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ABSTRACT

Pulsatile GnRH (GNRH) differentially regulates LH and FSH
subunit genes, with faster frequencies favoring Lhb transcription
and slower favoring Fshb. Various intracellular pathways
mediate the effects of GNRH, including CaMK II (CAMK2),
ERK, and JNK. We examined whether activation of these
pathways is regulated by GNRH pulse frequency in vivo.
GNRH-deficient rats received GNRH pulses (25 ng i.v. every
30 or 240 min for 8 h, vehicle to controls). Pituitaries were
collected 5 min after the last pulse, bisected, and one half
processed for RNA (to measure beta subunit primary transcripts
[PTs]) and the other for protein. Phosphorylated CAMK2
(phospho-CAMK2), ERK (mitogen-activated protein kinase 1/3
[MAPK1/3], also known as p42 ERK2 and p44 ERK1, respective-
ly), and JNK (MAPK8/9, also known as p46 JNK1 and p54 JNK2,
respectively) were determined by Western blotting. The 30-min
pulses maximally stimulated Lhb PT (8-fold), whereas 240 min
was optimal for Fshb PT (3-fold increase). Both GNRH pulse
frequencies increased phospho-CAMK2 4-fold. Activation of
MAPK1/3 was stimulated by both 30- and 240-min pulses, but
phosphorylation of MAPK3 was significantly greater following
slower GNRH pulses (240 min: 4-fold, 30 min: 2-fold). MAPK8/9
activation was unchanged by pulsatile GNRH in this paradigm,
but as previous results showed that GNRH-induced activation of
MAPK8/9 is delayed, 5 min after GNRH may not be optimal to
observe MAPK8/9 activation. These data show that CAMK2 is
activated by GNRH, but not in a frequency-dependant manner,
whereas MAPK3 is maximally stimulated by slow-frequency
GNRH pulses. Thus, the ERK response to slow pulse frequency is
part of the mechanisms mediating Fhb transcriptional responses
to GNRH.

CaMKII, ERK, follicle-stimulating hormone, follistatin, GNRH,
gonadotropin-releasing hormone, gonadotropins, JNK, luteinizing
hormone, signal transduction

INTRODUCTION

Luteinizing hormone and FSH are dimeric protein hormones
composed of a common glycoprotein a subunit (CGA) and a

unique b subunit [1]. The gonadotropin subunit genes are
regulated by the hypothalamus in both a coordinate and
differential manner, primarily by the decapeptide GNRH that is
released in a pulsatile manner. GNRH differentially regulates
subunit mRNA synthesis via changes in pulse frequency, with
faster-intermediate GNRH pulse frequencies (8- to 60-min
pulse intervals) favoring Cga and Lhb and slower-frequency
pulses (�120-min pulse intervals) favoring Fshb [2].

The intracellular mechanisms by which GNRH pulse
frequency differentially regulates gonadotropin b subunit
transcription are not well understood. The GNRH receptor
(GNRHR) is a member of the seven-transmembrane receptor
family [3, 4], which activates several members of the G protein
family, including G

q
and G

11
[5, 6]. Activated G

q
stimulates

phospholipase C, resulting in increased inositol 1,4,5,-triphos-
phate (IP

3
), elevated diacylglycerol levels, and activation of

protein kinase C (PKC) [6–8]. GNRHR binding also stimulates
a transient increase in intracellular calcium (Ca2þ), derived
from IP

3
-induced release of Ca2þ from intracellular storage

pools, and from influx via L-type voltage-gated calcium
channels, which subsequently stimulates the activation of
several signal transduction pathways [7, 9].

Previous studies reveal that an increase in intracellular
calcium is essential for GNRH modulation of gonadotropin
subunit gene expression, as Ca2þ channel blockade completely
prevents the increases in subunit mRNAs in response to GNRH
in rat pituitary cells [10] and rat Lhb promoter activity in LbT2
cells [11]. Our group showed that intermittent changes in
intracellular Ca2þ are more effective in stimulating subunit
mRNAs than continuous Ca2þ influx [10, 12]. Also similar to
GNRH, Ca2þ pulse frequency differentially regulates subunit
transcription, with rapid-intermediate frequency selectively
stimulating Lhb and slower-frequency pulses being optimal
for Fshb [12, 13].

Evidence derived from various cell types reveals that
intracellular calcium signals are transduced, in part, via
calcium/calmodulin-dependent kinase II (CAMK2). CAMK2
is a multimeric enzyme of 8–12 subunits composed of one or
more isoforms (a, b, c, or d) [14], with the a (54-kDa) and b
(60-kDa) isoforms being predominate in the brain. In its
inactive state, the CAMK2 autoinhibitory domain sequesters
the catalytic region. When intracellular Ca2þ concentrations
increase, Ca2þ binds calmodulin (CALM1), and the Ca2þ/
CALM1 complex can then bind the autoregulatory region of
CAMK2, unmasking the catalytic domain leading to phos-
phorylation of numerous target substrates. In addition,
activated subunits autophosphorylate a threonine residue
(T286) on an adjacent subunit within the holoenzyme. This
event increases the affinity of the enzyme for Ca2þ/CALM1
and prevents the autoinhibitory domain from reassociating with
the kinase domain, resulting in Ca2þ/CALM1-independent
kinase activity and amplification of the original Ca2þ signal.
The autophosphorylation nature of CAMK2 is thought to be
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important in transmitting Ca2þ pulse frequency and amplitude
signals, as fast and high-amplitude Ca2þ influxes result in
greater and/or sustained Ca2þ/CALM1 levels, increasing the
magnitude of CAMK2 autophosphorylation and Ca2þ/
CALM1-independent kinase activity [15].

We have reported that GNRH induces a rapid and transient
increase in CAMK2 activation following a single pulse, and
treatment with a CaMK inhibitor completely blocks GNRH-
induced increases in a subunit transcription or promoter
activity, and partially blocks those of Lhb and Fshb [16, 17].
In addition to CAMK2, other investigations showed that
members of the mitogen-activated protein kinase (MAPK)
pathway are important in transmitting GNRH signals within
the gonadotrope. GNRH stimulates activation of MAPK
family members ERK (MAPK1/3), JNK (MAPK8/9), and p38
(MAPK11/12/13/14) [2, 4, 8]. GNRH-induced MAPK1/3
activation is mediated via both PKC-dependent and indepen-
dent mechanisms, resulting in the subsequent activation of
several transcription factors (i.e., FOS, JUN, and ELK1) that
appear to play important roles in gonadotropin subunit gene
transcription [2, 18]. We have previously reported that GNRH
pulses are more effective than continuous GNRH in
sustaining pituitary MAPK1/3 activation in male rats, that
MAPK1/3 phosphorylation is greater following slow-frequen-
cy GNRH pulses, and that blocking MAPK1/3 activation
suppresses Cga and Fshb mRNA responses to GNRH [19].
The observation that ERK blockade has no effect on GNRH-
induced Lhb mRNA or promoter activity [11] suggests that
Lhb transcription is driven via a distinct intracellular
pathway(s).

GNRH also stimulates the MAPK8/9 pathway via activation
of cSrc (SRC) and CDC42 [20, 21]. GNRH-induced MAPK8/9
activation results in increased expression and phosphorylation
of JUN [22, 23] and increased ATF3 expression [22].
Furthermore, we have recently reported that blocking JNK
activation completely prevented the GNRH-induced increase in
Lhb transcription in perifused rat pituitary cells [23]. Of
interest, MAPK8/9 also appears to regulate basal Fshb
transcription, since blocking activation suppresses basal Fshb
primary transcript (PT) levels by half but has no effect on the
magnitude of GNRH-stimulated Fshb PT responses [23].

The purpose of the present study was to investigate whether
GNRH pulse frequency differentially regulates CAMK2,
MAPK8/9, or MAPK1/3 activation in normal rat pituitaries,
and whether those changes are correlated with alterations in
Lhb and Fshb subunit gene transcription.

MATERIALS AND METHODS

Rat In Vivo Studies

Adult (225–250 g) male Sprague-Dawley rats (Harlan Sprague Dawley
Inc., Indianapolis, IN) were used for all experiments. Rats were housed in a
light-controlled (lights on 0500–1700 h) and temperature-controlled (258C)
room and allowed access to food and water ad libitum. All surgeries were
performed under isoflurane (2.5% isoflurane, balance O

2
; ISO-THESIA; Vetus

Animal Heath; Burns Veterinary Supply Inc., Westbury, NY) anesthesia. At the
completion of experiments, rats were euthanized by decapitation under
anesthesia. The University of Virginia Animal Care and Use Committee
approved the animal experimentation described within this report.

To study the effects of GNRH pulse frequency, we used a GNRH-deficient
(castrate þ testosterone [TE]-replaced] male rat model. Rats were castrated, and
two 20-mm TE-containing silastic implants were inserted s.c. (serum TE levels
were 4–5 ng/ml, 24 h postimplantation insertion), as previously described [24].
An indwelling right jugular cannula was also inserted at the time of castration
for i.v. GNRH administration. All experiments began 24 h after castration. Rats
(n¼ 6–7 per group) were pulsed with 25-ng GNRH pulses (in 0.25 ml of 0.9%
saline/0.1% BSA) either every 30 or 240 min for 8 h (for a total of 17 or 3
GNRH pulses, respectively). Controls were pulsed with vehicle only. Animals

were killed 5 min after the last pulse, based on previous data in rats showing
that phosphorylated CAMK2 (phospho-CAMK2), phospho-MAPK1/3, and b
subunit PT responses to GNRH are maximal 5 min after a pulse [16, 19, 25].
Recent findings also reveal that GNRH simulates a significant (50%) increase
in phospho-MAPK8/9 at 5 min after the pulse, although maximal increases are
seen 15 min after GNRH [23]. Pituitaries were collected, bisected, and then half
processed immediately for protein and the other half snap frozen in liquid
nitrogen and stored at �708C until RNA was extracted.

RNA Preparation and Measurement of Gonadotropin Lhb
and Fshb Transcription and Follistatin mRNA

Total pituitary RNA was extracted using the acid guanidinium method [26].
Residual genomic DNA was removed by treatment with 1 unit RNase Free
DNase I/lg RNA (Roche Molecular Biochemicals, Indianapolis, IN) at 378C
for 1 h. RNA preparations were confirmed to be DNA free by PCR in the
absence of a preceding RT reaction. Lhb and Fshb PTs were measured by
quantitative RT-PCR assays as previously described [27]. Follistatin (Fst)
mRNA was measured by quantitative real-time PCR using primers previously
described [28]. For real-time PCR, 1 lg RNA/sample was reverse transcribed in
20 ll containing: 50 mM Tris HCl, pH 8.3; 75 mM KCl; 3 mM MgCl

2
; 10 mM

dithiothreitol; 0.5 mM each dATP, dCTP, dTTP, and dGTP (dNTPs; Promega,
Madison, WI); 150 ng random hexamers (Roche Applied Science, Indianapolis,
IN); 200 units Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA);
and 40 units RNase Inhibitor (Roche Applied Science). Reverse transcription
conditions were 10 min at 258C, 42 min at 428C, and 15 min at 708C.
Quantitative real-time PCR was conducted on an iCycler instrument (Bio-Rad,
Hercules, CA). For Fst mRNA, 25 ng RNA equivalent was used per reaction.
Each 30-ll reaction contained: 10 mM Tris HCl, pH 8.3; 50 mM KCl; 3 mM
MgCl

2
, 0.3 lM each forward and reverse primers; 0.3 mM dNTPs; 1 unit TAQ

DNA polymerase (Jump Start, Sigma, St. Louis, MO); 6 nM Fluorescein
Calibration Dye (Bio-Rad); 0.163 SYBR Green I Dye (Molecular Probes,
Invitrogen); and 3% dimethyl sulfoxide (v/v). Polymerase chain reaction
conditions were 1 cycle of 958C for 2 min, followed by 45 cycles of 948C for
15 sec, 618C for 30 sec, and 728C for 30 sec. To confirm amplification of a
single product, PCR amplification was followed by melt curve analysis. Each
sample was measured against a standard curve of Fst cDNA in pGEM4 [28] at
105 to 10�2 fg plasmid in 1:10 dilutions. All samples and standards were
measures in triplicate in the same assay to avoid interassay variablilty. Mean
intraassay coefficient of variation was 12.4%.

Pituitary Protein Preparation/Western Immunoblot Assays

For protein isolation, hemipituitaries were homogenized in tissue lysis
buffer containing: 50 mM HEPES, 100 mM NaCl, 2 mM EDTA, 1% Nonidet
P-40, and protease and phosphatase inhibitor cocktails (P8340 and P5726,
respectively, with stocks considered 1003; Sigma). Pituitary protein lysates
were resolved by 10% SDS-PAGE electrophoresis and then transferred to
nitrocellulose filters. For CAMK2, 100 lg pituitary protein was required per
sample. For phospho-CAMK2, the primary antibody (rabbit) was obtained
from Promega; this antibody recognizes both the 50-kDa a subunits and the 60-
kDa b subunits autophosphorylated on threonine 286 (pT286). The secondary
antibody was horseradish peroxidase-conjugated goat anti-rabbit (Millipore,
Billerica, MA). Immunoactivity was detected using SuperSignal West Dura
chemiluminescent system (Pierce, Rockville, IL), followed by autoradiography.
Protein bands were quantified by densitometry using TotalLab Software
(Amersham Biosciences, Piscataway, NJ). Following phospho-CAMK2
determination, filters were stripped (0.4 M glycine, 0.2% SDS, 2% Tween-
20, pH 2.2) 23 for 30 min and reprobed for total CAMK2 (t-CAMK2). This
rabbit anti-CAMK2 antibody (Cell Signaling Technology) detects only the 50-
kDa a subunit. Last, as a protein loading control, blots were reprobed for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 37 kDa; Santa Cruz
Biotechnology, Santa Cruz, CA).

Immunoblot assays for ERK and JNK were conducted similarly, but
required only 30 lg protein per sample. All primary antibodies for phospho-
JNK, t-JNK, phospho-ERK, and t-ERK were obtained from Cell Signaling
Technology. The antibodies (phosphorylated and total) for JNK (MAPK8/9)
recognize the p46 and p54 isoforms, and the antibodies for ERK (MAPK1/3)
recognize both the p42 and p44 isoforms. The antibodies for activated JNK and
ERK recognize the dually phosphorylated forms.

Analysis

All data were examined by ANOVA. Significant differences (P , 0.05)
were determined posthoc by Duncan Multiple Range test. Prior to analyses, all
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measurements were transformed to the logarithmic scale to attain equal

variation among treatments.

RESULTS

The effects of GNRH pulse frequency on Lhb and Fshb
subunit transcription and Fst mRNA are shown in Figure 1.
Similar to our previous studies, GNRH pulses every 30 min
produced maximal effects on Lhb transcription, increasing Lhb
PT 8.6-fold (P , 0.05 vs. controls). GNRH pulses every 240
min also increased Lhb PT, but to a lesser degree (3-fold vs.
controls, P , 0.05). Both 30-min and 240-min GNRH pulse
intervals increased Fshb PT 2- and 3-fold, respectively (P ,
0.05 vs. controls). We previously observed that both fast and
slow GNRH pulse frequencies increase Fshb PT initially, but

that sustained increases in Fshb transcription (8–24 h) required
slow-frequency GNRH pulses, which do not simulate pituitary
Fst expression [24]. In this study, we also found that 8 h of
slow-frequency GNRH pulses reduced Fst mRNA (30% of
controls, P , 0.05), whereas fast-frequency GNRH pulses
increased Fst mRNA 14-fold (P , 0.05 vs. controls).

To determine whether the differential effects of GNRH
pulse frequency on Lhb and Fshb transcription are mediated by
changes in specific intracellular signaling pathways, we
examined the activation of CAMK2, MAPK8/9, and
MAPK1/3. Pituitary CAMK2 phosphorylation in control rats
was barely detectable (Fig. 2), but GNRH pulses increased
phospho-CAMK2 4-fold (P , 0.05), similarly after both
GNRH pulse frequencies. Total CAMK2 was not altered by
GNRH treatment.

The activation of MAPK8/9 in response to GNRH pulse
frequency is presented in Figure 3. GNRH had no effect on
MAPK8 phosphorylation. Phosphorylation of MAPK9 tended
to increase by 1.5-fold with both GNRH pulse frequencies. In a
recent report [23], we also found that phospho-MAPK8/9
increased by 1.5-fold (P , 0.05 vs. controls) 5 min after a
GNRH pulse and peaked at 15 min (3-fold increase). The
magnitude of the MAPK9 activation in response to GNRH in
the present study was similar to those found previously;
however, the increase was not significant. Thus, the timing of
sampling may not be optimal for observing MAPK8/9
phosphorylation in this study.

As shown in Figure 4, pulsatile GNRH stimulated the
activation of both MAPK1 and MAPK3; however, responses to
pulse frequency differed. Specifically, MAPK1 increased by 2-
fold (P , 0.05 vs. controls) after both GNRH pulse

FIG. 1. The effect of GNRH pulse frequency on Lhb and Fshb PTs and Fst
mRNA. The b subunit PTs and Fst mRNA levels were measured in pituitary
RNA from male rats that had been pulsed with GNRH every 30 min or 240
min for 8 h. Rats were euthanized and pituitaries collected 5 min after the
last pulse. All data are presented as percentage (6SEM) of controls (n¼6–
7 per group). Means with different letters are significantly different (P ,

0.05). Control means were: 47.0 6 7.5 fg competitor RNA/100 ng RNA
for Fshb PT, and 96.2 6 10.5 fg competitor RNA/100 ng RNA for Lhb PT
and 12.7 6 1.0 fg plasmid/100 ng RNA for Fst mRNA.

FIG. 2. The effects of GNRH pulse frequency on autophosphorylated
CAMK2 and total CAMK2. Top: Representative Western blots of pituitary
protein from male rats pulsed with GNRH every 30 min or 240 min for 8 h
(n ¼ 3 from a total of 6–7 per group). Blots were immunostained for
autophosphorylated (phospho) CAMK2, total CAMK2, and GAPDH.
Protein amounts are 100 lg/lane. Bottom: Changes in CAMK2 phosphor-
ylation and total CAMK2 were quantified by densitometry normalized to
GAPDH for protein loading and expressed as percentage of 0 h (6SEM)
controls. Points with different letters are significantly different (P , 0.05).
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frequencies. In contrast, MAPK3 phosphorylation was maxi-
mally stimulated (4-fold) by slower (240-min) pulses of GNRH
(P , 0.05 vs. control and 30-min pulse groups). Similar to
results noted for CAMK2 and MAPK8/9, GNRH pulse
frequency did not alter total MAPK1/3 content.

DISCUSSION

The present study extends earlier work that fast-frequency
GNRH pulses favor Lhb transcription and that slow-frequency
pulses favor Fshb transcription through mechanisms that
involve suppressing pituitary Fst expression and increased
ERK activation. This study also demonstrates that pulsatile
GNRH increases pituitary CAMK2 autophosphorylation 4-
fold, regardless of pulse frequency.

We previously showed that the frequency of Ca2þ signals
could mimic the effects of pulsatile GNRH on gonadotropin
subunit gene transcription [13]. However, the pathways that
encode GNRH/Ca2þ frequency information have not been fully
deduced. In rat lactotropes and GH3 cells, CAMK2 mediates
TRH-induced prolactin secretion via activation of voltage-
gated calcium channels [29, 30]. Also, we reported that
inhibition of CAMK2 activation using KN93 partially
suppressed GNRH-induced increases in Lhb and Fshb PTs in
rat pituitary cells, as well as Cga and Lhb promoter activity in
gonadotrope-derived LbT2 cells [16, 17]. Based on those
findings, we hypothesized that alterations in GNRH pulse
frequency, and hence changes in intracellular Ca2þ pulse
frequency, may be encoded via Ca/CAMK2 activity. However,
these results showed that CAMK2 autophosphorylation was
increased to a similar degree by either rapid (30-min) or slow
(240-min) GNRH pulse intervals. This observation does not
exclude a potential role for CAMK2 in the transmission of

GNRH frequency signals within the gonadotrope, but suggests
that CAMK2 is not the only mechanism involved in frequency
regulation.

Following a single GNRH pulse, either in vivo in rats or in
LbT2 cells, maximal (4- to 5-fold) increases in CAMK2
autophosphorylation occur within 2–5 min [16, 17]. The rapid
onset and short half-life of CAMK2 responses to GNRH [16]
make this pathway a potential mediator of intracellular
frequency signaling. In the present study, we observed a
similar (4-fold) increase at the end of 8 h of pulsatile treatment,
suggesting that the magnitude of CAMK2 responses to
pulsatile GNRH (fast or slow) are sustained for at least 8 h.
However, CAMK2 autophosphorylation is an indicator of
Ca2þ/CALM1 independent activity of the enzyme, not kinase
activity. Our previous report [16] suggests that the half-life of
pituitary CAMK2 activity following a single GNRH pulse is
between 15 and 45 min. Thus gonadotropes receiving GNRH
pulses every 30 min may experience elevated CAMK2 kinase
activity almost continuously, whereas gonadotropes subjected
to slow-frequency GNRH pulses would experience only
episodic increases.

CAMK2 is ubiquitous and has many target substrates,
including serum response factor (SRF), members of the Ets
transcription factor family, cAMP response element-binding
protein (CREB), and others [31]. Little is known about the
regulation of the substrates of CAMK2 in the gonadotrope, but
several important players in gonadotropin b subunit gene
regulation, such as EGR1, are potential targets. GNRH-
sensitive regions of the Egr1 promoter contain several SRF-
binding elements, Ets, and CREB-binding sites. Also, the
CAMK2 blocker, KN62, partially suppresses GNRH induction
of Egr1 promoter activity in aT3 cells [32]. Further research is
needed to determine the downstream target proteins/genes that

FIG. 3. The effects of GNRH pulse fre-
quency on JNK activation. Top: Represen-
tative Western blots of pituitary protein from
male rats pulsed with GNRH every 30 min
or 240 min for 8 h (n ¼ 3 from a total of 6–7
per group). Blots were immunostained for
dually phosphorylated (phospho) MAPK8/9,
total MAPK8/9, and GAPDH. Protein
amounts are 30 lg/lane. Bottom: Changes
in phosphorylated and total MAPK8/9 were
quantified by densitometry normalized to
GAPDH for protein loading and expressed
as percentage of 0 h (6SEM) controls. The
MAPK8/9 isoforms (p46 and p54, respec-
tively) were analyzed independently.
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are stimulated by GNRH pulse activation of CAMK2, as well
as how these proteins/genes respond (e.g., activation state and
protein and/or mRNA expression) to fast vs. slow intermittent
increases in CAMK2 within gonadotrope cells.

Activation of ERK by GNRH is well established, is
mediated via both PKC-dependent and independent mecha-
nisms, and results in the phosphorylation and/or activation of a
number of transcription factors (i.e., FOS, JUN, the Ets protein
ELK1, and EGR1) that are important for b subunit transcrip-
tion [2, 18]. We have previously reported that a single i.v.
GNRH pulse in male rats induces a rapid (within 4 min) and
sustained (�30 min) increase in MAPK1/3 phosphorylation
[19]. Furthermore, MAPK1/3 activation responses are pro-
longed following GNRH pulses vs. continuous GNRH, and are
sustained more effectively by slower GNRH pulses (120-min
pulse interval) than faster pulse frequencies (30- or 60-min
intervals). The present results are consistent with those
findings, where we found that a slower GNRH pulse interval
(240 min) maximally stimulated ERK activation, specifically
MAPK3, to a greater extent than GNRH pulses every 30 min.

The observation that GNRH preferentially activates
MAPK3 (also known as ERK1) has been reported previously
in aT3 and LbT2 cells [33, 34]. Also, GNRH-induced
activation of MAPK3 phosphorylation (relative to MAPK1)
is more sensitive to PKC levels, external Ca2þ levels, and SRC
inhibition in LbT2 cells [34]. However, the finding that GNRH
pulse pattern selectively regulates MAPK3 is a novel
observation. Slow GNRH pulse frequencies maximally stim-
ulate Fshb and Gnrhr gene transcription, and we have
previously shown that treatment of rat pituitary cultures with
the MAP2K1 (also known as MEK1) inhibitor PD098059 (PD)
abrogate the GNRH-induced increases in Fshb and Gnrhr
mRNAs, but not Lhb mRNA [19]. Similarly, Weck et al. [11]

also reported that PD had no effect on GNRH induced Lhb
transgene expression in cultured mouse pituitary cells.

Differential effects of GNRH pulse frequency on MAPK1/3
phosphorylation have also been shown in gonadotrope-derived
cell lines. Kanasaki et al. [35] found that in perifused LbT2
cells, both fast- and slow-frequency GNRH pulses (30- or 120-
min interpulse intervals, respectively) increase MAPK1/3
phosphorylation to the same magnitude (2.5- to 3-fold), but
with different time courses. Fast-frequency GNRH pulses
increase phospho-MAPK1/3 maximally 10 min after pulse,
with a duration of 20–30 min, whereas slow-frequency GNRH
pulses increased phospho-MAPK1/3 maximally at 5 min and
for a longer duration (40–50 min after pulse). These data
dovetail well with the present results, where we found that 5
min after the last GNRH pulse, MAPK1/3 phosphorylation was
elevated by both GNRH pulse frequencies, but maximal
increases occurred after 240-min pulses. Kanasaki et al. [35]
also found that fast-frequency GNRH pulses preferentially
stimulated rat Lhb promoter activity, whereas slow GNRH
pulses stimulated rat Fshb promoter activity, and GNRH-
induced activity of both promoters was blocked by the
MAP2K1 inhibitor U0126. The sensitivity of GNRH-induced
Fshb transcriptional activity to MAP2K1 blockade in both
primary cells or gonadotrope-derived cell lines has been
confirmed by others [19, 34, 38], but the regulation of Lhb is
mixed, with several reports in cell lines indicating that Lhb
promoter activity is MAPK1/3 dependent [20, 34, 37, 39],
whereas in primary cells, transgenic mice, and others it is not
[11, 19, 36].

GNRH also increases activation of the JNK arm of the
MAPK signaling cascade both in vivo and in vitro [20, 23, 34,
37]. In contrast to PKC-dependent MAPK1/3 signaling,
MAPKs 8 and 9 are activated via SRC and CDC42 [21, 34,

FIG. 4. The effects of GNRH pulse fre-
quency on ERK activation. Top: Represen-
tative Western blots of pituitary protein from
male rats pulsed with GNRH every 30 min
or 240 min for 8 h (n ¼ 3 from a total of 6–7
per group). Blots were immunostained for
dually phosphorylated (phospho) MAPK1/3,
total MAPK1/3, and GAPDH. Protein
amounts are 30 lg/lane. Bottom: Changes
in phosphorylated and total MAPK1/3 were
quantified by densitometry normalized to
GAPDH for protein loading and expressed
as percentage of 0 h (6SEM) controls. The
MAPK1/3 isoforms (p42 and p44, respec-
tively) were analyzed independently.
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40]. We previously found that a single GNRH pulse in vivo
stimulates MAPK8/9 phosphorylation within 5 min, but is not
maximal until 15 min after GNRH [23]. Furthermore, in
gonadotrope-derived cell lines, MAPK8/9 activation by GNRH
is delayed compared with MAPK1/3 activation, and it does not
peak until 30 min after initiation of GNRH treatment [20, 34,
36, 37]. In an effort to optimize experimental design to assess
several pathways in this study, we collected pituitaries 5 min
after the last GNRH pulse. Although MAPK8 tended to
respond to GNRH to a degree similar to that seen in our
previous study (1.5-fold), the increase was not significant.
This, however, does not mean that MAPK8/9 activation is not
important for GNRH-induced b subunit gene transcription.
Recently, we reported that blocking MAPK8/9 signaling with
SP600125 in perifused rat pituitary cells completely abrogated
the GNRH-induced increases in Lhb PT in response to 60-min
pulses of GNRH, and suppressed both basal and GNRH-
induced Fshb PT by 50% [23]. We also found in LbT2 cells
that the GNRH-induced increase in rat Lhb promoter activity
was blocked by 80% when cells were cotransfected with
dominant negatives for the MAPK8/9-activating kinases,
MAP2K4 (also known as MKK4) and/or MAP2K7 (also
known as MKK7) [23]. Similarly, in LbT2 cells, GNRH
actions on a rat Lhb promoter/reporter were suppressed by
cotransfecting with dominant negatives for either JNK or JUN
[36]. Still other investigators report that GNRH stimulation of
an ovine Fshb promoter/reporter was reduced almost 50%
when cotransfected with dominant negatives for CDC42 or
JNK [34].

In conclusion, the present study demonstrates that phospho-
CAMK2 is upregulated 4-fold by GNRH, but not in a
frequency-dependent manner. Also, MAPK3 activation is
maximally stimulated by slow-frequency GNRH pulses and
is correlated with increased Fshb transcription and suppressed
Fst mRNA. Thus, the phospho-MAPK1/3 response coupled
with changes in pituitary FST levels, and hence bioavailable
activin, likely play significant roles in mediating Fshb
transcriptional responses to slower GNRH pulse intervals.
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