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Functional zonation of the rat adrenal cortex:
the development and maintenance
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Abstract: The adrenal cortex of mammals consists of three concentric zones, i.e., the zona
glomerulosa (zG), the zona fasciculata (zF), and the zona reticularis (zR), which secrete
mineralocorticoids, glucocorticoids, and adrenal androgens, respectively. In 1994, we identified
immunohistochemically a new zone between zG and zF of the rat adrenal gland. The zone appeared
to be devoid of any significant endocrine functions specific to adrenocortical zones, therefore, we
designated the zone as “undifferentiated cell zone (zU)”. Further, BrdU (5-bromo-2B-deoxyuridine)-
incorporating cells (cells in S-phase) were concentrated at the outer region and the inner region of
zU, and these cells proliferated and migrated bidirectionally: toward zG centrifugally and toward zF
centripetally. We proposed that cells in and around zU are stem/progenitor cells of the rat adrenal
cortex, maintaining functional zonation of the adrenal cortex. The view is consistent with
observations reported recently that Sonic hedgehog (Shh), an important factor in embryonic
development and adult stem cell maintenance, exists in zU of the rat adrenal gland and the Shh-
containing cells seem to migrate bidirectionally.

Keywords: adrenal cortex, steroidogenesis, aldosterone synthase cytochrome P450
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Introduction

The adrenal cortex is composed of a well-
organized structure and functions in corticosteroid

production. My colleagues and I have been working
since the late 1960s to elucidate properties of steroid
hydroxylases and the development and maintenance
of functional zonation of the adrenal cortex. This
review examines our work together with a brief
historical outline of the adrenal gland and steroid
hormone metabolism, including 1) purification and
characterization of steroid hydroxylases, 2) immuno-
histochemical localization of the zone-specific steroid
hydroxylases, 3) discovery of a new zone, the
undifferentiated cell zone (zU), 4) the possible
functional significance of zU as a stem/progenitor
cell zone, and 5) the development and maintenance
of functional zonation in the rat adrenal cortex in
relation to zU.

1. The adrenal gland

The adrenal glands are a pair of triangular or
round bodies located adjacent to the superior pole of
each kidney. They show a combined weight of about
10–15 g in humans, and 40–60mg in rats. The gland
may have been described in 1563 by Barthlomeo
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Eustachi, an Italian anatomist, as the “glandulae
renis incumbents” with no distinct description of its
function.1) The first report on a physiological role of
the adrenal gland was presented almost 3 centuries
later (1855) by Thomas Addison,2) an English doctor.
In his paper entitled “On the constitutional and
local effects of disease of the suprarenal capsules”, he
stated that “a remarkable form of idiopathic anemia”
was associated with disease of the suprarenal
capsules. Although the idiopathic pernicious anemia
was very similar to other fatal forms of anemic
disorder, he noticed that some of his patients showed
“bronzed skin” or “melasma”. The disease is now
recognized as Addison’s disease,3) which is due
entirely to insufficiency in function of the adrenal
cortex. The main features of Addison’s disease are
anemia, fatigue, feebleness of heart activity, irrita-
bility of the digestive organs, and a peculiar dark
pigmentation of the skin, which are all suggestive for
the function of the adrenal cortex.

It is now known that the adrenal gland consists
of two ontogenetically, structurally and functionally
distinct endocrine tissues, the cortex and the
medulla.4) The cortex is mesodermal in origin and
derived from proliferation of the coelomic epithelium.
It produces various steroids with specific functions as
will be described later. The medulla, on the other
hand, is ectodermal in origin and neural crest-
derived. It secretes catecholamines, i.e., adrenaline
and noradrenaline, that facilitate the acute mamma-
lian stress or “fight-or-flight” response. The cortex is
further subdivided into concentric zones, the zona
glomerulosa (zG), the zona fasciculata (zF) and the
zona reticularis (zR), which were originally named by
Arnold in 1866 from the morphological appearance or
shape of the cells in each zone (glomus, ball; fascis,
bundle; and rete, net) rather than from function.5)

Later it was established that each zone has specific
endocrine functions.

2. Early history of research on adrenocortical
hormones: extracts from the adrenal cortex

and the physiological effect

In 1930, Swingle and Pfiffner prepared an
aqueous lipid extract from bovine suprarenal cor-
tex.6) They administered the extract to bilaterally
adrenalectomized animals and restored the animals
to a normal condition.7),8) Subsequently, the apparent
efficacy of such an extract on patients with Addison’s
disease was confirmed.9),10) Chemical investigations
of adrenal steroids and their syntheses began around
1935 through the work of Wintersteiner and

Pfiffner,11) Reichstein’s group12) and Kendall’s
group.13) Kendall isolated 6 active adrenocortical
hormones from the adrenal gland and named them
in the order in which they were isolated, i.e.,
Compound A through F (Compound A is 11-dehy-
drocorticosterone, Compound B is corticosterone
or Reichstein’s substance H, Compound C is 5,-
pregnane-3,,11O,17,,21-tetrol-20-one or Reichstein’s
substance C, Compound D is 5,-pregnane-
3O,11O,17,,20O,21-pentol or Reichstein’s substance
A, Compound E is cortisone or Reichstein’s sub-
stance F, and Compound F is cortisol or Reichstein’s
substance M). Their studies enabled semisynthetic
production of adrenocortical hormones with a good
yield from the more easily obtainable materials,
such as bile acids. The first clinical investigation on
the effect of the synthetic compound was performed
in 1948 at the Mayo Clinic. Hench’s group in
collaboration with Kendall injected Compound E
(cortisone) intramuscularly into a patient with severe
rheumatoid arthritis. Improvement in the clinical
features of the patient began to occur within a few
days.14),15) When Compound E administration was
discontinued, the symptoms relapsed promptly,
and the readministration alleviated the symptoms
again, suggesting that Compound E has some anti-
inflammatory and energy metabolism function. In
1950, Drs. Kendall, Hench and Reichstein shared
the Nobel Prize in Physiology or Medicine “for their
discoveries relating to the hormones of the adrenal
cortex, their structure and biological effects”.

Further work revealed the features of most of
the steroids in adrenal extracts, but an “amorphous
fraction” of the adrenal extracts, designated at that
time as “electrocortin”, was not identified until 1954.
Tait’s group isolated the electrocortin from the
adrenal extracts, crystallized the compound, and
established the chemical structure.16) The term of
“electrocortin” was then supplanted by the term
“aldosterone” in reference to the structure of the
crystalline compound. The biological activity of the
crystalline aldosterone in electrolyte balance was
demonstrated17),18) based on depression of the urinary
Na24/K42 ratio in adrenalectomized rat.19)

3. Early studies on steroidogenic enzymes
in the adrenal cortex

3-1) Steroid hydroxylations and the partic-
ipation of hemoprotein cytochrome P450. A
breakthrough in steroid metabolism of the adrenal
cortex occurred through the study of steroid 21-
hydroxylation. In 1952, Hayano and Dorfman
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showed that bovine adrenal homogenates catalyzed
the formation of 21-hydroxylated derivatives from
progesterone, 17-hydroxyprogesterone and 21-des-
oxycortisone, demonstrating the presence of an
enzyme system capable of catalyzing C21-hydrox-
ylation in the adrenal homogenate.20) They also
demonstrated C11-hydroxylation of deoxycorticos-
terone in bovine adrenal mitochondrial fraction. In
their studies, molecular oxygen, O2

18, but not water,
H2O18, was found to be directly utilized in the
11O-hydroxylation system.21) Later Ryan and Engel
defined steroid 21-hydroxylation as a reaction in-
volving TPNH (now termed NADPH) and atmos-
pheric oxygen in addition to the microsomal fraction
of the adrenal cortex.22) The stoichiometry of
C21-hydroxylation of 17-hydroxyprogesterone by
bovine adrenocortical microsomes was established
by Cooper et al. in 1963, showing that 1 mole of
oxygen and 1 mole of NADPH were consumed per
mole of 17-hydroxyprogesterone hydroxylated.23)

17-hydroxycorticoidþ NADPHþ Hþ þO2

! 17, 21-dihydroxycorticoidþNADPþ þH2O

Thus, mechanisms of steroid C21- and 11O-hydrox-
ylations were found to be similar to that of mixed
function oxidase, as reported in 1955 by Mason
et al.,24) or monooxygenase, as designated by
Hayaishi et al.25) In the reaction, 1 atom of molecular
oxygen is transferred to the substrate and the other
one is reduced to water by 1 mole of NADPH, and
molecular oxygen is activated for the hydroxylation
reaction.

In 1962, Sato and Omura examined the carbon
monoxide-combined pigment of liver microsomes
which was originally reported by Klingenberg.26)

The CO-complex showed an absorbance maximum
at 450 nm in the presence of a reducing agent. They
found the pigment to be a hemoprotein and named it
cytochrome P450 (P450), i.e., the pigment (P) with
a spectral absorbance maximum at 450 nm in
the presence of carbon monoxide and a reducing
agent.27),28) Subsequently in 1963, the photochemical
action spectrum of the light reversal of carbon
monoxide inhibition of steroid 21-hydroxylation was
obtained by Estabrook et al. using bovine adrenal
cortex microsomes.29)–31) A broad peak at around
450 nm in the photochemical action spectrum similar
to the optical absorption spectrum of P450 confirmed
the involvement of P450 in the adrenal hydroxylation
reaction.29) Carbon monoxide inhibition of the
cholesterol side-chain cleavage reaction32),33) and of
the steroid 18-hydroxylation, another hydroxylation

system in the adrenal mitochondria, was reported by
Boyd’s group in 196634) and by Estabrook’s group in
1967,35) respectively. Thus, these findings confirmed
definitely that steroid hydroxylations in the adrenal
cortex are catalyzed by the hemoprotein cytochrome
P450 (reviewed in refs. 31 and 36).

3-2) Solubilization and partial purification
of steroid hydroxylases from the adrenocortical
membrane. By around 1970, adrenocortical micro-
somal P450 was shown to be involved in steroid
21-hydroxylation, and the mitochondrial P450 was
shown to be involved in at least three reactions, the
conversion of cholesterol to pregnenolone (cholesterol
side chain cleavage reaction), steroid 11O-hydroxy-
lation, and steroid 18-hydroxylation (reviewed in
ref. 37). Whether a single species of P450 is
responsible for all these reactions or each reaction is
catalyzed by specific species of P450 remained as an
interesting problem to be solved. One approach to
this question was the separation and extensive
purification of various P450s having specific catalytic
activity.

Many groups tried to extract and purify the
enzymes from the adrenocortical membranes using
various reagents.38)–40) One of the main difficulties
was the low stability of P450 in its solubilization.
The treatment of the cytochrome with monohydric
alcohols, detergents, proteases, phospholipases and
lower and higher pH values frequently caused the
conversion of P450 to P420, an inactive form of
cytochrome P450.41) However, in 1967, Kinoshita in
our group found that an ionic detergent, Na-cholate,
was a good reagent to solubilize P450 from the
mitochondrial membrane with a great amount of
cytochromes a, b, and c1 remaining in the undissolved
residue.42) In 1969, Mitani and Horie improved his
method for a more reproducible and well-dispersed
P450 preparation with higher yield, and then partial-
ly purified P450.43) The Na-cholate to mitochondrial
protein ratio was important for this purpose (Fig. 1).
Later our solubilization method with Na-cholate
became a fundamental procedure for further purifi-
cation of P450.44)–46) We then examined the spec-
tral,43) magnetic,47) and catalytic properties48)–50) of
the solubilized and partially purified P450 prepara-
tions as described next.

3-3) Physicochemical and catalytic proper-
ties of partially purified steroid hydroxylating
enzyme, cytochrome P450. Figure 2 shows the
absolute absorption spectra of our partially purified
P450 from bovine adrenocortical mitochondria under
various conditions.43) The oxidized preparation had
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peaks at 394, 417, 535, 569, and 645 nm, suggesting
that both low and high spin species of the hemopro-
tein51) existed in the preparation. The peaks corre-

sponding to a low spin type (peaks at 417, 535, and
569 nm) were lowered with concomitant increase in
peaks of a high spin type (peaks at 394 and 645 nm)
on addition of deoxycorticosterone, a substrate for
11O-hydroxylase reaction. In contrast, peaks of a low
spin type (peaks at 417, 535, and 569 nm) increased
by the addition of pregnenolone, a product of the
cholesterol side-chain cleavage reaction. Thus, ste-
roid-induced changes in the spin state of P450 were
suggested, as originally reported by Narasimhulu
et al.40) in 1965 and then Schenkman et al.52) in 1967.
Subsequently, our examination on EPR spectra at
77°K also showed the modulation of the spin state of
P450 in the presence of substrates.43),47) Later on,
Williams-Smith and Cammack reported that such
changes in spin state of P450 on binding with
substrate result in the increase in the midpoint
potential EoB of the heme iron of P45053) and
facilitate the P450 reaction cycle.54)

Meanwhile, during the course of these studies,
Omura et al. in 1966 and Simpson and Boyd in 1967
separated independently, from bovine adrenal cortex
mitochondria, a steroid hydroxylation system into
three components: a P450 containing particulate
fraction, NADPH-diaphorase (now termed adreno-
doxin reductase55)) and non-heme iron protein (now
termed adrenodoxin55)).56),57) Omura et al. and
Simpson and Boyd then reconstituted the steroid
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Fig. 1. Effect of concentration of cholate on the solubilization of
P450 from sonicated bovine adrenocortical mitochondria. After
incubation of sonicated mitochondria with Na-cholate, the
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11O-hydroxylation system and the cholesterol side-
chain cleavage system, respectively, and suggested
the sequence of electron transfer from NADPH to
cytochrome P450 via adrenodoxin and the reductase.
In 1972, Suhara et al. obtained NADPH-adrenodoxin
reductase and adrenodoxin in the pure state from
bovine adrenal cortex mitochondria.58),59)

In 1975, in order to examine the kinetic proper-
ties of the 11O-hydroxylation system, we recon-
stituted the system49) using purified adrenodoxin59)

and the reductase58) with partially purified P450
preparation.43) We developed a radiomicroassay
method to measure the NADPH oxidation at the
high level of sensitivity, that is, the amounts of
NADP formed were estimated radiometrically by
quantitating the 14CO2 evolved from [1-14C] 6-
phosphogluconate with the aid of 6-phosphogluco-
nate dehydrogenase. The results showed that adre-
nodoxin was highly autooxidizable in the reconsti-
tuted system, which confirmed Kimura’s report,44)

and only small fraction of enzymatically reduced
adrenodoxin was utilized for the deoxycorticosterone
11O-hydroxylation. Another point to be mentioned
in this study was that an absolute concentration of
adrenodoxin was essential for the optimum reaction
(Fig. 3A). Therefore a linear relationship between
corticosterone formation and the amount of P450
was obtained only with the excess amount of
adrenodoxin in the reaction mixture, but not with
the constant molar ratio of adrenodoxin to P450 to

make a complex between them (Fig. 3B). It is now
recognized that a binary complex between adreno-
doxin and P45060) or a ternary complex among
adrenodoxin reductase, adrenodoxin and P45061) are
not functional intermediates in electron transport
in the P450 reaction, and adrenodoxin dimers
in its oxidized state may be responsible for the
reduction of P450, i.e., adrenodoxin dimers are
reduced by the adrenodoxin reductase and serve as
a mobile electron carrier, one-at-a-time, between
adrenodoxin reductase and P450 in steroid hydrox-
ylation systems.62)

4. Molecular basis for the functional zonation
of the adrenal cortex

4-1) Steroid biosynthesis in the adrenal
cortex and the functional zonation. In 1956,
Giroud et al. provided evidence, by decapsulation of
rat adrenal gland to separate the zG from the rest of
the gland, that the principal site of aldosterone
secretion is the capsular portion, i.e., zG, and that of
glucocorticoids secretion is the decapsulated portion,
i.e., zFR.63) Since aldosterone is a potent mineralo-
corticoid that functions in maintaining normal
electrolyte balance under the control of the renin-
angiotensin system (RAS), while glucocorticoids
regulate carbohydrate metabolism in response to
signals from hypothalamus and pituitary,4) the
results showed that individual zones secrete the
specific hormone of physiological importance. Such
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Fig. 3. Effect of adrenodoxin concentration on deoxycorticosterone 11O-hydroxylation in the reconstituted system. (A) 11O-hydroxylase
reactions at various concentrations of adrenodoxin were carried out in the reconstituted 11O-hydroxylase system with 1 µM ( — )
or 2 µM ( — ) of partially purified cytochrome P450. (B) The reactions were performed at a fixed concentration (94 µM) of
adrenodoxin ( — ) or at a fixed molar ratio of adrenodoxin to P450 (adrenodoxin to P450 F 127) ( - - - - ) with various
concentrations of P450. AdX: adrenodoxin. Data from Mitani et al.49)
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a zone-specialization in function is called “functional
zonation” of the adrenal cortex.63),64) We have to
mention, however, that the most important gluco-
corticoid is not the same among animals. Cortisol is
the major glucocorticoid in humans and some other
animals, while corticosterone is the most important
glucocorticoid in rodents such as rat, mouse, rabbit,
and hamster, because of the lack of 17,-hydroxylase/
17-20 lyase in their adrenal cortices. In addition, the
zR of humans and some other mammals produces
so-called adrenal androgens such as dehydroepian-
drosterone.4)

Figure 4 summarizes the biosynthetic pathways
of adrenocortical steroid in the adrenal gland.
Cholesterol is a starting steroid and converts to
every major corticosteroid. As described above, all
enzymes involved belong to a family of heme-

containing monooxygenases25) (or mixed-function
oxidases24)) called cytochrome P450 except 3O-
hydroxysteroid dehydrogenase/isomerase. They may
be divided into two groups depending on their
intracellular localization. Those associated with the
mitochondrial membrane are P450scc (now termed
CYP11A165),66)) responsible for cholesterol side-chain
cleavage reaction, P45011O (now termed CYP11B1)
for steroid 11O-hydroxylation, and P450aldo (now
termed CYP11B2) for aldosterone formation. Those
associated with the endoplasmic reticulum (micro-
some) membrane are P45017, (now termed CYP17)
for steroid 17,-hydroxylation and C17–C20 bond
cleavage, P450C21 (now termed CYP21) for steroid
21-hydroxylation, and 3O-hydroxysteroid dehydro-
genase/isomerase.37),67) Thus, the metabolic inter-
mediates in the pathways must move in and out of

CYP11A1

CYP21
CYP11B1

CYP17

CYP11B2

CYP21

CYP11B1

in primate
zG

zFRzR

zFR

CYP17

3 -HSD/ isomerase

17 -hydroxyprogesterone17 -hydroxypregnenolone

CYP17

Fig. 4. Biosynthetic pathway of steroid hormones in the adrenal cortex taking cholesterol as the starting material. The gray area shows
the pathway of aldosterone formation from deoxycorticosterone catalyzed by CYP11B2. Corticosterone and 18-hydroxycorticoster-
one are the intermediates. Reactions in the square proceed in humans and some other mammals, but not in the adrenal cortex of most
rodents due to the lack of CYP17 in the adrenal cortex. zG: zona glomerulosa, zFR: zonae fasciculata-reticularis, zR: zona reticularis.
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the mitochondria and endoplasmic reticulum during
the biosynthesis.

Among these hydroxylation enzymes, the follow-
ing enzymes had been highly purified by early 1980s
(reviewed in ref. 36); CYP11A1 and CYP11B1 from
bovine adrenal cortex mitochondria by Takemori
et al. in 1975,45),46) CYP21 from bovine adrenal
cortex microsomes by Kominami et al. in 1980,68)

and CYP17 from guinea pig adrenal cortex micro-
somes by Kominami et al. in 1982.69) Surprisingly,
although the highly purified CYP11B1 from bovine
adrenal cortex mitochondria was a single entity in
terms of protein chemistry, it catalyzed aldosterone
formation as well as 11O-hydroxylation.70) In 1989,
we attempted to separate the enzyme catalyzing
aldosterone formation from that catalyzing 11O-
hydroxylation in bovine adrenal cortex, and obtained
two distinct forms of CYP11B1 with apparent
molecular weights of 48.5 kDa and 49.5 kDa.71)

However, both forms of CYP11B1 were capable of
catalyzing aldosterone formation as well as the 11O-
and 18-hydroxylation of 11-deoxycorticosterone,
although the intensities of those enzymatic activities
of the two forms were slightly different.71) It seemed
unlikely that only one of the forms functions
specifically in aldosterone synthesis in zG, while the
other functions specifically in glucocorticoid produc-
tion in zFR, since both forms are distributed almost
equally throughout the three zones of the bovine
adrenal cortex. Later in 1992, Ikushiro et al. reported
that aldosterone synthesizing activity of CYP11B1
was suppressed by interaction with CYP11A1 in
bovine adrenal cortex.72) In bovine adrenal cortex,
the zG-specific aldosterone secretion and the zFR-
specific glucocorticoid secretion might be induced by
differences in the interaction of CYP11B1 with
CYP11A1, as a modulator, of inner mitochondrial
membranes in each zone. However, the true mechan-
ism of action remains to be clarified.

4-2) Purification of aldosterone synthase,
CYP11B2, from the rat adrenal cortex. The
enzyme responsible for the final step of aldosterone
biosynthesis (see Fig. 4), on the other hand, was not
identified or isolated until the end of the 1980s. In
1987, Lauber et al. identified the aldosterone syn-
thase in the zG of rat adrenal cortex.73) They used
mitochondria from the capsular portion of sodium-
deficient and potassium-repleted rats,74) in which the
conversion of corticosterone to 18-hydroxycorticos-
terone and aldosterone proceeded at markedly higher
rates than in mitochondria from the capsular portion
of adrenals of sodium-repleted and potassium-defi-

cient rats without difference in the 11O-hydroxylase
activity.

The purification of the aldosterone synthase,
CYP11B2, was accomplished by Ogishima, Mitani
and Ishimura in 1989 from zG of the adrenal cortex of
sodium-deficient and potassium-repleted rats.75) The
highly purified CYP11B2 (49.5 kDa) was distinguish-
able protein chemically, genetically and immuno-
chemically from CYP11B1 (51.5 kDa) purified from
zFR of the same rat (Fig. 5). Purified CYP11B2
catalyzed the multi-hydroxylation reactions of the
substrate (11-deoxycorticosterone) giving cortico-
sterone, 18-hydroxydeoxycorticosterone, 18-hydroxy-
corticosterone, and significant amount of aldoster-
one as products, while purified CYP11B1 catalyzed
only 11O- and 18-hydroxylations of the same sub-
strate to yield corticosterone and 18-hydroxydeoxy-
corticosterone, respectively (refer to Fig. 4). The
existence of CYP11B2 in the rat adrenal cortex but
not in the bovine adrenal cortex as described in the
above section led to the hypothesis that at least two
different types or modes of corticosteroidogenesis
exist in animals: adrenal glands with CYP11B2 that
catalyzes aldosterone formation (a rodent type), and
adrenal glands without CYP11B2, where CYP11B1
catalyzes aldosterone formation in addition to

CYP11B1
P45011

CYP11B2
P450aldo

Fig. 5. SDS-PAGE analysis of CYP11B2 and CYP11B1 purified
from rat adrenal gland. The bands were visualized by silver
staining. Apparent molecular weights of CYP11B2 and
CYP11B1 determined from the comparison of the protein
markers were 49.5 kDa and 51.5 kDa, respectively. Data from
Ogishima et al.75)
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glucocorticoid formation (a cattle type). Our group
also purified CYP11B2 from adrenals of patient with
primary aldosteronism and suggested that human
corticosteroidogenesis resembles that of the rat (the
first type described above) and differs from that of
the cattle (the second type described above).76)

5. Immunohistochemical localization of steroid
hydroxylases and establishment

of the molecular basis for the functional
zonation of the adrenal cortex

In 1982, to understand more clearly steroido-
genesis in the adrenal cortex, we attempted to
localize CYP11A1 and CYP11B1 immunohisto-
chemically in bovine adrenal glands.77) Antibodies
against purified bovine CYP11A1 and CYP11B1
were used for the direct peroxidase-labeled antibody
method. At the light microscopic level, parenchymal
cells of the zFR stained heavily for both cytochromes
(CYPs), while those of zG stained lightly for both,
reflecting the content of the enzyme. At the electron
microscopic level, these two cytochromes were
associated with the matrix side of the inner mito-
chondrial membranes including the tubulovesicular

cristae (Fig. 6). Since P450-reducing components,
adrenodoxin and the reductase, were localized in a
similar manner in the bovine adrenal gland,78) our
results indicated for the first time that steroid
monooxygenase systems exist at the matrix side of
the inner mitochondrial membrane (refer to ref. 79).

Subsequently, in 1992, our efforts to localize
CYP11B2 and CYP11B1 in rat adrenal glands were
successful.80),81) The homology between purified rat
CYP11B2 and rat CYP11B1 is approximately 83% in
the amino acid sequence deduced from their cDNA
clones. Therefore, we selected peptide sequence with
highly variable regions, i.e., 151–163 residues for
CYP11B2 and 248–259 residues for CYP11B1, and
used each sequence for making specific antibodies.
Figure 7 shows double immunohistochemical stain-
ing of the rat adrenal gland with those antibodies
(A: the adrenal section from a rat fed on a control
diet, B: the adrenal section from a rat fed on a
Na-deficient diet). CYP11B2 (colored in blue) is
confined strictly to the zG, while CYP11B1 (colored
in brown) is present largely in the zF and sparsely in
the zR, but not in the zG of rats under both normal
and Na-deficient conditions. Neither enzyme is

0.5µm

Fig. 6. Electron microscopic view of the immunocytochemical staining for CYP11B1 localization in a zF cell of bovine adrenal gland.
The section was treated directly with peroxidase-labeled anti-bovine CYP11B1 (FabB). CYP11B1 (in black) is located mainly on the
surfaces of the inner mitochondrial membranes along with tubulovesicular cristae. Data from Mitani et al.77)
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detected in the medulla or the capsule. This finding,
together with the previous findings that CYP17 was
localized in the zFR,82),83) established the molecular
basis for the functional zonation in adrenocortical
steroidogenesis.

6. An undifferentiated cell zone between zG
and zF and its possible functional significance
relating to the development and maintenance

of the rat adrenal gland

6-1) Discovery of the undifferentiated cell
zone between zG and zF of the rat adrenal cortex.
The adrenal cortex consists of three morphologically
and functionally distinct zones: the zG, zF and zR.
In 1994, however, we noticed the presence of a 4th
zone between zG and zF when we performed double
immunohistochemical staining of adult rat adrenal
gland with anti-CYP11B1 and anti-CYP11B2 anti-
bodies.81) Figures 7 and 8 show the new zone (in
white) consisting of five to six cell layers between
CYP11B2-positive zG (colored in blue) and
CYP11B1-positive zF (colored in brown). The
observation that the 4th zone has no immunoreac-
tivity with anti-CYP11B2 and anti-CYP11B1 anti-
bodies and appears like a white ring surrounding zF
(Fig. 7) suggests the absence of both CYP11B2 and
CYP11B1. Since adrenal glands of animals such
as rat, mouse, rabbit, and hamster are devoid of

CYP17, which catalyzes the formation of androgen
synthesis in the zR of mammals, the newly found
zone can be characterized as lacking adrenal andro-
gen synthesis as well. Thus, the cells in this zone
appeared to have no significant endocrine function
specific to zones of the adrenal cortex and, therefore,
could be regarded as undifferentiated cells with
respect to corticosteroidogenesis. We designated the
zone as the undifferentiated cell zone (zU) and
considered it a stem/progenitor cell zone in the
adrenal cortex. Cells in this zone are parenchymal
cells and are shown immunohistochemically to
express transcription factor SF-1/Ad4BP,84) and
other marker proteins present in adrenocortical cells,
including CYP11A1, CYP21, 3O-hydroxysteroid de-
hydrogenase/isomerase, and a P450 reducing system.

The number of the cells per unit area in zU is
greater (Figs. 8A and 8B) and lipid contents are
smaller than those in the other cortical zones. In
addition, some differences in capillary architecture
visualized as alkaline phosphatase activity staining
are noticed (Fig. 8C). These histological features are
similar to those of formerly reported zones, such as
the “sudanophobe zone”,85) “zona intermedia”,86) or
“transitional zone”,87) and we were able to identify
the functional meaning by immunohistochemical
methods. However, it should be emphasized here
that the sudanophobe zone has not always been

Fig. 7. Localization of CYP11B2 and CYP11B1 in the rat adrenal gland by immunohistochemical staining. A: An adrenal section from a
rat fed on a control diet stained with the anti-rat CYP11B2 and the anti-rat CYP11B1 antibodies simultaneously. B: An adrenal
section from a rat fed on a Na-deficient diet for 20 days stained with the anti-rat CYP11B2 and the anti-rat CYP11B1 antibodies
simultaneously. In both figures, blue and brown colors show the presence of CYP11B2 and CYP11B1, respectively. Nuclei were
poststained with methyl green. zG: zona glomerulosa, zF: zona fasciculata, zR: zona reticularis. Data from Mitani et al.81)
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demonstrated among animal adrenals,86) e.g. the zone
was hardly recognized in mouse, pig, ox and human
adrenal glands, and, even in rats, there was a strain
difference with Wistar rat having zU with consid-
erably thinner cell width than that of Sprague-
Dawley rats, which we used in our study. Unfortu-
nately, these differences sometimes led to confusion in
the comparison of data from various groups.

6-2) Proliferative cells in and around zU and
the circadian rhythm. In an attempt to explore the
possible function of zU, replicating adrenal cells were
examined by demonstrating 5-bromo-2B-deoxyuridine
(BrdU) incorporation into the nuclear DNA of S-
phase cells and proliferating cell nuclear antigen
(PCNA) immunohistochemically. BrdU was admin-
istered to rats intraperitoneally at 1 h prior to
sacrifice. The results indicated that the S-phase cells
localized mainly in two regions of the cortex, the
innermost portion of zG and the outermost portion of
zF, which are adjacent to the outer and inner edges,
respectively, of zU (Fig. 9A).81),88) Since S-phase cells
and PCNA-positive cells were observed only scarcely

in the other regions of the adrenal cortex, zU and its
surroundings were thought to be the site of cell
proliferation in the adult rat adrenal cortex.

During this study, however, we noticed that
the total number of replicating cells in the adrenal
cortex was dependent on the time of BrdU injection.
Therefore, we examined the temporal and spatial
distributions of BrdU-positive cells in the adrenal
cortex.88) Although the BrdU-positive S-phase cells
were observed throughout the day in two regions as
described above, the number of BrdU-positive cells
exhibited a marked fluctuation depending on time of
day. A burst of cell proliferation was found to occur
at 3–4:00 a.m. with a minimum at around noon in the
outermost portion of zF (Fig. 10A). Further exami-
nation showed that the prominent rise in the plasma
adrenocorticotropic hormone (ACTH) concentration
preceded such a burst of cell proliferation by about
4 h (Fig. 10A). By increasing the plasma ACTH
concentration by administration of ACTH or metyr-
apone, an inhibitor for glucocorticoid biosynthesis,
the rhythm of cell replication was found to shift

zU

zG

zF

A. CYP11B2 & CYP11B1

zUzU

B. nuclei C. microvasculature

50µm

Fig. 8. Histological features of the undifferentiated cell zone (zU). The adrenal sections from rats fed on Na-deficient diet for 20 days
were used for the staining. A: An adrenal section stained with anti-rat CYP11B2 (in blue) and anti-rat CYP11B1 (in brown)
antibodies simultaneously. Nuclei were poststained with methyl green. B: Nuclei in adrenocortical cells stained with hematoxylin (in
black). C: Alkaline phosphatase activities in the adrenal cortex visualized enzyme-histochemically to show the localization of
microvasculatures (in dark red). zG: zona glomerulosa, zF: zona fasciculata, zU: undifferentiated cell zone. Data from Mitani et al.81)
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accordingly. The mechanism underlying the effect of
ACTH on the wave of cell proliferation, however,
is not clear at present. Elevation in plasma ACTH
concentration, on the other hand, had little effect
on cell proliferation at the innermost portion of zG,
suggesting that cytogenesis in this region was
regulated by a different mechanism from that in the
ACTH-regulated region. A significant increase in the
number of S-phase cells in the innermost portion of
zG was observed in rats fed with a Na-deficient
diet.89)–91) The peak was at around 8:00 p.m.
(Fig. 10B). It is well known that Na-deficiency
results in activation of the renin-angiotensin system
(RAS), which, in turn, increases the proliferation of
zG cells along with high expression of CYP11B2.
Under a control diet, the number of replicating cells
in the innermost portion of zG was considerably
smaller than that in the outermost portion of zF,
and the circadian rhythm was hardly observable
(Fig. 10B). These observations demonstrate that cell
replication in the two regions around zU, outer and
inner edges of zU, are regulated differently by RAS
and ACTH, respectively.

The behavior of BrdU-positive cells was exam-
ined from 1h to 20 days after the injection of
BrdU.89),90) Under normal hormonal conditions,
BrdU-positive cells were found mostly in the outer-
most portion of zF at 1 h later as mentioned already
(Fig. 9A). After 20 days, those positive cells were
found to shift to the inner portion of zF, indicating
that the BrdU-positive cells migrated centripe-
tally.90),91) The number of BrdU-positive cells in-
creased by about 3-fold after 20 days, suggesting that
the cells divided further during migration. Under Na-
deficiency, BrdU-positive cells were found mostly in
the innermost portion of zG at 1 h later (Figs. 9A
and 9B). Contrary to the centripetal migration of
replicating cells from the outermost portion of zF
under normal conditions, BrdU-positive cells in the
innermost portion of zG under Na-deficiency did not
migrate over zU even at the 20th day after injection,
and instead moved toward the periphery of zG
(Fig. 9B). The number of cells increased by about
3-fold, therefore, they further proliferated during
that time. Thus, BrdU-positive cells in the two
regions around zU seemed to behave differently, i.e.,
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Fig. 9. Spatial distribution of BrdU-positive cells and the movement in the adrenal cortex. (A) Spatial distribution of BrdU-positive cells
in the adrenal cortex. , BrdU-positive cells in the adrenal cortex from rats fed on a control diet for 10 days and sacrificed at 4:00 a.m.
, BrdU-positive cells in the adrenal cortex from rats fed on a Na-deficient diet for 10 days and sacrificed at 8:00 p.m. In both rats,

BrdU was injected at 1 h before sacrifice. (B) Behavior of BrdU-positive cells under Na-deficiency. Rats fed on a Na-deficient diet for
10 days were injected BrdU at 7:00 p.m. and sacrificed at 1 h (gray column) or at the 20th day (black column) after the injection.
*P < 0.05, **P < 0.01, ***P < 0.001: data obtained at 1 h vs. at the 20th day in a comparable region. Numbers on the X-axis (relative
distance from 0 edge) show the distance (cell layer) from “0”, which is defined as the position of the innermost cell layer of the
undifferentiated cell zone (zU). Values are mean ’ SEM. zG: zona glomerulosa, zF: zona fasciculata, zU: undifferentiated cell zone.
Data from Miyamoto et al.88),89) and Mitani et al.90)
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BrdU-labeled cells in the outermost portion of zF
migrate centripetally with days, while those in the
innermost portion of zG migrate centrifugally.89),90)

Bidirectional movement of stem/progenitor cells has
been also observed in the small intestine.92),93)

6-3) zU in regeneration of the adrenal gland
after transplantation and enucleation. Auto-
plastic transplant of the adrenal gland was demon-
strated by Jaffe and Plavska as early as 1926.94) Two
glands removed from a rat were cut in half and the
four parts were immediately transplanted into pock-
ets between the fascia and abdominal muscle of the
bilateral adrenalectomized rat. In 3 or 4 weeks, the
transplants regenerated as highly vascularized masses
of cortical tissue, with the three cortical layers. Later
experiments suggested that only small fragments of
capsular tissue containing zG cells were necessary for
the successful transplantation of the adrenal gland,
because zG was thought to retain some character-
istics of stem cells.95),96) Transplantation of primary
bovine adrenocortical cells beneath the kidney
capsule of bilateral adrenalectomized immunodefi-

cient (scid) mice prevented the adrenal insufficiency
in the absence of sodium supplementation.97)

The criteria of studies on the regeneration of the
adrenal cortex after transplantation or enuclea-
tion98),99) were based mostly on histological, cyto-
chemical and physiological features of the adrenal
cortex. Therefore in 1995, we investigated the
regeneration process of the adrenal cortex after
bilateral enucleation by immunohistochemical local-
ization of the zone-specific steroid hydroxylating
enzymes, CYP11B2 in zG and CYP11B1 in zFR,
and PCNA-containing cells (S-phase cells).100),101) In
order to enucleate the adrenal gland, each adrenal
gland was exposed through the dorsal route and its
capsule was sliced open at one site. The opposite site
was then slightly pressed with forceps to extrude the
solid content inside, and the content was discarded.
Because of the fragility of zU, zG could be easily
separated along zU from the other cortical zones,
adhering to the capsule. The capsular portion was
then restored to position in order to permit regener-
ation.102) Afterwards rats were maintained on a
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Fig. 10. Circadian rhythm in the cell proliferation in the adrenal cortex during a 24-hours period. (A) Circadian rhythm in the cell
proliferation in zF of rats fed on either control ( ) or Na-deficient ( ) diets for 10 days. The total numbers of BrdU-positive cells/
section were plotted as a function of the time of a day. ACTH concentrations ( - - - - ) in plasma of rats fed on a control diet were
also plotted as a function of the time of a day. (B) Circadian rhythm in the cell proliferation in zG of rats fed on either control ( ) or
Na-deficient ( ) diets for 10 days. The total numbers of BrdU-positive cells/section were plotted as a function of the time of a day.
Values are mean ’ SEM. (**p < 0.01; data on Na-deficient rats vs control rat at 8:00 p.m.). Refer to data from Miyamoto et al.,88),89)

and Mitani et al.90)
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normal or a Na-deficient diet. It should be noticed
here that the decapsulated portion discarded had zF
(visualized with CYP11B1 stained in brown color in
Fig. 11B), zR, the medulla, and a small part of zU,
while the capsular portion remaining in the body
contained the capsule and zG (visualized with
CYP11B2 stained in blue color in Fig. 11A), and
also contained a large portion of zU (in white in
Fig. 11A). On the second day after enucleation, the
hematoxylin-eosin stained section of the adrenal
gland revealed that the whole gland was filled with
a large hemorrhagic coagulum containing a small
amount of surviving cortical cells at the periphery.
On the 20th day, however, the gland was mostly

occupied by regenerated cortical cells, where restora-
tion of the three cortical zones was recognized with
appearance of zU between zG and zF. Double
immunostaining of CYP11B2 and CYP11B1 demon-
strated a significant number of CYP11B1-containing
cells in zF and a few of those in zR, and CYP11B2-
containing cells in the zG portion. Although repli-
cating cells observed as PCNA-positive cells were
present throughout the regenerating cortex until 1
week after the enucleation, they were concentrated in
and around zU with restoration of the three cortical
zones.100),101) These observations suggest that zU in
the capsular portion was related to the regeneration
of the adrenal cortex. A quantitative analysis of

Fig. 11. Capsular and decapsular portion after the enucleation of the adrenal gland. The enucleation of the adrenal gland was performed
using rats fed on Na-deficient diet for 20 days in order to detect zG clearly as CYP11B2-expressing zone. After the enucleation, the
capsular and the decapsular portion were stained using anti-rat CYP11B2 and anti-rat CYP11B1 antibodies simultaneously. A: The
capsular portion of the adrenal gland. Note that, on the plate, a section of the capsular portion is bent, and one inner edge of zU is
located side by side with another edge of zU. B: The decapsular portion of the adrenal gland. In both figures, blue and brown colors
show the presence of CYP11B2 and CYP11B1, respectively. Nuclei were poststained with methyl green. zG: zona glomerulosa, zF:
zona fasciculata, zR: zona reticularis, zU: undifferentiated cell zone. Refer to data from Mitani et al.100) and Mitani and Ishimura.101)
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zone-specific proliferation after the enucleation was
performed by Engeland’s group in 2005.103)

6-4) zU during the development of the
adrenal gland. In 1997, we further examined the
behavior of zU cells during development of the rat
adrenal gland.104),105) At around the time of birth,
medullary cells intermingled with cortical cells at
fetal stages gathered in the center of the adrenal
gland, and the zonation including zU became distinct.
On the other hand, DNA-synthesizing cells (BrdU-
positive cells) were found scattered throughout the
gland at fetal stages, where they proliferated without
significant migration. After birth, BrdU-positive cells
were localized around zU between the established zG
and zF, and then migrated centripetally with days.
Cell death occurred at the boundary between zR
and the medulla, where many resident macrophages
were present. These findings also suggested that
zU apparently functions in the development and
maintenance of the cortical zonation.

6-5) Possible function of zU cells as stem/

progenitor cells in the maintenance of the func-
tional zonation of rat adrenal cortex. Despite
important functions of adrenocortical zones, the
origin of new parenchymal tissue and the mecha-
nism(s) for the formation of the adrenocortical zones
have been controversial (reviewed in refs. 106 and
107). The most prevailing hypothesis is the “cell
migration theory”108)–111) based on mainly the behav-
ior of incorporated BrdU, tritiated thymidine, or
trypan blue. This hypothesis states that the cells in
the three zones arise from a common stem cell in the
capsule or in the subcapsular region, then migrate
centripetally to the inner zones, with concomitant
changes in their specific functions, and finally die at
the boundary between zR and the medulla. There-
fore, cells are born as zG cells at a single site of cell
production and with centripetal migration transform
into zF cells, and finally become zR cells. An
alternative hypothesis is the “zonal theory”112) which
suggests that each zone replenishes its own cells
independently, and that the cells die locally. The
latter hypothesis, however, is not consistent with the
results of the enucleation experiments stated above,
which showed that enucleated adrenals including
only zG and zU cells were functionally regenerated to
restore three cortical zones.

However, neither theory fits our findings. As
stated, we identified a new zone, zU, in the rat
adrenal cortex that does not express any zone-specific
steroidogenic markers, CYP11B2 and CYP11B1, and
observed two distinct proliferation sites in and

around zU.90) It should be noted here that the cells
around the stem cell layer are in general more active
with respect to cell proliferation than those in the
stem cell layer.92) The two replicating sites locate in
close proximity to each other, but differ in their
responses toward external stimuli as will be described
more precisely below. This fact is of special impor-
tance in considering the mechanism(s) for the
formation and maintenance of the zonal structure
and zone-specific functions of the adrenal cortex.

In Na-deficient rats, where the RAS is activated
resulting in increase in the expression of CYP11B2 in
zG, the number of the BrdU-positive cells was high in
the innermost portion of zG, i.e., in the outer portion
of zU. On the other hand, ACTH injection induced a
large increase in BrdU-positive cells in the outer zF
with the suppression of CYP11B2 expression in zG
and the increment of CYP11B1 expression in zFR,
while zU almost disappeared. Under stimulation of
both ACTH and RAS, BrdU-positive nuclei were
concentrated at the boundary between zG and
zF.113),114) On the basis of these findings together
with the previously mentioned results that cells in
zU are undifferentiated in terms of steroidogenic
activity, and migrate from the zU bidirectionally, we
proposed that the zU contains the stem/progenitor
cells for the adrenal cortex differentiating to zG or
to zFR cells90) (Fig. 12). In 2002, we established cell
lines displaying the phenotype similar to that of zU
from adrenal glands of adult transgenic mice harbor-
ing a temperature-sensitive SV40 T-antigen gene.
One of the cell lines successfully differentiated to zF-
like cells expressing CYP11B1 mRNA at the non-
permissive temperature for SV40 T-antigen in the
presence of cAMP analogue. Unfortunately none of
cell lines have differentiated to CYP11B2 mRNA-
expressing zG-like cells.115)

Epilogue

Our success in the purification of the zone-
specific steroid hydroxylases, CYP11B2 in zG and
CYP11B1 in zFR,75) and making those antibodies80)

led to the discovery of an undifferentiated cell zone
(zU) between zG and zF in the Sprague-Dawley rat
adrenal gland immunohistochemically.81) We pro-
posed that cells in zU are the stem/progenitor cells
based on several lines of evidence described above.90)

On the other hand, some groups have reported that
mice or Wistar rats have stem/progenitor cells in
the capsule or in the subcapsular region (zG) of
the adrenal gland (refer to refs. 66 and 106). Just
recently species variation was recognized as the
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mechanism for development and maintenance of the
adrenal gland, and it is realized that data obtained
using one species do not necessarily apply to other
species. One example is described below.

The hedgehog pathway has been found to be
involved in the development of a number of vertebral
organ systems and the regulation of both embryonic
and adult tissue stem cells.116),117) In 2009, King’s
group showed in the mouse adrenal cortex that
the Sonic hedgehog (Shh) is expressed in relatively
undifferentiated steroidogenic cells of zG, and is
required for the adrenal development.118) However, in
2011, the same group reported using rat adrenal
gland that Shh expressing cells are detected exclu-
sively in the outer half region of zU.119) More recently,
in 2013, they also showed that Dlk1 (/-like homologue
1 and also named Pref-1: preadipocyte factor-1120)),
an inhibitor of adipocyte differentiation, is co-
expressed with Shh in zU of the rat adrenal gland.121)

Thus, the subcapsular arrangement of Shh
positive cells clearly differed between mouse and
rat adrenal glands. As stated earlier, in the mouse
adrenal gland, a zone equivalent to zU is hardly
observed between zG and zF, because, in the mouse,
the CYP11B2 positive cells are observed in clusters
underneath the capsule. In fact, King’s group
observed in mouse adrenal gland that Shh-positive
cells did not form a continuous layer but formed
discrete clusters intermingled with clusters of
CYP11B2-positive cells,118) although in rat adrenal
cortex, Shh-positive cells are present in a continuous
layer immediately underneath the zG, i.e., zU.119)

Even in rats, strain differences exist, e.g. the thick-
ness of zU in Wistar rats is very thin when compared
with that in Sprague-Dawley rats.119) These species
and strain differences in the structure of the adrenal
gland may lead to confusing data from various
groups. Our recent study on human adrenocortical
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Fig. 12. Proposed mechanism on the development and maintenance of the functional zonation of the rat adrenal cortex. In fetal adrenal
gland, medullary and cortical cells (mostly zF cells) are intermingled. BrdU-positive cells (cells in S-phase) are scattered over the
gland and proliferate without apparent movement. After birth, the cortical zonation becomes distinct with zU. At the mature stage,
BrdU-positive cells are concentrated in and around the zU and migrate bidirectionally. Cells differentiating to zF cells migrate
centripetally and then transform into zR cells. They finally degenerate at the boundary between zR and the medulla. Meanwhile cells
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reticularis, zU: undifferentiated cell zone.
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zonation showed the CYP11B2/CYP11B1-negative
cells mostly among CYP11B2-positive cell clus-
ters,122) suggesting that the zonation of the human
cortex is rather similar to that of mouse adrenal
cortex. King’s group also suggested that BrdU-
positive cells are descendants of the Shh-positive
cells of zU in the rat adrenal gland. Interestingly
some Shh/CYP11B2-positive cells were observed in
zG, suggesting that Shh-positive cells also migrated
outwards from the Shh-containing layer (zU) and
converted to zG cells.119)

Taken together, observations by King’s
group119),121) are consistent with our hypothesis that
cells in zU of the rat adrenal gland are the stem/
progenitor cells. Further studies, however, on the
stem/progenitor cells are necessary, such as the
isolation of stem/progenitor cells from the adrenal
gland and examining the ability to differentiate to
zone-specific cortical cells, in order to understand
more precisely the development and maintenance of
the functional zonation of the adrenal cortex.
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