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The preovulatory LH surge is triggered when the circadian
pacemaker, the bilateral suprachiasmatic nucleus (SCN),
stimulates the GnRH system in the presence of high estrogen
concentrations (positive feedback). Importantly, during the
remainder of the estrous cycle, estradiol inhibits LH release
via negative feedback. We have recently documented the pres-
ence of a novel mammalian RFamide-related peptide (RFRP),
aputative gonadotropin-inhibitory hormone (GnIH), that pre-
sumably acts upstream of GnRH to modulate the negative
feedback effects of estrogen. The present series of studies used
female Syrian hamsters to examine the possibility that, in
addition to driving the LH surge positively, the SCN concom-
itantly coordinates the removal of steroid-mediated RFRP in-
hibition of the gonadotropic axis to permit the surge. We

found that the SCN forms close appositions with RFRP cells,
suggesting the possibility for direct temporal control of RFRP
activity. During the time of the LH surge, immediate-early
gene expression is reduced in RFRP cells, and this temporal
regulation is estrogen dependent. To determine whether pro-
jections from the SCN regulate the timed reduction in acti-
vation of the RFRP system, we exploited the phenomenon of
splitting. In split animals in which the SCN are active in an-
tiphase, activation of the RFRP system is asymmetrical. Im-
portantly, this asymmetry is opposite to the state of the GnRH
system. Together, these findings point to novel circadian con-
trol of the RFRP system and potential participation in the
circuitry controlling ovulatory function. (Endocrinology 149:
4958-4969, 2008)

MASTER BIOLOGICAL pacemaker located in the

suprachiasmatic nucleus (SCN) coordinates daily
rhythms in behavior and physiology (1, 2). The circadian
system manages daily patterns of hormone secretion re-
quired for normal health and reproductive functioning (3).
Destruction of the SCN, its output, or the genes regulating
cellular clock function lead to pronounced abnormalities in
ovulation and fecundity (4—6). Despite the well-established
role of the circadian system in regulating ovulatory function
across species, the precise mechanisms by which the SCN
coordinates the hormonal timing required to initiate this
process remain unspecified.

The GnRH neuronal system represents the final common
pathway in the neural regulation of the reproductive axis (7,
8). GnRH neurons project to the median eminence to regulate
the synthesis and secretion of the pituitary gonadotropins,
LH and FSH. In some species of rodents, including hamsters,
the LH surge is initiated by interactions between the circa-
dian and GnRH systems, with estrogen serving a permissive
role (9). Throughout most of the ovulatory cycle, estrogen
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acts through negative feedback to restrain gonadotropic axis
activity (10). However, during a limited time window on the
day of ovulation, estrogen ceases to inhibit the reproductive
axis and high estrogen concentrations are required for the
initiation of the preovulatory LH surge (i.e. positive feed-
back) (11-13). This mechanism is different from that of pri-
mates, where a specific pattern of estrogen secretion is nec-
essary to stimulate the LH surge at the level of the pituitary
(14-16). In primate species, the inhibitory (negative feed-
back) effects of low estrogen concentrations are circum-
vented when estradiol rises above a threshold value and
remains elevated for at least 36 h (15), with limited circadian
dependence. In our rodent model system, the positive feed-
back effects of estrogen are contingent upon a diurnal signal
from the circadian clock. In fact, a daily LH surge will occur
in ovariectomized animals implanted with capsules contain-
ing estradiol levels equivalent to those found on the day of
proestrus (17, 18), indicating that the coincidence of both
threshold values of estrogen and a circadian signal are nec-
essary to stimulate the release of surge levels of GnRH. In
regularly cycling rodents, although the SCN is signaling the
reproductive axis once daily, estradiol concentrations are
permissive only on the day of proestrus. The mechanisms
mediating this transient change in the effects of estrogen on
the reproductive axis of rodents remain undetermined.

A great deal of research has focused on the stimulatory role
of the SCN in triggering the preovulatory LH surge when
estrogen levels are high (19, 20), whereas less is known re-
garding the neural locus on which estrogen acts to suppress

4958

220z ¥snbny |z uo isenb Aq 691 5512/856%/0 L/611/o101E/0pUS/WOd dNo0lWapede//:SdRy WOl papeojumoq



Gibson et al. ®* RFRP and the Preovulatory LH Surge

reproductive axis function during other stages of the cycle.
We have recently described a novel RFamide (Arg-Phe-
NH,)-related peptide (RFRP) in rodents that putatively mod-
ulates the negative feedback effects of estrogen (21) and is
orthologous to gonadotropin-inhibitory hormone (GnlH),
an avian hypothalamic dodecapeptide shown to inhibit
gonadotropin release (22, 23), synthesis (24), and gonadal
development and maintenance (25). The RFRP gene gives
rise to two biologically active peptides, RFRP-1 and
RERP-3, with administration of RFRP-3 shown to suppress
LH secretion in several mammalian species, including
hamsters (21, 26).

In the present series of studies, we explored the possibility
that the SCN serves a dual role in ovulatory function, both
applying positive drive to the GnRH system to induce the LH
surge while concomitantly coordinating the removal of in-
hibitory influences by down-regulation of RFRP activity. We
began by examining whether or not the SCN projects upon
RERP cells as a mechanism of neural control. To determine
whether RFRP activity varies across the estrous cycle, we
examined the activational state of the RFRP system through-
out the day of proestrus and on the day of diestrus. Addi-
tionally, we used a splitting model to confirm SCN neural
management over this system. Hamsters housed in a light/
dark (LD) schedule exhibit one activity bout every 24 h. This
activity bout is associated with symmetrical, bilateral acti-
vation of the SCN and GnRH system. When housed in con-
stant light, some hamsters exhibit a splitting in behavior,
with two daily activity bouts, each reflecting an antiphase
oscillation of the left and right sides of the bilateral SCN
(27-29). Notably, split animals exhibit two daily LH surges
(30) and asymmetrical activation of the GnRH system (9, 27).
If the RFRP system is regulated by SCN efferents and is
coordinated with the LH surge, then the pattern of RFRP cell
activity should also be asymmetrical and opposite to GnRH
in split animals.

Materials and Methods
Animals

Adult, female LVG Syrian hamsters (Mesocricetus auratus) (n = 133)
were used. All animals were purchased from Charles River (Wilming-
ton, MA) at 4-5 wk of age. Animals were housed in translucent pro-
pylene cages (48 X 27 X 20 cm) and provided with ad libitum access to
food and water for the duration of the study. Animals were maintained
in a colony room at 23 * 1 C with a 24-h LD cycle (14 h light, 10 h dark)
with lights on at 0700 h and lights off at 2100 h. All experimental
protocols conformed to the Institutional Animal Care and Use Com-
mittee guidelines of the University of California, Berkeley.

Tract tracing

Hamsters were deeply anesthetized with 60 mg/kg ketamine and 5
mg/kg xylazine. The head of the animal was shaved and positioned in
a stereotaxic apparatus (David Kopf Instruments, Tujanga, CA), and the
animal was prepared for aseptic surgery.

SCN. To examine whether or not the SCN projects to RERP cells, small
iontophoretic injections of the anterograde tracer biotinylated dextran
amine (BDA) were aimed at the SCN in hamsters (n = 10). A glass
micropipette (tip diameter 10-12 uwm) was filled with 10% BDA (10,000
molecular weight; Molecular Probes, Eugene OR) in 0.01 m PBS (pH 7.4).
Injections were aimed at the following coordinates: 0.8 mm anterior to
bregma, 0.1 mm lateral to midline, and 7.9 mm below the dura. Ionto-
phoretic injections were made using 5-mA positive current pulses (7 sec
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on, 7 sec off) for 7 min. Three minutes after the injection, the pipette was
removed under negative current to prevent leakage of the tracer along
the tract. Animals were perfused, and brains were collected 1 wk after
surgery during the middle of the LD cycle (1400 h) on the day of diestrus
to maximize the numbers of RFRP neurons visualized as described
below.

Dorsomedial hypothalamus (DMH). To establish whether the DMH
projects primarily ipsilaterally or contralaterally to hypothalamic
brain sites where GnRH cells are located, pressure injections of BDA
were aimed at the DMH in Syrian hamsters (n = 7). A 0.5-ul syringe
(Hamilton, Reno, NV) was filled with BDA conjugated to Texas Red
(1:10; Vector Laboratories, Burlingame, CA). Each animal was pre-
pared as described above. Injections were aimed at the following
coordinates: 0.5 mm posterior to bregma, 0.4 mm lateral to midline,
and 8.3 mm below the dura. Over a 10-min period, 300 nl BDA was
injected. One week after stereotaxic surgery, animals were perfused
and brains were collected as described below.

Serum collection

Animals were anesthetized using isoflurane, and blood samples were
collected from the retroorbital sinus. Samples were collected at 1300,
1600, 1700, 1800, 1900, 2000, and 2300 h (n = 8 per time point) on the day
of the LH surge and 1300 h on the day before the surge (i.e. diestrus).

Examination of RFRP cellular activity around the time of
the LH surge

Estrous cyclicity was monitored by daily examination of vaginal
discharge from all hamsters. There is a reliable release of discharge every
4 d, on the day of proestrus (31). Animals were monitored for at least
3 wk for estrus regularity. Only hamsters with regular, 4-d estrous cycles
were used. The day on which vaginal discharge was observed was
designated as the day of proestrus. Brains were collected at 1300, 1600,
1700, 1800, 1900, 2000, and 2300 h (n = 8 per time point) on the day of
the LH surge. One additional group was examined at 1300 h on the day
before the LH surge (i.e. diestrus) to examine the state of RFRP cell
activation when LH is maximally inhibited by estrogen feedback.

Examination of the role of estrogen in RFRP control

Because estrogen concentrations are elevated for an extended period
on the day of proestrus, it is possible that any changes in RFRP expres-
sion require the presence of this sex steroid. To determine whether
inhibitory RFRP cells require estrogen to alter their activity during the
LH surge, additional groups of animals were bilaterally ovariectomized
(n = 16) under isoflurane anesthetic. Subsequently, animals were
either implanted with a SILASTIC brand capsule (Dow Corning
Corp., Midland, MI; 10-mm length, 1.45-mm inner diameter, 1.93-mm
outer diameter) containing powdered 17-estradiol (n = 8) or an empty
capsule (n = 8). In estrogen-implanted animals, this treatment pro-
vides estradiol concentrations comparable to those seen on the day
of proestrus (32) and results in daily LH surges at the same time of
day that the LH surge would normally occur (33). Animals were
perfused as described below just before the LH surge (2000 h) or after
the surge (2300 h).

Examination of RFRP receptor expression in the pituitary

Because a significant number of GnRH cells receive RFRP input across
species (34), the present study was principally concerned with gonad-
otropin regulation via this mechanism. However, reports in other spe-
cies indicate actions of RERP at the level of the pituitary (35, 36). As a
result, we examined whether or not RFRP receptor expression is seen in
the pituitary of female Syrian hamsters, as a potential additional mech-
anism of regulatory control using RT-PCR. Pituitaries from Syrian ham-
sters (n = 2) were examined, whereas liver tissue from rat (n = 1) was
used as a negative control (37). Tissue was collected, its total RNA was
extracted (RNeasy Mini Kit; QIAGEN Inc., Valencia, CA), and 3'-RACE
cDNA was then synthesized (SMART cDNA synthesis kit; Clontech
Laboratories Inc., Palo Alto, CA). Touchdown PCR was conducted using
specific primers for hamster G protein-coupled receptor 147 (GPR147),
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the cognate receptor for RERP (sense, TCTCG GGCCA GGCCT CCCAG
CA, and antisense, TCTCG GGCCA GGCCT CCCAG CA). Initial de-
naturing occurred for 3 min at 95 C followed by 16 touchdown cycles
from 68 C to 60 C (annealing temperature, decreased 0.5 C every cycle)
and continued for another 25 cycles with 60 C annealing temperature.
PCR products were detected on a 1% agarose gel.

Splitting induction

After 1 wk in a 14-h light, 10-h dark cycle (lights on 0700 h), an
additional group of Syrian hamsters (n = 30) was transferred to constant
light (LL) conditions. Wheel running activity was recorded continuously
using VitalView (MiniMitter Co., Inc., Sunriver, OR) for 12 wk. Accu-
mulated counts were rescored every 10 min and stored to the attached
computer. After 8 wk of exposure to constant light, animals were ovari-
ectomized and sc implanted with a SILASTIC brand capsule (10-mm
length, 1.45-mm inner diameter, 1.93-mm outer diameter) filled with
powdered 17-estradiol (Sigma Chemical Co., St. Louis, MO). Animals
were perfused as described below less than 1 h before one activity bout
in split animals (n = 9) and either 1 h (n = 6) or 13 h (n = 5) before the
activity bout in nonsplit animals. Ten animals did not exhibit regular
activity patterns and were not used in this study.

Perfusion and histology

Tract tracing. Hamsters were deeply anesthetized with sodium pento-
barbital (200 mg/kg) and perfused intracardially with 150 ml 0.9%
saline, followed by 300—-400 ml 4% paraformaldehyde in 0.1 m PBS (pH
7.4). Brains were postfixed for 2-3 h at 4 C and cryoprotected in 30%
sucrose in 0.1 M PBS overnight. For visualization of SCN injected with
BDA and RFRP, every fourth 35-um coronal section was washed in PBS,
incubated in 1% H,0,, and then incubated in 0.4% Triton X-100 (PBT)
for 1 h. Sections were then incubated in avidin-biotin complex (ABC Elite
Kit; Vector; 1:1000 in PBT) for 1 h at room temperature. To amplify the
BDA signal, sections were then incubated in biotinylated tyramide
(0.6%) for 30 min at room temperature before incubation in CY-2-con-
jugated streptavidin (1:200) for 60 min. After labeling for BDA, sections
were labeled using an antibody directed against RERP (1:10,000; Pacific
Immunology 123/124) as previously described and validated (21) with
CY-3 donkey antirabbit (1:200; Jackson ImmunoResearch, West Grove,
PA) as the secondary antibody/fluorophore. For visualization of BDA

PAC

Fic. 1. RFRP-ir labeling is abolished with hamster
RFRP peptide preadsorption. Photomicrographs of
RFRP-ir cell body labeling in the DMH using PAC 123/
124 (A) and PAC 1365 (D). Preadsorption with hamster
RFRP peptide (B and E) abolishes RFRP staining. Stain-
ing of RFRP is not affected by preadsorption with
kisspeptin peptide (Kp, C and F). RFRP antibodies PAC
123/124 (G) and PAC 1365 (H) label the same cell pop-
ulations (I).

DMH (w/o Preadsorption)
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in the DMH, the above procedure was followed but BDA was visualized
using CY-3 conjugated streptavidin (1:200; Jackson ImmunoResearch)
and RFRP was visualized using CY-2 donkey antirabbit (1:200; Jack-
son ImmunoResearch).

RFRP and GnRH cellular activity. For simultaneous visualization of RERP
and FOS across the estrous cycle, every fourth 40-um coronal section
from the mediobasal hypothalamus was washed in 0.1 m PBS, incubated
in 0.5% H,O,, and incubated in normal goat serum (1:50; Jackson Im-
munoResearch) in 0.1% Triton X-100 (PBT) for 1 h. Sections were then
incubated for 48 h at 4 C with a rabbit anti-FOS antibody diluted at
1:50,000 (Santa Cruz Biotechnology, Santa Cruz, CA) and normal goat
serum diluted at 1:1000 with 0.1% PBT for 48 h. After incubation in
anti-FOS, brains were incubated for 1 h in biotinylated goat antirabbit
(1:300; Vector) and then in avidin-biotin complex for 1 h. The FOS signal
was amplified with biotinylated tyramide solution (0.6%) for 30 min as
previously described (21). Cells were then labeled by using CY-2-con-
jugated streptavidin (1:200; Jackson ImmunoResearch) as the fluoro-
phore. This protocol allowed for the amplification of the highly diluted
anti-FOS required for double labeling with two antibodies generated in
the same species (rabbit). After labeling for FOS, sections were incubated
in anti-RFRP antibody (1:10,000; PAC 123/124) in 0.1% PBT for 48 h (21).
RFRP cells were labeled with CY-3 donkey antirabbit (1:200; Jackson
ImmunoResearch) as the secondary antibody/fluorophore. For simul-
taneous visualization of RFRP and FOS in split animals (and their unsplit
controls), this same procedure was applied using an anti-RFRP antibody
directed against the Syrian hamster form of this peptide (1:10,000; PAC
1365). Double-label immunohistochemical studies using PAC 123/124
and PAC 1365 confirmed that these two antibodies label the same pop-
ulation of cells in the DMH. The prior double-labeling protocol without
the addition of the RFRP primary antibody was performed to control for
the possibility of two primary antibodies generated in the same species
cross-reacting. This control confirmed the specificity of this procedure
with robust FOS expression and the absence of signal when excited using
the standard wavelength for CY-3.

The previous FOS/RFRP protocol was followed for visualization of
GnRH and FOS with the RFRP antibody replaced with an antibody
directed against GnRH (mouse; 1:2000; Abcam, Cambridge, MA). Cells
were visualized using CY-3 donkey antimouse (1:200; Jackson Immu-
noResearch). All sections immunohistochemically treated were

Preadsorption with RFRP Preadsorption with Kp

PAC 1365
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mounted onto gelatin-coated slides and dehydrated in a graded series
of alcohols, and coverslips were applied.

SCN cellular activity. To identify split and nonsplit SCN, FOS activation
in the SCN was visualized fluorescently using an antibody directed
against FOS as described above and with 3,3’-diaminobenzidine (Vec-
tor). Sections were mounted, dehydrated, and coverslipped as described
previously.

Control procedures. Several control procedures were implemented to
ensure the specificity of immunohistochemical labeling. PAC123/124
RFRP antibody raised against the white-crowned sparrow form of the
peptide was preadsorbed with avian and rat RFRP ligand for 24 h before
tissue application as described previously (21) and was shown to elim-
inate staining. Additional controls with PAC 123/124 and PAC 1365,
raised against the Syrian hamster form of the peptide, preadsorbed with
Syrian RFRP ligand, were performed. This procedure eliminated stain-
ing in both cases (Fig. 1, B and E). Because kisspeptin is an RFamide
peptide with a C-terminal structure similar to that of RFRP, RFRP an-
tibodies (both PAC 123/124 and PAC 1365) were preadsorbed with
kisspeptin peptide to examine potential cross-reactivity. This procedure
did not result in a change in the pattern or intensity of RFRP cell body
labeling, indicating that the antibody does not exhibit cross-reactivity
with this peptide (Fig. 1, C and F). Finally, double-label studies with
PAC123/124 and PAC1365 confirm that both antibodies label identical
cell populations (Fig. 1, G-I). Previously, a competitive ELISA was used

Fia. 2. SCN fibers project to RFRP-ir cells in the DMH.
A, Example injection site from an injection of BDA that
filled the ventrolateral aspect of the SCN; B, low-power
photomicrograph indicating terminal fibers from the
SCN project to the DMH, principally ipsilaterally; C-E,
examples of SCN projections in close apposition to
RFRP-ir cells in the DMH at the light (C, low power; D,
high power) and confocal levels (E); F, RFRP fibers tar-
get the sub-paraventricular zone and retrochiasmatic
area but do not terminate in the SCN. V3, Third
ventricle.
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to confirm the specificity of PAC 123/124 RFRP antibody. Cross-reac-
tivity was not observed for any of the closely related peptides (carp,
mollusk, bovine, or chicken RFamide) (22). Additional studies using a
competitive ELISA were recently conducted indicating the absence of
cross-reactivity with LPLRFa, neuropeptide FF (NPFF), prolactin-re-
leasing peptide (PrRP), and FMRFamide peptides (Bentley, G. E., and K.
Tsutsui, unpublished observations).

Light microscopy

Sections were investigated using a Zeiss Z1 microscope (Carl Zeiss,
Thornwood, NY). Sections were examined using the standard wavelengths
for CY-2 (488 nm) and CY-3 (568 nm). Every fourth section through the
DMH, or 12 sections per animal, and the medial preoptic area, or 10 sections
per animal, were assessed, and those areas expressing RFRP immunore-
activity (RFRP-ir) and GnRH-ir were investigated for coexpression with
FOS protein using confocal microscopy (see below). For light microscopy,
areas identified as having double-labeled cells were digitally captured at
X200 in 8-bit greyscale using a cooled CCD camera (Zeiss). Each label was
captured as a single image without moving the position of the stage or plane
of focus between captures. Images were superimposed digitally. Brain areas
were examined for double labeling using Photoshop software in which
CY-2 and CY-3 channels could be turned on and off independently. Only
those RFRP and GnRH cells with a visible nucleus in which FOS expression
was localized were counted as double-labeled cells. The total numbers of

1um scan
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Fic. 3. LH concentrations in Syrian hamsters. Mean (+sgEm) LH con-
centrations on the day of diestrus and during various times on the day
of proestrus. *, Significantly different from diestrous values and all
other proestrous values, excluding 1600 h, P < 0.05.

RFRP cells and GnRH cells and the percentage of cells expressing FOS were
recorded by two independent observers blind to the experimental
conditions.

Confocal microscopy

Brain sections used for light microscopy were also used for the con-
focal scans to confirm results at the conventional microscopy level. RERP
cells with putative SCN contacts were scanned through the extent of
each cell in 0.5-um increments. Only those cells in which the BDA-

Diestrus

Fia. 4. RFRP-ir cell numbers are reduced during the
LH surge and reinstated thereafter. A, Low-power pho-
tomicrograph of RFRP-ir cell body labeling in the DMH
on the day of diestrus; B and C, low-power photomicro-
graphs of RFRP-ir cell body labeling in the DMH on the
day of proestrus during the trough (1800 h) and peak
(2300 h) of expression, respectively; D, mean (*£SEM)
RFRP-ir cell counts on the day of diestrus and through-
out the day of proestrus. *, Significantly different from
diestrous values and 2300-h values on the day of
proestrus, P < 0.05.
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labeled fiber contacted an RFRP cell in the same 0.5-um scan were
counted as close contacts. Cells characterized as being double labeled
with FOS/RFRP or FOS/GnRH at the conventional microscopy level
were confirmed in the same manner to ensure that FOS was expressed
within the cells rather than in overlapping cells in the same field of view.
Likewise, cells classified as single labeled were assessed to ensure that
the conventional microscopy strategy did not result in false negatives.
At least 10% of those cells quantified using conventional microscopy
were assessed in confocal scans. The cells assessed using confocal mi-
croscopy were chosen randomly across groups. Regions of the brain with
putative double labels identified at the light level were scanned at X400
using confocal microscopy. Cells were observed under a Zeiss Axiovert
100TV fluorescence microscope with a Zeiss LSM 510 laser scanning
confocal attachment. The sections were excited with an argon-krypton
laser using the standard excitation wavelengths for CY-2 and CY-3.
Stacked images were collected as 1.0-um multitract optical sections.
Using the LSM 3.95 software (Zeiss), red and green images of the sections
were superimposed. RFRP or GnRH cells in a given brain region were
examined through their entirety in 1.0-um steps. Captured images were
examined for double labeling using Photoshop.

LH RIAs

Serum LH concentrations were measured in duplicate in a single RIA
with reagents obtained from the National Institutes of Health (Bethesda,
MD) as previously described (38). The antiserum was rLH-5-11, and the
standard was rLH-RP3. The sensitivity was 0.01 ng/tube, and the in-
traassay coefficient of variation was 2.8% for the low pool and 8.4% for
the high pool. The antisera were highly specific for the hormones mea-
sured, with low cross-reactivity with other hormones.

Statistics

Data for RFRP cell counts, FOS expression in RERP cells, and LH results
were analyzed using one-way ANOVA for those studies relating to the

Diestrus
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change in activation over the estrous cycle. Total cell counts and FOS
expression in RFRP and GnRH cells in split and nonsplit (NS) animals were
analyzed using two-way analyses of variance: condition (split or NS) X
lateralization. Group differences were evaluated using Tukey tests when
sample sizes were equal and Tukey-Kramer tests when sample sizes were
unequal (e.. split data). Differences were considered significant if P < 0.05.

Results
The SCN prajects extensively to RFRP-ir cells in the DMH

Of the 10 hamsters injected with BDA, five injections were
localized to the SCN and five misses were centered in the
adjacent hypothalamus and retrochiasmatic area. Three in-
jections filled the SCN unilaterally, whereas one injection
was centered in the dorsomedial SCN and another in the
ventrolateral SCN (Fig. 2A). All five injections resulted in
extensive projections and terminal fields in the DMH (Fig.
2B). These smaller, localized injections in the SCN provided
the opportunity to investigate the subregions from which
identified projections originate. As in our previous work (21),
RERP-ir cells were confined to the DMH (Fig. 2C). For the
three whole SCN injections, contacts upon RFRP perikarya
ranged from 56.4-65.2% (Fig. 2, D and E). A dorsomedial
injection resulted in 20.4% of RFRP cells receiving SCN con-
tacts, whereas 48.3% of RERP cells were labeled with a com-
parably sized ventrolateral injection. Despite marked pro-
jections from the SCN to the RFRP system, RERP cells did not
project back to the SCN at any time point investigated (Fig.
2F). In all cases, RERP fiber labeling was absent in the SCN,

Fia. 5. Activation of RFRP-ir cells is reduced during the
LH surge and reinstated thereafter. The percentage of
RFRP-ir cells expressing FOS is reduced on the day of
proestrus, around the time of the LH surge. A—C, Low-
power photomicrographs of RFRP-ir cells expressing
FOS on the day of diestrus (A) and during the trough (B)
and peak (C) of expression on the day of proestrus. D,
Mean (*sEM) percentage of RFRP-ir cells expressing
FOS on the day of diestrus and throughout the day of
proestrus. All bars not sharing a symbol differ signifi-
cantly from each other at P < 0.05.
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with dense projections targeting the adjacent sub-paraven-
tricular zone and retrochiasmatic area (21).

RFRP:-ir cell numbers are reduced during the LH surge and
reinstated thereafter

All females exhibited regular 4-d estrous cycles. The pre-
ovulatory LH surge began at 1700 h on the day of proestrus
and was complete within 2 h (Fig. 3). On the day of diestrus
II, RFRP cell numbers were maximal in the DMH. In Syrian
hamsters held in a 14-h light, 12-h dark cycle, LH concen-
trations peak 4 h before lights out on the day of proestrus,
with an initial increase seen 6 h before dark and cessation of
the surge about 2 h before darkness (39). On the day of
proestrus, RFRP-ir cell numbers were reduced relative to the
day of diestrus II for all time points (P < 0.05 in each case)
excluding 2000 and 2300 h (P > 0.05 in each case) (Fig. 4). In
all cases, quantification of FOS-positive RFRP-ir and FOS-
negative RFRP-ir cells at the confocal level agreed with as-
sessment at the conventional microscopy level.

Activational state of RFRP cells is reduced during the LH
surge and reinstated thereafter

As with RFRP cell numbers, the percentage of RFRP-ir cells
expressing FOS was greatest during diestrus II when estro-
gen is maximally inhibiting LH production (P < 0.05 relative
to all other time points). Relative to diestrus II, on the day of
proestrus, RFRP cell activity was reduced at all time points

Diestrus . . > B . 0, o
DD D DD DD
Time
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Fic. 6. Estrogen is required for daily changes in activational state
of RFRP-ir cells. Shown is the mean (=SEM) percentage of RFRP-ir
cells expressing FOS in ovariectomized hamsters implanted with
estradiol or a blank capsule during the LH surge (2000 h) or after
the LH surge (2300 h). *, Significantly different from all other
values, P < 0.05.

(P < 0.05; Fig. 5). Importantly, maximal reductions in FOS
expression are observed 3 h before lights out, with sustained
reductions in activity until 2000 h (P < 0.05; Fig. 5). Generally,
FOS expression represents cellular activity about 1 h before
killing (40), suggesting that maximal reductions in RFRP
cellular activity occurred between 4 and 2 h before lights out.
After the time of the LH surge in hamsters (2300 h), RFRP
cellular activity was increased (P < 0.05; Fig. 5). In all cases,
quantification of FOS-positive RFRP-ir and FOS-negative
RFRP-ir cells at the confocal level agreed with assessment at
the conventional microscopy level.

Daily changes in RFRP cellular activity require estrogen

Because estradiol levels are maximal on the day of
proestrus, we examined whether changes in the state of RFERP
cells require the presence of this hormone. Based on the
results above, we examined estradiol-treated and control
hamsters at 2000 h (low RFRP cellular activity on the day of
proestrus) and 2300 h (high RFRP activity). Estradiol-im-
planted hamsters exhibited low RERP cell FOS expression at
2000 h with a marked increase at 2300 h (P < 0.05). In contrast,
hamsters without estradiol replacement had low RFRP cell
FOS expression at both time points (P > 0.05; Fig. 6). In all
cases, quantification of FOS-positive RFRP-ir and FOS-neg-

Fia. 7. The DMH projects ipsilaterally to hypothalamic
regions containing GnRH-ir cells. A, Representative in-
jection of the anterograde tracer, BDA, localized to the
DMH; B, DMH projections were localized to numerous
hypothalamic regions containing GnRH-ir cells, includ-
ing the preoptic area. Projections were principally ipsi-
lateral. ac, Anterior commissure; Arc, arcuate nucleus;
LV, lateral ventricle; oc, optic chiasm; OVLT, organum
vasculosum of the lamina terminalis, V3, third ventri-
cle; VMH, ventromedial hypothalamus.
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ative RFRP-ir cells at the confocal level agreed with assess-
ment at the conventional microscopy level.

The DMH projects ipsilaterally to hypothalamic regions
containing GnRH cells

Of the seven hamsters injected with BDA, three were lo-
calized to the DMH. For all three injections, projections from
the DMH to all forebrain and hypothalamic sites expressing
GnRH neurons, including the tenia tectum, medial and lat-
eral septum, diagonal band of Broca, preoptic area, and an-
terior hypothalamus, were principally ipsilateral (for preop-
tic area, see Fig. 7).

RFRP activity is lateralized and associated with the LH
surge in split hamsters

When held in constant light, 11 hamsters maintained one
bout of activity, whereas nine animals split their activity into
two antiphase bouts (Fig. 8, A and B). In nonsplit controls, as
expected, GnRH neurons exhibited maximal FOS expression
1 h (NSI) before their activity bout compared with animals
killed 13 h (NS13) before activity (P < 0.05; Fig. 8, C and E);
activity was symmetrical for both hemispheres (P > 0.05). In
contrast, RFRP cell activity showed the opposite pattern, with
minimal expression in NS1 hamsters compared with NS13 an-
imals (P < 0.05; Fig. 8, G and I). When hamsters with split
behavior were examined, GnRH FOS expression was asym-
metrical, with maximal activity on the side of the brain ipsi-
lateral to the activated SCN (P > 0.05; Fig. 8, D and F). The
opposing pattern of activity was seen in the RERP system, with
higher FOS expression in RFRP cells contralateral to the acti-
vated SCN (P < 0.05; Fig. 8, H and ]). In all cases, quantification
of FOS-positive RFRP/GnRH-ir and FOS-negative RFRP/
GnRH-ir cells at the confocal level agreed with assessment at the
conventional microscopy level.

RFRP cells project to the median eminence, and hamster
pituitary expresses RFRP receptors

RERP-ir cells in the DMH project extensively to the median
eminence in hamster tissue, indicating RFRP may medjiate the
LH surge at the level of the median eminence and pituitary (Fig.
9B). Using RT-PCR, we investigated the existence of RERP re-
ceptor in the pituitary of Syrian hamsters by examining pitu-
itaries from two different hamsters as well as liver tissue from
ratas a control, which has previously been shown not to express
RERP receptors (37). As expected, pituitary tissue exhibited

BDA Injection Site | B

DMH Projections to POA
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Fic. 8. Lateralization of GnRH and
RFRP activational patterns in split ham-
sters is associated with the LH surge. A
and B, Actograms of wheel-running ac-
tivity in estradiol-implanted, ovariecto-
mized (OVX) hamsters kept in constant
light conditions (LL). A, Nonsplit (NS)
hamsters were killed (¥) 1 or 13 h before
the onset of the activity bout. B, Split
hamsters were killed (*) 1 h before the
onset of one of the two activity bouts. C
and D, Photomicrographs of FOS activa-
tion in SCN and GnRH cells (insets) of
NS and split hamsters. E and F, Mean
(£sEM) percentage of FOS-ir GnRH cells
in nonsplit hamsters killed 1 h (NS1) or
13 h (before the surge; NS13) before their
activity bout and split hamsters killed
1 h before one of their activity bouts. G
and H, Photomicrographs of FOS-ir
RFRP cells in the DMH of NS and split
hamsters. I and J, Mean (=SEM) percent-
age of FOS-ir RFRP cells in NS1, NS13,
and split hamsters. *, Significantly dif-
ferent from all other values, P < 0.05. oc,
Optic chiasm; V3, third ventricle.

robust expression of RFRP receptors, whereas rat liver tissue
and a control sample did not express RFRP receptors (Fig. 9A).

Discussion

A host of neurochemicals suppresses GnRH secretion,
with the inhibitory transmitters y-aminobutyric acid (41-43)
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and the endogenous opioids (44—-46) receiving the most at-
tention. However, a mechanism coordinating disinhibition
from these suppressive factors during stimulation of the LH
surge of the estrous cycle has not been identified. Here we
show a novel neural locus and neuropeptidergic system that
displays properties consistent with such a role. The present

Ipsilateral Contralateral

220z ¥snbny |z uo isenb Aq 691 5512/856%/0 L/611/o101E/0pUS/WOd dNo0lWapede//:SdRy WOl papeojumoq



4966 Endocrinology, October 2008, 149(10):4958—-4969

Fic. 9. Hamster pituitary expresses RFRP receptors,
and RFRP-ir cells project to median eminence. A, Using
RT-PCR, pituitaries from two hamsters (P1 and P2)
were shown to express the RFRP receptor, GPR147.
RFRP receptor expression was not detected in a control
sample (C), water, or in tissue from rat liver (L) that was
previously shown not to express RFRP receptors (37). B,
RFRP fibers from the DMH project to the median em-
inence (Me), suggesting control of the LH surge may also
occur at the level of the median eminence and the pi-
tuitary. V3, Third ventricle.

findings point to interactions between the circadian and
RERP systems in the control of the preovulatory LH surge.
Anterograde tracing shows pronounced projections from the
SCN to the RFRP neuronal system, with close contacts of
presumptive SCN terminals on RFRP cell perikarya. The
RERP system exhibits reduced expression and activity on the
day of proestrus, with activity markedly suppressed around
the time window in which the LH surge occurs. These find-
ings suggest alterations in RFRP peptide synthesis, secretion,
and/or transport throughout the ovulatory cycle. The system
returns to presurge activity levels during early evening on
the day of ovulation, after the surge has ceased. Additionally,
we observed an asymmetry in the activational state of the
RERP system at the time of the surge that was opposite to the
state of the GnRH system in split animals. Together, these
findings suggest a novel network of ovulatory control with
the possibility that the circadian system serves a dual role,
both stimulating GnRH cell activity to initiate the LH surge as
well as coordinating disinhibition from the influences of
estrogen.

At the time of ovulation, GnRH neurons exhibit a robust
increase in immediate-early gene expression, with activation

Fic. 10. Integration of RFRP in regulating induction of
the LH surge. A proposed model incorporating a role for
the RFRP system in the ovulatory circuitry. Dark black
lines depict projections from the circadian system to
GnRH neurons and neurons containing ERs (61) as well
as to the RFRP system (present study) and the AVPV (57)
reported in rats, mice, and hamsters. Kisspeptin cells in
the AVPV are active at the time of the LH surge (62, 63).
Neurons containing ER-« in the preoptic area and else-
where are known to project to the SCN (58) and to GnRH
neurons (64) and may play a role in mediating the circa-
dian signal to GnRH neurons directly and/or indirectly.
Light solid lines depict interactions between the RFRP
and GnRH systems described in the present study and
our previous work (21). These lines indicate a putative
role for RFRP in modulating the negative feedback effects
of estrogen (21), with SCN communication allowing for
removal of negative feedback on the reproductive axis
during the time of the LH surge. Dashed lines indicate
indirect connections between systems that have not yet
been explored. According to the model generated from the
present findings, RFRP cells respond to estradiol with
hypothalamo-pituitary-gonadal axis inhibition during
most of the estrous cycle. At the time of the LH surge,
however, the SCN signals the RFRP system to ignore
estradiol input and remove negative feedback influences
on the hypothalamic-pituitary-gonadal axis, allowing ac-
tivation of the GnRH system directly or indirectly via the
circadian system. AVP, Arginine vasopressin; VIP, vaso-
active intestinal polypeptide.

Gibson et al. ®* RFRP and the Preovulatory LH Surge

lagging behind the initiation of the LH surge by about 1 h
(47-51). In ovariectomized Syrian hamsters held in a 14-h
light, 10-h dark cycle, LH concentrations peak 4 h before
lights out on the day of proestrus, with cessation of the surge
about 2 h before darkness (39) (present study, Fig. 3). The
present findings indicate a pattern of FOS expression in
RERP cells opposite to that observed for GnRH, further sug-
gesting complementary circadian control of both systems.
The SCN projects extensively to RFRP-ir cells, with both
dorsomedial and ventrolateral subregions of the SCN pro-
jecting to the DMH. Whereas only one animal was assessed
for anterograde injections into both subregions of the SCN,
these results provide a possible avenue for future investi-
gation of SCN control of the RFRP system. At the conven-
tional and confocal microscope levels, we observe close ap-
positions between SCN terminals and RFRP cells. Although
laser scanning confocal microscopy is not adequate to iden-
tify true synapses onto RFRP neurons, high-power confocal
scans showing a presumptive bouton contacting a cell body
in the same optical plane provide strong support for a func-
tional relationship between the fiber and the cell body it is
contacting.

&P) LH/FSH
Cal@ Estrogen
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Our analysis of split animals suggests neural circadian
control of the RFRP system. RFRP cells exhibit reduced ac-
tivity on the side of the brain bearing the activated SCN, a
pattern opposite to GnRH cell activation (Fig. 8). These find-
ings, along with anterograde tracing results showing that the
DMH projects to ipsilateral brain regions containing GnRH
cells, are consistent with the notion that the SCN coordinates
disinhibition of the RFRP system with the initiation of the
surge (Figs. 7 and 10). Overall, FOS expression in RFRP-ir
cells in split and nonsplit animals was reduced relative to
animals housed in a LD cycle. This finding is likely due to
constant light conditions, because a similar reduction has
been observed previously under these conditions (9). It re-
mains possible that the RFRP system also modulates the
surge at the level of the pituitary, because the RFRP receptor,
GPR147 (35,37, 52), is present in hamster (present study) and
quail (25) pituitary, with RFRP fibers extending into the
median eminence (25) (Figs. 9 and 10). We previously re-
ported sparse RERP fibers extending into the external layer
of the median eminence (21), but refinements of our ampli-
fied immunohistochemical procedures in the present report
indicate more pronounced innervation than previously sug-
gested, in agreement with reports in other species.

In rats, mice, and hamsters, RFRP cells project to GnRH
cells directly, providing a potential pathway for its suppres-
sive actions (21). Likewise, in avian species, RFRP cells also
project to GnRH cells (34, 65), and GnRH neurons express
GnlH, the RFRP ortholog found in birds, receptor mRNA
(65). Although the pattern of transcriptional activation of
RERP cells is consistent with a release of the reproductive
axis from RFRP inhibition at the time of the surge, it is
possible that RFRP cellular activity is unrelated to timed
changes in reproductive axis activity. RFRP cells project
widely in mammalian brain throughout midline hypotha-
lamic regions and limbic structures, suggesting actions in
addition to GnRH control (21). However, recent observations
indicate that injections of RFRP-3 inhibit GnRH neuronal
activation during the estradiol-induced LH surge (53), sug-
gesting a need for the removal of RFRP influences at this
time. Whether such removal of RFRP inhibition to the re-
productive axis occurs normally during ovulation requires
further study.

RFRP-ir cells exhibit changes in FOS expression on the day
of proestrus, when estrogen concentrations are chronically
elevated. Given the design of the present series of experi-
ments, we cannot discern the specific contribution of the
circadian system vs. stage of cycle (i.e. proestrus) to changes
in RERP cell FOS expression. Several lines of evidence point
to a role for both factors in this daily regulation. First, when
estrogen concentrations are clamped at proestrous levels, the
RERP system exhibits the same timed pattern of activation,
with timed changes abolished in ovariectomized animals
given empty implants (Fig. 6). Additionally, the abolition of
this daily pattern in RFRP activity in animals implanted with
empty capsules suggests a circadian mechanism requiring
estrogen. Further studies examining the daily pattern of
RERP cellular function during other stages of the cycle are
necessary to fully explore this possibility. Collectively, these
findings suggest the possibility that RFRP cells exhibit daily
changes in responsiveness to estrogen, with reduced sensi-
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tivity around the time of the LH surge. Alternatively, because
only a subset of these cells express estrogen receptor (ER)-a
(21), it is possible that cells expressing temporal changes in
activity are not estrogen responsive but, instead, are con-
trolled by an estrogen-responsive clock mechanism. Whether
estrogen acts upstream of RFRP cells to modulate their ac-
tivity remains to be determined.

Whereas circadian behavior, such as wheel running, can be
supported via diffusible signals (54), all findings to date
indicate that neural communication from the SCN is required
for initiation of the LH surge (3, 5, 9, 32, 55). In addition to
direct connections to GnRH neurons, the SCN projects
extensively to the anteroventral periventricular nucleus
(AVPV), a brain region associated with the induction of the
preovulatory LH surge and changes in progesterone receptor
expression (11, 56). The role of progesterone in the regulation
of the RFRP system is unknown and may provide insight into
an additional mechanism of ovulatory control. The cells to
which the SCN projects are estrogen responsive (57), sug-
gesting that the AVPV may be an important integration point
for circadian signals and positive feedback effects of estro-
gen. Conversely, ER-expressing cells in the preoptic area
project to the SCN (58), providing a mechanism for steroidal
feedback to the circadian system. The stimulatory peptide
kisspeptin is robustly expressed in the AVPV, with kisspep-
tin-ir cells expressing ERa and showing a pattern of activa-
tion consistent with a role in driving the LH surge (38, 59, 60).
It remains to be established whether the SCN projects to
kisspeptin cells in the AVPV or to cells of an unidentified
phenotype. Furthermore, RFRP cells project extensively to
the AVPV (21), suggesting potential interactions between the
RERP and kisspeptin systems in this nucleus and opportu-
nity for further exploration (Fig. 10).

The present studies provide evidence for incorporating the
RERP system into the conceptual framework for the ovula-
tory machinery of some rodents and perhaps other species.
These data suggest a neural route of communication from the
SCN clock to an inhibitory peptidergic pathway mediating
the negative feedback effects of estradiol. Additionally, the
RERP system is in a position to amalgamate with the well-
established pathways and mechanisms responsible for ini-
tiating the LH surge (Fig. 10). Together, these findings sug-
gest the possibility that the DMH and the RERP system play
a significant role in modulating the LH surge and ovulation.
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