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ABSTRACT

The mouse oocyte can be activated by injection of a single,
intact mouse spermatozoon or its isolated head. Isolated tails
are unable to activate the oocyte. Active sperm-borne oocyte-
activating factor(s) (SOAF) appears during transformation of
the round spermatid into the spermatozoon. The action of
SOAF is not highly species-specific: mouse oocytes are acti-
vated by injection of spermatozoa from foreign species, such
as the hamster, rabbit, pig, human, and even fish. Some SOAF
can be extracted by simple freeze-thawing of (hamster) sper-
matozoa; additional SOAF is obtained by sequential treatment
of spermatozoa with Triton X-100 and SDS. Electron micro-
scopic examination of sperm heads during SOAF extraction
suggests that the relatively insoluble SOAF is associated with
perinuclear material. When microsurgically injected into oo-
cytes, Triton X-1 00-treated sperm heads (with perinuclear ma-
terial, but without any membranes) can activate the oocytes,
leading to normal embryonic development. Whereas perinu-
clear components have been believed to play a purely struc-
tural role, these data suggest an additional function for them
in oocyte activation.

INTRODUCTION

The fertilizing function of spermatozoa is accomplished
by delivering a male genome into an oocyte and activating
it, thereby initiating its development into an embryo. The
mechanisms by which fertilizing spermatozoa provoke oo-
cyte activation have been the subject of debate from the
beginning of this century [1]. Whereas some recent in-
vestigators maintain that ligand-receptor interactions be-
tween gamete membranes transduce a causative signal,
others believe that the spermatozoon activates oocytes by
releasing a soluble, oocyte-activating substance into the
oocyte (for debate, see [2-6]). The latter notion, proposed
by Loeb [7] and a few others in the beginning of this
century, has been ignored largely until Dale et al. [8] dem-
onstrated that microsurgical injection of a soluble fraction
of sea urchin spermatozoa activates the eggs as efficiently
as live spermatozoa. Mammals whose oocytes are acti-
vated by injection of (cell-free) sperm extracts include the
hamster [9-11], mouse [12], rabbit [12], monkey [13], and
human [14, 15]. The present study was initiated to deter-
mine 1) the time at which sperm-borne oocyte-activating
factor(s) (SOAF) first appears (or becomes biologically
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active) during spermatogenesis, 2) the approximate loca-
tion of SOAF within the mature spermatozoon, and 3) the
species-specificity of SOAE In addition, we undertook a
preliminary biochemical characterization of SOAF

MATERIALS AND METHODS

Reagents

Polyvinyl alcohol (PVA, cold-water-soluble, molecular
weight ca. 10 000), soybean trypsin inhibitor (type I-S),
Triton X-100, mixed alkyltrimethylammonium bromide
(ATAB), SDS, dithiothreitol (DTT), PMSF, benzamidine,
Percoll (colloidal solution of polyvinyl pyrrolidone [PVP]-
coated silica), and PVP (molecular weight ca. 360 000)
were all purchased from Sigma Chemical Co. (St. Louis,
MO). Bovine pancreatic trypsin (180 TAME U/mg) and
bovine testicular hyaluronidase (200 USP U/mg) were ob-
tained from ICN Biochemicals (Costa Mesa, CA). BSA
(fraction V) was purchased from Calbiochem (La Jolla,
CA) and mineral oil from Squibb and Sons (Princeton,
NJ). All other reagents were obtained from Sigma unless
otherwise stated.

Media

The medium used for the culture of mouse oocytes after
microsurgery was CZB medium supplemented with 5.56
mM D-glucose [16, 17]. The medium for collection of oo-
cytes from oviducts and subsequent oocyte treatments, in-
cluding micromanipulation, was a modified CZB (Hepes-
CZB) containing 20 mM Hepes-HC1, a reduced amount of
NaHCO 3 (5 mM), and 0.1 mg/ml PVA instead of BSA.
CZB was used under 5% CO 2 in air, and Hepes-CZB was
used under air. Isotonic (0.9%) NaCl solutions containing
either 1% or 12% (w:v) PVP, referred to as 1% PVP-saline
and 12% PVP-saline, respectively, were used to suspend
spermatozoa/spermatids/sperm fractions before injection.
BM buffer (75 mM NaCl, 24 mM EDTA, and 50 mM Tris-
HCI (pH 7.2) [18] was used for treating isolated sperm
heads with various reagents before injection. Constituents
of the nucleus isolation medium (NIM) were 134 mM
KC1, 2.6 mM NaCl, 7.8 mM Na 2HPO 4, 1.4 mM KH 2PO4,
and 0.3 mM PMSF (pH was adjusted to 7.2).

Preparation of Oocytes

B6D2F1 female mice, 8-10 wk old, were induced to
superovulate by i.p. injection of 7.5 IU eCG followed by
7.5 IU of hCG 48 h later. Oocytes were collected from
oviducts about 15 h after hCG injection. Cumulus cells
were removed by a 3-min treatment with 0.1% hyaluron-
idase in Hepes-CZB. The cumulus-free oocytes were
rinsed thoroughly in Hepes-CZB and kept in CZB for up
to 3.5 h at 37°C, under 5% CO2 in air, before injection.
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KIMURA ET AL.

Preparation of Spermatids and Spermatozoa

Seminiferous tubules of B6D2F1 male mice were
placed in Hepes-CZB and cut into small pieces with fine
scissors. One part of the tubule suspension was mixed with
two parts of 12% (w:v) PVP-saline and pipetted vigor-
ously to release spermatozoa/spermatogenic cells from tu-
bules. A small droplet (about 3 pl) of this 8% PVP-con-
taining cell suspension was placed on the bottom of a
cooled (16-17°C) microinjection chamber (a plastic Petri
dish, 100 mm in diameter and 10 mm in depth), and kept
for up to 3 h under mineral oil. Using Nomarski differ-
ential interference optics, round spermatids with or with-
out proacrosomal granule/cap (stages 1-7), elongated
spermatids (stages 9-12), and fully transformed sperma-
tozoa (stages 15-16) were identified [19] and selected for
injection. Mature spermatozoa of the mouse, golden (Syr-
ian) hamster, and rabbit were collected from caudae epi-
didymides. Human and porcine spermatozoa were isolated
from freshly ejaculated semen of fertile males. Sperma-
tozoa of fish (swordtail, Xiphophorus helleri) and sea ur-
chins (Tripneustes gratilla) were collected from the testes
of mature males.

In a series of experiments, mouse cauda epididymal
spermatozoa were separated into heads and tails before
injection. This was achieved by drawing a single sper-
matozoon, tail first, into the injection pipette until the
sperm neck reached the opening of the pipette, then ap-
plying a few Piezo pulses [20]. The head and tail were
injected separately into different oocytes.

In another series of experiments, isolated sperm heads
were treated with various reagents before injection. Mouse
or hamster spermatozoa from caudae epididymides were
suspended in 5 ml BM buffer and sonicated for 30 sec at
70-80% output of a Biosonik sonicator (Bronwill Scien-
tific, Rochester, NY). Over 95% of the spermatozoa were
decapitated by this treatment. The sonicated sperm sus-
pension was centrifuged (700 x g, 5 min), and the pellet
was washed with BM buffer and then treated at room tem-
perature with various reagents in NIM or 20 mM Tris-HCI
(see footnote of Table 4). The heads were then rinsed thor-
oughly with 1% PVP-saline, and one part of this suspen-
sion was mixed with two parts of 12% PVP-saline. Some
sperm heads with or without treatments were fixed for 1
h, at room temperature, with 2% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2) and processed for electron mi-
croscopy.

Microinjection of Spermatids/Spermatozoa/Sperm
Components

Injection of spermatozoa/spermatids and sperm com-
ponents was performed according to Kimura and Yana-
gimachi [20, 21]. Spermatozoa from the testis (mouse,
fish, and sea urchin), cauda epididymidis (mouse, hamster,
and rabbit) and semen (human and pig) were suspended
in PVP-saline before injection (see above). A single sper-
matozoon was drawn, tail first, into the injection pipette
until the midpiece-principal piece junction was at the
opening of the pipette. Upon application of a few Piezo
pulses, the flagellar motion of the spermatozoon ceased
[20], perhaps because of a local disintegration/disruption
of the plasma membrane. The whole spermatozoon (or iso-
lated head and tail) was injected into an oocyte by using
a Piezo-driven pipette [20]. A round spermatid or a trans-
forming spermatid was drawn in and out of the injection
pipette repeatedly until its plasma membrane was broken

and the nucleus was separated from the bulk of the cyto-
plasm. Both the nucleus and cytoplasm were injected to-
gether into an oocyte.

In a series of experiments, the ability of Triton X-100-
treated mouse spermatozoa to participate in embryonic de-
velopment was examined. Spermatozoa collected from
caudae epididymides were suspended in 3 ml NIM con-
taining 1% (v:v) Triton X-100 and vortexed for 1 min at
room temperature. After centrifugation (700 X g, 1 min),
spermatozoa were resuspended in Triton-free NIM and
centrifuged again (700 x g, 1 min). Then they were re-
suspended in Triton- and PMSF-free NIM containing 10-
12% PVP. Immediately before injection, the sperm head
was separated from the tail by applying few Piezo pulses
to the sperm-tail junction. The time interval between Tri-
ton treatment and sperm head injection was less than 30
min.

Examination of Eggs

The oocytes that had received injections of spermatid
nuclei, whole spermatozoa, isolated sperm heads/tails, or
chemically treated sperm heads were incubated in CZB
for 5-7 h and examined under an inverted microscope for
evidence of activation. Some oocytes were fixed and
stained [22, 23] to reveal cytological details. Oocytes in-
jected with spermatozoa, spermatids, or isolated sperm
heads were considered to have activated normally when
each had extruded a second polar body and contained
large female and male pronuclei within the ooplasm. In
the text and tables, this is denoted by 2PN + lPb2. The
category "others" (see tabulation) denotes those oocytes
exhibiting aberrant fertilization. Some had three or more
pronuclei with or without extrusion of the second polar
body; others had one large female pronucleus and sperm
nuclei either almost intact or only partially decondensed.
Oocytes that had received injections of sperm tails or
sperm extracts were recorded to have activated normally
if they extruded a second polar body and contained one
large female pronucleus.

Assessment of the Developmental Ability of Sperm-
Injected Oocytes

Normally fertilized pronuclear eggs were cultured in
fresh CZB medium. Embryos developing in vitro were
examined with the inverted microscope at 24-h intervals
for up to 120 h. Some 2-cell embryos were transferred
into oviducts of recipient females (Swiss-Webster, albino)
that had been mated with males of the same strain during
the previous night [20]. Foster mothers were allowed to
deliver and raise their own young (red eyes and white
coat) as well as to foster pups (black eyes and grey/brown/
black coats).

Isolation and Injection of SOAF

We ran preliminary experiments to isolate SOAF by
using spermatozoa from hamsters, rather than another spe-
cies, for three reasons. First, Parrington et al. [24] had
previously used hamster spermatozoa to isolate and iden-
tify a putative oocyte-activating protein (glucosamine 6-
phosphate isomerase or oscillin). Second, hamster and
mouse spermatozoa are equally effective in activating
mouse oocytes after intracytoplasmic injection (Table 2).
Third, the number of spermatozoa collectable from a sin-
gle hamster cauda epididymidis is > 100 times higher than
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SPERM PERINUCLEAR MATERIAL

that from a single mouse cauda epididymidis. We used two
methods to isolate SOAE

Method 1. Two caudae epididymides were isolated
from a mature golden hamster. After blood adhering to
their surfaces was removed carefully, the proximal two-
thirds of each epididymis was wrapped with tissue paper
(Kimwipes; Kimberly-Clark, Atlanta, GA). While finger
pressure was applied through the tissue paper, the distal
epididymis was punctured with a sharp needle or forceps
to allow a dense sperm mass to ooze out. This was re-
peated several times until almost all of the spermatozoa
in the distal cauda epididymidis were collected. Sperma-
tozoa were suspended for 3 min in 30 ml of erythrocyte-
lysing buffer (155 mM NH4 CI, 10 mM KHCO 3, 2 mM
EDTA; pH 7.4) before centrifugation (1500 x g, 5 min).
The sperm pellet was resuspended in 30 ml of Dulbecco's
PBS and centrifuged (1500 x g for 5 min). The super-
natant was discarded, and the pellet, containing approxi-
mately 2 108 spermatozoa, was suspended in 0.5 ml
PBS in a polypropylene centrifuge tube. The tube was
placed in liquid nitrogen for 10 min, then warmed up to
room temperature, by using running tap water. Death of
all spermatozoa was confirmed by staining with propidium
iodide/SYBR 14 (live/dead Ferti-Light sperm viability kit;
Molecular Probes Inc., Eugene, OR). The preparation was
centrifuged (22 500 x g) for 30 min at 4°C. Part of the
supernatant was concentrated by using Amicon filters
(molecular weight cutoff 10 000, 30 000, 50 000, or
100 000; Amicon Division, W.R. Grace & Co., Beverly,
MA) and centrifuged (3800 x g, 10 min) to collect fil-
trates. Approximately 5 pl each of the unfractionated and
fractionated sperm extracts was injected into individual
oocytes.

Method 2. Spermatozoa from two caudae epididymides
of a mature hamster male were collected and treated for
3 min with erythrocyte-lysing buffer at room temperature.
Subsequent treatments were performed at 40C whenever
possible. The sperm pellet was suspended in 30 ml YM
medium (0.9% NaCI containing 1 mM PMSF, 1 mM ben-
zamidine, and 2.5 mM EDTA; 10 mM Tris-HCI supple-
mented with 1% [v:v] Triton X-100) (pH 7.2). Unless spe-
cifically stated, all media and water mentioned below were
buffered with 10 mM Tris-HCl to pH 7.0-7.4.

Spermatozoa in the 1% Triton-containing YM medium
were sonicated until > 98% sperm heads and tails were
separated. A 15-ml aliquot of the sonicated sperm suspen-
sion was placed gently on 30 ml of 90% Percoll solution
in YM. After centrifugation at 22 500 x g for 30 min,
sperm heads at the bottom of the centrifuge tube were
collected. After being washed once by centrifugation
(1500 x g, 10 min) with YM medium containing 1% Tri-
ton, sperm heads were resuspended in 2-4 ml of 1% (w:
v) SDS in distilled water for 10 min with occasional ag-
itation. After centrifugation (1500 x g for 10 min), the

supernatant was collected, diluted with distilled water to
20 ml, and filtered through a 0.45-urm pore filter (Milli-
pore Corp., Bedford, MA). Before filtration, 1 drop (about
20 mg) of Percoll was added to the 20-ml supernatant
solution. The solution was dialyzed successively against
1) distilled water overnight; 2) 3% Triton X-100 in dis-
tilled water for 4-5 h; 3) running tap water (pH 7.5), room
temperature, for 5-10 min; and 4) nonbuffered distilled
water (pH 5.2) for 1-2 days, with the distilled water re-
newed at frequent intervals. The solution was freeze-dried
to allow SOAF to be adsorbed onto drying Percoll. Some
solution was heated (90°C) for 30 min before freeze-dry-
ing. Freeze-dried material (Percoll) was kept at -50°C be-
fore injection into oocytes.

Gel Electrophoresis

Crude extracts of hamster cauda epididymal spermato-
zoa independently prepared by methods 1 and 2 were an-
alyzed by SDS-PAGE on a 10% (w:v) polyacrylamide gel.
After electrophoresis, proteins were transferred to a solid
support by using a standard Western blot protocol and
were probed with a polyclonal guinea pig antibody raised
against mouse calicin [25]. After the filter was washed,
primary antibody binding sites were labeled with peroxi-
dase-conjugated, anti-guinea pig, rabbit IgG (the second
antibody) and were detected after the chromogenic break-
down of 3,3'-diaminobenzidine.

RESULTS

Oocyte-Activating Capacity of Mouse Spermatozoa and
Spermatids

Table 1 summarizes the results of experiments in which
mouse testicular spermatozoa and spermatids were inject-
ed into mouse oocytes. Testicular spermatozoa activated
oocytes very efficiently, whereas round spermatids (stages
1-6) failed to do so. Spermatids in the process of trans-
formation into spermatozoa (stages 9-11) occasionally
could activate the oocytes.

Spermatozoa of foreign species also could activate
mouse oocytes (Table 2). Hamster and rabbit spermatozoa,
for example, activated mouse oocytes very efficiently.
However, although these activated oocytes first appeared
intact, they began to deform after extrusion of the second
polar body (Fig. 1) and never reached the 2-cell stage.
Such deformation did not occur when hamster and rabbit
spermatozoa had been sonicated and sperm heads without
acrosomal caps were injected (Fig. 2). Unlike hamster and
rabbit spermatozoa, intact human spermatozoa activated
mouse oocytes without deforming oocytes. Sonicated pig
spermatozoa activated mouse oocytes. A single fish sper-
matozoon activated only about 20% of mouse oocytes.
However, the activation rate increased to 50% when three

TABLE 1. Comparison of the oocyte-activating abilities of testicular spermatozoa, round spermatids, and transforming spermatids of the mouse in
oocytes examined 5-7 h after injection.

Total no. of oocytes No. (%) of No. (%) of activated oocytes No. (%) of activated eggs with:

Cells injected injected (no. exp.) surviving oocytes among surviving oocytes 2 PN + Pb2 Others

Testicular sperm 80 (3) 71 (89) 71 (100) 71 (100) 0 (0)
Round spermatids 50 (3) 46 (92) 0 (0) - -

Elongated spermatids 50 (3) 46 (92) 27 (59) 23 (85) 4 (15),
Noneb (Sham) 85 (7) 81 (95) 2 (2) 0 (0) 2 (100)p

a These 6 eggs each had 1 PN + 1 Pb2.
b Approximately 30 pl of 12% PVP-saline was injected.
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KIMURA ET AL.

TABLE 2. Response of mouse oocytes injected with spermatozoa of foreign species examined 5-7 h after sperm injection.

Total no. No. (%) No. (%) of N. () of activated eggs with
Special treatment of oocytes surviving activated oocytes

Species prior to injection injected oocytes among surviving 2 PN + 1 P2 Others

Human 40 33 (83) 29 (88) 28 (97) 1 (3)d
Hamster 28 26 (93) 26 (100) 0 (0) 26 (100)e

Sonicated 23 19(83) 19(100) 18(95) 1 (5)
d

Rabbit 31 23 (74) 22 (96) 2 (9) 20 (91)e
Sonicated 31 31 (100) 31 (100) 31 (100) 0 (0)

Pig Sonicated 21 16(76) 16(100) 5 (31) 11 (69)
d

Fish (Swordtail) a 38 34 (89) 7 (21) 6 (86) 1 (14)
d

15 14 (93) 7 (50) 0 (0) 7 (1 0 0 )d

Sea urchin (T. gratilla) - 16 16 (100) 0 (0) 0 (0) 0 (0)

a A single spermatozoon was injected into each oocyte.
b Three spermatozoa were injected into each oocyte.
C One to three spermatozoa were injected into each oocyte.
d These include zygotes with 1 or 3 PN, with or without Pb2, as well as eggs with a partially decondensed nucleus.

All of these eggs were severely deformed and, because of this, cytological details were difficult to determine, but they were at either telophase II or
the pronuclear stage.

fish spermatozoa were injected into each oocyte. Sea ur-
chin spermatozoa (1-3 per oocyte) failed to activate
mouse oocytes (see Note added in Proof).

Oocyte-Activating Capacity of Mouse Sperm Head and
Tail

Mouse cauda epididymal spermatozoa were separated
into heads and tails by applying a few Piezo pulses to the
sperm-tail junction (neck) of motile spermatozoa imme-
diately before injection. A single sperm head or a single
tail was injected into each oocyte. Sperm heads activated
oocytes very efficiently, whereas tails failed to do so
above the negative control level (Table 3). Similarly, iso-
lated human sperm heads activated mouse oocytes, but
isolated tails did not, even when 2-3 tails were injected
into an oocyte (data not shown).

Some Properties of Triton X- 100-Insoluble SOAF

To gain insights into the nature of SOAF, isolated
mouse and hamster sperm heads were treated with various

reagents before injection into oocytes (Table 4). Judged by
its ability to activate oocytes, a proportion of SOAF ap-
peared to be resistant to Triton treatment, but vulnerable
to treatment with either trypsin, SDS, or ATAB-DTT treat-
ments. Light and electron microscopic examination of
mouse sperm heads revealed that Triton treatment re-
moved all membranes, but left perinuclear material around
the nucleus (Figs. 3A and 4A). Trypsin treatment removed
or altered perinuclear materials extensively (Fig. 4B).
Treatments of mouse spermatozoa with Triton and SDS
removed most of perinuclear materials (Figs. 3B and 4C).
Simultaneous treatment with DTT and ATAB not only re-
moved perinuclear materials, but also caused partial de-
condensation of the nucleus (Fig. 4D).

A crude hamster sperm extract obtained by method 1,
described in the Materials and Methods, activated mouse
oocytes very efficiently (Table 5). Membrane filtration sug-
gests that the molecular weight of the active component(s)
is between 30 000 and 100 000. Gel electrophoresis of the
crude extract revealed more than 20 components ranging
from molecular weight of 30 000 to 120 000 (Fig. 5A).

FIGS. 1 AND 2. Phase-contrast micrographs of mouse oocytes, 5-6 h after sperm injection. 1) An oocyte injected with an acrosome-intact hamster
spermatozoon; note an irregular shape of the vitellus. 2) An oocyte injected with a sonicated hamster spermatozoon without acrosomal cap; male (M)
and female (F) pronuclei are seen within normal-looking vitellus.
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SPERM PERINUCLEAR MATERIAL

TABLE 3. Oocyte-activating ability of the head and tail of mouse sper-
matozoon.

No. (%)
of

Total no. activated No. () of activated
Sperm of oocytes No. (%) oocytes eggs with:
fragment injected of oocytes among
injected (no. exp.) surviving surviving 2PN +1 Pb, Others

Head 184 (9) 157 (85) 155 (99) 143 (92) 12 (8)
b

Tail 54 (5) 51 (94) 1 (n2) 0 (0) 1c
Control

a
65 (6) 63 (97) 2 (3) 0 (0) 2c

a Approximately 30 pl of 12% PVP-saline was injected.
b These eggs had 1 or >3 PN with or without Pb2.
c These eggs had 1 PN and Pb2.

The amount of freeze-dried material extracted from 108
SDS-treated sperm heads by method 2 was too little for
accurate weight determination. In an attempt to stabilize
these small quantities, Percoll was added to the hamster
sperm head extract before freeze-drying (method 2) so that
extracted materials were adsorbed onto it. Percoll crystals
had various sizes and shapes, many of which were rod-
shaped and very flexible (Fig. 6). They did not dissolve in
isotonic solutions of NaCI or KC1. Injection of a freeze-
dried Percoll crystal into an oocyte was easy, but the pre-
cise amount of SOAF injected could not be determined.
Nevertheless, 95% of 42 oocytes were activated when
freeze-dried, hamster SOAF-adsorbed Percoll crystals were
injected (Fig. 7 and Table 6). In contrast, none of the 51
oocytes were activated after injection of Percoll crystals
alone. Similarly, Percoll crystals with preheated hamster
SOAF could not activate mouse oocytes (Table 6). Gel elec-
trophoresis of SDS-extract from Triton-X-100-treated ham-
ster sperm heads (Fig. 5B) revealed some 12 major com-
ponents after staining with Coomassie blue dye. Western
blot analysis (Fig. 5C) revealed that calicin is a constituent
of this extract.

TABLE 4. Effects of various treatments at 25
0

C of isolated heads of ma-
ture epididymal spermatozoa on their ability to activate mouse oocytes.

Spermhed Total No. (%) of
no. of No. (%) of oocytes activated eggs withSperm heads oocytes

treated with injected Surviving Activated 2 PN + 1 Pb2 Others'

Mouse

None (control) 31 (3) 26 (84) 26 (100) 24 (92) 2 (8)
1% Tritona 46 (3) 41 (89) 41 (100) 42 (95) 2 (5)
0.1 % Trypsinb 42 (3) 38 (90) 0 (0) - -
1% SDSC 51 (3) 45 (88) 1 (2) 0 (0) -
Triton-SDSd 43 (3) 39 (90) 0 (0) - -
ATAB-DTT' 29 (3) 24 (83) 0 (0) -

Hamster

1% Triton 18(2) 16(89) 16(100) 15(94) 1 (6)
0.1% Trypsina 20(2) 19(95) 1 (5) 1(100) 0(0)
1% SDSc 20 (2) 19 (95) 0 (0) - -
Triton-SDSd 24 (2) 21 (87) 0 (0)

a 5-min treatment with 1% Triton X-100 in NIM.
b 5-min treatment with 0.1% trypsin in NIM.
c5-min treatment with 1 % SDS in 20 mM Tris-HCI (pH 7.2).
d 5-min treatment with 1% Triton X-100 in NIM followed by 5-min treat-
ment with 1% SDS in 20 mM Tris-HCI (pH 7.2).
e 10-min treatment with 0.5% ATAB plus 2 mM DTT in 20 mM Tris-HCL
(pH 8.2).
fThese include eggs with 1 or 3 PN with or without Pb2.

FIG. 3. Phase-contrast micrographs of hamster sperm heads treated with
A) Triton X-100 or B) Triton X-100 plus SDS. Arrows indicate the perfor-
atorium, a frontal accumulation of the perinuclear material. Note that the
perforatorium is absent in many sperm nuclei in B.

Developmental Ability of Mouse Oocytes Injected with
Triton-Treated Mouse Sperm Heads

When Triton-treated and intact (control) mouse sperm
heads were injected into mouse oocytes, there was no dif-
ference between these two groups with respect to the time
and rate of oocyte activation, the rate of normal pronuclei
development (Table 7), and the rates of normal preimplan-
tation and postimplantation development (Tables 8 and 9).

TABLE 5. Activation of mouse oocytes injected with supernatant from
hamster spermatozoa prepared by Method 1 (see Materials and Methods).

Total no. of No. of No. (%)
oocytes injected surviving activated

Sperm extract (no. exp.) oocytes eggs

Unfractioned 15 (2) 14 14 (100)

Fraction

<10000 M, 10 (2) 10 0 (0)
<30 000 M, 10 (2) 10 0 (0)
<100000 M, 16 (3) 15 15 (100)

TABLE 6. Activation of mouse oocytes injected with partially purified
hamster SOAF freeze-dried before injection.

SOAF heat-treated Total no. No. of No. (%) of activated
(90°C, 30 min) oocytes injected surviving eggs among
before freeze-drying (no. exp.) oocytes those surviving

- 42 (4) 40 (95) 40 (100)
+ 23 (2) 21 (91) 0 (0)
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KIMURA ET AL.

FIG. 4. Sagittal sections of mouse sperm heads treated with A) Triton X-100, B) trypsin, C) Triton X-100 and SDS, and D) ATAB and DTT. iam, Inner
acrosomal membrane; n, nucleus; pnm, perinuclear material; p, perforatorium = apical accumulation of perinuclear material.

DISCUSSION

The results of the present study support the notion that
mammalian spermatozoa introduce some substances into
oocytes to activate them. In the mouse, SOAF is(are) lo-

FIG. 5. SDS-PAGE of A) crude whole sperm extract obtained by method
1, B) sperm head extract obtained by method 2 (see Materials and Meth-
ods). C) SDS-PAGE immunoblot of sperm head extract (B) with anti-calicin
antibody.

cated within the sperm head, not in the tail (Table 3). It has
already been reported that isolated human and monkey
sperm heads can activate oocytes after injection [13, 26].
In humans, injection of round spermatids activates human
oocytes [27, 28], indicating that these cells contain SOAF
activity. In contrast, round spermatids of the mouse are un-
able to do so until they begin to elongate (Table 1). Thus,
synthesis or activation of mouse SOAF seems to occur dur-
ing spermiogenesis. It is interesting to note that the intra-
cellular assembly of the perinuclear material is initiated and
completed during spermiogenesis [29-31]. Round-headed
human spermatozoa with incomplete assembly of the peri-
nuclear materials [32, 33] are unable to activate oocytes
when injected [34, 35].

TABLE 7. Response of mouse oocytes to intact and Triton-treated sper-
matozoa, examined between 5 and 7 h after injection.

Total no. No. (%) No. (%)
Sperm No. of oocytes oocytes surviving eggs
injected exp. injected surviving normally fertilized

Intact 5 59 50 (84.7) 50 (100)
Triton-treated* 3 29 25 (86.2) 25 (100)

* Mouse spermatozoa in NIM medium containing 1% Triton-X-1 00 were
vortexed for 1 min, then washed by centrifugation (see Materials and
Methods).

1412

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/5
8
/6

/1
4
0
7
/2

7
6
1
1
3
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



SPERM PERINUCLEAR MATERIAL 

FIG. 6. Percoll crystals with adsorbed SOAF. 

The action of SOAF is not highly species-specific: sper- 
matozoa from the hamster, rabbit, pig, human, and even fish 
activate mouse oocytes when injected (Table 2). This ap- 
parent lack of species specificity of SOAF is consistent with 
previous reports of sperm extracts activating oocytes in ho- 
mologous and heterologous species [lo, 12, 14, 15, 361. 

It should be noted that although mouse, hamster, rabbit, 
pig, and human spermatozoa were all capable of activating 
mouse oocytes (Table 2), injection of acrosome-intact ham- 
ster and rabbit spermatozoa is detrimental to mouse oo- 
cytes. The oocytes deformed extensively, starting several 
hours after injection, and never reached the 2-cell stage. 
The "cytotoxicity" of hamster and rabbit spermatozoa dis- 
appeared when they were sonicated and acrosomeless 
sperm heads were injected into oocytes. Since acrosomes 
of hamster and rabbit spermatozoa are much larger than 
those of mouse and human spermatozoa, we first thought 
that introduction of a relatively large volume of acrosomal 
contents was detrimental. However, we abandoned this idea 
because injection of acrosome-intact hamster spermatozoa 
into hamster oocytes did not produce any noticeable detri- 
mental effects. Since hamster and mouse oocytes have ap- 
proximately the same volume, it is perhaps the tolerance of 
the ooplasm to exotic acrosomal contents, not just the vol- 
ume of acrosomal contents introduced, that determines the 
level of acrosomal toxicity. 

One candidate sperm-borne oocyte-activating compo- 
nent, isolated from hamster spermatozoa, was called oscil- 
logen (and later oscillin) by Swann 14, 371 because it in- 
duces repetitive intracellular free calcium ([Ca2+Ii) eleva- 
tions within the oocyte when injected. Normal fertilization, 

TABLE 8. In vitro development of mouse eggs fertilized by injection of 
intact and Triton-treated spermatozoa. 

Total no. 
of eggs No. ( O h )  eggs developed into 

Sperm cultured 
injected (No. of exp.) 2-cell 4-cell Morula Blastocyst 

Intact* 119(6) 118(99) 115(97) 108(91) 81 (68)" 
Triton-treated 25 (3) 25 (1 00) 25 (1 00) 20 (80) 19 V6Ib 

* Cited from Kimura and Yanagimachi [201. 
a-b p > 0.1, using chi-square test. 

FIG. 7. Mouse oocyte activated by injection of a Percoll crystal with 
adsorbed SOAF. f, Female pronucleus; p, Percoll crystal; pb2, the second 
polar body. 

direct intracytoplasmic sperm injection (ICSI), and injec- 
tion of sperm extracts all cause such repetitive [Ca2+Ii el- 
evation in various species, including the human 
[14, 38, 391, cattle [40, 411, rabhit [42, 431, hamster 
[9, 10,44,45], and mouse [lo, 11,461. Such [Ca2Ii eleva- 
tions are believed to trigger both cortical granule exocytosis 
and the resumption of oocyte meiosis through as yet un- 
defined mechanisms (for discussion, see [5,47,48]). 

According to Swann 191, hamster and porcine oscillo- 
gens are trypsin-sensitive protein complexes of M, > 
100 000. The oocyte-activating factors isolated from rabbit 
spermatozoa are also trypsin-sensitive 1121, and that of hu- 
man spermatozoa is heat-labile [15]. In our study on the 
hamster, both crude extract from whole spermatozoa and 
partially purified SOAF from isolated sperm heads were 
capable of activating mouse oocytes when injected (Tables 
5 and 6). Our experiments showed that Triton-treated sperm 
heads possessed oocyte-activating ability, whereas SDS- 
treated sperm heads did not (Table 4). The most notable 
difference between these two types of sperm heads was the 
presence or absence of perinuclear material. It was present 
in Triton-treated sperm heads (Fig. 4A) and was almost 
absent in Triton-ISDS-treated heads (Fig. 4C). Triton treat- 
ment removed all plasma and acrosomal membranes as well 
as acrosomal contents. Oscillin is localized specifically in 
the equatorial region of the sperm head [24]. Since Triton 
removes all non-nuclear components of the equatorial re- 
gion of the sperm head except for the perinuclear material, 

TABLE 9. Term development of embryos derived from the eggs fertilized 
by injection of intact and Triton-treated spermatozoa. 

No. (%) of 
No. of live offspring 

embryos No. of developed from 
Sperm transferred recipients transferred embryos 

Intact* 106 8 32 (30)" 
Triton-treated 69 8 19 (28Ib 

*?itedirom Kimura and Yanagimachi 1201. 
a-b p > 0.1, using chi-square test. 
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it is very unlikely that the "insoluble" SOAF residing in/
with the perinuclear material is identical with the "readily
soluble" oscillin. However, it is possible that oscillin re-
leased from spermatozoa during extraction procedures
binds to the perinuclear material. This point must be clar-
ified by future investigations.

Among extra-nuclear mammalian sperm proteins, thecin
[49] and calicin [25, 50-52] deserve attention. Thecin (Mr
75 000, 77 000, and 80 000) denotes proteins from sperm
perinuclear theca; calicin (Mr 60 000) refers to a protein in
the posterior calyx of the sperm head. Since thecin appar-
ently is not extractable by 1% SDS treatment but is extract-
ed by a subsequent CTAB/DTT treatment, it alone cannot
account for the SOAF activity we reported here. Calicin is
similar to the SOAF in that it is resistant to Triton treat-
ment. Calicin [50, 51] and SOAF are present in the sper-
matozoa of many different mammalian species. Calicin,
SOAF, and thecin all appear (become biologically active)
or are assembled in their final forms during spermiogenesis
([25, 29] and see Table 1 of this paper). It is important to
note that calicin and thecin are just two of a large number
of proteins constituting the perinuclear material [25, 52].

Distribution of calicin is restricted to the postacrosomal
region. Since the perinuclear material in this region of the
sperm head mingles quickly with the ooplasm after sperm-
oocyte membrane fusion [48, 53], it is tempting to speculate
that calicin represents the SOAF. Longo et al. [25] specu-
lated that both calicin and other perinuclear proteins con-
tribute to the formation of perinuclear theca, which func-
tions as 1) an architectural element involved in the shape
changes of the nucleus during spermiogenesis and 2) a ce-
ment linking the nucleus with the overlying plasma mem-
brane when spermiogenesis is completed. We propose here
that another important function of the perinuclear material
is to activate oocytes.

Calicin is water-insoluble [25]. Similarly, the SOAF is
not readily soluble in ordinary salt solutions (including oo-
cyte culture medium and intracellular buffer). However, in-
side the sperm cell, a part of the SOAF may exist in a
readily soluble form. It has been known for many years
that perinuclear material dissolves readily by SDS-DTT
treatment [54]. The fact that the perinuclear material in the
postacrosomal region rapidly disperses into the ooplasm
soon after sperm-oocyte fusion [48, 53] may be accounted
for by drastic changes due to its exposure to the ooplasm.
Although oocyte activation can be triggered by ligand-re-
ceptor interactions between gamete membranes [3, 6] or os-
cillin [4, 55], one should remember that Triton-treated
mouse spermatozoa without any membranes (including
plasma and acrosomal membranes) and "cytosol" are fully
capable of activating and fertilizing oocytes ([56], and Ta-
ble 7), culminating in the birth of normal offspring (Table
9).

NOTE ADDED IN PROOF

We later found that 21.4% of mouse oocytes are acti-
vated when 10 sea urchin spermatozoa are injected into
each mouse oocyte (Wakayama, Uehara, Hayashi and Yana-
gimachi. The response of mouse oocytes injected with sea
urchin spermatozoa; Zygote 1997; 5:229-234).
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