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Cotton, L., Gibbs, G. M., Sanchez-Partida, L. G., Morrison, J. R., de Kretser, D. M. and O’Bryan, M. K. (2006). FGFR-1
signaling is involved in spermiogenesis and sperm capacitation. J. Cell Sci. 119, 75-84. 

The authors would like to apologise for an error that was overlooked in the title of the paper. The title referred to FGRF-1 instead
of FGFR-1. The error appeared in both the print and online versions of the paper.
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Introduction
Fibroblast growth factors (FGFs) are a large family of
multifunctional peptide growth factors of which there are at
least 22 known members (Ornitz and Itoh, 2001), that have
pivotal roles in many cellular processes including mitogenesis,
differentiation, migration and cell survival [reviewed in
(Goldfarb, 1996)]. FGF action is mediated through high-
affinity binding to receptor tyrosine kinases (RTKs), which are
designated FGF receptors 1-5 (FGFR-1 to FGFR-5), however,
most FGF actions are mediated through FGFR1-4 (Powers
et al., 2000; Schlessinger, 2000; Sleeman et al., 2001).
Functional FGFRs are transmembrane proteins characterized
by an extracellular ligand-binding domain that contains up to
three extracellular immunoglobulin (Ig)-like domains and an
intracellular domain, which consists of a juxtamembrane
region and a split tyrosine kinase domain (Johnson and
Williams, 1993). Alternative mRNA splicing of the Ig loops
in FGFR-1 through FGFR-3, leads to distinct functional
variants of the receptor (Cancilla et al., 2001; Ornitz et al.,
1996). FGF binding induces FGFR dimerization, which is
followed by intermolecular transphosphorylation of the
receptor subunits and the initiation of intracellular signal
transduction cascades (Ornitz et al., 1996; Powers et al., 2000;
Robinson et al., 1995).

Genetic and biochemical studies have shown that the
docking proteins suc-1 associated neurotrophic factor target 1
and 2 (Snt-1 and Snt-2) function as key mediators of cellular

signaling from FGFRs (Kouhara et al., 1997). It has been
shown that Snts localize in the cell membrane through a
myristyl anchor and interact with the FGFRs through a
phosphotyrosine-binding (PTB) domain (Guy et al., 2002;
Kouhara et al., 1997; Xu et al., 1998). Upon FGF stimulation,
Snts are phosphorylated on multiple tyrosine residues to
provide binding sites for the adaptor protein Grb2 and for the
protein tyrosine phosphatase (PTP) Shp2 (Hadari et al., 1998;
Kouhara et al., 1997), which in turn leads to the activation of
the ERK arm of the mitogen activated protein kinase (MAPK)
cascade or the phosphatidylinositol 3-kinase (PI3K) cascade
and downstream changes in cell function or phenotype (Gotoh
et al., 2004; Lamothe et al., 2004; Lax et al., 2002).

The conservation of FGF/FGFR proteins throughout
evolution, and the extreme phenotypes of constitutive knockout
models (Coumoul and Deng, 2003; Ornitz and Itoh, 2001;
Powers et al., 2000), is indicative of them having important
roles during development. While a previous study has localized
FGFR-1 to the haploid germ cell using immunohistochemistry
(Cancilla and Risbridger, 1998), there are few data relating to
the role of FGFR signaling in spermatogenesis and male
fertility. As such, the aim of the current study was to assess the
role of FGFR-1 in spermiogenesis and male fertility using
dominant-negative transgenic mouse models. These models
and in vitro sperm function assays conclusively show that
FGFR-1 is a functional requirement, which contributes to
sperm production and function.

Cloning of the fibroblast growth factor receptor (FGFR)
adaptor Snt-2 cDNA and the identification of FGFR-1
protein in association with sperm tails, suggested that
FGFR-1 signaling was involved in either sperm tail
development or function. This hypothesis was tested by the
creation of transgenic mice that specifically expressed a
dominant-negative variant of FGFR-1 in male haploid
germ cells. Mating of transgenic mice showed a significant
reduction in pups per litter compared with wild-type
littermates. Further analysis demonstrated that this
subfertility was driven by a combination of reduced daily
sperm output and a severely compromised ability of those
sperm that were produced to undergo capacitation prior to
fertilization. An analysis of key signal transduction
proteins indicated that FGFR-1 is functional on wild-type

sperm and probably signals via the phosphatidylinositol 3-
kinase pathway. FGFR-1 activation also resulted in the
downstream suppression of mitogen activated protein
kinase signaling. These data demonstrate the FGFR-1 is
required for quantitatively and qualitatively normal
spermatogenesis and has a key role in the regulation of the
global tyrosine phosphorylation events associated with
sperm capacitation.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/119/1/75/DC1
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Results
FGFR-1 signaling components in sperm development
During the process of screening a rat testis expression library
for sperm tail components, a 1.2 kb, 5� fragment of Snt-2, a
major component of the FGFR-1 signaling complex (Kouhara
et al., 1997), was cloned. The remaining 796 bp fragment was
subsequently cloned using 3�RACE and the entire sequence
deposited in the NCBI database as accession number
AY972083 (data not shown). In the absence of Snt-2
antisera, northern blotting of testes samples of defined ages was
used as an indicator of cellular expression. Minimal amounts
of Snt-2 mRNA was detected in 10 day old testes. Expression
dramatically increased at 25 days and was maintained in 90
days (adult) (supplementary material, Fig. S2A). As a result
of the strictly controlled developmental processes of
spermatogenesis and the sequential appearance of more mature
germ cell subtypes, this pattern was highly suggestive of
expression within round through to elongated spermatids.

The expression pattern of Snt-2 in spermatids, co-incident
with the expression of FGFR-1 protein (Cancilla and
Risbridger, 1998) strongly suggested a functional role for this
receptor complex in spermiogenesis and/or sperm function. To
determine if FGFR-1 was expressed in mature sperm, sperm
and subsequently sperm tails, were isolated from both rat and
mouse cauda epididymides and probed for FGFR-1 protein.
Consistent with the testicular expression, ~150 kDa and ~110
kDa FGFR-1 protein was expressed in rat sperm tails
(supplementary material, Fig. S2B) i.e. the long and short
forms and the ~150 kDa long form was seen in mouse sperm
tails (Dionne et al., 1990; Johnson et al., 1990).

The expression of FGFR-1 was further validated on mouse
sperm tails using an immunofluorescence technique where
weak, but distinct staining was seen on the mid-piece and
principal piece of sperm tails (supplementary material, Fig.
S2D). The absence of staining on sperm incubated in parallel
with non-immune Ig indicates staining specificity.

Transgene expression
FGFR-1 dominant-negative mouse lines were produced to
ascertain the role(s) of FGFR-1 signaling in spermiogenesis
and male fertility. The relative expression of wild-type and
transgenic mice nFGFR-1 and tFGFR-1 mRNA is shown in
Fig. 1. Hemizygous mice showed a significant induction of
tFGFR-1 mRNA over nFGFR-1 mRNA in wild-type mice (up
to 80-fold). However, within tFGFR-1 mice there was also a
significant upregulation of nFGFR-1 mRNA levels suggesting
a feedback loop controlling FGFR-1 signaling. The driver(s)
of this loop are not currently known and have not been
previously reported. Cumulatively line 4 and line 9 mice
showed a sixfold and fivefold overexpression of tFGFR-
1:nFGFR-1 respectively (Fig. 1B). A third band at
approximately 6.0 kb was noted in transgenic mice (Fig. 1A).
While the longest FGFR-1 transcript reported within the
literature or publicly available databases is 3.8 kb (Harari et
al., 1997), this may represent a longer alternatively spliced
version of tFGFR-1 mRNA and as such the ratios calculated
above should be treated with caution. If this is indeed a FGFR-
1 variant, it represents a novel isoform.

To increase transgene expression in the hope of saturating the
upregulation of nFGFR-1 mRNA, line 4 and 9 mice were
intercrossed. As can be seen in Fig. 1B, DH4/9 mice showed a

120-fold over-expression of tFGFR-1 mRNA expression
compared with nFGFR-1 expression in wild-type mice.
nFGFR-1 mRNA expression was not proportionally
upregulated in DH4/9 testes. Within transgenic DH4/9 a 19-fold
over-expression of tFGFR-1:nFGFR-1 mRNA was calculated.

To confirm transgene expression to the appropriate cell types,
Bouin’s fixed transgenic and wild-type mouse testes were
immunohistochemically labeled using a flag-tag antibody.
Consistent with previously published data on the Prm1
promoter (Braun, 2000), transgenic protein was expressed in
elongating and elongated spermatids (supplementary material,
Fig. S3). No staining was observed in wild-type testes
confirming the specificity of labeling. Consistent with mRNA
expression levels, qualitatively stronger staining was observed
in DH4/9 testes compared with line 4 and line 9 testes
(supplementary material, Fig. S2), i.e. DH4/9>4>9.

Fertility analysis
Breeding experiments using age matched transgenic and wild-
type males showed that suppressed haploid germ cell FGFR-1
signaling resulted in a significant reduction in pups per litter in
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Fig. 1. FGFR-1 mRNA expression in wild-type and transgenic testes.
(A) A representative northern blot from transgenic mouse line 4.
Testis RNA from five transgenic and wild-type mice was probed with
a cDNA probe designed to detect both the native (n) FGFR-1 mRNA
and the transgenic (t) FGFR-1 mRNA at 3.8 kb and 1.4 kb,
respectively. A band was also observed at 6.0 kb, which may be
representative of another FGFR-1 splice variant. (B) The relative
FGFR-1 mRNA expression levels in wild-type and transgenic mice.
Ratios indicate the fold over-expression of tFGFR-1 mRNA
compared with nFGFR-1.
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77FGFR-1 in sperm development and function

both the line 4 and DH4/9 mice (5.7 versus 9, and 2.5 versus
9, respectively) (Fig. 2A). Pups per litter in line 9 did not differ
significantly from wild-type numbers.

Consistent with the absence of any significant differences in
testis weights between transgenic and wild-type mice (Fig.
2B), testis histology appeared qualitatively normal in all
tFGFR-1 mice assessed (supplementary material, Fig. S3). To
determine the origin of tFGFR-1 subfertility the DSP for each
line was calculated. Both the line 4 and DH4/9 mice showed a
significant reduction in daily sperm output compared with
wild-type age matched males (30% and 41% respectively) (Fig.
2C). The DSP of line 9 male mice did not differ significantly
from wild-type values. Reduced elongated sperm numbers
were not caused by an increase in classic apoptosis as indicted
by the absence of an increase in TUNEL positive cells (data
not shown) in transgenic compared with wild-type testis
sections. The exacerbation of the phenotype in the DH4/9 line
compared with line 4 strongly argues against a transgene
insertion effect on male fertility. Collectively these date
indicate that germ cells were disappearing at a relatively late
stage in spermiogenesis in a non-classic apoptosis process.

Serum hormone levels of activin A, inhibin and FSH were
unchanged compared with wild-type animals in all tFGFR-1
lines (supplementary material, Fig. S4). Normal seminal
vesicle and prostate weights strongly suggested that
testosterone levels were unperturbed (data not shown).

While significant and no doubt a contributing factor in the
observed subfertility, a 41% and 30% reduction in sperm
output was unlikely to be solely responsible for the 70% and
37% reduction in average litter size in the DH4/9 and line 4
mice. Based on previous observations that during sperm
capacitation, there is a marked increase in phosphorylation
within the sperm tail (Aitken et al., 1995; Asquith et al., 2004;
de Lamirande and Gagnon, 2002; Visconti et al., 1995), we
propose that FGFR-1 signaling had a role in the initiation or
regulation of capacitation. As such, wild-type and line 4
transgenic sperm were subjected to capacitating conditions and
changes in global tyrosine phosphorylation measured as a
hallmark of capacitation. As expected, wild-type sperm
incubated in BWW underwent a time-dependent increase in
global tyrosine phosphorylation (Fig. 3A). Tyrosine
phosphorylation levels were not however changed in line 4
tFGFR-1 sperm even following 90 minutes incubations under
capacitating conditions (Fig. 3A). These data strongly suggest
that suppression of FGFR-1 signaling during spermiogenesis
renders sperm functionally compromised in terms of pre-
fertilization maturation events.

Changes in MAPK and PI3K signaling
To determine the pathway(s) involved in FGFR-1 signaling
within sperm, wild-type and transgenic sperm incubated under
capacitating conditions were assessed for activation of the two
FGFR-1 induced signaling cascades, the MAPK and PI3K
pathways. As shown in Fig. 3B, and consistent with previously
published data on human sperm (de Lamirande and Gagnon,
2002; Luconi et al., 1998), the MAPK pathway, as indicated
by an increase in ERK1/2 phosphorylation, became activated
during BWW induced capacitation of wild-type sperm ie. time
0 minutes versus time 90 minutes. Conversely, tFGFR-1 sperm
when compared with wild-type, contained elevated levels of
phospho-ERK1/2 in the non-capacitated (time=0) state and
showed a suppression of MAPK activation when incubated
under capacitating conditions ie. time 0 minutes versus time 90
minutes (Fig. 3B).

Similarly, the incubation of wild-type sperm under
capacitating conditions resulted in an induction of PI3K
signaling as evidenced by an increase in p85 phosphorylation
(Fig. 3C). Transgenic sperm, however, displayed a reduction in
PI3K signaling over the period of capacitation.

Notice that BWW does not contain bFGF or any other
growth factor. As such, MAPK and PI3K activation in wild-
type, or suppression in transgenic sperm, was not induced
directly by FGFR-1 signaling. This data indicates, however,
that a disruption of FGFR-1 signaling during spermiogenesis
renders sperm functionally compromised in terms of MAPK
and PI3K activation during capacitation (Fig. 3B).

Is bFGF a ‘decapacitation factor’?
The above data strongly suggested that FGFR-1 signaling
during spermiogenesis is involved in the establishment of the
machinery required for the global tyrosine phosphorylation
associated with sperm capacitation. This raised the possibility

Fig. 2. Fertility analysis of wild-type and transgenic FGFR-1 mice.
(A) Average litter sizes produced by wild-type and transgenic male
mice. (B) Average testis weights produced by wild-type and
transgenic mice. (C) The daily sperm production (DSP) per testis for
wild-type and transgenic mice. (#) Number of mice assessed;
**P<0.01.
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that FGFR-1 signaling is also involved in the regulation of
capacitation in wild-type mice. To test this hypothesis, wild-
type sperm were incubated under capacitating conditions in the
presence or absence of the main FGFR-1 ligand, bFGF (Ornitz
and Itoh, 2001; Powers et al., 2000). In contrast to sperm
incubated in BWW alone, those incubated in the presence of 10
ng/ml bFGF showed a complete absence of global tyrosine
phosphorylation even following 90 minutes incubation (Fig.

4A). These data conclusively showed that the FGFR-1 receptor
is present and functional on wild-type sperm and strongly
suggest that FGFR-1 signaling is a negative regulator of
capacitation as judged by its capacity to prevent the increase in
tyrosine phosphorylation. The addition and incubation of bFGF
did not affect membrane integrity of caudal sperm in BWW,
thus ruling out the possibility of bFGF toxicity leading to
suppressed global tyrosine phosphorylation (data not shown).

Journal of Cell Science 119 (1)

Fig. 3. Capacitation induced changes in tyrosine phosphorylation
in wild-type and tFGFR-1 mice. (A) A comparison of tyrosine
phosphorylation patterns of wild-type and transgenic, line 4,
mouse sperm under capacitating conditions for the times
indicated. The relative absorbance of tyrosine phosphorylation for
each assay was determined and all data was normalized to �-
tubulin. The relative change in tyrosine phosphorylation was
determined and plotted, n=3. (B) A comparison of ERK 1/2 activation in wild-type and transgenic mouse sperm under capacitating conditions
for the times indicated. The relative absorbance of ERK phosphorylation for each assay was determined and normalized to the expression of �-
tubulin. The relative changes are plotted, n=3. (C) A comparison of p85 activation in wild-type and transgenic mouse sperm under capacitating
conditions for the times indicated. The relative absorbance of p85 phosphorylation for each assay was determined and normalized to �-tubulin
expression. The relative changes in p85 activation are plotted, n=3. *P<0.05; **P<0.01; ***P<0.001.
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79FGFR-1 in sperm development and function

To determine the pathway(s) involved in FGFR-1 signaling
within wild-type sperm, sperm were incubated in the
presence or absence of bFGF. As described above, both the
MAPK and PI3K pathways became activated during
capacitation in BWW (Fig. 4B,C). Similarly, sperm incubated
in the presence of bFGF showed a time-dependent activation
of the PI3K pathway (Fig. 4C). By contrast, no activation of
the MAPK was observed (Fig. 4B). These data suggest that
within wild-type sperm FGFR-1 signals via the PI3K
pathway and results in the downstream suppression of the
MAPK pathway. The suppression of the MAPK pathway
occurs within 10 minutes, but at present it is unknown if this

is a direct consequence of PI3K activation or mediated via an
intermediary pathway.

Discussion
Through the creation of dominant-negative transgenic mouse
lines, we have clearly demonstrated that FGFR-1 signaling is
required for full male fertility. Compromised FGFR-1
signaling during spermiogenesis not only resulted in a
significant decrease in daily sperm output, but rendered those
sperm that were produced functionally compromised in terms
of their ability to undergo capacitation.

Fig. 4.The effect of FGFR-1 activation on wild-type and tFGFR-1
sperm capacitation induced tyrosine phosphorylation. (A) A
comparison of tyrosine phosphorylation patterns of wild-type sperm
+/– 10 ng/ml bFGF under capacitating conditions for the times
indicated. The relative absorbance of tyrosine phosphorylation was determined and all data was normalized to �-tubulin, n=3. (B) A
comparison of ERK 1/2 activation in wild-type mouse sperm +/– 10 ng/ml bFGF under capacitating conditions. The relative absorbance of
ERK phosphorylation for each sample was determined and all data was normalized to the expression of �-tubulin, n=3. (C) A comparison of
PI3K activation in wild-type mouse sperm +/– 10 ng/ml bFGF under capacitating conditions. The relative absorbance of p85 phosphorylation
for each sample was determined and all data normalized to the expression �-tubulin. *P<0.05, **P<0.01, ***P<0.001.
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Further, our data strongly suggest that FGFR-1 signaling can
act to suppress capacitation in vivo. Capacitation is an essential
series of processes, which sperm undergo following entry into
the female reproductive tract. Hallmarks of capacitation
include the acquisition of the ability to bind to the zona
pellucida, the ability to undergo the acrosome reaction
following zona binding, and a time-dependent increase in
tyrosine phosphorylation in a range of sperm proteins
associated largely, but not exclusively, with the tail (Aitken et
al., 1995; Asquith et al., 2004; Visconti et al., 1995). The
absolute functional significance of increased tyrosine
phoshorylation has yet to be conclusively demonstrated,
however, the results of many studies strongly suggest that it is
required for fertilizing ability (Baker et al., 2003; de Lamirande
and Gagnon, 2002; Urner et al., 2001; Urner and Sakkas, 2003;
Visconti et al., 1995). In vivo fertilization in the absence of
global tyrosine phosphorylation has not been reported.
Hyperactivation, which is required for sperm to penetrate the
outer vestments of the oocyte in vivo, is generally considered
a functional extension of capacitation however, data
particularly from the bull and Catsper knockout mice, suggest
it is that possible to uncouple capacitation and hyperactivation
(Carlson et al., 2003; Ho et al., 2002; Marquez and Suarez,
2004; Okunade et al., 2004).

The regulation of global sperm tyrosine phosphorylation
associated with capacitation is a complex process that probably
involves input from several signaling pathways including the
MAPK pathway, PKA, A1 adenosine receptor, and the platelet
activating factor (PAF) receptor signaling (de Lamirande and
Gagnon, 2002; Luconi et al., 1998; Minelli et al., 2004;
Muguruma and Johnston, 1997; Roudebush et al., 2005; Wu et
al., 2001). It is absolutely dependent upon cholesterol efflux
(and an associated increase in membrane fluidity), bicarbonate
and Ca2+ influxes (Carlson et al., 2003; Davis et al., 1979;
Davis and Gergely, 1979; Gadella and Harrison, 2000; Ho and
Suarez, 2001). The transgenic mice presented herein are the
only mice reported to show an absence of global tyrosine
phosphorylation. These data and the associated suppression of
wild-type sperm tyrosine phosphorylation in the presence of
bFGF strongly suggest that FGFR-1 signaling, probably via the
PI3K pathway, has a key regulatory role in capacitation
normally; specifically in the suppression of premature
capacitation.

A role for FGFR-1 signaling in suppressing premature
capacitation is plausible as bFGF has been identified in the
uterus of many species including humans, monkeys, pigs, mice
and rats (Ferriani et al., 1993; Gupta et al., 1997; Reynolds et
al., 1998; Rider et al., 1997; Samathanam et al., 1998; Sangha
et al., 1997; Wordinger et al., 1994). We hypothesize that
binding of bFGF (or an equivalent ligand) to FGFR-1 leads to
activation of the PI3K pathway and the subsequent
phosphorylation of an as yet to be identified ‘master controller
of capacitation’ (MCC) (Fig. 5). The MCC may be a single
kinase or a complex of proteins containing a kinase, which
when phosphorylated following FGFR-1 signaling, is rendered
inactive. Conversely, when the MCC is dephosphorylated by
protein tyrosine phosphatases (PTPs), the MCC can activate
downstream pathways including the PKA pathway, leading to
global tyrosine phosphorylation and the functional changes
associated with capacitation. The uncoupling of FGFR-1
signaling by either the disengagement of the FGF ligand from

the receptor, or the inhibition of an upstream PI3K component,
may allow for the dephosphorylation of the MCC and the
subsequent activation of capacitation associated tyrosine
phosphorylation events. In support of this hypothesis, Luconi
and colleges have recently demonstrated that the inhibition of
PI3K in human sperm increases cAMP levels and the
subsequent phosphorylation of AKAP3 and recruitment of
PKA in sperm tails (Luconi et al., 2004). Functionally, this
leads to an increase in the number of sperm displaying
hyperactivated motility and enhanced zona pellucida binding
(Du Plessis et al., 2004; Luconi et al., 2001). Further, PTPs
have been demonstrated in sperm and have been shown to be
involved in the tyrosine phosphorylation, dephosphorylation,
and re-phosphorylation of a hamster sperm protein implicated
in the regulation of hyperactivation (Si, 1999; Si and Okuno,
1999).

Our data demonstrate that FGFR-1 signaling leads to the
suppression of the MAPK pathway in association with

Journal of Cell Science 119 (1)

Fig. 5. A proposed mechanism for the regulation of events leading to
sperm capacitation. Ejaculated sperm entering the female
reproductive tract are exposed to a FGFR-1 ligand. The ligand
induces a FGFR-1 signaling cascade. Activation of the PI3K
pathway results in the phosphorylation of a ‘master controller of
capacitation’ (MCC), which suppresses downstream tyrosine
phosphorylation of signal transduction pathways including protein
kinase A (Konopka et al., 1984) activation. Following the
disengagement of FGFR-1 from its ligand, or the suppression of the
PI3K pathway, PTPs dephosphorylate the MCC, allowing the
tyrosine phosphorylation and activation of target proteins leading to
the correlates of sperm capacitation. Furthermore, activation of the
PI3K pathway results in the suppression of the MAPK pathway. The
level at which this suppression occurs is not known, however, it is
upstream of ERK 1/2.
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81FGFR-1 in sperm development and function

suppressed capacitation and is consistent with previously
published data indicating that the MAPK activation is involved
in capacitation (Ashizawa et al., 1997; de Lamirande and
Gagnon, 2002; Luconi et al., 1998; O’Flaherty et al., 2005). It
suggests that FGFR-1/PI3K activation acts either directly or
indirectly on MAPK activation. These data suggest that PI3K
activation serves to prevent premature MAPK activation and
capacitation. The level at which cross-talk between the PI3K
and MAPK pathways remains, however, to be defined.

Our interpretation that FGFR-1 signals via the PI3K
pathway must be interpreted with caution because of the
similar activation profile observed in the presence or absence
of FGFR-1 ligand in wild-type sperm. Clearly signal
transduction within sperm is complex and highly
interconnected and the activation of signal transduction
pathways classically associated with growth factor signaling
can occur within sperm even in the absence of growth factor
binding. The upstream source of this activation is currently
unknown. Regardless, the data strongly suggest that the
observed activation of FGFR-1 signaling is mediated via the
PI3K pathway.

Similarly, as with all genetically modified animal models,
caution must be exercised in directly translating the abnormal
function of transgenic sperm to wild-type sperm function. On
the face of it, the inhibitory action of FGFR-1 signaling on
wild-type sperm capacitation and the suppressed capacitation
in FGFR-1 dominant-negative sperm appear contradictory.
Clearly, however, FGFR-1 signaling is required for
spermiogenesis as indicated by a significant reduction in the
DSPs of FGFR-1 dominant-negative mice. The most simplistic
explanation of the capacitation data is that FGFR-1 is involved
in the establishment or packaging of signal transduction
machinery into sperm for use while in the female reproductive
tract – a time which sperm are transcriptionally and
translationally silent. This packaging was abnormal in FGFR-
1 transgenic haploid germ cells, resulting in an inability to
activate both the MAPK and PI3K pathways under capacitating
conditions. In wild-type sperm, however, in which the signal
transduction machinery is intact, FGFR-1 activation resulted in
the activation of the PI3K pathway and the downstream
suppression of the MAPK pathway.

The dominant-negative tFGFR-1 lines described should be
treated as knockdown models of FGFR-1 function, rather than
knockout models. Consistent with the possibility that
functional nFGFR-1-nFGFR-1 dimers form and signal
normally, DH4/9 mice retained some degree of fertility, albeit
at a severely compromised level. Herein lays the utility of
dominant-negative models. A complete ablation of FGFR-1
signaling within haploid germ cells, i.e. a tissue specific
knockout, would in all likelihood have resulted in the
production of sterile mice and an inability to discern the more
subtle role of FGFR-1 signaling in capacitation. The point at
which germ cells were lost from the transgenic testes can only
be from the spermatid population. Should this have taken place
at the spermatogonial or spermatocyte stages, there would be
a significant decrease in testis weight and the appearance of
increased levels of apoptosis in these cell types. Consistent
with this, FGFR-1 transgenic protein expression was restricted
to the spermatid population. The stage at which germ cells
were being lost during spermatid maturation (spermiogenesis)
is less clear, but it probably is within the elongating and

elongated spermatid population, consistent with transgenic
protein expression. Spermatid loss at the early stages of
spermiogensis, such as that occurring following in androgen
withdrawal (Beardsley and O’Donnell, 2003), results in the
sloughing of round spermatids into the lumen and their passage
into the epididymis. Loss at later stages is more difficult to
distinguish phenotypically due to the intricate relationship of
later spermatids and the Sertoli cells. Furthermore, there was
no evidence of failed spermiation or germ cell sloughing within
transgenic testes (data not shown).

The data presented herein, definitively illustrate roles for
FGFR-1 signaling in the establishment of quantitatively and
qualitatively normal spermiogenesis, the presence of functional
FGFR-1 complexes on sperm and their signaling – probably
via the PI3K pathway. The data also strongly suggest that
FGFR-1 serves to suppress the MAPK pathway within
sperm and prevents premature capacitation. As premature
capacitation is a significant problem in insemination programs
(e.g. bovine), particularly following cryopreservation, these
discoveries will probably lead to increased productivity in
addition to a greater understanding of signaling within sperm.

Materials and Methods
Reagents
Antisera were obtained from the following sources: G410 mouse monoclonal
antibody and a PI3K polyclonal antibody (which recognizes the p85 subunit of
PI3K) from Upstate (Lake Placid, NY); a flag-tag mouse monoclonal antibody from
Sigma-Aldrich (Sydney, Australia); FGFR-1 sera from Santa Cruz Biotechnology
(Santa Cruz, CA); and an activated ERK1/2 (p42/44) polyclonal antibody from Cell
Signaling Technology (Beverly, MA).

The identification of FGFR signaling components in sperm
development
During the process of cloning components of the mouse sperm tail, as described
previously (Hickox et al., 2002; O’Bryan et al., 1998), a partial fragment of suc1-
associated neurotrophic factor target 2 (Snt-2) was identified. The missing 3� end
was cloned using 3� rapid amplification of cDNA ends (RACE), utilizing the
FirstChoiceTM RLM-RACE kit (Ambion, Texas) as previously described (O’Bryan
et al., 2000b; Troutt et al., 1992), using the primers F1701A 5�-AGC-
CCAATGCACCTATGAG-3�, F1701B 5�-CTTCCTCCTGTGTGGGAGAG-3� and
the supplied adaptor primer, AP3�. The sites of cellular expression of Snt-2 within
the developing testis was determined by Northern blotting using a 1.2 kb (5�
fragment) Snt-2 specific probe (O’Bryan et al., 1998).

A previous report showed that FGFR-1 was localized to elongated spermatids
within the testis, including the tail, during spermatogenesis (Cancilla and Risbridger,
1998). To confirm the validity of this observation, testis homogenates and isolated
caudal epididymal sperm and sperm tails (O’Bryan et al., 2001) were solublized in
RIPA buffer and 2� SDS-PAGE buffer, respectively, and run into 8% SDS-PAGE
gels using standard methods. Following transfer to PDF membrane, the presence or
absence of FGFR-1 was determined using a FGFR-1 specific antiserum at a
concentration of 4 �g/ml. FGFR-1 protein was also localized to cauda epididymal
sperm using immunofluorescence. Following the extraction of sperm from the cauda
epididymis and dilution to a concentration of approximately 1�106 per ml, sperm
were air dried onto Superfrost Plus slides (Biolab Scientific, Melbourne, Australia).
Slides were subsequently incubated in 0.2% Triton X-100 for 30 minutes, washed
in Tris-buffered saline (TBS; 0.05 M Tris, 0.15 M NaCl) twice for 5 minutes each
then blocked in 10% non-immune goat serum, 1% BSA, 0.01 M NaN3 in TBS for
30 minutes. FGFR-1 protein was bound using 10 �g/ml of anti-FGFR-1 serum
overnight at room temperature, washed, then detected using Texas Red-conjugated
goat anti-rabbit Ig (Amersham) at a dilution of 1 in 100. Nuclear DNA was
visualized using DAPI in mounting solution (Zymed).

Transgenic mouse production
FVB/N mice were obtained from the Animal Resources Centre (Perth, WA,
Australia) and were maintained under standardized conditions of lighting (12L:12D)
and nutrition (food and water ad libitim). Studies were performed in accordance
with the National Health and Medical Research Council’s (NHMRC) Guidelines on
Ethics in Animal Experimentation and were approved by the Monash Medical
Centre Animal Experimentation Ethics Committee.

A haploid male germ cell specific FGFR-1 dominant-negative construct was
prepared by conjugating the extracellular domain and transmembrane region of
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FGFR-1 (tFGFR-1) cDNA to the protamine 1 (Prm1) promoter and the SV40
polyadenylation signal (supplementary material, Fig. S1A). The absence of the
FGFR-1 intracellular domain results in an absence of signal transduction following
dimerization with either native or tFGFR-1 protein. The tFGFR-1 cDNA was
amplified from the vector described in (Harari et al., 1997), using primers 551
5�-CCCCCCCCGGAATTCATGTGGAGGTACGGAGCCTTGTT-3� and 552 5�-
GGGGGTGCTCTAGACTACTTGTCATCGTCGTCCTTGTAGTCCAGCTTGTG-
CACAGCCAT-3�, which incorporated a XbaI site at the 5� end and a flag-tag and
EcoRI site at the 3� end, respectively, and subcloned into pCI-neo (Promega,
Madison, WI) using standard methods. Owing to the incompatibility of restriction
enzymes sites within the tFGFR-1 pCI-neo construct with the Prm1 promoter
construct, pPRCExVI (Fajardo et al., 1997), blunt end ligation of the cDNA and
vector was performed. To create a blunt ended cDNA, tFGFR-1 was amplified from
the pCI-neo tFGFR-1-flag vector and a MscI site incorporated at the 5� and the
Sv40 late poly(A) sequence and a MscI site incorporated at the 3� end using the
primers 619 5�-CCTCGATGGCCAATGTGGAGGTACGTACGGAG-3� and GG33
5�-GGCCTCTTGGCCATTACGC-3�. The Sv40 poly(A) signal was included to
minimize the translational delay inherent in the Prm1 3� UTR (Fajardo et al., 1997).
Following gel purification the cDNA was digested with MscI and ligated into the
pre-prepared pPRCExVI vector using standard methods to produce the 10.79 kb
tFGFR-1 construct. The blunt ended pPRCExVI vector was prepared by BamHI
digestion followed by gel purification, mung bean nuclease digestion to chew back
the 3� overhang, and CIP treatment.

Following amplification and sequence verification, the tFGFR-1 construct was
HindIII digested and the 6.3 kb fragment containing 4.5 kb of Prm1 promoter and
the tFGFR-1-flag-Sv40 sequence was gel purified, ethidium bromine/high salt
extracted and microdialysed (Stemmer, 1991). 1-2 ng of the construct was
microinjected into fertilized oocytes and implanted into pseuodopregnant FVB
female mice by IngenKO Inc. (Clayton, Australia) using standard methods.
Transgenic mice were detected using a triple PCR strategy. The first PCR screen
employed amplified a 503 bp region of the Prm1 promoter and part of the tFGFR-
1 cDNA (using primers 634: 5�-ACAAAATTCCACCTGCTCAC-3� and 652: 5�-
AGTCATCGTCGTCGTCATCA-3�. The second PCR amplified a 300 bp region of
the flag-tag and SV40 poly(A) signal (using primers 644: 5�-GACGATGAC-
AAGTAGTCTAG-3� and 645: 5�-TACCACATTTGTAGAGGTTT-3�). To assure
gDNA quality, a third 500 bp sequence from an irrelevant gene (Pebp1, NCBI
database accession # NM_98858) was amplified using primers GG15: 5�-CT-
CCGTGCTTGCAGGAGGTG-3� and GG16: 5�-TCGTACAGCTTGGGCACATA-
3�. Mice positive for all three PCR products were considered as transgenic
(supplementary material, Fig. S1B).

Following confirmation of mRNA and transgene flag-tag expression, two lines
were selected for further analysis (line 4 and 9). To increase transgene
transcription/translation and further suppress FGFR-1 signaling, line 4 and 9 mice
were intercrossed to produce the double heterozygous (DH) 4/9 mice. DH4/9 mice
were selected using the above PCR screening followed by Southern blotting using
a 630 bp probe on 10 �g of digested gDNA (Sambrook et al., 1989). Mice
containing signature bands from both line 4 and 9 were considered as DH4/9
(supplementary material, Fig. S1C).

Transgene expression analysis
Transgene mRNA expression was assessed by northern blotting as described above.
Both native (nFGFR-1) and transgene (tFGFR-1) derived FGFR-1 mRNA
expression were detected using a 400 bp cDNA probe directed to the 5� end of
FGFR-1 mRNA. Within individual samples, both native and transgene derived
mRNA expression were measured at 3.8 kb and 1.4 kb, respectively. Sample
loading was normalized to 26S expression. The relative expression levels of
transgenic lines was determined using Image Gauge software and compared with
the expression of the nFGFR-1 in wild-type mice, which was set to an arbitrary
value of 1.

Transgene-derived protein within testis sections was detected by
immunohistochemistry using a flag-tag monoclonal antibody at a concentration of
10 �g/ml using the DAKO EnVision+ System (DakoCytomation, Glostrup,
Denmark) as outlined by the manufacturer, following antigen retrieval as described
ealier (O’Bryan et al., 2001). Specificity was assured by the absence of staining in
wild-type testes processed in parallel.

Fertility analysis
Wild-type, single heterozygous and double heterozygous (DH) males (11-32
weeks), were housed with two to three wild-type female mice (aged 8 weeks) each.
Following confirmed plugging, females were removed and the number of pups
resulting recorded. A minimum of eight males from each genotype and line were
included. Testes from 9-12 week-old animals were dissected free of fat and
epididymal tissue, weighed and used for histological analyses, mRNA and protein
extraction, and daily sperm count (DSP) analysis. To assess testicular morphology,
testes were immediately immersion fixed in Bouin’s fluid and processed into
paraffin using standard methods. 5 �m sections were cut and stained using either
Periodic Acid Schiff/hematoxylin or for apoptotic cells using the Apoptag kit
TUNEL assay (Intergen Company, Purchase, NY) as outlined previously (O’Bryan
et al., 2000a). DSPs were determined from a minimum of four animals per genotype

using the method of Robb et al. (Robb et al., 1978). Briefly, samples of known mass
were homogenized in SMT buffer (0.15 M NaCl, 0.1 mM NaN3, 0.05% Triton X-
100), which served to lyse all cells except the condensed spermatid nuclei. The
number of elongated spermatids per testis was determined using a hemocytometer
and the DSP estimated by dividing the total elongated spermatid number per testis
by 4.84 (the number of days an elongated spermatid is resident within the testis)
(Robb et al., 1978).

Hormone assays
The key reproductive hormones follicle stimulating hormone (FSH), activin A, and
inhibin were measured from five animals per genotype, aged 9-12 weeks. FSH
concentrations in mouse serum were determined using radioimmunoassay reagents
kindly donated by A. Parlow (NIDDK, Bethesda, MD). Activin A was measured
using a specific enzyme linked immunosorbent assay (ELISA) (Knight et al., 1996)
according to the manufacturer’s instructions (Oxford Bio-Innovations, Oxfordshire,
UK). Immunoreactive inhibin was measured by heterologous radioimmunoassay as
described previously (Robertson et al., 1988).

Capacitation assays
Sperm were collected from wild-type and transgenic line 4 males, aged 9-12 weeks,
and subjected to capacitating conditions in Biggers, Whitten and Whittingham
medium (BWW) as outlined previously (Aitken et al., 1995) in the presence or
absence of 10 ng/ml bFGF for a period of 90 minutes. Component proteins were
separated on 7% reducing SDS-PAGE gels in the case of global tyrosine
phosphorylation and MAPK activation, and on Ready Gel Tris-HCl 4-15% gradient
gels (Bio-Rad Laboratories Inc., Regents Park, NSW, Australia) in the case of
phospho-p85. Following transfer to a nitrocellulose membrane, changes in global
tyrosine phosphorylation as a hallmark of capacitation were detected using 0.3
�g/ml of the G410 antibody (Aitken et al., 1995). Similarly, the activation of the
MAPK pathway was monitored using a phospho-ERK specific antiserum at a
concentration of 0.2 �g/ml. Activation of the PI3K pathway was monitored through
the presence of phospho-(Tyr) p85 PI3K using a p85 antiserum at a concentration
of 0.2 �g/ml. Western blots were carried out using standard methods. Sample
loading was normalized using �-tubulin expression. It is of note that sperm are both
transcriptionally and translationally silent. Therefore, any changes in
phosphoprotein expression were solely due to post-translational modification, rather
than changes in total protein expression. Capacitation assays were carried out a
minimum of three times per treatment group.

The live-to-dead ratio of sperm at time=0 and time=90 minutes under
capacitating conditions was determined using the Live/Dead® sperm viability kit
as recommended by the manufacturer (Molecular Probes, Inc., Eugene, OR).
Briefly, 1 ml sperm samples containing 3-4�106 sperm/ml were treated with 1 �l
of a working solution of SYBR 14 (100 nM) incubated at 37°C in the dark for
10 minutes. Samples were then treated with 5 �l of propidium iodide (12 �M)
and incubated further for 10 minutes in the dark. Sperm were washed twice in
PBS and resuspended in formaldehyde (1%) and stored at 4°C for up to 1 hour
before cytometric analysis. A minimum of 7000 cells per sample were counted
by flow-cytometric analyses to determine the proportion of sperm with intact
membranes.

Statistics
All data was analyzed using one-way ANOVA, with results presented as mean ±
s.e.m., with significance indicated by P<0.05. Analysis was undertaken using the
GraphPad Prism® version 4 software.

We thank Ora Bernard (WEHI) and Robert Braun (University of
Washington) for the provision of the tFGFR-1 and Prm1 promoter
constructs, respectively. We are grateful to Amy Herlihy, Anne
O’Connor, Sue Haywood and Ann Davies for technical assistance.
This research was supported in part by funding from the NHMRC
(Grant 334011) and the Australian Research Council (ARC, Grant
CEO348239) to M.K.O.B. and D.M.D.K. M.K.O.B. is the recipient
of a senior research fellowship from Monash University. L.C. is the
recipient of a Monash University Post-graduate student award.

References
Aitken, R. J., Paterson, M., Fisher, H., Buckingham, D. W. and van Duin, M. (1995).

Redox regulation of tyrosine phosphorylation in human spermatozoa and its role in the
control of human sperm function. J. Cell Sci. 108, 2017-2025.

Ashizawa, K., Hashimoto, K., Higashio, M. and Tsuzuki, Y. (1997). The addition of
mitogen-activated protein kinase and p34cdc2 kinase substrate peptides inhibits the
flagellar motility of demembranated fowl spermatozoa. Biochem. Biophys. Res.
Commun. 240, 116-121.

Asquith, K. L., Baleato, R. M., McLaughlin, E. A., Nixon, B. and Aitken, R. J. (2004).
Tyrosine phosphorylation activates surface chaperones facilitating sperm-zona
recognition. J. Cell Sci. 117, 3645-3657.

Baker, M. A., Lewis, B., Hetherington, L. and Aitken, R. J. (2003). Development of

Journal of Cell Science 119 (1)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



83FGFR-1 in sperm development and function

the signalling pathways associated with sperm capacitation during epididymal
maturation. Mol. Reprod. Dev. 64, 446-457.

Beardsley, A. and O’Donnell, L. (2003). Characterization of normal spermiation and
spermatid failure induced by hormone suppression in adult rats. Biol. Reprod. 68, 1299-
1307.

Bernard, O., Li, M. and Reid, H. H. (1991). Expression of two different forms of
fibroblast growth factor receptor 1 in different mouse tissues and cell lines. Proc. Natl.
Acad. Sci. USA 88, 7625-7629.

Braun, R. E. (2000). Temporal control of protein synthesis during spermatogenesis. Int.
J. Androl. 23, 92-94.

Cancilla, B. and Risbridger, G. P. (1998). Differential localization of fibroblast growth
factor receptor-1, -2, -3, and -4 in fetal, immature, and adult rat testes. Biol. Reprod.
58, 1138-1145.

Cancilla, B., Davies, A., Cauchi, J. A., Risbridger, G. P. and Bertram, J. F. (2001).
Fibroblast growth factor receptors and their ligands in the adult rat kidney. Kidney Int.
60, 147-155.

Carlson, A. E., Westenbroek, R. E., Quill, T., Ren, D., Clapham, D. E., Hille, B.,
Garbers, D. L. and Babcock, D. F. (2003). CatSper1 required for evoked Ca2+ entry
and control of flagellar function in sperm. Proc. Natl. Acad. Sci. USA 100, 14864-
14868.

Coumoul, X. and Deng, C. X. (2003). Roles of FGF receptors in mammalian
development and congenital diseases. Birth Defects Res. Part C Embryo Today 69, 286-
304.

Davis, B. K. and Gergely, A. F. (1979). Studies on the mechanism of capacitation:
changes in plasma membrane proteins of rat spermatozoa during incubation in vitro.
Biochem. Biophys. Res. Commun. 88, 613-618.

Davis, B. K., Byrne, R. and Hungund, B. (1979). Studies on the mechanism of
capacitation. II. Evidence for lipid transfer between plasma membrane of rat sperm
and serum albumin during capacitation in vitro. Biochim. Biophys. Acta 558, 257-
266.

de Lamirande, E. and Gagnon, C. (2002). The extracellular signal-regulated kinase
(ERK) pathway is involved in human sperm function and modulated by the superoxide
anion. Mol. Hum. Reprod. 8, 124-135.

Dionne, C. A., Crumley, G., Bellot, F., Kaplow, J. M., Searfoss, G., Ruta, M., Burgess,
W. H., Jaye, M. and Schlessinger, J. (1990). Cloning and expression of two distinct
high-affinity receptors cross-reacting with acidic and basic fibroblast growth factors.
EMBO J. 9, 2685-2692.

Du Plessis, S. S., Franken, D. R., Baldi, E. and Luconi, M. (2004). Phosphatidylinositol
3-kinase inhibition enhances human sperm motility and sperm-zona pellucida binding.
Int. J. Androl. 27, 19-26.

Fajardo, M. A., Haugen, H. S., Clegg, C. H. and Braun, R. E. (1997). Separate
elements in the 3� untranslated region of the mouse protamine 1 mRNA regulate
translational repression and activation during murine spermatogenesis. Dev. Biol. 191,
42-52.

Ferriani, R. A., Charnock-Jones, D. S., Prentice, A., Thomas, E. J. and Smith, S. K.
(1993). Immunohistochemical localization of acidic and basic fibroblast growth factors
in normal human endometrium and endometriosis and the detection of their mRNA by
polymerase chain reaction. Hum. Reprod. 8, 11-16.

Gadella, B. M. and Harrison, R. A. (2000). The capacitating agent bicarbonate induces
protein kinase A-dependent changes in phospholipid transbilayer behavior in the sperm
plasma membrane. Development 127, 2407-2420.

Goldfarb, M. (1996). Functions of fibroblast growth factors in vertebrate development.
Cytokine Growth Factor Rev. 7, 311-325.

Gotoh, N., Laks, S., Nakashima, M., Lax, I. and Schlessinger, J. (2004). FRS2
family docking proteins with overlapping roles in activation of MAP kinase have
distinct spatial-temporal patterns of expression of their transcripts. FEBS Lett. 564,
14-18.

Gupta, A., Bazer, F. W. and Jaeger, L. A. (1997). Immunolocalization of acidic and
basic fibroblast growth factors in porcine uterine and conceptus tissues. Biol. Reprod.
56, 1527-1536.

Guy, G. R., Yusoff, P., Bangarusamy, D., Fong, C. W. and Wong, E. S. (2002). Dockers
at the crossroads. Cell Signal. 14, 11-20.

Hadari, Y. R., Kouhara, H., Lax, I. and Schlessinger, J. (1998). Binding of Shp2
tyrosine phosphatase to FRS2 is essential for fibroblast growth factor-induced PC12
cell differentiation. Mol. Cell. Biol. 18, 3966-3973.

Harari, D., Finkelstein, D. and Bernard, O. (1997). FGF plays a subtle role in
oligodendrocyte maintenance in vivo. J. Neurosci. Res. 49, 404-415.

Hickox, D. M., Gibbs, G., Morrison, J. R., Sebire, K., Edgar, K., Keah, H. H., Alter,
K., Loveland, K. L., Hearn, M. T., de Kretser, D. M. et al. (2002). Identification of
a novel testis-specific member of the phosphatidylethanolamine binding protein family,
pebp-2. Biol. Reprod. 67, 917-927.

Ho, H. C. and Suarez, S. S. (2001). Hyperactivation of mammalian spermatozoa:
function and regulation. Reproduction 122, 519-526.

Ho, H. C., Granish, K. A. and Suarez, S. S. (2002). Hyperactivated motility of
bull sperm is triggered at the axoneme by Ca2+ and not cAMP. Dev. Biol. 250, 208-
217.

Johnson, D. E. and Williams, L. T. (1993). Structural and functional diversity in the
FGF receptor multigene family. Adv. Cancer Res. 60, 1-41.

Johnson, D. E., Lee, P. L., Lu, J. and Williams, L. T. (1990). Diverse forms of a receptor
for acidic and basic fibroblast growth factors. Mol. Cell. Biol. 10, 4728-4736.

Knight, P. G., Muttukrishna, S. and Groome, N. P. (1996). Development and
application of a two-site enzyme immunoassay for the determination of ‘total’ activin-
A concentrations in serum and follicular fluid. J. Endocrinol. 148, 267-279.

Konopka, J. B., Watanabe, S. M. and Witte, O. N. (1984). An alteration of the human

c-abl protein in K562 leukemia cells unmasks associated tyrosine kinase activity. Cell
37, 1035-1042.

Kouhara, H., Hadari, Y. R., Spivak-Kroizman, T., Schilling, J., Bar-Sagi, D., Lax, I.
and Schlessinger, J. (1997). A lipid-anchored Grb2-binding protein that links FGF-
receptor activation to the Ras/MAPK signaling pathway. Cell 89, 693-702.

Lamothe, B., Yamada, M., Schaeper, U., Birchmeier, W., Lax, I. and Schlessinger, J.
(2004). The docking protein Gab1 is an essential component of an indirect mechanism
for fibroblast growth factor stimulation of the phosphatidylinositol 3-kinase/Akt
antiapoptotic pathway. Mol. Cell. Biol. 24, 5657-5666.

Lax, I., Wong, A., Lamothe, B., Lee, A., Frost, A., Hawes, J. and Schlessinger, J.
(2002). The docking protein FRS2alpha controls a MAP kinase-mediated negative
feedback mechanism for signaling by FGF receptors. Mol. Cell 10, 709-719.

Luconi, M., Barni, T., Vannelli, G. B., Krausz, C., Marra, F., Benedetti, P. A.,
Evangelista, V., Francavilla, S., Properzi, G., Forti, G. et al. (1998). Extracellular
signal-regulated kinases modulate capacitation of human spermatozoa. Biol. Reprod.
58, 1476-1489.

Luconi, M., Marra, F., Gandini, L., Filimberti, E., Lenzi, A., Forti, G. and Baldi, E.
(2001). Phosphatidylinositol 3-kinase inhibition enhances human sperm motility. Hum.
Reprod. 16, 1931-1937.

Luconi, M., Carloni, V., Marra, F., Ferruzzi, P., Forti, G. and Baldi, E. (2004).
Increased phosphorylation of AKAP by inhibition of phosphatidylinositol 3-kinase
enhances human sperm motility through tail recruitment of protein kinase A. J. Cell
Sci. 117, 1235-1246.

Marquez, B. and Suarez, S. S. (2004). Different signaling pathways in bovine sperm
regulate capacitation and hyperactivation. Biol. Reprod. 70, 1626-1633.

Minelli, A., Liguori, L., Bellazza, I., Mannucci, R., Johansson, B. and Fredholm, B.
B. (2004). Involvement of A1 adenosine receptors in the acquisition of fertilizing
capacity. J. Androl. 25, 286-292.

Muguruma, K. and Johnston, J. M. (1997). Metabolism of platelet-activating factor in
rat epididymal spermatozoa. Biol. Reprod. 56, 529-536.

O’Bryan, M. K., Loveland, K. L., Herszfeld, D., McFarlane, J. R., Hearn, M. T. and
de Kretser, D. M. (1998). Identification of a rat testis-specific gene encoding a
potential rat outer dense fibre protein. Mol. Reprod. Dev. 50, 313-322.

O’Bryan, M. K., Schlatt, S., Gerdprasert, O., Phillips, D. J., de Kretser, D. M. and
Hedger, M. P. (2000a). Inducible nitric oxide synthase in the rat testis: evidence for
potential roles in both normal function and inflammation-mediated infertility. Biol.
Reprod. 63, 1285-1293.

O’Bryan, M. K., Sebire, K. L., Gerdprasert, O., Hedger, M. P., Hearn, M. T. and de
Kretser, D. M. (2000b). Cloning and regulation of the rat activin betaE subunit. J. Mol.
Endocrinol. 24, 409-418.

O’Bryan, M. K., Sebire, K., Meinhardt, A., Edgar, K., Keah, H. H., Hearn, M. T.
and De Kretser, D. M. (2001). Tpx-1 is a component of the outer dense fibers and
acrosome of rat spermatozoa. Mol. Reprod. Dev. 58, 116-125.

O’Flaherty, C., de Lamirande, E. and Gagnon, C. (2005). Reactive oxygen species and
protein kinases modulate the level of phospho-MEK-like proteins during human sperm
capacitation. Biol. Reprod. 73, 94-105.

Okunade, G. W., Miller, M. L., Pyne, G. J., Sutliff, R. L., O’Connor, K. T., Neumann,
J. C., Andringa, A., Miller, D. A., Prasad, V., Doetschman, T. et al. (2004). Targeted
ablation of plasma membrane Ca2+-ATPase (PMCA) 1 and 4 indicates a major
housekeeping function for PMCA1 and a critical role in hyperactivated sperm motility
and male fertility for PMCA4. J. Biol. Chem. 279, 33742-33750.

Ornitz, D. M. and Itoh, N. (2001). Fibroblast growth factors. Genome Biol. 2,
REVIEWS3005.

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F.,
Gao, G. and Goldfarb, M. (1996). Receptor specificity of the fibroblast growth factor
family. J. Biol. Chem. 271, 15292-15297.

Powers, C. J., McLeskey, S. W. and Wellstein, A. (2000). Fibroblast growth factors,
their receptors and signaling. Endocr. Relat. Cancer. 7, 165-197.

Reynolds, L. P., Kirsch, J. D., Kraft, K. C. and Redmer, D. A. (1998). Time-course of
the uterine response to estradiol-17beta in ovariectomized ewes: expression of
angiogenic factors. Biol. Reprod. 59, 613-620.

Rider, V., Carlone, D. L. and Foster, R. T. (1997). Oestrogen and progesterone control
basic fibroblast growth factor mRNA in the rat uterus. J. Endocrinol. 154, 75-84.

Robb, G. W., Amann, R. P. and Killian, G. J. (1978). Daily sperm production
and epididymal sperm reserves of pubertal and adult rats. J. Reprod. Fertil. 54, 103-
107.

Robertson, D. M., Hayward, S., Irby, D., Jacobsen, J., Clarke, L., McLachlan, R. I.
and de Kretser, D. M. (1988). Radioimmunoassay of rat serum inhibin: changes after
PMSG stimulation and gonadectomy. Mol. Cell. Endocrinol. 58, 1-8.

Robinson, M. L., MacMillan-Crow, L. A., Thompson, J. A. and Overbeek, P. A.
(1995). Expression of a truncated FGF receptor results in defective lens development
in transgenic mice. Development 121, 3959-3967.

Roudebush, W. E., Massey, J. B., Elsner, C. W., Shapiro, D. B., Mitchell-Leef, D. and
Kort, H. I. (2005). The significance of platelet-activating factor and fertility in the
male primate: a review. J. Med. Primatol. 34, 20-24.

Samathanam, C. A., Adesanya, O. O., Zhou, J., Wang, J. and Bondy, C. A. (1998).
Fibroblast growth factors 1 and 2 in the primate uterus. Biol. Reprod. 59, 491-496.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular Cloning: A Laboratory
Manual. New York: Cold Spring Harbor Laboratory.

Sangha, R. K., Li, X. F., Shams, M. and Ahmed, A. (1997). Fibroblast growth factor
receptor-1 is a critical component for endometrial remodeling: localization and
expression of basic fibroblast growth factor and FGF-R1 in human endometrium during
the menstrual cycle and decreased FGF-R1 expression in menorrhagia. Lab Invest. 77,
389-402.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



84

Schlessinger, J. (2000). Cell signaling by receptor tyrosine kinases. Cell 103, 211-225.
Si, Y. (1999). Hyperactivation of hamster sperm motility by temperature-dependent

tyrosine phosphorylation of an 80-kDa protein. Biol. Reprod. 61, 247-252.
Si, Y. and Okuno, M. (1999). Role of tyrosine phosphorylation of flagellar proteins in

hamster sperm hyperactivation. Biol. Reprod. 61, 240-246.
Sleeman, M., Fraser, J., McDonald, M., Yuan, S., White, D., Grandison, P., Kumble,

K., Watson, J. D. and Murison, J. G. (2001). Identification of a new fibroblast growth
factor receptor, FGFR5. Gene 271, 171-182.

Stemmer, W. P. (1991). A 20-minute ethidium bromide/high-salt extraction protocol for
plasmid DNA. Biotechniques 10, 726.

Troutt, A. B., McHeyzer-Williams, M. G., Pulendran, B. and Nossal, G. J. (1992).
Ligation-anchored PCR: a simple amplification technique with single-sided specificity.
Proc. Natl. Acad. Sci. USA 89, 9823-9825.

Urner, F. and Sakkas, D. (2003). Protein phosphorylation in mammalian spermatozoa.
Reproduction 125, 17-26.

Urner, F., Leppens-Luisier, G. and Sakkas, D. (2001). Protein tyrosine phosphorylation
in sperm during gamete interaction in the mouse: the influence of glucose. Biol. Reprod.
64, 1350-1357.

Visconti, P. E., Bailey, J. L., Moore, G. D., Pan, D., Olds-Clarke, P. and Kopf, G. S.
(1995). Capacitation of mouse spermatozoa. I. Correlation between the capacitation
state and protein tyrosine phosphorylation. Development 121, 1129-1137.

Wordinger, R. J., Smith, K. J., Bell, C. and Chang, I. F. (1994). The
immunolocalization of basic fibroblast growth factor in the mouse uterus during the
initial stages of embryo implantation. Growth Factors 11, 175-186.

Wu, C., Stojanov, T., Chami, O., Ishii, S., Shimizu, T., Li, A. and O’Neill, C. (2001).
Evidence for the autocrine induction of capacitation of mammalian spermatozoa. J.
Biol. Chem. 276, 26962-26968.

Xu, H., Lee, K. W. and Goldfarb, M. (1998). Novel recognition motif on fibroblast
growth factor receptor mediates direct association and activation of SNT adapter
proteins. J. Biol. Chem. 273, 17987-17990.

Journal of Cell Science 119 (1)

Jo
ur

na
l o

f C
el

l S
ci

en
ce


