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To fertilize an oocyte, sperm must undergo several biochemical and functional changes known as capacitation. A
key event in capacitation is calcium influx through the cation channel of sperm (CatSper). However, the mo-
lecular mechanisms of capacitation downstream of this calcium influx are not completely understood. Capaci-
tation is also associated with an increase in mitochondrial oxygen consumption, and several lines of evidence
indicate that regulated calcium entry into mitochondria increases the efficiency of oxidative respiration. Thus,
we hypothesized that calcium influx through CatSper during capacitation increases mitochondrial calcium
concentration and mitochondrial efficiency and thereby contributes to sperm hyperactivation and fertilization
capacity. To test this hypothesis, we used high-resolution respirometry to measure mouse sperm mitochondrial
activity. We also measured mitochondrial membrane potential, ATP/ADP exchange during capacitation, and
mitochondrial calcium concentration in sperm from wild-type and CatSper knockout mice. We show that the
increase in mitochondrial activity in capacitated wild-type sperm parallels the increase in mitochondrial calcium
concentration. This effect is blunted in sperm from CatSper knockout mice. Importantly, these mechanisms are
needed for optimal hyperactivation and fertilization in wild-type mice, as confirmed by using mitochondrial
inhibitors. Thus, we describe a novel mechanism of sperm capacitation. This work contributes to our under-
standing of the role of mitochondria in sperm physiology and opens the possibility of new molecular targets for
fertility treatments and male contraception.

1. Introduction [Ca®"] [3] mediated by the cation sperm-specific channel (CatSper) [4,

5]. CatSper Knockout (KO) mice are infertile because their sperm fail to

To fertilize an oocyte, sperm must undergo several biochemical and
functional changes known as capacitation. During capacitation, sperm
switch from progressive to hyperactivated motility and undergo a
regulated release of acrosomal content in a process called the acrosome
reaction (AR) [1,2]. These processes, which normally occur in the fe-
male reproductive tract, allow sperm to free themselves from the oviduct
wall, penetrate the zona pellucida, and fuse with the oocyte. An
important event controlling capacitation is an increase in intracellular

hyperactivate and fertilize oocytes. However, the downstream effects of
CatSper-mediated Ca?* increase in sperm have not been fully elucidated
[6,71.

In other cell types, regulated Ca?" entry into mitochondria increases
the efficiency of oxidative respiration [8,9] via activation of many
Ca?*-dependent mitochondrial enzymes resulting in the increase of ATP
production [10]. Whether Ca?* plays similar roles in sperm mitochon-
dria is unknown [11]. Complicating this picture is the unclear role of
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mitochondria in sperm capacitation. Although some data suggest that
sperm rely on glycolysis instead of mitochondrial respiration to produce
ATP for motility and fertilization [12], other studies showed that
mitochondrial respiration increases during capacitation in both human
[13,14] and mouse [35] sperm. However, the significance of this in-
crease in mitochondrial activity during capacitation and its role in sperm
hyperactivation, acrosome reaction (AR), and fertilization remains to be
established.

Given that sperm from CatSper KO mice have reduced ATP produc-
tion [15], we hypothesized that Ca®" influx through CatSper channels
during capacitation enhances mitochondrial activity, thereby contrib-
uting to sperm hyperactivation and fertilization. To test our hypothesis,
we studied mitochondrial activity using high-resolution respirometry
(HRR), measurements of mitochondrial membrane potential (MMP) and
evaluation of the ATP/ADP exchange during capacitation, as well as
measurements of mitochondrial Ca?*, both in wild-type and CatSper KO
sperm. In addition, we analyzed the effects of mitochondrial function
inhibitors on hallmark parameters of capacitation: AR, hyperactivation,
tyrosine phosphorylation and the ability of the sperm to fertilize the egg.

2. Material and methods
2.1. Animals and ethics statement

All experimental procedures were approved by the Comision Hono-
raria de Experimentaciéon animal-CHEA,(Uruguay), or by the Animals
studies committee of Washington University (St. Louis, MO,USA); and
performed following the National Institute of Health Guide for the Care
and Use of Laboratory Animals.

Animals were kept under a 12/12 h dark/light cycle at a constant
temperature of 22 + 2°C with free access to food and water. Wild-type
sperm cells were obtained from male mice from two different strains,
CB6F1/J mice (80-120 days old) in Montevideo-Uruguay and C57BL/6
male (60-90 days old) in Saint Louis, MO, USA. CatSperl knock-out
mice (CatSper KO) 60-90 days old were used in Saint Louis, MO, USA.
Both were obtained from Jackson Laboratory. Acr-eGFP + Su9-Red2
transgenic mice (60-90 day-old) expressing green fluorescent protein
(GFP) in the acrosome and red fluorescent protein (RFP) in the mito-
chondrial were obtained from Kelle Moley’s laboratory, at Washington
University in Saint Louis, School of Medicine, MO, USA. Oocytes were
obtained from CB6F1/J female mice (4-8 weeks old), allocated in
Montevideo-Uruguay. Mice were sacrificed via cervical dislocation.

2.2. Sperm collection and motility analysis

Motility analysis was performed in parallel in two laboratories. In
Montevideo-Uruguay (UdelaR), sperm was collected from cauda
epididymis in TYH media buffered with HEPES (NaCl 119.3 mM, KCl
4.7 mM, CaClz.ZHzO 1.71 mM, KH2PO4 1.2 IIIM, MgSO47H20 1.2 mM,
NaHCOs3 25.1 mM, Glucose 5.56 mM, Sodium pyruvate 0.51 mM, HEPES
10 mM, Phenol Red 0.0006%), supplemented with 4 mg/ml Bovine
serum albumin and incubated for 60 min at 37 °C to induce capacitation.
Sperm suspensions were loaded into pre-warmed sperm counting
chambers (depth 20 pm) (DRM-600, Millennium Sciences, Inc. CELL-
VU®, NY) and placed on a microscope stage at 37 °C. Sperm motility was
examined using a Computer Assisted Semen Analysis (CASA) system
(SCA6 Evolution, Microptic, Barcelona, Spain). The microscope used
was Nikon (Japan) Eclipse E200 with phase contrast 100X equipped
with Basler (Germany) acA780-75gc camera. The default settings
included the following: frames acquired: 30; frame rate: 60 Hz; head
size: 5-70 pm2. Sperm with hyperactivated motility were sorted using
the following parameters: curvilinear velocity (VCL) > 182 pym/s and
linearity coefficient (LIN) < 32%, Straightness (STR) > 57%. At least
500 sperm were analyzed in each experiment. In Saint Louis, MO, USA
(Washington University) sperm was collected from cauda epididymis,
incubated in non-Capacitated (NC) HS media buffered with HEPES (in
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mM: 135 NaCl, 5 KCl, 2 CaCl,, 1 MgSOy4, 20 HEPES, 5 glucose, 10 lactic
acid, 1 Na-pyruvate) at pH 7.4 for 15-20 min at 37 °C. After this time,
the motile fraction of the sample was removed from the tube and split
based on conditions to be tested. To achieve capacitation, sperm were
incubated for 90 min at 37 °C in capacitated (CAP) HS medium with 5
mg/ml Bovine serum albumin (BSA), and 15 mM NaHCO3; added. NC
sperm were incubated for 90 °C at 37°C in HS without BSA and NaHCOg3
[55] . Drugs or inhibitors were added in NC or CAP HS media. For
motility tests, 3 pl of the sample were placed into a 20 pm Leja standard
count 4 chamber slide, pre-warmed at 37°C, and a minimum of 200 cells
were counted. CASA analysis was performed with a Hamilton-Thorne
digital image analyzer (HTR-CEROS II v.1.7; Hamilton-Thorne
Research, Beverly, MA, United States). CASA settings used for the
analysis were: objective Zeiss 10XNH; 30 frames were acquired at 60 Hz;
camera exposure: 8 ms; camera gain: 300; integrated time: 500 ms;
elongation max (%): 100; elongation min (%): 1; head brightness min
170; head size max: 50 pmz; head size min: 5 pmz; static tail filter: false;
tail brightness min: 70; tail brightness auto offset: 8; tail brightness
mode: manual; progressive STR (%): 80; progressive VAP (um/s): 25.
The criteria used to define hyperactivated sperm was: curvilinear ve-
locity (VCL) > 150 pm/s, lateral head displacement (ALH) > 7.0 pm, and
linearity coefficient (LIN) of 32%.

2.3. Acrosome reaction (AR) evaluation

AR status was evaluated both in NC and CAP sperm samples. Induced
AR was obtained by incubating the cells with 10 pM of the calcium
ionophore A23187 for 30 min prior the end of the capacitation process.
Mitochondrial inhibitors were added to CAP media with and without
A23187, and 2.5 pM Antimycin A (AA) (Sigma Aldrich, St. Louis, MO) or
2.5 pM Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP;
Sigma-Aldrich). For all conditions 15 pl samples were placed onto glass
slides, fixed in 4% paraformaldehyde for 30 min and washed twice with
phosphate buffered saline (PBS). After washing, slides were incubated
with 0.22% Coomassie stain (Coomassie Blue G-250; Thermo Scientific,
Massachusetts), 50% methanol, 10% glacial acetic acid, 40% water for 2
min. Excess dye was removed by washing thoroughly using distilled
water. Slides were air-dried and coverslips were placed on slides using
mounting medium at room temperature. Stained sperm were examined
under bright field microscopy at 400X (Nikon E100, Japan) to verify the
percentage of sperm that had undergone AR. A minimum of 200 sperm
was evaluated in each experiment.

2.4. Invitro fertilization (IVF) protocol

CB6F1/J female mice (4-8 weeks old) were super-ovulated using
intraperitoneal administration of 5IU Pregnant Mare Serum Gonado-
tropin (PMSG) (Syntex, Argentina) followed by 5UI human Chorionic
Gonadotropin (hCG) (Intervet, Netherlands) 48 h later. After 12-15 h of
hCG injection, female mice were sacrificed, and the oocyte-cumulus
complex was isolated in 250 ml of TYH-CO; buffered media (NaCl
119.3 mM, KCl 4.7 mM, CaCl,.2H,0 1.71 mM, KH,PO; 1.2 mM,
MgS04.7H20 1.2 mM, NaHCO3 25.1 mM, Glucose 5.56 mM, Sodium
pyruvate 0.51 mM, Phenol red 0.0006%). Fertilization wells containing
30-50 eggs were inseminated with sperm (final concentration of 2.5 x
108 cells/ml) that had been CAP for 1 h in TYH-CO, buffered media
supplemented with 4 mg/ml Bovine serum albumin at 37 °C and % CO»
to induce capacitation, with or without mitochondria inhibitors (AA or
FCCP) depending on the experimental conditions, washed twice by
centrifugation, and resuspended in TYH-CO, media. After 3 h of
insemination, eggs were washed and left in fresh media. To assess
fertilization, eggs were evaluated after 24 h post-insemination, and two-
cell stage embryos were counted.
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2.5. High-resolution respirometry and respiration control ratio

Sperm cells oxygen consumption was determined by HRR [16]. HRR
integrates highly sensitive oxygraphis (Oxygraph-2 K; Oroboros In-
struments GmbH, Innsbruck, Austria) with software (DatLab, version
4.2; Oroboros Instruments GmbH) that presents respiration in terms of
oxygen rate (pmol 0,/10° cells/sec). Basal oxygen consumption was
measured for 10 min, then 2 pg/ml Oligomycin (Sigma-Aldrich, St.
Louis, MO) were added to the chamber to block mitochondrial ATP
synthase. Maximal respiration was obtained by subsequent 0.5 pM
stepwise of FCCP. Finally, 2.5 pM Antimycin A (Sigma-Aldrich) was
added to distinguish mitochondrial from residual (non-mitochondrial
respiration) oxygen consumption. A total of 15 million sperms cells/ml
per condition were evaluated. Stirring speed was set to 750 rpm. For
each sperm sample (Fig. 1A), we measured mitochondrial basal respi-
ration rate. By subtracting the oligomycin-resistant respiration rate from
the basal respiration rate, we calculated the oxygen consumption rate
linked to ATP synthesis. We also measured maximal respiration rate in
the presence of FCCP. Finally, we measured the non-mitochondrial
respiration rate, which we subtracted from all the other values. From
these measurements, we calculated 1) Coupling efficiency = ratio be-
tween respiration linked to ATP synthesis and basal respiration [1-2/1],
2) RCR = ratio between maximal and oligomycin-resistant respiration
rates [3/2], and 3) spare respiratory capacity = ratio between the
maximal and basal respiration rates) [3/1]. It is important to note that
the resulting values were internally normalized in each sample, and they
were independent of cell number, protein mass, and viability. It is also
important to notice that the cell’s respiration inhibited by oligomycin in
intact cells is comparable to isolated mitochondria state 4 oligomycin (in
the presence of substrate plus ADP plus oligomycin). The maximal
respiration rate caused by the addition of the uncoupler FCCP to intact
cells is comparable to state 3 ADP of isolated mitochondria in presence
of an excess of substrate plus ADP [17].

2.6. Mitochondrial membrane potential measurements

Flow cytometry: Sperm collected from cauda epididymis was
allowed to swim-out in TYH media CAP media, buffered with HEPES, for
5-10 min. Tissue was extracted and the suspended cells were split into
two samples with a final concentration of 106 cells/ml. One of the
samples was treated immediately for 25 min at 37°C with 300 nmol/L of
lipophilic cationic dye tetramethyl rhodamine methyl ester perchlorate
(TMRM) (Sigma-Aldrich Inc., St Louis, MO, USA) and was considered as
our (control) NC condition. The second sample was incubated for 90 min
at 37°C and 5% CO,, to induce capacitation, and TMRM was added 25
min before finishing the incubation period. TMRM was washed from
both conditions by centrifuging the samples at 400 g and resuspended in
400 ml of PBS. Half of the washed sample (500 pl) was analyzed by flow
cytometry and the remaining (500 pl) was incubated with 20 pM FCCP
for 15 min and analyzed. Values obtained with FCCP were used as Fpip
to normalize the sample’s fluorescence. We used the Geo Mean fluo-
rescence values of FCCP at each experiment as minimum fluorescence to
normalized fluorescence of M1 and M2 and discard differences related to
the loading of TMRM for each experiment.

Flow cytometry analysis was performed using a FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA). Cellular size and granu-
larity were analyzed in the forward and side scatter (FSC-H and SSC-H),
respectively. For each sample, 30000 single events were recorded in the
forward light scatter/side light scatter dot plot. A gate was used to
separate sperm from debris. TMRM was detected using a 585/42 nm
bandwidth filter (FL-2). Samples were analyzed with Cell Quest soft-
ware. Two populations of cells (M1 and M2, Fig. 1-C) with different
MMP were consistently obtained. We analyzed the population with
higher MMP (M2) based on several factors: 1) MMP measurements after
capacitation for both populations made in our laboratory, 2) previously
described methodology by Uribe P. et al. [18], and 3) similar results
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Fig. 1. Capacitated sperm exhibit increased mitochondrial function. A.
Representative trace of oxygen consumption rate from CAP mouse sperm (red
line) and NC (blue line). Dotted lines show representative respirometry pa-
rameters in CAP condition. Sperm cells were exposed sequentially to oligo-
mycin (oligo), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and Antimycin A (AA). B. Respiratory Control Ratio (RCR) values
measured from wild-type CAP and NC sperm (n = 21). C. Representative his-
tograms of TMRM fluorescence from CAP sperm, recorded with flow cytometry.
D. Graph shows normalized TMRM fluorescence values (MMP) of M2 cell
population under NC and CAP conditions (n = 7). See Supplementary Fig. 1, for
analysis of M1 population. E. Representative confocal images of Wild-type
sperm loaded TMRM before and after application of FCCP, under NC (left)
and CAP (right). TMRM images shows the fluorescence obtained under the
same technical specifications measured under NC (left) and CAP (right) con-
ditions. Shade images represent the shape of the sperm cell used. Color bars
represent color code for the gray scale from 0 to 255. Fluorescence was
measured only in the sperm midpiece, and only cells responding to FCCP were
included in the measurements. F. Representative normalized traces of TMRM
fluorescence from NC and CAP sperm. Fluorescence was measured only in the
sperm midpiece. Only cells responding to FCCP were included in the mea-
surements. G. Graphs show normalized TMRM sperm midpiece fluorescence for
NC and CAP sperm samples (n = 8). For B and D. paired t-test was used to
determine statistical significance and an independent t-test was used in G. *p <
0.05 and ***p < 0.001. (n) represents the number of animals. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

published using TMRM in sperm by Yang Q. et al. [19]
mentary Fig. 1, for analysis of M1 population.

Single Cell MMP measurements by Confocal Imaging: Sperm cells
were collected from cauda epididymis. Sperm were obtained by Swim-
out in HS NC or CAP media for 10-15 min. NC samples were incu-
bated in NC HS media, and CAP samples in CAP HS media, for 90 min at

. See Supple-
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37°C. At 60 min of incubation 200-300 nmol/L TMRM was added to all
conditions and incubated for 30 min at 37°C. TMRM was washed from
all samples by centrifugation and cells were resuspended in NC HS
media and allowed to attach for 5-10 min to Poly-L-lysine (0.1%)-coated
coverslips. Basal TMRM fluorescence for all the different conditions was
measured before the addition of 20 pM FCCP, which was used to
determine Fy,;, and to normalize basal fluorescence values.

Fluorescence values from different animals and different conditions
were adjusted to the same laser intensity and gain voltage. Recordings
were performed with a confocal microscope (Leica SP8) and LAS X
3.5.2.18963 software equipped with an ACS APO 40x, 1.15 Numerical
aperture objective, and oil-immersion objective. The parameters for the
acquisition were: “xyt” images, 1024 x 1024 pixels, pixel size 0.269 pm,
pinhole of 600.0 pm, 400 Hz unidirectional sampling, frames were ob-
tained every 30 s. Excitation was performed by 543-nm laser and
emitted fluorescence was measured at 556 nm—-600 nm. All experiments
were performed at room temperature (22-23°C). Fluorescence was
measured only in regions of interest (ROI) corresponding to the sperm
midpiece, using ImageJ software (version 1.48). Data was analyzed
using pclamp 10 and Sigmaplot 12.

2.7. Fluo-5N and mitochondrial markers co-localization images

Sperm from wild-type mice (C57Bl6) or Acr-eGFP + Su9-Red2
transgenic mice were collected by swim-up in HS media, loaded with
2-4 uM Fluo-5N cell permeant AM-ester (Fluo-5N AM or Fluo-5N), and
incubated with 200 nM MitoTracker® Red CMXRos — M7512 (Invi-
trogen, USA). To load Fluo-5N, cells were incubated at 37°C for 45-60
min in HS with 2 pM Fluo-5N AM and 0.05-0.1% Pluronic Acid F-127.
MitoTracker was added 20-30 min before the Fluo-5N loading was
finished. Sperm were then centrifuged, resuspended in HS NC media,
and allowed to attach for 5-10 min to Poly-i-lysine (0.1%)- coated
coverslips. Images were acquired using a confocal microscope (Leica
SP8) and LAS X 3.5.2.18963 software equipped with an ACS APO 63x,
1.15 Numerical aperture objective, oil-immersion objective. Images’s
dimensions were 2048 x 2048 pixels. Sperm were excited at 488 nm and
543 nm and emitted fluorescence was measured at 500-530 and > 560
nm, for Fluo-5N and MitoTracker respectively. All experiments were
performed at room temperature (22-23°C). ImageJ software (version
1.48) was used to analyze the images.

2.8. Mitochondrial Ca?* measurements

After swim-up in HS NC or CAP media, motile cells were incubated
with 2-4 pM Fluo-5N AM and 0.05% Pluronic F-127 at 37°C for 60-90
min. After loading, sperm cells were centrifuged at 1500-2000 rpm for
5-10 min and resuspended in the corresponding media. Sperm were
allow to attach to Poly-1-lysine (0.1%) coated coverslips placed on the
recording chamber’s floor for 5 min. A local perfusion device with an
estimate exchange time of 10 s was used to apply various test solutions.
Calcium signals were recorded with a Leica AF 6000LX system with a
Leica DMi8000 inverted microscope, equipped with a 63X objective (HC
PL FluoTar L 63X/0.70 Dry) air objective and an Andor-Zyla-VCS04494
camera. An halogen lamp was used with a 488 £ 20 nm excitation filter
and a 530 + 20 nm emission filter. Data was collected with Leica LasX
2.0.014332 software. Acquisition parameters were: 20 ms exposure
time, 4x4 binning, 1024 x 1024 pixels resolution. Whole images were
collected every 10 s. LAS X, ImageJ, Clampfit 10 (Molecular Devices),
and SigmaPlot 12 were used to analyze data.

ROI were selected in the sperm midpiece. Reference Fluo-5N fluo-
rescence was measured at the beginning of the experiments (Fgef), for all
the conditions. To compare Fger levels across different animals and
experimental conditions, we normalized Fluo-5N fluorescence using
Fin and Fpax obtained from each cell. Fiyi, was obtained by perfusing
cells with 0 mM Ca?* + 2 mM EGTA and 2-5 uM Ionomycin. Fpa, was
obtained by perfusing the cells with 2 mM Ca®" + 2-5 uM Ionomycin.
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Experiments were performed at room temperature.
2.9. Statistical analysis

Sigmaplot version 12.0 (Systat Software Inc.), and GraphPad Prism
version 6.01 for Windows (GraphPad Software, La Jolla California USA
http://www.graphpad.com) were used for all statistical analysis. An
unpaired Student’s t-test was used to compare independent samples, and
a paired t-test was used to compare data in studies performed in the same
sample. Data are expressed as the mean + SD. P-value < 0.05 was
considered statistically significant.

3. Results
3.1. Mitochondrial respiration increases in capacitated mouse sperm

High-resolution respirometry (HRR) was performed in non-
capacitated (NC) and capacitated (CAP) sperm. Fig. 1A shows a repre-
sentative trace of oxygen consumption rate measured in capacitated
sperm. The mean respiratory control ratios (RCR) (5.8 Mean + 4.8 SD vs.
3.5 Mean + 1.9 SD) and coupling efficiency (0.56 Mean + 0.20 SD vs.
0.48 Mean =+ 0.18 SD) were both significantly higher in CAP than in NC
sperm (Fig. 1B and Table 1). We found no significant difference in spare
respiratory capacity. We next measured MMP in NC or CAP sperm with
the dye TMRM [18,20]. By flow cytometry we detected two sperm
populations (M1 and M2, Fig. 1C) with different MMP in both NC and
CAP sperm. Similar populations have been reported previously in
human sperm [18]. We found that the normalized fluorescence of the
M2 population was significantly higher in CAP sperm than in NC sperm
(13.22 Mean =+ 6.6 SD vs. 8.83 Mean + 7.80 SD, n = 7, Fig. 1D). In
addition, the M2 peak was completely abolished upon addition of the
uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone (FCCP) in both NC and CAP sperm. These data suggest that
MMP in the M2 population increases during capacitation. We also used
confocal imaging to measure TMRM fluorescence in the midpiece of
individual NC and CAP sperm (see Fig. 1E and F for a representative
example), we found that TMRM fluorescence was significantly higher in
CAP than in NC sperm (3.27 Mean + 0.50 SD vs. 2.05 Mean + 0.36 SD,
Fig. 1G). Taken together, these data reveal that mitochondrial activity is
higher CAP than in NC sperm.

3.2. Mitochondrial respiration during capacitation is important for
hyperactivated motility and oocyte fertilization

To address whether mitochondrial activity was required for the
functional hallmarks of capacitation, we capacitated sperm for 1 h in
control conditions or in the presence of FCCP or AA. A significantly
higher percentage of sperm were hyperactivated in control conditions
than in the presence of FCCP or AA (20.43 Mean + 9.89 SD, n = 15, vs.
10.51 Mean + 8.44 SD, n = 15, vs. Mean 7.58 + 7.76 SD, n = 11,
Fig. 2A). In contrast, FCCP and AA had no effect on the percentage of
sperm that underwent spontaneous or induced AR (Fig. 2B). Addition-
ally, AA had no effect on protein tyrosine phosphorylation (Supple-
mentary Fig. 2). Sperm treated with FCCP or AA were significantly less
able to fertilize oocytes than untreated sperm (Fig. 2C) Fig. 2D shows a
representative in vitro fertilization control experiment (without any
mitochondrial inhibitors) at 2-cell stage embryo.

Together, these data indicate that while mitochondrial activity
during capacitation is not required for the AR or tyrosine phosphory-
lation, it significantly contributes to sperm hyperactivation and,
notably, to their ability to fertilize oocytes.

3.3. Mitochondrial respiration is impaired in sperm from CatSper
knockout (KO) mice

By analyzing HRR in sperm from CatSper KO mice we found that
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Table 1

Redox Biology 48 (2021) 102176

Oximetry values in NC and CAP sperm from wild-type and CatSper KO mice. Coupling efficiency = Oligomycin-sensitive respiration/basal respiration; RCR = Maximal
respiration in the presence of FCCP/ATP turnover; spare respiratory capacity = Maximal respiration in the presence of FCCP/Basal Respiration.

Index Wild-type CatSper KO
Mean SD P-Value Mean SD p-value

Coupling efficiency NC 0.48 0.18 0.009 NC 0.37 0.06 0.1
CAP 0.56 0.20 CAP 0.32 0.11

RCR NC 35 1.9 0.012 NC 2.12 0.50 0.84
CAP 5.8 4.8 CAP 2.05 0.70

Spare Respiration Capacity NC 1.5 0.8 0.96 NC 1.34 0.36 0.72
CAP 1.5 0.9 CAP 1.43 0.61
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respiration values in sperm from CatSper KO mice did not differ between
NC and CAP conditions (Fig. 3 A, B and Table 1). The MMP showed no
statistical difference between CAP and NC in CatSper KO mice (2.90
Mean =+ 0.92 SD vs. 3.10 Mean + 0.48 SD, P = 0.746, Fig. 3C and D).
Fig. 3E shows the variation in MMP after CAP for wild-type and CatSper
KO mice; MMP increase in wild-type sperm during capacitation is sta-
tistically larger than in the KO sperm. Our results indicate that CatSper is
involved in increasing sperm mitochondrial activity during capacitation.

3.4. Mitochondrial Ca®* concentration increases during
capacitation in sperm from wild-type but not CatSper KO mice

We next wanted to test whether the CatSper-dependent increase in
cytoplasmic [Ca®*] during capacitation (Supplementary Fig. 3) leads to
an increase in mitochondrial [Ca?']. To do so, we developed a new
method to measure mitochondrial [Ca2+] in mouse sperm by using the
fluorescent Ca”-indicator, Fluo-5N. Whereas Fluo-4 measures [Ca®t] in
the 100 nM-300 nM range and is suitable for measuring cytoplasmic
[Ca®*], Fluo-5N has a lower Ca?*-binding affinity and is suitable for
measuring [Ca®]in the 1 uM to 1 mM range, appropriate for measuring
[Ca2+] in mitochondria [21]. We first confirmed that Fluo-5N co-lo-
calized in the sperm midpiece with mitochondrial markers. In sperm

from Acr-eGFP + Su9-Red2 transgenic mice, which express green fluo-
rescent protein (GFP) in the acrosome and red fluorescent protein in
mitochondria (RFP), Fluo-5N co-localized with RFP in the sperm mid-
piece (Supplementary Figs. 4A and E). Likewise, Fluo-5N co-localized
with MitoTracker® red in the sperm midpiece (Supplementary Figs. 4B
and E). In contrast, Fluo-4 distributed throughout the entire sperm
(Supplementary Figs. 4C and E). Although Fluo-5N was also detected in
the acrosome (Supplementary Figs. 4A and E), we excluded this in our
assays by only measuring fluorescence in the sperm midpiece. Combined
fluorescence profiles of the midpiece labeled with the different fluo-
rophores are shown in Supplementary Fig. 4F. While RFP and Mito-
Tracker® red fluorescence curves completely overlap with Fluo-5N
profile in mitochondria, the overlay with Fluo- 4 is partial, which in-
dicates that neither RFP nor Mitotracker colocalize with Fluo-4 AM in
the cytoplasm (supplementary 4). To further confirm that our assay
measured mitochondrial [Ca2+], we loaded sperm with either Fluo-5N
or Fluo-4 and continuously measured fluorescence in the midpiece
before and after adding FCCP (Supplementary Fig. 5A). As expected,
Fluo-5N fluorescence decreased in the midpiece upon addition of FCCP
(Supplementary Fig. 5B), whereas Fluo-4 fluorescence in the midpiece
increased (Supplementary Fig. 5C), suggesting that FCCP caused Ca®" to
be released from the mitochondria into the cytosol. Thus, we concluded
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Fig. 3. CatSper KO sperm lacks capacitation-
induced mitochondrial function increase. A.
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that our method accurately measured [Ca*] of the mitochondria in the
sperm midpiece.

We then applied this method to determine if mitochondrial Ca?t
content was different between NC and CAP wild-type sperm. Fig. 4A
shows representative images of CAP wild-type sperm loaded with Fluo-
5N. At 2 mM extracellular [Ca%"], we observed that mitochondrial Ca®*
was higher in CAP than in NC wild-type sperm (Fig. 4B and D). In
contrast, when we performed the experiment at 0 mM extracellular
[Ca®*], we observed no difference in mitochondrial Ca®>" content be-
tween CAP and NC wild-type sperm (Fig. 4B and D). This is an expected
result, as capacitation does not occur in the absence of extracellular
calcium.

We found that mitochondrial Ca?" content increased with higher
extracellular [Ca2+] (0, 0.5,1 and 2 mM) in both NC and CAP wild-type
sperm, however, the increase was significantly larger in CAP sperm
(Fig. 4D, Table 2). Whereas mitochondrial Fluo-5N fluorescence reached
a plateau at 1 mM extracellular Ca®" in NC sperm, the Fluo-5N fluo-
rescence further increased at 2 mM extracellular Ca" in CAP sperm,
consistently with the extracellular [Ca®'] reported to achieve capaci-
tation [22].

We conclude that mitochondrial [Ca®'] depends on extracellular
[Ca®"]. Importantly, mitochondrial [Ca®*] are significantly higher in
CAP than in NC wild-type sperm. To determine whether the increase in
mitochondrial [Ca?*] in CAP sperm was dependent on CatSper activity;
we measured changes in mitochondrial [Ca®'] during capacitation in
sperm from CatSper KO mice. Our results showed that in CatSper KO
sperm, at 2 mM extracellular [Ca2+], there is no difference in Fluo-5N
fluorescence of the midpiece between NC and CAP conditions
(Fig. 4C). When we plotted values of fluorescence in the midpiece of
sperm from CatSper KO mice, we found that mitochondrial [Ca®h only
increased when we changed extracellular [Ca2+] from 0 to 0.5 mM, and
then it remained constant. This increase was similar in NC and CAP
sperm (Fig. 4E). The fact that Ca?*t increased at all in response to
increased extracellular [Ca®"] in sperm from CatSper KO mice suggests
that Ca%t can enter sperm through another pathway. Consistent with

&€

this idea, Ca?" measurements obtained with the ratiometric dye Fura 2
a.m. showed that the cytosolic [Ca?*] of CatSper KO sperm was 90-100
nM (Supplementary Fig. 3). Nonetheless, mitochondrial [Ca®'] was
significantly lower in CAP sperm from CatSper KO mice than in CAP
sperm from wild-type mice (Fig. 4D and E and Table 2).

Another way to validate that CatSper channels were involved in the
increased mitochondrial [Ca“], was to treat sperm from wild-type mice
with the CatSper channel blocker Mibefradil during capacitation.
Mibefradil (20 pM) significantly reduced the increase of mitochondrial
[Ca%*] associated with capacitation (Supplementary Fig. 6). Taken
together these results confirmed that mitochondrial [Ca2+] increase
involved CatSper activation. This pharmacological approach confirms
that the absence of CatSper conductance is uniquely responsible for the
calcium defects that we have seen in the CatSper KO and rules out po-
tential pleiotropic effects of the CatSper gene knock out (Supplementary
Fig. 5).

3.5. Increase in mitochondrial function associated with
capacitation depends on the mitochondrial Ca?* uniporter (MCU)

We suspected that the increase of mitochondrial [Ca%'] in CAP
sperm occurred via Ca®" influx through the MCU, which resides in the
internal mitochondrial membrane [23]. To test this idea, we treated
sperm with the specific MCU inhibitor Ru360 during capacitation [24],
and then measured capacitation-associated changes in mitochondrial
[Ca?*], MMP, and sperm hyperactivation.

First, we found that mitochondrial [Ca%'] was significantly reduced
after capacitation in the presence of Ru360 when compared with those
without Ru360 (Fig. 5A and B and Table 3). Second, we treated CAP
sperm with vehicle or Ru360, loaded them with TMRM in the presence
of 2 mM extracellular Ca®", and used our confocal microscopy assay to
measure MMP. The normalized TMRM fluorescence was lower in sperm
treated with Ru360 than in those without Ru360 (1.789 Mean =+ 0.717
SD vs. 3.00 Mean + 0.43 SD, P = 0.027, Fig. 5C). Moreover, whereas the
MMP was 60% higher in CAP than NC sperm treated with vehicle, the
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Fig. 4. Sperm mitochondrial [Ca®"] increases during capacitation (CAP) in wild-type, but not in CatSper KO sperm. A. Representative images of CAP sperm
loaded with Fluo-5N; and perfused with i) 2 mM Ca®" (Reference), ii) 0 Ca®>* + 2 mM EGTA and Ionomycin (Iono EGTA), iii) Ionomycin +2 mM Ca®* (Iono 2 Ca®*).
Images in i, ii, iii are on the left: bright field (BF) merged with Fluo-5N fluorescence (FITC). Right, Fluo-5N fluorescence. Color bars represent color code for the gray
scale from 0 to 255. B and C, Representative traces of Fluo-5N fluorescence in the sperm midpiece from NC (black) and CAP (red) sperm incubated in 2 mM Cca®* (B,
left), and in 0 mM Ca’* (B, right). C. Representative traces of Fluo-5N fluorescence from NC and CAP CatSper KO sperm. D. Normalized values of Fluo-5N fluo-
rescence at reference (ref), in NC and CAP sperm at different extracellular [Ca®7]. E. Fluo-5N fluorescence at reference in CatSper KO samples, obtained under NC and
CAP conditions, at different extracellular [Ca®"]. Statistical significance between CAP and NC samples at each extracellular [Ca®'] were evaluated with an inde-
pendent t-test. Fluorescence values are shown in Table 2 ns p > 0.050, and ***p < 0.001. (n) represents the number of animals. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Fluo-5N fluorescent values corresponding to mitochondrial [Ca®"] before and after CAP at different extracellular [Ca®*]. Fluo-5N fluorescence values were normalized

using Ionomycin +0 mM Ca®' + EGTA (Iono EGTA) values and Ionomycin +2 mM Ca®" (Iono 2 Ca?") values. To determine statistical significance between NC and
CAP samples at each extracellular [Ca%™], independent t-test were used.

Extracellular [Ca®"] mM Wild-type P-Value CatSper KO p-value
Mean SD n Mean SD n

0 NC 0.2398 0.1556 3 0.197 NC 0.0201 0.0167 3 0.396
CAP 0.1935 0.1136 3 CAP 0.0234 0.0248 3

0.5 NC 0.5122 0.2798 5 0.035 NC 0.4893 0.1984 3 0.676
CAP 0.6394 0.2413 6 CAP 0.4717 0.1995 3

1 NC 0.7242 0.2798 3 0.01 NC 0.4562 0.1649 3 0.63
CAP 0.8402 0.208 3 CAP 0.5688 0.257 3

2 NC 0.7427 0.4494 3 0.022 NC 0.579 0.3106 3 0.155
CAP 1.1791 0.4635 3 CAP 0.6194 0.3805 3
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Fig. 5. Effect of the Mitochondrial Calcium Uniporter inhibitor, Ru360 on
mitochondrial [Ca?"], mitochondrial function, and sperm hyper-
activation. A. Representative Fluo-5N fluorescence traces from CAP sperm and
CAP with Ru360 at 0.5 mM extracellular Ca®'. B. Normalized Fluo-5N fluo-
rescence in NC and CAP conditions, at different extracellular [Ca*]. Graph
shows mean values + SD of cells responding to Iono EGTA and Iono 2Ca*. An
independent t-test was used to determined statistical difference. C. Normalized
TMRM fluorescence under CAP and CAP + Ru360 conditions (n = 4). To
determine statistical significance, paired t-test were used. D. TMRM fluores-
cence ratio in wild-type sperm, under CAP (control) and CAP + Ru360. To
determine statistical significance an independent t-test was used. E. Percentage
of hyperactivated sperm measured by CASA from sperm samples incubated in
NC, CAP or CAP +20 pM Ru360 media, at different extracellular [Ca?*]. Values
are also presented in Table 4. An independent t-test were used to evaluate
statistical significance between NC, CAP and CAP + Ru360 groups at different
[Ca®"] (n = 5). Error Bars in figure represent SD. ns P > 0.050, *p < 0.050, **p
< 0.010, and ***p < 0.001. (n) represents the number of animals.

Table 3

Fluo-5N fluorescence values corresponding to mitochondrial Ca’* from
wild-type sperm CAP in the presence of Ru360 at different extracellular
[Ca*]. Fluo-5N values were normalized using Ionomycin +0 mM GCa®* +
EGTA (Iono EGTA) values and Ionomycin +2 mM Ca2* (Iono 2 Ca?") values.

Extracellular [Ca®*] mM Wild-type

Mean SD n
0.5 CAP + Ru360 0.3483 0.027 3
1 CAP + Ru360 0.5324 0.015 3
2 CAP + Ru360 0.5725 0.0298 3
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MMP was 5% lower in CAP than NC sperm treated with Ru360 (Fig. 5D).
Thus, we concluded that Ru360 abolished the MMP increase observed in
wild-type sperm after capacitation.

Finally, we assessed the effects of Ru360 on sperm hyperactivation
by performing computer-assisted sperm analysis (CASA). In NC sperm,
only 10% of sperm were hyperactive even at the highest extracellular
[Ca2+] tested (2 mM). In CAP samples treated with vehicle, approxi-
mately 30% of sperm were hyperactive at 2 mM extracellular [Ca®"].
However, Ru360 treatment significantly diminished capacitation-
induced hyperactivation (Fig. 5E and Table 4). To exclude the possi-
bility that Ru360 impaired hyperactivation by directly inhibiting CatS-
per channels, we used Fluo-4 AM fluorescence to measure Ca2" influx
through CatSper channels in the absence and presence of Ru360. We
found that membrane depolarization with KCI still triggers an increase
of cytoplasmic [Ca2*] even in the presence of Ru360, confirming that
this compound did not inhibit Ca?t influx through CatSper channels
(Supplementary Fig. 7A). Together, these results suggest that the in-
crease in mitochondrial [Ca?*] contributes to sperm hyperactivation,
and that this increase depends on extracellular [Ca®*].

3.6. Hyperactivation relies on ADP/ATP translocase activity

In Fig. 1B, we showed that the RCR was higher in CAP sperm than in
NC sperm, suggesting that mitochondria in CAP sperm produce more
ATP, which could be required for sperm hyperactivation. To test this
idea, we inhibited ATP/ADP exchange between the mitochondria and
the cytosol by capacitating sperm in the presence of Atractyloside (ATR)
(an inhibitor of the adenine nucleotide translocase residing in the inner
mitochondrial membrane). Measurements with CASA, showed that the
percentage of hyperactivated sperm was significantly lower in sperm
treated with ATR than in those treated with vehicle (26.57 Mean + 5.95
SD, n = 10, vs. 34.02 Mean + 8.77 SD, n = 9, P < 0.01, Fig. 6A). To
exclude the possibility that ATR impaired hyperactivation by directly
inhibiting CatSper, we used Fluo-4 AM fluorescence to measure Ca*
influx through CatSper in the absence and presence of ATR. This
experiment confirmed that ATR did not inhibit Ca®" influx through
CatSper channels (Supplementary Fig. 7B). It is noteworthy that the
percentages of hyperactivity inhibition were very similar when sperm
were incubated in the presence of Ru360 or ATR, (35.77 Mean + 26.85
SD, n = 6, vs. 26.42 Mean + 10.41 SD, n = 6; Fig. 6B). This result
suggests that Ca®" entry into mitochondria during capacitation is
important for the ATP production involved in sperm hyperactivation.

Table 4

Percentage of hyperactivation from Fig. 5E. Hyperactivated motility was
measured with CASA in NC, CAP (Control), and CAP+20 pM Ru360 samples at
different [Ca®"]. Independent t-test was used to evaluate statistical significance
between NC, CAP and CAP + Ru360 groups at the same [Ca®'].

Extracellular [Ca®*] Wild-type p-value
mM
Mean SD n
0 NC 0 2.50E- 4 0.197
03
CAP 5.0865 6.1481 4 0.91
CAP + 3.8123 7.3331 5
Ru360
0.5 NC 10.6899  4.3254 6  0.035
CAP 22.1885  9.6493 6 0.04
CAP + 12.85 5.283 6
Ru360
1 NC 9.2572 7.7815 6 0.01
CAP 25.8553  10.9269 7 0.03
CAP + 17.4244  7.8503 7
Ru360
2 NC 11.5959  9.2466 5 0.022
CAP 28.3665 10.678 6 0.03
CAP + 17.7953  10.2253 6

Ru360
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4. Discussion

Together, our data support the following model (Fig. 7): CatSper
channel activation during sperm capacitation induces Ca®* influx and an
increase in cytoplasmic [Ca®*]. This increase in intracellular [Ca®*]
starts in the principal piece, propagates through the midpiece, and
reaches the head in a few seconds [15]. The MCU then transports Ca®t
into the mitochondria, leading to increased mitochondrial efficiency,
which promotes sperm hyperactivation and sperm’s ability to fertilize
an oocyte.

The role of mitochondria in mammalian sperm function, quality, and
fertilization ability has been intensely debated for several years [12,14,
25,26,35]. The contribution of mitochondria to sperm bioenergetics is
unclear, and the source of the ATP used for sperm motility and hyper-
activation has been long debated. The studies carried out in several
species have provided different or conflicting results. In mouse sperm,
glycolysis-produced ATP is sufficient to sustain progressive motility [12,
27]. Conversely, in human sperm, a strong correlation has been noted
between mitochondrial functionality and sperm motility or overall
quality [28,29]. Therefore, one idea is that sperm have versatile

Sperm Midpiece

Extracellular

Intracellular

MCU
ADP

0 o

AT

metabolism, allowing them to use species or environment dependent
mechanisms for energy production [29,30].

Here, we measured mitochondrial activity in NC and CAP mouse
sperm by two independent methods. First, we used HRR to measure
mitochondrial oxygen consumption in intact and motile sperm cells [16,
31,32]. During capacitation, mitochondrial coupling efficiency
increased, indicating that mitochondrial electron transport chain is
more closely coupled to ADP phosphorylation in CAP sperm than in NC
sperm. Additionally, we noted an increase in RCR in CAP sperm, sug-
gesting that mitochondrial function improved to increase ATP produc-
tion, or to maintain the elevated MMP. However, the reserve respiratory
capacity, which reflects the capacity of sperm to respond to energy de-
mands, was not modified in CAP sperm, suggesting that sperm operate
close to their bioenergetic limit [17]. As a second method to study
mitochondrial function, we used the voltage-sensitive dye TMRM to
measure sperm MMP both at the sperm population, and single cell level,
observing an increase in MMP and mitochondria function [33]. There-
fore, we conclude that sperm mitochondrial function increases during
capacitation.

Our work has a significant advantage over previous findings

Sperm Principal Piece

CatSper

Ca**

Fig. 7. Proposed model for a role of sperm mitochondria in capacitation/hyperactivation processes. CatSper activation during capacitation determines Ca*"
influx and the increase in cytoplasmic [Ca2*], that starts in the sperm principal piece, propagates through the midpiece, and reaches the head in a few seconds (20).
Our data shows that the Ca®* propagation through the midpiece leads to an increase in mitochondrial Ca®>* mediated by MCU. The increase in mitochondrial Ca**
translates into an increase in mitochondrial efficiency that in turn promotes hyperactivation and in-vitro fertilization. Other molecular mechanisms involved in this
pathway (e. g. possible role of the redundant nuclear envelop) need to be elucidated.
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regarding a role of mitochondria in sperm capacitation. Our study was
conducted in intact and motile sperm, while earlier studies have used
non-physiological conditions (permeabilized and/or non-motile sperm)
[13,14,34-36] .

Our experiments done in the presence of mitochondrial function
inhibitors indicated that mitochondrial activity is not necessary for two
features of capacitation —AR and tyrosine phosphorylation— but is
contributing significantly to sperm hyperactivation and fertilization
ability. These findings are consistent with observations that sperm from
CatSper KO mice fail to hyperactivate and fertilize, but the AR and
tyrosine phosphorylation are unaffected [37]. Additionally, these find-
ings are consistent with our observation that sperm from CatSper KO
mice did not have an increase in RCR or MMP in capacitating conditions.
Although the downstream targets of the CatSper-mediated cytoplasmic
[Ca®*] increase have not been fully characterized [6,7], sperm from
CatSper KO have decreased NADH levels in the midpiece and a deficit in
ATP production [5,37]. It is possible that the tail-to-head propagation of
Ca?* initiated by CatSper activation triggers an increase in [NAD] and
may regulate ATP homeostasis [15]. Moreover, our finding that CatSper
channels are required for increased mitochondrial [Ca%'] in CAP sperm
adds a new role for the sperm-specific Ca®" channel.

Several lines of evidence suggest that, at least in somatic cells,
regulated Ca?" entry into mitochondria increases the efficiency of
oxidative respiration [38,39]. Mitochondrial [Ca2+] is considered a
central regulator of oxidative phosphorylation by mediating NADH
production and controlling activity of pyruvate dehydrogenase, iso-
citrate dehydrogenase, and o-ketoglutarate dehydrogenase [8,40].
Mitochondrial [Ca®*] also plays an important role in regulating ATP
synthase [8,39,41] and can trigger the release of pro-apoptotic agents by
the mitochondria [42]. However, the precise role of Ca®t in sperm
mitochondria is still under debate [11]. Some evidence suggests that
maintenance of mitochondrial Ca?* homoeostasis is essential for
motility regulation in human sperm [43] and bovine sperm [44,45].
Whereas in contrast, other studies reported that sperm mitochondrial
[Ca®'] is unaltered by mitochondrial uncoupling [46] and in bulls,
mitochondrial activity in hyperactivated sperm appears not to be
regulated by [Ca2+] [47]. Thus, the role of Catin sperm mitochondrial
Ca?* homoeostasis may be species-specific.

Our data showing that mitochondrial Ca?" uptake in mouse sperm
occurs through the MCU are consistent with similar findings in somatic
cells where MCU is known to control intracellular Ca®* signals, cell
metabolism, and cell survival [9,48]. Specifically, we found that the
MCU inhibitor Ru360 decreased mitochondrial [Ca2+] in mouse sperm
during capacitation and inhibited sperm hyperactivation. These results
agree with previous results showing that mitochondrial Ca®* contributes
to motility regulation in human sperm [43] and capacitation in bovine
sperm [45]. Proteomic studies have confirmed that human sperm
possess both MCU and MCU regulator 1 [11,49], so this protein may be
required for mitochondrial Ca®* uptake in human sperm as well. MCU
has a low affinity for Ca?" uptake [9,54], leading some to speculate that
CaZ" transfer into mitochondria occurs at highly specialized regions of
close contact between mitochondria and endoplasmic reticulum called
mitochondria-associated membranes [9]. Some of the molecular com-
ponents of mitochondria-associated membranes are present in sperm,
distributed in the acrosome and at the sperm neck and anterior mid-
piece. Endoplasmic reticulum in this location is referred to as the
redundant nuclear envelope [47,51]. Further studies are needed to
determine whether these sites of contact between the redundant nuclear
envelope and mitochondria participate in the increase of mitochondrial
[Ca2+] during capacitation.

In conclusion, our results show that mitochondrial activity (i.e., ox-
ygen consumption, generation of the electrochemical gradient, ATP/
ADP exchange) increases during sperm capacitation and this increase in
activity contributes to sperm hyperactivation and sperm fertilization.
The increase in mitochondrial coupling efficiency is consistent with
Ca?' influx through CatSper channels and Ca®! entry into the
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mitochondria through the MCU. This increase in mitochondrial Ca?*
could translate either into an increase in ATP production due to the Ca®*
dependency of many of the mitochondrial enzymes, or play a role in
shaping intracellular calcium signals. Both mechanisms, acting inde-
pendently or together, would be relevant to achieve sperm hyper-
activation. Our discovery of new mechanisms that explain sperm
function may lead to the use of new molecules for fertility treatments
and male contraception.
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