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Regulation of ion balance in spermatozoa has been shown to be
essential for sperm motility and fertility. Control of intracellular ion
levels requires the function of distinct ion-transport mechanisms at
the cell plasma membrane. Active Na* and K* exchange in sperm is
under the control of the Na,K-ATPase. Two molecular variants of
the catalytic subunit of the Na,K-ATPase, a1 and a4, coexist in
sperm. These isoforms exhibit different biochemical properties;
however, their function in sperm fertility is unknown. In this work,
we show that Na,K-ATPase a4 is essential for sperm fertility. Knock-
out male mice lacking a4 are completely sterile and spermatozoa
from these mice are unable of fertilizing eggs in vitro. Furthermore,
o4 deletion results in severe reduction in sperm motility and hyper-
activation typical of sperm capacitation. In addition, absence of a4
causes a characteristic bend in the sperm flagellum, indicative of
abnormal sperm ion regulation. Accordingly, a4-null sperm present
increased intracellular Na* and cell plasma membrane depolariza-
tion. These results are unique in demonstrating the absolute re-
quirement of a4 for sperm fertility. Moreover, the inability of a1
to compensate for a4 suggests that a4 is the Na,K-ATPase-« iso-
form directly involved in sperm fertility. Our findings show a4 as an
attractive target for male contraception and open the possibility
for the potential use of this Na,K-ATPase isoform as a biomarker for
male fertility.

N a,K-ATPase is an ion transporter of the plasma membrane
involved in the active exchange of intracellular Na* for ex-
tracellular K* in most cells (1). The Na* and K* gradients
generated by Na,K-ATPase are essential in maintaining cell ion
homeostasis, cell membrane resting potential, and the transport
of a variety of solutes and water across the cell surface (2). Two
major polypeptides, named the o and p subunits, constitute Na,
K-ATPase (3). The catalytic o polypeptide is the subunit in-
volved in the ATP hydrolysis and ion-translocation functions of
Na,K-ATPase (1).

Three molecular variants of the Na,K-ATPase o polypeptide,
the al, a2, and o3 isoforms, have been found in somatic cells of
mammals (4-6). Na,K-ATPase is also present in male germ cells
and in differentiated spermatozoa (7). Although Na,K-ATPase
activity in sperm has been known for some time (8), it was not
until recently that the existence of a distinct o isoform of this
transporter was reported in the male gamete (9). This poly-
peptide, named the Na,K-ATPase a4 isoform, is present only in
male germ cells, it is expressed after meiosis of these cells (7, 10),
and is abundant in the mid-piece of the sperm flagellum (7, 11,
12). In addition to a4, another Na,K-ATPase isoform, the al
polypeptide, which is ubiquitously present in all tissues, is also
expressed in spermatozoa (7). We have previously shown that a4
exhibits unique biochemical properties, including specific affini-
ties for the physiological ligands, Na*, K*, and ATP, and
a particular high sensitivity for the inhibitor ouabain (13). Se-
lective inhibition of a4 with ouabain has been shown to affect rat
sperm motility in vitro, reducing total, progressive, and different
parameters of sperm movement (11, 12, 14). In addition, in-
creased expression of a4 enhances sperm motility in transgenic
mice (15). Although these observations suggest the involvement
of a4 in flagellar beating, the role and mechanisms of action of
a4 in sperm fertility still remain unknown.
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In this work, we have studied the role of the Na,K-ATPase a4
isoform by directly disrupting the Afpla4 gene that encodes for
the a4 polypeptide. Our results show that the a4 isoform is es-
sential for the fertility of male mice and for the ability of mouse
spermatozoa to fertilize eggs in vitro. Furthermore, we demon-
strate that a4 activity is necessary for sperm motility and hyper-
activation, a particular pattern of motility acquired by sperm
during capacitation and required for fertilization (16, 17). Our
data also show that sperm lacking o4 exhibit ion balance changes,
high intracellular Na™ levels, and membrane depolarization, all
parameters that are critical for sperm motility and fertility.

Results

Sperm from Mice in Which the Atp7a4 Gene Is Disrupted Lack Na,K-
ATPase a4 Expression and Activity. To determine the function of a4
in male fertility, we have used a genetic approach, targeting the
Atpla4 gene to suppress expression of the o4 polypeptide. We
have disrupted the a4 locus in ES cells by removing a region
spanning exons 5 to 8 of the Atpla4 gene (Fig. 14), which encodes
for the ATP binding and phosphorylation sites of the catalytic
domain of Na,K-ATPase (18). Positive ES cell clones were con-
firmed by Southern blot analysis (Fig. 1B). Once the chimeric
mouse was obtained, a colony was established and the desired
genotype of offspring was verified by PCR (Fig. 1C). The absence
of the a4 isoform in the knockout mice was further validated by
RT-PCR of testis RNA (Fig. 1D) and by immunoblotting of
sperm protein samples (Fig. 1E). Heterozygous mice expressed
approximately half the amount of o4 than wild-type mice. The
null allele was inherited with the offspring of mated heterozygous
F1 mice (27 litters) to the approximate expected Mendelian ratio
(62 wild-type, 97 heterozygous, and 53 homozygous a4 mice).
Determination of Na,K-ATPase activity and ouabain in-
hibition in sperm homogenates showed a biphasic dose-response
curve in wild-type animals, w1th inhibition ICsy values in the
nanomolar (1.7 + 1.8 x 107 M) and micromolar (4.2 + 1.4 x
107 M) range. As previously shown, these kinetic parameters
represent the activity of the a4 and ol isoforms, respectively (4)
(Fig. 24). In contrast to wild-type, Na,K—ATPase activity from o4
knockout-mice sperm responded to ouabain with a monophasic
profile, lacking the enzyme component correspondmg to a4, and
showing a single ICs, value (1.6 + 0.5 x 10~ M) that is char-
acteristic of al (Fig. 24). In addition, the total Na,K-ATPase
activity in spermatozoa from o4 null mice was signiﬁcantly lower
than in wild-type sperm (Fig. 2B). This decrease in activity did
not depend on changes in the ATP hydrolysis catalyzed by the al
isoform, but on the absence of a4. Further indication for the lack
of o4 activity was obtained through ouabain-binding studies us-
ing the fluorescent derivative bodipy-ouabain. To favor binding
to o4, we used concentrations of bodipy-ouabain that are rela-
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tively low (107 M). At this amount, bodipy-ouabain predomi-
nantly binds to the a4 isoform, which has a much higher affinity for
ouabain than al (13). Sperm from a4-null mice showed negligible
binding of bodipy-ouabain compared with sperm from wild-type
mice (Fig. 2C). The minimal amount of fluorescence detected in
ad-null sperm most likely represents some unspecific binding
of bodipy-ouabain, which is unavoidable in this assay. Taken to-
gether, these results showed the functional absence of o4 in
knockout sperm and that a4 deficiency was not compensated
through up-regulation of al activity.

Mice Null in the Na,K-ATPase o4 Isoform Are Sterile. Both hetero-
and homozygous a4 knockout mice were overall phenotypically
normal, showing testis size, testis shape, and testis-to-body weight
ratio indistinguishable from wild-type mice (Fig. 3 4 and B).
Moreover, testis from wild-type, hetero- and homozygous mice
exhibited no histological differences. As shown in Fig. 3C, partial
or total deficit of o4 did not affect the general structure of the
seminiferous tubules, which presented their typical composition
and the male germ cell at different developmental stages. This
finding shows that disruption of o4 is not followed by important
changes in the testis seminiferous epithelium.

The most remarkable physiological consequence of disrupting
a4 expression was that a4-null male mice were completely in-
fertile. Controlled matings of eight null male mice with multiple
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Fig. 1. Disruption of the Na,K-ATPase Atpla4

gene. (A) Scheme showing the targeting strategy

for the Atp7a4 gene. (B) Southern blot analysis

strategy for screening ES cell clones. Identifica-
SWT tion of positive ES cell clones (hybrid 129/SvEv-
“Null C57BL/6 lines) was performed using probes that
o specifically hybridized to the indicated regions of
7-] the a4 DNA. Wild-type (WT) and a4-null (null)
& mice exhibited the predicted DNA bands of 18.9
57 and 13.6 kb for the 5’ end, and 8.1 and 4.8 kb for
the 3’ end. As negative controls, ES cells from the
parent 129/SvEv (129), C57BL/6 (B6), and hybrid
(Hyb) 129/SvEv-C57BL/6 lines were used. (C) PCR
genotyping of mice. PCR of mouse tail clips pro-
duced distinct products of 465 and 531 bp in wild-
type and a4-null mice, respectively, and both
DNA fragments in the heterozygous mice. Sam-
ples with no DNA were used as a negative con-
trol, whereas wild-type genomic DNA plus vector
DNA were used as a positive control. (D) RNA
analysis of wild-type and knockout mice. RT-PCR
was performed on mouse testis RNA, using pri-
mers specific for a4 and GAPDH, used as a load-
ing control. This process yielded expected bands
of 478 and 430 bp for a4 and GAPDH, respectively
(lines marked +). Samples in which reverse tran-
scriptase was ommited (—) were used as a negative
control. (E) Immunoblot analysis of a4 expression.
Sperm lysates were used to determine expression
of the a4 polypeptide. Anti-a4 antiserum gener-
ated in chicken and anti-a1 antisera generated
in rabbit, followed by horseradish peroxidase-
conjugated secondary antibodies and chemilu-
minescence were used for detection. Tubulin was
used as a loading control.
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wild-type females yielded no pregnancies after a period of 3 mo.
This was not because of the inability of these mice to mate, as
vaginal plugs were found in the females that had been with o4
homozygous mice with the same frequency as those mated with
wild-type males. In contrast, a4 heterozygous male mice were
fertile. In addition, all homozygous female mice were fertile and
produced similar litter numbers as wild-type mice during the
same time period.

Not only were the a4-null mice sterile, but sperm from these
mice was incapable of fertilizing oocytes in vitro (Fig. 44). Thus,
fertilization assays in which a4-null sperm was incubated with
ova, resulted in oocytes that did not develop to the two-cell stage
(Fig. 4B). Taken together, these data indicate an essential re-
quirement of a4 for sperm fertility not only in vivo, but also
in vitro.

Spermatozoa from a4-Null Mice Exhibit Reduced Motility. The ab-
normal fertility phenotype caused by a4 disruption was accom-
panied by a severe reduction in sperm motility. When measured
in noncapacitated media, total motility of the a4-null mice was
decreased to ~85% of that of the wild-type mice (Fig. 54 and
Movies S1 and S2). In addition, absence of o4 drastically affected
other parameters of sperm motility, including progressive mo-
tility, straight line, curvilinear and average path velocities, beat
cross frequency, amplitude of lateral head displacement, line-
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Fig. 2. Spermatozoa from Na,K-ATPase o4-null mice lack Na,K-ATPase o4 activity. (A) Dose-response curves for the inhibition of Na,K-ATPase by ouabain.
Assays were performed on sperm homogenates (5 pg total protein) at saturating concentrations of all Na,K-ATPase physiological ligands and the indicated
doses of ouabain. The curves represent the best fit of the experimental data to highly ouabain-sensitive and ouabain-resistant a4 and a1 isoforms. Each value
is the mean + SEM of three experiments. (B) Maximal Na,K-ATPase activity for total a4 and a1 isoforms in wild-type and a4-null mice. Activity of the a4 and a1
isoforms was distinguished based on the difference in ouabain affinity that characterizes these isoforms (4). Total activity corresponded to that inhibited by
1073 M ouabain. Hydrolysis of ATP by a4 was determined as that sensitive to 10~® M ouabain. Activity of a1 corresponded to the difference in ATP hydrolysis
between 107 and 1073 M. (C) Ouabain binding assays. Sperm from wild-type and knockout mice were labeled with the fluorescent ouabain derivative,
bodipy-ouabain. Samples were then subjected to flow cytometry and levels of fluorescence were determined. In B and C, bars represent the mean + SEM of
three experiments. Values significantly different from the wild-type are indicated: *P < 0.001.

arity, and straightness (Fig. 5 B-I). Furthermore, when sperm
was capacitated in vitro in media with BSA and bicarbonate,
hyperactivation, a pattern of motility typical of sperm capacita-
tion (17), was almost completely abolished in the a4 knockout
mice (Fig. 5J). Cell viability, determined using the Live/Dead
Sperm Viability Kit (Invitrogen), was similar for both a4-null and
wild-type sperm (97.0 + 1.2 vs. 98.1 + 0.1). This finding in-
dicated that the lower sperm motility found in the a4-null mouse
was not a consequence of increased cell death. In contrast to the
homozygous mice, heterozygous a4 mice showed only a partial
reduction in sperm motility parameters (Fig. 5). Overall, these
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Fig. 3. Na,K-ATPase ad-null mice testis exhibit normal morphology. (A)
Macroscopic view of testis dissected from wild-type, heterozygous, and ho-
mozygous mouse testis. (B) Relationship between testis and body weight in
wild-type, heterozygous, and homozygous mouse testis. Bars represent the
mean + SEM of three experiments. (C) Microscopic analysis of wild-type,
heterozygous, and homozygous mouse testis. Testis were dissected and fixed
with Bouin’s fixative (Ricca Chemical Co.), embedded in paraffin, and sec-
tioned in 10-um sections. Tissue was treated with xylene and ethanol to
remove the paraffin, and stained with H&E. (Upper) 20x magnification;
(Lower) 40x magnification. (Scale bars, 100 pm.)
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results demonstrate that the a4 isoform is directly involved in
multiple aspects of sperm flagellar movement, including the hy-
peractive motility that accompanies sperm capacitation.

Spermatozoa from o4-Null Mice Show Several Other Abnormalities.
Strikingly, the majority of spermatozoa from the a4 homozygous
mice exhibited a distinct bend between the mid- and the principal
piece of the flagellum that was not present in heterozygous or
wild-type mice. This bend showed different degrees of angularity,
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Fig. 4. Sperm from o4-null mice are unable to fertilize eggs. Sperm from
wild-type or o4-null sperm were incubated with oocytes in Cook’s medium to
allow in vitro fertilization. After removing the oocytes, they were washed
and cultured overnight. The development of two-cell stage embryos was
determined. (A) Fertilization rate from the in vitro fertilization assays. Bars
represent the mean + SEM. Values significantly different from the wild-type
are indicated with an asterisk, with P < 0.001. (B) Light microscopy images of
oocytes and two cell embryos.
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Fig. 5. Sperm from o4-null mice show low motility. Spermatozoa from the cauda epididymis were isolated in modified Tyrode’s medium. Sperm motility was
determined using CASA and different parameters of sperm movement were analyzed. Total percent motility (A), progressive motility (B), straight line velocity
(C), curvilinear velocity (D), average path velocity (E), beat cross frequency (F), amplitude of lateral head displacement (G), linearity (H), and straightness (/)
were determined. In addition, hyperactive motility (J) was measured after capacitation of the sperm for 1 h. Bars represent the mean + SEM of three
experiments. Values significantly different from the control are indicated with an asterisk, with P values ranging between 0.05 and 0.001.

ranging from obtuse and acute angles to serious retroflexion into
a complete 180° folding of the head over the principal piece of the
flagellum (Fig. 64). Defects similar to those have been associated
with deficiencies in sperm osmoregulation and volume control
(19), suggesting that one of the functions of o4 is to maintain
sperm osmotic balance.

Na,K-ATPase is responsible for maintaining the low in-
tracellular Na™ concentration ([Na*];), which is crucial to many
general and cell-specific processes (2). Determination of [Na*];
in the sperm cytosol using the fluorescent indicator, Sodium
Green Tetraacetate, showed that a4-null mice exhibited signifi-
cantly higher [Na*]; levels, with an increase of ~#60% compared
with wild-type mice (Fig. 6B). This finding suggests that the o4
isoform plays an important role in maintaining sperm active
transmembrane Na™ transport.

The transmembrane distribution of electrical charges, result-
ing from the uneven Na™ and K* transport catalyzed by Na,K-
ATPase contributes to maintaining the resting cell-membrane
potential (2). Membrane potential determinations, using the
fluorescent indicator [DiSC;(5)], showed that the plasma mem-
brane from a4 knockout spermatozoa was highly depolarized
compared with that of wild-type sperm (Fig. 6C). This finding
suggests that the ion gradients created by the a4 isoform are
important in maintaining sperm-membrane potential.

Discussion

Previous studies have explored the function of a4 using selective
pharmacological inhibition of this isoform with ouabain (7, 11,
12, 20). More recently, we have investigated the function of o4
using a mouse model with increased expression of the rat o4
isoform in sperm (15). Although these approaches have helped
us understand some functional properties of a4, they did not
directly address the role of a4 in sperm physiology and, more
importantly, could not assess the relevance of the Na,K-ATPase
a4 isoform in male fertility. We have studied this topic herein,
using targeted deletion of the Afpla4 gene in mice. Homozygous
mice with the disrupted Atpla4 gene show complete abolishment
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of a4 polypeptide expression and loss of the typical high ouabain-
sensitive Na,K-ATPase activity of o4 (13, 21).

The a4-null mice present normal overall testis structure and
histology. The conserved pattern in male germ-cell developmental
stages in seminiferous tubules from a4 knockout mice suggests
that the a4 isoform is not essential for the process of spermato-
genesis, but rather that a4 is important for the differentiated
sperm. This is supported by previous findings, showing that o4 is
expressed after meiosis of the male germ cells and during late
stages of spermatogenesis (7, 11, 22).

In agreement with an essential role of a4 in sperm function is
the complete infertility of the knockout mice. Only male a4-null
mice are sterile, and the normal fertility of the homozygous fe-
male mice further proves the gender specificity in expression of
the o4 isoform (9). Different from homozygous male mice, the
a4 heterozygous male mice are able to generate offspring, de-
spite the reduced motility of their sperm. Therefore, it appears
that partial expression of a4, although not sufficient to support
full sperm motility, is still adequate to maintain male fertility.

Disruption of the Atpla4 gene resulted in a drastic reduction of
sperm motility, indicating an important role of a4 in sperm fla-
gellar beat. This finding is consistent with the localization of the a4
polypeptide, which is expressed in the sperm tail (7, 11). Inhibition
of a4 with ouabain has been shown to reduce sperm movement
(11, 14); however, this produced a decrease in motility that was
less pronounced than that caused by disruption of the Atpla4
gene. This finding emphasizes the higher efficiency of our genetic
approach in blocking a4 activity over the pharmacological ap-
proach. Heterozygous a4-null mice also have diminished sperm
motility; however, to a lesser extent than the a4-homozygous mice,
suggesting that a gene dose effect is associated with expression of
the o4 isoform. The dependence of sperm motility on differential
expression of the Na,K-ATPase o4 isoform is also supported by
the increase in sperm movement observed when the rat a4 isoform
is overexpressed in mice (15).

Lack of the a4 isoform affects not only total sperm motility,
but also a variety of parameters of sperm motility, suggesting
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Fig. 6. Spermatozoa from Na,K-ATPase o4-null mice display abnormal
morphology and show altered [Na*]; and membrane potential. (A) Sperm
morphology. Sperm was plated onto glass coverslips, fixed using buffered
formalin phosphate, and stained with Trypan Blue. Images were taken under
bright field using a 60x objective in a Nikon Eclipse 80i scope (Nikon
Instruments, Inc.). (Scale bar, 100 pm.) (B) [Na*]; determinations in sperm
using the fluorescent indicator Sodium Green Tetraacetate. (C) Sperm
membrane-potential determinations using [DiSC3(5)]. Bars represent the
mean + SEM of three experiments. Values significantly different from the
wild-type: *P < 0.001.

a general role of a4 in multiple aspects of sperm flagellar beat. In
addition, a4-null mice exhibit severe decrease in sperm hyper-
motility, which is required for sperm penetration through the egg
vestments (17). Because a4 is not directly involved in the de-
velopment of the sperm acrosomal reaction (15), the profound
reduction in sperm motility and hypermotility represent central
causes leading to the lack of fertilizing capacity of a4-null sperm
in vitro fertility assays, and to the infertility presented by the a4-
null mice. Therefore, sperm general motility and hyperactivation
are main factors through which the Na,K-ATPase a4 isoform
controls sperm fertility.

An important question regards the mechanisms by which the
a4 isoform influences sperm motility. The a4-null mice present
a characteristic bend in the sperm flagellum. This abnormality in
cell shape has been previously noted in wild-type sperm after
treatment with ion channel blockers or after hypotonic shock
(19), and in knockout mice in which the SLO3 potassium channel
had been deleted (23). These changes in sperm shape have been
ascribed to alterations in osmolarity and ion balance (19). The
similar changes in sperm morphology we observe suggest that the
ion gradients maintained by a4 are important in controlling
sperm cytoplasmic ion homeostasis. Accordingly, the [Na*]; in
spermatozoa from o4-null mice is increased compared with wild-
type mice. Another expression of ion imbalance in the o4-null
mouse is the depolarization of the sperm plasma membrane.
Sperm motility has been shown to depend on ion balance and
specifically [Na™]; levels (24). In addition, appropriate values of
plasma membrane potential are required for sperm motility and
during sperm capacitation (24). Moreover, cell membrane de-
polarization is associated with infertility in patients with asthe-
nozoospermia (25). Our results highlight the importance of ion
balance and membrane excitability as the mechanisms by which
the a4 isoform supports sperm motility.
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Our results also show that absence of o4 did not produce
changes in expression of the ubiquitous al isoform. This absence
of compensatory up-regulation of ol in the a4-null mice, suggests
that regulation of al and o4 activity is independent from each
other. This idea is also supported by our previous study, which
found no reciprocal modulation of al expression and activity
after expression of the rat a4 isoform in mice (15). The inability
of al to substitute for a4 also suggests that these isoforms per-
form different roles in male fertility. In support of this, the al
and a4 polypeptides have been shown to have distinct enzymatic
properties (13). Although additional experiments will be neces-
sary to define the function of al in sperm, it is clear that the a4
isoform plays an essential role in controlling Na* and K* ex-
change in sperm and in supporting fertility of the male gamete.

Taken together, our results are unique in demonstrating that
the Na,K-ATPase o4 isoform is essential for sperm fertility both
in vivo and in vitro and that the «l subunit is not able to sub-
stitute for this role. If alterations in the Atpla4 gene produce the
same defects in human sperm, our results open the possibility for
the future use of the o4 isoform as a biomarker for male fertility.
Finally, our data also provide compelling evidence for the use of
the Na,K-ATPase a4 isoform as a target for male contraception.

Materials and Methods

Preparation of Knockout Animals. A mouse 129 BAC containing the Atp7a4
genomic locus was used to generate the Atp7a4 knockout gene-targeting
vector. The BAC was subcloned into pSP72 vector (Promega Corporation)
and a region of 6.8 Kb of the Atp7a4 gene, including exons 5 through 8, was
deleted and replaced by a neomyocin expression cassette (Fig. 1A). The
targeting vector was linearized with Notl and electroporated into BA1 hy-
brid (C57BL/6 x 129/SvEv) ES cells for homologous recombination. After
neomyocin selection, isolated ES cell clones were screened by PCR. Clones
were confirmed by Southern blotting following the scheme of Fig. 1B, and
positive clones were further characterized by karyotyping. Targeted ES
clones were microinjected into C57BL/6 blastocysts and these were implan-
ted into pseudopregnant females. Resulting chimeras were mated to wild-
type C57BL/6 mice to generate F1 heterozygous offspring and breeding
continued to establish the founder line. Preparation of the knockout mice
were performed at Ingenious Targeting Laboratory, Inc. (Stony Brook, NY).
Genotype analysis was performed on tail biopsies by PCR on isolated ge-
nomic DNA using the REDExtract-N-Amp Tissue PCR Kit (Sigma).

Sperm lIsolation. All experimental protocols involving animals in this work
were approved by the University of Kansas Medical Center Institutional
Animal Care and Use Committee. Spermatozoa from wild-type, o4 hetero-
zygous and null mice were obtained from the cauda of adult mice epidid-
ymides after swim-up of the cells, as previously described (14). Sperm was
resuspended in modified Tyrode’s medium, containing: 100 mM NaCl, 4.7
mM KCl, 1.2 mM KH,POy4, 1.2 mM MgSO,, 5.5 mM Glucose, 0.8 mM pyruvic
acid, 4.8 mM lactic acid, 20 mM Hepes (pH 7.4), counted, and used for the
different assays. For some experiments, sperm was capacitated in modified
Tyrode’s medium, supplemented with 1.7 mM CaCl,, 25 mM sodium bi-
carbonate and 0.5% BSA.

Southern Blot. Southern blot was used to confirm the ES cell clones containing
the a4 construct. DNA was first digested with either Nhel or Pstl and elec-
trophoretically separated on a 0.8% agarose gel. After transfer to a nylon
membrane, DNA was hybridized with probes targeted to the 5’ external re-
gion of the Nhel digested DNA, or to the 3’ internal region of the Pstl digested
DNA. After washing off the nonhybridized probe, membranes were pro-
cessed for autoradiography.

PCR. PCR was used for analysis of genomic DNA. Reactions were performed
using primers directed to Na,K-ATPase a4 isoform sequences (sense 5'-CAG-
GAGAGAGCAGGATCGTGGAC-3’) and antisense (5'-GGTGATACTAGTCACTG-
AGGTGCC-3’) and to the neomycin cassette sequence (5'-GCATCGCCTTCTA-
TCGCCTTCTTG-3'). Procedures were as described (7), using a first cycle of 30 s
at 94 °C, followed by 30 cycles at 94 °C for 155, 60 °C for 15 s, and 72 °C for 30s.

RT-PCR. Total testis RNA was prepared using TRIzol reagent according to the
supplier specifications (Invitrogen). A total of 10.0 pg RNA was incubated in
100 pL of 1x DNase buffer, 1 U RNase-free DNase | (Roche) at 37 °C for 20 min.
Complementary DNA was prepared by reverse transcription of 1.0 ug of total

Jimenez et al.


www.pnas.org/cgi/doi/10.1073/pnas.1016902108

RNA using SuperScript Il Reverse Transcriptase (Invitrogen), as described (7).
The resulting first-strand cDNA was subjected to amplification using primers
specific for the mouse Na,K-ATPase a4 isoform (sense 5-GAGGAGCAAAC-
CACGGGGAAAACG-3’) and (antisense 5'-GCTAGGCAAGTTCAAGAAGCAGAA-
CC-3’), and for the glyceraldehide phosphate dehydrogenase (GAPDH) sense
(5'-GGAGATTGTTGCCATCAACG-3’) and antisense (5'-CACAATGCCAAAGTTG-
TCATGG-3’) primers. Amplified DNA fragments were identified by electro-
phoresis in 1% agarose gels stained with ethidium bromide.

Immunoblot. Protein expression was analyzed by SDS/PAGE (7.5% gel) and
immunoblotting, as previously described (7). The Na,K-ATPase o1 and o4
isoforms were identified using antisera generated against specific regions of
the polypeptides in rabbit and chicken respectively. Horseradish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch Laboratories,
Inc.) and chemiluminescence were used for detection.

Na,K-ATPase and Ouabain Binding Assays. Na,K-ATPase activity was assayed on
sperm homogenates, through determination of the initial rate of release
of 32P; from y[32P]-ATP, as previously described (14). The ATPase activity of
10 pg of total protein per sample was measured in a final volume of 0.25 mL
in medium containing 120 mM Nacl, 30 mM KCl, 3 mM MgCl,, 0.2 mM EGTA,
30 mM Tris-HCI (pH 7.4), 3 mM ATP with 0.2 pCi y[32P]-ATP in the presence
and absence of the indicated ouabain concentrations. Curve fitting of the
experimental data were performed using a Marquardt least-squares non-
linear regression computing program (Sigma Plot; Jandel Scientific). Oua-
bain binding capacity of spermatozoa from wild-type and null mice was
measured using bodipy-ouabain (Invitrogen). Sperm was placed in modified
Tyrode’s medium at a concentration of 2 x 10° cells/mL, and 10~ M bodipy-
ouabain was added. Samples in which 1 mM unlabeled ouabain was also
added were used as a control for specific bodipy-ouabain binding. After
incubation for 20 min at 37 °C, cells were washed twice for 5 min in modified
Tyrode’s medium. Finally, fluorescence was measured at 488 nm, using a
LSRII flow cytometer (BD Biosciences).

Membrane-Potential Assays. Approximately 2 x 10° cells/mL were suspended
in modified Tyrode’s medium and membrane potential was determined
using the fluorescent indicator [DiSC3(5)]. Calibration of the fluorescence
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changes into millivolts and determination of the cell membrane potential
was calculated following protocols previously described (14).

Intracellular Na* Measurements. The [Na*]; was measured in sperm (20 x 10°
cells/mL) in modified Tyrode’s medium with Sodium Green Tetraacetate, as
described previously (14).

Sperm-Motility Assays. Approximately 3 x 10° cells from wild-type, a4 het-
erozygous and null mice were used to determine sperm motility, as previously
described (14). Samples were analyzed by CASA, using the Minitube Sperm-
Vision Digital Semen Evaluation system (version 3.5, Penetrating Innova-
tions). Total sperm motility and different parameters of sperm movement
were analyzed using analytical setup parameters defined elsewhere (14).

In Vitro Fertilization Assays. Cumulus-oocyte masses from superovulated CD-1
female mice were recovered after stimulation with 5 IU of PG 600 (Intervet)
and 5 IU of human corionic gonadotrophin. Spermatozoa were collected
from the cauda epididymis after swim-up. In vitro fertilization assays were
performed following standard procedures with some modifications (14).
Approximatelly 10° sperm/mL from wild-type or a4-null sperm were in-
cubated with oocytes in Cook’s medium (Research Vitro Fert K-RVFE-50;
Cook Medical) for 6 h at 37 °C, with 5% CO, and 5% O, under oil. After
removing and washing the oocytes in Cook’s medium, they were cultured
overnight. Fertilization success was determined as the development of two-
cell stage embryos.

Statistical Analysis. Statistical significance of differences between controls
and ouabain treated samples was determined by the Student’s t test, using
Sigma Plot software (Jandel Scientific). Statistical significance was defined
as P < 0.05.
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