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Introduction

Summary

This study examines the properties of an electrophoretic device designed to
effect the rapid isolation of spermatozoa for assisted conception purposes. In
light of previous reports suggesting that X- and Y-bearing spermatozoa can be
separated in an electric field, the first characteristic examined was the sex chro-
mosome status of electrophoretically isolated spermatozoa. Exploiting sex chro-
mosome-specific differences in the structure of the amelogenin gene, a
quantitative PCR protocol was designed that allowed the rapid genotyping of
isolated sperm suspensions. Reassuringly, application of this procedure demon-
strated that the electrophoretic method did not result in a significant skewing
of the ratio of X- and Y-bearing spermatozoa. Analysis of the molecular basis
for electrophoretic sperm isolation demonstrated that sperm suspensions pre-
pared in this manner were enriched in surface sialic acid residues that bound
the Sambucus nigra agglutinin (SNA) lectin. Western blot analyses demon-
strated the presence of four major SNA binding proteins, three of which were
identified by MALDI-Tof mass spectrometry as aminopeptidase B, fucosyltrans-
ferase and prostatic acid phosphatase. The ability of neuraminidase to signifi-
cantly suppress the electrophoretic isolation of spermatozoa emphasized the
causative nature of this association between cell surface sialation and sperm
behaviour in an electric field. Finally, seminal plasma proteins possessing deca-
pacitation properties were shown to co-migrate with spermatozoa during their
electrophoresis, necessitating their removal prior to in vitro fertilization. In
terms of function, electrophoretically isolated cells were found to capacitate
normally, exhibiting high levels of tyrosine phosphorylation and a capacity for
extensive binding to homologous zonae pellucidae. We conclude that the elec-
trophoretic procedure rapidly isolates functional spermatozoa via mechanisms
that are independent of their genotype but reliant upon a net electronegative
charge that is largely conferred by sperm surface glycoproteins.

of treatment for infertile men (Check, 2007; Neri et al,
2008). In light of this fact, it is essential that spermatozoa

Defective sperm function is the most common defined
cause of human infertility affecting around 5% of the
male population (Hull et al., 1985; McLachlan & de Kret-
ser, 2001). Unfortunately our understanding of the aetiol-
ogy of this condition is so poor that there are few
treatment options available apart from assisted concep-
tion. Indeed the latter currently comprises the major form

are isolated from the ejaculates of such patients, rapidly,
efficiently and with a minimum of iatrogenic damage. In
this context, the major methods of choice have been dis-
continuous gradient centrifugation and swim-up. The lat-
ter is certainly non-invasive and can be effective
providing there is sufficient intrinsic motility in the sam-
ple for the spermatozoa to escape from seminal plasma.
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However, the incubation times required for efficient isola-
tion of spermatozoa by swim-up are quite long, typically
1 h (World Health Organisation, 2010), and difficulties
can arise if the semen is heavily contaminated with acti-
vated free radical-generating leucocytes, which can impair
sperm function through the induction of oxidative stress
(Aitken & Clarkson, 1988). Density gradient centrifuga-
tion is another commonly used method for the isolation
of spermatozoa for assisted conception procedures (Mor-
timer, 2000). The method depends upon the density of
the spermatozoa rather than their motility and provides
an efficient means of isolating high quality cells that are
free from excess residual cytoplasm (Aitken et al., 1996).
This method is also quite protracted, however, involving
two centrifugation steps that together take 40 min to
complete (World Health Organisation, 2010). Further-
more, there are some data suggesting that such centrifu-
gation based methods might not be as effective as
swim-up procedures in the isolation of high quality sper-
matozoa and may even be associated with the iatrogenic
induction of DNA damage (Zini et al., 1999; Aitken et al.,
2010; Marchesi et al., 2010).

Against this background, we have introduced a novel
electrophoretic method for the rapid isolation of high
quality spermatozoa possessing low levels of DNA damage
(Ainsworth et al., 2005, 2006). This method is capable of
isolating millions of spermatozoa directly into buffer
within a matter of minutes (Ainsworth et al., 2005). The
isolated cells are viable, motile, morphologically normal
and relatively free of DNA damage, while the sperm sus-
pensions are uncontaminated with extraneous cells,
including leucocytes. The method has been used in case
studies to address a lack of conception associated with
high levels of DNA damage (Ainsworth et al., 2007) and
has recently undergone preliminary clinical trials where it
was found to be comparable with density gradient centri-
fugation in terms of sperm recovery, fertilization, embryo
cleavage and pregnancy rates, while taking a fraction of
the time (Fleming et al., 2008).

Given this preliminary promise, we report here addi-
tional studies designed to address a number of funda-
mental issues associated with the clinical application of
electrophoresis as a sperm isolation technology. Using
novel two- and four-chamber electrophoretic sperm isola-
tion systems, we have investigated the impact of electro-
phoresis on the distribution of X- and Y-bearing
spermatozoa within the selected sperm population. We
have also investigated the molecular basis of the sperm
selection process occurring during electrophoresis, with
emphasis on the presence of highly sialated proteins on
the surface of functional cells. Finally we have investi-
gated the impact of electrophoresis on the ability of the
spermatozoa to capacitate and initiate interaction with
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the oocyte. Together these results provide important
insights into the nature of the electrophoretic sperm iso-
lation process and support the notion that this is a viable
approach to sperm preparation for the assisted concep-
tion industry.

Materials and methods

Reagents

Unless otherwise stated the chemicals used throughout this
study were purchased from Sigma (St Louis, MO, USA)
and were of research or molecular biology grade. HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], peni-
cillin and streptomycin were purchased from Gibco
(Paisley, UK). Sodium chloride, sodium hydrogen carbon-
ate, calcium chloride dehydrate, potassium chloride,
magnesium sulphate heptahydrate and D-glucose were
purchased from Merck (Darmstadt, Germany).

Human spermatozoa

Human semen samples were obtained from a panel of
healthy normozoospermic volunteer donors assembled for
the Reproductive Science Research Group at the Univer-
sity of Newcastle. After at least 48 h abstinence, semen
samples were produced by masturbation and collected
into sterile sample containers, which were delivered to the
laboratory within 1 h of ejaculation. Scientific use of these
samples was approved by the University of Newcastle
Human Ethics Committee.

Sperm isolation

Percoll and repeated centrifugation

Purification of human spermatozoa was achieved using a
50 and 100% discontinuous Percoll (GE Healthcare, Castle
Hill, NSW, Australia) centrifugation gradient, as described
(Mitchell et al., 2010). For this procedure, Percoll (90 mL)
was supplemented with 10 mL of 10x Ham’s F10 solu-
tion, 370 pL of sodium lactate syrup, 3 mg of sodium
pyruvate, 210 mg of sodium hydrogen carbonate and
100 mg of polyvinyl alcohol (PVA). This isotonic Percoll
solution was designated 100% Percoll and diluted with
HEPES-buffered Biggers, Whitten and Whittingham med-
ium (BWW) supplemented with 1 mg/mL PVA, main-
tained at an osmolarity of 300 mOsm/kg (Biggers et al.,
1971). Up to 3 mL semen were layered on the top of each
gradient, comprising 3 mL of 100% Percoll overlaid with
3 mL of 50% Percoll and centrifuged at 500 g for 30 min.
Following centrifugation, the seminal plasma and Percoll
were removed and discarded. Purified spermatozoa were
recovered from the base of the high density Percoll
fraction, diluted with 5 mL of BWW and pelleted by
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centrifugation at 500 g for a further 15 min before finally
being resuspended at a concentration of 6 x 10° cell/mL
in BWW.

For certain studies human spermatozoa were also sepa-
rated from seminal plasma by three cycles of centrifuga-
tion and resuspension (500 g) in medium BWW.

Electrophoretic separation

The electrophoretic method for the separation of sperma-
tozoa by size and charge consists of four separate com-
partments; two inner chambers (inoculation and
collection) and two outer chambers (Ainsworth et al,
2005). The outer chambers are separated from the inner
chambers by two polyacrylamide restriction membranes
with a pore size of 15 kDa (NuSep, Sydney, NSW, Aus-
tralia) which allows the movement of water and solutes
between the inner and outer chambers and yet retains the
cell suspension within the inner chamber (Fig. 1A). The
device incorporates two platinum-coated titanium mesh
electrodes and two 12 V buffer pumps (one for each elec-
trode chamber) running at 5V, to circulate buffer
through the chambers at a flow rate of 1.6 L/min. The
two inner compartments comprise a 400-pL inoculation
chamber into which semen is deposited and a 400-pL col-
lection chamber containing buffer. These two chambers
are separated by a polycarbonate separation membrane
(5 um) with an active membrane area of 30 X 15 mm
(Fig. 1B).

To isolate spermatozoa, 400 pL of semen and buffer
were loaded into the inoculation and separation cham-
bers, respectively and allowed to equilibrate for 5 min
prior to application of an electric field. The separation
and electrode buffer employed in these studies comprised

A
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10 mm HEPES (ICN biomedicals Inc., Auroa, OH, USA),
30 mm NaCl and 0.2 m sucrose; the pH was adjusted to
7.4 while the osmolarity was 310 mOsm/L. The samples
were run at 23 °C with a constant applied current of
75 mA and a variable voltage of between 18 and 21V,
unless otherwise indicated.

For certain studies, a four-chamber cassette was used
comprising an inoculation chamber and four separation
chambers, incorporating 5-pm polycarbonate separation
membranes and bounded by 15 kDa restriction mem-
branes (Fig. 1B).

Albumin columns

For experiments on the selection of X- and Y-bearing
spermatozoa, discontinuous albumin gradients were used
as outlined in Ericsson et al. (1973). Briefly semen sam-
ples were diluted 1:1 in Tyrodes solution pH 7.2
(145 mm NaCl, 10 mm Na-HEPES, 5 mm KCl, 1 mm
MgCl,#6H,0, 5 mm glucose, 0.1% Bovine Serum Albu-
min [BSA]) and centrifuged at 300 g for 10 min. The
spermatozoa were then resuspended in Tyrode’s medium
at a concentration of 30 x 10° spermatozoa/mL. This
washed sperm sample was then layered over albumin col-
umns, constituted in glass culture tubes (8 X 75 mm),
containing BSA (Research Organics, Cleveland, OH, USA)
diluted in Tyrode’s solution to appropriate concentrations
for male sex selection. For this procedure, 0.5 mL of
washed spermatozoa was layered onto 1 mL of 7.5% BSA
and incubated at room temperature for 1 h. The lower
layer was then aspirated, centrifuged at 300 g for 10 min
and resuspended in Tyrode’s solution. This suspension
(0.5 mL) was then layered over 1 mL of 12.5% BSA above
0.5 mL of 20% BSA and incubated at room temperature
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Figure 1 The CS-10 electrophoretic sperm isolation device. (A) The fundamental system comprises a separation cassette through which buffer is
circulated. The chamber into which the cassette is inserted contains the electrodes. The cassette is bounded by 15 kDa polyacrylamide restriction
membranes that allow the free flow of solutes in and out of the separation chamber. (B) The separation cassette itself may have either a two- or
four-chamber construction with internal 5 um polycarbonate separation membranes. The semen sample is inoculated into the cathodic chamber
and, after 5 min, current applied for a further 5 min period. The 5 um separation membranes permit the passage of spermatozoa towards the
anode but effectively prevent the movement of larger contaminating cells, including precursor germ cells and leucocytes.
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for 1.5 h. At the conclusion of the incubation period, the
bottom layers of each column were aspirated, pooled and
diluted 1 : 1 with Tyrode’s solution. Sperm counts were
then performed and spermatozoa were resuspended to a
final concentration of 5 x 10° for further analysis.

Zona binding assay

Unfertilized oocytes, excess to requirements for in vitro
fertilization (IVF) were obtained after patient consent and
fixed in a high salt storage medium consisting of 1.5 M
MgCl,, 0.1% dextran, 0.01 mm HEPES buffer and 0.1%
PVA and maintained at 4 °C until use. For the zona
binding assay, the spermatozoa were adjusted to a con-
centration of 5 x 10°/mL and capacitated as described
(Mitchell et al., 2007). Following capacitation, 7-9
salt-stored zonae pellucidae were added to each sperm
suspension and incubated for 30 min at 37 °C in an
atmosphere of 5% CO, : 95% air. Following incubation,
the zonae pellucidae were washed to remove loosely
adherent spermatozoa and incubated for 5 min in
medium BWW supplemented with 5 pg/mL of the DNA
sensitive fluorochrome DAPI (4’, 6-diamino-2-phenylin-
dole). The oocytes were then fixed with 2% glutaraldehyde
and mounted on slides for inspection using fluorescence
microscopy on a Zeiss Axioplan 2 microscope (Carl Zeiss
Australia Pty Ltd., Sydney, NSW, Australia) fitted with
the appropriate filter block (excitation at 358 nm and
collection at 461 nm).

DNA purification and extraction

Genomic DNA was extracted from spermatozoa at a
concentration of 5 x 10°/mL using a modified phenol/
chloroform isolation procedure for sperm cells. Sperma-
tozoa were lysed by freezing/thawing (—80 °C/+22 °C)
and suspended in 1 mL of STE [500 mm NaCl, 100 mm
Tris (pH 8.0) (ICN Biomedicals), 0.5 m EDTA (ICN)],
supplemented with 100 pL of proteinase K (Promega,
Madison, WI, USA) (100 mg/mL), 50 uL of SDS (20%)
and 10 pL of mercaptoethanol (Sigma). Routine 3 step
phenol/chloroform aqueous phase extractions were per-
formed at 4 °C followed by 2 volume 100% EtOH, 1/9
volume 3 M NaAc to effect DNA precipitation at
—20 °C. The solution was subsequently centrifuged at
3300 g for 15 min to pellet DNA, air dried and resus-
pended in 100 pL of TE [10 mm Tris-HCI (pH 8.0),
1 mm EDTA].

Sperm DNA quantification

Resuspended DNA was diluted and quantified using the
Picogreen assay in the microtitre format. A working solu-
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tion of Picogreen (Invitrogen, Eugene, OR, USA) was
prepared through a 1 : 200 dilution of stock and the assay
was performed as described in Singer et al. (1997). A
FLUOstar fluorometer (Bio-Rad Laboratories, Hercules,
CA, USA) was used for the detection of Picogreen bind-
ing to dsDNA and samples were diluted to a final con-
centration of 5 ng/pL.

Polymerase chain reaction

Amplification of regions of the Amelogenin gene on X
and Y chromosomes were performed using the oligonu-
cleotide primers AMX/Y-F (5-CTGATGGTTGGCCT-
CAAGCCTGTG-3") and AMX/Y-R (5-TAAAGAGATTC
ATTAACTTGACTG-3") (Sigma Genosys, The Woodlands,
TX, USA). This single primer set anneals to homologous
regions of the Amelogenin gene on the human X- and
Y-chromosomes and amplifies two distinct transcripts of
977 and 788 base pairs, because of a 177 bp insert in the
X-sequence. All reactions were performed in a PCR
Express thermocycler (Thermo Hybaid, Ashford, Middle-
sex, UK) and initiated using the hot start PCR format.
The optimized quantitative PCR protocol was established
in a final reaction volume of 50 pL, containing 10 mm
Tris-HCl (pH 8.3) 50 mm KCI, 4 mm MgCl,, 0.8 mm
dNTPs, 2.5 mm of both sense and antisense oligonucleo-
tide primers, 10 pg/mL of BSA, 5 ng/uL of spermatozoal
DNA and 1 unit Taqg DNA polymerase (Promega) diluted
1:10 in double distilled H,0. PCR cycling parameters
comprised an initial hot start step for 2 min step at 72 °C
to maximize the fidelity of the reaction followed by an
initial denaturation at 94 °C for 30 sec. Thirty-five cycles
were then performed with denaturing, annealing and
extensions steps at 94 °C for 1 min, 65 °C for 2 min and
72 °C for 3 min, respectively. A final extension step at
72 °C for 10 min ensured complete products and samples
remained at 4 °C until further analysis.

Following amplification, products were separated by
1.5% agarose gel electrophoresis, performed with 1x TBE
buffer (89 mm Tris borate, 89 mm boric acid, 2 mm
EDTA) at 80-100 V for 80 min to facilitate adequate sep-
aration of products for quantitation. DNA was stained
with ethidium bromide and the Kodak electrophoresis
documentation and analysis system together with Kodak
1D v3.6 image analysis software (Eastman-Kodak, Roche-
ster, NY) was used to visualize and document PCR prod-
ucts, respectively.

Quantification of PCR products

Electrophoretograms were imported into the Kodak 1D
software as tag image file format files and all lanes of ana-
lytical interest automatically assigned or manually
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adjusted where necessary. The bands contained within
these specified lanes were then detected, resulting in
histogram profiles representative of product detection.
Profiles were normalized to ensure that the vertical centre
of the band was correctly represented and to facilitate
total encompassment of upper and lower boundaries for
detection. The resultant sum intensities of pixels within
this specified region were then used to quantify the PCR
product intensities.

Plasmid generation

The AMG and AMGL amplicons were excised from the
gels, purified, ligated into pGEM-T Easy vector (Promega)
and used to transform competent bacteria (Escherichia
coli, DH5a strain). Small scale plasmid isolations were
then performed using the Genelute Plasmid miniprep kit
(Sigma, St Louis, MO) according to the manufacturer’s
instructions.

Western blot analysis

Sperm proteins were extracted with 3-[(3-Cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS, 10 mm)
on ice for 60 min, vortexing at 10 min intervals. The
sample was then centrifuged (10 000 g for 15 min) and
the supernatant stored at —20 °C. Protein concentration
was assessed using the bicinchoninic acid kit (Pierce, IL,
USA). For electrophoresis pre-cast 4-20% polyacrylamide
gels (NuSep) were used and the proteins subsequently
transferred to Hybond-C Extra membranes (Amersham
International, Amersham, UK) using Western blot proce-
dures previously described (Mitchell et al., 2007). Mem-
branes were subsequently blocked for 1h at room
temperature in 3% BSA in Tris buffered saline supple-
mented with 0.01%Tween 20 (TBST) washed in TBST for
10 sec then incubated with 5 pg/mL of biotinylated
Sambucus nigra agglutinin (SNA) (Vector laboratories,
Burlingame, CA, USA) in antibody buffer (50 mg/mL of
BSA in TBST) for 90 min at room temperature on a
shaking platform. The membranes were then washed 6x
for 5 min in TBST and incubated with streptavidin-con-
jugated horse radish peroxidase, diluted 1 : 5000 in anti-
body buffer, for 1 h at room temperature on a shaking
platform. The membranes were finally washed for 30 min
in TBST and visualized using an enhanced chemilumines-
cence (ECL) kit (GE Healthcare) according to the manu-
facturer’s instructions.

To assess levels of phosphotyrosine expression, nitrocel-
lulose membranes were blocked and washed as previously
described and then incubated in a 1 : 4000 dilution of an
anti-phosphotyrosine primary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA) followed by a 1 : 4000 dilu-
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tion HRP-conjugated goat anti-mouse IgG. ECL was
again used to visualize the cross-reactive bands. To moni-
tor protein loading, the blots were stripped and re-probed
with a 1:4000 dilution of an anti-o tubulin antibody
(clone B-5-1-2; Sigma).

Protein identification

Regions of the acrylamide gel corresponding to the pres-
ence of SNA binding proteins were excised, washed 3x
for 40 min in 25 mM ammonium bicarbonate in 50%
ethanol. After drying overnight, the plugs were treated
with 7.5-12.5 pL of 50 mMm trypsin in 25 mM ammonium
bicarbonate and incubated for 3-5 h. The tryptic peptides
were mixed with an equal volume of matrix solution,
dried and analysed using an Ettan MALDI-Tof Pro mass
(Amersham Biosciences, Bucks, UK) spectrometer in
combination with Ettan Control and Evaluation software
programs.

Data analysis

All experiments were conducted at least 3x and the results
are presented as means = SEM. The statistical significance
of any changes was assessed by Analysis of Variance
(aNova) using the the Super aNova program (Abacus
Concepts Inc, Berkeley, CA, USA). p values of <0.05 were
generally considered significant and were subsequently
subjected to post hoc analysis using Fischer’s PSLD.

Results

Genotyping of electrophoretically isolated spermatozoa
There have been sporadic unconfirmed reports in the lit-
erature concerning the feasibility of electrophoretically
separating X- and Y-bearing spermatozoa from a variety
of species including man (Shirai et al., 1974; Engelmann
et al., 1988; Gledhill, 1988; Ishijima et al., 1991; Blottner
et al., 1994). Unfortunately most of these studies used
techniques for the quantification of X- and Y-bearing
spermatozoa, such as F-body formation, that have subse-
quently been discredited (Hossain et al., 2001). In this
study, we describe a definitive PCR-based technique to
determine the ratio of X- and Y-bearing spermatozoa,
based upon the structure of the amelogenin gene. Using a
single oligonucleotide primer set, PCR was used to amplify
two easily distinguishable DNA products from the X- and
Y chromosomes of 977 bp and 788 bp, respectively. The
189 bp difference in the size of these amplicons is largely
because of a 177 bp insertion on the X chromosome of
AMG (X-chromosome amelogenin gene) that is missing
from AMGL (amelogenin-like sequence situated near the
centromere of the Y chromosome).

© 2011 The Authors
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Figure 2 Use of the amelogenin gene to determine the ratio of X- and Y-bearing spermatozoa in sperm suspensions. (A) PCR amplicons of the
amelogenin gene using male (XY) and female (XX) genomic DNA. Female DNA gives a single 977 bp amplicon from the X-chromosome (AMG)
while male DNA generates a second product of 788 bp (AMGL) from the Y-chromosome. The 100 bp ladder (L) indicates amplicon size. (B) PCR
amplification of plasmid DNA carrying the isolated AMG (977 bp) or the AMGL (788 bp) amplicons. The 100 bp ladder (L) indicates amplicon size.
(C) After 35 cycles of amplification of female genomic DNA, the PCR product was proportional to the concentration of template used to initiate
the reaction. The 100 bp ladder (L) indicates amplicon size. (D) Clear proportionality was also maintained when PCR was used with mixtures of
plasmids containing known ratios of AMG to AMGL DNA; lanes 1-8 represent a changing ratio of AMG:AMGL as follows: 128 : 1,32 :1,8: 1,
2:1,05:1,0.1:1,0.03:1,0.007 : 1. The 100 bp ladder (L) indicates amplicon size; n = 3 for all the above PCR analyses. (E) Application of
the AMG PCR assay to sperm populations generated using a variety of procedures revealed no significant deviation from the anticipated 1 : 1
ratio of X- an Y-bearing spermatozoa. Alb, spermatozoa isolated on albumin columns according to the methodology described by Ericsson et al.
(1973) for the selection of Y-bearing spermatozoa and incorporated into the study as a potential positive control (n = 14); Cent, a negative con-
trol comprising unfractionated spermatozoa separated from seminal plasma by repeated cycles of centrifugation (500 g for 5 min) and resuspen-
sion in medium BWW; Percoll, another negative control comprising spermatozoa isolated by a simple 2-step discontinuous Percoll gradient as
described by Mitchell et al. (2010). (F) Spermatozoa subjected to electrophoresis in a four-chamber system that isolates subpopulations of cells
according to their electronegativity (n = 4). Con, a negative control sample of unselected spermatozoa prepared from the same ejaculates by
three repeated cycles of centrifugation (500 g for 5 min) and resuspension in medium BWW; S, the chamber inoculated with neat semen; 1-3,
chambers where spermatozoa are isolated according to their electronegative charge such that chamber 3 houses the most electronegative sper-
matozoa. No relationship was evident between the net charge exhibited by these cells and their sex chromosome status.

Figure 2A shows the PCR amplicons generated from
male and female genomic DNA while Fig. 2B shows the
individual AMGL and AMG PCR products generated
from the corresponding plasmids. Figure 2C presents the
single AMGL amplicon generated from female genomic
DNA over a range of template concentrations, demon-
strating clear proportionality between the amount of PCR
product visible and the amount of DNA template used to
initiate the PCR reaction. Similarly, Fig. 2D shows the

© 2011 The Authors

strict proportionality that is maintained when known
ratios of the AMG and AGML plasmid template DNA
were used as for the PCR reaction.

When spermatozoa were targeted using this PCR strat-
egy, we found that there was no significant deviation
from the anticipated 1:1 ratio of X- and Y-bearing
spermatozoa for unfractionated sperm suspensions pre-
pared by repeated cycles of centrifugation and resuspen-
sion in medium BWW (Fig. 2E). Similarly there was no
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deviation from the expected 1: 1 ratio for spermatozoa
fractionated on albumin gradients as described by Erics-
son et al. (1973) or subjected to a simple 2-step Percoll
gradient centrifugation (Fig. 2E). Importantly the progres-
sive separation of spermatozoa according to their electro-
negativity in the four-chamber CS-10 device also
generated sperm populations where the ratio of X- and
Y-bearing spermatozoa was not significantly different
from unity (Fig. 2F). Thus, the use of electrophoretic
sperm isolation systems in clinical practice should have
no impact on the ultimate gender of the resultant off-
spring.

Surface carbohydrate composition

While it has been previously established that electropho-
retic sperm isolation isolates high quality spermatozoa
with normal morphology, excellent motility and low lev-
els of DNA damage (Ainsworth et al., 2005), the molecu-
lar basis for this separation has not been determined. We
hypothesized that high quality spermatozoa are the most
electronegative because they possess the highest levels of
surface sialation (Lassalle & Testart, 1994). To test this
hypothesis, spermatozoa were separated in the two- and
four-chamber systems and examined for the surface
expression of sialic acid residues using SNA, a lectin with
a specific affinity for a-2,6-linked sialic acid residues asso-
ciated with the disaccharide structure, NeuNAc o(2,6)
Gal/GalNAc. This lectin has previously been shown to
stain high quality spermatozoa and to exhibit binding
patterns that are positively correlated with motility (Lass-
alle & Testart, 1994). Using the four-chamber separation
system, we were able to show that the most electronega-
tive samples exhibited the highest levels of SNA binding
(Fig. 3A). Thus, around 70% of the highly electronegative
spermatozoa isolated in the chamber closest to the anode
were SNA positive compared with <5% in the inoculated
semen sample (Fig. 3B). Furthermore, this difference was
evident whether the analysis was performed directly on
the electrophoretically isolation sperm populations or fol-
lowing the washing of these cells through two changes of
medium BWW (Fig. 3B). High levels of SNA binding
were also evident in populations of spermatozoa isolated
using a two-chamber electrophoretic system (Fig. 3C)
reinforcing the notion that the electrophoretic separation
of spermatozoa is dependent on the negative charge con-
ferred by terminal sialic residues on cell surface glycopro-
teins. Consistent with this concept, we found that
treatment of human spermatozoa with 0.25 U/mL neur-
aminidase effectively removed the SNA staining from the
surface of human spermatozoa and significantly inhibited
(p < 0.05) their isolation in the electrophoretic cell sepa-
ration system (Fig. 3D).

C. J. Ainsworth, B. Nixon and R. J. Aitken

Influence of sperm motility

The negative charge conferred by sialic acid residues is
not the only factor potentially involved in the electropho-
retic isolation of spermatozoa. It is also possible that the
intrinsic motility of high quality spermatozoa makes a
contribution to the sperm isolation process, particularly
in the two-chamber system. Resolving the significance of
progressive motility in the separation process is clinically
important because many of the samples subjected for
sperm isolation may express little or no movement, for
example, when spermatozoa are being recovered from tes-
ticular or epididymal biopsies for Intracytoplasmic sperm
injection (ICSI). To determine whether charge alone is
sufficient to enable sperm isolation, populations of sper-
matozoa were paralysed by exposure to benzoquinone, an
alkylating agent that we have recently shown to induce a
rapid and complete loss of sperm motility (Hughes et al.,
2009). Exposure to 200 uM benzoquinone completely
immobilized the spermatozoa and significantly inhibited
the recovery of spermatozoa in the absence of an electric
field (p < 0.05). However, in the presence of an electric
field no significant change in sperm recovery was
recorded, although sperm recovery levels were reduced
(Fig. 4A). More importantly, neuraminidase significantly
suppressed the isolation of benzoquinone-immobilized
spermatozoa (Fig. 4B; p < 0.05), confirming the over-rid-
ing importance of the charge conferred by cell surface sia-
lation in the mix of mechanisms by which electrophoresis
achieves the isolation of high quality spermatozoa.

SNA binding proteins

To resolve the identity of those sialated proteins respon-
sible for conferring a net negative charge on high quality
spermatozoa, Western blot analysis was performed using
biotinylated-SNA. This procedure demonstrated the pres-
ence of four major reactive glycoproteins in CHAPS
extracts of human spermatozoa with molecular masses
of approximately 100, 70, 50 and 37 kDa, respectively
(Fig. 4C). Moreover, these four glycoproteins were par-
ticularly highly expressed in electrophoretically isolated
spermatozoa compared with unfractionated cells from
the original semen samples or spermatozoa that had
been fractionated on discontinuous Percoll gradients
(Fig. 4C), in keeping with the cytochemical analyses
depicted in Fig. 3. To identify these proteins, the corre-
sponding bands were excised from Coomassie blue
stained gels and subjected to MALDI-Tof analysis. The
peptide mass fingerprint data generated in these analyses
were then used to perform similarity searches through
the NCBI/BLAST Swiss-Prot database. This approach
succeeded in generating tentative identifications for three

© 2011 The Authors
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Figure 3 Importance of the negative charge conferred by surface sialic residues in the cell separation process. (A) Flourescence (right) and phase
contrast (left) images of spermatozoa isolated in the four-chamber CS-10 system and stained with SNA. Innoculated represents the chamber
where the neat semen was added. Fractions 1-3 represent subpopulations of spermatozoa isolated from CS10 chambers, with chamber 3 closest
to the anode. Note the high levels of SNA staining in the most electronegative subpopulations of spermatozoa, particularly those isolated from
chamber 3. Scale bar = 5 um; n = 3. (B) Quantification of the percentage of SNA labelled cells, confirmed a highly significant (p < 0.001) selection
of sialated, SNA-binding spermatozoa in subpopulations of cells that had migrated towards the anode (n = 3); The proteins responsible for confer-
ring this negative change were also found to be relatively resistant to post-separation washing (2 cycles of centrifugation and resuspension in
medium BWW at 500 g). (C) The same selection of highly sialated cells was clearly evident in the two-chamber CS10 device (n = 3). (D) Electro-
phoretic sperm isolation was significantly inhibited if the spermatozoa were pre-treated with 0.25 U/mL neuraminidase for 1h (n=6).
**%*p < 0.001; **p < 0.01; *p < 0.05. S, negative control incubations comprising unfractionated spermatozoa recovered from the original semen
sample; ES, electrophoretically separated; Neu, neuraminidase.

of the four glycoproteins including aminopeptidase B,
fucosyltransferase and  prostatic acid phosphatase
(Fig. 4C) with confidence levels of 0.079, 0.002 and
0.002, respectively (in this context confidence levels of
<0.1 are considered significant).

Seminal plasma proteins and sperm function

To determine whether subpopulations of electrophoreti-
cally isolated spermatozoa differed in their competence
for capacitation, human semen was subjected to electro-

© 2011 The Authors

phoresis in a four-chamber system. After 5 min electro-
phoresis, the spermatozoa were diluted in medium BWW
to a concentration of 10 x 10°/mL and incubated for a
period of 3.5h to induce capacitation. The cells were
then pelleted by centrifugation and subjected to Western
blot analysis to determine the level of phosphotyrosine
expression. The results of this analysis clearly indicated
that those sperm populations isolated closest to the
anode exhibited the highest levels of capacitation
(Fig. 5A). Although this may have been a reflection of the
intrinsic functionality of the most electronegative sperm
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Figure 4 Significance of motility in the mechanisms by which electro-
phoresis achieves the isolation of high quality spermatozoa. (A) Sper-
matozoa were isolated in the CS10 device following a 5 min
application of current (E) or in the absence of current (No E). When
sperm motility was paralysed by exposure to 200 um benzoquinone
(BQ), there was no significant change in the numbers of spermatozoa
recovered from the ejaculates. However, in the absence of current,
the lack of motility significantly reduced the number of spermatozoa
recovered to negligible levels; n = 3. Negative control incubations did
not contain BQ. (B) Spermatozoa were separated from seminal plasma
by three cycles of centrifugation (500 g for 5 min) in medium BWW
and were finally made up to a concentration of 10 x 10%/mL in SCE
buffer. Spermatozoa were then immobilized by a 15 min incubation
in 200 um BQ. Half of the spermatozoa were then treated with
0.25 U/mL neuraminidase (Neu) for 1 h. The sperm suspensions were
subsequently subjected to electrophoretic sperm isolation. Neuramini-
dase treatment, but not immobilization, significantly reduced the
number of spermatozoa isolated by electrophoresis; *p < 0.05; n = 3.
Negative control incubations did not contain BQ. (C) Left: Western
blot analysis of sperm lysates with biotinylated-SNA illustrating the
presence of four major SNA binding proteins, three of which were
subsequently identified by MALDI-Tof mass spectrometry; right: the
corresponding Coomassie blue stained gel. ES, electrophoretically sep-
arated spermatozoa, S, original semen sample, Percoll, spermatozoa
prepared by discontinuous gradient centrifugation; n = 3.

populations, it was also possible that the inhibition of
capacitation was attributed to the influence of seminal
decapacitation factors that co-migrated with the sperma-

C. J. Ainsworth, B. Nixon and R. J. Aitken

tozoa into the separation chambers. To determine how
seminal plasma proteins would behave in the electric field
generated during sperm isolation, human seminal plasma
(minus spermatozoa) was inoculated into a four-chamber
system and subjected to electrophoresis. The protein con-
tent of the chambers was then examined using a silver
staining procedure. Under these circumstances, significant
amounts of seminal plasma proteins co-migrated with the
spermatozoa particularly into chamber 1, adjacent to the
semen inoculation chamber where the suppression of
capacitation was greatest (Fig. 5B). To determine whether
this was a causal relationship, spermatozoa that had been
purified by discontinuous Percoll gradient centrifugation
were incubated in the conditioned media recovered from
each of the separation chambers following the electro-
phoresis of seminal plasma. This analysis presented in
Fig. 5C clearly demonstrated that co-migrating seminal
plasma proteins play a major role in modulating the
capacity of human spermatozoa for capacitation. As a
consequence of these findings, it is clear that spermatozoa
isolated in an electrophoretic system would have to be
washed free of seminal plasma proteins before they could
be used for IVF purposes.

To ensure that washed electrophoretically isolated sper-
matozoa would be functionally competent, they were
prepared in a two-chamber system, washed once in
medium BWW and incubated for 3.5 h to induce capaci-
tation. The spermatozoa were then incubated with salt-
stored human zonae pellucidae and their zona binding
capacity, a marker of effective capacitation (Nixon et al,
2007), was assessed. These experiments demonstrated that
electrophoretically isolated spermatozoa were not only
able to capacitate normally but were significantly more
able to bind to homologous zonae pellucidae than the
unselected residual population (p < 0.001; Fig. 5D).

Discussion

The electrophoretic separation of spermatozoa has the
potential to become a valuable tool for isolating human
spermatozoa in the context of assisted conception therapy.
Beginning with a case study (Ainsworth er al, 2006) and
progressing through limited clinical trials (Fleming et al.,
2008), this method has already proven capable of recover-
ing spermatozoa from unfractionated ejaculates, cryostor-
age media and biopsy material, in a rapid and efficient
manner. Furthermore, the sperm populations recovered
using this technique were found to be uncontaminated
with other cell types and to be of high quality in terms of
sperm motility, morphology and levels of DNA damage
(Ainsworth et al., 2005). However, before this technique
can be used more widely in a clinical setting, a number of
fundamental questions still need to be addressed related to

© 2011 The Authors
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Figure 5 Impact of electrophoretic sperm isolation on capacitation and function. (A) Spermatozoa were isolated in the four-chamber electropho-
retic device and diluted to a concentration of 10 x 10%/mL in medium BWW. The spermatozoa were then incubated for 3.5 h at 37 °C in an
atmosphere of 5% C0,/95% air, inverting the tubes every 30 min. At the end of the incubation period, the cells were centrifuged at 400 g for
2 min, proteins SDS-extracted, separated by PAGE and subjected to Western blot analysis to assess the level of phosphotyrosine expression. Tyro-
sine phosphorylation was maximal in the chambers closest to the anode and minimal in the most cathodic chamber where the original semen
sample was inoculated; n = 3; loading controls targeted the a-tubulin content of each preparation. (B) Analysis of the behaviour of seminal
plasma proteins in the electrophoretic system indicated that there was significant migration of these molecules into the chambers closest to the
inoculation chamber; n = 3. (C) Incubation of Percoll-purified spermatozoa in conditioned media recovered from individual chambers following
the electrophoretic separation of seminal plasma revealed that the presence of seminal plasma factors was causally related to the suppression of
phosphotyrosine expression; n = 3; loading controls targeted the a-tubulin content of each preparation. (D) If spermatozoa recovered from a sim-
plified two-chamber cell separation system were subjected to a single wash step to remove such seminal plasma factors then they were found to
be highly functional, exhibiting high rates of binding to homologous zonae pellucidae. ***p < 0.001. S, negative control comprising spermatozoa
isolated directly from semen; ES, electrophoretically separated spermatozoa; n = 3. Scale bar = 50 um.

the mechanisms by which sperm recovery is achieved and and that free flow electrophoresis can be used for sex
the attributes of the recovered spermatozoa in terms of  selection purposes (Shirai ef al., 1974; Engelmann et al.,

their genotype and competence for fertilization.

To address the question of genotype, we have
exploited sex chromosome-specific differences in the
amelogenin gene to determine whether the sex chromo-
some constitution of electrophoretically isolated sperma-
tozoa might be skewed towards X- or Y-bearing
spermatozoa. Concerns that this might be the case have
been raised by sporadic reports indicating that X- and Y-
bearing spermatozoa behave differently in an electric field

© 2011 The Authors

1988; Gledhill, 1988; Ishijima et al., 1991; Blottner et al.,
1994). In this study, we observed no significant deviation
from the anticipated 1:1 ratio of X- and Y-bearing
spermatozoa in a four-chamber system that generated
subpopulations of spermatozoa according to their elec-
trophoretic mobility. Furthermore, we observed no sig-
nificant selection of spermatozoa using the albumin
column technique proposed by Ericsson ef al. (1973) in
keeping with the results of in situ hybridization studies
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(Flaherty et al., 1997). In addition, we examined the abil-
ity of the multistep Percoll gradients developed by Kane-
ko et al. (1983) for sex selection purposes and could still
find no deviation from the anticipated 1 : 1 ratio (data
not shown). We conclude that sex selection techniques
based on intrinsic sperm motility, differential sperm den-
sity or electronegativity, are ineffective. In the case of
electrophoretic sperm separation, these results clearly
allay any concerns about the method inadvertently skew-
ing the sex ratio of offspring generated following the
application of this technique.

The second issue addressed in this study was the nature
of the molecules carrying the charge that enables the sep-
aration of high quality spermatozoa in an electric filed.
We hypothesized that this charge might be carried by
sialic acid residues on the sperm surface, as Lassalle &
Testart (1994) found that motile, functional spermatozoa
were characterized by the presence of such residues. Using
the lectin, SNA, to target surface sialic acid residues
attached to terminal galactose in (a-2,6), and, to a lesser
degree, (0-2,3) linkage, we were able to show that electro-
phoretically isolated spermatozoa were indeed character-
ized by high levels of surface sialation. Furthermore, this
charge appeared to be associated with four major mole-
cules, three of which were identified by MALDI-Tof anal-
ysis as aminopeptidase B, fucosyltransferase and prostatic
acid phosphatase. All three of these molecules are known
to be heavily glycosylated and are thus rational carriers of
the negative charge that leads to cell selection (Kao et al.,
1978; Lin et al., 1980; Sarnesto et al., 1992). Clearly this is
not a definitive list, because there may be other sialic acid
containing proteins that are not detected by SNA and
there may be other sources of charge, such as sulphation,
that have not been investigated. Nevertheless, the fact that
neuraminidase significantly reduced the electrophoretic
recovery of spermatozoa (Fig. 3D), suggests that the pres-
ence of sialic acid residues on the sperm surface is a
major contributor to their charge and thus their selection
in the CS-10 device.

Intriguingly, Percoll-prepared spermatozoa did not
seem to carry the same population of surface sialoproteins
(Fig. 4C) as the electrophoretically isolated cells. This dif-
ference might have been because (i) Percoll selects a dif-
ferent subpopulation of cells or possibly and (ii)
centrifugation through this medium physically removes
these residues from the sperm surface. It would be of
interest to examine this question in future studies by
looking at the surface composition of spermatozoa pre-
pared with other isolation methods such as swim-up. It
would also be of interest to process electrophoretically
isolated spermatozoa through Percoll gradients to deter-
mine whether their sialoprotein coating is removed as a
consequence of this procedure.

C. J. Ainsworth, B. Nixon and R. J. Aitken

While functional human spermatozoa are characterized
by high levels of surface sialic acid expression, capacita-
tion is associated with the progressive removal of these
residues to pave the way for high levels of sperm bind-
ing to the zona pellucida (Lassalle & Testart, 1994).
Why the removal of these sialic acid residues is so criti-
cal for sperm-egg interaction is not clear although it is
possible that this process is necessary to reduce the
degree of electrostatic repulsion between two interacting
negatively charged surfaces (the sperm plasma membrane
and the surface of the zona pellucida) during the process
of fertilization. If sialation of the sperm surface does
represent a major selection criterion targeted during
electrophoretic sperm isolation then, by definition, this
system selects non-capacitated cells. The ability of elec-
trophoretically isolated cells to capacitate is therefore of
key question of direct relevance to the clinical applica-
tion of this cell isolation technique in an assisted con-
ception context.

Using tyrosine phosphorylation as a criterion for
assessing the capacitation status of human spermatozoa,
we were able to demonstrate that the most capacitated
cells were those that had moved to the most anodic com-
partment in a four-chamber system (Fig. 5A). This might
have been because these highly electronegative cells were
the most functional in the ejaculate. However, an addi-
tional possibility was that capacitation might have
been suppressed in the more cathodic chambers by the
migration of seminal plasma decapacitation factors from
the inoculation chamber. The significance of this process
was demonstrated when Percoll-purified spermatozoa
were incubated in conditioned medium recovered from
each of the four separation chambers after a 5-min elec-
trophoretic run. Under these conditions, only the media
recovered from the two most anodic chambers allowed
capacitation, while the media from the remaining cham-
bers suppressed this process (Fig. 5C). These results indi-
cate that when the four-chamber system is used to
prepare spermatozoa for IVF, only the cells from the
most anodic chamber can be employed directly if no fur-
ther processing of the spermatozoa is envisaged. However,
when a two-chamber system is used, the spermatozoa
should be washed in IVF culture medium to ensure the
effective removal of decapacitation factors and the full
expression of their functional competence (Fig. 5D; Flem-
ing et al., 2008). Spermatozoa prepared in this way are
certainly as capable as cells prepared on discontinuous
density gradients of fertilizing human oocytes, whether
IVF or ICSI is used as the insemination procedure (Flem-
ing et al., 2008). Furthermore, such results have been
reinforced by measurements of specific aspects of sperm
function such as zona binding (Fig. 5D) and competence
to acrosome react in response to A23187 (data not
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shown) which confirm the functional normality of elec-
trophoretically isolated cells.

In summary, the CS-10 electrophoretic sperm isolation
system appears to select high quality spermatozoa via
mechanisms that are dependent on high levels of surface
sialic acid expression but independent of their genotype.
The isolated cells are competent to capacitate as judged
by their ability to achieve high levels of tyrosine phos-
phorylation and subsequently bind to the surface of
homologous zonae pellucidae. When a two-chamber sys-
tem is used, the isolated sperm suspensions should be
diluted or subjected to a simple wash procedure, to
remove any co-migrating seminal decapacitation factors,
prior to their use for IVF therapy. However, if the cells
are destined for artificial insemination or ICSI, then such
precautions are not necessary and the spermatozoa can be
used without further processing. These results shed light
on the attributes of the electrophoretic sperm isolation
system and are directly relevant to the clinical application
of this procedure in the assisted conception industry.
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