thanu time conmt.rols, but time
dopamimie fi-imydroxylase to catecholaminne
ratios were considerably higher (1).

There was a dramatic increa.se in the
dopamine fi-imydroxylase activity bet.sveen 24
and 48 hr. At 48 hr the dopamimme fl-hiydroxyl-
ase levels had increased to normal limits,

but. the catecholamine content was oniy
35 (�. of the controls. The vesicles in Segments
A and B had the same modal buoyant den-
sity a.s those of the control animals, but the

dopamine 13-hydroxylase to catechmolamine
ratios were signniflcantly greater and re-
sembled those of reserpimme-treated animals

(1). At time same time the dopamine /3-hy-
droxylase activity in segment B was the
same a.s that. of tine controls but the activity
in segment A was only 60 % of the control
levels. The distribution of both dopamine

/3-hydroxyla.se and catecholamines at 48 hr
was similar to that at 24 hmr, but there was a

sigmmificant increase in time dopamine fl-by-

droxylase activity in segment C. These

observations suggest. that. vesicles which
have recovered omuhy a portion of timeir date-
cholamine contennt. have a louver buoyant

density on sucrose gradiennts than do normal

vesicles arid that timere is a significant. delay
betuveen the synthmesis of nneuv vesicles, or the
repair of the old vesicles, and repletion of the
catecholaminne stores. The vesicles examined
from 96 to 144 Imr after insulin treatment
did not differ from the controls in any of the
measured parameters..

Distribution of particulate and solvble dopa-

ni.ine /3-hydroxylase and catecholannines in

heavy sucrose density gradients. The distribu-

tion of dopamine fi-hydroxylase and cate-
cholamines in dennse sucrose gradients sug-
gested that the bulk of tire dopamine
/3-hydroxylase and catechmolamines present
in time 26,000 X �i sediment (crude vesicle

fraction) equilibrate inn a uvehi-defined peak
near the bottom of the gradient, anid that a
second peak of dopaminme fi-hmydroxylase ac-

tivity occurs near tine top of time gradient.
The distribution of bound and readily sol-
uble enzyme inn timese fractions imad riot pre-
viously been determined, arid it us-as there-
fore of interest to carry out this analysis.

The 26,000 X 1/ sediments containuing the

storage vesicles from control animals and
from animals 3 imr after insulin treatment
were resuspended in 0.3 M sucrose arid cen-

trifuged timrougim a demrse sucrose gradienmt as

described in METHODS. Tsvo milliliters of ice-
cold water uvere added to each of time frac-

tiomis obtaimned from time gradiennt, and the
suspemnsiomns uvere frozemn and thmawed tuvice to
lyse the vesicles. The fractions were then

centrifuged at. 26,000 X g for 20 mm, and
the soluble amid particulate fractions uvere

assayed for both dopamine fi-hydroxylase

and catecholaminmes. Figure 2 and Table 3

� A B C in in
aeo

0 0 2 4 6 8 0 12 4 6 8 20 22
Fraction Number

Fna. 2. Distribution on “heavy” sucrose density

gradients of catecholamines (CA ) , total doparnirte

�3-hydroxylase (DBO, 0 -0), and dopamine
�3-hydroxylase present in water-insoluble residue

after lysis (S-#{149})
The crude storage vesicle fraction was prepared

from adrenal glamuds of untreated rabbits.
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T.�imLE 3

Distribution of particulate dopamine fi-hydroxylase

in sucrose density gradients

For details of the procedures, see corresponding

sectiomns of RESULTS amid METHODS. The data were
obtained in a single experinment. A duplicate ex-

perimemmt gave essemrtially the same results.

Dopamine fl-hydroxylase
I’reatment � .�

A B C D E Total

total

Comntrol 41 50 82 78 11 53

Insulin,

3hr 52 57 85 85 86 74

give the results of timese experiments. The

distributiorm of particulate amid soluble dopa-
mine fi-hydroxylase in gradienmts prepared
from vesicles of insulin-treated animals was

essentially time same as that of control ani-

mals. In fractions 2-10, whicim contained the

bulk of the catecholaminies and dopamine
/3-hydroxylase applied to time gradient, time
particulate dopaminme /3-irydroxylase ob-

tamed from controls uvas 42 � of the total
enzyme activity in timese fractions arid the
particulate dopamine fi-hydroxylase of time
insulin-treated animals uvas 52 % of time total.

Most of the dopamine fi-hydroxylase mi frac-

tions C and D uvas particulate. Essentially all
of the catecholaminues uvere recovered in the
soluble fractions. Time high percentage of
particulate dopaminne /3-hydroxylase in seg-

merit E from insulirm-treated animals uvas
probably due to contamination with some

particulate dopaminue fi-hydroxylase from the
preceding fraction.

Buoyant density of 100,000 X g particulate

dopamine f3-hydroxylase. The buoyant den-
sity of dopamimue fi-inydroxylase inn the

100,000 X g sediment was determined by
centrifugation through “higimt.” sucrose den-

sit.y gradients (1). Figure 3 shous�s tine dis-

tribution of catecimolamines and dopamine
13-hydroxylase in the 26,000 X �j fractions
obtained from control animals and from
animals 3 Imr after treatment. with inisulin.
Tine buoyant density of the dopamine /3-imy-

droxylase activity in time 100,000 X q sedi-
menmt obtained from the glands of insulin-
treated animals is the same a.s that of the

minor peaks of dopamine /3-hydroxylase

found after centrifugation of the 26,000 X g

intact vesicles, and corresponds to the ac-
tivity in segment. D of the “heavy” sucrose
density gradients.

DISCUSSION

There is an excess of soluble dopamine
fi-hydroxylase in the 53 fractionm (Table 1),

which apparently cannot be accounted for

by breakage of tine storage vesicles during
homogenization of the gland. If the assump-
tion is made that in control animals there is

a uniform population of vesicles, arid that
all, or nearly all, of the catecholamines are

present. in the vesicles, then the fractiomn of
the total soluble catecimolamines present in
53 , i.e., S3/(S2 + 53), should represent the
fraction of vesicles disrupted during the
preparative procedure. In the untreated ani-
mals this represented approximately 15 #{182}�of

the total vesicle populatiorm. Hence 15 � of
the total soluble dopamine fi-imydroxylase
(S2 + 53), equal to 150 unuits of enzyme

activity, should also have been present inn the
53 fraction. However, tine S� fraction con-

tamed 276 units, leaving 126 units umnac-
counted for. Similar caiculationms for the
groups that mad received inmsuhinm 4 and 24 hr
earlier simouved excess amoumnts of 126 arid 89
units, respectively. The excess dopamine
fi-hydroxylase may be mmormally present in
the soluble cytoplasm, or, as seems more
likely, it may come from a population of
vesicles which have imigher dopamine fl-by-

droxylase to catecholamine ratios than the

.32

.26

l.24

.16

.12

106

.04

FIG. 3. Isopyenic centrifugation of 100,000 X gc

sediment through “ light” sucrose density gradients
The distribution of dopamine fl-hydroxylase

present in the 100,000 X g sedimemnt prepared froni

adrenal glands of untreated rabbits is shown.
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average. The data of Table 2 shouv that.
storage vesicles obtained from annimals 48 hr

after insulin treatment had dopamine fi-hy-
droxylase to cat.echolamine ratios 3 times
greater than vesicles obtained from un-

treated animals. This suggests that the ex-
cess enmzyme present. in S� arose from neuvly

formed or newly forming vesicles whmicim had
niot yet acquired their full catecimolamine
content.

Studies from this and other laboratories

inave provided evidence that secretion from
time adrenal medulla occurs by exocyt.osis, a
process by which the soluble contents of the
storage vesicles are secreted directly to time

exterior of time cell (3-10) , leaving the vesicle

membranes witimin tine cell (2). Houvever,

these studies did not indicate wimetimer time
secreted products came from a population of
storage vesicles uvhich released a portiomm of

tineir contents or from a smaller population
of time same vesicles uvinicli released their

total contents. The data in Table 2 arid Fig.
1 provide evidence that. each of the vesicles
uvimicim secretes releases it.s total content. in
an apparent “all-or-none” response. Timese
observations suggest. that secretion from tine
adrennrnl medulla is quanta1 amid that time
storage vesicles are the subcellular quantal

units. This does riot im�)ly timat eacim cell of
tine gland will respormd to time same stimulus
by releasing arm equal nmumber of quanta, or
timat the same cell uvill responud to successive
equal stimuli by releasing the same number
of quanta each time. By quanital secretion
we mean t.imat time minuimal secretory re-
sponnse of a chromaffin cell to a stimulus is

the release of the total coimtennt of one storage
vesicle, amid that any furtimer response uvill
consist of the release of time total content of
an imitegral number of storage vesicles.

The experimemmtal condit.iomns do not rule

out time possibility timat total release of the
vesicle content occurred, not, in response to

a sinmgle stimulus, but as a result of repeated
responses to successive stimuli. For example,

time vesicle may release omnly a portion of its
connt emit inn response to t.ime first stimulus, but
because of a favored proximity or apposition
to tine cell membranne, it may respond to
subsequent stimuli until completely de-
pleted. Our data on time dopamine fi-hydrox-

ylase to catecholamimne ratios of time purified

storage vesicles do riot support. this inter-

pret.at.ionn, arid electron microscopic studies

do not. indicate ann inmcreased number of
vesicles attached to tire cell membranes of

stimulated glands (14-16). Houvever, time

electron microscope studies uvere carried out

on glands uvimicin us-crc fixed after removal
from the animals, arid such attachnments

may have been lost during tins time. Fixa-

tion of the tissue by perfusion uvit.in glu-
taraldehyde in n’ir’o, mis described by Diner
( 17), may provide information relevant. to
this poirnt.

The depletion of adrenal cat echolamines

by reserpimme inn time presence of gammghionnic

blockiimg agents differs from t.hnat caused by
neurogen ic st inmulationm . l�eserpinme treatment

follouvirmg ganghionnic blockade results in de-
pletiorm of catecimolaminnes, no loss of eitimer

soluble or particulate dopamine fi-hydroxyl-
ase, and a decrease in time buoyant denmsity of

time vesicles (1). Tinese observations are corn-
sistenut uvitin time direct. effects of reserpinue on

the storage vesicles. Depletion of catechnola-

mines occurs because reserpinme blocks both

the ability to reaccumulate epinnephriime and
norepinepimrnme svhmicin may have leaked into
the cytoplasm from tine storage vesidles, arid

the ability to take up dopamilme into the
storage vesicles, uvirere it is oxidized to

nuorepirmepimrinre.

There is little information on the events

which occur upon cessation of stimulation.

The data of Table 1 and Figs. 1 arid 3

suggest timat either during secretion or
shortly timereafter time membranes of the

“empty” storage vesidles are cleaved to

smaller fragmenmt.s uvithout loss of particulate

dopamimme fi-imydroxylase. Neurosecretory
grannules of time blouvfly, Calliph.ora eryth-

rocephala (18), zymogen granules of time sahi-
vary gland (19), and neurosecretory granules

of the posterior pituitary gland (20) have
been reported to form smaller vesicles follow-

ing secretioni. Electron micrographs of the

adrenal glannds of imamsters (17) also suggest

timat. time storage vesicles, after release of

their conit emits, form smaller vesicles. The

finding timat there uvas no increase inn dopa-

mine fi-hydroxylase activity in time MOO X g

pellet (Table 1) migimt indicate timat fusion

or adimesioni of the storage vesicles to the
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plasma nmembrane is omnly slmort-hived inn time

adrenmal medulla compared to time salivary
gland (19), amid may expiaimr the difficulty

inn observinmg tinis pinennomennonn by electron

microscopy. Poisnmer et al. (21) anmd Malamed
et al. (22) arrived at similar conclusions from
their studies of lipid distributionm inn homoge-
nmates of bovine adrenal meduhlae after stim-

ulationn of tine isolated glands uvitim acetyl-

choline.
Tsvenmty to tuventy-onme hours after stimu-

lationm uvas stopped, time dopaminne fi-imydrox-

ylase contenit of time glands uvas redistributed

compared to those examined 3 or 4 hmr after

adminmistrat ion of inmsuhinn. Alt hmough t imere
uu’as rio imncrease inn eitimer total dopamine

fi-Imydroxylase or total catecimolamines in the
3-24-imr period, time decreased content of

enzyme mu fraction P3 (Table 1) arid segment
D (Table 2) and time increase in fraction

P2 and segment B suggest that some recovery
of intact storage vesicles mad occurred. The
reductions iii enzvnme activity in P� and

segment D are at least tsvice as large as the
increases mm fractionn P2 arid segment B, re-
spectively, suggesting tlmat at least some of

time old membranes were destroyed anmd riot
reutihized for time formation of nmew vesicles.

The formation of rmesv vesicles appeared to

be virtually complete 45 hr after secretion
had stopped, but at this time time vesicles

did riot conmtainu timeir imormal complement of
catecinolamines even thoughm time dopaminme
fl-imydroxvlase levels uvere time same as in
vesicles from control animals. Altimough time

R0 value uvas time same as timat of time corn-

trols, time distribution of catecimolamines arid

dopaminne fi-imydroxylase in segments A and
B 4M imr after insulin us-as much more asym-
metrical arid displaced tous-ard the less demmse
portiorm of time gradiermt. Time low levels of
catecholaminnes probably uvere not due to a

bus- svnitimetic capability, since at timis time
the tyrosine hydroxyla.se activity us-as twice

that of control animals (12) arid the dopa-
mine fi-hydroxylase activity svas uvithini nmor-
mal limits. Under rmornmal commditionns the
glarmd imas sufficieint dopamine fi-imydroxylase

activity to syntimesize its total conmtennt of

epinmephrinme arid norepiimephrinne us-it mm is
mirn (13), arid sufficient tyrosine Imydroxylase

to synt hesize an equivalent amount of dopa
in 21-22 imr wimenn time enzymes are assayed

under rreariv optimal conmditionns in vitro (12).
Hosvever, time activities of either or both of
timese (1nmzynmes may be tightly regulated in

the inntact cell, arid one cannot extrapolate
optimal activities measured in vitro to ac-
tivities i�ii vivo. A second factor us’hiclm may be
of importance inn the recovery of time cate-
cimolaminne content is the ability of time stor-
age vesicies to take up amid store time amimie.
Previous studies have simowni that nneurogenic
stimulation results in a decreased ability of
the isolated storage vesicles to take up
exogenous aminnes, and timat there is a paral-
lel recovery of catecholamine stores arid the

ability to take up exogenous amines (12).
Time data of Table 2 arid other studies (12)
suggest timat formation of neuv storage yes-

ides is riot per se the rate-limiting step in
time recovery of time catecholaminme stores,
but that biosynthesis of the aminme or (he-
velopmenmt of time uptake arid storage process
may be rate-limiting.

Inn tine I)ast, time adrenal medulla has been
a useful model for studies of time sympathetic
nerves. The enzymes for time synthesis of
norepinnepimrine turd their distribution appear

to be identical inn both tissues (23-25). Both
tissues have storage mechanisms uvimich nip-

pear to be similar but nmot identical (23, 25),
and recenmt evidence suggests that. chro-
mogranuinms arid dopamine fi-hydroxylase are
released from sympathetic nmerve endings

during stimulation (25-2S), as inas been oh-
served in the adrenal medulla (5-10).
Wlmet.her release of nmorepinepimrine at sym-
pathetic nerve endings is quantized in the
sense described Imere imas yet to be demon-

strated. 1’olkouv et a!. (29) and Stj#{228}rneet al.

(30) inave argued againmst time hypothesis that

the synaptic vesicle is the subceilular quanmtal
unit.. They have calculated that ormly 3-10%
of the conntennt. of a storage vesicle per van-
cosit.y is released for eacim maximal stimulus

delivered to the vasculature of striated
muscle. Their argumeimts are compelling but.
are not. supported by sufficient direct cvi-

deince to exclude eitimer exocytosis as time
mechanism of secret iomm at nerve endings, or
the synaptic vesicle as time subcellular quan-

tal unit. It. should be nmoted that. neither
Folkouv et a!. (29) mmor Stj#{228}rnmeet al. (30)
argued against time concept of quantal release

at sympatimetic nerve endings (31-33), but
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addressed tirenmmselves to tine size annd site of
tine quairtal unut. Calculationns for time ad-

rennal nieduhla indicate tinat time amounrt of
catecholamines relea.sed per maximal stim-

ulus applied to time splamnchnnic nmerve cani be

accounnted for by time relea.se of time total
connt cnn of omne vesicle per cell, assumimmg a

uniform respomnse by all tine cells of time glannd
(34).
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