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1 | INTRODUCTION

In previous studies, we described the presence of fibroblast growth factor 2 (FGF-2) and
its receptors (FGFRs) in human testis and sperm, which are involved in spermatogenesis
and in motility regulation. The aim of the present study was to analyze the role of FGF-2
in the maintenance of sperm physiology using FGF-2 knockout (KO) mice. Our results
showed that in wild-type (WT) animals, FGF-2 is expressed in germ cells of the
seminiferous epithelium, in epithelial cells of the epididymis, and in the flagellum and
acrosomal region of epididymal sperm. In the FGF-2 KO mice, we found alterations in
spermatogenesis kinetics, higher numbers of spermatids per testis, and enhanced daily
sperm production compared with the WT males. No difference in the percentage of
sperm motility was detected, but a significant increase in sperm concentration and in
sperm head abnormalities was observed in FGF-2 KO animals. Sperm from KO mice
depicted reduced phosphorylation on tyrosine residues (a phenomenon that was
associated with sperm capacitation) and increased acrosomal loss after incubation under
capacitating conditions. However, the FGF-2 KO males displayed no apparent fertility
defects, since their mating with WT females showed no differences in the time to
delivery, litter size, and pup weight in comparison with WT males. Overall, our findings
suggest that FGF-2 exerts a role in mammalian spermatogenesis and that the lack of
FGF-2 leads to dysregulated sperm production and altered sperm morphology and
function. FGF-2-deficient mice constitute a model for the study of the complex

mechanisms underlying mammalian spermatogenesis.
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high-molecular-weight (HMW) isoforms (of 21 and 23 kDa in the
mouse; Liao et al., 2009). FGFs bind to specific receptors (FGFRs)

Fibroblast growth factor 2 (FGF-2) is the best-characterized
member of the large family of fibroblast growth factors (FGFs; Itoh
& Ornitz, 2011; Yu, Ferrari, Galloway, Mignatti, & Pintucci, 2007).
This protein is translated by alternative initiation codons, giving
rise to a low-molecular-weight (LMW) isoform of 18 kDa and 2-3

*Saucedo, Rumpel, Grothe and Marin-Briggiler have contributed equally to this study.

with tyrosine kinase activity, known as FGFR1, FGFR2, FGFR3, and
FGFR4. The transcripts coding FGFR1, FGFR2, and FGFR3 are
subjected to alternative splicing in the extracellular domain 3,
generating different receptor isoforms (b or c) that confer FGF
ligand specificity and are expressed in a tissue-specific fashion
(Gong, 2014). Moreover, another FGFR (FGFR-like 1 or FGFR5),
which lacks the intracellular kinase domain, has also been reported
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(Trueb, 2011). The interaction of FGF-2 with heparin or heparan
sulfate proteoglycans allows their binding to FGFRs, triggering
receptor dimerization and phosphorylation (Mohammadi, Olsen, &
Ibrahimi, 2005). Activation of FGFRs leads to the stimulation
of several intracellular transduction cascades, including the extra-
cellular signal-regulated kinase, as well as the phosphatidylinositol
3-kinase (PI3K)/protein kinase B (PKB or Akt) signaling pathways.
In somatic cells, components of these signal transduction
cascades translocate to the nucleus, and phosphorylate specific
transcription factors and induce the expression of FGF target genes
(Eswarakumar, Lax, & Schlessinger, 2005).

The presence of FGFs and FGFRs has been reported in multiple
tissues (Fon Tacer et al., 2010; Hughes, 1997), and they have been
involved in several cellular processes, including proliferation, differ-
entiation, adhesion, survival, apoptosis, motility, and chemotaxis. It has
been described that this system has a role not only in the development
and maintenance of normal tissues, but also in tumor progression
(Belov & Mohammadi, 2013; Ornitz & Itoh, 2015; Turner & Grose,
2010). Components of the FGFs/FGFRs pathway have been found in
both the female and male reproductive tracts from a variety of species,
where they contribute to regulate the reproductive function (Chaves,
de Matos, Buratini, & de Figueiredo, 2012; Jiang et al., 2013; Cotton,
O'Bryan, & Hinton, 2008; Price, 2016). The ligand, FGF-2, has been
reported in mammalian germ cells (Lahr et al, 1992; Mayerhofer,
Russell, Grothe, Rudolf, & Gratzl, 1991; Steger, Tetens, Seitz, Grothe, &
Bergmann, 1998); however, its role in the maintenance of sperm
physiology remains unclear.

Sperm cells are produced in the seminiferous tubules of the testis
by a complex process called spermatogenesis, with a last stage of
differentiation or spermiogenesis. In mammals, testicular sperm are
not competent to fertilize, and they need to undergo a series of
changes, known as maturation and capacitation. Sperm maturation
takes place in the epididymis and allows the development of sperm
motility. Capacitation occurs after ejaculation, during sperm transit
through the female reproductive tract. Capacitated sperm witness an
increase in protein tyrosine phosphorylation, are able to respond to
chemotactic stimuli, develop hyperactivated motility, and suffer the
loss of the acrosomal content or acrosomal exocytosis. Acrosome-
reacted sperm penetrate the oocyte vestments, reach the perivitel-
line space, and finally fuse with the oocyte plasma membrane
(Vazquez-Levin & Marin-Briggiler, 2009; Wassarman, Jovine, &
Litscher, 2001; Yanagimachi, 1994).

In previous studies, we have shown the presence of FGF-2 and
FGFRs in human testis and sperm, and results suggest that this
system is involved in the regulation of human spermatogenesis and
sperm motility (Garbarino Azua et al., 2017; Saucedo et al., 2015). In
the present study, we aimed to further explore the relevance of
FGF-2 in the maintenance of mammalian sperm physiology using
FGF-2-deficient animals. Mice lacking FGF-2 have impaired cerebral
cortex development and depict other alterations in the nervous
system (Dono, Texido, Dussel, Ehmke, & Zeller, 1998; Korada, Zheng,
Basilico, Schwartz, & Vaccarino, 2002; Ratzka, Baron, & Grothe,
2011; Rumpel et al., 2016; Timmer et al., 2007). These animals also

show decreased blood pressure, delayed wound healing, and
alterations in the heart development and infarct repair (Dono et al.,
1998; Virag et al., 2007); however, there are no detailed studies on
either their reproductive tissues or their sperm quality.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

All reagents were of tissue culture grade and molecular biology
quality, purchased from Sigma Chemical Co. (St. Louis, MO),
GE-Amersham Pharmacia (Piscataway, NJ), Thermo-Life Technolo-
gies (Carlsbad, CA), and Qiagen (Hilden, Germany), unless indicated.

Polyclonal anti-FGF-2 (sc-79; Santa Cruz Biotechnology Inc., Santa
Cruz, CA) was used. Other antibodies used were rabbit immunoglobulin
G (IgG; Sigma), anti-Ptyr (clone 4G10; Upstate Biotechnology, Lake
Placid, NY), anti-tubulin (Sigma), anti-rabbit IgG conjugated with
horseradish peroxidase (HRP; Sigma) and with Alexa Fluor® 488
(A-11008; Life Technologies), and anti-mouse IgG conjugated with HRP
(Vector Laboratories, Inc., Burlingame, CA). Human recombinant FGF-2

(rFGF-2) was purchased from Peprotech (Hamburg, Germany).

2.2 | Animals

The FGF-2-deficient mouse strain (B6.Cg-FGF-2"™12"" was main-
tained on C57Bl6/) background (Dono et al., 1998). This mutation
replaces the first exon of FGF-2 with a neomycin expression cassette,
thereby CUG and AUG start-codons of HMW and LMW FGF-2
isoforms were removed. The homozygous FGF-27/~ (KO) mice and
their wild-type (WT) FGF-2*/* littermates were obtained by cross-
breeding of FGF-2 heterozygous FGF-2*/~ animals. Genotypes were
determined by polymerase chain reaction of the ear DNA, as
described previously (Ratzka et al., 2011). Adult mice (2-6 months
old) were used. The animals were housed in a room with controlled
temperature (22 + 2°C), ventilation, and lighting (14:10 hr light:dark
cycle) and were provided ad libitum access to food and water. All
experimental protocols followed the German animal protection act
and were approved by the local authorities (Lower Saxony State
Office for Consumer Protection and Food Safety LAVES Oldenburg,
Germany, Approval number 33.12-42502-04-16/2296).

2.3 | Body and testis weight

Animals were killed by cervical dislocation, and the body weight was
recorded immediately before the killing. Both left and right testes
were excised and weighed after the removal of adipose tissues, and
the mean testis weight was determined. The testis/body weight ratio

was also calculated.

2.4 | Tissue and sperm collection

Testicular and epididymal tissues were removed and were immedi-

ately used or stored at -80°C for RNA and protein extraction. To
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recover sperm cells, both cauda epididymides from a mouse were
collected, dissected, and placed in 400 pl of culture medium (Fraser &
Drury, 1975) for 10 min to allow the release of motile cells (swim-out
procedure). When indicated, sperm (at a concentration of 1-10 x
10%/ml) were resuspended in a medium supplemented with 0.3%
bovine serum albumin and incubated for 90 min at 37°C in an
atmosphere of 5% CO, to promote sperm capacitation. For certain
experiments, sperm were also recovered from the caput and corpus
sections of the epididymis, using the swim-out procedure as
described.

2.5 | RNA analysis

Total RNA from testis and epididymis was isolated using the Trizol™
reagent (Thermo-Life) following the protocol suggested by the manu-
facturer. Complementary DNA (cDNA) was synthesized and subjected to
a standard end-point PCR followed by electrophoresis in 3% agarose gel.
The following primers were used: for FGF-2, forward 5-GAGAAGAGC
GACCCACACG-3' and reverse 5-GGCACACACTCCCTTGATAGA-3;
and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward
5'-GAACATCATCCCTGCATCCA-3' and reverse 5-CCAGTGAGCTT
CCCGTTCA-3'. The expected sizes of the amplified PCR fragments were
78 bp (base pairs) and 77 bp for FGF-2 and GAPDH, respectively. All
samples were analyzed in triplicates; negative controls omitting the
reverse transcriptase (RT control) were included.

To determine the expression levels of FGFs and FGFRs in the
FGF-2 KO animals, quantitative PCR (qPCR) was done. Total RNA
from testis of WT or FGF-2 KO animals was prepared using RNeasy
Plus kit (Qiagen), according to manufacturer’s protocol. Correspond-
ing cDNA was prepared using the iScript™ cDNA Synthesis kit
(Bio-Rad, Hercules, CA) and purified using a PCR-purification kit
(Qiagen). The concentration of the obtained cDNA was measured on
an Epoch plate reader (BioTek, Winooski, VT), and 10 ng cDNA per
15 pl reaction volume (in triplicates) was used for the subsequent
qPCR analysis on a StepOnePlus qPCR system (Applied Biosystems,
Foster City, CA). The primer sequences used are listed in Supporting
Information Table S1. For PCR reactions, Power SYBR® Green PCR
Master Mix (Applied Biosystems) was used. The relative expression
of the selected FGF and FGFR family members in FGF-2 KO versus
WT animals was calculated by the AACt-method using GAPDH as the

reference gene.

2.6 | Protein extracts, sodium dodecyl sulfate
polyacrylamide gel electrophoresis, and western
immunoblotting

Protein extracts from testicular and epididymal tissues, as well as
from sperm cells of WT animals, were obtained as described
(Marin-Briggiler et al., 2008). Protein concentration was determined
using the bicinchoninic acid assay. Extracted proteins were placed in
the Laemmli sample buffer containing 5% 2-mercaptoethanol, boiled
for 10 min, and subjected to sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) in 15% polyacrylamide gels and
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western immunoblotting. The anti-FGF-2 antibody or rabbit IgG was
used at 2 pg/ml. To evaluate the phosphorylation on tyrosine
residues, sperm from WT and KO animals were either used
immediately after the swim-out or incubated under capacitating
conditions for 90 min. Sperm proteins were extracted, subjected to
SDS-PAGE in 10% polyacrylamide gels, and developed with anti-
phosphotyrosine (pTyr) or anti-tubulin and anti-mouse HRP antibody
(Marin-Briggiler et al., 1999). The reactive bands were detected by
enhanced chemiluminescence (ECL kit; GE-Amersham Pharmacia)
using standard procedures.

2.7 | Immunohistochemistry and
immunocytochemistry

Testis and epididymis from adult WT and FGF-2 KO males (2 months
old) were fixed
(Marin-Briggiler et al.,, 2008), using anti-FGF-2 antibody or rabbit
IgG (1 pg/ml) and the LSAB+System HRP kit (K0690; Dako,

Carpinteria, CA). Specimens were counterstained with hematoxylin,

and processed as previously described

dehydrated, and mounted. Sections were evaluated at 600x
magnification using an Eclipse EB00 microscope (Nikon Instruments
Inc., Tokyo, Japan).

After the swim-out procedure, cauda epididymal sperm from WT
and KO animals were fixed with formaldehyde (2% in phosphate
buffered saline) for 4 min and processed for staining with anti-FGF-2
antibody (20 pg/ml), or rabbit IgG as control, and Alexa Fluor®
488-conjugated secondary antibody. Nuclei were stained with
propidium iodide, and slides were mounted with Vectashield (Vector
Laboratories Inc., Burlingame, CA). Images were acquired with a
Nikon laser confocal microscope C1, using an objective PlanApo
60x/1.40 oil, excitation/emission: 488 nm/515-530 nm and 544 nm/
570 LP.

2.8 | Spermatogenesis analysis

Testis sections from WT and FGF-2 KO males were processed for
immunohistochemistry and stained with hematoxylin and eosin
following standard procedures. All seminiferous tubules present in
each section were analyzed, and the stage of each tubule was
assessed (Russell, Ettlin, Sinha, & Clegg, 1990). The percentage of
tubules in each stage was determined for both the WT and KO
animals.

Daily sperm production (DSP) assesses the number of spermatids
produced in the testes per day and provides a measure of the male
reproductive function (Johnson, Petty, & Neaves, 1980). DSP was
determined as previously described (Kyjovska et al., 2013), with
slight modifications. Testes were obtained during necropsy and
frozen at -80°C until analysis. One testis was weighed, decapsulated,
and placed in 1 ml of 0.05% Triton X-100 in 0.9% NaCl. The testis
parenchyma was homogenized using an IKA ULTRA TURRAX® T25
at 13 000 rpm for 3 min. Samples were left on ice for 30 min, and a
200-pl aliquot was incubated with an equal volume of 0.08% Trypan

blue (Sigma) in phosphate buffer for 5min. Spermatids, which are
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homogenization resistant, were counted using a Neubauer hemocyt-
ometer under light microscopy at 400x magnification. Samples were
counted in two replicates and averaged. The number of spermatids
per testis weight (SC/g) was calculated by multiplying the number of
cells counted by the dilution factor. The DSP was calculated as the
total number of elongated spermatids per testis divided by 4.84,
which is the time in days for spermatids to develop through stages
14-16 (Kyjovska et al., 2013).

2.9 | Sperm analysis

Cauda epididymal sperm motility (progressive +nonprogressive
sperm) was assessed by a microscopic observation of a 20-um wet
preparation, and sperm concentration was determined using a
Neubauer hemocytometer. To assess sperm morphology, a 10-pl
aliquot of the sperm suspension was smeared over a microscope
slide. After drying in air, the smear was fixed with methanol for 5 min,
washed with distilled water, stained with Harris hematoxylin for
15 min, and finally washed with tap water. Sperm morphology was
evaluated using a Nikon microscope (Nikon Instruments Inc., Melville,
NY) at 1000x magnification.

The sperm acrosomal status was determined in cells immediately
after the swim-out (spontaneous, Spt TO) or after incubation under
capacitating conditions (Spt T90). Capacitated sperm were also
exposed to progesterone (30 uM), a physiological inducer of the
acrosomal exocytosis, during the last 15 min of incubation (Prg T90).
Cells were subjected to Coomassie brilliant blue staining as
previously described (Busso, Goldweic, Hayashi, Kasahara, &
Cuasnicu, 2007) and were analyzed under 400x magnification. Sperm
were scored as acrosome intact when a bright blue staining was
observed in the dorsal region of the head and as acrosome reacted
when no labeling was observed in this region. To determine the effect
of incubation with rFGF-2 on sperm acrosomal loss, cells were
incubated under capacitating conditions in the presence of rFGF-2
(10 or 100 ng/ml) and processed as indicated above. In all cases, at
least 200 sperm cells were evaluated.

2.10 | Sperm ultrastructural analysis

This analysis was performed not only on cauda sperm from WT and
FGF-2 KO animals, recovered by the swim-out procedure, but also on
sperm present in the caput and cauda epididymal lumen. Sperm or
epididymal specimens were fixed with 25% glutaraldehyde
(Polysciences, Warrington, PA) in 0.1 M sodium cacodylate at pH
7.3 (Th. Geyer, Hamburg, Germany) overnight at room temperature.
Then, they were postfixed with 2% osmium tetroxide (Polysciences)
in 0.1 M sodium cacodylate, dehydrated with a graded series of
ethanol, and embedded in epoxy resin (Serva, Heidelberg, Germany).
Ultrathin sections were stained with 2% uranyl acetate (Serva) and
lead citrate (Serva). The micrographs were obtained using a
transmission electron microscope (Tecnai G2 200 kV FEI, Eindhoven,
The Netherlands) and were processed with Adobe Photoshop CSé6.

2.11 | Fertility analysis

Female mice were individually housed and mated overnight with a
WT or FGF-2 KO male. In one set of experiments, males were mated
with females in their natural cycle. Females were checked for the
presence of vaginal plug as evidence of successful mating and
separated from the male. The time to delivery (from the beginning
of mating), litter size, and pup weight at birth were determined.
Each male was mated with two females, and the mean values of both
matings were calculated. In another set of experiments, males were
mated with hormone-stimulated females to challenge sperm against a
higher number of oocytes. Adult WT females were treated with
an intraperitoneal (i.p.) injection of equine chorionic gonadotropin
(5 IU; Sigma), followed by an ip. injection of human chorionic
gonadotrophin (5 IU; Sigma) 48 hr later. Each female was caged with
a WT or a FGF-2 KO male. The next morning, the presence of vaginal
plug was checked, females were killed, and eggs were recovered from
the oviducts. Eggs were cultured for 24 hr, and the fertilization rate

was calculated as the percentage of two-cell stage embryos obtained.

2.12 | Statistical analysis

Data were expressed as mean * standard error of the mean (SEM). To
assume normal distribution, percentages were expressed as ratios
and subjected to the arcsine square root transformation. Results
were compared using the unpaired Student t test or one-way analysis
of variance and the Dunnett’s multiple comparison test. Statistical
analyses were carried out using the GraphPad InStat program
(GraphPad Software, San Diego, CA). Differences were considered

significant at a level of P < 0.05.

3 | RESULTS

3.1 | FGF-2 expression and localization in the
testis, epididymis, and sperm

The expression of FGF-2 messenger RNA in the murine testis and
epididymis was evaluated by RT-PCR. The analysis revealed the
presence of the FGF-2 transcript in the WT animals and its absence
in tissues of the FGF-2 KO mice (Figure 1a). The expression of FGF-2
protein in WT reproductive tissues and sperm was assessed by western
immunoblotting using a polyclonal anti-FGF-2 antibody. Bands of 18, 21,
and 23 kDa were observed in testis, epididymis, and sperm protein
extracts, (Figure 1b). Immunohistochemical studies showed FGF-2
localization in the interstitial cells of the testis, and in Sertoli cells and
germ cells of the seminiferous epithelium (specifically in spermatogonia,
preleptotene, leptotene, and zygotene spermatocytes, and elongating/
elongated spermatids; Figure 1c). A strong immunoreactivity on the
spermatid flagellum at stages I-VIII of the spermatogenic cycle was
observed. FGF-2 was detected in the epithelium of all epididymal
segments, with higher intensity in the epithelial cells of corpus and cauda
(Figure 1c). This protein was also immunolocalized in the sperm

acrosomal region and flagellum, mainly in the middle piece (Figure 1d).
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FIGURE 1 FGF-2 expression and localization in murine testis, epididymis, and sperm. (a) Messenger RNA expression of FGF-2 in the testis
and epididymis in the wild-type (WT) and FGF-2 knockout (KO) animals assessed by RT-PCR. GAPDH was used as the housekeeper gene. The
amplicon sizes are indicated on the right. The control omitting the reverse transcriptase was included (C (-)). (b) Detection of FGF-2

protein forms using western immunoblotting. Protein extracts from testis, epididymis (30 ug), or sperm (10 x 10°) from WT animals were
subjected to SDS-PAGE and western immunoblotting using a polyclonal anti-FGF-2 antibody. Recombinant FGF-2 protein (rFGF-2, 1 ng) was
included as a control. The estimated molecular weights of the protein bands are indicated on the left. The experiment was performed at least
three times, obtaining similar results. A typical result is shown. (c) Immunohistochemical analysis of FGF-2 in WT and KO testis and epididymis
using a polyclonal anti-FGF-2 antibody. The specimens were counterstained with hematoxylin. Images are shown at 600x magnification. Scale
bar: 20 um. (d) Localization of FGF-2 in WT and KO sperm evaluated by indirect immunofluorescence. Sperm were stained with anti-FGF-2 and
a secondary antibody labeled with Alexa Fluor® 488. Nuclei were stained with propidium iodide. Scale bar: 10 pm. FGF-2, fibroblast growth
factor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse transcription-polymerase chain reaction; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Testis and body weight in WT and KO mice

Testis Body Testis/body weight
weight (g) weight (g) ratio (x107%)

WT 0.10+0.01 31.80+1.10 3.30+0.16

KO 0.11+0.01 3140+ 1.50 3.54+0.19

Note. FGF-2 KO and their WT littermates were weighed to determine the
body weight. Animals were killed, both testes were weighed, and the
values were averaged. Results are expressed as mean + SEM, n=7, no
significant differences were observed between WT and KO mice. FGF-2
KO, fibroblast growth factor 2 knockout; SEM, standard error of the
mean; WT, wild type

No FGF-2 reactivity was observed in testis, epididymis, and sperm from
the KO animals (Figure 1c,d), indicating the specificity of the sc-79
antibody to FGF-2.

3.2 | Spermatogenesis in the FGF-2 KO mice

The FGF-2 KO mice showed no differences in the testis size,
morphology, weight, or relative testicular weight compared with the
WT (Table 1). Histological examination of testis sections was
performed, and seminiferous tubules were classified according to
their stages (Russell et al, 1990). The analysis revealed that KO
animals depicted a significant increase (P < 0.01) in the percentage of
seminiferous tubules in stages |-l of spermatogenesis. Conversely, a
decrease (P<0.001) in the percentage of tubules in stages VIl and
VIII (spermiogenesis stages) was found in the FGF-2 KO animals

(Figure 2a). Moreover, the FGF-2 KO mice showed an increase
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(P<0.05) in the number of spermatids per testis weight and in the
DSP in comparison with the WT animals (Figure 2b).

3.3 | Expression levels of FGFs and FGFRs in the
FGF-2 KO testis

The expression of several FGFs and FGFRs in the mammalian testis
has been previously reported (Fon Tacer et al., 2010; Cotton et al.,
2008). In the present study, to determine if FGF-2 deficiency affects
the expression of other FGFs and/or FGFRs in the testis, gPCR
analysis was performed. The results showed no significant changes in
the expression levels of FGF-1, FGF-8, FGF-9, FGF-13, FGF-21, FGF-
22, FGRF1c, FGRF2c, FGRF3c, FGRF4, and FGRF5 between the FGF-
2 KO and WT testes. The expression of these FGFs and FGFRs in the
KO, in relation to the WT testis, is depicted in Figure 3. No
expression could be detected for FGF-4, as well as for FGFR1b,
FGFR2b, or FGFR3b in either the WT or KO animals (data not
shown).

3.4 | FGF-2 KO cauda epididymal sperm

The analysis of sperm recovered from the cauda of KO and WT mice
showed no significant differences in the percentage of motile cells
(Figure 4a). However, in the KO animals, a significantly (P<0.01)
higher sperm concentration was observed (Figure 4b). In addition,
the assessment of sperm morphology revealed a significant
(P<0.001) increase in the percentage of abnormal sperm heads in
the FGF-2 KO mice (WT: 6+ 1% and KO: 28 +5%; n=9; P<0.001;

B WT
sk
B KO
& + N
o) g -
N *
5.0 10¢- 4
4.0.10°
o 3.0:10%
[7¢]
9 50.108
1.0+ 10%-
0-

WT

KO

FIGURE 2 Analysis of the spermatogenic cycle in FGF-2 KO mice. (a) Percentage of seminiferous tubules in each stage of the
spermatogenesis cycle in the WT and KO animals. Results are expressed as mean + SEM, n = 6, **P < 0.01; ***P < 0.001. (b) Number of spermatids
per testis weight (SC/g) and daily sperm production per testis (DSP) in WT and KO animals, n=5, *P < 0.05. KO, fibroblast growth factor 2

knockout; SEM, standard error of the mean; WT, wild type
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FIGURE 3 Expression analysis of selected FGFs and FGFRs in the
testis of FGF-2 KO and WT animals. The expression of indicated FGF
and FGFR family members in testis of FGF-2 KO (n=7) and WT

(n = 4) animals was determined by gPCR. The qPCR analysis for each
sample was performed in triplicates. The relative expression level in
the testis of KO animals was calculated by the AACt-method using
GAPDH as the reference gene. Results are shown as the percentage
(mean + SEM) of the expression observed in WT animals (% of WT).
FGF-2 KO, fibroblast growth factor 2 knockout; FGFRs, fibroblast
growth factor receptors; gPCR, quantitative PCR; SEM, standard
error of the mean; WT, wild type

Figure 4c). FGF-2 KO sperm depicted a wide variety of misshapen
heads, lacking the typical hook-shaped appearance observed in the
WT animals, but no defects in either their flagellum or neck were
detected (Figure 4d,e). Individual analysis of sperm morphology in
the FGF-2 KO mice revealed two subgroups: some animals (n=3)
exhibited a high percentage (48 + 5%) of abnormal sperm morphol-
ogy, whereas other animals showed a less severe phenotype (18 + 2%
abnormal sperm, which was still significantly higher than WT animals;
Figure 4c). The increase in the percentage of abnormal heads in the
KO mice was also detected in the sperm recovered from the caput
and corpus sections (Figure 4f). It is worth mentioning that due to the
increased sperm count of the FGF-2 KO mice, the total number of
cauda sperm with a normal head morphology was similar between
the WT and FGF-2 KO animals (WT: 8.6+ 2.3 x 10° and KO: 13.7 +
3.0 x 10° sperm; n=6; P=0.21).

The occurrence of capacitation-related events, as phosphoryla-
tion on tyrosine residues and acrosomal exocytosis, in sperm from
FGF-2 KO mice was also evaluated. In WT sperm, an increase in
tyrosine phosphorylation was observed after incubation under
capacitating conditions, but reduced phosphorylation levels were
detected in cells from the FGF-2 KO mice (Figure 5a). Regarding the
acrosomal exocytosis, similar spontaneous loss of the acrosomal
content (Spt TO) was observed in noncapacitated sperm from WT and
KO mice (Figure 5b). However, after incubation under capacitating
conditions, sperm from FGF-2 KO animals depicted a significant
(P<0.01) increase in the spontaneous acrosomal exocytosis com-
pared with the WT (Spt T90; Figure 5b). Moreover, WT sperm
showed an increase (P<0.05) in the acrosomal exocytosis after
exposure to progesterone (Prg 90), whereas FGF-2 KO sperm were
unable to respond to this physiological stimulus (Figure 5b). To
determine whether the elevated spontaneous acrosomal exocytosis

observed in KO sperm could be prevented by the addition of
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exogenous FGF-2, mutant sperm were incubated for 90 min in the
presence (10 and 100 ng/ml) or in the absence of the recombinant
protein. Similar percentages of acrosome-reacted sperm were
obtained in all the conditions (Figure 5c), suggesting that the lack
of FGF-2 causes acrosomal instability that could not be reversed by
the addition of the rFGF-2.

3.5 | Ultrastructural sperm analysis

To further analyze the morphology defects depicted by the FGF-2
KO sperm, a transmission electron microscopy study was carried out.
The analysis showed that sperm recovered by swim-out from KO
animals had comparable condensed chromatin and plasma membrane
integrity with the WT sperm. However, membrane swelling at the
acrosomal region was observed in some cells of the KO mice
(Figure 6a). The evaluation was also done on sperm in the caput and
cauda epididymal lumen. In the WT animals, the presence of
cytoplasmic droplets was detected in caput sperm, but they were
detached in the cauda sperm. On the contrary, several cauda KO
sperm still presented cytoplasmic remnants with lysosome-like
structures around the flagellum (Figure 6b), suggesting some defects
in the maturation process in the FGF-2-deficient animals.

3.6 | Fertility of FGF-2 KO males

To study FGF-2 KO male fertility, either WT or KO males were
mated overnight with WT females, and the time to delivery, litter
size, and pup weight were analyzed. No differences in fertility
parameters were observed between WT and KO males (Table 2). To
dismiss a possible compensation from the female reproductive tract,
FGF-2 KO males and females were mated, but similar results were
obtained (Table 2). Next, to evaluate a possible subfertility of the
FGF-2 KO males, WT, or FGF-2 KO males were mated with hormone-
stimulated WT females. The eggs were recovered from the ampulla,
and the development to two-cell embryo stage was determined. In
this case, the percentage of fertilized eggs obtained for KO males
(84 + 6%) was comparable with that of WT animals (75+7%; n=5
females; P=0.33). Altogether, these results suggest no apparent
fertility defects in the FGF-2 KO mice and no in vivo fertilization
impairment in the FGF-2 KO sperm.

4 | DISCUSSION

The present study aimed to analyze the role of FGF-2 in sperm
physiology using FGF-2 KO mice as a model. Several alterations,
mainly in the central nervous system, have been described in animals
lacking FGF-2 (Dono et al., 1998; Korada et al., 2002; Ratzka et al.,
2011; Rumpel et al., 2016; Timmer et al., 2007). However, to our
knowledge, this is the first report describing the reproductive
characteristics of FGF-2-deficient males.

Initially, we analyzed the presence and localization of FGF-2 in

the murine male reproductive tissues and sperm cells. FGF-2
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FIGURE 4 Sperm parameters in FGF-2-deficient mice. (a) Percentage of sperm motility in WT and KO animals. Results are expressed as
mean + SEM, n = 3, no significant differences. (b) Sperm concentration in WT and KO animals, n = 6, **P < 0.01. (c) Percentage of abnormal sperm
morphology in WT and KO animals (circles and squares, respectively), n=9, ***P < 0.001. Lines indicate the mean values. (d) Images of

WT and KO sperm stained with hematoxylin. The arrows indicate abnormal sperm forms. Scale bar: 10 pm. (e) Representative images of normal
and abnormal sperm forms identified in FGF-2 KO animals. (f) Percentage of abnormal forms in sperm recovered from the caput, corpus (n =5),
and cauda epididymis (n=9) of WT (circles) and KO animals (squares), *P < 0.05, **P < 0.01. KO, fibroblast growth factor 2 knockout; SEM,
standard error of the mean; WT, wild type [Color figure can be viewed at wileyonlinelibrary.com]

transcripts were found in the WT testis and epididymis, and the
expression of the 18-, 21-, and 23-kDa FGF-2 isoforms was detected
in these tissues, as well as in sperm protein extracts. In the testis,
FGF-2 was immunolocalized in the interstitial cells and in the
seminiferous epithelium in a stage-dependent manner. The presence
of FGF-2 in the mammalian testis has been previously reported
(Cancilla, Davies, Ford-Perriss, & Risbridger, 2000; Fon Tacer et al.,
2010; Garbarino Azua et al, 2017; Lahr et al, 1992; Mayerhofer
et al., 1991; Steger et al., 1998). Evidence in rodents describes the
expression of FGF-2 by Sertoli and germ cell and suggests that
the ligand secreted by the germ cells exerts a regulatory role on the
functioning of Sertoli cells (Han et al., 1993; Regueira et al., 2015)
and that Sertoli-cell-secreted FGF-2 regulates the metabolism of

the germ cells (Gomez et al., 2012). Moreover, it has been reported

that FGF-2 has a mitogenic and
gonocytes recovered from perinatal testis (Van Dissel-Emiliani,
De Boer-Brouwer, & De Rooij, 1996) and that the FGF-2-related

signaling is involved in gonocytes-to-spermatogonia transition (Pui &

antiapoptotic effect on

Saga, 2017). Nevertheless, the relevance of FGF-2 in the main-
tenance and regulation of spermatogenesis in the adult testis has not
been completely explored.

Our studies also showed the presence of FGF-2 in the epithelial
cells of the murine epididymis, with a lower expression in the caput and
a higher immunoreactivity in the corpus and cauda regions. These
results are in agreement with a previous report describing increasing
FGF-2 concentrations in homogenates of rat initial segment, caput,
corpus, and cauda (Lan, Labus, & Hinton, 1998). Several growth factors

are present in the rete testis fluid and can exert an effect on the
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FIGURE 5 Capacitation-associated events in sperm from FGF-2 KO mice. (a) Protein tyrosine phosphorylation patterns in noncapacitated
sperm (TO) from WT and KO animals or in sperm incubated under capacitating conditions for 90 min (T90). Membranes were developed
using anti-phosphotyrosine antibody (pTyr) or anti-tubulin as a control. The molecular weight markers are shown on the right. The experiment
was performed three times, obtaining similar results. A typical result is shown. (b) Spontaneous acrosomal exocytosis in noncapacitated sperm
(Spt TO) from WT and KO animals or in sperm incubated under capacitating conditions for 90 min (Spt T90). Sperm were also incubated with
progesterone (30 pM) for the last 15 min (Prg T90). Results are expressed as mean + SEM, n = 4, *P < 0.05; **P < 0.01. (c) Spontaneous acrosomal
exocytosis in sperm from KO mice incubated for 90 min in the absence or in the presence of rFGF-2, n = 3, no significant differences were
observed. KO, fibroblast growth factor 2 knockout; rFGF-2, recombinant FGF-2 protein; SEM, standard error of the mean; WT, wild type

epithelial cells of the epididymal initial segment (Hinton, Lan, Rudolph,
Labus, & Lye, 1998). Among them, it has been reported that FGF-2
stimulates the activation of Ras/mitogen-activated protein kinase in the
first segments of the epididymis. This effect has also been described for
other growth factors, such as epidermal growth factor and vascular
epidermal growth factor (Tomsig, Usanovic, & Turner, 2006). A report
suggests that FGF-2 stimulates the expression of y-glutamyl transpep-
tidase, an enzyme that would protect sperm from oxidative stress
damage by keeping low levels of glutathione and preventing protein
oxidation (Lan et al., 1998). However, the secretion of FGF-2 by the
epididymal epithelium, its differential expression, its role in each
segment, and its function in sperm maturation requires further studies.

Immunocytochemical analysis revealed the presence of FGF-2 in
the murine sperm flagellum and acrosomal region. A similar
localization was found in human sperm cells (Garbarino Azda et al.,
2017), which is consistent with the detection of sperm FGFRs
(Saucedo et al., 2015). Our results have shown that the activation of
FGF-2/FGFRs-related signaling pathways is involved in the regulation
of human sperm motility (Saucedo et al., 2015) and that human sperm
FGF-2 levels correlate with sperm concentration and motility,
suggesting the role of this system in the regulation of human sperm
physiology, including spermatogenesis (Garbarino Azua et al., 2017).
The relevance of the activation of the FGF-2/FGFRs system in the
maintenance of the WT sperm function is currently under evaluation

in our laboratory.

Animals lacking FGF-2 constitute an invaluable model to analyze
the involvement of this factor in the regulation of the male gamete
study, the of FGF-2
KO males was evaluated by histological analysis of the testis. The

physiology. In our spermatogenesis
FGF-2 KO mice showed a significant increase in the percentage of
seminiferous tubules in stages I-IIl, with a decrease in stage-VII and -
VIl tubules compared with the WT. We also detected a higher
number of spermatids per testis and an enhanced DSP in KO mice.
The results suggest that FGF-2 KO mice show alterations in the
spermatogenesis cycle kinetics in FGF-2 KO mice, with an acceler-
ated release of the sperm from the seminiferous epithelium. The
analysis of the expression levels of some FGFs and FGFRs in the
testis indicated that, as in the nervous system (Ratzka et al., 2011),
the loss of FGF-2 is not accompanied with changes in the expression
of the FGFs or FGFRs tested. However, further studies are required
to explore the possibility of compensation by other factors in the
testis of the FGF-2 KO mice and to determine which mechanisms
governing spermatogenesis are altered in these animals. It has been
reported that mice devoid of FGF-2 show defects in the blood-brain
barrier (BBB) permeability and alterations in the expression of
proteins involved in cytoskeletal dynamics in the cerebral cortex
(Baum, Vogt, Gass, Unsicker, & von Bohlen und Halbach, 2016; Reuss,
Dono, & Unsicker, 2003). Considering the structural and functional
similarities between the BBB and the blood-testis barrier (BTB; Wen,
Tang, Gao, Jesus, & Chu, et al., 2018), it would be interesting to
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FIGURE 6 Ultrastructural analysis of sperm from FGF-2 KO mice.
(a) Transmission electron microscopy study performed on cauda WT
and KO sperm recovered by swim-out. The white arrows indicate the
sperm chromatin and the arrowhead points out the swelling in the
acrosomal region of the KO sperm. (b) Images of sperm inside

the lumen of the caput and cauda epididymis. The asterisks indicate
the cytoplasmic droplets around sperm flagella. KO, fibroblast
growth factor 2 knockout; WT, wild type

analyze the integrity of the BTB in FGF-2 KO mice and determine
whether an alteration at this level is involved in dysregulated
spermatogenesis in these animals.

The analysis of cauda sperm recovered from FGF-2 KO mice
compared with WT mice revealed no apparent differences in the

motility, but an increase in sperm concentration and abnormal head

TABLE 2 Fertility of males mated with nonstimulated females

Time to Litter size
N delivery (number Pup
Female Male (males) (day) of pups) weight (g)
WT WT 5 20.8+0.3 7.6+10 1.38 £0.07
WT KO 3 22.0+0.9 8.3+04 1.38 £0.03
KO KO 4 21006 75209 1.39+0.03

Note. Assessment of fertility in sexually mature animals. Each male was
subjected to two rounds of mating with females in their natural cycle,

and fertility was analyzed. Results are expressed as mean + SEM, no significant
differences were observed between WT and KO mice. KO, fibroblast growth
factor 2 knockout; SEM, standard error of the mean; WT, wild type

morphology. In KO mice, two subgroups of animals were observed:
one with higher percentages of abnormal sperm morphology, and
another with a less severe phenotype. A similar variation has been
described for other phenotypic characteristics of FGF-2 KO mice,
such as regulation of blood pressure and neural progenitor migration
(Dono et al.,, 1998). It has been suggested that this effect could be
caused by an incomplete penetrance of the phenotype due to the
compensation of other factors or by nonuniform segregation of
unidentified genes that might regulate the FGF-2 expression (Dono
et al,, 1998).

Capacitated sperm from the FGF-2 KO animals depicted
decreased tyrosine phosphorylation levels compared with the WT
cells. Such observations would indicate that in addition to the
morphological abnormalities, sperm from the FGF-2 KO animals
show alterations in the biochemical events related to the capacita-
tion process. Animals devoid of FGF-2 also had increased percen-
tages of acrosome-reacted sperm, suggesting acrosomal instability
that could not be prevented by sperm incubation with the
recombinant protein in vitro. An unstable acrosome in the FGF-2
KO sperm was also evidenced by electron microscopy, suggesting
defects in this organelle assembly, which occurs during spermiogen-
esis. Accordingly, immunohistochemistry results in the WT animals
revealed a high expression of FGF-2 in the cytoplasm of elongating/
elongated spermatids.

There are studies reporting that mice deficient of several proteins
display abnormal sperm head morphology, which is associated with
defects in the acrosome formation and nucleus condensation (Kimura
et al,, 2003; Zhou et al., 2009). Interestingly, sperm from animals
deficient in protamine 1 had some characteristics similar to the
FGF-2 KO sperm (Takeda et al., 2016). They showed an increased
percentage of abnormal sperm forms, with enhanced acrosomal
exocytosis after incubation under capacitating conditions (with no
changes in the noncapacitated sperm), suggesting an involvement of
this protein in the regulation of murine spermatogenesis (Takeda
et al,, 2016).

We also conducted experiments to evaluate FGF-2 KO male
fertility using two approaches. First, males were mated with females
in their natural cycle, and the in vivo fertility was assessed by
analyzing the time to delivery, litter size, and pup weight. Second, WT
or KO males were mated with WT females subjected to a
superovulation protocol, and the development to two-cell embryo
stage was analyzed. Results showed that FGF-2 KO males depict no
apparent fertility deficiencies in comparison with WT animals, in
agreement with previous reports indicating that FGF-2 KO animals
are fertile (Dono et al., 1998; Ortega, Ittmann, Tsang, Ehrlich, &
Basilico, 1998). Gene-manipulated animals, in particular gene-
disrupted mice, have been widely used to evaluate the relevance of
different sperm proteins in fertilization. The studies have shown that
many sperm entities thought to be essential for fertilization (based of
in vitro evidence) are dispensable for male fertility because the
animals devoid of these proteins are fertile (Okabe, 2015). However,
the deep analysis of the reproductive tissues and gametes of these

KO animals may contribute to the understanding of the extremely
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complex mechanisms underlying spermatogenesis, sperm maturation,
capacitation, and interaction with the oocyte.

In summary, our study provides evidence that FGF-2 is
required for normal spermatogenesis, since in FGF-2 KO animals
there is a dysregulation of the spermatogenic cycle, leading to
increased sperm production, aberrant sperm morphology, and
altered sperm physiology. Such abnormalities seem not to be
reflected in alterations in animal fertility because the total number
of sperm with normal forms is comparable between FGF-2 KO and
WT mice. Interestingly, transgenic mice expressing a dominant-
negative variant of FGFR1 in the male haploid germ cells are
subfertile and show impaired spermiogenesis and sperm capacita-
tion (Cotton et al., 2006). Future studies of single or combined
deletion of several members of this growth factor family and their
receptors would shed light on the relevance of this system in
mammalian spermatogenesis and in the maintenance of sperm
function.
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