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ABSTRACT

During capacitation, sperm acquire the ability to undergo the
acrosome reaction (AR), an essential step in fertilization.
Progesterone produced by cumulus cells has been associated
with various physiological processes in sperm, including
stimulation of AR. An increase in intracellular Ca** ([Ca**]i) is
necessary for AR to occur. In this study, we investigated the
spatiotemporal correlation between the changes in [Ca**]i and
AR in single mouse spermatozoa in response to progesterone.
We found that progesterone stimulates an [Ca®*]i increase in five
different patterns: gradual increase, oscillatory, late transitory,
immediate transitory, and sustained. We also observed that the
[Ca**]i increase promoted by progesterone starts at either the
flagellum or the head. We validated the use of FM4-64 as an
indicator for the occurrence of the AR by simultaneously
detecting its fluorescence increase and the loss of EGFP in
transgenic EGFPAcr sperm. For the first time, we have
simultaneously visualized the rise in [Ca®*]i and the process of
exocytosis in response to progesterone and found that only a
specific transitory increase in [Ca**]i originating in the sperm
head promotes the initiation of AR.
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INTRODUCTION

Mammalian sperm must first undergo a complex process
called capacitation in the female reproductive tract to acquire
fertilizing capacity [1, 2]. During capacitation, sperm gain the
ability to develop hyperactivated motility and to undergo
acrosome reaction (AR) in response to specific stimuli [3-5].
Both processes are absolutely essential for fertilization, and the
AR is mandatory for proper relocalization of specific fusion
proteins [6]. The AR shares similarities with exocytotic
secretory mechanisms in other cells though it is a unique
single controlled secretory event [7, 8].

For many years, it was considered that sperm undergo AR
upon interaction with the egg’s zona pellucida (ZP). Most of
our knowledge of this process is derived from in vitro studies
using solubilized ZP [9-11]. However, recent evidence
suggests that most fertilizing mouse sperm undergo AR before
binding to the ZP [12, 13]. Thus, it is still controversial where
fertilizing mouse spermatozoa initiate AR and what stimuli
trigger it. These are key events that remain to be determined. In
this scenario, progesterone secreted by the cumulus cells is a
well-known stimulant of AR [14, 15]. Progesterone could play
a physiological role in inducing the AR because the follicular
fluid is incorporated into the oviduct upon ovulation and sperm
pass through the cumulus oophorus to reach ovulated eggs.

At concentrations found in the female reproductive tract,
progesterone has also been implicated in other aspects of sperm
physiology such as capacitation, chemotaxis, motility, and
hyperactivation [16-21], although the molecular mechanisms
or signaling pathways involved in these processes are poorly
understood. In addition, the identity of the progesterone
receptor(s) is not well established in mammalian sperm,
particularly in mouse. It is known that the effect of
progesterone in mammalian sperm does not involve the
classical regulation by nuclear receptors. Various candidate
membrane receptors for progesterone have emerged, and some
of them have been reported to be present in mammalian sperm
[22, 23].

The AR is driven by an increase in intracellular Ca®"
([Ca®"]i). The nature of the channels involved in the
progesterone-induced increase in [Ca®"]i appears to be species
dependent and may involve a combination of CatSper, voltage-
gated calcium channels, store-operated channels, and intracel-
lular channels in an intertwined network of signaling cascades
[24]. In human sperm, it was recently demonstrated that
progesterone induces a Ca®" influx mediated by CatSper
channels [17, 18] although in mouse, CatSper-null sperm
undergo AR normally, suggesting that this channel is not
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essential for this process [25 26]. In addition, there is still
controversy about where Ca®" is stored i in sperm. Some authors
postulate that the acrosome is a Ca®" store and that its
depletion from the acrosome actlvates store-operated channels
that allow a sustained entry of Ca >* from the medium [27, 28].
Similarly, Ho and Suarez [29] identified the redundant nuclear
envelope at the posterior end of the sperm head as a Ca*" store.
Along these lines, Xia and Ren [26] have shown controversial
results indicating that the ZP-induced Ca®" increase starts in
the sperm tail and propagates toward the head (anterograde
direction; flagella to head). Ca®" -1mag1ng studies by Fukami
and colleagues [30] revealed that the Ca”" increase induced by
ZP or progesterone started at different sites within the sperm
head, indicating that these agonists trigger acrosomal exocy-
tosis via different mechanisms. The anterograde wave of Ca2™
observed by Fukami and colleagues [30] and X1a and Ren [26]
in response to soluble ZP suggests that a Ca>" store near the
head-tail junction may be associated with the AR. The
anterograde direction of this wave from the base of the head
is reminiscent of the loss of acrosomal GFP previously
demonstrated [31]. However, none of these studies had
simultaneously recorded exocytosis and [Ca®'li changes in
single sperm to analyze progesterone responses. Recently,
Sanchez Cardenas and coworkers [32] found that FM4-64
labeled the human sperm plasma membrane and that its
fluorescence increased in the sperm head upon induction of the
AR. Because of its fluorescence propernes FM4-64 imaging
can be simultaneously combined with [Ca®"]i imaging probes
such as Fluo-4 AM In this work, we aim to study the
spatiotemporal [Ca®']i changes and AR in single mouse
spermatozoa after stimulation with progesterone.

MATERIALS AND METHODS

Reagents and Chemicals

FM4-64, Fluo-4 AM, pluronic acid, and laminin were obtained from Life
Technologies Corporation (Invitrogen). Bovine serum albumin, concanavalin
A, and progesterone were purchased from Sigma-Aldrich Chemical Co.
Tonomycin was from Alomone Labs. All other chemicals were of reagent grade.

Animals

CD1 mature (10- to 12-wk old) and BDF1-Tg (CAG- mtDsRed2, Acr-
EGFP) RBGS0020sb male mice were used. These transgenic mice express
EGFP and Ds-Red2 fluorescence in acrosomal vesicles and the midpiece,
respectively [33]. Animals were maintained at 23°C with a 12L:12D cycle.
Animal experimental procedures were reviewed and approved by the Ethical
Committee of Instituto de Biotecnologia/UNAM, the Committee for the Care
and Use of Laboratory animals IFC/UNAM (CICUAL AHC54-14), and by the
Instituto de Biologia y Medicina Experimental.

Sperm Preparation

In all the experiments, cauda epididymal mouse sperm were collected from
retired male breeders by placing minced cauda epididymis in a modified Krebs-
Ringer medium (Whitten-HEPES-buffered [WH] medium) [31]. For capacitat-
ed medium experiments, 5 mg/ml bovine serum albumin and 24 mM NaHCO,
were added. The pH was maintained at 7.4. Epididymal motile mice sperm
were collected by swim-up in WH medium at 37°C for 30 min.

Live Imaging of [Ca”"]i in Individual Mice Spermatozoa

For Ca>* recordings, the obtained motile cells were incubated with 2 pM
Fluo-4 AM and 0.05% pluronic acid during 60 min in WH medium
supplemented with bovine serum albumin and NaHCO, according to
experimental capacitating conditions. Once loaded, sperm were immobilized
on mouse laminin (1 mg/ml)- or concanavalin A (1 mg/ml)-coated cover slips
to allow recordings. Unattached spermatozoa were removed by gentle washing,
and the chamber was filled with the recording medium (nonsupplemented WH
medium). Recordings were performed at 37°C using a temperature controller

model 202A (Harvard Apparatus). Progesterone (stock concentration 100 mM
dissolved in dimethyl sulfoxide) or vehicle (dimethyl sulfoxide) prepared in the
recording medium were applied gently using a micropipette. 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
precentered fiber illuminator Nikon Intensilight-CHGFI (Nikon) was used as
the light source. For excitation and emission collection of Fluo-4 AM, 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-CO0#B (Andor Technology) under protocols written in Andor
iQ 1.10.2 software version 4.0. For these experiments, we recorded one image
every 2 or 5 sec with an exposure/illumination time of 50 msec for periods of
5-30 min. For faster time resolution images, sperm were exposed to light
continuously for 1 min and 8-10 images per second were acquired.

Live Imaging of Transgenic Mice Sperm Undergoing AR

Transgenic mice sperm were incubated in recording medium containing 10
UM FM4-64 for 5 min. For FM4-64 measurements, the dye was present in the
extracellular medium throughout the experiments. Recordings were done as
described above. For excitation and emission collection of FM4-64, a filter set
Wide Green 11007v2, D: 565 dcxt, Exc: 535/50, Em: 590 Ipv2 (Chroma
Technology Corporation) was used. For GFP, the same filter set described
above for Fluo-4 AM was used. The time interval to change between FM4-64/
GFP filter cubes was 400 msec. Images were acquired at every 2 or 5 sec with
an exposure/illumination time of 50 msec for periods of 30 min.

Live Imaging Recording of [Ca®"]i and AR in Individual
Mouse Sperm

For alternated Ca®>"/AR imaging, Fluo-4 AM-loaded mouse sperm were
exposed for 5 min to recording medium containing 10 pM FM4-64. Fluo-4 AM
and FM4-64 recordings were performed as described above. The time interval
to change between Fluo-4 AM/FM4-64 filter cubes was 400 msec. Images were
acquired at every 2 or 5 sec with an exposure/illumination time of 50 msec for
periods of 5-30 min. For simultaneous Ca’*/AR imaging, recordings were
performed at 37°C using a TC-202 Bipolar temperature controller (Medical
Systems Corp). Sperm were viewed with an inverted microscope Nikon Eclipse
TE 300 and an oil immersion fluorescence objective Nikon Plan Apo 60x/1.40
NA. Fluorescence illumination was supplied by a Luxeon V Star Lambertian
Cyan LED par (LXHL-LESC; Lumileds Lighting LLC) attached to a custom-
built stroboscopic control box. For dual-emission imaging using Fluo-4 AM
and FM4-64 (Ca®>" and AR, respectively), an Optosplit I image splitter (Cairn
Research) was used. For excitation of both fluorophores (Fluo-4 AM and FM4-
64) a D485/25X filter (Chroma Technology Corporation) was used. Dual-
emission was achieved using a 610LP dichroic mirror and collected with a
HQ535/50 and ET610LP filters (Chroma Technology Corporation) for Fluo-4
AM, and FM4-64 respectively. Fluorescence images were recorded on an
EMCCD Andor camera (DV887, Andor iXon). Images were acquired at two
images per second with an exposure/illumination time of 2 msec for periods of
5 min.

Analysis of Images

During all the experiments, 16 bit images were obtained, and movies were
processed and analyzed with macros written in Image J (version 1.4.3.67,
National Institutes of Health). Regions of interest were drawn on each sperm in
the movie for quantification. A plot of the fluorescence intensity of each
spermatozoon versus time was generated in Origin 6.0 (Microcal Software).
Fluorescence is expressed as (F — F0O)/FO. When brightness and contrast were
adjusted, this was done equally in all images or movies taken under the same
conditions.

Statistical Analysis

All numerical data are presented as the mean = standard error of the mean.
All tests were two-tailed with a statistical significance assessed at the P < 0.05
level. Results obtained were compared by one-way analysis of variance
(ANOVA) with a Tukey multiple comparison test with the exception of Figures
1 and 6, where the Student #-test was used. Statistical analysis was performed
using standard statistical software (Graphpad Software).

Article 63



CALCIUM AND ACROSOMAL EXOCYTOSIS

1080”
]

FIG. 1.

0

207

-
(6}
I

(F-FO)/FO
2

1000 1500 2000

Time (sec)

* %k %k

Prog
40 uM

Prog
100 uM

Vehicle

Progesterone promotes an [Ca”*]i increase in Fluo-4 AM-loaded mice sperm. A) Image sequence showing sperm exposed to 40 pM progesterone

(PROG) and recorded for 30 min. Sperm displayed an [Ca®*]i increase at different times during the experiment. At the end of the recording, ionomycin
(IONO) was added as a viability control. B) Fluorescence changes corresponding to sperm 1-3 of the field recorded in A. C) Percentage of sperm
displaying an [Ca?*]i increase in response to vehicle, 40 uM, and 100 uM progesterone addition. Black arrows indicate the time where progesterone and
ionomycin were applied. These results were obtained by analyzing 319 sperm from 25 mice; statistically significant differences at *P < 0.05 and ***P <

0.001 when compared to vehicle.

RESULTS

Progesterone Promotes [Ca’"]i Increases in Mouse Sperm

Progesterone has been proposed as the physiological
inductor of the AR in human sperm. However, in mouse
sperm, its role in this process is still uncertain. In the first set of
experiments we observed that progesterone was able to
promote an [Ca®']i increase in mouse sperm as previously
reported [15, 34, 35]. This steroid induced an [Ca2+]i increase
in some sperm and at different times (Fig. 1A). Fluorescence
traces in Figure 1B illustrate the [Ca®']i responses promoted
by progesterone in the three sperm of Figure 1A, which
displayed different patterns in terms of amplitude and kinetics.
The percentage of sperm responding to 40 and 100 pM
progesterone was 24.5% * 4.3% and 41.1% *= 5.4%
respectively, which was statistically different compared to
vehicle (11.3% = 3.6%) (Fig. 1C). By using 100 puM
progesterone, a higher number of cells displayed a calcium
response, and because of this, we continued our experiments
using this concentration.

Main Patterns of Progesterone-Induced [Ca”"]i Changes

Progesterone stimulation resulted in mainly five different
patterns of [Ca2+]i increase in the sperm head: sustained,
immediate transitory, oscillatory, late transitory, and gradual
increase (Fig. 2A). Figure 2B illustrates representative image
sequences of each of these patterns. Most sperm displayed the
sustained (28%) and the late transitory (27%) pattern in
response to 100 uM progesterone (Fig. 2C).

The mean progesterone response of each pattern was
normalized against the maximum ionomycin response (to
minimize variation among experiments) and compared to the
baseline response. The magnitude of the response of each
pattern was statistically different compared to the basal
response except for the gradual increase response. In addition,
when all the patterns were compared, the late transitory
response was statistically different in comparison with the
oscillatory, sustained, and gradual increase responses (Fig.
2D).
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FIG. 2. Mouse sperm dlsplayed different patterns of [Ca®*]i increase in response to progesterone. A) Graphics representing the different patterns of
[Ca®*]i increase observed in the sperm head as a result of the addition of 100 uM progesterone (PROG). According to the calcium response, the patterns of
increase were classified as sustained, transitory, oscillatory, late transitory, and gradual increase. The bar below the traces represents the time scale =1
min. B) Representative time lapse images of Fluo-4 AM-loaded sperm following the addition of 100 uM progesterone and 10 pM ionomycin (IONO). C)
Percentage of sperm displaying each of the patterns observed. These results were obtained by analyzing 184 sperm from 10 mice. D) Comparison of the
calcium increase in response to progesterone normalized by the ionomycin response. These results were obtained by analyzing 184 sperm from 10 mice;
statistically significant differences at *P < 0.05, **P < 0.01, and ***P < 0.001.

4 Article 63



CALCIUM AND ACROSOMAL EXOCYTOSIS

+

115.6” 116” 116.3” 116.4” 116.5”

116.8” H7* =
C Ds
8__PA
—rn ey
~ (8]
6 261
>
©
24 proG S |
o “E’3 ¥ okxx
U2 £
™ —
% %k
0] 0-
116 118 120 122 124 PMP AMP PA  EQ ACR
Time (sec) Area

0.125” 118.3” 125.9” 128.3”

G 607

133.6” 197.5” 2427 =

N
L

Time delay (sec)
w
e

15
/‘\/W\"‘w
123 126 129 132 135 PMP AMP PA EQ ACR
Time (sec) Area

FIG. 3. Directionality of the [Ca®']i increase wave propagation in response to progesterone in mouse sperm immobilized with laminin. A)
Representative diagram of the different sperm areas evaluated in this experiment. PMP, posterior midpiece; AMP, anterior midpiece; PA, postacrosomal
region; EQ, equatorial segment; ACR, acrosome. B) Representative images of the time course of Fluo-4 AM-labeled sperm after addition of 100 pM
progesterone showing an anterograde direction of the [Ca®*]i increase wave propagation. C) Time course of the Fluo-4 AM fluorescence changes in each
of the evaluated areas of the sperm shown in B. D) Different time delays of the analyzed areas in sperm with an anterograde direction of the [Ca®"]i
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In Most Sperm, Progesterone Elevated [Ca”*]i First in the
Flagellum and Then This Elevation Propagated in the
Anterograde Direction

Directionality and kinetic experiments of the [Ca®'li
changes triggered by progesterone performed in laminin-coated
slides, the optimal method to visualize changes in the sperm
head and occasionally the midpiece, but not in the flagellar
principal piece, revealed three different patterns: anterograde
(from the flagellum midpiece toward the head), retrograde
(from the head to the flagellum midpiece) and others (not
accurately determined). Representative im age sequences of a
sperm where progesterone induced [Ca®’]i increases that
propagated 1n an anterograde direction are shown in Figure
3B. The [Ca *1i increase was first noticeable at the anterior
midpiece (AMP) (see panel t = 116.3 sec) followed by its
propagation in a posterior to anterior direction (see panel t =
117 sec). Time traces corresponding to this experiment are
illustrated in Figure 3C. The time delays of the different
analyzed areas are shown in Figure 3D. A representative
sequence of images correspondlng to a sperm dlsplaymg a
retrograde direction of an [Ca®"]i increase is shown in Figure
3E. In this case, progesterone first elevated the [Ca"]i at the
postacrosomal region (see panel t = 133.6 sec) followed by a
propagation in an anterior to posterior direction (see panel t =
212 sec). Time traces corresponding to this experiment are
shown in Figure 3F. The time delays of the different analyzed
areas are shown in Figure 3G. The anterograde directionality
was much more frequent than retrograde propagation (85% vs.
10%, respectively).

To analyze the propagatlon characteristics of the progester-
one-induced [Ca®’]i changes in the principal piece of the
flagellum, sperm were attached to concanavalin A-coated
slides, which immobilized most of this region (Fig. 4A). Figure
4B depicts a representative sequence of images obtalned dunng
these experiments. Progesterone first increased [Ca”"]i in the
anterior principal piece (see panel t = 24.6 sec), which
propagated in both anterior and posterior directions, toward the
head and posterior principal piece. Time traces corresponding
to this experiment are illustrated in Figure 4C. The time delays
of the different analyzed areas are shown in Flgure 4D.

Because the propagation differences of the [Ca”"]i changes
observed could be originated due to a progesterone diffusion
artifact, the same experimental protocol was performed using
1onomyc1n a widely used nonphysiological potent inductor of
[Ca *i increases and the AR Ionomycin stimulation resulted
in a strong increase in [Ca i at t =92.4 sec (Fig. 4E), but in
contrast to progesterone there was no preferred initiation point
site for the [Ca *]i elevation that increased uniformly
throughout the cell. The fluorescence traces corresponding to
this experiment are illustrated in Figure 4F. Interestingly, it was
also observed that certain regions of the sperm middle piece
displayed a second and substantial calcium increase. The
reason for this ionomycin-induced second increase is unknown
and will require further investigations. The delays observed
with ionomycin between regions were minimal compared to
those recorded with progesterone and are summarized in Figure
4G.

The Mouse Sperm AR Can Be Monitored Using the FM4-64
Dye

The dye FM4-64 was recently shown to be useful to detect
the AR in single human sperm [32], and its fluorescence
characteristics are compatible with simultaneous recording of
Fluo-4 AM fluorescence. Therefore, we validated the use of
FM4-64 as an alternative method to detect the AR in single
mouse sperm. We simultaneously detected EGFP and FM4-64
fluorescence in transgenic EGFP sperm exposed to 10 uM
ionomycin. Those sperm that remained intact during the
analysis, as judged by presence of the acrosomal EGFP
content, did not increase their FM4-64 fluorescence (Fig. 5, A
and B). In contrast, those sperm that underwent AR displayed
the loss of EGFP and an increase in FM4-64 fluorescence (Fig.
5, C and D). We found a total correlation between the results of
both methods to measure AR (n = 3 mice, 46 analyzed cells).
The percentage of sperm attached to laminin-coated slides that
underwent AR with progesterone and ionomycin were 8% *
2% and 73% * 25%, respectively (n = 10, 368 cells analyzed
for progesterone; and n =5, 105 cell analyzed for ionomycin).
The percentage of cells that underwent spontaneous AR was
0.5% = 0.5% (n =4, 81 cells analyzed). There was a delay of
4.6 = 0.7 sec between the loss of EGFP and the increase in
FM4-64 fluorescence (n = 3 mice, 8 reacted sperm). The
validation of FM4-64 as an AR indicator in mouse sperm
allowed us to simultaneously visualize the rise in the levels of
[Ca®"]i and the process of exocytosis in response to
progesterone.

2 +]I

Progesterone Triggers a Transitory [Ca Increase That

Promotes AR in Mouse Sperm

The levels of [Ca2+]i and AR were examined in sperm
loaded concomitantly with FM4-64 and Fluo-4AM attached to
laminin-coated slides and recorded for ~30 min after
progesterone or ionomycin stimulation (Fig. SE). Figure 6A
depicts representative images of an experiment where proges-
terone induced AR only in one sperm (as judged by FM4-64
staining) despite several cells displaying an [Ca®"]i response
(at t="75 and 350 sec). In contrast to progesterone, ionomycin
increased [Ca *i in most sperm (t = 70 sec). However, only
one sperm stimulated by ionomycin underwent AR at t = 650
sec and it was not until t= 1600 sec that several sperm initiated
the AR (Fig. 6B). Flgure 6C illustrates with higher magnifi-
cation that the [Ca”"]i increase promoted by progesterone (t =
75 sec) preceded the increase in FM4-64 fluorescence (t = 85
sec). When FM4-64 staining became evident, a gradual
decrease in the Fluo-4 AM fluorescence was observed, while
FM4-64 fluorescence remained unchanged (Fig 6, C and D).
On the other hand stimulation with ionomycin revealed that a
sustained [Ca *1i increase preceded the initiation of the AR for
a longer period of time. Interestingly, ionomycin did not
promote the loss of Fluo-4 AM fluorescence in the entire head
as observed with progesterone (Fig. 6, E and F). Sperm that
underwent AR after progesterone addition began losing Fluo-4
AM fluorescence 14 sec after AR initiation. In contrast,
experiments using ionomycin showed that only a local loss of

o
|

increase propagation (n =25). Results are expressed as the mean * SEM. Statistically significant differences at *P < 0.05, **P < 0.01, and ****P < 0.001

when compared to ACR.

E) Representative time course images of Fluo-4 AM-labeled sperm after addition of 100 uM progesterone showmg a retrograde

direction of the [Ca?*]i increase propagation. F) Time course of the Fluo-4 AM fluorescence changes in each of the evaluated areas of the sperm shown in
E. G) Different time delays of the analyzed areas in sperm with a retrograde direction of the [Ca?*]i increase propagation (n =25). Results are expressed as
the mean = SEM. The comparisons between all the areas were not statistically different.
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FIG. 4. Directionality of the [Ca®"]i increase wave propagation in response to progesterone in mouse sperm immobilized with concanavalin A. A)
Representative diagram of the different sperm areas evaluated in sperm attached to concanavalin A-coated slides. PPP, posterior principal piece; PPP,,
posterior principal piece Il; PPP, posterior principal piece I; APP, anterior principal piece; CD, cytoplasmic droplet; PMP, posterior midpiece; AMP,
anterior midpiece; H, head. B and E) Representative images of the time course of Fluo-4 AM-labeled sperm after addition of 100 uM progesterone or 10
uM ionomycin as a control, respectively. C and F) Time course of the fluorescence changes in each of the areas of the sperm shown in B and E,
respectively. D and G) Different time delays of the analyzed areas of the [Ca®*]i increase propagation in sperm stimulated with progesterone or
ionomycin, respectively (n = 8). Statistically significant differences at *P < 0.05, **P < 0.001, and ***P < 0.0001 when compared to head (H).
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Validation of the plasma membrane probe FM4-64 as an AR indicator and its simultaneous observation with the calcium indicator Fluo-4 AM. A)

Representative fluorescence images of the time course of an FM4-64-labeled EGFP-sperm that does not undergo AR after addition of 10 uM ionomycin
(IONO). B) EGFP and FM4-64 fluorescence intensities (in arbitrary units) of the sperm shown in A. C) Representative fluorescence images of the time
course of FM4-64-labeled EGFP-sperm undergoing AR after addition of 10 uM ionomycin. D) EGFP and FM4-64 fluorescence intensities (in arbitrary units)
of the sperm shown in C. E) Fluorescence images of FM4-64- and Fluo-4 AM-labeled sperm.

Fluo-4 AM fluorescence was noticeable until 50 sec after AR
initiation. Only a small area resembling the acrosome was
depleted after AR (see arrow in Fig. 6E). Traces corresponding
to this experiment are shown in Figure 6F.

As indicated above, mouse sperm displayed five different
patterns of [Ca®']i increase in the head in response to
progesterone (Fig. 2B). However, the specific [Ca®"]i increase
pattern that was associated with the initiation of the AR in all
the cells analyzed was of the immediate transitory pattern (Fig.
6D; n =8 mice, 21 reacted cells). Further analysis revealed that
most sperm underwent AR in response to progesterone during
the initial 5-10 min after stimulation (75% = 11.1%) (Fig.
6G). In contrast, most sperm underwent AR in response to
ionomycin only after 20 min of its addition. Progesterone
induced AR in fewer cells, but AR begun sooner after the
[Ca®"]i increase. In contrast, ionomycin triggered the AR in
more sperm, but the AR started later after the [Ca®™]i increase.

The dynamics of [Ca®"]i and AR were further examined in
sperm either stimulated with progesterone or ionomycin. The
parameters analyzed were: F4 (delay for Fluo-4 fluorescence
increase), FM (delay for FM4-64 fluorescence increase), DF4
(delay for Fluo-4 AM fluorescence decrease), and EF4 (delay
for complete loss of Fluo-4 AM fluorescence in the head).
Figure 6H summarizes the data obtained from experiments
using progesterone and ionomycin stimulation. The results of

the above analysis indicate that the time relationship between
the increases in [Ca®"]i and AR is very different depending on
the agonist applied. On average, ionomycin increased [Ca*" i
earlier (2.5 £ 0.6 sec) than progesterone (155 * 54 sec), but
notably, most of the cells underwent AR before with
progesterone (172 * 76 sec) than with ionomycin (1117 =
68 sec) (Fig. 6, G and H).

An Anterior-Posterior [Ca®"]i Increase Promoted by
Progesterone Induces the AR in Mouse Sperm

Previous experiments were performed at approximately an
image every 5 sec, where cellular photodamage was minimal.
However, to spatially resolve the [Ca2+]i increase that leads to
the initiation of the AR, a higher time resolution was needed.
Thus, experiments were performed using an image splitter to
simultaneously record Fluo-4 AM and FM4-64 fluorescence
and enhance the speed of image acquisition to two images per
second while minimizing sperm damage.

We analyzed the directionality of the propagation of the
increase in [Ca’']i in those sperm undergoing AR. The
anterograde (from the tail to the head) and retrograde (from the
head to the tail) definitions used in Figure 7 are the same as
those used in Figure 3. However, although we can clearly
observe the directionality of the calcium wave propagation, the
number of images acquired per second in these experiments
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FIG. 6. [Ca®'li and AR alternate measurements in mouse sperm. A and B) Fluo-4 AM and FM4-64 fluorescence from sperm e 2posed to progesterone
(PROG) or ionomycin (IONO), respectively. The arrow in the panel corresponding to 75 sec indicates a sperm that increased its [Ca *1i and underwent AR
(arrow in panel corresponding to 350 sec). C) Representative alternate Fluo-4 AM and FM4-64 fluorescence images of a sperm undergoing a progesterone
response. C) Fluo-4 AM and FM4-64 fluorescence changes observed in the sperm displayed in D. E) Alternate Fluo-4 AM and FM4-64 fluorescence images
of a representative sperm responding to ionomycin. F) Fluo-4 AM and FM4-64 fluorescence changes observed during the recordings of the sperm shown in
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FIG. 7. Simultaneous [Ca?*]i and AR recordings. A) Fluo-4 AM and FM4-64 images of a representative sperm undergoing AR in which progesterone
increases the [Ca®*]i in the posterior area of the sperm head and propagates to the anterior zone. The corresponding Fluo-4 AM and FM4-64 fluorescence
traces are shown in B. C) Fluo-4 AM and FM4-64 images of a representative example of a cell in which progesterone initiated an [Ca®*i increase in the
anterior head zone. The corresponding Fluo-4 AM and FM4-64 fluorescence traces are shown in D. E) Percentage of sperm that underwent AR with
anterograde or retrograde propagation (n = 4 mice, 17 reacted cells).

[Ca®"]i rise and the progesterone-induced AR had not been
fully established before in mouse spermatozoa. In this paper,
we demonstrate for the first time that a specific pattern of
[Ca®"]i increase originating in the sperm head efficiently
triggers the AR induced by progesterone.

Progesterone has been implicated not only in AR but also in
several sperm functions such as capacitation, hyperactivation,

was the minimum to reduce cellular damage, so we could not
do the detailed regional analysis as displayed in F1gure 3. An
example of a sperm where the progesterone [Ca®']i increase
propagated from the posterior area of the sperm head to the
anterior zone is depicted in Figure 7C. The corresponding
fluorescence traces of the experiment are illustrated in Figure
7D. This direction of the [Ca?™"]i increase occurs in 17% of the

cells undergoing AR. On the other hand, in 83% of the cells
undergoing AR, progesterone initiated the [Ca®']i increase in
the anterior head zone (Fig. 7A). The corresponding fluores-
cence traces of the experiment are illustrated in Figure 7B.
These results are summarized in Figure 7E.

DISCUSSION

A common and fundamental feature of physiological and

and chemotaxis [39—41]. The concentration of progesterone
that is necessary for these events varies according to the
species, but they are usually in the micromolar range, except
for chemotaxis that is in the picomolar range [21, 42]. The
specific function stimulated by progesterone is likely related to
its concentration, the distribution of its receptors, and the
spatiotemporal pattern of [Ca®>"]i changes that occurs as a

result of its actions. Human follicular fluid has been reported to
contain ~5-10 pM free progesterone [43]; however, its
effective concentration could be five-fold higher considering

pharmacological AR stimulants such as progesterone or ZP is
that they provoke intracellular multicomponent Ca”" rises [24,
36-38]. However, the spatiotemporal relationship between the

o
|

E. G) Percentage of AR stimulated by progesterone or ionomycin at different times (AR time was established as the time that FM4-64 fluorescence
significantly increased); n = 8 mice, 21 reacted cells and n = 4 mice, 43 reacted cells for progesterone and ionomycin experiments, respectively.
Statistically significant differences between the progesterone and ionomycin response at *P < 0.05 and **P < 0.001. H) Average time at which the
indicated processes occurred after progesterone or ionomycin stimulation: F4 (delay for Fluo-4 AM fluorescence increase), FM (delay for FM4-64
fluorescence increase), DF4 (delay for Fluo-4 AM fluorescence decrease), EF4 (delay for complete loss of Fluo-4 fluorescence in the head); n =8 mice, 21
reacted cells and n =4 mice, 43 reacted cells for progesterone and ionomycin experiments, respectively. Statistically significant differences between
progesterone and ionomycin responses (***P < 0.001).
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the corticosteroid-binding globulin contained in the follicular
fluid [44].

Only a subset of mouse sperm responded with [Ca
elevations when stimulated with progesterone. These responses
were varied: slow and sustained, fast and either maintained or
transitory, and oscillatory (Fig. 2). Among the [Ca’']i
increases induced by progesterone in mouse sperm, 8%
displayed an immediate transitory pattern of Ca’" increase,
which to our surprise were the only sperm able to trigger the
AR. These numbers are consistent with other reports pointing
out that a reduced fraction of the cells undergo exocytosis after
stimulation with progesterone [15, 34, 35]. The small
percentage of acrosome-reacted sperm may also result from
the fact that at any given time during capacitation only a small
fraction of sperm have undergone the molecular events
necessary to achieve this reaction [45].

In contrast to what was reported in mouse sperm,
observations of the progesterone-induced AR and [Ca2+]1
changes in human sperm revealed that a second [Ca®'li
increase precedes AR and the loss of Fluo-4 AM fluorescence.
The presence of the second [Ca”*]i peak is the signal to initiate
the AR in the ma]orrty of cells [32]. In humans, AR does not
initiate in the same region in every sperm. By using ionomycin,
sperms initiate the increase in [Ca®"]i with no preference
regarding different sperm head regions in mouse and human
sperm [32]. In contrast, AR induced by a more physiological
stimulus like progesterone typically starts at the anterior region
of the sperm head. A similar conclusion was reached in mouse
spermatozoa regardrng the starting point of AR promoted by
either ZP or Ca®" jonophore [31]. Similarly to what we
observed in mouse sperm, most human sperm that experience
[Ca®"i oscillations after progesterone addition fail to undergo
AR.

There is still controversy regarding the origin of the [Ca
increase that leads to AR. Some reports claim that the [Ca®"]i
increase induced by ZP initiates in the sperm ﬂagellum [26],
while others describe only the Ca*" dynamrcs in the sperm
head without analyzing those occurring in the flagella £46] Our
studies consistently indicated that only the [Ca”']i rise
originating in the sperm head is able to promote AR in
response to progesterone. It has been claimed that Ca®" is
stored in two main organelles: the acrosome itself and in
vesicles from the redundant nuclear envelope [27, 29 47]. The
initial and transient Ca®" elevation activates a Ca”"*-sensitive
PLC$ that hydrolyzes phospatidylinositol 4,5-bisphosphate to
produce diacyl glycerol and inositol 1,4,5- trisphosphate Ip3)
[46] The absence of PLC34/ATLII significantly impairs the
[Ca *i release induced by ZP or progesterone [30]. Both, the
acrosome and the redundant nuclear envelope possess 1P3
receptors, which are essential for the IP3-induced Ca*" release.
Because specific inhibitors to selectively block Ca>* release
from these reservoirs are still not available, it has not been
possible to determine which Ca’" store(s) is responsible for
releasing this cation in the final steps of the AR.

Accordrng to our flndlngs only mouse sperm that display a
transitory rise in [Ca®"]i in response to progesterone undergo
AR within seconds. Sperm displaying a persistent [Ca®" i
elevation did not undergo exocytosis. This agrees with our
observation that sperm stimulated with ionomycin immediately
increased their [Ca”"]i in a sustained manner, but 1nterest1ngly,
they did not undergo significant exocytosis until 20 min later. It
is remarkable that in this situation, most of the cells underwent
AR. The molecular basis of this difference is currently
unknown However, it is possible that a rapid decrease in
[Ca *1i is important to allow exocyt051s in an efficient manner.
In the case of progesterone, the [Ca*]i decrease observed may

2+]i

2+]i

be caused by a fast uptake into calcium stores present in the
sperm head and efflux to the extracellular medium, and not to
the loss of the dye during exocytosis caused by plasma
membrane vesiculation, because the addition of Ca®" iono-
phore to those cells that drsplayed this trans1t0ry pattern and
efficiently triggered AR resulted in a new increase in [Ca”]i
(see Fig. 2). In this regard it was recently shown that the
calcium ATPase SPCALI is critical in refilling the Ca”" stores
in the human sperm head after addition of progesterone [48].
These possibilities need to be further explored in the future.

The identity of the receptor involved in the progesterone-
induced AR is still unknown. The effect of progesterone in
sperm does not seem to involve the classical regulation by
nuclear receptors. Some nongenomic progesterone receptors
have been reported to be present in mammalian sperm
membrane, including CatSper (see the references in [22, 23,
49]). Early observations indicated the involvement of a unique
human sperm steroid receptor/Cl™ channel complex in the
progesterone-initiated AR [50]. In other studies, it was
proposed that a gamma-aminobutyric acid-like receptor
participates in this process in mouse spermatozoa [51]. Along
this idea, it was also put forward that a rapid CI™ efflux is
necessary for the progesterone-mediated human AR [52]. With
the available new tools, it is expected that the mechanisms by
which progesterone triggers the AR will be unraveled in the
near future.

In summary, progesterone produces different Ca>* respons-
es 1n mouse sperm, but only a specific transitory increase in
[Ca®"]i promotes acrosomal exocytosis. These results empha-
size the importance of studying the different aspects of sperm
physiology in single cells using live imaging methods.
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