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Summary Behaviorally subordinate female marmosets undergo social suppression of
ovulation and hypoestrogenism, as well as chronic reductions in circulating basal cortisol
concentrations. Because estrogen elevates hypothalamic–pituitary–adrenal axis activity
and circulating glucocorticoid levels in other species, we tested the hypothesis that
socially induced hypoestrogenism contributes to cortisol reductions in subordinate
female marmosets. We characterized morning basal plasma cortisol levels, as well as
cortisol responses to exogenous adrenocorticotropic hormone (ACTH; 0, 1, or 10 mg/kg),
in seven anovulatory subordinate females and six ovariectomized, non-subordinate
females under two conditions: during long-term treatment with estradiol (E2) and
control. Circulating E2 andcortisol levels were compared to those of six dominant females
undergoing ovulatory cycles. Basal cortisol concentrations in the control condition were
significantly lower in subordinates than in both dominant and ovariectomized females. E2

treatment elevated circulating E2 levels of subordinate and ovariectomized females into
the range seen in dominant females but did not increase either mean basal or ACTH-
stimulated cortisol levels. To the contrary, E2 treatment caused a decline in basal cortisol
levels over time, especially in ovariectomized animals. These results indicate that
treatment with exogenous estrogen does not elevate circulating cortisol levels in
previously hypoestrogenemic female marmosets and, correspondingly that socially
induced hypoestrogenism does not diminish cortisol levels in subordinate females.
Q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Behaviorally subordinate individuals in many species
exhibit altered activity of the stress-responsive
hypothalamic–pituitary–adrenal (HPA) axis as
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compared to dominants. Traditionally, subordinates
have been thought to manifest elevated HPA activity
and, consequently, increased circulating glucocor-
ticoid concentrations as a result of psychosocial
stress (von Holst, 1998; Blanchard et al., 2002). More
recently, however, it has become evident that
subordinates may frequently manifest reduced
circulating or excreted glucocorticoid concen-
trations as compared to dominant individuals
(Saltzman et al., 1994, 1998; Creel, 2001; Goymann
and Wingfield, 2004). Several authors have
suggested that subordinate individuals in these
societies experience less psychosocial stress or
lower allostatic load than dominants (Creel et al.,
1996; Creel, 2001; Abbott et al., 2003; Goymann and
Wingfield, 2004). In addition, we (Saltzman et al.,
1994, 1998, 2000) have suggested that low gluco-
corticoid levels in subordinate animals may be
mediated in part by low levels of reproductive
hormones, especially in species in which subordinate
individuals undergo social suppression of reproduc-
tion. A number of reproductive hormones, including
estrogen, progesterone, androgens, luteinizing hor-
mone (LH) and chorionic gonadotropin (CG), have
been shown to modulate HPA activity (e.g. Phillips
and Poolsanguan, 1978; Kime et al., 1980; O’Connell
et al., 1994; Young, 1995, 1998). Socially induced
suppression of these hormones in subordinate
individuals may therefore be expected to contribute
to rank-related differences in glucocorticoid levels.

We have been investigating the interactions
between reproductive and adrenocortical activity
in the common marmoset (Callithrix jacchus), a
small, New World monkey in which endocrine
function is profoundly influenced by social status.
Social groups in both the wild and captivity may
contain as many as six adult females, but only one
or two behaviorally dominant females breed in each
group (reviewed by French, 1997; Saltzman, 2003).
Subordinate females are often anovulatory and
hypoestrogenemic as a result of inadequate
secretion of CG (Abbott et al., 1981, 1988; Saltzman
et al., 1998), the major luteinizing gonadotropin
secreted by the pituitary in this species and possibly
other New World primates (Gromoll et al., 2003;
Müller et al., 2004). This socially induced infertility
can persist for months or even years, but is reversed
rapidly following separation of the subordinate
female from her dominant female groupmate
(Abbott et al., 1988; Abbott and George, 1991).

Anovulatory subordinate female marmosets also
undergo chronic suppression of circulating cortisol
levels (Saltzman et al., 1994, 1998, 2004; Johnson
et al., 1996; Abbott et al., 1997). Morning basal
cortisol levels decline dramatically within 6–7 weeks
following the onset of social subordination and
anovulation (Saltzman et al., 1994, 1998; Abbott
et al., 1997) and can remain suppressed for months to
years (Saltzman et al., 1998; unpublished data).
Dominant and subordinate females have not been
found to differ in morning basal adrenocorticotropin
(ACTH) levels or in suppression of ACTH or cortisol by
dexamethasone (DEX), a synthetic glucocorticoid
(Saltzman et al., 2004). Following suppression of
endogenous ACTH and cortisol by DEX, however,
subordinates exhibited blunted cortisol responses to
exogenous ACTH as compared to dominant females
(Saltzman et al., 2000). Moreover, cortisol responses
to ACTH were virtually identical in ovary-intact
subordinates and ovariectomized, non-subordinate
females, indicating that this adrenocortical impair-
ment might be mediated by withdrawal of ovarian
hormones rather than by social subordination per se
(Saltzman et al., 2000). Consistent with this possi-
bility, basal plasma cortisol concentrations fluctuate
reliably across the ovarian cycle in marmosets,
showing a midcycle peak during the late follicular,
ovulatory, and early luteal phases and a decline
across the luteal phase (Saltzman et al., 1998). Thus,
circulating cortisol levels may be modulated by
reproductive hormones in female marmosets.

These previous findings suggest that cortisol
diminution in subordinate female marmosets is
effected by two mechanisms: (1) reduced adrenal
responsiveness to ACTH, which in turn may be
mediated by suppression of ovarian hormones, and
(2) an additional inhibitory mechanism, presumably
triggereddirectly by social subordinationandactingat
the level of the brain or pituitary, which restrains
ACTH secretion in spite of the reduced negative-
feedback signal from low cortisol levels and reduces
basal cortisol levels of subordinates below those of
ovariectomized females (Saltzman et al., 1998). In
viewof thewell-knownstimulatoryeffectsofestrogen
on HPA activity (reviewed by Kime et al., 1980; Young,
1995, 1998; Wilson et al., 2005), we hypothesize that
the first of these mechanisms, adrenal hyporespon-
siveness, may be mediated by hypoestrogenism. In
this study, we tested this hypothesis by determining
the effects of long-term estradiol treatment on basal
cortisol levels and cortisol responses to exogenous
ACTH in both ovariectomized females and anovula-
tory, socially subordinate females.
2. Methods

2.1. Animals

We used 19 captive-born, adult female common
marmosets (Callithrix jacchus), including six
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socially dominant females undergoing ovulatory
cycles, seven anovulatory subordinates, and six
long-term ovariectomized (ovx), pair-housed
females that were neither dominant nor subordi-
nate to other females. Dominant, subordinate and
ovx animals did not differ (PO0.05) in body mass
(386G13 vs. 392G12 vs. 384G12 g, respectively;
meanGSEM) or age (31.0G2.8 vs. 23.6G1.3 vs.
33.0G4.2 months, respectively) at the outset of
data collection.

Dominant and subordinate animals were housed
in groups containing 2–3 unrelated females and 1–2
gonadally intact adult males. Ovx females had been
pair-housed with an intact male for 18.6G11.3
months (meanGSEM) prior to data collection and
had undergone bilateral removal of the ovaries and
fallopian tubes 6 months before the study began.
Ovariectomy was performed by midline incision
under Saffan anesthesia (8.1 mg alphaxalo-
ne:2.7 mg alphadolone acetate, IM; Pitman-
Moore, Harefield, Uxbridge, Middlesex, UK).

Social groups were formed as described pre-
viously (Saltzman et al., 1998) at least 2 months
prior to data collection. Dominance hierarchies in
such groups typically are established within 1–2
weeks and may remain stable for several years or
more (Abbott, 1986, unpublished data). Behavioral
assessments of dominant and subordinate status,
based on directionality of submissive behaviors
(Saltzman et al., 1994, 1996), were confirmed by
the occurrence of ovulatory cycles in dominant
females and anovulation in subordinate females,
based on plasma progesterone concentrations in
blood samples collected twice each week (Saltzman
et al., 1994; see below). Subordinates had not
ovulated for at least 10 weeks prior to data
collection and had not exhibited elevated plasma
progesterone concentrations (O10 ng/ml), charac-
teristic of the luteal phase of the ovarian cycle, for
at least 33 days.

Marmosets were housed indoors at the National
Primate Research Center at the University of
Wisconsin—Madison, with lights on from 0630 to
1830 h, ambient temperature at approx. 27 8C, and
humidity at approx. 50%. Most of the animals
occupied aluminum and wire mesh cages measuring
61!91!183 cm, 122!61!183 cm, or 61!61!
183 cm; however, some were housed in larger
rooms measuring 235!370!225 cm or 310!
141!250 cm. We have not found such variation in
cage size to be reflected in circulating cortisol
levels in marmosets. Animals were fed Mazuri
Callitrichid High Fiber Diet 5M16 (Purina Mills, St
Louis, MO) supplemented with fruit, cereal, nuts
and miniature marshmallows. Marmosets were fed
once daily between 1230 and 1430 h, and water was
available ad lib. Animals were maintained in
accordance with the recommendations of the
National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Additional infor-
mation on marmoset housing and husbandry is
provided by Saltzman et al. (1998).
2.2. Experimental design

Basal and ACTH-stimulated cortisol levels were
characterized under two conditions: while marmo-
sets were implanted with two silastic capsules
containing 17b-estradiol (E2 condition) and while
they were implanted with two empty silastic
capsules (control [C] condition). Each subordinate
and ovx female was tested in both the E2 and C
conditions, with the order of conditions balanced
across animals within each group. Dominant
females were tested in only the C condition.

In each condition, marmosets underwent three
ACTH stimulation tests (0, 1 and 10 mg ACTH/kg
body mass; see below) at intervals of at least 4
weeks, beginning at least 25 days after capsule
implantation. The order of the three ACTH doses
was balanced across females within each group but,
for each subordinate and ovx female, was identical
in the E2 and C conditions.

In addition to ACTH stimulation tests, we
collected blood samples weekly from each marmo-
set to characterize morning basal cortisol concen-
trations. We also measured plasma progesterone in
two blood samples collected each week at 3- to
4-day intervals from all ovary-intact (dominant and
subordinate) females, to monitor ovulatory activity
(see below). E2 was assayed in blood samples
collected from each animal every other week.
2.3. Estradiol implants

Implants comprised 20-mm lengths of silastic tubing
(Dow Corning; Sigma–Aldrich, St Louis, MO; inner
diameter: 16 mm; outer diameter: 32 mm) that
were either filled with crystalline 17b-estradiol
(Sigma–Aldrich, St Louis, MO) or left empty. Two
implants of this size yielded plasma E2 concen-
trations comparable to those in the late follicular/
ovulatory phase (approx. 200–500 pg/ml; Kendrick
and Dixson, 1985; Saltzman et al., 1998, unpub-
lished data) for at least 17–18 weeks.

For implantation of capsules, marmosets were
anesthetized with ketamine hydrocholoride
(10 mg/kg IV) and lidocaine (2 mg/kg SC). Two
capsules were implanted through a small (approx.
1 cm) dorsal midline skin incision between the
scapulae, and the incision was closed with surgical
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tissue glue or sutures. In some cases, capsules were
replaced by identical capsules partway through the
E2 or C condition.
2.4. ACTH stimulation tests and blood
sample collection

On the day prior to each ACTH stimulation test,
animals were weighed and injected IM with 5 mg/kg
dexamethasone sodium phosphate (DEX; American
Regent Laboratories, Shirley, NY) at 1550–1630 h to
suppress endogenous ACTH secretion. This dose of
DEX has been found to suppress plasma cortisol and
ACTH levels in female marmosets for 2–3 days
(Saltzman et al., 2004; see also Saltzman et al.,
2000). At 0900–1000 h on the day of data collection,
each animal received an IV injection of either 1 or
10 mg/kg synthetic human ACTH1–39 (Sigma–Aldrich,
St Louis, MO) in 0.5 ml/kg sterile saline, or an
equivalent volume of sterile saline without ACTH.
Previous studies have shown that these doses of
ACTH produce a robust but submaximal cortisol
response in female marmosets (Saltzman et al.,
2000, unpublished data). Blood samples (0.2–
0.6 ml) were collected at —20 (baseline), 60 and
120 min from the ACTH or saline injection. Between
samples, each marmoset remained alone in a
stainless steel nest box from its home cage, which
also served as a transport cage.

For blood sample collection, animals were briefly
restrained in a restraint tube (Hearn, 1977), to which
they had been adapted extensively, while blood was
collected in a heparinized syringe by femoral
venipuncture. Samples were immediately placed on
ice, centrifuged at 2000 rpm for 10 min, and the
plasma fraction extracted and stored at K208 C.
Weekly basal blood samples were collected at 0915–
0945 h, several hours after the diurnal cortisol peak
(George and Abbott, unpublished data). For these
basal samples, latency from initial disturbance of the
animal (investigator’s entry into the cage) to sample
collection was !3 min for 96% of samples and
averaged 119G13 s. We found no indication that
plasma cortisol levels were elevated as a result of the
longer latencies in the remaining 19 samples, which
were collected in 185–361 s from cage entry, and
therefore we included these values in our analyses.
2.5. Monitoring and control of ovarian
function

Progesterone was assayed in blood samples col-
lected twice weekly from each dominant and
subordinate female. Ovulation was considered
to have occurred on the day before a sustained
(R2 consecutive samples) elevation of progester-
one above 10 ng/ml (Harlow et al., 1983; Saltzman
et al., 1994). To prevent term pregnancies and to
ensure that all dominant females were in the early
to mid-follicular phase of the ovarian cycle during
ACTH stimulation tests, we gave each dominant
animal an IM injection of 0.75–1.0 mg cloprostenol
sodium (Estrumate, Mobay Corp., Shawnee, KS and
Cayman Chemicals, Ann Arbor, MI), a prostaglandin
F2a analog, 14–45 days after each ovulation and,
correspondingly, 3–4 days before each ACTH stimu-
lation test. This treatment causes luteolysis and
termination of the luteal phase or early pregnancy
(Summers et al., 1985). Ovx and subordinate
females were treated with the same dose of
cloprostenol 3–4 days before each ACTH stimulation
test to control for any potential effects of
cloprostenol on HPA activity. This treatment has
not been found to alter baseline cortisol levels in
marmosets (Saltzman et al., 1998).
2.6. Hormone assays

All hormone assays were fully validated for use with
marmoset plasma (Saltzman et al., 1994, 1998).
Plasma cortisol levels were determined in duplicate
aliquots using an antibody-coated-tube radio-
immunoassay (RIA) kit (GammaCoate, DiaSorinw

Corp., Stillwater, MN) as described previously
(Saltzman et al., 1994). Assay sensitivity at 90%
binding was 0.1 ng/tube (10 mg/dl), and intra- and
inter-assay coefficients of variation (CVs) of a
plasma pool assayed in quadruplicate in each
assay (40% binding) were 5.7 and 10.8%, respect-
ively (NZ56 assays).

Plasma progesterone levels were measured in
duplicate aliquots using a heterologous enzyme
immunoassay (Saltzman et al., 1994). Assay sensi-
tivity at 90% binding was 3.9 pg/tube (2.8 ng/ml),
and intra- and inter-assay CV’s of a marmoset
plasma pool (45% binding) were 5.3 and 21.1%,
respectively (NZ1725 assays).

Plasma E2 concentrations were determined by
RIA following extraction with 5 ml ethyl ether and
celite column chromatography as previously
described (Saltzman et al., 1998). Assay sensitivity
at 90% binding was 4.6 pg/tube (30.4 pg/ml). Intra-
and inter-assay CVs of a marmoset plasma pool (57%
binding) were 4.0 and 15.4%, respectively (NZ6
assays).
2.7. Analysis

We determined mean plasma E2 concentrations for
each subordinate and ovx marmoset in the E2 and C
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conditions. For dominants, we determined mean
plasma E2 concentrations during the follicular phase
(P!10 ng/ml, R3 days prior to ovulation), ovula-
tory phase (P!10 ng/ml, 0–2 days prior to ovu-
lation) and luteal phase or early pregnancy
(PR10 ng/ml; hereafter referred to as the luteal
phase). We similarly determined mean basal
cortisol levels for each subordinate and ovx female
in the E2 and C conditions. We have previously found
that basal cortisol levels of female marmosets are
elevated from 4 days before through 4 days after
the LH surge, which normally precedes ovulation by
1 day (Harlow et al., 1984; Saltzman et al., 1998).
For each dominant female, therefore, we deter-
mined mean basal cortisol levels during the early to
mid-follicular phase (R6 days prior to ovulation),
periovulatory phase (5 days before through 3 days
after ovulation) and mid- to late luteal phase/early
pregnancy (R4 days after ovulation). For both E2

and cortisol analyses (except analyses of changes in
hormone levels over time), we used only samples
collected at least 7 days following implantation of
E2-containing or empty capsules. For analyses of
cortisol responses to ACTH, we determined area
under the curve (AUC) using the method of
Pruessner et al. (2003) for AUC with respect to
increase. We also determined delta scores as each
animal’s cortisol concentrations at 60 and 120 min
after ACTH or saline injection minus her pre-ACTH
(DEX-suppressed) baseline cortisol concentration.

E2 and cortisol data were log-transformed to
yield normal distributions and were analyzed by
ANOVA, with post hoc analyses performed by Fisher
LSD tests. Because hormone concentrations were
expected to vary across the ovarian cycle in
dominant females, for each hormone (cortisol, E2)
in each treatment condition (E2, C) we performed
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marmosets during the follicular, ovulatory and luteal phases of
females in the control and E2 conditions. Numbers in bars ind
a series of one-way ANOVAs comparing dominant
females in each phase of the cycle to subordinate
and ovx females. Analyses were performed using
Systat v. 5.2 for the Macintosh (SPSS, Chicago, IL),
and results were evaluated at the 0.05 level
(2-tailed).

We were unable to obtain E2 values from two
dominant females in the ovulatory phase, and basal
cortisol values from two dominants in the early to
mid-follicular or periovulatory phase; therefore,
these animals were excluded from the relevant
comparisons among groups. One subordinate
became acutely ill 5.3 weeks into the C condition
and had to be euthanized before completing her
ACTH stimulation tests; however, there were no
clinical, observational or hormonal indications of
abnormalities prior to the acute onset of illness.
This animal was excluded from analyses of basal
cortisol levels over time and cortisol responses to
ACTH.
3. Results

3.1. Estradiol

In the control (C) condition, mean plasma E2

concentrations differed reliably among groups
when subordinate and ovx females were compared
to dominants in the follicular (F[2,16]Z7.560, PZ
0.005), ovulatory (F[2,14]Z29.075, P!0.0001) or
luteal phase of the ovarian cycle (F[2,16]Z20.260,
P!0.0001; Fig. 1). Mean E2 levels of subordinates
were comparable to those of dominant females in
the follicular phase and lower than those of
dominant females in the ovulatory (P!0.001) or
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luteal phase (PZ0.003), whereas mean E2 concen-
trations of ovx females were lower than those of
dominants in each phase of the cycle (P!0.005;
Fig. 1). E2 levels during the C condition were below
the assay sensitivity limit in 70.5G8.1% (meanG
SEM) of samples from the six ovx females, but in
only one sample from a subordinate female. A group
(subordinate, ovx) by condition (C, E2) ANOVA
indicated that E2 levels were higher in subordinate
than ovx females across the two treatment
conditions (F[1,11]Z16.484, PZ0.002).

As expected, E2 implants dramatically elevated
circulating E2 concentrations (F[1,11]Z138.275,
P!0.0001), and this effect did not differ between
subordinate and ovx females. In the E2 condition, as
in the C condition, significant differences were
found when E2 levels of subordinate and ovx
females were compared to those of dominant
females in the follicular (F[2,16]Z12.230, P!
0.001), ovulatory (F[2,14]Z4.639, PZ0.029) or
luteal phase (F[2,16]Z12.706, P!0.001). E2 levels
of subordinate females in the E2 condition were
comparable to those of dominants in the ovulatory
phase and higher than those of dominants in the
follicular (P!0.001) or luteal phase (P!0.001). E2

levels of ovx females in the E2 condition did not
differ from those of dominants in the ovulatory or
luteal of the cycle but were higher than those of
dominants in the follicular phase (PZ0.024; Fig. 1).
Plasma E2 concentrations did not change consist-
ently across the course of the E2 condition in either
subordinate (Spearman rank correlation, E2 vs. days
from capsule implantationZK0.643 to 0.314) or
ovx animals (rSZK0.517 to 0.252).
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Figure 2 Plasma basal cortisol concentrations (back-tran
female marmosets during the early to mid-follicular, periovu
and in subordinate and ovariectomized females in the control
See text for statistical results.
3.2. Basal cortisol

Mean basal cortisol concentrations in the C
condition differed reliably among groups whether
we compared subordinate and ovx females to
dominant females in the early to mid-follicular
phase (F[2,15]Z3.946, PZ0.042), the periovula-
tory phase (F[2,15]Z5.123, PZ0.020) or the luteal
phase (F[2,16]Z5.025, PZ0.020; Fig. 2). In each of
these analyses, subordinates had lower cortisol
levels than both dominant (P!0.05) and ovx
females (P!0.05), whereas the latter two groups
did not differ from one another. Basal cortisol levels
in subordinate and ovx females were not altered by
E2 implants.

Although mean basal cortisol concentrations did
not differ between the E2 and C conditions, visual
inspection of the data suggested that cortisol levels
declined over time in the E2 condition. For each
subordinate and ovx female, therefore, we calcu-
lated the Spearman correlation coefficient between
basal cortisol concentrations and days from initial
implantation of capsules, and compared these rS

values between the E2 and C conditions. Both
subordinate and ovx females consistently showed
a decline in cortisol levels over time in the E2

condition (ovx: rSZK0.297 to K0.800; subordi-
nate: rSZK0.042 to K0.533) but not in the C
condition (ovx: rSZK0.420 to 0.807; subordinate:
rSZK0.450 to 0.691). This difference between
conditions was significant for ovx (PZ0.014,
Wilcoxon) but not subordinate females, indicating
that in ovx females alone, E2 treatment caused a
decline in basal cortisol concentrations over time.
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3.3. ACTH-stimulated cortisol

DEX-suppressed cortisol concentrations immedi-
ately prior to ACTH treatment, averaged across
the three ACTH stimulation tests, did not differ
reliably among groups in the C condition and, in
subordinate and ovx females, were not altered by
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integrated responses to ACTH. E2 treatment
affected the net integrated response to ACTH
differently in subordinate and ovx animals
(group!condition interaction: F[1,9]Z5.492, PZ
0.044). When each group was analyzed separately,
however, their net integrated responses to ACTH
did not differ between the E2 and C conditions.

To more closely examine the pattern of cortisol
responses to ACTH, we analyzed the elevation in
cortisol above pre-ACTH, DEX-suppressed baseline
levels at both 60 and 120 min after ACTH or saline
injection between groups (subordinate, ovx),
between conditions (C, E2), and among ACTH
doses using 3-way ANOVAs. The net cortisol
elevation at 60 min differed across ACTH doses
(F[2,18]Z211.073, P!0.0001; Fig. 3) but not
between groups or conditions. The net cortisol
elevation at 120 min also differed across ACTH
doses (F[2,18]Z205.246, P!0.0001), and this dose
effect differed between the C and E2 conditions
(F[2,18]Z3.872, PZ0.040). Inspection of the data
presented in Fig. 3 suggests that at this timepoint,
marmosets showed relatively greater responses to
10 mg/kg ACTH, as compared to 1 mg/kg ACTH, in
the E2 condition than in the C condition. The
biological significance of this finding is unclear,
but it may indicate a subtle, E2-mediated increase
in adrenocortical steroidogenic capacity.
4. Discussion

Results of this study indicate that diminished
circulating basal cortisol levels in anovulatory
subordinate female marmosets are not mediated
by hypoestrogenism. As in previous studies, anovu-
latory subordinates in the control condition had
markedly lower plasma E2 and morning basal
cortisol concentrations than dominant females
undergoing ovulatory cycles (Abbott et al., 1988,
1997; Saltzman et al., 1994, 1998, 2004; see also
Johnson et al., 1996). Long-term treatment with
physiological doses of E2, however, did not elevate
basal or ACTH-stimulated cortisol levels in either
subordinate or ovx females.

We have previously found that subordinate
female marmosets have lower basal cortisol levels
than dominant females but similar circulating ACTH
levels (Saltzman et al., 2004, in press), suggesting
that the adrenal cortex is less responsive to ACTH in
subordinates than in dominants. Moreover, both
subordinate and ovx females showed lower peak
and net integrated responses to 10 mg/kg ACTH than
follicular-phase dominants (Saltzman et al., 2000).
In the present study, in contrast, basal cortisol
levels of subordinates were significantly lower than
those of both dominant and ovx females, but
cortisol responses to ACTH did not differ among
groups. The reason for this disparity is not clear and
must await resolution in future studies. None-
theless, these findings suggest that the principal
mechanism underlying reduced basal cortisol levels
in subordinate females acts at the level of the brain
or pituitary, rather than the adrenal cortex, and is
not triggered by suppression of ovarian hormones.

Basal cortisol levels of ovx females in this study
did not differ from those of dominant females in any
phase of the ovarian cycle. In a previous study, in
contrast, basal cortisol levels of ovx females were
significantly lower than those of ovary-intact
females during the periovulatory (but not the
follicular or luteal) phase (Saltzman et al., 1998).
This disparity may reflect the small number of
dominant females for which we had periovulatory-
phase cortisol data (NZ5), as well as the less
systematic collection of blood samples across the
cycle, in the present study as compared to the
previous one. Importantly, however, the absence of
cortisol differences between dominant and ovx
females further indicates that estrogen is not an
important regulator of cortisol secretion in this
species.

Estrogen elevates circulating glucocorticoid
levels in rodents through a number of actions on
the brain, pituitary, adrenal cortex and liver
(reviewed by Kime et al., 1980; Young, 1995,
1998; Wilson et al., 2005). Estrogenic effects on
the HPA axis have also been documented in
primates. Ovariectomy decreases mean daily
plasma cortisol levels and the amplitude of the
circadian change in cortisol in rhesus macaques
(Smith and Norman, 1987). Conversely, estrogen
treatment elevates plasma cortisol levels in gonad-
ectomized male and female macaques (Norman
et al., 1992; Stavisky et al., 2003; Wood et al.,
2004) and squirrel monkeys (Coe et al., 1986). In a
recent study (Wilson et al., 2005), female rhesus
macaques were treated with the gonadotropin-
releasing hormone agonist leuprolide acetate to
suppress pituitary-ovarian activity. Subsequent E2

replacement reduced negative-feedback effects of
DEX on ACTH and cortisol, and enhanced the
cortisol response to corticotropin-releasing factor
(CRF; Wilson et al., 2005). Exogenous E2 has also
been shown to elevate plasma ACTH and cortisol
levels in baboons undergoing postpartum anovula-
tion (Giussani et al., 2000). In women, the reported
effects of estrogen replacement on HPA activity
have been more variable, with some authors report-
ing that estrogen elevated plasma cortisol levels
(Burleson et al., 1998; Gudmundsson et al., 1999)
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and others finding no effects of estrogen on basal
ACTH or cortisol levels, responses to DEX suppres-
sion, or responses to ACTH stimulation (Slayden
et al., 1998). Interestingly, in a recent study
(Pluchino et al., 2005), long-term E2 treatment
produced a decline in cortisol levels of hysterecto-
mized and ovx postmenopausal women, similar to
our findings in ovx marmosets. The mechanisms by
which estrogen may stimulate HPA activity in
primates have received relatively little attention
but include increased expression of CRF in the
hypothalamus (Vamvakopoulos and Chrousos, 1993;
Roy et al., 1999), alterations in cortisol metabolism
(Pepe et al., 1982) and elevation of plasma
corticosteroid-binding globulin (CBG) levels (Coe
et al., 1986).

Stavisky et al. (2003) recently suggested that
New World primates, such as marmosets and
squirrel monkeys, show enhanced estrogenic stimu-
lation of HPA activity, as compared to more modest
effects in Old World primates such as humans,
macaques and baboons. To our knowledge, the
present study is only the second to directly
characterize effects of estrogen on HPA activity in
a New World primate. In the first (Coe et al., 1986),
E2 markedly elevated both CBG and cortisol
concentrations in squirrel monkeys; however, it is
unclear whether the estrogen treatment used in
that study produced circulating E2 concentrations
within or above the physiological range. Thus, we
find no support for the suggestion that estrogenic
stimulation of HPA activity is more pronounced in
New World than in Old World primates.

One possible explanation for the failure of E2 to
increase basal cortisol levels in female marmosets
is that marmosets have extremely low circulating
levels of CBG, so that virtually all cortisol circulates
unbound or weakly bound to albumin (Pugeat et al.,
1984; Robinson et al., 1985; Klosterman et al.,
1986). Thus, estrogen-mediated increases in circu-
lating CBG levels, which may be one of they key
mechanisms by which estrogen increases circulat-
ing glucocorticoid concentrations in other species
(Sandberg and Slaunwhite, 1959; Coe et al., 1986),
are unlikely to occur in marmosets.

We have previously argued (Saltzman et al.,
1994, 1998, 2000) that diminished cortisol secretion
in subordinate female marmosets may be
mediated, in part, by social suppression of repro-
ductive hormones. While our present findings
indicate that low basal cortisol levels are not
mediated to an appreciable extent by hypoestro-
genism, they also suggest that suppression of CG
release from the pituitary may play a role.
Unexpectedly, E2 treatment caused a gradual
decline in basal cortisol levels in both ovx and
subordinate females; however, this effect differed
significantly from the control condition only in ovx
females. An intriguing possibility is that this
difference between subordinate and ovx animals
was mediated by differences in their CG responses
to E2. We were not able to collect sufficient plasma
to assay CG, but CG presumably declined in our ovx
females in response to E2 treatment, as previously
reported in marmosets (Hodges, 1978). CG levels in
anovulatory, ovary-intact subordinates, in con-
trast, are usually at or near the assay sensitivity
limit (Abbott et al., 1981; Abbott, 1988; Saltzman
et al., 1998) and, at least in ovx subordinates, are
highly sensitive to negative feedback from even low
doses of E2 (Abbott, 1988; Abbott et al., 1990). It is
likely, therefore, that CG in our subordinates, in
contrast to the ovx females, underwent little
additional suppression in response to E2 treatment.

In summary, results of this study suggest that in
the common marmoset, in contrast to several other
species, estrogen does not elevate HPA activity:
elevation of circulating E2 levels of anovulatory
subordinates and ovx females into the range typical
of dominant, cycling females did not increase
either mean basal cortisol levels or ACTH-stimu-
lated cortisol levels following DEX suppression.
Thus, socially induced hypoestrogenism does not
appear to contribute to chronic reductions in
circulating cortisol levels in anovulatory subordi-
nate female marmosets.
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