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Pulse Frequency-Dependent Gonadotropin Gene Expression by Adenylate
Cyclase-Activating Polypeptide 1 in Perifused Mouse Pituitary Gonadotroph
LbetaT2 Cells1
Haruhiko Kanasaki,2 Sandra Mutiara, Aki Oride, Indri N. Purwana, and Kohji Miyazaki
Department of Obstetrics and Gynecology, Shimane University School of Medicine, Izumo, Japan
alteration in numbers of GnRH and ADCYAP1 receptors as well
as FST expression.

ABSTRACT
We examined how pulsatile stimulation with adenylate
cyclase-activating polypeptide 1 (ADCYAP1) affected gonadotrophs. In static culture, gonadotropin-releasing hormone
(GnRH) stimulated transcription of all the gonadotropin
subunits. In contrast, ADCYAP1 increased common alphaglycoprotein subunit gene (Cga) promoter activity but failed to
increase luteinizing hormone beta (Lhb) and follicle-stimulating
hormone beta (Fshb) promoters. Messenger RNAs for Lhb and
Fshb were slightly but significantly increased by ADCYAP1
stimulation. The results of cotreatment of the cells with GnRH
and ADCYAP1 was not different from the effects of GnRH
alone on Lhb and Fshb transcriptional activities as well as on
mRNA expressions. To determine the effect of pulsatile
ADCYAP1 stimulation on gonadotropin subunit gene expression, perifused LbetaT2 cells were stimulated either at high
frequency (5-min ADCYAP1 pulse every 30 min) or at low
frequency (5-min ADCYAP1 pulse every 120 min). Highfrequency ADCYAP1 pulses preferentially increased Lhb gene
expression 2.29-fold 6 0.15-fold, and low frequency pulses
resulted in a 1.55-fold 6 0.16-fold increase. Fshb gene
expression was increased 1.87-fold 6 0.3-fold by highfrequency ADCYAP1 pulses and 4.3-fold 6 0.29-fold by lowfrequency pulses. These results were similar to the frequencyspecific effects of pulsatile GnRH. Follistatin (Fst) gene
expression was specifically increased by high-frequency GnRH
pulses. High-frequency ADCYAP1 pulses increased Fst to a
larger extent (4.7-fold 6 0.57-fold) than did low-frequency
pulse (2.72-fold 6 1.09-fold). ADCYAP1 receptor gene (Adcyap1r) expression was increased significantly following pulsatile GnRH regardless of pulse frequency. Low-frequency
ADCYAP1 pulses, however, increased Adcyap1r expression
(16.49-fold 6 8.41-fold) to a larger extent than high frequency
pulses did. In addition, high-frequency ADCYAP1 pulses
specifically increased Gnrhr (GnRH receptor) expression by
4.38-fold 6 0.81-fold; however, low-frequency pulses did not
result in an increase. These results suggest that ADCYAP1, like
GnRH, specifically regulates Lhb and Fshb subunit gene in a
pulse frequency-specific manner. This regulation may involve

follicle-stimulating hormone, gonadotropin-releasing hormone,
luteinizing hormone, neuroendocrinology, pituitary

INTRODUCTION
The pituitary gonadotropins, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), are under the control of
the hypothalamic decapeptide gonadotropin-releasing hormone
(GnRH). These gonadotropins regulate gonadal development
and function in vertebrates. GnRH is released in a pulsatile
manner from the hypothalamus into the portal vascular system.
It serves as a major regulator of the reproductive system by
stimulating the synthesis and release of LH and FSH [1]. The
pattern of GnRH release from the hypothalamus varies
physiologically over the reproductive cycle [2, 3]. Changes
in GnRH pulse frequency have been shown to differently
regulate gonadotropin subunit gene expression [4]. A study
using rhesus monkeys showed that rapid GnRH pulse
frequencies increased the secretion of LH, whereas slower
frequencies resulted in a decline in LH secretion but an
increase in FSH secretion [5]. This phenomenon also has been
confirmed in pituitary cell or gonadotroph cell lines. In these
lines, Lhb gene expression is maximally stimulated by a GnRH
pulse interval of 30 min, whereas Fshb gene expression is
preferentially stimulated by a slower, 2-h GnRH pulse
frequency [6, 7]. Although GnRH undoubtedly is the main
regulator of gonadotropin secretion and gene expression, other
factors exist that also affect gonadotropin expression.
Adenylate cyclase-activating polypeptide 1 (ADCYAP1;
also known as PACAP) was first isolated from an extract of
ovine hypothalamus on the basis of its ability to stimulate
cAMP in rat pituitary cells [8]. It is present in two amidated
forms [8]. This peptide may be involved in gonadotropin
synthesis and release, either alone or in cooperation with
GnRH. In the male rat, intra-atrial injection of ADCYAP1
increases the plasma level of LH [9]. Evidence that ADCYAP1
can induce gonadotropin release by a direct action at the
pituitary was obtained mainly through in vitro studies using
anterior pituitary cells or gonadotroph cell lines. A physiological concentration of ADCYAP1 increases LH and FSH as well
as free common alpha-glycoprotein subunit (CGA) release in
normal gonadotrophs [8, 10–12]. The stimulatory effects of
ADCYAP1 on gonadotropin production also are evident in
single gonadotroph cell models, such as aT3–1 cells or LbT2
cells [13, 14].
When bound to their respective ligands, receptors for both
GnRH and ADCYAP1 initiate a complex network of signaling
pathways that includes the phospholipase C (PLC)/protein
kinase C (PKC)/calcium and adenylate cyclase/protein kinase
A (PKA) pathways. Differences in the two signaling cascades
exist, however. The predominant receptor for ADCYAP1,
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ADCYAP1 receptor 1 (ADCYAP1R), mainly couples to
GNAS (known as Gs) protein and induces rapid cAMP
production, which ultimately activates PKA [8]. The GnRH
receptor mainly couples to GNAQ (known as Gq) to activate
PLC, resulting in the rapid production of inositol phosphate,
which dramatically elevates intracellular calcium elevation and
activates PKC [15].
The secretion of GnRH from hypothalamic neurons occurs
in a pulsatile fashion. It may be regulated by the recently
identified G protein-coupled receptor GPR54 and its ligand,
kisspeptin [16]. The temporal pattern of ADCYAP1 secretion
and how it is regulated, however, remain poorly understood. In
the rat, ADCYAP1 immunoreactivity also has been demonstrated in the nerve terminals within the median eminence with
a higher ADCYAP1 concentration in the pituitary stalk [17–
19]. This suggested the possibility that ADCYAP1 derived
from hypothalamus acts on the anterior pituitary as a
hypothalamic factor. Adcyap1 mRNAs are widely distributed
throughout the central nervous system, with the highest
concentration found within the diencephalon in the lateral
habenucular nucleus, the paraventricular nucleus, and the
supraoptic nuclei. Because the GnRH cells have been known to
be localized within these region [20], a possibility exists that
ADCYAP1 and GnRH are colocalized or coordinately
released. In addition, previous observations have demonstrated
that ADCYAP1 was detectable in rat pituitary gonadotrophs at
proestrus [21]. Adcyap1 mRNA levels in the anterior pituitary
vary across the rat estrous cycle, and Adcyap1 mRNA levels
significantly increase 3 h before the gonadotropin surge and
then decline [22]. This evidence also suggested that ADCYAP1 produced within the pituitary gland works as a
paracrine/autocrine factor.
Given the pulsatile nature of gonadotropin and GnRH
secretion, ADCYAP1 secretion also likely varies across the
reproductive cycle; however, a specific pattern of ADCYAP1
release has not yet been determined. GnRH pulse frequencydependent expression of Lhb and Fshb has been described in
association with follistatin (FST) expression, GnRH receptor
concentration, and mitogen-activated protein kinase (MAPK)
3/1 (also known as extracellular signal-regulated kinases 1 and
2) activation [23–26]. Gonadotropin subunit expression also
varies with different modes of ADCYAP1 stimulation [12, 27].
It remains unclear whether ADCYAP1 derived from the
hypothalamus or paracrine/autocrine ADCYAP1 produced
within the pituitary gland has the greatest effect on gonadotropin subunit gene expression. In the present study, we
examined the effect of ADCYAP1 pulse frequency on
gonadotropin subunit gene expression to distinguish between
its effect and those of GnRH and ADCYAP1 using LbT2 cells
as a model for the single gonadotroph. Expression levels of
gonadotropin subunits, FST, and receptors for ADCYAP1 and
GnRH were measured after exposure to low- and highfrequency ADCYAP1 pulses. In the present study, we used
38 amidated forms of ADCYAP1 (also known as PACAP38)
based on the previous observation that PACAP38 has higheraffinity binding to rat anterior pituitary cell membranes
compared to the 27 amidated forms of ADCYAP1 (also
known as PACAP27) [28].

378C in a humidified atmosphere of 5% CO2 in 95% air. The perifusion system
used for the present study was designed and validated in our laboratory and has
been described previously [25]. Briefly, LbT2 cells were plated in perifusion
chambers mounted on glass slides [29] coated with Matrigel (Becton Dickinson
and Co. Labware). The cells were then incubated for 24 h in a static culture
system in high-glucose DMEM containing 10% heat-inactivated FBS and 1%
penicillin-streptomycin at 378C in a humidified atmosphere of 5% CO2 in air.
The chambers were then mounted in the perifusion system and continuously
perifused with high-glucose DMEM containing 1% heat-inactivated FBS and
1% penicillin-streptomycin at a constant flow rate of 0.25 ml/min. During
perifusion, the cells were treated with medium alone or with pulsatile
ADCYAP1 (PACAP38) or GnRH at varying frequencies (one pulse every 30
min or one pulse every 120 min). In the present study, we used PACAP38
because of its higher binding affinity to anterior pituitary cells compared to that
of PACAP27 [30]. Up to nine chambers were run simultaneously. GnRH pulses
were delivered by a set of peristaltic pumps controlled by a time controller
(Chrontrol XT; Chrontrol Corp.). Cells were perifused for a total of 18 h, and
stimulation was performed as indicated.

Reporter Plasmid Construct and Luciferase Assay
The reporter constructs used in these experiments were generated by fusing
797/ þ5 of the rat Lhb gene, 2000/ þ698 of the rat Fshb gene, or 846/0 of
the human Cga gene cDNA in pXP2 as described previously [31]. LbT2 cells
were cotransfected by electroporation with 2.0 lg of gonadotropin subunit-Luc
and pRL-TK (0.1 lg of DNA; Promega), which contained the Renilla luciferase
under the herpes simplex virus thymidine kinase promoter. The activities of
firefly luciferase and Renilla luciferase were measured by the Dual Luciferase
Reporter Assay System (Promega) with a luminometer (TD-20/20; Promega)
according to the manufacturer’s protocol. The ratio of the luminescence signals
of firefly luciferase to that of Renilla luciferase was determined.

RNA Preparation, Reverse Transcription, and Real-Time
Quantitative PCR
Total RNA from untreated or treated LbT2 cells was extracted using the
commercially available extraction method Trizol-S (Gibco BRL Life
Technologies) according to the manufacturer’s instructions. To obtain cDNA,
2.0 lg of total RNA were reverse transcribed using an oligo-dT primer
(Promega) and prepared using a First Strand cDNA Synthesis Kit (Invitrogen)
in reverse transcription (RT) buffer. The preparation was supplemented with
0.01 M dithiothreitol and 1 mM each of dNTP, and 200 U of RNase inhibitor/
human placenta ribonuclease inhibitor (Ribonuclease Inhibitor, code 2310;
Takara) in a final volume of 25 ll. The reaction was incubated at 378C for 60
min. Quantification of Lhb, Fshb, and Fst mRNAs, as well as mRNAs for
Adcyap1r1 and Gnrhr (GnRH receptor) expression was obtained through realtime quantitative PCR (ABI Prism 7700 Sequence Detector; PerkinElmer
Applied Biosystems) using Brilliant SYBR Green QPCR Master Mix
(Stratagene). The PCR primers were designed based on the published
sequences for Lhb, Fshb [32], Fst [23], Adcyap1r [33], and Gnrhr [34],
whereas the internal reference Gapdh primer was purchased from Sigma
Chemical Co. Real-time PCR amplification and product detection was
performed using an ABI PRISM 7700 Sequence Detection System as
recommended by the manufacturer (User Bulletin 2). The simultaneous
measurement of mRNA (Lhb, Fshb, Fst, Adcyap1r, and Gnrhr) and Gapdh
permitted normalization of the amount of cDNA added per sample. Each assay
included a standard-curve sample in duplicate, a no-template control, and the
cDNA sample from the treated LbT2 cells in triplicate. For each set of primers,
a no-template control and a no-reverse transcriptase control were included. The
thermal cycling conditions were as follows: 928C for 2 min for denaturation,
followed by 40 cycles of 928C for 30 sec, 548C for 30 sec, and 758C for 30 sec,
followed by 758C for 5 min for extension. Reaction conditions were
programmed on a Power Macintosh 7100 (Apple Computer) linked directly
to the ABI PRISM 7700 sequence detector. The crossing threshold was
determined using PRISM 7700 software. Postamplification dissociation curves
were performed to verify the presence of a single amplification product in the
absence of DNA contamination.

MATERIALS AND METHODS

Statistical Analysis

Cell Culture: Perifusion System

All experiments were independently repeated at least three times. Each
experiment was performed with triplicate samples (in real-time quantitative
PCR, luciferase assays) for each experimental group. Values were expressed as
the mean 6 SEM. Statistical analysis was performed using the one-way
ANOVA, followed by Duncan’s multiple-range test. A level of P , 0.05 was
considered to be statistically significant.

The LbT2 cells (kindly provided by Dr. P.L. Mellon of the University of
California, San Diego, CA) were maintained in a monolayer culture in highglucose Dulbecco modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin at
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FIG. 1. Effects of GnRH and ADCYAP1 on
gonadotropin subunit promoter activities in
static culture. LbT2 cells were cotransfected
with 0.1 lg of pRL-TK vector and 2.0 lg of
luciferase vector linked with either the
gonadotropin Cga, Lhb, or Fshb subunit and
cultured in six-well plates for 48 h. The cells
were then replaced with DMEM containing
1% FBS. Next, 100 nM GnRH (A) or 100 nM
ADCYAP1 (B) was added directly to the
culture dish, and the cells were cultured for
6 h and then assayed. The luciferase activity
was measured and expressed as the foldstimulation of the control. Values are
expressed as the mean 6 SEM of three
independent experiments done with triplicate samples. **P , 0.01 vs. control.

RESULTS
Effect of ADCYAP1 on Gonadotropin Subunit Transcription
We confirmed that both Lhb and Fshb gonadotropin beta
subunit and Cga promoter activities were increased by the
addition of 100 nM GnRH. In contrast, 100 nM ADCYAP1
failed to increase Lhb and Fshb promoter activities. ADCYAP1
increased only Cga promoters by 6.7-fold 6 0.28-fold
compared to nonstimulated cells (Fig. 1).
Effects of ADCYAP1 on GnRH-Induced Gonadotropin
Subunit Transcription and mRNA Expression
ADCYAP1 failed to increase both Lhb and Fshb promoter
activities, as shown in Figure 1. In addition, combined treatment
of the cells with GnRH and ADCYAP1 failed to modify the
increasing effect of GnRH on Lhb and Fshb promoters (Fig. 2A).
In mRNA determination by real-time PCR, ADCYAP1 increased
Lhb mRNA expression 1.52-fold 6 0.25-fold and Fshb mRNA
expression 1.37-fold 6 0.14-fold, respectively. The effects of
ADCYAP1 on Lhb and Fshb mRNA expression were slight but,
in both cases, statistically significant. Endogenous gonadotropin
beta mRNA expression by GnRH was not affected by cotreatment with 100 nM GnRH and 100 nM ADCYAP1 (Fig. 2B).
Gonadotropin Subunit Gene Expression Following Pulsatile
ADCYAP1 Stimulation
Next, pulse frequency-dependent gonadotropin subunit
expression, driven by GnRH and ADCYAP1, was examined
Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 03 Mar 2021
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by quantitative real-time PCR. LbT2 cells were cultured in a
perifusion system and stimulated with pulsatile GnRH (10
nM, 5 min/pulse) at a frequency of one pulse every 30 min or
one pulse every 2 h for 18 h. These pulse frequencies were
chosen based on previous studies indicating that these
frequencies were optimal for Lhb and Fshb gene expression
and secretion [4, 5, 26, 35]. Similar to the previous
observation, Lhb promoter activity was stimulated to a greater
extent by high-frequency GnRH pulses, whereas Fshb
promoter activity was preferentially stimulated at the lower
GnRH pulse frequency (Fig. 3A). Interestingly, pulsatile
ADCYAP1 stimulation resulted in mRNA expression patterns
similar to those produced by GnRH. Treatment of the LbT2
cells for 18 h with high-frequency ADCYAP1 pulses
significantly increased Lhb gene expression by 2.29-fold 6
0.15-fold. The increase in Lhb at low-frequency ADCYAP1
pulse (1.55-fold 6 0.16-fold) was statistically lower compared
to that at high-frequency pulses. Fshb gene expression was
significantly increased (4.3-fold 6 0.29-fold) by ADCYAP1
pulses at a lower frequency, and this increase was statistically
significant compared to Fshb expression at high-frequency
ADCYAP1 pulse (1.87-fold 6 0.3-fold) (Fig. 3B). These
results suggest that ADCYAP1, like GnRH, has the ability to
stimulate gonadotropin subunit gene expression in a pulse
frequency-dependent fashion. Each frequency of ADCYAP1
pulse did not increase transcriptional activities for Lhb and
Fshb, and perifused continuous ADCYAP1 treatment did not
down-regulate Lhb and Fshb mRNA expressions (data not
shown).
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FIG. 2. Effect of ADCYAP1 on GnRH-induced gonadotropin subunit promoter activities and mRNA expressions in static culture. A) LbT2 cells were
cotransfected with 0.1 lg of pRL-TK vector and 2.0 lg of luciferase vector linked with either the gonadotropin Lhb or Fshb subunit and cultured in six-well
plates for 48 h. The cells were then replaced with DMEM containing 1% FBS. Next, 100 nM GnRH , 100 nM ADCYAP1, and both 100 nM GnRH and 100 nM
ADCYAP1 were added directly to the culture dish, and the cells were cultured for 6 h and then assayed. The luciferase activity was measured and expressed
as the fold-stimulation of the control. Values are expressed as the mean 6 SEM of three independent experiments done with triplicate samples. B) The cells
were then replaced with DMEM containing 1% FBS. Next, 100 nM GnRH, 100 nM ADCYAP1, and both 100 nM GnRH and 100 nM ADCYAP1 were added
directly to the culture dish, and the cells were cultured for 12 h, after which their mRNA was extracted and reverse transcribed. Lhb and Fshb mRNA levels
were measured with quantitative real-time PCR. Samples for each experimental group were run in triplicate, and the results are expressed as the foldstimulation over the unstimulated group/control. Results (mean 6 SEM) of three independent experiments are shown. *P , 0.05, **P, 0.01 vs. control.

Fst Gene Expression Following Pulsatile
ADCYAP1 Stimulation
The role of FST in the GnRH pulse frequency-dependent
induction of gonadotropin subunit genes has been reported
previously [24]. As shown in Figure 3, ADCYAP1 also
stimulates the specific expression of gonadotropin subunit
genes in a frequency-dependent manner. Next, we examined
Fst gene expression following pulsatile ADCYAP1 stimulation. Consistent with previous reports, pulsatile GnRH
stimulation every 30 min increased Fst gene expression to
4.8-fold 6 0.32-fold; however, GnRH pulses every 2 h failed
to increase Fst expression. Pulsatile ADCYAP1 stimulation
every 30 min increased Fst expression 4.7-fold 6 0.57-fold
over the increase following stimulation with a ADCYAP1
pulse every 120 min (Fig. 4).
ADCYAP1 Receptor Expression Following Pulsatile
ADCYAP1 Stimulation
ADCYAP1 executes its action via three different heptahelical G protein-linked receptors: the ADCYAP1R1, VIPR1, and
VIPR2 receptors. A previous study demonstrated that highfrequency GnRH pulses increased GnRH receptor mRNA
expression more than low-frequency GnRH pulses did [35].
Next, we examined the expression of the Adcyap1r1 following
different frequencies of ADCYAP1 pulse stimulation. Perifused GnRH pulsatile stimulation increased Adcyap1r1 mRNA
expression similarly for both GnRH pulse frequencies (9.52fold 6 4.78-fold and 8.90-fold 6 4.42-fold for low and high
frequency, respectively) (Fig. 5A). In contrast, Adcyap1r1
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mRNA expression was affected by pulse frequency. Adcyap1r1
mRNA expression was increased 16.49-fold 6 8.41-fold by
high-frequency ADCYAP1 pulses, whereas the increase was
modest (2.48-fold 6 0.28-fold) following low-frequency
ADCYAP1 pulses (Fig. 5B). These results suggest that both
GnRH and ADCYAP1 induce Adcyap1r1 expression. In
addition, ADCYAP1 induces its own receptor expression with
low-frequency pulses.
GnRH Receptor Expression Following Pulsatile
ADCYAP1 Stimulation
Low-frequency ADCYAP1 pulses specifically increased
Adcyap1r1 expression more than high-frequency pulses did.
We then investigated how GnRH receptor expression was
regulated by pulsatile ADCYAP1 stimulation. Gnrhr gene
expression was significantly higher following stimulation with
high-frequency ADCYAP1 pulses (every 30 min; 4.38-fold 6
0.81-fold) than following low-frequency pulses (every 120
min; 0.66-fold 6 0.52-fold) (Fig. 6). These results show that
ADCYAP1 regulates GnRH receptor expression in a pulse
frequency-dependent manner in LbT2 cells.
DISCUSSION
It is evident that the pituitary gonadotropins, LH and FSH,
are mainly under the control of the hypothalamic peptide
GnRH. Other factors, such as gonadal steroids and the gonadal
peptides inhibin, activin, and FST, also regulate gonadotropins.
In addition, increasing evidence supports a role for ADCYAP1
in regulating gonadotropin synthesis and release, both alone
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FIG. 3. Gonadotropin subunit gene expression following pulsatile stimulation
with either GnRH or ADCYAP1. LbT2 cells
were plated in perifusion chambers and
perifused with 10 nM GnRH (A) or 10 nM
ADCYAP1 (B) administered at pulse intervals of either 30 or 120 min for 18 h. After
the last pulse, cells were harvested and their
mRNA extracted and reverse transcribed.
Lhb and Fshb mRNA levels were measured
with quantitative real-time PCR. Samples for
each experimental group were run in
triplicate, and the results are expressed as
the fold-stimulation over the unstimulated
group/control. Results (mean 6 SEM) of
three independent experiments are shown.
The differences between the 30-min GnRH
pulse and the 120-min GnRH pulse in Lhb
and Fshb mRNA expression were statistically significant. The differences between
the 30-min ADCYAP1 pulse and the 120min ADCYAP1 pulse in Lhb and Fshb
mRNA expression also were statistically
significant. *P , 0.05, **P, 0.01 vs.
control.

and in cooperation with GnRH. For example, the intra-arterial
injection of ADCYAP1 into rats results in a dose-dependent
increase in the serum LH level [36]. ADCYAP1 also stimulates
LH and FSH release in rat monolayer cultures [10, 37] and
increases the secretory response to GnRH [10].
Although very little is known about ADCYAP1 in its
physiological context, it is believed to be derived from the
nerve terminals within the median eminence and delivered into
the portal circulation, where it acts as a hypophysiotropic
neurohormone [17–19]. In addition, previous reports have
suggested that ADCYAP1 produced within the pituitary gland
works as a paracrine/autocrine factor [21, 22]. It remains
unclear whether ADCYAP1 derived from the hypothalamus or
paracrine/autocrine ADCYAP1 produced within the pituitary
gland has the greatest effect on gonadotropin subunit gene
expression. In the present study, we have shown that
ADCYAP1 differently regulated mRNA expression for Lhb
and Fshb in gonadotroph LbT2 cells in a pulse frequencydependent manner. In addition, the GnRH receptor and the

ADCYAP1R1 also were differentially expressed, depending on
ADCYAP1 pulse frequency.
The differential regulation of the gonadotropins LH and
FSH by hypothalamic GnRH has been well elucidated. In rat
and primate models, high-frequency GnRH pulses increased
the secretion of LH, whereas slower frequencies resulted in a
decline in LH secretion and a rise in FSH secretion [5].
Previous experiments using cultured pituitary cells or gonadotroph cell lines confirmed that Lhb gene expression was
maximally stimulated by a GnRH pulse interval of 30 min,
whereas Fshb gene expression was optimally stimulated by a
GnRH pulse frequency of 2 h [25, 35]. In the present study, we
again confirmed that the specific expression of either the Lhb
or Fshb gene depends on GnRH pulse frequency (Fig. 2).
Interestingly, pulsatile administration of ADCYAP1 also
specifically increased the mRNA expression for Lhb and Fshb
in a pulse frequency-dependent manner, in which highfrequency ADCYAP1 pulses (every 30 min) increased Lhb
but lower-frequency pulses (120 min) preferentially increased
FIG. 4. Fst gene expression following
pulsatile GnRH and ADCYAP1 stimulation.
LbT2 cells were plated in perifusion chambers and perifused with either 10 nM GnRH
(A) or 10 nM ADCYAP1 (B) administered at
pulse intervals of 30 or 120 min for 18 h.
After the last pulse, cells were harvested and
their mRNA extracted and reverse transcribed. Fst mRNA levels were measured
with quantitative real-time PCR. Samples for
each experimental group were run in
triplicate, and the results are expressed as
the fold-stimulation over the unstimulated
group/control. Results (mean 6 SEM) of
three independent experiments are shown.
The difference between the 30-min ADCYAP1 pulse and the 120-min ADCYAP1
pulse was statistically significant (P , 0.05).
*P , 0.05, **P , 0.01 vs. control.
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FIG. 5. Adcyap1r1 gene expression following pulsatile GnRH and PACAP stimulation. LbT2 cells were plated in perifusion
chambers and perifused with 10 nM GnRH
(A) or 10 nM ADCYAP1 (B) administered at
pulse intervals of 30 or 120 min for 18 h.
After the last pulse, cells were harvested and
their mRNA extracted and reverse transcribed. Adcyap1r1 mRNA was measured
with quantitative real-time PCR. Samples for
each experimental group were run in
triplicate, and the results are expressed as
the fold-stimulation over the unstimulated
group/control. Results (mean 6 SEM) of
three independent experiments are shown.
The difference between the 30-min ADCYAP1 pulse and the 120-min ADCYAP1
pulse was statistically significant (P , 0.01).
*P , 0.05, **P, 0.01 vs. control.

Fshb. ADCYAP1 failed to stimulate the transcriptional activity
of the Lhb and Fshb subunits significantly in static culture.
Only the Cga promoters were increased significantly by
ADCYAP1. As determined using real-time PCR, Lhb and
Fshb gene expression levels were only modestly increased
compared to the Cga level [14]. These results are consistent
with a previous observation [12]. In spite of its weak effects on
Lhb and Fshb gene expression in static stimulation, ADCYAP1
effectively regulated Lhb and Fshb expression when administered in a perifused pulsatile fashion.
The pulsatile nature of GnRH secretion is well established
[2, 3]; however, the pattern of ADCYAP1 release (continuous/
tonic or pulsatile) has not yet been described. The effect of
ADCYAP1 on Cga, Lhb, and Fshb mRNA expression levels

FIG. 6. Gnrh receptor gene expression following pulsatile GnRH or
ADCYAP1 stimulation. LbT2 cells were plated in perifusion chambers and
perifused with 10 nM ADCYAP1 administered at pulse intervals of 30 or
120 min for 18 h. After the last pulse, cells were harvested and their
mRNA extracted and reverse transcribed. Gnrh receptor mRNA levels
were measured with quantitative real-time PCR. Samples for each
experimental group were run in triplicate, and the results are expressed
as the fold-stimulation over the unstimulated group/control. Results (mean
6 SEM) of three independent experiments are shown. **P , 0.01 vs.
control.
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depends on the mode of ADCYAP1 delivery [12, 27]. Previous
reports demonstrated that pulsatile delivery of ADCYAP1 was
a better signal for stimulating gonadotropin release compared
with continuous delivery. In addition, in a recent rat study,
anterior pituitary adcyap1 mRNA levels varied across the rat
estrous cycle with higher levels on the evening of proestrus
[22]. These previous observations do not, however, provide
direct evidence supporting the pulsatile release of ADCYAP1.
Considering that Gnrh mRNA also is significantly increased in
the proestrus after ovulation [38], ADCYAP1 might be released
from the hypothalamus in a manner similar to that of GnRH.
To understand the mechanism behind the differential
regulation of Lhb and Fshb by ADCYAP1, the role of FST
should be considered. FST is one of the key regulators of the
hypothalamic-pituitary-ovarian axis, and it is produced by both
the gonadotroph and folliculostellate cells [39]. Activin, which
is produced in various tissues, stimulates the synthesis of FSH
by direct action [40, 41]. FST decreases Fshb gene expression
by binding to and bioneutralizing activin [42]. The role of FST
in GnRH pulse frequency-dependent gonadotropin regulation
has been described previously [24, 43, 44]. High-frequency
ADCYAP1 pulses stimulated Fst to a greater extent than lowfrequency pulses did. Considering that the high-frequency
ADCYAP1 pulses preferentially increased both Lhb and Fst
but slower-frequency pulses decreased Fshb more, FST might
play a role in the induction of Lhb or the reduction of Fshb
subunits. Obviously, a relationship exists among GnRH, FST,
and ADCYAP1. The details of their interaction, however,
remain to be clarified.
Changes in the receptor numbers for GnRH and ADCYAP1
also were observed following stimulation with pulsatile GnRH
or ADCYAP1. A number of factors affect the expression of the
GnRH receptor, most notably GnRH itself. GnRH receptor
gene expression, like the gonadotropin subunit genes, is
dependent on GnRH pulse frequency [45]. ADCYAP1 also
regulates the GnRH receptor by a cAMP-dependent mechanism
[46–48]. In the present study, high-frequency ADCYAP1
pulses increased GnRH receptor gene expression to a greater
extent than low-frequency pulses did. In this context, the
relationship between GnRH receptors and gonadotropin
subunit gene expression should be discussed. In the previous
reports, it has been shown that when cells were transfected with
increasing amounts of Gnrh cDNA, Lhb luciferase activity was
increased in proportion to the number of GnRH receptors. In
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contrast, Fshb luciferase activity was optimally stimulated
when relatively low numbers of GnRH receptors were present,
and it was decreased at higher numbers of GnRH receptors
[31]. These results suggested the possibility that the numbers of
GnRH receptor alter GnRH action, especially on gonadotropin
LHB subunit.
Stimulation with either GnRH or ADCYAP1 increased
Adcyap1r1. In the case of GnRH stimulation, the change was
not frequency dependent. In contrast, lower-frequency ADCYAP1 pulses increased Adcyap1r1 gene expression to a
greater extent than high-frequency pulses did. These results
imply that a relationship exists between expression of the
ADCYAP1R1 and induction of the FSHB subunit.
Bedecarrats and Kaiser [25] showed that when the GnRH
receptor was overexpressed, the response of Fshb to lowfrequency GnRH pulses was eliminated. Therefore, if the cell
surface ADCYAP1R1 density mediates ADCYAP1 pulsedependent differential regulation of gonadotropin subunits, an
increase in ADCYAP1R1 may negatively regulate Lhb gene
expression. The results of this present study suggest that the
pulse frequency-specific increases in GnRH and ADCYAP1
receptors in response to ADCYAP1 may be a way in which
ADCYAP1 and GnRH regulate gonadotropin expression.
In this present study, we observed ADCYAP1 pulse
frequency-dependent expression of the Lhb and Fshb genes.
High-frequency ADCYAP1 pulse preferentially increased Lhb,
whereas low-frequency ADCYAP1 pulses specifically increased Fshb. This pattern was quite similar to that produced
by GnRH pulses. FST expression was preferentially increased
following high-frequency pulses of either GnRH or ADCYAP1. Low-frequency ADCYAP1 pulses increased Adcyap1r1 expression, whereas high-frequency pulses increased
Gnrh receptor expression. It is clear that ADCYAP1 is
involved in the differential regulation of gonadotropin subunit
gene expression. Further studies are needed to completely
clarify the relationships among GnRH, ADCYAP1, their
receptors, and gonadotropin subunit expression.
REFERENCES
1. Gharib SD, Wierman ME, Shupnik MA, Chin WW. Molecular biology of
the pituitary gonadotropins. Endocr Rev 1990; 11:177–199.
2. Levine JE, Ramirez VD. Luteinizing hormone-releasing hormone release
during the rat estrous cycle and after ovariectomy, as estimated with pushpull cannulae. Endocrinology 1982; 111:1439–1448.
3. Crowley WF Jr, Filicori M, Spratt DI, Santoro NF. The physiology of
gonadotropin-releasing hormone (GnRH) secretion in men and women.
Recent Prog Horm Res 1985; 41:473–531.
4. Dalkin AC, Haisenleder DJ, Ortolano GA, Ellis TR, Marshall JC. The
frequency of gonadotropin-releasing-hormone stimulation differentially
regulates gonadotropin subunit messenger ribonucleic acid expression.
Endocrinology 1989; 125:917–924.
5. Wildt L, Hausler A, Marshall G, Hutchison JS, Plant TM, Belchetz PE,
Knobil E. Frequency and amplitude of gonadotropin-releasing hormone
stimulation and gonadotropin secretion in the rhesus monkey. Endocrinology 1981; 109:376–385.
6. Kaiser UB, Jakubowiak A, Steinberger A, Chin WW. Regulation of rat
pituitary gonadotropin-releasing hormone receptor mRNA levels in vivo
and in vitro. Endocrinology 1993; 133:931–934.
7. Haisenleder DJ, Khoury S, Zmeili SM, Papavasiliou S, Ortolano GA, Dee
C, Duncan JA, Marshall JC. The frequency of gonadotropin-releasing
hormone secretion regulates expression of alpha and luteinizing hormone
beta subunit messenger ribonucleic acids in male rats. Mol Endocrinol
1987; 1:834–838.
8. Miyata A, Arimura A, Dahl RR, Minamino N, Uehara A, Jiang L, Culler
MD, Coy DH. Isolation of a novel 38 residue-hypothalamic polypeptide
which stimulates adenylate cyclase in pituitary cells. Biochem Biophys
Res Commun 1989; 164:567–574.
9. Radleff-Schlimme A, Leonhardt S, Wuttke W, Jarry H. Evidence for
PACAP to be an autocrine factor on gonadotrope cells. Ann N Y Acad Sci
1998; 865:486–491.

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 03 Mar 2021
Terms of Use: https://bioone.org/terms-of-use

471

10. Culler MD, Paschall CS. Pituitary adenylate cyclase-activating polypeptide (PACAP) potentiates the gonadotropin-releasing activity of luteinizing hormone-releasing hormone. Endocrinology 1991; 129:2260–2262.
11. Perrin D, Soling HD, Wuttke W, Jarry H. The stimulatory effect of
pituitary adenylate cyclase activating polypeptide (PACAP) on LH release
from rat pituitary cells in vitro does not involve calcium mobilization. Exp
Clin Endocrinol 1993; 101:290–296.
12. Tsujii T, Ishizaka K, Winters SJ. Effects of pituitary adenylate cyclaseactivating polypeptide on gonadotropin secretion and subunit messenger
ribonucleic acids in perifused rat pituitary cells. Endocrinology 1994; 135:
826–833.
13. Burrin JM, Aylwin SJ, Holdstock JG, Sahye U. Mechanism of action of
pituitary adenylate cyclase-activating polypeptide on human glycoprotein
hormone alpha-subunit transcription in alphaT3–1 gonadotropes. Endocrinology 1998; 139:1731–1737.
14. Harada T, Kanasaki H, Mutiara S, Oride A, Miyazaki K. Cyclic adenosine
3 0 ,5 0 -monophosphate/protein kinase A and mitogen-activated protein
kinase 3/1 pathways are involved in adenylate cyclase-activating
polypeptide 1-induced common alpha-glycoprotein subunit gene (Cga)
expression in mouse pituitary gonadotroph LbetaT2 cells. Biol Reprod
2007; 77:707–716.
15. Stojilkovic SS, Reinhart J, Catt KJ. Gonadotropin-releasing hormone
receptors: structure and signal transduction pathways. Endocr Rev 1994;
15:462–499.
16. Kuohung W, Kaiser UB. GPR54 and KiSS-1: role in the regulation of
puberty and reproduction. Rev Endocr Metab Disord 2006; 7:257–263.
17. Rawlings SR, Hezareh M. Pituitary adenylate cyclase-activating polypeptide (PACAP) and PACAP/vasoactive intestinal polypeptide receptors:
actions on the anterior pituitary gland. Endocr Rev 1996; 17:4–29.
18. Sherwood NM, Krueckl SL, McRory JE. The origin and function of the
pituitary adenylate cyclase-activating polypeptide (PACAP)/glucagon
superfamily. Endocr Rev 2000; 21:619–670.
19. Vaudry D, Gonzalez BJ, Basille M, Yon L, Fournier A, Vaudry H.
Pituitary adenylate cyclase-activating polypeptide and its receptors: from
structure to functions. Pharmacol Rev 2000; 52:269–324.
20. Stopa EG, Koh ET, Svendsen CN, Rogers WT, Schwaber JS, King JC.
Computer-assisted mapping of immunoreactive mammalian gonadotropinreleasing hormone in adult human basal forebrain and amygdala.
Endocrinology 1991; 128:3199–3207.
21. Koves K, Kantor O, Scammell JG, Arimura A. PACAP colocalizes with
luteinizing and follicle-stimulating hormone immunoreactivities in the
anterior lobe of the pituitary gland. Peptides 1998; 19:1069–1072.
22. Moore JP Jr, Burger LL, Dalkin AC, Winters SJ. Pituitary adenylate
cyclase activating polypeptide messenger RNA in the paraventricular
nucleus and anterior pituitary during the rat estrous cycle. Biol Reprod
2005; 73:491–499.
23. Kirk SE, Dalkin AC, Yasin M, Haisenleder DJ, Marshall JC.
Gonadotropin-releasing hormone pulse frequency regulates expression
of pituitary follistatin messenger ribonucleic acid: a mechanism for
differential gonadotrope function. Endocrinology 1994; 135:876–880.
24. Burger LL, Dalkin AC, Aylor KW, Haisenleder DJ, Marshall JC. GnRH
pulse frequency modulation of gonadotropin subunit gene transcription in
normal gonadotropes—assessment by primary transcript assay provides
evidence for roles of GnRH and follistatin. Endocrinology 2002; 143:
3243–3249.
25. Bedecarrats GY, Kaiser UB. Differential regulation of gonadotropin
subunit gene promoter activity by pulsatile gonadotropin-releasing
hormone (GnRH) in perifused LbetaT2 cells: role of GnRH receptor
concentration. Endocrinology 2003; 144:1802–1811.
26. Kanasaki H, Bedecarrats GY, Kam KY, Xu S, Kaiser UB. Gonadotropinreleasing hormone pulse frequency-dependent activation of extracellular
signal-regulated kinase pathways in perifused LbetaT2 cells. Endocrinology 2005; 146:5503–5513.
27. Tsujii T, Winters SJ. Effects of pulsatile pituitary adenylate cyclase
activating polypeptide (PACAP) on gonadotropin secretion and subunit
mRNA levels in perifused rat pituitary cells. Life Sci 1995; 56:1103–1111.
28. Gottschall PE, Tatsuno I, Miyata A, Arimura A. Characterization and
distribution of binding sites for the hypothalamic peptide, pituitary
adenylate cyclase-activating polypeptide. Endocrinology 1990; 127:272–
277.
29. Jakubowiak A, Janecki A, Steinberger A. Similar effects of inhibin and
cycloheximide on gonadotropin release in superfused pituitary cell
cultures. Biol Reprod 1989; 41:454–463.
30. Arimura A, Somogyvari-Vigh A, Miyata A, Mizuno K, Coy DH, Kitada
C. Tissue distribution of PACAP as determined by RIA: highly abundant
in the rat brain and testes. Endocrinology 1991; 129:2787–2789.
31. Kaiser UB, Sabbagh E, Katzenellenbogen RA, Conn PM, Chin WW. A

472

32.

33.

34.

35.

36.
37.
38.
39.

40.

KANASAKI ET AL.
mechanism for the differential regulation of gonadotropin subunit gene
expression by gonadotropin-releasing hormone. Proc Natl Acad Sci U S A
1995; 92:12280–12284.
Yamada Y, Yamamoto H, Yonehara T, Kanasaki H, Nakanishi H,
Miyamoto E, Miyazaki K. Differential activation of the luteinizing
hormone beta-subunit promoter by activin and gonadotropin-releasing
hormone: a role for the mitogen-activated protein kinase signaling
pathway in LbetaT2 gonadotrophs. Biol Reprod 2004; 70:236–243.
Hashimoto H, Yamamoto K, Hagigara N, Ogawa N, Nishino A, Aino H,
Nogi H, Imanishi K, Matsuda T, Baba A. cDNA cloning of a mouse
pituitary adenylate cyclase-activating polypeptide receptor. Biochim
Biophys Acta 1996; 1281:129–133.
Tsutsumi M, Zhou W, Millar RP, Mellon PL, Roberts JL, Flanagan CA,
Dong K, Gillo B, Sealfon SC. Cloning and functional expression of a
mouse gonadotropin-releasing hormone receptor. Mol Endocrinol 1992; 6:
1163–1169.
Kaiser UB, Jakubowiak A, Steinberger A, Chin WW. Differential effects
of gonadotropin-releasing hormone (GnRH) pulse frequency on gonadotropin subunit and GnRH receptor messenger ribonucleic acid levels in
vitro. Endocrinology 1997; 138:1224–1231.
Osuga Y, Mitsuhashi N, Mizuno M. In vivo effect of pituitary adenylate
cyclase activating polypeptide 38 (PACAP 38) on the secretion of
luteinizing hormone (LH) in male rats. Endocrinol Jpn 1992; 39:153–156.
Hart GR, Gowing H, Burrin JM. Effects of a novel hypothalamic peptide,
pituitary adenylate cyclase-activating polypeptide, on pituitary hormone
release in rats. J Endocrinol 1992; 134:33–41.
Park OK, Gugneja S, Mayo KE. Gonadotropin-releasing hormone gene
expression during the rat estrous cycle: effects of pentobarbital and ovarian
steroids. Endocrinology 1990; 127:365–372.
Kaiser UB, Lee BL, Carroll RS, Unabia G, Chin WW, Childs GV.
Follistatin gene expression in the pituitary: localization in gonadotropes
and folliculostellate cells in diestrous rats. Endocrinology 1992; 130:
3048–3056.
Weiss J, Guendner MJ, Halvorson LM, Jameson JL. Transcriptional

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 03 Mar 2021
Terms of Use: https://bioone.org/terms-of-use

41.

42.

43.

44.

45.

46.

47.

48.

activation of the follicle-stimulating hormone beta-subunit gene by activin.
Endocrinology 1995; 136:1885–1891.
Carroll RS, Corrigan AZ, Vale W, Chin WW. Activin stabilizes folliclestimulating hormone-beta messenger ribonucleic acid levels. Endocrinology 1991; 129:1721–1726.
Shimonaka M, Inouye S, Shimasaki S, Ling N. Follistatin binds to both
activin and inhibin through the common subunit. Endocrinology 1991;
128:3313–3315.
Besecke LM, Guendner MJ, Schneyer AL, Bauer-Dantoin AC, Jameson
JL, Weiss J. Gonadotropin-releasing hormone regulates follicle-stimulating hormone-beta gene expression through an activin/follistatin autocrine
or paracrine loop. Endocrinology 1996; 137:3667–3673.
Winters SJ, Ghooray D, Fujii Y, Moore JP Jr, Nevitt JR, Kakar SS.
Transcriptional regulation of follistatin expression by GnRH in mouse
gonadotroph cell lines: evidence for a role for cAMP signaling. Mol Cell
Endocrinol 2007; 271:45–54.
Kaiser UB, Conn PM, Chin WW. Studies of gonadotropin-releasing
hormone (GnRH) action using GnRH receptor-expressing pituitary cell
lines. Endocr Rev 1997; 18:46–70.
Pincas H, Laverriere JN, Counis R. Pituitary adenylate cyclase-activating
polypeptide and cyclic adenosine 3 0 ,5 0 -monophosphate stimulate the
promoter activity of the rat gonadotropin-releasing hormone receptor gene
via a bipartite response element in gonadotrope-derived cells. J Biol Chem
2001; 276:23562–23571.
Cheng KW, Leung PC. Human chorionic gonadotropin-activated cAMP
pathway regulates human placental GnRH receptor gene transcription in
choriocarcinoma JEG-3 cells. J Clin Endocrinol Metab 2002; 87:3291–
3299.
Sadie H, Styger G, Hapgood J. Expression of the mouse gonadotropinreleasing hormone receptor gene in alpha T3–1 gonadotrope cells is
stimulated by cyclic 3 0 ,5 0 -adenosine monophosphate and protein kinase A,
and is modulated by steroidogenic factor-1 and Nur77. Endocrinology
2003; 144:1958–1971.

