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Abstract

Hypothalamic GnRH together with gonadal steroids and activins/inhibin regulate its receptor gene
(Gnrhin) expression in vivo, which leads to crucial changes in GhRHR numbers on the plasma
membrane. This is accompanied by alterations in the gonadotroph sensitivity and responsiveness
during physiologically relevant situations. Here we investigated basal and GnRH-regulated Gnrhr
expression in rodent pituitary gonadotrophs in vitro. In pituitary cells from adult animals cultured
in the absence of GNRH and steroid hormones, the Gniriirexpression was progressively reduced
but not completely abolished. The basal Gnrfirexpression was also operative in LBT2
immortalized gonadotrophs never exposed to GnRH. In both cell types, basal transcription was
sufficient for the expression of functional GnRHRs. Continuous application of GnRH transiently
elevated the Gnrhrexpression in cultured pituitary cells followed by a sustained fall without
affecting basal transcription. Both basal and regulated Grirhrtranscriptions were dependent on the
protein kinase C signaling pathway. The GnRH-regulated Gnirfirexpression was not operative in
embryonal pituitary and LBT2 cells and was established neonatally, the sex-specific response
patterns were formed at the juvenile-peripubertal stage and there was a strong correlation between
basal and regulated gene expression during development. Thus, the age-dependent basal and
regulated Gnrhrtranscription could account for the initial blockade and subsequent activation of
the reproductive system during development.
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1. Introduction

The expression of GnRH receptors (GnRHRs) in pituitary gonadotrophs and their activation
by hypothalamic GnRH are critical to the neuroendocrine regulation of reproduction in all
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vertebrates [1]. The GnRHRs are seven-transmembrane domain receptors [2] that signal
through heterotrimeric G and/or Gy, proteins. This activates phospholipase C-B1, which
cleaves phosphatidylinositol-4,5-bisphosphate to generate inositol-1,4,5-trisphosphate and
diacylglycerol [3]. In gonadotrophs, the binding of inositol-1,4,5-trisphosphate to
inositol-1,4,5-trisphosphate receptor channels causes oscillatory calcium release from
endoplasmic reticulum coupled with modulation of electrical activity and calcium influx
through voltage-gated calcium channels [4]. Diacylglycerol and other lipophilic molecules
that stay in the plasma membrane activate a family of protein kinase C (PKC) enzymes alone
or together with calcium [5]. Signaling molecules downstream of PKC and calcium include
mitogen-activated protein kinases (MAPK) [6], phospholipase D [7], and phospholipase Ao
[8]. In LBT2 immortalized gonadotrophs, but not in cultured rat pituitary cells, GnRH also
stimulates cAMP production through Gy signaling pathway [9].

The number of GhnRHRs on the plasma membrane of gonadotrophs determines their
responsiveness and varies during development, estrous cycle, pregnancy, lactation, and after
gonadectomy. These modulations take place—at least in part—at the transcriptional level
[10]. Transcription of the GNRHR gene (Gnrhir) promoters expressed in immortalized cells
exhibit basal and regulated activities [1]. The gene structures accounting for regulated Gnrhir
expression have been studied in numerous species including mouse [11], rat [12], human
[13, 14], ovine [15], and porcine [16]. GNRH, estradiol, and progesterone are generally
accepted as major regulators of Gnrfirexpression in pituitary gonadotrophs [17-20]. The
role of activin signaling in Gnrhrpromoter activity is also established [21-23], as well as
that glucocorticoids [24, 25] and pituitary adenylate cyclase activating polypeptide [26]
contribute to the regulation of Gnrhrexpression. In contrast, basal Gnrfirtranscription, the
signaling pathways accounting for it, and the developmental aspects of basal and regulated
Gnrrhrexpression have not been systematically investigated. This probably reflects the
common belief that the pituitary can respond to GnRH at any age and that the postnatal
pattern of GnRH secretion is the main factor determining blockade and activation of the
reproductive system [27].

To address these questions, we used cultured anterior pituitary cells from neonatal to adult
female and male rats and developed a practical system to separately study basal and GhRH-
stimulated Gnirfirexpression during maturation. We also used cultured mouse pituitary cells
to evaluate the species difference in Gnrhrexpression. The mouse immortalized male LBT2
gonadotrophs [24] were also used to study basal and regulated Gnrhrexpression.

2. Materials and methods

2.1. Chemicals

Fura 2-AM, medium 199, DMEM, as well as horse and fetal calf sera were purchased from
Life Technologies (Grand Island, NY). GnRH, cetrorelix, BayK 8644, nifedipine, and 2-(2-
amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD98059) were from Tocris Bioscience
(Bristol, UK). The 3-(1-(3-(dimethylamino)propyl)-5-methoxy-1H-indol-3-yl)-4-(1H-
indol-3-yl)-1H-pyrrole-2,5-dione (G66983), 1,4-diamino-2,3-dicyano-1,4-b/5[2-a
minophenylthio]butadiene (U0126), 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)imidazole (SB203580), 2H-dibenzo[cd,g]indazol-6-one SP600125, 2-[ N-(4’-
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methoxybenzenesulfonyl)Jamino- N-(4’-chlorophenyl)-2-propenyl-A~methylbenzyla mine
phosphate (KN92), and A-[2-[[[3-(4-chlorophenyl)-2-propen
yllmethylamino]methyl]phenyl]- A-(2-hydroxyethyl)-4-methoxybenzenesulphonamide
(KN93) were from Calbiochem (La Jolla, CA). The (32)-3-[[[3-[(dimethylamino)methyl]
phenyl]amino]phenylmethylene]-2,3-dihydro- N, A-dime thyl-2-oxo-1AH-indole-6-
carboxamide (B1X02189) was from Selleckchem (Houston, TX). Forskolin, phorbol 12-
myristate 13-acetate PMA, staurosporine, a rabbit polyclonal anti-ACTB, and a protease
inhibitor cocktail were from Sigma Aldrich (St. Louis, MO). The polyvinylidene difluoride
(PVDF) blotting membranes and a rabbit polyclonal 1gG Anti-PKCa, B, y were from EMD
Millipore Corporation (Temecula, CA). The donkey anti-rabbit IgG-HRP was from Santa
Cruz Biotechnology (Santa Cruz, CA). Protein molecular weight marker was obtained from
Bionexus (Oakland, CA). SuperSignal West Femto Chemiluminescent Substrate Kit was
purchased from Thermo Fisher Scientific (Waltham, MA).

2.2. Cell cultures

Experiments were performed with cultured anterior pituitary cells from normal 6-7 week
old female mice of different strains as well as infant to adult Sprague-Dawley male and
female rats. All animals were from Taconic Farm (Germantown, NY). Animals were housed
under constant temperature and humidity with the light on between 6 AM and 8 PM.
Euthanasia was performed via asphyxiation with CO,, and the anterior pituitary glands were
removed after decapitation. The experiments were approved by the National Institute of
Child Health and Human Development Animal Care and Use Committee (14-041). The
anterior pituitary cells were mechanically dispersed after treatment with trypsin and EDTA
as described [28]. The cells were plated on poly-D-lysine coated 24-well plates—1.5 million
per well. These were cultured in medium 199 containing Earle’s salts, sodium bicarbonate,
and 10% heat-inactivated horse serum, penicillin (100 units/ml), and streptomycin (100 pg/
ml). If not otherwise stated, experiments were performed in cells bathed in 0.1% BSA-
containing medium 199 Hank’s solution. The LBT2 immortalized pituitary cells were
cultured in DMEM supplemented with 10% heat inactivated fetal bovine serum, penicillin
(100 units/ml), and streptomycin (100 ug/ml). The cell types were plated on polystyrene
tissue culture treated 24-well plates and cultured until 70% confluence. If not otherwise
stated, the cells were kept in 0.1% BSA-containing medium with 199 Hank’s solution
overnight. The experiments were performed in the same type of medium, which was
replaced at the beginning of treatment.

2.3. Quantitative RT-PCR (qRT-PCR) analysis

The total RNA was extracted from the pituitary tissue of cultured cells using RNeasy Plus
Mini Kit purchased from Qiagen (Valencia, Ca). The amount of RNA was estimated using a
NanoDrop spectrophotometer (NanoDrop, Wilmington, DE) and reverse transcribed with
Transcriptor First Stand cDNA Synthesis Kit obtained from Roche Applied Science
(Indianapolis, IN). An analysis of the relative gene expression was performed using
quantitative real-time PCR and the comparative Ct method [29, 30]. For this, the
LightCycler TagMan Master mix and Lightcycler 2.0 Real-time PCR (Roche Applied
Science, Indianapolis, IN) system were used. To compare the relative expression levels of
the transcripts, the levels were calibrated against Gapdh and shown as percentage values
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with Gapdh expressed as 100%. Applied Biosystems predesigned Tag-Man Gene Expression
Assays were used for Gapah Mm99999915 gl and Gnrir Mm00439143 m1. The target
gene expression levels were determined by comparative 2°(— 6C(T)) quantification method
using GAPDH as the reference gene. Linear regression analysis with mean amplification
C(T) values showed no effects of age, gender or GnRH treatment on the expression of
GAPDH mRNA in the anterior pituitary tissue and cells. This justified the use of GAPDH as
a reference gene for analysis of mMRNA expression.

2.4. Western blot analysis

A NUPAGE Electrophoresis System from Life Technologies (Grand Island, NY) was used
for Western blot analysis. The cultured LBT2 cells were lysed using RIPA buffer (ready-to-
use solution containing 150 mM NacCl, 1.0% IGEPAL® CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with a protease inhibitor
cocktail. The samples were separated on NUPAGE Novex with 10% Bis-Tris gel and
transferred onto a PVDF membrane. The membrane was blocked for 2 h at room
temperature and was then incubated overnight at 4 °C with one of the primary antibodies:
anti-PKCa, B, -y (1:1000) or anti-ACTB (actin beta) (1:10000). All studies were performed
in 3% BSA in TBST (0.5 M Tris Base, 9% NaCl, 1.5% Tween 20, pH 8.4). After incubation
with peroxidase-conjugated secondary antibody diluted to 1:10000, the blots were incubated
with the SuperSignal West Femto Chemiluminescent Substrate, and the bands were
visualized on a FluorChem E Digital Imaging System (ProteinSimple, San Jose, CA).

2.5. Intracellular calcium ion measurements

Measurements of the intracellular calcium ion concentrations ([Ca%*];) in single cells were
performed as previously described [31]. Briefly, the dispersed rat or mice anterior pituitary
cells or LBT2 gonadotrophs were plated on poly-L-lysine-coated coverslips and cultured for
20 h. Next, the cells were washed and bathed in Krebs-Ringer-like medium containing 2.5
UM Fura 2 AM (Thermo Fisher Scientific, Waltham, MA) for 1 h at room temperature.
Afterwards, the coverslips were washed in Krebs-Ringer-like medium and were mounted on
the stage of an inverted Observer-D1 microscope (Carl Zeiss, Oberkochen, Germany)
attached to an ORCA-ER camera (Hamamatsu Photonics, Hamamatsu City, Japan) and a
Lambda DG-4 wavelength switcher (Sutter, Novato, CA). The hardware control and image
analysis were performed using Metafluor software (Molecular Devices, Downingtown, PA).
Experiments were performed with a 40x oil immersion objective during exposure to
alternating 340 and 380 nm excitation beams. The intensity of light emission at 520 nm was
followed simultaneously in several single cells. The changes in [Ca?*]; are presented as the
ratio of fluorescence intensities (F340/F3gg)-

2.6. Intracellular cAMP measurements

Cyclic nucleotide production was monitored using LBT2 gonadotrophs. Briefly, cells (1
million per well) were plated in 24-well plates and incubated overnight at 37 °C in 5% CO»-
air and saturated humidity. The next day, the medium was removed, and the cells were
washed and stimulated at 37 °C under 5% CO,-air and saturated humidity for 30 min in the
presence (experimental groups) and absence of 1 uM forskolin (controls). In both groups,
the medium was supplemented with 1 mM isobutylmethylxantine. Cyclic nucleotides were
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measured in cell extracts using our stock of specific antisera that were characterized
previously [32]. The 125cAMP tracer was purchased from Perkin-Elmer Life Sciences
(Boston, MA).

2.7. Data analysis

All numerical values in the text are reported as the mean = SEM from one of at least three
similar experiments. KaleidaGraph Program (Synergy Software, Reading, Pennsylvania)
was used for calculation of significant differences between means determined by a Student’s
ttest or an ANOVA accompanied with the post hoc Student-Newman-Keuls test as well as
for regression/correlation analyses and calculation of the half time of decay in gene
expression. P-values of less than 0.05 were considered significant.

3. Results

3.1. Gnrhr expression is down- and up-regulated in cultured rat pituitary cells

After cell dispersion, the Gnrhirexpression progressively decreased as a function of time in
both female and male pituitary cell cultures. It reached steady-state at about 20% of
transcription observed in freshly dispersed cells over four days of incubation. Figure 1A
illustrates the time course of decay in Gnrhirexpression in pituitary cells from 7-week old
female rats cultured in medium 199 containing 10% horse serum for 96 h without any
change of the medium during the study period. Similar decay profiles in GnrArexpression
were also observed in cells cultured in medium 199 containing fetal calf serum (data not
shown) as well as in pituitary cells bathed in 0.1% BSA-containing medium 199 that was
replaced every 12 h (Fig. 1B). Thus, the kinetics of decay in Gnrhrexpression in vitro and
the existence of substantial residual gene transcription are independent of the sera origin and
concentration; the estimated half time of the decay is 17.5+ 2.4 h (n = 4).

In subsequent experiments, the dispersed pituitary cells from 7-week old female rats were
cultured for two days to down-regulate Gnirhrexpression, washed, and stimulated with 10
nM GnRH for up to 36 h. This time course study revealed a progressive increase in Gnrhr
expression during continuous GnRH application. It reached a peak response at around 6 h of
incubation followed by decay to a steady-state level over the next 6 h; the steady-state level
of transcription was identical to that observed in untreated cells. It was not affected by the
continuous presence of GnRH during the following 24 h of incubation (Fig. 1C). These
results imply that the decay in gene expression in vitro (Fig. 1A and B) reflects at least in
part the loss of regulated transcription mediated by GnRH, that GnrAirexpression occurs in
the absence of any stimuli, and is not affected by continuous GnRH application (we termed
this basal gene expression).

Basal Gnrrhirexpression was significantly reduced in female cells bathed in medium
containing 1 UM G66983, a specific inhibitor of PKC [33] (Fig. 1D), but not affected by
isoquinolonesulfonamide KN-93 or KN-92 (Fig. 1D). KN-93 is a selective calmodulin-
kinase Il inhibitor and KN-92, an inactive analog [34]; both of these block voltage-gated
potassium channels in a calmodulin-kinase I1-independent manner [35]. Basal Gnrhr
transcription was also not affected by cetrorelix (data not shown), which acts as GhRHR
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antagonist and inverse agonist [1]. Thus, it is reasonable to conclude that the intrinsic
activity of PKC at least partially accounts for basal Gnrfirexpression.

We used single cell [Ca2*]; measurements to examine how the decay in Gnrfirtranscription
after cell dispersion influences the expression of functional GhnRHRs in rat gonadotrophs.
Cultured female rat pituitary cells were loaded with Fura 2 and stimulated with 1 nM GnRH.
At that concentration, the GnRH induced sustained (top panels) or transient (bottom panels)
calcium oscillations. Both patterns of signaling were observed in gonadotrophs cultured for
1, 2, 3, or 4 days (Fig. 1E). This suggests that basal Gnrhrexpression is sufficient to
maintain expression of functional GhnRHR during the prolonged period without GnRH and
endogenous steroids.

3.2. Basal but not regulated Gnrhr transcription is operative in immortalized
gonadotrophs

Gonadotrophs represent only around 10% of the cells in primary cultures of female pituitary
cells [36]. This limits the capacity for detailed studies of basal Gnrhirexpression. To
overcome this limitation, we used LBT2 pituitary gonadotrophs. In naive cells, i.e. never
stimulated with GnRH and cultured in fetal calf-containing medium, the Gnrfirtranscription
was operative. Replacement of fetal calf serum from incubation medium with 0.1% BSA-
containing medium did not affect GnrAirexpression significantly during the first 24 h (Fig.
2A). In further experiments, cells were kept in 0.1% BSA-containing medium 199 overnight
and washed in the morning; all treatments were done in the same type of medium.

In contrast to cultured rat pituitary cells, the GnRH could not alter Grirhrexpression in LBT2
cells during 2, 4, and 8 h incubation (Fig. 2B), despite the expression of functional GnRHR
as documented by 1 nM GnRH-induced increase in [Ca%*]; (data not shown). Consistent
with the literature [37], our experimental conditions show that coupling of the GhnRHR
signaling pathway to transcription in LBT2 cells was preserved for several other genes. This
includes a time-dependent stimulation of early response genes ¢c-Fosand c-Jun expression
(data not shown).

Similar to cultured pituitary cells, the application of 10 pM G66983 induced a time-
dependent inhibition of basal GnrArexpression in LBT2 cells (Fig. 2C). In the presence of
GnRH, G66983 also inhibited Gnrfirexpression in a time-dependent manner (Fig. 2D). To
further examine the dependence of basal Gnrfirexpression of PKC signaling pathway, the
LBT2 cells were exposed to 1 uM PMA for 24 h to deplete endogenous PKC. Figure 2E
shows time-course of depletion of PKC using an antibody specific for a, B, and y isosymes.
Basal Gnrhirexpression was significantly reduced in PKC-depleted cells (Fig. 2F). In
contrast, inhibition of MEK1/2 with U0126, p38 MAPK with SB203580 [38], big MAPK
with BI1X02189 [39], and JNK with SP600125 [40], did not affect basal gene expression
(Fig. 2G). These results indicate that basal Gnrhrexpression is influenced at least partially
by PKC signaling pathway in a MAPK-independent manner.
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3.3. Calcium and phorbol ester PMA stimulate Gnrhr expression in rat but not in LBT2
gonadotrophs

In female rat pituitary cells derived from seven week-old animals and cultured for two days,
high potassium-induced elevation in [Ca2*]; (Fig. 3A) also stimulated Grrhrexpression (Fig.
3B). In contrast, 1 pM forskolin did not increase Gnrhrexpression (basal: 3.7 £ 0.3,
forskolin: 2.6 = 0.1); moreover, treatment with 10 pM H-89—an inhibitor of cCAMP
dependent protein kinase—did not alter basal- (basal: 3.7 £ 0.2, H89: 4.1 + 0.3) or GhRH-
induced Gnirhrexpression (GnRH: 11.9+ 1.1, GnRH + H89: 11.8 £ 0.8). The GnrirmRNA
levels were also elevated in a time- (Fig. 3C) and concentration (Fig. 3D)-dependent manner
via treatment with PMA, which is a PKC-specific activator. The time-course of 100 nM
PMA-induced Gnrhrexpression was highly comparable to that observed during GnRH
application. These results are consistent with the hypothesis that GnRH-induced GnrhAr
expression in cultured pituitary gonadotrophs is mediated by calcium and PKC signaling
pathways.

Similar to rat gonadotrophs, high potassium-induced depolarization in LBT2 cells facilitated
calcium influx (data not shown), but the rise in [Ca2*]; was not accompanied with an
increase in GnrirmRNA levels (controls: 12.6 + 1.3; KCI: 12.2 + 1.7). The L-type calcium
channel agonist BayK 8644 also facilitated calcium influx whereas nifedipine—a blocker of
these channels—inhibited spontaneous calcium signaling in LBT2 cells (Fig. 4A). However,
BayK 8644 could not stimulate and nifedipine did not down-regulate Gnrhrexpression in
these cells (Fig. 4B). In further contrast to rat pituitary cells, PMA could not stimulate Gnrfir
expression in LBT2 cells (Fig. 4C). As in primary culture of rat pituitary cells, elevation in
CAMP production by 1 pM forskolin in LBT2 cells had no effect on Gnrhrexpression (Fig.
4D). These results further confirmed that regulated Gnrfirexpression in LBT2 gonadotrophs
could not be triggered by activating calcium, PKC, and/or cAMP signaling pathways.

3.4. Regulated rat Gnrhr expression depends on MAPK signaling pathway

Several observations indicated that the PKC-ERK1/2 signaling pathway plays an important
role in calcium and GnRH-induced GnirAirexpression in the primary culture of pituitary cells
that were derived from seven week-old female rats and cultured for 48 h prior to
experiments: i. Application of G66983, but not KN92 or KN93, inhibited high potassium-
stimulated Grirhrexpression in a concentration-dependent manner (Fig. 5A and B). ii. In
PKC-depleted cells induced by prolonged (24 h) treatment with 1 uM PMA, GnRH-
stimulated Gnrhrexpression was significantly attenuated. Fig. 5C illustrates the time-course
of GnRH-induced Gniriirexpression in controls (+PKC) and PKC-depleted pituitary cells
(-PKC). iii. Application of G66983 also inhibited GnRH-stimulated Grrhirexpression in a
concentration-dependent manner (Fig. 5D). iv. Inhibition of MEK1/2 with U0126 and
PD98059 attenuated GnRH-induced Gnirhrexpression in a concentration-dependent manner
(Fig. 5E and F). Inhibition of p38 MAPK with SB203580 and of big MAPK with B1)X02189
was less effective (5G and H, respectively), while inhibition of INK with SP600125 did not
affect GnRH-stimulated gene expression (Fig. 51). None of these treatments affected the
expression of secreted phosphoprotein 1 gene, indicating that effects of U0126 and PD98059
on Gnrhrexpression do not reflect the toxicity of these drugs in concentrations used.
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3.5. Regulated Gnrhr expression is operative in cultured mouse pituitary cells

There are substantial differences among species, including rat and mouse, in the Gnrhir
promoter and in tissue-specific factors that control gene expression [10, 41], which could
implicate differential regulation of transcription and/or could account for the lack of
regulated Gnrhrexpression in mouse LBT2 cells. Using four different strains of mice,
however, we show here that continuous application of 10 nM GnRH for 6 h stimulated Gnirfir
expression in dispersed female pituitary cells cultured for two days (Fig. 6A). The time-
course study was done with C57BL/6J mice and further showed the transient nature of
GnRH-induced up-regulation of GnrArexpression (Fig. 6B). GnRH was ineffective in the
presence of cetrorelix and U0126, indicating the dependence of agonist action on GnRHRs
signaling through MEK1/2 pathway; neither treatment affected basal GnrArtranscription
(Fig. 6C).

BayK 8644 also stimulated calcium influx in mouse gonadotrophs (Fig. 6D). This was
accompanied with an increase in Gnrhrexpression, whereas nifedipine did not affect basal
gene expression (Fig. 6E). In further agreement with work using rat pituitary cells, the
application of 100 nM PMA for 6 h also stimulated Gnirfirexpression (Fig. 6F). Thus,
GnRH-induced Gnrhrexpression in mice gonadotrophs in vitro also depends on calcium and
PKC signaling pathways. This shows that other reasons account for the lack of regulated
Gnrhrexpression in LBT2 cells.

3.6. Basal and regulated rat Gnrhr expressions are age- and sex-specific

In further work, we analyzed the dependence of basal and GnRH-induced Gnrhrexpression
in vitro on the age and sex of animals using embryonal, neonatal, infant, juvenile,
peripubertal, and postpubertal females and male rats as donors for anterior pituitaries. After
dispersion, pituitary cells were cultured for two days to down-regulate Gnrfirexpression. In
all experiments, basal Grirhrexpression was estimated at time 0, cells were stimulated with
10 nM GnRH for up to 8 h, and samples were collected every 2 h. Figure 7 summarize these
time-course studies.

Basal Gnrhirexpression (time = 0) was detectable in embryonal (ED21) and two day-old
(PN2) pituitaries (Fig. 7A) as well as in all preparations from postnatal animals (Fig. 7B). In
pituitaries from postnatal animals, basal Gnrfirexpression varied and was significantly lower
in cells from male pituitaries (Fig. 7C). The GnRH-dependent GnrArtranscription was not
observed in the embryonal pituitary but was already established in two day-old animals—the
amplitude of response was relatively low (~2.5 fold increase from basal expression) and
comparable in female and male cells (Fig. 7A). The GnRH also stimulated GnrArgene
transcription in all postnatal age groups (Fig. 7B). Similar to cells from neonatal animals, the
responsiveness of gonadotrophs from 14 and 21 day-old animals to GnRH was relatively low
and similar in female and male cultures. Cells from older animals showed increased
responsiveness to GnRH and in all age groups the peak amplitude of response was higher in
cells from female rats (Fig. 7D). Correlation analysis revealed a linear relationship between
basal and stimulated Gnrir mRNA levels with a highly significant R = 0.97 (Fig. 7E). These
results suggest that the ratio between basal and regulated Gnr/r expression in vitro is
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comparable in both sexes, but that transcriptional activity is elevated in cells from female
rats.

4. Discussion

It is well documented that pituitary GnRHR expression is regulated by GnRH. Castration
causes an increase in GnRH secretion coupled with an increase in GhnRHR binding sites,
while blocking GnRH input causes a drop in the receptor number as estimated by
radioreceptor assays [42]. In vivo experiments also revealed that pulsatile GnRH delivery
up-regulates its receptor, whereas continuous GnRH causes receptor down-regulation [1].
This at least partially reflects the changes in GnrArexpression because in pituitary cells from
adult rats upregulation of GhRHR mRNA occurs through transcriptional activation rather
than modulation of mMRNA stability [43].

Here we show that Gnrhrexpression exponentially decreases after the dispersion of pituitary
cells with a half time comparable to that estimated in experiments with actinomycin D in
female rat pituitary [43]. The decay in Gnrfirexpression was incomplete and reached a
steady-state level within 50 h of incubation, which was about 20% of that observed
immediately after the dispersion. In contrast, the in vitro decay of 7s/b expression is
progressive with time and reaches non-detectable levels within 70 h of incubation [28].
Consistent with the hypothesis that the decline in Gnrhrexpression in pituitary cells reflects
the loss of GnRH, its continuous application caused recovery of Gnrfirexpression with a
peak in response after 6 to 8 h stimulation. Others also observed stimulatory effect of GnRH
on Gnrhrexpression in rat pituitary cells during 6 h continuous application [44]. This
recovery was transient, followed by decay in expression during continuous GnRH
application, which did not go below the steady-state level established during the 2-day
incubation, i.e. the transcription was not shut-off. These observations are consistent with the
presence of a basal and GnRH-regulated GnrAirpromoter activity expressed in immortalized
gonadotrophs [41, 45].

It is well known that GnRH stimulates Gnrhrexpression through PKC [18, 46, 47] and that
MAPK represents downstream elements of this signaling pathway [48]. In agreement with
this, our pharmacologically based experiments point to the critical role of these enzymes in
GnRH-induced Gnrhrexpression in rat pituitary cells. The role of calcium influx in Gnrhr
expression was shown in experiments with GGH3-1 cells expressing mouse GnrArpromoter
[46]. Here we show that voltage-gated calcium influx in cultured rodent pituitary cells also
increases rat Gnrhrexpression. The findings that pituitary cells express calcium-regulated
adenylyl cyclases [49], that GnRHR also signals through Gg pathway in LBT2 cells [9], and
that cAMP through protein kinase A stimulates GnrfAirexpression in transfected aT3-1
pituitary cells [45], could indicate that this signaling pathway accounts for stimulation of
Gnrhrexpression. However, neither cultured rat pituitary cells nor LBT2 cells responded
with stimulation of Grirfiirexpression when stimulated with forskolin at a concentration that
induced significant increases in cAMP production, which could indicate difference in
responses between aT3-1 and LBT2 cells. Furthermore, G66983 inhibited voltage-gated
calcium influx-induced Gnrhrexpression in a dosedependent manner, indicating that both
GnRH and calcium influx utilize the same pathway to facilitate transcription. Further studies
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are needed to clarify whether the decay of GnRH-induced Gnrhrexpression in the presence
of prolonged GnRH application reflects desensitization of signaling pathways accounting for
upregulation of transcription or the transient nature of activation.

The current data also indicate that basal GnrArexpression at least in part depends on PKC
signaling pathways, indicating that the activity of these enzymes in dispersed pituitary cells
and LBT2 cells is elevated in the absence of GnRH. This could reflect a GhnRHR
independent or dependent process—the latter driven by the constitutive/intrinsic activity of
these receptors. The intrinsic receptor activity is well established for several GPCRs,
including histaminic, b-adrenergic, GABA, 5-HT, and dopaminergic receptors [50]. It has
been well established that hundreds of GnRHR mutants show no constitutive activity and
some of these mutants are retained in endoplasmic reticulum and unable to traffic to plasma
membrane. Furthermore, some pharmacoperones were able to rescue their trafficking
problem, leading to re-establishment of basal receptor activity [51]. It has also been
suggested that cetrorelix may have dual actions—both as a pure antagonist but also as an
inverse agonist [1]. In our experiment, cetrorelix did not inhibit basal GnrArexpression.
However, further work is needed to dissociate between these two hypotheses.

To the best of our knowledge, the role of basal Gnrhirexpression in pituitary cells has not
been studied. We previously observed the expression of functional receptors in cultured
pituitary cells for a prolonged period when the intracellular pool of LH was practically
depleted [52]. The present data are consistent with this conclusion. It is of physiological and
evolutionary importance that gonadotrophs keep expressing some functional GnRHR and
eliminate dedifferentiation until endogenous or exogenous GnRH could up-regulate Gnrhrto
stimulate gonadotropin subunit genes and resuscitate reproduction. For example, high water
temperature induces termination of spawning in female red seabrem through downregulation
of brain Gnirh1 expression, pituitary Gnrfirand LAb expression and serum estradiol levels
[53]. In Kallmann syndrome, pulsatile GnRH administration restores gonadal function [54],
suggesting that this mechanism is also operative in humans. Knobil’s group showed that LH
and FSH secretion during sustained GnRH application gradually recovered with pulsatile
GnRH injection after suppression [55]. These findings are consistent with a hypothesis that
basal Gnrhrexpression in the prolonged absence or continuous presence of GnRH protected
gonadotrophs from the loss of functional GhnRHRs. This hypothesis should be addressed by
examining the GNRHRs protein levels in these experimental conditions, which does not only
reflect de novo synthesis but also the rate of receptor trafficking and the rate of degradation.

Although little is known about GnRH release during maturation, it was assumed to be
minimal before the later stages of puberty; the pituitary gland responds to GnRH application
at any developmental stage [56]. However, it was recently reported that the frequency of
GnRH release in the late embryonal stage was high and reached a maximum in newborn
male mice and remained elevated during the first seven days of life [57]. This suggests that
the lack of pituitary secretory response blocks downstream activation of the reproductive
functions by elevated GnRH. Our results are consistent with this later hypothesis; GnRH
was ineffective in triggering Gnrhrexpression in embryonal rat pituitaries and low effective
in neonatal pituitary cells. This is in general agreement with findings that GnRHR presence
in embryonal rats is very low [58], but functional in terms of GnRH-induced LH and FSH
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release [59]. In vivo, pituitary PACAP and follistatin levels were high in the fetal (E19)
pituitary and decline after parturition [60]. This could suggest that elevated follistatin
attenuates upregulation of Gnrfirby activin and that this process begins to reverse at the time
of birth.

Like embryonal pituitaries, the LBT2 mouse gonadotrophs showed basal but not regulated
Gnrrhrexpression. Others also observed no increase in transcriptional activity in GnRH-
stimulated a T3-1 cells [61], and very low response of BT2 cells to GnRH application, but
high response to glucocorticoids [24]. In aT3-1 cells, homologous upregulation of GhnRHR
reflects modulation of the capacity of cellular RNA to direct the biosynthesis of GhnRH
receptors [61, 62]. In general, there is an agreement in the field that a T3-1 cells, which
express Gnrhrand Cga only, are progenitor gonadotrophs, i.e. to represent embryonal cell
type, whereas LBT2 cells represent differentiated male gonadotroph cell model because
express Fshband Lhbas well. However, LBT2 cells express several progenitor markers,
including SOX9, E-cadherin, S100b, SF-1, and Pit-1 [63]. The same group also generated
immortal gonadotrophs that express LHB and SOX2 and concluded that they represent
progenitor like cells [63]. We have shown that both a T3-1 and LBT2 cells do not generate
oscillatory calcium and electrical signals when stimulated with GnRH in contrast to
postnatal gonadotrophs [64, 65]. Also, LBT2 cells do not express DmpZ, another postnatal
gonadotroph-specific marker [66]. Together with the finding that GnRH could not trigger
Gnrhrexpression, it is reasonable to suggest that LBT2 cells are not fully differentiated
gonadotrophs and may better represent embryonal gonadotrophs.

The time course and the amplitude of GnRH-induced Gnrhirexpression were comparable in
pituitary cells from both sexes during neonatal and infantile periods. The sex-specific pattern
of the response was established during the juvenile-peripubertal period. Variations in
GnRHR mRNA levels were detected during the estrus cycle and after ovariectomy and
orchidectomy in various species [67—69]. Our experiments with cells from adult females
were done using animals from different stages. Here we also show that basal Gnrhr
expression varied in pituitary cells from developing animals, and there was a strong
correlation between basal and GnRH-stimulated GnrhArexpression. The relationship between
basal and regulated Gnrhrexpression was comparable in pituitary cells from both sexes, but
the higher basal gene expression in females was accompanied by amplified regulated
expression. This suggests that transcriptional activity is elevated in cells from female rats of
juvenile to adult age.

In conclusion, these data indicate that basal GnrArtranscription is an intrinsic property of
gonadotrophs established during embryogenesis and maintained throughout development
and adult periods. It is controlled by the PKC signaling pathways in a MAPK-independent
manner. Basal Gnrhrtranscription secures the presence of a sufficient number of receptors to
preserve functionality in gonadotrophs independent of the status of GnRH secretion. It also
determines the sex- and age-specific up-regulation by GnRH and steroids. GnRH-regulated
Gnrhrtranscription develops postnatally in a PKC-dependent manner and involves MAPK as
a downstream signaling pathway. Both basal and regulated Grirfirtranscriptions are age-
dependent, and their coordinate actions determine the expression level of functional
receptors and responsiveness of gonadotrophs to GnRH during development. The sex-
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specific basal and regulated Gnrhirexpression is preserved in vitro. Further work is needed to
clarify the basis for these differences, including dependence of basal and regulated in vitro
Gnirhrexpression on estrous stage.
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Figurel.
Basal and regulated rat pituitary Gnrhrtranscriptions are functional in vitro. A and B,

Downregulation of Gnrhirexpression in pituitary cells from females cultured in medium 199
containing 10% horse serum (A) or 0.1% BSA (B). C, Time course of GhRH-stimulated
Gnrhrexpression in 2-day old cultures of female pituitary cells. GnRH was continuously
present during 36 h incubation. b, basal transcription, r, regulated transcription. D, Inhibition
of basal Gnrhrexpression by 10 uM G66983—a PKC-specific inhibitor. Notice the lack of
effect of 1 pM isoquinolonesulfonamide KN93—a calmodulin kinase Il specific inhibitor—
and KN92—an inactive analog—on basal Gnrhirexpression. Data shown in this and
following figures are mean + SEM values from one of at least three similar experiments each
performed in 4-6 replicates if not otherwise stated. The ANOVA analysis revealed
significantly higher levels of Gnrfirexpression in GnRH-stimulated cells for 1, 2 3, 4, 6, and
8 h (C). Asterisks indicate significant differences (P < 0.05) between untreated and treated
groups determined by #test (D). E, GnRH-induced calcium signaling in single
gonadotrophs; representative traces. Cells were cultured for 1, 2, 3, or 4 days without GnRH,
loaded with Fura 2 AM, and stimulated with 1 nM GnRH. The time and [Ca2*]; scales are
identical for all records and basal [Ca2*]; was around 0.5 units. Numbers above traces
indicate number of cells exhibiting (top panel) or not (bottom panel) sustained calcium
oscillations. In all experiments, the pituitaries were derived from 7-week old female rats.
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Figure2.

Basal but not regulated Gnirhrexpression is operative in immortalized mouse LBT2 cells. A,
Removing fetal calf serum does not affect on GnrArexpression in LBT2 cells during the first
24 h of incubation. B, The inability of GnRH (10 nM) to stimulate GnrArexpression during
2-8 h continuous stimulation. C and D, Time-course effects of 10 uM G66983 on Gnrhr
expression in the presence and absence of 10 nM GnRH. E, PMA (1 uM)-induced
progressive depletion of immunoreactive PKC isozymes during 24 h of incubation. F,
Reduction of basal Gniriirexpression in PKC-depleted cells. G, The lack of effect of MAPK
inhibitors, Bix02189 (Bix)—a MEKS5/ERKS5 inhibitor—SP600126 (SP)—a JNK inhibitor—
SB203580 (SB)—a p38-MAPK inhibitor—and U0126 (Uo)—an ERK1/2 inhibitor— on
basal Gnrhrexpression during 6 h of treatment. In the experiments shown in B — D and G,
cells were kept in 0.1% BSA medium 199 overnight before experiments were performed.
Asterisks indicate significant differences between pairs, P < 0.05, determined by ANOVA (C
and D) and #test (F).
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Figure 3.

Activation of calcium influx and PKC triggers regulated Grirfirexpression in cultured rat
pituitary cells. A, High potassium-induced [Ca?*]; in a gonadotroph identified by subsequent
application of GnRH (representative trace). B, Concentration-dependent effects of KCI on
Gnirhrexpression. Asterisks indicate significant differences between pairs, P < 0.05,
determined by ANOVA. C, A time-course study of 100 nM PMA-induced Gnrhrexpression.
D, Concentration dependence of PMA on Gnrhrexpression over 6 h of stimulation.
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Figure 4.
The ineffectiveness of calcium, PKC, and cAMP on the regulation of GnrirmRNA levels in

mouse LBT2 gonadotrophs. A and B, Effects of BayK 8644 and nifedipine on calcium
signaling (A) and Gnrhrexpression (B). C, The lack of effects of PMA on GnrhArexpressions
during 1, 3, and 5 h of incubation. D, Forskolin-induced cAMP production, and the lack of
effect on basal Gnrhrexpression for 6 h incubation.
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Figure5.

Regulated rat Gnrfirexpression in cultured pituitary cells occurs through PKC-MAPK
signaling pathways. A, The lack of effect of 1 pM KN-93 and 1 pM KN-92 on 50 mM K*-
induced Gnrrhirexpression. B, Inhibition of high potassium-induced Gnirfirexpression by
G066983. C, GnRH-induced Gnrhrexpression in PKC-containing (+PKC) and -depleted
(-PKC) cells. D, Concentration-dependent effect of G66983, a PKC-specific inhibitor, on
GnRH-stimulated Gnrhrexpression. E and F, Concentration-dependent effects of MEK1/2
inhibitors U0126 (E) and PD98059 (F) on GnRH-stimulated Gnrhrexpression. G-I, Partial
inhibition of GnRH-stimulated Gnrhrtranscription by SB203580, a p38-MAPK inhibitor
(G), and Bix02189, a MEK5/ERKS5 inhibitor (H), and the lack of effect of SP600126, a JINK
inhibitor (1). In all experiments, pituitaries were derived from seven week-old female rats. In
panels A, B, and D-I, the cells were incubated with inhibitors for 30 min followed by 6 h
incubation with or without 25 mM KCI (A and B) and 10 nM GnRH (C-I). In all panels,
asterisks indicate significant differences between pairs, determined by ANOVA.
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Figure6.

GnRH also stimulates mouse pituitary Grirfiirexpression through calcium and PKC-ERK1/2
signaling pathways. A, Basal and GnRH-stimulated G rirArexpression in cultured pituitary
cells from different mice strains. Asterisks indicate significant differences between pairs. B-
F, Cultured pituitary cells from C57BL/6J mice. B, A time course study of GnRH-stimulated
Gnrhrexpression. C, The lack of effect of 10 nM GnRH on Gnrhirexpression in the presence
of 1 uM cetrorelix acetate, a GhnRHR antagonist, and inhibition of GhnRH-stimulated Gnrhr
expression by U0126. D and E, Effect of BayK 8644, an L-type voltage-gated calcium
channel agonist, on calcium influx (D) and Gnrhrexpression (E). Notice the lack of effects
of nifedipine—an L-type calcium channel antagonist—on Gnrhrexpression. In calcium
measurements, the identification of gonadotrophs was done by application of GnRH at the
end of recording (not shown). The effects of PMA (100 nM) on Gnirhrexpression (F). In all
experiments Gnrhirexpression was evaluated after 6 h. Experiments were performed in
mouse pituitary cells 24 h after dispersion. In A, C, E, and F, asterisks indicate significant
differences (P < .05) when compared to basal gene expression, determined by ~test.
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= Basal and GnRH-regulated rat pituitary Grirhrtranscriptions are age and sex dependent. A
and B, Time-course studies of 10 nM GnRH-induced GnrfArexpression in embryonal
pituitaries (E21), neonatal (PN2) and infant to adult pituitary cells derived from 7 to 20
animals per age group were done 48 h after dispersion. The age of animals in panel B is
indicated on the top of gray panels. Adult female groups were composed of animals in
different stages of estrous cycle. C-E, The relationship between basal and regulated Gnrhr
E expression in males (closed circles), females (open circles). Data are derived from Fig. 7B;
g the 0 time points were used for basal (C) and the peak responses were used as values for
% GnRH-stimulated gene expression (D). Asterisks indicate significant differences between
% pairs, determined by ANOVA. E, Correlation of basal and regulated rat pituitary Gnrfir
S expression. R, Coefficient of correlation.
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