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SUMMARY

1. An homogenate of bovine adrenal medulla contains significant
amounts of six acid hydrolases: acid ribonuclease, acid deoxyribonuclease,
cathepsin, acid phosphatase, /3-glucuronidase and arylsulphatase. Most
of the activity of each enzyme could be sedimented in the large-granule
fraction at 242,000 g-min.

2. Differential centrifugation indicated the presence of three popula-
tions of particles, which sedimented at slightly different rates; these are,
in order of decreasing sedimentation rate, mitochondria, particles con-
taining the acid hydrolases, and chromaffin granules.

3. The three types of particle could be separated by ultracentrifuging
the large-granule fraction in a sucrose density gradient. Most of the
activity of each hydrolase was recovered in a layer intermediate between
those formed by mitochondria and chromaffin granules.

4. The large-granule fraction therefore contains particles which are
defined by their enzyme content as lysosomes.

5. Highly purified chromaffin granules, containing less than 5% of the
activity of each acid hydrolase, were obtained from the gradient.

INTRODUCTION

A particulate fraction of bovine adrenal medulla which contains the
catecholamines has been shown to possess ribonuclease activity. It has
been suggested that this enzyme may be involved in the spontaneous
release of catecholamines and adenosinetriphosphate from isolated
chromaffin granules (Philippu & Schiimann, 1964).
We have recently found that, in addition to ribonuclease, a 'chromaffin

granule fraction' contained deoxyribonuclease. A study of these enzymes
after partial purification showed that they had acid pH optima and other
properties in common with the acid nucleases of rat liver lysosomes
(Smith & Winkler, 1965).
Rat liver lysosomes are denser than mitochondria when centrifuged in a
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sucrose gradient (Beaufay, Bendall, Baudhuin, Wattiaux & de Duve,
1959) and the same is true of adrenal chromaffin granules (Blaschko,
Hagen & Hagen, 1957). The question arose whether the chromaffin granule
fraction was contaminated with lysosomes. We have therefore studied the
distribution of six typical lysosomal enzymes, namely acid ribonuclease,
acid deoxyribonuclease, acid phosphatase, cathepsin, f8-glucuronidase and
arylsulphatase, between different particulate fractions obtained from
homogenates of bovine adrenal medulla. A partial separation of the
enzymes ,-glucuronidase and acid phosphatase from catecholamine-con-
taining granules has recently been reported (Koenig, Mylroie, Gaines,
Gray & McDonald, 1965).

METHODS

Preparation and centrifugation of homogenate. Ox adrenal medullae were finely chopped
and homogenized in a Potter-Elvehjem homogenizer (clearance 0-08 mm) having a glass
mortar and Teflon pestle, to give a 1: 5 (w/v) homogenate in 0-3 M sucrose. Homogenization
was carried out as gently as possible, by passing the pestle up and down no more than three
times.
In the centrifugal data given below, all the values for g were calculated using the radius

from the centre of rotation to the bottom of the tube. The centrifugal force is given as g
times minutes (g-min).
The homogenate was centrifuged at low speed (9 x 103 g-min) to remove unbroken cells

and cell nuclei. A large-granule fraction was obtained from the low-speed supernatant by
centrifugation at 2-42 x 105 g-min in the A40 rotor of the Spinco model L ultracentrifuge
at 2° C. The sediment was resuspended in 0-3 M sucrose so that 1 ml. of the resuspended
large-granule fraction corresponded to approximately 0-7 g of the original tissue. The
sucrose density gradients were prepared by layering with a pipette sucrose solutions of
decreasing molarity one above another in a centrifuge tube. The gradient was composed of
0-25 ml. of 2-5 M sucrose and 0-5 ml. each of 2-0, 1-9, 1-8, 1-7, 1-6, 1-5, 1-4, 1-3 M sucrose. The
tubes containing the completed gradients were kept at 3° C for 24 hr, and immediately
before use 0-5 ml. of resuspended large-granule fraction was layered above the sucrose
gradient (see Fig. 2a). The tubes were centrifuged at 87-4 x 105 g-min in the Spinco swing-
out rotor SW39L. The position of the bands after centrifugation was noted, and the tubes
cut with the Schuster centrifuge tube cutter in the positions indicated in Fig. 2b. The
fractions from three identical sucrose gradient tubes were pooled for analysis.

Determination of catecholamine8 and of enzyme activitie8. The catecholamines were measured
by the method ofvon Euler & Hamberg (1949) butwith citrate-phosphate buffers (McIlvaine,
1921) instead of acetate buffers. Protein nitrogen was estimated by the micro-Kjeldahl
method. For enzyme assays the fractions were diluted with Tris/Na succinate buffer
pH 5-9 (I = 0-015) in order to lyse the cytoplasmic particles. The diluted fractions were
dialysed against the same buffer for 16 hr at 30 C in order to reduce the otherwise high
enzyme blanks. Spectrophotometric assays were used for fumarase (Racker, 1950) and
uricase (Schneider & Hogeboom, 1952). Acid phosphatase (fi-glycerophosphatase) and ,B-
glucuronidase were assayed by the methods of Gianetto & de Duve (1955). Cathepsin
activity was measured by the method of Anson (1938), and arylsulphatase according to
Roy (1956) using p-nitrophenylsulphate as substrate at pH 5-9.
For the assay of ribonuclease and deoxyribonuclease the optimum conditions of substrate

concentration, pH and ionic strength were determined. Ribonuclease activity was esti-
mated using a modification of the precipitation procedure of Roth & Milstein (1952). The
enzyme, buffer (Tris/Na succinate pH 5-5, final I = 0-07) and substrate (yeast ribonueleic
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acid, final concentration 0-2 mg/ml.), in a total volume of 2-5 ml., were incubated at 370 C
for 1 hr; the ribonucleic acid was precipitated by adding 2-5 ml. of a solution containing
ethanol, in a concentration of 50% (v/v), and HC1 (0 4 N). The tubes were kept at 0° C for
30 min before centrifuging, after which the optical density at 260 mpt of the supernatant was
measured. This method of precipitation was found to be preferable to the zinc uranyl
acetate method because the optical density of the uranyl acetate ion is so high. Deoxy-
ribonuclease activity was measured bythe method ofdeDuve, Pressman, Gianetto, Wattiaux
& Appelmans (1955) except that the acetate buffer had a final ionic strength of 0-136 and a
pH of 4-6. The final substrate concentration was 0-2 mg/ml.

Units of enzyme activity are expressed by the method of de Duve et al. (1955) and refer
to the transformation of 1 ,umole of substrate/min/g of original tissue under the conditions
of the assay, which was always carried out at 370 C. In the gradient experiments the units
used were jtmole of substrate/hr/ml. of fraction.

Chemical. The following compounds were used as substrates for the enzyme assays: yeast
ribonucleic acid and calf thymus deoxyribonucleic acid (British Drug Houses Ltd.); di-
sodium DL-/6-glycerophosphate, potassium p-nitrophenylsulphate, sodium L-malate and
bovine haemoglobin (type 2) (Sigma London Chemical Co. Ltd.); sodium phenolphthalein-
fl-D-glucuronide (Koch-Light Laboratories Ltd.)

RESULTS

Acid hydrolases in the homogenate. The object of these experiments was
to see whether the unresolved homogenate contained some of the acid
hydrolases which are, in other tissues, largely confined to the lysosomes.
Enzymic activities were determined after releasing any particle-bound
activity by first lysing in a hypotonic buffer, and the results for six
different enzymes are shown in Table 1. For comparison the table in-
cludes estimates of enzyme levels in rat liver homogenates made by other
workers. The levels of acid ribonuclease, acid deoxyribonuclease and
cathepsin were of the same order as those in rat liver.

TABLE 1. Acid hydrolase activities in homogenates. The figures are the means+ S.D. of
total enzyme activities for three different adrenal medulla homogenates. The number of
estimations is shown in parentheses. The mean values for rat liver are from Roy (1958) for
arylsulphatase and from de Duve et al. (1955) for all other enzymes. The units are ,umole
substrate/min/g tissue

Enzyme Bovine adrenal medulla Rat liver

Acid ribonuclease 3-48 + 0-5 (6) 2-7
Acid deoxyribonuclease 1-32 + 0-03 (5) 1-3
Cathepsin 3-00+0-08 (6) 1-5
Acid phosphatase 0-55+0-08 (7) 6-0
B8-Glucuronidase 0-05+0 005 (6) 0-8
Arylsulphatase 0-06 + 0-006 (4) 3-4

Differential centrifugation. Differential centrifugation in isotonic
(0.3 M) sucrose was undertaken in order to compare the sedimentation
properties of some of the particle-bound constituents. The low-speed
supernatant was centrifuged in the swinging bucket rotor of an M.S.E.
refrigerated centrifuge at 2° C. After centrifugation the supernatant was
removed with a suction pipette, and the sediments were resuspended in
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0*3 M sucrose. Sediments were obtained over a range of 20 x 103 to
130 x 103 g-min and the results of the assays were calculated as a per-
centage of the amount of the same material seclimented at 2-52 x 105 g-min
(Spinco ultracentrifuge, A40 head). This value ofg-min was chosen because
no further sedimentation of the constituents used as markers for the
particles could be obtained at higher values. The sedimentation properties
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Fig. 1. Centrifugation of low-speed supernatant in 0 3 M sucrose. Each point
represents the mean value of analyses from at least two sediments expressed as a
percentage of the amount of sedimentable constituent. The lines were calculated by
the method of least squares. 0, Fumarase; A, ribonuclease; CL, catecholamines.

of the mitochondria (with fumarase as a marker) and the chromaffin
granules (with catecholamines as a marker) were compared with those of
the sedimentable acid ribonuclease. These experiments are illustrated in
Fig. 1, which shows that fumarase sedimented most readily, catechol-
amines least readily, and that the behaviour of the ribonuclease activity
was intermediate.

Sucrose density gradient centrifuqgation. The large-granule fraction (see
Methods) contained 63% of the catecholamines present in the low-speed
supernatant; this percentage is of the same order as that found by earlier
workers. The amount of the activity of the different acid hydrolases found
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in the large-granule fraction ranged from 47 % (acid phosphatase) to
81 % (acid deoxyribonuclease) of that in the low-speed supernatant. No
uricase activity was detected in the large-granule fraction.
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(a) ~~~~~~~~~~(b)
Fig. 2. Centrifugation oflarge-granule fraction in a sucrose gradient. (a) Composition
of sucrose density gradient before centrifugation. Figures refer to the molarity
of sucrose. (b) Distribution of material after centrifugation at 8- 74 x lOff g-minl.
The horizontal linles show the positions at which the centrifuge tube was cut: the
different fractions are labelled 1 to 7.

The large-granule fraction was subjected to sucrose density gradient
centrifugation as described under Methods (see also Fig. 2a).- After centri-
fugation three distinct opaque regions were visible: fraction 2 was dark
brown, 4 was light brown, 5 and 6 were light pink. This is illustrated in
Fig. 2 b. Altogether seven fractions were obtained from each gradient and
these were each analysed for fumarase, proteinnitrogen, catecholamines and
six acid hydrolases. The recoveries ranged from 66 to 88 %/. This is satis-
factory in view of the inevitable volume losses (ca. 10O%/) on cutting the
tube and removing the fractions. The results of the analyses of the fractions
from the sucrose gradients are show-n in Fig. 3, where, in each histogram,
the columns from left to right represent fractions from the top to the
bottom of the centrifuge tube (see Fig. 2 b). The presentation ofthe results
of sucrose gradient experiments by means of histograms has been used
previously by Beaufay, Jacques, Baudhuin, Sellinger, Berthet &r de Duve
(I1964). Protein nitrogen (Fig. 3(b)), was concentrated in fractions 2, 5 and
6. For the other constituents three different types of pattern can be seen:
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(1) Fumarase, a mitochondrial enzyme, was almost entirely confined to

fraction 2 corresponding to an initial sucrose concentration of 1-3-1-4 M.
(2) Catecholamines were concentrated in fractions 5, 6 and 7 covering

a range of initial sucrose concentrations from 1P8 to 2 0 M.

(a) (b) (c)

(d) (e) (f)

_ _t_I_I_(9)_ I I I 1(h) (i)I l
1 23 4 5 67 1 23 4 5 67 1 23 4 5 67

Fig. 3. Analysis of fractions from the sucrose gradient. The abscissa is divided
according to the volumes of the fractions and the numbers refer to fractions of the
gradient as shown in Fig. 2. The ordinates are arbitrary units per ml. and the
actual value of one arbitrary unit is shown in parentheses below. The values for the
enzymes are expressed in ,umole substrate/hr/ml. of fraction. (a) Fumarase
(43.6); (b) protein nitrogen (0-2 mg/ml.); (c) catecholamines (1-2 p4mole/ml.);
(d) acid ribonuclease (5 9); (e) cathepsin (3 5); (f) acid phosphatase (0.9); (g) acid
deoxyribonuclease (2 9); (h) /B-glucuronidase (01); (i) arylsulphatase (0-3).

(3) Each of the six acid hydrolases had a very similar bimodal distri-
bution with one peak in fraction 2 and the other in fraction 4. In each case
fraction 4 contained more enzyme than fraction 2, when the results were
calculated as enzyme activity per whole fraction. The middle of fraction 4
corresponded to an initial sucrose concentration of 1-6 M.

DISCUSSION

Homogenates of bovine adrenal medulla contain significant amounts of
six acid hydrolases. It is interesting to compare the specific activities with
those found in rat liver by other workers. Cathepsin is twice as con-
centrated, ribonuclease and deoxyribonuclease are both present in similar
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concentrations, but acid phosphatase, fl-glucuronidase and arylsulphatase
are less active than in rat liver. Histochemical evidence for the presence
of acid phosphatase in the adrenal medulla of several species has been given
by Erank6 (1952) and Novikoff (1961) and the presence of this enzyme has
also been shown by biochemical methods (Hillarp & Falck, 1956). The
latter authors suggested that acid phosphatase was present in the
chromaffin granules of the ox adrenal medulla. An acid proteinase has
previously been found in whole ox adrenal glands (Todd & Trikojus, 1960)
at a concentration one-third of that found in the medulla in the present
experiments. This suggests that the medulla contains most of the cathepsin
activity of the gland. Arylsulphatase (Malmstrom & Glick, 1952) is also
present in higher concentration in the medulla than in the cortex. A
considerable proportion of the activity of each acid hydrolase in the homo-
genate was sedimented in our experiments, showing that the enzymes were
associated with particles.
The results of differential and sucrose gradient centrifugation, to be dis-

cussed below, lead to the conclusion that the acid hydrolases of the bovine
adrenal medulla are present in lysosomes. This is in agreement with the
report of Koenig et al. (1965) already quoted. Biochemical and electron
microscope studies of a human phaeochromocytoma (to be published)
show that this tumour also contains lysosomes.

Differential centrifugation in isotonic sucrose was used to see whether
it was possible to distinguish btween chromaffin granules, mitochondria
and lysosomes. Acid ribonuclease activity was used as a marker for lyso-
somes, and the results shown in Fig. 1 indicate that this enzyme is present
in a particle which sediments faster than chromaffin granules but slower
than mitochondria. The lysosomes of rat liver also have a lower sedi-
mentation rate in isotonic sucrose than the mitochondria (de Duve et al.
1955). The observation that, in 0 3 M sucrose, chromaffin granules sedi-
ment slower than mitochondria is what might be predicted from their small
size in comparison with mitochondria (see the electron micrographs of
Wetzstein, 1957). It is therefore interesting that in the experiments of
Blaschko, Hagen & Welch (1955), Blaschko, Born, D'Iorio & Eade (1956)
and Hillarp (1958) it was found that the amine-containing granules were
concentrated in a pink layer at the bottom of the large granule sediment,
and the particles now known to be mitochondria in a brown layer above
the pink granules. The difference between these experiments and the
present ones is that, in the earlier work, centrifugation was continued until
all the sedimentable catecholamines had been spun down. Possibly, during
prolonged centrifugation at high speed the particles are re-arranged in the
sediment according to their density.
The results of differential centrifugation of the low-speed supernatant
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show that there are only small differences between the sedimentation
rates of the mitochondria, chromaffin granules and lysosomes. These
results can be compared with the observations of Baudhuin, Beaufay,
Rahman-Li, Sellinger, Wattiaux, Jacques & de Duve (1964) on rat liver
particles. These authors stated that, because of the small difference in
sedimentation rate between mitochondria and lysosomes, a delicate
procedure was required to obtain partial separation of these two types of
particle. A separation in good yield of the three types of particle in the
adrenal medulla by differential centrifugation in 0 3 M sucrose would there-
fore be even more difficult.
A clear separation of the particles containing the lysosomal enzymes

from both chromaffin granules and mitochondria was made possible by
the use of a sucrose density gradient. Separation of chromaffin granules
from mitochondria on a sucrose gradient was first achieved by Blaschko
et at. (1957). It has now been found that most of the lysosomes were present
in a distinct band that corresponded to an initial sucrose concentration
of 1-6 M. Rat liver lysosomes had a similar median equilibrium density in
sucrose in the very precise experiments of Beaufay et al. (1964). The
same authors found that acid phosphatase had a slightly different distribu-
tion from that of deoxyribonuclease in a sucrose gradient. Figure 3 shows
that the same is true of these enzymes in the adrenal medulla. A bimodal
distribution of lysosomal enzymes in the sucrose gradient was also found
by Beaufay et al. (1964).
Four enzymes have been considered to be present in chromaffin granules

as a result of their distribution in fractions obtained by centrifugation:
acid phosphatase (Hillarp & Falck, 1956), ribonuclease (Philippu &
Schumann, 1964), dopamine-,/-hydroxylase (Kirshner, 1959) and adeno-
sinetriphosphatase (see Banks, 1965). The present work makes it very
likely that acid phosphatase and ribonuclease are in fact present in lyso-
somes. The sucrose gradient used in our experiments gives a highly purified
chromaffin granule fraction. Fractions 6 and 7 contained 51 % of the
catecholamines present in the large-granule fraction, but less than 5% of
each acid hydrolase.
Coupland (1965) has described lysosome-like structures in electron

micrographs of rat adrenal medulla. He also observed an increased
vacuolation of lysosomes after stimulation of the gland. It would be
interesting to know whether this observation indicates an involvement of
lysosomes in the release of catecholamines. A role of lysosomes in the
secretion of thyroid hormones has been proposed on the basis of histo-
chemical studies on the distribution of lysosomes and 'colloid droplets'
after stimulation of the thyroid gland (Novikoff, 1963; Novikoff, Essner &
Quintana, 1964; Wollman, Spicer & Burnstone, 1964). It has also been
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reported that the secretion of thyroid stimulating hormone from the
adenohypophysis is accompanied by an activation of acid phosphatase
(Schreiber, 1961; Lojda & Schreiber, 1964). There is no direct evidence in
the adrenal medulla for an interaction between lysosomal enzymes and
chromaffin granules, but it is interesting that ribonuclease caused the
release of catecholamines from chromaffin granules in vitro (Philippu &
Schumann, 1963).
The probable role of lysosomes in the autolysis of tissues following cell

death has been discussed by several authors (e.g. de Duve, 1959, and
Novikoff, 1961). It is well known to anatomists that the adrenal medulla
rapidly undergoes autolysis after death, and this may be a result of its
relatively high content of lysosomal enzymes. The adrenal glands were
called 'capsulae atrabilariae' by Caspar Bartholinus the Elder (1611)
because the gland appeared to him as a capsule enclosing a cavity that
contained a black fluid. The cavity was probably due to autolysis of
chromaffin tissue post mortem.
We are very grateful to Dr H. Blaschko for his advice and for his interest in this work.
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