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Abstract In 1997, more than 10 years ago now, we first
reported the phenotypes of follicle stimulating hormone
(FSH) f null mice. Since then, these mice have been useful
for various physiological and genetic studies in reproduc-
tive biology. More recently, extra-gonadal functions of
FSH have been discovered in bone. These studies opened
up exciting avenues of new research on osteoporosis in
postmenopausal women. Several genomics and proteomics
tools and novel strategies to spatio-temporally restricting
gene expression in vivo are available now. It is hoped that
with the aid of these and other emerging technologies, an
integrated network of FSH signaling pathways in various
tissues would emerge in the near future. Undoubtedly, the
coming 10 years should be more exciting to explore this
“fertile” area of reproductive physiology research.
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Introduction

Prior to the advent of mouse gene/genome manipulation
techniques, several physiological studies have elucidated
the functions of the pituitary gonadotropins, follicle stim-
ulating hormone (FSH), and luteinizing hormone (LH).
Some of these studies used the state-of-the-art approaches
of those times that include (a) surgical hypophysectomy,
(b) passive or active immunoneutralization of circulating
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hormones, (c) pharmacological antagonists that suppress
release of FSH and LH, and (d) hormone replacement
strategies involving implants that release either protein
hormones or appropriate steroids in naturally occurring
hypogonadal rodent strains. These studies have established
and laid the foundations to understanding the physiological
roles of gonadotropins in testis and ovarian development
and function including gametogenesis and steroidogenesis.

Very soon several drawbacks became apparent with the
above approaches. For example, paracrine interactions
within the pituitary were also removed by hypophysec-
tomy, lack of sufficient purity of the hormone preparations
used for generating the antibodies was a critical issue with
immunoneutralization studies, cumbersome, and repeated
injection protocols were necessary with the antagonists that
suppressed in many cases both the gonadotropins, and
similarly both LH and FSH were suppressed in hypogo-
nadal strains. Furthermore, while FSH actions in the
female in ovarian granulosa cell proliferation and differ-
entiation were somewhat understood, FSH actions in the
male remained controversial. Depending upon the experi-
mental paradigm and species studied, the need for FSH in
spermatogenesis and male fertility was found to be variable
[1-4].

Three other issues remained unresolved. First, how
FSH stimulated or suppressed signaling pathways in
gonadal cells and what gene networks are involved during
cell proliferation and differentiation were unknown. Sec-
ond, elevated FSH levels were observed in women with
ovarian cancer [5]; whether this increase in circulating
FSH is merely a correlation or cause was not clear. Third,
mice lacking inhibin o-subunit gene develop gonadal
tumors with 100% penetrance; these mice also demon-
strate high levels of FSH in serum [6, 7]. Whether
absence of inhibin or gonadal cell hyperstimulation by
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FSH causes tumor development has been debated. Thus,
alleviation of the above technical problems and defining
the consequences of isolated deficiency of only FSH in
normal reproductive physiology and pathophysiology
required the development of a more precise in vivo gene
manipulation approach. These have led to the develop-
ment of the Fshb null mouse model by embryonic stem
(ES) cell technology [8].

Generation and characterization of FSHf knockout
mice

A partial cDNA of mouse Fshb was originally cloned from
pituitary total RNA. This was achieved using a set of
degenerative PCR primers designed after aligning the
known Fshb gene sequences [9]. At that time, both human
and rat FSHf encoding gene sequences have already been
fully characterized by the Jameson and Chin laboratories
[10, 11]. The PCR cloned partial mouse Fshb cDNA was
subsequently used to screen a mouse genomic library and
several overlapping phage clones containing mouse Fshb
gene sequences were identified. Large fragments up to
18 kb of DNA sequences encompassing the entire coding
region of mouse Fshb gene along with flanking arms were
cloned into plasmid based vectors for restriction enzyme
mapping [12], engineering gene targeting constructs, and
subsequent ES cell transfection experiments.

The gene targeting strategy was to delete exons 1 and 2,
most of the exon 3 and both the introns, all of which
encompassed only 2.3 kb region at the Fshb locus. Suffi-
cient lengths (~3 kb) of 5’ and 3’ flanking homology were
also engineered into the targeting vector, and the appro-
priate 5" and 3’ external probe sequences were sub-cloned.
Both PGK-HPRT and MCI1-TK cassettes were incorpo-
rated into the vector for positive and negative selection.
The PGK-HPRT also served the purpose of creating a
unique BamHI site that would later on prove useful in
distinguishing the FSHff wild-type and mutant alleles.
Several gene targeting experiments were performed with-
out success and finally after several rounds of transfections,
one targeted clone was obtained [8]. This clone had an
abnormal recombination event on the 5’ side but had a
correct one on the 3’ side as confirmed by Southern blots
with the corresponding external probes. However, as pre-
dicted this allele was found to be null [8].

The mutant ES cells were injected into host blastocysts
and several good chimeras were obtained. The matings
with wild-type female mice were set up exactly on day 42
and the germline transmission of the mutant allele was later
confirmed. Several null mice were obtained and later tested
for their fertility/fecundity assays. Surprisingly, the null
males were fertile but the females were infertile. Consistent
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with the fertility data, the testes from the null male mouse
demonstrated all stages of apparently normal spermato-
genesis, but the tubule size was reduced [8]. Additionally,
null males demonstrated reduced sperm number and
motility. In the null female, clearly there was an ovarian
folliculogenesis block at the pre-antral stage [8]. Serum
FSH levels were measured by RIA and northern blot
analysis of pituitary RNA was also performed. All these
studies confirmed that indeed a null mutation at the FSHp
locus was engineered [8].

Ten out of 10 null females did not produce litters over a
period of 6 months and in contrast, 5 out of 5 null males
sired normal litters. However, immature null female mice
when superovulated with exogenous hormones produced
similar number of eggs compared to those from control
mice [8]. Other data included serum LH and steroid hor-
mone profiles, and analyses of the male accessory glands
all of which were comparable to those in control mice [8].
These results suggested that FSHf null mice phenocopy
some of the patients with human FSH-receptor mutations
as reported by Huhtaniemi and colleagues [13].

Controversy as to whether FSH is necessary for male
fertility

Several missense mutations in exon3 of HFSHB gene in
men have been identified and correlated to azoospermia
and infertility [14]. Hypogonadism and sub- and infertility
have also been reported in patients with FSHR mutations
[14]. Similarly, Matsumoto et al. [15] have shown that
blocking endogenous FSH secretion in normal men causes
significant reduction in sperm numbers and these could be
reversed by exogenous FSH but not by testosterone. These
data are similar to those reported in FSH or FSH receptor
immunoneutralized non-human primate models where
spermatogenesis arrest and various degrees of spermato-
genic failure were consistently observed [4]. In contrast,
some inactivating mutations have been reported to result in
variable fertility. Clearly, more functional studies are
required to test the biochemical properties of these mutant
ligands as well as their ability to bind and elicit a functional
response in target cells.

In several other studies, immunoneutralization of
immature but not adult rats showed spermatogenic arrest.
Research with hamster, and sheep similarly pointed the
critical need for FSH in maintaining spermatogenesis. In
GnRH immunized rats, germ cells were suppressed and
recombinant human FSH therapy partially restored sper-
matogenesis defects [4, 16]. However, in hypogonadal
mice, testosterone alone restored spermatogenesis despite
low intratesticular testosterone and undetectable serum
FSH levels [17].
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One important difference between the studies discussed
above and those with Fshb null male mice is that FSH
immunoneutralization studies have routinely used adult
species of interest; whereas FSH is absent from birth in
Fshb null mice. One way to directly address this vari-
ability in FSH action in males of different species could
involve developing a conditionally regulated temporal
gene inactivation strategy in mice [18-21] in which the
Fshb gene is deleted selectively during postpubertal per-
iod and compare their testicular phenotypes to those in
existing Fshb null mice. Secondly, one in vitro study
documented the presence of low-level constitutively
active, FSH ligand-independent FSHR that partly com-
pensates for loss of FSH [22]. However, its existence and
functional significance in vivo in mouse Sertoli cells have
yet to be confirmed.

Applications of FSHf KO model

Genetic rescue of Fshb null mice and generation of double
null mice lacking both inhibin o and Fshb followed the
initial studies on Fshb null mice. After several rounds of
breeding and generating double heterozygous mice, the
double mutant mice were eventually generated. In addition,
FSH gain-of-function mice were also generated and
extensively characterized [23]. These studies clearly indi-
cated an important modifier role for FSH in gonadal
tumorigenesis in the inhibin o null background. Comple-
mentary gain-of-function experiments indicated that high
FSH levels are only associated with but do not directly
cause ovarian cancer [23].

The genetic rescue experiments used two strains of
mice. In one strain of mice, hFSHf transgene was targeted
to and exclusively expressed in gonadotropes [24]. In the
second strain human FSH subunits were ectopically
expressed in multiple tissues using a mouse metallothio-
nein-I promoter [23]. The gonadotrope-targeted hFSHf
transgene rescued Fshb null male and female mice, and
ectopically produced hFSH rescued null males but only
partially rescued female Fshb null mice [25]. These mice
have been extensively used later on in collaborative studies
with Dr. Irving Boime, to test the bioactivities of various
gonadotropin analogs [26, 27].

Over the past 10 years, Fshb null mice were used for
many studies in our own laboratory. Many other collabo-
rations turned out to be fruitful and provided interesting
new results on FSH role in conjunction with activin sig-
naling [28], in testicular Sertoli and germ cells [22, 29],
anti-Mullerian hormone (AMH) secretion coupled to non-
classical FSH-R mediated signaling in Sertoli cells [30],
spermatogonial differentiation [31], IGF-I, and AMH reg-
ulation of ovarian folliculogenesis [32, 33] and oocyte-

somatic cell communication [34]. Many of these studies
have been discussed elsewhere [1-3].

Recently, the most thought-provoking work resulted in
collaboration that has started in early 2004 with Dr. Mone
Zaidi. Dr. Zaidi and his colleagues used biochemistry, cell
biology tools, and genetic models to confirm that FSH
exerts extra-gonadal functions, primarily on osteoclasts in
bone [35]. Indeed, Fshb (and Fshr null mice) have higher
bone density when compared to that in heterozygous and
wild-type controls. Thus, it appears that absence of FSH
signaling causes protection from bone loss. This work
provided new insights into FSH regulation of bone loss in
postmenopausal women, generated some debate with
regard to roles of steroids and FSH in bone biology [36].
Dr. Mone and our group continue to collaborate and we are
anticipating definitive answers soon.

Final remarks and looking into the future: what
and where to next?

The latest ISI citation index reports nearly 520 citations of
our Nature Genetics paper (http://portal.isiknowledge.com/
portal.cgi?DestApp=WOS &Func=Frame). Excellent research
environment, outstanding colleagues, and collaborators
contributed to the success of this work. We continue to
work with Fshb null mice in our laboratory on various
aspects related to FSH signaling in the gonads. In parallel
to our work with the FSH ligand null model, Drs. Sairam
and colleagues [37, 38] and Abel et al. [39] have signifi-
cantly contributed to the role of FSH signaling in gonads
using their FSH-receptor knockout mouse models. Recent
work with FSH action in bone has ignited research interests
in many labs. In this context, it is worth mentioning that
FSH signaling may have a wide-spectrum of implications
similar to those proposed for hCG/LH signaling [40, 41].
Perhaps, it will soon be clear that there are many facets to
the FSH signaling pathway that previously we never
envisioned.

Using a combination of current molecular and genetic
tools and those that are new and emerging at a rapid pace,
many missing pieces to FSH actions can be precisely
addressed in the near future. Few of these are as follows:
how is FSH secretion regulated from the pituitary and how
are gender-specific FSH actions achieved? Are there really
species-specific differences in FSH action in the male?
How does FSH coordinate Sertoli cell proliferation and
differentiation in such a narrow window of time? What
molecular changes occur in granulosa cells when they are
first exposed to FSH? What causes the FSH-dependent
bone phenotypes to be apparent only during aging? Do
FSH variants have any biological roles in normal and aging
ovary and bone?
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Fshb null mice will prove valuable and serve as a
platform to answering the above questions. For example,
new FSH analogs could be engineered and directed to
gonadotropes on an Fshb null genetic background.
Genomics and proteomics tools coupled with in vivo RNA
interference approaches may yield new information on
signaling networks regulated by FSH in Sertoli, granulosa
and osteoclast cells. Cells of interest isolated from control
and Fshb null mice should provide the necessary resources/
reagents for this type of functional genomics experiments.
Biochemical and cell biological studies involving FSH
receptor characterization on osteoclasts, an analysis of FSH
normal glycosylation patterns and age-dependent changes
will shed new light on roles of sugars in FSH secretion,
organ/cell specific functions, and intracellular signal
transduction cascades. Certainly, the forthcoming 10 years
should be worth pursuing research on FSH actions, and in
anticipation of answers to the above questions that may
have several fundamental and clinical implications.
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