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study question: Is CatSper1 expression in human spermatozoa related to semen parameter values and sperm functions?

summary answer: CatSper1 expression is positively related to progressive and hyperactivated (HA) motility, [Ca2+]i responsiveness to
progesterone but not the acrosome reaction (AR).

what is known already: The role of cationic channel of sperm (CatSper) in sperm functions is clear in animal models but less defined
in human sperm cells. Current knowledge is mostly based on low specificity CatSper inhibitors showing agonistic and toxic effects on human
spermatozoa and is thus of little help in clarifying the role of the CatSper channel in human sperm functions.

study design, size, duration: CatSper1 protein expression was evaluated in 115 men undergoing semen analysis for couple infer-
tility. CatSper1 expression was related to routine semen parameters, motility kinematic parameters and basal and progesterone-stimulated
[Ca2+]i and the AR.

participants/materials, setting, methods: CatSper1 expression was evaluated (n ¼ 85 normozoospermic, n ¼ 30 asth-
enozoospermic patients) by immunofluorescence coupled to flow cytometry leading to quantitative measurement of the percentage of ejaculated
sperm cells expressing the protein. Semen analysis was evaluated according to World Health Organization guidelines. Kinematic parameters were
evaluated by acomputer-aided sperm analysis system. [Ca2+]i was measured by a spectrofluorimetric method in fura-2-loaded spermatozoa. The
AR was evaluated in live sperm cells by fluorescent-labeled lectin.

main results and the role of chance: CatSper1 protein expression in spermatozoa was reduced in asthenozoospermic men
(mean+ SD: 53.0+ 15.5%, n ¼ 30 versus 67.9+17.1% in normozoospermic, n ¼ 85, P , 0.01) and was significantly correlated with progres-
sive (r ¼ 0.36, P , 0.001), total (r ¼ 0.35, P , 0.001) and HA (r ¼ 0.41, P , 0.005) motility. In addition to a higher percentage of spermatozoa
not expressing CatSper1, asthenozoospermic men showed a large number of spermatozoa with immunofluorescent signal localized outside the
principal piece compared with those in normozoospermia. A significant positive correlation was found between CatSper1 protein expression and
the increase of [Ca2+]i in response to progesterone (r ¼ 0.36, P , 0.05, n ¼ 40) but not with basal [Ca2+]i. No correlation was found with the
AR, either basal or in response to progesterone.

limitations, reasons for caution: The study is partly descriptive. Furthermore, we cannot rule out the possibility that some
round cells remain after a single round of 40% density gradient centrifugation or that this step may have removed some defective or slow swimming
sperm, and therefore this preparation may not be representative of the entire sperm sample. Although our data suggest that CatSper1 may be a
useful marker for infertility, and a possible contraceptive target, any clinical application is limited without further research.

wider implications of the findings: Our results demonstrate an association of CatSper1 expression with human sperm pro-
gressive and HA motility and provide preliminary evidence that lack of expression or mislocalization of CatSper1 in spermatozoa may be involved
in the pathogenesis of asthenozoospermia. However, mechanistic studies are needed to confirm that the correlations between CatSper1 expres-
sion and sperm functions are causative.
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Introduction
The cationic channel of sperm (CatSper) is a well-characterized calcium
channel in mammalian spermatozoa: it is a sperm-specific (Quill et al.,
2001), pH-sensitive (Kirichok et al., 2006), voltage-gated calcium
channel (Quill et al., 2001), located in the principal piece of the flagellum
(Ren et al., 2001; Smith et al., 2013; Tamburrino et al., 2014). In view of
the key role of calcium in most sperm functions necessary for successful
fertilization, CatSper appears as an interesting target for the develop-
ment of new therapeutic strategies for treatment of male infertility. In
human (but not mouse) sperm cells CatSper is strongly activated by pro-
gesterone (Lishko et al., 2011; Strunker et al., 2011), the female steroid
hormone released by cumulus cells surrounding the egg, involved in the
fertilization process (Baldi et al., 2009, 2011). Since men with a reduced
sperm-responsiveness to progesterone show reduced natural (Tesarik
and Mendoza, 1992; Falsetti et al., 1993) and assisted reproduction
(Krausz et al., 1996; Jacob et al., 1998) fertility, an impaired CatSper ex-
pression or function leading to a reduced ability to initiate the calcium sig-
naling cascade and the acrosome reaction (AR) process can be
hypothesized. However, while substantial progress has been achieved
in understanding the physiological role of CatSper in mouse sperm func-
tions, the situation is still confused concerning human spermatozoa.

In the mouse, knockout of any of the CatSper family of genes leads to
infertility because of decreased maintenance of motility and lack of
achievement of HA motility (Ren et al., 2001; Qi et al., 2007; Jin et al.,
2007). Moreover, although initial studies in CatSper-null mice did not
support an involvement of CatSper in the tyrosine phosphorylation in-
crease during sperm capacitation (Carlson et al., 2003; Quill et al.,
2003), a recent study (Chung et al., 2014) analyzing the spatial organiza-
tion of CatSper in the flagellum in association with signaling activation
demonstrated a clear involvement of the channel in such a function.
More recently, a role for CatSper in rheotaxis has been also proposed
(Miki and Clapham, 2013). Conversely, the involvement of CatSper in
the AR of mouse sperm cells has been excluded on the basis of similar
percentages of the AR in response to an ionophore in both wild-type
and CatSper-null spermatozoa (Xia et al., 2007). In human spermatozoa,
the role of CatSper in HA is still controversial, as in vitro studies where the
channel has been stimulated either with progesterone or by raising intra-
cellular pH did not lead to increased hyperactivation parameters in all
samples (Alasmari et al., 2013a,b; Tamburrino et al., 2014), and incuba-
tion with available CatSper inhibitors led to inconsistent results (Sagare-
Patil et al., 2012, 2013; Tamburrino et al., 2014). Similarly, for
progesterone-stimulated ARs, contrasting results have been reported
on the effects of CatSper inhibitors (Sagare-Patil et al., 2012, 2013;
Tamburrino et al., 2014). Inconsistencies in the results with CatSper inhi-
bitors might be due to their poor specificity. Both NNC55-0396 and
Mibefradil also block human sperm K+ currents (Mansell et al., 2014)
and evoke Ca2+ responses themselves, by rising intracellular pH, there-
fore acting as partial CatSper agonists (Brenker et al., 2012; Tavares et al.,

2013). In addition, we have demonstrated a toxic effect of Mibefradil on
human spermatozoa at the concentrations used to inhibit CatSper
(Tamburrino et al., 2014). Conversely, the reason behind reduced
or absent responses to CatSper stimuli in some men is unclear. Few
men with CatSper1 or CatSper2 mutations that lead to a truncated
protein have been described in the literature. These men show
reduced or absent sperm motility and frequent oligozoospermia, al-
though the two phenotypes are not severe or have not been evaluated
or reported for all the subjects with the deletions (Avidan et al., 2003;
Avenarius et al., 2009; Hildebrand et al., 2010; Jaiswal et al., 2014).
In one of these patients, showing severe asthenoteratozoospermia
due to tail abnormalities and abnormal motility patterns, no basal or
progesterone-stimulated Ca2+ currents were detectable (Smith et al.,
2013). We recently demonstrated that a higher percentage of spermato-
zoa expresses CatSper1 after swim-up selection and that a positive cor-
relation exists between CatSper1 protein expression, evaluated by
western blot analysis, and the percentage of progressive motility, al-
though such a result was obtained in a small number of subjects
(Tamburrino et al., 2014). Interestingly, in non-motile mouse spermato-
zoa, the CatSper channel is degraded or mislocalized (Chung et al.,
2014). Overall these studies suggest that low, absent or mislocalized
CatSper expression in spermatozoa may be involved in determining an
asthenozoospermic phenotype and low HA and could explain the lack
of response or reduced responses of spermatozoa to CatSper stimuli
in some subjects (Alasmari et al., 2013a,b; Tamburrino et al., 2014).

To better understand the role of CatSper in human sperm functions,
we directly investigated the relationships between the percentage of
sperm cells expressing CatSper1 protein, as evaluated by immunofluor-
escence staining coupled to flow cytometry, sperm motility and HA, as
well as basal and progesterone-stimulated intracellular calcium levels
and AR. In addition, we re-examined CatSper1 localization in sperm-
atozoa from normo- and asthenozoospermic men by fluorescence
microscopy.

Materials and Methods

Chemicals
Human tubal fluid (HTF) medium and human serum albumin (HSA) were
purchased from Celbio (Milan, Italy). Bovine serum albumin (BSA) was pur-
chased from ICN Biomedicals (Solon, OH, USA). PureSperm was obtained
from Nidacon International (Mölndal. Sweden). Paraformaldehyde (PFA)
was obtained from Merck Chemicals (Milan, Italy). Rabbit anti-CatSper1
polyclonal antibody was obtained from Santa Cruz Biotechnology (Dallas,
TX, USA). Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit im-
munoglobulin (Ig)G was obtained from Southern Biotech (Birmingham, AL,
USA). Fura 2/AM, TOTO-3 dye and Alexafluor 488 goat anti-rabbit second-
ary antibody, L10120 LIVE/DEADw Fixable Far Red Dead Cell Stain Kit were
obtained fromMolecular Probes (Life Technology,Monza, Italy). Anti-human
acrosin antibody was obtained from Biosonda Corp. (Santiago, Chile).
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Donkey Cy3-conjugated anti-mouse secondary antibody was obtained from
Jackson ImmunoResearch (Suffolk, UK). Propidium iodide (PI) was obtained
from Calbiochem (Nottingham, UK). Rabbit serum was obtained from Signet
Laboratories (Hayward, CA, USA). Normal goat serum (NGS), normal
donkey serum (NDS), progesterone, FITC-labeled Arachis hypogea
(peanut) lectin, digitonin, EGTA and Triton were obtained from Sigma
Chemical Co. (St. Louis, MO, USA).

Semen collection and preparation
Semen samples were obtained [according to World Health Organization
(WHO) criteria (WHO, 2010)] from a total of 115 consecutive patients
undergoing routine semen analysis for couple infertility, in the Andrology
laboratory of the University of Florence, Italy, after obtaining written
informed patient’s consent to allow use of the remaining semen after com-
pletion of the analysis for research purposes. Semen parameters were
assessed by optical microscopy and samples were divided into two
groups: normozoospermic (n ¼ 85) and asthenozoospermic (n ¼ 30), on
the basis of progressive (a + b) sperm motility ,32% and viability
.58%, as the fifth centile of reference values of WHO (WHO, 2010).
Patients’ age and standard semen parameter values for the two groups of
men are shown in Table I. The two groups of patients were comparable
in age but differed in semen quality. Asthenozoospermic men showed a
reduced motility (both progressive and hyperactivated (HA)), a lower
sperm concentration and total number per ejaculate and a worse sperm
morphology than normozoospermic men. Since all the subjects included
in the study were male partners of infertile couples of unknown fertility
potential they are indicated as sub-fertile.

In experiments to evaluate motility by computer-aided sperm analysis
(CASA), intracellular calcium concentrations ([Ca2+]i) and AR, semen
samples were selected by a 40% gradient fraction of PureSperm, prepared
in HTF with 10% HSA and centrifuged at 500g for 30 min at 268C to eliminate
the round cells and debris present in semen that interfere with analysis by
CASA (ESHRE, 1998). The resulting 40% pellet was collected and washed
in HTF–10% HSA medium. Each sample was carefully evaluated under mi-
croscopy for effective reduction of germ cells and leukocytes and for main-
tenance of the initial motility, or otherwise discarded. After selection, the
percentage progressive motility was closely correlated with the same param-
eter at the beginning of sample processing (r ¼ 0.78, P , 0.001, n ¼ 60), al-
though the number of recovered sperm did not allow us to perform AR and
[Ca2+]i experiments in all the samples.

Immunofluorescence staining and detection
of CatSper1
The percentage of CatSper1-expressing sperm cells was determined by
immunofluorescence staining coupled to flow cytometry in all the 115
samples. A total of 10 × 106 spermatozoa from whole semen were fixed in
PFA [500 ml, 4% w/v in phosphate-buffered saline (PBS), pH 7.4] for
30 min at room temperature. After being washed twice in 1% (v/v) NGS–
PBS, sperm cells were permeabilized with 0.1% (v/v) Triton X-100 in
100 ml 0.1% (w/v) sodium citrate for 4 min in ice. Then, samples were split
into two aliquots and subsequently incubated (1 h at room temperature)
either with anti-CatSper1 antibody (4 mg/ml, test sample) or rabbit serum
(4 mg/ml, the negative control). After being washed twice in 1% NGS–
PBS, spermatozoa were incubated in the dark for 60 min with goat anti-rabbit
IgG-FITC (dilution 1:100 in 1% NGS–PBS). Samples were washed twice,
re-suspended in 300 ml PBS, stainedwith 4.5 ml PI (50 mg/ml in PBS) and incu-
bated in the dark for 15 min at room temperature. An additional aliquot of
sperm suspension was prepared with the same procedure as for the test
sample but omitting the PI staining and used for instrumental compensation.

Samples were acquired using a fluorescence-activated cell sorter (Becton
Dickinson, Mountain View, CA, USA) equipped with a 15-mW argon ion
laser for excitation. Green fluorescence of FITC-conjugated goat anti-mouse
IgG was revealed by an FL-1 (515–555-nm wavelength band) detector; red
fluorescence of PI was detected by an FL-2 (563–607-nm wavelength band)
detector. We acquired 8000 nucleated events in the gate (i.e. the events
labeled with PI) of the characteristic forward scatter/side scatter region of
sperm cells (Muratori et al., 2008). A marker was established in the
CatSper1 axis dot plot of the negative control, including 99% of total
events. This marker was translated in the corresponding test sample and
all the events beyond the marker were considered positive for CatSper1.
The mean fluorescence intensity (MFI) of CatSper1 in sperm was calculated
as the ratio between the mean intensity of cells of the test sample and the
mean intensity of cells of the corresponding isotype negative control.

To determine CatSper1 localization, labeled sperm samples were exam-
ined in a fluorescence microscope (Carl Zeiss, Axiolab A1 FL, Milan, Italy),
equipped with filter set 15, 44 and 49 byan oil immersion ×100 magnification
objective. Images were captured by an AxioCam ICm1 camera with Axiovi-
sion 4.8 (provided by Carl Zeiss, Milan, Italy) and edited by Adobe Photo-
shop CS 2 (Adobe Systems, Inc., San Jose, CA, USA). Localization of the
CatSper1 signal was evaluated in 200 spermatozoa from 10 asthenozoosper-
mic and 10 normozoospermic subjects.

.............................................................................................................................................................................................

Table I Average age and semen characteristics in normozoospermic (N) and asthenozoospermic (A) patients.

Parameters N (n 5 85) A (n 5 30) P value

Age 34.8+7.5 38.2+8.9 n.s.

Progressive motility (%) 57.2+12.4 20.1+7.2 ,0.001

Immotile sperm (%) 33.7+11.0 65.1+11.7 ,0.001

Total motility (%) 66.4+10.8 34.9+11.7 ,0.001

Hyperactivated motility (%) 3.0 (0 4 21) 1.0 (0 4 3) ,0.005

Sperm concentration (×106/ml) 74.0 (8.8 4 330) 19.3 (6.5 4 138.0) ,0.001

Sperm number (×106/ejaculate) 299.4 (40.7 4 1067) 56.3 (13.6 4 515.6) ,0.001

Volume (ml) 4.0+3.1 3.4+1.6 n.s.

Sperm morphology (%) 5.5+3.5 3.1+2.5 ,0.005

Sperm number, sperm concentration and hyperactivated motility did not follow a normal distribution and are expressed as median (minimum 4 maximum). Statistical comparisons were
made using the Mann–Whitney U-test. All other parameters follow a normal distribution and are expressed as mean+ SD. Statistical comparisons were made by the t-test.
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For experiments of Catsper1 detection in live sperm cells, after being
washed with HTF medium, fresh semen samples were incubated for 1 h at
room temperature in 500 ml PBS with Live/Dead Fixable Far Red Dead
Cell Stain Kit (L10120, diluted 1:10 000), washed and processed as described
above and acquired using FACSaria II flow cytometer (BD Biosciences, Frank-
lin Lakes, NJ, USA) equipped with a violet laser, a blue laser and a red laser for
excitation, respectively, at 405, 488 and 633 nm (Muratori et al., 2015).

Assessment of sperm motility by CASA
Immediately after 40% PureSperm selection, sperm motility was analyzed by
the CASA system (Hamilton Thorn Research, Beverly, MA, USA) as
described previously (Luconi et al., 2005; Tamburrino et al., 2014) in the
60 samples (including 18 from asthenozoospermic men) which maintained
the initial motility characteristics after PureSperm selection (see above).
Average path velocity (VAP, mm/s), straight line velocity (VSL, mm/s), curvi-
linear velocity (VCL, mm/s), amplitude of lateral head displacement (ALH,
mm), beat cross frequency (BCF, Hz), linearity of progression (LIN, %), per-
centages of sperm cells with total, progressive and rapid motility (sperm with
VAP ≥25 mm/s), percentages of sperm cells with non-progressive motility
(static) and hyperactiveted spermatozoa (HA) wererecorded. The threshold
values for HA cells identification were manually set (VCL .150 mm/s, ALH
.7 mm, LIN ,50%; Mortimer et al., 1998). A minimum of 100 motile cells
and 5 fields were analyzed for each aliquot. All analyses were performed at
378C.

Evaluation of intracellular calcium
concentrations ([Ca21]i) in capacitated
spermatozoa
[Ca2+]i was evaluated as previously described (Krausz et al., 1995, 1996;
Tamburrino et al., 2014) in 40 samples (including 10 from asthenozoosper-
mic men) selected by PureSperm (see above). Briefly, after 40% PureSperm
selection, spermatozoa were capacitated for 3 h in HTF–10% HSA medium
and incubated for 30 min at 378C with Fura2/AM for 45 min, washed, resus-
pended in FM buffer (125 mM NaCl, 10 mM KC1, 2.5 mM CaCl2, 0.25 mM
MgCl2, 19 mM sodium lactate, 2.5 mM sodium pyruvate, 20 mM HEPES/
NaOH) and further incubated for 30 min. [Ca2+]i was measured by using
a spectrofluorimetric method with a Perkin–Elmer LS50B instrument
equipped with a fast rotary filter shuttle for alternate 340 and 380 nm excita-
tion. Spermatozoa were stimulated with progesterone 10 mM which was
added directly in the cuvette. Fluorescence measurements were converted
to [Ca2+]i by determining maximal fluorescence (Fmax) with digitonin
(0.01% (w/v) final concentration) followed by minimal fluorescence (Fmin)
with 10 mM EGTA, pH 10. [Ca2+]i was calculated according to Grynkiewicz
et al. (1985) assuming a dissociation constant of Fura 2 for calcium of 224 nM.
Each sample was evaluated in triplicate and reported results are referred to
the mean values of at least two determinations. D [Ca2+]i was calculated as
the difference between progesterone-stimulated and basal [Ca2+]i.

Evaluation of the AR
AR was evaluated in 35 samples (including 9 from asthenozoospermic men)
selected by 40% PureSperm. Spermatozoa (10 × 106/ml) were capacitated
in HTF–10% HSA for 3 h and stimulated for 1 h with progesterone (10 mM)
dissolved in dimethyl sulfoxide (DMSO) at an initial concentration of 0.1 M
and diluted in HTF/HSA medium. Control samples were incubated with
DMSO (0.0001%, v/v). Sperm AR was evaluated through the use of the fluor-
escent probe FITC-labeled Arachis hypogea (peanut) lectin as previously
described (Falsetti et al., 1993; Krausz et al., 1995; Tamburrino et al.,
2014). In order to evaluate AR only in live spermatozoa, at the end of the in-
cubation period spermatozoa were washed and re-suspended in 0.5 ml of
hypo-osmotic swelling medium (WHO, 2010) for 1 h at 378C, washed

again and finally re-suspended in 50 ml ice-cold methanol. The sperm suspen-
sion was layered on a slide, air-dried at room temperature and stored at
2208C. On the day of evaluation, the slides were stained with FITC-labeled
Arachis hypogea (peanut) lectin and fluorescence was observed in a fluores-
cence microscope. A total of 200 curled-tail (viable) spermatozoa per slide
were scored for the AR. The difference between the AR percentage in the
progesterone-induced and control was considered to be the percentage of
spermatozoa responsive to the progesterone stimulation (acrosome reac-
tion following progesterone challenge, ARPC).

Immunohistochemistry and confocal
microscopy
Double-immunostaining for CatSper1 and acrosin was performed on human
testicular biopsies as described (Muciaccia et al., 2005, 2013). Briefly, surgical
testicular samples were obtained from two heart-beating organ donors at the
hospital Policlinico Umberto I at the Sapienza University of Rome, Italy. Biop-
sies were fixed in 10% (v/v) buffered formalin and embedded in paraffin.
Three to five-mm-thick paraffin sections were serially collected and
mounted on polylysine-coated slides. Dewaxed and rehydrated sections
were incubated in 10 mM citrate buffer (pH 6.0) in a microwave oven for
antigen retrieval at 750 W, three times for 5 min. After blocking non-specific
binding with 5% (v/v) NGS plus 5% (v/v) NDS, sections were incubated with
monoclonal anti-acrosin (diluted 1:1000) and polyclonal anti-CatSper1
(diluted 1:100) primary antibodies overnight at 48C. After being washed,
samples were incubated with secondary antibodies: Alexafluor 488 goat anti-
rabbit (diluted 1:1000) and donkey Cy3-conjugated anti-mouse (diluted
1:300), for 2 h at room temperature. Negative control experiments were per-
formed by using rabbit serum instead of primary antibody. Nuclei were stained
using TOTO3 dyes (1:2000). Slides were observed with a Leica laser scanning
microscope TCS SP2 equipped with three lasers (Leica, Wetzlar, Germany).
Each channel was acquired separately by using specific laser lines to avoid a
bleed-through of the fluorochromes. Photomicrographs were acquired with
LAS AF Leica Confocal Software (Leica, Wetzlar, Germany).

Statistical analysis
Statistical analysis was performed using the Statistical package for the Social
Sciences version 20.0 (SPSS, Chicago, IL, USA) for Windows. The Kolmo-
gorov–Smirnov test was used to test the data distribution. Data are
expressed as mean+ SD when normally distributed and as median with
min and max values when non-normally distributed. For non-normally dis-
tributed parameters, differences between groups were evaluated by the
Mann–Whitney non-parametric tests; for normally distributed parameters
unpaired two-sided Student’s t-test was used. For normally distributed para-
meters correlations were assessed by Pearson’s correlation tests, whereas
for all other parameters Spearman’s regression analysis was used. Multiple
linear regression analysis was applied whenever appropriate. A P-value of
,0.05 was considered significant in all the regression and statistical analyses.

A receiver operating characteristic (ROC) curve was prepared in order to
evaluate the accuracyof the percentage of spermatozoa expressing CatSper1
in predicting the occurrence of HA.

Results

CatSper1 protein expression in spermatozoa
from normozoospermic and
asthenozoospermic men
The cytometric protocol revealed a significantly different percentage of
CatSper1-expressing spermatozoa between asthenozoospermic (n ¼
30) and normozoospermic (n ¼ 85) men (respectively, mean+ SD:
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53.02+15.5%, and 67.9+17.1%, P , 0.001). Similar results were
obtained when the MFI of CatSper1 expression was considered (data
not shown).

CatSper1 protein expression and semen
parameter values
To investigate if CatSper1 expression was related to testicular function
and sperm quality, we correlated the percentage of sperm cells expres-
sing CatSper1 with the values of standard semen parameters (univariate
analysis). Positive correlations between CatSper1 expression and pro-
gressive and total motility (Fig. 1A and B and Table II), and a negative cor-
relation with the percentage of immotile spermatozoa (Table II) were
found. CatSper1 expression was also positively associated with sperm
concentration and total number/ejaculate, and negatively correlated
with patient age (Table II). Similar results were obtained when MFI of
CatSper1 expression was considered (data not shown). Age was nega-
tively associated with total motility (r ¼ 20.26, P , 0.01). After multiple
regression analysis including age, sperm concentration and motility, cor-
relations between CatSper1 expression and progressive (adjusted r ¼
0.3, P , 0.005) and total (adjusted r ¼ 0.3, P , 0.001) motility and
age (adjusted r ¼ 20.18, P , 0.05) remained significant. Although
such correlations were highly significant, a high percentage of spermato-
zoa expressing CatSper1 were immotile (the intercept of the regression
line occurs at �40% CatSper1 expression, Fig. 1B). To understand
whether such a discrepancy may be due to expression of the channel
in dead spermatozoa, we used the probe L10120, which binds to dead
cells in a stable manner allowing evaluation of CatSper1 in both
L10120-negative (live) and -positive (dead) sperm (Marchiani et al.,
2011; Muratori et al., 2015). Although CatSper1 was prevalently
expressed in live spermatozoa (53.3+14%, n ¼ 3), 20.4+0.2% of
dead sperm cells also expressed the protein explaining, at least in part,
the occurrence of patients with high CatSper1 expression and low
motility.

As mentioned, a recent report (Chung et al., 2014) demonstrated that
CatSper may be absent or mislocalized in immotile mouse sperm. To
evaluate whether CatSper1 localization differed between asthenozoos-
permic and normozoospermic subjects, we evaluated the subcellular lo-
calization of anti-CatSper1 staining by fluorescent microscopy in
spermatozoa from 10 subjects for each category. In some cells, the stain-
ing was punctuated and localized exclusively in the principal piece
(example in Fig. 2A) while in other cells, the staining was localized in dif-
ferent sperm structures, such as, but not exclusively, the midpiece
(examples in Fig. 2B). We next calculated the percentage of cells
showing the two different staining patterns in the total CatSper1-positive
spermatozoa. We found that the percentage of spermatozoa showing

Figure 1 Scatterplots of correlations between percentages of cationic channel of sperm (CatSper)1-expressing human spermatozoa and progressive (A)
and total (B) motility. 95% Confidence intervals of the correlations and R2 values for linear regression analysis are shown.

........................................................................................

Table II Correlations between cationic channel of
sperm (CatSper)1 expression and semen parameter
values (n 5 115).

Parameters Correlation coefficients P value

Age 20.25 ,0.005

Progressive motility 0.37 ,0.001

Immotile sperm 20.41 ,0.001

Total motility 0.39 ,0.001

In situ motility 20.09 n.s.

Sperm concentration 0.25 ,0.01

Sperm number 0.22 ,0.05

Volume 20.05 n.s

Sperm normal morphology 20.06 n.s.

Correlations were assessed by Pearson’s correlation analysis for all parameters except
for in situ motility, sperm concentration and sperm number where Spearman’s
correlation analysis was used.

1536 Tamburrino et al.

 at U
niversitÃ

  degli Studi di Firenze on June 22, 2015
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


CatSper1 exclusively in the principal piece was higher in normozoosper-
mic subjects (49.9+7.7% versus 36.7+ 8.7% in asthenozoospermic
subjects, P , 0.05).

The occurrence of different patterns of expression of CatSper1 in eja-
culated spermatozoa prompted us to investigate Catsper1 localization in
developing human germ cells. Testicular sections obtained from heart-
beating donors, where all the steps of germ cell differentiation are
present, were co-stained with anti-CatSper1 and anti-acrosin antibodies
(Fig. 3A). Acrosin detection allows the identification of the different steps
of acrosome biogenesis in haploid spermatids (Muciaccia et al., 2013).
Interestingly, CatSper1 partially co-localizes with acrosin in round sper-
matids from step 2 to step 7 (Fig. 3B). In step 8 spermatids, CatSper1
immunostaining decreases in the acrosomal region but in favorable sec-
tions CatSper1 immunostaining was found at the caudal pole of the
nucleus close to the base of the developing flagellum (Fig. 3C). In elong-
ating spermatids, CatSper1 immunostaining in the acrosomal region
became undetectable (Fig. 3B, step 10).

CatSper1 expression and CASA parameter
values
The relationship between CatSper1 and HA was evaluated by measuring
sperm motion parameters by CASA in sperm samples from 60 men.
CatSper1 expression was correlated with most CASA parameter
values (Table III and Fig. 4). In particular, VCL (Fig. 4A) and LIN
(Fig. 4B), two main parameters defining HA (Mortimer et al., 1998),
were, respectively, positively and negatively correlated with CatSper1
expression, which was positively correlated with HA (Fig. 4C). A positive
correlation was also present between CatSper1 expression and percent-
age total, progressive and rapid motility as evaluated by CASA (Table III).

After adjustment for patient age and sperm concentration, most correla-
tions between CatSper1 expression and CASA motility parameters were
maintained (Table III).

To determine the accuracy of CatSper1 expression in predicting the %
HA of the sample, we used ROC as a binary classifier system. A value of
10% HA was chosen from the study of Alasmari et al. (2013a) showing
thatat this threshold HAwasable to distinguish betweendonors and sub-
fertile patients. At a threshold of 75.5%, CatSper1 expression predicted
the occurrence of 10% HA with an accuracy of 83.7+ 6.2% (P , 0.01)
showing a sensitivity and a specificity of 83 and 73%, respectively
(Fig. 4D). Conversely, other parameters that can be evaluated by
routine semen analysis could not predict achievement of HA status
(Table IV).

CatSper1 expression and [Ca21]i

A significant correlation was found between CatSper1 expression and
progesterone-stimulated [Ca2+]i, both in terms of peak concentration
(r ¼ 0.36, P , 0.05) and D increase (r ¼ 0.36, P , 0.05, n ¼ 40;
Fig. 5). Both correlations were maintained after adjustment for patient
age and sperm concentration (progesterone-stimulated [Ca2+]i,
adjusted r ¼ 0.39, P , 0.05; D increase, adjusted r ¼ 0.42, P , 0.01).
Conversely, no correlation was found between CatSper1 expression
and basal [Ca2+]i (r ¼ 0.23, P ¼ 0.18) although the latter was highly sig-
nificantly correlated with progesterone-stimulated [Ca2+]i (r ¼ 0.87,
P , 0.001, n ¼ 40).

CatSper1 and the AR
The involvement of CatSper in the AR was examined by directly investi-
gating the relation of basal and progesterone-stimulated AR with

Figure 2 CatSper1 localization in human spermatozoa. Representative images (×1000 magnification) from fluorescence microscopy showing CatSper1
localization in the principal piece (panel A) or in non-canonical sperm structures (panel B). The bright field is shown in adjacent right panels. Scale bar: 5 mm.
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Figure 3 CatSper1 protein expression in the human testis. Formalin-fixed paraffin sections were stained with anti-CatSper1 (green), anti-acrosin (red)
and TOTO-3 (blue, to detect nuclei), and single Z-sections were acquired at the confocal microscope. Merging of the pictures is shown in the left column
in (A) and (B) and the upper panel in (C). (A) In the normal human seminiferous epithelium CatSper1 expression is high in spermatogonia and decreases in
meiotic cells and haploid cells. Roman numerals indicate the germ cell associations of the cycle of the seminiferous epithelium (identification of the stages
according to Muciacciaet al. 2013). (B) In spermatids,CatSper1partially co-localizes with acrosin in roundspermatids from step 2 to step 7 (examples of step
2, 3 and 6 are shown) whereas such co-localization is lost from early elongating spermatids and thereafter during spermiogenesis. (C) In step 8 round sper-
matids, Catsper1 localizes at the posterior pole of the nucleus (white arrow) at the base of the developing flagellum. Dashed lines highlight the cellular pro-
files. Scale bars: 50 mm in (A), 10 mm in (B) and (C). Pictures are representative of two samples from two testis.
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CatSper1 protein expression in 35 subjects. No correlation was found
between CatSper1 expression and either basal (r ¼ 222, P ¼ 0.19) or
progesterone-induced AR (r ¼ 20.14, P ¼ 0.4) and ARPC (r ¼ 0.08,
P ¼ 0.6). In the 32 samples where [Ca2+]i and AR were concomitantly
evaluated, a significant correlation was found between the percentage
of progesterone-stimulated AR and progesterone-stimulated [Ca2+]i

(r ¼ 0.49, P , 0.01). Conversely, basal AR did not show any correlation
with basal [Ca2+]i (r ¼ 0.29, P ¼ 0.14).

Discussion
The role of CatSper in human sperm pathophysiology is still unclear.
Most of our current knowledge derives from studies where CatSper ac-
tivation was obtained after stimulation with progesterone (Lishko et al.,
2011), with stimuli increasing intracellular pH (such as 4-AP) (Alasmari
et al., 2013b) or with low specificity CatSper antagonists (Strunker
et al., 2011; Sagare-Patil et al., 2013; Tamburrino et al., 2014).
However, no studies so far have attempted to evaluate a direct relation-
ship between CatSper expression and sperm functions. Here, by
employing a large sample size we elucidated the relationship between
CatSper1 protein expression and the main sperm functions where the
channel has been hypothesized to be involved.

In our study, expression of the CatSper1 subunit has been assumed to
be a measure of the occurrence of the CatSper channel in spermatozoa.
Indeed, although functional CatSper channel is formed by four homolo-
gous subunits (CatSper 1–4) and at least three auxiliary subunits
(CatSper b, g and d) (Ren and Xia 2010; Chung et al., 2011), studies in
the mouse demonstrate that lack of even one of the CatSper subunits
leads to complete absence of the channel in mature sperm (Qi et al.,
2007). Studies in men with a CatSper2 gene deletion (Smith et al.,
2013), demonstrating lack of CatSper currents and of expression of

the CatSper b subunit in their sperm, suggest that all subunits are
required for channel expression and its function also in humans.

The lower percentage of spermatozoa expressing CatSper1 in asthe-
nozoospermic patients and the positive correlations between expres-
sion of the channel subunit and motility clearly indicate an involvement
of CatSper in the pathogenesis of asthenozoospermia, as previously sug-
gested (Nikpoor et al., 2004; Li et al., 2007; Bhilawadikar et al., 2013;
Tamburrino et al., 2014). Since progressive motility is fundamental for
penetration of the cervical barrier, our results highlight the importance
of CatSper in this process (Alasmari et al., 2013b). The reason for
lower expression of CatSper1 in asthenozoospermic men and non-
motile spermatozoa is presently unclear but may be related to distur-
bances in spermatogenesis leading to anomalies in the production or
increased degradation of the proteins forming the channel, or their as-
sembly. The recent identification of heterozygous mutations of
CatSper1-4 genes in 6 of 30 men with asthenozoospermia (which have
not been found in normozoospermic men) (Visser et al., 2011) suggests
that alterations in channel expression or function may also be due to
mutations. Moreover, we show here that CatSper1 protein is predomin-
ant in live spermatozoa (as only 20% of dead ones express the channel),
suggesting that processes, such as apoptosis, leading to sperm death may
also result in a lack of expression, degradation or incorrect assembly of
the channel. On the other hand, the occurrence of CatSper1 in 20% of
dead spermatozoa might explain, at least in part, the subjects with high
CatSper1 expression and low sperm motility. However, sperm motility
is highly influenced by several other factors (for example oxidative
stress producing membrane damage and altered mitochondrial func-
tion), which could explain reduced motility in spite of an elevated per-
centage of CatSper1-expressing spermatozoa. Furthermore, it has
recently been shown that in non-motile mouse spermatozoa, CatSper
domains may not only be degraded but also are no longer confined to
the principal piece of the tail (Chung et al., 2014). Here, by examining
CatSper1 localization in a large number of spermatozoa from astheno-
zoospermic and normozoospermic men, we found that although
CatSper1 was mostly expressed in the principal piece, non-canonical
localization of the protein was also observed and this was higher in asth-
enozoospermic men. This result indicates that, besides a lower percent-
age of sperm cells expressing CatSper1, patients with low sperm motility
may also display a non-functional localization. Indeed, at least in mouse
spermatozoa, such incorrect localization does not allow CatSper-
mediated signaling and tubule assembly necessary for motility (Chung
et al., 2014). The reason for incorrect localization of CatSper signal is
presently unclear. We show here, by immunofluorescence confocal ana-
lysis, that during the last phases of sperm differentiation, CatSper1 ex-
pression moves from the head to the base of the flagellum in testicular
specimens with ongoing spermatogenesis. It can be hypothesized that
abnormalities during spermiogenesis may lead to a lack or defective re-
organization of CatSper1 resulting in a malfunctioning and low motility
spermatozoon.

Our study also reveals the presence of subjects with low CatSper1 ex-
pression and elevated motility. In the seven men with CatSper genes de-
letion so far reported in the literature (reviewed in Hildebrand et al.,
2010), sperm motility ranged from 0 to 50%. Clearly, these results
suggest that alternative pathways may be activated in spermatozoa that
rescue sperm motility in the absence of CatSper.

We found a negative correlation between CatSper1 expression and
the patients’ age, sperm concentration and total sperm number, the

........................................................................................

Table III Correlations between CatSper1 expression
and CASA parameter values (n 5 60).

CASA parameters r P value Adj. r Adj. p

VAP 0.29 ,0.05 0.28 ,0.05

VSL 0.21 n.s. 0.19 n.s.

VCL 0.37 ,0.001 037 ,0.01

ALH 0.25 0.06 0.26 0.06

BCF 0.17 n.s. 0.15 n.s.

LIN 20.27 ,0.05 20.29 ,0.05

HA 0.41 ,0.05 0.44 ,0.001

Total motility 0.35 ,0.01 0.33 ,0.05

Progressive motility 0.36 ,0.01 0.24 n.s.

Rapid 0.34 ,0.01 0.32 ,0.05

Static motility 20.35 ,0.01 20.32 ,0.05

Correlations were assessed by Pearson’s correlation analysis for all parameters except
for progressive, static motility and HA motility whereunivariateSpearman’s regression
analysis was used. Adj r and Adj p are, respectively, correlation coefficient and P value
adjusted for sperm concentration and patient age.
VAP, average path velocity; VSL, straight line velocity; VCL, curvilinear velocity; ALH,
amplitude of lateral head displacement; BCF, beat cross frequency; LIN, linearity of
progression.
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latter two consistent with the frequent oligozoospermic phenotype
observed in CatSper-deleted men (Hildebrand et al., 2010). However,
after multiple linear regression analysis including progressive sperm mo-
tility, patients’ age and sperm concentration or number, only age and mo-
tility maintained significant correlations, indicating that correlations with
sperm number and concentration are biologically irrelevant. A negative
correlation of CatSper1 with patients’ age suggests that mechanisms of
regulation of its expression in the testis might be altered with aging. Al-
though a decrease in human semen quality with age is highly debated
(Bujan et al., 1996; Kidd et al., 2001; Eskenazi et al., 2003), in our particu-
lar cohort sperm motility was negatively associated with age. Aging may
cause degenerative alterations in the germinal epithelium affecting sperm
quality (Kidd et al., 2001). We speculate that such alterations may also
affect CatSper1 expression. The CatSper1 gene promoter contains

Figure4 Scatterplots of correlations between percentages of CatSper1-expressing human spermatozoa and curvilinear velocity (VCL, panel A), linearity
of progression (LIN, panel B) and hyperactivation (HA, panel C) as assessed by CASA. 95% Confidence intervals of the correlations (upper and lower lines)
and R2 values for linear regression analysis are shown. (Panel D) ROC curve of the ability of CatSper1 protein expression to predict 10% HA. The area under
the ROC curve is 0.83. The optimal cutoff for the prediction of HA is 75.5%, with 83% sensitivity and 73% specificity.

........................................................................................

Table IV ROC curve analysis of the accuracy of routine
semen parameters in predicting HA ≥10%.

Semen parameters AUC (%+++++SE) P value

Progressive motility 61+9.5 n.s.

Total motility 61+9.3 n.s.

Sperm concentration 72+9.0 n.s.

Sperm number 72+8.1 n.s.

Morphology 49+14 n.s.

A threshold value of 10% HA was chosen on the basis of the study of Alasmari et al.
(2013a).
AUC, area under the curve, percentage value.
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multiple binding sites for transcription factors (Mata-Rocha et al., 2013,
2014) including members of the SOX gene family of fundamental import-
ance for testicular development and male fertility (Jiang et al., 2013).
Studies in rodents demonstrate that CatSper gene expression is
increased by agents such as selenium and Vitamin E (Mohammadi
et al., 2009, 2013) and modulated by drugs that affect sperm quality
(Wang et al., 2013; Amini et al., 2014; Park et al., 2014), suggesting
that expression of the channel is regulated in the testis by oxidative
status and lifestyle habits. It can be speculated that such factors are
involved in down-regulating CatSper1 expression in the aging male and
in men with asthenozoospermia.

Whereas studies in CatSper knockout (KO) mice showaclear involve-
ment of the channel in sperm HA, studies in men are less clear on this.
Alasmari et al. (2013a,b) reported that CatSper activation was not suffi-
cient to achieve HA and that the failure of HA in response to stimulation
was more common in IVF patients than in donors. Similarly, after stimu-
lation with progesterone, we detected an increase in HA in only a few
subjects (Tamburrino et al., 2014). Here, we found a significant correl-
ation between CatSper1 expression and basal (spontaneous) HA
levels, which indicates an involvement of the channel in the process of
the development of HA. Such a finding is not surprising in view of the
role of calcium in the HA process (Suarez, 2008) and suggests that
failure to achieve HA in sub-fertile subjects may be related to poor,
absent or mislocalized expression of the channel on spermatozoa. Im-
portantly, we show here that the percentage of spermatozoa expressing
CatSper1 (but none of the parameters evaluated by routine semen ana-
lysis) predicts with high accuracy, sensitivity and good specificity, the
ability of the sample to reach a level of HA of 10% which distinguishes
between donors (young men with no known fertility problems) and sub-
fertile subjects (Alasmari et al., 2013a), reinforcing involvement of the
CatSper channel in establishment of HA in human spermatozoa. HA is
related to natural fertility (Peedicayil et al., 1997; Mazzilli et al., 2001)

and predicts results of IVF (Wang et al., 1993; Sukcharoen et al., 1995;
Hirano et al., 2001). Conversely, routine semen analysis is poorly predict-
ive of both natural and in vitro fertilization (Liu and Baker, 2002; Leushuis
et al., 2014). Further studies are needed to understand the relation of
sperm CatSper expression with natural and assisted fertilization.

As expected, by evaluating the relationship between CatSper1 ex-
pression and basal and progesterone-stimulated [Ca2+]i accumulation,
a positive correlation was found with the initial peak of [Ca2+]i in re-
sponse to the steroid. However, the correlation with progesterone re-
sponse was not as tight as expected if CatSper were the only pathway
involved in the process. On the other hand, the [Ca2+]i in response to
the steroid is not totally blunted by CatSper inhibitors (Strunker et al.,
2011) even at concentrations higher than those that completely
blocked the CatSpercurrent (Lishkoet al., 2011), suggesting involvement
of other pathways (Publicover and Barratt, 2011). Furthermore, in our
hands, no correlation was found between CatSper1 expression and
basal Ca2+, suggesting that CatSper is not the main player for establishing
or maintaining [Ca2+]i in unstimulated conditions. By evaluating CatSper
currents, Lishko et al. (2011) demonstrated that human sperm currents
were overall smaller and reached similar values to those of the mouse
only after stimulation with progesterone, indicating low channel activa-
tion in basal conditions. Conversely, in mouse sperm progesterone is
not effective, underlying a striking difference between CatSper activation
in the two species (Miller et al., 2014). Most likely, release of Ca2+ from
intracellular stores located in the neck and in the acrosome (Publicover
and Barratt, 2011) or other pathways or channels located in the mem-
brane are involved in maintaining basal calcium in human spermatozoa
(Marquez et al., 2007; Darszon et al., 2011). On the other hand, consid-
ering the different lengths of the sperm journey in the female genital tracts
of the mouse and human, a high activation of CatSper, which may lead to
excessive HA, might be unfavorable thus requiring a further activation in
the proximity of the oocyte.

We found no correlation between the percentage of CatSper1-
expressing spermatozoa and either basal or stimulated AR, in contrast
with previous results (Sagare-Patil et al., 2012; Tamburrino et al.,
2014) showing a significant, but incomplete, effect of CatSper inhibition
on progesterone-stimulated AR. Moreover the inhibitors themselves
showed an effect per se on the AR (Tamburrino et al., 2014). Lack of cor-
relation between AR and CatSper1 expression is in agreement with
results in CatSper KO mouse spermatozoa, showing no alterations of
either basal or ionophore-stimulated AR (Xia et al., 2007). In addition,
the location of CatSper1 in the tail (Smith et al., 2013; Tamburrino
et al., 2014) and lack of co-localization with acrosin in late phases of sper-
miogenesis, where immunostaining for CatSper1 is detected in the
region of the caudal pole of the nucleus, close to the base of the devel-
oping flagellum (present study), also exclude a direct involvement of
the channel in the AR. However this result appears to contrast with
the fact that progesterone-stimulated AR is highly dependent on the in-
crease of [Ca2+]i induced by the steroid (Baldi et al., 2009) and that such
an increase shows significant associations both with CatSper1 expression
and progesterone-stimulated AR (this study, Krausz et al., 1995). To rec-
oncile these apparently contrasting results it has recently been demon-
strated (Sanchez-Cardenas et al., 2014) by concomitant evaluation of
AR and [Ca2+]i modifications in live human spermatozoa that the
initial calcium peak in response to progesterone is not sufficient to
trigger the AR. Indeed, in most sperm cells undergoing AR in response
to the steroid (representing �12% of the total number, as in our

Figure 5 Scatterplot of correlation between percentages of
CatSper1-expressing human spermatozoa and D [Ca2+]i. D [Ca2+]i

was calculated as the difference between progesterone-stimulated
and basal [Ca2+]i. 95% Confidence intervals of the correlations and R2

values for linear regression analysis are shown.
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study) the initial peak is followed by a second peak occurring about
10 min later that immediately precedes AR initiation. The nature and
the mechanisms of this second peak of [Ca2+]i induced by progesterone
is unclear. One hypothesis is that it might be related to influx of Ca2+

from fusion pores generated during AR initiation (Sanchez-Cardenas
et al., 2014). Clearly, such a mechanism, if involved, would be CatSper-
independent, as also suggested by the lack of correlation between AR
and CatSper1 expression in this study.

One limitation of our study is the fact that CASA motility, AR and
[Ca2+]i were evaluated after 40% PureSperm selection of the samples,
possibly not reflecting the whole sperm sample. However, all the
samples were carefully evaluated by microscopy before performing the
experiments and only those samples where initial motility characteristics
were maintained after selection were kept, as indicated by the significant
relationship between pre- and post-selection motility.

In conclusion, our study demonstrates a clear implication of the
CatSper channel in progressive and HA motility of human spermatozoa
and provides preliminary evidence that lack of expression or mislocaliza-
tion of CatSper1 in spermatozoa may be involved in the pathogenesis of
asthenozoospermia. Finally, our data reinforce the concept that the
CatSper channel represents a possible target for the development of
new human contraceptives.
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