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Abstract

Gonadotropins are pituitary gonadotrope-derived glycoprotein hormones. They act by binding to 

G-protein coupled receptors on gonads. Gonadotropins play critical roles in reproduction by 

regulating both gametogenesis and steroidogenesis. Although biochemical and physiological 

studies provided a wealth of knowledge, gene manipulation techniques using novel mouse models 

gave new insights into gonadotropin synthesis, secretion and action. Both gain of function and loss 

of function mouse models for understanding gonadotropin action in a whole animal context have 

already been generated. Moreover, recent studies on gonadotropin actions in non-gonadal tissues 

challenged the central dogma of classical gonadotropin actions in gonads and revealed new 

signaling pathways in these non-gonadal tissues. In this Chapter, we have discussed our current 

understanding of gonadotropin synthesis, secretion and action using a variety of genetically 

engineered mouse models.
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Introduction

The anterior pituitary is composed of five cell types- gonadotropes, thyrotropes, 

somatotropes, lactotropes, and corticotropes. The gonadotropes produce luteinizing hormone 

(LH) and follicle stimulating hormone (FSH), and the thyrotropes produce thyroid 

stimulating hormone (TSH). LH, FSH, and TSH belong to the pituitary glycoprotein family 

of heterodimeric hormones consisting of a common α-subunit non-covalently linked to a 

hormone-specific β-subunit (1). Human chorionic gonadotropin (hCG) shares the same α-

subunit as LH, FSH, and TSH, but the hCG heterodimer is derived from placental 

syncytiotrophoblast cells (2). While hCG is only found in primates and horses, the pituitary 

gonadotropins are conserved throughout mammalian evolution and will be the focus of this 

review (1, 3).

The gonadotropin α– and β-subunits are encoded by distinct single-copy genes located on 

separate chromosomes. In humans, the α-subunit is mapped to chromosome 6, the LHβ-

subunit is mapped to chromosome 19, and the FSHβ-subunit is mapped to chromosome 11 

(1, 4). LH and FSH are under transcriptional and translational control by multiple factors 

including the downstream sex steroids, and the upstream signal from the hypothalamic 

derived decapeptide, gonadotropin-releasing hormone (GnRH) (5-7). Pituitary specific cell 

fate and function appears to be under partial control of the GATA family of transcription 

factors which are present at high levels in the developing pituitary and adult gonadotropes 

(8). Although LH and FSH are released from the same cell, they are secreted independently 

of one another, and their secretion is distinctly regulated by GnRH pulsatility and differences 

in segregation into secretory granules (1, 6, 9).

LH acts on target cells by binding to the LH receptor (LHR), and is required for 

steroidogenesis, gonadal growth, and gametogenesis. LHR is expressed on testicular Leydig 

cells as well as ovarian granulosa and theca cells. FSH signals via the FSH receptor (FSHR), 

and is essential for initiation of spermatogenesis and follicle maturation in males and 

females, respectively. FSHR is expressed on ovarian granulosa cells and on Sertoli cells in 

the testes. Recent reports have identified expression of FSHR in several extra-gonadal 

tissues, including uterus, placenta, adipose tissue, bone, and tumor blood vessels (10). In this 

review, we will focus primarily on mouse models that were developed to study LH and FSH 

actions at the level of the ovary and testis. We will also review known actions of FSH on 

bone and adipose tissue, as these tissues in mouse models have recently been highlighted in 

the field of gonadotropin action (Fig. 1).

1. Mouse Models of Gonadotropin Secretion and Action

1.1. Transcriptional Models

1.1.1. α-Glycoprotein Subunit Overexpression—The common α-subunit (Cga) 

mRNA is present as early as embryonic day 11.5 (E11.5) in the mouse pituitary (11). It is 

the first of the glycoprotein hormone subunits to be expressed during development, and it is 

synthesized in excess compared to β-subunit transcripts (3). In 1988, using a transgenic 

mouse model overexpressing human CGA, Fox and Solter demonstrated that the human 

transgene is only expressed in the pituitary in mice demonstrating that mouse trophoblast 
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cells lack the regulatory factors needed for α-subunit expression in placenta (3). Fox and 

Solter also observed increased production of the α-subunit in castrated transgenic mice, 

suggesting a direct role of gonadal steroids as suppressors of α-subunit mRNA expression. 

Although dimerization of the transgenic α-subunit and the mouse β-subunits was not 

directly tested in thisstudy, no physiologic abnormalities including impaired dimerization, 

infertility or thyroid disorders were noted in these mice (3).

Other transgenic mouse models have been useful to better understand the promoter regions 

involved in α-subunit expression (12), and to identify separate cis-acting promoter regions 

that regulate α-subunit expression in gonadotropes and thyrotropes (12). Transient 

transfection studies using a Cre recombinase have identified DNA elements that are 

important for expression and function of the α-subunit in gonadotropes and thyrotropes. 

These studies also provided insight into the DNA sequence required for α-subunit 

expression in mice (13, 14). A placental-specific cAMP response element has also been 

identified in the α-subunit, and was found to be essential for tissue-specific expression (15).

1.1.2. a-Glycoprotein Subunit Knockout—To study the in vivo consequences of loss 

of the α -subunit on mouse pituitary and gonad development, the Camper group developed 

mice lacking the gonadotropin α-subunit (16). Targeted disruption of the α-subunit gene in 

mice resulted in growth deficiency, severe hypothyroidism, and hypogonadism in male and 

female mice (16). However, despite hypogonadism, sexual differentiation and genital 

development were not affected in these mutant mice. Using the same α-subunit knockout 

model, Gergics and Camper further evaluated thyrotrope hypertrophy and hyperplasia 

observed in α-subunit knockout mice and found that, although the β-subunit of TSH was 

abundantly expressed in thyrotropes, it was not secreted without expression of the α-subunit. 

The impaired TSH heterodimer secretion resulted in endoplasmic reticulum stress, an 

increased unfolded protein response, and up-regulation of cellproliferation genes, which 

promoted thyrotrope proliferation and proto-oncogene activation, suggesting a potential role 

for α-subunit deficiency in thyrotrope adenomas in humans (17).

1.1.3. hCGβ-Subunit Overexpression—The placental gonadotropin, hCG, is expressed 

at high levels by the placenta during the early stages of pregnancy. The gene encoding hCGβ 
is located on chromosome 19 (18). The hCGβ-and LHβ-subunits have similar structures and 

interact with the same receptor, but a carboxyterminal peptide (CTP) sequence found on 

hCGβ extends its half-life beyond that of LH (2). Several mouse models have been 

developed to further study and understand the mechanisms of hCG action, as well as the role 

of hCG in cancer.

Expression of the hCGb-subunit from the mouse metallothionein -1 (mMT-1) or ubiquitin C 

promoters results in the production of transgenic mice that overexpress hCGβ from multiple 

tissues, and hCGβ overexpression leads to infertility in both male and female mice (19, 20). 

These promoters were purposefully chosen to achieve wide-spread expression in multiple 

tissues. In male MT-hCGβ transgenic mice, no morphological or histological defects were 

detectable in the testes. However, ovarian defects were observed in female MT-hCGβ mice, 

including a block in folliculogenesis with no detectable antral follicles or corpora lutea. 

Some female MT-hCGβ transgenic mice also developed polycystic ovarian syndrome 
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(PCOS)-like ovarian histology with cysts and large corpora lutea, as well as enlarged uterine 

horns and an increase in testosterone and progesterone (19, 20). The reproductive defects 

observed in female hCGβ mice are most likely explained by an extreme increase in the 

progesterone/estrogen ratio (20). Thus, in contrast to hCGα, overexpression of hCGβ 
impairs fertility in mice, most likely because hCGβ issecreted more efficiently in vivo and 

interferes with the LH/hCG receptor interaction at the gonads (19, 21, 22).

In addition to reproductive defects, female hCGβ transgenic mice became obese by 6 

months of age, weighing as much as twice that of wild type control mice, primarily due to 

increased accumulation of abdominal adipose tissue (20). These mice also developed 

progesterone-dependent lactotrope adenomas with elevated serum prolactin and subsequent 

metabolic disturbances, as well as abnormal lobuloalveolar mammary gland development 

(20, 23, 24). Metastatic mammary gland adenocarcinomas developed in hCGβ mice by 12 

months of age and were likely a result of increased circulating progesterone, which 

hypersensitizes mammary cells to the action of growth factors (20). The pituitary and 

mammary phenotypes were prevented by ovariectomy at 6 weeks of age (20), suggesting 

that elevated gonadotropins are unlikely to produce similar abnormal phenotypes in 

postmenopausal women. Additionally, the infertility, obesity, and hyperandrogenism 

observed in hCGβ transgenic females was correctable with short-term administration of a 

dopamine agonist, if started at a young age, demonstrating the strong effect of 

hyperprolactinemia on the phenotypes of hCGβ transgenic mice (25). Female hCGβ 
transgenic mice also displayed an upregulation of genes belonging to the Wnt signaling 

family, and this was independent of changes in ovarian steroidogenesis. The activation of 

Wnt signaling promoted beta-catenin-stabilizing mammary tumorigenesis, which may have 

implications in pregnancy-induced breast cancers (26).

1.1.4. hCGα/β Overexpression—To achieve overexpression of the biologically active 

hCG dimer, transgenic hCGα/β-expressing mice were generated by cross-breeding 

transgenic mice expressing the hCGα-subunit with those expressing hCGβ (27). Male mice 

in this group had a 2000-fold increase in bioactive hCG, and were infertile due to an 

inability to copulate (27). They were found to have normal spermatogenesis and sperm 

quality, but tubular degeneration occurred with age and mice displayed progressive 

detrimental effects to accessory reproductive organs and kidneys (27). Male hCGα/β 
transgenic mice displayed elevated testosterone levels, but surprisingly, this did not result in 

precocious puberty (28). Leydig cell adenomas were present in prepubertal mice but not 

adult mice, providing further insight into the potential tumorigenic effects of elevated 

gonadotropins (28). Female hCGα/β transgenic mice displayed elevated estrogen, 

testosterone, and progesterone levels, as well as increased bone mineral density in animals 

with intact ovaries, and “sclerotic-like” histomorphometric parameters indicative of reduced 

bone resorption and/or increased osteoblastic activity (29). In contrast, bone mineral density 

was unchanged in hCGα/β transgenic males (29).

However, another hCG dimer-expressing transgenic mouse line was created by co-injecting 

both the MT-hCGα and MT-hCGβ transgenes, and the phenotypes observed were greatly 

different. Overexpression of hCGa and hCGβ from the mMT-1 promoter results in the 

production of transgenic mice that overexpress the hCG dimer from multiple tissues. With 
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low-level overexpression of the hCG dimer (both transgenes expressed at low copy number), 

mice became infertile by 6-7 months of age but did not present with gonadal defects or 

histological abnormalities (19). With high-level expression of the hCG dimer, both male and 

female mice were infertile and displayed multiple reproductive defects (19). Male transgenic 

mice had highserum testosterone as well as low serum LH and FSH, and displayed enlarged 

seminal vesicles, Leydig cell hyperplasia, and reduced testis size. Some seminiferous tubules 

from hCG dimer-expressing transgenic mice contained only Sertoli cells, and no 

spermatogonia or developing spermatocytes, which is indicative of germ cell loss (19). 

Female hCGα/β transgenic mice had high serum estradiol and enlarged uterine horns, along 

with ovarian hemorrhage and multiple cysts. These mice also demonstrated abnormal 

ovarian histology, with follicles that contained enlarged thecal layers and multi-nucleated, 

proliferating stromal cells (19). High-level hCG dimer-expressing mice also displayed extra-

gonadal phenotypes including behavioral aggression in males and urinary tract defects in 

females. However, the mammary and adrenal glands were not affected by hCG dimer 

overexpression in this mouse model (19). This study suggests that the extent of 

overexpression of the hCG dimer is critical for functional activity and phenotypic outcome.

1.1.5. LHβ-Subunit Overexpression—Expression of LHβ-subunit mRNA begins on 

E13.5 in the mouse pituitary, prior to the expression of FSHβ-subunit mRNA, and becomes 

significantly increased by E16.5; LHβ protein is detectable shortly after mRNA is expressed 

(11, 30). Transgenic animal models investigating LHβ-subunit promoter regions have 

identified DNA elements such as steroidogenic factor-1 (SF-1) (31), NF-Y (32), and Pitx1 

(33) as regulators of LHβ-subunit activity, both basally and in response to GnRH (5). In 

women, overexpression or hypersecretion of LH has been implicated in infertility as well as 

PCOS. In humans, PCOS is characterized by elevated serum LH, insulin resistance, 

increased ovarian androgen production, ovarian cysts, anovulation, and infertility (34, 35). 

To further study the potential association between LH and human disease, and to 

betterunderstand and characterize properties of the LHβ-subunit, multiple transgenic mouse 

models have been developed. However, maintaining elevated serum LH in mouse models 

can be challenging because LH has a short half-life. As mentioned previously, the CTP of 

hCG functions to prolong the half-life of the hCG by reducing elimination of the 

heterodimer from serum, and this peptide can be utilized to increase the half-life of LHβ. 

Therefore, LHβ-CTP-expressing transgenic mice provide a means to study prolonged 

increases in serum LH without the need for repeated injections or supraphysiologic dosing. 

Despite this, LHβ-CTP transgenic mice overexpress LHβ at a much lower level than that of 

hCGβ overexpression in the hCGβ transgenic mouse model discussed previously, as a result 

of the different promoters used to express the transgenes (20, 36).

Male LHβ-CTP transgenic mice were subfertile with reduced testis size, but had normal 

circulating testosterone levels (36). Female LHβ-CTP transgenic mice were also subfertile 

but had more pronounced reproductive defects than males, including chronic anovulation 

and enlarged, PCOS-like ovaries along with elevated progesterone, an increased life span of 

corpora lutea, and a diminished primordial follicle pool by three months of age (36, 37). 

Female LHβ-CTP mice also developed ovarian luteomas and tumors of granulosa/stromal 

cells, theca/interstitial cells, mammary tissue, and pituitary, in addition to urinary tract and 
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adrenal cortex defects (36, 38-40). The phenotypes observed in LHβ-CTP mice were similar 

to those seen in patients with ovarian hyperstimulation syndrome (OHSS), and implicate 

elevated LH as a causative factor for the increased prevalence of ovarian tumors in patients 

undergoing fertility treatment (32). Expression of LHR was increased in the adrenal glands 

of LHβ-CTP mice, resulting in elevated production of corticosterone (41). Female LHβ-CTP 

mice demonstratedincreased serum testosterone as early as 2 weeks of age, accompanied by 

precocious vaginal opening and enlarged uteri (42). Although female LHβ-CTP mice were 

infertile, oocytes harvested from these mice formed viable embryos when transferred to 

nontransgenic pseudopregnant recipients, but oocytes transferred to LHβ-CTP mice from 

nontransgenic controls failed to implant due to defects in uterine receptivity (43). Transgenic 

mice expressing LHβ without CTP had equal levels of serum LH and show similar, although 

less pronounced phenotypes compared to LHβ-CTP transgenic mice, due to the shorter half-

life of LHβ (36).

Many of the phenotypes described above with LHβ-CTP transgenic mice are similar to those 

noted in ERα knockout mice. These ERα null mice also had elevated serum LH, due to a 

loss of negative feedback by estradiol on the pituitary gland. ERα, but not ERβ, is required 

for the negative feedback effect of estradiol to maintain serum LH low (44). ERα knockout 

mice had elevated serum estrogen and testosterone, and exhibited similar ovarian phenotypes 

as LHβ-CTP transgenic mice, including infertility, chronic anovulation, absence of corpora 

lutea, ovarian cysts, interstitial and stromal cell hyperplasia, and granulosa cells tumors (44, 

45). Although ERβ is not required for negative feedback by estradiol, it is highly expressed 

by ovarian granulosa cells and is required for formation of cystic ovarian follicles in ERα 
knockout and LHβ-CTP mice (45).

1.1.6. LHβ-Subunit Knockout—In hpg mutant mice, the GnRH peptide is not expressed, 

and therefore these mice lack expression of both LH and FSH (46, 47). Cga-null mice also 

lack both LH and FSH because the common α-subunit is not expressed (16). Both hpg and 

Cga mutant mice present with a series of reproductive defects but from these mouse models, 

it is not possible to discern which defects are specific to LH- or FSH- deficiency. However, a 

null mutation at the Lhb locus resulted in the production of LHβ knockout mice that 

completely lacked expression of the hormone-specific LHβ-subunit in the pituitary (48, 49). 

Lhb null mice have normal FSH expression levels, allowing for characterization of 

physiological parameters that are regulated by LH, independent of FSH. Lhb knockout mice 

displayed hypogonadism, defective steroidogenesis, and complete infertility (48, 49).

Male LHβ knockout mice displayed decreased testis size, reduced serum testosterone, and 

elevated serum androstenedione. Leydig cell differentiation was blocked as manifested by 

diminished Leydig cell number and size, expression of fetal Leydig cell markers in the adult 

testis, as well as aberrant cell-cycle regulation with increased proliferation and reduced 

expression of p27, a cell cycle inhibitor (49). Furthermore, male Lhb knockout mice showed 

reduced expression of steroidogenic enzymes Hsd3b6, Cyp17a1, and Hsd17b3. Mutant male 

mice also displayed accessory gland abnormalities such as hypoplastic epididymides and 

seminal vesicles. Spermatogenesis proceeded normally until the production of round 

spermatids, but was arrested thereafter in the absence of LH (49). Expression of mRNAs 

encoding inhibinβA and inhibitβB subunits was increased, and serum AMH was also 
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elevated, demonstrating that LH deficiency results in aberrant expression of Sertoli cell 

markers (49). This Lhb knockout mouse model was also used for further studies to define 

the role of osteocalcin in male reproductive function (50). Osteocalcin is a bone osteoblast-

derived hormone and has been shown to stimulate testosterone production by binding to its 

receptor GPRC6A expressed on Leydig cells in testis.Interestingly, mice lacking osteocalcin 

have elevated LH levels. To address whether LH mediates osteocalcin actions on testis, Lhb 
knockout male mice were treated with recombinant osteocalcin. Serum testosterone levels 

were elevated compared to those in PBS injected Lhb knockout mice indicating that LH and 

osteocalcin act in parallel pathways (50).

Female LHβ knockout mice had reduced ovarian size, impaired cyclicity, and defects in 

ovarian folliculogenesis, including a block at the pre-ovualtory stage with the presence of 

abnormal antral follicles that contained degenerated and apoptotic oocytes and no corpora 

lutea (49). Although thecal cell differentiation was not affected in the absence of LH, mutant 

mice showed reduced expression of steroidogenesis genes including Cyp11a1, Cyp19a1, and 

Cyp17a1, and expression of Cox2, a marker of ovulation, was suppressed. LHβ-null females 

had decreased serum estradiol and progesterone, as well as severely hypoplastic uteri (49).

The phenotypes observed in male and female LHβ knockout mice can be rescued by 

administration of exogenous hCG, which is an LH analog. Successful rescue with hCG 

demonstrates that the Lhb knockout mice, despite the absence of LHβ expression, remain 

LH-responsive. Following injection with hCG, male Lhb knockout mice demonstrated 

increased expression of steroidogenic enzymes, and female Lhb knockout mice displayed 

activation of ovarian response genes as well as the successful release of oocytes following 

superovulation (49). Importantly, pharmacological rescue of male LHβ knockout mice with 

testosterone rescued expression of Hsd3b1 and Hsd3b6, but not Cyp17a1, demonstrating 

that LH directly regulates expression of Cyp17a1 in a testosterone independent manner (49).

1.1.7. LHR KO—Targeted disruption of the Lhr gene results in infertility in male and 

female mice, further demonstrating that LH action is required for fertility in both sexes (51). 

Both male and female LHR knockout mice displayed dramatically elevated circulating LH, 

moderately elevated circulating FSH, and underdeveloped internal and external genitalia, as 

well as arrested postnatal sexual development (51, 52). Lhr knockout male mice had reduced 

circulating testosterone, increased circulating estrogen, Leydig cell hypoplasia, and 

postmeiotic arrest of spermatogenesis (51). Further analysis showed that FSH action allows 

for normal spermatogenesis initially, but that LH and testosterone are required for 

spermatogenesis to proceed beyond the round spermatid stage (53, 54). Pre-pubertal 

testosterone replacement only partially restored fertility in male Lhr knockout mice, 

suggesting that testosterone-independent actions of LH may regulate male fertility (55). 

Female Lhr knockout mice displayed an antral stage block in folliculogenesis in addition to 

decreased circulating estrogen and progesterone (51). Similar to the arrest in 

spermatogenesis observed with Lhr knockout males, FSH stimulates normal follicular 

development from the preantral stage to the early antral stage, but LH is required for 

development thereafter in females (52). The phenotypes observed in female Lhr knockout 

mice were not completely reversed by estrogen replacement therapy, suggesting that LH 

directly regulates reproductive function, independent of sex steroids (56). By 12 months of 
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age, some Lhr knockout mice became obese compared to wild type controls, and all Lhr 
knockout females eventually developed endometrial tumors. Sex steroids are well known 

regulators of food intake and thermogenesis and thus they play an important role in energy 

and body weight homeostasis. Hypogonadism, which results in severely suppressed or 

absent estrogen is often associated with increased obesity, although emerging evidence 

indicates that gonadotropins may directlyregulate adiposity. Male and female Lhr knockout 

and heterozygous mice also displayed decreased bone density by 8 weeks, and this 

phenotype persisted beyond one year of age (56).

1.1.8. LHR Gain of Function—Two types of transgenic mouse models were generated to 

study activating Lhr mutations: mice expressing hCG covalently linked to LHR (termed 

YHR+ mice); and mice expressing an activating LHR mutation (D556H mice) (57). Male 

YHR+ mice were fertile, and presented with increased serum testosterone and seminal 

vesicle weight along with decreased serum LH and FSH, but no apparent precocious puberty 

(58, 59). In contrast, male D556H mice were infertile and had reduced testicular weight, 

decreased serum testosterone, reduced serum FSH, and normal serum LH (58, 59). Female 

YHR+ mice displayed a phenotype similar to that of LHβ or hCG overexpressing mice, and 

presented with precocious puberty, elevated estrogen and progesterone, reduced serum LH 

and FSH, increased uterine weight, follicular cysts, interstitial cell hypertrophy, and 

anovulation (58, 59). Female D556H mice were infertile and acyclic, with elevated serum 

progesterone, ovarian cysts, increased corpora lutea, interstitial cell hypertrophy, and 

degenerating follicles (58, 59). Importantly, the corresponding D578H mutation in LHR has 

been identified in humans, but only in males, and results in the formation of Leydig cell 

tumors (59).

1.1.9. FSHβ-Subunit Overexpression—During mouse pituitary development, FSHβ is 

the last of the gonadotropin subunits to be expressed. FSHβ mRNA is expressed at very low 

levels at E13.5 (30), and becomes significantlyincreased by E17.5 (11). FSHβ protein 

expression lags behind FSHβ mRNA expression and is not present in large quantities until 

birth or as late as postnatal day 14 (30). In an effort to identify essential DNA regulatory 

elements of the human FSHβ gene, a number of transgenic mouse models have been 

developed. The regulatory elements on the human FHSβ transgene were analyzed using 

many of these transgenic models (60). Sequence analyses of the 5′ proximal promoter 

revealed the presence of several homeodomain binding sites as well as GATA, SMAD, 

AP-1, NF-1, NF-Y and steroid hormone transcription binding sites within the highly 

conserved -350 bp promoter region (60).

In 1992, Kumar et al developed a transgenic mouse model of gonadotrope-specific FSHb 

expression, in which a 10-kb human FSHB transgene was targeted to pituitary gonadotropes 

(61, 62). Free FSHβ-subunit was not detectable in the serum of these mice, indicating that 

the human FSHb-subunit assembled with the mouse common α-subunit and was secreted 

from gonadotropes as a heterodimer. In both male and female transgenic mice, the transgene 

was found to be highly abundant compared to the endogenous FSHβ message, possibly due 

to an increase in stability of hFSHβ mRNA, or the presence of multiple copies of the 

transgene. Serum FSH levels were higher in transgenic males compared to females and 
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interestingly, a sexually dimorphic FSH expression was also observed in wild type mice, 

with males having higher serum FSH than females (61). Following gonadectomy, female 

and male HFSHB transgenic mice displayed a 5-fold and 3.5-fold increase in serum FSH, 

respectively, compared to ovariectomized or castrated wild type mice. Treatment of 

gonadectomized mice with estrogen or testosterone reduced serum FSH and suppressed 

HFSHB transgene expression in gonadotropes (61). MaleHFSHB-expressing mice displayed 

a slight reduction in testis size, but no reproductive defects were evident in female HFSHB-

expressing mice (61).

In a subsequent study by our group using the same FSHβ transgenic mouse model, the 

observed sexual dimorphism and androgen-mediated regulation gene was further elucidated 

(62). Gonadectomy resulted in similar elevations of serum FSHβ mRNA in both male and 

female normal and transgenic mice. However, female mice displayed increased FSH levels 

two weeks after castration, whereas FSH levels decreased in male mice (62). The hFSHB 
gene was found to be markedly suppressed by testosterone when compared to endogenous 

mouse Fshb (62). A further study by Kumar et al. investigated the role of GnRH on the 

function of FSH (63). In this study, the FSHβ transgenic mice described above were given 

daily injections of GnRH for 14 days to induce hFSHB gene expression. Following GnRH 

stimulation, hFSHB mRNA levels were increased approximately 4- or 10-fold compared to 

control males and females, respectively (63). This stimulation of FSH was completely 

blocked in males with administration of testosterone, and was partially blocked in females 

with administration of estradiol (63). These findings shed additional light on the species-

specific mechanisms regulating human FSHB transgene expression in vivo in a mouse 

pituitary environment.

To study the consequences of elevated serum FSH, an MT-1 promoter was used to drive 

high-level expression of human FSHB from multiple tissues in mice. However, FSHB+ 

female mice were infertile, and therefore male FSHB+ mice were crossed with CGA+ 

females (also expressed from an MT-1 promoter), to generate mice that overexpressed the 

FSH dimer. The resulting transgenic mice ectopically overexpressed FSH from multiple 

tissues and had a more drasticincrease in serum FSH compared to mice expressing 

gonadotrope-specific HFSHB, with levels that exceeded those observed in postmenopausal 

women (64). Male mice were infertile and had increased circulating testosterone as well as 

enlarged seminal vesicles. However, testis size was not reduced, and spermatogenesis 

appeared qualitatively normal. Therefore, the infertility observed in male MT-hFSH+ mice 

was not due to a gonadal defect, but instead may have been a result of altered sexual 

behavioral characteristics secondary to elevated FSH and/or testosterone (64). Female MT-

hFSH+ transgenic mice were also infertile and displayed phenotypes comparable to PCOS 

and OHSS, including disrupted ovarian folliculogenesis, hemorrhagic cysts, elevated 

estrogen, progesterone, and testosterone, and urinary tract abnormalities; most females did 

not survive beyond 13 weeks of age. These studies demonstrate that supraphysiologic FSH 

levels are detrimental to reproduction, but also suggest that FSH does not promote 

tumorigenesis, as neither male nor female transgenic mice developed gonadal tumors (64).

To study the effects of FSH in the absence of LH, transgenic mice expressing HFSHB from 

an insulin II promoter (RIP) were crossed with hpg mutant mice, which do not express 
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GnRH and display persistent immature reproductive function as a result of severely 

suppressed gonadotropin deficiency (65, 66). The RIP was chosen because it efficiently 

directs heterologous genes to be expressed from pancreas and eliminates the concern of 

direct GnRH dependence of the native FSH subunit encoding gene promoters. Therefore, the 

resulting mice have detectable serum FSH, but not LH. Severe hypogonadism was observed 

in hpg mutant mice, but FSH expression only partially rescued this phenotype; FSH-

expressing hpg male mice had increased Sertoli cell number and increased testis weight, but 

spermiogenesis remained incomplete, similarto the phenotype observed in Lhb-null male 

mice (49, 65). Treatment of FSH-expressing hpg mice with testosterone resulted in a near 

complete rescue of the hpg mutant phenotype, demonstrating that the actions of both FSH 

and LH are required for reproductive function in males (65). Female FSH-expressing hpg 
mice had increased ovarian preantral follicle recruitment with development to the late antral 

stage, which was not seen in the hpg mice. Female mice also had an LH-independent inhibin 

B response when compared to male transgenic mice, indicating a sexual dimorphic 

expression (65, 67).

Transgenic mice expressing hFSH from the rat insulin II gene promoter on a wild-type 

background were also analyzed (68). These mice have an intact endogenous reproductive 

axis with overexpression of hFSH. The overexpression of hFSH had a biphasic effect on 

female fertility; young transgenic female mice had significantly larger litters when compared 

to wild type mice, but litter sizes decreased with age and older transgenic females displayed 

premature infertility when compared to age matched wild type controls (68). Anti-Müllerian 

hormone (AMH) levels also showed a more drastic decrease in hFSH transgenic females 

compared to controls. Despite the age-related decrease in litter size, transgenic hFSH 

females had significantly more corpora lutea at all ages (68). With superovulation, 

transgenic hFSH females had an increase in total number of oocytes recovered, but had an 

equivalent number of healthy fertilized embryos at the two-cell stage when compared to wild 

type controls (68). Although embryo implantation was increased two-fold in hFSH 

transgenic mice, these mice displayed higher levels of resorption when compared to wild 

type females. Interestingly, the older hFSH transgenic females exhibited significant 

parturition failure and a complete failure to deliver term pups, which suggests that elevated 

FSH impairs uterine function (68). Female hFSH transgenicmice had increased bone mass 

via an FSH dose- and ovary-dependent mechanism (69). The mechanism by which bone 

mass was mediated by FSH in this animal model remains unclear, because no FSH receptor 

mRNA was detectable on bone osteoblasts or osteoclasts. The authors propose that FSH may 

indirectly stimulate osteoblasts via inhibin-A or testosterone, but further studies are required 

to investigate this possibility (69).

1.1.10. FSHβ-Subunit Knockout—To study the effects of loss or impaired FSH-

mediated signaling on gonad development and fertility, Fshb knockout mice were generated 

by deleting exons 1, 2, and most of exon 3 of the Fshb subunit gene using embryonic stem 

cell technology. This resulted in the production of heterozygous mice that were then 

intercrossed to obtain Fshb knockout mice. Fshb knockout females are infertile, but male 

mice remain fertile (70). Male Fshb knockout mice had a 60%reduction in testis weight, a 

30% reduction in Sertoli cell number, a 75% reduction in epididymal sperm count, and 
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decreased seminiferous tubule volume, but normal spermatogenesis, normal accessory sex 

glands, and normal serum testosterone compared to wild type control mice (70, 71). Female 

Fshb knockout mice were acyclic with small ovaries and thin uteri, and displayed a pre-

antral stage block in folliculogenesis. Female Fshb knockout mice had undetectable serum 

estrogen and reduced serum progesterone, and developed increased serum LH, uterine 

masses, and hypertrophic growth of ovarian tissue with age (70, 72). Female mutant mice 

displayed altered communication between somatic cells and germ cells, as well as granulosa 

cells and oocytes (73-75).

In addition to reproductive phenotypes, deletion of FSHβ has physiological consequences in 

bone and adipose tissues. Ovariectomized Fshb null mice are protected from bone loss, 

despite dramatically reduced serum estrogen levels (76, 77). Similarly, hypophysectomy 

diminishes bone loss in mice following ovariectomy (78, 79). Studies have shown that FSH 

acts on FSHR on osteoclasts, but not osteoblasts, to increase bone resorption (80), 

contradictory to what was reported by other investigators as described above (50). In 

addition, in adipose tissue, targeting of FSHβ with a polyclonal antibody in ovariectomized 

wild type mice resulted in reduced adipose tissue, increased mitochondrial density, and 

beiging of adipose tissue, as well as activation of brown adipose tissue and increased 

thermogenesis (81). These data suggest that high serum FSH levels independent of estrogen 

may have direct implications on bone health and adiposity in post-menopausal women.

1.1.11. Genetic rescue of Fshb Knockout Mice—To determine if the phenotypes 

observed in FSHβ knockout mice could be rescued, a 10-kilobase HFSHB transgene was 

expressed specifically from gonadotrope cells (type I rescue) in Fshb null mice (82). The 

type I rescue restored fertility in both female and male Fshb null mice. Type I rescue females 

mice displayed normal folliculogenesis and had normal litter sizes. In type I rescue males, 

testis size, sperm count, and sperm motility were completely restored (82). In a separate 

genetic rescue approach, MT-CGA/FSHB transgenes were ectopically expressed at low 

levels from multiple tissues (type II rescue) in Fshb null mice (82). The type II rescue 

restored fertility in all male mice, but did not completely rescue fertility in female mice. In 

males, testis size, sperm number, and sperm motility were entirely restored. However, only 3 

out of 10 female type II rescue mice became pregnant after mating with control male mice, 

and the pregnanciesproduced small litters. A pre-antral stage block in folliculogenesis was 

observed in ovaries from the type II rescue females that did not become pregnant, similar to 

what was observed in Fshb null mice without genetic rescue (82). Together, these data 

demonstrate that gonadotrope-specific expression of HFSHB can rescue fertility in male and 

female Fshb null mice, but ectopic expression of FSH is sufficient to restore fertility only in 

males, but not in females. Nonetheless, Fshb knockout mice retain responsiveness to 

exogenous FSH, and the reproductive phenotypes observed in both males and females can 

be rescued using genetic as well as pharmacologic approaches (9, 82, 83).

1.1.12. FSHR KO—To further study the effects of FSH action on target cells, Fshr 
knockout mice were generated by creating a targeted mutation by homologous 

recombination in embryonic stem cells (84). Female Fshr knockout mice were infertile, but 

male knockout mice displayed normal to sub-fertility. Female Fshr knockout mice were 
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phenotypically similar to Fshb knockout mice with small ovaries, thin uteri, absence of 

corpora lutea, and a pre-antral stage block in folliculogenesis, as well as increased serum LH 

and FSH (84, 85). Male Fshr mutant mice had reduced fertility, but produced offspring when 

mated to wild type females despite markedly reduced serum testosterone levels, elevated 

serum LH and FSH, and small testes (72, 84, 85). Serum FSH levels were increased 15-fold 

in females, but only 4-fold in males, and pituitary FSH was elevated in females only. An 

increase in anterior pituitary lobe size was also observed in females, but not in males. 

Female Fshr knockout females developed uterine masses by 1 year of age, and this was 

inversely correlated with plasma LH concentrations, which increased with age (72). 

Althoughfemale FSHR knockout mice displayed severe hypogonadism, these mice did not 

have reduced bone mass (77).

1.1.13. FSHR Gain of Function—To better understand the role of aberrant FSH-

mediated signaling, several models have been developed. Overexpression of HFSHR in 

Sertoli cells did not result in increased FSH-mediated signaling (86). However, expression of 

a gain-of-function D576G FSHR activated mutant in Sertoli cells of hpg mutant mice 

resulted in increased testis weight, as well as development of mature Sertoli cells and 

postmeiotic germ cells, which are not present in hpg control mice due to the lack of serum 

FSH (87). Sertoli cells from mutant FSHR-expressing mice displayed higher basal cAMP 

activity compared to wild type FSHR-expressing cells, and the mutant receptor could also be 

activated by hCG and TSH, demonstrating that the mutation allows for constitutive 

activation of signaling in the absence of FSH ligand, as well as decreased hormone 

specificity (86). Male transgenic mice expressing mutant FSHR also had elevated serum 

testosterone and increased expression of Cyp11a and Star, enzymes required for testicular 

androgen synthesis, despite the lack of serum LH and FSH in hpg mutant mice (86, 87). A 

separate study identified activating mutations in mouse Fshr, based on the known activating 

mutations in human LHR, and then targeted the mutant D580H and D580Y Fshr transgenes 

to granulosa cells in mice. Constitutive activation of FSHR by the D580H mutation resulted 

in premature follicle depletion, increased estrogen, and irregular estrous cycles, as well as 

infertility in a subset of animals (88). The D580Y mutation produced a less severe 

phenotype, which was mainly manifest by hemorrhagic cysts (88). Together these studies 

demonstrate that aberrant FSH-mediated signaling via FSH receptors is disruptive to 

reproductive physiology in both males and females.

Post-Transcriptional Models

1.1.14. DICER/miRNA—Given the temporal regulation of gonadotropin α- and β-subunit 

gene expression discussed previously, models utilizing Cre, DICER, and miRNA have been 

developed to further study post-transcriptional regulation of the gonadotropin subunits. 

These include models of Cre deleter strains Cga-Cre, Lhb-Cre, and Fshb-Cre, which are 

specific to the gonadotrope lineage (30, 89-91). Cga-iCre transgenic mice expressed Cre at 

E12.5, as expected (89), and Lhb-Cre transgenic mice expressed Cre at E16.5-17.5 (90). One 

limitation of the Cga-Cre and Lhb-Cre deleter strains is that Cre recombination can also 

occur in non-gonadotrope cells (thyrotropes and gonadal tissue), which may result in 

infertility and recombination in undesirable tissues/cells. In an effort to determine the role of 

microRNAs (miRNAs) in gonadotropin regulation, our laboratory developed a Cre-lox 
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mouse model to delete Dicer-dependent miRNAs in gonadotropes (91). Dicer is an enzyme 

that is important for synthesis of mature miRNAs, which are involved in post-transcriptional 

gene regulation. Dicer-dependent miRNAs were found to be involved in transcriptional and 

post-transcriptional regulation of the gonadotropin β-subunits (91). Using this knowledge, 

we utilized an Fshb-Cre deleter strain to inactivate Dicer specifically in gonadotrope cells 

(30). Similar to endogenous FSH expression, Fshb-Cre was expressed in low levels at E14.5, 

with widespread expression by E16.5, and Cre expression in this model was limited to the 

gonadotrope lineage, with no ectopic expression observed in the gonads (30). Loss of Dicer-

dependent miRNAs in gonadotropes leads to gonadotropin suppression, resulting in 

infertility in both male and female mice (30).

To further investigate the roles of miRNAs in reproduction, miR-200b and miR-429 were 

targeted based on their abundant expression in testes. However, miR-200b and miR-429 

double-knockout mice (miR-DKO) did not display any testis abnormalities and no fertility 

defects were noted in males (92). However, female miR-DKO mice were sub-fertile and had 

altered estrous cyclicity as a result of impaired LH regulation (92). Another recent study also 

identified that specific deletion of Dicer in GnRH neurons results in hypogonadism and 

infertility (93), and a set of critical miRNAs including miR-200 and miR-155 acts as 

epigenetic switches to regulate the initiation of puberty (93).

1.1.15. Transforming Growth Factor-β Superfamily—GnRH and gonadal steroids 

regulate gonadotropin expression in a coordinated fashion. GnRH activates the GnRH 

receptor on gonadotrope cells, and regulates synthesis and secretion of gonadotropin 

hormones, in part by signaling to members of the transforming growth factor (TGF)-β 
superfamily, including activins and inhibins (94, 95).

1.2.2.1. Activins: Activins stimulate FSH synthesis by binding to type I and II serine/

threonine kinase receptors. Matzuk et al. targeted the activin type IIA receptor to disrupt 

activin action, and showed that type II activin receptor-deficient mice were fertile and 

displayed normal spermatogenesis, but had decreased testicular size (96). The downstream 

action of activins have been further characterized using activin receptor 1B (ALK4) 

knockout mice, which suggest that ALK4 may be the preferred type I receptor for 

stimulation of Fshb transcription (97). Furthermore, using a type I activin A receptor 

(ALK7) knockout mouse model, ALK7 was shown to be an important regulator of female 

reproductive function (98).

Activins have been described to regulate Fshbtranscription via SMAD4- and FOXL2-

dependent pathways (99). The available in vitro evidence indicates that activins stimulate 

Fshb gene expression by activating a canonical type I/II receptor-SMAD3/4-mediated 

signaling cascade (100). Conditional gene-targeting techniques demonstrated that SMAD4 is 

required for FSH synthesis in both male and female mice. Deletion of Smad4 and forkhead 

box L2 (Foxl2), a DNA binding cofactor of Smad4, in gonadotrope cells resulted in 

infertility in male and female mice with phenotypes similar to FSHβ-knockout mice (99). 

The same group later showed that Foxl2 is an important transcription factor involved in 

activin/SMAD signaling (100). Foxl2 knockdown experiments have been completed in Lβ 
T2 cells to further study regulation of murine Fshb (101). A high-affinity binding element, 
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termed forkhead-binding element, is conserved in the promoter of Fshb in mice and humans 

(100). Mutations in the FOXL2 gene in humans cause blepharophimosis-ptosis-epicanthus-

inversus syndrome (BPES), and can be associated with premature ovarian failure and the 

need for gonadotropin stimulation to achieve pregnancy (102-104).

1.2.2.2. Inhibin—Inhibin suppresses the release of FSH from the pituitary (94), and is 

highly expressed by Sertoli cells and granulosa cells (105). To further characterize the role 

of inhibin in vivo, an inhibin knockout mouse model was created using targeted deletion of 

the alpha-inhibin gene (106, 107). Inhibin-deficient mice developed hemorrhagic gonadal 

stromal tumors, suggesting that inhibin may function as a tumor-suppressor (106). Mice 

lacking inhibin also developed severe cachexia with hepatocellular necrosis, displayed 

elevated serum activin levels, and if castrated, developed adrenocortical tumors (107).

To evaluate the influence of gonadotropins on the development of gonadal and adrenal 

tumors in inhibin-deficient mice, Kumar et al. developed an inhibin/gonadotropin double 

knockout mouse (Inha/hpg double mutant) (108). Heterozygous inhibin mutant mice were 

crossed with mutant hpg mice to generate double mutant mice lacking both inhibin and 

GnRH, and thus FSH and LH (108). Unlike inhibin-deficient mice, Inha/hpg double mutant 

mice did not develop cachexia and failed to exhibit gonadal or adrenal tumors, suggesting 

that gonadotropins are required for tumor development with loss of inhibin expression (108). 

To further investigate the specific roles of LH and FSH in tumor development in inhibin-

deficient mice, inhibit knockout mice were crossed with either Fshb-knockout or Lhb-

knockout mice (64, 109). The Inha/Fshb knockout mice developed minimal cachexia, and 

although gonadal tumors were observed, they were much slower growing than those seen in 

inhibin knockout mice (64). Inha/Lhb double mutant mice also displayed delayed 

tumorigenesis and the mice had increased survival, indicating that LH, unlike FSH is not 

required for tumor formation with the loss of inhibin (109).

1.2.2.3. Follistatin: Follistatin is a binding protein that is locally produced in the gonads and 

pituitary, as well as other tissues, and functions to bind and neutralize members of the TGFβ 
superfamily. It negatively regulates Fshb transcription by binding activin and blocking its 

action on gonadotropes (94, 105). Follistatin knockout mice are born with multiple defects 

and die shortly after birth, and therefore gonadal development could not be assessed (110). 

Therefore, in order to further study the role of follistatin, subsequent models have been 

designed utilizing a Cre/loxP conditional knockout mouse, as well as transplantation of 

follistatin-null mouse testes into immunocompromised mice (111, 112). In the Cre/loxP 

conditional knockout, the follistatin genewas deleted specifically in the granulosa cells of the 

ovary. In female mice, follistatin deletion resulted in varying degrees of infertility, reduced 

litter size and number, reduced ovarian follicles and ovulations, and elevated FSH and LH, 

similar to a premature ovarian insufficiency in humans (111). In a separate study, fetal testes 

from follistatin-null mice were transplanted onto the external ear of castrated 

immunocompromised male mice (112). After 7-8 weeks, spermatogenesis appeared normal 

and was comparable to spermatogenesis in mice that received transplantation of WT testes, 

suggesting that, in the absence of local follistatin production, circulating follistatin is 

sufficient to support spermatogenesis (112).
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To further evaluate the role of follistatin on reproductive development, Guo et al. created a 

gain-of-function follistatin mutant mouse model (113). Follistatin was overexpressed in 

multiple tissues using an mMT-1 promoter, which resulted in a viable MT-FS transgenic 

model (113). Overexpression of follistatin resulted in live births, and fertile mice that 

survived to adulthood. Male MT-FS mice, however, displayed testis defects including 

decreased testis size, Leydig cell hyperplasia, and these mice eventually became infertile as 

a result of spermatogenic arrest (113). Female MT-FS mice also became infertile overtime 

due to a block in folliculogenesis at varying stages, and developed thin uteri as well as small 

ovaries (113). This study suggests follistatin likely acts locally, at the level of the gonad or 

the pituitary, by regulating activin signaling and/or other TGF-β family members.

1.1.16. FSH Rerouting—In many vertebrates, FSH is secreted in a constitutive manner, 

whereas LH is secreted in pulses from gonadotropes. The presence of a cabroxyterminal 

heptapeptide on LHβ directs secretion ofLH via the regulated pathway in gonadotrope cells 

(9, 114). To determine the physiological role of constitutive versus pulsatile secretion, mice 

expressing mutant HFSHB containing the carboxyterminal heptapeptide from LH, or wild 

type HFSHB, were generated on an Fshb null background. Therefore, the resulting 

transgenic mice expressed either HFSHB, or mutant HFSHB-LHB, in the absence of 

endogenous mouse Fshb. In HFSHB-LHB transgenic mice, FSH protein containing the 

heptapeptide was rerouted into the regulated pathway in gonadotropes, stored in dense core 

granules, and, like LH, was secreted in pulses in response to GnRH (9). Rerouted FSH 

functionally rescued the ovarian defects observed in Fshb null mice, resulting in restoration 

of normal estrous cycles and folliculogenesis, and was equally as effective as a genetic 

rescue with wild type FSH. However, rerouted FSH produced a six-fold increase in the 

number of eggs per cycle as a result of suppressed atresia. This phenomenon persisted 

beyond one year of age, demonstrating that increased ovulation efficiency was not due to 

accelerated follicle growth. These studies indicated that FSH released via the LH secretory 

pathway prolongs reproductive life span in FSH-rerouted mice (9).

1.1.17. FSH Glycosylation—The FSH heterodimer is post-translationally modified by 

glycosylation on Asn residues 52 and 78 of the α-subunit, and on Asn residues 7 and 24 of 

the β-subunit. On the α-subunit of FSH, the Asn52 glycosylation site regulates receptor 

binding and signal transduction, whereas glycosylation at Asn78 is important for protein 

folding and subunit stability (115-117). Alterations in the level of glycosylation on the β-

subunit of FSH have been shown to impact FSH/FSHR interaction and physiological action 

of each glycoform, likely as a result of biased signaling (118-120). Although glycosylation 

of FSHb does not impact signal transduction invitro (121, 122), loss of glycosylation at one 

or both sites on the β-subunit increases metabolic clearance rate, and therefore FSH dimer 

containing deglycosylated FSHβ elicits reduced biopotency in vivo (122, 123). The Asn24 

glycosylation site on the β-subunit has been specifically shown to be important for hormone/

receptor binding as well as signal transduction (115, 119). Although several glycoforms of 

LH also exist, variation in sialic acid content on the LHβ-subunit does not alter hormone/

receptor interaction (120).
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Macroheterogeneity in the hormone-specific β-subunit gives rise to different FSH 

glycoforms, which differ in the number of N-linked glycosylations, and are named based on 

the molecular weight of the β-subunit: FSH24 (glycosylated at both Asn7 and Asn24), FSH21 

(glycosylated at Asn7 only), FSH18 (glycosylated at Asn24 only), and FSH15 (not 

glycosylated on the β-subunit) (119, 121, 124, 125). In humans, the relative abundance of 

each glycoform changes with age; FSH21/18 predominates in younger women and FSH24 is 

most abundant in peri/post-menopausal women (124, 126). In vitro assays showed that, 

compared to the fully glycosylated FSH24 glycoform, hypoglycosylated FSH21/18 bound 

more rapidly to FSHR, occupied more ligand binding sites, and elicited a stronger activation 

of cAMP/PKA signaling and steroidogenesis specifically in granulosa cells (127-130). The 

in vivo bioactivities of each FSH glycoform were evaluated using a pharmacological rescue 

approach, in which recombinant FSH glycoforms were injected into Fshb null mice. In 

females, pharmacological rescue with FSH21/18 resulted in increased ovarian weight and 

induction of ovarian response genes similar to that observed with FSH24 (83). In males, 

pharmacological rescue with FSH21/18 resulted in stronger activation of FSH response genes 

and further increased Sertoli cell proliferation when compared with FSH24 (83). Therefore, 

in male mice, hypoglycosylated FSH21/18 has increased in vivo bioactivity whencompared to 

hypoglycosylated FSH24, but the glycoforms elicit comparable in vivo bioactivities in 

female mice. Double N-glycosylation mutant FSH15 did not rescue Fshb null mice, 

primarily due to impaired dimerization resulting in inefficient secretion of FSH15 from 

gonadotrope cells (131). Further studies using this in vivo genetic rescue approach will be 

useful to characterize the physiological actions of each of these FSH glycoforms in gonadal 

and non-gonadal cells.

2. Summary

Both gain of function and loss of function mouse models were generated to understand 

gonadotropin action in a physiological context. In many cases, the mouse models closely 

phenocopy human mutations (Table 1) and thus these models provide useful tools to 

developmentally track the phenotypes over longer periods of time. In some instances, 

genetic rescue of mutant mice lacking a single gonadotropin has also been achieved by 

combining the loss of function and gain of function mouse models. Loss of function 

gonadotropin models also provide valuable tools for pharmacological and genetic rescue 

experiments by providing back the missing gonadotropin ligand or gonadotropin analogs. 

The genetic rescue approach proved useful for establishing the gonadotropin re-routing and 

functional significance of N-glycosylation. Gonadotropin loss of function mouse models 

also unexpectedly revealed extra-gonadal actions of gonadotropins (Figure 1). Whether these 

new sites of gonadotropin actions are species-specific or have clinical implications remains 

to be rigorously tested in the future.
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Practice Points

• Mutations in genes encoding gonadotropins and their cognate receptors are 

relatively rare.

• Inactivating mutations in gonadotropin beta subunit genes and gonadotropins 

receptors usually manifest in various degrees of impaired fertility.

• Absence of ligand in patients is usually treated by providing recombinant 

exogenous hormones to initiate halted gonad development and to restore 

fertility.
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Research Agenda

• Mutant mouse models for gonadotropins phenocopy the corresponding human 

mutations.

• Mouse models allow developmental and age-dependent studies in the future.

• Different mouse models for gonadotropins allow identification of in vivo 
genetic interactions.

• Mouse models allow further delineating extra-gonadal actions of 

gonadotropins in the future.
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Figure 1. 
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