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Although it is generally agreed that the mitochon- 
dria and agranular endoplasmic reticulum play a 
central role in steroid hormone synthesis in the 
adrenal cortex (12), the histophysiological details of 
the sequence of events linking steroid synthesis and 
release are poorly understood (2, 12). In contrast to 
other hormones, which are sequestered in mem- 
brane-bounded organdies and are released by exo- 
cytosis (5, 14, 17), steroid hormone shows little or 
no storage, but in response to ACTH it appears to 
be synthesized and immediately released (7, 9). It 
has been argued that newly synthesized steroids 
leave the cell by simple diffusion (13), but this 
postulate cannot be rigorously evaluated owing to 
lack of adequate evidence. On the other hand, since 
a concomitant release of specific intragranular pro- 
tein and hormone has been accepted as biochemical 
evidence for exocytosis in the adrenal medulla and 
neurohypophysis, for example (14, 17), the recent 
work from our laboratory showing that ACTH 
causes a temporally correlated release of protein 
and corticosteroid from the perfused cat adrenal 
gland (11, 15) provides evidence that the mecha- 
nism of steroid hormone secretion shares certain 
basic features with the secretory mechanism of 
other hormones. But before the question can be 
resolved as to whether steroids are extruded by a 
process akin to exocytosis, evidence must be pro- 
vided for the existence of secretory inclusions in 
cortical cells. Although there is as yet no definitive 
evidence for steroid-containing granules in the ad- 
renal cortex, a recent study of ovine luteal cells 
during the estrous cycle revealed a correlation be- 
tween the morphologic demonstration of densely 
staining granules-which subceUular fractionation 

studies showed were rich in progesterone- and the 
phasic pattern of progesterone secretion (3). In the 
present studies, ultrastructural and biochemical 
changes induced by ACTH in the perfused cat 
adrenal gland were investigated in order to seek 
additional evidence linking steroid release to the 
presence of intracellular secretory organelles. 

M A T E R I A L S  AND METHODS 
Adrenal glands of cats were perfused/n s/tu at room 
temperature according to the method of Douglas and 
Rubin as previously described (1). In certain experi- 
ments both glands were perfused simultaneously, with 
the left gland used as the unstimulated control and the 
right gland exposed to ACTH after the left gland was 
removed (10). Samples of perfusate collected at 10-min 
intervals via a cannula placed in the adrenolumbar vein 
were assayed for coorticosteroid (mainly as hydrocorti- 
sone) by an ethanolic sulfuric acid-fluorescence method 
(9). Adrenal glands removed immediately at the termi- 
nation of a given experiment were analyzed for steroid as 
previously described (9). 

For lysosomal enzyme determinations, perfused adre- 
nal glands were removed, hemisected, and demedullated 
as completely as possible. The cortex was weighed, 
minced, and homogenized in a 0.25 M sucrose 0.01 M 
imidazole buffer (pH 7.2; wt/vol 1:10), and aliquots 
(50--200 p,I) of the homogenate were assayed for /~- 
glucuronidase (4) and n-acetyl-/3-glucosaminidase (19). 

Eight adrenal glands were examined morphologically. 
Four were perfused with normal Locke's solution for 90 
min, and four were perfused with Locke's solution for 50 
min and with Locke's solution plus ACTH (100-250 
/~U/ml) for an additional 40 min. The glands were then 
immediately fixed/n situ by perfusion with glutaralde- 
hyde-paraformaldehyde (3); strips of adrenal tissue were 
postfixed in buffered osmium tetroxide, dehydrated, and 
embedded in Araldite. The sections were stained se- 
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quentially with uranyl acetate and lead citrate before 
being examined in an Hitachi HU-11C electron micro- 
scope. Morphometric analysis of several sections was 
carried out at a magnification of 21,000 to evaluate the 
relative area occupied by certain cytoplasmic organelles 
with respect to total area (6). 

/3-1-24 ACTH was a generous gift from Ciba Pharma- 
ceutical Company, Summit, N. J. All chemicals were of 
reagent grade and were purchased from commercial 
sources. 

RESULTS 

Cortical Cell Morphology 

Despite prolonged perfusion of cat adrenals 
with saline medium, the ultrastructural character- 
istics of the fasciculata cells were well preserved. 
These cells were characterized by (a)  a tubular 
network of agranular endoplasmic reticulum 
(Figs. 1, 2, and 4), (b)  spherical mitochondria 
with tubular or vesicular cristae (Figs. 1 and 2) 
similar to those seen in fasciculata cells of other 
species (12), and (c) lipid droplets of fairly uni- 
form size (Fig. 2). The Golgi regions were associ- 
ated with vesicles containing electron-dense mate- 
rial (Figs. 2 and 4). These electron-dense mem- 
brane-bounded granules were predominantly 
found in ACTH-stimulated fasciculata cells, in 
close proximity to the plasma membrane (Fig. 5) 
and to the Golgi regions (Figs. 2-4). An increase 
in densely staining bodies (0.2-0.4/~m; Figs. 3-5) 
was prominent in all cells of stimulated glands. 
Although granules were observed close to the cell 
membrane, no profiles demonstrating exocytosis 
were demonstrable; however, granules situated 
near microtubules could be found (Fig. 5). 

To provide a more quantitative assessment of 
the effect of ACTH on the number of granules, an 
estimate of the relative percentage area occupied 
by the granules was determined in six representa- 
tive areas from control and ACTH-stimulated 
glands (see Methods). ACTH treatment increased 
the granule relative volume from 1.3 to 5 . 4 % - a n  
increase of 4.2-fold (Fig 6a) .  

Adrenal Steroid Content 

In addition to evoking a prolonged enhance- 
ment of steroid release (9), ACTH increased the 
steroid concentration of perfused adrenal glands 
from 6.0 to 37.4 nmol/g (Fig. 6b ) .  When the 
steroid content of ACTH-stimulated glands was 
expressed as a percent of the steroid content of 
control glands in each experiment, ACTH in- 

creased the steroid content by an average of 5.1- 
fold (-+0.2). 

Cortical L ysosomal Enzyme Activity 

Subcellular fractionation studies have provided 
evidence that ~glucuronidase is associated with 
lysosomes of the adrenal cortex (16). Homoge- 
nates of glands perfused for 40 min with ACTH 
showed no increase in the activity of this lysosomal 
enzyme (Fig. 6c ). Similarly, ACTH failed to aug- 
ment the activity of another lysosomal enzyme, n- 
acetyl-/3-glucosaminidase. /3-Glucuronidase and 
n-acetyl-/3-glucosaminidase activities of ACTH- 
treated glands were 102 -+ 6 and 101 - 7%, 
respectively, of the activities of corresponding 
control glands. 

DISCUSSION 

Cat adrenal glands perfused in situ for 60-90 min 
with Locke's solution secrete very low levels of 
corticosteroid (9). The addition of physiological 
concentrations of ACTH to the perfusion medium 
rapidly augments the steroid content of the gland; 
and this increased level of glandular steroid is 
maintained, despite large quantities of steroid 
being released (9). Morphological analysis of such 
control and stimulated glands clearly demonstrates 
that the ACTH-induced increase in intracellular 
and released steroid is accompanied by an increase 
in the number of certain cytoplasmic inclusions in 
cells of the zona fasciculata. These organelles are 
0.2-0.4 p,m in diameter and appear to originate 
from the Golgi region. Similar structures have 
been previously identified in the adrenal cortex (2, 
8, 18), and a greater number of such dense bodies 
have been observed in the fasciculata cells of the 
rat after exposure to ACTH (18). In the latter 
investigations, however, these granules were char- 
acterized as lysosomes on the basis of acid phos- 
phatase activity. However, in the present study 
ACTH failed to augment cortical lysosomal en- 
zyme activity; an increase in enzyme activity 
would be expected if ACTH stimulation were as- 
sociated with a dramatic increase in the number of 
lysosomes. 

Thus, serious consideration must be given to the 
possibility that these inclusions contain steroid and 
that they serve as the vehicle for the extrusion of 
hormone from the cell. This possibility is a cogent 
one in light of the striking fact that the fourfold 
increase in the number of these granules elicited 
by ACTH was matched by a fivefold increase in 
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FIGURE 1 Portions of two fasciculata cells obtained from an adrenal gland perfused with Locke's solution 
for 90 min (steroid output 50 ng/min). Numerous spherical mitochondria and abundant agranular 
endoplasmic reticula are seen. Golgi regions (GO) and lipid droplets (L) are also prevalent, x 19,000. 

FIGURE 2 A similar area of the cell from the same adrenal as shown in Fig. 1. In addition to depicting 
lipid droplets (L) and numerous mitochondria, the micrograph shows small, moderately electron-dense 
granules (arrows) that appear to be associated with the Golgi region (GO). x 22,500. 
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Fmt~E 3 A region of the fasciculata cell obtained from an adrenal stimulated with ACTH for 40 rain 
(steroid output 300 ng/min). Densely staining granules (arrows) are prevalent in areas of the cell in close 
proximity to the Golgi regions (GO). Cf. Figs. 1 and 2, x 22,500. 

FmvaE 4 Another cell from an ACTH-stimulated adrenal in which the dense-staining granule (arrow) 
appears to be originating in the Golgi region (GO). x 30,000. 

FIGURE 5 Preparation taken from an ACITI-stimulated gland which shows granules (arrow) in close 
proximity to the plasma membrane. A granule in close association with a microtubule (T) is also seen. • 
30.000. 
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FI6trRE 6 The effect of ACTH on (a) granule relative volume, (b) steroid concentration, and (c and d) 
lysosomal enzyme activity of perfused adrenal glands. Both adrenals were simultaneously perfused with 
Locke's solution. After 50 min of perfusion, the left gland was removed, and perfusion of the right gland 
was continued for an additional 40 min with ACTH (100-250 /zU/ml). Morphometric or biochemical 
analysis was then carried out as described in Materials and Methods. Each vertical bar represents mean 
values (---SEM). The number in parentheses indicates the number of glands employed for each determina- 
tion. Steroid concentrations are expressed as nanomoles/gram wet weight of tissue; and ~glucuronidase 
and n-acetyl-/3-glucosaminidase activities are expressed as micromoles/minute/gram protein. 

the steroid content  of the gland. Furthermore,  
previous studies from our laboratory on the per- 
fused cat adrenal gland demonstrated that ACTH-  
induced steroid secretion can be temporally corre- 

lated with protein release (15); and that this pro- 
tein secretion, like steroid secretion, depends 
upon the presence of calcium (15). These bio- 
chemical studies support the view that steroid hor- 
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mone is released by a process identical w i t h - o r  
related to-exocytosis (15). 

Although the granules identified in the present 
study could be visualized in close proximity to the 
plasma membrane, there was no evidence of exo- 
cytotic figures, or of granules in the process of 
leaving the cells; this imparts a degree of uncer- 
tainty to the interpretation of our present findings. 
The relative paucity of these granules may, at least 
in part, account for the difficulty of visualizing 
them in an obvious state of secretory activity, 
especially since morphological demonstration of 
exocytosis is not a simple task even in the medul- 
lary chromaffin cell where large stores of catechol- 
amine are invariably present (5). 

Although, on the basis of the presently available 
evidence, it is still premature to affirm conclu- 
sively that the inclusions in the cortex induced by 
the action of ACTH are secretory organelles, the 
present investigation offers intriguing evidence 
that cannot be ignored if the mechanism of steroid 
release is to be elucidated ultimately. Additional 
studies will be pursued to provide more rigorous 
proof regarding the nature of these organelles 
which are under such exquisite control of actions 
of ACTH. 

SUMMARY 

A correlative study of the ultrastructural and bio- 
chemical effects of AC-q'H on fasciculata cells was 
carried out on the isolated cat adrenal gland per- 
fused in situ with Locke's solution. The outstand- 
ing morphologic feature of cortical cells exposed 
to microunit ACTH concentrations for 40 min was 
the abundance of electron-dense granules (0.2- 
0.4/xm). These organelles were observed in small 
groups in close proximity to the Golgi region and 
to the cell membrane. Morphometric and bio- 
chemical analysis of control and ACTH-treated 
glands demonstrated that A C r H  stimulation was 
associated with a fourfold increase in the number 
of these granules and a comparable increase in the 
corticosteroid content of the gland. By contrast, 
ACTH failed to augment cortical lysosomal en- 
zyme activity. These findings, which link steroid 
release to the appearance of intracellular granules, 
extend further the parallels between the mecha- 
nism of release of newly synthesized steroid and 
the release of preformed hormones stored in se- 
cretory organelles. These results also lend support 
to the concept that a process related to exocytosis 
may be the underlying mechanism for extruding 
steroid from the cortical cell. 

The authors wish to thank Dr. W. B. Weglicki of the 
Department of Biophysics, Medical College of Virginia, 
for making his laboratory facilities available to carry out 
the lysosomal enzyme assays. The helpful assistance of 
Mr. Fred Kennett in performing these assays is also 
gratefully acknowledged. 

This work was supported in part by U.S. Public 
Health Service research grant AM-18066 (NIAMDD). 
S. G. Laychock is a U.S. Public Health Service predoc- 
toral fellow supported by Pharmacology Training Grant 
GM-0711 awarded to the Department of Pharmacology, 
Medical College of Virginia. 

Received for publication 6 July 1976, and in revised form 
16 September 1976. 

REFERENCES 

1. DOUGLAS, W. W., and R. P. RunIN. 1961. The role 
of calcium in the secretory response of the adrenal 
medulla to acetylcholine. J. Physiol. (Lond.). 
159:40-57. 

2. FAWCETr, D. W., J. A. LONO, and A. L. JONES. 
1969. The ultrastructure of endocrine glands. Re- 
cent Prog. Horm. Res. 25:315-380. 

3. GEMMELL, R. T., B. D. STACY, and G. D. ThOR- 
BORN. 1974. Ultrastructural study of secretory 
granules in the corpus luteum of the sheep during 
the estrous cycle. Biol, Reprod. 11:447-462. 

4. GIANErrO, R., and C. DEDtWE. 1955. Tissue frac- 
tionation studies. IV. Comparative study of the 
binding of acid phosphatase ~glucuronidase, and 
cathepsin by rat-liver particles. Biochem. J. 59:433- 
438. 

5. GRVSSZPAN-WrsoGaAO, O. 1975. Ultrastructure of 
the chromaffin cell. Handb. Physiol. 6(Sect. 
7):259-308. 

6. HALLV, A. D. 1964. A counting method for meas- 
uring the volumes of tissue components in micro- 
scopical sections. Q. J. Microsc. Sci. 105:503-517. 

7. HOLZBAUER, M., and H. M. NEWPORT. 1969. Ad- 
renal secretion rates and adrenal tissue concentra- 
tion of pregnenolone, progesterone, 11 BOH-an- 
drostenedione and some other steroids in young pigs 
and dogs. J. Physiol. (Lond.). 200:821-848. 

8. IDELMAN, S. 1970. Ultrastructure of the mamma- 
lian adrenal cortex. Int. Rev. Cytol. 27:181-281. 

9. JAANUS, S. D., M. J. ROSENSTEIN, and R. P. 
RUmN. 1970. On the mode of action of ACTH on 
the isolated perfused adrenal gland. J. Physiol. 
(Lond.). 209:539-556. 

10. JAANUS, S. D., and R. P. RuaIN. 1975. The per- 
fused adrenal gland. In Methods in Enzymology. 
Vol. XXXIX. Pt. D. J. G. Hardman and B. W. 
O'Malley, editors. Academic Press Inc., New York. 
328-336. 

11. LAYCHOCK, S. G., and R. P. RUaIN. 1974. Isola- 
tion of ACTH-induced protein from adrenal perfu- 
sate. Steroids. 24:177-184. 

214 BmEF NOTES 



12. MALAMED, S. 1975. Ultrastructure of the mamma- 
lian adrenal cortex in relation to secretory function. 
Handb. Physiol. 6(Sect. 7):25-39. 

13. PORTER, K. R., and M. A. BONNEVILLE. 1967. Fine 
Structure of Cells and Tissues. Lea & Febiger, Phib 
adelphia. 75-76. 

14. RUBrN, R. P. 1974. Calcium and the Secretory 
Process. Plenum Press, New York. 101-111. 

15. RUBIN, R. P., B. SHEID, R. McCAULEY, and S. G. 
LAYCHOCK. 1974. ACTH-induced protein release 
from the peffused cat adrenal gland: evidence for 
exocytosis? Endocrinology. 96:370-378. 

16. SCHNEIDER, F. H. 1970. Lysosomal enzymes in the 
bovine adrenal gland. A comparison of medulla and 
cortex. Biochem. Pharmacol. 19:819-831. 

17. S ~ ,  A. D., and H. WINr, LER. 1972. Fundamen- 
tal mechanisms in the release of catecholamines. In 
Handbook of Experimental Pharmacology. H. 
Blaschko and E. Muscholl, editors. Springer-Ver- 
lag, Berlin. 33:538-617. 

18. SZABO, D., E. STAR, and B. VARGA. 1967. The 
localization of acid phosphatase activity. Changes in 
lysosomes in the adrenal zona fasciculata of intact 
and hypophysectomized rats following ACTH ad- 
ministration. Histochemie. 10:321-328. 

19. WOOLEN, J. W., R. HEVWORTR, and P. G. 
WALKER. 1961. Studies on glucosaminidase. III. 
Testicular N-acetyl-fl-glucosaminidase and N-ace- 
tyl-fl-galactosaminidase. Biochem. J. 78:111-116. 

BRIEF NOTES 215 


