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On mammalian fertilization, long-lasting Ca2+ oscillations are induced in the egg by the fusing sperma-
tozoon. While each transient Ca2+ increase in Ca2+ concentration ([Ca2+]) in the cytosol is due to Ca2+

release from the endoplasmic reticulum (ER), Ca2+ influx from outside is required for Ca2+ oscillations
to persist. In this study, we investigated how Ca2+ influx is interrelated to the cycle of Ca2+ release and
uptake by the intracellular Ca2+ stores during Ca2+ oscillations in fertilized mouse eggs. In addition to
monitoring cytosolic [Ca2+] with fura-2, the influx rate was evaluated using Mn2+ quenching technique,
and the change in [Ca2+] in the ER lumen was visualized with a targeted fluorescent probe. We found that
the influx was stimulated after each transient Ca2+ release and then diminished gradually to the basal
level, and demonstrated that the ER Ca2+ stores once depleted by Ca2+ release were gradually refilled until
the next Ca2+ transient to be initiated. Experiments altering extracellular [Ca2+] in the middle of Ca2+

oscillations revealed the dependence of both the refilling rate and the oscillation frequency on the rate
of Ca2+ influx, indicating the crucial role of Ca2+ influx in determining the intervals of Ca2+ transients.
As for the influx pathway supporting Ca2+ oscillations to persist, STIM1/Orai1-mediated store-operated
Ca2+ entry (SOCE) may not significantly contribute, since neither known SOCE blockers nor the expression
of protein fragments that interfere the interaction between STIM1 and Orai1 inhibited the oscillation fre-
quency or the influx rate.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Repetitive increases in cytosolic Ca2+ concentration ([Ca2+]cyt),
or Ca2+ oscillations, serve as intracellular signal in response to
sustained stimulation by extracellular signaling molecules, and
regulate various functions in many types of cells [1]. In mammalian
eggs, Ca2+ oscillations are induced by the fusion with the sperma-
tozoa and trigger the acrosome reaction and the resumption of
meiosis [2]. Ca2+ oscillations are essentially due to repetitive Ca2+

releases from the endoplasmic reticulum (ER) induced by inositol
1,4,5-trisphosphate (IP3) [3]. A sperm-specific isozyme of phospho-
lipase C, PLCf, is proposed to be a Ca2+ oscillation-inducing factor
that diffuses from the sperm into the egg cytoplasm and produces
IP3 by hydrolyzing phosphatidylinositol 4,5-bisphosphate [4]. The
cytosolic concentration of IP3 ([IP3]cyt) increases and is kept ele-
vated [5], and the cycle of Ca2+ release through IP3 receptor/Ca2+

channel [6] and Ca2+ uptake into the ER repeats to generate peri-
odic changes in [Ca2+]cyt for hours.
ll rights reserved.
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The influx of Ca2+ from outside the egg is necessary for main-
taining Ca2+ oscillations, as suggested by the fact that the chelation
or removal of extracellular Ca2+ results in the reduction in fre-
quency or the abrupt cessation of the oscillations [7,8]. Studies
using Mn2+ quenching technique have shown that the rate of cat-
ion influx was enhanced during Ca2+ oscillations induced either
by insemination [9] or by the injection of sperm extract [10]. As
for the pathway of Ca2+ influx, the store-operated Ca2+ (SOC) entry
(SOCE), which is activated by the depletion of intracellular Ca2+

stores [11], has been suggested by the result that the Ca2+ influx
was accelerated in the eggs treated with thapsigargin, an inhibitor
for Ca2+ pump on the ER membrane [8,9]. Furthermore, STIM1 and
Orai1, an ER membrane protein that works as the sensor for Ca2+

concentration in the ER lumen ([Ca2+]ER) [12] and a plasma mem-
brane protein that forms SOC channel [13], respectively, have re-
cently been shown to be expressed in mouse eggs and change
their distribution to colocalize in response to the depletion of
Ca2+ stores [14,15], implying that these proteins would mediate
SOCE in mouse eggs. It is still uncertain, however, that SOCE plays
significant role in the maintenance of Ca2+ oscillations at
fertilization.

To further elucidate the mechanism for the activation of Ca2+

influx and its role in sperm-induced Ca2+ oscillations, the
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information about the changes in the rate of Ca2+ influx and
[Ca2+]ER is important. In the present study, we investigated the
time course of the activation of cation influx in relation to transient
Ca2+ releases. Changes in [Ca2+]ER during Ca2+ oscillations were
analyzed based on the measurements with a genetically encoded
ER-targeted fluorescent Ca2+ probe. We carried out experiments
to address the role of Ca2+ influx in Ca2+ oscillations, by revealing
the impact of the influx rate not only on Ca2+ oscillations, but also
on the process of refilling the ER Ca2+ stores.
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Fig. 1. The quenching of fura-2 fluorescence due to Mn2+ entry during sperm-
induced Ca2+ oscillations. Typical changes in fluorescence intensities of fura-2
excited at 360 nm (solid trace) and 340 nm (dashed trace) are shown for an
unfertilized egg (A) and a fertilized egg (B). Mn2+ (0.5 mM) was added to the
extracellular medium as indicated by the horizontal bar. In (C), initial rates of Mn2+

quenching in fertilized eggs are plotted against the time from the last preceding
Ca2+ transient to Mn2+ application (Tapp). The mean rate of Mn2+ quenching in
unfertilized eggs is indicated by the horizontal dotted line. The vertical dotted line
indicates the average of the interval between the last two Ca2+ transients preceding
Mn2+ application (Tint) for all the eggs analyzed for the plot (23.4 ± 7.8 min,
mean ± SD, n = 27).
2. Materials and methods

2.1. Preparation of cDNA and RNA

The cDNA of cameleon D1ER [16], an ER-targeted Ca2+ probe
based on fluorescence resonance energy transfer (FRET) between
two different GFP variants, was kindly donated by Dr. R.Y. Tsien.
The cDNAs of Orai1 and STIM1 were cloned by RT-PCR from brain
mRNA of B6 mouse, using SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA). The N-terminal cytoplasmic domain of
Orai1 (amino acid residues 1–90; Orai1-NT) and the C-terminal
cytoplasmic domain of STIM1 (amino acid residues 238–685;
STIM1-CT) were amplified by PCR with PrimeStar DNA polymerase
(Takara Bio, Shiga, Japan) using primers of following sequences: 50-
AACTCGAGATGCATCCGGAGCCTGCC-30 (Orai1-NT forward), 50-
TTGCGGCCGCCTTAAGCTTTGAGCTTGGCGC-30 (Orai1-NT reverse),
50-AACTCGAGAAGGAGCACATGAAGAAAATG-30 (STIM1-CT for-
ward), and 50-TTGCGGCCGCCTACTTCTTAAGAGGCTTCTTAA-30

(STIM1-CT reverse). Short fragment of STIM1 corresponding to
the coiled-coil region in the cytoplasmic domain (amino acid resi-
dues 339–444; STIM1-CCb9) [17] was amplified using primers
with the sequences of 50-AACTCGAGAGCTCATGGTATGCTCCTG-30

and 50-TTGCGGCCGCCTAGTTATTGACAATCTGGAAACCG-30. The
PCR products were inserted at 30-end of Venus cDNA (a variant of
yellow fluorescent protein). For in vitro transcription, cDNAs were
subcloned into pGLS/(A)21x8 vector, which has been constructed
by replacing poly(A)30 tail in the 30-untranslated region of pTNT
vector (Promega, Madison, WI) with eight tandem repeats of 21-
residue oligo(A) intervened by 6-residue spacers. Using these con-
structs as templates, RNAs were synthesized and purified as de-
scribed previously [5].

2.2. Preparation of gametes

Procedures to collect mature eggs at metaphase II or immature
oocytes at germinal vesicle stage from female mice, and those to
collect spermatozoa from male mice and to capacitate them for
in vitro fertilization, were as described previously [5,18], except
the strain of mice (ddY). In some experiments, mature eggs were
injected with either Orai1-NT, STIM1-CT, or STIM1-CCb9 RNA di-
luted in 150 mM KCl, and incubated for 3 h at 37 �C before
insemination.

2.3. Ca2+ imaging

Eggs were loaded with 2 lM fura-2 AM (Dojindo, Kumamoto,
Japan) in M2 medium [18] for 10 min at 37 �C, treated with acidic
Tyrode’s solution (pH 2.5) to remove zona pellucida, and placed in
M2 medium heated at 32–34 �C on the stage of fluorescence micro-
scope (Axiovert S-100, Carl Zeiss, Oberkochen, Germany). A small
volume of medium containing capacitated sperm was added for
insemination. A series of fluorescence images through a filter of
535 ± 12 nm was captured with ICCD camera (ICCD-350F, Video-
Scope, Toronto, Canada) at constant intervals, alternating excita-
tion wavelengths by switching filters of 340 ± 5 nm and
380 ± 5 nm. Fluorescence ratio of 340 nm to 380 nm (F340/F380)
was taken as the index of [Ca2+]cyt. In some experiments, M2 med-
ium containing SOCE blocker, such as SKF-96365 (Sigma–Aldrich,
St. Luis, MO) and 2-aminoethoxydiphenylborane (2-APB) (Sigma–
Aldrich), was added after insemination, to examine their effects
on Ca2+ oscillations.

2.4. Mn2+ quenching

Time-lapse fluorescence images of fura-2-loaded eggs were re-
corded in the same way as Ca2+ imaging described above, except a
filter of 360 nm instead of 380 nm was used for excitation. M2
medium containing MnCl2 was added 60–80 min after the onset
of Ca2+ oscillations, giving a final concentration of 0.5 mM. A series
of fluorescence intensities at 360-nm excitation (F360) was normal-
ized by the value before Mn2+ addition (F0). The slope of F360/F0 (in
percentage) for the last 5 min before Mn2+ addition was subtracted
from that for the first 2.5 min after the addition, to obtain the value
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Fig. 2. The effects of [Ca2+]o and SOCE inhibitors on sperm-induced Ca2+ oscillations. In the middle of Ca2+ oscillations, [Ca2+]o was changed from the default concentration in
M2 medium (1.7 mM) to the test concentration of 0.43 mM (A) or 3.4 mM (B), while changes in [Ca2+]cyt were monitored by fura-2 ratio (F340/F360). The numbers and mean
amplitudes of Ca2+ transients during 90 min before and after the alteration of [Ca2+]o were measured, and their ratios (after/before) were plotted against the test [Ca2+]o in (C),
as mean values ± SD for at least five eggs. In (D) and (E), 30 lM SKF-96365 or 1 mM GdCl3 was added to the extracellular medium, respectively. Frequency ratios before and
after the applications of SOCE blockers (SKF-96365, 2-APB, Gd3+ and La3+) are summarized in (F), as mean values ± SEM for at least six eggs. The asterisk indicates significant
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62 T. Takahashi et al. / Biochemical and Biophysical Research Communications 430 (2013) 60–65
representing the initial rate of Mn2+ quenching corrected for the
bleaching rate of fura-2 fluorescence.

2.5. Measurement of [Ca2+]ER

The methods of introducing D1ER into the eggs and of recording
D1ER fluorescence signals were essentially the same as those de-
scribed for FRET-based IP3 probes [5]. Immature oocytes were in-
jected with D1ER RNA and were maturated in vitro for 16 h. After
loaded with fura-2, eggs were illuminated with 450-nm light to ex-
cite ECFP in D1ER, and fluorescence signals emitted from ECFP and
citrine were detected at 480 ± 15 nm and 535 ± 12 nm, respec-
tively. Fura-2 fluorescence was detected at 535 nm with excitation
wavelengths of 340 nm and 380 nm. The ratio of citrine to ECFP
fluorescence (Y/C ratio), which increases by the structural change
of D1ER due to Ca2+ binding [16], was calculated as the index for
[Ca2+]ER, whereas [Ca2+]cyt was represented by fura-2 ratio (F340/
F380). To examine the intracellular localization of expressed D1ER,
some eggs were observed with a confocal microscope (CSU10,
Yokogawa Electric, Tokyo, Japan), using 488-nm line of Ar–Kr laser
for excitation and 525 ± 15 nm barrier filter for emission.

3. Results and discussion

3.1. Divalent cation influx during sperm-induced Ca2+ oscillations

Adding Mn2+ to extracellular medium enables us to evaluate
Ca2+ influx, although indirectly, as a decrease in fluorescence inten-
sity of a fura-2-loaded cell, because Mn2+ that enters through Ca2+

influx channel binds to fura-2 in the cytosol and quenches its fluo-
rescence. By this method, McGuinness et al. [9] have demonstrated
the enhancement of cation influx linked to Ca2+ transients in early
phase of Ca2+ oscillations in fertilized mouse eggs. However, the
time course of the changes in the influx rate during intervals be-
tween Ca2+ transients remains unresolved.

Mn2+ was added to unfertilized eggs, or to fertilized eggs in the
middle of steady Ca2+ oscillations (Fig. 1A and B). The initial
quenching rate of fura-2 was, on average, �2-fold larger in fertil-
ized eggs (6.1 ± 2.3 min�1; mean ± SD, n = 27) than in unfertilized
eggs (3.3 ± 0.6 min�1, n = 12). The cation influx during Ca2+ oscilla-
tions was further analyzed in relation to the timing of Ca2+ tran-
sients, by collectively plotting the quenching rates in fertilized
eggs against the time of Mn2+ application after the last preceding
Ca2+ transient (Fig. 1C). It is clear that the quenching rate was lar-
ger in the eggs exposed to Mn2+ immediately after Ca2+ transient,
and was smaller when exposed after longer interval. The maximal
rate and the decay time constant, obtained by exponential curve
fitting for triplicate experiments, were 10.6 ± 2.5 min�1 and
11.2 ± 0.8 min (mean ± SD), respectively. Thus it was demonstrated
that the cation influx is stimulated approximately 3-fold after each
Ca2+ transient and gradually subsides toward the basal level until
the next transient occurs.

3.2. Effects of Ca2+ influx on Ca2+ oscillations

When Ca2+ influx was decelerated by decreasing extracellular
Ca2+ concentration ([Ca2+]o) amid persisting Ca2+ oscillations, the
frequency of Ca2+ transients was decreased (Fig. 2A). The frequency
was increased when Ca2+ influx was accelerated by raising [Ca2+]o

(Fig. 2B). The ratio of the oscillation frequencies before and after
the alteration of [Ca2+]o was linearly dependent on the test
[Ca2+]o and, therefore, on the rate of Ca2+ influx (Fig. 2C). The
amplitude of Ca2+ transient was not significantly affected by the
alteration of the influx rate. Among some known SOCE inhibitors
[11], 30 lM SKF-96365 and 10 lM 2-APB had no effect on Ca2+

oscillations (Fig. 2D and F). Both Gd3+ and La3+ inhibited the oscil-
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lations, but millimolar concentrations were required (Fig. 2E and
F). The insensitiveness to SOCE inhibitors has recently been re-
ported for Ca2+ oscillations induced by intracytoplasmic sperm
injection (ICSI) [19]. Thus it is suggested that, although SOCE
may be activated at fertilization in some extent, it does not have
a significant role in maintaining Ca2+ oscillations in mouse eggs.
3.3. Refilling of Ca2+ stores after Ca2+ release

Fluorescence in the egg that had been injected with D1ER RNA
and maturated in vitro, showed meshwork pattern of localization
characteristic to intracellular distribution of the ER [20] (Fig. 3A).
When the eggs expressing D1ER were fertilized, the changes in
[Ca2+]ER during Ca2+ oscillations were clearly observed as those in
Y/C ratio of D1ER fluorescence. As shown in Fig. 3B, [Ca2+]ER rapidly
decreased at each Ca2+ transient and then increased gradually until
the next transient occurred, indicating the cycle of Ca2+ release and
uptake by the ER Ca2+ stores. The time constant of refilling by Ca2+

uptake, calculated by exponential curve fitting to data obtained in
eight eggs, was 7.1 ± 3.3 min (mean ± SD). The time course of refill-
ing was much slower compared to the rapid decrease in [Ca2+]cyt

after Ca2+ release. Taken together with the previous study of
numerical simulation [10] suggesting that Ca2+ extrusion to out-
side the egg is much slower than Ca2+ uptake, most of released
Ca2+ would bind quickly to abundant Ca2+-binding proteins in the
cytoplasm.

Refilling of the ER after Ca2+ transient was accelerated by dou-
bling [Ca2+]o (Fig. 3C), and was decelerated by reducing [Ca2+]o

by half amid Ca2+ oscillations (Fig. 3D). Quantitative analysis
showed that the refilling rate was, like the oscillation frequency,
linearly dependent on [Ca2+]o and therefore on Ca2+ influx rate
(Fig. 3E). This result indicates that Ca2+ influx determines the inter-
val between Ca2+ transients by affecting the refilling rate of the ER
Ca2+ stores; Ca2+ content in the stores must be restored to a certain
threshold level for the next Ca2+ transient to be initiated by regen-
erative Ca2+ release through IP3R/Ca2+ channel. According to this
model, Ca2+ transient can be initiated at lower [Ca2+]ER level when
[IP3]cyt is higher. The fact that [Ca2+]ER at which each Ca2+ transient
was initiated became lower after the onset of Ca2+ oscillations (see
dashed curve in Fig. 3B), is consistent with the elevation of [IP3]cyt

observed in the early phase of fertilization [5].
3.4. Role of STIM/Orai-mediated SOCE in Ca2+ oscillations

Neither frequencies nor amplitudes of sperm-induced Ca2+

oscillations were affected by the expression of Orai1-NT or
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STIM1-CT (Fig. 4A–C), both of which interfere the interaction be-
tween intrinsic Orai1 and STIM1 proteins [17,21]. In contrast, the
expression of STIM1-CCb9 remarkably accelerated the oscillations
(Fig. 4D and E). STIM1-CCb9, which can activate Ca2+ influx
through Orai1 channels [17], enhanced the rate of Mn2+ entry in
both unfertilized and fertilized eggs (Fig. 4F), suggesting that
Orai1-mediated Ca2+ entry in the egg can be stimulated by STIM1
and, if activated, can contribute by supplying Ca2+ to refill the ER
stores. It should be noted, however, that the augmenting effect of
STIM1-CCb9 on the oscillation frequency (�10-fold, Fig. 4E) was
much larger than expected from that on the influx rate in fertilized
eggs (�1.5-fold, Fig. 4F). STIM1 may have alternative role in Ca2+

mobilization during Ca2+ oscillations, regulating, for example, the
uptake of Ca2+ into the ER by Ca2+ pump or the release through
IP3R/Ca2+ channels.

Apparent similarity of the temporal changes in cation influx
rate and in [Ca2+]ER during the interval of Ca2+ transients (see
Figs. 1C and 3B) might suggest SOCE as the pathway activated after
Ca2+ release. However, the result that both STIM1-CT and Orai1-NT
failed to affect sperm-induced Ca2+ oscillations or the rate of cation
influx (Fig. 4E and F), together with the ineffectiveness of known
SOCE inhibitors in suppressing Ca2+ oscillations, suggests that
STIM1/Orai1 pathway is not the dominant route of Ca2+ entry for
supplying Ca2+ to replenish the deleted Ca2+ stores. Recently, it
was reported that Ca2+ oscillations were disrupted in fertilized por-
cine eggs in which either intrinsic STIM1 or Orai1 was downregu-
lated by RNAi [22,23]. Since even the first Ca2+ increase was
abnormally small in either STIM1- or Orai1-knockdown eggs,
STIM1/Orai1-mediated Ca2+ entry may be required in the process
of maturation to establish Ca2+ mobilizing machinery by the time
of fertilization.

In summary, the present study revealed the intimate interrela-
tionship between Ca2+ release, uptake and influx to generate long-
lasting Ca2+ oscillations in fertilized mouse eggs. Ca2+ influx is acti-
vated after transient Ca2+ release, and Ca2+ uptake is facilitated by
Ca2+ influx, replenishing the Ca2+ stores enough for the next Ca2+

release to be initiated. Further studies are required to identify
the pathway of Ca2+ release-activated Ca2+ influx, other than
STIM1/Orai1-mediated SOCE, responsible for the Ca2+ oscillations.
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