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Abstract

Socially subordinate female common marmoset monkeys undergo pronounced, chronic
reductions in basal plasma cortisol levels, which appear to result both from socially induced
suppression of reproductive hormones and from direct effects of social subordination. In this
study, we tested the hypothesis that this cortisol suppression is mediated by reduced adreno-
cortical responsiveness to adrenocorticotropic hormone (ACTH). Dominant, subordinate, and
ovariectomized females were given dexamethasone (5 mg/kg, IM), followed the next morning
by human ACTH_54 (10 pg/kg, 1V) or sterile saline (0.5 ml/kg, IV); blood samples were
collected at—20 through 150 min from ACTH or saline treatment and assayed for cortisol.
ACTH, but not saline, caused a marked elevation of plasma cortisol levels. Prior to ACTH
treatment, dominant females tended to have higher dexamethasone-suppressed cortisol levels
than subordinate and ovariectomized females. After ACTH treatment, dominant females had
significantly higher cortisol concentrations, as well as higher peak and net integrated cortisol
responses to ACTH, than did subordinate and ovariectomized animals; the latter two groups
showed comparable cortisol responses to ACTH. These results suggest that dampened adreno-
cortical responsiveness to ACTH contributes to chronic reductions in cortisol levels in subordi-
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nate female marmosets and may be mediated by suppression of reproductive hormones.
[0 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chronic dysfunction of the hypothalamo—pituitary—adrenal (HPA) axis is associa-
ted with numerous psychopathological conditions. For example, elevations of HPA
activity frequently accompany major depressive disorder (Chrousos et al., 1987),
panic disorder (Abelson and Curtis, 1996), and anorexia nervosa (Licinio et al.,
1996), whereas suppression of circulating glucocorticoid levels may be associated
with post-traumatic stress disorder (Yehuda, 1998) and chronic fatigue syndrome
(Demitrack et al., 1991). Studies of HPA dysregulation in human psychopathology
have typically focused on centrally mediated mechanisms, such as altered release of
corticotropin-releasing hormone (CRH) from the hypothalamus or altered feedback
of glucocorticoids on the brain. While these centrally mediated effects contribute to
chronic changes in glucocorticoid secretion, direct effects at the level of the adrenal
cortex have also been implicated (e.g. Amsterdam et al., 1983; Charlton and Ferrier,
1989; Ehrhart-Bornstein et al., 1998; Jaeckle et al., 1987; Scott et al., 1999). The
specific role of adrenocortical disruptions in psychopathology has received little
attention, and little is known of their mechanisms.

One novel, naturally occurring model of chronic alterations in HPA function is
found in the common marmose€dllithrix jacchug, a small New World monkey
that exhibits pronounced social regulation of both HPA and reproductive function.
Social groups may contain 2—4 adult females, but typically only the dominant female
produces offspring. In both wild and captive groups, behaviorally subordinate
females usually fail to breed and instead provide care for the offspring of the domi-
nant female (reviewed by French, 1997). These subordinate females are frequently
anovulatory and hypoestrogenemic as a result of inadequate pituitary release of
luteinizing hormone (LH; Abbott et al., 1981, 1988). The endocrine consequences
of subordination are both rapid and reversible: when a cycling female is introduced
into a social group in which she becomes behaviorally subordinate, plasma LH levels
decline precipitously in 1-4 days and ovulatory cycles soon cease. Upon removal
from the social group, anovulatory subordinate females show an equally rapid rever-
sal of these endocrine changes and usually ovulate within 2—-3 weeks (Abbott and
George, 1991; Abbott et al., 1988). Socially subordinate females can remain anovula-
tory and hypoestrogenemic for 2 years or more (Abbott and George, 1991; unpub-
lished data).

In contrast to several other primate species, in which subordinate individuals have
elevated HPA activity and appear to be subjected to greater stress than dominants,
socially subordinate female marmosets undergo pronounced suppression of plasma
cortisol levels (Abbott et al., 1997; Johnson et al., 1996; Saltzman et al., 1994, 1998).
When females undergoing ovulatory cycles are introduced into a new social group
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in which they become behaviorally subordinate and anovulatory, morning basal cor-
tisol levels drop significantly within 6—7 weeks, to approximately 45% of the levels
typical of cycling females (Abbott et al., 1997; Saltzman et al., 1994, 1998; see also
Johnson et al., 1996); females that become dominant in new groups, in contrast, do
not show sustained changes in plasma cortisol levels (Abbott et al., 1997; Saltzman
et al., 1994). The dramatic suppression of cortisol levels in subordinates can persist
for months to years and appears to be mediated in part by suppression of reproductive
hormones (Saltzman et al., 1994, 1998; unpublished data): females that are anovula-
tory but not subordinate to other females also exhibit cortisol suppression (Saltzman
et al., 1994). Moreover, plasma cortisol levels in female marmosets change systemati-
cally across the ovarian cycle, suggesting that HPA activity is modulated by repro-
ductive hormones in this species (Saltzman et al., 1998). Social subordination per
se, however, may also exert a direct inhibitory influence on HPA activity. We have
recently found that plasma cortisol levels of ovary-intact subordinate females are
suppressed not only as compared to dominant females undergoing ovulatory cycles,
but also as compared to pair-housed ovariectomized females of comparable ages and
body weights (Saltzman et al., 1998; unpublished data). These ovariectomized ani-
mals are neither dominant nor subordinate to other females and have significantly
lower plasma estrogen levels than ovary-intact dominants and subordinates (Saltzman
et al., 1998).

In spite of the pronounced differences in basal cortisol levels between dominant
and subordinate females, initial studies have found no differences in basal plasma
adrenocorticotropic hormone (ACTH) levels (Abbott et al., 1998; Johnson et al.,
1996; Saltzman et al., 1997; unpublished data). These findings suggest that subordi-
nate females may have dampened adrenocortical responsiveness to ACTH. In this
study, therefore, we tested the hypothesis that suppression of basal cortisol levels in
subordinate female marmosets is mediated, at least in part, by reduced cortisol
responses to ACTH. To do this, we characterized plasma cortisol levels before and
after injection of a standardized dose of ACTH, following treatment with dexame-
thasone the previous day to suppress endogenous ACTH and cortisol secretion. We
compared subordinate females’ cortisol levels with those of both dominant females
and long-term ovariectomized animals, to assess the effects of both subordinate social
status and low gonadal hormone levels on adrenal responsiveness to ACTH.

2. Methods
2.1. Animals

We used a total of 28 captive-born, adult female common marmoSetstiirix
jacchus jacchus including 11 socially dominant females undergoing ovulatory
cycles, eight anovulatory subordinates, and nine long-term ovariectomized, pair-
housed females. For the ACTH Challenge condition, in which we compared cortisol
responses to exogenous ACTH among groups, we used eight dominant, six subordi-
nate, and eight ovariectomized females. Dominant, subordinate, and ovariectomized
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animals in this condition did not differ significantly in body mass (33490 vs.
422.2+22.5 vs. 424.918.6 g, respectively; meaSE; F[2,19]=0.74,p=0.49) but did

differ in adult age at the time of the studi[2,19]=3.87,p<0.05): ovariectomized
females (54.285.76 months) were significantly older than subordinate females
(35.13t3.16 monthsp<<0.05, Tukey test), whereas dominant females (424929
months) were intermediate in age and did not differ significantly from the other two
groups. For the Saline Control condition, we used three dominant, two subordinate,
and three ovariectomized females, including two ovariectomized animals that had
been used previously in the ACTH Challenge condition.

Dominant and subordinate animals were housed in groups containing two or three
unrelated adult females and one or two gonadally intact adult males. Groups had
been formed as described previously (Saltzman et al., 1998), A1l 74 months
prior to data collection. Dominance hierarchies in such groups typically are estab-
lished 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 weekly (Saltzman et al., 1994; see below). Subordinates had
not ovulated (see below) for at least 73 days prior to data collection and had not
exhibited elevated plasma progesterone concentratiori (ng/ml; see below),
characteristic of the luteal phase of the ovarian cycle, for at least 66 days.

Ovariectomized females had been pair-housed with a gonadally intact male for
23.625.71 months prior to data collection and had undergone bilateral removal of
the ovaries and Fallopian tubes at least 6.94 months before the study began
(23.93:5.23 months). 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). Ovariectomized females had not undergone
ovarian hormone-replacement treatment at any time.

Animals were housed indoors, with lights on from 06:00-18:00 h, ambient tem-
perature at approximately 2Z, and humidity at approximately 50%. Most of the
animals occupied aluminum and wire mesh cages measuring18183 cm,
122x61x183 cm, or 6%61x183 cm; however, three of the animals were housed in
a larger room (368212218 cm). Animals were fed once daily between 13:00 and
15:00 h, and water was available ad libitum. Additional information on marmoset
housing and husbandry is provided by Saltzman et al. (1998).

2.2. Experimental design

To ensure that all dominant females were in the early to mid-follicular phase of
the ovarian cycle during the experiment, we gave each dominant animal an IM injec-
tion of 1.0ug cloprostenol sodium (Estrumate, Mobay Corp., Shawnee, KS), a pro-
staglandin F& analog, 3—4 days before data collection, which was timed to occur
15-45 days following the previous ovulation. This treatment causes luteolysis and
termination of the luteal phase or early pregnancy (Summers et al., 1985). We also
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injected the ovariectomized females and subordinate females with the same dose of
cloprostenol 3-4 days before data collection, to control for any possible effects of
cloprostenol on HPA activity. This treatment has not been found to alter baseline
cortisol levels in marmosets (Saltzman et al., 1998).

On the day prior to data collection, each animal was weighed and given an IM
injection of 5 mg/kg dexamethasone sodium phosphate (DEX; American Regent Lab-
oratories, Shirley, NY) at approximately 15:20-16:00 h to suppress endogenous
ACTH and cortisol secretion. This dose of DEX has been found to suppress plasma
cortisol and ACTH levels in female marmosets for 2—3 days (unpublished data). On
the day of data collection, each animal received an IV injection of eithquglkg
synthetic human ACTH 35 (Sigma, St. Louis, MO) in 0.5 ml/kg sterile saline (ACTH
Challenge condition) or an equivalent volume of sterile saline without ACTH (Saline
Control condition) at 09:00-09:20 h. Previous studies have shown that this dose of
ACTH produces a robust but sub-maximal cortisol response in female marmosets
(unpublished data). Blood samples (0.1-0.3 ml) were collected by femoral puncture
at —20 (baseline), 20, 40, 60, 80, 100, 120, and 150 min from the ACTH or saline
injection and immediately placed on ice. For collection of blood samples, animals
were briefly restrained in a marmoset restraint tube (Hearn, 1977), to which they
had been adapted extensively, while blood was collected into a heparinized syringe
by femoral puncture. Between samples, each marmoset remained alone in a stainless
steel nestbox, which also served as a transport cage. Blood samples were centrifuged
at 2000 rpm for 10 min, and the plasma fraction was separated and stor&D4l
until assayed.

Plasma cortisol concentrations in each blood sample were determined in duplicate
aliquots by radioimmunoassay using an antibody-coated-tube kit (GammaCoat
Incstaf] Corp., Stillwater, MN) as described previously (Saltzman et al., 1994).
Assay sensitivity at 90% binding was 0.1 ng per tube (1gadl), and intra- and
inter-assay coefficients of variation (CVs) of a plasma pool assayed in quadruplicate
in each assay (40% binding) were 4.03% and 9.96%, respectinel dssays).

2.3. Monitoring of ovarian function

To monitor ovarian function in the months prior to this experiment, we collected
blood samples twice each week, at 3- to 4-day intervals, from all intact females, for
measurement of plasma progesterone levels (Saltzman et al., 1994). Animals were
manually captured from the home cage and placed in a restraint tube while 0.1-0.3
ml blood was collected by femoral puncture into a heparinized syringe.

Plasma progesterone levels in twice-weekly blood samples were measured in
duplicate aliquots using a heterologous enzyme immunoassay (Saltzman et al., 1994).
Assay sensitivity at 90% binding was 3.6 pg per tube (2.7 ng/ml), and intra- and
inter-assay CVs of a marmoset plasma pool (38% binding) were 6.13% and 20.85%,
respectively 1=1193 assays). Ovulation was considered to have occurred on the day
before a sustained=2 consecutive blood samples) elevation of progesterone levels
above 10 ng/ml (Harlow et al., 1983). To prevent term pregnancies, we gave each
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dominant female an IM injection of 0.75-1)0gy cloprostenol 14-45 days after
each ovulation.

2.4. Statistical analysis

To reduce heterogeneity of variance and increase normality of the data, cortisol
concentrations were log-transformed (Sokal and Rohlf, 1995). Data from the ACTH
Challenge condition were initially analyzed by two-way ANOVA, with groups
(dominant, subordinate, ovariectomized) treated as a between-groups factor and time
from ACTH injection treated as a within-groups factor. Following significant omni-
bus ANOVA results, we performed post hoc analyses using the Tukey HSD test and
univariateF tests. To determine net integrated cortisol responses to ACTH across
time, we calculated the area under the curve following ACTH treatment, using the
trapezoid method. Net integrated and peak cortisol responses to ACTH, and cortisol
responses to saline in the Saline Control condition, were log-transformed and ana-
lyzed by one-way ANOVA.

Statistical analyses were performed using Systat version 5 for the Macintosh. For
all analyses, significance was assessed at the .05 level. Cortisol data are presented
as back-transformed meat85% confidence limits.

3. Results
3.1. ACTH Challenge condition

Plasma cortisol levels differed markedly among groufi,09]=11.56,p<0.001)
and across time from ACTH injectiorF[7,133}F255.70,p<0.001). As shown in
Fig. 1, ACTH caused a rapid and pronounced elevation of cortisol in all three groups
of animals. Post hoc univariate tests revealed that for all three groups combined,
cortisol levels at all seven timepoints following ACTH injection were significantly
higher than those at20 min ( values<0.001). Moreover, post hoc comparisons
of consecutive pairs of timepoints indicated that after ACTH treatment, cortisol levels
rose steadily from 20 to 80 mip {/alues<0.05) and plateaued at 80—-100 min, before
declining from 100 to 150 minp( values<0.05; see Fig. 1). Finally, Tukey tests
revealed that, overall, cortisol levels of dominant females were significantly higher
than those of both subordinate and ovariectomized femgbesa(ues<0.005),
whereas the latter two groups did not differ from one anotpef.82). Consistent
with previous findings, plasma cortisol levels of marmosets were approximately 5-10
times higher than those of humans and other Old World primates (Coe et al., 1992).
To further characterize differences among groups in the adrenal response to
ACTH, we compared the peak cortisol level from each animal (Fig. 2). Peak cortisol
concentrations differed significantly among groupf2(19]=5.99,p<0.01) and were
significantly higher in dominant females than in either subordinat@.01) or ovar-
iectomized <<0.05) animals; the latter two groups did not differ from one another
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Fig. 1. Plasma cortisol levels (back-transformed me86%o confidence intervals) of dominamt=8),
subordinate ri=6) and ovariectomizednE8) female marmosets before and after injection of human
ACTH,_34(10 pg/kg, V), or of a total of eight female marmosets before and after injection of physiologi-
cal saline (0.5 ml/kg, 1V). Dexamethasone (5 mg/kg, IM) was administered the previous day to suppress
endogenous cortisol and ACTH secretion. For the ACTH Challenge conditigre@001 vs.—20 min;

b, p<0.001 vs. preceding timepoint; ps<0.05 vs. preceding timepoint. For the Saline Control condition:

d, p<0.05 vs. preceding timepoint.
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Fig. 2. Peak plasma cortisol responses (back-transformed w#sconfidence intervals) of dominant
(n=8), subordinater=6) and ovariectomizedn£8) female marmosets to human ACTH, (10 pg/kg,
IV), following suppression with dexamethasone (5 mg/kg, IM) the previous dap=@&01 compared
with dominants; bp<0.05 compared with dominants.
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(p=0.66). The time from ACTH injection at which cortisol levels peaked did not
differ significantly among groups (26 min, F[2,19]=0.12, p=0.89).

To evaluate possible differences in net integrated cortisol responses to ACTH over
time, we compared the area under the curve for cortisol levels following ACTH
injection (Fig. 3). This measure revealed significant differences among groups
(F[2,19]-4.24),p<0.05): dominant females had higher integrated cortisol responses
to ACTH than both subordinate and ovariectomized females, but these pairwise dif-
ferences were only marginally significarm yaluess0.0579, 0.0532, respectively).
Again, subordinate and ovariectomized animals did not differ reliably from one
another =0.99).

The finding that cortisol levels showed a significant main effect of group, but not
a groupctime interaction, in the omnibus ANOVA indicated that cortisol levels dif-
fered among groups both before and after ACTH injection (Fig. 1). This was con-
firmed by a separate one-way ANOVA, which revealed a significant difference
among groups in cortisol levels at20 min F[2,19]=3.69, p<0.05). Dominant
females tended to have somewhat higher cortisol levels prior to ACTH injection than
both subordinatep=0.07) and ovariectomized£0.08) females, but these pairwise
differences were not statistically significant. We next performed a series of Pearson
correlations to determine whether each animal’'s peak cortisol response to ACTH
was related to its cortisol concentration 20 min before ACTH treatment. These analy-
ses did not reveal a significant relationship between peak cortisol responses to ACTH
and initial DEX-suppressed cortisol levels (dominar.48, df6, p=0.23; subordi-
nate: r=—0.04, df4, p=0.93; ovariectomizedr=—0.14, df6, p=0.74; all groups
combined:r=0.38, d20, p=0.08). Similarly, additional Pearson correlations did not
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Fig. 3. Net integrated cortisol responses (back-transformed m@a%s confidence intervals) of domi-
nant (=8), subordinater=6) and ovariectomizech€8) female marmosets to human ACTh, (10 pg/kg,
IV), following suppression with dexamethasone (5 mg/kg, IM) the previous day: a<@£08.06 com-
pared with dominants.
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reveal a significant relationship between each animal's net integrated cortisol
response to ACTH and its cortisol concentration prior to ACTH treatment (dominant:
r=—0.12, dE6, p=0.77; subordinate:r=—0.25, dfE4, p=0.63; ovariectomized:
r=—0.41, df6, p=0.32; all groups combined:=0.09, d&20, p=0.69).

To determine whether the relatively older ages of the ovariectomized females may
have contributed to their low cortisol levels, we examined possible age effects on
morning basal plasma cortisol concentrations in a total of nine female marmosets,
including five dominant females in the early to mid-follicular phase of the ovarian
cycle and four long-term ovariectomized, pair-housed animals. For each animal, we
compared basal cortisol levels in two blood samples collected 14—-28 months apart
(meartSE: 19.6@1.38 months, comparable to the maximum age difference between
groups in the ACTH Challenge condition—see Section 2; age range of these nine
animals: 26.18-68.19 months at first sample, 44.61-92.50 months at second sample).
Cortisol levels did not change significantly across time (main effect of time:
F[1,7]=0.19,p=0.68; grouptime interaction¥[1,7]=0.23,p=0.65). Using a different
data set, we additionally performed Pearson correlations to determine whether basal
morning plasma cortisol levels were correlated with age in 14 dominant females in
the early to mid-follicular phase of the ovarian cycle (age range: 26.33—65.33
months), 16 anovulatory subordinates (17.99-53.06 months), and 10 long-term ovar-
iectomized females (42.14-96.94 months). Correlations for each group were weak
and non-significantr(values: —0.28-0.01,p values>0.3), further indicating that
basal plasma cortisol levels do not change across the age range of animals used in
this study.

3.2. Saline Control condition

Cortisol levels showed a significant, but small, change across time during the
Saline Control conditionK[7,49]=3.17, p<<0.01; Fig. 1). In contrast to the clear
pattern of changes across time following ACTH treatment in the ACTH Challenge
condition, however, post hoc univariaketests revealed that the only significant
pairwise difference was between cortisol levels at 100 and 120 min following saline
injection (<<0.05).

To further clarify the difference between cortisol responses to ACTH and saline,
we performed treatment conditions (ACTH vs. salirgime ANOVASs for dominant
females and for subordinate and ovariectomized females together, since these latter
two groups showed no differences from one another. Each of these analyses revealed
a highly significant effect of treatment condition (dominan€[1(9]=43.38,
p<<0.001); subordinateovariectomized: K[1,17]=69.06, p<<0.001)) and of time
(dominant: F[7,63}F49.47, p<0.001); subordinatevariectomized: K[7,119}F47.08,
p<0.001)) as well as a treatment conditigrtime interaction (dominant:H{7,63]=
49.37, p<0.001); subordinatevariectomized: K[7,119F17.81, p<0.001)). Sub-
sequent-tests revealed that cortisol levels did not differ prior to injection of ACTH
and saline (dominant: T{9]=0.56, p=0.59); subordinateovariectomized:
(T[17]=0.51, p=0.61)) but that mean cortisol levels were significantly higher after
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ACTH than after saline injection (dominant: T[0]=7.69, p<0.001);
subordinateovariectomized: T[17]=8.11, p<<0.001)).

4. Discussion

Female common marmosets show pronounced, chronic suppression of basal circul-
ating cortisol levels as a consequence of becoming behaviorally subordinate in a
social group and undergoing social suppression of reproductive function (Abbott et
al., 1997; Johnson et al., 1996; Saltzman et al., 1994, 1998). This adrenocortical
suppression can be mimicked, to some extent, by ovariectomizing non-subordinate
females, indicating that withdrawal of reproductive hormones, as well as direct
effects of social subordination, contributes to chronic suppression of adrenocortical
activity in these animals (Saltzman et al., 1998).

Results of the present study indicate that in both subordinate and ovariectomized
females, cortisol suppression may be mediated, at least in part, by reduced respon-
siveness of the adrenal cortex to ACTH. Compared with socially dominant females
in the follicular phase of the ovarian cycle, both subordinate and ovariectomized
animals had significantly lower peak cortisol responses to exogenous ACTH and
marginally significantly lower net integrated responses. Importantly, however, no
differences were found between cortisol responses of subordinate and ovariectom-
ized females.

Interpretation of the present results is complicated by the finding that cortisol
levels differed somewhat among groups before ACTH injection;-20 min. The
most obvious explanation for this finding is that dominant, subordinate, and ovariec-
tomized females may have differed in their negative-feedback sensitivity to the high
dose of DEX that was administered. However, a separate series of studies, in which
we examined morning plasma cortisol before and after DEX treatment, indicated
that dominant females may show reduced cortisol responsiveness to a low dose of
DEX (0.5 mg/kg), compared with subordinate and ovariectomized females, but do
not appear to be more resistant to cortisol suppression in response to higher doses
of DEX (1.0 or 5.0 mg/kg; Saltzman et al., 1997; unpublished data). Moreover,
if the observed differences among groups in cortisol responses to ACTH reflected
differences in the degree of HPA suppression initially induced by DEX, then we
would expect to find a significant positive correlation between marmosets’ initial,
DEX-suppressed cortisol levels, prior to ACTH treatment, and their overall (peak,
net integrated) responses to ACTH. The absence of such a relationship in the present
study strongly suggests that reduced cortisol responses to ACTH in subordinate and
ovariectomized females were not caused by or closely linked to these animals’ rela-
tively low pre-ACTH cortisol levels.

Another possible explanation for the observed differences in cortisol levels is that
subordinate and ovariectomized females had reduced endocrine responses to the cap-
ture and handling procedures used in our experiment, compared with dominants.
This is unlikely, however, as DEX strongly inhibits ACTH and glucocorticoid
responses to stressors in several species (e.g. dog: Keller-Wood et al., 1988; rat:
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Nicholson et al., 1984). Furthermore, we have shown previously that the procedures
involved in capture and blood sampling are not a potent stressor to the animals in
our colony (Saltzman et al., 1994). Thus, differences in the endocrine stress—response
are unlikely to account for the present findings.

Because subordinate and ovariectomized females showed virtually identical cor-
tisol responses to exogenous ACTH (although both differed from dominant females),
altered reproductive function, rather than social subordination per se, may be the
critical factor reducing adrenocortical responsiveness. One possibility is that adrenal
steroidogenesis is dampened by chronic reductions in circulating estrogen levels.
Plasma estrogen concentrations are significantly reduced in both subordinate and
ovariectomized female marmosets, as compared to females undergoing ovulatory
cycles (Kendrick and Dixson, 1984; Saltzman et al., 1998), and both anatomical and
physiological evidence supports a direct effect of estrogen on the adrenal cortex. In
several species, the adrenal cortex expresses estrogen receptors (e.g. rat: Calandra
et al., 1980; brushtail possum: Weiss and Xu, 1990; see alsteiMand Wotiz,
1978), and in rhesus monkeys, estrogen receptor expression is particularly high in
the zona fasciculata, the adrenocortical zone primarily responsible for secretion of
glucocorticoids (Hirst et al., 1992). Moreover, in vitro studies have indicated that
estrogen can stimulate adrenal steroidogenesis. For example, adrenal slices from
oophorectomized female rats produced less corticosterone than those from intact
females, and produced more corticosterone following in vivo or in vitro estradiol
treatment than in the absence of estradiol (Kitay, 1963a,b). Estrogen also potentiated
the steroidogenic effects of ACTH on adrenal slices and adrenal homogenates from
hypophysectomized female rats; however, estrogen did not alter adrenal steroidogen-
esis in the absence of ACTH in these preparations (Colby and Kitay, 1974), suggest-
ing that stimulatory effects of estrogen on the adrenal cortex are mediated by altered
ACTH responsiveness.

Another reproductive hormone that might influence adrenocortical steroidogenesis
is LH. In a recent study, we found that plasma concentrations of LH, but not estradiol,
estrone, or progesterone, were a significant predictor of morning basal cortisol levels
in ovariectomized and subordinate female marmosets (Saltzman et al., 1998). Plasma
LH levels of both ovariectomized and subordinate females are significantly lower
than those of cycling females in either the periovulatory or luteal phase of the ovarian
cycle but not the follicular phase (Saltzman et al., 1998; see also Abbott et al., 1988).
Effects of LH on HPA activity have not been studied extensively; however, a grow-
ing body of evidence indicates that LH can alter glucocorticoid secretion, and that
these effects are mediated, at least in part, by direct stimulatory effects on the adrenal.
For example, LH can raise circulating corticosterone levels in rats in vivo (Phillips
and Poolsanguan, 1978), and can stimulate glucocorticoid release from both rat and
opossum adrenal tissue in vitro (Vinson and Renfree, 1975; Vinson et al., 1976).
Similarly, human chorionic gonadotropin (CG), which is structurally and functionally
homologous to LH, increases cortisol release from isolated guinea-pig adrenal cells
(O'Connell et al., 1994). LH has also been implicated in causing hypertrophy of
cellular organelles in the zona fasciculata and zona glomerulosa, and in increasing
adrenal steroidogenic capacity in rats (Chung, 1978). Moreover, LH/CG receptor
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transcripts and receptor protein have recently been identified in the zona fasciculata
of human adrenal glands (Pabon et al., 1996), and LH receptors have recently been
identified in adrenal tumors from transgenic mice expressing the Simian Virus 40
T-antigen (Rilianawati et al., 1998).

In contrast to the present study, in which subordinate and ovariectomized females
showed no differences in adrenal responsiveness to ACTH, previous studies have
revealed significantly lower basal plasma cortisol levels in subordinates than in ovar-
iectomized animals (Saltzman et al., 1998; unpublished data). This suggests that
suppression of basal cortisol levels in subordinate female marmosets may involve at
least two mechanisms. One of these mechanisms appears to involve reduced adreno-
cortical responsiveness to ACTH and may result directly from hypogonadotropic
hypogonadism and chronic hypoestrogenism secondary to social subordination. The
second mechanism may be independent of altered gonadotropin and ovarian hormone
levels and may result in an additional lowering of cortisol concentrations below those
of ovariectomized females. This mechanism is likely to be a direct neural conse-
quence of social subordination mediated by the central nervous system, possibly
resulting in altered hypothalamic release of CRH, arginine vasopressin, or other neur-
oendocrine factors influencing HPA function. Consistent with this possibility, pre-
liminary data suggest that ovariectomized marmosets may have higher basal plasma
ACTH levels than either dominant or subordinate females (unpublished data). Thus,
ovariectomized, but not subordinate, females may compensate for reduced cortisol
secretion with increased pituitary release of ACTH, suggesting that subordinate
females may undergo suppression at the level of the pituitary and/or hypothalamus
in addition to the adrenal cortex. Alternatively, suppression of cortisol in subordinates
below levels seen in ovariectomized animals may result from a direct neural effect
on the adrenal cortex. In numerous mammalian species, sympathetic innervation of
the adrenal cortex can modulate adrenal steroidogenesis, including responsiveness
to ACTH (reviewed by Ehrhart-Bornstein et al., 1998; Engeland, 1998). It is
intriguing to speculate that social subordination in female marmosets may result in
altered sympathetic activation of adrenal steroidogenesis.
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