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Cytoplasmic kinases downstream of GPR30 suppress gonadotropin-
releasing hormone (GnRH)-induced luteinizing hormone secretion from 
bovine anterior pituitary cells
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Abstract. 	GPR30 is known as a membrane receptor for picomolar concentrations of estradiol. The GPR30-specific agonist 
G1 causes a rapid, non-genomic suppression of gonadotropin-releasing hormone (GnRH)-induced luteinizing hormone (LH) 
secretion from bovine anterior pituitary (AP) cells. A few studies have recently clarified that protein kinase A (PKA) and 
phosphorylated extracellular signal-regulated kinase (pERK) might be involved in cytoplasmic signaling pathways of GPR30 
in other cells. Therefore, we tested the hypothesis that PKA and ERK kinase (MEK) are important cytoplasmic mediators 
for GPR30-associated non-genomic suppression of GnRH-induced LH secretion from bovine AP cells. Bovine AP cells (n 
= 8) were cultured for 3 days under steroid-free conditions. The AP cells were previously treated for 30 min with one of the 
following: 5000 nM of PKA inhibitor (H89), 1000 nM of MEK inhibitor (U0126), or a combination of H89 and U0126. 
Next, the AP cells were treated with 0.01 nM estradiol for 5 min before GnRH stimulation. Estradiol treatment without 
inhibitor pretreatment significantly suppressed GnRH-induced LH secretion (P < 0.01). In contrast, estradiol treatment after 
pretreatment with H89, U0126 or their combination had no suppressive effect on GnRH-induced LH secretion. The inhibitors 
also inhibited the G1 suppression of GnRH-induced LH secretion. Therefore, these data supported the hypothesis that PKA 
and MEK (thus, also pERK) are the intracellular mediators downstream of GPR30 that induce the non-genomic suppression 
of GnRH-induced LH secretion from bovine AP cells by estradiol or G1.
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Estradiol in picomolar concentrations in bovine blood [1, 2] is a 
powerful negative feedback regulator for the hypothalamus and 

pituitary to suppress the secretion of gonadotropin-releasing hormone 
(GnRH) and luteinizing hormone (LH), respectively. To induce these 
important feedback effects from the ovary to the hypothalamus and 
pituitary, estradiol binds to nuclear-localized estrogen receptors α 
or β (ERα or ERβ) and alters gene transcription [3–5]. However, 
estradiol has also been shown to bind a plasma membrane receptor 
in the anterior pituitary (AP), thereby suppressing LH, but not 
follicle-stimulating hormone (FSH), in a rapid, non-genomic man-
ner [6, 7]. The estradiol receptor G-protein-coupled receptor 30 
(GPR30) is present in the plasma membrane of rat AP cells [8, 9] 
and in bovine gonadotropes, where it contributes to rapid negative 
estradiol feedback regulation of GnRH-induced LH secretion [10]. 
Selective agonists of ERα and ERβ at concentrations below 10 nM 
have no effect on GnRH-induced LH release from ovine AP cells [6]. 
STX, an agonist for the STX receptor, has no effect on LH secretion 
from bovine AP cells [11]. We recently demonstrated that estradiol 

suppresses LH secretion in a rapid, non-genomic manner via GPR30 
in cultured bovine AP cells without decreasing gene expression of the 
LHα and LHβ subunits [12]. Therefore, GPR30 is the only clearly 
identified membrane estradiol receptor, and its study is important 
for understanding reproduction in ruminants.
Unlike the cytoplasmic pathways for ERα and ERβ that control 

gene expression in various cells, little is known about the cytoplasmic 
signaling pathway of activated GPR30. A few studies have recently 
revealed that protein kinase A (PKA) might be a pathway for activated 
GPR30 in mouse trigeminal ganglia [13] and the rat liver [14]. 
Within 15 min of estradiol treatment, LH secretion from the ovine 
AP decreases, and phosphorylated extracellular signal-regulated 
kinase (pERK) increases in the ovine AP, both in vivo and in vitro 
[7, 15]. A GPR30 antagonist, G36, inhibits ERK phosphorylation 
by estrogen in SKBr3 cells [16]. Injection of GnRH can induce LH 
secretion from AP cells within 15 min in cows [17], suggesting 
that it occurs non-genomically; however, little is known about the 
signaling pathways associated with GnRH receptor activation in 
bovine AP cells. Protein kinase A and ERK kinase (MEK) might be the 
cytoplasmic mediators in pathways for the non-genomic suppression 
of GnRH-induced LH secretion from AP cells by GPR30 agonists.
This study was conducted to test a hypothesis that PKA and MEK 

are cytoplasmic mediators of the rapid, non-genomic suppression of 
GnRH-induced LH secretion from the bovine AP by estradiol, or a 
GPR30-specific agonist, G1 [18].
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Materials and Methods

All experiments were performed according to the Guiding Principles 
for the Care and Use of Experimental Animals in the Field of 
Physiological Sciences (Physiological Society of Japan) and approved 
by the Committee on Animal Experiments of the School of Veterinary 
Medicine, Yamaguchi University.

Effects of H89 and U0126 on LH secretion
This experiment was conducted to verify the effect of H89, U0126 

and their combination (in the absence of estradiol) on the GnRH-
induced LH secretion from bovine AP cells. Nett et al. [19] reported 
that LH and GnRH receptor levels in the AP were higher during the 
luteal phase than during the immediate post-estrus period in heifers. 
Therefore, APs were obtained from postpubertal Japanese Black 
heifers in the middle of the luteal phase (n = 8, 26 months of age) 
from a local slaughterhouse in Yamaguchi Prefecture. The protocol to 
obtain the AP from the head and the method of transporting the APs 
to the laboratory were as reported previously [11]. The experiment 
was repeated 8 times with each of the 8 different pituitary glands, 
using 4 wells per treatment. Each experiment began with enzymatic 
dispersal of AP cells by using a method previously described [20, 21], 
and cell viability of greater than 90% was confirmed by trypan blue 
exclusion. The total cell yield was 19.9 × 106 ± 0.9 × 106 cells per 
pituitary gland. The dispersed cells were then suspended in phenol 
red-free Dulbecco’s Modified Eagle’s Medium (DMEM; 21063-029, 
Gibco, Grand Island, NY, USA) containing 1% nonessential amino 
acids (100 ×; Gibco), 100 IU/ml penicillin, 50 µg/ml streptomycin, 
10% horse serum (Gibco), and 2.5% fetal bovine serum (FBS; 
Gibco). The horse serum and FBS had previously been treated with 
dextran-coated charcoal to remove steroid hormones. After the cells 
(2.5 × 105 cells/ml, total 0.5 ml) were plated in 24-well culture 
plates (MS-80240; Sumitomo Bakelite, Tokyo, Japan), they were 
maintained at 37 C in a humidified atmosphere of 5% CO2 for 82 
h. The wells were washed twice with PBS and then incubated with 
490 µl of DMEM containing 0.1% BSA for 2 h.
Cells were pretreated with DMEM (5 μl) alone or with DMEM 

containing 500 µM of a PKA inhibitor, H89 (Lkt Laboratories, St. 
Paul, MN, USA), and/or 100 µM of a MEK inhibitor, U0126 (Enzo 
Biochem, New York, USA). After 30 min of incubation, DMEM was 
added to each culture well. We added DMEM at the same time as adding 
estradiol or G1 in order to follow the same protocol as that used for 
estradiol and G1 in the following experiment. Cells were incubated 
with gentle shaking for 5 min, after which they were incubated for 
2 h with 5 µl of 100 nM GnRH (Peptide Institute, Osaka, Japan) to 
stimulate LH secretion. Fig. 1 summarizes the final concentrations of 
H89, U0126 and GnRH for each treatment. As previously reported 
[22], LH secretion was stimulated by increasing the amounts of 
GnRH, with a peak at 1 nM GnRH, and reducing secretion at GnRH 
concentrations higher than 1 nM. Therefore, the final concentration 
of GnRH used in this study was 1 nM in all treatments, except in 
the “controls,” which were pretreated with 5 µl of DMEM for 30 
min, treated with 5 µl of DMEM for 5 min and then treated with 5 
µl of DMEM without GnRH for 2 h. The 30-min treatment time and 
the concentrations of H89 and U0126 used in the present study are 
commonly used in such studies [23] and are identical to those used in 

an investigation of signaling pathways in lactotroph cells [24]. After 
2 h of incubation, the medium was collected for immunoassay of LH.

Effects of H89 and U0126 on the suppression of GnRH-
induced LH secretion by estradiol and G1, respectively

Three separate experiments were conducted to evaluate the effect 
of H89, U0126 and their combination on the suppression of GnRH-
induced LH secretion from bovine AP cells by estradiol and G1, 
respectively. Anterior pituitaries were obtained from postpubertal 
Japanese Black heifers in the middle of the luteal phase (n = 8, 26 
months of age).
Each experiment was repeated 8 times with each of the 8 different 

pituitary glands, using 4 wells per treatment. After enzymatic dispersal 
of AP cells, the cells were cultured in the medium described in the 
previous section for 82 h. The wells were washed twice with PBS 
and then incubated with 485 µl of DMEM containing 0.1% BSA 
for 2 h. Cells were pretreated with 5 µl of DMEM alone or with 5 
µl of DMEM containing 500 µM of H89 (final concentration, 5000 
nM) and/or 100 µM of U0126 (final concentration, 1000 nM). For 
the estradiol experiment, after 30 min of incubation, either 5 µl of 
DMEM alone or 5 µl of DMEM containing 1 nM estradiol (final 
concentration, 0.01 nM; Wako Pure Chemical Industries, Osaka, 
Japan) was added to each culture well. For the G1 experiment, G1 
(final concentration, 0.01 nM; Azano Biotech, Albuquerque, NM, 
USA) was used instead of estradiol.
The cells were incubated with gentle shaking for 5 min, after 

which they were incubated for 2 h with 5 µl of 100 nM GnRH (final 
concentration, 1 nM) dissolved in DMEM to stimulate LH secretion. 
There were 6 treatment conditions each for estradiol (Fig. 2) and G1 
(Fig. 3). According to previous studies [10, 11], the concentrations 

Fig. 1.	 Comparison of the effects H89 and U0126 on GnRH-induced LH 
secretion from cultured bovine AP cells. The final concentrations 
of H89, U01226 and GnRH were 5000 nM, 1000 nM and 1 nM, 
respectively. LH concentrations in control cells (cultured in 
medium alone) were averaged, and the mean LH concentrations 
of treated groups were expressed as percentages of the average 
control value. a vs. b: significant difference (P < 0.05)
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of the 2 agents used can significantly suppress GnRH-induced LH 
secretion from bovine AP cells. In all 2 experiments, after 2 h of 
incubation, the medium was collected for LH immunoassay.

Radioimmunoassay to measure LH concentration in culture 
media
LH concentrations in the culture media were assayed in duplicate 

by double-antibody radioimmunoassay using 125I-labeled bLH and 
anti-oLH-antiserum [AFP11743B and AFP192279, National Hormone 
and Pituitary Program of the National Institute of Diabetes and 
Digestive and Kidney Diseases (NIDDK), Bethesda, MD, USA]. 
This assay has been previously described in detail [12] and has been 
used to measure changes in blood LH concentration in Holstein 
heifers before and after GnRH treatment [25]. The detection limit 
was 0.40 ng/ml. At 2.04 ng/ml, the intra- and inter-assay coefficients 
of variation were 3.6% and 6.2%, respectively.

Statistical analysis
LH concentrations in the control samples for each pituitary were 

averaged, and the mean value was set as 100%. LH concentrations in 
the treated samples for each pituitary were averaged, and the mean 
LH values were expressed as a percentage of the control value. 
Data were analyzed using StatView version 5.0 for Windows (SAS 
Institute, Cary, NC, USA). The statistical significance of differences 
in LH concentration were analyzed by one-factor analysis of vari-
ance (ANOVA) followed by post hoc comparisons using Fisher’s 
protected least significant difference test. The level of significance 
was set at P < 0.05. Data are expressed as the mean ± standard error 
of the mean (SEM).

Results

Effects of H89 and U0126 on GnRH-induced LH secretion in 
AP cells
Figure 1 depicts the effects of H89 alone, U0126 alone and the 

combination of both inhibitors on GnRH-induced LH secretion from 
cultured AP cells in the absence of estradiol. The LH concentration 
in the medium of GnRH wells was higher than in the control wells. 
None of the treatments had an effect on GnRH-induced LH secretion.

Effects of H89 and U0126 on estradiol-mediated suppression of 
GnRH-induced LH secretion in AP cells
Figure 2 depicts the effects of H89 and U0126 on estradiol-mediated 

suppression of GnRH-induced LH secretion from cultured AP 
cells. Treatment with 0.01 nM estradiol in the absence of inhibitors 
suppressed GnRH-induced LH secretion. In contrast, pretreatment 
with H89 alone, U0126 alone or their combination inhibited estradiol 
suppression of GnRH-induced LH secretion. The effects among 
treatments with H89 alone, U0126 alone or their combination did 
not differ significantly.

Effects of H89 and U0126 on G1-mediated suppression of 
GnRH-induced LH secretion in AP cells
Figure 3 depicts the effects of H89 and U0126 on the G1-mediated 

suppression of GnRH-induced LH secretion from cultured AP cells. 
Treatment with 0.01 nM G1 in the absence of inhibitors suppressed 
GnRH-induced LH secretion. In contrast, pretreatments with H89 
alone, U0126 alone or the combination of H89 and U0126 inhibited 
the G1-mediated suppression of GnRH-induced LH secretion. The 

Fig. 2.	 Comparison of the effects of H89 and U0126 on estradiol (0.01 
nM) suppression of GnRH-induced LH secretion from cultured 
bovine AP cells. The final concentrations of H89, U01226 and 
GnRH were 5000 nM, 1000 nM and 1 nM, respectively. LH 
concentrations in control cells (cultured in medium alone) were 
averaged, and the mean LH concentrations of treated groups were 
expressed as percentages of the average control value. a vs. b: 
significant difference (P < 0.05).

Fig. 3.	 Comparison of the effects of H89 and U0126 on G1 (0.01 nM) 
suppression of GnRH-induced LH secretion from cultured 
bovine AP cells. The final concentrations of H89, U01226 and 
GnRH were 5000 nM, 1000 nM and 1 nM, respectively. LH 
concentrations in control cells (cultured in medium alone) were 
averaged, and the mean LH concentrations of treated groups were 
expressed as percentages of the average control value. a vs. b vs. 
c: significant differences (P < 0.05).
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effect of U0126 alone was weaker (P < 0.01) than that of H89 alone 
and the combination treatment.

Discussion

In the present study, pretreatment with PKA or MEK inhibitors 
inhibited the estradiol- or G1-induced suppression of GnRH-induced 
LH secretion. The inhibitors had no significant effect on nonactivated 
GPR30. Therefore, we addressed each inhibitor separately and 
the possible association between PKA and MEK signaling as the 
cytoplasmic pathways for GPR30 activated by estradiol and G1.
A few studies have recently indicated that PKA is a potential 

intracellular downstream mediator of the GPR30 pathway in non-
gonadotroph cells, mouse trigeminal ganglia [13] and the rat liver 
[14], although the role of PKA is not linked to controlling LH 
secretion. G1, as well as estradiol, increases the current amplitude 
of voltage-gated Na+ channels in human breast cancer cells, and 
a PKA inhibitor can abolish such an effect [26]. Therefore, the 
present data suggested that PKA might be an intracellular mediator 
downstream of GPR30 that induces estradiol-mediated suppression 
of LH secretion from AP cells in a non-genomic manner. Further 
studies are required to clarify the contribution of Na+ channels to 
estradiol’s non-genomic suppression of LH secretion.
Estradiol increases pERK in the ovine AP both in vivo and in 

vitro within 15 min of treatment [7, 15]. The GPR30 antagonist 
G36 inhibits ERK phosphorylation by estrogen in SKBr3 cells [16]. 
Estrogen activates ERK even in ER-negative SKBr3 cells [27]. 
Therefore, the present findings suggest that MEK and pERK could 
be other intracellular mediators downstream of GPR30 that induce 
estradiol-mediated suppression of LH secretion from AP cells via a 
non-genomic mechanism.
Considering the inhibitory effect of estradiol mediated by GPR30 

on pain perception, PKA might be an upstream mediator of MEK 
[28]. In this study, there was no synergistic effect between U0126 
and H89 on the estradiol-mediated suppression of GnRH-induced 
LH secretion. Therefore, PKA could be a downstream mediator of 
GPR30 and an upstream mediator of MEK. However, the effect of 
pretreatment with U0126 alone was weaker against G1-mediated 
suppression than pretreatment with H89 alone or with the combination 
of H89 and U0126. Therefore, there could be another mediator 
downstream of PKA that mediates GPR30 activation. Terasawa 
and Kenealy [29] reported that estradiol affects various pathways in 
GnRH neurons and induces cross-talk between cell surface receptors, 
GPR30 and the nuclear receptors ERα and ERβ. Treatment with 
ERβ-specific ligand (diarylpropionitrile) as well as estradiol and 
G1 was reported to rapidly increase pERK in inflammatory breast 
cancer cell lines [30], suggesting that a combination of ERβ and 
GPR30 is involved in promoting invasion through the activation of 
MEK in the non-genomic signaling pathway. When viewed in the 
context of this recent study, data from the present study suggest that 
GPR30 plays an important role in the suppression of LH secretion 
but that ERα and ERβ could also be involved in inducing the rapid 
suppression of LH secretion.
LH is secreted from the AP into circulating blood in a pulsatile 

manner during most of the estrous cycle [31, 32]. The pulsatile 
secretion of GnRH from the hypothalamus into hypophyseal portal 

blood is the most important factor that controls the parameters of 
pulsatile LH secretion, particularly the LH pulse frequency [33]. 
However, changes in the PKA and MEK pathways in AP cells might 
contribute to other parameters of pulsatile LH secretion, namely, the 
LH amplitude and mean LH concentration [34, 35].
In conclusion, our study supported the hypothesis that PKA and 

MEK are intracellular mediators downstream of GPR30 that induce 
non-genomic suppression of GnRH-induced LH secretion from 
bovine AP cells by estradiol and G1.
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