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SUMMARY

Dopam.ine �-hydroxylase (EC 1.14.2.1) was used as a marker to follow the fate of the

adrenal storage vesicles following the release of adrenaline. Neurogenic secretion of adrena-
line induced by insulin produced a decrease in the adrenaline and !opamine fl-hydroxyla.se
contents of the gland. There was only a slight decrease in the enzyme activity of the par-
ticulate fraction obtained from lysed storage vesicles, but a marked decrease in the activity
of the soluble fraction. Twenty-four hours after the administration of reserpine (1 mg/kg)
to rabbits, changes in the dopamine �-hydroxylase activity were similar to those observed

after insulin treatment, but the glands were more severely depleted of their catecholamines.
After lower doses of reserpine (0.25 mg/kg), or if ganghionie transmission was blocked by

chlorisondamine 1 hr prior to the administration of reserpine (1 mg/kg), there were signifi-
cant decreases in the catecholamine content but no changes imi the dopamine �-hydroxylase

activity. These findings indicate that neurogenic secretion is characterized by release of the
soluble content of the storage vesicles directly to the exterior of the cell and retention of
the storage vesicle membranes within the cell. Interference only with time uptake or storage
mechanism by reserpine results in depletion of the catecholamine content, but not of the

intravesicular protein.

INTRODUCTION

During secretion of catecholanuimues fronu

the adrenal medulla, tIme soluble contents of
the storage vesicles are released! directly t.o

the exterior of time cell (1-7). Electm’on
microscopic (8-10), chemical (11, 121, and

enzymatic (13) studies suggest thuat the
vesicle membranes remain withimu tue cell

after secretion. The fact thiat a portion of

the dopamimue �-hydroxylase (EC 1.14.2.1)
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activity of the adrenal g!amid is firmly at-

tached to time vesicle memimbramues (14, 15)
makes it possible to use timis enzyme as a

marker to follow the fate of these mcmii-
bi’anes after time release of catecimolamnine�.
Time studies reported here show thuat time

dopamimie /3-hydroxylase associated with the
particulate fraction of the storage vesicles

is largely retained withuimm the cell fol!owing

secretion of catecliolamines.

METHODS

Treatment of animals. All animnals were

a strain of New Zealand white rabbits

weighing 2-3 kg. Animals receiving insulin

were fasted for 24 hur amid! then given 40

units of insulin ler kilogm’am of body weight
via the ear vein. Three hours after the
imijection of imusulimu, time ammimals either were
killed or were brought out of insulin shock

by admimuistration of 5 nil of 50% sucrose
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Homogenate. 0.30 M Sucrose

26,000xg, 20mm.

Supernatant (5,) Particulate (P,)

Resuspend, H,O

centrifuge 26, 000 x g, 20 mm

superhiatant (5,) Parti�u1ate (P,)

Resuspend. H,O

FIG. 1. Schenoatic presentation of the procedure used to prepare sombce!!u!ar fractions of adrenal glands
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by stomach tube amid! killed 21 iii’ later.

Animals which received ciulorisondamnine

cimloride, reserpme, or a commubination of time
two drugs wem’e not fasted. Reserpimue was
administered intravenously via the ear

vein; chlorisondamine was imujected imutra-
peritoneahly. Amuimals whichu received! both
reserpine amid chlorisondamine were tm’eated

with the latter 1 hr before administration

of reserpimue. Time reserpine-treatedi animals
were killed 12 or 24 hr later, as indicated.
For each series of assays, omue umutreated

animal amid! two om’ three treated amuinuals
were used. Chulorisomudamimue (10 mug/kg)

was used to block neurogenic stimulation
of the adrenal glamud.

Preparation of homogenates. rFhie rabbits

were killed by a blow on time base of time

skull, and! timeir ad!rena! glamuds wei’e me-
moved immnediately and placed! in ice-cold

0.3 M sucrose. The glatmd!s wem’e cleaned of

fat and! cominective tissue, blotted! d!ry,

weighed, amid homogenized! imu 20 volunues
of ice-cold 0.3 �i sucrose, using conical, all-

glass Potter-Elveimj emn homogenizers. ‘rue
homogenates were centrifuged! at 26,000 X g

for 20 mimi at 5#{176},amid time supernatant
fraction (S1) was d!ecanted!. The particulate

fraction (P1) was huomogeimized in ice-cold

water to lyse the storage vesicles, in order

to give a mixture equivalent to 50 mug of

original tissue per milliliter. The mixtum’e

was centrifuged at 26,000 X g for 20 mum,
and the supernatant fraction (S2) was

decanted!. Tue particulate fraction (P2) was
finally suspended in ice-Cold! watem’ to give

a mixture equivalent to 50 mg of original
material per milliliter. Time fractionation

proeed!ure is slmowmm hiagraiuuiuatically in

Fig. 1. Aliquots of S1 aimd P1 wem’e assayed

for catecholamnines as described previously
(13). Aliquots of S1, P2, and S2 were as-

sayed for dopamimme fl-iuydroxylase. During

time early part of this work, aliquots of P1
were also assayed for dopamine fl-hy-

d!roxylase, but in 25 pairs of glamuds, all

of time activity in P1 could be accounted
for by the activities found in S2 and P2.
The values for P1 iii Table I are time sum

of P2 plus S2.
Assay of dopamine f3-.hydroxylase. Each

of time fractions was assayed in time iresemmce
of two different comicentratioims of p-by-

droxymercuribemizoate to in activate the

endogenous inhiibitors (14). For time assay
of S1, time reactiomm mixtures contaimied 2 or

5 X 10-i M mercuribenzoate; for time assay
of P1, P2, amid S2, the mixture contained I

or 2 x 1O� M mercuribenzoate. Generally
time activities measured! in the two mixtures

differed by less than 10%, but in all cases
time highest measured activity was recorded!.

In addition to p-hydroxymercuribenzoate,

the reaction mixtures contaimmed potassium
phosphate buffer (pH 6.0), 100 m�m; sodium

fumarate (pH 6.0), 10 mimI; sodiuni ascor-
bate (pH 6.0), 1 .0 mimi; ATP (pH 6.0),

5 mM; tranylcypromnie, 0.5 mmi�i; catalase,
400 units; ‘H-tyramimie (generally labeled,

100 �.tCi/j.tmole), 0.01 mimI; amid! 0.2 ml of
the tissue fractiomi in a total volume of 1.0

ml. The reaction mixtures were imicubated
at 37#{176}for 15 nun in air. Under these con-

ditioiis time assay was approximately linear
with timmie for at least 15 mm, and was linear

with the ammiount of tissue ad!ded within time
limit used iuem’e (15). Tue reaction was
stopped by time a(ldition of 1 .0 mmii of 7%
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perchuloi’ic acid. After remmioval of the
precipitate, a 1-mu! ahidluot was assayed for

time amumoumut of 3H-octopaimuimmc foi’miued by

time periodlate oxid!ation mmmethod of Friedman
and Kaufnian (16).

Statistical in ethods. Standard errors of

time iuieaim were calculated fronm time fornmula

- X2 - N(X/N)2
- NV’N-l

Studemut’s t-test was used to (!etem’mine

statistical significance.
Materials. Insuhimu was obtaimmed from

Squibb and Sons, Immc., amid! reserpine

(Serpasi 1) and cli lorisommdamine elm bride

(SU 3088), from Ciba Plmarmmuaceutical
Conmpammy. Chulorisondamine was prepared

for immjection by suspemudmiug 10 nig/m! in
0.9% NaCI. 3H-Tyramine was obtaimmed

from New England! Nuclear Corporation

and was puI�ified! before use by absorption
on a colummun (0.5 X 3 cm) of Dowex 50-H�,
followed i)y eliitioii withi 0.5 x HC1.

RESULTS

Seven gm’oups of ammimals were used immthe
experinients reported here: one commtrol
group and six other groups, each receiving a

different treatmrment as indicated jim Table 1.

Of major interest to time followimmg discus-

sion are time catecholamimme contemmts of the

differemut groups amid! time dopanmimme /3-
hydroxylase activities in fractiotms P2 and
S2. The results were calculated in termmms of

m�moles of octopamine formmmed l)er hr per

gland pair and as mpnmoles of octopanmimme
formed per hr per 100 mg of gland. Only

minor differences in time results were found

betweemm both forms of expressiomm. The re-
ported p values are for the gland pair cal-

culations. There were no significamit differ-
ences imm time mean weights of time g!ammd
pairs amommg the seven groups.

1mm comparisomm witim the control group,

there was a sigmuificant dlecrease in the

adremual catechmolamimue coiitemmt of each of

the dirug-treatet! groups. Time mmmost miiarked

effect was observed! in time group assayed!
24 hr after receivimmg i’eserpine (I mg/kg).
The decrease in time cimlorisond!ammmine-treated

group was oimiy barely significaimt wlueim

expressed! omu time i)asis of glatud pairs (Table
1), but muot significatut when calculated per
100 mug of glammd.

Twemmty-four imours after time adminis-

tratiomu of reserl)ine ( 1 mug/kg) , amid! 3 and

24 hi’ after tue ad!mrministration of insulin,

theme w’ere sigmmificant decreases in the
total d!opamimme /3-imydroxylase activities.

These decreases were due almost emmtirely
to losses imm time activities of time P1 frac-

tions. Thiere were no differences iii the
S1 fractions except iii the group treated

with 0.25 mug of reserpine, which showed
an increase in activity. The decreases

in activity of the P1 fractiomm were due
mainly to time loss of enzyme activity

fronu the S2 fraction. The activity in the S2

fraction had decreased to 19 ± 2%, 33 ±

4%, and 53 ± 9% of the control values,

respectively, for the animumals assayed 24
hr after receiving 1 mug of reserpimme per

kilogram amid! 3 amid 24 hur after receiving

insulin, but time dopamimie /3-iiyv!roxylase
activities iii time P2 fractions hmad declnmed to

only 67 ±6%, 63±6%, and 77±6%,
respectively, of the control group. In the
reserpimue-treated group and in the group
assayed 3 hr after insulimm injection, the

relative d!ecrease of emuzyme activity in the

S2 fraction was 2-3 times that of time P2
fraction. Time dleerease of activity in the P2

fractiomis of these two groups was only

barely sigmuifieammt, but time decrease in activ-
ity of time S2 fractiomi was highly sigimificant.
The groups that received cimlorisoimdamine,
chlorisommdanmine + reserpimie (1 mg/kg), or

reserpine (0.25 mug/kg) alone showed no

differemices from time comutrols or among
timemmiselves imm time enzymmme activities of the

P1, P2, amid! S2 fractions.

Cimiorisondamimue itself had mmo effect on

the tlopamiime ,&-iiydroxylase activities of

the suhceliular fm’actions. Whemi given 1 hr
prior to time ad!mmuinistm’ation of reserpine (1

mug/kg), it only partially imuhibited the

(!epletion of catecholamuuines and completely

blocked time decrease in enzymume activities
observed aftem’ tm’eatiumemmt with reserpine

(1 mug/kg) alone. The adrenal catecimol-

aniiiie content of time group which m’eceived

chlorisondanmine plus reserpine was the

same as that of the group assayed 3 hr:after
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receiving imisulimu. However, the enzyme
content of time imusulin-treated group was

significantly lower than timat of the group

given chlorisondamine plus reserpine.
Part of the results of Table 1 are dis-

played in Fig. 2 as a percentage of the

control values. Altimough there were signif-
icant changes in time absolute amounts of

catecholamrmines and dopamine /3-hydrox-
ylase in some of time drug-treated groups

(Table 1), there were no shifts in the

distribution between the S1 amid P1 fractions

(Fig. 2A and B) . The P1 fraction of time

ummtreated group contained 82 ± 2% of the
total catecholamimmes amid! 71 ± 2% of the

total dopamnine /3-imydroxylase. There were,
however, significaimt decreases in the m-atio

of dopamine /3-hydroxylase activity in the
S2 amid! P1 fractions (Fig. 2C) of the groups

assayed after treatmemut with reserpine (1

mg/kg) and 3 and! 24 hr after immsulilm. There

were also significamut (lecreases in the

distributiomm of dopammuimme /3-hydroxylase
between time S2 amid P2 fractious (Fig. 2D)
in the groups assayed! 3 imr after insulin

treatnmemmt amid 24 iii’ after receivimmg reser-
pine (1 nmg/kg). In contrast, time ratios of
dopamumine /3-imydroxylase activity imm the S2

and P2 fractions of time groups which

received ciilorisommda mimic, chmlorisond!amine

+ reserpimme (1 mug/kg), and reserpine (0.25
mg/kg) alone were higher timan time commtm’ol

values, but omily time ratio imu time last-named
group was significammtly greater timamm that

of the comitrols.

DISCUSSION

Timree operatiomually defined pools of
dopamine f3-hydroxylase were found in

homogenates of rabbit adrenal glands
prepared! in 0.3 m�i sucrose. Approximately

30% of the activity was found in the super-

natant fractiomm obtained after cemmtrifugimmg

the homogenates for 20 mimi at 26,000 X g.
The activity in the particulate fraction is

associated with the storage vesicles (15, 17),
and approximately 50% is readily solubi-

iized upon extraction witim distilled water.
The remainder is attached! to thme menu-
branes of the storage vesicles amid may be

used as a membrane marker.
It has been showim that dui’immg acetyi-

FIG. 2. Ratios of catecholamine.s and dopamine

�-hydroxylase (DBO) in various subcelluiar fractions,

expressed as a percentage of the untreated group

The vertical limmes in the center of each bar are

the standard errol’s of the means. The numbers

within each l)ar i’efer to the following: 1, no treat-
ment; 2, chlorisondamine, 10 mg/kg, 24 hr prior

to a.ssay; 3, chlorisondamine, 10 mg/kg, plus reser-
pine, 1 mg/kg, 24 hr prior to assay; 4, reserpine,

1 mg/kg, 24 hi prior to assay; 5, reserpine, 0.25
mg/kg, 12 hr prior to assay; 6, insulin, 40 units/kg,
3 hi prior to assay; 7, insulin, 40 units/kg, sucrose

administered 3 hr later, animals assayed 24 hr after

insulin adnminist rat ion. The letters within the bars
refer to the following p values: a, p < 0.05;

p <0.0I;c,p <0.005;d,p <0.001.

cluohimme-induced secretion from isolated,

perfused bovine adrenal glands, dopamine

/3-hydroxylase and catecholamines are

secreted imu time same relative amounts as

found in t!me water-soluble fraction of

storage vesicles lysed with distilled water
(18). It was also reported that after insulin-

induced adm-enal secretiomu in rabbits there
was a decrease in the total dopamine /3-
hydroxyiase activity, largely accounted for

by a decrease of time enzyme in the 26,000

x g particulate fraction (13). The studies
reported here confirm these results and also

show that time de”�”ase imu activity of the
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particulate fraction was due mostly to a loss
of the water-soluble enzyme.

There was a smmma!l diecrease of activity
in time P2 fractiomms of time animumals assayed

3 hr after immsuhin and 24 imr after reserpint

treatment (1 mug/kg) , but no appai’emmt

change in the S1 fractious. A further ammal-

ysis3 has been carried out ommtime S1 fiactiotm
of untreated and insulin-tl’eatedl aimiimmals bY

centrifugation at 100,000 X g for 1 imr and

ilicasurement of the clopaniine fl-hydroxyl-

ase activities imm time pellet and! supcrmmatant

fractions. These studies imave showmi an

increase of emmzymmme activity in time 100,000

x g pellet amid! a d!eCl’ease imm time super-

imatant fractiomm of time insuiin-tieate(l mini-

tumals, suclm timat time 511th of time �imzytmme

activities iii time P2 fractiomu atm(! iii time

100,000 X g pellet ol)taiimcd fromim time in-

sulin-treated aninuals was equal to time

sum of thmese activities in time ummtmeatcd

animals. Thmus them-c appeal’s to i)e no loss
of the particulate fraction durmuug secre-

tion. However, these observations dlo mmot

exclude the possibility timat a portioim of

the membrane-bound! eimzvme immay imave

been discharged or inactivated by sommme
other process, such as lysosomal digestioim,

and that timere nuay imave beemm a selective

resynthesis of time particulate enzyme. Timis

seemm� unlikely, but muuay he evaluated! by

time admimuistratiomu of various ageimts which

iumterfere with protein synthesis.
The reserpine-immd!uce I tlti )letioml of

adlrenal catecholamines hits two (lose-

related conmponents (13. 19-30) : (a) a

direct effect, at both imigh and low (loses,
on the catechuolamine uptake nmechmamuismum

of the storage vesiclcs (31, 32), and (b)
a neurogemmic compomment involved w-imeum
higher doses of reserpnue are used. With

reserpine doses of 1 immg/kg there was

almost couumplete depletiomu of time ad!reumal
catecholamines and a decrease imm dlopa-

mnine /3-hydroxylase activity, which was

\‘ery similar to the losses observed after
neurogenic stimulatiotu immduced l)y insuhimm.

After low d!OSeS of rcscrpine (0.25 mug/kg),
or if time iieum’ogeimic comnponeimt was blocked

i�’ an agemmt such as cimiorisondamimme,

which inimibits gammglionic transimmission, there

were mio losses of dopammmine /3-hmytlroxyiase

activity eveim timougim time loss o’ a(IrcImal

catecimolanuines \va:�; coiiipam’ablc to timat

OI)5er\�e(I after imusulin treatment.
The seimsitivity of different auuiuumals to

1esem�l)iime, e�eum �vithmin the samuie species, ap-

()(itm5 to be quite variable and dlepemmdeumt
111)011 thme coumdlitiolms ummder wimichu the mini-

immals nut hmoimsed amid! time mmmanner imm which

tlmey are luandledl. \Ve hmad �)re\iously fouumd

( 13 , usimug time sanme straimm of New Zealaimd

�v1uite rabbits, that 1 uiug/kg doses of reser-

� Produced little or imo mmeurogenic
i(5j)OilSe, as evideumcedl i)�’ time appearanc�
of time ammiuuials amid by time fact that there

\\‘tts 110 decrease in time (lOpaimuimie /3-Imy-

(lroxvlase commteuut of the ad!reumal glands. In
time sammie aimimumals, resem’l)imue dloses of 5 mmmg/

kg caused dlecreases in dopamniume /3-
liv(Iroxy!ase simmuilar tO timose observed after

iimsuliii treatnmemmt. Time rabbits used in time
(Xl) � imuemuts m’Cl)Oited imere were hmousedl for

at lemtst 1 �veek before treatmuient in imew
(juimlitel’S w’imicim wem’c mumucim quieter tlmamm

timose used! pi’eviously. Ummder timese con-

(litious time aimiummals ap�)eared! to be immore

seimsitive to reserpine.

‘lime work fromum several laboratories has

elucidated! the general process wimich occurs

dum’immg secretion from the adrenal nucduila.
Electi’omm microscope studies have Suggeste(I

that time storage vesicles fuse with time

plasnma mmmemmmbrammeand extrude timeim’ comm-
teimts (hm’ectly to the exterior of time cell
(8, 9, 33). Douglas amml co-workers dielmiomi-

strated that Ca� iomms were m’equired for

stinmulation-sec ret ion couphimmg (34) and

that time ATP contained witimin time stom’age

vesicies was secreted summultaimeously witim

the catecimolanmines (1 , 2 ) . Simortly timere-
after, several laboratories reported timat time

proteins coimtaiimed withmiim time stom’age
vesicles, l)Ut not cvtoplasmmmic proteitms, were

also secm�ete(! witim time eateclmolammiiimes (3-

7 ( . Ammuong time proteins secreted was dop-
ammuimme /3-imydlroxvlase (18). These stUdlies

provided conmpelling evidence that secretioim
occurs by a process of exocytosis, hut gave

little iimformmmation oim time fate of time “cimipty”

vesicles. Using perfused bovine ac!remmai

glands, Poismier et al. (12) amu(I Malammued
et ol. (10) obtainedl evideimce wimicim sug-

gested that time vesicle mumenibranes renmained
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witiuimm time cell fom’ at least a simort period

following secretiomm. Vivem-os et at. (13)

reported timat followimug mueurogeumic stimu-

lation “in vivo” timeu’e was a decrease imm

the total (lopamumume /3-hydroxylase activity

of time glamud!, but also an imicrease iii time
ratio of dlopamumnme /3-imydroxy!ase to cate-
cimolamumiumes imu time storage vesicles, suggest-

immg that time fraction of the eumzyuume firmumly
boummd to time storage vesicle muuemnbranes

remnains within the cell. The data reported
here confirm and extend the above obser-

vations and show that almost all of the
firmuily bound dopamine f3-hydroxylase is

retained for at least 24 hr in the particulate

fraction (P2) of cell homogenates following

secretion of catecholamines.
Time ultimate fate of the storage vesicles

following release of their comutents is not
known. It is also not knowmm (a) whether

each granule that secm’etes loses its total

conteumts or a portiomu of its commtents, (b)
whether the “enupty” or “partially empty”

vesicles can be reutilized!, or (c) whether
the mumemubranes are subsequemmtly digested

and miew vesicles synthesized. Recovery of
norma! vesicle activity and fumuctioum pre-

sumably begimus after time uueurogenic

stimulation imas been stopped, but there
appears to he a lag period. Twenty-one

hours after the aduumiumistratiomu of sucrose,

there were shgimt but mmot statistically

significaumt increases in the adremuahine con-

tent amid! in time dlopalumine /3-imydroxylase

activity, most notably in the S2 fraction. It
has beeuu demommstrated (13) that time re-

covery of the ability of time storage vesicles

to take up ‘4C-adrenahine and! to restore
their catecholamine coimtent is preceded! by

or coincident with an increase imu proteimm

synthesis, as iumdicated by time recovery of

the dopamine /3-hydroxylase levels and by

an increase in the levels of tyrosine hy-

droxylase. If time vesicles were reused after
secretion of either part or all of their total

contemuts, recovery of normal function would

require some mechanism to enable them to
restore the several proteins lost during

secretion. The vesicles may have the ability
to synthesize their own soluble proteins,

or proteins synthesized elsewhere may be
able to be transported into the vesicies.

Neithuer of timese postulates seems likely.

If time vesicles timeniselves �s-ere mmot reused!,
recovery WOlul(l require the syntimesis of new
vesicles and! their attendant soluble pu’oteins.
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