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Neonatal marmosets express an adrenal fetal zone comparable to humans. While adult males fail to express a functional ZR, with barely detectable
blood DHEA levels, females produce higher levels of DHEA than males in adulthood. We investigated the presence of a putative functional ZR in
adult female marmosets. In contrast to males, immunohistochemical analysis showed the ZR marker cytochrome b5 was elevated in the innermost
zone in cycling females (compared to testis-intact males), further elevated in the adrenals from anovulatory females, and substantially elevated and
continuous in ovariectomized females. As a functional test in vivo, following overnight dexamethasone treatment, cycling and anovulatory females
showed higher levels of DHEA relative to males, but DHEA failed to increase in response to ACTH. In direct contrast, while ovariectomized
females exhibited lower initial DHEA levels, clear increases were detectable after ACTH administration (p < 0.05), suggesting an adrenal origin.
The apparent differences in cytochrome b5 expression between groups were also further verified by Western blotting of adrenal microsomes, and
compared to 17,20-lyase activity; the two parameters were positively correlated (p < 0.01) across multiple treatment groups. We conclude that the
cycling female marmoset expresses a rudimentary ZR with at least a capacity for DHEA production that becomes significantly ACTH-responsive
after anovulation. Expression of cytochrome b5 in this region may be directly or indirectly controlled by gonadal function, and is, at least in part,
a critical determinant in the development of an adrenal ZR that is more defined and significantly ACTH-responsive.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The human adrenal cortex is delineated into three zones,
the zona glomerulosa (ZG), zona fasciculata (ZF), and zona
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reticularis (ZR). Aldosterone production in the ZG is regulated
primarily by angiotensin II and marginally by adrenocorticotropin (ACTH) (Lebel and Grose, 1976; Young et al., 2003).
Cortisol secretion in the ZF occurs primarily in response to
ACTH, rather than angiotensin II (Bird et al., 1998; Lebel and
Grose, 1976; Young et al., 2003). In the ZR, ACTH stimulates
production of C19 steroids, namely dehydroepiandrosterone
(DHEA) in sulphated form (DHEAS; reviewed in Conley and
Bird, 1997; Hyatt et al., 1983). Other factors, however, are also
involved in the regulation of C19 steroid production by the ZR,
which declines steadily with advancing age (reviewed in Conley
et al., 2004).
Discrete adrenal zonation results from the differential expression of key steroidogenic enzymes and accessory proteins.
Aldosterone production in the ZG occurs because these cells
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Fig. 1. The adrenocortical steroid biosynthesis pathway in human and nonhuman primates. Cortisol is predominantly synthesized through the -5 pathway [pregnenolone (P5) converted to 17alpha-hydroxypregnenolone (17OHP5) converted to 17alpha-hydroxyprogesterone (17OHP4) converted to 11-deoxycortisol converted
to cortisol]. High dehydroepiandrosterone (DHEA) production requires metabolism of P5 through the -5 pathway, in the face of low 3beta-hydroxysteroid dehydrogenase (3␤-HSD) expression and high cytochrome b5 (cytb5 ) and cytochrome P450 oxido-reductase (POR) expression. 17alpha-hydroxylase/17,20-lyase cytochrome
P450 (CYP17) and 3␤-HSD are critically positioned for the biosynthesis of 17OHP5, DHEA, 17OHP4, and androstenedione (A4). These same enzymes are also
critically positioned for the biosynthesis of cortisol. Sulfotransferase (SULT2A1).
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lack 17␣-hydroxylase/17,20-lyase cytochrome P450 (CYP17)
(Fig. 1). Cortisol synthesis in the ZF requires co-expression of
both CYP17 and 3␤-hydroxysteroid dehydrogenase (3␤-HSD),
with the ratio of the two proteins determining the amount of cortisol produced without significant amounts of DHEA (reviewed
in Conley and Bird, 1997). In the ZR, DHEA is produced by
CYP17 under conditions of relatively low co-expression of 3␤HSD and high expression of cytochrome b5 (cytb5 ) (Auchus,
2004; Conley and Bird, 1997; Conley et al., 2004). Additionally,
CYP17, and all other microsomal cytochromes P450, require
an obligate electron donor in the form of NADPH cytochrome
P450 oxido-reductase (POR) (Conley and Bird, 1997). Therefore, high DHEA production in the adrenal ZR by CYP17 also
requires sufficient POR expression in addition to high expression of cytb5 and low expression of 3␤-HSD. Finally, a number
of studies suggest cross-talk occurs between the gonads and the
adrenal, indicating a possible role for gonadal hormones in control of adrenal function (reviewed in Conley and Bird, 1997;
Bielinska et al., 2006).
The fetal zone of the human and nonhuman primate fetal
adrenal gland contains comparatively low 3␤-HSD and substantial cytb5 (Dharia et al., 2004; Narasaka et al., 2001). Circulating
DHEAS levels are correspondingly high (2000–7000 nmol/L;
Havelock et al., 2004) and fetal DHEA/S is a necessary precursor
for placental estrogen production (Conley et al., 2004; Rainey
et al., 2004). DHEAS levels peak at birth (∼7000 nmol/L;
Havelock et al., 2004) and decline within a few months, due
to the regression of the fetal zone (Conley et al., 2004; Havelock
et al., 2004; Levine et al., 1982; Rainey et al., 2004). At around
5–7 years of age in the human, DHEAS levels begin to rise
(∼50 g/dL) in a process known as adrenarche, which marks the

development of a functional ZR (Havelock et al., 2004). Recent
evidence suggests that adrenarche is a continuous process beginning in utero or at birth (Remer et al., 2005). Once again, ZR
development of DHEA production by CYP17 in the adrenal cortex is associated with both a reticularis-specific increase in cytb5
expression while 3␤-HSD expression decreases (Endoh et al.,
1996; Gell et al., 1996, 1998; Suzuki et al., 2000). Adrenarche precedes puberty, and the two processes are thought to be
independent. Nonetheless, throughout puberty and into the third
decade of life, the size of the ZR increases. After the age of 25
in humans, DHEAS levels begin a gradual, continuous decline
(peak at 250–350 g/dL) that is associated with a decrease in
ZR thickness (Conley et al., 2004).
The common marmoset (Callithrix jacchus), a New World
monkey, is increasingly used as a model in studies of stress,
reproductive biology, and the hypothalamic–pituitary–gonad/
adrenal axes (Abbott et al., 2003). Marmosets differ from most
other primates in that they form social groups, both in the wild
and in captivity, in which, typically, only a single, socially dominant male and female breed (Abbott et al., 1997; Saltzman,
2003). Subordinate animals of both sexes generally do not reproduce, but rather help in rearing the offspring of their dominant
groupmates. Reproductive suppression in subordinate males is
mediated largely by inhibition of sexual behavior (Abbott, 1993;
Baker et al., 1999), whereas subordinate females become anovulatory and hypoestrogenemic in response to social cues (Abbott
et al., 1997). In addition, anovulatory subordinate females in
laboratory groups have markedly lower basal cortisol levels
than ovary-intact dominants or ovariectomized females (Baker
et al., 1999; Johnson et al., 1996; Saltzman et al., 1994, 1998,
2004).
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years or more (Abbott et al., 1998). Characterization of dominant and subordinate status, based on directionality of submissive behavior (Saltzman et al.,
1996), was confirmed by the occurrence of ovulatory cycles in dominant females
and anovulation in subordinate females, based on plasma progesterone levels in
blood samples collected twice weekly (Saltzman et al., 1994). Subordinates had
not ovulated for at least 15 weeks prior to data collection and had not exhibited
elevated plasma progesterone concentrations (>10 ng/mL), characteristic of the
luteal phase of the ovarian cycle, for at least 60 days.
Marmosets were housed indoors at WPRC, with lights on from 06h30 to
18h30, ambient temperature maintained at approximately 27 ◦ C, and humidity at approximately 50%. Most of the animals occupied aluminum and wire
mesh cages measuring 61 cm × 91 cm × 183 cm, 122 cm × 61 cm × 183 cm, or
61 cm × 61 cm × 183 cm; however, some were housed in larger rooms measuring 235 cm × 370 cm × 225 cm or 310 cm × 141 cm × 250 cm. Marmosets were
fed Mazuri Callitrichid High Fiber Diet 5M16 (Purina Mills, St. Louis, MO) supplemented with fruit, cereal, nuts and miniature marshmallows. Animals were
fed once daily between 12h30 and 14h30, and water was available ad lib. Additional information on marmoset housing and husbandry has been provided by
Saltzman et al. (1998).

2.4. Gonadectomy of female marmoset monkeys
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Ovariectomy was performed by midline incision under Saffan anesthesia
(8.1 mg alphaxalone:2.7 mg alphadolone acetate, IM; Pitman-Moore, Harefield,
Uxbridge, Middlesex, UK), at least 6 months (range 7–16 months) prior to data
collection.

2.5. Immunohistochemistry

Adrenals from adult female marmosets (n = 6 dominant, aged 48–84 months;
n = 6 ovariectomized, aged 24–48 months; n = 3 subordinate, aged 30–60
months) were fixed in 10% formalin, routinely processed, and paraffin embedded. Tissues were cut into 5 m sections and mounted on glass slides. All
sections were prepared for antibody incubation as previously described (Pattison
et al., 2005). The Vectastain Elite ABC Rabbit IgG Kit (Vector Laboratories, Inc., Burlingame, CA) was used for all antibodies detected. All sections
were incubated with normal goat serum (1:200) for 60 min at room temperature to block nonspecific binding. They were then incubated with primary
antibody diluted in buffer at room temperature for 60 min. The sections were
incubated first in diluted secondary antibody (1:200) and then avidin–biotinconjugated peroxidase for 40 min each at room temperature before exposure to
3,3 -diaminobenzidine (Vector Laboratories, Inc.) for 5 min, also at room temperature. Nuclei were counterstained blue with Harris modified hematoxylin
(neat, 1 s, rinsed 5 min in tap water); sections were then dehydrated in graded
alcohols and clearing solution, and coverslipped with permanent mounting
media. Antigens were detected using antisera raised against bovine CYP17
(1:750, rabbit polyclonal, Dr. A.J. Conley, Department of Population Health
and Reproduction, University of California-Davis), human Type II 3␤-HSD
(1:400, rabbit polyclonal, Dr. J.I. Mason, Department of Clinical Biochemistry,
University of Edinburgh, Edinburgh, Scotland, UK), rat POR (1:3000, rabbit
polyclonal, Dr. A.J. Conley), and human cytb5 (1:3000, rabbit polyclonal, Dr.
A.J. Conley). Anti-rabbit IgG serum (1:750–3000, Cell Signaling, Beverly, MA)
was used as a control. Images were captured at 10× magnification and analyzed
as previously described (Pattison et al., 2005).
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In spite of the increasing biomedical use of marmosets, until
recently there has been little characterization of the marmoset
adrenal gland. Levine and colleagues performed in vivo analyses on male and female marmosets from the neonatal period
to puberty (18 months) (Levine et al., 1982) and found evidence indicating that marmosets have a large, functional fetal
zone at birth (DHEA 1300–3100 ng/dL) that regresses within
3 months (DHEA 40 ng/dL), but fail to develop a prominent
ZR upon reaching sexual maturity (DHEA 40 ng/dL in males).
Immunohistochemical procedures were not widely available at
the time of Levine’s study, and identification of a fetal zone
and ZR was based on hematoxylin and eosin staining. Since
then, marmosets have been shown by immunohistochemistry for
CYP17, cytb5 and 3␤-HSD to express a clearly delineated fetal
zone with prominent cytb5 expression. Nonetheless, inner zone
cytb5 protein expression is virtually undetectable in adult male
marmosets. Combined with in vivo analysis of ACTH action on
adrenal steroid production, this confirmed the lack of a prominent ZR (Pattison et al., 2005) as Levine first reported. Levine et
al. (1982) also reported that ovary-intact female marmosets had
higher circulating DHEA levels than males upon reaching maturity (800 ng/dL), and attempts to use traditional stains to identify
a morphological ZR gave inconclusive results. In this study, we
show a distinct sex difference in expression of an adrenal ZR
in adult marmosets: ovary-intact females exhibit a rudimentary
ZR by cytb5 expression, in contrast to our recent findings that
testis-intact males do not (Pattison et al., 2005). Herein we further show that social subordination accompanied by ovulation
suppression, or alternatively ovariectomy, results in an increase
in cytb5 expression in the ZR, and gonadectomy reveals significant ACTH-responsive DHEA production in female marmosets.
Thus we report for the first time, to our knowledge, gonadal regulation of adreno-cortical differentiation and function in this
nonhuman primate.
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2. Materials and methods
2.1. Materials

2.2. Animals
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All materials and reagents were obtained from Sigma–Aldrich (St. Louis,
MO) or Fisher Scientific International (Pittsburgh, PA) unless otherwise noted.
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This research was conducted in accordance with the recommendations of
the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act and its subsequent amendments. All animal procedures were reviewed
and approved by the Graduate School Animal Care and Use Committee of the
University of Wisconsin-Madison. The National Primate Research Center at the
University of Wisconsin-Madison (WPRC) is accredited by AAALAC as part
of the UW-Madison Graduate School.

2.3. Establishment of social groups
Gonadectomized male and female marmosets were pair-housed with an
opposite-sexed adult. Dominant and subordinate female marmosets were housed
in groups containing 2–3 unrelated females and 1–2 gonadally intact adult males.
Social groups were formed as described previously (Saltzman et al., 1998) at
least 2 months prior to data collection. Dominance hierarchies in such groups
are usually established within 1–2 weeks and may remain stable for several

2.6. Microsomal preparation and immunoblotting
Whole frozen adrenals from six adult testis-intact male marmosets (aged
60–132 months), six dominant, ovary-intact female marmosets (aged 24–132
months), six ovariectomized female marmosets (aged 72–132 months), and
four ovary-intact, immature female rhesus monkeys (aged 0.5–13 months)
were homogenized and microsomal fractions isolated as described previously
(Pattison et al., 2005). Briefly, adrenals were homogenized directly in buffer
[0.1 M KPO4 (pH 7.4), 20% glycerol, 5 mM ␤-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride] at a ratio of 1 mL/0.1 g tissue. Samples were centrifuged
at 1000 × g for 10 min at 4 ◦ C to remove debris, and the supernatant was then
centrifuged at 16,000 × g for 10 min at 4 ◦ C to isolate the mitochondrial pellet.
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The supernatant was further centrifuged at 100,000 × g for 60 min at 4 ◦ C under
vacuum to isolate the microsomal fraction. Microsomal pellets were resuspended
in lysis buffer containing 1 mM 3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonate detergent and stored at −80 ◦ C. Protein concentration was
assessed by a bichinonic assay. Ten micrograms of total microsomal protein
were size-separated by lane on 16% SDS-PAGE (Bio-Rad Laboratories, Inc.,
Hercules, CA; 150 V constant, 1.5 h) and protein was transferred to a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Inc., 100 V, 1 h). Proteins were
then immunoblotted with chicken antihuman CYP17 (1:10,000, chicken polyclonal, Dr. A.J. Conley; chicken horseradish peroxidase-linked IgY secondary
antibody 1:5000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and antihuman cytb5 (1:2000; donkey antirabbit horseradish peroxidase-linked IgG
secondary antibody 1:10,000, Amersham Biosciences, Piscataway, NJ), and
detected by chemiluminescent reagents (ECL, Amersham Biosciences) as previously described (Pattison et al., 2005).

respectively, for aldosterone, 2.16% and 13.9%, respectively, for corticosterone,
and 8.75% and 17.32% (low pool) and 4.28% and 11.59%, respectively, for
DHEA. Corticosterone and DHEA assays were performed after celite chromatography. Assay detection limits, were DHEA, 0.5 ng/mL; corticosterone,
0.35 ng/mL; cortisol, 1 ng/mL; aldosterone, 25 pg/mL.

2.10. Statistics
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All values are expressed as mean ± S.E.M., unless otherwise stated. Analyses of in vivo steroid levels were performed on values corrected for baseline
steroid measurements. In vivo steroid levels were compared by one-way ANOVA
followed by post hoc univariate F-tests, and both unpaired and paired Student’s
t-test, where appropriate. Densitometry on immunoblot bands, as well as regression analysis between cytb5 protein expression by immunoblot and 17,20-lyase
activity by radiometric assay, was performed by one-way ANOVA followed by
post hoc univariate F-tests. The significance level was set at p < 0.05.

2.7. Marmoset adrenal microsomal 17,20-lyase activity assay

3. Results

al

3.1. Immunohistochemistry localization of steroidogenic
enzymes in female marmoset adrenals
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While CYP17 was undetectable in the ZG, as expected
(Fig. 2), it was clearly present throughout the ZF and “zona
reticularis”, up to the cortico-medullary junction, in dominant,
ovariectomized and subordinate female adrenal sections.
Cytochrome P450 oxido-reductase (POR) was present throughout all regions of the adrenal cortex. Expression of 3␤-HSD in
dominant females (Fig. 2A) was observed throughout the ZF
and “zona reticularis”, up to the cortico-medullary junction,
but in subordinate (Fig. 2B) and ovariectomized females
(Fig. 2C) 3␤-HSD expression was often diminished in the
innermost “zona reticularis” region. Cytochrome b5 staining
revealed immunopositive cells in all three groups of females
in the “zona reticularis” region, but the intensity and width
of staining was clearly more pronounced in ovariectomized
females than in ovary-intact subordinate females, and staining
in both ovariectomized and subordinate females was more
pronounced than in ovary-intact dominant females. The cytb5
staining pattern in all three female groups contrasted with that
previously shown in testis-intact adult males, in which cytb5 was
not detectable in any region of the adrenal cortex (Pattison et al.,
2005).

2.8. Steroid responses in vivo
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Aliquots of 50 g of microsomal protein from the six testis-intact male,
six dominant, ovary-intact female, and six ovariectomized female marmoset
adrenals described above were tested for 17,20-lyase activity using a radiometric assay modified from Grigoryev et al. (1999) as previously described
(Moran et al., 2002). Infant female rhesus tissue was used as a positive control.
Microsomal protein was added to a generating system and buffer, plus trilostane
(10 M), and 3.5 M [3 H]C21-17OHP5 (100,000 DPM) (generously provided
by Drs. V.C. Njar and A.M. Brodie, University of Maryland-Baltimore) and
7 M cold 17OHP5 (Steraloids) in a final volume of 1 mL. To calculate extraction
efficiency, the same volumes of [14 C]acetic acid (50,000 cpm) (Perkin-Elmer,
Boston, MA) and [3 H]C21-17OHP5 were added to assay tubes with buffer (as
extraction controls to be analyzed with the assay) and compared to 5 L of
[14 C]acetic acid directly added to two scintillation vials (totals for calculations).
All assay tubes were incubated for 2 h in a 37 ◦ C water bath. The reaction was
stopped using ice-cold trichloroacetic acid (30%; 500 L) and then vortexed.
To extract the unmetabolized steroid substrate and organic metabolite, chloroform (2 mL) was added to each assay tube and then centrifuged at 2000 × g
for 5 min at room temperature. One milliliter of the aqueous phase was pipetted off and added to a 8.5:0.85% charcoal:dextran mixture, then centrifuged at
2000 × g for 30 min at 4 ◦ C. One milliliter of each assay was counted in 10 mL
of scintillation fluid. 17,20-Lyase activities were determined from [3 H]acetic
acid, converted to amount of substrate metabolized, and expressed as nmol
[3 H]17OHP5 metabolized per mg of microsomal protein per hour.
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Adrenocortical responses to a combined dexamethasone (dex) suppression/adrenocorticotropin (ACTH1–39 ) challenge were performed as previously
described (Pattison et al., 2005). Briefly, female marmosets that were either
socially dominant and undergoing ovulatory cycles (n = 6; 34.9 ± 2.5 months,
389 ± 12 g; mean ± S.E.M.), socially subordinate and anovulatory (n = 7,
27.2 ± 1.3 months, 396 ± 13 g), or ovariectomized and neither dominant nor
subordinate to other females (n = 6, 38.1 ± 4.4 months, 412 ± 13 g), as well as
three males (45.9 ± 9.7 months, 410 ± 11 g) were injected with dex (5 mg/kg,
i.m.; American Regent Laboratories, Shirley, NJ) at 1600 h. The following morning the animals were injected at 0900–1000 h with human ACTH1–39 (10 g/kg,
i.v.). Blood samples (0.2–0.6 mL) were taken at ∼08h40 (20 min pre-ACTH1–39 )
and 60 min post-ACTH1–39 treatment. Samples were immediately placed on ice
and centrifuged at 2000 rpm for 10 min, and the plasma fractions were aspirated
and frozen at −20 ◦ C until assayed.

2.9. Hormone assays
All plasma hormone concentrations were determined by RIAs that had been
validated for use with marmoset plasma at the WPRC Assay Services laboratories. The cortisol, corticosterone, aldosterone, and DHEA assays were described
previously (Pattison et al., 2005; Saltzman et al., 1994). The intra- and interassay
coefficients of variation (CVs) for cortisol were 8.67% and 15.05%, respectively.
Intra- and interassay CVs were 5.6% and 20.8% (low pool) and 2.2% and 14.7%,

3.2. Plasma DHEA
In contrast to the previously reported barely detectable levels
in intact males following dexamethasone suppression, circulating DHEA levels were clearly detectable in dominant females
and similar to that in subordinate females. Administration of
intravenous ACTH1–39 failed to yield a significant increase
in circulating DHEA in dominant females or in subordinate
females. While basal circulating DHEA levels were reduced
by ovariectomy, consistent with an ovarian source suggested
by Levine et al. (1982), circulating DHEA was increased
significantly by ACTH1–39 stimulation in ovariectomized
females (p < 0.05; Table 1). With regard to gender differences,
our previous findings in testis-intact, adult males showed
DHEA levels were not above the detection limit of the assay
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3.3. Immunoblotting of adrenal microsomes
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To enable quantification of the proteins shown in Fig. 2
and correlation to activity, Western blot analysis of CYP17
and cytb5 was also performed in marmoset adrenal microsomes
(Fig. 3). Fig. 3A shows immunoblots for CYP17 and cytb5 .
While CYP17 expression was remarkably consistent across
male, dominant and ovariectomized female microsomes, cytb5
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Table 1
In vivo circulating DHEA response to a combined dex/ACTH1–39 challenge in
marmosets
DHEA (ng/mL)
Pre-ACTH
6.84
10.52
2.12
0.50

±
±
±
±

1.87
8.17
0.31a
0.00a,c,d

Au

DomF
SubF
OvxF
IM

ACTH
11.65
14.14
5.36
0.50

±
±
±
±

3.80
7.91
1.40b
0.00c,d

showed considerable changes between groups. Quantification
of the immunoblots (Fig. 3B) confirmed that cytb5 expression
was highest in ovariectomized females (p < 0.05), followed by
dominant females, and then intact males. These results are fully
consistent with the immunohistochemistry observations in male
(Pattison et al., 2005) and female (Fig. 2A and C) marmoset
adrenals.

rs

after dex treatment, either before or after ACTH1–39 injection
(Pattison et al., 2005).

on

Fig. 2. Immunohistochemical analysis of marmoset adrenal sections. Primary antibody specificities are as labeled in each panel. Immunodetectable protein is
indicated by brown stain while counterstain color is blue. (A) Dominant female (n = 6; aged 24–48 months), (B) Subordinate female (n = 3; aged 30–60 months), (C)
ovariectomized female (n = 6; aged 48–84 months). Cap (capsule), med (medulla). 10× magnification.

Mean change
4.81
3.61
3.23
0.00

±
±
±
±

2.76
1.35
1.25
0.00

Data were obtained from six dominant females (DomF; 34.9 ± 2.5 months),
seven subordinate females (SubF; 27.2 ± 1.3 months), six ovariectomized
females (OvxF; 38.1 ± 4.4 months), and three testis intact males (IM) (45.9 ± 9.7
months) marmosets. Dex was administered at 17h00, blood was taken at 08h40
(pre-ACTH) the next morning, ACTH administered at 09h00, and blood taken
at 10h00 (ACTH). Detection limit for DHEA was 0.50 ng/mL. Note the mean
changes were calculated from individual animals, rather than from the mean preand post-ACTH values shown in the table.
a Significant difference from dominant females (p < 0.05).
b Effect of ACTH (p < 0.05).
c Significant difference from ovariectomized females (p < 0.05).
d Significant difference from subordinate females (p < 0.05).

3.4. 17,20-Lyase activity in marmoset adrenal microsomes
Microsomal 17,20-lyase activity was detectable by a sensitive
radiometric assay, but did not differ significantly between individual groups (data not shown). Nonetheless, testis-intact males
tended to have the lowest activity (10.07 ± 0.79 nmol/(mg h)),
followed by dominant females (10.20 ± 1.87 nmol/(mg h))
with ovariectomized females having the highest activity
(11.28 ± 1.30 nmol/(mg h)). Furthermore, plotting cytb5 expression (data obtained from Fig. 3B) against 17,20-lyase activity
for all three marmoset groups revealed a positive correlation (r2
value of 0.355, p < 0.01; Fig. 4). Additionally, 17,20-lyase activity from any one of the three groups could be predicted from the
cytb5 values from all three groups.
3.5. Plasma steroids of ZG and ZF origin
In order to gain more insight into whether effects of gender
and gonadectomy were unique to a putative “ZR” or were zonally
specific, we further examined changes in steroids characteristic
of the zona glomerulosa and fasciculata following dexamethasone suppression and ACTH challenge. We have shown
previously that intravenous injection of ACTH1–39 into dexsuppressed, testis-intact adult male marmosets yielded increases
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lowest levels. The ACTH1–39 -stimulated increases in corticosterone in subordinates were significantly lower than in dominant
females (p < 0.05; Table 2), suggesting altered ZF function.
Cortisol levels did not differ significantly among the three
groups of females either before or after ACTH1–39 treatment, but
it was noteworthy that both basal and the ACTH1–39 -stimulated
increase in cortisol in dominant females was greater than in intact
males.
Testis-intact males also responded to ACTH1–39 with
increases in corticosterone (p < 0.05; Table 2) and again this
ACTH1–39 -stimulated increase was less than observed in dominant females. These results were consistent with the data we
previously published (Pattison et al., 2005).
While these data certainly suggests gender and gonadectomy
sensitive differences in adrenal function may occur beyond a
putative ZR to include other adrenocortical zones, greater insight
into the change in adrenal function was revealed when we calculated the corticosterone:cortisol ratio (as a percent) from the
change between dex-suppressed and ACTH1–39 -stimulated levels to reflect the % “inefficiency” of the ZF. We previously
measured this ratio in testis-intact adult male marmosets to
determine the percentage of cortisol that was made via the
-5 pathway (P5-to-17OHP5-to-17OHP4-to-cortisol) versus
the -4 pathway (P5-to-P4-to-17OHP4-to-cortisol) (Pattison
et al., 2005) (see Fig. 1 for diagram). Higher percentages
of corticosterone:cortisol reflect a less efficient ZF [i.e. a
larger proportion of P5 is converted to P4 by 3␤-HSD before
17␣-hydroxylation and in view of the very high affinity of 21hydroxylase cytochrome P450 (P450c21) for P4, most becomes
irreversibly committed to corticosterone biosynthesis]. This
measure in female marmosets revealed that more P5 “leaked”
from the -5 pathway in cycling, dominant and ovariectomized
females than in anovulatory subordinate females and testis-intact
males (p < 0.05; Fig. 5).
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in aldosterone, corticosterone and cortisol levels, but not DHEA
(Pattison et al., 2005). Dominant, cycling adult female marmosets exposed to the same combined dex/ACTH1–39 challenge
yielded increases in corticosterone as well as the expected
increases in cortisol levels (p < 0.05; Table 2). Application of
the combined dex/ACTH1–39 challenge in ovary-intact, anovulatory socially subordinate female marmosets yielded increases
in circulating levels of aldosterone, corticosterone and cortisol
(p < 0.05; Table 2).
Amongst the female groups, ovary-intact, dominant females
had the highest ACTH1–39 -stimulated corticosterone levels, followed by ovariectomized females, with subordinates having the
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Fig. 3. Marmoset adrenal microsomal protein expression as detected by Western blot. (A) Stripblots for CYP17 and cytb5 are shown, with molecular weights (right).
Abbreviations are: adult testis-intact male (M), dominant female (DF), and ovariectomoized female (OF). (B) Quantified protein expression in adrenal microsomes
from adult testis-intact males (n = 6, aged 60–132 months), ovary-intact, dominant females (DomF; n = 6, aged 24–132 months), and ovariectomized females (OvxF;
n = 6, aged 72–132 months). *Significant difference from male (p < 0.01), +significant difference from dominant female (p < 0.01).

Fig. 4. Regression of marmoset adrenal microsomal cytb5 expression vs. 17,20lyase activity. Cytochrome b5 expression (from this figure) vs. 17,20-lyase
activity (values in text) data were compared for microsomal preparations
from the following groups: testis-intact males, ovary-intact, dominant females,
ovariectomized females. Regression analysis revealed a correlation of r2 = 0.355
(p < 0.01).
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Fig. 5. Inefficiency of the adrenal zona fasciculata in marmosets. Corticosterone
production, as a fraction of cortisol production, was calculated as percentages
from the data obtained in Table 1. Abbreviations are: dominant female (DF),
ovariectomized female (OF), subordinate female (SF), testis-intact male (IM).
* significant difference from dominant (p < 0.05).

4. Discussion

Cytochrome b5 staining defines the ZR in mature human
adrenals comprising the inner zone of the cortex and is a consistently immunoreactive area (Dharia et al., 2004, 2005). We have
previously shown that adult male marmosets lack a functional
ZR by demonstrating the absence of an adrenal DHEA response
to ACTH and low cytb5 expression (Pattison et al., 2005).
Nonetheless female marmosets are known to produce more
DHEA than males, particularly with increasing age (Levine et
al., 1982). Our current studies were designed to ask whether
female marmosets could possess a functional ZR, and further
whether development of a ZR can be influenced by social and
gonadal status. While the ZR in humans can be easily defined,
physiological and biochemical regulation of ZR development
and regression remains a mystery.
Most striking in the initial histochemical analysis of female
marmoset adrenals were the dramatic differences in cytb5 staining in the innermost adrenocortical region of adult females,
which were in stark contrast to that previously reported in adult
males. In ovary-intact cycling dominant and anovulatory subordinate female marmosets, cytb5 expression was detectable,
though not uniformly expressed, and DHEA levels failed to
rise significantly in response to ACTH challenge. In contrast, gonadectomized females exhibited the strongest and most
uniformly solid staining for cytb5 and we also observed a
corresponding significant increase in circulating DHEA following ACTH administration. Thus our data from ovarectomized
females strongly suggest both a gender difference and further
that gonadal function clearly affects adrenal steroid production
in marmoset females.
From both the studies of Levine et al. (1982) and our
observations of DHEA levels in a dexamethasone-suppressed
state without ACTH challenge we hypothesize that a gonadally
intact female marmoset derives its circulating DHEA from the
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Data were obtained from six dominant females (DomF; 34.9 ± 2.5 months), seven subordinate females (SubF; 27.2 ± 1.3 months), six ovariectomized females (OvxF; 38.1 ± 4.4 months), and three testis intact males
(IM) (45.9 ± 9.7 months) marmosets. Dex was administered at 17h00, blood was taken at 08h40 (pre-ACTH) the next morning, ACTH administered at 09h00, and blood taken at 10h00 (ACTH). Detection limits
for aldosterone, corticosterone, and cortisol were 25 pg/mL, 0.35 ng/mL, and 1 ng/mL, respectively. Note the mean changes were calculated from individual animals, rather than from the mean pre- and post-ACTH
values shown in the table.
a Effect of ACTH (p < 0.05).
b Significant difference from dominant females (p < 0.05).
c Significant difference from ovariectomized females (p < 0.05).
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Table 2
In vivo steroid responses to a combined dex/ACTH1–39 challenge in marmosets

Corticosterone (ng/mL)

4.2a

Mean change

Aldo (pg/mL)

Mean change
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unresponsive to ACTH in reproductively active, ovary-intact
females. As ovarian hormone levels decline (such as in anovulatory subordinate females or particularly in ovariectomized
females), progressive induction of cytb5 occurs in the innermost
region of the adrenal cortex and significant DHEA secretion
becomes evident on ACTH-challenge. While this is clearly
apparent in females, further studies will be necessary to establish any similar effect of gonadectomy in males. Nonetheless,
elucidating the basis for this gonadal control of cytb5 expression in marmoset adrenals could be important to understanding
in humans how we may counteract phases of life associated
with adrenal androgen secretion, either DHEA production (i.e.
menopause and aging) (Conley et al., 2004), or associated female
endocrinopathies involving an overproduction of DHEA (i.e.
polycystic ovary syndrome) (Azziz et al., 1998; Yildiz et al.,
2004). Likewise, deciphering the differences between Old World
and New World primate adrenal and general biology provides
greater insight into the appropriate usage of these animals as
models for human disease.
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ovaries. However, when this source is depleted, either surgically
(ovariectomy) or naturally (social subordination), a more defined
adrenal ZR develops to a degree necessary for minimum DHEA
compensation. Shideler et al. (2001) noted that there was a progressive increase in circulating DHEAS concentrations in rhesus
monkeys as they transitioned into anovulatory menopause. A
similar observation was made in women (Lasley et al., 2002),
suggesting the existence of regulatory links between the ovaries
and ZR which influence adrenal androgen output that may be of
particular importance in the menopausal transition.
It is tempting to speculate that changes in cytb5 expression
underlie changes in 17,20-lyase activity, but quantification of
histochemical data is not as accurate as that by Western blot.
To further test our hypothesis we therefore compared measurement of 17,20-lyase activity in microsomal preparations from
each group to cytb5 and CYP17 expression. Using this approach
we were able to show clearly that while CYP17 expression was
essentially constant, regardless of the animal subgroup, there
was a significant positive correlation between cytb5 expression
and 17,20-lyase activity across multiple treatment groups. Our
data are consistent with the notion that the capacity for DHEA
production is indeed increased in vivo by adrenal cytb5 expression in a newly emerging ZR in the adrenal cortex and its role
becomes more significant.
One final question which remains is what possible effects may
there be in other zones of the adrenal cortex with the appearance
of a ZR? Since adrenal weights do not differ between groups
(not shown) it may be argued the appearance of this new zone
would have to occur at the expense of the ZF. Does this require
altered adrenal ZF function? While subtle differences were seen
among the four groups with respect to the other ACTH-sensitive
and zone-specific steroids, the most interesting finding was the
ratio of corticosterone:cortisol under ACTH challenge. We have
previously established (Pattison et al., 2005) that the corticosterone:cortisol ratio provides an estimate of the amount of P5
substrate leaking from the -4, rather than the preferred -5,
pathway of the ZF (Fig. 1). While the very small % value of this
corticosterone:cortisol ratio may be of modest physiological significance at best, a change in this value does provide a useful
index of adrenal zonal efficiency in vivo without removing the
organ. While all three of the female groups exhibited similar
cortisol levels on ACTH stimulation (Table 2) it is interesting to
note that corticosterone:cortisol ratios varied between groups.
Indeed, the subordinate female ratios were significantly lower
than in dominant females or ovariectomized females. Likewise,
the ratio for intact males was less than any other group. This
does not directly correlate with measures of ZR function (either
DHEA production in vivo or cytb5 expression or 17,20-lyase
activity in microsomal preparations) so it appears that the physical presence of a ZR alone does not require an automatic change
in ZF efficiency with reduced size. Nonetheless, these findings
do suggest that both gender and gonadal function are affecting
more than just the ZR in the marmoset adrenal cortex in a manner
that is yet to be defined.
In summary, we have shown that, in contrast to males, female
marmosets have a rudimentary ZR by cytb5 staining that is more
apparent than that observed in males, but that is marginally
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