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  Preface 

 Spermatogenesis is a biologically complex and essential process. During spermatogenesis, 
spermatogonia undergo meiotic recombination, reduction of the genome to a haploid 
state, and extensive cellular modi fi cations that result in a motile cell capable of traversing 
the female reproductive tract and withstanding various potential assaults to viability. Further, 
the sperm must be capable of recognizing and binding to the oocyte, undergoing exocyto-
sis of the acrosomal contents, penetrating the oolemma of the oocyte, and then undergoing 
profound nuclear reorganization events essential for normal syngamy and embryogenesis. 
Defects in any of these steps, or the many other biological processes needed for successful 
fertilization, can lead to male infertility, a disease that affects approximately 5–7 % of the 
population. 

 De fi ciencies in sperm function are usually the result of spermatogenic defects. This 
 edition of Methods in Molecular Biology details protocols used in the study of spermato-
genesis and includes basic research tools as well as clinical analytical protocols. We have 
attempted to provide a comprehensive summary of protocols used in clinical andrology 
laboratories, as well as common protocols used in the study of spermatogenesis in both the 
human and animal models. Such protocols include basic techniques, such as obtaining 
accurate results for a sperm count, and advanced procedures, such as genome-wide genetic 
study tools and evaluation of nuclear proteins. This volume is unique in its breadth and 
should be a useful reference for clinicians and researchers alike. 

 We are very grateful to the chapter authors who have contributed to this book. The 
authors are leaders in the  fi eld, and we appreciate their collegial willingness to assist in the 
dissemination of good protocols. Accurate, clear protocols are an essential ingredient to 
both accurate clinical testing and to the advancement of research. It is our hope that this 
volume will facilitate progress in both of these realms.

Salt Lake City, UT, USA Douglas T. Carrell
 Kenneth I. Aston 
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    Chapter 1   

 Methods for Sperm Concentration Determination       

     Lars   Björndahl         

  Abstract 

 Proper assessment of the number of spermatozoa is essential not only as an initial step in every clinical 
infertility investigation [Björndahl et al (2010) A practical guide to basic laboratory andrology, 1st edn. 
Cambridge University Press, Cambridge] but also when attempting to establish the total sperm produc-
tion in the testis [Amann (Hum Reprod 25:22–28, 2010); Amann (J Androl 30:626–641, 2009); Amann 
and Chapman (J Androl 30:642–649, 2009)]. Reliable methods combined with an understanding of the 
speci fi c physiology involved as well as the main sources of errors related to the assessment of sperm con-
centration are critical for ensuring accurate concentration determination [Björndahl et al (2010) A practi-
cal guide to basic laboratory andrology, 1st edn. Cambridge University Press, Cambridge; World Health 
Organization (2010) WHO laboratory manual for the examination and processing of human semen. 
WHO, Geneva]. This chapter therefore focuses on these three aspects.  

  Key words:   Sperm ,  Concentration ,  Count    

 

 In contrast to most other bodily  fl uids, semen is not a homoge-
neous, static  fl uid. The main constituents are seminal vesicular  fl uid 
(approximately 2/3 of the volume) and prostatic  fl uid (1/3 of the 
volume). However, these  fl uids are not mixed until after ejacula-
tion. It is important to acknowledge that most spermatozoa are 
expelled in the  fi rst ejaculate fractions together with prostatic  fl uid 
while the last ejaculate fractions contain mainly seminal vesicular 
 fl uid with a few spermatozoa. Thus, if the man fails to collect the 
entire sample, missing one of the  fi rst fractions usually means that 
a substantial number of spermatozoa are missing—the total number 
of spermatozoa cannot be properly assessed from an incompletely 
collected sample. 

 Another important aspect of ejaculate formation is that secre-
tions from the accessory sex glands (prostate and seminal vesicles), 
as well as transport of spermatozoa from the epididymal storage 

  1.  Introduction
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(presumed to be mainly in the last part of the epididymis), depend 
on autonomic nerve stimulation. Although the duration of “sexual 
abstinence” will affect the total number of spermatozoa in the ejac-
ulate, the duration and quality of sexual stimulation will be impor-
tant for the number of sperm (transportation) and the concentration 
of sperm (due to dilution with prostatic and seminal vesicular  fl uid) 
in the whole ejaculate. 

 In the laboratory it is necessary to allow the collected ejacu-
late to liquefy. Proteins originating from the seminal vesicles 
cause coagulation, while proteases originating from the prostate 
cause the coagulum to liquefy. Note that there is no evidence 
that the ejaculate is mixed in vivo as must happen in vitro, when 
the whole ejaculate is collected in one container allowing the 
coagulating proteins to “engulf” the sperm-rich, prostatic frac-
tions. During sexual intercourse it is most likely that the  fi rst 
ejaculated fractions allow the spermatozoa to transfer into the 
cervical mucus before the spermatozoa have had any substantial 
contact with the seminal vesicular secretion. 

 The fact that the ejaculate is made up of two different secre-
tions, one of which forms a coagulum, is an important source of 
errors. Firstly, even if the ejaculate is macroscopically lique fi ed 
(within 30 min if the semen sample is stored at 37°C), microscopi-
cally it is common to see that there are still “compartments” con-
taining high numbers of spermatozoa adjacent to other 
“compartments” with no or very few spermatozoa. In order to 
ascertain that the aliquot withdrawn for assessment of sperm con-
centration is representative for the entire ejaculate it is recom-
mended to use at least 50  m L; droplets of 3–10  m L are much more 
likely to be less representative. Replicate aliquots could also be 
used to ascertain representativity, but using the larger volume (with 
the correct pipette) will signi fi cantly reduce the risk for sampling 
errors. The second potential source of error is that all ejaculates—
even after liquefaction—have a viscosity that is signi fi cantly higher 
than that of water. Therefore the common type of air-displacement 
pipette cannot be used: there will always be an error (too low vol-
ume withdrawn)—the higher the viscosity of the ejaculate the 
larger the error. For purposes of pipetting semen, the use of posi-
tive displacement pipetters (or PCR-pipetters), which have a piston 
in the pipette tip, is recommended.  

 

     1.    Sample collection container (nontoxic plastic).  
    2.    37°C incubator or heated block (for liquefaction).  
    3.    Pipetters: Air-displacement: 2–20  m L and 100–1,000  m L; positive 

displacement: 2–50  m L.  

  2.  Materials
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    4.    Microscope slide with coverslips (24 × 24 mm).  
    5.    Microscope: Positive phase contrast 10× and 20–40× objec-

tives, 10× eyepieces.  
    6.    Small paper wipes.  
    7.    Sperm suspension tubes (plastic 1.5–5 mL with lid, e.g., 

Eppendorf tubes).  
    8.    Dilution medium:

   (a)    50.0 g NaHCO 3 .  
   (b)    10.0 mL 36–40% formaldehyde solution (a saturated 

formaldehyde solution).  
   (c)    Dissolve constituents in distilled water (>10 M W /cm), 

and dilute to 1,000 mL (see Note 3).  
   (d)    Filter (to eliminate crystals) into a clean bottle.  
   (e)    Store at +4°C (can be stored for at least 12 months).  
   (f)    Ensure that the stored medium does not contain solid 

particles.      
    9.    Vortex mixer.  
    10.    Hemocytometer with improved Neubauer ruling and appro-

priate cover glass.  
    11.    Humid chamber (e.g., a plastic Petri dish with moistened  fi lter 

paper and two short glass rods).  
    12.    Bowl to wash reusable counting chambers, detergent.  
    13.    Gloves.      

 

 This method has been designed with the aim to reduce the error 
to less than ±10% related to the counting method. It is essential 
to  acknowledge that due to physiological causes for variations 
discussed above, one should expect that the variation in results 
between two ejaculates from the same man will vary much more 
but not as a result of technical errors.

    1.    Dilution
   (a)    Make sure that the fully lique fi ed (usually within 30 min 

at 37°C) ejaculate is macroscopically well mixed.  
   (b)    Estimate the relevant dilution of the sample by examining 

a wet preparation: A 10  m L droplet on a microscope slide 
covered by a 24 × 24 mm coverslip (see Note 1). Table  1  
gives the appropriate dilutions.   

   (c)    Put the correct volume of diluents into a test tube (see 
Note 4).  

  3.  Methods
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   (d)    Aspirate the correct volume from the well-mixed semen 
with a positive displacement pipette (Fig.  1 ).   

   (e)    Wipe the outside of the pipette tip without affecting the 
volume inside the tip.  

   (f)    Transfer the exact semen volume into the diluent.  
   (g)    Dip the pipette tip into the diluent and  fl ush it 2–3 times.  
   (h)    Remove the tip from the diluent with the pipetter plunger 

depressed (see Note 4).  
   (i)    Close the lid and vortex mix immediately (see Note 5).      

    2.    Mounting and loading the counting chamber (see Note 6).
   (a)    Af fi x the cover glass on the counting chamber.  
   (b)    Vortex the sperm dilution for at least 15 s (see Note 7).  
   (c)    Aspirate 10  m L (see Note 8), and  fi ll one counting chamber 

(see Note 9).  
   (d)    Aspirate another 10  m L, and  fi ll the other counting 

chamber (see Note 10).  
   (e)    Place the  fi lled chamber horizontally in a humid chamber 

for 15–20 min (see Note 11).      

   Table 1 
  Guidelines for the estimation of the appropriate dilution 
for the assessment of sperm concentration   

 Spermatozoa per 
microscope  fi eld  Dilution  Semen ( m L)  Diluent ( m L) 

 Clean preparation 
of spermatozoa 

 1 + 1 (1:2)  100  100 

 <15  1 + 4 (1:5)  100  400 

 15–40  1 + 9 (1:10)   50  450 

 40–200  1 + 19 (1:20)   50  950 

 >200  1 + 49 (1:50)   50  2,450 

  Clean preparation stands for sperm selected with swim-up or density gradient 
centrifugation. Under the condition that the diameter of the microscope  fi eld 
(40× objective) is 500  m m, the given numbers of spermatozoa per  fi eld can be 
used to choose the appropriate dilution of the sample (four spermatozoa per 
 fi eld approximately correspond to the concentration of 1 million sperm/mL) 
(see Note 2)  

  Fig. 1.    Example of a positive displacement pipette with a piston in the pipette tip.       
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    3.    Counting in the hemocytometer (Fig.  2 ) .
   (a)    Count the sperm in the upper left large square in the cen-

tral area of the counting chamber to estimate how many 
large squares should be assessed in each of the two cham-
bers. Table  2  shows guidelines for the number of large 
squares to count (see Note 12).   

   (b)    Count the number of sperm in the speci fi ed number of 
large squares in the  fi rst chamber (see Note 13).  

  Fig. 2.    The layout of the improved Neubauer ruling. The entire  fi eld consists of one central 
area and eight peripheral areas. The central area (“C”) (1 × 1 mm) consists of 25 large 
squares, each delineated with triple lines. The middle of the triple line is the actual limit 
of each large square. Each large square is 200 × 200  m m. Within each large square there 
are 4 × 4 small squares (each 50 × 50  m m). These small squares are helpful when there 
are many sperm in each large square. The eight peripheral areas (“P”) do not consist of 
large and small squares of the same size as the central area, but each peripheral square 
is 1 × 1 mm.       

   Table 2 
  Guideline for the number of large squares to assess 
(in a hemocytometer with improved Neubauer ruling) in 
order to obtain suf fi cient total numbers of sperm counted   

 Number of sperm in the upper left 
large square 

 Number of large squares to count 
in each chamber 

 <10  25 

 10–40  10 

 >40   5 
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   (c)    Count all sperm with head inside the limits of each large 
square AND all sperm with head on or “touching” the left 
and upper limits of each large square.  

   (d)    Count the number of sperm in the same number of large 
squares in the second chamber.      

    4.    Compare counts, and calculate and present result
   (a)    Calculate the sum and the difference of the two counts 

and go to Table  3 .   
   (b)    If the difference is less than or equal to the value in Table  3  

the assessment can be accepted (see Note 14).  
   (c)    Divide the sum with the factor in Table  4  (or Table  5 ), 

based on which dilution was used and how many large 
squares (or areas) were assessed. The results will be in mil-
lions/mL.    

   (d)    Present the result without decimal places (see Note 15).  
   (e)    For a full interpretation of results, both the concentration 

and the total number of spermatozoa should be presented 
together with duration of abstinence and information 

   Table 3 
  Guideline for accepting duplicate assessments   

 Sum (range)  Value  Sum (range)  Value  Sum (range)  Value  Sum (range)  Value 

 969–1,000  61  600–624  48  338–356  36  150–162  24 

 938–968  60  576–599  47  319–337  35  138–149  23 

 907–937  59  551–575  46  301–318  34  126–137  22 

 876–906  58  528–550  45  284–300  33  115–125  21 

 846–875  57  504–527  44  267–283  32  105–114  20 

 817–845  56  482–503  43  251–266  31  94–104  19 

 788–816  55  460–481  42  235–250  30  85–93  18 

 760–787  54  438–459  41  219–234  29  76–84  17 

 732–759  53  417–437  40  206–218  28  67–75  16 

 704–731  52  396–416  39  190–205  27  59–66  15 

 678–703  51  376–395  38  176–189  26  52–58  14 

 651–677  50  357–375  37  163–175  25  44–51  13 

 625–650  49 

  Choose the row where the obtained sum is included in the range given in the column sum. If the differ-
ence between the duplicates is less or equal to the number in the column to the right (value) then the 
counts are acceptable. The part of the table that has a grey background indicates that the total number of 
counted sperm is <400 (Fig.  3 )     
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   Table 4 
  Factor by which the sum of counts should be divided 
to obtain the results in millions/mL   

 Dilution 

 Number of counted large squares 
in each of the two chambers 

 5  10  25 

 1 + 1  20  40  100 

 1 + 4  8  16  40 

 1 + 9  4  8  20 

 1 + 19  2  4  10 

 1 + 49  0.8  6  4 

  This table is for occasions when more than the central area (5 × 5 large squares) 
has been assessed in order to count at least 200 sperm in each counting 
chamber  

   Table 5 
  Factor by which the sum of counts should be divided 
to obtain the results in millions/mL   

 Dilution 

 Number of counted areas in each of the two chambers 

 1  2  3  4  5  6  7  8  9 

 1 + 1  100  200  300  400  500  600  700  800  900 

 1 + 4  40  80  120  160  200  240  280  320  360 

 1 + 9  20  40  60  80  100  120  140  160  180 

 1 + 19  10  20  30  40  50  60  70  80  90 

 1 + 49  4  8  12  16  20  24  28  32  36 

  This table is for occasions when more than the central area (5 × 5 large squares) 
has been assessed in order to count at least 200 sperm in each counting 
chamber  

indicating whether any portion of the sample was lost 
during collection.  

   (f)    A reference limit is also important; however, the reference 
ranges provided in the recent WHO manual  (  5,   6  )  give 
the erroneous impression that there is a sharp (and com-
pared to earlier WHO recommendations a lower) limit 
between fertile and subfertile men. An approach that is 
more reasonable, taking into account the signi fi cant over-
lap in sperm counts between fertile and subfertile men, is 
presented in Table  6   (  1,   7  ) .           
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     1.    If 18 × 18 mm coverslips are used, the ejaculate sample volume 
must be reduced to 6.5  m L.  

    2.    The area of the microscopic  fi eld can be calculated by using a 
microscope slide with a graded scale. Measure the diameter of 
the  fi eld and calculate the  fi eld area with the formula Area =  p  r   2  
where  r  = diameter/2.  

    3.    Dilution of the aliquot withdrawn for assessment of concentra-
tion can be done with different solutions. In some clinical set-
tings the use of formaldehyde—even in low concentrations—is 
not allowed. If this is the case, distilled water can be used, but 
there is an increased risk for clumping of sperm or adhesion to 
glass and plastic surfaces. Also some sperm will retain motility 
for a longer period of time, and bacterial overgrowth can occur 
within a few hours.  

    4.    If these steps for dilution are followed meticulously, the risk for 
dilution errors is very low. The sources for errors that must be 
kept under control by comparison of duplicate assessments are 
reduced to sampling of diluted spermatozoa and loading of the 
counting chamber. Under the conditions described above, 
duplicate dilutions may not be required  (  1,   8  ) .  

    5.    It is recommended that the dilution tube is shaken on a vortex 
as soon as possible after addition of the semen aliquot. Even a 
few seconds’ delay increases the risk for large protein precipi-
tate that can be macroscopically visible and that is likely to trap 
an unknown number of spermatozoa.  

    6.    Hemocytometers with improved Neubauer ruling have a  fi xed 
depth of 100  m m if cover glass is af fi xed appropriately: several 

  4.  Notes

   Table 6 
  Example of experience-based reference limits at two levels 
to distinguish between truly pathological and truly normal 
samples as well as acknowledging the signi fi cant overlap 
of results from fertile and infertile men  (  7  )  (table after 
Björndahl et al.  (  1  ) )   

 Parameter  Pathological  Borderline  Normal  Unit 

 Sperm concentration  <10  10–20  20–250  10 6 /mL 

 Volume  <1.5  1.5–1.9  2.0–6.0  mL 

 Total sperm count  <20  20–79   ³ 80  10 6 /ejaculate 

  The above data refer to samples collected after 3–5 days of sexual abstinence  
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interference lines should be visible (use water, never saliva, to 
af fi x the cover glass to the hemocytometer). Cover glass can be 
af fi xed several hours before intended use. If disposable Neubauer 
hemocytometers are used they must be properly validated  (  9  ) .  

    7.    Vortexing will resolve most sperm aggregates formed after 
dilution and release most sperm that are adhered to the test 
tube walls.  

    8.    Flush the pipette tip 2–3 times in the sperm diluent and then 
aspirate 10  m L.  

    9.    The entire chamber must be  fi lled. Under fi lled or over fi lled 
chambers cannot be used for reliable counting.  

    10.    Each hemocytometer has two counting chambers. Sampling 
from the diluted suspension should be done in duplicate since 
the sampling and loading procedure can produce errors that 
cannot be controlled in another way. Vortexing before taking 
the second aliquot is not necessary if the second sample is taken 
within 1 min after the  fi rst.  

    11.    The focal range of a microscope will not allow the detection of 
spermatozoa in the entire depth of a 100  m m chamber. 
Therefore the diluted spermatozoa must sediment to the 
bottom of the counting chamber. The horizontal position is 
essential for correct results. The humidity decreases the risk of 
drying out the preparation during sedimentation—if dried out 
the chamber cannot be used, and a new one should be pre-
pared to replace it.  

    12.    The aim is to count ideally at least 200 sperm in each counting 
chamber. If there are fewer than 200 sperm in all 25 large 
squares in the central area, 1–8 of the peripheral areas can be 
assessed. The relation between the number of counted sperma-
tozoa and the uncertainty of the result is given in Fig.  3 .   

    13.    When counting sperm in the chamber it is advisable to use a 
form to note which dilution has been used and how large 
volume (i.e., number of large squares or areas) that has been 
assessed together with the results of the two replicate assess-
ments. These data can then be used to make the proper com-
parisons between the replicates to decide if the results should 
be accepted or discarded.  

    14.    If the difference between duplicate assessments is too large, two 
new chambers should be prepared and assessed. If a second 
duplicate count fails to give an acceptable difference, a third 
duplicate assessment should be done. If the second or third 
attempt is acceptable, these numbers are used to calculate the 
 fi nal result. If the third attempt fails as well, the  fi nal result is 
calculated from all three attempts, and a note is added to the 
report form that three attempts for duplicate counting failed 
and that the results were calculated as the average of all 
assessments.  



12 L. Björndahl

    15.    The level of precision in the assessment does not justify any 
decimal places. For results less than 1 × 10 6 /mL, one decimal 
place could be used. Alternatively, results less than 1 × 10 6 /mL 
could be presented as, for instance, 100 thousands/mL (rounded 
off to one signi fi cant digit) instead of 0.1 × 10 6 /mL.          
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    Chapter 2   

 Methods of Sperm Vitality Assessment       

     Sergey   I.   Moskovtsev       and    Clifford   L.   Librach     

  Abstract 

 Sperm vitality is a re fl ection of the proportion of live, membrane-intact spermatozoa determined by either 
dye exclusion or osmoregulatory capacity under hypo-osmotic conditions. In this chapter we address the 
two most common methods of sperm vitality assessment: eosin–nigrosin staining and the hypo-osmotic 
swelling test, both utilized in clinical Andrology laboratories.  

  Key words:   Sperm vitality ,  Eosin–nigrosin staining ,  Hypo-osmotic swelling    

 

 Vitality is a re fl ection of the proportion of live spermatozoa deter-
mined by the evaluation of cellular and/or membrane integrity. When 
the percentage of immotile spermatozoa exceeds 40%, it becomes 
clinically important to verify the proportion of live spermatozoa  (  1  ) . 
This assessment can differentiate between necrozoospermia and total 
absence of motility, indicative of structural defects in the  fl agellum 
 (  2  ) . Accurate motility evaluation can also be veri fi ed by sperm vital-
ity tests, as the percentage of immotile spermatozoa should not be 
higher than the percentage of dead spermatozoa  (  3  ) . 

 Most assessments of sperm vitality are based on the ability of the 
cell membrane to exclude dyes from entering the spermatozoa and 
permeate into its nucleus. Vital stains are suitable for bright  fi eld 
microscopy (eosin, eosin–nigrosin, trypan blue) or  fl uorescence 
microscopy; some  fl uorochromes can be used for  fl ow-cytometric 
assessment (propidium iodine, hoechst, ethidium homodimer-1, or 
Yo-Pro-1)  (  1,   4  ) . 

 Sperm vitality can also be assessed by measurement of 
osmoregulatory capacity under hypo-osmotic conditions 
(150 mOsm/L), an indication of functional sperm membrane 

  1.  Introduction
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integrity  (  5  ) . The hypo-osmotic swelling (HOS) test is based on 
the principle that a living spermatozoon maintains an osmotic 
gradient by controlled swelling, which results in curling of its tail 
under hypo-osmotic conditions, whereas a dead spermatozoon 
exhibits uncontrolled swelling to the degree of membrane rupture, 
resulting in tail straightening  (  3  ) . The HOS test identi fi es live sper-
matozoa without killing them, allowing utilization of these 
spermatozoa for therapeutic procedures, such as intracytoplasmic 
sperm injection (ICSI). However, the test has limitations, in that it 
is known that some live spermatozoa can have a nonfunctional 
membrane  (  6  ) . 

 While several techniques and dyes are available for sperm vitality 
evaluation, in this chapter we describe dye exclusion with eosin–
nigrosin staining and HOS test, both recommended by the WHO 
for use in clinical Andrology laboratories  (  1  ) .  

 

      1.    Eosin–nigrosin stain: Dissolve 0.67 g eosin Y (color index 
45380) and 0.9 g of sodium chloride in 100 mL of distilled 
water in a glass beaker placed on a stirring hot plate ( see   Note 1 ). 
Heat gently and add 10.0 g nigrosin (color index 50420) and 
dissolve it before bringing the stain to a boil. As soon as boiling 
is observed, remove the beaker from the hot plate and allow it 
to cool to room temperature. Strain using  fi lter paper, seal, and 
store at 4 °C in a dark glass bottle ( see   Note 2 ).  

    2.    Phosphate-Buffered Saline (PBS): Dissolve one packet of 
Sigma PBS, pH 7.4 powder in 1,000 mL of distilled water to 
obtain a 0.01 M PBS solution ( see   Note 3 ). Store at room 
temperature for up to 6 months.  

    3.    Microscope with bright  fi eld optics and ×100 oil immersion 
objective.  

    4.    Stirring hot plate.  
    5.    Microscope slides, 25 × 75 × 1 mm.  
    6.    Coverslips, 22 × 50 mm, #1 thickness.  
    7.    Disposable Pasteur pipettes.  
    8.    Microtubes, 1.5 mL.  
    9.    Immersion oil.  
    10.    Mounting medium.  
    11.    Laboratory counter.  
    12.    Laboratory timer.      

  2.  Materials

  2.1.  Eosin–Nigrosin 
Staining
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      1.    Hypo-osmotic solution: Dissolve 1.375 g  D -fructose and 
0.75 g of sodium citrate dihydrate in 100 mL of distilled water. 
Store at 4 °C for up to 6 months. Alternatively the solution can 
be aliquoted to 1 mL and kept frozen at −20°C for up to 
1 year.  

    2.    Microscope with phase contrast optics and ×40 objective.  
    3.    Laboratory hot plate.  
    4.    Microscope slides, 25 × 75 × 1 mm.  
    5.    Coverslips, 22 × 22 mm, #1 thickness.  
    6.    Disposable Pasteur pipettes.  
    7.    Microtubes, 1.5 mL.  
    8.    Laboratory counter.  
    9.    Laboratory timer.       

 

 Assess sperm vitality at least 30 min after sample collection to allow 
for liquefaction of the sample but no longer than 1 h after ejacula-
tion. Mix sample well by swirling before taking aliquots for both 
types of vitality evaluation. Prior to performing vitality assessment 
obtain information regarding quality of the semen sample such as 
sperm concentration and motility. In case of oligozoospermia, 
when sperm concentrations are below the lower reference limit, 
the sample can be concentrated by centrifugation ( see   Note 4 ). 

      1.    Add 50  μ L of eosin–nigrosin stain to 50  μ L lique fi ed semen in 
a microtube, and mix well ( see   Note 5 ).  

    2.    After 30 s, transfer one drop of the mixture onto a microscope 
slide and smear ( see   Note 6 ).  

    3.    Allow the slide to air-dry.  
    4.    Place one drop of mounting medium and cover with a 

22 × 50 mm coverslip ( see   Note 7 ).  
    5.    Examine the slide under ×100 oil immersion with a bright  fi eld 

microscope ( see   Note 8 ). Live spermatozoa are left unstained 
(membrane-intact) and dead spermatozoa stain pink or red 
(membrane-damaged) ( see   Note 9 ) (Fig.  1 ).   

    6.    Evaluate at least 200 spermatozoa, tally the numbers of live 
and dead spermatozoa using a laboratory counter, and calcu-
late the percentage of live spermatozoa ( see   Note 10 ).  

    7.    The lower reference limit for vitality assessed by eosin–nigrosin 
stain (membrane-intact spermatozoa) is 58% (5th percentile, 
95% CI 55–63)  (  1  ) .      

  2.2.  Hypo-osmotic 
Swelling Test

  3.  Methods

  3.1.  Eosin–Nigrosin 
Staining
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      1.    Place a 1 mL aliquot of hypo-osmotic solution into a 1.5 mL 
microtube, and warm it up to 37°C.  

    2.    Add 0.1 mL of lique fi ed, well-mixed semen ( see   Note 11 ).  
    3.    Incubate the tube at 37 °C for 30 min ( see   Note 12 ).  
    4.    Mix the contents of the tube with a Pasteur pipette.  
    5.    Place one drop of this mixture onto a microscope slide and 

cover with a 22 × 22 mm coverslip.  
    6.    Allow spermatozoa to settle for 1 min.  
    7.    Examine the slide with ×40 objective utilizing a phase-contrast 

microscope. Live spermatozoa show controlled swelling visual-
ized by the curling of their tail (membrane-intact) and dead 
spermatozoa have straight, non-coiled tails (membrane dam-
aged) ( see   Notes 13  and  14 ) (Fig.  2 ).   

    8.    Calculate the HOS test score by evaluating at least 200 sper-
matozoa. Tally the numbers of live (swollen) and dead (straight 
tail) spermatozoa using a laboratory counter and calculate the 
percentage of vital spermatozoa ( see   Note 15 ).  

    9.    The lower reference limit for vitality assessed by the HOS test 
(membrane-intact spermatozoa) is 58% (5th percentile, 95% 
CI 55–63)  (  1  ) .       

  3.2.  Hypo-osmotic 
Swelling Test

  Fig. 1.    Eosin–nigrosin staining: Live spermatozoa are unstained (A); dead spermatozoa 
are stained pink or red (B).       
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     1.    Use a magnetic stir bar to dissolve ingredients for eosin–
nigrosin staining.  

    2.    Warm the stain to room temperature before use.  
    3.    PBS can be used if the specimen is very viscous. Combine sam-

ple 1:2 with 0.01 M PBS solution, and mix well with a Pasteur 
pipette by drawing it in and out of the pipette. Spin the sample 
down by centrifugation at 300 ×  g  for 10 min. Remove the 
seminal plasma, and resuspend the pellet with PBS, and then 
proceed to follow the protocol as for a sample with normal 
viscosity. If viscosity remains, repeat the process with a second 
PBS wash.  

    4.    In cases of severe oligozoospermia (sperm concentration less 
than  fi ve million/mL), spin the sample down by centrifugation 
at 300 ×  g  for 10 min. Remove the seminal plasma, resuspend 
the pellet in PBS, and then perform the viability testing on a 
drop from the re-suspended sample. After concentrating sperm 
follow the protocol as for a sample with a normal sperm con-
centration. In some cases of severe oligozoospermia, several 
slides are necessary to prepare for evaluation of a suf fi cient 
number of spermatozoa.  

    5.    Use a disposable Pasteur pipette to mix the sample and stain. 
Avoid making air bubbles.  

  4.  Notes

  Fig. 2.    HOS test: Live spermatozoa show swelling with various changes of the tail region 
(A1–A5): tail tip enlargement (A1), different degrees of tail curling (A2, A3), shortening and 
thickening of the tail (A4), partial tail swelling (A5). Dead spermatozoa have a straight tail (B).       
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    6.    Avoid making the smear too thick, as the background could be 
too dark to visualize the spermatozoa.  

    7.    Coverslipping using mounting medium is optional and required 
only for long-term storage of slides. Depending on the mount-
ing medium used, it may take up to several days for the cover-
slip to be permanently glued to the slide. While slides can be 
evaluated shortly after coverslipping, wait for mounting 
medium to dry completely before long-term storage. The 
slides can be stored inde fi nitely at room temperature.  

    8.    The nigrosin stain provides a dark purple background that 
makes it easier to visualize unstained spermatozoa.  

    9.    Spermatozoa with staining restricted to the neck region but an 
unstained head area are referred to as “leaky necks” and are 
considered alive.  

    10.    If the percentage of live cells counted is less than the sperm 
motility, reexamine the sample for motility and perform the 
stain again.  

    11.    In cases of mild oligozoospermia, an additional 0.1–0.3 mL of 
semen can be added to the hypo-osmotic solution to increase 
sperm concentration. In cases of severe oligozoospermia,  see  
 Note 4 .  

    12.    Swelling of spermatozoa with intact membranes in hypo-
osmotic solution will start within 5 min; however the shapes 
will stabilize after 30 min of the incubation  (  7  ) . If spermatozoa 
are going to be utilized for a therapeutic procedure, such as 
ICSI, incubation should be limited to 5 min.  

    13.    Live spermatozoa with poor osmoregularity, such as senescent 
spermatozoa, will show uncontrolled swelling similar to dead 
spermatozoa to the degree of membrane lysis and tail straight-
ening  (  3  ) .  

    14.    Various types of tail changes can be seen as the evidence of 
spermatozoa swelling, including only tail tip enlargement, a 
hairpin curvature at the lower part of the tail, different degrees 
of tail curling, coiling or swelling, shortening and thickening 
of the tail, and total swelling of tail (Fig.  2 ).  

    15.    Prior to the HOS test, neat (unprocessed) semen samples 
should be examined to determine if any spermatozoa have 
undergone spontaneous swelling or have spermatozoa with 
coiled tails. If any affected spermatozoa (tail defects or swol-
len) are detected, the neat sample should be scored in the same 
manner as a sample after incubation in hypo-osmotic solution. 
The number of affected spermatozoa in neat samples should 
be subtracted from the HOS test score in order to obtain an 
accurate assessment.          
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    Chapter 3   

 The Hypo-osmotic Swelling Test for Evaluation 
of Sperm Membrane Integrity       

     Sivakumar   Ramu    and    Rajasingam   S.   Jeyendran        

  Abstract 

 A functional membrane is requisite for the fertilizing ability of spermatozoa, as it plays an integral role in 
sperm capacitation, acrosome reaction, and binding of the spermatozoon to the egg surface. The hypo-
osmotic swelling (HOS) test evaluates the functional integrity of the sperm’s plasma membrane and also 
serves as a useful indicator of fertility potential of sperm. The HOS test predicts membrane integrity by 
determining the ability of the sperm membrane to maintain equilibrium between the sperm cell and its 
environment. In fl ux of the  fl uid due to hypo-osmotic stress causes the sperm tail to coil and balloon or 
“swell.” A higher percentage of swollen sperm indicates the presence of sperm having a functional and 
intact plasma membrane. Here, we present the detailed protocol for performing the HOS test and explain 
the results for interpretation.  

  Key words:   Sperm membrane integrity ,  Fertility ,  Hypotonic solution ,  HOS test ,  Sperm function    

 

 In the diagnosis of male infertility, a number of sperm characteristics 
are evaluated. A test for assessing the functional integrity of the 
sperm membrane is one important measure. Not only sperm mem-
brane integrity is important for its metabolism, but also a correct 
change in the dynamics of the membrane is required for successful 
union of the male and female gametes, i.e., for sperm capacitation, 
acrosome reaction, and binding of the spermatozoon to the egg 
surface. Thus, the integrity and functional activity of the sperm 
membrane are of fundamental importance in the fertilization 
process, and assessment of membrane function may be a useful 
indicator of the fertilizing potential of spermatozoa. 

 When exposed to hypo-osmotic stress, water and small-
molecular-weight compounds and elements will attempt to enter 

  1.  Introduction
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into the sperm to reach osmotic equilibrium. This in fl ow of  fl uids 
will increase sperm volume, and the plasma membrane will bulge 
(balloon) to achieve a minimum surface-to-volume ratio  (  1  ) . The 
sperm tail appears to be particularly susceptible to such hypo-
osmotic stress, and based on the vigor of the sperm, different 
patterns of tail swelling are observed (Fig.  1 ). These induced 
changes to sperm tail morphology are visible with phase-contrast 
microscopy. This ballooning effect is often referred to as “swell-
ing.” It can be assumed that the ability of the sperm tail to swell in 
the presence of a hypo-osmotic stress is a sign that transport of 
 fl uid across the membrane occurs normally, i.e., a sign of both 
structural and functional integrity of the membrane as opposed to 
only structural integrity of the cell membrane, which is the basis 
for eosin Y exclusion in the vital staining test  (  2  ) . The hypo-osmotic 
swelling (HOS) test is useful when performing a semen analysis in 
the diagnosis of the infertile male  (  1,   3–  5  ) . In addition to provid-
ing valuable information on sperm viability, this test is widely used 
to select sperm for intracytoplasmic sperm injection (ICSI) in cases 
of asthenozoospermia  (  6  ) . Here we provide in detail the protocol 
for performing the HOS test and the interpretation of the results.   

 

 Prepare all solutions using distilled water and analytical grade 
reagents. Prepare and store all reagents at the recommended 
temperature. 

      1.    Solution A: 1.5 mM fructose.
   Weigh 2.7 g fructose (MW 180.16) in a sterile beaker.  
  Add 100 ml distilled H 2 O.     

  2.  Materials

  2.1.  Hypo-osmotic 
Solution Preparation

  Fig. 1.    Schematic representation of various morphological changes of human spermatozoa exposed to hypo-osmotic 
stress. ( a ) Sperm with unaltered morphology. ( b – g ) Sperm with different types of tail swelling indicated by hatched area. 
Figure originally published in ref.  1  reproduced with permission.       
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    2.    Solution B: 1.5 mM sodium citrate.
   Weigh 1.47 g sodium citrate (MW 294.1) in a sterile beaker.  
  Add 100 ml distilled H 2 O.     

    3.    Mix equal volume of Solutions A and B, and store in 1 ml ali-
quots using disposable, polypropylene tubes at −20°C until use 
or up to 1 year ( see   Note 1 ).      

  Collect the semen samples by masturbation or other recommended 
procedure and allow the sample to liquefy completely (~30 min) 
( see   Note 2 ).  

      1.    Distilled H 2 O.  
    2.    Glass slide with coverslip.  
    3.    37°C incubator (optional).  
    4.    Laboratory cell counter.  
    5.    Measuring cylinder.  
    6.    Phase contrast microscope.  
    7.    Pipette.  
    8.    Polypropylene tubes.  
    9.    Sterile beaker.  
    10.    Weighing balance.       

 

      1.    Incubate tube containing 1.0 ml of hypo-osmotic (HOS) solu-
tion at 37°C for 10 min.  

    2.    Add 0.1 ml of thoroughly mixed, lique fi ed semen to tube con-
taining HOS solution, and mix gently.  

    3.    Incubate semen/HOS solution mixture for at least 30 min, 
but not longer than 3–4 h, at 37°C ( see   Note 3 ).  

    4.    After incubation at 37°C mix the tube gently, place a drop 
onto a microscopic slide, and cover the drop with coverslip 
( see   Note 4 ).  

    5.    Place prepared slide on microscope and observe under phase 
contrast (400×) for the spermatozoa with swollen tails as 
shown in Fig.  1  ( see   Note 5 ).      

  Hypo-osmotic stress will induce several distinct categories of swell-
ing in the sperm tail region as described below (Figs.  1  and  2 ): 

    1.     Tip : Very tip of the tail is swollen; rest of the tail is normal.  
    2.     Hairpin swelling : Tail swells at mid piece and main piece 

junction with tip swelling or without tip swelling.  

  2.2.  Semen Sample

  2.3.  Additional 
Supplies Needed

  3.  Methods

  3.1.  HOS Test

  3.2.  Sperm Swelling 
Pattern
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    3.     Shortened and thickened tail : Tail swells, constricting surface, 
causing shortening.  

    4.     Partly or completely enveloped sperm tail : Tail “balloons” from 
swelling.  

    5.    Count a total of 200 sperm (at least 100) per sample, including 
both swollen and non-swollen sperm.  

    6.    Calculate swollen sperm as a percentage of total sperm number 
counted.  

    7.    Report as percentage of swollen sperm.      

  Measured as a percentage of sperm tails observed as swollen: 
Record the results in percentage swollen on an observation sheet 
like one shown below:  

 Sample ID 
 Result 
(% swollen) 

 Interpretation 

 Normal  Equivocal  Abnormal 

  ³ 60 %  50–59 %  <50 % 

 Since only a single variable (membrane function) is measured, caution 
is advised. For example, the HOS test is “normal” but some other 
sperm parameter may be defective rendering the sperm infertile. 
The abnormal result is more important than the normal result.   

  3.3.  Results 
and Interpretation

  Fig. 2.    Spermatozoa were either unexposed ( a ) or exposed ( b – d ) to hypo-osmotic stress for 30 min at 37°C. A representative 
slide prepared and observed under phase contrast microscope displaying various forms of tail swelling. The pictures were 
taken using a Nikon microscope with digital imaging system (magni fi cation, ×650).       
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     1.    The HOS test solution should be clear. If you notice any turbidity, 
discard and prepare a fresh stock.  

    2.    For highly viscous specimens, ejaculate may be diluted with an 
equal volume of medium or forced in and out of a 3 ml syringe 
attached to an 18-gauge needle until the sample becomes more 
pliable.  

    3.    The HOS test can be performed at ambient temperature for 
the same period without much change in the expected results.  

    4.    Using a Kim wipe, gently pat down the coverslip to remove the 
excess  fl uid and form a thin  fi lm of one layer of sperm.  

    5.    Count cells under 400× magni fi cation, and appropriate phase 
for accurate assessment of the tail swelling. If bright  fi eld is used, 
then count coiled tails prior to HOS test and subtract the per-
cent of coiled tails obtained prior to the HOS test from the 
percent of swollen sperm following the HOS test.          
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    Chapter 4   

 Sperm Morphology Classi fi cation: A Rational Method 
for Schemes Adopted by the World Health Organization       

     Susan   A.   Rothmann      ,    Anna-Marie   Bort   ,    John   Quigley   , and    Robin   Pillow      

  Abstract 

 Sperm morphology is an important measure of testicular health, spermiation, and fertility potential. The 
World Health Organization (WHO) Semen Manuals advocate different sperm morphology schemes, but, 
like the schemes themselves, do not describe classi fi cation sequence or rules that can be unambiguously 
applied in a standard method. Our novel dichotomous key provides a rational decision framework for a 
sperm morphology classi fi cation algorithm. Classi fi cation order hierarchy is standardized and sperm char-
acteristics are de fi ned. Normal morphology is derived after eliminating abnormal and borderline normal 
forms. By de fi ning and categorizing borderline normal forms separately from either normal or abnormal, 
the method can simultaneously produce results for Strict and traditional morphology schemes as adopted 
by different versions of the WHO Semen Manuals. The algorithm can be used for “recalibration” to a less 
stringent and potentially more relevant standard of normal, while reducing shift, drift, and variation in 
classi fi cation within and among analysts.  

  Key words:   Sperm morphology ,  Sperm classi fi cation ,  Dichotomous key ,  Algorithm ,  World Health 
Organization ,  WHO ,  Borderline normal sperm ,  Strict morphology ,  Semen analysis    

 

 The World Health Organization (WHO) has sponsored the publi-
cation of  fi ve laboratory manuals on human semen analysis over a 
30-year interval, each with different authors and consequently, 
different emphasis and variations in title and content  (  1–  5  ) . The 
WHO Semen Manuals are not “standards,” but are recommen-
dations for semen analysis methods formulated by a panel of edi-
tors whose opinions sometimes oppose each other, and other 
practitioners of semen analysis  (  6,   7  ) . Originally conceived as 
practice guides to facilitate male contraceptive studies, the WHO 
Semen Manuals can serve as useful references for semen analysis 

  1.  Introduction
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but are neither the “gold standard” nor an incontrovertible source 
of information  (  8  ) . 

 Few areas of the WHO Semen Manuals have changed more 
than the sections about sperm morphology. Classi fi cation methods 
and reference values differ widely in the  fi ve editions, re fl ecting the 
plethora of opinions about the de fi nition of a normal sperm. The 
latest edition,  WHO Laboratory Manual For Examination And 
Processing Of Human Semen, 5 th  Edition  (WHO5), was published 
in 2010  (  5  ) . Like the 4th Edition, WHO5 adopted the Strict mor-
phology classi fi cation  (  9,   10  )  validated primarily using in vitro fer-
tilization data  (  11  ) . The Strict classi fi cation scheme assumes that 
sperm cells recovered from the upper endocervical mucus post 
coitus are normal and those that look different from this mostly 
homogeneous population are abnormal. Borderline normal forms 
with minor variation from the paradigm normal forms are consid-
ered to be abnormal  (  9–  11  ) . 

 The WHO Semen Manuals’ adoption of the Strict scheme 
over others where borderline normal sperm are classi fi ed as nor-
mal is controversial and arguably appropriate  (  7,   12  ) . By de fi nition, 
borderline forms have neither de fi nitively normal nor abnormal 
morphology; therefore, they have uncertain functionality. 
Furthermore, the Semen Manuals primarily emphasize analysis of 
sperm in ejaculated semen. The morphology of ejaculated sperm 
measures the quality of sperm at spermiation, whereas the mor-
phology of sperm in the endocervical mucus provides insights 
into potential fertility  (  12  ) . The relevance of using the morphol-
ogy of postcoital sperm with suf fi cient function to penetrate the 
endocervical mucus as the normal standard for sperm in the ejac-
ulate is questionable. When using semen analysis as a screening 
tool for male fertility, classifying borderline forms as abnormal 
because fewer were observed in cervical mucus seems unreason-
ably conservative. 

 The original Strict description of normal was either a perfectly 
smooth oval head or an oval form with a smooth or regular con-
tour but slightly tapered at the postacrosomal end; minor varia-
tions from these characteristics were regarded as normal  (  13  ) . 
As the scheme moved into clinical practice and into the WHO 
Sperm Manuals, the reference spermatozoon head became inter-
preted as perfect in all respects and the original de fi nition of nor-
mal was lost  (  14  ) . Many analysts now have dif fi culty identifying 
any normal sperm, even in the semen of fertile men, and percent 
normal forms above 5–10% are rare in many laboratories. A loss of 
morphology’s predictive value for fertility treatment outcomes, 
especially in vivo, ensued in many centers  (  15,   16  ) . 

 Interpretation of the WHO4/WHO5/Strict scheme differs 
among similarly trained technologists  (  17  )  and changes in classi fi cation 
can occur over time without intervention or awareness  (  14,   18  ) . 
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Grouping borderline normal forms with abnormal, as advocated 
by recent WHO Sperm Manuals, appears to cause inconsistent 
results often with downward classi fi cation shift or drift until nor-
mal cannot be detected  (  13,   14  ) . In our competency/pro fi ciency 
testing program  (  19  ) , the  fi rst in the USA, and in others  (  20  ) , 
challenge results typically include much of the possible analytic 
range of values and indicate the diversity of sperm classi fi cation. 
Our recent survey of morphology classi fi cation practice revealed 
how differently experts classify the same cell: for 35 sperm, one-
third of analysts classi fi ed them as normal, one-third as borderline 
normal, and one-third as abnormal (unpublished data). Clearly 
the threshold for acceptable variation differs among analysts 
because they have different concepts and paradigms of normal 
morphology. The latest WHO Semen Manual included a study 
de fi ning new reference values and population distributions for 
sperm morphology  (  5,   21  ) . The values of percent normal forms 
from four reference populations based on fertility status showed 
higher medians and wider, more normal distribution of values 
rarely observed in many assisted reproductive technologies (ART) 
laboratories, con fi rming the lack of uniform application of sperm 
morphology concepts. 

 This signi fi cant problem is likely due to the absence of rules 
for the precise process of classi fi cation. The WHO Sperm 
Manuals and published morphology classi fi cation schemes 
describe and illustrate various sperm shapes but do not specify 
the order and priority of decision logic. Knowing that an inves-
tigator classi fi ed sperm “according to WHO” is like hearing that 
a traveler visited a continent without specifying the itinerary. 
You would have a general idea of where the journey took place 
but would be unlikely to replicate the trip. Unlike other areas of 
laboratory medicine where clear cell typing rules exist, sperm 
morphology classi fi cation was put into practice without a de fi ned 
decision hierarchy. Sperm visual attributes alone are not suf fi cient 
for consistent analysis across time. Without a standardized 
approach to classi fi cation, teaching and learning the same system 
become virtually impossible. 

 Our solution is a novel algorithm based on a dichotomous key, 
a method commonly used in taxonomy  (  22  ) . The Morphology 
Algorithm (Fig.  1 ) uses three distinct and essential components to 
determine spermatozoon morphology: (1) a series of binary choices 
based on describable and readily recognizable visual attributes for 
sperm shapes and anatomical characteristics; (2) a de fi ned order of 
classi fi cation that uses a process of eliminating sperm abnormalities 
to identify normal forms, in contrast to typical approaches where 
normal is assigned a priori through subjective recall of the analyst’s 
concept of what normal looks like; and (3) de fi nition and separate 
categorization of borderline normal forms as described by Menkveld 
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Is this a sperm?

Are there two or more heads?

Is the head round with an acrosome?

Can this sperm be classified?
(Intact head & tail; clearly visible;
not overlapped by other cells)

Is there a large cytoplasmic remnant?

Is there a tail defect?

Is there a midpiece defect?

Is the head grossly large or small?

Is the acrosome less than ~40 % or
greater than ~70 % of the head area?

Is the head elongated?

Are excessive vacuoles present? 

Is the head grossly misshapen or 
malformed or irregular with dramatic
change to the overall shape?

Is the head essentially oval with minor 
irregularity in the posterior postacrosome?

Normal

No

No

No

No

No

No

No

No

No

No

No

STOP

Abnormal
[Cytoplasmic Remnant Defect]

Identify cell type
[Leukocyte, Germinal or Other]

Abnormal
[Tail Defect]

Abnormal
[Midpiece Defect]

Abnormal
[Head Defect - Multiple Heads]

Abnormal
[Head Defect - Size]

Abnormal
[Head Defect - Acrosome]

Abnormal
[Head Defect - Elongated]

Abnormal
[Head Defect - Dysmorphic]

Abnormal
[Head Defect - Vacuoles]

Borderline
[Borderline normal head]

Borderline
[Borderline normal head]

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

  Fig. 1.    Sperm morphology algorithm © 2011 Fertility Solutions Inc. All rights reserved. Reproduced from Sperm morphology: 
a rational approach to classi fi cation with permission of Fertility Solutions Inc.       

 (  9  )  and Kruger  (  23  ) , from which Strict or traditional percent 
normal forms can be calculated  (  24  ) . The Morphology Algorithm 
provides a framework and method for sperm classi fi cation that is 
rational, repeatable, and de fi ned  (  24  ) .   
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     1.    Glass microscope slides, pre-cleaned, premium quality 
(Superfrost ® ).  

    2.    Spray cytology  fi xative (e.g., PROTOCOL ® ).  
    3.    Modi fi ed Papanicolaou (PAP) stain (  www.fertilitysolutions.com    ).  
    4.    Limonene clearing agent (MasterClear™).  
    5.    Clinical grade microscope with high-wattage Kohler illumina-

tion and high quality, low numeric aperture 100× oil bright-
 fi eld objective for analysis, and low power (10× or 20× objective 
for locating focal plane and analytic areas of smear).  

    6.    Immersion oil.      

 

  Sperm morphology analysis relies on the quality of the semen smear 
and its stain. As soon as the semen is smeared, it should be sprayed 
while wet using a spray cytology  fi xative (e.g., PROTOCOL ® ) to 
prevent artifacts created by air-drying. Modi fi ed PAP procedure 
yields the clearest identi fi cation of sperm anatomy. Commercial 
kits eliminate the lengthy preparation of staining reagents (e.g., 
  www.fertilitysolutions.com    ). Modern clearing agents containing 
inorganic agents such as limonene (MasterClear™) eliminate toxic 
solvents such as xylene that required a fume hood. Most quick stains 
intended for blood smears mask the  fi ne structural detail of sperm 
and stain the seminal plasma, leaving little contrast between 
sperm and background. In our experience, prestained slides intended 
for hematology do not provide adequate quality for sperm mor-
phology and are dif fi cult to analyze. The time spent applying good-
quality PAP stain typically lessens analytic time by providing a 
smear that is easier to interpret.  

  Compared to other body  fl uid cells, sperm are small and are best 
observed with bright  fi eld microscopic examination using a high-
quality, low numeric aperture 100× oil objective with high-wattage 
illumination. The quality of the light and the objective can affect 
the appearance of the sperm, especially when optimal staining 
methods are not used. With inferior optics, the details of sperm 
anatomy may be dif fi cult to see, especially in the midpiece and tail. 
Köhler illumination provides high contrast for evaluating sperm 
morphology by properly aligning the image planes and defocusing 
the light waves. Poor alignment can cause blurred, washed out 
images and problems focusing the image plane. Numerous online 

  2.  Materials

  3.  Methods

  3.1.  Semen Smear 
Preparation 
and Staining

  3.2.  Microscopy

http://www.fertilitysolutions.com
http://www.fertilitysolutions.com
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tutorials illustrate the technique. Thorough objective cleaning after 
daily use prevents oil accumulation. Annual professional cleaning 
of the entire optical path is highly recommended.  

  The Morphology Algorithm is a de fi ned sequence of 12 dichoto-
mous questions that identify whether speci fi c visual attributes of 
the spermatozoon are present or absent. If the speci fi c attribute is 
not present, the analysis proceeds to the next question. The 
Morphology Algorithm evaluates readily discernable sperm anatomy 
in the following order: cytoplasmic remnants, tail, midpiece, and 
head. The head classi fi ers are positioned at the end of the pathway 
because sperm heads exhibit considerable pleiomorphism, often 
subtly  (  25  ) . After abnormal forms are eliminated, the attribute 
classi fi ers for borderline normal forms are evaluated. Through this 
process of elimination, a spermatozoon that does not have the 
describable visual attributes of abnormal or borderline normal 
forms is classi fi ed as normal. 

 Separate categorization of borderline forms has several distinct 
advantages. First, the analyst can calculate percent normal forms 
for Strict and traditional schemes at the same time. In the Strict 
scheme, the borderline forms are added to the abnormal sperm; in 
traditional schemes, they are combined with the normal forms. 
Second, the borderline category conveys the classi fi cation uncer-
tainty that inherently exists in subjective morphology analysis, 
readily apparent not only to the analyst, but also to anyone who 
must interpret the results. Since it is unknown whether borderline 
normal sperm are functionally normal or abnormal, separate 
classi fi cation is prudent.  

  Figure  1  shows the algorithm sequence for the most basic differen-
tial analysis of abnormal, borderline, and normal. Speci fi c defect 
classi fi cations for a teratozoospermia index or complete differential 
are italicized below and shown in brackets in the Figure. 

 Two essential queries begin the analysis. 
 Is this a sperm? If not a sperm, identify the cell type, e.g., poly-

morphonuclear (PMN) leukocyte, immature germ cell, epithelial 
cell, debris, etc. (see Note 1). 

 Can this sperm be classi fi ed? Classify only intact spermatozoa 
with complete head, midpiece, and tail. All regions of the cell must 
be clearly visible and not obscured by other cells or debris (see 
Note 2). 

 Next, classify each spermatozoon using the following queries:

    1.    Is a large cytoplasmic remnant present? If the quantity of cyto-
plasm is greater than one-third of the area of a normal sperm 
head, classify as abnormal ( cytoplasmic remnant ) (see Note 3).  

    2.    Is there a tail defect? Tail defects include broken, coiled, hair-
pin, irregular width, multiple, or short tails (see Note 4). 
If present, classify the cell as abnormal ( tail defect ).  

  3.3.  Classi fi cation 
Algorithm General 
Approach

  3.4.  Algorithm 
Sequence
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    3.    Is there a midpiece defect? Midpiece defects include bent necks 
or midpieces, and abnormally thick, irregular, abnormally thin, 
or abaxial midpieces (see  Note 5 ). If present, classify as 
abnormal ( midpiece defect ).  

    4.    Are there two or more heads? Sperm with two or more heads 
are usually joined at the neck or midpiece. If present, classify as 
abnormal ( head defect — multiple head ).  

    5.    Is the head grossly large or small? The head must be at least 
two times or less than half the size of a normal head to classify 
this abnormality (see  Note 6 ). If yes, classify as abnormal ( head 
defect — size ).  

    6.    Is the acrosome less than ~40% or greater than ~70% of the 
head? This category includes missing, very small, or very large 
acrosomes (see  Note 7 ). If present, classify as abnormal ( head 
defect—acrosome ).  

    7.    Is the head elongated? The length-to-width ratio is signi fi cantly 
greater than 2:1, as seen in tapering sperm (cigar-shaped or 
dumbbell forms) and in pyriform sperm where the postacrosome 
is elongated and narrows toward the neck (see  Note 8 ). If pres-
ent, classify as abnormal ( head defect—elongated ).  

    8.    Is the head misshapen or malformed, or does it have an irregu-
larity that dramatically changes the overall shape? This category 
includes bizarre head shapes, or heads with multiple or severe 
irregularities, such as large indentations, perimeter roughness, 
ruf fl ing, or waviness that signi fi cantly change the shape. Some 
forms commonly seen resemble acorns, balloons, bullets, 
dumbbells, mushrooms, etc. Older schemes call these forms 
amorphous. Since they obviously have a shape a more appro-
priate term is dysmorphic (see  Note 9 ). If present, classify as 
abnormal ( head defect—dysmorphic ).  

    9.    Are excessive vacuoles present? One or more vacuoles that occupy 
more than 20% of the head area or a large, prominent vacuole in 
the postacrosomal region are abnormal (see  Note 10 ). If present, 
classify the cell as abnormal ( head defect—vacuoles ).  

    10.    Is the head essentially round with an acrosome present? Does 
the sperm head have an overall round shape (i.e., have a length-
to-width ratio of 1:1) and an acrosome of normal size and 
shape? (see  Note 11 ). If yes, classify as a borderline normal 
form ( borderline normal head ).  

    11.    Is the head essentially oval with minor irregularity in the pos-
terior postacrosome? Included in this group are three variants: 
the posterior postacrosome segment has straight sides that 
narrow to a point like a V (see  Note 12 ), ends in a pinched 
projection (see  Note 13 ), or has minor contour irregularity 
that does not dramatically change the shape of the head from 
oval (see Note 14). If any of these are present, classify the cell 
as a borderline normal form ( borderline normal head ).  
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    12.     Conclusion : If no abnormal or borderline normal forms were 
identi fi ed after the last query, classify the sperm morphology as 
normal (see  Note 15 ) ( normal head, midpiece, tail ).      

  A minimum of 200 sperm should be analyzed. For a simple differen-
tial, total the sperm in each category of normal, borderline normal, 
and abnormal. Calculate the percentage of each type by dividing by 
the number of spermatozoa analyzed. Calculations for more com-
plex differentials are described in the WHO5 in Chapter   3      (  5  ) .   

 

     1.    Typically the PMN leukocytes and immature germ cells are tal-
lied separately as they are observed within the analysis and each 
is expressed as number per 100 sperm. If the total sperm count 
is known, the number in the ejaculate can be calculated.  

    2.    Avoid the temptation to classify a partially obscured sperm 
with an obvious abnormality to prevent bias toward abnormal 
scoring. Since the normal sperm cannot be classi fi ed unless all 
anatomy is visible, proportionally more abnormal sperm can be 
classi fi ed if partially visible abnormal forms are included in the 
differential. For example, when the sperm tail looks normal 
but the head is obscured, the cell cannot be analyzed in its 
entirety; however, when the tail is broken but the head is 
obscured, the sperm still could be tallied as abnormal. 
Categorizing only those sperm that can be seen in their entirety 
constitutes the best practice.  

    3.    The WHO5 changed the standard nomenclature of cytoplas-
mic droplet to excess residual cytoplasm (ERC), but a better 
term for abnormally large cytoplasm is cytoplasmic remnant 
 (  12  ) . We disagree that cytoplasmic remnants disappear during 
staining. When a smear has been appropriately sprayed with 
 fi xative when wet, cytoplasmic remnants are readily identi fi ed 
in a PAP-stained preparation.  

    4.    Distinguish normal tails that are curved or looped from abnor-
mal tails that are either tightly coiled (often a sign of hypo-
osmotic stress) or have a hairpin bend, a tight 180° turn that 
folds the tail back toward the head. Classify a broken tail only 
when the break appears in the principal piece of the tail, not 
the neck or midpiece, with either an obvious physical separa-
tion or an angle greater than 90° with a sharp point.  

    5.    We found the nomenclature for midpiece defects of bent or 
broken tails confusing. To reduce ambiguity, we have assigned 
the following de fi nitions. When a sharp, greater than 90°, bend 

  3.5.  Calculations

  4.  Notes

http://dx.doi.org/10.1007/978-1-62703-038-0_3
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is located in the neck area just below the head, we categorize 
this midpiece defect as a bent neck. When the sharp bend is 
located anywhere else on the midpiece or at the junction of the 
midpiece with the tail, the classi fi cation is a bent midpiece. 
Thick midpieces should be clearly wider than twice the tail 
width. A common form gradually widens until it appears to 
cup the posterior postacrosome, in a shape similar to a golf tee. 
Abnormally thin midpieces are the result of the mitochondrial 
sheath loosening  (  10  ) . Once loosened, the sheath can either 
slide up or down giving a “fallen sock” appearance, easily 
misclassi fi ed as a small cytoplasmic remnant, or it can come off 
completely exposing the midpiece, that is thinner than the 
width of the tail. If the attachment of the midpiece is not at the 
end of the central axis of the head, the midpiece is abaxial.  

    6.    Size of sperm is in fl uenced by  fi xation and type of stain. 
Measurements can be found in WHO5  (  5  ) . Using the 
classi fi cation rule described here allows for these differences 
and the variation in measurement. Most analysts cannot dis-
cern a micron difference and our rule reduces or removes the 
need to measure each cell.  

    7.    Acrosomes >70% of the head area are rarely observed but are 
considered abnormal in almost all schemes. Before classifying 
an acrosome as too small, consider that angle, orientation, and 
staining have a large impact on the apparent acrosome size. 
Detecting minor differences in acrosome size can be dif fi cult, 
but focusing through multiple planes reveals the actual size. 
This query also identi fi es round-headed sperm with no visible 
acrosome. When most of the sperm have this defect, a condi-
tion known as globozoospermia is present.  

    8.    The posterior postacrosome of a pyriform head has acute narrow-
ing that can make evaluation of the length-to-width ratio dif fi cult. 
To determine if the ratio is greater than 2:1, compare the head 
length to the equatorial width. Pyriform sperm often resemble 
ice cream cones with the extended “cone”-shaped base.  

    9.    Do not include minor variation in head shape here. This cate-
gory of dysmorphic head shapes only includes obviously gross, 
major malformations.  

    10.    We disagree with the Kruger and WHO5 de fi nition that more 
than two small acrosomal vacuoles is an abnormality  (  5,   23  )  
and instead, use previous de fi nitions from WHO3, WHO4, 
and Menkveld  (  3,   4,   9  ) . Prominent, solitary postacrosome 
vacuoles as described in WHO5  (  5  )  and Kruger  (  23  )  also are 
abnormal since these appear to have a negative impact on 
embryo development  (  26  ) . Multiple small vacuoles observed 
in most or all sperm on a smear often are artifacts induced by 
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inadequate  fi xation and sample aging. Do not misidentify 
indentation along the edge of the head as a vacuole.  

    11.    Round-headed sperm with no acrosome and sperm with 
acrosomes of abnormal shape and size should have been 
identi fi ed in previous queries.  

    12.    Although the posterior postacrosome segment narrows, it is 
not elongated like the pyriform shape. The sides of the V must 
be straight and lack the curvature associated with the perimeter 
of a U, oval, or egg shape. The straight sides form an angle 
between 60° and 135°. If there is any curvature in the post-
acrosomal segment, the head should not be classi fi ed as a 
borderline normal form. There should be no bulging at the 
equatorial region.  

    13.    The pinched projection at the posterior post acrosome resem-
bles the keyboard symbol “}” for curly bracket. This form 
should be distinguished from grossly abnormal dysmorphic 
shapes that have a very  fl at posterior postacrosome that resem-
ble a gardening spade.  

    14.    Do not overuse this category for sperm that are not perfectly 
oval. If the contour of the posterior postacrosome is slightly 
irregular with either minor indentation or a slightly ruf fl ed, 
ridged, or wavy appearance, but the overall head shape is essen-
tially oval, the sperm  fi ts into this category. Focusing at different 
depths helps distinguish a slight indentation caused by smear 
preparation from a vacuole viewed laterally along the edge.  

    15.    Descriptive sperm morphology must be interpreted with cau-
tion because cells that are not abnormal in appearance may or 
may not have normal function  (  12  ) .          
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    Chapter 5   

 Sperm Morphology Assessment Using Strict 
(Tygerberg) Criteria       

     Roelof   Menkveld         

  Abstract 

 Although sperm morphology evaluation is one of the most important aspects of the semen analysis if done 
correctly and accurately, a trend is developing in which many laboratories or clinicians no longer regard 
sperm morphology as relevant due to the very low normal reference value of only 4% morphological nor-
mal spermatozoa given in the newest (2010) WHO-5 semen analysis manual. However, to maintain its 
relevance, sperm morphology evaluation, like the rest of the standard semen analysis, should be performed 
according to well-de fi ned procedures. If performed correctly and according to high standards, morphol-
ogy data are of high predictive value for male fertility potential and are critical in selecting the assisted 
reproductive techniques (ART) treatment. With the new low normal value it is becoming even more 
important that not only percentage normal and abnormal be reported but also that an in-depth report be 
given on the types of abnormalities present which will be important in selecting the type of clinical proce-
dure to be adopted in ART, being, IUI, IVF, or ICSI. The methods to properly evaluate human sperm 
morphology are described in this chapter.  

  Key words:   Semen analysis ,  Sperm morphology    

 

 Sperm morphology is one of the routine basic semen parameters to 
be evaluated according to the WHO manual guidelines  (  1  )  and if 
done correctly is of strong prognostic value  (  2  ) . One of the most 
important aspects for performing sperm morphology evaluation is 
that it should be performed according to very strict guidelines with 
a clear de fi nition for a morphologically normal spermatozoon. For 
this purpose the guidelines of the WHO manuals have adopted the 
strict criteria principles  (  3  ) , partially in the 1992 edition  (  4  )  and in 
full in the 1999 edition  (  5  )  as well as in the 5th and latest edition 
(WHO-5) published in 2010  (  1  ) . 

  1.  Introduction
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 Accurate evaluation of sperm morphology requires adherence 
to the following principles which are discussed in detail in the cur-
rent chapter:

    1.    Correct preparation of slides and smears.  
    2.    Correct  fi xation of smears.  
    3.    Correct staining of the smears.  
    4.    Correct mounting of stained smears.  
    5.    Correct microscopic equipment, optics, and setup.  
    6.    Correct examination procedure of the semen smear.  
    7.    Clear concept and de fi nition for morphologically normal 

spermatozoa.  
    8.    Correct identi fi cation of the four main abnormal spermatozoa 

classes.  
    9.    Correct identi fi cation and calculation of the teratozoospermia 

index (TZI) and identi fi cation of sperm morphology patterns.  
    10.    Correct use of a schedule (algorithm) for the identi fi cation of 

morphologically normal spermatozoa.      

 

      1.    Air-displacement pipette—0–20  m l.  
    2.    Microscope slides with frosted ends.  
    3.    95% Ethanol.  
    4.    Detergent solution.  
    5.    Marking pencil.      

      1.    Staining dishes with tight  fi tting lids or Coplin jars.  
    2.    Absolute ethanol or methanol.      

      1.    Staining dishes.  
    2.    Stainless steel staining racks with ten slots to hold 10 or 20 

slides con fi gured such that slides can be placed lengthwise in a 
horizontal position.  

    3.    Distilled water.  
    4.    Analytical grade ethanol: Prepare 95, 80, 70, and 50% ethanol 

with distilled water.  
    5.    Harris hematoxylin.  
    6.    0.5% HCl: Add 1 ml concentrated HCl to 200 ml distilled 

water.  
    7.    Scott’s water: Add 20 g MgSO 4 ·7H 2 O and 2 g NaHCO 3  to 

tap water.  

  2.  Materials

  2.1.  Preparation 
of Slides and Smears

  2.2.  Fixation of Smears

  2.3.  Staining 
of Smears
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    8.    Orange G6 solution.  
    9.    Polychrome EA50 solution.  
    10.    Absolute propanol.  
    11.    Xylene solutions.  
    12.    1-Propanol and xylene solution: Mix 1 part 1-propanol with 1 

part xylene.      

      1.    Heating tray or low-temperature oven.  
    2.    Tweezers (stainless steel or plastic).  
    3.    Mountant such as DPX.      

      1.    High-quality microscope with 10×, 12.5×, or 15× magni fi cation 
eyepieces and at least three objectives: A low-power 
magni fi cation (LPM) objective of 10×, 15×, or 20×, a high-
power magni fi cation (HPM) objective of 40×, and a 100× oil 
immersion objective of the highest quality available such as 
planachromat objectives (see Notes 12 and  13  and WHO-5, 
page 235 for detail  (  1  ) ).  

    2.    Tally counter with at least  fi ve buttons for differential counts.  
    3.    Lens immersion oil.  
    4.    Lens cleaning paper.       

 

      1.    Slides for the morphology smears must be clean and grease 
free. If they are not, the slides should be washed with a deter-
gent solution, rinsed with clean water and then rinsed with 
alcohol, and dried.  

    2.    Label the slide with patient or sample identi fi cation.  
    3.    Place a drop of semen on the microscope slide immediately 

adjacent to the label (see  Note 1 ).  
    4.    Place a microscope slide in front of the semen drop, pull back 

to make contact with the semen drop, and move the slide for-
ward drawing the drop behind (see  Note 2 ).  

    5.    Prepare smears in duplicate for backup purposes in case stain-
ing was not successful or for later reference purposes.      

      1.    As soon as the semen smears show a change in appearance, 
indicating that they are air dried, but not completely dried-
out, place the smears in the container with the alcohol for 
 fi xation.  

    2.    Fix slides for a minimum of 10 min (see  Note 3 ).      

  2.4.  Mounting 
of Stained Smears

  2.5.  Microscopic 
Equipment, Optics, 
and Setup

  3.  Methods

  3.1.  Slide and Smear 
Preparation

  3.2.  Fixation of Smears
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  There are many methods available for the staining of semen smears, 
which can be used for speci fi c staining results or reasons. However, 
for routine semen analysis a modi fi ed Papanicolaou method is the 
only method recommended because it gives good differential stain-
ing of spermatozoa and round cells without causing too many 
alterations in sperm structures (form) and size  (  6  ) .

    1.    Transfer slides from  fi xation solution or storage box to slots of 
staining racks.  

    2.    Set up sequential staining jars containing the following solu-
tions with one jar for each step (see  Notes 4  and  5 ).  

    3.    Dip slides ten times in 80% ethanol.  
    4.    Dip slides ten times in 70% ethanol.  
    5.    Dip slides ten times in 50% ethanol.  
    6.    Dip slides ten times in distilled water.  
    7.    Transfer slides to Harris Hematoxylin for 15 min.  
    8.    Rinse slides in running water for 3–5 min (until slides are 

clear).  
    9.    Dip slides two times in 0.5% HCl.  
    10.    Rinse slides in running water for 5 min.  
    11.    Transfer slides to Scott’s water for 1 min.  
    12.    Rinse slides in running water for 1–5 min.  
    13.    Dip slides in 50% ethanol ten times.  
    14.    Dip slides in 70% ethanol ten times.  
    15.    Dip slides in 80% ethanol ten times.  
    16.    Dip slides in 95% ethanol ten times.  
    17.    Transfer slides to Orange G6 solution for 5 min.  
    18.    Dip slides through two sequential washes of 95% ethanol  fi ve 

times each.  
    19.    Transfer slides to polychrome EA50 solution for 5 min.  
    20.    Dip slides through three sequential washes of 95% ethanol  fi ve 

times each.  
    21.    Dip slides in 1-propanol  fi ve times.  
    22.    Dip slides in 1-propanol:xylene solution  fi ve times.  
    23.    Dip slides through two sequential washes of xylene ten times 

each (see  Note 6 ).  
    24.    Transfer slides to a third jar containing xylene for 10 min.  
    25.    Mount the slides immediately after staining with an appropri-

ate mounting medium like DPX (see  Notes 7  and  8 ).      

      1.    Apply a thin streak of mounting medium over the length of the 
coverslips to be used, start and ending about 5 mm from the 
edges of the coverslip (see  Notes 9 – 11 ).  

  3.3.  Staining 
of Smears

  3.4.  Mounting 
of Stained Smears
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    2.    Take the slide with the stained semen smear directly out of the 
Xylene solution and place it with the semen smear side directly 
on the mounting medium. Allow the weight of the microscope 
slide to distribute the mounting medium evenly over the entire 
coverslip area.  

    3.    With a tweezers maneuver the coverslip carefully to a central 
position. If any air bubbles are present carefully maneuver 
them to the side of coverslip until they disappear with the aid 
of the tweezers.  

    4.    Allow slides to air-dry overnight or place them on a heating 
tray or low-temperature heating oven with moderate heat to 
accelerate the drying process.      

      1.    For optimal bright  fi eld microscope performance adjust the 
light path according to the Köhler illumination system.  

    2.    For ease of operational procedure place the LPM objective in 
the middle of the HPM and oil immersion 100× objectives. 
This will allow for easy alternation between the different objec-
tives, especially when screening the semen smears (see Notes 12 
and 13).      

      1.    Following microscope setup, scan the stained semen smear 
with the LPM objective to observe the spreading of the sper-
matozoa in the smear, the staining quality, and the presence of 
round cells.  

    2.    If round cells are observed move to the HPM to enable better 
identi fi cation of the type of round cell.  

    3.    Identify a suitable area under the LPM to perform the sperm 
morphology evaluation process. An ideal area should contain 
between 5 and 10 spermatozoa per oil immersion  fi eld.  

    4.    When the right area is identi fi ed place a very small drop of immer-
sion oil on the spot to be investigated, not larger than the light 
spot that can be observed on the objective glass (see  Note 14 ), 
and then bring the oil immersion objective into place.  

    5.    Assess at least 200 spermatozoa in a single series (see  Notes 15  
and  16 ).  

    6.    Record the morphological appearance of each spermatozoon 
as normal or abnormal as discussed in Subheading  3.7  (see 
 Note 17 ).      

  The de fi nition for a morphologically normal spermatozoon is based 
on the modal form of spermatozoa seen on smears of cervical 
mucus obtained from the endocervical canal, after intercourse (3). 
For the evaluation of the morphological normality of a spermatozoon 

  3.5.  Microscopic 
Equipment, Optics, 
and Setup

  3.6.  Examination 
Procedure of the 
Semen Smear

  3.7.  Concept 
or De fi nition 
for Morphologically 
Normal Spermatozoa
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the whole spermatozoon must be considered. A morphologically 
normal spermatozoon is de fi ned as follows:

    1.    The head of the spermatozoon must have an oval form with 
smooth contours.  

    2.    A clearly visible and well-de fi ned acrosome must be present 
exhibiting a homogeneous light-blue staining.  

    3.    The tail should be apically inserted to the post-acrosomal end.  
    4.    No abnormalities should be present at the neck insertion or 

within the neck/midpiece or of the tail.  
    5.    No cytoplasmic residues may be present at the neck/midpiece 

region or on the tail.  
    6.    The acrosome should cover about 30–60% of the anterior part 

of the sperm head.  
    7.    A normal spermatozoon should measure 3–5  m m in length and 

2–3  m m in width (see  Note 18 ).  
    8.    The midpiece should be about 1.5 times the length of a nor-

mal spermatozoon and about 1  m m thick.  
    9.    The tail should be about 45–50  m m long and without any sharp 

bends.  
    10.    For a spermatozoon to be considered normal all of the above 

aspects must be normal.  
    11.    Borderline or slightly abnormal spermatozoa are considered as 

abnormal.      

  In the literature four main abnormal sperm morphology classes are: 
head abnormalities, neck/midpiece abnormalities, tail abnormali-
ties, and the presence of cytoplasmic residues sometimes also called 
cytoplasmic droplets.

    1.1.     Head abnormalities : Head defects include abnormalities in size, 
form, and/or structure. Size abnormalities occur when the 
head is too large or too small based on the actual staining 
method used, but still presents with an overall oval form. Form 
defects are present when the spermatozoa do not present with 
the classical oval form. This category includes spermatozoa that 
are described as elongated forms, tapering forms, which accord-
ing to Eliasson (1970) may be smaller or larger than the nor-
mal oval form  (  7  ) , and the so-called pyri- or pear-shape forms, 
which are usually larger than the normal oval form. Spermatozoa 
with a V-shaped distal (post-acrosomal) end and which are not 
elongated are regarded as morphologically normal.  

    1.2.     Acrosome abnormalities : Acrosomal defects include size defects, 
staining defects, and structural defects. Size defects occur when 
the acrosome is >60% or <30% of the normal sized head. Acrosomal 
defects can also include staining defects if the acrosomes do not 

  3.8.  Identi fi cation 
of the Four Abnormal 
Sperm Morphology 
Classes



455 Sperm Morphology Assessment Using Strict (Tygerberg) Criteria 

show the homogeneous light-blue staining when stained 
according to the Papanicolaou method, or if the acrosome 
staining is only present in certain areas of the acrosome while 
other areas do not show any staining. Structural defects include 
the presence of large vacuoles or cysts (see  Note 19 ).  

    1.3.     Duplicate heads : Duplications generally occur when two heads 
are joined together at the neck/midpiece, but may also occur 
within any other part of the sperm structure. When a head 
duplication is present this is classi fi ed as the primarily head 
abnormality.  

    1.4.     Amorphous heads : Amorphous head classi fi cation includes all 
other head abnormalities that cannot be classi fi ed under any 
of the named abnormal head categories (see  Note 20 ).  

    2.     Neck/midpiece defects : As speci fi c neck defects per se are dif fi cult 
to identify, neck and midpiece defects are combined as one 
defect type. Neck/midpiece defects include bent necks, where 
the neck/midpiece forms a de fi nite angle with the sperm head, 
asymmetrical implantation of the neck/midpiece into posterior 
region of the sperm head, thickened neck/midpieces, asymmet-
ric bent midpieces, and cases where the mitochondrial material 
has shifted to the neck or towards the principal tail region, giv-
ing the appearance of a very thin midpiece (see  Note 21 ).  

    3.     Tail defects  include cases where a de fi nite bend (some 
de fi nitions specify >90°) is observed at any part of the princi-
pal tail piece (see  Note 22 ) and shorter than normal tails 
(see  Note 23 ). Other tail defects include duplicate tails, with 
two or more extruding from a single sperm head or midpiece, 
and coiled or irregular tails (see  Note 24 ).  

    4.     Cytoplasmic residues : Although no cytoplasmic material should 
be present, a small amount of cytoplasmic material of <30% of 
a normal sized sperm head can be regarded as normal (see 
 Note 25 ).      

      1.     Non-spermatozoal structures and cells : Loose heads are not 
counted as abnormal spermatozoa or included in the sperm 
morphology evaluation schedule. The presence of >20% loose 
heads should be recorded on the sperm morphology report 
form. Pinpoint heads are not included in the sperm morphol-
ogy evaluation schedule. The presence of more that 20% pin-
point heads should also be reported on the sperm morphology 
report form (see  Note 26 ).  

    2.     Round cells and other cells : Round cells as seen on a semen 
smear can be of two sources: cells originating from the germi-
nal epithelium or the so-called precursors, and in fl ammatory 
or white blood cells. Other cells that may be present include 
epithelial cells and cells originating from the male accessory 
organs such as the prostatic cells.      

  3.9.   Additional 
Structures and Cells 
in Semen Smear
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      1.    Due to the very low percentage of morphologically normal 
spermatozoa counted in today’s setting it is becoming of 
increasing importance to identify the type of abnormality pres-
ent and not just to report normal or abnormal. Two criteria 
can be used for this purpose: the TZI or speci fi c abnormal 
sperm morphology patterns  (  8  ) .  

    2.     TZI : Each morphologically abnormal spermatozoon can have 
from 1–4 types of abnormality classes as described above, in 
any number or combination. To re fl ect this, the TZI was intro-
duced. If the spermatozoon is normal, only press the normal 
button on the  fi ve-button tally. If the spermatozoon is abnor-
mal, press the button indicating the abnormality. If a second 
abnormality is present keep the  fi rst abnormality button pressed 
down, and press the second button indicating the speci fi c 
abnormality and release that button. If a third abnormality is 
present keep the  fi rst button pressed down, and press the button 
indicating the third abnormality. Repeat this procedure if a fourth 
abnormality is present. Continue in this manner until 200 sper-
matozoa have been scored. Add all the numbers of the four 
abnormal classes together and divide by 200 minus the number 
of normal heads scored. The result will be the TZI. The numer-
ical value of TZI should always be between 1.0 and 4.0.  

    3.     Sperm morphology patterns : The use of sperm morphology pat-
terns is a more clinical approach, as the primary type of sperm 
head abnormality present can be identi fi ed and a more clinical 
decision can be made to direct assisted reproductive technique 
(ART) treatments. Some morphological abnormalities may be 
due to environmental factors, which may be reversible with 
lifestyle changes, and other abnormalities are likely due to 
genetically determined factors. Abnormalities that may arise 
due to lifestyle factors include sperm elongation or tapered 
forms due to male genital infections, excessive exercise or men-
tal stress, and large headed spermatozoa, which can be caused 
by medication such as in the treatment of ulcerative colitis or 
Crohn’s disease with Sulfasalazine  (  2  ) . Genetically determined 
sperm abnormalities include small headed spermatozoa with 
small acrosomes, and sperm sterilizing defects which are more 
extreme cases of genetic defects. The best characterized are 
short tail syndrome and globozoospermia defects, although 
other types have also been described  (  8  ) . Short tail syndrome 
is characterized by short thick tails and dysplasia of the  fi brous 
sheath. Globozoospermia is characterized by the absence of 
the acrosome and small round sperm heads. Men with short 
tail syndrome and complete globozoospermia are considered 
sterile as far as in vivo conception is concerned. These condi-
tions should be treated with ICSI only. It is therefore impor-
tant that clear notes of these defects be made on the sperm 
morphology report.      

  3.10.  Identi fi cation 
and Calculation of TZI 
and Identi fi cation 
of Sperm Morphology 
Patterns
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  The following simple algorithm can be used to categorize the 
spermatozoa as morphologically normal or abnormal:

    1.    Is the sperm an oval form with smooth contours? If no = abnor-
mal; if yes—continue.  

    2.    Is the sperm size normal? If no = abnormal; if yes—continue.  
    3.    Is an acrosome visible? If no = abnormal; if yes—continue.  
    4.    Is the acrosome normal in size? If no = abnormal; if yes—

continue.  
    5.    Is the tail inserted correctly? If no = abnormal; if yes—

continue.  
    6.    Is there another neck/midpiece defect? If yes = abnormal; 

if no—continue.  
    7.    Is there a tail defect? If yes = abnormal; if no—continue.  
    8.    Is there a cytoplasmic residue present? If yes = abnormal; 

if no—a morphological normal spermatozoon is present.       

 

     1.    The size of the semen drop will depend on the estimated sperm 
concentration. Adjust the drop size such as to provide a thin 
smear with about 5–10 spermatozoa per oil immersion  fi eld. 
When the sperm concentration is high a small drop of  ³ 5  m l is 
used and with decreasing sperm concentration the drop size is 
increased to a maximum of 15  m l. With drops lager than 15  m l 
there is a strong possibility that part of the smear may dislodge 
from the slide during  fi xation or staining. With low sperm con-
centrations an aliquot of the sample can be concentrated by 
centrifugation and the pellet resuspended in part of the super-
natant so as to increase the sperm concentration.  

    2.    By altering the angle between the two slides and controlling the 
speed of movement of the slide with which the feathering is 
performed the thickness of the smear can also be controlled.  

    3.    Smears can be kept in  fi xative for a prolonged period of time, 
until staining, or they can be stored after air drying for later 
use; however best results are obtained if smears are stained 
immediately after removal from the  fi xative.  

    4.    It is important to make sure that staining dishes are adequately 
 fi lled so that slides are completely submerged under the stain-
ing solutions.  

    5.    Staining solutions should be replaced regularly, especially the 
Xylene solutions. Hematoxylin solution should be  fi ltered from 
time to time if not replaced completely.  

  3.11.  Algorithm 
for the Identi fi cation 
of Morphologically 
Normal Spermatozoa

  4.  Notes
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    6.    Xylene is toxic and is prohibited in many laboratories/ countries. 
It can be replaced by other products such as Masterclear™ 
(American MasterTech, California, USA), propanol, or 
Neoclear ®  (Merck, Germany)  (  9  ) . In cases where substitutes 
for xylene are used, complementing ethanol mounting medi-
ums are available such as Clearmount™ (American MasterTech, 
California, USA).  

    7.    When semen material dislodges from the slide, the smears were 
probably made too “thick” or the running water  fl ow was too 
strong.  

    8.    It is important to know the reasons for the different staining 
steps and the effect of every stain and other solutions employed 
through the staining procedure so that adjustments can be 
made to obtain the best staining effects possible (see WHO-5 
 (  1  ) , Björndahl et al.  (  9  ) , and Kvist and Björndahl  (  10  ) ).  

    9.    It is preferable to use coverslips of 50 × 24 mm, as this will 
allow the coverslip to be placed some distance from non-frosted 
end of the slide. This then will allow two slides to be placed 
back to back in one slot (opening) of a slide-storing box, allow-
ing double the normal amount of slides being stored in a slide-
storing box.  

    10.    Make sure that coverslips are clean. If not, clean them by wash-
ing with detergent and rinse with ethanol.  

    11.    Use as little mountant as possible, as thickly mounted cover-
slips will negatively affect the optics of the microscope, espe-
cially with the 40× but also with the 100× objectives.  

    12.    It is advisable that one of the eyepieces can be exchanged for 
an eyepiece with a built-in micrometer in order to make sperm 
head measurements after calibration with the use of a stage 
micrometer.  

    13.    The ideal total magni fi cation for the sperm morphology evalu-
ation is a total magni fi cation of 1,200×.  

    14.    To place the drop of oil on the microscope slide, do not remove 
the slide from the stage but turn the nosepiece so that the light 
spot on the microscope slide can be seen halfway between the 
LPM and oil immersion objectives.  

    15.    The sperm morphology evaluations should ideally be per-
formed in more than one area to improve the accuracy of the 
evaluation as experience has shown that in some cases nonran-
dom distribution of normal and abnormal spermatozoa may be 
present, especially when evaluations are performed on the 
edges of the microscope slides.  

    16.    According to the WHO-5 (2010) manual, evaluating one 
series of 200 spermatozoa is better than evaluating 100 
spermatozoa twice  (  1  ) . To increase accuracy two times 200 
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spermatozoa can be evaluated, but this is not always possible 
due to time restraints. However, the WHO-5 (2010) manual 
also recommends that in cases where the treatment of the 
patients/couple crucially depends on the percentage of mor-
phologically normal spermatozoa present in the sample, 200 
spermatozoa should be assessed twice  (  1  ) .  

    17.    Depending on the type of evaluation to be performed use can 
be made of the extra buttons to record the type of sperm 
abnormality present. If the TZI is to be calculated the class of 
abnormalities can be recorded, or if sperm pattern abnormali-
ties are to be recorded the type of head abnormalities can be 
recorded. An abnormal spermatozoon can have between one 
and four abnormalities (see Subheading  3.7 ). If sperm abnor-
mality patterns are to be recorded the button for an abnormal 
spermatozoon is pressed and kept down and the type of head 
abnormality is recorded by pressing down one of the other 
buttons indicating a speci fi c abnormality as well. In this case 
only once as there can only be one type of head abnormality 
present (see next session). If any uncertainty about the size of 
a spermatozoon exists, as too small but especially as too large, 
the head can be measured by means of the built-in micrometer 
in the eyepiece.  

    18.    Spermatozoa measurements are staining speci fi c. Measurements 
provided here are according to the Papanicolaou staining tech-
nique. The generally given measurements for a normal sized 
spermatozoon of between 3–5  m m in length and 2–3  m m in 
width are not evidence based and are probably too wide. New 
measurements provided in the WHO-5 as measured by a com-
puterized sperm morphology analysis system (CAMA) are the 
following: median length 4.1  m m (95% CI 3.7–3.7  m m) and 
median width 2.8  m m (95% CI 2.5–3.2  m m)  (  1  ) . Means (SD) 
for CAMA obtained by Maree et al.  (  6  )  are 4.28(0.27)  m m for 
length and 2.65(0.19)  m m for width; and dimensions published 
by Menkveld et al.  (  2  )  are 4.07(0.19)  m m for length and 
2.98(0.14)  m m for width.  

    19.    A vacuole is de fi ned as a lighter stained area with well-de fi ned 
round borders. A cyst is de fi ned as a lighter stained area with 
well-de fi ned round borders with an extruding appearance. 
When the extrusion is present at the tip of the acrosome this is 
called “a nipple” defect.  

    20.    Spermatozoa with slight but with a de fi nite alternation from 
the morphological normal form is considered as borderline 
and classi fi es as an abnormal head form.  

    21.    The mitochondrial material present at the neck region with the 
presence of a thin midpiece should not be confused with exces-
sive cytoplasmic material.  
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    22.    A bend between the end of the midpiece and beginning of the 
principal part of the tail is regarded as a tail abnormality and 
not a neck/midpiece abnormality. A bent tail is not to be 
confused with a curved tail.  

    23.    Short tails are shorter tails than the normal length speci fi ed 
and not to be confused with abnormal tails due to the short tail 
syndrome.  

    24.    Coiled tails are in most cases not due to artifacts resulting from 
smearing the slides, hypo-osmotic stress, or aging, but are usu-
ally due to de fi nite abnormalities such as the DAG defect in 
bulls where the tails are enclosed in a membrane structure  (  9  ) .  

    25.    The presence of cytoplasmic material, sometimes called cyto-
plasmic droplets, are better described as cytoplasmic residues to 
distinguish them from the normal structures present during the 
last stages of spermiation  (  9  ) . There is some controversy around 
this topic as according to some publications cytoplasmic drop-
lets are present on spermatozoa seen in the seminal plasma. 
However, cytoplasmic material is seldom seen in stained semen 
smears and is usually associated with other sperm defects such 
as bent necks and elongated spermatozoa  (  9  ) . The presence of 
cytoplasmic material on spermatozoa is associated with the 
excessive production of reactive oxygen species  (  9  ) .  

    26.    Pinpoint heads are not to be confused with small heads as they 
usually do not contain any DNA material or any part of the 
head structure.          
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    Chapter 6   

 Methods for Direct and Indirect Antisperm Antibody Testing       

     Hiroaki   Shibahara       and    Junko   Koriyama     

  Abstract 

 Antisperm antibodies (ASA) are one well-known cause of refractory infertility in both males and females. 
In females, a sperm immobilization test, which detects sperm-immobilizing antibodies indirectly in the 
patient’s serum, requires complement for the reaction and thus seems to be a more speci fi c immunological 
reaction. In males, an immunobead test or a mixed antiglobulin reaction test, which detects ASA directly 
on the sperm surface, is a screening test because of the nonspeci fi c reaction.  

  Key words:   Antisperm antibody ,  Infertility ,  Sperm immobilization test ,  Immunobead test ,  Mixed 
antiglobulin reaction test    

 

 The female genital tract undergoes periodic inoculation with hun-
dreds of millions of highly immunologically alien sperm introduced 
during sexual activity. However, only rarely do women develop an 
immune response to these cells. Similarly, the presence of sperm 
and sperm-associated antigens in the male reproductive tract only 
occasionally invokes autoimmune stimulation in infertile men. 
Several mechanisms have been postulated to account for the 
formation of antisperm antibodies (ASA), which are one well-
documented cause of refractory infertility in both males  (  1  )  and 
females  (  2  ) . ASA adversely affects sperm function in a number of 
ways, including inhibitory effects on sperm migration through 
cervical mucus  (  3,   4  ) , uterine cavity, and fallopian tubes  (  5  ) , or 
blocking effects on fertilization  (  6–  11  ) . 

 There are two ways to test for ASA in infertile couples. One is 
through assays that directly detect ASA on the sperm membrane. 
For this purpose, the mixed antiglobulin reaction (MAR) test and 
direct-immunobead test (D-IBT) are now recommended by the 
World Health Organization (WHO)  (  12  ) . D-IBT is widely used as 

  1.  Introduction
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a screening test for ASA  (  13  ) , and the inhibitory effects by ASA on 
sperm motion and fertilizing ability are evaluated to make a deci-
sion for the strategy of infertility treatment  (  1  ) . 

 The other ASA tests involve assays that indirectly detect ASA in 
serum, cervical mucus, follicular  fl uid, or seminal plasma. For indi-
rect ASA testing, serological tests are usually performed for clinical 
purposes. In females, a sperm immobilization test (SIT)  (  14  ) , 
which detects sperm-immobilizing antibody indirectly in a patient’s 
serum, requires complement for the reaction and thus seems to be 
a more speci fi c immunological reaction. 

 Serological tests developed to detect and quantitate isoanti-
bodies and autoantibodies to sperm may be categorized into three 
groups based on the nature of the antigen source: (a) “sperm 
extract” assays such as immunodiffusion or immunoelectrophore-
sis; (b) “ fi xed sperm” assays such as immuno fl uorescence, mixed 
agglutination tests, enzyme-linked immunoassays, and radioim-
munoassay; and (c) “live sperm” assays such as macroagglutina-
tion, microagglutination, cytotoxicity, immobilization, or sperm/
cervical mucus interaction tests. All of the assays can detect ASA; 
however, not all antibodies bound to sperm are necessarily relevant 
to infertility. The ASA that cause infertility exert some adverse 
effects on sperm biological functions necessary for the process of 
fertilization. Therefore, methods to detect the sperm-binding 
antibody can be used clinically as a  fi rst screen for infertile patients 
to determine whether they possess any ASA, but biological tests 
for ASA such as sperm agglutination  (  15  ) , sperm immobilization 
 (  14,   16  ) , or blocking of fertilization  (  7,   8  )  are necessary as second-
ary tests to determine whether antibodies are relevant to immuno-
logical infertility.  

 

      1.    The SpermMar-Test (FertiPro N.V., Beernem, Belgium) is 
available for the detection of immunoglobulin G (IgG) and 
immunoglobulin A (IgA) ( see   Note 1 ).      

      1.    Tyrode solution or Dulbecco’s phosphate-buffered saline can 
be used as the buffer medium for the IBT. Both are available 
commercially from Gibco, Grand Island, New York, USA.  

    2.    Dried, unsterile bovine serum albumin (BSA;  see   Note 2 ).  
    3.    Tyrode solution containing 0.3% BSA (TBSA; prepare on the 

day of use): To prepare 300 ml of TBSA, dissolve 0.9 g of BSA 
in approximately 20 ml of Tyrode solution, then  fi lter (0.45  μ M 
Millipore) the solution into a  fl ask, and make up to 300 ml with 
Tyrode solution. Warm the mixture to 30–37°C before use.  

  2.  Materials

  2.1.  Mixed Antiglobulin 
Reaction Test

  2.2.  Immunobead Test
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    4.    Tyrode solution containing 5% BSA (TBSA-5): Dissolve 5 g 
BSA in 100 ml Tyrode solution,  fi lter through a 0.45  μ M 
Millipore  fi lter, then aliquot in 2–5 ml aliquots. Store aliquots 
below 30°C. Thaw and warm individual vials to 30–37°C 
before use.  

    5.    The beads are initially in dry form. Reconstitute 50 mg immu-
nobeads with 10 ml of plain Tyrode solution (pre- fi ltered, 
0.45  m M) to obtain a 5 mg/ml working solution ( see   Note 3 ). 
After reconstitution, the beads can be used for up to 2 months 
if kept at 4°C ( see   Note 4 ).      

      1.    Guinea pig serum ( see   Note 5 ).  
    2.    Terasaki plates (Greiner, Frickenhausen, Germany).       

 

  Advantages of the MAR test include low cost, quick turnaround 
time, and sensitivity, but it is less informative than D-IBT  (  12  ) . 
The MAR test employs a “bridging” antibody (anti-IgG or anti-
IgA) to bind the antibody-coated beads with unwashed IgG- or 
IgA-bearing sperm. The direct MAR tests are performed by 
mixing fresh, untreated semen with latex beads or treated red 
blood cells coated with human IgG or IgA. A monospeci fi c anti-
human-IgG or anti-human-IgA is added to the suspensions. The 
binding or agglutination of sperm and particles indicates the pres-
ence of IgG or IgA antibodies in the sperm. Agglutination between 
beads indicates successful antibody–antigen recognition.

    1.    Mix the semen sample well.  
    2.    Place two 3.5  μ L aliquots of semen on separate microscope 

slides.  
    3.    Prepare similar slides with ASA-positive semen and ASA-

negative semen as controls in each direct test ( see   Note 6 ).  
    4.    Add 3.5  μ l of IgG-coated beads to each slide containing test 

and control semen, and mix by stirring with a pipette tip.  
    5.    Add 3.5  μ l of human IgG antiserum to each slide containing the 

semen–bead mixture, and mix by stirring with a pipette tip.  
    6.    Cover the suspension with a coverslip (22 mm × 22 mm), and 

store the slides on a  fl at surface in a humid chamber at room 
temperature for 3 min ( see   Note 7 ).  

    7.    After the 3-min incubation examine the wet preparation under 
phase-contrast at 200× or 400× magni fi cation and repeat the 
examination after 10 min.  

    8.    Repeat the procedure with IgA-coated beads and IgA antiserum.      

  2.3.  Sperm 
Immobilization Test

  3.  Methods

  3.1.  Testing for ASA 
Coating of Sperm 
(Direct Method) 
by the MAR Test
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      1.    Evaluate the samples for motile sperm with beads attached. 
With increased time the agglutinates will become very large, 
and sperm motility will diminish signi fi cantly. Sperm not 
expressing antibodies will swim freely between the beads.  

    2.    Determine the percentage of motile sperm with beads attached 
to them ( see   Note 8 ).  

    3.    Score only motile sperm that have two or more latex particles 
attached as positive. Ignore tail-tip binding.  

    4.    Evaluate a minimum of 200 motile sperm in each replicate.  
    5.    Calculate the percentage of motile sperm with particles 

attached.  
    6.    Record the class (IgG or IgA) and the binding site (head, mid-

piece, principal piece) of the latex particles to the sperm. Sperm 
displaying only tail-tip binding should not be counted.  

    7.    The current threshold value for MAR test binding recom-
mended by WHO is 50%  (  12  ) .      

  The IBT allows for the detection of membrane-bound antibodies 
indicative of local immunity to sperm antigens  (  13  ) . The D-IBT 
assay utilizes beads coated with covalently bound rabbit anti-
human immunoglobulins against IgG or IgA. These beads are 
mixed directly with washed sperm, and the binding of beads to 
motile sperm indicates the presence of IgG or IgA antibodies on 
the surface of sperm (Fig.  1 ). D-IBT is relatively simple to per-
form, and requires minimal equipment and commercially available 
reagents. While the assay is slightly more time-consuming than the 
MAR test, the initial wash step is advantageous in that it may 
remove possible masking components in seminal plasma that may 
otherwise result in a false negative result. 

  3.2.  Scoring the 
MAR Test

  3.3.  Testing for ASA 
Coating of Sperm 
(Direct Method) 
by D-IBT

  Fig. 1.    Assessment of the results of the direct-immunobead test. Test examples that were ( a ) negative or ( b ) positive in 
the immunobead test. Immunobeads (IB) adhere to the motile sperm that have surface-bound antibodies ( b ). The percent-
age of motile sperm with surface antibodies is determined, the pattern of binding is noted, and the Ig class of these anti-
bodies can be identi fi ed using different sets of IB.       
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    1.    Following semen liquefaction wash sperm in at least 2 volumes 
of a suitable medium, centrifuge for 10 min at 300 ×  g , and 
pour off supernatant.  

    2.    Resuspend the washed sperm pellet, and place 5  μ l of the sus-
pension on a microscope slide. Likewise prepare control slides 
with ASA-positive and ASA-negative sperm.  

    3.    Add 5  μ l of IgG immunobead suspension to each slide and mix 
by stirring with a pipette tip.  

    4.    Place a 22 mm × 22 mm coverslip over the mixed droplet and 
store the slides on a  fl at surface in a humid chamber at room 
temperature for 3 min ( see   Note 7 ).  

    5.    Assess binding within 10 min of preparing the slides, as immu-
nobead binding decreases signi fi cantly with increased incuba-
tion time.  

    6.    Examine the slides under phase-contrast at 200× or 400× 
magni fi cation.  

    7.    Repeat the procedure using anti-IgA immunobeads.      

      1.    Determine the percentage of motile sperm with beads attached 
to them ( see   Note 8 ).  

    2.    Score only motile sperm that have one or more beads attached 
as positive (Fig.  1 ). Ignore tail-tip binding. Record the class 
(IgG or IgA) and the binding site (head, midpiece, principal 
piece) of the beads to the sperm. Sperm displaying only tail-tip 
binding should not be counted.  

    3.    Evaluate a minimum of 200 motile sperm in each replicate.  
    4.    As with the MAR test, the WHO recommends a threshold 

value of 50% motile sperm binding  (  12  ) . However, we have 
been utilizing the cutoff value of 20%, demonstrated in the 
original manuscript by Bronson et al.  (  13  )  because this test is 
only a screening for immunologically infertile men and sec-
ondary tests, such as postcoital test and hemizona assay, are 
required to make a decision for appropriate treatments  (  1  ) .      

  The SIT was developed by Isojima et al.  (  14  ) . Later, a modi fi ed 
assay for SIT was devised to minimize the volume of test samples 
through the use of Terasaki plates. For samples determined to be 
positive with the semiquantitative assay, a quantitative assay is per-
formed to evaluate the exact value (SI50) of sperm-immobilizing 
antibody.

    1.    Heat inactivate fresh or frozen-thawed patient serum at 56°C 
for 30 min.  

    2.    Centrifuge serum at 1,350 ×  g  for 10 min. The supernatant is 
used as test specimens. Control sera are collected from women 

  3.4.  Scoring the 
D-IBT Test

  3.5.  Testing for 
Antisperm Antibodies 
Secreted in Body Fluid 
(Indirect Method): 
Sperm Immobilization 
Test Preparation
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without ASA and tested in advance for sperm immobilizing 
and sperm agglutinating activities in the presence or absence of 
complement.  

    3.    Allow freshly ejaculated semen from healthy donors to liquefy 
for 20 min, then perform a count, and centrifuge (1,350 ×  g , 
5 min).  

    4.    Wash with 5 ml of a medium, repeat centrifugation, and over-
lay the sedimented sperm with 2 ml of the medium. Let stand 
for 5–10 min. Pipette the supernatant, containing actively 
motile sperm into a small test tube, and adjust the sperm con-
centration to 40 × 10 6 /ml with the medium before use.  

    5.    Guinea pig serum is used as the source of complement. Test 
the serum from each guinea pig for toxicity to human sperm, 
and use only the serum lacking sperm toxicity for assay.      

      1.    To a Terasaki plate add 10  μ l of heat-inactivated test serum, 
1  μ l of human sperm suspension (40 × 10 6 /ml), and 2  μ l of 
guinea pig serum (10 C’H50 units) as complement, or heat-
inactivated guinea pig serum as control to each well in a 
Terasaki plate under paraf fi n oil.  

    2.    Incubate at 32°C for 60 min on a shaking mixer.  
    3.    Also include two other controls, 10  μ l of a standard serum 

containing sperm-immobilizing antibodies with complement 
and 10  μ l of an SIT-negative serum, which does not cause any 
sperm agglutination and sperm immobilization, with comple-
ment for the SIT.  

    4.    Count the sperm motility directly from the plate using a phase 
contrast microscope (200×). Count 50 sperm in each of the 
four microscopic  fi elds for a total of 200 sperm, and calculate 
the percentage of motile sperm.  

    5.    Calculate the percentage of motile sperm for the test speci-
mens with complement (T%). Likewise, calculate the percent-
age of motile sperm for the control specimens with inactivated 
complement (C%). The ratio of C/T is designated as the sperm 
immobilization value (SIV).  

    6.    When the SIV is 2 or more, the test serum is judged as positive 
for sperm-immobilizing antibody. As the antibody activity 
increases, the SIV becomes larger but it is only semiquantita-
tive. For the sample positive in this semiquantitative assay, a 
quantitative assay is performed to evaluate the SI50 titer.      

      1.    For the quantitative assay of sperm-immobilizing antibodies, 
serially dilute each test serum twofold with the control serum 
eight times.  

  3.6.  Semiquantitative 
Assay for Sperm 
Immobilization Test

  3.7.  Quantitative 
Assay for Sperm 
Immobilization Test
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    2.    Mix 10  μ l of each diluted serum, 1  μ l of sperm suspension 
(40 × 10 6 /ml), and 2  μ l of guinea pig serum (10 C’H50 units), 
or heat-inactivated guinea pig serum as control, to each well of 
a Terasaki plate under paraf fi n oil, and incubate at 32°C for 
60 min on a shaking mixer.  

    3.    Determine the percentage of motile sperm under the micro-
scope (200×).  

    4.    Determine the percentage of motile sperm in each diluted 
patient’s serum (T%) and in the control serum (C%). Calculate 
the antibody activity for sperm immobilization using the 
formula C − T/C × 100.  

    5.    Plot the value of the antibody activity against the dilutions of 
the test serum on a semilogarithmic chart to obtain a dose–
response line with a sigmoid curve (Fig.  2 ).   

    6.    Determine the dilution of the test serum at which the sigmoid 
curve crosses the 50% line for sperm immobilization activity 
(C − T/C × 100). This value is designated as 50% sperm immo-
bilization (SI) unit (SI50 unit) (Fig.  2 ). If SI 50  units cannot be 
determined with the applied serum dilutions, the test serum 

  Fig. 2.    Calculation of the SI 50  titer. When the percentage of motile sperm in each diluted patient’s serum is T% and that in 
the control serum is C%, then the antibody activity for sperm immobilization is calculated by the formula of C − T/C × 100. 
The value of the antibody activity is plotted against the dilutions of the test serum on a semilogarithmic chart to obtain a 
dose–response line with a sigmoid curve. The dilution of the test serum at which the sigmoid curve crosses the value of 
50 for the antibody activity (C − T/C × 100) is determined on the dose–response line and is designated as 50% sperm 
immobilization (SI) unit (SI 50  unit).       
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should be further diluted until SI 50  units are obtained on the 
straight portion of the sigmoid curve.  

    7.    To compare the sensitivity of the reaction system in different 
assays, use a human serum with relatively high sperm-immobi-
lizing antibody activity as a standard serum and determine the 
SI 50  units of the standard serum for each assay performed.  

    8.    The value of antibody activity in various dilutions of proposed 
standard serum was plotted and SI 50  titer of the serum was 
calculated as 6.5 units (Fig.  2 ).  

    9.    Reference values for SIT have not been determined; however 
the SI 50  titer may be clinically relevant ( see   Note 9 ).       

 

     1.    The direct SpermMar test should be performed using untreated 
patient’s sperm. One of the reasons is that some washing media 
contain human serum albumin (HSA). HSA tends to form a 
“shield” around the sperm, which hides the antibodies so that 
they cannot be detected by the test method. The other reason 
is that washing the sperm sample will remove most of the anti-
bodies that might be present in the seminal plasma and might 
thus render false negative results.  

    2.    The source or purity of the BSA is unlikely to affect the perfor-
mance of the IBT. However, it is important to obtain the BSA 
in dried or powder form without preservatives and to  fi lter the 
dissolved BSA before use. Preservatives such as sodium azide 
can affect sperm viability, and some bacterial contaminants of 
crude BSA products can cause false positive interactions 
between immunobeads and sperm.  

    3.    The immunobead test is available for the detection of IgG and 
IgA from Irvine Scienti fi c (Santa Ana, CA, USA) and consists 
of polyacrylamide beads of 2–10  μ M diameter with covalently 
bound rabbit antibodies directed against human IgG and IgA.  

    4.    Because the beads contain sodium azide as preservative they 
must be washed once in TBSA immediately prior to use. This can 
usually be done at the same time as the second sperm wash.  

    5.    Rat and rabbit sera can also be used as complement for SIT but 
guinea pig serum is recommended as the best source of com-
plement to obtain the highest sensitivity of reaction  (  18  ) .  

    6.    This semen can be obtained from men with and without ASA, 
respectively, or positive sperm can be produced by incubation 
in antibody-positive serum.  

  4.  Notes
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    7.    A humid chamber can easily be fashioned by placing water-
saturated  fi lter paper in a covered Petri dish. This is important 
to prevent slides from drying out.  

    8.    It may be dif fi cult to distinguish non-progressively motile 
sperm that are close to beads from progressively motile sperm 
that have beads attached. Lightly tapping the coverslip with a 
small pipette tip can help to verify that the sperm in question 
are indeed bound to beads.  

    9.    Kobayashi et al.  (  17  )  proposed a strategy for the treatment of 
infertile women with sperm-immobilizing antibodies accord-
ing to the patterns of variation of SI 50  titers in individual 
patients. They divided patients with sperm-immobilizing anti-
bodies into three groups according to their follow-up SI 50  
titers. Group A, which consisted of patients with continuously 
high SI 50  titers (>10 units), did not conceive by ordinary or 
repeated IUI; however a satisfactory pregnancy rate was 
obtained by IVF and embryo transfer. Group B, in which the 
patients had intermediate SI 50  titer patterns around 10, showed 
low rates of success with IUI. In Group C, the patients with 
continuously low SI 50  titers (<10 units), conception by repeated 
or ordinary IUI was achieved, although the success rates were 
lower than those by IVF-ET.          
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    Chapter 7   

 Manual Methods for Sperm Motility Assessment       

     David   Mortimer       and    Sharon   T.   Mortimer      

  Abstract 

 Progressive motility is a vital functional characteristic of ejaculated human spermatozoa that governs their 
ability to penetrate into, and migrate through, both cervical mucus and the oocyte vestments, and ulti-
mately fertilize the oocyte. A detailed protocol, based on traditional manual/visual methods, is provided for 
performing an accurate four-category differential count including the reliable identi fi cation of rapid pro-
gressive (grade “ a ”) spermatozoa—the most biologically, and hence clinically, important subpopulation. 
Thorough prior training and the use of a microscope  fi tted with a heated stage are both essential require-
ments for achieving accuracy and an acceptable uncertainty of measurement of no more than ±10%.  

  Key words:   Sperm motility ,  Progressive motility ,  Temperature    

 

 Progressive motility is a vital functional characteristic of ejaculated 
human spermatozoa that governs their ability to penetrate into, and 
migrate through, both cervical mucus and the oocyte vestments 
(cumulus–corona complex and zona pellucida)  (  1  ) . The quality of 
sperm progression is of far greater importance in the prediction of 
functional competence than either sperm concentration or percent-
age motility  (  2  ) . When using traditional manual/visual methods, 
assessment of sperm progression is best achieved using a four-cate-
gory differential count  (  3,   4  ) , allowing the identi fi cation of the pro-
portion of rapid progressive (grade “ a ”) spermatozoa, i.e., those 
with a progression velocity of  ³ 25  m m/s at 37°C. The importance 
of this is supported by evidence relating to the ability of more rap-
idly progressive spermatozoa to penetrate cervical mucus in vitro 
 (  5,   6  ) , achieve in vivo conceptions  (  7,   8  ) , and give higher clinical 
outcomes when using donor insemination  (  9  ) , intrauterine insemi-
nation (IUI)  (  10  ) , in vitro fertilization (IVF)  (  10,   11  ) , and even 
intracytoplasmic sperm injection (ICSI)  (  12  ) . 

  1.  Introduction
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 That the World Health Organization (WHO) has eliminated 
the differentiation of rapid and slow progressive motility in the lat-
est edition of its laboratory manual “WHO5”  (  13  )  has been con-
sidered—based on the evidence cited above—an unjusti fi ed 
oversimpli fi cation which ignores the biologically and clinically 
important information on the quality of sperm progression  (  14–
  16  ) . The WHO’s reason for the simpli fi cation appears to have been 
based on the observation that poorly trained technicians cannot 
reliably distinguish between the two categories, although this 
should be obvious, since without proper training technicians can-
not do any sperm assessments  (  3  ) . Following proper training, four-
category differential sperm motility counts can, indeed, be 
performed accurately and reproducibly  (  3,   17  )  (see Note 1), and 
the method described in this chapter is optimized—especially if a 
video monitor is used in conjunction with an acetate overlay—for 
this purpose    (see  Note 2 ). 

 The same method can also be used for washed (e.g., by density 
gradient centrifugation) spermatozoa that are suspended in either 
capacitating (bicarbonate-buffered) or non-capacitating (e.g., 
HEPES-buffered) culture medium. However, in this case the most 
rapid spermatozoa will swim at velocities far exceeding anything 
seen for ejaculated spermatozoa in seminal plasma, and some sper-
matozoa will likely show the hyperactivated pattern of movement 
 (  1  ) , and these cells should be counted in a separate,  fi fth, category. 

 Finally, since sperm velocity is highly temperature dependent 
 (  18,   19  ) , it is essential that sperm motility assessments be made as 
close as possible to 37°C in order to obtain the most physiologi-
cally relevant information on sperm functional potential.  

 

     1.     170 mM Saline : Dissolve 0.993 g NaCl in 100 mL of sterile 
water for injection. Filter sterilize through a 0.22  m m Millipore 
Millex-GV  fi lter into labeled sterile containers (borosilicate 
glass or medical grade polystyrene) and cap tightly. Store at 
+4°C for up to 6 months. Discard if there are any signs of pre-
cipitation or cloudiness.  

    2.     Sperm Medium : This can be any bicarbonate-buffered culture 
medium designed to sustain human sperm metabolism and 
capacitation in vitro. It must be equilibrated to 37°C prior to 
use, and then used under an appropriate CO 2 -enriched atmo-
sphere (e.g., 6% CO 2 -in-air for most such media containing 
25 mEq/L bicarbonate ions when used at 37°C close to sea 
level) to maintain its pH.  

    3.     Sperm Buffer : This is any HEPES-buffered medium designed 
to sustain sperm metabolism in vitro under an air atmosphere; 

  2.  Materials
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it will not support sperm capacitation. An equivalent medium 
buffered using MOPS is also acceptable. Sperm Buffer is used 
whenever spermatozoa need to be maintained outside a CO 2  
incubator (e.g., during sperm washing procedures), or when 
they are to be prevented from capacitating in vitro. Ideally a 
Sperm Buffer should be matched in its general formulation to 
the Sperm Medium when the two are used in combination.      

 

      1.    Ensure the sample is thoroughly mixed. For a semen sample, 
swirl it around the specimen container for 10–20 s, for a washed 
sperm suspension pipette it up and down gently using a (sterile 
if need be) glass Pasteur pipette. In all cases, take great care to 
avoid frothing.  

    2.    For semen samples, check for the completion of liquefaction. 
If the specimen is not fully lique fi ed (normal specimens should 
liquefy within 20 min after ejaculation) it can be returned to 
the incubator for a few minutes longer, but only within the 
time frame allowable according to any biological degradation 
or protocol timings. Incomplete liquefaction results in a het-
erogeneous sample consisting of gelatinous material in a  fl uid 
base. See  Note 4  regarding unlique fi ed semen samples.  

    3.    For semen samples, also note the viscosity of the semen, being 
careful not to confuse abnormalities of liquefaction with abnor-
mal viscosity (see Note 3). Viscosity refers to the  fl uid nature 
of the whole specimen, which can be normal even though 
 liquefaction might be incomplete.      

  All slides or counting chambers prepared from semen or a washed 
specimen should be labeled to identify unambiguously the source 
of the sample, as well as any treatments or time points. Ideally, a 
specimen should be labeled with at least two unique identi fi ers. 
Various types of wet preparations can be made, according to the 
type of specimen and the intended purpose of the assessment  (  20  ) . 
Spermatozoa in seminal plasma require a preparation depth of at 
least 10  m m for unimpeded motion, whereas washed spermatozoa 
in culture medium (Sperm Medium or Sperm Buffer) require at 
least 20  m m; hyperactivation assessments usually require at least 
30  m m. Microscope slides and coverslips or various special count-
ing chambers can be used (Fig.  1 ). 

    1.     Microscope slide 
   (a)    Place 10  m L of semen on a labeled clean microscope slide 

and cover with a 22 × 22 mm #2 or #1½ thickness coverslip; 

  3.  Methods

  3.1.  Specimen

  3.2.  Making a Wet 
Preparation
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take care to avoid trapping any air bubbles. This will give 
a preparation of approximately 20  m m depth.  

   (b)    Examine the preparation as soon as any “ fl ow” in the 
preparation has stopped. If this does not occur within 60 s 
then discard the slide and prepare another.      

    2.     Makler Chamber  
   This device was designed as a rapid, simple method for deter-

mining the concentration and motility of spermatozoa without 
the need for prior dilution (Se fi -Medical Instruments, Haifa, 
Israel)  (  21  ) . It has a chamber depth of 10  m m and a ruled area 
of 1 mm 2  divided into 100 squares, hence the number of sper-
matozoa seen in 10 squares corresponds to the concentration 
in millions per mL. Although such chambers are convenient, 
they are prone to substantial errors when used in routine prac-
tice for sperm concentration determination and are not recom-
mended for general semen analysis purposes except with very 
low concentration samples, e.g., <5 × 10 6 /mL  (  3,   4  ) . The grid, 
however, does facilitate sperm motility assessments.
   (a)    Since the Makler Chamber must not be over- fi lled, use 

only about 4.0  m L of semen or sperm suspension. The 
aliquot does not need to be dispensed exactly, so an air 
displacement pipette can be used.  

   (b)    To avoid creating small bubbles on top of the dispensed 
droplet (bubbles that are trapped under the cover glass 
often obscure the counting grid), draw up the specimen 
aliquot by depressing the pipetter plunger to the second 

  Fig. 1.    Examples of  fi xed-depth chambers and slides. ( a ) 2-Chamber MicroCell; ( b ) 4-chamber MicroCell; ( c ) double Leja 
chamber; ( d ) quadruple Leja Standard Count chamber; ( e ) double Cell-Vu slide; ( f ) double 2X-CEL slide. Types  a – d  have 
 fi xed coverslips and are  fi lled by capillary loading while types  e  and  f  have separate cover glasses and are  fi lled by “drop 
loading”; see Subheading  3.2  in the text for more details.       
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(“blow out”) stop so that additional sample is taken into 
the tip. Then, to dispense the 4.0  m L, depress the plunger 
only to the  fi rst stop.  

   (c)    Gently lower the cover glass onto the four pillars of the 
Makler Chamber base unit and rotate it by up to a quarter 
turn to ensure that it is seated  fi rmly on top of the pillars. 
When observed under suitable illumination, refraction 
patterns can be seen on top of the four pillars.  

   (d)    Assess the preparation as described in Subheading  3.3  
below.  

   (e)    After use wash and dry the Makler Chamber and its cover 
glass carefully, and allow them to rewarm to 37°C before 
using them with another specimen.      

    3.     Fixed - depth chambers with  fi xed coverslips using “capillary 
loading”  

   Although there is a problem of signi fi cant underestimation of 
sperm concentration with many chambers of this type, caused 
mainly by the Segre–Silberberg Effect  (  22  ) , they can be used 
for assessments of sperm motility. Examples of these chambers 
include the MicroCell (Conception Technologies, San Diego, 
CA, USA) and Leja (  www.leja.nl    ) chambers.
   (a)    Ensure that the chambers are pre-warmed to 37°C prior 

to use.  
   (b)    Load the chamber with the required volume of semen as 

per the manufacturer’s instructions for use; since the depth 
of the chamber controls the vertical dimension of the 
preparation an exact volume is not required, and hence an 
air displacement pipette can be used.  

   (c)    Assess the preparation as described in Subheading  3.3  
below.      

    4.     Fixed - depth chambers with non -  fi xed coverslips using “drop 
loading”  

   Because these chambers (e.g., the 2X-CEL chamber, 
Hamilton-Thorne, Beverly, MA, USA) or the CellVU cham-
ber (  www.cellvu.com    ) are not  fi lled by capillary  fl ow they are 
not subject to the Segre–Silberberg Effect  (  22  ) .
   (a)    Ensure that the chambers and coverslips are pre-warmed 

to 37°C prior to use.  
   (b)    Place the volume of sperm suspension stated in the manu-

facturer’s instructions in the center of each chamber area. 
To avoid air bubbles on the top of these drops use the 
same pipetting technique as described for the Makler 
Chamber (see    2(b), above).  

   (c)    Carefully place the coverslip over the specimen area and 
allow the sperm suspension to spread across the chamber 

http://www.leja.nl
http://www.cellvu.com
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area. Turn the chamber upside down on a clean paper 
tissue and press down on the bottom surface of the slide 
to ensure complete spreading of the sperm suspension and 
establishment of the  fi xed depth of the preparation, which 
is determined by the thickness of the painted outlines on 
the slide surface. Use another paper tissue to avoid 
 fi ngerprints on the slide surface, which could degrade the 
image quality.  

   (d)    Assess the preparation as described in Subheading  3.3  
below.  

   (e)    Although intended for one-time disposable use, these 
chambers and coverslips can be reused in accordance with a 
due risk assessment (i.e., consideration of  fi nger-stick injury 
resulting from broken coverslips or slides and necessary 
decontamination). To reuse, wash and dry the chamber 
slide and its coverslip carefully, and allow them to rewarm 
to 37°C before using them with another specimen.      

    5.     Hemocytometers  
   Because these chambers have depth of at least 100  m m they are 

too deep to visualize all the freely swimming spermatozoa at 
the same time. Therefore, they must not be used for assessing 
sperm motility.      

  Phase contrast optics are essential.

    1.    In order to assess sperm progression correctly, the preparation 
must be kept as close to 37°C as possible. Slides, chambers, 
and coverslips or glasses (and pipette tips) must be kept at 
37°C and the microscope  fi tted with a heated stage set to 
maintain the wet preparation at 37°C.  

    2.    Examine the preparation under the microscope either:
   (a)    By direct vision through the microscope using a 20× or 

40× objective or  
   (b)    Using a 10× objective and a video camera (with intermedi-

ate magni fi cation) to project the image onto a small mono-
chrome video monitor (see  Note 2 ). 

 The method is highly recommended as it provides a 
simple calibration of the  fi eld of view, thereby permitting 
easy training and facilitating effective intra- and inter-
observer quality control.      

    3.    Quickly scan the preparation for any artifacts that will adversely 
affect the assessment, e.g., large air bubbles. If any such artifacts 
are present then discard the preparation and make another.  

    4.    Qualitative sperm motility, i.e., the overall perceived quality of 
sperm progression seen in the preparation, can be assessed 
subjectively by grading the degree of forward progression 
exhibited by the largest proportion of the motile spermatozoa 

  3.3.  Assessing 
the Preparation
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(not just the progressive spermatozoa). This form of categori-
cal assessment is more prone to observer variability and is not 
recommended for expert or research use; the following catego-
ries are most often used:
   0 = Nonprogressive motility only (abnormal/pathological 

 fi nding)  
  1 = Poor, non-directed progression (abnormal/pathological 

 fi nding)  
  2 = Moderate progression  
  3 = Good progression (normal  fi nding)  
  4 = Excellent progression (normal  fi nding)     

    5.    Quantitative sperm motility (differential count) is determined 
by counting the numbers of motile and immotile spermatozoa 
in several randomly selected  fi elds that are not near the coverslip 
edge (where drying-out artifacts can affect sperm motility).
   (a)    Count at least 200 spermatozoa sampled from at least  fi ve 

different  fi elds of view and classify each spermatozoon 
according to the principles described in Fig .   2 .   

   (b)    Within each  fi eld,  fi rst count the number of progressively 
motile spermatozoa. Count only those spermatozoa that 
are in the  fi eld at one moment in time (do not include 
tailless heads or “pinhead” forms). Progressive motility is 
de fi ned as achieving a space gain of at least 5  m m/s 

  Fig. 2.    Principles of the four-category classi fi cation of human sperm motility in semen 
(Redrawn from ref.  26  ).        
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(i.e., about one sperm head length per second). The cutoff 
between rapid progressive motility (grade  a  motility) and 
slow or sluggish progressive motility (grade  b  motility) is 
25  m m/s progression; this is equivalent to approximately 
half a spermatozoon length of space gain per second. 

    Note : If the number of progressively motile spermatozoa 
in the entire  fi eld is too great for rapid visual counting 
then a small area of the  fi eld should be de fi ned using an 
eyepiece graticule (see Note 5).  

   (c)    After counting the progressive spermatozoa, count the 
nonprogressively motile and immotile spermatozoa (grades 
 c  and  d  motility, respectively) that are present within the 
same area. Nonprogressive motility is de fi ned as having 
 fl agellar activity but with <5  m m space gain per second; 
immotility is de fi ned as no evidence of any  fl agellar 
beating.  

   (d)    Duplicate counting is essential to minimize sampling error. 
Therefore motility must be assessed on a second wet prep. 
Provided that there is no signi fi cant variation between the 
two counts they can be averaged. The acceptability of 
counts is determined using Table  1  to con fi rm adequately 
low variability between the two counts  (  4  ) .  

    Note : A simpler routine means of verifying a discrepancy of 
<10% between replicate counts, either for motile cells (i.e., 
grades  a  +  b  +  c ) or immotile cells (grade  d ) for samples 
with <50% motility, is to check that the difference between 
the two percentages is <1/20th of their sum. While this 
method is quick and easy to apply it is more strict and will 
result in some additional assessments having to be repeated 
that are actually within the 95% con fi dence interval for the 
numbers of cells counted.  

   (e)    Accept the assessment if the difference between the dupli-
cates is less than the limit value, otherwise reject the data 
and prepare and assess two new preparations. 

    Note : It is recommended that a Sperm Motility Worksheet 
(form) be used to record the counts, low discrepancy vali-
dation, and calculations (Table  2 ).           

      1.    Results are expressed as the percentages of rapid progressive 
(grade  a ), slow progressive (grade  b ), nonprogressive (grade  c ), 
and immotile spermatozoa (grade  d ).  

    2.    Present the results as integers (whole numbers) only, ensuring 
that the four  fi gures add up to 100%, with any correction for 
rounding-off errors being made in the largest class(es). 

    Note : For compliance with WHO5  (  13  ) , which considers only 
three categories of motility (i.e., progressive, nonprogressive, 

  3.4.  Calculating 
the Results
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and immotile), the proportion of progressively motile 
 spermatozoa is derived simply by adding grade  a  and grade  b  
before the rounding-off stage.

 3. Some labs also report a Motility Index that integrates the 
 proportions with weighting for the grade(s) of progression 
(see Note 6).      

   Table 1 
  Limit values for the maximum difference between replicate 
assessments of sperm motility (based on ref.  4  )    

 Average (%)  Limit 

 0  1 

 1  2 

 2–3  3 

 4–6  4 

 7–9  5 

 10–13  6 

 14–19  7 

 20–27  8 

 28–44  9 

 45–55  10 

 56–72  9 

 73–80  8 

 81–86  7 

 87–90  6 

 91–93  5 

 94–96  4 

 97–98  3 

 99  2 

 100  1 

  The values were calculated using a formula based on the binomial distribution 
required to determine asymmetrical con fi dence intervals for proportions 
(which have absolute minimum and maximum values of 0 and 100%). These 
limit values can only be used for duplicate counts of 200 spermatozoa 
(2 × 200); the table is not valid for replicate counts of 100 spermatozoa (i.e., 
2 × 100).  Using the table : Calculate the average percentage (rounded to an 
integer value) for the replicate counts as well as the difference between them. 
The difference between the two assessments must be less than or equal to the 
limit difference given in the right column of the row for that average percent-
age (left column), otherwise the assessments must be rejected  
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   Table 2 
  Example worksheet for recording sperm motility counts   
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      1.    Semen samples: A normal result is  ³ 50% progressive spermato-
zoa, including  ³ 25% rapidly progressive (grade  a ) spermato-
zoa. An abnormal result is <25% progressive spermatozoa with 
<15% rapid progressive. Values between these two limits are 
considered to be of uncertain clinical signi fi cance.  

    2.    Washed sperm populations: Following preparation by discon-
tinuous density gradient centrifugation (or direct swim-up 
from lique fi ed semen) a sperm population should show  ³ 95% 
progressive motility. The presence of >15% nonprogressive or 
immotile spermatozoa is a poor preparation, likely due to 
either a technical error in the sperm washing technique or an 
abnormal response of the man’s spermatozoa to the washing 
technique. In diagnostic terms the latter situation could re fl ect 
a problem with the man’s spermatozoa that could contribute 
to subfertility, and in therapeutic terms could be taken as an 
indication of likely sperm dysfunction, perhaps precluding the 
use of IUI or IVF, necessitating the use of ICSI. In a research 
setting, one should question the validity of using such prepara-
tions unless they are known to come from subfertile men 
( cf.  control or research donors).       

 

     1.     Quality control (QC) and quality assurance (QA)  
   Many laboratories—even andrology laboratories—continue to 

ignore the issue of QC in semen analysis, even though it is well 
established that internal standardization and QC is quite pos-
sible, although it depends heavily on proper operator training 
 (  3,   4,   17  ) . Accurate and repeatable assessments of sperm motil-
ity can be achieved and their reproducibility con fi rmed by 
internal repeat evaluations of samples between operators, ide-
ally from reference video recordings. At the least, all staff mem-
bers in a laboratory should carry out “group assessments” of, 
for example, all samples received for analysis on 1 day each 
month as an internal QC exercise. 

    In addition, External Quality Assurance Programs (EQAPs) 
distribute test specimens to participating laboratories on a regu-
lar basis. Probably the best known international EQA scheme is 
the one operated by the Special Interest Group in Andrology of 
the European Society of Human Reproduction and Embryology, 
see:   www.eshre.eu/ESHRE/English/Specialty-Groups/SIG/
Andrology/External-Quality-Control/page.aspx/104    .  

    2.     Calibration  
   While this “manual/visual” method for assessing sperm motil-

ity does not require any special calibration when performed 
directly on the microscope, if a video monitor is used then a 

  3.5.  Interpreting 
the Results

  4.  Notes

http://www.eshre.eu/ESHRE/English/Specialty-Groups/SIG/Andrology/External-Quality-Control/page.aspx/104
http://www.eshre.eu/ESHRE/English/Specialty-Groups/SIG/Andrology/External-Quality-Control/page.aspx/104
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ruled grid with spacing equivalent to 25  m m should be  fi xed to 
the screen to facilitate the discrimination of “rapid” spermato-
zoa from “slow progressive” spermatozoa (Fig.  3 ). This grid 
also acts as a reticle to subdivide the  fi eld of view and aid count-
ing in cases where the sperm concentration is high.  

    For example, with the Olympus BX series microscopes, a 
video camera having a 1/3-in. CCD chip used in conjunction 
with a 10× objective, 5× camera ocular, and 1.25× setting on 
the magni fi cation changer module provides an image well 
suited for assessing sperm motility. A camera with a 1/2-in. 
CCD will require less intermediate magni fi cation.  

    3.     Dealing with viscous semen samples  
   This remains an extremely dif fi cult problem for which there is 

no perfect solution. Contrary to common opinion, the use of 
“needling” to reduce semen viscosity (forcible, often repeated, 
expulsion of the semen through an 18 G needle) causes 
signi fi cant damage to the spermatozoa and must not be used 
 (  23  ) . For semen analysis purposes the best option with moder-
ate to high viscosity samples is simply to do one’s best. For 
extremely viscous samples, Sperm Buffer can be added and the 
sample mixed gently using a Pasteur pipette (note the volume 

  Fig. 3.    Illustration of a human sperm motility analysis workstation built around an Olympus 
BX51 phase contrast microscope with an integral heated stage. Note the Minitüb HT-200 
heated stage controller (with boxes of slides and coverslips on it) in the  lower left-hand 
corner , behind the multichannel counter. A further stage warmer just visible in the  lower 
right - hand corner  is used for keeping  fi xed-depth 2X-CEL chambers warm prior to use. On 
the shelf behind the microscope next to the 9 in. monochrome CCTV monitor is a video 
recorder and titler. An acetate overlay is attached to the front of the monitor, the 25- m m-
equivalent ruling can be seen within the circular  fi eld used for counting, as well as a 
central smaller box used with samples having a high sperm concentration.       
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of Sperm Buffer added so that the dilution factor can be calcu-
lated when determining sperm concentration).  

    4.     Dealing with unlique fi ed semen samples  
   If a semen sample fails to liquefy completely and a sperm motil-

ity assessment must be performed—and especially where the 
sample is to be prepared for ART—the semen can be lique fi ed 
enzymatically using chymotrypsin  (  24  ) . 

    Chymotrypsin can be purchased as glass ampoules con-
taining 5 mg of sterile, lyophilized enzyme (Sigma CHY-5S) 
which is dissolved in 5 mL of Sperm Buffer and warmed to 
37°C immediately before use. The enzyme solution can either 
be added to the unlique fi ed semen or, if the patient is known 
to have a serious liquefaction problem, he can collect his sam-
ple directly into a specimen jar containing the 5 mL of enzyme 
solution. Always correct for the dilution of the semen by the 
volume of enzyme solution when calculating sperm concentra-
tion and derived values. 

    Alternatively, a special chymotrypsin-coated MARQ™ 
Liquefaction Cup is available from Embryotech Laboratories 
(Wilmington, MA, USA).  

    5.     Working with very high sperm counts 
   (a)    Semen samples: If a semen sample has a very high sperm 

concentration, or a higher proportion of rapid spermato-
zoa that can easily be assessed with con fi dence, it can be 
diluted using 170 mM saline to a concentration that can 
be counted more easily. However, the proportion of rapid 
progressive cells will certainly be increased due to the 
reduced viscosity of the diluted specimen. The approxi-
mate percentage of motile cells must also be determined 
on the original wet preparation, as must any progression 
rating (see  step 3  of Subheading  3.4 ).

   Diluting with 170 mM saline is better than using  –
Sperm Buffer because its osmolarity is closer to that of 
lique fi ed semen and will therefore avoid osmotic 
(sperm swelling) artifacts.  
  Due to the high viscosity of semen, a positive displace- –
ment pipette must be used to take the semen aliquot 
for dilution, while an air displacement pipette can be 
used for the diluent.     

   (b)    Washed sperm suspensions: For these specimens, high 
concentrations can be reduced to facilitate sperm motility 
assessments by simply diluting an aliquot of the specimen 
using the same medium in which the spermatozoa are 
already suspended.

   Because such specimens are essentially aqueous (low  –
viscosity) then air displacement pipettes can be used 
when preparing the dilution.         
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    6.     Motility Index  
   For some purposes a “motility index” (MI) might be used to 

summarize or combine the various aspects of a sperm motility 
assessment into a single numeric value.
   (a)    A well-established Motility Index, having a maximum value 

of 300, is calculated as     MI (% 3) (% 2) %a b c= × + × +     
   (b)    When using the modal progression rating (“PR”) system 

of grading sperm motility on a 0–4 scale (see  step 3  of 
Subheading  3.4 ), the following Motility Index can be 
used  (  25  ) :

     MI (% Progressive PR 2.5) % Nonprogressive.= × × +     

   The weighting factor of 2.5 is used to emphasize the 
importance of the quality of progression and gives a range 
of MI values between 0 and 1,000.              
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    Chapter 8   

 Computer-Aided Sperm Analysis (CASA) of Sperm 
Motility and Hyperactivation       

     David   Mortimer       and    Sharon   T.   Mortimer      

  Abstract 

 Progressive motility is a vital functional characteristic of ejaculated human spermatozoa that governs their 
ability to penetrate into, and migrate through, both cervical mucus and the oocyte vestments, and ulti-
mately fertilize the oocyte. A detailed protocol, based on the most common computer-aided sperm analysis 
(CASA) system with phase contrast microscope optics, is provided for performing reliable assessments of 
sperm movement pattern characteristics (“kinematics”) in semen. The protocol can also be used with 
washed sperm suspensions where, in addition, the percentages of motile and progressively motile sperma-
tozoa can also be derived. Using CASA technology it is also possible to identify biologically, and hence 
clinically, important subpopulations of spermatozoa (e.g., those in semen with good mucus-penetrating 
characteristics, or those showing hyperactivation when incubated under capacitating conditions) by apply-
ing multi-parametric de fi nitions on a cell-by-cell basis.  

  Key words:   Sperm motility ,  Progressive motility ,  Kinematics ,  Hyperactivation ,  CASA    

 

 Progressive motility is a vital functional characteristic of ejaculated 
human spermatozoa that governs their ability to penetrate into, 
and migrate through, both cervical mucus and the oocyte vest-
ments (cumulus–corona complex and zona pellucida)  (  1  ) . 
Moreover, it is the quality of sperm progression that is of prime 
importance  (  2  ) , especially the identi fi cation of the proportion of 
rapid progressive (grade “ a ”) spermatozoa, i.e., those with a pro-
gression velocity of  ³ 25  m m/s at 37°C, since these are better able 
to penetrate cervical mucus in vitro  (  3–  6  ) . 

 Studies using timed-exposure and multiple-exposure photomi-
crography, and microcinematography (later, videomicrography) 
combined with frame-by-frame reconstruction of sperm tracks, led 
to the modern era of objective analysis of sperm motility, and of 

  1.  Introduction
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sperm movement characteristics or “kinematics”  (  1,   7–  11  ) . Although 
dedicated computer-aided sperm analysis (CASA) systems have 
been available commercially for 25 years  (  7  ) , considerable techni-
cal issues with their operation as automated semen analyzers remain 
to be resolved, primarily concerning issues that prevent the accu-
rate determination of sperm concentration in semen, which conse-
quently precludes determination of the percentages of motile 
spermatozoa  (  12–  14  ) . Nonetheless, CASA technology does allow 
the objective analysis of sperm motility kinematics, as well as sperm 
concentration and percent motile in washed preparations, provided 
that speci fi c expert recommendations are followed  (  15  ) . CASA 
analysis of sperm subpopulations with particular patterns of motil-
ity has proven invaluable in research  (  16  ) , and can be used in 
human infertility diagnosis and pre-assisted conception workup to 
identify sperm subpopulations with either the appropriate kinemat-
ics to penetrate into cervical mucus or that show hyperactivated 
motility under capacitating conditions  (  17  ) . It must be stressed 
that population-averaged values of sperm kinematic measures are 
meaningless; biologically important subpopulations must be 
identi fi ed on a cell-by-cell basis using multi-parametric de fi nitions 
based on several kinematic measures  (  15  )  (see Notes 1 and 2). 

 Future validation of methods for the accurate identi fi cation of 
spermatozoa (and their accurate differentiation from non-sperm 
objects) might allow the extension of CASA technology to the 
automated analysis of human semen, but this will require addi-
tional imaging capabilities such as  fl uorescence because phase 
contrast optics cannot achieve such object discrimination in human 
semen, with its high levels of debris and other cellular elements 
 (  14,   15  ) . 

 This protocol is based on the “IVOS” CASA system from 
Hamilton Thorne (Beverly, MA, USA) as it is the system that the 
authors have used exclusively for the past 20 years (currently v12 
software); the IVOS is also probably the most widely available 
CASA instrument around the world. If a CASA instrument is used 
with an external microscope, then the microscope must be  fi tted 
with a heated stage—ideally one that is integral to the stage rather 
than a separate metal or glass plate that will increase the distance 
between the specimen and the upper lens of the condenser, and 
thereby degrade the phase contrast optics.  

 

 There are no special reagents required for routine CASA, although 
either the culture medium in which the spermatozoa are suspended 
must contain suf fi cient protein to prevent the “sticking-to-glass” 
phenomenon—at least 10 mg/mL of human serum albumin, 
and ideally 30 mg/mL to re fl ect physiology for washed sperm 

  2.  Materials
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suspensions  (  18  ) —or the glass surfaces must be treated to prevent 
it from occurring  (  19  ) . 

  This can be any bicarbonate-buffered culture medium designed to 
sustain human sperm metabolism and capacitation in vitro. It must 
be equilibrated to 37°C prior to use, and then used under an 
appropriate CO 2 -enriched atmosphere (e.g., 6% CO 2 -in-air for 
most media containing 25 mEq/L bicarbonate ions when used at 
37°C close to sea level) to maintain proper pH.  

  This is any HEPES-buffered medium designed to sustain sperm 
metabolism in vitro under an air atmosphere; it will not support 
sperm capacitation. An equivalent medium buffered using MOPS 
is also acceptable. Sperm buffer is used whenever spermatozoa 
need to be maintained outside a CO 2  incubator (e.g., during sperm 
washing procedures), or when they are to be prevented from 
capacitating in vitro. Ideally a sperm buffer should be matched in 
its general formulation to the sperm medium when the two are 
used in combination.   

 

      1.    Well-mixed samples of either semen or washed sperm suspen-
sions, as appropriate for the analyses being performed. The 
preparation depth must be suf fi cient so as not to impede sperm 
movement  (  15  ) :
   (a)    Human spermatozoa in semen: Minimum 10  m m, up to 

20  m m.  
   (b)    Washed human spermatozoa: Minimum 20  m m.  
   (c)    Hyperactivating human spermatozoa: Ideally a minimum 

of 30  m m for unrestrained movement; only under certain 
assay conditions, and if properly validated, might 20  m m 
be suf fi cient.     

   For special  fi xed-depth chambers, see chapter 7, “Manual 
methods for sperm motility assessment.” Ensure that the 
chamber will  fi t properly into the CASA instrument being used 
(e.g., Makler chamber); ideally a clamp mechanism should be 
used with those chambers having separate coverslips to ensure 
compression of the preparation to achieve the intended speci-
men depth.  

    2.    For proper assessment of sperm progression, especially of 
velocity and other kinematic measures, ensure that both the 
sperm sample and the chamber (including any cover glass) are 
at 37°C before making the preparation, and then analyze it as 
quickly as possible.      

  2.1.  Sperm Medium

  2.2.  Sperm Buffer

  3.  Methods

  3.1.  Specimens
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  In order to use the system reliably, each user of the IVOS instrument 
must have a sound understanding of sperm kinematics and be 
familiar with all aspects of the IVOS User Manual.  

  The magni fi cation of the internal optics system of the IVOS must 
be calibrated for each objective used, although almost all analyses 
use the 10× negative high (NH) phase contrast objective. 
Calibration is achieved using the software function of the IVOS 
(see the IVOS Software Manual for speci fi c instructions according 
to the software version) using a Makler chamber grid as a 100  m m 
reference scale. Once calibrated, the magni fi cation values are stored 
in the software for future use, so in routine use the operator must 
only verify that this value has not been changed inadvertently by 
another user before commencing an analysis.  

  Although some laboratories insist that a standard reference video-
tape must be analyzed each day before commencing analyses, 
since the use of a reference video does not involve the internal 
illumination and optics systems of the IVOS, it has no real value in 
practical terms. Similarly the use of standard suspensions of beads 
does not con fi rm correct setup of the IVOS for identifying and 
tracking spermatozoa, and is also considered to have no real practi-
cal value. We have used the following protocol for routine quality 
control of the IVOS system in real situations for the last 15 years.

    1.    At the start of each day, and again after any change in illumina-
tion or other setup parameters, the correct identi fi cation and 
tracking of spermatozoa must be veri fi ed using the DISPLAY—
Play Back and EDIT/SORT—Edit Tracks functions of the 
IVOS software. Verify that:
   (a)    The spermatozoa in the  fi eld have been correctly identi fi ed.  
   (b)    Debris particles have not been spuriously identi fi ed as 

spermatozoa.  
   (c)    Moving spermatozoa have been tracked reliably, with only 

occasional points being missed and only rare tracks having 
been fragmented into separate segments.     

   If this is not the case, the system will need to be adjusted as 
described in the IVOS User Manual. For this reason a dummy 
analysis should always be attempted before any time-critical 
analyses are due each day, so that if adjustment is required it 
will not cause delays in time-sensitive analyses.      

   Note : The following procedure must be completed at the start of 
each day before commencing analyses.

    1.    Switch on the IVOS, its monitor, and the attached printer.  
    2.    At the Windows log-on dialogue box, hit <ENTER>.  

  3.2.  The IVOS CASA 
Instrument

  3.3.  Calibration

  3.4.  Quality Control

  3.5.  Start-Up
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    3.    When the Windows desktop is displayed, double-click on the 
“HTR Motility” icon to run the IVOS motility software.  

    4.    When requested, log on to the IVOS software.  
    5.    Allow the heated stage to warm to 37°C (indicated at the top 

right-hand corner of the IVOS screen).  
    6.    From reference printouts, verify each of the parameters in the 

following SETUP screens for each of the User-de fi ned setups 
(these should be con fi gured by an expert user for each combi-
nation of specimen type, optics, magni fi cation, and specimen 
chamber/depth being used):
   (a)    Analysis Setup.  
   (b)    Calibrate Optics.  
   (c)    Con fi gure Stage.      

    7.    For each type of analysis that will be performed:
   (a)    Select a setup option from the menu that corresponds 

to the analysis type, in this example a 20  m m 2X-CEL 
chamber.  

   (b)    Prepare a specimen of semen or washed sperm suspension 
in a 20  m m 2X-CEL chamber by “drop loading” (i.e., not 
by capillary  fi ll) and load it into the IVOS.  

   (c)    Select a  fi eld from the central region of the specimen and 
“grab” it using the ACQUIRE—Start Scan option.  

   (d)    Select DISPLAY and look at the  fi eld analyzed. Choose 
Play Back and verify that all the moving cells have been 
tracked, and that the tracks appear intact (i.e., not frag-
mented into shorter lengths).  

   (e)    Select EDIT/SORT and then Edit Tracks; select a variety 
of individual tracks, and zoom in on them and their data 
points one by one by holding the mouse pointer over a 
track and holding the left mouse button down. Verify that 
only occasional track points have been lost, and that tracks 
are not fragments of longer tracks (identi fi able by the 
image number for the track points that make up the track, 
each intact track should contain points from the  fi rst image 
through to the end of the grab). To return to the Edit 
Tracks screen simply left click somewhere in the middle of 
the screen.  

   (f )    If there is a problem with the tracking, and if your opera-
tor status (and experience) allows you software access to 
recalibrate the optics and setup parameters, proceed as 
described in the IVOS User Manual. Otherwise call an 
appropriate person to perform the necessary adjustments.      

    8.    The IVOS is now ready for use.      
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      1.    From the INFO screen,    select the desired setup option for the 
analysis to be performed (these need to be pre-con fi gured by 
an expert user).
   (a)    Enter the identifying information for the sample that is to 

be analyzed, i.e., Patient Name or Donor ID#, and the 
Laboratory Reference Number (Lab#) for the specimen.  

   (b)    Enter the Dilution factor for the specimen being analyzed.  
   (c)    On the DETAILS screen enter any of the information 

listed that is pertinent to the sample to be analyzed.  
   (d)    On the NOTES screen enter any other information listed 

that is pertinent to the sample to be analyzed using lines 
2–4 only (line 1 is usually reserved for the laboratory’s 
contact information).  

   (e)    On the PRINT/FILE screen, enter the  fi lename for the 
data to be stored (see  Note 5  for format conventions).  

   (f)    Return to the ACQUIRE screen.      
    2.    Check that the correct objective has been selected: This is the 

10× NH phase contrast objective (the middle one) for all anal-
yses using phase contrast optics.  

    3.    Prepare a sperm specimen in a 20  m m deep 2X-CEL chamber 
by “drop loading” (i.e., not by capillary  fi ll) and LOAD it into 
the IVOS at the position of “Chamber A.” Be sure to remix 
the sperm suspension (by  fl icking the tube) before taking the 
separate aliquots to load each chamber.  

    4.    Select a  fi eld close to the edge of the specimen (but at least 
three  fi elds away from the actual edge) and grab it using the 
ACQUIRE—Start Scan option. If you get a “High Concentration” 
warning, see  Note 3 ; for a “Concentration Too High” warning 
see  Note 4 .  

    5.    For the  fi rst  fi eld of a new specimen, verify the tracking of the 
motile sperm. Select EDIT/SORT and look at the  fi eld 
analyzed:
   (a)    Choose Play Back and verify that all the moving cells have 

been tracked, and that the tracks appear intact (i.e., not 
fragmented into shorter lengths).  

   (b)    If any of the tracks appear broken click on Edit Tracks; 
select an individual track and zoom in on it by holding the 
mouse pointer over the track and holding the left mouse 
button down. Verify that any broken tracks are due to col-
lisions and not fragmented longer tracks. To return to the 
Edit Tracks screen simply left click somewhere in the win-
dow showing the sperm track.  

   (c)    If there is no problem with the IVOS operation then 
proceed to Subheading  3.6 , step 6. If there is a problem 

  3.6.  Analysis
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then, if your operator status (and experience) allows you 
software access to recalibrate the optics and setup param-
eters, proceed as described in the IVOS User Manual; 
otherwise call an appropriate person to perform the neces-
sary adjustments.      

    6.    Use JOG OUT to move to the next  fi eld, verify that it is 
correctly focussed, and then add it to the analysis by clicking 
on the Add Scan button in the ACQUIRE screen. Repeat this 
step until at least four  fi elds and at least 1,000 sperm have been 
analyzed (for low-concentration samples you might need to 
analyze all the available  fi elds and just accept the total number 
of available cells). 

    Note : Do not analyze any  fi elds that are less than three  fi elds 
away from the chamber edge.  

    7.    Go to the PRINT/FILE screen and then:
   (a)    Verify that the Lab# for the sample, including its specimen 

type letter quali fi er as the last character into the last 
character of the File Name (see  Note 6  for further expla-
nation), is correct.  

   (b)    If you want a printout then click on the File & Print but-
ton. If no printout is required then click only on the File 
button. 

    Note : If you do not “File” the analysis then the results will 
not be saved, and the data will be lost when the next analy-
sis is commenced.      

    8.    If the analysis only requires one side of the chamber to be ana-
lyzed, go to Subheading  3.6 , step 12; otherwise return to the 
ACQUIRE screen and JOG OUT until you reach the other 
chamber on the slide, and select a  fi eld near the edge (but at 
least three  fi elds away from the actual edge). Verify that the 
IVOS is still focussed correctly.  

    9.    Start the second analysis by clicking on the Start Scan button.  
    10.    JOG OUT to the next  fi eld, verify that it is correctly focussed, 

and then add it to the analysis by clicking on the Add Scan but-
ton in the ACQUIRE screen. Repeat until either all the  fi elds 
available have been analyzed or the required number of motile 
cells have been analyzed.  

    11.    Go to the PRINT/FILE screen. If you want a printout then 
click on the File & Print button; if no printout is required then 
click only on the File button. This will add a second line of data 
to the specimen’s computer  fi le. 
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    Note : If you do not “File” the analysis then the results will not 
be saved and the data will be lost when the next analysis is 
commenced.  

    12.    Remove the specimen from the IVOS by pressing the LOAD 
button. Remember to “load” the stage back into the machine 
since its heating system only operates when the stage is in the 
loaded position.  

    13.    Discard the specimen in a contaminated sharps container.      

      1.    All basic calculations and kinematic measures are performed by 
the IVOS software.  

    2.    Transfer the required IVOS results from the printed reports 
onto the Laboratory Form or Experiment Datasheet for the 
specimen being analyzed.     

  Note : If two or more separate analyses were performed on a speci-
men (two sides of a 2X-CEL chamber, or multiple 2X-CELs) then 
calculate the averages of their results, since they are each derived 
from a relatively large number of spermatozoa. However, for SORT 
fractions, add the number of cells together and calculate the cor-
rect percentage; do not average the two pre-calculated percentages 
(this ensures the correct weighting of the results for possible differ-
ences in the size of the subpopulations present in the two, or more, 
analyses).   

 

     1.    Mucus penetrating fraction 
   This analysis is performed on spermatozoa in lique fi ed semen 

and requires that duplicate assessments be made on at least 
200 progressively motile spermatozoa from each of the two 
replicates. The SORT fraction reported by the IVOS is the 
percentage of motile spermatozoa that show movement char-
acteristics that are likely to enable them to penetrate into, and 
migrate within, ovulatory cervical mucus. The Boolean argu-
ment for mucus penetrating characteristics analyzed in the 
IVOS at a frame rate of 60 Hz is  (  17  )  as follows: 

    Velocity average path (VAP)  ³ 25  m m/s AND Straightness 
(STR)  ³ 80% AND amplitude of lateral head displacement (ALH) 
 ³ 2.5  m m AND ALH <7.0  m m. 

    Because neither the sperm concentration nor the actual 
percentage of total motile spermatozoa is important in deter-
mining this fraction it can be derived accurately even in human 
semen. Remember that diluting semen with anything other 
than homologous seminal plasma (see  Note 6)  will change its 
viscosity, and hence the sperm kinematics and consequently 
the mucus penetrating fraction.  

  3.7.  Calculations 
and Results

  4.  Notes   
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    2.    Hyperactivation 
   This analysis is performed on washed spermatozoa incubated 

under capacitating conditions (i.e., in sperm medium at 37°C 
under a CO 2 -in-air atmosphere) and requires that duplicate 
assessments be made on at least 200 progressively motile sper-
matozoa from each of the two replicates. The SORT fraction 
reported by the IVOS is the percentage of motile spermatozoa 
that show movement characteristics that re fl ect the hyperacti-
vated pattern of  fl agellar beating. The optimized Boolean argu-
ment for hyperactivated human spermatozoa analyzed in the 
IVOS at a frame rate of 60 Hz  (  16,   17  )  is as follows: 

    Curvilinear velocity (VCL)  ³ 150  m m/s AND linearity 
(LIN)  £ 50% AND ALH  ³ 7.0  m m.  

    3.    “High Concentration” warning 
   There are too many spermatozoa in the  fi eld of view for the 

IVOS to analyze their kinematics reliably. The sample needs to 
be diluted (see  Note 6 ) for reliable analysis.  

    4.    “Concentration Too High” warning 
   There are too many spermatozoa in the  fi eld of view for the 

IVOS to analyze. Follow the procedure described below and 
repeat the analysis.
   (a)    Remove the sample from the IVOS and discard it.  
   (b)    Prepare a diluted aliquot of the specimen (see  Note 6 ) and 

mix thoroughly, but do not vortex.  
   (c)    Make a new preparation using a clean 2X-CEL chamber 

and load the slide into the IVOS.     
    Note : At step #1c of the procedure you must remember to 

adjust the Dilution factor.  
    5.    File naming convention 
   When storing data to the IVOS hard drive, the HDATA soft-

ware places an 8-character limit on the  fi lename, so great care 
must be taken when creating  fi le names. As an example, we 
have used the following format for this purpose: YRnnnnXX
   where YR is the last 2 numbers of the year (e.g., “11” for 2011).  
  nnnn is a 4-digit sample accession number that restarts at 0001 

for the  fi rst sample each year (use the leading zeroes to 
keep the  fi lename with the correct length).  

  XX is a quali fi er that identi fi es the type of specimen being 
analyzed:
   S = semen.  
  SD = semen diluted for CASA analysis.  
  SF = diluted semen (i.e., semen + CPM) pre-freeze.  
  HA = hyperactivation assay.  
  HC = hyperactivation assay control.  
  T = thawed semen.  
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  TD = thawed semen diluted for CASA analysis.  
  W = washed sperm (fresh).  
  Z = washed thawed sperm.       

   Hence “110123HA” denotes a hyperactivation analysis on 
sample 0123 during the year 2011.  

    6.    Diluting samples 
   Because sperm kinematics are affected by the viscosity of the 

specimen, the following criteria for Dilution must be observed:
   (a)    Semen: Use homologous seminal plasma. The simplest 

and cleanest way of getting this is to use the uppermost 
layer from a sperm preparation density gradient after 
centrifugation.  

   (b)    Washed sperm: Add more Sperm Medium or Sperm 
Buffer, as appropriate.

   Mix the diluted specimens thoroughly, but do not  –
vortex. Avoid frothing due to the protein content.  
  Remember to adjust the Dilution factor on the INFO  –
screen of the IVOS.                 
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    Chapter 9   

 The Hemizona Assay for Assessment of Sperm Function       

     Sergio   Oehninger      ,    Mahmood   Morshedi   , and    Daniel   Franken      

  Abstract 

 The hemizona assay (HZA) has been developed as a diagnostic test for the tight binding of human 
spermatozoa to the human zona pellucida to predict fertilization potential. In this homologous bioassay, 
the two matching hemizona halves are functionally equal surfaces allowing controlled comparison of bind-
ing from a fertile control versus a test sample, with reproducible measurements of sperm binding obtained 
from a single oocyte. Oocytes from different sources (surplus from IVF treatment or recovered from 
ovarian tissue) are salt-stored and used after microbisection. Extensive clinical data have demonstrated 
excellent predictive power of the HZA for the outcomes of intrauterine insemination and IVF, and there-
fore the assay has relevance in the clinical diagnostic setting in infertility.  

  Key words:   Hemizona assay ,  Oocyte ,  Sperm function    

 

 Work derived from the in vitro fertilization (IVF) and embryo 
transfer arena has demonstrated that an abnormal sperm–zona 
pellucida interaction is frequently observed in infertile men. Such a 
 fi nding can be observed in the presence of normal or abnormal 
“basic” sperm parameters. An impaired sperm–zona pellucida 
interaction can result in failure of fertilization, thereby decreasing 
the chances of pregnancy when couples are being subjected to 
intrauterine insemination (IUI) or conventional IVF therapies. 
Consequently, sperm–zona pellucida binding assays were devel-
oped due to a real need to assess sperm functional competence in 
the “extended” evaluation of the infertility workup  (  1,   2  ) . In the 
era of intracytoplasmic sperm injection (ICSI), results of such func-
tional assays provide valuable information to the clinician to direct 
management to low-complexity alternatives such as IUI or directly 
to IVF augmented with assisted micro-fertilization through sperm 
injection into oocytes (ICSI)  (  3–  5  ) . 

  1.  Introduction



92 S. Oehninger et al.

 The hemizona assay (HZA) has been extensively validated as a 
diagnostic test for the binding of human spermatozoa to human 
zona pellucida to predict fertilization potential  (  6  ) . In the HZA, 
the two matched zona hemispheres created by microbisection of 
the human oocyte provide three main advantages: (1) the two 
halves (hemizonae) are functionally equal surfaces allowing con-
trolled comparison of binding and reproducible measurements of 
sperm binding from a single egg; (2) the limited number of avail-
able human oocytes is ampli fi ed because an internally controlled 
test can be performed on a single oocyte; and (3) because the 
oocyte is split microsurgically, even fresh oocytes cannot lead to 
inadvertent fertilization and pre-embryo formation  (  6,   7  ) . 

 A highly speci fi c type of binding is necessary for fertilization to 
ensue, and therefore, the HZA provides a unique homologous 
(human) bioassay to assess sperm function at the fertilization level. 
Different sources of human oocytes can be used in the assay, oocytes 
recovered from surgically removed ovaries or postmortem ovarian 
tissue, and/or surplus oocytes from the IVF program. Since fresh 
oocytes are not always available for the test, different alternatives 
have been implemented for storage. Others have described the 
storage of human oocytes in dimethylsulfoxide (DMSO) at ultra 
low temperatures  (  8  ) . Additionally, Yanagimachi and colleagues 
showed that highly concentrated salt solutions provided effective 
storage of hamster and human oocytes such that the sperm-binding 
characteristics of the zona pellucida were preserved  (  9  ) . In devel-
oping the HZA, we have examined the binding ability of fresh, 
DMSO and salt-stored (under controlled pH conditions) human 
oocytes and have concluded that the sperm binding ability of the 
zona remains intact under all these    conditions  (  10  ) . Subsequently, 
we assessed the kinetics of sperm binding to the zona, showing 
maximum binding at 4–5 h of gamete coincubation, with similar 
binding curves both for fertile and infertile semen samples. 

 The assay has been validated by a clear-cut de fi nition of the 
factors affecting data interpretation, i.e., kinetics of binding, egg 
sources, variability and maturation status, intra-assay variation, and 
in fl uence of sperm concentration, morphology, motility, and 
acrosome reaction status  (  10–  18  ) . Over 90 days evaluation, sper-
matozoa from fertile men do not exhibit a time-dependent change 
in zona binding potential, thus reassuring their utilization as con-
trols in the bioassay. Within each pool of donors utilized in the 
assay, a cutoff value or minimal threshold of binding has to be 
established in order to validate each assay for the purpose of 
identi fi cation of a poor control semen specimen and/or a poor 
zona. In our control population, this cutoff value is approximately 
20 sperm tightly bound to the control hemizona (fertile donor). 
Therefore, each laboratory should statistically assess its own con-
trol data to establish a reasonable lower limit for assay acceptance. 
If the control hemizona (matching hemizona exposed to fertile 
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sperm) has a good binding capability, that is, tightly binds at least 
20 spermatozoa after the 4-h incubation period (information 
derived from a statistical evaluation of a pool of fertile donors), 
then a single oocyte will give reliable information about the fertil-
izing ability of the test spermatozoa. 

 The inter-egg variability is high not only for oocytes at differ-
ent stages of maturation (immature versus mature eggs) but also 
within a certain population of eggs at the same maturational stage. 
However, this factor is internally controlled in the assay by the 
utilization of matching hemizona that allows a comparison of bind-
ing of a fertile versus an infertile semen sample in the same assay 
under the same oocyte quality conditions. Incubating matching 
hemizonae from eggs at the same maturational stage with homolo-
gous spermatozoa from the same fertile ejaculate, we have been 
able to determine a low (<10%) intra-egg (intra-assay) variability 
both for human and monkey (cynomolgus) oocytes. Additionally, 
we have shown that full meiotic competence of human and mon-
key oocytes is associated with an increased binding potential of 
zona pellucida  (  17,   19  ) . 

 The speci fi city of the interaction between human spermatozoa 
and the human zona pellucida under HZA conditions is strength-
ened by the fact that the sperm tightly bound to the zona are 
acrosome reacted  (  15,   20  ) . Moreover, results of interspecies exper-
iments performed with human, cynomolgus monkey, and hamster 
gametes have demonstrated a high species speci fi city of human 
sperm/zona pellucida functions under HZA conditions providing 
further support for the use of this bioassay in infertility and contra-
ception testing  (  19,   21,   22  ) . 

 In prospective blinded studies, we have investigated the rela-
tionship between sperm binding to the hemizona and conventional 
IVF outcome  (  11,   16,   23–  26  ) . Results have shown that the HZA 
can successfully distinguish the population of male-factor patients 
at risk for failed or poor fertilization. Using either a cutoff value of 
fertilization rate of 65% (mean minus 2 standard deviations of the 
overall fertilization rate in our programs for non-male-factor 
patients) or distinguishing between failed versus successful fertil-
ization (0% vs. 1–100%) the HZA results expressed as HZI (a per-
centage derived from the ratio of patient or test sperm binding 
over control sperm binding on hemizonae from the same oocyte) 
provide a valuable means to separate these categories of patients. 
Powerful statistical results allow us to use the HZA in the predic-
tion of fertilization rate. Logistic regression analysis provides a 
robust HZI range predictive of the oocyte’s potential to be fertil-
ized. This HZI cutoff value is approximately 35%. Overall, for 
failed versus successful and poor versus good fertilization rate, the 
correct predictive ability (discriminative power) of the HZA was 
80 and 85%, respectively. The information gained through the use 
of the HZA may be extremely valuable for counseling patients in 
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the IVF setting (i.e., considering an HZI below 35% the chances of 
poor fertilization are 90–100%, whereas for the HZI over 35%, the 
chances of good fertilization are 80–85%). 

 A meta-analysis was carried out to examine the value of avail-
able sperm function assays to predict fertilization outcome in IVF 
 (  27  ) . The aim was carried out through a meta-analytical approach 
that examined the predictive value of four categories of sperm 
functional assays: computer-aided sperm motion analysis (CASA); 
induced-acrosome reaction testing; heterologous hamster oocyte-
sperm penetration assay (SPA); and sperm–zona pellucida binding 
assays (including the HZA) for IVF outcome. Results demon-
strated the highest predictive power of the sperm–zona pellucida 
binding and the induced-acrosome reaction assays for fertilization 
outcome. 

 In subsequent studies we investigated the predictive value of 
the HZA assay for pregnancy outcome in patients undergoing con-
trolled ovarian hyperstimulation (COH) with IUI  (  28  ) . Overall, 
patients with an HZI of <30 had a signi fi cantly lower pregnancy 
rate compared to patients with an HZI of > or = 30 (relative risk for 
failure to conceive: 1.5 [con fi dence interval 1.2–1.9]). The nega-
tive and positive predictive values of the HZA for pregnancy were 
93% and 69%, respectively. Logistic regression analysis revealed a 
model where HZI had the highest predictability of conception in 
male factor couples ( P  = 0.021). The European Society of Human 
Reproduction and Embryology (ESHRE) and the World Health 
Organization (WHO) have selected sperm binding assays as research 
tests approaching diagnostic application in the clinic  (  29,   30  ) . 
Consequently, results of this sperm function test are useful in coun-
seling couples before allocating them into COH/IUI therapy, 
IVF, or ICSI.  

 

      1.    Oocytes (see Subheadings  3.1  and  3.2 ).  
    2.    Salt storage medium (for short-term storage) or DMSO/

sucrose storage medium (for long-term storage).  
    3.    100 mm Petri dishes.  
    4.    Size 23 scalpel blades.  
    5.    0.2 mm bore size gel sequencing pipette.  
    6.    Culture medium: Modi fi ed human tubal  fl uid (HTF; Irvine 

Scienti fi c) supplemented with 0.5% human serum albumin 
(HSA; Irvine Scienti fi c).  

    7.    Dissecting microscope.      

  2.  Materials

  2.1.  Oocyte Collection
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      1.     Salt Storage solution (short-term storage) : 1.5 M magnesium 
chloride hexahydrate, 0.1% polyvinylpyrrolidone (PVP—
MW 40,000), 40 mM sodium HEPES: Measure out about 
400 mL IVF water in a graduated cylinder and transfer to a 
beaker. Completely dissolve 5.2 g sodium HEPES and 0.5 g 
PVP in the water while stirring. Slowly add 152.5 g MgCl 2 ·6H 2 O 
and stir until dissolved. Adjust the pH to 7.4 with several mil-
liliters of 12 M HCl. Bring the volume up to 500 mL with IVF 
water. Filter sterilize with a 0.2  m M bottle top  fi lter. Label bot-
tle with solution name, date made, expiration date, and initials 
of the person who made the solution. Store at 4°C for a maxi-
mum of 3 months.  

    2.     DMSO/sucrose storage solution (long-term storage) : 3.5 M 
DMSO, 0.25 M sucrose, and 20% blood serum in PBS.  

    3.     Thawing solution : 0.25 M sucrose and 3% HSA in PBS.      

      1.    Phase contrast inverted microscope.  
    2.    Micromanipulators.  
    3.    Beaver micro-sharp blade holder.  
    4.    Beaver micro-sharp blades, 3.5 mm, depth 300.  
    5.    Culture medium: Modi fi ed HTF supplemented with 0.5% HSA.  
    6.    0.2 mm bore size gel sequencing pipette.  
    7.    Mineral oil.      

      1.    Test and control semen samples (fresh or cryopreserved).  
    2.    Culture medium: Modi fi ed HTF supplemented with 0.5% HSA.  
    3.    HTF supplemented with 3% HSA.      

      1.    Bisected hemizonae.  
    2.    0.2 mm bore size gel sequencing pipette.  
    3.    Prepared sperm suspended in HTF supplemented with 3% HSA.  
    4.    Culture medium.       

 

  Caution: Always wear appropriate eye protection. The ovaries are a 
resilient tissue, which can contribute to considerable spatter of 
potentially biohazardous  fl uid during cutting.

    1.    Place a single ovary in a 100 mm plastic Petri dish.  
    2.    Cut the ovary with a size 23 surgical blade into approximate 

2 mm slices.  

  2.2.  Oocyte Storage

  2.3.  Oocyte 
Microbisection

  2.4.  Semen 
Preparation

  2.5.  Assay Incubation, 
Counting, and 
Interpretation 
of Results

  3.  Methods

  3.1.  Oocyte Collection 
from Surgically 
Removed Donated 
Ovaries and 
Postmortem Donated 
Ovarian Tissue
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    3.    Cut the 2 mm slices until the entire ovary is macerated to 
produce a  fi ne mass of ovarian tissue.  

    4.    Remove small amounts of the macerated tissue to an adjacent 
dish and add 1 mL of culture medium to the mass. It may be 
helpful to use square Petri dishes with grids to aid in systemati-
cally covering the entire dish.  

    5.    Using a dissecting microscope scan the entire suspension for 
oocytes.  

    6.    It may be necessary to pipette oocytes recovered in this man-
ner several times in order to strip granulosa cells from the 
oocytes.  

    7.    Collect the retrieved oocytes in a drop of culture medium.      

      1.    Collect the unfertilized donated oocytes with no developmen-
tal potential in a freshly prepared drop of culture medium.  

    2.    Use a 0.2 mm bore size pipette to vigorously wash each oocyte 
to dislodge any attached sperm.      

      1.    For short-term storage (several months), harvested oocytes 
may be stored in the salt storage buffer at 4°C. Before the 
assay, remove the desired number of oocytes from the salt stor-
age, rinse them  fi ve to ten times with culture medium to 
remove the storage solution, and then proceed to bisection.  

    2.    For long-term storage, oocytes should be cryopreserved. For 
cryopreservation, incubate 1–3 oocyte(s) for 3 min in 0.5 mL 
solution of DMSO/sucrose storage solution. Following this 
incubation transfer oocytes into 0.25 mL cryopreservation 
straws, and then plunge straws into liquid nitrogen for perma-
nent storage. When ready for use, thaw oocytes at 37°C for 
2–3 min and then expel the contents into a Petri dish. Following 
thaw observe the oocytes under a dissecting microscope. 
Transfer the thawed oocytes into the thawing solution for 
7–10 min, then rinse the oocytes with culture medium, and 
then proceed to bisection.      

           1.    Setting up the micromanipulation system is a crucial step in the 
HZA technique. Improper installation will not allow successful 
bisection of the zona pellucida. Mount micromanipulators on 
a phase-contrast inverted microscope.  

    2.    Fix the cover of a 100 mm Petri dish (working area) on the 
stage of a phase contrast, inverted microscope. Use double 
sticking tape on the bottom of the dish and af fi x to the micro-
scope stage to restrain dish movement.  

    3.    Align a microsurgical scalpel handle blade to the pipette holder 
of a micromanipulator. Blades should be mounted so that the 
cutting edge is parallel to the Petri dish cover. The Z-axis of 

  3.2.  Collection 
of Unfertilized IVF 
Donated Oocytes

  3.3.  Storage of 
Oocytes ( See   Note 1 )

  3.4.  Oocyte 
Microbisection 
(Figs.  1 ,  2 , and  3 )
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the blade should be straight up and down (perpendicular to 
the cutting surface).  

    4.    Lower the blade until it touches the bottom of the plastic Petri 
dish and with the  fi ne manipulator cut a horizontal groove in 
the dish.  

    5.    Move the stage a few millimeters sideways and repeat step 4 
several times until you have produced four or more parallel lines.  

    6.    Following preparation of the dish, proceed with the assay by 
adding a drop of culture medium to the cutting area.  

  Fig. 2.    Photomicrograph of the bisection of a human oocyte to produce two matching hemizonae.       

  Fig. 1.    Hemizona assay (HZA) procedure: Setting up the equipment.       
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    7.    Remove an oocyte from a working droplet and under microscopic 
observation, place it in the middle of the microscopic  fi eld. 
Ensure that the oocyte is placed on or between the thin parallel 
lines previously cut in the plastic dish. This will restrict the 
oocyte movement during the bisecting process.  

    8.    Carefully lower the blade until it is in the middle of the oocyte. 
Monitor the position of the blade as it comes down on the 
oocyte, making minor positioning adjustments as necessary. 
A micrometer can be used (if necessary) to measure the oocyte 
diameter and thus to ensure identical hemizonae. This microm-
eter is similar to the one used to determine sperm dimensions 
for morphology assessment using strict criteria.  

    9.    Lower the blade until it touches the top surface of the oocyte 
and by further lowering the oocyte will be  fl attened.  

    10.    Using side-to-side excursions bisect the oocyte into two identi-
cal halves (hemizonae). Be certain that the cuts completely bisect 
the zona pellucida before releasing the tension on the blade.  

    11.    Keep the hemizona pairs together and pipette each to remove 
the residual cytoplasm. Aspirate the cut hemizonae about  fi ve 
times or more using a 0.2 mm pipette until the residual cyto-
plasm is removed. Place the hemizona pairs in fresh drops 
(about 0.1 mL) of culture medium.  

    12.    Place the matching hemizona pairs in the incubator overnight 
or for a minimum of several hours before transferring into 
sperm droplets (see Subheading  3.5 ). If several eggs are bisected 
to prepare hemizonae for the entire week of assays, matching 
hemizonae may be kept in 100  m L droplets of modi fi ed culture 
medium, covered with mineral oil, and refrigerated. In this 
case, the hemizonae should be incubated at 37°C overnight or 

  Fig. 3.    The Hemizona Assay (HZA): Diagram illustrating the procedures.       
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for a minimum of several hours before they are used for the 
assay. Make sure to remove the oil from the dish to expose 
the droplets before hemizonae are transferred for incubation 
and eventual contact with sperm.  

    13.    When sperm are ready for incubation with the hemizonae, one 
hemizona is transferred into the drop containing control (donor) 
sperm and the corresponding hemizona is transferred into the 
drop containing patient’s sperm (see Subheading  3.6 ).      

      1.    Evaluate the test and control semen for basic semen parameters 
and record.  

    2.    Mix semen with culture medium at a ratio of 0.5 mL semen 
and 1 mL medium.  

    3.    If a cryopreserved donor sample is used, thaw the sample and 
check for quality. If not adequate, thaw another sample. Add 
the medium to the sample at 50–100  m L increments 1–2 min 
apart until a volume twice that of the semen has been added.  

    4.    Centrifuge each tube at 400 ×  g  for 10 min. Aspirate and discard 
supernatants.  

    5.    Resuspend the pellet(s) in 1 mL medium and centrifuge/ 
process as in step 4.  

    6.    Gently overlay each pellet with 200  m L of 37°C medium with-
out mixing.  

    7.    Place each tube in a 37°C incubator and allow 1 h for swim up.  
    8.    Remove the sperm suspension (swim up) from the top of each 

pellet and transfer to properly labeled tubes.  
    9.    Determine the sperm concentration in each suspension.  
    10.    Using fresh 37°C medium to dilute the suspensions, adjust 

each suspension to make a  fi nal concentration of 6 × 10 6  motile 
sperm/mL.  

    11.    A total of 60,000 motile sperm per hemizona are needed, and 
at least three replicates should be performed with each sperm 
sample (see  Note 2 ). Add 44  m L of the prepared swim-up sus-
pension from step 10 to 352  m L of HTF containing 3% HSA. 
Mix by gentle pipetting (see  Note 3 ). Make this dilution as 
close as possible to the time you are ready to add the hemi-
zonae to sperm suspensions for the 4-h incubation. Repeat 
with other sperm suspensions (i.e., control and other samples 
from patients, if applicable).      

      1.    Gently aspirate the bisected hemizonae and place them sepa-
rately in the patient and control sperm droplets.  

    2.    Cover the droplets with mineral oil.  
    3.    Incubate the droplets for 4 h in a humidi fi ed chamber at 37°C 

and 5% CO 2 .  

  3.5.  Semen 
Preparation

  3.6.  Assay 
Incubation Counting 
and Interpretation 
of Results 
( See   Note 4 )
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    4.    Following the incubation remove each hemizona from the 
incubation droplets and place it in 50  m L fresh culture medium 
droplet.  

    5.    Remove loosely attached sperm by aspirating each hemizona 
separately  fi ve times with a 0.2 mm micro-pipette.  

    6.    Remove the hemizona, place it in a fresh culture medium 
droplet, and count the number of tightly bound sperm on each 
hemizona. Counting is performed with hemizonae placed with 
the open end facing the bottom of culture dish. Starting from 
the bottom of the dish count all spermatozoa that are in focus. 
Move the microscope stage 4–5  m m upwards and continue 
counting the in-focus sperm. Proceed until all sperm on the 
hemizona surface are recorded. Repeat the process by starting 
at the top end of the hemizona moving incrementally 4–5  m m 
downwards (Fig.  4 ).   

    7.    Calculate the average of the two counts to obtain the mean 
number of bound sperm for the test as well as for the control 
hemizona (see  Note 5 ).  

    8.    Calculate the Hemizona Index (HZI) based on the formula 
(see  Note 6 )

     

Number of bound sperm from the test sample
Hemizona Index 100

Number of bound sperm from the control sample
= ×

         

 

     1.    Oocytes may be stored in a salt solution at refrigeration tem-
perature for short-term storage. Our experience with the salt-
stored oocytes shows that they last for several months. There 
are several ways one can assess if the salt-stored oocytes have 
maintained their integrity and suitability to be used for the 
assay. One is the observation of the oocytes during the cutting 
process. If they have lost their shape and are easily smashed 
during the cutting process, they should not be used for the assay. 
Second, if the binding with control (donor) sperm declines 

  4.  Notes

  Fig. 4.    Counting sperm tightly bound to the hemizona for the HZA.       
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across the board for all oocytes, this may also be indicative of 
the impact of longer than usual storage in salt solution. The 
binding pattern may be used as a quality control measure for 
the assay, particularly if the same control/donor semen sample is 
used over a period of time. This may be possible when cryopre-
served control semen samples are utilized. Nevertheless, for long 
storage time, it is recommended that oocytes be cryopreserved.  

    2.    In cases where fewer than 500,000 sperm are recovered, use an 
equal number of sperm in the test and control droplets.  

    3.    Each suspension (396  m L) is suf fi cient to provide four 90- m L 
aliquots with 60,000 motile sperm in each aliquot for use in 
HZA plus a residual 36  m L of the suspension to check sperm 
motility.  

    4.    Prior to performing the HZA, the zona pellucida binding 
capacity of several proven fertile donors has to be determined. 
This is particularly important if cryopreserved semen samples 
are used. These samples should show binding of >60 sperm/
hemizona.  

    5.    In cases where fresh control sperm bind fewer than 20 sperm/
hemizona, the assay results for that replicate should not be 
considered when reporting results.  

    6.    An HZI >30–35 is associated with successful fertilization in 
IVF and with pregnancy in IUI.          
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    Chapter 10   

 The Sperm Penetration Assay for the Assessment 
of Fertilization Capacity       

     Kathleen   Hwang    and    Dolores   J.   Lamb        

  Abstract 

 The sperm penetration assay, or zona-free hamster oocyte penetration assay, is utilized to measure the 
ability of sperm to undergo capacitation, fuse with the egg membrane, and decondense the sperm head 
within the cytoplasm of the oocyte, resulting in the formation of the male pronucleus. The test is scored 
by calculation of the percentage of ova that are penetrated (the original assay developed) or the average 
number of sperm penetrations per ovum (the sperm capacitation index of the optimized assay). The sperm 
penetration assay identi fi es those couples that will have a high likelihood of success with in vitro 
fertilization.  

  Key words:   Male infertility ,  Sperm ,  Zona pellucida ,  Gamete interaction ,  Sperm–oocyte penetration    

 

 Infertility is a dif fi cult and stressful condition for both the patients 
and the treating physicians. The failure to conceive within 1 year 
occurs in about 15% of couples  (  1  ) , and about 50% of problems 
related to conception are either caused entirely by the male or is a 
combined problem with the male and his female partner. Male 
infertility continues to be a clinical challenge of increasing 
signi fi cance. The routine semen analysis remains the cornerstone in 
the evaluation of male factor infertility; however the diagnostic 
capabilities currently available to assist in formulating a diagnosis 
have rapidly evolved to include specialized functional tests. 

 Even men with normal semen parameters may not be fertile, 
necessitating the development of tests designed to measure sperm 
functions such as cervical mucus penetration, capacitation, sperm–
zona pellucida binding, sperm–ova binding, acrosome reaction, 
sperm penetration, and decondensation. 

  1.  Introduction
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 The sperm penetration assay was  fi rst developed in the 1970s. 
In 1976, Yanagimachi and colleagues observed that upon removal 
of the zona pellucida of hamster ova, the eggs were “promiscuous” 
and allowed penetration by sperm of other species  (  2  ) . This test 
measures the ability of sperm to undergo capacitation, fuse with the 
egg membrane, and decondense the sperm head resulting in the 
formation of the male pronucleus. Although a number of studies 
showed that this test was a useful predictor of fertilization in con-
ventional in vitro fertilization (IVF), the test was plagued by false 
negatives and assay variability. Johnson, et al.  (  3,   4  )  improved the 
assay by altering the conditions to enhance sperm penetration rates 
by orders of magnitude and by devising a control method to ensure 
assay reproducibility, precision, and accuracy. A positive score on 
this modi fi ed test was demonstrated to be highly predictive of a 
positive outcome in IVF  (  5,   6  ) . Despite providing useful predictive 
information, the test rarely is ordered today. A modi fi cation of this 
assay used in combination with intra-cytoplasmic sperm injection 
(ICSI) into hamster oocytes accurately identi fi ed male factor 
patients who failed to fertilize after IVF/ICSI due to a defect in 
sperm head decondensation  (  7  ) .  

 

 Prepare and store all reagents at room temperature (unless indi-
cated otherwise). Diligently follow all waste disposal regulations 
when disposing waste materials. 

      1.    Incubator.  
    2.    Hemocytometer counting chamber.  
    3.    Phase contrast microscope.  
    4.    Microscope slides with coverslips.  
    5.    Pasteur pipette, 9½″.  
    6.    Centrifuge.  
    7.    Glass test tube, 12 × 75 mm.  
    8.    Graduated tube, 15 mL.  
    9.    Micro-test tube, 0.4 mL (Biorad).  
    10.    26 gauge 3/8″ needle.  
    11.    Culture dish, 35 × 10 mm (Falcon).  
    12.    Dissecting microscope.  
    13.    Mounting micropipette.  
    14.    CO 2  chamber.      

  2.  Materials

  2.1.  Equipment
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      1.    Sterile water.  
    2.    Sterile saline.  
    3.    Modi fi ed Biggers–Whitten–Whittingham (MBWW) media.  
    4.    TEST-yolk buffer (TYB).  
    5.    37 IU Human chorionic gonadotropin (hCG).  
    6.    0.5 mg/mL Trypsin (ICN Pharmaceutical).  
    7.    0.5 mL Hyaluronidase.  
    8.    Mineral oil (Squibb).  
    9.    8% glycerol.  
    10.    30 IU Pregnant mare’s serum gonadotropin (PMSG): 0.3 mL 

of 100 IU/mL of MS dissolved in sterile saline.      

      1.    Semen sample from patient.  
    2.    Semen sample from control (frozen or fresh).      

      1.    Female Hamster: Between 7 and 12 weeks old.       

 

 Carry out all procedures at room temperature unless otherwise 
speci fi ed. 

  Quality control is maintained where a fertile control, either frozen 
or fresh, is processed along with the patient sample ( see   Note 1 ).

    1.    Collect the ejaculate in a wide-mouth container provided by 
the physician and allow to liquefy for 30 min at 37°C.  

    2.    Transfer the specimen to a 15 mL graduated tube to measure 
the volume.  

    3.    Using a 50  μ L pipette, apply a small drop of semen onto a pre-
warmed (37°C) microscope slide and cover with a #1 
coverslip.  

    4.    Aliquot 50  μ L of semen directly in 0.95 mL sterile H 2 O (1:20 
dilution) in a 12 × 75 mm glass test tube. Mix the diluted semen 
by agitation, and load a small amount into a hemocytometer 
counting chamber and set aside.  

    5.    Assess sperm quality by viewing the slide of undiluted semen 
on a 37°C warmed stage at 400× magni fi cation under phase-
contrast.  

    6.    Count the sperm once they have all settled to the same focal 
plane on the hemocytometer counting grid.  

  2.2.  Reagents

  2.3.  Sperm Preparation

  2.4.  Ova Preparation

  3.  Methods

  3.1.  Sperm Preparation
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    7.    Multiply the  fi nal count by the percent motility and multiply 
this product by the volume to yield the total number of motile 
cells per specimen (sperm count (× 10 6  cells/mL) × % motil-
ity × volume = total number of motile cells).  

    8.    Dilute the semen 1:1 with room-temperature TYB and mix 
with the aid of a Pasteur pipette. Allow solution to cool gradu-
ally, and maintain the sample at 4°C overnight ( see   Note 2 ).  

    9.    Remove the samples from the refrigerator at 8:00 a.m. on the 
day of the assay. A visible sperm pellet should be present at the 
bottom of the tube.  

    10.    Aspirate the TYB seminal plasma supernatant down to the top 
of the visible pellet.  

    11.    Immediately add 6 mL of MBWW warmed to 37°C, and thor-
oughly resuspend the pellet using a transfer pipette ( see   Note 3 ).  

    12.    Centrifuge all tubes for 10 min at 600 ×  g .  
    13.    Aspirate the supernatant and resuspend the pellet in 3 mL of 

MBWW.  
    14.    Divide the resuspension equally into six tubes (12 × 75 mm) 

and cap.  
    15.    Centrifuge for 5 min at 600 ×  g  and place the tubes in a 37°C 

heat block for 60–90 min to allow motile sperm to swim up 
into the clear supernatant.  

    16.    Using a Pasteur pipette, aspirate the supernatant from each set 
of tubes, taking care not to disturb the sperm pellets, and pool 
the supernatants into another 15 mL graduated tube. 
Centrifuge at 600 ×  g .  

    17.    Determine the sperm concentration using a hemocytometer. 
Continue counting the sperm until the count reaches 100. 
Often it is necessary to dilute a 50  μ L aliquot into a 200  μ L 
aliquot of distilled water due to high sperm concentrations ( see  
 Notes 4  and  5 ).
      Note : If fewer than 250,000 motile sperm are recovered in the 
swim-up, a micro-assay is performed as follows: 
  1.    Place 0.2 mL MBWW (37°C) in a 0.4 mL micro-test tube.  
   2.    Add the sperm suspension, and centrifuge at 600 ×  g  for 

5 min.  
   3.    After centrifugation, place the micro-test tube on a 37°C 

heater block to await placement of ova into the sperm 
suspension.          

      1.    At 9:00 a.m. on day 1 of the assay period stimulate each 
hamster with 30 IU of PMSG injected intraperitoneally ( see  
 Note 6 ).  

  3.2.  Ova Preparation
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    2.    Administer a 37 IU dose of hCG at 3:00 p.m. on day 3 in an 
identical manner and volume ( see   Note 7 ).  

    3.    At 8:00 a.m. on the morning of the 4th day, sacri fi ce the 
hamsters in an atmosphere saturated with CO 2 .  

    4.    Excise the oviducts and place them in the  fi rst of the three ice-
cold saline washes after which the oviducts are singularly trans-
ferred to a 35 × 10 mm culture dish containing iced saline on a 
dissecting microscope.  

    5.    At 40× magni fi cation, puncture the bulbous section of the 
duct with a 26 gauge needle to free the cumulus mass enclos-
ing the ova into the cold saline.  

    6.    Once the entire mass has been teased free transfer it with a 
Pasteur pipette to a collection tube containing 0.5 mL ice-cold 
hyaluronidase ( see   Note 8 ).  

    7.    Transfer the cumuli to a culture dish containing one drop of 
room-temperature MBWW. This is done at the time of harvest 
of the swim-up sperm in order to synchronize the ova and 
sperm preparations.  

    8.    Stir and allow the ova to settle to remove the majority of the 
cumulus cells, which will remain suspended in the buffer. 
Remove most of the supernatant with a Pasteur pipette ( see  
 Note 9 ).  

    9.    Transfer the ova using a Pasteur pipette with an inner bore 
twice the diameter of the zona-intact ova. By skillful applica-
tion of suction and pressure, ova can be harvested quickly 
without any remaining cellular debris.  

    10.    Remove the zona pellucida and the  fi rst polar body by placing 
the ova in a 200 mL droplet of MBWW containing 0.5 mg/
mL trypsin for ~2 min.  

    11.    Wash the ova by passage through three consecutive drops of 
fresh MBWW prior to incubation with sperm ( see   Note 10 ).      

  To minimize inter-assay variation in SPA methodology, the period 
of time after thermal shocking of the sperm to the time the sperm 
and ova are incubated is held between 2 and 2½ h.

    1.    Centrifuge all the “swim-up” samples for 5 min at 600 ×  g .  
    2.    Immediately aspirate down to 0.1 mL (or lower when indi-

cated), and then resuspend the sperm to a  fi nal concentration 
of 5 × 10 6  motile sperm/mL.  

    3.    Put two 50  μ L droplets of sperm suspension in a small culture 
dish and overlay with 37°C silicone oil.  

  3.3.  Sperm and Ova 
Incubation
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    4.    Place eight ova into each twin 50  μ L droplets containing 
250,000 100% motile sperm.  

    5.    Place culture dishes in a tissue culture incubator at 37°C for 
2½ to 3 h.  

    6.    When incubation is complete, remove the excess sperm bound 
to the outer ovum membrane to provide an unobstructed view 
of those sperm that have penetrated.
      Note : If samples with low motile sperm recovery are placed in 
micro-test tubes, add ova for incubation in the following 
manner: 
  1.    Carefully draw no more than ten ova into the micropi-

pette, and place the tip just under the surface of the MBWW 
in the tube. Allow the ova to gently “fall” into the liquid 
and settle to the bottom of the tube. Be careful not to 
disrupt the sperm pellet in the bottom of the tube.  

   2.    Place the tube at 37°C, and incubate for 3 h prior to 
mounting the ova.          

      1.    Use a mounting micropipette with an inner bore the same 
diameter as the zona-free ova to pass through three individual 
drops of buffer ( see   Note 11 ).  

    2.    Prepare the coverslips just prior to use by placing a very small 
dot of paraf fi n–Vaseline (1:1) mixture on all corners.  

    3.    Retrieve the ova so that a suf fi cient volume of buffer is drawn 
up in the micropipette after the last ovum.  

    4.    When the ova are placed on the slide, a small droplet will be 
formed before the ova are expelled, which will prevent the 
fragile ova from rupturing.  

    5.    The  fi nal droplet containing ova should be 1–2  μ L. Quickly 
cover the droplet with the prepared coverslip.  

    6.    Gently press down on one of the corners so that the droplet 
will spread and gradually draw the coverslip down, expelling 
air. This  fl attens the penetrated ova into one or two focal planes 
when viewed for scoring.  

    7.    Score slides immediately on mounting.      

      1.    Scoring must be performed using a phase-contrast microscope 
at 400× magni fi cation.  

    2.    Record the number of penetrated sperm in each ovum ( see  
 Note 12 , Fig.  1 ).   

    3.    Calculate the sperm capacitation index (SCI), which is simply 
the average number of penetrations per ovum for all ova 
counted.       

  3.4.  Mounting Ova

  3.5.  Scoring Slides
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     1.     Frozen control : A vial from the frozen control is retrieved from 
liquid nitrogen and submerged into the refrigerated container 
holding the patient’s samples for 14–20 h at 4°C. At 8:00 a.m. 
on the day of the assay, 6 mL of warm MBWW is added to the 
frozen control. From this step onwards the control is processed 
the same way as the patient samples. 
  Fresh control:  A fresh control (fresh ejaculate from a pregnancy-
proven donor) is run with every assay and is processed exactly 
like the patient samples.  

    2.    It is important to cool the mixture gradually. Immerse the 
semen/TYB mixtures in a container of water at room tempera-
ture, and place this apparatus in the refrigerator. Not more 
than 2 h should elapse from the time the sample is collected to 
the start of the cooling process in the refrigerator.  

    3.    The preparation of semen samples from the removal from the 
refrigerator on the day of the assay to when the warm MBWW 
is added should be preformed in rapid sequence on individual 
samples to assure the same temperature shock to all of the sam-
ples. This “thermal shock” is an important step for maximizing 
penetration rates.  

    4.    When using the hemocytometer to count the sperm, if the 
count of 100 should fall in the middle of a square,  fi nish count-
ing that square. Record the number of sperm counted over the 
total number of squares on the worksheet. For example: If 109 

  4.  Notes

  Fig. 1.    Photomicrograph of two zona-free hamster oocytes, each displaying multiple sperm 
penetrations ( round, lighter areas  within the ooplasm).       

 



110 K. Hwang and D.J. Lamb

sperm were counted in three squares, this value would be 
recorded as 109/3 on the worksheet.  

    5.    The  fi nal swim-up volume is calculated as follows: 
 Rec volume × (number of sperm/number of squares × 100) = 
Final volume  

    6.    The intraperitoneal injection is made substernally with down-
ward angulation, using a syringe  fi tted with a 26 gauge 3/8″ 
needle.  

    7.    Both PMSG and hCG injection solutions can be aliquoted and 
stored in a −20°C freezer for up to 1 year. It is important to 
thaw these solutions above room temperature and to use them 
within 30 min to maximize ova yield. The assay requires that 
one hamster be injected for every two patients scheduled.  

    8.    The cumuli are collected and kept on ice until it is time to 
process them for incubation with the sperm.  

    9.    It is necessary to remove the smaller cumulus cells, as they are 
enzymatically detached from the ova, to prevent interference 
with the subsequent trypsinization step.  

    10.    It is also important to process the ova (up to 500) within 
20 min from the time the cumulus mass is warmed at room 
temperature with MBWW. The penetration quality of fresh ova 
is preserved if the ova are kept at a low temperature for up to 
24 h. For this reason the oviducts and cumulus masses are 
stored in iced buffer until needed. This also prevents ova from 
the animals sacri fi ced  fi rst from having a lower penetration rate 
than those harvested later.  

    11.    Using the mounting pipette with an inner bore the same diam-
eter as the zona-free ova creates forces in the micropipette tip 
that shear off the bound sperm. The ova are kept in buffer, 
while a standard slide is cleaned with ethanol.  

    12.    A penetrated sperm is indicated by the presence of a swollen 
head associated with a tail. Using this assay, sperm penetrations 
are numerous, so the clear areas of the heads will often merge 
together and may become indistinguishable. In this case, it is 
necessary to count tails without heads. It is very rare that an 
unpenetrated (normal) sperm bound to the outside of the ova 
membrane will separate head from tail (Fig.  1 ).          
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    Chapter 11   

 Methods for the Assessment of Sperm Capacitation and 
Acrosome Reaction Excluding the Sperm Penetration Assay       

     Christopher   J.   De   Jonge       and    Christopher   L.  R.   Barratt      

  Abstract 

 Assessing the ability of human spermatozoa to acquire fertilizing potential (capacitation) by stimulating 
exocytosis of the contents of the acrosome (acrosome reaction) is thought to have diagnostic potential (De 
Jonge, Reprod Med Rev 3:159–178, 1994). Calcium-mobilizing agents, such as calcium ionophores 
(A23187) and progesterone, stimulate the acrosome reaction in vitro (Brucker and Lipford, Hum Reprod 
Update 1:51–62, 1995). Acrosomal status is easily detected using  Pisum sativum  Agglutinin labeled with 
 fl uorescein isothiocyanate (Cross and Meizel, Biol Reprod 41:635–641, 1989). Herein we describe a pro-
cedure for assessing capacitation and the acrosome reaction of human spermatozoa in vitro.  

  Key words:   Capacitation ,  Acrosome reaction ,  Calcium ionophore ,  Progesterone ,  PSA-FITC    

 

 Human sperm must undergo two sequential processes termed 
capacitation and acrosome reaction in preparation for fertilization 
in vivo  (  1,   2  ) . Capacitation involves a complex of changes that 
include ion  fl ux, sterol removal, redistribution of membrane pro-
tein receptors, protein kinase activation,  fl agellar amplitude, and 
beat frequency changes—collectively termed “hyperactivation,” 
and other physiological events  (  1,   3  ) . With the exception of hyper-
activation, all of the aforementioned changes are preparatory for 
the acrosome reaction: an exocytotic event that involves the fusion 
and vesiculation of the plasma and outer acrosomal membranes 
and the release of lytic acrosomal enzymes  (  4  ) . For the fertilizing 
spermatozoon, the acrosome reaction is induced by an oocyte’s 
vestments—primarily the zona pellucida, and it occurs via typical 
ligand–receptor binding that stimulates signal transduction pathways 
and subsequent exocytosis  (  5  ) . 

  1.  Introduction
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 Measurement of capacitation and acrosome reaction for the 
purpose of greater basic understanding of sperm cell biology and 
fertilization or for clinical diagnostics is essential. For the acrosome 
reaction, the methods for detecting the presence/absence of the 
acrosome are well de fi ned and straightforward  (  3  ) . In contrast, 
assaying capacitation as a process is rather enigmatic. On the one 
hand, a spermatozoon is deemed to be capacitated based on its 
induce-ability for the acrosome reaction. Alternatively, capacitation 
has been correlated with the phosphorylation of proteins contain-
ing tyrosine residues  (  6  ) .  

 

  Capacitation of sperm and responsiveness to stimulators of the 
acrosome reaction are dependent upon the removal of seminal 
plasma  (  1,   7  ) . Capacitation in vitro can be accomplished most eas-
ily and reliably by incubation of washed spermatozoa in culture 
media containing balanced salts, sodium bicarbonate, and protein, 
e.g., human serum albumin (HSA), at 37°C in 5–6% CO 2  and 
room air. If room air at 37°C is only possible, then a buffer, e.g., 
Hepes, should be added to the culture media to control for pH, 
and the incubation system should be tightly closed.

    1.    A swim-up (see  Note 1 ) or density gradient prepared (see  Note 
2 ) sperm population.  

    2.    Bicarbonate-buffered culture medium, such as Human Tubal 
Fluid (HTF) or Ham’s F-10, with 3.5% HSA (v:v) to induce 
capacitation (see  Note 3 ).  

    3.    A Hepes-buffered culture medium, such as modi fi ed-HTF 
with 3.5% HSA (v:v) to induce capacitation.  

    4.    Dimethyl sulfoxide (DMSO).  
    5.    Calcium ionophore A23187 (Sigma), 1 mM stock solution in 

DMSO.  
    6.    Progesterone (Sigma).      

  The PSA-FITC method was developed by Cross et al.  (  8  )  and was 
subsequently modi fi ed  (  9,   10  ) ; while not the only method for 
assessing acrosomal status, it is a widely used, frequently cited, and 
reliable technique (see  Notes 6  and  7 ).

    1.    PSA-FITC:  Pisum sativum  Agglutinin (PSA) labeled with 
FITC ( fl uorescein isothiocyanate).
   (a)    Stock solution: 2 mg PSA in 4 ml of phosphate-buffered 

saline (PBS). Store at −20°C.  

  2.  Materials

  2.1.  Culture Conditions 
for Capacitation and 
Acrosome Reaction

  2.2.  Fluorescence 
Assessment 
of Acrosomal Status
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   (b)    Working solution: Add 0.5 ml of stock PSA solution 
to 9.5 ml PBS, and store at 4°C for up to 4 weeks (see 
 Note 8 ).      

    2.    0.9% (w/v) NaCl.  
    3.    95% (v/v) ethanol.       

 

      1.    Allow approximately 20–60 min for freshly ejaculated semen 
to completely liquefy.  

    2.    Use density gradient centrifugation to prepare a highly motile 
sperm population that is free of leukocytes, germ cells, and 
dead spermatozoa.  

    3.    Before use, allow test tubes containing bicarbonate-buffered 
culture medium to warm and equilibrate to 37°C in a 5% CO 2  
in room air (v/v) incubator. If a CO 2  incubator is not available, 
use Hepes-buffered culture medium, and ensure that the tubes 
are tightly capped. Fresh media should be prepared for each 
assay.  

    4.    Prepare control and experimental tubes with each tube con-
taining 1 × 10 6  motile spermatozoa in 1 ml of culture medium 
(see  Note 4 ).  

    5.    Incubate sperm suspensions for 3 h (see  Note 5 ).  
    6.    Add 10  m l of 1 mM calcium ionophore A23187 to each experi-

mental tube ( fi nal concentration 10  m M) to induce the 
acrosome reaction in capacitated spermatozoa. To control 
tubes, add an equivalent volume of DMSO (vehicle control). 
Alternatively, progesterone (3  m M  fi nal concentration in exper-
imental tubes) can be used effectively as an inducer of the 
acrosome reaction.  

    7.    Incubate all tubes for 15 min.  
    8.    Remove a 10  m l aliquot from the control and experimental 

tubes, and place separately on a slide with coverslip for motility 
determination.  

    9.    Prepare smears for subsequent PSA-FITC staining.      

      1.    Prepare duplicate sperm smears about 1.5 cm long using ali-
quots (5–10  m l) from both control and experimental tubes.  

    2.    Inspect the freshly prepared smears for even cell distribution 
and absence of sperm clumping using phase-contrast micros-
copy (×400).  

    3.    Air-dry.  
    4.    Fix for 30 min in 95% (v/v) ethanol.  

  3.  Methods

  3.1.  Procedure 
for Capacitation and 
Acrosome Reaction

  3.2.  Procedure 
for Fluorescence 
Assessment 
of Acrosomal Status 
( See   Note 9 )
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    5.    Air-dry.  
    6.    Immerse  fi xed slides into a vertical staining jar containing PSA 

stain (10 ml) for a minimum of 1 h at 4°C.  
    7.    Wash each slide with distilled water.  
    8.    After the slides have dried add two to three drops of ethanol-

soluble mounting medium to the smear area, and apply a 
coverslip.  

    9.    Using  fl uorescence optics (450–490 nm) and ×400 
magni fi cation view the slide under oil immersion.  

    10.    Sperm are categorized for acrosomal status as follows:
   (a)    Acrosome intact: More than half of the sperm head is 

brightly and uniformly  fl uorescing (see Fig.  1 ).   
   (b)    Acrosome-reacted: A band of  fl uorescence localized to the 

equatorial segment or no  fl uorescence in the acrosomal 
region.  

   (c)    Abnormal acrosomes: All other patterns.      
    11.    Count 200 sperm per slide, and categorize the sperm accord-

ing to acrosomal status.  
    12.    Repeat the assessment on the duplicate slide.  
    13.    Subtract the average percent acrosome reacted (AR) for control 

from the average %AR for experimental. The difference between 
the two values re fl ects the response of capacitated sperm to 
calcium ionophore A23187 (or progesterone) (see  Note 10 ).       

 

     1.    The direct swim-up technique is a very simple procedure for 
obtaining a highly motile sperm population that is free of 
poorly motile, immotile, and dead spermatozoa, round cells, 
and other contaminants  (  11  ) . A drawback of this technique is 
the relatively low recovery of motile sperm cells.  

  4.  Notes

  Fig. 1.    Sperm stained with PSA and counterstained with propidium iodide. ( a ) demonstrates 
a sperm that has undergone the acrosome reaction with PSA staining only in the equatorial 
band. ( b ) demonstrates two sperm that have not undergone the acrosome reaction. Photos 
courtesy of the Doug Carrell laboratory.       
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    2.    Density gradient centrifugation yields a sperm population that 
is similar in quality to the direct swim-up technique and with 
the advantage of greater recovery of motile cells  (  11  ) . If using 
this technique to isolate spermatozoa, then it is important to 
wash sperm completely free of the gradient material. Failure to 
do so can result in decreased progressive motility due to adher-
ence of the sperm head to the surface of the microscope slide.  

    3.    Selection of culture media should be based on the available 
resources and understanding that media type may serve as a 
confounder for acrosome reaction endpoint assessment  (  12  ) .  

    4.    Whenever possible it is advisable to run a positive control 
semen sample from a man whose spermatozoa have previously 
responded well to ionophore-induced acrosome reaction.  

    5.    In the absence of using a live/dead stain, e.g., Hoechst, assess-
ment of sperm motility at the beginning and end of capacita-
tion and after acrosome reaction induction should be 
performed. If a decrease in sperm motility is recorded then it 
might be related to toxicity and a subsequent degenerative 
acrosome reaction that can occur due to cell death. These 
sperm should not be included as part of the sperm population 
being evaluated for induced acrosome reaction.  

    6.    Evaluation of acrosomal status after induction of the acrosome 
reaction can be performed by using other markers and micros-
copy or  fl ow cytometry  (  13–19  ) .  

    7.    Personal Communication from Professor R. John Aitken used 
with permission: “Essentially  Arachis hypogaea  is more sensitive 
(than  P. sativum ) because the outer acrosomal membrane dis-
perses before the acrosomal contents (detected with  P.   sativum ). 
This is presumably because constituents of the acrosomal matrix 
remain bound to the inner acrosomal membrane so that they can 
facilitate secondary zona binding and zona penetration”  (  13  ) .  

    8.    Perform a crossover test to compare the old and new stain for 
similarity in staining characteristics. It is suggested that the 
staining be evaluated on positive control (capacitated, iono-
phore-treated spermatozoa).  

    9.    Personal Communication from De-Yi Liu used with permis-
sion: “Important factors, we wash sperm once using 0.9% NaCl 
and smear about 1.5 cm on the end of slide,  fi xed in 95% etha-
nol for 30 min and then stain in a vertical jar containing 10 ml 
PSA solution for 1–2 h (no effect if stain > 2 h <8 h). Most 
people use PSA-FITC staining by add one to two drops of 
stain solution on smear which can dry up or stain uneven. We 
stain sperm smear in a jar (vertical), the solution can be re-used 
for extended period (we use for 8–10 weeks). So it is quite 
economical, and we do not use much PSA chemicals. In the 
past, many people  fi x sperm in tube and then make a smear; 
which often results in sperm stuck together or overlapping, 
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and making it dif fi cult to read the slide. So it is critical to wash 
sperm to remove sugar and protein and smear even without 
overlap. We use this method every day for many years and it is 
very consistent and reproducible.”  

    10.    The %AR in control sperm after a 3-h incubation should, 
ideally, not be appreciably different from 0 h control sperm. 
Any signi fi cant increase in %AR between controls at the two 
time points is re fl ective of spontaneous acrosome reaction or a 
degenerative AR, the latter of which can be veri fi ed by motility 
determinations at the two time points.          
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    Chapter 12   

 Sperm DNA Fragmentation Analysis Using the TUNEL Assay       

     Rakesh   Sharma      ,    Jayson   Masaki   , and    Ashok   Agarwal     

  Abstract 

 Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-nick end labeling or the TUNEL 
assay is an important technique in the assessment of DNA damage. Semen samples are routinely assessed 
microscopically to assess their fertilization ability. In addition to routine semen analysis, the use of the 
TUNEL assay can provide information on the level of DNA damage present within a sample. This chapter 
provides a practical walk-through guide aimed at directing a researcher or a clinical facility interested in 
setting up and using TUNEL and  fl ow cytometry or  fl uorescence microscopy for sperm DNA analysis.  

  Key words:   TUNEL ,  DNA damage ,  Flow cytometry ,  Chromatin    

 

 This chapter showcases the application of the TUNEL assay in the 
measurement of sperm DNA damage. The protocol of the TUNEL 
assay is provided as a model guide for any lab interested in estab-
lishing a similar protocol for measuring the DNA damage in ejacu-
lated semen samples with a detailed explanation of the sperm 
preparation, staining, and inclusion of appropriate controls, instru-
ment speci fi cations, and troubleshooting tips. 

  The single goal of the spermatozoon is to deliver the paternal 
counterpart of genetic material to the oocyte. Routine semen anal-
ysis is still the cornerstone in the laboratory workup of the infer-
tile male, and the microscopically observable characteristics of the 
spermatozoa such as concentration, motility, and morphology 
are important. However, the inclusion of an additional parameter 
that assesses DNA damage can provide for a more comprehensive 
description of semen quality. Expanding the parameters of routine 
semen analysis to include an assessment of genetic integrity is 
essential in the complete characterization of a semen sample. After 

  1.  Introduction

  1.1.  Sperm DNA 
Damage
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all, determining the extent of sperm DNA damage may be of 
primary importance in predicting the ultimate health of the 
resulting progeny. 

 DNA damage may involve single-stranded breaks or “nicks,” 
double-stranded breaks or “fragments,” deletions/additions, and 
base modi fi cations. The term DNA fragmentation is technically 
associated with endonuclease-mediated double-stranded DNA 
cleavage as a result of apoptotic programmed cell death. However it 
has also become interchangeable with the general term “DNA dam-
age” when in the context of TUNEL assay results. This is because 
TUNEL staining was initially (and still is) used as a marker of DNA 
fragmentation in distinguishing between apoptosis and necrosis. 

 The TUNEL staining technique can be used to directly assess 
DNA damage of a cell in the form of both single- and double-
stranded breaks. When coupled with  fl ow-cytometry technology, a 
quantitative assessment of the proportion of genetically compro-
mised cells within a semen sample can be provided. Understanding 
the level of DNA integrity of a semen sample can be of diagnostic 
and predictive value in fertility clinics, as well as in the optimization 
of experimental methods to aid in treating infertility.  

  The causes of sperm DNA damage have been studied extensively. 
However because of its multifactorial basis and indistinct relation-
ship with infertility, the comprehensive origins of and preventative 
treatment for DNA damage still remain controversial. Associations 
of cause and effect are not consistently observed across all studies, 
and, even more importantly, are confused by various methods of 
detection  (  1  ) . In general, the main sources of seminal DNA frag-
mentation detectable by TUNEL appear to be from free radical 
damage via reactive oxygen species (ROS) and abortive apoptosis 
 (  2,   3  ) . Other factors include radiation, aberrant spermatozoa 
maturation, or DNA packaging, although these are not speci fi cally 
attributable to fragmentation as measured by the TUNEL assay. 

 Oxidative stress occurs when an imbalance of ROS exceeds the 
locally available antioxidant capacity to prevent oxidative cellular 
damage. Sperm DNA is especially susceptible to oxidative damage. 
Spermatozoa have a low cytoplasmic volume, wherein preventive 
mechanisms against ROS normally exist within a cell. The highly 
condensed structure of sperm nuclear material rules out enzymatic 
repair of damaged DNA. Sperm motility is crucial and energy 
requirements are provided by extremely active mitochondria that 
generate ROS. Furthermore, processing of semen for various 
assisted reproductive techniques such as swim-up or density gradi-
ent centrifugation removes the seminal plasma that protects the 
spermatozoa against ROS through its antioxidant properties  (  4  ) . 

 Nature provides for a functional deterrent to inhibit spermato-
zoa exposed to high levels of ROS to reach and fertilize an egg. 
The sperm plasma membrane contains polyunsaturated fatty acids, 

  1.2.  Etiology of DNA 
Damage
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which are extremely susceptible to ROS attack  (  5  ) . Cells exposed 
to oxidative stress suf fi cient to cause DNA damage would likely 
have a compromised plasma membrane and therefore be incapable 
of natural fertilization. However, this natural process of functional 
selection is bypassed when techniques such as Intracytoplasmic 
Sperm Injection (ICSI) are used. 

 Sources of increased ROS affecting sperm function can be 
intrinsic (from within the spermatozoa themselves) or extrinsic. 
The main signi fi cant sources of intracellular ROS are superoxide 
anions produced during oxidative phosphorylation in spermato-
zoon mitochondria and plasma membrane NAD(P)H oxidase, and 
nitric oxide produced by nitric oxide synthase within the plasma 
membrane  (  6  ) . Extrinsic sources include largely the leukocytes 
(granulocytes), unknown chemicals/toxins, and environmental 
pollution, nutritional de fi ciency, laboratory processing of samples, 
advanced age, psychological and physical stress, smoking, alcohol, 
caffeine, cancer and anticancer drugs, or in fl ammatory processes/
cells. Intrinsic sources of ROS appear to be more damaging to 
sperm DNA than extrinsic ROS. For example, although leukocyte 
and in fl ammatory processes can contribute to increased ROS in 
the ejaculate on the order of 1,000 times that produced intrinsi-
cally  (  7  ) , DNA fragmentation has a stronger correlation with 
intrinsic ROS than for leukocyte ROS production  (  8  ) . This may be 
due to the fact that the antioxidant capacity of the seminal  fl uid in 
which spermatozoa are bathed negates the ROS effects from exog-
enous sources. However in ART procedures where the seminal 
plasma is removed, the leukocytes come in close proximity to the 
normal and abnormal spermatozoa. An inadequate antioxidant 
capacity would therefore greatly contribute to DNA damage by 
means of oxidative stress. Dietary and in vitro antioxidant supple-
mentation has been shown to be bene fi cial in reducing some 
exogenous ROS-induced DNA damage  (  9  ) . 

 In the treatment of ROS-mediated DNA damage, it is impor-
tant to note that eliminating all sources of ROS is not only impos-
sible but also not advisable, as ROS are normal products of 
metabolism, and their complete elimination may adversely affect 
sperm function. Certain levels of endogenous ROS produced at 
speci fi c times are crucial for the normal physiologic maturation, 
capacitation, and hyperactivation of sperm  (  10,   11  ) . Oxidative stress 
has been shown to correlate with apoptosis  (  12,   13  ) ; however, the 
relationship is not entirely causal; oxidative stress can induce apop-
tosis, and is also a product resulting from the process of apoptosis.  

  TUNEL utilizes a template-independent DNA polymerase 
called Terminal Deoxynucleotidyl Transferase (TdT) which 
non-preferentially adds deoxyribonucleotides to 3 ¢  hydroxyl 
(OH) single- and double-stranded DNA  (  14  ) . Deoxyuridine 
triphosphate (dUTP) is the substrate that is added by the TdT 

  1.3.  How TUNEL Works
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enzyme to the free 3 ¢ -OH break-ends of DNA ( see  Fig.  1 ). The added 
dUTP can be directly labeled and therefore acts as a direct 
marker of DNA breaks, or the signal can be ampli fi ed by the use 
of a modi fi ed dUTP to which labeled anti-dUTP antibody can 
be adsorbed. The more DNA strand break sites present, the 
more label is incorporated within a cell. The TUNEL-stained 
cells can be visualized microscopically; however, for the high-
throughput assessment of clinical semen samples it is more prac-
tical to use a  fl ow cytometer that detects the intracellular 
 fl uorescence of  fl uorochrome-labeled dUTP within a popula-
tion of cells. The  fl ow cytometer analyzes one cell at a time, and 
counts the number of individual events (cells) that it recognizes 
to have a speci fi c intensity of  fl uorescence. Fluorescein isothio-
cyanate (FITC) is the  fl uorophore label most commonly used in 
TUNEL staining. Propidium Iodide (PI) is used as a  fl uorescent 
counterstain that labels all DNA so that every cell can be 
counted, and the resultant proportion of those showing DNA 
damage can be calculated. Because the TdT will bind and incor-
porate dUTP at the terminal 3 ¢  ends of each DNA strand with 
the same propensity as interior 3 ¢  ends  (  15  )  irrespective of dam-
age, there is a threshold of labeled dUTP-induced  fl uorescence 
which should be considered in order to distinguish between 
viable, relatively undamaged cells and those with severe, irrepa-
rable DNA damage. The parameters used for this threshold are 

  Fig. 1.    Schematic of the TUNEL assay.       
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included in the procedure portion of this guide, and are also 
discussed in Subheading  4 .  

 TUNEL staining kits are readily available in the commercial 
marketplace. These kits are very cost effective, highly standardized 
by the manufacturers, and often provide some technical support. 
Most TUNEL staining protocols are very similar, with only minor 
variations in centrifugation force, incubation times, temperatures, 
and reagent concentrations, but all follow the same general prin-
ciples. The TUNEL kit utilized in the following procedure is the 
 APO-DIRECT ™ kit (BD Biosciences Pharmingen, San Diego, 
CA). This kit is designed for use with  fl ow cytometry for the gen-
eral detection of DNA fragmented apoptotic cells and also pro-
vides positive and negative control cells (diploid cell lines) for 
standardization purposes. When measuring sperm DNA damage it 
is prudent to include sperm controls for each assay as a precaution-
ary indicator of problems in order to rule out reagent variability 
between kits, and also because gating is necessary in  fl ow cytome-
try and must be done on the same cell type.  

  There are three main groups of assays that are used in the evalua-
tion of cellular genetic integrity and are divided based on what 
each assay measures. The most obvious and direct method is to 
assess the actual molecular DNA strand breaks present (in a num-
ber of cells in the sample). This snapshot-approach is where the 
TUNEL assay is categorized, along with COMET using neutral 
conditions, and in situ nick translation. The next assay group mea-
sures the potential susceptibility of the DNA to exogenous dam-
age rather than assessing actual DNA damage directly since these 
techniques  fi rst induce DNA damage by exposure to denaturing 
conditions. Assays of this type include the Sperm Chromatic 
Structure Assay (SCSA) and COMET using alkaline conditions. 
Such assays shed light on associated abnormalities that may affect 
the genetic integrity such as aberrations in condensation struc-
ture/packing, or lack of DNA stabilizing and protective mecha-
nisms. Interestingly, within these two groups of assays there is 
considerably high correlation between both the measure of DNA 
damage and the outcome of fertilization using assisted reproduc-
tive techniques. The choice of the assay would be based on the 
ease of the assay, robust nature of the assay (sensitivity and 
speci fi city) and if it is cost effective practicality in training, staf fi ng, 
time, and resources will be the primary determining factors. The 
third group of assays examines DNA base modi fi cation as a means 
of linking markers of oxidative DNA damage (such as 
8-OH-guanosine and 8-OH-2 ¢ -deoxyguanosine) with a general 
loss of DNA integrity. While it is has been shown that these tests 
can be used to predict male infertility and pregnancy rates  (  16, 
  17  ) , the oocyte has the ability to repair such damage, and as a 
result the focus on the assessment of DNA damage in the clinical 

  1.4.  Other Assays 
of DNA Integrity
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   Table 1 
  Advantages and disadvantages of TUNEL, Comet, and SCSA   

 Assay  Main advantages  Main disadvantages 

  TUNEL  
 1. Adds labeled nucleotides

to free DNA ends 
 2. Template independent 
 3. Labels SS and DS breaks 
 4. Measures percent cells with labeled 

DNA 

  1. Direct objective 
  2. Inexpensive 
  3.  Can be performed on 

few sperm 
  4. High repeatability 
  5.  Quick and simple 

( fl uorescence microscopy) 
  6.  Objective. High 

sensitivity 
( fl ow cytometry) 

  7. Fresh or frozen samples 
  8. Indicative of apoptosis 
  9. Correlates with semen 

parameters 
 10. Associated with fertility 
 11.  Available in 

commercial kits 

 1. Thresholds not 
standardized 

 2. Variable assay 
protocols 

 3. Not designed 
speci fi cally 
for spermatozoa 

 4. Not speci fi c to 
oxidative damage 

 5. Need for special 
equipment ( fl ow 
cytometer) 

  Comet  
 For single- and double-
stranded DNA 

 1. Electrophoresis of single sperm cells 
 2. DNA fragments form tail 
 3. Intact DNA stays in head 

 Alkaline COMET 
 1. Alkaline conditions, 

denatures all DNA 
 2. Identi fi es both DS and SS breaks 

 Neutral COMET 
 1. Does not denature DNA 
 2. Identi fi es DS breaks, 

maybe some SS breaks 

  1. Indirect assay, subjective 
  2. Inexpensive 
  3. Poor repeatability 
  4. High sensitivity 
  5. Fresh samples only 
  6.  Correlates with seminal 

parameters 
  7.  Small number of cells 

required 
  8.  Versatile (alkaline 

or neutral) 

 1. Variable protocols 
 2. Unclear thresholds 
 3. Not available in 

commercial kits 
 4. Time and labor 

intensive 
 5. Small number of cells 

assayed 
 6. Subjective 
 7. Not speci fi c to 

oxidative damage 
 8. Lacks correlation with 

fertility 
 9. Requires special 

imaging software 

  SCSA  
  For single-stranded DNA 
 1. Mild acid treatment denatures DNA 

with SS or DS breaks 
 2. Acridine orange binds to DNA 
 3. Double-stranded DNA 

(nondenatured)  fl uoresces green, 
single-stranded DNA (denatured) 
 fl uoresces red 

 4.  Flow cytometry counts thousands 
of cells. DNA fragmentation index 
(DFI)—the percentage of sperm 
with a ratio of red to (red + green) 
 fl uorescence greater than the 
main cell population 

  1. Direct objective 
  2. Inexpensive 
  3.  Established clinical 

thresholds 
  4.  Many cells rapidly 

examined 
  5. High repeatability 
  6. Fresh or frozen samples 
  7.  Most published 

studies reproducible 

 1. Proprietary method 
 2.  Not available in 

commercial kits 
 3. Expensive equipment 
 4.  Acid-induced 

denaturation 
 5.  Small variations in lab 

conditions affect 
results 

 6.  Calculations involve 
qualitative decisions 

 7.  Very few labs conduct 
this assay 

   TUNEL  terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling;  SCSA  sperm chromatin 
structure assay  
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setting has been mainly on those tests that evaluate double-
stranded DNA breaks (fragmentation)—the most genotoxic type 
of damage  (  18,   19  ) . 

 Some of the major advantages and disadvantages of the 
TUNEL, Comet, and SCSA assays are outlined ( see  Table  1 ). The 
TUNEL assay is by no means the end-all solution, but it is cer-
tainly one of the more simple, reliable, objective, and cost-effective 
methods available for assessing DNA damage. Multiple approaches 
can be collaboratively used for better evidence of genetic integrity 
as well as newer, modi fi ed, and improved TUNEL methods that 
also incorporate sperm vitality assessment  (  20  ) .    

 

      1.    Sterile open wide mouth specimen cups.  
    2.    Incubator (37°C).  
    3.    Cell counting chambers.  
    4.    Microscope.  
    5.    Centrifuge tubes—12 × 75 mm with caps (polystyrene recom-

mended to limit cell loss).  
    6.    Micropipettes and tips.  
    7.    Phosphate-buffered saline (PBS, pH 7.4).  
    8.    DNase I—1 mg/ml.      

      1.    Centrifuge—300 ×  g.   
    2.    Serological pipettes.  
    3.    Transfer/Pasteur pipettes.  
    4.    3.7% paraformaldehyde.  
    5.    Ice.  
    6.    70% (v/v) ethanol.      

      1.    APO-DIRECT Kit components (store the various components 
as directed by manufacturer): Reaction buffer (contains coen-
zyme factors and cacodylic acid), PI/RNase staining buffer 
(5  m g/ml PI, 200  m g/ml RNase), Rinsing buffer, Wash buffer, 
TdT enzyme, FITC-dUTP, Positive and Negative control cells.  

    2.    Distilled water.  
    3.    Aluminum foil.      

      1.    Flow cytometer FacScan (Becton Dickinson, San Jose, CA).  
    2.    Computer software (FlowJo, Mac Version 8.2.4, LLC, Ashland, 

OR).       

  2.  Materials

  2.1.  Semen Collection 
and Handling

  2.2.  Sperm Fixation

  2.3.  Staining

  2.4.  Flow Cytometry 
and Data Analysis
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      1.    Collect semen following an abstinence period of 48–72 h. The 
sample should be collected by means of masturbation into a 
sterile specimen cup without lubricant. Specimen must be 
maintained at body temperature and processed within 1 h of 
collection. Record the sample ID, collection date and time, 
period of abstinence, and any remarkable conditions. Keep the 
sample in a 37°C incubator until complete liquefaction has 
occurred.  

    2.    Following liquefaction perform a sperm count ( see   Note 1 ). 
Approximately 2–3 × 10 6  total cells are suf fi cient to run the 
assay. To optimize the stains, the sperm concentration should 
be no more than 5 × 10 6  ( see   Note 2 ). For ef fi ciency samples 
can be stored at −20°C and batched for TUNEL analysis. 
Alternatively, the cells can be individually  fi xed and stored in 
ethanol until the time of analysis (see  fi xation step).      

      1.    For the positive sperm control, DNA damage is induced by 
digestion with DNase I. Incubate a sample from a healthy 
donor after the cell counting step with 100  m l of DNase I 
(1 mg/ml) for 1 h at 37°C.  

    2.    Similarly, a sample from a healthy donor is used for the nega-
tive sperm control, wherein the TDT enzyme is omitted from 
the staining step as described below.      

      1.    Prepare the  fi xation buffer by adding 10 ml of 37% formalde-
hyde (100% formalin) to 90 ml of PBS (pH 7.4) to give a 3.7% 
(v/v) paraformaldehyde solution ( see   Note 4 ).  

    2.    Centrifuge the sperm sample at 300 ×  g  for 7 min to pellet and 
separate the cells from the seminal plasma ( see   Note 5 ). All 
subsequent centrifugation steps are to be done at 300 ×  g  for 
5 min.  

    3.    Discard the supernatant by gently aspirating with a transfer or 
Pasteur pipette ( see   Note 6 ).  

    4.    Suspend the cells in the 3.7% paraformaldehyde  fi xation buffer. 
Place the suspension on ice for 30–60 min or alternatively 
refrigerate at 4°C overnight.  

    5.    Discard the supernatant and suspend the pellet in 1 ml of ice-
cold 70% (v/v) ethanol at −20°C. At this point the cells can be 
stored in ethanol at −20°C ( see   Notes 7  and  8 ).      

      1.    Resuspend all samples (test and controls) by vortexing the 
tubes since the cells will have settled after prolonged storage in 
ethanol.  

  3.  Methods

  3.1.  Semen Collection 
and Concentration 
Assessment

  3.2.  Preparation 
of Assay Controls 
( See   Note 3 )

  3.3.  Fixation of Sperm

  3.4.  Preparation of 
Samples for Staining
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    2.    For the kit controls, a positive and negative control is provided 
with the  APO-DIRECT  kit. Remove 2-ml of each of the con-
trol cell suspensions (1 × 10 6  cells/ml, 2 × 10 6  cells total) and 
place in 12 × 75 mm centrifuge tubes.  

    3.    Centrifuge both test and control tubes at 300 ×  g  for 5 min and 
discard the ethanol supernatant.  

    4.    Resuspend the cells in 1 ml of Wash Buffer ( see   Note 9 ), cen-
trifuge at 300 ×  g  for 5 min, and remove the supernatant.  

    5.    Repeat the Wash Buffer treatment a second time.      

      1.    Prepare an appropriate volume of the Staining Solution based 
on the number of samples to be assayed ( see   Note 10 ). For 
each sample to be analyzed, combine 10  m l Reaction Buffer, 
0.75  m l TdT Enzyme, 32.25  m l distilled water, and 8  m l FITC-
dUTP. The FITC-dUTP reagent should be added last as it is 
light sensitive ( see   Note 11 ).  

    2.    Resuspend the cell pellets in 50  m l of the Staining Solution. For 
negative semen controls, add staining solution without the 
TdT enzyme.  

    3.    Vortex to disperse the cells and to allow the staining solution 
to permeate homogeneously into every cell.  

    4.    Incubate for 60 min at 37°C.  
    5.    After incubation, directly add 1.0 ml of Rinse Buffer to each 

sample, centrifuge at 300 ×  g  for 5 min, and remove the super-
natant by aspiration.  

    6.    Repeat rinse step with an additional 1.0 ml of Rinse Buffer, 
centrifuge, and again remove the supernatant of each tube.  

    7.    Resuspend in 0.5 ml of the PI/RNase Staining Buffer and 
incubate tubes at room temperature for 30 min.  

    8.    Analyze the cells in the PI/RNase solution by  fl ow cytometry 
within 3 h of completing the staining procedure ( see   Note 12 ).      

  Care should be taken to use the protocol provided here as only a 
guide when adjusting the settings of any particular  fl ow cytometry 
setup. Each machine will be inherently different, but should pres-
ent similar data when adjusted/calibrated to the same parameters. 
In our facility an automated  fl ow cytometer is used to analyze the 
TUNEL-stained sperm. The machine is equipped with a 15 mW 
argon laser that supplies a  fi ltered 488 nm excitation beam. Green 
(FITC)  fl uorescence is measured in the FL-1 channel (480–
530 nm) and red (PI)  fl uorescence is set to be detected in the FL-2 
channel (580–630 nm). The steps for setup and data acquisition 
that we employ for the FacScan  fl ow cytometer is detailed in 
Subheading  4  ( see   Note 13 ).  

  3.5.  Staining

  3.6.  Flow Cytometry, 
Data Acquisition, 
and Storage
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  Data analysis can be performed using the operator’s software of 
choice. The work fl ow that we employ for the analysis is provided 
below ( see   Note 14 ).  

  The suggested threshold of infertility used by our lab is 19% DNA 
fragmentation. This is the cutoff value we have been using to dis-
criminate between a healthy semen sample and one that has posi-
tive DNA damage. Every lab should establish its own reference 
values utilizing appropriate controls ( see   Note 15 ).  

  If  fl ow cytometry is not accessible, the same stained cells can be 
scored with a  fl uorescence microscope.

    1.    Load an aliquot of the stained sample on a slide and cover with 
a coverslip.  

    2.    Score a minimum of 500 spermatozoa per sample under 40× 
objective with an epi fl uorescence microscope (excitation 
between 460 and 490 nm and an emission >515 nm).  

    3.    First count the number of spermatozoa per  fi eld stained with 
PI (red).  

    4.    Count the number of cells emitting green  fl uorescence 
(TUNEL positive) in the same  fi led.  

    5.    Calculate the percent of TUNEL-positive cells.       

 

     1.    We recommend that disposable counting chambers speci fi cally 
made for counting sperm cells (e.g., MicroCell 20  m m 2-chamber) 
be used for accuracy and operator.  

    2.    The APO-DIRECT kit instructions suggest the use of 1–2 × 10 6  
cells/ml cell concentration. We suggest that no more than 
5 × 10 6  cells/ml be used, as with each washing and centrifuga-
tion step some cells are lost.  

    3.    Rather than making new positive and negative sperm controls 
every time, previously analyzed samples may be used as stan-
dardized/reference control samples with which the  fl ow 
cytometer analysis software can be calibrated in order to 
maintain consistent DNA damage percent between batches. 
Stored aliquots of extra cells from two  fi xed samples in which 
DNA fragmentation percentage was previously determined 
(known positive and negative) should be processed alongside 
the current batch beginning with the staining procedure. The 
FC analysis software settings used to gate the new batch of 
cells can then be adjusted to re fl ect the previous results of the 
same samples within ±1%. 

  3.7.  Analysis of Data

  3.8.  Clinical Threshold 
of Infertility

  3.9.  Measuring DNA 
Damage by 
Fluorescence 
Microscopy

  4.  Notes
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 While the positive and negative controls provided with 
 commercially available TUNEL kits are adequate for calibration 
during  fl ow cytometer analysis of somatic cells, they are not 
suitable as controls for haploid cells such as spermatozoa and 
will have different nuclear size and level of DNA condensation. 
Therefore it is important to prepare positive and negative sperm 
control samples.  

    4.    3.7% (w/v) paraformaldehyde is used instead of the 1% rec-
ommended by the APO-DIRECT kit instructions to ensure 
that the DNA is completely  fi xed. We have chosen this concen-
tration out of the convenience of a 1/10 dilution and believe 
it is justi fi ed by the fact that sperm nuclear DNA is the most 
highly compacted of eukaryotic DNA  (  21  ) . However, any 
concentration between 1 and 4% should be suf fi cient for 
 fi xation purposes. Higher concentrations should be avoided as 
it may inhibit thorough washing of the unwanted formalde-
hyde from the sample and cause problems in staining. 
Formaldehyde is carcinogenic and proper handling precaution 
must be observed.  

    5.    Centrifugation at 300 ×  g  for 7 min instead of 5 min allows for 
cells to be pelleted more fully in the case of increased seminal 
plasma viscosity.  

    6.    50–100  m l of supernatant may be left during aspiration to avoid 
losing cells after each centrifugation step. It is much more con-
venient to leave a small amount of  fl uid rather than to have to 
recentrifuge the sample due to a disturbed pellet. The repeated 
washing/rinsing steps should negate any residual supernatant.  

    7.    While the  fi xed cells can be kept in paraformaldehyde for several 
days or weeks at 4°C, do not freeze the samples in the para-
formaldehyde solution. It is recommended that suspension in 
70% ethanol be used for long-term storage of samples at −20°C 
and that samples not to be processed on the same day. The 
manufacturer (BD Pharmingen™) also suggests that incubation 
in ethanol for at least 12–18 h yields better staining results.  

    8.    Always ensure that the quantity of ice is suf fi cient to last 
2–3 days in case of an unexpected delay in delivery. 
 When shipping samples (individual or batched) from outside 
labs, cryovials are labeled with the sample information (i.e., 
date, name, type of sample, volume, etc.). The sample can be 
either frozen in multiple aliquots soon after liquefaction or pro-
cessed by suspending the sperm cells (1–2 × 10 6  cells/ml) in 
3.7% (w/v) paraformaldehyde prepared in PBS (pH 7.4). The 
sample is placed on ice for 30–60 min and centrifuged for 5 min 
at 300 ×  g.  The supernatant is discarded and the cells suspended 
in 70% (v/v) ice-cold ethanol. The cells are stored in 70% (v/v) 



132 R. Sharma et al.

ethanol at −20°C. At the time of overnight shipping, cryovials 
are placed in a cryobox and packed with adequate amount of 
dry ice.  

    9.    Because volume accuracy is not important in the  fi xation, 
washing, and rinsing steps, it is easier to use a serological 
pipette to add the paraformaldehyde, ethanol, wash, and rinse 
buffers.  

    10.    A special staining solution without the TdT enzyme should 
also be prepared for the negative semen control. Because the 
staining solution is only active for approximately 24 h at 4°C 
after being prepared, mix the reagents together only when 
required and prepare no more than the amount necessary. The 
TdT enzyme volume is the only limiting reagent in the kit, as 
all other reagents are generously supplied. Brie fl y centrifuge 
the TdT enzyme tube to make sure that the reagent is at the 
bottom.  

    11.    All subsequent steps should be conducted in a low-lighted 
room and the solutions and samples should be covered by a 
sheet of aluminum foil when exposure to light is expected.  

    12.    The cells should be analyzed as quickly as possible. Prolonged 
delay >1 h will result in overstaining and degradation of the 
cells.  

    13.     CellQuest ™ software is used to adjust the electronics and setup 
conditions for data acquisition and storage. To optimize the 
sample, a  CellQuest  template is set up. The forward scatter and 
side scatter detectors are adjusted, the forward scatter thresh-
old is adjusted, and the population is gated. The FL1 and FL2 
channels are adjusted accordingly. Under the ‘ Acquire ’ 
menu, select ‘ Connect to cytometer ’. Again under the 
‘ Acquire’  menu, select ‘ Parameter Description ’. Here you can 
de fi ne your  fi le storage by selecting the storage location. From 
the ‘ Parameter Description ’, select the folder. Open your 
assigned folder, create a new folder (enter name of the folder, 
date created), and select the newly created folder. From the 
‘ Parameter Description ’ select ‘ File ’ and under ‘ File name 
pre fi x ’ (custom pre fi x) enter an appropriate  fi le name. Change 
‘File count’ to 1. Click ‘OK’ under ‘ Sample ID ’ and ‘ Patient 
ID ’ insert tube descriptions. Under ‘ Cytometer ’ menu, select 
‘ Instrument Setting ’, open the dialogue box and in your folder 
go to ‘ Kit ’ setting, and hit ‘ set ’ and ‘ done ’. Now the instru-
ment setting is in place for the assay kit. Go to ‘ Detectors/Amps ’ 
and only the settings for P4 (FL2 channel) should be changed. 
Click ‘ Threshold ’. The threshold for ‘ FL2-H ’ should be  fi xed at 
40 and should not be changed. The  fi rst time that the assay kit 
is run, the settings must be saved. This is saved in a separate 
folder named “ KIT ”. For actual test samples, in the ‘ Instrument 
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setting ’, open the dialogue box, double click on the ‘TUNEL’ 
folder, and then click on ‘ set ’ and ‘ Done’ . Set the ‘ FSC-H ’ 
threshold. The threshold for ‘ FSC-H ’ should be  fi xed at 52 
and should not be changed. Similarly, when running the test 
sample for the  fi rst time, once the settings are optimized they 
can be saved into a folder named “ TUNEL ”. When ready to 
run the sample, change the instrument knob to ‘ RUN ’. The 
default is in ‘ SETUP ’ mode where you can preview your cells, 
adjust instrument setting, and create or modify gates without 
collecting data. To collect gated data, while in the ‘ SETUP ’, 
create a gate using the toolbar (Creating Gate/Regions). 
Under the ‘ Acquire’  menu, select ‘ Acquisition & Storage ’. 
Again select ‘ Counters ’. This allows monitoring the sample 
 fl ow rate and event count ( see  Fig.  2 ). When ready to collect 
cells, deselect the ‘ SETUP ’ check box on ‘ Acquisition Controls ’. 
A data  fi le will generate when the signal sounds or you can 
manually save. Once the collecting event is begun, do not alter 
instrument settings or gates. When  fi nished acquiring the data, 
exit  CellQuest  and copy/back up your data  fi les to a  fl ash drive.   

    14.    Raw data from the  fl ow cytometer is imported into the  FlowJo  
software (Mac version 8.2.4, FlowJo, LLC, Ashland, OR). The 
‘ Workspace ’ window is composed of ‘ Group panel ’ and ‘ Sample ’ 
panel. Transfer the folder into ‘ Group panel ’. Create subgroups 
for “ Kit/control ” samples and “ TUNEL/test ” samples. Drag 
the kit (controls) sample data to the ‘ Kit ’ group and the actual 
‘ Test ’ samples to the “ TUNEL ” folder. Next open the sample 
of interest by double clicking on the sample panel and click on 
the sample of interest. The  FlowJo  opens a graph window dis-
playing a bivariate dot plot of the cells. The initial graph the 
 Flow Jo  displays is always a ‘ Forward vs. Side Scatter plot’  because 
this view is generally used to gate out dead cells. Select the 
‘ Dot plot ’ format. The next step is to create ‘ Gates ’. To create a 
polygon gate, click the mouse and add the polygon gate. Once 
you have closed the gate, give the  fi le name “ Singlet ” to this 
subpopulation of cells. Next Double click on “ Singlet ” and 
open a new graph. Display the  X -axis options by clicking on 
the axis label and choose “ FL-W ” from the pull-down menu. 
Click on the  Y -axis label and select “ FL2-A ” (PI channel). 
To see the gated area without the gate, double click on the 
plot. Next click on the  X -axis and choose “ FL1-H ” (FITC 
Green channel) and on the  Y -axis, click “ Histogram ” from the 
pull-down menu. Create the ‘ Negative ’ gate and give the  fi le 
name “ Negative ”. Similarly, create the ‘ Positive ’ gate and give 
the  fi le name “ Positive ”. Apply all analysis nodes (gated sub-
populations) to other samples. Gating parameters are applied 
to every sample simultaneously by dragging the gating tree 
onto the “Kit” and “TUNEL” subgroups. To do this, highlight 
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the “Singlet”, “Negative”, and “Positive” subfolders and drag-
and-drop to the “KIT” group. Similarly apply the same to the 
‘TUNEL’ group. Note: If the gate needs to be changed/
adjusted after the desired gate has been obtained, highlight the 
“Singlet”, “Positive”, and “Negative” subfolders and press the 

  Fig. 2.    Representative setup of the data acquisition for a single sample by FACScan before it is analyzed by FlowJo 
software. FL1 = Green channel; FL2 = Red channel; PI = Propidium iodide; FITC = Fluorescence isothiocynate; SSC = Side 
scatter count.       

 



13512 Sperm DNA Fragmentation Analysis Using the TUNEL Assay

‘Shift’ and ‘Delete’ keys. Redraw the gates and save again. 
Always save the Workspace frequently. 
 To prepare graphical reports and generate tables, open the 
‘ Layout Editor ’ window by clicking the rightmost function in 
the Workspace window. The left panel shows the names of the 
layouts and the right panel is a drawing board. In the drawing 
board, a graphical display for a single sample can be created. 
 FlowJo  is able to create a batch report. To do this, click on 
“ Singlet ” from either the “ Kit ” or the “ TUNEL ” subgroups 
and drag it to the drawing board. Double click on ‘batch’ at 
the upper corner of the ‘Batch Report’. Place the report panel 
according to the number of plots in each row or column (each 
block represents one printed page). Drag and adjust and print 
the report accordingly. A representative curve for a sample that 
is negative and positive for DNA damage is illustrated in Fig.  3 . 
Similarly a table can also be printed with the data statistics.   

    15.    The DNA fragmentation threshold of 19.25% was determined 
to be the cutoff value which maximized the sum of sensitivity 
and speci fi city by receiver operating characteristic (ROC) curve 
analysis in a recent 2010 study of 194 infertile and 25 healthy 
male subjects using an identical protocol  (  22  ) . At this thresh-
old value the study had 100% speci fi city, 64.9% sensitivity, 
97.7% positive and 37% negative predictive values, and an 
accuracy of 70%. This is very close to the 20% threshold calcu-
lated by ROC curve analysis in a 2005 study using a different 
protocol (yielding 89.4% speci fi city, 96.9% sensitivity, and 
92.8% positive and 95.5% negative predictive values). Several 
studies have shown a threshold/cutoff range of DNA damage 
of about 10–40%  (  23–  26  ) .          

  Fig. 3.    Representative histogram showing ( a ) TUNEL-negative and ( b ) TUNEL-positive sample.       
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    Chapter 13   

 Sperm DNA Damage Measured by Comet Assay       

     Luke   Simon    and    Douglas   T.   Carrell         

  Abstract 

 Measurement of sperm DNA damage is a useful tool in the evaluation of male infertility, as the sperm 
nucleus lacks protection against oxidative stress and is vulnerable to oxidation-mediated DNA  damage. 
The Comet assay or single-cell gel electrophoresis is a relatively simple and sensitive method for measuring 
strand breaks in DNA in individual sperm. During this procedure, sperm cells are embedded in a thin layer 
of agarose on a microscope slide and lysed with detergent under high salt conditions. This process removes 
protamines and histones allowing the nucleus to form a nucleoid-like structure containing supercoiled 
loops of DNA. Alkaline pH conditions result in unwinding of double-stranded DNA, and subsequent 
electrophoresis results in the migration of broken strands towards the anode, forming a comet tail, when 
observed under  fl uorescence microscope. The amount of DNA in the head and tail is re fl ected by its 
 fl uorescent intensity. The relative  fl uorescence in the tail compared with its head serves as a measure of the 
level of DNA damage. In this chapter, we describe the alkaline version of the Comet assay, which is highly 
sensitive for measuring single- and double-strand DNA breaks.  

  Key words:   Alkaline comet assay ,  Decondensation ,  Electrophoresis ,  Sperm DNA damage ,  Single- 
and double-strand breaks    

 

 The Comet assay or single-cell gel electrophoresis is one of the 
simplest methods to measure single- and double-strand breaks in 
sperm  (  1  ) . The principle of the assay is based on the separation of 
broken DNA strands under the in fl uence of an electric  fi eld facili-
tated by the charge and size of the strands. After separation, the 
intact DNA remains in the comet’s head, whereas single- and dou-
ble-stranded broken DNA fragments migrate into the comet’s tail 
 (  2  ) . Therefore, the sperm with high levels of DNA strand breaks 
would show an intense comet tail  (  3  )  and increased comet tail 
length  (  4  ) . Additional parameters have been used to increase the 
ef fi ciency of the test such as the diameter of the nucleus, olive tail 
moment, and comet tail length  (  5  ) . 

  1.  Introduction
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 The Comet assay has been used to assess DNA damage in a 
number of cell types and a wide range of studies such as evaluation 
of the effects of UV radiation, carcinogens, toxic substances, and 
radiotherapy  (  5  ) . Steps involved in assessment of sperm DNA dam-
age with the comet assay are the following: Sperm cells are mixed 
with agarose and layered on microscopic slide. Detergents and 
high salt concentration are used to lyse their cell membranes, and 
remove nuclear proteins (protamines and histones), which relaxes 
the DNA into a supercoiled nucleoid structure. The nucleoids are 
subjected to an electrophoretic  fi eld resulting in migration of the 
broken strands of DNA through the agarose. Cells with DNA 
damage will resemble comets when visualized using a  fl uorescent 
dye, with the comet’s tail length and  fl uorescent intensity propor-
tional to the degree of DNA fragmentation. The non-fragmented 
DNA remains in the nucleus or comet’s head  (  6,   7  ) . The Comet 
assay can be performed in a neutral or an alkaline environment: in 
the neutral buffer only DNA with double-strand damage is 
measured, while in the alkaline buffer, single- and double-strand 
damage and alkali-labile sites are detectable due to unwinding of 
the strands  (  8  ) . This is the only technique that can directly assess 
the amount of DNA damage in individual sperm. A photomicro-
graph of different levels of sperm DNA damage measured by the 
alkaline Comet assay is shown in Fig.  1 .  

  The Comet assay is inexpensive and one of the most sensitive tech-
niques available to measure sperm DNA damage. The alkaline 
Comet assay can be used in all cell types including sperm  (  9  ) . The 
assay requires only a few cells; and the level of DNA damage can be 
obtained from individual cells. In sperm, complete decondensation 
by the removal of protamines can be obtained only in Comet assay. 
The signi fi cance of Comet assay in assessing male infertility has 
been demonstrated by a number of authors  (  10–  13  ) . The clinical 

  1.1.  Advantages 
of Comet Assay

  Fig. 1.    Photomicrograph of comets with different levels of DNA damage measured by the alkaline Comet assay. Sperm with 
( a ) no or 0% damage, ( b ) 12% damage, ( c ) 45% damage, and ( d ) 95% damage.       
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association between sperm DNA damage measured by the Comet 
assay and assisted reproductive treatment outcomes was recently 
established by Simon et al.  (  14–  17  ) .  

  The disadvantage of the assay is that it lacks standardized proto-
cols, which makes it dif fi cult to fully understand and relate the 
results of different authors  (  8  ) . The assay condition is known to 
damage the alkaline-labile sites, making it dif fi cult to discriminate 
between endogenous and induced DNA breaks. In somatic cells, 
DNA damage can be overestimated by the Comet assay due to the 
presence of residual RNA which can increase the background 
intensity during analysis  (  18  ) . The assay is also criticized for under-
estimation of DNA damage due to entangling of DNA strands. If 
chromatin decondensation in sperm is incomplete, DNA will be 
underestimated. Overlapping comet tails decrease the accuracy of 
the assay, small tail fragments may be lost, and excessively small 
fragments are dif fi cult to visualize. It is dif fi cult to differentiate 
sperm from the contaminant cells present in the semen after the 
assay. The assay is laborious, has a high level of inter-laboratory 
variation, and hence is not recommended for clinical use  (  19,   20  ) .   

 

 The laboratory conditions should be maintained for temperature 
and humidity. The assay should be performed under yellow light 
(570 nm) to minimize DNA damage. 

      1.    Normal melting point agarose (NMP).  
    2.    Low melting point agarose (LMP).  
    3.    Phosphate-buffered saline (PBS).  
    4.    Tris(hydroxymethyl)aminomethane Hydrochloride (Tris–HCI).  
    5.    Sodium chloride (NaC1).  
    6.    Sodium salt of Ethylenediaminetetraacetic acid (Na 2 EDTA).  
    7.    Triton X-100 (Triton).  
    8.    Dithiothreitol (DTT).  
    9.    Lithium diiodosalicyclate (LIS).  
    10.    Sodium hydroxide (NaOH).  
    11.    Ethidium bromide (EtBr).      

  The following list of equipment is required:

    1.    Two water baths.  
    2.    Microwave oven.  

  1.2.  Limitations 
of Comet Assay

  2.  Materials

  2.1.  Chemicals

  2.2.  Equipment
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    3.    pH meter.  
    4.    Electronic balance.  
    5.    Magnetic stirrer.  
    6.    Micropipettes.  
    7.    Hemocytometer or Makler chamber.  
    8.    Stopwatch.  
    9.    Refrigerator and freezer (4 and −20°C).  
    10.    Electrophoresis tank with power pack.  
    11.    Epi- fl uorescence microscope, camera, and UV light source.  
    12.    Computer with Comet analysis software.      

      1.    PureSperm ®  wash (Nidacon International AB, Molndal, 
Sweden).  

    2.    Fully frosted slides.  
    3.    Coverslips (24 × 50 mm).  
    4.    Coplin jars (25 ml capacity).  
    5.    Eppendorf tubes and stand.  
    6.    General glassware (beakers, measuring cylinders, etc.).  
    7.    Gloves.  
    8.    Micropipette tips (10, 20, 200, 1,000  m l).  
    9.    Syringe (20 ml).  
    10.    Tissue/blotting paper.       

 

  All stock solutions should be prepared with double-distilled water 
(ddH 2 O) and stored at room temperature, unless or otherwise 
speci fi ed.

    1.    Lysis buffer: Dissolve 146.4 g NaCl, 37.2 g Na 2 EDTA, and 
1.2 g Tris–HCl in 800 ml of ddH 2 O ( fi nal concentrations 
2.5 M NaCl, 100 mM Na 2 EDTA, and 10 mM Tris–HCl), 
bring the volume up to 950 ml with ddH 2 O, adjust to pH 10 
(with NaOH), then make the volume up to 1,000 ml with 
ddH 2 O, and store at 4ºC (see  Notes 1  and  2 ).  

    2.    DTT (10 mM): Dissolve 1.58 g of DTT in 50 ml of ddH 2 O. 
Prepare 1.25 ml aliquots in 2 ml Eppendorf tubes and store at 
−20°C (see  Note 3 ).  

    3.    LIS (4 mM): Dissolve 1.54 g of LIS in 50 ml of ddH 2 O. 
Prepare 1.25 ml aliquots in 2 ml Eppendorf tubes and store 
at −20ºC.  

  2.3.  Consumables 
and Glass Ware

  3.  Methods

  3.1.  Preparation 
of Stock Solutions
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    4.    Electrophoresis buffer: Two stock solutions are required to 
prepare fresh electrophoresis buffer. To prepare fresh electro-
phoresis buffer for each experiment, add 60 ml of stock solu-
tion 1 (10 M NaOH) to 10 ml of stock solution 2 (200 mM 
EDTA) and make the volume up to 2,000 ml with ddH 2 O.
   (a)    Stock solution 1 (10 M NaOH): Dissolve 400 g of NaOH 

in ddH 2 O and make the volume up to 1,000 ml using 
ddH 2 O.  

    (b)    Stock solution 2 (200 mM Na 2 EDTA): Dissolve 74.45 g 
of Na 2 EDTA in ddH 2 O, adjust to pH 13 (with NaOH), 
and make the volume up to 1,000 ml using ddH 2 O (see 
 Note 1 ).      

    5.    Neutralization buffer (0.4 M Tris): Dissolve 48.5 g of Tris–
HCl in ddH 2 O, adjust to pH 7.5 (with NaOH), and make the 
volume up to 1,000 ml using ddH 2 O.  

    6.    Staining solution (200 mg/ml EtBr): Dissolve 10 mg of EtBr 
in 50 ml of ddH 2 O in an amber bottle to make a stock of 10× 
concentration. Wrap the bottle in tin foil and store at room 
temperature.  

    7.    PBS: Dissolve one tablet of PBS in 200 ml of ddH 2 O or as per 
the manufacturer’s instructions.      

  The protocol is obtained from Hughes et al. (1997) and Agbaje 
et al. (2008). All steps are performed at room temperature unless 
otherwise speci fi ed.

    1.    Turn on two water baths: One should be at 37°C and the other 
at 45°C (see  Note 4 ).  

    2.    Prepare agarose gels by adding 0.250 g of normal-melting-
point agarose (0.5% gel) to 25 mL of PBS and 0.125 g of low-
melting-point agarose (0.5% gel) to 25 ml of PBS in 50 ml 
glass  fl asks. Heat  fl asks in the microwave to completely melt 
the agarose (see  Notes 5 – 7 ).  

    3.    Place the NMP gel in the 45°C water bath and the LMP gel in 
the 37°C water bath (see  Notes 8  and  9 ).  

    4.    Carefully pipette 200  m l of NMP gel onto the slide and imme-
diately cover with a coverslip (see  Notes 10  and  11 ).  

    5.    Leave the slides on the bench at room temperature for 15 min 
to allow the agarose to solidify (see  Notes 12  and  13 ).  

    6.    Adjust the concentration of sperm to 6 × 10 6 /ml using PBS or 
PureSperm ®  wash (see  Note 14 ).  

    7.    Remove the coverslips very gently, taking care not to remove 
the layer of agarose (see  Note 15 ).  

    8.    Place 10  m l of the sperm sample (6 × 10 6 /ml) into a 0.5 ml 
Eppendorf tube, and add 75  m l of LMP gel incubated at 37°C 
to the sperm. Mix thoroughly and pipette on top of the layer 

  3.2.  Experimental 
Protocol
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of NMP agarose gel dropwise. Quickly cover with a coverslip 
and leave it on the bench at room temperature for 15 min to 
allow the agarose to solidify (see  Note 16 ).  

    9.    Remove the lysis solution from the refrigerator, add 250  m l of 
Triton X-100 to 22.5 ml of lysis stock solution, and mix thor-
oughly in a Coplin jar (see  Notes 17 – 19 ).  

    10.    Remove the coverslips from the slides and immerse in lysis 
solution for 1 h at 4°C (see  Notes 15  and  20 ).  

    11.    Take the slides out of the Coplin jar, add 1.25 ml of DTT, 
invert to ensure mixing, then return the slides to the Coplin 
jar, and incubate for 30 min at 4°C (see  Note 21 ).  

    12.    Take the slides out of the Coplin jar, add 1.25 ml of LIS, invert 
to ensure mixing, then return the slides to the Coplin jar, and 
incubate for 90 min at room temperature (see  Note 21 ).  

    13.    Remove slides and carefully drain off any remaining liquid by 
standing them vertically on tissue paper against a support.  

    14.    Fill the horizontal gel electrophoresis tank with fresh alkaline 
electrophoresis solution (see  Note 22 ).  

    15.    Leave the slides in the buffer for 20 min (see  Note 23 ).  
    16.    Electrophorese the slides for 10 min by applying a current at 

25 V (0.714 V/cm) adjusted to 300 mA by adding or remov-
ing (±1–20 ml) buffer in the tank using a 20 ml syringe (see 
 Notes 24  and  25 ).  

    17.    After electrophoresis, drain the slides on tissue paper as before, 
place them on a tray, and  fl ood with three changes of neutral-
ization buffer for 5 min each (see  Note 26 ).  

    18.    Drain the slides thoroughly to remove the neutralization buf-
fer. Prepare fresh EtBr solution by diluting the stock solution 
ten times in ddH 2 O. Add 50  m l of EtBr to each slide and cover 
with a coverslip (see  Note 27 ).  

    19.    View the slides using a  fl uorescence microscope with appropriate 
Comet software. Analyze 50 comets per slide (see  Notes 28 – 33 ).       

 

     1.    EDTA will not be dissolved in water unless the pH of the solu-
tion is increased.  

    2.    Lysis buffer should be prepared fresh every week. Old buffers 
show reduced ability to lyse cells, so it is better to make lysis 
buffer in small volumes based on individual requirements.  

    3.    Use a fume hood to prepare DTT to avoid uncomfortable odor.  
    4.    The water bath at 37ºC is used to incubate LMA while the 

water bath at 45ºC is used to incubate NMA.  

  4.  Notes
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    5.    If threaded cap-type bottles are used, then the caps should be 
loosened prior to heating the agarose in the microwave.  

    6.    The remaining agarose in the bottle can be stored for later use. 
Repeated heating of agarose will result in an increase in con-
centration of agarose due to evaporation of water from the gel; 
therefore after 5–7 uses new NMP and LMP agarose should be 
prepared.  

    7.    Dissolve both NMA and LMA gels in microwave at 50% power 
for 30 s. Remove the  fl asks, shake gently, and continue to heat 
them in the microwave. Repeat the process until the agarose is 
dissolved completely. Avoid boiling of agarose. Loss of water 
will increase the concentration of agarose and interfere with 
the mobility of DNA strands during electrophoresis.  

    8.    Once the NMP and LMP agarose is melted,  fl asks or bottles 
should be placed in their respective water baths to cool to the 
optimal temperature for use. Maintaining a constant tempera-
ture will ensure uniform thickness of agarose gel on the slide, 
which is particularly important for scoring of comets.  

    9.    If only one water bath is available, then the water bath should 
be used for LMP agarose (37ºC) to avoid overheating of sperm 
in the molten agarose.  

    10.    Only fully frosted microscopic slides should be used for the 
Comet assay. The agarose should be coated on the frosted 
surface of the slide as it will not stick to the smooth surface of 
the slide.  

    11.    The function of the NMP agarose layer is to hold the LMP 
agarose (containing sperm) to the slide surface. LMP agarose 
alone will not adhere to the surface of the slide.  

    12.    It is important to leave the slides at room temperature to allow 
the agarose to set. Some of the earlier procedures recom-
mended refrigeration of the slides at 4ºC. However, refrigera-
tion of the slides keeps the agarose moist which allows the gel 
to slide off at a later stage.  

    13.    If the agarose gels keep sliding off during subsequent experi-
ments, then increase the concentration of the NMP agarose 
from 0.5 to 1%, but the concentration of the LMP should 
remain  constant.  

    14.    The concentration of sperm and volume of sperm pipetted 
(Subheading  3.2 , step 8) should be kept constant for all the 
experiments. Increase in the concentration of sperm/volume 
will lead to overcrowding of sperm comets and overlapping of 
comet tails, rendering slides impossible for the software interpre-
tation. If the concentration of sperm is too low, then it is dif fi cult 
to  fi nd the comets under the microscope while scoring.  

    15.    Care should be taken when removing the coverslip from the 
surface of the agarose gel. Gently sliding the coverslip along 
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the surface of the agarose will minimize cracking of the agarose 
layer. Even with the gel cracks, the experiment can be contin-
ued without any adverse effect. However, cracked gels have a 
higher probability of sliding off than non-cracked gels.  

    16.    Try to avoid formation of bubbles in the LMP layer. Formation 
of bubbles in the agarose layers will not interfere with the assay 
but will make scoring of the comets more dif fi cult.  

    17.    When pipetting Triton X-100, use a 1,000  m l pipette and cut 
the tip to produce a large opening. Because Triton X-100 is 
highly viscous it is not easily pipetted.  

    18.    Ensure proper mixing of Triton X-100 in the lysis buffer. 
Inadequate mixing will result in the detergent  fl oating on the 
surface of the buffer, leading to improper lysis of sperm mem-
branes. In addition, avoid foam formation by avoiding vigor-
ous shaking of the buffer.  

    19.    If a bigger Coplin jar/container is used then increase the vol-
ume of the buffer and reagents accordingly to ensure that the 
entire surface of the agarose gel is submerged in the buffer.  

    20.    DNA repair enzymes will be released into the buffer when 
somatic cells are lysed. Hence, incubation of the lysis step under 
refrigeration conditions will prevent any potential DNA repair.  

    21.    Inadequate mixing of DTT and LIS in the lysis buffer will lead 
to underestimation of sperm DNA damage and asymmetrical 
readings between the duplicate slides.  

    22.    Place each slide into the tank making sure that the gels face 
upwards and the buffer is at a level of 0.25 cm above the slide 
surface.  

    23.    The sensitivity of the assay will decrease if the electrophoresis 
buffer is not maintained at pH 13. High alkaline conditions 
result in the separation of double-strand DNA into single 
strands, thereby enabling additional measurement of single-
strand breaks.  

    24.    Constant voltage and current (milliamps) are required to main-
tain standard electrophoretic mobility of DNA fragments in all 
the experiments. The volts should be constant in all the experi-
ments and the milliamps should be adjusted to the required 
level. At constant voltage, increasing the level of buffer will 
increase the milliamps and vice versa.  

    25.    In some power packs, the volts and milliamps will  fl uctuate. In 
such cases an approximate range should be maintained in all 
the experiments.  

    26.    Neutralization of slides should be complete; if not the EtBr 
stain will not properly bind to the DNA.  

    27.    Higher concentrations of EtBr will increase background stain-
ing resulting in decreased visibility of migrated tail DNA. 
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Typically, the background of the comets should be black to 
brown (Fig.  1 ).  

    28.    The slides should be analyzed immediately. Storage of slides to 
analyze the next day will decrease the accuracy of the assay, 
because the DNA fragments will diffuse in the agarose gel 
leading to reduced visibility of comet tails or sometimes 
expanded appearance of comet shapes.  

    29.    The commonly used Comet analysis software packages are 
Andor Komet software (Andor Technology, UK), MetaSyatems 
automated imaging (MetaSystems Group Inc., MA, USA), 
and Comet Assay IV (Perceptive Instruments, UK).  

    30.    During scoring, the  fi rst 50 comets observed should be scored. 
Scoring only good-looking comets will affect the results.  

    31.    Comets with no heads also called hedgehogs should be consid-
ered as sperm containing 100% DNA damage.  

    32.    When scoring, comets with overlapping tails should be avoided.  
    33.    Make sure that the background intensity measurement box 

used by the software is on clear space. If part of the box over-
laps any of the comets then the background intensity will be 
considered high and will affect the experimental results.          
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    Chapter 14   

 Sperm Chromatin Structure Assay (SCSA ® )       

     Donald   P.   Evenson         

  Abstract 

 The SCSA ®  is the pioneering assay for the detection of damaged sperm DNA and altered proteins in sperm 
nuclei via  fl ow cytometry of acridine orange (AO) stained sperm. The SCSA ®  is considered to be the most 
precise and repeatable test providing very unique, dual parameter data (red vs. green  fl uorescence) on a 
1,024 × 1,024 channel scale, not only on DNA fragmentation but also on abnormal sperm characterized 
by lack of normal exchange of histones to protamines. Raw semen/sperm aliquots or puri fi ed sperm can 
be  fl ash frozen, placed in a box with dry ice and shipped by overnight courier to an experienced SCSA ®  
lab. The samples are individually thawed, prepared, and analyzed in ~10 min. Of signi fi cance, data on 
5,000 individual sperm are recorded on a 1,024 × 1,024 dot plot of green (native DNA) and red (broken 
DNA)  fl uorescence. Repeat measurements have virtually identical dot plot patterns demonstrating that the 
low pH treatment that opens up the DNA strands at the sites of breaks and staining by acridine orange 
(AO) are highly precise and repeatable (CVs of 1–3%) and the same between fresh and frozen samples. 
SCSAsoft ®  software transforms the  X - Y  data to total DNA stainability versus red/red + green  fl uoresence 
(DFI) providing a more accurate determination of % DFI as well as the more sensitive value of standard 
deviation of DFI (SD DFI) as demonstrated by animal fertility and dose–response toxicology studies. The 
current established clinical threshold is 25% DFI for placing a man into a statistical probability of the 
following: (a) longer time to natural pregnancy, (b) low odds of IUI pregnancy, (c) more miscarriages, or 
(d) no pregnancy. Changes in lifestyle as well as medical intervention can lower the %DFI to increase the 
probability of natural pregnancy. Couples of men with >25% DFI are counseled to try ICSI and when in 
the >50% range may consider TESE/ICSI. The SCSA ®  simultaneously determines the % of sperm with 
high DNA stainability (%HDS) related to retained nuclear histones consistent with immature sperm; high 
HDS values are predictive of pregnancy failure. 

 The SCSA ®  is considered to be the most technician friendly, time- and cost-ef fi cient, precise and 
repeatable DNA fragmentation assay, with the most data and the only fragmentation assay with an accepted 
clinical threshold for placing a man at risk for infertility. SCSA ®  data are more predictive of male factor 
infertility than classical semen analyses.  

  Key words:   SCSA ,  DNA fragmentation ,  ART ,  IVF    
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  The SCSA ®  is considered to be the most precise and repeatable test 
providing very unique, dual parameter data (red vs. green 
 fl uorescence) on a 1,024 × 1,024 channel scale, not only on DNA 
fragmentation, but also abnormal sperm characterized by a lack of 
normal exchange of histones to protamines. These abnormal pro-
tein–DNA complexes allow greater access of acridine orange dye 
(AO) to sperm DNA thus producing a High DNA Stainable (green 
 fl uorescence) fraction (HDS). HDS data are highly correlated 
( r  = 0.610,  p  < 0.001) with data derived from other tests for excess 
histones such as the CMA 3  test  (  1  ) . In one study  (  2  ) , the HDS 
fraction contained unprocessed P2 protamines, likely resulting in 
structural chromatin abnormalities that allowed an increased 
amount of DNA being available for AO staining. 

 The SCSA ®  is ideal for researchers and students since the 
reagents cost only about $0.10 per test allowing many repeat 
experimental tests to be done at very little cost, provided that a 
relatively inexpensive, two-parameter  fl ow cytometer is available.  

  Some authors have classi fi ed the various sperm DNA fragmentation 
tests as being either a direct or indirect test. For example, the Tunel 
test is considered a direct test on the assumption that the DNA 
strand break marker has “direct” access to the broken strand. The 
SCSA ®  has been considered an indirect test since it requires an 
agent, heat or low pH, to open the DNA double helix at the sites 
of DNA strand breaks. However, when one considers that the Tunel 
test requires extensive pelleting and washing of the sperm, permea-
bilization of the cell membranes, agents (e.g., DTT) in some cases 
to open up the S-S bonds of chromatin  (  3  ) , incubation with enzymes 
of potential varying activity and washing out of nonspeci fi c label, it 
hardly seems appropriate to consider this a direct test that takes at 
least 4 h to conduct. In sharp contrast, the SCSA ®  only requires 
that fresh or frozen/thawed semen be treated for 30 s with pH 1.2 
buffer to open, with extremely high and repeatable precision, the 
DNA at the sites of strand breaks, followed by staining with AO 
that stays in equilibrium with the cells as they are measured. Thus, 
this author considers the SCSA ®  to be as much or more a “direct 
test” of sperm DNA fragmentation as others.  

  Figure  1  illustrates SCSA ®  raw data for human sperm and the same 
data converted by SCSAsoft ® .   

  Flow cytometry-sorted SCSA-processed human sperm  (  4  )  showed 
that Feulgen stained moderate-DFI sperm had normal nuclear 
shape, while high DFI sperm nuclei had a smaller area. The HDS 
fraction, known to consist of immature sperm, had signi fi cantly 

  1.  Introduction

  1.1.  Uniqueness 
of the SCSA ® 

  1.2.  Direct Versus 
Indirect Sperm DNA 
Fragmentation Tests

  1.3.  SCSA ®  Data

  1.4.  Characterization 
of Sperm Populations 
Identi fi ed in SCSA ®  
Analysis
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more nuclear area and roundness as would be expected from 
immature sperm. Comet analysis showed that approximately 75% 
of the sperm with moderate and high DNA fragmentation had 
positive Comets while the population without sperm DNA frag-
mentation and the population of sperm with high DNA stainability 
(HDS) only showed a minor degree of background noise level. 
These results indicate that sperm with fragmented DNA based on 
SCSA ®  analysis demonstrate true DNA strand breaks and HDS 
sperm with an increased ratio of histones to protamines did not 
have any signi fi cant amount of DNA strand breaks.  

  Uniquely, biochemical interactions between AO and DNA/chro-
matin are precisely repeatable within any single sample. This is 
proven by comparing cytograms ( X  vs.  Y  scatter plots) of repeat 
measures of a single semen sample. The dot pattern from replicate 
measures is virtually identical on a 1,024 × 1,024 scatter plot. 

  1.5.  Power 
of the SCSA ®  Test

  Fig. 1.     Left panel  : Green versus red scattergram (cytogram) showing 5,000 dots, each representing a single event with 
speci fi c green (native DNA) and red (fragmented DNA) coordinates on a scale from 0 to 1,024. The  horizontal dashed line  
lays at the top of the highest green  fl uorescence values for normal sperm. Sperm above this line have “High DNA Stainabilty” 
(HDS) and are characterized by immature sperm lacking full protamination.  Center panel  : SCSAsoft ®  software (SCSA 
Diagnostics, Brookings, SD) converts the data in the  left panel  to total DNA stainability versus the DNA Fragmentation Index 
(DFI). This reorients the data into a vertical/horizontal pattern of dots.  Right panel  : The data in the middle panel is converted 
to a frequency histogram of DFI which is divided into (a) nondetectable DNA fragmentation, (b) moderate level of DNA 
fragmentation, and (c) high level of DNA fragmentation. Total %DFI is Moderate + High level of DNA fragmentation, 
a parameter that is most frequently used in expressing the extent of sperm DNA fragmentation in a sample. This method, 
derived from SCSAsoft ® , provides a much more accurate calculation of total %DFI due to the dif fi culties in accurately 
gating between the populations with no or moderate fragmentation in the left hand panel. Figure  5  is an example of a 
sample that requires SCSAsoft for correct interpretation.       
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Thus, both the 30 s low pH induced opening of the DNA strands 
at sites of DNA breaks and the AO labeling are highly speci fi c and 
repeatable.  

  The visual patterns of scatter plots of 5,000 sperm/sample are 
strikingly exact repeat patterns  (  4  )  and the CV of the repeat data 
typically 1–3% as seen for consecutive monthly semen samples from 
four men (Fig.  2 ).  

 The SCSA ®  values have a very high level of repeatability pro-
vided that no signi fi cant event has happened between collection 
times, e.g., hot tubs, medications, fever, illness, etc. One report  (  5  )  
showed a considerable CV of 30% for human patient semen sam-
ples obtained over several years from the same patients. This is, in 
part, expected as patients presenting with a high %DFI could have 
factors that cause DFI fragmentation such as varicocele, obesity, 
poor diet, extreme sports, routine hot tub/sauna use, infections, 
disease, pesticide/chemical exposure, spinal cord damage, use of 
medications such as SSRI’s. When such factors are removed or 
treated, the level of %DFI may well have signi fi cant decreases. In 
fact, it can be stated, that unless changes can be made by personal 
lifestyle and/or medical intervention, the use of SCSA ®  in clinical 
settings would have lesser utility.  

  A fresh, raw semen or sperm sample (e.g., mouse epididymal 
sperm) can be measured immediately or  fl ash frozen, thawed and 
analyzed; the data are highly repeatable between the fresh and fro-
zen/stored/thawed samples  (  6  )  as seen in Fig.  3 .   

  1.6.  Precision 
and Repeatability 
of SCSA ®  Data 
Over Time

  1.7.  Repeatability 
of SCSA ®  Data 
Between Fresh 
and Frozen/Thawed 
Epididymal Sperm 
on Long-Term 
Recovery from 
Toxicant Exposure

  Fig. 2.    SCSA ®  data from a sample with a high frequency of sperm with moderate DNA fragmentation. In this case, it is 
impossible to gate between sperm with no or moderate DNA fragmentation in the FCM dot-plot ( left panel  ). With the 
SCSAsoft ®  gating between the two populations is unproblematic ( right panel  ).       

 



  Fig. 3.    Each human semen sample was diluted to a  fi nal volume of 0.5 ml with TNE buffer 
to obtain a count of approximately 2 × 10 6  sperm/ml. The samples in the  right column  
were sonicated for 30 s with a Branson 450 Soni fi er operating at a power setting of 3 and 
utilizing 70% of 1 s pulses.       
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  Male mice were exposed to methyl methanesulfonate (MMS) then 
mated, and dominant lethal mutation deaths were scored at 1–4, 
5–8, 9–12, 13–16 and 17–20 days post conception. The  fi rst deaths 
were seen at the 5–8 day period while 85% of sperm had extensive 
DNA damage at 1–3 days post exposure  (  7  ) . Thus, the SCSA ®  data 
likely showed the molecular precursor events (DNA breaks) that 
led to embryo deaths.  

  The SCSA ®  has established clinically signi fi cant thresholds for male 
factor sub/infertility for both large domestic animals (bulls  (  8,   9  )  
and stallions  (  10  ) ) and humans  (  11–  14  ) . When >20–25% of sperm 
in a semen sample have increased red  fl uorescence due to (ss) or 
(ds) DNA breaks, the patient/animal is placed into a statistical 
category of the following: (a) taking a longer time to pregnancy, 
(b) more IVF cycles, (c) more miscarriages, or (d) no pregnancy. At 
the 30% DFI level, the odds ratio (OR) is reduced eight to tenfold 
for a successful natural or IUI pregnancy. Several studies  (  15,   16  )  
have shown the exception for boars where pregnancy rates and 
pigs/ litter are reduced when the %DFI is >6%. Sperm with severely 
damaged DNA fertilize eggs that may lead to embryo death  (    17  ) .  

  Since AO stains both single stranded DNA and RNA the  fl uorescent 
color red, it was very important to know if cytoplasmic or nuclear 
RNA contributed to the red  fl uorescence that might be errone-
ously attributed to denatured DNA. We addressed this question 
 (  5  )  by sonicating whole bull, mouse, and human sperm, purifying 
each sample of nuclei through a sucrose gradient and measuring 
both the sonicated and nonsonicated sperm by SCSA ® . As illus-
trated in Fig.  4 , the unsonicated and sonicated sperm produced 
cytograms that were virtually identical.   

      1.     Confusion from multiple DNA fragmentation tests.      
   All sperm DNA fragmentation tests report results as %DFI, as 

was initially coined for the SCSA ®  test. However, these %DFI 
numbers may mean different things for different tests. For 
example, light microscope Tunel data give different %DFI than 
 fl ow cytometry Tunel. Also, Tunel %DFI may not be the same 
as for  fl ow cytometry SCSA ® . This is most likely due to the 
requirements of Tunel for large protein enzymes to enter into 
the highly compact and tangled nuclear chromatin  (  3  )  to tag 
DNA strand breaks. In sharp contrast, the SCSA ®  molecular 
tag is a very small acridine orange molecule (MW 265) that can 
penetrate the maze of nuclear chromatin and, furthermore, 
remains in equilibrium with the sperm during SCSA ®  measure-
ment. In attempts to increase access to fragmented DNA sites 
for the Tunel test, some investigators have used disul fi de bond 
reducing agents in the protocol to open the highly complex 

  1.8.  SCSA Data 
on Epididymal Sperm 
Following Exposure to 
the Mutagen, Methyl 
Methanesulfonate as 
Related to Dominant 
Lethal Mutations/
Embryo Death

  1.9.  SCSA Data 
on Animal Fertility 
Providing Highly 
Convincing Argument 
that SCSA Data Predict 
Male Sub/Infertility

  1.10.  Potential RNA 
Staining Artifacts 
for SCSA ® 

  1.11.  Clinical Utility 
of Sperm DNA 
Fragmentation Tests
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  Fig. 4.    Green versus red  fl uorescence cytograms from monthly semen samples provided by three donors. Examples are 
selected from 45 men to illustrate different types of cytogram patterns  (  5  ).        

nuclear chromatin with disul fi de bond reducing agents. 
However, since some sperm nuclei of “normal WHO samples” 
have diffuse chromatin and others highly compact chromatin 
 (  3  ) , there would likely be differential effects from a DTT treat-
ment. This was dramatically shown by Evenson et al.  (  18  )  
when measuring the kinetics of human and mouse sperm chro-
matin uptake of a DNA stain following DTT and/or protease 
treatments. The mouse nuclei responded uniformly while the 
sperm from a fertile man were highly heterogeneous in response 
to DTT treatment.

    2.     Power of SD DFI.      
   The use of SCSAsoft ®  software to reorient the raw green versus 

red dot plots to green versus red/(red + green) dot plots 
followed by the generation of a frequency histogram of the 
converted dot plots provides a more accurate determination of 
%DFI, especially for those samples that have poor resolution 
between normal and moderate DFI (Fig.  5 ) (see  Note 1 ).   

  Importantly, the value of SD of DFI (SD DFI) is often a more 
sensitive measure of sperm DNA damage than %DFI alone. One 
reason for this difference is that DFI is determined on the whole 
population of sperm measured and is not subject to dividing the 
population into normal and increased red  fl uorescence populations 
by computer gating. This has been solidly shown in animal fertility 
and animal toxicology studies.

    1.    Bulls 
   Semen from individual bulls is often used for hundreds to 

thousands of cow inseminations. Thus, fertility rankings can be 
made between bulls in a stud service. Negative correlations 
were seen between fertility ratings and both SD DFI (−0.58, 
 P  < 0.01) and %DFI (−0.40,  P  < 0.01). Inherent in studies as 
above, and much more so with human studies, are the variables 

  1.12.  Animal Fertility 
Studies Related 
to %DFI, DFI, 
and SD DFI
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in the females and a host of other factors such as experience of 
the arti fi cial insemination team. To get around this problem, 
animal studies can use what is known as heterospermic 
insemination protocols in which equal numbers of motile 
sperm from two or more phenotypically different bulls are 
mixed prior to insemination. The parentage of calves resulting 
from these matings is determined and, based on the number of 
calves sired with each phenotype, a competitive fertility index 
is derived for each bull  (  9  ) . Correlations of SD DFI and %DFI 
with competitive index were −0.94 ( P  < 0.01) and −0.74 
( P  < 0.05), respectively.  

    2.    Boars 
   Multiparous pigs allow for a determination of both fertility 

rate and number of piglets per litter. The SCSA ®  was used  (  15  )  
retrospectively to characterize sperm from 18 sexually mature 
boars with fertility information. Boar fertility was de fi ned by 
farrow rate (FR) and average total number of pigs born (ANB) 
per litter of gilts and sows mated to individual boars. Fertility 
data were compiled for 1,867 matings across the 18 boars. In 
contrast to humans and other mammals studied where the 
threshold for reduced fertility is an approximate 25–30% DFI, 
the threshold for boars is about 6% DFI. The %DFI and SD 

  Fig. 5.    Effects of 1.0 mg/kg (daily × 5) triethylenemelamine (TEM) on %DFI in epididymal 
sperm during a 44 week period.  Left  : %DFI on fresh samples.  Right  : Aliquots of the same 
samples frozen and measured later at a single time period.       
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DFI showed the following signi fi cant negative correlations 
with FR and ANB; %DFI versus FR,  r  = −0.55,  P  < .01; SD DFI 
versus FR,  r  = −0.67; %DFI versus ANB,  r  = −0.54, P < .01 and 
SD DFI versus ANB,  r  = −0.54,  P  < 0.02. The present data sug-
gest that boar sperm possessing fragmented DNA can affect 
embryonic development corroborating earlier studies in mice 
showing that fertilization occurs whether the sperm has dam-
aged DNA or not  (  17  )  but may cause embryonic death.      

  The most likely common factor in causing sperm DNA fragmenta-
tion is oxidative stress (ROS)  (  18  ) . Factors related to increased 
%DFI include: age  (  19  ) , genetics  (  20  ) , air pollution  (  21  ) , varicoce-
les  (  22–  25  ) , cancer and cancer and cancer treatment  (  26,   27  ) , 
pesticides  (  29  ) , environmental heat  (  29,   30  ) , fever  (  2  ) , medica-
tions  (  31  ) , and diabetes  (  32–  34  ) .  

  The American Society for Reproductive Medicine (ASRM) con-
sensus committee on “the clinical use of sperm DNA fragmenta-
tion assays for clinical patients” has stated that Sperm DNA 
fragmentation tests are recommended for certain patients but it 
has not been recommended as a part of the routine semen analysis 
although some clinics have implemented this approach already. 
At the time of the 2006/08 ASRM reports  (  35  )  there were only 
two SCSA ®  reports on the odds ratios (OR) of natural pregnancy. 
These studies reported an odds ratio of eight to tenfold reduction 
for pregnancy when the %DFI was >25–30%. Unfortunately, the 
ASRM consensus report erroneously showed this as OR of 2.08 
 (  35  )  which implied lesser utility for classifying men’s sperm DNA 
fragmentation levels and reduced fertility. Since that time, the stud-
ies of Givercman et al.  (  14  )  on natural fertility OR, using the same 
SCSA ®  protocol, con fi rmed an even higher odds ratio when the 
SCSA ®  %DFI was > 20%.  

  The SCSA ®  is the easiest and most rapid DNA fragmentation test 
in the laboratory. The SCSA is also the most precise and repeatable 
with CV of ~1–3%. Due to the low cost of supplies, numerous 
measurements can be made for both research and clinical 
applications. 

 In summary, the SCSA protocol appears offhand rather simple; 
however, there are numerous very critical points that, unless 
followed exactly, will give very poor data and serious errors in 
clinical diagnosis and prognosis. 

 Basic protocol steps are the following: Fresh or frozen semen/
sperm are thawed in a 37°C water bath and diluted to 1–2 × 10 6  sperm/
ml with TNE buffer. 200  m l of this sperm suspension are added to a 
test tube followed by adding 400  m l of acid detergent solution. 
After 30 s 1.2 ml of AO staining solution is added to the sample, 
and  fi nally  fl ow cytometric measurement commences.   

  1.13.  SCSA ®  De fi ned 
Etiologies of Increased 
DNA Fragmentation

  1.14.  Human Clinical 
Utility of the SCSA ® 

  1.15.  Conclusion
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      1.    Oxford adjustable, 0.20–0.80 ml automatic dispenser for the 
acid detergent solution with glass  amber  bottle.  

    2.    Oxford adjustable, 0.80–3.0 ml automatic dispenser for the 
AO staining solution glass  amber  bottle (CAT # 13 687 66, 
Fisher Scienti fi c).  

    3.    Pipettors: adjustable 0–10  m l, 10–100  m l, 100–1,000  m l and a 
nonadjustable 200  m l.  

    4.    Ice buckets (3) for samples and reagent bottles.  
    5.    Water bath (37°C).  
    6.    Stopwatch.      

  For all solutions, use double distilled water (dd-H 2 O). For steril-
ization use a 0.22  m m  fi lter. Use only the purest grade reagents. All 
solutions and buffers are stored at 4°C.

    1.    Acridine Orange (AO) stock solution, 1.0 mg/ml: Dissolve 
chromatographically puri fi ed AO (Polysciences) in dd-H 2 O at 
1.0 mg/ml. Solution can be stored up to several months (see 
Note 2).  

    2.    Acid-detergent solution, pH 1.2: Combine 20.0 ml 2.0 N HCl 
(0.08 N), 4.39 g NaCl (0.15 M), and 0.5 ml Triton X-100 
(0.1%) in H 2 O for a  fi nal volume of 500 ml. Adjust pH to 1.2 
with 5N HCl. Store at 4°C up to several months (see Note 3).  

    3.    0.1 M citric acid buffer: Add 21.01 g/L citric acid monohy-
drate (FW = 210.14; 0.10 M) to 1.0 L H 2 O. Store up to several 
months at 4°C.  

    4.    0.2 M Na 2 PO 4  buffer: Add 28.4 g sodium phosphate dibasic 
(FW = 141.96; 0.2 M) to 1.0 L H 2 O. Store up to several 
months at 4°C.  

    5.    Staining buffer, pH 6.0: Combine 370 ml 0.10 M citric acid 
buffer, 630 ml 0.20 M Na 2 PO 4  buffer, 372 mg EDTA (diso-
dium, FW = 372.24; 1 mM), and 8.77 g NaC1 (0.15 M). Mix 
overnight on a stir plate to insure that the EDTA is entirely in 
solution. Adjust pH to 6.0 with concentrated NaOH pellets. 
Store up to several months at 4°C (see  Note 4 ).  

    6.    AO staining solution (working solution): Add 600  m l AO stock 
solution to each 100 ml of staining buffer. Rinse the pipette tip 
several times into the staining buffer. This solution is kept in 
the glass amber automatic dispenser for AO staining of samples. 
Store up to 2 weeks at 4°C.  

    7.    AO equilibration buffer: Combine 400  m l acid-detergent solu-
tion with 1.2 ml AO staining solution (see  Note 5 ).  

  2.  Materials

  2.1.  Basic Laboratory 
Equipment

  2.2.  Staining Solutions 
and Buffers
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    8.    TNE buffer, 10×, pH 7.4: Add 9.48 g Tris–HCl (FW = 158; 
0.01 M), 52.6 g NaCl (FW = 58.44; 0.15 M), and 2.23 g 
EDTA (disodium, FW = 372.24; 1 mM) to 600 ml dd H 2 O. 
Adjust pH to 7.4 with 2 N NaOH. Store up to 1 year at 4°C.  

    9.    TNE buffer, 1×, pH 7.4 (working solution): Combine 60 ml 
10× TNE and 540 ml H 2 O. Check pH (7.4). Store for several 
months at 4°C  .  

    10.    FCM Tubing Cleanser (for unclogging FCM sample lines): 
50% ETOH, 50% household bleach (contains ~5% sodium 
hypochlorite), and 0.5 M NaCl. Store at room temperature 
(see note 6).  

    11.    50% household bleach (for eliminating AO from sample lines): 
Combine 50 ml household bleach (~5% sodium hypochlorite) 
with 50 ml H 2 O. Store at room temperature (see  Note 7 ).  

    12.    FCM Sheath  fl uid: 2 L 0.45 nm  fi ltered water + 0.1% Triton 
X-100: (this helps minimize bubbles in the  fl ow channel). Add 
0.5 ml Triton X-100 to each liter of  fi ltered dd-H 2 O. This is 
most conveniently prepared by using a gravity  fl ow system 
containing a 0.45  m   fi lter unit into a storage bottle. It is NOT 
necessary to use commercially sold sheath  fl uid unless FCM 
sorting of sperm is done with a jet-in-air sorter.      

      1.    Ultracold freezer (−70 to −110°C) or, preferably, a LN 2  tank.  
    2.    Biological safety hood.  
    3.    Flow cytometer(s) (see  Notes 8  and  9 ).       

 

      1.    Human semen samples are typically obtained by masturbation 
into plastic clinical specimen jars preferably after ~2 days absti-
nence (see  Note 10 ).  

    2.    Allow ~30 min for semen liquefaction at room temperature, 
then freeze aliquots of raw or TNE diluted (1–2 × 10 6  sperm/
ml) semen directly without cryoprotectants in an ultracold 
freezer (−70 to −110°C) in 0.5–1.5 ml snap-cap tubes. 
Alternatively samples may be frozen in a shipping box with dry 
ice or placed directly into a LN 2  tank (cryovials) (see  Note 11 ).      

      1.    Set up the  fl ow cytometry workstation to allow samples to be 
thawed and processed in the immediate vicinity of the  fl ow 
cytometer. The following equipment should be handy for 
quick and easy use: Ice buckets containing wet ice to hold the 
reagent bottles, sample tubes, TNE buffer, in addition dispos-
able gloves, stopwatch, automatic pipettors and tips and a 
container with disinfectant for sample disposal are needed.  

  2.3.  Major Equipment

  3.  Methods

  3.1.  Cell Preparation

  3.2.  Flow Cytometer 
Setup
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    2.    Align cytometer (see  Note 13 ).  
    3.    Prepare a reference sample diluted with cold TNE at a concen-

tration of 1–2 × 10 6  cells/ml (see  notes 14–16 ).  
    4.    Immerse single frozen samples in a 37°C water bath, just until 

the last remnant of ice disappears. Dilute sperm to a concentra-
tion of 1–2 × 10 6  cells/ml with TNE buffer (see  Note 17 ).  

    5.    Place a 200  m l aliquot of fresh or frozen/thawed semen sample 
of known sperm concentration into a 12 × 75 mm conical plas-
tic test tube.  

    6.    Add 400  m l of the acid-detergent, low pH buffer using an auto-
matic dispenser set deep in the ice bucket (see  Note 15 ). Start a 
stopwatch  immediately  after the  fi rst buffer is dispensed.  

    7.     Exactly  30 s later add 1.2 ml of AO staining solution.  
    8.    Place the sample tube into the  fl ow cytometer sample chamber 

(which varies in design by different instruments), and immedi-
ately start the sample  fl ow after placing it in the sample 
holder.  

    9.    Using the stopwatch that was started with the addition of the 
acid-detergent solution, start the acquisition of list mode data 
to computer disk at 3 min (see  Note 19 ).  

    10.    Check the sperm  fl ow rate during this time and if it is too fast, 
i.e., >250 cells/s, make a new sample at the appropriate dilu-
tion (see  Note 20 ).  

    11.    Measure all samples at least twice in succession for statistical 
considerations and record data on ~5,000 sperm cells (total 
events recorded are higher due to debris) per measurement.  

    12.    For the second measurement, take the sample from the same 
thawed aliquot; dilute appropriately, process for the SCSA and 
measure.  

    13.    After the second measurement of a sample is  fi nished, place a 
tube of AO equilibration buffer on the instrument to maintain 
the AO conditions and wash any of the previous sample out of 
the tubing and start preparing the next sample. There is no 
need to run this buffer between the duplicate measurements of 
the same sample, just allow the  fi rst one to stay running while 
preparing the second one.      

  A very important,  but  sometimes dif fi cult point, is deciding where 
to draw the computer gates to exclude cellular debris signals [sig-
nals located at the origin in the red ( X  ) versus green ( Y  )  fl uorescence 
cytograms] from the analysis. This gate is usually best set at a 45° 
angle, i.e., at the same channel value for both red and green 
 fl uorescence values (e.g. 400/1024). Resolution of debris and 
sperm signal is partly instrument dependent (see  Note 21 ).   

  3.3.  Gating and Debris 
Exclusion
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     1.    The variables of DFI other than %DFI (DFI and SD DFI) have 
been shown to be very useful especially in our studies for toxi-
cology and animal fertility. Future studies will show its impor-
tance for human fertility studies. However, a simple determination 
of the percentage of cells with denatured DNA (%DFI) and the 
percentage of cells with abnormally high green stainability 
(%HDS) can be reasonably estimated for the majority of samples 
without the ratio calculations. %DFI is currently the most used 
variable of this assay for human fertility assessment.  

    2.    Our laboratory has used only AO obtained from Polysciences 
and thus we have full con fi dence in this source.  DO NOT  use 
a more crude preparation of AO; failure will result. AO is a 
toxic chemical, and precautions should be taken when han-
dling it. Tare a 15 ml,  fl at-bottom scintillation vial on a 4-place 
electronic balance, carefully remove and transfer 3–6 mg AO 
powder from the stock bottle with a microspatula into the vial. 
Add an exact equivalent number of milliliters of water. Wrap 
the capped vial in aluminum foil to protect from light.  

    3.    Use purchased 2.0 N HCl (e.g., Sigma); do not dilute from a 
more concentrated HCl solution that is likely less pure and 
may be of questionable strength. The Triton-X stock solution 
is very viscous. Use a wide-mouth pipette and carefully draw 
up the exact amount, wipe the outside of the pipette free of 
Triton-X and then expel with force in and out of the pipette 
until all is dispensed.  

    4.    Slowly and carefully adjust the pH using very small pieces of 
concentrated NaOH pellets (cut with a scalpel and handled 
with a forceps). Note that when the 0.2 M Na 2 PO 4  buffer is 
removed from the refrigerator, salt crystals will be present. 
Heat in 37°C water bath until the salts are fully dissolved.  

    5.    This is run through the instrument for  »  15 min prior to sam-
ple measurement to insure that AO is equilibrated with the 
sample tubing. This is also run through the instrument between 
different samples to maintain the AO equilibrium and help 
clean the prior sample out of the lines.  

    6.    This solution is passed through the flow cytometer fluidic 
components in contact with AO to remove adherent AO. 
It does not need to be used if the next user of the FCM is also 
doing AO staining.  

    7.    This solution is used for an occasional thorough cleaning or 
flushing of flow cytometer sample lines to remove adherent cell 
debris and any fluorochromes.  

  4.  Notes
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    8.    The  fl ow cytometer must have 488 nm excitation wavelengths 
and an approximate 15–35 mW laser power. Fluorescence of 
individual cells is collected through red (630–650 nm long 
pass) and green (515–530 nm band pass)  fi lters.  

    9.     Orthogonal  fl ow cytometer con fi guration and related signal arti-
facts . The highly condensed mammalian sperm nucleus has a 
much higher index of refraction than sample sheath (water) in 
a  fl ow cytometer. This differential, coupled with the typical 
nonspherical shape of sperm nuclei and their orientation in the 
 fl ow channel, produces an optical artifact consisting of an 
asymmetric, bimodal emission of DNA dye  fl uorescence when 
measured in orthogonal con fi guration  fl ow cytometers where 
the collection lenses are situated at right angles to both sample 
 fl ow and excitation source. Since DFI is a computer calculated 
ratio of red to total (red + green)  fl uorescence, the optical arti-
fact of AO-stained sperm measured in the orthogonal instru-
ments does not signi fi cantly interfere with results and the DFI 
frequency histogram is very narrow for a normal population of 
sperm. Although each type of  fl ow cytometer with different 
con fi gurations of lenses and  fl uidics produces different cyto-
gram patterns, the DFI data are essentially the same.  

    10.    Of importance is the length of the previous abstinence period; 
if several days have elapsed, then sperm stored in the epididymis 
can become apoptotic, in which case such a sample would not 
be representative of a fresh semen sample. We suggest that a 
patient ejaculate, wait 2 days and ejaculate again, then the sam-
ple for testing be taken after another 2 days, e.g., ejaculate on 
Monday and Wednesday and collect clinical sample on Friday.  

    11.    Freshly collected semen should be quick frozen as soon as liq-
uefaction has occurred in about a half hour. The majority of 
semen samples may be kept for up to several hours at room 
temperature prior to measuring/freezing without signi fi cant 
loss of quality, allowing for collections within a medical institu-
tion and transport to the  fl ow cytometry unit. However, we 
have observed in limited studies that an estimated 10% of sam-
ples have an increased DNA fragmentation while setting at 
room temperature; likely these samples have very low antioxi-
dant capacity. If transport is required outside of a building 
complex, the sample may be conveyed in an insulated box or 
jacket pocket to keep from freezing or on liquid ice if the ambi-
ent temperature is hot. Once a sample has been diluted in TNE 
buffer it should be measured or frozen immediately.  

    12.    Samples should be frozen in vials that are approximately 
¼ larger in volume than the semen volume in order to reduce 
the air- surface interface thus minimizing related reactive oxy-
gen damage. Keep the tubes vertical when freezing, as samples 
frozen at the bottom of a tube are later thawed in a water bath 
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with greater ease and safety. Cryoprotectants are not needed 
since quick-frozen cells and those frozen with a cryoprotectant 
provide equivalent SCSA data. This feature is unique to mam-
malian sperm cells due to the highly condensed, crystalline 
nature of the nucleus.  

    13.     Flow cytometer alignment . Prior to measuring experimental 
samples, the instrument must be checked for alignment using 
standard  fl uorescent beads.  Very importantly , an AO equilibra-
tion buffer (400  m l acid-detergent solution and 1.20 ml AO 
staining solution) must be passed through the instrument sam-
ple lines for ~15 min prior to establishing instrument settings. 
This insures that AO is equilibrated with the sample tubing. To 
save time, this AO buffer can be run through the instrument 
during its warm up time prior to alignment and again just 
before measuring samples. Contrary to existing rumors, using 
AO in a  fl ow cytometer  does not  ruin it for other purposes! The 
sample lines  do not  need to be replaced after using AO in a  fl ow 
cytometer! However, the system  does  need to be fully equili-
brated with AO, as AO does transiently adhere to the sample 
tubing by electrostatic force, thus reducing the required AO 
concentration. After  fi nishing SCSA measurements, AO can 
easily be cleansed from the lines by rinsing the system for about 
10 min with a 50%  fi ltered household bleach solution followed 
by 10 min of  fi ltered H 2 O. Our laboratory has utilized many 
 fl uorescent dyes and sample types after measuring AO stained 
sperm without any associated problems.  

    14.     Reference samples . Because SCSA variables are very sensitive to 
small changes in chromatin structure, studies on sperm using 
this protocol require very precise, repeat instrument settings 
for all comparative measurements whether done on the same 
or different days. These settings are obtained by using aliquots 
of a single semen sample called the “reference sample” (this is 
not a “control” sperm from a fertile donor). A semen sample 
that demonstrates heterogeneity of DNA integrity (e.g., 15% 
DFI) is chosen as a reference sample and then diluted with 
cold (4°C) TNE buffer to a working concentration of 1–2 × 10 6  
cells/ml. CLIA and other licensing agencies, e.g., New York 
Health, require that for every measurement period that a low 
%DFI and a high %DFI sample become part of the measure-
ment data. Several hundred 300  m l aliquots of this dilution are 
 immediately and quickly  placed into 0.5 ml snap-cap vials and 
frozen at −70 to −100°C in a freezer or, preferably in a LN 2  
tank. These reference samples are used to set the red and green 
photomultiplier tube (PMT) voltage gains to yield the same 
mean red and green  fl uorescence levels from day to day. The 
mean red and green  fl uorescence values are set at ~125/1,000 
and ~475/1,000 channels, respectively. The values established 



162 D.P. Evenson

by a laboratory (preferably the same as above) should be used 
consistently thereafter. Strict adherence to keeping the refer-
ence values in this range must be maintained throughout the 
measurement period. A  freshly thawed  reference samples is 
measured after every  fi ve to ten experimental samples to insure 
that instrument drift has not occurred.  

    15.    Very few FCM protocols are as demanding as the SCSA for 
using a reference sample. Obviously, it would be advantageous 
to prepare a new batch of reference samples from the same 
individual donor. However, if a new donor is used, then  fi rst 
set the PMTs for the previous reference sample to be at the 
same  x  and  y  channel positions, then measure the new refer-
ence sample and note the red and green mean values and use 
these values for the next studies.  

    16.    Since reference samples can be stored in LN2 for years, a donor 
could provide enough samples for thousands of reference 
aliquots.  

    17.    When analyzing a series of human samples, it is extremely help-
ful to obtain the sperm count in advance of SCSA preparation 
so that time is not lost determining the proper dilution. 
However, if a sample(s) needs to be measured quickly for a 
clinical decision, then rather than wait for a sperm count, esti-
mate a dilution, check the  fl ow rate, and if necessary, resample 
with the proper dilution to attain the required  fl ow rate of 
~200 events per second.  

    18.    This dispenser needs to be highly accurate and to have a maxi-
mum volume only somewhat more than what is being dis-
pensed. At the beginning of sample measurement and after 
long breaks in measurement, dispense several volumes from 
both dispensers before starting with the samples as AO in the 
delivery tube may have been damaged by light and solutions in 
the plastic delivery tubes may be warmer than 4°C.  

    19.    This allows ample time for AO equilibration in the sample and 
hydrodynamic stabilization of the sample within the  fl uidics, 
both very important aspects of AO staining.  

    20.    This protocol provides ~ 2 AO molecules/DNA phosphate 
group. Thus, to initially set up the proper hydrodynamic condi-
tions, measure several sperm samples that have a predetermined 
cell count of  » 1.5 × 10 6  sperm/ml (or known concentration of 
 fl uorescent beads) and adjust the  fl ow rate settings (if possible) 
for ~200 cells/beads per second. On a FACScan, the “low 
 fl ow” rate setting delivers an approximately correct  fl ow rate. If 
a sample’s  fl ow rate is too high, this same sample cannot be 
diluted with AO buffer to lower the concentration. Sample and 
sheath  fl ow valve settings of the instrument are  never changed  
during these measurements so the liquid  fl ow rate is constant. 
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Doing so widens the  fl ow sample stream with consequential 
loss of resolution. Thus, a change in sperm count rate is a func-
tion of sperm cell concentration only. PMT settings should be 
fairly identical from day to day depending on slight alignment 
differences between days and sample runs.  

    21.    The real SCSA values of a sample cannot be obtained if the 
 fl uorescence from debris (i.e., free cellular components, and 
other contaminants) is blended in with the sperm  fl uorescence 
signal. This can sometimes be eliminated by washing the sperm 
or processing though gradients. However, there is a risk of los-
ing cell types and the advantage of using whole semen mea-
surements is then compromised. Bacterial debris appears as a 
straight line to the left of and parallel with the main sperm 
population in the cytograms; this usually can be gated out, but 
not in all samples.          
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    Chapter 15   

 Sperm Aneuploidy Testing Using Fluorescence 
In Situ Hybridization       

     Benjamin   R.   Emery        

  Abstract 

 Sperm aneuploidy screening has been used as a tool in diagnosis and determining treatment options for 
male factor infertility since the development of human sperm karyotyping by injection into hamster and 
mouse oocytes in the 1970s. From these studies and subsequent work with interphase chromosome analy-
sis, at risk populations of men with teratozoospermia, oligozoospermia, and men with translocations, have 
since been identi fi ed. The current technique is an application of  fl uorescent in situ hybridization (FISH) 
on interphase sperm nuclei with careful enumeration of the labeled chromosomes to determine sperm 
ploidy. Typically,  fi ve to seven chromosomes are evaluated in individual ejaculates to determine the percent 
of aneuploid sperm present. This protocol will detail the procedures for: preparation of specimens, expo-
sure of the sperm nuclei to the FISH probes, hybridization, destaining, and scoring criteria.  

  Key words:   Sperm ,  Aneuploidy ,  Diagnostic testing ,  Meiotic errors ,  Fluorescence in situ hybridization 
(FISH) ,  Male factor infertility    

 

 Fluorescence in situ hybridization (FISH) allows  fl uorescent probes 
to be bound to speci fi c regions of chromosomes thus allowing the 
enumeration of chromosomes as well as the identi fi cation of struc-
tural defects such as translocations. By analyzing sperm with FISH 
prior to an IVF cycle, it is possible to better counsel patients as to 
the possible risks of transmitting chromosomal aberrations and 
increase the accuracy of predicting outcomes  (  1–  4  ) . Men with 
severe sperm morphology defects  (  2,   5  ) , severely oligozoospermic 
men, and men with a history of some chemical exposures are at risk 
of likelihood for increased sperm aneuploidy, and screening should 
be considered  (  4,   6  ) . 

 Analysis of the entire chromosomal complement in each cell is 
not currently practical due to the labor-intensive nature of the 

  1.  Introduction
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protocol. Therefore, chromosomes with the highest risk for poor 
outcomes or those that are most prone to aneuploidy during meio-
sis are typically analyzed. The most commonly tested chromosomes 
are X, Y, 13, 16, 18, 21, and 22, while those that are most predic-
tive of recurrent miscarriage are 1, 15, 17, 21, and 22  (  4,   7  ) .  

 

      1.    0.1 M PBS.  
    2.    20× SSC: Weigh 175.2 g NaCl and 88.2 g Na citrate. Dissolve 

NaCl and Na citrate in type I water. Adjust to pH 7.4 with 
concentrated NaOH solution. Bring the total volume to 1 l 
with type I water. Store at −5°C for 1 year.  

    3.    2× SSC/0.1 % NP-40: Combine 100 ml 20× SSC with 850 ml 
type I water and add 1 ml NP-40 (IGEPAL; Sigma). Add type 
I water to bring the  fi nal volume to 1 l. Adjust the pH to 
7.0 ± 0.2 with NaOH. Store at 2–5°C for 6 months.  

    4.    0.4× SSC/0.3 % NP-40: Combine 20 ml 20× SSC, 950 ml 
type I water and 3 ml IGEPAL. Add type I water to bring the 
total volume to 1 l. Adjust the pH to 7.0–7.5 with NaOH. 
Store at 2–5°C for 6 months.  

    5.    PN Buffer: Solution A: Na 2 HPO 4 ⋅7H 2 O solution (2 l). Add 
53.614 g Na 2 HPO 4 ⋅7H 2 O to 1.8 l distilled water, Adjust to 
2 l. Solution B: 0.33 M NaH 2 PO 4 . Add 39.6 g NaH 2 PO 4  to 
800 ml distilled water, adjust to l liter. To make PN buffer, 
combine 2 l of solution A and 50–100 ml of solution B (0.1 M). 
Adjust pH to 8.0 with addition of solution B. Add IGEPAL to 
the PN buffer for a  fi nal IGEPAL concentration of 0.05 %. 
Store at 2–5°C for 1 year.  

    6.    Antifade slide mounting medium: Add 5 mg  p -phenylenedi-
amine to 10 ml PN buffer to dissolve then add 10 ml glycerol. 
Aliquot into 0.5 ml aliquots in micro centrifuge tubes. Store at 
−20°C for 90 days or −80°C for 1 year.  

    7.    1 M dithiothreitol (DTT): Dissolve 3.08 g DTT in 20 ml dis-
tilled water. Store at −20°C for 1 year.  

    8.    10 mM DTT in Tris–HCl Add 400  μ l 1 M DTT to 40 ml 
0.1 M Tris–HCl pH 8.0. Use within 24 h.  

    9.    Carnoy’s Fixative: 1:4 Glacial Acetic Acid in Methanol.  
    10.    Prepared FISH Probes: Commercially available probes are 

typically available for most applications and are preferred due 
to the labor-intensive procedure of preparation. Abbott 
Molecular Vysis probes are the most commonly used, but other 
manufacturers are available for species variation.       

  2.  Materials

  2.1.  General Media 
and Reagents
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 All procedures should be done with care not to contaminate the 
reagents, samples or prepared slides with sources of exogenous 
DNA that might hybridize and cause erroneous results. 

      1.    Add a volume of PBS to reach 1:3 ratio of semen to PBS, mix 
gently ( see   Notes 1 – 3 ).  

    2.    Centrifuge at 500 ×  g  in a swinging bucket centrifuge for 
10 min.  

    3.    Resuspend the decanted pellet to a sperm concentration of 
100–200 million per ml ( see   Note 4 ).  

    4.    Drop the washed sperm sample onto a  fl uorescence-grade, 
precleaned microscope slide and smear using a standard sperm 
smearing technique (Fig.  1 ) ( see   Notes 5  and  6 ).   

    5.    Fix air-dried slides in Carnoy’s Fixative for 5 min on ice.  
    6.    Air-dry slides again to prepare for sperm decondensation using 

DTT ( see   Note 7 ).  
    7.    Add slides to a prepared solution of 0.1 M DTT in a Coplin jar.  
    8.    Incubate until sperm heads start to swell and lose their high 

birefringent property (Fig.  2 ) ( see   Note 8 ). This typically takes 
10–20 min.   

    9.    Air-dry the slides once again prior to preparation for 
hybridization.      

      1.    Dehydrate slides through a series of 70 %, 80 %, 100 % ethanol 
washes, 1 min each step and air-dry.  

    2.    Add 10  μ l of prepared probe mixture to the center of the slide 
and coverslip with a 22 × 22 mm coverslip (Fig.  3a ).   

    3.    Remove all air bubbles by gently forcing any trapped air bub-
bles to the edge of the coverslip (Fig.  3b ) ( see   Note 9 ).  

    4.    Seal with rubber cement around the entire coverslip (Fig.  3c ) 
( see   Note 10 ).  

  3.  Methods

  3.1.  Sample 
Preparation and 
Sperm Nuclear 
Decondensation

  3.2.  Dehydration, 
Denaturation and 
Hybridization

  Fig. 1.    Step by step slide preparation and slide smears. ( a ) The slides are precleaned and laid out for dropping sperm 
suspension. ( b ) Small drops of the sperm suspension are placed towards the top of the slide. ( c ) A second slide is slowly 
and gently moved through the drop at a 45º angle. ( d ) The slides are then  fi xed in ice-cold Carnoy’s  fi xative. ( e ) They are 
then air-dried on an angle.       
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    5.    Add the slides to a slide PCR machine or denaturation/
hybridization chamber (Fig.  3d ) (see Note 11).  

    6.    Incubate following the probe manufacturer’s speci fi ed time 
and temperatures ( see   Note 12 ).      

      1.    Remove slides from the incubation chamber and carefully 
remove the coverslip;  fi rst remove the rubber cement seal then 
carefully lift one corner of the slide and slowly pull the cover-
slip off.  

    2.    The slide should be immediately placed into a preheated Coplin 
jar containing 0.4× SSC/0.3 % NP-40 wash solution at 74°C 
(in a water bath) for 5 min ( see   Notes 12 – 14 ).  

    3.    Slides are immediately moved to 2× SSC/0.1 NP-40 wash 
solution in a Coplin jar at room temperature for 1 min.  

    4.    Remove slides, air-dry and mount with 10–20  μ l of antifade 
mounting media under a 22 × 22 mm #1.5 glass coverslip ( see  
 Note 15 ).  

    5.    Observe sperm using a standard epi fl uorescence microscope 
equipped with the appropriate  fi lters for the direct conjugated 
 fl uorophores.      

  3.3.  Destaining 
and Counterstaining

  Fig. 3.    Step by step probe addition and sealing. ( a ) The probe mixture is added to the slide in an area of evenly spread 
sperm nuclei. ( b ) The coverslip is added and the bubbles are gently pushed to the edge of the coverslip. ( c ) The rubber 
cement seal is easily made using a disposable transfer pipette moved along all edges of the coverslip. ( d ) The slides are 
added to the incubation chamber or slide PCR machine.       

  Fig. 2.    Decondensed sperm under phase microscopy.  Arrows  indicate appropriately decondensed sperm while the 
 arrowhead  shows a sperm that has retained its birefringent nucleus.       
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  Sperm should be observed for adequate hybridization ef fi ciency, 
probe tightness, and proper intensity of counterstaining. The slides 
can be evaluated manually or with an automated spot counting 
algorithm built into an analysis system ( see   Note 16 ).

    1.    Hybridization ef fi ciency should be greater than or equal to 
90 %. This is assessed by counting the number of sperm nuclei 
with no signal over at least the  fi rst 100 sperm.  

    2.    Probe tightness is assessed by looking for scattered probes 
(Fig.  4a ); probes should be a single spot with little or no noise 
within the nucleus.   

    3.    Probe size is assessed when two signals of a given probe are 
observed within a single nucleus. The spots need to be equal in 
size (Fig.  4b ).  

    4.    Overlapping spots are assessed by verifying that they are at least 
1.5 domains separated from each other. This applies to probes 
for the same chromosome only (Fig.  4c ).  

    5.    Signals must be within the counterstain mask of the nucleus 
(Fig.  4d ).  

    6.    The number of sperm counted per sample has been a point of 
frequent discussion, but currently the state-of-the-art is still a 
minimum of 5,000 sperm per sample for each chromosome 
being assessed ( see   Note 16 ).       

  3.4.  Visualizing, 
Scoring and Quality 
Control

  Fig. 4.    Scoring criteria. ( a ) The  arrow  points towards a scattered probe. ( b ) The  arrow  
shows a probe of the same  fl uorophore, but unequal in size to the other. ( c ) Here is shown 
two overlapping probes. ( d ) One probe, at the  arrow , which is outside the mask of the 
nucleus.       
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     1.    Raw semen samples should be washed whenever possible. 
Contaminants from raw semen will make the enumeration of 
the probe counts less reliable and can cause higher levels of 
background noise.  

    2.    Samples can be prepared using a separating sperm wash, such as 
a density gradient or swim-up, to remove contaminating cell 
types (white blood cells and other round cells sloughed from the 
reproductive tract). But such practices will have an impact on 
the interpretation of the results since these wash procedures will 
also remove a subpopulation of the sperm from the sample.  

    3.    Washing also concentrates samples with extremely low sperm 
counts and will aid in increasing the number of sperm that can 
be counted.  

    4.    Samples with low concentrations will not reach this count and 
should be resuspended to a volume just large enough to make 
the slide smears.  

    5.    You should prepare enough slides to accommodate all the 
probe mixtures you are using and some additional slides to 
repeat the assay in case of hybridization failures or overdecon-
densation of sperm nuclei.  

    6.    The concentration of the sperm on the slide should be such 
that the sperm concentration is high, but not so high that the 
majority of sperm will be touching or overlapping after nuclear 
decondensation.  

    7.    DTT decondensation may be skipped if a high-heat denaturing 
step is incorporated  (  8  ) . There is some bene fi t to this in sam-
ples where DTT decondensation causes overly decondensed 
heads. The high heat option is used exclusively in some labs 
and is described herein ( see   Note 11 ).  

    8.    Overdecondensation will cause scattered probes and the slides 
will not be able to be read with any degree of con fi dence.  

    9.    Be very careful not to push too hard, you may rupture the 
sperm heads.  

    10.    This is easily done using a disposable plastic transfer pipette.  
    11.    If you are using non-DTT treated sperm, you will need to use 

a high-heat denaturation rather than the temperature speci fi ed 
by the manufacturer. The temperatures for the melt step and 
hybridization step will be in the range of 80–90°C for 10 min 
for melting and 40–42°C for hybridization for 4–10 h  (  8  ) .  

    12.    Plastic Coplin jars are highly recommended. The high heat 
stresses the glass jars and greatly reduces their life span.  

  4.     Notes
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    13.    If non-DTT treated sperm are used, the distaining time will 
need to be optimized and is typically 90 s to 2 min.  

    14.    Do not wash more than four slides at a time and check the 
temperature before starting another batch of four slides.  

    15.    Depending on the probe mixture used, 1  μ l DAPI at 100 ng/ml 
may need to be added to the antifade solution for visualization of 
the nucleus. Some commercially available probe mixtures con-
tain nonspeci fi c DNA tagged with a mixed  fl uorophore to give a 
nuclear counterstain.  

    16.    The ef fi ciency of counting such a high number of sperm accu-
rately can be increased by using an automated system with 
thorough and careful review of all sperm counted as aneuploid 
(Fig.  5 )  (  4,   9  ) .           
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    Chapter 16   

 Flow Cytometric Methods for Sperm Assessment       

     Vanesa   Robles    and    Felipe   Martínez-Pastor         

  Abstract 

 Flow cytometry allows the assessment of multiple sperm parameters following a diverse number of protocols. 
Here, we describe three methods for evaluating critical aspects of sperm quality: the double stain SYBR-14 
and propidium iodide (PI) for assessing sperm viability; the double stain PNA-FITC (peanut agglutinin-
 fl uorescein isothiocyanate) and PI for assessing acrosomal integrity combined with sperm viability; and 
JC-1 (5,5 ¢ ,6,6 ¢ -tetrachloro-1,1 ¢ ,3,3 ¢ -tetraethyl-benzimidazolylcarbocyanine iodide) for assessing mito-
chondrial membrane potential. These three stains are widely used and can be analyzed with basic  fl ow 
cytometers.  

  Key words:   Flow cytometry ,  Spermatozoa ,  Viability ,  Mitochondria ,  Acrosome ,  Propidium iodide , 
 SYBR-14 ,  JC-1 ,  PNA ,  FITC    

 

 Flow cytometry has gained increased attention in the  fi eld of 
andrology in the last 15 years. There are dozens of  fl ow cytometry 
applications for sperm analysis, which have been reviewed else-
where  (  1–  5  ) . We have selected three methods among the myriad of 
available techniques, considering them the best established and the 
most interesting for new andrologists, either from the clinical or 
the research  fi elds. These methods are the viability stain using 
SYBR-14 and propidium iodide (PI); the acrosomal/viability stain 
using peanut agglutinin (PNA) conjugated with  fl uorescein iso-
thiocyanate (FITC) and PI; and the mitochondrial stain using 
JC-1. These  fl uorochromes can be excited by the 488 nm line that 
is standard in  fl ow cytometers. That means that even the most basic 
cytometers with a single blue laser for excitation and green/red or 
green/orange/red emission optics, can be utilized to analyze sam-
ples stained with these  fl uorochromes. 

  1.  Introduction
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 The combination of SYBR-14 and PI for assessing sperm 
viability (i.e., the integrity of the plasma membrane) was  fi rst used 
in 1994  (  6  ) , and the manufacturer (Invitrogen) produced a speci fi c 
kit for assessing sperm viability soon after: the LIVE/DEAD ®  
Sperm Viability Kit. SYBR-14 is a membrane-permeable DNA 
intercalating agent, with a maximum emission at 516 nm (green). 
SYBR-14 readily stains all nuclei. PI, another intercalating agent 
with maximum emission at 617 nm (red), can stain the nucleus 
only if the plasma membrane is damaged, with costaining resulting 
in quenching of SYBR-14  fl uorescence  (  7  ) . This dual stain was 
very convenient for both  fl uorescence microscopy and  fl ow cytom-
etry analyses, since all nucleated cells are stained, enabling easy 
discrimination of cells from debris  (  8  ) . 

 The integrity of the acrosome is another useful measurement 
of sperm quality. Some researchers have used the anti-CD46 anti-
body to target the acrosomal matrix  (  9  ) . More commonly, lectins 
targeted to the inner lea fl et of the outer acrosomal membrane are 
used, either  Pisum sativum  (pea) agglutinin (PSA)  (  10  )  or  Arachis 
hypogaea  (peanut) agglutinin (PNA)  (  11  ) . Here we describe the 
double stain PNA-FITC (peanut agglutinin conjugated with 
 fl uorescein isothiocyanate, maximum emission at 521 nm) with PI, 
which allows the simultaneous assessment of sperm viability and 
the condition of the acrosome. PNA is available conjugated with 
other  fl uorochromes as well  (  12  ) , which may be more practical in 
some applications. In addition, some authors utilize ethidium 
homodimer in place of PI  (  13  ) . 

 Sperm mitochondrial activity is associated with many sperm char-
acteristics, from motility to fertility  (  14  ) . The JC-1  fl uorochrome 
(5,5 ¢ ,6,6 ¢ -tetrachloro-1,1 ¢ ,3,3 ¢ -tetraethyl-benzimidazolylcarbocyanine 
iodide; also abbreviated as CBIC 2 (3)) is one of the most popular 
 fl uorochromes for sperm assessment  (  15–  17  ) , but other options 
do exist  (  18,   19  ) . JC-1 accumulates in the mitochondria and has a 
maximum  fl uorescence emission at 525 nm (green). When JC-1 
binds to membranes with a high potential ( D   Y   m , 80–100 mV), it 
forms J-aggregates  (  20  ) , resulting in a shift in  fl uorescence emis-
sion to ~590 nm (orange-red). Due to the heterogeneity of mito-
chondrial activity in live cells, it is typical to observe green and 
orange regions simultaneously, even in the same mitochondrion.  

 

      1.    Phosphate buffer saline (PBS): Prepare a 10× stock solution. 
(1.4 M NaCl, 0.15 M KCl, 0.07 M Na 2 HPO 4 , 0.015 M 
KH 2 PO 4 ) Weigh 8 g NaCl, 1.15 g KCl, 2.4 g Na 2 HPO 4  and 
0.2 g KH 2 PO 4  and add to a 100 mL graduated cylinder 
containing about 50 mL of water. Seal tightly with lab  fi lm and 

  2.  Materials

  2.1.  General Media and 
Reagents ( See   Note 1 )
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mix until completely dissolved. Make up to 100 mL with water 
and  fi lter through a 0.45  m m  fi lter. Store at room temperature. 
For making up the 1× solution, mix 20 mL of 10× in 180 mL 
of water in a beaker and add 0.1% BSA. Wait until dissolved 
and store at 4°C for up to 2 weeks.  

    2.    HEPES buffer: 10 mM HEPES, 150 mM NaCl, pH to 7.4. 
Weigh 1.19 g HEPES and 4.38 g NaCl and add to about 
300 mL of water in a beaker. Stir until dissolved, adjust pH to 
7.4 with NaOH and make up to 500 mL. BSA (fraction V) can 
be added from 0.1% to 10% if required (see  Note 2 ). Store at 
4°C, protected from light (see  Note 3 ) for up to 2 weeks.      

  Fluorochromes must be manipulated in low light conditions, espe-
cially when in solution. DMSO must be at least of analytical grade, 
and the dyes dissolved with DMSO should be stored with desic-
cant since moisture is detrimental for  fl uorochromes. Deionized 
water should be at the least of milli-rho quality. If PBS is used, it 
should be 0.2- m m  fi ltered or autoclaved. When preparing aliquots 
for freezing, it is convenient that each one is suf fi cient for 1 day of 
work, thus avoiding refreezing of the solutions.

    1.    LIVE/DEAD ®  Sperm Viability Kit: the kit contains both com-
ponents ready for use, the SYBR-14 solution (1 mM in DMSO) 
and the PI solution (2.4 mM in water). Prepare a 50-fold dilu-
tion of the SYBR-14 solution in DMSO (20  m M), aliquot in 
convenient volumes to avoid repeated freezing-thawing and 
store frozen. Do not use aqueous media for preparing stock 
solutions of SYBR-14 (see  Note 5 ).  

    2.    Preparation of PI (for PNA-FITC/PI stain): PI solutions in a 
range of 5 mg/mL to 50  m g/mL can be quickly prepared and 
stored refrigerated or at −20°C. If purchased in powder form, 
pipet enough water or PBS into the vial to make up the solution, 
close tightly and vortex until completely dissolved. See Note 4 
for advice in case it is necessary to weigh part of the PI before 
dilution. When using frozen solutions, brie fl y vortex the vial or 
sonicate it before use, in order to dissolve any precipitate. It is 
possible to purchase PI solutions, avoiding the need to prepare 
it in the lab.  

    3.    Preparation of PNA-FITC: PNA-FITC is usually acquired lyo-
philized. Add water or PBS to the vial and vortex until completely 
dissolved. A typical stock solution is prepared at a concentration 
of 0.1–1.0 mg/mL. The stock should be aliquoted and stored 
at −20°C. If preferred, 2 mM sodium azide may be added to 
the solution allowing storage at 2-6°C for several months.  

    4.    Preparation of JC-1: JC-1 is purchased lyophilized and must be 
diluted with DMSO and stored at −20°C. Prepare a 1–5 mg/mL 
(1.5–7.7 mM) solution by adding a small quantity of DMSO 
to the vial, closing it tightly and vortexing for several minutes 

  2.2.  Preparation 
of Fluorochrome Stock 
Solutions ( See   Note 4 )
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until all the dye has dissolved. Transfer the solution to a light-
tight tube and rinse the vial with additional DMSO, transfer-
ring it to the light-tight tube. Make up to the  fi nal volume with 
DMSO, aliquot and store at −20°C.       

 

  Spermatozoa may be obtained from a variety of sources (fresh 
ejaculate, frozen semen, epididymal sperm, etc.), and therefore 
should be submitted to different procedures before analysis. If any 
component of the sperm medium could interfere with the staining 
procedure (components of seminal plasma, freezing extenders, 
incubation media, etc.) samples should be washed or otherwise 
cleaned up (see  Notes 6  and  7 ). The staining protocols might need 
to be deeply modi fi ed in different species (see  Note 8 ).  

  We have used these stains successfully in several  fl ow cytometers: 
FACScan, FACScalibur, and LSR-I, from Becton Dickinson, and 
Epics XL, Cytomics FC 500, and Cyan ADP, from Beckman 
Coulter. Many other machines are cited in the bibliography. Each 
machine has its own startup procedures, and prior knowledge is 
necessary for operating them correctly  (  21  ) . As a precision machine, 
the  fl ow cytometer should be calibrated daily using  fl uorescently 
labeled latex spheres (e.g., Calibrite™ beads). For the methods 
presented here, only the blue excitation line is required (generally 
a 488 nm Argon-ion laser). The cytometer software should be set 
up for acquiring information from the appropriate photodetectors 
(frequently shown as FL1-H for green, FL2-H for orange, and 
FL3-H for red; see  Note 9 ). These photodetectors should be set to 
“logarithmic” scale and to acquire “signal height” (hence the 
“H”). Fluorescence compensation may be necessary (see  Note 10 ). 
Samples should be  fi rst analyzed for the FSC-H and SSC-H signals 
(forward and sideward scattering of light; Fig.  1 ), in order to 
identify the sperm population, to gate out debris and electronic 
noise, and to assess the presence of excessive debris. For reading 
samples, a low  fl ow pressure is always preferable (e.g., 12  m L/s) (see 
Note 11). From 5,000 to 10,000 events identi fi ed as spermatozoa 
should be acquired for each sample.   

      1.    Prepare a working solution of the LIVE/DEAD ®  Sperm 
Viability Kit by adding 5  m L of 20  m M SYBR-14 and 50  m L of 
the 2.4 mM PI solution to 10 mL of HEPES buffer (see  Note 12 ) 
in a 15-mL polypropylene centrifuge tube. The working con-
centrations of SYBR-14 and PI are 100 nM and 12  m M, respec-
tively. This solution must be stored in the dark and used the 
same day. This volume is suf fi cient to assess about 20 samples.  

  3.  Methods

  3.1.  Preparing Sperm 
Samples

  3.2.  Flow Cytometer 
Setup

  3.3.  Using the LIVE/
DEAD  ®  Sperm Viability 
Kit for Assessing 
Sperm Viability
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    2.    Aliquot the staining solution in  fl ow cytometer tubes, 0.5 mL 
each.  

    3.    Dilute the spermatozoa in the staining solution to a concentra-
tion of 1–2 × 10 6  spermatozoa per mL.  

    4.    Incubate for 10–15 min in the dark. Incubation may be carried 
out at 37°C if needed to achieve optimal staining.  

    5.    Run the tube in the cytometer. The standard acquisition tem-
plate consists of a cytogram showing SSC-H versus FSC-H sig-
nals, with a region enclosing the area where sperm events can 
be found. This region is used to establish an “AND” logical 
gate, which is applied in another cytogram showing FL1-H 
(green) versus FL3-H (red)  fl uorescence.  

    6.    Interpretation of  fl ow cytometry results (Figs.  2a  and  3a ): the 
FL1-H versus FL3-H cytogram shows two main populations. 
One of them includes cells with high FL1-H and low FL3-H 
(SYBR-14 positive and PI negative), which are considered via-
ble spermatozoa. The other population includes cells with low 
FL1-H and high FL3-H (SYBR-14 negative and PI positive), 
which are considered dead spermatozoa. Frequently, a transi-
tional population can be detected, composed of spermatozoa 
with varying levels of FL1-H and FL3-H signals. These cells 
are sometimes termed “moribund”, and they are supposed to 
have early or minor membrane damage. This transitional 

  Fig. 1.    Example of cytograms for the FSC-H (height of the forward scattering signal) and SSC-H (height of the side scatter-
ing signal) produced after running a sperm sample through a  fl ow cytometer. ( a ) Cytogram produced using a logarithmic 
scale for these two detectors. The sperm population is enclosed in a region, and the events outside (debris and electronic 
noise) can be gated out of the analysis. ( b ) The sample was acquired using a linear scale. Again, the sperm population has 
been enclosed in a region, and the debris is barely visible at the origin. Both kinds of con fi gurations are used with sperma-
tozoa, and the choice depends on the experience and the convenience for speci fi c techniques or machines.       
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  Fig. 2.    Ruminant spermatozoa stained with the three techniques and visualized by  fl uorescent microscopy. ( a ) SYBR-14 
and PI. The nuclei of all spermatozoa are clearly visible against the dark background. The three combinations are shown: 
 green  (SYBR-14 positive, viable),  red  (PI positive, dead),  mixed  (SYBR-14 being quenched by PI, “moribund”). ( b ) PNA-FITC 
and PI. Some white light allows the distinguishing of a viable spermatozoon with intact acrosome (unstained). Three nonvi-
able spermatozoa are clearly visible with red nuclei (PI positive), one of them showing FITC green  fl uorescence in the 
acrosome (PNA positive, damaged acrosome). ( c ) JC-1 stain, with many spermatozoa showing green  fl uorescence in the 
midpiece (monomeric JC-1, indicating low  D   Y   m ). Several spermatozoa show intense orange-red  fl uorescence in the mid-
piece (J-aggregates forming at regions of high  D   Y   m ), indicating active mitochondria. The  inset  shows the granular appear-
ance of a midpiece with active mitochondria, due to the heterogeneity of the  D   Y   m  in different regions of the mitochondrial 
membranes.       

  Fig. 3.    Example of cytograms for spermatozoa stained with SYBR-14/PI and PNA-FITC/PI (FL1-H: intensity of the green 
 fl uorescence; FL3-H: intensity of the red  fl uorescence). ( a ) SYBR-14/PI yields three populations (enclosed in regions for 
clarity). R1 encloses the PI positive events (high FL3-H and low FL1-H), corresponding to dead spermatozoa. R2 encloses 
the events with mixed  fl uorescence, “moribund” spermatozoa. R3 encloses the SYBR-14 positive events (high FL3-H and 
low FL1-H), corresponding to viable spermatozoa. Compare with the stain pattern in Fig.  2a . R4 encloses unstained events, 
which can then be gated out from the analysis. ( b ) PNA-FITC/PI produces a four-quadrant distribution. The unstained popu-
lation of viable spermatozoa is in the lower-left quadrant. The upper quadrants (high FL3-H) enclose the PI positive (dead) 
spermatozoa, with acrosome-damaged spermatozoa on the right (high FL1-H). Compare with the stain pattern in Fig.  2b . 
A fourth population of viable and acrosome-stained spermatozoa may show in the lower-right quadrant. Notice the transi-
tional population from the lower-left quadrant to the population in the upper-left quadrant ( see   Note 13 ).       
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population is often ignored, taking only the percentage of truly 
SYBR-14 positive spermatozoa as the measure of sperm 
viability. Nevertheless, some authors have noted that this tran-
sitional subpopulation might be informative  (  7  ) .        

      1.    The following procedures are based on stock solutions of PI 
and PNA-FITC prepared at 1 mg/mL in water. Thaw a PI 
aliquot and a PNA-FITC aliquot.  

    2.    Prepare the PI/PNA-FITC working solution at 1  m g/mL 
PNA-FITC and 1.5  m M PI in PBS: Add 10 mL of PBS to a 
15-mL polypropylene centrifuge tube and add 10  m L of the PI 
dilution and 10  m L of the PNA-FITC dilution. This solution 
must be stored in the dark and used the same day. This volume 
is suf fi cient to assess about 20 samples.  

    3.    Aliquot the staining solution in  fl ow cytometer tubes, 0.5 mL 
each.  

    4.    Dilute the spermatozoa in the staining solution to a concentra-
tion of 1–2 × 10 6  spermatozoa per mL.  

    5.    Incubate for 15 min in the dark. Incubation may be carried out 
at 37°C if needed to achieve optimal staining.  

    6.    Run the tube in the cytometer. Follow indications for the SYBR-
14/PI stain (see Subheading  3.3 , step 6) (see Note 12).  

    7.    Interpretation of  fl ow cytometry results (Figs.  2b  and  3b ): the 
FL1-H versus FL3-H cytogram usually shows four popula-
tions. Unstained events (low FL1-H and low FL3-H) are viable 
spermatozoa with undamaged acrosomes (see  Note 13 ). Events 
with high FL3-H and low FL1-H correspond to spermatozoa 
with damaged membranes (PI positive) but undamaged 
acrosomes (PNA negative) (see  Note 14 ). Events with high 
FL3-H and FL1-H correspond to spermatozoa with damaged 
membranes and damaged acrosomes (PI and PNA positive). 
The population with high FL1-H and low FL3-H (PNA posi-
tive and PI negative) is usually very small, although some treat-
ments can increase it considerably (e.g., adding a calcium 
ionophore to capacitated spermatozoa, which promotes the 
acrosome reaction in viable cells).      

      1.    The following procedures are based on the stock solution of 
JC-1 prepared at 3 mM in DMSO. Prepare the JC-1 working 
solution at 3  m M JC-1 in PBS: Add 10 mL of PBS to a 15-mL 
polypropylene centrifuge tube and add 10  m L from a thawed 
JC-1 stock aliquot. Stir gently to assure a homogenous dilu-
tion. This solution must be stored in the dark and used promptly. 
This volume is suf fi cient to assess about 20 samples.  

  3.4.  Assessing 
Acrosomal Status 
and Sperm Viability 
Simultaneously 
(PNA/PI)

  3.5.  Assessing 
Mitochondrial 
Membrane Potential 
with JC-1
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    2.    Aliquot the staining solution in  fl ow cytometer tubes, 0.5 mL 
each (see  Note 15 ).  

    3.    Dilute the spermatozoa in the staining solution to a concentra-
tion of 1–2 × 10 6  spermatozoa per mL.  

    4.    Incubate for 20 min at 37°C and protected from light (see 
Note 16).  

    5.    Run the tube in the cytometer. Follow indications for the 
SYBR-14/PI stain (see Subheading  3.3 , step 6), noting that 
the cytogram for analyzing the  fl uorescence must show FL1-H 
(green) versus FL2-H (orange)  fl uorescence.  

    6.    Interpretation of  fl ow cytometry results (Figs.  2c  and  4 ): the 
FL1-H versus FL2-H cytogram usually shows three popula-
tions. High FL1-H and low FL2-H corresponds with sperma-
tozoa with low  D   Y   m , whereas low FL1-H and high FL2-H 
correspond to spermatozoa with high  D   Y   m . Usually, a transi-
tion population with high FL1-H and high to moderate 
FL2-H can be detected, corresponding to spermatozoa that 
present wide gaps with low  D   Y   m  in their mitochondria. 
Sometimes, a population of low FL1-H and low FL2-H can 
be detected, possibly corresponding to nonviable spermatozoa 
with degraded midpiece.        

  Fig. 4.    Cytograms of spermatozoa stained with JC-1 (FL1-H: intensity of the green  fl uorescence; FL2-H: intensity of the orange 
 fl uorescence). ( a ) A good quality sperm sample, with most cells showing high orange  fl uorescence and low green  fl uorescence 
(active mitochondria, upper-left quadrant), some cells showing orange  fl uorescence and bright green  fl uorescence (upper-
right quadrant) and a population of cells with inactive mitochondria in the lower-right quadrant (green  fl uorescence). 
Compare with the stain pattern in Fig.  2c . ( b ) A poor quality sperm sample, with most cells in the lower-right quadrant, and 
some cells losing green  fl uorescence (lower-left quadrant), possibly due to mitochondrial disruption.       
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     1.    Several types of media can be used as staining media for 
spermatozoa, allowing the adaptation of staining conditions to 
 fi t different experiments. PBS buffers are adequate for most 
applications, and  fl ow cytometer sheath  fl uid is generally based 
in phosphate buffers. However, some  fl uorochromes may be 
affected by components of the staining solutions, prohibiting 
the use of these components (see  Note 5 ).  

    2.    Invitrogen recommends 10% BSA. From our experience, lower 
BSA concentrations can be used, and it can even be omitted.  

    3.    HEPES may degrade with exposure to light, producing hydro-
gen peroxide  (  22  ) . Therefore, solutions should be stored in 
the dark (covering bottles with aluminum foil), exposure of 
the media with cells to light should be minimized.  

    4.    Many  fl uorochromes are mutagenic, toxic or potentially toxic, 
especially in powder form. If possible, always add the diluent 
to the vial in which the  fl uorochrome was shipped, dilute it 
completely, and then carry out further pipetting if required. If 
it is necessary to weigh a portion of the powder and dilute it in 
another vial, take precautions according to the manufacturer. 
Working in a hood or wearing respiratory mask and goggles is 
advisable when working with any  fl uorochrome capable of 
interacting with DNA.  

    5.    According to the SYBR-14 manufacturers (Invitrogen), phos-
phate-containing buffers may interfere with SYBR-14 staining. 
Therefore, solutions should be prepared with other buffering 
systems.  

    6.    Some clean up procedures could be stressful for spermatozoa, 
reducing the overall quality of the sample or its resilience to 
follow-up procedures. It is necessary to balance the need for 
cleaning up the sample against the possible alterations in fl icted 
to the spermatozoa (see  Note 7 ).  

    7.    The presence of debris in the sample can be a problem for 
some techniques. Freezing extenders for mammal spermato-
zoa generally include egg yolk or milk. If cleaning up is not 
possible or incomplete, that debris will remain in the sample. 
Using dye combinations that are speci fi c for nucleic acids 
(staining all nucleated events, such as SYBR-14/PI) allows 
excluding unstained events as debris (see Fig.  3a ). If debris 
cannot be gated out from the FSC/SSC plot, it may overlap 
unstained cell populations (such as in PNA-FITC/PI). Many 
 fl uorochromes are lipophilic and show a high af fi nity for debris 
(e.g., JC-1), in which case the debris can be interpreted as part 
of  fl uorescent cell populations. In both cases, an overestimation 

  4.  Notes
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of one or more sperm populations will occur. It has been 
proposed that mathematical corrections be applied to the data 
 (  23  ) . A very effective approach consists of staining the cells 
with Hoechst 33342  (  24  ) . This  fl uorochrome quickly perme-
ates membranes and intercalates in the DNA, allowing the 
investigator to gate out unstained events. Hoechst 33342 does 
not interfere with other  fl uorochromes, and its excitation/
emission ranges (UV/blue) fall outside of the ranges of the 
most common sperm stains. This is also its main disadvantage, 
because of the need for a cytometer with a UV or violet laser, 
which may be expensive.  

    8.    Spermatozoa from some species may require incubation at low 
temperatures (e.g.,  fi shes that spawn in cold waters). Lower 
temperatures may require longer incubation times.  

    9.    Note that these denominations might vary among machines, 
and they can even refer to different photodetectors. This is an 
example of a standard con fi guration: FL1, 530/28; FL2, 
585/42, FL3, 650LP (long pass).  

    10.    Compensation may be required in order to reduce the 
 fl uorescence spillover, especially from green  fl uorochromes, 
affecting orange and red signals.  

    11.    Lower  fl ow pressure helps in the formation of a laminar  fl ow 
and allows better event discrimination. If needed (e.g., with 
highly diluted samples), it may be possible to read samples at 
medium or high  fl ow pressures. Nevertheless, repeatability or 
the ability to compare samples could be negatively affected.  

    12.    The manufacturer recommends incubating  fi rst with SYBR-14 
and adding PI afterwards. We have not noted any difference by 
using the more practical and ef fi cient approach of preparing a 
working solution, and incubating with both  fl uorochromes 
simultaneously.  

    13.    Very often, a transitional population appears between the 
unstained (viable) and PI positive spermatozoa (non viable 
with unstained acrosome). It is important that this population 
not be included with the viable spermatozoa (see Fig.  3b ).  

    14.    Since PNA binds to the external acrosomal membrane, sper-
matozoa with highly degraded acrosomes might display very 
low PNA-FITC labeling. We have observed this event, espe-
cially in dead spermatozoa showing a loose acrosomal cap, 
although the occurrence seems to be rare.  

    15.    Tubes containing mitochondrial uncouplers, such as carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP) can be used as 
negative controls.  

    16.    JC-1 staining seems to be sensitive to different staining condi-
tions (sperm diluents, temperatures, etc.); hence, time and 
temperature of incubation may need to be adapted.          
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    Chapter 17   

 Human Y Chromosome Microdeletion Analysis by PCR 
Multiplex Protocols Identifying only Clinically Relevant 
 AZF  Microdeletions       

     Peter   H.   Vogt       and    Ulrike   Bender      

  Abstract 

 PCR multiplex assays are the method of choice for quickly revealing genomic microdeletions in the large 
repetitive genomic sequence blocks on the long arm of the human Y chromosome. They harbor the 
Azoospermia Factor ( AZF ) genes, which cause male infertility when functionally disrupted. These pro-
tein encoding Y genes are expressed exclusively or predominantly during male germ cell development, i.e., 
at different phases of human spermatogenesis. They are located in three distinct genomic sequence regions 
designated AZFa, AZFb, and AZFc, respectively. Complete deletion of an AZF region, also called “classi-
cal” AZF microdeletion, is always associated with male infertility and a distinct testicular pathology. Partial 
AZF deletions including single  AZF  Y genes can cause the same testicular pathology as the corresponding 
complete deletion (e.g.,  DDX3Y  gene deletions in AZFa), or might not be associated with male infertility 
at all (e.g., some  BPY2 ,  CDY1 ,  DAZ  gene deletions in AZFc). We therefore propose that a PCR multiplex 
assay aimed to reduce only those AZF microdeletions causing a speci fi c testicular pathology—thus relevant 
for clinical applications. It only includes Sequence Tagged Site (STS) deletion markers inside the exon struc-
tures of the Y genes known to be expressed in male germ cells and located in the three AZF regions. They 
were integrated in a robust standard protocol for four PCR multiplex mixtures which also include the basic 
principles of quality control according to the strict guidelines of the European Molecular Genetics Quality 
Network (EMQN:   http://www.emqn.org    ). In case all Y genes of one AZF region are deleted the molecular 
extension of this AZF microdeletion is diagnosed to be yes or no comparable to that of the “classical” AZF 
microdeletion by an additional PCR multiplex assay analyzing the putative AZF breakpoint borderlines.  

  Key words:   AZFa, AZFb, AZFc classical microdeletions ,  PCR multiplex assays ,  AZF DNA polymor-
phisms and border lines ,   AZF  gene deletions    

 

 Y chromosomal microdeletions in men with a normal karyotype 
(46,XY) were one of the  fi rst detected polymorphic sequence 
variations in the human genome: They were identi fi ed  fi rst with 
sophisticated molecular methods like Southern blotting, then by 

  1.  Introduction
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PCR deletion and restriction analyses of small sequence tagged sites 
(STSs); and because present only on the Y chromosome of men in 
distinct human populations they soon became most useful to answer 
questions of human origin and migration  (  1–  6  ) . Curiously, in the 
same genomic sequence region of the Y long arm (Yq11) candidate 
genes of the so-called Azoospermia Factor (AZF) were proposed 
35 years ago  (  7  ) . Any AZF deletion will cause absence of sperm in 
the ejaculate (azoospermia), thus severe male infertility. 

 Consequently, to screen—by Southern blotting or PCR 
assays—for only those microdeletions in Yq11 proposed to contain 
one of the functionally relevant  AZF  Y genes it is mandatory to 
analyze whether the Y deletion observed in an infertile patient is a 
“de novo” DNA deletion, i.e., restricted to his Y chromosome. 
A not, polymorphic familial STS sequence variant should also be 
present on the Y chromosome of the patient’s father or fertile 
brother  (  8,   9  ) . Thus DNA fragment and STS deletions identi fi ed 
in the putative AZF region of an infertile man needs to be distin-
guished whether being a nonpolymorphic or familial polymorphic 
event in the pedigree analyzed  (  10–  13  ) . 

 Twenty years now after description of the  fi rst “de novo”  AZF  
microdeletions  (  14  )  this prerequisite to identify only the clinically 
relevant Y chromosomal microdeletions seems to be largely 
forgotten. Moreover, there is a strong belief in the clinic that diag-
nosing  AZF  microdeletions needs only to concentrate on 
identi fi cation of the three now coined “classical” AZF microdele-
tions, AZFa, AZFb, and AZFc, respectively  (  15  ) , known to be 
associated with a distinct testicular pathology (see  Note 1 ). 
Accordingly two robust PCR multiplex assays were developed 
including the best practice guidelines of the European Molecular 
Genetics Quality Network (EMQN;   http://www.emqn.org    ). They 
contain a conveniently small set of 6 STSs which are assumed to be 
nonpolymorphic in all human populations; thus should be safe 
markers for detection of the three clinically relevant AZF microde-
letions worldwide  (  16  ) . 

 However, in the meanwhile one of the AZFa STS markers 
(sY84) was found to be polymorphic  (  17  )  and the second AZFa 
STS marker was found to have multiple primer sites on the human 
Y chromosome (UniSTS database: DXYF134S1). Additionally, 
multiple polymorphic large genomic deletions were found, espe-
cially in the AZFc region due to its unstable locus speci fi c repetitive 
amplicon structure  (  18–  20  ) . The molecular extensions of many of 
these partial AZF microdeletions were smaller than that of the  fi rst 
observed “classical” AZF microdeletions. They were also present 
as polymorphic length variants on the Y chromosome of fertile 
men from different populations  (  21–  24  ) . 

 The revised EMQN guidelines in 2004 discussed this com-
plexity of partial AZF microdeletions and therefore advised again 
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to prove whether the molecular extension of an AZF deletion 
identi fi ed by the basic 6 STS primer set is comparable or not to 
that of the “classical” AZF microdeletion. And again each AZF 
STS deletion should be also proofed to be a “de novo” DNA dele-
tion restricted to the Y chromosome of the patient  (  25  ) . 

 However, these remarks did not in fl uence signi fi cantly the 
clinical routine practice, and the molecular extension of potentially 
only partial AZF microdeletions were usually not distinguished 
from those of the “classical” AZF microdeletions in a second PCR 
multiplex run as recommended by the revised EMQN guidelines 
 (  25  ) . It has also not become a clinical practice to con fi rm the diag-
nosis of each AZF microdeletion identi fi ed as being a “de novo” 
microdeletion event. 

 A systematic screening program for the presence of Y genes in 
Yq11  (  26  )  and then later knowledge of the  fi rst complete genomic 
Y sequence  (  27  )  then determined that many Y genes encoding 
proteins and probably functioning during human spermatogenesis 
are located in Yq11. At least 14 of them were mapped to the three 
“classical” AZF microdeletion intervals  (  26–  28  ) . Their expression 
in germ cells qualify them as  AZF  candidate genes of similar func-
tional importance unless one  fi nds their deletion on the Y chromo-
some of a fertile male in a distinct human population  (  22,   29  ) . 

 Consequently, we updated the current  AZF  deletion diagnos-
tics for our infertility clinic by establishing PCR multiplex assays 
with similar standard controls as described by the EMQN best 
practice guidelines  (  25  )  but with STS marker sets located not out-
side but inside the exons of all  AZF - Y  genes. 

 In our lab this resulted in the establishment of  fi ve novel PCR 
multiplex assays able, not only to detect each of the “classical” 
AZFa, b, c microdeletions by analyzing the AZFa, AZFb, or AZFc 
borderlines, but also additionally the deletions of each functionally 
important  AZF  candidate gene within them. In this way, we score 
only for AZF (gene) microdeletions with a clear impact on the 
patient’s fertility.  

 

      1.    Genomic DNA from  idiopathic  severe oligozoospermic and 
azoospermic men (see  Note 2 ).  

    2.    STS primer sets for four PCR multiplex assays (A, B, C, D) 
listed in Table  1  (see  Notes 3  and  4 ). Unless stated otherwise, 
each STS  AZF  gene primer mix given in Tables  3  and  4  con-
tains the amount of primers for 20 PCR multiplex reactions.   

    3.    STS primer sets listed in Table  2  (see  Note 5 ).   

  2.  Materials

  2.1.  Genomic DNA 
and PCR Reagents
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    4.    Cotton- fi ltered pipet tips.  
    5.    PCR water (see  Note 6 ).  
    6.    10× PCR buffer: 200 mM Tris–HCl (pH 8.4) and 500 mM 

KCl (Invitrogen, Life technologies Cooperation).  
    7.    Recombinant  Taq  DNA polymerase (5 U/ m l; Invitrogen).  
    8.    MgCl 2  stock solution (50 mM).  
    9.    Dimethylsulfoxide (DMSO).  
    10.    50× stock solution (25 mM) for the four Deoxynucleotide 

triphosphates (dNTPs; dATP, dCTP, dGTP, dTTP).      

      1.    50× Tris-acetate-EDTA (TAE) stock solution: Disolve 484 g 
Tris and 37.2 g EDTA Na 2 -salt in 1.5 L prewarmed MilliQ 
water. Cool to room    temperature, then add 114.2 ml acetic 
acid (conc. 99.9%), adjust pH to 8.3 with NaOH and bring to 
2 L end-volume with MilliQ water.  

    2.    1× TAE running buffer (10 mM Tris, 50 mM Acetic acid, 
10 mM EDTA) pH 8.3: Dilute 50× TAE 1:50 in MilliQ 
water.  

    3.    10× Orange G loading buffer: Mix 16.7 mg Orange G in 5 ml 
MilliQ water, then add 1 ml of 1 M Tris–HCl pH 7.5 and 
3.3 ml of 87% glycerol and bring up to 10 ml end-volume.  

    4.    2% agarose gel: Carefully melt 2 g LE-agarose in 100 ml 1× 
TAE buffer in a microwave for 3–5 min (adjust volume accord-
ing to gel cassette volume). Pour the solution in gel mold and 
insert a comb. The comb should be large enough to accomo-
date about 20  m l volume. Allow the agarose gel to completely 
solidify (about 1 h).  

    5.    100 bp ladder-plus length marker (Fermentas).  
    6.    Ethidium bromide (EtBr) stock solution: (10 ng/ml) in 

water.  
    7.    Ethidium bromide (EtBr) working solution: Dilute 25  m l of 

the stock solution (10 ng/ml) in 500 ml TAE buffer for a 
0.005%  fi nal concentration.  

    8.    GelDoc2000 (BIORAD) or similar for visualizing gel.       

 

      1.    On ice, prepare the four  AZF-Y gene  PCR-multiplex master 
mixes A, B, C, and D (see Table  3 ), in parallel using the vol-
umes below. The volumes given are per sample to be analyzed 
(see  Note 7 ). In addition to test samples, DNA from a fertile man 
proven to be without any AZF deletions on the Y chromosome, 
as well as genomic DNA from a normal female and a water 

  2.2.  Agarose Gel 
Electrophoresis

  3.  Methods

  3.1.  PCR Multiplex 
Reactions
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   Table 3 
  Primer mixes for four PCR multiplex assays (A, B, C, D) analyzing  AZF-Y  gene 
deletions according to EMQN best practice guidelines   

 Primer mix A
(end-volume 100 ml) 

 STS marker for  AZF - 
or  control -gene 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add 80  m l water   DAZ-ex3/ex4   1,368 bp  50 pmol  Each 1  m l 
  RPS4Y2-in3/ex4   867 bp  100 pmol/ m l  Each 1  m l 
  ZFX/ZFY-ex8   494 bp  50 pmol/ m l  Each 1  m l 
  DDX3Y-int2/ex3   409 bp  100 pmol/ m l  Each 1  m l 
  SMCY-ex6   314 bp  100 pmol/ m l  Each 3  m l 
  TPTEY-ex10/in10   273 bp  50 pmol/ m l  Each 1  m l 
  UTY-ex28   137 bp  50 pmol/ m l  Each 2  m l 

 Primer mix B
(end-volume 100 ml) 

 STS marker for  AZF-  
or  control -gene 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add 80  m l water   PRY-ex1/ex2   800 bp  100 pmol/ m l  Each 1  m l 
  GOLGA2Y-ex14   531 bp  100 pmol/ m l  Each 3  m l 
  SRY-ex1   472 bp  50 pmol/ m l  Each 1  m l 
  DAZ-ex2/ex3   400 bp  10 pmol/ m l  Each 3  m l 
  RBMY1-ex2   291 bp  50 pmol/ m l  Each 1  m l 
  USP9Y-ex28   249 bp  50 pmol/ m l  Each 1  m l 

 Primer mix C
(end-volume 100 ml) 

 STS marker for  AZF - 
or  control- gene 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add 58  m l water   RBMY1-ex11/ex12   852 bp  10 pmol  Each 2  m l 
  SMCY-ex12   745 bp  100 pmol/ m l  Each 10  m l 
  DDX3Y-inT/in1   473 bp  100 pmol/ m l  Each 5  m l 
  CDY1-ex1/in1p7   367 bp  50 pmol/ m l  Each 1  m l 
  HSFY-in1/ex2   261 bp  50 pmol/ m l  Each 1  m l 
  UTY-ex3   155 bp  50 pmol/ m l  Each 2  m l 

 Primer mix D
(end-volume 100 ml) 

 STS marker for  AZF - 
or  control -gene 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add 58  m l water   USP9Y-ex9/ex11   941 bp  100 pmol  Each 4  m l 
  BPY2-in6/ex6   846 bp  50 pmol/ m l  Each 1  m l 
  ZFY-ex8   734 bp  50 pmol/ m l  Each 1  m l 
  VCY-ex1/ex2   521 bp  100 pmol/ m l  Each 10  m l 
  DAZ-ex6/ex2   473 bp  50 pmol/ m l  Each 1  m l 
  EIF1AY-ex7   343 bp  10 pmol/ m l  Each 3  m l 
  TSPY-exons   273 bp  10 pmol/ m l  Each 3  m l 
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control (i.e., a PCR multiplex reaction mix performed with 
the same cycling conditions but not including any DNA tem-
plate) should be run in parallel for all PCR reactions.

 Master mixes  A/ m l  B/ m l  C/ m l  D/ m l 

 Water  10.35  8.6  10.35  9 

 10× PCR buffer  3.75  5  3.75  5 

 50 mM MgCl 2   2.5  2.5  2.5  2.5 

 DMSO  1.5  2  1.5  1.5 

 25 mM dNTPs  0.5  0.5  0.5  0.5 

 Primer mix  5  5  5  5 

 Always add enzyme as last component 
 Taq DNA polymerase  0.4  0.4  0.4  0.5 

    2.    Place 24  m l of each master mix cocktail into separate thin-
walled 0.2 ml PCR-strips or plates.  

    3.    Add 1  m l of genomic DNA to each well for a  fi nal volume of 
25  m l in all PCR multiplex reactions.  

    4.    Maintain all reaction mixes on ice until loading plates in the 
thermal cycler.  

    5.    Perform PCR reactions under the following cycling conditions    
(see Note 8).  

 A/°C  B/°C  C/°C  D/°C 

 Initial melt (3 min)  94  94  94  94 

 Denature, anneal, 
and extension 
(35 cycles, 1 min per step) 

 94 
 59 
 65 

 94 
 60 
 65 

 94 
 60 
 65 

 94 
 63 
 72 

 Final extension temp. (3 min)  65  65  65  72 

 Total time for PCR assay  2:10  2:10  2:10  2:10 

    6.    For samples in which a deletion in one of the three AZF 
microdeletion intervals is identi fi ed set up (see Fig.  1 ) an addi-
tional PCR multiplex mixture with four genomic STS markers 
located at the borderlines of the “classical” AZF microdeletion 
deletion interval (see Table  2 ) to con fi rm that the molecular 
extension of the deleted AZF region identi fi ed with the  fi rst 
four PCR multiplex mixtures is yes or no comparable to that of 
the “classical” AZFa, AZFb, AZFc microdeletion (see Fig.  2  
and Note 9). The master mixes for these three PCR multiplex 
assays are composed as follows:    
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 Master mixes for AZF microdeletion 
borderlines 

 AZFa 
  m l 

 AZFb 
  m l 

 AZFc 
  m l 

 Water  13.35  11.85  10.6 

 10×PCR buffer  3.75  3.75  3.75 

 50 mM MgCl 2   3.5  1.25  2.5 

 DMSO  –  1.25  1.25 

 25 mM dNTPs  0.5  0.5  0.5 

 Primer mix  2.5  5  5 

 Add enzyme always as last component 
 Taq DNA polymerase  0.4  0.4  0.4 

  Fig. 1.    Presentation of  AZF - Y  gene deletion patterns in EtBr-stained agarose gels with PCR multiplex assays A, B, C, D in 
infertile men with a “classical” AZFa deletion (lane “a”), “classical” AZFb deletion (lane “b”), and “classical” AZFc deletion 
(lane “c”). The deleted PCR ampli fi cation products are marked by a  triangle . Lanes “n” and “f” are control lanes to display 
the normal pattern of all PCR ampli fi cation products in the genomic DNA sample of a proven fertile man (“n”) and a fertile 
woman (“f”). They con fi rm that all STS markers analyzed are Y speci fi c except for the  ZFY  STS in multiplex “A” which also 
ampli fi es the homologous  ZFX  gene located on the female X chromosomes. Lane “w” is the water control which should be 
empty because of lack of a genomic male or female DNA template in each “w” PCR multiplex reaction: Only primer oligomers 
are visible as background in “w” reactions. The  fi rst lane at the left displays a 100 bp ladder-plus length marker (Fermentas); 
the three cross lines in each picture mark the run lengths of the 100 bp, 500 bp, and 1,000 bp fragments, respectively.       
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    7.    Perform PCR reactions under the following cycling conditions 
(see Note 8).  

 AZFa/°C  AZFb/°C  AZFc/°C 

 Initial melt (3 min)  94  94  94 

 Denature, anneal, 
and extension 
(35 cycles, 1 min per step) 

 94 
 60 
 65 

 94 
 60 
 65 

 94 
 61 
 72 

 Final extension temp. (3 min)  65  65  72 

 Total time for PCR assay  2:10  2:10  2:10 

      1.    Run each PCR multiplex mixture on a 2% LE-Agarose minigel 
(100 ml vol).  

    2.    After completing the PCR reactions, add 3  m l of 10× Orange 
G loading dye to the 25  m l reaction volume. Vortex the mix-
tures brie fl y then centrifuge to collect the mixture in the bot-
tom of the tube.  

    3.    Load 15  m l of each sample onto the gel, and preserve the 
remainder of the reaction mix on ice for a possible second gel 
run. In addition to the test sample(s), load the normal male 
control, female control, and water control reactions as well.  

    4.    Run the gel at 120 V for about 2 h at room temperature (until 
the color of Orange G has nearly reached the end of the gel).  

    5.    After electrophoresis stain agarose gels for 10–15 min with 
0.005% Ethidium bromide solution on a smoothly moving 
shaker platform.  

    6.    Evaluate EtBr- fl uorescent patterns of PCR ampli fi cation products 
on an UV light transilluminator (254 nm) and photograph the 
gel for analysis and documentation.       

  3.2.  Agarose Gel 
Electrophoresis

  Fig. 2.    Presentation of the STS deletion patterns (marked by  triangles  in the last lane at 
the right ) with genomic DNA samples of infertile men suffering from the “classical” AZFa 
(left gel), AZFb (middle gel), and AZFc (right gel) deletions. For a detailed description of the 
STS borderline markers used see Notes 3 and 4. The  fi rst lane at the left displays a 100 bp 
ladder-plus length marker (Fermentas) with the range given at the left in base pairs. For 
comparison the pattern of PCR ampli fi cation products of a normal fertile man without any 
STS deletion is included in each gel (middle lane).       
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     1.    The three “classical” AZF microdeletions occurring “de novo” 
on the Y chromosome of the infertile patient are indeed always 
associated with occurrence of a distinct testicular pathology. 
A complete Sertoli-cell-only (SCO) syndrome is observed in 
all patients with deletion of the complete Y sequence in the 
AZFa interval, i.e., only Sertoli cells, but no germ cells are vis-
ible in the tubules of their testis tissue sections. Arrest at the 
spermatocyte stage is observed in the testis tubules of all 
patients with deletion of the complete Y sequence in the AZFb 
interval. The populations of spermatogonia and primary sper-
matocytes in all tubules analyzed are in the normal range; how-
ever, no postmeiotic germ cells are identi fi ed. A variable 
testicular pathology is found in patients with a “classical” AZFc 
deletion in distal Yq11. In most tubules only Sertoli cells are 
identi fi ed but in some tubules germ cells of different develop-
mental stages are clearly visible, and the occurrence of mature 
sperm cells albeit in low numbers has been reported from dif-
ferent laboratories  (  30–    33  ) . Hypospermatogenesis seemed 
therefore to be the primary result of a complete AZFc dele-
tion. Consequently, in case one identi fi es a STS deletion in the 
AZFa or AZFb deletion interval on the Y chromosome of an 
infertile patient associated with a different testicular histology 
than that described above, one can predict, that the molecular 
extension of this AZF deletion likely does not correspond to 
that of the “classical” AZFa or AZFb microdeletions.  

    2.    Genomic DNA samples should be only extracted from men 
with a diagnosis of  idiopathic  severe oligozoospermia (i.e., total 
sperm count was found repeatedly <5 million sperm in the 
patient ejaculate) or  idioapathic  azoospermia (i.e., no sperm 
were found repeatedly in the patient ejaculate) according to the 
guidelines for sperm    analyses of the World Health Organisation 
 (  34  ) . “Idiopathic” means that the karyotype in the patient’s 
blood cells was found to be normal, 46XY, and the family his-
tory of fertility had been inconspicuous. Clinical diagnosis 
should have found a testis volume < 20 ml and a raised level of 
follicle stimulating hormone (FSH > 15  m /L; normal range: 
0.9–15  m /L), along with normal levels of luteinizing hormone 
(LH: 1.5–9.3  m /L) and testosterone (T: 2–7 ng/ml). 

The screening results for AZF microdeletions published in 
the scienti fi c literature—now including several thousands of 
patients—indicate that strong clinical prediction values for the 
occurrence of an AZF microdeletion in an idiopathic infertile 
man cannot be given. This is especially true for partial AZF 
deletions and single AZF gene deletions for which a reproducible 

  4.  Notes
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clinical phenotype has not yet been associated. A high muta-
tion rate is expected for any AZF deletion in Yq11 because of 
a rather unstable sequence structure in each AZF region and 
especially in the repetitive ampliconic structures of AZFb and 
AZFc. Therefore, at the moment it may be wise to screen for 
single AZF Y gene deletions also in men with sperm num-
bers < 20 million per ejaculate. 

 In cases where testicular histology is known in an idio-
pathic azoospermic patient, incidence for the presence of an 
AZFa or AZFb microdeletion is higher in patients with a com-
plete SCO syndrome  (  35  )  or meiotic arrest  (  36  )  respectively. 

 Therefore, genetic counselling of any couple diagnosed 
with idiopathic male infertility is mandatory before applying 
ICSI with the man’s sperm sample. They should be provided 
with all information about the risk of producing male offspring 
with impaired spermatogenesis due to AZF Y gene deletions. 
Moreover, the patients should be informed that some AZF 
microdeletions diagnosed in the male partner might be premu-
tations to the occurrence of larger Yq deletions in the male 
offspring potentially resulting eventually in the formation of an 
45,X0 cell line associated with distinct somatic pathologies 
 (  37,   38  ) .  

    3.    All STS markers include at least part from an exonic sequence 
of the  AZF-Y  gene as indicated in Table  1 . They were selected 
for high priming ef fi ciency at a broad temperature range, i.e., 
by the robustness of their PCR-ampli fi cation process. Optimal 
lengths were found to be between 18 and 24 nucleotides (nts) 
or longer (<35 nts) depending on GC-content. All forward 
and reverse primer sequences are unique, i.e., without any 
sequence homology, especially at their 5 ¢  and 3 ¢  ends to any 
other sequence in the human genome (checked by BLAST 
analysis). They have a similar melting pro fi le (within ~5°C), a 
purine–pyrimidine ratio of ~1 (i.e., 0.8–1.2) and no chance of 
primer–primer interactions due to homologous primer 
sequence. When possible, primers were designed with the start 
of 1–2 GC pairs. We designed different STS markers for the 
 DAZ  gene family to distinguish between complete deletion of 
all  DAZ  genes (A-mix, B-mix) or only the  DAZ1  and  DAZ4  
gene copies (D-mix) which are distinguished by a tandem 
repetitive ( ex2–6 ) n  sequence block encoding the most func-
tionally important RNA Recognition Motif (RRM).  

    4.    Primers are set up from primer stocks with concentrations 
between 10 and 100 picomol/ m l in sterile water and deep fro-
zen at −20 °C for long-term storage. The individual volumes 
of each primer pair mixed together in the primer cocktails were 
determined empirically with the aim of producing a quantita-
tively uniform pattern of their PCR products after agarose gel 
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electrophoresis. Thereby composition of the STS AZF gene 
markers in each multiplex experiment was determined accord-
ing to the EMQN best practice guidelines  (  16,   25  )  and by the 
necessity to display the distinct lengths of the individual PCR 
ampli fi cation products separately after agarose gel electropho-
resis and Ethidium bromide (EtBr) staining and visualization 
on an UV light box. With these criteria the STS AZF gene 
marker patterns observed are immediately diagnostic for the 
presence or absence of the corresponding  AZF  gene in the 
patient genomic DNA sample. In our experience some STS 
AZF- or control-gene markers cannot be combined in any 
PCR multiplex assay despite their speci fi c length differences. 
Such kinetic effects of the polymerase chain reaction are usu-
ally not predictable. In some cases no EtBr-stained PCR 
ampli fi cation products are visible, and sometimes they occur 
with different densities of the same STS AZF gene marker in 
different primer mixtures. If this occurs adjustment is possible 
by the use of another Taq Polymerase brand, an increase of 
forward and/or reverse primer concentrations or by adding 
more DMSO to the master mix. 

 According to the EMQN best practice guidelines  (  16,   25  )  
the primer set for each multiplex reaction is composed of STS 
primers from at least one Y gene located in the AZFa, AZFb, 
and AZFc regions. We have added STS markers for deletion 
analyses of the  TSPY  gene cluster and the Y genes,  SRY ,  ZFY , 
 UTY ,  VCY , and  TPTEY  as controls to distinct PCR multiplex 
mixtures. They are located outside of the AZF regions and 
were chosen because they are also expressed exclusively or 
predominantly in male germ cells. The STS for  ZFY - ex8  in mix 
A ampli fi es  ZFY  and the  ZFX  homolog and therefore serves 
also as control in the genomic female DNA sample, which 
should be otherwise negative for all STS markers from the 
Y chromosome. The STS marker for the  TPTEY  gene located 
distal to the AZFc deletion interval and proximal to the het-
erochromatic portion of Yq (Yq12) can also indicate terminal 
Yq11 deletions beyond AZFc and probably also including 
Yq12. In such cases additional chromosome analysis should be 
requested. 

 Three additional PCR multiplex assays were established—
each with four genomic STS border line markers of “classical” 
AZFa, or AZFb, or AZFc microdeletions. They were desig-
nated “prox1/prox2” for the proximal borderline and “dist1/
dist2” for its distal borderline (see Table  4 ). The extension of 
an identi fi ed AZFa, AZFb, AZFc deletion in the  fi rst run of the 
basic  AZF-Y  gene deletion assay is comparable to that of the 
corresponding “classical” AZF microdeletion only when the 
STS markers “prox1” and “dist2” are present and “prox2” and 
“dist1” are absent. The AZFc borderline STS markers “dist1” 
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and “dist2” have two locations in the ampliconic AZFc block 
structure (see Table  2 ). These are between the “b3/yel1” and 
“yel2/b4” amplicons (sY1054) and between the “gr1/b3” 
and “b4/gr2” (sY1125) amplicons, respectively  (  39  ) . They 
thus frame the b3 and b4 amplicons and are therefore excel-
lent markers to distinguish between partial AZFc deletions, 
often resulting from recombination between b1 or b2 and b3 
 (  40  ) , and complete AZFc deletions which result from recom-
bination between b2 and b4  (  39,   40  ) . Thus, only in case of a 
complete AZFc deletion “dist1” is absent and only the “dist2” 
STS marker will be ampli fi ed in the PCR multiplex reaction 
(see Fig.  2 ).   

   Table 4 
  Primer mixes for PCR multiplex assays proo fi ng molecular extension of identi fi ed 
AZFa, AZFb, AZFc microdeletion   

 Primer mix AZFa 
breakpoints 

 STS marker for 
AZF deletion 
borderlines 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add: 32  m l water 
to:100  m l end-volume 

 AZFa-prox1  126 bp  100 pmol/ m l  Each 10  m l 

 AZFa-prox2  219 bp  100 pmol/ m l  Each 4  m l 

 AZFa-dist1  389 bp  100 pmol/ m l  Each 16  m l 

 AZFa-dist2  270 bp  100 pmol/ m l  Each 4  m l 

 Primer mix AZFb 
breakpoints 

 STS marker for 
AZF deletion 
borderlines 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add: 79  m l water 
to:100  m l end-volume 

 AZFb-prox1  789 bp  100 pmol/ m l  Each 3  m l 

 AZFb-prox2  317 bp  100 pmol/ m l  Each 2.5  m l 

 AZFb-dist1  526 bp  100 pmol/ m l  Each 2  m l 

 AZFb-dist2  367 bp  100 pmol/ m l  Each 3  m l 

 Primer mix AZFc 
breakpoints 

 STS marker for 
AZF deletion 
borderlines 

 PCR product 
length 

 Forward & reverse 
primer stocks 

  m l added from 
each primer stock 

 Add: 77  m l water 
to:100  m l end-volume 

 AZFc-prox1  452 bp  100 pmol  Each 4  m l 

 AZFc-prox2  254 bp  100 pmol/ m l  Each 3  m l 

 AZFc-dist1  339 bp  100 pmol/ m l  Each 3  m l 

 AZFc-dist2  282 bp  100 pmol/ m l  Each 1.5  m l 
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    5.    The STS markers used for analyzing the molecular extension of 
the identi fi ed AZFa, AZFb, or AZFc deletion, and proo fi ng 
them to be yes or no comparable to that of the “classical” AZF 
microdeletion length, are listed in Table  2 .  

    6.    All solutions must be prepared with cotton- fi ltered pipet tips 
using the highest grade of puri fi ed water (e.g., Aqua ad inject-
abilia: Braun) and analytical grade reagents. Prepare all reagents 
(except DMSO) in tubes on ice. Diligently follow all waste 
disposal regulation when disposing of waste material.  

    7.    It is best to start pipetting water  fi rst followed by the other 
ingredients as listed in the table. To minimize premature primer 
binding after having added the DNA template and to prevent 
enzyme activity before the  fi rst denaturation step, all vials 
should be kept on ice while pipetting the ingredients. It is rec-
ommended that work be performed under a laminar  fl ow hood 
especially when cloning reactions with recombinant Y sequences 
are in the same lab.  

    8.    These PCR multiplex assays can run on many cyclers. We use 
the Biometra T-1-96 and T-gradient-96 thermal cyclers which 
measure the PCR reaction temperature with 6 Peltier-elements 
spread across a 96 well silver block. Optimal cycling conditions 
for each PCR multiplex experiment in other PCR machines 
may be different depending on the overall temperature pro fi le 
of the particular PCR machine, so conditions may need to be 
adapted empirically to achieve comparable kinetic conditions 
for each experiment. As a starting point, an initial annealing 
temperature of 54 °C works well for most STS primers with a 
length of 20 nts or more. If nonspeci fi c PCR products form, 
the annealing temperature can be increased until the reaction 
only ampli fi es the fragment length of the STS markers listed in 
Tables  1  and  2 . Ensure that the plastic caps are closed  fi rmly 
for each PCR vial and the heated lid of the PCR machine is in 
good contact to all PCR vials. It is sometimes helpful to increase 
the extension time after the last cycling reaction up to 5–10 min 
if the amount of the PCR ampli fi cation product is too low.  

    9.    Figure  2  illustrates the amplicons generated in a normal fertile 
man (middle lane) compared with men with the classical AZFa, 
b, and c microdeletions. Two of the Y-speci fi c genomic STS 
markers are located at the proximal (“prox1” and “prox2”) 
and two at the distal (“dist1” and “dist”) borderline of the 
“classical” AZF microdeletion  (  39,   40  ) . The extension of a 
“classical” AZF deletion region is indicated when the most 
proximal (“prox1”) and the most distal (“dist2”) STS border-
line marker is present and both internal STS borderline mark-
ers (“prox2” and “dist1”) are absent (see Fig.  2 ). If in a clinical 
setting one is interested only in screening the Y chromosome 
of the idiopathic infertile man for the presence or absence of a 
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“classical” AZFa, AZFb, or AZFc deletion (e.g., if one only 
wants to estimate the probability of retrieving sperm by tes-
ticular sperm extraction (TESE)), one can omit the four basic 
PCR multiplex  AZF-Y  gene deletion assays and directly per-
form the three PCR multiplex AZFa, b, c molecular extension 
assays. In contrast to the two PCR multiplex assays of the 
EAA/EMQN guidelines  (  16,   25  ) , which recommend the use 
of only two internal STS markers to qualify each AZF deletion 
identi fi ed as “classical” AZF microdeletion, the STS markers 
used here (see Table  2 ) are located around the critical break-
point regions of the three “classical” AZF microdeletion and 
are therefore more suitable  (  40  ) .          
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    Chapter 18   

 Sperm Cryopreservation Methods       

     Tiffany   Justice    and    Greg   Christensen         

  Abstract 

 There are multiple clinical situations where cryopreservation of sperm is required including sperm banking 
prior to chemotherapy or radiation treatment for cancer, donor sperm for couples without a male partner, 
and various etiologies of male factor infertility. Bunge and Sherman presented the  fi rst pregnancy resulting 
from the thawing of cryopreserved sperm in 1953 (Bunge RJ, Nature 172:767–768, 1953). Since that 
time, cryopreservation techniques have continued to improve. Here, we describe protocols for the cryo-
preservation and thawing of semen and testicular tissues using a simple liquid nitrogen vapor technique.  

  Key words:   Sperm ,  Cryopreservation ,  Sperm-banking ,  Liquid nitrogen    

 

 The  fi eld of sperm cryopreservation has undergone much change 
since its inception in 1776 when Lazaro Spallanzani, an Italian 
physiologist and priest,  fi rst noted a decrease in sperm motility 
when semen was placed in snow  (  2  ) . It was not until 1953 when 
Bunge and Sherman described the  fi rst pregnancy from cryopre-
served sperm. In their seminal article, they outlined a protocol for 
using a 10% glycerol solution and dry ice to preserve sperm, a 
technique which produced an average spermatozoa survival rate 
of 67%  (  1  ) . 

 There are many clinical scenarios requiring the cryopreserva-
tion of sperm. Isolated male factor infertility affects approximately 
20% of all infertile couples, with combined factors affecting another 
20–40%  (  3  ) . Cryopreservation of sperm discovered intraopera-
tively may obviate the need for donor sperm or further surgery in 
men with azoospermia or severe oligozoospermia. Better treat-
ments for cancer in adolescents and adults have improved survival 
rates well into the reproductive years, necessitating the cryobank-
ing of gametes prior to treatment or the use of cryopreserved 

  1.  Introduction
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donor sperm in those for whom it was not an option. In addition, 
cryopreserved donor sperm is being used for a variety of situations 
including infertile or subfertile males, lesbian couples and single 
women without a male partner. 

 Due to their small volume and relatively large surface area, 
sperm cells are ideal for cryopreservation. Currently, the most 
widely used techniques for sperm cryopreservation employ an egg 
yolk/glycerol preservation media with a manual or automated 
stepwise freeze in liquid nitrogen vapor. The use of cryoprotectants 
in conventional freezing media provides several bene fi ts including 
provision of an exogenous energy source to prevent the exhaustion 
of intracellular sperm phospholipids, maintenance of osmotic pres-
sure and pH, and the bactericidal bene fi t of antibiotics  (  4  ) . 

 As mentioned, sperm can be frozen either manually or with a 
controlled rate freezer, and multiple variations exist on cooling 
rates, techniques and the equipment used. In recent publications, 
vitri fi cation of small sperm volumes in a sucrose solution has also 
been described with good outcomes  (  5,   6  ) . Regardless of the 
method used, sperm cells in semen or other  fl uids, and sperm in 
testicular tissue freeze and thaw well with acceptable survival rates. 
Due to this good survival, this chapter gives protocols for cryopre-
serving sperm using the simplest technique: manually in liquid 
nitrogen vapors.  

 

      1.    Sterile specimen container: Each new lot of containers should 
be tested for sperm toxicity prior to use.  

    2.    Microscope: Should include a minimum of a 20× and 40× 
objectives.  

    3.    Cell counting chamber: Makler, Microcell or other.  
    4.    Pipettor, disposable pipettes, and pipette tips.  
    5.    Personal protective equipment: Gloves, eye protection.  
    6.    37°C Heat block or incubator to maintain temperature of 

sperm sample and counting chambers.      

      1.    Sperm freezing media: Test yolk buffer with glycerol, (avail-
able commercially from several vendors).  

    2.    Cryovials: sterile, plastic, 1.0 ml, should have a screw-top lid 
such as those made by Nunc.  

    3.    A cryomarker or cryolabel printer such as a Brady labeler for 
identifying vials.  

    4.    Aluminum canes for holding cryovials.  

  2.  Materials

  2.1.  Semen Collection 
and Analysis

  2.2.  Freezing 
Components ( Items 
8 – 10  Needed Only for 
Cryopreserving 
Testicular Tissue)
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    5.    Liquid nitrogen and liquid nitrogen storage dewar.  
    6.    Serologic pipettes: sterile, plastic, disposable, for measuring 

and aliquoting semen and freeze media.  
    7.    Cryobasket: Used to hold vials of semen in the liquid nitrogen 

vapors, above the liquid phase.  
    8.    Hepes buffered Human Tubal Fluid (HTF) supplemented 

with 3% Human Serum Albumin (HSA). A Hepes buffered 
“sperm wash” media can also be used.  

    9.    100 mm petri dishes.  
    10.    1 cc insulin syringes.      

      1.    37°C water bath.  
    2.    Kimwipes.       

 

      1.    As soon as the sample has been collected, place the specimen 
container with the semen sample on a 37°C warming block 
and allow it to liquefy, 20–60 min.  

    2.    Mix sample thoroughly be gently swirling the container for 
approximately 10 s.  

    3.    Perform a semen analysis on the sample including a minimum 
of the volume, count, and motility. After completing the analy-
sis, the semen sample may be kept at room temperature.  

    4.    Using a cryomarker or cryolabeler, label cryovials with the 
patient’s  fi rst and last names, an additional unique identi fi er 
such as a medical record number or accession number, and the 
date. It may also be helpful to include the content of the vial 
(semen,  fi ne needle aspiration [FNA] etc.), or the facility freez-
ing the sperm on the label.  

    5.    Draw up a quantity of room-temperature freezing media in a 
serological pipette equal to the measured semen volume. 
Slowly add the freezing media to the container with the semen 
while swirling it, to facilitate thorough mixing.  

    6.    Remove the caps from the labeled cryovials, add 1 ml of the 
semen–freezing media mixture to each vial and recap the vials.  

    7.    Position a cryobasket in a liquid nitrogen storage tank so that 
the bottom of the basket is suspended in the vapor, approxi-
mately 1–2 cm above the liquid phase.  

    8.    Place the cryovials in the basket and keep them suspended in 
the vapor for 20 min. When the 20 min has elapsed, lower the 
bottom of the basket into the liquid nitrogen until all vials are 
submerged for a minimum of 1 min.  

  2.3.  Thawing

  3.  Methods

  3.1.  Cryopreservation: 
Semen
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    9.    Working quickly, remove the vials from the nitrogen, place 
them on prelabeled storage canes (or in storage boxes, depend-
ing on the tank), and return them to their permanent storage 
locations in the liquid nitrogen tank.      

      1.    Testicular tissue, collected by  fi ne needle aspiration, open 
biopsy or other techniques should be placed in HEPES buffer 
media immediately after collection. If the tissue is collected at 
a remote site, it should be maintained between room tempera-
ture and 37°C during transportation to the lab.  

    2.    Place four to  fi ve, 200  μ l drops of 37°C HTF in a 100 mm 
petri dish.  

    3.    Working under a dissecting microscope, transfer the seminifer-
ous tubules through the drops of HTF to rinse off excess 
blood. A p200 pipettor with a sterile tip or a syringe with a 
blunt needle works well to pick up and move pieces of tissue 
from drop to drop.  

    4.    Place the rinsed tissue in a clean drop of media. Using two, 
1 cc insulin syringes that have had the needles aseptically bent 
to approximately 90° angles, divide the tissue into portions 
equal to the number of vials desired for cryopreservation. The 
contents of a small portion of the tubules can be expressed (see 
below) and evaluated for the presence of sperm and motility.  

    5.    Using a rack to hold the cryovials, transfer a portion of tissue 
and 0.3 ml of HTF into each prelabeled cryovial.  

    6.    Slowly add an additional 0.3 ml of room temperature cryome-
dia to each vial and recap.  

    7.    Position a cryobasket in a liquid nitrogen storage tank so that 
the bottom of the basket is suspended in the vapor, approxi-
mately 1–2 cm above the liquid phase.  

    8.    Place the cryovials in the basket and keep them suspended in 
the vapor for 20 min. When the 20 min have elapsed, lower the 
bottom of the basket into the liquid nitrogen until all vials are 
submerged for a minimum of 1 min.  

    9.    Working quickly, remove the vials from the nitrogen, place 
them on prelabeled storage canes (or in storage boxes, depend-
ing on the tank), and return them to their permanent storage 
locations in the liquid nitrogen tank.      

      1.    Remove cryovial(s) from the cane and hold the vial at room 
temperature for 1 min.  

    2.    Place the vial in a 37°C water bath until completely thawed 
and warmed, approximately 3–4 min.  

    3.    Remove the vial from the water bath, and using a Kimwipe or 
other absorbent paper, remove all moisture from the outside of 
the cryovial.  

  3.2.  Cryopreservation: 
Testicular Tissue

  3.3.  Thawing of 
Cryopreserved Semen
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    4.    Gently invert the vial two to three times to mix the contents 
before uncapping the vial and proceeding with the post thaw 
analysis and sperm preparation.      

      1.    Follow  steps 1 – 3  above in semen thawing protocol  
    2.    Prepare a 100 mm petri dish with  fi ve, 200  μ l drops of HTF 

media.  
    3.    Uncap vial and using a p200 pipettor or blunt needle and 

syringe, remove the cryopreserved tissue from the vial and 
transfer it to the  fi rst drop of HTF.  

    4.    Rinse the thawed tissue through the remaining drops to remove 
the cryoprotectants.  

    5.    In the  fi nal drop, using two, 1 cc insulin syringes that have had 
the needles aseptically bent to approximately 90° angles express 
the contents of the tubules into the drop. This is done by pin-
ning the tissue down with one syringe needle and dragging the 
other needle across the top of the tubules with a scraping 
motion repeatedly until all tubules have been expressed. A few 
microliters of the media containing expressed tubules can be 
placed in a small media drop under oil and evaluated for the 
presence of sperm and motility.  

    6.    Using the pipettor, draw up the media containing the sperm 
for processing. Depending on concentration and preference, it 
may be placed on a gradient column, processed with a basic 
wash or put directly under an oil overlay for collection of sperm 
for micromanipulation.       

 

     1.    “Cryobaskets” to place vials of sperm in during the freezing 
process can be devised in different ways. One strategy is to 
fashion a simple wire mesh basket, that  fi ts easily down into the 
neck of a liquid nitrogen dewar, from rabbit or chicken fencing 
material (available at home improvement stores). The fencing 
material is made of a wire mesh with openings of approximately 
0.5 cm. The basket can be suspended at the desired height 
above the liquid nitrogen vapors and held at that position by 
passing a long, stiff piece of wire through the mesh openings at 
the top of the tank. Another alternative is to suspend a liquid 
nitrogen tank canister at the desired height by tying a piece of 
string to the canister handle and attaching the opposite end to 
an anchor on the wall above the tank.  

    2.    In cases where the semen volume is very low, <0.5 ml, it may 
be bene fi cial to increase the volume by suspending the semen 

  3.4.  Thawing of 
Cryopreserved 
Testicular Tissue

  4.  Notes
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in a few milliliters of HTF. This can help improve the recovery 
of the sperm in the container and provide a volume adequate 
to divide into several vials. If this is done, a volume of cryopro-
tectant should be added equal to the total volume of semen 
and HTF. Given the minimal sperm requirements necessary 
with advanced reproductive technologies, such vials would still 
be acceptable for use with ICSI.  

    3.    When freezing samples with a high concentration of motile 
sperm, it may be useful to freeze vials with a volume that con-
tains a desired concentration of motile sperm, rather than just 
a set volume of 1 ml per vial.  

    4.    When twisting the caps onto vials do not over tighten, as this 
can blow out the seal and compromise the sample. Tighten the 
cap so that it is just seated.  

    5.    Vials just removed from liquid nitrogen have the potential to 
release pressure suddenly, either spontaneously or when the 
cap is loosened. Thus, it is especially important to use proper 
eye protection and other appropriate protective equipment.  

    6.    If a testicular sample is to be collected “onsite” such as in a 
procedure room adjacent to the lab, syringes containing aspira-
tions can be walked directly into the lab for evaluation as they 
are collected. Biopsied samples could also be placed immedi-
ately into a small dish of media and taken directly into the lab 
for processing. For samples collected “offsite” from the lab, it 
is necessary to transport the tissue using a tube with an air-
tight, leak-proof cap. Microcentrifuge tubes work well for FNA 
samples, where each small aspiration can be placed in its own 
tube. A 15 ml centrifuge tube with 2–3 ml of HTF works well 
for transporting larger pieces of biopsied tissue.  

    7.    In some scenarios it may be desirable to refreeze a portion of a 
sample that has already been thawed. Studies show that while 
the overall percentage of motile sperm decreases with each 
freeze–thaw cycle, some sperm are capable of surviving several 
cycles and retain their ability to fertilize with ICSI  (  7,   8  ) .  

    8.    A recent study suggests that thawing cryopreserved semen at 
40°C may be bene fi cial in increasing recovery of motile 
sperm  (  9  ) .  

    9.    Cryopreserved sperm are not as robust as freshly ejaculated 
samples. If a sample is meant to be used for insemination it 
should be manipulated as minimally as possible, typically with 
a single wash of 7–8 min to remove the seminal  fl uids, cryo-
protectants and to pellet the sperm, which can then be resus-
pended in fresh media.  

    10.    Sperm motility in samples from testicular biopsies is usually 
very low, though sperm viability can be much higher than the 
percentage of motile sperm observed. A subtle “twitch” may 
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be the only motility observed for many sperm in these samples. 
To help improve motility, samples can be thawed and prepared 
the afternoon before they are needed for ART and incubated 
overnight at 37°C. Another option to improve motility in 
thawed testicular samples for better sperm selection is adding a 
solution of pentoxyphylline (10 mg/ml in HTF) to the drop 
containing the sperm. Improved motility should be observed 
within a few minutes.  

    11.    A typical sperm freezing protocol for controlled rate freezing 
would be dropping the temperature from room temperature 
to 4°C at a rate of 0.5°C/min followed by a drop to −80°C at 
a rate of 10°C/min.          

   References 

    1.    Bunge RJ (1953) Fertilizing capacity of frozen 
human spermatozoa. Nature 172:767–768  

    2.    Anger JT et al (2003) Cryopreservation of 
sperm: indications, methods and results. J Urol 
170:1079–1084  

    3.    Thonneau P et al (1991) Incidence and main 
causes of infertility in a resident population 
(1,850,000) of three French regions (1988–
1989). Hum Reprod 6:811–816  

    4.    Khorram O et al (2001) Reproductive tech-
nologies for male infertility. J Clin Endocrinol 
Metab 86:2373–2379  

    5.   Isachenko V et al (2012) Vitri fi cation of human 
ICSI/IVF spermatozoa without cryopro-
tectants: new capillary technology. J Androl 
33(3):462–468  

    6.    Isachenko V et al (2004) Cryoprotectant-free 
cryopreservation of human spermatozoa by 
vitri fi cation and freezing in vapor: effect on 
motility. DNA integrity, and fertilization 
ability. Biol Reprod 71:1167–1173  

    7.    Rofeim O et al (2001) Effects of serial thaw-
refreeze cycles on human sperm motility and 
viability. Fertil Steril 75:1242–1243  

    8.    Bandularatne E, Bongso A (2002) Evaluation 
of human sperm function after repeated freez-
ing and thawing. J Androl 23:242–249  

    9.    Calamera JC et al (2010) Effect of thawing 
temperature on the motility recovery of cryo-
preserved human spermatozoa. Fertil Steril 
93:789–794    



217

Douglas T. Carrell and Kenneth I. Aston (eds.), Spermatogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 927, 
DOI 10.1007/978-1-62703-038-0_19, © Springer Science+Business Media, LLC 2013

    Chapter 19   

 Density Gradient Separation of Sperm for Arti fi cial 
Insemination       

     David   Mortimer       and    Sharon   T.   Mortimer      

  Abstract 

 Human spermatozoa for clinical procedures such as IUI or IVF, or for diagnostic or research studies of 
sperm fertilizing ability, must be separated from the seminal plasma environment not only as soon as pos-
sible after ejaculation but also as ef fi ciently as possible, minimizing seminal plasma and bacterial carryover. 
Furthermore, in addition to technical simplicity and robustness, a sperm preparation method needs to 
select not just the more motile and morphologically normal spermatozoa but also those spermatozoa with 
reduced DNA damage. Currently the most effective and ef fi cient technique for this is density gradient 
centrifugation, which has been extensively validated through research and clinical application. An opti-
mized protocol based on silane-coated colloidal silica products is provided.  
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 Capacitation, de fi ned as the process by which Eutherian spermato-
zoa acquire the ability to undergo the acrosome reaction and fertil-
ize oocytes, is essential for fertilization both in vivo and in vitro, 
and is blocked by decapacitation factor(s) present in the seminal 
plasma. In vivo, spermatozoa escape from the seminal plasma by 
swimming into the cervical mucus within a few minutes of ejacula-
tion into the vagina, but in vitro, spermatozoa must be washed free 
of seminal plasma to allow capacitation to commence. Prolonged 
exposure to seminal plasma adversely affects sperm function, in 
terms of their ability to penetrate cervical mucus, undergo the 
acrosome reaction in vitro and to fertilize oocytes  (  1,   2  ) . Even rela-
tively short exposure to seminal plasma, e.g., for 30–90 min after 
ejaculation, can permanently diminish their fertilizing capacity 
in vitro  (  3  ) , and contamination of prepared sperm populations with 
as little as 0.01% (v/v) seminal plasma can decrease their fertilizing 
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capacity  (  4  ) . Moreover, spermatozoa must be protected from 
oxidative damage caused by reactive oxygen species (ROS)  (  5–  8  ) . 

 Consequently, spermatozoa for clinical procedures such as 
intrauterine insemination (IUI), donor insemination (DI), in vitro 
fertilization (IVF), or intra-cytoplasmic sperm injection (ICSI), or 
for diagnostic or research studies of sperm fertilizing ability, must 
be separated from the seminal plasma environment not only as 
soon as possible after ejaculation but also as ef fi ciently as possible, 
after which the spermatozoa must then be suspended in a culture 
medium capable of supporting capacitation. 

 Numerous methods for washing human spermatozoa have 
been described, but the most widely-used and ef fi cient methods 
currently employed are based on discontinuous density gradient 
centrifugation (DGC), continuous gradient methods being too 
cumbersome for routine clinical application  (  2,   9–  11  ) . DGC sepa-
rates spermatozoa based upon their density (i.e., mass per unit vol-
ume, or speci fi c gravity), and results in their distribution throughout 
the gradient according to the locations that match their density, 
i.e., at their isopycnic points. Mature, morphologically normal 
human spermatozoa have a density >1.12 g/mL, while immature 
and many abnormal spermatozoa have densities between 1.06 and 
1.09 g/mL  (  12  ) . 

 DGC methods became popular in the early 1980s using the 
commercial product Percoll ® , based on colloidal silica that had been 
coated with polyvinylpyrrolidone (Pharmacia Biotech, Uppsala, 
Sweden). Because the speci fi c gravity of 80% (v/v) Percoll colloid is 
about 1.10 g/mL, only the most mature spermatozoa could pene-
trate the bottom gradient layer, and so Percoll dominated clinical 
human sperm preparation until its manufacturer withdrew it from 
clinical use in 1996  (  2  ) . Numerous commercial DGC products are 
now available for use with human spermatozoa, but care must be 
taken to ensure that the correct density lower layer is used, since 
products differ in their base colloid content    (see Note 1). 

 The protocol provided below has been optimized over 15 years 
of use, and takes into account a variety of physical and practical 
factors that affect the yield of human spermatozoa preparation 
using colloidal silica-based DGC, including the selection of sper-
matozoa with reduced DNA damage and minimizing bacterial car-
ryover  (  2,   9–  11,   13–  15  ) .  

 

  Two-step discontinuous gradients will perform well with the vast 
majority of human ejaculates with 1.5 mL or 2.0 mL upper and 
lower layers of 40% and 80% Percoll-equivalent colloid, respectively 

  2.  Materials

  2.1.  Density Gradient 
Colloid
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(see  Note 1 ). Although gradients must be prepared on the day of 
use, bulk 40% and 80% layer media can be prepared under aseptic 
conditions and stored at +4°C for a few days (several weeks if steril-
ized using 0.22  m m Millipore Millex-GV  fi lters); see Subheading  2.5  
for preparing the layers.  

  This can be any bicarbonate-buffered culture medium designed to 
sustain human sperm metabolism and capacitation in vitro. It must 
be equilibrated to 37°C prior to use, and then used under an 
appropriate CO 2 -enriched atmosphere (e.g., 6% CO 2 -in-air for 
most such media containing 25 mEq/L bicarbonate ions when 
used at 37°C close to sea level) to maintain its pH.  

  This is any HEPES-buffered medium designed to sustain sperm 
metabolism in vitro under an air atmosphere; it will not support 
sperm capacitation. An equivalent medium buffered using MOPS 
is also acceptable. Sperm Buffer is used whenever spermatozoa 
need to be maintained outside a CO 2  incubator (e.g., during sperm 
washing procedures), or when they are to be prevented from 
capacitating in vitro. Ideally a Sperm Buffer should be matched in 
its general formulation to the Sperm Medium when the two are 
used in combination.  

      1.    All disposables that come into contact with spermatozoa, e.g., 
centrifuge tubes, pipettes, and syringes, should be either pre-
tested for sperm toxicity or else obtained from a trusted manu-
facturer  (  11,   16  ) .  

    2.    Centrifuge tubes: Must be made of polystyrene (since polypro-
pylene tubes can be spermotoxic) and have conical bottoms to 
maximize recovery of the pellets, e.g., Falcon #2095 15-mL 
tubes or Falcon #2074 “Blue Max” 50-mL tubes (e.g., for use 
with urine from men with retrograde ejaculation). See Note 2.  

    3.    Sample tubes: Also must be polystyrene, but usually with round 
bottoms, e.g., Falcon #2003 or #2058 7-mL culture tube.      

      1.    Upper layer = 40% (v/v) colloid: Mix 20 mL of 100% Percoll-
equivalent stock colloid (e.g., PureSperm, Nidacon 
International AB, Göteborg, Sweden; see  Note 1 ) and 30 mL 
of Sperm Buffer.  

    2.    Lower layer = 80% (v/v) colloid: Mix 40 mL of the stock 
 colloid with 10 mL of Sperm Buffer. 

   Note: For ef fi ciency, prepare 15-mL polystyrene conical Falcon 
tubes (#2095) with the upper layer and Falcon #2003 tubes 
with 2× volume of the lower layer. Store tubes at +4°C and 
equilibrate in a 37°C incubator before use; do not add the 
lower layer until just before use.       

  2.2.  Sperm Medium

  2.3.  Sperm Buffer

  2.4.  Tubes

  2.5.  Preparing 
Gradient Layers
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      1.    Must have a swing-out rotor to create the pellets at the bottom 
of the tubes, not smeared across the bottom and lower side of 
the tube as would be created using a  fi xed-angle rotor. Since 
human semen must be considered potentially infectious, buck-
ets should have aerosol containment covers.  

    2.    Centrifugation speeds must be expressed as  g    max   values, calcu-
lated for what the spermatozoa will experience at the bottom 
of the centrifuge tube (not the bottom of the centrifuge 
bucket). Speeds in  rpm  values vary greatly with the rotational 
radius of the centrifuge rotor, and hence do not provide a stan-
dardized method. The centrifuge must be calibrated. The for-
mula describing the relationship between rotation speed, 
rotational radius, and g-force is: 

      
20.0000112g r N= × ×     

   where:  g  is the desired relative centrifugal force,  r  is the radius 
of the rotor to the bottom of the tube (in cm),  N  is the rota-
tion speed in rpm.      

      1.    Semen (fresh):
   (a)    Lique fi ed ejaculates ideally within 30 min of ejaculation  (  3  ) .  
   (b)    With “dirty” specimens containing high numbers of other 

cells or heavy contamination with particulate debris, the 
“rafts” formed at the interfaces between the layers might 
be too dense and block the gradient, drastically reducing 
the yield. There are several simple options to deal with this 
problem:

   Load smaller volumes of semen onto the gradients  –
and/or use more gradients.  
  Use longer columns of colloid, e.g., 3-mL layers.   –
  When loading the semen onto the gradient mix it gen- –
tly with the upper quarter of the upper layer.  
  Prepare a three-step gradient using layers of 40%, 60%,  –
and 80% colloid. 

   Note: While using a less dense lower colloid layer 
(e.g., 72%) will increase the total yield of spermato-
zoa, this is only achieved by recovering less dense, and 
hence less good quality/less mature spermatozoa.     

   (c)    With highly viscous semen samples it can be extremely 
dif fi cult to obtain good yields of motile spermatozoa. To 
reduce the viscosity, add an equal volume of Sperm Buffer 
and mix gently using a (sterile) Pasteur pipette; if dispersion 

  3.  Methods

  3.1.  Centrifuge 
and Calibration

  3.2.  Specimens
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is not achieved within 2 min incubate at 37°C for 10 min 
and then mix further. The diluted sample is loaded onto 
the gradients as usual. 

    For men known to have consistently high viscosity, 
have them collect into chymotrypsin-coated MARQ™ 
Liquefaction Cups (Embryotech Laboratories, Wilmington, 
MA, USA).      

    2.    Cryopreserved semen:
   (a)    Because of the high osmolarity of cryoprotectant media 

(CPMs), cryopreserved spermatozoa will swell greatly 
upon entering the 40% colloid layer, thereby decreasing 
their speci fi c gravity and making them too buoyant to pass 
through the density gradient; this swelling can also impair 
sperm function or survival. Cryopreserved semen must be 
diluted slowly with a relatively large volume of an “iso-
tonic” medium, adding it drop-wise with constant gentle 
mixing over a period of at least 10 min, prior to loading 
onto the gradients, e.g., a 10× volume of Sperm Buffer for 
traditional glycerol–egg–yolk–citrate CPM, and a 5× vol-
ume for Nidacon’s  Sperm CryoProtec  products.  

   (b)    Alternatively, but sub-optimally, if the total volume exceeds 
8 mL the diluted semen can be centrifuged at 500 ×  g  for 
10 min (this is safe because the cells that generate free 
radicals during centrifugation do not survive the freezing 
and thawing process). Remove the supernatant and resus-
pend the pellet using 1–2 mL of Sperm Buffer. Load this 
sperm suspension onto the gradients as usual.      

    3.    Retrograde ejaculation urine:
   1.    If essential (since pelleting the spermatozoa can cause 

iatrogenic damage), concentrate the specimen by centrifu-
gation in one or more large conical tubes at 500 ×  g  for 
10 min and resuspend the pellet(s) into a small volume of 
Sperm Buffer.  

   2.    Layer over density gradients and process as for a semen 
sample.          

      1.    Using a (sterile) Pasteur pipette place the upper layers (each 
1.5 mL or 2.0 mL of 40% v/v colloid) into two 15-mL conical 
tubes.  

    2.    Using a (sterile) glass Pasteur pipette, carefully add the same 
volume lower layers (80% v/v colloid) beneath the upper lay-
ers. A clear interface should be visible between the two layers. 
A long-form (9 in.) Pasteur pipette can make this step easier. 
Volume control is easily achieved by attaching a 3-mL syringe 
to the Pasteur pipette via a short length of silicone tubing, 
instead of using a rubber bulb. 

  3.3.  Loading and 
Running the Gradients
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   Note: Alternatively, especially if one has problems achieving a 
sharp interface between the two layers using the underlayering 
method, place the lower layers in the tubes and then overlay 
the upper layers on top of them.  

    3.    Overlay lique fi ed semen onto the gradient(s), maximum 
volume equals the volume of the upper layer (see Fig.  1a ).   

    4.    Centrifuge at 300 ×  g  for 20 min. See Note 3. 
   Notes: Do not change the centrifugation speed to try and 

increase the yield, it will only result in recovering either poorer 
quality spermatozoa or a dirty preparation.     

   To maximize yield and guard against problems that might arise 
as a result of careless handling of the gradients or sampling 
after centrifugation, gradients should always be run as pairs.  

      1.    Use a (sterile) Pasteur pipette to carefully remove the seminal 
plasma, upper interface “raft”, upper (40%) colloid layer, and 
the lower interface “raft” (see Fig.  1b ); leave most of the lower 
(80%) colloid layer in place. Discard the aspirated material.  

    2.    Using another clean (sterile) long-form Pasteur pipette remove 
the soft pellet by direct aspiration (maximum 0.5 mL) from the 
bottom of the tube beneath the lower (80%) colloid layer (see 
Fig.  1c ). Blow a single air bubble from the tip of the pipette as 
it passes through the meniscus of the lower layer to minimize 
contamination of the pipette aperture with residual seminal 
plasma/raft material.  

    3.    Transfer the pellet(s) to a clean 15-mL conical tube and resus-
pend in either Sperm Buffer if processing for IUI, DI or ICSI, 
or Sperm Medium if processing for IVF or sperm function 

  3.4.  Harvesting 
the Gradients and 
Washing the Pellets

  Fig. 1.    Two-layer density gradient centrifugation of human spermatozoa.       
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testing (see the relevant protocols for further information). 
Use at least 6 mL of medium, up to 10 mL for large pellets.  

    4.    Centrifuge at 500 ×  g  for 10 min.  
    5.    Use a (sterile) Pasteur pipette to aspirate the supernatant and 

resuspend the pellet in 1–3 mL of fresh Sperm Buffer or Sperm 
Medium as appropriate (see  step 3  of Subheading  3.4 ). For 
very small pellets volumes as low as 0.2 mL can be used. Again, 
a long-form (9 in.) Pasteur pipette can make this step easier. 
See Note 4.      

      1.    Transfer the sperm suspension to a small culture tube (Falcon 
#2003).  

    2.    Assess the concentration and motility of the washed sperm 
preparation, e.g., using a Makler chamber; if available, com-
puter-aided sperm analysis (CASA) can be used. 

   Notes: The presence of even 10% immotile or dead spermato-
zoa in the  fi nal preparation is not a problem; there is no need 
to perform any further preparation (e.g., swim-up) as it will 
have no bene fi t and could compromise sperm function or 
survival. 

    A washed sperm preparation in culture medium might 
contain a high proportion of hyperactivated spermatozoa 
(although very vigorous these spermatozoa demonstrate little 
progression). Report the motility as the percentages of pro-
gressive and hyperactivated cells, as well as the total motility.  

    3.    For studies on sperm function, proceed as per the requisite 
protocol.  

    4.    For IUI or DI: leave the sample at ambient temperature in 
a styrofoam box on the bench until it is collected for 
insemination.  

    5.    For IVF: equilibrate the tube, loose-capped, in a CO 2  incuba-
tor at 37°C for 30 min.  

    6.    For ICSI: tight-cap the tube and place it in a 37°C incubator.      

   In clinical settings, risk management purists insist that only a single 
semen specimen should be processed by a scientist at any one time, 
always using a separate centrifuge and workstation for each specimen. 
However, in many busy clinical laboratories this is often not just 
impracticable but impossible, requiring unrealistic numbers of staff 
and centrifuges. Intelligent process analysis reveals that proper obser-
vance of a carefully designed process (in conjunction with a formal 
risk assessment) can permit the “safe” processing of more than one 
sample at once provided that the following are ensured  (  19  ) :

   (a)    Each specimen is allocated to a separate tube rack.  
   (b)    All disposables are labeled using at least two unique 

identi fi ers (one of which must be a number, since the 

  3.5.  The Final 
Preparation

  3.6.  Processing 
Multiple Specimens
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human brain innately completes sequences of letters as 
words), and perhaps also color-coding.  

   (c)    Keep all the materials being used for each specimen 
together in a de fi ned workspace, such as a plastic box or 
tray.  

   (d)    Never label racks and trays, only tubes, so as to ensure 
proper specimen re-identi fi cation at every step.  

   (e)    Pipettes should be organized so they cannot be confused 
between specimens being processed in parallel, e.g., place 
in a second rack in the workspace tray, and ideally 
labeled.  

   (f)    Only actually work on one specimen at any point in time, 
i.e., only have one rack or tray in a scientist’s active work 
area at once, so tubes from more than one sample are 
never open at the same time.  

   (g)    Multiple samples can be centrifuged together so long as 
the protocol requires veri fi cation of each tube’s identity 
before it is opened.  

   (h)    Each re-identi fi cation step should be documented and, 
ideally, witnessed.       

 

     1.    Colloidal silica-based gradients. 
   The physical characteristics of the new silane-coated colloidal 

silica products are equivalent to Percoll and their clinical utility 
is at least as good, if not better  (  2  ) . However, whereas the 
Percoll colloidal was in a weak inorganic aqueous buffer, 
requiring it to used in conjunction with a 10× buffer to make 
“isotonic” 90% (v/v) colloid, the silanized silica-based prod-
ucts are prepared in an isotonic culture medium, ready-to-use. 
This has created a crucial difference between modern DGC 
products that can adversely affect their performance unless 
used carefully, as in the erroneous method in the WHO labora-
tory manual  (  11,   17,   18  ) . While PureSperm is formulated with 
a colloid content equivalent to 100% stock Percoll colloid as 
supplied by the manufacturer, ISolate (Irvine Scienti fi c, Santa 
Ana, CA, USA) is produced as an equivalent to “isotonic” 
90% (v/v) Percoll colloid—hence comparing lower layers of 
90% ISolate (i.e., 81% Percoll colloid-equivalent, or “PCE”) 
and 90% PureSperm (=90% PCE) will result in a lower yield 
from the PureSperm gradients. Similarly, an 80% ISolate lower 
layer (i.e., 72% PCE) will give an even higher yield, but only by 
allowing less good spermatozoa into the pellet; ones with a 

  4.     Notes
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higher ROS-generating capacity  (  6  ) . Proper use of silanized 
silica DGC products requires that manufacturers state the 
actual colloid concentration, so that a lower layer of 1.10 g/mL 
can be employed with human spermatozoa.  

    2.    Tube and gradient factors.
   (a)    A more discrete pellet is obtained using a conical tube in a 

swing-out rotor, facilitating recovery of the entire pellet 
when harvesting the gradient.  

   (b)    Larger cross-sectional tube area, i.e., the area of the inter-
face between the layers, reduces the rate of formation of 
the “rafts” that block the gradient, allowing more sperma-
tozoa to reach their isopycnic point: hence higher yields 
with larger diameter tubes.  

   (c)    Longer column layers (i.e., larger volume layers) also gen-
erally increase the yield.  

   (d)    There is no general bene fi t to using more than two-layer 
gradients. For extremely dirty specimens a third interme-
diate layer of 60% colloid can reduce the formation of the 
interface “rafts”, but routine use of three-layer gradients 
unnecessarily increases technical complexity and both 
materials and labour costs.      

    3.    Centrifugation time and speed. 
   From early empirical work with Percoll DGC, spinning the gra-

dients at 300 ×  g    max   has been known to provide optimum human 
sperm recovery. Various studies during the past 15–20 years 
have shown no systematic bene fi t to changing either the cen-
trifugation speed or time for this step  (  15  ) : slower speeds (i.e., 
lower  g -force) reduce the yield but do not improve sperm qual-
ity; faster speeds do not increase the yield; and by 20 min all the 
spermatozoa have reached their isopycnic points.  

    4.    Harvesting technique 
   Although some methods describe recovering the pellet by pass-

ing a glass Pasteur pipette straight through the entire gradient, 
they are based on studies conducted mostly on research donors 
or normal fertile men—whose semen samples were reasonably 
“clean”. With poor quality patient specimens the interface 
“rafts” can be dragged down with the pipette tip, contaminating 
the pellet. The technique described in this protocol precludes 
this problem by avoiding the following  incorrect  techniques:
   (a)    Removing all the bottom gradient layer to reveal the pellet 

for recovery will introduce at least a mild risk of contami-
nation due to the residual seminal plasma and raft materi-
als slowly running down the inside wall of the tube and 
collecting on the meniscus of the remaining 80% layer.  



226 D. Mortimer and S.T. Mortimer

   (b)    Recovering the pellet using the same pipette as was used 
to remove the upper layers (moderate contamination).  

   (c)    Resuspending the pellet in the gradient tube (certain high 
level contamination). 

 Readers should be aware that such incorrect techniques were 
used in several published studies, whose results were likely com-
promised, even to the extent of their having no practical 
relevance.            
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    Chapter 20   

 Recovery, Isolation, Identi fi cation, and Preparation 
of Spermatozoa from Human Testis       

     Charles   H.   Muller       and    Erin   R.   Pagel     

  Abstract 

 In some cases, human spermatozoa to be used for in vitro fertilization are processed from testicular or 
epididymal biopsies collected in the clinic or operating room. An appropriately equipped Andrology or 
Embryology Laboratory is required. Sterility must be maintained at all stages from collection and transport 
to identi fi cation and processing to insemination or cryopreservation. The technologist must be able to 
properly process and identify spermatozoa from aspirates, seminiferous tubules or pieces of testicular tissue. 
Recovery of undamaged spermatozoa from tubules or tissue requires mincing, squeezing, or vortexing the 
tissue, usually without the need of enzymatic digestion. A motility stimulant such as Pentoxifylline is com-
monly used to calculate the number of functionally competent spermatozoa. After recovery, spermatozoa 
may be used immediately for IVF-ICSI, incubated overnight prior to IVF-ICSI, or cryopreserved for 
future use. Methods for identifying, purifying, and determining the number and motility of spermatozoa 
during these processes are presented.  

  Key words:   Spermatozoa ,  Testis ,  TESA ,  TESE ,  Identi fi cation ,  Recovery ,  Processing ,  Seminiferous 
tubule ,  Wedge biopsy ,  Sperm aspiration ,  Sperm extraction    

 

 Since the advent of Intracytoplasmic Sperm Injection 
(ICSI)—in vitro fertilization (IVF), the possibility of using sper-
matozoa from the testes of men whose semen does not contain 
suf fi cient numbers of viable sperm has brought a major change to 
infertility treatment. Several well-described methods  (  1–  5  )  are 
available to clinicians for obtaining samples from the testis, 
epididymis, and vas deferens. Andrology or embryology laborato-
ries are faced with different challenges to process and prepare 
spermatozoa in a way that preserves their functional integrity and 
sample sterility. A variety of laboratory methods are available to 
deal with these samples. For some, the embryologist performing 

  1.  Introduction
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ICSI must work laboriously on a sample containing signi fi cant 
cellular debris and few spermatozoa. The goal of the methods 
presented below is to procure as many functional spermatozoa 
with as little debris as possible, and to quantify the numbers of 
spermatozoa and their motility or viability. 

 It is essential that the tissue be transferred to a sterile container 
at the point of collection, transported to the laboratory as quickly 
as possible under controlled conditions of temperature, light and 
air, and processed in an environment that precludes contamination 
and infection. In general, three types of samples are presented to 
the laboratory from the clinic or operating room: aspirates, tubules, 
and tissues. Each may be dealt with in different, optimized ways. 
Aspirates are suspensions of isolated cells usually obtained with  fi ne 
needles from the vas deferens, epididymis, ductuli efferentes, or 
rete testis, and occasionally from the testis. Since the cells are free, 
these samples may be washed either by simple centrifugation or 
even by density gradient if the number and motility of the sperma-
tozoa are suf fi cient. Techniques for “mini-gradients” were popu-
larized by Ord  (  6  ) . The second type of sample is seminiferous 
tubules. These may appear as intertwined masses, isolated pieces of 
tubule, or small lengths of tubule within an intact piece of testis 
tissue. They are often obtained by large-bore (16–18 G) needle 
aspiration in a TESA (testicular sperm aspiration) procedure. 
Under a dissecting microscope, these tubules are dissected free of 
interstitial tissue and blood clots and transferred to clean medium 
in another dish. There, they may be minced with sharp instruments 
such as hypodermic needles, scissors, scalpels or razor blades  (  7  ) . 
The pieces and supernatant medium are incubated and mixed, for 
example by vortexing, to loosen the spermatozoa from the tissue 
fragments. The larger fragments are allowed to settle, and the 
supernatant containing many of the spermatozoa is collected and 
processed further. Alternatively, the isolated tubules may be 
squeezed to obtain the tubule contents  (  3  ) . The method detailed 
here uses specially polished jeweler’s forceps. These masses of con-
tents may be picked up using a pipettor and transferred to a centri-
fuge tube for simple centrifugal washing. The squeezing method 
usually provides a much “cleaner” sample than the mincing method. 
Third, and most common, the laboratory is presented with frag-
ments or large pieces of testicular tissue from micro TESE (micro-
scopic testicular sperm extraction) or TESE procedures. There are 
three alternatives for preparing sperm from these tissues. Individual 
seminiferous tubules may be dissected out and prepared as above; 
the tissue may be minced with sharp instruments as above; or the 
tissue may be digested  (  8  )  using collagenase to open the tubules 
and free the testicular spermatozoa (this chapter does not address 
this method, as the authors have not found it to be necessary). 
A combination of methods is generally advised, depending on the 
dif fi culty of  fi nding spermatozoa  (  9  ) . 
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 Next, the isolated sperm must be identi fi ed, counted, and 
assessed in some way for their functional competence. Contaminating 
cells, nuclei and debris should be documented to determine the 
ef fi ciency of the method, and so the embryologist who must select 
spermatozoa from the preparation will know what to expect. The 
sperm suspension is centrifuged if necessary to obtain a suf fi cient 
concentration for sampling purposes without compromising a large 
percentage of the sample. Finally, the specimen is used for IVF 
ICSI, incubated overnight to improve motility and as a matter of 
convenience, or cryopreserved for future use.  

 

 Transport samples from clinic or operating room to lab in an enclo-
sure such as a portable incubator unit. All laboratory work must be 
performed either in a laminar  fl ow hood (Biological Safety Cabinet) 
or in a HEPA- fi ltered clean room. Technologists must wear per-
sonal protective gear, including at a minimum, gloves, coat, mask 
and hair net or cap. Wipe down hood surface or table-top, pipettors, 
and microscope with an appropriate disinfectant before and after 
use. Use sterile disposable plastic-ware. Sterilize sets of 1–6 pipette 
tips in sterilizer bags. Sterilize jeweler’s forceps and glass Petri dishes 
(if desired) in individual bags. Thoroughly clean forceps and dishes 
with an appropriate detergent after use; rinse completely with sterile 
deionized water, dry, and repackage for steam or gas sterilization.

    1.    Centrifuge tubes, 5 mL or 15 mL, plastic, sterile.  
    2.    Petri dishes, 35 × 10 mm or larger, plastic or glass, sterile (see 

 Note 1 ).  
    3.    Serological pipettes, disposable glass, sterile, individually pack-

aged, 1 mL, 2 mL, 5 mL, or 10 mL sizes; or sterile Pasteur 
pipettes. Pipette-Aid or manual pipette controlling device 
required.  

    4.    Pipettors, 2–20  μ L, and 10–100  μ L or 20–200  μ L sizes, with 
appropriate sterile disposable tips (in sterilizer bags for one-
time use).  

    5.    Sterile nonabsorbent pads (Kendall Telfa Nonadherent 
Dressing Pads) or similar (see  Note 2 ).  

    6.    IVF-grade culture medium such as sterile HEPES-buffered 
HTF, supplemented with at least 0.3% albumin or 10% serum 
substitute. HTF without HEPES, supplemented with protein, 
is suggested for overnight incubation in a CO 2  incubator. Keep 
medium at room temperature for processing. These media for-
mulations may be purchased premade in sterile liquid form.  

  2.  Materials
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    7.    Pentoxifylline, 2×, made at 2 mg/mL IVF culture medium 
with protein: weigh 8 mg Pentoxifylline and add to 4 mL IVF 
culture medium with HEPES (without HEPES if incubation 
under CO 2  is performed). Allow powder to dissolve, and gen-
tly vortex to mix thoroughly. Filter through a 0.22  μ m  fi lter. 
Add protein (at least 0.3%, w/v, or 10% liquid serum substi-
tute). For use, add 1 part of  fi ltered 2× Pentoxifylline solution 
to 1 part sperm suspension, gently mix.  

    8.    Counting chambers such as hemacytometers, Makler cham-
bers, or  fi xed-coverslip slides used with counting grid.  

    9.    No. 5 Jeweler’s forceps, with polished tips, sterile (optional). 
A Dremel drill mounted on a drill stand, with  fi ne polishing 
wheel and  fi ne red polishing compound is required to produce 
these tools (see  Note 3 ).  

    10.    Stereo dissecting microscope with adjustable magni fi cation 
and transmitted light (incident light if former not available).  

    11.    Compound (preferably phase contrast) microscope with 10× 
or 20×, and 40× objectives.  

    12.    Vortexer, adjustable speed. Set to low or medium speed.  
    13.    Centrifuge capable of centrifuging chosen centrifuge tubes at 

200–300 ×  g . Spin at room temperature.  
    14.    Incubator, air or 5% CO 2 , set to 34–37 °C (see  Note 4 ).  
    15.    Analytical balance and weighing paper (optional).      

 

 Examine the obtained specimens while still in the tube with trans-
port medium (see  Note 5 ). The entire specimen may be placed into 
a Petri dish to examine closely under the stereomicroscope. Rinse the 
transport tube once with a small amount of medium to transfer most 
of the spermatozoa to the Petri dish. Using this observation, infor-
mation from the clinician who extracted the sample, and any clinical 
instructions, proceed with one or more of the following methods. 

      1.    Examine the tube or dish to determine if any small pieces of 
tissue are present. If present, they should be removed to 
another dish for examination. Alternatively, the tube can be 
gently mixed, and small pieces allowed to settle by gravity for 
no more than 5 min. Then, remove most of the supernatant 
for further processing. If the pieces are from the testis, they 
may be minced in a dish to obtain more spermatozoa; process 
as in Subheading  3.3 . If the aspiration was from vas deferens, 
epididymis, ductuli efferentes or rete testis, there is no need to 
reserve or process the pieces of tissue.  

  3.  Methods

  3.1.  Aspirated 
Spermatozoa 
in Suspension
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    2.    If the supernatant medium is a relatively large volume, or the 
sperm concentration is too low, centrifuge the tube at 200–
300 ×  g  for 7–10 min. After centrifugation, determine if a pellet 
is visible. If not, consider dividing the supernatant into two or 
more tubes and centrifuging again to pellet all the sperm. 
Combine pellets (if necessary) and resuspend to a minimal vol-
ume (as little as 100  μ L), until the suspension is diluted to a 
point at which a sperm concentration can be determined (see 
 Note 6 ). Use sterile pipettes and pipette tips for these steps. 
Record volume.  

    3.    Examine a wet-mount of the suspension by placing 5  μ L onto 
a glass slide using a sterile pipette tip. Carefully cover with a 
22 × 22 mm #1 coverslip, and place on the stage of the com-
pound microscope. Examine 20 or more  fi elds under the 40× 
objective (see  Note 7 ). If there are fewer than ten sperm per 
ten high-power  fi elds (400×), consider concentrating the sam-
ple further; sometimes this will not be possible. Record the % 
motility and motility patterns of the sperm (see  Note 8 ). 
Record the apparent morphology of the spermatozoa, espe-
cially noting head shape, presence of additional cytoplasm, and 
structure of the midpiece and tail. Record the presence of cell 
debris, epithelial nuclei and red blood cells. If there are 
suf fi cient numbers of sperm, consider making a smear of 
5–7  μ L for staining and permanent record (see  Note 9 ).  

    4.    If the suspension is relatively free of extraneous cells and debris, 
consider using it without further puri fi cation. If the sperm are 
nonmotile (typical of testicular sperm) or poorly motile, do not 
attempt puri fi cation, since most of the sperm may be lost. If most 
of the sperm are progressively motile (typical of some epididymal 
sperm aspirations) and there are numerous nuclei, other cells or 
debris, consider purifying the sperm using a mini-gradient 
 (  6,   10  )  before proceeding to the next step (see  Note 10 ).  

    5.    Determine the total spermatozoa in the sample. Both the vol-
ume of the suspension and the sperm concentration will be 
needed for this determination. If necessary, remeasure the 
entire suspension volume with either a pipettor using a sterile 
tip (see  Note 11 ), or a sterile serological pipette. Replace all 
the suspension into the tube.  

    6.    Mix the suspension well (see  Note 12 ), and remove 10  μ L for 
counting (use less if there is 50  μ L or less total volume). Dilute 
the 10  μ L portion to a known volume if needed, using sterile 
water to kill the sperm to allow counting. Load hemacytome-
ter or other counting chamber, and when possible count at 
least 200 sperm in a known number of grids. Calculate sperm 
concentration according to the instructions for that chamber. 
Alternatively, if the suspension is fairly free of debris, load an 
appropriate amount of suspension (usually 5–7  μ L) into a 
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 fi xed-coverslip slide and analyze in a computerized sperm 
motility analyzer to obtain concentration, total count and 
motility data.  

    7.    Multiply the sperm concentration (millions per mL) by the 
volume (mL) to determine the total number (in millions) of 
sperm in the entire sample. Record this value. Multiply the 
total number of sperm by the decimal equivalent of the % 
motile to determine the total number of motile sperm in the 
specimen. Record this value.  

    8.    If the % motility of the sperm is low or few sperm are progres-
sively motile, according to your laboratory’s standards, con-
sider a trial with the motility stimulant Pentoxifylline (see 
Subheading  3.2 ,  step 6 ), or perform a live-dead analysis ( see  
 Note 13 ). Neither technique may be required if there are at 
least a few thousand total motile sperm in the suspension.  

    9.    Spermatozoa may be used immediately, incubated overnight 
(see  Note 4 ), or cryopreserved (see  Note 14 ) for IVF-ICSI.      

  Tubules aspirated from the testis with a large-bore needle (TESA) 
present the opportunity for selection of areas of high yield, 
quanti fi cation, and relatively clean sperm isolation. The method 
may also be used for micro TESE-acquired portions of seminifer-
ous tubules. Short segments of tubules may also be isolated from 
wedge biopsies (TESE) with additional work under the dissecting 
microscope, freeing them from the interstitium.

    1.    Transfer the tubules to a sterile plastic or glass Petri dish, and 
observe using a stereo dissecting microscope. Using sterile 
tools (e.g., hypodermic needles mounted on small syringes, 
 fi ne scissors, or polished jeweler’s forceps (see  Note 3 )), sepa-
rate tubules from one another by stretching and removing the 
interstitial tissue. Remove blood clots. Agitating the medium 
or the tubules will help free interstitial cells and red blood cells. 
If necessary, move the tubules to sequential Petri dishes with 
fresh medium during this process.  

    2.    If desired, sperm recovery may be normalized to tissue weight 
or tubule length, or both. When the tubules (or a subset of 
them) are suf fi ciently cleaned, they may be weighed if desired 
(see  Note 15 ). The length of selected tubules or the entire set 
may also be measured (see  Note 16 ). In either case, the total 
number of sperm recovered from the measured portion may be 
divided by the weight or length to acquire data on sperm per 
mg or sperm per cm.  

    3.    Examine the tubules under light and magni fi cation conditions 
that allow the contents to be differentiated. Unlike rodents, 
the human spermatogenic stages take up very small wedges of 
tubule, and are closely applied one to another. However, it is 

  3.2.  Extraction 
of Sperm from Isolated 
Seminiferous Tubules
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possible to distinguish areas likely to contain few sperm (more 
translucent, thinner tubules) from those more likely to contain 
more spermatozoa (translucent, brownish-grayish, refractile 
points, thicker). Choose areas to collect and measure their 
length if desired. Move selected tubules to another dish with 
fresh medium containing protein.  

    4.    To extract the cells from the separated segments, grasp the end 
of the tubule  fi rmly with polished forceps and with a second 
polished forceps closed over the tubule at a right angle, move 
the second forceps from the grasped end to the open end using 
slight pressure. Too much pressure and the tubule will snap; not 
enough, and the cells won’t move. The action is similar to work-
ing the last of the toothpaste out of the tube (Figs.  1  and  2 ). 

  Fig. 1.    Close view of dissecting microscope stage during the tubule squeezing stage of 
sperm recovery. Combined tubule contents are at the far left of the dish ( white mass ).       

  Fig. 2.    Close-up of a single seminiferous tubule (between the forceps tips) being squeezed.       
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The cells will push out the open end, sometimes keeping the 
tubule shape, other times rolling up into balls. If there appear to 
be cells still in the tubules, the squeezing motion can be 
repeated. Remove the empty tubule from the dish and discard. 
Repeat with each selected segment.    

    5.    As the dish  fi lls with “wooly masses” of cells they can be trans-
ferred to a centrifuge tube using a micro-pipettor or Pasteur 
transfer pipette (Fig.  3 ). Once all the segments have been 
squeezed, the remaining media from the dish can be added to 
the centrifuge tube. Concentrate the cell suspension into a 
smaller volume (usually 100  μ L, or more, depending on pellet 
size) for wet mount and counting chamber analysis as in 
Subheading  3.1 , steps 2,  3  and Subheading  3.1 , steps 5– 8 .   

    6.    If sperm are present, but they exhibit little (<5%) or no “twitch-
ing” motility, consider treating with Pentoxifylline to stimulate 
motility. Dilute all or a portion of the sperm sample 1:1 with 
2 mg/mL Pentoxifylline and incubate 15 min at 37 °C. 
Reexamine a wet-mount. Record the stimulated motility. 
Spermatozoa must be washed to remove Pentoxifylline before 
being used for IVF-ICSI, but may be left in during 
cryopreservation.  

    7.    Spermatozoa may be used immediately, incubated overnight 
(see  Note 4 ), or cryopreserved (see  Note 14 ) for IVF-ICSI.      

  Isolated tubules, wedge biopsies of testis (TESE), and tubule seg-
ments collected by micro TESE may be minced in the operating 
room or laboratory to quickly determine if spermatozoa are present, 
and to ef fi ciently collect testicular spermatozoa for IVF-ICSI. 
The  fi ner the mincing, the more spermatozoa are likely to be freed. 

  3.3.  Extraction 
of Spermatozoa 
from Testicular Tissue 
by Mincing

  Fig. 3.    Aspiration of tubule contents with a pipettor.       
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However, the  fi nely minced tubular and interstitial tissues will be 
more dif fi cult to separate from the spermatozoa, yielding a prepa-
ration with more nuclei and debris than a coarsely minced prepara-
tion, or one prepared by squeezing the tubules.

    1.    Testicular tissue may be weighed before proceeding (see 
 Note 15 ).  

    2.    Place the tissue into a sterile Petri dish containing about 100–
500  μ L IVF medium (with Pentoxifylline  (  10  )  if desired; (see 
 Note 17 )). Hold the tissue with sterile forceps, needle, or other 
tool, and mince with  fi ne scissors, razor or scalpel blade, or 
other sharp tool (some use the edge of a glass slide). Continue 
mincing until the tissue is a slurry of  fi ne to moderately coarse 
pieces.  

    3.    Transfer all the contents of the dish to a 5 or 15 mL centrifuge 
tube, using a Pasteur pipette, pipettor and forceps as needed. 
The dish may be rinsed with an additional 1–2 mL of medium, 
which is added to the same tube. Cap and vortex the tube for 
30 s to 1 min to free spermatozoa from the surrounding tissues 
 (  11  ) . A moderate setting suf fi ces to provide vigorous mixing; 
avoid extremely high settings. Flush any tissue fragments 
adhering to the sides of the tube down into the suspension.  

    4.    Incubate the suspension in an incubator for 30–60 min  (  10  )  
(see  Note 4 ). This step is optional if fast processing is required. 
Vortex the tube again for 30–60 s.  

    5.    Remove as many pieces of tissue as possible, using long sterile 
forceps or a Pasteur or transfer pipette. Tissue pieces may be 
pulled up the sides of the tube and left there. Other pieces will 
settle to the bottom.  

    6.    Aspirate the tissue-free portion of the suspension and place 
into a clean tube.  

    7.    Concentrate the suspension by centrifuging at 200–300 ×  g  for 
7–10 min. Remove the supernatant and resuspend the pellet in 
100–250  μ L IVF medium with protein, depending on pellet 
size. Medium may contain Pentoxifylline at this step, and dur-
ing cryopreservation, but spermatozoa must be washed to 
remove Pentoxifylline before IVF.  

    8.    Determine the concentration, motility, and volume as in 
Subheading  3.1 , steps 2,  3  and Subheading  3.1 , steps 5– 8 . 
Calculate the total number of sperm and total motile sperm. 
Note the presence of debris, nuclei, and other contaminants. 
Note the appearance of sperm and motility characteristics.  

    9.    Adjust the volume as needed, and process for IVF-ICSI, incu-
bate overnight prior to IVF-ICSI (see Note 4), or cryopreserve 
using standard methods ( see   Note 14 ).       
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     1.    Reusable glass Petri dishes provide a more  fi rm support for 
mincing with a blade. Be sure to thoroughly clean and sterilize 
the top and bottom between uses. Larger diameter dishes are 
best for mincing methods, allowing more room to use a blade. 
We routinely use 35 × 10 mm plastic disposable dishes for all 
other procedures, including squeezing tubules. The lid of a 
35 mm dish works best for squeezing.  

    2.    Sterile pads are useful for providing a clean resting place for 
tools. If working in an open area, a second pad may be placed 
upside down over tools to help protect them.  

    3.    Jeweler’s forceps have  fi ne tips, but there are burrs and rough 
spots that typically “hook” tissues. The tips of these forceps 
may be polished to prevent this. First, use a small rubber band 
to hold the tips of the forceps just closed, without forcing 
them. Do not further squeeze the forceps. Set up a Dremel or 
similar mini-drill  fi tted with a  fi ne round polishing wheel on a 
stable drill stand in a vertical position. Place the apparatus in an 
area that is not critical for fumes or debris. Wear protective 
eyewear. Turn on the drill at a medium speed and load the 
polishing wheel with  fi ne (red) polishing compound. Using 
medium-to-high speed, polish the outer portions of the tips 
(about 1–2 cm) by carefully bringing each side of the forceps 
to the polishing wheel. Be careful to polish in a direction lead-
ing toward the tips, and to not jam the tips into the wheel. The 
polishing compound will remove rough areas and will also 
grind down the tips to  fi ner points if desired. Remove any pol-
ishing compound that gets between the tips using lens paper or 
Kimwipe before proceeding. It is critical that the tips remain in 
close contact. When the outer surfaces are suf fi ciently polished 
or shaped, the inner  fl at surface of each tip may be very slightly 
polished if desired. This step requires practice so that the tips 
continue to meet each other correctly. The forceps must be 
widely opened while one tip at a time is placed in very light 
contact with the polishing wheel. Test the forceps using paper, 
hair, or other thin objects to ensure that they function cor-
rectly. Wash thoroughly and carefully with an appropriate 
detergent, rinse well in deionized water, and package for ster-
ilization. We typically have four or  fi ve pairs of forceps in use.  

    4.    Incubation conditions vary with preference and choice of 
medium. Although sperm develop at several degrees below 
body temperature, once isolated they do well at 37 °C. If the 
medium has HEPES buffering, no CO 2  is needed. However, 
for overnight incubation, the medium should be buffered with 
bicarbonate and incubated under 5% CO 2 . Typically, testicular 

  4.  Notes
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sperm motility naturally improves after overnight incubation, 
from mostly nonmotile or slight twitching to many twitching 
and even a few with progressive motility.  

    5.    Transport medium, and all media used in room air, should be 
HEPES-buffered to maintain a slightly alkaline pH. Transport 
medium should be IVF culture medium (e.g., HTF), and need 
not have protein added for this step.  

    6.    A fast and convenient method for estimating that the sperm 
concentration is within range for obtaining a concentration 
measurement, add medium to the pellet gradually with mixing 
until it is transparent enough to see color differences (i.e., a 
colored sticky note or a black line) through the tube. Typically, 
we post a note on the back wall of the Biological Safety Cabinet 
for this purpose.  

    7.    A wet mount is best observed using phase contrast optics. 
Spermatozoa are easily seen and differentiated from other cells. 
For testicular preparations, Sertoli nuclei may be common, and 
are identi fi ed by a prominent nucleolus. In epididymal prepa-
rations, epididymal epithelial cell nuclei and cell fragments are 
common. If the aspiration was in the caput epididymis, it is not 
unusual to  fi nd cuboidal cells with beating apical cilia from the 
ductuli efferentes. The presence and relative abundance of 
these nuclei and cells should be noted.  

    8.    Sperm motility varies along the reproductive tract. Epididymal 
sperm often exhibit progressive motility once placed into IVF 
medium, although they may have residual cytoplasm on their 
midpiece. Testicular sperm typically have no motility or a few 
may twitch when  fi rst isolated.  

    9.    A smear of the preparation can be a permanent record of the 
presence of cell types, nuclei and debris. Make a smear as usual 
for semen. Be sure not to “run over” the drop while pulling 
the liquid forward on the slide with a second slide held at about 
a 30° angle. Dry,  fi x, and stain with any usual stain for semen 
or blood. Coverslip over Permount or similar mounting 
medium for a permanent slide (see Figs.  4  and  5 ).    

    10.    Use density gradient medium (e.g., PureSperm, Isolate, etc.) 
and diluent approved for human use, following standard pro-
tocols. A mini-gradient is a variation of the standard protocol 
in which a smaller, narrower tube (such as a 5 mL culture tube) 
is used, with proportionately lower volumes of gradient mix-
tures. Sperm recovery may also be improved by using a single 
60% or 70% gradient mixture instead of the typical 40%/80% 
mixtures. Red blood cells will pellet below the spermatozoa. 
We do not recommend lysing RBCs.  

    11.    Pipette tips may be packaged in sterile boxes, but they lose 
their sterility once the box is opened. Instead, package 1–6 tips 
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(depending on expected need for one procedure) into steril-
izer bags, and autoclave or gas sterilize (too high a temperature 
can melt some tips). We typically have 20 or more such sterile 
packages on hand, color labeled for each size of pipettor.  

    12.    Good mixing of the suspension is critical to obtain accurate 
counts. A vortexer set on the lowest speed that ef fi ciently swirls 
the medium, for about 30 s is suf fi cient. Immediately take a 
sample from the middle of the suspension. Repeat vortexing 
and take a second sample to load the second side or chamber. 
Use the average of the two counts if they are within 10% of 
each other; otherwise repeat.  

  Fig. 4.    Stained slide of a testicular cell smear. Only Sertoli cells (note nucleoli) are present. 
40× oil immersion objective.       

  Fig. 5.    Stained slide of testicular cell smear. Testicular sperm (small condensed nuclei with 
lighter-staining acrosomes), primary spermatocyte nuclei (large, with long condensed 
chromosomes), sertoli cell nuclei, and red blood cells (round cells without nuclei) are pres-
ent. 40× oil immersion objective.       
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    13.    Viability tests are the only way to determine if nonmotile sperm 
are alive, as de fi ned by an active exclusion of extracellular com-
ponents. Dead sperm should not be used for IVF-ICSI. Typical 
viability tests use Eosin-Nigrosin, Trypan Blue, Hoechst 
33258, or Hypo-osmotic swelling.  

    14.    Testicular and epididymal spermatozoa may be cryopreserved 
using variations of common sperm freezing methods.  

    15.    There are alternatives for weighing small amounts of tissue. 
Use an analytical balance capable of measuring in the mg range. 
A simple method is to cover the Petri dish being used and 
weigh the entire contents. Remove the tubules to a fresh dish, 
reweigh the same dish and cover to determine the net “wet 
weight” of the tubules. Second, the tissue may be brie fl y placed 
on a sterile pad to remove most liquid, then placed on a tared 
or preweighed sterile pad (cut to  fi t the pan) to obtain a wet 
weight. The weight obtained by either method will include 
some medium, but the tissue must not be allowed to dry before 
processing.  

    16.    We  fi nd that a convenient way to measure tubule length is to 
place two dots one cm apart on the glass stage above the mir-
ror of our Wild stereomicroscope. Then, tubules can be quickly 
moved one cm at a time to accumulate measurements. It is 
important to straighten the tubules using forceps, but not 
stretch them during measurement.  

    17.    A theoretical advantage of using Pentoxifylline at this step is 
that testicular spermatozoa will usually start  fl agellating, 
increasing the chances that they will break free of the surround-
ing tissue, or even remain in the suspension supernatant longer 
to assist puri fi cation from tissue debris. A known advantage of 
including Pentoxifylline at this or the next step is that a mea-
surement of the enhanced % motility can be made, often obvi-
ating a viability test. Alternatively, one may divide the sample 
into one tube with and the other without Pentoxifylline to 
determine if it has an effect, or if the IVF lab wishes to use 
untreated sperm.          
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    Chapter 21   

 Enhancement of Sperm Motility Using Pentoxifylline 
and Platelet-Activating Factor       

     Shilo   L.   Archer    and    William   E.   Roudebush         

  Abstract 

 Enhancement of sperm motility can effectively improve assisted reproductive technique outcomes. Here 
we describe two (pentoxifylline and platelet-activating factor) popular sperm motility enhancers and their 
respective methods.  

  Key words:   Sperm ,  Motility ,  Pentoxifylline ,  Platelet-activating factor ,  PAF    

 

 Spermatozoa prior to any assisted reproductive technique (e.g., 
intrauterine insemination; IUI) must be  fi rst processed (e.g., den-
sity/gradient separation, wash, or swim-up). This processing of 
spermatozoa insures that the most normal motile population is 
used to help facilitate conception. For IUI procedures, semen 
washing is important as it removes prostaglandins, debris and white 
blood cells while also reducing the number of nonmotile and mor-
phologically abnormal sperm cells. Additionally, removal of semi-
nal plasma also bene fi ts the sperm by enhancing capacitating 
conditions resulting in the enhancement of sperm motility. A num-
ber of additives that improve sperm motility have been investi-
gated, including but not limited to the following: cAMP, human 
follicular  fl uid, xanthine, caffeine, pentoxifylline, and platelet acti-
vating factor (PAF). This article focuses only on pentoxifylline and 
PAF, primarily due to the author’s experience (PAF), and because 
pentoxifylline is routinely used in assisted reproductive technology 
(ART) laboratories. 

 Pentoxifylline is a Food & Drug Administration (FDA), 
approved drug that is used for treating peripheral arterial disease 

  1.  Introduction
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by improving blood  fl ow in patients with circulation problems to 
reduce aching, cramping, and tiredness in the hands and feet. 
Pentoxifylline works by decreasing the viscosity of blood, allowing 
it to  fl ow more easily, especially in the small blood vessels of the 
hands and feet  (  1  ) . Pentoxifylline is routinely used clinically in ART 
as a chemical sperm stimulant  (  2–  5  ) . Pentoxifylline is a phosphodi-
esterase inhibitor that promotes the accumulation of intracellular 
adenosine triphosphate and intracellular calcium, resulting in the 
enhancement of sperm motility  (  2,   3  ) . While pentoxifylline 
increases sperm motility by intracellular calcium, the drug is con-
sidered toxic thus its use is controversial  (  6,   7  ) . 

 PAF is a unique and novel signaling phospholipid that has pleio-
tropic biologic properties in addition to platelet activation  (  8  ) . PAF 
in fl uences ovulation, fertilization, preimplantation embryo devel-
opment, implantation, and parturition  (  9  ) . It is present in human 
spermatozoa, and its endogenous content has a signi fi cant and posi-
tive relationship with motility and pregnancy rate  (  10  ) . Research 
has demonstrated PAF to be a nontoxic treatment to increase sperm 
motility and intrauterine insemination pregnancy rates  (  11  ) . 
Although the exact mechanism for PAF action remains unclear, its 
importance for normal reproductive function is signi fi cant. 
Additionally, endogenous PAF may serve as a biomarker for normal 
sperm function  (  12  ) . One distinctive advantage in using PAF is that 
it is a natural substance produced by sperm and is nontoxic unlike 
some other motility stimulators such as pentoxifylline  (  13  ) .  

 

      1.    Sperm separation medium: e.g., Spermcare (45, 90%; 
InVitroCare, Inc., Frederick, MD).  

    2.    Sperm wash medium (InVitroCare, Inc., Frederick, MD).  
    3.    5 mL syringe.  
    4.    BD Precisionglide ®  syringe needles L1½″, size 21 g needle.  
    5.    Centrifuge.  
    6.    Falcon 15 mL polystyrene centrifuge tubes.  
    7.    Pentoxifylline: P1784, Sigma-Aldrich.      

      1.    Sperm separation medium: e.g., Spermcare (45, 90%; 
InVitroCare, Inc., Frederick, MD).  

    2.    Sperm wash medium: InVitroCare, Inc., Frederick, MD.  
    3.    5 mL syringe.  
    4.    BD Precisionglide ®  syringe needles L1½″, size 21 g needle.  

  2.  Materials

  2.1.  Pentoxifylline 
Materials

  2.2.  Platelet-Activating 
Factor Materials
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    5.    Centrifuge.  
    6.    Falcon 15 mL polystyrene centrifuge tubes.  
    7.    Platelet-activating factor (0.5  μ g; Fertility Technology 

Resources, Marietta, GA).  
    8.    Kimble borosilicate glass culture tubes (75 × 12).       

 

      1.    Bring all components of the system and samples to room tem-
perature or to 37°C.  

    2.    Transfer 1 mL of sperm separation medium upper layer (e.g., 
45% silica density solution in HTF) to a sterile centrifuge 
tube.  

    3.    Using a 3 cm 3  syringe with a 1½″, 21 g needle, place 1 mL of 
sperm separation medium lower layer (e.g., 90% silica density 
solution in HTF) under the upper layer ( see   Note 1 ). Gently 
place up to 2 mL of lique fi ed semen onto the upper layer using 
a transfer pipette or syringe.  

    4.    Repeat for additional tubes if semen volume is >2 mL.  
    5.    Centrifuge for 15–20 min at 350–400 ×  g . When this centrifu-

gation is complete you may not be able to visibly see a pellet. 
If this is the case, it is essential to continue the procedure with 
a second centrifugation of 5 min.  

    6.    Remove supernatant down to the 1.0 mL mark above the 
pellet.  

    7.    Prepare a stock solution of pentoxifylline (1 mg/mL) in sperm 
wash medium.  

    8.    Add 1 mL of stock pentoxifylline, to the resuspended sperm 
pellet. This will provide a  fi nal pentoxifylline concentration of 
1.76 mM.  

    9.    Incubate for 15 min at 37°C.  
    10.    Centrifuge for 8–10 min at 300 ×  g  ( see   Note 2 ).  
    11.    Remove supernatant down to the pellet and add 4 mL of sperm 

wash medium.  
    12.    Centrifuge for 8–10 min at 300 ×  g  ( see   Note 2 ).  
    13.    Remove supernatant and replace with a suitable volume of 

appropriate medium.      

      1.    Bring all components of the system and samples to room tem-
perature or to 37°C.  

  3.  Methods

  3.1.  Pentoxifylline 
(1.76 mM) Method

  3.2.  PAF (10 −7  M) 
Method ( See   Note 3 )
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    2.    Transfer 1 mL of sperm separation medium upper layer (e.g., 
45% silica density solution in SWM) to a sterile centrifuge tube.  

    3.    Using a 3 cm 3  syringe with a 1½″, 21 g needle, place 1 mL of 
sperm separation medium lower layer (e.g., 90% silica density 
solution in SWM) under the upper layer ( see   Note 1 ).  

    4.    Gently place up to 2 mL of lique fi ed semen onto the upper 
layer using a transfer pipette or syringe.  

    5.    Repeat for additional tubes if semen volume is >2 mL.  
    6.    Centrifuge for 15–20 min at 350–400 ×  g . When this centrifu-

gation is complete you may not be able to visibly see a pellet. 
If this is the case, it is essential to continue the procedure with 
a second centrifugation of 5 min.  

    7.    Remove supernatant down to the 1.0 mL mark above the 
pellet.  

    8.    Add 10 mL of sperm wash medium to the PAF (0.5  μ g; Fertility 
Technology Resources, Marietta, GA) vial and vortex vigor-
ously for 1 min just prior to use ( see   Note 3 ).  

    9.    Add 3 mL of PAF in sperm wash medium and resuspend the 
sperm pellet. This will provide a  fi nal PAF concentration of 
10 −7  M.  

    10.    Incubate for 15 min at 37°C.  
    11.    Centrifuge for 8–10 min at 300 ×  g  ( see   Note 4 ).  
    12.    Remove supernatant down to the pellet and add 4 mL of sperm 

wash medium.  
    13.    Centrifuge for 8–10 min at 300 ×  g  ( see   Note 4 ).  
    14.    Remove supernatant and replace with a suitable volume of 

appropriate medium.       

 

     1.    Take care that the two layers are distinctly separated. This is 
done by placing the tip of the needle on the bottom of the test 
tube and slowly dispensing the lower layer. Most two-layer gra-
dients are stable for up to 2 h.  

    2.    Higher sperm concentrations will require the maximum 10 min 
centrifugation to ensure a complete and thorough sperm wash.  

    3.    For optimal results, PAF is best administered to washed sperm, 
and with a protein source, it should be handled using borosili-
cate glass coated with silicon.  

    4.    Higher sperm concentration will require the maximum 10 min 
centrifugation to ensure a complete and thorough sperm wash.          

  4.  Notes
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    Chapter 22   

 Intracytoplasmic Morphology-Selected Sperm Injection       

     Luke   Simon   ,    Aaron   Wilcox   , and    Douglas   T.   Carrell         

  Abstract 

 Approximately 40% of sterility in couples can be attributed to male subfertility and intracytoplasmic sperm 
injection (ICSI) has become a powerful tool in assisted reproduction to overcome male infertility. 
Intracytoplasmic morphologically selected sperm injection (IMSI) is an advanced and sophisticated method 
of ICSI, where prior to sperm injection the morphology of the sperm is evaluated under high magni fi cation. 
In addition, the IMSI procedure involves a few minor modi fi cations in sperm preparation which are not 
carried out during the conventional ICSI procedure, such as the use of MSOME criteria, the requirement 
for a glass-bottomed dish for selection, prolonged sperm manipulation following separation from the semi-
nal  fl uid, and sperm storage prior to microinjection. These variations are discussed in this chapter.  

  Key words:   High magni fi cation ,  Intracytoplasmic morphologically selected sperm injection ,  Male 
infertility ,  Motile sperm organelle morphology examination ,  Sperm morphology ,  Sperm selection    

 

 Sperm morphology evaluation plays an important role in the 
diagnosis of male fertility  (  1  )  and has been demonstrated to 
in fl uence in vitro pregnancy outcomes  (  2,   3  ) . Increase in sperm 
with morphological abnormalities in the ejaculate has been asso-
ciated with high incidence of aneuploidy, abnormal protamina-
tion, impaired chromatin integrity, and immature sperm  (  4–  6  ) . 
The introduction of intracytoplasmic sperm injection (ICSI) in 
1992 involved the selection of morphologically normal sperm 
and has became a common laboratory procedure allowing the 
embryologist to select morphologically normal and motile sperm 
under a magni fi cation of 200× or 400× for injection into the 
oocyte. Such sperm selection has been reported to improve 
assisted treatment outcomes  (  7,   8  ) . 

  1.  Introduction
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 A decade later in 2002, an Israeli team of male infertility 
researchers led by Professor Bartoov developed a new high 
magni fi cation method of motile sperm organelle morphology 
examination (MSOME)  (  9  ) , which ampli fi es the image of individ-
ual sperm up to 6,600 times through high powered microscopy 
coupled with digital magni fi cation. This higher magni fi cation 
makes it possible to identify sperm whose nuclei have an abnormal 
shape or contents and which are less likely to produce a healthy 
embryo  (  10  ) . In 2003, the MSOME criteria were  fi rst applied to 
the selection of motile sperm to be used for ICSI, termed intracy-
toplasmic morphologically selected sperm injection (IMSI)  (  11  ) . 
Sperm selection based on MSOME criteria, for the use in assisted 
reproduction yielded signi fi cantly better results in terms of preg-
nancy, implantation and miscarriage rates  (  12  ) . 

 The IMSI technique is reported to select the best sperm for 
microinjection enabling the selection of motile sperm with  fi ne 
nuclear morphology and without any head vacuoles  (  13  ) . Sperm 
with nuclear vacuoles have been reported to have poor mitochon-
drial function, increased chromatin abnormalities including DNA 
damage and a higher incidence of sperm aneuploidy  (  14,   15  ) . The 
use of sperm selected by IMSI method in assisted treatment is 
reported to improve embryo quality, the percentage of embryos 
developed into blastocyst, implantation rate, clinical pregnancy 
rate and a has been reported to reduce miscarriage rates  (  12,   16–
  23  ) . A recent meta-analysis of randomized control trials comparing 
ICSI and IMSI cycles demonstrated a statistically signi fi cant 
improvement in implantation and pregnancy rates and a statisti-
cally signi fi cant reduction in miscarriage rates after sperm selected 
through IMSI rather than conventional ICSI procedures  (  24  ) .  

 

      1.    Centrifuge tubes, 15 ml.  
    2.    Falcon 14 ml culture tube.  
    3.    Glass slide, plain.  
    4.    Syringe, 3 ml sterile.  
    5.    Blunt Luer-lock needle 18 GA, 1.5 in.  
    6.    Commercial medium (sperm wash medium from Cooper 

Surgical).  
    7.    Isolate ®  (Irvine Scienti fi c).  
    8.    Pipette tips (10, 100, 200 and 1,000  μ l).  
    9.    Glass-bottomed dish (MatTek Corporation).  
    10.    Holding pipette (Humagen).  
    11.    ICSI needle (Humagen).      

  2.  Materials

  2.1.  Consumables
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      1.    Washed Mineral Oil (AmerisourceBergen).  
    2.    Quinn’s Advantage w/ HEPES  fl ushing medium (Cooper 

Medical).  
    3.    Serum protein substitute (SPS; Cooper Medical).  
    4.    Polyvinylpyrrolidone (PVP) solution (MEDICULT).  
    5.    Microscopy immersion oil.      

      1.    Nikon Eclipse Ti-U inverted microscope.  
    2.    Nikon DSQi1Mc camera.  
    3.    Narishige micromanipulators.  
    4.    Micropipette.  
    5.    Speed adjustable centrifuge with swinging rotor.  
    6.    Microscope—Olympus BH2.  
    7.    Incubator (37°C).  
    8.    Warming plate (37°C).  
    9.    Makler ®  Chamber.       

 

       1.    Prepare 90% working Isolate ® : Add 9.0 ml isotonic Isolate ®  to 
a sterile 15 ml centrifuge tube. Add 1.0 ml commercial medium 
to Isolate ® . Cap the tube and mix by inverting. Store at 2–6°C, 
expires in 2 weeks.  

    2.    Prepare 35% working Isolate ® : Add 3.5 ml isotonic Isolate ®  to 
a sterile 15 ml centrifuge tube. Add 6.5 ml commercial medium 
to Isolate ® . Cap the tube and mix by inverting. Store at 2–6°C, 
expires in 2 weeks.  

    3.    Aspirate 1.5 ml of prepared 90% Isolate ®  using a fresh syringe 
and blunt needle. Dispense into a centrifuge tube that has been 
labelled with the patient name and accession number. Draw a 
line with a marker on the tube at the level of the meniscus.  

    4.    Aspirate 1.5 ml of prepared 35% Isolate ®  using a syringe and 
blunt needle. Gently dispense into the centrifuge tube on top 
of the 90% layer. Draw a line with a marker on the tube at the 
level of the meniscus, cap and warm on the 37°C dry block for 
15–30 min before use.  

    5.    After the semen sample has lique fi ed, mix by swirling the col-
lection container then aspirate the sample using a syringe and 
blunt needle. Carefully transfer up to 3 ml of sample on top of 
the gradient column in the centrifuge tube (see Notes 1–4).  

    6.    Centrifuge for 15 min at 300 ×  g .  

  2.2.  Solutions

  2.3.  Equipment

  3.  Methods

  3.1.  Sperm Preparation 
by Density Gradient 
Centrifugation

  3.1.1.  Solutions
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    7.    After centrifugation remove the sperm layer, down to the mark 
on the tube with the syringe and blunt needle. Then remove 
the 35% layer to the mark in the tube with a separate syringe 
and blunt needle.  

    8.    Add 3–5 ml of commercial medium to the centrifuge tube with 
the 90% Isolate ®  layer. Cap and gently invert 3–5 times to mix. 
Centrifuge for 10 min at 300 ×  g .  

    9.    Decant the supernatant from the centrifuge tube. Aspirate 0.5–
0.6 ml of fresh commercial medium into the tube and resus-
pend the sperm pellet by repeatedly aspirating and expelling the 
sample with the syringe until homogenous (see Note 5).  

    10.    In oligozoospermic patients, the sperm preparation can be 
changed to a sperm wash procedure (see Note 3).  

    11.    Bring the  fi nal concentration of motile sperm to 4 × 10 6 /ml by 
adding commercial medium.  

    12.    Incubate the prepared sperm at 37°C until use in IMSI.       

         1.    Place a drop of PVP just to the right of center of the glass-
bottomed dish.  

    2.    Place a vertical line of PVP in the center of the glass-bottomed 
dish.            

    3.    Place six, 20  μ l drops of  fl ushing media with 3% SPS above the 
PVP.  

  3.2.  Sperm Preparation 
for MSOME Retrieval 
(Fig.  1 )

  Fig. 1.    A schematic overview of a petri dish prepared for IMSI procedure.  Pink : droplet of 
unselected sperm, retrieved via density gradient centrifugation.  Grey : streak and recipient 
droplets containing PVP solution for sperm selection and retrieval. Blue: droplets with 
retrieved oocyte for sperm injection.       

 



25122 Intracytoplasmic Morphology-Selected Sperm Injection

    4.    Cover the entire dish with washed mineral oil to prevent evap-
oration and place it on a microscopic stage over the top of an 
objective lens previously covered by a droplet of immersion 
oil.  

    5.    Place a 3  μ l drop of the prepared sperm sample, containing 
approximately12,000 sperm at the bottom end of the PVP line 
(see Notes 6–8).  

    6.    Place the dish in the incubator and allow the sperm to swim up 
the PVP line for at least 5 min.  

    7.    View the motile sperm, suspended in the observation droplet 
with lower magni fi cation  fi rst and then at high magni fi cation 
using the Nikon Eclipse inverted microscope (see Notes 
9–12).      

  The MSOME criteria for the selection of morphologically normal 
sperm is according to the arbitrary descriptive approach reported 
by Bartoov et al.  (  25  )  comparing the ultrastructure of sperm from 
fertile and infertile males. 

 According to this criterion, the morphological normalcy of a 
sperm is de fi ned by the presence of a normal nucleus, acrosome, 
postacrosomal lamina, mitochondria, neck, tail, and no cytoplas-
mic droplets around the head. In each sperm, three different 
parameters are evaluated: head shape and dimensions in both axes, 
head vacuoles and head base normality.

    1.    A normal shaped nucleus should be smooth, symmetric, and 
oval with a regular outline.  

    2.    The average length and width limits for a normal head should 
be approximately 4.75 and 3.28  μ m, respectively (see Note 
13).  

    3.    Any extrusion or invagination of the nuclear mass is de fi ned as 
a regional nuclear shape malformation, and sperm with such 
features should be excluded.  

    4.    The nuclear chromatin mass should contain no more than one 
vacuole, which occupies less than 4% of the nuclear area (see 
Figs.  2  and  3 ).    

    5.    A normal head base is U-shaped.  
    6.    The acrosome and postacrosomal lamina is considered abnor-

mal if they are absent, partial, or vesiculated.  
    7.    The mitochondria is considered abnormal if it is absent, partial 

or disorganized.  
    8.    An abaxial neck, with the presence of disorders or cytoplasmic 

droplets, is considered abnormal.  
    9.    The presence of a coiled, broken, short, or double tail is 

considered as abnormal.  

  3.3.  MSOME Criteria 
for Sperm Selection 
for IMSI
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    10.    Mathematical scoring of sperm is used in some clinics to iden-
tify morphologically normal sperm (see Note 14).      

      1.    Turn on the Nikon DSQi1Mc camera and set up the ICSI 
tool.  

    2.    It is also necessary to prime micropipettes with medium before 
use so that the selected sperm and later on the retrieved oocytes 
never come into contact with air or oil.  

    3.    Prime the ICSI needle with PVP prior to sperm selection.  
    4.    Place the retrieved, cumulus-free, MII oocytes were into drops 

of  fl ushing medium with 3% SPS.  
    5.    Focus the microscope on the interface of the PVP line to visu-

alize the sperm.  
    6.    Using the ICSI needle, select the sperm according to the crite-

ria discussed in Subheading  3.3  while observing at a 
magni fi cation exceeding 6,000×.  

  3.4.  Sperm Retrieval 
After MSOME

  Fig. 3.    Abnormal sperm morphology using IMSI. Note that multiple vacuoles are present.       

  Fig. 2.    Normal sperm with one vacuole containing less than 4% of the sperm head.       
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    7.    MSOME selected sperm are retrieved from the observation 
droplet and placed into a recipient selection droplet, contain-
ing 4  μ l of PVP medium in the same dish.  

    8.    The microdroplet containing selected sperm is subsequently 
observed using the monitor and the Nikon DSQi1Mc camera 
to verify that the sperm meet the MSOME criteria.      

      1.    The recipient droplet should contain the sperm, morphologi-
cally selected for ICSI (Fig.  1 ).  

    2.    Perform the microinjection procedure according to standard 
procedures at a magni fi cation of 400×.  

    3.    Following microinjection immediately transfer each oocyte to 
a culture dish, incubated in a 30  μ l HEPES buffered medium 
droplet and covered with 0.5 ml of mineral oil at 37°C in an 
atmosphere of 5% CO 2  and 6% O 2 .       

 

     1.    Record volume of the semen sample, motility and concentra-
tion. Note any abnormal parameters such as agglutination, 
amorphous cells, bacteria, red blood cells, and/or altered 
viscosity.  

    2.    If the semen sample is 3 ml or less, the semen can be directly 
layered onto the gradient column. Volumes greater than 3 ml 
need to be either washed or divided into smaller volumes and 
layered on separate columns.  

    3.    Washing of semen: Add 5–12 ml commercial medium to 
achieve a ratio of at least two parts medium to one part semen 
in a 15 ml centrifuge tube. Cap the tube and invert 3–5 times 
to mix. Centrifuge for 10 min at 300 ×  g . Decant the superna-
tant from the centrifuge tube. Aspirate 0.8–0.9 ml of fresh 
commercial medium into the syringe and gently resuspend the 
pellet by repeatedly aspirating and expelling the sample with 
the syringe until homogenous.  

    4.    Add the gradient and semen sample slowly taking care not to 
disturb the interface formed between the layers.  

    5.    Perform the motility evaluation and determine the concentra-
tion. Record the results. Make a thin smear on a labelled slide 
for a morphology assessment.  

    6.    The temperature of the sperm sample and the PVP concentra-
tion should be coordinated with the intensity of the sperm 
motility. With poor sperm motility, the sample temperature 

  3.5.  Microinjection

  4.  Notes
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should be raised to 37°C, on the other hand, with high sperm 
motility, the suspension temperature can be lowered to 20°C.  

    7.    To reduce PVP toxicity, which has to be used to slow down 
highly motile sperm from disappearing from the monitor 
screen, the concentration of the PVP is adjusted to a minimum 
(range 0–8%). With poor sperm motility, no PVP is added to 
the culture medium, while 6% human serum albumin is added 
to the recipient droplet. However, with normal motility sam-
ples PVP should be added to a  fi nal concentration of 8%.  

    8.    In order to gain control of the moving sperm cells and facili-
tate their morphological evaluation, a series of small bays 
extruding from the rim of the droplets can be created to block 
the heads of the motile sperm (Fig.  1 ).  

    9.    To observe every single sperm at high magni fi cation, an 
inverted microscope equipped with Nomarski differential 
interference contrast optics, an Uplan Apo oil/1.35 objective 
lens, and a 0.55 NA condenser lens should be used.  

    10.    This system should be coupled with an image capturing high 
de fi nition color video camera and a high de fi nition color video 
monitor for morphological assessment.  

    11.    The resulting magni fi cation is based on four parameters: 
(1) objective magni fi cation × 100; (2) magni fi cation selector 
× 1.5; (3) video coupler magni fi cation × 0.99; (4) calculated 
video magni fi cation (CCD × monitor diagonal dimen-
sion) × 44.45. Therefore, total magni fi cation = 100 × 1.5 × 0.99 
× 44.45 = × 6,600.  

    12.    In order to estimate the morphological state of the sperm 
nucleus, one has to follow the motile sperm cell by moving the 
microscopic stage in the  x ,  y  and  z  directions for about 20 s.  

    13.    Computer assisted sperm selection is used in some clinics where 
a  fi xed, celluloid form of a sperm nucleus representing the nor-
mal criteria is superimposed on the examined cell; any sperm 
cell with a normal nuclear shape has to be excluded from selec-
tion if it varies in length or width by 2 SDs from the normal 
mean values.  

    14.    The head is scored according to Knez et al.  (  20  )  as follows: 
1 point for normality in one or two axes, and 0 points if both 
axes are abnormal. Sperm with no vacuoles in the head or a 
single small diameter vacuole are scored with 1 point, and 
sperm with larger vacuoles score 0 points. Sperm with a nor-
mal shape of the sperm head base is scored with 1 point and 
abnormal with 0 points. High-quality sperm with a calculated 
score of 4–6 should be used for injection based on the follow-
ing formula for scoring: Score of sperm = (2 × head 
score) + (3 × vacuole score) + (base score).          
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    Chapter 23   

 Sperm Selection for ICSI Using Annexin V       

     Sonja   Grunewald    and    Uwe   Paasch         

  Abstract 

 Annexin-V magnetic-activated cell sorting (MACS) is a new tool to optimize sperm selection in assisted 
reproduction. The technique is based on the binding of superparamagnetic Annexin-microbeads to exter-
nalized phosphatidylserine at the outer lea fl et of the plasma membrane of sperm with activated apoptosis 
signaling or membrane damage. The combination of Annexin-V MACS and density gradient centrifuga-
tion was demonstrated to enhance clinical pregnancy rates in ICSI cycles. This chapter focuses on the 
practical details of Annexin-V MACS.  

  Key words:   Annexin V ,  MACS ,  ICSI ,  Sperm ,  Apoptosis    

 

 Intracytoplasmic sperm injection (ICSI) into oocytes is to date the 
gold standard for treatment of severe male factor infertility, and 
indications for this procedure are expanding  (  1  ) . However, the 
current success rates of the procedure remain suboptimal. What 
might be the limiting factors? 

 Diagnosis of male factor infertility is based largely on the sper-
miogram parameters of viability, motility, and morphology. 
Moreover, the same parameters are used for the selection of the 
injected sperm  (  2  ) . These criteria are clearly inadequate to detect 
abnormalities at the molecular level, which may impact fertiliza-
tion. Multiple studies have established that spermatozoa in patients 
diagnosed with male infertility display a higher incidence of apop-
totic features  (  3–  7  ) . Because spermatozoa are transcriptionally 
inactive cells and the DNA is densely packed, the apoptosis process 
is different from that in somatic cells  (  8,   9  ) . Nevertheless, key features 
of activated apoptosis signalling like disruption of the mitochondrial 

  1.  Introduction
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transmembrane potential, activation of caspase-3, externalization 
of phosphatidylserine, and abnormalities such as sperm DNA 
fragmentation are present in human sperm and have been directly 
linked to failure of fertilization during assisted reproduction 
 (  10–  12  ) . Therefore, sperm preparation protocols based on the 
selection of nonapoptotic cells might be a useful option to improve 
ICSI success rates. 

 Apoptotic cells can be depleted from a cell suspension by selec-
tion based on the externalization of phosphatidylserine (EPS) from 
the inner to the outer lea fl et of the plasmamembrane. EPS marks 
the beginning of the terminal phase of apoptosis. 

 The covalent binding of Annexin V, a phospholipid binding 
protein that has high af fi nity for phosphatidylserine and lacks the 
ability to pass through an intact sperm membrane, can be used to 
label sperm with EPS  (  13  ) . Subsequently, Annexin V-conjugated 
superparamagnetic microbeads can be used effectively to separate 
nonapoptotic spermatozoa from those with deteriorated plasma 
membranes based on the externalization of phosphatidylserine 
using magnetic-activated cell separation (Annexin V MACS). The 
separation of sperm yields two fractions: EPS-negative (vital, non-
apoptotic sperm with intact membranes) and EPS-positive  (  14, 
  15  ) . In the EPS-positive sperm subpopulation apoptotic cells with 
externalized phosphatidylserine are found, but the Annexin 
V-conjugated microbeads also label dead cells and cells with 
exposed inner lea fl et of the plasma membrane—e.g., acrosome-
reacted sperm. Repeated investigations did not reveal any annexin 
V microbeads in the EPS-negative sperm fraction  (  16  ) . The separa-
tion process itself does not affect the sperm integrity or viability 
 (  14,   16,   17  ) ; however, one additional centrifugation step might 
reduce motility particularly in altered sperm from subfertile patients 
 (  18  ) . 

 Combination of Annexin V-MACS with density gradient cen-
trifugation allows superior selection of nonapoptotic spermatozoa 
compared to Annexin V MACS or density gradient centrifugation 
alone  (  18–  20  ) . Thus, it is most feasible to integrate the Annexin V 
MACS into standard sperm preparation protocols of IVF labs.  

 

 All buffers and solutions required for Annexin V separation are 
commercially available in one kit (Death cell removal kit, Miltenyi 
Biotec, Bergisch Gladbach, Germany). Although the  fi rst clinical 
studies do not report any side effects  (  20,   21  ) , the kit is currently 
designated for research use only. It will be available soon as a GMP 
conforming product (MACS ®  GMP Annexin V Kit, Miltenyi 
Biotec, Bergisch Gladbach, Germany). 

  2.  Materials
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      1.    Standard IVF Lab centrifuge
    2. Magnetic cell separator MiniMACS™ (for a single separation) 

or OctoMACS™ (for up to eight separations at the same 
time).  

   3. MS MACS Columns.     
    4.    Components of the MACS ®  Dead Cell Removal Kit

   10 mL Annexin V Microbeads.   –
  25 mL MACS 20× Binding Buffer stock solution     (The  –
20 × Binding Buffer has to be diluted 20-fold with sterile, 
double distilled water prior to use.).        

 Per semen sample (containing up to ~50 million sperm) 100  μ L 
Annexin V Microbeads and one MS column are necessary to sepa-
rate EPS negative and positive sperm. The volume of the Binding 
buffer varies depending on the volume of the semen sample (see 
Note 1).   

 

 For optimal sperm selection in ICSI it is highly recommended that 
the Annexin V MACS separation be integrated with the standard 
sperm preparation procedure and combined with density gradient 
centrifugation. Annexin V MACS can be performed before or after 
the density gradient centrifugation (see Note 2).

    1.    Dilute the sperm sample 1:2 in Binding buffer.  
    2.    Centrifuge the sperm suspension for 4 min at 300 ×  g .  
    3.    Remove supernatant.  
    4.    Resuspend the sperm pellet in 400  μ L Annexin V Binding 

Buffer.  
    5.    Add 100  μ L Annexin V conjugated superparamagnetic micro-

beads, mix gently, and incubate for 15 min at room tempera-
ture (19–25°C).  

    6.    Preparation of the magnetic separation should be started a few 
minutes before the end of incubation time:  
   (a)    Place the MS column in the magnet and rinse it with 

1.0 mL Annexin V binding buffer to keep the column 
moist.  

   (b)    Put a new suitable vial below the column, in which the 
EPS negative sperm fraction will be collected.  

    7.    Load the sperm/microbead suspension onto the rinsed MS 
column. Wait until the suspension has passed through completely. 
Labelled, EPS-positive sperm are retained in the column by 

   

  3.  Methods
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the magnetic  fi eld, while nonlabelled, EPS-negative sperm  fl ow 
through and are collected in the vial placed below the column 
(see Fig.  1 ).   

    8.    Optional, the MS column can be rinsed with 500  μ L Annexin 
V binding buffer to elute all EPS-negative sperm (see Notes 3 
and 4).  

    9.    Remove the MS column with the retained EPS-positive sperm 
from the magnetic  fi eld. Add 1.0 mL Annexin V-binding buf-
fer onto the column and rinse with pressure (see Note 5 and 6 
and Fig.  1 ).      

 

     1.    The protocol should work for semen samples up to 50—
(maximum 100) million sperm in total. For more sperm in one 
sample it is recommended that the sample be split and the 
 separation process performed twice.  

    2.    As mentioned in the introduction, many studies have demon-
strated the superiority of combining Annexin-V MACS with 
density gradient centrifugation compared to Annexin V MACS 
and density gradient centrifugation alone  (  19,   22,   23  ) . Annexin 
V MACS can be performed before or after density gradient 
centrifugation to prepare human sperm for ICSI  (  18,   20  ) . 
The main advantage of performing it before density gradient 

  4.     Notes

  Fig. 1.    Annexin V MACS separation.  Left  : Generation of EPS-negative sperm by depleting 
EPS-positive sperm with Annexin V microbeads in the MS column in the magnetic  fi eld. 
 Right  : After collection of EPS-negative sperm, EPS-positive sperm might be obtained for 
research or diagnostic purposes by removing the MS column from the magnetic  fi eld and 
rinsing it with 1 mL buffer with pressure.       
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centrifugation is to save one centrifugation step. The Annexin 
V binding buffer is a HEPES buffer which needs to be removed 
before ICSI—this step would be performed by density gradi-
ent centrifugation.  

    3.    Rinsing with 500  μ L Annexin V binding buffer after the sperm 
suspension has passed the column can be omitted if the sperm 
concentration is very low to avoid further sperm dilution before 
ICSI.  

    4.    Sometimes the MS column can be blocked by the sperm-
microbead suspension. This happens particularly in semen 
samples with gelatinous masses, or if too many sperm are used 
per separation column. In case the column is blocked the 
sperm microbead suspension may be retrieved, and the separa-
tion can be reinitiated with a fresh column. The risk for a 
blockage of the column appears to be reduced if density gradi-
ent centrifugation is performed before the Annexin V MACS 
(see Note 2).  

    5.    If needed the EPS-positive sperm fraction can be collected, 
e.g., for research or diagnostic purposes. EPS-positive sperm 
are not suitable for ICSI.  

    6.    Cryopreservation and thawing increases the percentages of 
sperm with activated apoptosis signalling including external-
ization of phosphatidylserine  (  7,   24,   25  ) . It is also bene fi cial to 
include the Annexin V MACS procedure in cryopreservation-
thawing protocols of sperm designated for ICSI. Annexin V 
MACS can be performed before cryopreservation. Sperm cry-
otolerance is increased in EPS-negative compared to EPS-
positive sperm  (  26,   27  ) . Moreover, sperm with activation of 
apoptosis signalling and severe membrane damage due to the 
cryopreservation and thawing procedure can be depleted when 
the Annexin V MACS is performed after thawing  (  14,   16,   24, 
  25,   28  ) .          
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    Chapter 24   

 Sperm Selection for ICSI Using the Hyaluronic 
Acid Binding Assay       

     Mohammad   Hossein   Nasr-Esfahani        and    Tavalaee   Marziyeh     

  Abstract 

 Sperm selection is an important part of the ICSI procedure. Routinely, sperm selection for ICSI is based 
solely on sperm morphology and motility. These latter parameters may not be suf fi cient to select sperm 
with intact chromatin. Therefore, sperm selected based on sperm functional characteristics may result in 
the most appropriate sperm for the ICSI procedure. The methodology explained below describes the 
selection of sperm based on the ability of sperm to bind solid-state hyaluronic acid as its receptor, present 
on mature sperm with intact chromatin.  

  Key words:   Sperm selection ,  Intra cytoplasmic sperm injection ,  Hyaluronic acid ,  Motility    

 

 Following the  fi rst pregnancy achieved by intracytoplasmic injection 
of a single spermatozoon into an oocyte (ICSI) in 1992, this pro-
cedure has been considered as a breakthrough in fertility treatment 
 (  1  ) . Despite the fact that this procedure opens doors to parent-
hood for hopeless couples with male factor infertility, its success is 
limited. In addition, in some of these cases, there is a price to pay 
for the effectiveness of the intra cytoplasmic sperm injection (ICSI) 
procedure including the encouragement of vertical transmission of 
male subfertility to the next generation, increases in miscarriage 
and birth defect rates, and potentially reduced health and well-
being of the offspring  (  2,   3  ) . A novel sperm selection technique 
based on the ability of sperm to bind hyaluronic acid was recently 
developed in an effort to minimize some of the shortcomings of 
the ICSI procedure, especially in terms of chromatin and DNA 
integrity, which have a profound impact on fertilization, embryo 
and fetal development and may affect the health and the well-being 
of offspring  (  4–  10  ) . 

  1.  Introduction
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 Hyaluronan or hyaluronic acid was discovered by Karl Meyer 
in the 1930s, as a polymer of disaccharides composed of  D -glucuronic 
acid and  D - N -acetylglucosamine, linked via alternating  β -1,4 and 
 β -1,3 glycosidic bonds  (  11  ) . Hyaluronan is secreted by many tis-
sues including cumulus cells, which are embedded in a thick matrix 
of polymerized hyaluronic acid. In the reproductive tract, two main 
receptors have been recognized for HA, the receptor for 
HA-mediated motility (RHAMM) and PH-20. PH-20 is present 
on the plasma membrane and on the inner acrosomal membrane of 
mammalian sperm heads  (  11  ) . Several functions have been envis-
aged for PH-20 including hyaluronidase activity, intracellular sig-
naling, and zona pellucida adhesion and penetration. It is believed 
that its interaction with HA in the cumulus oophorus primes the 
sperm for interaction with zona pellucida proteins. Therefore, 
sperm heads carrying PH-20 can bind to hyaluronan  (  12  ) . The 
formation of zona binding sites and HA binding sites takes place 
during the late stages of spermatogenesis concomitant with cyto-
plasmic extrusion and nuclear histone–protamine replacement. 
Therefore, only mature sperm can bind to HA  (  13  ) . Thus, taking 
this property along with the sperm tail movement, it is possible to 
select or separate sperm that have the ability to bind HA. Bene fi ts 
of sperm selected based on HA are well covered by the famous 
work of Hauzer and colleagues in the literature, and presently there 
are two commercial products available for the selection of sperm 
based on HA binding potential  (  14,   15  ) . The section below 
describes a procedure for the assessment of in-vitro sperm HA 
binding. Although these methods can be implemented for assess-
ment of sperm HA binding potential and sperm selection, the 
commercial products are recommended for clinical applications.  

 

     1.    PureSperm ®  40 (Nidacon International AB; Sweden).  
    2.    PureSperm ®  80 (Nidacon International AB; Sweden).  
    3.    PureSperm ®  wash (Nidacon International AB; Sweden).  
    4.    Hyaluronic acid (Juvederm 30, LEA Derm; Paris, France).  
    5.    Mineral oil (Vitrolife; Sweden).  
    6.    G-MOPS™ medium (Vitrolife; Sweden).  
    7.    ICSI™ (PVP with recombinant human albumin; Vitrolife; 

Sweden).  
    8.    Micromanipulators.  
    9.    Inverted microscope.      

  2.  Materials
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      1.    Transfer lique fi ed semen to a conical tube.  
    2.    Add 2 ml of PureSperm ®  wash to a conical tube and mix gently 

( see   Notes 1  and  2 ).  
    3.    Spin the conical tube into the centrifugation for 5 min at 

300 ×  g  ( see   Note 3 ).  
    4.    Remove supernatant and resuspend the sperm pellet in a suit-

able volume of PureSperm ®  wash (1 ml) and mix well.  
    5.    Calculate sperm concentration using Makler counting chamber.      

      1.    Add 2 ml of 80% PureSperm ®  to a new conical tube using a 
sterile pipette (lower layer).  

    2.    Add 2 ml of 40% PureSperm ®  gently on top of 80% PureSperm ®  
using a sterile pipette (upper layer) ( see   Note 4 ).  

    3.    Place the washed semen sample on top of the upper layer.  
    4.    Centrifuge for 20 min at 300 ×  g .  
    5.    Carefully aspirate the supernatant using a sterile pipette.  
    6.    Transfer the sperm pellet to a new tube with a new pipette.  
    7.    Resuspend the pellet in 5 ml G-MOPS™, and centrifuge at 

300 ×  g  for 5 min.  
    8.    Repeat  step 7  with a second wash.  
    9.    Aspirate G-MOPS™ supernatant.  
    10.    Add G-MOPS™ to sperm pellet, and adjust sperm concentra-

tion ( see   Note 1 ) using Maker counting chamber to 0.2–1 × 10 6  
cells in 1 ml ( see   Note 5 ).      

      1.    Dilute hyaluronic acid with sterile water (1:40) under sterile 
conditions ( see   Note 5 ).  

    2.    Place 10 or 50  μ l drops in a 50 mm Falcon dish.  
    3.    Allow to dry in sterile conditions (under a laminar hood).  
    4.    Replace the lid and store the dishes at 4°C.      

      1.    Prepare the ICSI dish (or other alternative) as routinely pre-
pared, using ICSI™ or other PVP alternatives, G-MOPS™ and 
mineral oil, and cover the coated HA spots with 15 or 75  μ l of 
G-MOPS™ or other suitable diluents, according to the initial 
size of HA drop (Fig.  1 ).   

    2.    Wash HA drops twice with G-MOPS™ or other suitable sperm 
diluents to remove excessive or uncoated HA ( see   Note 6 ).  

  3.  Methods

  3.1.  Preparation of 
Sperm Sample for ICSI 
Technique

  3.2.  Density Gradient 
Centrifugation

  3.3.  Preparation of 
HA-Coated Dishes for 
(ICSI) Technique

  3.4.  HA-ICSI Procedure
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    3.    Remove the G-MOPS™ medium from the HA coated dish and 
replace with 50  μ L of G-MOPS™ or other suitable sperm 
diluents containing around 10,000–50,000 processed sperm.  

    4.    Transfer denuded oocytes into G-MOPS™ drops in the ICSI 
dish.  

    5.    Select several HA-bound sperm with normal morphology with 
the aid of an ICSI needle. HA-bound sperm show vigorous tail 
movement without forward motility, while HA-unbound 
sperm present progressive movement ( see   Notes 7  and  8 ).  

    6.    Transfer the selected sperm into the ICSI™ drop in the center 
of the ICSI dish, immobilizing or inactivating the tail of the 
sperm.  

    7.    Wash the sperm in different regions of the ICSI™ drop.  
    8.    Select the best sperm based on morphology.  
    9.    Load a single sperm into the ICSI needle for injection into the 

oocytes according to your routine injection protocol ( see  
 Notes 9 – 11 ).       

 

     1.    If the sample is highly viscous, add a higher volume of 
PureSperm ®  wash and mix gently.  

    2.    Prepare two PureSperm ®  gradients for each semen sample, 
when volumes of sample are greater than 3 ml.  

    3.    After centrifugation, if you do not see any pellet, remove all 
 fl uid except the lowest 0.5 ml.  

  4.  Notes

  Fig. 1.    Hyaluronic acid coated dish prepared for ICSI.       

 



26724 Sperm Selection for ICSI Using the Hyaluronic Acid Binding Assay 

    4.    Try not to interrupt the two layers and to preserve a sharp 
interface between them.  

    5.    Juvederm 30 composition: cross-linked hyaluronic acid (24  μ g) 
in phosphate buffer pH 7.2 (1 ml).  

    6.    When adding or washing the HA drop, try to avoid contact of 
the micropipette with the center of the spot by adding or 
removing medium from the edge of the drop.  

    7.    When possible, avoid selecting loosely bound sperm or sperm 
which is temporarily bound to HA and then show progressive 
movement.  

    8.    Avoid selecting immotile sperm without tail movement as 
HA-bound sperm.  

    9.    During selection and aspiration of HA-bound sperm into the 
ICSI needle, use care not to pierce and tear the coated HA 
with the ICSI needle.  

    10.    In most cases HA-bound sperm can be found within minutes, 
when sperm is added to the HA-drop; however, in some cases 
more time is required to select a suitable number of sperm.  

    11.    Due to uneven hydration of HA or duration of the washing 
procedure, areas of coated HA might be removed. Try to avoid 
selecting sperm from these areas. The HA-bound sperm can be 
easily distinguished by its tail movement and nonprogressive 
motility.          
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    Chapter 25   

 Sperm Selection Based on Electrostatic Charge       

     Luke   Simon   ,    Shao-qin   Ge   , and    Douglas   T.   Carrell        

  Abstract 

 Charge is a fundamental property of all forms of matter that exhibit attraction or repulsion in the presence 
of another charged particle. This electrokinetic property occurs when the particles exhibiting a net negative 
or positive charge are subjected to an external electric  fi eld that exerts an electrostatic force between them. 
Sperm surface membranes exhibit varying levels of electrostatic potential that are proportional to the levels 
of sialic acid residue acquired on the cell surface during maturation. Electrostatic charge-based sperm sepa-
ration is a recently developed technique that uses an electric  fi eld to isolate mature sperm with reduced 
levels of DNA fragmentation. Two methods for the separation of sperm based on electrostatic charge, the 
Zeta method and a commercially available electrophoretic method using the SpermSep Cell Sorter 10, are 
discussed in this chapter including a detailed protocol for sperm separation based on the Zeta method.  

  Key words:   DNA fragmentation ,  Electrostatic charge ,  Electrophoretic sperm separation ,  Mature 
sperm ,  Sperm plasmalemma ,  Zeta potential    

 

  The sperm membrane plays a major role in sperm maturation and 
is important for cellular interactions, such as capacitation, cell-to-
cell recognition, and sperm–egg interaction during fertilization. 
The membrane is covered by a negatively charged 20–60 nm thick 
coating and the glycocalyx to facilitate the interaction with its 
extracellular environment. Mature sperm possess an electric charge 
of −16 to −20 mV  (  1  ) . The highly negatively charged glycocalyx 
on the sperm plasma membrane helps to prevent self-agglutination 
and nonspeci fi c binding with the genital tract epithelium during its 
transport and storage  (  2  ) . 

 Studies on sperm surface membrane reveal a surprisingly highly 
organized topography  (  3,   4  )  not found in most somatic cells. 
Electron microscopy observations of mature sperm have revealed 
the presence of an electro-dense layer containing branch-like 

  1.  Introduction

  1.1.  Electrostatic 
Properties of Sperm
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electro-dense strands  (  5  )  indicating a strong negative membrane 
potential. In a normal mature sperm, the membrane glycocalyx is 
rich in sialic acid  (  6  ) . High levels of sialic acid residues on the 
sperm membrane increase its net negative charge, which may play 
a role in capacitation and the formation of binding bridges between 
sperm membrane proteins and the oocyte  (  5  ) . 

 In mammalian species, CD52 is a bipolar glycopeptide of 
epididymal origin that forms a major component of the sperm gly-
cocalyx  (  2  ) . CD52 is a highly sialated glycosylphosphatidylinositol 
anchored protein that is acquired during epididymal transit and is 
located on the sperm plasmalemma  (  7  ) . During sperm maturation, 
the lipid-anchored CD52 antigen is transferred to the sperm’s 
membrane resulting in its net negative charge  (  8  ) . Giuliani et al. 
 (  7  )  reported that the expression of CD52 is higher in the sperm of 
fertile men compared with a sub-fertile group. The same group 
also showed that CD52 expression is associated with capacitation 
and normal sperm morphology. 

 The presence of high concentrations of sialic acid residue in 
the sperm’s membrane may be indicative of normal spermatogen-
esis and maturation status of sperm. If this is true, mature sperm 
would be expected to have a higher net negative charge compared 
to abnormal and immature sperm. Recently, Aitken’s research 
group demonstrated that sperm selection based on high net nega-
tive charge results in isolation of sperm that are mature, viable, 
motile, morphologically normal, and relatively free of DNA dam-
age  (  9,   10  ) . The difference in charge exhibited by the sperm plas-
malemma is exploited by two methods of sperm separation: a 
simpler version known as Zeta test  (  11,   12  )  and a more sophisti-
cated model electrophoretic sperm separation  (  13,   14  ) . These two 
methods are presented in this chapter.  

  The negative electrical charge of the sperm’s membrane, known as 
Zeta potential or electrokinetic potential, causes the sperm to 
adhere to surfaces (ICSI needle/plate) in a protein-free medium. 
This can be avoided by using serum-supplemented medium for the 
process of priming. Zeta potential was  fi rst identi fi ed by Ishijima 
et al.  (  1  ) , and is de fi ned as the electrostatic potential between the 
sperm membrane and the surrounding medium. Thus sperm selec-
tion based on its surface charges was established as the Zeta 
method. The Zeta potential is showed to be higher in mature 
sperm with intact chromatin and low DNA damage  (  11  ) . Chan 
et al.  (  11  )  were the  fi rst to develop the Zeta test to select sperm 
according to the sperm’s electrical potential. They demonstrated 
the method’s ef fi ciency to recover morphologically normal and 
mature sperm with low levels of histone retention. The Zeta poten-
tial is known to decrease following capacitation  (  15  ) . The presence 
of neuraminidase in the uterus and follicular  fl uid hydrolyzes the 
extracellular terminus of sialic acid, resulting in reduced surface 
charge on the sperm membrane  (  16,   17  ) . 

  1.2.  Sperm Selection 
Using Zeta Test
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 The Zeta method is inexpensive, easy to perform, and does 
not require any complex equipment or an electrophoresis unit 
( see  Fig.  1 ). It has been demonstrated that the highest quality 
sperm in an ejaculate display the most electronegativity  (  2,   7  ) . 
A recent study reported that sperm selected based on Zeta potential 
are more mature when assessed for markers such as protamine 
content, ability to resist DNA fragmentation, apoptotic markers 
such as terminal deoxynucleotidyl transferase-mediated deoxyuri-
dinetriphosphate nick-end labeling (TUNEL), or acridine orange 
 (  18  ) . This method of sperm selection isolates sperm with 
signi fi cantly improved morphology, hyperactivation, DNA integ-
rity, and maturity, compared with control samples processed by 
density gradient centrifugation (DGC); however, the process of 
sperm binding to the surface charge of the container reduces its 
motility  (  11,   12,   18–  21  ) . Another advantage of the Zeta method 
is that it can be performed effectively on cryopreserved sperm 
 (  12  ) . In addition, sperm selected with the Zeta method have 
higher fertilization, implantation, and pregnancy rates  (  18,   22  ) . 
Despite its advantages, the low sperm recovery rate is a limitation 
for oligozoospermic patients. In addition, this method of sperm 
selection may not be suitable for testicular or caput epididymal 
sperm  (  11  )  as sperm from these sources lack suf fi cient net electri-
cal charge on the sperm membrane ( 23 ).   

  Fig. 1.    Diagram of sperm selection using Zeta test. ( a ) Negatively charged mature sperm 
will adhere to the positively charged tube surface. ( b ) Non-mature sperm that are not 
adhered to the tube surface will be discarded.       
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  Researchers at the University of Newcastle in New South Wales, 
Australia, developed a new technique of sperm selection known as 
electrophoresis sperm separation based on the idea that negatively 
charged sperm are mature and have normal chromatin stability  (  13  ) . 

 Such negatively charged sperm when suspended in an electro-
phoretic buffer are attracted to the positive electrode. The electro-
phoretic unit uses this property to isolate negatively charged sperm 
in a large quantity  (  24  ) . In this method, the electrophoretic unit 
applies an electric potential through the chambers to separate 
sperm across a separation membrane. The 5- μ m pore size of the 
polycarbonate separation membrane facilitates the movement of 
morphologically normal sperm, while larger cells such as immature 
germ cells and leukocytes are restricted. In addition, sperm with 
low or no negative charge have less electrophoretic mobility and 
do not manage to reach the collection chamber through the sepa-
ration membrane during a short electrophoresis time period of 
5 min ( see  Fig.  2 ).  

  1.3.  Sperm Preparation 
by Electrophoresis

  Fig. 2.    Schematic diagram showing the apparatus for the electrophoretic mobility 
sperm sorter.       
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 As soon as seminal plasma is removed by sperm preparation 
methods (swim-up, swim-down, or DGC), the sperm become 
vulnerable to free radical attack  (  25,   26  ) . Therefore, rapid isolation 
of viable sperm from semen is important to prevent oxidative 
damage. In addition, semen is a heterogeneous mixture of various 
cell types (precursor germ cells, leukocyte subtypes, viable and 
nonviable sperm) and debris, which has to be removed during the 
process of sperm preparation. 

 The electrophoretic approach of sperm separation is rapid, free 
from contaminant cells, and able to isolate normal sperm with high 
percentage of morphologically normal and motile sperm with 
intact DNA  (  13  ) . In the asymmetric model of the electrophoresis 
unit SpermSep Cell Sorter 10, about 2 mL of semen is loaded in 
the inoculation chamber, and 400  μ L of sperm is obtained from 
the collection chamber after a 5-min equilibration step and then 
subjected to electrophoresis for 5 min. Conveniently, the obtained 
400  μ L of sperm can be directly used for intrauterine insemination 
procedures or for the purposes of in vitro fertilization and intracy-
toplasmic sperm injection if the appropriate medium is used within 
the collection chamber. 

 The 5  μ m polycarbonate membrane that separates the inocula-
tion and collection chambers has an active area of 20 × 15 mm for 
sperm passage and is bounded by polyacrylamide restriction mem-
branes that prevent cross-contamination between the semen and 
electrophoresis buffer while permitting free transit of electrolytes. 
The electrophoresis buffer contains 10 mM Hepes, 30 mM NaCl, 
and 0.2 mM sucrose, having an osmolarity of 310 mOsm kg −1  and a 
pH of 7.4  (  14  ) . Overheating of the instrument during electropho-
resis is prevented by maintaining the buffer at 25°C and circulating 
the excess buffer stored in the reservoir around the instrument using 
a pump. Electrophoresis is achieved by applying a constant current 
of 75 mA at a variable voltage of 18–21 V for a period of 5 min. 

 The only drawback of the electrophoretic system is the labori-
ous procedure of cleaning the instrument when compared with 
other sperm preparation methods. The components of the separa-
tion cartridge have to be autoclaved to ensure sterility. After each 
sperm separation the electrophoresis buffer in the system is 
removed and the entire unit is rinsed by sterile distilled water. At 
the end of each day, the sterile distilled water is replaced by a clean-
ing buffer (0.1 M NaOH) and circulated in the electrophoresis 
unit for 30 s using the buffer pump. The cleaning buffer is left in 
the system overnight, and the following day it is removed and the 
system is thoroughly rinsed out with at least three washes of sterile 
distilled water  (  24  ) . 

 The complete validation of the electrophoresis unit was done 
by the research group led by Prof. John Aitken, University of 
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Newcastle, Australia. All experiments were performed using the 
SpermSep Cell Sorter 10 system and sperm samples were obtained 
from normozoospermic men.   Adequate recovery of sperm is an 
important factor for any sperm preparation method, as in cases of 
oligozoospermic men the initial concentration is too low. In this 
electrophoretic system, when a mean sample concentration of 
52 ± 5.2 × 10 6  mL −1  was loaded, after the 5-min equilibration period 
only 3.2% (1.7 ± 0.6 × 10 6  mL −1 ) of sperm was recovered in the col-
lection chamber as a consequence of its motility. However, after 
electrophoresis for 30 s the recovery of sperm increases to 6.8% 
(3.55 ± 0.42 × 10 6  mL −1 ) reaching a maximum recovery of 42.9% 
(22.31 ± 5.85 × 10 6  mL −1 ) after 15 min  (  13  ) . 

 For assisted reproduction, sperm motility and viability are the 
key factors for successful treatment. Particularly, sperm progressive 
motility has been reported to in fl uence in vitro fertilization rates 
 (  27  ) , and thus it is considered a useful parameter to determine the 
type of ART with which to proceed. Using the electrophoretic sys-
tem, the percentage of motile and viable sperm following isolation 
was consistent with the values recorded for the original ejaculates 
 (  13  ) . Furthermore, the duration of electrophoresis did not affect 
the percentage of motile or viable sperm, and the speed of motile 
sperm measured by the kinematic analysis using computer-assisted 
semen analysis was likewise not detrimentally affected after 
electrophoresis. 

 An ideal sperm preparation method should select all physio-
logically normal sperm from the ejaculate  (  28  ) . While this is not 
feasible with current technologies, any improvement in the per-
centage of genetically normal sperm is advantageous. A number of 
studies have demonstrated that abnormal sperm of infertile men 
exhibit poor chromatin compaction and damaged DNA  (  29,   30  ) . 
Sperm selection by electrophoresis has been shown to signi fi cantly 
increase the percentage of morphologically normal sperm  (  13  ) . 
Likewise, the sperm deformity index, another expression for sperm 
morphology and a known predictor of fertilization in vitro  (  31  ) , 
was signi fi cantly lower than 0.93 (a threshold value for sperm 
deformity index to determine in vitro fertilization ef fi ciency) fol-
lowing electrophoretic separation  (  32  ) ). Sperm deformity index is 
also known to be positively associated with oxidative DNA damage 
 (  33  ) . In accordance with the hypothesis, the sperm DNA damage 
was signi fi cantly reduced in the sperm obtained after sperm separa-
tion by electrophoresis  (  13  ) , and this reduction was observed at all 
time points up to 10 min of electrophoresis. 

 While electrophoretic separation increases the percentage of 
morphologically normal sperm and decreases levels of DNA 
damage it does not result in improved sperm motility. One possible 
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explanation for such an effect is that the process of electrophoresis 
may disrupt motility in a subset of the sperm population by inter-
fering with the regulation of ion  fl ux across the sperm plasma 
membrane  (  13  ) . 

 In 2007, the  fi rst successful clinical pregnancy following ICSI 
was reported using sperm separated by electrophoresis  (  14  ) . 
However, there have been no large prospective controlled trials to 
evaluate the suitability of electrophoretically separated sperm in 
clinical practice. In 2008, Fleming et al. reported the  fi rst prospec-
tive controlled clinical trial, involving 28 couples, of which 17 were 
undergoing IVF and 11 were undergoing ICSI. This was a split-
sample cohort study design where sperm was prepared by DGC and 
electrophoresis  (  24  ) . There was no signi fi cant difference in fertiliza-
tion rates (63.6 vs. 62.4%), embryo cleavage rates (88.5 vs. 99.0%), 
or the percentage of top-quality embryos (26.1 vs. 27.4%) obtained 
following insemination using sperm preparation by DGC and elec-
trophoresis, respectively  (  24  ) . Similarly, there were no signi fi cant 
differences in fertilization rate and embryo quality in either the IVF 
or ICSI groups of patients. Although the study size was insuf fi cient 
to demonstrate signi fi cant bene fi t, the study reported two ongoing 
pregnancies after transfer of 13 DGC-derived embryos compared to 
 fi ve ongoing pregnancies after transfer of 23 embryos derived from 
electrophoretically separated sperm. This report provides the proof 
of principle that electrophoretically separated sperm can be used in 
assisted reproduction and may be bene fi cial in selecting improved 
quality sperm and improving ART success. 

 Electrophoretic sperm selection has also been evaluated on cry-
opreserved semen and testicular biopsy samples. Following thawing, 
samples were subjected to vitality, motility, morphology, and DNA 
damage analysis  (  14  ) . After 5 min of electrophoresis, this method 
generated 27% sperm recovery from cryopreserved semen and 28.4% 
sperm recovery from testicular biopsies  (  14  ) . In both cryopreserved 
semen and testicular biopsies, the recovered subpopulations showed 
improved vitality and morphologically normal sperm along with a 
signi fi cant reduction in the levels of DNA damage. 

 In principle this electrophoretic sperm separation procedure 
has great potential as an extremely versatile and cost-effective 
method to prepare sperm. The sperm isolated by this method is 
reported to have good recovery rate, an improvement in morpho-
logically normal sperm, and a reduction in sperm with DNA dam-
age. Additional studies will be required to con fi rm the effectiveness 
of this electrophoretic method in the management of male infertil-
ity and as a technique for improvement of ART success.   
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     1.    15 mL polystyrene plastic centrifuge tube (Fisher Scienti fi c, 
Dallas, TX, USA).  

    2.    HEPES–HTF medium (InVitroCare Inc., San Diego, CA, 
USA).  

    3.    Serum (Irvine Scienti fi c, Santa Ana, CA, USA).  
    4.    Latex gloves.      

 

 All steps are performed at room temperature unless otherwise 
speci fi ed.

    1.    It is essential to use a new centrifuge tube (15 mL) for this 
method, as the electrostatic charge is higher on new tubes ( see  
 Notes 1 – 3 ).  

    2.    Pipet 0.1 mL of washed sperm into the tube and dilute with 
5 mL of serum-free HEPES–HTF medium.  

    3.    Place the tube inside a latex glove up to the cap and hold the 
cap at all times ( see   Note 4 ).  

    4.    Rotate the sperm sample two or three turns in a clockwise 
direction.  

    5.    Incubate the tube at room temperature (23°C) for 1 min to 
allow adherence of the charged sperm to the wall of the centri-
fuge tube.  

    6.    After 1 min, slowly invert the tube to drain out all non-adher-
ing sperm and other contaminant cells.  

    7.    Centrifuge the tube at 300 ×  g  for 5 min ( see   Note 5 ).  
    8.    Place the tube upside down on a tissue paper to blot off the 

excess liquid at the mouth of the tube.  
    9.    Pipet 0.2 mL of 3% serum supplemented with HEPES–HTF 

medium (0.2 mL) into the tube allowing the medium to trickle 
down the side of the wall. This process helps to neutralize the 
charge on the wall of the tube and detach the adhering 
sperm.  

    10.    Re-pipet the collected medium at the bottom of the tube to 
rinse the wall of the same tube several times to increase the 
concentration of recovered sperm ( see   Note 6 ).      

  2.  Materials

  3.  Methods
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     1.    The zeta method of sperm selection should be carried out 
immediately after semen liquefaction as sperm cells become 
less negatively charged with the onset of capacitation.  

    2.    The electrostatic charge of a new centrifuge tube can be veri fi ed 
using an electrostatic volt meter. To ensure that the tube has 
adequate positive charge, the volt meter should read 2–4 kV 
per square inch.  

    3.    Glass centrifuge tubes tend to permit more sperm adherence 
when compared with polystyrene tubes. However, glass tubes 
should be rinsed and soaked prior use to reduce contaminants.  

    4.    Handling the centrifuge tubes is very important throughout 
the procedure. Hold each tube by the cap, and avoid ground-
ing the tube.  

    5.    Centrifugation of the tube will not alter the net electrostatic 
charge of the tube.  

    6.    The use of culture medium with a higher percentage of serum 
for discharging the tube might improve recovery of detached 
sperm in cases with low sperm concentrations.          
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    Chapter 26   

 Sex-Sorting Sperm Using Flow Cytometry/Cell Sorting       

     Duane   L.   Garner      ,    K.   Michael   Evans   , and    George   E.   Seidel       

  Abstract 

 The sex of mammalian offspring can be predetermined by  fl ow sorting relatively pure living populations of 
X- and Y-chromosome-bearing sperm. This method is based on precise staining of the DNA of sperm with 
the nucleic acid-speci fi c  fl uorophore, Hoechst 33342, to differentiate between the subpopulations of 
X- and Y-sperm. The  fl uorescently stained sperm are then sex-sorted using a specialized high speed sorter, 
MoFlo ®  SX XDP, and collected into biologically supportive media prior to reconcentration and cryo-
preservation in numbers adequate for use with arti fi cial insemination for some species or for in vitro fertil-
ization. Sperm sorting can provide subpopulations of X- or Y-bearing bovine sperm at rates in the 
8,000 sperm/s range while maintaining; a purity of 90% such that it has been applied to cattle on a 
commercial basis. The sex of offspring has been predetermined in a wide variety of mammalian species 
including cattle, swine, horses, sheep, goats, dogs, cats, deer, elk, dolphins, water buffalo as well as in 
humans using  fl ow cytometric sorting of X- and Y-sperm.  

  Key words:   Sperm sorting ,  Flow cytometry ,  Predetermination of sex ,  X- and Y-sperm ,  Mammals , 
 Hoechst 33342 ,  DNA content    

 

 Mammalian sperm can be effectively separated into relatively pure 
living populations of X- and Y-chromosome-bearing sperm using 
 fl ow cytometry/cell sorting. In addition to describing procedures, 
this review provides the background on how conceptual advances 
originating from genetics, applied gamete biology, biophysics, and 
computer science were integrated in development of a commercial 
method to predetermine the sex of mammalian offspring. 

  Examination of bovine chromosomes indicated that a total chro-
mosome length difference of 4.2% existed between karyotypes 
of bulls and cows due to X-and Y-chromosome differences  (  1  ) . 
This  fi nding suggested a potential size difference between a 
sperm carrying the X-chromosome compared to one carrying a 

  1.  Introduction

  1.1.  Biological Basis
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Y-chromosome. It also had been reported that a potential difference 
in dry mass exists between sperm heads of X- and Y-chromosome-
bearing sperm  (  2  ) . Thus, a difference in DNA content between 
sperm bearing the X-chromosome and those bearing the 
Y-chromosome existed. However, measurement of the DNA 
content of individual sperm proved to be dif fi cult due to the asym-
metry of mammalian sperm head shape  (  3,   4  ) .  

  The initial indication that differences in DNA content of mammalian 
sperm could be determined utilized coaxial  fl ow cytometry and 
revealed two  fl uorescent populations of demembranated nuclei of 
X- and Y-human sperm  (  5,   6  ) . This was accomplished using the 
 fi rst  fl uorescence-based commercial analytical  fl ow cytometer 
developed by Wolfgang Göhde in 1968–1969 and marketed as the 
Phywe ICP 11 (  7  )  (German patent application DE1815352). The 
DNA content of asymmetric cells also could be measured precisely 
in an orthogonal  fl ow cytometer if the cells were hydrodynamically 
orientated so that  fl uorescence could be accurately measured from 
the  fl at surface of the nucleus  (  8  ) . Pinkel et al.  (  9  )  demonstrated 
that such an orienting system could readily resolve two  fl uorescent 
populations of sperm stained with a nucleic acid speci fi c dye 
4 ¢ -6-diamidino-2-phenylindole (DAPI) to re fl ect DNA content 
differences. The presumed sex-chromosomal origin of these 
 fl uorescence differences was supported by measurements of sperm 
from mice possessing the Cattanach translocation, where a piece of 
chromosome 7 had been translocated to the X-chromosome  (  10  ) . 
Flow cytometric examination of the DNA content of sperm from 
Cattanach mice showed a 5.1% difference in the two sperm popu-
lations compared to the 3.3% for sperm from normal mice. 
Quantitative differences in the DNA content of the X- and 
Y-chromosome-bearing sperm of several heterogametic mammals 
including cattle ( Bos taurus  and  Bos indicus ), sheep ( Ovis aries ), 
swine ( Sus scrofa ), and rabbits ( Oryctolagus cuniculus ) were dem-
onstrated using the homogametic Z sperm of roosters ( Gallus 
domesticus ) as a standard  (  11  ) . The above described results strongly 
suggested that the two peaks demonstrated in mammalian sperm 
represent the X- and Y-chromosome-bearing sperm. This  fl ow 
cytometric approach identi fi ed two populations of sperm with 
characteristic suggesting that they were the X- and Y-chromosome-
bearing populations, but this coaxial analytical system could not 
physically sort cells.  

  The development of  fl ow cytometry began in the 1960s when 
Louis Kamentsky and associates  fi rst measured ultraviolet absorp-
tion in cancer cells using a  fl uidic system  (  12,   13  ) . Subsequent 
work at the Los Alamos National Laboratory  (  8  )  and Stanford 
University  (  14  )  resulted in development of a  fl ow sorting system 
called a  fl uorescence-activated cell sorter (FACS) that used 
 fl uorescence rather than absorption as a measurement criterion. 

  1.2.  Precise 
Measurement of 
Sperm DNA Content

  1.3.  Developments in 
Flow Cytometry
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 The  fi rst actual sorting of mammalian sperm into separate 
populations was achieved with sperm nuclei of the vole,  Microtus 
oregoni   (  15  ) . The DNA content difference of the sex determining 
Y- and O-sperm from this rather unique species is 9% because half 
of the sperm contain a Y-chromosome, while the other half of the 
sperm have no sex chromosome. The X-chromosome is reconsti-
tuted at fertilization in this species  (  15  ) . Although not very ef fi cient, 
sort purities of 82–95% were achieved with nuclei of the “O” sperm 
and 72–83% for the Y fraction. Thus, the ability to separate the 
nuclei of sperm of mammals into two populations relative to DNA 
content was established using  fl ow cytometric sorting.  

  The demonstrated DNA content difference between the two 
populations of mammalian sperm is large enough that the possibil-
ity of sorting the sperm into separate living populations was under-
taken. Sperm sorting technology was established at the USDA 
Beltsville Agricultural Research Center (BARC) by purchase and 
modi fi cation of a Coulter EPICS V ®  Flow Cytometer/Cell Sorter 
(Beckman Coulter, Hialeah, FL and Fullerton, CA, USA) with the 
intent of separating the X- and Y-sperm of domestic livestock. At 
that time the membrane impermeant  fl uorescent staining system 
that was used to measure sperm for DNA content required removal 
of the cell membranes, thereby killing sperm  (  11,   15  ) . Initial efforts 
demonstrated that dead X- and Y-sperm populations could be pro-
duced with purities greater than 85–90% for each population  (  16  ) . 
It wasn’t until Johnson et al.  (  17  )  altered the staining process that 
living sperm could be sorted according to their DNA content. The 
membrane permeant bisbenzimidazole  fl uorescent dye, Hoechst 
33342, readily differentiated between the two populations of liv-
ing sperm according to their DNA content  (  18  ) . This initial 
advancement in staining with Hoechst 33342 was followed by 
development of the ability to sort living sperm into populations of 
the purportedly viable X- and Y-sperm populations at 85–90% 
purity ( see  Fig.  1 )  (  17,   18  ) . The ef fi cacy of this sperm sorting tech-
nology was tested using surgical insemination of the two sorted 
sperm populations into the oviducts of rabbits  (  17  ) . In rabbits, the 
resultant offspring from inseminations with the purported X-sperm 
populations were 94% female, while those females inseminated 
with the purported Y-sperm population produced 81% males  (  17  ) . 
Similar data were obtained when this approach was applied to the 
domestic swine  (  19  ) . This successful production of offspring with 
signi fi cantly skewed sex ratios in rabbits and swine provided the 
basis of a patent (US Patent #692958, 04/26/1991). The USDA 
then licensed the technology to Animal Biotechnology, Cambridge, 
Ltd, which was later to become Mastercalf Ltd, Cambridge, UK, 
for  fi eld testing. In this  fi rst  fi eld testing of the sorting technology, 
a Facstar Plus ®  (BD Biosciences, San Jose, CA, USA) was modi fi ed 
to sort living bovine sperm. This initial project utilized in vitro 

  1.4.  DNA Content 
Measurement in 
Living Sperm



282 D.L. Garner et al.

fertilization (IVF) with sex-sorted bovine Y-sperm in an effort to 
produce male embryos. The resultant embryos were then cryopre-
served and later transferred to recipients on 12 Scottish farms  (  20, 
  21  ) . From 106 twin transfers of the bovine embryos that were 
fertilized by Y-sorted sperm to recipient cows, 37 male and 4 
female calves were born. Thus, 90% were male as predicted from 
the Y-sperm DNA content observed during the sex-sorting pro-
cess .  The sorting process at that time, about 600 sperm/s, was not 
fast enough to produce adequate numbers of sperm for the use of 
sex-sorted sperm with arti fi cial insemination (AI).  

 The membrane impermeant DNA-speci fi c dye, propidium 
iodide (PI), was added during the staining process to identify dead 
and injured sperm  (  22  ) . The PI quenches the Hoechst 33342 

  Fig. 1.    Illustration showing a comparison of the relative DNA content of Hoechst 
33342-stained rabbit sperm nuclei, living X- and Y-sperm, nuclei recovered from Y-sorted 
sperm and X-sorted sperm. ( a ) Example illustration of the 3.0% DNA content difference 
between X- and Y-sperm nuclei; ( b ) Example of the relative DNA content difference of 
intact living sperm stained with Hoechst 33342; ( c ) Representation of the frequency 
distribution of DNA content from reanalysis of rabbit sperm nuclei prepared from an ali-
quot of Y-sorted living sperm; and ( d ) Representation of the frequency distribution of DNA 
content from reanalysis of rabbit sperm nuclei prepared from an aliquot of X-sorted living 
sperm (Adapted from Johnson et al., 1989  (  17  ) ).       
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stain, thereby providing a means of selectively eliminating these 
damaged cells from the sorted product by selective gating. This 
staining process was further improved by substituting the food 
dye, FD&C #40 (Warner Jenkinson, St. Louis, MO, USA) for the 
PI, which is a potential mutagen  (  23,   24  ) . 

 Development of a high speed sorter at Lawrence Livermore 
National Laboratory  (  25  )  and signi fi cant improvements in data 
acquisition speed  (  26  )  increased the speed at which sperm could be 
sorted. This high speed sorting system was commercialized by 
Cytomation, Inc. (Now part of Beckman Coulter, Inc, Miami, FL, 
USA) as the MoFlo ® . This sperm sorting system was further 
enhanced by development of a novel nozzle-tip that oriented 
approximately 70% of the sperm in the laser beam as they passed 
through the sorter compared to 30% orientation capable with the 
original sperm sorter  (  27,   28  ) . An original MoFlo instrument was 
installed at the BARC and modi fi ed for sperm sorting by installing 
a cell orienting nozzle-tip, making it capable of measuring and 
handling analysis rates close to 15,000 sperm/s (Rens et al., US 
Patent 5,985,216). The instrument, which had been modi fi ed 
speci fi cally for sperm sorting, is called a MoFlo ®  SX.   

 

  Semen is collected and prepared for sorting using carefully cleansed 
equipment and sterilized media. The semen sample is examined 
for volume, and antibiotics in 20  m L/mL of semen [Tylosin 
(100  m g/mL), Gentamicin (500  m g/mL), and Linco-Spectin 
(300/600  m g/mL;  fi nal concentrations)] are added to the raw 
semen prior to determinations of sperm concentration and motil-
ity. The raw semen is then stored up to 7 h with aliquots diluted 
approximately hourly to a sperm concentration of 200 × 10 6 /mL 
with a modi fi ed Tyrode’s balanced salt solution (staining TALP) 
consisting of 95.0 mM NaCl, 3.0 mM KCl, 0.3 mM NaH 2 PO 4 , 
10.0 mM NaHCO 3 , 0.4 mM MgCl·6H 2 O, 2.0 mM pyruvic acid, 
5.0 mM glucose, 25 mM Na lactate, 40.0 mM HEPES, 3 mg/mL 
BSA, and 30  m g/mL gentamycin sulfate  (  24  ) .  

  An aliquot of the bull semen which had been diluted to 
200 × 10 6  sperm/mL in staining TALP is then stained with 50.4  m M 
Hoechst 33342 (9.0  m L Hoechst 33342/mL, from a 5 mg/mL 
distilled H 2 O stock solution of Hoechst 33342) and placed in a 
34°C water bath for incubation for 45 min. After removal from the 
water bath, 100  m L/mL of 20% egg yolk in a TALP is added, 
which makes the  fi nal egg yolk concentration, 2%. The stained 
sperm samples are then  fi ltered using 50  m m sterile nylon mesh 
 fi lters (CellTrics ® , Partec, Münster, Germany) to remove clumped 

  2.  Flow Cytometric 
Sorting of X- and 
Y-Sperm

  2.1.  Sperm Sample 
Preparation

  2.2.  Sperm Staining
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sperm, media aggregates and seminal debris. Identi fi cation of 
nonviable sperm is accomplished by adding 2  m L/mL of a 1% 
FD&C #40 food coloring in TALP  (  23  )  to quench Hoechst stain-
ing of the DNA in membrane-damaged sperm.  

  After stoichiometrically staining the sperm with Hoechst 33342, 
they are pumped in a stream in front of a UV laser beam (wave-
length ~355 nm) to excite the Hoechst 33342-stained DNA to 
differentiate between the X- and Y-chromosome-bearing sperm. 
Most stained sperm are oriented as they pass in front of the laser so 
that the  fl at surface of the sperm nucleus can be used to precisely 
measure the DNA content ( see  Fig.  2 ). This orientation of the 
sperm nucleus is accomplished using the hydrodynamic forces of 

  2.3.  Sorting Equipment

  Fig. 2.    Flow cytometer/sperm sorter system showing how Hoechst 33342-stained sperm 
are pumped through the sorting system including, ( a ) the piezoelectric crystal vibrator 
(~70,000/s) that causes the stream to form droplets as it exits the system; ( b ) the pulsed 
UV laser that illuminates the sperm as they  fl ow through the system in the stream; ( c ) the 
two  fl uorescence photodetectors that capture the  fl uorescence emissions at 0° and 90°; 
( d ) the  fl uorescence signal is quanti fi ed and categorized as X, Y, or uncertain; ( e ) positive, 
negative, or no charge is applied to the droplets as they emerge from the stream; ( f ) as 
the charged droplets pass between two oppositely charged plates they are de fl ected into 
either the X- or Y-catch tubes according to their DNA content while droplets without 
sperm, those with compromised cell membranes, or those with sperm of uncertain DNA 
content pass directly into the unsorted container. Adapted from Garner, 2001  (  46  ).        
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the pressurized sheath  fl uid that surrounds the sample stream as it 
is pumped into the nozzle of the  fl ow sorter. The sheath  fl uid used 
   for this purpose is a TRIS-based buffer consisting of TRIS 
(hydroxymethyl) aminomethane (tris, 197.0 mM), citric acid 
monohydrate (55.4 mM), and fructose (4.75 mM)  (  24  ) . The emitted 
 fl uorescence (~460 nm) of the oriented sperm is digitally quanti fi ed 
by dual orthogonal photodetectors which are situated at 0° and 
90° to the laser beam to optimize capture of the  fl uorescence and 
to determine if a sperm is properly oriented for precise measure-
ment of the DNA content using the 0° detector. This system can 
provide sorted subpopulations of X- or Y-bearing sperm at rate of 
8,000 sperm/s at a purity of 90%. As the sperm exit the orienting 
nozzle, the stream is broken into individual droplets by a piezo-
electric crystal vibrator. Either a negative or positive charge is 
applied to droplets containing sperm relative to their DNA con-
tent. The charged droplets then pass in front of two charged plates, 
one positive and one negative, such that they are de fl ected into one 
of three collection tubes, X-bearing sperm, Y-bearing sperm, and 
one for undetermined DNA content, membrane-damaged sperm 
with quenched  fl uorescence or no sperm ( see  Fig.  2 ).  

 The current state-of-the-art sperm sorter is a MoFlo ®  SX XDP, 
which uses digital technology to overcome problems associated 
with the coincidence when two sperm fall within the processing 
time window of the sorting electronics while exiting the nozzle at 
nearly the same time. Previous versions of the MoFlo ®  SX instru-
ment were not able to differentiate between two closely positioned 
sperm due to processing speeds of the electronics and overlap of 
their  fl uorescence emissions. The con fi guration of a dual headed 
MoFlo ®  SX XDP includes two sort chambers supported by one 
laser ( see  Fig.  3 ).   

  The excitation and  fl uorescence collection scheme for sorting 
sperm according to their DNA content requires that the stained 
sperm nucleus be oriented with its  fl at surface perpendicular to the 
0° detector ( see  Fig.  4a ). The 90° detector is utilized simultane-
ously to determine if that particular sperm is properly oriented. 
When the edge, rather than the  fl at surface, of the sperm head is 
oriented towards a detector this produces an approximate 2:1 rela-
tive  fl uorescence compared to that which is measured by the  fl at 
surface ( see  Fig.  4b ). This is due to a lensing effect of the asym-
metric sperm head. The dead sperm along with those with dam-
aged membranes are identi fi ed by the uptake of the red food dye, 
which quenches the emission of the Hoechst 33342, thereby 
resulting in less  fl uorescence emission ( see  Fig.  4b ).   

  The sperm populations identi fi ed by Hoechst 33342 staining, 
X- and Y- and dead sperm, are gated to achieve the desired purity 
of the population to be sorted and to identify damaged and dead 

  2.4.  Instrument 
Con fi guration

  2.5.  Setting Sort Gates
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sperm ( see  Fig.  5 ). Once the desired population has been identi fi ed 
through bivariate analyses, it can be secondarily gated and magni fi ed 
using the 0° detector to enhance the purity and recovery of the 
sorted population ( see  Fig.  5 ).   

  Once the sort gates are set, the selected populations are sorted into 
a 15 or 50 mL conical centrifuge tube containing approximately 
4 mL of 4% egg yolk in a TALP medium. The actual volume of 
EYC medium in this “catch tube” may vary based on the number 
of sperm to be sorted. Approximately 8,000 sperm/s of one sex 
can be sorted with the MoFlo ® SX. Thus, approximately 
28 × 10 6  sperm can be sorted during a 60 min sorting session using 
this equipment. The sort speeds are somewhat slower if both X- and 
Y-sperm populations are sorted. The catch tubes should be swirled 
gently every few minutes, after about 500,000 sperm have been 
sorted, to mix the sorted sperm with the egg yolk-containing 
medium in the catch tube to minimize oxidative damage to the 
sperm membranes.  

  The sorting process results in considerable dilution of the sperm, 
which necessitates centrifugation of the sperm to achieve a sperm 
concentration suitable for subsequent packaging and utilization in 
AI or IVF. The sperm that had been sorted into the medium in the 
catch tube are then slowly cooled to 5°C to prevent cold shock by 
placing the catch tube containing the prepared sperm in a 600 mL 

  2.6.  Sperm Sorting 
Procedure

  2.7.  Reconcentration 
of Sperm

  Fig. 3.    The con fi guration of a dual-headed  fl ow cytometer/sperm sorter, the MoFlo ®  SX XDP (Beckman Coulter, Inc., Miami, 
FL, USA), is shown illustrating the use of one pulsed laser with two sorting chambers. The various components; pulsed 
NdYag: Quazi-CW Mode Tripled laser, pressurized sheath tanks, sample stations, sort chambers, pressure control consoles, 
MoFlo ®  control touch panels, and the Summit ®  control software monitors are shown.       
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beaker containing room temperature (~18–20°C) water prior to 
placing the beaker in a 5°C cold room for approximately 1.5 h. 
Twelve percent glycerol is added in two equal portions 15 min 
apart. The cooled sperm sample is then centrifuged at 5°C at 
850 ×  g  for 20 min to concentrate the sperm. The supernatant is 
removed carefully by pouring off, leaving a 400–500  m L sperm 

  Fig. 4.    Excitation and detection scheme for the  fl ow cytometric sexing of sperm showing 
sperm orientation. ( a ) Con fi guration of laser and detectors to provide accurate measure-
ment of DNA content of living sperm. ( b ) Bivariate histogram produced by  fl ow cytometry 
showing the  fl uorescence measurement of live-oriented sperm with the edge toward the 
90° detector (Region R1) and non-oriented sperm where the edge is toward the 0° detector 
or somewhere in between (R2) along with the sperm where the red food dye quenches the 
Hoechst 33342-stained sperm revealing the dead or damaged sperm (R3). The orienta-
tions of the sperm heads are provided adjacent to each population (below R1, for oriented 
sperm) and left of R2 for incorrectly oriented sperm heads Adapted from Sharpe and 
Evans 2009  (  48  ).        
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pellet containing >90% of the sorted sperm. Additional Tris 
extender containing 20% egg yolk and 6% glycerol is added, and 
the sperm pellet is resuspended carefully to minimize introduction 
of air into the sample. This results in a  fi nal concentration of 
approximately 20% egg yolk and a sperm concentration of approxi-
mately 9.8 × 10 6 /mL. The cooled sperm are examined for actual 
sperm concentration and for the percentage of progressively motile 
sperm. If the sex-sorted sperm sample exhibits a minimum of 70% 
progressive motility, they are then packaged at a concentration of 
10 × 10 6  sperm/mL which results in a dose of 2.1 × 10 6  sperm per 
straw in a volume of 210  m L. The sperm are packaged into the 
0.25 mL French straws and then cryopreserved.  

  Cryopreservation of sexed sperm has been performed by proce-
dures in routine use for unsexed sperm  (  24  ) ; however, 0.25-mL 
plastic straws are used instead of 0.5-mL straws, the more common 
packaging container for cryopreserving bovine sperm in North 
America. The typical sperm concentration is 10 7  sperm/mL, and 
the actual volume of liquid is about 0.21 mL due to the seals at 
each end of the straw. 

 The most commonly used medium for cryopreservation of sexed 
bovine sperm is a 20% egg yolk-Tris-based extender with 6% glycerol 
(v/v) as explained above and described by Schenk et al.  (  24  ) . 
Important principles not to be violated include slow cooling over 
about 90 min from ambient temperature to ~5°C to prevent cold 

  2.8.  Cryopreservation 
of Flow-Sorted Sperm

  Fig. 5.    An example of how the various sperm populations are gated for sorting bovine X-sperm. ( a ) Bivariate plot of 90° 
( x -axis) and 0° ( y -axis) of the  fl uorescence emitted from Hoechst 3342-stained bovine sperm where properly oriented 
sperm are displayed in R1 and dead or damaged sperm are displayed in R2 (uptake of red food dye), ( b ) Bivariate plot of 
the sperm populations, X- and Y-sperm showing the gate ( box ) set for X-sperm sorting. Adapted from Sharpe and Evans 
2009  (  48  ).        
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shock, and then holding the sperm at ~5°C for 3–6 h allowing them 
to adjust to this low temperature before freezing; the 18 h holding 
at 5°C sometimes used for unsexed sperm is too long  (  24  ) . 

 The actual freezing procedure can be done in a variety of ways 
as long as cooling rates are carefully controlled. The simplest and 
most common approach is to place straws horizontally in racks 
positioned a few centimeters above a pool of liquid nitrogen (which 
constitutes static liquid nitrogen vapor mixed with a bit of air) for 
20 min or more, and then plunging the straws into liquid nitrogen 
(−196°C). Straws then usually are packaged into plastic goblets 
clipped to metal canes and stored inde fi nitely in liquid nitrogen 
tanks in the liquid or vapor phases. 

 Thawing of sexed sperm also is done by conventional proce-
dures, placing the straws into a 35–37°C water bath for at least 
30 s within <3 s of removing straws from the liquid nitrogen con-
tainer. Straws are then ready for use for AI, IVF, or quality control 
purposes. The latter is essential for each batch frozen, and typically 
consists of evaluation of post-thaw progressive sperm motility and 
cell membrane integrity. Accuracy of sexing can be evaluated by 
resort analysis  (  23  )  continually during sorting, in a batch prior to 
cryopreservation, or post-thaw after processing to remove most of 
the egg yolk. A few percent of batches of sexed bull sperm must be 
discarded due to poor sperm viability post-thaw, as well as occa-
sional batches that do not meet accuracy standards, typically at 
least 87% of the desired sex. 

 Cryopreservation procedures have been described for bovine 
sperm, which constitute >90% of sperm sexed commercially; species-
speci fi c variations are used as appropriate, e.g., for sheep  (  29  )  or 
men  (  30  ) .   

 

 Improvements have been made in the detector circuitry of sperm 
sorters, which allow the  fl uorescence detectors to operate at volt-
ages lower than typically used in  fl ow sorting. The lower detector 
voltage provides an improved signal to noise ratio by making the 
detectors nonlinear in their response, thereby creating more dis-
tance between the means of X- and Y-sperm populations (Evans 
et al., US Patent 7,371,517 B2). Another important advancement 
was development of beam shaping lenses to minimize the time that 
a sperm is in the laser beam path. The laser path is shaped from a 
round beam path to a thin elliptical, ribbon-like beam using special 
lenses such that the time that a sperm is irradiated at 355 nm is 
reduced, thus minimizing the exposure of the sperm to potential 
UV irradiation damage. 

  3.  Advances in 
Flow Sorting of 
Sperm
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  Sex-sorting mammalian sperm using  fl ow cytometry requires 
several steps that have the capability of damaging the gametes. 
Initial approaches using sperm motility evaluations to determine 
which steps in the process such as the mechanical aspects of sorting 
and centrifugation, as well as the combination of dye and laser 
exposure either singularly or in combination, had the potential to 
damage sperm were not de fi nitive .  However,  fl ow cytometric 
assessment of the proportion of viable sperm at each step in the 
process revealed that the most damaging aspect of the process was 
the mechanical stress of sorting  (  31,   32  ) . This problem was par-
tially overcome by reducing the sheath pressure of the sorter from 
50 to 40 psi  (  32  ) .  

  Signi fi cant improvements were made with the implementation of 
pulsed lasers compared to the original water-cooled continuous 
wave (CW) versions. These older CW lasers operate with a con-
tinuous beam as contrasted to the pulsed version, which pulses 
several hundred times as a sperm traverses the path of the beam. 
The Pulsed NdYag: Quazi-CW Mode Tripled laser, which emits at 
355 nm, has proven to be a reliable, safe, and effective illumination 
system for sorting sperm. Pulsed lasers can operate for as long as 
25,000 h with minimal interaction before any maintenance require-
ments, making the operating cost 1/10th that of the earlier water-
cooled lasers. Furthermore, a pulsed laser beam can be readily split 
such that two or more sperm sorters can be operated simultane-
ously from one laser. Operation of the detector system under this 
pulsation not only provides lower background radiation, but also 
improves resolution and life span of the laser. Pulsed lasers are air 
cooled thereby eliminating the need for the expensive and cumber-
some water cooling systems that were necessary with the CW lasers 
that were previously used with the sperm sorting system  (  33  ) .  

  Recent research efforts have focused on innovations to increase 
production speeds through improved hardware, optics, and 
electronics. The original MoFlo ®  SX instrument was an analog-
based system that is limited by coincidence problems such as when 
two sperm  fl ow through the instrument in close proximity. This 
coincidence leads to discarding both sperm because the instrument 
cannot differentiate between the two events when two sperm are in 
the laser beam at the same time. A newer version of the sperm 
sorter, the MoFlo ®  SX XDP ( see  Fig.  3 ), which utilizes digital tech-
nology to overcome this coincidence problem, was recently devel-
oped through collaboration of Sexing Technologies (Navasota, 
TX, USA) and Beckman Coulter instruments (Beckman Coulter, 
Hialeah, FL and Fullerton, CA, USA). The processing electronics 
of the digital-based MoFlo ®  SX XDP can differentiate between two 
closely positioned sperm such that sorting yields are greatly 
improved. Thus, technological improvements in the current sorters 

  3.1.  Damage to Sperm 
During the Sorting 
Process

  3.2.  Pulsed Laser

  3.3.  Digital Output
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provide the ability to sort up to 10,000 X- or Y-sperm/s while 
achieving 90% or greater purities. The speed of sorting also is 
dependent on the quality of the sperm sample that is to be sorted 
and type of product being produced. There are now two sexed 
semen products available to the market 75–86% product and 
87–98% product.  

  Among mammalian species, both the shape of the sperm head and 
the X–Y sperm DNA content difference contribute to the effective-
ness of utilizing DNA content to sex sort sperm  (  34  ) . Although 
the univariate pro fi les of the X- and Y-sperm populations of six of 
the domesticated species that have been successfully sorted for pre-
determination of sex are similar ( see  Fig.  6 ), their DNA content 
differences vary somewhat; 3.8% for cattle ( Bos taurus ), 4.1% for 
horses ( Equus caballus ), 3.6% for swine ( Sus scrofa ), 4.2% for sheep 
( Ovis aries ), 4.2% for domestic cats ( Felis catus ), and 4.4% for 
White-Tailed Deer ( Odocoileus virginianus )  (  34–  36  ) .   

  A small analytical  fl ow cytometer, the STS Purity Analyzer, was 
developed by Sexing Technologies to determine the purity of sorted 
samples, thereby eliminating the need to use the high demand 
sperm sorters for such quality control analyses  (  33,   37  ) . This instru-
ment assists operators in maintaining and optimizing the purity of 
sorted sperm by providing continual monitoring the X- or Y-sperm 
populations during the actual sorting process. Use of this analytical 

  3.4.  Pro fi le Examples 
of Flow-Sorted Sperm 
from Different Species

  3.5.  Purity of Flow-
Sorted Sperm Samples

  Fig. 6.    Examples of univariate  fl uorescence pro fi les of Hoechst 33342-stained X- and Y-sperm populations from cattle 
( Bos taurus ), horses ( Equus caballus ), swine ( Sus scrofa ), sheep ( Ovis aries ), cats ( Felis catus ), and White Tail deer 
( Odocoileus virginianus ) showing the relative DNA content differences the two sperm populations for each species.       
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instrument as a routine monitoring effort considerably decreased 
production batch losses due to the failing sort purity  (  33,   37  ) . 
Ef fi ciency of producing sexed sperm is enhanced by setting the sort 
purity to approximately 90% rather than trying to achieve maxi-
mum purity of sexed sperm ( see  Fig.  7 ).   

  Fig. 7.    Illustration of purity analyses of sex-sorted bovine sperm showing a comparison of 
the relative DNA content of Hoechst 33342-stained bovine sperm nuclei, living X- and 
Y-sperm, the Y-sorted sperm population, and sperm recovered from the X-sorted popula-
tion. ( a ) Example illustration of the 3.8% DNA content difference between X- and Y-sperm 
nuclei; ( b ) Example of the relative DNA content difference of intact living bovine sperm 
stained with Hoechst 33342; ( c ) Representation of the frequency distribution of DNA con-
tent from reanalysis of living sex-sorted bovine Y-sperm prepared by thawing the sperm 
sample and removing the egg yolk-based medium by aspiration following centrifugation 
and restaining the sperm with Hoechst 33342; ( d ) Representation of the frequency distri-
bution of DNA content from reanalysis of living sex-sorted bovine X-sperm prepared by 
thawing the sperm sample and removing the egg yolk-based medium by aspiration fol-
lowing centrifugation and restaining the sperm with Hoechst 33342. This particular exam-
ple, which was sorted at relatively high sort rates, shows purities of 90.0% Y-sperm and 
91.2% X-sperm for these sorted populations of living sperm.       
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  Mammalian sperm normally are available in the huge numbers 
required for applications such as AI. However, the process of sex-
sorting sperm constitutes a bottleneck, limiting numbers of sorted 
sperm available for the assisted reproduction techniques required 
to apply sex-sorting sperm, such as IVF and AI. 

 The  fi rst evidence of the fertility of sex-sorted sperm was 
demonstrated by surgical insemination of small numbers of sperm 
into the reproductive tract of the rabbit, close to the normal in vivo 
site of fertilization  (  17  ) . However, the  fi rst attempts to apply this 
technology were via IVF because many fewer sperm are needed for 
this approach than for AI  (  20,   21  ) ; IVF also is used routinely for 
human applications  (  30  )  and has been used to a limited extent with 
cattle. However, higher concentrations of sex-sorted sperm are 
needed to achieve equivalent fertilization rates in vitro than for 
unsorted sperm, and there are huge male-to-male differences 
 (  38,   39  )  with unacceptably low fertilization rates for some bulls. 

 Arti fi cial insemination is a much more practical way to apply 
sexed semen than IVF, but requires many more sperm. Despite 
huge advances in  fl ow cytometry/cell sorting, it still is impractical 
and uneconomical to provide  ³ 10 7  sexed bovine sperm per insemi-
nation dose, which would be the typical dose for unsexed sperm. 
The compromise has been to use ~2 × 10 6  sexed sperm per insemi-
nation dose for cattle. For horses and pigs, with typical unsexed 
insemination doses >100 and 1,000 × 10 6  sperm, respectively, it has 
thus far remained impractical to apply sexed semen commercially. 

 With good animal management, pregnancy rates with 
2 × 10 6  sexed sperm per dose in cattle have usually been 70–90% of 
the standard  ³ 10 × 10 6  unsexed sperm per dose. This low dose prod-
uct has been favorably received commercially, despite the lower fer-
tility. Attempts have been made to determine if fertility is compromised 
mainly due to the lower sperm numbers per dose or damage to 
sperm during sorting. Frijters et al.  (  40  )  concluded that about one-
third of the lower fertility was due to fewer sperm. However, with 
rare exceptions  (  41  ) , it has not been possible to compensate for the 
reduced fertility with sexed sperm by increasing the sperm dose  (  42–
  46  ) . Research is continuing to address this problem.  

  The  fl ow cytometric sperm sexing technology described above has 
been utilized commercially in cattle ( Bos taurus and Bos indicus ) 
for nearly 10 years resulting in more than 10 million live births of 
calves of a predetermined sex. Sperm from a variety of other mam-
malian species including horses ( Equus caballus ), boars ( Sus scrofa ), 
rams ( Ovis aries ), dogs ( Canis lupis familiaris ), cats ( Felis catus ), 
elk ( Cervus canadiensis ), water buffalo ( Bubalus bubalis ), and 
White-Tail deer ( Odocoileus virginianus ) have been successfully 
sex sorted and inseminated resulting in offspring of a predeter-
mined sex  (  33–  36,   45,   47  ) . The application of this sex-sorting 
technology to humans by Genetics and IVF Institute, Fairfax, VA 
has resulted in more than 1,000 babies  (  30  ) .       

  3.6.  Fertility 
of Sex-Sorted 
Mammalian Sperm

  3.7.  Commercial 
Development
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    Chapter 27   

 Assessment of Spermatogenesis Through Staging 
of Seminiferous Tubules       

     Marvin   L.   Meistrich       and    Rex   A.   Hess     

  Abstract 

 Male germ cells in all mammals are arranged within the seminiferous epithelium of the testicular tubules in 
a set of well-de fi ned cell associations called stages. The cellular associations found in these stages and char-
acteristics of the cells used to identify the stages have been well described. Here we present a binary decision 
key roadmap for identifying stages and present several examples of how staging tubules can be used to better 
assess the developmental pro fi le of gene expression during spermatogenesis and defects in spermatogenesis 
arising in pathological conditions resulting from genetic mutations in mice. In particular, when one or more 
cells of a cellular association cannot be clearly identi fi ed or are missing, the cell types that should be present 
can be precisely identi fi ed by knowledge of the approximate or exact stage of the tubule cross section.  

  Key words:   Stages ,  Seminiferous epithelium cycle ,  Spermatids ,  Kinetics ,  Acrosome    

 

 Spermatogenesis is a continuous process by which stem sper-
matogonia transform within the seminiferous tubules through the 
differentiated spermatogonial, spermatocyte, and round and elon-
gated spermatid stages to become spermatozoa. Because the differ-
entiating cells move only towards the lumen and because new 
clones of cells enter the differentiation process at regular intervals 
that are about one-fourth of the time for stem cells to become 
sperm, about four generations of germ cells can be observed in any 
given testicular tubule cross section. Also the kinetics of germ cell 
differentiation is precisely regulated so that the same stages of sper-
matogonia, spermatocytes, round spermatids, and late spermatids 
are always found in association. Finally, entry of cells into the 
differentiation process is spatially synchronized over some distance 
in many species so that an entire tubule cross section should most 
often have cells at the same stage. 

  1.  Introduction
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 This presence of repeated cell associations enabled Leblond 
and Clermont  (  1  )  to identify 14 stages in the rat and Oakberg  (  2  )  
to describe 12 stages in the mouse (Fig.  1 ). Additional guides for 
staging in the mouse and rat have subsequently been published 
 (  3,   4  ) . Here we focus on the application of staging to studies of the 
mouse. Currently the mouse is the most widely used species for 
generation of gene mutations and many show pathology in sper-
matogenesis. The knowledge of these stages during histological 
assessment of spermatogenesis adds power to the analysis and avoids 
errors that occur when an observer is unaware of these stages.  

 Since the kinetics of the process is precisely regulated, the 
durations of each stage and the time to pass through the entire 
sequence of stages are known; this time to complete the 12 stages, 
known as the duration of the cycle of the seminiferous epithelium, 
is 8.6 days in the mouse  (  2,   5  ) . Knowledge of the time intervals 
required for a cell in one stage to differentiate into a more mature 
cell is very useful when assessing spermatogenesis at a given time 
after a toxicant exposure or a stage-speci fi c developmental change 

  Fig. 1.    Representation of tubule sections at the 12 stages of the mouse seminiferous 
epithelium with nuclei of characteristic cell types indicated. Images were from tissue  fi xed 
by vascular perfusion with 3% glutaraldehyde, embedded in glycol methacrylate, and 
stained with PAS/hematoxylin. The circular arrangement emphasizes the continuous 
nature and lumenal movement of the cells as they progress and shows the relative posi-
tions of the cells. The stage is given the  Roman numeral  corresponding to the  Arabic 
numeral  of the step of the younger generation of spermatids observed.  Ser  Sertoli cell,
  A  type A spermatogonium,  In  intermediate spermatogonium,  B  type B spermatogonium, 
 Prl  preleptotene spermatocyte,  L  leptotene spermatocyte,  Z  zygotene spermatocyte,  EP  
early pachytene spermatocyte,  P  pachytene spermatocytes,  D  diakinesis,  Mei1–2   fi rst and 
second meiotic divisions,  SS  secondary spermatocyte,  S1–8  round spermatids,  S9–11  
elongating spermatids,  S16  late spermatids,  red arrow  spermiation.       
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due to expression (or lack thereof) of a gene. Although it is possi-
ble to manually calculate these times, the calculations are greatly 
facilitated, and the relationship between the cell stages is more eas-
ily visualized, using the STAGES software  (  6  )  ( see   Note 1 ).  

 

 The materials required for Bouin’s  fl uid or paraformaldehyde 
 fi xation of tissue, paraf fi n embedding, and periodic acid Schiff 
(PAS)–hematoxylin staining have been outlined on page 265 in a 
recent methods paper in this series, Methods in Molecular Biology, 
vol. 558, 2009  (  7  ) . Reagents needed for modi fi ed Davidson’s  fl uid 
are a 37–40% solution of formaldehyde, ethanol, glacial acetic acid, 
and deionized water.  

 

  Likewise the methods for immersion  fi xation in Bouin’s, paraf fi n 
embedding, and PAS–hematoxylin staining have been also outlined 
on page 266 of Methods in Molecular Biology, vol. 558, 2009  (  7  ) . 
Although immersion in Bouin’s  fi xative is excellent for general use, 
comparisons of different routes of  fi xation,  fi xatives, and embedding 
media have been previously discussed  (  8,   9  ) . Modi fi ed Davidson’s 
 fl uid provides equally good preservation of morphology and also 
provides better accessibility of epitopes for immunohistochemical 
reactions  (  10  ) . Modi fi ed Davidson’s  fl uid is prepared by adding 
0.3 volumes of a 37–40% solution of formaldehyde, 0.15 volumes 
of ethanol, and 0.05 volumes of glacial acetic acid to 0.5 volumes 
of water. 

 When optimum preservation of morphological structures is 
required,  fi xation by vascular perfusion is superior to immersion 
and may be worth the extra effort involved  (  11  ) . Paraf fi n embed-
ding is adequate for most studies, but embedding in plastics such 
as glycol methacrylate does provide superior morphology, although 
immunohistochemistry is not usually possible  (  8  ) . When morpho-
logical identi fi cation of the different subtypes of type A sper-
matogonia is desired, perfusion  fi xation with glutaraldehyde and 
embedding in an epoxy, such as Araldite, is required  (  11  ) .  

  For most practical purposes, it is highly recommended that PAS–
hematoxylin staining of sections of paraf fi n-embedded, Bouin’s or 
modi fi ed Davidson’s  fl uid- fi xed, testicular tissues be used. The 
methods for distinguishing stages in such material have been well 
outlined on pages 266–270 of Methods in Molecular Biology, vol. 

  2.  Materials

  3.  Methods

  3.1.  Sample 
Preparation 
and Staining

  3.2.  Recognition of the 
Stages of the Cycle of 
the Seminiferous 
Epithelium
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558, 2009  (  7  ) . Here we provide a roadmap for the staging process 
in the form of a binary decision key, simpli fi ed from one that was 
previously formulated for the rat  (  4  )  involving a series of yes/no 
answers (Fig.  2 ). The  fi rst two questions are used to narrow the 
number of stages to four groups out of the 12 described for the 
mouse. An observer should then use these four groups to perform 
a more detailed examination to identify individual stages.  

 With PAS–hematoxylin-stained material, the development of the 
acrosome cap or the morphology of the younger generation of 

  Fig. 2.    Binary decision key for rapid identi fi cation of speci fi c stages of spermatogenesis, using staging maps, as previously 
published  (  3  )  and illustrated in the lower portion of the  fi gure. The  fi rst question of whether two generations (round and 
elongated) or a single generation (elongating or early elongated) of spermatids are present within the same seminiferous 
tubular cross section enables identi fi cation of the tubule as being either in the early/middle or the late set of stages. 
Adapted with permission from Dr. Robert E. Braun and ref.  19.        
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spermatids should be used to determine the exact stage (Fig.  1 ). 
Steps 1–7 spermatids are de fi ned by the development of the 
acrosomic granule and spreading of the acrosome over the nuclear 
surface. Step 8 is primarily distinguished by the release of step 16 
elongated spermatids through spermiation and the movement of 
the nucleus from a central position in the cell so that the acrosome 
approaches the surface of the cytoplasm and sometimes points 
towards the basal membrane of the tubule. Steps 9 through 12 are 
de fi ned by the shape and chromatin condensation of the spermatid 
nucleus as well described by Oakberg  (  2  )  and also presented by 
Meistrich  (  12  ) . 

 Often the material may not be ideal for identi fi cation of all 12 
stages of the cycle of the seminiferous epithelium. This occurs in 
the following instances: (a) when cryosections are used, (b) when 
only hematoxylin and not PAS staining can be observed, (c) when 
performing immuno fl uorescence with only a DNA-binding 
 fl uorochrome, and (d) when cell generations may be missing or 
abnormal because germ cell development has not yet been achieved 
(young mice) or is blocked at some stage because of activation of a 
mutant gene, or (e) because a toxicant has eliminated a subset of 
sensitive cells. In such cases the  fi rst two questions on the binary 
decision key are useful to narrow down the possible stages to one 
of the four groups. 

 Other cell types in the cell associations can also be used to 
localize the tubule to a limited set of stages. These include the mor-
phology of differentiating spermatogonia, increasing number of 
differentiating spermatogonia or preleptotene spermatocytes dur-
ing stages I–VIII, transitions of preleptotene spermatocytes (stage 
VIII) to leptotene (stages IX–X), major changes in the size and 
position of the pachytene spermatocytes (stages I–III vs.VI–XI), 
and formation of the residual body of the late spermatids (stages 
VII and VIII). Many of these principles are included in the descrip-
tion of staging from hematoxylin staining and when cell types are 
missing as described on pages 270–275 and Table 2 of Methods in 
Molecular Biology, vol. 558, 2009  (  7  ) . It should be noted that the 
use of the morphology of the differentiated spermatogonia and 
preleptotene spermatocytes to distinguish stages I–VIII requires 
excellent quality preparations and a high level of skill.   

 

  The seminiferous epithelium is capable of losing entire layers of 
germ cells and yet remaining otherwise intact. In such cases, rec-
ognition of an abnormality could be overlooked at low magni fi cation 
and without an understanding of stages it would be possible to 
misread the histopathological changes. The transcription factor 

  4.  Examples 
of Application

  4.1.  Loss of Entire 
Layers of Germ Cells 
in the Etv-5 Knockout 
Mouse
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Ets-variant gene 5 ( Etv5 ) is essential for maintaining self-renewal 
of spermatogonia in the adult seminiferous epithelium, and 
although the deletion of  Etv5  ( Etv5 −/−) allows the progression of 
a  fi rst wave of spermatogenesis, it results in the eventual loss of 
subsequent layers of germ cells  (  13  ) . This model provides an exam-
ple of “maturation depletion” of the germinal epithelium, whereby 
at one point there will be normal spermatogenesis, but at subse-
quent time points, seminiferous tubules will lack complete layers of 
speci fi c germ cells (Fig.  3 ). Using staging recognition patterns, it 
was possible to determine the speci fi c germ cell types that are miss-
ing and, with the STAGES program, show that in these tubules 
there was no wave of spermatogenesis initiated in these tubules for 
29 days prior to tissue harvest, which would indicate the loss of the 
stem cells by 13 days of age.   

  Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is 
synthesized by a Sertoli cell enzyme encoded by the  Fads2  gene. 
 Fads2 −/− mice are infertile due to the formation of abnormal sper-
matids, sloughing of germ cells, and failure to form acrosomes  (  14  ) . 
This animal model is an example of why it is important to use proper 
 fi xation and PAS staining for the evaluation of testicular histopa-
thology. In Fig.  4 , the seminiferous epithelium of the  Fads2 −/− 
testis shows normal cellularity, although the heads of the late 
spermatids appear abnormal. However, careful examination of the 
round spermatids revealed that the acrosomic cap, which is promi-
nent at stage VIII in the wild-type testis, is missing in the knockout 
mice. Although round spermatids without acrosomic caps are usu-
ally found in stages I–III, this tubule is shown to be in stage VIII 
by the number and morphology of the preleptotene spermatocytes, 
large size of the pachytene spermatocytes, translocation of the 
round spermatid nucleus to the surface of the cytoplasm, and align-
ment of the late spermatids at the lumen. Thus in the absence of 
acrosome formation, it was necessary to use these other stage char-
acteristics to localize the onset of this speci fi c lesion.   

  4.2.  Failure to Form 
Acrosomes in the 
Fads2 Knockout 
Mouse

  Fig. 3.     Etv5 −/− mutant mouse testis at 6 weeks of age showing two seminiferous tubules 
(stages I–V and IV) with diagrams of germ cell layers that should be present and missing 
layers indicated ( asterisk ).  Sg  spermatogonia,  PS  pachytene spermatocytes,  RS  round 
spermatids,  ES  elongating spermatids. Bar, 20  μ m.       
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  Mice lacking the genes for transition nuclear proteins ( TNPs ) 1 
and 2, the proteins that replace the histones and are subsequently 
replaced by the protamines, are sterile and have extremely low 
epididymal sperm counts  (  15  ) . The  TNP s are normally  fi rst synthe-
sized in elongating spermatids (  steps 10 and 11). Histological 
examination indicated that in  Tnp1 , Tnp2  null mice the previous 
stages of spermatogenesis were normal, but late stages of spermio-
genesis were affected. Since it is not possible to reliably distinguish 
step 13–16 spermatids, these cells were staged by their speci fi c 
associations with spermatids of the next generation (steps 1–8) in 
stages I–VIII. The number of step 1–13 spermatids in the 
 Tnp1 , Tnp2 -null mice was identical to controls although some of 
the step 13 spermatids had reduced chromatin condensation 
(Fig.  5 ). There was a progressive decline in spermatid number 
beginning at step 14. Furthermore the presence of a few late sper-
matids in stage IX–XII tubules was noted, showing that there was 
failure of release of the abnormal spermatids accounting for the 
low epididymal sperm counts. Thus staging allowed the determi-
nation of speci fi c steps of spermatid development that were affected 
as a result of the absence of the  TNP s.   

  It is known that the protein  PLZF  (of fi cial designation  ZBTB16 ) is 
expressed in the stem spermatogonia and early progeny  (  16  )  
whereas  SOHLH1  is expressed in differentiating spermatogonia 
 (  17  ) . To determine more precisely in which spermatogonial sub-
types the proteins were present, it was necessary to visualize both 
proteins simultaneously and the cells present in the tubules using 
2-color immuno fl uorescence with DAPI staining for DNA. With 
DAPI staining it was not possible to identify all stages, so tubules 
were staged in three groups, I–VI, VII–VIII, and XI–XII, by the 
presence, morphology, and position of the nuclei of the older 

  4.3.  Loss of Late 
Spermatids in 
 Tnp1 , Tnp2  Double 
Knockout Mouse

  4.4.  Differential 
Expression of 
Spermatogonial 
Markers

  Fig. 4.    ( a ) Wild-type (WT) testis showing stage VIII with step 8 round spermatids capped 
with prominent acrosomes that are PAS+ ( arrows ). ( b ) In the  Fads2 −/− testis, spermatids 
show a complete lack of acrosome formation. Without acrosomic information, recognition 
of the tubules as being in stage VIII depended upon other features, such as movement of 
the round spermatid nucleus to the edge of the cytoplasm. Bars in main panels, 10  μ m. 
Bars in the insets, 5  μ m.       
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generation of spermatids. The number of spermatogonia stained 
with an antibody to  PLZF  (Calbiochem), stained with an antibody 
to  SOHLH1  (Abcam), and double stained (Fig.  6a ) was counted in 
each tubule and averaged for each group of stages. The expected 
number of different types of spermatogonia in each stage was cal-
culated from the number of spermatogonia in speci fi c stages  (  18  )  
and the duration of the stages. Then different assumptions were 
made as to the stages and cell types at which  SOHLH1  is  fi rst 
detected,  PLZF  becomes undetectable, and then when  SOHLH1  
becomes undetectable. The appearance of  SOHLH1  in A al  sper-
matogonia at stage II, loss of  PLZF  in A 3  spermatogonia at stage 
XII, and loss of  SOHLH1  in intermediate spermatogonia in stage 
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  Fig. 5.    ( a ) Staged seminiferous tubules in  Tnp1 , Tnp2 -null mouse testes. ( Asterisk ) indicates younger generation of sper-
matids used to determine the stage.  Arrowheads  indicate abnormalities in older generation of spermatids: Stage III—some 
step 14 spermatids are decondensed; Stage VII—markedly reduced number of step 16 spermatids; Stage IX—failure of 
release of mature spermatids. ( b ) Decline in spermatid number beginning at step 14 in  Tnp1 , Tnp2 -null mouse testes 
determined from analysis of staged tubules. Modi fi ed with permission from ref.  15.        

  Fig. 6.    ( a ) Immuno fl uorescence of a mouse seminiferous tubule that is in Stages I–VI of the cycle using antibodies to  PLZF  
( red  ) and  SOHLH1  ( green ); a cell positive for both proteins appears yellow. DAPI was used to stain DNA ( blue ) and used to 
identify the stage group by the presence of round spermatids and elongated spermatids that are not aligned at the lumen. 
( b ) Spermatogonial and early spermatocyte types at the 12 stages of the cycle, showing those containing  PLZF  ( red bar  ) 
and those containing  SOHLH1  ( green bar  ).       
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II (Fig.  6b ) gave the best  fi t to the data. Thus, knowledge and 
application of the stages were essential to the localization of expres-
sion of proteins in spermatogonia, which cannot be simultaneously 
identi fi ed by morphology.    

 

     1.    STAGES: Interactive software on spermatogenesis (1998) is 
available from Vanguard Productions, Inc., 1113W. John St., 
Champaign, IL 61821, or e-mail: stagescycle@me.com.          
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    Chapter 28   

 Immunohistochemical Approaches for the Study 
of Spermatogenesis       

     Cathryn   A.   Hogarth    and    Michael   D.   Griswold         

  Abstract 

 Immunohistochemistry is an important technique that uses speci fi c antibodies to determine the cellular 
localization of proteins/antigens in highly complex organs and tissues. While most immunohistochemistry 
experiments target protein epitopes, nonprotein antigens including BrdU may also be detected. Brie fl y, 
tissues are  fi xed, processed, sectioned, and then probed by a primary antibody while preserving the integ-
rity of the tissue and cellular morphology. There are various methods available for visualization of the 
bound primary antibody that involve a reporter molecule which can be detected using light or  fl uorescent 
microscopy. Here we describe a basic immunohistochemistry protocol for identifying protein localization 
in testis sections using protein-speci fi c antibodies.  

  Key words:   Immunohistochemistry ,  Testis ,  Antigen retrieval ,  Antibody ,  Antigen ,  Biotin , 
 Fluorophores    

 

 The localization of proteins to single cells within thin sections of 
tissue, known as immunohistochemistry, was  fi rst described in 
1941  (  1  ) , and this technique has been used extensively to study 
protein localization patterns in almost every organ. The basic 
principle behind immunohistochemistry is the recognition of anti-
gens within sections of tissue by protein-speci fi c antibodies and 
the use of secondary and tertiary molecules to detect the antigen/
antibody complex (Fig.  1 ). These colored reagents are then visual-
ized, photographed, and analyzed using either light or  fl uorescent 
microscopy. The technique is made more complex by the vast 
array of choices now available for different detection methods, 
multiple options for tissue  fi xation and preparation, and the need for 

  1.  Introduction
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stringent controls to determine the sensitivity and speci fi city for 
each study  (  2,   3  ) .  

 With regard to the study of spermatogenesis, an immunohis-
tochemistry experiment requires  fi xed testicular tissue that has 
been embedded in paraf fi n wax so that thin tissue sections can be 
cut and mounted on a glass slide. These slides are then subjected 
to several different treatments to prepare the tissue for incubation 
with an antibody: (1) tissue deparaf fi nization using organic sol-
vents and a graded ethanol series, (2) retrieval of antigens masked 
by  fi xation procedures using a combination of heat, pH, and/or 
enzymatic digestion  (  3,   4  ) , (3) quenching of endogenous enzyme 
activity if using an enzymatic detection method, and (4) blocking 
to prevent nonspeci fi c antibody binding. Following the incubation 
of slides with primary antibody, the detection of antibody/antigen 
complexes can be performed in various ways, all usually involving 
the visualization of a secondary antibody conjugated to a 
 fl uorophore or an enzyme which can cleave a substrate to produce 
a detectable product. The end result is testis tissue sections within 
which cells containing the target protein/antigen can be viewed 
using light or  fl uorescence microscopy. Here, we describe a com-
plete immunohistochemical procedure for detecting proteins in 
sections of testis using STRA8 as the target protein of interest.  

  Fig. 1.    The basic principle of immunohistochemistry. Immunohistochemistry is the detection 
of proteins within thin sections of tissue using antibody/antigen complexes. A 4  μ m section 
of testis tissue is fused to a glass slide. This piece of tissue contains proteins which 
present antigens that may be bound by a primary antibody raised against a particular 
antigen ( triangle ). In order to visualize the binding of this primary antibody to its antigen, 
a secondary antibody conjugated to biotin  is added to the slide. These molecules are then 
bound by streptavidin conjugated to horseradish peroxidase (HRP). The enzymatic activity 
of the HRP is then activated by the addition of the HRP substrate, 3 ¢  Diaminobenzidine 
(DAB) which, when catabolized, produces a brown precipitate that can be visualized with 
a light microscope.       
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 Prepare all solutions with deionized water (dH 2 O). There is no 
requirement for the solutions to be sterile; however, autoclaving is 
recommended if solutions are to be stored for long periods of time 
(>1 month). Prepare and store all reagents at room temperature 
unless otherwise indicated. 

      1.    Bouin’s  fi xative: (71% saturated picric acid (21 g/L), 24% 
formaldehyde (use 37% stock, no methanol), 5% glacial acetic 
acid). To a 1-L graduated cylinder, add 750 ml saturated picric 
acid, 250 mL 37% formaldehyde, and 50 mL glacial acetic acid 
(see Note 1). Cover cylinder with laboratory para fi lm and mix 
by gentle inversion. Transfer Bouin’s  fi xative to a glass bottle 
for long-term storage.  

    2.    Four percent paraformaldehyde (PFA): Transfer 1 g PFA to a 
50 mL tube containing 20 mL dH 2 O. Add two drops of 1 N 
NaOH, and incubate at 60°C until PFA has dissolved (see 
Note 2). Place tube on ice to cool to room temperature, then 
add 2.5 mL 10× phosphate-buffered saline (PBS) (see 
Subheading  2.2  for recipe). Adjust pH to 7.4 and add dH 2 O 
to a  fi nal volume of 25 mL. Four percent PFA is stable at 4°C 
for up to 1 week.      

      1.    Xylene.  
    2.    Graded ethanol series: 100% ethanol, 95% ethanol, 70% 

ethanol.  
    3.    Antigen retrieval (see Note 3): 0.01 M Citrate Buffer, pH 6.0. 

To make a 0.1 M (10×) solution, dissolve 117.64 g sodium 
citrate dihydrate in dH 2 O, adjust pH to 6.0, then adjust  fi nal 
volume to 4 L with dH 2 O (see Note 4).  

    4.    Three percent hydrogen peroxide: Dilute 30% hydrogen per-
oxide stock 1/10 with dH 2 O (see Note 5).  

    5.    PBS (10×): 1.37 M NaCl, 27 mM KCl, 100 mM Na 2 HPO 4 , 
24 mM KH 2 PO 4 , pH 7.4 (see Note 6).  

    6.    PB: PBS (1×) containing 0.1% bovine serum albumin (BSA). 
Weigh 0.1 g BSA and transfer to a glass beaker containing 
100 mL PBS. Stir to dissolve BSA. Store at 4°C for up to 
1 month. For long-term storage, store in 10 mL aliquots at 
−20°C.  

    7.    Blocking solution: Normal goat serum diluted in PB to 5% (see 
Note 7). Store at 4°C for 2 weeks.  

    8.    Hematoxylin solution: Prepare a 33% Harris Hematoxylin 
(Sigma-Aldrich, St. Louis, MO, USA) solution by diluting 
stock Hematoxylin in dH 2 O.  

  2.  Materials

  2.1.  Fixative 
Preparation

  2.2.  Immuno-
histochemistry
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    9.    DPX mounting medium (BDH, Radnor, PA, USA).  
    10.    Superfrost ®  plus glass slides.  
    11.    Paraf fi n wax.  
    12.    Embedding cassettes.  
    13.    Embedding oven.  
    14.    Microtome.  
    15.    Slide warmer.  
    16.    Immunohistochemistry slide containers.  
    17.    Immunohistochemistry slide racks.  
    18.    Ice bath.  
    19.    PAP pen (Invitrogen).  
    20.    Glass coverslips (22 mm × 50 mm).  
    21.    Humid chamber: Lay paper towels in a plastic container, 

moisten paper towels with dH 2 O, and cover towels with labo-
ratory  fi lm.  

    22.    Aluminum foil.  
    23.    30 G needles.      

      1.    Rabbit polyclonal STRA8 antibody immune serum (see Note 8).  
    2.    Rabbit polyclonal STRA8 antibody pre-immune serum (see 

Note 9).  
    3.    Goat anti-rabbit biotinylated secondary antibody (Histostain ®  

bulk kit, Invitrogen) (see Note 10). Store at 4°C.  
    4.    Ready-to-use streptavidin–horseradish peroxidase (HRP) 

(Vector Laboratories, Burlingame, CA, USA) (see Note 11). 
Store at 4°C.  

    5.    Liquid 3,3 ¢ -Diaminobenzidine (DAB)-Plus substrate kit 
(Invitrogen): Add 50  μ L of reagents #1, #2, and #3 to 1 mL 
of dH 2 O. Solution is light sensitive, so cover tube with alumi-
num foil. Prepare solution fresh before each use.       

 

 All procedures are to be performed at room temperature unless 
otherwise speci fi ed. 

      1.    Collect testes from adult male mice. Puncture the testes 10–15 
times using a 30 G needle and remove the tunica (see Note 12) 
before immersing in Bouin’s  fi xative for 5–8 h (see Note 13).  

  2.3.  Antibodies 
and Conjugates

  3.  Methods

  3.1.  Testis Fixation, 
Embedding, 
and Sectioning
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    2.    Using a scalpel, cut the testes in a transverse fashion and wash 
testis halves in a graded series of ethanol (see Note 14): wash 
three times for 1 h each in 70% ethanol, wash one time for 8 h 
in 80% ethanol, wash one time for 8 h in 95% ethanol, and 
wash one time for 4 h in 100% ethanol (see Note 15).  

    3.    Dehydrate and embed testis halves in paraf fi n wax: wash two 
times for 10 min each in xylene followed by two 1-h immer-
sions in paraf fi n wax. Embed testis halves cut-side down in 
paraf fi n wax. Leave tissue to cure in wax overnight at room 
temperature before sectioning.  

    4.    Using a microtome, cut 4  μ m sections, transfer to Superfrost ®  
Plus glass slides, and seal by incubating slides on a warmer 
overnight at 37°C (see Note 16).      

      1.    Places slides in immunohistochemistry slide containers.  
    2.    Deparaf fi nize and rehydrate tissue sections using xylene and a 

graded series of ethanol washes: wash 2 times for 10 min each 
in xylene (see Note 17), two times for 5 min each in 100% 
ethanol, one wash for 5 min in 95% ethanol, and one wash for 
5 min in 70% ethanol. Rinse using running tap water for 5 min 
to remove any remaining ethanol and then  fi nish with a 5-min 
dH 2 O wash.  

    3.    Antigen retrieval: Place slides in a plastic immunohistochemis-
try slide rack in a microwaveable container (see Note 18). 
Immerse slides in 0.01 M citrate buffer (pH 6), microwave on 
HIGH power until a heavy, rolling boil is achieved, and then 
continue to microwave on HIGH power for an additional 
5 min (see Notes 3 and 19). Place container in an ice bath and 
allow the liquid to cool for approximately 20 min.  

    4.    Wash brie fl y with dH 2 O and using a PAP pen, circle each tissue 
section (see Note 20).  

    5.    To quench endogenous peroxidase activity, pipet 100  μ L of 3% 
hydrogen peroxide onto each section and lay slides in the 
humid chamber for 5 min (see Note 21).  

    6.    Wash slides brie fl y in dH 2 O.  
    7.    Wash slides two times for 5 min each in PBS.  
    8.    To block tissue sections, pipet 100  μ L of blocking solution 

(see Note 22) onto each section and incubate slides in the cov-
ered humid chamber for at least 20 min (see Note 23).  

    9.    Prepare an appropriate amount of STRA8 immune serum or 
STRA8 pre-immune serum (negative control) in blocking 
solution (see Note 24).  

    10.    Drain blocking solution by tapping the edge of the slides on a 
paper towel and pipet 100  μ L of prepared STRA8 antibody 

  3.2.  Immuno-
histochemistry
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solution (or negative control solution) onto sections. Incubate 
slides in a well-sealed humid chamber overnight (see Note 25).  

    11.    Wash slides three times for 5 min each in PBS.  
    12.    Prepare an appropriate amount of secondary antibody (see 

Note 26).  
    13.    Pipet 100  μ L of the goat anti-rabbit biotinylated secondary 

antibody onto each section and incubate slides in the humid 
chamber for 1 h  (see Note 27).  

    14.    Wash slides three times for 5 min each in PBS (see Note 28).  
    15.    Pipet 100  μ L of the ready-to-use streptavidin–HRP onto each 

section and incubate slides in the humid chamber for 30 min.  
    16.    Wash slides three times for 5 min each in PBS (see Note 29).  
    17.    Prepare liquid DAB substrate.  
    18.    Pipet liquid DAB substrate onto each section and through a 

microscope, watch for cells to develop a brown precipitate. 
Place slide in dH 2 O when the desired amount of signal has 
been reached (Fig.  2 ). Record the development time for each 
sample (see Note 30).   

    19.    Wash slides brie fl y in dH 2 O.  
    20.    Counterstain tissue sections with a drop of Hematoxylin solu-

tion for 10 s and terminate staining by placing slide in dH 2 O 
(see Note 31).  

    21.    Dehydrate tissue by placing slides in running tap water for 3 min 
followed by one wash for 3 min in 70% ethanol, one wash for 
5 min in 95% ethanol, two washes for 5 min each in 100% etha-
nol, and  fi nally, two washes for 5 min each in xylene.  

    22.    Mount slides under glass coverslips using DPX. Allow the slides 
to dry for approximately 2 h before visualizing under a light 
microscope.       

  Fig. 2.    STRA8 localization in the 10 and 90 dpp testis. ( a – c ) Immunohistochemistry detecting STRA8 protein in 10 and 90 
dpp mouse testis sections. A section of adult mouse testis incubated in pre-immune serum serves as the negative control 
and is shown in Panel ( a ). Scale bars represent 50  μ m.  Black arrows : STRA8-positive germ cells. These sections were 
incubated in DAB substrate for 60 s.       
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     1.    Saturated picric acid and formaldehyde are both hazardous 
chemicals. Carefully add each component of Bouin’s solution 
to a graduated cylinder in an approved chemical hood.  

    2.    In order for the PFA to go into solution, heat and a slightly 
basic pH are required.  

    3.    Antigen retrieval is performed in order to expose epitopes 
within the tissue that may have been masked by the  fi xative. 
There are several different solutions that can be used for the 
antigen retrieval process. The most common solutions, their 
components, and incubation procedures are given in Table  1 . 
Citrate buffer is the most common antigen retrieval solution; 
however, it has been reported that the immunodetection of 
nuclear antigens can be improved by using a 1% SDS solution 
antigen retrieval method  (  5  ) .   

    4.    In our laboratory, we make a 10× stock of citrate buffer for 
long-term storage at room temperature and make fresh 1× 
buffer before each use. The 1× buffer should be adjusted to 
pH 6.0 before use.  

    5.    We prepare fresh 3% hydrogen peroxide before each use.  
    6.    Tris buffered saline (TBS) can be substituted for PBS.  
    7.    For optimal blocking performance, the serum used in the 

blocking solution should be derived from the animal that the 
secondary antibody was raised in. For example, the STRA8 
antibody we use is a rabbit polyclonal. The secondary antibody 
we use to detect our rabbit polyclonal antibody is a goat anti-
rabbit antibody. Therefore we use normal goat serum in our 
blocking solution. Kits such as the Histostain ®  Bulk kit 
(Invitrogen, Carlsbad, CA, USA) contain ready-to-use blocking 

  4.  Notes

   Table 1 
  Common antigen retrieval solutions and procedures for their use   

 Antigen retrieval  Solution  Incubation procedure 

 Citrate  0.01 M Sodium citrate, 
dihydrate, pH 6 

 Achieve a heavy, rolling boil and then maintain 
for 5 min, e.g., Microwave HIGH 7.5 min 

 Glycine  50 mM Glycine, pH 3.5  Achieve a rolling boil and then maintain a slow 
boil for 7 min, e.g., Microwave HIGH for 
3 min, LOW for 7 min 

 HCl  1 M Hydrochloric acid  Maintain a slow boil for 10 min, e.g., Microwave 
MED-LOW for 10 min 

 SDS  1% SDS in dH 2 O  Leave at room temperature for 10 min 
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and secondary antibody solutions for primary antibodies raised 
in speci fi c animals. If nonspeci fi c signal occurs in your study, 
the amount of serum in the blocking solution can be increased 
to 10%.  

    8.    We produced our own STRA8 antibody by injecting rabbits 
with full-length recombinant STRA8 protein. We collected 
serum pre- and post-injection. Antibodies can also be gener-
ated by synthesizing small peptides speci fi c to antigenic regions 
of your protein of interest and injecting these peptides into 
animals. However, commercial antibodies to most proteins are 
available.  

    9.    The most stringent negative control for any antibody used in 
an immunohistochemical study is to incubate a section of tis-
sue in serum collected from an animal before it is injected 
with the protein/peptide you wish to raise an antibody against 
(pre-immune serum). The pre-immune serum should not 
bind to your tissue; therefore, all signal that you detect after 
incubating tissue with the immune serum is from the antibody 
raised against the protein/peptide antigen the animal was 
injected with and is not a result of the binding of an endoge-
nous serum protein that can be recognized by the secondary 
antibody. When purchasing commercial antibodies, rarely is 
the pre-immune serum also available. However, most compa-
nies will sell the peptide that was used to generate the anti-
body. If so, this peptide can be incubated with primary 
antibody prior to the immunohistochemical study taking 
place. If the antibody is speci fi c, this peptide will block the 
antibody from binding to the section and act as a negative 
control. This “peptide blocking” also con fi rms that the anti-
body is speci fi c to the target protein/peptide. If neither the 
pre-immune serum nor the peptide is available, then the most 
common negative control performed is to incubate a tissue 
section in secondary antibody only.  

    10.    There are many choices regarding commercial secondary anti-
bodies and the reporter molecules with which they are conju-
gated. In general, you will need to use a secondary antibody 
which is (A) appropriate for the species your primary antibody 
was generated in and (B) conjugated to either a  fl uorophore 
(for example the AlexaFluor ®  range, Invitrogen) or to an 
enzyme (for example HRP). You can also choose to amplify 
your signal by adding a tertiary level of detection to your study. 
This involves a secondary antibody usually conjugated to bio-
tin, which can be detected with a streptavidin reagent conju-
gated to either a  fl uorophore or an enzyme. We routinely use 
the tertiary method when detecting antigen/antibody complexes 
using an enzyme and light microscopy and use the directly 
labeled AlexaFlour ®  secondary antibodies for detection via 
 fl uorescence microscopy.  
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    11.    Another common choice for enzyme detection is to use sec-
ondary antibodies or streptavidin molecules conjugated to 
alkaline phosphatase which can be detected using BCIP ® /NBT 
(Sigma-Aldrich) as the substrate.  

    12.    The testis is covered by a tough  fi brous capsule known as the 
tunica  (  6  ) . For optimal conservation of testis morphology 
using immersion  fi xation, the tunica should be removed by 
pulling it out and away from the rest of the testis tissue using 
two pairs of forceps, much like peeling the skin away from a 
grape. Puncturing the tissue with a 30 G needle also aids by 
allowing the  fi xative to diffuse quickly through the tissue. For 
testes collected from mice aged 30 days post partum (dpp) and 
older, both detunication and puncturing should be performed. 
For testes collected from animals younger than 30 dpp, only 
puncturing is necessary. Puncturing is not required when  fi xing 
fetal gonads. Perfusion  fi xation can also be performed if the 
resulting cellular morphology from immersion  fi xation is not 
satisfactory.  

    13.    Tissue  fi xation times are dependent on the type of  fi xative and 
size of the tissue. Table  2  describes the  fi xation times for testis 
tissue collected from mice of different ages for both Bouin’s 
solution and 4% PFA. Over- fi xing the tissue can lead to exces-
sive nonspeci fi c binding or make the antigen of interest very 
dif fi cult to detect within the tissue sections.   

    14.    When performing 4% PFA  fi xation, the tissue should be 
washed three times in PBS for 10 min per wash, and then 
washed in a 1:1 solution of PBS:70% ethanol for 30 min before 
the graded series of ethanol washes are performed. These wash 
steps may not be necessary if you plan to have a histology 
Core laboratory perform your tissue processing and embed-
ding for you.  

   Table 2 
  Fixation times for testis tissue collected from mice 
of different ages   

 Age  Bouin’s solution a   4% PFA b  

 Fetal gonads  30 min  1 h 

 0–10 dpp  3 h  4 h 

 10–30 dpp  6 h  8 h 

 30 dpp and older  8 h  8 h to overnight 

   a All Bouin’s  fi xations are performed at room temperature on a rotating wheel 
so that the tissue can move through the liquid 
  b All PFA  fi xations are performed at 4°C on a rotating wheel so that the tissue 
can move through the liquid.  
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    15.    The time for the 70, 80, and 95% ethanol washes is extremely 
 fl exible. These washes can be performed for a minimum of 1 h 
to inde fi nitely. Bouin’s  fi xed tissue can be stored inde fi nitely in 
70% ethanol. The 100% ethanol wash, however, should not 
exceed 4 h as the tissue will dry out and become dif fi cult to 
section.  

    16.    We routinely put three sections of tissue onto one glass slide to 
allow a negative control and two different primary antibody 
concentrations to be tested on the same block of tissue on the 
same slide.  

    17.    Histolene can be used in place of xylene if a less potent organic 
solvent is required, e.g., when dehydrating X-gal-stained tissue 
if the X-gal stain is to be preserved. If detecting antibody/
antigen complexes in Bouin’s  fi xed tissue using  fl uorescent 
detection reagents, extending the xylene washes to two washes 
for 20 min each can aid in reducing the amount of background 
auto- fl uorescence that can be present in Bouin’s  fi xed tissue.  

    18.    Specialized immunohistochemistry slide racks and containers 
can be purchased from several different commercial vendors 
(e.g., Electron Micrscopy Sciences). Slide racks are worth pur-
chasing. For the slide incubation steps, rectangular plastic con-
tainers purchased from any general retailer will suf fi ce and are 
much cheaper than the specialized containers.  

    19.    Antigen retrieval is only necessary if the antigen is masked by 
the  fi xation procedure. Each antibody can be tested in an 
immunohistochemistry experiment without antigen retrieval, 
especially if nonspeci fi c binding is an issue when antigen 
retrieval is performed. If it is dif fi cult to detect antibody bind-
ing even after a heat/buffer-based antigen retrieval is per-
formed, an enzymatic antigen retrieval, e.g., trypsinization, 
can be performed either in place of, or in addition to, the 
heated buffer. Trypsinizing sections may facilitate the break-
down of cross-links formed during the  fi xation process, thereby 
exposing epitopes for better antibody recognition  (  7  ) .  

    20.    The PAP circles allow tissue sections on the same slide to be 
incubated in different solutions.  

    21.    The quenching of endogenous enzyme activity step is depen-
dent on the selected method of detection. It is performed to 
eliminate the possibility of any endogenous enzymes being 
able to catalyze the substrate reaction used to detect antigen/
antibody recognition, thereby inducing background signal  (  8  ) . 
This step is not required if detecting the antigen/antibody 
complexes using  fl uorescence.  

    22.    The pipetting volume of 100  μ L is given as a guide only. The 
liquid only has to cover the tissue section. Small pieces of tissue 
could require as little as 20  μ L, with larger pieces requiring up 
to 200  μ L.  
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    23.    The times given for the blocking step or any of the antibody 
incubation or detection steps (e.g., streptavidin–HRP) serve as 
a guide only. These can be adjusted depending on the needs of 
the researcher.  

    24.    The appropriate concentration of primary antibody will need to 
be determined empirically for each new antibody tested. As a 
guide, start with a  fi nal concentration of 2–5  μ g/mL of primary 
antibody (usually a 1/100 dilution of a commercial antibody in 
blocking solution) and adjust this concentration based on stain-
ing results. With respect to the volume of primary antibody to 
prepare, this will depend on the number of sections to be stained 
and on the volume of liquid required to cover the sections dur-
ing the incubation steps (see Note 22). Prepare as little diluted 
primary antibody as required for your experiment.  

    25.    The incubation temperature and time will also need to be 
empirically determined for each new antibody. The common 
incubation temperatures range from 4 to 37°C and the incuba-
tion times range from 1 h to overnight. As a guideline, begin 
with a room-temperature, overnight incubation and adjust 
these conditions accordingly based on results. For example, if 
background staining is a problem, decrease the temperature 
and/or time frame of the primary antibody incubation step. If 
no signal is present, increase the temperature and/or time 
frame. In addition, the humid chamber should be tightly sealed 
during an overnight incubation to avoid the slides from drying 
out. Drying of slides will cause excessive background staining 
of the tissue.  

    26.    The optimal concentration of secondary antibody will depend 
on each new primary antibody tested and on the type of sec-
ondary antibody used. As a guideline, biotinylated commercial 
secondary antibodies are often used at a 1/500 dilution 
whereas  fl uorescent antibodies, such as the Alexa Fluor 
(Invitrogen), should be used at a 1/1000 dilution. The amount 
of secondary antibody to prepare will be dependent on the 
number of sections in your experiment and the size of these 
sections (see Note 22). Some secondary antibodies come 
ready-to-use (e.g., Histostain ®  Bulk Kit (Invitrogen)).  

    27.    If you have chosen a  fl uorescent secondary antibody, the humid 
chamber, and any other container used to house the slides from 
this point forward, they should be covered with aluminum foil 
to protect the  fl uorescently labeled sections from the light.  

    28.    If you have chosen a  fl uorescent secondary antibody method 
of detection, the slides are now ready for mounting under glass 
coverslips using a  fl uorescent mounting medium such as 
Vectashield (Vector Laboratories). There are many different 
commercially available  fl uorescent mounting media, and some 
include counterstains such as 4 ¢ ,6-diamidino-2-phenylindole 
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(DAPI), which stains the nucleus of the cell. This allows the 
opportunity to compare the cellular location of your protein of 
interest with the nucleus of the cell and can also aid in identify-
ing cell types. Leave slides to dry, protected from the light, for 
about 1 h before visualizing under a  fl uorescent microscope.  

    29.    If you have chosen a  fl uorescent tertiary molecule for detec-
tion, the slides are now ready for mounting under glass cover-
slips using a  fl uorescent mounting medium.  

    30.    The substrate development time is antibody and sample depen-
dent. Typically, development times range between 30 s and 
10 min for immunohistochemical studies. If you wish to com-
pare controls with treated samples, optimize the substrate 
development time with a control sample and then incubate all 
other sections in substrate for the same amount of time.  

    31.    The Harris Hematoxylin counterstain will stain cell nuclei blue 
and allow the easy identi fi cation of cell types within the tissue 
section. It also provides a nice contrasting color against the 
brown DAB precipitate for photographing results. There are 
other commercially available colored stains for histological 
purposes depending on your individual needs.          
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    Chapter 29   

 Ultrastructural Analysis of Testicular Tissue and Sperm 
by Transmission and Scanning Electron Microscopy       

     Hector   E.   Chemes        

  Abstract 

 Transmission electron microscopy (TEM) studies have provided the basis for an in-depth understanding 
of the cell biology and normal functioning of the testis and male gametes and have opened the way to 
characterize the functional role played by speci fi c organelles in spermatogenesis and sperm function. The 
development of the scanning electron microscope (SEM) extended these boundaries to the recognition of 
cell and organ surface features and the architectural array of cells and tissues. The merging of immunocy-
tochemical and histochemical approaches with electron microscopy has completed a series of technical 
improvements that integrate structural and functional features to provide a broad understanding of cell 
biology in health and disease. With these advances the detailed study of the intricate structural and 
molecular organization as well as the chemical composition of cellular organelles is now possible. 
Immunocytochemistry is used to identify proteins or other components and localize them in speci fi c cells 
or organelles with high speci fi city and sensitivity, and histochemistry can be used to understand their func-
tion (i.e., enzyme activity). When these techniques are used in conjunction with electron microscopy their 
resolving power is further increased to subcellular levels. In the present chapter we will describe in detail 
various ultrastructural techniques that are now available for basic or translational research in reproductive 
biology and reproductive medicine. These include TEM, ultrastructural immunocytochemistry, ultrastruc-
tural histochemistry, and SEM.  

  Key words:   Transmission electron microscopy ,  Ultrastructural immunocytochemistry ,  Ultrastructural 
histochemistry ,  Scanning electron microscopy ,  Testes ,  Semen ,  Spermatozoa ,  Spermatogenesis    

 

 The late seventeenth century witnessed the birth of  fi ne structural 
studies of cells with the introduction of the  fi rst optical microscopes 
equipped with single biconvex lenses like the ones developed by 
Antoni Von Leeuwenhoek that allowed him to identify in 1677 the 
“animacula” (microscopic animals) in the semen of various species 
including humans. He produced the  fi rst scienti fi c account of the 
basic structural features of spermatozoa originally published in the 

  1.  Introduction
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 Philosophical Transactions of the Royal Society . Technical improvements 
in the design, complexity, and resolving power of microscopes 
followed in the nineteenth and twentieth centuries and afforded 
the descriptions of spermatogenesis, Sertoli and Leydig cells by 
European scientists Albert Von Kölliker, Franz Leydig, Enrico 
Sertoli, and others, who in the mid-1800s greatly contributed to 
the knowledge of components and microscopic organization of 
mammalian testes. Further examinations by Branca and Stieve in 
the early 1900s of the structural details of seminiferous tubules 
were followed by modern accounts of the dynamics of testicular 
germ cells by Roosen Runge, Clermont, and others that laid the 
foundations of our present understanding of spermatogenesis. 
However, modern insight about the internal structure of testicular 
cells and spermatozoa awaited the breakthrough of electron 
microscopy. In the words of D. W. Fawcett  (  1  ) , “The introduction 
of commercial electron microscopes in the 1950s and of micro-
tomes capable of cutting ultrathin sections, initiated an exciting 
and remarkably fruitful period of exploration of biological struc-
ture at magni fi cations up to half a million times and resolutions 
that have now reached 4–5 Å” (Angstrom, a microscopic unit of 
length equivalent to 1 × 10 −4   μ m). These advances provided the 
basis for understanding the cell biology and physiology of the testis 
and male gametes and emphasized the functional role played by 
speci fi c organelles in spermatogenesis and sperm function (Fig.  1 ). 
The introduction of scanning electron microscopes (SEMs) 
extended these boundaries to the recognition of cell and organ 
surface features and the architectural array of cells and tissues 
(Figs.  2  and  3 ). The merging of immunocytochemistry and his-
tochemistry with electron microscopy has further integrated struc-
tural and functional features to provide a broad understanding of 
cell biology and its association with health and disease. With these 
advances the detailed study of cell organelles is now possible, not 
only in their intricate structural and molecular organization but 
also in their chemical composition. Immunocytochemistry identi fi es 
cell components and localizes them with high speci fi city and sensi-
tivity (Fig.  4 ), and histochemistry can be used to understand their 
functions (i.e., enzyme activity, Fig.  5 ). When these techniques are 
used in conjunction with electron microscopy their resolving power 
is further increased to subcellular levels.      

 In the present chapter we will describe in detail various ultra-
structural techniques that are now available for basic or translational 
research in reproductive biology and reproductive medicine. These 
include transmission electron microscopy (TEM), ultrastructural 
immunocytochemistry, ultrastructural histochemistry, and SEM. 
The content is not meant to be addressed to specialists, but to all 
researchers and clinicians interested in exploring the utility of 
basic ultrastructural studies of the testis and spermatozoa, their 
application to the understanding of the biological basis of abnor-
mal cell function, and their use as a diagnostic tool in Andrology. 
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  Fig. 1.    Transmission electron microscopy. ( a ) Normal adult human testis. Immersion 
 fi xation, Epon–Araldite embeddment, Uranyl–lead double staining. A Sertoli cell partially 
surrounds two spermatogonia resting on the basal lamina and completely encircles two 
pachytene spermatocytes clearly separated by Sertoli cell processes ( asterisks  ). Note 
synaptonemal complexes (Sy) in the spermatocyte to the  right . An inter Sertoli junctional 
complex is seen to the  left  ( arrowheads ). There is a thin knife mark crossing obliquely over 
the two spermatocytes. Even though it is not desirable, this artifact does not disrupt tissue 
architecture. Modi fi ed from ref.  17  .  Bar = 1  μ m. ( b ) Normal adult rat testis. Perfusion 
 fi xation, Epon–Araldite embeddment, Uranyl–lead double staining. A high magni fi cation 
detail of an inter Sertoli junctional complex. There is a large gap junction (GJ) of close 
membrane apposition and various point tight junctions (TJ) with fusion of the outer lea fl ets 
of both cell membranes. At each side of the intercellular junction there are various  fi lament 
bundles and a cistern of the rough endoplasmic reticulum. Bar = 0.2  μ m.       
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 Since electron microscopy allows for the visualization of the 
interior of the cell and its organelles, a word of caution in relation 
to subcellular dimensions is appropriate for all those not currently 
experienced in ultrastructural studies. It is important to understand 
how small the microscopic  fi eld is for electron microscopic evalua-
tion. Metal grids serve as a mechanical support for the thin sections 
of tissue to be studied. They are assembled by a network of parallel 
metal bars, crossing at right angles leaving square openings through 

  Fig. 2.    Scanning electron microscopy of testicular tissue and sperm. ( a ) Low power SEM 
of a seminiferous tubule in an immature rat. Perfusion  fi xation. The surface view afforded 
by the scanning electron microscope clearly reveals the architectural organization of the 
testis and the tunnel-like appearance of a seminiferous tubule. Its inner surface is covered 
by spherical immature spermatids. Bar = 40  μ m. ( b ) SEM view of the luminal surface of a 
seminiferous tubule in an immature rat. Various germ cells (GC, early spermatids) are 
joined by intercellular bridges ( asterisks  ). ( c ) SEM of adult rat testis. A close view of the 
thickness of the seminiferous epithelium shows the body of a Sertoli cell (SC) and numer-
ous SC processes around spherical germ cells (GC). The  asterisks  mark the concave on-
face view of SC processes at the sites formerly occupied by three shed germ cells. 
Compare these Sertoli cell processes (and their relationship with spherical germ cells) 
whith those in Fig.  1a  (as seen in thin sections). Bars = 4.5  μ m ( b ), 3  μ m ( c ). ( d ) SEM of a 
two-tailed human spermatozoon from a patient with dysplasia of the  fi brous sheath  (  15, 
  18  ) . SEM clearly reveals thick irregular tails shorter than 10  μ m (normal length 60  μ m) 
(Taken from ref.  18  with permission).       
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  Fig. 3.    ( a ) High-resolution light microscopy of 1  μ m thick section of adult rat testis. 
Perfusion  fi xation, Epon–Araldite embeddment, toluidine blue staining. Late spermatids 
are arranged in conspicuous bundles that penetrate deeply into the seminiferous epithe-
lium ( large asterisks  ). Rows of early spermatids with prominent round nuclei ( small aster-
isks ) intercalate between bundles. ( b ) Scanning electron microscopy of adult rat testis. 
Perfusion  fi xation. Similar seminiferous tubule as that depicted in ( a ). Spermatid bundles 
( large asterisks  ) stand out dramatically because early round spermatids have detached 
from the seminiferous epithelium during SEM processing leaving large empty spaces 
between them ( double small asterisks  ). The deepest ends of spermatid bundles are par-
tially covered by Sertoli cell processes (SC). Panel ( b ) is a good example of a processing 
artifact (the shedding of round spermatids) that allows better visualization of remaining 
structures. Bars ( a  and  b ) = 5  μ m.       

which tissue can be observed. The space between the bars is denoted 
by a number followed by the word mesh. There is an enormous 
variety of grids, but the most commonly used are 200 or 300 mesh. 
The surface of a single square is 10,000  μ m 2  in a 200 mesh grid and 
2,500  μ m 2  in a 300 mesh grid.  This means that between 100 and 400 
squares should be screened to cover 1 mm   2    of tissue . Therefore, tissue or 
cell sampling is of paramount importance when evaluating how 
signi fi cant a  fi nding may be. As a general rule it is desirable to 
include samples from different regions of an organ. In the case of 
pellets from cell suspensions (including semen), this requirement is 
less important assuming that the suspension is homogeneous and 
the distribution of cells is uniform throughout. The  fi nal areas 
selected for ultrastructural studies should be chosen after careful 
light microscopic evaluation of semi-thin sections from different tis-
sue blocks to guarantee that all important regions are represented. 

 The validity of an ultrastructural observation requires consis-
tency of the  fi ndings throughout a tissue or cell type. This is 
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 particularly true if the goal is to assign biological or physiopatho-
logical meaning to a particular observation. An extraordinary 
 fi nding should make sense and be consistently present to be consid-
ered an original structure or a pathological trait. An  interesting 
feature  present only in a limited sample from a single patient or 
animal would probably lack signi fi cance or be the result of process-
ing artifacts. These comments are not meant to discourage the 
search for new features that constitute the basis for scienti fi c 
advancement. When such results are being considered, their 
importance as promising  fi ndings should be analyzed in the con-
text of current structural and physiological knowledge.  

  Fig. 4.    Pre- and post-embedding ultrastructural immunocytochemistry. Immersion  fi xation 
of cell suspensions. ( a ) Regular TEM. Mature Leydig cell isolated from an adult rat. Note 
prominent smooth endoplasmic reticulum cisterns (SER), mitochondria (M), and nucleus 
(N). ( b ) Pre-embedding immunocytochemistry of a similar Leydig cell using a biotin 
streptavidin-peroxidase detection system. The cisterns of the smooth endoplasmic reticu-
lum (SER) show dark diaminobenzidine deposits localizing 3  β -HSD, a Leydig cell steroido-
genic enzyme. Two lipid droplets (L) are negative. Nuclear chromatin is stained with Uranyl 
acetate. ( c ) Regular TEM. Cross section of a human sperm  fl agellum from a patient with 
Dysplasia of the  fi brous sheath  (  2,   18  ) . The axoneme is surrounded by a thickened  fi brous 
sheath (FS). Note the absence of dynein arms in the axoneme microtubular doublets. 
( d ) Post-embedding colloidal gold immunocytochemistry of a similar  fl agellum. LR White 
embeddment. Localization of AKAP4 (the main protein component of the FS). Gold parti-
cles are deposited over the thickened FS (modi fi ed from ref.  15  ) . The axoneme ( asterisk ) 
is not labeled. Bars = 1  μ m ( a ), 0.25  μ m ( b – d ).       
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      1.    Glutaraldehyde (8–25–50%), EM grade, sealed in ampoules 
under inert gas or in larger volume bottles.  

    2.    Formaldehyde, EM grade.  
    3.    4% Paraformaldehyde-0.25% glutaraldehyde  fi xative (for immu-

nocytochemistry): For 1,000 ml, heat 400 ml of distilled water 
to approximately 80ºC. Add 40 g of paraformaldehyde and six 
drops of 1 M NaOH. Maintain solution below 80ºC with 

  2.  Materials

  2.1.  Fixatives/Buffers/
Antibodies

  Fig. 5.    Ultrastructural histochemistry of acid phosphatase (AP) in spermatids (Golgi complex 
and acrosome) and Sertoli cells (lysosomes). ( a ) Regular TEM. An ealy rat spermatid shows 
a well-developed Golgi complex (GC), an acrosomic vesicle and granule ( asterisk ). ( b ) AP 
histochemistry. Golgi cisterns, vesicles, and acrosomic granule depict dense lead deposits 
indicative of AP enzymatic activity. There is no background staining. ( c ) A lightly stained 
negative control (incubaton media contained NaF that inhibits AP activity). No lead depos-
its. ( d ) Regular TEM. Sertoli cell primary lysosomes (PL, homogeneous content) and sec-
ondary lysosomes (SL, heterogeneous content). ( e ) AP cytochemical localization. Dark 
lead deposits in both types of lysosomes, no background. ( f ) With longer incubation times 
or higher incubation temperatures AP localization in lysosomes is intense but there is 
excessive background. All bars 0.25  μ m.       
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 constant agitation. When paraformaldehyde is dissolved  fi lter 
over ice. Add 10 ml of 25% glutaraldehyde and distilled water to 
complete 500 ml. Add 500 ml of 0.2 M phosphate buffer 
(combine 90 ml of 0.2 M dibasic Na or K phosphate with 10 ml 
0.2 M monobasic Na or K phosphate).  

    4.    Phosphate buffer, 0.1 M, pH 7.4 (used for glutaraldehyde and 
osmium solutions and for rinses between  fi xatives;  see   Note 1 ): 
To prepare, combine 90 ml of 0.2 M dibasic Na or K phos-
phate with 10 ml 0.2 M monobasic Na or K phosphate. Dilute 
it to 0.1 M by adding 100 ml distilled water and adjust pH to 
7.4 with 0.2 M monobasic phosphate.  

    5.    Blocking Buffer (TBS-BSA, to block nonspeci fi c binding in immu-
nocytochemistry): Prepare 50 mM Trizma Hydrochloride and 
150 mM NaCl in distilled water. Adjust pH to 7.4 with NaOH 
1 N. Add normal goat serum or BSA to 10% concentration.  

    6.    10 mM Na-Citrate Buffer (for microwave antigen retrieval): 
Correct pH to 6.0 with NaOH.  

    7.    Osmium tetroxide comes as crystals sealed in ampoules (0.25, 
0.5, and 1 g). To prepare solution, immerse ampoule in 40–60ºC 
tap water until crystals melt. Remove the ampoule from the hot 
water, and rotate it until the liquid osmium solidi fi es again as a 
thin layer on the inner face of the glass ampoule. Wash well with 
detergent, rinse in abundant distilled water, and place the 
ampoule within a thick walled glass container. Close the bottle 
and shake vigorously until ampoule breaks. Add enough dis-
tilled water to make a 2% solution, close tightly, and leave over-
night at room temperature. Keep well sealed at 4ºC. To prepare, 
mix two parts 2% osmium with one part phosphate buffer. 
Caution: Osmium is very volatile and is an irritant. Avoid con-
tact with skin and eyes, and do not inhale vapors. Always use 
under hood. Dispose used solutions with toxic materials.  

    8.    Primary antibodies: according to antigens to be localized.  
    9.    Detection kits: Super sensitive link-label immunocytochemis-

try detection systems are sold for light microscopy but can also 
be used in electron microscopy. Kits contain biotinylated sec-
ondary antibodies with streptavidin-peroxidase and peroxidase 
detection systems (diaminobenzidine-H 2 O 2 ).  

    10.    Colloidal gold conjugated secondary antibodies.      

      1.    Ethanol 50, 70, 96, and 100%. Prepare lower dilutions from 
100% ethanol.  

    2.    Propylene Oxide EM grade.  
    3.    Absolute acetone for dehydration in SEM.  
    4.    Eponate 12—Araldite 502 resin embedding kit ( see   Note 2 ). 

 To prepare Eponate–Araldite mix, combine 10 parts Eponate 12 
Resin, 10 parts of Araldite 502 Resin, and 30 parts of dodecenyl 

  2.2.  Dehydration/
Embedding
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succinic anhydride (DDSA). Mix well. The mixture can be mod-
erately heated to facilitate mixing. Keep at 4ºC. Before using, 
add benzyldimethylamine (BDMA) at 3%  fi nal concentration 
(90  μ l BDMA for each 3 ml resin mixture).  

    5.    LR white resin, medium grade.      

      1.    Toluidine blue (to stain semi-thin 0.5–2  μ m sections for light 
microscopy): Prepare a 0.1% solution of Na borate in distilled 
water and dissolve toluidine blue at a concentration of 1%. 
Filter and use.  

    2.    Lead citrate solution (use to stain thin 80–100 nm sections for 
electron microscopy): Dissolve 100 mg NaOH in 25 ml of 
distilled water. The water should be previously boiled to elimi-
nate CO 2  and allowed to cool to room temperature before 
dissolving NaOH. Add 50 mg lead citrate and dissolve well. 
Avoid breathing over the solution, and keep it in syringes elim-
inating all air (lead can combine with CO 2  and form insoluble 
crystals that may contaminate sections).  

    3.    Uranyl acetate solution (to stain EM sections): Prepare a satu-
rated solution of Uranyl acetate in distilled water. Keep well 
sealed at 4ºC. To use, mix equal amounts of Uranyl solution 
and absolute acetone.      

      1.    Conical centrifuge tubes (15 ml) (used to obtain sperm or cell 
pellets).  

    2.    Beem conical tip capsules (0.5 ml) (used to pellet cells or sperm 
when the number is extremely low;  see  Subheading  3.1.3 ).  

    3.    10-, 20-, 200-, and 1,000- μ l Pipetters.  
    4.    Pippetter tips.  
    5.    Flat embedding molds (used to polymerize embedding resins).  
    6.    Filter paper.  
    7.    Single edge stainless steel blades (to dice tissue to be  fi xed or 

to trim resin blocks before cutting).  
    8.    Wax plates or trimming boards.  
    9.    Glass strips (to make glass knives).  
    10.    Glass knives.  
    11.    Glass knife boats (to hold water for section  fl otation after 

cutting).  
    12.    Fine wooden sticks  fi tted with a  fi ne bristle or eyelash (to handle 

 fl oating sections or transfer them to microscopy slides). These 
can be purchased or prepared in the laboratory.  

    13.    Soft brushes.  
    14.    Glass slides (charged or poly- L -lysine coated to assure cell or 

section adherence).  

  2.3.  Staining Solutions

  2.4.  Consumables/
Tools/Equipment
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    15.    Diamond knives (light and EM).  
    16.    Diamond knife cleaners: Polystyrene sticks or knife washer.  
    17.    Copper grids (200–300 mesh).  
    18.    Nickel grids (200–300 mesh).  
    19.    Fine tweezers with straight or curved ends (to handle grids).  
    20.    Clamping O-rings (used to secure tweezers in a closed 

position).  
    21.    Humid chamber (to incubate samples for immuno-

cytochemistry).  
    22.    Bench-top centrifuge.  
    23.    Timers.  
    24.    Hot plate (used to stain semi-thin sections for light 

microscopy).  
    25.    Polymerization oven.  
    26.    Glass knife maker.  
    27.    Ultramicrotome (to obtain thin sections for electron 

microscopy).  
    28.    Microslicer or vibratome (to obtain 30–100  μ m tissue slices for 

histochemistry or immunocytochemistry).  
    29.    Conductive adhesives (liquids or paste containing  fi ne particu-

late silver used to attach SEM samples to metal specimen 
mounts). Conductive, double-sided, adhesive tabs can be used 
for the same purpose.  

    30.    Metal specimen mounts for SEM ( see   Note 3 ).  
    31.    Hexamethyldisilazane or Tetramethylsilane (used for the prep-

aration of SEM samples as an alternative to critical point drying 
(CPD)).       

 

 The methods described below outline procedures to study testicular 
tissue, immature testicular germ cells in suspension, and ejaculated 
spermatozoa in semen. Complete technical details will be provided 
for regular TEM, ultrastructural histochemistry and immunocy-
tochemistry, and scanning electron microscopy (SEM). The author 
has extensively used all of these methods with consistently good 
results for basic research purposes and for diagnostic purposes in the 
Andrology laboratory. Ultrastructural analysis can provide excellent 
results, but methods should be meticulously followed. Ensure that 
working surfaces and tools are very clean and avoid contamination 
of solutions or mechanical damage to small samples. A clear 
identi fi cation method should be used for samples to be studied by 

  3.  Methods
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electron microscopy. This is important because thin sections for 
TEM or small pieces of tissue for SEM cannot be directly identi fi ed 
by labels as those applied to glass slides for light microscopy. 

  The  fi xative of choice is EM grade glutaraldehyde, in concentrations 
ranging from 3 to 5% in phosphate buffer. Glutaraldehyde and buf-
fers are kept at 4ºC, and working solutions should be prepared 
immediately prior to  fi xation. Testicular tissue can be  fi xed by immer-
sion or perfusion. Perfusion  fi xation is preferred because testicular 
structure is very delicate and can be mechanically disrupted by 
manipulation of fresh tissue. However, when this is not possible, as 
for testicular biopsies, immersion  fi xation can be successfully used.

    1.    Fixation by immersion: Cover a small testicular fragment with 
a few drops of cold 3–5% glutaraldehyde on a wax plate or 
trimming board that allows cutting with no damage to edges 
of razor blades or scalpels. Delicately dice the sample in small 
pieces not larger than 1–2 mm 3   without using forceps to grab the 
tissue or scissors to cut it  ( see   Note 4 ). Transfer fragments to a 
glass vial containing X10 volume of  fi xative and maintain at 
4ºC for 2–3 h or overnight. Following  fi xation, wash the 
 fi xative from the tissue by two changes of cold phosphate buf-
fer, 30 min each ( see   Note 5 ).  

    2.    Perfusion  fi xation ( see   Note 6 ): Connect two 500 ml intrave-
nous solution bottles (one for saline solution and the other one 
for glutaraldehyde solution or other  fi xative) with  fl exible 
tubing to a three-way stopcock. Add an additional piece of 
tubing and  fi t with a hypodermic needle at the free end (18–
25 g, according to the size of the aorta). Place the bottles 120–
150 cm above the level of the animal. Under deep anesthesia 
open the abdomen with a longitudinal incision, expose the 
abdominal aorta, and clear it from connective tissue and fat. 
The inferior vena cava and testicular arteries should be identi fi ed 
and not disturbed. Recline the left kidney to an anteromedial 
position, and open the retroperitoneal space above it with a 
blunt iris forceps to expose the abdominal aorta proximal to 
the origin of the easily identi fi ed left renal artery. Pass a silk 
suture around this section of the aorta with  fi ne curved forceps 
and leave it loosely tied. Grasp the abdominal aorta just above 
its distal bifurcation with a curved Halsted forceps and elevate 
it slightly. Insert the hypodermic needle at the end of the per-
fusion tubing into the abdominal aorta in a retrograde direction. 
Open the stopcock to allow saline  fl ow, and tie the suture 
around the aorta (to avoid perfusion of supra-diaphragmatic 
organs). Open the left renal vein by a small cut with  fi ne 
scissors to allow clearance of perfusion  fl uids. When the vascu-
lature of the testes is cleared from blood ( see   Note 7 ), shift the 
 fl ow of saline to 3–5% glutaraldehyde for 10 min, then remove 
the testes and immerse them in  fi xative for 30 min. After this, 

  3.1.  Processing 
of Testicular Tissue 
for Regular TEM
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the testes are hard enough to be cut in 1–2 mm thick slices and 
then diced into small cubes of no more than 1–2 mm 3  that are 
left in  fi xative for 3–4 h ( see   Note 8 ). Following  fi xation, wash 
the  fi xative from the tissue by two changes of cold phosphate 
buffer, 30 min each.  

    3.    Fixation of suspensions of immature germ cells after enzymatic 
digestion-separation: Fix separated germ cells by resuspending 
the cell pellet and allow for 10–20 min in the  fi xative. Centrifuge 
 fi xed suspensions at 150–350 ×  g  in a bench-top centrifuge for 
10 min, resuspend the pellet in 0.5 ml buffer, and re-centrifuge 
in small Beem conical tip capsules (0.5 ml;  see   Note 9 ). 
Following  fi xation, wash the  fi xative from the pellet by two 
changes of cold phosphate buffer, 30 min each.  

    4.    Fixation of semen samples for regular electron microscopy: The 
following technique has been used for the study of semen sam-
ples for research or diagnostic purposes  (  2  ) . Samples should be 
processed after complete liquefaction (30–40 min after ejacula-
tion, no more than 60 min). Dilute semen to 12–14 ml with 
saline solution or phosphate buffer at room temperature in a 
centrifuge tube (conical bottom) and mix well. If the resulting 
sample is too viscous or the suspension is not uniform,  see  
 Note 10 . Spin the sample at 350–580 ×  g  for 10 min in a bench-
top centrifuge. Once the pellet is obtained discard the superna-
tant by gently tilting the tube. DO NOT use aspiration with 
pipettes as this can remove parts of the pellet by creating  fl uid 
turbulence. Gently add 2 ml of  fi xative taking care not to 
unsettle the pellet. If the pellet is thin (up to 2 mm thick) it can 
be  fi xed in situ. When it is thicker it should be very gently dis-
lodged from the bottom of the tube with a  fi ne spatula without 
breaking it by inserting the tip of the spatula between the pel-
let and the tube wall and making rotating movements. The 
pellet should be exposed to  fi xative on both faces. If it is too 
thick (more than 3–4 mm) gently press it against tube walls to 
make it thinner. Fix for 3–4 h at 4ºC (it can be left overnight). 
Following  fi xation, wash the  fi xative from the tissue by two 
changes of cold phosphate buffer, 30 min each. If spermatozoa 
are severely asthenozoospermic or completely immotile this 
procedure should be modi fi ed slightly ( see   Note 11 ).  

    5.    Perform secondary  fi xation (post- fi xation) with osmium tet-
roxide: For secondary  fi xation immerse tissue blocks or pellets 
in 1 ml cold 1.3% solution of OsO 4  in 0.1 M phosphate buffer 
(two parts 2% osmium solution and one part phosphate buffer) 
for 2–4 h at 4ºC (can be left overnight) followed by two washes 
in cold phosphate buffer, 30 min each. Perform all manipula-
tions with osmium in the hood ( see   Note 12 ).  

    6.    Embeddment of  fi xed tissue in plastic resins for regular TEM 
( see   Notes 13  and  14 ): Dehydrate tissue blocks using an 
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ascending series of ethanol (50, 70, 96%) at 4ºC. Perform 
three rinses of 10 min for each ethanol concentration. Perform 
the last 96% rinse at room temperature. To achieve complete 
dehydration immerse tissue blocks in 100% ethanol (three 
changes of 20 min each) at room temperature, then perform 
three rinses in propylene oxide (20 min each) at room tem-
perature. After dehydration, in fi ltrate in a 1:1 mixture of pro-
pylene oxide—Eponate–Araldite mix, followed by pure, 
undiluted, Eponate–Araldite resin ( see   Note 15 ).  

    7.    Section resin blocks for ultrastructural studies ( see   Note 16 ): 
Prepare resin blocks for sectioning by eliminating as much as 
possible all resin material surrounding the tissue. Trim the 
block cutting surface and sides using single edge razor blades. 
Secure the block on the ultramicrotome stage under adequate 
illumination. The  fi rst trimming should be parallel to its surface 
to reach the level of the embedded tissue that is readily visible 
because of the black color resulting from osmium  fi xation. 
Once the tissue is reached, carefully trim the sides of the block 
to a clean-cut trapezoid with its long axis parallel to the direc-
tion of sectioning and its longer base always oriented so that it 
is the  fi rst side to touch the knife edge. The proportion between 
length and width should be approximately 2:1.5 ( see   Note 17 ). 
For instructions regarding the use of glass and diamond knives, 
 see   Notes 18  and  19 . Cut semi-thin sections first (1–2  μ m 
thick, see below for details on sectioning), then pick them up 
from the water using  fi ne sticks  fi tted with bristles or eyelashes 
and  fl oat them on a drop of water on a clean glass slide that is 
immediately placed on a hot plate until water dries and sections 
remain  fi rmly attached to the glass. Without removing slides 
from the hot plate, cover the sections with a few drops of tolui-
dine blue solution until edges of the drops start to dry and turn 
iridescent. Remove the slides from the hot plate and wash them 
in a container  fi lled with tap water, then dry them with  fi lter 
paper and a hot plate and observe unmounted sections with a 
light microscope to select the appropriate areas to be studied 
with the electron microscope. These areas should be carefully 
trimmed to smaller trapezoids of no more than 0.5 mm in 
their long axis and ultrathin sections obtained from them. 
Pick up appropriate sections with copper or nickel grids held 
with  fi ne tweezers ( see   Notes 20–22 ).  

    8.    Staining ultrathin sections: Once the sections are mounted on 
grids, allow them to dry and subsequently stain them with 
heavy metal solutions (containing uranium and lead), so that 
speci fi c deposition of metal salts in different subcellular organ-
elles assures scattering of electrons that will be the basis for 
image formation in the electron microscope. The general stain-
ing of sections for ultrastructural studies is double staining 
with lead citrate and Uranyl acetate ( see   Note 23 ).      
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  This method is designed to immuno-localize tissue antigens such 
as enzymes, proteins, or their receptors. Positive results indicate 
the presence of antigen under study but do not give any informa-
tion on its functional state. Ultrastructural localization is particu-
larly informative since it identi fi es particular organelles/subcellular 
structures where antigens are localized.

    1.    Fix tissue fragments and semen pellets for ultrastructural 
immunocytochemistry for 1 h at 4°C either in 5% formalde-
hyde in phosphate buffer (0.1 M, pH 7.4) or in a mixture of 
4% paraformaldehyde and 0.25% glutaraldehyde in the same 
buffer, and rinse twice in buffer after  fi xation. Osmium post-
 fi xation is to be omitted.  

    2.    Dehydrate samples in an increasing series of ethanol, in fi ltrate 
in medium grade LR White Resin, and polymerize at 60°C for 
24 h ( see   Note 24 ). Mount thin sections (silver to pale golden) 
on 300 mesh nickel grids and dry them at room temperature 
( see   Note 25 ).  

    3.    Perform antigen retrieval  (  3–  5  )  ( see   Note 26 ).  
    4.    Wash the grids, and incubate them for 30 min at room tem-

perature in Blocking Buffer (TBS + 10% normal goat serum) to 
block nonspeci fi c binding and then  fl oat them on drops of pri-
mary antibody at appropriate dilutions, and incubate in a 
humid chamber overnight at 4°C.  

    5.    Perform three washes in TBS then further incubate the grids 
for 1 h at 4°C with Blocking Buffer containing colloidal gold 
labeled secondary antibody (goat anti-rabbit IgG 10, 15, or 
20 nm gold particles) at 1:25 or 1:50 dilutions, and rinse three 
times in TBS ( see   Notes 27  and  28 ).      

  Histochemistry is designed to detect cell components such as 
enzymes by their speci fi c activity, and therefore the results are func-
tionally informative. A suitable substrate and detection system 
should be used depending on the enzyme under study. The purpose 
of this section is to describe the general procedures when this tech-
nique is used for ultrastructural localization of enzymes or other 
chemical cell components. A protocol for detection of acid phos-
phatase activity will be described in detail ( see   Note 29 ). We have 
used this technique to characterize lysosomal activity, distribution, 
and cyclic variations in rat seminiferous tubules  (  6  ) .

    1.    Fix with 2.5% glutaraldehyde for 60 min. The choice of  fi xatives 
will depend on their capability to preserve the activity of speci fi c 
enzymes. Perform perfusion or immersion  fi xation as appropri-
ate ( see   Note 30 ).  

    2.    After  fi xation, rinse the tissue with buffer, and slice in a 
Vibratome at 50  μ m thick sections.  

  3.2.  Processing 
for Ultrastructural 
Immunocytochemistry

  3.3.  Processing 
for Ultrastructural 
Histochemistry
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    3.    Incubate sections in the medium containing Na 
 β -glycerophosphate at pH 5.0 for acid phosphatase localization 
 (  7,   8  )  ( see   Note 31 ). Optimize incubation time and tempera-
ture (room temperature or 37ºC) to maximize enzyme activity 
while avoiding background staining as much as possible 
(Fig.  5 ).  

    4.    Observe semi-thin 1  μ m sections without any further staining 
for a black deposit indicative of acid phosphatase activity under 
a light microscope.  

    5.    Analyze ultrathin sections by electron microscopy either 
unstained or brie fl y stained with Uranyl acetate and lead citrate.      

      1.    Fix and dehydrate tissues: Perform primary  fi xation of tissue 
fragments or cell/sperm suspensions with glutaraldehyde and 
secondary  fi xation with osmium tetroxide ( see   Note 32 ). 
Sediment  fi xed cells or spermatozoa on positively charged or 
poly- L -lysine coated small glass slide fragments to ensure cells/
sperm adherence to the glass. Control sedimentation under the 
light microscope to obtain an adequate microscopic density 
avoiding clumping or overlapping of cells or spermatozoa  (  9  ) . 
Dehydrate tissue fragments or cells adhered to glass fragments 
in a graded series of ethanol (50, 70, and 96%, three changes, 
10 min each, at 4ºC) followed by absolute ethanol and acetone 
at room temperature (three 10 min changes for each).  

    2.    Dry the samples: After dehydration remove  fl uids from tissue/
cells taking care to avoid surface tension forces ( see   Notes 33  
and  34 ).  

    3.    Expose tissue surface features: When studying spermatozoa or 
spermatogenic cells by SEM, surface features of cell mem-
branes are readily visible (Fig.  2d ). To examine testicular tissue 
some procedures may be necessary to better expose surface 
features or intercellular relationships. This may require some 
dissection with rather blunt instruments to promote cell shed-
ding and exposure of intercellular spaces (Figs.  2c  and  3b ). To 
observe the inner surface of seminiferous tubules a cut with a 
sharp razor blade parallel to the longitudinal axis of seminifer-
ous tubules would be helpful (Fig.  2a , b). These manipulations 
can be performed in the soft tissue after osmium  fi xation. After 
drying, tissue is fragile and manipulations should be very 
gentle. Some degree of experimentation and trust in serendip-
ity is necessary as well as intuitive tissue exploration in search 
of interesting features. Actually, some artifacts may help when 
studying some structures as illustrated in Fig.  3b  for late 
spermatid bundles.  

    4.    Mount specimens and apply metal coating: After drying, mount 
tissue fragments or cells attached to glass slide fragments on 
metal holders adapted for different SEMs. Fasten the tissue/

  3.4.  Preparing 
Samples for Scanning 
Electron Microscopy
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cells to holders with special adhesives containing metal particles 
or doubled sided, adhesive, conductive tapes to ensure con-
ductivity. After adhesion, coat the samples with a thin  fi ne-
grain coat of gold-palladium to be observed with the SEM ( see  
 Note 35 ).     

 Tissue samples or slide fragments with attached cells/spermatozoa 
are now ready to be studied by SEM (Figs.  2  and  3 ).   

 

     1.    Cacodylate Buffer and Collidine Buffer are considered excellent 
all-purpose buffers; however, Cacodylic acid is highly toxic and 
Collidine solutions are somewhat dif fi cult to prepare. Phosphate 
buffers are inexpensive nontoxic and easy to prepare.  

    2.    We prefer this mixture because it has the combined advan-
tages of Eponate (it stains well) with those of Araldite (it cuts 
very well).  

    3.    These come in various shapes including pin stubs, cylinders, 
mounts with clips for thin specimens, etc. for use with SEMs of 
different brands. There are also adaptable holders to adjust the 
viewing angle.  

    4.    Care should be taken to avoid mechanical disruption that may 
occur by grasping or pressing the tissue with forceps or scissors 
while cutting it.  

    5.    If the tissue is too soft and dif fi cult to cut into small pieces 
without distortion it can be  fi rst immersed in the  fi xing solution 
for 5–10 min. This will harden it and facilitate cutting. 
Immersion  fi xation as described is particularly suited for testic-
ular biopsies of primates (including humans) but not for rodent 
testes. Rodent testes have extensive peritubular lymphatic spaces 
(Fig.  6 ) and cannot be cut before  fi xation without considerable 
architectural distortions. Seminiferous tubules shrink, and 
lymph spaces around them widen, seriously compromising 
structural preservation. In cases when perfusion cannot be per-
formed it is better to immerse the whole uncut organ in cold 
glutaraldehyde, and leave it for about 30 min. This will harden 
the super fi cial tissue immediately underneath the albuginea 
allowing it to be cut into smaller pieces with less damage. These 
should be immersed in X10 volume of  fi xative for three to four 
more hours.  The deepest softer parts of the testis, where the  fi xative 
did not penetrate, should not be used.  To facilitate  fi xative pene-
tration a few punctures can be made in the albuginea at both 
poles of the organ prior to immersion.   

  4.  Notes
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    6.    Testes can be successfully  fi xed via retrograde perfusion of the 
abdominal aorta as reported in detail by Vitale et al.  (  10  )  from 
whom this protocol is taken. We have applied this method with 
excellent results  (  11,   12  )  (Fig.  6 ).  

    7.    To visualize testicular arteries, the testes should not be moved 
from the scrotum. Instead, the lower abdominal wall and 
inguinal canal can be opened toward the scrotum and the tes-
tes exposed. To avoid drying of the albuginea, cover the testis 
with a piece of gauze moistened with saline solution. This can 
be lifted to observe the testicular vasculature while perfusing.  

    8.    When this perfusion method cannot be used it is still possible 
to perfuse primate or rodent testes by delivering saline and 
 fi xative from a perfusion tubing to a  fi ne needle inserted in the 
testicular artery. In the case of rat testes the needle should be 
inserted in the readily visible straight initial course of the tes-
ticular artery just underneath the tunica albuginea. Extreme 
care should be exercised to place the needle  inside  the testicu-
lar artery to avoid injecting  fi xative into the interstitial space.  

    9.    These small capsules are placed at the conical bottom of regular 
15 ml tubes where they can be centrifuged for 10 min. A conical 
pellet is obtained that can be further processed in situ (osmium 

  Fig. 6.    High-resolution light microscopy    of 1  μ m thick section of a 35-day-old rat testis. 
Perfusion  fi xation, Epon–Araldite embeddment, toluidine blue staining. Perfusion has 
emptied erithrocytes from blood capilaries (C). The lymphatic space, Leydig cells (LC), 
macrophages (M), and seminiferous tubules (ST) are very well preserved. Tubule diameter 
and germ cell density are diminished because of FSH neutralization with anti-FSH anti-
bodies. Modi fi ed from ref.  12 . Bar = 20  μ m.       
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 fi xation, embedment, and polymerization) .  This in situ method 
is particularly useful when the number of cells is relatively low 
(1–5 × 10 6 ) to avoid loosing cells during changes of solutions.  

    10.    If the suspension is not homogeneous let it stand for a few 
minutes in a rack so that solid material settles in the bottom 
and remove by decanting the supernatant into a clean centri-
fuge tube to eliminate all small gelatinous particulate or irregu-
lar solid fragments. A homogeneous and  fl uid sample should 
be obtained. If solid material still remains in suspension it is 
advisable to brie fl y spin the suspension for a few seconds to 
settle solid material at the bottom (discard sediment). If semen 
is very viscous it will require more thorough mixing or the use 
of repeated aspirations through a Pasteur pipette or a dispos-
able 10 ml syringe  fi tted with a 21 gauge needle. In these cases 
a higher dilution may be needed, but the pellets obtained will 
be more prone to disruption because most of the seminal 
plasma is removed and there is less cell cohesion after  fi xation. 
Following centrifugation the pellet should be compact with a 
very well-de fi ned upper border. If semen is too viscous the 
resulting pellet will not have a clear interface with the supernatant 
(“fuzzy” interface). In this case discard as much supernatant as 
possible, resuspend the pellet in fresh buffer, and centrifuge 
again. During further processing of semen samples, care should 
be exercised not to disturb the pellet. This is accomplished by 
adding all solutions drop by drop onto the tube wall and dis-
carding supernatants by slowly pouring them. Avoid use of 
pipettes or any other device that may create liquid turbulences 
and resuspend the pellet at these steps. Fixation is accomplished 
by slowly adding 3% glutaraldehyde in phosphate buffer down 
the tube wall at 4ºC.  

    11.    If spermatozoa are severely asthenozoospermic or completely 
immotile two changes should be introduced in the procedure 
to enhance staining of axonemal microtubular doublets and 
dynein arms  (  13  ) . For  fi xation, glutaraldehyde should be pre-
pared with phosphate buffer containing 2 mM Mg SO 4 , and at 
the last dehydration step 0.1% tannic acid in absolute ethanol 
should be used.  

    12.    When recently prepared, osmium solutions are lightly yellow 
and transparent. If kept for prolonged periods of time they 
may discolor and exhibit  fi ne black particles in suspension. If 
discoloration is not pronounced solutions can be centrifuged 
and used again, but should be discarded when turned com-
pletely grayish.  

    13.    The introduction of plastic resins has opened new horizons in 
ultrastructural studies since they yield tissue blocks with opti-
mal cutting and staining properties. Among the many varieties 



33929 Ultrastructural Analysis of Testicular Tissue and Sperm…

available, we recommend the use of embedding kits combining 
Eponate and Araldite. Eponate was introduced some years ago 
and successfully replaced Epon 812 which had been widely 
used before.  

    14.    After secondary osmium  fi xation, tissue fragments are ready 
for embedment. In the case of cell or semen pellets, after 
osmium  fi xation these should be fragmented into smaller 
pieces, no larger than 1–2 mm 3 . When cell or sperm numbers 
are low, pellets can be obtained in small (0.5 ml) Beem conical 
tip capsules and, without being removed, further processed 
within the capsules until resin blocks are obtained. This will 
ensure that all materials are embedded without losses due to 
unwanted fragmentation during processing.  

    15.    Eponate–Araldite mix and Embedding protocol: Combine 10 
parts Eponate 12 Resin with 10 parts Araldite 502 Resin and 30 
parts DDSA. Mix well. The mixture can be moderately heated 
to facilitate mixing. Unless resin mix is to be used frequently, it 
is better to prepare small volumes that can be kept at 4ºC. 
Before using for embedding BDMA should be added at 3%  fi nal 
concentration (90  μ l BDMA in 3 ml resin mixture should suf fi ce 
to  fi ll six embedding cells of  fl at silicone rubber molds). 

 After complete dehydration and propylene oxide in fi ltration 
of pellets or tissue fragments the following procedure should 
be performed:

   In fi ltrate for 2 h at room temperature in a mixture of equal  –
parts of Eponate–Araldite mix (containing 3% BDMA) and 
propylene oxide (can be left overnight in the refrigerator).  
  Transfer to pure Eponate–Araldite mix for 2 h at room  –
temperature (or overnight in the refrigerator).  
  Change to fresh Eponate–Araldite mix.  –

 At this point samples are ready for polymerization. Place 
them in numbered cells of  fl at silicone rubber embedding 
molds or in embedding capsules together with an 
identi fi cation tag and  fi ll with fresh Eponate–Araldite mix. 
Place embedding molds into a polymerization oven and 
cure at 60ºC for 24–48 h. Tags, properly identi fi ed with 
pencil (do not use ball pens), can be cut from white cards 
and placed  fl at on the bottom of embedding cells. 

 When polymerization is carried out within small Beem 
conical tip capsules (0.5 ml volume, used when the num-
ber of cells is below 5 × 10 6 ) it is advisable to cure for 24 h, 
then peel off the capsule and continue polymerization for 
an additional 24 h.     

    16.    Procedures in this section are applied to tissue embedded either 
in Eponate–Araldite or in LR White. After adequate resin 
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polymerization, blocks are ready to be cut. This is accomplished 
using ultramicrotomes that will give semi-thin sections for 
high-resolution light microscopy and ultrathin sections for 
electron microscopy. Various brands of automatic ultramicro-
tomes are available in the market. Operating procedures are 
beyond the scope of this chapter. Speci fi c details on different 
brands and models can be found in catalogs and manuals pro-
vided with the instrument. All ultramicrotomes are equipped 
with stages where properly illuminated blocks can be fastened 
for trimming under the observation with a binocular stereomi-
croscope. Light comes from different sources and directions as 
diffuse light, backlighting,  fi ber optic transillumination, or 
“spot light.” These can be used for general observation or for 
speci fi c purposes such as adjusting the orientation of knives, 
monitoring their advance in relation with blocks, etc. The stage 
also provides for the location and movement of knife holders. 
High precision micrometers or special knobs allow the move-
ment and rotation of resin blocks and knives in all directions so 
that proper orientation and contact between blocks and cutting 
knives can be achieved. Section thickness (from the nm to the 
 μ m range) and cutting speed are automatically controlled. 
Ultramicrotomes are mounted on special tables to isolate them 
from outside vibrations that can compromise section quality.  

    17.    Avoid very large blocks, square or horizontal rectangular 
shapes because they can damage the knife edge by exerting 
excessive force on it and will likely vibrate during sectioning.  

    18.    Glass and diamond knives can be used to obtain semi-thin and 
ultrathin sections. Glass knives can be obtained with knife-
makers from specially designed glass strips provided for this 
purpose. Details on obtaining glass knives are beyond the scope 
of this chapter and should be obtained from technical books on 
TEM techniques or from instrument catalogs. Properly pre-
pared glass knives can be successfully used to obtain semi-thin 
and ultrathin sections, but even though excellent results can be 
obtained, it is advisable to use diamond knives, which require 
less effort and provide more reproducibility. Diamond knives 
can also be used for semi-thin sectioning (knives are available 
for semi- and ultrathin sectioning, as well as for special uses such 
as cryoultramicrotomy). When using the ultramicrotome, 
sections  fl oat, as they are being cut, in boats  fi lled with water 
that are located behind the knife edge (see above). There are 
a few practical details that should be attended to. The water 
level should be such as to form a slightly concave meniscus with 
water reaching (wetting) the knife edge. To neutralize surface 
tension forces that sometimes may keep the water from wetting 
the knife edge, a few drops of 96% ethanol should be added to 
the distilled water. A convex meniscus is to be avoided because 
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water tends to “jump” and wet the surface of approaching resin 
blocks. Another important detail is that the knife clearance cut-
ting angle should ideally be set between 2 and 10 with the clear-
ance angle adjustment knob (we set it at 4–6). This angle is 
different from the predetermined 45–55º angle which is set by 
the manufacturer during diamond knife mounting and cannot 
be changed. Glass knives are discarded after cutting a few blocks, 
but diamond knives should be meticulously cleaned after each 
use. There are inexpensive diamond knife cleaning rods made of 
strong pressed Styrofoam or pith wood that can be utilized after 
soaking in 96% ethanol. However, their use demands personal 
expertise to avoid damaging the extremely delicate diamond 
resulting from excessive pressure exerted on the knife edge. For 
operators with less experience it is advisable to use any of the 
Diamond Knife Cleaners available in the market that will remove 
dirt from the knife by rotating it in a bath with water and deter-
gent without any physical contact with the edge.  

    19.    To use glass knives an ad hoc container should be attached to 
them (knife boat) and  fi lled with water for  fl otation of sections 
as they are being cut. Hard plastic knife boats can be bought 
from EM suppliers or the boats can be prepared with adhesive 
tape. Diamond knives are mounted in pre-designed metal 
holders that include small water containers for section  fl otation. 
The ad hoc boat in glass knives or the built-in container in 
diamond knives, when properly  fi lled, should provide a water 
surface just at the level of the cutting edge.  

    20.    It is important to use sharp diamond knives without scratches 
to obtain good ultrathin sections. The section thickness control 
should be set to 80–100 nm, but actual thickness is to be eval-
uated by the interference colors that sections display while they 
 fl oat in the water. Depending on the physical characteristics of 
some blocks, it may be necessary to turn the thickness knob 
above 100 nm to obtain sections of the appropriate thickness. 
The best sections for ultrastructural studies should be  silver to 
pale golden in color . Dark golden sections are too thick for 
good results because they will not allow obtaining a good focus 
under the electron beam. When sections come from the dia-
mond edge they can be somewhat compressed giving darker 
interference colors than the real thickness. Sections should be 
“extended” to eliminate compression folding. This is achieved 
by approaching the sections (but not touching them!) with a 
wood stick soaked in chloroform while they are  fl oating (sticks 
should be kept in small glass vials  fi lled with chloroform). 
Vapors will stretch the sections, which will then display the real 
interference color from which thickness can be determined.  

    21.    The physical properties of resin blocks are critical to obtaining 
good ultrathin sections. Polymerization should be complete 
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(not less than 24–48 h at 60ºC). Blocks that are too soft will 
produce compressed or vibrated sections. Also, the trapezoid 
shape obtained after trimming should be such that the base is 
the  fi rst point of contact with the knife edge and the longer 
trapezoid axis is oriented parallel to the direction of sectioning. 
Ideal cutting speed is around 0.6 mm/s. Good ultrathin sec-
tions display silver to pale-gold interference colors after being 
stretched with chloroform vapors. They will be suitable to 
study subcellular structures in detail and should ideally be free 
from longitudinal lines that result from imperfections in the 
knife edge. These areas of the knife should be avoided. 
Imperfections will inevitably appear on the edge with use and 
are acceptable if they do not produce coarse lines (Fig.  1 ). 
Horizontal parallel lines or frosty (not shiny) appearance of 
sections are usually due to vibrations or compression due to 
blocks which are soft, too large, or incorrectly shaped. If prob-
lems persist after blocks are adequately polymerized and 
shaped, they may be due to dull diamond knives that should be 
sent to the suppliers for re-sharpening.  

    22.    Picking up sections from knife boats with grids and lowering 
them on  fi lter paper: 
 Copper or nickel grids should  fi rst be cleaned by placing them 
inside a glass vial  fi lled with absolute acetone and agitated to 
ensure a cleaning action. They should be later transferred to a 
 fi lter paper-covered Petri dish so that acetone dries before 
using grids to mount thin sections. Once thin sections are 
ready they should be mounted on copper or nickel grids. With 
a  fi ne tweezer (preferably with curved ends) hold one grid, 
shiny side up, and keep it  fi rmly held by sliding a rubber O-ring 
on the tweezer arms so that they will remain  fi rmly closed. 
Approach the grid to the sections from above, and gently touch 
the water surface so that sections will stick in the center of the 
grid (on its dull side). Lift grids from the water, turn them dull 
side up, and release them with a sliding motion on a  fi lter 
paper-covered Petri dish. The paper should be previously wet 
so that grids will “land” on the paper and not “jump back,” 
driven by surface tension forces, to the small drop of water that 
remains between tweezer arms. An alternative to this is to gen-
tly absorb the water between the tweezer arms with a  fi ne piece 
of  fi lter paper before landing the grid on the paper. Grids now 
will rest on  fi lter paper-covered Petri dishes, sections side up.  

    23.    Procedure to stain EM sections:
   Preparing the working surface.   ●

  Prepare a square piece of para fi lm or wax plate under a  ●

large Petri dish and arrange drops in various horizontal 
rows according to indications below.  
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  Row 1. Line up a  fi rst horizontal row of as many water drops  ●

as grids from different blocks will be stained. Up to two grids 
from the same block can be accommodated in each drop, but 
the ideal number is 1 to keep the procedure simple.  
  Row 2. Line up a second row of Uranyl–acetone drops. To  ●

prepare, mix a few drops of saturated Uranyl acetate in 
water with an equal number of absolute acetone drops on 
a corner of the working surface, recover with a Pasteur 
pipette, and line up drops in the row.  
  Rows 3 and 4. Same number of distilled water drops as in  ●

previous rows.  
  Row 5. Same number of lead citrate drops. These should  ●

be put in place just before using (lead citrate can combine 
with CO 2  from air or breathing and form insoluble crystals 
that may contaminate sections).  
  Row 6. Same number of distilled water drops.   ●

  Before starting, note that grids from different blocks do  ●

not bear marks and can be easily confused. To stain sec-
tions on grids the procedure below should be performed 
with maximal attention.  
  Pick up grids with  fi ne tweezers and  fl oat them with sec- ●

tions facing down on the  fi rst line of distilled water drops 
to hydrate them. It is suggested that the order of grids in 
drops be the same as that of aligned Petri dishes from 
which grids are removed.  
  Transfer grids (sections facing down) to row 2 (Uranyl– ●

acetone mix). Stain for 2 min.  
  Transfer grids to distilled water in row 3.   ●

  Pick up grids one by one with tweezers, and gently rinse  ●

them by immersion in three changes of distilled water. For 
this purpose three small (20 ml) glass vials  fi lled with dis-
tilled water can be used. Rinsed grids are transferred to 
water drops in row 4 until all of them are rinsed. After 
 fi nishing, change distilled water in vials for the next rinse 
(after lead citrate staining).  
  Transfer grids (sections facing down) to row 5 (lead citrate  ●

drops should be set just before using). Stain for 2 min.  
  Transfer grids to distilled water drops in row 6.   ●

  Rinse well in the three vials of distilled water and place  ●

them back in the original Petri dishes. Allow grids to dry 
face up on  fi lter paper.  
  Grids are now ready for electron microscopy studies. They  ●

should be safely stored in special grid boxes with proper 
identi fi cation.     
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    24.    LR White embedding protocol: LR white is an aromatic acrylic 
embedding resin for on-grid ultrastructural immunocytochem-
istry. Osmium post- fi xation is omitted because it compromises 
tissue antigenicity. Tissue fragments or pellets are dehydrated 
in ascending concentrations of ethanol (50, 70, and 96%, three 
10 min washes at each concentration). It is not necessary to 
reach 100% ethanol. In fi ltrate in a mixture of equal parts of LR 
White and 96% ethanol, for 60 min. Transfer to pure LR White 
resin and change 4–6 times, 30 min each, at room tempera-
ture. Change to fresh LR White and polymerize for 24 h in 
60ºC oven in molds closed without air bubbles.  

    25.    Use of copper grids should be avoided. Ultrastructural immu-
nocytochemical localization of selected cell components is per-
formed on nickel grids that were  fi rst hydrated by  fl otation on 
distilled water drops.  

    26.    To perform antigen retrieval place the grids with the sections 
facing up on the bottom of a covered glass Petri dish containing 
10 mM Na–Citrate buffer pH 6.0 and subject them to 1–15 min 
of microwave irradiation at 800 W (time varies with different 
tissues and should be experimentally determined). This method 
allows for signi fi cant increases of labeling density without 
modifying antibody concentrations  (  3,   14,   15  )  (Fig.  4 ). This is 
due to enhanced immunoreactivity by microwave irradiation 
that “unmasks” tissue antigens concealed by aldehyde  fi xation-
induced protein cross-linking. A short 1-min exposure in a 
family type microwave oven results in a dramatic two- or three-
fold increase in particle density with no detectable changes in 
speci fi city and very low levels of background labeling. It is pos-
sible that longer exposure times can lead to further increases in 
immunoreactivity, which is particularly important in cases of 
low or negative labeling. In fact, sometimes antigen retrieval 
can be extended to as much as 10–15 min microwave irradia-
tion  (  14  ) . When extending microwaving time, the buffer level 
should be controlled and restored with distilled water to neu-
tralize changes in concentrations due to evaporation.  

    27.    Grids can be subsequently lightly treated with Osmium 
Tetroxide for 5 min followed by 1:1 aqueous Uranyl acetate: 
absolute acetone to increase contrast, or alternatively can be 
left without any further staining. Negative controls are pro-
cessed identically, replacing the primary antibody with similar 
dilutions of primary antibodies pre-adsorbed with excess anti-
gen or omitting the  fi rst antibody.  

    28.    If colloidal gold-coupled secondary antibodies are not avail-
able a pre-embedding protocol can be attempted utilizing a 
commercial immunocytochemistry peroxidase detection sys-
tem. This method is particularly suited for cell suspensions that 
should be pelleted and washed with buffer after each step. 
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Fixation is similar to that previously indicated using either 5% 
formaldehyde or a mixture of 4% paraformaldehyde and 0.25% 
glutaraldehyde in phosphate buffer (see above). Cell suspen-
sions are permeabilized with 0.5% Triton X-100 for 45 min at 
4ºC, endogenous peroxidase neutralized with H 2 O 2  for 
10 min, and nonspeci fi c binding neutralized with blocking 
buffer. Cells are then incubated in the primary antibody at the 
appropriate dilution, washed twice with buffer, and treated 
with a commercial ultra sensitive link-label immunocytochem-
istry detection system (peroxidase) according to kit directions. 
Localization of peroxidase activity is achieved by treating cells 
with Diaminobenzidine-H 2 O 2 . After this step cells are post-
 fi xed with Osmium Tetroxide for 10 min. This will produce an 
electron opaque deposit easily recognizable under the electron 
microscope (Fig.  4 ). Cells are subsequently pelleted and 
embedded in Eponate–Araldite as described above. This simple 
protocol gives good results when gold-coupled antibodies are 
not available.  

    29.    For demonstration of other enzymes or cell components there 
are speci fi c substrates or detection systems that can be found in 
the literature.  

    30.    As in the case of immunocytochemistry, osmium  fi xation 
should be avoided prior to enzyme detection because it severely 
diminishes enzyme activity.  

    31.    The idea of including acid phosphatase cytochemical demon-
stration in this chapter is to show how these methods can be 
applied to TEM. For complete details on different solutions, 
buffers, etc., please refer to Miller and Palade  (  16  ) . After 
 fi xation, 50  μ m sections are obtained with a vibratome or cry-
ostat. We prefer vibratome sections (no freezing involved). All 
procedures should be performed at pH 5.0. After buffer rinses 
incubate sections in the following recently prepared and  fi ltered 
mixture: dissolve 2 g sucrose in 100 ml 0.05 M Sodium Acetate 
Maleate pH 5.0, add the three following components stirring 
well after each addition: 0.12 g Lead Nitrate (Pb (NO 3 ) 2 ), 
0.17 g Magnesium Sulfate (Mg (SO 4 )), and 0.3 g Sodium-
beta-glycerophosphate. Filter solution, and incubate sections 
for 15–60 min at room temperature or 37ºC. Time and tem-
perature should be experimentally determined to achieve good 
enzyme labeling with minimal background. Control sections 
should be incubated either without substrate or in complete 
medium to which 0.01 M NaF was added to inhibit acid phos-
phatase activity. After incubation, sections are rinsed in buffer 
and post- fi xed in 1.3% Osmium Tetroxide for 30 min. Repeat 
rinse. The 50  μ m thick sections should now be divided into 
square  fl akes of no more than 2 mm by side, dehydrated, and 
embedded in Eponate–Araldite. To obtain optimal results 
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place resin-in fi ltrated sections over a piece of aluminum foil, 
add a drop of resin, cover with another piece of aluminum 
foil, press  fl at with a weight on top, and polymerize as usual. 
When polymerized, peel foil, cut around individual sections, 
and using Epoxi adhesives, attach the thin  fl ake to the cutting 
face of a sample-free resin block specially prepared for this pur-
pose. Blocks are now ready to be cut, but special precautions 
should be taken. Vibratome sections are just below the cutting 
surface; therefore, no trimming is necessary, and care should 
be exercised not to use up all embedded material with orienta-
tion sections. It is advisable to check the  fi rst sections until 
tissue is reached.  

    32.    Fixing testicular tissue fragments and cell/sperm suspension 
for SEM: Testicular tissue for SEM can be  fi xed by immersion 
or perfusion with 3% glutaraldehyde and post- fi xed in 1.3% 
osmium tetroxide as for TEM. In the case of sperm or sper-
matogenic cell pellets 2 ml of primary  fi xative (3–5% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.4) is added to a 
fraction of the pellet, which is resuspended and cells  fi xed in 
suspension for 10–20 min at 4°C. Suspensions are pelleted and 
resuspended at each step. After two buffer washes secondary 
 fi xation is accomplished with 1.3% osmium tetroxide in phos-
phate buffer for 10–20 min at 4°C.  

    33.    When  fl uids evaporate from soft biological material high 
surface tension forces are exerted as the liquid/gas interphase 
recedes around and through tissue or cells during drying. As a 
consequence, delicate surface features such as cilia, microvillae, 
or other cell membrane features and intercellular relationships 
can be seriously damaged. Special methods have been devised 
to avoid distortions. The more classically used is critical point 
drying (CPD) that gives excellent results. This is accomplished 
using a special CPD apparatus usually available at all SEM facil-
ities. CO 2  is used as an intermediary  fl uid that, when subjected 
to high pressure and temperature, reaches a “critical point” 
where surface tension forces equal 0 and the liquid/gas inter-
phase disappears. At this point, gaseous CO 2  is slowly released 
and surface-tension-free tissue drying is accomplished.  

    34.    An alternative simpli fi ed method for drying samples for SEM 
studies using special compounds: The classical method used in 
SEM is the CPD that requires special equipment generally 
available at SEM facilities (described above). If this method 
cannot be used there are alternatives such as the use of 
Hexamethyldisilazane (HMDS) or Tetramethylsilane (TMS) 
that yield similar results to CPD. We have successfully used 
Peldri II, one compound of this type that is not currently avail-
able on the market and has been replaced by HMDS (we have 
no direct experience with this last compound).  
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    35.    This coating is achieved in special devices (Sputter Coaters) 
that accommodate the sample in a vacuum chamber where it is 
metal coated avoiding high temperatures. Sputter Coaters are 
normally available at SEM facilities.          
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    Chapter 30   

 Assessment of Oxidative Stress in Sperm and Semen       

     Anthony   H.   Kashou   ,    Rakesh   Sharma   , and    Ashok   Agarwal         

  Abstract 

 The chemiluminescence method is the most commonly employed technique as a direct measurement of 
reactive oxygen species (ROS) generation by spermatozoa. This assay is capable of quantifying both intra-
cellular and extracellular ROS. Moreover, the use of various probes allows for differentiation between 
superoxide and hydrogen peroxide production by spermatozoa. When the total antioxidant reserves are 
overwhelmed by excessive production of ROS, it results in oxidative stress. Therefore correct measure-
ment of both ROS and total antioxidant capacity (TAC) is essential in the assessment of oxidative stress in 
sperm and semen. This chapter describes the methodological approach for measuring seminal oxidative 
stress through the use of chemiluminescence assay for accurate measurement of ROS and the colorimetric 
assay for measurement of TAC.  

  Key words:   Chemiluminescence ,  Seminal plasma ,  Spermatozoa ,  Antioxidant capacity ,  Oxidative 
stress    

 

  Male infertility represents a vexing problem of great magnitude. 
Reactive oxygen species (ROS) affect and in fl uence spermatozoa in 
their local environments. Any imbalance between ROS production 
and the biological system’s ability to scavenge these reactive inter-
mediates by antioxidants (both enzymatic and nonenzymatic) 
results in a condition known as oxidative stress (OS). Disturbances 
in the normal redox state can have deleterious effects on the body. 
OS has been implicated in several diseases, along with impaired 
sperm parameters. Moreover, OS levels have been shown to cor-
relate with reduced fertility  (  1  )  .  

 Therefore, accurate ROS measurement provides a vital tool in 
the initial evaluation and follow-up of infertile male patients. 

  1.  Introduction

  1.1.  Reactive Oxygen 
Species
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Establishing reference values may help in identifying the potential 
causes of reduced fertility and developing strategies to reduce OS 
and improve sperm quality. ROS can be produced both by peroxi-
dase-positive leukocytes and defective morphologically abnormal 
spermatozoa with excessive residual cytoplasm present in the mid-
piece area. Common ROS are superoxide anion (O2 •− ), hydroxyl 
radical (OH • ), and the strong oxidizer hydrogen peroxide (H 2 O 2 ). 
ROS or their oxidized products can be measured both by direct 
assays such as chemiluminescence, nitroblue tetrazolium test, cyto-
chrome  c  reduction,  fl ow cytometry, electron spin resonance, and 
xylenol orange-based assay. Indirect methods include measurement 
by myeloperoxidase test, measurement of redox potential, lipid 
peroxidation levels, chemokines, antioxidants, and antioxidant 
enzymes and measuring levels of DNA damage  (  2,   3  ) . 

 Two probes may be used with the chemiluminescence assay: 
luminol and lucigenin. A luminol-mediated chemiluminescence sig-
nal in spermatozoa occurs when luminol oxidizes at the acrosomal 
level. Luminol reacts with a variety of ROS and allows both intracel-
lular and extracellular ROS to be measured. Lucigenin is more 
speci fi c for superoxide anions released extracellularly  (  2,   3  )  .  

 The luminol assay is more advantageous for a number of rea-
sons. It can measure H 2 O 2 , O  2  

•−  , and OH •−  levels. However, it can-
not distinguish these oxidants from one another  (  4  )  .  In addition, 
luminol is easy to use and can measure the global level of ROS 
under physiological conditions. Since the assay can measure both 
extracellular and intracellular ROS, it has a high sensitivity  (  4  )  .  
Multiple studies have correlated high chemiluminescent signals 
using luminol as a probe with adverse effects on sperm function. 

 This chapter aims to provide a step-by-step approach in the use 
of chemiluminescence assay utilizing luminol as a probe for the 
assessment of ROS in sperm and semen. The instrument used to 
measure the light intensity resulting from chemiluminescence reac-
tion is called luminometer. These can be single tube, multiple tube, 
or plate luminometers. Depending on the nature of the manner in 
which the signal input is measured they can be either the photon-
counting luminometers that count individual photons or the direct 
current luminometers that measure electric current that is propor-
tional to the photon  fl ux passing through the photomultiplier tube. 
The results can be expressed as relative units (RLU), counted pho-
tons per minute (cpm), or millivolts/second. The method described 
below utilizes a multiple tube luminometer, which is a photon-
counting instrument that covers a spectral range from 390 to 
620 nm. ROS can be measured in either neat or unprocessed 
lique fi ed seminal ejaculate, washed sperm, or sperm prepared by 
swim up or by density gradient separation.  

  Living organisms have developed a complex antioxidant system to 
counteract the effects of ROS and reduce damage. The antioxidant 
system of living organisms includes enzymes such as superoxide 

  1.2.  Total Antioxidant 
Capacity
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dismutase, catalase, and glutathione peroxidase; macromolecules 
such as albumin, ceruloplasmin, and ferritin; and an array of small 
molecules, including ascorbic acid,  α -tocopherol,  β -carotene, 
reduced glutathione, uric acid, and bilirubin. The sum of endoge-
nous and food-derived antioxidants represents the total antioxi-
dant activity of the extracellular  fl uid. Thus, the overall antioxidant 
capacity may give more relevant biological information compared 
to that obtained by the measurement of individual components, as 
it considers the cumulative effect of all antioxidants present. 

 A simple assay kit is available from Cayman Chemicals (antioxi-
dant assay kit, Ann Arbor, MI). We have standardized this assay 
and use it in our laboratory  setting. The assay relies on the ability 
of antioxidants in the sample to inhibit the oxidation of 2,2 ¢ -azino-
di-[3-ethylbenzthiazoline sulfonate] (ABTS) to ABTS+ by met-
myoglobin. Under the reaction conditions used, the antioxidants 
in the seminal plasma cause suppression of the absorbance at 
750 nm to a degree that is proportional to their concentration. 
The capacity of the antioxidants present in the sample to prevent 
ABTS oxidation is compared with that of the standard—Trolox, a 
water-soluble tocopherol analogue. Results are reported as micro-
moles of Trolox equivalent. This assay measures the combined 
antioxidant activities of all its constituents including vitamins, pro-
teins, lipids, glutathione, uric acid, etc.  

  Accurate measurement of both ROS and total antioxidant capacity 
(TAC) is important to determine if oxidative stress is the underly-
ing cause of male infertility. In such conditions, it is important to 
reduce the ROS levels by eliminating the ROS generation by leu-
kocytes in case of an underlying infection, and antioxidant supple-
mentation to improve TAC may prove to be bene fi cial.   

 

      1.    Disposable polystyrene tubes with caps (15 mL).  
    2.    Eppendorf pipets (5, 10  μ L).  
    3.    Serological pipets (1, 2, 10 mL).  
    4.    Desktop centrifuge.  
    5.    Disposable sperm-counting chamber.  
    6.    Dimethyl sulfoxide (DMSO).  
    7.    Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione).  
    8.    Polystyrene round-bottom tubes (6 mL).  
    9.    Multiple tube luminometer  
    10.    Dulbecco’s Phosphate-Buffered Saline Solution 1× (PBS).      

  1.3.  Conclusion

  2.  Materials

  2.1.  Equipment 
and Consumables 
for ROS Assay
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      1.    DMSO solution: Provided ready to use (see Note 1).  
    2.    Stock Luminol (100 mM): Weigh out and add 177.09 mg of 

luminol to 10 mL of DMSO in a polystyrene tube (see Notes 
2 and 3).  

    3.    Working Luminol (5 mM): Mix 380  μ L DMSO with 20  μ L of 
prepared luminol stock solution in a foil-covered polystyrene 
tube (see Note 4).      

      1.    Antioxidant assay kit (Cayman Chemical, Ann Arbor, MI).  
    2.    Absorbance Microplate Reader (e.g., BioTek Instruments, 

Inc., Winooski, VT).  
    3.    Pipettes (20, 200, and 100  μ L).  
    4.    Pipette tips (20, 200, and 100  μ L).  
    5.    Multichannel pipettes (eight channel, 30–300  μ L).  
    6.    Aluminum foil.  
    7.    Microfuge tubes.  
    8.    Deionized water.  
    9.    Polystyrene centrifuge tubes (50 and 15 mL).  
    10.    Round-bottom tubes (12 × 75 mm).       

 

      1.    Herein we describe the details of measurement of ROS by 
chemiluminescence assay. ROS can be measured by the chemi-
luminescence method using a probe called luminol. Luminol is 
extremely sensitive and reacts with a variety of ROS at neutral 
pH. It has the ability to measure both extracellular and intrac-
ellular ROS. Free radicals have a very short half-life and are 
continuously produced. The free radical combines with lumi-
nol to produce a light signal that is then converted to an elec-
trical signal (photon) by the instrument called luminometer. 
The number of free radicals produced is measured as 
RLU/s/ × 10 6  sperm.  

    2.    Upon collection of semen sample, incubate at 37°C for 20 min 
to allow for liquefaction. Record initial characteristics, includ-
ing semen volume, pH, and color, and manually assess sperm 
count, concentration, and motility. Thereafter, process the 
semen specimen for ROS measurement as described below  (  5  )  
(Fig.  1 ).   

    3.    The following samples/preparations can be used for ROS mea-
surement: neat or unprocessed sample (seminal ejaculate after 

  2.2.  Reagents for ROS 
Assay

  2.3.  Equipment and 
Materials for TAC 
Assay

  3.  Methods

  3.1.  Specimen 
Preparation and ROS 
Measurement
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liquefaction)  (  6  ) , washed sample (see Note 5), sample prepared 
by swim-up method (see Note 6), or sample prepared by den-
sity gradient centrifugation (see Note 7).      

         1.    Turn on the luminometer and ensure that it is ready for 
measurements.  

    2.    Enter information in the luminometer including the patient 
information, number of samples, single measuring time, and 
data points measured in the integrated mode. Generally, the 
measurement time is 15 min.  

    3.    Label 6 mL tubes for blank, negative control, test sample and 
positive control and add reagents as shown in Table  1  (see 
Note 8). The blank, negative controls and positive controls are 
run in triplicate, and patient samples are typically run in dupli-
cate, though they can be run in triplicate if ejaculate volume is 
suf fi cient.   

  3.2.  ROS Measurement 
with Luminometer 
( see  Fig.  2 )

  Fig. 1.    Work fl ow for ROS measurement using luminol.       
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    4.    Immediately after adding the probe, initiate measurements. 
Load the tubes and operate the luminometer according to 
manufacturer’s recommendations.  

    5.    After  fi nishing the measurements, save the data for analysis.      

      1.    Calculate the “average RLU” for Negative control, Samples, 
and Positive control.  

    2.    Calculate sample ROS by subtracting its average from negative 
control average: Sample ROS = Average “RLU mean” for sam-
ple—Average “RLU mean” for negative control.  

    3.    Correct the sample ROS by dividing it by “Sperm concentra-
tion/mL” (see Note 9).  

    4.    Each lab can establish its reference value for ROS by running a 
large number of samples from healthy and infertile subjects. 

  3.3.  Calculating 
Results for the ROS 
Assay

   Table 1 
  Components and volumes for preparation of the various tubes for measuring ROS   

 No.  Labeled tube 
 PBS volume 
( m L) 

 Specimen 
volume ( m L) 

 Luminol 
(5 mM) 

 Hydrogen peroxide 
(8–9 M) 

 1  Blank (tubes S1–S3)  400  –  –  – 

 2  Negative control 
(tubes S4–S6) 

 400  –  10  μ L  – 

 4  Patient (tubes S7–S8)  –  400  10  μ L  – 

 5  Positive control 
(tubes S9–S11) 

 –  400  10  μ L  50  μ L 

  Fig. 2.    Illustration of a typical luminometer setup for luminol based ROS analysis. Reprinted with permission from the 
Cleveland Clinic Center for Medical Art & Photography © 2011.       
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In our laboratory, we have established the reference values as 
follows:  Normal range :  < 20 RLU/s/10 6  sperm.  Critical 
values :  > 20 RLU/s/10 6  sperm.  

    5.    Evaluate replicates to ensure that they are concordant within 
acceptable limits and ensure that control values are within the 
normal range (see Note 10).      

  All reagents should be equilibrated at room temperature before 
beginning the assay and prepared according to the manufacturer’s 
instructions provided with the assay kit and also available at   www.
caymanchem.com    .

    1.    Prepare Antioxidant assay buffer (10×) (vial # 1): Dilute 3 mL 
of assay buffer concentrate with 27 mL of HPLC-grade water 
in a 50 mL conical tube (see Note 11).  

    2.    Prepare chromogen (vial # 2): Reconstitute the chromogen 
(containing ABTS) with 6 mL of water and vortex it. This vol-
ume is suf fi cient for 40 wells (see Note 12).  

    3.    Prepare metmyoglobin (vial # 3): Reconstitute the lyophilized 
powder with 600  μ L of assay buffer and vortex it. Once recon-
stituted, it is suf fi cient for 60 wells (see Note 13).  

    4.    Prepare Trolox (vial # 4): This vial contains the standard Trolox 
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). 
Reconstitute the lyophilized powder in the bottle with 1 mL of 
water and vortex it. This is used to prepare the standard curve 
(see Note 14).  

    5.    Prepare hydrogen peroxide (vial # 5): This vial contains 8.82 M 
solution of hydrogen peroxide. Dilute 10  μ L of hydrogen per-
oxide reagent with 990  μ L of water. Further dilute by remov-
ing 20  μ L and diluting with 3.98 mL of water to give 441  μ M 
working solution (see Note 15).      

      1.    Bring frozen seminal plasma to room temperature and centrifuge 
in a microfuge at high speed for 5 min. Remove clear seminal 
plasma and dilute each sample 1:10 (10  μ L sample + 90  μ L 
assay buffer) in a microfuge tube (see Note 16).  

    2.    Use a plate template to note the locations of each sample (run 
standard and test samples in duplicate (see Note 17)).      

      1.    Prepare the standards in seven clean tubes and mark them 
A–G. Add the amount of reconstituted Trolox and Assay buf-
fer to each tube as shown in Table  2 .   

    2.    Add 10  μ L of Trolox standard (tubes A–G) or sample in dupli-
cate + 10  μ L of metmyoglobin + 150  μ L of chromogen per well 
(see Note 18).  

  3.4.  Preparation 
of Assay Reagents 
for TAC Assay

  3.5.  Specimen 
Preparation for TAC 
Assay

  3.6.  TAC Determination

http://www.caymanchem.com
http://www.caymanchem.com
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    3.    Initiate the reaction by adding 40  μ L of hydrogen peroxide 
working solution using a multichannel pipette (see Note 19).  

    4.    Cover the plate with the plate cover and incubate on a shaker 
for 5 min at room temperature.  

    5.    Remove the cover and read the absorbance at 750 nm using a 
plate reader.      

      1.    Calculate the average absorbance of each standard and 
sample.  

    2.    Calculate the antioxidant concentration of the samples using 
the equation obtained from the linear regression of the stan-
dard curve by substituting the average absorbance values for 
each sample into the following equation (see Note 20):

 
    

Unknown average absorbance  intercept
Antioxidant ( M) dilution 1,000

Slope
−

μ = × ×
U

    

    3.    Evaluate results against a reference range (see Note 21).  
    4.    Evaluate the ROS-TAC score for each sample (see Note 22).       

 

     1.    Store at room temperature until the expiration date.  
    2.    Cover the tube with aluminum foil to protect the luminol from 

light.  
    3.    Store stock solution at room temperature in the dark until 

expiration date.  

  3.7.  Calculation of TAC 
Results

  4.  Notes

   Table 2 
  Preparation of the Trolox standards   

 Tube 
 Reconstituted Trolox 
( m L) 

 Assay buffer 
( m L) 

 Final concentration 
(mM Trolox) 

 A  0  1,000  0 

 B  30  970  0.044 

 C  60  940  0.088 

 D  90  910  0.135 

 E  120  880  0.18 

 F  150  850  0.225 

 G  220  780  0.330 
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    4.    Prepare working luminol prior to each use.  
    5.    Seminal plasma is removed by washing and resuspending the 

sample in culture media  (  7  ) . Measurement is done after 
lique fi ed semen specimens are centrifuged at 300 ×  g  for 7 min 
and seminal plasma is removed. The sperm pellet is then washed 
and resuspended in 1 mL PBS. While this approach allows for 
the removal of seminal plasma and other dissolved compo-
nents, all cellular components—round cells, while blood cells, 
leukocytes, and debris—are still present in the sample.  

    6.    Sperm preparation by the swim-up method: Following lique-
faction, mix specimen with sperm wash media using a sterile 
Pasteur pipette. Centrifuge at 330 ×  g  for 10 min. Aspirate 
supernatant and resuspend the pellet in 3 mL of fresh sperm 
wash media. Transfer the resuspended sample in equal parts to 
two 15 mL sterile round-bottom test tubes, and centrifuge at 
330 ×  g  for 5 min. Incubate test tubes at a 45° angle in 5% CO 2  
at 37°C for 1 h to allow motile sperm to swim up. Aspirate 
supernatant into a clean test tube and centrifuge at 330 ×  g  for 
7 min. Aspirate  fi nal supernatant and resuspend sperm pellet in 
0.5 mL of sperm wash media. Measure the  fi nal volume, and 
perform semen analysis on an aliquot of the sample  (  8  ) .  

    7.    Sperm preparation by density gradient: A double density gradi-
ent (lower density; 40–47% “upper phase” and 80–90% “lower 
phase”) is used  (  8  ) . Transfer 2.0 mL of the “lower phase” into 
a 15 mL conical centrifuge tube using a sterile pipette. Carefully 
add 2.0 mL of the “upper phase” to the top of the “lower 
phase.” Place the lique fi ed semen sample (1–2 mL) on top of 
the “upper phase” layer and centrifuge at 330 ×  g  for 20 min. 
Aspirate the upper and lower layers without disturbing the pel-
let. Add 2–3 mL of sperm wash media, and spin at 330 ×  g  for 
7 min. Remove the supernatant and resuspend the pellet in 
1.0 mL of sperm wash media. Measure sperm count and motil-
ity in recovered fractions. Perform all steps at 37°C.  

    8.    This step must be performed in subdued light.  
    9.    Example corrected ROS calculation:

   Sperm Count = 12.6 × 10 6 /mL.  
  Patient average ROS = 12,161 RLU/s.  
  Negative control average ROS = 8,850.3 RLU/s.  
  Unadjusted ROS = 12,161 − 8,850.3 RLU/s = 3310.7 RLU/s.  
  Adjusted ROS = 3,310.7/12.6.  
  =262.7 RLU/s/10 6  sperm.  
  Result = ROS positive.     

    10.    In our lab, the criterion for acceptance is that control reads are 
<20 RLU/s/10 6  sperm. Values >20 RLU/s/10 6  sperm for 
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controls are rejected and the assay is rerun. The reagent lot 
numbers and expiration dates are recorded.  

    11.    The reconstituted vial is stable for 6 months when stored 
at 4°C.  

    12.    The reconstituted vial is stable for 24 h at 4°C.  
    13.    The reconstituted reagent is stable for 1 month when stored 

at −20°C.  
    14.    The reconstituted vial is stable for 24 h at 4°C.  
    15.    The working solution is stable for 4 h at room temperature.  
    16.    Label the vials for correct identi fi cation.  
    17.    Any errors during pipetting can be highlighted on the tem-

plate for any discrepancy in the  fi nal results.  
    18.    A multichannel pipette should be used to pipette chromogen. 

Chromogen can be pipetted from a  fl at container.  
    19.    This step should be completed as quickly as possible (within 

1 min). Hydrogen peroxide can be pipetted from a  fl at con-
tainer using a multichannel pipette.  

    20.    In addition the information can also be derived from the work-
sheet provided by the manufacturer and plugging each value in 
the spreadsheet available at   www.caymanchem.com    .  

    21.    Reference ranges established in our lab are the following: 
Normal value: >2,000  μ M Trolox, abnormal value: <2,000  μ M 
Trolox. Since seminal OS results from an imbalance between 
ROS production and antioxidant defense, measurement of 
both ROS and TAC is important. It is essential to have a repro-
ducible and reliable method for ROS measurement for clinical 
purposes. Strict quality control must also be taken into account 
for valid assessment in a clinical laboratory setting.  

    22.    While measurement of ROS levels or TAC alone cannot pre-
cisely quantify OS, it is possible to combine these two param-
eters into one index score called ROS-TAC score  (  1  ) . The 
ROS and TAC values from the controls can generate a refer-
ence scale of these two variables. In order to normalize values 
to the same distribution, log (ROS + 1) is used in calculations. 
The reason for this is that ROS levels if measured as 
×10 6  cpm/20 million sperm can have a very wide range includ-
ing zero, where no detectable ROS is generated. Therefore it 
is more accurate to convert these to log values and add a posi-
tive number such that the ROS value is always positive. Both 
TAC and log (ROS + 1) are initially standardized to  z -scores so 
that both will have the same variability. These standardized 
scores are calculated by subtracting the mean values of the 
controls from the mean value of the patients, and dividing this 
number by the standard deviation of the control population. 

http://www.caymanchem.com
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For details refer to our earlier study  (  1  )  where ROS values were 
expressed as cpm. 

 ROS-TAC score minimizes the variability of ROS and TAC 
alone. The ROS-TAC score reported by us earlier  (  1  )  was based 
on a group of normal healthy fertile men who had very low lev-
els of ROS measured as ×10 6  cpm/20 million sperm. It is easy 
to convert cpm to RLU and vice versa (10 RLU = 1 cpm). 

 The ROS-TAC score was found to be better than ROS or 
TAC alone in discriminating between fertile and infertile men. 
Infertile men with male factor infertility or an idiopathic diag-
nosis had signi fi cantly lower ROS-TAC scores than the healthy 
controls, and men with a male factor diagnosis who eventually 
were able to initiate a pregnancy had signi fi cantly higher ROS-
TAC scores than those who were not able to do so. The aver-
age ROS-TAC score for fertile healthy men was 50.0 ± 10, 
which was signi fi cantly higher ( p  ± 0.0002) than that of the 
infertile patients (35.8 ± 15). The probability of successful 
pregnancy was estimated at <10% for values of ROS-TAC <30, 
but increased as the ROS-TAC score increased.Measurement 
of ROS in neat semen has proved to be an accurate and reliable 
test for assessing the OS status  (  6  ) . Assessing ROS directly in 
neat semen also has diagnostic and prognostic capabilities 
identical to that of the ROS-TAC score. This approach over-
comes the limitations of earlier methods where processing of 
semen could generate ROS by itself, thereby accurately repre-
senting the true in vivo OS status of an individual. While ROS 
levels were signi fi cantly lower in neat semen than in washed 
spermatozoa, ROS levels in neat semen demonstrated a strong 
positive correlation with ROS levels in washed semen  (  9,   10  ) .          
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    Chapter 31   

 Improved Chemiluminescence Assay for Measuring 
Antioxidant Capacity of Seminal Plasma       

     Charles   H.   Muller      ,    Tiffany   K.  Y.   Lee   , and    Michalina   A.   Montaño      

  Abstract 

 An improved enhanced chemiluminescence antioxidant assay utilizes horseradish peroxidase conjugate and 
luminol to produce a cell-free oxygen radical generating system. We introduce the use of a peroxidase 
enzyme stabilizer to prolong the production of oxygen radicals at a steady rate. Addition of antioxidants 
temporarily interrupts oxygen radical generation, resulting in an inhibition curve. A linear relationship 
exists between the area of the inhibition curve and the molar quantity of added antioxidant used to quan-
tify total nonenzymatic antioxidant capacity (TAC) in biological  fl uids including seminal plasma. We 
streamline the existing enhanced chemiluminescence technique by using a microtiter plate luminometer. 
A plate luminometer is as accurate as a tube luminometer in measuring TAC, using identical reaction vol-
umes. As little as 1–50  μ L of sample may be analyzed. A plate luminometer can detect molar Trolox 
equivalents as low as 12.5  μ M, compared to 25  μ M in tube luminometer, using identical volumes. The 
plate luminometer assay is made even more rapid with use of an injector.  

  Key words:   Oxygen radicals ,  Antioxidant ,  Total antioxidant capacity ,  Oxidative stress ,  Luminometer , 
 Chemiluminescence ,  Semen ,  Seminal plasma    

 

 Oxidative stress (OS) results from a combination of the formation 
of oxygen radicals and insuf fi cient scavenging mechanisms to pro-
tect against their damage  (  1  ) . In the laboratory, OS is measured as 
an imbalance between high reactive oxygen species (ROS) produc-
tion and low antioxidant capacity. OS in biological systems has 
been widely studied in the past decades. In the male reproductive 
system, seminal  fl uid OS is associated with male infertility  (  2–  11  )  
and infection of the male reproductive tract  (  12  ) . It also may be 
related to pain symptoms in patients with chronic prostatitis/
chronic pelvic pain syndromes  (  13–  15  ) . Oxidative stress is a cause 
of sperm DNA damage during cryopreservation  (  16  ) . 

  1.  Introduction
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 Although high levels of ROS are harmful to many biological 
systems, organisms have developed primary systems to protect 
themselves against OS. These defense mechanisms of detoxi fi cation 
counterbalance the highly toxic byproducts of OS. The antioxidant 
defense system includes speci fi c enzymes such as superoxide dis-
mutase, catalase, and glutathione peroxidase, and nonspeci fi c, 
nonenzymatic antioxidants such as proteins, amino acids, and 
vitamins A, E, and C  (  17  ) . 

 The balance between free radical formation and antioxidant 
activity determines the extent of OS; therefore, it is important to 
accurately and reliably quantify ROS scavenging ability in biologi-
cal  fl uids. There are a number of methods commonly used for 
evaluation of OS, including lipid peroxidation, DNA damage, 
nitric oxide production, plasma carbonyl content, antioxidant 
enzyme levels, and antioxidant capacity. 

 The primary focus of this chapter is a method of measuring 
“total antioxidant capacity” (TAC), or the ability of a compound 
or biological  fl uid to scavenge a free radical with any speci fi c or 
nonspeci fi c mechanism available. Different methods in determin-
ing TAC in biological  fl uids include enhanced chemiluminescence 
 (  18  ) , phycoerythrin  fl uorescence-based assays  (  19  ) , total radical 
trapping antioxidant parameter (TRAP)  (  20–  22  ) , oxygen radical 
absorbance capacity (ORAC)  (  23–  25  ) , and ferric reducing ability 
of plasma (FRAP)  (  26  ) . A colorimetric assay is available in kit form 
and has successfully been used with seminal plasma  (  27  ) . Of these 
methods, an enhanced chemiluminescence reaction involving a 
cell-free ROS-generating system of horseradish peroxidase (HRP) 
hydrogen peroxide and luminol is the most commonly used for 
measuring nonenzymatic TAC in seminal plasma  (  28  ) . This system 
produces oxygen radicals at a known and steady rate, where the 
luminescence intensity remains almost constant for more than 
several minutes. The steady-state light output is temporarily inter-
rupted when an antioxidant is added to the chemiluminescent 
reaction. The light emission is restored after a variable period of 
time once the free radical scavenging ability is depleted. 

 Our laboratory modi fi ed the enhanced chemiluminescence 
assay developed by Whitehead’s laboratory  (  18  )  and subsequently 
used by Agarwal and Thomas’ group to study seminal plasma  (  29  ) . 
We decided to streamline the existing enhanced chemilumines-
cence technique by using a multiwell plate luminometer instead of 
a conventional tube luminometer. By analyzing our samples on 
plates, we lowered the cost by using lower volumes of reagent and 
reduced the time by running multiple samples without compro-
mising the precision and sensitivity of the TAC measurement. 

 In this improved enhanced chemiluminescence assay, we intro-
duced the use of an enzyme stabilizer to prolong the constant rate 
of the chemiluminescence reaction. In addition, we compared dif-
ferent ways of quantifying antioxidant capacity, including a method 
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based on the “area of inhibition” (termed area of “protection” by 
Cutler’s laboratory)  (  23  ) . The results are quanti fi ed by measuring 
the total area under the curve during inhibition of ROS by antioxi-
dants. This bypasses problems associated with recovery or lag-time 
measurements, as used by Whitehead et al.  (  18  )  and others. We 
 fi nd a linear relationship between the “area of inhibition” and the 
molar quantity of a standard antioxidant. The  fi nal result is cali-
brated and expressed with reference to a known amount of antioxi-
dant (e.g., Trolox, a water-soluble vitamin E analogue). Finally, we 
introduce the use of a plate luminometer injector to increase the 
ef fi ciency of the method.  

 

     1.    Luminometer, multiwell plate (injector optional) or tube 
model. Preferably with data download capability. Luminometer 
tubes, cuvettes or microtiter plates (e.g., Microlite 1) designed 
for luminometry.  

    2.    Computer with NIH Image or other image analysis software 
and spreadsheet or statistical software.  

    3.    Hydrogen peroxide, 30%. Fresh bottle opened weekly, store 
refrigerated. Use protective clothing and nitrile gloves when 
handling.  

    4.    Dimethyl sulfoxide (DMSO). Store in  fl ammable storage cabi-
net.  Caution : Flammable, harmful vapors, irritant, avoid skin 
contact. Use in a fume hood, and wear protective clothing and 
nitrile gloves when handling.  

    5.    4-Iodophenol (p-Iodophenol), 41.8 mM stock: Add 0.023 g 
to 2.5 mL DMSO.  Caution : Corrosive, harmful, irritant chem-
ical. Wear nitrile gloves and protective mask when weighing. 
Store in a light-protected container in the dark at room tem-
perature for no more than 1 month (see  Note 1 ).  

    6.    Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), 282.2 mM 
stock: Add 0.125 g Luminol to 2.5 mL DMSO.  Caution : 
Irritant chemical. Wear nitrile gloves and protective mask when 
weighing. Store in a light-protected container in the dark at 
room temperature for no more than 1 month.  

    7.    Tris–HCl Buffer, 0.1 M, pH 8.0 at 25°C: Dissolve 2.65 g 
Trizma Base and 4.44 g Trizma HCL in deionized water (see 
 Note 2 ). Make up to 500 mL with deionized water. Check and 
adjust pH as necessary. Store at room temperature up to 
6 month, discard if cloudy.  

  2.  Materials
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    8.    StabilZyme SELECT ®  Stabilizer (SurModics In Vitro 
Diagnostic Products, Eden Prairie, MN). Keep refrigerated.  

    9.    Horseradish peroxidase (HRP). We  fi nd that a conjugate of 
HRP with goat anti-mouse immunoglobulin is more stable 
than puri fi ed HRP. (BioRad or similar). Dilute in StabilZyme 
to make a 0.4% (v/v) stock solution: Add 5  μ L HRP conjugate 
to 1.25 mL StabilZyme Select Stabilizer. Keep refrigerated.  

    10.    Trolox (6-hydroxyl-2, 5, 7, 8-tetramethychroman-2-carboxy-
lic acid), diluted for TAC calibration. Trolox stock solution 
(100 mM): 0.02503 g dissolved in 1 mL methanol. Store in 
dark in tightly sealed container no more than 1 week.      

 

 Working solutions below must be prepared fresh each day. The 
Signal Reagent is good for 6–8 h. Samples to be tested may be 
prepared ahead of time and refrigerated overnight, or frozen at 
−80°C inde fi nitely. Semen samples (and other  fl uids) must be cen-
trifuged at 10,000–15,000 ×  g  for 2–5 min to obtain a clari fi ed 
plasma. Seminal plasma must be diluted before analysis, so if the 
sample is viscous, it may be diluted two- to  fi vefold with a physio-
logic buffer, mixed vigorously to lessen the viscosity, and then cen-
trifuged. Record any dilution made. 

 This method is designed for use in a 96-well microtiter plate, 
but the volumes are suitable for small luminometer cuvettes, or 
may be scaled up for larger tubes. A modi fi cation using a luminom-
eter injector is included in Subheading  4 .

    1.    Prepare the Trolox standard curve (see  Note 3 ). Concentrations 
from 5 to 100  μ M may be suf fi cient, but will depend on the 
sensitivity of your instrument, range of sample response, and 
volume of reagents.  

    2.    Prepare Signal Reagent by adding components in this order, 
with thorough mixing after each addition: to 5 mL 0.1 M Tris–
HCl buffer, pH 8.0, add 15  μ L of 12 M (30%) fresh hydrogen 
peroxide, 5  μ L of 41.8 mM 4-iodophenol, and 55  μ L of 
282.2 mM luminol. Cover tube with foil and store immedi-
ately at 4°C until use.  

    3.    Prepare HRP Working Solution: Dilute Stock HRP with an 
equal volume of StabilZyme Stabilizer (see  Note 4 ).  

    4.    Dilute seminal plasma to prepare a 20-fold dilution: Add 25  μ L 
seminal plasma to 475  μ L deionized water, mix thoroughly 
(see  Note 5 ). If the seminal plasma was previously diluted, use 
a dilution factor that will produce a 20-fold dilution (see  Note 6 ). 
Other  fl uids, such as blood plasma, may not need to be diluted 

  3.  Methods
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as much. Diluted seminal plasma may be tested and frozen 
at −80°C for future additional use. Always thoroughly mix 
thawed samples before use.  

    5.    Set up luminometer for repeated or kinetic measurement, fol-
lowing instrument-speci fi c directions. On a multiwell plate 
luminometer, we use a repeated measures protocol with 5 s 
single measurement time, cycle time of 22.5 s (for three wells; 
this will be longer for more wells), and a total measurement 
time of 3–10 min, depending on the sample. For a tube lumi-
nometer, we use a 2 s count time, interval of 8 s, and total 
measurement time of 10 min. These values may be changed 
depending on response conditions (see  Note 7 ). We run our 
assays at room temperature (25°C).  

    6.    Use low ambient light conditions to prepare the reagents and 
load wells or tubes ( see   Note 8 ). Set up tubes of reagents, 
pipettors, tips, and samples in a familiar order so that the fol-
lowing steps may be completed in as brief a time as possible.  

    7.    Set up three types of wells or tubes: Total Activity (TA), 
Nonspeci fi c Background (NSB), and Sample or Standard (S). 
The TA result may change with time as the Signal Reagent 
degrades, so it must be included with every few runs, or at 
regular intervals during the assay. Usually, the NSB can be 
determined three times per assay. However, we normally run a 
sample-speci fi c NSB with each sample to account for endoge-
nous activity. Each sample or standard should be repeated to 
obtain three replicates.  

    8.    For a single-tube luminometer, load reagents into one tube 
and complete measurements on that tube before loading sub-
sequent tubes. For a multiwell plate luminometer, usually only 
three wells are loaded per run; these may be each of the three 
types. Reagent volumes listed below are for microtiter plates, 
and may be scaled up for tubes.  

    9.    Prepare a TA tube/well to determine the characteristics of the 
reactive oxygen generating system. As the Signal Reagent 
degrades with time, this may yield a lower result, and samples 
run at that time must be analyzed with this new baseline. Add 
in sequence under low light conditions: 240  μ L StabilZyme 
Stabilizer; 30  μ L Signal Reagent, 30  μ L HRP Working 
Solution. Mix well using the pipettor. Quickly place tube or 
plate into luminometer, and assay for the set time, or longer to 
determine the extent of a useful ( fl at, high plateau) response 
(see  Note 9 ). Collect data from the luminometer, attached 
computer, or printout.  

    10.    Prepare and analyze an NSB tube/well to determine back-
ground signal. Add in sequence under low light conditions: 
220  μ L StabilZyme Stabilizer, 30  μ L Signal Reagent, 50  μ L 
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deionized water, buffer, or diluent used for sample dilution. 
Or, 50  μ L sample may be added instead of latter component 
(see  Note 10 ). Mix well, assay, and collect data as in step 9.  

    11.    Prepare and analyze each concentration of Trolox standard. 
Add in sequence under low light conditions: 190  μ L StabilZyme 
Stabilizer, 30  μ L Signal Reagent, and 30  μ L HRP Working 
Solution. Mix well. Immediately before placing tube or plate 
into luminometer, add 50  μ L of one concentration of well-
mixed Trolox standard and mix with pipettor. Immediately 
assay and collect data as in step 9 (see Notes 11 and 12). 
Analyze each dose in triplicate.  

    12.    Prepare and analyze each sample (see  Note 12 ). Add in 
sequence under low light conditions: 190  μ L StabilZyme 
Stabilizer, 30  μ L Signal Reagent, and 30  μ L HRP Working 
Solution. Mix well. Immediately before placing tube or plate 
into luminometer, add 50  μ L of a well-mixed sample and mix 
with pipettor. Immediately assay and collect data as in step 9. 
Analyze each sample in triplicate.  

    13.    Download data or enter printed data into a spreadsheet or sta-
tistics program (see  Note 13 ). Subtract NSB (preferably, the 
sample-speci fi c NSB) result from each point, if needed. Create 
a data set of relative light units (rlu)/s versus time for each 
inhibition curve (“reverse peak”) and the relevant TA “plateau” 
in the same data  fi le. Plot the TA plateau and the standard or 
sample data on one graph (Fig.  1 ).   

  Fig. 1.    Example of the combined graph of Total Activity (TA) and the inhibition curve, 
corrected for NSB. The Area of Inhibition (AOI) is shown (hatched area). The interpolated 
baseline is the horizontal line drawn from the last TA data point. The  arrowhead  shows the 
point at which sample is added. No data are collected between the point of sample addi-
tion and the  fi rst response point. The  fi rst response point is indicated, with the  fi rst 
response line (FRL) drawn vertically from it.  RLU/s  relative light units per second,   fi lled 
square  data points.       
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    14.    There are two data analysis choices. A common method is to 
calculate the time to 10% recovery of Total Activity. This may 
be done graphically (manually) or mathematically by interpo-
lating the time point at which the upward recovery line passes 
through the horizontal at 10% of the TA. The result is then 
expressed as a time, e.g., 340 s (to 10% recovery). This method 
is simply calculated, but suffers from errors when the response 
is low, and from a low slope of the standard curve compared to 
the alternate method (step 15). The 10% recovery method has 
an advantage of being usable when the inhibition curve starts 
to return but does not completely return to the TA plateau.  

    15.    (Alternate method). An “Area of Inhibition” (AOI) may be 
calculated with a few more analysis steps. A steeper and thus a 
more accurate slope of the standard curve is obtained. Also, 
small inhibition curves are easily measured, allowing a greater 
sensitivity (down to 12.5  μ M Trolox) and better precision at 
the lowest detectable dose (6.25  μ M, or 0.3125 nanomoles/
well Trolox equivalents) using the multiwell plate luminome-
ter. Although other methods of determining an area under a 
curve exist, we use the simple approach of image analysis to 
obtain AOI (therefore, it is critical to keep the graph size and 
conditions of analysis standard). Copy the graph (Fig.  1 ) and 
paste into NIH Image or other image analysis program. Often, 
the  fi rst point for the sample will be below the TA line; draw a 
vertical line (“ fi rst response line,” FRL) from this point to the 
TA line (this may be done in the graphing or image analysis 
program). If the right side of the inhibition curve does not 
meet the TA line (see  Note 14 ). In the image analysis program, 
ensure that all pixels are  fi lled in for the perimeter of the AOI, 
from the FRL through the inhibition curve, and along the TA 
(any breaks in the TA may be completed with a straight line, 
the “interpolated baseline” if, for example, the sample was run 
longer than the TA well). Select the enclosed space for area 
calculation; this is the AOI (in pixels).  

    16.    Generate a standard curve for the experiment. Convert or plot 
Log transformations of the AOI or 10% recovery time mea-
surements for the Trolox standards. Convert Trolox concen-
trations ( μ M) to Log Trolox concentrations for the  x -axis. 
Delete high or low points of the standard curve that are not on 
the linear regression line, and do not use any sample values in 
those ranges. Calculate the regression equation (Fig.  2 ).   

    17.    Calculate Trolox equivalents (in  μ M) from log-transformed 
data for samples using the regression equation. Compute the 
antilog of the results to arrive at the Trolox equivalents (in 
 μ M) of the samples.  
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    18.    Multiply the calculated Trolox equivalents of each sample by 
the dilution factor used in the analysis. This is the  fi nal result.  

    19.    Use of an injector streamlines the assay further, but requires 
modi fi cations to the method (see  Note 15 ).  

    20.    Validation of the assay for different  fl uids may be performed by 
adding known amounts of Trolox to samples, and measuring 
the difference in TAC from the same sample without Trolox. 
Calculate the % recovery of added Trolox; we  fi nd this to be 
90% or higher for seminal plasma.  

    21.    Limitations of this assay are discussed (see  Note 16 ).      

 

     1.    P-Iodophenol or other phenols are used to enhance luminol 
chemiluminescence. The effect is dramatic but transient. Thus, 
careful and consistent timing of all steps is essential.  

    2.    Water should be puri fi ed to 18 mega-ohms, and preferably 
ultra fi ltered.  

    3.    The standard curve for Trolox may be made in deionized water 
(or 0.1 M Tris–HCl buffer, pH 8.0) using the following dilu-
tions starting with the 100 mM stock. Adjust these volumes if 
your luminometer requires higher volumes. Mix each standard 
thoroughly before proceeding to the next dilution.  

  4.  Notes

  Fig. 2.    Trolox standard curve examples. Log AOI for Trolox standards is plotted on the 
 y -axis, and Log Trolox concentration from 6.25 to 100  μ M is plotted on the  x -axis. The 
upper line ( triangles ) is from a tube luminometer; the lower line ( squares  ) is from a mul-
tiwell plate luminometer.       
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 Standard 
to Make  Vol. of standard  Plus  Vol. diluent  Note 

 1,000  μ M  50  μ L  100 mM 
Stock 

 +  4,950  μ L  Not used 
in curve 

 100  μ M  200  μ L  1,000  μ M  +  1,800  μ L 

 75  μ M  750  μ L  100  μ M  +  250  μ L 

 50  μ M  667  μ L  75  μ M  +  333  μ L 

 25  μ M  500  μ L  50  μ M  +  500  μ L 

 12.5  μ M  500  μ L  25  μ M  +  500  μ L 

 6.25  μ M  500  μ L  12.5  μ M  +  500  μ L 

  Example: To make a 100µM Standard, add 200µl of the 1000µM 
Standard to 1800µl of diluent  

    4.    HRP-conjugated immunoglobulins or other sources of HRP 
will have different activities of peroxidase. If a new source or 
lot is to be used, test it  fi rst by running a Total Activity tube 
or well. Make dilutions suf fi cient to yield 500,000–
1,000,000 rlu/s, or other value within the measurement range 
of your luminometer.  

    5.    Samples may be diluted in deionized water or 0.1 M Tris–HCl 
buffer; we have not seen any differences. Use of sperm incuba-
tion medium (i.e., HTF, Ham’s F10, BWW) with or without 
0.3–0.5% protein or HEPES also does not signi fi cantly affect 
the assay.  

    6.    Dilution of seminal plasma is required to obtain a response 
that can be accurately evaluated; e.g., one that does not inhibit 
the signal to nondetectable levels. However, if the response is 
too low or too high, the seminal (or other) plasma may be 
reevaluated at other dilutions. Change the volumes depending 
on the needs of your luminometer. Addition of protease inhib-
itors to seminal plasma decreases TAC by about 30%; always 
treat samples in a consistent way.  

    7.    Measurements must be repeated often enough (at least 10 to 
over 25 times) to generate an inhibition curve, without miss-
ing the peak (low) response or the point at which values 
return to their high plateau. This is simple in a one-place 
tube luminometer, since all measurements are collected for 
only one tube at a time. For multiple tubes or a plate lumi-
nometer, it is important not to have too many samples run-
ning at once, since the cycle return time may be too long to 
obtain suf fi cient points on each curve. Typically, we only run 
three wells at a time for this reason. We have experimented 
with using the luminometer’s injectors to add HRP or per-
oxide at the start time of each sample run to avoid these tim-
ing issues (see below).  
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    8.    We recommend closing window blinds and turning off over-
head lights. We set up a low-wattage lamp or dark-room light 
to provide just enough light to enable work.  

    9.    The Total Activity result is a high level (usually 500,000–
1,000,000 rlu/s) plateau that should remain almost  fl at for 
enough time (4–10 min) to complete one run of the assay. 
A slight downward trend is common, and can be compensated 
during analysis. If the plateau falls dramatically during a 
4–10 min span, make fresh Signal Reagent. Be sure the hydro-
gen peroxide and HRP are fresh.  

    10.    The NSB tube has no HRP added, and the result should be no 
signal. Spurious light leaks or exposure will cause spikes, which 
must be corrected before analysis. If the sample is included, 
endogenous peroxidase (e.g., myeloperoxidase from neutro-
phils) activity could generate a signal. The NSB result, if not 
“0,” must be subtracted from the TA and all other analyses of 
the tested components.  

    11.    The generation of a standard curve using Trolox or other anti-
oxidant of choice is essential to quantify the results from the 
experimental samples. Adjust the range of standards to obtain at 
least three to four linear points in a dose–response curve. Points 
on a curve that are out of place, or curves that do not resemble 
previous ones usually indicate a pipetting or mixing error, or 
degradation of the standard. If any deviations are noted, prepare 
a new set of standards and analyze before analyzing samples.  

    12.    Analyzing three standards or samples at a time (for the micro-
plate luminometer without using the injector) may compromise 
the results due to the delay in time between loading the  fi rst 
sample to loading and measuring the third. We suggest making 
these three wells for each run: sample, NSB containing the sam-
ple, and TA. If loaded in reverse order, there will not be an 
important delay for the inhibition curve in the  fi rst well, and 
each test will include the nonspeci fi c background for the sample 
tested. An option is to run the three wells without sample for 
3 min (thus obtaining two backgrounds and one TA measure-
ment), opening the lid and quickly adding 50  μ L of the same 
standard or sample to the  fi rst two wells, and restarting the run 
for an additional 5 min. This will yield a sample analysis, a sam-
ple NSB, and the continuation of the TA analysis. The two TA 
analyses ( fi rst 3 min, a short break, and then the last 5 min) can 
be combined to form a complete “baseline.”  

    13.    We use Microsoft Excel for the raw data import, adjust for 
NSB if needed, then import into GraphPad Prism to generate 
graphs and run regression analyses.  

    14.    If the TA well or tube was not run for as long a time as the 
sample or standard, a straight line may be drawn from the last 
point of the TA plateau (“interpolated baseline”) to intersect 
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with the sample curve on the right side. Sometimes, the inhibi-
tion is very strong and, even with dilution the inhibition curve 
does not approach the TA plateau. In these cases, it may be possible 
to still calculate a 10% recovery time. If AOI is being used, the 
best solution is to choose a time at which most samples will 
have returned to the TA plateau (5 min in our experience), and 
draw a straight vertical line at that time to complete the perim-
eter of the AOI. We also suggest calculating the percentage of 
Total Activity reached by the plateau at 5 min. Make a note that 
this sample completely inhibited oxidant generation.  

    15.    Multiwell luminometers equipped with injector(s) allow the 
possibility of starting the reaction by injection rather than the 
laborious and variable technique of stopping mid-way, adding 
sample, and continuing the analysis. However, alterations are 
needed to do this. The sample or standards cannot be injected 
without thoroughly cleaning the system’s tubing between each 
injection. We attempted to inject Signal Reagent plus HRP 
solution, but found that this mixture degraded too quickly (by 
10 min) to use for multiple analyses. We settled on adding the 
HRP to the sample (seminal plasma contains low amounts of 
peroxidase already), and injecting a slightly modi fi ed Signal 
Reagent to start the reaction. Prepare Signal Reagent-I (for a 
50  μ L injection) by adding components in this order, with 
thorough mixing after each addition: to 8.33 mL 0.1 M Tris–
HCl buffer, pH 8.0, add 15  μ L of 12 M (30%) fresh hydrogen 
peroxide, 5  μ L of 41.7 mM 4-iodophenol, and 55  μ L of 
282.1 mM luminol. Cover tube with foil and store immedi-
ately at 4°C until use. All other reagents are used as described 
above, although the HRP can be reduced to 20  μ L by making 
a 0.6% stock solution. Set up a repeated measures protocol 
with injection at the start (or after a min) of the analysis, total 
time 10 min, and 5 s single measurement time. Data collection 
and analysis are the same as above, except there is only one 
series of data instead of two for each well, and there is no need 
to draw a vertical FRL line since all data are collected immedi-
ately after Signal Reagent addition. Thus, the analysis is 
simpli fi ed. We compared standard curves from the noninjector 
and injector assays and found them to be identical (Fig.  3 ). 
These methods differ primarily in that, at the point of injec-
tion, both a stimulation and an inhibition of reactive oxygen 
species occurs, probably resulting in the lower maximum val-
ues seen. In contrast, for the noninjection technique there is an 
inhibition of an already maximally stimulated response.   

    16.    Every method for measuring antioxidants has limitations, and 
these are important to point out. The current method, like many 
others, does not measure enzymatic antioxidants. Speci fi c assays 
are available for superoxide dismutase, catalase, and glutathione 
peroxidase, for example. The speci fi c free radicals generated by 
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any chosen cell-free generating system will not necessarily match 
those produced in vivo. We believe that the hydrogen peroxide-
HRP system used by us and many others is a reasonable choice, 
although use of myeloperoxidase or other mammalian radical 
generating systems would be superior in theory  (  30–  33  ) . 
Different antioxidants have different effects on scavenging radi-
cals or inhibiting the radical production system, as discussed by 
Strube et al.  (  34  ) . Some antioxidants quickly inhibit radical gen-
eration and others work slowly (fast vs. slow TRAP). Rhemrev 
et al.  (  35  )  discuss the various components of the seminal plasma 
nonenzymatic antioxidant system, and suggest that the initial 
fast response is primarily due to vitamin C, uric acid, tyrosine, 
proteins, and polyphenolic compounds. The slow TRAP 
response is partly due to proteins, tyrosine and polyphenolic 
compounds, but the molecules responsible for about half of the 
slow TRAP response could not be determined by those authors. 
In some cases, the inhibition is permanent, and a plateau of low-
ered radical production develops. This point is of concern, since 
such a pattern would prevent calculation of area of inhibition, 
and, more importantly, may represent a different mode of action 
of the antioxidant. We did  fi nd a lowered plateau pattern when 
we tested certain antioxidants in our system, such as acetyl-
cysteine or butylated hydroxytoluene.          

  Acknowledgments 

 The authors thank Ashok Agarwal, Ph.D. of the Cleveland Clinic, 
Cleveland, Ohio, for sending us his TAC protocol, which we 
modi fi ed for this study. We also thank Professor Seymour Klebanoff, 

10000000

1000000

100000

10000

1000

100

100 200 300 400 500 600

10

0
0
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    Chapter 32   

 Methods of Sperm DNA Extraction for Genetic 
and Epigenetic Studies       

     Jeanine   Grif fi n        

  Abstract 

 High quality DNA extractions developed for mammalian somatic cells are ineffective for sperm, due mainly 
to the high degree of nuclear compaction in sperm. The highly specialized nuclear proteins in sperm create 
a chromatin structure that is at least six times denser than histone bound DNA. Unlike somatic cells, sperm 
DNA is highly compacted by the replacement of histones with sperm-speci fi c low molecular weight proteins 
called protamines. Both the protamines and the disul fi de bridges formed within and between protamines 
inhibit the extraction of sperm DNA by standard techniques used for somatic cells. Here we describe the 
guanidine thiocyanate method reported by Hossain with additional modi fi cations resulting in high molecu-
lar weight DNA of high quality with an A260/280 ratio ranging between 1.8 and 2.0 and an A260/230 
ratio of 2.0 and greater. The DNA is ef fi ciently digested with restriction enzymes and ampli fi ed by PCR.  

  Key words:   Sperm ,  Protamines ,  Guanidinium thiocyanate ,  DNA ,  Chaotropic agent ,  Dithiothreitol , 
 Proteinase K    

 

 A wide variety of methods have been developed to extract DNA 
from various sources. Despite the many methods reported, there 
are similarities common among them. DNA isolation techniques 
used routinely for mammalian somatic cells have proven ineffective 
for mammalian sperm  (  1,   2  ) . Bahnak et al. reported a guanidinium 
protocol for the isolation of mammalian spermatozoa  (  2  ) . Hossain 
et al. later modi fi ed this protocol making it simple and ef fi cient by 
replacing lengthy CsCl ultracentrifugation steps with isopropanol 
and incorporating proteinase K digestion  (  3  ) . Commercial compa-
nies have utilized the guanidine thiocyanate method in kit form for 
the isolation of RNA, DNA, and protein; however, these kits 
require the use of toxic solutions such as chloroform and phenol. 
Other kits, utilize column puri fi cation of the DNA following lysis. 

  1.  Introduction
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Changes to the modi fi ed protocol were incorporated to achieve 
isolation of high molecular weight genomic DNA of high quality, 
eliminating incomplete protein digestion that appears as a glassy 
gelatinous glob attached to the DNA strands and the removal of 
chaotropic salts that can coprecipitate with the DNA. 

 The lysis of DNA begins with the breakdown of tissues or cells. 
Lysis is carried out in a salt solution containing detergents to dena-
ture proteins or proteases for digestion of proteins, or in some 
cases both. The components that make up the lysis buffer for the 
modi fi ed guanidine thiocyanate DNA extraction method include 
guanidine thiocyanate, beta-mercaptoethanol, sarkosyl, sodium 
citrate, and proteinase K. Here we describe the purpose of each 
component used in the extraction of human sperm DNA and the 
changes we incorporated into the modi fi ed protocol. 

 Guanidine thiocyanate is a chaotropic agent and a strong 
protein denaturant used in most RNA isolation protocols. A 4 M 
solution of guanidine thiocyanate irreversibly inactivates RNase 
and DNase, disintegrates cellular membranes, dissolves proteins by 
disrupting their secondary structures, and dissociates nucleopro-
teins from nucleic acids allowing digestion of the proteins with 
proteases. Guanidine thiocyanate enhances the activity of protei-
nase K making it the protease of choice. 

 During spermiogenesis, testes-speci fi c transition proteins 
replace somatic histones in round spermatids. The transitions pro-
teins are later replaced by protamines in the elongated spermatid 
resulting in highly condensed chromatin  (  4–  9  ) . Soon after synthe-
sis, protamines are phosphorylated. Once the protamines bind to 
DNA, most of the phosphate groups are removed and cysteine 
residues are oxidized, forming disul fi de bridges that link the 
protamines together. Additional dissociation of nucleoproteins 
from nucleic acids is required. Dithiothreitol (DTT) and 
2-mercaptoethanol are both strong reducing agents that cleave 
disul fi de bonds, allowing proteins to unfold completely. Although 
the modi fi ed method called for 2-mercaptoethanol, we chose to 
use DTT, which is more effective, less toxic, quicker and the odor 
is easily tolerated. Sodium dodecyl sulfate (SDS) is routinely used 
in DNA extraction methods; however, SDS has very low solubility 
in high-salt chaotropic solutions. Sodium lauroyl sarcosinate 
(Sarkosyl), like SDS, is an ionic detergent used to denature proteins 
and disrupt biological membranes in addition to having excellent 
solubility in chaotropic solutions, making it the detergent of choice 
in guanidine buffers. 

 Prior to DNA extraction, both fresh semen and frozen sperm 
are washed twice with 150 mM NaCl and 10 mM EDTA solution 
to remove cellular and noncellular components prior to the addi-
tion of lysis buffer. EDTA removes metal ions that may be present 
in seminal  fl uid, cryoprotectants or on the cell surface, to reduce 
contaminants in the  fi nal DNA extract. 
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 Lysis was found to be complete within 2 h, whereas 3 h was 
used in the modi fi ed protocol. Following lysis, the addition of 
isopropanol facilitates DNA precipitation. The strands of DNA are 
transferred to a microcentrifuge tube with 0.1 M sodium citrate in 
10% alcohol. By incubating at room temperature for 30 min, any 
remaining chaotropic salts will go into solution, while the DNA 
remains precipitated in the presence of high salt and alcohol 
(sodium ions in the presence of alcohol neutralize the negatively 
charged phosphate groups on the DNA backbone facilitating DNA 
precipitation). 

 This wash is most effective when performed twice. A  fi nal wash 
is performed in 70% alcohol. It is dif fi cult to measure the concen-
tration of high molecular weight genomic DNA because the DNA 
solution is often heterogeneous and viscous  (  10  ) . 

 This extraction method results in high quality, high molecular 
weight genomic DNA (Fig.  1 ) with approximately 80% yield, an 
A260/280 ratio ranging between 1.8 and 2.0, and an A260/230 
ratio of 2.0 and greater. The DNA is ef fi ciently digested with 
restriction enzymes and ampli fi ed by PCR.   

 

 All procedures are carried out at room temperature unless other-
wise speci fi ed. All solutions are to be prepared with ultrapure water. 
All reagents are stored at room temperature with the exception of 
proteinase K and DTT (stored according to manufacturer’s 
recommendation). 

      1.    6 M guanidine isothiocyanate from supplier.  
    2.    30% Sarkosyl from supplier.  
    3.    5 M NaCl in water.  

  2.  Materials

  2.1.  Reagents

  Fig. 1.    Electrophoresis of sperm DNA samples on 0.7% agarose gel. Lane 1 = HINDIII 
lambda DNA marker, Lane 2 = 100 bp DNA size marker, Lane 3 = undigested genomic 
DNA, Lane 4 = PCR product, Lane 5 = HINDIII digest, Lane 6 = EcoRI digest, Lane 7 = BamHI 
digest, Lane 8 = DraIII digest, Lane 9 = HinfI digest.       
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    4.    1 M DTT in water—prepared fresh.  
    5.    Proteinase K (20 mg/mL) from supplier.  
    6.    0.5 M EDTA in Tris–HCl pH 8.0.  
    7.    Isopropanol.  
    8.    Ethanol.  
    9.    10 mM Tris–HCl, pH 8.0.      

      1.    0.1 M Sodium citrate in 10% EtOH.  
    2.    Sperm wash buffer—~20 mL/sample: 150 mM NaCl, 10 mM 

EDTA, pH 8.0.  
    3.    Extraction buffer—3 mL/sample: 2.12 mL 6 M guanidine 

thiocyanate ( fi nal concentration 4.24 M), 60  μ L, 5 M NaCl 
( fi nal concentration 100 mM), 100  μ L, 30% Sarkosyl ( fi nal 
concentration 1%), 450  μ L, 1 M DTT ( fi nal concentration 
150 mM), 30  μ L, 20,000 mg/ml ( fi nal concentration 200  μ g/
mL), 240  μ L H 2 O.       

 

 Carry out all procedures at room temperature unless otherwise 
speci fi ed.

    1.    Wash frozen sperm or semen in 10 volumes of sperm wash 
buffer in a 15 ml conical tube. Centrifuge at 750 ×  g  for 10 min. 
Pour off supernatant. Add 10 ml of sperm wash buffer to the 
pellet and vortex tube resuspending the cells. Centrifuge at 
750 ×  g  for 10 min. Pour off supernatant carefully to avoid 
disturbing sperm pellet ( see   Note 1 ).  

    2.    Vortex pellet brie fl y to resuspend cells in the small residual vol-
ume of buffer remaining in the tube. Add 3 mL of extraction 
buffer to the tube and gently mix by inverting the tube several 
times ( see   Notes 2 – 4 ).  

    3.    Place tube in a 56 °C water bath and incubate for 2 h. Invert 
tube three times halfway through incubation.  

    4.    After the 2 h incubation, remove tube from water bath and let 
cool to room temperature. Add 2.4 mL isopropanol and mix 
gently by inverting 25 times or until DNA strands form.  

    5.    Using a Pasteur pipette whose end has been sealed and shaped 
into a U, spool the DNA out of solution and transfer to a 
2 mL microcentrifuge tube containing 2 mL 0.1 M sodium 
citrate in 10% EtOH. Let sit at room temperature for 30 min 
with occasional mixing by inverting tube three times. 

  2.2.  Solutions

  3.  Methods
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Carefully remove the buffer using a pipette. Repeat wash 
once ( see   Note 5 ).  

    6.    Wash the DNA pellet twice in 1 mL 70% EtOH. Mix by invert-
ing tube several times. Carefully remove alcohol solution and 
invert tube to drain. Let dry for 10 min or until no traces of 
alcohol remain ( see   Note 6 ).  

    7.    Rehydrate DNA in 10 mM Tris–HCl, pH 8.0 or 8 mM NaOH 
(400–600  μ L). Place vial in a 65 °C water bath for 30 min to 
1 h until DNA is in solution tapping the tube periodically to 
help disperse the DNA. DNA can be left at room temperature 
overnight to further rehydrate. If using 8 mM NaOH, once 
DNA is in solution, neutralize with 0.1 M HEPES to desired 
pH ( see   Notes 7 – 9 ).      

 

     1.    If pellet is too loose, centrifuge at 1,000 ×  g . Higher speeds will 
clump the sperm, making it dif fi cult to resuspend. A swinging 
bucket centrifuge rotor will collect the sperm at the bottom of 
the tube, while a  fi xed-angle centrifuge rotor will collect the 
sperm up the side of the wall, making it easy to lose sperm 
when decanting the solution.  

    2.    To avoid shearing the high molecular weight DNA, treat gen-
tly and do not vortex from this point on.  

    3.    Prepare lysis buffer fresh each time. DTT becomes unstable in 
solution. It is important to prepare fresh each time. A stock 
solution of 1 M DTT prepared in water may be stored in ali-
quots at −20°C. Do not freeze thaw the stock solution, use 
only once and then discard.  

    4.    Lyse 30 × 10 6  –120 × 10 6  cells in 3 mL of lysis buffer. If sperm 
count is lower, lysis can be carried out in 600  μ L in a 2 mL 
microcentrifuge tube with isopropanol volume reduced to 
480  μ L. Centrifugation at 5,000 ×  g  for 3 min at room tem-
perature is suf fi cient to spin down DNA.  

    5.    If the DNA becomes fragmented or there is very little precipi-
tate, collect the DNA precipitate by centrifugation at 5,000 ×  g  
for 3 min at room temperature. Caution needs to be taken at 
this point as the DNA pellet may have a glassy appearance and 
could easily be lost. Centrifuging DNA at high speeds will 
compact the DNA and make it dif fi cult to rehydrate, do not 
exceed 5,000 ×  g .  

    6.    If allowed to dry completely, DNA will be dif fi cult to rehydrate.  

  4.  Notes
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    7.    For 1 mL of 8 mM NaOH add the indicated amounts of 0.1 M 
HEPES. Prepare fresh 8 mM NaOH each time.  

 Final pH  0.1 M HEPES ( m L) 

 8.4   86 

 8.2   93 

 8.0  101 

 7.8  117 

 7.5  159 

    8.    An alternative rehydration buffer of 10 mM TE (pH 8.0) may 
be used. However, EDTA has been shown to interfere with 
some restriction enzyme digests. DNA rehydrated in water 
degrades over time.  

    9.    High molecular weight genomic DNA is frequently nonhomo-
geneous and very viscous. This makes obtaining an accurate 
concentration measurement dif fi cult. In such cases, to measure 
the concentration, pipette a 10–20  μ L aliquot of the sample 
using a yellow tip with the end cut off and dilute in TE, vortex 
vigorously for 2 min.          
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    Chapter 33   

 Isolating mRNA and Small Noncoding RNAs 
from Human Sperm       

     Robert   J.   Goodrich   ,    Ester   Anton   , and    Stephen   A.   Krawetz         

  Abstract 

 The isolation of spermatozoal RNA is a challenging procedure due to the intrinsic heterogeneous 
population of cells present in the ejaculate and the small quantity of RNA present in sperm. The transcripts 
contained within these gametes includes a wide variety of messenger RNAs (mRNAs), small noncoding 
RNAs (sncRNAs), and highly fragmented ribosomal RNAs (rRNAs). 

 The protocol described in this chapter to isolate both the mRNA and sncRNA fractions represents 
years of development towards automation. It combines a guanidinium thiocyanate–phenol–chloroform-
based methodology to reduce the content of DNA and a column-based system. Both manual and semi-
automated options are described, with preference given to automation for consistent results. A novel 
quality control procedure has been developed to assess the integrity and purity of the entire population of 
isolated mRNAs due to the absence of intact rRNAs.  

  Key words:   Human spermatozoa ,  PureSperm gradient ,  mRNA and sncRNA extraction ,  RNeasy 
Mini kit ,  RNeasy Minelute kit ,  QIAcube    

 

 Isolation of the RNA content of human spermatozoa presents a 
unique set of challenges. First, the intrinsic heterogeneous popula-
tion of cells present in the ejaculate  (  1  )  necessitates the introduc-
tion of a purifying step in which only the spermatozoa are isolated. 
This is necessary to ensure the complete absence of contaminating 
somatic cells while maximizing the recovery of viable sperm. 
Second, the small quantity of RNA present in these cells (50 fg of 
RNA/cell  (  2  )  and 0.3 fg of small noncoding RNA (sncRNA)/cell) 
requires optimization of the RNA extraction protocol to maximize 
yield. Third, the absence of ribosomal RNA (rRNA) markers 
hinders quality assessment. 

  1.  Introduction
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 A wide variety of transcripts de fi ning the composition of RNAs 
in mature spermatozoa that range from the larger messenger RNAs 
 (  3  )  (mRNAs) to the interesting collection of sncRNAs  (  4  ) . 
Spermatozoa are transcriptionally and translationally quiescent, 
thus devoid of intact rRNAs (reviewed by Krawetz  (  2  ) ) although 
fragments abound  (  5  ) . Thus integrity cannot be assessed as a func-
tion of the recovery of intact 28S and 18S rRNAs. 

 Several protocols have been developed and are continuing to 
be developed for the isolation of spermatozoal RNAs from various 
sources  (  6–  9  ) . The procedure described in this chapter is outlined 
in Fig.  1  and combines two of the most common methods used for 
RNA extraction: a guanidinium thiocyanate–phenol–chloroform-
based methodology to remove the bulk of the contaminating DNA 
and a column-based kit for ease of use. This can be performed 
manually as described in Subheading  3.2  or in an automated fash-
ion with the use of a QIAcube as described in Subheading  3.3 . The 
latter affords the consistent and simultaneous isolation of both the 
mRNA and sncRNA component from multiple samples. Quality 
control, outlined in Subheadings  3.4 – 3.6 , includes DNase treat-
ment, reverse transcription, and PCR ampli fi cation with intron-
spanning primers to verify the absence of genomic contamination 
and mRNA integrity. This was now supplemented by genome-wide 
assessment using microarrays (Subheading  3.7 ) that has now been 
superceded by bar-coded multiplexed sequencing.  

 The protocol described below presents a standardized method-
ology to obtain good-quality fractions of spermatozoal sncRNAs 
and mRNAs. These RNAs are well suited to subsequent molecular 
assays to de fi ne the relative distribution of these various transcripts 
using expression arrays or high-throughput sequencing. The result-
ing sperm RNA  fi ngerprints have proven a useful means to assess 
the molecular basis of reproductive competence  (  10  )  and the pater-
nal contribution to the zygote and embryo development  (  11  ) .  

  Fig. 1.    Flow diagram of sperm RNA extraction and quality control processes.       

 



38733 Isolating mRNA and Small Noncoding RNAs from Human Sperm 

 

      1.    PureSperm (Spectrum Technologies).  
    2.    PureSperm buffer (Spectrum Technologies).      

      1.    0.2 mm RNase-free stainless steel beads (NextAdvance).  
    2.    Qiazol (QIAGEN).  
    3.    RNeasy Mini kit (QIAGEN).  
    4.    RNeasy Minelute kit (QIAGEN).  
    5.    Disruptor Genie (Scienti fi c Industries).      

      1.    QIAcube tips 1,000  μ L (QIAGEN).  
    2.    QIAcube tips 200  μ L (QIAGEN).  
    3.    QIAcube tubes (QIAGEN).  
    4.    QIAcube Adaptors (QIAGEN).  
    5.    RNeasy Mini kit (QIAGEN).  
    6.    RNeasy Minelute kit (QIAGEN).  
    7.    QIAcube (QIAGEN).  
    8.    Disruptor Genie (Scienti fi c Industries).      

      1.    RNase Block (Stratagene).  
    2.    Turbo DNA-free (Ambion).  
    3.    Oligo dT primer (Invitrogen).  
    4.    100 mM dNTP set (Invitrogen).  
    5.    Superscript III RT (Invitrogen).  
    6.    QuantiTect SYBR Green PCR kit (QIAGEN).  
    7.    PRM1 primers (intron spanning). 

 Forward: CAGAGCCGGAGCAGATATTAC 
 Reverse: ATTTATTGACAGGCGGCATTGTT.       

 

      1.    Dilute PureSperm to 50% with PureSperm buffer. Equilibrate 
to room temperature (at least 10–15 min). Aliquot 3 mL of 
50% PureSperm per sample (1.5 mL PureSperm and 1.5 mL 
PureSperm buffer) into individual 15 mL conical tubes.  

  2.  Materials

  2.1.  Components 
for Preparing Sample 
for Extraction

  2.2.  Components 
for Manual Extraction 
of RNAs

  2.3.  Components for 
Extraction of RNAs 
Using QIAcube Custom 
Protocol

  2.4.  Components for 
Quality Control

  3.  Methods

  3.1.  Preparing 
Samples for Extraction
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    2.    Allow fresh ejaculate samples to liquefy at room temperature 
for 30 min. If lique fi ed sample was frozen thaw sample rapidly 
by hand.  

    3.    Transfer the sample to a 15 mL conical tube and add 6–10 mL 
PureSperm buffer to wash sample by inverting the tube several 
times.  

    4.    Using a hemocytometer estimate the total number of cells.  
    5.    Centrifuge for 15 min at 4°C at 300 ×  g , and then discard the 

supernatant into a 10% bleach solution.  
    6.    Resuspend the cell pellet in 1 mL of PureSperm buffer.  
    7.    Overlay the sample onto the 50% PureSperm step-gradient 

using a transfer pipette being careful not to disturb the inter-
face (see  Note 1 ).  

    8.    Disengage the rapid acceleration and brake options from the 
centrifuge (see  Note 2 ). Centrifuge the gradient for 20 min at 
room temperature at 200 × g (see  Note 3 ).  

    9.    Remove the pellet from the conical tube by directing the tip of 
transfer pipette to the bottom of the tube. Extract the sperm 
pellet with as little liquid as possible.  

    10.    Transfer the sperm pellet to a new conical tube and resuspend 
in 10 mL PureSperm buffer. Wash the cells by inverting the 
tube several times.  

    11.    Using a hemocytometer estimate the total number of cells.  
    12.    Centrifuge for 15 min at 4°C at 300 ×  g . Discard the superna-

tant into a 10% bleach solution.  
    13.    As the puri fi ed sperm are pelleting (step 12) prepare the mate-

rials required for cell lysis. Prepare one homogenization tube 
for each sample. To a 2 mL microcentrifuge tube, add 500  μ L 
RLT buffer (QIAGEN RNeasy Kit), 7.5  μ L  β -mercaptoetha-
nol, and 100 mg of 0.2 mm nuclease-free stainless steel 
beads.  

    14.    After centrifugation, decant the supernatant and resuspend the 
sperm pellet in any residual liquid (typically 100–200  μ L).  

    15.    Add up to 100 million cells to the homogenization tube pre-
pared in step 13. If the sample is greater than 100 million cells, 
divide it into equal portions that are less than 100 million cells 
and treat as separate samples until the extraction is complete.  

    16.    Place the homogenization tube in a Disruptor Genie (Scienti fi c 
Industries) and shake for 5 min.  

    17.    Add 500  μ L of Qiazol (QIAGEN) and shake for 2 min with 
the Disruptor Genie as above.  

    18.    Add 200  μ L of chloroform and rapidly shake by hand for 15 s. 
Let the mixture sit at room temperature for 3–5 min.  
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    19.    Centrifuge for 20 min at 4°C at 12,000 ×  g .  
    20.    Remove the upper aqueous layer using a wide bore pipette tip 

and place the recovered aqueous layer into a 2 mL tube. Extract 
RNAs using a modi fi ed RNeasy (QIAGEN) protocol outlined 
in Subheading  3.2 . To minimize protocol variation, automate 
with the use of a QIAcube (QIAGEN).      

   RNeasy MiniKit optimized for the recovery of sperm RNA  (see  Note 4 ).
    1.    Add 360  μ L of 100% ethanol for every 500  μ L of upper aque-

ous phase and mix by pipetting up and down.  
    2.    Apply 700  μ L of the sample, including any precipitate, to an 

RNeasy mini column that is placed in a 2 mL collection tube 
(supplied). Close tube and spin  fl uid through at  ³ 8,000 ×  g  for 
15 s. Remove the  fl ow-through (FT) containing the small 
RNA fraction and place the small RNA fraction in a 15 mL 
conical tube. Repeat with the remaining sample.  

    3.    After the entire sample has been centrifuged through the 
RNEasy column and the FT collected, place the columns con-
taining the large RNAs at 4°C. Continue to step 4 to extract 
the small RNA  fi rst and then complete the extraction of the 
large RNA (see below Puri fi cation of large RNAs (continue at 
step 12)).  

    4.    From step 3 add 0.65 volumes of 100% ethanol to the 15 mL 
conical tube containing the small RNA FT, and mix thoroughly 
by vortexing. Do not centrifuge.  

    5.    Transfer 700  μ L of the sncRNA-containing sample to an 
RNeasy MinElute spin column placed in a 2 mL collection 
tube. Centrifuge for 15 s at  ³ 8,000 ×  g . Discard the FT.  

    6.    Repeat  step 5  until the entire sample has passed through the 
RNeasy MinElute spin column. Discard the FT each time in a 
guanidinium waste container.  

    7.    Add 500  μ L RPE wash buffer to the RNeasy MinElute spin 
column. Centrifuge for 15 s at  ³ 8,000 ×  g . Discard the FT.  

    8.    Add 500  μ L of 80% ethanol to the RNeasy MinElute spin 
column. Centrifuge for 15 s at  ³ 8,000 ×  g . Discard the FT and 
the collection tube.  

    9.    Place the RNeasy MinElute spin column in a new 2 ml collec-
tion tube. Centrifuge for 1 min at  ³ 8,000 ×  g .  

    10.    Place the RNeasy MinElute spin column in a 1.5 mL collection 
tube. Add 14  μ L of RNase-free water directly to the spin column 
membrane (see  Note 5 ). Centrifuge for 1 min at  ³ 8,000 ×  g  to 
elute the small RNA. Repeat with another 14  μ L (see  Note 6 ).  

    11.    Add 1  μ L of RNase Block (Stratagene) and DTT to a  fi nal 
concentration of 10 mM. Store at −80°C.     

  3.2.  Manual Extraction 
of RNAs
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 Puri fi cation of large RNAs (continued):
    12.    Remove the columns containing the large RNAs from the tem-

porary 4°C storage. Add 700  μ L RW1 buffer to the RNeasy 
column. Centrifuge at  ³ 8,000 ×  g . Discard FT and collection 
tube.  

    13.    Transfer the RNeasy column to a new collection tube (sup-
plied). Pipette 500  μ L RPE buffer onto the RNeasy column. 
Centrifuge at  ³ 8,000 ×  g , for 15 s. Discard FT.  

    14.    Load another 500  μ L RPE buffer onto the RNeasy column. 
Centrifuge for 2 min at  ³ 8,000 ×  g  to dry the RNeasy silica-gel 
membrane.  

    15.    Transfer the RNeasy column to another tube (not supplied) 
and spin again as above for 1 min to remove any traces of 
ethanol.  

    16.    Transfer the RNeasy column to the  fi nal 1.5 mL collection 
tube (supplied).  

    17.    Elute the large RNA fraction with 50  μ L of RNase-free H 2 O 
(see  Note 5 ). Centrifuge at  ³ 8,000 ×  g  for 1 min and then 
repeat elution with an additional 50  μ L of RNase-free H 2 O 
(see  Note 6 ).  

    18.    Add 1  μ L of RNase Block (Stratagene) and add DTT ( fi nal 
concentration of 10 mM) to the 100  μ L  fi nal RNA sample. 
Store at −80°C.      

   Binding large RNA to the RNeasy Mini Column  (see  Note 7 ).

    1.    For each 500  μ L of upper aqueous phase (step 20, 
Subheading  3.1 ) add 360  μ L 100% ethanol and mix.  

    2.    Transfer 430  μ L from the middle position of the rotor adapter 
onto the RNeasy Mini column (remove snap caps before 
loading).  

    3.    Centrifuge for 1 min at maximum speed.  
    4.    Mix and load 430  μ L from the middle position of the rotor 

adapter onto the RNeasy Mini column.  
    5.    Centrifuge for 1 min at maximum speed.  
    6.    Recover the  fl ow-through from the middle position and save 

for small RNA isolation.  
    7.    Repeat steps 1– 6  until all of the upper aqueous phase has been 

loaded onto the column.  
    8.    Store RNeasy Mini columns containing the bound large RNA 

at 4°C until step 22.     
 Isolation of Small RNAs:

    9.    Place fresh RNeasy MinElute columns in the wash positions.  

  3.3.  Extraction of RNAs 
Using QIAcube Custom 
Protocol (Preferred)
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    10.    Add 540  μ L of 100% ethanol to the 860  μ L FT that resides in 
the middle position of the rotor adapter.  

    11.    Mix and transfer 700  μ L of the ethanol FT to the RNeasy 
MinElute column that is placed in the wash position.  

    12.    Centrifuge for 1 min at maximum speed.  
    13.    Transfer the remaining 700  μ L of the ethanol FT to the RNeasy 

MinElute column that is placed in the wash position.  
    14.    Centrifuge for 1 min at maximum speed.  
    15.    Repeat steps 9– 13  until all of the small RNA FT has been 

passed through the column.  
    16.    Wash the column with 500  μ L RPE buffer by centrifugation 

for 1 min at 8,000 ×  g .  
    17.    Wash with 500  μ L of 80% ethanol by centrifugation at maxi-

mum speed for 2 min.  
    18.    Transfer the RNeasy MinElute column to the elution 

position.  
    19.    Add 14  μ L of RNase-free water and then incubate for 5 min 

(see  Note 8 ).  
    20.    Recover the eluted RNA by centrifugation for 2 min at maxi-

mum speed.  
    21.    Repeat steps 18 and 19, and then to the combined eluent add 

1  μ L of RNase Block (Stratagene) and DTT ( fi nal concentra-
tion of 10 mM) to your sample. Store at −80°C.     

 Isolation of large RNAs:
    22.    Place a new rotor adapter with the RNeasy Mini columns 

containing the bound large RNA that was stored in step 8 at 
4°C in the rotor wash position.  

    23.    Wash with 700  μ L of RW1 buffer by centrifugation for 1 min 
at maximum speed.  

    24.    Wash with 500  μ L of RPE buffer by centrifugation for 1 min 
at 8,000 ×  g .  

    25.    Wash with 500  μ L of RPE buffer by centrifugation for 2 min 
at maximum speed.  

    26.    Transfer the washed RNeasy Mini column to the elution 
position.  

    27.    Add 50  μ L of RNase-free water and then incubate for 5 min 
(see  Note 9 ).  

    28.    Recover the eluted RNA by centrifugation for 1 min at maxi-
mum speed.  

    29.    Repeat steps 27 and 28, and then to the combined eluent add 
1  μ L of RNase Block (Stratagene) and DTT ( fi nal concentra-
tion of 10 mM) to your sample. Store at −80°C.      
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      1.    Add 0.1 vol. 10× Turbo DNase buffer and 2  μ L Turbo DNase 
(Ambion) (see  Note 10 ). Incubate for 20–30 min at 37°C. 
Following incubation add 0.1 volumes of the inactivation 
reagent and then incubate for 5 min at room temperature mix-
ing occasionally. Centrifuge at 10,000 ×  g  for 1.5 min and 
transfer the RNA to a new tube.  

    2.    Residual DNA contamination is assessed by QuantiTect SYBR 
green real-time PCR with PRM1 (annealing temperature 
[Ta] = 65.5°C) primers (see  Note 12 ). The DNase-treated 
samples should be void of ampli fi cation (Fig.  2 ). If products 
are apparent, perform a second DNase treatment using DNase 
buffer 2 comprising 200 mM Tris–HCl, buffer, pH 7.5, 
100 mM MgCl 2 , plus 5 mM CaCl 2 , prepared with nuclease-
free H 2 O.   

    3.    Quantify RNA in samples devoid of DNA (see  Note 11 ).      

      1.    Perform reverse transcription PCR using equal amount RNA 
from all samples. Add the following components to a nuclease-
free microcentrifuge tube:

   1  μ L of oligo(dT).  
  10 pg to 5  μ g of total RNA.  
  1  μ L 10 mM dNTP mix.  
  Up to 13  μ L nuclease-free water.     

    2.    Heat mixture to 65°C for 5 min and then incubate on ice for 
at least 1 min.  

    3.    Collect the contents of the tube by brief centrifugation and 
then add:

  3.4.  Quality Control: 
Removing Residual 
DNA

  3.5.  Quality Control: 
Reverse Transcriptase 
PCR

  Fig. 2.    PCR assessment of DNA contamination and RNA integrity. ( a ) Only human genomic controls ampli fi ed. All samples 
were free of contaminating DNA. ( b ) Subsequent to DNase treatment, all samples successfully ampli fi ed PRM1 mRNA.       
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   4  μ L 5× First-Strand Buffer.  
  1  μ L 0.1 M DTT.  
  1  μ L RNase Block.  
  1  μ L of SuperScript™ III RT (200 units/ μ L).     

    4.    Incubate at 50°C for 30–60 min.  
    5.    Inactivate the reaction by heating at 70°C for 15 min.      

      1.    Following reverse transcription, perform Real-Time PCR with 
PRM1 (Ta = 65.5°C) primers to authenticate cDNA from sperma-
tozoal RNAs. A typical 20  μ L reaction contains 10  μ L Quantitect 
SYBR green mix, 7  μ L nuclease-free water, 1  μ L of primer 
[10  μ M], and 2  μ L of template. Products from cDNA ampli fi cation 
will be smaller than products from DNA ampli fi cation (Fig.  3 ) 
because the PRM1 primers chosen are intron spanning.       

      1.    The Bioanalyzer (Agilent) with the small RNA chip kit can be 
used as a quality control measure and to quantify sncRNA as a 
function of the pro fi le. As shown in Fig.  4b , the presence of 
sncRNAs is detected as a rise in  fl uorescent units above back-
ground between 6 and 30 nucleotides. The concentrations of 
the small RNA and the miRNA fraction for each sample can 
then be determined (see  Note 13 ).   

  3.6.  Quality Control: 
Assessing RNA 
Integrity by PCR

  3.7.  Optional Quality 
Control Assessment

a
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100 bp cDNA cDNA
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1
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  Fig. 3.    PCR assessment of cDNA synthesis. ( a ) cDNA samples ampli fi ed. ( b ) Gel image showing PCR products from cDNA 
templates are smaller than products from genomic DNA when ampli fi ed with intron spanning primers.       
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    2.    Transcript length from the 3 ¢  end determined via microarray 
analysis can be used as an indicator of mRNA integrity. The 
results are shown in Fig.  5 . The complete sequences of each 
human mRNA queried on the HT12 Illumina array were 
obtained from GenBank. HT12 probe array sequences were 

  Fig. 4.    Agilent Bioanalyzer pro fi les. ( a ) Total RNA extracted from sperm. Degraded 18S and 28S rRNAs are indistinguish-
able. ( b ) sncRNA extracted from sperm. Note that the sncRNAs are 6–30 nucleotides in length.       

  Fig. 5.    Assessing RNA quality using microarrays. The relative number of probes detected as a function of distance from the 
3 ¢  end of each transcript was calculated. Testes RNAs ( solid red lines  ) have a slightly broader peak than the sperm RNA 
samples indicating greater quantity of intact mRNAs.       
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obtained from the Illumina annotation  fi le. The position of 
each probe relative to the site of poly(A) addition (3 ¢  end) was 
calculated by mapping the Illumina probe sequence to the 
transcript sequence. The probes called as present with a  P -value 
of detection of  P  < 0.01 for each sample were retrieved. The 
present probes were grouped into bins based on probe dis-
tance from the 3 ¢  end of the corresponding transcript. Each 
bin contained the probes within a 100 base multiple of the 
distance from the site of poly(A) addition. The percentage of 
present probes in each bin was calculated as a function of total 
probes detected and their distance from the 3 ¢  end of the 
transcript.        

 

     1.    It may be helpful to practice the PureSperm overlay. To do this 
use colored water in place of the sample. Practice with 50% 
PureSperm gradient until you are comfortable with the 
procedure.  

    2.    When centrifuging the PureSperm gradient it is very important 
to use a centrifuge with minimal acceleration and without a 
brake. Sudden changes in rotation speed may allow somatic 
cells to penetrate through the gradient.  

    3.    The PureSperm gradient should be maintained at room tem-
perature. Centrifuging at cold temperatures may change the 
density and compromise the gradient.  

    4.    Some steps are modi fi ed from QIAGEN manual to accommo-
date the different homogenization protocol.  

    5.    Heating RNase-free H 2 O to 65°C may maximize RNA yield 
during column elution.  

    6.    If more than one column is used to extract the small or large 
RNA from one sample, the eluates can be pooled prior to sta-
bilization with RNase Block.  

    7.    Extraction of RNAs using a QIAcube requires the purchase of 
a custom protocol as described in Subheading  3 .  

    8.    The elution volume of small RNAs using the QIAcube can be 
adjusted in 2  μ L increments to a total of 30  μ L.  

    9.    The elution volume of large RNAs using the QIAcube can be 
adjusted in 5  μ L increments to a total of 100  μ L.  

    10.    Treatment of small RNAs with DNase I is optional and is usu-
ally not necessary.  

    11.    RiboGreen has proven an effective assay to quantify RNA  (  12  ) .  

  4.  Notes
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    12.    Dilute PRM1 forward and PRM1 reverse primers to 10  μ M in 
one tube. Divide into several aliquots. Use a single aliquot as 
your working primer solution. The others can be used as 
required.  

    13.    Sperm RNA, like somatic cells, is 80% rRNA though it is 
degraded  (  5  )  and thus undetectable by Bioanalyzer analysis 
(Fig.  4 ).          
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    Chapter 34   

 A Review of Genome-Wide Approaches to Study 
the Genetic Basis for Spermatogenic Defects       

     Kenneth   I.   Aston       and    Donald   F.   Conrad      

  Abstract 

 Rapidly advancing tools for genetic analysis on a genome-wide scale have been instrumental in identifying 
the genetic bases for many complex diseases. About half of male infertility cases are of unknown etiology 
in spite of tremendous efforts to characterize the genetic basis for the disorder. Advancing our understand-
ing of the genetic basis for male infertility will require the application of established and emerging genomic 
tools. This chapter introduces many of the tools available for genetic studies on a genome-wide scale along 
with principles of study design and data analysis.  

  Key words:   GWA ,  Whole genome ,  Next-generation sequencing ,  Sperm ,  Male infertility ,  Microarray    

 

 Normal spermatogenesis requires the precise regulation of hundreds 
or even thousands of genes  (  1,   2  ) . Disruption of gene pathways 
involved in endocrine regulation, meiosis, development, differen-
tiation, spermatogenesis, or sperm function can result in male 
infertility. Because of the complexity of events required for the pro-
duction of viable and functional sperm, it is not surprising that the 
underlying cause for male factor infertility is not identi fi ed in about 
50% of cases  (  3  ) . It is likewise not known what proportion of idio-
pathic male infertility cases has a genetic basis. Given the evolu-
tionary consequences of male infertility, there is certainly strong 
selective pressure against the transmission of common single gene 
events that give rise to spermatogenic defects. Based on this prem-
ise (and mounting genetic evidence supports this notion) genetic-
based male infertility is likely a multigenic disorder, or a result of 
rare  de novo  events that lead to the phenotype. 

 The two best-documented and most common genetic causes 
for male infertility are azoospermia factor (AZF) deletions of the 

  1.  Introduction
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Y chromosome, which account for 10–15% of azoospermia and 
severe oligozoospermia cases  (  4  ) , and Klinefelter syndrome, in 
which an extra copy of the X chromosome in men results in severe 
hypospermatogenesis or azoospermia. Klinefelter syndrome is the 
underlying cause for spermatogenic defects in about 3–4% of 
infertile men  (  5  ) . In addition, chromosomal translocations and 
inversions are more frequently observed in infertile men than in 
the general population  (  6  ) . 

 In spite of enormous efforts by researchers worldwide, little 
progress has been made in the identi fi cation of novel genetic variants 
associated with male infertility. In most cases, targeted approaches for 
the identi fi cation of genetic features associated with male infertility 
have proven an ineffective, and cumulatively a very costly, strategy. 

 Despite the disappointingly slow progress in understanding 
the genetic basis for idiopathic male infertility, great advancements 
on several fronts have positioned the  fi eld for what will hopefully 
be rapid progress in this area in the years to come. Completion of 
the Human Genome Project and the associated annotation of 
genes across the genome were important early steps in understand-
ing the organization of the human genome  (  7  ) . The application of 
genomic tools to characterize the transcriptome of the developing 
testis gave us greater appreciation for the complexity of spermato-
genesis. In addition, the systematic manipulation or knockout of 
several thousand genes in the mouse by a large number of research-
ers has yielded a wealth of information about the genes required 
for normal spermatogenesis and male fertility. 

 While comprehensive genomic studies targeting male infertil-
ity have lagged behind other more prominent and better funded 
diseases, the lessons learned from the study of other complex 
diseases will also serve to accelerate male infertility genetic research. 
Additionally, great advances in the development of tools to inter-
rogate the genome through high-resolution array technologies 
and high-throughput genomic sequencing, along with the con-
comitant rapid decline in the cost of these technologies, will enable 
the study of the genetic basis for male infertility at a level not previ-
ously imagined. 

 Clearly genomic tools will be necessary to unravel the complex 
genetic background for male infertility. This chapter will serve as a 
brief primer for the effective design and implementation of genome-
wide studies. Cohort selection, assay options, and analysis consid-
erations are addressed.  

 

 The types of genomic features that can be interrogated using 
genome-wide approaches depend largely on the platform utilized 
(Table  1 ). The primary features of interest that are evaluated in 

  2.  Genomic 
Features
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the context of genome-wide studies include point mutations, 
single-nucleotide polymorphisms (SNPs), copy number variations 
(CNVs), and regions of homozygosity (ROHs)  (  8–  11  ) . Point 
mutations and SNPs both involve variation of a single nucleotide, 
and represent different spaces along a continuum of allele fre-
quencies. SNPs are arbitrarily de fi ned as single base changes with 
a frequency greater than 1% in the population (although some-
times a threshold 5% is used), while point mutations refer to rarer, 
often de novo changes. Both can result in changes in gene dosage 
or function, or they can be silent with no functional effect. ROHs 
are long stretches of DNA sequence homozygous for all SNPs 
genotyped and typically indicate recent, often cryptic, consan-
guinity in the genealogical history of an individual  (  9  ) . CNVs 
involve duplications, deletions, or complex rearrangements of 
genomic regions generally larger than 1 kb in length  (  12  ) . They 
can likewise be common or rare and can have no apparent effect, 
or can result in complete gene disruption, or increased or 
decreased gene dosage or function. As discussed below, different 
genome-wide analysis platforms are appropriate for the assess-
ment of some features and not suitable for others.   

 

 The predominant strategy for performing genome-wide genetic 
studies for the past decade has employed microarrays  (  13  ) . 
Microarray technologies represented a huge advance over previous 
technologies for genetic analysis in terms of the amount of genetic 
information that could be ascertained in a single experiment, which 
conferred a signi fi cant cost and time advantage. While microarrays 
are still widely used, they do have limitations in that they only pro-
vide information for a portion of the genome (albeit a signi fi cant 
portion). 

 More recently, technologies have been developed that enable 
the sequencing of essentially the entire genome in a high-through-
put and cost-effective manner  (  14  ) . Variations of this technology 
enable the selective capture and subsequent sequencing of a region 
of interest or of the various RNA species within a speci fi c tissue or 
a cell type. 

  DNA microarrays exist in two primary forms: (1) comparative 
genomic hybridization (CGH) arrays  (  15  )  and (2) SNP arrays 
 (  13  ) . While the two types of arrays yield some of the same informa-
tion, there are profound differences in the way the arrays are 
constructed and the data generated by each. 

 Genomic microarrays are composed of several thousand to 
more than one million sets of probes designed to be complementary 

  3.  Genome-Wide 
Approaches for the 
Study of Complex 
Diseases

  3.1.  Genomic 
Microarrays
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to the genome of interest. The probe sets are arranged in a matrix 
con fi guration so that each point on a microarray slide corresponds 
with one small region of the genome. The probes can be com-
posed of synthetic oligonucleotides as short as 20 nucleotides in 
length or long nucleotides derived from bacterial arti fi cial chromo-
some (BAC) libraries. 

 As the name implies, CGH arrays are used to compare two 
genomes  (  15  ) . This is accomplished by competitively hybridizing 
to an array, a reference genome labeled with one  fl uorophore 
along with a test genome labeled with another  fl uorophore. CGH 
arrays are useful for determining differences in copy number 
based on the intensity of hybridization of the test sample com-
pared with the control at a given locus. While CGH arrays are 
well suited for the assessment of CNVs, they do not provide SNP 
genotype information. Agilent Technologies (Santa Clara, CA, 
USA) and Roche NimbleGen (Madison, WI, USA) are the largest 
producers of CGH microarrays. 

 For analysis with SNP arrays, a single labeled test sample is 
applied to the microarray. Probes on the array are designed to be 
complementary to a region containing an SNP. Two sets of probes 
for each locus hybridize preferentially with one SNP allele or the 
other, so based on hybridization patterns genotype can be assessed 
for each sample. In addition to genotype, with proper data normal-
ization the intensity of hybridization can be used to determine rela-
tive copy number of each locus across the genome. Likewise, the 
identi fi cation of long homozygous stretches coupled with intensity 
data can be useful in inferring single allele deletions or regions of 
copy-neutral homozygosity. Many modern SNP arrays actually con-
tain a mixture of two probe types: traditional SNP probe sets that 
hybridize to known SNPs in an allelic-speci fi c manner, and “copy 
number” probes, nonredundant probes tiled in regions of known 
CNV and in areas of low SNP coverage to give better sensitivity to 
copy number changes. The largest manufacturers of SNP genotyp-
ing arrays are Illumina (San Diego, CA, USA) and Affymetrix (Santa 
Clara, CA, USA), although both Agilent and NimbleGen have 
recently begun offering combined CGH/SNP arrays.  

  A more recently developed strategy for genome-wide genetic 
assessment is whole genome sequencing  (  16,   17  ) . While Sanger-
based DNA sequencing strategies have been successfully employed 
for several decades, only in the past few years, with the develop-
ment of second- and third-generation next-generation sequencing 
(NGS) using non-Sanger-based methods, have sequencing capac-
ity and cost been such that genome-wide sequencing has been a 
realistic option for basic research. Sanger sequencing was greatly 
limited by the number of reactions that could be run in parallel, 
with a capacity of 96 wells per sequencer. 

  3.2.  Next-Generation 
Sequencing
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 Second-generation sequencing greatly increases capacity by 
arraying several hundred thousand sequencing templates on a solid 
surface enabling massively parallel sequencing  (  16  ) . The three 
commercially available second-generation sequencing systems that 
employ variations of the NGS technology are the Roche 454 
genome analyzer, the Illumina HiSeq sequencers, and the Life 
Technologies (Foster City, CA, USA) SOLiD sequencer. Complete 
Genomics (Mountain View, CA, USA) has developed its own NGS 
platform, but operates it as a sequencing service rather than selling 
the machines. 

 Most recently, third-generation single-molecule sequencing 
platforms are beginning to emerge that promise longer read 
lengths, reduced cost, and faster run times  (  17  ) . Developers of third-
generation sequencing include Ion Torrent (Life Technologies, 
Carlsbad, CA, USA), Paci fi c Biosciences (Menlo, CA, USA), and 
Oxford Nanopore (Oxford, UK). 

 In addition to whole genome sequencing emerging strategies for 
capturing speci fi c regions of the genome, for example a single chro-
mosome or all exonic sequence within the genome (exome), further 
improve the affordability of high-throughput sequencing studies. 

 The  fi rst human genome sequence was generated over a 13-year 
period at a cost of $2.7 billion (  http://www.genome.gov    ). With 
current NGS technologies an entire human genome can be 
sequenced in a week or less at a cost of less than $5,000, and the 
ef fi ciency of sequencing in terms of time requirements and cost 
continues to drop sharply. With the increasing availability and 
affordability of whole genome sequencing, generating the sequence 
data is no longer a signi fi cant issue. The management and analysis 
of whole genome sequence data is rapidly becoming the bottleneck 
and the area requiring the greatest amount of technical expertise.   

 

 Thoughtful and thorough study design is critical to the success of 
any study, but given the enormous costs, magnitude of data gener-
ated, and special considerations required for a genome-wide study, 
careful study design is of utmost importance. Study design consid-
erations that are discussed here in the context of genome-wide 
studies include sample size, sample selection, data quality, and 
study replication. Several excellent reviews have been written to 
address design considerations  (  18–  21  ) . This chapter provides an 
introductory primer to the topic. 

  In general, suitably powered GWAS include several hundred to 
several thousand cases and controls. Determination of optimal 
sample size is not a simple matter, as the majority of initial studies 

  4.  Study Design 
Considerations

  4.1.  Sample Size

http://www.genome.gov
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lack the data required for the necessary power calculations. Power 
calculations are crucially dependent on the genetic architecture of 
the trait under analysis, that is, the number of loci modulating the 
trait, the number of risk alleles at each locus, their frequencies and 
effect sizes, and the effect of interactions between risk alleles. These 
parameters are essentially unknowable from  fi rst principles. 
However, data generated from numerous GWAS studies targeting 
other complex diseases serves as a good reference for predicting 
sample size requirements. The number of samples required is neg-
atively correlated with the frequency of the causal or risk variants 
and the effect size of each variant. Common polymorphisms pres-
ent in >20% of a population will generally confer minimal risk (odds 
ratio [OR] of 1.1–1.5). Less common variants with frequencies in 
the range of 5–20% may have ORs up to 3.0  (  21  ) . As a general 
rule, at least 1,000 cases and 1,000 controls are required for an 
80% power to detect signi fi cantly associated common variants with 
ORs in the range of 1.5  (  21  ) . Common variants that confer greater 
risk may be detected with fewer samples, but in general, studies on 
the order of 1,000 or more samples have been required to detect 
the majority of common variants so far implicated in complex dis-
ease. Obviously the identi fi cation of rare variants, particularly those 
that confer minimal risk, will require manyfold larger studies.  

  Sample selection is a critical component of a GWAS in order to 
maximize the power of the study to detect true variants and to 
avoid false positives arising from selection bias or confounding 
factors. As SNP and CNV frequencies can vary widely across differ-
ent populations, ethnic homogeneity between groups is absolutely 
necessary  (  18,   21  ) . As with all case–control-type experiments, 
groups should be matched as closely as possible, and potential con-
founders should be considered and avoided  (  18,   21  ) . It is usually 
not possible to completely avoid issues such as population 
strati fi cation as self-reported ethnic ancestry is sometimes vague, 
unavailable, or subjective. With the large amount of genetic infor-
mation generated during a genome-wide study, genetic population 
structure can be addressed empirically, and if the differences 
between groups are not too great, the data can be corrected  (  18  ) . 
The ability to correct association test statistics for artifacts intro-
duced by the experiment, be it in sample selection or genotyping, 
represents the most important statistical advantage of GWAS over 
the candidate gene approach. Many QC protocols suggest that 
approximately 50,000 unlinked markers are required for robust 
assessment of population structure  (  22  ) ; it is currently an open ques-
tion as to how well population structure can be detected using exome 
sequencing data, which generates 700–1,000 variants per sample 
 (  23  ) . The most widely used approach to detect population struc-
ture today is called  principal components analysis , which measures 
covariation in genotypes among individuals, and is implemented 

  4.2.  Sample Selection
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in the package EIGENSOFT (  http://genepath.med.harvard.edu/
~reich/Software.htm    ). 

 Another important assumption of standard GWAS design is that 
all individuals in the cohort are unrelated. Inclusion of large num-
bers of individuals from a single family can create a case- or control-
speci fi c enrichment of an allele that is unrelated to disease phenotype; 
this effect is especially pernicious in the analysis of rare variants. 
A common QC step is thus to identify relative pairs or duplicate 
samples prior to analysis by examining the number of identical SNP 
genotypes between all pairs of samples in the cohort.  

  Quality of the data generated in a GWAS is likewise critical in 
detecting true associations. Considerations include DNA purity 
and integrity, plate layout, and sample processing by microarray or 
sequencing. Obviously DNA purity and integrity are important in 
any type of genetic study. In array studies care should be given to 
ensure that closely matched DNA quantities are applied to each 
chip. DNA quanti fi cation using a DNA-speci fi c assay such as 
PicoGreen (Invitrogen, Carlsbad, California, USA) will generally 
give more precise results than simple 260 and 280 nm absorbance 
measurements. Another consideration when plating samples for 
analysis is sample distribution. Cases and controls should be ran-
domly distributed across plates to avoid spurious associations 
arising from systematic batch effects  (  18  ) . After the data are gener-
ated, it is essential that data quality be assessed on both a per-locus 
and per-sample basis. For each locus (e.g., an SNP) the number of 
individuals con fi dently assigned a genotype, referred to as the “call 
rate,” is a standard QC metric; sites with low call rates should be 
removed. Other commonly used marker QC steps are (A) testing 
for departure from Hardy–Weinberg Equilibrium, (B) testing for 
differential missingness between cases and controls, and (C) remov-
ing extremely low-frequency variants that are dif fi cult to genotype 
(the latter is applied to SNPs rather than CNVs). 

 Similarly, sample quality should be assessed after observing the 
genotype data from the experiment. Samples that have a large 
proportion of sites without a genotype call (high “no call” rate) or 
samples that have an unusually large proportion of sites with a 
particular genotype call (e.g., an excessive proportion of heterozy-
gotes) should be removed. In the analysis of CNV, samples that 
have excessive number of CNVs compared to the rest of the popu-
lation are usually excluded.   

 

  Over the past decade, GWA studies have relied upon genotyping 
panels of known common polymorphisms that are incomplete rep-
resentations of the genomes under consideration. While each of 

  4.3.  Data Quality

  5.  Analysis

  5.1.  Common Variants
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these common polymorphisms is directly tested for association, 
GWA studies are capturing indirect information about the effects 
of many additional ungenotyped variants in the cohort that are 
linked to the marker panel. 

 In the simplest form, testing for association at common variants 
can be reduced to a test of independence between the columns of a 
contingency table, that is, a Chi-square test comparing the allele 
counts (a 2 × 2 table) or genotype counts (a 2 × 3 table) between the 
case and control cohorts. A more sophisticated approach is to use a 
logistic regression modeling approach, which can accommodate 
covariates known to alter disease risk, such as gender, age, and envi-
ronmental exposures. A number of options for association testing 
are provided in the widely used software package PLINK (  http://
pngu.mgh.harvard.edu/~purcell/plink/    ). 

 Visualizing the results of association testing is an essential step 
in the interpretation of a common variant GWA study. Two key 
types of summary plots used in a GWA study are the quantile–
quantile plot (“qq plot”) and the “Manhattan” plot. The QQ plot 
is generated by plotting the observed distribution of association 
test  p -values against the distribution of  p -values expected under the 
null hypothesis that there is no association between genotype and 
phenotype (Fig.  1 ). A healthy QQ plot would show a strong  fi t to 
the line  y  =  x . Minor deviations in the upper tail of the  p -value dis-
tribution are expected when a rare, signi fi cant association signal is 
present in the data. More general deviation along the length of the 

  Fig. 1.    The QQ plot is generated by plotting the observed distribution of association test 
 p -values against the distribution of  p -values expected under the null hypothesis that there 
is no association between genotype and phenotype. A healthy QQ plot would show a 
strong  fi t to the line  y  =  x . Minor deviations in the upper tail of the p-value distribution 
indicate that a signi fi cant association signal is present in the data. More general deviation 
along the length of the entire distribution is a sign of test statistic in fl ation, usually the 
result of experimental batch effects or population structure.       
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entire distribution is a sign of test statistic in fl ation, usually the 
result of experimental batch effects or population structure. The 
Manhattan plot is a plot of −log10  p -value against genomic posi-
tion (Fig.  2 ). The most robust associations will often appear as 
clustered peaks of low  p -values; this clustering is a result of shared 
genealogical history among closely linked SNPs, a phenomenon 
referred to as linkage disequilibrium (LD). Numerous small  p -values 
that appear as isolated events (e.g., with no linked SNPs of similar 
association strength) are a hallmark of batch effects  (  24  ) . In sum-
mary, both QQ plots and Manhattan plots are important for assess-
ing the overall quality of the data and the evidence for association 
in a GWA study.   

 Multiple testing is clearly the chief concern when assessing the 
signi fi cance of an association test from a GWA study. There exists a 
multitude of approaches to addressing multiple testing. These range 
from conservative penalty-based approaches that rescale reported 
p-values by the number of tests conducted (e.g., Bonferroni and 
Sidak methods) to methods that estimate the proportion of true 
positive tests from the observed distribution of  p -values  (  25  )  to the 
computationally intensive but accurate family of permutation tests. 
The value of signi fi cance required for publication will depend on 
the journal, and some workers claim that a threshold of 5 × 10 −7  is 
suf fi cient for publication  (  26  )  while others have recommended 
5 × 10 −8   (  27  ) . 

 Special considerations are needed for testing common CNVs 
in an association study. The technology and statistical methods for 
identifying CNVs differ from SNP genotyping. CNVs are often 
 discovered  from the same experimental data that are used for doing 
the association study. SNP genotypes, on the other hand, are only 
generated for sites of known common polymorphism targeted by 

  Fig. 2.    The Manhattan plot is a plot of −log10  p -value against genomic position. Each bar represents one chromosome from 
1 to 22 followed by X, Y, and the XY pseudoautosomal region. Each point represents one SNP on the microarray chip. The 
most robust associations will often appear as clustered peaks of low  p -values; this clustering is a result of shared genea-
logical history among closely linked SNPs, a phenomenon referred to as linkage disequilibrium (LD).       
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an SNP array. CNV discovery algorithms usually are applied on 
one sample at a time, and they often return the location of a CNV 
but not a reliable estimate of the CNV genotype for the sample. 
Further, as these CNV discovery algorithms have incomplete power 
to discover CNVs (discovery power is a function of probe density, 
among other things), the classi fi cation error rate among samples 
can be quite high, especially for a common CNV. It is thus inap-
propriate to directly test the CNV calls from a CNV locus with 
greater than 5% allele frequency, using the standard association 
testing frameworks mentioned above. A second, related consider-
ation is  batch effects  that produce systematic differences in probe 
intensity among sets of samples, which can also produce differential 
CNV call rates among cases and controls. Robust association meth-
ods that simultaneously assign CNV genotypes and test for associa-
tion are strongly recommended for testing common CNVs  (  28  ) .  

  The standard protocols for testing common variants derive power 
from large sample sizes, as large samples are needed to precisely 
estimate the frequency of a single allele in both case and control 
populations. If cohorts of 1,000 cases are necessary to generate 
enough precision for a 3% frequency polymorphism, then what are 
our prospects for assessing mutations that are much rarer than 1% 
or even unique? The most popular classes of rare-variant analyses 
can be described as the “burden” approach and the “pathway” 
approach. These strategies should only be applied to rare CNVs 
(<1% frequency) for the technical considerations discussed in the 
previous section. Rare SNPs should be interpreted with caution if 
they are generated by array genotyping or by sequencing. 

 The “burden” approach was initially pioneered for the analysis 
of rare CNVs in neuropsychiatric disease  (  29  ) . “Genomic burden” 
analysis is simply comparing the total number of CNV calls per 
sample in cases and controls, using for instance a Mann–Whitney 
 U -test or permutation strategy. While each CNV in the analysis 
may be individually too rare to de fi nitively attribute a risk estimate, 
one can assign risk to rare CNVs as a class using this approach. 
Many related derivatives of this approach exist, which involve aggre-
gating rare CNVs or SNPs into groups, based on their location 
within a genomic region or a gene set that operates as a biological 
pathway (e.g., testing for an enrichment of CNVs in neurogenesis 
genes in cases of schizophrenia). Pathway de fi nitions can be 
obtained from numerous sources; one of the more popular ones is 
the Gene Ontology project (  http://www.geneontology.org    ). 

 Another rare genetic event detectable by SNP arrays are large 
chromosome segments that are inherited identical-by-descent 
(HBD regions or HBDRs). These large ROHs are likely to have 
shared a common ancestor sometime in the recent past (i.e., they 
are nearly identical or identical), increasing the chances that a 
rare recessive mutation may be homozygous within the HBDR. 

  5.2.  Rare Variants
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The use of HBD, when applied to consanguineous families, has 
been an unequivocal success in pinpointing the location of causal 
variants for simple recessive monogenic diseases. HBD analysis can 
also be used to screen for the location of rare variants in common 
disease case–control studies of unrelated individuals, either using a 
single-locus association testing framework or by testing for a 
homozygosity “burden”, an enrichment of size or functional impact 
of HBD regions aggregated across the genome. This novel approach 
has produced results for a growing list of common diseases, includ-
ing schizophrenia  (  30  )  and Alzheimer’s disease  (  31  ) . There are a 
handful of methods available for identifying HBD regions from 
SNP data; the most accurate ones will use an explicit population 
genetic model to determine the signi fi cance of runs of homozygos-
ity, which occur frequently in normal outbred populations. An 
example of such a method is the one employed by the software 
package BEAGLE  (  32  ) . HBD analyses are sensitive to population 
structure, so matching cases and controls on ethnicity is essential.  

  Most genome-wide studies aim to detect extremely rare or weak 
biological signals. The extremely large number of tests conducted 
in such studies increases the probability that such rare events are 
observed spuriously by chance. Validation and replication are two 
follow-up study techniques that are key to obtaining reliable and 
publishable results from a genome-wide scan. Almost always, vali-
dation and replication entail a focused follow-up using locus-
speci fi c assays. In the case of SNPs, there are numerous single-locus 
assays available such as mass spectrometry (as offered by Sequenom 
Corporation) or TaqMan qPCR (Life Technologies). These two 
platforms also work for CNVs, which can also be interrogated by 
simple PCR assays and multiplex ligation-dependent probe 
ampli fi cation (MLPA) assays, among others. 

 Validation refers to con fi rmation of the initial  fi nding, repro-
ducing the same result in the same samples using a second experi-
mental technique. For instance, a standard validation step in an 
array-based CNV analysis is to validate deletion calls of interest 
using PCR, or a second, custom high-density targeted array, prior 
to attempting further experimental follow-up in additional sam-
ples. Biologically interesting CNV calls are often enriched for false 
positives. 

 A replication study attempts to reproduce the biological sig-
nal of interest using a complete new set of samples, and perhaps a 
new technology. As replication may require large sample sizes, it 
is not unusual for an investigator to opportunistically evaluate an 
existing large GWA dataset in an independent cohort to replicate 
their  fi nding. Alternatively, locus-speci fi c assays can be applied to 
a second cohort for replicating the initial  fi nding. Especially for 
GWA studies, replication is a critical step for publication in a high-
impact journal.   

  5.3.  Study Validation 
and Replication
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 Genome-wide approaches can be powerful tools for identifying the 
genetic basis for complex diseases or traits. In order to achieve the 
most statistical power, careful detail must be paid to proper study 
design, sample phenotyping, assay performance, and data analysis. 
With careful study design and execution, GWA studies have proven 
very effective in identifying novel variants associated with, or causal 
of, numerous disease states. Growing interest in applying these 
technologies to the study of male infertility will likely result in 
numerous advances in our understanding of the underlying etiolo-
gies of male infertility, which will ultimately result in more com-
plete diagnoses and improved treatments.      
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    Chapter 35   

 Methods for the Analysis of the Sperm Proteome       

     Sara   de   Mateo   ,    Josep   Maria   Estanyol   , and    Rafael   Oliva         

  Abstract 

 Proteomics is the study of the proteins of cells or tissues. Sperm proteomics aims at the identi fi cation of 
the proteins that compose the sperm cell and the study of their function. The recent developments in mass 
spectrometry (MS) have markedly increased the throughput for the identi fi cation and study of the sperm 
proteins. Catalogues of spermatozoal proteins in human and in model species are becoming available lay-
ing the groundwork for subsequent research, diagnostic applications, and the development of patient-
speci fi c treatments. A wide range of MS techniques is also rapidly becoming available for researchers. This 
chapter describes a methodological option to study the sperm cell using MS and provides a detailed pro-
tocol to identify the proteins extracted from a Percoll-puri fi ed human sperm population and separated by 
two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) using LC-MS/MS.  

  Key words:   Proteome ,  Proteomics ,  Spermatozoa ,  Protamine ,  Epigenetics ,  Mass spectrometry    

 

 Proteomics is de fi ned as the systematic analysis of all the proteins 
in a tissue or cell and aims to identify the expression levels of all 
proteins of one functional state of a biological system  (  1,   2  ) . Mass 
spectrometry (MS) has become a method of choice for the analy-
sis of complex protein samples, and it is enabled by the availability 
of genome sequence databases and protein ionisation methods 
 (  1,   3  ) . Proteomic technologies have improved signi fi cantly and 
have proven to be very valuable in the study of reproductive 
 biology and medicine  (  4  ) . 

 Essentially, two different approaches have been applied to the 
proteomic study of the sperm cell using mass spectrometry (MS): 
(1) two-dimensional (2D) separation of proteins followed by pep-
tide generation and identi fi cation through matrix-assisted laser 
desorption ionisation MS (MALDI-MS) or liquid chromatography 
followed by tandem MS (LC-MS/MS) and (2) initial digestion of 

  1.  Introduction
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proteins to generate peptides, followed by LC-MS/MS analysis 
(Fig.  1 ; refs.  5,   6  ) . The  fi rst approach usually involves the separa-
tion of proteins using isoelectric focussing followed by a polyacryl-
amide gel electrophoresis separation in the presence of SDS 
(SDS-PAGE) to separate the proteins in a second dimension 
according to molecular weight (Fig.  1 ). This approach has been 
widely used in the past leading to the identi fi cation of many pro-
teins present in the sperm cell  (  7–  13  ) .  

 The other mass spectrometry approach (LC-MS/MS) com-
bines the solute separation power of HPLC with the detection 
power of a mass spectrometer (Fig.  1 ). HPLC can separate pro-
teins or peptides on the basis of a number of unique properties 
such as charge, size, hydrophobicity, and the presence of speci fi c 
tags or amino acids. Because the HPLC is coupled to a tandem 
mass spectrometer with an interface it is possible to rapidly separate 
a complex protein mixture and identify its components. LC-MS/
MS experiments usually generate peptide primary structure 
(sequence) information from each peptide in the initial mix. In 
addition, different approaches to identify protein abundance dif-
ferences are also available  (  14  ) . 

 A  fi nal comment must be devoted to the protamines, the 
most abundant nuclear proteins in sperm  (  15–  19  ) . Because of 
their peculiar chemical nature (over 50% of positively charged 
amino acids) it is extremely dif fi cult to identify them using mass 
spectrometry. When using a 2D approach, because of their highly 
positive charge, they are focused at one end of the IEF strip, thus 
usually out of the usual isoelectric point (p I ) range of the  fi rst 
dimension. In addition, protamines are insoluble in the presence 
of SDS, so little protein can be expected to enter the second 
SDS-PAGE dimension. An approach to speci fi cally separate the 
human protamines using 2D-PAGE followed by their 
identi fi cation has been described  (  20  ) . However, a convenient 
option to analyse protamines and the proteome from a single 
sample is to process independent aliquots and to analyse them 
separately using a 1D-acidic-PAGE for protamines and a conven-
tional 2D-PAGE or LC-MS/MS for the remainder of the pro-
teins (Fig.  1 )  (  13,   19,   21–  25  ) . 

 The present chapter describes the procedures for puri fi cation 
of the spermatozoa using density gradient centrifugation, extrac-
tion of sperm proteins, their separation using two-dimensional gel 
electrophoresis, the identi fi cation of the proteins from excised 
spots after trypsin digestion, and peptide separation and 
identi fi cation using liquid chromatography followed by tandem 
mass spectrometry (LC-MS/MS). The LC-MS/MS procedure 
described here can also be applied to identify mixtures of proteins 
present in excised gel bands from one-dimensional SDS polyacryl-
amide gel electrophoresis separations  (  24  ) .  
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  Fig. 1.    Extraction and analysis of proteins from spermatozoa. The nuclear protamines can be extracted and analysed using 
conventional electrophoresis on acidic gels ( left  ) using conventional procedures  (  13,   19,   21–  25  ) . In order to analyse the 
rest of the sperm proteome using mass spectrometry, an aliquot of the sperm cells can be analysed using 2D-PAGE ( centre ) 
or 1D-SDS-PAGE followed by excision of protein spots/bands from the 2D and 1D gels and identi fi cation through mass 
spectrometry (either MALDI-MS or LC-MS/MS for 2D-PAGE and LC-MS/MS for 1D-SDS-PAGE). In addition, a powerful 
procedure involves digestion of the initial protein extract into peptides followed by separation of the peptides thought LC 
and  fi nally protein identi fi cation using MS/MS ( right  )  (  5,   6,   24  ) . A LC-MS/MS spectrum is shown at the  bottom left , and the 
peptide sequence is also indicated. A search of protein databases for the peptides identi fi ed from each sample gives rise 
to the positive identi fi cation of the protein analysed.       
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 Prepare all solutions using ultrapure water (milli-Q water; 
18 M Ω  cm at 25°C). Prepare and store all reagents at the tempera-
ture stated. Follow manufacturer’s instructions for solution han-
dling and disposal. 

      1.    100% Isotonic Percoll: 87% Percoll ® , 10% Ham’s F10 10×, 
0.25% NaHCO 3 . Mix 8.7 mL Percoll ® , 1 mL Ham’s F10 10×, 
and 300  μ L 7.5% NaHCO 3 . Prepare freshly or store shortly at 
4°C.  

    2.    50% Isotonic Percoll (50% Percoll, 47% Ham’s F10 1×, and 
0.25% NaHCO 3 ): Mix 5 mL 100% isotonic Percoll (prepared 
in  step 1 ), 4.7 mL Ham’s F10 1×, and 300  μ L 7.5% NaHCO 3 . 
Prepare freshly or store shortly at 4°C.      

      1.    Lysis buffer (7 M Urea, 2 M Thiourea, 1% CHAPS, 1% 
 n -octyl-glucopyranoside, 0.5% IPG buffer, 18 mM DTT, 
2.4 mM PMSF): Prepare lysis buffer stock (store at −20°C) 
without DTT and PMSF. Add 4.2 g urea, 1.52 g thiourea, 
0.1 g CHAPS, 0.1 g  n -octyl-glucopyranoside, and 50  μ L IPG 
buffer (Bio-Rad ® ) to a 15 mL tube. Add milli-Q water until 
9.5 mL, mix gently for 5–10 min at room temperature and 
add additional milli-Q water until 10 mL. Just before protein 
extraction: add 18  μ L 1 M DTT and 24  μ L 100 mM PMSF for 
every 1 mL of lysis buffer ( see   Note 1 ).  

    2.    Equilibration stock buffer (6 M urea, 0.375 M Tris–HCl pH 
8.8, 20% glycerol, and 2% SDS): Prepare equilibration stock 
buffer freshly by mixing 9.01 g urea, 12.5 mL 1.5 M Tris–HCl 
pH 8.8, 5 mL glycerol, and 0.5 g SDS. Add milli-Q water until 
25 mL. Just before the equilibration step prepare the equili-
bration buffers I and II.  

    3.    Equilibration buffer I (2% DTT): Add 0.24 g DTT to 12.5 mL 
equilibration stock buffer.  

    4.    Equilibration buffer II (2.5% iodoacetamide): Add 0.3 g iodo-
acetamide to 12.5 mL equilibration stock buffer.  

    5.    SDS gel buffer (1.5 M Tris–HCl, pH 8.8). Weigh 181.7 g of 
Tris base, place it on a 1 L graduated cylinder, and add milli-Q 
water until 900 mL. Mix and adjust the pH with HCl then 
make up to 1 L with water. Store at room temperature.  

    6.    10% Ammonium persulfate (APS): Mix 0.1 g APS with 1 mL 
milli-Q water. Prepare fresh.  

    7.    Running buffer TGS (25 mM Tris, 192 mM glycine, and 0.1% 
SDS): Make a TGS 10× and store it at room temperature. For 
TGS 10× preparation, mix 60 g Tris with 288.4 g glycine and 
20 g of SDS. Make up to 2 L with milli-Q water.  

  2.  Materials

  2.1.  Percoll Gradient

  2.2.  2D-PAGE 
Components
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    8.    Agarose solution (1%): Mix 0.25 g agarose with 25 mL milli-Q 
water in a 50 mL tube and add 0.001 g of bromophenol blue. 
Warm the solution in the microwave oven: place the tube in a 
glass beaker and open the cap slightly. Let the agarose warm in 
the microwave oven until it starts boiling. Close the tube and 
place the agarose solution at 4°C until use.  

    9.    Fixing solution for EZBlue staining (50% methanol/10% etha-
nol): Mix 500 mL methanol with 100 mL ethanol and add 
milli-Q water to 1 L  fi nal volume. Store at room temperature.      

      1.    Trypsin solution: 12.5 ng/ μ L in 25 mM amonium bicarbon-
ate. Store at −20°C until use.  

    2.    Liquid chromatography gradient Buffer A (3% acetonitrile and 
0.1% formic acid): Mix 15 mL acetonitrile with 500  μ L of for-
mic acid and add milli-Q water to 500 mL.  

    3.    Liquid chromatography gradient Buffer B (97% acetonitrile 
and 0.1% formic acid). Mix 485 mL acetonitrile with 500  μ L 
of formic acid and add milli-Q water to 500 mL.       

 

      1.    Remove seminal plasma from sperm cells by adding two 
volumes of Ham’s F10 1×, 0.25% NaHCO3 the ejaculate and 
spinning at 3,000 ×  g  for 10 min at 4°C.  

    2.    Remove the supernatant, add 1 mL of Ham’s F10 1× and 
count the sperm cells with a Makler chamber to determine the 
concentration of spermatozoa (millions of spermatozoa/mL).  

    3.    Prepare 1 mL of 50% Percoll for approximately every 50 mil-
lion spermatozoa ( see   Note 3 ).  

    4.    Add Ham’s F10 1×, 0.25% NaHCO3 medium to the washed 
sperm sample to achieve a  fi nal concentration of 50 million 
spermatozoa/mL.  

    5.    Prepare the gradients: Place 1 mL of 50% Percoll in a 15 mL 
tube for each gradient. Prepare one tube for every 50 million 
sperm cells.  

    6.    Add 1 mL of washed sperm sample. To accomplish this hold the 
tube at an angle of approximately 45 °, introduce the micropi-
pette tip into the tube at a distance of approximately 2 cm away 
from the Percoll gradient (do not touch the Percoll gradient). 
Carefully place (very slowly) 1 mL of the sperm sample on top 
of the 50% Percoll gradient ( see   Note 4 ). At this stage two clear 
phases should be visible, the gradient on the bottom and the 
sample on the top, divided by a sharp interface.  

    7.    Place each tube on ice carefully and let the gradient settle for 
10 min.  

  2.3.  LC-MS/MS 
Analysis Components

  3.  Methods

  3.1.  Preparation 
of the Sperm Cells 
Prior to Proteomic 
Analysis ( See   Note 2 )
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    8.    Centrifuge the gradients at 800 ×  g  for 20 min at 4°C.  
    9.    Place the tube on ice carefully. A representation of the gradient 

before and after the centrifugation step is shown in Fig.  2 . 
Discard the upper phase and the 50% gradient phase and keep 
the interphase and spermatozoa. To remove the upper phase 
do not tip the tube, hold it upright and remove the top part of 
the gradient (debris and other cells) down to the interphase 
with a micropipette. Start from the top and lower the pipette 
as the phase is aspirated.   

    10.    Use a micropipette to aspirate the interphase layer. Keep this 
phase in a new microcentrifuge tube for use as a control. The 
components of this layer should be other cells, debris and some 
aberrant sperm cells.  

    11.    Carefully aspirate the 50% Percoll layer using a micropipette. 
Take care to avoid aspirating the spermatozoa present in 
the pellet.  

    12.    To recover the spermatozoa from the pellet, pipette 1 mL of 
Ham’s F10 1×, 0.25% NaHCO3 medium and dispense approx-
imately a fourth part of it onto the pellet. Pipette up and 
down only this fourth part to resuspend the pellet and place it 
in a new microcentrifuge tube. Repeat this step with the rest 
of the Ham’s F10 1×, 0.25% NaHCO3 until the entire pellet 
is resuspended ( see   Note 5 ).  

    13.    Check the retrieved interphase layer and the resuspended pel-
let using phase contrast microscopy. Count the sperm cells 
from each phase with a Makler counting chamber (million 
spermatozoa/mL) ( see   Note 6 ).  

    14.    Remove the residual Percoll from the puri fi ed sperm cells by 
adding Ham’s F10 1×, 0.25% NaHCO3 and spinning at 
3,000 ×  g  for 5 min at 4°C. Remove the supernatant and 

  Fig. 2.    Puri fi cation of the spermatozoa prior to proteomic analysis. The sperm sample is 
layered on the top of a Percoll gradient and spun at 800 ×  g  for 20 min at 4°C to recover 
the puri fi ed spermatozoa from the pellet. The different layers obtained after centrifugation 
are also shown. Varying Percoll concentrations can be used to obtain more or less strin-
gent selection of cells ( see   Notes 2  and  3  ).       

 



41735 Methods for the Analysis of the Sperm Proteome

 combine all the spermatozoa from each gradient into a single 
microcentrifuge tube with 1 mL Ham’s F10 1×, 0.25% 
NaHCO3. Wash the sperm cells a second time. At this point 
the spermatozoa should be depleted of potentially contaminat-
ing cells present in the original semen and therefore ready to 
proceed to the proteomic study (see Note 7).      

  This protocol is adapted for use with a Bio-Rad vertical electropho-
resis system. Other systems may require slightly different setups.

    1.    Centrifuge the sperm cells at 3,000 ×  g  for 5 min at 4°C. Remove 
the supernatant and add the appropriate volume of lysis buffer 
to the puri fi ed sperm pellet to achieve a concentration of 
approximately 330 million spermatozoa/mL ( see   Note 7 ).  

    2.    Extract the sperm proteins for 1 h at room temperature with 
gentle shaking.  

    3.    Centrifuge the protein extract at 3,000 ×  g  for 5 min at 4°C. 
Place the supernatant containing the solubilized proteins in a 
new microcentrifuge tube. Keep the pellet and supernatant at 
−20°C for potential future protein studies ( see   Note 8 ).  

    4.    To run the  fi rst dimension (protein separation according to its 
isoelectric point; p I ) carefully load the recommended 300  μ L 
of sperm proteins into a focusing tray. Distribute the sample all 
along one well of the tray from one electrode to the other.  

    5.    Remove the 17 cm ReadyStrip IPG strips (Bio-Rad) pH 3–10 
from the freezer, and let them warm at RT for a few minutes 
( see   Note 9 ). Always handle the strips with forceps previously 
soaked with ethanol, never with the hands even if wearing gloves. 
Hold the strip with one pair of forceps, and peel off the cover 
sheet with another pair of forceps. Place the strip in the well 
where the sample is spread with the acrylamide side of the strip 
facing the sample and the anion end oriented toward the anode 
end of the tray.  

    6.    Let the strip soak with the sample for 10 min and then add 
mineral oil on the top to cover the strip (approximately 6 mL). 
The purpose of the mineral oil is to prevent the strip from dry-
ing and burning since the strip will warm up during the focus-
ing procedure.  

    7.    Set the focusing program for human sperm cell proteins as fol-
lows ( see   Note 10 ):  
   −    Passive rehydratation step for 12 h.  
   −    Focusing program.
   Step 1: Slow ramp, 250 V for 20 min.  
  Step 2: Slow ramp, 10,000 V for 2 h and 30 min.  
  Step 3: Rapid ramp, 10,000 V/h until 40,000 V.  
  Step 4: Rapid ramp, 500 V for 10 h.     

  3.2.  Protein Extraction 
and Separation 
Through Two-
Dimensional Gel 
Electrophoresis 
(2D-PAGE)
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    8.    The focused strips can be stored at −20°C in a capped tube 
until the second dimension (protein separation according to its 
molecular mass) is performed.  

    9.    To run the second dimension, prepare the SDS-PAGE gels: 
clean the outer and inner glass plates with ethanol (22.3 × 20 cm 
and 20 × 20 cm, respectively). Assemble the gel cassettes with 
the outer and inner plates, spacers, and sandwich clamps in the 
slab gel casting stand.  

    10.    For one gel, mix 17.2 mL milli-Q water, 11.04 mL gel buffer, 
480  μ L 10% SDS, 9.6 mL 30% acrylamide/bisacrylamide 
(29:1), 9.6 mL 30% Duracryl, 62.4  μ L TEMED, and 224  μ L 
10% APS. Insert a gel comb with one reference well immedi-
ately after loading the gel taking care to avoid introducing air 
bubbles. Let the gel solidify for 2 h at room temperature or 
overnight at 4°C.  

    11.    Equilibrate the strip prior to loading it on the top of the SDS-
PAGE in two equilibration steps in order to minimize electroen-
dosmotic effects, which are responsible for reduced protein 
transfer from the  fi rst to the second dimension. First equilibra-
tion: place the focused strip in a rehydratation tray, add 6 mL of 
equilibration buffer I and equilibrate the strip for 15 min. Remove 
the equilibration buffer I, add 6 mL of equilibration buffer II 
and equilibrate the strip for 15 min more ( see   Note 11 ).  

    12.    Dilute the TGS 10× to yield 4 L of TGS 1× (400 mL TGS 10× 
and 3,600 mL milli-Q water). Warm the agarose solution in the 
microwave until it starts to boil, and let it cold at room tempera-
ture for 5–10 min. Do not allow the agarose solidify again.  

    13.    Soak the equilibrated strip in TGS 1× to remove the free DTT 
or iodoacetamide. Place the strip between the two glass plates 
(the acrylamide surface of the strip should be placed towards 
one glass, and the anode end (+) of the strip should be ori-
ented to the left, close to the reference well). Press carefully all 
along the strip with a comb to ensure the strip is in contact 
with the SDS-PAGE gel.  

    14.    Seal the IPG strip with the agarose solution and let the agarose 
solidify. Be careful not to pour very hot agarose on top of the 
strip. Also be careful not to cover the reference well with the 
melted agarose.  

    15.    Place the gel into the central cooling core and transfer the 
apparatus to the buffer tank. Add 4 L of TGS 1×. Load 3  μ L 
of molecular weight standard in the reference lane at the left.  

    16.    Run the gel at 300 V for 3 h or until the dye front (bromophe-
nol blue present in the agarose solution) has reached the bot-
tom end of the gel.  

    17.    Disassemble the gel from the central cooling core, and proceed 
with the EZBlue (Invitrogen ® ) staining protocol: wash the gel 
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three times with milli-Q water with gentle shaking. Remove 
water and  fi x the gel with  fi xing solution for 15 min with gen-
tle shaking. Remove  fi xing solution and add EZBlue for pro-
tein staining for 45 min. Destain the gel with milli-Q water for 
10 min or until the background is removed.      

      1.    Scan the gels in transmission scan mode using a high-resolution 
calibrated scanner (e.g., GS-800, Bio-Rad).  

    2.    Print the gel image and number every spot that it is going to 
be excised on the basis of high intensity and resolution.  

    3.    Place the gel on a wet glass precleaned with ethanol. Use new 
gloves soaked in ethanol and prepare enough microcentrifuge 
tubes for all the spots that are going to be excised. Prepare a 
box of autoclaved tips and a clean and ethanol soaked scalpel.  

    4.    Cut the tip with the scalpel to create a hole similar in size to 
that of the spot that is going to be excised. Excise all the spots 
by punching with the micropipette tip and place them in the 
corresponding numbered microcentrifuge tubes.  

    5.    Proceed to LC-MS/MS analysis. Clean the excised spots by 
adding 2 volumes of 25 mM ammonium bicarbonate and incu-
bating at room temperature for 15 min. After that discard the 
liquid and add the same volume of acetonitrile (ACN) for 15 
min. Discard the liquid and repeat 2 times the above 2 steps. 
After that add the same volume of acetonitrile and incubate for 
an additional 15 min. Following this incubation, remove the 
ACN and trypsinize the gel fragments with 125 ng of trypsin 
at 37°C overnight.  

    6.    Liquid chromatography: Inject 10  μ L of tryptic peptides into 
a nanoLC (Proxeon EASY-nLC) at a  fl ow rate of 500 nL/min. 
Clean and trap the sample through a trap column of C18-
PepMap100, 5  μ m, 100 A, 300  μ m ID 5 mm. Peptides can 
then be separated through an analytical column of C18 PepMap 
3  μ m, 100 A, 75  μ m ID, 150 mm from Proxeon with the fol-
lowing gradient: 0–40 min (0–60% Buffer B;  see   Note 12 ), 
40–45 min (60–70% Buffer B), 45–55 min (70–100% Buffer 
B), and 55–60 min (100% Buffer B).  

    7.    Analyze the peptides on a Velos LTQ-Orbitrap with a Proxeon/
stainless steal emitter ion source (Thermo Fisher Scienti fi c) 
and a precursor ion selection in the Orbitrap at a resolution of 
30,000 following 15 IT MS/MS with a collision energy of 35 
in positive mode.  

    8.    Acquire the MS/MS data using Xcalibur 2.1 (Thermo Fisher 
Scienti fi c) and submit the results to the SEQUEST software 
using the HUMAN UniProt SwissProt database search with 
the following thresholds: 25 ppm of peptide mass tolerance 
and 0.8 Da of fragment ion tolerance. Use the following crite-
ria to accept identi fi cations: sequest Xcore (1.5 for +1, 2 for 

  3.3.  Excision of Gel 
Spots and LC-MS/MS 
Analysis
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+2, 2.5 for +3, 2.75 for +4, 3 for more than +4), probabilistic 
Protein Prophet index (>0.99) using the 4.3 version, the extent 
of sequence coverage and the number of peptides matched.       

 

     1.    The ampholytes from the IPG Buffer should correspond to the 
IPG strips (Immobilized pH gradient) pH range.  

    2.    The vast majority of the cells present in a normal sperm sample 
(ejaculate) are spermatozoa. However, a variable proportion of 
additional cells such as immature spermatids, aberrant sperma-
tozoa, somatic cells (leukocytes and male tract epithelial cells) 
and bacteria are also present. In abnormal sperm samples the 
proportion of these types of additional cells present in the semen 
can be substantially increased. Thus, it is very important to take 
this fact into account and to perform appropriate methods to 
eliminate these contaminating cells. A common procedure used 
is to perform density gradient puri fi cation of the sperm cells  (  11, 
  26  ) . In addition leukocytes may also be eliminated using CD45 
af fi nity  (  27  ) . The procedure for sperm cell puri fi cation using 
density gradient centrifugation is described here.  

    3.    50% Percoll can be used instead of a higher percentage of 
Percoll so that the resulting sperm cells are representative of the 
average spermatozoon present in the normozoospermic sperm 
samples, rather than representing a highly selected  subpopulation 
of the  fi ttest spermatozoa  (  26  ) .   Other types of density media 
such as PureSperm may also be used instead of Percoll.

    4.    To ease the placement of the sperm sample on the top of the 
50% Percoll gradient a track can be created during the addition 
of the 50% gradient in the 15 mL tube by adding the gradient 
into the tube following the procedure described in  step 3  of 
Subheading  3.1  (tilt tube, recline the pipette at approximately 
5 cm away from the bottom of the tube and add the gradient 
carefully down the side of the tube).  

    5.    The use of a fourth part of 1 mL of Ham’s F10 1× for the 
resuspension of the puri fi ed sperm cell pellet is intended to 
avoid putting in contact the fresh Ham’s F10 1× with the walls 
of the tube after gradient centrifugation (which may be con-
taminated from the gradient itself and other undesirable semen 
components).  

    6.    If the interphase has a considerable amount of spermatozoa it 
is possible that the gradient has not been properly prepared 
and that a valuable amount of sperm cells are being lost in this 
fraction. In this case, use the interphase material and repeat 
 steps 3 – 13  of Subheading  3.1  to try to recover as many sperm 
cells as possible.  

  4.  Notes
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    7.    The centrifugation speed indicated is OK for the purpose 
used here but it affects mobility and cell viability. Therefore 
lower centrifugation speeds may be required for other types of 
experiments. The indicated sperm cell concentration is enough 
to recover suf fi cient protein to identify the resulting 2D-PAGE 
spots using MS. As stated in  step 4  of Subheading  3.2 , it is 
recommended that 300  μ L of sample be loaded onto each 
IPG strip.  

    8.    Proteins that are not solubilized with the urea-thiourea lysis 
buffer can be further extracted with HCl for acid–urea gel pro-
tein separation and MS protein identi fi cation.  

    9.    Most of the components speci fi ed here are components from 
Bio-Rad ® , but other suppliers can be used. Strip length and pH 
range can be selected according to the goals of the proteome 
study.  

    10.    To set up the focusing program follow manufacturer’s instruc-
tions (Protean IEF Cell, Bio-Rad). For samples with different 
characteristics from the proteins extracted from human sper-
matozoa modify the settings to allow the proteins to focus 
properly.  

    11.    Shorter equilibration times can be used, but some proteins 
may not migrate out of the IPG gel strip and enter the SDS-
PAGE gel. It is recommended that the IPG strip be stained 
after SDS-PAGE to verify that all proteins have migrated out of 
the IPG strip.  

    12.    Different conditions and longer times must be used if bands 
excised from mono-dimensional gels are used instead of spots 
excised from two-dimensional gels.          
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    Chapter 36   

 Methodology of Aniline Blue Staining of Chromatin 
and the Assessment of the Associated Nuclear 
and Cytoplasmic Attributes in Human Sperm       

     Leyla   Sati    and    Gabor   Huszar         

  Abstract 

 In this chapter, the laboratory methods for detection of sperm biomarkers that are aimed at identifying 
arrested sperm development are summarized. These probes include sperm staining with aniline blue for 
persistent histones, representing a break in the histone-transition protein-protamine sequence, immunocy-
tochemistry with cytoplasmic sperm proteins, highlighting cytoplasmic retention during spermiogenesis, 
DNA nick translation testing for DNA chain fragmentation due to various reasons, for instance low HspA2 
chaperone protein levels, and consequential diminished DNA repair. Finally, we brie fl y provide references 
on our work on sperm hyaluronan binding, abnormal Tybergerg sperm morphology, and the increased 
levels of chromosomal aneuploidies in sperm with developmental arrest. A very interesting aspect of the 
biomarker  fi eld is the discovery (Sati et al, Reprod Biomed Online 16:570–579, 2008) that the various 
nuclear and cytoplasmic defects detected by the biomarkers are related, and may simultaneously occur 
within the same spermatozoa as evidenced by a combination of biomarkers, such as aniline blue staining 
(persistent histones) coupled with cytoplasmic retention, DNA fragmentation, Caspase-3, Tygerberg 
abnormal morphology, and increased levels of chromosomal aneuploidies. We show examples of this >80% 
overlap in staining patterns within the same spermatozoa.  

  Key words:   Human sperm biomarkers ,  Chromatin development ,  Cytoplasmic retention ,  Sperm 
DNA integrity/fragmentation ,  Paternal contribution    

 

 In the past 20 years, major progress has occurred in the Sperm 
Physiology Laboratory at the Department of Obstetrics and 
Gynecology at Yale School of Medicine. The ultimate goal was the 
development of objective biomarkers that would predict sperm fer-
tilizing potential, independently from sperm concentration and 
motility in the semen of a man. 

  1.  Introduction
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 The major advances were the description and role of the sperm 
creatine kinase (CK) activity that re fl ects arrested sperm develop-
ment at the level of cytoplasmic extrusion. 

 In a clinical study, it was demonstrated that in couples with 
oligozoospermic husbands treated with intrauterine insemination, 
the occurrence of pregnancies correlated with sperm creatine kinase 
levels, whereas sperm concentration and motility were noncontrib-
utory  (  2  ) . In another sperm creatine kinase study of 84 couples 
treated with IVF, in husbands with high sperm creatine kinase lev-
els, there were no pregnancies in spite of normal sperm concentra-
tion and motility  (  3  ) . These two  fi ndings led to the formation of 
the concept of unexplained male infertility (men with diminished 
fertilizing potential or diminished sperm paternal contribution in 
spite of normal sperm concentration and motility). 

 The next step in the sperm biomarker studies was the assess-
ment of sperm chromatin maturity via aniline blue staining. Aniline 
blue stains persistent histones in the sperm nucleus. Increased lev-
els of persistent histones in turn indicate a break in the develop-
mental sequence of histones-transition proteins-protamines, which 
signi fi cantly affects DNA chain folding and vulnerability for 
increased DNA fragmentation. The DNA chain fragmentation 
causes a decline in sperm fertilizing potential and in the paternal 
contribution of sperm to the developing embryo  (  4,   5  ) . 

 Other biomarkers we have identi fi ed that are contribute sperm 
fertility and function is the HspA2 chaperone protein, which exhib-
its various functions. For instance HspA2 is a component of the 
synaptonemal complex and thus supports meiosis. Due to the 
transport role of HspA2, the chaperone also supports cellular pro-
cesses including DNA repair  (  6  ) . Sperm specimens from men which 
contain low HspA2 levels show increased levels of chromosomal 
aneuploidies, DNA fragmentation and a decline in fertility as dem-
onstrated in a study of IVF husbands ( N  = 135 men)  (  7  )  who did 
not establish IVF pregnancy and displayed low sperm HspA2 lev-
els, although their semen parameters were well into the normozo-
ospermic range. Low HspA2 levels are also associated with increased 
levels of DNA fragmentation, most likely due to a diminished level 
of DNA chain repair activity. 

 Also of interest is the  fi nding that the attributes of incomplete 
or arrested development such as CK, aniline blue, DNA fragmen-
tation, low HspA2, abnormal morphology, and apoptosis appear 
to be common and related in individual spermatozoa. This is illus-
trated in Figs.  1 ,  2 ,  3 , and  4 , in which sperm are double stained 
with aniline blue and a second biomarker. It is noteworthy that 
aniline blue staining and the other biomarkers, including cytoplas-
mic markers (Fig.  2 ), DNA fragmentation markers (Fig.  3 ), and 
apoptotic markers (Fig.  4 ), show similar patterns when evaluated 
within the same cell  (  8  ) . There is >80% similarity in the sperm 
 biomarker staining patterns, indicating that once spermatozoa 
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  Fig. 1.    Flow chart of the experimental design. Aniline blue staing pattern is recorded by the Metamorph program, the slides 
are destained from aniline blue, the slide is restained with a second probe, and the same sperm  fi eld treated with the two 
probes is compared and the staining is quanti fi ed as light, intermediate, and dark  (  1  ).        

  Fig. 2.    ( a ) Aniline blue staining and ( b ) creatine kinase immunostaining of the same spermatozoa. Note the substantial 
degree of similarity in the light-, intermediate-, and dark-staining patterns with aniline blue and CK.       
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 undergoes a developmental arrest, this event structurally and 
functionally affects multiple cytoplasmic and nuclear attributes 
within the same sperm  (  1  ) .      

 

 Prepare all solutions using double-distilled water. 

      1.    1 M Imidazole stock solution: Weigh 68.1 g imidazole and 
dissolve in 1 l of double-distilled water. Adjust the pH to 7.0. 
Store at 4°C (see Note 1).  

  2.  Materials

  2.1.  Solutions for 
Sperm Preparation

  Fig. 3.    ( a ) Aniline blue staining and ( b ) DNA Nick translation of the same spermatozoa. Note the substantial degree of similarity 
in the light-, intermediate-, and dark-staining patterns with the two methods.       

  Fig. 4.    ( a ) Aniline blue staining and ( b ) Caspase-3 immunostaining of the same spermatozoa. Note the similarity in the 
light-, intermediate-, and dark-staining patterns of the aniline blue and Caspase-3 panels. Also, Caspase-3 immunostain-
ing is present in the mid-piece of intermediate-type spermatozoa, whereas in dark spermatozoa with more extensive 
maturity arrest both the head and the mid-piece are stained ( a  and  b ).       
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    2.    Saline/imidazole sperm washing medium (SAIM) containing 
0.3% bovine serum (30 mM imidazole/0.15 M NaCl): 
Combine 15 ml 1 M imidazole stock solution (at 4°C) and 
4.5 g NaCl. Add double-distilled water to 500 ml.  

    3.    We use saline/imidazole solution for washing and resuspending 
sperm before preparing slides. PBS solution may also be used 
for this step. 0.5 M sodium phosphate stock solution, pH 7 (see 
Note 2): this solution is prepared by mixing together 0.5 M 
Na 2 HPO 4  (dibasic) and 0.5 M NaH 2 PO 4  (monobasic) solu-
tions. For 0.5 M dibasic, dissolve 71 g of anhydrous Na 2 HPO 4  
in 1 l of double-distilled water. For 0.5 M monobasic, dissolve 
79 g NaH 2 PO 4  monohydrate in double-distilled water. Once 
these solutions are prepared, 0.5 M sodium phosphate buffer is 
prepared by mixing approximately 296 ml monobasic solution 
and 104 ml dibasic solution for a pH of 7 (see Note 3).      

      1.    Aniline blue staining solution: Weigh 0.5 g aniline blue and 
add 48 ml double-distilled water and 2 ml of glacial acetic 
acid.      

      1.    PBS: see Subheading  2.1 , step 3.  
    2.    Fixative for slides: Methanol and glacial acetic acid in a ratio of 

one part acetic acid to three parts methanol (for example, 
50 ml of acetic acid and 150 ml of methanol to make 200 ml 
 fi xative).  

    3.    1 M Tris–HCl, pH 7.2: Add 60 g Tris to 500 ml double-
distilled water. Adjust pH with concentrated HCl to 7.2.  

    4.    0.1 M Tris–HCl, pH 7.2: Add 10 ml 1 M Tris–HCl, pH 7.2 to 
90 ml double-distilled water.  

    5.    20 mM lithium 3,5-diiodosalicylate (LIS) stock solution: Add 
3.95 g LIS to 500 ml double-distilled water (see Note 4).  

    6.    1 M dithiothreitol (DTT): Add double-distilled water to 1.5 g 
DTT to a  fi nal volume of 10 ml (see Note 5).  

    7.    0.1 M DTT: Dilute one part of 1 M DTT with nine parts of 
double-distilled water (see Note 5).  

    8.    Nucleotide mix: 1 mM mix of dGTP, dCTP, dATP, and dTTP. 
We make aliquots and keep them in the freezer.  

    9.    Biotin: Prepare a 1% solution from 50 mg biotin stock by add-
ing all of the contents of this tube to 5 ml PBS. Freeze this 
concentrated biotin solution in 0.5 ml aliquots. To make the 
working solution (0.01%), dilute at a ratio of 1 part 1% biotin 
to 99 parts double-distilled water (see Note 6).  

    10.    1 M magnesium sulfate (see Note 7).  
    11.    Coomassie Blue Counterstain: Add 0.04 g Coomassie Blue to 

25 ml isopropanol, and 10 ml glacial acetic acid. Add double-
distilled water to reach a  fi nal volume of 100 ml.      

  2.2.  Solutions 
for Aniline Blue 
Staining

  2.3.  Solutions 
for In Situ DNA Nick 
Translation
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      1.    90.5  μ l distilled water.  
    2.    1.0  μ l 0.1 M DTT.  
    3.    1.0  μ l 1 M magnesium sulfate.  
    4.    5.0  μ l 1 M Tris–HCl, pH 7.2.  
    5.    1.0  μ l 1 mM biotin-16-dUTP (as supplied by Roche).  
    6.    1.0  μ l 1 mM mix of dGTP, dCTP, dATP, and dTTP.  
    7.    0.5  μ l DNA polymerase I at concentration supplied by 

Roche.      

  PB-sucrose: Add 22.5 g sucrose to 20 ml 0.5 M sodium phosphate 
buffer, pH 7 (as prepared above), and add double-distilled water 
to 500 ml.  

  

 Carry out all procedures at room temperature unless otherwise 
speci fi ed. 

      1.    Centrifuge the semen samples through 1.5 ml of a 40% single-
phase isolate gradient prepared in HTF media at 1,600 ×  g  for 
10 min at room temperature. Resuspend the pellet in 2–4 ml 
of HTF.  

    2.    Centrifugation sample a second time at 800 ×  g  for 10 min at 
room temperature. Resuspended the sperm pellet fraction in 
the SAIM or HTF (no albumin) prior to use.      

      1.    Assess aliquots of lique fi ed semen for sperm concentration and 
motility, then dilute the semen samples with physiological 
saline containing 0.3% bovine serum albumin and 30 mmol/l 
imidazole pH 7.2 (SAIM) up to a  fi nal volume of 10 ml.  

    2.    Centrifuge the semen samples at 500 ×  g  for 18 min at room 
temperature. Discard the supernatant, and resuspend each 
sperm pellet in the SAIM solution to a concentration of 
10–25 × 10 6  sperm/ml (see Note 8).      

      1.    Place one drop of the concentrated sperm suspension in SAIM 
or HTF (no albumin) on a clean microscope slide and spread 
over the surface of the slide (see Note 9). Allow the slide to 
dry. Slides may be stored at this point under refrigeration or 
used immediately for staining.  

  2.3.1.  DNA Solution

  2.4.  Solutions 
for Immunostaining 
of Sperm Slides 
for Cytoplasmic 
Retention 
and Apoptosis 
(CK and Caspase-3)

  3.  Methods

  3.1.  Sperm Preparation 
for Aniline Blue 
Staining and/or In Situ 
DNA Nick Translation 
Studies

  3.2.  Sperm Preparation 
for Immunostaining 
Studies

  3.3.  Aniline Blue 
Staining of Sperm 
Chromatin
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    2.    Place in a Coplin jar containing acidic aniline blue stain for 
5 min.  

    3.    Rinse in distilled water, dry, and mount using Cytoseal.      

      1.    Add several drops of PB-sucrose to a polylysine slide.  
    2.    Add 3–5  μ l of the resuspended sperm suspension to the 

PB-sucrose, and mix carefully using the pipette tip. The  fi nal 
sperm concentration should ideally be between 10 and 15 mil-
lion/ml. Allow sperm to settle onto polylysine-treated slides 
overnight in a humidi fi ed chamber at 4°C (see Note 10).  

    3.    The next morning, carefully aspirate the residual  fl uid so as not 
to disturb the attached sperm and add 3.7% formalin in 
PB-sucrose. After 20 min at room temperature, again carefully 
aspirate the  fl uid from the slide and allow to dry. Slide may be 
stored at this point under refrigeration or used immediately for 
immunostaining.  

    4.    Prior to immunostaining, block the  fi xed sperm in PB-sucrose 
containing 3% BSA for 1 h at room temperature, followed by a 
quick subsequent wash with PB-sucrose.  

    5.    For CK immunostaining, apply the  fi rst antibody (our CK, 
raised in rabbit) to the  fi xed sperm at a 1:1,000 dilution in 
PB-sucrose containing 0.1% BSA. Maintain the slide in a 
humidi fi ed chamber for 2 h at room temperature.  

    6.    Wash the slide three times with PB-sucrose and apply the second 
(biotinylated) rabbit antibody at a 1:1,000 dilution. Hold the 
slide at room temperature for 1.5 h. 30 min before the end of 
incubation, prepare AB (avidin-biotin) complex (ABC; Vector) 
in PB-sucrose according to manufacturer’s instructions.  

    7.    After three washes in PB-sucrose, apply the diluted AB com-
plex to the slide and hold at room temperature for ½ h.  

    8.    Again wash the slide three times in PB-sucrose, then apply 
DAB solution. Allow color to develop for 5–10 min at room 
temperature.  

    9.    Wash the slide thoroughly three times with PB-sucrose, dehy-
drate through an ethanol series: 70, 85, and 100% ethanol 
quickly, immerse in xylene twice for 5 min each, and mount 
using Cytoseal.      

  Our methods are summarized in ref.  8 .  

      1.    After processing sperm, smear resuspended sperm on a clean 
glass slide and allow to air-dry. As soon as the smear is dry,  fi x 
in 3:1 methanol/acetic acid for 15 min (see Note 11).  

    2.    Dehydrate through an ethanol series: 70, 85, and 100% etha-
nol (5 min each). Air dry. Slides may be stored at 4°C after 
dehydration.  

  3.4.  CK-Immuno-
cytochemistry for 
Cytoplasmic Retention

  3.5.  Strict Morphology

  3.6.  Nick Translation 
for Sperm DNA 
Integrity  (  9  ) 
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    3.    Place slides in a Coplin jar or small tray containing 10 mM 
DTT in 0.1 M Tris, pH 7.2. Hold at room temperature for ½ h 
(see Note 12).  

    4.    Wash twice with 0.1 M Tris, pH 7.2, and add 10 mM LIS in 
0.1 M Tris, pH 7.2. Leave at room temperature 2–3 h (store 
LIS as a 20 mM solution in distilled water) (see Note 13).  

    5.    Wash three times with PBS. Add biotin (a 1:10 dilution of a 
0.01% stock, kept at −20°C) to completely cover sperm smear. 
Leave at room temperature for 20 min.  

    6.    Wash three times with PBS. Add avidin (a 1:10 dilution of 
stock as supplied by Vector, kept at 4°C) (see Note 14). Leave 
at room temperature for 20 min.  

    7.    Wash three times with PBS. Add DNA polymerase solution.  
    8.    Float a plastic coverslip on the drop of polymerase mixture, 

and leave at room temperature for 30 min.  
    9.    While the slide is incubating with the DNA polymerase solu-

tion, make up ABC solution: Add 9  μ l each of components A 
and B from Vector ABC peroxidase kit to 1 ml PBS.  

    10.    Wash slide three times in PBS. Add ABC solution, and leave at 
room temperature for ½ h.  

    11.    Wash three times with PBS, and add DAB solution (prepared 
as for anti-CK staining). Leave 10–15 min, and then wash 
thoroughly with distilled water. Check slide under the micro-
scope to ensure that sperm are stained before counterstaining 
(see Note 15).  

    12.    Counterstain with Coomassie Blue (0.04% Coomassie Blue 
powder in 25% isopropanol, 10% glacial acetic acid) for 10–20 s. 
Wash thoroughly with distilled water and observe to ensure 
that tails are suf fi ciently stained. If not, repeat Coomassie Blue 
staining.  

    13.    Allow slide to air dry and coverslip with Cytoseal.      

  Our methods are summarized in refs.  10,   11  .   

      1.    Caspase-3 immunocytochemistry is carried out similar to the 
methods described for CK immunostaining  (  1,   12  ) . However, 
after the spermatozoa is exposed to the 3% BSA blocking solu-
tion, treat the slides with a 1:300 dilution of active Caspase-3 
antibody overnight at 4°C.  

    2.    Further, process the slides with 1:1,000 dilution of a biotiny-
lated anti-rabbit second antibody.      

  3.7.  Fluorescent In Situ 
Hybridization (FISH)

  3.8.  Active Caspase-3 
Immunostaining
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  The double probing studies in the same spermatozoa are carried 
out as outlined in Fig.  1 . The steps are detailed as follows.

    1.    Smear spermatozoa onto glass slides, and  fi x with methanol–
acetic acid, then stain with aniline blue to detect persistent his-
tones as described above  (  1,   13  ) .  

    2.    Capture the images of sperm  fi elds and individual spermatozoa 
carefully using the Metamorph™ imaging program (Universal 
Imaging Co., Downingtown, PA, USA).  

    3.    Subsequently, with the slides still on the microscope platform, 
record the  X – Y  coordinates of the  fi elds in order to facilitate 
the re-localization of the same sperm  fi elds.  

    4.    Destain the sperm slides from aniline blue by overnight 
incubation in the  fi xative solutions that are appropriate for the 
second biochemical markers (methanol for DNA nick transla-
tion, and paraformaldehyde for the CK or Caspase-3 immuno-
cytochemistry)  (  1  ) . Carry out all the destaining procedures on 
a shaking platform at room temperature.  

    5.    Treat destained spermatozoa with one of the second biochemi-
cal probes: (1) CK immunocytochemistry to demonstrate 
cytoplasmic retention in diminished-maturity spermatozoa 
 (  14  ) ; (2) DNA nick translation for the detection of DNA chain 
breaks  (  15  ) ; and (3) Caspase-3 immunostaining to detect the 
apoptotic process in spermatozoa  (  12  ) .  

    6.    As illustrated in Figs.  2 ,  3 , and  4 , there is a substantial overlap 
between the staining patterns of the same spermatozoa 
(assessed as light, intermediate, and dark) with the various 
cytoplasmic and nuclear biomarkers; the similarity in staining 
intensity is over 70%. This suggests that when there is an arrest 
in sperm development, the various sperm compartments and 
developmental processes are interrelated and commonly 
affected  (  1,   4  ) .      

      1.    After recording the sperm  fi elds, use 0.5% paraformaldehyde 
solution in PB-sucrose overnight at room temperature to 
destain the aniline blue-stained sperm cells.  

    2.    Remove formaldehyde by three washes with PB-sucrose and 
air dry the slides.  

    3.    Start the immunocytochemistry protocol by exposing to a 3% 
bovine serum albumin (BSA) blocking solution in PB-sucrose 
at room temperature. All the subsequent steps are the same as 
those described for sperm immunocytochemistry procedure.      

      1.    After recording of the  fi elds, use 30% methanol solution over-
night to destain the aniline blue-stained sperm cells.  

    2.    Cover the slides with 20 mmol/l of imidazole buffer pH: 7.0 
for 1 h, and apply 30% methanol for 15 min, followed by air 
drying.  

  3.9.  Double Probing 
of Spermatozoa with 
Aniline Blue 
and Several Nuclear 
and Cytoplasmic 
Markers of Sperm 
Immaturity

  3.10.  Destaining for CK 
or Caspase-3 
Immunocytochemistry

  3.11.  Destaining 
for In Situ DNA Nick 
Translation
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    3.    Treat the slides with methanol–glacial acetic acid (3:1) for 
15 min.  

    4.    After exposure to a dehydrating ethanol series (70, 85, and 
100%), air-dry the slides and treat with DTT and LIS to initi-
ate DNA decondensation. All the subsequent steps are the 
same as those described for the in situ DNA Nick translation 
procedure.       

 

     1.    If you accidentally add too much HCl and the pH goes below 7, 
add dissolved NaOH (a few pellets of NaOH dissolved in a small 
amount of double-distilled water) until the pH rises to 7.  

    2.    Keep this solution at room temperature, since it will precipitate 
at 4°C.  

    3.    The pH should be checked and adjusted if necessary. If the pH 
is higher than 7, add more monobasic solution to bring it to 
pH 7. If the pH is lower than 7, add more dibasic solution to 
bring it to pH 7.  

    4.    Store the solution in a dark or foil covered bottle at 4°C.  
    5.    Keep frozen in aliquots and do not refreeze. It is best to thaw 

a new aliquot each time.  
    6.    Aliquot this 0.01% solution. It is this 0.01% solution that is 

then further diluted 1:9 in PBS before using for slides.  
    7.    Since only 1  μ l of this is needed for 0.1 ml polymerase mixture, 

there should be enough once prepared to last as long as you 
will need it.  

    8.    When resuspending the pellet, take care to avoid making any 
bubbles since they can cause a stress factor on sperm and induce 
DNA strand breaks. Therefore gentle treatment is required for 
this step.  

    9.    Acidic aniline blue staining is used to detect chromatin defects 
of sperm nuclei related to their nucleoprotein content. 
However, even if you can stain the semen smears directly with 
aniline blue, it is dif fi cult to evaluate the slides due to dark 
background staining. Therefore, it is best to rinse the semen 
sample with wash solution or dilute the semen to be able to 
analyze the slides.  

    10.    It is possible to perform this step either within the chambers of 
a multichambered slide or within the borders of a pap-pen cir-
cle. All subsequent steps are carried out in a humidi fi ed cham-
ber also.  

  4.  Notes
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    11.    This  fi xation step is very crucial. Carefully watch the smear 
while it is drying out, and as soon as the sperm is dried start the 
 fi xation with methanol–acetic acid in 3:1 ratio.  

    12.    Once you thaw stock DTT solution for this step, save some of 
it as you also need to use 1  μ l of 0.1 M DTT in the polymerase 
mixture for step 7. Slides should not be incubated for more 
than 30 min in DTT solution. DTT is a strong agent that 
reduces disul fi de bridges and prevents the formation of intra- 
and intermolecular bridges between residues in proteins, thus 
destroying their tertiary structure. The reducing capacity of 
DTT is limited to pH values above 7. Therefore, a slightly 
alkaline TRIS buffer solution is used.  

    13.    LIS incubation time for swelling of sperm heads may differ 
between samples. Therefore, check the decondensation status 
under the microscope every ½ h in the dark. Over-incubation 
results in blowing out of the sperm heads. In addition, LIS 
incubation should be carried out in the dark. Therefore, cover 
the Coplin jar with aluminum foil.  

    14.    It is suf fi cient to add only 25–50  μ l and  fl oat a plastic coverslip 
over the drop.  

    15.    If sperm are suf fi ciently immunostained, allow to air dry. If 
not, restain with DAB for 10–15 additional minutes, then wash 
and dry as before.          
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    Chapter 37   

 Isolation of Sperm Nuclei and Nuclear Matrices 
from the Mouse, and Other Rodents       

     W.   Steven   Ward        

  Abstract 

 The isolation of mammalian sperm heads from their tails is complicated by the relatively high density of 
the tails, but facilitated by the fact that protamine condensation of the sperm chromatin and the insolubil-
ity of the perinuclear theca make the sperm nucleus stable in sodium dodecyl sulfate. Two methods are 
described for the isolation of rodent sperm nuclei using sucrose step gradients in which the sperm nuclei 
are only centrifuged one time, minimizing potential damage by mechanical stress.  

  Key words:   Sperm nuclei ,  Sperm nuclear matrix ,  Sperm nuclear halo ,  Sperm DNA    

 

 The mammalian sperm nucleus is a unique model for the study of 
chromatin for several reasons. Firstly, the DNA is packaged by pro-
teins found only in that cell type, the protamines  (  1  ) . Secondly, this 
nucleus has nuclear matrix that is unusually stable to mechanical 
stress so that it can be experimentally manipulated with much 
greater ease than most somatic cell nuclear matrices  (  2,   3  ) . Thirdly, 
sperm DNA contains sex-speci fi c methylation patterns  (  4  )  as well 
as speci fi c histone modi fi cations  (  5  )  that contribute to proper 
embryogenesis. 

 The structure of the sperm cell presents peculiar challenges as 
well as interesting advantages that make the isolation of the nuclei 
different from most other cells. The isolation of mammalian sperm 
heads from their tails is complicated by the relatively high density 
of the tails which contains the overwhelming majority of the mass 
of the entire cell  (  6  ) . This separation is made more dif fi cult by the 
high density and low viscotic resistance of the tails, which makes 
traditional sucrose density gradients less useful. On the other hand, 

  1.  Introduction
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the high degree of condensation of the sperm DNA by the 
protamines and the intermolecular disul fi de bonds of the protamines 
stabilize the sperm nuclei to such a degree that they can survive 
sonication  (  7  )  and even washing with the ionic detergent sodium 
dodecyl sulfate (SDS)  (  8  ) . 

 The most popular method for isolation of nuclei from cells was 
developed by Blobel and Potter in 1966  (  9  ) . The basis for the iso-
lation was the high sedimentation velocity of nuclei relative to all 
other components in the somatic cell. Cells were lysed, and then 
centrifuged through a high concentration of cold sucrose resulting 
in a high yield of nuclei. This method was modi fi ed for mouse 
sperm by adding a discontinuous sucrose gradient with three dif-
ferent concentrations  (  7  ) . Our longstanding interest in the sperm 
nucleus has been the organization of DNA by the sperm nuclear 
matrix. We found that washing spermatozoa with 0.5% SDS was 
crucial for the isolation of sperm nuclear matrices from hamster 
 (  2  ) , mouse  (  10  ) , and human  (  11  ) . If sperm nuclei are washed with 
the nonionic detergent Triton X-100 (TX100), the sperm nuclei 
decondense completely when the protamines are extracted. But 
when the sperm are washed with 0.5% SDS, salt extraction of the 
protamines results in nuclear matrices that retain the original shape 
of the sperm nucleus with DNA emanating from the matrices in 
loops to form a halo around the nucleus. 

 In this chapter, two methods of isolation for the sperm nuclear 
matrix are presented. The methods were originally developed for 
isolation of sperm nuclei and nuclear matrices from the hamster, 
but have since been modi fi ed for the mouse. In the  fi rst method, 
spermatozoa are washed with SDS immediately upon extraction 
(SDS Nuclei)  (  12  ) . The advantage of this method is that nucleases 
and some proteases are denatured in the  fi rst step, possibly protect-
ing the nuclear matrices and DNA. The disadvantage is that the 
SDS removes the lipid bilayer from the tails, which are not fully 
dissolved by SDS alone, making them even less buoyant in sucrose 
density gradients, and they have a tendency to contaminate the 
sperm head fraction. In the second method (adapted from  (  2  ) ), 
the sperm nuclei are washed with SDS after they are separated from 
the sperm tails (T-SDS Nuclei).  

 

      1.    50 mM Tris–HCl, pH 7.4, 0.5% SDS, 5 mM MgCl 2  (see Note 
1).  

    2.    2 M Sucrose, 50 mM Tris–HCl, pH 7.4, 5 mM MgCl 2  (see 
 Note 2 ).  

    3.    0.075 g/ml CsCl, 2 M sucrose 25 mM Tris–HCl, pH 7.4    (see 
 Note 3 ).      

  2.  Materials

  2.1.  SDS-Nuclei and 
Nuclear Matrix
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      4.    50 mM Tris–HCl, pH 7.4.  
    5.    0.45 g/ml CsCl, 25 mM Tris–HCl, pH 7.4, and 0.25% TX100 

(see  Note 4 ).  
    6.    Sonicator  fi tted with microtip.      

      7.    2 M NaCl, 25 mM Tris–HCl, pH 7.4.  
    8.    1 M dithiothreitol (DTT) stock (see  Note 5 ).  
    9.    DNAse I (see  Note 6 ).  
    10.    1 M stock solution of MgCl 2 .  
    11.    Ultracentrifuge with a swing bucket rotor that holds 30–40 ml 

(such as a Beckman SW28).  
    12.    100  μ g/ml ethidium bromide (EtBr) or DAPI.       

 

      1.    Place the ultracentrifuge rotor in the ultracentrifuge and start 
the vacuum and refrigeration to 4°C, as described by the man-
ufacturer (see  Note 7 ).  

    2.    Place the swing buckets on ice and the centrifuge tubes that  fi t 
inside them on ice.  

    3.    Dissect epididymides from up to ten mice. Cut them open with 
scissors and tease out the sperm with small forceps, putting the 
sperm into 20 ml of 50 mM Tris–HCl, pH 7.4, 0.5% SDS, and 
5 mM MgCl 2  (see  Note 8 ). Mix gently, and place the suspen-
sion on ice.  

    4.    Set up a triple step gradient as follows in the next three steps. 
All solutions should be at 4°C. Put 5 ml of 0.075 g/ml CsCl, 
2 M sucrose 25 mM Tris–HCl, pH 7.4, into two ultracentri-
fuge tubes for a swing bucket rotor with a 35 ml capacity. The 
centrifuge tubes should be on ice. This is most easily done with 
a 10 ml syringe (see  Note 9 ).  

    5.    Carefully overlay 10 ml of 2 M sucrose, 50 mM Tris–HCl, and 
5 mM MgCl 2  using a 60 ml syringe to dispense the solution.  

    6.    Finally, carefully layer the 20 ml of the sperm suspension onto 
one of the 10 ml sucrose cushions. This is done by tilting the 
tube carefully so as not to disturb the sucrose gradient and 
slowly pouring the sperm suspension over the sucrose. As the 
sperm suspension  fi lls, the tube is slowly up-righted. The  fi nal 
triple gradient should have 5 ml of CsCl/sucrose solution at 
the bottom, with 10 ml of 2 M sucrose solution over that, and 
20 ml of the sperm suspension at the top.  

    7.    Centrifuge the triple gradient at 25,000 rpm (113,000 ×  g ) for 
1.5 h at 4°C. Carefully remove the tubes from the swing bucket 

  2.2.  T-SDS-Nuclei

  2.3.  Common to Both 
Methods

  3.  Methods

  3.1.  SDS-Nuclei: Direct 
SDS Method for Mouse 
Sperm Nuclear 
Isolation
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holders, always keeping the tubes vertical. Occasionally some 
of the solution spills out over the tube creating suction. These 
tubes can be removed using a small hemostat.  

    8.    Aspirate the three layers using a short glass pipette attached to 
a tube connected to a vacuum source with a large Erlenmeyer 
 fl ask to collect the aspirate. The sperm heads should be at the 
bottom (see  Note 10 ).  

    9.    If the goal is to isolate sperm heads, stop here and resuspend 
the pellet in the desired solution. If the goal is to make nuclear 
matrices, or nuclear halos, proceed to step 10.  

    10.    Take up the sperm heads with 1 ml of 2 M NaCl, 25 mM HCl, 
pH 7.4. Mix gently and avoid excessive mechanical stress, as 
sperm nuclei are susceptible to lysis.  

    11.    Add 2 mM DTT and incubate at room temperature for 
10–30 min. Check for nuclear halos by placing 3  μ l of the sus-
pension on a slide, and then mixing with 3  μ l of 100  μ g/ml 
EtBr in 2 M NaCl by gently pipetting up and down. Place a 
coverslip over the slide and examine under a  fl uorescent micro-
scope for halos. Fully extracted halos have a bright halo of 
 fl uorescence surrounding a nuclear matrix that retains the 
shape of the sperm head (see  Note 11 ). When halos are formed, 
place the suspension back on ice.  

    12.    If the goal is to isolate nuclear halos, stop here. Sperm nuclear 
halos are very stable and can be centrifuged to remove the salt, 
but they will clump. An alternative for other procedures, such 
as restriction endonuclease digestion, is to dilute the sperm 
halos or even to dialyze the salt.  

    13.    If the goal is to isolate sperm nuclear matrices, add DNAse I to 
50  μ g/ml, and MgCl 2  to 30 mM, and incubate at 37°C for 
1 h. DNAse I will digest DNA in 2 M NaCl if the magnesium 
concentration is high enough. View nuclear matrices under a 
 fl uorescent microscope as in step 11 to ensure that the DNA 
has been digested. Nuclear matrices will appear hook shaped, 
as the original sperm heads, but will be very condensed because 
the DNA has been removed.  

    14.    Centrifuge the nuclear matrices at 2,000 rpm (1,327 ×  g ) for 
10 min. Wash twice with 2 M NaCl to remove DNAse I, and 
then resuspend in the desired solution.      

      1.    Set up the rotor and centrifuge tubes as in steps 1 and  2 , above.  
    2.    Dissect epididymides from up to ten mice. Cut them open with 

scissors and tease out the sperm with small forceps, putting the 
sperm into 20 ml of 50 mM Tris–HCl, pH 7.4.  

    3.    Sonicate the sperm suspension with the mini-probe sonicator 
at a setting 70% of maximum on ice for 2 min. This separates 
the sperm heads and tails and breaks up the tails into smaller 

  3.2.  T-SDS Nuclei: 
Triton X-100 then SDS 
Method for Mouse 
Sperm Nuclear 
Isolation
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fragments. Check the suspension with a phase microscope to 
ensure that the tails are separated and fragmented. Dilute the 
suspension with 20 ml 2 M sucrose, 50 mM Tris–HCl, and 
5 mM MgCl 2 .  

    4.    Set up a triple step gradient as follows: Put 5 ml of 0.45 g/ml 
CsCl, 25 mM Tris–HCl, pH 7.4, and 0.25% NP-40 into each 
ultracentrifuge tube. Carefully overlay 10 ml of 2 M sucrose, 
50 mM Tris–HCl, and 5 mM MgCl 2  using a 60 ml syringe to 
dispense the solution. Finally, carefully layer about 28 ml of the 
sonicated sperm suspension onto each of the 10 ml sucrose 
cushions. The  fi nal triple gradient should have 5 ml of CsCl 
solution at the bottom, with 10 ml of 2 M sucrose solution 
over that, and 25 ml of the sonicated sperm suspension at the 
top (see  Note 12 ).  

    5.    Centrifuge the triple gradient at 20,500 rpm (75,600 ×  g ) for 
45 min at 4°C.  

    6.    Aspirate the solutions with care to remove the broken tails at 
both interfaces (see  Note 13 ).  

    7.    If the goal is to isolate sperm nuclei that have not been washed 
in SDS, the pellet should be resuspended at the  fi nal desired 
solution. If the goal is to make nuclear matrices, continue to 
step 22.  

    8.    Resuspend the pelleted nuclei in step 20 in 50 ml of 50 mM 
Tris–HCl, pH 7.4, and spin down at 2,000 rpm (1,327 ×  g ) for 
10 min (this is necessary since even a small amount of CsCl will 
precipitate the SDS). Resuspend in 50 ml of 50 mM Tris–HCl, 
pH 7.4, and add 0.5% SDS. Centrifuge at 2,000 rpm (1,327 ×  g ) 
for 10 min.  

    9.    If the goal is to isolate SDS washed sperm nuclei, stop here. If 
the goal is to isolate sperm halos or sperm nuclear matrices, 
continue exactly as described in steps 11– 14 , above.       

 

     1.    The MgCl 2  is a holdover from the original Blobel and Potter 
nuclear isolation method  (  9  ) . Magnesium condenses chroma-
tin, and consequently the nuclei themselves, making them 
easier to centrifuge through sucrose. This is not required for 
sperm nuclei. However, another effect of magnesium is to 
make nuclei less adherent to each other, and this may also be 
important for sperm nuclei. MgCl 2  is optional in all solutions.  

    2.    The 2 M sucrose solutions are dif fi cult to make. The sucrose 
should be added to a beaker that is larger than the  fi nal solution 
(a 2 L beaker for a 1 L solution) with graduations. Then, water 

  4.  Notes
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should be added to about 90% of the  fi nal volume. The sucrose 
will take up most of the volume. This should be placed on a 
heated magnetic stirrer, and the suspension left to stir with the 
heater set on warm until sucrose is dissolved. The MgCl 2  and 
the Tris–HCl can be added from 1 M stock solutions. Then the 
solution can be brought up to the  fi nal volume.  

    3.    The rationale for the CsCl was to separate the sperm heads 
from the tails not only by sedimentation velocity through the 
sucrose but by chemical density as well. The DNA in the sperm 
heads has a density of 1.7 g/ml compared to that of an average 
protein which is about 1.3 g/ml. The actual concentrations of 
CsCl in both solutions in these methods were determined by 
trial and error.  

    4.    As in Note 3, the rationale for the CsCl was to separate sperm 
heads based on the density of the DNA they contain. In this 
solution, the TX100 removes the lipid membrane from the 
sperm heads as they enter this lowest portion of the step gradi-
ent (see Subheading  3 ), increasing the total density of the 
sperm heads. Adding the TX100 to this step, rather than an 
earlier step, allows the tails to retain their lipid membranes, 
reducing their sedimentation velocity through sucrose.  

    5.    The 1 M DTT stock solution should be kept in small aliquots 
in a freezer. Aliquots can be thawed several times, but excessive 
freeze/thaw cycles result in oxidation.  

    6.    There are two ways to make DNAse I stocks. The  fi rst is to buy 
a bovine pancreatic DNAse I in solution, and store it as recom-
mended. A less expensive method is to purchase crystallized 
DNAse I and make a stock solution of 1 mg/ml in 10 mM 
Tris–HCl, pH 7.4, freeze it in small aliquots, and then thaw 
the aliquots as needed. The  fi nal concentration of DNase I 
required for the last digestion step is 10 mg/ml.  

    7.    Most ultracentrifuges require that the vacuum pump be started 
and the temperature set before placing the rotor with the 
material to be centrifuged inside. The centrifugation will be 
run at 4°C.  

    8.    For the mouse, the total amount of sperm nuclei can be 
increased if one also includes the sperm in the vas deferens. We 
have found that nucleases exist in the vas deferens  fl uid that may 
digest sperm DNA  (  13  ) , but these are washed away by the pro-
cedures that are described (unpublished observations). Make 
sure to minimize mechanical stress by mixing the epididymal 
extracts gently with the 50 mM Tris–HCl solution at the start. 
The SDS will separate the heads from the tails, and it is a good 
idea to make sure that this has occurred by examining the sus-
pension by phase microscopy. For the hamster, it is possible to 
use too many sperm. If so, all the heads will be trapped by the 
tails at the interface. If this happens, repeat with fewer sperm.  
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    9.    All sucrose solutions in this method should be put into the 
centrifuge tubes with a syringe rather than a pipette. The 
solutions are extremely viscous, especially when kept cold, 
and dispensing them with a syringe is the only method for 
doing this.  

    10.    This aspiration is delicate. Most of the sperm tails will be caught 
at the interface between the  fi rst (50 mM Tris–HCl) and sec-
ond (2.0 M Sucrose) solutions. Try to aspirate this interface 
 fi rst to avoid contamination of the sperm heads with tails. 
Next, try to aspirate the top solution. As you approach the 
bottom, you may want to leave a small amount of solution so 
that you do not aspirate the heads. One can often see the 
nuclear pellet, and if it is loose stop the aspiration before you 
get to the bottom.  

    11.    If the halos are not very large, continue the incubation. If the 
halos never become large, you can try incubation at 37°C for 
5 or 10 min, although this is not usually necessary for mice. 
Hamster sperm nuclei do require a more elevated tempera-
ture. Note that this solution should NOT be viscous even 
when the halos are fully formed. If the suspension is viscous, 
it means that the sperm heads have completely decondensed 
and the nuclear matrices were not stable. Occasionally the 
sperm heads decondense and lose their original shape usually 
by the apical ends expanding. This means that the spermato-
zoa were treated too roughly at the beginning and the prepa-
ration is not very good. Less mechanical disruption at the 
beginning will help with this problem. Also, note that if EtBr 
is used to visualize the halos, they should appear very small 
when  fi rst seen but grow larger in the 10–30 s while examin-
ing the sperm halos. This is because EtBr supercoils the DNA 
loops making them small, but in the presence of UV light, 
EtBr catalyzes single-strand breaks in the DNA allowing them 
to uncoil.  

    12.    The CsCl solution is not viscous at all, and it is sometimes not 
easy to pour the sucrose onto the top of this solution. An 
alternative method I have used is to put the 2.0 M sucrose 
solution in  fi rst, and then inject the CsCl solution with a 
syringe that has a small gauge tube attached to the opening 
underneath the sucrose solution. With either method, the 
 fi nal sperm suspension can be poured on top by gently tilt-
ing the tube because the viscous sucrose helps keep the gra-
dient stable.  

    13.    This    aspiration is very different from the one in step 8 and 
Note 9. The top and bottom layers are not viscous, and aspi-
rate quickly. The interfaces should be aspirated  fi rst, as in Note 
9. The pelleted nuclei in this method are much looser, and care 
must be taken not to aspirate them.          
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    Chapter 38   

 Protamine Extraction and Analysis of Human Sperm 
Protamine 1/Protamine 2 Ratio Using Acid Gel 
Electrophoresis       

     Lihua   Liu   ,    Kenneth   I.   Aston   , and    Douglas   T.   Carrell        

  Abstract 

 Protamines, sperm-speci fi c nuclear proteins, are essential for sperm chromatin condensation and DNA 
stabilization. They are small, highly basic, and rich in disul fi de bonds. Under reducing conditions, 
protamines, along with other basic proteins, are soluble in acid solutions. Because of their small and similar 
molecular weights, SDS-PAGE cannot resolve protamine 1 and protamine 2 well. Urea-acid gel electro-
phoresis separates proteins based on the level of the positive charge and is thus a suitable method for 
resolving protamines 1 and 2. Here, we describe the commonly used protamine extraction method and the 
Urea-acid gel electrophoresis for assessment of protamine 1/protamine 2 ratio.  

  Key words:   P1/P2 ratio ,  Protamine ,  Chromatin ,  Nuclear proteins    

 

 Protamines are small, basic sperm-speci fi c nuclear proteins that are 
rich in arginine and cysteine. Human protamines include protamine 
1 and protamine 2. The latter can be subdivided into protamine 2, 
3, and 4, which vary by minor changes at the N-terminus. Protamines 
2, 3, and 4 are 57, 54, and 58 amino acids in length, respectively, 
and protamine 1 has 51 amino acids. For all the human protamines, 
their arginine ratios are similar at about 48%, but protamine 1 has a 
higher ratio of cysteine (12%) than protamine 2 (9%)  (  1,   2  ) . 

 Under reducing conditions, protamines, along with other basic 
proteins, are soluble in acid solutions. Acid extraction under reduc-
ing condition is the most commonly used method for protamine 
extraction. 

 Because of their similarities in size and amino acid content, it 
is dif fi cult to separate protamines 1 and 2 with SDS-PAGE based 

  1.  Introduction
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solely on molecular weight. Acid-Urea gel separates proteins based 
both on molecular weight and cumulative charge. Since both 
protamines are highly positively charged, they are easily separated 
from other proteins. Protamine 2 is slightly more positive than 
protamine 1, as it contains more lysine and histidine; however 
protamine 1 contains one more cysteine than protamine 2. As a 
result of this cysteine content difference, a step to induce an alkyla-
tion modi fi cation of the cysteine is requisite to yield an effective 
separation of protamine 1 and protamine 2 on acid-urea gel 
electrophoresis.  

 

 Prepare all solutions using ultrapure water (Milli-Q UF Plus). Store 
reagents following manufacturers’ instructions. Unless otherwise 
noted, all the procedures should be processed at room tempera-
ture. Carefully follow all waste disposal regulations. 

      1.    1 mM phenylmethanesulfonyl fl uoride (PMSF) in H 2 O (Sigma) 
(see  Note 1 ).  

    2.    20 mM ethylenediaminetetraacetic acid (EDTA), 1 mM PMSF, 
100 mM Tris–HCl (pH 8.0) (see  Note 1 ).  

    3.    6 M guanidine and 575 mM dithiothreitol (DTT): 5.73 g 
guanidine, 0.886 g DTT in 10 ml H 2 O (see  Notes 2  and  3 ).  

    4.    522 mM sodium iodoacetate: 1.147 g in 10 ml H 2 O (see  Note 4 ).  
    5.    100% Ethanol.  
    6.    0.5 M HCl.  
    7.    100% TCA: 100 g TCA in 100 ml water (w/v).  
    8.    1% 2-mercaptoethanol in acetone (see  Note 5 ).  
    9.    Microcentrifuge.  
    10.    1.5 ml or 2.0 ml Eppendorf tubes.      

      1.    40% acrylamide/bis solution, 19:1 from supplier (BIO-RAD) 
(see  Note 6 ).  

    2.    30% acrylamide/bis solution, 37.5:1 from supplier (ProtoGel; 
National Diagnostics).  

    3.    5 M Urea and 6.67M Urea.  
    4.    Ammonium persulfate (AP) (see  Note 7 ) (Pharmacia Biotech).  
    5.    Tetramethylethylenediamine (TEMED) (Pharmacia Biotech).  
    6.    43.1 ml glacial acetic acid in 56.9 ml water.  
    7.    3 M potassium acetate (pH 4.0) titered with Acetic acid.  

  2.  Materials

  2.1.  Protamine 
Extraction

  2.2.  Acid-Urea 
Polyacrylamide Gel 
Electrophoresis
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    8.    Sample loading buffer: 0.375 M potassium acetate, pH 4.0, 
15% sucrose, 0.05% Pyronin Y.  

    9.    40 ml water-saturated N-Butanol  (see  Note 8 ).  
    10.    Electrophoresis running buffer: 0.9 N acetic acid.  
    11.    Electrophoresis apparatus: Multiphor II Electrophoresis 

System (see  Note 9 ).  
    12.    Coomassie blue solution: Dissolve 2.5 g brilliant blue R250 in 

450 ml of methanol, then add 450 ml H 2 O and 100 ml acetic 
acid.  

    13.    Destain solution: 10% acetic acid, 30% methanol, and 60% 
H 2 O.       

 

 Carry out all procedures at room temperature unless otherwise 
noted. As a quality control measure, an aliquot of the same-pooled 
semen should be used for each protamine extraction and urea-acid 
gel electrophoresis. 

      1.    Use the proper amount of semen, which depends on the sperm 
concentration. 10–20 × 10 6  sperm are required for the assay, 
with 20 × 10 6  being preferable. An extraction control should 
also be performed at the same time as extraction of experimen-
tal samples (see  Note 10 ).  

    2.    Centrifuge semen at 4,000 ×  g  for 5 min, and remove the 
supernatant.  

    3.    Resuspend sperm in 1 mM PMSF in H 2 O, centrifuge at 
4,000 ×  g  for 5 min, and remove the supernatant.  

    4.    Resuspend sperm in 100  μ l of 20 mM EDTA, 1 mM PMSF, 
and 100 mM Tris–HCL  (pH 8.0). Vortex to mix.  

    5.    Add 100  μ l of 6 M guanidine and 575 mM DTT to the mix 
above, and vortex brie fl y.  

    6.    Add 200  μ l of 522 mM sodium iodoacetate to the mixture, 
and vortex brie fl y.  

    7.    Incubate the mixture in the dark at room temperature for 
30 min.  

    8.    Add 1 ml of ice-cold Ethanol, mix, and incubate at −20°C for 
1 min. Centrifuge at 14,000 ×  g  for 8 min. Save the precipitate. 
Repeat Ethanol wash once.  

    9.    Resuspend the precipitate in 0.8 ml of 0.5 M HCl with vortex. 
Incubate at 37°C for 10 min.  

  3.  Methods

  3.1.  Protamine 
Extraction  (  3  ) 
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    10.    Centrifuge at 10,000 ×  g  for 10 min, and transfer the supernatant 
to another Eppendorf tube.  

    11.    To the supernatant, add 200  μ l of TCA (100%), and mix it by 
vortexing. Hold at −20°C for 3 min. Centrifuge at 14,000 ×  g  
for 10 min. Carefully remove the supernatant taking care not 
to disturb the precipitate. Sometimes, the precipitate is not 
visible.  

    12.    Add 1 ml of 1% 2-mercaptoethanol in acetone to the precipi-
tate, and vigorously vortex. Following vortexing precipitate 
can generally be seen. Centrifuge at 14,000 ×  g  for 10 min, and 
remove as much supernatant as possible, being careful not to 
disturb the pellet. Perform this procedure twice.  

    13.    Allow samples to dry overnight under a fume hood with caps 
open. Samples are ready to be applied to an acid-urea poly-
acrylamide gel.      

       1.    Separation gel: Mix 8 ml 40% acrylamide with 6 ml 6.67 M 
urea, and degas with vacuum. Add 2 ml of 1.6% AP in 43.1% 
acetic acid (freshly prepared) and 70  μ l TEMED to above, and 
gently mix being careful to avoid producing air bubble in the 
mixture. Load the gel to the gel cassette with a syringe and 
needle (see  Note 11 ). Cover the top of the gel with the water-
saturated N-butenol. Prepare the stacking Gel after the separa-
tion gel has polymerized. Remove the N-butanol, and wash 
with water once.  

    2.    Stacking gel: Mix 2 ml 30% acrylamide, 4 ml 5 M urea, and 
1 ml 3 M potassium acetate (pH 4.0), and then degas with 
vacuum. Then add 1 ml of 1.6% of AP in H 2 O and 70  μ l 
TEMED, and mix without creating bubbles. Load the gel on 
the top of the separation gel.      

  Resuspend the dried protamine-extraction pellet in 40  μ l of sample 
loading buffer. Brie fl y spin to pellet down the insoluble fraction.  

      1.    Fill both of the buffer chambers of the electrophoresis appara-
tus with 1 L of electrophoresis running buffer each.  

    2.    Place the polymerized gel into the electrophoresis apparatus.  
    3.    Program the electrophoresis with the following parameters: 

 Pre-run (prior to 
loading the samples): 

 200 V  30 mA  15 W  100 VH 

 Slow-run (after loading 
samples): 

 50 V  20 mA  15 W  100 VH 

 Separation run:  200 V  300 mA  15 W  800 VH 

    4.    Initiate the pre-run.  

  3.2.  Acid-Urea 
Polyacrylamide  Gel 
Electrophoresis

  3.2.1.  Gel Preparation  (  4  ) 

  3.2.2.  Sample Preparation

  3.2.3.  Electrophoresis 
( See   Note 9 )
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    5.    Pause the program, and load the protamine-samples to the gel 
after completing the pre-run.  

    6.    Continue the program until the run is complete.      

  Stain the gel in the Coomassie blue solution for at least 1 h, and 
then destain in the destain solution until the background of the gel 
is clear (see Fig.  1 ).   

  Scan the gel (wet) with any reasonable scanner. Protamine 2 
migrates faster than protamine 1. Measure the densities of the 
protamine bands with the program Image J, which can be down-
loaded from NIH Web site. Calculate the protamine 1/protamine 
2 ratio based on the densities of P1 and P2 bands.    

 

     1.    The reagents containing PMSF need to be freshly prepared. 
PMSF serves to inhibit proteinase activity.  

    2.    6 M guanidine and 575 mM DTT should be aliquoted and 
stored at −20°C.  

    3.    Any reagents that contain DTT or 2-mercaptoethanol should 
be processed in a fume hood.  

    4.    522 mM sodium iodoacetate should be stored at 4°C and pro-
tected from light.  

    5.    2-mercaptoethanol should be added to acetone freshly.  
    6.    40% acrylamide/Bis solution should be stored at 4°C. Each 

time before using, the solution should be shaken to mix. 
Otherwise the concentration of acrylamide may be inaccurate.  

  3.2.4.  Coomassie Blue 
Stain Gel

  3.2.5.  Human Protamine 
P1/P2 Ratio Analysis

  4.  Notes

1      2      3     4

--  P1

--  P2

  Fig. 1.    Image of a urea-acid gel containing protamine extraction samples. Lane 1 shows 
the extraction control sample. Lane 2 shows a sample with a decreased P1/P2 ratio. Lane 
3 shows a sample with an increased P1/P2 ratio. Lane 4 shows a sample with a normal 
P1/P2 ratio.  P1  protamine 1.  P2  protamine 2.       
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    7.    Ammonium persulfate solution needs to be prepared right 
before use.  

    8.    To 40 ml N-butanol, add 5 ml ddH 2 O, and shake vigorously 
to mix. Let bottle sit for several minutes, and unabsorbed water 
will settle to the bottom. The top layer will be water-saturated 
N-butanol. This is performed to prevent N-butanol from 
drawing water from the gel when used as an overlay. Only two 
to three drops of the N-butanol are required for each gel.  

    9.    Other electrophoresis systems are also suitable for acid-urea 
PAGE, but the electrophoresis conditions must be optimized 
for the system used.  

    10.    Samples utilized for the extraction control are composed of a 
pool of >10 semen samples and serve to evaluate the quality of 
sample extractions. The pooled semen sample can be aliquoted 
into tubes of 20 × 10 6  sperm each. One tube should be extracted 
and run on the gel each time the assay is performed.  

    11.    Aspirate the gel mix with the syringe without a needle to avoid 
drawing air bubbles, and then af fi x the needle to load the gel 
mix into the cassette.          
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    Chapter 39   

 Analysis of Gene-Speci fi c and Genome-Wide 
Sperm DNA Methylation       

     Saher   Sue   Hammoud   ,    Bradley   R.   Cairns   , and    Douglas   T.   Carrell        

  Abstract 

 Epigenetic modi fi cations on the DNA sequence (DNA methylation) or on chromatin-associated proteins 
(i.e., histones) comprise the “cellular epigenome”; together these modi fi cations play an important role in 
the regulation of gene expression. Unlike the genome, the epigenome is highly variable between cells and 
is dynamic and plastic in response to cellular stress and environmental cues. The role of the epigenome, 
speci fi cally, the methylome has been increasingly highlighted and has been implicated in many cellular and 
developmental processes such as embryonic reprogramming, cellular differentiation, imprinting, X chro-
mosome inactivation, genomic stability, and complex diseases such as cancer. Over the past decade several 
methods have been developed and applied to characterize DNA methylation at gene-speci fi c loci (using 
either traditional bisul fi te sequencing or pyrosequencing) or its genome-wide distribution (microarray 
analysis following methylated DNA immunoprecipitation (MeDIP-chip), analysis by sequencing (MeDIP-
seq), reduced representation bisul fi te sequencing (RRBS), or shotgun bisul fi te sequencing). This chapter 
reviews traditional bisul fi te sequencing and shotgun bisul fi te sequencing approaches, with a greater empha-
sis on shotgun bisul fi te sequencing methods and data analysis.  

  Key words:   DNA methylation ,  Bisul fi te sequencing ,  Sperm ,  Shotgun bisul fi te sequencing ,  MeDIP    

 

 DNA methylation in mammals, established by DNA methyltrans-
ferases (also known as DNMTs), is a post-replication modi fi cation 
that is predominantly found on cytosines of the CpG dinucleotide 
sequence  (  1,   2  ) . In mammals, CpG methylation has been shown to 
be a primary chromatin attribute associated with the main mode of 
repression at transposons and retroviral elements  (  3–  7  ) , essential 
for development  (  1  ) , genomic imprinting, and X-chromosome 
inactivation  (  8–  10  ) . 

 Although it was once thought that DNA methylation in 
eukaryotes could act as a stably inherited modi fi cation affecting 

  1.  Introduction
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gene regulation and cellular differentiation  (  11  ) , a number of 
reports suggested otherwise. DNA methylation pro fi les are more 
dynamic than previously anticipated. (1) DNA methylation pro fi les 
are reset twice during development (Fertilization and PGCs); how-
ever, the extent of reprogramming is unclear  (  12  ) . (2) More 
recently genetic and biochemical data in plants and mammals indi-
cate that genomic DNA methylation patterns in differentiated cells 
can be reshaped in part by active demethylation mediated by a fam-
ily of 5-methylcytosine (m 5 C) glycosylases  (  13–  15  ) . These data 
indicate the existence of a more dynamic cellular methylome. 

 The evolution of next-generation sequencing technologies 
has provided unprecedented opportunities for high-throughput 
functional genomic research and new avenues to explore the 
methylation dynamics during development, germ cell differentia-
tion, cellular differentiation, somatic cell reprogramming, and 
cancer. The four most frequently used sequencing-based tech-
nologies are the bisul fi te-based methods MethylC-seq and 
reduced representation bisul fi te sequencing (RRBS); and the 
enrichment-based techniques methylated DNA immunoprecipi-
tation sequencing (MeDIP-seq) and methylated DNA binding 
domain sequencing (MBD-seq). Here, we review both tested 
and optimized bisul fi te-based methods for human and mouse 
sperm. Bisul fi te treatment of genomic DNA deaminates unm-
ethylated cytosine, causing its chemical conversion to uracil upon 
alkaline desulfonation, but does not modify methylated cyto-
sines. After PCR and sequencing of DNA amplicons or library 
preparations, the methylation status of every m 5 C is detected in a 
targeted region of interest  (  16,   17  )  or genome-wide  (  18–  21  ) .  

 

       1.    Several bisul fi te kits are commercially available, however, we 
use the EpiTect Bisul fi te kit (Qiagen).  

    2.    Zero Blunt ®  TOPO ®  PCR Cloning Kit.  
    3.    QIAGEN Plasmid Mini Kit.      

      1.    PFU 10× Buffer.  
    2.    10 mM DNTPs.  
    3.    10  m M stock Forward Primer.  
    4.    10  m M stock Reverse Primer.  
    5.    PFU Taq DNA polymerase.  
    6.    Bisul fi te-treated genomic DNA.  
    7.    DNAse-free RNAse-free H 2 O.      

  2.  Materials

  2.1.  Candidate 
Bisul fi te Sequencing

  2.1.1.  Kits

  2.1.2.  PCR Reagents
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  All solutions are provided in the Invitrogen kit except for the 
Laurel Broth Growth-promoting media and plates, antibiotic selec-
tion marker and X-GAL for blue and white colony screening 
(Kanomyocin  fi nal concentration 50  m g/ml, X-GAL 25  m g/ml).   

  DNA methylation analysis at base pair resolution via shotgun 
sequencing in human sperm has not been published, but has been 
successfully performed by our lab (unpublished data). Here we 
provide our latest protocol.

    1.    Epitect Bisul fi te Kit.  
    2.    Sonicator (preferred is Covaris due to high reproducibility).  
    3.    Illumina TruSeq DNA Sample Preparation kit.  
    4.    MiniElute PCR puri fi cation kit (Qiagen) or Agencourt AMPure 

XP beads.  
    5.    Illumina TruSeq DNA Sample Preparation kit.  
    6.    Illumina HiSeq2000 machine.       

 

      1.    Extract DNA from sperm .   
    2.    Up to 2  m g genomic may be used for bisul fi te treatment in 

the Epitect bisul fi te kit. Carry out bisul fi te conversion as 
described with minor changes in the PCR conditions 
(Table  1 ; see  Note 1 ).   

  2.1.3.  Cloning Solutions

  2.2.  Shotgun Bisul fi te 
Sequencing

  3.  Methods

  3.1.  Candidate 
Bisul fi te Sequencing

   Table 1 
  Modi fi ed PCR conditions   

 Denaturation  98°C  10 min 

 Incubation  60°C  25 min 

 Denaturation  98°C  10 min 

 Incubation  60°C  85 min 

 Denaturation  98°C  10 min 

 Incubation  60°C  175 min 

 Denaturation  98°C  10 min 

 Incubation-added step necessary 
to achieve >99% conversion 

 60°C  120 min 

 Hold  20°C  Inde fi nite 
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    3.    After bisul fi te treatment clean samples following kit protocols, 
with a minor exception: perform two 30  m l elutions rather than 
one 50  m l elution.  

    4.    After DNA clean-up, samples are ready for PCR. PCR condi-
tions will vary depending on the primers and template. Typically 
our primers are 27–30 bp long with melting temperatures of 
   57–60°C. CpGs are usually avoided in the primer region but if 
necessary substitute CG for YG in order to avoid methylation 
ampli fi cation bias. With this primer design strategy, we have 
had >80% success using the following PCR reaction mix and 
conditions.  

    5.    Prepare PCR mix with the following components:
   5  m l of PFU 10× Buffer.  
  1  m l of 10 mM DNTPs.  
  2.5  m l of 10  m M stock Forward Primer.  
  2.5  m l of 10  m M stock Reverse Primer.  
  0.5  m l of PFU Taq DNA polymerase.  
  1–2  m l of bisul fi te treated genomic DNA.  
  36.5–37.5  m l of DNAse-free RNAse-free H 2 O.     

    6.    Perform PCR under the following conditions (see  Note 2 ):  

 Cycles  Temperature (°C)  Time 

 1  94  4 min 

 35  94  45 s 

 55  45 s (~3°C below primer temp) 

 72  45 s 

 1  72  10 min 

 1  4  Final hold 

    7.    After ampli fi cation run 5  m l of the PCR product on a 1% aga-
rose gel. If a single product is obtained, then the sample can be 
cloned directly. If multiple products are present or a signi fi cant 
quantity of primer dimer is detected, then we recommend gel-
purifying the band of interest.  

    8.    Cloning can be performed using traditional restriction enzyme 
digestion techniques and T4 ligations, however we use topoi-
somerase blunt TA cloning kits. To minimize cost 3  m l reac-
tions can be performed.  

    9.    Transfect all 3  m l of the cloning reaction into Top 10 chemi-
cally competent cells (made in house) or commercially avail-
able with the cloning kit.  

    10.    Heat shock cells for 45 s and set on ice for 1 min.  
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    11.    Allow cells to recover in 400  m l SOC (provided in the TA cloning 
kit) for 1 h at 37°C prior to plating.  

    12.    Plate cells on LB agar plates with antibiotic selection marker 
and X-Gal (25  m g/ml) and incubate overnight (12–16 h). If 
using the Zero Blunt TOPO kit blue and white screening is 
not necessary.  

    13.    The following morning, 10–20 colonies are screened using 
Colony PCR: Suspend each colony in 100  m l LB + antibiotic. 
Then use 1.5  m l of the suspension in a 50  m l PCR reaction. The 
PCR reaction is the same as above, except the initial denatur-
ation is longer (94°C for 10 min). The resuspended bacterial 
cells remain viable for approximately 1 week at 4°C.  

    14.    Reculture cells containing the correct insert in 5 ml 
LB + Antibiotic (for high copy plasmids) at 37°C rotating over-
night. If using low copy plasmids larger cultures maybe needed 
to obtain suf fi cient DNA.  

    15.    Perform plasmid puri fi cation using the QIAGEN Plasmid Mini 
Kit.  

    16.    Submit 10–20 colonies (or more if deemed appropriate for a par-
ticular study) for sequencing with a commercial or core facility.      

      1.    Spike 3  m g of genomic DNA with 1% unmethylated lambda 
genomic DNA (~30 ng) (promega). Lambda is used as inter-
nal control to determine conversion ef fi ciency and later also 
used by bioinformatics packages to estimate % mC false discov-
ery rate (see  Note 3 ).  

    2.    Shear the genomic DNA with a sonicator. We have used Covaris 
(Covaris, Inc., Woburn, MA) and perform shearing according 
to their published protocols, which yields DNA fragments 
ranging from 100 to 400 bp with a peak at 200 bp.  

    3.    After the DNA is sheared, clean using the MiniElute PCR 
puri fi cation kit (Qiagen) and measure the DNA size range 
using a bioanalyzer.  

    4.    Repair DNA ends and add an adenosine base to the 3 ¢  end of 
the DNA fragments according to manufacturer instructions 
(Illumina, Inc.).  

    5.    After end repair, ligate methylated adaptors to DNA fragments 
using the TruSeq DNA Sample Preparation Kit according to 
manufacturer instructions and purify DNA using the QIAquick 
PCR puri fi cation Kit (see  Note 4 ).  

    6.    At this point DNA is ready for bisul fi te conversion. For bisul fi te 
conversion, we use and follow the EpiTect Bisulphite Kit 
(Qiagen) with a total of 1  m g of sheared genomic DNA with 
slight modi fi cation. The thermal cycler conditions for all DNA 
denaturation steps should be adjusted to 98°C for 10 min, and 

  3.2.  Shotgun Bisul fi te 
Sequencing
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an additional 2 h of incubation at 60°C should be added at the 
end of the procedure to ensure complete conversion 
(Table  2 ).   

    7.    Subsequently, apply high- fi delity Phusion DNA polymerase for 
strand replication of all bisul fi te-converted DNA according to 
instructions in the Illumina TruSeq kit. (~10 PCR cycles).  

    8.    Purify samples with a PCR puri fi cation kit (Qiagen), then sepa-
rate DNA fragments on a 1% agarose gel or with the Pippin 
Prep DNA Size Selection System. Excise products in the 300–
400 bp size range.  

    9.    Sequence the resulting library of bisul fi te-converted DNA 
fragments with an Illumina HiSeq2000 machine using the 
101-base paired end format for ease of mapping and optimal 
read numbers.      

  Currently, there is not a single established pipeline for the analysis 
of shotgun bisul fi te sequence data; however, we have developed our 
own pipeline. All of the software we are using in processing and 
analyzing the bisul fi te alignment data is open source and freely 
available from the USeq project site (  http://useq.sourceforge.net    ).

    1.    First, aligh the Fastq Illumina sequencing data using Novocraft’s 
novoalign aligner (  http://www.novocraft.com    ) in bisul fi te 
mode with the following prameters, “-rRandom -t120 -h120 
-b2.” Add a chrLambda sequence to the index. This enables 
one to measure the bisul fi te conversion ef fi ciency. Add a chr-
PhiX sequence to estimate the read quality. Lastly, add a chr-
Adapter sequence containing all permutations of the adapter 
sequences to remove these artifacts from the data.  

  3.3.  Shotgun Bisul fi te 
Sequencing Analysis

   Table 2 
  Incubation conditions for bisul fi te conversion   

 Denaturation  98°C  10 min 

 Incubation  60°C  25 min 

 Denaturation  98°C  10 min 

 Incubation  60°C  85 min 

 Denaturation  98°C  10 min 

 Incubation  60°C  175 min 

 Denaturation  98°C  10 min 

 Incubation-added step necessary 
to achieve >99% conversion 

 60°C  120 min 

 Hold  20°C  Inde fi nite 

http://useq.sourceforge.net
http://www.novocraft.com
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    2.    Process the novoalignments using Novoalignbisul fi teParser 
(   h t t p : // u s e q . s o u r c e f o r g e . n e t / c m d L n M e n u s .
html#NovoalignBisul fi teParser    ). This application parses the 
text-based novoalignments into “PointData”: converted Cs 
(Ts—non-methylCs) and non-converted Cs (methylCs) at 
each reference C sequenced in the genome for both the plus 
and the minus strands.  

    3.    The Point Data can be used to assess methylation at genes, 
Cpg islands, etc. Details for programs available and usage 
guides for USEQ and methylation can be found at (  http://
useq.sourceforge.net/cmdLnMenus.html    ).       

 

     1.    Although the Epitect Bisul fi te Kit suggests up to 2  m g of DNA, 
we typically use 1  m g. Using too much DNA will result in 
incomplete bisul fi te conversion. One way to QC bisul fi te con-
version ef fi ciency is to spike the DNA samples with unmethy-
lated lambda DNA (Promega), then treat DNA with sodium 
bisul fi te, use lambda primers to assess bisul fi te conversion. 
Alternatively, if working with mammalian cells, then imprinted 
loci can be evaluated to estimate conversion ef fi ciency.  

    2.    Extension times for amplifying deaminated DNA are longer 
because of the presence of uracil, which decreases the rate of 
DNA polymerization.  

    3.    Lambda reads are parsed from the dataset and examined for 
C to T conversion rates. Following the PCR modi fi cations dis-
cussed here with the Epitect Bisul fi te Kit consistently and 
reproducibly results in >99% conversion with minimal degra-
dation/fragmentation of DNA.  

    4.    The methylated cytosines in the adaptors resist conversion in 
the subsequent bisul fi te step.          
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    Chapter 40   

 Evaluating the Localization and DNA Binding Complexity 
of Histones in Mature Sperm       

     David   Miller       and    Agnieszka   Paradowska      

  Abstract 

 The paternal genome in many animal taxa is ef fi ciently packaged into the sperm nucleus by switching from 
a histone (nucleosome)-based chromatin con fi guration to one using predominantly protamines. Nonetheless, 
various studies have shown that some nucleosomes, often containing modi fi ed histones are retained in 
mature sperm and bind DNA with distinct sequence compositions. Considering the signi fi cance of histone 
modi fi cations in epigenetic phenomena and the fact that sperm histones and their bound DNA must be 
carried into the oocyte, this chapter describes methods aimed at examining and analysing the histone com-
position of sperm chromatin. The focus is on both microscopic visualisation and evaluation of sequence 
composition of histones and histone-bound DNA in human and mouse spermatozoa. However, similar 
methods may be applicable to the sperm of other mammalian and even non-mammalian classes.  

  Key words:   Sperm chromatin ,  Histones ,  Immunocytochemistry ,  Endonuclease digestion ,  ChIP-chip    

 

 As a terminally differentiated cell, the spermatozoon is exquisitely 
specialised to deliver the paternal genome to the egg. Its chroma-
tin is at least tenfold more condensed than that found in most 
somatic cells and in many species this exceptional level of compac-
tion is achieved by substituting histones with protamines during 
the later, haploid stages of spermatogenesis  (  1,   2  ) . In mammals 
studied to date, substitution begins with the incorporation of 
sperm-speci fi c histones including H3.3 into nucleosomes during 
spermatogenesis  (  3  ) . Acetylation of canonical H4 is one histone 
modi fi cation that follows until the general displacement of his-
tones by transition proteins occurs and  fi nally their displacement 

  1.  Introduction



460 D. Miller and A. Paradowska

by protamines  (  4,   5  ) . Nonetheless, it has long been known 
that histones and nucleosomes are not completely absent from 
the sperm nucleus  (  6–  8  ) . More recently, we among others have 
begun to reveal what histones are present in the sperm nucleus, 
where they might be located, what modi fi cations they carry 
(methylation, acetylation, etc.), and what DNA sequences they 
associate with  (  7,   9–  11  ) . The data from such studies suggest that 
sperm histones are there by design and not by accident. They paint 
a rather different and far more elaborate picture of the paternal 
genome than is currently in vogue. The most recent thinking is 
that paternally derived histones and the way the DNA is differen-
tially packaged in the sperm nucleus conveys important epigenetic 
information to the zygote that can affect subsequent develop-
ment. By studying these phenomena more closely, we shall begin 
to understand what those effects may be. 

 This chapter describes approaches for the study of sperm 
chromatin on two levels. The  fi rst deals with the microscopic 
localisation of histones in sperm by immunocytochemistry and 
the second with the isolation and analysis of histone (and 
protamine)-bound DNA. 

  Sperm chromatin is so highly condensed that it is often impossi-
ble for antibodies to gain access to proteins that may lie deeply 
buried within the compacted chromatin framework. It may there-
fore be necessary to carry out a chromatin decondensation step 
before applying any antibodies; otherwise false negatives may result. 
A number of protocols are available for achieving this, although 
we use the procedure described by Ramos  (  12  )  for human sperm 
(see decondensation Subheadings  2.2  and  3.2 ). Before beginning 
work, it is important to ensure that all solutions and working 
reagents are fresh and that reagents are of the highest grade pos-
sible. Ultrapure, deionised water (18 MΩ or greater) should be 
used throughout, and if the integrity of RNA is important, the 
water should be treated with DEPC. The protocol described uses 
Tris-buffered solutions but others have used phosphate-buffered 
solutions with equal success.  

  For simplicity’s sake, we refer to nucleosomes rather histones here-
after because nucleosomes are what package DNA in the absence 
or alongside protamines. Reference will be made to their constitu-
ent histones where applicable. 

 There are two principle choices available for examining the 
DNA sequences binding to sperm nucleosomes. The older, classical 
method is adapted from nuclease or salt-based methods (or combi-
nations thereof) developed originally to probe the nucleus for clues 
about how chromatin con fi guration responds to differentiation, 

  1.1.  Visualisation 
of Sperm    Histones

  1.2.  Selective 
and Differential 
Recovery of Sperm 
Chromatin for Histone 
Localization 
Experiments
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gene expression, and silencing  (  13,   14  ) . It is predicated on the 
assumption that these biological changes are dynamic and require 
active chromatin recon fi guration into more relaxed domains that 
facilitates access to salts and digestive enzymes. The sperm nucleus 
is essentially in a “frozen” state where transcription of the hap-
loid genome is highly unlikely. Instead, sperm chromatin seems 
to be in a poised state that may be a preparation for activation 
events that can only ensue following its introduction to the 
öoplasm  (  15  ) . Nevertheless, the structure and organisation of 
sperm chromatin is as good a template for these classical tech-
niques as any somatic cell nucleus. The advantages and disadvan-
tages of these techniques over the newer ChIP-based procedures 
are discussed below. 

 Chromatin ImmunoPrecipitation (ChIP) is a relatively recent 
technique for accessing speci fi c DNA binding sites in nuclei. Its 
speci fi city can be highly discriminating, depending almost entirely 
on the exquisitely selective recognition of particular target. ChIP is 
becoming an indispensible tool in epigenetics where characterising 
the posttranslational modi fi cations to nucleosomal histones is so 
important  (  16  ) . For example, acetylation/deactylation and methy-
lation/demethylation of lysine residues on H3 and H4 are of 
particular importance in the condensation and relaxation of chro-
matin in response to the demands of gene expression, and the 
body of information relating to ChIP-derived DNA and RNA 
sequences in numerous cells and tissues is set to explode in the 
coming years. So it is perhaps not surprising that such investi-
gations should be undertaken on sperm chromatin. Yet, his-
tones modi fi ed with methyl and acetyl groups are also found in 
mammalian spermatozoa and must be transmitted to the öocyte 
on fertilisation  (  6,   17  ) . The absence of gene expression in 
mature spermatozoa indicates an alternative function for and 
retention of their modi fi ed histones. 

 In comparison with classical techniques, ChIP is far more target 
and gives a much narrower “view” of DNA binding sites. High 
speci fi city is its main advantage, allowing one to dissect out 
modi fi ed nucleosomes and examine their attendant DNAs with a 
high degree of accuracy. However, if one requires a more “global” 
approach to exploring the architectural differences in chromatin, 
the high speci fi city of ChIP may be a disadvantage, particularly in 
sperm where nucleosomes coexist with protamines but as a minor 
proportion of the chromatin. Both approaches have been used to 
investigate sperm chromatin, and they can be applied in tandem 
relying on classical techniques to probe architectural differences 
followed by ChIP with speci fi c antibodies to dissect out subdo-
mains bound by nucleosomes containing modi fi ed histones.   
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      1.     Prepare a sperm washing solution , such as Physiological Tris-
buffered saline (TBS: 0.15 M NaCl, 25 mM Tris-HCl , pH 
7.2) containing 1% w/v human or bovine serum albumin 
(TBS-A; see Note 1).  

    2.     Prepare 80% and 40% v/v stocks of PureSperm (Nidacon) or 
Percoll (Sigma)  following the manufacturer’s instructions 
(Nidacon) or an established procedure (see Note 2)  (  18  ) .      

      1.    Physiological Tris (or phosphate)-buffered saline: 10× stock 
containing 1.5 M NaCl.  

    2.    Dithiothreatol: 100 mM DTT in water. Store in 0.1 ml ali-
quots at −80°C until use.  

    3.    Heparin: 5,000 U/ml in water. Store in 200  μ l aliquots at 
−80°C until use.  

    4.    Paraformaldehyde: 4%w/v in 1× TBS (2 g PFA + 50 ml TBS) 
or pre-chilled (−20°C) methanol: acetone 1:1 (see Note 4).  

    5.    Prepare 100 ml 0.2% v/v Triton X-100 
(10.0 ml × 10 TBS + 200  μ l TX-100 to 50 ml with water); use 
a cut down pipette tip to dispense TX-100 and dissolve thor-
oughly before use as TX-100 is highly viscous.  

    6.    Decondensing solution (Make fresh every time): Add 2.0 ml of 
0.2% TX-100, 250  μ l DTT (100 mM), and 200  μ l heparin 
(5,000 U/ml) to 7.55 ml water and mix thoroughly. The  fi nal 
preparation should be 2.5 mM DTT, 0.2% Triton X-100, 
100 U/ml Heparin Sulphate in 10 ml of TBS solution (see 
Note 3).      

      1.    Sperm washing buffer 1 (SWB1) = HTF (HEPES-buffered 
Synthetic Oviductal Fluid): 10 mM HEPES, 80 mM NaCl, 
3.1 mM KCl, 0.3 mM NaH 2 PO 4 , pH 7.3 (see Note 6).  

    2.    Sperm washing buffer 2 (SWB2): 50 mM Tris–HCl, pH 8.0, 
2 mM phenyl methyl sulphonyl  fl uoride (PMSF; from 20 mM 
stock in ethanol), 1% (w/v) mixed alkyltrimethylammonium 
bromide in water (ATAB; Sigma).  

    3.    Pre-digestion buffer (PDB): 0.5% (v/v) Triton X-100, 2 mM 
PMSF in Na +  and Mg 2+  free PBS.  

    4.    Digestion buffer (DB): 2 mM PMSF, 10 mM DTT in (Na +  
and Mg 2+  free) PBS.  

    5.    TE buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 7.5.      

  2.  Materials

  2.1.  Preparation 
of Sperm Nuclei

  2.2.  Decondensation 
of Sperm Chromatin 
( See   Note 3 )

  2.3.  General 
Micrococcal Nuclease 
Digestion of Sperm 
Chromatin 
( See   Note 5 )
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      1.    Dilution Buffer: 0.01% SDS, 1.1% Triton X-100, 1.2 mM 
EDTA, 16.7 mM Tris–HCl pH 8.1, 167 mM NaCl.  

    2.    Low Salt Buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
20 mM Tris–HCl, pH 8.1, 150 mM NaCl.  

    3.    High Salt Buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
20 mM Tris–HCl, pH 8.1, 500 mM NaCl.  

    4.    LiCl Buffer: 0.25 M LiCl, 1% IGEPAL-CA630, 1% deoxy-
cholic acid (sodium salt), 1 M EDTA, 10 mM Tris–HCl, 
pH 8.1.  

    5.    TE Buffer: 1 mM EDTA, 10 mM Tris–HCl, pH 8.0.  
    6.    Lysis Buffer: 1% SDS, 10 mM EDTA, 50 mM Tris–HCl, 

pH 8.0.  
    7.    Elution Buffer: 1% SDS, 0.1 M NaHCO 3 .  
    8.    Protein A Agarose/Salmon Sperm DNA suspended in TE buf-

fer (Millipore, USA).       

 

      1.    To obtain working sperm concentrations for microscopy, resus-
pend pelleted and (TBS-A or HTF) washed sperm in a small 
(50–100  μ l) volume of TBS-A or HTF and dilute 1:50 in the 
same buffer before counting the sperm in a hemocytometer or 
other suitable counting graticule (see Note 7).  

    2.    Add a few microlitres of formalin to stop motility and aid in 
counting.  

    3.    Once the concentration of sperm in the sample is known, dilute 
sperm to 10 6 /ml in the same buffer ( without formalin ) to pro-
vide suf fi cient sperm for microscopy.  

    4.    Spot 10  μ l samples over a 1 cm area, in pairs spaced 2 cm apart 
onto cleaned, uncoated acid washed (5 N HCl overnight fol-
lowed by rinsing in ultrapure water) glass slides 
(~10,000 sperm).  

    5.    Allow slides to dry in a warm oven for at least 2 h prior to fur-
ther processing.  

    6.    Circle the spots with a wax or diamond marker. This ensures 
that you can locate their positions at all times and minimise 
antibody use in all subsequent steps.      

      1.    Wash (water) air-dried slides carefully twice in a coplin jar and 
carefully blot dry.  

    2.    Place in humidi fi ed chamber in warm cabinet (30°C). Leave 
for 10 min to give slides time to warm up.  

  2.4.  Selective ChIP-
chip of Sperm 
Chromatin

  3.  Methods

  3.1.  Preparation 
of Sperm Nuclei

  3.2.  Decondensation 
of Sperm Chromatin
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    3.    Carefully pipette 100  μ l decondensing solution onto spots and 
incubate in the humid chamber.  

    4.    Remove slides from the chamber every 2 min and observe 
under phase contrast optics. Within 5 min, you should see a 
loss of birefringence as the chromatin begins to decondense. 
This should be allowed to continue until birefringence fades 
altogether but without losing head shape. If shape is lost, 
decondensation has gone on for too long. The process should 
take no longer than 15 min but will vary depending on the 
sperm source and species (see Note 3). At this stage, it is wise 
to check again by staining a few slides with hematoxylin to 
verify that the extent of decondensation is as homogeneous as 
possible from sperm to sperm. These slides can be discarded.  

    5.    Following decondensation, immediately  fi x the cells for 15 min 
by placing the slides in a coplin jar  fi lled with 4% PFA or pre-
chilled (−20°C) methanol:acetone (1:1) (see Note 4).  

    6.    Wash the slides twice in TBS for 5 min.  
    7.    Allow the slides to air dry and retain in a dry box (with desic-

cant) at 4°C until further use.      

  There are many procedures available to the user for the visualisation 
and localisation of antigens by immuno-microscopy and undoubt-
edly, many readers of this chapter will have their own preferences in 
this regard. The range of good, commercially available antibodies 
to histones is now quite wide and expanding with several manufac-
turers offering reagents recognising core histones comprising all 
major subtypes (H2A, H2B, H3, and H4) as well as histones 
modi fi ed on various residues with methyl, acetyl, and sumoyl 
groups. We recommend that you begin with either a core-histone 
antibody or one recognising a histone-subtype regardless of 
modi fi cation. To give you an idea of what to expect, rather than 
describe our own IF procedure, which is essentially adapted from 
standard protocols, we have compiled a portfolio of pictures (Fig.  1 ) 
showing data from several laboratories (including our own). The 
procedure described is applicable to any primary antibody that is 
deemed suitable for this purpose by the manufacturer.  

 We have found that of all species tested so far, decondensation 
of human sperm chromatin is the most dif fi cult to achieve with a 
reasonable degree of homogeneity. Figure  1a , b shows ejaculate 
and epididymal human and mouse sperm labelled with antibodies 
recognising H4K5Ac, K8Ac, K12Ac, and K16Ac (Calbiochem; 
green) and protamine 2 (kind gift of Rod Balhorn; red). It is clear 
that human and mouse sperm give good signals, but the variation 
in human sperm is far higher. This may be a consequence of the 
ejaculatory source of the former where seminal proteins can coat 
and mask internal antigens. However, labelling of the posterior 
nucleus is clear from the majority of these cells. The same antibody 

  3.3.  Antigen 
Localisation



  Fig. 1.    Human ( a ), mouse ( b – d ), and bovine ( e ) sperm showing immunolocalisation of H4Ac ( a – c ;  green ) and propidium 
iodide staining of DNA ( red  in  a ,  b , and  f  and DAPI  pseudocoloured red  in  c ). ( d ) A group of mouse sperm labelled with DNA 
probes to endonuclease sensitive ( green ) and resistant ( red ) chromatin. DAPI staining is in  blue . ( e ) Immunolocalisation of 
CENPA in bovine sperm. ( f ) H4 ( green ) in marsupial sperm; DNA in  red . Decondensation of sperm chromatin was achieved 
before labelling in all cases except the marsupial. ( a ), ( b ), and ( d ). Miller et al., unpublished work. ( c ) from Van der Heiden 
et al.  (  6  ) ; ( e ) from Palmer et al.  (  19  ) ; ( f ) from Soon et al.  (  20  ). Upper panels ( e  and  f  ) show CENPA  only ( e ) and histone + 
DNA ( f  ). Lower panels ( e  and  f  ) show CENPA + DNA ( e ) and DNA only ( f  ).          
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gives a striking sub-acrosomal location in mouse sperm and 
protamine 2 is located throughout the nucleus in both species 
(*unpublished data). A similar location for human sperm histones 
has been reported elsewhere  (  21  ) , while our mouse data resembles 
that reported for H4K8Ac and K12Ac (Fig.  1c ;  (  6  ) ). The H3 vari-
ant CENPA is restricted to centromeric DNA, and an antibody to 
it stains discrete foci in bovine sperm (Fig.  1e ;  (  19  ) ). Perhaps the 
most bizarre distribution of sperm histones reported so far is that 

Fig. 1. (continued)
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of the dasyurid marsupial, which retains a large proportion of its 
chromatin in a peripherally located nucleosomal con fi guration 
(Fig.  1f ;  (  20  ) ). The location of nuclease sensitive (green) and resis-
tant (red) chromatin in mouse sperm chromatin is shown in 
Fig.  1d ;  (  10  ) , DAPI in blue. This labelling resembles that reported 
for the location of H1 in mouse sperm  (  22  ) ).  

  The following protocol is suitable for preparing 10 7  to 10 8  human 
sperm for digestion. These numbers of cells typically yield between 
30 and 300  μ g of DNA (based on ~3 pg per sperm) and will 
require anywhere from one to ten or more complete ejaculate 
samples. Apart from the density gradient step, which is carried out 
at room temperature, keep everything cold until the digestion 
procedure itself.

    1.    Prepare fresh or frozen (lique fi ed) semen using a discontinu-
ous density gradient as above. HTF can be used instead of 
physiological tris-buffered saline (PTBS) but is not strictly 
necessary.  

    2.    Recover pellets, resuspend in ice-cold SWB2 (0.1 ml), and 
immediately count a diluted (×10 in PTBS or HTF) aliquot to 
determine sperm concentration.  

    3.    Incubate the remainder of the resuspended pellet on ice for 
10 min, manually resuspending every minute or so to prevent 
cell clumping. At the end of the incubation period, make up 
to 5 ml with ice-cold HTF and centrifuge at 500 ×  g  for 
10 min at 4°C.  

    4.    Discard the supernatant and resuspend the pellet in 1 ml of 
ice-cold PDB; incubate for 10 min at 4°C.  

    5.    Centrifuge as before and resuspend the pellet in 1 ml of DB. 
Incubate for 30 min at 37°C, removing from the incubator 
every 5 min or so to manually resuspend the pellet.  

    6.    Add CaCl 2  to a  fi nal concentration of 0.6 mM, and  fi ve to ten 
units of micrococcal nuclease per 10 8  sperm nuclei (suf fi cient 
for ~0.3 mg DNA). Digestion time (37°C) should be deter-
mined empirically by running post-digested, deproteinated 
supernatants on agarose gels and must be repeated for every 
batch of micrococcal nuclease purchased. Decondensation 
dynamics of murine sperm will also require monitoring for opti-
misation and repeating for each batch purchased (see Note 8).  

    7.    Stop digestion by the addition of EDTA to 10 mM and continue 
incubation at 37°C for an additional 20 min to allow digested 
chromatin to leach from the nuclei. Resuspend pellets manually 
every few minutes to prevent clumping.  

    8.    Centrifuge for 10 min at 5,000 ×  g  (4°C) and recover the 
supernatant and pellets.  

  3.4.  General 
Micrococcal Nuclease 
Digestion of Sperm 
Chromatin
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    9.    Add proteinase K ( fi nal concentration of 200  μ g/ml from 
2 mg/ml stock) and SDS (0.5% w/v from 10% w/v stock) to 
the recovered supernatants.  

    10.    Resuspend the pellets in DB and add proteinase K as in step 9.  
    11.    Incubate both supernatants and pellets for 10 h at 55°C with 

gentle agitation.  
    12.    Add RNAse A (10 mg/ml) to both supernatants and pellets 

and incubate for 1 h at 37°C.  
    13.    Isolate DNA by extraction in phenol chloroform (1:1) followed 

by ethanol precipitation. Alternatively, use DNA puri fi cation 
spin columns.  

    14.    Dissolve the washed (70% ethanol), precipitated DNA in 
100  μ l of TE buffer and measure the DNA concentration with 
a Nanodrop device or equivalent. Store long term at −80°C 
and short term at 4°C.      

  The protocol for the chromatin immunoprecipitation in combination 
with microarray (ChIP-chip) of (human) sperm chromatin can be 
divided into the following essential steps and is based on the pro-
tocol described by Steilmann et al.  (  23  ) : Preparation of spermato-
zoa from ejaculate, crosslinking of remaining histones to sperm 
DNA, chromatin shearing by sonication, immunoprecipitation 
with speci fi c antibodies against sperm nuclear proteins, reverse 
crosslinking of histone/DNA complex and isolation of histone-
bound DNA, and ampli fi cation and hybridisation of DNA on your 
microarray of choice (see Fig.  2 ). 

    1.    Prepare at least 10 7  sperm cells (see Subheading  3.1 ).  
    2.    Wash the pellet twice in 1× Dulbecco’s PBS (DPBS) supple-

mented with protease inhibitors (Complete, Roche), dilute 
pellet with 10 ml of DPBS and place on ice.  

    3.    Perform crosslinking of histones to sperm DNA by the addi-
tion of 37% formaldehyde to a  fi nal concentration of 1% (270  μ l 
of 37% formaldehyde in 10 ml of cell suspension). Incubate for 
10 min on a rotating platform at room temperature (see Note 
9).  

    4.    Add glycine to 125 mM in order to quench the crosslinking 
reaction. Centrifuge 10 min at 500 ×  g , discard supernatant, 
and wash pellet twice in DPBS.  

    5.    Resuspend the cell pellet in 200  μ l of ice-cold DPBS and 
homogenise with 20 strokes in an Ultra Turrax homogeniser 
for separation of sperm heads from sperm tails. Add 0.8 ml of 
Lysis Buffer to the cell suspension and incubate for 20 min 
on ice.  

  3.5.  Selective 
ChIP-chip of Sperm 
Chromatin



  Fig. 2.    Schematic of ChIP-chip procedure showing a dual channel set-up. The experimental (IP) sample is the ChIP DNA 
target (channel 1). The reference target is normally total DNA (channel 2). The targets following endonuclease digestion of 
sperm chromatin are labelled in the same way.       
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    6.    Sonicate the suspension (ten times) on ice with a Branson 250 
soni fi cator (or equivalent) on setting 3, duty cycle 50% for 30 s 
to shear the DNA and obtain an average fragment length of 
approximately 200–1,000 bp. Monitoring of the shearing 
ef fi ciency is essential for the ChIP results.  

    7.    Remove 200  μ l of sonicated material, add 8  μ l of 5 M NaCl, 
and incubate 4 h to reverse crosslinks. Recover DNA by stan-
dard phenol/chloroform extraction or DNA mini isolation kit 
(Qiagen) and subsequently analyse DNA fragmentation on an 
agarose gel. The remaining suspension (0.8 ml) can be frozen 
at −20°C for further applications provided that sonication of 
DNA was carried out successfully.  

    8.    Dilute the sonicated sperm cell supernatant tenfold with ChIP 
Dilution Buffer supplemented with protease inhibitors 
(Complete tablets, Roche). The  fi nal volume of 8 ml can be 
divided into four aliquots of 2 ml each for incubation with 
speci fi c antibodies. Usually 1% of the ChIP sample (20  μ l) 
should be saved as a no antibody control to quantify the 
amount of input DNA in every ChIP reaction.  

    9.    Reverse crosslinks in input material by adding 1  μ l of 5 M NaCl 
and incubating for 4 h at 65°C for subsequent DNA 
extraction.  

    10.    Before incubation with antibodies, pre-clear the sonicated 
sperm sample with 75  μ l of salmon sperm DNA/protein A 
agarose solution for 30 min at 4°C. Pellet agarose and collect 
supernatant for incubation with antibodies.  

    11.    Incubate with speci fi c antibodies of interest at 4°C overnight 
with constant rotation. The dilutions may vary per antibody 
and should be optimised according to the manufacturer instruc-
tions. The use of nonspeci fi c rabbit polyclonal IgG ChIP grade 
antibody (Abcam ab46540) as a negative control and antibod-
ies against abundant unmodi fi ed histone H3 (Abcam ab179) or 
unmodi fi ed histone H4 as a positive control for histone fraction 
is highly recommended. ChIP assay with anti-protamine anti-
body would also be an appropriate control if a ChIP grade 
protamine antibody becomes available (see Note 10).  

    12.    To collect the antibody/histone complex, add 60  μ l of salmon 
sperm DNA/protein A agarose solution and incubate for 1 h 
at 4°C. Brie fl y centrifuge and wash the immunoprecipitated 
agarose/antibody/histone complex on a rotating platform 
with the following buffers for 5 min each: Low Salt Buffer 
twice, High Salt Buffer twice, LiCl Buffer twice, and TE Buffer 
twice.  

    13.    Add 250  μ l of Elution Buffer to release the immunoprecipi-
tated material from the agarose beads. This can be done with 
15 min incubation on a rotating platform at RT. Repeat this 
step and combine eluates.  
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    14.    Add 20  μ l of NaCl to the ChIP samples and 1  μ l NaCl to the 
previously saved input material and incubate at 65°C for 4 h to 
dissolve histone/DNA crosslinks (see Note 11).  

    15.    Add 10  μ l of 0.5 M EDTA, 20  μ l 1 M Tris–HCl, pH 6.5 and 
2  μ l of 10 mg/ml Proteinase K to ChIP samples and incubate 
for 1 h at 45°C. DNA can be recovered by standard phenol/
chloroform extraction or by using DNA Mini Kit (Qiagen).  

    16.    Following DNA recovery ChIP samples, input and controls 
can be analysed by quantitative real-time PCR (qPCR). Primer 
pairs should be designed for the sequence interacting with 
modi fi ed histones and control primers to the DNA sequence 
located 2 kb upstream or downstream from the estimated his-
tone binding sites. DNA sequences of interest, interacting with 
modi fi ed histones in human and mouse sperm can be down-
loaded from the GEO Database  (  7,   9,   11  ) . Enrichment of the 
immunoprecipitated sample compared to input material is cal-
culated as follows:  Δ Ct = Ct (input) − Ct (immunoprecipitated 
sample) and % total = 2  Δ Ct  × 10 (according to 10% input chro-
matin of total immunoprecipitated chromatin).      

  At least 4  μ g of DNA is required for hybridisation to most array 
platforms. Hence, the amount of ChIP-IP DNA from sperm is 
frequently limiting. To overcome this shortcoming, whole genome 
ampli fi cation (WGA) can be applied using less than 10 ng of input 
material. There are a number of kits and protocols for achieving 
WGA and we have used the Sigma GenomePlex WGA kit (  http://
www.sigmaldrich.com    ) as described by O’Geen et al.  (  24  )  for this 
purpose (see Notes 12 and 13). A second round of WGA 
ampli fi cation (re-ampli fi cation) may be necessary. 

 The microarray platform of choice depends on the aims and 
objectives of the individual study. Several different arrays can be 
considered for analysing the DNA binding sites of sperm nuclear 
proteins. Agilent, and Affymetrix, for example, offer whole genome 
arrays (cover all genomic region with high resolution), promoter 
arrays (cover all regulatory elements and promoters of available 
RefSeq genes), ENCODE array and targeted arrays (interrogating 
focused regions of the genome, e.g., 375 coding regions described 
by the Encyclopaedia of Coding Elements), and custom design 
arrays cover sequences de fi ned by the researcher.  

  A comprehensive discussion of data analysis of ChIP-chip results is 
beyond the scope of this chapter, but analysis can be carried out 
using following resources.

    1.    The Bioconductor package array QualityMetrics  (  25  ) .  
    2.    ChIPpeakAnno Bioconductor package  (  26  ) .  
    3.    Gene ontology classi fi cation web tool (  http://david.abcc.

ncifcrf.gov/    ).     

  3.6.  Genome Wide 
Analysis Using 
Microarrays

  3.7.  Data Analysis 
and Validation

http://www.sigmaldrich.com
http://www.sigmaldrich.com
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
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 To validate microarray results by qPCR using ChIP samples 
from different individuals, design primer pairs overlapping the 
sequence corresponding to peak start and peak end of enriched 
region. For the controls, design primers 2 kb downstream or 
upstream away from the identi fi ed binding site. Calculate the enrich-
ment of a speci fi c binding site against the input material control.   

 

     1.    More complex balanced solutions such as Human Tubal Fluid 
F (HTF;  (  18  ) ) can also be used although we  fi nd no advantage 
over simple albumin-supplemented TBS for these purposes. 
PBS can cause sperm tails to curl, which affects sedimentation 
rates in density gradient media. The choice of buffer for den-
sity gradient centrifugation and washing of semen may be more 
critical for downstream nuclease digestion than for immunocy-
tochemistry, with HTF being preferred by many andrologists 
regardless. Use PBS throughout if decondensation solution 
and antibodies are being dissolved in PBS.  

    2.    Sperm preparation is a matter of individual choice and depends 
on your preference for swim-up, discontinuous density gradi-
ent or cell lysis methods to obtain relatively pure populations 
of (human) spermatozoal nuclei. All methods can give satisfac-
tory yields while minimising contamination with round cells 
although for those with strict requirements for pure sperm 
populations, a combination of these procedures may be 
required (density gradient followed by round cell lysis, for 
example). For human sperm, density gradients prepared from 
polyvinylpyrrolidone (PVP)-free colloidal silica are preferred 
over alternatives like Percoll. We use Puresperm™ from 
Nidacon but it is not strictly necessary for experimental work 
with human sperm or for sperm from other species. There are 
many well-established protocols to follow for Percoll-based 
sperm preparation  (  18  ) , but one advantage of PureSperm is 
that it is supplied ready for use. A general buffer containing a 
suitable detergent capable of preferentially lysing round cells in 
a human ejaculate can be used instead of density gradient cen-
trifugation or swim-up. The method described originally by 
Jeffreys et al.  (  27  )  can be used for semen samples with few 
round cells. A more rigorous process can be followed if heavy 
contamination with round cells is noted  (  28  ) .  

    3.    Mammalian sperm chromatin is far more compact than that 
found in a typical somatic cell nucleus. Consequently, antibod-
ies and other probes have a more dif fi cult and frequently 
impossible task of  fi nding their targets in sperm nuclei. The 

  4.  Notes
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best option that with care will preserve spatial and architectural 
features is some form of chromatin decondensation. Gentle 
decondensation is also the only option for successful immuno-
cytology because it helps to retain the target molecules. Salt 
washing will remove histones and many other positively charged 
proteins from the nucleus and so should be avoided unless this 
is your intention. The procedure described in Subheading  3.2  
works well for human and mouse sperm and is based on that 
reported originally by Ramos et al.  (  12  ) . It is highly recom-
mended that you watch the decondensation process in real 
time using a good phase contrast microscope to help you 
achieve the optimal time of exposure. Too short, and decon-
densation will be insuf fi cient; too long and you risk dispersing 
the chromatin altogether. This will require calibrating for the 
sperm of each species you are interested in examining. If possible, 
use a heated stage to give a constant temperature throughout 
(suggest 30°C). The decondensing step is the same regardless 
of whether you choose immuno fl uorescence (IF) or 
bright fi eld microscopy for downstream analysis. We prefer IF 
for visualising sperm histones because it provides greater sensi-
tivity than bright fi eld with chromagenic agents such as BCIP 
or DAB and gives more satisfactory signal to noise ratios, 
essential in the detection of “rare” components. For all incuba-
tions, including decondensing, prepare a humidi fi ed box for 
the slides. Soaking paper towels with water and placing them 
on the bottom of a large plastic container with the slides 
mounted above is satisfactory.  

    4.    The choice of paraformaldehyde is again dependent on per-
sonal  fi xative preference and the primary antibodies you wish 
to use. We strongly advise that you follow any recommenda-
tions provided by suppliers on  fi xative choice while experi-
menting with your own. We have obtained good results with 
both PFA and methanol–acetone  fi xation protocols.  

    5.    The micrococcal nuclease digestion procedure is based on a 
modi fi ed version of that described originally by Zalenskaya 
et al.  (  29  )  for human sperm. The same procedure can be used 
for mouse sperm although the dynamics of decondensation 
may differ.  

    6.    For SWB1, HTF (not HEPES buffered) can be used instead.  
    7.    The 90:45 interface, where immature sperm and somatic cells 

are frequently found can also be harvested for downstream 
analysis.  

    8.    Digestion time with MNase will depend on cell density and 
what downstream processing is required. Because of labelling 
and hybridization dynamics, fragment sizes of approximately 
200–500 bp are considered optimal for microarray analysis. 
Hence, one should aim to obtain a typical nucleosome ladder 
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from MNase digestion products (see Fig.  2 ). This will only be 
seen after isolating the DNA using, for example, a phenol–
chloroform, ethanol precipitation extraction step. The post-
digestion processing for microarrays often includes re-digestion 
with the frequent cutting enzymes Rsa1 and Alu1 to help 
achieve this goal. Digestion to mononucleosomes is suited to 
microarray analysis provided the tiling on the array is no greater 
than the fragment sizes to be probed. Mononucleosomes pack-
age ~150 bp DNA. It is well suited to downstream ChIP-seq 
strategies using monospeci fi c antibodies.  

    9.    Because histones bind DNA so strongly, it may not be neces-
sary to carry out cross linking under the conditions described 
in step 3 of Subheading  3.5 .  

    10.    Not every antibody is suitable for ChIP procedure. Commonly 
offered, so-called “ChIP grade” antibodies are those that have 
been successfully tested for ChIP applications. A critical step 
for discriminating a good from a poor ChIP grade antibody is 
the washing step with lithium chloride.  

    11.    While the high salt concentration should guarantee the effec-
tive removal of nonspeci fi c chromatin interactions with the 
agarose beads, the protein–antibody interactions should not be 
affected.  

    12.    The latest whole genome ampli fi cation (WGA) techniques are 
now good enough to maintain the complexity of sequence 
composition with a reasonably high  fi delity while providing up 
to 1,000 times the quantity of original input DNA. WGA is 
now used routinely in ChIP-chip procedures to help overcome 
the sample size limitations of microarrays. WGA of small 
DNA samples has proved to be a robust and reliable alternative 
to sample pooling in order to generate suf fi cient DNA for 
downstream analysis and should be considered if semen 
samples are a limiting factor. WGA may be compatible with 
DNA sequencing strategies but outputs should be interpreted 
with some caution.  

    13.    The initial random ampli fi cation step of the WGA protocol 
should be omitted due to prior fragmentation of sperm chro-
matin by sonication.          
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    Chapter 41   

 In Vitro Spermatogenesis Using an Organ Culture Technique       

     Tetsuhiro   Yokonishi   ,    Takuya   Sato   ,    Kumiko   Katagiri   , 
and    Takehiko   Ogawa         

  Abstract 

 Research on in vitro spermatogenesis has a long history and remained to be an unaccomplished task until 
very recently. In 2010, we succeeded in producing murine sperm from primitive spermatogonia using an 
organ culture method. The fertility of the sperm or haploid spermatids was demonstrated by microinsemi-
nation. This organ culture technique uses the classical air–liquid interphase method and is based on condi-
tions extensively examined by Steinbergers in 1960s. Among adaptations in the new culture system, 
application of serum-free media was the most important. The system is very simple and easy to follow.  

  Key words:   In vitro spermatogenesis ,  Spermatogonial stem cells ,  Sperm ,  Spermatids ,  Organ culture , 
 Cryopreservation    

 

 The research on in vitro spermatogenesis has a long history beginning 
in the early twentieth century  (  1,   2  ) . In its early phase, the organ 
culture method was extensively examined and proved to be an 
effective method to analyze conditions of spermatogenesis  (  3  ) . 
However, spermatogenesis did not proceed beyond the meiotic 
pachytene stage. The organ culture method was therefore aban-
doned, and other cell culture methods were then adopted by many 
researchers. In fact, new culture techniques were developed mostly 
based on the emerging molecular biology methodologies. Such 
techniques included the establishment of immortalized cell lines 
derived from germ cells or Sertoli cells  (  4,   5  ) . Nonetheless, it 
remained impossible to reliably induce complete spermatogenesis 
from spermatogonia or spermatognial stem cells in vitro. Little 
progress had been made in the last couples of decades. 

  1.  Introduction
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 In 2007, we began studying in vitro spermatogenesis mainly 
by reexamining the method and results obtained by Steinbergers in 
1960s  (  6  ) . We found that serum-free medium, supplemented with 
knockout serum replacement (KSR), is effective in inducing 
spermatogenesis from neonatal mouse testes  (  7  ) . Our method has 
several advantages as follows (1) it is very simple and easy to repeat, 
(2) it can reliably produce haploid cells, (3) in vitro spermatogenesis 
can be maintained for more than 2 months, (4) the resultant hap-
loids are fertile, and (5) cryopreservation of testis tissue fragments 
is possible and thawed fragmented remain viable and suitable for 
in vitro sperm production. In this chapter, we introduce our organ 
culture method as a powerful tool for the evaluation of spermato-
genesis in vitro.  

 

      1.     α -Minimum Essential Medium ( α -MEM) (Invitrogen, Carlsbad, 
CA, USA).  

    2.    Knockout Serum Replacement (KSR) (Invitrogen, Carlsbad, 
CA, USA).  

    3.    AlbuMAX I (40 mg/ml) (Invitrogen, Carlsbad, CA, USA).  
    4.    Penicillin–Streptomycin (×100; 10,000  μ /ml penicillin, 

10 mg/ml streptomycin).  
    5.    Sodium bicarbonate (7 %) in water.  
    6.    Organ culture medium ( α -MEM + 10%KSR): Dissolve  α -MEM 

(10.1 g) in 500 ml of double-deionized water (DDW) to make 
a double-concentrated  α -MEM. To 100 ml of double-concen-
trated  α -MEM, add 20 ml of KSR, 2 ml of Penicillin–
Streptomycin, and 5.2 ml of sodium bicarbonate (7 %). Then 
add DDW to a total volume of 200 ml. Alternatively, organ 
culture medium ( α -MEM + AlbuMAX) can be made by adding 
8 g of AlbuMAX I instead of 20 ml of KSR. Sterilize by  fi ltration 
through a 0.22 micro-meter Millipore membrane. Store the 
culture media in refrigerator.       

      1.    Erlenmeyer  fl ask (200 ml size).  
    2.    10 cm dishes.  
    3.    Agarose: Place 1.5 g of agarose and 100 ml of DDW in a 

200 ml  fl ask, then shake the  fl ask brie fl y to suspend the aga-
rose. Sterilize the agarose solution by autoclaving (2 atm, 
121 °C, 20 min).  

    4.    Agarose dish preparation: Pour 33 ml of agarose solution into 
three 10-cm dishes. The depth of the solution will be about 

  2.  Materials

  2.1.  Culture Medium

  2.2.  Agarose Gel 
Preparation
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5 mm. The agarose solution will solidify around 50°C. Leave 
the dishes for about 2 h at room temperature until agarose gels 
become solid. These prepared dishes can be preserved by seal-
ing and storing in a refrigerator for several weeks.      

      1.    GF Millipore Express plus membrane, 0.22 micro-meter 
(MILLIPORE, USA).  

    2.    Erlenmeyer  fl ask (200ml size).  
    3.    10-cm Cell culture dish, 100 mmre Expstyle.  
    4.    Scalpel blade or metal spatula.  
    5.    6-Well culture plate.  
    6.    Cut gel into hexahedrons of about 10 × 10 × 5 mm in size with 

a scalpel blade or spatula (Fig.  1a ).   
    7.    Place three to four hexahedrons into each well of 6-well plate 

(Fig.  1b ). Add culture medium ( α -MEM + 10%KSR or 
 α -MEM + AlbuMAX) to soak gels completely (Fig.  1c ). Keep 
them in an incubator overnight or longer in order to replace 
water in the agarose with the medium. At the initiation of a 
culture experiment, remove old medium by aspiration, and 
add new culture medium the well to the height of half or up to 
four  fi fths the height of the agarose gel pieces.      

      1.    Mice aged between 0.5 and 7.5 days postpartum (dpp) depend-
ing on research objectives (see Note 1).  

    2.    Forceps for microsurgical use.  
    3.    Stereomicroscope.  
    4.    CO 2  incubator.      

  2.3.  Culture Dish 
Preparation

  2.4.  Testis Tissue 
Preparation

  Fig. 1.    The process of cutting the agarose gel ( a ) into hexahedrins and transferring ( b ) 
them to 6-well culture plates ( c ).       
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      1.    Bouin’s  fi xative.  
    2.    Phosphate-buffered saline (PBS).  
    3.    4% Paraformaldehyde in PBS.  
    4.    Sucrose solutions: 10%, 15%, and 20% (w/v).  
    5.    Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, 

Japan).  
    6.    Cryostat.  
    7.    Adhesive glass slides.  
    8.    Dryer.  
    9.    0.2 % Triton-X100 in PBS (0.2% PBT).  
    10.    5 % Bovine serum albumin (BSA) in 0.2% PBT.  
    11.    Rabbit anti-SYCP1 primary antibody (Novus Biologicals, 

Colorado, USA: NB300-229): Dilute 1:600 in 0.2% PBT sup-
plemented with 5% BSA.  

    12.    Rabbit anti-SYCP3 primary antibody (Abcam, Cambridge, 
UK): Dilute 1:400 in 0.2% PBT supplemented with 5% BSA.  

    13.    Mouse anti-mouse sperm protein SP56 monoclonal primary 
antibody (QED Bioscience, Inc., California, USA): Dilute 
1:100 in 0.2% PBT supplemented with 5% BSA.  

    14.    Rat anti-GFP primary antibody (Nakalai tesque, Inc., Kyoto, 
Japan): Dilute 1:1,000 in 0.2% PBT supplemented with 5% 
BSA.  

    15.    Rabbit anti-GFP Alexa Fluor 488-conjugate primary antibody 
(Invitrogen, Carlsbad, CA): Dilute 1:50 in 0.2% PBT supple-
mented with 5% BSA.  

    16.    Alexa Fluor 555-conjugated goat anti-rabbit IgG secondary 
antibody (Invitrogen, Carlsbad, CA): Dilute 1:200 in 0.2% 
PBT supplemented with 5% BSA.  

    17.    Alexa Fluor 555-conjugated goat anti-mouse IgG secondary 
antibody (Invitrogen, Carlsbad, CA): Dilute 1:200 in 0.2% 
PBT supplemented with 5% BSA.  

    18.    ProLong Gold Antifade Reagent (Invitrogen).  
    19.    Hoechst 33342 dye.      

      1.    Liquid nitrogen storage tank.  
    2.    Serum tube (Sumitomo Bakelite Co., Ltd., MS-4501 W, 

Japan).  
    3.    Cell freezing medium (see Note 2): Cell Banker1 (Juji Field, 

Inc., Tokyo, Japan) or TC-Protector cell freezing medium (DS 
pharma biomedical).  

    4.    −80°C Freezer.       

  2.5.  Analysis 
of Spermatogenesis

  2.6.  Cryopreservation 
of Testis Tissue 
Fragments
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      1.    After euthanasia of mouse pup, remove testes and immediately 
place them in 3.5-cm dishes containing culture medium 
(Fig.  2 ). With two  fi ne forceps, hold the tunica albuginea at 
two close sites, and pull them apart to tear the tunica and 
expose seminiferous tubules inside. After fully exposing the 
seminiferous tubules, remove the tunica. Collect the mass of 
seminiferous tubules into a dish containing fresh culture 
medium cooled on ice (Fig.  3 ).    

    2.    Separate the testis tissue into smaller pieces of seminiferous 
tubules using forceps (Fig.  4 ). The size of the pieces is arbi-
trary, but they should be approximately 1 mg in weight or 

  3.  Methods

  3.1.  Culture of Mouse 
Testis Tissues

  Fig. 2.    A testis removed from a pup mouse.       

  Fig. 3.    A testis following removal of the tunica albuginea.       
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1 mm 3  in size when compacted. Maintain the pieces in culture 
medium.   

    3.    Hold each tissue fragment gently using forceps, or hold them 
with a micropipette by applying mild negative pressure. Transfer 
one to three of the testis tissue fragments to the hexahedrons 
(Fig.  5 ).   

    4.    Incubate the tissues by placing the 6-well plates in a culture 
incubator. The culture incubator should be supplied with 5 % 
CO 2  in air and maintained at 34 °C. Change medium once a 
week. For medium change, remove the old medium in a well 
by aspiration, then add the same amount of fresh culture 
medium (see Note 4).      

  Spermatogenesis in organ culture progresses at almost the same 
pace as occurs in vivo.

    1.    Histological evaluation (H&E, PAS stain): Fix the specimens 
with Bouinns wiis in and embed them in paraf fi n. Thin sections 
should be made in the horizontal direction to obtain the largest 

  3.2.  Analysis 
of the Progression 
of Spermatogenesis

  Fig. 4.    Dissociation of the seminiferous tubules into fragments suitable for tissue culture 
or cryopreservation.       
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cut surface (Fig.  6a ). The PAS stain is useful to identify round 
spermatids because the acrosomal dots or caps stain red 
(Fig.  6b ).   

    2.    Slide preparation for immunohistochemical evaluation: To pre-
pare frozen sections,  fi x testes tissue fragments with 4% PBS at 
4°C for 6–16 h, and wash them with PBS three times, then 
dehydrate in 10%, 15%, and 20% (w/v) sucrose for 4 h, 4 h, and 
overnight, respectively. Embed the testis tissues in OCT com-
pound and freeze them in liquid nitrogen. Make sections of 
about 7 mM in thickness using a cryostat. Place the tissue sec-
tions onto an adhesive slide. Dry the tissue sections for 15 min 
with dryer. Sections can be stored −80°C for later use.  

    3.    Immunohistochemical evaluation: Wash the sections with PBS 
for 5 min then wash them in 0.2% PBT four times, 10 min 
each. Incubate slides for blocking in 5% BSA in 0.2% PBT for 
60 min, then incubate them with primary antibodies overnight 
at 4°C. Wash the sections with 0.2% PBT four times, 10 min 
each. Apply the appropriate secondary antibodies for 60 min 

Agarose gel

Testis tissue of pup mouse

Culture medium
1 mm

  Fig. 5.    Schematic and photomicrograph of the organ culture method for testis tissue 
culture.       

  Fig. 6.    Photomicrographs of tissue sections following culture. ( a ) H&E-stained section 
demonstrating spermatogenesis at the periphery and degeneration toward the center. 
( b ) PAS-stained sections demonstrating intensely stained acrosomes.       
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and wash them with 0.2 % PBT four times, 10 min each. Add 
one or two drops of ProLong Gold Antifade Reagent and 
mount a cover glass (Fig.  7 ).   

    4.    Sperm identi fi cation: Place a tissue fragment on a glass slide 
and add several drops of PBS. Dissociate cells from the tissue 
using two 26 G needles by tearing and chopping up, then 
pipette the suspension with micropipetter. Observe the sample 
with a microscope. Without any staining,  fl agella are most eas-
ily identi fi ed. For nuclear staining, add Hoechst dye to the 
cell suspension (1–2 % v/v). This is helpful to identify the head 
of sperm or elongated spermatids (Fig.  8 ).   

  Fig. 7.    Cultured testis tissue of a Gsg2-GFP Tg mouse labeled with SP56 antibodies ( red  ), 
GFP ( green ), and Hoechst ( blue ).       

  Fig. 8.    ( a ) Flagellated spermatids whose heads are bound by Sertoli cells. ( b ) A single 
sperm obtained from cultured testis tissue.       
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    5.    Evaluation using transgenic mice: Transgenic mice expressing 
meiosis- or haploid-speci fi c GFP are very useful in this type of 
culture study. Such transgenic mice include Acr-GFP  (  8  )  and 
Gsg2/Haspin-GFP  (  9  ) . The GFP expression can be recog-
nized under a stereomicroscope equipped with  fl uorescent illu-
mination for GFP (Fig.  9 ). For the observation of Acr-GFP 
acrosomes, dissociate the cultured tissues mechanically using 
needles to release cells into PBS. Observe the cell suspension 
with a microscope under GFP excitation light.       

      1.    To cryopreserve testis tissue, prepare testis tissue fragments in 
the same manner for culturing as described in Subheading  3.1 . 
Hold each of the tissue fragments gently with micro-forceps 
and transfer them into sterile serum tubes containing 0.5–1.0 ml 
of cryoprotectant solution. Three to ten fragments can be cry-
opreserved in a single tube. Place the tubes in a −80 °C freezer 
overnight, then, plunge them in liquid nitrogen for storage.  

    2.    Thawing and initiation of culture: Remove tubes from the liq-
uid nitrogen. Place the tubes on a clean bench and let them 
thaw at room temperature. After thawing, recover the testis 
tissues using forceps or a micropipette and place them in a dish 
containing the culture medium to rinse the tissues. Place the 
tissues on agarose gel for culturing.       

 

     1.    The choice of mouse age may depend on the purpose of the 
experiments. As spermatogenic meiosis in mice starts around 
day 7–8 after birth, we usually use mice younger than that age 
to enable evaluation meiotic progression in vitro.  

  3.3.  Cryopreservation 
and Thawing of Testis 
Tissue Fragments

  4.  Notes

  Fig. 9.    ( a ) Testis tissue obtained from a Gsp2/Haspin-GFP mouse. ( b ) Active spermatogenesis 
is readily apparent with  fl uorescent illumination for GFP.       
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    2.    We have used two commercially available cryoprotectants, Cell 
Banker1 and TC-Protector cell freezing medium, and have not 
found a signi fi cant difference between them. A more simple 
DMSO solution is also suitable as cryoprotectant for the testis 
tissues.  

    3.    Incubation temperature is critical for in vitro spermatogenesis 
using this system. In our experience, 34 °C was better than 
32 °C for promoting spermatogenesis, and 37 °C was detri-
mental. We usually change medium once a week, which is gen-
erally suf fi cient to maintain the cultured tissue architecture and 
spermatogenesis for 5–10 weeks or more. However, more fre-
quent (twice a week) medium changes may be advantageous.          
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    Chapter 42   

 Testicular Tissue Grafting and Male Germ Cell 
Transplantation       

     Jose   R.   Rodriguez-Sosa   ,    Lin   Tang   , and    Ina   Dobrinski         

  Abstract 

 Testicular tissue grafting and male germ cell transplantation are techniques that offer unprecedented 
opportunities to study testicular function and development. While testicular tissue grafting allows recapitu-
lation of testis development and spermatogenesis from immature males of different mammalian species in 
recipient mice, germ cell transplantation results in donor-derived spermatogenesis in recipient testes. 

 Testicular tissue grafting results in spermatogenesis from a wide variety of large animal donor species 
and is therefore an attractive way to study testis development and spermatogenesis and preserve fertility of 
immature males. Germ cell transplantation represents a functional reconstitution assay for identi fi cation of 
spermatogonial stem cells (SSCs) in a given donor cell population and serves as a valuable tool to study 
stem cell biology and spermatogenesis. In this chapter we provide detailed methodology to successfully 
perform both techniques.  

  Key words:   Testicular tissue grafting ,  Testis development ,  Male germ cell transplantation ,  Spermatogenesis , 
 Spermatogonial stem cells    

 

 In the last two decades, important discoveries have provided 
unprecedented opportunities to explore testicular function and 
development. In 2002, we  fi rst reported that small fragments of 
testicular tissue from immature males, transplanted under the dorsal 
skin of immunode fi cient mice, were able to survive and undergo 
full development with the production of sperm  (  1  ) . Since then, testis 
tissue xenografting has been shown to be successful in a wide variety 
of species and emerged as a valuable alternative to study testis devel-
opment and spermatogenesis of large animals in mice  (  2  ) . 

  1.  Introduction
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 Testis tissue xenografting is particularly attractive for research 
as several mice can be transplanted with tissue from a single donor 
and then assigned to different treatment groups and collection 
time points. This allows the study of testis tissue from the target 
species with the advantages of working in a rodent model. For 
example, this approach reduces the number of large donor animals 
that are needed for study and the cost associated with it. Moreover, 
since the resulting sperm are capable of fertilizing and triggering 
normal embryo development, this approach can also be used to 
preserve fertility in immature males when sperm collection is not 
an option  (  3  ) . 

 In 1994, Dr. Ralph Brinster and colleagues at the University 
of Pennsylvania showed that microinjection of germ cells from 
fertile donor mice into the seminiferous tubules of infertile recipi-
ent mice results in donor-derived spermatogenesis and sperm pro-
duction by the recipient animal  (  4,   5  ) . The use of transgenic 
donors carrying the bacterial  β -galactosidase gene easily allowed 
identi fi cation of donor-derived spermatogenesis and transmission 
of the donor haplotype to the offspring by recipient animals. 
Through the tracing of donor cells, it was revealed that donor 
germ cells, after being transplanted into the lumen of the seminif-
erous tubules, were able to move from the luminal compartment 
to the basement membrane where spermatogonia are located  (  6  ) . 
It is generally accepted that only SSCs are able to colonize the 
stem cell niche in the seminiferous epithelium of recipient mice 
and initiate spermatogenesis. 

 Germ cell transplantation provides a functional approach to 
study the stem cell niche in the testis and to evaluate the stem cell 
potential of speci fi c populations of germ cells. Moreover, germ cell 
transplantation can be used to elucidate basic stem cell biology 
 (  6–  9  ) , to produce transgenic animals through genetic manipula-
tion of germ cells prior to transplantation  (  10,   11  ) , and to study 
Sertoli cell–germ cell interaction  (  12,   13  ) .  

 

      1.    Suture, Ethicon 6-0 silk.  
    2.    Wound clips.  
    3.    #5 Dumont Forceps.  
    4.    Hemostat.  
    5.    Extra Fine Graefe Forceps—0.5 mm Tip, Curved.  
    6.    Extra Thin Iris Scissors.      

  2.  Materials

  2.1.  Surgical 
Instruments
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      1.    Phosphate-buffered saline (PBS).  
    2.    Dulbecco’s modi fi ed Eagle’s medium (DMEM).  
    3.    Disposable scalpels, No. 10.  
    4.    Tissue culture dishes (60 × 15 mm).      

      1.    Collagenase, type IV: dissolve 7 mg of collagenase powder in 
7 ml of DMEM to make a working solution of 1 mg/ml. 
Filter-sterilize the solution (see Note 1).  

    2.    Trypsin–EDTA: prepare 4 ml (0.25 % trypsin plus 1 mM 
EDTA) (see Note 1).  

    3.    DNase I: dissolve 14 mg of DNase I in 2 ml of DMEM to 
make a working solution of 7 mg/ml. Filter-sterilize the solu-
tion (see Note 1).  

    4.    DMEM.  
    5.    Trypan blue.  
    6.    Nylon mesh cell strainer, 40 and 70  μ m (BD biosciences).  
    7.    Busulfan: dissolve Busulfan powder in DMSO and then add an 

equal volume of sterile distilled water to make a  fi nal concen-
tration of 4 mg/ml. Keep solution warm at 35–40 °C prior to 
use to avoid precipitation of Busulfan (see  Note 2 ).  

    8.    Thin-wall glass capillary tubes: used as the injection needle.  
    9.    Polyethylene tubing: attach the tubing to a 1 ml syringe to 

make a simple injection apparatus.  
    10.    Sigmacote (Sigma).  
    11.    1 ml Syringe.      

      1.    X-gal: Dissolve X-gal powder in  N , N -dimethyl formamide to 
give a stock solution of 10 mg/ml. Wrap in aluminum foil 
(light sensitive) and stored at −20 °C.  

    2.    Potassium Ferrocyanide: make 500 mM stock in water.  
    3.    Potassium Ferricyanide: make 500 mM stock in water.  
    4.    Magnesium chloride: make 1 M stock in water.  
    5.    Sodium deoxycholate: make 1 % stock solution in water.  
    6.     N , N -dimethylformamide: used to dissolve X-gal powder.  
    7.    Igepal CA-630 (Sigma): make 10 % stock solution in water.  
    8.    LacZ rinse buffer: 0.2 M sodium phosphate, pH 7.3; 2 mM 

magnesium chloride; 0.02 % Igepal CA-630; 0.01 % sodium 
deoxycholate; make up to 200 ml with PBS.  

    9.    LacZ staining buffer: 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide, 1 mg/ml X-gal, make up to 10 ml 
with LacZ rinse buffer.       

  2.2.  Testicular Tissue 
Grafting

  2.3.  Germ Cell 
Transplantation

  2.4.  X-Gal Staining
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  From Dobrinski and Rathi  (  14  )  and Rodriguez-Sosa et al.  (  15  ) . 

      1.    Obtain testis tissue by castration or biopsy from a donor 
male.  

    2.    Place testis in PBS or biopsies into culture medium, maintain-
ing sterile conditions.  

    3.    Keep the collected tissue on ice and transport to the laboratory 
(see Note 3).  

    4.    For preparation of donor tissue, perform in the tissue culture 
hood to maintain sterility. Wash each testis in ice-cold PBS 
containing antibiotics two to three times before transferring 
into a culture dish with PBS. In the case of biopsies, wash testis 
fragments two to three times with ice-cold culture medium 
containing antibiotics by centrifugation at 150 ×  g  for 2 min 
and resuspend in fresh ice-cold culture medium.  

    5.    If intact testes are collected, remove tunica vaginalis by making 
an incision along the surface and extrude the testis. Remove 
from testis all annex structures (spermatic cord, epididymis, 
connective tissue). Wash testes once in cold PBS and transfer 
into a culture dish with PBS. Carefully remove the tunica 
albuginea of the testis by using a scalpel blade and a pair of 
scissors. If the testis is very small, the tunica can be removed by 
squeezing the testicular tissue out of the tunica through a small 
incision made on one end while holding the tunica with a pair 
of small forceps on the other end.  

    6.    Depending on the size of the testis either the whole testis tissue 
can be cut into small pieces of around 1–2 mm 3  in size using a 
disposable No. 10 scalpel or large pieces of testis tissue can  fi rst 
be removed from the testis and then cut into smaller pieces. All 
this should be done in ice-cold culture medium and under 
sterile conditions in a small culture dish.  

    7.    Transfer the prepared tissue fragments to ice-cold culture 
medium in small culture dishes on ice until grafting.      

      1.    Anesthetize recipient mouse following approved protocols and 
prepare sterile surgical  fi eld by clipping the hair (not necessary 
in nude mice), and wiping with 70 % ethanol and betadine 
solution.  

    2.    Make a 0.5–1 cm ventral midline skin incision to expose the 
abdominal wall (see Note 4).  

    3.    Carefully expose the testis, the testicular artery and epididymis, 
and detach the tail of the epididymis from the gubernaculum 
by blunt dissection (Fig.  1a ).   

  3.  Methods

  3.1.  Testicular Tissue 
Grafting in Mice

  3.1.1.  Collection of Donor 
Tissue

  3.1.2.  Castration 
of Recipient Mouse
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    4.    Ligate the testicular artery and the vas deferens together with 
the blood vessel with silk, and section the ligated structures by 
cutting between the testis and the ligature (Fig.  1b ).  

    5.    Repeat the procedure for the second testis.  
    6.    Suture the abdominal wall with one or two surgical stitches.  
    7.    Close the skin incision with one or two Michel clips.      

  Fig. 1.    Key methodological steps in recipient preparation and ectopic transplantation of 
testicular tissue. ( a ) Photograph illustrating the detachment of the testis (T) from the 
gubernaculum (G) prior to ligation of the testicular artery and annexed structures. ( b ) Once 
the testis has been detached from the gubernaculum, the testicular artery and vas defer-
ens are ligated. In this photograph the ligature has already been placed ( arrow  ) and the 
sectioning of the ligated structures is about to be performed. ( c ) Once the mouse has been 
castrated and its back has been aseptically prepared, 0.5–1 cm incisions are made in the 
skin to introduce each testis fragment. ( d ) In order to place each testis fragment under the 
dorsal skin, the subcutaneous tissue is teased apart with small scissors to produce a 
small cavity. ( e ) The testis fragment is placed with  fi ne forceps deep into the subcutane-
ous cavity by holding the border of the skin incision with small forceps to expose the 
cavity. ( f ) Once the testis fragment has been placed, the incision is closed with a Michel 
clip. Bars = 1 cm.       
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      1.    Position the mouse in ventral recumbency and prepare a sterile 
surgical  fi eld on its back as above.  

    2.    Depending on how many grafts are to be inserted (generally 
4–8/mouse), make ~0.5 cm long skin incisions on each side of 
the midline of the back of the mouse (see Note 5).  

    3.    Use forceps to hold a border of the skin incision, and make a 
subcutaneous cavity by teasing apart the connective tissue 
using scissors.  

  3.1.3.  Ectopic Grafting 
(Summarized in Fig.  1c–f  )

  Fig. 2.    Germ cell transplantation procedure. Place recipients in dorsal recumbence after anesthesia and make a ~1 cm 
midline abdominal incision ( a ). Expose testis by withdrawing the fat pad attached to the epididymis and testis and place a 
thin sterile drape underneath the fat pad/testis for better visual identi fi cation ( b ). Position the testis and epididymis so that 
the efferent ducts buried in the fat pad are discernible ( c – e ). Identity the efferent ducts and gently remove fat tissue around 
the ducts. A piece of colored paper or plastic can be placed underneath the ducts for better visualization ( g ). Break or grind 
the pipette tip according to the size of the ducts and load cell suspension into the pipette ( h ). Carefully insert the pipette 
into a duct in the bundle of efferent ducts, gently thread a few millimeters toward the testis ( the arrow  in H shows the 
direction of pipette injection and threading). A testis with successful injection into the seminiferous tubules is shown ( i ). 
 Ts  Testis,  Ep  epididymis.       
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    4.    Using an iris forceps, place a piece of testis tissue deep into the 
subcutaneous cavity, holding the border of the skin incision 
with another iris forceps.  

    5.    Close the skin incision with one Michel clip and keep mouse 
on heating pad until it starts to recover from anesthesia.  

    6.    Transfer the mouse to a cage with additional insulation and 
cover and monitor until mice are fully recovered (see Note 6).      

      1.    Sacri fi ce the host mouse according to animal care and use 
guidelines and make a midline skin incision on the back skin 
running from the tail to the neck, and open the skin. This 
exposes the grafts which can be located either on the subcuta-
neous tissue or attached to the skin (see Note 7).  

    2.    Carefully remove the grafts using a pair of forceps and a pair of 
scissors.  

    3.    Record the number of grafts recovered, along with the size and 
weight of individual grafts.  

    4.    Retrieve the seminal vesicles from the abdomen of the mouse 
and record their weight as an indication of testosterone pro-
duction by the grafted tissue (see Note 8).  

    5.    For histological analysis, suspend xenografts into a sample vial 
containing Bouin’s solution (or other  fi xative) in a volume ~10 
times that of the xenograft, and label the vial appropriately. 
Incubate overnight in the refrigerator followed by washing at least 
three times in 70 % ethanol preferably at intervals of 24 h, and 
proceed for processing and embedding in paraf fi n (see Note 9).  

    6.    For sperm harvesting, wash xenografts by spinning them down 
at 300 ×  g  for 1 min and resuspend them in culture medium 
containing antibiotics. Cut grafts into small pieces and mince 
carefully with the forceps in a tissue culture dish containing 
3–5 ml of culture medium. Finally,  fi lter minced tissue through 
the 40- μ m cell strainer.       

       1.    Recipients should be immunologically tolerant (either genetically 
matched to donors or immunode fi cient) to the donor testis 
cells.  

    2.    Recipients should be either naturally devoid of spermatogene-
sis (e.g.,  W / W   v   mice) or depleted of endogenous germ cells. 
Germ cell depletion can be achieved by irradiation or chemo-
therapeutic drugs such as Busulfan. In this protocol, we describe 
the method of preparing recipient mice with Busulfan.  

    3.    Treat recipients at 4–6 week of age through intraperitoneal 
injection of Busulfan (see Note 10). The optimal dose of 
Busulfan is strain dependent. In commonly used recipient 
strains, a dose of 40–50 mg/kg is suf fi cient to deplete endogenous 

  3.1.4.  Collection 
of Testicular Grafts 
for Analysis and Sperm 
Harvesting

  3.2.  Male Germ Cell 
Transplantation

  3.2.1.  Preparation 
of Recipient Mice with 
Busulfan
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germ cells (e.g., 44 mg/kg for nude mice, 50 mg/kg for 
B6/129 F1 recipients).  

    4.    Dissolve Busulfan powder in DMSO and then add an equal 
volume of sterile distilled water to make a  fi nal concentration 
of 4 mg/ml. Keep solution warm at 35–40 °C before use to 
avoid precipitation of Busulfan. Discard solution if precipita-
tion is observed.  

    5.    After Busulfan treatment, allow at least 1 month before using 
recipients. Recipients can be used between 1 and 3 months 
post-Busulfan treatment.      

      1.    Choose borosilicate glass pipettes (capillary tubes) with a 
1.0 mm outer diameter, a 0.75 mm inner diameter, and a 
length of 3 in.  

    2.    Siliconize glass pipettes with Sigmacote, rinse pipettes with 
methanol and blow dry.  

    3.    Pull the pipettes using a pipette puller (see Note 11).  
    4.    Break the pipette tips under a dissecting microscope prior to 

use to achieve a diameter of approximately 50  μ m at the tip.      

      1.    Choice of donor strain is dependent on the experimental question 
studied. If quanti fi cation of spermatogenesis is used as the 
endpoint, use donors with an easily identi fi able genetic marker 
such as Lac-Z (e.g., B6.129 S7-Gt(ROSA)26Sor/J from 
Jackson Laboratory) or GFP (e.g., C57BL/6-Tg(CAG-
EGFP)1Osb/J from Jackson Laboratory).  

    2.    Prepare enzyme solutions (see Note 1).  
    3.    Collect testes aseptically and remove the tunica albuginea. 

Spread seminiferous tubules gently with  fi ne forceps to facili-
tate enzymatic digestion.  

    4.    Transfer tubules into collagenase solution, incubate at 37 °C 
for 5–10 min, and agitate frequently.  

    5.    Wash tubules twice by spinning (200–300 ×  g  for 3 min) and 
resuspend in PBS w/o Ca 2+ .  

    6.    Resuspend tubules in trypsin–EDTA and shake until they 
become sticky and cloudy.  

    7.    Monitor the digestion of tubules at 37 °C as it should occur 
within 1–2 min.  

    8.    Add DNase solution and shake well. Incubate for 1–2 min.  
    9.    Add 3 ml of FBS to stop the action of enzymes.  
    10.    Filter the cell suspension using a nylon mesh with 40–70  μ m 

pore size to remove cell/tissue chunks.  
    11.    Collect cells at 600 ×  g  for 5 min and resuspend cells in a small 

amount of DMEM (<100  μ l).  

  3.2.2.  Preparation 
of Microinjection Pipettes

  3.2.3.  Preparation of Donor 
Cells for Transplantation
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    12.    Count cells and adjust the volume to a desired  fi nal concentration 
(usually 100 × 10 6 ). Keep cell suspension on ice prior to use.  

    13.    Each Busulfan-treated mouse testis will be  fi lled with only 
10–15  μ l of cell suspension. Due to potential waste and leak-
age, aim to prepare 30–50  μ l cell suspension per testis.      

         1.    Anesthetize recipients. Place in dorsal recumbency and surgi-
cally prepare the abdominal area. Make a ~1 cm midline 
abdominal incision to expose the abdominal wall.  

    2.    Lift abdominal wall by using a small forceps at the point of the 
white line to avoid accidentally injuring abdominal organs, and 
proceed to make a ~0.5 cm incision at the midline of the 
abdominal wall to expose the peritoneal cavity.  

    3.    Use one iris forceps to hold the abdominal wall and use another 
pair of iris forceps to search for the fat pads attached to the 
epididymis and testis in the peritoneal cavity.  

    4.    Gently pull the fat pad out until the testis is exteriorized and 
the testicular artery and epididymis are clearly visible. Work on 
one testis at a time.  

    5.    Place a thin sterile drape made from autoclaved index cards 
underneath the fat pad/testis for better visual identi fi cation 
(optional). The drape also works to absorb  fl uid.  

    6.    Add a drop of Trypan blue dye into the cell suspension and 
carefully load the cell suspension into the polyethylene tubing 
connected to a 1 ml syringe. Attach the pulled pipette into the 
tubing and gently force the cell suspension into the pipette by 
applying pressure to the syringe (see Note 12).  

    7.    Identify the efferent ducts (that connect the testis to the 
epididymis) and gently remove fat tissue around the ducts. 
Work carefully as the ducts and the membrane around them 
are translucent.  

    8.    Carefully insert the pipette into a duct in the bundle of efferent 
ducts; gently thread a few millimeters toward the testis.  

    9.    Hold the injection pipette in place with one hand, and use the 
other hand to reach for the syringe plunger. Gently depress the 
plunger to ensure that the suspension  fl ows into the rete testis 
and the seminiferous tubules begin to  fi ll.  

    10.    The injection rate and  fl ow of cell suspension is regulated by 
thumb pressure. Avoid sudden increase in pressure; monitor 
the movement of suspension in tubules. Stop the injection 
when almost all surface tubules have been  fi lled before the tes-
tis starts to become ischemic (see Note 13).  

    11.    Return the testis to the abdominal cavity. Repeat procedure on 
the contralateral testis. Suture the abdominal wall with 6-0 silk 
suture and close the skin with metal wound clips. Monitor 
mice on a warming pad until full recovery.      

  3.2.4.  Transplantation 
Procedure 
(Summarized in Fig.  2 )
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      1.    Allow 2–4 months after transplantation before analysis.  
    2.    Sacri fi ce the recipient mouse according to animal care and use 

guidelines and collect the testis and epididymis into PBS. When 
a Lac-Z transgenic donor strain has been used, the epididymis 
can be used as a positive staining control as it has endogenous 
beta-galactosidase activity.  

    3.    For detection of donor cells by Lac-Z staining,  fi x the testis for 
1–2 h at 4 °C in 4 % paraformaldehyde (PFA) in PBS. Rinse 
3 × 30 min at room temperature in lacZ rinse buffer.  

    4.    Incubate overnight at 37 °C in lacZ staining solution. Testis 
can be stained as a whole or after dispersing the tubules.  

    5.    Fix and store in 10 % neutral-buffered formalin. If sections are 
analyzed use neutral fast red as counterstain.        

 

     1.    The amount described is for digesting two donor mouse testes. 
Scale the solution accordingly if digestion of more or fewer 
testes is intended.  

    2.    Handle Busulfan with caution. Measure and dissolve Busulfan 
power in a chemical hood. Allow Busulfan to complete dis-
solve in DMSO before adding water. Add water very slowing 
to the Busulfan/DMSO solution. Keep Busulfan solution 
warm in a preheated block during intraperitoneal injection and 
discard solution if precipitation is observed.  

    3.    Testes can be stored overnight at 4 °C prior to preparation of 
pieces for transplantation without affecting the ability of testis 
to survive and develop after grafting.  

    4.    Castration can also be performed through scrotal incisions.  
    5.    Spermatogenesis and development is variable between xeno-

grafts. Generally, xenografts located closest to the limbs show 
the best grafting outcome.  

    6.    In some cases gonadotropin supplementation to recipient mice 
may be required to improve development and germ cell dif-
ferentiation of xenografts. Horse and monkey xenografts show 
higher development and germ cell differentiation when hCG is 
applied to recipient mice  (  16,   17  ) .  

    7.    Individual grafts can be removed surgically by anesthetizing 
the mouse and removing the graft through a skin incision. 
However, this may affect the endocrine balance similar to the 
situation in hemi-castration.  

  3.2.5.  Analysis of Recipient 
Testes

  4.  Notes
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    8.    The seminal vesicles are androgen-dependent accessory sex 
glands. Their weight is an indicator of the levels of bioactive 
testosterone in the host mouse. In intact male mice, seminal 
vesicles weigh 100–300 mg, while in castrated male mice the 
weight is <10 mg.  

    9.    If the grafts are large (weighing over 100 mg), they should be 
cut into small pieces to assure suf fi cient penetration of the 
 fi xative.  

    10.    For transplantation to work ef fi ciently, choice and treatment of 
recipient animals is important. Recipients should be immuno-
logically tolerant (either genetically matched to donors or 
immunode fi cient) to the donor testis cells. Recipients should 
be depleted of endogenous germ cells either by irradiation or 
by chemotherapeutic drugs such as Busulfan. Alternatively, 
recipients that are naturally devoid of spermatogenesis (e.g., 
 W / W    v   mice) can be used without germ cell depletion.  

    11.    Different pipette puller machines have different settings, there-
fore, test a few settings. Generally, a setting similar to that used 
for making enucleation pipettes will work.  

    12.    Break the pulled pipette tip under a dissecting microscope 
before attaching it to the tubing. Make sure the diameter of 
the broken tip does not exceed the diameter of the ducts. After 
loading the pipette, test and adjust the  fl ow of cell suspension 
on a piece of sterile absorbent paper to ensure that there is no 
solution leakage without pressure applied. Also, make sure that 
the pipette is not blocked by cell aggregates.  

    13.    Watch the speed of tubule  fi lling closely under a dissecting 
microscope. Depending on the total cell number injected and 
the number of stem cells present in the injected cell suspen-
sion, injection volume can be customized. With good practice, 
a greater than 70 %  fi lling of the tubules can be easily 
achieved.          
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    Chapter 43   

 Transgenic Modi fi cation of Spermatogonial 
Stem Cells Using Lentiviral Vectors       

     Christina   Tenenhaus   Dann         

  Abstract 

 The continuous production of spermatazoa throughout the reproductive lifetime of a male depends on the 
maintenance of a pool of progenitor cells called spermatogonial stem cells (SSCs). SSCs represent a very 
small fraction of the cellular population in the testes and lack de fi nitive molecular markers for their 
identi fi cation. The discovery of conditions that allow one to propagate mouse SSCs in vitro essentially 
inde fi nitely has truly facilitated studies of the molecular mechanisms regulating SSC function. While mul-
tiple conditions for culturing SSCs have now been described, here we detail a method for culturing SSCs 
that uses a simpler medium than the original formulation. As with numerous other primary and stem cell 
cultures, it is dif fi cult to introduce DNA into cultured SSCs using standard transfection approaches. 
However, VSV-G pseudotyped lentivirus ef fi ciently infects cultured SSCs with minimal toxicity. Here we 
present protocols for producing lentivirus and stably modifying the genome of cultured SSCs using lenti-
viral vectors.  

  Key words:   Spermatogonial stem cell ,  GS cell ,  Germline stem cell ,  Transgene ,  Lentivirus ,  Tissue 
culture ,  Germ cell    

 

 Spermatogonial stem cells (SSCs) have the developmental capacity 
to give rise to an unlimited number of spermatazoa, ensuring con-
tinued fertility throughout the reproductive lifetime of males. SSCs 
are also the key to reestablishment of spermatogenesis following 
tissue damage and by transplanting SSCs into a sterile animal one 
can restore fertility. Aside from clinical applications in reproductive 
medicine, it has been proposed that SSCs could also serve as a 
source of cells for a variety of other types of cell therapy because 
SSCs exhibit remarkable plasticity  (  1,   2  ) . For instance, SSCs have 
the capacity for “dedifferentiation” into pluripotent ES-like cells 
in vitro without introducing exogenous factors into the cells  (  3–  10  ) . 

  1.  Introduction
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Intriguingly, SSCs/spermatogonia can even transdifferentiate 
directly into certain somatic cell types, such as prostatic epithelial 
cells, when introduced into an appropriate microenvironment 
 (  11  ) . Determining how regulatory factors within the SSCs func-
tion to ensure the continuous, yet controlled production of sper-
matogenic progenitors, without the generation of pluripotent or 
tumorogenic cells is an important question, particularly if the ther-
apeutic potential of SSCs is to be realized. 

 SSCs are a very rare cellular population dispersed amongst mil-
lions of somatic and germ cells in the adult male testis (e.g., 0.01% 
of 30 million testicular cells in the mouse)  (  12,   13  ) . Further, SSCs 
cannot be distinguished from other undifferentiated spermatogo-
nia in vivo because de fi nitive markers for the SSCs are lacking  (  14  ) . 
For these reasons, elucidation of the molecular details governing 
SSC development has been challenging. Fortunately, a major break 
through came in 2003 when conditions were discovered for propa-
gating mouse SSCs in long-term in vitro cultures, termed “ger-
mline stem” (GS) cells  (  15  ) . The method begins with the derivation 
of a primary cell culture from the testes. During the initial days of 
culture the germ cells are supported by somatic cells from the tes-
tes. Subsequently, the germ cells are cultured on mitotically inacti-
vated mouse embryonic feeder cells in a complex medium 
containing basic  fi broblast growth factor (bFGF) and glial cell line-
derived neurotrophic factor (GDNF), critical growth factors that 
stimulate proliferation and maintenance of the SSCs  (  16,   17  ) . GS 
cells proliferate to form clusters of interconnected cells, including 
SSCs and differentiating transit-amplifying cells, on the surface of 
the feeder layer  (  15  ) . 

 The original formulation of GS cell growth medium consists of 
Stem Pro, which is a proprietary base medium and supplement 
from Life Technologies, plus an additional 22 ingredients. This 
complete medium currently costs more than $450 per 500 mL. 
Also, maintaining numerous stock solutions and preparing fresh 
GS growth medium frequently requires a considerable investment 
of time. To save time and money, simpler formulations of media for 
maintenance of GS cells have been described. However, when GS 
cells are grown in these media the germ cell clusters exhibit reduced 
adherence to the feeder cells (C.T.D. unpublished data and  (  18  ) ). 
All things considered, GS cells require somewhat unusual handling 
compared to standard  fi broblast cell cultures. Preparation of a 
“simple” medium formulation (F12GFB) for GS cell growth and 
the method for routine GS cell maintenance using F12GFB are 
described in detail here (Table  1  and Subheading  3.3 ). Despite 
poor adherence, GS cell cultures propagated in F12GFB have been 
shown to maintain a population of functional SSCs based on col-
ony formation in a transplantation assay, the gold standard for 
measuring SSC self-renewal (C.T.D. unpublished data). Kanatsu-
Shinohara et al. (2006) have also reported that adherence to MEFs 
is not directly required for SSC self-renewal  (  19  ) .  
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 In order to use the GS cell culture model system to study the 
mechanisms regulating SSC self-renewal and differentiation, it is 
desirable to have a method for genetically manipulating GS cells. 
For instance, RNA interference is a useful tool for assessing gene 
function and can be accomplished through introduction of a trans-
gene that codes for small hairpin RNA (shRNA) expression in 
cells. However, similar to other primary and stem cells, GS cells are 
dif fi cult to transfect by standard means such as lipofection or elec-
troporation  (  20  ) . On the other hand, an effective tool for intro-
ducing foreign DNA stably into the genome of GS cells with 
minimal toxicity is lentivirus  (  21,   22  ) . Lentiviral transgenes are 
advantageous in that they are stably expressed, unlike other retro-
viral vectors that seem to be prone to silencing  (  23,   24  ) . A method 
for preparation and application of lentivirus to genetically modify 
GS cells is presented here (see Subheadings  3.4 – 3.7 ). The shRNA 
expression vector, pLLNeo-Oct3, which can be used to knock-
down rat or mouse  Pou5f1  (Oct4) expression, is used as an exam-
ple throughout (Fig.  1 ).   

 

      1.    MEF medium: Dulbecco’s Modi fi ed Eagle’s Medium with 
4,500 mg/L glucose containing 1.5 g/L sodium bicarbonate, 
15% fetal bovine serum (e.g., Hyclone Characterized), and 1% 
penicillin/streptomycin. Store at 4°C.  

    2.    0.2% Gelatin from porcine skin Type A; Add 1.0 g gelatin 
powder to 500 mL ultra-puri fi ed water and autoclave to dis-
solve and sterilize. Store at room temperature.  

  2.  Materials

  2.1.  Plating 
of Mitotically 
Inactivated MEFs

   Table 1 
  F12GFB medium components   

 Step  Component 
 Final 
concentration 

 1. Base media 
 DMEM/nutrient mixture F12-HAM  1× 

 2. Add nongrowth factor components 
  L -Glutamine  2 mM 
 100× Antibiotic–Antimycotic  1× 
 Fetal bovine serum ( see   Note 14 )  1% 
 2-Mercaptoethanol ( see   Note 15 )  55  m M 
 50× B27 Supplement Minus Vitamin A  1× 

 3. Add growth factor components 
 Recombinant human basic FGF ( see   Note 16 )  10 ng/mL 
 Recombinant rat GDNF ( see   Note 17 )  10 ng/mL 
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    3.    Cryovial of MEFs; Store in vapor phase of liquid nitrogen 
upon delivery from supplier. Mitotically inactivated MEFs can 
be purchased from a limited number of suppliers. MEFs derived 
from the DR4 strain are well established to support GS cell 
growth and are resistant to neomycin, hygromycin, puromy-
cin, and 6-thioguanine, important traits relevant when using 
them as a feeder layer during antibiotic selection for establish-
ing a stably transgenic cell line. However, DR4 MEFs are also 
relatively dif fi cult to produce and are therefore costly and have 
limited availability. As an alternative, we have found that the 
Neomycin resistant MEFs sold by Applied Stem Cell also sup-
port GS cell growth.      

      1.    F12GFB medium (Table  1 ).  
    2.    Mitotically inactivated MEFs plated in tissue culture dishes as 

needed.  
    3.    Cryovial of GS cells.      

      1.    F12GFB medium (Table  1 ).  
    2.    Mitotically inactivated MEFs plated in tissue culture dishes as 

needed.  

  2.2.  Recovery 
of Cryopreserved 
GS Cells

  2.3.  GS Cell 
Propagation Using 
F12GFB Medium

  Fig. 1.    pLLNeo-Oct3 vector. Elements important for lentiviral production include self-inac-
tivating long-terminal repeats (5 ¢  LTR and 3 ¢  SIN-LTR), Psi HIV packaging signal, central 
polypurine track (FLAP) and Woodchuck hepatitis viral response element (WRE). The 
Polymerase III U6 promoter drives expression of an shRNA that targets  Pou5f1  (not 
labeled). The Phosphoglycerate Kinase promoter drives expression of a Neomycin 
Resistance gene, which is followed by a bovine growth hormone poly A addition site (PGK-
Neo-BGHpolyA); the entire PGK-Neo-BGHpolyA cassette is  fl anked on either side by unique 
 Eco RI and  Xho I restriction enzyme sites.       
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    3.    0.05% Trypsin.  
    4.    Dulbecco’s Phosphate-Buffered Saline (DPBS) without cal-

cium or magnesium.  
    5.    0.2% Gelatin from porcine skin Type A.      

  Portions of this section were reproduced from “Germline Stem 
Cells” (2008) with permission from Humana Press, a part of 
Springer Science + Business Media  (  25  ) .

    1.    Plasmid DNAs (pMD2G, pMDLg/pRRE, pRSV-REV, pLL-
Neo-Oct3 or derivative)  (  26,   27  )  prepared with a transfection-
grade plasmid DNA isolation kit (e.g., Qiagen EndoFree 
Plasmid Maxi Kit) and resuspended in sterile TE (pH 7.5) at 
0.5–2 mg/mL (see  Note 1 ).  

    2.    0.2% Gelatin from porcine skin Type A.  
    3.    Low passage number (<20) 293 FT cells (Invitrogen) main-

tained in T150  fl asks or 10 cm plates.  
    4.    293 medium: Dulbecco’s Modi fi ed Eagles’ Medium with 

4,500 mg/L glucose and 3.7 g/L sodium bicarbonate, and sup-
plemented with 10% FBS, 2 mM glutamine and 1% penicillin/
streptomycin. Add 500  m g/mL Geneticin (G418) to medium 
prior to use for cell maintenance.  

    5.    0.5 M CaCl 2  in ultrapure (Millipore) water;  fi lter sterilize and 
store at 4°C for 2 months.  

    6.    2× HeBS pH 7.0: 0.28 M NaCl, 0.05 M HEPES, 1.5 mM 
Na 2 HPO 4  anhydrous in ultrapure (Millipore) water;  fi lter ster-
ilize and store at 4°C for 2 months.  

    7.    BW: 2.5 mM HEPES pH 7.3 in ultrapure (Millipore) water; 
 fi lter sterilize and store aliquots at −20°C.  

    8.    40 mM Caffeine (see  Note 2 ).  
    9.    50 mL Steri fl ip-HV  fi lter unit with 0.45  m m PVDF 

(Millipore).  
    10.    30 mL Polyallomer Konical tube (Beckman) and adapters 

(Beckman, 358156).  
    11.    SW-28 Rotor and Ultracentrifuge (Beckman).      

      1.    COS-7 cells (ATCC) or other adherent cell line (see  Note 3 ).  
    2.    293 Medium (see Subheading  2.4 ) containing 500  m g/

mL G418.  
    3.    6 mg/mL polybrene (Hexadimethrine Bromide) in water; 

 fi lter sterilize and store aliquots at −20°C. Add polybrene to 
medium (6  m g/mL) just prior to use.  

    4.    1% Crystal violet in 100% ethanol.  
    5.    Phosphate-buffered saline (PBS).      

  2.4.  Preparation 
of Lentivirus

  2.5.  Determination 
of Relative Infectious 
Titer Based on 
Antibiotic Resistance
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      1.    F12GFB medium (Table  1 ).  
    2.    Titered lentivirus.      

      1.    96-Well plate, 60 mm dish, multi-well plates for expansion.  
    2.    Stereo dissecting microscope.  
    3.    9 in. glass pasteur pipet pulled over a bunsen burner to a  fi ne 

capillary.  
    4.    Aspirator tube mouthpiece (e.g., Drummond).  
    5.    Latex tubing to connect mouthpiece to pasteur pipet.  
    6.    Syringe  fi lter (25 mm, 0.2 mM polyethersulfone) connected 

by latex tubing in line between mouthpiece and pasteur pipet.       

 

      1.    Pipet a suf fi cient volume of 0.2% gelatin to cover the bottom 
of wells of culture dishes in which the MEFs will be plated.  

    2.    Incubate the plate(s) at 37°C for at least 10 min and until step 
10 (see  Note 4 ).  

    3.    Prepare a 50 mL tube with 9 mL pre-warmed MEF medium.  
    4.    Remove the vial of frozen cells from liquid nitrogen and thaw 

quickly in a 37°C water bath by holding the vial partly sub-
mersed and swirling it gently.  

    5.    When only a small volume of ice remains (about 45 s), decon-
taminate the outside of the vial by spraying it with 70% ethanol 
and wipe dry.  

    6.    Use a 2 mL pipette to transfer the cells to the 50 mL tube with 
9 mL MEF medium.  

    7.    Centrifuge at 270 ×  g  for 5 min and discard supernatant.  
    8.    Resuspend the pellet in 6 mL MEF medium.  
    9.    Determine the cell concentration using a hemocytometer.  
    10.    Add an appropriate volume of MEF medium to obtain a  fi nal 

cell concentration of 2 × 10 5  cells/mL.  
    11.    Aspirate the gelatin from plates. The plates do not need to be 

dry prior to plating the MEFs.  
    12.    Plate out diluted MEFs to multi-well plates at a concentration 

of 4.2 × 10 4  cells per cm 2  (e.g., 2 mL per well of 6-well plate).  
    13.    Incubate the plate at 37°C. MEFs should be given time (at 

least 4 h) to adhere prior to using as a feeder layer for GS cells. 
The medium on the plated MEFs should be replaced every 3–4 
days until they are used for GS cell growth (see  Note 5 ).      

  2.6.  Transduction 
of GS Cells 
with Lentivirus

  2.7.  Establishment 
of Stably Transgenic 
GS Cell Lines

  3.  Methods

  3.1.  Plating 
of Mitotically 
Inactivated MEFs
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      1.    Ensure that a well (12-well size) of high-quality mitotically 
inactivated MEFs is prepared (see  Note 5 ).  

    2.    Remove the vial of frozen cells from liquid nitrogen and thaw 
quickly in a 37°C water bath by holding the vial partly sub-
mersed and swirling it gently.  

    3.    When only a small volume of ice remains (about 45 s), decon-
taminate the outside of the vial by spraying it with 70% ethanol 
and wiping dry.  

    4.    Using a 2 mL pipette, transfer the cells to a 15 mL tube con-
taining 5 mL F12GFB.  

    5.    Centrifuge at 270 ×  g  for 5 min and discard supernatant.  
    6.    Resuspend the pellet in 5 mL F12GFB and repeat Step 5.  
    7.    Discard medium from the well of MEFs, rinse brie fl y with 

F12GFB and discard.  
    8.    Resuspend the pellet in 1 mL F12GFB and transfer to the well 

containing rinsed MEFs.  
    9.    Incubate the plate overnight at 37°C.  
    10.    After an overnight incubation most of the living germ cells 

should be loosely attached to the MEFs. Discard the medium 
containing cell debris and replace with 1 mL of fresh 
F12GFB.      

  During the  fi rst 1–2 days following thawing or passaging, GS cells 
will be single, isolated cells on the MEFs. Subsequently the cells 
will begin to proliferate to form clusters of interconnected cells (see 
 Note 6 ). Once clusters comprise approximately 50 or more cells, or 
no more than 10–14 days after the cells were plated, the culture 
should be passaged. The way in which one passages GS cells depends 
on the appearance of the culture and the desired downstream appli-
cation. GS cell cultures grown in F12GFB include MEFs,  fl oating 
germ cell clusters and loosely adherent germ cell clusters, and the 
ratio of  fl oating and adherent clusters varies widely for unknown 
reasons. Further, the ratio of GS cells to MEFs depends on several 
factors including the number of GS cells plated and the amount of 
GS cell proliferation and cell death. In this section, two methods 
for harvesting GS cells are described that differ in the way that the 
 fl oating clusters and MEFs are handled. In method 1, the  fl oating 
clusters are discarded; this method is similar to the routine passag-
ing method used for adherent somatic cell lines. It is appropriate to 
use method 1 for routine passaging of GS cells if a signi fi cant frac-
tion of spermatogonia is attached to the feeder layer. An optional 
gelatin subtraction procedure at the end of method 1 can be useful 
for certain applications in which the separation of spermatogonia 
from MEFs is required; however, gelatin subtraction is not essential 
during routine passaging of robustly growing cultures. Method 2 
presents steps for harvesting a maximal yield of germ cells without 

  3.2.  Recovery 
of Cryopreserved 
GS Cells

  3.3.  GS Cell 
Propagation Using 
F12GFB Medium
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MEFs by trypsinization of both the  fl oating and loosely adherent 
germ cell clusters. Both methods are presented assuming a single 
well of a 6-well plate is being processed, but the method can be 
scaled according to the investigator’s needs. 

      1.    Ensure that a well of healthy MEFs is prepared and available 
before beginning.  

    2.    Ensure that a signi fi cant fraction of germ cells is attached to 
the MEFs.  

    3.    Remove medium with  fl oating cells and discard.  
    4.    Gently pipet 1 mL PBS (for 6-well) into the well and then 

remove and discard.  
    5.    Pipet 1 mL trypsin into the well.  
    6.    Incubate the plate at 37°C for 5 min.  
    7.    Pipet trypsin up and down in the well to mechanically disrupt 

cells and transfer to a conical tube.  
    8.    Pipet 1 mL F12GFB medium into the well and wash off 

remaining cells. Transfer the supernatant to the tube with the 
rest of the cells/trypsin. Mix vigorously by pipeting.  

    9.    Centrifuge at 270 ×  g  for 5 min and discard supernatant.  
    10.    Resuspend cells in 1 mL F12GFB medium.  
    11.    Determine the concentration of spermatogonia using a hemo-

cytometer (see  Note 7 ).  
    12.    Plate out 4 × 10 5  spermatogonia per well of a 6-well plate. For 

routine passaging this typically corresponds to replating 20% 
(1:5) of the cells harvested from one well to a new well of the 
same size. It is expected that the culture will need to be pas-
saged about once per week.     

 Steps 13– 17 : Optional gelatin subtraction for separation of sper-
matogonial fraction from MEFs.

    13.    Replate the cell suspension from step 10 back on to the origi-
nal well.  

    14.    Incubate the plate at 37°C for 1.5–2 h. MEFs will be partially 
adhering to the plastic and germ cells will be  fl oating or loosely 
attached to the MEFs.  

    15.    Transfer the medium with  fl oating cells into a conical tube.  
    16.    Using a 2 mL serological pipet, very gently pipet an additional 

2 mL F12GFB up and down on the well to remove loosely 
attached germ cells and pool with the cells from step 15. Pay 
particular attention to the edges of the well, where a signi fi cant 
fraction of the clusters may be found.  

    17.    Visually inspect the well with an inverted microscope to check 
whether the GS cells are being effectively harvested. If needed, 
continue to rinse the well very gently with F12GFB to collect 
all of the germ cells.      

  3.3.1.  Passaging of GS 
Cells: Method 1
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      1.    Collect the medium with  fl oating clusters and dispense into a 
conical tube.  

    2.    Pipet 2 mL PBS on to the well (for a 6-well).  
    3.    Wash the loosely adhering clusters off as follows. Pipet the PBS 

up and down while moving the tip in a swirling motion across 
the well. The tip should hover closely over the surface of the 
plate but should not scrape the surface of the plate. Continue 
to pipet until the germ cell clusters are removed, as determined 
by visual inspection with an inverted microscope. Pay particu-
lar attention to the edges of the well, where a signi fi cant frac-
tion of the clusters may remain attached.  

    4.    Transfer the 2 mL of PBS and cells to the conical tube.  
    5.    Wash the remaining cells off with another 1 mL of PBS and 

add to the tube.  
    6.    Centrifuge at 270 ×  g  for 5 min.  
    7.    Aspirate the supernatant by pipeting and discard.  
    8.    Resuspend cells in 1 mL of 0.05% trypsin by pipeting vigor-

ously up and down.  
    9.    Incubate cells in trypsin for 5 min at room temperature.  
    10.    Add 1 mL F12GFB to cells in trypsin and pipet vigorously up 

and down.  
    11.    Centrifuge at 270 ×  g  for 5 min and discard supernatant.  
    12.    Resuspend cells in 1 mL of F12GFB by pipeting vigorously up 

and down.  
    13.    Plate cells out as described in Step 12 of Method 1 (see 

Subheading  3.3.1 ).       

  The following protocol is written for a single 10 cm plate but is 
typically scaled up to a minimum of four plates. Portions of this sec-
tion reproduced from “Germline Stem Cells” with permission from 
Humana Press, a part of Springer Science + Business Media  (  25  ) .

    1.    Apply 5 mL 0.2% gelatin to each 10 cm plate and incubate at 
37°C for 10 min. Using gelatin-coated plates improves adhe-
sion of the cells.  

    2.    Remove gelatin and apply 3 × 10 6  293 FT cells in 10 mL 
medium (without G418) to each plate.  

    3.    Gently rock the plate to ensure an even distribution of cells 
and allow cells to adhere ~16 h (overnight) at 37°C (see  Note 
8 ).  

    4.    Mix DNAs (3  m g pMD2G, 5  m g pMDLG/pRRE, 2.5  m g pRS-
REV, and 10  m g pLLNeo-Oct3 or derivative) with BW to give 
a  fi nal volume of 250  m L  (  26,   27  ) .  

    5.    Add 250  m L 0.5 M CaCl 2  to DNA/BW and mix well.  

  3.3.2.  Passaging of GS 
Cells: Method 2

  3.4.  Preparation 
of Lentivirus
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    6.    Add the DNA/BW/CaCl 2  mixture slowly drop-wise (1 drop 
every 2 s) to 500  m L 2× HeBS in a 15 mL tube while vortexing 
at a medium speed.  

    7.    Allow transfection complexes to form undisturbed at room 
temperature for exactly 30 min.  

    8.    Using a 2 mL serological pipet, slowly apply transfection com-
plexes one drop at a time over the entire plate by placing the 
tip of the pipette just above the surface of the medium in the 
plate to prevent disruption of cell adhesion.  

    9.    Incubate ~16 h (overnight) at 37°C.  
    10.    Refresh the transfection complexes with 9.5 mL fresh medium 

(without G418) (see  Note 9 ). Add 0.5 mL 40 mM caffeine 
and swirl gently to mix. Use biosafety level 2 guidelines (see 
 Note 10 ) for this and all subsequent steps involving 
lentivirus.  

    11.    Incubate ~24 h (overnight) at 37°C.  
    12.    Collect the supernatant medium from the plate (“A” superna-

tant on cells from 24 to 48 h post-transfection) (see  Note 11 ) 
into a 50 mL conical tube and replace with 10 mL fresh 
medium (without G418). Store supernatant medium “A” at 
4°C overnight.  

    13.    Incubate ~24 h (overnight) at 37°C.  
    14.    Collect the supernatant medium from the plate (“B” superna-

tant on cells from 48 to 72 h post-transfection) into a 50 mL 
conical tube.  

    15.    Cover the surface of the plate with bleach to kill the cells, 
transfer the bleach to a waste beaker, and discard the plate (see 
 Note 12 ).  

    16.    Centrifuge tubes of collected supernatant medium at 2,500 ×  g  
for 15 min at 4°C to remove cellular debris.  

    17.    Filter supernatant medium using a SteriFlip (0.45  m M) or simi-
lar  fi ltration unit.  

    18.    Place conical bottom tubes into the rotor tubes  fi tted with 
adapters (SW28 rotor with Beckman Ultracentrifuge) and 
pipette supernatant into each tube.  

    19.    Centrifuge at 82,705 ×  g  for 90 min at 4°C to pellet lentivirus 
particles.  

    20.    Pour off supernatant medium into the bleach waste (see  Note 
13 ) and use a pipette and/or Kimwipes to remove as much 
residual liquid as possible from the side of the tube.  

    21.    Apply 40  m L (or 10  m L per 10 cm plate of lentivirus superna-
tant) of F12GFB to the pellet and incubate for 2–16 h at 4°C.  

    22.    Resuspend the pellet by pipetting up and down 20 times and 
aliquot (5–20  m L each) prior to storing at −80°C.      
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      1.    Apply 1 × 10 5  COS7 cells to each well of a 6-well plate and 
allow cells to adhere ~16 h (overnight) at 37°C (see  Note 3 ).  

    2.    Aliquot 1 mL of 293 medium containing 6  m g/mL polybrene 
into 1.5 mL tubes.  

    3.    Add virus (typically 1–5  m L of lentivirus diluted 1:50) to each 
tube. Test multiple quantities of virus, perform duplicates for 
each amount of virus being tested and also include one well 
with no virus.  

    4.    Replace medium in each well of the 6-well plate with medium 
containing virus.  

    5.    Incubate ~24 h (overnight) at 37°C.  
    6.    Replace medium containing virus with fresh medium.  
    7.    Incubate ~24 h (overnight) at 37°C.  
    8.    Replace medium with fresh medium containing 500  m g/mL of 

G418.  
    9.    Continue to feed cells every 3–4 days with medium containing 

G418 until the negative control well contains no living cells 
(~10–12 days of G418 selection).  

    10.    To stain cells with crystal violet and count colonies,  fi rst rinse 
the wells two times with PBS.  

    11.    Pipet 1 mL crystal violet solution per well and incubate at 
room temperature for 10 min.  

    12.    Remove crystal violet solution and wash away excess stain by 
rinsing the wells multiple times with PBS until all excess dye 
has been rinsed out.  

    13.    The number of colonies obtained will depend not only on the 
number of viral particles present but also on the activity of the 
promoter used to drive expression of the Neomycin resistance 
gene in COS7 cells. As a reference point, transduction with 
1  m L of 1:50 diluted lentiviral particles from the pLLNeo-Oct3 
vector (see “A” supernatant from Subheading  3.4 ) would be 
expected to yield 50–100 colonies; transduction with 5  m L of 
1:50 would be expected to lead to con fl uent cell growth (see 
 Note 12 ).      

      1.    Prepare a suspension of GS cells by tryspinization, as in 
Subheading  3.3.2 .  

    2.    Pipet 1 × 10 5  cells into a 1.5 mL tube, per transduction.  
    3.    Centrifuge at 1,000 ×  g  for 5 min in a microcentrifuge and dis-

card supernatant.  
    4.    Resuspend cells in lentivirus (typically 2–30  m L) and F12GFB 

totaling 100  m L, mix by pipeting gently up and down, and trans-
fer mixture of cells and lentivirus to a well in a 96-well plate.  

    5.    Incubate ~16 h (overnight) at 37°C.  

  3.5.  Determination 
of Relative Infectious 
Titer Based on 
Antibiotic Resistance

  3.6.  Transduction 
of GS Cells 
with Lentivirus
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    6.    Discard the medium with virus and replace with 100  m L fresh 
medium.  

    7.    Expression from a lentiviral vector is delayed by about 1 day 
compared to expression from transfected plasmid DNA and 
should be evident on the second day after transduction.      

  Note that pLLNeo-Oct3 leads to knockdown of  Pou5f1 , a gene 
that is required for SSC self-renewal. Therefore, robust growth 
of G418-resistant clones does not actually occur using this par-
ticular vector.

    1.    Transduce cells as described in Subheading  3.6 .  
    2.    Three days after transduction trypsinize the transduced cells 

(see Subheading  3.3 ) and plate onto a 60 mm dish (see  Note 
14 ). Plate the cells in F12GFB containing 200  m g/mL G418.  

    3.    Feed cells every 3–4 days with F12GFB containing 200  m g/
mL G418. G418-resistant clusters should become evident and 
continue to expand in size. Each cluster should be well isolated 
from other clusters.  

    4.    Once clusters contain 100+ cells, generally after 10–20 days of 
growth in G418-containing medium, individual clusters can 
be isolated manually as follows.  

    5.    Create a  fi ne capillary pipet by heating the middle of the tip of 
a glass pasteur pipet over a Bunsen burner  fl ame until it is soft. 
Remove from  fl ame and quickly yet gently pull straight out-
wards on either end until it is stretched to at least twice the 
original length. After the glass has cooled (about 3 s) then pull 
sharply outwards until the narrow region in the middle snaps. 
Retain the main part of the pipet while discarding the other 
end. Expect that the diameter of the capillary opening will be 
much larger than a germ cell cluster; however, if the capillary is 
too thin it will not be stiff enough to resist surface tension in 
the culture dish.  

    6.    Using the aspirator mouthpiece and tube assembly (see 
Subheading  2.7 ), remove individual clusters from the feeder 
layer while viewing the clusters under low magni fi cation (about 
30× is suf fi cient) using a dissecting microscope. Transfer each 
cluster into a well of a 96-well plate containing F12GFB 
medium with 200  m g/mL G418. Collect at least 10 clusters/
clones. The process of transferring a cluster to an individual 
well will cause it to disintegrate into smaller clusters.  

    7.    Maintain individual clusters in a 96-well plate for 7–14 days by 
feeding with F12GFB medium with 200  m g/mL G418 every 
3–4 days, and then trypsinize and transfer to a larger well (48-
well). Continue to expand each clone until suf fi cient cells are 
obtained for cryopreservation. Analyze the resulting cell lines 
as desired.       

  3.7.  Establishment 
of Stably Transgenic 
GS Cell Lines
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     1.    The viral packaging plasmids and their sequences can be 
obtained at Addgene.org.  

    2.    Addition of caffeine during lentiviral production has been 
shown to improve titers by three- to eightfold  (  28,   29  ) . 
Caffeine has limited solubility in aqueous medium. Add caf-
feine powder to DMEM base medium containing 1× penicil-
lin/streptomycin to obtain 40 mM  fi nal concentration. Vortex 
and/or mix at room temperature on a rocker until the caffeine 
has dissolved. Filter sterilize and store at 4°C.  

    3.    Any adherent cell line that is not already resistant to G418 (or 
the antibiotic to be used for selection) and is amenable to len-
tivirus transduction may be used for titering (see  Note 11 ).  

    4.    Throughout this chapter incubations at 37°C are to be done in 
a humidi fi ed incubator with 5% CO 2  unless noted otherwise.  

    5.    High-quality MEFs are characterized by homogeneous and 
complete coverage of the plastic. It is important that MEFs 
appear as a con fl uent lawn throughout the well to ensure that 
GS cell growth is optimal. GS cells can be plated on DR4 MEFs 
up to 14 days after plating the MEFs; however, Neomycin 
resistant MEFs (from Applied Stem Cell) lose integrity after 
7–10 days.  

    6.    In the  fi rst 1 or 2 days following thawing and plating of GS 
cells, one may have dif fi culty in distinguishing the germ cells 
from other cells, such as dead MEFs. However, after about 
3  days doublets and larger clusters of spermatogonia should 
become visible. Generally speaking, cluster size should approx-
imately double each day during the  fi rst several days following 
plating of individualized cells.  

    7.    When using a hemocytometer to count GS cell cultures, sper-
matogonia are readily distinguishable from MEFs because the 
spermatogonia have a small, round morphology while MEFs 
are larger and more irregularly shaped. Also, as the GS cells 
proliferate the ratio of spermatogonia to MEFs will increase.  

    8.    293FT cells should be ~70% con fl uent on the day of transfec-
tion, nearly 100% con fl uent the morning after transfection and 
may exhibit a decline in con fl uency thereafter during lentivirus 
production (depending on the plasmid being packaged).  

    9.    The volume per plate may be varied from 7.5 to 10 mL such 
that the  fi nal supernatant volume to be concentrated is 30 mL, 
which is the volume constraint of the centrifuge tubes used in 
ultracentrifugation.  

    10.    The use of lentiviral vectors described here is considered bio-
safety level 2. The biosafety of fi ce at your institution should be 

  4.  Notes
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noti fi ed prior to using these reagents. The production of virus 
and handling of concentrated viral stocks should be performed 
in a biosafety cabinet (tissue culture hood) while wearing two 
pairs of gloves and a lab coat. All pipettes and plates exposed to 
infectious virus should be decontaminated with bleach prior to 
disposal as standard biohazardous material. This maybe accom-
plished by placing a 500 mL beaker with about 300 mL 50% 
bleach (in tap water) in the tissue culture hood and using this 
as a waste beaker as well as a source of bleach for decontami-
nating plates or pipettes.  

    11.    Generally, the “A” collection of lentivirus tends to have a 
higher titer than the “B” collection, although this may vary 
between lentiviral vectors or preparations. Although “A” and 
“B” may be pooled at any point after their collection, to obtain 
a maximal concentration of virus it is recommended that the 
“A” and “B” collections are treated as distinct preparations 
through the titering procedure. Following titering one may 
choose to utilize only the higher titer “A” lentivirus and dis-
card the “B” lentivirus.  

    12.    The goal of titering in COS7 cells by antibiotic selection is to 
determine relative titer, for instance of multiple virus prepara-
tions. The method presented will not be useful for obtaining 
an absolute titer (such as viral particles per volume of virus) 
because infection rates and activity of the promoter driving 
Neomycin expression may vary between GS cells and other cell 
types. Nonetheless, titering in COS7 cells can be useful for 
con fi rming production of infectious lentivirus and determin-
ing relative titers. For example, one can compare lentivirus 
preparations of vectors for target shRNA expression and scram-
bled control shRNA expression to ensure similar infection rates 
are achieved once vectors are applied in GS cells.  

    13.    As an alternative to antibiotic selection, if the lentiviral vector 
includes a  fl uorescence reporter then a  fl ow cytometer can be 
used to sort transgenic cells and establish a cell line. To gener-
ate clonal cell lines by  fl ow cytometry, cells can be sorted 
directly into wells of a 96-well dish (10 cells per well yields an 
average of one surviving cluster-forming cell per well). To gen-
erate a polyclonal cell line, 10,000 cells sorted into a single well 
of a 96-well plate will effectively and quickly yield a GS cell line 
composed of cells containing various transgene integration 
sites in the genome.  

    14.    Fetal bovine serum (FBS): Heat inactivate FBS prior to use by 
incubating thawed and mixed FBS at 56°C for 30 min. Aliquot 
and store at −20°C.  

    15.    2-Mercaptoethanol stock: Dilute to 10 mM in DMEM/F12 
base media immediately prior to use.  
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    16.    bFGF: Reconstitute bFGF at a concentration of 25  m g/mL in 
sterile DPBS containing 0.1% BSA. Aliquot and store 
at −20°C.  

    17.    GDNF: Reconstitute GDNF at a concentration of 100  m g/mL 
in sterile DPBS containing 0.1% BSA. Aliquot and store 
at −20°C.     

 Portions of this chapter are adapted from a chapter previously 
published by Christina Dann and David Garbers in Methods in 
Molecular Biology series: Germline stem cell (Vol 450, pgs 
193–209)      
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    Chapter 44   

 Methods for Sperm-Mediated Gene Transfer       

     Marialuisa   Lavitrano      ,    Roberto   Giovannoni   , and    Maria   Grazia   Cerrito      

  Abstract 

 The transgenic technologies represent potent biotechnological tools that allow the generation of genetically 
modi fi ed animals useful for basic research and for biomedical, veterinary, and agricultural applications. 
Among transgenic techniques, we describe here the sperm-mediated gene transfer methods that is gene 
transfer based on the spontaneous ability of sperm cells to bind and internalize exogenous DNA and to 
carry it to oocyte during fertilization, producing genetically modi fi ed animals with high ef fi ciency.  

  Key words:   Spermatozoa ,  Transgenic animals ,  SMGT ,  Transgenesis ,  Mouse ,  Pig    

 

 Transgenic techniques. The transgenic technologies represent 
potent biotechnological tools that allow the generation of geneti-
cally modi fi ed animals useful for basic research and for biomedical, 
veterinary, and agricultural applications. Since the production of 
the  fi rst genetically modi fi ed mouse in 1980  (  1  )  and of the  fi rst 
genetically modi fi ed livestock in 1985  (  2  )  by DNA microinjection 
into the zygote’s male pronucleus, several methods for producing 
transgenic animals have been developed  (  3  ) . To date, the most 
widely used methods for the production of transgenic animals are 
(1) direct microinjection of exogenous DNA into the pronucleus 
of fertilized oocytes (DNA pronuclear microinjection, DNA-PMI), 
(2) Embryonic Stem (ES) cell transfer, (3) nuclear transfer using 
genetically modi fi ed embryonic or somatic donor cells (Somatic 
Cell Nuclear Transfer, SCNT), (4) the use of viral-derived DNA 
sequences as vectors for the introduction of exogenous DNA into 
embryos  (  4–  6  ) , (5) sperm-mediated gene transfer (SMGT)  (  7–  9  ) . 

  1.  Introduction
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  The DNA-PMI was the  fi rst transgenesis technique successful in 
producing transgenic rodents  (  1  )  and farm animals  (  2  ) . This 
method is based on the microinjection of exogenous DNA into the 
male pronucleus of a single-cell embryo. The technique is well 
established, however high embryo-lethality associated with the 
extensive embryonic manipulation is still a limitation. In pigs, 
transgenic ef fi ciency of DNA-PMI is reduced due to a very high 
lipid content of the porcine oocyte requiring the centrifugation of 
the zygote to visualize the male pronucleus  (  2  ) .  

  ES cells have been extensively used to transfer genetic modi fi cations 
to embryos for the production of genetically modi fi ed animals with 
site-speci fi c modi fi cations into the genome. The technique is based 
on the integration of DNA sequences into the ES cell genome by 
homologous recombination in vitro and subsequent injection of 
selected clonal populations of genetically modi fi ed ES cells into 
the blastocoel cavity of a preimplantation embryo, originating 
in a chimeric animal and, after appropriate breeding, transgenic 
offspring  (  10,   11  ) .  

  The SCNT, i.e., the transfer of a somatic cell nucleus carrying the 
desired genetic modi fi cation into enucleated oocytes, also allows 
site-speci fi c modi fi cation of an animal genome, inserting targeted 
mutations or deleting endogenous genes (i.e., knock-out of por-
cine GGTA1 gene)  (  12,   13  )  as well as randomly introducing exog-
enous genes into the genome with the possibility of selecting 
positive cells generating transgenic animals. SCNT has been dem-
onstrated to be applicable to large mammals, with better ef fi ciency 
in pigs  (  14  ) .  

  Viral-derived DNA sequences are used as vectors for the introduc-
tion of exogenous DNA into embryos via infection  (  15  ) . Pioneering 
experiments using retroviruses to infect murine embryos  (  16,   17  )  
to produce genetically modi fi ed mice date back to the mid-1970s. 
Today, lentiviral sequences are mostly used to allow genetic 
modi fi cation of preimplantation embryos, with the expression of 
the transgene and its stable transmission to the progeny  (  15  )  both 
in rodents and in farm animals  (  18  ) .  

  The SMGT method is based on the spontaneous ability of sperm 
cells to bind and internalize exogenous DNA and to carry it to 
oocyte during fertilization, producing genetically modi fi ed animals 
with high ef fi ciency  (  7  ) . SMGT may, in principle, be successfully 
applied to all animal species whose reproduction is mediated by 
gametes. In the last 20 years, it has been demonstrated that the 
ability of sperm cells to bind foreign DNA is not restricted to one 
or few species but represents instead a widespread feature of sper-
matozoa from all species, ranging from echinoids to mammals. 

  1.1.  Direct 
Microinjection 
of Exogenous DNA 
into the Pronucleus 
of Fertilized Oocytes

  1.2.  Embryonic Stem 
Cell Transfer

  1.3.  Somatic Cell 
Nuclear Transfer

  1.4.  Viral-Derived DNA 
Sequences as Vectors 
for the Introduction 
of Exogenous DNA 
into Embryos

  1.5.  Sperm-Mediated 
Gene Transfer
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 The  fi rst report of mammalian sperm cells being able to act as 
vectors for foreign DNA was published in 1971 by Brackett et al. 
 (  19  )  but was ignored, only to be rediscovered after the publication 
of the  fi rst SMGT paper in 1989  (  7  ) . Since 1989 successful in vitro 
uptake of exogenous DNA by sperm cells of different animal spe-
cies followed in most cases by post-fertilization transfer and main-
tenance of the transgene have been reported  (  9  )  .  The SMGT 
procedure has been optimized in large mammals  (  8,   20,   21  )  and 
applied to several animal species from silkworm  (  22,   23  )  to  fi sh 
 (  24,   25  ) , from chicken  (  26  )  to rabbit  (  27  ) , and from goat  (  28,   29  )  
to bovine  (  30  ) . 

 Initial observations indicates that (1) sperm cells from virtually 
all animal species are able to take up exogenous DNA, (2) DNA 
uptake can be improved by electroporation or by lipofection, (3) 
exogenous DNA binding occurs in the subacrosomal segment of 
the sperm head of different species, and (4) the interaction is ionic, 
reversible, and sequence-independent. 

 It has been demonstrated that sperm/DNA interaction is not 
a random event, but rather the uptake of exogenous DNA by sperm 
cells is a complex mechanism involving speci fi c factors, which 
occurs in three steps: (1) binding of exogenous DNA to sperm 
cells, (2) nuclear internalization of exogenous DNA, and (3) inte-
gration of exogenous DNA into sperm chromatin. 

 More speci fi cally, the exogenous DNA interacts with DNA-
binding protein(s) (DBP) of 30–35 kDa on the sperm cell surface, 
leading to the formation of a DNA/DBP complex which is depen-
dent on the expression of MHC class II and triggers CD4-mediated 
internalization  (  31,   32  )  .  DNA/DBP/CD4 penetrates inside the 
nucleus and reaches the nuclear matrix. Subsequently, a small frac-
tion of exogenous DNA undergoes recombination with the sperm 
chromosomal genome at few selected sites of “accessible” chroma-
tin. Alternatively the exogenous DNA is degraded by a sperm 
endogenous nuclease, the activity of which is triggered in a dose-
dependent manner upon interaction of spermatozoa with foreign 
molecules  (  33  ) . 

 The integration of the exogenous DNA has been reported to 
occur in a unique site or in more sites of integration within the 
genome  (  8,   32  ) , particularly when a combination of different 
transgenes has been used for SMGT experiments  (  34  ) . 

 There are two major powerful natural barriers to antagonize 
the spontaneous undesired intrusion of exogenous molecules: an 
inhibitory factor IF-1 abundant in mammalian seminal  fl uid or 
bound to the spermatozoal membrane in marine animals, that pre-
vents the binding of foreign molecules, and a nuclease activity 
present in spermatozoa or in the  fi sh seminal  fl uid  (  32,   35  )  .  Thus, 
the removal of seminal  fl uid from the sperm samples is a crucial 
step for a successful SMGT protocol. In fact, it has been demon-
strated that only epididymal and ejaculated spermatozoa, depleted 
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of trace amount of seminal  fl uid by sequential washing steps, are 
able to take up exogenous DNA  (  20,   33  ) . 

 Selection of sperm donors and optimization of DNA uptake 
have been demonstrated to be the key steps for the successful out-
come of SMGT. 

 The nominal parameters that a sperm donor should possess to 
serve as a good vector for exogenous DNA are the quality of semen 
based on standard parameters used in conventional animal breed-
ing programs (volume, concentration, presence of abnormal sperm 
cells, motility at time of collection, and high progressive motility 
after 2 h) and the ability of the sperm cells to take up and internal-
ize exogenous DNA. 

 To optimize the protocol for generating transgenic animals, it 
is necessary to establish when, for how long and in what quantity 
DNA must be added to sperm. 

 However, it is not possible to establish a unique SMGT proto-
col suitable for all species, because of the wide differences in the 
environmental requirements for fertilization in different species, 
i.e., water or seawater for amphibians and  fi sh and the female geni-
tal tract for mammals. Therefore, differential protocols adapted to 
different experimental conditions must be developed for each 
species.   

 

 All the chemicals and media are from Sigma Aldrich, unless other-
wise indicated. Prepare all the solutions using ultrapure water and 
analytical grade reagents. Prepare and store all the reagents at room 
temperature, unless otherwise indicated. All media are  fi ltered 
through 0.22  μ m  fi lters and stored at 4°C under sterile conditions 
for no more than 4 weeks. Diligently follow all waste disposal regu-
lations when disposing waste materials. All of the procedures 
involving animals must be performed in accordance to local and 
national regulations and approved by an ethical committee. 

      1.    Fertilization Medium (FM) is based on Whittingham’s Tyrode 
solution  (  36  ) , from which sodium lactate, penicillin, and strep-
tomycin are omitted; NaH 2 PO 4  is replaced by 0.15 mM 
Na 2 HPO 4  and NaCl is increased to 120 mM: Add about 
800 mL of water to a 1-L graduated cylinder. Weight and 
transfer to the cylinder 6.97 g of NaCl, 2.106 g of NaHCO 3 , 
1 g of Glucose, 0.201 g of KCl, 0.027 g of Na 2 HPO 4 ⋅2 H 2 O, 
0.264 g of CaCl 2 ⋅2H 2 O, 0.102 g of MgCl 2 ⋅6H 2 O, and 0.055 g 
of Na Pyruvate. Mix and add water to 1 L.   

  2.  Materials

  2.1.  Mouse: 
Preparation of 
Gametes; Sperm/DNA 
Uptake; In Vitro 
Fertilization; Embryo 
Implantation into 
Foster Mothers
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    2.    FM/BSA: Add 4 mg/mL Bovine Serum Albumin Fraction V 
(BSA) to the FM solution. Store at 4°C until use.  

    3.    Ham’s F10 medium: Hypoxanthine-free, supplemented with 
NaHCO 3  (2.106 g/L) and 4 mg/mL BSA. Osmolarity should 
be between 275 and 290.  

    4.    Falcon 3653 dishes for squeezing epididymis, collecting eggs, 
fertilizations, and embryo cultures.  

    5.    Silicon oil to cover embryo cultures.  
    6.    Exogenous DNA.  
    7.    Animals: Mouse CD1 and BDF1 strains (Charles River). CD1 

males are used as sperm donors. Vasectomized CD1, tested for 
sterility, are mated with CD1 recipients 8–12 h before implant-
ing the embryos. CD1 recipients are retired females. BDF1 
females 3–10 weeks old are used as egg donors.  

    8.    Pregnant Mare Serum Gonadotropin (PMSG).  
    9.    Human chorionic gonadotropin (hCG; Intervet International 

B.V.).  
    10.    Anesthetic: Concentrated 40× avertine anesthetic stock is pre-

pared as follows: 10 g tribromoethanol are dissolved in 10 mL 
of  tert -Amyl alcohol and stored at 4°C. The working solution 
is obtained by diluting the stock 1:40 with physiological 
solution.  

    11.    Surgical set.      

      1.    Boars of proven fertility.  
    2.    Swine Fertilization Medium (SFM): Add about 800 mL of 

water to a 1-L graduated cylinder. Weight and transfer to the 
cylinder 11.25 g of glucose, 10 g of Na citrate 2H 2 O, 4.7 g 
of EDTA⋅2H 2 O, 3.25 g of citric acid H 2 O, and 6.5 g of 
Trizma. Mix and adjust pH to 6.8. Add water to 1 L and 
store at 4°C until use. Before use pre-warm the solution to 
37°C.  

    3.    SFM/BSA: Add 6 mg/mL Bovine Serum Albumin Fraction V 
(BSA) to the SFM solution. Store at 4°C until use. Before use 
pre-warm the solution to 25°C.  

    4.    Exogenous DNA.  
    5.    eCG (1,250 IU; Folligon1 Intervet International B.V., 

Boxmeer, The Netherlands).  
    6.    hCG (750 IU; Corulon1 Intervet International B.V.).  
    7.    Set for arti fi cial insemination.  
    8.    Surgical set for laparoscopic insemination.       

  2.2.  Swine: Selection 
of Donor Boars; Sperm 
Samples Preparation; 
Sperm/DNA Uptake; 
Fertilization
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      1.    Preparation of mouse epididymal spermatozoa. Collect the 
spermatozoa from the cauda epididymis of fertile males (that 
have abstained for at least 3 days but no longer than 7 days). 
Prepare the spermatozoa by squeezing the terminal part of the vas 
deferens and puncturing the middle part of the epididymis into 
1 mL of FM supplemented with 4 mg/mL of BSA overlaid with 
silicon oil. Allow the sperm suspension to disperse by incubating 
the drop for 30 min at 37°C in 7% CO 2  in air (see  Note 1 )  (  35  ) .  

    2.    Preparation of mouse oocytes. Induce superovulation in mouse 
females by intraperitoneal injection of 5 IU of PMSG followed 
by 5 IU of hCG 48 h later. 13 h after hCG injection sacri fi ce 
the females by cervical dislocation, remove the oviducts, and 
place them in a PBS-containing dish. Using a 1-mL syringe 
squeeze out the oocytes and transfer them to a dish containing 
FM/BSA, overlaid with silicon oil. Transfer 30–70 eggs to a 
new dish containing FM/BSA for in vitro fertilization (IVF).      

      1.    Count the sperm cells by diluting 10  μ l of sperm suspension 
with 990  μ l of HCl 0.1 N, place 10  μ l in a hemocytometric 
chamber and count the cells. Dilute the sperm suspension to a 
 fi nal concentration of 1–2 million cells/mL  (  7,   35  ) .  

    2.    Add the exogenous DNA (see  Note 3 ), at a concentration 
ranging from 0.01 to 1  μ g/10 6  sperm cells, to the sperm sus-
pension and incubate for 30 min at 37°C in 7% CO 2  in air.      

      1.    Transfer 1 − 2 × 10 6  spermatozoa from the sperm/DNA incu-
bation experiment to the egg-containing dishes and place the 
dish in the incubator for 5 h.  

    2.    Transfer non-degenerated eggs into dishes containing Ham’s 
F10 and incubate overnight (see  Note 4 ). After 26–28 h evalu-
ate the fertilization rate by determining the percentage of two-
cell stage embryos (see  Note 5 ).      

      1.    Transfer two-cell stage embryos to a pre-warmed dish contain-
ing PBS supplemented with 1 mg/mL of BSA and overlaid 
with silicon oil.  

    2.    Collect 15–20 embryos in PBS with a micropipette and surgi-
cally implant them into the oviduct of plugged CD1 mouse 
females mated with vasectomized males 8–12 h before. The 
procedure is performed under anesthesia (avertin).      

      1.    Let the deliveries go to term.  
    2.    Collect biopsies from tail and ear of newborn mice.  
    3.    Detect the presence of the transgenic constructs in the biopsies 

following standard procedures  (  37  ) .      

  3.  Methods

  3.1.  Mouse: 
Preparation 
of Gametes

  3.2.  Mouse: Sperm/
DNA Uptake 
( See   Note 2 )

  3.3.  Mouse: In Vitro 
Fertilization

  3.4.  Mouse: Embryo 
Implantation into 
Foster Mothers

  3.5.  Mouse: Birth 
and Genotyping 
of Offsprings
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      1.    Collect the semen from donor boars of proven fertility in a 
sterile plastic bag placed in a thermostatic container pre-
warmed to 37°C to avoid temperature shock for spermatozoa. 
Discard the  fi rst fraction of the ejaculate (see  Note 7 ) and col-
lect the initial 40% of the second fraction,  fi ltered through ster-
ile gauze.  

    2.    Evaluate the quality of semen on a slide pre-warmed to 37°C 
by measuring sperm concentration, sperm vitality, sperm motil-
ity. Reevaluate sperm motility after the washing procedures 
described in Subheading  3.6  (see  Note 8 ). Among the boars 
evaluated, select the ones with the best scores in semen 
parameters.  

    3.    The semen of the selected boars should then be evaluated on 
the basis of the capacity to uptake exogenous DNA after the 
removal of seminal  fl uid. Prepare time-course experiments of 
sperm/DNA uptake to test the amount of DNA (ranging from 
20 ng to 1  μ g/10 6  spermatozoa) to be added to sperm, time 
and temperature of incubation, as described in Subheadings  3.6 –
  3.8 . Assess the sperm/DNA uptake by incubating 5 − 10 × 10 6  
washed sperm cells/mL (see Subheading  3.6 ) with linearized, 
radiolabeled DNA at different temperatures (time-course 
experiments at 17, 20, 25, or 37°C). At speci fi c time-points 
withdraw an aliquot (10 6  sperm cells) from the incubation 
solution, dilute it in 1 mL of SFM and wash twice by centrifug-
ing at 1,500 ×  g  for 5 min in a microfuge. Prepare nuclei as 
previously described  (  38  )  and analyse them by scintillation 
counting.      

      1.    Semen collection, refer to Subheading  3.6 .  
    2.    Remove the seminal  fl uid by carefully washing the sperm. 

Transfer aliquots (5 mL) of semen in 50-mL Falcon tubes 
(Becton Dickinson, Milan, Italy) and dilute the sperm suspen-
sion 1:10 with SFM pre-warmed to 37°C. Centrifuge the 
sperm/SFM (800 ×  g ) for 10 min at 25°C. Remove and discard 
the supernatant by aspiration without disturbing the pellet. 
Resuspend the pellet in approximately 45 mL of SFM/BSA, 
pre-warmed to 25°C. Centrifuge the sperm/SFM/BSA 
(800 ×  g ) for 10 min at 17°C. Remove and discard the super-
natant by aspiration without disturbing the pellet. Count the 
spermatozoa in a hemocytometric chamber and resuspend the 
cells at desired working dilutions (see  Note 9 ).      

      1.    Add the proper amount of DNA, resuspended in SFM/BSA, 
to washed sperm cells and incubate the sperm/DNA solution 
for up to 2 h at the proper temperature.  

    2.    Gently invert the tube every 20 min to avoid sedimentation of 
sperm cells.      

  3.6.  Swine: Selection 
of Donor Boars 
and Optimization 
of Sperm/DNA Uptake 
( See   Note 6 )

  3.7.  Swine: Sperm 
Samples Preparation

  3.8.   Swine: Sperm/
DNA Uptake
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  Several fertilization procedures can be used.

    1.    Arti fi cial insemination can be performed in normally cycling or 
in arti fi cially induced sows.  

    2.    Induce synchronization in prepubertal gilts by intramuscular 
injection of eCG, followed 60 h later by hCG. Check the 
signs of oestrous every 6 h beginning 32 h after hCG 
injection.  

    3.    36 h After hCG injection perform insemination (10 9  sperm 
incubated with DNA) by using an inseminating pipette 
(Melrose Catheter) according to standard procedures.  

    4.    Alternatively, 36 h after hCG injection perform laparoscopic 
insemination at the utero-tubal junction with 5 × 10 8  DNA-
incubated spermatozoa per uterine horn (see Fantinati et al. 
for details)  (  39  ) .  

    5.    Let the deliveries go to term.  
    6.    Collect biopsies from tail and ear of newborn piglets.  
    7.    Detect the presence of the transgenic constructs in the biopsies 

following standard procedures  (  37  ) .       

 

     1.    It is recommended to pool sperm cells squeezed from the 
epididymis of two males.  

    2.    A modi fi cation of SMGT method is based on the removal of 
the sperm membrane before DNA/sperm cell incubation, fol-
lowed by the injection of the DNA-treated sperm head within 
the oocyte’s cytoplasm (Intra-Cytoplasmic Sperm Injection, 
ICSI). This so-called ICSI-SMGT method has been success-
fully applied to mouse  (  40  )  and large mammals  (  41  ) .  

    3.    Plasmid DNA can be used either in circular form or linearized. 
In case of linear DNA, the plasmid is usually linearized using 
restriction enzymes that separate the eukaryotic expression cas-
sette from the vector backbone sequences.  

    4.    The transfer of non-degenerated eggs from FM/BSA medium 
to Ham’s F10 medium, outside the incubator, should be per-
formed as quickly as possible to reduce embryo damage.  

    5.    The epididymal spermatozoa routinely give a fertilization rate 
of 60–100% under optimal conditions and the incubation with 
DNA does not usually affect this ef fi ciency.  

    6.    Selection of sperm donors is based on (1) the evaluation of 
the quality of semen based on standard parameters used in 

  3.9.  Swine: 
Fertilization

  4.  Notes
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conventional animal breeding programs, (2) the ability of 
the sperm cells to take up and internalize exogenous DNA. 
To optimize the sperm/DNA interaction, timing, duration, 
and quantity of DNA to be added to sperm should be estab-
lished. There is a window of opportunity that coincides with 
the early stage of capacitation, DNA is ideally added within 
30 min after washing the sperm and capacitation time should 
be modulated to allow for complete interaction between the 
sperm and the DNA (2–4 h). Since capacitation is calcium 
dependent after removal of seminal  fl uid, a calcium-free 
medium (SFM) in which the capacitation process is slowed 
down is recommended. Calcium-free medium is also impor-
tant to avoid the activation of calcium-dependent endoge-
nous endonucleases. To allow capacitation in the absence of 
seminal  fl uid and calcium, it is possible to vary the tempera-
ture (from 17 to 37°C) and the BSA concentration (from 6 
to 30 g/L SFM). DNA should be added to sperm in suf fi cient 
amount so as to be taken up by the majority of sperm cells 
and nuclei without overloading, to prevent endogenous 
nucleases activation.  

    7.    The initial fraction of ejaculate contains a small amount of 
spermatozoa and the cells are less viable and have reduced 
motility.  

    8.    The selection of the semen donor and the quality of semen 
are crucial factors for the success of the SMGT procedure 
 (  20  ) . The quality of the semen collected for the SMGT 
experiment could in fl uence the entire experiment, so it is 
very important to perform the SMGT procedure on semen 
that has been properly selected. Good semen parameters are 
vitality of at least 90%, motility not below 80% initially and 
65% after the washing procedure, concentration >10 6  sper-
matozoa/mL, and cells with abnormal morphology less than 
15%  (  39  ) .  

    9.    To set up the experimental conditions for sperm/DNA uptake, 
it would be useful to test the best combination of DNA con-
centration, time and temperature of sperm/DNA incubation, 
as described in Subheading  3.6 . Incubation solution of 10 8  
cells per mL is recommended and also allows time-course 
experiments for testing the above-mentioned experimental 
conditions. In the SMGT procedure, 10 9  spermatozoa are 
incubated with the proper amount of DNA in 10 mL SFM/
BSA. At the end of the incubation time, for laparoscopic 
insemination, the sperm/DNA solution is split into two ali-
quot of 5 mL per uterine horn while for arti fi cial insemination 
the incubation solution is diluted to 120 mL  (  39  ) .          
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    Chapter 45   

 Phenotypic Assessment of Male Fertility Status 
in Transgenic Animal Models       

     David   M.   de   Kretser       and    Liza   O’Donnell      

  Abstract 

 This chapter describes the approach to de fi ne the cause of male infertility in a genetically modi fi ed male 
mouse. It provides a guide to the establishment of the infertility status and whether it is due to the failure 
of mating or due to abnormalities of the sperm output, motility, and morphology. Further assessments 
de fi ne the nature of the spermatogenic defects and their severity and are designed to determine the patho-
genic mechanisms involved.  

  Key words:   Spermatogenesis ,  Male infertility ,  Disordered sperm motility and morphology ,  Hormonal 
and genetic defects ,  Light and electron microscopy methods    

 

 Transgenic mice are being used increasingly to understand the 
many factors that control fertility in males. It is not possible in a 
chapter of this length to provide details of the process of spermato-
genesis and the maturation and transport of sperm. Readers should 
consult several texts that cover these topics  (  1–  3  ) . This chapter is 
designed to provide the reader with a framework to assess a male 
mouse that has been unable to achieve a pregnancy despite evi-
dence that successful copulation has been achieved. It should be 
taken as the entry point into a more detailed assessment of the 
defective process identi fi ed by the analysis provided herein. As 
such, the reader is referred to more detailed information in a recent 
review that provides speci fi c examples of identi fi cation of muta-
tions in the mouse genome resulting in defects that have led to the 
identi fi cation of novel physiological processes controlling sper-
matogenesis and sperm function  (  1  ) . 

  1.  Introduction
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 Several approaches have been undertaken to characterise the 
functions of spermatogenesis genes such as the targeted deletion of 
a gene known to play a role in spermatogenesis or sperm transport. 
Alternatively, random mutations are induced in the whole genome 
of mice using ENU mutagenesis  (  4  ) . Screening is undertaken by 
the assessment of fertility as described below, and then the males 
are bred with their sisters to produce males homozygous for the 
gene of interest  (  5  ) . The assessment of these mice or those with a 
targeted deletion of a candidate gene is identical. 

  Spermatogenesis is the process by which the germ cells, effectively 
the stem cells in the testis progress to the production and release of 
sperm. It takes place within the epithelium of the seminiferous tubules 
of the testis and culminates in the production of mature spermatozoa 
(Fig.  1 ). The other component of the seminiferous tubule epithelium 
is Sertoli cells, named after the man who  fi rst described them. These 
cells, also called the supporting or sustentacular cells, run radially 
from the base of the tubule to the lumen. Where they meet each 
other, in the basal one-third of the epithelium, they form specialised 
tight junction complexes that effectively block intercellular transport. 
Thus the Sertoli cells, in addition to supporting and nurturing the 
germ cells, are also involved in  fl uid secretion and the transfer of 
metabolites into and out of the tubules.  

  1.1.  Overview 
of Spermatogenesis

  Fig. 1.    Light micrograph of a seminiferous tubule and intertubular tissue with containing 
the stereoidogenic Leydig cells (LC) that produce testosterone. The seminiferous tubules 
are surrounded by peritubular myoid cells (Ptm) and a basement membrane. Within the 
tubule, the epithelium consists of the basal layer of spermatogonia (Sg), interspersed 
between the cytoplasm of the bases of the Sertoli cells (SC). The intermediate layer is 
formed by the primary spermatocytes that show features consistent with the process of 
meiosis, namely the pairing and later separation of homologous chromosomes during the 
 fi rst meiotic prophase. These cells divide to form secondary spermatocytes that divide 
again to form round spermatids. The latter do not undergo any further division but undergo 
the complex steps of spermiogenesis wherein a round cell is transformed into a sperma-
tozoon. This particular micrograph shows a stage VII tubule in a wild-type mouse, with the 
following cell types being visible: type A spermatogonia (Sg), preleptotene spermatocytes 
(Pl), pachytene spermatocytes (PS), step 7 round spermatids (rST), step 16 elongated 
spermatids (eST).       
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 Sperm develop from spermatogonial stem cells that undergo a 
series of mitotic and meiotic cell divisions followed by a complex 
process wherein the round spermatids cease dividing and trans-
form into spermatozoa. This latter process is termed spermiogen-
esis, which will be described in a separate section of this chapter. 

 Spermatogenesis can be subdivided further into (1) spe-
matogonial renewal by mitotic division and differentiation and (2) 
progression through meiosis as the spermatogonia transform to 
primary spermatocytes that undergo the stages of the  fi rst meiotic 
division. The daughter cells from this division are called secondary 
spermatocytes, which progress through a further cell division to 
give rise to round spermatids, which do not divide further but 
commence the process of spermiogenesis. 

 Spermiogenesis is a complex process wherein the round sper-
matid is transformed into a sperm through a reorganisation of the 
cellular components (Fig.  2 ). These changes occur together but 
can be described separately. 

    1.    Changes in the nucleus: The nucleus migrates toward a large 
vesicle, the acrosomal vesicle, which is formed from the Golgi 
complex. The acrosomal vesicle then spreads to form a “cap” 
over the pole of the nucleus that lies adjacent to the cell mem-
brane. This acrosomal cap contains substances required to pen-
etrate the cumulus complex and ovum during fertilisation. 
During spermiogenesis the centrally located nucleus and 
acrosomal cap of the round spermatid move eccentrically, so 
that part of the nuclear membrane comes into juxtaposition 
with the cell membrane. The acrosome  fi nally lies in a narrow 
space between the cell membrane and the nuclear membrane 
and stains positively with the Periodic acid Schiff ’s (PAS) tech-
nique (see Subheading  3.4 ). This technique detects glycopro-
teins, and the developmental stages of the acrosome that can 
be visualised by this histochemical reaction are used to de fi ne 
the series of stages of spermiogenesis and are useful in charac-
terising abnormalities in spermatogenesis.  

    2.    Condensation and compaction of the spermatid nucleus: There 
is a progressive decrease in the volume of the nucleus as the 
nucleus changes shape in forming the head of the sperm. These 
changes are caused by compaction of the DNA and the replace-
ment of histones by protamines such that the  fi nal volume of 
the sperm head is about 5% of the original nuclear volume of 
the round spermatid at the commencement of spermiogenesis.  

    3.    Development of the sperm tail: This commences by the devel-
opment of a microtubular structure (called the axial  fi lament) 
from one of the pair of centrioles that is found in the round 
spermatid cytoplasm. That centriole is called the distal centriole 
to distinguish it from the other, called the proximal centriole. As 
the axial  fi lament elongates, it together with the centrioles, 
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“migrates” so that the centriolar complex lodges in an indented 
region of the condensing nucleus at the pole opposite to that 
covered by the acrosome. This articulation with the nucleus 
that forms the head of the sperm is called the connecting piece. 
As the axial  fi lament elongates, the central core of nine doublet 
microtubules surrounding two single central microtubules is 
progressively surrounded by additional components such as 
the nine outer dense  fi bres, one of which lies adjacent to the 
doublets, in the region that forms the mid-piece of the mature 
sperm. In the principal piece that lies distal to the mid-piece, 
the ribs that are disposed circumferentially around the axial 
 fi lament join to two of the outer dense  fi bres, forming a 
“sheath” around the core. These structures  fi nally disappear 
around the terminal region of the tail where the axial  fi lament 
is only surrounded by the cell membrane.     

  Fig. 2.    The major morphological changes that a spermatid undergoes during spermiogenesis 
in the mouse. Mouse spermiogenesis can be divided into 16 discrete steps (indicated by 
the numbers) based on morphological criteria.       
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 In the  fi nal stages of spermiogenesis, two striking events occur. 
The mitochondria of the spermatid, which have until this stage 
been placed in close proximity to the cell membrane, aggregate 
around the mid-piece to form a helical chain, thereby bringing the 
source of ATP into close contact with the contractile apparatus. At 
this stage as well, there is a process by which the excess cytoplasm 
of the spermatid is “pulled off” the spermatid by the Sertoli cells 
during the process of “spermiation”; the shedding of testicular 
spermatozoa from the epithelium. 

 Much of the detail of the components of the spermatid/sperm 
can only be visualised by electron microscopy. Since the tail is 
responsible for generating motility, if this is compromised or abnor-
mal, electron microscopic examination should be performed and 
requires someone with experience in this  fi eld. 

 As a spermatogonium proceeds through the germ cell stages 
described above, the cells progress from the basal region of the 
seminiferous tubule towards the lumen. Thus the spermatogonia 
are always in contact with the base of the tubule, whereas the pri-
mary spermatocytes are in the mid-region of the epithelium and 
the spermatids lie closest to the lumen (Fig.  1 ) although at certain 
stages of spermiogenesis, the developing spermatids migrate 
towards the basal compartment of the seminiferous epithelium. 

 In this chapter, we give an overview of the approach to exam-
ining fertility and spermatogenesis in transgenic male mice. We 
then provide methods for quantitative assessment of sperm and the 
preparation of testis tissue for histological and electron microscopic 
analysis.  

   To con fi rm male infertility, the mice suspected of having a geneti-
cally determined infertile status are caged with normal, sexually 
mature female mice for a period of at least 5 days and examined 
each morning for a copulatory plug indicative of successful mating. 
Successful mating provides an indicator that the male’s libido is 
suf fi cient and his penis adequate to successfully mate. The copula-
tory plug also indicates that the prostate and seminal vesicles have 
functioned to produce an ejaculate. 

 The outcome of this successful mating is assessed by following 
the females to determine the successful establishment of pregnancy 
and the ability of the pregnancy to proceed to parturition over the 
normal period of gestation. At birth, it is important to determine 
the number of offspring produced by that speci fi c mating compared 
to mating of normal wild-type mice of the same strains. A reduced 
number of offspring would indicate subfertility, whereas the absence 
of offspring would require further matings and killing the mice at 
3 days after the detection of the copulatory plug to determine if 
implantation sites can be identi fi ed. The latter would indicate that 
fertilisation and early embryonic development had occurred but 
foetal loss later in pregnancy was the cause of the infertility rather 

  1.2.  Examination 
of Fertility and 
Spermatogenic 
Phenotype

  1.2.1.  Fertility Assessment
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than a genetic defect preventing fertilisation of the ovum. Should 
the mating result in no offspring or a reduced number, there is a 
need to further assess the fertility status of the affected males.  

  Further assessment of infertile males requires the euthanasia of 
sexually mature mice at 7 weeks of age. At this time, blood samples 
from each mouse should be collected by cardiac puncture, in which 
a large gauge needle attached to a 5 ml syringe is inserted into the 
heart under deep anaesthesia. These will be used to measure serum 
follicle stimulating hormone (FSH) and luteinizing hormone 
(LH), which stimulate the testis to produce sperm, and the male 
steroid hormone, testosterone (T). Measurement of these param-
eters requires access to speci fi c and sensitive radioimmunoassays or 
similar techniques  (  6,   7  ) . Because of the variability of serum testos-
terone measurements, the use of seminal vesicle weight can be used 
as a bioassay for testosterone (see below). 

 Following euthanasia, it is critical that the general features of 
the mice be recorded together with an assessment of organ weights 
for comparison with wild-type controls. In this way genetic lesions 
that affect processes other than fertility will be identi fi ed. Normal 
organ weights together with normal histological evaluation would 
suggest that the defect was restricted to the male reproductive 
tract. 

 Such an outcome would then lead to a detailed analysis of male 
fertility status. 

 In euthanized mice, the in situ layout of the male reproductive 
tract is assessed to determine if the testes are scrotally placed or can 
be easily brought into the scrotum from the inguinal canal. The 
gross morphological features of the testes, the vascular patterns on 
the testicular capsule, and the features of the epididymis and vas 
deferens are noted together with their relationship to the seminal 
vesicles and bladder. Finally the features of the penis, and the ano-
genital distance should be noted (any shortening may indicate 
androgen de fi ciency). 

 It is essential that the weight of the testes and the epididymides 
be determined together and then separately. The weight of the 
accessory glands, the seminal vesicle, and the prostate should also 
be recorded. The former is easier to accurately determine and, 
since it is an androgen-dependent organ, its weight is a biomarker 
of androgen levels, complementing the measurement of serum 
testosterone. 

 Given that the speci fi c gravity of the testis is close to 1, the 
weight essentially provides a volume measurement. Recording 
these parameters provides insight into the type of spermatogenic 
lesion that might be expected. For instance if testis weight is pro-
foundly decreased, it indicates that there is a marked decrease in all 
germ cell types, whereas if the decrease in weight is small, the lesion 
is likely to only involve the late stages of spermiogenesis.  

  1.2.2.  Initial Assessment 
of Infertile Males
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  A careful histological examination of the testis can reveal much 
about the phenotype, the causes of infertility and the possible func-
tion of the mutant gene (see  Note 1  and Table  1 )  (  1  ) . A compari-
son should be made between several (at least 3) wild-type and 
mutant sexually mature mice (~7 weeks). If an age-related pheno-
type is suspected, older mice between 6 months to 1 year should 
be examined. For many phenotypes it can be helpful to assess the 
timing of onset of the defect by examining earlier time points dur-
ing spermatogenic development (see  Note 1  and Table  1 )  (  1  ) .  

 Testis sections should be prepared and stained as described 
(see Subheadings  3.3 – 3.6 ). For initial assessments, PAS staining of 
the testis is very informative. The preservation of morphology and 
good staining is essential for the examination of spermatogenesis. 
Multiple sections of the testis should be examined, as sometimes 
lesions are focal in distribution. A low magni fi cation assessment 
should be made of the size of the seminiferous tubules, whether 
they have a lumen, and whether the inter-tubular regions of the 
testis show the presence of Leydig cells, the cells responsible for 
the production of testosterone and estradiol. 

 Higher magni fi cation examination of the seminiferous epithe-
lium should establish the presence of each germ cell type (see  Note 2 ). 
The appearance of the nuclei of Sertoli cells should be noted as the 
adult cell, following exposure to FSH, has a well-developed nucle-
olus. In mice that have a major loss of germ cells, the basement 
membrane and the peritubular myoid cell layer are thickened and 
 fi brotic, the latter being well demonstrated by the use of the 
Masson Trichrome staining technique (see Subheading  3.5 ). 

 In some mice sexual maturation is delayed or may not occur 
due to a defect in the hypothalamus or pituitary gland. In such 
mice, testis weight is dramatically reduced as the primordial germ 
cells or the spermatogonial precursors, called gonocytes do not 
develop and divide, remaining embedded in a seminiferous cord 
that lacks a lumen. The latter is due to the failure of the blood-
testis barrier to form and the inability of the Sertoli cells to pro-
duce seminiferous tubule  fl uid  (  8  ) .  

  In situ examination of the epididymis on each side must include 
determination of appearance and the identi fi cation of abnormal 
dilatations suggestive of obstruction. This is especially important if 
an obstruction is suspected, such as in cases displaying the presence 
of normal spermatogenesis and epididymis together with the total 
failure of conception. In such instances, the course of the vas at its 
distal end should be carefully assessed. 

 The vas deferens should also be carefully assessed to determine 
that it is present, looks normal, and takes a normal course to the 
posterior aspect of the bladder where the seminal vesicles are 
juxtaposed.  

  1.2.3.  Histological 
Examination of the Testis

  1.2.4.  Assessment 
of the Epididymis



538 D.M. de Kretser and L. O’Donnell

   Ta
bl

e 
1 

     Ov
er

vi
ew

 o
f s

om
e 

co
m

m
on

 s
pe

rm
at

og
en

ic
 d

ef
ec

ts
, t

he
ir 

po
te

nt
ia

l c
au

se
s 

an
d 

so
m

e 
su

gg
es

tio
ns

 fo
r f

ur
th

er
 a

na
ly

si
s   

 Te
st

is
 h

is
to

lo
gy

 
 Po

te
nt

ia
l c

au
se

s 
 Fu

rt
he

r a
na

ly
se

s 

 Sm
al

l t
es

tis
, m

at
ur

e 
sp

er
m

at
id

s 
pr

es
en

t,
 p

er
ha

ps
 s

pe
rm

 in
 

ep
id

id
ym

is
 

 • 
R

ed
uc

ed
 S

er
to

li 
ce

ll 
nu

m
be

rs
 d

ue
 t

o 
de

fe
ct

iv
e 

ne
on

at
al

 p
ro

lif
er

at
io

n 
 • 

D
ef

ec
t 

in
 a

bi
lit

y 
of

 S
er

to
li 

ce
lls

 t
o 

su
pp

or
t 

ge
rm

 
ce

ll 
de

ve
lo

pm
en

t 
 • 

D
ef

ec
ts

 in
 a

 g
en

e 
in

vo
lv

ed
 a

t 
m

ul
tip

le
 p

oi
nt

s 
in

 
ge

rm
 c

el
l d

ev
el

op
m

en
t 

 • 
G

er
m

 c
el

l a
po

pt
os

is
 

 • 
St

er
eo

lo
gi

ca
l d

et
er

m
in

at
io

n 
of

 S
er

to
li 

ce
ll 

nu
m

be
rs

 
 • 

St
er

eo
lo

gi
ca

l d
et

er
m

in
at

io
n 

of
 g

er
m

 c
el

ls
 p

er
 

Se
rt

ol
i c

el
l 

 • 
C

ar
ef

ul
 a

na
ly

si
s 

of
 s

ite
s 

of
 g

er
m

 c
el

l a
rr

es
t 

 • 
T

U
N

E
L

 s
ta

in
in

g 
fo

r 
de

te
rm

in
at

io
n 

of
 

ap
op

to
si

s 
in

 s
itu

 

 Sm
al

l t
es

tis
, m

at
ur

e 
sp

er
m

at
id

s 
pr

es
en

t,
 S

er
to

li 
ce

ll 
on

ly
 

(S
C

O
) 

tu
bu

le
s 

ad
ja

ce
nt

 t
o 

no
rm

al
 t

ub
ul

es
 

 • 
Fo

ca
l s

pe
rm

at
og

en
ic

 le
si

on
s 

m
ay

 a
ri

se
 d

ue
 t

o 
de

fe
ct

s 
in

 fo
et

al
 S

er
to

li 
ce

ll 
pr

ol
ife

ra
tio

n 
or

 
fa

ilu
re

 o
f g

er
m

 c
el

ls
 t

o 
co

lo
ni

se
 s

pe
ci

 fi c
 r

eg
io

ns
 

of
 e

pi
th

el
iu

m
 

 • 
A

na
ly

si
s 

of
 fo

et
al

 a
nd

 e
ar

ly
 n

eo
na

ta
l t

es
tis

 
hi

st
ol

og
y 

 • 
Im

m
un

ol
oc

al
is

at
io

n 
of

 p
ro

te
in

 o
f i

nt
er

es
t 

 Sp
er

m
at

oc
yt

es
 p

re
se

nt
, r

ou
nd

 
an

d 
el

on
ga

te
d 

sp
er

m
at

id
s 

ab
se

nt
 

 • 
D

ef
ec

t 
in

 s
pe

rm
at

oc
yt

es
 (

ar
re

st
 a

t 
a 

pa
rt

ic
ul

ar
 

st
ag

e 
of

 m
ei

os
is

, a
po

pt
os

is
 o

r 
in

ab
ili

ty
 t

o 
un

de
rg

o 
di

vi
si

on
) 

 • 
D

ef
ec

t 
in

 S
er

to
li 

ce
ll 

ab
ili

ty
 t

o 
su

pp
or

t 
m

ei
os

is
 

 • 
A

ss
es

sm
en

t 
of

 w
he

re
 m

ei
os

is
 a

rr
es

ts
 

(e
.g

., 
zy

go
te

ne
 o

r 
pa

ch
yt

en
e)

 
 • 

T
U

N
E

L
 a

na
ly

si
s 

fo
r 

sp
er

m
at

oc
yt

e 
ap

op
to

si
s 

 • 
L

oo
k 

fo
r 

ev
id

en
ce

 o
f m

ei
ot

ic
 d

iv
is

io
n 

(m
et

ap
ha

se
 a

nd
 a

na
ph

as
e 

sp
er

m
at

oc
yt

es
) 

 N
o 

m
at

ur
e 

sp
er

m
at

id
s 

bu
t 

ro
un

d 
sp

er
m

at
id

s 
pr

es
en

t 
 • 

Pr
em

at
ur

e 
de

ta
ch

m
en

t 
of

 r
ou

nd
 s

pe
rm

at
id

s 
du

e 
to

 d
ef

ec
ts

 in
 a

dh
es

io
n 

 • 
A

po
pt

os
is

 o
f r

ou
nd

 s
pe

rm
at

id
s 

 • 
L

oo
k 

fo
r 

pr
es

en
ce

 o
f d

et
ac

he
d 

ro
un

d 
sp

er
m

at
id

s 
in

 e
pi

di
dy

m
is

 
 • 

T
U

N
E

L
 

 M
ul

tin
uc

le
at

ed
 g

er
m

 c
el

ls
 o

r 
“s

tr
in

gs
” 

of
 d

ea
d 

ce
lls

 
 • 

A
bn

or
m

al
 c

yt
ok

in
es

is
 d

ur
in

g 
m

ei
os

is
 (

ca
us

es
 

m
ul

tin
uc

le
at

ed
 s

pe
rm

at
id

s)
 

 • 
A

po
pt

os
is

 o
f g

er
m

 c
el

ls
 c

on
ne

ct
ed

 b
y 

in
te

rc
el

lu
la

r 
br

id
ge

s 

 • 
A

ss
es

sm
en

t 
of

 m
ei

ot
ic

 d
iv

is
io

n,
 e

.g
., 

sp
in

dl
e 

by
 t

ub
ul

in
 im

m
un

os
ta

in
in

g 
 • 

T
U

N
E

L
 



53945 Phenotypic Assessment of Male Fertility Status in Transgenic Animal Models 
 Te

st
is

 h
is

to
lo

gy
 

 Po
te

nt
ia

l c
au

se
s 

 Fu
rt

he
r a

na
ly

se
s 

 Se
rt

ol
i c

el
ls

 a
nd

 s
pe

rm
at

og
o-

ni
a 

on
ly

 
 • 

Fa
ilu

re
 o

f s
pe

rm
at

og
on

ia
l p

ro
lif

er
at

io
n/

en
tr

y 
in

to
 m

ei
os

is
 

 • 
Fa

ilu
re

 o
f S

er
to

li 
ce

lls
 t

o 
su

pp
or

t 
sp

er
m

at
og

on
ia

l 
de

ve
lo

pm
en

t/
m

ei
os

is
 in

iti
at

io
n 

 • 
Im

m
un

os
ta

in
in

g 
fo

r 
m

ar
ke

rs
 o

f d
iff

er
en

tia
te

d 
sp

er
m

at
og

on
ia

 
 • 

In
ve

st
ig

at
io

n 
of

 w
he

th
er

 S
er

to
li 

ce
lls

 m
at

ur
e 

an
d/

or
 fo

rm
 in

te
rc

el
lu

la
r 

tig
ht

 ju
nc

tio
ns

 

 M
at

ur
e 

el
on

ga
te

d 
sp

er
m

at
id

 
nu

ce
li 

at
 t

he
 b

as
e 

of
 S

er
to

li 
ce

lls
 in

 s
ta

ge
s 

V
II

–X
I a   

 • 
Fa

ilu
re

 o
f m

at
ur

e 
sp

er
m

 t
o 

be
 r

el
ea

se
d 

du
ri

ng
 

sp
er

m
ia

tio
n 

(o
ft

en
 s

ee
n 

in
 t

es
te

s 
w

ith
 

hy
po

sp
er

m
at

og
en

es
is

) 

 • 
A

na
ly

si
s 

of
 s

ite
 o

f s
pe

rm
ia

tio
n 

fa
ilu

re
: 

 − 
Fa

ilu
re

 t
o 

in
iti

at
e =

 b
as

al
 s

pe
rm

at
id

s 
in

 
st

ag
e 

V
II

 
 − 

Fa
ilu

re
 t

o 
be

 r
el

ea
se

d 
= 

ba
sa

l s
pe

rm
at

id
s 

in
 

la
te

 s
ta

ge
 V

II
I–

X
I 

 Se
rt

ol
i c

el
ls

 o
nl

y 
 • 

D
ef

ec
t 

in
 s

pe
rm

at
og

on
ia

l s
te

m
 c

el
l r

en
ew

al
 o

r 
Se

rt
ol

i c
el

l f
un

ct
io

n 
 • 

C
om

pa
re

 h
is

to
lo

gy
 o

f W
T

 a
nd

 m
ut

an
t 

at
 

ea
rl

ie
r 

tim
e 

po
in

ts
 (

e.
g.

, l
at

e 
fo

et
al

, d
ay

s 
6–

20
 p

p)
 

 E
nl

ar
ge

d 
tu

bu
le

 lu
m

en
s 

 • 
M

ay
 b

e 
re

la
te

d 
to

 d
is

tu
rb

ed
 e

ff
er

en
t 

du
ct

ul
e 

fu
nc

tio
n,

 w
he

re
 e

ff
er

en
t 

du
ct

s 
fa

il 
to

 r
es

or
b 

te
st

ic
ul

ar
  fl

 ui
d,

 r
es

ul
tin

g 
in

  fl
 ui

d 
bu

ild
 u

p 
in

 
te

st
is

. C
an

 c
au

se
 s

pe
rm

at
og

en
ic

 a
rr

es
t 

 • 
E

nl
ar

ge
d 

lu
m

en
s 

ca
n 

al
so

 b
e 

ca
us

ed
 b

y 
a 

m
as

si
ve

 
an

d 
ac

ut
e 

lo
ss

 o
f g

er
m

 c
el

ls
 (

no
t 

us
ua

lly
 s

ee
n 

in
 

tr
an

sg
en

ic
 m

ic
e,

 m
or

e 
co

m
m

on
 in

 t
ox

ic
an

t 
m

od
el

s)
 

 • 
E

xa
m

in
e 

tu
bu

le
 lu

m
en

 d
ia

m
et

er
 in

 y
ou

ng
er

 
m

ic
e 

(e
.g

., 
20

–5
0 

dp
p)

; i
f e

nl
ar

ge
d 

ea
rl

y 
w

ou
ld

 s
ug

ge
st

 d
ef

ec
t 

in
 e

ff
er

en
t 

du
ct

ul
e 

de
ve

lo
pm

en
t 

 • 
E

xa
m

in
e 

ef
fe

re
nt

 d
uc

tu
le

 h
is

to
lo

gy
 

 A
bn

or
m

al
 s

pe
rm

 m
or

ph
ol

og
y 

 • 
A

bn
or

m
al

 a
cr

os
om

e 
fo

rm
at

io
n 

 • 
A

bn
or

m
al

 h
ea

d 
sh

ap
e 

du
e 

to
 d

ef
ec

tiv
e 

m
an

ch
et

te
 

 • 
D

ef
ec

t 
ar

is
in

g 
du

ri
ng

 t
he

 e
lo

ng
at

io
n 

ph
as

e 
of

 
sp

er
m

io
ge

ne
si

s 
 • 

D
ef

ec
t 

du
ri

ng
 s

pe
rm

ia
tio

n;
 fa

ilu
re

 t
o 

re
m

ov
e 

cy
to

pl
as

m
 

 • 
A

na
ly

si
s 

of
 a

cr
os

om
e 

de
ve

lo
pm

en
t—

PA
S 

st
ai

ni
ng

, e
le

ct
ro

n 
m

ic
ro

sc
op

y 
(E

M
) 

 • 
A

na
ly

si
s 

of
 m

an
ch

et
te

—
 α -

tu
bu

lin
 im

m
un

os
-

ta
in

in
g,

 E
M

 
 • 

C
ar

ef
ul

 e
xa

m
in

at
io

n 
of

 m
or

ph
ol

og
y 

du
ri

ng
 

sp
er

m
io

ge
ne

si
s 

 • 
C

ar
ef

ul
 e

xa
m

in
at

io
n 

of
 m

or
ph

ol
og

y 
du

ri
ng

 
sp

er
m

ia
tio

n 
(s

ta
ge

s 
V

II
–V

II
I a  )

 

 A
bn

or
m

al
 s

pe
rm

 m
ot

ili
ty

 
 • 

D
ef

ec
t 

in
 s

pe
rm

 t
ai

l d
ev

el
op

m
en

t/
fu

nc
tio

n 
 • 

A
ss

es
sm

en
t 

of
 a

xo
ne

m
e 

st
ru

ct
ur

e 
by

 E
M

 

   a  F
or

 c
la

ss
i fi

 ca
tio

n 
of

 s
pe

ci
 fi c

 s
ta

ge
s 

of
 m

ou
se

 s
pe

rm
at

og
en

es
is

 s
ee

 r
ef

.  3
   



540 D.M. de Kretser and L. O’Donnell

  In many cases, the use of stereology to quantify the number of 
germ cells and Sertoli cells per testis is invaluable in pinpointing 
the speci fi c lesions to spermatogenesis in mutant mice. This tech-
nique involves the use of random sampling procedures to enable 
the unbiased determination of cell numbers  (  9  )  and requires the 
precise identi fi cation of germ cells within different spermatogenic 
stages  (  3  ) . The details of the technique will not be discussed here, 
but see ref.  3  for review and  (  10–  14  )  for some examples of studies 
using stereology to assess spermatogenesis in mutant mice. 
Calculating ratios of sequential germ cell populations allows the 
quantitation of the transition of germ cells through speci fi c stages 
of spermatogenesis  (  14  ) . These ratios should be made between 
cell populations expressed as hourly production rates, i.e., the 
number of a particular germ cell per testis, divided by the duration 
in hours of the stage(s) in which it is present. This takes into 
account the fact that different germ cell types exist for different 
durations within the seminiferous epithelium. Using this approach, 
for example, the ratio of round spermatids in stages I–III to 
pachytene spermatocytes in stages IX–XI can be used as a mea-
surement of the ef fi ciency of the meiotic divisions. Expressing 
germ cell numbers per Sertoli cell is useful when Sertoli cell num-
bers are different between wild-type and mutant mice, or when 
one wishes to examine the ability of Sertoli cells to support differ-
ent germ cells  (  14  ) . 

 Once the site of disruption to spermatogenesis has been 
identi fi ed, more information can be sought to pinpoint the par-
ticular spermatogenic/cellular processes that may be impaired 
(see  Note 1 )  (  1  ) . 

 If the mutated gene is known, it is extremely helpful to know 
precisely where and when both the mRNA and protein are expressed 
in normal and mutant mice in order to understand the likely cel-
lular processes in which it is involved. The posttranscriptional reg-
ulation of germ cell mRNAs is well known, with many mRNAs 
being transcribed and then stored until the protein is translated at 
a later stage of germ cell development  (  15  ) . Hence, there is often 
disparity between mRNA and protein expression. An examination 
of the ontological expression pattern of a gene during postnatal 
development of spermatogenesis can be very helpful in understand-
ing when it is  fi rst transcribed  (  1  ) . Online databases with microar-
ray information can be used to determine in which cell type(s) the 
gene is expressed  (  16,   17  ) . If antibodies are available then a careful 
analysis of the immunolocalisation pattern of the gene or protein 
of interest is invaluable. Because of the complex arrangement of 
the seminiferous epithelium and the need to understand the stage-
speci fi c pattern of protein localization, it is essential that germ cell 
and Sertoli cell nuclear morphology be clearly visible, either by 
haematoxylin counterstaining for light immunohistochemistry, or 
DAPI-DNA staining for  fl uorescence microscopy.    

  1.2.5.  Further Analyses 
of Spermatogenesis
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     1.    Phosphate-buffered saline (PBS); 0.01 M phosphate, 0.154 M 
NaCl, pH 7.4.  

    2.    0.05% Triton X-100 in PBS.  
    3.    Tissue homogeniser.  
    4.    Neubauer haemocytometer (0.1 mm depth, Weber Scienti fi c, 

England).  
    5.    MT6 capacitation medium: 1 ml  Stock A  + 1 ml  Stock B  + 0.1 ml 

 Stock C  + 7.9 ml water + 40 mg BSA.  Stock A  (10× solution, can 
be stored for 3 months at 4°C): 125 mM NaCl 
(7.280 g/100 ml) + 2.7 mM KCl (0.2 g/100 ml) + 0.5 mM 
MgCl 2 ⋅6H 2 O (0.1 g/100 ml) + 0.36 mM NaH 2 PO 4 ⋅2H 2 O 
(0.056 g/100 ml) + 6.4 mM Glucose (1 g/100 ml).  Stock B  
(10× solution, can be stored for 2 weeks at 4°C): 0.11 mM 
NaHCO 3  (2.106 g/100 ml) + Phenol red (0.010 g/100 ml). 
 Stock C  (100× solution, can be stored for 3 months at 4°C) 
1.7 mM CaCl 2 ⋅2H 2 O (0.252 g/100 ml).  

    6.    Chamber slide (Hamilton Thorne Research, 2× cell 80  μ m).  
    7.    Bouin’s  fi xative: 75 ml aqueous picric acid, 25 ml 40% formal-

dehyde, 5 ml glacial acetic acid.  
    8.    Ethanol: 70, 90, and 100%.  
    9.    Xylene-based solvent.  
    10.    Paraf fi n wax.  
    11.    0.5% Periodic acid in H 2 O.  
    12.    Schiff ’s Reagent. This can be purchased commercially or pre-

pared as follows: Dissolve 1 g of basic fuchsin in 200 ml boiling 
water. Stir well and cool to 50°C. Filter and add 20 ml 10% 
HCl, cool to RT. Add 1.5 g potassium metabisulphite. Shake 
vigorously until crystals dissolve and leave standing at RT over-
night. Extract colour by adding 1 g charcoal, shake, let stand 
for 5 min and  fi lter. Repeat charcoal step until solution is 
colourless.  

    13.    Haematoxylin.  
    14.    Scott’s tap water.  
    15.    DPX mounting medium for coverslips.  
    16.    Weigert’s Iron Haematoxylin. Mix equal parts of Solution A 

(5 g haematoxylin dissolved in 500 ml absolute ethanol) and 
Solution B (20 ml 30% aqueous ferric chloride, 5 ml concen-
trated hydrochloric acid, 500 ml distilled water) immediately 
before use.  

    17.    Ponceau–Acid Fuschin: 1% ponceau in MilliQ H 2 O (2 
parts) + 1% acid fuschin in MilliQ H 2 O (1 part).  

  2.  Materials
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    18.    1% Phosphomolybdic acid in MilliQ H 2 O.  
    19.    1% Light green: 10% light green in 1% acetic acid.  
    20.    1% acetic acid in MilliQ H 2 O.  
    21.    Super fi x: Dissolve 0.1 g picric acid in 243 ml 0.2 M sodium 

cacodylate buffer,  fi lter, then add 166 ml 12% paraformalde-
hyde (4%  fi nal concentration). Add 100 ml 25% glutaraldehyde 
(5%  fi nal concentration), and immediately after the addition 
and before use, adjust pH to 7.2–7.4.  

    22.    0.1 M Cacodylate Buffer: 21.4 g Sodium Cacodylate Trihydrate 
in 1 L MilliQ H 2 O, pH 7.4.  

    23.    2% OsO 4  in 0.1 M Cacodylate buffer: Add equal quantities of 
4% OsO 4 ( aq ) and 0.2 M Sodium Cacodylate buffer (42.8 g 
Sodium Cacodylate Trihydrate in 1 L MilliQ H 2 O, adjust pH 
to 7.4).  

    24.    2% Uranyl acetate in MilliQ H 2 O.  
    25.    Absolute ethanol.  
    26.    Propylene oxide solvent.  
    27.    Araldite Epon (kit).      

 

   Overview . It is dif fi cult to accurately determine whether germ cell 
numbers are reduced by a simple histological analysis. A simple 
method to quantify spermatogenesis is the measurement of elon-
gated spermatid content. This technique is based on the principle 
that beyond ~step 17 of spermatid development, the nuclei of the 
elongated spermatids are resistant to destruction by detergents 
 (  18  ) .    If the duration of these stages of spermatogenesis is known, 
since each stage of germ cell development takes a speci fi c length of 
time, the daily sperm output can be calculated as shown in the case 
of rat  (  18  ) . The following method can be applied to the measure-
ment of the Elongated Spermatid Content of testis or epididymis.

    1.    For the determination of the number of elongated spermatids 
in the testes, weigh and decapsulate one testis, and add to an 
appropriate volume of 0.05% Triton X-100 in PBS. We suggest 
a 2:1 ratio of buffer (ml) to testis weight (g), but smaller or 
larger volumes can be used if sperm are less or more 
concentrated.  

    2.    For epididymal tissue, use a ratio of 2:1–4:1 buffer to organ 
weight. Chop the epididymal tissue with small scissors prior to 
buffer addition to facilitate homogenisation.  

  3.  Methods

  3.1.  Quantitative 
Assessment of Sperm: 
Elongated Spermatid 
Content
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    3.    Homogenise tissue in a tissue homogeniser for ~20 s (longer 
for epididymis) until the tissue is evenly dispersed. Homogenates 
can be stored for 2–3 days at 4°C prior to counting.  

    4.    Dilute an aliquot of homogenate in PBS and load into a cover-
slipped Neubauer haemocytometer. Since sperm heads will 
readily settle in solution, it is essential that all homogenates 
and dilutions be well vortexed prior to use.  

    5.    Once the sperm have been loaded into the haemocytometer, 
allow the sperm heads to settle for ~2 min prior to counting.  

    6.    Count  fi ve squares from the four corners and the centre of 
each chamber of the haemocytometer; dilute the homogenate 
accordingly so that approximately 100 sperm are counted in 
each chamber (therefore roughly 20 sperm per square). When 
each square is counted, sperm landing on the left and bottom 
edges are excluded (exclusion boundary) and those landing on 
the top and right edges are included.  

    7.    Add up the number of sperm counted in the  fi ve squares to 
calculate the total per chamber, and calculate the average per 
chamber by adding both totals together and dividing by 2.  

    8.    Multiply the average by the dilution factor (e.g., 100) to calcu-
late the average sperm count per chamber.  

    9.    Calculate the  elongated spermatid content  as follows: Average 
sperm count per chamber × 50,000 ×  Z  ( Z  = no. mls homogeni-
sation buffer + tissue weight (g)).      

   Overview . The assessment of motility of sperm derived from the 
caput epididymis is complex as the sperm are not active immedi-
ately but become activated on dilution in medium. Further, sperm 
released from the head of the epididymis into media swim poorly 
and in circles whereas those released from the tail of the epididymis, 
the major storage area, swim progressively forward on release into 
a physiological medium. Thus any preliminary assessment should 
use sperm taken from the tail of the epididymis and the percentage 
acquiring motility should be noted and where possible the pattern 
of motility should be assessed and video-taped (see  Note 3 ).

    1.    To assess motility, dilute sperm in a medium that permits 
capacitation, e.g., MT6  (  19  )  such that their concentration is 
about 10 6  and 10 7  per ml.  

    2.    Place sperm in a droplet on a chamber slide with a depth of about 
80–100  μ m. The use of such a chamber avoids the need to use a 
coverslip which can impair motility. The dilution is important to 
reduce the concentration of decapacitation factors.  

    3.    Evaluate the presence of progressive forward movement at 60 
and 120 min (see  Note 4 ).      

  3.2.  Quantitative 
Assessment of Sperm: 
Assessment of Motility
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      1.    To  fi x whole testis following removal from the mouse, gently 
prick the tough tunica albuginea in multiple places with a 22 g 
needle to facilitate the penetration of the Bouin’s  fi xative into 
the parenchyma of the testis and place it in the  fi xative for 5 h 
at room temperature.  

    2.    Transfer the testis to 70% ethanol until processing can be 
commenced.  

    3.    Transfer the testis into the following solutions with a duration 
of 2 h in each: 70% Ethanol, 90% Ethanol, 100% Ethanol, 
100% Ethanol, 50:50 Ethanol:Xylene-based solvent, Xylene-
based solvent, Xylene-based solvent, Paraf fi n wax (60°C), 
Paraf fi n wax (60°C).  

    4.    While the tissue is at 60°C, remove it from processing cassette 
and place it into a histology mould containing melted paraf fi n 
wax. Solidify on a cold plate until the paraf fi n wax block can be 
removed from the mould.      

      1.    Dewax sections in xylene (2 × 5 min), then take sections 
through 100, 90, 70% ethanol (2 min each), then wash brie fl y 
in distilled water.  

    2.    Immerse in 0.5% Periodic Acid for10 min.  
    3.    Wash in distilled water for 5 min.  
    4.    Immerse in Schiff ’s Reagent for 20 min.  
    5.    Wash in warm running tap water for10 min.  
    6.    Immerse in Haematoxylin for 60 s.  
    7.    Wash in running tap water for 5 min.  
    8.    Immerse in Scott’s Tap Water for 60 s.  
    9.    Wash in running tap water for 5 min.  
    10.    Dehydrate sections by taking through changes of 100% etha-

nol (3 × 5 min), clear to remove ethanol in two changes of 
xylene (2 × 5 min) and mount with coverslips using DPX.      

      1.    Dewax sections and wash brie fl y in distilled water.  
    2.    If tissue is not yet  fi xed in Bouin’s  fi xative, post  fi x in Bouin’s 

for 60 min at 60°C  
    3.    Wash in running tap water for 10 min.  
    4.    Immerse in Weigert’s iron haematoxylin for 2 min.  
    5.    Wash in running tap water until excess stain has run clear 

(approx. 10–20 s).  
    6.    Immerse in Ponceau–Acid Fuschin for 5 min.  
    7.    Wash in running tap water until excess stain has run clear 

(approx. 10–20 s).  
    8.    Immerse in 1% phosphomolybdic acid for 3 min.  

  3.3.  Preparation 
of Testis Tissue 
for Histological and 
Electron Microscopic 
Analysis: Fixation, 
Embedding for Light 
Microscopy

  3.4.  Preparation 
of Testis Tissue 
for Histological and 
Electron Microscopic 
Analysis: PAS Staining

  3.5.  Preparation 
of Testis Tissue 
for Histological and 
Electron Microscopic 
Analysis: Masson 
Trichrome Staining
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    9.    Wash in running tap water until excess stain has run clear 
(approx. 10–20 s).  

    10.    Immerse in 1% light green for 2 min.  
    11.    Wash in running tap water until excess stain has run clear 

(approx. 10–20 s).  
    12.    Immerse in 1% acetic acid for 1 min.  
    13.    Dehydrate, clear, and mount.      

      1.    Gently prick the testis as above with a  fi ne needle to assist pen-
etration of the  fi xative into the central regions of the testis.  

    2.    Transfer the testes for  fi xation into 5% Super fi x, and hold over-
night at 4°C.  

    3.    After  fi xation, wash specimen in 0.1 M Cacodylate Buffer 
3 × 10 min.  

    4.    Post  fi x in 2% OsO 4 /0.1 M Cacodylate Buffer for 2 h at room 
temperature.  

    5.    Wash in 0.1 M Cacodylate buffer 3 × 10 min.  
    6.    Wash in MilliQ water 3 × 10 min.  
    7.    En-block stain tissue in 2% Uranyl Acetate for 2 h at room 

temperature.  
    8.    Wash in MilliQ water 3 × 10 min.  
    9.    Dehydrate in 50, 75, 95% ethanol solutions for 15 min each.  
    10.    Transfer to Absolute Ethanol twice for 15 min.  
    11.    Transfer to “Dry” Absolute Ethanol (i.e., ethanol with a 

molecular sieve in it to absorb any water contaminant) twice 
for 15 min.  

    12.    Transfer to Propylene Oxide solvent 2 × 15 min.  
    13.    Transfer to 75:25 Propylene Oxide/Araldite Epon and hold 

for 1 h on roller.  
    14.    Leave in 50:50 Propylene Oxide/Araldite Epon on roller 

overnight.  
    15.    Transfer to 100% Araldite Epon resin 3 × 2 h.  
    16.    Embed tissue into EM moulds with Araldite Epon and 

polymerise at 60°C 48 h.       

 

     1.    Some common phenotypes and suggestions for further analysis: 
A comprehensive overview of the many possible spermatogenic 
phenotypes and their potential causes is beyond the scope of this 
chapter, and we refer the reader to an excellent recent review  (  1  ) . 

  3.6.  Preparation 
of Testis Tissue 
for Histological and 
Electron Microscopic 
Analysis: Processing 
Testis for 
Transmission Electron 
Microscopy

  4.  Notes
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However for some guidance on common phenotypes, potential 
causes and suggestions for further analyses (Table  1 ).  

    2.    Markers of germ cells and Sertoli cells: Analysis of spermato-
genesis is best approached by the careful examination of the 
speci fi c germ cell types and the stages in which they are present. 
However, in some cases, it may be useful to also utilise immu-
nohistochemistry or PCR analysis of markers of speci fi c cell 
types (Table  2 ). If measurement of such markers is attempted 
using PCR or western blotting, it is critical that changes in tes-
ticular cell composition between wild-type and mutant animals 
be taken into account when presenting such data. For example, 
if a particular mutation is associated with a loss of all sperma-
tids, then RNA/protein from earlier germ cells and Sertoli cells 
will have a greater contribution to total testicular RNA/protein 
levels. Accordingly, if one was to measure a Sertoli cell-speci fi c 
protein in this instance, there would be an apparent signi fi cant 
increase, despite no actual change in Sertoli cell numbers and/
or expression of this protein.   

    3.    Assessment of epididymal sperm motility: It should be noted 
that sperm isolated from the epididymis are fragile cells that 
can be damaged by shearing forces thus should be suspended 
in media that are carefully constituted paying particular atten-
tion to pH, osmolariy, etc. Contact with blood must be avoided, 
and shearing forces during centrifugation should not exceed 
400 ×  g   (  1  ) .  

    4.    The occurrence of hyperactivation can easily be detected due 
to the dramatic change with an exaggeration of the  fl agellar 
beat wavelength and the presence of  fi gure of eight motility 
patterns. More detailed assessments involve video recording 

   Table 2 
  Useful protein markers of testicular cell populations   

 Cell type  Marker 

 Spermatogonia   Undifferentiated : Plzf  (  24  ) , Gpr125  (  25  )  
  Differentiated : c-Kit  (  26  )  

 Sertoli cells  Sox9, SF1, see ref.  27  
  Immature : Cytokeratin, Anti-Mullerian 

Hormone, see ref.  28  
  Mature : P27kip, Gata1, see ref.  28  

 Meiosis  Sycp1  (  29  ) , Sycp3  (  30  )  

 Haploid spermatids  CREM  (  31  ) , protamines 1&2, transition 
proteins 1&2, see ref.  32  

 Leydig cells  P450SCC, see ref.  27  
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and the use of computer-assisted sperm analysis and are require 
specialised equipment and skills  (  19,   20  ) . Further analysis of 
the mechanisms involves measurements of calcium ion  fl ux, as 
hyperactivation is dependent on an in fl ux of calcium  (  21–  23  ) . 
A further test that can be performed is the assessment of the 
capacity of sperm to undergo hyper-activated motility, which is 
accepted as a measure of the sperm’s ability to undergo capaci-
tation, a process that normally takes place when sperm enter 
the female genital tract. Incubation of the sperm from the tail 
of the epididymis in MT6 medium enables this response to be 
evaluated. Failure to undergo capacitation, when taken together 
with no other testicular or epididymal abnormality can thus 
de fi ne a lesion that impairs sperm capacitation.          
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