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Abstract Chronic exposure to psychosocial stress may lead

to a dysregulation of the limbic–hypothalamic–pituitary–

adrenal axis that results in a number of adverse health out-

comes. The fat-derived hormone leptin has been indicated as

a potential key component to maintaining homeostasis by

enhancing glucocorticoid negative feedback. Using an

established model of nonhuman primate social stress, notably

social subordination, this study examined the effects of

continuous leptin administration on cortisol secretion in

female rhesus monkeys. The 20 subjects were maintained in

stable five-member social groups with established dominance

hierarchies. All females were ovariectomized but received

estradiol throughout the study to maintain serum concentra-

tions at early follicular phase levels. Three parameters of

cortisol secretion were examined in dominant and subordi-

nate females during control and leptin-treatment conditions:

diurnal cortisol secretion; response to a dexamethasone

suppression test; and response to a brief separation from their

social group. We hypothesized that leptin supplementation

would attenuate the hypercortisolemia characteristic of sub-

ordinate females. During baseline conditions, subordinate

female rhesus monkeys had significantly lower levels of

serum leptin compared with more dominant monkeys and

were less sensitive to glucocorticoid negative feedback.

Exogenous administration of leptin improved glucocorticoid

negative feedback in subordinate females and decreased

morning cortisol in all animals. However, there were no status

differences in response to a social separation test and diurnal

rhythm in cortisol during baseline conditions. However,

leptin administration did not attenuate the increase in cortisol

in response to a social separation. The data presented in this

study demonstrate that leptin can attenuate several parame-

ters of cortisol secretion in female rhesus monkeys and thus

may play a role in the response of the adrenal glands to socio-

environmental stimuli.
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Introduction

Stress is an adaptive response to a physiological or psycho-

logical challenge to an organism’s ability to maintain

homeostasis. This is a beneficial reaction to an acute stressor

that enables an individual to mobilize energy and respond to

a physical or emotional challenge. Exposure to a chronic

stressor, on the other hand, can be a detriment to both

physical and behavioral health, as these conditions increase

the risk for a wide range of adverse health outcomes,

including accelerated progression of coronary artery disease

[1, 2]; affective disorders [3, 4], eating disorders and meta-

bolic dysregulation [5–8], addiction [9]; and reproductive

compromise [10]. In addition, chronic activation of the

limbic–hypothalamic–pituitary–adrenal (LHPA) axis also

adversely affects immune function [11], increasing vulner-

ability to opportunistic disease [12, 13]. These adverse health

outcomes are secondary to the dysregulation of the LHPA

axis that occurs during exposure to chronic stressors [14, 15].

While continued exposure to socio-environmental

stressors may result in the dysregulation of the LHPA axis

[16–19], the consequences of chronic stress may itself
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impair homeostatic mechanisms that regulate the stress

axis. For example, the effect of chronic stressors on

appetite and metabolism are complex and may depend on

the availability of specific macronutrients [20]. However, a

typical outcome of chronic stress exposure, particularly in

animal models, is reduced food intake and a hypometabolic

condition [21, 22], resulting in reduced leptin synthesis and

secretion from adipocytes [23–25]. This reduction in leptin

may, indeed, exacerbate LHPA dysregulation and thus

perseverates any adverse health effects, as leptin can act

centrally and peripherally at the level of the pituitary and

adrenal to attenuate the activation of the LHPA axis [26,

27]. In addition, rodent models indicate that leptin reduces

LHPA activation to a metabolic [28] and physical stressor

[29–31] and reduces basal ACTH release and adrenal

glucocorticoid release in non-stressed animals [32]. Leptin

infusion also enhances glucocorticoid negative feedback

and reduces glucocorticoid response to a novel situation in

female rhesus monkeys [33]. Importantly, leptin deficient,

ob/ob mice have elevated glucocorticoids [34] and leptin

replacement normalizes basal LHPA levels in ob/ob mice

[35, 36]. These data would suggest leptin is an important

signal that can modulate the activity of the LHPA axis in

response to socio-environmental stressors.

In contrast to physical stressors, social subordination is

considered a chronic psychosocial stressor [37]. Social

subordination in the macaque female is also an ethologically

valid psychosocial stressor. When housed socially, female

macaque groups, regardless of size, are organized by a linear

dominance hierarchy that functions to maintain group sta-

bility [38, 39]. Lower ranking animals receive proportion-

ately more aggression from higher-ranking group mates and

these subordinates terminate these interactions by emitting

submissive behaviors. Indeed, submissive behavior directed

at other conspecifics is the defining feature of social subor-

dination in macaque societies, with the lowest ranking ani-

mal submitting to all and the most dominant animal

submitting to none [38–41]. Thus, control over an individ-

ual’s social and physical environment increases with higher

dominance status [42]. Given the recurrent exposure to

harassment from more dominant females, subordinate

females have larger adrenal glands [43] and show a greater

cortisol response to social challenges [44]. In addition,

pharmacological tests using a dexamethasone suppression

[25, 45–49] or ACTH challenge [49] show subordinate

females are hypercortisolemic. The use of social subordi-

nation in macaques is a well-established model to study the

adverse effects of psychosocial stress on cardiovascular

disease [50], addictive behavior [51], central monoamine

changes [49, 52, 53], reproductive dysfunction [54], immune

compromise [47, 55], appetite [45], and an increase in anx-

iety-like or displacement behaviors [45, 56] known to be

stress dependent [57]. Previous studies have also shown that

subordinate adult female rhesus monkeys are hypoleptine-

mic compared to more socially dominant cage mates [25].

Using socially housed adult female rhesus monkeys, this

study tested the hypothesis that leptin supplementation

would attenuate the hypercortisolemia characteristic of

subordinate females. Three parameters of cortisol secretion

were examined in dominant and subordinate females dur-

ing control and leptin-treatment conditions: diurnal cortisol

secretion; response to a dexamethasone suppression test;

and response to a brief separation from their social group.

Results

Subject characteristics and treatment efficacy

As illustrated in Fig. 1, the amount of aggression received

and the amount of submissive behavior emitted was linearly

related to dominance rank. Using previously established

conventions [43], females ranked 1 or 2 in their group were

classified as dominant and those ranked 3, 4, or 5 were

considered subordinate. These social dominance ranks were

unchanged throughout the course of the study. Leptin

administration had no effect on behavior (data not shown).

Estradiol treatments produced similar serum levels of the

hormone in dominant and subordinate females (Table 1).

Anthropometric and basal hormone data are shown in

Table 1. Overall, dominant animals weighed more (F1,17 =

9.03, P \ 0.02) and had a higher body mass index (BMI,

F1,17 = 7.08, P \ 0.02) but not sagittal abdominal diameter

(SAD) (F1,17 = 1.80, P [ 0.05) than subordinate subjects.

Treatment with E2 resulted in a significant decrease in

weight (F1,17 = 70.58, P \ 0.01) and BMI (F1,17 = 70.26,

P = 0.02) but not SAD (F1,17 = 2.55, P [ 0.05) for both

Fig. 1 Mean ± SEM hourly rates of aggressive behavior received

from other cage mates and submissive behavior directed at others as a

function of female rank. Using established conventions [43], females

ranked 1 and 2 are considered dominant and females rank 3–5

considered subordinate
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dominant and subordinate monkeys but leptin did not exac-

erbate these effects (P [ 0.05). Between status groups,

leptin treatment had no significant consequence on weight

(F1,17 = 0.25, P [ 0.05), BMI (F1,17 = 0.31, P [ 0.05), or

SAD (F1,17 = 0.56, P [ .05).

As seen in Fig. 2, serum leptin levels were significantly

lower in subordinate monkeys throughout the control

condition (F3,54 = 2.75, P = 0.05). These status differ-

ences were maintained through day 5 of the leptin-treat-

ment phase. However, by day 14 of treatment, leptin

concentrations were significantly elevated to a similar

concentration in both dominant and subordinate females

(F3,54 = 69.23, P \ 0.01).

Diurnal hormone levels

Secretion of cortisol was examined at 0900, 1200, and

1800 hours for both the control and leptin infusion phases

(Fig. 3). All females show the expected diurnal rhythm in

serum cortisol (F2,36 = 26.45, P = 0.01), with highest

levels in the morning compared to noon and early evening

values (P \ 0.01). However, there was no significant dif-

ference in cortisol levels for dominant versus subordinate

animals across the three time points (F1,18 = 1.23,

P = 0.28) nor was there a significant interaction between

status and time of day (F1,18 = 0.88, P = 0.42). There was

no main effect of leptin administration (F1,18 = 0.12,

P = 0.73) or a leptin by status interaction (F1,18 = 0.19,

P = 0.67). However, there was a significant leptin by time

interaction (F2,36 = 5.98, P = .01). Post-hoc tests revealed

that leptin infusion significant reduced morning levels of

cortisol (P \ 0.05) but not noon or early evening levels

(Fig. 3).

Glucocorticoid negative feedback

A dexamethasone suppression test was used to determine

glucocorticoid negative feedback and LHPA responsivity

(Fig. 4). Dexamethasone effectively suppressed serum

cortisol at 15, 18, and 19 hours post-administration in all

Table 1 Mean ± SEM anthropometric measures and serum estradiol

concentrations for dominant and subordinate females during both

phases of the study

Measure Dominant Subordinate Statistics

Body weight (kg)

E2 start 7.70 ± 0.22 6.67 ± 0.19 Status: P \ .01

Status 9 RX: NS

Rx 9 time: NS

E2 end 7.46 ± 0.22 6.55 ± 0.19

E2 ? leptin start 7.50 ± 0.28 6.49 ± 0.24

E2 ? leptin end 7.38 ± 0.29 6.39 ± 0.25

BMI

E2 start 13.2 ± 0.4 11.4 ± 0.3 Status: P = .04

Rx: NS

Rx 9 time: P \ .01

E2 end 12.5 ± 0.5 10.9 ± 0.4

E2 ? leptin start 12.9 ± 0.7 11.5 ± 0.6

E2 ? leptin end 12.5 ± 0.7 11.3 ± 0.6

SAD (cm)

E2 start 9.00 ± 0.28 8.28 ± 0.24 Status: NS

Status 9 Rx: NS

Rx 9 time: P \ .01

E2 end 8.46 ± 0.23 8.11 ± 0.19

E2 ? leptin start 8.81 ± 0.31 8.31 ± 0.26

E2 ? leptin end 9.94 ± 0.36 8.33 ± 0.1

E2 (pg/ml)

E2 27.9 ± 4.6 30.4 ± 3.8 NS

E2 ? leptin 27.6 ± 8.3 32.7 ± 8.6

Significant main effects of status and treatment (Rx) and the inter-

action of these effects are illustrated in the ‘‘statistics’’ column and

explained more fully in the text

Fig. 2 Mean ± SEM serum levels of leptin during both control and

leptin treatment conditions for dominant and subordinate females.

Leptin levels were significantly lower in subordinates compared with

dominant females throughout the control and through day 5 of leptin

treatment (indicated by an asterisk, P \ 0.05)

Fig. 3 Mean ± SEM diurnal serum concentration of cortisol

obtained at three time points throughout the day in dominant and

subordinate females. Leptin significantly attenuated morning serum

cortisol concentrations (indicated by an asterisk, P \ 0.05). There

were no differences in diurnal cortisol between dominant and

subordinate females (P [ 0.05)
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females (F3,54 = 98.27, P = 0.03). Although the main

effect of status was not significant (F1,18 = 1.23, P =

0.23), there was a significant status by time interaction

(F3,54 = 3.36, P = 0.03), as subordinate females were less

sensitive to dexamethasone suppression than were domi-

nant females during the control condition. The adminis-

tration of leptin did not affect all females similarly

(F1,18 = 0.07, P = 0.90). Rather, it improved glucocorti-

coid negative feedback in subordinates (F1,18 = 4.32,

P = .05), eliminating the social status differences observed

during the control phase. As illustrated in Fig. 4, subordi-

nate females had significantly higher serum cortisol levels

at ?15 and ?18 hours following dexamethasone during the

control phase compared to the leptin-treatment phase and

to dominant females during both phases. At the ?19 hours

time point, subordinates had significantly higher serum

cortisol compared with dominant females during the con-

trol phase, whereas values during the leptin-treatment

phase were intermediate.

Response to a novel environment

The activation of the LHPA axis following social separation

and placement in a novel environment was examined

(Fig. 5). While cortisol did not increase at the 30-min sample

on non-separation days, serum levels were significantly

elevated after the 30-min separation in both dominant and

subordinate females (F1,18 = 13.93, P \ .01). Indeed, the

response in cortisol did not differ between dominant and

subordinate animals (F1,18 = 0.03, P = .86) and the

magnitude of the increase in serum cortisol following social

separation did not differ between the Control (9.42 ±

1.61 lg/dl) and leptin-treatment phases (8.00 ± 1.35 lg/dl;

P [ 0.05). Leptin administration significantly attenuated

overall serum cortisol levels (F1,18 = 6.47, P = 0.02) and

this attenuation was not different between dominant and

subordinate animals (F1,18 = 0.09, P = 0.76).

Discussion

This study shows that dominant females are heavier and

have higher estimates of body fat compared with subordi-

nate females. During baseline conditions, subordinate

female rhesus monkeys have significantly lower levels of

serum leptin compared with more dominant monkeys and

are less sensitive to glucocorticoid negative feedback.

However, there were no status differences in response to a

social separation test and diurnal rhythm in cortisol.

Importantly, exogenous administration of leptin improved

glucocorticoid negative feedback in subordinate females

and decreased morning cortisol in all animals but did not

attenuate the increase in cortisol to a social separation.

The results of this study are consistent with previous

data examining the relation between leptin and LHPA

responsivity. Leptin can act centrally and peripherally at

the level of the pituitary and adrenal to attenuate the acti-

vation of the LHPA axis [26, 27]. In addition, rodent

models indicate that leptin reduces LHPA activation to a

metabolic [28] and physical stressor [29–31] and reduces

Fig. 4 Mean ± SEM serum concentrations of cortisol obtained prior

to and following an injection with dexamethasone at 1800 hours in

dominant and subordinate females. Subordinate females had signif-

icantly higher concentrations of cortisol following dexamethasone

compared to dominant females during the control condition (indicated

by different letters, P \ 0.05). However, leptin improved sensitivity

to dexamethasone in subordinate females, as post-injection values

were similar to those observed in adults (P [ 0.05). Leptin infusion

did affect the response to dexamethasone in dominant animals

(P [ 0.05)

Fig. 5 Mean ± SEM serum concentration of cortisol obtained at

time 0 and 30 min later following a control (no separation) and social

separation test for dominant and subordinate females. Social separa-

tion significantly increased serum cortisol during both conditions

(indicated by an asterisk, P \ 0.05). Leptin significantly attenuated

serum cortisol at all time point during the non-separation control and

separation test (P \ 0.05)
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basal ACTH release and adrenal glucocorticoid release in

non-stressed animals [32]. Leptin deficient, ob/ob mice

have elevated glucocorticoids [34] and leptin replacement

normalizes basal LHPA levels in these animals [35, 36].

Leptin infusion also enhances glucocorticoid negative

feedback and reduces glucocorticoid response to a novel

situation in female rhesus monkeys [33].

The present results show that the administration of leptin

normalizes glucocorticoid negative feedback in subordinate

monkeys. Glucocorticoid negative feedback is characteris-

tically reduced in subordinate female macaques relative to

dominant females [25, 45–49]. During leptin administration,

the response to dexamethasone was increased in subordi-

nates compared to that observed in dominant monkeys.

Dominant animals were unaffected by leptin, suggesting that

these animals were maximally responsive to the dose of

dexamethasone used in the study. Furthermore, disrupted

diurnal cortisol rhythms are associated with adverse early

experience [58, 59] or mood disorders [60]. Consequently,

we predicted that subordinate females may show an altered

diurnal pattern of cortisol and that leptin would normalize

this rhythm. However, there were no social status differences

in diurnal cortisol but leptin administration did attenuate the

morning elevation in circulating levels in both dominant and

subordinate females. These data contrast previous observa-

tions that leptin infusion did not affect the diurnal rhythm in

cortisol [33]. An explanation is not readily apparent but

females in the previous study were late adolescent female

rhesus monkeys, whereas those used in this study were prime

aged adults. Because morning cortisol may show an age-

dependent increase in females as they mature [61], it is

possible that the regulation by leptin of this parameter of

cortisol secretion is developmentally regulated as well. This

can only be fully addressed by prospective studies.

Finally, because previous exposure to stressors enhances

the response to a novel stressor [62], we hypothesized that

subordinate females may respond with a greater increase in

cortisol to a brief social separation test, a paradigm that

elicits a robust LHPA and behavioral response in monkeys

[63, 64]. However, serum cortisol increased similarly to the

separation in dominant and subordinate females. Further-

more, leptin did not attenuate the increase in serum cortisol

in response to the social separation. However, leptin

administration did significantly lower serum cortisol con-

centrations at all time points throughout the non-separation

condition on day 7 and the social separation condition on day

10. Because these tests occurred in the morning, this effect of

leptin is consistent with the decrease in morning serum

cortisol observed diurnal assessments on day 15. It is clear

that the social separation is a potent activator of adrenal

cortisol secretion in all females. Thus, it would seem the

leptin is capable of attenuating some aspects of cortisol

secretion but not under particularly challenging situations.

Our study cannot determine how leptin influenced peak

diurnal levels of cortisol or improves glucocorticoid neg-

ative feedback in subordinates. Previous studies show that

leptin reduces the release of cortisol from adrenocortical

cells in vitro [65, 66] by down-regulating P450 side chain

cleavage expression [67]. However, because leptin

administration did not uniformly decrease cortisol con-

centrations in all samples, it seems unlikely that this effect

on glucocorticoid biosynthesis accounts for the effects

observed in this study. While leptin receptors are expressed

in the pituitary, no co-localization is found in corticotropes

[68]. However, the possibility exists that leptin inhibits

ACTH from vesicles in the corticotropes. Leptin receptors

are located in many parts of the CNS [69], underscoring the

nature of its pleiotropic effects [70–74] including neuro-

protection [75] and anxiolytic action [76]. Although the

anorexic effects of leptin may, in part, be mediated by an

increased expression of CRF in the PVN [77], leptin

increases GR expression in areas known to mediate glu-

cocorticoid negative feedback [78–80], including the PVN

and hippocampus [81]. Thus, leptin may act to improve

glucocorticoid negative feedback by increasing central GR

expression. Because peak circadian levels of glucocorti-

coids are influenced by the expression of central GRs [82],

any effects of leptin on central GR expression may also

modulate these peak concentrations.

The results of this study suggest that leptin can attenuate

several parameters of adrenal cortisol secretion in female

rhesus monkeys. Hypometabolic conditions and reduced

leptin secretion are often associated with elevated cortisol

release [83]; however, it is difficult to dissociate stress

induced from the metabolic-induced increases in gluco-

corticoids under these situations. In contrast, greater fat

mass is often associated with activation of the LHPA in

animal models [84] and humans [85]. Since obesity is

thought to be associated with leptin resistance [86], it is

possible that the greater activation of the LHPA axis in

these individuals is due to reduced leptin efficacy. Indeed,

diet-induced type II diabetes, resulting in leptin resistance,

is associated with changes in both GR and MR expression

in the limbic system [87]. Importantly, the notion that

increases in serum leptin attenuate morning cortisol and

improves glucocorticoid negative feedback in subordinates

has implications for understanding the shift in diet prefer-

ences for calorically dense foods during periods of stress

[88, 89]. Consumption of these diets does attenuate the

response to stressors in rodent models [90–92], suggesting

that a metabolic signal acts centrally to diminish LHPA

activation. Although circulating levels of leptin did not

explain differences in LHPA responses in rats fed normal

chow versus a high-caloric diet [92], the results of this

study suggest that the role of leptin in attenuating stress

responsivity warrants further investigation.
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Methods

Subjects were 20 adult female rhesus monkeys (Macaca

mulatta) housed in four groups of five animals each at the

YNPRC Field Station. Groups were housed in runs that had

an indoor and an outdoor area. Females ranged in age from

8 to 12 years and all had been ovariectomized 5 to

7 months prior to the study [25, 93]. Animals were fed

commercial monkey chow (Purina Mills, St. Louis, MO,

USA) ad libitum twice daily and seasonal fresh fruit and

vegetables daily. The Emory University Institutional Ani-

mal Care and Use Committee, in accordance with the

Guide for the Care and Use of Laboratory Animals and the

Animal Welfare Act, approved all procedures.

Dominance positions within each group were determined

empirically based on the outcome of dyadic interactions in

which a female clearly emitted a submissive response to

another animal [38]. Using previously established conven-

tions [43], females ranked 1 or 2 in their group were clas-

sified as dominant and those ranked 3, 4, or 5 were

considered subordinate. This categorization yielded 8

dominant and 12 subordinate females. Behavioral observa-

tions to confirm dominance ranks were quantified from two

to three-weekly 30-min sessions in which all occurrences of

aggressive and submissive behavior were recorded follow-

ing previously described procedures [25]. The frequency of

each behavior during each 30-min test was summarized and

multiplied by 2 to obtain hourly rates. Average rates of

behavior across the tests were obtained for each female.

The study duration was 12 weeks and was comprised of

two 4-week treatment intervals with a 4-week washout

period separating the treatment phases. Half of the animals

(n = 10) received the 4-week non-leptin treatment condi-

tion followed by a 4-week ‘‘washout’’ at which time they

were treated with leptin for 4 weeks. The remaining ani-

mals (n = 10) received the treatments in the same order

but their control phase coincided with the leptin treatment

condition for the first set (January). As there was no reason

to suspect that the non-leptin treatment would confound the

effects of the leptin treatment, particularly with a 4-week

‘‘rest’ period in-between, the study was designed to control

for time of the year because these animals were housed in

indoor–outdoor runs.

All females were replaced with low-dose estradiol (E2)

throughout the study to maintain serum concentrations at

early follicular phase levels. Estradiol was administered by

implanting Silastic-filled capsules filled with crystalline E2

(Sigma Chemical Corporation, St. Louis, MO, USA) to

achieve circulating E2 levels equivalent to mid-follicular

phase levels [94]. Capsules were implanted subcutaneously

between the scapulas while the animals were anesthetized

(10 mg/kg, ketamine hydrochloride, Henry Schein). The

‘‘Control’’ condition consisted of no leptin supplementation

while the treatment consisted of infusion of leptin.

Recombinant human leptin (Sigma Chemical Corporation)

was delivered at a dose of 6 lg/kg/day for 28 days by

constant infusion with an osmotic mini-pump (Alzet

2ML4; Durret Corporation, Cupertino, CA, USA) implan-

ted subcutaneously between the scapulas during ketamine

anesthesia. This is equivalent to the dose of human leptin

used previously in monkeys to evaluate leptin effects of

LHPA responsivity [33]. Chronic administration of human

leptin to rhesus monkeys induces non-neutralizing anti-

bodies that sequesters leptin in circulation and elevates

serum concentrations. This does not reflect leptin resistance

or a diminution in leptin bioactivity, as levels of GH

are consistently elevated in leptin compared with non-

leptin-treated animals in the presence of these antibodies

[95, 96]. Furthermore, this same treatment regimen with

human leptin administered to juvenile monkeys for

12 months advances the onset of puberty [96].

The consequences of the treatments as a function of social

status on LHPA responsivity (cortisol) were evaluated in

three ways. Effects on the diurnal cortisol rhythm were

determined in serum samples collected at 0900, 1200, and

1800 hours on day 15 of each treatment phase. Secondly,

effects on glucocorticoid negative feedback were deter-

mined by using a dexamethasone suppression test on days 15

and 16 of each phase. Following the collection of a serum

sample at 1800 hours, dexamethasone (0.25 mg/kg, IM;

American Regent Inc., Shirley, NY, USA) was administered

and subsequent samples were collected at 0900 and

1200 hours on day 16, corresponding to 15, 18, and 19 hours

following the injection. This dose of dexamethasone has

been used previously to show social status differences in

glucocorticoid negative feedback in macaques [97–99].

Finally, we used a modification of a social separation para-

digm. Removal of a monkey from the group to a novel

location is a potent stressor that activates the LHPA axis [64].

Because monkeys are xenophobic [39], we removed a female

from her group for the social separation test to a single cage

in another room at the facility that contained unfamiliar

rhesus monkeys. The test was conducted on day 10 or 11 of

each phase. On the day of the test, the female was removed

from the group at 0930 hours and a serum sample collected.

The female was then taken to a room containing four singly

housed unfamiliar female rhesus monkeys, and placed in a

single cage. At the end of 30 min, a second serum sample

was obtained and the female was returned to her home group.

To control for the repeated sampling, a non-separation

control condition was also included. On day 7 of each phase,

a female was removed from her group at 0930 hours for the

collection of a serum sample after which she was returned to

her group. A second sample was collected 30 min later.

All females had been habituated to brief removal from

their group for the collection of blood samples without
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anesthesia. These procedures are well validated [100] and

have no adverse effect on behavior and a number of physi-

ological systems [96, 101–103]. However, to minimize any

effect the procedure may have on the LHPA axis, every

attempt was made to obtain the blood samples within 10 min

of the staff entering the animal housing area. In addition to

the samples collected for LHPA activity described above,

additional samples for estradiol and leptin analyses were

obtained on days 1, 3, 5, 14, and 21. Non-fasted body

weights were obtained weekly. BMI was also calculated

(weight in kilograms divided height in m2). Height and SAD

were obtained while the animals were anesthetized (keta-

mine; 5 mg/kg; Henry Schein) as previously described [25].

Heights (cm) did not vary among the four groups (dominant:

76.3 ± 0.7; subordinate: 76.7 ± 0.7).

Serum cortisol was measured by radioimmunoassay using

commercially available reagents (Beckman-Coulter/DSL

Labs, Webster, TX, USA). The assay has a sensitivity of

0.50 lg/dl and an inter- and intra-assay coefficient of vari-

ation (CV) of 8.2 and 3.1%, respectively. Serum E2 was

measured in selected samples to confirm efficacy of E2

treatments. The previously validated radioimmunoassay

[104] is a modification of a commercially available kit

(Siemens/DPC, Los Angeles, CA, USA) having a sensitivity

of 2.5 pg/ml and an inter- and intra-CV of 10.2 and 6.5%,

respectively. Group differences in endogenous leptin, as well

as the efficacy of the leptin treatments, were determined by

radioimmunoassay using a primate specific kit from Linco

Inc. (St. Louis, MO, USA). The assay has a sensitivity of

0.5 ng/ml and an inter- and intra-CV of 9.2 and 5.6%,

respectively.

All data were expressed as mean ± SEM and were

analyzed using analysis of variance models for repeated

measures. Non-repeated main effects were social status

(dominant versus subordinate), whereas repeated measures

were estradiol and leptin treatments, as well as time. Sig-

nificant interactions were further evaluated using Fisher

post-hoc tests using the Bonferroni correction to adjust the

P value. If the assumption of homogeneity of variance was

violated, data were log10 transformed.
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