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Requirement of Phospholipase 

C64 for the Zona 


Pellucida-Induced Acrosome 

Reaction 


Kiyoko ~ukami,'* Kazuki ~akao, '  Takafumi I n ~ u e , ~  
Yuki ~ a t a o k a , ~  Manabu ~urokawa,' Rafael A. Fissore,' 

Kenji Nakamura.' Motoya ~atsuki,' Katsuhiko Miko~hiba ,~ .~  
Nobuaki ~ o s h i d a , ~  Tadaomi Takenawa' 

Several phospholipase C (PLC) isoforms have been found in  male and female 
mammalian gametes, and splicing isoforms of PLC64 are predominantly ex- 
pressed in  testis. Here we report that male mice in which the PLC64 gene had 
been disrupted either produced few small litters or were sterile. In vitro fer- 
tilization studies showed that insemination with PLC64-I- sperm resulted in 
significantly fewer eggs becoming activated and that the calcium transients 
associated wi th  fertilization were absent or delayed. PLC64-/ sperm were 
unable t o  initiate the acrosome reaction, an exocytotic event required for 
fertilization and induced by interaction with the egg coat, the zona pellucida. 
These data demonstrate that PLC64 functions in  the acrosome reaction that is 
induced by the zona pellucida during mammalian fertilization. 

Spatial and temporal activation of phospho- ATG translation start site (Fig. 1A) and the 
inositide turnover enables eukaryotic cells to PH domain. Correct gene targeting of the 
induce various functions such as cell signal- mutant mice was verified by Southern blot 
ing, cytoskeletal remodeling, phagocytosis, analysis (Fig. 1B). Westem-blot analysis of 
membrane traffic, and ion channel activity (1, brain tissue revealed that neither 85-kD 
2). Phospholipase C (PLC) plays a crucial PLC64 nor fragments of the protein were 
role in this turnover by hydrolyzing phospha- expressed in homozygous mutant mice (Fig. 
tidylinositol-4,5-bisphosphate(PtdInsP, ) to 1C). Heterozygous PLC64 + mice appeared 
generate two second messengers, inositol phenotypically normal and fertile, and inter- 
1,4,5-trisphosphate [1ns(1,4,5)P3] and diacyl- crosses between heterozygous mice produced 
glycerol. Eleven PLC cDNAs have been pups with a Mendelian genetic distribution. 
cloned from mammalian cells. and they can indicating that disruption of this gene d ~ d  
be divided into four types-P, y, 6, and not result in embryonic lethality. Homo-
&-on the basis of sequence homology and zygous adult P L C 6 4  mice appeared 
activation mechanisms (3). The delta type of healthy, and histological examination showed 
PLC is thought to be evolutionarily the oldest no obvious abnormalities in the brain. liver. 
form In the mammalian PLC family, and its kidney, or heart. However, fertility of PLC64 
pleckstrin homology (PH) domain is known homozygous mutant males mas seherely tm-

to function in membrane association through paired, whereas females seemed to be femle 
PtdInsP,. However, the physiological role About 90 0% of ~ntercrossed PLC64 - fe-
and mechanism(s) of regulation of PLC delta males mere fertile. and their average litter slze 
types has remained unclear. was 7 6 pups Sim~larly.77 8' o of PLC64 

To understand the physiological impor- females became pregnant when mated ~61th 
tance of one of four isoforms of PLCG, PLC64' males. and their a\erage litter slze 
PLC64, we inactivated this gene by targeted was 5 8 pups Conversely, when PLC64 
disruption of exons 2 to 5, which encode the females were mated with P L C 6 4  males. 

only 35.2% of matings resulted in pregnancy. 
and the average litter size was 1.2pups. There- 

'Department of Biochemistry, 2Division of DNA Biol- fore, p ~ c 6 4  affects primarily male fertility, 
ogy and Embryo Engineering, Center for Experimental 
Medicine, of Neurobiology, 4Division of Histochemical analysis of testicular sections 
Gene Expression and Regulation. The Institute of revealed that in P L C 6 4  mice, SPermatOgen- 
Medical Science. The Universitv of Tokvo, Tokvo 108- esis oroceeded normallv as indicated bv the 
8039, Japan. 'Department of Veterinary and-~n imal  and production'of mature spem'(Fig.preseke
Sciences, Paige Laboratory, University of Massachu- 2, E and F). In wild-type testis. PLC64 was
setts, Amherst, MA 01003, USA. 'jBrain Science Insti- 
tute, Riken, Hirosawa, Wako, Saitama 351-0198. localized by using a specific antibody (4)to the 
Japan. outermost layer where the spem~atogonia reside 
*To whom correspondence should be addressed. E- (Fig. 2. A and C), and it was also detected as 
mail: kfukami@ims.u-tokyo.ac.jp a crescent-shaped domain in the developing 
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acrosome in round spermatids (Fig. 2E). Fur- 
thermore, immunofluorescent staining of 
PLCM+/+ sperm revealed that PLCM was 
highly concentrated in the anterior acrosomal 
region (Fig. 2G). The PLCM protein was not 
expressed in the testis of PLCM-/- mice 
(Fig. 2, B, D, and F). These results suggest 
that PLCM may have a role in the formation 
or function of the acrosome. 

To determine whether or not ablation of the 
P L a 4  gene affected the expression of other 
PLC isofom, we examined by Western blot- 
ting the expression of PLCM and of several 
other PLC isozymes in the testis, epididymis, 
and sperm (Fig. 2H). PLCM was expressed in 
sperm, epididymis, and testis, and the molec- 
ular mass of PLC64 in these organs was 
approximately 90 kD, suggesting that this is a 
testis-specific PLC64, splice variant ALT 11, 
which we had previously reported (5, 6). 
Because sperm are present in the epididymis, 
the presence of a band in this tissue may 
reflect the presence of the protein in both 
the sperm and the epididymis. The expres- 
sion of PLCy2, PLCP1, PLCP3, and 
PLC62 was not modified by the absence of 
PLC64. We scarcely detected PLCyl in 
testis and epididymis and could not detect 
PLCP4, although it was detectable in brain. 
Thus. the function of PLC64 mav be verv 
specific, because, despite the presence of 
multiple PLC isoforms in male reproduc- 
tive tissues, PLC64 mutant males exhibit 
severe infertility. 

To ascertain whether PLC64 was involved 
in fertilization, we conducted in vitro fertili- 
zation experiments (Fig. 3A). Epididymal 
sperm from PLC64-I- mice were similar in 
number, viability, morphology, and motility 
to sperm from wild-type males by rnicro- 
scope observation. We first examined eggs 6 
hours after insemination and 97.7% of 
PLC64+/+ eggs inseminated with wild-type 
sperm had extruded the second polar body, 
whereas only 7.5% of wild eggs inseminated 
with mutant sperm had done so (P < 0.05; 
chi-square test). When eggs were observed at 
24 hours, 92.3% of PLC64+If eggs insemi- 
nated with wild sperm had divided into two- 
cell embryos, whereas only 56.9% of eggs 
inseminated with PLC64-null sperm had 
cleaved (P < 0.05). Moreover, most of the 
PLC64-I- eggs fertilized with PLC64-I- 
sperm failed to develop to the blastocyst 
stage, although the few blastocysts that re- 
sulted developed normally when transferred 
into surrogate mothers (7), demonstrating 
that the deficiency of PLC64 affects the very 
early stages of fertilization and not the devel- 
opmental processes that follow. 

Mammalian fertilization is accompanied 
by the initiation of persistent calcium oscil- 
lations that are responsible for triggering all 

present in eggs inseminated with PLCM-/- shown in Fig. 3B (upper panel), and only nine 
sperm (Fig. 3B). The addition of capacitated eggs (13.8%) failed to show oscillations. Ad- 
PLCM+'+ sperm to zona-free PLC64+'+ dition of PLCM-/- sperm to PLC64+'+ 
eggs resulted in calcium oscillations after a eggs did not elicit calcium oscillations in 
delay of 1 to 15 min. Of 65 PLC64+'+ eggs, most experiments. Of 60 eggs, 52 (86.7%) 
51 (78.5%) presented a typical pattern as did not display calcium oscillations, as shown 

A 5' probe 
ATG 

ycJ 
Wild PLCW Genome fl . I I 

I . .  .'. . . 
Targeting Vector 

MK) 1: I . . .  
m u m . 

Fig. 1. Targeted disruption of PLC64 gene (21). (A) 
Gene-targeting strategy. Exons 11, Ill, IV, and V were 
replaced by the neo gene (neo). Diphtheria toxin A gene 
(DTA) was inserted at the 3'-end of the PLC64 gene in 
the targeting vector. ApaLl (A) restriction enzyme sites 
are indicated. (B) Southern blot analysis of mouse 
genomic DNA. The expected fragments generated by 
ApaLl are 13.5 kilobase pairs (kbp) for the wild-type, and 
5.6 kbp for the mutant alleles. The designation of +I+, 
+I-, and -1- indicates wild-type, heterozygous, and 
homozygous mutant mice, respectively. (C) Detection of 
PLC64 protein in brain nuclear extracts from PLcS~+'+, 
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P L C ~ ~ + / - ,  and PLC mice. 

events of egg activation (8, 9). Thus, we 
investigated whether calcium responses were 
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in the upper tracing of the lower panel of Fig. 
3B, whereas six eggs (10.0%) showed tran- 
sients after a delay of 24 to 40 min (lower 
tracing), and two eggs (3.3%) exhibited cal- 
cium oscillations within 15 min (10). These 
results show that PLC64 in sperm plays an 
essential role in an early step or steps of 
fertilization. 

We next examined whether the inability 
of mutant sperm to initiate timely oscillations 
was due to failure of the sperm to release the 
calcium-activating factor (11, 12). Mutant 
and control sperm were injected into the cy- 
toplasm of wild-type eggs by using the in- 
tracytoplasmic sperm injection procedure 
(ICSI). Both PLC64+'+ and PLC64-'- 
sperm initiated calcium spikes at similar 
times after injection and with intervals of 
23.7 -C 8.7 min and 22.8 -C 12.4 min, respec- 
tively (Fig. 4A). In addition, eggs subjected 
to ICSI by using PLC64+'+ or PLC64-'- 
sperm extruded the second polar body and 
cleaved at approximately the same rates (92% 
or 80%, and 68% or 65%, respectively). 
Thus, PLC64-'- sperm are capable of induc- 
ing activation if delivered into the cytoplasm 
of eggs. Furthermore. when zona-free eggs 
were preloaded with 4',6'-diamidino-2-phe- 
nylindole dihydrochloride (DAPI) to assess 
sperm fusion, almost all eggs failed to in- 

k o n d  polar body Two-cell stage 
Egg Sperm extrusion (6 h) (24 h) 

corporate sperm when inseminated with 
PLC64-'- sperm (4.8%) (lo), whereas most 
of the eggs inseminated with wild-type 
sperm were penetrated within 40 min of 
insemination (88.0%). Therefore, PLCS4 is 
an essential protein for events preceding, or 
leading to, sperm fusion during mammalian 
fertilization. 

We next examined whether solubilized 
mouse zona pellucida, which is known to 
trigger the acrosome reaction in a physiolog- 
ical manner (13), was able to induce the 
acrosome reaction in PLC64- /  sperm. Ad- 
dition of zona pellucida into PLCS4+/+ 
sperm induced the acrosome reaction in 
45.3% of these sperm after 15 min, whereas it 
induced only 16.3% of PLC64-'  sperm to 
undergo the reaction (Fig. 4B). Acrosome 
reaction induced by A23 187 or thapsigargin 

0 10 20 30 40 50 60 70 
Time (min) 

Treatment 

Fig. 3. In vitro fertilization studies using PLCGC 
deficient eggs and sperm (A) (23). Zona-intact 
eggs collected from PLC64"' mice were in- 
seminated with either PLC64+'+ or PLC64-'- 
sperm. Figure shows the number of eggs that 
extruded second polar body (6 hours) or pro- 
ceeded to the two-cell stage (24 hours). (0) 
Calcium oscillations are abolishedldelayed af- 
ter insemination with PLC64-'- sperm. Typical 
patterns of calcium oscillations in zona-free 
eggs inseminated with PLC64+'+ (upper panel) 
or PLC64-'- sperm (Lower panel) are shown. 
The arrow denotes the time of sperm addition. 
Scale bar: 0.5 AFIF. 

Fig. 4. PLC64 plays an essential role in the zona 
pellucida-induced acrosome reaction. (A) Cal- 
cium oscillations after lCSl (24). Calcium mon- 
itoring started within 10 min of the injection, 
and five eggs injected with PLCG4+'+ sperm and 
eight eggs injected with P L C ~ ~ - ' - '  sperm were 
monitored. (B) Acrosome reaction is deficient 
in PLC64-'- sperm. Sperm capacitated for 1 
hour were treated with 0.3 ZPIpl solubilized 
mouse zona pellucida (ZP), 5 pM A23187, or 
2.5 pM thapsigargin (TC) for 15 min at 37"C, 
and then stained with 0.04% Coomassie Bril- 
liant Blue C-250 to monitor the occurrence of 
acrosome reaction. Mouse zonae were isolated 
from mouse eggs under an inverted micro- 
scope, and soluble extracts were prepared as 
previously described (25). Data represent the 
results of three independent experiments in 
which 150 to 200 sperm were counted in each 
group. 

(14) was not inhibited in PLC64-I- sperm. 
These data show an important role of the 
PLC64 protein in mediating the zona pellu- 
cida-induced acrosome reaction. The delay 
in egg activation by the PLC64-/- sperm 
was more evident when examined within 40 
min of insemination and, as time after insem- 
ination increased, mutant sperm appeared to 
gain ability to fertilize eggs in vitro (Fig. 3A), 
indicating that mutant sperm might also be 
able to undergo spontaneous acrosome reac- 
tion, a phenomenon whose occurrence is 
known to increase in a time-dependent man- 
ner (14). 

The interaction of the sperm with the zona 
pellucida leads to a persistent calcium in- 
crease in the sperm, which is critical in order 
for the acrosome reaction to proceed (15 ,  16). 
Furthermore, this calcium elevation appears 
to be mediated by calcium influx through a 
store depletion-operated pathway ( I  7). Our 
results suggest that PLC64 may be involved 
in the generation of Ins(1,4,5)P3 and this, in 
turn, leads to persistently elevated intracellu- 
lar calcium concentrations in the sperm with 
emptying of the calcium stores, which may 
be the stimulus that triggers and sustains the 
capacitative calcium influx. PLCS4 may also 
alter intracellular levels of PtdlnsP,, and this 
may lead to changes in membrane stability 
that facilitates exocytosis (2). Furthermore, 
an abnormal phosphoinositide turnover might 
affect cholesterol metabolism, the depletion 
of which from the sperm outer membrane is 
required for the acrosome reaction (18, 19). 
Last, PLC64 may directly promote calcium 
influx by regulating calcium channels cou- 
pled to Ins( 1,4,5)P, receptor-PtdlnsP, (20). 

Our knockout experiments demonstrate 
that PLC64 plays an essential role in mediat- 
ing the zona pellucida-induced acrosome re- 
action, which is required for fertilization. 
Continued efforts to analyze the function of 
PLCS4 will assist in elucidating the molecu- 
lar mechanisms underlying mammalian fer- 
tilization and may have implications in the 
field of contraception. 
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Control of Glutamate Clearance 
and Synaptic Efficacy by Glial 

Coverage of Neurons 
StCphane H. R. Oliet,* Richard Piet, Dominique A. Poulain 

Analysis of excitatory synaptic transmission in the rat hypothalamic supraoptic 
nucleus revealed that glutamate clearance and, as a consequence, glutamate 
concentration and diffusion in the extracellular space, is associated with the 
degree of astrocytic coverage of its neurons. Reduction in glutamate clearance, 
whether induced pharmacologically or associated with a relative decrease of 
glial coverage in the vicinity of synapses, affected transmitter release through 
modulation of presynaptic metabotropic glutamate receptors. Astrocytic wrap- 
ping of neurons, therefore, contributes to the regulation of synaptic efficacy in 
the central nervous system. 

Astrocytes contribute to the regulation of 
synaptic transmission by controlling gluta- 
mate diffusion and concentration in the ex- 
tracellular space (1-3). Changes in the glial 
coverage of neurons in the vicinity of syn- 
apses may thus alter glutamate clearance and 
synaptic transmission (4). To examine the 
effect of changes in glial coverage on synap- 
tic transmission, we recorded from the mag- 
nocellular nuclei of the hypothalamus, which 
undergo a well-documented anatomical neu- 
roglial plasticity in response to intense stim- 
ulation, like lactation (5, 6). This results in a 
decreased coverage of neurons by astrocytic 
processes and a relative absence of these 
processes in the vicinity of the synapses. The 
changes are reversed with cessation of stim- 
ulation in postlactating animals. 

To investigate such neuroglial interac- 
tions, we first examined the functional con- 
sequences of a glutamate clearance defi- 
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ciency on excitatory synaptic transmission. 
We inhibited glutamate transporters in the 
rat supraoptic nucleus (SON) with either 
dihydrokainate (DHK)-a specific inhibi- 
tor of GLT-1 (7, 8), a glutamate transporter 
exclusively expressed in astrocytes (9-
l l t o r  L-trans-pyrrolidine-2,4-dicarboxyl-
ic acid (PDC), a broad-spectrum glutamate 
transporter blocker (8). In virgin rats, 
where glial coverage is extensive (5, 6), 
whole-cell voltage-clamp recordings (12) 
of SON neurons revealed that evoked exci- 
tatory postsynaptic currents (EPSCs) were 
inhibited reversibly (Fig. 1, A and B) by 
100 pM DHK (46.6 C 8.0% of control 
values, n = 9) and 300 pM PDC (5 1.2 C 
6.8%, n = 12). That PDC and DHK de- 
pressed evoked EPSCs to the same extent 
suggests that, for the most part, their effect 
was mediated by inhibition of GLT-1 trans- 
porters, which are present only on astro- 
cytes in this and other brain areas (11). The 
depression in EPSC amplitude induced by 
glutamate transporter antagonists was asso- 
ciated with an increase in the paired-pulse 
facilitation (PPF) ratio (13), from 1.2 C 0.1 
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Fertilization-induced changes in intracellular calcium 
concentrations were measured by using confocal mi- 
croscopy at 37'C. 
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to 1.6 C 0.2 (40-ms interval; P < 0.05, n = 
6). Analysis of miniature EPSCs (mEPSCs) 
(Fig. 1, C to E) revealed that PDC de- 
creased the frequency (-34.0 C 6.1%; P < 
0.05, n = 6), but not the size (- 1.6 ? 
4.3%; P > 0.05), of these events (Fig. IF). 
This indicates that the decrease in excita- 
tory synaptic transmission associated with 
blockade of glutamate transporters had a 
presynaptic origin. 

These effects could result from a local 
build-up of glutamate that would lead to ac- 
tivation of presynaptic glutamate receptors 
controlling neurotransmitter release (1 4, 15). 
Group I11 metabotropic glutamate receptors 
(mGluRs) are known to induce a presynaptic 
inhibition in the SON (1 6). We thus investi- 
gated the action of PDC in the presence of 
L-2-amino-4-phosphonobutync acid (L-AP4) 
and 2-amino-2-methyl-4-phosphonobutanoic 
acid (MAP4), an agonist and an antagonist of 
group 111 mGluRs, respectively (Fig. 2, A and 
C). Whereas L-AP4 (200 pM) impaired 
evoked EPSCs (19.6 ? 2.8%; P < 0.05, n = 

5), subsequent addition of PDC had no fur- 
ther effect on EPSC amplitude (22.8 ? 3.0%; 
P > 0.05, n = 5). In contrast, 250 pM MAP4 
increased EPSC amplitude (130.0 C 10.0%; 
P < 0.05, n = 9), confirming the existence of 
a tonic activation of these receptors (16). 
MAP4 prevented the effects of PDC (13 1.2 ? 
14.5%; P > 0.05, n = 5). These findings 
indicate that blockade of glutamate transport- 
ers in the SON modifies the concentration 
andlor diffusion of glutamate in the extracel- 
lular space, leading to activation of presyn- 
aptic group I11 mGluRs and inhibition of 
glutamate release. 

To investigate whether similar changes in 
excitatory synaptic transmission occurred un- 
der physiological conditions that modify glial 
coverage of SON neurons, we examined hy- 
pothalamic slices obtained from lactating and 
postlactating animals. Glutamate transporter 
blockade was less effective in reducing 
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