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Abstract

Purpose To evaluate human sperm nuclear chromatin
decondensation in a heterologous ICSI system using
hamster ova injected with human sperm.

Materials and methods Frozen hamster oocytes were
injected with Triton X-100 treated sperm and fixed at
different time points post ICSI. Oocytes injected with non-
treated sperm served as controls. Male pronuclear decon-
densation was evaluated after staining with DAPI.

Results Sperm cells with partially destroyed membranes
and depletion of the acrosome decondense more rapidly and
to a greater extent than membrane/acrosome intact cells.
Marked variability in pronuclear size was observed for any
time point post ICSI, which most probably reflects the
heterogeneity in the mature human sperm population.
Conclusion Remodeling of male gamete nuclei in this
heterologous ICSI mimics events that occur during
natural fertilization in humans and therefore this approach
may be used for studies of human sperm chromosomes
transformations.

Keywords Acrosome - Chromatin - Decondensation -
Heterologous ICSI - Pronucleus

Capsule Human-hamster heterologous ICSI mimics sperm nuclei
transformations that occur during natural fertilization in humans.
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Introduction

Fertilization converts two terminally differentiated cells into
a totipotent zygote that can form all the cell types in the
body. Human eggs, like those of most mammals, are
fertilized at meiotic metaphase II. Fertilization activates
the oocyte and triggers the completion of meiosis so that
the inactive sperm nucleus is, in a coordinated fashion,
transformed into a functional male pronucleus (mPN)
within the egg cytoplasm. This process consists of complex
overlapping stages [1-3]: (1) removal of the sperm nuclear
envelope and disassembly of nuclear lamina; (2) substitu-
tion of protamines with histones that leads to initial
chromatin decondensation followed by recondensation; (3)
rebuilding of a nuclear envelope; (4) swelling of the mPN
and its migration towards the female PN; and (5) the rapid
demethylation of sperm DNA during PN development [4].
And finally paternal and maternal genomes unite and
prepare for cleavage forming the mitotic spindle.

Chromosome organization in somatic cells is regarded as
an important factor in gene expression. In addition to DNA
sequence and histone code, it is an integrated part of the
epigenetic mechanisms, which play a major role in
fertilization and early embryonic development. Nonethe-
less, chromosome topology in gametes and zygotes is
poorly studied. Recent studies clearly demonstrated that
chromosomes in mature human spermatozoa have non-
random, well-defined, and unique spatial organization [5—7].
In addition, sperm chromosomes have a preferred intracel-
lular positioning [8—10].

Due to the inability to conduct studies with human
embryos, adequate model systems are necessary to study
sperm chromosome transformation during the early events
of fertilization. Recently, intracytoplasmic sperm injection
(ICSI) of human sperm into mouse oocytes has been used
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to study histone code during PN development [11]. Here we
use ICSI of human sperm into hamster oocytes.

Zona-free hamster oocytes are unique in that they can be
penetrated by every species of sperm tested thus far. The
ability of human sperm to form pronuclei within zona-free
hamster oocytes, the “hamster test” or hamster oocyte
sperm penetration assay [12—15] has been used by IVF
clinics for years. This test is generally used for the
evaluation of numerical and structural abnormalities in
sperm chromosomes [16]. It may be also applied for studies
of sperm chromatin decondensation. In more recent
modification, a single human sperm is injected into each
oocyte using the ICSI technique, which eliminates any
sperm bound to oocyte surface [17]. After injection, human
sperm undergoes decondensation that, at first glance,
mimics the formation of pronucleus. ICSI of enucleated
mouse oocytes has also been shown to yield a reliable
method for chromosome analysis of human sperm [18].
Analysis of sperm chromatin remodeling and behavior of
chromosomes during this process has not been performed
so far.

In ICSI, capacitation, acrosome reaction and membrane
fusion are bypassed. Sperm chromatin enters the ooplasm
along with the perinuclear material, acrosome and cell
membrane. Eventually, these components disintegrate in-
side the oocyte. It has been suggested that they may
interfere with sperm chromatin remodeling [19-22]. Re-
gardless, live offspring have been born using ICSI in a
variety of species, including humans and mice [23].
However, existing reports on higher incidence of chromo-
some aberrations [24] and lower developmental potentials
[25, 26] in embryos produced by ICSI indicate that further
evaluations on the effects of the incorporation of the
acrosome into the oocyte are needed.

In the present study, we explored male pronuclei
development with interspecies ICSI utilizing hamster
oocytes (HO) injected with human sperm. We established
the detailed kinetics of mPN decondensation using acro-
some intact (Al) and acrosome depleted (AD) sperm. We
further demonstrated the heterogeneity in mPN deconden-
sation possibly reflecting intrinsic heterogeneity in the
sperm population.

Materials and methods

Preparation of sperm for ICSI

Semen samples were obtained from three normozoospermic
[27] healthy men (not of proven fertility) enrolled in the
donor sperm program at The Jones Institute for Reproduc-

tive Medicine. This study was approved by the Institutional
Review Board of Eastern Virginia Medical School and
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written informed consent was obtained from all partici-
pants. After liquefaction, the semen sample was washed
with mHTF (Irvine Scientific, Santa Ana, CA, USA)
supplemented with 0.3% BSA (Sigma, St. Louis, MO,
USA). The spermatozoa were washed twice with mHTF-
BSA and centrifuged for 10 min at 300 g. After the second
wash, the supernatant was removed and the pellet was
resuspended in fresh mHTF-BSA. Next, washed sperm
cells were treated with 1 mM MitoTracker green FM
(Molecular Probes, Eugene, OR, USA) for 15 min at 37°C
for visualization of the sperm tail in subsequent microscopy.
After MitoTracker treatment, the plasma membranes from
sperm cells were removed using 0.5% Triton X-100 (TX)
(Sigma) prepared in PBS (Sigma) to generate AD sperm. The
cell suspension was vortexed for 1 min then sperm cells were
washed in mHTF-BSA three more times prior to being used
for ICSI. Washed sperm without TX treatment were used as
the control-Al sperm.

Evaluation of acrosomal membrane status

Acrosomal membrane staining was performed according to
the procedure previously described [28] with some modifi-

Fig. 1 Acrosomal status of human sperm as revealed by PNA staining
(FITC-PNA: green). a Acrosome intact (Al) sperm, note intense
fluorescence of the acrosomal cap. b Sperm treated with TX showing
weak or no fluorescence were determined to be acrosome depleted
(AD). Scale bar=10 pum
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cations. In brief, the sperm samples treated with TX and
those serving as control samples were smeared onto
microscope slides, air dried, and fixed with absolute
methanol. Fixed sperm cells were treated with 100 pg/ml
FITC-labeled peanut agglutinin (FITC-PNA) (Sigma) in PBS
at 37°C for 30 min. After washing with PBS, the samples
were mounted with Vectashield containing 4', 6'-diamidino-
2-phenylindole (DAPI) (Vector Laboratories, Burlingame,

4hr post ICSI

8hr post ICSI

12hr post ICSI

Fig. 2 Transformations of human sperm nuclei in hamster oocytes
following heterologous ICSI. Total nuclear DNA stained with DAPI
(blue) and sperm tail stained with Mitotracker (green). a Typical
images of nuclear decondensation of AD sperm cells. b Mean nuclear

CA, USA) and then evaluated using a fluorescence micro-
scope (Leitz Ortholux, Wetzlar, Germany).

Oocyte preparation and ICSI

Frozen hamster oocytes (HO) (Conception Technologies,
San Diego, CA, USA) were thawed and washed for 10 min
in mHTF supplemented with 10% SSS (mHTF-SSS) (Irvine

Triton-treated Sperm vs. Non-treated
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acrosome

acrosome

area for TX treated and control spermatozoa. Y-error bars indicate S.
E.M.; * indicates significant difference (p<0.0001). ¢ mPN formation
with retention of the acrosome in Al sperm often results in abnormal
nuclear decondensation. Scale bar=10 pm
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Scientific, Santa Ana, CA, USA) at room temperature before
being placed into P1 medium (Irvine Scientific) supplemented
with 10% SSS. Viable oocytes (97%) were incubated at 37°C
in 5% CO, prior the ICSI procedure.

ICSI was carried out as previously described [29].
Briefly, 1 pl of sperm suspension was diluted with 4 pl
of 10% polyvinyl pyrolidone (Irvine Scientific) and
placed in the center of an injection dish. Each frozen-
thawed mature (metaphase II) HO was placed in 5 pl of
mHTF-SSS surrounding the central drop containing the
sperm suspension and covered with mineral oil. At least
50 metaphase II HO were microinjected for each
experimental time (total »=502 injected oocytes) using
Narishige micromanipulators (Narishige, Tokyo, Japan)
mounted on a phase-contrast inverted microscope (Olym-
pus, Tokyo, Japan) at 400% magnification. The selected
spermatozoon was aspirated into the injecting micropi-
pette and introduced through the zona pellucida into the
ooplasm. The micropipette was then slowly withdrawn
and the injected oocytes were kept at 37°C in 5% CO, for
4,8,12, and 16 h in P1 medium with 10% SSS. After the
respective incubation times, degenerate zygotes (swollen
or dark) were discarded and viable oocytes were immediately
fixed with 2% paraformaldehyde (Sigma) and analyzed for
sperm nuclear area.

Microscopy and data analysis

HO were mounted using Vectashield containing DAPI.
Total nuclear DNA was visualized on a fluorescence
microscope (Leitz Ortholux, Wetzlar, Germany) using
selective or triple-band pass filters and the oil immersion
60x 1.4 numerical aperture objective. Images were collected
using a MagnaFire digital color camera and MicroFire
software (Optronics, Goleta, CA, USA) and processed
using Image J software (National Institute of Mental
Health, Bethesda, Maryland, USA). Approximately 50
nuclei were observed for each time point post ICSI for
both groups. Sperm samples from the TX treated and
control groups were also analyzed for nuclear area size
(0 h reference point).

Male pronuclei decondensation was evaluated after
staining with DAPI. The surface area of mPN was
measured using Image J. Areas of sperm/mPN were
evaluated on the analyzer screen. After interactive demar-
cation of the circumference of the nuclei, the surface
areas were automatically calculated by utilizing the
enclosed pixels areas. Statistical analysis of nuclear size
was conducted using Microsoft Office Excel 2003
(Microsoft, Bellevue, WA, USA). Data were compared
by Chi-square and Fisher’s exact #-test using the Graph-
Pad InStat software (GraphPad Software, Inc., La Jolla,
CA, USA).
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Results

Two categories of sperm were used for ICSI: Al (control) and
AD sperm. To obtain AD sperm acrosome components were
removed by Triton X-100 (TX). To evaluate acrosome status
we used sperm staining with fluorescent labeled peanut
agglutinin (PNA). Al sperm displayed intense fluorescence
of the acrosomal cap resulting from PNA binding indicating
an intact outer membrane (Fig. la). In AD sperm, no
fluorescence in the acrosome area was observed indicating
partial or complete loss of the outer membrane (Fig. 1b).
Numerical evaluation of sperm samples demonstrated that
treatment with TX generated 95.5% of AD cells. In the
control sperm, 12% of cells were lacking acrosome due to
damage acquired during sperm processing. The difference
between the groups was statistically significant (p<0.0001).

Heterologous ICSI resulted in production of 82.9%
viable zygotes. Male pronuclear decondensation (mPN
were identified by tail staining with Mitotracker) was
observed in 60.2% of the viable oocytes.

Following ICSI into HO, human sperm decondensed in a
time-dependent manner as illustrated by DNA staining with
DAPI (Fig. 2a). Progressive mPN swelling was observed in
both the AD and AI groups. In Fig. 2b, human sperm
treated with TX were shown to decondense more rapidly
and to a greater extent than the control sperm at 4, 8 and
12 h post ICSI (p<0.0001). Pronuclear area gradually
increased with swelling reaching a maximum at 12 h for
AD sperm. Thereafter, the nuclei shrunk to dimensions
similar to the 4 h time point. At 12 h post ICSI, the average
area of AD mPN was three times greater than in sperm.
Maximal value of Al mPN was only twice greater than in
sperm. Table 1 shows the mean nuclear area for each group
and time point post ICSI.

Some AI mPN demonstrated uneven nuclei decondensa-
tion, retention of the acrosome resulted in more condensed
DNA in subacrosomal part of PN (Fig. 2c¢).

The frequency distribution of mean nuclear area for AD
sperm is demonstrated in Fig. 3. Noticeably for any given time
point post ICSI, we observed heterogeneity in mPN size. This
was true for both AD (Fig. 3) and Al (data not shown) sperm.

Table 1 mPN area of AD (TX treated) and Al (control) sperm at
different time points post heterologous ICSI

Time Triton-treated Control p value

0 h 1,559+26 1,430£39 NS
4 h 2,868+224 1,748+233 (»<0.0001)
8 h 3,942+517 2,017+170 (»<0.0001)
12 h 4,540+387 2,808+257 (»<0.0001)
16 h 2,651+£475 3,074+328 NS

Values are mean + SEM
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Fig. 3 Frequency distribution of mean mPN area (pixels/cm) demonstrates heterogeneity of sperm population (AD sperm cells)

Discussion

The ability of spermatozoa to fertilize oocytes depends on a
sequence of events ending ultimately in the remodeling of
the sperm chromatin from supercompact state packed by
protamins to a relaxed nucleosomal structure. The present
study examined human sperm nuclei following ICSI into

HO. Four hours post ICSI, developing human mPN was
already more decondensed than “native” sperm (0 h
reference point). Decondensation of human mPN pro-
gressed in a time-dependent manner in both the AD and
Al groups; however, mPN resulting from injection of AD
sperm were shown to reach a maximum mean area at 12 h
post injection after which time they shrunk to dimensions
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similar to 4 h post ICSI (Fig. 2b). During natural
fertilization, after entry into the ooplasm, sperm chromatin
initially becomes dispersed and then transiently recon-
denses into a smaller mass [3]. Apparently, this feature
was reflected in the current heterologous ICSI approach.
Similar decondensation/recondensation was observed in
our previous study using the incubation of human sperm
in Xenopus egg extract [30].

Within a given sample of spermatozoa, variations in
mPN development as judged by nuclear area size were
observed (Fig. 3). This may reflect the intrinsic heteroge-
neity in the mature human sperm population. One of the
possible reasons for such variation may be due to the
sperm-specific histone TSH2B [31, 32]. This histone is
present in only a 30% subpopulation of sperm cells.
Significant correlation between TSH2B level and CMA3
staining of individual spermatozoa resulting from loosened
packaging of DNA has been demonstrated [33]. In studies
using the Xenopus egg extract model, sperm cells contain-
ing TSH2B decondensed more rapidly and to a greater
extent than did spermatozoa without this histone [34].
Other possible reasons for size heterogeneity of mPN may
include sperm DNA damage, cell to cell variability in
sperm DNA methylation, or heterogeneity of oocytes.

One of the major differences between natural fertiliza-
tion and ICSI is the absence of sperm modification which
naturally occurs during sperm entry at cumulus cells, zona
pellucida and oolemna [35]. Typically acrosome intact
sperm are used for the ICSI procedure. In the present study
both Al and AD sperm were used. In AD sperm, the
perninuclear theca was completely removed (Fig. 1b).
Importantly, sperm treated with the non-ionic detergent
TX, used for solubilizing membrane proteins, developed
mPN at a more advanced rate with larger mean nuclear area
than non treated sperm (Fig. 2b). Similarly,in homologous
rat ICSI, the timing of pronuclear formation using TX or
lysolecithin treated sperm was significantly accelerated
compared to control sperm [25]. In the mouse, homologous
ICSI of TX treated sperm yielded no difference in
fertilization, blastocyst, implantation and live birth rates
compared to control sperm [36]. Also, in the heterologous
mouse ICSI model using TX treated human sperm, sperm
nuclei were examined in the oocytes at various time points
post injection and no significant damage was reported [37].
These reports demonstrate the safety of TX use for
permeabilization of sperm for ICSIL.

During standard ICSI procedure, in addition to overall
delay in mPN development and as proposed paternal
genome activation, individual sperm chromosomes might
be differentially affected. Indeed, in human sperm, chro-
mosomes occupy defined preferred intranuclear positions
[7, 10, 38]. Paternal genome is activated early after
fertilization, during S/G2 phase of the first cell cycle i.e.
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before syngamy [39]. Therefore, specific chromosome
positioning in sperm may determine their non-random and
ordered activation [3, 40, 41]. An increased rate of sex
chromosomal anomalies has been reported in human babies
conceived by ICSI [42]. This increase could be due to the
fact that the sex chromosome X was found to be
preferentially localized at the subacrosomal region of the
sperm [8, 10, 43]. It may be suggested that these anomalies,
at least in part, are connected with delayed chromosome
processing of sperm chromosomes residing in the apical tip
[43]. Furthermore, preservation of intact acrosome during
ICSI most probably is the major cause of delayed or
hindered decondensation of the apical region of the sperm
during PN development (see example Fig. 2c).

In conclusion, we demonstrated the kinetics of human
sperm nuclei transformation under the influence of ooplasm
in a heterologous ICSI model and showed the role of
acrosome preservation on sperm DNA decondensation. We
propose that human-hamster heterologous ICSI may mimic
major events that occur during natural fertilization in
humans. However, one limitation to this approach is that
in the hamster the centrosome is maternally inherited
while it is paternally inherited in the human. To our
knowledge, little information is available regarding the
role of human sperm centrosomal function for mPN
decondesation and chromatin remodeling. Due to the
impossibility to use homologous human ICSI for re-
search, the heterologous ICSI approach as described here
may be an effective approach to study processing of
individual sperm chromosomes/chromosomal domains
during mPN development. Experiments in this direction
are currently underway in our laboratory.
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