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ABSTRACT. Adaptation of the adrenal gland to the demands of the organism is regulated functionally and
structurally. Three common hypotheses on zonation in the adrenal gland, the migrational, zonal, and
transformation field theories, try independently to reconcile the findings on structure, proliferation, and cell
death. The classical theories on zonation are revisited in the light of recent data on cell death and renewal. In
accordance with data on cell death as immunoreactivity against FAS (CD 95), an apoptosis-inducing receptor,
in situ end labelling of fragmented DNA, and ultrastructural analyses, programmed cell death (PCD) occurs
throughout the whole organ. The angiotensin II receptor subtypes described in the adrenal allow an additional
regulation of tissue homeostasis by proliferative and even by the antiproliferative effects of the angiotensin II
type 2 receptor. Proto-oncogenes are involved in the regulation of cell cycle and PCD, and adrenocorticotropin
asserts its tissue integrating and differentiating effects by regulating proto-oncogenes such as c-jun, c-fos, jun-B
and c-myc. Polypeptides involved in proliferation and DNA repair, such as proliferating cell nuclear antigen and
Ki-67, have been found within zones of expected cell senescence. The expression of the class II major
histocompatibility complex on normal adrenocortical cells allows cell-to-cell communication with the immune
system and may trigger the Fas/Fas-ligand system to permit tissue regression and decreasing activity in both
systems. In summary, new data allow us to reappraise and to reconcile the classical theories. Apoptosis is a
physiological process in the adrenal gland. There is a differential regulation of apoptosis in the different zones.
An investigation of this process may elucidate the basic mechanisms of adrenal zonation. BIOCHEM PHARMACOL
56;2:163-171, 1998. © 1998 Elsevier Science Inc.
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The adrenal gland, as a stress-responding organ, undergoes receptors, such as the antiproliferative type 2 AIl§ receptor,
dynamic structural changes under physiological and patho- is possible by evaluating cell specific function, cell cycle,
physiological conditions [1]. Those dynamic changes are and cell death. In this context, the common theories of
covered by cell proliferation as well as cell death. Hor- zonation in the adrenal gland need to be reevaluated.

monal, paracrine, and intracellular signals initiate the Early works on the adrenal structure described the
processes required for these phenomena. Obviously, the well-known histological division of the adrenal cortex into
regulated balance of both cell proliferation and cell death is three different zones in their functional context. Attempts

were made to answer questions concerning development
and maintenance of the structure by investigating sites of
cell proliferation and cell death. A frequent occurrence of
dying cells exhibiting morphological signs different from
necrosis was found in the zona reticularis [4]. In general,
those morphological apoptotic signs occur in single cells
and consist of chromatin condensation, shrinkage of the
nucleus, condensation of the cytoplasm, convolution and
protrusion of nuclear and plasma membrane, and formation
of membrane-engulfed remnants containing well-preserved
cyto-organelles [5]. The signs distinguishing necrosis from
programmed cell death are, among others, the loss of

a precondition for the appropriate functioning and integrity
of the organ.

Regulatory systems of the organism are intermingled with
local para- and autocrine systems as their intra-adrenal
equivalent and predestine the stipulated balance of the cell
cycle [2, 3]. These systems are explained not only by general
mechanisms but also by their molecular and pharmacolog-
ical properties. These properties are characterized by differ-
ent receptor subtypes, new established agonists and antag-
onists, or the regulative mechanisms of the involved and
related genes. The assessment of new metabolites and their

§ Abbreviations: ACTH, adrenocorticotropin; All, angiotensin 1I; AT2,
angiotensin I type 2 receptor; CRH, corticotropin releasing hormone;
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FIG. 1. Electron micrograph of human adrenal cortex. A mem-
brane-engulfed apoptotic body (arrows) is shown with charac-
teristic mitochondria (CEM) of epithelial origin. The phagocy-
toting cell belongs to the zona glomerulosa as indicated by
mitochondria (M), provided with sickle-forming tubuli. The
nucleus of the phagocytoting cell (N) is not affected by apoptosis
(bar = 0.1 pm). Reprinted with permission from J Clin
Endocrinol Metab 81: 4129-4136, 1996. © 1996 The Endo-
crine Society. [Ref. 27].

membrane integrity, cell swelling and lysis, lysosomal leak-
age, ill-defined chromatin aggregation, and inflammatory
response [6]. The investigation of adrenal tissue with
histological and ultrastructural techniques led to the iden-
tification of the process now known as apoptosis [5, 7-10]
(see Fig. 1). In this commentary, the classical theories of
adrenal zonation are revisited, and an attempt is made at a
new interpretation in light of recent data on the regulation
of apoptosis and cell proliferation.

ADRENAL ZONATION—THREE
CLASSICAL THEORIES

Varying findings on cell proliferation and cell death led to
at least three different hypotheses on zonation in the
adrenal gland [1].
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The migration theory (Fig. 2, Al) describes the prolif-
eration of cortical cells in the outermost layers of the
adrenal cortex and the growth of new cells towards the
medulla [11-13]. These findings have been supported by
the autoradiographic detection of S-phase cells within the
zona glomerulosa and the outer zona fasciculata. The
highest mitotic activity could be demonstrated within a
region located between the zona glomerulosa and the zona
fasciculata. Therefore, an intermediate zone of proliferating
cells has been introduced [14-16] (Fig. 2, A2). Belloni et al.
[17] suggested loop-forming cords from the intermediate
zone into and passing the zona glomerulosa with a final
migration towards the medulla (Fig. 2, A1). On the other
hand, the dying cells had been found mainly in the inner
parts of the adrenal cortex, so the zona reticularis was seen
as a zone of cell senescence [4, 8, 9]. Functional investiga-
tions with ACTH deprivation [10] and toxic or hypoxic
stress [4] resulted in increased understanding of the high
cell turnover of the adrenal gland. The ultrastructural
analysis carried out by Kerr, Wyllie and coworkers also
strongly supported this theory; here, morphologic signs of
apoptosis were examined under different activation condi-
tions mainly within the zona reticularis [9].

Another theory, the transformation field theory, sug-
gests two transformational directions (Fig. 2B). The progres-
sive transformation involves the replacement of zonal tissue
by fasciculata cells under physiological activation; the
regressive transformation results in the disappearance of
these fasciculata cells with the glomerulosa and reticularis
cells remaining. The misconception was the assumption of
two remodeling and transformational fields [18-20]. These
transformational fields were thought to be located between
the zona glomerulosa and the zona fasciculata and between
the zona fasciculata and the zona reticularis. The prolifer-
ating capacity would then have been dependent on the
fasciculata zone and its regulatory mechanisms.

A third zonal theory involves the equal proliferation of
all three zones [21-24] based on the observation that
mitoses of [’H]thymidine-labeled S-phase cells occur in all
three zones, including the zona reticularis. Each zone could
then be regulated on its own without affecting any other
zone in its functional behavior (see Fig. 2C).

All of these theories attempt to answer the phenomenon
of maintenance of structural homeostasis as a relationship
between cell proliferation and cell death in the adrenal
gland.

INTERFERENCE OF NEW DATA ON CELL
DEATH AND RENEWAL AND INTRA-ADRENAL
CELLULAR COMMUNICATION WITH THE
CLASSICAL THEORIES

Cell Death and Its Mediators

The classical theories of adrenal zone formation need to be
reevaluated in the light of new data on apoptosis obtained
by modern techniques, such as ISEL of fragmented DNA
[25]. The staining of human adrenal glands by ISEL shows
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FIG. 2. Classical theories of adrenal zone formation. The origin of the arrows marks the place of cell renewal and proliferation, whereas
the tips indicate the directions of growth and/or migration after stimulation (ACTH). (A) Migration theory. Mitoses and signs of
proliferation have been found mainly in the zona glomerulosa and the outer zona fasciculata. (1) Cords run straight from the zona
glomerulosa towards the medulla or form loops starting between the zona glomerulosa and the outer zona fasciculata. (2) Bidirectional
migration starting from an intermedia zone. (B) Transformation field theory. Two transformational fields are suggested to be located
between the zona glomerulosa and the zona fasciculata and the zona fasciculata and the zona reticularis, respectively. Progressive
transformation results in a proliferative increase of the fasciculata zone; Eregressive transformation leads to a narrowing and functional
restriction. (C) Zonal theory. Independent proliferation of all three zones has been suggested, as a low number of mitoses have been

proven in all adrenocortical zones.

positive signals throughout the whole organ, albeit with a
differing appearance in all three zones. The staining inten-
sity in the medulla is comparable to the inner cortical
zones. The morphometric analysis of the apoptotic rate in
the three zones of the adrenal cortex varies among different
investigators, depending on the procedure followed. In
general, the labelling of fragmented DNA is possible in
apoptotic, necrotic, and S-phase cells. Therefore, an addi-
tive effect of apoptotic and at least S-phase cells is assumed.
A positive labelling in the zona glomerulosa and the zona
reticularis is consistent [26, 27] (Fig. 3). Furthermore, the
All receptor distribution in the adrenal gland has been
described [28], and the existence of the antiproliferative
AT 2 receptors has been shown within the zona glomeru-
losa [29].

CD 95 (also called FAS or APO-1), a cell surface
antigen, is known to be a polypeptide involved in the
induction of apoptosis by its cross-linking [30, 31].

Leithiuser et al. [32] showed CD 95-like immunoreactivity
in all zones of the adrenal cortex.

Immunoreactivity against p53, activated by DNA dam-
age and promoting G, phase arrest or apoptosis, was shown
in correlation with p21, its downstream effector, blocking
progression into the S-phase and allowing time for DNA
repair. This immunoreactivity is found mainly in the inner
cortical layers [33] and occurs due to ischemic injury. The
role of p53 in the adrenal structure and function has been
studied in adrenal neoplasms, where mutations result in a
loss of function and subsequent neoplastic degeneration

[34, 35].

Proliferation and Cell Renewal

The data on functional regulation and stimulation of the
zona glomerulosa reveal a local renin-angiotensin system
[36], the stimulating effects of arginine-vasopressin [37, 38],
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FIG. 3. Left panel: Cryosection of a normal adrenal gland stained by ISEL of fragmented DNA with digoxigenin-marked deoxy-UTP
and subsequent immunostaining. A positive brown color product within the nuclei is detectable in all zones of the adrenal cortex (bar =
50 pm). Right panel: Apoptosis in normal human adrenal. The graph shows the labelling index (LI) for each zone of the adrenal cortex
and for the medulla obtained by ISEL. The highest index is notable in the zona glomerulosa and decreases toward the medulla. Values

are means = SEM, N = 10. LI

glom

= 50.46 = 5.22%; Ll,,.. = 9.36 = 1.68%; LI,_, = 3.90 % 0.78%; and LI, = 7.37 % 1.62%.

The right panel of this figure is reprinted with permission from J Clin Endocrinol Metab 81: 4129-4136, 1996. © 1996 The

Endocrine Society. [Ref. 27].

and the need of vitamins and anti-oxidants in regular
functioning [39]. The proliferation-stimulating effect of
ACTH has been indicated by the rise of basic fibroblast
growth factor and insulin-like growth factor-I mRNAs
within the glomerulosa zone [40].

Immunostaining to Ki-67, an antigen associated with cell
proliferation [41], was shown by Sasano et al. [26] in human
adrenals predominantly in the outer fasciculata but also in
the glomerulosa and reticularis.

The stimulatory effect of ACTH on tissue-integrating
and differentiation-regulating proto-oncogenes such as c-
jun and jun-B [42], and c-myc [43] has been investigated in
rats and humans. An increase in c-fos and jun-B mRNA
levels after ACTH exposure and an increase of c-jun, c-fos
and jun-B after All stimulation has been reported in bovine
and ovine fasciculata cells [44]. Transcription factors also
were implicated in the regulation of the cell cycle and
programmed cell death [45, 46].

Immunoreactivity against PCNA is found mainly in the

zona reticularis [27]. PCNA is defined as a polypeptide
whose synthesis reaches a peak during the S-phase of the
cell cycle. It is also expressed during DNA repair and,
therefore, has been identified as the polymerase delta

subunit [47-49].

Intra-adrenal Regulation and Interaction

Recently, the communication between adrenocortical cells
via gap junctions was shown to take part in intra-adrenal
regulation [50]. Gap junctions have been detected mainly
within the zona fasciculata and the zona reticularis [51], and
apoptosis is known to occur in dispersed and separated cells
[52]. In recent years, it has been well established that
neuropeptides, neurotransmitters, growth factors, and cyto-
kines participate in intra-adrenal regulation (for review, see
Ref. 3). Chromaffin cells can be seen throughout the entire
adrenal cortex, and cortical cells are found frequently
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within the medulla. The two cell types exhibit close cellular
connections as indicated by ultrastructural analysis [52].
Therefore, catecholamines and other neuropeptides pro-
duced by chromaffin cells can directly regulate steroidogen-
esis in all zones of the cortex [2, 53, 54].

Immuno-adrenal Interaction

There is an interaction between the immune system and
the HPA -axis [55-57]. Immune cells such as macrophages,
mast cells, and lymphocytes are to be found in the adrenal
gland. These cells have been shown to interact with
adrenocortical cells [58]. Macrophages in the adrenal gland
belong to the phagocytotic compartment as characterized
by the expression of Ki-M8 and the adhesion molecule CD
11 and CD 68 and could serve as scavengers removing the
apoptotic bodies and remnants in this system. Macrophages
are known to be producers and/or effectors of cytokines and
are considered as secretory cells of the immune system [59].
Hence, they could share an immunological function with
MHC class Il-expressing cells of the inner cortical layers of
the adrenal gland. The expression of the MHC class I (i.e.
HLA-DR) on antigen-presenting cells and on some epithe-
lial cells is well described [60]. Nevertheless, weak MHC
class Il immunostaining was found in the inner zona
fasciculata, whereas strong staining occurred in the zona
reticularis [61, 62]. A functional relationship to the im-
mune system by the expression of MHC class I is evident.
Interestingly, MHC class Il expression occurs only in
normal and benign neoplastic human adrenal tissues,
whereas adrenocortical carcinomas lack this expression [63,
64]. On the contrary, MHC class Il expression is high in the
functionally insufficient adrenal glands in Addison’s disease
[56].

Evidence is mounting for paracrine and/or autocrine
regulation of cell death. Interleukin-1 is regarded as an
inhibitor of apoptosis [65], and its expression and distribu-
tion in the adrenal cortex could be shown with high
prevalence in the inner zones of the cortex [66]. The
mitogenic factor interleukin-6 has also been detected in the
inner zones [67]. Other cytokines also known to be positive
mediators of apoptosis, such as TNF-a, have been found in
the inner cortical layers of the adrenal gland, and 17a-
hydroxylase cytochrome P450-positive cells co-express
TNF-ao mRNA and MHC class 11, as detected by in situ
hybridization and double-immunostaining [32, 68]. Inter-
estingly, TNF-a is also an important mediator of MHC
class II expression [69, 70].

REAPPRAISAL OF ADRENAL ZONATION
IN THE LIGHT OF APOPTOSIS AND
CELL PROLIFERATION

It is possible to imagine programmed cell death as a
coregulated factor of tissue integrity as well as of functional
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demands at the place of replication and proliferation,
during functional differentiation, migration, or near the
structural borders of the organ. The occurrence of apoptosis
in all three adrenocortical zones with their specific products
could guarantee a regulation at any stage of a cell’s
development. As each of the three zones produces its own
specific hormones, another means to adapt to the demands
of the organism might be given.

Hence, zonal selection or prevalence for programmed
cell death needs special regulatory mechanisms, which
would be reflected by differing apoptotic indices, associated
protein expression, and methods of scavenging for apopto-
tic remnants. Classical ways of inducing the process of
programmed cell death in the adrenal gland are evident,
e.g. the control of tissue proliferation and homeostasis by
trophic hormones, the blunting of hyperactive and hyper-
proliferative cells, the control of damaged DNA, cell injury,
and the protection of the cell cycle, and, finally, the simple
senescence of cells lacking sufficient telomerase activity
[71].

Data agree with the observations leading to the concept
of the migration theory. The adrenal cortex is controlled by
the trophic hormone ACTH, which up-regulates prolifer-
ation in respect to the functional demands of the entire
organism. The stimulation of the cortex results in the
proliferation of the zona fasciculata [37]. Obviously, effec-
tive mechanisms protecting from over-activation or neo-
plastic degeneration after dysregulated proliferation are
necessary. The withdrawal of ACTH in primary cultures
leads to apoptosis in cells positive in 17a-hydroxylase
immunostaining [72]. Interestingly, the remaining cells
were negative for 17a-hydroxylase but positive for PCNA
immunostaining. A recently established model of the
mouse steroid 21-hydroxylase/B-galactosidase transgene
clearly shows the clonal expansion and migration of the
cells, creating a fascicle-like aspect [73].

The transformational field theory is also of interest in
light of the new data. CD 95 expression was found by some
investigators in all three zones of the cortex. In rats, an
increase of the zona glomerulosa is described, while the
zona intermedia decreases during administration of All and
a low salt diet [74]. The existence of the zona intermedia
itself [75, 76] supports the theory of “transformation”
towards glomerulosa or fasciculata or “migration” in both
directions, at least in rodents.

Finally, aspects of the zonal theory agree with findings of
basic cell growth and cell molting rates during ACTH
withdrawal, which exist either depending on stimuli such as
CRH [77] or of the adrenal medulla, or additional external
stimulation. This might be the case in Addison’s disease or
in the phenomenon of irreversible cortex suppression due
to clinical ACTH deprivation during long-term glucocor-
ticoid application and could create the aspect of very thin
fasciculata and reticularis zones. The cell death rate may
then be a result of very low telomerase activity, reflecting
quiet senescence. Cell death triggered by DNA damage via
injuries, as reported by Didenko et al. [33], is not related to
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FIG. 4. Differential regulation of apoptosis and zonation in the adrenal gland. Apoptosis, beside other mechanisms, guarantees a
zone-related regulation, depending on the needs for zone-specific products at the sites of proliferation, growth, migration, and
differentiation. Apoptosis is detectable in all cortical layers [sites of programmed cell death (p.c.d.)]. Likewise, receptors, known
because of their antiproliferative and apoptosis-inducing effects such as CD 95 and AT 2, have been found in the adrenal cortex.
Zone-specific products, such as glucocorticoids and DHEA, assert modulation effects on ThO cells and trigger a function shift towards
Th1 or Th2. High differentiation of cortical cells and the cytokine pool promote MHC class II (MHC 1I) expression. MHC class 11
interacts with the T-cell receptor (TCR) and triggers FAS-ligand (FAS-L) expression. FAS-L induces apoptosis in both adrenocortical

cells and T-cells.

any special zone, but it should refer to the afflicted zone. In
addition, the distribution of proliferation markers could not
be clearly localized to any special zone. A recent study
shows an independent regulation of DNA synthesis in all
three zones [75]. The distribution of CD 95 [27, 30] and also
the occurrence of fragmented, nucleolar DNA [27, 78] and
ultra-structural investigations [27, 34] enable the definition
of apoptosis in all adrenal zones.

There is evidence for CD 95 action and internucleoso-
mal DNA fragmentation in outer cortical layers. Only a few
macrophages, and even fewer cytokines, have been de-
tected in these parts of the cortex. Hence, epithelial cells
have to scavenge the remnants themselves. This agrees
with ultrastructural analyses [27]. The signaling and mod-
ulation of programmed cell death through known regulators
of the zona glomerulosa, such as All, have not been
established yet. Nevertheless, the expression of the appro-
priate AT 2 receptors within the zona glomerulosa is
evident, and its involvement in the process of apoptosis has
been suggested, although it has not yet been proven for the
adrenal gland [79, 80].

Inner cortical layers have been reported to show apopto-
tic signs such as cellular shrinkage and the formation of
apoptotic bodies. Hence, it is exciting to speculate as to

whether a regulated circuit of inner cortical cells switching
on the expression of MHC class II on the one hand and
scavenging macrophages on the other could exist, which
might well be regulated by a pool of cytokines and
interplay with the natural MHC Il-corresponding cells,
the T-lymphocytes. A subtype shift of T-lymphocytes
towards Thl function in the milieu of high DHEA
concentration is possible, whereas glucocorticoids pro-
mote a subtype shift towards Th2 function [81-84]. The
interaction with MHC could initiate the expression of
the FAS-ligand in both adrenocortical cells and lympho-
cytes and trigger the programmed cell death in cortical
cells as well as in T-lymphocytes themselves [85] (see
Fig. 4). The latter phenomenon is known as activation-
induced apoptosis of the T-lymphocytes [86]. It has already
been shown that apoptosis in lymphocytes is mediated
via MHC class II [87], and that MHC class II enhances
sensitivity to CD 95-mediated apoptosis [88]. This could
serve to avoid autoimmune stressors and regulate homeo-
static immune response [89, 90]. A mechanism of pro-
grammed cell death mediated via MHC class II has been
reported in B-lymphocytes [91]. Furthermore, even sol-
uble MHC class II molecules induce apoptosis in T-
lymphocytes [92].
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CONCLUSION AND PERSPECTIVES

The apoptotic markers provide fascinating inroads for
analyzing adrenal function under stress and during patho-
physiological stages. The apoptosis has an integrating effect
on local tissue structure and protects from neoplastic
transformation. There is a differential regulation of apopto-
sis in the different zones. In addition, the assessment of
apoptotic parameters, together with MHC class II detec-
tion, allows differentiation between benign and malignant
neoplasms in the case of adrenal masses discovered inci-
dentally [63, 64], when common histological examinations
[93, 94] fail to give a clear assessment. The MHC class 11
molecules indicate a local, intra-adrenal connection be-
tween the HPA-axis and the immune system. Besides the
local effect, there may be a function in T-cell selection to
promote anergy and protect from autoimmunity. A reper-
cussion on the process of ageing might be possible, as MHC
class Il expression correlates with DHEA production and
declines over a lifetime [95, 96]. It will be exciting to
further elucidate these functional aspects of adrenal cell
physiology under both normal and pathological conditions.
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