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Abstract
Purpose This study was conducted to determine if expression
of the testis-specific phospholipase C Zeta1 (PLCZ1) correlated
with low success or fertilization failure after ICSI in patients
with normal parameters after standard semen analysis (SA).
Methods Couples <43 years with one or two failed or low
fertilization ICSI cycles. Standard Semen Analysis (SA) was
performed to determine sperm parameters in male partners,
whereas females were evaluated for antral follicle counts
(AFC), day 3 FSH levels and peak Estradiol (E2) levels. The
presence of PLCZ1 in sperm was ascertained using Western
blotting and Immunofluorescence (IF) analysis. The ability of
sperm to initiate changes in the intracellular concentrations of
free calcium ([Ca2+]i), which is characteristic of mammalian
sperm, was performed after injection of human sperm into
mouse eggs loaded with the Ca2+ sensitive dye fura-2 AM.
Results Male partners of couples with failed or low success ICSI
fertilization but with normal SA parameters showed low expres-
sion levels of PLCZ1 as determined by western blotting and

reduced fluorescent signal during IF studies. In addition, fewer of
these males’ sperm showed PLCZ1 expression and were able to
initiate robust [Ca2+]i oscillations upon injection into eggs.
Conclusion Our data suggest that in patients with normal SA
parameters but with repeated low fertilization or outright
failed fertilization results after ICSI, abnormal PLCZ1 func-
tion should be considered as the underlying mechanism re-
sponsible for the failure of fertilization.
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Introduction

Fertilization causes eggs to leave their meiotic arrest and
initiate embryo development. The universal signal whereby
the sperm induces the initiation of development is an increase
in the intracellular concentration of free Ca2+ ([Ca2+]i). In
mammals, this Ca2+ signal unfolds in a manner of repeated
short-lived rises, which are also known as [Ca2+]i oscillations,
and that last in excess of 4 h in the mouse and as long as 20 h
in other species including the human [1, 2]. It is thought that
activation of the phosphoinositide pathway (PI) in the egg by a
sperm-derived phospholipase C (PLC) enzyme underlies the
oscillations by hydrolyzing phosphatidylinositol 4,5-
bisphosphate (PIP2) into inositol triphosphate (IP3) and diac-
ylglycerol (DAG). IP3 promotes Ca2+ release by binding to the
inositol 1,4,5- triphosphate receptors (IP3R1) located in the
endoplasmic reticulum (ER) membrane, which is the Ca2+

store of the cell [3, 4]. The [Ca2+]i oscillations induce the exit
from the meiotic arrest, the metaphase II stage (MII), and the
initiation of the events of egg activation that render eggs into
zygotes [5, 6]. Despite this pivotal role, a persistent question
has been by what mechanism does the sperm initiate and
sustain the [Ca2+]i oscillations?

Capsule Spermwith normal semen parameters frommale partner of couples
with repeat low or failed fertilization results after ICSI, showed low PLCZ1
expression and initiated decreased calcium release upon injection into eggs.
Our data suggests PLCZ1 function could be the underlying cause and should
be assessed in cycles with low or failed fertilization.
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Current evidence suggests that after fusion the sperm de-
livers into the egg’s cytosol a factor that is responsible for
triggering [Ca2+]i oscillations. It is thought this factor is capa-
ble of activating the PI pathway and production of IP3. Evi-
dence suggests that the factor is a male-specific PLC, Zeta1
(PLCZ1), which was first discovered following a screen for
expression of sequence tags related to PLCs in testis [7]. It was
subsequently shown that expression of cRNAs encoding for
PLCZ1 in eggs initiated oscillations reminiscent of those
induced by normal fertilization [7, 8]. Additional studies
demonstrated expression of PLCZ1 in the testes of other
mammals and PLCZ1 cRNAs were able to induce oscillations
in eggs of homologous and heterologous species including
human PLCZ1 into human eggs [7, 9, 10]. Further, injection
of sperm extracts depleted of PLCZ1 failed to initiate oscilla-
tions [7, 8, 11]. Despite this evidence, demonstration of the
unique and primary role of PLCZ1 onmammalian fertilization
needs confirmation from genetic models where the gene is
purposely eliminated.

While experimental genetic models of this kind are not yet
available, human clinical studies have proven a valuable asset
to gain insight into the role of PLCZ1 in fertilization and
fertility. For example, approximately 1–3 % of ICSI proce-
dures results in fertilization failure and nearly 80 % of these
failures display “unsuccessful egg activation” [12, 13]. Exam-
ination of patients with repeated ICSI failure revealed that in
the majority of cases their sperm were unable to consistently
initiate [Ca2+]i responses and showed low expression levels of
PLCZ1 [14]. Subsequent studies extended the association
between PLCZ1 and infertility, as it was found that one case
of failed ICSI was linked to point mutations in the catalytic
domains of PLCZ1, which undermined the ability of the
enzyme to initiate robust oscillations [15, 16]. Interestingly,
in the initial studies, most of the PLCZ1-associated defects
appeared linked to severe defects of sperm morphology, espe-
cially globozoospermia, which is characterized by round-
headed sperm that lack most of the acrosomal content [17].
Nevertheless, in our present observations we noted a few
cases of ICSI failure in patients with grossly normal semen
analysis (SA) including normal morphology. Thus, in this
study we examined the association of PLZ1 expression and
ICSI failure in patients with normal SA parameters. We also
examinedwhether the sperm of these patients showed uniform
or inconsistent ability to initiate [Ca2+]i oscillations. We found
that sperm of patients with normal SA but failed fertilization
(FF) after ICSI express low levels of PLCZ1 and have dissim-
ilar [Ca2+]i-inducing oscillatory ability; a minority of sperm
are capable of initiating robust responses, whereas the major-
ity of sperm are capable of only inducing mediocre or no
responses at all. Invariably, in these sperm, the equatorial
distribution of PLCZ1 was compromised. Thus, our
results show in cases of ICSI failure with normal SA
values only a few sperm are capable of initiating robust

[Ca2+]i responses and their selection will likely yield
better fertilization outcomes.

Materials and methods

Patients Following institutional IRB approval, infertile cou-
ples undergoing Assisted Reproductive Technologies for
intracytoplasmic sperm injection (ICSI) were consented for
PLCZ1 analysis of the husbands’ sperm after one or two failed
or low fertilization ICSI cycles. Clinical information regarding
antral follicle count (AFC), day 3 FSH levels and peak Estra-
diol (E2) levels for the three patients were also obtained and
are presented in Table 1. Patients underwent either a long
luteal protocol using the GnRH-analogue (GnRH-a),
leuprolide acetate (LA) (Lupron; TAP Pharmaceuticals Inc.,
Chicago, IL) or a microdose stimulation protocol using the
same anologue [18, 19].

Semen analysis Freshly ejaculated semen was collected and
analyzed for motility, concentration, viability, and morpholo-
gy as previously described by us [14]; morphology was eval-
uated according to strict Kruger criteria. Sperm were then
washed by centrifugation on a 40 %/80 % PureCeption
Percoll gradient (Sage BioPharma, Bedminster, NJ) and
the recovered pellet was washed in three times in PBS,
after which sperm were prepared for the different func-
tional or biochemical assays.

Detection of PLCZ1 immunoblotting Western blotting was
performed as previously published by our laboratory [14].
Patients’ sperm were diluted to appropriate concentrations,
2X sample buffer added and samples kept at −80 °C until
use. Thawed samples were boiled for 3 min, mixed well and
loaded onto 7.5 % SDS-PAGE gels and resolved polypeptides
were transferred onto PVDF membranes (Millipore, Billerica,
MA) using a Mini Trans-Blot Cell (Bio-Rad, Hercules, CA).
The membranes were blocked in 6 % nonfat dry milk in PBS–
0.1 % Tween and incubated overnight at 4 °C with theMI-305
antibody (1:500); this was followed by 1 h of incubation with
a horseradish peroxidase–labeled secondary antibody (Bio-
Rad). Immunoreactivity was detected using chemilumines-
cence per manufacturer’s instructions (PerkinElmer,Waltham,
MA) using a Kodak Image Station 440CF. Western blotting
procedures were repeated at least 2 times per sample.

[Ca2+]i monitoring [Ca2+]i monitoring was carried out as
described previously [14]. In brief, mouse eggs were loaded
with fura-2-acetoxymethyl ester (Fura 2-AM, Molecular
Probes; Invitrogen) prior to performing the ICSI procedure
after which eggs were transferred to a monitoring dish (Mat-
Tek Corp., Ashland, MA) containing microdrops of TL-
HEPES medium under mineral oil. Eggs were monitored
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simultaneously using a 20X objective on an inverted micro-
scope (Nikon) outfitted for fluorescence measurements and
with a temperature-controlled stage. Excitation wavelengths
were alternated between 340 and 380 nm using a filter wheel
(Ludl Electronic Products Ltd., Hawthorne, NY) and fluores-
cence ratios were taken every 20 s. After passing through a
510-nm barrier filter, the emitted light was collected by a
CoolSNAPES digital camera (Roper Scientific, Tucson,
AZ). SimplePCI imaging software was used to run all the
hardware and capture images (Hamamatsu, Sewickley, PA).
[Ca2+]i values are reported as the ratio of 340 nm:380 nm
fluorescence in the whole egg. [Ca2+]i oscillatory activity of
human sperm was scored from 0 to +++ according to the
number of [Ca2+]i rises detected within 1 h of initiating the
monitoring [14].

Immunofluorescence Patients’ sperm were fixed in freshly
made 3.7 % PFA-DPBS and kept at 4 °C in DPBS until use,
when the suspension was spotted onto 0.1 % poly l-lysine
(Sigma-Aldrich, St. Louis, MO) pre-coated multi-well slides
(Thermo Scientific, Waltham, MA). Attached sperm were
permeabilized with 0.1 % (v/v) Triton X-100–DPBS (Triton
X-100; Sigma-Aldrich) for 5 min at 4 °C. Slides were blocked
in DPBS+5 % normal goat serum (GIBCO, Invitrogen) and
incubated overnight at 4 °C with the primary anti-PLCZ1
antibody MI-305, (1:30) in 5 % normal goat serum [14].
Washes were performed with 0.1 % (v/v) Tween 20–DPBS
followed by 1 h incubation at room temperature in an Alexa
Fluor 555–labeled secondary goat anti-rabbit antibody (1:200)
(Invitrogen). Samples were counterstained with 5 μg/ml
Hoechst 33342 (Sigma-Aldrich) and mounted using
mounting media (Vector Laboratories, Burlingame,
CA). Fluorescence images were captured with a Zeiss
Axiovert 200 M microscope outfitted with a×63 oil
immersion objective and a Hamamatsu Orca-AG cooled
CCD Camera controlled by AxioVision software 4.6

(Zeiss, Maple Gove, MN). Figures were assembled in
PowerPoint (Microsoft, Redmond, WA).

Preparation of mouse eggs MII eggs were obtained from
superovulated 6- to 10-week-old B6D2F1 (C57BL/6 J×
DBA/2 J) female mice [20]. Eggs were collected in a
HEPES-buffered Tyrode’s lactate solution (TL-HEPES) sup-
plemented with 5 % heat-treated FCS (GIBCO; Invitrogen,
Carlsbad, CA). Cumulus cells were removed with 0.1 %
bovine testes hyaluronidase (Sigma-Aldrich) and eggs incu-
bated in CZBmedium at 36.5 °C under 5%CO2 until the time
of injection. All animal studies were approved by the Animal
Care and Use Committee.

ICSI of mouse eggs MII eggs were injected with patient sperm
as described by Kimura and Yanagimachi [21] and [22] using
a piezo micropipette-driven unit (PiezoDrill; Burleigh Instru-
ments Inc., Rochester, NY). Spare sperm from patients as well
as routine sperm analysis samples were washed with micro-
injection buffer (MIB) and frozen at −80 °C until injection,
which was performed within a week of collection. Prior to
ICSI, human sperm were thawed and mixed 1:1 with MIB
containing 12 % PVP. ICSI was performed in HEPES-
buffered CZB medium supplemented with 0.1 % polyvinyl
alcohol (MW=30–80 kDa).

Results

Clinical parameters of failed-fertilization (FF) ICSI patients

Four couples seeking infertility treatment during 2010–2012
had either one or two failed ICSI cycles or low (<25 %)
fertilization after this procedure. Our clinic performs ~500
A.R.Tcycles per year and therefore these three cases represent

Table 1 Fertilization, pregnancy outcomes, stimulation and sperm parameters in patients with successful (SF1) and unsuccessful (FF1-3 and OAT)
fertilization ICSI outcomes

Female parameters Sperm parametersc

Patients Age (years) Day3 FSH (IU) Peak E2
(pmol/l)

AFCa Fertilization
(#2PN/#OOCb)

Pregnancy
(Y/N)

Motility (%) Concentration
(X 106)

Morphology (%)

SF1 29 5.3 1526 21 10/11 Y 74 45.75 5

FF1 39 8.5 2303 7 0/6;2/8 N 47 23 4.5

FF2 36 5.9 2102 19 0/6 N 55 73 5

FF3 30 8.7 1167 11 1/5 N 49 41 6

OATd 42 6.2 3132 18 1/13 N 17 4.2 2

a AFC. Antral follicular count
b PN stands for pronuclei. Ooc stands for oocytes
c Sperm parameters were evaluated according to WHO standard
dOAT stands for Oligoasthenoteratozoospermia
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approximately 1 % of the patient population, which is in line
with national statistics for failed fertilization cases after ICSI
[23]. Table 1 summarizes the main female clinical and SA
parameters information regarding the couples under consider-
ation. Clinical information is also presented as a form of
control from a contemporaneous couple that underwent suc-
cessful fertilization (SF) after ICSI and from another contem-
poraneous patient with abnormal semen parameters,
oligoasthenoteratozoospermia (OAT), which failed ICSI. Fe-
male clinical parameters are limited to a few values indicative
of their response to stimulation protocols, such as AFC, peak
E2 levels before day 10 of stimulation, day 3 FSH and num-
bers of eggs retrieved. The obtained values were mostly
unremarkable, which suggested that the cause of unsuccessful
fertilization might be of male origin. Male parameters from
SA examination were also unremarkable, as parameters for
FF1-FF3 patients were comparable to those of the control
patient SF1; sperm parameters for the OAT male were as
expected abnormal. Therefore, the only consistent and signif-
icant finding was the low fertilization rates after ICSI for
males FF1, FF2 and FF3. In light of these results and knowing
the close association between failed ICSI and defects in
PLCZ1 expression [14, 15, 24], we examined the patients’
sperm for PLCZ1 expression and localization and ability to
initiate [Ca2+]i responses.

Morphology and [Ca2+]i-inducing oscillatory activity
of sperm of FF patients

As previously discussed and as shown in Fig. 1, the sperm of
patients FF1, FF2 and FF3 displayed unremarkable morphol-
ogy, meaning that it was similar to that displayed by the sperm
of a cohort control patient, SF1; in contrast, the sperm mor-
phology of the OAT patient was abnormal, showing a

combination of pyriform heads and amorphous shapes
(Fig. 1, OAT, left and right panels, respectively).

To elucidate whether these sperm with grossly normal
morphology but that were unable to fertilize following ICSI
were capable of initiating [Ca2+]i oscillations, we performed
ICSI using the sperm of each patient into mouse eggs and
monitored [Ca2+]i responses. While all spermatozoa from the
control patient, SF1, initiated [Ca2+]i responses (13/13), only
50 to 70 % of the FF patients’ sperm initiated responses
(Fig. 2). Importantly, while 8/13 sperm from the SF1 patient
initiated the expected vigorous, +++, [Ca2+]i responses, only
1/8, 2/10 and 0/24 sperm from FF1, FF2, and FF3 patients,
respectively, initiated these type of responses. In the case of
the SF1 patient, the rest of the sperm initiated moderate, ++,
responses, whereas all the rest of FF1-3 sperm initiated mod-
erate to low, ++, [Ca2+]i responses. Expectedly, sperm from
the OAT patient were only capable of initiating these moderate
to low [Ca2+]i responses (3/8; Fig. 2). Altogether, the results
show that whereas the morphology of sperm associated with
ICSI failure is highly variable, these sperm share a common
defect in their ability to initiate robust [Ca2+]i oscillations. It is
noteworthy nevertheless that a small minority, ~10 to 20%, of
the sperm from patients that failed ICSI were capable of
initiating robust [Ca2+]i responses in mouse eggs.

Expression and localization of PLCZ1 in the sperm of FF
patients

To determine whether the low [Ca2+]i -oscillatory activity of
FF patients correlated with low expression levels of PLCZ1
and/or mislocalization of PLCZ1, we performed western blot-
ting and IF studies using an specific anti-PLCZ1 antibody.
Immunoblots studies revealed that all patients that repeatedly
failed ICSI displayed reduced expression of PLCZ1, which
was especially noticeable in sperm from the FF3 and OAT
patients (Fig. 3); these 2 patients’ sperm were the only ones
unable to initiate robust [Ca2+]i responses.

Examination of the localization of PLCZ1 in the same
patients revealed that the majority of SF1 sperm (63 %, 41/
65) showed the expected equatorial localization of PLCZ1 in
human sperm (Fig. 4) [14]. Remarkably, the PLCZ1 signal
was detectable in only 25 % (12/47) of FF1 sperm, 21 % (18/
86) of FF2 sperm and 12% (2/17) of FF3 sperm. As expected,
only 5 % (2/36) of the OAT sperm showed PLCZ1 reactivity.
In addition, the intensity and distribution of PLCZ1 was
highly abnormal in FF sperm (Fig. 4). For instance, while
FF1 sperm displayed PLCZ1 distribution consistent with its
uniform equatorial localization, albeit of low intensity, PLCZ1
localization in FF2 sperm was arranged in discontinuous
patches along the equatorial band, whereas in FF3 sperm the
presence of PLCZ1 in the equatorial region was negligible,
although some reactivity was observed on the base of the
head, which is denoted by an arrowhead. Sperm from the
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Fig. 1 DIC and DNA staining images of sperm from successful, SF1,
and unsuccessful, FF1-3 and OAT, fertilization ICSI cases. DIC images,
top panels, and same samples stained with Hoechst to assess nuclear
DNA, lower panels, of sperm from FF1-3 and OAT patients, which failed
ICSI, and from a control, SF1, patient whose sperm successfully activated
eggs during ICSI
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OAT patient, as expected, showed atypical distribution of
PLCZ1 (Fig. 4; bottom two rows).

Discussion

In this study we investigated the underlying functional defects
of sperm from three patients that either had low or failed
fertilization after ICSI during cycles performed in calendar
years 2010 and 2012. None of these patients conceived during
this period, despite normal SA parameters. We found that
these sperm largely failed to initiate robust [Ca2+]i oscillations,
although 2 of these 3 patients had ~10 % of sperm capable of
initiating moderate [Ca2+]i responses in mouse eggs. The
expression levels of PLCZ1 were severely reduced in all
patients and, more importantly, in the few sperm that
expressed PLCZ1 the distribution and intensity were affected.
Therefore, our results suggest that abnormal PLCZ1 expres-
sion is likely to underlie most cases of ICSI failure, even when
SA parameters are grossly normal.

ICSI failure and sperm morphology

ICSI is a highly successful technique that overcomes the most
severe cases of male infertility. Nevertheless, low fertilization
or fertilization failures after ICSI occur in ~4 % of ICSI cases
[12, 17], and the great majority of those cases show a consis-
tent phenotype; namely, absence of egg activation [25]. ICSI
failure is also observed in a disproportionate number of pa-
tients with globoozoospermia [17, 26]. While the precise
molecular defect(s) that underlie these patients’ infertility
remains to be resolved, these sperm tend to have defects in
the organization of the sperm head, including the perinuclear
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Fig. 2 [Ca2+]i response-inducing ability of sperm from patients with
successful (SF1) and unsuccessful, FF1-3 and OAT, ICSI. (A) Ca++

oscillations in mouse eggs injected with sperm of control the control
patient SF1, or with sperm from patients that failed ICSI, FF1, FF2, FF3

and OAT. n, numerator indicates the number of eggs that displayed the
[Ca2+]i profile shown in each panel, whereas the denominator denotes the
total number of eggs tested
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Fig. 3 PLCZ1 expression in sperm of control, SF1, and failed fertiliza-
tion, FF1-3 and OAT, ICSI patients. aWestern blot displaying PLCZ1 IB
expression in sperm of a control, SF1, patient and in the sperm of patients
that failed ICSI, FF1, FF2, FF3 and OAT. TheMWof human PLCZ1 is ~
70 kDa and is denoted by an arrowhead on the right side of the panel. α-
tubulin was used as a loading control, and immunoblots against it show ~
equal loading (lower panels) b Bar graph displaying the relative intensity
of the PLCZ1 band in the upper panel. Bars with different superscript are
significantly different (P<0.05). Please note that western blots were run
on different dates, as samples became available. The SF1 sample was
prepared once and used for all Immunoblots
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theca and equatorial regions [27, 28], which are the sites
where purportedly PLCZ1 is located [14, 29]. In this vein, it
was first reported that globozoospermic sperm from patients
that failed ICSI showed reduced or absent expression of
PLCZ1 [14], and a recent study has extended the association
of globozoospermia and infertility to the mouse, as the loss or

point mutations in the DPY19L2 gene, which encodes for an
inner nuclear membrane protein, is associated with disruption
of the sperm perinuclear area, globozoospermia and infertility
in this species [30]. Thus, it appears that abnormal sperm head
organization, especially in the perinuclear theca and equatorial
regions, which may affect the anchoring and/or the stability of
PLCZ1, are associated with inability of the sperm to initiate
[Ca2+]i responses and egg activation. This association is sup-
ported in our study, as the OAT patient that was used as a
negative control fell in this category.

ICSI failure has also been reported to occur in a few patients
with apparent normal gross spermmorphology [17, 15]. In one
case, after careful analysis of the PLCZ1 gene sequence, point
mutations that undermined the activity of the enzyme were
found in the catalytic region of PLCZ1, providing a molecular
explanation for the lack of egg activation and infertility ob-
served in the patient [31, 15]. Here, we found 3 patients that
despite displaying normal gross sperm morphology and SA
parameters failed or had low fertilization after ICSI. The sperm
of these patients displayed greatly reduced PLCZ1 expression,
which might underlie the failure to initiate [Ca2+]i responses
regardless of whether or not point mutations were present in
PLCZ1; nevertheless, we cannot exclude the possibility that
mutations in the enzyme of those patients might further com-
promise the function of the enzyme. Also, because we did not
carry out EM studies, we cannot exclude the possibility of
abnormal perinuclear theca organization in these sperm might
contribute to the abnormal expression and/or distribution of
PLCZ1 in those patients. A recent study also found reduced
expression of PLCZ1 in patients that fail ICSI, although it also
reported similar low PLCZ1 expression in some control, fertile
patients [32]. Quantification of PLCZ1 expression in that study
was performed by immunofluorescence, whereas in our previ-
ous and current study quantification was performed by immu-
noblotting, and the differences in methodology may account
for the large variation observed in that study [32]. Further, it is
worth pointing out that in the aforementioned study, PLCZ1
expressionwas low in all infertile patients and the variability of
PLCZ1 expression levels among patients that failed ICSI was
considerably lower than among fertile patients [32]. Therefore,
in the presence of failed fertilization after ICSI, abnormal
PLCZ1 levels remain highly predictive of repeated fertilization
failure. Collectively, our results suggest that regardless of
sperm morphology, patients that repeatedly fail ICSI or have
low fertilization rates, especially those where acceptable num-
bers of eggs are retrieved, are likely to exhibit defects on the
ability to induce [Ca2+]i oscillations associated with defects in
PLCZ1 expression and/or function.

[Ca2+]i responses, PLCZ1 expression and low ICSI success

In a previous study it was found that sperm from patients with
repeated ICSI failure when injected into mouse oocytes were

SF
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PLCZ1Merged
F

F
1

F
F

2
O

A
T

Scale bars: 5 µm

F
F

3

Fig. 4 PLCZ1 localization in control sperm, SF1, or in sperm that failed
ICSI, FF1-FF3. Using, immuno fluorescence (IF), PLCZ1 is shown to
adopt the expected equatorial localization, whereas in FF1-FF3 sperm,
the intensity of PLCZ1 reactivity is highly decreased or mis-localized, or
both. Images on the left panels are a combination of bright field, DNA
staining and fluorescence, whereas middle panel show IF images, and the
right panels show higher magnifications of the IF images. In the lower
three panels, yellow arrows denote the abnormal localization and weak
presence of PLCZ1
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largely unable to initiate [Ca2+]i oscillations; in all cases, this
was associated with reduced expression of PLCZ1 [14]. Nev-
ertheless, in that study, the sperm of the patients examined
displayed severe globozoospermia or obvious morphology
defects that, as was reported then and it was later confirmed
by other studies, it correlates with loss of PLCZ1 [14, 15]. In
the present study, we focused on three patients that despite
showing grossly normal sperm morphology and SA parame-
ters failed ICSI. Whether or not these types of ICSI failure are
also associated with reduced ability to induce [Ca2+]i re-
sponses and defective PLCZ1 expression has not been closely
investigated. We found that ~20 % of these sperm were
capable of initiating robust [Ca2+]i responses and another
20 % had the capacity to initiate moderate to low [Ca2+]i
responses, while 30 to 50 % of the sperm were unable to
initiate [Ca2+]i responses. None of the sperm of the single
patient in the study with abnormal morphology were
able to initiate robust responses, although ~60 % of
the sperm induced moderate to low responses. Collec-
tively, these data fit nicely with western blots results
showing that the levels of PLCZ1 expression in these
patients were ~40 to 80 % lower than those of control
sperm. It is worth noting that [Ca2+]i monitoring was
performed in mouse eggs, which are believed to be
more sensitive to IP3 than human eggs, and therefore only
those sperm capable of initiating robust responses in mouse
eggs would be capable of initiating [Ca2+]i oscillations in
human eggs.

We next addressed the question of whether the low expres-
sion of PLCZ1 was uniform in every sperm or rather due to a
few sperm expressing normal amounts of PLCZ1 and others
expressing none. To accomplish this, we examined PLCZ1
expression in individual sperm using IF. In patients FF1, FF2
and FF3, less than 30 % of the sperm showed reactivity after
IF, which was in marked contrast to the nearly 70 % of the
sperm that displayed reactivity in the control patient. In the
OAT patient with abnormal morphology less than 5 % of the
sperm displayed reactivity. Thus, our results suggest that in
patients that have low fertilization after ICSI, not only is the
overall expression of PLCZ1 reduced, but also the number of
sperm expressing PLCZ1 is affected. Similar results have
recently been reported in a larger study evaluating PLCZ1
expression in sperm from control and failed fertilization pa-
tients [32]. Given that single sperm are selected and injected
during the ICSI procedure, the possibility of identifying and
using those sperm that express PLCZ1 and are capable of
initiating [Ca2+]i responses is intriguing and may increase
the chances of successful fertilization. Selection of these
sperm could be aided by approaches such as motile sperm
organelle morphology examination (MSOME) that enables
evaluation of nuclear morphology in motile spermatozoa in
real time and under highmagnification, and the selected sperm
could then be used for intracytoplasmic injection [16, 33]; a

recent manuscript showed that such a selection may be asso-
ciated with higher levels of PLCZ1 expression [34].

In summary, we found that low fertilization and failed
fertilization after ICSI can occur in patients with normal gross
sperm morphology and defects in PLCZ1 expression and/or
function and should be considered in the diagnosis of these
patients. Remarkably, despite that the proportion of sperm
expressing PLCZ1 is severely reduced in these patients, some
sperm retain PLCZ1 expression and are capable of initiating
robust [Ca2+]i responses. These findings may have clinical
implications, as selection of the [Ca2+]i oscillation-competent
sperm may overcome the severe fertilization defects observed
in patients with repeated low fertilization or failed ICSI.
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