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ABSTRACT

Sperm motility is essential for fertilization. The asymmetry of flagellar beat in spermatozoa is
finely regulated by intracellular calcium concentration ([Ca?*];). Recently, we demonstrated that
the application of high concentrations (10-20 ©M) of the Ca?* ionophore A23187 promotes sperm
immobilization after 10 min, and its removal thereafter allows motility recovery, hyperactivation,
and fertilization. In addition, the same ionophore treatment overcomes infertility observed in sperm
from Catsper1~/'—, Slo3~/~, and Adcy10~/~, but not PMCA4~'~, which strongly suggest that regulation
of [Ca?*]; is mandatory for sperm motility and hyperactivation. In this study, we found that prior to
inducing sperm immobilization, high A23187 concentrations (10 uM) increase flagellar beat. While
5-10 uM A23187 substantially elevates [Ca®"]; and rapidly immobilizes sperm in a few minutes,
smaller concentrations (0.5 and 1 M) provoke smaller [Ca®*]; increases and sperm hyperactivation,
confirming that [Ca®*]; increases act as a motility switch. Until now, the [Ca%*]; thresholds that
switch motility on and off were not fully understood. To study the relationship between [Ca%*]; and
flagellar beating, we developed an automatic tool that allows the simultaneous measurement of
these two parameters. Individual spermatozoa were treated with A23187, which is then washed
to evaluate [Ca?*]; and flagellar beat recovery using the implemented method. We observe that
[Ca?*]; must decrease below a threshold concentration range to facilitate subsequent flagellar beat
recovery and sperm motility.
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Summary Sentence

A novel semiautomatized tool that simultaneously monitor [Ca%*]; and motility reveals the require-

ment of a [Ca?"]; threshold for flagellar beating control.
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Introduction

Spermatozoa acquire fertilizing capacity in the female tract in a pro-
cess known as capacitation. As part of capacitation, sperm change
their motility pattern (i.e., hyperactivation) and acquire the ability to
undergo a physiologically induced acrosome reaction. At the molecu-
lar level, capacitation is associated with a fast increase in cAMP syn-
thesis followed by activation of the cAMP-dependent kinase (PKA).
In addition, capacitation induces changes in the concentration of
intracellular calcium ([Ca*];). Pharmacological and genetic loss-
of-function experiments have shown that both cAMP and Ca®*-
dependent pathways are involved in capacitation (for review see [1]).
In particular, it has been shown that cAMP increases the frequency of
flagellar beating and that Ca®* is required for the increased asymme-
try of flagellar movement associated with hyperactivation (reviewed
in [2, 3]). On the other hand, Ca>* gain-of-function experiments
showed that addition of Ca?* ionophore A23187 produced a fast in-
crease in [Ca®*]; accompanied by complete loss of sperm motility [4,
5]. However, after washing out the Ca?* ionophore, sperm gained
hyperactive motility and fertilizing capacity even when PKA was
inhibited. These experiments suggested that a transient exposure to
A23187 could be used to overcome defects in capacitation-associated
signaling. Indeed, we recently showed that the short A23187 incuba-
tion approach induced hyperactivation and fertilization capacity in
vitro of spermatozoa from sterile mice models, such as those lacking
the sperm-specific Ca>* channel complex CatSper (CatSper1~~), the
sperm-specific K™ channel SLO3 (Slo3~/~), and the atypical soluble
adenylyl cyclase Adcy10 (Adcy10~-) [6].

Altogether, these data suggest that the effect of intracellular Ca>*
concentration ([Ca®*];) on sperm motility is biphasic. On the one
hand, an increase in [Ca®*]; is required for hyperactivation; how-
ever, when it becomes too high after exposure to A23187, sperm
stop moving. At present, it is not known why flagellar movement is
inhibited in these conditions; however, the aforementioned experi-
ments clearly showed that this A23187 effect is reversible, suggesting
that upon washing the A23187 ionophore, [Ca?*]; is reduced to a
threshold concentration that removes the block.

Sperm flagellar regulation depends on the coordinated interplay
of external and internal parameters and the molecular events occur-
ring in the flagellum. Among them, [Ca?*]; plays a central role. Given
the large number of linear and nonlinear variables that arise from
Ca’* interactions, theoretical models are needed to gain a better in-
sight into the essential features of the system (reviewed by [2, 7]). In
addition to the usefulness of models as descriptive tools, they provide
predictive frameworks for hypothesis generation and the possibil-
ity of addressing questions that are experimentally unanswerable at
present due to technical limitations. A model for hyperactivation in
mammalian spermatozoa was developed considering some detailed
signaling processes pertaining to flagellar beating and its ensuing hy-
drodynamic implications [8]. However, signaling, detailed [Ca®*];
changes and motor responses have not been integrated yet.

In this work, we examined if there are different thresholds for
motility inhibition and activation by determining sperm motility un-
der different A23187 treatments, alongside simultaneously measur-

ing [Ca®*]; and flagellar beating in sperm attached to laminin-coated
coverslips. Throughout the text we use the term flagellar beating
when qualitatively determining flagella movement in relation to its
initiation or inhibition, or more precisely, as a change in the midpiece
curvature over time. The extent to which flagellar beating depends
on a [Ca’*]; threshold was investigated using imaging techniques
designed to mathematically correlate [Ca>*]; with flagellar beating.
To achieve this, we defined a flagellar angle by considering how the
sperm flagellar midpiece oscillates in relation to a fixed point in the
head and plotted changes in the variance (S?) of this flagellar angle
as a function of time. We found that (1) [Ca?*]; can be controlled
by limiting A23187 concentrations and that the ionophore effect is
time dependent; (2) A23187 removal resulted in [Ca®*]; reduction
which was correlated with an increase in flagellar movement; and
(3) the use of the S? function indicates that after removing A23187,
movement is re-initiated only when [Ca?*]; falls below a threshold
concentration.

Materials and methods

Sperm preparation

Experimental protocols were approved by the University of Mas-
sachusetts and the Instituto de Biotecnologia/UNAM Animal Care
Committees. In all experiments, cauda epididymal mouse sperm
were collected from CD1 mature males (10-12 weeks old) by swim-
up in Toyoda-Yokoyama-Hosi (TYH) media at 37°C for 15 min.
TYH medium contains 119.4 mM NaCl, 4.7mM KCl, 1.7mM
CaCl,.2H,0, 1.2mM KH,PO4, 1.2mM MgS0O4.7H,0, 0.5 mM
Na-pyruvate, 5.6 mM glucose, 20 mM HEPES, and 5 mg/ml bovine
serum albumin (BSA) only to wash. The medium was maintained at
pH 7.3.

Live [Ca%"]; imaging in individual mice sperm

For [Ca®*]; recordings, the obtained sperm were incubated with
2 uM Fluo-4 AM and 0.05% Pluronic acid during 40 min in TYH
under noncapacitating conditions. Once loaded, sperm were immo-
bilized on mouse laminin (1 mg/ml) coated cover slips. Unattached
spermatozoa were removed by gentle washing and the chamber was
filled with recording medium (TYH). Recordings were performed at
37°C using a temperature controller (Harvard Apparatus, model
202A). Sperm were viewed with an inverted microscope (Nikon
Eclipse Ti-U) and an oil immersion fluorescence objective (Nikon
plan Apo TIRF DIC H/N2 60x/1.45 NA). A pre-centered fiber illu-
minator, Nikon Intensilight-CHGFI (Nikon), was used as the light
source. For excitation and emission collection of Fluo-4 fluorescence,
the filter set GFP 96343, D: 495, Exc: 470/40, barrier 525/50 (Nikon)
was used. Fluorescence images were acquired with an Andor Ixon 3
EMCCD camera model DU-8970-C00#B (Andor Technology) under
protocols written in Andor iQ 1.10.2 software version 4.0. Imaging
experiments were recorded at different frequencies depending on
the particular requirements of each protocol. Slow capture proto-
cols were performed at 1 or 0.2 frames per second (FPS), while fast
capture protocols were performed at 40-50 FPS.
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A23187 incubation and washing protocol

For A23187 incubation, Fluo-4 loaded noncapacitated sperm were
attached to laminin-treated coverslips at low concentrations (density)
to allow appropriate semiautomated detection. In these experiments,
sperm were incubated with 10 uM A23187 during 10 min until im-
mobilized. For control experiments, 10 ©M A23187 was maintained
without washing. The A23187 washing protocol consisted of com-
pletely removing the solution and refilling the recording chamber
with A23187-free TYH BSA supplemented media three times be-
fore starting the recordings. Randomly selected single spermatozoon
were recorded for 2—-7 min until finding one which started moving.

Sperm motility analysis using CASA

Mice cauda sperm were collected from CD-1 males described above.
Both cauda epididymis were placed in 1 ml of TYH media. After 10
min, incubation at 37°C (swim-out), epididymal tissue debris were
removed, and the suspension adjusted to a final concentration of 1-2
x 107 cells/ml and divided into five aliquots with 15 mM HCO~;
and 15 mg/ml BSA. Four aliquots were supplemented with 0.5, 1,
5, and 10 uM A23187 and to the final aliquot an equivalent fi-
nal concentration of DMSO (as a control) and further incubated at
37°C. Afterwards, sperm cell hyperactivation and motility percent-
age were measured at time points 1, 2, 3, 10, and 60 min by CASA
system (Hamilton Thorne Research, Beverly, MA). The default set-
tings include the following: frames acquired: 90; frame rate: 60 Hz;
minimum cell size: 4 pixels; static head size: 0.13-2.43; static head in-
tensity: 0.10-1.52; static head elongation: 5~100. Sperm with hyper
activated motility, defined as motility with high amplitude thrashing
patterns and short distance of travel, were sorted using the criteria
established by Goodson et al. [9]. The data were analyzed using the
CASA nova software [9]. At least 20 microscopy fields corresponding
to a minimum of 200 sperm were analyzed in each experiment.

Semiautomatized detection program implementation
Fluorescence TIFF image stacks were processed using an FFT (Fast
Fourier Transform) spatial bandpass filter embedded in the Image]
software (https://imagej.nih.gov/ij/). The criterion to define the pa-
rameters of the filter depends on the experimental setup. In our case,
the goal was to enhance the structures between 3 and 40 pixels of
width, where the lower limit corresponds to the flagellar width and
the upper limit to the head size. After the filter, a threshold binariza-
tion splits the image into information corresponding to the cell and
the background. A homemade algorithm written in java with the
Netbeans IDE software 8.1 (https:/netbeans.org/index.html) was
implemented to split the cell into two main regions, the flagellum
midpiece and the head (Figure 5, center panel). The implemented
algorithm was able to simultaneously measure fluorescence, area of
the midpiece, and angle changes between head (independently) and
midpiece. The “center of mass” of the head was estimated through
the coordinates obtained from the segmentation information (blue
area). This point is shown as P1 in Figure SE and F. Assuming a
constant density, the center of mass was estimated as:

1
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where the set{r;}/"_ , corresponds to the coordinates of the pixels
that integrate the area of the head. Figure SE shows, at the beginning
and the end of the midpiece, points P2 and P3, respectively. These
points were found through the connected components algorithm. As
shown in Figure SE, right panel, the P1 and P2 points define a vector

that goes from the center of the head to the beginning of the middle
piece; P1 and P3 define a vector that begins in the center of the head
and finishes at the end of the midpiece. The angle between these two
vectors was calculated as angle = arcsin( %), and is an estimate
of the curvature of the midpiece. We refer to this angle as y since it
is equivalent, but not the same, to the o angle measured by [10]. To
more clearly detect when and how the flagellum is beating over time,
the instantaneous variance (S?) of the angle y, defined as its variance
estimated within a small temporal window, as compared to the total
length of the original time series. Its mathematical definition is as

follows:
1 (t+At1)
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where 6 is the original variable that measures the curvature of
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the flagellum, At is the temporal window size over the summation,
Omean, ar) 1s the average in the interval (t, t + At), and o(t) is the
instantaneous variance as a function of the time, which takes values
in the interval 1 < t < N-At, where N is the total length of the
time series. In the context of this work, At = 50, N~5000. Small
values of S%(¢) represent a nearly immotile flagellum, while large
values indicate vigorous movement. Significant changes in S* reflect
transitions from immotility to dynamic activity of the flagellum, or
vice versa. This representation of flagellar movement was chosen
instead of the angle because it eliminates a significant amount of
noise that comes from the segmentation process. Figure SF shows an
example of these two variables.

Statistical analysis
Results were statistically analyzed using a Student #-test employing
Origin software 6.0.

Results

We have previously shown that spermatozoa become immotile after
incubation with Ca>* ionophore A23187 for 10 min; however, when
the ionophore is washed out by centrifugation, motility recovers and
sperm undergo hyperactivation. These data suggest that there is a
direct relationship between [Ca®*]; and sperm motility. To evaluate
this possibility, we added 10 uM A23187 to Fluo-4-loaded mice
spermatozoa and simultaneously recorded [Ca®*]; changes and flag-
ellar beating in sperm attached to laminin. These sperm are bound to
the slide by their head; in spite of this, their flagella are freely mov-
ing and can be observed via time lapse recording. Figure 1A, upper
panel, and Supplemental Movie 1 show that A23187 addition pro-
motes a rapid and sustained [Ca?*]; increase in all sperm in the field,
as indicated in the example shown in the right panel trace. These im-
ages also revealed that after 10 min most sperm become completely
immotile as previously reported. However, at shorter time points
(5-20 s) after A23187 application, this ionophore transiently in-
duces vigorous motility. This phenomena can be clearly observed in
Figure 1B thatillustrates two sperm from Figure 1A (see white rectan-
gle at the image corresponding to 100 s in Figure 1A and Supplemen-
tal Movie 2) viewed at higher magnification. Blue and yellow arrows
in these images indicate the positions of sperm tails which show
considerable changes in flagellar movement observed shortly after
A23187 addition and the image sequence shows that these changes
in flagellar beating were accompanied by fluorescence increases in
the indicated sperm. These images were obtained at relatively low
time resolution (0.45 FPS) which makes it difficult to observe the
beating of the sperm flagella. Therefore, to observe flagellar beating,
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Figure 1. [Ca®t]; response promoted by 10 M A23187 increases flagellar beating before producing sperm immobility. (A) Time series of fluorescence images
showing that 10 ©M A23187 application promotes a rapid and sustained [Ca?t]; increase in mouse spermatozoa. The sustained [Ca?*]; increase leads to
immobility of all spermatozoa in the field towards the end of the recording (see panels at 300-600 s). (B) Fluo-4 fluorescence still images at different times
correspond to a zoom area of Figure 1A (see white rectangle) illustrating that A23187 application increases flagellar beat (indicated by blue and yellow arrows)
before producing sperm immobility at longer times. (C) Fluorescence images obtained at 10/FPS showing that A23187 application increases principal piece

beating that stops at sec 300 (n = 4 mice). (Please see the online version for the color figure.)

the same experiments were conducted at a greater time resolution
(810 FPS). While conducting these experiments, we observed that,
before becoming immobilized, most spermatozoa showed a tempo-
rary increase in the sperm flagellar beating shortly after addition of
A23187; this phenomena can be clearly observed in Supplemental
Movie 3 and Figure 1C (yellow arrow). These findings suggest that
the relationship between [Ca’*]; and flagellar beating is biphasic.
While [Ca?*]; elevation increases flagellar beating, once a threshold
concentration is surpassed, Ca>* activates signaling pathways that
negatively regulate sperm movement.

To further test the relationship between [Ca?*]; and motility,
sperm loaded with Fluo-4 were incubated in the presence of in-
creasing A23187 concentrations (0.5, 1, 5, and 10 uM), attached to
laminin, and fluorescence and flagellar movement monitored simul-
taneously (Figure 2). The fluorescence time projections in Figure 2A
and the corresponding [Ca®*]; traces in Figure 2B show represen-
tative results of these experiments. Images and traces illustrate that
the kinetics and magnitude of the [Ca?*]; changes depend on the
A23187 concentration applied. To evaluate how different [Ca®*];
levels correlated with flagellar beating, temporally integrated im-
ages created using Image ] (https://imagej.nih.gov/ij/) are shown in
Figure 2A. These temporal projections represent the maximum inten-
sity value obtained for each pixel in the Ca?t image stacks, over a
30-s sampling window applied in basal conditions, and again at
both 2- and 10-min post-application of A23187 (Figure 2C). Be-
cause these images combine many frames, in motile flagella the in-
crease in [Ca®*]; is spatially integrated across neighboring pixels (i.e.,
2 min, 5 uM A23187). In contrast, static flagella (10 uM A23187)
remain confined to a smaller pixel array and integrate the Ca* in-
crease across a wide group of pixels. In the case of 0.5 uM A23187,
the spatial distribution of the Ca?* signal is broad, but because
[Ca?*]; is lower, there is less fluorescence. Overall, the temporal
projection allows qualitative monitoring of flagellar beating changes
within a 30-s time window. These results demonstrate that higher
[Ca?*]; levels are reached at earlier times when higher A23187 con-
centrations are applied. Consistent with an inhibitory Ca?* effect
at high concentrations, flagellar beating was inversely correlated
to A23187 concentration. Interestingly, in the presence of 0.5 and

1 uM A23187, spermatozoa remained motile after a 10-min expo-
sure. We further quantified the percentage of immobilized sperma-
tozoa at varying times following treatment with different A23187
concentrations. Bars in Figure 2C indicate that [Ca®*]; changes and
motility are related. While higher A23187 concentrations (5 and
10 uM) promote flagellar immobilization, lower concentrations (1
and 0.5 uM) do not.

Although single-cell experiments shown in Figures 1 and 2 were
indicative of a biphasic [Ca®*]; effect upon flagellar beating, in
these experiments, spermatozoa were attached to coverslips. To an-
alyze the extent to which [Ca?*]; increases affect swimming pa-
rameters in entirely free-swimming spermatozoa, we evaluated their
flagellar movement using computer assisted sperm analysis per-
formed with the CASAnova software [9] (Figure 3 and Supplemental
Figure S1). Consistent with our observations with laminin-attached
sperm, all A23187 concentrations initially increased the overall per-
centage of progressive (Supplemental Figure S1) and hyperactive
sperm (Figure 3B-E) when compared with controls obtained us-
ing standard capacitation media (Figure 3A). However, while the
lowest concentration tested (0.5 ©M) maintained and increased the
percentage of hyperactive cells even after 60 min of incubation,
higher A23187 concentrations stopped sperm movement and con-
sequently hyperactivation in less than 10 min (Figure 3 and Supple-
mental Figure S1). Altogether, these results suggest that there are two
[Ca?*]; thresholds involved in sperm motility regulation; the first as-
sociated with the initiation of hyperactivation and a higher threshold
that results in a complete cessation of motility. An alternative exper-
imental design to examine the [Ca®*]; threshold would be to rapidly
increase [Ca®*t]; through treatment with 10 ©M A23187 and then let
the [Ca?*]; decrease by washing out the ionophore [5]. Population
analyses indicate that under these experimental conditions, motility
and hyperactivation are rescued (Figure 3F; [5]). Therefore, to test
the hypothesis that a particular [Ca®*]; threshold is associated with
the rescue of motility, [Ca?*]; and flagellar beating were analyzed si-
multaneously in single sperm. Briefly, sperm were loaded with Fluo-4
for 30 min in noncapacitating medium supplemented with BSA and
then attached to laminin-coated coverslips. Once attached, the cells
were exposed to 10 uM A23187 either continuously throughout the
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Figure 2. [Ca?*]; levels and sperm motility regulation depend on the concentration of A23187 applied. (A) Time projection analysis integrating 30 s of the
[Ca?*]; image stacks recorded at basal condition, after 2 and 10 min of the A23187 addition. (B) Representative traces corresponding to [Ca®*]; responses of
spermatozoa exposed to different A23187 concentrations. (C) Bar quantification of percentage of sperm immobility observed at 2, 4, and 10 minutes after each
A23187 concentration applied (average + SEM; n = 4 mice). (Please see the online version for the color figure.)

experiment, or after 10-min incubation the A23187 was washed out.
Sperm were observed for 30 min at a rate of 12 frames per minute.
Fluorescence images in Figure 4 indicate that sperm in continuous
presence of A23187 maintained saturating Fluo-4 fluorescence lev-
els during the whole period (Figure 4A and A’ and Supplemental
Movie 4). In addition, motility quantification indicates that sperm
become immotile in less than 10 min (Figure 4A” and Supplemen-
tal Movie 4). On the other hand, when A23187 was removed after
10 min of incubation, [Ca®*]; decreased (Figure 4B and B’) and
flagellar beating recovered (Figure 4B” and Supplemental Movie 5).
Notably, each spermatozoon showed different kinetics of fluores-
cence decrease and motility recovery (see the accumulative summary
in Figure 4B”). These results are consistent with previous evidence
from our group indicating that when high A23187 concentrations
are washed-out, sperm motility recovers and cells undergo hyperac-
tivation [S].

To enhance our ability to simultaneously detect [Ca®*]; and
motility, it is necessary to evaluate Fluo-4 fluorescence and move-
ment of single sperm at a higher time resolution (e.g., 40 FPS), which
required decreasing fluorescence light exposure to avoid cell damage.
For these experiments, Fluo-4 loaded sperm were attached to laminin
and exposed for 10 min to A23187 (10 uM). After this period, the
treatment was either continued (Figure SA) or ionophore was re-
moved (Figure 5B), and changes in fluorescence and movement of
single spermatozoa monitored for periods ranging from 1 to 3 min
depending on the dynamic recovery of each cell. Examples of single
A23187-treated spermatozoa under these conditions are illustrated
in this figure. To determine [Ca®*]; levels of single sperm at the mo-
ment when they recover motility, a semi-automatized image analy-

sis protocol was designed and implemented for the data presented
in Figure 5A and B, as described in Methods. Fluorescence image
temporal stacks (Figure 5C, left panel) were filtered using a spatial
bandpass filter and a binary threshold was applied. Once processed,
we applied the sequence of algorithms described in the Methods sec-
tion to segment the sperm midpiece and head regions (Figure 5C,
right panel). Using this strategy, we measured fluorescence changes
corresponding to [Ca?*t]; variations in the sperm head as a function
of time (Figure 5D and D’). The head was chosen as it remained in
the focal imaging plane at all times. An example of the automated
determination of [Ca®*]; changes is plotted in Figure SD”.
Complementary to fluorescence which is measured in a given
image area, to estimate flagellar beating, it is necessary to follow
changes in the position of the flagellum as a function of time. For
this purpose, we defined three detection points, as follows: one in the
center of the head (Figure SE, P1), the second point in the midpiece
immediately below the junction with the head (Figure SE, P2), and
the last point in the final section of the midpiece (Figure SE, P3).
To formulate a quantitative parameter, we define two vectors, one
from P1 to P2 (A in Figure SE) and the other one from P1 to P3
(B in Figure SE). The angle ¥ between these two vectors is a measure
of the curvature of the midpiece (Figure SE and material and meth-
ods for detailed information). The angular variation of midpiece
curvature as a function of time was automatically detected in the
spermatozoon shown in Figure SF and plotted in Figure SF’. When
the spermatozoon is not moving, the angle remains almost constant
(except for noise inherent to the measurement); on the other hand,
once movement begins the curvature angle varies continuously. A
convenient way to represent the alterations in y angle over time (S?)



[Ca?* ]; thresholds and sperm motility, 2018, Vol. 99, No. 5

1015

A Control
30
=20
.§
.§
5 107
£
I
0-
3 10 60
Time(min)
C 30, 1 uM A23187
X
é 20
[
=2
g
s 10
(<%
>
I
2 3 10 60
Time(min)
E
10 uM A23187
30,
R
5
-§ 20
._g
g 104
>
I
0-

1 2 3 10 60

Time(min)

B 0.5 pM A23187

30

Hyperactivation %

3 10
Time(min)
30 5 uM A23187
=2
§ 20
<
g
5 10
% N
| | .
0
1 2 3 10 60
Time(min)
A23187 Wash
=2
5
E
.g
g
>
T

5 15

30 45 60

Time(min)

Figure 3. Hyperactivation at different A23187 concentrations measured by CASA. Sperm treated with different A23187 concentrations (0.5, 1, 5, 10 uM)
were monitored at different time points 1, 2, 3, 10, 60 minutes to evaluate hyperactivation. (A) Control spermatozoa (without A23187) during capacitation.
Spermatozoa treated with A23187 at: (B) 0.5 uM, (C) 1 uM, (D) 5 uM, and (E) 10 «M. (F) Spermatozoa treated with 20 xM of A23187 for 10 min and then washed
by centrifugation. Hyperactivation was measured at different time points 5, 15, 30, 45, and 60 min. Bars represent average &+ SEM. The percentage of hyperactive

motile spermatozoa was obtained using CASAnova software (n = 3).

is by measuring and representing its variance over a rolling window
of 50 time points. This parameter improves the signal-to-noise ratio
in determining the angular variation of curvature over time and iden-
tification of the time at which motility is rescued (see Figure SF”).
Considering that angle evaluations are based on the continuous
detection of points P1, P2, and P3, and taking into account that the
image analysis procedure is semiautomated, the algorithm was pro-
grammed to discard data from spermatozoa whose flagella exit the
focal plane during the course of the experiment. Out-of-focus events
were detected using a pixel map of the sperm surface (Supplemental
Figure S2A) and measuring the number of pixels in each segmented
region over time. An example of a sperm midpiece exiting the focal
plane during recording is shown in panels corresponding to 28 and
43 s (Supplemental Figure S2B). The algorithm recognizes that the
analyzed region remained in focus when the pixel area value remains
constant; when this variable drops to zero, the program considers
that the corresponding region is completely out of focus (Supple-
mental Figure S2C). Cells identified as being out of focus were elim-
inated from the analyses. We evaluated the [Ca®*]; and the variance
of flagellar midpiece curvature in spermatozoa obtained from several
mice (n = 10). The results obtained from spermatozoa exposed to
10 uM A23187 without washing are illustrated in Figure 6A, while

those recorded from spermatozoa incubated with 10 uM A23187
and thereafter washed are shown in Figure 6B. Upper panels in
Figure 6A and B display single representative sperm fluorescence
images obtained during the experiments. Lower panels in the same
figures illustrate the same sequence after semiautomated segmenta-
tion and filtering. Graphs on the right display [Ca®*]; and the S? of
the midpiece curvature angle changes observed during the experi-
ments as a function of time. The results obtained from these analysis
indicate that in the continued presence of A23187 both [Ca’*]; and
S? of angle y remain unchanged, while after A23187 washing a
[Ca?*]; decrease is clearly observed, followed by an increase in S?
angle when spermatozoa start to move.

To evaluate the [Ca?*]; changes observed when immobilized
spermatozoa recover their flagellar beat after A23187 washing, we
quantified and compared the results obtained under two types of
experimental protocols: in the first, spermatozoa were exposed to
A23187 which was maintained for the extent of the recording, pre-
venting motility; in the second, spermatozoa were incubated with
A23187, but the ionophore was washed away before starting the
experiment. Figure 7A illustrates, with different colors, individual
sperm [Ca®*]; recordings normalized as F-FO/F0 in both unwashed
A23187 (left panel) and washed conditions (right panel). In the case
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Figure 4. Removal of 10 M A23187 restores [Ca?*]; levels and motility. (A) Fluorescence time images show that a 10 ©M A23187 addition maintains [Ca®"];
elevated and sperm immobility even after a 30-min recording. A. The fluorescence trace illustrates [Ca?*]; levels observed in the field during the recording. (A”)
Percentage of motile spermatozoa observed at different times after A23187 application. (B) Fluorescence images illustrate that after 10 min of incubation A23187
removal promotes a [Ca?t]; decrease to levels similar to basal conditions (B’). (B”) A [Ca?"]; decrease is followed by sperm flagellar beat recovery observed at
15 and 20 min after A23187 washing. (Please see the online version for the color figure.)

of the washed condition, the traces illustrate [Ca?*]; changes corre-
sponding to spermatozoa that recovered flagellar movement. When
A23187 is not washed, [Ca2*]; levels remain elevated and stable,
and fluorescence photobleaching is not significant during this time
interval. In contrast, individual recordings on the right panels of
Figure 7A show that previous removal of A23187 induces a contin-
uous [Ca®*]; decrease in those sperm that recover flagellar beating.
Figure 7B, left panel, summarizes results obtained in Figure 7A by
subtracting the fluorescence at the end of the experiment (FF) ob-
served in individual sperm after 2-3 min of recording minus the
fluorescence after A23187 treatment (F0O). More negative values (~—
0.025) correspond to larger changes in [Ca®*]; of A23187 washed
sperm that recovered motility, while values close to zero (~-0.003)
correspond to minimal changes in [Ca®*]; levels in cells that were
not washed. The difference between these two conditions is statisti-
cally significant (P < 0.001). This observation was confirmed by the
slope analysis of the normalized traces (F-FO/F0) during the [Ca®*];
determinations presented in Figure 7A. The results are shown on the
right panel of Figure 7B, which indicates that more negative slopes
are observed in cells after A23187 washing. We show that flagellar
beat recovery requires that [Ca?*]; levels decrease before sperm ini-
tiate flagellar movement following conditions of high intracellular
Ca?* levels induced by Ca**-ionophore treatment.

Next, we examined the extent to which a [Ca®*]; threshold corre-
sponds to the time at which the flagella regain their beating. For this
purpose, we analyzed washed spermatozoa comparing the [Ca®*];
of those that recovered motility vs. those that did not. To evaluate
the [Ca®*]; (defined as normalized fluorescence intensity) and its re-
lationship to the recovery of flagellar beating, we aligned in time
the [Ca®*]; and S* (semi-automated measure of variance of flagellar
midpiece curvature) traces; examples of these traces are illustrated
in Figure 7C. For further examination, we determined a fluorescence
value for each spermatozoon, classifying if they had recovered or
not their flagellum motility. The blue arrows in Figure 7C indicate
the time at which [Ca®*]; and S* were measured and plotted in D.
In washed spermatozoa that failed to recover motility, the time con-
sidered was at the end of the recording, as a measurement of photo-
bleaching, whereas for the case of spermatozoa that recovered their
motility after being treated with A23187, then washed, we recorded

the relative decrease in Ca?t level when S? changed. In Figure 7D
(left panel), we calculated the A value obtained from subtracting the
initial fluorescence value observed at the beginning of the recording
(IF) minus the value of fluorescence observed when the $? change
was detected (when S? increases above 3 standard deviations) for
the recovery condition, and at the end of the experiment for the
nonrecovery condition. The bars in Figure 7D, left panel, show that
larger differences are observed in sperm that recover flagellar beating
after washing out of A23187. The difference between conditions is
statistically significant with a P = 0.016. Finally, Figure 7D, right
panel, shows a histogram of the number of sperm displaying a certain
percentage of fluorescence, considering the maximal fluorescence in-
duced by A23187 as 100%, when their flagella started moving. The
results illustrate that flagellar beating initiates when sperm attain a
relatively narrow range of percent fluorescence values, i.e., [Ca’*];
levels, that is consistent with the existence of a threshold. Overall,
these findings indicate that after being paralyzed by a large [Ca®*];
increase due to A23187 addition, removal of the ionophore allows
[Ca?*]; to decrease, and upon reaching a threshold, the mouse sperm
flagella starts to beat.

Discussion

Ca?* is one of the key signaling molecules in sperm function. This ion
is essential for the spermatozoa to undergo hyperactivation and acro-
somal exocytosis. Though the regulation of flagellar beating is indeed
fundamental for reaching the egg and accomplishing fertilization, we
are far from fully understanding molecularly how Ca?* is involved.
In the mammalian sperm flagellum, Ca* influx is controlled mainly
by CatSper [11], a sperm-specific Ca>* channel formed by multiple
subunits [12-16]. Recently, CatSper was shown to localize to a newly
described structure composed of four longitudinal domains present
in the flagellar principal piece [17]. In addition to CatSper, these
unique longitudinal structures are also sites for association of other
Ca?*-dependent signaling proteins, calmodulin kinase I (CaMKII),
and PPP3CC (aka PP2B-Ay and calcineurin). Altogether, these pro-
teins appear to form signal transduction complexes mediating Ca>*
effects on sperm motility [17]. However, how Ca** regulates each
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Figure 5. Simultaneous detection of [Ca?"]; and motility of individual spermatozoa. Fluorescence image sequences at a higher time resolution (at 20-40 FPS)
used to implement the simultaneous detection of [Ca?*]; and flagellar beat of individual spermatozoa. Representative sperm images after: (A) application of 10
1M A23187 (control) and (B) after ionophore washing to recover motility. (C) Gray scale filtered images obtained from the image stack were used to implement
the detection method (left panel). From these images a segmented image (right panel) was obtained to monitor changes in head and flagella during automatized
parameter detection (see Methods). (D) In the segmented images, the sperm head, shown in blue, was used to detect (D’) fluorescence changes. (D”) Example of
fluorescence changes ([Ca?"];) detected in the head of one spermatozoon during fast time resolution experiments. In this case, the fluorescence decreased after
A23187 removal. (E) Implemented detection points to monitor flagellar midpiece movement (left panel). Diagram illustrating the changes of angle y evaluated
between the points of head and flagellar midpiece used to monitor beating modifications in spermatozoa during the experiments (right panel). (F) y angle change
determination using the detection points to monitor flagellar movement observed in one spermatozoon after A23187 removal. (F') y angle changes obtained by
the automatized program during the experiment in Figure 1F. (F”) (S?). Instantaneous variance of angle changes was used as a useful tool to determine changes
in motility. (Please see the online version for the color figure.)
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Figure 6. Simultaneous [Ca?t]; and S? changes measured by the automatized detection program in individual spermatozoa. (A) Representative simultaneous time
fluorescence images (upper panels) and their corresponding detection points (alternate panels) of spermatozoa after A23187 addition without washing (Control
A23187 No Washing). (B) Representative A23187 washing experiments. The traces display changes in [Ca?*]; (left panels) and S? angle of the corresponding

sperm (right panels). (Please see the online version for the color figure.)

of these proteins and the axoneme is not known. As [Ca®*]; is also
controlled by transporters and proteins that remove this cation from
the cytoplasm (e.g., the plasma membrane Ca?>t ATPase PMCA4
and the Na*/Ca®* exchanger), and by intracellular stores with
their corresponding Ca?* ATPase and Ca>* transporters [18], they
must also be considered to understand the orchestration of Ca®* in
sperm.

The finding mentioned earlier that transiently treating spermato-
zoa with A23187 overcomes the need for Adcy10 and PKA activation
strongly suggests that Ca®* signaling during capacitation is down-
stream of the cAMP pathway. These data are also consistent with
a model in which an initial increase in [Ca®*]; is required to induce
changes in flagellar beating necessary for hyperactivation. However,

2*]; is increased beyond a given threshold, flag-

2+

when the sperm [Ca
ellar motility ceases. Once the Ca*t ionophore is washed away,
Ca”* removal from the cytoplasm allows the spermatozoon to lower
[Ca®*]; to levels compatible with motility and hyperactivation [6].
In the present work, we tested some of the implications of this
model by visualizing flagellar beating and [Ca?*]; simultaneously
in spermatozoa attached to laminin. First, we showed that the ef-
fect of A23187 was time and concentration dependent. At all con-
centrations, addition of A23187 first induced an increase in flag-
ellar beating at 1 min. However, complete loss of motility was
observed when ionophore concentrations greater than 1 uM were
employed; spermatozoa incubated with 0.5 uM A23187 remained
motile. CASAnova analysis of sperm in suspension treated with in-

creasing A23187 concentrations rendered similar results. Initially,
all A23187 concentrations induced an increase in the percentage of
hyperactive sperm. However, only the 0.5 uM A23187 was able to
maintain motility for 1 h and achieve hyperactivation levels compa-
rable with those of capacitated sperm incubated without ionophore.
These experiments suggest that while the [Ca?*]; reached with
0.5 uM A23187 is in the range required for sperm to gain hyper-
active motility, higher [Ca®*]; results in motility loss. As previously
shown [5, 19], removing A23187 from the incubation media re-
sulted in complete motility recovery and an elevated percentage of
hyperactive sperm.

To further investigate the hypothesis that a threshold [Ca?*]; ex-
ists that mediates whether Ca®* stimulates, or inhibits sperm motil-
ity, we simultaneously monitored Fluo-4 fluorescence (correlated
with [Ca?*];) and flagellar beating of laminin-attached spermato-
zoa. This method was used to analyze sperm treated with 10 uM
A23187 for 10 min and washed with media without A23187. Ini-
tial experiments indicated that the majority of the A23187-treated
sperm recover their motility within 10 min. As these studies were
done at a slow frame rate, a faster acquisition rate (10 FPS) was
used to detect the exact moment when the sperm flagellum starts
to beat, and subsequently correlate this event with [Ca?*]; changes.
Using this higher frame rate, we followed individual sperm for al-
most 3 min. Every sperm that recovered its motility within this time
period showed a decrease in Fluo-4 fluorescence. Given that it is
complicated to follow individual sperm in motion, we implemented
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Figure 7. [Ca?*]; threshold determines motility recovery. (A) Normalized fluorescence changes (F-FO/F0) in time corresponding to A23187 no washing (left panel)
or A23187 washing (right panel) protocols. (B) Bars showing average of FF-FO/FO (final fluorescence-fluorescence after ionophore treatment) of spermatozoa
after A23187 no washing and A23187 washing protocols. In the washing case, FO is the fluorescence just after ionophore removal. Differences are statistically
significant (P = < 0.001, n = 8 mice). Right panel compares the slopes values obtained from the F-FO/FO fluorescence traces of sperm exposed to A23187 no
washing vs. A23187 washing protocol. (C) Traces corresponding to S? changes (red) and normalized (F-FO/F0) fluorescence ([Ca?*];) (black) for A23187 washed
sperm that did not recover or recovered flagellar beating. Blue arrows indicate the moment that fluorescence values were measured for each condition. (D)
Left panel shows the A value of IF (Initial fluorescence)—EF (End fluorescence) normalized, observed in A23187 treated spermatozoa. EF was considered at the
moment S? increased above three standard deviations, for the recovery condition, and at the end of the experiment for the nonrecovery condition. The IF-EF
differences in these two conditions were statistically significant (P = 0.02, n = 10 mice). Right panel illustrates the histogram of the number of sperm displaying
defined intervals of fluorescence values at the time when their flagella initiated moving (when S? changed as defined above). Fluo-4 fluorescence ranged from 0
to 255, the saturation value inside sperm caused by 10 ©M A23187. Fluorescence values were normalized considering 255 as 100%. The histogram is reasonably
well fitted by a normal distribution (red). (Please see the online version for the color figure.)

a sensitive semiautomated methodology that segments the sperm
head and midpiece, simultaneously measures Fluo-4 fluorescence in-
tensity, and quantifies flagellar midpiece curvature. The algorithm
automatically determines three points in the sperm considering the
head and midpiece centers of mass, defines two vectors (see Figure SE
and Methods) and measures the angle between them over time. The
presence or absence of curvature angle changes correlate to the pres-
ence or absence of flagellar beating. We measured the variance of a
50 time point window of this angle as a function of time (%) to detect
when sperm start moving. Once movement was detected, the level
of Fluo-4 fluorescence intensity relative to the initial fluorescence
value, corresponding to the moment or flagellar beating transition,
was determined.

Our observations indicate that there is a correlation between a
defined range of [Ca?*]; and the initiation of flagellar beating, as
detected by a sudden S? increase. As expected, the [Ca?*t]; level of
A23187 treated-then-washed spermatozoa was significantly lower
than concentrations determined in nonwashed spermatozoa. In ad-
dition, washed cells showed a defined rate of [Ca2"]; decrease that
was not observed in nonwashed cells. On the other hand, some of the
washed cells did not recover motility in the recorded 3-min time win-
dow. When comparing A23187 washed sperm that did not recover
with those that recovered, cells with higher S? values and flagellar
movement display a significantly larger and faster rate of [Ca®*];
decrease. Finally, the distribution of fluorescence values ([Ca*]; lev-
els), within the full fluorescence range, displayed by sperm at the time
flagellar beating initiates is consistent with the existence of a [Ca®*];
threshold. Overall, our findings suggest that after losing motility due
to a large [Ca®*]; increase caused by A23187, ionophore removal

leads to a [Ca®*]; decrease, which upon reaching a threshold, permits
mouse sperm flagella to regain movement.

Earlier work had established in detergent-treated mammalian
sperm that there is a Ca®>* dependence on flagellar curvature [20,
21]. In these experiments increasing Ca>* levels, within a physiolog-
ically relevant range, resulted in more asymmetric flagellar beating.
In addition, high Ca>* concentrations inhibited flagellar movement
[22,23]. Though not fully established, evidence is consistent with the
hypothesis that Ca®* differentially affects distinct dynein arms of the
axoneme to influence beat cycle parameters [3, 24, 25]. In nonmam-
malian sperm axonemes, Ca?*-sensitive elements have been found
in the outer arms [26, 27, 28] in the drc/nexin [29], and on the spoke
shafts [30]. In addition, Ca?*-binding proteins such as Calmod-
ulin and Centrin have been reported associated to the mammalian
sperm axoneme [31]. Therefore, our observations are consistent
with [Ca?*]; finely orchestrating when and how the sperm flagella
beats.

Ca?*t appears to disproportionately influence dynein motors sit-
uated on one side of the ring of dynein doublets [3, 25, 32]. It is
suspected that high [Ca®*]; levels may lock certain dyneins into a
sustained activation state which impedes switching with the period
of the beat cycle [32, 33, 34], due to the production of force and
bending torque acting to bend the flagellum in one direction. This
would explain why high [Ca?*]; arrests many types of cilia and flag-
ella [35].

In the present work, we have found, using the ionophore A23187
as a tool to control [Ca®*];, that it is likely that there are at least two
thresholds: one above which the flagellum immobilizes and below
which flagellar beating starts and eventually becomes asymmetric,
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and a lower one where beating is more symmetrical and constant. It
is known that detergent demembranated flagella from several mam-
malian sperm beat in an activated manner in the presence of ATP
with as low as 30 nM of Ca®*. Raising Ca’* to around 100 nM
initiates hyperactivation which is fully achieved at hundreds of nM
[25, 36]. These values are not far from [Ca®*]; determined in live
mammalian sperm [37]. Interestingly, fast [Ca®*]; oscillations that
correlated to the beating flagellar frequency have been reported in
hamster spermatozoa swimming in a restricted volume [37], and very
recently in human spermatozoa flagella beating in three dimensions.
These detected fast [Ca*]; oscillations, which are independent of
Ca®* uptake through ionic channels and are correlated with flagel-
lar beating frequency, could reflect changes in the association of this
ion with Ca?*-binding proteins that regulate axonemal beating [38].

Surprisingly, once utilized to in vitro fertilize oocytes, sperm
treated with ionophore increased the percentage of two-cell embryos
arriving to blastocyst stages. Considering that A23187 has already
been used in the clinical setting to activate metaphase Il-arrested
oocytes, applying a pulse of A23187 has potential to be used to treat
sperm from infertile patients. This potential clinical application high-
lights the relevance of understanding the role of [Ca®*]; thresholds at
the basic level documented in the present work. Our novel strategy to
follow simultaneously [Ca®*]; and motility in sperm recovering from
A23187 treatment could potentially allow studies of the dynamics
of [Ca*]; signals that regulate sperm hyperactivation. The next step
will be to establish quantitatively the concentration value of those
thresholds involved in the regulation of different flagellar beating
modes. Precise measurement of [Ca®*]; values can be accomplished
using either ratiometric dyes or two different dyes recorded simulta-
neously at fast rates (thousands/s). These experiments are challenging
and required the use of new and improved acquisition techniques.
However, advancement in detection systems, the possibility of using
transgenically encoded dyes [39], and the continuous development
of faster recording cameras presuppose that precise and quantitative
[Ca?*]; measurements in sperm will be accomplished.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. CASA motility parameters. Motility pa-
rameters measured by CASA obtained at different experimental
conditions. (A) Control sperm (no A23187 added) during capac-
itation. Sperm treated with the following A23187 concentrations:
(B) 0.5 uM, (C) 1 M, (D) 5 uM, and (E) 10 uM of A23187. (F)
Sperm treated with 20 uM of A23187 for 10 min and then washed
by centrifugation. Measurements were done at 3, 15, 30, and 45 min
except for A23187 wash, where one extra time point at 60 min was
taken. Bars represent average == SEM. The percentage of the indi-
cated parameter was obtained using CASAnova software (n = 3);
S = slow, W = weak, I = intermediate, P = Progressive, TM = Total
motility.

Supplemental Figure S2. Area change detection. (A) Pixel map from
a segmented sperm. These maps were used to detect focus variations
during the automatized parameter recordings. (B) Changes in area
pixels detected while one sperm defocuses during the recording. (C)
Area in pixels plotted during automatized detection.

Supplemental Movie 1. Fluorescence recording showing that
A23187 addition promotes a rapid and sustained [Ca®*]; increase in
all sperm in the field. The movie corresponds to 10 min of recording
and was acquired at 0.2 FPS.

Supplemental Movie 2. Fluorescence imaging showing a higher mag-
nification of the field in Movie 1.The recording shows two cells that
increase flagellar beating after A23187 application before becom-
ing completely immobilized. The movie corresponds to 10 min of
recording acquired at 0.2 FPS.

Supplemental Movie 3. Fluorescence video illustrating a field of
sperm exposed to 10 uM A23187. The movie corresponds to
2 min of recording and was acquired at 8 FPS.

Supplemental Movie 4. Fluorescence time images showing that after
a 10 uM A23187 addition the [Ca®*]; levels and sperm immobi-
lization are maintained during 30 min of recording. The movie was
acquired at 0.2 FPS.

Supplemental Movie 5. Fluorescence imaging shows that A23187
washing decrease [Ca?*]; and restores flagellar beating sperm. The
movie corresponds to 45 min of recording acquired at 0.2 FPS.
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