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INTRODUCTION

The temporal organization of physiological and behavioral rhythms is critical to the
health and survival of many species. The ability to physiologically anticipate circannual (or
seasonal), circadian (or daily), and ultradian (occurring over short time spans) rhythms confers a
selective advantage to nearly all living species. Disturbances in these rhythms are thought to
contribute to a variety of disease states. Important physiological adaptations to rhythmic
environmental changes such as: variations in body weight and metabolism, and reproductive
physiology have been well studied and are regulated by endocrine rhythms.
A characteristic of aging in humans, as well as in nonhuman primates, is the disruption
and attenuation of many biological rhythms. A desynchronization and/or a dampening of
cyclical neuroendocrine patterns may help to explain aging-related disturbances in sleep and
alertness, reproductive dysfunction, as well as aging-related changes in metabolism. Moreover, a
detailed characterization of these age-related changes in neuroendocrine rhythms in the rhesus
monkey model will help to elucidate the underlying mechanisms that contribute to the onset of
age-related physiological phenomena in humans such as menopause. The ultimate objective of
the following thesis is to better understand the mechanisms by which aging initiates changes in
neuroendocrine rhythms at the level of the hypothalamus in the rhesus monkey. This study
focuses on two areas of age-related changes in neuroendocrine rhythms: 1) aging of the female
hypothalamic-pituitary-gonadal (HPG) axis leading to menopause, and 2) age-related attenuation
of circadian and/or diurnal rhythmicity with an emphasis on aging of the hypothalamic-pituitaryadrenal (HPA) axis.
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Utilizing the rhesus monkey as my model system, I was able to utilize an integrated
approach to study age-related neuroendocrine changes that would be impossible to carry out in
the human. This integrated approach included: 1) frequent remote blood sampling via
indwelling subclavian catheters to determine cyclical hormone profiles, 2) activity monitors to
determine changes in sleep-wake rhythms, and 3) molecular studies of postmortem brain tissue
utilizing in situ hybridization histochemistry, and immunohistochemistry.
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CHAPTER!

Neuroendocrin e Changes in the Aging Reproductive Axis of Female Rhesus
Macaques (Macaca mulatta)
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CHAPTER 1 PREFACE: Aging of the female hypothalamic-pituitary-gonadal axis

As the life expectancy of women increases throughout the world, women will live a greater portion
of their lives in the postmenopausal state. Indeed, according to the US Census Bureau, the number of
postmenopausal women in USA is expected to increase by 80% by 2030. Although menopause is a
naturally occurring and inevitable process, it is becoming increasingly evident that both the postmenopausal and the peri-menopausal states are associated with several diseases, including increased risk of
cardiovascular disease, osteoporosis, obesity, hypertension, urogenital dysfunction, depression and hot
flashes. Nevertheless, little is known about the neuroendocrine mechanisms that underlie this important
event in a woman's life and even less is known about early clinical predictors of its onset. During and just
before the transition into menopause, the production of steroid hormones from the ovaries decreases
markedly. However, because menopause is clinically diagnosed only after 12 months of amenorrhea the
health risks associated with the menopausal decline in circulating sex-steroids are likely to take effect on the
majority of women before any clinical intervention such as hormone replacement therapy (HR.n. Therefore,
a predictive factor indicative of the pre-menopausal state would be valuable for women who choose to
undergo HRT before any deleterious effects due to the lack of ovarian steroid hormones. The growing
number of peri- and post-menopausal women and their associated health risks emphasize the importance of
study within this field to understand the mechanisms behind the onset of menopause. In this chapter, I
sought to better understand onset of menopause in the rhesus macaque model in an effort to eventually help
bridge the gap between what is currently know about reproductive senescence in the rodent model and
ovarian aging in humans and nonhuman primates.
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ABSTRACT

Female rhesus macaques show monthly menstrual cycles, and eventually enter menopause at ~25
years of age. To help identifY early biomarkers of menopause in this nonhuman primate we monitored
reproductive hormones longitudinally from aged female macaques during the transitions from premenopause to peri-menopause and post-menopause and found that; indeed, elevated plasma FSH was a
better predictive factor of menopause onset than age. In a second experiment, we compared reproductive
hormone profiles of young adults (8-1 0 years-old) with those of regularly cycling old macaques (~24 yearsold). Indwelling vascular catheters were used for remote blood collection for> 100 consecutive days,
thereby covering three complete menstrual cycles in each macaque. Plasma levels of estradiol,
progesterone, LH, FSH, follicular phase inhibin B, and anti-milllerian hormone (AMH) were determined
during each menstrual cycle, and averaged for each animal; group mean differences were analyzed using
one-way ANOVA. Old pre-menopausal macaques showed regular menstrual cycles that were qualitatively
indistinguishable from those of the young macaques; peak plasma levels of estradiol, progesterone and LH
were not significantly different. In marked contrast, peak plasma FSH concentrations were significantly
higher while inhibin B and AMH levels were generally lower in the old macaques. These data provide
further evidence that rhesus macaques serve as an excellent model to study underlying mechanisms of
human menopause. Furthermore, they suggest that an aging-related change in FSH, inhibin B, and AMH
secretion may be the first endocrine manifestations of the transition into peri-menopause, potentially having
value in predicting the onset of the peri-menopausal transition.
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INTRODUCTION

Although the average life span of humans continues to increase, the mean age at
which women begin to transition into menopause remains at 45.5-47.5 years, a process
that lasts for about 4 years [1-5]. Therefore, women can expect to spend a great
proportion of their lives in the postmenopausal state. The menopause transition is a
naturally-occurring and inevitable process, but the associated decrease in circulating
concentrations of sex-steroids may cause women to develop various physiological
abnormalities including decreased bone mineral density [6-9], cognitive decline [10-17],
increased risk of cardiovascular disease [ 18-21] and attenuated immune function [22-24].
Moreover, because menopause has a variable age of onset and because it is clinically
diagnosed only after 12 months of amenorrhea, women may unknowingly be exposed to
highly attenuated levels of circulating sex-steroids for an extended period before deciding
to seek treatment. The recent disclosure by the Women's Health Initiative (WHI) of
increased health risks in women who began hormone replacement therapy (HRT) after
already being post-menopausal, further emphasizes the need for early detection of
transition from the pre- to peri-menopausal condition [25-27].
Although depletion of follicles from the ovaries, and the associated decline in
circulating estradiol concentrations, are traditionally recognized as being the ultimate
markers of menopause, they have limited predictive value. Instead, there is a need for
identification of more overt proximate biomarkers, which can reliably predict the earliest
stages of transition from pre-menopause to peri-menopause. Having the capability to
identify the onset of this transition would enable women to initiate HRT before they
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experience a significant loss of circulating estradiol concentrations, and thus perhaps
increase the health benefit-to-risk ratio ofHRT. There is also need for a better
understanding of the neuroendocrine mechanisms that contribute to the onset of the perimenopausal transition, beyond that of follicular depletion alone [28-36]. Although, aging
ofthe female reproductive system involves all three levels ofthe hypothalamic-pituitary
gonadal (HPG) axis, the vast majority of research on the underlying mechanisms
contributing to menopause have focused on the role of depleted follicular reserves. The
ovary undoubtedly plays a major role in female age-related reproductive decline, but data
from human, nonhuman primate, and rodent models suggest that the hypothalamus and
pituitary may play important roles as well. Studies in this area have primarily focused on
rodents but there is evidence from nonhuman primates indicating changes in pulsatile
GnRH release (mean levels and amplitude) with age [28]. It is possible that an agerelated change in GnRH secretion that favors FSH production and release over LH may
result in the monotropic FSH rise that is the hallmark neuroendocrine change associated
with the peri-menopause transition promoting follicular depletion [34-36]. To a large
extent, lack of progress in both of these areas (identification of predictive biomarkers for
and elucidating potential extraovarian mechanisms contributing to the peri-menopause
onset) stems from the lack of availability of appropriate experimental animal models
[33].
Like women, adult female rhesus macaques (Macaca mulatta) show monthly
menstrual cycles and eventually enter menopause at ~25 years of age. However, there
may be subtle differences between the characteristic signs of menopause onset in
macaques and humans. For example, the rise in circulating follicle-stimulating hormone
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(FSH) concentrations that is characteristic of middle-aged women just prior to the onset
of irregular cyclicity, and entry into the peri-menopause, was not detected in the urine of
old female rhesus macaques [37], even though they did show the expected decline in sex
steroid concentrations during the menopausal transition. Additionally, the decrease in
inhibin B secretion from granulosa cells of the ovary that is typically associated with the
monotropic FSH rise in older ovulatory women [38, 39] has not been observed in intact
old rhesus macaque females, even in cases of advanced post -menopause [3 7].
Consequently, it is unclear whether macaques represent ideal animals models for human
menopause-related research [37, 40, 41]. In the present study, we examined in detail the
circulating reproductive hormone profiles of female rhesus macaques during transitions
from pre-menopause to peri-menopause and finally to post-menopause. Additionally, we
measured circulating anti-mi.illerian hormone (AMH) as a possible predictor of the
menopausal transition. AMH, which is produced by primary, secondary, and antral
follicles, has recently been identified as a potential biomarker of reproductive decline and
an indicator of ovarian reserve [42-45]. Our goal was to help resolve the issue of whether
menopause in macaques closely resembles that in women, and also to identify a reliable
predictive endocrine marker for the onset of these transitions. In doing so, we were able
to significantly extend the observations of menopause onset in rhesus macaques
previously reported by Shideler et al., [37], Gilardi et al., [40], and Walker et al., [41].
Experiment 1 focused on the menstrual and neuroendocrine changes that occur during the
transitions from pre-menopause to peri-menopause and eventually to post-menopause,
while Experiment 2 focused on those aging-related neuroendocrine changes that occur
during the pre-menopausal state.
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MATERIALS AND METHOD S

Animals

Female rhesus macaques were housed in a temperature controlled environment
(24 C) under a 12L:12D photoperiod (lights on at 0700 h) and meal times at 0800 hand
1500 h (Purina High Protein Monkey Chow No. 5045, Purina Mills, Inc., St. Louis, MO).
Routine animal husbandry was provided by the ONPRC in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. In addition to health checks, gross
assessment of menstrual cyclicity was performed on a daily basis and included close
inspection of the animal's perineum and cage pan for signs of menstrual bleeding. Based
upon these daily menstruation records, the animals were placed into one of three
categories: pre-menopausal (regular monthly menstruation; average cycle length 25-35
days), peri-menopausal (irregular menstruation within the past six-month period; average
cycle length 36-45 days), or post-menopausal (no episodes of menstrual bleeding for at
least twelve months). This study was approved by the Institutional Animal Care and Use
Committee of the Oregon National Primate Research Center (ONPRC).

Experiment I: Reproductive Hormone Rhythms During the Pre-, Peri-, and Postmenopause

Serial blood samples (1.5 ml) were collected, via femoral venipuncture, from
young pre-menopausal (n = 5, mean age= 10), old peri-menopausal (n = 3, mean age=
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25), and old post-menopausal (n = 3, mean age= 24) female macaques; the samples were
collected on alternating days and spanned a >70-day period. The blood was allowed to
clot at 4 C and was then centrifuged at 4 C; the serum supernatant was stored at -20 C
until assay for estradiol, progesterone, LH, FSH, inhibin B, and AMH.

Experiment 2: Effect ofAge on Pre-menopausal Reproductive Hormone Rhythms

Adult female macaques were each surgically fitted with an indwelling subclavian
vein catheter, as previously described [46], which enabled remote serial blood samples to
be collected from an adjacent room without disturbing the animals. Daily 1-ml blood
samples were collected from young adult (n = 3, mean age= 9 years) and old premenopausal (n = 3, mean age = 25 years) animals for at least 100 consecutive days.
Blood samples were placed in EDT A-coated glass tubes and centrifuged at 4 C; the
plasma supernatant was stored at -20 C until assay for estradiol, progesterone, LH, FSH,
inhibin B, and AMH.

Hormone Assays

The concentrations of estradiol and progesterone in the plasma and serum samples
were measured by electrochemiluminescence (ECL) using the Elecsys 2010 System
(Roche Diagnostics, Indianapolis, IN). FSH was measured by radioimmunoassay, as
previously described [46], using an anti-recombinant monkey FSH (NIDDK Lot#
AFP782594) antibody; the results are expressed in terms of the recombinant monkey
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FSH-Research Preparation 1 (RP1) (NIDDK Lot# AFP6940A) standard. LH was
measured using a previously described mouse Leydig cell bioassay, which involves
radioimmunoassay for testosterone [4 7]; the results are expressed in terms of a
cynomologus LH-Research Preparation 1 (RP1) standard. The inter- and intra-assay
coefficients of variation for each assay were less than 10%. Circulating inhibin B and
AMH were measured from samples collected during days 3-5 of the follicular phase of
cycling females and from an equivalent number of samples from post-menopausal
females using commercially available inhibin Band AMH Enzyme-Linked
Immunosorbent (ELISA) kits (Diagnostic Systems Laboratories, Inc., TX). All inhibin B
and AMH measurements were made in duplicate, each within the same hormone-specific
assay. Inhibin B and AMH values that were determined to fall below the limit of
detection (<10 pg/ml and <0.1 ng/ml respectively) were assigned values of9 pg/ml and
0.09 ng/ml respectively. The intra-assay coefficients of variation for each assay were less
than 10%.

Statistical Analysis

Individual macaques' peak concentrations of follicular-phase preovulatory
estradiol, luteal-phase progesterone, and follicular-phase FSH were identified for each
cycle by taking the mean of the peak and the two consecutive time points surrounding the
peak. Then, to determine the overall mean "peaks" across multiple cycles for an
individual macaque, the mean of the individual cycle peaks were calculated (including
values from at least 2 consecutive cycles per animal). Then, overall group mean values
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were determined by taking the average of the overall mean "peaks". Preovulatory LH
and FSH surges were based upon taking the mean of consecutive, single mid-cycle time
points across multiple cycles. Menstrual cycle days 3-5, spanning 2-3 consecutive
cycles, were assayed for FSH, inhibin B, and AMH. Group differences were analyzed
using one-way repeated measures ANOVA, followed by the Newman-Keu ls test. A
simple logarithmic correlation between inhibin B and FSH values obtained from the same
samples were determined by one-way repeated measures ANOV A. A P value of less
than 0.05 was considered to be statistically significant.
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RESULTS

Menstrual Cyclicity

Thirteen indoor-housed females were monitored daily, in a longitudinal manner
for 6-22 years, for signs of menstrual bleeding. (Fig. 1a), and based on these records they
were categorized as being either young pre-menopausal (n = 5, mean age= 10 years), old
pre-menopausal (n = 3, mean age= 25 years), peri-menopausal (n = 3, mean age= 25
years), or post-menopausal (n = 2, mean age= 24 years) at the time of the study. The
animals showed approximately 13 menstrual periods per year from the ages of 10-20
years, with no obvious hiatus during the summer months. After age 20 years, the number
of observed menstrual cycles per year decreased in many of the animals, coinciding with
a lengthening of each cycle from 28.3 ± 0.4 days to 30.1 ± 07 in animals 20-23 years old,
to 35.4 ± 1.9 days in animals 24 years and older (mean± SEM) (Fig. 1b). The 3 aged
animals that showed irregular (missing 2 or more cycles over 12 consecutive months) and
lengthened menstrual cycles (36-45 days) were considered to be oligomenorrheic (Fig.
1c) and peri-menopausal, while the 2 animals that showed complete amenorrhea for 12 or
more consecutive months were considered to be post-menopausal. All females placed
into the pre-menopausal groups were eumenorrheic (regular cycles averaging 25-35 days
in length) at the time of sampling (Fig. 1c).
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Experiment I: Reproductive Hormone Profiles ofPre-, Peri-, and Post-menopausal Rhesus
·Macaques

To examine the reproductive hormone changes during the transitions from pre- to
peri- to post-menopau se, circulating estradiol, progesterone, LH, and FSH concentration s
were determined every 2 days for >70 consecutive days from young pre-menopaus al, old
peri-menopau sal, and old post-menopau sal rhesus macaques. Representativ e
reproductive hormone profiles from each of these groups are depicted in Figure 2. As
expected, the old post-menopau sal animals showed very low circulating estradiol and
progesterone concentration s, and very high circulating LH and FSH concentration s (Figs.
2 and 3). The old peri-menopau sal animals' peak circulating FSH concentration s were
significantly elevated (Fig. 3) compared to the young pre-menopaus al animals during the
follicular phase (P < 0.001) and during the mid-cycle, pre-ovulatory surge (P < 0.001).
Interestingly, these elevated FSH concentration s were similar in magnitude to the
sustained FSH concentration s observed in the post-menopau sal animals (Fig. 3). Serum
concentration s of peak follicular phase estradiol, peak luteal phase progesterone, and
peak mid-cycle, pre-ovulatory LH of the old peri-menopau sal animals were not
significantly different from those of young pre-menopaus al animals (Fig. 3), suggesting
uncompromis ed ovulation and corpus luteum formation despite the advanced age of the
old peri-menopau sal animals.
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Experiment 2: Reproductive Hormone Profiles of Young and Old Pre-menopausal Rhesus
·Macaques

To better understand the timing of the age-associated monotropic rise in FSH that
we observed in Experiment 1, and to determine if circulating FSH concentrations could
predict the entry into peri-menopause, we examined in detail the reproductive hormone
profiles of 6 adult rhesus macaques while still pre-menopausal (three of which were also
examined in Experiment 1). Daily circulating estradiol, progesterone, LH, and FSH
concentrations were determined, for at least 100 consecutive days, from young and old
pre-menopausal rhesus macaques. Representative hormone profiles from each group are
depicted in Figure 4. Although the menstrual cycles from both groups were qualitatively
similar (Fig. 4), the quantitative analysis of the reproductive hormones in Figure 5 reveal
that peak plasma FSH concentrations were significantly higher in the old pre-menopausal
animals during the follicular phase (P < 0.05) and during the mid-cycle, pre-ovulatory
surge (P < 0.01). In contrast, peak plasma estradiol, progesterone, and LH concentrations
were not significantly different between the young and old pre-menopausal groups.

FSH, Jnhibin B, and AMH in Young and Old Female Rhesus Macaques

To examine the relationship between the observed elevation in FSH
concentrations, circulating inhibin B and AMH levels in the old female macaques in
Experiment 1 we compared FSH, inhibin B, and AMH values between young pre-, old
peri-, and old post-menopausal females (Fig. 6). Although there was an age-related
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negative trend in inhibin B, only the old post-menopausal females had a significant
decline in inhibin B compared to the young pre-menopausal females (P < 0.01). FSH
concentrations for the same samples revealed a significant elevation (P < 0.01) in the old
peri- and post-menopausal females when compared to the young pre-menopausal
females. Moreover, a significant elevation (P < 0.01) in plasma FSH was detected in old
post-menopausal females compared to old peri-menopausal females during their early
follicular phase. Additionally, there was a significant decline (P < 0.01) in circulating
AMH in old peri- and post-menopausal females compared to the young pre-menopausal
females (Fig. 6).
To examine the relationship between the observed elevation in FSH
concentrations and circulating inhibin B and AMH levels in the old female macaques in
Experiment 2 we compared FSH, inhibin B, and AMH values between young and old
pre-menopausal females (Fig. 6). Plasma inhibin B was significantly lower (P < 0.02)
while, plasma FSH was significantly higher (P < 0.001) in the old pre-menopausal
compared to the young pre-menopausal females. Circulating AMH concentrations for the
same samples disclosed a significant decline (P < 0.01) in the old pre-menopausal
females (Fig. 6).
A simple logarithmic correlation analysis of inhibin B and FSH concentrations
(Fig. 7) revealed a significant negative logarithmic correlation (r = -0.75, P < 0.0001 ).
Three inconsistent data points from the old pre- and peri-menopausal females maintained
elevated concentrations ofFSH although the corresponding inhibin B values were more
similar to that of the young females. These outlier points from the old pre- and perimenopausal females were included in Figure 7 but were omitted from the analysis, so as
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to avoid skewing the outcome of the regression line in favor of a falsely linear
relationship.
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DISCUSSION

Controversies surrounding the findings of the WHI and the use of HRT by
postmenopausal women, emphasizes the need for a better understanding of the
mechanisms underlying the onset of menopause. In particular, there is a need for the
identification of reliable predictive markers of menopause, so that HRT could be applied
at the most effective time and with reduced health risks [25-27]. In the present study, we
addressed these issues by examining the reproductive hormone profiles of young and old
female rhesus macaques. These nonhuma n primates have long been regarded as
pragmatic animal models in studies pertaining to human reproductive function. Like
women, adult female rhesus macaques show monthly menstrual cycles, and eventually
enter menopause during their third decade of life. Therefore, our detailed longitudinal
characterization of menstrual cyclicity and reproductive hormone profile changes through
the pre-, peri-, and post-menopausal stages in the rhesus macaque provide the basis for an
improved understanding of the underlying neuroendocrine mechanis ms that may
contribute to the onset of menopause in women [1-5, 33-36, 48].
The pre-menopausal animals utilized in the present study showed regular
menstrual bleeding, with an average of 13 menses per year. As expected, circulating
estradiol concentrations increased gradually after each bleeding episode, and peaked
during the middle ofthe cycle in association with the LH and FSH surges. Also as
expected, circulating progesterone concentrations increased markedly after the mid-cycle
gonadotropin surge, and then remained elevated until a few days before menses. The old
peri-menopausal animals experienced irregular menstrual cycles and a lengthening of
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each cycle, which was consistent with observations from previous human menopausal
studies [1-5, 48]. Interestingly, the reproductive hormone profiles ofthe old perimenopausal animals appeared to be a fusion of those belonging to pre-menopausal and
post-menopausal animals. Before ovulation in the peri-menopausal animal, a prolonged
elevation ofFSH closely resembled what we observed in the post-menopausal animals.
Whereas, after the peri-menopausal animals experienced a mid-cycle gonadotropin surge
their hormone profiles closely resembled the pre-menopausal hormone profiles both
qualitatively and quantitatively. It is likely that the hyperelevated FSH observed is
necessary in order for the peri-menopausal animal to sufficiently recruit its few remaining
follicles to eventually produce a gonadotropin surge. Although, we did not observe a
significant decline in serum estradiol in the old peri-menopausal females compared to the
young pre-menopausal females, it is likely that the large variability in preovulatory peak
estradiol of the young females is the reason we did not see a significant difference. This
notion was supported by power calculations, which indicated that eleven animals in the
young pre-menopausal group would be required to reveal a significant difference in
estradiol levels with the old peri-menopausal group.
In a previous study by Shideler eta!., [37] a monotropic rise in peak FSH
concentrations was observed together with very low estradiol and progesterone
concentrations in the peri-menopausal rhesus macaque; also, very high and sustained LH
and FSH concentrations were observed in the post-menopausal animals. Although our
results generally confirm these previous findings, they also disclose novel early
biomarkers of the rhesus macaque pre- to peri-menopause transition. In contrast to the
previous studies that relied primarily on urine hormone measurements [37, 40], we
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measured hormone concentrations in the serum or plasma, collected either by
venipuncture or by a remote venous catheter. The significance of our findings is that we
were able to demonstrate a marked elevation in follicular phase and mid-cycle FSH
concentrations and a decline in AMH and inhibin B levels during the follicular phase,
well before the animals showed any menstrual irregularity or alterations in their estradiol,
progesterone, or LH concentrations. The exact reason why we so readily detected this
elevation ofFSH concentrations while Shideler et al., study [37] did not is unclear, but
may involve several factors. For example, the old pre-menopausal animals in our study
may have been of a more advanced age than those examined previously [3 7]. Also, our
hormonal observations may underscore the value of frequent blood, rather than urine,
sampling in characterizing the late pre-menopause to peri-menopause transition in the
rhesus macaque. It might also be pertinent that none of the animals in our study showed
any obvious signs of retaining seasonality. Rhesus macaques are short-day seasonal
breeders when maintained outdoors [49, 50] and show seasonal amenorrhea during the
summer, which often persists for many summers even after the animals are moved
indoors and are exposed to fixed photoperiods. However, in our study all of the animals
had been maintained indoors under fixed 12L: 12D photoperiods for several years (6-22
years), with no obvious seasonal cues, and in no case did any of them show persistent
amenorrhea selectively during the summer months.
The possible neuroendocrine mechanisms that contribute to the onset of
menopause are poorly understood. Therefore, our findings that circulating FSH
concentrations are highly elevated, and inhibin B and AMH levels are reduced in old premenopausal rhesus macaques is highly pertinent. Interestingly, unpublished observations
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presented at the Annual Society for the Study of Reproduction meeting in 2004 by Wu et

al., indicate that an age-related decline in circulating inhibin B concentrations in rhesus
macaques may be at least partially responsible for the rise in FSH concentrations. On the
other hand, one cannot exclude the possibility that other non-ovarian factors are also
involved, such as an age-related change in the pattern and/or amount of GnRH secretion
[28, 34-36]. Interestingly, unlike the Shideler et al., study [37] we observed a significant
decline in circulating inhibin B in old pre-menopausal and old post-menopausal females
that is very similar to what is observed in older pre-menopausal and post-menopausal
women respectively [38, 39]. However, although we observed a trend, we did not
observe a significant decline in early follicular phase inhibin B in old peri-menopausal
females. Overall, the measurement of inhibin B as a tool to predict menopause onset
appeared to be less consistent than FSH and AMH measurements.
Currently, predicting the age of peri-menopause in women and nonhuman
primates is challenging, because the age of onset covers a wide range [1-5, 33, 37, 40,
41]. The observed elevation ofFSH concentrations, and possibly the decline in inhibin B
and AMH concentrations, in old rhesus macaques, prior to them showing irregular
menstrual cycles and attenuation of ovarian sex steroid output, may serve as early
predictive factors for the initiation for the peri-menopause transition. Indeed, these
endocrine changes were much more reliable in predicting the transition to the perimenopausal state than age alone, as the peri-menopausal females were older, on average,
than the post-menopausal females.
In summary, these results support the view that an increase in circulating FSH
concentrations, and a decline in inhibin Band AMH levels, may be the first endocrine
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events associated with the onset of peri-menopause in the rhesus macaque, and
importantly, may have value as a predictor of the ensuing decline in sex-steroid
concentrations. The results also represent a refined characterization of the
neuroendocrine changes that occur in the rhesus macaque during the menopausal
transitions, and confirm the value of this animal model for human menopausal research
[33, 37, 40, 41, 48]. With this valuable predictive knowledge, postmortem studies
utilizing tissue from old female macaques can be utilized to advance the exploration of
molecular and histological changes at all levels of the aging HPG axis that are associated
with reproductive senescence that would be impossible to carry out in the human.
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FIGURE LEGENDS

FIG. 1. Longitudinal assessment of menstrual cyclicity in rhesus macaques maintained
under 12L:12D photoperiods. a) Age-related change in the annual number of menstrual
cycles is shown for twelve animals. b) Age-related change in menstrual cycle length.
Each plot represents the mean menstrual cycle length per year from an individual animal.
c) Number of females at each age class that were identified as eumenorrheic (regular
cycles; 25-35 days), oligomenorrheic (irregular cycles; 36-45 days), or amenorrheic (no
menstrual cycles within past 6 months or longer). A total of 13 females are represented
in a longitudinal manner so that each animal is depicted more than once as it progresses
to the next age class.

FIG. 2. Representative reproductive serum hormone profiles of pre-menopausal, perimenopausal, and post-menopausal rhesus macaques. Plasma estradiol, progesterone, LH,

and FSH values were determined every two days

for~ 70

consecutive days. Shaded

vertical bars represent days of menstruation.

FIG. 3. Analysis of reproductive serum hormone peaks across a 70-day period in premenopausal (open bars), peri-menopausal (dashed bars), and post-menopausal (black

bars) rhesus macaques. Each bar represents the mean value(± SEM) from five, three,
and two animals, respectively, and is based on the average determination from each
animal. Mean peak serum FSH concentrations were significantly higher in the perimenopausal animals compared to the pre-menopausal animals during both the follicular
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phase and around the mid-cycle surge; overall, they were similar in magnitude to the
elevated mean serum FSH concentrations of the post-menopausal animals. In contrast,
preovulatory peak serum estradiol, mid-cycle LH, and luteal phase progesterone
concentrations were not significantly different between the old peri-menopausal and
young pre-menopausal groups.

*P < 0.001

FIG. 4. Representative reproductive plasma hormone profiles of young pre-menopausal
and old pre-menopausal rhesus macaques. Daily plasma estradiol, progesterone, LH, and
FSH values were determined for at least 100 consecutive days. Shaded vertical bars
represent days of menstruation.

FIG. 5. Analysis of reproductive plasma hormone peaks across the menstrual cycle of
young pre-menopausal (open bars) and old pre-menopausal (black bars) rhesus
macaques. Each bar represents the mean value(± SEM) from three animals, and is based
upon the average determination from three consecutive time points spanning three
consecutive menstrual cycles.

*P < 0.05, ** P < 0.01

FIG. 6. Analysis of plasma FSH, inhibin B, and AMH from young and old female rhesus
macaques at different stages of reproductive aging. Experiment 1: FSH, inhibin B, and
AMH values correspond to the mean values obtained from menstrual cycle days 3-5 in
pre-menopausal (open bars) and peri-menopausal (dashed bars) female spanning three
menstrual cycles, or the equivalent number of samples spanning several weeks in postmenopausal (black bars) females. Experiment 2: FSH, inhibin B, and AMH values
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correspond to the mean values obtained from menstrual cycle days 3-5 in young pre-

menopausal (open bars) and old pre-menopausal (black bars) females spanning two
menstrual cycles. Each bar represents the mean value(± SEM), and is based upon the
average determination from three (Experiment 1) or two (Experiment 2) consecutive
menstrual cycles. An inhibin B value of 9 pg/ml and an AMH value of 0.09 ng/ml were
assigned to samples that fell below the detectable limits of the assays (1 0 pg/ml and 0.1
ng/ml respectively). *P < 0.02, **P < 0.01, ***P < 0.001

FIG. 7. A significant negative logarithmic correlation between plasma inhibin Band
FSH in young pre-menopausal ( o ), old pre-menopausal ( • ), old peri-menopausal (o),
and old post-menopausal (•) females. Data points represent individual samples obtained
during days 3-5 of the menstrual cycle or individual samples obtained over several weeks
in amenorrheic females.

31

,--...

16
rJ:J
Q)

rJ:J

14

"0

"-'

u:>..

12

~

u:>..

10

~

u

2

Q)

~

8

8

6

g

::s

~

30

rJ:J

Q)

~

40

u

.......

rJ:J

50

:>..

ro

~

Q)

8

20

~

4

0

-5bl)

2

10

~

Q)

~

0
20

15

10

5

0

0
0

30

25

10

5

Age (years)

Age (years)
10

-

-

0
r2

c
9

30

25

20

15

-

Eumenorrheic
Oligomenorrheic
Amenorrheic

•

r-

8

7

,.---

rJ:J

~

8

6

r-

-

r-

r-

r-

r-

·aro
~

0

....
Q)

5

,-,---

r-

-

----

,D

8

z::s

4

~

r-

~

3

/ /

2

~/ ~

..--

/

~

~

~

0

~
~
3

/

~/

4 5 6

/ ~~
~/ ~
7 8

~ ?

/

~/

v~

~
~

~

~

~

9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Age (years)

Figure 1.

32

400
I

300

8

Ob

200

::c
...J

100

5

0

~

10

II

Ob

'

5

::c
2 ~

CJ,.,

0
600 , - - - - - - - r - - - - - - ,
500
'0::::- 400
] E 300

bOo

~

-3:

200
100
Ou.............~~~~~........,

10.------------.

I
I

~

f

~

I

I

X LJ

~
i

!

ill

!

0

I0 20 30 40 50 60 70

I

I

I

~

l

I

~
0

I

~ I

I

-M_
I0 20 30 40 50 60 70

~-

~

I

I

l

I

8

f/J

:

I

_l___l_

Post-menopause

Peri-menopause

Pre-menopause

I0 20 30 40 50 60 70

I
I

___}\ _
0

I0 20 30 40 50 60 70

Time (days)

Figure 2.

33

0

I0 20 30 40 50 60 70

0

I0 20 30 40 50 60 70

5

,_

~s:::

"-"

400

4

::::::- 350

,_

]

3

bb 300
8
0 250

s

::r:
r/'1
~

5

450

* *

~

C':l

.!:1
<Zl

2

~

200

200
,_

sbb

on 3
s:::

s:::

"-"

::r:
....:l

2

6
::::::-

~on
s:::

"-"

150

"-"

::r:
r/'1
~

250

* *

4

Peak Progesterone

Mid-cycle LH

Mid-cycle FSH

Peak Estradiol

Peak Follicular FSH

(I)

01-;

on

0

0..

100

3

(I)
1-;

150

4

s:::

2<Zl

100

5

2

50

50
0

0

0

0

Figure 3.

34

0

Young
,.-..,

stlb
5

Old

500

500

400

400

300

300

200

200

100

100

:I:
......l

10

10 r---------------------~

6

2~
0~~~~~~~~~~~~
280

,.-..._

]

240

250

0.0

200

8

200

0

150

120

100

80

:.aro
bVJ
u.l

,.-..,

160

40
50

10

~
~

'-'
(!)

~

0

1-<

~

VJ
(!)

0.0
0

1-<

p...

20

40

60

80

100

120

Time (days)

Figure 4.

35

20

40

60

80

100

120

Peak Estradiol

Peak Follicular FSH

250

5

Mid-cycle LH

Mid-cycle FSH

250

5

**
::::-- 200

~

,.-..

]

5

gf 150

0 150

]

~

200

'-"

::r:
....:l

100

100

50

50

Figure 5.

36

Peak Progesterone

Experiment 2

Experiment 1

5

I**-,

I

4

••

3

***

2

0
120
100
....-._

8

bo

8

co

80

*

60

I::

:E

~

40
20

**

0
4

1
3
....-._

8

l

b J)

I::

'-

::r::

2

~

**

**

Peri

Post

**

0

Pre

Figure 6.

37

Young

Old

120

r

= -0.75; P < 0.0001

0

Cb

100

--s
,-....

•

D
D

80

01)

5

m

60

~

:0

~
~

•

•

40
0
0

20

D

-

•

D

•

DO

•

0
0

3

2

FSH (ng/ml)

Figure 7.

38

4

5

CHAPTER2

Aging-Related Sex-Dependent Loss of the Circulating Leptin 24-Hour
Rhythm in the Rhesus Monkey
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CHAPTER 2 PREFACE: Age and sex effects on the rhythmic nature ofleptin in the
primate

Arguably, one ofthe most important sets ofhomeost atic mechanisms for survival
are those governing metabolism and energy balance. The adipostatic hormone, leptin, is
unique in this role, as it signals peripheral energy stores to the hypothalamus, fluctuating
in a seasonal, diurnal, and minute-to-minute pulsatile manner. The mechanisms
controlling the variable out put of leptin are poorly understood but appear to include food
intake, fat mass, circulating sex-steroids, adrenal steroids, and gender. However, results
from suprachiasmatic nucleus (SCN) lesion and transplant studies suggest that the release
of leptin may be, in part, under circadian control in addition to its role as a reflection of
overall energy stores. The physiological significance of the rhythmic nature of leptin is
not clear. However, leptin together with an intact circadian mechanism appear to be
relevant to maintaining normal bone mass and thereby appear to be important to the
health of elderly persons, especially postmenopausal women. A disruption in the
rhythmicity of leptin with age may contribute to aging abnormalities in metabolism and
bone mass.
The effects of age on the 24-h rhythm of leptin are not well defined. In particular,
this chapter sought to understand the effect of age with respect to the aging reproductive
status of the female rhesus macaque in light of its potential relevance to bone health and
body weight homeostasis.
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ABSTRACT

The adipocyte-derived hormone leptin plays a pivotal role in the regulation of
body weight and energy homeostasis. Many studies have indicated that the circulating
levels ofleptin show a 24-h rhythm, but the exact cause and nature of this rhythm is still
unclear. In the present study we remotely collected blood samples every hour from
young and old, male and female rhesus monkeys, and examined their 24-h plasma leptin
profiles. In both the young males (10-11 yrs) and young females (7-13 yrs) a clear 24-h
plasma leptin rhythm was evident, with a peak occurring ~4 h into the night and a nadir
occurring~ 1 h

into the day (lights on from 0700 - 1900 h). A 24-h plasma leptin rhythm

was also observed in the old males (23-30 yrs), even when they were maintained under
constant lighting conditions (continuous dim illumination of~ 100 lux). In marked
contrast, plasma leptin concentrations were relatively constant across the day and night in
old perimenopausal and postmenopausal females (17-24 yrs), regardless of the lighting
schedule. These data establish that rhesus monkeys, like humans, show a daily nocturnal
rise in plasma leptin, and show that the magnitude of this rhythm undergoes a sexspecific aging-dependent attenuation. Furthermore, they suggest that the underlying
endocrine mechanism may be driven in part by a circadian clock mechanism.
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INTRODUCTION

Leptin, the adipocyte-derived hormone product of the obese (ob) gene, provides
feedback information about the status of peripheral energy stores to the brain, and thereby
plays an important role in regulating energy homeostasis and bodyweight (Zhang et al.
1994, Pelleymounter et al. 1995, Halaas et al. 1995, Campfield et al. 1995, Stephens et

al. 1995, Weigle et al. 1995). Many factors are involved in determining the
concentration of leptin in the circulation, including: fat mass, caloric intake, meal timing
and frequency, circulating glucose and insulin (Considine 2001, Havel 2002), sex and the
sex steroids estradiol and testosterone (Mayes et al. 2004, Casabiell et al. 2001), and
adrenal steroids (Considine et al. 2001, Casabiell et al. 2001, Leal-Cerro et al. 2001).
Although the level of leptin in the circulation generally correlates well with the level of
stored fat, there is also evidence to indicate that leptin levels vary markedly during the
day. For example, a nocturnal rise in circulating leptin concentrations has been observed
both in lean and obese humans, as well as in individuals with Type II diabetes (Sinha et

al. 1996a, Langendonk et al. 1998, Simon et al. 1998). In addition, detailed examination
of 24-h leptin concentrations revealed a superimposed pulsatile secretory pattern of leptin
in lean and obese individuals (Simon et al. 1998, Sinha et al. 1996b, Licinio et al. 1997).
Nonhuman primate data supporting a diurnal variation in circulating leptin are less clear.
This variation has only been observed utilizing two sampling points over the 24-h day in
male rhesus monkeys (Macaca mulatta) during late prepuberty (Suter et al. 2000) and has
yet to be determined in adult monkeys. Rodent studies have demonstrated a nocturnal
rise in circulating leptin levels as well as a nocturnal rise in leptin mRNA expression in
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adipose tissue (Saladin et al. 1995). So far, however, the genesis of the 24-h leptin
rhythm has not been elucidated. Nor is it clear what the physiological significance of a
diurnal variation in circulating leptin may be. A disruption of this rhythm may contribute
to body weight dysregulation and obesity (Laughlin et al. 1997, Matkovic eta!. 1997,
Balligand eta!. 1998, St0Ving et a!. 1998) and an interference in the maintenance of bone
mass (Elefteriou et al. 2005, Ducy et al. 2000). This could be particularly evident during
aging, as loss of circadian rhythmicity or an attenuation of the amplitude of many
circadian rhythms appears to be a characteristic of aging (Schwartz eta!. 1993, Touitou et

a!. 2000, Touitou eta!. 1997, Downs eta!. 2001, Pandi-Perumal eta!. 2002, Urbanski et
al. 2004). Little is currently known about the effect of aging on the 24-h pattern of
circulating leptin. However, moderate dampening of nocturnalle ptin levels has been
reported in old men, and with advancing age the acrophase of the leptin rhythm appears
to occur earlier in the day (Franceschini eta!. 1999, Zhao et al. 2002).
Possible endocrine candidates influencing the 24-h release of lepin include
cortisol and dehydroepiandrosterone sulfate (DHEAS). Cortisol and DHEAS are
released from the adrenal cortex in a circadian fashion that is antiphase to the release
pattern ofleptin (Urbanski eta!. 2004). However, cortisol and DHEAS appear to exert
opposing effects on leptin release. Cortisol acts directly on adipose tissue to stimulate
leptin synthesis and secretion in both sexes while DHEAS inhibits leptin release from
adipose tissue from female donors (Considine eta!. 2001, Casabiell et al. 2001, LealCerro eta!. 2001). Although glucocorticoid administration stimulates leptin production,
glucocorticoids appear to play a modulatory role and are not necessary in generating a
lepin diurnal rhythm. Patients lacking endogenous cortisol secretion retained a normal
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24-h leptin rhythm when injected with saline only and when given replacement

al. 1999).
hydrocortisone infusions with normal or reversed diurnal patterns (Purnell et
elated
Additionally, we have previously reported in rhesus monkeys, a marked aging-r
diurnal
decline in plasma DHEA S concentrations and an associated attenuation of its
with age
variation. In contrast, plasma cortisol concentrations did not significantly differ
plasma
(Urbanski et al. 2004, Aghazadeh-Sanai eta!. 2005). Further, the decline in
DHEAS concentrations were observed at an earlier age in females than in males
we chose
(Urbanski et al. 2004, Aghazadeh-Sanai et a!. 2005). Given these observations
S, rather
to focus our investigation on the possible correlation between plasma DHEA
than cortisol, and leptin concentrations during aging.
on
The aims of the present study were twofold: 1) to evaluate the effect of aging
, and 2) to
the 24-h pattern of circulating leptin in the male and female nonhum an primate
mental
determine if the circulating 24-hour leptin rhythm persists under constant environ
issues we
conditions (lighting, temperature, and masked auditory cues). To address these
resembles
chose to utilize the rhesus monkey as our animal model. This model closely
aging.
the human in terms of its physiology, circadian rhythmicity, menopause and
mental
Moreover, rhesus monkeys can be maintained under tightly-controlled environ
data from
conditions and can have serial blood samples collected remotely. Preliminary
this study have previously been published in abstract form (Downs et al. 2003).
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MATERIALS AND METHODS

Animals and Experimental Groups
To evaluate sex-specific aging-related effects on the 24-h circulating leptin rhythm in
the nonhuman primate, 28 adult rhesus monkeys were divided into 5 groups based upon sex,
age and reproductive status (Table 1 and Table 2). The animals were housed in a temperature
controlled environment (24 C), under a 12L: 12D photoperiod, with meal times at 0800 h and
1500 h (Purina High Protein Monkey Chow No. 5045, Purina Mills, Inc., St. Louis, MO).
Chow consumed per meal consisted of 100 -125g for males and 45- 50g for females
regardless of age group, and the duration of each meal was less than 2 h for each group.
Remote monitoring of their physical activity, using Actiwatch recorders (Mini Mitter
Company Inc., Sunriver, OR) showed that their activity occurred while lights were on (0700 h
- 1900 h). One-milliliter blood samples were collected hourly for 25 h using a remote blood
sampling system (see below), from al128 animals. Samples were collected from young (1 0.6

± 0.08 yrs; n = 10) and old (26.3 ± 0.89 yrs; n = 7) males starting at 1900 hand samples were
collected from young (9.3

± 1.40 yrs; n = 4), old premenopausal (20.5 ± 1.67 yrs; n = 3), and

old perimenopausal and postmenopausal (21.7 ± 0.67 yrs; n = 8) females starting at 0700 h.
The purpose of the different collection start times was to eliminate the possibility that any
plasma leptin rhythm found was an artifact of the blood collection paradigm.
To determine if the 24-h circulating leptin rhythm may be driven by an underlying
circadian clock, 5 old males (26.4 ± 1.18 yrs) and 7 old perimenopausal and postmenopausal
females (22.3 ± 0.24 yrs) were maintained under the following constant environmental
conditions: constant temperature (24 C), continuous dim illumination (~ 100 lux), and masking
of vocalized social cues of other near by animals by playing a 2-h loop of recorded
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"background" sounds made by monkeys within the housing area. The animals were
maintained under constant conditions for 2 or more weeks to allow for their endogenous
circadian rhythms to "free-run". During this time the animals continued to have consolidated
sleep/wake cycles. These were monitored using Actiwatch recorders, which were housed in a
pocket on the back of a catheter-protection jacket. After the 2-week period, 1-ml blood
samples were collected hourly for 25 h using the remote blood sampling system (see below).
Sample collection started at 1900 h for males and at 0700 h for females.

Remote Blood Collection
Each animal was surgically fitted with an indwelling subclavian catheter as previously
described (Urbanski et al. 1997) to enable intravenous blood sampling from an adjacent room
without disturbing the animal. Briefly, this consisted of a swivel apparatus at the top of the
cage and a protective stainless-steel tether (Lomir Biomedical In., Malone, NY); to maintain
catheter patency, heparinized saline (5 IU/ml) was continuously infused (~1 ml/h) using a
peristaltic pump. Reproductive status of the young and old females was determined by
detailed menstruation records and analysis (radioimmunoassay (RIA)) of blood samples for
17p-estradiol and progesterone (Resko et al. 1974, Resko et al. 1975, Gundlah et al. 2000).
All of the young and old premenopausal females were sampled from during the mid-late
follicular phase (days 5-12 of a~28 day cycle) of their menstrual cycles.
This study was approved by the Institutional Animal Care and Use Committee of
the Oregon National Primate Research Center (ONPRC), and animal care was provided
by the ONPRC in accordance with the NIH Guide for the Care and Use of Laboratory

Animals.
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Hormone assays

Serial blood samples were remotely collected in EDT A-coated tubes at 1-h
intervals across the day and night for 25 hand then centrifuged at 4 C; the plasma
supernatant was removed and stored at -20 C. Plasma leptin concentrations were
determined by RIA (Linco Research Inc., St. Charles, MO) with a detection limit of 0.25
ng/ml. The intra-assay coefficients of variation were 5.6% at 3.5ng/ml and 6.0% at
21.1ng/ml. The corresponding inter-assay coefficients ofvariati on were 7.9% and 7.0%
respectively. Plasma insulin concentrations were determined by
electrochemiluminescence (ECL) using the Elecsys 2010 System (Roche Diagnostics,
Indianapolis, IN); the assay limit of sensitivity was 0.2 j..lU/ml and the intra-assay
coefficient of variation was 4.5%. Plasma testosterone and DHEAS concentrations were
determined by RIA as previously described (Urbanski et al. 2004, Resko et al. 1973).

Statistical analysis

Twenty-four-hour plasma leptin concentrations were assessed both as raw values
(ng/ml) as well as percent variabilit y(% of mean). Student's t test was used to evaluate
group differences in: body weight, as well as mean, fasting (after an overnight fast and
prior to the AM meal), peak and nadir raw plasma leptin concentrations between young
and old males. One-way randomized analysis of variance (ANOVA) followed by the
Newman-Keuls multiple range test was used to evaluate group differences in: body
weight, as well as mean, fasting (after an overnight fast and prior to the AM meal), peak
and nadir raw plasma leptin concentrations between young, old premenopausal, and old
perimenopausal and old postmenopausal females. Variability was defined as a

47

percentage of the individual 24-h mean using the formula: variability at time t =
(hormone concentration at time t/24-h individual mean concentration) x 100. Plasma
leptin variability was plotted against time for each group, and was analyzed using oneway repeated measures ANOV A. Values significantly different from the nadir value
were then determined by the Dunnett's test, and a P value of <0.05 was used to indicate
statistical significance.
Group differences in 24-h mean testosterone, fasted morning plasma insulin and
DHEAS concentrations were determined by Student's t test between young and old
males. Group differences in fasted morning plasma insulin and DHEAS concentrations
were determined by one-way randomized ANOV A followed by the Newman-K euls
multiple range test between young, old premenopausal, and old perimenopausal and old
postmenopausal females. The relationships between age and fasted morning plasma
leptin, insulin, and DHEAS concentrations and between 24-h mean plasma leptin and
fasted morning DHEAS concentrations were determined by Pearson's correlation
analysis.
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RESULTS

Comparison of 24-h leptin profiles in young and old male rhesus monkeys
Significant diurnal variation of plasma leptin was evident in both the young (P <
0.01) and old (P < 0.05) males (Fig. 1). However, some quantitative and qualitative
differences were also apparent. The young males had a longer period of significant
nocturnallept in elevation relative to the morning nadir (1700- 0400 h, P < 0.01)
compared to the old males (1700- 0100 h, P < 0.05), whose leptin rhythm was more
variable.

Male body weight and plasma hormone characteristics
The body weight, 24-h plasma leptin characteristics, morning plasma insulin and
DHEAS concentrations, and 24-h mean testosterone concentrations of the males are
shown in Table 1. The young males had a significantly higher mean body weight (P <
0.05) but lower mean plasma leptin concentration (P < 0.01) compared to young females
(Student's t test; 9.5

± 0.6 kg and 1.3 ± 0.2 ng/ml, vs. 5.9 ± 0.4 kg and 1.7 ± 0.5 ng/ml).

Additionally, although there was no difference in fasted morning plasma insulin
concentrations between the young and old males, the young males had a lower mean
plasma leptin concentration (P < 0.01) compared to the old males, which probably stems
from differences in body fat content rather than body weight, which was well matched for
the two groups. Young males had significantly higher levels of fasted morning plasma
DHEAS (P < 0.05) and 24-h mean plasma testosterone (P < 0.0001).
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Comparison of 24-h leptin profiles in young and old female rhesus monkeys
Significant diurnal variation of plasma leptin was also evident in the young
premenopausal females (P < 0.01), with a nocturnal elevation from 2000- 0300 h (Fig.
2). Unlike their old male counterparts and young females, the old perimenopausal and
postmenopausal females had relatively constant levels of plasma leptin across the day and
night. However, this aging-related sexual dimorphism was not evident in all of the old
females. The old premenopausal females in the mid-late follicular phase of their
menstrual cycles (i.e., prior to ovulation, when plasma

17~-estradiol

concentrations are

rising) showed a significant elevation in plasma leptin relative to the morning nadir (P <
0.01) from 1900-0 300 h (Fig. 3), which was qualitatively indistinguishable from the 24h leptin rhythm of the young females.

Female body weight and plasma hormone characteristics
The body weight, 24-h plasma leptin characteristics, and morning plasma insulin
and DHEAS concentrations of the females are shown in Table 2. An age-associated
difference in plasma leptin levels and body weights was apparent in the females despite
no differences in fasted morning plasma insulin levels between female groups.
Compared to the young adult females, the old perimenopausal and postmenopausal
females had a significantly higher body weight (P < 0.05) as well as significantly higher
mean plasma leptin (P < 0.01), peak plasma leptin (P < 0.05), nadir plasma leptin (P <
0.01), and fasting plasma leptin (P < 0.01) concentrations. Whereas the old
to
premenopausal females showed no difference in mean or peak plasma leptin compared
the old perimenopausal and postmenopausal females. However, compared to the old
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premenopausal females, the old perimenopausal and postmen opausal females had a
significantly higher body weight (P < 0.05) as well as higher nadir plasma leptin (P <
0.01) and fasting plasma leptin (P < 0.05) concentrations. The higher morning
concentrations of plasma leptin in the old perimenopausal and postmenopausal females
compared to the premenopausal females caused a blunting of the 24-h plasma leptin
variation to a constant concentration of plasma leptin throughout the 24-h day in the old
perimenopausal and postmenopausal females. A similar blunting occurred with age in
morning plasma DHEAS (P < 0.05) concentrations, when plasma concentrations of
DHEAS typically peak, in both the old premenopausal and the old perimenopausal and
postmenopausal females compare d to the young premenopausal females.

Age and plasma hormone correlations
A significant negative correlation (P < 0.05) was present between 24-h mean
plasma leptin concentrations and morning preprandial plasma DHEAS concentrations
(Fig. 5). To better understand if the aging-related decline in plasma DHEAS
old
concentrations could explain the elevation in plasma leptin levels in the old males and
perimenopausal and postmenopausal females compare d to their young counterparts we
conducted a correlation compari son with age and plasma leptin, insulin and DHEAS (Fig.
6). A significant positive linear correlation (P < 0.001) was present between leptin and
age in old perimenopausal and postmenopausal females. A significant negative
correlation between DHEAS and age was present in both males (P < 0.001), and old
perimenopausal and postmenopausal females (P < 0.05). We found no significant
correlation with age and insulin in any group.
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Circadian nature of circulating leptin under continuous dim illumination

To demonstrate the circadian nature of the 24-h plasma leptin rhythm a group of
old males and old perimenopausal and postmenopausal females were maintained under
constant environmental conditions. The old males showed persistence in the elevation of
plasma leptin during their subjective night, from 1600- 0200 h (Fig. 4). Interestingly,
this elevation was more significant (P < 0.01) than the one previously observed when the
animals were maintained under the 12L:12D lighting schedule. In contrast to the males,
the old perimenopausal and postmenopausal females failed to show a significant (P >
0.05) diurnal variation in their plasma leptin concentrations while maintained under
constant environmental conditions (Fig.4).
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DISCUSSION

The present study clearly demonstrates the existence of a 24-h circulating leptin
rhythm in a nonhuman primate. This leptin rhythm is characterized by a peak at or near
1100 h (4 hours after lights out) and a nadir near 0700 h (at light on-set). Overall,
therefore, these findings confirm the results from previous studies in humans (Sinha et al.
1996a, Langendonk et al. 1998, Simon et al. 1998) which showed a clear nocturnal rise
in circulating leptin while bringing new insights to the sex-specific aging of this
hormonal rhythm.
Additionally, our data concur with previous nonhuman primate studies in that we
observed similar plasma concentrations of leptin that increased with age (Muehlenbein et

a!. 2005, Urbanski et al. 1998). However, this work advances the paucity of data
regarding circulating leptin in rhesus monkeys in several ways. Unlike previous works
utilizing rhesus monkeys, we were able to determine the 24-h pattern of release by
utilizing a remote blood sampling system that allowed for frequent sampling (hourly for
25 h) rather than a single daytime only or a single day and nighttime sample
(Muehlenbein et al. 2005, Suter et al. 2000, Plant et al. 1997, Urbanski et al. 1998) and
this remote sampling technique also eliminated the potential for a stress response that
may confound the observed levels of leptin. Much of the previous data on circulating
leptin in the nonhuman primate pertained to the relationship between circulating leptin
levels and the initiation of puberty (Suter eta!. 2000, Plant et al. 1997). These studies
utilized young animals only and they focused exclusively on males. In contrast, we
studied adult animals of different age groups as well as different sexes. Additionally, in
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an effort to better understand the circadian-like nature of circulating leptin we endeavored
·to sample from animals in the absence of photoperiodic cues and other potential
zietgebers.
Much is already known about the humoral factors that contribute to the synthesis
and release ofleptin. These include: glucose and insulin (Considine et al. 2001, Havel et

al. 2002), adrenal steroids (Considine et al. 2001, Casabiell et al. 2001, Leal-Cerro et al.
2001), and the sex steroids estradiol and testosterone (Mayes et al. 2004, Casabiell eta!.
2001). On the other hand, the underlying mechanism by which these factors exert their
influence on leptin is unclear, especially the mechanism that controls leptin's 24-h
rhythm. The sex-specific effects on plasma leptin we observed in rhesus monkeys were
consistent with those observed in human studies (Mayes et al. 2004, Casabiell et al.
2001). Overall, mean values of plasma leptin in the adult female monkeys were higher
than those found in males despite having lower body weights. In part, this may be due to
a higher body fat content in females than in males. However, it is likely that body fat
differences are not the solitary factor contributing to this sexual dimorphism.
Spontaneous leptin secretion in vitro from identical adipose tissue samples produce more
leptin from samples obtained from female donors than those from male donors (Casabiell

et a!. 1998, Casabiell et al. 2001 ). Gonadal sex steroids are also likely to play a role in
the sex differences that are observed in plasma leptin concentrations. Studies of human
omental adipose tissue in vitro, demonstrated the stimulatory effect of estrogen on the
release of leptin from adipose tissue of women but not men (Casabiell et al. 1998).
Gender differences in circulating leptin concentrations in vivo, are reversed in
transsexuals receiving cross-sex steroid hormone treatment (Elbers et al. 1997), and the
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inappropriately high leptin levels that are observed in hypogonadal men are attenuated by
testosterone replacement (Jockenhovel et al. 1997). Similarly, we observed significantly
higher plasma leptin concentrations and significantly lower testosterone concentrations in
old males compared to young male monkeys.
In the present study, we observed a 24-h pattern of circulating leptin in male
monkeys even when they were maintained under long-term constant environmental
conditions (consisting of continuous dim illumination and constant temperature while
masking the vocalized social cues of other nearby animals). Although not all potential
zeitgebers, or time-of-day cues, could be completely ruled out in this study, such as meal
timing, the data represent the first evidence in a primate that the plasma leptin rhythm
may be truly "circadian" in nature (i.e., maintains a ~24-h period even in the absence of
external time-of-day cues). In the present study it is possible that meal timing acts as the
primary zeitgeber for the 24-h leptin rhythm. The variable of meal timing is difficult to
bypass as even under ad libitum fed conditions as the rhesus monkey self-imposes
consolidated meal times. To minimize this variability we chose to keep meal timing at
0800 h and 1500 h with all other external cues being held constant. Previous efforts to
determine if the 24-h circulating leptin rhythm is truly circadian did not allow enough
time under "constant conditions" for subjects' endogenous circadian rhythms to be
viewed as "free-running"; instead they showed a leptin rhythm shift after a short
photoperiod change where any circadian control of leptin release would have been
masked by a shift in activity and behavior (Schoeller et al. 1997). Future studies will be
needed to address the issue of "free-running" conditions and continuous feeding or meal
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timing shifts to determine the primary driving force behind leptin's temporal release
pattern.
In previous studies, Franceschini et al. and Zhao et al. sought to identify agingrelated changes in circulating 24-h leptin concentrations and found that there were minor
changes in amplitude and overall mean levels respectively, but in both cases the 24-h
leptin rhythm was generally preserved with old age. We were able to advance these
previous observations in several ways. First, we performed more frequent blood samples
to generate a more detailed leptin profile than the previous two studies. Second, we
chose animals of appropriately young ages for our control groups to compare with
appropriately old-aged monkeys. In the Franceschini et al. study, it is possible that more
significant changes in the 24-h leptin rhythms would have been observed if the old group
(72-87 yrs) would have been compared to a younger control group rather than middleaged men (35-50 yrs). Additionally, in the Zhao et al. study, the men varied in age from
31 to 63 years. It is possible that this span in ages was insufficient to disclose changes in
the 24-h rhythmicity of leptin other than the typical age-associated increases in overall
leptin concentrations and increases in body fat. Furthermore, both of the previous two
studies utilized male subjects exclusively. Age-related changes to endocrine rhythms are
commonly different in males compared to females and thereby warrant sex-specific
investigation especially with respect to the endocrine changes occurring around the time
of menopause for women. The effect of age on plasma leptin concentrations in women
remains controversial (Mays et al. 2004). Part of the discrepancies in lepin
concentrations found in aging women are likely due to the complications of their variable
hormonal milieus associated with the transition into menopause and hormone therapies.

56

For this reason we chose to divide our old female group into a premenopausal group and
·a peri/postmenopausal group.
An unexpected key finding in the present study was that the circadian leptin
rhythm was preserved in old males but not in old perimenopaus al and postmenopausal
females. While being exposed to constant environmental conditions and during the
12L: 12D lighting schedule, these old females displayed a relatively constant level of
plasma leptin over 24 h with no clear evidence for a nocturnal peak. The elevation in
morning plasma leptin levels in perimenopausal and postmenopausal females could not
be accounted for by any differences in food intake or plasma insulin levels. This agingassociated sexual dimorphism of the 24-h circulating leptin pattern may be indicative of
differences in the aging of the circadian system per se, being more pronounced or
advanced in old females compared to old males. Evidence for the dampening of other
circadian hormone rhythms with advancing age indicates that this may indeed be the case
(Gundlah et al. 2000, Touitou et al. 2000, Touitou et al. 1997, Downs eta!. 2001, PandiPerumal et al. 2002, Urbanski et al. 2004). For example, we have previously shown that
in female monkeys there is a dramatic attenuation in the amplitude of the DHEAS
circadian rhythm around the time of menopause (Downs eta!. 2001), whereas the
circadian pattern (and overall mean plasma levels) of this adrenal hormone are
maintained to a much later age in males (Urbanski et al. 2004). Although the old males
did not appear to lose their nocturnal plasma leptin peak, their rhythms did differ slightly
from those of young males; the plasma levels were more variable and the duration of the
nocturnal peak was shorter, which is consistent with previous observations (Franceschini

et al. 1999, Zhao et al. 2002).
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The reason for the disappearance of the 24-h plasma leptin rhythm in many of the
·old females is unclear, but it may be related to aging-associated changes in the sexsteroid environment. In support of this view is the observation that the nocturnal plasma
leptin peak persisted in the old premenopausal females but not in the old perimenopausal
and postmenopausal females despite identical meal timing, food intake, and fasted
plasma insulin levels. Although an aging-related decrease in sex-steroid secretion from
the ovaries may play a causal role in the suppression of a 24-h variation in plasma leptin,
one can not rule out the possibility that the aging-associated decrease in DHEA, and its
sulfated form DHEAS, from the adrenal gland is also involved. In monkeys, DHEA(S)
has a circadian rhythm, characterized by a morning peak, which is in antiphase with the
circadian plasma leptin rhythm (Downs et al. 2001, Urbanski et al. 2004). Furthermore,
DHEA(S) is a precursor to testosterone, and previous work has shown that androgens
such as testosterone can inhibit the release ofleptin (Machinal-Quelin et al. 2002,
Jockenhovel et al. 1997, Elbers et al. 1997, Wabitsch et al. 1997). Therefore, it is
plausible that the absence of a circadian leptin rhythm in the old perimenopausal and
postmenopausal females stems from a loss of androgen-mediated leptin inhibition via
DHEA(S). In support of this view we found a marked attenuation in plasma DHEAS in
old females. Although old males also displayed a significant attenuation in plasma
DHEAS concentrations overall they were twice that of the old females. Additionally, an
aging-related decline in plasma testosterone concentrations in the males may help to
maintain a pronounced 24-h leptin rhythm, as the nighttime peak of testosterone declines
in old males so may the testosterone-mediated inhibition of peak plasma leptin levels.
Further, elevated plasma testosterone in males compared to females may help to explain
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the commonly seen differences in plasma leptin concentrations between males and
females even after correction for differences in body fat content (Ostlund et al. 1996,
Rosenbaum et al. 1996, Kennedy et al. 1997, Lahlou et al. 1997, Saad et al. 1998, Havel

et al. 1996, Licinio et al. 1998). However, the lower mean plasma leptin concentration
observed in the young males (compared to the young females and old males) is likely to
be at least partially attributable to their lower body fat content.
At present, the pathophysiological significance of a reduced diurnal variation in
plasma leptin during old age is largely unknown, but such changes have the potential to
contribute to disrupted eating patterns and body weight regulation and bone remodeling,
as well as to perturbation of consolidated nighttime sleep. The loss of bone mass in
postmenopausal women leading to osteoporosis is of great concern and a deeper
understanding ofthe causal factors is especially important. Although gonadal failure and
the following loss of sex-steroids are considered to be the primary reason for the loss of
bone mass in postmenopausal women, recent findings demonstrate that leptin, acting
separately from its associated feeding and reproductive neurocircuitry, operates upon the
sympathetic nervous system to regulate bone remodeling (Elefteriou et al. 2005, Ducy et

al. 2000). When leptin was replaced in leptin deficient mice their elevated bone mass
declined (Ducy et al. 2000). Leptin exerted its effects through the sympathetic nervous
system to increase the production of RANK ligand, which in turn stimulated the
formation of osteoclasts (Elefteriou et al. 2005). Moreover, an intact circadian clock
mechanism was required for leptin's effect on bone (Fu et al. 2005). These new insights
emphasize the potential pathophysiological significance ofthe elevated baseline levels
and the loss of leptin rhythmicity we find in old perimenopausal and postmenopausal

59

female rhesus monkeys. Additionally, it has been suggested that a nocturnal rise in leptin
Curbs nighttime hunger and thereby may help to maintain consolidated sleep (Sinha et al.
1996). However, this explanation does not account for the observation that nocturnal
rodents also have elevated circulating leptin concentrations at night, even though they are
awake (Saladin et al. 1995). Several factors that influence leptin release (Considine
2001, Havel2002 Casabiell et al. 2001, Leal-Cerro et al. 2001, Mayes et al. 2004) are
known to change with age (Rosenbaum et al. 1996, Touitou et al. 2000, Touitou et al.
1997, Pandi-Perumal et al. 2002, Urbanski et al. 2004, Moller et al. 1998, Forbes et al.
1987). It has been demonstrated that an increase in body fat content in humans is
associated with a dampened diurnal variation and pulsatiltiy in plasma leptin secretion
(Matkovic et al. 1997). However, an aging-related gain in body fat is unlikely to be the
basis for the loss of diurnal variation in plasma leptin that was observed in the old
perimenopausal and postmenopausal females because a strong diurnal variation in plasma
leptin was preserved in age and body weight-matched old premenopausal females.
Despite this match in age and body weight, old perimenopausal and postmenopausal
females had significantly higher baseline plasma leptin concentrations, which is
consistent with previous reports (Rosenbaum et al. 1996, Saad et al. 1998, Havel et al.
1996, Licinio et al. 1998). While the cause of the aging-related loss of a circadian leptin
rhythm and an elevation in baseline leptin in old perimenopausal and postmenopausal
females is uncertain, it is likely that the higher baseline concentration of plasma leptin in
old perimenopausal and postmenopausal females is responsible for masking its circadian
rhythm and possibly contributing to an aging-related loss of bone.
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In summary, this study demonstrates that the 24-h variation of plasma leptin persists

under long-term constant environmental conditions, suggesting that the leptin rhythm may
truly be circadian in nature. Additionally, the study shows an aging-related sexually
dimorphic loss of the circulating leptin circadian rhythm in the female rhesus monkey, which
may be related to loss of circulating steroid concentrations around the time of menopause.
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TABLE 1. Analysis of male rhesus monkey 24-h plasma hormone profiles
Young

Old

(n = 10)

(n = 7)

Body weight (kg)

9.5 ± 0.6

8.5 ± 0.8

Mean leptin (ng/ml)

1.3 ± 0.2

1.5 ± 0.3b

Peak leptin (ng/ml)

1.8 ± 0.3

2.7 ± 0.3

Nadir leptin (ng/ml)

0.6 ± 0.2

0.5 ± 0.2

Fasting leptin (ng/ml)

0.8 ± 0.2

1.1 ± 0.5

Fasting insulin (J.!U/ml)

11.4 ± 1.8

18.0 ± 4.3

Fasting DHEAS (ng/ml)

217.0 ± 24.4

52.7 ± 12.3a

5.8 ± 0.47

3.4 ± 0.54c

Mean testosterone (ng/ml)

Values represent mean± SEM.
Blood samples to determine fasting plasma leptin, insulin, and DHEAS were collected at 0700
h after an overnight fast and before the AM meal. Young = ( 10 - 11 yrs ), old = (23 - 30 yrs ).

ap < 0.05, bp < 0.01, cp < 0.0001 vs. young males (Student's t test)
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2. Analysis of female rhesus monkey 24-h plasma hormone profiles
Premenopause

Peri/Postmenopause

Young (n = 4)*

Old (n = 3)

Old (n = 8)

Body weight (kg)

5.9 ± 0.4b

6.1 ± 0.5b

7.5 ± 0.3

Mean leptin (ng/ml)

1.7 ± 0.5

2.5 ± 1.4

5.1 ± 0.7a

Peak leptin (ng/ml)

2.4 ± 0.6

3.0 ± 1.2

6.2 ± 0.9a

Nadir leptin (ng/ml)

1.1 ± 0.5c

1.2 ± 0.6c

3.9 ± 0.4

Fasting leptin (ng/ml)

1.4 ± 0.4c

2.0 ± 1.6b

5.0 ± 0.6

Fasting insulin (J!Uiml)

23.9± 4.7

32.8± 5.0

36.1 ± 8.9

Fasting DHEAS (ng/ml)

86.4 ± 15.0

23.2 ± 3.9a

34.6 ± 6.5a

Values represent mean ± SEM.
Blood samples to determine fasting plasma leptin were collected after an overnight fast
and before the AM meal. Young = (7 - 13 yrs ), old premenopausal = ( 17 - 22 yrs ), old
peri/postmenopausal= (17- 24 yrs).

ap < 0.05 vs. young females, hp < 0.05 vs. old peri/postmenopausal females, cp < 0.01 vs.
old peri/postmenopausal females (One-way randomized ANOVA, Newman-Keuls
postanalysis)
*Fasting insulin values were determined for 3 young females rather than 4 due to the
unavailability of plasma.
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FIGURE LEGENDS

FIG. 1. 24-h plasma leptin concentrations in young adult male rhesus monkeys (•; n =
10) and old male rhesus monkeys (D; n = 7). The horizontal black and white bar on the
abscissa corresponds to the 12L: 12D lighting schedule. The monkeys were fed two
meals daily at 0800 hand 1500 h. Although the blood samples were collected over 24-h,
from 1900 - 1900 h, the data have been double plotted to aid in the visualization of the
leptin circadian rhythm. The plasma leptin concentrations are expressed as a percentage
of the 24-h mean (=100%). Data points represent mean values(± SEM). Significance
values represent a Dunnett's test comparing each plasma leptin concentration with the
nadir concentration over 24 h within a group. Young and old males had a nocturnal
elevation in plasma leptin (indicated by thick and thin arrows respectively). A schematic
of activity and rest (indicated by vertical and dashed lines respectively) and the
relationship to the timing and duration of meals (indicated by two square symbols) is
shown above the lighting schedule.

FIG. 2. 24-h plasma leptin concentrations in young adult (•; n = 4) female rhesus
monkeys and old perimenopausal and postmenopausal ( 0; n = 8) female rhesus
monkeys. The horizontal black and white bar on the abscissa corresponds to the
12L: 12D lighting schedule. The monkeys were fed two meals daily at 0800 h and 1500
h. Although the blood samples were collected over 24-h, from 0700 - 0700 h, the data
have been double plotted to aid in the visualization of the leptin circadian rhythm. The
plasma leptin concentrations are expressed as a percentage of the 24-h mean (=100%).
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Data points represent mean values (± SEM). Significance values represent a Dunnett's
· test comparing each plasma leptin concentration with the nadir concentration over 24 h
within a group. Only the young females had a significant nocturnal elevation in plasma
leptin (indicated by horizontal arrows). A schematic of activity and rest (indicated by
vertical and dashed lines respectively) and the relationship to the timing and duration of
meals (indicated by two square symbols) is shown above the lighting schedule.

FIG. 3. 24-h plasma leptin concentrations in old premenopausal female rhesus monkeys
(n = 3). The horizontal black and white bar on the abscissa corresponds to the 12L: 12D
lighting schedule. The monkeys were fed two meals daily at 0800 h and 1500 h.
Although the blood samples were collected over 24-h, from 0700 - 0700 h, the data have
been double plotted to aid in the visualization of the leptin circadian rhythm. The plasma
leptin concentrations are expressed as a percentage of the 24-h mean (=100%). Data
points represent mean values(± SEM). Significance values represent a Dunnett's test
comparing each plasma leptin concentration with the nadir concentration over 24 h within
a group. Old premenopausal females had a significant nocturnal elevation in plasma
leptin (indicated by horizontal arrows). A schematic of activity and rest (indicated by
vertical and dashed lines respectively) and the relationship to the timing and duration of
meals (indicated by two square symbols) is shown above the lighting schedule.
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FIG. 4. Circadian rhythm of plasma leptin concentra tions in old male rhesus monkeys

(D; n = 5) and relatively constant 24-h plasma leptin concentra tions in old
perimeno pausal and postmeno pausal female rhesus monkeys ( 0; n

=

7) under continuou s

dim illuminat ion (~ 100 lux) indicated by the dashed horizontal bar on the abscissa. The
monkeys were fed two meals daily at 0800 h and 1500 h. Although the blood samples
were collected over 24-h, from 1900- 1900 h and from 0700- 0700 h from males and
females respectively, the data have been double plotted starting at 1900 h to aid in the
visualizat ion of the leptin circadian rhythm. The plasma leptin concentra tions are
expressed as a percentag e of the 24-h mean (=100%). Data points represent mean values
(± SEM). Significan ce values represent a Dunnett's test comparin g each plasma leptin
concentra tion with the nadir concentra tion over 24 h within a group. Only the old males
had a significan t nocturnal elevation in plasma leptin during their subjectiv e night
(indicated by horizontal arrows). A schematic of activity and rest (indicated by vertical
and dashed lines respective ly) and the relationsh ip to the timing and duration of meals
(indicated by two square symbols) is shown above the lighting schedule.

FIG. 5. Correlatio ns between plasma leptin concentra tions and plasma DHEAS
concentra tions in young and old male and female monkeys (n = 28). A significan t
negative linear correlatio n is present between leptin and DHEAS. Data points represent
24-hour mean leptin values and early morning (0700 h) preprandi al DHEAS values for
each individua l monkey.
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FIG. 6. Correlations between plasma leptin (A-C), insulin (D-F) and DHEAS (G-1) levels
with age in male (•, young adults; and D, old) and female (e, young adults; 0, old
premenopausal; and X, old perimenopausal and postmenopausal) monkeys. A significant
positive linear correlation is present between leptin and age only in peri/postmenopausal
females, whereas DHEAS is negatively correlated with age in both males and
peri/postmenopausal females. There is no significant correlation between insulin and age
in any of the groups. Data points represent individual early morning (0700 h) preprandial
values for each monkey.
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Orexin Neuronal Changes in the Locus Coeruleus of the Aging Rhesus
Macaque

83

CHAPTER 3 PREFACE: Age-relate d changes in arousal rhythmicity; orexin in the
primate brain
Characteristics common to many elderly persons are to experience nighttime sleep
fragmentation, daytime sleepiness, and lack of vigilance or alertness. The elderly tend to take
more frequent naps throughout the day and have a distinctly different quality of nocturnal
sleep compared to young adults characterized by: a decreased amount of sleep, an increased
number and duration of intrasleep arousals, increased time in stage 1 sleep, and decreases in
slow wave sleep stages. Additionally, daytime sleepiness has been strongly correlated to
nighttime sleep fragmentation in the elderly human. The fragmentation of consolidated sleep
and wakeful periods that are common to elderly humans also appear to be common in old
rhesus monkeys.
A region of the brain that has long been associated with a variety of brainfunctions, including sleep-wake behavior, vigilance, and cognition experiences cell loss
during the progression through Alzheimer 's and Parkinson' s diseases and perhaps during
normative aging. These paired, dense clusters of neurons in the dorsorostral pons, called
the locus coeruleus (LC), provide the primary source of norepinepherine (NE) to most of
the central nervous system. The LC is innervated by a variety of fibers some of which
illicit an inhibitory response such as the GABA and enkephalin inputs from the
dorsomedial rostral medulla, and some inputs excite the LC, such as glutamate, GABA,
enkephalin, corticotropin releasing hormone, and epinephrine from the ventrolateral
rostral medulla. More recently, a major excitatory input from the hypothalamus, called
orexin (or hypocretin), to the LC has been identified in rodents and nonhuman primates.
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It has previously been reported that the diurnally produced peptide orexin,

originating from the lateral hypothalamic area (LHA), plays a critical role in maintaining
vigilance and wakefulness. Disruptions in the orexin system result in narcolepsy. A
similar disruption may also be involved in the aging-related fragmentation in
consolidated sleep and wakeful cycles that commonly occur in humans and nonhuman
primates. However, very few studies of the orexin system have been conducted in the
aging human and to the best of our knowledge, no such studies have been carried out in
the aged nonhuman primate. Orexin neurons innervate and activate aminergic arousal
regions such as the noradrenergic LC, serotonergic raphe nuclei, and histaminergic
tuberomammillary nucleus. The densest arborization of orexin axons project to the LC,
where orexin receptors are present and orexin peptides elicit excitatory activity in the LC
inducing wakefulness.
The physiological roles of orexin were first inferred based upon its
neuroanatomicallocations. Initial studies found orexins to be involved in the regulation
of food consumption and energy homeostasis but more recent studies have shown orexins
to be additionally involved in a variety of other neuronal regulated functions including:
arousal and vigilance, cardiovascular modulations, stress response, analgesic activity,
activation of the hypothalamic-pituitary-adrenal axis and secretion of corticotropin
releasing hormone and arginine vasopressin. Intracisternal injection of anti-orexin
antibody to fasted rats suppresses food intake, whereas intracerebroventricular injection
of orexins in rats has been shown to increase wakefulness, stimulate appetite, increase
body temperature and blood pressure, activate sympathetic outflow and increase the
release of corticosterone. The orexin system seems to play an important role in sleep-
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wake regulation. An age-related deterioration in the orexin system or in the 24-h pattern
of orexin A or B release, may contribute to the difficulty in the elderly human and rhesus
macaque to maintain a consolidated pattern of sleep and vigilant periods over a 24-h
cycle. The goal of the following chapter was to determine if the aging-related
fragmentation in consolidated sleep and wakeful cycles might be explained by a
disruption of the production of orexin with age in the rhesus monkey.
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ABSTRACT

Orexin neuropeptides regulate arousal-state and excite the noradrenergic locus
coeruleus (LC), so it is plausible that an age-related loss of orexin neurons and
projections to the LC contributes to poor sleep quality in elderly humans and nonhuman
primates. To test this hypothesis we examined orexin B-immunoreactivity in the lateral
hypothalamic area (LHA) and the LC of male rhesus macaques (Macaca mulatta)
throughout the life span. Orexin perikarya, localized predominantly in the LHA, showed
identical distribution patterns irrespective of age. Similarly, orexin neuron number and
serum orexin B concentrations did not differ with age. In contrast, orexin Bimmunoreactive axon density in the LC of old animals was significantly lower than that
observed in the young or adult animals. Furthermore, the age-related decline was
associated with a significant decrease in TH mRNA in the LC, despite no change in
tyrosine hydroxylase (TH)-immunoreactive neuron number. Taken together, these data
suggest that age-related decreases in excitatory orexin innervation to the noradrenergic
LC may contribute to the etiology of poor sleep quality in the elderly.
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INTRODUCTION

It is common for nighttime sleep quality and daytime alertness to deteriorate in

the elderly [2, 8, 22]. Typical manifestations include: a decreased amount of sleep, an
increased number and duration of intrasleep arousals, increased time in stage 1 sleep, and
decreases in slow wave sleep stages [34]. Additionally, daytime sleepiness has been
strongly correlated to nighttime sleep fragmentation in the elderly [4]. Although the
underlying neural mechanisms responsible for sleep fragmentation are poorly understood,
they may involve the hypothalamic neuropeptide orexin.
Orexin exists as two molecular forms, orexin A and B (also called hypocretin 1
and 2), which are produced from the proteolytic processing of the single 130-amino acid
(rodent) or 131-amino acid (human) protein precursor, prepro-orexin [6, 29]. Orexin A
(amino acids 33-66) and orexin B (amino acids 69-96) are the endogenous ligands of the
G protein-coupled orexin receptors 1 and 2 [6, 18, 29]. Orexin receptor 1 preferentially

binds orexin A over orexin B, whereas orexin receptor 2 binds both ligands with equal
affinity [29]. The cell bodies ofprepro-orexin synthesizing neurons are entirely
contained within the lateral hypothalamic area (LHA) and perifomical hypothalamus but
send projections throughout the brain and spinal cord including brainstem regions
involved in the regulation of sleep and wakefulness, such as the locus coeruleus (LC) [6,
12, 16, 25, 29, 37]. Indeed, the densest arborization oforexin containing axons appears
to project to the LC; furthermore, orexin receptors are highly expressed in the LC [12,
25], and orexins have been shown to induce wakefulness by eliciting excitatory activity
in the LC [11, 12].
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There is increasing evidence from a wide variety of mammalian species to suggest
that the orexin system (consisting of orexin neurons and projections, peptides, and
receptors) plays an important role in sleep-wake regulation [3, 5, 11, 14, 15, 25, 26, 27,
30]. Disruption of the prepro-orexin gene in mice results in a syndrome similar to human
and canine narcolepsy [5] and defects in the orexin receptor 2 systems have been
identified in narcoleptic mice, dogs and humans, characterized by bouts of uncontrollable
sleepiness and cataplexy [5, 19, 23]. Furthermore, in narcoleptic humans the total
number of orexin neurons in the LHA is markedly reduced, as is the concentration of
orexins in the cerebral spinal fluid [26, 33]. The orexin system seems to be a key factor
in maintaining a state of vigilance and wakefulness in narcoleptics. However, orexin
may play a more generalized role in arousal state regulation in the normal subject. In
support of this hypothesis is evidence that hypothalamic orexin levels are higher during
the wakeful state than during sleep [ 18]. A disruption in the orexin system with advanced
age may help to explain a contributing underlying cause of the difficulty in the elderly to
maintain a consolidated pattern of sleep.
The goal of the present study was to help establish a biochemical basis for the
commonly observed aging-related disruption of the sleep-wake patterns. The rhesus
macaque has long been considered an ideal model for neurophysiological studies of sleep
because of its well-defined nocturnal sleep organization, similarity with human
physiology and sleep, and ease of handling and housing [ 1, 34]. Like humans, rhesus
macaques tend to show fragmentation of consolidated sleep during aging (unpublished
observations). Consequently, we hypothesized that old macaques would show a decrease
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in the number of orexin neurons in the LHA and/or the density of orexin inputs to the LC,
· with an associated decrease in catecholamine synthesis.
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MATERIALS AND METHODS

2.1. Experimental animals

A total of thirty-seven male rhesus macaques (Macaca mulatta), ranging in age
from <1 year- 32 years old, were utilized in the following terminal experiments, which
were approved by the Institutional Animal Care and Use Committee of the Oregon
National Primate Research Center (ONPRC). Prior to sacrifice, the animals were cared
for by the ONPRC Division of Animal Resources, in accordance with the NIH Guide for

the Care and Use of Laboratory Animals. The animals were housed in a temperaturecontrolled environment (24 °C) under a fixed 12L: 12D photoperiod (lights on from 0700
h- 1900 h). Food (Purina High Protein Monkey Chow No. 5045, Purina Mills, Inc., St.
Louis, MO) was provided daily at 0800 h and 1500 h, and was supplemented with fresh
fruits or vegetables.

2.2. Tissue preparation

Postmortem tissues from the rhesus macaques were made available through the
ONPRC Tissue Distribution Program, and were used for this and other unrelated studies.
Euthanasia was performed using sodium pentobarbital anesthesia followed by
exsanguination. Brain tissue was perfusion-flushed via the ascending aorta with 0.9%
saline and then perfusion-fixed with cold 4% paraformaldehyde in 0.1 M PBS at a pH of
7.4. Hypothalami or brainstems were dissected and were additionally bath-fixed
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overnight at 4°C. They were then cryoprotected by immersion for 24 hours in a solution
of 10% glycerol in 0.02 M phosphate buffer containing 2% dimethyl sulfoxide (DMSO),
followed by immersion for an additional 72 hours in a similar phosphate/DMSO solution
containing 20% glycerol [36]. The tissue blocks were then rapidly frozen in 2-methyl
butane that was pre-cooled in an ethanol/dry-ice bath, and stored at -80°C until
sectioning. The frozen tissues were sectioned coronally (25 Jlm, rostral-caudal) using a
sliding microtome and the sections were then post-fixed overnight in 0.25%
paraformaldehyde in 0.2 M KPBS. Sections designated for immunohistochemistry were
maintained free-floating in cryoprotectant at -20°C for later use. Sections designated for

in situ hybridization histochemistry were mounted on glass microscope slides
(Fisherbrand Superfrost/Plus; Fisher, Aubern, W A), air-dried for 30 minutes, vacuum
dried overnight, and then stored at -80°C for later use.

2.3. Experiment 1: monitoring of locomotor activity

To demonstrate the typical age-related decline of locomotor activity in rhesus
monkeys, daily activity-rest patterns were monitored in two males (10 and 26 years old).
Although these animals were not part of the terminal study described above, they
provided actograms (i.e., daily sleep-wake recordings) that were representative of young
and old adult monkeys. Locomotor activity was monitored continuously for nineteen
days, using Actiwatch recorders (Mini-Mitter Co., Inc., Sunriver, OR). These
accelerometer-based recording devices were fitted inside a small pocket at the back of a
protective nylon mesh jacket (Lomir Biomedical Inc., Malone, NY) that was worn by
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each animal. The data were downloaded from the Actiwatch to a computer and analyzed
using Sleepwatch software (Mini-Mitter Co., Inc.).

2.4. Experiment 2: Orexin B in the lateral hypothalamic area and serum

Hypothalamic sections were obtained from male monkeys belonging to the
following age groups: young prepubertal (2-4 years; n = 3), adult (9-13 years; n = 4), and
old (25-32 years; n = 4). They were stained immunohistochemically for orexin B, and the
mean number of immunopositive neurons in the lateral hypothalamic area (LHA) was
determined. In addition, serum orexin B concentrations were assayed in the terminal
blood samples.

2. 4.1. Immunohistochemistry (IHC) for orexin B in the LHA

IHC for orexin B was performed on a series of sixteen 25-~m-thick coronal
hypothalamic sections, collected at

150-~m

intervals from each animal; these sections

spanned the entire LHA (Experiment 2). A parallel series of 25-~m-thick coronal
hypothalamic sections from each animal was stained with thionin and used as an
anatomical reference set to ensure that the entire LHA was included in the subsequent
analysis.
Based on a previously-described protocol [12], the free-floating sections were
rinsed with Tris buffer and then incubated in 1% H2 0 2 for 30 min to remove endogenous
peroxidase activity. They were again rinsed with Tris buffer and then incubated in 2%
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blocking serum (normal horse serum) for 1.5 h. After further rinsing, the sections were
·incubated in orexin B (C-19) primary antibody (goat polyclonal IgG, Santa Cruz Biotech,
Inc., Santa Cruz, CA), at a dilution 1:500 for 36 hat 4° C. Next, they were rinsed with
Tris buffer and incubated in biotinylated secondary antibody (horse anti-goat IgG, Vector
Laboratories Inc., Burlingame, CA) at a dilution 1:500 for 1.5 hat room temperature.
The sections were subsequently washed in buffer solution, incubated according to the
Vectastain ABC Standard Kit amplification procedure (Vector Laboratories Inc.) for 1.5
h, washed again, and then incubated with 3,3 '-diaminobenzidine tetrachloride (DAB) (1 0
mg/ml) and 0.003% H202 for approximately 10 minutes. After a thorough rinsing, the
sections were maintained in Tris buffer overnight at 4°C, and then mounted on glass
microscope slides (Fisherbrand Superfrost/Plus). The mounted sections were air-dried
overnight, dehydrated in alcohol, cleared with xylenes, and subsequently coverslipped
using DPX mounting medium (Electron Microscopy Sciences, Ft. Washington, PA).

2.4.2. Assay of serum orexin B concentrations

Terminal blood samples (2 ml) were collected from the eleven males used in
Experiment 2, as well as from two additional prepubertal animals: young prepubertal (2-4
years; n =5), adult (9-13 years; n = 4), and old (25-32 years; n = 4). The blood was
allowed to clot at 4°C; after centrifugation, the serum supernatant was stored at -20°C
until assay. Serum orexin B concentrations were measured in duplicate using a
commercially available radioimmunoassay (RIA) kit (Phoenix Pharmaceuticals, Belmont,
CA), which involved sample extraction. The serum samples were acidified (equal parts
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serum and 1% trifluoroacetic acid (TF A)) and centrifuged, and the resulting supernatant
was loaded onto a SEP-COLUMN containing 200 mg ofC18 (RK-SEPCOL-1; Phoenix
Pharmaceuticals, Belmont, CA). The column was then washed by 1% TF A and the
peptide was eluted by 60% acetonitrile in 1% TF A. The eluted samples were evaporated
to dryness in a refrigerated speed vacuum centrifuge and the resulting residues were
reconstituted in RIA buffer. The RIA procedure is based on competitive-binding principle
utilizing a polyclonal rabbit antibody against human orexin B and goat anti-rabbit
antibody to separate bound and free fractions. To determine the percent-recovery of
peptide after extraction, known human orexin B standards in TF A buffer were extracted
using the above protocol. The mean recovery of the peptide was 95% ± 3.6 SEM. The
intra-assay coefficient of variation was 6.6% and the limit of sensitivity was 1 pg/ml.
Mean serum orexin concentrations were calculated for the three age groups and the data
were compared statistically as described below.

2.5. Experiment 3: Tyrosine hydroxylase and orexin Bin the locus coeruleus

Brainstem sections were obtained from a different set of male monkeys,
belonging to the following age groups: young prepubertal (<1 year; n = 6), adult (9-15
years; n = 9), and old (22-32 years; n = 7). They were stained immunohistochemically
either for orexin B, to identify age-related changes in orexin neuronal axon density, or for
tyrosine hydroxylase (TH), to identify age-related changes in the number of adrenergic
neuronal perikarya in the locus coeruleus (LC). In addition, in situ hybridization
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histochemistry (ISHH) for TH mRNA was performed on a parallel set of sections to
identify age-related changes in TH gene expression in the LC.

2.5.1. Single-label immunohistochemistry (IHC) for orexin Band THin the LC

IHC for orexin Band TH were also performed on two sets of three 25-j..lm-thick
coronal brainstem sections, collected at 100-J..lm intervals. Based on thionin staining of a
parallel set of twelve sections, the immunostained sections spanned the middle ofthe LC.
The IHC procedures were essentially similar to that described above for orexin B in the
LHA, except that the procedure to identify the locus coeruleus within brainstem sections
used a mouse monoclonal antibody specific forTH (Chemicon International, Temecula,
CA), at 1:500 dilution, as the primary antibody. THis a key enzyme in catecholamine
biosynthesis so its immunohistochemical detection can be used to identify adrenergic
neurons in the LC [35].

2.5.2. In situ hybridization histochemistry (JSHH) forTH in the LC

ISHH forTH mRNA was performed on brainstem sections containing the LC.
These sections were from a parallel set to that used for the TH IHC described above. The
ISHH protocol was similar to that previously reported [21, 24], and involved a 17 6nucleotide

35

S-labelled antisense cRNA probe, transcribed from rhesus macaque eDNA

that encodes TH (RHTH-176) [21, 24]. The cRNA transcript was synthesized using a
commercially available kit (Promega Corporation, Madison, WI). The sections were

96

post-fixed in 4% paraformaldehyde, 0.1 M phosphate buffer, pH 7.4, for 15 minutes,
rinsed in Tris-EDTA, and then were treated with proteinase K (1 0 jlg/ml) in Tris-EDTA
buffer (pH 8.0) for 30 minutes. Next, they were acetylated, dehydrated with ethanol,
vacuum-dried for 2 hours, and then hybridized overnight at 60°C with 25 111 of antisense
35

6
S-labeled riboprobe, diluted to 10 x 10 counts per minute per ml with hybridization

buffer (50 mM dithiothreitol, 250 jlg/ml tRNA, 50% formamide, 0.3 M NaCl, 1 x
Denhardt's solution, 20 MM Tris (pH 8.0), 1 mM EDTA (pH 8.0), and 10% dextran
sulfate). The post-hybridization step involved washing off coverslips in 4 x salinesodium citrate buffer (SSC; the 20 x stock solution comprised 175.3 g sodium chloride
and 88.2 g sodium citrate per liter (pH 7.0)) containing 20 mM dithiothreitol. The
sections were then incubated in Tris-EDTA buffer (pH 8.0) containing RNase A (1 0
jlg/ml) for 30 minutes at 37°C, followed by tWO 30-minute washes with 2 X SSC at room
temperature, and a final wash with 0.1 x SSC at 70°C. The mounted sections were then
dehydrated using an ascending ethanol gradient, containing 0.3 M ammonium acetate,
and then air-dried for 30 minutes. To visualize the hybridization pattern of the

35

S-labeled

riboprobe, the sections were dipped in NTB-2 photographic emulsion (Eastman Kodak
Co., Rochester, NY) and exposed for 64 hours at 4°C in a light-tight box. The mounted
sections were subsequently processed with Kodak developer (D-19) and fixer,
counterstained with 0.1% thionin, dehydrated with ethanol, cleared with xylenes, and
finally coverslipped using DPX mounting medium (Electron Microscopy Sciences).
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2. 6. Statistical analysis

For each measurement, mean age group values were compared using one-way
analysis of variance (ANOV A), followed by the Neuman-Keuls test. A p-value < 0.05
was accepted as significant for all statistical tests. Data are expressed as ± SEM.

2.6.1. IHC

For each animal in Experiment 2, the distribution pattern and the total number of
orexin B-ir neurons was bilaterally examined in sixteen 25-!lm-thick serial hypothalamic
sections, spaced 150 !lm apart, to ensure that no neurons were counted in duplicate due to
cells spanning adjacent sections. Cells were considered positive for orexin B if they
showed well-defined soma and the total number were counted for each of the sixteen
sections per animal. The section containing the peak number of orexin B-ir neurons was
identified for each animal, and the seven or eight sections rostral and caudal to this peak
were used in the analysis; thus spanning the entire LHA.
Similarly, the counting method ofTH-ir neurons within the LC in Experiment 3
was essentially the same as in Experiment 2. The region of the LC to be counted
encompassed the largest area of the LC for each animal determined by nissl staining. All
positive cells within the three 25-!lm-thick sections spaced 100 !lm apart were counted.
The overall mean number of orexin B-ir or TH-ir neurons was calculated for each age
group and compared statistically.
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To determine the relative density of orexin B-ir axons in the LC of young, adult,
· and old rhesus macaques we utilized a previously described method of quantitative
analysis [12]. Briefly, this analysis was based on counting intersections of orexin B-ir
axons with a test grid composed of3 parallel lines 120 J.lm long separated by 35 J.lm, and
3 additional lines of the same length oriented perpendicular to the first three. This pattern
was placed in random orientations over the image of the LC of three random 25-J.lm-thick
coronal sections containing the LC of the same animal. After determining homogeneity
within age groups, age-associated differences in orexin axonal densities in the LC were
determined.

2.6.2. ISHH

For quantification ofTH mRNA in the macaque LC, the autoradiographs were
uniformly trans-illuminated (Northern Light, Imaging Research, St. Catherines, Ontario,
Canada) and the images captured using a Sony CCD camera (Model XC-77, Sony
Corporation of America, Cypress, CA) equipped with a 50-mm macro-lens. They were
then digitized using a frame grabber (Data Translation, Marlboro, MA) installed in a
Macintosh Power PC computer, and analyzed using the NIH Image program. The mean
OD, based upon a grayscale of0-256, ofthe bilateral LC was measured after correcting
for background noise. For each animal, the mean ODs from three sections, spaced 100
J.lm apart, encompassing the greatest volume of the LC (based upon nissl staining) were
averaged and then combined to give an overall mean for each of the three age groups.
Mean group values were then compared using the aforementioned statistical tests.
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RESULTS

3.1. Common age effects on activity rhythms in the rhesus macaque

Representative examples of the common effects of age on activity-rest cycles and
sleep/wake parameters in the rhesus macaque are shown in figure 1. The overall intensity
of daytime activity is reduced in the old rhesus macaque, along with the magnitude of the
activity-rest rhythm, as shown by the light/dark activity ratio. Additionally, the quality of
sleep in the old animal is reduced due to an increase in arousal episodes at night resulting
in >3-fold greater increase in the sleep fragmentation index.

3.2. The effect of age on orexin cell number and distribution throughout the LHA

In each of the three age groups, orexin B-ir neurons showed a similar bell-shaped
distribution pattern throughout the rostral-caudal extent of the LHA. The orexin B-ir
neuron morphology (soma shape and size, dendritic arborization, and orientation) was
qualitatively indistinguishable between age groups (Fig. 2). Similarly, there was no agerelated difference in the bilateral mean number of orexin B-ir neurons spanning the entire
LHA (young: 510 ± 61, adult: 483 ±54, and old: 475 ± 54,p > 0.05) was identical.
Based upon the sixteen sections analyzed from each brain, it is estimated that a total of
~48,000

orexin B-ir neurons are contained within a single male rhesus macaque's LHA

irrespective of age.

100

3.3. The effect of age on serum orexin concentration

The daytime (1000 h- 1400 h) circulating orexin B concentrations ofyoung,
adult, and old male rhesus macaques were compared. Although there appeared to be a
trend for an age-associated decline in serum orexin B levels, mean values of orexin B
(pg/ml) for young (34.5 ± 14.5), adult (27.4 ± 6.9), and old (22.1 ± 5.2) macaques were
not significantly different (Fig. 3).

3.4. The effect of age on orexin axon density in the LC

Orexigenic axonal innervation of the LC was examined in young, adult, and old
macaques using IHC. Representative examples of dark-field photomicrographs of orexin Bimmunoreactivity (ir) in the LC of adult and old macaques are shown in figure 4. Orexin axon
density, as measured by the mean number of axonal intersections within a test grid, in the LC of
the old macaques (112.4 ± 3.9) was significantly (p < 0.005) lower than that observed in the
young and adult macaques (Fig. 4). Although there was a trend for orexin axon density in the
LC to decline in adults compared to young macaques (171.4 ± 4.1 vs. 196.7 ± 4.3), this was not
significantly different.

3.5. The effect of age on THin the LC

TH-ir neurons, spanning the center region of each animal's LC, were counted
bilaterally and the mean from each age group was compared (Fig. 5). A representative
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example of the TH-ir staining in the macaque LC is shown in panel SA and, at a higher
·magnification in 5B. No significant difference between age groups was observed in THir cell number or morphology.
The level of TH mRNA expression, determined by the mean OD measurements, was
measured and the means of each age group were compared (Fig. 5). As expected, all of
the animals had robust expression of TH mRNA in the LC (Fig. 5), although the old
rhesus macaques had a significantly lower (p < 0.05) level of TH gene expression in the
LC compared to both the young and adult groups.
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DISCUSSION

Previous studies have found that the orexin system plays a critical role in
maintaining vigilance and wakefulness [3, 5, 8, 25, 26, 27, 30]. Orexin provides a large
synaptic input to both the rodent and nonhuman primate noradrenergic neurons of the LC
[25, 12]. Furthermore, orexin B elicits a strong excitatory response by increasing the
action potential frequency in the LC [12]. Disruptions of the orexin system have been
extensively studied and shown to be involved in mouse, dog and human narcolepsy [5,
19, 23]. A similar disruption or dampening ofthe orexin system may also be involved in
the age-related fragmentation in consolidated sleep and wakeful periods that commonly
occur in humans and nonhuman primates. Some studies suggest that a deterioration of
orexin cell number and/or its projections may help to explain an age-associated decline of
several physiological functions, especially sleep-wake regulation and the maintenance of
daytime vigilance [28, 32, 40]. However, very few studies ofthe orexin system have
been conducted in the aging human and to the best of our knowledge, no such studies
have been performed in the aging nonhuman primate [26].
In the present study we examined the number of orexin neurons in the LHA of
rhesus macaques across their entire lifespan, from pre-pubertal development to old age.
Our data confirm the previously reported high concentration of orexin neurons within the
LHA of rodents and humans [6, 29, 33]. Based upon the sixteen sections analyzed from
eleven brains spanning the entire LHA we estimate ~48,000 orexin neurons to be
maintained throughout the lifespan of the rhesus macaque. Although these data suggest
that a decrease in orexin neuron number is unlikely to be the underlying cause of
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fragmented sleep and a lack of daytime vigilance in the old primate, an age-related orexin
· system disruption at the level of the axon terminals may still partially explain the
commonly observed disruptions in consolidated sleep and wakeful periods seen in the
elderly. In support of this hypothesis, we found a significant loss of orexin axonal
density within the LC of old macaques, and a concomitant decrease in TH mRNA
expression. Although we did not perform axonal tracing to verify that these orexin axons
in the LC originated from the LHA, this is likely given that the LHA is the primary
source of orexin neurons and the LC is one of the main projection sites. Additionally, we
cannot rule out the possibility that the age-related differences seen in orexin axonal
density may reflect a difference in signal intensity due to an age-related decline in
quantity of orexin B from the axons. Nevertheless, an age-related decline in excitatory
orexin B to the LC would still support our hypothesis. Taken together, our data suggest
that an age-related decline on orexin input to the LC could be responsible for the ageassociated decrease in TH mRNA expression, and in tum could help to explain the agerelated changes in sleep-wake patterns of rhesus macaques and humans.
It has previously been suggested that the number of noradrenergic neurons in the

LC, a region of the hindbrain long associated with arousal, declines in an age-related
fashion similar to, but to a lesser extent than what is observed in the postmortem studies
of Alzheimer's and Parkinson's disease [I 0, 20]. This decline might explain the decrease
in alertness and disruptions in sleep-wake behavior that is seen in the elderly [2, 8, 22].
Although, in the present study, we did not find an age-related decline in the number of
TH-ir cells in the LC, we did observe a significant decline in the expression of TH
mRNA in the old animals. Therefore, our data support the idea that an excitatory input to
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the TH-ir neurons declines with old age. We chose to examine the possibility that the
·etiology of the decline in TH mRNA in the LC that we observed was due to a decline in
orexigenic input from the LHA.
Although not examined in the present study, it is possible that the synthesis of
orexin A and B peptides and orexin receptors may also change with age, and contribute to
the disruption of consolidated activity-rest rhythms. In support of this possibility, an agerelated decrease in mRNA coding for orexin receptor 2 in the mouse brain has been
observed and is similar to what is seen in narcoleptics with diminished or disrupted
orexin receptor 2 [32]. However, it has yet to be determined if this decrease is due to a
decrease in mRNA production only or a decrease in cell number. Additional support for
the hypothesis that a disruption of the orexin system occurs in old animals is evidenced
by an increase in appetite with orexin administration in young adult rats but a lack of
appetite stimulation when orexin is administered to old rats [31]. In addition to an
attenuation of axonal inputs, it is possible that the production of the 24-h release patterns
of orexin A and/or B peptides may be disrupted with age, resulting in fragmentation of
activity-rest rhythms. In general, orexin neurons may act as fundamental integrators of
environmental cues in their regulation of diverse brain activity that drive arousal state and
energy balance [7, 13, 17, 39]; our data indicate a possible age-related decline in the
capacity of orexin neurons to drive arousal state.
Previous studies have shown an age-related decrease in orexin-ir in the LC of the
cat [40] and an age-related decrease in orexin neuron number, mRNA coding for orexins
A and B, and orexin A and B protein in the LHA of the rat [28]. Our data concur with
the loss of orexin immunoreactivity during aging in the cat [40], but in contrast, we did
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not observe an age-related change in orexin neuron number in the LHA of the primate. It

is unclear whether the maintenance of orexin neurons with age in the primate that we
observed is a species-specific difference. Rodent and cat brains may age differently than
primates resulting in orexin neuron loss with age that is not observed in the primate.
However, further studies examining orexin mRNA, protein, receptors, neuron activity,
and synaptic connectivity in the primate must be conducted in conjunction to behavioral
studies to gain a better understanding of the functionality the orexin system during aging.
Alternatively, it is possible that not all old rhesus macaques studied here
experienced age-related dampening or displayed a disruption of their activity-rest
rhythms. The brain tissue used in this experiment originated from archived, perfusionfixed samples, so behavioral data on these animal's activity-rest cycles was unavailable.
However, previous studies along with our own unpublished observations, indicate
fragmented and dampened activity-rest rhythms are common in old rhesus macaques [9,
38]. In future experiments studying the various components of the orexin system old
animals can be segregated into two groups after activity data have been obtained: 1.)
animals with robust and consolidated activity-rest rhythms, and 2.) animals with
dampened and fragmented rhythms.
In conclusion, these data demonstrate an age-related decline in TH mRNA
expression in the LC that may be related to a decline in orexin input to the LC with age.
The decline in orexin axonal density in the LC could not be attributed to any orexin
neuronal loss in the LHA of old rhesus macaques. Therefore, it is unlikely that a decline
in orexin neuron number contributes to the fragmented sleep/wake homeostasis that is
commonly observed in the elderly human and nonhuman primate but it is more likely that
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the innervation from these neurons and possibly a loss of receptor availability in the LC
or a disruption in the release pattern of orexin peptides are contributing factors.
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FIGURE LEGENDS

Fig. 1. Representative acto grams and sleep analysis from one young (~ 10 years) and one old
(~26

years) male rhesus macaque. The left panels display activity monitored for nineteen

consecutive days; the data are double-plotted to aid in the visualization of the activity
rhythm. The height of the vertical lines within the actograms is indicative of the intensity of
physical activity. The right panels display analysis of mean sleep/wake parameters. The
horizontal black and white bars indicate time of night and day respectively during a 12L: 12D
photoperiod.

Fig. 2. The effect of age on cell number, distribution, and morphology of orexin Bimmunoreactive (ir) neurons throughout the lateral hypothalamic area (LHA) of the male
rhesus macaque. Representative bright-field photomicrographs are depicted in three panels
for the three different age groups: young, adult, and old. The upper portion of the panels
picture a low-magnification of peak orexin B-ir staining through representative sections of
the LHA; scale bar= 500

jlill.

The middle portion of the panels portray a high-magnification

of orexin B-ir neurons from the upper photomicrographs (scale bar= 50 !liD). Histograms
depicting the mean orexin cell count spanning sixteen 25-j.lm-thick sections spaced 150 !liD
apart from young, adult, and old age groups are shown in the lower portions of the panels.
3V =third ventricle. Data are expressed as mean± SEM.

Fig. 3. The effect of age on serum orexin B (pg/ml) in the rhesus macaque. Mid-day (1000 h
- 1400 h) terminal serum samples were assayed for orexin B, and the data are expressed as
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group means ± SEM. There was no significant difference between the young, adult, and old
age groups.

Fig. 4. Orexin B-immunoreactive (ir) axons in the rhesus macaque locus coeruleus and the
effect of age. The representative dark-field photomicrographs revealed a higher density of
orexin B-ir axons in the (A) adult compared to the (B) old animals. There was no difference
in orexin B-ir axon density between young and adult groups (photomicrograph not shown);
scale bar = 50

)liD.

(C) Quantitative analysis of the effect of age on orexin B-

immunoreactive (ir) relative axon density in the locus coeruleus (LC) of the male rhesus
macaque. Orexin B ir axon density, as measured by the mean number of axonal intersections
within the test grid, in the LC of old macaques was significantly lower compared to both the
young and adult age groups. The unbiased stereo logical method of determining axon density
was based upon counting intersections of orexin B-ir axons with a test grid composed of 3
parallel lines 120

)liD

long separated by 35

)liD,

and 3 additional lines of the same length

oriented perpendicular to the first three. This pattern was placed in random orientations over
the image of the LC at three random sections containing the LC of the same animal. Data are
expressed as group means± SEM. *p < 0.005.

Fig. 5. The effect of age on tyrosine hydroxylase (TH) protein and mRNA in the bilateral
rhesus macaque locus coeruleus (LC). The upper plot depicts the effect of age on the number
of TH-immunoreactive (ir) neurons. Group means ofTH-ir neurons in the LC were based
upon rostral, middle, and caudal sections (each 25

)liD

thick spaced 100 ).lm apart) through

the central region of the LC of each animal. There was no significant difference between the
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three age groups. The lower plot depicts the effect of age on TH mRNA expression.
Histograms of rostral, middle, and caudal sections (each 25 llm thick spaced 100 llm apart)
through the central region of the LC are depicted from left to right for each age-group and
did not differ within an age-group. Mean OD was used as a semi-quantitative indicator of
TH mRNA expression, and the data are expressed on a grayscale of 0-256. TH mRNA
expression was significantly lower (*p < 0.05) in the old macaques compared to both the
young and adult age groups. Data are expressed as mean± SEM. (A) Representative lowmagnification, bright-field photomicrograph ofTH-ir cells in a 25 llm coronal macaque
hindbrain section containing the LC; scale bar= 1 mm. (B) High-magnification of the
section in panel A highlighting the LC (unilateral); scale bar= 200 llm. (C) Representative
autoradiograph of TH mRNA expression in the young macaque; scale bar= 1 mm.
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CHAPTER4

Effect of Caloric Restriction on Circadian Endocrine Rhythms in Aged
Rhesus Macaques
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CHAPTER 4 PREFACE: Age-related changes in neuroendocrine rhythmicity and the effict of
caloric restriction in the primate

The normal circadian rhythmicity of physiological components is essential to the
health of virtually all living species. Any perturbation of the cyclicity of these
components such as: hormone secretion, body temperature, heart rate, and sleep-wake
cycles could easily lead to a disease state and decreased longevity. The importance of
temporally-coordinated biological rhythms in humans and other primates is emphasized
during aging; this stage of life is commonly associated with disruption of several
circadian rhythms, including the sleep-wake cycle, body temperature, and endocrine
rhythms such as cortisol, dehydroepiandrosterone sulfate (DHEAS), and melatonin.
As the population of the elderly increases in the U.S. and throughout the world,
the understanding of the normal aging process and also aging-associated disease states
becomes even more critically important than it already is. Thus far, CR is the only
known physiological manipulation shown to slow the aging process and increase
longevity in mammals. However, the mechanism underlying CR's beneficial effects are
not entirely clear and the effect of CR on humans is not known yet. Although the cause
of the aging-associated disruption of biological rhythms is largely unknown, it may be
partially due to cumulative neuronal damage by ROS. If so, one would predict that CR,
which is known to attenuate the level of oxidative injury, might help to maintain normal
circadian function in the aging primate. Although it is unlikely that humans would
voluntarily decrease their caloric intake, even with evidence that it may increase their
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longevity, an elucidation of the mechanism underlying any such effect and development
· of effective therapies would be invaluable to both the young and elderly public.
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ABSTRACT

Dietary Caloric Restriction (CR) has been shown to slow aging, extend lifespan,
and reduce the occurrence of age-related diseases in short-lived species. However, it is
unclear whether CR can exert similar beneficial effects in long-lived species, like
primates.

Our goal was to determine if CR could prevent changes in the release of

circadian hormones that are thought to occur during aging. To this end, we examined the
24-hour plasma profiles of cortisol, dehydroepiandrosterone sulfate (DHEAS), and
melatonin in young and old, male and female rhesus macaques (Macaca mulatta), that
were subjected to either ad libitum-feeding or CR for 2-4 years. Each of these hormones
showed a pronounced 24-h rhythm in the young males and females. In the old males,
plasma cortisol was significantly higher whereas, plasma melatonin was significantly
lower. Plasma DHEAS was significantly lower in both the old males and females. Old
males under CR disclosed cortisol rhythms similar to young males, but a reversal of agerelated effects on DHEAS and melatonin was not apparent with CR. Apart from the
partial attenuation of the age-related elevation of cortisol in old males, CR failed to
prevent age-related changes in 24-h neuroendocrine rhythms.
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INTRODUCTION

To date, dietary caloric restriction (CR) remains the only reproducible, nongenetic
intervention shown to limit or delay deleterious aging processes. A 30% reduction in
caloric intake, without malnutrition, results in the extension of average and maximal
lifespans, reduction in the incidence of age-related diseases, and the maintenance of
healthy physiological functions later into life in short-lived species [27, 29]. The first
report of CR, as a manipulation to improve longevity in rats, occurred over 70 years ago
[17]. Since then, numerous studies have advanced the field of gerontology with the CR
line of research, and have made progress in the elucidation ofthe possible mechanisms
underlying the anti -aging benefits of CR [2, 5, 6]. Although, the fundamental
mechanisms contributing to extended longevity with CR remain to be fully understood,
much attention has been made to the associated decline in steady-state oxidative damage
related to lower mitochondrial free radical generation [5, 6, 22]. Despite the large body
of evidence disclosing the benefits of CR in short-lived species such as: yeast, worms,
flies, fish and rodents [1, 27, 29], it remains to be determined whether CR is relevant to
human or nonhuman primate aging [ 11, 13, 14, 18, 21, 28].
One area of study that has been utilized to better understand if CR has a beneficial
effect on primates has been to measure hormonal indicators, whose rhythms and overall
levels are thought to be disrupted or dampened with aging [10, 15, 19, 25]. Such
hormones include: the adrenal steroids cortisol and dehydroepiandrosterone sulfate
(DHEAS), and the pineal gland hormone, melatonin. In both human and nonhuman
primates, overall circulating concentrations of the important sex-steroid precursor,
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DHEAS, decline with age [9, 10, 20, 21, 25]. The circulating concentration ofthe sleep. associated hormone, melatonin, is also thought to decline with age in both humans and
nonhuman primates [15, 19]. Age-related disruptions in the 24-h rhythms or overall
levels of these hormones may contribute to the disrupted sleep/wake activity patterns
observed in elderly humans and nonhuman primates [3, 4, 23, 26, and our own
unpublished observations]. Previous studies ofthe rhesus macaque found that long-term
CR could significantly attenuate the rate of age-related decline in circulating DHEAS and
melatonin. [10, 12, 14] However, these studies only focused on young adults, and so it is
unclear whether the effect of CR is maintained through to old age. Although attempts
have been made previously to evaluate the effect of CR on various hormones in old
primates ( 15, 19), the previous findings were equivocal because the studies utilized
samples collected at single time points under anesthesia, thereby not adequately
controlling for the diurnal variation in release pattern of these hormones. To overcome
this problem, we based our analysis on blood samples collected serially throughout the
night and day. Our goal was to address the question of whether CR can retard age-related
disruptions in the 24-h patterns of circadian hormones that may contribute to age-related
abnormalities in sleep and alertness in a long-lived species, such as the rhesus macaque.
In the present study, we have examined young and old, male and female rhesus macaques
under ad libitum-fed and CR conditions, to address the effects of aging and CR on the
overall levels and 24-h patterns of circulating cortisol, DHEAS, and melatonin. In doing
so, we have furthered our previous report of the effects of aging and CR on the 24-h
patterns and levels of circadian hormones [25] by examining an expanded group of
macaques, including a longitudinal component to the experimental design, and by adding
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the measurement of melatonin.
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MATERIALS AND METHODS

2.1. Experimental animals

A total of forty-two adult rhesus macaques (Macaca mulatta) were utilized in the
following experiments, which were approved by the Institutional Animal Care and Use
Committee, of the Oregon National Primate Research Center (ONPRC). The animals
were housed in a temperature controlled environment (24 °C), under a fixed 12L: 12D
photoperiod (lights on from 0700 h- 1900 h) with ad libitum access to drinking water.
Specially formulated monkey chow, as previously described [7, 8, 15], was provided at
0800 hand 1500 h each day, and was supplemented with daily fresh fruits or vegetables.
Animal care was provided by the ONPRC in accordance with the NIH Guide for the Care
and Use of Laboratory Animals.

2.1.1. Calorie Restriction (CR) protocol

Half of the macaques from each experimental group (young and old, males and
females), were subjected to either 4 years (males) or 2 years (females) of a continuous
CR diet as previously described [7, 8,15]. Diet composition did not differ between
groups but macaques under CR conditions were fed a diet composed of 30% fewer
calories compared to ad libitum-fed age and weight-matched control animals. Although,
the CR diet was less calorie-rich than the control diet, it was supplemented to control for
potential vitamin and mineral deficiencies.
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2.1. 2. Experiment I: Effects of aging and CR on 2 4-h hormone profiles in male rhesus
macaques

To examine the effects of aging and CR on circulating cortisol, DHEAS, and
melatonin 24-h patterns, ten young adult (-1 0 years old) and ten old (-26 years old) male
rhesus macaques were obtained from the longitudinal study of CR being conducted by
the Laboratory of Experimental Gerontology of the National Institutes on Aging
(Baltimore, MD). The animals were transferred to the ONPRC for blood sampling and
other measurements. Before the initiation of blood sampling, five of the young male
macaques and four of the old male macaques had been subjected to CR for 4 years.

2.1.3. Experiment 2: Effects of aging and CR on 24-h hormone profiles in female rhesus
macaques

Analogous to Experiment 1, eight young adult (-12 years old) and fourteen old
(-22 years old) female rhesus macaques were utilized to examine the effects of aging and
CR on circulating cortisol, DHEAS, and melatonin levels and 24-h patterns. The two
female age groups differed somewhat from the two aforementioned male groups.
Notably, the old female groups (all premenopausal) were -4 years younger than the old
male group. Additionally, this experiment differed from Experiment 1 in that a
longitudinal component was included in addition to the previously described cross
sectional design. In the cross sectional comparison, the effects of aging and CR on
cortisol, DHEAS, and melatonin levels were compared between separate groups of young

130

and old female macaques after 2 years of intervention (compared to 4 years of CR in the
males). Essentially the same comparisons of CR effects on old females were made in the
longitudinal design but utilized the same old animals throughout, acting as their own
controls, before and after 2 years of CR.

2.2. Remote blood collection

To enable frequent and remote blood sampling, each animal was surgically fitted
with an indwelling vascular catheter as previously described [24]. This consisted of a
swivel apparatus at the top of the animal's cage and a protective stainless-steel tether
(Lomir Biomedical In., Malone NY); to maintain catheter patency, heparinized saline (4
IU/ml) was continuously infused (~ 1 ml/h) using a peristaltic pump. Serial blood
samples were collected from the vascular line spanning the swivel apparatus to the
adjacent sampling room to ensure that animals remained undisturbed curing the entire
sampling procedure. Beginning at 1900 h, samples were collected in EDTA-coated
borosilicate glass tubes at 1-h intervals across the night and day for 25 h. They were then
centrifuged at 4°C and the plasma supernatant was removed and stored at -20°C until
radioimmunoassay (RIA).
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2.3. Hormone assays

2.3.1. Cortisol and DHEAS

Plasma concentrations of cortisol and DHEAS were determined using RIA as previously
described [25]. The intra- and inter-assay coefficients of variation were less than 10% for
each assay.

2.3.2. Melatonin

Plasma concentrations of melatonin were determined in duplicate using a
commercially available RIA kit (ALPCO (American Laboratory Products Company)
Diagnostics, Windham NH), which involved reversed-phase plasma extraction using C18 SEP-COLUMNS and elution with HPLC-grade methanol. The eluted samples were
evaporated to dryness and reconstituted with incubation buffer. The RIA procedure was
based upon a competitive-binding principle utilizing the Kennaway G280 anti-melatonin
antibody and
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I-melatonin.
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I-melatonin competed with melatonin present in the

extracted plasma samples. After 20 hours of incubation at 4 °C, the solid-phase second
antibody was added to the mixture in order to precipitate the antibody-bound fraction.
After aspiration of the unbound fraction, the antibody-bound fraction of 125 I-melatonin
was counted using a gamma counter. The assay limit of detection was 0.5 pg/ml and the
intra- and inter-assay coefficients of variation were less than 10%.
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2. 4. Statistical analysis

Group mean (Mean) hormone values were determined by taking the overall mean
of the individual hormone values spanning the entire 25-h sampling period. Group
maximum (Max) hormone values were determined by first identifying the maximum and
adjacent values spanning five hours for an individual and then taking the mean of those
individual Max values. Similarly, the group minimum (Min) values were determined in
essentially the same way but by taking the mean of the five adjacent minimum values
spanning a five hour period instead. Student's t test was used to evaluate group
differences (young vs. old; control diet vs. CR) in Mean, Max, and Min cortisol, DHEAS,
and melatonin concentrations. A p-value < 0.05 was accepted as statistically significant
and all data are expressed as ± SEM.

133

RESULTS

3.2. Experiment 1: Effects of aging and CR on 24-h hormone profiles in male rhesus
macaques

3.2.1. Effects of age on 24-h plasma cortisol, DHEAS, and melatonin profiles in male
rhesus macaques

Twenty-four-hour plasma profiles (left panels) of cortisol, DHEAS, and
melatonin, and the corresponding analyses (right panels) are shown in Figure 1. We
observed robust diurnal variations in the 24-h hormone profiles of young males
regardless of diet. However, the diurnal variations in DHEAS and melatonin were
markedly dampened in the old males compared to their young counterparts, regardless of
diet. Max values of both hormones in the old males were statistically lower (p < 0.001)
compared to the young males. Conversely, the overall Mean and Min cortisol
concentrations in the old males were significantly higher (p < 0.001), and the cortisol
rhythm appeared to be slightly phase-delayed compared to the young group.
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3.2. Experiment 2: Effects of aging and CR on 24-h hormone profiles in female rhesus
macaques

3.2.1. Effects offour-year CR on 24-h plasma cortisol, DHEAS, and melatonin profiles
in male rhesus macaques

Figure 2 illustrates the effects of 4 years of CR on 24-h plasma profiles of
cortisol, DHEAS and melatonin in male rhesus macaques, and the analysis of the
hormone profiles are shown in Figure 3. Irrespective of diet, young males had
qualitatively similar 24-h patterns of cortisol, DHEAS, and melatonin. Furthermore, the
Mean concentrations of each hormone were not significantly different within age groups.
However, the overall magnitude of the DHEAS and melatonin rhythms appeared to be
dampened with CR in young males and the Max DHEAS and melatonin levels were
significantly lower (p < 0.001). Additionally, a significant increase (p < 0.01) in the Min
concentration of cortisol in young males subjected to CR was evident.
The aging effects previously observed in the diurnal variation of plasma cortisol
appeared to be partially prevented in the old males subjected to 4 years of CR compared
to ad libitum-fed, age-matched controls. The age-related phase delay in the cortisol
rhythm was entirely prevented. However, only the Max concentration of cortisol in old
males under CR was significantly lower (p < 0.001) than old controls, while the Mean
and Min levels remained elevated. The magnitude of the 24-h rhythm ofDHEAS in the
old male macaques subjected to CR was diminished compared to ad libitum-fed, age-
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matched controls; whereas, the 24-h rhythms of melatonin in the old male macaques were
· qualitatively similar regardless of diet. Max and Min concentrations ofDHEAS were
significantly lower (p < 0.001) in old macaques subjected to CR.

3.2.2. Effects of age on 24-h plasma cortisol, DHEAS, and melatonin profiles in female
rhesus macaques

Figure 4 shows the effects of age on 24-h hormone profiles (left panels) and the
corresponding analyses (right panels) of cortisol, DHEAS, and melatonin in female rhesus
macaques regardless of dietary manipulation. The 24-h patterns of plasma cortisol in young
and old female macaques were qualitatively and quantitatively indistinguishable regardless of
diet. Conversely, the diurnal pattern of plasma DHEAS in old females was greatly dampened
compared to the young group. Mean and Max plasma DHEAS concentrations, as well as Min
values were significantly lower (p < 0.001, andp < 0.01 respectively) in the old females. The
plasma melatonin rhythm did not differ greatly between age groups irrespective of diet; in old
females only the Min concentration was significantly lower (p < 0.01), reflective ofthe assay
limit of detection.

3.2.3. Effects of two-year CR on 24-h plasma cortisol, DHEAS, and melatonin profiles
in female rhesus macaques

Mean, Max, and Min values of the twenty-four-hour hormone profiles from the
young and old female macaques subjected to CR continuously for two years did not
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significantly change compared to age-matched ad libitum-fed controls (Figs. 5 and 6) and
· clearly did not prevent the age-related decline in peak DHEAS concentrations.

3.2.4.

Effects of longitudinal CR on 24-h plasma cortisol, DHEAS, and melatonin profiles in
oldfemale rhesus macaques

Figure 7 shows the effects of CR, in a longitudinal experimental design, on 24-h
hormone profiles (left panels) and the corresponding analyses (right panels) of cortisol,
DHEAS, and melatonin in old female rhesus macaques. The plasma cortisol rhythms of
old females before and after 2 years of continuous CR intervention were qualitatively and
quantitatively indistinguishable. Conversely, the age-related decline observed in plasma
DHEAS pattern and overall concentrations across the day and night in old females were
not prevented with CR. Moreover, unlike the cross sectional comparison of old ad
libitum-fed females and old females subjected to CR, the longitudinal comparison was

able to reveal a further dampening of plasma DHEAS with CR. Additionally, plasma
melatonin concentrations were not significantly different in the old females regardless of
diet, and qualitatively the plasma melatonin patterns did not appear to be greatly affected.
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DISCUSSION

By utilizing a remote blood sampling system, we were able to examine, in detail,
the circulating 24-h rhythms of circadian hormones thought to be relevant to the
maintenance of normal daily behavioral rhythms in activity and rest. The age-related
changes in the circulating 24-h patterns of the circadian hormones cortisol, DHEAS, and
melatonin that we observed in the present study may help to explain the manifestation of
disrupted and dampened sleep/wake rhythms observed in many old humans and
nonhuman primates [3, 4, 23, 26]. We examined the effects ofCR, as a manipulation
shown to ameliorate age-effects in short-lived species, on age-effects of these circadian
hormones in the rhesus macaque.
In the present study, we revealed distinct qualitative and quantitative age
differences, regardless of diet, in the 24-h cortisol, DHEAS, and melatonin rhythms of
male rhesus macaques. Overall, DHEAS and melatonin levels declined with age, and
mean and baseline levels of cortisol increased with age in males. Moreover, the phase
relationship of the 24-h cortisol rhythm changed with age, in that the rhythm was delayed
nearly 3 hours in old males. Our observations of old males subjected to CR did disclose a
complete prevention in the phase relationship change of the 24-h cortisol rhythm, and a
partial prevention in the elevation of cortisol with age. However, overall, the intervention
of 4 years of CR did not result in an impressive reversal of the age-effects on the
circulating 24-h patterns of the hormones measured.
Additionally, our data support and extend previous works [9, 10, 15, 20, 21, 25]
by showing a marked age-related decline in the magnitude of the 24-h DHEAS rhythm in
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female macaques. However, we did not observe considerable age differences in the 24-h
cortisol or melatonin rhythms in the female macaques. Additionally, in a cross sectional
comparison, 2 years of a continuous 30% reduction in caloric intake in the females did
not have a significant effect on the 24-h rhythms of cortisol, DHEAS, and melatonin in
the female macaques, regardless of age. Furthermore, when old females were monitored
longitudinally, CR resulted in a further dampening in the DHEAS rhythm.
Throughout the two experiments, notable sex differences were observed in the
patterns and magnitudes of the hormones measured. One such difference was observed
in the overt dampening of the 24-h DHEAS rhythm with age but no considerable change
in cortisol or melatonin with age in females; whereas, males revealed obvious age-related
changes in the 24-h patterns and overall magnitudes of cortisol, DHEAS, and melatonin.
A possible explanation for the age-related decline in melatonin seen in the old
males but not in the old females may have been due to age-associated differences in body
weight and therefore an age difference in distribution volume. This phenomenon is
observed near the time of puberty, when the production of melatonin is not changed in
parallel to the gain in body mass. However, this was not the case in the current study as
the young males (9.45 kg± 0.56) had a significantly higher (p < 0.05) body weight than
the old males (7.64 ± 0.72); while, the young (6.64 ± 0.43) and old (6.68 ± 0.30) females
did not differ in body weight. Alternatively, the pineal gland may atrophy or calcifY with
age and because the old males were of a more advanced age than the old females their
melatonin production would be less.
Under the cross sectional design, the female macaques showed no significant
changes in the cortisol, DHEAS, and melatonin rhythms under CR conditions.
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Conversely, under CR conditions, the males experienced a partial relief of the age. associated elevation and delay of the cortisol 24-h rhythm. However, the aging effects on
DHEAS and melatonin rhythms were not attenuated, in fact, the DHEAS rhythm was
further dampened with CR. These sex-differences may be attributable to the differences
in the designs of the two experiments. The old males were ~4 years older than the old
females. This age difference is noteworthy, as the median lifespan of rhesus macaques is
~25

years, and females age-matched to the old males

(~26

years old) typically exhibit

more advanced aging characteristics such as the onset of menopause, and age-associated
pathologies [21]. It is possible, that females of a more advanced age would show similar
changes as we observed in the old males. Moreover, the males were subjected to CR for
twice as long as the females. The longer duration of CR treatment in the males likely
contributed to the sex-differences observed in both age groups.
The timing of onset and duration of CR intervention may be critical in our
understanding of the differences that we observe in a long-lived species, like the rhesus
macaque, compared to the large amount of data supportive of the benefit of CR in shortlived species [27, 29]. Typically, studies involving short-lived species have initiated CR
very early in life and have continued it throughout life into old age [27, 29]. A longer
intervention, or CR initiated earlier in life may reveal similar benefits in the macaque.
Due to the considerably long maximal lifespan ofthe rhesus macaque

(~40

years) [21], it

may take many more years to completely elucidate the effects of CR in the rhesus
macaque. For this reason, it is essential to identify appropriate biomarkers of aging that
are useful under dietary manipulations.
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Apart from a limited attenuation of an age-related change in the 24-h cortisol
· rhythm of old male macaques, overall, our results did not support the hypothesis that CR
could prevent or limit age-related changes in the 24-h rhythms of circadian hormones.
However, our suggestion is not that CR may have deleterious effects on the aging
process, but rather, it may be that the particular measurements we made are poor
indicators of advancing age under dietary manipulations. In particular, it may be
necessary to reevaluate the usefulness ofDHEAS as a biomarker for aging under
restrictive dietary conditions. In the present study, we revealed that DHEAS did not fit
all of the desired criteria for a reliable biomarker of aging under CR conditions [8].
Specifically, the manipulation of CR itself may directly cause a dampening in DHEAS
that is unrelated to any age-related change. This notion is supported by our observations
that CR resulted in a dampening of the DHEAS rhythm in both old and young male
macaques.
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FIGURE LEGENDS

Fig. 1. Effect of age on circulating 24-h hormone patterns in male rhesus macaques
regardless of dietary manipulation. Left panels: mean plasma cortisol, DHEAS, and
melatonin 24-h hormone profiles from young

(~10

years old, n = 10) and old

(~26

years

old, n =1 0) male rhesus macaques were compared. Although the blood samples were
collected over 25-h, from 1900- 1900 h, the data have been double plotted to aid in the
visualization of the night and day variations in hormone concentrations. The horizontal

black and white bar on the abscissas correspond to the 12L: 12D lighting schedule. Right
panels: analyses of overall age-related differences in Mean, Max, and Min hormone
values.

** P

< 0.01,

*** P < 0.001.

Fig. 2. Effect ofCR on the circulating 24-h hormone patterns ofyoung and old male
rhesus macaques. Mean plasma cortisol, DHEAS and melatonin 24-h hormone profiles
from young (~ 10 years old, n = 10) and old (~26 years old, n =1 0) male rhesus macaques
under ad libitum-fed conditions or after 4 years of continuous CR were compared.
Although the blood samples were collected over 25-h, from 1900- 1900 h, the data have
been double plotted to aid in the visualization of the night and day variations in hormone
concentrations. The horizontal black and white bar on the abscissas correspond to the
12L: 12D lighting schedule.

Fig. 3. Analysis of the effect ofCR on overall Mean, Max, and Min circulating 24-h
hormone levels in young and old male rhesus macaques. Mean, Max, and Min plasma
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cortisol, DHEAS and melatonin levels from young

(~10

years old, n = 10) and old

(~26

years old, n =1 0) male rhesus macaques under ad libitum-fed conditions or after 4 years
of continuous CR were compared. **P < 0.01, ***P < 0.001.

Fig. 4. Effect of age on circulating 24-h hormone patterns in female rhesus macaques
regardless of dietary manipulation. Left panels: mean plasma cortisol, DHEAS, and
melatonin 24-h hormone profiles from young

(~12

years old, n = 8) and old (~22 years

old, n =14) female rhesus macaques were compared. Although the blood samples were
collected over 25-h, from 1900- 1900 h, the data have been double plotted to aid in the
visualization of the night and day variations in hormone concentrations. The horizontal
black and white bar on the abscissas correspond to the 12L: 12D lighting schedule. Right
panels: analyses of overall age-related differences in Mean, Max, and Min hormone
values. **P <0.01, ***P<O.OOl.

Fig. 5. Effect ofCR on the circulating 24-h hormone patterns ofyoung and old female
rhesus macaques. Mean plasma cortisol, DHEAS, and melatonin from young
old, n = 8) and old

(~22

(~12

years

years old, n =14) female rhesus macaques under ad libitum-fed

conditions or after 2 years of continuous CR were compared across the night and day.
Although the blood samples were collected over 25-h, from 1900- 1900 h, the data have
been double plotted to aid in the visualization of the day and night variations in hormone
concentrations. The horizontal black and white bar on the abscissas correspond to the
12L: 12D lighting schedule.
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Fig. 6. Analysis ofthe effect ofCR on the overall Mean, Max, and Min circulating 24-h
hormone levels of young and old female rhesus macaques. Mean, Max, and Min plasma
cortisol, DHEAS and melatonin levels from young

(~12

years old, n

= 8) and old (~22

years old, n = 14) female rhesus macaques under ad libitum-fed conditions or after 2
years of continuous CR were compared, and no statistical differences were observed.

Fig. 7. Effect of continuous CR for 2 years on the circulating 24-h hormone patterns of
old female rhesus macaques, tested using a longitudinal experimental design. Left panels:
overall mean plasma cortisol, DHEAS and melatonin 24-h hormone profiles from old
(~22

years old) female rhesus macaques under ad libitum-fed conditions (n = 7) or after 2

years of continuous CR (n = 7) were compared. Although the blood samples were
collected over 25-h, from 1900- 1900 h, the data have been double plotted to aid in the
visualization of the day and night variations in hormone concentrations. The horizontal

black and white bar on the abscissas correspond to the 12L:12D lighting schedule. Right
panels: analyses of overall longitudinal CR-related differences in Mean, Max, and Min
hormone.

** P

< 0.01.
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SUMMARY AND CONCLUSIONS

Virtually every living organism adapts its physiology and behavior temporally to
recurring daily environmental conditions such as daylength and temperature. The ability
for the brain, or more specifically the suprachiasmatic nucleus (SCN) or master clock of
the brain, to adapt to time-of-day cues is essential to normal life. For example:
sleep/wake rhythms, daily hormonal fluctuations, daily rhythms in body temperature,
locomotor activity and fluctuations in feeding behavior are all at least partially under the
control of the SCN. A consequence of a disruption in the phase relationship of these
biological rhythms could result in fragmented sleep/wake patterns (seen frequently in the
elderly). The aging-related fragmentation in consolidated sleep and wakeful cycles that I
observe in rhesus macaques might be explained by a disruption of the production of
orexin with age in the rhesus monkey. My results suggest that although there is no agerelated decline in orexin cell number in the hypothalamus the axonal innervation
projecting from the hypothalamus to the locus coeruleus (LC) appears to decline with
age. The decline in this excitatory input to the LC may explain the age-related decline in
tyrosine hydroxylase (TH) expression in the LC, which may lead to an overall decline in
daytime alertness in old macaques.

In addition to the overt behavioral rhythms that change with age in the rhesus
macaque, age-related hormonal fluctuations occur that are analogous to changes observed in
humans. Utilizing the female rhesus monkey, I have found that both the follicular phase
follicle stimulating hormone (FSH) and mid-cycle surge FSH concentrations were elevated in
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aged pre-menopausal monkeys compared to young adult controls, whereas follicular phase
inhibin B and AMH decreased in old pre-menopausal females. The elevation in FSH and
decline in inhibin B and AMH were seen prior to any changes in cycle length or changes in
circulating LH, estradiol and progesterone concentrations. The elevation in FSH and decline
in inhibin B levels in the aged pre-menopausal monkeys were consistent with the human data,
which strengthens the appropriateness of the rhesus monkey model. And when these same
animals were monitored longitudinally we found that the changes in FSH, inhibin B, and
AMH were better predictors of the initiation of the peri-menopausal state than age alone.
Moreover, it may become possible to exploit these findings to predict the onset of the perimenopausal transition period.
There is now growing awareness that even in primates the hypothalamus may
play an important contributory role in the onset of menopause, especially during the early
stages, but research in this area has not progressed greatly due to the lack of an
appropriate animal model. Interestingly, we have found that aging female rhesus
monkeys undergo a menopause process that appears to be qualitatively similar to that of
women. Hormone data from old pre-menopausal monkeys suggests that the cause of the
onset of menopause in primates may be more complicated than follicular depletion in the
ovary.
Now that I have better characterized the menopause transition in the rhesus monkey, I
have further strengthened the case for its appropriateness as a model for menopause in
women. Additionally, we are now better suited to reliably predict the onset of menopause.
Future studies will benefit from these findings and enable a better understanding of the
underlying mechanisms by which FSH is elevated and DHEAS is attenuated in aged

157

nonhuman primates. More specifically, what changes in gene expression and hormone release
can be attributed to changes at the level of the hypothalamus? Because the physiological
groundwork has been laid, our laboratory is now are in a position to use postmortem tissue to
determine gene and protein expression changes at the level of the hypothalamus that may help
to better elucidate the underlying mechanisms that trigger menopause beyond the changes
occurring at the level of the ovary and what molecular mechanisms may underlie age-related
changes in circadian hormone output.
Interestingly, the effects of age on some 24-h hormone rhythms appear to be sexually
dimorphic. The 24-h rhythm of plasma leptin was generally maintained with age in old males
but the diurnal variation was eliminated in peri-, and post-menopausal females. It is likely that
circulating sex-steroids that were low in the peri-, and post-menopausal females contributed to
the dampening of the leptin rhythm. The elevation in overall levels of leptin (regardless of
body weight) and elimination of a diurnal variation of its levels may be of clinical relevance to
the homeostatic mechanisms controlling body weight and bone mass.
In an attempt to manipulate the aging effects on circadian hormone release that
may contribute to disrupted sleep/wake cycles, I examined aging and CR effects on the
24-h plasma profiles of cortisol, DHEAS and melatonin. My results indicated that by
decreasing the total amount of calories consumed daily by old male monkeys certain
hormones that fluctuate on a 24-hour cycle were maintained at more youthful levels
while other hormones seemed to have a more aged pattern of release and average
concentration. The average concentration of the stress-related hormone, cortisol, in the
old caloric restricted male macaques was at a lower, more youthful level than the old
males fed a regular diet. But, the average concentrations of the sex-steroid precursor
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hormone DHEAS and the sleep-related hormone melatonin were not maintained with CR.
These results suggest that a reevaluation of the utility ofDHEAS or melatonin as a
biomarker of aging under dietary manipulations may be necessary.
It is unlikely that humans will utilize caloric restriction as a means for benefiting
hormone release during aging, nor do we promote this. However, caloric restriction
provides a method to help us better understand age-related changes in hormone release in
the nonhuman primate and the consequences of these changes. A better understanding of
these changes and the timing of hormone release over the 24-hour day are of great
importance to the aging public especially considering the popular sale of the
nonprescription "food supplements": DHEA and melatonin.
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LH secretion in response to subcutaneous estradiol benzoate (EB) injection in young
ovariectomized (upper panel; n = 3) and old postmenopausal (lower panel; n = 3) rhesus
macaques. This preliminary data suggests that the hypothalamic-pituitary portion of the
HPG axis is still somewhat responsive to ovarian hormone stimulation. However, further
research will be needed to differentiate between the responsive roles of the hypothalamus
and pituitary with age.
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Cover figure from: Lemos DR, Downs JL, Urbanski HF. Twenty-four hour rhythmic
gene expression in the rhesus macaque adrenal gland. Molecular Endocrinology, 2006
May 20(5):1164-76.
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Prokineticin 2 (PK2) mRNA Expression in the
Macaque Hypothalamus
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Future directions: circadian clock output gene expression in the SCN of ovariectomized
female rhesus macaques across the 24-h day under a 12L: 12D photoperiod.
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