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SUMMARY

The possibility of differentiating between chromaffin vesicles with different catecholamine
contents was tested by studying the distribution of rabbit adrenal dopamine 8-hydroxylase
(EC 1.14.21) and catecholamines, and the buoyvant densities of the catecholamine storage
vesicles after isopyvenic centrifugation of crude storage vesicle fractions in sucrose density
gradients. Catecholamine storage vesicles were prepared from adrenal glands of untreated
rabbits, rabbits which had received chlorisondamine chloride (10/kg intraperitoneally) to
block ganglionic transmission, and rabbits which had received both chlorisondamine chloride
and reserpine (1 mg-'kg). Adrenal glands were examined 1 day after treatment with chlorison-
damine and 1 and 8 days after combined treatment with chlorisondamine and reserpine.
Intact storage vesicles obtained from glands of untreated animals had a specific gravity of
1.27, while the membranes obtained from vesicles lysed in distilled water had a specific
gravity of 1.12. Chlorisondamine had no effect on the total dopamine g-hydroxylase and
catecholamine content of the adrenal glands or on the buoyant density, even though there
was a slight reduction of the activities in segments A and B of the gradients. Twenty-four
hours after treatment with chlorisondamine plus reserpine there was a marked decrease in
the catecholamine content, no change in the dopamine g-hydroxylase activity, and a sig-
nificant decrease in the buoyant density of the storage vesicles; the ratio of dopamine
B-hydroxylase to catecholamines in the purified storage vesicles was 2-3 times greater than
those of untreated and chlorisondamine-treated animals. Eight days after treatment with
reserpine and chlorisondamine the dopamine g-hydroxylase activities were twice those of
untreated animals, but the catecholamine content was only 60-70 of the control levels.
At eight days the buoyant density of the storage vesicles was still significantly less than that
of vesicles obtained from untreated rabbits, but not different from that of chlorisondamine-
treated animals. These results suggest that recovery of the catecholamine content following
reserpine administration requires synthesis of new storage vesicles, but this may not be the
srate-limiting step in the recovery. Isopyenic centrifugation through sucrose density gradient,
provides a method for differentiating normally filled, partially filled, and empty storage
vesicles.
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Secretion from the adrenal medulla occurs
by exocytosis, during which the soluble

Chile. contents of the catecholamine storage vesi-
? International Fellow of the National Insti- cles are secreted directly to the exterior of
tutes of Health during the tenure of this work. the cell (1-8). leaving the vesicle mem-
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branes within the cytoplasm (9). No infor-
mation has been available to determine
whether those vesicles which respond to the
secretory stimulus release all or only part of
their content. The fact that dopamine 8-hy-
droxylase (EC 1.14.21) is a component of
the soluble content of the storage vesicles
secreted together with catecholamines and
that it is also a component of the membrane
fraction retained within the cytoplasm (10—
12) suggested an experimental approach to
determine whether secretion from each ves-
icle oceurs in an ‘all-or-none” fashion. If
the vesicles secrete their total soluble con-
tent, one would expect a decrease in the
total dopamine 8-hydroxylase and catechola-
mine contents of the adrenal gland, but the
remaining storage vesicles, which do not
participate in the secretory response, should
have the same properties and catecholamine
content as vesicles obtained from unstimu-
lated glands; their dopamine B-hydroxylase
to catecholamine ratio and buoyant density
should be the same as those of control
vesicles. In addition, after stimulation one
should find a fraction of particulate dopa-
mine B-hydroxylase corresponding to the
membranes of “emptied” vesicles. On the
other hand, if vesicles release only a portion
of their content, one would expect a decrease
in the total dopamine B-hvdroxylase con-
tent of the gland, an increase in the dopa-
mine B-hydroxyviase to catecholamine ratio
of the isolated vesicles, and a change in
their buoyvant density if the density is
related to the vesicle content.

Highly purified adrenal catecholamine
storage vesicles can be readily obtained by
centrifugation through sucrose density gra-
dients (13-15). The studies reported here
describe the distribution of dopamine B-hy-
droxylase and catecholamines in sucrose
density gradients, and the buoyant proper-
ties of storage vesicles and storage vesicle
membranes obtained from adrenal glands of
untreated animals and from adrenal glands
of animals treated with reserpine under
conditions which prevent neurogenically
evoked secretion but still cause depletion of

the catecholamine content unrelated to se-
cretion. The results show that storage ves-
icles obtained from reserpine-treated ani-
mals have a normal dopamine 8-hydroxylase
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content, a lower catecholamine content, and
a lighter buoyant density. A subsequent
communication will describe the effects ot
neurogenic stimulation on the properties of
the storage vesicles. A preliminary report of
this work has been published (16).

METHODS

Treatment of animals. All animals were a
strain of New Zealand white rabbits and
weighed 2-3 kg. Chlorisondamine chloride, a
long-lasting ganglionic blocking agent, was
administered to prevent neurogenic stimu-
lation of the adrenal gland as an indirect
effect of reserpine administration (12). Re-
serpine (1 mg/kg) was administered via the
ear vein; chlorisondamine chloride (10
mg/kg) was injected intraperitoneally. Ani-
mals which received both reserpine and
chlorisondamine were treated with the latter
1 hr before administration of reserpine.
Animals which received only chlorisonda-
mine were Kkilled 25 hr after treatment;
those which received reserpine or reserpine
plus chlorisondamine were killed 15 min, 24
hr, or 8 days after reserpine treatment.

Preparation of homogenates for sucrose
density centrifugation. The rabbits were killed
by a blow on the base of the skull. The
adrenal glands were removed immediately
and placed in ice-cold 0.3 M sucrose. The
glands were cleaned of fat and connective
tissue, blotted dry, weighed and homoge-
nized in 20 volumes of ice-cold 0.3 M su-
crose, using conical all-glass Potter-Elveh-
jem homogenizers. The homogenate was
centrifuged at 800 X ¢ for 10 min. The pel-
let was discarded, and the supernatant
fluid was centrifuged at 26,000 X ¢ for 20
min. The 26,000 g pellet (crude storage
vesicle fraction) was gently resuspended in
0.8 ml of 0.3 M sucrose. An aliquot was
removed for measurement of total dopamine
B-hydroxylase and catecholamines in the
storage vesicle fraction, and 0.5 ml of the
remainder was layered over the sucrose den-
sity gradients described below. To prepare
lysed vesicles, the 26,000 X g sediment was
rechomogenized in 10 ml of ice-cold distilled
water and centrifuged at 26,000 X g for 20
min. The pellet was resuspended in 0.8 ml
of 0.3 M sucrose, and 0.5 ml was layered
over the sucrose gradients.
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Sucrose density gradients. Approximately
linear sucrose density gradients of two dif-
ferent concentration ranges were used in
these studies: heavy sucrose density gradi-
ents ranging in concentration from 2.25 to
1.0 M, and light density gradients ranging
in concentration from 1.5 to 0.3 M. The
gradients were prepared in 2 standard mix-
ing apparatus (11). The mixing chamber
contained 2.3 ml of the denser sucrose solu-
tion, and the reservoir contained 2.3 ml of
the lighter sucrose solution. A cushion of
0.3 ml of 2.25 M sucrose was added to the
centrifuge tubes for the Spinco SW 50
rotor before forming the gradient. Each of
the sucrose solutions contained 300 units of
catalase (Sigma, beef liver, twice crystal-
lized) per milliliter. The crude storage ves-
icle preparation (0.5 ml in 0.3 M sucrose)
was layered over the gradient and centri-
fuged at 48,000 rpm for 3 ht at 5°. This was
sufficient time for the vesicles to equilibrate
at their buoyant densities (11). The bottoms
of the tubes were punctured, and 19-21
fractions containing 12 drops each were col-
lected and assayed for dopamine B-hy-
droxylase and catecholamines. The specific
gravities of the fractions were determined
by measuring the refractive index in an
Abbé refractometer. Catecholamines and
dopamine B-hydroxylase were assayed as
previously described (9). Monoamine oxi-
dase was assayed as deseribed by Laduron
and Belpaire (15), using *H-tyramine as
substrate.

Materials. Reserpine (Serpasil) and chlo-
risondamine chloride (Su 3088) were ob-
tained from Ciba Pharmaceutical Company-.
Chlorisondamine was prepared for injection
by suspending 10 mg/ml in 0.9 NaCl
*H-Tyramine was obtained from New Eng-
land Nuclear Corporation and was purified
before use by adsorption on a column (0.5 X
3 em) of Dowex 50-H*, followed by elution
with 0.5 x HCL

RESULTS

Effects of chlorisondamine and chlorisonda-
mine plus reserpine on storage vesicles. The
crude storage vesicle fractions obtained from
adrenal glands of control and drug-treated
rabbits were resuspended in 0.3 M sucrose
and centrifuged through heavy sucrose den-
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Fi1a. 1. Distribution of dopamine B-hydroxylase
(DBO) and catecholamines (C.1) after centrifugation
of crude storage vesicle fraction through ‘‘hearvy”
sucrose densily gradients

sity gradients. I'ractions were collected and
assayed for catecholamines and dopamine
B-hydroxylase as described in METHODS.
Figure 1 and Table 1 present the data
obtained. Because of small differences in the
size of the drops from different gradients,
the total number of fractions collected
varied from 19 to 21. The volume of each
fraction was approximately 0.25 ml. Ior
analysis the data were grouped into five
segments of the gradient. Segment E con-
sisted of the two uppermost fractions and
was equivalent to the volume of material
placed on the gradient. Segment D con-
tained the next three fractions. The four
fractions below this were grouped in seg-
ment C, and consisted of the low plateau of
activity intermediate between the two major
peaks of dopamine B-hydroxylase activity.
The remaining 10-12 fractions. which con-
tained the purified storage vesicles, were
divided equally into segments A and B. To
define the positions of the denser peaks of
dopamine B-hydroxylase and catecholamines
in the gradients, the number of fractions
from the peaks of dopamine B-hydroxylase
and of catecholamines to the top of the
gradient was divided by the total number of
fractions in the gradient. This is desig-
nated R,. and is a relative measure of the
buoyant equilibrium positions.
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Treatment with chlorisondamine alone
had no effect on total dopamine B-hy-
droxylase and catecholamines or on the
positions of the peaks. Twenty-four hours
after treatment with chlorisondamine plus
reserpine there was no change in total dopa-
mine B-hydroxylase (9), but there was a
decrease in the catecholamine content and a
significant shift of the dopamine g-hydrox-
vlase and catecholamine peaks to a less
dense position in the gradient compared
with the peaks obtained either from un-
treated animals or from animals treated only
with chlorisondamine. This was also shown
by a decrease in the dopamine g-hydroxylase
in segment A\, no change in segment B, and
increases in segments D and E. These
changes reflect the appearance of vesicles of
lighter density, and of empty vesicle mem-
branes, in segment D. The catecholamine
levels in all segments of the gradients were
significantly below the control values, re-
sulting in a marked elevation of the dopa-
mine B-hydroxylase to catecholamine ratios.

The data in Fig. 1 are from a single ex-
periment. The adrenals of reserpine-treated
animals were among those apparently least
depleted, and had a total catecholamine
content and total dopamine B-hydroxylase
activity of 35 ug/gland pair and 11.1 nmoles/
hr/gland pair, respectively, compared to the
lowest values shown by control animals,
which had a catecholamine content of 52
pg/gland pair and dopamine B-hydroxylase
activity of 9.1 nmoles/hr/gland pair.

Eight days after treatment with chlorison-
damine plus reserpine the dopamine g-hy-
droxylase activity was approximately twice
that of either the untreated animals or those
treated with chlorisondamine, but the cate-
cholamine content had still not recovered to
the levels of the animals treated only with
chlorisondamine. The buoyant equilibrium
positions of the catecholamine and dopamine
B-hydroxylase peaks at 8 days were still
displaced upward in the gradient compared
to those of the untreated animals, but were
not significantly displaced from those of the
chlorisondamine-treated animals. The dopa-
mine B-hydroxylase activity in segment A
was within control levels, but the enzyme

activities in all the other segments were
2-3 times greater than the controls. At the
same time the catecholamine levels in all
but segment B were still below normal
levels. This combination of events also
resulted in marked increases in the dopa-
mine B-hydroxylase to catecholamine ratios
in all segments of the gradient.

Two animals were examined in a similar
manner 15 min after treatment with reser-
pine to determine whether reserpine itself
caused a decrease in buoyant density of the
storage vesicles. At this time the uptake of
catecholamines by the isolated vesicles is
completely blocked, but there are no changes
in the dopamine B-hydroxylase and cate-
cholamine contents (12). The distribution
patterns of storage vesicles obtained from
these animals were not different in any
manner from those of the controls.

Distribution of membrane-bound dopamine
B-hydroxylase in sucrose gradients. To obtain
additional information on the source of
dopamine B-hydroxylase in segment D, the
storage vesicles obtained by centrifugation
of adrenal homogenates at 26,000 X ¢ were
lysed by suspension in distilled water. The
particulate fraction was sedimented by cen-
trifugation, washed once with distilled water,
resuspended in 0.3 M sucrose, and centri-
fuged through a heavy sucrose density
gradient. All the dopamine g-hydroxylase
was found in a well-defined fraction (I'ig. 2)
which equilibrated at the same specific
gravity as fraction D. When purified dopa-
mine B-hydroxylase, or the soluble dopa-
mine $-hydroxylase present in a 100,000 X ¢
supernatant fraction of lysed storage ves-
icles, was centrifuged through the sucrose
density gradients, all the activity was re-
covered in the two uppermost fractions
(segment E). Poisner et al. (17) found in-
creased amounts of phospholipid in portions
of sucrose density gradients less dense than
the storage vesicles after stimulation of
isolated bovine adrenal glands with acetyl-
choline, and attributed this to the presence
of storage vesicle membranes.

Monoamine oxidase activity in sucrose den-
sity gradients. In some experiments in which
the crude vesicle fractions were centrifuged
through heavy sucrose density gradients,
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FiG. 2. Distribution of dopamine 3-hydrorylase
and monoamine oxidase present in water-insoluble
residue of lysed crude storage vesicle fraction after
isopycnic centrifugation in ‘ heavy” sucrose densily
gradients
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Fia. 3. Distribution of monoamine oxidase

(MAO) and catecholamines (CA) after isopycnic
centrifugation of crude storage vesicle fractions
through  heavy’ sucrose density gradients

an aliquot of each fraction was assayed for
monoamine oxidase to determine the effi-
cacy with which the gradients separated
storage vesicles from mitochondria and to
rule out the possibility that monoamine oxi-
dase might have interfered with the deter-
mination of dopamine B-hydroxylase. Two
peaks of activity were found (Iig. 3). One
peak equilibrated between the two major
peaks of dopamine B-hydroxylase activity,
and the peak of lighter density corresponded
with fraction D. When the crude vesicle
fraction was lvsed and washed in distilled
water before application to the sucrose
gradient, all the activity was recovered in a
single peak of lighter density, corresponding
to fraction D (Iig. 2). Two peaks of mono-
amine oxidase activity have been reported
in sucrose density gradient centrifugations
of other tissues (18-22). The monoamine
oxidase in the denser fraction is associated

VIVEROS ET AL.

with mitochondria. The monoamine oxidase
in the less dense fractions can be separated
from the norepinephrine storage particles of
sympathetically innervated tissues, and may
be attributed to fragmentation of the outer
mitochondrial membrane (19, 20). It should
be noted that monoamine oxidase was as-
saved as deseribed in METHODS, but when
the enzyme was incubated under the condi-
tions for the assay of dopamine B-hydrox-
vlase no monoamine oxidase activity was
detectable in any of the fractions.
Sedimentation of intact and lysed storage
vesicles in light sucrose density gradients. In
attempts to resolve further the peaks of
catecholamines, dopamine B-hydroxylase,
and monoamine oxidase, light sucrose den-
sity gradients prepared as described in
METHODS were employed. IFigure 4 shows the
pattern obtained when the intact, crude
vesicle fraction was sedimented through
these gradients. Vesicles obtained from con-
trol animals showed a single peak of cate-
cholamines and dopamine B-hydroxylase,
with a pronounced shoulder of dopamine
B-hydroxylase activity. In some instances
the shoulder was more clearly resolved.
The buoyant density of the peak of the
major fraction was very similar to that
found in heavy sucrose density gradients.
The distribution of catecholamines closely

“ of Total

Specific Gravity (e—e)

6 8 10 12 14 16 18
Fraction Number

Fic. 4. Isopycnic cenlrifugation of crude storage
vesicle fraction through ‘light”’ sucrose density
gradients

0O---0, catecholamines, controls; @——@,
dopamine g-hydroxylase, controls; A— - -A, dopa-
mine B-hydroxylase, vesicles prepared 3 hr after
insulin treatment (23); O---- O, monoamine oxi-
dase, controls. The data from the insulin-treated
animals are included here because the lighter peak
of dopamine 8-hydroxylase is more prominent than
that of the controls.
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F1G. 5. Isopycnic centrifugation, on ““‘light”’ su-
crose density gradients, of water-insoluble residue
obtained after lysis of crude storage vesicle fraction
in distilled water

The distribution of monoamine oxidase was
very similar to that of dopamine 8-hydroxylase.

paralleled the distribution of dopamine 8-hy-
droxylase. Two peaks of monoamine oxidase
activity were also found, which corresponded
to those obtained in the dense gradients. In
both heavy and light gradients the position
of the peak tube was not exactly repro-
ducible in separate experiments, but the
variation was never greater than one frac-
tion. It was not feasible to measure the
specific gravity of each fraction in all ex-
periments. The curve showing the specific
gravity of both the light and dense gradients
is the average obtained from several experi-
ments. In these measurements, the specific
gravity of corresponding fractions from dif-
ferent experiments was never displaced more
than one fraction.

When the particulate fraction obtained
upon lysis of the 26,000 X ¢ sediment was
centrifuged through the light sucrose den-
sity gradients, all the dopamine B-hvdrox-
vlase activity was obtained in a single peak
(Fig. 5) with a buoyant density correspond-
ing to that of the shoulder of activity ob-
served in I'ig. 4, and the same as the buoyant
density of the peak of activity in segment D
of the heavy sucrose density gradients.

DISCUSSION

It has been shown previously (9) that
treatment with reserpine after ganglionic
blockade results in depletion of the cate-
cholamine content of the adrenal gland but
causes no loss of soluble or particulate
dopamine B-hydroxylase. The present stud-
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ies demonstrate that this drug treatment
also leads to a significant decrease in the
buoyant density of the storage vesicles
when centrifuged through a continuous su-
crose density gradient.

The buoyant density of the storage ves-
icles in concentration gradients is dependent
on the intrinsic density of the vesicles
themselves, on the density of the solvent,
and on the osmolarity of the external
medium (22, 24). The internal osmolarity of
the storage vesicles is close to 250 milli-
osmoles (22). In glycogen gradients pre-
pared in water containing different concen-
trations of sucrose, the density of the vesi-
cles measured at equilibrium varied between
1.12 g/ml in 0.25 M sucrose to 1.23 g/ml in
1.55 M sucrose. The equilibrium density in
sucrose gradients prepared in H,O was 1.23
g/ml, but in sucrose gradients prepared in
D,O the density was 1.27 g/ml (22). Lager-
crantz et al. (24) obtained similar results in
self-generating silicon gradients prepared in
aqueous solutions containing different con-
centrations of sucrose. The increase in den-
sity of the storage vesicles in hypertonic
solutions is attributed to dehydration and
shrinkage as well as to equilibration with
the denser sucrose solutions.

The decrease in buoyant density of the
storage vesicles after reserpine treatment
appears to be related to the loss of cate-
cholamines and ATP. Although ATP was
not measured in these experiments, others
(25, 26) have demonstrated a loss of both
ATP and catecholamines after reserpine
treatment. The decrease in density does not
appear to be associated with the loss of
soluble proteins (chromogranin and soluble
dopamine B-hydroxylase activity) from the
storage vesicles. Since there were no losses
of dopamine 8-hydroxylase (mol wt 290,000),
it is unlikely that there were losses of chro-
mogranins (mol wt 80,000 for chromogranin
A, which, however, has a hydrodynamic
radius approaching that of dopamine 8-hy-
droxylase). The decrease in buoyant den-
sity also does not appear to be due directly
to binding of reserpine itself; vesicles ob-
tained 15 min after treatment with reser-
pine, when incorporation of exogenous cate-
cholamines by the storage vesicles is maxi-
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mally inhibited, had the same density, dopa-
mine B-hydroxylase activity, and catechola-
mine content as vesicles obtained from un-
treated animals.

In the experiments described here only
the 26,000 X ¢ crude vesicle fraction was
analyzed on the sucrose density gradients.
However, in all groups of animals this frac-
tion contained 70-80% of the total cate-
cholamine and dopamine g-hydroxylase con-
tent of the adrenal glands.

Dividing the sucrose density gradients
into five segments provides a convenient
method for interpreting the results of drug
treatment on the properties of the storage
vesicles. The purified storage vesicles were
present in segments A and B and contained
75-80¢ of the ecatecholamines applied to
the gradient for all groups of animals. These
fractions also contained 73 of the dopa-
mine g-hvdroxylase from the control ani-
mals and 50-65 % of the enzyme from drug-
treated animals. Segment C, the portion of
the gradient between the two peaks ot
dopamine g-hydroxylase activity, contained
6-7 ¢ of both dopamine B-hydroxylase and
catecholamines for the control and chlorison-
damine-treated groups; for the reserpine-
treated groups this segment contained 8%
of the catecholamines and 11-14% of the
dopamine B-hydroxylase, the latter change
reflecting a larger proportion of partially
depleted vesicles or contamination with
vesicle membranes. Segment D contained
4-6°¢ of the catecholamines from all groups
of animals and 11-14° of the dopamine
B-hydroxylase from the control and chlori-
sondamine-treated groups; in the reserpine-
treated groups this segment contained 18-
24 of the enzyme activity. The enzyme
activity in segment D represents the activ-
ity associated with storage vesicle mem-
branes or membrane fragments, since mem-
branes obtained from lysed vesicles also
equilibrate in this segment (Fig. 2); the
activity from untreated animals can be
attributed largely to disruption of the stor-
age vesicles during the preparative proce-
dures. The increased activity in segment D
after reserpine treatment, on both an abso-
lute and a relative basis, most likely repre-
sents the accumulation of membranes of
vesicles which had been completely de-
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pleted of their content. The increased activ-
ity in segment D from reserpine-treated
animals was not due to an effect of reserpine
on the fragility of the storage vesicles, since
the crude vesicle fraction and fraction E
contained the same percentage of total
catecholamines and dopamine 8-hydroxylase
in all groups of animals. Segment E repre-
sents the solubilized catecholamines and
dopamine B-hydroxylase applied to the gra-
dient. This segment contained 7-9% of the
catecholamines and 8-10“¢ of the dopamine
B-hydroxylase for all groups of animals, and
most probably arose from disruption of the
vesicles during the final homogenization
procedure.

Eight days after treatment with chloris-
ondamine and reserpine the dopamine 8-hy-
droxylase activity of the adrenal glands
doubled, but the catecholamine content was
only 60 of the control levels. The per-
centage of total catecholamines and dopa-
mine B-hydroxylase in each of the segments
of the gradient at 8 days was essentially the
same as that at 1 day after reserpine, even
though there was a 2-3-fold increase in the
total amounts of catecholamines and dopa-
mine B-hydroxylase. This suggests that new
vesicles are synthesized while the “old”
vesicles are retained. However, synthesis of
new vesicles may not be the rate-limiting
step in recovery of the catecholamine stores.
Doubling of the dcpamine B-hydroxylase
activity suggests that the number of vesicles
initially present in the gland had also
doubled. This assumes that each vesicle
contains the same amount of enzyme activ-
ity, that the observed increase in activity
was due to the synthesis of “‘new” enzyme,
and that no “new” enzyme was associated
with the old vesicles. If these assumptions
are true, the rate-limiting step in recovery
of catecholamine stores may be the biosyn-
thesis of catecholamines, or recovery of the
ability to store them.

Isopyenic centrifugation through sucrose
density gradients and determination of the
distribution of catecholamines and dopamine
B-hydroxylase provide a method for differ-
entiating normally filled, partially filled, and
empty storage vesicles or their membrane
fragments. The studies reported here demon-
strate that treatment with reserpine after
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ganglionic blockade causes, on the whole, a
uniform loss of catecholamines from all the
storage vesicles but no loss of dopamine
B-hydroxylase activity, resulting in an in-
crease in the dopamine B-hydroxylase to
catecholamine ratios of the storage vesicles
and a decrease in their buoyant densities.
Similar studies of the crude storage vesicle
fraction following neurogenic stimulation of
the adrenal gland are reported in a com-
panion paper (23).
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