
Abstract 
 
SHAFIEE-KERMANI, FARIDEH.  Chronic Gonadotropin-Releasing Hormone (GnRH) 
Inhibits Activin Induction of the Ovine Follicle Stimulating Hormone Beta-Subunit 
(oFSHβ): Involvement of cAMP Response Element Binding Protein (CREB) and Nitric 
Oxide Synthase Type I (NOSI). (Under the direction of Dr. William L. Miller.) 
 

       Follicle stimulating hormone (FSH) is necessary for folliculogenesis and is important 

for spermatogenesis.  It is induced by activin and modulated by GnRH through its β-

subunit (FSHβ).  Activin induces FSHβ, but GnRH that is released from the 

hypothalamus in a pulsatile manner induces and inhibits FSHβ based on its pulse 

amplitude and frequency.  This study focuses on GnRH-mediated inhibition of activin-

induced expression of FSHβ.  Activin-treated primary murine pituitary cultures robustly 

express mut-oFSHβLuc-∆AP1, a luciferase transgene driven by 4.7 kb of the ovine FSHβ 

promoter. This promoter lacks two GnRH inducible AP-1 sites making it easier to 

observe GnRH mediated inhibition.  Luciferase activity of this transgene was decreased 

94% by 100 nM GnRH with an IC50 of 10-10 M and t½ of 4 h.  The expression of 

follistatin that can inhibit activin was not increased by GnRH.  Activators of cAMP and 

PKC such as forskolin and phorbol 12-myristate 13-acetate (PMA), respectively, 

mimicked the GnRH inhibitory effect.  Kinetic studies of wild type oFSHβLuc in 

transformed gonadotropes, LβT2, showed a continuous induction by activin (5.5 fold) 

over 20 h.  The induction by activin, up to 6 h, was not affected by GnRH, but was 

completely blocked thereafter.  Cyclic AMP response element binding protein (CREB) 

was implicated in this inhibition because overexpression of its constitutively active 

mutant mimicked the inhibitory effect of GnRH and its inhibitor (ICERII) reversed the 

inhibition caused by GnRH, forskolin and PMA in LβT2 cells.  In addition, GnRH, 



forskolin or PMA increased the expression of a CREB responsive promoter 6xCRE-Luc.  

Interstingly, inhibition of nitric oxide type I (NOSI) by 7-nitroindazole also reversed 

GnRH-mediated inhibition of wt-oFSHβLuc by 60%.  It is known that GnRH and CREB 

induce expression of NOSI in gonadotropes and brain cortical cells, respectively.  These 

data support the hypothesis that GnRH can inhibit activin-induced oFSHβ expression by 

sequential activation of CREB and NOSI through cAMP and/or PKC pathway. 
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Literature Review 

 

Follicle stimulating hormone and its regulators 

       Follicle stimulating hormone, FSH, is absolutely necessary for egg maturation and 

female fertility.  Female mice that do not make FSH are infertile due to a complete arrest 

at early stages of egg maturation (1).  Similarly, an inactivating point mutation in the 

FSH receptor gene causes female infertility in humans, a condition called 

hypergonadotropic ovarian dysgenesis (2).  However, FSH-deficient male mice are fertile 

in spite of their lower sperm count and reduced testes size.  In humans, males 

homozygous for the inactivating point mutation of the FSH receptor show variable 

suppression of spermatogenesis and fertility.  The difference between the female and 

male responses could be explained by the fact that FSH and testosterone have an apparent 

synergistic effect on spermatogenesis and the absence of either hormone can be partially 

compensated by the presence of the other hormone (1, 3). 

      Pituitary FSH and luteinizing hormone, LH, belong to the family of glycoprotein 

hormones. These hormones are closely related in structure and each consists of two 

subunits (α and β).  Each subunit is glycosylated at specific amino acids and is internally 

cross-linked by disulfide bonds.  Both, LH and FSH, share a common α-subunit that is 

noncovalently associated with its unique β-subunit that confers hormonal specificity.  

Synthesis of FSHβ is rate limiting to overall production of biologically active FSH. 

Therefore, regulation of FSHβ has been the focus of this study (4-6).   

         In mammals, the reproductive axis is controlled by hormones from the 

hypothalamus, pituitary, and gonads.  Neurosecretory cells from the hypothalamus 
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produce gonadotropin releasing hormone (GnRH), which is released in a pulsatile fashion 

into the anterior pituitary to stimulate gonadotropes.  In response to GnRH, gonadotropes 

synthesize and release FSH and LH.  In male gonads, LH stimulates interstitial cells to 

produce testosterone that in combination with FSH stimulates spermatogenesis (sperm 

production) and sertoli cells that mature the sperm.  The increased testosterone can then 

change the expression levels of gonadotropin subunit genes (α, LHβ, and FSHβ) by 

feedback effects on the hypothalamus or pituitary.  In female gonads, FSH causes egg 

maturation (folliculogenesis) and LH causes the follicle to burst that leads to egg release.  

Growing follicles produce estrogen and ruptured follicles that are converted to corpus 

luteum produce estrogen and progesterone.  These two hormones can also affect the 

hypothalamus and pituitary gland to alter gonadotropin gene expression (7, 8). 

        Studies have shown that, unlike LH, FSH production and secretion are not solely 

dependent on GnRH, but it is also regulated by paracrine/autocrine factors within the 

pituitary gland.  This was evidenced by in vivo studies that showed anti-GnRH antibodies 

or GnRH antagonists did not dramatically change serum FSH levels while LH levels 

were reduced 50%.  Also, abrupt withdrawal of activin from ovariectomized rats 

decreased FSH serum levels by 50-60% within 4-5 h while withdrawal of GnRH from 

castrated male rats decreased serum FSH by 50% within 12 h (9, 10, 11).  In addition, 

studies have shown that cultured pituitary cells can produce and secrete FSH without 

stimulation by exogenous activators and addition of follistatin that incapacitates activin 

can inhibit FSH synthesis (12, 13).  These autocrine/paracrine effectors of FSHβ gene 

expression are divided into two groups, activators and inhibitors.  Activins and bone 
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morphogenetic proteins, BMPs, are activators; inhibin and follistatin are inhibitors of 

FSHβ expression (14, 15, 16, 17). 

 

Primary and transformed gonadotropes   

      Gonadotropes are located in the anterior pituitary and make up 3-10% of total 

pituitary cells (18).  The majority of pituitary cells are comprised of somatotropes, 

lactotropes, adrenocorticotropes, folliculostellets and other cell types yet to be 

characterized.  This heterogeneity of pituitary cell cultures has limited the study of 

different effectors of gonadotropes and their signaling pathways.  Thus, Pamela Mellon 

(19, 20) purposefully developed a gonadotrope cell line by targeted expression of a 

transforming gene into mouse gonadotropes.  This murine cell line was named LβT2.  

These cells are derived from pituitary tumors of transgenic mice carrying the LHβ 

promoter linked to the oncogenic SV40 large T-antigen.  These cells provide a 

homogeneous gonadotrope cell line (19, 20) that can overcome the limitations caused by 

heterogeneity of primary pituitary cultures.  These cells express FSHβ in the presence of 

activin, and since it is possible to transiently transfect them, they are especially useful for 

studying signaling pathways involved in regulation of FSHβ (21, 22).  In addition, since 

they are homogeneous gonadotropes, they provide strong evidence that the effect of 

hormones on the FSHβ promoter are not caused by activation of the factors from other 

cell types that are surrounding gonadotropes in pimary pituitary cell cultures (paracrine 

effect).   

 

 



 4

Transgenic technique 

      Another useful tool for studying regulation of FSHβ is mice carrying FSHβ promoter-

reporter transgenes.  Cloned reporter plasmids consist of the ovine FSHβ promoter from -

4741 bp to +759 bp linked to a luciferase gene (wt-oFSHβLuc) and its mutant version 

(mut-oFSHβLuc-ΔAP1) that had two mutations at -120 bp and -83 bp.  These two sites 

were proven to be necessary for induction of oFSHβLuc by GnRH in pituitary cultures of 

transgenic mice.  Both transgenes were specifically expressed in gonadotropes of 

transgenic mice where they were expressed and regulated just like mouse endogenous 

FSHβ (12, 13). 

 

Activin  

       Activins are major activators of the FSHβ gene in vivo and vitro.  Activins belong to 

the transforming growth factor β (TGF-β) superfamily that also includes BMPs, 

Müllerian inhibiting substance (MIS), and growth and differentiation factor (GDF) (23, 

24, 25, 26).  Originally, activins were found in gonads acting mainly in the gonadal 

pituitary axis since they were capable of inducing FSH synthesis and secretion.  Later, it 

was shown that activins are produced in different tissues including the pituitary gland and 

can act as autocrine/paracrine factor as well (26).  Activin is involved in many different 

biological processes including cell proliferation, neuronal survival, erythropoiesis, and 

early embryonic development.  A biologically active activin is a disulfide-linked dimer of 

two highly related β-subunits (βA, βB), resulting in three possible molecular species: 

activin A (βA-βA), activin B (βB, βB), or activin AB (βA, βB).  Three other forms of β-

subunits have been cloned (βC, βD, βE), but assembly of these subunits into active 
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dimers has not been demonstrated yet.  Activin B is predominantly expressed in rat 

gonadotropes, but activin A is present in human pituitaries, mainly in somatotropes (27, 

28).  Activin AB and B are also potent inducers of FSH synthesis/secretion in rat pituitary 

cell cultures.  However, most of the activin studies have been done using activin A 

because it is the most active one and is produced in significant amounts by recombinant 

means (29, 30).   

      Activin signals through two single membrane spanning serine/threonine kinase 

receptors that are classified as type I and type II based on their structure and function.  

The type II receptor is involved in initial ligand binding, which then recruits and activates 

the type I receptor to propagate the signal downstream (31).  Two activin type II 

receptors (ActR-II & ActR-IIB) and two activin type I receptors (ActR-I & ActR-IB) 

have been isolated from pituitary cells (32, 33, 34, 35).  However, ActR-II mRNA is 

expressed in gonadotropes, providing evidence for ActR-II being the mediator of activin 

stimulation of FSH synthesis.  Furthermore, ActRII knock out mice had dramatically 

reduced FSHβ expression (25).    

 

Follistatin 

      Follistatin is a monomeric glycoprotein expressed in many tissues.  As an 

autocrine/paracrine factor, follistatin neutralizes activin and other TGF-β family members 

such as BMP-4 and BMP-7 by binding to and inhibiting them from binding to their 

cognate receptors (36-38).  There are two bioactive forms of follistatin, FS-315 (315 

amino acids) and FS-288 (288 amino acids) that are produced by alternative mRNA 

splicing (39).  Both, FS-315 and FS-288 have a similar affinity for activin, but FS-288 
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that has a truncated carboxyl-terminal is more potent than FS-315 in suppressing FSH 

release (40-42).  The higher potency of FS-288 might be due to its higher ability to bind 

to heparan sulfate side chains of proteoglycans on the cell surface that causes activin/FS-

288 complex to be ingested by endocytotic action leading to increased degradation of 

activin by lysosomal enzymes (42).  

 

GnRH 

       Since the discovery of porcine hypothalamic GnRH in 1971 by Matsuo et al. (43), 16 

different forms of GnRH have been discovered in vertebrates.  All of these are 

decapeptides that are closely related structures with, at least, 50% sequence identity.   

These decapeptides have been named according to the first species from which they were 

isolated and, at least, two of them coexist in the central nervous system (CNS) of each 

species (45).  The hypothalamic mammalian GnRH, which acts on gonadotropes 

(mGnRH or GnRHI) and is the most well studied among these peptides, is referred to 

here and in mammalian reproductive literatures as “GnRH”.  In humans, the gene 

encoding GnRH is located on chromosome 8 and consists of four exons and three introns.  

The resulting pre-pro hormone consists of 92 amino acids organized into a signal peptide 

consisting of the decapeptide, a cleavage site, and the GnRH-associated peptide. 

      Previously, GnRH was solely known as the key hormone in control of reproductive 

function because it induced and released both gonadotropins, FSH and LH.  In the mid 

1980s, accumulating data showed that GnRH and its receptor are also present in normal 

and malignant reproductive tissues such as placenta, ovary, endometrium, and prostate.  

In normal reproductive tissues, autocrine GnRH participates in regulation of 
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steroidogenesis; in malignant reproductive tissues it shows an inhibitory effect on 

proliferation and metastasis of malignant cells (45).        

        The hypophysiotropic decapeptide, GnRH, is produced in the cell bodies of 

hypothalamic neurons and secreted by their terminals into the hypophyseal-portal 

circulation to reach the anterior pituitary, where it selectively stimulates gonadotropes 

(46, 47).  GnRH is a major modulator of FSH synthesis and release.  GnRH secretion is 

pulsatile in nature, and this intermittent secretion is required by gonadotropes in order to 

secrete gonadotropins in a physiologic pattern.  In rhesus monkeys with hypothalamic 

lesions that destroyed GnRH secretion, 1 pulse/h of GnRH restored normal gonadotropin 

secretion, but constant infusion of GnRH failed to restore gonadotropin secretion (48). 

Although FSH production is not solely dependent on GnRH, withdrawal of GnRH in rats 

caused serum FSH to fall 50% within 12 h (49).  Expression of the gonadotropin subunit 

genes is also controlled by GnRH pulse frequencies.  While GnRH rapid pulses (>1 

pulse/h) favor LHβ, relatively slow pulses of GnRH (≤1 pulse/h) favor FSHβ expression 

(50).   

       Similar to rapid pulses, continuous GnRH also decreases FSHβ expression (51-53).  

In fact, GnRH normally pulses at about 1 pulse/h, and more rapid pulses of GnRH occur 

during the follicular phase of the reproductive cycle when FSHβ production decreases 

(figure 1A & B (54, 55)).  Accordingly, chronic treatment with GnRH has been used as 

biochemical castration to slow cancers of reproductive tissue or treat precocious puberty, 

and pulsatile GnRH has been used to treat infertility caused by GnRH deficiency (56-57). 

       To regulate gonadotropin gene expression, GnRH binds to its receptor on the 

gonadotrope cell membrane.  The mammalian GnRH receptor (GnRHR) contains 327 to 
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328 amino acids and belongs to the G protein-coupled receptor (GPCR) super family.  

The GPCRs are composed of single polypeptide chains that contain 7 hydrophobic 

transmembrane domains with extracellular amino and intracellular carboxyl termini (58).  

However, the mammalian GnRHR is unique because it is the only GPCR that lacks the 

entire intracellular carboxyl terminus, figure 2 (59).  Upon activation by ligand, GPCRs 

change their conformations that allow them to bind to their cognate heterotrimeric G 

proteins, stimulating guanine nucleotide exchange factor on the α-subunit of the 

heterotrimer.  This leads to dissociation of β/γ-subunits from the complex and activation 

of the α-subunit.  Activated α- subunit then initiates a broad range of intracellular 

signaling events by producing second messengers such as cAMP, PKC, and Ca+2 influx 

(60, 61).  Activated GPCRs are then rapidly internalized and lost from the cell 

membrane.  The cytoplasmic C-terminal of GPCRs has been shown to be involved in 

internalization since it can be phosphorylated and consequently associated with β-arrestin 

that causes internalization of the complex (62).  This can lead to desensitization of the 

receptor and its signaling pathway (63, 64).  The mammalian GnRHR that lacks the 

cytoplasmic C-terminal is not rapidly desensitized (65, 66).  In addition, the expression of 

GnRHR can be induced by GnRH and activin (67, 68).   

          Activation of GnRHR by GnRH has long been known to result in activation of Gαq 

and Gαs pathways in different cell lines (7, 69-74-76).   Induction of Gαq by GnRH leads 

to activation of phospholipase C, which produces two second messengers, diacylglycerol 

(DAG) and inositol 1, 4, 5-trisphosphate (IP3).  Generation of these second messengers 

leads to mobilization of intracellular pools of Ca2+ and activation of PKC, which in turn 

activates MAPKs.  Activated MAPKs then activate transcription factors, c-fos and c-jun, 
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to form AP-1 transcription complex that can induce expression of gonadotropin subunit 

genes by binding to its cognate response element, figure 3B (7, 75-80). 

       It is known that GnRH can also activate the Gαs pathway (7, 69, 70, 72, 73).  

Activation of Gαs by GnRH leads to increased cAMP levels (69).  Generally, cAMP 

regulates PKA activity, which results in serine 133 phosphorylation of cAMP response 

element binding protein (CREB) that leads to its activation.  Activated CREB, in turn, 

induces transcription of target genes (figure 3A (81, 82)).  In fact, GnRH phosphorylates 

CREB in the αT3 gonadotrope lineage.  Although PKA is the major activator of CREB 

(81, 82), it was shown that PKC can also activate CREB in some cells (83). 

 

Inducible cAMP early repressor (ICER)  

       ICER was initially described in the pineal gland as an inhibitor of cAMP-dependent 

transcription induced by rhythmic adrenergic signals.  It belongs to a subfamily of basic 

leucine zipper transcription factors, CREB/CREM.  These transcription factors contain an 

activation domain, DNA binding domain and phosphorylation box and can bind to the 

cAMP response element, CRE, as homo- or heterodimers.  The promoter sequens of 

CREB/CREM genes are rich in GC content, which is the characteristic of housekeeping 

genes so these factors are ubiquitously expressed and are activated by phosphorylation.  

ICER isoforms (I & Iγ, II & IIγ) are produced by alternative splicing via an internal 

promoter, which exists within an intron near the 3’ end of the CREM gene, figure 4.  The 

ICER promoter contains normal GC/AT content and has two CRE elements which allow 

induction by cAMP.  Unlike CREM, it contains only the DNA binding domain and lacks 

an activation domain or phosphorylation box.  ICER is able to heterodimerize with CREB 
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and CREM proteins and functions as a powerful dominant negative repressor of cAMP-

induced transcription.  An important feature of ICER is its inducibility that makes it the 

only CRE binding factor whose function is determined by its rate of transcription (84, 

85).                  

 

Nitric oxide synthase type I (NOSI) 

    The enzyme, NOSI, catalyzes production of nitric oxide (NO), a diffusable free radical, 

from L-arginine.  There are two other isoforms of NOS (NOSII and NOSIII).  The NOSI 

gene in humans is located on chromosome 12 and its promoter contains two CREB 

binding sites.  The free radical, NO, which is produced in nearly every cell type, has 

diverse physiologic and pathophysiologic roles as a vasodilator, neurotransmitter, 

antimicrobial effector and immunomodulator (86, 87). 

     Studies using in situ hybridization and immunohistochemistry have shown that NOSI 

is present in gonadotropes in the anterior pituitary (88, 89), and changes in NOSI 

expression coincide with the pattern of GnRH release during rat proestrus (90).  The 

NOSI expression is increased by GnRH in rat pituitaries, which is correlated with a 

dramatic decrease in FSH secretion (figure 5 A (91)).  GnRH increases NO production in 

transformed gonadotropes, LβT2 cells (figure 5 B (92)).  Finally, CREB regulates NOSI 

expression (93, 94). 

 

Thesis goals 

     The gene encoding the ovine FSHβ (oFSHβ) was cloned and characterized in our 

laboratory.  Sequence analysis of its promoter revealed a number of potential 
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transcription factor binding sites including four putative AP-1 sites that were thought to 

be responsive to GnRH positive regulation.  Deletion mutations of this promoter showed 

that two of these putative AP-1 sites at -120 bp and -83 bp bind AP-1 proteins and are 

necessary for activation by AP-1 proteins (Jun/Fos), PMA and GnRH in vitro.  Further 

studies with transgenic mouse pituitary cultures have shown that 1 nM GnRH doubled 

activin induction of wild type oFSHβ within 4 h but inhibited activin induction of the AP-

1 mutant of oFSHβ.  However, the molecular mechanism(s) and the pathway(s) involved 

in this inhibition were never studied. 

      The goals of my thesis were to use mouse pituitary cultures from transgenic mice 

harboring wild type or AP-1 mutant oFSHβ and mouse transformed gonadotropes, LβT2 

cells, to confirm 1) our previous study to emphasize the importance of AP-1 sites for 

GnRH positive regulation of oFSHβ and 2) to examine the cellular pathways that mediate 

the negative control of activin-induced expression of oFSHβ by the chronic presence of 

GnRH.  These studies showed that chronic GnRH inhibited activin-dependent expression 

of wild type oFSHβ by 60% and inhibited the AP-1 mutant of oFSHβ by 94%.  The 

GnRH inhibitory effect on wild type oFSHβ was first observed after 6 h while inhibition 

of the AP-1 mutant was significant at 2 h.  Furthermore, it was shown that CREB and 

NOSI are intermediates in the GnRH-mediated cellular pathway that regulates inhibition 

of activin-dependent expression of oFSHβ.  In addition, it was shown that CREB 

activation can occur through PKA and/or PKC pathways. 

       My initial work was to study cell specific expression of the oFSHβ gene.  As the first 

step, I used NCBI and ENSEMBL data bases to compare the FSHβ promoter of sheep, 

humans, pig and mouse.  The results showed 5 segments of high homology sequences at 
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the 5’ end of these promoters.  These sequences alone or in different combinations were 

deleted and eight transgenic mouse lines were produced to study the importance of each 

of these sites.  However, analysis of oFSHβ expression in these mice showed that 

deletion of these sequences had no effect on cell specific expression of oFSHβ since all 

the mice expressed oFSHβ specifically and equally well in pituitaries.  One of these mice 

was used as the wild type mouse line in a study that a former post-doc, Pei Su, conducted 

with my participation to determine the importance of a putative AML-1 enhancer for 

activin induction of oFSHβ in vitro and in vivo (see Appendix I).  These studies showed 

that mutation of this enhancer reduced activin induction of oFSHβ by 81% in vitro and by 

99.9% in vivo without affecting basal expression.   
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Figure 1 

(A) Changes in pituitary gonadotropin subunits (α, LHβ & FSHβ) mRNA during the 

estrous cycle of sheep.  The time of the onset of estrus designated as day 0. The dashed line 

represents the preovulatory LH surge, Leung et al (ref. # 54).   

(B) The preovulatory GnRH and LH surge in sheep, Moenter et al (ref. # 55) 
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Figure 2 

Representation of the human GnRH receptor.  The glycosylation site is marked.  The key 

functional amino acids are numbered and the most conserved residues in transmembrane 

domains are designated by index 50.  Note! no intacellular COOH terminus normally 

associated with receptor down regulation, Sealfon et al (ref. # 59).  
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Figure 4 

Schematic representation of CREB, CREM and ICER isoforms.  Boxes represent exons.   

bZIP represents basic regions required for DNA binding and the leucine zipper required 

for dimerization.  Q-rich exon is involved in basal transcriptional activities.  On the 

CREM gene, P1 shows the CREM promoter and P2 represents ICER promoter, Bodor et 

al (ref. # 85).   
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  Figure 5                                                                               

 (A) The effect of GnRH on NOSI production and gonadotropins (LH and FSH) release 

in vivo, Garrel G et al (ref. # 91).  (B) The effect of GnRH on NO concentration in LβT2 

   cells, Chen et al (ref. # 92)   
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Abstract: (247 words) Follicle stimulating hormone (FSH) is induced by activin and this 

expression is modulated by GnRH through FSHβ expression.  This report focuses on the 

inhibitory effect of GnRH on activin-induced FSHβ expression.  Activin-treated primary 

murine pituitary cultures robustly express mut-oFSHβLuc-∆AP1, a luciferase transgene 

driven by 4.7 kb of ovine FSHβ promoter.  This promoter lacks two GnRH-inducible AP-

1 sites making it easier to observe GnRH-mediated inhibition.  Luciferase expression 

from this transgene was decreased 94% by 100 nM GnRH with a t1/2 of ~ 4 h in pituitary 

cultures,  and this inhibition was independent of follistatin. Activators of cAMP and 

protein kinase C such as forskolin and phorbol 12-myristate 3-acetate (PMA), 

respectively, mimicked GnRH action.  Kinetic studies of wild type oFSHβLuc in LβT2 

cells showed continuous induction by activin (4-fold) over 20 h.  Most of this induction 

(78%) was blocked, beginning at 6 h.  Cyclic AMP Response Element Binding protein 

(CREB) was implicated in this inhibition because overexpression of its constitutively 

active mutant mimicked GnRH and its inhibitor (ICERII) reversed the inhibition caused 

by GnRH, forskolin or PMA.  In addition, GnRH, forskolin or PMA increased the 

expression of a CREB responsive promoter, 6xCRE-37PRL-Luc.  Inhibition of nitric 

oxide type I (NOSI) by 7-nitroindazole also reversed GnRH-mediated inhibition by 60%.  

It is known that GnRH and CREB induce production of NOSI in gonadotropes and 

neuronal cells, respectively.  These data support the concept that chronic GnRH inhibits 

activin-induced oFSHβ expression by sequential activation of CREB and NOSI through 

the cAMP and/or PKC pathways.  
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Introduction: Follicle stimulating hormone (FSH) is required for normal gonadal 

function in mammals (1-3).  It is produced only in pituitary gonadotropes as an α/β 

heterodimer.  The β-subunit is in limiting amounts and thus controls the overall synthesis 

of FSH (4).  Production of FSHβ is regulated by many hormones including activins, 

GnRH, follistatin, steroids and inhibins (5-10). 

         Studies with rats and LβT2 cells suggest that activins are the primary inducers of 

FSHβ (11, 12).  FSHβ is always induced in vivo by activins because these hormones are 

constitutively present in pituitary tissue (13).  Thus, regulation depends on the effects of 

hormones that can alter induction of FSHβ by activin.      

        Hypothalamic GnRH is another important inducer of FSH synthesis and release.  

Withdrawal of GnRH in rats causes serum FSH to fall 50% within 12 h (14).  GnRH 

regulation is complex, however, because relatively slow pulses of GnRH (≤1/h) favor 

FSHβ synthesis (10, 15, 16) while chronic treatment with GnRH decreases FSHβ below 

control levels in vivo and in vitro (17-20).  In a physiologic context, studies with ewes 

have shown that FSHβ mRNA declines 80% during the preovulatory LH surge (21) when 

GnRH is increased for a prolonged time period (22).  This GnRH surge, which is not 

strictly episodic and is sustained chronically for 12-20 h (23), may be responsible for the 

decline in FSHβ during this time.  In a medical context, chronic treatment with GnRH has 

been used successfully to decrease the production of FSH and LH in order to inhibit 

gonadal function.  Such treatment often slows the progression of reproductive cancers 

and has been used widely (24, 25).   

       Follistatin is an autocrine/paracrine pituitary factor that can inhibit FSHβ by 

bioneutralizing activins and can be induced by both activin and GnRH (18, 26).  Given 
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the multiple effects of GnRH, gonadal steroids, follistatin and inhibin on regulation of  

FSHβ expression, it is clear that this regulation comprises a complex web of interactive 

feedback controls.  For a comprehensive understanding of the regulation of FSHβ 

expression, each control mechanism needs to be understood thoroughly. 

      With the exception of the preovulatory surge, GnRH normally pulses at ~1 pulse/h 

(27) and has been studied primarily as an inducer of all the gonadotropin subunit genes 

(αGSU, LHβ, and FSHβ) or as a secretogogue.  The positive effects of GnRH on 

secretion and transcription of gonadotropins are thought to involve activation of Gαq 

heterotrimeric G proteins, protein kinase C (PKC), MAPK, Jun/Fos transcription factors 

and calcium influx (28-31).  Our laboratory used in vitro and transgenic studies to 

identify two GnRH responsive Jun/Fos binding sites (AP-1 enhancers at-120 bp and -83 

bp) on the ovine FSHβ promoter.  In pituitary cultures of transgenic mice carrying wt-

oFSHβLuc (4.7 kb of ovine FSHβ promoter driving luciferase expression), GnRH (1 nM) 

increased activin-induced wt-oFSHβLuc expression by 2.5 fold within 4h.  When the AP-

1 sites were destroyed to create a mut-oFSHβLuc-ΔAP1 transgene and pituitary cultures 

from these mice were studied, we did not observe induction by GnRH under the same 

experimental conditions.  Instead, we uncovered negative regulation of activin-induced 

mut-oFSHβLuc expression by GnRH (32). 

      This apparent inhibition of mut-oFSHβLuc-ΔAP1 by GnRH occurred within 4 h and 

might have been dismissed as a simple down regulation of the GnRH receptor or 

desensitization of the Gαq pathway that normally leads to induction of FSHβ.  However, 

inhibition occurred in the same time frame as induction of the wild type transgene (wt-

oFSHβLuc) and, therefore, could not reflect down regulation or desensitization.  The 
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observed inhibition of activin-dependent expression of mut-oFSHβLuc-ΔAP1 by GnRH  

might also have been dismissed as inhibition by follistatin that can be induced by GnRH 

(18, 33).  However the experiments were done in the presence of 300 ng/ml activin, 

which could not possibly have been inactivated by endogenous mouse follistatin made 

during the short (4 h) period of testing.  Furthermore, if a rise in follistatin had caused the 

inhibition, it should have reduced wild type expression as well.  The question then 

became, “What undiscovered mechanism could account for the GnRH mediated 

inhibition of activin-induced FSHβ expression?”  Here we examine the cellular pathways 

that mediate the negative control of activin-induced expression of ovine FSHβ by the 

chronic presence of GnRH and implicate cAMP and/or PKC pathways that activate 

CREB and may involve NOSI. 

        In addition to activating the Gαq signaling pathway, GnRH can also couple to Gαs 

leading to an increase of intracellular cAMP levels that consequently activates PKA and 

CREB (34-36).  This, in turn, induces the expression of target genes.  GnRH has been 

shown to activate CREB in the αT3 gonadotrope lineage (37).  Whereas CREB is mainly 

phosphorylated by PKA, studies have shown that PKC (38), MAPK (39) and CaM 

kinases (40) can also phosphorylate CREB.  Since GnRH activates both pathways (Gαs 

and Gαq), it is not clear which pathway is responsible for CREB phosphorylation in αT3 

cells (37).  In fact, the effect of CREB activation on regulation of FSHβ has not been 

studied to date. 

       Nitric oxide (NO), a diffusive free radical, is an inter/intracellular messenger with 

diverse physiological and pathophysiological roles.  Importantly, it has been shown that 

GnRH can induce expression of the enzyme, NOSI, that produces nitric oxide, NO,  



 37

which has been correlated with a dramatic decrease in FSH secretion in rat pituitaries 

(41).  Furthermore, studies using in situ hybridization and immunohistochemistry of rat 

pituitaries have shown that NOSI is present in gonadotropes (42-43) and that changes in 

NOSI coincide with the pattern of GnRH release during proestrus in the rat (44).  Finally, 

GnRH increases NO production in LβT2 cells (45), but the effect of NO on FSHβ 

expression has not yet been studied.         

      This study was undertaken to confirm the original data that suggested GnRH can 

inhibit activin-induced expression of oFSHβ (32) and to discover the molecular 

mechanism(s) involved.  Here, we have focused on CREB and NOSI as intermediates in 

the GnRH-activated cellular pathway leading to this inhibition.  We have also 

investigated the possible involvement of cAMP and/or PKC pathways in this process.          

 

 

 

 

 

 

 

 

 

 

 

 



 38

Materials and Methods: 

Reagents and kits: Recombinant human activin A was obtained from R&D Systems 

(Minneapolis, MN) and was dissolved in phosphate buffered saline (7.4 pH) containing 

0.1% serum albumin.  Penicillin, streptomycin, collagenase, and [D-LYS6]-GnRH 

(referred to as GnRH in this report and dissolved in 0.01 M acetic acid) were purchased 

from Sigma Chemical Co. (St. Louis, MO).  Cholera toxin (CTX) was dissolved in water; 

3-Isobutyl-1-methylxanthine (IBMX) was reconstituted in DMSO; forskolin was 

dissolved in DMSO; 7-Nitroindazole (7-NI) was dissolved in DMSO, and all these 

reagents were purchased from Biomol International L.P. (Plymouth Meeting, PA).  

PACAP38 (dissolved in 1 M acetic acid) was purchased from Calbiochem Biosciences 

Inc. (La Jolla, CA).  SP-8-Br-cAMP (dissolved in water) was purchased from Biolog-Life 

Science Institute (Bremen, Germany).  Pancreatin and medium 199 were obtained from 

Life Technologies Inc. (Grand Island, NY).  Dulbecco’s modified Eagel medium 

(DMEM) was obtained from Invitrogen (Carlsbad, CA).  Fetal Bovine Serum (FBS) was 

purchased from Hyclone Laboratories Inc. (Logan, UT).  Fugene6 was obtained from 

Roche Molecular Biochemicals (Basal, Switzerland).  Quick Change Site Directed 

Mutagenesis Kit was obtained from (Stratagene, La Jolla, CA).  Tri-Reagent was 

purchased from Molecular Research Center, Inc. (Cincinnati, OH).  Passive lysis buffer 

and luciferase assay system were obtained from Promega (Madison, WI).  The iScript 

DNA synthesis kit was obtained from Bio-Rad Laboratories (Hercules, CA)          

Reporter Plasmids and Expression Vectors: The wild type FSHβ promoter/reporter 

plasmid (wt-oFSHβLuc), which was transiently expressed in LβT2 cells in this study, 

was described previously (46).  Briefly, it contained 4.7 kb of the ovine FSHβ promoter 
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plus intron 1 driving expression of a luciferase gene in the GL3 basic vector.  The mut-

oFSHβLuc-ΔAP1 transgene expressed in transgenic mice in this study was derived from 

wt-oFSHβLuc by mutating two AP-1 sites at -120 bp and -83 bp.  This construct was also 

described previously (30, 32).  

      The construct used as a wild type transgene in this study (Ljwt-oFSHβLuc) was 

derived from the original wt-oFSHβLuc that were produced and reported on six 

transgenic mouse lines that contained the intact wild type promoter (46), but these mice 

were replaced by new transgenic mouse lines that expressed luciferase as well as the 

original wild type transgenes. These new lines contained two distal 5’ deletions (from -

4788 bp to -4030 bp and -3380 bp to -2959 bp), but all expressed luciferase in the same 

range as the original wild type transgenic mice, and luciferase expression was also 

regulated by activin and GnRH in a similar manner.  One of these lines (Lj) was chosen 

as the wild type “standard” for this study because it produced average amounts of 

luciferase activity (compared to previous wild type transgenic lines) and was regulated by 

activin and GnRH in a normal fasion.  Except for the description in this section, Ljwt-

oFSHβLuc is referred to as wt-oFSHβLuc throughout this study since it was 

indistinguishable from the wild type construct in transgenic mice.     

        The expression vector, 6xCRE-37PRL-Luc (6xCRE-Luc), was provided by Dr. 

Richard N. Day (Department of Medicine and Cell Biology, University of Virginia, VA).  

The expression construct pCFY/F CREB was provided by Dr. Marc Montminy (The Salk 

Institute for Biological Studies, La Jolla, CA), and the expression vector ICERII was 

provided by Dr. Kelly E. Mayo (Center for Reproductive Science, Northwestern 

University, Evanston, IL).    
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Transgenic mice:  All transgenic mice were maintained and studied with the approval and 

oversight of the IACUC committees at the University of North Carolina, Chapel Hill, NC 

or North Carolina State University.  Mice containing Ljwt-oFSHβLuc were produced as 

described earlier (32) at the transgenic mouse facility at the University of North Carolina.  

All transgenic mice were bred and cared for at the Biological Resource Facility of North 

Carolina State University.  Testing mice for the presence of a transgene was performed as 

previously reported (32).   

Pituitary cell cultures: Transgenic mice between 7-40 weeks old  were sacrificed, and 

their pituitaries were dissected and dispersed into single cell suspensions as described 

elsewhere (32). Briefly, the pituitaries were cut into small pieces and digested with 

collagenase and pancreatin.  The yield was ~ 0.5×106 cells/pituitary.  Cells were plated in 

96 well Primaria tissue culture plates (Becton Dickinson & Co, Franklin Lakes, NJ) at a 

density of 30,000 cells/well and allowed to attach for 2 days at 37˚ C under 5% CO2  in a 

humidified chamber prior to treatments.  The cells were treated with drugs at the 

indicated doses and times described in the figure legends.  Cells were terminated by lysis 

in 30 μl of 1x passive lysis buffer, and 15 μl of each cell lysate was assayed for luciferase 

activity.  All of the experiments were performed, at least, three times, and each assayed in 

triplicate.   Although activins are produced in pituitary cell cultures as autocrine/paracrine 

factors, all the experiments in pituitary cell cultures or LβT2 cells were done in the 

presence of 50 ng/ml activin to ensure the maximal induction of oFSHβ and/or to 

maintain consistency from preparation to preparation.  The only exception was for basal 

expression of wt-oFSHβLuc in LβT2 cells.  The concentration of activin used in this 

report is in the range reported by us and others (25-300 ng/ml) (12, 20, 32).  The 
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maximum concentration of GnRH used in our experiments was 100 nM which is also in 

the range used by us and others in static cultures (0.01-100 nM) (18, 20, 32).  The 20 h 

period of our experiments was chosen for optimal results and approximates the length of 

the GnRH surge in ewes (22, 23).  The concentration of 7-Nitroindazole was also in the 

normal range of its usage (47). 

LβT2 cell cultures: Immortalized murine LβT2 gonadotropes were provided by Dr. 

Pamela L. Mellon (University of California, San Diego).  They were grown to 80% 

confluency in 75-cm2 flasks containing DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin under 5% CO2 in a humidified incubator at 37˚ C.  Cells were 

then cultured in 96 well Primaria cell culture plates at a density of ~ 25,000 cells/well.  

Cells were allowed to attach over night prior to transfection according to the 

manufacturer’s instruction, using 0.15 μl Fugene6 for 50 ng of plasmids/well.  After 24 h 

of transfection, the media were replaced with fresh DMEM containing different 

treatments for the indicated times as described in each figure legend.  Cells were then 

lysed using 30 μl of passive lysis buffer, and 15 μl of cell lysates were assayed for 

luciferase activity.  Experiments were repeated, at least, three times, and each experiment 

was assayed in triplicate. 

Luciferase assay: Luciferase activity was measured by combining 50 μl of the Luciferase 

Assay System with 15 μl of each cell lysate.  Activity was measured for 20 seconds using 

an automated Victor-Light micro plate luminometer # 1420 (Perkin-Elmer, Boston, MA).   

The luciferase activity is reported as relative light units (RLU).   

Real-Time rt-PCR (RT-rtPCR):  Total RNA was isolated from mouse primary pituitary 

cells using Tri-reagent and converted to cDNA using an iScript cDNA synthesis kit as 
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reported previously (48).  Oligonucleotides for Taqman RT-rtPCR were designed for 

murine cDNA using software from Integrated DNA Technologies, Inc.  (Coralville, IA).   

Murine 18s ribosomal RNA (18s rRNA) served as an internal control.  The probes were 

5’-labeled with FAM.  The PCR primers and probes for mouse FSHβ and 18s rRNA were 

reported previously (48).  The primers and probes for mouse follistatin were 5’ 

CCTCCTGCTGCTGCTACTCT (forward), CTCTTCCTTGCTCAGTTCTGTCTT 

(reverse), and CAGTTCATGGAGGACCGCAGCGCC (probe).  RT-rtPCR was 

performed in duplicate on triplicate cDNA samples using an iCycler from Bio-Rad 

Laboratories (Hercules, CA).  Samples were incubated at 95˚ C for 3 min and then for 40 

complete cycles (95˚ C for 30 sec, 55˚ C for 30 sec, and 72˚ C for 3 min).  There was a 

final extension step of 72˚ C for 3 min.  Threshold cycle (CT) values were determined 

with Bio-Rad software and used for relative quantitation with the 2-ΔΔCt method (48). 

 

Statistical analysis: Statistical calculations were performed using Prism V. 4 (GraphPad 

software, Inc, San Diego, CA).  The data shown are the averages of at least three 

independent experiments, each assayed in triplicate.  The mean ± SEM are reported in all 

figures.  Significant differences between two means were calculated using the unpaired t 

test and comparisons of > 2 means used one-way ANOVA, followed by Tukey’s post-

hoc test.  P < 0.05 was considered a significant difference.                                    
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Results:     

GnRH inhibited expression of activin-induced wt-oFSHβLuc, mut-oFSHβLuc-ΔAP1, and 

endogenous FSHβ in cultures from the pituitaries of transgenic mice  

 To investigate the effect of sustained GnRH administration on activin-induced 

FSHβ expression, we cultured pituitary cells from mice carrying transgenes for either wt-

oFSHβLuc or mut-oFSHβLuc-ΔAPi and treated them for 20 h with activin alone or 

activin with increasing amounts of GnRH.  Promoter activity of wt-oFSHβLuc was 

inhibited as much as 60% in a dose-dependent manner (Fig. 1A).  Expression of mut-

oFSHβLuc-ΔAP1 was also inhibited in a dose-dependent manner to an even greater 

extent (94%) with an EC50 of 0.1 nM (Fig. 1B).  Endogenous mouse FSHβ mRNA, 

measured by RT-rtPCR, was also inhibited by 50% (Fig. 1C).   

       Kinetic studies showed that GnRH-mediated inhibition of mut-oFSHβLuc-ΔAP1 was 

significant at 2 h and reached 85% at 20 h with a t1/2 of ~ 4 h (Fig 1D). 

Forskolin or phorbol 12-myristate 13-acetate (PMA) mimicked GnRH in primary 

cultures from pituitaries of transgenic mice 

         It is known that GnRH can activate both Gαq/PKC and Gαs/PKA signaling 

pathways in gonadotropes (28-32, 34-36).  We initially studied the PKA pathway to 

determine if it could inhibit activin-dependent FSHβ expression because the Gαq/PKC 

pathway has always been associated with induction of FSHβ expression.  We compared 

the effect of forskolin, a potent stimulator of cAMP synthesis and CREB (49) to the 

effect of GnRH.  Cells were treated for 20 h with activin alone or activin plus increasing 

concentrations of forskolin for 20 h (Fig. 2A).  Forskolin inhibited the induction of mut-

oFSHβLuc-ΔAP1 in a dose-dependent manner and to the same extent as GnRH (94 %).  
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Since we were curious about the effect of long term induction of PKC on oFSHβ 

expression, we also used PMA, a potent PKC activator (50).  Cells were treated for 20 h 

with activin alone or activin plus increasing concentrations of PMA (Fig. 2B).  PMA also 

inhibited activin-induced mut-oFSHβLuc-ΔAP1, although to a lesser degree (55 %) than 

GnRH or forskolin.     

 Reagents other than forskolin and PMA (Sp-8-Br-cAMP, IBMX, CTX and PACAP) also 

mimicked the effects of GnRH  in primary cultures of transgenic mice 

        To further test the ability of Gαs and Gαq signaling pathways to inhibit expression 

of mut-oFSHβLuc-ΔAP1, primary cell cultures were treated with 1) a cell permeable 

analogue of cAMP (Sp-8-Br-cAMP) (Fig. 3A), 2) a phosphodiesterase inhibitor (3-

isobutyl-1-methylxanthine; IBMX that increases steady-state levels of cAMP by 

decreasing its hydrolysis (Fig. 3B), 3) cholera toxin (CTX) that acts as a constitutive 

activator of Gαs to stimulate adenylyl cyclase (Fig. 3C), and 4) pituitary adenylyl 

cyclases activating polypeptide (PACAP) which increases intracellular cAMP and also 

activates PKC (Fig. 3D) (51-55).  All treatments were done for 20 h in the presence of 

activin.  All these reagents inhibited mut-oFSHβLuc-ΔAP1 in a dose-dependent manner 

similar to that of GnRH. 

GnRH did not increase endogenous follistatin mRNA in mouse pituitary cell cultures 

        It has been reported that GnRH delivered in rapid pulses or continuously in rat 

pituitary cultures can induce follistatin expression that, in turn, inhibits FSHβ expression 

through bioneutralization of activin (18, 33).  To assess the increase of endogenous 

follistatin expression by GnRH in mouse pituitary cultures, we treated cells for 10 or 20 h  

with 100 nM GnRH in the presence of activin.  We performed RT- rtPCR to quantitate 
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mouse follistatin.  Follistatin mRNA was detected but at a low level, and no significant 

increase was observed during treatments (Fig.4).   

GnRH inhibited activin-induced expression of wt-oFSHβLuc in LβT2 gonadotropes 

 To further analyze inhibition of FSHβ expression by GnRH, LβT2 transformed 

gonadotropes were used because they provided a pure gonadotrope cell population that 

could be used for transfection studies.  To show that LβT2 cells mimicked primary 

gonadotropes, they were transiently transfected with wt-oFSHβLuc and treated with 

increasing concentrations of GnRH for 20 h in the presence or absence of activin.  Basal 

expression of wt-oFSHβLuc (no activin treatment) neither increased nor decreased 

following GnRH treatment, but activin-induced expression of wt-oFSHβLuc decreased 

by 60% in a dose-dependent manner (Fig 5A). 

      For time-course studies, we treated transfected LβT2 cells with activin alone or 

activin with 100 nM GnRH for the indicated time intervals.  Activin induced wt-

oFSHβLuc continuously over a 20 h period, and induction eventually reached 400% 

above basal expression at 20 h.  GnRH had no effect for the first 6 h (induction during 

this time increased expression by 90 % over basal expression), but thereafter GnRH 

completely inhibited further induction (Fig 5B).  It is of note that transient expression of 

pSV40Luc, TK109Luc or 6xCRE-Luc in LβT2 cells was always induced by GnRH in the 

presence or absence of activin (data not shown).  

 GnRH-, Forskolin- and PMA-induced transcription of 6xCRE-Luc in LβT2 cells 

       Phosphorylation of CREB on its serine 133 is generally accomplished by PKA 

following an increase in cAMP.  Activated CREB can then bind cAMP response 

elements (CRE) to induce gene expression (56).  Since CREB can also be phosphorylated 
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by PKC in some cells (38) and by GnRH in gonadotrope αT3 cells (37), we used a cAMP 

responsive plasmid in LβT2 cells to determine if GnRH, forskolin or PMA could activate 

gene expression through CREs.   

 Cells were transiently transfected with a plasmid containing 6 tandem CREs 

linked to a prolactin minimal promoter fused to a luciferase gene (6xCRE-Luc).  Cells 

were then treated for 20 h with activin alone or activin with increasing concentrations of 

GnRH, forskolin or PMA.  Activin alone had no effect on 6xCRE-Luc expression (data 

not shown).  Forskolin up to 1 μM induced 6XCRELuc in a dose dependent manner, but 

at higher concentrations (10 μM) decreased the induction.  GnRH (Fig 6A), forskolin 

(Fig 6B) and PMA (Fig 6C) induced the expression of the reporter gene 25-, 13- and 6-

fold, respectively.  Time-course studies showed that the induction of 6xCRELuc by 100 

nM GnRH at 1.5 h was equal to that at 20 h (data not shown).     

Overexpression of constitutively active CREB mimicked the GnRH inhibitory effect in 

LβT2 cells  

       Once phosphorylated on Ser 133, CREB is activated and promotes the transcription 

of target genes.  A constitutively active CREB (pCF Y/F CREB) has a Tyr134→Phe 

mutation that enables it to maintain high levels of constitutive Ser 133 phosphorylation in 

vivo (57).  We used an expression plasmid containing this CREB mutant to probe the 

possible involvement of CREB in the signaling pathway used by GnRH to inhibit 

induction of wt-oFSHβLuc.  LβT2 cells were co-transfected with wt-oFSHβLuc plus 

increasing amounts of pCF Y/F CREB and then treated with activin for 20 h.  Expression 

of pCF Y/F CREB reduced activin-dependent wt-oFSHβLuc activity by 78% which 

mimicked the effect of GnRH (Fig. 7). These data are consistent with the concept that 
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CREB is in the signaling pathway used by GnRH to inhibit activin-induced wt-

oFSHβLuc. 

Overexpression of ICERII reversed the inhibition of wt-oFSHβLuc caused by GnRH, 

forskolin and PMA in LβT2 cells 

           One of the well characterized inhibitors of CREB is ICER (inducible cAMP early 

repressor) (58), which produces four isoforms by alternative splicing (ICERI, Iγ, II, IIγ).  

These isoforms can bind to CRE or CRE-like elements and may differ in their modes of 

action as repressors (58). 

       To determine if inhibiting CREB could prevent the inhibitory effect of GnRH, we 

co-transfected LβT2 with wt-oFSHβLuc and increasing amounts of ICERII.  Cells were 

then treated for 20 h with activin alone or activin and 100 nM GnRH.  ICERII partially, 

but significantly (49%), reversed the inhibition caused by GnRH (Fig 7B) without 

affecting activin-induced expression of wt-oFSHβLuc (data not shown).  Next, we 

examined the effect of ICERII on inhibition caused by forskolin and PMA.  We co-

transfected LβT2 cells with wt-oFSHβLuc and increasing amounts of ICERII and treated 

them for 20 h with activin alone, activin plus forskolin (1 μM) or activin plus PMA (100 

nM).  Whereas the effect of forskolin was significantly reversed compared to the reversal 

observed for the effect of GnRH (Fig 7C), the inhibition by PMA was completely 

reversed and expression of wt-oFSHβLuc even exceeded control levels (Fig 7D).                

Nitric oxide synthaseI inhibitor reversed the inhibitory effect of GnRH in LβT2 cells 

      GnRH increases expression of NOSI in rat gonadotrops, and this increase is 

accompanied by a dramatic decrease in FSH release.  GnRH also increases NO in LβT2 

cells (41-44).  We used a NOSI specific inhibitor (7-nitroindazole, 7NI) along with 
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activin and GnRH in transient transfections of LβT2 cells to determine if NOSI might 

participate in GnRH-mediated inhibition of wt-oFSHβLuc.  We transfected LβT2 cells 

with oFSHβLuc and then treated them for 20 h with activin alone, activin with 100 nM 

GnRH or activin with GnRH and 250 μM of 7-NI.  The inhibition of wt-oFSHβLuc 

caused by GnRH was significantly (60%) reversed by 7-NI (Fig 8).  At 250 μM, 7-NI did 

not significantly affect basal or activin-induced expression of wt-oFSHβLuc, but at 1mM, 

it significantly inhibited both basal and activin-induced expression (data not shown).                   
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Discussion: 

        Activins or activin-like family members are strong inducers of FSHβ expression and 

are ever present in pituitary tissue to act as paracrine and/or autocrine factors to induce 

expression of FSHβ (13).  The role of GnRH is more complex since infrequent pulses 

induce FSHβ, while chronic administration inhibits it in vivo and in vitro (10, 15-20).  

Here we examined the mechanism by which GnRH inhibits activin-induced expression of 

FSHβ and provide evidence that implicates activation of CREB and/or NOSI via cAMP 

or PKC signaling pathways.  

        We showed that chronic treatment with 100 nM GnRH can inhibit activin-induced 

expression of FSHβ in mouse pituitary cultures and LβT2 cells.  In fact, there is no 

evidence of inhibition without activin induction since GnRH did not affect basal 

expression of wt-oFSHβLuc in LβT2 cells.  The data in figures 1A and B show that 

GnRH inhibited wt-oFSHβLuc and mut-oFSHβLuc-ΔAP1 in a dose-dependent manner in 

primary pituitary cultures obtained from transgenic mice.  The two inhibition curves are 

different, however.  The data from mut-oFSHβLuc-ΔAP1 show a typical semi-

logarithmic response with a well defined EC50 of 0.1 nM and inhibition that reached 94%.  

The response curve for wt-oFSHβLuc was linear, and inhibition was only 60% with no 

calculable EC50 suggesting that at least two underlying events were occurring.  The only 

difference between the two transgenes was the presence or absence of two AP-1 

enhancers associated with positive regulation by GnRH (30, 31).  It is likely, therefore, 

that figure 1A reflects both induction and inhibition by GnRH whereas figure 1B shows 

only inhibition.  This composite situation might account for the 50% inhibition of 

endogenous mouse FSHβ observed (Fig. 1C), which might be regulated like wt-
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oFSHβLuc.  These data suggest that chronic GnRH (100 nM) treatment regulates 

expression of FSHβ by causing GnRH-mediated positive and negative effects and are 

consistent with our previous data that showd 1 nM GnRH increased expression of 

activin-induced wt-oFSHβLuc in primary mouse pituitary cultures, but 100 nM GnRH 

inhibited this induction (32).  

     

        The results of dose response studies using wt-oFSHβLuc in transient transfections of 

LβT2 cells were comparable to those using wt-oFSHβLuc as a transgene in primary 

pituitary cells, validating the suitability of LβT2 cells for studying the effects of GnRH 

on wt-oFSHβLuc.  Our kinetics studies showed that GnRH rapidly reversed activin-

induced expression of mut-oFSHβLuc-ΔAP1 in mouse pituitary cultures and had a 

significant impact as early as 2 h.  However, the kinetics of inhibition for wt-oFSHLuc in 

LβT2 cells was slower showing an inhibitory response only after 6 h.  Although 

inhibition of wt-oFSHβLuc in LβT2 cells seemed slow in comparison to inhibition of 

mut-oFSHβLuc-ΔAP1 in mouse pituitary cultures, inhibition of the wild type promoter 

had to overcome positive regulation caused by GnRH through AP-1 sites.  Hence, the 

delayed inhibition of wild type promoter in LβT2 cells might be due to the composite 

positive/negative effects of GnRH on this promoter. 

       Quantitation of endogenous follistatin mRNA in mouse pituitary cultures failed to 

show a significant change in follistatin gene expression during the time frame and culture 

conditions used in our studies. This is in contrast with other reports showing induction of 

follistatin expression by pulsatile (32) or continuous (18) GnRH in rat pituitary cultures.  

This difference might be caused by different experimental procedures and time frames 
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used in those and this reports or might be caused by species specific differences between 

mice and rats.  

       Because the Gαq/PKC pathway was reported to be involved in FSHβ induction, we 

originally expected the Gαs/PKA/CREB pathway to be responsible for the GnRH 

inhibitory effect.  This expectation was corroborated by inhibition of activin-induced 

mut-oFSHβLuc-ΔAP1 by cholera toxin, forskolin, IBMX, PACAP and Sp-8-cAMP in 

mouse pituitarycultures.  Furthermore, a constitutively active CREB also inhibited wt-

oFSHβLuc induction in LβT2 cells the same as GnRH.  In addition, the inhibitory effects 

of GnRH and forskolin on wt-oFSHβLuc in LβT2 cells were significantly and equally 

well reversed by ICERII (a naturally occurring CREB inhibitor).  The possible 

involvement of the cAMP/PKA CREB pathway was strengthened by our observation that  

in LβT2 cells GnRH and forskolin could induce expression of 6xCRE-Luc by 25- and 13-

fold, respectively.  Thus, all components we examined that are associated with activation 

of the Gαs signaling pathway mimicked GnRH by inhibiting activin-induced expression 

of oFSHβ in primary or transformed gonadotrope cultures.   

      Surprisingly, however, PMA (a potent activator of PKC) also mimicked the inhibitory 

effect of GnRH in pituitary cultures of transgenic mice and activated 6xCRE-Luc in  

LβT2 cells, although to a lesser degree.  Additionally, the inhibition of wt-oFSHβLuc by 

PMA was reversed by ICERII in transient trasfections of LβT2 cells. The inhibition of 

CREB by ICERII not only reversed the inhibitory effect of PMA but also increased wt-

oFSHβLuc induction above control levels.  These observations could be explained by the 

fact that PKC should have a dual effect on wt-oFSHβLuc expression: 1) an induction 

through activation of AP-1 transcription factors that increases expression of wt-
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oFSHβLuc (30) and 2) an inhibitory effect through induction of CREB.  Because the 

inhibitory effect of PMA was not as dramatic as that of GnRH, it could be fully reversed 

by ICERII, allowing PMA-mediated induction to become dominant.  In contrast, the 

inhibitory effect of GnRH was only partially reversed by ICERII.  A possible explanation 

for this difference could be that PMA induces CREB only through PKC activation, while 

GnRH can activate CREB through both cAMP and PKC pathways.  Indeed, the activators 

of cAMP and PKC pathways showed the same effect, that mimicked the action of GnRH,  

and inhibition of CREB reversed the inhibitory effect of these cAMP or PKC activators.  

Consequently, activation of these two pathways by GnRH might result in the activation 

of more CREB than can be completely inhibited by ICERII.  Another explanation is that 

CREB activation might not be the only pathway that GnRH employs to inhibit activin-

induced oFSHβLuc.  In any case, our results justify the conclusion that GnRH inhibits 

oFSHβLuc through the cAMP and/or PKC pathways, at least in part, by inducing CREB.                            

       We observed dose dependent reversal of the GnRH-mediated inhibition of activin- 

induced wt-oFSHβALuc expression up to 60% by the NOSI specific inhibitor, 7-

nitroindazole.  This result implicates NOSI in the GnRH inhibitory pathway.  This 

observation is consistent with reports showing that NOSI is present in gonadotropes and 

that its expression is induced by GnRH in these cells to inhibit FSH release (41-44).  It is 

also consistent with a previous study that showed that 100 nM GnRH increased NO 

production within 2 h in LβT2 cells (45).  Finally these data are in agreement with the 

notion that CREB can induce NOSI expression in vivo and in vitro (60, 61).  Indeed, 10 

nM GnRH phosphorylated CREB in αT3 cells within 5 min, and this phosphorylation  
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persisted for ≥ 4 h (37).  Our results lead us to conclude that NOSI is responsible for a 

large part (60%) of the inhibition caused by GnRH.     

      In summary, our data support the hypothesis that chronic administration of 100 nM 

GnRH inhibits activin-induced oFSHβLuc through either cAMP and/or PKC pathways 

that regulate activation of CREB followed by induction of NOSI activity.          

       

 

 

Acknowledgment 

We thank Dr. Richard N. Day, Dr. Marc Montminy and Dr. Kelly E. Mayo for 

generously providing the expression vectors for these studies.  We also thank Dr. Pamela 

L. Mellon for LβT2 cells (see materials and methods) and Ms. Lara E. Marxreiter for her 

laboratory expertise throughout this work.    

 

 

 

 

 

 

 

 

 

 



 54

 

  A                                                                       B 
 
 
 
 
 
                                                    
 
 
 
 
 
 
    
 
C                                                                        D 
 
 
 
 
 
            
 
 
 
 
 
 
 
 
Figure 1 

 GnRH inhibited activin-induced wt-oFSHβLuc, mut-oFSHβLuc-ΔAP1 and endogenous 

mouse FSHβ.   Pituitary cells from transgenic mice harboring wt-oFSHβLuc (A) and 

mut-oFSHβLuc-ΔAP1 (B) were dispersed and plated at a density of 30,000/well.  After 2 

days, the cells were treated with 50 ng/ml of activin or activin plus increasing 

concentrations of GnRH (0.01 – 100 nM) for 20 h.  Cell lysates were assayed for 

luciferase activity.  (C) Primary mouse pituitary cells were treated with activin (50 ng/ml) 
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or with activin plus 100 nM GnRH for 20 h.  Mouse FSHβ mRNA was measured using 

real-time RT-PCR as described in Materials and Methods.  (D) Primary pituitary cells 

from mouse harboring mut-oFSHβLuc-ΔAP1 were cultured as above and then, in the 

presence of 50 ng/ml activin, 100 nM GnRH was added at the indicated time intervals.  

Cell lysates were assayed for luciferase.  Luciferase activity and mRNA levels are 

reported as the mean ± SEM of three independent experiments, each performed in 

triplicate.   
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Figure 2 

 Forskolin or PMA inhibited activin-induced expression of oFSHβLuc-ΔAP1.  Mouse 

pituitary cells were processed as in figure 1 and then treated with 50 ng/ml activin or 

activin plus increasing concentrations of either forskolin (A) or PMA (B) for 20 h.  Since 

culture media containing forskolin and PMA also contained 0.01% DMSO, the same 

amount of DMSO was added to control media as well.  Luciferase activity is reported as 

the mean ± SEM of three independent experiments, each performed in triplicate.   
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Figure 3 

 Inhibition by (Sp-8-Br-cAMP) and other reagents that increase intracellular cAMP 

(IBMX, CTX) or cAMP and PKC (PACAP).  (A-D)Transgenic mouse pituitary cultures 

were processed as in figure 1 and treated with 50 ng/ml of activin or activin plus  10-

1000 μM of Sp-8-Br-cAMP, 33-1000 μM of IBMX, 0.0005-5 μg/ml of CTX, or 0.01-33 

nM of PACAP for 20 h.  Luciferase activity is reported as the mean ± SEM of three 

independent experiments, each performed in triplicate.    
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Figure 4 

 GnRH did not increase follistatin in mouse pituitary cultures.  Transgenic mouse 

pituitaries were processed as in figure 1.  The cells were then treated with activin (50 

ng/ml) for 20 h and GnRH was added at time intervals shown in the figure.  Mouse 

follistatin mRNA levels were measured using real-time RT-PCR as described in material 

and methods.  The mRNA levels are reported as the mean ± SEM of three independent 

experiments, each performed in triplicate.   
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Figure 5 
 
 GnRH inhibits activin-induced expression of wt-oFSHβLuc in LβT2 cells but not the 

basal expression.  LβT2 cells were cultured at a density of 25,000 cells/well overnight.  

Cells were then transfected with 50 ng of wt-oFSHβLuc/well.  (A) Cells were then 

treated with 50 ng/ml activin plus increasing concentrations of GnRH (■) or increasing 

concentrations of GnRH alone for 20 h (▲).  (B) After 24 h of transfection, the cells 

were treated with 50 ng/ml activin (■) or activin plus 100 nM GnRH (□) at the indicated 

time intervals.  Luciferase activity is reported as the mean ± SEM of three independent 

experiments, each performed in triplicate.   

 

 
 
 
 
 

0 2 4 6 8 10 12 14 16 18 20 22
0

50

100

150

200

250

Basal expression

activin

activin+GnRH

Hours
R

LU
x1

0-4

0
0

20

40

60

80

100

120

10-11 10-10 10-9 10-8 10-7 10-6

+activin

-activin (basal)

GnRH [M]

R
LU

x1
0-4



 60

 
 
      A                                                                  B 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                             
 
                                                 C                                                        
 
          
 
 
 
 
              
                                                                                                                                                                
                                                                                                                                                                              
 
 
 
 
Figure 6 

 GnRH, forskolin and PMA induced transcription of 6xCRE-37PRL-Luc in LβT2 cells.  

(A-C) LβT2 cells were processed as in figure 5 and were transfected with 50 ng of 

6xCRE-Luc/well.  After 24 h of transfection, the cells were treated with 50 ng/ml of 

activin alone or activin plus the increasing concentrations of GnRH (0.01-100 nM), 

forskolin (0.01-10 μM) or PMA (0.1- 100 nM) for 20 h.  Since culture media containing 

forskolin and PMA also contained 0.01% DMSO, the same amount of DMSO was added 

to control media as well.  Luciferase activity is reported as the mean ± SEM of three 

independent experiments, each performed in triplicate.  
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Figure 7 

 Over expression of pCF Y/F CREB inhibited activin-induced expression of wt-

oFSHβLuc, and overexpression of ICERII reversed inhibition caused by GnRH, 

forskolin, or PMA in LβT2 cells.  Cells were processed as in figure 5.  (A) Cells were 

transfected with 50 ng of wt-oFSHβLuc/well plus increasing amounts of pCF Y/F CREB 

(10-100 ng).  The DNA amount was kept constant in all wells by using the empty vector.   

After 24 h, the cells were treated with 50 ng/ml of activin for 20 h.  (B-D) LβT2 cells 

were co-transfected with 50 ng of wt-oFSHβLuc/well plus increasing amounts of ICERII 

(40-160 ng).  The DNA amount was kept constant in all the wells by using the empty 
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vector.  After 24 h of transfection, the cells were treated with 50 ng/ml activin alone or 

activin plus 100 nM GnRH, 1 μM forskolin, or 100 nM PMA for 20 h.   Since forskolin 

and PMA treatments contained 0.01% DMSO, the same amount of DMSO was added to 

control wells also.  Luciferase activity is reported as the mean ± SEM of three 

independent experiments, each performed in triplicate. 
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Figure 8 

 7-Nitroindazole reversed the inhibition caused by GnRH.  LβT2 cells were processed as 

in figure 5 and were transfected with wt-oFSHβLuc (50 ng/well).  Cells were then treated 

with activin (50 ng/ml) or activin plus GnRH (100 nM) and increasing concentrations of 

7-nitroindazole (10-250 μM).  Since 7-nitroindazole was dissolved in DMSO, the 

experiment was designed in such a way that all the wells contained the same amount of 

DMSO (0.01%).  Luciferase activity is reported as the mean ± SEM of three independent 

experiments, each performed in triplicate. 
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Abstract: Follicle stimulating hormone (FSH) orchestrates the development and 

maturation of eggs and sperm in mammals.  Expression of its beta subunit (FSHβ) 

controls overall production/secretion of FSH and is induced by activin.  Previous studies 

with ovine FSHβ promoter/reporter constructs in LβT2 gonadotropes showed that activin 

induction requires a putative Smad binding element (SBE) in the oFSHβ promoter (-

162AGAC-159).  Similar studies herein show that an AML1-like enhancer next to the 

SBE is required for 81 % of activin-induced expression of oFSHβLuc constructs in LβT2 

cells, but had no effect on basal expression.  This putative AML1 enhancer (-

171ACTgcgtTT-163) was destroyed by mutating the lower case nucleotides to CGAG, 

and the resulting construct (mut-oFSHβLuc-∆AML1) was used as a transgene in mice 

and compared to its wild type transgene.  Pituitary expression of mut-oFSHβLuc-∆AML1 

in 9 transgenic lines was 99.9 % less than wild type expression, but was targeted to 

pituitaries nearly as well as wild type constructs.  The important rise in FSHβ expression 

that routinely occurs during estrus in mice was lacking with mut-oFSHβLuc-∆AML1, but 

the wild type transgene faithfully replicated it.  Finally, expression of mut-oFSHβLuc-

∆AML1 in primary pituitary cultures was synergistically induced by activin and 

gonadotropin releasing hormone even though it had no response to activin alone.  

Overall, these results indicate that FSH expression in vivo is almost entirely dependent on 

activin or activin-like stimulation.  Therefore, any hormone that interferes with or 

augments activin-like action in the pituitary exerts significant control over FSH 

expression/secretion and also egg and sperm production in mammals. 
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Introduction:  

 Follicle stimulating hormone (FSH) is essential for ovarian follicular development 

and enhances the maturation and performance of sperm (1).  Because of its importance, 

FSH is carefully regulated by more than 6 reproductive hormones that insure its correct 

production and secretion.  One of these hormones, activin, is recognized as an important 

inducer of FSH.  Initial studies showed that follistatin and inhibin (known inhibitors of 

activin action) could decrease FSH production by 50 % in primary rat pituitary cultures 

(2) and lower serum levels of FSH in ovariectomized rats by 50-60 % within 4-5 h (3).  

More recently it was shown that mice lacking type II activin receptors produce 

significantly less FSH than normal (~34 % of normal males) (4).  In an attempt to learn 

more about the molecular mechanism(s) used by activin at the gene level, studies have 

recently focused on transcriptional regulation of the FSH beta subunit (FSHβ) which is 

rate limiting for overall FSH production.  

 Ovine FSHβ promoter/reporter constructs (oFSHβLuc; 4.7 kb of the ovine FSHβ 

promoter plus intron 1 attached to the luciferase gene) have been expressed in LβT2 

transformed gonadotropes in ways that permit identification of promoter elements 

associated with induction by activin.  Since Smads are recognized activin-activated 

transcription factors, putative Smad binding elements (SBE) were sought and found in 

the proximal promoter of oFSHβ.  Destruction of the putative SBE at -162 bp (AGAC) 

was especially effective in blocking activin induction of the mutant oFSHβLuc (5).     

Similar studies in our laboratory had identified sequences adjacent to the -162 bp 

consensus Smad binding site as also being important for oFSHβ expression in LβT2 cells 

(6).  This sequence has recently been identified by computer analysis as being a putative 
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AML1 binding site (7).  Since there is evidence that AML1 interacts readily with Smad3 

through its runt homology domain (8), it is likely that this promoter site binds AML1 (or 

related transcription factor) that can work in conjunction with Smads to induce FSHβ 

transcription.   

To date, Smad3/AML1 interactions have been studied only in cells treated with 

transforming growth factor beta 1 (TGFβ1), and disruption of these interactions in 

hematopoetic cells has been positively associated with the development of leukemia.  

Activin acts much like TGFβ1 and might act through AML1/Smads to promote normal 

transcription of FSHβ in gonadotropes.  The studies described here were designed to 

demonstrate the importance of this putative AML1 binding element for expression of 

FSHβ, especially in an in vivo setting which has not been done previously.   
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Material and Methods 

Hormones (activin A, follistatin-288 and D-Lys6-GnRH)   

Recombinant human follistatin-288 was provided by the National Pituitary and 

Hormone Program of the NIDDK.  Recombinant human activin A was obtained from 

R&D Systems (Minneapolis, MN) and was dissolved in phosphate buffered saline 

containing 0.1% serum albumin.  [D-Lys6]-GnRH (referred to as GnRH in this text) was 

purchased from Sigma chemical Co. (St. Louis, MO) and was dissolved in 0.01 M acetic 

acid prior to use.  

Universal RIA for FSH (Pan-FSH RIA) 

Sheep and mouse FSH were measured using a pan-FSH RIA distributed by the 

NIDDK using a double antibody method as previously reported (9).  Purified mouse FSH 

(AFP-5308D) was used as tracer and standard for the mouse assay, and 95 % pure ovine 

FSH standard was used for the sheep assay.  Intra assay variation for each RIA was < 

10% and assay slopes were > 1.   

Plasmid constructs 

 A parent plasmid, wt-oFSHβLuc, was mutated to produce all constructs in this 

study.  This wild type construct contained 4.7 kb of ovine FSHβ promoter plus intron 1 

driving luciferase expression (10).  The constructs in Figure 2 were made by producing 

point mutations which created novel restriction sites: constructs 1, 4, 5, 6, 9, 10, 11, 12 

contained distinguishing Bgl2 sites; construct 2 had a novel Mlu1 site, construct 3 had an 

Xho1 site, and construct 8 had a new EcoR1 site.  All plasmids were sequenced and 

shown to contain the sequences depicted in the second figure of this paper (SeqWright, 

Houston, TX).   Construct 3 contained a mutation that destroyed the putative AML1 
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enhancer located between -171 bp and -163 bp of the oFSHβ promoter and was used for 

transient transfections in LβT2 cells and also as a transgene in mice.  This construct was 

named mut-oFSHβLuc-ΔAML1. 

 Our laboratory has produced and reported on 12 transgenic mouse lines that 

contained the intact wild type AML1 enhancer (11, 12), but these mice were replaced by 

new transgenic mouse lines that expressed luciferase as well as the original wild type 

transgenes.  These new lines contained distal 5’ deletions (deletions 5’ to -2200 bp), but 

all expressed luciferase in the same range as the original wild type transgenic mice, and 

luciferase expression was also regulated by activin in a similar manner.  One of these 

lines (Lj) was chosen as the wild type “standard” for this study because it produced 

average amounts of luciferase activity (compared to previous wild type transgenic lines) 

and was regulated by activin in a normal fashion.  The Ljwt-oFSHβLuc transgene used in 

this study lacked sequences from -4788 bp to -4030 bp and -3380 bp to -2959 bp.  

All of the transgenes used or referred to in this study were cut from their parent 

plasmid by digestion with BamH1/KpnI which left less than 100 bp of plasmid sequence 

on each end of the transgene.  As with all previous transgenes produced in this laboratory 

[wt-oFSHβLuc (10) and mut-oFSHβLuc-∆AP1 (11)], Ljwt-oFSHβLuc and mut-

oFSHβLuc-∆AML1 were expressed in every founder line that carried the transgene.     

Animal care: sheep and transgenic mice 

 Ewes and transgenic mice were maintained and studied with the approval and 

oversight of the IACUC committees at the University of North Carolina, Chapel Hill, NC 

or North Carolina State University.  Mice containing wild type (Ljwt-oFSHβLuc) or 

mutant (mut-oFSHβLuc-∆AML1) transgenes were produced as described earlier (10), but 
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at the transgenic mouse facility of the University of North Carolina, Chapel Hill, NC.  

Mice were bred and cared for at the Biological Resource Facility of North Carolina State 

University, and retired breeder ewes were kept at a North Carolina State University farm.  

Testing mice for the presence of a transgene and measuring luciferase activity in tissues 

was performed as previously reported (10, 11).   

Cell cultures 

 Primary cells from ewe pituitaries were dispersed and cultured in 24 multiwell 

tissue culture plates at 200,000 cells/well as described previously (12).  Primary cell 

cultures from mouse pituitaries were prepared as described (10, 11) and incubated in 96-

well tissue culture plates at 30,000-60,000 cells/well in media 199 plus 10% charcoal-

treated sheep serum.  Cells were allowed to attach and adjust to culture conditions for at 

least 1 day before treatment.    

 The data in figure 5 were obtained from cultures treated on the afternoon of day 2 

with 250 ng/ml follistatin for 16 h.  Media containing follistatin were removed on the 

morning of day 3, cultures were washed once with fresh media and then incubated in 

medium 199 with 1% serum (to restrain autocrine/paracrine production of activin) with 

the following hormones: follistatin (250 ng/ml), activin (50 ng/ml), GnRH (1 nM) or 

activin plus GnRH.  After 6 h, cells were assayed for luciferase activity.  

Primary sheep pituitary cultures are known to robustly express FSH for weeks 

without a decline in production (13), so studies with ewe cultures were allowed to extend 

over 5 days.  By contrast, mouse pituitary cultures express FSH best on days 2 and 3 and 

then FSH expression declines sharply and unpredictably (10).  Thus, experiments with 

mouse cultures were completed during the day 2-3 time-frame after pituitary dispersion.  



 82

Either female or male mouse pituitaries were used since preliminary studies showed there 

was no sex difference in response to activin, follistatin or GnRH in tissue culture (data 

not shown). 

 Transformed gonadotropes (LβT2 cells) were grown at 37 C in DMEM (Life 

Technologies, Inc.) containing 10% FBS (HyClone laboratories, Inc., Logan, UT) and 

plated at a density of 30,000 cells/well in 96 well culture plates.  Cells were transfected 

24 h later in triplicate or quadruplicate with 50 ng of plasmid as described (14) and then 

treated with or without 50 ng/ml of activin for 24 h before being tested for luciferase 

activity.  Cells were also co-transfected with 5 ng/well of pRL-TK, a plasmid used to 

express Renilla as an internal standard for transient expression assays.   

Induction of trangenes during the reproductive cycle 

 Female mice (4 months old) were housed in cages containing male bedding for 

two weeks prior to testing to promote estrous activity.  Littermates (6 to 8) were paired 

with each other for these studies with equal numbers being assigned to either diestrus or 

estrus groups; with odd-numbered litters, the extra mouse was assigned to the estrus 

group.  Reproductive stages were determined by use of an Estrous Cycle Monitor (ECM) 

(Model EC40, Fine Science Tools, Foster city, CA) followed by cytological inspection of 

vaginal exfoliative cells as reported earlier (10, 11).  Diestrus was characterized by an 

ECM reading of 2.5-3.5 and a preponderance of small round leucocytes.  Estrus was 

characterized by an ECM reading of 9-11 and the presence of large nucleated cells plus 

some leucocytes.  After determining the reproductive status of each mouse (between 9:00 

am and 11:00 am), pituitaries were immediately removed, homogenized and assayed for 
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luciferase activity and protein content as described earlier (10, 11).  Data from littermates 

were compared to determine “fold-induction at estrus.”  

Firefly and Renilla Luciferase Assays 

 Firefly luciferase was measured to detect expression of the Ljwt-oFSHβLuc or 

mut-oFSHβLuc-∆AML1 transgenes in mouse pituitary cultures or mouse tissues.  For 

primary pituitary cultures, cells were lysed in 96-well plates with 50 ul of Passive Lysis 

solution (Promega Corp., Madison, WI) followed by analyzing 35 ul with a Luciferase 

Assay System (Promega Corp.).  Luminescence for data in Table 1 and Figure 3 were 

obtained using a Mono-light 2000 as previously reported (10, 11, 14) and data are 

reported as relative light units (RLU).  Data in Figures 2, 4 and 5 were obtained using an 

automated 1420 Victor-Light micro plate luminometer (Perkin-Elmer, Boston, MA).  The 

Victor-Light luminometer was 5x more sensitive than the Monolight luminometer, but all 

experiments in this study were done with either one or the other and no comparisons were 

necessary between instruments.    

Firefly luciferase was measured in whole tissue (pituitary, forebrain, kidney, liver, 

heart, pancrease, gonads) that was excised within 5 min of death and immediately frozen 

in liquid nitrogen until the assay which occurred within 24 h of tissue extraction.  

Pituitary tissue (~ 1 mg wet weight) and non-pituitary tissue (~ 30 mg) were 

homogenized in 100 ul of Passive Lysis buffer and 20 ul of each sample was assayed in 

duplicate.   Protein concentrations were determined using bicinchoninic acid (Pierce 

Chemical Co., Rockford, IL).   

Renilla luciferase expression was used as an internal standard when the activities 

of mutant oFSHβLuc constructs were compared in LβT2 cells.  The Renilla construct 
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(pRL-TK; 5 ng/well) was co-transfected with 50 ng/well of oFSHβLuc construct (Fig 2).  

Both Firefly and Renilla luciferase activities were sequentially measured in the same 

samples using the Dual-Luciferase Assay System (Promega Corp.).  For the data in 

Figure 2, LβT2 cells in 96 well plates were lysed with 25 μl of Passive Lysis solution ( 

Promega Corp.) followed by analysis of 10 ul of lysate.   

Quantifying transgene copy number per cell 

A standard curve was obtained for wt-oFSHβLuc plasmid DNA using real-time 

PCR.  The same analysis was also performed using chromosomal DNA from the tails of 

transgenic mice making it possible to determine quantitatively the number of transgene 

copies per cell.  The forward oligonucleotide was 5’-

GAACTGTGTGTGAGAGGTCCTATG-3’, the reverse oligonecleotide was 5’-

GCTATGTCTCCAGAATGTAGC-3’ and the FAM probe was 

5’ACCAACGCCTTGATTGACAAG3’.  All of these oligonucleotides were 

complementary to sequences within the luciferase portion of the transgene. 

Statistical analysis 

 Statistical calculations were performed using Prism V. 4 (GraphPad software, Inc, 

San Diego, CA).  The student t-test was used when comparing two means.  When more 

than two means were compared, one-way ANOVA was used with Tukey’s multiple 

comparison test.  Data are reported as means ± sem throughout the paper. 
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Results 

Expression of FSH and its inhibition by follistatin  in mouse and ovine pituitary cultures 

 Figure 1 shows that FSH was expressed in mouse and ovine primary pituitary 

cultures and that follistatin (250 or 225 ng/ml, respectively) blocked 71 % or 84 % of 

FSH production in mouse and ovine cultures, respectively, during the 24 h period 

following its addition.  Ovine cultures were maintained for 5 days and the media were 

collected every 24 h with new media replacing the old.  Therefore, each FSH value 

represents FSH that accumulated in the media during the previous 24 h period.  Figure 1B 

shows that 99 % of FSH expression was blocked by 675 ng/ml of follistatin over 48 h 

with most of this decrease occurring within the first 24 h.  This inhibition was fully 

reversed after withdrawal of follistatin for 24 h as shown by normal FSH expression 

during the 24 h period between days 4 and 5.   

Activin induction of wild type and mutant oFSHβLuc constructs in LβT2 cells 

 The data in Figure 2 show that expression of wt-oFSHβLuc increased 7.1-fold 

after a 22 h treatment with activin in LβT2 cells (see Fig 2; wt).  Activin also routinely 

increased the expression of Renilla by 50 % to 75 % (data not shown), and all luciferase 

data were corrected for alterations in expression of Renilla with or without activin.    

Mutations from -174 bp to -143 bp revealed an activin sensitive region between -168 bp 

and -157 bp.  Mutations at the edges of this region (constructs 1, 2, 10, 11, 12) all showed 

induction of 6.9 ± 0.3 which was not different from wild type induction.  Mutations 

within the sensitive region (constructs 3-9) showed an average induction of only 2.2 ± 

0.1.  Thus, mutations within the sensitive region reduced induction by 68 ± 6 %.  

Statistically, there was no difference between the responses of the following fully 
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responsive constructs: 1, 2, 10, 11, 12.  Likewise, there was no statistical difference 

between the responses of constructs that showed reduced induction by activin (constructs 

3-9).  Importantly, there was no significant change in the basal expression of any 

construct compared to wild type basal expression.      

Low expression of mut-oFSHβLuc-ΔAML1 (construct 3 above)  in transgenic mice 

 Figure 3 shows the specific activities of luciferase expression in male pituitaries 

from nine transgenic mouse lines that expressed mut-oFSHβLuc-∆AML1 in a 

heterozygous manner.  Luciferase expression for all founder lines in Figure 3 (except 

M248) averaged 6.6 x 103 ± 0.3 x 103 RLU/mg protein.  Expression for M248 was 28 x 

103 ± 3 x 103 RLU/mg protein.  Since several transgenes can insert into a single 

chromosomal locus, the number of transgenes present in each cell was measured.  All 

mice shown in Figure 3 contained 12 – 23 copies of the transgene per cell.  Three founder 

lines were not included because they carried 283 to 3000 copies per cell, but their 

expression was not significantly higher than that shown in Figure 3 except for one which 

had twice the activity of founder M248.  None of the 12 total transgenic mouse lines 

expressed mut-oFSHβLuc-∆AML1 at a level higher than 0.4 % of the wild type 

construct, Ljwt-oFSHβLuc.   

Pituitary expression of the wild type transgene, Ljwt-oFSHβLuc, was 13,090 x 

103 ± 120 x 103 RLU/mg protein which is nearly 2000 times greater than the average of 

all mut-oFSHβLuc-∆AML1 lines in Figure 3 excluding M248.  The ratio of wild type 

activity to that of M248 was 467.  Heterozygous mice expressing Ljwt-oFSHβLuc 

contained 2 transgene copies per cell.   
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Tissue specific expression of mut-oFSHβLuc-ΔAML1 in transgenic mice 

 Table 1 shows luciferase expression in the pituitaries, testis, ovaries, livers and 

brains of mice from 4 founder lines harboring mut-oFSHβLuc-ΔAML1.  Luciferase 

activities were also determined for the lung and spleen in two of these lines (M248 and 

M157).  In all cases, expression of the transgene in non-pituitary tissue was < 3% of that 

found in pituitary tissue except for the anterior cortical region of the brain where 

expression averaged 16 % of that found in the pituitary.   

Expression of mut-oFSHβLuc-ΔAML1 did not increase at estrus 

 The data in Figure 4 show that expression of Ljwt-oFSHβLuc was increased at the 

time of estrus by 3- to 25-fold with an average value of 10.4 ± 6.8.  This value is similar 

that found for the 10 wild type constructs previously reported (10.2 ± 2) (10, 11).  The 

data for mut-oFSHβLuc-ΔAML1 in Figure 4 show that no increase in expression 

occurred for mut-oFSHβLuc-∆AML1 during estrus compared to diestrus.  The mean ratio 

and sem for mut-oFSHβLuc-ΔAML1 was 0.7 ± 0.2 which indicates no increase in 

expression at estrus.     

Activin did not induce mut-oFSHβLuc-ΔAML1 in primary pituitary cultures  The data in 

Figure 5A show that 250 ng/ml of follistatin inhibited expression of Ljwt-oFSHβLuc by 

76 % in primary pituitary cultures during a 16 h treatment.  By contrast, follistatin did not 

decrease luciferase activity in primary pituitary cultures expressing mut-oFSHβLuc-

ΔAML1 (see control vs follist in Fig 5B).  Note that luciferase activity in control cultures 

in Figures 5A and 5B differ by a factor of ~600 which is similar to the difference found 

in whole pituitaries taken from these two transgenic lines (see results section, Figure 3).  

Despite the lowered expression, there was enough luciferase activity in pituitary cultures 
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from M248 to accurately measure the effects of follistatin, activin and GnRH.  

Background activity for the luciferase assay was 300 ± 25 RLU and this was subtracted 

prior to plotting the data in Figure 5.   

Induction of mut-oFSHβLuc-ΔAML1 by GnRH plus activin A 

 The data in Figure 5B show that neither activin A nor GnRH individually induced 

expression of mut-oFSHβLuc-ΔAML1 in primary pituitary cultures previously treated 

with follistatin for 16 h (i.e. deprived of activin-like paracrine stimulation).  The 

combined effects of both activin and GnRH significantly increased expression of mut-

oFSHβLuc-∆AML1 by ~90 % within the 6 h treatment period. 
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Discussion:  

 Previous studies with perifused rat pituitary cultures (15) and LβT2 transformed 

gonadotropes (16) indicate that expression of rodent FSH is > 95 % dependent on activin 

stimulation under culture conditions.  Figure 1 of this study adds to these in vitro data by 

showing that expression of ovine FSH is also > 95 % dependent on follistatin-sensitive 

paracrine factors produced in primary ewe pituitary cells (actually 99 % dependent); 

presumably these factors are TGFβ family members such as activin B (2).  The fact that 

inhibition was fully reversed within 24 h following withdrawal of follistatin showed that 

follistatin treatment caused no damage to the primary cells.  These data show that ovine 

FSHβ expression is strongly induced by follistatin-sensitive TGFβ family members just 

as with rodent FSHβ.   

 Many studies have focused on FSH synthesis in the mouse, but follistatin-

mediated inhibition of FSH production in primary mouse pituitary cultures has not been 

reported previously.  The data in figure 1A show that follistatin inhibited FSH production 

in primary mouse pituitary cultures as well as it did in similar sheep cultures during the 

first 24 h.  Paracrine factors produced in mouse pituitary cultures normally inhibit 

production of FSH after 3 days in culture (10) so longer time-courses do not yield useful 

data.  The data in figure 1 strongly suggest that expression of sheep FSHβ 

promoter/reporter transgenes in mouse pituitaries, as reported herein, should accurately 

reflect the normal regulation of both mouse and ovine FSHβ by activin.   

 The data in Figure 3 show that changing 4 nucleotides in 4,741 bp of the ovine 

FSHβ promoter decreased luciferase expression in vivo to 6.6 x 103 RLU/mg protein 

compared to 16,100 x 103 ± 7,000 x 103 RLU/mg protein for 10 wild type transgenes 
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previously reported (10, 11) plus the wild type transgene reported here (Ljwt-

oFSHβLuc).  Therefore, this small mutation caused a 99.9 % reduction in luciferase 

activity that cannot currently be linked to decreased basal expression since the 4 

nucleotide mutation did not decrease basal expression of mut-oFSHβLuc-∆AML1 in 

LβT2 cells.  Furthermore, computer analysis using the Consite program (7) did not 

recognize the 4 nucleotides that were mutated and/or surrounding sequences as potential 

binding sites for transcription factors known to promote basal expression for any gene.  

The mutated sequences were associated only with the AML1 transcription factor known 

to partner with Smad3 to induce transcription (8).   

 Previous studies in rats have shown that iv injections of either follistatin (80 ug) 

or inhibin (50 ug) decreased serum FSH by 60 %.  These studies showed that FSH 

production was significantly dependent on activins in vivo, but were not designed to show 

the full extent of this dependency.  The approach used here to show this dependence 

specifically knocked-out the ability of one promoter (the oFSHβ promoter) to respond to 

activin without altering basal expression.  All other physiological functions that require 

normal activin levels, including all gonadotrope functions, were unaffected by this 

approach.  Our conclusion is that 99.9 % of oFSHβ expression in vivo (and therefore 

overall FSH production), relies on direct transcriptional induction of the oFSHβ promoter 

by TGFβ family members like activin B.   

 Destroying the putative AML1 site prevented the estrous surge of luciferase 

activity observed for Ljwt-oFSHβLuc plus all other wild type transgenes studied to date 

(10, 11).  The increase in luciferase activity for Ljwt-oFSHβLuc was 10 ± 7- fold (range 

3 to 24) at estrus which was similar to that previously reported for 7 similar wild type 



 91

transgenic lines (10 ± 2-fold increase with a range from 3 to 19) (10, 11).  This increase 

mimicked that of endogenous mouse FSH (17-19) which is associated with recruitment of 

follicles for development during subsequent cycles (20, 21).  Studies in rats have 

concluded that activin B drives this FSH surge at estrus (22-24).  The data presented here 

are consistent with this notion since mut-oFSHβLuc-∆AML1 lacks both the ability to 

respond to activin and the estrous surge.   

The importance of a putative AML1 site on the FSHβ promoter was uncovered 

while studying deletion and point mutants of oFSHβLuc constructs in LβT2 cells.  

Computer analysis identified the region from -171 bp to -163 bp as a putative AML1 

binding site (81%; score = 6.0) (7).  Since AML1 is known to interact specifically and 

strongly with Smad3 to promote the proper growth and differentiation of hematopoietic 

cells (8), the data suggested that ovine FSHβ is induced by activin through a complex of 

activated AML1 and Smad3 proteins.   

It is important to note that the putative AML1 site is highly conserved for sheep, 

human, pig, buffalo and cow.  There is one nucleotide change in the pig FSHβ promoter, 

but this natural mutation creates an even better AML1 binding site. Interestingly, it also 

creates a putative binding site for FREAC-4, a forkhead protein related to AML1 which 

may also interact with Smads although this has not been reported.  Another novel finding 

is that a mutation from GC to TA at positions -168 bp and -167 bp creates a putative 

forkhead-1 binding site that increases responsiveness to activin (48-fold induction) while 

barely altering basal expression in LβT2 cells (unpublished data, Dr. Pei Su, this 

laboratory).  Also, a single mutation from T to C at position -164 bp creates a 

palindromic Smad binding site which permits the construct to be induced 38-fold in LβT2 
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cells (unpublished data, Dr. Pei Su, this laboratory), but basal expression is increased 

~20-fold.  Therefore, depending on the nature of DNA sequences and protein factors 

surrounding the putative AML1/Smad binding sites, this site might accommodate several 

forkhead-related proteins known to interact with Smads and might even act as a 

palindromic-type Smad binding element like the SBE found in FSHβ promoters of the rat 

and mouse at -266 bp (25).  Further study will be required to determine the true nature of 

partnering transcription factor(s) that help drive activin-mediated induction of the ovine 

FSHβ gene.   

Although overall expression of mut-oFSHβLuc-∆AML1 was decreased 99.9 % 

compared to wild type expression, its gonadotrope-specific targeting was hardly 

diminished compared to wild type expression.  It is often thought that a specific set of 

enhancers on the promoter of a gene is largely responsible for the cell-specific expression 

of a gene, but in this case, the powerful enhancer that comprises the AML1-like binding 

site seems to have very little influence over cell-specific expression.  Thus, expression for 

mut-oFSHβLuc-∆AML1 showed the same pattern in mice as wild type oFSHβLuc 

previously reported, except for brain tissue (10, 11).   

Finally, GnRH and activin interactions at a molecular level on the FSHβ promoter 

are still not understood.  Our laboratory has shown that removal of activin from primary 

gonadotropes for 17 h (follistatin treatment) permits subsequent treatment with activin 

and GnRH to synergistically induce wt-oFSHβLuc during a 4 h period (14).  Moreover, 

recent studies with the mouse FSHβ promoter (a palindromic Smad site at -266 

substitutes for the ovine AML1/Smad binding sites at -166 bp) shows that GnRH and 
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activin can cooperate synergistically when critical AP-1 and Smad binding sites are 

multimerized (26).   

The data in Figure 5 show that GnRH and activin cooperate synergistically to 

increase expression of mut-oFSHβLuc-ΔAML1FSH, but this construct has no AML1 

enhancer and cannot respond to activin (figures 2-4).  Therefore, these data suggest that 

GnRH and activin cooperated either through the one remaining Smad binding site or in a 

general way that did not involve specific interactions on the ovine FSHβ promoter.  

Recent evidence indicates that activin dramatically alters the responsiveness of LβT2 

gonadotropes to GnRH in a global sense (27), so it is possible that global effects of 

GnRH and activin caused the synergistic induction of mut-oFSHβLuc-∆AML1 shown in 

Figure 5.  These data are not meant to imply that activin and GnRH do not cooperate with 

each other through signal pathways that complement each other directly at the oFSHβ 

promoter, but it does suggest they might also cooperate through global actions in 

gonadotropes.  

 In summary, this study indicates that 99.9% of oFSHβ expression in vivo depends 

on a putative AML1 element that was originally identified from studies that tested 

expression of mutants of an oFSHβ promoter/reporter gene transiently expressed in LβT2 

gonadotropes.  It was also shown that this element is necessary for the estrus surge of 

FSH in mice, but has little effect on pituitary-specific expression.  Finally, it was shown 

that the AML1 site was not necessary for cooperation between activin and GnRH during 

short term induction of mut-oFSHβLuc-∆AML1.   
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Table 1. Luciferase activity in mut-oFSHβLuc-ΔAML1 transgenic mouse tissues 

 

  Founder Sex  Pituitary    Liver   Gonad   Spleen    Lung   Brain 

    M248 M (5)  

F  (5) 

28 ± 3 

38 ± 2 

1.0 ± 0.10 

0.6 ± 0.01 

0.8 ± 0.04 

1.0 ± 0.05 

0.1 ± 0.06

ND 

0.3 ± 0.04 

ND 

7.5 ± 1.1 

8.4 ± .05 

    M157 M (5) 

F  (5) 

  8 ± 1 

  6.4 ± 0.6 

0.33 ± 0.01 

0.19 ± 0.01 

0.31 ± 0.02 

0.22 ± 0.01 

.07 ± 0.04

ND 

0.16 ± .02 

ND 

1.30 ± 0.04 

1.02 ± 0.11 

    M230 M (4) 

F  (5) 

  5.2 ± 0.2 

  7.1 ± 0.4 

0.23 ± 0.02 

0.21 ± 0.02 

0.08 ± 0.00 

0.11 ± 0.01 

ND 

ND 

ND 

ND 

0.42 ± 0.02 

0.72 ± 0.04 

    M251 M (6) 

F  (6) 

  5.8 ± 0.8 

  6.2 ± 0.4 

0.18 ± 0.03 

0.15 ± 0.01 

0.18 ± 0.02 

0.15 ± 0.01 

ND 

ND 

ND 

ND 

0.93 ± 0.13 

0.83 ± 0.05 

 

Expression of the mut-oFSHβLuc-ΔAML1 transgene in tissues.  Tissues were harvested 

from mice between 7 and 20 weeks old, and lysates were assayed for luciferase activity.  

Values are luciferase activity expressed as relative light units x 10-3 per mg protein.  The 

number of animals used is designated in parentheses according to “sex” and values 

represent the mean ± sem for each group of mice.  ND = not determined. 
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Figure 1  

Follistatin inhibited FSH production in pituitary cultures.  (A) Mouse pituitary cultures 

were treated with 250 ng/ml of follistatin on day 2 (9 am) and culture media were 

collected on day 3 (9 am) and assayed for FSH by RIA.  Follistatin decreased FSH by 71 

% ± 3 %.  (B) Ovine pituitary cultures were treated with 25, 75, 225 or 675 ng/ml of 

follistatin on day 1, and media were collected for RIA every 24 h thereafter through day 

5.  Follistatin treatment ended on day 3, after which cultures were washed once with fresh 

media and then new media were added and assayed/changed every 24 h as above.  

Inhibition was 99 % ± 1 % on day 3 with 675 ng/ml of follistatin.  Expression from all 
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treatments was statistically the same on day 5.  To avoid normalizing data, results are the 

mean ± sem from representative mouse and sheep (ewe) pituitary cultures and each data 

point was obtained from triplicate cultures each assayed in duplicate.    
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Figure 2 

 Basal and activin-induced expression of oFSHβLuc constructs in LβT2 cells.  Cells were 

transiently co-transfected with an internal standard (Renilla) plus wild type (wt) 

oFSHβLuc or 12 different mutant oFSHβLuc constructs.  Cultures were treated with or 

without 50 ηg/ml of activin A for 24 h and assayed for luciferase and Renilla activities.  

The luciferase/Renilla ratios of activities are reported as the mean ± sem of 3 independent 

experiments each assayed in triplicate.  Bars with different letters are significantly 

different (P < 0.05).  Bars with the same letter are not different from each other (P > 
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0.05).  The wild type sequence appears at the top of the table showing all the mutations, 

and the putative AML1 and SBE sites are labeled.  Mutations are designated in bold 

letters for each of the 12 point mutants which appear below the wild type sequence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 100

 

 

 

 

 

 

 

 

 

 

Figure 3 

 Pituitary expression of mut-oFSHβLuc-∆AML1 (mutant 3 in figure 2) in 9 transgenic 

mouse lines.   Expression of luciferase was measured in male pituitaries and is reported 

as the mean ± sem of individual mice taken from different litters (n = number of mice 

analyzed).  Pituitary tissue was harvested from mice between 8 and 20 weeks old.  The 

most active mut-oFSHβLuc-∆AML1 line (M248) was selected for further study (see 

figures 4 and 5). 
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Figure 4 

 Expression of mut-oFSHβLuc-ΔAML1 did not increase at estrus like wild type 

transgenes.  Each value shown in figure 4 comprised results from 6-8 littermates.  A total 

of 30 mut-oFSHβluc-ΔAML1 mice and 24 Ljwt-oFSHβLuc mice were used with 

triplicate values for both luciferase and protein.  Since diestrous values varied 

significantly between litters, results were normalized by reporting the ratio of 

estrus/diestrus for each wild type or mutant litter.  Students t test was used to show there 

was a significant difference between the wild type and mutant responses (P < 0.01).    
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Figure 5 

 Expression of mut-oFSHβluc-ΔAML1 was neither inhibited by follistatin nor induced by 

activin or GnRH alone, but was induced by 6 h of treatment with activin plus GnRH 

together.  (A) Pituitary cultures were prepared from Ljwt-oFSHβLuc mice, cultured 2 

days and then treated with or without follistatin for 24 h prior to being assayed for 

luciferase activity.  (B) Pituitaries from mut-oFSHβluc-ΔAML1 mice (M248 line) were 

cultured 1.5 days and treated without (control) or with 250 ng/ml follistatin for 16 h to 

deprive them of activin stimulation from autocrine/paracrine pituitary cells (see Materials 
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and Methods).  They were then treated with follistatin again (follist), activin (50 ng/ml), 

GnRH (1 nM) or activin plus GnRH for another 6 h prior to being assayed for luciferase 

activity.  The results represent the mean ± sem of three replicate experiments each 

assayed in triplicate.  The means in Figure 1A were significantly different according to 

students t-test (P < 0.001).  One-way ANOVA followed by Tukey’s post-hoc test was 

used to determine differences between means in Figure 1B.  Means with the letter “a” are 

not different from each other (P > 0.05), but are different from the single mean marked 

“b” (P < 0.01).   
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SUMMARY OF THESIS WORK 
 
 
       GnRH is a major modulator of FSHβ synthesis in vivo and in vitro.  The data in this 

thesis (chapte one) show that high level, chronic GnRH actively inhibits activin induction 

of the wild type ovine FSHβ, AP-1 mutant of ovine FSHβ, and mouse FSHβ in vitro.  

These data show that GnRH can transduce its inhibitory effect through cAMP and/or 

PKC pathways.  Moreover, activation of these two pathways by GnRH can indirectly 

inhibit activin induction of FSHβ by activating CREB followed by induction of NOSI 

activity. These data also support the idea that the presense of intact AP-1 sites is 

important for a GnRH inductive effect on the FSHβ promoter.  In addition, these data 

suggest that GnRH has a composite effect (activatory and inhibitory) on the ovine and 

mouse FSHβ expression. 

      Activin is the major inducer of FSβ transcription in vitro and in vivo.  Recent data 

from our laboratory (chapter two) have localized a sequence element on the ovine FSHβ 

promoter at -171 bp to -163 that is a putative AML1 binding site.  The presense of this 

element is necessary for activin induction of ovine FSHβ.  Mutation of this element 

reduced expression of this promoter 99.9% in vivo and 83% in vitro.  This mutation also 

eliminated the estrous surge of FSH in vivo.   
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FUTURE STUDIES 

 
 

      Using PAGE and isotope labled sequences of the ovine FSHβ promoter contaning the 

putative AML1 element(s), our laboratory will try to positively identify nuclear proteins 

that regulate FSHβ transcription in the presence of activin.  Autoradiograghy of the gels 

will show if GnRH has changed the composition of the proteins that bind to this site 

(reduced or increased band intensity).  Antibodies against known candidate proteins that 

may bind to this sequence can also be used (EMSA) to verify proteins that are involved.  

Proteins can be isolated from protein/DNA complexes in quantities large enough to be 

identified by mass spectrometry.  These methods will determine if GnRH inhibits activin 

induction of ovine FSHβ by interrupting the binding of proteins that induce this 

promoter.  Preliminary evidence already suggests it does. 

     Chronic GnRH might interrupt activin induction of ovine FSHβ by de- 

phosphorylation of intermediate molecules involved in the activin pathway.  The  

phosphorylation state of these proteins (SMAD, TAK1, TAB1, and P38) in the presense 

of activin or activin+GnRH will be studied.  These studies will determine if GnRH exerts 

its inhibitory effect by inhibiting the transduction of the activin signaling pathway.             
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Follicle-stimulating hormone (FSH) regulates
gonadal development in mammals. It is required 
for egg production [1,2] and is important for
spermatogenesis [1,3], especially in primates [4]. 
This α–β heterodimer is found only in pituitary
gonadotropes [5]. Its synthesis and/or secretion can
vary >20-fold in vivo [highest in gonadectomized
animals [6], lowest in mammals treated chronically
with gonadotropin-releasing hormone (GnRH)
agonists [7] or antagonists [8,9]], and it normally
fluctuates five- to sevenfold during the estrous 
cycle [10–12]. The synthesis of FSH can be altered by
steroid hormones, but steroid hormone action is often
species specific. What appears constant in all species
is induction of FSH by GnRH [13] and members of the
transforming growth factor β (TGF-β) superfamily
[14–18], which GnRH might also regulate [19].

Transcription of FSHB (the gene encoding the FSH-β
subunit) is rate-limiting for FSH production and
controls most of FSH secretion [20–22]. Therefore, to
understand GnRH induction of FSH, it is necessary 
to understand transcriptional induction of FSHB by
both GnRH and TGF-β family members.

GnRH and TGF-β family members induce FSHB in vivo

There is no doubt that GnRH is important for robust
FSH synthesis and secretion. Some investigators have
immunobioneutralized GnRH in animals to show that
~50–67% of serum FSH depends on GnRH [23]. This
level of GnRH involvement has also been found by
using GnRH antagonists [8,9] or chronic treatment
with GnRH agonists [7] to block GnRH action in vivo
(Fig. 1a) [13]. Studies with hpg mice that lack GnRH
show that serum FSH is 60% lower in the female and
even lower (87%) in hpg males [24]. Correction of the
genetic defect in hpg mice fully restores FSH
production and reproductive competence [24]. GnRH is
therefore clearly important for FSH production in vivo.

Certain members of the TGF-β superfamily are
also known to induce FSH. The most potent members
of this family are the activins [14–17], and several
bone morphogenetic proteins (BMP6 and -7) have
recently been implicated [18]. When these molecules
are bioneutralized by follistatin, a molecule that
binds and incapacitates activins and BMPs, serum
levels of FSH rapidly decline in rats even faster than
when rats are treated with GnRH antagonists. These
findings suggest that activins and BMPs are more
powerful inducers than is GnRH. Injection of just

Follicle-stimulating hormone (FSH), a major regulator of mammalian gonadal

function, is induced by gonadotropin-releasing hormone (GnRH), but it is

unclear how much induction is direct or indirect and what relevance each has

in vivo. Two advances now make it possible to address these issues, which are

central to understanding FSH regulation. The first is the use of transformed

LβT2 gonadotropes to define key promoter sequences of FSHB (the gene

encoding the FSH-β subunit) that are needed for induction by GnRH and/or

other factors; and the second is the ability to express FSHB promoter– reporter

constructs in transgenic mouse gonadotropes to test the physiological

relevance of promoter elements identified by using LβT2 cells. Here, we

summarize past studies on GnRH induction of FSH, and propose questions and

approaches for the future.
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80 μg of follistatin intravenously into a rat decreases
serum FSH by 50% within 4–5 h [25]. When the
published dose–response data for follistatin
inhibition of FSH (10, 20, 40, 80 μg follistatin per rat)
are analysed in a standard semi-logarithmic plot, the
sigmoidal plot predicts saturating levels of follistatin
to be 0.8–1 mg per rat and maximal FSH inhibition to
be 90–95%. Therefore, TGF-β family members, the
only known targets for follistatin, play a major role in
inducing FSH in vivo. The importance of activins and
follistatin is also linked to that of GnRH because

GnRH can induce either one of these hormones under
certain conditions [19]. These effects of GnRH might
significantly regulate FSH production in vivo, but in
an indirect manner [26,27].

Direct and indirect induction of FSHB in vivo by GnRH

(amplitude and pulse rate)

Many studies have shown that hypothalamic GnRH
is usually secreted in pulses of 5–6 min duration
every 30–300 min, and that chronic treatment with
GnRH downregulates gonadotrope function [28–31].
Transcriptional induction of FSHB by GnRH was
first documented in vivo by using transcription
run-off analyses of rat pituitary nuclei [32], but
recently these data have been confirmed, refined and
extended with the use of quantitative RT–PCR of
nuclear primary transcripts for FSHB in castrated,
testosterone-replaced male rats [13], which have
relatively low GnRH secretion. Just one pulse of
GnRH in these animals rapidly increases FSHB
primary nuclear transcripts fourfold (Fig. 1b) [13].
This fourfold increase occurs within 5 min, indicating
a direct effect on FSHB transcription. Induction was
reduced by a factor of two after 30 min. This is strong
evidence that GnRH can directly induce FSHB
transcription and that it might significantly affect
FSH regulation in vivo. Moreover, FSHB primary
transcripts decrease quite rapidly in castrated rats
after treatment with GnRH antagonists (Fig. 1a) [13].
Both of these results suggest that GnRH is responsible
for a significant portion of FSH production by direct
induction of FSHB transcription.

Activin and follistatin can also be induced by GnRH,
depending on the pulse rate and amplitude [19]. 
High amplitude favors follistatin (Fig. 2a), as does
high pulse rate (Fig. 2b) [19]. Activins and follistatin
have opposite effects on FSH production and it is
difficult to determine exactly how much GnRH alters
this balance in vivo [19]. These data were obtained in
ovariectomized, testosterone-treated females, and it
is unclear whether pulse amplitudes or frequencies
vary enough in normally cycling females to alter
FSHB expression significantly, although the evidence
suggests that they might [31,32]. Thus, the
differential induction of activin and follistatin are two
ways in which GnRH might alter FSH production
indirectly in vivo [33].

Direct induction of FSHB transcription by GnRH in

tissue culture

Because the situation in vivo is so complex, several
investigators have used in vitro cell models to
investigate the molecular details of FSHB
transcription and its regulation. Unfortunately, the
study of FSH-β regulation has been limited by a lack
of naturally occurring transformed gonadotrope cell
lines that produce FSH. Even when transformed
gonadotropes were created for that purpose (αT3-1
and LβT2) [34], none of them was found to synthesize
FSH until recently, when it was discovered that LβT2
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cells can produce FSH if treated with activins or
BMPs [17,18,35,36]. This important discovery makes
LβT2 cells extremely valuable for future studies of
FSHB expression. However, most of the current
literature was obtained with the use of primary
pituitary cultures or ‘engineered’non-gonadotrope cell
lines that constitutively express the gene encoding the
GnRH receptor (Gnrhr) so that they can respond to
GnRH. These studies were used primarily to study
direct induction of FSHB transcription by GnRH.

An extremely insightful study with perifused
dispersed cell pituitary cultures from rats was
published in 1993. Perifusion permitted the
investigators to mimic conditions in vivo by pulsing
with 10 nM GnRH every hour for 5 min for a total of
6 h [37], and they also used activin A in the perifusate
to induce constant FSHB expression. Under these
conditions, activin A alone (without GnRH) increased
FSHB mRNA as much as 24.9-fold (Fig. 3a,b) [37]. On
average, GnRH doubled the amount of FSHB mRNA
at all concentrations of activin. Based on these data, it
appears that TGF-β family members (in this case
activin A) can have a large effect (24.9-fold induction)
on FSH production, but that GnRH can always double
or triple this, so that GnRH ultimately controls
~50–67% of overall FSHB mRNA levels at any
concentration of activin A. This is consistent with the
in vivo data reviewed above (Fig. 1a).

The action of GnRH was then studied in
non-gonadotrope rat pituitary cells (GH3),
engineered to express rat Gnrhr [38]. Luciferase was
synthesized in these cells, driven by the Lhb (gene
encoding luteinizing hormone β) or FSHB promoters,

and GnRH specifically induced luciferase by acting
through each of these promoters. Ultimately, the use
of the GH3 cell model identified a GnRH-responsive
element (enhancer) on the Lhb promoter [39].
A GnRH enhancer was not identified for FSHB, but
the study established that one exists between −2000
and +1709 bp on the rat FSHB promoter [38].

Most recently, LβT2 mouse gonadotropes were
used in the same manner as the GH3 cells to show
that GnRH can induce a twofold increase in the
expression of an ovine FSHB promoter–luciferase
construct (oFSHBLuc) [36]. Unlike the GH3 cells,
LβT2 cells respond to activin A, which increases
oFSHBluc expression five- to eightfold over a 24–48 h
period [18,36]. Although the effects of treatment with
GnRH together with activin have not yet been
examined, the results reported so far in LβT2 cells are
completely compatible with those obtained with
perifused primary rat pituitary cultures [37] and
GH3 cells [38]. Taken together, these studies indicate
that there are GnRH-responsive elements
(enhancers) on both the rat and ovine FSHB
promoters that can be detected with in vitro
techniques in gonadotropes and non-gonadotropes.

GnRH enhancers on the ovine FSHB promoter

Six years ago, techniques that were pioneered in GH3
cells were used to identify two GnRH enhancers on the
ovine FSHB (oFSHB) promoter (−4741 to +759 bp)
[40,41]. Using choriocarcinoma, HeLa and Cos-7 cells,
two AP-1-like enhancers were located at −120 bp and 
−83 bp of the oFSHB promoter that are required by
GnRH to induce a threefold increase in oFSHBLuc
transcription (Fig. 4) [41]. These experiments were the
first to associate specific response elements
(enhancers) in any FSHB promoter with GnRH action.

The −120 bp AP-1-like sequence in the oFSHB
promoter is not only a GnRH enhancer, but it is also
completely conserved in five of the seven mammals
tested (sheep, cow, pig, rabbit and human), and only
varies at one terminal nucleotide compared with
similar sites in the rat and mouse FSHB promoters
[40]. Thus, it appears that evolution has favored
retention of the −120 bp AP-1 site, suggesting that it
has special importance. The −83 bp AP-1-like site is
conserved in three of the seven species tested (sheep,
cow and pig). The promoter location of these sites
and the data supporting their role in GnRH
induction of FSHB transcription in HeLa cells is
shown in Fig. 4 [41].

Several conclusions follow from all of the data
outlined above. First, GnRH controls 50–67% of
FSHB expression in vivo and in perifused tissue
culture. Second, GnRH activates signal
transduction pathways that rapidly and directly
induce FSHB transcription in vivo in rats (as much
as a fourfold induction in 5 min, declining to twofold
at 30 min). This conclusion is strengthened by
studies showing that GnRH doubles or triples
transcription of rat FSHBLuc and oFSHBLuc
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constructs in non-gonadotrope cell lines (GH3 and
HeLa) and in LβT2 gonadotropes. Third, studies in
HeLa cells show that two AP-1-like enhancers in the
oFSHB proximal promoter are required for GnRH
induction of oFSHBLuc transcription, suggesting
that GnRH directly induces FSHB transcription by
these AP-1 sites and that this induction might be
physiologically important.

Transgenic mouse technology to test the physiological

relevance of GnRH enhancers

Because GnRH seems responsible for ≥50% of FSH
production in vivo, it was thought that the two ovine
AP-1-like GnRH enhancers might be responsible for
≥50% FSHB transcription in vivo and have a
significant and measurable impact on FSH-β
regulation. Therefore, transgenic mouse lines were
produced to harbor oFSHBLuc constructs (−4741 bp
to +753 bp of FSHB promoter and luciferase), with or
without the functional AP-1 sites at −120/−83 bp. All
of the resulting transgenic mouse lines that contained
wild-type or mutated promoter constructs expressed
the gene encoding luciferase uniquely in the pituitary
(>98% expression in the pituitary).

Unique expression of oFSHBLuc in the transgenic
mouse pituitary shows that the oFSHB promoter
contains sequences that can successfully target
expression of a gene to pituitary gonadotropes in
transgenic mice [42]. Even more importantly, the
wild-type oFSHBLuc transgene was regulated in a
similar manner to the endogenous FSHB gene under
all of the physiological conditions tested. That is,
gonadectomy caused as much as a 27-fold increase in
the synthesis of luciferase, treatment with Lupron
depot (a long-acting, potent GnRH agonist) decreased
luciferase 50–99%, and finally, luciferase synthesis
increased up to 20-fold over the course of the
proestrous and estrous periods, as observed for FSH-β
in vivo [42].

Surprisingly, however, the mutant oFSHBLuc
(which lacked functional AP-1 sites) was expressed
and regulated just as well as the wild-type construct
in transgenic mice [42]. These studies indicated that
the two AP-1-like GnRH enhancers in the ovine
FSHB promoter have little or no impact on targeting
FSHB expression to pituitary gonadotropes or on its

TRENDS in Endocrinology & Metabolism  Vol.13 No.6  August 2002

http://tem.trends.com

260 Review

TRENDS in Endocrinology & Metabolism 

7500

5000

2500

0

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (

R
LU

)

(a)

C Act Act+GG

a

b

c

a

15000

10000

5000

0

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (

R
LU

)

(b)

C Act Act+GG

a

b

ab

a

Fig. 5. Induction of wild-type or mutant oFSHBLuc by activin and/or
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Reproduced, with permission, from Ref. [17]. Abbreviations: C, control;
GnRH, gonadotropin-releasing hormone; oFSHBLuc, ovine FSHB
promoter– luciferase construct; RLU, relative light units.
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regulation in vivo, even though these AP-1 sites were
associated with strong induction of FSH-β by GnRH
using in vitro techniques.

Given the unexpected discovery that the AP-1 sites
(GnRH enhancers) made no difference in vivo, it was
then shown that these AP-1 sites could support
GnRH-mediated induction of oFSHBLuc in
transgenic pituitary culture, as they do in GH3 and
HeLa cells [17] (Fig. 5). Figure 5a shows results from
one transgenic line harboring wild-type oFSHBLuc
that look very much like those shown in Fig. 3.
Luciferase activity is low when the cells are
pretreated with follistatin (used instead of perifusion
to deplete endogenous activin-like inducers of FSHB)
and then addition of activin A stimulates oFSHBLuc
expression 13-fold. GnRH doubled expression of
oFSHBLuc in both control and activin A-treated
cultures [17]. Thus, GnRH did induce luciferase
twofold in transgenic pituitary culture, as it did in
GH3 cells producing luciferase under control of the
rat FSHB promoter, or in HeLa, Cos-7 and LβT2 cells
expressing oFSHBLuc. By contrast, GnRH could not
alter expression of the oFSHBLuc construct with
mutant disfunctional AP-1-like sites [17]. The in vitro
data obtained with the mutated and wild-type FSHB
promoters are clearly different, whereas the in vivo
data are not. Therefore, the AP-1 sites associated with
GnRH action in vitro do function as expected in
pituitary culture to induce oFSHBLuc, but they
appear to have no measurable effect on FSH-β
regulation in vivo [17].

Future perspectives and summary

It is impressive and instructive to know that
oFSHBLuc constructs are expressed specifically in

the pituitaries of transgenic mice, where they are
regulated in a similar manner to the endogenous
mouse FSHB gene. This indicates that oFSHBLuc
contains all of the important promoter elements
necessary for targeting expression of FSHB to
gonadotropes and for regulating it properly at the
transcriptional level. However, it seems that direct
induction of FSHB transcription is of little
importance in vivo because destruction of the 
two AP-1-like GnRH enhancers alters neither
gonadotrope-specific expression of oFSHBLuc nor its
regulation in transgenic mice.

There are several crucial points that are reported
to affect FSHB expression (Fig. 6). All are linked
directly or indirectly to GnRH action, but it is not
known which are most crucial and relevant in vivo for
FSH production. Because we have shown here that
GnRH probably does not have a major direct
influence over FSHB transcription (Fig. 6a), the line
connecting GnRH to FSHB transcription is dashed.
Given this conclusion, future attention should focus
on the other crucial points affecting FSHB expression.
These include indirect regulation through TGF-β
family members and/or follistatin, which is already
being studied in several laboratories. Currently, it is
generally believed that activins are the primary
TGF-β family members driving FSH synthesis, but
new evidence suggests that this field might not yet be
completely understood [18]. Perhaps the inability to
explain the ups and downs of FSHB expression
in vivo is because other TGF-β family members are
involved in FSH-β induction. Moreover, there are
other ways that GnRH can increase FSHB
expression, such as boosting overall translation [43]
and/or transcription [44] in gonadotropes (Fig. 6b,c).
It would be rewarding to understand how GnRH
mediates its multiple effects on FSH production, not
only through the induction of activins, follistatin and
other hormones, but also through general effects on
translation and transcription.

Finally, even though the studies reviewed here
have not uncovered a physiologically relevant direct
effect of GnRH on FSHB transcription, there is still
the possibility that one does exist, although it might
be subtle and obscured by the more influential
inductive roles of TGF-β family members. The testing
of oFSHBLuc constructs that cannot be induced by
TGF-β family members should clearly address this
question. Transcriptional induction of these
transgenes might be caused by GnRH in a direct way
that can be studied without the complex influences of
activins, BMPs, inhibins and follistatin. Because
GnRH-mediated enhancement seems
mechanistically independent of activin action (Fig. 3),
the separate response elements should be able to be
removed separately and independently to determine
the individual effects of each hormone. Such an
approach would show any independent effect(s) of
GnRH in the most sensitive way possible. This
approach should also confirm the primary importance
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of TGF-β family members on FSH production in vivo,
so this approach will serve a double purpose.

In summary, there are several conclusions that can
be drawn from this review. First, GnRH can rapidly
and directly induce transcription of rat FSHB in vivo
and in vitro, but GnRH is also reported to induce
overall gonadotrope transcription and translation,
in addition to pituitary production of TGF-β family
members and follistatin, all of which can indirectly
alter FSHB expression. With regard to direct
induction of FSHB transcription, in vitro tissue
culture studies indicate that rat and sheep FSHB

promoters contain GnRH-response elements
(AP-1-like enhancers), but when these enhancers
were tested in vivo in transgenic mice, their presence
or absence had no effect on gonadotrope-specific
expression or normal regulation of FSHB. These data
strongly suggest that GnRH has little or no direct
transcriptional influence on FSHB expression or
regulation in vivo. Therefore, most GnRH-mediated
induction of FSHB transcription is probably indirect;
it will be important in the future to look at these
indirect and/or general mechanisms of induction
shown in Fig. 6b–h.
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Calcitonin gene-related peptide (CGRP) is a 37-amino
acid peptide generated from alternative splicing of
the primary RNA transcript of the gene encoding
calcitonin (CT)–CGRP located on the short arm of
chromosome 11 [1]. The production of CGRP and
CT peptides occurs in a tissue-specific manner [1–3].
In the central nervous system, for example, splicing of
the gene encoding α-CT (official gene symbol:
CALCA) produces CGRP, whereas the C cells of the
thyroid predominantly form CT [1–3]. A second gene
encoding CGRP (official gene symbol: CALCB),
thought to be a result of gene duplication, is also
located on chromosome 11 and selective production of
β-CGRP is seen in all tissues in which this gene is
expressed [1,4]. The rat α- and β-CGRPs differ by one

amino acid and human CGRPs differ by three amino
acids [1,4,5]. The α- and β-CGRPs exhibit nearly
identical biological activities [1,4,5]. The synthesis,
significance and potential interactions of these two
forms of CGRP and their receptors in different tissues
are yet to be clarified.

Nerve fibers that contain CGRPhave been identified
in the brain, spinal cord and in association with blood
vessels in most peripheral organs [6]. A dense
perivascular CGRP neural network is seen around
the blood vessels in virtually all vascular beds [7].
Most of the peripheral CGRP-containing nerve fibers
are sensory afferents and have their cell bodies in the
respective dorsal root ganglion (DRG) termini in
laminae I and II of the dorsal horn of the spinal cord [8].

In addition, CGRP-containing nerves also extend to
reproductive organs [9,10]. CGRP immunoreactivity is
localized to a subpopulation of myometrial afferent
nerves throughout the uterine horns and cervix in 
rats [10]. CGRP immunoreactive (i-CGRP) nerve
fibers are distributed between both the vascular and
nonvascular myometrial smooth muscle components
of the uterus in rat [11,12]. The dense network of nerve
fibers is associated with the myometrium, and the fact
that one nerve fiber might innervate both longitudinal
and circular smooth muscle fibers suggests an
important function for this innervation in
coordinating the contractility of the two muscle layers.
Therefore, here we focus on the expression of the
CGRP gene and the regulation of CGRP-induced
smooth muscle relaxation of vascular and myometrial
tissues during pregnancy. In addition, studies on the
effects of female sex steroid hormones on the CGRP
effector system are reviewed, because these regulate
both uterine and vascular functions in the female.

Calcitonin gene-related peptide (CGRP) is the most potent vasodilator, and there

is a growing body of evidence that this peptide might have multiple other

functions. During pregnancy, circulating CGRP levels in rats increase up to the

time of delivery, followed by a sharp decline at term and postpartum. In addition,

the sensitivity of various vascular beds to CGRP in rats appears to increase with

advancing pregnancy. This increased sensitivity might be involved in regulating

uteroplacental blood flow, in addition to other vascular adaptations that occur

during normal pregnancy. Furthermore, the uterine relaxation response to CGRP

is elevated during pregnancy and decreased at term. Sex steroid hormones,

estrogens and progesterone, regulate CGRP synthesis and its effects on both

myometrial and uterine vascular tissues. These changes in smooth muscle

relaxation sensitivity to CGRP appear to be a consequence of changes in

CGRP-receptor levels in these tissues. There appear to be two receptors for

CGRP: the CGRP-A receptor, a well-characterized receptor consisting of

calcitonin receptor-like receptor and receptor activity modifying protein 1, and

the CGRP-B receptor. The CGRP system might play a role in the maintenance of

normal pregnancy, and a defect in this system might lead to complications.
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ABSTRACT (P3-278) From the the 88th Annual Meeting of the Endocrine Society 
                             

(poster presentation 2006) 
 
 
 
Gonadotropin-Releasing Hormone Inhibits Activin Induced Follicle Stimulating 
Hormone Beta-Subunit Through a cAMP/Protein kinase A-Dependent Pathway 
 
Farideh Shafiee-Kermani, Sang-oh Han, and William L. Miller  

Department of Molecular and Structural Biochemistry, Box 7622 North Carolina State 

University, Raleigh, NC 27695-7622 

 

        Follicle stimulating hormone (FSH) is regulated by activin and GnRH through its β-

subunit (FSHB).  Activin always induces FSHB, but GnRH both induces (<1 pulse/h) and 

inhibits it (≥4 pulses/hr).  Inhibition by GnRH was studied here.  Activin treated primary 

murine pituitary cell cultures robustly express FshbLuc-∆AP1 (expressed as a transgene 

in mice; the luciferase gene driven by 4.7 kb of ovine Fshb promoter mutated to destroy 

AP-1 sites used for GnRH induction).  This expression was inhibited 80-90% by GnRH 

with an IC50 M of 10-10 M and T½ of 3 h.  Follistatin was not involved in this 

inhibition.  Activators of cAMP signaling (forskolin, cholera toxin, IBMX, Sp-8Br-

cAMP and PACAP) mimicked GnRH action suggesting that cAMP signaling is involved 

rather than desensitization of the GnRH receptor.  Similar results were obtained with 

GnRH and forskolin in LβT2 gonadotropes transiently transfected with wild type 

FshbLuc.  In LβT2 cells, over expression of cAMP signaling molecules [protein kinase A 

(PKAα, β) or constitutively active CREB (cAMP response element binding protein)] 

mimicked GnRH inhibition.  By contrast, over expression of a PKA inhibitor (PKI) 



 119

increased activin induction of FshbLuc by 2-fold and diminished the inhibitory effects of 

GnRH or forskolin.  In addition, GnRH increased cAMP 2.5-fold in LβT2 cells for 0.5-8 

h and induced expression of a classic cAMP-responsive construct (6xCRELuc) just as 

well as forskolin.  Unlike PKA, over expression of Epac (a guanine nucleotide exchange 

factor directly activated by cAMP) did not mimic GnRH action in LβT2 cells.   These 

data show that chronic GnRH treatment of gonadotropes increases cAMP that actively 

inhibits FSH production through PKA and possibly CREB.  This action of GnRH may 

help explain why high frequency GnRH pulses do not favor FSH production in vivo.  
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