Chapter 9
Cytochemical Tests of Sperm Chromatin
Maturity

Juris Erenpreiss and Ksenija Zubkova

9.1 Introduction

Infertility affects approximately 15% of couples trying to conceive, and a male
cause is believed to be a sole or contributing factor in approximately half of these
cases [1]. In clinical practice, the traditional, manual-visual light microscopic meth-
ods for evaluating semen quality maintain their central role in assessment of male
fertility potential. However, often a definitive diagnosis of male fertility cannot be
made as a result of basic semen analysis due to the overlap of sperm concentration,
motility, and morphology between fertile and infertile men [2].

It has been demonstrated that abnormalities in the male genome, characterized
by disturbed chromatin packaging and damaged sperm DNA may be a cause for
male infertility regardless of routine semen parameters [3, 4]. Focus on the chroma-
tin maturity and integrity of the male gamete has been intensified by the growing
concern about transmission of damaged DNA through assisted reproductive tech-
niques (ARTS), especially by means of intracytoplasmic sperm injection (ICSI) that
bypasses processes of natural selection during sperm-oocyte interaction, which are
still present in conventional in vitro fertilization (IVF). There are concerns relating
to potential chromosomal abnormalities, congenital malformations, and develop-
mental abnormalities in ICSI-born progeny [5-8]. Accumulated evidence suggests
a negative relationship between abnormal sperm chromatin structure and the fertil-
ity potential of spermatozoa both in vivo and in vitro [9-13].

Abnormalities in the sperm chromatin organization may be indicative of male
infertility regardless of normal semen parameters [3, 4]. Evaluation of sperm chro-
matin structure is an independent measure of sperm quality that provides good prog-
nostic and diagnostic capabilities. Therefore, it may be considered a reliable
predictor of a couple’s inability to conceive.
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Many techniques have been described for evaluation of the chromatin status and
maturity. There is a group of methods based on the ability of some stains to test the
conformation of sperm chromatin, which in turn depends on sperm DNA breaks and
DNA interaction with proteins. These assays, often referred to as “cytochemical,”
include acidic aniline blue (AAB), toluidine blue (TB), and chromomycin A3 tests.

9.2 Cytochemical Properties of Human Sperm Chromatin

In many mammals, spermatogenesis leads to the production of highly homogenous
spermatozoa. For example, mouse sperm nuclei contain more than 95% protamines
in their nucleoprotein component [14]. This allows the mature sperm nuclei to adopt
a volume 40 times less than that of normal somatic nuclei [15]. The final, very com-
pact packaging of the primary sperm DNA filament is produced by DNA-protamine
complexes, which contrary to nucleosomal organization in somatic cells provided
by histones approach the physical limits of molecular compaction [16]. Human
sperm nuclei, however, contain considerably fewer protamines (around 85%) than
sperm nuclei of bull, stallion, hamster, and mouse [17, 18]. Human sperm chroma-
tin, therefore, is less regularly compacted and frequently contains DNA strand
breaks [19, 20].

To achieve this uniquely condensed state, sperm DNA must be organized in a
specific manner, which differs substantially from that of somatic cells [15]. The
fundamental packaging unit of mammalian sperm chromatin is a toroid containing
50-60 kb of DNA. Individual toroids represent the DNA loop domains highly con-
densed by protamines and fixed at the nuclear matrix; toroids are cross-linked by
disulfide bonds, formed by oxidation of sulfhydryl groups of cysteine present in the
protamines [16, 21]. Thus, each chromosome represents a garland of toroids, while
all 23 chromosomes are clustered by centromeres into a compact chromocenter
positioned well inside the nucleus with telomere ends united into dimers exposed to
the nuclear periphery [22, 23]. This condensed, insoluble, and highly organized
nature of sperm chromatin acts to protect genetic integrity during transport of the
paternal genome through the male and female reproductive tracts. It also ensures
that the paternal DNA is delivered in the form that sterically allows the proper
fusion of two gametic genomes, their centromeric rings, and enables the developing
embryo to correctly express the genetic information [23-25].

In comparison with other species [26], human sperm chromatin packaging is
exceptionally variable. This variability has been mostly attributed to its basic pro-
tein component. The retention of 15% histones, which are less basic than prot-
amines, leads to the formation of less compact chromatin structure [16]. Moreover,
human spermatozoa contain two types of protamines, P1 and P2, with a second type
deficient in cysteine residues [27]. This results in diminished disulfide cross-linking
responsible for more stable packaging as compared to species containing P1 alone
[28].
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Chromatin structural probes using aromatic cationic dyes allow to analyze chro-
matin structure in terms of protein packaging correctness and disulfide cross-linking
density. These probes are both sensitive and simple to use and therefore attractive
for clinical use. However, their cytochemical background is rather complex. Several
factors influence the staining of the chromatin by planar ionic dyes: (1) secondary
structure of DNA, (2) regularity and density of chromatin packaging, and (3) bind-
ing of DNA to chromatin proteins.

9.2.1 DNA Secondary Structure and Conformation

Fragmented DNA is easily denatured [29]. However, even a single DNA strand
break causes conformational transition of the DNA loop domain from a supercoiled
state to a relaxed state. Supercoiled DNA avidly takes up intercalating dyes (like
acridine orange) because this reduces the free energy of torsion stress. In contrast,
the affinity for intercalation is low in relaxed DNA and is lost in fragmented DNA. In
this case, an external mechanism of dye binding to DNA phosphate residues and
dye polymerization (metachromasy) is favored [30, 31]. Nevertheless, fragmenta-
tion of DNA is not the only factor affecting the determination between metachro-
matic and orthochromatic staining. Chromatin packaging density also influences
this balance.

9.2.2 Chromatin Packaging Density

If the chromatin is regularly arranged and sufficiently densely packed, dye coplanar
polymerization providing metachromatic shift (change of color) is favored [32, 33].
However, if the chromatin is packaged even more densely (as in normal sperm), the
polymerization of the dye is hindered [34] and may even prevent dye binding, espe-
cially by large, bulky dyes at an unfavorable pH. The latter case is seen with aniline
blue at low pH where it stains basic proteins loosely associated with DNA and is
unable to bind to the chromatin of normal sperm, which is very densely packaged
and low charged. Binding of protamine molecules to DNA facilitates DNA conden-
sation and toroid formation [35]. Substitution of histones for more basic protamines
occurring during spermiogenesis neutralizes the DNA negative charge and decreases
the accessibility of DNA-specific cationic dyes. Thus, the fluorescence staining
intensity of a haploid sperm is much lower than the fluorescence intensity of a hap-
loid round spermatid. However, after removal of nuclear proteins (e.g., by acid
extraction), increase in sperm DNA stainability can vary depending on the chemical
structure of the dye and the binding type the dye forms with the DNA substrate [36].
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9.2.3 Chromatin Proteins

Chromatin proteins affect the binding of DNA dyes in the way that they themselves
bind differently to relaxed (fragmented) or supercoiled DNA. DNA supercoiling
requires covalent binding of some nuclear matrix proteins and tighter ionic interac-
tions between DNA and chromatin proteins to support negative supercoils [37].
Relaxed and fragmented DNA has looser ionic interactions with chromatin proteins,
which can be more easily displaced from the DNA, thus favoring external metachro-
matic binding of the dye to DNA phosphate groups. Both mechanisms of dye bind-
ing, external and intercalating, compete within each constraint loop domain (toroid)
depending on its conformational state.

9.3 Sperm Chromatin Structural Probes

Chromatin proteins in sperm nuclei with the impaired DNA appear to be more
accessible to binding with the acidic dye, as found by the AAB test [38, 39]. An
increase in the ability to stain sperm by AAB indicates a looser chromatin packag-
ing and increased accessibility of the basic groups of the nucleoprotein. This is due
to the presence of residual histones [40]. Chromomycin A3 (CMA3) is another
staining technique, which has been used as a measure of sperm chromatin conden-
sation anomalies. CMA3 is a fluorochrome specific for GC-rich sequences and is
believed to compete with protamines for association with DNA. The extent of stain-
ing is therefore related to the degree of protamination of mature spermatozoa [41,
42]. In turn, phosphate residues of sperm DNA in nuclei with loosely packed chro-
matin and/or impaired DNA will be more liable to binding with basic dyes. Such
conclusions were also deduced from the results of staining with basic dyes, such as
TB, methyl green, and Giemsa stain [43, 44].

9.3.1 Acidic Aniline Blue

The AAB stain discriminates between lysine-rich histones and arginine/cysteine-
rich protamines. This technique provides a specific positive reaction for lysine and
reveals differences in the basic nuclear protein composition of human spermatozoa.
Histone-rich nuclei of immature spermatozoa are rich in lysine and will conse-
quently take up the blue stain. On the contrary, protamine-rich nuclei of mature
spermatozoa are rich in arginine and cysteine and contain relatively low levels of
lysine, which means they will not take up the stain [45].

Technique: slides are prepared by making a smear of 5 pl of either raw or washed
semen sample. The slides are air-dried and fixed for 30 min in 3% glutaraldehyde in
phosphate-buffered saline (PBS). The smear is dried and stained for 5 min in 5%
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aqueous AB solution (pH 3.5). Sperm heads containing immature nuclear chroma-
tin stain blue and those with mature nuclei do not. The percentage of spermatozoa
stained with AB is determined by counting 200 spermatozoa per slide under bright-
field microscopy [46].

A strong association between the results of AAB staining and male infertility has
been shown [47]. It has been reported by some studies that chromatin condensation
as visualized by the AAB staining is predictive for IVF outcome [48], but it was not
a case for ICSI. Other studies, in turn, have reported an association also with the
ICSI outcomes: fertilization and cleavage rate [49, 50]. Also, an association of poor
chromatin condensation as detected by the AAB test with the abortion rates follow-
ing the IUI cycles has been reported [51].

9.3.2 Toluidine Blue Stain Assay

TB is a basic planar nuclear dye used for metachromatic and orthochromatic stain-
ing of the chromatin. The phosphate residues of sperm DNA in nuclei with loosely
packed chromatin and/or impaired DNA become more liable to binding with TB,
providing a metachromatic shift due to coplanar dimerization of the dye molecules
from light-blue to purple-violet color [38, 52]. This stain is a sensitive structural
probe for DNA structure and packaging.

Technique: thin smears were prepared on pre-cleaned defatted slides and then
air-dried for 30 min. Dried smears are fixed with freshly made 96% ethanol-acetone
(1:1) at 40 °C for 30 min to 12 h and air-dried. Hydrolysis is performed with 0.1 N
HCI at 40C for 5 min followed by three changes of distilled water, 2 min each.
Toluidine blue (0.05% in 50% Mcllvaine’s citrate phosphate buffer at pH 3.5) is
applied for 5 min. The slides are rinsed briefly in distilled water, dehydrated in ter-
tiary butanol and xylene (both two times for 3 min) at room temperature, and
mounted with DPX.

The results of the TB test are estimated using oil-immersion light microscopy.
Sperm heads with good chromatin integrity stain light blue, and those with dimin-
ished integrity stain violet (purple) [53]. The proportion of cells with violet heads
(high optical density) is calculated based on 200 sperm cells examined per sample.
Based on the different optical densities of sperm cells stained by the TB, the image
analysis cytometry test had been elaborated [54].

TB staining may be considered a fairly reliable method for assessing sperm chro-
matin. Abnormal nuclei (purple-violet sperm heads) have been shown to correlate
with counts of red-orange sperm heads as revealed by the acridine orange test [38].
Also, correlations between the results of the TB test, sperm chromatin structure
assay (SCSA), and terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) tests have been demonstrated [53]. A threshold for proportion of sperm
cells with abnormal sperm chromatin structure (violet staining) was set at 45%,
providing 92% specificity and 42% sensitivity for infertility detection [55]. The
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association between the TB test and the outcome of IVF/ICSI cycles has not been
investigated.

TB staining is simple and inexpensive and has advantage of providing permanent
preparations for use with an ordinary microscope. However, these methods may
have the inherent limits of repeatability dictated by a limited number of cells, which
can be reasonably scored.

It has been shown that sperm chromatin maturity as demonstrated both by AAB
and TB tests is associated by zygote development following ICSI [56].

9.3.3 Chromomycin A3 Assay

Chromomycin A3 is a fluorochrome that specifically binds to guanine-cytosine
DNS sequences. It reveals chromatin that is poorly packed in spermatozoa by visu-
alization of protamine-deficient DNA. Chromomycin A3 and protamines compete
for the same binding sites in the DNA. Therefore, high CMA3 fluorescence is an
indicator of the low protamination state of the chromatin of spermatozoa [41].

Technique: for CMA3 staining, semen smears are first fixed in methanol-glacial
acetic acid (3:1) at 40C for 20 min and are then allowed to air-dry at room tempera-
ture for 20 min. The slides are treated for 20 min with 100 pl of CMA3 solution
that consists of 0.25 mg/mL CMA3 in Mcllvaine’s buffer (pH 7.0) supplemented
with 10 mmol/L MgCl,. The slides are rinsed in buffer and mounted with 1:1 v/v
PBS-glycerol. The slides are then kept at 40C overnight. Fluorescence is evaluated
using a fluorescence microscopy. A total of 200 spermatozoa are randomly evalu-
ated on each slide. CMA3 staining is evaluated by distinguishing spermatozoa that
stain bright yellow (CMA3 positive) from those that stain dull yellow (CMA3
negative) [41].

CMAZ3 staining has demonstrated a sensitivity of 73% and specificity of 75% for
the IVF success (>50% oocytes fertilized) [57]. It appears that semen samples with
high CMA3 positivity (>30%) may have significantly lower fertilization rates if
used for ICSI, and poor chromatin packaging can contribute to a failure in the
decondensation process and reduced fertility [58, 59].

The CMA3 assay yields reliable results as it is strongly correlated with other
assays used in the evaluation of sperm chromatin. The sensitivity and specificity of
the CMA3 stain (75% and 82%, respectively) are comparable with those of the
AAB stain (60% and 91%, respectively) if used to evaluate the chromatin status in
infertile men.

It has been shown that the results of the AAB and TB tests (both detecting chro-
matin condensation and conformation) are well correlated [60, 61]. However, the
results of the CMA3 test differ from these two in some specific biological condi-
tions, for example, after induced sperm capacitation [61], providing another evi-
dence not only for the complexity of the cytochemical background behind these
assays as described above but also for the complexity of sperm chromatin biology.
It also shows the complexity of sperm chromatin remodeling during sperm
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functioning processes like sperm capacitation when the change of sperm chromatin
conformation (or condensation) can be detected by assays like AAB and TB, but
assays like CMA3 (competing with protamines) or sperm chromatin structure assay
(SCSA, targeting the susceptibility of abnormal sperm chromatin for in situ dena-
turation) do not detect any change in sperm chromatin [61].

A relationship between poor sperm chromatin maturity and integrity is detected
by means of all three methods (AAB, TB, and CMA3), and recurrent spontaneous
pregnancy loss has been shown [62, 63]. Regarding the utility of these methods in
context of the ART, there is still inconsistency regarding the published data whether
sperm chromatin maturity and integrity as tested by these cytochemical methods are
related to the outcome of the IVF and ICSI. For example, some studies have shown
an association between CMA3 test and fertilization rates following ICSI, failing to
demonstrate the same associations for the AAB test [59], while other studies are
showing such a relationship between the AAB test and ICSI outcome [64]. Some
studies do not find any association between the results of all three tests (AAB, TB,
and CMA3) and the outcome of ICSI [65]. Therefore, unlike the good predictive
power of these tests for in vivo fertility capacity of men, their utility in IVF/ICSI
cycles is still debatable.

9.4 Conclusion

Cytochemical sperm chromatin assays described here (AAB, TB, and CMA3
assays) are simple, inexpensive to perform, and sensitive tests for the evaluation of
sperm chromatin structure, although their cytochemical backgrounds and targeting
tools in sperm chromatin are different. They are reliable methods for the more
refined diagnosis of male in vivo fertility and are also shown to be predictive of
in vitro fertilization processes, although the accumulation of more evidence for the
relationship between the results of these methods and in vitro fertilization is needed.
A very robust reproducibility of these assays might be their weak point because of
the assessment of the limited numbers of sperm cells (usually 200-300) under the
bright-field or fluorescence microscopy. On the other hand, the acquisition of
the permanent preparations by the AAB and TB assays must be mentioned as the
strength of these tests.
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