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Abstract

The G-protein coupled receptor, GPR54, and its ligand, kisspeptin-54 (a KiSS-1 derived peptide)
have been reported to be important players in control of LHRH-1 release. However, the role of the
GPR54 signaling in primate reproductive senescence is still unclear. In the present study we
investigated whether KiSS-1, GPR54, and LHRH-1 mRNA in the brain change after menopause in
female rhesus monkeys using quantitative real-time PCR. Results indicate that KiSS-1, GPR54, and
LHRH-1 mRNA levels in the medial basal hypothalamus (MBH) in postmenopausal females (28.3
+1.1 years of age, n=5) were all significantly higher than that in eugonadal adult females (14.7+2.1
years of age, n=9), whereas KiSS-1, GPR54, and LHRH-1 mRNA levels in the preoptic area (POA)
did not have any significant changes between the two age groups. To further determine the potential
contribution by the absence of ovarian steroids, we compared the changes in KiSS-1, GPR54, and
LHRH-1 mRNA levels in young adult ovarian intact vs. young ovariectomized females. Results
indicate that KiSS-1 and LHRH-1 mRNA levels in the MBH, not POA, in ovariectomized females
were significantly higher than those in ovarian intact females, whereas GPR54 mRNA levels in
ovariectmized females had a tendency to be elevated in the MBH, although the values were not quite
statistically significant. Collectively, in the primate the reduction in the negative feedback control
by ovarian steroids appears to be responsible for the aging changes in kisspeptin-GPR54 signaling
and the elevated state of the LHRH-1 neuronal system.
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Introduction

Reproductive senescence is a consequence of aging changes in neuronal function per se and/
or impaired gonadal feedback function. It has been well recognized that there is a significant
species difference in the mechanism: in primates the cessation of reproductive cycles and an

altered neuroendocrine change are primarily due to ovarian aging, whereas in rodents both the
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brain and the ovary are responsible for reproductive aging (review by 60). Elevated levels of
LHRH-1 release from the hypothalamus and LH release from the pituitary gland in
postmenopausal female monkeys are parallel to a decrease in circulating estrogen (16,58),
similar to elevated LH levels after ovariectomy in young female monkeys (7). However, subtle
changes in the neuroendocrine hypothalamus after menopause in women have also been
reported (17), and therefore, it is important to examine aging changes in neuronal function in
the hypothalamus in non-human primates.

Since reports in 2003 showing that mutations of GPR54 were associated with infertility or
delayed puberty in human patients (5,47), a large number of studies describing the role of the
G-protein coupled receptor (GPR) 54 signaling in control of the LHRH-1 system have been
reported. In fact, KiSS-1 derived peptides, kisspeptins, and their cognate receptor, GPR54,
appear to play a role in the mechanism initiating puberty (4,13,18,30,33,34; also see reviews:
3,22,36,46,55), negative feedback control of LHRH-1/LH release by gonadal steroid hormones
(see reviews: 8,46,51), preovulatory LHRH-1/LH surge (25,42,44, see reviews:23,31),
maintenance of pregnancy and lactation (6,43,59; see review:41), and sex differences in
neuroendocrine function (2,24).

Despite extensive reports on kisspeptin/GPR54 in reproductive neuroendocrinology in puberty
and adult life, however, the role of kisspeptin-GPR54 signaling in reproductive senescence has
not been well investigated. Therefore, in the present study, we investigated whether changes
in KiSS-1, GPR54, and LHRH-1 mRNA in the medial basal hypothalamus (MBH) and preoptic
area (POA) occur, when female rhesus monkeys reach the postmenopausal state. In addition,
to determine whether the postmenopausal changes in the GPR54 signaling system are due to
the loss of ovarian function, we examined the effects of ovariectomy on KiSS-1, GPR54, and
LHRH-1 mRNA in the MBH and POA.

Materials and Methods

Animals

Fourteen healthy adult female rhesus monkeys (Macaca mulatta) born and raised in the
Wisconsin National Primate Research Center (WNPRC) were used in the menopause
experiment. Five of 14 animals were aged postmenopausal females at 28.3+1.1 years of age
and the remaining 9 females were eugonadal young females at 14.7+2.1 years of age. A second
set of 12 females were used for ovariectomy experiment. Six of 12 were ovarian intact females
(15.2+2.8 years of age) and the remaining 6 (14.4+5.1 years of age) were ovariectomized
(OVX) for a period of 6.0+2.9 months. The monkey brains for this study were obtained through
the tissue distribution program in the WNPRC, except for one female, which came from the
tissue distribution in the University of Wisconsin School of Medicine and Public Health. All
“eugonadal young females” and “ovarian intact female monkeys”, except for one obtained
from the School of Medicine and Public Health, were at the follicular stage. The female from
the School of Medicine and Public Health did not have records describing menstrual cycles.
Before sacrifice, all monkeys received standard care by the WNPRC, as described previously
(58). The reproductive state of all monkeys was retrospectively obtained from the WNPRC
colony records. The age of menopause, defined as no menstruation for at least one year, in
these 5 females was 25.8+1.1 years. The protocol for this study was reviewed and approved
by the Animal Care and Use Committee, University of Wisconsin, and all experiments were
conducted under the guidelines established by the NIH and USDA.

Tissue collection and RNA extraction

After euthanasia, the brain was removed, divided to two hemispheres, and the medial basal
hypothalamus (MBH, defined as the area caudal to the optic chiasm, rostral to the mammillary
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body, medial to the hypothalamic sulcus, and the ventral half of the hypothalamus) and preoptic
area (POA, defined as the area ventral to the anterior commissure, dorsal to the optic chiasm,
rostral to the caudal edge of the optic chiasm, and caudal to the rostral edge of the optic chiasm)
were rapidly dissected out (Fig. 1). The size of both tissues was approximately 4x4x2 mm3.
Tissues were snap-frozen on dry ice in RNAlater (Ambion, Austin, TX), and stored at —80° C
until processed for RNA extraction (up to 4 years). The time between the death of animals to
tissue dissection was less than 1 h. Total RNA from MBH and POA tissues was extracted using
RNA Stat-60 isolation kit (Tel-Test, Inc., Friendswood, TX), according to the manufacturer's
instructions.

Reverse transcription

Prior to conducting quantitative real-time reverse transcriptase-PCR (qRT-PCR), the total
RNA was digested with RNase-free DNase | (Invitrogen, Carlsbad, CA), by which possible
contamination of genomic DNA was removed. Final RNA concentration was assessed with a
Beckman DU 650 (Fullerton, CA) spectrophotometer. The GeneAmp RNA PCR Core kit
(Applied Biosystems, Branchburg, NJ) was used for reverse transcription with 2 pg of total
RNA and random hexamer primers according to the manufacturer's specifications.

Primers and qPCR

Quantitative real-time PCR was optimized and conducted using the Stratagene Mx3000P Real-
Time PCR system (Cedar Creek, TX) with Lux primers designed and synthesized by Invitrogen
(Carlsbad, CA, USA) with standard purity. Primer sequences, accession numbers, and primer
positions for LHRH-1, KiSS-1, and GPR54 mRNA, along with 18S rRNA are listed in Table
1. The data were obtained in duplicates and normalized with 18S ribosomal RNA values.

QPCR was carried out as described previously (1). The following procedure was used for
amplification: An initial denaturing step at 95° C for 25 min followed by 40—45 cycles of a
95° C denaturing step for 15 sec, a 55° C annealing step for 30 sec, and a 72° C elongation
step for 30 sec. After amplification, a dissociation curve analysis was performed to insure purity
of PCR products. 18S rRNA was used as a reference gene in the method, as it was reported
that 18S rRNA is not regulated by steroid hormones (12). Relative mRNA levels were
calculated using the AACt method (30): The A C+ for each sample was determined by obtaining
the difference between the average Ct of the reference gene (18S rRNA) and the average Ct
of the gene of interest (LHRH-1, KiSS-1, and GPR54). The A Cy of the calibrator (the sample
with the lowest count) is subtracted from the AC+ of each of the samples to determine the
AA Cr. This number is then used to determine the amount of MRNA relative to the calibrator
and normalized by 18S rRNA, or the n-fold difference. The n-fold difference was calculated
by the equation 27AACT,

Statistical analysis

Results

Means (+ sem) were calculated from individual n-fold difference data for each mRNA. The
data from a calibrator in each mMRNA run was excluded from the statistical analysis. Differences
between groups were evaluated using the Student-t test. Significance was attained at p<0.05.

1. Changes in LHRH-1 KiSS-1, and GPR54 mRNA with Aging

LHRH-1 mRNA levels in the MBH of postmenopausal females were significantly higher (180
% elevation, p=0.045) than those of eugonadal adult females (Fig. 2). In contrast, LHRH-1
mRNA levels in the POA did not differ between the two age groups (p=0.262, Fig. 2).
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KiSS-1 mRNA levels in the MBH of postmenopausal monkeys were significantly (p=0.009)
higher than those in eugonadal adult females (375% elevation, Fig. 3), whereas KiSS-1 mRNA
levels in the POA were not different between the two age groups (p=0.593, Fig. 3).

Similarly, GPR54 mRNA levels in the MBH of postmenopausal monkeys were significantly
(p=0.012) higher than those in eugonadal adult females (460% elevation, Fig. 4), whereas
GPR54 mRNA levels in the POA did not differ between the two age groups (p=0.502, Fig. 4).

2. Changes in LHRH-1 KiSS-1, and GPR54 mRNA with ovariectomy

LHRH-1 mRNA levels in the MBH of OV X females were significantly higher (180 %
elevation, p=0.049) than those of ovarian intact females (Fig. 5). In contrast, LHRH-1 mRNA
levels in the POA did not differ between the two groups (p=0.256, Fig. 5).

KiSS-1 mRNA levels in the MBH of OV X females were significantly (p=0.022) higher than
those in those of ovarian intact females (787% elevation, Fig. 6), whereas KiSS-1 mRNA levels
in the POA were not different between the two groups (p=0.733, Fig. 6).

GPR54 mRNA levels in the MBH of OV X monkeys had a tendency to be higher than those in
ovarian intact females (190% elevation, Fig. 7), although the values were statistically
insignificant (p=0.063). GPR54 mRNA levels in the POA did not differ between the two groups
(p=0.177, Fig. 7).

Discussion

The findings of this study are summarized as follows: 1) LHRH-1 mRNA levels in the MBH
of postmenopausal monkeys were higher than those of eugonadal females, 2) both KiSS-1 and
GPR54 mRNA levels in the MBH of postmenopausal monkeys were also higher than those of
eugonadal females, 3) LHRH-1 and KiSS-1 mRNA levels in the MBH of OV X monkeys were
significantly elevated as compared to those of ovarian intact young females, and 4) none of the
genes in the POA were changed by aging nor ovariectomy.

Our present study showing that LHRH-1 mRNA levels in postmenopausal female monkeys
were higher than those in their younger counter parts confirms a previous finding in humans
by Rance and Uswandi (39) reported using in situ hybridization that LHRH-1 mRNA levels
(assessed by grain density) in postmenopausal women were 50% higher than those in
premenopausal women. Similarly, the present study confirms the findings by Rance and
colleagues using in situ hybridization that the number of LHRH-1 mRNA expressing neurons
in the MBH of young adult OV X female cynomologus monkeys was higher than that in ovarian
intact counter parts (45) and by El Majdoubi et al. (10) using RNase protection assay (RPA)
that orchidectomy increased LHRH-1 mRNA in the MBH in male monkeys. Because
previously we also observed that circulating estradiol levels in postmenopausal monkeys were
much lower than those in eugonadal females during the early follicular phase, corresponding
to an elevated LHRH-1 release and LH release in the postmenopausal state (16,58), and
estrogen treatment in OV X monkeys decreased the number of LHRH-1 mRNA expressing
neurons (27) or LHRH-1 mRNA abundance in the MBH (9), we can conclude that the
postmenopausal increase in LHRH-1 mRNA is due to the loss of ovarian estrogen.

In the present study we also found that menopause increased both KiSS-1 and GPR54 mRNA
levels in the MBH. Our observation is consistent with a recent report showing that the number,
as well as size, of kisspeptin mMRNA expressing neurons in the infundibular nucleus
(synonymous to the arcuate nucleus) increased in postmenopausal women as well as in OVX
monkeys (44). These authors, however, did not examine GPR54 mRNA expressing neurons
in postmenopausal women. Again, the changes in KiSS-1 and GPR54 mRNA levels with
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menopause are presumably due to a reduction in gonadal function, as ovariectomy resulted in
higher levels of KiSS-1 and GPR54 mRNA in adult females.

It has been extensively reported that gonadal steroids modulate GPR54 and KiSS-1 mRNA
expression in the brain. Gonadectomy increased and steroid replacement decreased GPR54
and KiSS-1 mRNA in the hypothalamus of rats (33). Similarly, gonadectomy increased KiSS-1
mMRNA, but not GPR54 mRNA, expression in the arcuate nucleus of adult mice (52), whereas
these treatments caused the opposite change in KiSS-1 mRNA in the anterior-ventral
periventricular nucleus (AVPV) of adult rats (52). A similar finding regarding KiSS-1 mRNA
changes in the arcuate nucleus by gonadal steroids has also been reported in sheep (50) and
cynomologus female monkeys (44). The influence of estradiol on KiSS-1 mRNA appears to
be direct, as a majority of kisspeptin neurons in the mouse arcuate nucleus and AVPV and
sheep arcuate nucleus express estrogen receptor alpha (ERa, 11,53). Furthermore, estrogen-
induced KiSS-1 mRNA expression was not observed in ERa knockout mice (52). Based on
these observations Steiner and colleagues hypothesize that kisspeptin neurons in the arcuate
nucleus mediate the negative feedback effects of estrogen on LHRH-1 neurons, whereas
kisspeptin neurons in the AVPV mediate the positive feedback effects on LHRH-1 neurons in
mice (52). In primates, despite the fact that ERa containing neurons were concentrated in the
arcuate nucleus (14,29), the co-localization of ERa in kisspeptin neurons in the monkey arcuate
nucleus (48) has yet to be demonstrated.

As reported in other species (20), primate LHRH-1 neurons do not express ERa (21), whereas
interneurons, such as GABA, glutamate, neuropeptide Y, and Kisspeptin neurons contain
ERa (see review by 20). However, because LHRH-1 neurons express receptors for these neural
inputs (see review by 19,56), the negative feedback action of estrogen on LHRH-1 neurons
appears to be mediated by these interneurons. Moreover, LHRH-1 neurons express GPR54
(32,48,35). Therefore, it is reasonable to speculate that kisspeptin neurons in the arcuate
nucleus mediate feedback effects of estrogen on LHRH-1 neurons in the primate MBH and
that increased LHRH-1 mRNA levels are a consequence of the absence of the estrogen's
negative feedback action on kisspeptin neurons and GPR54 containing neurons in the MBH
in postmenopausal monkeys.

In contrast to a postmenopausal increase in LHRH-1, KiSS-1, and GPR54 mRNA in the MBH,
we did not observe any changes in these genes in the POA. LHRH-1 neurons are found not
only in the MBH, but also in the in the POA (15,49). Moreover, we as well as others (38,40,
57) described the presence of a subpopulation of LHRH-1 neurons in the extra-hypothalamic
regions. Interestingly, in contrast to the changes in LHRH-1 neurons found in the MBH, Rance
and Uswandi (39) did not observe any changes in those LHRH-1 neurons in the dorsal POA-
septal regions of postmenopausal women. As to kisspeptin neurons in the POA, our preliminary
observations indicate that kisspeptin-54 immunopositive neurons with the specific antibody
GQ?2 (6) are present not only in the arcuate nucleus, but also in the anterior periventricular
regions, but not in the AVPV, of the monkey brain, (A. Goff and E. Terasawa, unpublished
observations). Nonetheless, failure to observe kisspeptin positive neurons in the primate AVPV
suggests clear species difference in primates and rodents.

A series of studies by Knobil and collaborators have demonstrated that the MBH, not POA, is
essential for reproductive function in primates (see 26): Isolation of the MBH by complete
deafferentation did not interfere with cyclic ovulation in female monkeys (28), whereas lesions
in the arcuate nucleus abolished normal reproduction in females (37). Therefore, the absence
of postmenopausal changes in LHRH-1, KiSS-1, and GPR54 mRNA in the POA in this study
are consistent with the hypothesis that LHRH-1 and kisspeptin neurons in the POA are not
involved in control of reproductive function in primates.
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Previously, we reported that pulsatile release of LHRH-1 was greatly enhanced in
postmenopausal monkeys (16). In the present study, we found that LHRH-1, KiSS-1, and
GPR54 mRNA levels in the MBH, but not in the POA, were all increased in postmenopausal
monkeys. Our preliminary observations further indicate that the number of Kisspeptin-54
expressing neurons in the arcuate nucleus increase significantly in postmenopausal monkeys
(E. Hutz, and E. Terasawa, unpublished observations). Because kisspeptin neurons, but not
LHRH-1 neurons, contain ERa and LHRH-1 neurons express GPR54, the absence of the
negative feedback control by the ovarian steroid, estrogen, through kisspeptin neurons and
GPR54 signaling appears to play a major role in postmenopausal activation of the LHRH-1
neuronal system in primates. Although it is possible that subtle changes in LHRH-1, KiSS-1,
and GPR54 mRNA levels in the MBH could be due to neuronal aging per se, this is not likely,
as there were no changes in these genes in the POA. Results of the present study indicate that
changes in neuropeptide gene expression (LHRH-1 and KiSS-1) in the postmenopausal
monkeys are strikingly similar to those in postmenopausal humans. Therefore, the findings of
this study contribute to better understanding the neuroendocrine axis in postmenopausal
women and the mechanism of LHRH-1 and GPR54 signaling in humans.
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Figure 1.

A schematic illustration of tissue dissection from the monkey brain for quantitative RT-PCR.
The mid sagittal section is shown. In this study, quantitative RT-PCR analysis was done on
total RNA from POA (hatched) and MBH (dotted). Abbreviations: AA=anterior hypothalamic
area, ac=anterior commissurre, AH=anterior hypothalamic nucleus, Cp=cerebral peduncle,
DA=dorsal hypothalamic nucleus, DB=nucleus of diagonal band of Broca, DM=dorsomedial
nucleus, f=fornix, I=infundibular nucleus (same as arcuate nucleus in rodents), LT=lamina
terminalis, Mes=mesencephalic tegmentum, MM=mammillary body, MPA=medial preoptic
area, MPN=medial preoptic nucleus, mt=mammillotegmental tract, OC=optic chiasm,
PA=posterior hypothalamic area, PE=perimammillary nucleus, PEP=periventricular preoptic
nucleus, PO=posterior nucleus, pv=paraventricular nucleus, SC=suprachiasmatic nucleus,
SH=septohypothalamic nucleus, SO=supraoptic nucleus, Th=thalamus, VM=ventromedial
nucleus.
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Figure 2.

Changes in LHRH-1 mRNA in the MBH (left) and POA (right) of female rhesus monkeys with
aging. LHRH-1 mRNA levels in postmenopausal and eugonadal females are shown with open
and closed bars, respectively. Note that LHRH-1 mRNA levels in the MBH of postmenopausal
monkeys, but not in the POA, were significantly higher than those in eugonadal females.
*p=0.045.
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Figure 3.

Changes in KiSS-1 mRNA in the MBH (left) and POA (right) of female rhesus monkeys with
aging. KiSS-1 mRNA levels in postmenopausal and eugonadal females are shown with open
and closed bars, respectively. Note that KiSS-1 mRNA levels in the MBH of postmenopausal
monkeys, but not in the POA, were significantly higher than those in eugonadal females.
**p=0.0009.
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Figure 4.

Changes in GPR54 mRNA in the MBH (left) and POA (right) of female rhesus monkeys with
aging. GPR54mRNA levels in postmenopausal and eugonadal females are shown with open
and closed bars, respectively. Note that GPR54 mRNA levels in the MBH of postmenopausal
monkeys, but not in the POA, were significantly higher than those in eugonadal females.
*p=0.012.
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Figure 5.

Effects of ovariectomy on LHRH-1 mRNA in the MBH (left) and POA (right) in female rhesus
monkeys. LHRH-1 mRNA levels in OV X and ovarian intact females are shown with open and
closed bars, respectively. Note that LHRH-1 mRNA levels in the MBH of OV X monkeys, but
not in the POA, were significantly higher than those in ovarian intact females. *p=0.049.
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Figure 6.

Effects of ovariectomy on KiSS-1 mRNA in the MBH (left) and POA (right) in female rhesus
monkeys. KiSS-1 mRNA levels in OVX and ovarian intact females are shown with open and
closed bars, respectively. Note that KiSS-1 mRNA levels in the MBH of OV X monkeys, but
not in the POA, were significantly higher than those in ovarian intact females. *p=0.022.
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Figure 7.

Effects of ovariectomy on GPR54 mRNA in the MBH (left) and POA (right) in female rhesus
monkeys. GPR54mRNA levels in OV X and ovarian intact females are shown with open and
closed bars, respectively. Note that GPR54 mRNA levels in the MBH of OV X monkeys had
a tendency to be higher than in ovarian intact females, but the p value (p=0.063) was not
significant.
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