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A new procedure is described for the preparation of highly purified and stable secretory vesicles from adrenal
medulla. Two forms of acetylcholinesterase, a membrane bound form as well as a soluble form, were found
within these vesicles. The secretory vesicles, isolated by differential centrifugation, were further purified on a
continuous isotonic Percoll™ gradient. In this way, secretory vesicles were separated from mitochondrial, micro-
somal and cell membrane contamination. The secretory vesicles recovered from the gradient contained an average
of 2.26 umol adrenalin/mg protein. On incubation for 30 min at 37°C in media differing in ionic strength, pH,
Mg?* and Ca2" concentration, the vesicles released less than 20% of total adrenalin. Acetylcholinesterase could
hardly be detected in the secretory vesicle fraction when assayed in isotonic media. However, in hypotonic media
(<400 mosmol/kg) or in Triton X-100 (0.2% final concentration) acetylcholinesterase activity was markedly
higher. During hypotonic treatment or when secretory vesicles were specifically lyzed with 2 mM Mg?" and 2 mM
ATP, adrenalin as well as part of acetylcholinesterase was released from the vesicular content. On polyacrylamide
gel electrophoresis this soluble enzyme exhibited the same electrophoretic mobility as the enzyme released into
the perfusate from adrenal glands upon stimulation. In addition to the soluble enzyme a membrane bound form
of acetylcholinesterase exists within secretory vesicles, which sediments with the secretory vesicle membranes and
exhibits a different electrophoretic mobility compared to the soluble enzyme. It is concluded, that the soluble
enzyme found within isolated secretory vesicles is secreted via exocytosis, whilst the membrane-bound form is
transported to the cell membrane during this process, contributing to the biogenesis of the cell membrane,

Introduction pathway [1]. Acetylcholinesterase, in the chromaffin
cells of adrenal medulla, exists in both a membrane-
bound form and a secreted form (cf. Refs. 2—4).
Whether or not both forms are actually present in
secretory vesicles of chromaffin cells as precursors of
the species secreted or that associated with the outer
leaflet of the cell membrane of the chromaffin cell
was as yet unknown.

Studies of the composition and properties of
adrenal medullary secretory vesicles have hitherto
been hampered by the fragility of isolated secretory
vesicles, especially when further purified on sucrose
density gradients. Because of this reason, only ‘crude’

During exocytosis secretory vesicles become
inserted into the cell membrane and the vesicle con-
tents are released into the extracellular fluid. This
suggests that membrane and secreted proteins are
transported to the cell membrane via a common

* Present address. Cancer Research Institute, University of
California, SF, San Francisco, CA 94143, US.A.
Abbreviations: DNTB, dithiobis(2-nitrobenzoic acid), EGTA,
ethyleneglycol bis(3-amino-ethyl ether)-N,N'-tetraacetic acd;
Hepes, N-2-hydroxyethylp1perazine-N'—Z-ethane-sulphonic
acid; Mes, 2-(N-morpholino)ethanesulphonic acid; Mops,

3-(N-morpholino)propanesulphonic acid; TEMED, N,N,.N ',N "
tetramethylethylenediamine.

(1.e. obtained by differential centnifugation) secretory
vesicles from adrenal medulla were used recently
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for the determination of the sidedness of membrane
proteins [5,6].

In this work we report the 1solation of highly puri-
fied adrenal medullary secretory vesicles by differen-
tial and density gradient centrifugation using 1sotonic
gradient material (PercollTM). The vesicles were
remarkably stable compared to vesicles prepared on
sucrose gradients. Acetylcholinesterase was latent in
the 1solated secretory vesicles, i.e. the enzyme was
inacessible to added substrate, but a marked increase
i activity was found when the vesicles were lyzed.
The vesicles contain two types of acetylcholinester-
ase, one type is membrane bound but faces the intra-
vesicular space, the other type 1s part of the vesicular
content. The latter exhibits the same electrophoretic
mobility as the enzyme released by adrenal glands
mnto the perfusate upon stimulation. The colocation
of membrane-bound and secreted acetylcholinesterase
within secretory vesicles supports the hypothesis that
the two molecular forms are transported to the cell
membranes via the exocytotic pathway.

Prelimmary reports of parts of this work have
appeared elsewhere [7,8].

Materials and Methods

Isolation of secretory vesicles

Bovine adrenal glands were obtained at the slaugh-
terhouse. They were kept 1n an icecold medium (0.15
M sodium chlonde, S mM Hepes, 5 mM EDTA, pH
7.0) and where transported to the laboratory within
2 h after death of the animals. The medullae were cut
out and placed into a medium containing 20 mM
Mops, pH 7.0 (adjusted with NaOH), 5 mM EDTA
and 0.34 M sucrose to give a final osmolality of about
420 mosmol/kg (isolation medium). All fractionation
procedures were carefully carred out 1n the cold
(0-5°C).

The medullae were chopped into small pieces using
scissors. Homogenization of the mince (48 g tissue 1n
240 ml 1solation medium) was performed in a loose-
fitting Teflon-to-glass homogenizer by three down-
ward strokes. The homogenate was centrifuged at
2200 X g,y for 10 min. The pellet P; was resuspended
mn 80 ml isolation medum. The supernatant S, was
filtered through two layers of cheesecloth and made
up to 240 ml with 1solation medium. After centri-
fugation at 12000 X g,, for 20 min a pellet of crude

secretory vesicles (P,) and a supernatant (S,) was ob-
taned. S, was centrifuged at 100000 X g, for 60
min to sediment microsomes (P3). Aliquots of cell
fractions, including the clear final supernatant S,
were kept for analysis.

50 ml Percoll™ (density 1.132 g/ml) was dialyzed
twice for 7 h against 11 1solation medium. The vol-
ume of the dialyzed Percoll was made up to 100 ml
with 1solation medium. The pellet P, (obtained from
48 g tissue mince) was resuspended in 8 ml 1solation-
medium and mixed with 72 ml Percoll prepared as
described above. The mixture was put into 9 ml tubes
and centrifuged at 35000 X g,, for 30 min using a
fixed angle Kontron TFT 65.13 rotor with the brake
on.

After centrifugation about 40 fractions were col-
lected from each tube. Fractions 1 —18 (starting from
the bottom of the tube) were pooled, as were the
remaining fractions. The pools were diluted 1:5
with 1solation medium and centrifuged at 100 000 X
gav for 35 min. In this way the subcellular fractions
were concentrated as a band above a cushion of Per-
coll and were removed by means of a syringe. The
matenal ongmnating from fractions 1-18 (secretory
vesicles, fraction SV) and that from the remaning
fractions (mainly mitochondna, fraction R) was
resuspended 1n a small volume of 1solation medium. If
desired traces of Percoll were removed from fractions
SV and R using a Biogel column (A 150, 100-200
mesh) equilibrated with isolation medium (contaimn-
ing 1 mM EGTA mstead of 5 mM EDTA). Fraction
SV was then concentrated by centrifugation
(12000 X gay, for 20 min). Secretory vesicles ghosts
were obtained by diluting fraction SV in a 10-fold
excess for 20 mM Mops, pH 7.0, S mM EDTA and
harvesting by centrifugation at 100000 X g,, for 60
mimn at 4°C. The pellet was resuspended in 20 mM
Mops, pH7.0, 5mM EDTA and recentrifuged
(twice).

Stability of the isolated secretory vesicles

To 1nvestigate the stabihity of secretory vesicles,
concentrated fraction SV was diluted 10-fold in
media of reduced or increased osmolality (by omis-
ston or addition of sucrose), 1n media of different pH
(pH 6.0 and 6.5 buffered with Mes, pH 7.5 and 8.0
with Hepes) or in media containing different concen-
trations of monovalent or divalent cations. After



incubation the mixtures were centrifuged for 5 min
in a Model 3200 Eppendorf centrifuge or for 10 min
in a Beckman Airfuge™ (130000 X g,,) and samples
from the supernatant were taken for determination of
adrenalin, protein or acetylcholinesterase released.

Analytical procedures

Protein was determined [9] by precipitating the
samples with trichloroacetic acid (10%) and dissolv-
ing the protein pellet with desoxycholate/sodium hy-
droxide (2%/3%). The trichloroacetic acid super-
natants were used for the determination of ascorbate
and catecholamines. Adrenalin and noradrenalin were
measured by the formation of fluorescent trihydroxy-
indole derivatives [10]. After removal of the cate-
cholamines by adsorption to DOWEX 50 W-X8 [11],
ascorbate was assayed by its reduction of 2,6-dichlor-
phenolindophenol at pH 4.1 in 0.75 M citrate/acetate
buffer [12]. Glutamate dehydrogenase, an enzyme
marker for the mitochondnal matrix was determined
as described [13] in the presence of 0.1% Tnton
X-100 [14], 1 mM leucine and 1 mM ADP. Glucose-
6-phosphatase [14] served as a marker for membranes
orginating from the endoplasmic reticulum. The nor-
ganic phosphate released was determined [15]. Acetyl-
cholinesterase, often used as a marker for cell mem-
branes 1 subfractionation studies of the adrenal
medulla, was assayed with acetylthiocholine as a sub-
strate [16] 1n isolation medium in the presence of
0.2% Trnton X-100. Detergent was omitted where
indicated. In hypotonic media acetylcholinesterase
activity was measured in the dual wavelength mode
(412 nm/450 nm) (see Fig.4). The enzyme actwity
in subcellular fractions from adrenal medulla was
inhibited by 95% when 5 uM BW 284C51 (dimetho-
bromide of 1,5-di(p-N-allyl-N-methylaminophenyl)-
pentane-3-one) was present. The enzyme activities
given therefore represent true acetylcholinesterase.
Lactate dehydrogenase was measured in the presence
of 0.3% Triton X-100 by following the oxidation of
NADH at 340 nm [17].

Polyacrylamide gel electrophoresis

Samples for electrophoresis were prepared in 62.5
mM Tris-HCI (pH 6.8) containing 0.5% Triton X-100,
10% glycerol and 0.002% bromphenol blue as a track-
ing dye. Slab gel electrophoresis [18] was carried out
using an 8% acrylamide (0.16% N,N'-methylene-bis-
acrylamide) separation gel in Tris-HCl (375 mM,
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pH 8.8) Triton X-100 (0.2%) and a stacking gel
containing 3% acrylamide (0.16% N,N'-methylene-bis-
acrylamide) m 125 mM Tris-HCl (pH 6.8), 0.1%
Triton X-100. The gels were polymerized with 0.02%
ammonium persulfate and 0.02% TEMED. The elec-
trophoresis buffer contained 25 mM Tris/192 mM
glycine (pH 8.3) and 0.1% Triton X-100. Electro-
phoresis was carried out with a constant current of
35 mA over 6 h (that 1s about twice the time taken
for the marker dye to reach the end of the gel).

Gels were nnsed twice with 20 mM Mops pH 7.0,
1 mM EGTA for 30 min, Then acetylthiocholine
(0.5 mM) and DTNB (0.5 mM) was added. Photog-
raphy was carried out after maximal development of
yellow colour (after approx. 30 mmn).

Results

Isolation of secretory vesicles

The distribution of protein, marker substances and
enzymes 1 the subcellular fractions obtained during
differential centrifugation of adrenal medullary
homogenates 1s given in Table I. The relative specific
activities of enzymes as well as the relative specific
concentrations of other substances are given 1n
Table II.

As judged from the amount of lactate dehydro-
genase, acetylcholinesterase, adrenalin and ascorbate
1n the low speed supernatant S; most of the tissue was
broken and the homogenization procedure was suffi-
clent to release most of the secretory vesicles. By
contrast, the percentage of glutamate dehydrogenase
(used as a marker for mitochondrna) and of the micro-
somal marker glucose-6-phosphatase was compara-
tively lower 1 S;. The presence of a considerable
amount of those marker enzymes in the low speed
pellet P, suggests that cell types with different
enzyme content exist in the tissue which are charac-
terized by different susceptibilities to homogeniza-
tion.

Pellet P,, which was used for further purification
on density gradients, contains mainly secretory
vesicles and mitochondria (41% of adrenalin, 37%
glutamate dehydrogenase with a relative specific con-
centration of 3.4 and a relative specific activity of
3.0, respectively). Ascorbic acid, a constituent of
secretory vesicles [11] was found not only in pellet
P, (23%, relative specific concentration 1.9), but also



TABLE I
DISTRIBUTION OF MARKERS IN FRACTIONS SEPARATED BY DIFFERENTIAL CENTRIFUGATION

Marker Number Homogenate Percentage 1n fractions
of expts (absolute values) 2
P, S P, S, P3 S3

Protein 20 3309+ 0.589 405+ 5.5 442+ 8.7 122+39 262+ 4.1 59+19 178+29
Ascorbate 8 5.07 £ 0.87 158+ 6.5 751+ 75 227+21 456+ 73 52+26 374+£5.7
Adrenalin 20 799 +10.2 171+ 29 749 £ 139 40.8+7.5 254+ 42 99+32 142 +32
Glutamate dehydrogenase 8 0.012 + 0.004 544+ 7.8 516+ 8.7 365*+59 59+ 13 35+0.8 25+16
Glucose-6-phosphatase 10 0.70 + 0.12 88.0+15.9 310+ 6.2 97+138 18.1+ 2.7 64+13 28+1.6
Acetylcholinesterase 9 0.023 + 0.006 327+ 6.8 626+ 9.2 17.3+4.2 362+ 6.7 199+6.0 95+4.6
Lactate dehydrogenase 10 0.172+ 0.028 18.6 + 6.0 796+12.3 27+1.2 72.9+10.8 28+05 654+72

a Protein is given as g measured 1n the homogenate of 48 g tissue (wet weight), ascorbate and adrenalin as ug/mg protein, lactate and glutamate dehydrogenase as
umol NADH oxidized/min per mg protem, acetylcholinesterase as umol acetylthiocholine hydrolyzed/min per mg protein, glucose-6-phosphatase as umol phos-
phate released/h per mg protein. Values are means + S D. Percentages of marker in fractions are given with respect to the homogenate.

86¢
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TABLE II
RELATIVE SPECIFIC ACTIVITIES (OR CONCENTRATIONS) OF MARKER IN FRACTIONS SEPARATED BY DIFFEREN-
TIAL CENTRIFUGATION
Marker Number  Relative specific activities (or concentrations) of fractions 3

of expts.

Py Sy P, S, P; S3

Ascorbate 8 039+0.16 169+0.16 186+0.17 1.74+028 088+044 210+0.32
Adrenalin 9 042+0.07 1.69+0.31 3.36+0.61 097+0.16 169+054 0.79+0.18
Glutamate dehydrogenase 8 1.34+£0.19 1.17+£0.20 3.00+048 0.22+0.05 059+0.14 014+0.09
Glucose-6-phosphatase 10 2.17+0.39 0.70+0.14 0.79+0.15 0.69+0.10 1.10+0.22 0.16+0.09
Acetylcholinesterase 9 081+0.17 142+0.21 142+0.34 138+0.26 340+1.02 054+0.26
Lactate dehydrogenase 10 0.46 +0.15 1.79 +0.28 0.22+0.09 2.94+041 048 +0.08 3.68+0.40

a Relative specific activity (or concentration) is the ratio of the percent of marker to the percent of protein in a given fraction.

Values are means + standard deviation.

in the particle free supernatant S; (37%, relative
specific concentration 2.1). Since only 14.2% of the
adrenalin remains 1in S3, presumably originating from
secretory vesicles damaged during homogenization,
it can be concluded that ascorbate exists in the cyto-
plasm as well as in secretory vesicles. This is in accor-
dance with previous findings [19]. Acetylcholinester-
ase, chosen as a marker for cell membranes, occurs in
equal amounts in pellet P, and P3, but is enriched in
P; (relative specific activity 3.4).

The 1sotonic density gradient was designed to
separate the secretory vesicles recovered in P, mainly
from mitochondria as well as from minor contamina-
tion by cell membranes and microsomes. The density
profile of this gradient was determined by refractive
index measurements (Fig. 1). Two bands (A and B,
see also protein distribution 1n Fig. 1) can be easily
distinguished by eye. Band A which centered around
fraction 10 (density 1.105g/ml) contained the
highest amount of adrenalin, noradrenalin and ascor-
bate, which characterize secretory vesicles. The hump
of these substances formed in fractions of lower den-
sities most probably indicates that some vesicles have
lost part of their contents during homogenization
and/or subfractionation. Glutamate dehydrogenase,
glucose-6-phosphatase, lactate dehydrogenase and
acetylcholinesterase were found in band B (Fig. 1)
indicating that mitochondria, microsomes and right-
side-out cell membranes can be removed efficiently
from secretory vesicle fractions (band A) in the
gradient. Acetylcholinesterase activity used as a
marker for cell membranes could not be detected in

band A when the assay was carried out 1n jsotonic
media. However, addition of 0.2% Triton X-100
results in a clear hump of acetylcholinesterase activity
in band A (Fig. 1).

The secretory vesicle fraction (fraction SV) was
recovered from the gradient and further analyzed (see
Materials and Methods). Fraction SV (Table III) con-
tained 24.9% of the total adrenalin present in the
homogenate, with a relative specific concentration of
5.19. The amount of adrenalin (2.26 * 0.31 umol/mg
protemn, calculated from Table III) and ascorbate
(52 £ 13 nmol/mg protein) in the secretory vesicles
fraction is in good agreement with the reported data
of secretory vesicles obtamned by sucrose density
gradients (cf. Ref.20). The composition of the iso-
lated material therefore compares well with the
highly purified secretory vesicles recovered from
sucrose gradients. Fraction SV did not exhibit lactate
dehydrogenase activity and the low percentages as
well as the low relative specific activities of glutamate
dehydrogenase, glucose-6-phosphatase and acetylcho-
linesterase characterize the high purity of the secre-
tory vesicle fraction.

Stability of isolated secretory vesicles

Secretory vesicles (fraction SV) release adrenalin
during incubation at 37°C. Withn the first 10 min of
incubation a rapid leakage was observed followed by
a slow steady release. After 60 min around 80% of
the hormone was still located inside the vesicles
(Fig. 2). Changes of pH (between 6 and 8) did not
affect the stability of the 1solated secretory vesicles.
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Fig. 1. Distribution of markers in the density gradient. Ascorbate, noradernalin, adrenalin and protein 1s given as mg/ml, lactate
and glutamate dehydrogenase as umol NADH oxidized/min per ml, acetylcholinesterase as umol acetylthiocholine hydrolyzed/
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DISTRIBUTION OF MARKERS IN FRACTIONS SEPARATED BY DENSITY GRADIENT CENTRIFUGATION

Marker Number Percentage 1n fraction 8 Relative specific activities
of expts. (or concentrations) b
Sv R
Sv R

Protein 20 48+08 55%£08

Ascorbate 9 79+3.0 6.7+2.1 1.84 +0.69 1.36 +0.42
Adrenalin 20 249+45 16.2+2.6 5.19 +0.67 3.04+095
Glutamate dehydrogenase 9 14 +0.7 185+5.9 0.33+0.17 393+1.26
Glucose-6-phosphatase 11 0.8+04 39+09 0.20+0.10 0.83+0.18
Acetylcholinesterase 8 1.7+£0.6 104 +25 040+0.13 2.13+0.52
Lactate dehydrogenase 8 <0.08 08+0.3 <0.02 0.17 +0.07

a Percentages of marker in fractions are given with respect to the homogenate.
b Relative specific activity (or concentration) is the ratio of marker to the percent of protem in a given fraction. Values are
means * S D. Fraction SV (secretory vesicles) are combined fractions 1-18 from the gradient, fraction R the remaining frac-

tions.

The stability of isolated secretory vesicles over a
broad range of osmolalities in buffered sucrose media
or buffered KCl media was determined after 30 min
of incubation at 37°C and is shown in Fig. 3. Whereas
at osmolalities between 400 and 800 mosmol/kg,
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Fig. 2. Stability of isolated secretory vesicles incubated n
Mops/sucrose/EGTA medium at 37°C. Ordinate % adrenalin
released from the vesicles, which were separated by centri-
fugation.

secretory vesicles were equally stable in both types of
media, a gradual release of adrenalin was observed
below 400 mosmol/kg which was complete at 150
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Fig. 3. Percent of adrenalin released from secretory vesicles
as a function of osmolality. Vesicles were incubated (30 min,
37°C) 1n 20 mM Mops, pH 7.0, 1 mM EGTA and various con-
centrations of sucrose (©) or KCl () to give the osmolalities
shown at the abscissa. Ordinate: % of adrenalin released from
the vesicles.
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TABLE IV

RELEASE OF ADRENALIN AND ACETYLCHOLINESTERASE FROM SECRETORY VESICLES IN MEDIA OF DIFFERENT
COMPOSITION

Isolated secretory vesicles were mcubated for 30 min at 37°C in 20 mM Mops, pH 7.0, 1 mM EGTA and sucrose to obtain a final
osmolality of 420 (mosmol/kg) and the percentage of adrenalin and acetylcholinesterase released into the supernatant was deter-
mmed (sce Methods). The values in parenthesis were obtained replacing sucrose in the Mops/sucrose/EGTA medm by an

1sosmolal amount of KCl. (Mean of three experiments, n.d., not determined).

Addititives Adrenalin

1n supernatant (%)

Acetylcholinesterase in supernatnatant (%)

None 12.1 (144)
0.2 mM Mg2* 14.0 (13.6)
02 mM Mg2*+ 02 mM ATP 16.6 (12.7)
2 mM Mg?* 104 (12.3)
2 mM Mg2?*+ 2 mM ATP 8.2(61.8)
1.1 mM Ca2?t 16.3 (n.d.)

3.0 4.7)
nd. (nd.)
nd. (nd))
2.9 4.9
2.6 (23.6)
nd. (nd)

mosmol/kg. The release below 400 mosmol/kg was
slightly higher 1n KCl media. Addition of MgCl, (0.2
or 2mM), CaCl, (1.1 mM), or 0.2 mM MgCl, plus
0.2 mM ATP, 1n sucrose media or KCl media, respec-
tively, did not increase the release of hormone from
the vesicles, However, 2 mM MgCl, plus 2 mM ATP
in KCI media resulted in a considerable loss of intra-
vesicular adrenalin (Table IV).

Acetylcholinesterase in isolated secretory vesicles
Acetylcholinesterase could hardly be detected
when assayed in isolation medium (420 mosmol/kg),
even 1n concentrated fractions of secretory vesicles
(Fig. 4). However, addition of 0.2% Tnton X-100
resulted 1n a marked increase 1n enzyme activity.
Similarly, reduction of the osmolality produced a
gradual increase mn enzyme actwvity (Fig.4). On
reduction of the osmolality of the media to 40—150
mosmol/kg about half of the activity observed after
addition of Triton X-100 had arisen within 2 mun.
To find out whether or not acetylcholinesterase 1s
released from the vesicle contents during hypotonic
treatment, secretory vesicles were centrifuged and the
percentage of enzyme released was determined in the
supernatant (Fig. 5). An increased percentage of
acetylcholinesterase became soluble on decreasing
the osmolalities of the incubation media. At osmolali-
ties around 100 mosmol/kg nearly 40% of the total
acetylcholinesterase present in secretory vesicles was
found in the supernatant. Obviously a membrane-

o
1

o Triton X 100

=)
!

(40/100/150)
{200)
(250)
{300)

o
1

Acetylcholinesterase {nmolesxmin -l mg protein” h

q’//@___’___,a(1.20,350)
T )

2 5 i0

o
L
[en

t (min)

Fig. 4. Increase of acetylcholinesterase activity in secretory
vesicles after addition of Triton X-100 and in hypotonic
media. Isolated secretory vesicles in Mops/sucrose/EGTA
medum were diluted at time 0 at room temperature with 20
mM Mops, pH 7.0, 1 mM EGTA and sucrose to give the
osmolalities shown in brackets. Acetylcholinesterase activity
was determined at the times indicated in the dual wave length
mode (412 nm/450 nm). Total enzyme activity 1n secretory
vesicles was determined with Triton X-100 (0.2% final con-
centration) present.
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Fig. 5. Release of acetylcholinesterase from secretory vesicles
as a function of osmolality. Vesicles were incubated (30 min,
37°C) in 20 mM Mops, pH 7.0, 1 mM EGTA and various
concentrations of sucrose to give the osmolalities shown on
the abscissa. Ordinate- Percent of total acetylcholinesterase
released into the supernatant.

bound pool of acetylcholinesterase exists in iso-
lated adrenal medullary secretory vesicles as well as
a soluble pool.

As shown 1n Fig,. 6 the soluble enzyme present in
the vesicle contents exhibits the same electrophoretic
mobility as the enzyme found in the perfusate from
stimulated adrenal glands (perfusion and stimulation
with carbachol of.glands was carried out as described
[3]). In the vesicle membranes (ghosts) two types
of acetylcholinesterase could be detected using poly-
acylamide gel electrophoresis in the presence of Triton
X-100. One type was 1dentical in 1ts mobility with the
enzyme present in the vesicle contents (probably this
fraction is incompletely released during hypotonic
lysis). A second type, with different mobility most
likely represents the membrane-bound form of acetyl-
cholinesterase within secretory vesicles. Therefore the
difference in enzyme activity found after addition of
Tnton X-100 and during hypotonic treatment (Fig.
4) is not solely due to the membrane-bound form of
acetylcholinesterase but also contains contributions
from soluble acetylcholinesterase trapped within
secretory vesicle ghosts.

In contrast to acetylcholinesterase, small mole-
cules (e.g adrenalin) can be released completely from
1solated adrenal medullary secretory vesicles during

Fig 6. Polyacrylamide gels demonstrating acetylcholinester-
ase activity. The protein migrated from the top (arrow, start)
to the bottom, which was the anode; Slots 1 + 2. Secretory
vesicle ghosts; Slots 3 + 4. Secretory vesicle content; Slots
5+ 6: Perfusate of adrenal glands, collected after stimulation
with carbachol.

hypotonic treatment (Fig. 3). In 1sotonic incubation
media contamning KCl, soluble vesicle contents can
also be released specifically from secretory vesicles
with 2mM Mg**/ATP (Table IV). Concomitantly
with the hormone (62%) a proportional percentage of
acetylcholinesterase (25%) (compared to 40%
released maximally by hypotonic treatment (see Fig.
5)) is released from the vesicles. Also 37% of the
total protein of secretory vesicles is found in the
supernatant (not shown in Table IV).

Discussion

The secretory vesicles fraction 1solated by differ-
ential and 1sosmolal density gradient centrifugation as
described here compares well with the highly purified
secretory vesicles recovered from sucrose gradients
judging from 1ts specific activities of fraction consti-
tuents and marker enzymes, (see Results, compare
with Ref. 20). One major advantage of the procedure
presented here 1s that the secretory vesicles were not
exposed to hypertonic sucrose in gradients, which
could have caused the instability of such vesicles. To
minimize alterations of membrane properties and the
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loss of intravesicular contents, sucrose has been
replaced previously by Ludox silica [21], sucrose-
Ficoll-2H,0 [22], sucrose-metrizamide [23] and
polyvinylpyrrolidone-coated silica  (Percoll ™)
[24-26].

However, in all the aforementioned 1nvestigations,
‘crude’ secretory vesicle fractions isolated by differ-
ential centrifugation and then put onto 1sosmolal
gradients, were 1solated in 0.25—0.3 M sucrose media.
Since the vesicles tend to lyze in such media (Fig. 3)
such further purfication of the materal on isosmolal
gradients is of limited value (e.g. in one of these
investigations, where numerical values of the specific
content of adrenalin in the subcellular fractions puri-
fied by differential centnifugation as well as gradient
centrifugation are given [26], the secretory fraction
recovered from a Percoll gradient actually contains
only 1.5-times more adrenalin per mg protein than
the homogenate). Consequently the amount of
adrenalin per mg of protein in the secretory vesicles
was only 1/5 of that found in this study (see Results)
or in secretory vesicles recovered from sucrose gra-
dients [20]. Also, compared to the conventional
sucrose step gradient, the relative specific content of
vesicular ATP is not increased durnng further purifica-
tion on sucrose-metrizamide or on sucrose-Ficoll-
2H,0 gradients (see Fig. 4 1n Ref. 23). A direct com-
panison of the purity of secretory vesicles 1solated n
sucrose-Ficoll-?H,O gradients, in sucrose gradients or
i Percoll gradients shows that mitochondnal conta-
mination 1s less in the latter than in either of the
other preparations [26]. Since secretory vesicles in
Ludox silica gradients overlap with mitochondna
[21] only Percoll gradients are suitable to remove
mitochondria and other contaminants from adrenal
medullary vesicles 1solated by differenttal centrifuga-
tion [24-26].

In addition to the high punty of the secretory
vesicles 1solated as described in this report, the stabil-
ity of the vesicles 1s superior to other preparations. As
observed 1n many laboratories further purification of
secretory vesicles on sucrose density gradients gives
nise to great fragility when incubated at 37°C. Even
for secretory vesicles isolated only by differential
centrifugation leakage during incubation in 300 mM
sucrose media was found to be much higher [27]
than leakage from vesicles punfied further on Percoll
gradients (Fig. 2). Secretory vesicles further purified

on sucrose-metrizamide gradients incubated at 37°C
in 300 mM sucrose release about 50% of their content
within 5 min, followed by a slow further release over
the next hour [28]. By contrast secretory vesicles
recovered from Percoll gradients release only 7.5%
of total adrenalin after 5 min of incubation at 37°C,
with a gradual release of further content within 1 h
(Fig. 2).

It is reasonable to assume, that the observed stabil-
ity of the secretory vesicles preparation obtained as
described in this work, is due mainly to the main-
tamnance of an osmolality of about 420 mosmol/kg
throughout the isolation procedure, since the lower
osmolalities used in the other procedures causes
considerable leakage (Fig.3). The sensitivity of
secretory vesicles to changes in osmolality has also
been observed by other workers [29,30].

Ca?", which causes fusion of isolated adrenal
medullary secretory vesicles, or Mg?*, which cannot
induce fusion at the concentrations used here
[31-33], do not affect the stability of 1solated secre-
tory vesicles 1n sucrose- or KCl-media (>400 mosmol/
kg, Table IV). As was observed earlier with secretory
vesicles isolated by differential centrifugation [27],
adrenalin 1s set free by an appropriate concentration
of Mg?*/ATP in KCl media but not in sucrose media.
This shows, that also highly purified secretory vesicles
deplete thewr contents as a consequence of an ATP
driven proton translocation in the presence of a per-
meant anion [27].

Acetylcholinesterase was found with 1ts active site
sequestered within secretory vesicles (latent). Enzyme
activity became patent in hypotonic media or when
detergent was added (Fig. 4). Part of the total pool
of acetylcholinesterase was soluble within the vesicles
(1e., could be released together with adrenalin by
hypotonic treatment, Fig.5). This soluble fraction,
could also be released spectfically from secretory
vesicles by Mg?*/ATP, as can adrenalin (Table IV).
The electrophoretic mobility of the soluble enzyme
was indistinguishable from the enzyme found in the
perfusate of bovine adrenal glands stimulated with
carbachol. In addition to the soluble enzyme a mem-
brane-bound form of acetylcholinesterase exists
within secretory vesicles. This membrane-bound frac-
tion sediments with the secretory vesicle membranes
and exhibits a different electrohoretic mobility com-
pared to the soluble enzyme. A simple concluston is,



that the membrane-bound enzyme becomes inserted
into the cell membrane, whereas the soluble enzyme
present within the vesicles 1s secreted when secretory
vesicles are everted during exocytosis.

Ca**-dependent secretion of acetylcholinesterase
by typical chromaffin cell stimulants has been ob-
served by earlier workers [3]. However, the source as
well as the mode of secretion was obscure since the
secreted enzyme was absent 1n a total membrane frac-
tion of adrenal medullary homogenates, but was
present 1n the particle-free supernatant [2]. Attempts
to demonstrate acetylcholinesterase in secretory
vesicles within chromaffin cells using histochemical
techniques have failed [4]. Disregarding possible
differences 1n the sensitivity of histochemical staining
compared to direct biochemical analysis, the failure
to detect acetylcholinesterase on the electromicros-
copical level may be due to the difficulty in demon-
strating an electron-dense reaction product in secre-
tory vesicles containing an electron dense core.

As chromaffin cells myoblasts in culture release
soluble acetylcholinesterase into the extracellular
flmd, but incorporate membrane-bound acetyl-
cholinesterase (as well as acetylcholine receptor) into
the cell membrane, the precursors of which are se-
questered within the cells, within membrane-bound
organelles [34—-37]. A similar relation of enzyme
onientation and transport has been found in the
hepatocyte for S“-nucleotidase, which 1s present on
the inner aspect of secretory vesicles membranes as
well as on the outer aspect of the cell membrane
[38,39].
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