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ARTICLE INFO ABSTRACT

Keywords: Pituitary adenylate cyclase-activating polypeptide (PACAP) and its receptor are broadly distributed in the brain,
PACAP and PACAP is known to work as a multifunctional peptide. However, it is still largely unknown how PACAP
Kisspepton affects the hypothalamic-pituitary-gonadal (HPG) axis. In this study, we examined the effect of PACAP on hy-
HPG axis pothalamic kisspeptin expression, a known regulator of gonadotropin-releasing hormone. We used two hy-
Hypothalamus

pothalamic cell models, mHypoA-50 and mHypoA-55, which were originated from kisspeptin-expressing neuron
in anterioventral periventricular nucleus and arcuate nucleus regions in the hypothalamus, respectively.
Expression of Kiss-1 gene, which encodes kisspeptin, was significantly increased by PACAP stimulation in both
mHypoA-50 and mHypoA-55 cells, by up to 2.69 + 0.93-fold and 4.89 + 1.13-fold, respectively. PACAP6-38,
a PACAP receptor antagonist did not antagonize the action of PACAP on Kiss-1 gene expression but increased
Kiss-1 gene by itself in these cells. PACAP-induced Kiss-1 gene expression in both mHypoA-50 and mHypoA-55
cells was almost completely prevented in the presence of H89, a protein kinase A inhibitor. PACAP was expressed
in both these hypothalamic cell models and its expression was up-regulated by estradiol in mHypoA-50 cells but
not in mHypoA-55 cells. Stimulation of mHypoA-50 and mHypoA-55 cells with PACAP increased the expression
levels of corticotropin-releasing hormone and neurotensin, both of which could modulate HPG axis. Our present
observations suggest that hypothalamic PACAP might modulate the HPG axis by directly or indirectly mod-
ulating Kiss-1 gene expression.

1. Introduction

Reproductive functions are precisely regulated by the hypotha-
lamic-pituitary-gonadal (HPG) axis, and hypothalamic gonadotropin-
releasing hormone (GnRH) has previously been defined as the primary
regulator of the HPG axis. GnRH controls the release of pituitary go-
nadotropins, luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH), by changing the frequency and amplitude of their pulsatile
release during the reproductive cycle (Crowley et al., 1985). LH and
FSH cooperatively affect the gonads and regulate gametogenesis and
steroid genesis (Gharib et al., 1990). Following the discovery of the
mutation in the gene that encodes the receptor for kisspeptin (Kissl
receptor:Kiss1R) (de Roux et al., 2003; Seminara et al., 2003), it was
revealed that kisspeptin neurons in the hypothalamus control GnRH
neurons through the Kiss1R as well as the pulsatile release of GnRH to
the portal circulation (Maggi et al., 2016). Therefore, now it is generally

considered that hypothalamic kisspeptin neurons have the most im-
portant role in the HPG axis.

Pituitary adenylate cyclase-activating polypeptide (PACAP) was
first isolated from ovine hypothalamus extracts that could stimulate
adenylate cyclase activity in anterior pituitary cells (Miyata et al.,
1989). PACAP-containing neurons are distributed not only in the hy-
pothalamus, but are broadly expressed in various brain regions in-
cluding cerebral cortex, amygdala, hippocampus, and cerebral cortex
(Gonzalez et al., 1998). PACAP and its receptor are expressed not only
in the central nervous system (CNS), but also in the various tissues of
peripheral organs where PACAP exerts various effects and has a role as
a multifunctional peptide (Vaudry et al., 2009). Although PACAP pro-
duced from hypothalamus has a variety of functions, it can act as a
hypophysiotropic hormone and stimulates the release of anterior pi-
tuitary hormones (Miyata et al., 1989; Okada et al., 2007).

Accumulating evidence suggests that PACAP has some effects in the
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regulation of reproductive hormones involved in the HPG axis. A
number of studies have implicated PACAP in the pubertal process by
alteration of the activity of GnRH neurons (Choi et al., 2000; Szabo
etal., 2002). PACAP also directly affects the pituitary gonadotrophs and
modulates gonadotropin synthesis and release (Hart et al., 1992; Tsujii
et al., 1994). In addition, it has been revealed that GnRH neurons or
pituitary gonadotrophs possess PACAP receptors (Kanasaki et al., 2011;
Olcese et al., 1997). We have previously reported that PACAP increased
the expression of GnRH receptor, but not GnRH in GnRH-producing
GT1-7 cell lines (Kanasaki et al., 2013). In the pituitary gonadotroph
cell line LBT2, PACAP could stimulate gonadotropin subunit gene ex-
pression (Harada et al., 2007), and PACAP plays a role in GnRH pulse
frequency-dependent gonadotropin subunit gene expression (Kanasaki
et al., 2011).

It remains unknown whether PACAP could affect kisspeptin neurons
in the hypothalamus. In rodents, kisspeptin neurons are located in two
different regions of the hypothalamus, the arcuate nucleus (ARC) and
the anteroventral periventricular (AVPV) region (Clarkson et al., 2009).
Kisspeptin expression in the ARC region is inhibited by estradiol (E2),
whereas that in the AVPV region is stimulated by E2 (Smith et al.,
2005); therefore, kisspeptin neuronal populations in these different
regions are thought to be a center of positive and negative feedback
mechanisms by E2, respectively. Recently established hypothalamic cell
models mHypoA-50 and mHypoA-55 contain kisspeptin neurons in the
AVPV and ARC regions, respectively. An increase in Kiss-1 gene (which
encodes kisspeptin) expression in mHypoA-50 cells and a reduction in
Kiss-1 mRNA expression in mHypoA-55 cells by E2 have been observed
under certain experimental conditions (Treen et al., 2016). Using these
cell models, we examined the effect of PACAP on Kiss-1 gene expres-
sion.

2. Materials and methods
2.1. Materials

The following chemicals and reagents were obtained from the in-
dicated sources: GIBCO fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA); PACAP38 and PACAP receptor antagonist, PACAP6-38 (Peptide
Institute, Osaka, Japan); Dulbecco’s modified Eagle’s medium (DMEM),
water-soluble E2, and penicillin-streptomycin (Sigma-Aldrich Co., St.
Louis, MO); neurotensin (NT) and corticotropin-releasing hormone
(CRH) (Life Technologies Japan., Ltd., Tokyo, Japan); and PKA in-
hibitor, H89 (Biomol, Plymouth, PA).

2.2. Cell culture and stimulation

Immortalized hypothalamic cell lines which were originated from
adult mouse hypothalamic kisspeptin-containing neurons in the AVPV
(mHypoA-50 cells) and ARC (mHypoA-55 cells) regions, were pur-
chased from Cedarlane Laboratories under contract (Ontario, Canada).
The embryonic rat hypothalamic cell line R8 (rHypoE-8) was purchased
from Cosmo Bio Co., Ltd. (Tokyo, Japan). Cells were plated in 35-mm
tissue culture dishes and incubated with high-glucose DMEM con-
taining 10% heat-inactivated FBS and 1% penicillin-streptomycin at
37 °C under a humidified atmosphere of 5% CO, in air. After 24 h, cells
were used for each experiment. When cells were stimulated with
PACAP (10 nM or 100 nM), cells were cultured in high-glucose DMEM
containing 1% heat-inactivated FBS and 1% penicillin-streptomycin
with PACAP for 24 h. To examine the effect of E2, cells were cultured
with E2 in phenol red-free DMEM supplemented with 1% charcoal-
stripped FBS (Gemini Bio-Products, West Sacramento, CA). When ex-
amine the effects of PACAP6-38 and H89 on PACAP action, cells were
preincubated in the presence of these reagents before PACAP stimula-
tion. Then, mRNA was extracted and reverse transcribed.
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2.3. RNA preparation, reverse transcription, and PCR

Total RNA from stimulated cells was extracted using TRIzol-LS
(Invitrogen) according to the manufacturer’s instructions. To obtain
cDNA, 1.0 ug total RNA was reverse transcribed using an oligo-dT
primer (Promega, Madison, WI) and prepared using a First-Strand
cDNA Synthesis Kit (Invitrogen) in reverse transcription (RT) buffer.
The preparation was supplemented with 10 mM dithiothreitol, 1 mM of
each dNTP, and 200 U RNase inhibitor/human placenta ribonuclease
inhibitor (Code No. 2310; Takara, Tokyo, Japan) in a final volume of
10 pL. The reaction was incubated at 37 °C for 60 min. For the detection
of Kiss-1, PACAP, NT, and CRH mRNAs, after PCR amplification using
primers for Kiss-1 (forward: 5-ATGATCTCGCTGGCTTCTTGG-3’ and
reverse: 5’-GGTTCACCACAGGTGCCATTTT-3"), PACAP (forward:
5’-GATGTCGCCCACGAAATCCT-3’ and reverse: 5-GTATGCTATTCGGC
GTCCTT-3’), NT (forward: 5-GTGTGGACCTGCTTGTCAGA-3’ and re-
verse: 5’-TCATGCATGTCTCCTGCTTC-3’), and CRH (forward: 5-ATCC
GCATGGGTGAAGAATACT-3’ and reverse: 5-TGGAAGGTGAGATCCA
GAGAGA-3), amplicons were electrophoresed in agarose gels and vi-
sualized with ethidium bromide staining. Kiss-1, PACAP, NT, and CRH
mRNAs were measured using quantitative real-time PCR (ABI Prism
7000; Perkin-Elmer Applied Biosystems, Foster City, CA) following the
manufacturer’s protocol (User Bulletin No. 2) and utilizing Universal
ProbeLibrary Probes and FastStart Master Mix (Roche Diagnostics,
Mannheim, Germany). Using specific primers for rat Kiss-1, PACAP, NT,
and CRH, the simultaneous measurement of mRNA and GAPDH per-
mitted normalization of the amount of cDNA added per sample. For
each set of primers, a no-template control was included. Thermal cy-
cling conditions were as follows: 10 min denaturation at 95 °C, followed
by 40 cycles of 95°C for 155 and 60 °C for 1 min. Reactions were fol-
lowed by melting curve analysis (55-95 °C). To determine PCR effi-
ciency, a 10-fold serial dilution of cDNA was performed as previously
described (Wong and Medrano, 2005). PCR conditions were optimized
to generate > 95% PCR efficiency and only those reactions with be-
tween 95% and 105% efficiency were included in subsequent analyses.
Relative differences in ¢cDNA concentration between baseline and ex-
perimental conditions were then calculated using the comparative
threshold cycle (Ct) method (Bustin et al., 2005). Briefly, for each
sample, a ACt was calculated relative to the internal control using the
following equation: ACt = ACt(gene) — Ct(GAPDH). To determine dif-
ferences between experimental and control conditions, AACt was cal-
culated as ACt(sample) — ACt(control). Relative mRNA levels were
then calculated using the following equation: fold difference = 244,

2.4. Western blotting analysis

Cell extracts were lysed on ice with RIPA buffer (phosphate-buffered
saline, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS]) containing 0.1 mg/mL phenylmethylsulfonyl fluoride,
30 mg/mL aprotinin, and 1 mM sodium orthovanadate, scraped for 20 s,
and centrifuged at 14,000 x g for 10 min at 4 °C. Protein concentration
in the cell lysates was measured using the Bradford method. Denatured
protein (30 ug per well) was resolved in a 10% SDS polyacrylamide gel
electrophoresis (PAGE) gel according to standard protocols. Protein was
transferred onto polyvinylidene difluoride membranes (Hybond-P
PVDF, Amersham Biosciences, Little Chalfont, UK), which were blocked
for 2 h at room temperature in Blotto (5% milk in Tris-buffered saline).
Membranes were incubated with anti-PACAP antibody (1:100 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA) in Blotto overnight at 4 °C
and washed three times for 10 min per wash with Tris-buffered saline/
1% Tween. Subsequent incubation with horseradish peroxidase (HRP)-
conjugated antibodies (1:15000 dilution) was performed for 1h at
room temperature in Blotto, with additional washes as appropriate.
Following enhanced chemiluminescence detection (Amersham
Biosciences), membranes were exposed to X-ray film (Fujifilm, Tokyo,
Japan). Rat brain tissue was used as a positive control, and the
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experimental protocol was approved by the animal care and use com-
mittee of the Experimental Animal Center for Integrated Research at
Shimane University (I1Z27-82).

2.5. Statistical analysis

All experiments were repeated independently at least three times.
Experiments in all groups were performed in duplicate. Two samples
were assayed in duplicate to determine mRNA expression. Six averages
from three independent experiments were statistically analyzed. Data
are expressed as the mean * standard error of the mean. Statistical
analysis was performed using one-way analysis of variance followed by
Duncan’s multiple range test, or Student’s t test. P < 0.05 was con-
sidered statistically significant.

3. Results
3.1. Effect of PACAP on Kiss-1 gene expression in hypothalamic cell models

To examine the direct effect of PACAP on Kiss-1 gene expression,
two hypothalamic kisspeptin-expressing cell models were used.
mHypoA-50 cells provide a model of kisspeptin-expressing cells in the
AVPV region, whereas mHypoA-55 cells are used as a model of kis-
speptin-expressing neurons in the ARC region (Treen et al., 2016).
PACAP increased Kiss-1 gene expression in these cell models. Stimula-
tion with 10 nM PACAP led to significant increases in Kiss-1 mRNA up
to 2.69 = 0.93-fold in mHypoA-50 cells and 4.89 + 1.13-fold in
mHypoA-55 cells (Fig. 1A and B). Another type of Kiss-1-producing cell
line, rHypoE-8 cells which originate from fetal rat hypothalamus
(Gingerich et al., 2009), also responded to PACAP by increasing Kiss-1
mRNA expression. Ten nM PACAP significantly increased Kiss-1 mRNA
expression up to 3.25 * 0.24-fold compared to non-stimulated cells
(Fig. 10).

3.2. Effect of the PACAP receptor antagonist PACAP6-38 on PACAP-
induced Kiss-1 mRNA expression in both mHypoA-50 and mHypoA-55 cells

Next, we investigated the effect of PACAP6-38, a potent and com-
petitive PAC1 receptor (PAC1R) and VPAC2 receptor (VPAC2R)

mHypoA-55
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antagonist, on PACAP-induced Kissl gene expression in these two cell
models. Unexpectedly, PACAP6-38 itself increased the expression of
Kiss-1 mRNA in both mHypoA-50 and mHypoA-55 cells. PACAP6-38
did not prevent the stimulatory effect of PACAP on Kiss-1 gene ex-
pression (Fig. 2A and B).

3.3. Effect of H89, a protein kinase A inhibitor, on PACAP-induced Kiss-1
gene expression

Kiss-1 gene expression induced by PACAP stimulation was com-
pletely inhibited in the presence of the protein kinase A (PKA) inhibitor
H89. In the mHypoA-50 AVPV cell model, Kiss-1 gene expression was
induced by PACAP, but its stimulatory effect was completely inhibited
in the presence of H89. H89 alone decreased the expression of Kiss-1
gene compared to the non-stimulated control (Fig. 3A). Similarly, in
mHypoA-55 ARC cells, PACAP-induced Kiss-1 gene expression was
significantly inhibited in the presence of H89 (Fig. 3B).

3.4. Both mHypoA-50 and mHypoA-55 cells express PACAP

PACAP was expressed in these hypothalamic cell models. Using RT-
PCR analysis with specific primers for PACAP, we demonstrated that
PACAP gene was amplified in both mHypoA-50 and mHypoA-55 cells
(Fig. 4A). Western blotting analysis using an antibody against PACAP
also demonstrated an immunoreactive band in these cell models
(Fig. 4B). Rat brain tissue was used as a positive control in this analysis.

3.5. Effect of E2 on PACAP mRNA expression in both mHypoA-50 and
mHypoA-55 cells

It has been reported that mHypoA-50 and mHypoA-55 cells respond
differently to E2 to regulate Kiss-1 gene expression (Treen et al., 2016).
Next, we examined the effect of E2 on PACAP mRNA expression. In
mHypoA-50 cells, 10 and 100nM E2 significantly increased PACAP
mRNA expression up to 2.78 + 0.39-fold and 7.10 + 2.87-fold, re-
spectively (Fig. 5A). In contrast, PACAP gene expression in mHypoA-55
cells was not significantly increased by 10 and 100 nM E2 (Fig. 5B).

Fig. 1. Effect of PACAP on Kiss-1 gene expression in
hypothalamic cell models. mHypoA-50 (A), mHypoA-

* 55 (B), and rHypoE-8 cells (C) were stimulated with
10nM PACAP for 24 h, after which mRNA was ex-
tracted and reverse transcribed. Kiss-1 mRNA levels
were measured by quantitative real-time PCR.
Results are expressed as the fold increase relative to
unstimulated cells and presented as the mean +
standard error of the mean (SEM) of three in-
dependent experiments, each performed with dupli-
cate samples. P < 0.05 vs. control.
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Fig. 2. Effect of PACAP receptor antagonist
PACAP6-38 on PACAP-induced Kiss-1
mRNA expression in mHypoA-50 and
mHypoA-55 cells. mHypoA-50 (A) and
mHypoA-55 (B) were stimulated with
PACAP (10nM), PACAP6-38 (100 nM), or
both for 24h. For co-stimulation with
PACAP and PACAP6-38, cells were pre-
incubated in the presence of PACAP6-38 for
1 h. Then, mRNA was extracted and reverse
transcribed. Kiss-1 mRNA levels were mea-

PACAP PACAP6-38 PACAP
+

PACAP 6-38

control control

PACAP6-38 PACAP
+

PACAP 6-38

PACAP sured by quantitative real-time PCR. Results
are expressed as the fold increase relative to

unstimulated cells and presented as the

mean * SEM of three independent experiments, each performed with duplicate samples. P < 0.05 vs. control.

Fig. 3. Effect of H89, a krptein kinase A
inhibitor, on PACAP-induced Kiss-1 gene
expression. mHypoA-50 (A) and mHypoA-
55 (B) were stimulated with PACAP in the
presence or absence of 100 nM H89 for 24 h.
Cells were preincubated in the presence of
H89 for 1 h before stimulation. Then, mRNA
was extracted and reverse transcribed. Kiss-
1 mRNA levels were measured by quantita-
tive real-time PCR. Results are expressed as
the fold increase relative to unstimulated
cells and presented as the mean = SEM of
three independent experiments, each per-
formed with duplicate samples. P < 0.05
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3.6. Effect of PACAP on the expression of CRH and NT

Several lines of evidence suggest that both CRH and NT have an
effect on the HPG axis. PACAP can stimulate the expression of both CRH
and NT in mHypoA-50 and mHypoA-55 cells. CRH mRNA expression
was significantly increased by PACAP stimulation at 100 nM up to
7.23 * 2.17-fold in the mHypoA-50 AVPV model. A non-significant
increase in CRH mRNA was induced by 10 nM PACAP (3.25 = 0.65-
fold). PACAP also increased CRH expression in the mHypoA-55 ARC
model; CRH mRNA expression was significantly increased up to
5.71 + 0.81-fold and 3.12 = 0.73-fold by 10 and 100 nM PACAP,
respectively (Fig. 6A and B). Similarly, NT was also upregulated by
PACAP stimulation in these cells. NT mRNA expression was sig-
nificantly increased up to 4.8 = 0.84-fold by 100nM PACAP in
mHypoA-50 cells, and 5.64 + 2.04-fold by 10 nM PACAP in mHypoA-
55 cells (Fig. 7A and B).

4. Discussion

Nearly 30 years ago, Arimura and colleagues isolated a novel neu-
ropeptide from sheep hypothalamic extracts (Miyata et al., 1989). This
neuropeptide, named PACAP, has a variety of functions, but it is largely
unknown how this peptide influences the hypothalamic factors that
control the HPG axis. In the present study, we used two different hy-
pothalamic cell lines, mHypoA-50 and mHypoA-55, as neuronal models
of AVPV and ARC regions of the murine hypothalamus. We found that
1) PACAP could increase the expression of Kiss-1 gene, whose product
has been shown to control GnRH synthesis and release; 2) PACAP re-
ceptor antagonist, PACAP6-38 did not antagonize the effect of PACAP,
but exerted an agonistic effect on Kiss-1 gene expression in these cell
models; 3) PACAP was expressed in these hypothalamic cell models; 4)
Expression of PACAP in these cells was upregulated by E2; and 5)
PACAP was able to stimulate CRH and NT gene expressions.

Because the origins of mHypoA-50 and mHypo-A55 cell lines are

8
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PACAP PACAP vs. control. The differences between PACAP
+ and PACAP + H89 were statistically sig-
H89

nificant in both cell models (P < 0.01).

distinct, these two kisspeptin-expressing neuronal cells have different
characteristics although both express kisspeptin. For example, sub-
stance P, neurokinin B, and dynorphin, all of which are expressed in
ARC nucleus, were expressed in the mHypoA-55 cell line. By contrast,
mHypoA-50 neurons express tyrosine hydroxylase, but not neurokinin
B and dynorphin, supporting their putative role as AVPV kisspeptin
neurons (Treen et al., 2016). In addition, we found that several genes of
neuropeptides such as PACAP, CRH, and NT were also expressed and
regulated within these cells. These observations suggest that these
neuropeptides expressed in these cells may be active in the AVPV or
ARC regions of the hypothalamus.

Although PACAP has variety of functions in the CNS (Vaudry et al.,
2009), little is known about the function of this peptide in the HPG axis.
Previous studies showed that PACAP may modulate the HPG axis by
acting on GnRH neurons, but the reported results were contradictory.
Intracerebroventricular injection of PACAP or injection into the medial
basal hypothalamus which houses the GnRH neurons suppressed GnRH
pulsatility in ovariectomized ewes (Anderson et al., 1996). Similarly, it
has been reported that intracerebroventricular administration of
PACAP inhibited the LH surge and ovulation mediated through CRH
and endogenous opioids (Koves et al., 2003). Furthermore, PACAP
administration to neonatal female rats delayed puberty (Koves et al.,
2003). These observations suggested that PACAP has an inhibitory ef-
fect on the regulators of the HPG axis. On the other hand, it has been
reported that intravenous administration of PACAP to male rats slightly
increased GnRH mRNA level in the hypothalamus (Li et al., 1996) and
that intra-arterial and intracerebroventricular injection of PACAP sti-
mulated LH release in intact adult rats (Osuga et al., 1992). It is gen-
erally agreed that hypothalamic kisspeptin neurons are located in two
different regions of the hypothalamus and control the activity of GnRH
neurons. Because PACAP stimulated an increase in Kiss-1 gene ex-
pression in two hypothalamic cell models, it is conceivable that PACAP
could maintain the function of kisspeptin-expressing neurons by sti-
mulating Kiss-1 gene expression. PACAP-increased Kiss-1 expression
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Fig. 4. Expression of PACAP in mHypoA-50 and mHypoA-55 cells. (A) Total
RNA was prepared and RT-PCR was performed for 40 cycles using PACAP-
specific primers. PCR products were resolved in a 3.0% agarose gel and vi-
sualized with ethidium bromide staining. (B) Cell lysates (30 pg) from mHypoA-
50 cells and mHypoA-55 cells were analyzed by SDS-PAGE followed by im-
munoblotting and incubation with antibodies against PACAP. The bands were
visualized using HRP-conjugated secondary antibody.

was not prevented in either cell model in the presence of PACAP6-38, a
potent antagonist of the PACAP receptor, PACIR and VPAC2R
(Castorina et al., 2014; Robberecht et al., 1992). PACAP6-38 did not act
as a PACAP receptor antagonist, but it exerted a similar effect to PACAP
on Kiss-1 expression. Although PACAP6-38 acts as an antagonist of
PACAP, there is also evidence that in certain models PACAP6-38 can
behave similarly to PACAP (Ichinose et al., 1995; Juhasz et al., 2014;
Reglodi et al., 2008; Wojcieszak and Zawilska, 2014). In hypothalamic
kisspeptin neurons, both PACAP and PACAP6-38 similarly increased
Kiss-1 gene expression.

From the observations that both mHypoA-50 and mHypoA-55 cells
express PACAP and that PACAP could modulate Kiss-1 gene expression,
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it is plausible that PACAP within these cells affects Kiss-1 expression in
an autocrine or paracrine fashion. Unfortunately, at present, we are not
able to determine whether PACAP and Kiss-1 are co-expressed in the
same cells or are expressed in different cells among these cells. Because
these cells originate from hypothalamic neurons located in the AVPV
and ARC regions, it might contain several different neuronal cells.
Furthermore, although we measured CRH and NT expression by PACAP
stimulation in these cells, it still unknown whether these neuropeptides
are co-expressed in single cells. However, we were able to investigate
the direct effect of PACAP on the expression of these neuropeptides. NT
was first isolated from bovine hypothalamus based on its potent vas-
cular effects (Carraway and Leeman, 1973), and NT is abundantly ex-
pressed in the CNS with particularly high expression in the hypotha-
lamus, including in the AVPV and ARC regions (Carraway and Leeman,
1976; Rostene and Alexander, 1997). On the other hand, CRH is an
important physiological adrenocorticotropic hormone-releasing factor
that is expressed in hypothalamic nuclei. Both NT and CRH have been
found to have an influence on the function of the HPG axis. For ex-
ample, E2 induces the expression of NT gene in AVPV lesions in rats
(Alexander et al., 1989; Smith and Wise, 2001). Administration of NT
evokes an LH surge, and antiserum against NT blocks this LH surge
(Akema et al., 1987; Ferris et al., 1984). CRH expression in the hy-
pothalamus has been reported to be increased after administration of
E2 in ovariectomized monkeys (Kerdelhue et al., 1995). Furthermore,
several studies implicated CRH as a prime candidate for stress-induced
suppression of pulsatile release of GnRH (Cates et al., 2004; Li et al.,
2006). Although PACAP has a direct effect on Kiss-1 expression, PACAP
could influence the HPG axis indirectly by changing NT or CRH ex-
pression within the hypothalamus. Indeed, PACAP expression was sig-
nificantly upregulated by E2 in mHypoA-50 cells, but not in mHypoA-
55 cells, suggesting that PACAP plays a role in E2-induced positive
feedback regulation in the AVPV region of the hypothalamus because
mHypoA-50 cells are an AVPV neuronal model.

As described above, in rodents, Kiss-1 expression in the AVPV region
of the hypothalamus is stimulated by E2, whereas Kiss-1 expression in
the ARC region is inhibited by E2 (Smith et al., 2005). A similar phe-
nomenon was also observed in mHypoA-50 AVPV and mHypoA-55 ARC
cell models under certain experimental condition (Treen et al., 2016).
We have recently found that stimulation of mHypoA-50 cells with NT
increased Kiss-1 expression; by contrast, mHypoA-55 cells were in-
hibited by NT stimulation. Similarly, we observed that CRH stimulated
Kiss-1 expression in mHypoA-50 cells, but reduced Kiss-1 in mHypoA-
55 cells. Furthermore, we observed that both NT and CRH were upre-
gulated in the presence of E2 in both cell lines (data not shown). Be-
cause NT and CRH have opposite effects on Kiss-1 gene expression
under the influence of E2 in mHypoA-50 and mHypoA-55 cells, we
speculate that both NT and CRH had a role in E2-induced positive and
negative feedback mechanisms.

In this study, we found that PACAP increased hypothalamic Kiss-1
expression in two different cell models from the AVPV and ARC regions

Fig. 5. Effect of E2 on PACAP mRNA ex-
pression in mHypoA-50 and mHypoA-55
cells. mHypoA-50 cells (A) and mHypoA-55
cells (B) were stimulated with 10nM and
100 nM E2 for 24 h, after which mRNA was
extracted and reverse transcribed. PACAP
mRNA levels were measured by quantitative
real-time PCR. Results are expressed as the
fold increase relative to unstimulated cells
and presented as the mean = SEM of three
independent experiments, each performed
with  duplicate samples. P < 0.01,
“P < 0.05 vs. control.

mHypoA-55

control

E2 E2
10nM 100nM
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Fig. 6. Effect of PACAP on CRH mRNA ex-
pression in mHypoA-50 and mHypoA-55
cells. mHypoA-50 cells (A) and mHypoA-55
* cells (B) were stimulated with 10nM and
100 nM PACAP for 24 h, after which mRNA
was extracted and reverse transcribed. CRH
mRNA levels were measured by quantitative
real-time PCR. Results are expressed as the
fold increase relative to unstimulated cells
and presented as the mean = SEM of three
independent experiments, each performed
with duplicate samples. "P < 0.05 vs. con-

mHypoA-55

- trol.
PACAP PACAP
10nM 100nM
mHypoA-55 Fig. 7. Effect of PACAP on NT mRNA ex-

pression in mHypoA-50 and mHypoA-55

cells. mHypoA-50 cells (A) and mHypoA-55

* cells (B) were stimulated with 10nM and
100 nM PACAP for 24 h, after which mRNA

was extracted and reverse transcribed. NT

mRNA levels were measured by quantitative

real-time PCR. Results are expressed as the

fold increase relative to unstimulated cells

and presented as the mean = SEM of three

independent experiments, each performed

. with duplicate samples. P < 0.05 vs. con-
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of the hypothalamus. PACAP was expressed in these cells and was up-
regulated by E2 in the AVPV, but not the ARC, cell model. Because
PACAP could increase expression of NT and CRH, which differentially
affect Kiss-1 expression in these two hypothalamic cell models, PACAP
might have a role in the feedback mechanisms of E2.
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