
Abstract
The aim of this study is to investigate necrosis and apoptosis in epididymal bull spermatozoa before freezing and after thawing using 
the flow cytometric method and to compare this with eosin-nigrosin dyeing, which is the conventional method used in assessing of 
spermatozoa. The testicles from fourteen bulls at local slaughterhouse were used for this study. The proportions of live spermatozoa, 
total apoptotic, necrotic and early necrotic spermatozoa levels were observed via flow cytometry. Annexin V/PI fluoruscence dyeing 
was used to investigate the proprotions of apoptotic, necrotic, early necrotic and live spermatozoa for flow cytometry. The proportion 
of dead spermatozoa and protoplasmic droplets were determined using the eosin-nigrosin conventional dyeing method in fresh and 
frozen-thawed spermatozoa. The average dead spermatozoa count with flow cytometry was less than with the eosin-nigrosin method 
(P<0.05). Some morphological characteristics such as protoplasmic droplets could be determined with the eosin-nigrosin method; 
however, sperm subpopulations entering the death process (apoptotic, necrotic and early necrotic) could be defined clearly only 
with the flow cytometric method. As a result, combination of eosin-nigrosin dyeing method and flow cytometric analysis of sperm 
morphological evaluation could give better results of bull epididymal semen in comparison to eosin-nigrosin dyeing method alone.
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Epididimal boğa Spermatozoonlarının Bazı Morfolojik 
Özelliklerinin Belirlenmesi Amacıyla Akım Sitometri ve 
Eozin-Nigrozin Boyama Yöntemlerinin Karşılaştırılması

Özet
Bu çalışmanın amacı, epididimal kaynaklı boğa spermatozoonlarının taze ve dondurulup çözdürüldükten sonra akım sitometri (Flow 
Cytometri) yöntemiyle analiz edilmesi, nekroz/apoptoz düzeylerinin incelenmesi ve klasik boyama yöntemi olan eozin-nigrozin 
boyama metoduyla kıyaslanması amaçlanmıştır. Bu amaçla yerel mezbahada kesilen 14 boğanın epididimislerinden elde edilen 
spermatozoonlar kullanılmıştır. Canlı spermatozoa, toplam apoptotik, nekrotik ve erken nekrotik spermatozoa düzeyleri akım sitometri 
yöntemiyle tespit edilmiştir ve bu amaçla AnnexinV+PI (Propidium İyodür) floresan boyama yöntemi kullanılmıştır. Taze ve çözdürülmüş 
sperma içerisindeki, ölü spermatozoa ve protoplazmik damlacık taşıyan spermatozoonların oranları eozin-nigrozin boyama yöntemi 
ile belirlenmiştir. Taze spermada, akım sitometri ile ölü spermatozoon sayısı eozin-nigrozin boyamada bulunana göre daha az olduğu 
görülmüştür (P<0.05). Protoplazmik damlacık gibi bazı morfolojik parametrelerin mikroskopik muayenelerle belirlenebildiği ancak 
ölüm sürecine giren spermatozoonların alt kategorilerinin (apoptotik, nekrotik, erken nekrotik) akım sitometri ile net olarak tespit 
edilebildiği görülmüştür. Sonuç olarak, klasik yöntemlere göre spermatozoa canlılığı tespitinde akım sitometri yönteminin klasik 
boyama yöntemlerine destek olarak ve daha etkin bir şekilde kullanılabileceği düşünülmüştür.
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INTRODUCTION
There are many ways to investigate spermatozoa to 

find out their morphological intactness, and motility or 
diagnose whether they are dead or alive. The fertilization 
capability of spermatozoa largely correlates with their 
morphological structure and motility. Various conventional 
staining methods (such as eosin-nigrosin, papanicolaou, 
mygrunwald-giemsa, hematoxylin-eosin) are used to deter- 
mine whether spermatozoa are dead or alive. There seems  
to be no difference among them regarding effectiveness [1].

With the eosin-nigrosin staining methods eosin stains 
the spermatozoa with damaged membranes while nigrosin 
stains the background of the spermatozoa. A darker color 
thus, stained spermatozoa can be examined more easily 
due to the contrast between these dyes [2].

Some fluorescent probes are used for flow cytometric 
analysis and allow many spermatologic parameters to be 
investigated in a short time, quantitatively. In addition, 
the flow cytometrical method presents data with minimal 
statistical errors and enables dead and live spermatozoa to 
be determined spermatozoa subpopulations such as early 
necrotic, apoptotic can be singled out with this method [3,4].

There are some contradictory views concerning the 
correlation between apoptosis and some spermatologic 
parameters. Some researchers [5-10] showed negative 
correlation with sperm concentration, motility and normal 
sperm morphology [11]. It was reported that there was no 
relationship between sperm morphology and apoptosis [11,12].

A fluorescent probe which dyes all of the cells and 
propidiumiodude (PI), which dyes only dead cells, are used 
together for flow cytometric analysis to determine the 
percentages of live and dead spermatozoa [13]. Phosphatidyl 
serine (PS) allocated in the plasma membrane of the cyto-
plasmic side normally translocate from the inner face of 
the plasma membrane to the cell surface. This replacing 
occurs early period of apoptosis for most mammalian cell 
types. PS translocate to the cell surface can be detected 
by staining with fluorescein isothiocyanate (FITC) labeled 
annexine V (annexine V-FITC), a protein with an affinity for PS. 
Apoptotic cells can be defined by Annexine-V and PI in flow 
cytometry and this way is also reliable, simple and fast [14,15]. 

The aim of this study is to investigate necrosis and 
apoptosis in epididymal bull spermatozoa before freezing 
and after thawing using the flow cytometric method and 
to compare this with eosin-nigrosin dyeing, which is the 
conventional method used in assessing of spermatozoa. 

MATERIAL and METHODS
Epididymal Sperm Collection

Testicles from 14 crossbreed bulls which did not have 
any morphological abnormalities were provided at the 

local slaughterhouse. Testicles were transported to the 
laboratory in styrofoam boxes within two hours. Semen  
was collected from each epididymis separately. Epididymal 
semen was recovered using the modified retrograde 
flushing (RF) method [16]. No semen extender was used for 
this process except air pressure. Cauda epididymis and 
ductus deferens were isolated from testicle tissues and 
the lumen of the ductus deferens was cannulated and 
perfused with air. The cauda epididymis was incised to 
recover pure epididymal semen after being swelled by  
air pressure.

Sperm Evaluation

Spermatozoa concentration was determined by 
Neubauer haematocytometer before further processing 
of semen. The sperm samples from all the groups were 
evaluated for total motility and morphology. Total, motility 
was assessed subjectively (to the nearest 5%) by phase 
contrast microscopy (magnification 200) after dilution with 
the semen extender at 37°C.

Sperm morphology was evaluated with a phase 
contrast microscope at 1000x magnification after eosin-
nigrosin staining. Two separate smears were prepared for 
each epididymis. A total of 200 cells were counted and 
the results are presented as percentages (spermatozoa 
viability and spermatozoa with a proximal and distal 
protoplasmic droplet). 

Sperm Freezing

Tris-citric acid extender containing egg yolk was used  
as a cryodiluent (pH 7.0; osmotic pressure, -300 mOsm/kg). 
The spermatozoa were diluted in this extender, fructose 
0.2% (wt/vol; Merck, Germany), glycerol (7%; vol/vol; Merck, 
Germany) and egg yolk 20% (vol/vol).

The spermatozoa collected from each pair of testicls 
were pooled and diluted with extender in a single step 
(40x106 spermatozoa/ml). Diluted semen was packed  
in straws (0.25 ml, IMV, France) and they cooled to  
4°C for 3 h. The straws were kept above liquid nitrogen 
vapours  for 10 min and then plunged into liquid nitrogen. 
Semen was used after 24 h, semen straws were thawed  
at 37°C for 30 sec in water bath for assessment of 
postthaw evaluation.

Flow Cytometric Analysis

To detect apoptosis, sperm cells were stained and 
analyzed by BD FACS ARIA II flow cytometry. For staining 
firstly epididymal semen was centrifuged at 500 g twice 
for 10 minutes after being diluted in PBS (FITC/Annexin 
V-BD Pharminge-US). The binding solution was added 
after removing the supernatant, and the spermatozoa 
concentration was adjusted to 1x107 cells/ml. 100 µl of 
extended semen were transferred from the last mixture 
to 5 ml tubes and 5 µl fluorescein isothiocyanate (and 5 µl 
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propidium iodide (PI) were added to this mixture. Aliquots 
of semen were diluted in annexin-V-binding buffer [10 
mMHepes/NaOH (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2] 
to a concentration of 1x106 cells/ml. These tubes were 
incubated for 15 min at room temperature in the dark after  
being gently mixed. An additional 400 µl of binding buffer 
was added and the final concentration of 1x105 cells/
ml was inserted into each tube prior to flow cytometric 
evaluation, which was conducted within 30 min.

The total spermatozoa population was detected for 
each sample prior to detailed evaluation, following which 
necrotic (Q2-1), early necrotic (Q1-1), apoptotic (Q4-1) and  
live spermatozoa (Q3-1) were evaluated in the charts (Fig. 1).

Statistical Analysis

The data were expressed as arithmetic means and 
standard error (X ± SEM). Statistical analyses were 
performed using the SPSS 13.0 version for Windows (SPSS 
Inc., Chicago, IL, USA). Independent Samples t-test was 
performed to estimate the statistically significant difference 
between the percentages of fresh and frozen-thawed 
spermatozoa concentrations with total motility. Independent 
Samples t-test was performed to estimate the statistically 
significant difference between the percentages of dead 
spermatozoa with eosin-nigrosin staining and necrotic 
spermatozoa concentrations with flow cytometric analysis 
in fresh spermatozoa. The differences were considered 
significant when the P value was less than 0.05.

RESULTS

The average motility was 75.36% and 41.07% in fresh 
and frozen thawed semen samples (n=14) respectively. The 
difference of between fresh and frozen thawed semen was 
significant (P<0.05). The percentage of dead spermatozoa 
was 16.71% with the eosin-nigrosin staining method but 
11.18% dead (necrotic), 27.36% early necrotic and 3.01% 
apoptotic spermatozoa were found with flow cytometric 
analysis in fresh semen (Table 1). The percentage of dead 
spermatozoa was 14.00% with the eosin-nigrosin staining 
method after thawing. In the thawed semen, 13.62% dead 
(necrotic), 29.14% early necrotic and 4.89% apoptotic 
spermatozoa were found by flow cytometric analysis. 
The difference in the rates of dead sperm was statistically 
significant between the flow cytometric analysis and eosin- 
nigrozin staining methods (P<0.05) (Table 1).

Dead sperm rates were found to be statistically different 
between fresh and frozen with eosin-nigrosin staining 
(P<0.05). Flow cytometric examination indicated that the 
number of necrotic, early necrotic and apoptotic sperm 
were higher in the frozen semen, but these differences 
were not statistically significant (P>0.05) (Fig. 2). 

DISCUSSION

The present study compared the findings obtained 
from two methods widely used for the detection of live 

Table 1. Comparison of eosin-nigrosin and flow cytometric analysis for fresh and after thawing epididymal spermatozoa

Tablo 1. Taze ve çözdürme sonrası epididimal spermatozoanın eosin-nigrozin boyama ve akım sitometrik analiz ile kıyaslanması

Methods Parameters (%) Fresh (Mean±S.E.M) After Thawing (Mean±S.E.M)

Eosin-nigrosin

Total motility 75.36±2.37 41.07±2.73

Dead spermatozoa* 16.71a±1.18 14.00±0.91

Proximal droplet 3.89±0.45 3.26±1.41

Distal droplet 19.54±0.67 17.91±1.07

Flow cytometry

Live spermatozoa 58.24±5.18 52.37±4.42

Necrotic sp.* 11.18b±1.17 13.62±1.79

Apoptotic sp. 3.01±0.70 4.89±0.76

Early necrotic sp. 27.36±4.31 29.14±2.72

* Means within same columns with different superscripts differ significantly (P<0.05)

Fig 1. A- Number of total sperm cell of flow 
cytometric measurement, B- Necrotic (Q2-
1), early necrotic (Q1-1), apoptotic (Q4-1) 
and live spermatozoa (Q3-1)

Şekil 1. A- Akım sitometrisinde toplam 
sperm sayıları, B- Nekrotik (Q2-1), erken 
nekrotik (Q1-1), apoptotic (Q4-1) ve canlı 
spermatozoa (Q3-1)
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and dead spermatozoa (eosin-nigrosin staining and flow 
cytometry). The eosin-nigrosin staining method accounted 
for statistically higher percentage of dead sperm than  
the flow cytometry analysis (P<0.05).

Flow cytometric analysis were quantitatively clearly 
identified phase of cell dead processing for example early 
necrotic, necrotic, apoptotic sperm and live spermatozoa 
rates although dead spermatozoa could be determined 
subjectively with eosin-nigrosin staining. Some morpholo-
gical characteristics, such as distal and proximal droplets on 
spermatozoa, can be determined with the eosin-nigrosin 
staining method; however, this observation was not 
possible with flow cytometry.

There is no significant difference among staining 
methods (Eosin-nigrosin, Hematoxylin-eosin, Caserette 
stains etc.) of spermatozoa based on the findings [17]. The 
eosin-nigrosin staining method is widely used for the 
evaluation of sperm because it is simple and rapid, but this 
conventional staining method for the evaluation of sperm 
is very subjective because only a very limited number of 
dead sperm can be counted [18]. 

Dyeing time, sperm concentration, characteristics  
of the semen extenders or some factors affecting the  
stability of the sperm membrane intactness are involved  
in eosin dyeing processes could alter the ratio of intact 
sperm [2,19]. 

Chalah and Brillard [20] reported that in terms of sperm 
membrane integrity flow cytometric analysis was a more 
effective method compared to eosin-nigrosin staining. 
Foster et al.[21] reported that number of live sperm with 
eosin-nigrosin was about 12.5% more compared to flow 
cytometric measurement. Johansson et al.[18] datas’ were 
compatible with Foster’s finding [21]. 

In the present study, the number of dead sperm with 
eosin-nigrosin staining method was higher than the data 
obtained by flow cytometric analysis. The reason for this 
was that early necrotic sperm cells were not considered 
to be dead sperm. When the numbers of early necrotic 
and necrotic sperm are accepted together as dead cell, 
our findings were similar to those of Foster et al.[21] and 
Johansson et al.[18]. The live sperm ratio can be determined 
inaccurately since the early necrotic sperm cell counts 

could vary depending on the amount of dye with eosin-
nigrosin staining method.

Recent research shows apoptosis as an important 
mechanism that regulates spermatogenesis. Spermatozoa 
potential is greatly reduced during spermatogenesis 
and this continues throughout life. The number of germ 
cells can be supported by the sertoli-cells by eliminating 
abnormal spermatozoa via apoptosis [15,22-24]. 

Apoptotic cells, early necrotic and necrotic cell can be 
detected by flow cytometry, and but cannot be detected 
with conventional dyeing methods. In contrast, with the 
eosin-nigrosin method, morphologically abnormal 
spermatozoa can be distinguished. Relationships between 
abnormal morphological characteristics and the low 
fertilization ability of spermatozoa can be versatile. In this 
respect, the relationship between fertility capabilities and 
the morphological assessment of spermatozoa is difficult  
to define [25]. 

The main purpose of sperm analysis is to evaluate the 
sperm sample in a realistic, inexpensive, objective and 
quick way in terms of fertility. However, these criteria 
cannot be achieved in many laboratories and the findings 
cannot demonstrate clearly the impact on fertility [26]. 
Cell shape and structural features, such as morphological 
characteristics labeled with a fluorescent dye, can be 
determined by flow cytometry. Moreover, spermatozoa can 
be evaluated for many parameters and fertility properties 
simultaneously and objectively [27,28]. In addition, it is 
possible to evaluate a sample with tens of thousands of 
sperm in a few minutes by flow cytometry and it can offer a 
high level of reliable information compared to fluorescent 
microscope evaluation [29]. The subjective methods used to 
evaluate spermatozoa with flow cytometry may be a better 
estimate of fertility. In addition, conventional laboratory 
tests for predicting fertility in spermatozoa along with  
the use of flow cytometry can give better results [30].

In a study that investigated the sperm membrane 
using the eosin-nigrosin staining method, flow cytometric 
analysis, the samples with high levels sperm membrane 
integrity gave compatible results with these three methods. 
However, in cases where a high level of sperm membrane 
damage is observed, eosin-nigrosin staining gives more 
variable results compared to flow cytometric analysis [21].

Fig 2. Different sperm subpopulations averaged fourteen 
bulls (mean ± SEM), fresh semen and after thawing              

Şekil 2. 14 farklı boğaya ait taze ve çözdürülmüş sperm alt 
populasyonlarınının ortalamaları (mean ± SEM) 
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In this study, the number of dead sperm obtained with 
eosin-nigrosin staining was higher than that found by flow 
cytometry (P<0.05). Our findings were similar to Foster et 
al.[21]. These findings may indicate that the eosin-nigrosin 
technique has many limitations, including a relatively low 
number of sperm (often only 100 or 200 cells) typically 
counted and subjectivity in the sperm sample evaluation  
as reported by Johanson et al.[18].

Klimowics-Bodys et al.[31] reported that the eosin-
nigrosin staining method used in the morphological 
assessment of spermatozoa was cheap and practical, but 
this technique allows the assessment of a limited number of 
spermatozoa. Thousands of spermatozoa can be examined 
by flow cytometry in a short time; thus, it is a valuable and 
objective method compared to conventional methods.

In the present study, using the eosin staining method  
for the detection of live or dead spermatozoa was a 
subjective assessment that, in this respect, may result in 
some errors in sperm assessment depending on different 
levels of dye uptake. However, the apoptotic or necrotic 
phases of spermatozoa with flow cytometric methods can 
be clearly identified and the information can be obtained  
in more detail by this method compared to eosin-nigrosin 
staining method.

In this respect, determining the viability of spermatozoa 
with flow cytometry is more effective than conventional 
staining methods such as eosin-nigrosin. Flow cytometric 
analysis can be used to support conventional methods. 
As a result of this study, eosin staining method plus flow 
cytometry can be considered an advantage for the 
morphological assessment for epididymal bull sperma-
tozoa. Further studies are necessary to determine the 
relationships between the morphological characteristics 
and motility of early necrotic and apoptotic spermatozoa. 

REFERENCES

1. Seyalıoğlu Hİ: Comparison of different semen determination methods. 
Adli Tıp Derg, 21, 1-12, 2007.

2. Björndahl L, Söderlund I, Kvist U: Evaluation of the one-step eosin-
nigrosin staining technique for human sperm vitality assessment. Hum 
Reprod, 18, 813-816, 2003. DOI: 10.1093/humrep/deg199

3. Brugnon F, Ouchchane L, Verheyen G, Communal Y, Van der Elst J, 
Tournaye H: Fluorescence microscopy and flow cytometry in measuring 
activated caspase in human spermatozoa. Int J Androl, 32, 265-273, 2007. 
DOI: 10.1111/j.1365-2605.2007.00847.x

4. Güleş Ö, Eren Ü: Methods for detection of apoptosis. YYÜ Vet Fak  
Derg, 2, 73-78, 2008.

5. Liu CH, Tsao HM, Cheng TC, Wu HM, Huang CC, Chen CI, Lin DP, Lee 
MS: DNA fragmentation, mitochondrial dysfunction and chromosomal 
aneuploidy in the spermatozoa of oligoasthenoteratozoospermic males.  
J Assist Reprod Genet, 21, 119-126, 2004.

6. Marchetti C, Obert G, Deffosez A, Formstecher P, Marchetti P: Study 
of mitochondrial membrane potential, reactive oxygene species, DNA 
fragmentation and cell viability by flow cytometry in human sperm. Hum 
Reprod, 17, 1257-1265, 2002. DOI: 10.1093/humrep/17.5.1257

7. Pena FJ, Johannisson A, Wallgren M, Rodriguez-Martinez H: 

Assessment of fresh and frozen-thawed boar semen using an 
Annexin-V assay: A new method of evaluating sperm membrane 
integrity. Theriogenology, 60, 677-689, 2003. DOI: 10.1016/S0093-
691X(03)00081-5

8. Shen HM, Dai J, China SE, Lim A, Ong CN: Detection of apoptotic 
alteration in sperm in subfertile patients and their correlations with 
sperm quality. Hum Reprod, 17, 1266-1273, 2002. DOI: 10.1093/humrep 
/17.5.1266

9. Taylor SL, Weng SL, Fox P, Duran EH, Morshedi MS, Oehninger 
S, Beebe SJ: Somatic cell apoptosis markers and pathways in human 
ejaculated sperm: potentially utility as indicators of sperm quality. Mol  
Hum Reprod, 10, 825-834, 2004. DOI: 10.1093/molehr/gah099

10. Weng LS, Taylor LS, Morshedi M, Schuffner A, Duran HE, Beebe 
S, Oehninger S: Caspase activity and apoptotic markers in ejaculated 
human sperm. Mol Hum Reprod, 8, 984-991, 2002. DOI: 10.1093/
molehr/8.11.984

11. Said TM, Paasch U, Grunewald S, Baumann T, Li L, Glander HJ, 
Agarwal A: Advantage of combining magnetic cell separation with 
sperm preparation techniques. Reprod Biomed, 10, 740-746, 2005. DOI: 
10.1016/S1472-6483(10)61118-2

12. Aziz N, Said T, Paasch U, Agarwal A: The relationship between 
human sperm apoptosis, morphology and the sperm deformity index. 
Hum Reprod, 22, 1413-1419, 2007. DOI: 10.1093/humrep/dem016

13. Engeland Mvan, Nieland LJW, Ramaekers FCS, Schutte B, 
Reutelingsperger CPM: Annexine V-Affinity assay: A review on an 
apoptosis detection system based on phosphatidylserine exposure. 
Cytometry, 31, 1-9, 1998. 

14. Overbeeke R, Steffens-Nakken H, Vermes I, Reutelingsperger 
C, Hanen C: Early features of apoptosis detected by four different flow 
cytometry assays. Apoptosis, 3, 115-121, 1998. DOI: 10.1023/A: 
1009649025439

15. Zhang G, Gurtu V, Kain SR, Yan G: Early detection of apoptosis  
using a fluorescent conjugate of Annexin-V. Biotechniques, 23, 525-531, 
1997.

16. Turri F, Madeddu M, Gliozzi TM, Gandini G, Pizzi F: Influence 
of recovery methods and extenders on bull epididymal spermatozoa 
quality. Reprod Domest Anim, 47, 712-717, 2012. DOI: 10.1111/j.1439-
0531.2011.01948.x

17. Ataman MB, Yıldız C, Kaya A, Aksoy M, Lehimcioğlu N: 
Effectiveness of the various staining methods to detect abnormal sperm 
types and rates in fresh and frozen-thawed dog semen. Vet Bil Derg, 14,  
121-129, 1998.

18. Johansson CS, Matsson FC, Lehn-Jensen H, Nielson JM, Petersen 
MM: Equine spermatozoa viability comparing the NucleoCounter SP-100 
and the eosin-nigrosin stain. Anim Reprod Sci, 107, 325-326, 2008. DOI: 
10.1016/j.anireprosci.2008.05.102

19. Björndahl L, Söderlund I, Johansson S, Mohammadieh M, Reza 
Pourian M, Kvist U: Why the SHO recommendations for eosin-nigrosin 
staining techniques for human sperm vitality assessment must change? 
Andrology Lab Corner J Androl, 25, 671-678, 2004. 

20. Chalah T, Brillard JP: Comparison of assessment of fowl sperm 
viability by eosin-nigrosin and dual fluorescence (SYBR14/PI). 
Theriogenology, 50, 487-493, 1998.

21. Foster ML, Love CC, Varner DD, Brinsko SP, Hinrichs K, Teague S, 
LaCaze K, Blanchard TL: Comparison of methods for assessing integrity 
of equine sperm membranes. Theriogenology, 76, 334-341, 2011. DOI: 
10.1016/j.theriogenology.2011.02.012

22. Print CG, Loveland KL: Germ cell suicide: new insights into apoptosis 
during spermatogenesis. Bioessay, 22, 423-430, 2000. DOI: 10.1002/
(SICI)1521-1878(200005)22:5<423::AID-BIES4>3.0.CO;2-0

23. Sakkas D, Moffat O: Nature of DNA damage in ejaculated human 
spermatozoa and possible involvement of apoptosis. Biol Reprod, 66, 
1061-1067, 2002. DOI: 10.1095/biolreprod66.4.1061

24. Seli E, Sakkas D: Spermatozoal nuclear determinants of reproductive 
outcome: Implications for ART. Hum Reprod, 11, 337-349, 2005. DOI: 
10.1093/humupd/dmi011

AKYOL, AZKUR
EKİCİ



664
Comparison of Flow Cytometric ...

25. Walters AH, Eyestone WE, Saacke RG, Pearson RE, Gwaszdauskas 
FC: Bovine embryo development after IVF with spermatozoa having 
abnormal morphology. Theriogenology, 63, 1925-1937, 2005. DOI: 
10.1016/j.theriogenology.2004.09.001

26. Lindsay G, Evans G, Maxwell WMC: Flow cytometric evaluation  
of sperm parameters in relation to fertility potential. Theriogenology,  
63, 445-457, 2005. DOI: 10.1016/j.theriogenology.2004.09.024

27. Amman RP, Hammerstedt RH: In vitro evaluation of sperm quality: 
An opinion. J Androl, 14, 397-406, 1993. 

28. Larsson B, Rodriguez-Martinez H: Can we use in vitro fertilization 
tests to predict semen fertility? Anim Reprod Sci, 60-61, 327-336, 2000.  
DOI: 10.1016/S0378-4320(00)00089-0

29. Graham JK: Assessment of sperm quality: A flow cytometric 
approach. Anim Reprod Sci, 68, 239-247, 2001. DOI: 10.1016/S0378-
4320(01)00160-9

30. Padrick P, Hallap T, Januškauskas A, Kaart T, Bulitko T, Jaakma 
Ü: Conventional laboratory test and flow cytometry in the prognostic 
testing of bull semen fertility. Vet Med Zoot, 60, 52-58, 2012.

31. Klimowicz-Bodys MD, Batkowski F, Ochrem AS, Savic MA: 
Comparison of assessment of pigeon sperm viability by contrast phase 
microscope (eosin-nigrosin staining) and flow cytometry (SYBR-14/ 
propidium iodide (PI) staining) [evaluation of pigeon sperm viability]. 
Theriogenology, 77, 628-635, 2012. DOI: 10.1016/j.theriogenology. 
2011.09.001


