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r double refraction is the decomposition of a ray of light into two rays when it passes through an aniso-
artz. Sperm cells have been demonstrated to be optically anisotropic. The objective of this study was

to evaluate the relationship between the pattern of human sperm head birefringence (SHBF) and DNA damage. A total of 26 patients
with normal semen were included. DNA damage (fragmentation and denaturation) was evaluated in the sperm head in the context of
birefringence, both total (SHBF-T) and partial (SHBF-P), by terminal deoxyribonucleotidyl transferase (TdT)-mediated dUDP
nick-end labelling assay and acridine orange fluorescence, respectively. Positive DNA fragmentation in spermatozoa with SHBF-T
(205/1053; 19.5%) was significantly higher (P < 0.0001) than in spermatozoa that presented SHBF-P (60/820; 7.3%). However, the
percentage of denatured DNA in spermatozoa with SHBF-T (824/1256; 65.6%) was not significantly different from the ones with
SHBF-P (666/1009; 66.0%). In conclusion, the data support a positive relationship between spermatozoa with total SHBF in their head

and increased DNA fragmentation. RBMOnline
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Introduction

DNA damage in human spermatozoa is associated with a
range of adverse clinical consequences, including infertility,
miscarriage and morbidity in offspring. The origins of this
damage may involve abortive apoptosis, unresolved strand
ter ª 2011, Reproductive Healthcare Ltd.
.017
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breaks created during spermiogenesis to relieve the tor-
sional stresses associated with chromatin remodelling and
oxidative stress (Aitken and De Iuliis, 2010).

It is clear that, in cases of intracytoplasmic sperm
injection (ICSI), although the ‘best’ spermatozoon is
selected, cells with damaged DNA are routinely injected
Published by Elsevier Ltd. All rights reserved.
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into the oocyte. Successful human reproduction depends
in part on the inherent integrity of sperm DNA. There
appears to be a DNA damage threshold beyond which
embryo development and subsequent pregnancy outcome
are impaired. Clinical evidence now shows that sperm
DNA damage is detrimental to reproductive outcomes
and that spermatozoa of infertile men possess substan-
tially more DNA damage than do the spermatozoa of fer-
tile men. However, an understanding of the causes of
sperm damage on reproductive outcome in humans
remains undeveloped (Zini and Sigman, 2009).

Baccetti (2004) demonstrated that it is possible to
include a polarization apparatus in an inverted light micro-
scope used for ICSI to analyse the human motile sperm head
birefringence (SHBF) in order to indicate the structural nor-
mality of spermatozoa. Birefringence or double refraction is
the decomposition of a ray of light into two rays when it
passes through an anisotropic material. Sperm cells of many
different species are birefringent or optically anisotropic, as
first reported by Valentin (1861) and Engelmann (1875).
When the microscope light enters an anisotropic structure,
it is refracted into two different refractive rays indicating
this double refraction. Gianaroli et al. (2008) were the first
to use SHBF to select spermatozoa for ICSI and demon-
strated better embryo development and clinical outcome
results after injection of spermatozoa with SHBF when com-
pared with controls (spermatozoa without SHBF). Recently,
the same group carefully evaluated two types of SHBF on
the basis of their acrosome integrity (partial head
birefringence/acrosome-reacted and total head birefrin-
gence/acrosome-non-reacted spermatozoa) and demon-
strated that acrosome-reacted spermatozoa produced
better clinical results when used in ICSI (Gianaroli et al.,
2010). The data from this study point to the injection of
reacted spermatozoa as the best way to achieve pregnancy
in couples with male factor infertility. It has also reported
that induction of the acrosome reaction in human spermato-
zoa is associated with improved fertilization and embryo
development (Lee et al., 1997; Mansour et al., 2008; Satha-
nanthan et al., 1997). On the other hand, negative correla-
tions between increased DNA damage and acrosome
reaction have been identified (Ozmen et al., 2007). With
this in mind, the objective of this study was to investigate
whether there was any relationship between DNA damage
(fragmentation and denaturation) and two types of SHBF:
total and partial.
Materials and methods

Patient selection

This prospective study consisted of 26 semen samples from
26 men, mean age (± SD) 39.3 ± 6.1 years, from a group of
couples who underwent infertility investigation and treat-
ment at the Centre for Human Reproduction Prof. Franco
Jr. Patients presented a mean of 4.0 ± 3.0 years of infertil-
ity and mean sperm concentration of 57.9 ± 28.1 · 106/ml
with mean motile sperm concentration of 37.8 ± 19.0 ·
106/ml and mean percentage of morphologically normal
sperm nuclei of 1.1 ± 1.0% by modified Bartoov classification
(Bartoov et al., 2002).
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Semen evaluation and processing

Semen samples were collected in sterile containers by mas-
turbation after a period of 2–5 days of sexual abstinence.
Semen analysis assessed the sperm concentration, volume
and motility quality. Sperm morphology was evaluated by
using the motile sperm organelle morphology examination
(Bartoov et al., 2002; Oliveira et al., 2009). Morphology
was examined at high magnification using an inverted micro-
scope (Eclipse TE 2000 U; Nikon, Japan) equipped with
high-power differential interference contrast optics
(Nomarski). The total calculated magnification was 8450·
(total magnification = objective magnification (100) · mag-
nification selector (1.0) · video coupler magnification
(1.0) · calculated video magnification (84.50·))).

A spermatozoon was classified as morphologically normal
when it exhibited a normal nucleus, acrosome, post-
acrosomal lamina, neck and tail, as well as not presenting
cytoplasm around the head. For the nucleus, the morpho-
logically normal state was defined by the shape and content
of the chromatin. The criterion for normality of nuclear
shape was a smooth, symmetric and oval configuration.
Normal means for length and width were estimated as
4.75 ± 2.8 and 3.28 ± 0.20 lm, respectively, with absence
of extrusion or invagination of the nuclear chromatin
(regional abnormality of nuclear form). The criterion for
normality of chromatin content was the absence of vacuoles
occupying >4% of the sperm nuclear area. A spermatozoon
was classified as morphologically abnormal when it exhib-
ited an abnormal nucleus (form or chromatin content) as
well as severe abnormality (such as pin, amorphous,
tapered, round or multinucleated head, double tail). The
criteria for specifying that a spermatozoon had abnormal
nuclear/chromatin content were: (i) small or large oval
nuclear forms (length �4.19 lm or �5.31 lm); (ii) wide or
narrow nuclear forms (width >3.7 or <2.9 lm); (iii) an
extrusion or invagination of the nuclear mass; (iv) vacuoles
occupying >4–50%<!Query id="Q5" desc="Is this ‘4–50%’ or
‘5–50%’?" /–> of the nuclear area; or (v) vacuoles occupying
>50% of the nuclear area (large nuclear vacuoles).

The liquefied fresh semen samples were prepared using
the swim-up method, which consisted of permitting the
ejaculated sperm sample to migrate in human tubal fluid
(HTF; Irvine Scientific, CA, USA) with 10% human serum
albumin (HSA), in the proportion of 2:1, deposited on top
of the fresh semen sample, for 30 min at 37�C. The portion
of motile spermatozoa was resuspended in HTF/10% HSA
medium and the concentration was adjusted to 3 · 106 sper-
matozoa/ml. A total of 1 ll of each semen sample was eval-
uated according to SHBF and spermatozoa were selected
according to the two types of birefringence (total and
partial head birefringence).

Birefringence evaluation

The SHBF was assessed using an inverted microscope
equipped with Hoffman contrast and polarizing lenses.
The total calculated magnification of 2500· was obtained
by using a Hoffman objective of 20·, a camera, C-mount
and 21-inch monitor (Figure 1). SHBF assessment was per-
formed after incubating 1 ll prepared spermatozoa in a
10 ll microdrop of 7% polyvinylpyrrolidone solution (Irvine
n DNA damage and sperm head birefringence. Reproductive BioMe-
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Figure 1 (A) The polarization inverted microscope 1 (TE 300; Nikon, Japan) equipped with Hoffman contrast and polarizing lens;
(B) Hoffman objective of 20·; (C) C-mount; (D) camera; and (E) 21-inch monitor.
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Scientific), in a plastic Petri dish (430166; Corning) and
covered with oil (Vitrolife, Sweden), at room temperature
for 30 min. Two types of SHBF were identified: group 1
consisted of motile spermatozoa that presented birefrin-
gence throughout the entire head, i.e. total SHBF (SHBF-T)
(Figure 2A); while group 2 comprised those motile
spermatozoa with the presence of birefringence in 50%
of each head, with this birefringence being localized in
the post-acrosomal region, i.e partial SHBF (SHBF-P) (Fig-
ure 2B). Cells showing no birefringence were not evalu-
ated since the percentage of spermatozoa without
birefringence presented in these semen samples was very
low (2.6%).

Experimental design

For evaluation of DNA fragmentation from each sperm sam-
ple a mean of ±80 motile spermatozoa (40 with SHBF-T and
40 with SHBF-P) was selected and deposited onto two differ-
Please cite this article in press as: Petersen, CG et al. Relationship betwee
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ent slides (Figure 3; 1 and 2), previously branded with a cir-
cle, using an ICSI pipette (Humagen, USA).

For evaluation of DNA denaturation, from each sperm
sample a mean of ±80 motile spermatozoa (40 with SHBF-T
and 40 with SHBF-P) was selected and deposited onto two
other different slides (Figure 3; 3 and 4) for DNA denatur-
ation evaluation.

The same technician, blinded to subject identity, per-
formed all the experiments to rule out inter-technician
variability.

Determination of DNA fragmentation

DNA fragmentation in spermatozoa was measured using the
terminal deoxyribonucleotidyl transferase (TdT)-mediated
dUTP nick-end labelling (TUNEL) assay, which was per-
formed using an in-situ cell death detection kit with tetram-
ethylrhodamine-labelled dUTP (Roche; Monza, Italy)
according to the modified description by Tesarik et al.
n DNA damage and sperm head birefringence. Reproductive BioMe-
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Figure 2 (A) Spermatozoon with total sperm head birefringence (SHBF-T) observed at 2500· magnification; (B) spermatozoon with
partial sperm head birefringence (SHBF-P) observed at 2500· magnification.

Figure 3 Sperm head birefringence selection and processing for DNA evaluation. AO = acridine orange; PVP = polyvinylpyrrolidone;
SHBF-P = partial sperm head birefringence; SHBF-T = total sperm head birefringence; and TUNEL = TdT (terminal deoxynucleotidyl
transferase)-mediated dUDP nick-end labelling.
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(2004). TUNEL identifies single- and double-stranded DNA
breaks by labelling free 30-OH termini with modified
nucleotides in an enzymatic reaction with TdT. Terminal
deoxyribonucleotidyl transferase catalyses the poly-
merization of labelled nucleotides to free 30-OH DNA ends
in a template-independent manner. Slides with different
spermatozoa (SHBF-T and SHBF-P) selected specifically for
DNA fragmentation were air-dried and then fixed at 4�C in
Carnoy’s solution (methanol/glacial acetic acid, 3:1), and
permeabilized with 0.1% Triton X-100 (VETEC Quı́mica Fina;
Duque de Caxias, Brazil) in 0.1% sodium citrate at 4�C for
2 min. After washing with phosphate-buffered saline (PBS),
the slides were then processed for TUNEL assay. The
TdT-labelled nucleotide mix was added to each slide and
incubated in the dark in a humidified atmosphere for 2 h
at 37�C. After stopping the enzyme reaction, slides
Please cite this article in press as: Petersen, CG et al. Relationship betwee
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were rinsed twice in PBS and then counterstained with
Vectashield Mounting Medium with 4,6-diamidino-2-phenyl-
indole 1.5 lg/ml (DAPI; Vector Laboratories, Burlingame,
CA, USA). The final evaluation was achieved using a fluores-
cent microscope in which the percentage of TUNEL-positive
spermatozoa was determined. The number of cells per field
stained with DAPI (blue) was first counted; in the same field,
the number of cells with red fluorescence (TUNEL positive)
was expressed as a percentage of DNA fragmentation.
Controls were included in every experiment: for negative
control, TdT was omitted in the nucleotide mix; positive
controls were generated by pre-incubating the fixed and
permeabilized sperm cells using DNase I (1 lg/ml; New
England Biolabs, Ipswich, MA, USA) for 30 min at 37�C.
TUNEL labelling of positive controls varied between 89%
and 98% of cells.
n DNA damage and sperm head birefringence. Reproductive BioMe-

http://dx.doi.org/10.1016/j.rbmo.2011.03.017


Table 1 DNA fragmentation in spermatozoa with total
and partial sperm head birefringence.

DNA fragmentation Spermatozoa (n)

SHBF-T SHBF-P

Positive 205 60
Negative 848 760

P < 0.0001.
SHBF-P = partial sperm head birefringence; SHBF-T = total
sperm head birefringence.

Table 2 Denatured and double-stranded DNA eval-
uated by acridine orange fluorescence in spermato-
zoa with SHBF-T and SHBF-P.

DNA denaturation Spermatozoa (n)

SHBF-T SHBF-P

Denatured 824 666
Double-stranded 432 343

There were no statistically significant differences.
SHBF-P = partial sperm head birefringence; SHBF-T =
total sperm head birefringence.
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Determination of denatured DNA by acridine
orange fluorescence

Slides with different spermatozoa (SHBF-T and SHBF-P,
respectively) selected specifically for acridine orange fluo-
rescence (Tejada et al., 1984) were air-dried and then fixed
overnight at 4�C in Carnoy’s solution (methanol/glacial ace-
tic acid, 3:1). After fixation, the slideswere air-dried, stained
with acridine orange for 5 min and then gently rinsedwith dis-
tilled water. The acridine orange staining solution was
prepared daily as follows: a mixture of 4 ml 0.1 mol/l citric
acid and 0.25 ml 0.3 mol/l Na2HPO4.7H2O was added to 1 ml
1% acridine orange stock solution (6014; Sigma-Aldrich Brazil,
São Paulo, Brazil) in distilled water. The acridine orange
stock solution was stored in the dark at 4�C for 4 weeks. In
order to reduce variation in fluorescence intensity, each
stained slide was read immediately after washing. Spermato-
zoa with single (denatured) or double (normal)-stranded DNA
were identified under a fluorescence microscope at 400· and
1000· magnification with 450–490 nm excitation. Spermato-
zoa with double-stranded DNA were fluorescent green and
those with denatured DNA were fluorescent red or yellow.
To determine intra-technician and intra-assay variabilities
for the acridine orange test, before each series of analyses,
duplicate slides were made from at least two randomly
selected donors to analyse the percentage of spermatozoa
with double-stranded DNA and percentage of spermatozoa
with denatured DNA. Intra-individual variability for the per-
centages of green-fluorescing spermatozoa and of red/yel-
low-fluorescing spermatozoa was �5% (for both), which is
comparable to those of classical sperm quality parameters
(Auger et al., 2000).
Sample size and statistical analysis

Sample size was calculated planning a comparison between
two proportions, control and experimental. Usually, DNA
fragmentation assay values are abnormal in �30% of sper-
matozoa in the fertile male population. In the same way,
usually acridine orange assay values are abnormal in �50%
of spermatozoa in the fertile male population. Thus a sam-
ple size of 400 spermatozoa in each group has 80% power to
detect an increase of 10% with a significance level alpha of
0.05 (two-tailed). At least double this number of spermato-
zoa was observed in each arm (SHBF-P and SHBF-T) of the
two analyses (DNA fragmentation and acridine orange fluo-
rescence) to increase the strength of the study. Data were
analysed using InStat version 3.0 (GraphPad Software, San
Diego, CA, USA) on a Macintosh computer (Apple Computer,
Cupertino, CA, USA). The chi-squared test was used. The
level of significance was set at P < 0.05.
Results

Tables 1 and 2 display the values for DNA fragmentation in
a total of 1873 spermatozoa, comprised of SHBF-T (n = 1053)
and SHBF-P (n = 820), and DNA denaturation in a total of
2265 spermatozoa, composed of SHBF-T (n = 1256) and
SHBF-P (n = 1009). The spermatozoa with SHBF-T presented
a significantly higher percentage of positive DNA fragmenta-
tion (205/1053, 19.5%) than those with SHBF-P (60/820,
Please cite this article in press as: Petersen, CG et al. Relationship betwee
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7.3%, P < 0.0001). However, the percentage of dena-
tured/single-stranded DNA (824/1256, 65.6%) in spermato-
zoa with SHBF-T was not significantly different (666/1009,
66.0%) from those with SHBF-P.
Discussion

The polarization microscopy analysis of birefringence in
sperm cells has been reported to be an indicator of nuclear
structural normality. The presence of SHBF purportedly
expresses an organized and very compacted texture that
characterizes normal sperm nuclei, acrosomes and motile
tails (Baccetti, 2004).

Gianaroli et al. (2008) proposed the injection of a sper-
matozoon with a birefringent head as a diagnostic tool to
improve clinical outcome in treatment of the most severe
male factor cases. Along this line of thought, the same
group has recently defended the hypothesis that human
spermatozoa possess characteristics of birefringence that
reflect the state of their inner protoplasmic structures
(Gianaroli et al., 2010). The authors argue that abnormali-
ties in the sperm head protoplasmic compartment could
be related to anomalies of sperm chromatin packaging and
incomplete nuclear remodelling that occur in the final phase
of spermatogenesis. However, there are no studies in the
literature defining the real correlation between birefrin-
gence and protoplasmic structure.

In the literature, only one study analysed the relationship
between SHBF and DNA damage (Crippa et al., 2009).
According to Crippa et al. (2009), a negative correlation
between SHBF and DNA fragmentation was observed,
i.e. they showed that the proportion of birefringent
spermatozoa was inversely correlated with the incidence
n DNA damage and sperm head birefringence. Reproductive BioMe-
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of fragmented DNA. The study evaluated the total semen
sample both by the presence of SHBF in sperm heads and
the DNA fragmentation, but did not describe the types of
SHBF (partial and total).

The present study evaluated two SHBF types (total and
partial) and their relationship with DNA damage (fragmenta-
tion and denaturation) directly from spermatozoa selected
according to their birefringence. The first part of the data
shows that DNA fragmentation values are significantly
higher in spermatozoa with total SHBF compared with those
with partial SHBF. This fact could explain the results
obtained by Gianaroli et al. (2010), who reported a higher
embryo implantation rate (39% versus 8.6%) when oocytes
were injected with acrosome-reacted spermatozoa
(SHBF-P) compared with those injected with acro-
some-non-reacted (SHBF-T) spermatozoa. But the correla-
tion between acrosome integrity and SHBF, suggested by
Gianaroli et al. (2010), is a hypothesis that remains to be
proven. However, DNA damage should alter the special cel-
lular functions of human spermatozoa and lead to dimin-
ished acrosome reaction with reduced fertilization rates.
Moreover, negative correlation was identified between
DNA damage and acrosome reaction and/or viability of
human spermatozoa (Ozmen et al., 2007).

Acridine orange staining is an established cytochemical
method for determining sperm DNA integrity which allows
differentiation between normal double-stranded and abnor-
mal denatured/single-stranded DNA by using the metachro-
matic properties of the stain (Tejada et al., 1984). In
samples with high levels of DNA stainability by acridine
orange, there is higher acceptability of sperm DNA upon
staining, which suggests that the chromatin may be less
compact and, consequently, more vulnerable (Evenson
et al., 1986; Henkel et al., 2010). However, it does not indi-
cate real DNA damage as found by TUNEL. Although these
two assays are used for the same purpose, which is to deter-
mine sperm DNA damage, they are based on different prin-
ciples, i.e. the susceptibility of sperm nuclear DNA to
induced DNA denaturation (acridine orange fluorescence)
and the detection of actual DNA strand breaks (TUNEL)
(Henkel et al., 2010). The second part of the data does
not reveal significantly more denaturated DNA in spermato-
zoa with total SHBF compared with those with partial SHBF,
showing that both groups appear to be equally vulnerable.
However, the higher incidence of DNA fragmentation in
the SHBF-T group suggests that some of the factors pro-
posed for the origin of the DNA damage, i.e. abortive apop-
tosis, abnormal spermatid maturation (protamination
disturbances), chromatin remodelling during spermiogene-
sis and oxidative stress (reactive oxygen species and other
radical molecules) (Erenpreiss et al., 2006; Fernández
et al., 2009; Henkel et al., 2004), are more prevalent in
these spermatozoa. In this context, the selection of sperma-
tozoa by the presence of SHBF could be inefficient at
detecting abnormalities in chromatin packaging. Recently
Vagnini et al. (2010) have demonstrated that these specific
patterns of SHBF (total and partial) were not efficacious in
detecting sperm chromatin packaging abnormalities, at
least when observed by chromomycin A3 staining. The per-
centage of positive chromomycin A3 staining (abnormal
chromatin packaging) in spermatozoa with SHBF-T was
(40.5%) not significantly different from the percentage
Please cite this article in press as: Petersen, CG et al. Relationship betwee
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(37.3%) with SHBF-P (Vagnini et al., 2010). However, it
should be emphasized that the analysis of the birefringence
as an indicator of sperm quality is a very recent technique.
Additional controlled trials with standardized techniques
are necessary before final conclusions about the real mean-
ing of these measurements can be made.

In conclusion, there was significantly more DNA fragmen-
tation in spermatozoa with SHBF-T than in those with
SHBF-P. The present results support a positive relationship
between spermatozoa with SHBF-T and increase in DNA
fragmentation. As far as is known, this is the first study that
relates DNA damage with different types of SHBF.
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