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Pulsatile release of hypothalamic gonadotropin-releasing hormone
(GnRH) is essential for pituitary gonadotrope function. Although
the importance of pulsatile GnRH secretion has been recognized
for several decades, the mechanisms underlying GnRH pulse gener-
ation in hypothalamic neural networks remain elusive. Here, we
demonstrate the ultradian rhythm of GnRH gene transcription in
single GnRH neurons using cultured hypothalamic slices prepared
from transgenic mice expressing a GnRH promoter-driven desta-
bilized luciferase reporter. Although GnRH promoter activity in each
GnRH neuron exhibited an ultradian pattern of oscillations with a
period of ~10 h, GnRH neuronal cultures exhibited partially syn-
chronized bursts of GnRH transcriptional activity at ~2-h intervals.
Surprisingly, pulsatile administration of kisspeptin, a potent GnRH
secretagogue, evoked dramatic synchronous activation of GnRH gene
transcription with robust stimulation of pulsatile GnRH secretion.
We also addressed the issue of hierarchical interaction between
the circadian and ultradian rhythms by using Bmal1-deficient mice
with defective circadian clocks. The circadian molecular oscillator
barely affected basal ultradian oscillation of GnRH transcription
but was heavily involved in kisspeptin-evoked responses of GnRH
neurons. In conclusion, we have clearly shown synchronous bursts
of GnRH gene transcription in the hypothalamic GnRH neuronal
population in association with episodic neurohormone secretion,
thereby providing insight into GnRH pulse generation.
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D iverse forms of biological oscillation are found in biochemical
reactions, cellular events, and physiological processes (1).
Intrinsic daily rhythms are generated by molecular circadian
clockwork, which is based on transcription-translation feedback
loops composed of transcriptional activators such as the CLOCK:
BMALI heterodimer and inhibitory factors including PERIODs
and CRYPTOCHROME:s (2, 3). Dynamic regulation of the neu-
roendocrine system occurs due to the integrative actions of multiple
types of biological oscillators. For example, corticosteroids in circu-
lation exhibit robust circadian oscillation and hourly pulsatility (4).
The pulsatile release of hypothalamic neurohormones into
the hypothalamic—pituitary portal vessels is a classic example of
ultradian oscillation. Gonadotropin-releasing hormone (GnRH) is
the most extensively studied neurohormone. Knobil (5) elegantly
demonstrated that the pulsatile neurosecretion of GnRH is crucial
for normal reproductive function. Although the physiological im-
portance of pulsatile GnRH secretion is recognized, the cellular
mechanisms underlying GnRH pulse generation remain unclear.
An intrinsic mechanism for generating pulsatile secretion within
individual GnRH neurons may exist. Pulsatile GnRH release has
been demonstrated in immortalized GnRH-producing GT1 cells
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and in embryonic GnRH neuronal cultures (6, 7). Intracellular
calcium oscillation (8), episodic gene expression coupled with
exocytic activity (9, 10), voltage-dependent ion channel-mediated
synchronization (11), and cellular circadian oscillators (12) have
been implicated in pulsatile secretion of GnRH. Electrophysio-
logical studies have suggested that a synchronization mechanism
underlies the autonomous pulse generation (13, 14). However, most
GnRH neuronal cell bodies are located in the preoptic area (POA)
of the hypothalamus and direct contact between GnRH neuronal
cell bodies is only occasionally found despite considerable dendro—
dendritic interactions among them (14). Indeed, these anatomical
features make it possible that scattered GnRH neurons form
networks to coordinate their function along with neighboring
non-GnRH neurons.

Kisspeptin, a neuropeptide encoded by the Kiss! gene, is one
of the strongest secretagogues of GnRH and luteinizing hormone
(LH) (15, 16). Mutations in the kisspeptin receptor (GPR54)
gene are associated with hypogonadotropic hypogonadism (17).
Kisspeptin regulates GnRH neurons during multiple processes
including pubertal maturation and mammalian reproduction (15,
17-19). Kisspeptin-producing cells reside in two distinct hypo-
thalamic regions, the anteroventral periventricular nucleus and the
arcuate nucleus, and extend their neurites adjacent to axon termi-
nals and cell bodies of GnRH neurons (15, 18). Notably, kisspeptin
release in the stalk-median eminence is pulsatile and exhibits a
strong correlation with GnRH pulses (20). Furthermore, pulsatile
kisspeptin administration drives gonadotropin secretion in juvenile
male monkeys primed with GnRH. However, continuous adminis-
tration of kisspeptin abolishes gonadotropin secretion after an acute
stimulatory effect, presumably owing to receptor desensitization
(21-23). Thus, kisspeptin may participate in GnRH pulse genera-
tion, although the underlying mechanisms remain elusive (24, 25).

We used organotypic cultures of hypothalamic GnRH neurons
to elucidate the episodic pattern of GnRH gene expression and
secretion in response to kisspeptin stimulation. Further, we ex-
amined the role of the molecular circadian clock in the ultradian
rhythmicity of GnRH neurons.
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Results

Ultradian Rhythm of GnRH Promoter Activity in Single GnRH Neurons.
We generated transgenic mice bearing a destabilized luciferase
reporter under the control of the 3.0-kb rat GnRH promoter
(GnRHp-dsLuc) (Fig. S14). We compared expression of the lu-
ciferase reporter with endogenous GnRH to validate the model.
In the POA, most luciferase-immunoreactive neurons coexpressed
the GnRH decapeptide (Fig. S1B). The relative luciferase activities
correlated well with GnRH content. The strongest transgene ex-
pression was found in the POA. Considerable expression was also
found in the olfactory bulb and hippocampus (Fig. S1 C and D).
Moreover, GnRH promoter-driven luciferase activity exhibited cy-
clical changes similar to endogenous GnRH during the estrous cycle
(Fig. S1 E and F). These observations clearly indicate that luciferase
expression in GnRHp-dsLuc transgenic mice closely parallels
the spatiotemporal regulation of endogenous GnRH biosynthesis.

We prepared coronal slice cultures using the POA of transgenic
animals on postnatal days 5-7. These cultures were analyzed by
real-time bioluminescence imaging after 2-4 wk of cultivation
(Fig. S1 G and H). The GnRH promoter activity in an individual
neuron exhibited irregular but distinct ultradian oscillations (Fig.
1A and B and Fig. S2). The mean interpulse interval was ~10 h
(594.51 + 13.49 min, n = 124 from five slices) and the amplitude
was 105.12 + 4.66% of the average bioluminescence (n = 124
from five slices). Similar ultradian profiles were observed in GnRH
neurons in cultures of the diagonal band of Broca and sagittally cut
hypothalamic slices (Fig. S3). The POA cultures, which were
prepared from adult transgenic mice, also exhibited an ultradian
pattern of GnRH gene transcription. These data suggest that a
neonatal culture model accompanied by maturation ex vivo may
mimic the dynamic GnRH gene expression profiles in the adult
tissues (Fig. S4). Furthermore, the episodic GnRH promoter ac-
tivity was maintained in the presence of tetrodotoxin, a sodium
channel blocker, and nimodipine, an L-type calcium channel
blocker (Fig. S5). These results collectively indicate that the ultra-
dian rhythm of spontaneous GnRH gene transcription with a period
of ~10 h is an intrinsic and cell-autonomous feature of postmitotic
GnRH neurons.

The 10-h interpulse interval for the GnRH transcriptional ac-
tivity of a single cell is longer than endogenous episodic neuro-
hormone secretion, which is known to be ~30 min in rodents (13).
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Fig. 1. Ultradian rhythm of GnRHp-dsLuc under basal conditions. (A) Real-
time bioluminescence in GnRHp-dsLuc mice. Representative time-lapse images
of a GnRH neuron are shown on the right. (B) Quantitative luminescence
profile of a GnRH neuron shown in A. (C) Spontaneous synchronization of
a GnRH neuronal population. Pulsatile peaks of 33 individual luciferase-
positive cells in a POA culture are plotted. Each row represents an individual
neuron (white dot, peak). Synchronization index (% Sync) is the percentage
of luciferase-positive cells simultaneously reaching their peaks. Asterisks
represent peaks identified by Cluster-8.
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Because pulsatile GnRH release from the hypothalamus is a result
of coordinated discharge of the decapeptide from hypophysiotropic
GnRH neurons, synchronization of individual rhythms in a given
cultured brain slice (typically 2040 luciferase-expressing cells) is
worth examining. We found that a small but significant subset of
GnRH neurons (13.44 + 0.80% of luciferase-positive cells from
six independent experiments) formed synchronized peaks with ~2-h
intervals (118 + 21 min) under basal conditions (Fig. 1C). This
finding suggests that in vivo hypothalamic GnRH gene expression
results from coordinated activity of a subset of GnRH neurons and
follows an oscillation pattern with a shorter period.

Synchronous Activation of GnRH Transcription and Secretion by
Intermittent Kisspeptin Administration. We analyzed the kinetics
of GnRH gene transcription in association with secretion of the
neurohormone in response to the secretagogue kisspeptin in hy-
pothalamic GnRH neurons. Although inhibition of kisspeptin
signaling modulates pulsatile GnRH secretion in several species
(24, 25), the role of kisspeptin in episodic GnRH gene expression
remains elusive. We examined the effects of kisspeptin pulses on
ultradian GnRH gene transcription in individual GnRH neurons
and examined neuronal synchronization and secretion of the de-
capeptide. We treated POA cultures with kisspeptin-10, the physi-
ologically active form (26). Cultures received either a single bolus
of 10 nM kisspeptin for 15 min, six doses of 10 nM kisspeptin
given intermittently (15 min on, 45 min off), or chronic infusion
of 2.5 nM kisspeptin for 6 h. GnRH promoter activity and se-
cretion into the perifused media were simultaneously measured
from the same explants.

More than 40% of luciferase-positive cells showed an immedi-
ate spike-like increase in GnRH promoter activity 10-15 min after
the end of the initial kisspeptin pulse (Fig. 2 A-C and Fig. S6).
Another 30-40% of cells exhibited an increment of luminescence
during the first one or two boluses of episodic stimulation followed
by pulsatile responses later. Thus, kisspeptin-evoked synchronous
bursts of GnRH transcription in a slice culture were reinforced
in up to 80% of luciferase-positive cells (Fig. 2D). The remaining
GnRH neurons were unresponsive even after six pulses of
kisspeptin. These results demonstrate the heterogeneous response
of GnRH neurons to kisspeptin. GnRH secretion was sharply
induced to form distinct peaks, which seemed to coincide or pre-
cede transcriptional activation of GnRH in single cells (Fig. 2F).
Continuous infusion of kisspeptin was less effective at inducing
episodic bursts of GnRH secretion and synchronous transcription
in comparison with a brief administration of kisspeptin owing to
sustained and variable responses among GnRH neurons (Fig. 2
B-E, last panels).

Recently, a subpopulation of kisspeptin neurons in the arcuate
nucleus that coexpress neurokinin B and dynorphin A has been
found to form an interconnective network with reciprocal co-
operation between positive and negative regulators (27). This
network may be capable of producing episodic transmission of
kisspeptinergic signaling, which may modulate pulsatile GnRH
secretion (19, 27, 28). In contrast to kisspeptin, neither dynor-
phin A nor senktide, a neurokinin B receptor agonist, had any
influence on GnRH transcription or secretion (Fig. S7), supporting
the idea that kisspeptin directly regulates triphenotypic neurons
to control GnRH neuronal pulsatility. The effect of kisspeptin was
distinguished from effects induced by nonpeptidergic neuro-
transmitters that influence GnRH secretion, including norepi-
nephrine, glutamate, and y-aminobutyric acid (Fig. S8). Our
findings strongly suggest that kisspeptin contributes to GnRH
pulse generation as a prominent and selective activator of GnRH
transcription and secretion.

G Protein-Coupled Receptor 54 (GPR54) and Protein Kinase C (PKC)
Mediate the Responses to Kisspeptin Stimulation. Kisspeptin acti-
vates G protein-coupled receptor 54, which is expressed in GnRH
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Fig. 2. Synchronous activation of GnRH promoter activity and secretion by
intermittent kisspeptin administration. (A) Time-lapse luminescence images
of an individual GnRH neuron stimulated with intermittent kisspeptin pulses
(10 nM, 15 min on, 45 min off for 6 h). Blue bar, kisspeptin administration. (B
and C) Representative profiles of an individual GnRH neuron stimulated
with vehicle (VEH, gray bar) or kisspeptin (KISS, blue bar) (continuous KISS,
2.5 nM; single or intermittent KISS, 10 nM; VEH, 0.1% distilled water). Data
are shown as raw (B) or detrended profile (C). (D) Synchronization of GnRH
neuronal population. Raster plot of normalized detrended luminescence
of a representative batch is color-coded according to scale shown at left
(H, high; L, low). Each row represents an individual GnRH neuron. % Sync
represents the percentage of luciferase-positive cells simultaneously reaching
their peaks. Gray line, typical range of synchronization under basal conditions.
(E) GnRH secretion in perifused media (gray bar, VEH; blue bar, kisspeptin). For
D-E, data are shown as the mean + SEM (n = 61-92 cells from three to four
batches per treatment). Asterisks represent peaks identified by Cluster-8.

neurons (16) and works primarily through the G4 protein-initiated
pathway (26). PKC is a major mediator of G protein-initiated
signaling. We pretreated GnRH neurons for 2 h with a recently
developed GPR54 antagonist, 2-acylamino-4,6-diphenylpyr-
idine derivative (15a) (29), or with a PKC inhibitor, G6 6983,
before stimulating with kisspeptin. Kisspeptin-induced luciferase
expression was significantly attenuated in the presence of these
inhibitors, thereby suppressing the synchronous transcriptional
response of GnRH neurons (Fig. 3 4 and B; Fig. S9 shows
effects on unstimulated slices). Inhibition of GPR54 or PKC
also significantly impaired kisspeptin-evoked GnRH secretion
(Fig. 3C). Transient transcriptional induction and secretion of
GnRH during consecutive kisspeptin applications were significantly
reduced to approximately half of the control level (Fig. 3 D-F).
Although pharmacological manipulation did not completely abol-
ish the effects of kisspeptin, these results suggest that activation of
kisspeptin-GPR54 may mediate episodic GnRH gene transcription
and secretion in response to intermittent kisspeptin stimulation.

Involvement of de Novo Protein Synthesis and Secretory Pathway.
Concomitant activation of episodic GnRH gene transcription and
secretion suggests that these processes may be directly related. To
address this issue, we inhibited de novo protein synthesis or secre-
tory pathway during pulsatile applications of kisspeptin. Although
previous reports claimed that spontaneous episodic GnRH secre-
tion or exocytic activity in GT1 cells require neither transcription
nor translation (10, 30), pretreatment with cycloheximide for 4 h
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completely abolished reporter expression (Fig. 4 4, B, and D;
Fig. S9 shows effects on unstimulated slices). Episodic release of
neurohormones in response to kisspeptin was significantly impaired
by cycloheximide (Fig. 4 C and E) in addition to a significant re-
duction in cumulative GnRH secretion (Fig. 4F). Thus, GnRH
biosynthesis may be required to maintain kisspeptin-evoked pul-
satile release, which may be related to a robust discharge effect on
GnRH neurons (16).

However, secretion may be important for maintaining synchro-
nized GnRH gene transcription after intermittent kisspeptin stim-
ulation. Pretreatment of brefeldin A (BFA), an inhibitor of protein
trafficking and secretory pathway, led to a gradual attenuation in
kisspeptin-induced episodic GnRH transcription in single GnRH
neurons (Fig. 44). As a result, synchronized bursts of GnRH gene
transcription were reduced (Fig. 4 B and D). Neurohormone re-
lease was significantly impaired in the presence of BFA (Fig. 4 C,
E, and F). Consistent with a report that blockade of exocytosis
impairs spontaneous GnRH transcription pulses in GT1 cells (10),
our results suggest that a secreted factor mediates the harmonized
transcriptional response of GnRH neurons in response to kisspeptin
pulses. Because autocrine feedback has been demonstrated for
GnRH (31-33), we examined whether GnRH receptor inhibition
elicits effects similar to BFA. However, pretreatment with cetrorelix
(CET), a GnRH antagonist, barely altered kisspeptin-mediated
effects (Fig. 4). Therefore, mechanisms associated with secretory
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Fig. 3. GPR54-PKC pathway in kisspeptin-induced synchronous activation
of GnRH transcription and secretion. (A) Representative profiles of an in-
dividual GnRH neuron stimulated with kisspeptin with vehicle or indicated
antagonist (15a, 30 pM GPR54 antagonist; G6 6983, 10 uM PKC inhibitor;
VEH, 0.1% dimethyl sulfoxide). Asterisks represent peaks identified by
Cluster-8. (B) Raster plot of GnRH promoter activity for a single POA culture.
Each row represents an individual GnRH neuron. Normalized detrended values
are color-coded according to the scale on left (H, high; L, low). % Sync is the
percentage of luciferase-positive cells simultaneously reaching their peaks.
(C) GnRH secretion in perifused media (blue bar, kisspeptin pulse; line, vehicle
or indicated drug). (D) Peak value of synchronization. Two-way repeated
measures analysis of variance (RM ANOVA), P < 0.01 (pharmacological agents),
P < 0.01 (number of kisspeptin pulses), P < 0.01 (interaction). (E) Peak value
of GnRH secretion. Two-way RM ANOVA, P < 0.01 (pharmacological agents),
P < 0.01 (number of kisspeptin pulses), P = 0.9710 (interaction). In D and E,
*P < 0.05; **P < 0.01 vs. VEH, Bonferroni posttest. (F) Cumulative GnRH secretion
during 6 h after initiation of kisspeptin, **P < 0.01 vs. VEH, t test. In B-F,
data are shown as mean + SEM (n = 52-72 cells from three to four batches
per treatment).
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Fig. 4. Effect of de novo protein synthesis and secretory pathway. (A)
Representative profiles of an individual GnRH neuron with pulsatile kisspeptin
stimulation with vehicle or indicated drug (BFA, brefeldin A, 10 pg/mL; CET,
cetrorelix, 10 pM; CHX, cycloheximide, 100 pM; VEH, 0.1% dimethyl sulfoxide).
Asterisks represent peaks identified by Cluster-8. (B) Synchronization of GnRH
neuronal population. Raster plot of normalized detrended luminescence of
a single POA culture is shown as a pseudocolor scale (H, high; L, low). Each row
represents an individual GnRH neuron. % Sync is the percentage of luciferase-
positive cells simultaneously reaching their peaks. (C) GnRH secretion in peri-
fused media (blue bar, kisspeptin; line, vehicle or indicated drugs). (D) Peak
value of synchronization. Two-way RM ANOVA, P < 0.01 (inhibitors), P < 0.01
(number of kisspeptin pulses), P < 0.01 (interaction). (E) Peak value of GnRH
secretion. Two-way RM ANOVA, P < 0.05 (inhibitors), P < 0.01 (number of
kisspeptin pulses), P = 0.1977 (interaction). In D and E, *P < 0.05, **P < 0.01 vs.
VEH, Bonferroni posttest. (F) Cumulative GnRH secretion during 6 h after
initiation of kisspeptin. **P < 0.01 vs. VEH, t test. In B-f, data are shown as
mean + SEM (n = 65-89 cells from three to five batches per treatment).

processes other than autocrine signaling may play an important role
in coupling GnRH transcription and secretion and in maintaining
responsiveness to kisspeptin.

Hierarchical Interaction Between Circadian and Ultradian Rhythms.
Mutant mice bearing a defective allele of the Clock gene are sub-
fertile and exhibit abnormal estrous cycles as a result of hypotha-
lamic defects (12, 34). Cellular circadian clock machinery may be
required for spontaneous GnRH pulsatility in the GT1 cell line
(12). The present study tried to elucidate the role of the molecular
clockwork in spontaneous and kisspeptin-evoked GnRH transcrip-
tion and secretion in cultured hypothalamic slices. We monitored
GnRH promoter activity and secretion in POA slice cultures
obtained from GnRHp-dsLuc transgenic mice lacking functional
BMALI1 (GnRHp-dsLuc;Bmall’/ 7), a key transcriptional regula-
tor of the circadian molecular clock (35). Under basal conditions,
ultradian oscillations of GnRH promoter activity in Bmall ™~ slices
were similar to those in wild-type controls in terms of period
(606.29 + 15.31 min for Bmall™* and 573.14 + 18.16 min for
Bmall™'~, P > 0.05; n = 77 and 58 cells with each genotype,
respectively) and amplitude (100.57 + 4.94% for wild-type and
95.51 + 5.75% for Bmall™~, P > 0.05; Fig. 54). This result strongly
suggests that intrinsic ultradian GnRH gene expression is driven
by an unidentified oscillator distinct from the circadian clockwork.
However, Bmall-deficient cultures exhibited impaired responses
to pulsatile kisspeptin administration with slight but significant
reductions in synchronous bursts of GnRH gene transcription (Fig.
5 B and D). Episodic GnRH secretion in response to kisspeptin
was far more impaired in Bmall ™~ cultures (Fig. 5 C and E),
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leading to a significant reduction in cumulative secretion during
kisspeptin administration (Fig. 5F).

Discussion

This study examined GnRH pulse generation, which is a classic
example of an ultradian biological rhythm. We characterized
spontaneous and kisspeptin-evoked ultradian GnRH gene tran-
scription ex vivo in cultured hypothalamic slices derived from
GnRHp-dsLuc transgenic mice. We showed that pulsatile GnRH
promoter activity occurs in single GnRH neurons residing in
hypothalamic neural networks, demonstrating their populational
properties relative to GnRH secretion (Fig. 6).

GnRH neurons may harbor intrinsic oscillatory mechanisms
that drive pulsatile GnRH secretion (13). We showed that GnRH
promoter activity exhibited spontaneous oscillations in single neu-
rons. Despite stochastic synchronization at ~2-h intervals in ~10%
of GnRH-expressing cells, the ultradian rhythm of GnRH gene
transcription was not directly linked with episodic GnRH se-
cretion because of differences in their periods. Moreover, the
transcriptional rhythm of single GnRH neurons was intrinsic
and did not require voltage-gated ion channel activity, which is
important for pulsatile GnRH release (32, 36). Thus, voltage-
gated ion channels and intracellular calcium oscillation may reg-
ulate neurohormone secretion by acting on axon terminals in the
median eminence. However, the intrinsic rhythmicity of GnRH
neurons is still important, because ultradian gene transcription in
each cell and stochastic synchrony may contribute to GnRH pulse
generation as demonstrated by repetitive kisspeptin stimulation.

Hypothalamic GnRH neurons receive various inputs in vivo by
interacting with multiple cell types. Accumulating evidence sug-
gests that kisspeptin~-GPR54 signaling plays a key role in GnRH
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Fig. 5. Ultradian rhythm of GnRHp-dsLuc and kisspeptin-induced synchro-
nization in Bmal1 knock-out mice. (A) Representative luminescence profiles
under basal conditions in POA cultures obtained from GnRHp-dsLuc in WT
or Bmal1™~ (Bmal1 KO) background. Asterisks represent peaks identified
by Cluster-8. (B) Synchronization of GnRH neuronal population derived from
WT or Bmal1 KO mouse stimulated with kisspeptin. Raster plot of normal-
ized detrended luminescence for a representative POA culture is shown as a
pseudocolor scale (H, high; L, low). Each row represents an individual GnRH
neuron. % Sync is the percentage of luciferase-positive cells simultaneously
reaching their peaks. (C) GnRH secretion in perifused media (blue bar, kisspeptin
pulse). (D) Peak value of synchronization. Two-way RM ANOVA, P < 0.01
(genotype), P < 0.01 (number of kisspeptin pulses), P = 0.7842 (interaction).
(E) Peak value of GnRH secretion. Two-way RM ANOVA, P < 0.01 (genotype),
P =0.1245 (number of kisspeptin pulses), P = 0.6422 (interaction). In D and E,
*P < 0.05 vs. VEH, Bonferroni posttest. (F) Cumulative GnRH secretion during
6 h after initiation of kisspeptin. *P < 0.05 vs. VEH, t test. In B-F, data are
presented as mean + SEM (n = 81-93 cells from four batches per genotype).
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Fig. 6. A hypothetical model for GnRH pulse generator synchronized by
intermittent kisspeptin stimulation. (A) GnRH neuron, which secretes GnRH
neurohormone into the hypothalamic—pituitary portal vessels, is innervated
by kisspeptinergic neurons; cell bodies are located in the anteroventral
periventricular nucleus (AVPV) or arcuate nucleus (ARC) of the hypothal-
amus. (B) Under basal conditions, GnRH gene expression is sporadic (Left).
Pulsatile stimulation of kisspeptin dramatically recruits a subset of GnRH
neurons to synchronize GnRH transcription with episodic GnRH secretion
(Right). Each circle represents a single GnRH neuron residing in the hypo-
thalamic neural network. Closed circles, GnRH neurons in sync; open circles,
GnRH neurons out of sync. De novo protein synthesis and secretory pathway
may mediate coupled bursting of GnRH transcription and secretion.
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pulse generation. Inhibition of hypothalamic kisspeptin signaling
suppresses pulsatile GnRH/LH secretion (24, 25). Kisspeptin levels
were episodic and temporally coincided with or preceded GnRH
pulses (20, 37, 38). However, the mechanism by which synchronous
gene expression occurs in kisspeptin-stimulated GnRH neurons
remains elusive. The most important finding of this study is tran-
sient coupling of GnRH transcription and secretion in response to
kisspeptin. This is important to highlight, because it suggests that
direct or indirect pulsatile kisspeptinergic inputs to GnRH neurons
may drive GnRH pulse generation. Considering the response
kinetics and the effects of cycloheximide and BFA, concurrent
activation does not mean that transcriptional activation simply
leads to episodic GnRH secretion. Instead, a robust discharge of
secreted GnRH may affect transcriptional activation. Inhibition
of secretory processes accelerated a desensitization-like decline
in transcription during consecutive treatments with kisspeptin,
supporting this hypothesis. Thus, concomitant activation of GnRH
transcription and secretion may be required for optimal response
of GnRH neurons to kisspeptin pulses.

Kisspeptin-GPR54 signaling is important for the onset of
puberty (15, 17-19). Prepubertal vertebrates exhibit a quiescent
period of GnRH secretion, which becomes activated with the
onset of puberty (39). GPR54-mediated signaling increases during
sexual maturation and is required for pubertal onset and re-
production in many mammalian species (15, 17-19). Expression
of kisspeptin and GPR54, and particularly the kisspeptin immu-
noreactivities juxtaposed to the GnRH fibers, are dramatically
induced upon pubertal onset, suggesting that kisspeptin stimu-
lation may activate puberty and maintain GnRH pulse generation
in adulthood (40). We used organotypic cultures from sexually
immature neonatal mice, which subsequently matured ex vivo.
The spontaneous ultradian rhythmicity of GnRH transcription in
acutely prepared neonatal slices was similar to that in adult slices
(Fig. S4). Thus, prepubertal GnRH neurons may possess
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intrinsic mechanisms for pulse generation and spontaneous ultra-
dian rhythmicity, which become activated by puberty and en-
hanced kisspeptinergic inputs.

Hierarchical interaction between different biological rhythms
is an important topic. Previous work supports functional cross-talk
between circadian and ultradian rhythms. For example, circadian
rhythms in the hypothalamic—pituitary—adrenal axis are inter-
locked with ultradian oscillations (4). Both circadian clockwork
and hormonal pulsatility are required for normal reproductive
neuroendocrine axis function (35, 36). Bmall-deficient cultures
had reduced synchrony between transcription and secretion during
kisspeptin pulses despite similarities in spontaneous GnRH gene
transcription (Fig. 5). Thus, our results implicate the circadian
clockwork in the processing, storage, or secretion of GnRH and
synchronization of the GnRH neuronal population. However,
it is unlikely to directly control ultradian oscillations of GnRH
gene transcription. The response of GnRH neurons to kisspeptin
may be controlled by the molecular circadian clock, because daily
variations in kisspeptin sensitivity and cyclic accumulation of
GPR54 mRNA were recently found in GT1 cells (41, 42).

In conclusion, we show that intermittent kisspeptin stimulation
evokes pulsatile GnRH gene transcription and release in GnRH
neurons. Kisspeptin-GPR54 signaling may be a pivotal regulator
of GnRH pulse generation. Synchrony in hypothalamic neural
networks may be important for GnRH pulse generation. Epi-
sodic GnRH gene expression and secretion provides valuable
insight into ultradian rhythms, which are widely found in the
neuroendocrine system.

Materials and Methods

GnRHp-dsLuc Transgenic Mice and Organotypic Slice Culture. The rat GnRH
promoter (3.0 kb, —3,002 to +88 from the transcription start site) was fused
upstream to the destabilized luciferase-coding sequence to construct
GnRHp-dsLuc. Transgenic mice expressing GnRHp-dsLuc were generated
by microinjection of purified DNA into the pronuclei of fertilized eggs of
C57BL/6J mice. For slice cultures, mice at the age of postnatal days 5-7 were
anesthetized with ether, and brains were immediately transferred to ice-cold
Gey's balanced salt solution (with 10 mM Hepes and 30 mM glucose) bubbled
with 5% CO, and 95% O,. Coronal slices (400 pm thick) were made with a
vibratome (Campden Instruments). Brain slices were carefully dissected under
a stereomicroscope to minimize the outside regions of the POA. One POA ex-
plant (~1 mm long and 1 mm wide) was obtained per mouse and four explants
were maintained on a membrane (Millicell-CM; Millipore), which was dipped
into culture medium (50% minimum essential medium, 25% HBSS, 25% horse
serum, 36 mM glucose, and 100 U/mL penicillin-streptomycin) at 36 °C.

Real-Time Bioluminescence Monitoring and Measurement of GnRH Secretion.
POA slice cultures were maintained in a customized chamber with two input
ports and one output port made of stainless steel (Live Cell Instruments) and
perifused with the recording medium (DMEM:Ham’s F12 supplemented with
1x N2 supplement, 36 mM glucose, and 100 U/mL penicillin-streptomycin) at
a flow rate of 2.4 mL/h. Kisspeptin was administered by replacing the normal
media input to a kisspeptin-containing input. For pulsatile kisspeptin ad-
ministration, six consecutive kisspeptin pulses (15min of kisspeptin at 10 nM
followed by 45 min of media washout) were administered to the slice culture.
For continuous treatment, cultures were perifused with kisspeptin-contain-
ing media (2.5 nM) for 6 h. The total amount of administered kisspeptin is
the same between intermittent (10 nM for 15 min per cycle, six cycles) and
continuous (2.5 nM for 6 h) mode. Bioluminescence images were acquired at
5-min intervals using the Cellgraph (ATTO) in the presence of 1 mM p-luciferin
(Promega). Average luminescence intensities within the region of interest
were presented as arbitrary units after background correction. The detren-
ded value was obtained by successively subtracting average luminescence
intensities of a neighboring 25-min window. Peak and nadir of the pulses
were identified using the Cluster-8 program (43). Synchronization of a GnRH
neuronal population was calculated as previously described (44) with minor
modifications. For the raster plots, the detrended value was normalized by
SD and color-coded. GnRH concentrations in the media collected at 15-min
intervals were determined by RIA as described previously (45). Cumulative
GnRH secretion was calculated by summation of the amount collected
for 6 h after the intermittent kisspeptin stimulation was started. Detailed
experimental procedures can be found in S/ Materials and Methods.
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