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Contributions of Extracellular and Intracellular Ca2+ to Regulation
of Sperm Motility: Release of Intracellular Stores Can
Hyperactivate CatSper1 and CatSper2 Null Sperm
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Department of Biomedical Sciences, College of Veterinary Medicine, Cornell University, Ithaca, New
York 14853

Abstract
In order to fertilize, mammalian sperm must hyperactivate. Hyperactivation is triggered by increased
flagellar Ca2+, which switches flagellar beating from a symmetrical to an asymmetrical pattern by
increasing bending to one side. Thimerosal, which releases Ca2+ from internal stores, induced
hyperactivation in mouse sperm within seconds, even when extracellular Ca2+ was buffered with
BAPTA to approximately 30 nM. In sperm from CatSper1 or CatSper2 null mice, which lack
functional flagellar alkaline-activated calcium currents, 50 ÎM thimerosal raised the flagellar bend
amplitudes from abnormally low levels to normal prehyperactivated levels and, in 20â40% of sperm,
induced hyperactivation. Addition of 1 mM Ni2+ diminished the response. This suggests that
intracellular Ca2+ is abnormally low in the null sperm flagella. When intracellular Ca2+ was reduced
by BAPTA-AM in wild-type sperm, they exhibited flagellar beat patterns more closely resembling
those of null sperm. Altogether, these results indicate that extracellular Ca2+ is required to supplement
store-released Ca2+ to produce maximal and sustained hyperactivation and that CatSper1 and
CatSper2 are key elements of the major Ca2+ entry pathways that support not only hyperactivated
motility but possibly also normal prehyperactivated motility.
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INTRODUCTION
Ca2+ signaling in sperm is critical for fertilization. Ca2+ uptake (Handrow et al., 1989) is
associated with capacitation, a process whereby mammalian sperm gain the capacity to undergo
the acrosome reaction and fertilize oocytes (Yanagimachi, 1994). Activation of motility occurs
when sperm are released from the cauda epididymidis. Activated sperm swim in linear
trajectories generated by moderate amplitude symmetrical flagellar beating (Suarez et al.,
1983). Elevation of flagellar Ca2+ during capacitation induces hyperactivation (Suarez and
Dai, 1995;Ho and Suarez, 2001) by increasing the amplitude of the principal flagellar bend,
which produces asymmetrical beating (Ho et al., 2002). Hyperactivated sperm exhibit frequent
changes in direction that may enable them to navigate the tortuous lumen of the oviduct to
reach the oocyte. During fertilization, the high amplitude flagellar bends of hyperactivation
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are required by sperm to penetrate the oocyte zona pellucida (Stauss et al., 1995;Quill et al.,
2003).

The mechanisms that trigger the rise of intracellular Ca2+ to initiate and maintain
hyperactivation are not completely understood, but increased Ca2+ entry via plasma membrane
channels is known to play a key role. Voltage-gated Ca2+ channels (Trevino et al.,
2004;Wennemuth et al., 2000), cyclic-nucleotide gated Ca2+ channels (Wiesner et al., 1998),
and canonical transient receptor potential (TRPC) channels (Trevino et al., 2001;Castellano et
al., 2002) have been localized to the flagellum. However, only sperm-specific proteins
CatSper1 (Ren et al., 2001) and CatSper2 (Quill et al., 2003) have been shown to be required
for male fertility. These CatSper proteins are alkaline-sensitive voltage-gated Ca2+ channels
that are located on the principal piece of the flagellum (Ren et al., 2001;Quill et al.,
2001;Kirichok et al., 2006). Sperm deficient in CatSper1 or CatSper2 lack depolarization-
evoked Ca2+ entry (Carlson et al., 2003;Carlson et al., 2005). Although it has not been
demonstrated that CatSper1 and CatSper2 form a single channel, disruption of either gene
prevents the expression of the other protein in the flagellum (Carlson et al., 2005). Sperm
lacking CatSper show abnormally high flagellar beat frequency and low bend amplitude, as
well as a failure to hyperactivate during capacitation (Carlson et al., 2003;Quill et al.,
2003;Carlson et al., 2005).

There is also evidence for a mechanism in which release of Ca2+ from an IP3-gated internal
store at the base of the flagellum initiates hyperactivation (Ho and Suarez, 2001). IP3 receptors
have been localized to a portion of the redundant nuclear envelope on the side of the flagellum
which increases bend amplitude in response to Ca2+ (Ho and Suarez, 2003). Because each
flagellar bend originates at the base of the flagellum and is propagated down to the principal
piece, it is therefore proposed that the store provides the initial Ca2+ signal, which somehow
stimulates influx through CatSper channels in the principal piece.

The purpose of this study was to investigate the contributions of extracellular and intracellular
Ca2+ to the initiation and maintenance of hyperactivated motility. Using CatSper1 and
CatSper2 null sperm, we investigated whether release of Ca2+ from an internal store can initiate
hyperactivation and if an extracellular Ca2+ source is required to sustain hyperactivation.

MATERIALS AND METHODS
Chemicals and Medium

All chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO) with the following
exceptions. HEPES, BSA, and 1,2-bis(2-aminophenoxy)ethane-N,N,Nâ,Nâ-tetraacetic acid
acetoxymethyl ester (BAPTA AM) were obtained from Calbiochem Corporation (La Jolla,
CA). Molecular Probes (Eugene, OR) provided fluo3 AM and BAPTA.

The medium consisted of 110 mM NaCl, 2.68 mM KCl, 0.36 mM NaH2PO4, 25 mM
NaHCO3, 25 mM HEPES, 2.4 mM CaCl2, 0.49 mM MgCl2, 5.56 mM glucose, 1 mM pyruvate,
0.006% Na penicillin G, and 20 mg/ml BSA (pH 7.4, 290â300 mOsm/kg) (Suarez and Osman,
1987).

Animals
CatSper1 and CatSper2 null mice were provided by Drs. Timothy Quill and David Garbers
(UT Southwestern) and were derived as previously described (Carlson et al., 2003;Ren et al.,
2001;Quill et al., 2003;Quill et al., 2001). Males heterozygous (+/â) for CATSPER1 or
CATSPER2 were used as controls in experiments involving males homozygous (â/â) for the
disrupted genes, respectively, and wild-type (C57BL/6) males were used when testing the
effects of BAPTA or BAPTA AM on motility.
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Immunoblotting
Cauda epididymides were recovered from three male mice each of genotypes CATSPER2 +/
+, +/â, and â/â, placed in 1 ml warmed (37ÂC) PBS in a small culture dish, and nicked at several
sites with small scissors to disperse sperm. After 15 min incubation, tissue was removed and
the sperm-containing supernatants were transferred to eppendorf tubes. An aliquot of each was
removed for hemacytometer counting, and sperm were pelleted by centrifugation. Sperm
pellets were suspended in non-reducing SDS sample buffer at a concentration of 10 Ã 107

sperm/ml and heated at 60ÂC for 5 min. Lysates were centrifuged to remove insoluble material
and supernatants were stored at â80ÂC until used for SDS-PAGE.

Sperm lysates representing 106 sperm were reduced by heating for 3 min at 60ÂC in the
presence of 40 mM DTT, resolved by SDS-PAGE (Laemmli, 1970), and transferred to
nitrocellulose (Towbin et al., 1979). Blots were blocked for 1 h in Tris-buffered saline
containing 0.5% Tween-20 and 2.5% non-fat dry milk. CatSper2 polyclonal antibody, directed
against the carboxyterminal epitope (Quill et al., 2001) and provided by Dr. Timothy Quill
(UT Southwestern) was applied at 1:3000 dilution overnight at 4ÂC. After rinsing, blots were
incubated with HRP-conjugated goat anti-rabbit IgG and developed using enhanced
chemiluminescence (SuperSignal West Pico, Pierce, Rockford, IL). To assess sample loading,
blots were stripped and re-probed using anti-tubulin and a goat anti-mouse IgG-HRP conjugate.
Anti-Î-tubulin (mAbE7) developed by Klymkowsky was obtained from the Developmental
Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The
University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.

Sperm Preparation and Experimental Conditions
Sperm were collected as previously described (Suarez and Osman, 1987). Briefly, cauda
epididymides were punctured with a 27-gauge needle and incubated at 37ÂC to allow sperm
to disperse into surrounding medium. After 10 min, sperm were aspirated and placed in a
prewarmed 1.5 ml microcentrifuge tube. Sperm numbers were adjusted to 5 Ã 106/ml and
sperm were treated with 50 ÎM thimerosal or 5 mM procaine immediately or were incubated
for 90 min under capacitating conditions at 37ÂC with 5% CO2.

Analysis of Sperm Motility
Aliquots of sperm were placed in slide chambers of 50 Îm depth and motility was examined
on a 37ÂC stage of a Zeiss Axiovert 35 microscope using differential interference contrast
optics with a 40X objective (Carl Zeiss, Inc., Thornbrook, NY) and stroboscopic illumination
at 60 Hz provided by a 75 W xenon flash tube (Chadwick-Helmuth Co., El Monte, CA).
Videotaping was conducted using a black-and-white Dage CCD 72 video camera (Dage-MTI,
Inc., Michigan City, IN) connected to a Panasonic AG-7300 Super VHS videocassette recorder
(Panasonic Industrial Co., Secaucus, NY). Videotapes were used to assess the swimming
patterns of sperm. For each treatment sample, 100â110 motile sperm were analyzed and, for
each experiment, replicate tests were performed using three males from each genotype.

Sperm motility was also evaluated using computer-assisted sperm analysis (CASA). Sperm
movement was imaged using a 4X Olympus negative phase objective (Hi-Tech Instruments,
Philadelphia, PA) and recorded using a Panasonic AG-7300 Super VHS video recorder. The
video images were digitized (30 frames at 60 Hz) and analyzed using HTM-IVOS (Version
10, Hamilton Thorne Biosciences, Beverly, MA). Motion parameters measured were
curvilinear velocity (VCL, the rate of travel of the sperm head), amplitude of lateral head
displacement (ALH, degree of side-to-side head movement measured as the mean width of
head oscillations), and beat/cross frequency (BCF, number of times the head crosses the
averaged path in 0.5 sec). Because movement of the sperm head depends on flagellar activity,
it can be used as an indicator of flagellar bending patterns. Increased VCL and ALH are
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indicative of hyperactivation (Mortimer and Mortimer, 1990). For each treatment sample,
400â450 motile sperm were analyzed and for each experiment, replicate tests were performed
using three males from each genotype.

Ca2+ Image Analysis
Sperm (5 Ã 106/ml) were loaded with 5 ÎM of the fluorescent Ca2+ indicator dye fluo3 AM
(in 0.5% DMSO) for 40 min at 37ÂC in medium lacking bicarbonate and containing 0.6%
BSA. Extracellular dye was removed by centrifugation at 170 Ã g for 5 min. Sperm were
resuspended in medium and incubated for an additional 20 min to allow de-esterification of
the dye into its charged, Ca2+-sensitive form. The fluorescence of individual motile sperm in
an open micro-chamber at 37ÂC (PDMI-2 Micro-Incubator, Medical Systems Corp.
Greenvale, NY) was monitored before and after application of treatments. Sperm were tethered
by the head to a glass coverslip in the floor of the chamber by adding them to the chamber in
medium lacking BSA, then flooding the chamber with complete medium. Fluorescence
intensity was detected with an epifluorescence microscope using a 480 Â 40 nm excitation
filter, 535 Â 50 nm emission filter, and a 505 nm long-pass dichroic mirror (Chroma
Technology Corp., Rockingham, VT) with an oil immersion 40X Fluar objective (n.a. 1.3, Carl
Zeiss Inc.). Stroboscopic illumination was provided by a 75 W xenon arc flash lamp. Images
were captured with a Sensicam High Performance camera (The Cooke Corporation, Auburn
Hills, MI) and digitized at 2 images/sec controlled by IPLab Spectrum software (Signal
Analytics, Vienna, VA).

Data Analysis
Data were analyzed using Minitab statistical software (Minitab Inc., State College, PA).
Treatment effects were detected using analysis of variance, followed by Tukeyâs test for
individual post-hoc comparisons and were considered statistically significant when P < 0.05.

RESULTS
CatSper protein content in sperm from null and heterozygous males

Western blot analysis of sperm samples from heterozygous and homozygous null males with
anti-CatSper2 antibody confirmed that sperm from CatSper1 and 2 homozygous null males
both lacked CatSper2 (Carlson et al., 2005) and that sperm from CatSper +/â males contained
the same amount of CatSper2 protein as those from CATSPER +/+ males (Fig 1).

Release of Ca2+ from internal stores is sufficient to initiate hyperactivation in wild-type sperm
Thimerosal (50 ÎM) induced 90â100% of motile wild-type sperm to hyperactivate (Suppl
Movie 1B) compared to a 5â10% baseline in controls (Suppl Movie 1A). This effect was
detected by CASA as increases in mean ALH, which indicates increased flagellar bend
amplitude, and VCL (Table 1). After 5 min exposure to thimerosal, motility declined and sperm
arrested with curved flagellum (Fig. 2). Stimulation by thimerosal was not blocked by lowering
extracellular Ca2+ with 10 mM BAPTA to approximately 30 nM (calculated using
MaxChelator: www.stanford.edu/Ëcpatton/maxc.html), which is below the 50 nM intracellular
Ca2+ level of non-hyperactivated sperm with normal activated (i.e., progressive) motility
(Suarez and Dai, 1995;Ho et al., 2002; Table 1).

Fluorescent imaging of fluo3-loaded sperm demonstrated that thimerosal raised Ca2+ in the
head and flagellum in less than 25 sec (Fig. 3).
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Elevation of sperm Ca2+overcomes the motility defect in CatSper1 or CatSper2 null sperm
Analysis of video recorded images of free-swimming sperm revealed abnormal activated
motility in both CatSper1 and CatSper2 null sperm. CATSPER1â/â sperm swam in circular
trajectories instead of normal linear trajectories. The flagella generated curves of long
wavelength and moderate amplitude in the direction of the curvature of the head (i.e., the
principal bends) and minimal reverse bends (Fig. 4C, Suppl Movies 2A,D). The flagellar
beating patterns of CATSPER2â/â sperm were similar to those of CATSPER1â/â sperm, but the
sperm swam in straighter paths, primarily due to periodic rolling along the long axis (Fig. 4D,
Suppl Movies 3A,D). These movement patterns were evident immediately after extraction of
sperm from epididymides and were maintained throughout a 90 min incubation under
capacitating conditions.

Exposure of CatSper null sperm to 50 ÎM thimerosal visibly decreased the asymmetry of the
flagellar beat while increasing the bend amplitude (Suppl Movies 2B,E and 3B,E), detected by
CASA as increased ALH and VCL (Tables 2 and 3). This produced straighter swimming
trajectories in most sperm. The beat frequencies of CATSPER1â/â (Table 2) and
CATSPER2â/â (Table 3) sperm were decreased, causing flagellar activity to resemble that of
normal, activated CATSPER+/â sperm. In addition, 20â40% of the CATSPER1â/â and
CATSPER2â/â sperm hyperactivated in response to thimerosal, albeit to a lesser degree than
CATSPER+/â sperm, of which 90â100% hyperactivated. These responses of the null sperm
were detected by CASA as increased mean ALH and VCL (Tables 2,3). Addition of 1 mM
Ni2+ reduced the proportion of both CATSPER2+/â and CATSPER2â/â sperm exhibiting
hyperactivated motility (Fig. 5).

Procaine (5 mM) stimulated hyperactivation in 90% of CATSPER+/â sperm but did not
hyperactivate CATSPER1â/â (Table 2, Suppl Movies 2C,F) or CATSPER2â/â (Table 3, Suppl
Movies 3C,F) sperm.

Reduction of intracellular Ca2+ increases beat frequency and decreases flagellar bend
amplitude

Incubation of wild-type sperm for 90 min under capacitating conditions led to the development
of hyperactivation, detected by CASA as increased mean ALH and VCL (Table 4). When Ca
was omitted from the medium, sperm had lower VCL and ALH as well as higher BCF, and
only 17.0 Â 1.2% of sperm hyperactivated compared to 63.3 Â 3.2% in the presence of 2.4
mM added Ca.

To further reduce intracellular Ca2+, wild-type sperm were exposed to a membrane permeable
Ca2+ chelator, BAPTA AM. This treatment further dampened the flagellar bend amplitude
(ALH) and caused a greater increase in BCF (Table 5) while maintaining progressive sperm
motility.

DISCUSSION
All sperm from CATSPER+/â mice behaved as though they had inherited the wild-type
CATSPER gene, because gene products are shared through cytoplasmic bridges in developing
germ cells (Braun et al., 1989; Ventala et al., 2003). Nearly all sperm from the heterozygotes
hyperactivated in response to procaine, rather than half, as would be expected if the
CATSPER gene products were not shared. The levels of CatSper2 protein, and presumably
CatSper1 protein, were the same in sperm from heterozygotes as from wild-type males (Fig
1). It had previously been demonstrated that disruption of either CATSPER1 or CATSPER2
genes resulted in the absence of both CatSper1 and CatSper2 proteins in the sperm flagellum
(Carlson et al., 2005).
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The results presented here underscore the importance of extracellular Ca2+ in the regulation
of both activated and hyperactivated motility. Release of Ca2+ from internal stores induced the
transition from activated to hyperactivated motility in CATSPER+/â and CATSPERâ/â sperm,
but extracellular Ca2+ was required to sustain hyperactivation. Moreover, lack of CatSper 1
and 2 resulted in flagellar activity that resembled the flagellar movements of wild-type sperm
treated to lower intracellular Ca2+; however, motility resembling that of normal activated wild-
type sperm could be elicited in the null sperm when internal Ca2+ was elevated by release of
stores.

Release of internal store Ca2+ was sufficient to initiate hyperactivation in wild-type sperm.
Similar to the results from bull sperm (Ho and Suarez, 2001), thimerosal quickly induced
hyperactivation in the majority of wild-type mouse sperm, even in the absence of available
extracellular Ca2+. Thimerosal is known to stimulate release of Ca2+ from internal stores
(Miyazaki et al., 1992). Ca2+ stores gated by IP3R have been identified at the acrosome
(Walensky and Snyder, 1995;Herrick et al., 2005) and base of the flagellum (Ho and Suarez,
2001;Ho and Suarez, 2003), which correspond to the sites of increased Ca2+ seen in response
to thimerosal in our experiments. Additionally, hyperactivation was elicited by thimerosal in
mouse sperm lacking CatSper1 and 2, further implicating internal stores and not an external
Ca2+ entry pathway in providing Ca2+ to initiate hyperactivation.

Interestingly, procaine did not stimulate hyperactivation in CATSPER1â/â or CATSPER2â/â

sperm, consistent with the dependence of procaine-induced hyperactivation on extracellular
Ca2+ (Marquez and Suarez, 2004). This suggests that procaine activates Ca2+ channels at the
plasma membrane. Previous analysis of bending in the midpiece indicated that procaine
increases flagellar beat asymmetry of tethered CATSPER2â/â sperm held at room temperature,
although not in a manner identical to hyperactivation (Carlson et al., 2005). Our CASA data
and observations of movement patterns of free-swimming sperm at 37ÂC (mouse body
temperature) did not reveal hyperactivation in CATSPER2â/â sperm in response to procaine.
Nonetheless, the ability of thimerosal to induce hyperactivation in the null sperm agrees with
the assertion that these sperm are capable of responding to intracellular Ca2+ signals and
modulating flagellar activity accordingly.

It is evident that extracellular Ca2+ is required to maximize and sustain hyperactivation
because, without added Ca in the medium, wild-type sperm showed only minimal development
of hyperactivation over time. Additionally, 1 mM Ni2+ reduced hyperactivation elicited by
thimerosal in CATSPER2+/â and CATSPER2â/â sperm. High Ni2+ doses have been shown to
block store-operated channels (SOC) in sperm (OâToole et al., 2000;Yoshida et al., 2003).
Emptying of store Ca2+ is thought to trigger Ca2+ influx to refill the store, presumably through
SOC at the plasma membrane (Putney, 1986;Berridge 1995;Berridge et al., 2000). TRPC
channels are candidates for SOC (Clapham, 2003). It has already been demonstrated that
TRPC2, which is localized to the sperm head, provides sustained Ca2+ entry during the zona
pellucida-induced acrosome reaction (Jungnickel et al., 2001). Furthermore, TRPC1 and
TRPC3 have been localized to the midpiece and principal piece, respectively; of mouse sperm
(Trevino et al., 2001) and therefore depletion of store Ca2+ could activate local SOC in the
flagellum to promote hyperactivation. There is also evidence indicating that chemotactic
behavior, which consists of asymmetrical flagellar movements in ascidian sperm, is induced
by a SOC-mediated increase in intracellular Ca2+ (Yoshida et al., 2003).

Elevation of intracellular Ca2+ overcame the motility defect in CatSper1 and 2 null sperm.
Sperm from CATSPER1â/â and CATSPER2â/â males expressed abnormal activated motility
consisting of low flagellar bend amplitude and higher beat frequency, as previously reported
(Carlson et al., 2003;Carlson et al., 2005). We show here for the first time that the abnormal
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activity might be explained by abnormally low cytoplasmic Ca2+. The abnormal motility could
be corrected by thimerosol, presumably by releasing store Ca2+ to raise cytoplasmic levels.

Ca2+ acts through calmodulin on the axoneme to modulate flagellar curvature (Ho et al.,
2002) and blocking the effects of Ca2+ with calmodulin inhibitor W13 produces a similar
pattern as seen in the CatSper null sperm (Aoki et al., 1999;Tash and Mean, 1982). Moreover,
detergent-demembranated sperm display curved flagella with low amplitude bending and
higher beat frequency when reactivated under Ca2+-deficient conditions (Lindemann and
Goltz, 1988;Lindemann et al., 1987). Hence, CATSPER1â/â or CATSPER2â/â sperm are likely
to contain lower basal cytosolic Ca2+ in the flagellum such that thimerosal raised cytosolic
Ca2+ to the level required to support normal activated motility. In some thimerosol-treated
sperm, the rise in intracellular Ca2+ apparently overshot the amount needed to produce normal
progressive, activated motility and caused them to hyperactivate.

Intracellular Ca2+ is approximately 30â50 nM in sperm exhibiting activated motility but
200â1000 nM in hyperactivated sperm (Suarez and Dai, 1995;Ho et al., 2002). Therefore, the
decreased effectiveness of thimerosol in sperm lacking CatSper1 or CatSper2 could be because
cytosolic Ca2+ is maintained at lower levels than normal, making the extent of Ca2+ elevation
required to initiate hyperactivation even greater.

Whereas both CATSPER1â/â and CATSPER2â/â sperm were observed to express a similar
mildly asymmetrical flagellar beating, CATSPER1â/â sperm swam in circles on the slides while
CATSPER1â/â swam in general straight trajectories due to rolling on the longitudinal axis. The
greater tendency of CatSper1 null sperm to be captured by the surface of the glass slide is likely
due to its more subdued movement, exemplified as apparently lower VCL, ALH, and BCS
(Tables 2,3). Capture of sperm by flat surfaces suppresses torsion in the neck and confines
flagellar waves to a single plane; that is, it suppresses rolling (Woolley, 2003). Because
CATSPER1 null sperm lack CatSper2 protein and vice versa (Carlson et al., 2005), the
differences in the vigor of movement seen in sperm from CATSPER1 and CATSPER2 nulls
and heterozygotes are attributable to differences in genetic background. In the second report
on the phenotype of CatSper1 null sperm (Carlson et al., 2003), the authors noted that the sperm
were more vigorous than those described in first report (Ren et al., 2001) and they attributed
the difference to changes in genetic background due to backcrossing with mice from another
strain.

Ca2+ entry through a CatSper2-dependent pathway has been proposed to influence basal cAMP
levels because higher basal cAMP is associated with accelerated flagellar beat frequency of
CATSPER2â/â sperm (Carlson et al., 2005). It is unclear how cAMP generates such a flagellar
response when experiments using detergent permeabilized sperm indicate that flagellar
curvature and beat frequency of motile sperm are not dependent on cAMP concentrations (Ho
et al., 2002). Nevertheless, cAMP signaling of phosphorylation is critical for initiation of
motility (Somanath et al., 2004). It is interesting that, unlike sperm of mutant mice lacking
soluble adenylyl cyclase (Hess et al., 2005; Esposito et al., 2002), sperm from CatSper1 and
CatSper2 null males were highly motile when extracted from the epididymis. Thus, Ca2+

signaling mediated by CatSper1 and 2 may not play a major role in initiation of motility in the
presence of cAMP but rather in modulating the amplitude of the principal flagellar bend.

In conclusion, the results of this study suggest that, whereas internal Ca2+ stores could provide
sufficient Ca2+ for the induction of hyperactivation, Ca2+ influx is required to maintain
intracellular Ca2+ levels sufficient to sustain hyperactivation. Also, the absence of CatSper1
and 2 may cause a deficiency of Ca2+ influx necessary to maintain levels that promote normal
activated and hyperactivated flagellar beat patterns and therefore, the inability of sperm to
hyperactivate is not the primary defect in CatSper1 and CatSper2 null mutants.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG 1.
Immunoblots demonstrating that sperm from CATSPER2+/â males contain the same levels of
CatSper2 protein as sperm from wild-type (CATSPER2+/+) males. Upper blot, sperm extracts
labeled with CatSper2 antibody. Lower blot, after removing CatSper2 antibody, blots were
probed with anti-tubulin antibody to indicate numbers of sperm loaded per lane.
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FIG 2.
Flagellar curvature generated by thimerosal. Activated sperm swimming in medium alone (A).
Prolonged exposure to thimerosal caused sperm to arrest with the flagellum curved in the
direction opposite of the curve of the head (B). Scale bar = 10 Îm.
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FIG 3.
Ca2+ imaging of fluo3-loaded sperm. Images of wild-type sperm were captured before (A, C)
and 25 sec after (B, D) application of medium alone (B) or containing thimerosal (D). Warmer
colors indicate higher fluorescent intensities and increased intracellular Ca2+. Scale bar = 10
Îm.
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FIG 4.
Flagellar beating patterns of CATSPER1â/â and CATSPER2â/â sperm. CATSPER1+/â (A) and
CATSPER2+/â (B) sperm display normal activated motility consisting of moderate amplitude
flagellar bends and nearly symmetrical beating. CATSPER1â/â (C) and CATSPER2â/â (D) sperm
display low bending amplitude and slightly asymmetrical flagellar beating (D). Black and gray
indicate the principal and the reverse flagellar bends, respectively.
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FIG 5.
Ni2+ reduced thimerosal-induced hyperactivation. CATSPER2+/â or CATSPER2â/âsperm were
treated with thimerosal after 5 min pre-incubation in 1 mM Ni2+. Bars labeled with different
letters indicate significant differences between treatments (P < 0.05).
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TABLE 1
CASA measurements of effects of Ca2+ and thimerosal on sperm motility.a

MotileÂ(%) VCLÂ(Îm/sec) ALHÂ(Îm) BCFÂ(/sec)

Control 83.0ÂÂÂ2.1 331.8ÂÂÂ10.2 14.8ÂÂÂ0.6 27.5ÂÂÂ0.5
â+ÂBAPTA 83.3ÂÂÂ1.9 265.6ÂÂÂ3.6b 11.6ÂÂÂ0.4b 31.8ÂÂÂ0.4b
Thimerosal 75.7ÂÂÂ6.3 392.0ÂÂÂ15.0c 23.2ÂÂÂ0.2c 23.6ÂÂÂ2.5
â+ÂBAPTA 78.0ÂÂÂ1.2 391.9ÂÂÂ4.1c 24.4ÂÂÂ0.5c 20.8ÂÂÂ1.4c

a
Sperm were incubated in medium containing 2.4 mM Ca or 1.2 mM Ca + 10 mM BAPTA in the absence or presence of 50 ÎM thimerosal for 1 min.

(mean Â SEM).

b
Different from all other treatments (P < 0.05).

c
Different from control (P < 0.05).
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TABLE 2
CASA measurements of CATSPER1 sperm treated with thimerosal or procaine.a

MotileÂ(%) VCLÂ(Îm/sec) ALHÂ(Îm) BCFÂ(/sec)

+/â â/â +/â â/â +/â â/â +/â â/â
Control 69ÂÂÂ1 68ÂÂÂ3 306.7ÂÂÂ12.0 214.6ÂÂÂ0.5d 14.7ÂÂÂ0.9 9.6ÂÂÂ0.3d 30.0ÂÂÂ0.3 36.4ÂÂÂ1.4d
Thimerosal 69ÂÂÂ3 64ÂÂÂ2 346.9ÂÂÂ10.0b 289.7ÂÂÂ5.3,bd 20.1ÂÂÂ0.6b 18.4ÂÂÂ0.2,bd 22.4ÂÂÂ2.0b 25.0ÂÂÂ1.5b
Procaine 62ÂÂÂ2 61ÂÂÂ2 381.7ÂÂÂ2.1,bc 216.6ÂÂÂ4.8,cd 18.6ÂÂÂ0.5,bc 9.0ÂÂÂ0.1,cd 33.9ÂÂÂ1.7,bc 39.7ÂÂÂ2.3,cd

a
Sperm were incubated in medium alone or containing 50 ÎM thimerosal or 5 mM procaine for 1 min (mean Â SEM).

b
Different from control (P < 0.05).

c
Different from thimerosal (P < 0.05).

d
Different from +/â (P < 0.05).
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TABLE 3
CASA measurements of CATSPER2 sperm treated with thimerosal or procaine.a

MotileÂ(%) VCLÂ(Îm/sec) ALHÂ(Îm) BCFÂ(/sec)

+/â â/â +/â â/â +/â â/â +/â â/â
Control 75ÂÂÂ1 63ÂÂÂ2 348.5ÂÂÂ5.0 265.1ÂÂÂ9.1d 16.8ÂÂÂ0.4 12.0ÂÂÂ0.5d 29.3ÂÂÂ0.2 40.0ÂÂÂ0.2d
Thimerosal 62ÂÂÂ3 68ÂÂÂ1 415.4ÂÂÂ3.4b 359.1ÂÂÂ9.1,bd 23.5ÂÂÂ1.0b 18.1ÂÂÂ0.5,bd 20.8ÂÂÂ1.9b 25.5ÂÂÂ4.7b
Procaine 60ÂÂÂ1 64ÂÂÂ1 432.2ÂÂÂ6.1,bc 307.0ÂÂÂ7.7,bcd 22.2ÂÂÂ0.4b 12.5ÂÂÂ1.0,cd 30.9ÂÂÂ0.7,bc 44.1ÂÂÂ0.1,bcd

a
Sperm were incubated in medium alone or containing 50 ÎM thimerosal or 5 mM procaine for 1 min (mean Â SEM).

b
Different from control (P < 0.05).

c
Different from thimerosal (P < 0.05).

d
Different from +/â (P < 0.05).
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TABLE 4
CASA measurements of effects of extracellular Ca2+ on capacitation-induced hyperactivation.a

CaÂ(mM) MotileÂ(%) VCLÂ(Îm/sec) ALHÂ(Îm) BCFÂ(/sec)

2.4 59.7ÂÂÂ0.9 366.8ÂÂÂ8.1 18.5ÂÂÂ0.3 21.7ÂÂÂ1.0
0.0 71.3ÂÂÂ1.2b 256.3ÂÂÂ4.5b 13.8ÂÂÂ0.5b 27.9ÂÂÂ1.7b

a
Sperm were incubated in medium with or without 2.4 mM added Ca for 90 min (mean Â SEM).

b
Different from 2.4 mM Ca (P < 0.05).
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TABLE 5
CASA measurements of effects of reduced intracellular Ca2+ on sperm motility.a

MotileÂ(%) VCLÂ(Îm/sec) ALHÂ(Îm) BCFÂ(/sec)

Control 58.3ÂÂÂ1.9 346.9ÂÂÂ6.6 16.7ÂÂÂ0.5 27.3ÂÂÂ1.1
BAPTAÂAM 65.3ÂÂÂ3.5 198.7ÂÂÂ4.0b 8.7ÂÂÂ0.4b 37.7ÂÂÂ0.6b

a
Sperm were incubated in medium containing 0.25% DMSO alone or 25 ÎM BAPTA AM in 0.25% DMSO for 15 min (mean Â SEM).

b
Different from control (P < 0.05).
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