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Abstract Protein expression of the early response genes,
jun and fos, has been suggested to play an important role in
the in vitro and in vivo proliferation of adrenal cells. To
elucidate the immunolocalization of proliferative cells and
the patterns of adrenal gland expression of members of the
activating protein-1 (AP-1) family of oncogenes, we used
hypophysectomized rats. The effects of adrenocorticotropic
hormone (ACTH) and fibroblast growth factor 2 (FGF2) on
Fos and Jun protein expression were investigated, and DNA
synthesis was assessed by using bromodeoxyuridine
(BrdU) incorporation. No change was detectable in the
adrenal cortex at 2 days after hypophysectomy, although a
reduction occurred in the number of BrdU-positive cells in
the zona fasciculata. This hypophysectomy-induced early
phase of adrenal cortex atrophy in the zona fasciculata was
correlated with JunB protein induction, suggesting the
formation of an inhibitory AP-1 complex. Accumulation
of c-Jun/JunD and c-Fos/FosB, but not of JunB, in the zona
fasciculata and zona reticularis implied that, after ACTH
stimulation, these proteins were the principal AP-1 compo-
nents in these zones. In these same zones, ACTH increased
BrdU-positive cell counts, indicating that the composition

of the AP-1 complex in these zones was proliferation-
related. However, FGF2 induced an antagonistic modula-
tion of the response to ACTH, by reducing the numbers of
Jun-/Fos-positive cells and inhibiting DNA synthesis. Our
results implicate the AP-1 family of transcription factors
(in particular, the dynamics within the Jun protein family)
in the regulation of cell control during ACTH-induced
proliferation of the adrenal cortex.
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Introduction

The adrenal gland is composed of two distinct regions: the
cortex and the medulla. The cortex consists of three
concentric zones: the zona glomerulosa (ZG), the zona
fasciculata (ZF), and the zona reticularis (ZR). Adrenocor-
ticotropic hormone (ACTH) is the primary regulator of
adult adrenal functions. The primary effect of ACTH on the
adrenal cortex is to increase glucocorticoid synthesis and
secretion via the G-protein-coupled receptor (Clark and
Cammas 1996; Orth and Kovacs 1998). However, ACTH is
also considered mitogenic because of the correlation
between the levels of circulating ACTH and the size of
the adrenal cortex (New 1998). Nevertheless, the regulation
and mechanisms of cell proliferation/differentiation in the
adrenal cortex have yet to be fully defined. Studies
conducted in vitro have demonstrated that ACTH is a
mitogenic hormone in the Y-1 mouse adrenocortical tumor
cell line (Lotfi et al. 1997; Mattos and Lotfi 2005) and is an
antimitogenic hormone in cell lines and primary cultures of
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mouse, rat, and human adrenocortical cells. These obser-
vations suggest that, in vivo, ACTH has an indirect
mitogenic effect (Hornsby 1985) and might be mediated
by paracrine factors. However, the key regulatory genes are
unknown, and their modulation by ACTH or by growth
factors in the distinct cells that comprise the adrenal cortex
is poorly understood. ACTH and fibroblast growth factor 2
(FGF2) have both been shown rapidly to induce the c-fos
proto-oncogene in the Y-1 line (Kimura et al. 1993; Lotfi
et al. 1997; Lotfi and Armelin 2001), in primary cultures
(Viard et al. 1992; Mattos and Lotfi 2005) and in vivo
(Yang et al. 1990; Imai et al. 1990). This suggests that these
two factors regulate the activity of the transcription factor
activator protein 1 (AP-1), which binds DNA and regulates
gene expression in response to a diverse array of stimuli
(Angel and Karin 1991; Shaulian and Karin 2001). Signals
related to cell growth, cell differentiation, and environmen-
tal stress are transduced to the nucleus via activation of
signaling pathways that induce the AP-1 complex (Shaulian
and Karin 2001). The AP-1 dimers are comprised of Jun
family protein (c-Jun, JunB, JunD) homodimers, Jun hetero-
dimers with Fos (c-Fos, FosB, Fra-1, Fra-2), or activating
transcription factor family proteins (Angel and Karin 1991;
Shaulian and Karin 2001). The AP-1 complex can, therefore,
consist of many different combinations of heterodimers and
homodimers, and this combination determines the genes that
are regulated by AP-1 (Eferl and Wagner 2003). The degree
to which AP-1 determines cell fates depends on the relative
abundance of AP-1 subunits, the composition of AP-1
dimers, the quality of the stimulus, the cell type, and the
cellular environment (Hess et al. 2004).

Results previously obtained regarding the growth effects of
ACTH appear contradictory (Zwermann et al. 2004). However,
this is not surprising, since the final biological responses
depend on the cell type and the responding state and on the
relationships that the cell has with other tissue cells and
signals in the environment. For these reasons, we have
recently analyzed the effects that ACTH and FGF2 have on
the immunolocalization of Fos and Jun proteins in rat adrenal
infusion in situ (Baccaro et al. 2007). We have found that
AP-1 components are correlated with in vivo ACTH and
FGF2 proliferation in rats receiving dexamethasone.

In the present study, we used animals that had been
hypophysectomized, thereby eliminating the influence of the
pituitary gland but preserving the relationships among diverse
physiological systems, especially among the various neuronal
systems. We analyzed the effect of hypophysectomy on the
proliferation and expression of c-Jun, JunB, JunD, c-Fos,
FosB, Fra-1, and Fra-2 proteins in the different zones of the
adrenal gland. In addition, we quantified ACTH/FGF2
regulation of jun/fos activity and DNA synthesis in cells
obtained from hypophysectomized animals after a 12-h incor-
poration of 5-bromo-2-deoxyuridine (BrdU).

Materials and methods

Animals

Rats (male, Sprague Dawley, weighing 250±30 g) were
obtained from the Biomedical Sciences Institute of the
University of São Paulo and maintained in a temperature-
controlled environment with a 12-h light/dark cycle. The
Animal Experimentation Ethics Committee of the Bio-
medical Sciences Institute approved all protocols. All
animals had free access to tap water and normal rat chow.
All experiments were conducted between 9:00 a.m. and
11:00 a.m. At the indicated time, rats were killed by
decapitation, and their adrenal glands were harvested.
Trunk blood was collected in chilled tubes containing
3.8% EDTA. The blood was separated into cellular and
plasma fractions (5,000 rpm for 10 min at 4°C), and the
plasma was stored at –80°C until being analyzed by
chemiluminescent immunoassay for ACTH (Immulite;
Diagnostic Products, Los Angeles, Calif., USA).

Hypophysectomy

Animals were anesthetized by intraperitoneal injections of
ketamine (5 mg/100 g body weight [BW]), acepromazine
(0.2 mg/100 g BW), and xylazine (1 mg/100 g BW) and
hypophysectomized by the parapharyngeal approach
(Waynforth and Flecknell 1994) or sham-operated. After
decapitation, the hypophyseal fossae of ostensibly hy-
pophysectomized rats were visually inspected for the
completeness of hypophysectomy. Only those rats deemed
hypophysectomized (by visual inspection) and presenting
low plasma ACTH levels were included in subsequent
experiments.

Histological analysis of adrenal cortical zones after surgery

Hypophysectomized rats were allowed to survive, in groups
of three, for various periods (2, 4, 5, 7, 9, or 10 days),
during which time they were maintained on a normal diet.
After the rats had been decapitated, the adrenal glands were
removed, fixed in 4% paraformaldehyde in a solution of
0.1 M phosphate buffer (PBS; pH 7.4) for 8 h at room
temperature, and then immersed in PBS plus 6% sucrose
for 12 h. Fixed adrenal tissue was dehydrated and then
embedded in paraffin. Transverse (3 μm thick) sections
were cut and mounted on gelatin-coated glass slides. After
deparaffinization (24 h at 60°C), sections were rehydrated
in graded ethanol and sterile Milli-Q water and then stained
with hematoxylin and eosin (H&E). The H&E-stained
sections were examined by light microscopy under an
objective with a 1-mm ocular grid in order to measure the
length of the different cortical zones.
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In vivo treatment and BrdU incorporation

At 72 h after the surgical procedure, the study-group rats were
divided into five sub-groups: one group of sham-operated rats
(Sham group) and four groups of hypophysectomized rats, all
of which received single intraperitoneal injections of one of
the following: 20 ng/ml saline (Hyp group); 10−7 M ACTH39

(Hyp+ACTH group); 20 ng/ml bovine recombinant FGF2
(Hyp+FGF2 group); or 10−7 M ACTH39 plus 20 ng/ml
FGF2 (Hyp+ACTH+FGF2 group). At 12 h after the initial
injections, all animals received single intraperitoneal injec-
tions of 100 mg BrdU (Sigma, St. Louis, Mo., USA) per
100 g BW, based on the protocols for in vitro BrdU
incorporation described by Lotfi et al. (1997) and Mattos
and Lotfi (2005). At 24 h after the initial injections, the rats
were killed by decapitation. This protocol permitted the
administered reagents to promote the transition of cells from
the G1 to the S phase of the cell cycle and allowed 12 h of
BrdU incorporation, resulting in the accumulation of S-phase
cells (although BrdU incorporation does not prove that a cell
has entered into mitosis, it is useful for identifying proliferative
activity in tissue sections; Muskhelishvili et al. 2003). Each
experimental group contained four or five rats. Adrenal
glands were removed, fixed for 8 h in 10% formaldehyde,
and embedded in paraffin.

In vivo treatment for expression of Fos and Jun proteins

At 72 h after the surgical procedure, the animals were
divided into five groups (Hyp, Hyp+ACTH, Hyp+FGF2,
Hyp+ACTH+FGF2, and Sham) and treated as described
above. At 2 h after the injections, the rats were killed, after
which the adrenal glands were removed and fixed as
described in the histological analysis section.

Immunostaining for BrdU

After being fixed and deparaffinized, the sections were
rehydrated in graded ethanol, sterile Milli-Q water, and PBS,
followed by methanol with 1% hydrogen peroxide. Sections
were incubated with monoclonal anti-mouse-BrdU antibody
(Amersham Pharmacia Biotech, Uppsala, Sweden). The
immune complexes were detected as described below. Adrenal
sections incubated in pre-absorbed primary antibody with
100mg/ml BrdU or in nonimmune primary sera tested negative
(not shown). Jejunal sections were used as positive controls.

Immunohistochemistry for Fos and Jun proteins

After being fixed and deparaffinized, the sections were
rehydrated in graded ethanol, sterile Milli-Q water, and
PBS, followed by PBS with 0.5% hydrogen peroxide.
Sections were incubated with anti-c-Fos, anti-FosB, anti-

Fra-1, anti-Fra-2, anti-c-Jun, anti-JunB, or anti-JunD (Santa
Cruz Biotechnology, Santa Cruz, Calif., USA), diluted
1:100 in PBS. They were then rinsed with PBS, after which
the immune complexes were detected by immunoperox-
idase staining with the Vectastain Elite ABC kit (Vector
Laboratories, Burlingame, Calif., USA) and diaminobenzi-
dine (Sigma Fast; Sigma Aldrich, St. Louis, Mo., USA).
The sections were washed in Milli-Q water, stained with
Harris’ hematoxylin, differentiated with a saturated solution of
lithium carbonate, dehydrated, and mounted with Entellan
(Merck, Darmstadt, Germany). Adrenal sections incubated in
nonimmune primary sera yielded negative results (not shown).

Fig. 1 a Effect of hypophysectomy on ACTH plasma concentrations
in sham-operated (Sham) and hypophysectomized (Hyp) rats. b Effect
of hypophysectomy in the zona glomerulosa. c Effect of hypophysec-
tomy in the zona fasciculata and zona reticularis. The differences
between post-hypophysectomy days were analyzed by an analysis of
variance (ANOVA) and the Tukey-Kramer Multiple Comparisons
Test. ***P<0.001 and **P<0.01 vs. post-hypophysectomy day 2
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Immunoreactive cell counts

The effects that the various treatments had on the
expression of Fos and Jun proteins in the adrenal cortex
was quantified by counting the number of immunostained
cortical cells per unit area of the cortex. Three to five
animals were used in each treatment. For each adrenal
gland, three sections containing the medulla were randomly
selected. In each section, five test fields of 0.75 mm2 each
were sampled randomly in the three zones of the adrenal
cortex and examined with a 40× objective attached to a
Nikon microscope equipped with a video camera. Images
were digitalized by using Image-Pro Plus, and all immu-
noreactive nuclear profiles, regardless of the intensity of the
immunostaining, were counted. For the quantification of
BrdU incorporation, 10–15 areas (with 90–100 nuclei/area)
from each section were sampled randomly in the three
zones of the adrenal cortex by using the same equipment
and image program described above. For each zone of each
adrenal gland, the BrdU index, defined as the number of
BrdU-positive nuclei and expressed as a percentage of the total
number of nuclei, was determined. Together with the BrdU
index, the morphology of the labeled cells was considered, as
BrdU incorporation has also been seen in apoptosis.

Results

Hypophysectomy induces atrophy of ZF and ZR, together
with an increase in the size of ZG

As shown in Fig. 1a, plasma ACTH levels were significantly
lower (P<0.0001) in the Hyp group (26.8±15.1 pg/ml) than
in the Sham group (179.5±66.7 pg/ml), confirming a
hypophysectomy-induced decrease in endogenous ACTH.
By post-hypophysectomy day 10, significant enlargement of
the ZG (Fig. 1b) and marked atrophy in the ZF/ZR (Fig. 1c)
had occurred. From post-hypophysectomy day 2 to post-
hypophysectomy day 10, ZF/ZR atrophy increased by 42%,
and the size of the ZG increased by 135% (Fig. 2).

Hypophysectomy inhibits S-phase entry in ZF of the rat
adrenal cortex

In order to determine whether the changes in the adrenal
cortex after hypophysectomy were attributable to altered
S-phase entry in these zones, we used a 12-h incorporation of
BrdU in Hyp rats to be killed on the post-hypophysectomy

Fig. 3 a Effect of hypophysectomy on the percentage of BrdU-
positive nuclei in the various zones of the adrenal cortex in sham-
operated (Sham) and hypophysectomized (Hyp) rats (ZG zona
glomerulosa, ZF zona fasciculata, ZR zona reticularis). b Effect of
ACTH (10−7 M, ACTH), FGF2 (20 ng/ml, FGF2), and the ACTH-
FGF2 combination (A+F) on the percentage of BrdU-positive nuclei
in the various zones of the adrenal cortex in hypophysectomized (Hyp)
rats. Values are given as the number of BrdU-positive nuclei expressed
as a percentage of the total number of nuclei. The differences between
values for BrdU incorporation of Sham versus Hyp rats and Hyp
versus treated rats were analyzed by ANOVA and the Tukey-Kramer
Multiple Comparisons Test. ***P<0.001, **P<0.01

Fig. 2 Photomicrographs of rat
adrenal glands stained with he-
matoxylin and eosin showing
(a) post-hypophysectomy day 2
and (b) post-hypophysectomy
day 10 (ZG zona glomerulosa,
ZF zona fasciculata, ZR zona
reticularis, M medulla)
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day and in Sham rats (Fig. 3a). We found that the numbers of
BrdU-positive nuclei in the ZF were significantly lower in
the Hyp rats than in the Sham rats (P<0.001), whereas no
significant alterations were observed in the ZR (Fig. 4a,b).
However, the numbers of such cells in the ZG were
significantly higher in the Hyp rats than in the Sham rats
(P<0.001).

ACTH administration in hypophysectomized rats induces
S-phase entry in all zones of adrenal cortex

In Hyp+ACTH rats, the percentages of BrdU-positive nuclei
throughout the adrenal cortex were significantly greater (P<
0.001) than those observed for Hyp rats (Fig. 3b): 1.3-times
greater in the ZG, 4.8-times greater in the ZF, and 3.0-times
greater in the ZR (Fig. 4c–e). In the ZF and ZR, BrdU
uptake was significantly greater (2.6-times and 1.5-times,
respectively) in the Hyp+FGF2 rats than in the Hyp rats (ZF:
P<0.001; ZR: P<0.01). Therefore, ACTH and FGF2 both
induced proliferation in the ZF and ZR, albeit to different
degrees. Indeed, in these two zones, ACTH was nearly twice
as efficient as FGF2 at inducing BrdU incorporation. In
contrast, the percentage of BrdU-positive nuclei in the ZG
was 1.5-times lower in the Hyp+FGF2 rats than in the Hyp
rats. However, ACTH appeared to have a mitogenic effect in
the ZG, whereas FGF2 inhibited S-phase entry in this zone.
The combination of ACTH and FGF2 had an antagonist
effect that inhibited or blocked ACTH-induced S-phase entry
in all of the zones analyzed (decreased in the ZG and ZF;
blocked in the ZR).

Hypophysectomy modulates immunoreactivity of early
response genes in adrenal cortex

As seen in Fig. 5, the zonal distribution of Fos and Jun
immunoreactivity was readily detected in the cortex cell
nuclei of Sham and Hyp rats. The exception was for FosB
protein, which was undetectable in the Sham rats, regard-
less of the zone analyzed (Fig. 5e). After hypophysectomy,
the percentages of c-Jun-positive and JunB-positive cells in
the ZG were moderately lower (46.2±7.2% and 34.8±4.2%
lower, respectively) in the Hyp rats than in the Sham rats (P<
0.05; Fig. 5a,b). However, ZG JunD immunoreactivity in
the Hyp rats was comparable to that observed for the Sham
rats (Fig. 5c). Although the numbers of c-Jun-positive cells
in the ZG were lower in Hyp rats than in Sham rats, the
numbers of c-Jun-positive cells in this zone were signifi-
cantly higher than those of JunB-positive (P<0.01) and
JunD-positive (c-Jun vs. JunB or JunD, P<0.001) cells.
Greater variability was seen in the ZF and ZR. Although
hypophysectomy had no effect on the numbers of c-Jun-
positive cells in either of these two zones, we observed
significantly higher percentages of JunB-positive cells (ZF:
45.5±6.7%, P<0.001; ZR: 13.9±3.7%, P<0.05, Fig. 6a,b)
and significantly lower percentages of JunD-positive cells
(ZF: 17.6±4.6%, P<0.05; ZR: 14.1±3.8, P<0.001).

Some similarities were seen between the Hyp and Sham
rats in terms of the induction of Fos proteins in all adrenal
cortex zones (Fig. 4d–g). No FosB-positive cells were
detectable in the adrenal cortices of the Sham rats.
However, after hypophysectomy, FosB protein (Fig. 6c,d)

Fig. 4 Distribution of BrdU-
labeled cells in the adrenal cor-
tex. a Sham-operated rat. b
Hypophysectomized rat. c Zona
fasciculata of a sham-operated
rat. d Zona fasciculata of a
hypophysectomized rat. e Zona
fasciculata of a hypophysecto-
mized rat after administration of
ACTH (10−7 M). BrdU
(100 mg/100 g BW) was
injected (i.p.) 12 h before rats
were killed (brown nuclei BrdU
incorporation into nuclei of S-
phase cells). Sections were also
stained with Harris’ hematoxylin
and differentiated with a satu-
rated solution of lithium car-
bonate (ZG zona glomerulosa,
ZF zona fasciculata, ZR zona
reticularis, M medulla)
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was induced at the same level in all adrenal cortex zones
(ZG: 66.9±3.9%; ZF: 62.6±5.2%; ZR: 57.3±4.4%). In
contrast, the numbers of Fra-1-positive cells in Hyp rats
were significantly lower (17.7% lower than in the Sham
rats) in the ZG (P<0.001) and totally undetectable in the
ZF and ZR. Comparing Hyp rats with Sham rats, the
percentage of c-Fos-positive cells was higher in the ZF
(43.6±6.1%) but lower in the ZG and ZR (28.3±5.5% and
11±2.6%, respectively). Despite the finding that the Hyp
rats presented more c-Fos-positive cells in the ZF than did
the Sham rats, there were significantly more FosB-positive
and Fra-2-positive cells than c-Fos-positive cells in the ZF of
the Hyp rats. In addition, the induction of Fra-2-positive
cells in Hyp rats was greater than that seen in Sham rats in
the ZF and ZR (by 59.7±8% and 40.8±4.1%, respectively),
although not in the ZG, where the percentage of Fra-2-

positive cells decreased by 28.2±2.8%. Correlations between
the putative AP-1 composition and cell cycle progression in
hypophysectomized rats are presented in Table 1.

Hypophysectomized rats receiving ACTH accumulate
c-Jun-positive and JunD-positive cells but not JunB-
positive cells in adrenal cortex

In Hyp+ACTH rats, c-Jun and JunB immunoreactivity was
unaltered in the ZG and ZF (ZG: 49.8±4.6% and 37.8±6.6%;
ZF: 53.2±9.6% and 37.9±8.1%; Fig. 7a,b). However, in
these same zones, the numbers of JunD-positive nuclei were
significantly greater in the Hyp+ACTH rats (ZG: 51.4±5.9%;
ZF: 52.2±10%) than in the Hyp rats (P<0.001; Fig. 7c). In
the ZR, administration of ACTH had no effect on the
numbers of JunB-positive and JunD-positive cells, whereas

Fig. 5 Effect of hypophysecto-
my on immunoreactivity of (a–
c) Jun family proteins and (d–g)
Fos family proteins in sham-
operated and hypophysecto-
mized rats. Values are given as
the number of immunoreactive
nuclei expressed as a percentage
of the total number of nuclei.
The differences between sham-
operated and hypophysecto-
mized rats in terms of the Jun
and Fos protein values were
analyzed by using ANOVA and
the Tukey-Kramer Multiple
Comparisons Test. ***P<0.001,
**P<0.01, *P<0.05 (ZG zona
glomerulosa, ZF zona fascicu-
lata, ZR zona reticularis)
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the number of c-Jun-positive nuclei increased (42.1±11.4%;
P<0.001). After ACTH administration, JunB protein
expression remained the same in all adrenal cortical zones
of the hypophysectomized rats. In addition, the overall
number of JunB-positive cells was comparatively lower
than that of c-Jun-positive or JunD-positive cells, regardless
of the zone analyzed. Therefore, ACTH administration

induced significant accumulation of c-Jun-positive cells in
all three zones and significant accumulation of JunD-
positive cells in the ZG and ZF (Fig. 8a,b). In contrast,
and different from that observed in Hyp rats, the numbers
of JunB-positive cells seen in the Hyp+ACTH rats
remained lower than those of c-Jun-positive or JunD-
positive cells in all zones.

Fig. 6 Photomicrographs of
JunB protein (a, b) and FosB
protein (c, d) immunohisto-
chemical staining in the zona
fasciculata of the adrenal glands
of sham-operated rats (a, c) and
hypophysectomized rats (b, d)

Table 1 Correlations between the putative compositions of the AP-1 proteins and BrdU incorporation in hypophysectomized rats (ZG zona
glomerulosa, ZF zona fasciculata, ZR zona reticularis

Zone Juna Fosa AP-1 complex S phase entrya

ZG ↓ c-Jun*, ↓ JunB*, = JunD ↓ c-Fos*** c-Jun, FosB ↑
↑ FosB***
↓ Fra-1***
↓ Fra-2***

ZF = c-Jun, ↑ JunB***, ↓ JunD* ↑ c-Fos*** JunB, FosB/Fra-2 ↓
↑ FosB***
Fra-1#
↑ Fra-2**

ZR = c-Jun, ↑ JunB*, ↓ JunD*** ↓ c-Fos** JunB, FosB/Fra-2 =
↑ FosB***
Fra-1#
↑ Fra-2***

a Percentage of labeled nuclei: ↑ higher in relation to hypophysectomized rats, ↓ lower in relation to hypophysectomized rats, = no alteration in
relation to hypophysectomized rats, # no expression

***P<0.001, **P<0.01, *P<0.05
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In response to ACTH, c-Fos-positive cells were
induced in all zones of the hypophysectomized rat
adrenal cortex (ZG: 48.5±5.2%; ZF: 52.9±7.7%; ZR:
43.3±7.2%; Fig. 5d). However, FosB immunoreactivity
was unaltered in the ZF and ZR, with only a modest
decrease in the ZG. Indeed, after ACTH administration,
the FosB-positive cell counts remained elevated and
were at similar levels throughout the adrenal cortex
(ZG: 57.1±8.2%; ZF: 65.2±5.0%; ZR: 60.9±8.1%;
Fig. 7e). The Fra-1-positive cell counts increased
significantly in the ZG (39.6±7.8%; P<0.001) and ZF
(29.1±4.1%; P<0.001) but not in the ZR, in which no
Fra-1 expression was observed in the Hyp+ACTH or
Hyp+ACTH+FGF2 groups (Fig. 7f). In the ZG and ZR,
induction of Fra-2-positive cells was significantly higher (P<
0.001) than was that of Fra-1-positive cells. In addition,
induction of Fra-2-positive cells in the ZFwas 45.8±9% lower

in Hyp+ACTH rats than in Hyp rats (Fig. 7g). Therefore, in
the ZG and ZF of Hyp+ACTH rats, there was significant
accumulation of c-Fos-, FosB-, and Fra-2-positive cells
(Fig. 8c,d) and of Fra-1-positive cells. However, in the ZR
of those same rats, no Fra-1 protein induced.

Hypophysectomized rats receiving FGF2 present a pattern
of Jun protein identical to that seen in response to ACTH
only in ZF

In contrast to the result obtained with ACTH administration
in hypophysectomized rats, FGF2 treatment did not alter
the numbers of ZG nuclei that were immunoreactive to Jun
proteins (Fig. 7a–c). In the ZG of Hyp+FGF2 rats, no
change was observed in the numbers of c-Jun-positvie or
JunB-positive nuclei (47.3±11.3% and 41.5±7%), whereas
the JunD-positive cell counts were significantly lower than

Fig. 7 Effect of administration
of ACTH (10−7 M, ACTH),
FGF2 (20 ng/ml, FGF2), and
the ACTH-FGF2 combination
(A+F) on the immunoreactivity
of Jun family proteins (a–c) and
Fos family proteins (d–g) in
hypophysectomized rats (Hyp).
Values are given as the number
of immunoreactive nuclei
expressed as a percentage of the
total number of nuclei. The
differences between hypophy-
sectomized control rats and hy-
pophysectomized study rats in
terms of Jun and Fos protein
values were analyzed by using
ANOVA and the Tukey-Kramer
Multiple Comparisons Test.
***P<0.001, **P<0.01, *P<
0.05 (ZG zona glomerulosa, ZF
zona fasciculata, ZR zona
reticularis)
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in the Hyp+ACTH rats (24.6±7.2% vs. 51.3±5.9%; P<
0.001). However, in the ZF, FGF2 administration resulted
in a pattern of Jun protein immunoreactivity that was
identical to that seen in response to ACTH. Both treatments
significantly increased the number of JunD-positive cells
(FGF2: 39.6±10.2%; ACTH: 52.1±10%; P<0.001) but did
not significantly alter the numbers of c-Jun- or JunB-
positive cells in relation to those seen in the Hyp rats. In the
ZR, differences in Jun protein expression were more
pronounced after FGF2 administration. In this zone, FGF2
administration resulted in significantly lower c-Jun-positive
cell counts (10.3±1.9%; P<0.05) and the absence of any
JunB-positive cells. The administration of FGF2 did not
modify the immunoreactivity to JunD protein in the ZR. In
the ZG, FGF2 administration induced significantly greater
numbers of Fra-2-positive cells (40.5±6.3%; P<0.001;
Fig. 7g), a modest but significant decrease in FosB protein
expression (57±10%), and total inhibition of Fra-1 expres-
sion. In the ZF, FGF2 administration decreased protein
expression of c-Fos and Fra-2 by 9.6±2.1% and 32.6±6.3%,
respectively, but had no affect on the number of FosB-
positive cells (61.6±7.3%). In contrast, FGF2 administra-
tion increased the number of FosB-positive cells in the ZR
by 65.4±5.4%. However, Hyp+FGF2 rats presented Fra-1
protein expression that differed, in the ZR and in the ZF,
from that seen in the Hyp rats.

ACTH-FGF2 combination has an antagonist effect on Jun
and Fos expression in hypophysectomized rat adrenal
cortex

Unlike the Hyp rats, the Hyp+ACTH+FGF2 rats presented
no expression of Fos proteins in the adrenal cortex.
Similarly, the ACTH-FGF2 combination resulted in no
expression of Jun proteins in the ZR. In addition, total
inhibition of c-Jun-positive and JunD-positive cells was
also seen in the ZG and ZF of Hyp+ACTH+FGF2 rats.
Furthermore, the antagonistic effect of the ACTH-FGF2
combination resulted in significant reductions in the
numbers of JunB-positive cells in the ZG and ZF (23.5±
6.9% and 26.3±6.9%; P<0.001).

AP-1 proteins are correlated with the regulation of cell
proliferation after ACTH administration
in hypophysectomized rats

Table 2 shows the presumed composition of the AP-1
complex and the increases in BrdU incorporation after
administration of ACTH or FGF2. After administration of
ACTH, the numbers of BrdU-positive cells were signifi-
cantly higher in the ZF and ZR, where the likely
composition of AP-1 was, respectively, c-Jun-JunD/c-Fos-
FosB-Fra-2 and c-Jun/c-Fos-FosB-Fra-2, although, notably,

Fig. 8 Photomicrographs of im-
munoreactivity to JunB protein
(a, b) and Fra-2 protein (c, d) in
the adrenal glands of hypophy-
sectomized rats (a, c) and hy-
pophysectomized rats treated
with ACTH (10−7 M; b, d)
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JunB expression was unaltered. Indeed, the number of
JunB-positive cells remained lower than that of c-Jun-
positive or JunD-positive cells. No such alteration in AP-1
proteins was observed in the ZG, in which the numbers of
JunB-positive cells were lower in Hyp rats and unaltered in
Hyp+ACTH rats. Indeed, cell proliferation was apparently
less affected by ACTH. In contrast, FGF2 administration
resulted in significantly lower DNA synthesis and higher
numbers of c-Jun-positive and JunB-positive cells in the
ZG. In the ZF and ZR, FGF2 administration increased
BrdU incorporation. In addition, FGF2 administration led
to significantly greater expression of c-Jun and JunD in the
ZF and to significant inhibition of JunB in the ZR.
Interestingly, in Hyp+ACTH+FGF2 rats, the antagonistic
effect that the ACTH-FGF2 combination had on Jun and
Fos protein expression was evidenced by the lower number
of BrdU-positive nuclei in the ZG and, more markedly, in
the ZR. In the ZR of Hyp+ACTH+FGF2 rats, there was
marked inhibition of DNA synthesis, together with de-
creased Jun and Fos protein expression.

Discussion

In the present study, we have attempted to determine the
effects of ACTH and FGF2 on the pattern of expression of
AP-1 family members in the adrenal cortex after hypoph-
ysectomy. In addition, we have examined the correlations
between the expression of the Jun and Fos proteins,
together with the progression of adrenal cells from the

G1-phase to S-phase of the cell cycle. Our results show that
ACTH and FGF2 both regulate the expression of nuclear
Jun and Fos proteins in hypophysectomized rats, which
display differential patterns of Fos and Jun protein
induction that are correlated with the regulation of cell
proliferation.

The results presented herein corroborate those of studies
reporting that hypophysectomy tends to cause atrophy of
the inner zones of the adrenal cortex (Deane 1962; Tchen et
al. 1977; Ceccatelli et al. 1995; Davis et al. 2000). These
observations suggest that the atrophy of the inner zones is
attributable to alterations in the G1/S transition phase of the
adrenal cell cycle. In the present study, we have found that
decreases in BrdU-positive cell counts are accompanied by
an early hypophysectomy-induced alteration in the ZF.
Therefore, we have demonstrated a direct relationship
between the integrity and presence of the S-phase cell
cycle. The same relationship in the ZF has been reported by
our group in rats treated with dexamethasone (Baccaro et al.
2007). Conversely, we have observed that the ZG of
hypophysectomized rats increases in size and presents
larger numbers of BrdU-positive cells. These results are in
agreement with those of Nussdorfer et al. (1973) and with
those of Nickerson and Brownie (1975), whereas other
authors have described few or no post-hypophysectomy
alterations in the ZG (Deane 1962; Tchen et al. 1977;
Ceccatelli et al. 1995; Davis et al. 2000). Nussdorfer et al.
(1973) have reported that, by post-hypophysectomy day 7,
the ZG increases significantly in width, despite absolute
decreases in its volume, suggesting that a linear parameter

Table 2 Correlations between putative AP-1 complex compositions and BrdU incorporation in hypophysectomized rats receiving ACTH
(10−7 M) or FGF2 (20 ng/ml) in the various zones (ZG zona glomerulosa, ZF zona fasciculata, ZR zona reticularis)

Zone ACTH FGF2

Juna Fosa AP-1
complex

S phase
entry

Juna Fosa AP-1
complex

S phase
entry

ZG = c-Jun,
= JunB,
↑ JunD***

↑ c-Fos*** c-Jun/
JunD,
c-Fos/
FosB/
Fra-2

↑ = c-Jun,
= JunB,
= JunD

= c-Fos c-Jun/
JunB,
FosB/
Fra-2

↓
↓ FosB** ↓ FosB**
↑ Fra-1*** Fra-1#
↑ Fra-2*** ↑ Fra-2***

ZF = c-Jun,
= JunB,
↑ JunD***

↑ c-Fos*** c-Jun/
JunD,
c-Fos/
FosB/
Fra-2

↑ = c-Jun,
= JunB,
↑ JunD***

↓ c-Fos*** c-Jun/
JunD,
FosB

↑
= FosB = FosB
↑ Fra-1*** Fra-1#
↓ Fra-2*** ↓ Fra-2***

ZR ↑ c-Jun***,
= JunB,
= JunD

↑ c-Fos*** c-Jun,
c-Fos/
FosB/
Fra-2

↑ ↓ c-Jun*,
JunB#,
= JunD

= c-Fos c-Jun,
FosB

↑
= FosB ↑ FosB**
Fra-1# Fra-1#
↑ Fra-2** = Fra-2

a Percentage of labeled nuclei: ↑ higher in relation to hypophysectomized rats, ↓ lower in relation to hypophysectomized rats, = no alteration in
relation to hypophysectomized rats, # no expression

***P<0.001, **P<0.01, *P<0.05
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is not a reliable measure of ZG size. Nevertheless, the
original mass of the ZG is restored by 1 month after
hypophysectomy. The factors controlling the enlargement
and restoration of the ZG volume remain unknown.
However, the ZG now appears to be the site of formation
of several factors that can act in a paracrine or autocrine
fashion (Vinson 2003, 2004). In addition, the structure that
we refer to as the ZG has been suggested to lie in the
medulla (Bornstein et al. 1994; Renshaw and Hinson 2001),
and the activities and responses of the ZG might therefore
be subject to different interpretations. In agreement with the
results obtained by using a combination of ACTH and
dexamethasone in vivo (Baccaro et al. 2007), the rats in our
Hyp+ACTH group present a BrdU uptake that is relatively
ACTH-independent in the ZG, indicating that the ZG is
maintained by other factors, such as angiotensin II or other
paracrine components (Vinson 2003).

The lower BrdU incorporation in the ZG of the Hyp+
FGF2 rats lends credence to the idea that the response of
the ZG is distinct from that of the inner zones (Vinson
2004). These in vivo results of S-phase entry in glomer-
ulosa cells treated with FGF2 are in contrast with
observations described in isolated glomerulosa cells from
adrenal rats, in which FGF2 has been found to induce
increased BrdU uptake after 24 h of treatment (Mattos and
Lotfi 2005). These contrasting data among different
approaches are sufficiently intriguing to make us question
the true biological role of the glomerulosa cells.

In the present study, administration of ACTH leads to
the recuperation of the proliferative state of the ZF and an
increase in the numbers of BrdU-positive cells in all adrenal
zones. The response to the administration of FGF2 is
similar in the ZF and ZR. However, the response to the
combination of ACTH and FGF2 indicates that ACTH-
induced BrdU uptake is modulated by FGF2, since the
numbers of immunoreactive cells are reduced. Indeed, in all
zones, the response to the ACTH-FGF2 combination is a
slowing of the cell cycle progression. Our results suggest
that FGF2 antagonizes ACTH, supporting the idea that
ACTH controls the trophic effect regardless of exogenous
FGF2. Recent studies have demonstrated the same effect in
rats treated with dexamethasone and the ACTH-FGF2
combination (Baccaro et al. 2007).

A zone containing stem cells known as the undifferen-
tiated cell zone has been reported (Mitani et al. 2003). This
zone is located between the ZG and ZF in adult rats,
especially in Sprague Dawley rats, and is associated with
circadian-rhythm-related variations in plasma concentra-
tions of ACTH (Miyamoto et al. 1999). Our results are
inconsistent with those of these reports, since the appear-
ance of the BrdU-positive cells in the ZG, ZF, and ZR after
ACTH administration implies that ACTH activity is not
limited to a specific zone. Conversely, our results are in

agreement with those of Kobayashi et al. (2006), who have
demonstrated that ACTH promotes the progression of the
cell cycle in various types of adrenal cells.

Under sham-operated conditions, various members of
the AP-1 immediate-response gene family, with the
exception of FosB protein, are seen in the adrenal gland.
The adrenal gland is unusual, since, in an untreated state, it
expresses various AP-1 family members (Pennypacker et
al. 1992; Baccaro et al. 2007). Hypophysectomy regulates
the induction of Jun and Fos proteins differentially
throughout the cortex, which might lead to the AP-1
complex being composed of a variety of proteins. Indeed,
when the likely composition of the AP-1 complex is c-Jun/
FosB, hypophysectomy induces a significantly larger
number of BrdU-positive cells in the ZG. However, the
inhibited BrdU incorporation in the ZF and the unaltered
BrdU incorporation in the ZR are both accompanied by the
strong expression of JunB, suggesting that the post-
hypophysectomy composition of the AP-1 complex in
these zones is JunB/FosB-Fra-2. Nevertheless, the limiting
components that trigger proliferation seem to be the Jun
protein family members, Fos protein having a weak effect
(Shaulian and Karin 2001). In general, Fos family members
play roles that are simultaneously overlapping and unique,
functioning in a tissue-specific manner (Milde-Langosch
2005). The impairment of the JunB-AP-1 subunits in the
ZG is in contrast with their significant induction in the ZF
and ZR and suggests that, after hypophysectomy, c-Jun and
JunB are the main components of the AP-1 complex in the
ZG and ZF/ZR, respectively. The c-Jun protein is a positive
regulator of proliferation and induces positive regulators of
cell-cycle progression, although in vivo evidence indicates
that JunB and JunD are negative regulators of cell
proliferation (Szremska et al. 2003; Meixner et al. 2004).
Indeed, only JunB antagonizes c-Jun (Passegue and Wagner
2000), whereas JunD protects cells from p53-dependent
senescence and apoptosis responses, indicating that JunD is
associated with survival (Weitzman et al. 2000; Hess et al.
2004). Therefore, the post-hypophysectomy abundance of
JunB protein in the ZF suggests JunB involvement in an
inhibitory mechanism of proliferation following adrenal
cortex atrophy. Otherwise, JunB protein inhibition might be
related to the increased BrdU uptake and the enlargement
observed in the ZG.

In addition, the change in the c-Jun-JunD/c-Fos-contain-
ing AP-1 complex in the ZF and ZR, together with the lack
of JunB protein expression after ACTH administration,
suggests that proliferation occurs in these zones after
ACTH stimulation. Indeed, in the ZF and ZR of Hyp+
ACTH rats, DNA synthesis increases significantly, indicat-
ing that the AP-1 modification is related to cell cycle
progression and proliferation. The Fos counterpart of AP-1
can be either c-Fos, FosB, or Fra-2. Like c-Fos, FosB
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harbors a C-terminal transactivation domain and is related
to cell cycle progression, whereas Fra-1 and Fra-2 lack this
domain and might be involved in the progression of various
types of tumors (Tulchinsky 2000). These results are in
agreement with those of a previous study, in which (1) the
c-Jun/c-Fos-containing AP-1 complex has been reported to
be altered in the ZF, and (2) a lack of JunB protein
expression has been noted throughout rat adrenal glands
infused with ACTH (Baccaro et al. 2007).

In the ZG, ACTH administration differentially regulates
the induction of Fos proteins, specifically c-Fos and Fra,
but does not regulate the c-Jun/JunB protein ratio. Never-
theless, JunD-positive cells have been found in high
percentages in the ZG. The abundance of c-Jun and JunD
proteins found in the ZG, taken together with the notion
that there is intense BrdU uptake in this zone, suggests that
c-Jun and JunD proteins are involved in maintaining the
integrity of the gland, independently of ACTH.

In all zones except for the ZG, the patterns of Fos
induction, Jun induction, and DNA synthesis after hypoph-
ysectomy and FGF2 administration resemble those induced
by ACTH. In the ZG, FGF2 does not regulate Jun protein
expression, although it inhibits Fra-1 induction, FosB
induction, and DNA synthesis. Hypophysectomy and
FGF2 administration does not induce c-Fos in the ZG,
although it has been shown to do so in cultures of primary
rat adrenal cells (Mattos and Lotfi 2005).

After administration of the ACTH-FGF2 combination, the
response of Jun/Fos proteins and in vivo BrdU incorporation
to ACTH is apparently modulated by FGF2, since the
numbers of immunoreactive cells are reduced in both
experimental approaches. Our results suggest that FGF2
antagonizes ACTH, supporting the idea that ACTH controls
the trophic effect regardless of exogenous FGF2, as
described in Baccaro et al. (2007). Since FGF2 is a potent
angiogenic and neurotrophic factor, it might be involved in
the growth and maintenance of the vascularization of the
adrenal cortex, although this has yet to be thoroughly
investigated (Ho and Vinson 1997; Feige et al. 1998).

In summary, we have shown that hypophysectomy
modulates the expression of members of the Jun and Fos
protein family in the rat adrenal cortex. These results
indicate that the JunB protein plays a role in the early
mechanism of cell proliferation inhibition resulting from
the discontinuation of pituitary hormone production and
following atrophy of the adrenal cortex. In addition, our
results regarding BrdU incorporation suggest that distinct
members of the AP-1 family of transcription factors are
implicated in the regulation of cell cycle progression and
control in ACTH-induced proliferation. The effect of a
single pharmacological dose of ACTH, which regulates the
complex expression pattern of AP-1 transcription, seems to
depend on the balance among the activities of various

proteins, especially among those of the Jun protein. The
differential expression and dimer composition of AP-1
proteins in response to extracellular stimuli is one of the
major mechanisms modulating AP-1 activity (Chiu et al.
1989). However, the regulation of AP-1 activity is complex
and occurs at different levels, including transcriptional and
post-translational events and interactions with ancillary
proteins (Eferl and Wagner 2003).
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