Original Article

Flow Cytometry: A New Approach for Indirect Assessment
of Sperm Protamine Deficiency

Marziyeh Tavalaee, M.Sc.', Abbas Kiani, M.Sc.!, Maryam Arbabian, B.Sc.’,
Mohammad Reza Deemeh, M.Sc." 2, Mohammad Hossein Nasr Esfahani, Ph.D." ?*

1. Reproduction and Development Department, Royan Institute for Animal Biotchnology, ACECR, Isfahan, Iran

2. Isfahan Fertility and Infertility Center, Isfahan, Iran

Abstract

Background: Flow cytometry (FCM) has been extensively used to study mammalian sperm in the
areas of clinical andrology and reproductive toxicology. FCM provides a powerful advantage over
microscopy technique in terms of rapid, accurate and reproducible technology for the quantification of
various cell characteristics, including chromatin status. During spermiogenesis, histones are replaced
by protamines resulting in a very condensed structure of sperm chromatin. Infertile men have an
increased sperm histone: protamine ratio than fertile counterparts. Chromomycin A3 (CMA3) staining
represents a useful tool for assessing the packaging quality of sperm chromatin and allows indirect
visualization of protamine deficiency. Routinely, fluorescence microscope is used for evaluation of
protamine deficiency by CMA3. Considering the advantages of FCM and increasing use of CMA3 in
assessment of protamine deficiency in the literature and its possible use as a diagnostic test, the aim of
this study is to standardize this procedure for routine laboratory analysis.

Materials and Methods: Semen samples were collected from 85 infertile men who referred to
Isfahan Fertility and Infertility Center. A portion of semen sample was used for routine semen
analysis according to WHO criteria and the remainder were evaluated to standardize CMA3 staining
procedure for fixation, the number of sperm and duration of exposure to CMA3. The results were
compared with standard fluorescent microscopic procedure. Percentage CMA3 positive sperm were
compared between flow cytometry and standard fluorescent microscopic procedure.

Results: Our results show that fixation, the number of sperm and duration of exposure to CMA3
can affect on FCM outcomes. In addition we show that the samples can be fixed, stained with
CMAZ3, stores and then assessed for FCM.

Conclusion: The optimal conditions for FCM assessment of CMA3 are: fixation, concentration of
0.25 mg/ml, sperm density of 2 million/ml and exposure for 60 minutes.
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Introduction

Considering the advances in the field of assisted re-
production technology (ART) and implementation
of new sperm selection procedures based on sperm
DNA integrity, have increased emphasis on sperm
chromatin quality. In intracytoplasmic sperm in-
jection (ICSI), an apparently "normal" sperm is se-
lected and used for insemination. Therefore, during
this process, the most of natural selection barriers
are bypassed and therefore, increasing the possible
risk of genetic abnormalities that can have conse-
quence including failed fertilization and embryo
development. These consequences become more
marked in semen samples with poor quality (1-3).
Several factors such as: sperm parameters, acro-

some, and chromatin structure have assessed by
microscopy as a potential factor to predictor fer-
tility. However, until now, no sole laboratory test
on its own can assess fertility potential. As stated
by Evenson et al. 1999 disadvantages of micros-
copy technique are intra-observer variations, low
number of spermatozoa analyzed leading resulting
in low statistical value (4, 5). Recently computer-
interfaced flow cytometry (FCM) has entered the
andrology laboratory and several studies had used
from this technique for evaluation of chromatin
structure (6), acrosomal status (7), spermatoge-
netic defects and etc (4, 8). The advantage of FCM
includes; rapid, accurate, objectivity, reproducible
and power statistical analysis over microscopy
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techniques. In addition, FCM can sort cells based
on different cellular characteristic which may have
application in assisted reproduction techniques
such as sperm sexing (4, 9, 10).Therefore, FCM
can be used in clinical setting in order to evaluate
fertilization potential in andrology laboratories.
Integrity of sperm chromatin structure has a para-
mount effect on ICSI outcome. Therefore, multi-
ple assays have been developed to measure sperm
chromosomal aberrations, abnormal chromatin
packaging and chromatin structural integrity by
using FCM (11). The chromatin structure of the
sperm is very different from that of somatic cells.
During spermiogenesis, histones are replaced first
by transition proteins followed by protamines re-
sulting in a very condensed structure of sperm
DNA which is further stabilized by formation of
disulfide bridges between some of the thiol group
(-SH) of protamines during epididymal transition.
Subsequently, non covalent bonds are formed be-
tween free thiol groups by prostatic Zn>* (12-14).
It has been shown that the protamine content has
been altered in infertile men compare to fertile in-
dividuals (15). Therefore alteration of chromatin
structure can result in abnormal packaging which
makes chromatin susceptible to sperm to DNA
damage (12, 16).

During routine ICSI, sperm is selected on the basis
of morphology and motility which does not guar-
antee selection of sperm with normal protamine
content. Considering the fact that protamine defi-
ciency and sperm DNA damage are related events
and result in poor fertilization, analysis of pro-
tamine content of semen samples can be of para-
mount importance in patient management and for
assessment of new sperm selection procedures.
The methods used for evaluation of chroma-
tin condensation include: aniline blue staning,
SDS+EDTA test, SDS analysis and chromomycin
A3 (CMA3) for evaluation of excessive histones,
ability of sperm to nuclear decondensation, chro-
matin stability and indirect measurement of pro-
tamine deficiency, respectively (17,18).

CMA3 is a glycosidic antineoplastic antibiotic iso-
lated from the bacterium Streptomyces griseus and
reversibly binds to guanine-cytosine (G-C) base
pairs in the minor groove of DNA. Therefore, this
flurochrome competes with protamine for bind-
ing to DNA, which is dependent on magnesium.
Therefore, CMA3 identifies spermatozoa with
defective packaging and indirectly evaluates pro-
tamine deficiency (19, 20). CMA3 has been widely
used by researches for assessment of etiology of
infertility. There are some reports on CMA3 and
its relation to sperm fertilization ability in in vitro

IJFS, VoI 3, No 4, Feb-Mar 2010 178

fertilization (IVF) and ICSI, suggesting that sperm
protamine deficiency is associated with fertiliza-
tion failure (21-23). Recently, CMA3 staining has
also implemented for evaluation of bovine sperm
(24). Routinely, fluorescence microscope is used
for evaluation of protamine deficiency by CMA3.
Considering the advantages of FCM and increased
usage of CMA3 in assessment of protamine de-
ficiency in the literature, and it's possible use in
routine andrology units, the aim of this study is to
standardize this procedure for routine laboratory
assessment of protamine deficiency.

Materials and Methods

This study received the approval of the Institution-
al Review Board of Isfahan Fertility and Infertil-
ity Center and Royan Institute. Informed consent
forms were signed by all patients. All chemicals
were obtained from Merck (Germany, Darmstadt),
unless otherwise stated.

Sperm Analysis and Sperm Processing

Semen samples were collected from 85 infertile
men who referred to Isfahan Fertility and Infertil-
ity Center. All semen samples were collected by
masturbation into sterile containers after 3-4 days
of sexual abstinence and were delivered to the
laboratory within 45 min after ejaculation. A por-
tion of semen was used for routine semen analysis
according to WHO criteria (25) and the remain-
der was washed twice in Dulbecco’s Ca**-Mg free
phosphate buffered saline (PBS) (pH 7.4). A Se-
men Analysis Chamber was used for assessment
of sperm counts.

Experimental designs

The 85 semen samples were used for the below
experimental designs. The number of semen sam-
ples used for each experiments are indicated in the
parenthesis. Some samples were common between
the experiments.

1. To evaluate effect fixation on CMA3 outcomes
by FCM and to compare the results with fluores-
cence microscope analysis (N= 20, Fig 2)

2. To evaluate the effect of number of sperm ex-
posed to fixed volume CMA3 solution on CMA3
outcomes by FCM (N=33, Fig 3A)

3. To evaluate the effect of number of sperm ex-
posed to CMA3 solution on CMA3 outcomes by
fluorescence microscopy (N=33, Fig 3B)

4. To define the lowest number of sperm required
for FCM (N=10, Fig 3C)

5. To evaluate the effect of duration of exposure
to CMA3 on FCM outcome in fixed and unfixed
samples (N= 37, Fig 4).



6. To evaluate the time of assessment of CMA3 by
FCM post staining (N=21)

Microscopic analysis of CMA3 staining

CMA3 staining was carried out according Bianchi
et al. (17) or Iranpour et al. (20). Briefly, semen
samples were washed in PBS free Ca** and Mg**
and were fixed (1:1) in Carnoy’s solution at 4°C
for 5 minutes. Smears were treated for 20 min-
utes with 100 pl of CMA3 (Sigma, St Louis, MO,
USA) solution. The slides were then rinsed in PBS
buffer and mounted. Microscopic analysis of the
slides was performed on a fluorescent microscope
with the appropriate filters (460-470 nm). On each
slide 200 sperm cells were evaluated. Evaluation
of CMA3 staining was carried out by distinguish-
ing between spermatozoa with bright yellow stain-
ing (CMA3 positive) and spermatozoa with dull
yellow staining (CMA3 negative). All microscopic
CMA3 analysis was carried out by a trained indi-
vidual (17, 20).

FCM analysis of CMA3

The flow cytometry-based CMA3 staining assay
was adapted from the slide-based method (17). Se-
men samples were washed with PBS and diluted to
appropriate concentration according to experimen-
tal design. 1ml of each samples were centrifuged
(200 g, 5 minute) and used directly for staining
or fixed with Carnoy’s solution for 5 minutes at
-4°C and then stained. For staining, the samples
were centrifuged and the pellets were stained with
200 pL 0of 0.25 mg/ml CMA3 solution at room tem-
perature. The time of exposure to CMA3 is given
for each experimental design. CMA3 solution was
prepared as for fluorescence microscopy. Then,
samples were washed twice with PBS and assessed
by FACSCalibur flow cytometry (Becton Dickin-
son, San Jose, CA, USA) using an argon laser with
an excitation wave length of 488 nm. Fluorescence
from Chromomycin A3 stained sperm was collect-
ed in fluorescence detector-2 (FL-2) with a 585/42
nm band pass filter. A minimum of 10000 sperm
were examined for each assay and analyzed using
WinMDI 2.9 software.

A positive control was obtained by pre-incubating
the spermatozoa with 200 mmol dithiothreitol, a
disulphide reducing agent, at 37°C for 10 minutes.

Evaluation of fixation on CMA3 outcomes by
fluorescence microscope and FCM

In order to determine if fixation affects the out-
come, twenty different ejaculate were divided into
three equal portions. In each portion was washed
with PBS and diluted to 2 million per ml. One
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portion was fixed while the second portion was
used without fixation, then cells were exposed to
CMA3 solution for 60 minute and prepared for
FCM according to the above procedure. The third
portion was used for fluorescence microscope
analysis. The results were compared between the
three groups.

Evaluation of number of sperm exposed to fixed
volume of CMA3 solution on CMA3 outcomes by
fluorescence microscopic and FCM

In order to evaluate the effect of number sperm on
CMA3 analysis, semen samples from thirty-three
infertile individuals were washed, diluted to 2, 4,
8, and 16 million/ml, fixed, centrifuged , exposed
to 200 puL of CMA3 solution, for 60 minutes,
washed and then assessed by FCM. Concomitant-
ly, in an attempt, to determine whether the number
of sperm affects on the CMA3 results by fluores-
cence microscopic, slides were prepared from the
above samples with sperm concentrations of 2 and
20 million/ml.

In order to check the procedural validity for se-
men samples with very low the number of sperm,
ten samples were diluted to 2, 1.5, 1 and 0.5 mil-
lion/ml. Following fixation and centrifugation, in-
stead of adding 200 pl of CMA3, the volume of
CMA3 was reduced proportionally to the number
of sperm (200, 150, 100 and 50 ul for 2, 1.5, 1, 0.5
million sperm, respectively) to keep the ratio of
sperm density to CMA3 concentration. Following
exposure to CMA3 for 60 minutes, sperms were
washed and the cells were assessed by flow cy-
tomerty.

Evaluation of duration of exposure to CMA3 on
FCM outcome in fixed and unfixed samples

In this study, the effect of the incubation time of
CMA3 solution on the percentage of CMA3 posi-
tivity was investigated. Therefore thirteen semen
samples, each separately diluted to 2 milliom/ml
and 6 aliquots of 1ml volume were prepared. Each
aliquot was fixed and stained with CMA3 solution
as above mentioned, for 20, 40, 60, 120 and 180
minutes and then washed and assessed by flow
cytomerty. Similar experiment was repeated on
twenty- four unfixed semen samples.

Evaluation of time of assessment of CMA3 by
FCM post staining

Since immediate assessment of CMA3 by flow cy-
tometry is not always possible, the aim of this sec-
tion was to evaluate whether the results of fixed or
unfixed and stained samples could be assessed 24
hours later. Therefore, seven semen samples were
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fixed, stained with CMA3 for 60 minutes, washed
and analyzed immediately or stored for 24 hours
at 4°C and then analyzed. Concomitant with the
above studies, fluorescence microscope analysis
was also performed.

Statistical Analysis

A Kolmogorov-Smirmov Z test was used to as-
sess the normal distribution of data. Coefficients
of correlation and Student t tests were carried out
using the Statistical Package for the Social Stud-
ies (SPSS 11.5, Chicago, IL) software to compare
results between different groups. CMA3 values are
expressed as mean + standard error of mean (SEM)
and P-value lower than 0.05 was considered as sta-
tistically significant.

Results

Fig 1 show the Dot plot of CM A3 staining for sper-
matozoa. The cells gated in the R1 region were an-
alyzed and debris was excluded from the analysis.

1023
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Events

100 101 102 103 104
FL2-H

Fig 1: FCM analysis of %CMA3 positive spermatozoa ob-
tained from infertile patients. A: Dot plot of spermatozoa.
The cells gated in R1 region were analyzed; debris was ex-
cluded from the analysis. B: %CMA3 positivity in semen
sample that was not treated with DTT.C: %CMA3 positivity
in semen sample that was treated with DTT.
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Effect of treatment with DTT

The above semen sample was treated with dithio-
threitol (DTT), a disulphide reducing agent. Se-
men samples were used unfixed and then assessed
for CMA3 positivity. The results were compared to
the control semen sample. The percent of CMA3
positivity increased from 1% to 88% following
treatment with DTT. Fig 1B and 1C showing di-
sulphide reducing agent increases CMA3 positiv-

1ty.

Effect of Carnoy’s fixative on FCM outcome

Fig 2 shows the mean percentages of CMA3 posi-
tivity of unfixed and fixed samples by FCM were
43.77 £ 5.00 and 25.03 + 4.02, respectively. The
mean of CMA3 positivity for fluorescence micro-
scope analysis was 44.15 + 3.1. The mean differ-
ences between fixed and unfixed samples for FCM
were significantly different (p<0.01), while the
difference between the unfixed sample with those
of the fluorescence microscopic sample were in-
significant (p=0.94), which suggested that the
percentage of CMA3 positivity was reduced fol-
lowing fixation of the samples in FCM. The gen-
eral trend of CMA3 positivity in the majority of
samples was lower in the fixed sample relative to
unfixed samples in FCM. However, in some sam-
ples, the values of CMA3 in the unfixed samples,
assessed by FCM, were not in accordance with
fluorescence microscopy results. Therefore, we
assessed the coefficient of correlations between
these three procedures. The results revealed a sig-
nificant correlation between fixed with unfixed
FCM (r=0.632, p=0.003) and between fixed FCM
and fluorescence microscopy (r = 0.336, p=0.017).
However, no significant correlation was observed
between unfixed FCM and fluorescence micros-
copy (r=0.009, p=0.969).
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Fig 2: Comparison of percentage of CMA3 positivity by flu-
orescence microscopy (dark column), fixed (white column)
and unfixed (gray column) samples assessed by FCM. The
mean value of CMA3 positivity in fixed samples by FCM was
significantly different from the other two groups (p<0.01).
Bars indicate standard error.



Effect of number of sperm exposed to CMA3 so-
lution on CMA3 outcomes by fluorescence micro-
scopic and FCM

Fig 3 A shows that the percentage of CMA3 positivity
decreased with increased number of sperm exposed
to fixed volume of CMA3. The mean CMA3 values
of each group is significantly different from the oth-
ers (p<0.05). In addition, the result of fluorescence
microscopic evaluation showed no significant dif-
ference between low and high density (Fig 3B). Fur-
thermore, the results of figure 3C show no significant
difference between the mean CMA3 values when the
ratio of number of sperm to volume of CMA3 were
maintained. The only significant difference was ob-
served between the mean of CMA3 value for 0.5 mil-
lion relative to 2 millionsperm exposed to CMA3.
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Fig 3: A. Show that number of sperm exposed to fixed vol-
ume of CMA3 effects the CMA3 outcome. The mean value
of each group is significantly different from the other group
at p< 0.05. B. The percentage of CMA3 positivity in fluores-
cence microscopy for slides prepared with 2 and 20 million/ml
were not significant different at P< 0.05. C. Show the mean
value of CMA3 positivity in FCM procedure when maintain-
ing the number of sperm to the volume of CMA3 solution dur-
ing CMA3 staining. Only the last group (0.5 million sperm in
50ul CMA3) was significantly different (p< 0.05) from the
first group (2 million sperm in 200 uL CMA3 solution).
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Effect of duration of exposure to CMA3 solution
on FCM outcome
Fig 4 represents the percentage of CMA3 positivity
as a tri-phase pattern in the fixed sample. The per-
centage of CMA3 positivity increased gradually
with time; however it reached a steady state during
40 - 60 minutes with a subsequent increase. Unlike
the fixed samples, the percentage CMA3 positivity
increases with time in the unfixed sample.
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Fig 4: Percentage of CMA3 positivity in the absence (A) or
presence (B) of fixative for different exposure periods as-
sessed by FCM.

Effect of the time of assessment of CMA3 by
FCM post staining

The results showed no significant difference in
FCM analysis between the samples that were
stained, washed and assessed immediately or after
24 hours (19.41 = 7.9 vs 21.58 = 7.5, p=0.539).
Similar results were obtained with another four-
teen semen samples that were unfixed, stained and
read immediately or read 24 hours later (34.98 +
4.8 vs 33.70 £ 3.13 p=0.769 ) . Concomitant with
the above studies, fluorescence microscope analy-
sis was also performed. The results showed no sig-
nificant difference between the samples that were
read immediately or 24 hours later (47.42 = 6.07
vs 40.80 + 6.30 p=0.449).

Discussion

The importance of sperm chromatin packaging
on male infertility has been well demonstrated
from transgenes and knockout models for pro-
tamine. Proper chromatin packaging, facilitates
sperm transport, protects DNA from chemical
and physical damage, results in proper gene re-
programming post fertilization, and leads to syn-
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chronization of the cell cycle between the oocyte
in MII phase and sperm in G1 (26, 27).

Several factors related to sperm nuclear packag-
ing have been identified as clinically significant,
including the replacement of nuclear histones
with a proper ratio of protamine 1 to protamine 2
(P1/P2 ratio), histone to protamine ratio and the
extent of DNA damage in the mature sperm (28,
29). Therefore, measurement of protamine defi-
ciency of human spermatozoa is of particular bio-
medical interest for diagnosis of male infertility
(18). Protamine deficiency can be assessed direct
by urea polyacrylamide gel electrophoresis and
indirectly by CMA3 staining (21, 30). The latter
technique involves fluorescence microscopy and,
due to simplicity, it has been widely used by an-
drologists. However, single cell cytophotometric
determinations prove to be time consuming and
results can be affected by inter and intra observer
variations.

FCM have provided an alternative to the single
cell cytophotometric method and have been im-
plemented for sperm since 1970 (31). An as stated
by Cordelli et al. "FCM is an automated approach
able to measure the amount of one or more fluo-
rescent stains associated with cells in an unbiased
manner, offering unmatched properties of preci-
sion, sensitivity, accuracy, rapidity and multi-par-
ametric analysis on a statistically relevant number
of cells" (2). However, standardization of FCM
for growing availability of fluorescent probes is
of paramount importance. Therefore, the aim of
this study is to standardize CMA3 staining by
FCM for the routine andrology laboratory.

The results of the present study show that CMA3
staining can be carried out, by FCM, in the pres-
ence or absence of fixative. Comparison of the
same samples fixed with carnoy’s solution and
unfixed show that fixation reduces CMA3 posi-
tivity in FCM (Fig 2). On possible hypothesis for
this difference is the lower ability of CMA3 to en-
ter the chromatin in a fixed sample and attach to
unprotaminated DNA. Indeed treatment of sam-
ples with DTT, a disulfide reducing agent which
helps to remove protamine and exposes the DNA
to CMA3, significantly increases CMA3 positiv-
ity (Fig 1).

Considering the mean value of unfixed FCM and
fluorescence microscopy were similar (not statis-
tically different); however in some samples the
CMA3 values assessed by fluorescence microsco-
py, were not in accordance with the FCM results
especially when assessed unfixed. Therefore, we
assessed the coefficient of correlations between
these three procedures. The results revealed a
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strong significant positive correlation between
fixed with unfixed in FCM and a weak signifi-
cant correlation between fixed samples by FCM
with fluorescence microscopy, while no signifi-
cant correlation was obtained between unfixed
samples with FCM and fluorescence microscopy.
These results may account for lower credibility
of the microscopic procedure. This difference
may be accounted by instrumental precision and
more uniformity of staining in the FCM (in the
tube rather than slids) in addition to variations
such as inter and intra assay variation.

The effect of sperm number exposed to fixed vol-
ume of CMA3 was also assessed. Unlike the fluo-
rescence microscope procedure, the results show
a significant decrease in percentages of CMA3
positivity with increased number of sperm ex-
posed to fixed volume of CMA3 in FCM (Fig 3A)
, thus suggesting that a fixed number of sperma-
tozoa should be used during CMA3 assessment
in order to compare results within or between
experiments. The reason for this observation
is that with increase number of sperm, higher
CMA3 binding sites are available and therefore,
the number of sperm to fixed volume of CMA3
must be maintained during CMA3 assessment.
Following this observation, we evaluated effect
number of sperm on percentages of CMA3 posi-
tivity in the fluorescence microscope procedure.
The result showed that the number of spermato-
zoa fixed on each slide did not affect the results
of CMA3staining (Fig 3B).

In order to evaluate the lowest number of sperm
required for assessment of CMA3 positivity by
FCM, both number of sperm and the volume of
CMA3 solution were reduced proportionally to
maintain the final concentration of CMA3. The
results revealed that the lowest sperm number re-
quired for FCM was 1 million sperm (Fig 3C) to
assess CMA3 value in oligozoospermic samples.
Lower sperm concentration may affect the valid-
ity of results.

The other aim of this study was optimization of
duration of exposure to CMA3. The results show
that, when samples were fixed, the percentage of
CMAZ3 positivity increased gradually but reached
a steady state between 40-60 minutes and subse-
quently increased, while in unfixed samples the
percentage of CMA3 positivity increased gradu-
ally with time (Fig 4). Although it is difficult to
explain the difference observed between fixed
and unfixed sample, but one possible explanation
may be due to the fact that in the fixed sample
protamine cannot be easily displaced and chro-
matin saturation by CMAJ3 is reached with a time



point, while in the unfixed samples breakage of
disulfide bridges may take place due to auto-oxi-
dation. Therefore, one may propose to fixed sam-
ples and expose them to CMA3 for 60 minutes so
that CMA3 reaches a steady state and the results
are not affected by variation in exposure time.
Conversely, samples could be assessed unfixed
but it is important to note small variations in time
may affect CMA3 positivity in FCM.

Conclusion

Considering the value of CMA3 assessment in the
management of infertility and research and the use
of FCM in two previous studies based on the slide
method, we propose FCM is a suitable, precise and
accurate method for assessment of CMA3 stain-
ing, however it should be standardize. Therefore,
we advise researchers to consider the following
points during CMA3 assessment by FCM: 1) use
fixed samples, 2) use fixed number of sperm per
ml (2 million), 3) expose samples for 60 minutes
to CMA3 solution and 4) samples can be fixed,
stained, washed and assessed later. The factors
which affect FCM and may not affect the slide
method are: sperm concentration and duration of
exposure to CMA3.
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