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were placed in ice water and the spermatozoa were sonicated for

10 sec (0.3 sec bursts at 0.7 sec interval/sec) using a 20% power

output of a Branson Sonifier Model 250 (Branson Ultrasonics Co.,

Danbury, CT). The separation of heads from tails was successful in

about 80% of spermatozoa. A portion (100 ml) of the sonicated

suspension was transferred into a 1.5-ml tapered centrifuge tube

containing 1 ml mKRB-Hepes and the diluted sperm suspension

Figure 2. A Phase-contrast micrograph of spermatozoa dried and rehydrated after storage at 46C for 1 week in nitrogen gas. Many
heat-dried spermatozoa have wavy tails. A sperm head (arrow) separated from a tail is also visible. Bar = 20 mm.
doi:10.1371/journal.pone.0078260.g002

Figure 3. Acrosomal membrane damage of the rat sperm head.
(A) Spermatozoa were sonicated to separate head and tail. Acrosome
and nucleus of sperm head were stained with green (FITC-PNA) and red
(PI), respectively. Acrosomal membrane remains ‘‘intact’’ or ‘‘damaged’’.
Bar = 5 mm. (B) Sperm heads that were not heat-dried (control) or heat-
dried were randomly counted. Experiments were repeated separately
four times using 20 sperm heads per replicate. The values are expressed
as mean 6 SEM. Values with different letters within each category differ
significantly (P,0.05).
doi:10.1371/journal.pone.0078260.g003

Figure 4. In vitro development of rat oocytes injected with
heads from spermatozoa that were not heat-dried (control) or
heat-dried at various temperature with various times and
stored at 46C for 1 week in air. Experiments in each treatment were
repeated separately four times using 20–25 oocytes per replicate.
Injected oocytes were cultured and examined 24 and 120 h after the
start of culture for 2-cell stage and blastocysts, respectively. The values
are expressed as mean 6 SEM; the total number of oocytes cultured
after injection was 99, 98, 94, 84 and 83 for examination of
development for spermatozoa unheated (control), dried at 50, 56, 90
and 120uC, respectively. Values with different letters within each
category differ significantly (P,0.05).
doi:10.1371/journal.pone.0078260.g004
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was centrifuged at 1,8006 g for 3 min. The pelleted material,

consisting of sperm heads and tails, was resuspended in 1 ml

mKRB- Hepes.

Evaluation of Acrosomal Membrane
To evaluate acrosomal membrane, the staining protocol was

prepared as described previously [22] with minor modifications.

Briefly, fresh and heat-dried sperm samples were smeared on

microscope slide glass and dried for 30 min by air. These samples

were then fixed with absolute ethanol for 30 min and treated with

100 mg/ml FITC-labelled peanut agglutinin (FITC-PNA) in PBS

for 30 min on a 37uC warm plate. Following washing three times

in PBS, these samples were stained with 1 mg/ml propidium

iodide (PI) for 5 min and then evaluated using a scanning laser

confocal microscope (LSM5 Live; Carl Zeiss, Germany) with Zeiss

LSM5 Live Release ver. 4.2. SP1 Image Browser software.

Acrosomal membrane and nucleus were stained green and red,

respectively.

Preparation of Oocytes
The protocol for current research was approved by the

Research Ethics Committee of Okayama University. Immature

21- to 25-day-old female Wister rats were induced to superovulate

by i.p. injections of 10–15 IU eCG (Serotropin: Teikoku-Zoki Co.,

Tokyo, Japan) and 10–15 IU hCG (Puberogen: Sankyo Co.,

Tokyo, Japan) 48 h later. The females were killed by cervical

dislocation 15–16 h after hCG injection and the excised oviducts

were placed in a small drop (100 ml) of mKRB-Hepes supple-

mented with 0.1% hyaluronidase. Oocytes with cumulus cells were

released from the ampullar portion of the oviducts and kept in the

medium for about 5 min. The oocytes freed from cumulus cells

were washed in mKRB, placed into 100 ml of the same medium,

and kept in a CO2 incubator (5% CO2 in air at 37uC) for 1 h until

used for sperm injection.

ICSI
The oocytes which had been kept in a CO2 incubator (37uC)

were initially transferred into 100 ml mKRB-Hepes containing

5 mg/ml cytochalasin B to prevent spontaneous activation which

occurs in rat oocytes at a high rate [23]. Then 5 ml medium

containing 10–15 oocytes was placed in a petri dish cover

(5064 mm; Falcon No. 1006, Becton Dickinson Labware,

Franklin Lakes, NJ, USA) and covered with paraffin oil (Nacalai

Tesque Inc., Kyoto, Japan). A small drop (1 ml) of the suspension

containing 20–40 sperm heads and some tails was introduced into

a drop containing oocytes. Intracytoplasmic injection of sperm

heads into oocytes was performed on a microwarm plate (MPF-10-

N; Kitazato Supply Co., Ltd, Sizuoka, Japan) at 37uC at 2006
magnification using a piezomicromanipulator controller (PMAS-

CT150; Prime Tech, Tsukuba, Japan). The injection and holding

pipettes were prepared from Borosilicate glass capillary tubes

(Sutter Instrument Co. Novato, CA, USA) using a micropipette

puller (P-97/IVF; Sutter Instrument Co., CA) and a microforge

(MF-9; Narishige Co., Ltd, Tokyo, Japan). The external and

internal diameters of the tip of the injection pipette were 4–5 mm

and 2–3 mm, respectively. A sperm head was aspirated into the

injection pipette so that the apex of sperm head was positioned

facing the opening of the pipette. The tip of the pipette was

brought in contact with the zona pellucida of the oocyte which was

held by a holding pipette with an external diameter of 100–

110 mm and an internal opening of 15–20 mm. The zona was

drilled by applying two to three piezo pulses (intensity 2, speed 2).

When the tip had reached into the ooplasm, a few piezo pulses

were applied and a sperm head in a minimal amount of medium

was expelled into the ooplasm; the pipette was then gently

Figure 5. Chromosomal analysis of rat oocytes injected with
heads from spermatozoa that were not heat-dried (control) or
heat-dried at 506C for 8 h and stored at 46C for 1 week in air.
Experiments in each treatment were repeated separately four times
using 10–13 oocytes per replicate. Chromosomes were evaluated as
‘‘normal’’ or ‘‘damaged’’. The values are expressed as mean 6 SEM.
Values with different letters within each category differ significantly
(P,0.05).
doi:10.1371/journal.pone.0078260.g005 Figure 6. Activation (A) and in vitro development (B) of rat

oocytes injected with heads from spermatozoa that were not
heat-dried (control) or heat-dried at 506C for 8 h and stored at
46C for 1 week in nitrogen gas or in air. Experiments in each
treatment were repeated separately six times using 15–20 oocytes per
replicate. Injected oocytes were examined 9–12 h after injection for
activation, and those with two pronuclei obtained 10 h after injection
were cultured and examined 24, 72, 96 and 120 h after the start of
culture for 2-cell stage, $4-cell stage, morulae and blastocysts,
respectively. The values are expressed as mean 6 SEM; the total
number of oocytes cultured after injection was 107, 103 and 97 for
examination of activation and 98, 101 and 96 for examination of
development for spermatozoa unheated (control), stored in nitrogen
gas and in air after heat drying, respectively. Values with different letters
within each category differ significantly (P,0.05). MPN: male pronucle-
us.
doi:10.1371/journal.pone.0078260.g006
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