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Abstract

Throughout the past decade, the neutral and alkaline comet assays, which lyses cells with high salt in the
absence of proteolysis, have been the most widely used methods to observe single- or double-strand breaks (SSB,
DSB) in a single nucleus. These methods evaluate the degree of DNA damage based on the amount of granular
fragments discharged from the origin, the so-called “comet tail,” but not of long chain DNA fibers. Meanwhile, a novel,
single-cell pulsed-field gel electrophoresis (SCPFGE) method, which digested cells with trypsin, observed a different
course of DNA fragmentation: first, a few large fibrous fragments were derived from a bundle of long chain fibers,
then the cleavages were advanced until finally almost all the DNA was shredded to granular fragments. Some nuclear
DNA binding components were tolerant for high salt and high alkalinity, but were degraded by trypsin digestion. A
lack of trypsin digestion causes false negative results in both SCPFGE and comet assays. Also, most DNA fibers
were still fixed with components, and the comet tail did not reflect a total amount of granular fragments, but rather
those that released components. Repair of DSB is intrinsically difficult as compared to other DNA lesions, and the
critical threshold is extremely low.DNA fibers that have already been shredded to numerous granular fragments may
be irreparable as a result.

Although 100 - 300 mmol/L NaOH was commonly used in the alkaline comet assay, the naked DNA fibers
persisted in 10 mmol/L NaOH after trypsin digestion, but were shredded to granular fragments by 30 mmol/L. Neo-
genesis of the granular fragments by high pH did not clarify the mechanism of such a result; that is, it was unknown
whether it was due to dissociation of hydrogen bonds, strand breaks through alkaline labile sites, artifactual DSB,
or a combination of actions. Optimum conditions for the comet assay need to be defined to achieve quantitative
measurements.

DNA instability analyses by means SCPFGE is likely to serve as a fundamental step in single-cell genomics
to determine the competence of the cell population provided for DNA amplification methods and is likely to play an
important role in ensuring the safety of clinical regenerative medicine.

of the cells provided for transplantation. Single-cell genomics using
single-cell DNA or RNA amplification methods [2-6] need sufficient
material to allow sequencing. However, the interpretation of single-
cell sequencing data is complicated by various amplification biases
introduced in the cell’'s DNA or RNA sample and requires dedicated
approaches to sift these amplification artifacts from true genetic
changes.
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Introduction

Recent advances in tissue engineering have focused on the clinical
applications of cultured cells in regenerative medicine. Primary and
stem cells retrieved from various human tissues often have modulated
cellular properties by means of various gene engineering technologies.
During in vitro processing and subculture in artificial circumstances,
inter-cellular differences, such as in gene expression and DNA sequence
may exist among the proliferating cell population. The precise control
of culture environment [1] and the comprehensive validation of the
cultured cells are essential to ensure clinical reliability. The uses of
DNA for diagnoses, including parentage diagnoses, are premised on

Fluorescence in situ hybridization (FISH) is the most famous
cytogenetic technique to detect and localize the presence or absence
of specific DNA sequences on chromosomes in a single cell [7].
Cells are disseminated on a solid phase and the signals are visualized
microscopically. Prior to analyses of single cells by means of highly
advanced technologies, e.g. high-throughput single cell whole-genome

the principle that the cell population in one body has approximately
the same DNA sequence, whereas those between individuals show
polymorphism. Conventional genome sequencing and transcriptome
sequencing methods require DNA/RNA extracted from a population
of cells. Hence, genetic variations unique to individual cells are often
lost in a population average and de novo mutation in a cell is often
concealed in the bulk signal. Analyses of single cells are essential when
dissecting the genetic makeup of heterogeneous tissues to understand
the causes of disease and phenotypes, and to perform basic genome
stability research. Assessment of homogeneity in cell populations is also
important for clinical regenerative medicine to ensure the competence
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amplification and ultra-high sensitive DNA sequencing [8], elementary
but indispensable measurements for detection of nonspecific sequential
damage of DNA, such as single- or double-strand breaks (SSB, DSB),
need to be performed.

In the apoptotic process, the activation of Ca/Mg-dependent
endonucleases cleaves DNA strands in a specific manner into
nucleosomal units of ~185 base pairs [9]. This process can be triggered
by extracellular agents such as hormones, cytokines, and numerous
chemical or viral agents, which are often employed for modulation of
cell properties and subsequent subculture [10,11]. SSB is one of the
most frequent DNA lesions, and they are produced daily in nuclei
during DNA repair processes such as base excision repair (BER) [12].
It is a primary response pathway for the repair of deleterious DNA
lesions including non-bulky DNA adducts, apurinic/apyrimidinic (AP)
sites [13,14], and SSB. From a chemical point of view, the abasic site is
an alkaline-labile residue that leads to strand breaks through beta- and
delta- elimination [15]. If unrepaired, these lesions threaten genetic
integrity through their potential conversion to lethal DSB during DNA
replication.

Throughout the past decade, the comet assay has been the most
widely used method to observe SSB and DSB in a single nucleus due
to its ease and relative cost effectiveness [16-26]. The guidelines,
principles and techniques for the comet assay are summarized as
follows [16,17,21,24,25]. Cells are embedded in agarose and lysed with
detergent under high salt conditions. This process removes protamine
and histones, allowing the nucleus to form a nucleoid-like structure
containing supercoiled loops of DNA. Alkaline pH conditions result
in unwinding of double-stranded DNA [17,21,26], and subsequent
electrophoresis results in the migration of broken strands towards
the anode, which forms a comet tail when observed under fluorescent
microscopy. The amount of DNA in the head and tail is reflected by
its fluorescent intensity. The relative fluorescence in the tail compared
with its head serves as a measure of the degree of DNA damage.

Wehave reported anovel, single-cell pulsed-field gel electrophoresis
(SCPFGE) to detect the early stage of DNA fragmentation in a single
nucleus [27]. In this method, cells were initially digested with trypsin.
The ensuing electrophoretic profiles, the detection sensitivity of the
DNA fragments at neutral pH, and the tolerance for high alkalinity
were entirely different from those determined using the neutral and
alkaline comet assays. In this review, we would like to discuss the
technical differences between the comet assay and SCPFGE, discuss
two major problems in the comet assay, and offer potential solutions to
establish a standard protocol for quantitative measurements.

Setting Detection Sensitivity-A Critical Threshold
Number for Double Strand Breaks in Human Sperm

Our previous report [27] used human sperm as research material,
and there were critical situations for concern in terms of maintaining
DNA integrity. Male germ cells are susceptible to the accumulation of
DNA lesions because their DNA repair capacity declines during late
spermatogenesis [28]. In contrast, the mammalian oocyte is capable
of repairing DNA lesions throughout oogenes is [29-31], and DNA
lesions have to be repaired in the embryo during the first cell cycle [32].
To date, the repair mechanisms for critical DNA damage in somatic
cells have been studied in detail, whereas the capacity and accuracy of
repair in human embryos as well as factors disrupting these processes
[1,33-35] have beenpoorly understood. Incomplete DNA repair is pro-
mutagenic and responsible for sperm-derived congenital anomalies in
newborns.

Fertilization through intra-cytoplasmic sperm injection (ICSI)
now accounts for more than half of clinical infertile therapies by the
aid of assisted reproductive technology (ART) worldwide. Selection of
a sperm for the injection is based on light microscopic observations
of motility and gross morphology at a low magnification. There is a
concern about higher malformations resulting from ICSI approaches
as compared to natural births [36-38]. Thus, there is a possibility of
iatrogenic transmission of genetic abnormalities to the offspring.
The validation of DNA in human sperm represents essentially
important diagnostic and prognostic measures as compared with other
regenerative medicine using somatic cells. The critical threshold of DSB
in a sperm may be null or extremely low to complete embryogenesis
and subsequent fetal development, whereas the repair of DSB is
intrinsically difficult as compared to other DNA lesions [39,40]. The
comet assay evaluates the level of DNA damage by the amount of
granular fragments migrated from the origin, the so-called “comet tail”,
and DNA fibers that have already been shredded to numerous granular
fragments may be irreparable. When considering the genetic influences
of sperm that can survive after repair, the critical situation may be the
early stage of strand breaks where a few large fibrous fragments are
derived from whole DNA. Thus, we have set the detection sensitivity
of SCPFGE to separate large fibrous fragments derived from a single
nucleus [27].

Principles and Differences of Macro- and Micro-
Agarose Gel Electrophoreses

Submarine agarose gel electrophoresis is one of the most common
types of macro-electrophoresis [41,42] used to determine the size of
DNA fragments in the range of 500 to 30,000 base pairs. DNA samples
extracted from a cellular population are aligned at the origin and
migrate several or more centimeters. Agarose forms thermoplastic gels
consisting of thick bundles of polysaccharide chains cross-linked by
hydrogen bonds, with large pores. The amount of negative charge by
PO, is proportional to the size of DNA, whereas the electrophoretic
mobility in agarose is inversely correlated with DNA size. Gel
separation is mainly caused by a molecular sieving effect from agarose.
Pore size depends on the gel concentration as well as the amount of
cross-linking sites per unit weight, which also affects the melting and
gelling points and the mechanical gel strength. Moreover, the ionic
strength of buffers, voltage-current characteristics, and electro-osmotic
coeflicients of agarose also affect the electrophoretic behaviors of DNA.
The simultaneous run of a set of known DNA size markers can negate
the influences of the above-mentioned variation factors, and this makes
it possible to calibrate DNA base pairs from electrophoretic mobility.

Pulsed-field gel electrophoresis (PFGE) [43-45] facilitates
electrophoretic analyses of larger DNA. Since large DNA is very
fragile to shear force, cells have to be embedded in an agarose plug
prior to cell lysis [46]. The gel size is similar to the submarine macro-
gel electrophoresis; however, instead of constantly running the voltage
in one direction, the voltage is periodically switched among multiple
directions, and large DNA runs in a zigzag pattern through the
agarose pores. Chromosomal DNA of many eukaryotes is too large to
be separated even by PFGE; thus, DNA in agarose plugs are further
digested with restriction endonucleases [47,48]. DNA size markers are
also available in PFGE.

Single-cell micro-gel electrophoreses are quite different from the
above two macro-methods: the cells are suspended in a thin agarose
layer or disseminated on a glass slide and embedded with agarose.
The crude lysate containing intact chromosomal DNA and various
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lengths of fragments are usually run without downsizing by restriction
endonucleases. The electrophoretic images are usually observed
by means of a fluorescent microscope. To achieve quantitative
determination of DNA fragmentation in a single cell by means of micro-
gel electrophoresis, it is essential to establish rigorous experimental
conditions with some adequate comparative standards, such as DNA
size markers and negative and positive controls.

Single-Cell Pulsed-Field Gel Electrophoresis (SCPFGE)

Human sperm with progressive motility was separated by means of
Percoll density gradient centrifugation [49,50] and the swim up method.
The apparatus of SCPFGE is described in a previous report [27]. An
aliquot of human sperm was adhered to a 7 x 7 mm area of amino-
propyl-silane-conjugated glass slides (MAS coat slide, Matsunami,
Osaka, Japan) by centrifugal auto-smear (Cyto-Tek, SAKURA, Tokyo,
Japan). The melted 0.33% agarose (0.1 mol/L sodium acetate (pH 4.7)
with 0.05% Triton X-100) was filtered with a 0.22 um pore membrane,
and then aliquots (540 pl) were mixed with 60 pl of purified bovine
trypsin (200 ug/mL) at 40°C. The sperm-adhered area of the glass slide
was embedded in agarose (2.5 cm x 2.5 cm, 50 um thickness) and
chilled for 30 min. The gel was incubated in the cell-lytic reagent (30
mmol/L Tris-HCIl, 8.2 mmol/Lhexa-metaphosphate Na, 0.05% Triton
X-100, 5.0 mmol/Ldithiothreitol (DTT), pH 8.1) at 37°C for 30 min.

The SCPFGE apparatus was placed on a horizontal table, and the
gel film on the glass slide was positioned at the cross-point of electric
currents from two sets of electrodes arranged orthogonally. SPCFGE
was performed at 1.5 V/cm with 3.0 sec switching intervals for 7 min
in the electrophoretic buffer (30 mmol/L Tris-acetate, 8.2 mmol/
Lhexa-metaphosphate Na, pH 8.1). DNA in the gel was stained with
diluted (x10*) Cyber-Gold (Molecular Probes, Oregon, USA) and was
observed under an epifluorescent microscope (excitation: 495 nm,
emission: 537 nm).

Importance of Trypsin Digestion for Single-Cell Micro-
Gel Electrophoreses

The comet assay [16-26] often uses cell lytic agents, including
detergents to remove cell membranes, high salt (more than 2.0 mol/
LNaCl) to dissociate DNA-nucleoprotein complexes, and DTT to
dissociate S-S bonds in nucleoproteins, and then it evaluates DNA
damage from the amount of granular fragments that have migrated
from the origin. Meanwhile, trypsin digestion of the embedded sperm
altered the electrophoretic profiles drastically [27], and various sizes
of DNA fibers migrated from the origin and were termed granular
fragments, fibrous fragments, and long chain fibers, in increasing order
of size. The granular fragment was observed as a small particle, the long
chain fiber was elongated from the origin without interruption, and the
fibrous fragment was recognized as a fiber that separated beyond the
anterior end of the elongated long chain fibers.

The enzymatic properties of bovine pancreatic trypsin (EC.3.4.21.4)
[51], with respect to substrate specificity and pH dependency, are
thought to be optimum to digest embedded cells in agarose. Major
nucleoproteins, histones [52], and protamine [53] are lysine- and
arginine-rich basic proteins, and their amino- or guanidyl-residues
are tightly coupled with PO, in DNA through electrostatic bonding.
The complex is further fixed to the nuclear membrane with the
nuclear matrix [54-57]. Trypsin specifically cleaves the carboxy-side
of lysine and arginine residues. In turn, proteinase K [58], which
is widely employed to prepare cell lysates for DNA extraction, has
chymotrypsin-like broad substrate specificity for aliphatic and aromatic

residues of amino acids and acts in a wide pH range. In-gel digestion
of the embedded cells needs to be initiated after completing gelation
of agarose to avoid free diffusion of DNA fibers (as described later in
Figure 1). Because the activity of trypsin is strictly dependent on pH,
this enzyme was kept inactive at pH 4.7 until gelation was completed
and was activated by immersing the gel into the cell-lytic reagents
(pH 8.1).Since commercially available preparations of trypsin are
usually contaminated with pancreaticdeoxyribonucleases (DNases),
trypsin is not popular for DNA studies. To remove autolyzed trypsin
and DNases, twice-crystallized bovine pancreatic trypsin was further
purified by affinity chromatography using lima bean trypsin inhibitor-
conjugated Sephacryl [59]. No DNase activity was found in the purified
preparation (data not shown). The preparation was stored in 2.0%
acetic acid (pH 1.8) to avoid autolysis.

Figure 1 suggests the significance of trypsin digestion for liberating
DNA from various nuclear binding proteins. Both of the lytic agents
caused swelling of heads (Figure 1A and 1B) and formed so-called
“nuclear halos” [56]. The potential of 8.2 mmol/L polyvalent anions
for dissociation of protamine-DNA was comparable to that of 2.0
mol/L monovalent anion. Since the activity of trypsin was suppressed
by 2.0 mol/L NaCl, trypsin (20 pg/mL) was further added to the
specimen in Figure 1B. The swollen heads disappeared, and long DNA
fibers elongated freely (Figure 1C). These results suggested that the
competitive dissociation by anionic agents produced nuclear halos,
whereas the DNA was still fixed by the other DNA binding proteins,
including the nuclear matrix, and trypsin degraded them.

The sperm in the purified fraction and the asthenozoospermic
semen, in which more than 96% of the sperm were immotile, were
embedded with 0.3% agarose and treated with the lytic agent (8.2
mmol/L hexa-metaphosphate Na, trypsin), respectively. The sperm

Figure 1: Significance of trypsin digestion for dissociating DNA fibers from
nuclear DNA-binding components. The results shown in Figures 1-6 were
obtained by using sperm prepared as described below using the ejaculate
(vol.=4.4 mL, conc.=76 x 10® sperm/mL, motility=59%), the precipitate of the
density-gradient (200 pL, 370 x 108 sperm/mL, 78%), and the swim-up fraction
(1.0 mL, 31 x 10° sperm/mL, 97%). Asthenozoospermic semen was defined
by 3.8 mL, 46 x 10° sperm/mL, and 3.6%. The purified sperm with progressive
motility were suspended in 30 mM Tris-HCI, 0.05% Triton X-100, 5.0 mmol/L
DTT, x 10* diluted Cyber-Gold containing 2.0 mol/L NaCl (A) or 8.2 mmol/L
hexa-metaphosphate Na (B), respectively. C: one-tenth volume of Trypsin
(20 pg/mL) was subsequently added to the above specimen A. The scale bar
shown in the figures 1, 2 and 5-7 represented 20 um, and those in the figures
3 and 4 were 10 ym.
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in the purified fraction showed a mass of tangled DNA fibers with
a shaggy surface (Figure 2A). In contrast, the asthenozoospermic
semen displayed heterogeneous profiles with numerous granular
fragments dispersed through the porous gel without applying voltage
(Figure 2B). These sperm were considered to be in the advanced stage
of DNA fragmentation. Even after trypsin treatment, the digestive
peptides still maintained ionic bonding ability to DNA in a low ionic
strength solution. SCPFGE was performed in the presence of 8.2
mmol/L hexa-metaphosphate Na. The results of SCPFGE suggested
that the sperm in the purified fraction showed uniformly elongated
fibers in several dozen quantities from each tangled mass (Figure
2C). They were either assigned to the group for which only the long
chain fibers from the origin were observed (Figure 3A), or to the
group for which fibrous fragments were observed beyond the anterior
end of the elongated fibers (Figures 3B-3D). The number and size
of fibrous fragments varied among the sperm. The electrophoretic
images of the asthenozoospermic semen yielded heterogeneous stages
of fragmentation (Figure 2D and Figures 4A-4C). The sum of profiles
elucidated the process of DNA fragmentation: first, a few large fibrous
fragments were cleaved (Figures 3B-3D) from the intact DNA fiber
(Figure 2C and 3A), then the number and lengths of fibers elongated
from the origin were decreased and shortened (Figure 4A) along with
the increment of the cleavage sites, and finally, fibrous fragments were
shredded to granular fragments (Figure 4B) and the origin was shrunk
(Figure 4C). The degree of progression varied among the sperm and the
frequency of appearance was altered among the specimens.

Alkaline-based Single-Strand Break Assay

The comet assay employs alkaline [16,17,21,24-26] conditions
(pH>13) to dissociate hydrogen bonds that connect double strands.
Alkaline-labile sites (ALS) [60] including AP sites [13,14] lead to
DNA strand cleavage at high pH, and alkaline-based SSB assays
are at considerable risk of overestimation of SSB. The comet assay
performed at pH 12.1-12.5 has been reported to detect SSB without
the contamination of artifactual SSB from cleaved ALS; however, this
modification has also been reported to reduce the sensitivity of that
assay [61]. Miyamae et al. [62] also reported that reducing the pH
to 12.1 during alkaline unwinding and electrophoresis appears to

Figure 2: Effect of trypsin on the embedded sperm in the purified fraction and
asthenozoospermic semen and their electrophoretic profiles. After cell lysis: A:
the purified sperm; B: the asthenozoospermic semen. SCPFGE images: C: the
purified sperm; D: the asthenozoospermic semen.

Figure 3: Typical profiles of intact DNA fibers and of fibrous DNA fragments
in the purified sperm. A: intact image, B, C and D: initial stage of DNA
fragmentation, arrows indicated number of fibrous fragments.

Figure 4: Fibrous and granular fragments shown in the asthenozoospermic
semen. A: long chain fibers were elongated from the origin and small amount of
granular fragments were found beyond the tips. B: along with the fragmentation
were proceeded, amount of granular fragments were increased. C: finally
fibrous fragments were disappeared and mass of the origin was shrunk.

eliminate the expression of ALS as SSB. Thus, the presence of increased
migration at pH 13, but its absence at pH 12.1, indicates the specific
induction of ALS. DNA denaturation and unwinding relies on the
disruption of hydrogen bonds at high pH, and it has been previously
reported that AP sites are stable against alkaline cleavage at pH < 12.6
[16,63]. Luke et al. [64] highlighted the technical problems of the
comet assay by means of macro-gel electrophoresis. DNA samples that
involved chemically induced AP sites by heat/acid conditions [65] were
stable at pH < 11.9, but became increasingly cleaved at pH > 12.2 in a
dose-dependent manner. The nearly complete denaturation of DNA
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required incubation of DNA at pH > 12.7. This result suggested that the
SSB assay that relies on an alkaline environment (pH 2 12.2) for DNA
denaturation may be inducing artifactual SSB through the cleavage of
intact AP sites, resulting in an overestimation of SSB formation.

The above debate on the influence of pH to the first decimal place
(around pH 12) requires that several fundamental chemical problems
become highlighted: when measurements of high pH were taken with
a glass electrode, the observed values were usually inaccurate to the
first decimal place because these values were obtained using a far-
away extrapolation of the calibration range between pH standards.
Although pH glass electrodes respond very selectively to hydrogen
ions, there is interference caused by alkaline ions, particularly sodium
ions. This effect, called the alkaline error, increases with higher alkaline
concentrations (pH>9) and increasing temperatures. The commercially
available granular NaOH is deliquescent material and is present partly
as Na,CO, by adsorption of CO, in air. When NaOH stock solution
is prepared on a weight/volume basis, it has to be standardized by
acid-base titration on each occasion according to the United States
Pharmacopeia (USP) and the Association of Official Analytical
Chemists (AOAC). This solution should also be sealed tightly in plastic
bottles, and the working solution should be diluted just before use to
avoid contamination of CO, in air. Except in specialist of analytical
chemistry, the validated NaOH reference solution for volumetric
analyses should be employed and expressed as the concentration
(mmol/L) instead of the observed values of pH. The rate of hydrolytic
reaction depends on not only the concentration of hydroxide ions, but
also the temperature and reaction period. For example, electrophoresis
in alkaline solutions (pH>13) causes a rise in temperature by Joule
heating, and it also promotes hydrolysis.

The most fundamental problem of the alkaline comet assay is that
the nuclear DNA binding components are tolerant to high pH. Thus, the
electrophoretic profiles of trypsin-treated sperm were entirely different
from those without trypsin. The sperm with progressive motility were
lysed with trypsin and treated with 10 - 30 mmol/L NaOH at ambient
temperature for 20 min prior to SCPFGE (Figure 5). The DNA fibers
persisted in 10 mmol/L NaOH (Figure 5A), whereas a small 10mmol/L
increase produced obvious changes in that the long chain fibers were
slightly disrupted to granular fragments (Figure 5B). With >20 mmol/L
NaOH, the amount of granular fragments increased (Figure 5C), and at
30 mmol/L NaOH, almost all the fibers were degraded to granules and
the origin had shrunk (Figure 5D). Since the dose-response curve was
found to be very steep, accuracy of the NaOH preparation was essential
to ensure reproducibility.

The sperm in the purified fraction and the asthenozoospermic
semen, respectively, were embedded with 0.3% agarose and treated
by the lytic condition shown in Figure 1A (2.0 mol/L NaCl, without
trypsin). When the purified sperm were lysed without trypsin, SCPFGE
could not pull out the fiber (Figure 6A). In contrast, most of the sperm
in the asthenozoospermic semen discharged granular fragments
without the accompanying fibers (Figure 6B), whereas the amount was
found to be smaller than those with trypsin digestion (Figure 2B and
4B). The image in Figure 6B corresponds to the neutral comet assay
without trypsin digestion. Then, the specimens shown in Figure 6A
and 6B were further treated with 20 mmol/L NaOH for 20 min. Small
amounts of granular fragments were retrieved from the purified sperm
(Figure 6C). In the asthenozoospermic semen, the amount of fragments
(Figure 6D) was increased from Figure 6B, but was less than that in
Figure 2D. The electrophoretic profiles in Figure 6D were similar to
those in the alkaline comet assay.

These facts suggested that at least some of the nuclear DNA binding
components were tolerant to high salt and high alkalinity, but were
degraded by trypsin digestion. Thus, a lack of trypsin digestion caused
false negative results in both procedures: most DNA fibers were still
fixed with the components, and the comet tail did not reflect the total
amount of granular fragments, but rather those fragments released
from the components.

The results shown in Figure 5 and 6 merely elucidated that the
granular DNA fragments were neo-generated by high pH, but the
mechanism of such a result remained unclear; that is, it was unknown
if it was due to dissociation of hydrogen bonds, strand break through
beta- and/or delta- eliminations [15] of ALS, artifactual DSB, or some
other combination of actions. It remains obscure whether commonly
used, highly concentrated 100 - 300 mmol/L NaOH in the alkaline
comet assay included artifactual DSB or not. When fragments are

Figure 5: Effect of concentrations of NaOH on purified sperm lysed with
trypsin. A: 10, B: 15, C: 20, D: 30 mmol/L NaOH. The reagents were prepared
from 100 mmol/L NaOHreference solution (Factor = 1.001 at 20°C).

Figure 6: Effects of alkalinity on the embedded sperm in the purified fraction
and the asthenozoospermic semen that were lysed with 2.0 mol/L NaCl
without trypsin. The electrophoretic profiles for the purified sperm (A, C) and
asthenozoospermic semen (B, D), without (A, B) and with NaOH treatment
(C,D).
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visualized by intercalation fluorescent dyes, their binding specificities
are not absolutely distinguishable between single- and double-strand
DNA. The manner of cleavages should be identified with more specific
methods such as the DNA breakage detection-fluorescence in situ
hybridization (DBD-FISH) techniques [66,67], terminal transferased
UTP nick end labeling (TUNEL) assays, and anti-single strand DNA
monoclonal antibodies [68].

Diagnostic Significance of the Comet Assay and
SCPFGE in ART

Through the past decade, clinicians and patients have taken notice
of the significance of accumulated DNA damage in human sperm and
have linked such processes to male infertility and congenital anomalies.
The neutral and alkaline comet assays have been the major tools for
determination of nonspecific DNA damage, and approximately 7,000
articles were hit on “PubMed” by keyword searching of “comet assay”.

As shown in Figure 2C and 3, almost all the progressively motile
sperm in the purified fraction consisted of long chain fibers. In contrast,
most of the immotile sperm in asthenozoospermic semen were found
to be in the advanced stages with granular fragments (Figure 2D and
4). These sperm could be excluded during the in vitro processing to
select for progressively motile sperm. These results suggested that the
sperm with granular fragment might be immotile. As shown in Figure
3, SCPFGE detected a few large fibrous fragments being derived from
whole DNA, and our previous report [27] revealed that at least a
portion of motile sperm in the purified fractions had already entered
in the early stage of DNA fragmentation. Motility, therefore, could not
offer complete assurance in terms of DSB. The neutral and alkaline
comet assays could not detect such early stages of DNA fragmentation
in motile sperm (Figure 6A and 6C), and, as emphasized above, some
inadequate experimental conditions cause false negatives in both
procedures. Thus, the optimum conditions must be reconsidered
in order to achieve quantitative measurements. SCPFGE is likely to
serve as a fundamental step in preoperative differential diagnosis
to determine the competence of the sperm population provided for
injection, and is likely to play an important role in ensuring the safety
of clinical ICSI.

Quality Control of SCPFGE and its Future Prospects

The electrophoretic behaviors of DNA fibers are mainly influenced
byqualityand concentration ofagarose, binding ofagarose tosolid phase,
enzymatic digestion of cells, settings for pulsed-field electrophoresis,
it is essential to determine the optimum combination of these factors
to establish the standard protocol for SCPFGE. Adequate comparative
standards, such as negative and positive controls of DSB and DNA size
markers, are also desired for quality control of SCPFGE. We would
like to make tentative suggestions that the progressively motile sperm
in the purified fraction (Figure 2C and 3) and the immotile sperm in
asthenozoospermic semen (Figure 2D and 4) are suitable as cell models
for positive and negative controls of DSB. The prokaryotic whole DNA
may be a candidate of the size markers for micro-gel electrophoresis,
as shown in Figure 7. A DNA fiber (4.6 M base pairs) from Escherichia
coli [69] were run in SCPFGE, and was unfortunately entangled in the
insoluble material and could not be migrated as a stretching line.

This review mainly focused on the detection of nonspecific DNA
lesions in the strands, and SCPFGE may offer another prospect as a
visualization tool for DNA fibers derived from a single cell. FISH [7]
provides a mapping resolution of 1 to 3 M base pairs for metaphase
chromosomes and a resolution of 50 kb and ranges of 1-2 M base

Figure 7: SCPFGE profile of E. coli.

pairs for interphase nuclei. This better resolution is attributed to the
higher degree of chromatin decondensation. Hence, FISH for fully
naked DNA fibers, the so-called “DNA fiber FISH”, shows the highest
resolution range of at least 1-400 K base pairs [70]. It provides a tool for
restriction mapping because it permits very accurate gap and overlap
sizing. Also, it provides the means to generate “color bar codes” for
disease regions, which can be used to inspect patient DNA for suspected
gene rearrangements. The technical difficulties of DNA fiber FISH
include defining how to make long chain naked DNA, stretch DNA
fibers, and fixation on the solid phase [71]. The digestion of embedded
human sperm with trypsin dissociated DNA fibers from nuclear DNA
binding components and subsequent SCPFGE elongated the bundle of
DNA fibers derived from a single cell [27]. Prior to DNA fiber FISH,
the eligibility of specimens can be evaluated by SCPFGE, the cells with
DNA fragments should be eliminated from the test object.
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