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Egg activation, which is the first step in the initiation of embryo development, involves both completion 
of meiosis and progression into mitotic cycles. In mammals, the fertilizing sperm delivers the activating 
signal, which consists of oscillations in free cytosolic Ca2+ concentration ([Ca2+]i). Intracytoplasmic sperm 
injection (ICSI) is a technique that in vitro fertilization clinics use to treat a myriad of male factor infer-
tility cases. Importantly, some patients who repeatedly fail ICSI also fail to induce egg activation and are, 
therefore, sterile. Here, we have found that sperm from patients who repeatedly failed ICSI were unable to 
induce [Ca2+]i oscillations in mouse eggs. We have also shown that PLC, zeta 1 (PLCZ1), the sperm protein 
thought to induce [Ca2+]i oscillations, was localized to the equatorial region of wild-type sperm heads but 
was undetectable in sperm from patients who had failed ICSI. The absence of PLCZ1 in these patients was 
further confirmed by Western blot, although genomic sequencing failed to reveal conclusive PLCZ1 muta-
tions. Using mouse eggs, we reproduced the failure of sperm from these patients to induce egg activation 
and rescued it by injection of mouse Plcz1 mRNA. Together, our results indicate that the inability of human 
sperm to initiate [Ca2+]i oscillations leads to failure of egg activation and sterility and that abnormal PLCZ1 
expression underlies this functional defect.

Introduction
After the luteinizing hormone surge, fully grown mammalian 
oocytes resume meiosis and undergo maturation, advancing to 
the second meiotic metaphase (MII), where exit from meiosis is 
halted. Following ovulation, fertilization relieves this arrest and 
induces a succession of concurrent events that result in the com-
pletion of meiosis and preparation of the newly formed zygote for 
the first mitotic cell cycle; these changes are collectively referred 
to as egg activation (1). Easily observable signs of egg activation, 
such as the release of the second polar body and pronucleus (PN) 
formation, which precedes the initiation of zygotic DNA synthe-
sis, are commonly used in the laboratory and in the clinic to assess 
successful fertilization.

It has been known for some time that the biochemical changes 
that underlie mammalian egg activation are induced by repeated 
elevations of the intracellular concentration of free cytosolic Ca2+ 
([Ca2+]i), here referred to as oscillations (2, 3). Similarly, the partici-
pation of the phosphoinositide pathway, which involves produc-
tion of inositol 1,4,5-trisphosphate (IP3) by PLC and binding of IP3 
to its cognate receptor/channel in the ER, is a well-established fea-
ture of fertilization in almost all species studied to date (4). Despite 

the widely conserved role of the phosphoinositide pathway and 
Ca2+ release in egg activation, the mechanism or mechanisms by 
which sperm induce IP3 production remain largely unknown and 
may ultimately be phylum/class-specific.

In mammals, growing experimental evidence supports the 
notion that, following fusion of the gametes, a factor from sperm 
is responsible for inducing [Ca2+]i oscillations and stimulat-
ing IP3 production (5). Initial evidence stemmed from injection 
of cytosolic sperm extracts into eggs that reproduced the [Ca2+]i 
responses associated with fertilization regardless of the eggs’ spe-
cies of origin (6, 7). Subsequent biochemical characterization of 
the extracts revealed that the active component contained a pro-
tein moiety (6) that possesses PLC-like activity capable of induc-
ing production of IP3 (8, 9) and that the PLC activity was highly 
sensitive to Ca2+ (10). A screen of expressed sequenced tags from 
testes identified a sperm-specific PLC (PLC zeta 1 [PLCZ1]), the 
presence of which correlated with Ca2+ activity in cytosolic sperm 
extracts (11). Moreover, injection of eggs with the recombinant 
protein (12) or with the encoding mRNA induced fertilization-like 
oscillations (11), whereas depletion of PLCZ1 from the extracts 
with specific antisera abrogated PLC activity (13) and the [Ca2+]i 
oscillatory activity of the extracts (11, 13). Nonetheless, whether 
PLCZ1 represents the sole [Ca2+]i oscillation–inducing factor in 
mammalian sperm and how its absence has an impact on male 
fertility has not been conclusively established.

Male factor infertility affects a large proportion, by most 
accounts up to 30%, of couples seeking specialized assistance to 
conceive (14). The advent of intracytoplasmic sperm injection 
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(ICSI) has overcome many male factor conditions, especially those 
caused by severe oligospermia, asthenospermia, teratospermia, 
and/or a combination thereof, which until recently were deemed 
to result in sterility (15). Since that first report, ICSI has proven to 
be a safe and highly effective treatment for the most severe cases 
of male factor infertility. Nevertheless, there are some unexplained 
conditions in which ICSI does not result in fertilization or devel-
opment. Overall, only 50% to 70% of the eggs that undergo ICSI 
show signs consistent with fertilization (16). More importantly, 
fertilization failure after ICSI occurs in up to 3% of couples, and 
certain couples never achieve fertilization rates greater than 50% 
(16, 17). Presently, the molecular underpinning or underpinnings 
that limit the success of ICSI in these individuals remain unknown, 
although it is remarkable that nearly 80% of the oocytes unsuccess-
fully fertilized by ICSI do not exit the MII stage (18, 19), suggesting 
that failure of egg activation is the responsible defect.

While the etiology underlying the poor success of ICSI is likely to 
be multifactorial and might involve egg factors (20), it is noticeable 
that the success of ICSI is consistently reduced when sperm with 
certain morphological defects, round-headed sperm, for example, 
are used (21, 22). Moreover, several studies report that activation 
and development to term can be restored in some of these couples 
if an external activation stimulus, such as Ca2+ ionophore, is used 
at the time of sperm injection (22, 23). Collectively, these data sug-
gest that a defective male-factor component may underlie failure 
of egg activation, fertilization, and conception in some patients. 
In humans, as expected, the signal for egg activation appears to 
be common with other mammals, as both in vitro fertilization 
and ICSI initiate typical fertilization-like [Ca2+]i oscillations (24, 
25). Furthermore, injection of human PLCZ1 mRNA into human 
eggs evokes [Ca2+]i oscillations and egg activation (26). Therefore, 
given that the assumed sole function of PLCZ1 is to induce [Ca2+]i 

oscillations and egg activation, it is reasonable to hypothesize 
that sperm from patients who fail ICSI may have reduced levels or 
harbor a dysfunctional form of the PLCZ1 protein. Accordingly, 
we have attempted to determine whether the sperm from these 
patients show reduced ability to initiate [Ca2+]i responses and 
whether this is associated with abnormal distribution or expres-
sion of the PLCZ1 protein.

Results
Fertilization success after ICSI depends on the ability of the sperm to induce 
[Ca2+]i oscillations. ICSI is a highly successful assisted reproductive 
technique capable of overcoming the most severe cases of infertil-
ity associated with male factors (15). Nonetheless, a few males con-
sistently fail to fertilize after this procedure, and the underlying 
molecular mechanisms remain unknown. We therefore examined 
fertilization and pregnancy data from patients who had been rec-
ommended to undergo ICSI. The advice to undergo ICSI was made 
on the basis of a history of poor fertilization after an in vitro fertil-
ization cycle(s) or poor semen analysis results. Based on fertiliza-
tion results from this ICSI cycle, consenting patients meeting our 
selection criteria were grouped into a normal-fertilization group, 
in which more than 60% of the surviving injected eggs showed 
signs of normal fertilization, and into a low-fertilization group, in 
which 25% or less of the eggs showed PN formation after the ICSI 
procedure (Table 1). Unsurprisingly, 4 out of 10 women in the nor-
mal-fertilizing group conceived during this cycle, while 0 out of 7 
women in the low-fertilization group became pregnant (Table 1).

To ascertain whether the observed differences in fertilization 
after ICSI could be attributed to differences in the [Ca2+]i oscilla-
tion–inducing activity among our patients, we injected mouse eggs 
with patients’ sperm and monitored their [Ca2+]i responses. Previ-
ous studies have shown that injection of human sperm results in 

Table 1
Sperm parameters and fertilization results for patients during first ICSI cycle

Patient Sperm quality   Fertilization rate (2 PN)A Pregnancy 

 Concentration  Viability  Motility  MorphologyB No. of eggsC (%) in this cycle 

 (×106) (%) (%)   

Normal-fertilization group

A 19.6 93 96 Nor 12/13 92 No

B 30.5 86 16 Nor 2/2 100 No

C 34.5 85 75 Nor 5/5 100 Yes

D 130 68 69 Nor 18/22 82 Yes

E 185 69 12 Nor 10/13 77 Yes

F 122 100 77 Nor 7/7 100 No

G 81 89 87 Nor 8/9 89 No

H 60 97 87 Nor 14/16 88 No

I 88 99 12 Nor 8/11 73 No

J 57.5 92 22 Abn 6/8 75 Yes

Low-fertilization group

N 59 84 57 Abn 2/9 22 No

O 36.5 95 65 Nor 0/5 0 No

Q 36 82 38 Nor 0/8 0 No

K 34 88 12 Nor 0/4 0 No

P 12.5 99 35 Nor 0/8 0 No

R 59 95 56 Abn 1/25 4 No

W 17.7 77 1 Abn 2/16 12 No

A2 PN, 2 PN at 16–19 hours after ICSI. BAccording to strict Kruger analysis. CFertilized eggs/total injected eggs. Nor, normal; Abn, abnormal.
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activation of mouse eggs, and these results were used to surmise 
the presence of the egg-activating factor; succinctly, successful egg 
activation was interpreted to mean that the sperm contained the 
egg-activating factor, and failure of egg activation led to the oppo-
site assumption (27, 28). Consistent with these results, later stud-
ies found that injection of human sperm initiated [Ca2+]i oscilla-
tions in mouse eggs (25). Nonetheless, whether human sperm with 
distinct morphologies and from different patients could initiate 
consistent [Ca2+]i oscillations and whether this capacity could be 
related to the ability to fertilize after ICSI has not been examined. 
Our results show that while injection of mouse sperm induced 
highly similar [Ca2+]i oscillations regardless of male of origin (Fig-
ure 1; see also ref. 29), injection of the patients’ sperm evoked high-
ly variable [Ca2+]i responses, which ranged from a complete lack of 
Ca2+ release to initiation of high-frequency oscillations (Figure 1).

In light of this variable [Ca2+]i oscillation–inducing activity and 
to ascertain whether consistently low fertilizing success after ICSI 
could be associated with inability to induce [Ca2+]i oscillations, we 
tested the sperm of all 17 patients in the study and then related 
our results to the fertilization success and pregnancy outcome of 
a second ICSI cycle (Table 2). Regardless of the initial fertilizing 
group classification, the sperm of 14 out of 17 patients were able 
to induce robust [Ca2+]i oscillations, receiving scores of ++ or +++, 
meaning that they induced at least 6 (++) or more than 10 (+++) 
[Ca2+]i rises within the first 60 minutes of monitoring (Figure 2). 
Remarkably, 3 patients in the low-fertilization group received 
scores of 0 or +, which means that they induced 0 or fewer than 
2 [Ca2+]i rises in the same monitoring period. As expected, these 
couples showed low fertilization rates and remained childless even 
after the second ICSI cycle. Conversely, 13 out of 14 couples with 
the higher [Ca2+]i scores became pregnant within the 2 ICSI cycles 
(Table 2). Together, these results show that the sperm’s inability to 
induce [Ca2+]i oscillations may predict ICSI failure.

Fertilization success after ICSI and capacity to induce [Ca2+]i oscilla-
tions require the presence of PLCZ1. Mounting evidence in mammals 
suggests that PLCZ1, the only known sperm-specific PLC, is the 
sole molecule responsible for inducing [Ca2+]i oscillations and 
egg activation (30). In humans, studies showing that the fertiliza-
tion-associated [Ca2+]i oscillations (24) can be closely replicated 
by injection of human PLCZ1 mRNA (26) support a similar role 
for PLCZ1 in this species. Nonetheless, the expression and distri-

bution of PLCZ1 protein in human sperm 
has not been carefully examined. Toward 
this end, we raised 2 antibodies, MI-305 
and PF-354, against different peptide 
sequences of human PLCZ1 and used 
them to localize the protein in human 
sperm. Using the MI-305 antibody, we 
found that PLCZ1 localized to the equa-
torial region of the sperm head (Figure 
3, B–H), although in some sperm the 
distribution of PLCZ1 seemed to extend 
into the upper part of the postequatorial 
region (Figure 3, B and E); we attributed 
this seemingly variable localization to 
the variable shape of human sperm, even 
within single ejaculates. We confirmed 
that this distribution was specific, as simi-
lar localization of PLCZ1 in the same set 
of males was detected using the PF-354 

antibody (Figure 3, I–L). In addition, the equatorial/postacro-
somal PLCZ1-reactive band was abolished by incubation with the 
appropriate antigenic peptide for each antibody (Figure 3, D and 
L). The PF-354 antibody, which was not affinity purified, showed 
additional reactivity to the sperm tail (Figure 3, J and K). We inter-
preted this reactivity to be nonspecific, as it was not blocked by 
the corresponding antigenic peptide (Figure 3L) and was weaker 
when the MI-305 antibody was used (i.e., patient S; Figure 3, H 

and K). Both antibodies showed variable reactivity on the base of 
the sperm head and/or on the head/tail junction, although this 

Figure 1
Injection of mouse and human sperm into mouse eggs induces [Ca2+]i oscillations. Mouse sperm 
(left panel) induce consistent oscillations (representative of at least 10 sperm per male and of at 
least 10 different males), whereas human sperm induce highly variable responses according to 
male of origin (3 right panels). Each panel corresponds to a different patient and is representa-
tive of the activity of the sperm for the particular male. Arrows denote the time of sperm injection. 
[Ca2+]i monitoring commenced within 10 minutes of injection. These experiments were repeated 
at least 5 times. F, fluorescence ratio.

Table 2
Ability to induce [Ca2+]i oscillations predicts ICSI fertilization 

outcome

Patient

 [Ca2+]i oscillatory  Second cycle (2 PN)B  Pregnancy 

 activityA No. of eggsC

Normal-fertilization group

A + + Thawed Yes

B + + + 6/6 Yes

C + + + No second cycle Yes

D + + + No second cycle Yes

E + + + No second cycle Yes

F + + + 4/7 Yes

G + + + 9/16 No

H + + + Thawed Yes

I + + + Thawed Yes

J + + No second cycle Yes

Low-fertilization group

N + + + 3/5 Yes

O + + + 12/14 Yes

Q + + + 9/18 Yes

K 0D 1/7 No

P + 0/22 No

R 0D 2/26 No

W + + + 16/21 Yes

A[Ca2+]i oscillatory activity was tested after injection into mouse eggs. 
B2 PN, 2 PN at day 2 after ICSI. CFertilized eggs/total injected eggs. 
D0, no activity.
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staining was also deemed nonspecific, as the respective antigenic 
peptides failed to block it (Figure 3, D and L).

Having demonstrated the localization of PLCZ1 in human 
sperm capable of inducing [Ca2+]i oscillations and fertilization, 
we determined whether or not PLCZ1 had the same distribution 
in the sperm of patients who failed ICSI in the clinic and who 
were unable to initiate normal [Ca2+]i responses in mouse eggs. As 
shown in Figure 4, the sperm of patient R, nearly all of which pre-
sented a round-headed sperm shape, were devoid of PLCZ1 (Figure 
4, B and C). PLCZ1 was also absent from the sperm of patient K, 
although only 25% of the sperm showed round-headed morphol-
ogy (Figure 4, E–H). Last, patient P, who had seemingly normal 
sperm morphology although sperm presented widely visible vacu-
oles over the acrosomal area, lacked the expected equatorial PLCZ1 
reactivity in the majority of sperm (Figure 4, J and K). Remarkably, 
approximately 30% of this patient’s sperm showed PLCZ1 reactivi-
ty in the equatorial region (Figure 4L), which is consistent with our 
findings that a similar percentage of this patient’s sperm induced 
marginal [Ca2+]i responses (Figure 4I).

To confirm the previous immunofluorescence results, we per-
formed Western blotting on sperm samples from patients in our 
study. We first determined that the MI-305 antibody was able to 
detect PLCZ1 under these conditions. To test this, we selected 2 
patients whose sperm had been shown to have high [Ca2+]i oscil-
latory activity (Table 1) and/or display equatorial localization of 
PLCZ1 (Figure 3). As shown in Figure 5A, a band of approximately 
70 kDa, which is the expected MW of human PLCZ1 (31), was 
detected in the samples of both patients. Moreover, this PLCZ1 
signal was abolished when the antibody was incubated with the 
corresponding antigenic peptide (Figure 5A), confirming the spec-

ificity. We then determined whether the sperm of patients 
who failed ICSI and lacked [Ca2+]i oscillatory activity 
also were without PLCZ1 immunoreactivity. Following 
Percoll purification, we were able to recover a sufficient 
number of sperm from the samples of 2 of the 3 patients 
with those characteristics (K and R). Remarkably, West-
ern blotting revealed that sperm of these patients lacked 
PLCZ1 immunoreactivity (Figure 5B), although sperm 
samples from patients with known oscillatory activity 
showed prominent PLCZ1 reactive bands (Figure 5B). We 
confirmed that these differences were not due to unequal 
sample sizes since, besides including equal numbers of 
sperm per sample, simultaneous detection of α-tubulin in 
each of the membranes revealed similar immunoreactivity 
for this protein (Figure 5, A and B). Together, these results 
show that PLCZ1 is present in the equatorial/postacro-
somal region of human sperm heads and that its absence 
compromises the sperm’s ability to fertilize and initiate 
embryo development.

The undetectable levels of PLCZ1 protein in the sperm 
of 3 patients in our study could be due to several fac-
tors. We therefore determined whether abnormalities 
in the sequence of the PLCZ1 gene could be undermin-
ing the production of an intact, full-length protein. We 
sequenced genomic DNA from 1 control (proven fer-
tile) and the 3 patients in question. The human PLCZ1 
gene consists of 15 exons and is localized on chromo-
some 12 (31). PCR amplicons were designed including 
each exon of the PLCZ1 mRNA (Ensembl transcript ID 
ENST00000266505) and included at least 50 bases of 

intronic sequence upstream and downstream of exon/intron 
boundaries. Sequencing of PCR products revealed 8 polymor-
phisms among our patients (Table 3). Two of the SNPs in this 
region were, to our knowledge, novel (introns 3 and 12; Table 3), 
and 1 (dbSNP:rs10505830) resulted in an amino acid change at 
position 500 (S500L; Table 3). This serine-to-leucine missense 
mutation has been previously documented at a very low frequen-
cy (0.078). Furthermore, only heterozygous individuals have been 
identified. Interestingly, we found that patient P is homozygous 
for this mutation, which is surprising given the aforementioned 
frequency of heterozygosity. Whether or not this mutation has 
an impact on the function of human PLCZ1 remains to be dem-
onstrated, although this and 2 adjacent serine residues are miss-
ing in the bovine PLCZ1 sequence, whose mRNA is able to induce 
oscillations when injected into bovine or mouse eggs (32).

Egg activation failure after injection of human sperm into mouse eggs 
can be rescued by injection of mouse Plcz1 mRNA. Besides abnormal 
PLCZ1 expression, the sperm function from patients who failed 
to fertilize in our study may be compromised by other unknown 
molecular defects that might also undermine the ability to support 
embryo development. Nonetheless, the fertilization phenotype of 
these sperm was uniform and consisted of egg activation failure 
(Table 1). We therefore presumed a defect in the generation of 
[Ca2+]i oscillations, and we found abnormal levels and localization 
of PLCZ1 in the sperm of these patients. Nevertheless, conclusive 
evidence that the egg activation failure is exclusively due to lack 
of PLCZ1 observed in these patients requires a rescue experiment. 
Accordingly, we injected mouse eggs with the sperm of patients and 
observed them for signs of activation. As reported by others (27, 
28), we found that human sperm induce resumption of meiosis 

Figure 2
Sperm from patients with different ICSI fertilization rates initiate widely dissimilar 
[Ca2+]i oscillations in mouse eggs. (A) [Ca2+]i profiles of 3 patients with high fer-
tilization rates are shown. (B) Profiles belong to 3 patients who failed or showed 
low fertilization rates following ICSI. Insets in panels for patients K and P depict 
representative patterns of [Ca2+]i responses observed in the few eggs that initi-
ated oscillations following sperm injection. Arrows denote time of sperm injec-
tion. n, numerator indicates the number of eggs that displayed the [Ca2+]i profile 
shown, whereas denominator denotes the total number of eggs tested.
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(Figure 6A), extrusion of the second polar body, and PN formation 
in mouse eggs (Figure 6A; Table 4). In contrast, injection of sperm 
from patient K failed to induce resumption of meiosis, even when 
examined 6 hours after ICSI (Figure 6B; similar results were seen 
for patient R, data not shown). Importantly, patient K’s sperm were 
able to undergo normal PN formation after sperm injection only 
if eggs were injected with mouse Plcz1 mRNA (Figure 6C; Table 
4). Importantly, injection of Plcz1-ΔC2 mRNA, which lacks [Ca2+]i 
oscillatory activity (13), failed to induce egg activation in the major-
ity of eggs fertilized with patient K’s sperm (Table 4). Collectively, 
these results indicate that abnormal PLCZ1 expression underlies 

the egg activation failure of these 
patients’ sperm and possibly the 
infertility of male patients who 
repeatedly fail ICSI.

Discussion
It is widely acknowledged that in all 
species studied to date, an increase in 
the concentration of [Ca2+]i under-
lies egg activation and initiation 
of development. Nonetheless, how 
the steps upstream of Ca2+ release 
unfold during fertilization and 
whether or not a deficiency in 1 or 
more of the components of the Ca2+ 
release–signaling pathway results 
in infertility/sterility are issues that 
remain unresolved. Research shows 
that human males who repeatedly 
fail ICSI are consistently unable to 
induce egg activation. We therefore 
sought to associate these findings 
with a possible inability of these 
patients’ sperm to induce [Ca2+]i 
oscillations and to link this failure to 
PLCZ1, the sperm protein proposed 
to induce [Ca2+]i oscillations in mam-
mals. We found that patients whose 
sperm are unable to initiate [Ca2+]i 
oscillations consistently fail ICSI. 
We also found that PLCZ1 protein 
is located in the equatorial region 
of human sperm. Importantly, both 
immunofluorescence and Western 
blot analyses indicate an absence of 
PLCZ1 in the sperm of patients who 
failed ICSI and who were unable to 
induce [Ca2+]i oscillations. Last, we 
reproduced in mice the defining 
phenotype of these patients, failure 
of egg activation, and we rescued it 
by injection of mouse Plcz1 mRNA. 
Collectively, our results show that 
the sperm’s inability to initiate 
[Ca2+]i oscillations during fertiliza-
tion leads to egg activation failure 
and sterility and that abnormal 
PLCZ1 expression underlies this 
functional defect.

PLCZ1 protein is the mammalian sperm Ca2+ oscillator. Since the real-
ization that Ca2+ release and egg activation in mammals is down-
stream of gamete fusion (33), several sperm proteins have emerged 
as candidate molecules responsible for egg activation. The support-
ing evidence for 2 of these proteins, truncated c-Kit (34) and PAWP 
(35), is mainly based on the findings that their injection into mam-
malian and nonmammalian eggs induces activation. Nevertheless, 
their role in this process remains unconfirmed, as neither of these 
proteins has been shown to induce [Ca2+]i oscillations in eggs and 
the ability of PAWP to activate mouse eggs as well as the develop-
mental capacity of zygotes activated by it remain to be ascertained. 

Figure 3
PLCZ1 localizes to the equatorial/postacrosomal region of human sperm. Two different antibodies, 
MI-305 (B–H) and PF-354 (I–L), and sperm from different patients capable of inducing [Ca2+]i oscil-
lations were used to characterize PLCZ1 localization. In B–D, localization of PLCZ1 and specificity 
of the MI-305 antibody were characterized using patient M’s sperm, which induced high-frequency 
oscillations (A). (B) Left panel shows bright field image, whereas right panel shows the corresponding 
immunofluorescent image. Arrows denote PLCZ1 localization. Negative controls were incubated in the 
absence of primary antibody (C) or after incubation with antigenic peptide (D). (C) Inset shows Hoechst 
33342–stained sperm nuclei. Original magnification, ×630. (D) Inset shows reduced (50%) bright field 
image of fluorescent image in panel. (D) White arrowheads denote the loss of the PLCZ1 band in the 
presence of antigenic peptide. (E–H) Staining of different patients’ sperm (insets show corresponding 
bright field images). (I–L) Staining of same patients’ sperm but using the PF-354 antibody. Insets show 
corresponding bright field images. Scale bars: 10 μm. Scale bar for B also applies to parts D–L.
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Opposite to these findings is the evidence that injection of PLCZ1 
mRNA/protein induces sperm-like [Ca2+]i oscillations in eggs of all 
species studied to date (30) and that zygotes activated by injection 
of its mRNA develop to the blastocyst stage at rates comparable to 
those induced by in vitro fertilization (11, 32). In total, these studies 
support the notion that PLCZ1 is the sperm molecule responsible 
for initiating [Ca2+]i oscillations and is sufficient to induce com-
plete egg activation. Nonetheless, whether PLCZ1 is necessary for 
egg activation requires demonstration that its absence affects egg 
activation and fertility. Toward this end, a transgenic RNA interfer-
ence approach was used in the mouse to reduce PLCZ1 expression 
(36). These sperm displayed marginally decreased [Ca2+]i oscilla-
tory ability, but mating of the male founders resulted in litters of 
fewer pups and, significantly, none of the offspring inherited the 
transgene, suggesting that reduced expression of PLCZ1 prevented 
embryo development. Here, we show in a more direct manner that 
sperm of patients who consistently fail ICSI are unable to trigger 
[Ca2+]i oscillations and egg activation and have reduced/absent 
expression of PLCZ1, clearly linking the sperm’s ability to initiate 
[Ca2+]i oscillations with PLCZ1 expression.

It could be argued that since the absence of PLCZ1 in the sperm 
of these patients is not caused by mutation to the PLCZ1 locus, 
although patient P showed an amino acid substitution, mutations 
to other genes may be responsible for the Ca2+ and/or infertility 

phenotype reported here. Several cogent arguments can be raised 
against this supposition. Regarding the lack-of–[Ca2+]i oscillation 
phenotype, it is worth noting that PLCZ1 is the only sperm-spe-
cific molecule capable of replicating in a concentration- and in a 
spatiotemporal-equivalent manner the fertilization-associated 
[Ca2+]i oscillations observed across mammalian species (30). In 
addition, PLCZ1 depletion from complete sperm extracts abro-
gates both the PLC and [Ca2+]i oscillatory activity from these frac-
tions (11, 13). Regarding the infertility phenotype, we cannot rule 
out that a protein(s) absent in these sperm besides PLCZ1 may 
undermine the ability of these embryos to develop to term. None-
theless, the uniform lack-of–egg activation phenotype observed 
in these patients, despite the widely dissimilar morphology of the 
patients’ sperm, points to an abnormal [Ca2+]i signal as the initial 
cause of infertility. While we also cannot rule out an “egg factor” 
defect, it is remarkable that we reproduced the lack-of–[Ca2+]i oscil-
lation/activation phenotype in mouse eggs by injecting the sperm 
of the affected patients. Moreover, the activation failure of PLCZ1-
defective sperm in these eggs was rescued by injection of mouse 
Plcz1 mRNA. Last, a male factor defect exclusively associated with 
the sperm’s inability to induce egg activation appears to underlie 
the failure of round-headed, globozoospermic sperm to fertilize 
eggs after ICSI, because fertility in several of these patients can 
only be restored by application of an external activation stimulus 

Figure 4
Reduced expression of PLCΖ1 in the 
sperm of patients who fail ICSI and 
lack [Ca2+]i oscillatory ability. MI-305 
antibody and sperm from 3 patients 
who failed ICSI and lacked [Ca2+]i 
oscillatory activity (A, D, and I) were 
used to examine PLCZ1 localization. 
(B and C) Left panels show bright 
field images of sperm from patient 
R; right panels show the corre-
sponding immunofluorescent imag-
es. White arrowheads point to the 
expected location of PLCZ1. (E–H  
and J–L) Sperm from patients K 
and P were examined, respectively, 
using the MI-305 antibody. (L) Arrow 
denotes PLCZ1 localization. Scale 
bar: 10 μm.
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after sperm injection (37). Therefore, the simplest and most logical 
interpretation of our findings is that the egg activation function 
of the sperm of patients who repeatedly fail ICSI is undermined by 
the abnormal expression of PLCZ1.

The molecular underpinning or underpinnings of this atypi-
cal PLCZ1 protein expression in the subset of patients in our 
study are not known. Our examination of the genomic sequence 
of PLCZ1 in these patients revealed no major abnormalities, as 
only 1 patient, P, evidenced an amino acid substitution on the 
C2 domain of the protein. While the impact of this substitution 
will need to be investigated further and, curiously, some of this 
patient’s sperm showed some PLCZ1 localization that is consis-
tent with the marginal [Ca2+]i oscillatory activity observed, the 
majority of this patient’s sperm and the sperm of 2 other patients 
had minimal/absent PLCZ1 expression. Although speculative, it 
is possible that a transcription factor regulating PLCZ1 expres-
sion may be mutated in these patients. Alternatively, the possibil-
ity exists that even though the protein is produced, it is degrad-
ed/discarded during the late stages of spermatogenesis. Although 
not feasible in our patients, analysis of mRNA levels in developing 
sperm would elucidate whether the defects are transcriptional or 
translational in nature. Future studies in the mouse will address 
the regulation of Plcz1 gene expression during spermatogenesis 
and the factors that contribute to the molecular localization and 
stability of PLCZ1 in the mature sperm.

Egg activation, [Ca2+]i oscillations, and fertility. While the focus of 
this study was on cases of ICSI failure associated with extreme 
reduction of PLCZ1 expression, we also observed decreased, rather 
than absent, expression levels of PLCZ1 in the sperm of 1 patient 
(P), who was the only patient without round-headed sperm mor-
phology to fail ICSI. These results raise the prospect that other 
infertile or subfertile males may have decreased expression of the 
PLCZ1 protein and that the subsequent less-than-optimal activa-
tion stimulus may affect embryo development in a more subtle 
manner. We raise this possibility based on recent evidence showing 
that the Ca2+-activation stimulus not only has an impact on the 
recruitment of maternal RNAs at the zygote stage (38) but also the 
gene expression profile at later stages of preimplantation embryo 

development (39, 40). Importantly, in the latter study, besides 
the gene expression anomalies, some of the embryos experienced 
developmental defects. For example, blastocysts generated by fewer 
than normal [Ca2+]i rises displayed lower implantation rates, which 
correlated with reduced expression of cell adhesion genes, some of 
which are involved in the process of implantation (41). It would 
be interesting therefore to determine whether similar changes 
in gene expression may occur in young couples that suffer unex-
plained but recurrent implantation failure (42). Research shows 
that the 2 most noticeable defects in these couples are the presence 
of a male factor and a decreased fertilization rate after ICSI, which 
here we show is associated with decreased expression of PLCZ1. It 
is therefore possible that suboptimal PLCZ1 expression and the 
subsequent abnormal [Ca2+]i oscillatory pattern may have a more 
insidious phenotype than previously expected. Importantly, our 
results show that PLCZ1 supplementation in the form of mRNA 
injection can reproduce the normal [Ca2+]i oscillatory pattern and 
therefore possibly restore fertility.

In conclusion, we show that repeated ICSI failure associated 
with egg activation failure is linked to the inability of the sperm to 
initiate [Ca2+]i oscillations and that this deficiency can be function-
ally associated with reduced/absent expression of PLCZ1 in the 
sperm of these patients. We also present evidence that injection of 
PLCZ1-deficient sperm into mouse eggs reproduces the ICSI fail-
ure phenotype, which can be rescued by injection of mouse Plcz1 
mRNA. The data presented unambiguously link PLCZ1 protein 
with the ability to induce [Ca2+]i oscillations and fertility. Future 
studies are necessary to examine the prevalence of PLCZ1- and 
[Ca2+]i oscillation–deficient sperm in larger cohorts of ICSI failure 
cases and in other cases of undiagnosed male infertility.

Methods
Patient selection. This study was conducted on patients enrolled in the assist-

ed reproduction program at Baystate Medical Center from September 2005 

to January 2008. During this period, 119 couples consented to participate 

in the study, and 17 of these couples met enrollment criteria. The criteria 

required (a) a female partner who was 38 years old or younger; and (b) a 

previous in vitro fertilization cycle with either total fertilization failure,  

Figure 5
Expression of PLCZ1 by IB in sperm of patients capable of inducing [Ca2+]i oscillations and/or fertilization and in sperm of patients who failed ICSI. 
(A) Band of approximately 70 kDa was detected in sperm extracts of patients whose sperm showed [Ca2+]i oscillatory activity; arrow on the right 
side of the panel denotes the expected MW of PLCZ1. The intensity of the 70-kDa band was reduced by preincubation of the MI-305 antibody 
with the appropriate antigenic peptide. (B) Expression of PLCΖ1 was detected in the extracts of 2 other patients with successful ICSI outcomes, 
but it was absent in patients K and R, who failed ICSI. IB of α-tubulin was used as a loading control and shows equal loading per lane.
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lower fertilization rate (<25%), or normal fertilization rate (>60%) but with-

out conception, or semen analyses that revealed less than 30% motility, 

and/or less than 20 × 106 sperm/ml, and/or a sample(s) with morphology 

grades of 2 or lower according to strict Kruger analysis (43). Based on these 

parameters, ICSI was recommended to all couples in the study. Sperm sam-

ples from consenting patients not enrolled in the study but with optimal 

sperm parameters were used on occasion as additional controls. The Insti-

tutional Review Board at Baystate Medical Center approved the study.

Ovarian stimulation and egg retrieval. Prior to follicle-stimulating hormone 

stimulation (GONAL-f; Merck Serono), female patients underwent pitu-

itary desensitization with either leuprolide acetate (Lupron; TAP Pharma-

ceuticals) or Ganirelix (Organon). Ovulation was induced by human cho-

rionic gonadotropin (Ovidrel; Merck Serono). Cumulus-oocyte complexes 

were retrieved 36 hours after administration of human chorionic gonado-

tropin by surgical aspiration under anesthesia and were collected using 

Quinn’s Advantage HTF medium supplemented with HEPES (all human 

media from Sage BioPharma). Following isolation, the cumulus-oocyte 

complexes were transferred into Quinn’s Advantage Fertilization medium 

and incubated at 37°C under 5% CO2 until and after ICSI. ICSI was per-

formed 4 hours after the retrieval. Prior to ICSI, oocytes were stripped of 

their cumulus cells in hyaluronidase-supplemented medium; stripped 

mature oocytes are referred to as eggs.

Table 3
PLCZ1 sequencing results for patients who failed ICSI and were unable to initiate [Ca2+]i oscillations in mouse eggs

         Patients

Genome  Position Amino  8 bp 5′ and 3′ SNP Control R P K Known  Het  

coordinates  acid       SNP frequency

12:18727542 Intron 1 NA ACTTTGCAACTTCAGGA A/G A A/G A A rs7133682 0.06

12:18727849 Intron 1 NA GAACAGGCAAAAAAAAC A/– – A – – rs5796766 ND

12:18729203 Intron 3 NA TGCCTATCCTATCCTAG C/T C C C/T C Novel ND

12:18770601 Intron 12 NA TGTTAATCTTTTCAGGT T/G T T/G T T/G rs12826151 0.482

12:18770617 Intron 12 NA TACTATATGTGGGTAGT G/A G G G A/G Novel ND

12:18777214 Exon 13 S500L TCATTCATCATCTAACA C/T C C T C rs10505830 0.078

12:18777418 Intron 13 NA ACAAGGGTTTTCCATTA C/T C C C C/T rs2306798 0.202

Underlined nucleotides indicate the sites of the polymorphisms for each of the mutations found. Het, heterozygosity; ND, no data.

Figure 6
Injection of mouse Plcz1 mRNA rescues egg activation fail-
ure after ICSI in mouse eggs. (A) Injection of a sperm from 
patient W, with normal [Ca2+]i oscillatory activity (left panel), 
induces resumption of meiosis after 2 hours (arrows denote 
anaphase II) and PN formation (broken arrows) by 6 hours 
after injection. (B) Injection of sperm from patient K, which 
is unable to initiate [Ca2+]i oscillations (left panel), fails to 
induce egg activation by either 2 hours or 6 hours (arrowhead 
denotes MII chromatin). (C) Injection of mouse Plcz1 mRNA 
(0.1 μg/μl) 2 hours after injection of sperm initiates fertiliza-
tion-like oscillations and rescues egg activation, as shown 
by the resumption of meiosis (2 hours) and PN formation  
(6 hours; 8 hours after injection of patient K’s sperm). 1st PB, 
first polar body; 2PB, second polar body. TO-PRO-3 stain-
ing (blue) was used to stain the chromatin. Asterisk in inset 
points to the persistence of the human sperm tail in mouse 
eggs. Scale bar: 10 μm.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 118   Number 11   November 2008 3679

Sperm preparation, ICSI procedure (human), assessment of fertilization, embryo 

transfer, and pregnancy detection. Freshly ejaculated semen was collected and 

washed by centrifugation on a 40%/80% PureCeption Percoll gradient 

(Sage BioPharma). The recovered pellet was washed and subjected to 1 to 

2 hours swim-up, after which sperm were analyzed for motility, concentra-

tion, viability, and morphology. Motile sperm were placed into polyvinyl-

pyrrolidone (PVP) (7%; MW = 360 kDa; Sage BioPharma) and selected by 

strict Kruger morphology prior to injection. Sperm were introduced into 

the ooplasm essentially as described by Palermo et al. (15) using Narishige 

micromanipulators mounted on an inverted Olympus 1X70 microscope 

(Zander Medical Supplies). ICSI was performed approximately 6 hours 

after ejaculation. Fertilization was assessed 16–19 hours after ICSI by 

searching eggs for evidence of PN formation. Zygotes with 2 PN were cul-

tured and transferred into the uterus. Clinical pregnancy was established 

by the presence of a gestational sac and heartbeat using transvaginal ultra-

sound performed at 6 to 7 weeks after embryo transfer.

After the completion of ICSI, the remaining patients’ sperm were washed 

in Dulbecco’s PBS (DPBS) and prepared for injection into mouse eggs or for 

immunofluorescence or Western blotting (see below for technical details).

Preparation of mouse eggs. MII eggs were obtained from superovulated  

6- to 10-week-old B6D2F1 (C57BL/6J × DBA/2J) female mice as described 

by our laboratory (29). Eggs were collected in a HEPES-buffered Tyrode’s-

lactate solution (TL-HEPES) (ref. 44) supplemented with 5% heat-treated 

FCS (GIBCO; Invitrogen). Cumulus cells were removed with 0.1% bovine 

testes hyaluronidase (Sigma-Aldrich) and eggs incubated in CZB medium 

(45) at 36.5°C under 5% CO2 until ICSI. All animal studies were approved by 

the Animal Care and Use Committee, University of Massachusetts.

ICSI of mouse eggs. MII eggs were injected with either mouse sperm or 

human sperm as described by Kimura and Yanagimachi (46) and by our 

laboratory (29, 47) using a piezo micropipette-driven unit (PiezoDrill; Bur-

leigh Instruments Inc.). Mouse sperm were collected from the cauda epi-

didymis of 10- to 12-week-old B6D2F1 male mice, washed with microinjec-

tion buffer (MIB) (75 mM KCl and 20 mM HEPES, pH 7.0), and placed in 

MIB supplemented with 12% PVP (Sigma-Aldrich) prior to injection. Spare 

sperm from each patient were washed with MIB and frozen at –80.0°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). For human sperm, whole 

sperm were injected whereas only heads of mouse sperm (separated by 

piezo pulses) were injected.

[Ca2+]i monitoring. [Ca2+]i monitoring was carried out as described by 

our laboratory (47). In brief, eggs loaded with fura-2-acetoxymethyl ester 

(Molecular Probes; Invitrogen) were subjected to ICSI and immediately 

transferred into TL-HEPES microdrops placed on a monitoring dish (Mat-

Tek Corp.) under mineral oil. Eggs were monitored simultaneously using 

a ×20 objective on an inverted microscope (Nikon) outfitted for fluores-

cence measurements and with a temperature-controlled stage (20-20 Tech-

nologies). The excitation wavelength was alternated between 340 nm and  

380 nm by a filter wheel (Ludl Electronic Products Ltd.), and fluorescence 

ratios were taken every 20 or 30 seconds. After passing through a 510-nm 

barrier filter, the emitted light was collected by a CoolSNAP ES digital cam-

era (Roper Scientific). Images were analyzed by SimplePCI software 5.2.1 

(Hamamatsu). [Ca2+]i values are reported as the ratio of 340 nm:380 nm  

fluorescence in the whole egg, and [Ca2+]i oscillatory activity of human 

sperm was scored from 0 to +++, according to the number of [Ca2+]i rises 

within 1 hour of monitoring.

Messenger RNA preparation and microinjection. cDNA encoding for full-

length mouse Plcz1 (GenBank Accession number AF435950; a gift from K. 

Fukami, Tokyo University of Pharmacy and Life Science, Tokyo, Japan) was 

amplified by PCR and cloned into the pCS2+ vector (48). A mutant, inactive 

version of this construct, Plcz1-ΔC2, was previously generated by our labo-

ratory (13). The linearized cDNAs were in vitro transcribed and purified 

using the mMessage/mMachine SP6 Kit and MEGAclear Kit, respectively 

(Ambion; Applied Biosystems), as reported earlier by our laboratory (13). 

Microinjection procedures were as described by our laboratory (13), and 

mRNAs were delivered by pneumatic pressure using a picoinjector (PLI-100,  

Harvard Apparatus). The injection volume was 5 to 10 pl, which is approxi-

mately 1%–3% of the total egg volume.

Primary antibodies. Two polyclonal antisera were raised in rabbits against 

peptide sequences of the human PLCZ1 protein. The MI-305 antibody was 

raised against a 15-mer–peptide sequence (305KETHERKGSDKRGDN319) 

located within the linker domain and was affinity purified (Zymed; 

Invitrogen). The second antibody, PF-354, was raised against a 21-mer–

peptide sequence (354IYTKAEKFKSFQHSRLYQQFC373C) located within 

the Y domain of the protein (QCB). The anti–α-tubulin monoclonal anti-

body was purchased from Sigma-Aldrich.

Western blotting. Patients’ sperm were diluted to appropriate concentra-

tions in ×2 sample buffer (49) and kept at –80°C until use. Thawed samples 

were boiled for 3 minutes and loaded into 7.5% SDS-PAGE, and resolved 

polypeptides were transferred onto PVDF membranes (Millipore) using a 

Mini Trans-Blot Cell (Bio-Rad). The membranes were blocked in 6% non-

fat dry milk in PBS–0.1% Tween and incubated overnight at 4°C with the 

MI-305 antibody (1:500); this was followed by 1 hour of incubation with a 

horseradish peroxidase–labeled secondary antibody (Bio-Rad). Immunore-

activity was detected using chemiluminescence per manufacturer’s instruc-

tions (PerkinElmer) using a Kodak Image Station 440CF. Western blotting 

procedures were repeated at least 3 times per sample.

Immunofluorescence. Sperm for immunofluorescence were fixed in fresh-

ly 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) precoat-

ed multi-well slides (Thermo Scientific). After attachment, sperm were 

permeabilized with 0.1% (v/v) Triton X-100–DPBS (Triton X-100; Sigma-

Aldrich) for 5 minutes on ice. Slides were blocked in 5% normal goat 

Table 4
Injection of mouse Plcz1 mRNA rescues egg activation failure by injection of patient K’s sperm in mouse eggs

Sperm No. of eggs  Cell cycle (%) 6 hours after ICSI

  Metaphase II Anaphase II Interphase (2 PN)

Patient W 17 0 0 17 (100%)

Patient K 44 30 (68.1%) 9 (20.5%) 5 (11.4%)

Patient K + mouse Plcz1 mRNAA 13 1 (7.7%) 3 (23.1%) 9 (69.2%)

Patient K + mouse Plcz1-ΔC2 mRNA 20 15 (75.0%) 0 5 (25.0%)

APlcz1 mRNA was injected at 0.1 μg/μl and Plcz1-ΔC2 mRNA at 1 μg/μl. mRNAs were injected 2 hours after ICSI.
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serum–DPBS (normal goat serum; GIBCO, Invitrogen) and incubated 

overnight at 4°C with MI-305 (1:30) or PF-354 (1:100) in 5% normal goat 

serum. Washes were performed with 0.1% (v/v) Tween 20–DPBS, followed 

by 1 hour incubation at room temperature with Alexa Fluor 555–labeled 

goat anti-rabbit (1:200) as secondary antibody. Samples were counter-

stained with 5 μg/ml Hoechst 33342 and mounted using mounting media 

(Vector Laboratories). Fluorescence images were captured with a Zeiss 

Axiovert 200M microscope outfitted with a ×63 oil immersion objective 

and a Hamamatsu Orca-AG cooled CCD Camera controlled by AxioVision  

software 4.6 (Zeiss). For mouse eggs/zygotes, nuclear staining was 

accomplished after fixation with 1 μM TO-PRO-3 iodide (642/661 nm; 

Invitrogen). Slides were examined with a confocal laser-scanning micro-

scope (LSM 510 META; Zeiss) using an Axiovert 2 microscope outfitted 

with a ×63 1.4 numerical aperture oil-immersion objective lens. Whole-

egg images were reconstructed and projected from Z-stack images using 

LSM 510 META software, further processed using Photoshop (Adobe), 

and assembled in PowerPoint (Microsoft).

Genomic DNA sequencing. DNA samples were recovered from whole blood 

or ejaculated sperm by standard proteinase K lysis and phenol chloroform 

extraction protocols. PCR primers were designed using Primer3 software 

(50), spanning each exon of human PLCZ1 (ENSG00000139151) and 

extending at least 50 bases in both the 5′ and 3′ directions from the exon-

intron junction (200 bases 5′ to exon 1). RubyTaq 2X master mix (USB) was 

used in order to generate each amplicon using a touchdown PCR strategy. 

Amplicons were run on 1% agarose gel and extracted. Automated sequenc-

ing was performed by GENEWIZ, and results were analyzed using Codon-

Code Aligner 2.0.4 software (CodonCode Corp.). Primers were as follows: 

exon 1, F-5′-TGTCTGGCATTTTTCCATGA-3′ and R-5′-TGGTTGCAA-

CAGAAGCAAAG-3′; exon 2, F-5′-CAGAACAAACAGGGAAAAGCA-3′ and 

R-5′-TGGAAAAATGCCAGACATCA-3′; exon 3, F-5′-TGTTAGCATTTCT-

GTATGCTCAGG-3′ and R-5′-TGTGCTATGCCCTTTCATACC-3′; 
exon 4, F-5′-GACCCATCCAAAAACGGTAA-3′ and R-5′-CCAATGTA-

ATTTTCATCTTCTTTCAA-3′; exon 5, F-5′-TGCACTCTTGCCTACT-

GAGG-3′ and R-5′-TGCTAATGGTATTTTTGCATCC-3′; exon 6, 

F-5′-CAACATGGATTTCACTGCCTA-3′ and R-5′-CCAAGCCTTGTAT-

GGAGAGC-3′; exon 7, F-5′-CCCTAGGCAACATTGCAAAA-3′ and R-5′-
ACAGTTGTGAGCCACTGAGC-3′; exons 8 and 9, F-5′-TCCACCATC-

GATGTTTTCAA-3′ and R-5′-TGTGAATAGGGGTATGGGAAA-3′; exon 

10, F-5′-CCACATCGGACATTCTCAATC-3′ and R-5′-ATCAAATGGT-

GTTTGAGGAGA-3′; exon 11, F-5′-CAATGTCCATTTGGGTTTCC-3′ and 

R-5′-TGCAAATTTTTGCCAAGACA-3′; exon 12, F-5′-TGGGCTGAACT-

GAGACCTGT-3′ and R-5′-CATTTGGGGACATAGAATCCA-3′; exon 13, 

F-5′-AAATGCCTTCTTAATTCGGTGA-3′ and R-5′-TCAATGTTTGT-

GGGAGCTGA-3′; exon 14, F-5′-GAGCTATTTGGTATGTCAAAATGTG-

3′ and R-5′-CCAAACTTTTTCTTTTCAACCC-3′; exon 15, F-5′-ATGCT-

GGGTTAGGACCCTCT-3′ and R-5′-GGTGTCTCCAATAGCCTTGC-3′.
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