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ABSTRACT 

The objectives of this thesis include characterization of sperm-

atozoa according to several physical properties (morphology, size, 

electrophoretic mobility, sedimentation.rate and specific gravity), 

correlation of these properties with several biological properties 

(viability, intrinsic motility, fertilizing capacity, antigenicity and 

genetic composition) and an evaluation of interrelationships among 

these properties and with selected experimental variables. The major 

effort was devoted to stable-flow free-boundary (Staflo) sedimentation 

and electrophoresis studies and the use of the intrinsic motility of 

the spermatozoa to achieve relative or absolute enrichment of sperm 

sub-populations. ·A special microscopic optical system was developed 

to facilitate these studies. 

Analytical (theoretical) methods were developed to clarify the 

requirements for opti~um fractionation of cell populations and to 

allow separate determination of two or more of the properties -

sedimentation rate, electrophoretic mobility and intrinsic motility -

when they may all contribute simultaneously to a given migration 

process. 

Temperatures of 3°C or lower were found necessary to eliminate 

the effects of intrinsic motility. At 3°C in low density-low viscosity 

buffers, the best measured values of physical properties (normalized 

to conditions of 1% sucrose) are as follows: Average sedimentation 

bb . ·o.53 lo-4 I I I 2 1 h · rate, ra 1 t: x em sec em sec • Average e ec trap ore t1c 

mobility, rabbit: 0.85 .± 0.10 x 10-4 cmlsec/VIcm; fowl: 1.65 + 
. ~4 . . 
0.10 x 10 cmlseciVIcm. At these low temperatures no significant 

differences were found among sedimentation or electrophoresis collection 



fractions with respect to morphology, motility or viability of sperm-

atozoa. 

0 Above 4 c, the relative contribution of intrinsic motility became 

significant in both sedimentation and electrophoretic studies, and 
,•' 

depended upon both the temperature and the initial quality of the 

ejaculate. The relative (fowl) and absolute (rabbit) enrichment of 

sperm subpopulations with regard to motility, viability and fertilizing 

capacity achieved above 4°C was attributed to the intrinsic motility 

vector. 

A separate·study was made on the quality.of rabbit ejaculates. 

This revealed an apparent differential sensitivity of cells in various 

stages of spermatogenesis to elevated environmental temperatures, with 

some deleterious effects seen as long as 7-8 weeks after particularly 

hot days.· 

In equilibrium density gradient centrifugation experiments using 

sodium iothalamate gradients, rabbit sperm formed three or more bands 

ranging from spe.cific gravity 1.19 to 1. 37. Absolute enrichment was 

obtained in the low density band (1.19-1.21) with regard to both 

motility and viability. Fowl spermatozoa formed a single band ranging 

from specific gravity 1.19 to 1.21, within which there was a differen-

tial distribution of motile sperm (greatest motility at low density 

border). 

In the limited fertility trials, the "low resolution" fractionation 

of rabbit ejaculates did not give a clear separation of X- and Y-

chromosome-bearing spermatozoa. Perhaps more significant, however, the 

physical properties measured in these experiments are inconsistent 

with the explanations given in the literature for the partial separation 

xvi 



of rabbit and bull spermatozoa using electrophoretic and sedimentation 

methods. The present work does show that high resolution experiments 

are feasible and would give a much better testof the ability to 

separate X- and Y-sperm according to one or more of the properties 

enumerated above. 

xvii 



I~ INTRODUCTION 

Although man's interest in spermatozoa as cells dates from the 

initial report by Hamm and Leeuwenhoek in 1677, his interest in the 

processes controlling the sex of offspring far precedes their discovery. 

92 Gordon presents an excellent review of the literature of folklore on 

the subject. That the folklore is not just ancient history was evident 

from the Ann Landers column of the June 17, 1969 Berkeley (California) 

Gazette in which a reader recommended a method used successfully to 

control the· sex of her children - "sleeping on the left side as soon as 

pregnancy is suspected yields a boy and vice versa." 

The possibility of sex control has generated interest among 

sociologists, scientists and others concerned with genetics, animal 

husbandr)T and reproductive biology in general. Etzioni, in an article 

entitled "Sex, Science and Society", suggests that sex control is only 

one of many social problems arising from scientific investigation that 

253 
should be of concern to everyone 

R f ld f d h b . 272 osen e . ocuse on t e su Ject 

More recently in Life magazine, 

For the more interested reader, 

Rorvik and Shettles have recently published a book presenting their 

"d 1274 ~ eas on sex contra • An important obvious consequence of the ability 

to control sex would be the possibility of eliminating· sex-linked' gen-

etic disorders such as color blindness, diabetes insipidus, and hemophilia 

A and B from the population. A simple means of selecting the sex of 

offspring might also encourage the voluntary reduction of family size 

thereby assisting in the limitation of population growth. Many of the 

widespread social concerns related to the latter problem are summarized 

. 255 
by Kiefer 

Spermatozoa per se are of great scientifi~ interest. Reasons 

1 



2 

include their dramatic morphological changes during spermatogenesis, 

their property of intrinsic motility and its relationship to fertil-

ization and .their significance in genetics. 

The purpose of this project was to study the physical properties 

of spermatozoa, and their relationships to biological features, including 

possible sex control, utilizing some newer experimental methods of 

characterizing and fractionating cell populations. The stable-flow 

free-boundary (Staflo) method proved particularly useful in this regard. 

The rabbit was selected as the donor ot mammalian spermatozoa for 

reasons summarized in Appendix A. For comparison, fowl spermatozoa 

were later added to the study. 

Despite the reputation of rabbits for fecundity, a persistent and 

perplexing problem encountered was the variable initial quality and 

durability of ejaculate spermatozoa. Attempts to understand the 

dependence of this initial quality of spermatozoa on environmental 

variables, and to interpret the subsequent deterioration of spermatozoa 

in terms of experimental factors, became an important part of the study 

and illustrate many of the difficulties encountered in work with 

spermatozoa. It was eventually possible to develop conditions for 

media and manipulative procedures such that the "ultimate" biological 

assay system (obtaining offspring) worked with a high degree of 

reliability, provided that the initial spe.rmatozoa sample was of high 

quality. 

Organization of Chapters 

Chapter II reviews the physical and biological properties of 

spermatozoa and the sex control literature, and discusses the 



3 

' . 
interrelationships among these properties and ~elected experimental 

variables. 

Chapter III describes the basic Staflo method and additional 

ancillary equipment developed during this study. It also includes a 

detailed analysis of Staflo migration-fractionation principles which 

significantly extends the limits of analytical precision for this 

method and for other related fractionation methods. 

Chapters IV through VIII describe the evolution of the experimental 

work. Chapter IV presents the results of early Staflo-sedimentation 

experiments during which procedures for handling spermatozoa were 

developed. The temperature-dependent effects of motility on the 

sedimentation of rabbit spermatozoa are dramatically illustrated. 

Chapter V reports on the electrophoretic properties of rabbit and fowl 

spermatozoa as well as on the effects of temperature and sperm quality 

on electrophoretic migration. Chapter VI presents the evaluation of 

media for use with fowl spermatozoa and the results of electrophoresis 

and electrophoresis-enrichment experiments with these media. Chapter 

Y!! is devoted to equilibrium density gradient centrifugation of fowl 

and rabbit spermatozoa and shows both similarities and differences in 

the biophysical properties of the two cell types. Chapter VIII 
. 

presents a series of mUlti-characterization experiments with rabbit 

spermatozoa, exploring their separate and combined sedimentation and 

electrophoretic properties. This work also explicitly demonstrates 

the importance of the initial sperm quality for eventual fertilization. 

Chapter IX discusses differences in measured sperm quality 

according to the method used for evaluation, and also shows significant 
' ' . 

prolonged and intermittent effects of elevated environmental tempera-
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tures on the initial quality of ejaculate spermatozoa. 

The final Chapter X presents overall conclusions and recommendations 

derived from this study. 
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A. Introduction 

The great interest in studying mammalian spermatozoa undoubtedly arises 

from the active role of that cell type in reproduction, especially in the 

control of sex by virtue of the presence of either an X- or Y-chromosome in 

the individual spermatozoon. In addition, its p·roperty of intrinsic mot

ility mak~s the spermatozoon an exciting object to study and provides a 

practical biological assay system. 

In reviewing the literature on work with spermatozoa, it is convenient 

to consider .the physical and biological prnpP.rti ~:>F.> SE'parately, even though 

the purpose of this thesis is to integrate them. The various categories 

of physical and biological properties, listed in Table I, are discussed 

in Sections B and C, below. An early attempt to discuss, in a separate 

section, the interrelationships among these propet'ties and the u1any exper

imental variables (also listed in Table I) was abandoned in favor of em

phasizing the interrelationships when appropriate in Sections B and C. 

The importance of these interrelationships is illustrated in many of the 

subsequent chapters. 

Appendix B contains additional information on work with germ cells 

including 1) the collection and handling of spermatozoa, 2) the normal 

fertility of the female rabbit, 3) fertilization IN VIVO and IN VITRO, 

4) technical considerations in artificial insemination and 5) methods 

for sexing offspring. 

B. Physical Properties 

Physical methods used to study spermatozoa include 1) electrophoresis, 

6 



Table I. Interrelationships Among Physical and Biological Properties of 

Spermatozoa and Important Experimental Variables 

Physical Proper~ies 

Morphology and Size 

Electrophoretic Mobility 

Sedimentation Rate 

Specific Gravity 

Experimental Variables 

Dilution Medium 

Constituents, pH, ionic 
strength, osmolarity, 
viscosity, specific 
gravity and density 
gradient. 

Spermatozoa Concentration 

Temperature 

Time 

External Forces 

Light, stress, electric 
field, gravity, and 
centrifugation. 

Biological Properties 

Viability 

Intrinsic Motility 

Fertilizing Capacity 

Antigenicity 

Genetic Composition 

·-..J 



2) sedimentation and froth flotation and 3) differential and equilibrium 

density gradient centrifugation. The physical properties upon which these 

techniques depend include morphology and size, electrophoretic mobility, 

sedimentation rate, and specific gravity. Each of these properties is 

considered separately below. 

1. Morphology and Size. 

Information on spermatogenesis and the morphology of mammalian sperm- · 

atozoa can be found in the works by Bishop and Walton42 , .by Ortavant183 

13 140 and by Austin , and on fowl spermatozoa in the works by Lorenz and by 

Sturkie
220

. A detailed discussion of the fine structure of the rabbit 

25 spermatozoon is given by Bedford The discussion in this section is 

restricted to considerations of certain aspects of the morphology and 

size of fowl and rabbit spermatozoa primarily, and to the relationships of 

these features to .the physical and biological properties of spermatozoa 

and experimental parameters.· 

Rabbit Spermatozoa. Figure 1 is a composite drawing of a rabbit spermato-

zoon prepared tram both light and electron microscopy observations. The 

overall length of the rabbit spermatozoon varies from 60-70 microns with 

head and midpiece lengths of approximately 8-10 and 10 microns, respect-

ively. The head is flat with a width of 4-5 microns and a thickness of 

approximately 1 micron. The average head lengths of spermatozoa from the 

22 vas deterens and the ejaculate are abuut the same . The breadth and area 

measurements of heads of spermatozoa vary little among males of the same 

22 
litter, but vary markedly among the means of litters • The weight of 

170 the rabbit and the environment have little influence on these parameters . 

Among males of a litter, the head length, percent capless, and percent 

stained spermatozoa all vary markedly, while the variations among the litter 

8 
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i 
I 

I 
i 



10--- cap 

centriole 

Ring 
30- -- - centriole 

so----·----- , 

Tail 
sheath___.; 

60--------~- \ 

I 

100----------

.. 

Fig. 1 •. Structure of the rabbit spermatozoon. 
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22 
means is small . There is a positive association·between the head length 

170 of normal, unstained spermatozoa and fertility 

213 
Shettles describes 2 populations of human spermatozoa distinguished 

by elliptical and concentric configurations of light diffraction patterns 

in small and large heads, respectively, under phase'contrast microscopy. 

He hypothesizes that the Y-chromosome is found in the smaller head and 

the X-chromosome in the larger head. This observation is questioned by 

. 41 
Rothschild197 and by Bishop . 

Gordon observed head length dimorphism of the rabbit spermatozoa 

populations he studied but found no correlation of the size dimorphism 

with the sex ratio of offspring from the insemination of 2 groups of 

spermatozoa obtained by electrophoretic fractionation92 . Bhattacharya 

reports that the length and breadth measurements of the heads are less 

for spermatozoa obtained from the top than from the bottom tract1.ons of 

. 35 
his gravity sedimentation device. 

lversen describes a surface reflection interference microscopy tech-

nique which may provide more accurate measurements of the size of sperm-

121 atozoa . Bahr and Zeitler describe a method of quantitative electron 

microscopy permitting the recording of the mass cross-section (total mass 

per unit length) of an object, making possible determinations of the dis-

17 tribution of the total mass of very long and narrow structures They 

estimate that the distribution of mass in the bull spermatozoon among the 

head, tail and midpiece are 63.7 ± 3.1%, 36.3 + 1.0% and 17.3 + .05%, 

respectively. Table 4 of their article presents a summary of measurements 

17 of bull spermatozoa structures from the literature . 

Referring to Figure 1, the spermatozoon head is surrounded by a plasma 

10 



membrane which appears to be continuous over the midpiece and over most 

of the length of the tail. The plasma membrane appears to be applied more 

loosely and to have greater stickiness over the acrosomal cap region than 

over the post-nuclear cap region25 . The continuity of the plasma membrane 

over most of the spermatozoon is an important consideration with regard to 

surface charge, which is considered in another section. The anterior por-

tion of the nuclear material is surrounded by a dense acrosomal cap which 

has its own inner and outer cytoplasmic membranes. The integrity of the 

acrosomal .cap appears to be essential for the maintenance of fertilizing 

capacity and is a key morphological feature in assessing viability of 

spermatozoa. Hereditary abnormalities of the acrosomal cap are associated 

with sterility in bulls273 

Bedford has shown that during passage of spermatozoa through the epi-

didymis, there is a decrease in acrosome width and length, which is cor-

related with the movement of the cytoplasmic droplet from the base of the 

sperm head to the center or distal portion of the midpiece
26 

This reduc-

tion in ac.rosome size appears to be related to the acquisition of fertiliz-

ing ability, as shown by a significantly higher conception rate with the 

insemination of spermatozoa from the cauda epididymis than tram the caput 

26 
,epididymis The histology of the epididymis is described very well by 

175 Nicander .. 

Austin found no morphological difference between epididymal spermatozoa 

. 13 
and Rperm recovered from the fallopian tube . Bedford suggests that the 

plasma membrane may be separated more easily from the anterior and lateral 

edges of the underlying acrosomal cap in uterine sperm than in spermatozoa 

. . . 25 
from the eJaculate . Uterine spermatozoa also .showed the presence of small 

particles apposed to, and probably adherent to, the plasma membrane over the 

11 



acrosome. He suggest that this adhesiveness may help to keep the sperm-

25 atozoa attached to the ovum In disintegrating spermatozoa, the inner 

acrosomal membrane and the apical body always remained intact. The apical 

body was observed to persist in spermatozoa penetrating the zona pellucida 

h h h 1 f 1 h d 1 d . dl3 at w ic time t e materia o the acrosoma cap a a most 1sappeare 

The molecular structure of spermatozoa is being elucidated by studies 

12 

such as those concerning (1) the distribution of metabolic activity, phos

pholipid and hyaluronidase between the heads and tails of bull spermatozoa147 , 

191 
(2) the distribution of ATP ::~rti"HY in ram and bull opcrmatm:oa , (J) 

the phospholipid composition of rat and ram epididymal spermatozoa62 , (4) 

111 the chemical composition of the acroilomes of r.::un opcrmotozoa , (5) the 

33 chemical composition of bull spermatozoa , (6) free amino aci.ds in.. the 

6 semen and spermatozoa of the fowl and turkey , and (7) free carbohydrates 

7 
in the seminal plasma and sperm of fowl . Microspectrophotometric tech-

. 4S 
niques have been used to determine the DNA composition of rabbit - and 

241 242 
bull ' spermatozoa and biochemical techniques have been used tn st1_1dy 

the DNA composition of fowl spermatozoa 
lUii 

Welch, Hanly and Guest found a significant correlation between the 

DNA content of spermatozoa m~asured microspectrophotometrically and the 

motility and sperm count, and, to a lesser extent, the morphology of the 

242 
semen spermatozoa from bulls Compared to bulls showing the greatest 

variation.in DNA content, bulls showing the least variation had higher 

quality spermatozoa samples judged by the degree of motility, morphology 

242 
and sperm count Baker and Salisbury found that cytophotometrically 

determined Feulgen DNA values in fresh bovine spermatozoa were distributed 

268 normally Spermatozoa stored for 11 days at 5°C in an egg yolk-citrate 

buffer had a normal distribution of DNA values, but had a lower mean value 



and a larger standard deviation than the fresh spermatozoa. Assuming an 

equal contribution of individual chromosomes to the Feulgen stained mat-

erial and an equal probability of nondisjunction among all chromosomal 

pairs, 10% pondisjunction is needed to explain all of the observed within-

sample Feulgen DNA biological variance. Because 10% nondisjunction is 

unacceptably high, they concluded that aneuploidy contributes little to 

normal Feulgen-DNA variance in spermatozoa and that the major sources of 

biological DNA variance·among spermatozoa in single, normal ejaculates 

are related to variations in sperm age and to the extent of autolysis of 

dead and dying cells268. 

Bouters and coworkers attributed the variable Feulgen-DNA content 

of individual ejaculated spermatozoa to varying percentages of older sperm 

cells in the ejaculates45. They found no significant differences among 

3 consecutive ejaculates, with respect to Feulgen-DNA content, in 15 

experimental rabbits. Aging appeared to have no influence on the UV-DNA 

of spermatozoa. They suggest that the decrease in Feulgen-positive mater-

ial which occurs in spermatozoa during the passage along the male tract 

45 results from structural changes in DNA . 

Fowl Spermatozoa. Fowl spermatozoa, illustrated in Figure 2, are approxi-

mately 140 microns long. The cylindrical sperm head is approximately 14 

microns in length and 0.5 microns in diameter, while the midpiece is 

approximately 4 microns long. 

According·fo Lorenz, the cytoplasmic membrane over the head is con-

140 tinuous over about two-thirds of the midpiece The acrosomal cap is 

present but less conspicuous in fowl than in rabbit spermatozoa. The tail 

is covered by an amorphous sheath which gradually becomes thinner distally 

140 and ends. about 2 microns from the tip of the tail . As shown in Figure 2, 
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fowl spermatozoa have a small acrosomal cap. Trypsin completely removes 

the cytoplasmic membrane around the head, permitting disorganization and 

at least partial digestion of the contents, while the head is little 

140 
affected by pepsin treatment 

2. Electrophoretic Mobility. 

Schroder reported electrophoretic separation of ·rabbit spermatozoa 

into two po~ulations using a sperm dilution of 1:15 in a glycine-Ringer 
206 

buffer at pH 7.10 in aU-shaped electrophoresis cell Insemination 

of spermatozoa which migrated toward the anode gave predominantly female 

offspring, whereas cathode spermatozoa gave predominantly male offspring. 

The number of Y-chromosome bearing spermatozoa obtained from the cathode 

was a maximum at l0°C
206

• Biochemical and immunological studies tended 

to confirm the biological results207 • 

Gordon tested Schroder's experiments, using a similar U-shaped electro

phoresis cell with a glycine-Ringer buffer at pH 7.~0 and l5°C
91

•
92

• The 

·electrophoresis time was 45-50 minutes, and, for any one experiment, sperm-

atozoa could be obtained only from one electrode. Insemination of sperm-

atozoa.recovered from the anode and cathode gave predominantly female and 

male offspring, respectively. Upon applying the electric field, he ob-

served immediate and passive orientation of previously active and randomly 

oriented spermatozoa such that they moved tail first toward the anode92 • 

Lewin also reported two-way electrophoretic migration of rabbit spermato-

135 
zoa , but other investigators have shown that, at pH 5-8~ all bull, 

18,174,233 
ram and rabbit spermatozoa have a net negative charge . 

Vesselinovitch reported that tmmotile bovine spermatozoa, when sus-

. pended in Krebs-Henseleit-Ringer buffer or modified Schroder buffer 

always migrated electrophoretically towards the anode
233

. He concluded 
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that bovine semen does not represent a mixture of spermatozoa of two 

distinct electrical densities which would migrate to opposite poles when 

suspended in buffer solution of a pH intermediate to their isoelectric 

points. He observed also that with an electric field of the proper. mag-

nitude, spermatozoa are recovered from both the anode and the cathode due 

to: 1) electrophoretic movement of immotile spermatozoa toward the anode, 

2) active swimming of spermatozoa of medium motility toward the cathode 

after undergoing galvanotaxis and 3) active swimming of highly motile 

spermatozoa toward both electrodes at random. Variations in the strength 

of the electric field would be reflected pdmiuily in the distribution 

of the second group of spermatozoa. Because of the random contribution 

of highly motile spermatozoa to the sperm population obtained from both 

electrodes, and the equal probability of their being X- or Y-chromosome 

. bearing· spermatozoa, Vesselinovitch believes that the sex ratio will 

depend upon the ratio of X- to Y-chromosome bearing spermatozoa in the 

233 
initial sample MacPherson and Vesselinovitch obtained no significant 

ditterence in the sex ratio of offspring from cattle inseminated with 

. 146 spermatozoa from anodic and cathodic electrophoretic fractions . 

Nevo, Michael! and Schip,dler stressed the importance of immobilizing 

174 spermatozoa prior to making electrophoretic measurements They inac-

tivated spermatozoa by the use of low temperature (4-5°C) or by the use 

of 5% C02 at room temperature. Neither method had adverse effe.cts on the 

spermatozoa. Using a Northrop-Kunitz microelectrophoresis apparatus, they 

found that the electrophoretic mobilities of bull spermAtozoa were essen-

tially the same whether the spermatozoa were in seminal plasma, egg yolk-

citrate-glycine buffer with diluent or had been washed up to four times 

in diluent. They concluded that no substances which contributed to the 

16 
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surface charge were removed from the surface of the cells by the washings 

or were adsorbed from the egg yolk-glycine-citrate buffer. Their obser-

vations showed that both before and after dilution and washing, originally 

immotile spermatozoa and those inactivated by the low temperature were 

all negatively charged and that they had essentially the same electrophor-

etic properties. The iso~lectric point was approximately pH 3.5 for both 

immotile and reversibly immobilized spermatozoa. Additional work with 

rabbit spermatozoa showed an isoelectric point of approximately pH 3.5. 

They saw no two-way migration with either species between pH 2.5 and pH 

8.5 in any of the buffers used. They obtained electrophoretic mobilities 

for bull spermatozoa suspended in seminal plasma and in diluent, after 

4 washings, of 0.89 and 0.88 x l0-4 (cm/sec)/(volt/cm), respectively, with 

174 
an electric field strength of 5.4 V/cm at 4-5°C . 

Bangham studied the electrophoretic characteristics of ram and rabbit 

18 
spermatozoa over a wide range of pH and ionic strength In a solution 

consisting of 1 mM NaCl and 277 mM fructose at an electric field strength 

of approximately 12 V/cm, he observed (1) that motionless (dead) ram 

spermatozoa showed no particular orientation in the electric field and 

moved as though they had a unitorm negative charge over their entire 

surface, (2) that certain spermatozoa had a greater negative charge den-

sity on their tails than on their heads (which oriented their tails toward 

the anode), and, depending upon the magnitude of the electrophoretic 

component relative to their intrinsic forward velocity, the spermatozoa 

swam toward.the cathode or were pulled toward the anode, and (3) that 

head anode spermatozoa had a greater negative charge density on their heads 

than on their tails and, therefore, moved toward the anode at a rate 

determined by their intrinsic forward velocity and the electrophoretic 

17 



component in the same direction.· In this 1 mM NaCl medium from pH 4.8-7 .5, 

the percentage of head anode spermatozoa wa~ 75% or greater, whereas an 

increase in NaCl concentration to 10 mM led to a reduction in the percen

tage of head anode spermatozoa from 70% at pH 4.6 to less than 10% at pH 

5.8 In the 10 mM NaCl solution at pH 4.9, approximately equal nu~bers of 

head anode and tail anode spermatozoa were present. In 145 mM NaCl all 

spermatozoa were tail anode and the net electrophoretic charge on the 

spermatozoa varied only slightly over the range pH 4 to 7. In a glycine

Ringer buffer or in 145 mM NaCl over this pH range, no tail cathode sperm

atozoa were observed with samples of ram or rabbit spermatozoa at inter

mediate temperatures. At 8°C when spermatozoa are reversibly immobilized, 

all spermatozoa were tail anode type. At 25°C, the sperm appeared to be 

of two types, but Bangham explains this by the relative effects of the 

electric field and the intrinsic movement of the spermatozoa18• 

Bangham concluded that separation of cooled, motionless spermatozoa 

would be impractical because of the small difference in the magnitude of 

the negative charge on the tails and the heads, but that separation would 

be enhanced if swimming spermatozoa were used and the contrasting effect 

of the electrophoretic component on the tail and head exploited. Thus, 

by a suitable choice of electric field strength, those spermatozoa with 

a net negative charge on their tails could be held stationary or allowed 

to progress toward the cathode, while those with the net negative charge 

on their heads would move rapidly toward the anode18 . 

Work by Joel and coworkers showed no significant difference in electro

phoretic mobility of spermatozoa from normal and pathological human semen. 

The electrophoretic mobility of normal human spermatozoa ranged from 0.61-

0.86 x l0-4 (cm/sec)/(V/cm) at 20°C and pH 7.8122 
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Laird studied the electrophoretic properties of bull spermatozoa 

using a phosphate diluent and buffer at pH 7.0 with a microelectrophoresis 

. . . 129 
chamber sim~lar to that used by Gordon · At the end of an 8-hour electro-

phoresis run, he observed the distribution of spermatozoa characterized 

morphologically by a collar at the base of the head to be approximately 

100% at the cathode and only 5% at the anode. The initial percentage of 

spermatozoa with collars was approximately 50%. The viability of the sperm-

atozoa at the end of the experiment was extremely poor at both poles of 

the electrophoresis chamber. Spermatozoa recovered from the anode were 

longer than those recovered from the cathode, but both categories of sep-

arated spermatozoa were shorter than the unseparated sperm. He concluded 

that the spermatozoa migrated in two different directions in the electric 

field129 • 

The chang·e in electrophoretic mobility of spermatozoa when passing 

through the epididymis was measured by Bedford with a microelectrophoresis 

apparatus using a spermatozoa concentration of 2 x 106/ml in a 0.145 M 

NaCl solution (pH not given) at 4°c24 . He obtained mobilities of 0.3468 

4 -4 x 10- and 0.5363 x 10 (cm/sec)/(V/cm) for spermatozoa from the caput 

. -4 
and r,QTrms ep:f.d1dymis. respectively. and 0.5371 x 10 (cm/sec)/(V/cm) for 

spermatozoa from the cauda epididymis, vas deferens or washed, mature sperm. 

from an ejaculate. Spermatozoa from the caput epididymis were primarily 

head anode. with some random orientation and less than 10% tail anode. 

Spermatozoa from the corpus epididymis were primarily tail anode; however, 

there was·some random orientation and, occasionally, head anode spermatozoa. 

The orientation of spermatozoa from the cauda epididymis and the ejaculate 

was primarily tail anode. With reversal of the direction of the electric 

. field, the reorientation of spermatozoa from the caput epididymis took 

3-4 minutes for individual spermatozoa and from 5-6 minutes for the entire 
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field of spermatozoa. The reorientation of spermatozoa from the corpus 

epididymis took 2-4 minutes for individuals and 3-4 minutes for the entire 

field. Both individual and the entire field of spermatozoa from the cauda 

24 epididymis, vas deferens and ejaculate took only 1-1.5 minutes to reorient . 

In a solution of 6% fructose, cytoplasmic droplets appear to possess 

electrophoretic properties similar to those of spermatozoa heads, both 

of which are more strongly attracted to the anode than is the distal part 

:.!.4 
of the tail . 

Bey :eports that, after washing fresh spermatozoa 3 times with iso-

tonic NaCl at 4°C, most bull, boar, rabbit and cock spermatozoa had lost 

their intrinsic motility251 . In a low ionic strength buffer in a rectan-

gular electrophoresis chamber, she obtained electrophoretic mobilities 

as follows: (units of l0-4om/sec/V/cm) bull, 1.302 + 0.031; rabbit, 

251 
1.121 + 0.022 and cock,l.545 ± 0.020 

Sevin) (1968) observed two-way migration of rabbit spermatozoa using 

an intermittent electric field and motile spermatozoa at temperatures of 

29 anJ J0°C at pH 7.1 lu 3 emu 7 dtambt:!rt:!d electrophoretic cells210 . ln 

one experiment using 3 different buffers, the insemination of spermatozoa 

recovered from the anode gave 19 offspring, 15 (79%) of which were male, 

while insemination of spermatozoa recovered from the cathode gave 68 off-

spring, 26 (38%) of which were males. The difference between the expected 

normal sex ratio and thP. RP.x ratios of the off&pring obtain&d in thic 

experiment was highly significant. However, in 3 subsequent experiments. 

only a slightly higher percentage of male offspring was born following 

the insemination of spermatozoa which migrated both to the anode and to 

the cathode210 .. In view of the conflicting results of the several experi-

ments, no conclusions could be drawn with regard to the possibility of 

separating the X- and Y-chromosome bearing spermatoz9a by this technique. 
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From the description of the apparatus given, it does not appear that 

observations of the spermatozoa in the electric field could be made. With 

the· media and conditions he used, he achieved excellent fertility and a 

high offspring per litter ratio. 

3. Sedimentation Rate. 

Using a sedimentation apparatus consisting of a 10 ml burette with 

a 1.1 em diameter, Bhattacharya observed that nearly 30% of the spermatozoa 

placed at the top of the burette sedimented a distance of 10 em in 24 hours 

at 0°C through a medium of specific gravity 1.0012 and viscosity 17.956 

36 
centipoises (cp) , Approximately 70% of the spermatozoa sedimented the 

same distance in.24 hours at 0°C through a medium of specific gravity 

1.0025 and viscosity 13.436 cp. The specific gravities and viscosities 

of the media were determined at 21°C. The "light" and "heavy" media con-

tained 5% glycine solution plu~ egg yolk in ratios of 1:2 and 1.75:2~ 

respectively. At the end of a 24-hour sedimentation time, the bottom 1-2 

ml of the column of high ·density medium contained from 9.7% to 14.4% and 

the top 2 ml contained 5% to 16.5% of the total number of spermatozoa. 

Insemination of the spermatozoa from the bottom 2 ml resulted in 22 off-

spring, 17 (77.3%) of which were females and spermatozoa from the top 2 ml 

gave a total of 14 offspring, 12 (85.7%) of which were males. Insemination 

of spermatozoa recovered near the middle of the sedimentation column gave 

approximately 50% of each sex36 . 

Bhattacharya repeated his sedimentation experiment, using a medium 

consisting of 42.5% egg yolk in a glycine-citrate buffer with a specific 

i f 1 0304 d i i . 75 35 grav ty o . an a v scos ty of cp . Approximately 200 x 106 

spermatozoa were placed upon a column of medium 10 em high, and, after 12 

hours at 0°C, spermatozoa were distributed over the top 6 em of the column. 
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6 Insemination of 1-20 x 10 spermatozoa from the top 2 fractions gave 77.4% 

male offspring, and spermatozoa from the bottom 2 fractions gave 28.2% 

male offspring. Insemination of spermatozoa from the intermediate fractions 

gave near normal sex ratios. All inseminations resulted in a low percen-

age fertilization. The dimorphism observed by Bhattacharya suggested that 

the spermatozoa with the greater volume sedimented at a faster rate and 

35 gave a predominance of female offsprin~ 

3 
Bhattacharya reported a partial bimodal distribution of rabbit and 

bull spermatozoa and a unimodal distribution of .fowl spermatozoa in the 

sedimentation apparatus 35 . The sedimentation rate of fowl spermatozoa 

was significantly less than that of the rabbit or bull spermatozoa. He 

had not yet investigated the relationship of sedimentation rate to specific 

35 gravity or to the DNA content of the spermatozoa . 

Bhattacharya, Bangham, Cro, Keynes and Rows.on applied Bhattacharya's 

sedimentation technique to the separation of bull spermatozoa. Eighty-four 

of 173 (48.6%) oftspring obtained in 3 groups of inseminations were males, 

or nearly a 1:1 sex ratio37 . 

Schilling fractionated bull spermatozoa using equipment similar to 

that used by Bhattacharya and a medium consisting of skimmed milk, salt 

solutions and egg yolk with a specific iravity ranging from l. 037-L Ol.L4 

and a viscosity ranging from 7-10 cp 205 . Sixty minutes after being layered 

on top of the column at 0°C, the spermatozoa appeared to be distributed· in 

a single. peak over 10-12 fractions. No additional migration was observed 

after 60 minutes. The spermatozoa in the different fractions were concen-

trated by centrifuging at 4,000 rpm for 15 minutes to make possible insem-

ination of a high number of spermatozoa in a small volume. Insemination 
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of spermato~oa from the lowest fractions resulted in 86 calves, 60 (69.8%) 

of which were females compared to the normal ratio of cattle of 123 males 

to 100 females (44.8%) in artificial insemination
205

. 

Bedford and Bibeau found no difference in the sex ratio of rabbits 

resulting from the insemination of spermatozoa fractionated by gravity 

. ' 29 sedimentation using a device and medium similar to those used by Schilling . 

The specific gravity and viscosity of the medium at 2°C were 1.048 and 

6.7 cp, respectively. The total height of the medium in the burette was 

19 em. Spermatozoa in 1.0 ml of the medium were layered on top of the 

column and twenty fractions of 1 ml each were recovered from the column 

at the conclusion of the sedimentation time. In one series of experiments 

with a 2-hour sedimentation time, spermatozoa inseminated from the bottom 4 

fractions of the sedimentation column resulted in 35 male and 27 female 

offspring. In another series of experiments with a 1-hour sedimentation 

time, insemination of the bottom 2 fractions resulted in 22 male and 21 

female offspring. Insemination of the spermatozoa from the top 2 fractions 

recovered after 2 hours of sedimentation resulted in 15 male and 19 female 

29 offspring .· In a figure showing the distribution of spermatozoa through-

out the sedimentation column in 8 trials, one profile suggested a unimodal 

distribution, 1 or 2 a bimodal distribution and the remainder were more 

representative of uniform distributions. 

· 4. Specific Gravity. 

In 1925, Lush investigated the possibility of sex control by artifi-

cial insemination of centrifuged spermatozoa employing a differential 

143 
centrifugation technique His observations showed uo significant dif-

ference in the sex of offspring obtained by insemination of spermatozoa 

samples fractionated by this technique. His results suggested a possible 
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dimorphism in measurements of head lengths. However, the difference was 

very small and he could not show a relationship between differential mi-

143 
gration rate and head length 

Lindahl and Kihlstrom studied alterations in the specific gravity 

138 of bull spermatozoa during ripening Spermatozoa from 3 ejaculates 

collected from each bull in immediate succession were centrifuged for 10 

minutes at 2,300 g in hem9tocrit tubes over solutions of different concen-

trations of the methy~lucamine salt of umbradil (umbradilic acid). The 

percentage of unripe spe~a.tozoa increased while that of overripe sperma-

tozoa decreased from the first to the third ejaculate in each series. The 

percentage of ripe spermatozoa was nearly equal in each of the 3 ejaculates 

constituting a series. The specific gravity of the spermatozoa ranged from 

about 1.24-1.35 and the mean specific gravities of the first, second and 

third ejaculates were 1.2867 ~ 0.0022, 1.2897 ~ 0.0040, and 1.2668 ~ 0.0048, 

respectively. The distribution of specific gravities appeared to be uni-

modal around the mean. From the distribution of the unripe, ripe and over-

ripe spermatozoa, the authors concluded that the density of spermatozoa 

i d i . . 1.38 ncreases ur ng r~pen~ng 

Using test solutions of umbradilic acid in water~ Kihlstrom found 

the specific gravity of the tail and middle pieces of bull spermatozoa 

124 
to be from 1.035-1.056 and that of the heads to be greater than 1.276 . 

Lindahl attempted to separate the X- and Y-chromosome bearing sperm-

137 
atozoa in bull ejaculates by counter-streaming centrifugation Ins em-

ination of "heavy" spermatozoa gave a total of 63 offspring, 27 (42.9%) 

of which were male. The fertility from spermatozoa subjected to .a rota-

tiona! speed of 1,000 rpm was 53.6% compared to 35.6% at 1,100 rpm. He 

obtained 24.3% males from pooled samples giving greater than 50% fertility 
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compared to 69. 2% males from those g·iving less than 50% fertility. From 

these data, he suggested that it may be possible to select viable female 

determining spermatozoa by running the counter-streaming centrifuge at 

137 
moderate speed (1,000 rpm) . 

·Insemination of the "light" spermatozoa gave 27 males (58.7%) out 

of a total of 46 offspring. This series of inseminations was divided into 

pooled samples with more or less than 40% fertility for analysis. The 

group of inseminations resulting in an average fertility rate of 47.4% 

gave 40.7% males, while the group with an average fertility rate of 29.7% 

gave 84.2% male offspring. The average sex ratio of 58.7 for the 2 groups 

137 
did not differ significantly from the control sex ratio of 59.8 

Lindahl and Thunqvist centrifuged intact epididymal and ejaculate 

spermatozoa and their component parts for 12-15 minutes at 1,000 g in 
139 

specific weight gradients composed of the synthetic polysaccharide Ficoll 

They observed specific gravities of 1.10-1.125 for unfragmented epididymal 

spermatozoa, 1.240-1.334 for ejaculate spermatozoa, 1.045 for midpieces · 

with tails and 1.276 for heads from ejaculate spermatozoa not treated with 

ultrasonics. After ultrasonic treatment, specific gravities observed were 

as follows: urifragmented epididymal and ejaculate spermatozoa, 1.100-1.120 

and 1.210-1.330, respectively; midpieces with tails from both type of 

spermatozoa, 1.040-1.070; heads of epididymal spermatozoa, 1.12-1.140; and 

heads of ejaculate spermatozoa, 1.250-1.350. The authors concluded that 

the marked difference in specific gravity of epididymal and ejaculate sperm-

139 
atozoa appears to be localized to the head . 

Beatty evaluated the use of bovine plasma albumin, colloidal silica 

and dextran as major constituents in media for equilibrium density gradient 

20 centrifugation of mammalian spermatozoa . Rabbit spermatozoa remained 
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fertile after exposure for up to 2 hours in bovine plasma albumin (25% 

in either 0.45 or 0.90% NaCl) and in dextran (Ficoll, 37.9%) but not in 

colloidal silica. A unimodal distribution of specific gravities of rabbit 

spermatozoa was obtained with a colloidal silica gradient. About 95% of 

the spermatozoa were in the range 1.09-1.18, and 50% were in the range 

20 
1.11-1.14.. The mean was 1.132 

Benedict, Schumaker and Davies32 evaluated sodium chloride, sodium 

nitrate, potassium tartrate, potassium iodide, cesium chloride, glycerol, 

sucrose, F{coll, bovine serum albumin, a colloidal silica solution (Ludox), 

~nd the ~ethy~lucamine salt of 3,5-di-iodo-4-pyridone-N-acetic acid (MGU) 

as gradient materials for equilibrium centrifugation studies. With all 

solutions except Ficoll, glycerol and potassium iodide, they observed a 

low density class of bull spermatozoa with a buoyant density of 1.16-1.19 

g/ml and, depending upon the solute, a high density group ranging from 

1.25-1.32 g/ml, which, on many occasions, divided into subclasses over 

a narrow range. Motility was preserved in the bovine serum albumin~ Fi-

cell, Ludox and MGU solutions. Because of the undesirable effects of the 

high viscosity of albumin and Ficoll solutions, and bepause of gelation 

and lowered motility in· the Ludox'solution, they primarily used MGU sol-

utions to prepare the linear density gradients. They used a Beckman Model 

L Ultra-centrifuge with a SW 39 swinging-bucket rotor32 . 

Benedict, et al, centrifuged spermatozoa from the same bull sample 

for 5, 15 and 30 minutes at rotor speeds of 5,000, 15,000 and 30,000 rpm 

at temperatures of 5, 25 and 37°C. Under all conditions of time, centri-

fugal force and temperature, apparent buoyant densities were l.l70 ± 0.025 

and 1.290 ± 0.040 g/ml for the upper and lower bands, respectively. They 

noted increased numbers of spermatozoa in the lower band with increasing 

temperature and time of exposure in the medium. Recentr.ifugation of the 
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upper band gave both an upper band and a lower band, the development of 

which appeared to be related to time. Recentrifugation of the lower bands 

produced diffuse bands in the corresponding density range .. They observed 

a splitting of the low density band into 2 sub-bands only at 5°C and a 

rotor speed of 30,000 rpm. No significant changes in the size or shape of 

the spermatozoa were observed. Similar results were obtained with rabbit 

and bull spermatozoa32 . 

Using a nigrosin-eosin staining technique, they observed a lower 

percentage of eosin-positive cells in the low density fraction than in 

32 the high density fraction in all experiments • With fresh spermatozoa, 

the low density (top) fraction had a slightly higher percentage of eosin-

positive·cells than did uncentrifuged spermatozoa from the same sample. 

However, when using aged and mixed (aged and fresh) spermatozoa, the low 

density (top) fraction had a lower percentage of eosin-positive cells 

32 
than did the uncentrifuged sample 

Insemination of rabbit spermatozoa from the different bands gave 

fertility rates· of 36% from the upper band, 11% from the middle band, 4% 

from each of 2 bottom bands, and 6% from combined bottom bands compared 

32 to 58% fertility with uncentrifuged (control) spermatozoa However, no 

conclusions could be· drawn with regard to the sex ratio of the offspring. 

Lavon and co-workers determined the specifi~ gravity of bull sperm-

atozoa from different parts of the reproductive tract using non-water-

miscible phthalate ester mixtures of predetermined specific gravity in 

micro-hematocrit tubes133 . The average specific gravities of spermatozoa 

from the mediastinum testis, caput epididymis and cauda epididymis were 

estimated to be 1.0440 + 0.002, 1.0583 + .002 and 1.0817 ± .002, respect-- -
133 ively . Thus, the specific gravity increases during maturation as 

suggested by Lindahl. In another report, the specific gravity of bull 
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132 spermatozoa in the first ejaculate was 1.0760 ± 0.003 . These values 

are considerably lower than those reported by Lindahl and Thunqvist. 

Morton used a colloid mill to disrupt bovine epididymal spermatozoa 

and used a sucrose linear density gradient to determine the buoyant den

sity of parts of spermatozoa164 . The apparent buoyant densities of com-

ponents ranged from approximately 1.25 g/ml for tails to greater than 

1. 34 7 g/ml for heads only. Midpieces were slightly more dense than tails 

and the apparent buoyant density of combinations of heads with midpieces 

164 
were less Jor the fragments with the larger midpieces 

C. Biological Properties 

Because of the close relationships among the biological properties 

of spermatozoa, any arbitrary division of them is artificial. However, 

for convenience of discussion, they will be divided into 5 main categories 

as follows: (1) viability, (2) intrinsic motility, (3) fertilizing cap-

acity, (4) antigenicity and (5) genetic composition. 

1. Viability. 

Among the criteria by which the viability of spermatozoa is judged 

are the staining properties and their relationship to morphology, motility, 

fertilizing capacity, and metabolic rate. In addition, one is interested 

in the effects of the age and breed of the rabbit, the frequency of ejac-

ulation and the season of the year on the quality of the spermatozoa. 

a. Vital Staining. Beatty and Napier found a great difference between 

th t 1 d th t t i d t . . 1 t 2 2 e percen cap ess an e percen s a ne sperma ozoa 1n eJacu a es 

For instance, in ejaculates with 25.4, 34.2 and 32.6 percent stained sperm-

atozoa, the percentages of capless spermatozoa were 13.3, 18.6 and 16.9 

percent, respectively. They stated that scoring of stained spermatozoa 

22 
is difficult . Napier suggests that the percentage of stained spermatozoa 
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using a nigrosin-eosin technique is one of the best guides for predicting 

fertilizing capacity, which is inversely proportional to the percentage 

169 of stained spermatozoa He found the mean litter size to be related 

171 
t'o the mean spermatozoan head length of the sire . ·Among strains the 

incidence of stained sp~rmatozoa varies markedly, indicating the possibi

lity of hereditary differences in fertility; however, the variation in 

the percentage of capless spermatozoa is not significant 
23 

In studies with bull spermatozoa, Munro saw no difference among 

samples with visual observation of motili.ty, but found a 10% difference 

165 
with vital staining Conception rates were approximately 65% for 

samples with over 70% live spermatozoa by staining. Fertility was re-

duced an unusual degree when either the incidence of live spermatozoa 

fell below 70% or the incidence of primary and secondary abnormal sperm-

atozoa ros.e above 23%. Head defects appeared to be the most important 

'' 165 
abnormalities • Napier reports that, in samples containing a high per-

· centage of stained or capless spermatozoa, the unstained spermatozoa are 

of low viabilityl69. 

The percentages of stained and capless spermatozoa increased signifi-

cantly after incubation at 38.5°C for 5 hours in 0.9% saline, while in-

cubation for the same period of time in a suspension of SO% seminal fluid 

and 50% saline did not significantly change the mean percentage of stained 

or capless spermatozoa169 . Neither suspending a sample from 1 male in 

the seminal plasma from a different male nor mixing of spermatozoa from 

169 2 different males affects the viability of the spermatozoa 

Stress, such· as centrifugation, causes the same absolute change in 

the percentage of sotained or r . .:tt".l ess spermatozoa in all samples, regardless 

of the initial viability. Thus, with initially lowviability, the per

centage change is greater than with high viability spermatozoa, indicating 
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that the apparently normal spermatozoa in a large population of abnormal 

J "1 1' II 1 • bl 169 ow qua 1ty sperm are ess v1a e . 

b. Metabolism. Work by Murdoch and White has shown that rabbit sperm-

atozoa oxidize glucose faster than acetate and oxidize lactate at a faster 

166 
rate than glucose, fructose, pyruvate or acetate Fructose is the 

predominant sugar found in the semen of most mammalian species, including 

the rabbit, while gluco§~ is the sugr~r fmmn in the semen of tho domcotic 

166 cock . Salisbury reported that the opt:i;mlJm oxyaen uptAke hy Pj<'!t:ulated 

bull spermatozoa in semen occurred only Yh~;~n co2 in amounts normally rc-

a 201 
spired (about 5%) was present Wales and O'Shea reported that the 

presence of respired C02 dur:fne 1rtcubation of bull cpormotozoa. had no 

effect on oxygen uptake or substrate o~idation, but increased lactate 

. 1 i 237 accumu at on . -3 Hamner and Williams reported that 2.36 x 10 M NaHC0 3 

in equilibrium with 2% co2 at pH 7.0 is the optimum co2 level for maximum 

107 
metabolic activity of rabbit spermatozoa 

Sr~.liRhnry 9tatfi& that, during 0 3 hour pel:iuu uf lm:ull:,~tion at 37 9 C, 

both optimum oxygen consumption and optimum aerobic glycolysis by bull 

spermatozoa occurred in a NaCl solution of approximately 280 mosm
201 

(The osmolarity of seminal plasma is approximately 285 mosm). The efft!ct 

of osmolarity was less obvious when a potassium chloride solution was 

used. He suggests that the optimum osmolarity for the preservation of 

spermatozoa and conservation of intracellular reserves would be_provided 

by a medium with an osmolarity of 350 mosm, which is approximately that 

found in the epididymis201 

Wales and Wallace studied the effects of potassium, magnesium, cal-

cium and phosphate ions on the metabolism of bull, dog, rabbit and fowl 

236 . spermatozoa . Fowl spermatozoa had the lowe$t rate of metabolism, and 
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dog spermatozoa had the highest respiratory activity. Washing ~ull, dog 

and rabbit spermatozoa greatly reduced the oxidation of substrates other 

than fructose, while washing had little effect on fowl spermatozoa. Phos-

phate ions generally depressed the respiration of bull spermatozoa and 

stimulated their aerobic fructolysis. It stimulated the respiration of 

unwashed dog spermatozoa, but had no important influence on the metabolism 

of rabbit and fowl spermatozoa. Potassium stimulated some aspects of 

metabolism of sperm of all species, but had its greatest effect upon the 

respiration of dog spermatozoa. It stimulated the oxidation of fructose 

by rabbit spermatozoa. Magnesium depressed the respiration of bull and 

fowl spermatozoa. Calcium apparently had no effect on any of the sperm-

atozoa. h b d f i f i i h . d236 T ey o serve ew s gni icant nteract ons among t e 1ons teste . 

The injurious effects of high concentrations of phosphate on the oxida-

tive· metabolism of bull spermatozo·a has also been reported by other in-

193 vestigators 

Neve studied the dependence of motility and respiration of bull, 

ram and cock spermatozoa on oxygen concentration173 . Both motility and 

respiratory rate were constant in the range of oxygen concentration from 

that in air to that at a p02 of 4-5 mm Hg, below which there was a marked 

reduction in respiratory rate and :inactivation of most· of the spermatozoa. 

Motility and oxygen consumption ceased below an oxygen partial pressure 

of 1 mm.Hg. The critical o2 values were similar for all 3 species173 

They are considerably below the p02 of 60 rom Hg in the fallopian tube 

of the unanesthesized rabbit before, and for 3 days after, the induction 

of ovuiation with HCG149 . If the minimum o2 partial pressure requirement 

is similar in other species, a significant safety factor is present. 

c. Factors Affecting Spermatozoa Production and Quality. The volume 

and number of spermatozoa in an ejaculate depend upon the age and breed 
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of the rabbit and upon characteristics of individual.males. For mature 

rabbits volumes range from 0.4-0.7 ml and concentrations range from 

8 9 1 
1 x 10 -~ x 10 spermatozoa/ml . The variation in the fertility of semen 

samples is attributed to (1) the inherent quality of the spermatozoa, 

(2) the composition of the seminal fluid and (3) the interaction of sem

inal fluid and spermatozoa169 

Amann and Lambiase studied the changes in semen characteristics and 

sperm output between puberty and one year of age in New Zealand White 

9 
bucks •.. Daily sperm output double!} between 20 and 32 weeks of age, reach-

ing an average of 148 + 11 x 106 spermatozoa per day and did not increase 

after that time, suggesting that these rabbits reach sexual maturity at 

about 32 weeks of age. The mean ejaculate volume was 0.56 ml with a sperm

atozoa concentration of 301 x 1061m19. 

The effect of the frequency of ejaculation upon the viability of 

spermatozoa was evaluated by Gregoire, Bratton and Foote who compared 

the spermatozoa from 2 groups of 4 Dutch Belt rabbits each, ejaculated 

at daily or weekly intervals94 . The average number of motile spermatozoa 

decreased from 243 x 10
6 

to 55 x 106 per ejaculate for the bucks ejaculated 

daily, and from 138 x 10
6 

to 97 x 10
6 

for the bucks ejaculated at weekly 

6 
intervals. The weekly output of motile spermatozoa was 385 x 10 com-

pared to 97 x 10
6 

for the bucks ejaculated at daily and weekly intervals, 

respectively. There was no significant differ.ence in the size of thP. 

litters or in the percentage of does kindling following artificial insem-

ination with semen from the 2 groups of bucks after they had been ejacu

lated for a period of 37 to 40 weeks94 . 

Amann evaluated the effect of ejaculation frequency and breed on 

semen chara~teristics and sperm output of Dutch and New Zealand White 
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rabbits using ejaculation frequencies of 1 x 12 hours, 1 x 24 hours, 

and 2 x 48 hours with the 2 collections separated by about 15 minutes
8

. 

Each ejaculation frequency was -imposed for 36 days, the last 30 of which 

constituted the experimental period. No significant differences were 

observed among the daily sperm outputs at the 3 different collection fre-

6 6 quencies. The averages were 88 x 10 and 123 x 10 spermatozoa/day for 

the Dutch and New Zealand White rabbits, respectively
8

. Amann did not dis-

cuss the quality of spermatozoa from the different rabbits at the dif-

ferent collection frequencies. 

Another study of the sperm output of rabbits at various ejaculation 

frequencies was conducted by Desjardins, Kirton and Hafs using .9 Dutch 

64 Belt and 3 New Zealand White rabbits, approximately 12 months of age 

Each of the rabbits was subjected to 4 ejaculation frequencies imposed 

for 5 week periods, consisting of frequencies of once a week (1 x F), 

4 times on Friday (4 x F), twice on Monday, Wednesday and Friday (2 x MWF) 

and once daily, except Sunday (1 x M-S). They observed no significant 

differences among the first ejaculates at all 4 frequencies. Despite 

a decrease in volume in the second ejaculate of the 4 x F and 2 x MWF 

groups, an increase in the spermatozoa concentration gave a higher total 

sperm output in those ejaculates. In the third and fourth ejaculates 

of the 4 x F group, both the volumes and concentrations decreased. There 

were no significant differences in the total number of spermatozoa per 

week from the 4 x F, 2 x MWF and 1 x M-S groups 64 . No observations on 

the quality of the spermatozoa in the different ejaculates were reported. 

An analysis of the protein, fructose and citric acid content of the eja-

culates showed both an absolute decrease in successive ejaculates in the 

4 x F and 2 x MWF groups, and a decrease in concentration of those sub-
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strates, which was most prominent in the third and fourth ejaculates in 

64 the 4 x F group 

Orgebin-Crist observed that, when rabbits were ejaculated only twice 

weekly, the daily sperm output was approximately 50% of the estimated 

testicular sperm production, indicating that a high percentage of the 

181 spermatozoa produced were absorbed 

Doggett showed that the total sperm count of rabbits ejaculated 

daily for prolonged periods rose to a definite peak every 2-7 days with 

68 an average of 3.16 days The low values usually were about 50% of the 

preceding peaks. In mature animals; the peaks were fairly consistent 

and similar among individual animals. Sperm motility and the volume of 

liquid semen rose and fell with the total daily sperm production68 

Degerman and Kihlstrom have shown a cyclic variation in the body 

temperature of the male rabbit which correlates statist:i.cally with the 

volume of semen·produced daily.· Cycles vary in length from 3-9 days with 

63 a mean value of 7 days . The authors uid not ltipU:t:l the l!llal:l.ty of the 

spermatozoa during the cycles. 

El Jack and Lake evaluated the effect of resting roosters from 

ejaculation on the quality of spermatozoa by subdividing the roosters into 

77 5 groups One group was kept as a control, while the other 4 groups 

were rested for 2, 4, 6 and 8 weeks, respectively, between ejaculations. 

Semen was collected from the control group throughout the 10 week experi-

mental period at intervals of 2, 3 or 7 days. Even though there was a 

tendency for the number of degenerating spermatozoa in an ejaculate to 

rise after roosters had been rested ·for more than 2 weeks, there were 

individual variations in the degree of deterioration of the ejaculates. 

Some roosters did not appear to be affected appreciably by the change in 
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collection schedule. When the experimental males were milked frequently 

after a rest period, the percentage of normal spermatozoa in the semen 

returned towards the pre~rest value. It was suggested that the rooster 

should be ejaculated regularly to insure the avaflability of uniformly 

77 
good samples . 

Eliassen showed that frequent ejaculations reduced the volume of 

human seminal plasma, but did not significantly change the relative amounts 

of constituents from the seminal vesicles and prostate gland. Ejaculates 

were obtained from individuals at 24, 12 and 8 hour intervals
76 • 

Freund and Wiederman evaluated the influence of spermatozoa quality 

88 on storage and fertility They found that compared to high quality 

sperma~ozoa, the motility of spermatozoa of poor quality ejaculates was 

good immediately after cooling to 5°C and after 1 day of storage, but 

showed a greater loss of motility with longer storage than did ejaculates 

with high quality spermatozoa88 . 

d. Seasonal Variations in Spermatozoa Quality. The seasonal variation 

i~ the reproductive traits of New Zeaiand White rabbits fro~ 1943-1960 

was evaluated by Sittman and co-workers at the United States Rabbit Ex-

216 periment Station, Fontana, California . The maximum average daily 

temperature increased from 63 to 75°F from January through May, increased 

to above 80°F in June, was approximately 90°F from July through September, 

decreased to about 80°F in October, and was about 75°F and 70°F in Nov-

ember and December, respectively. The animals were housed in sheds cooled 

by sprinklers during the hot, dry summer months. The monthly conception 

rate was 77.4% from January through May, 62% from June through November, 

with a low of 52% in September, and was 72% in December. In addition to 

the decrease in the conception. rate during the hot months, the following 
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also were ob·served at that time: (1) a decrease in the number of litters 

born per.month, (2) a decrease in the average number of offspring born 

alive per litter per month, (3) a decrease in the average total litter 

size per month as a percent of the overall average, and (4) a decrease 

in the number of rabbits born per month as percentages of the overall 

total. This variation in reproductive capacity appeared to be more de-

216 
pendent upon changes in temperature than upon changes in light conditions . 

Orgebin-Crist evaluated the effect of environmental light on the 

gonadal and_ epididymal sperm reserve and the daily sperm production in 

rabbits. Rabbits exposed to 14 hours of light daily for 26.3 ± 1.7 weeks 

had an average sperm production of 115.8 x 106/day and a testes yi.elrl 

of 21.4 x 106 sperm/day/gm compared to an average sperm output of 147.4 

6 . 6 
x 10 /day and a testes yield of 26.5 x 10 sperm/day/gm for bucks exposed 

to 14 hours of light for only 6.9 ± 8 weeks. This suggests that a con-

181 
stan~ photo-period is deleterious for sperm production 

2. Intrinsic Motility. 

This section is concerned primarily with factors influencing the 

preservation of motility (cell concentration; and the pH, ionic strength 

and osmolarity of the medium) and factors modifying the degree of motility 

(temperature and stage of maturation of the spermatozoa). In addition, 

observations on the fluctuations in. swimming ratee of individur'!] bull 

spermatozoa are presented. 

a. Spermatozoa Concentration. Emmens and Swyer observed that rabbit 

spermatozoa from most ejaculates, when suspended in Baker's solution at 

6 
a concentration of 0.4 x 10 /ml, became completely immotile within 2 or 

80 
3 hours • The same phenomenon occurred with chloride-free diluents and 

is, therefore, not due to a toxic effect of chloride. They reported that 
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the rapid immobilization may be prevented by suspension in cell-free 

supernatants from other more concentrated suspensions of rabbit semen, 

by accessory secretions from a vasectomized buck, and by the addition 

of agents such as gum arabic, starch, glycogen, and serum proteins to 

Baker's solution. In no case was the action of the additives as effect-

ive in preserving motility as more concentrated suspensions of spermatozoa 

in Baker's solution. Washing with Baker's solution did not cause im-
. . 6 

mobilization of spermatozoa at concentrations o:f 20 x 10 /ml at a stage 

when the concentration of seminal plasma had been reduced to the equiva

lent of dilution to 0.4 x 106/ml. However, 6 washings did immobilize 

the spermatozoa and was interpreted by the authors as evidence that the 

dilution phenomenon is caused by the loss of intracellular or paracellu

lar materia180 . 

Swyer (as noted in the discussion following Kok's report) observed 

a significant decrease in the motility of rabbit spermatozoa when the 

6 125 
concentration fell below approximately 4 x 10 spermatozoa/ml . Emmens 

and Swyer80 observed that a concentration of 20 x 106 spermatozoa/ml main-

tained as good, or nearly as good, a degree of motility as higher concen-

trations. 

Freund and Wiederman, using human spermatozoa, observed that with 

dilutions of 1:1, 1:5, 1:25 and 1:125 in Norman-Johnson Solution, seminal 

·plasma and White's phosphate buffer, there was an initial loss of motility 

88 
at the greater dilutions . Over a period of 5 hours at 25°C the decrease 

in the percentage of motile sperm at all dilutions appeared to be approxi-

mately the same in the Norman-Johnson-! (NJ-l)Solution. The decrease in the 

percentage of motile sperm in raw semen appeared to be greater than in 

. ' . 88 
semen diluted 1:1 and 1:5 in the NJ-1 Solution . The actual spermatozoa 
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concentration at the different dilutions was not given. 

Quinn, White and Wirrick studied the effect of dilution on the 

concentration of sodium, potassium, calcium and magnesium in ram and bull 

spermatozoa using an atomic absorption spectrophotometer193 They ob-

served an intracellular accumulation of sodium and a loss of potassium, 

calcium and magnesium upon dilutions as low as 1:8. Equilibrium was 

reached soon after dilution and little change in the concentration of those 

cations was observed over a 3 hour period. At dilutions of 1:100 and 

after washing 4 times, they ohRP.rved a similar but more severe influx uf 

sodium. This was accompanied by a marked intracellular depletion of potas-

sium whid1 L~;~uu~u t.o wo:r.~P.t'l over the 3 hour period. Th.is exe:he:wgt= uf sodium 

and potassium increased with increasing pH193 

b. ~· Emmens studied the effect of pH on rabbit spermatozoa using a 

diluent containing 3% dextrose, 0.2-0.4% sodium chloride and sufficient 

buffer to bring the solutions to a tonicity equivalent to 0.9-1.0% sodium 

79 6 . 
chloride . Suspensions of 10-60 x 10 spermatozoa/ml were prepared only 

from active ejaculates with high counts. All observations were made at 

room temperature. Baker's solution at approximately. pH 7.3 was used as 

a control. Observations included the following: (1) Rabbit semen had 

a pH between 7.0 and 8.2 with a mean of 24 samples being pH 7.6. (2) 

Spermatozoa were much more sensitive to acidity than to alkalinity~ (3) 

A pH range of 7.2-7.9 was optimum for maintaining motility IN VITRO. 

(4) At pH's slightly below 5.8, spermatozoa were immotile. After expo-

sure for 1.25 hours at this pH, the addition of Baker's solution restored 

the motility to a reasonable degree. With exposure to the low pH for less 

than 5 hours, a slight degree of motility was restored upon addition of 

Baker's solution but after 5 hours, the loss of motility was irreversible. 
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(5) For very short exposures to pH's between 4.4 and 5.4, motility could 

be restored by the addition of Baker's solution to the medium. In th~se 

cases, the duration of exposure was limited to 1 hour or less. (6) At 

pH 9. 5-10,0, spermatozoa remained motile and su.rvived for several hours, 

but with a depressed .degree of motility. (7) At all pH's as death occurred, 
. 79 

the sperm tails tended to stain before the heads . 

Spermatozoa tolerate well a pH range of 6.5-8.0 in most media IN 

VITRO. The reversibility of the effects of extreme pH's on viability and 

intrinsic motility is time dependent and therefore of great significance 

in designing experiments using spermatozoa . 

. The relationship of tpese IN VITRO observations to the natural environ-

ment of spermatozoa in the female genital tract is illustrated by the 

following observations. Moghissi observed that human spermatozoa were 

i'mmobilized in acid.mucus while alkaline mucus enhanced motility161 . 

According to Stevens, Hafs and Kirton, the uterine fluid of rabbits is 

219 
pH 7.64 They stress the importance of co2 in buffering uterine fluids 

for they observed a rapid rise in pH upon removal of the fluids from the 

219 
uterus 

In ad9ition to its influence on the preservation of motility, pH 

also has a significant effect on the electrophoretic mobility of sperma-

tozoa as noted previously. 

c. Ionic Strength and Osmolarity of the Medium. Items related to ionic 

39 

strength which have been mentioned previously include the net surface charge, 

the relative surface charge on the heads and tails of the spermatozoa, 

and the effects of ionic strength on the type of agglutination of sperm-

atozoa populations. 

Observations by Emmens on the effects of osmotic pressure and electro-
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lyte concentration on the motility of rabbit spermatozoa at different 

hydrogen ion concentrations included the following: (1) At pH 5.8-

6.6, spermatozoa were less motile than at pH 7-8, were very sensitive to 

pH changes, and were more sensitive to hypotonicity than to hypertonicity. 

Motility was affected little or not at all by sub~titution of dextrose 

for part or all of a sodium chloride solution. (2) At pH 7-8.7, sperm-

atozoa were relatively insensitive to changes in pH, but hypo- and hyper-

tonicity, whether caused by alterations in sodium chloride or in dextrose 

concentration, were about equally deleterious to motility. The replace-

ment of sodium chloride by dextrose in hypertonic diluents tended to lower 

initial motility but this level of motility was maintained with little 

fall over the next 6 hours. (3) At pH 8.6-9.8, spermatozoa were much 

less motile than at pH 7-8, but still were not very sensitive to minor 

changes in pH. Hypertonicity was more deleterious than hypotonicity·. 

The latter may even have been favorable to motility under certain conditions. 

(4) The replacement of sodium chloride by dextrose enhanced preservation 

of motility in isotonic media, but made little difference in hypo- or 

hypertonic solutions. The favorable effect of hypotonicity was expressed 

if it involved a reduction in the sodium chloride content of the diluent, 

but not if it involved a reduction in the dextrose content. The character-

istic action of dextrose was a lowering of the rate of decline of motility, 

not the maintenance of o high initial motility. (5) In alkaline suspen 

sions, rabbit spermatozoa were affected adversely by a sodium chloride 

concentration greater than approximately 0.2%. Motility was better in 

a hypotonic medium of less than 0.2% sodium chloride content than in an 

78 isotonic medium containing more than 0.2% sodium chloride . 

d. Temperature. As noted earlier, the use of low temperatures is a 



convenient way to reversibly immobilize spermatozoa·.. Bhattacharya ob-

served that the degree of motility of rabbit spermatozoa at low tempera

tures depended upon the medium in which the sperm were suspend~u35 

The deleterious effect of sudden exposure of mammalian spermatozoa 

to low temperatures (cold shock) has been known for some time. Epidi-

dymal spermatozoa from·ram, boar and bull apparently are more resistant 

d 
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to col shock than are spermatozoa .from the ejaculatory ducts Quinn 

and White recently have shown that cold shocking and deep freezing bull 

and ram semen caused an influx of sodium and an efflux of potassium and 

magnesium from the spermatozoa. They did not observe any significant 

changes in the cation content of human, dog, rabbit or fowl spermatozoa 

192 
after cold shocking 

At the other extreme, a temperature of 48°C for 30 seconds caused · 

. 265 
a loss of mot1lity of rabbit spermatozoa IN VITRO . 

e. Stage of Maturation. Blandau and Rumery have also shown that rat 

spermatozoa suspensions prepared from the cauda epididymis and.inseminated 

into the left uterine horn gave a 93% fertilization rate, whereas only 8% 

of ova were fertilized by suspensions of spermatozoa from the caput epi

didymis when injected into the right uterine horn of the same animals43 . 

Most spermatozoa from the caput epididymis were actively motile but swam 

in circles because of retroflexion of the head and stiffness in the 

neck piece of the flagellum. They attributed the lower fertilization rate 

by these spet~atozoa to the circular swimming pattern and suggested that 

it in~erfered with their ability to ascend to the ampulla of the oviduct43 . 

Barack has shown that the amount of fluid produced within the testis 

of the mouse is sufficient to flush the tubal system at least once a 

day .m1d that this fluid production is the major factor in the transport 
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. 19 
of spermatozoa from the seminiferous tubules to the ductuli efferentes . 

From their observations, Blandau and Rumery concluded that rat spermatozoa 

pass through the epididymis passively because of peristaltic waves that 

sweep over the tubules at a rate of approximately 8 per minute43 . 

Other changes during maturation are considered in Section 4, Anti-

genicity.· 

f. Fluctuations in the Swimming Rates of Individual Spermatozoa. In 

a study .of fluctuations in the swimming rates of indivi.dual bull sperma-

tozoa at 3rc. Tampion reported th~t. !=:pPnn:~tf.lzoa from lilomQ bullo mtrun nt 

a rate greater than 150P/sec in sperm extract226 . The mean swimming 

·.tate of straight and circling spermatozoa in 4 ejaculates were estimated 

to be 133.4 J.l/sec and 134.0 p./sec, respectively. In a series of 4 

experiments, 56-90% of the spermatozoa swam straight over a distance of 

more than 310 microns, while 4-10% of the spermat.n7.n::l st.r~;>nr9t3 to th~ 

right or left. The remainder of the spermatozoa swam in polygonal pat-

tern~:~. Spermatozoa diluted to a concentration oi 'j,OOO/J}- 1 with saline 

had swimming rates ranging from 57.4 to 103.3~/~ec. VariatiQns within 

individual groups ranged from 15-40 ~/sec. In addition to differences 

in swimming rates among spermatozoa, individual spermatozoa changed ve

locity considerably from time to time226 . 

Tampion studied the effects of drugs and hormones on the swimming 

performance of bull spermatozoa and showed that the most satisfactory 

medium for achieving and maintaining a high rate of motility was 135 mM 

227 
NaCl .. The addition of fructose in concentrations of 5.0, 0.5 and 0.05 

mg/ml to 13~ mM NaC1 had no significant effect on the swimming rate or on 

its. maintenance for 1 hour. In 135 mM NaCl, the mean swimming rates 

ranged from 130.8-158.0 ~/sec. Despite the greater viscosity of both 
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f:tesh and frozen seminal plasma, the swimming rates, after 5 minutes of 

incubation in these media were still 110.2 ± 4.6 and 99.0 ± 12.6)U/Sec, 

respectively, compared to 139.2 ± 4.7 and 136.2 ± 7.2JU/sec in 115 mM NaCl 

controls. Thus, there does not appear to be a significant inhibitory 

effect of fresh seminal plasma on motility. 

3. Fertilizing Capacity 

The fertilizing capacity of spermatozoa is acquired during passage 

through the epididymis. Orgebin-Crist found that spermatozoa from the 

caput and the proximal .corpus epididymis were infertile when inseminated 

. 180 
surgically into the uterus of does Insemination of does in a similar 

manner with spermatozoa from the distal corpus epididymis, and from the 

proximal and the distal cauda epididymis, gave fertilization rates of 

57%, 92.7% and 95%, respectively. Compared to control ova fertilized 

with surgically inseminated ejaculated spermatozoa, the fertilization 

of ova was delayed significantly when distal corpus spermatozoa were 

inseminated. Another interesting observation was that spermatozoa iso-

lated surgi.cally in the proximal caput epididymis for 3-8 days developed 

180 
their capacity for motility but did not develop fertilizing ability 

In another p.aper, Orgebin-Cris t reported that, in does inseminated 

with spermatozoa from the lower corpus epididymis, only 52% of the ova 

that ultimately would be fertilized had been penetrated 16 hours after 
182 

the injectio~ of HCG In about half of these ·ova, the fertilizing 

spermatozoon was just penetrating the ovum at that time. Approximately 

10% of ova fertilized with epididymal spermatozoa were polyploid. This 

was attributed to the delayed fertilization because the fertilization 

182,212 
of aged rabbit ova is known to lead to polyploidy 

After separation of epididymis and testL~, the fertilizing capacity 

43 

/ 



of rabbit spermatozoa lasted for 8-10 days, while motility lasted for 

14-38 days, indicating that mature sperm can remain in the epididymis 

for 10 days without loss of fertilizing capacity54 Tesh and ·Glover 

observed that the fertilizing capacity of rabbit spermatozoa, which had 

been isolated in the epididymis for periods of up to 2 weeks, was appa-

228 rently nqrmal However, it was reduced greatly after 4 weeks and 

was completely lost after 7 weeks. Increased embryo mortality was ob-
228 

served before a significant failure in fertilization was detected 

Bedford compared the interaction between ova and spermatozoa taken 

from the vas deferens and the cauda epididymis by i.nseminating sperm-

28 
atozoa of each group into opposite Fallopian tubes in the same rabbits 

He found a significantly greater number of spermatozoa from the vas de-

ferens than from the epididymis in association with ova. He suggested 

that, in the rabbit, capacitation invests spermatozoa with the competence 

Lu e1:1t:ablish contact with the surface of the zona pellucida and to 

penetrate ova during the fertile life of the 28 ovum 

~urfening and Ulberg incubated portions of split ejaculates at 38°C 

or 40°C fur 3 hours and found no difference in the fertilizing capacity 

4'1 
of rabbit spermatozoa incubated at the 2 temperatures However, the 

embryonic survival rate was higher in the vterine horns inReminAtPn with 

semen incubated at 38°C than in the opposite horns inseminated with semen 

. . 0 47 
incubated at 40 C . Asdel! ai1ll Salisbury reported that the morphology 

of spermatozoa from rabbits in whom the testes had been placed in the 

abdomen surgically for varying periods of time. sho~ed increasing deter-

12 
ioration with time due to the higher temperature in the abdomen Thus, 

the short incubation. period used by Burfening and Ulberg, although not 

changing the morphology or fertilizing capacity of the spermatozoa, had 

caused a more subtle change which showed up in the embryonic survival 
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rate. 

Spermatozoa of normal rabbits retained their full fertilizing 

capacity in the female genital tract for only about 25 hours before ov-

54 ulation and had lost fertilizing capacity after 32 hours . McGaughey, 

Marston and Chang found the fertilizing life of mouse spermatozoa in 

154 the female genital tract to be approximately 12 hours . According 

to the authors, a review of literature gives survival times of sperm-

atozoa of other species in the respective females as follows: 14 hours 

in the r~t, 22 hours in the guinea pig, 30 hours in the rabbit, 126 

h 4 
. 154 

ours in the ferret, and 1 4 hours in the horse . Fowl spermatozoa 

remain fertile in the genital tract of the female for several weeks and 

turkey spermatozoa retain their fertilizing capacity for at least 30 

d 140,220 
ays .. 

The number of spermatozoa required for fertilization varies from one 

species to another. Even though it is estimated that only 1,00014 to 

2,000
3 

spermatozoa reach the site of fertilization after normal mating 

in rabbits, it appears that with vaginal insemination, 0.5-1 x 106 

spermatozoa are needed to ac~ieve optimum fertilization results. In 

poultry husbandry, the usual minimum number of spermatozoa inseminated 

8 140 
is 1 x 10 in a volume of approximately 0.1 ml With both species, 

high percentages of fertilization have been achieved with lower numbers 

of spermatozoa56 •140 •262 Additional considerations concerning artifi-

cial il~t>emluaLion ln the rabbit are given in AppendiJt B. 

4. Antigenicity. 

The antigenicity of spermatozoa has been studied with regard to 

the significance of auto-antibodies against spermatozoa in the blood of 

186 men with obstructed vas deferens ; the presence ot sperm agglutinins 

in human semen and blood244 ; a comparison of the specificity of antigens 
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160 117 
in semen on spermatozoa and in blood of humans and bulls ; the 

failure of the control of fertility in the rabbit by isoimmunization 

i h . 1 1 240 d 155,250 w t sem1na p asma , an success in the mouse and the indue-

tion of ant·ibodies against spermatozoa in female rabbits by intravaginal 

73 
or intramuscular injections of rabbit semen and bull semen . Edwards, 

Ferguson and Coombs found human A and B blood group isoantigens on the 

75 spermatozoa of secretors but not on the spermatozoa of non-secretors . 

The presence of the isoantigens M, N and Tja was established. However, 

the sex-linked antigen Xga could not be shown on the spermatozoa
75 

Boettcher found ABO antigens on seminal spermatozoa from secretors but 

not on spermatozoa from non-secretors, and concluded that the ABO anti

'1'1 gens are adsorbed from the seminal plasma . 

Although studies such as those mentioned in the above paragraph 

are of great interest and may eventually be incorporated into the ex-

perimental program in progress in this laboratory, the problem of anti-

genicity is of importance in current work only with re~ard to agglutin-

ation in experimental procedures. Because clun1ps of spermato:lua behave 

quite differently from individual spermatozoa during sedimentation and 

electrophoresis, it is desirable to avoid agglutination158 

In a study of the agglutination of mammalian spermatozoa, Bedford 

found a tendency for washed ejaculate or epididymal spermatozoa of sev-

eral mamm:alian species to agglutinate by the head region in physiological 

media such as Ringer's and Tyrode's solutions, 0.9% sodium chloride, 

and especially in either normal heated isologous, homologous, or hetero-

27 logous sera . In these aggregates, the sperm tails remained quite free 

and showed persistent, vigorous activity. He stated that tail-tail 

agglutin9tion was never observed between mature rabbit spermatozoa in 

electrolyte solutions or in normal homologous or non~specific hetero-
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logous sera. Tail-tail agglutination did occur readily when rabbit 

or other spermatozoa were suspended in specific heterologous antisera. 

He attributed this to antibodies against tail and head specific antigens 

giving possible combinations of head-head, head-tail and tail-tail agglu-

tination. Thus, tail-tail agglutination in homologous and, especially, 
. 

isologous sera was considered to be due to specific antibodies against 

tail antigens 27 

When mature rabbit spermatozoa were suspended in isotonic solutions 

of sucrose, glucose or fructose at 37°C, the aggregation of motile sperm-

atozoa by the tail region similar to tail-tail agglutination seen in 

27 specific antisera occurred rapidly . In isotonic media of low electro-

lyte concentration, the surfaces of the sperm tails became attracted 

not only to other tail surfaces, but also to particulate matter in the 

medium. Materials that adhered to the surface of the tail never did so 

to the surface of the sperm head. Addition of increasing amounts of 

Ringer's solution to a suspension of motile spermatozoa in an isotonic 

solution of sucrose or glucose caused a transition from the tail-tail 

27 
agglutination to head-head agglutination . 

The agglutination properties of rabbit spermatozoa. changed during 

27 
passage through the epididymis There was little tendency for head-

head agglutination of spermatozoa from the caput epididymis, but there 

was for tail-tail agglutination in 0.145 M NaCl. Spermatozoa from the 

corpus epididymis showed some tendency for head-head agglutination, but 

much less so than spermatozoa from the cauda epididymis. Spermatozoa 

from the cauda epididymis, vas deferens and mature, washed spermatozoa 

from the ejaculate tended to agglutinate by the head region in homolo-

27 
gous heated serum or in 0.145 M NaCl but showed no tail-tail agglutination 
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Bedford concluded that the orientation of many caput spermatozoa 

in an electric field with heads pointing towards the anode indicated the 

h h h h d 
. 24 

existence of a relatively igh net surface c arge over t e ea reg1on 

The change to tail anode orientation and the relatively higher electro-

phoretic mobility and speed of re-orientation of cauda spermatozoa under 

the same conditions reflected an absolute increase in the net negative 

surface charge over the tails during maturation of the spermatozoa. He 

raised the question of whether or not an absolute reduction in the neg-

ative surface charge density of the head region occurred during epidi-

dymal passage of the sperm. Spermatozoa failed to exhibit head-head 

agglutination in media giving head anode orientation in a mic.:r.oeler:t:ro-

phoresis cell using media of low ionic strength. This suggested that 

the increased net surface charge over the head regi.on j,n all epididymal 

spermatozoa might exert a repulsive force· great enough to negat·e any in:.. 

herent attractive forces on the sperm surface24 . However, the failure 

of caput spermatozoa to agglutinate and their weak head anode orientation 

reepctl'll!ie lL'1 ldgll luul~,; l::lLn:mgLh ml:!clia suggested that the failure to 

agglutinate also may be due equally tu the absence of attractive fortes 

over the immature sperm surface24. Bongham showed that with isotonic 

reduction in ionic strength of the surrounding medium, the increase in 

sperm surface potential was distinctly non-uniform :i.n character and that 

the orientation of &permatozoa in the electric field changed from pre-

18 
dominantly tail-anode to head-anode Bedford suggested that this 

change in surface property observed by Bangham reflected the interaction 

of free radicals, such as the amino or imino groups at the sperm surface, 

with solute molecules in the medium27 . This occurred to a greater .extent 

over the head region emphasizing the different characteristics of the 
• 

sperm surface over the two regions 27 . 
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5. Genetic Composition. 

Somatic cells of the rabbit, bull and domestic cock normally con-

tain 44, 60 and 78 chromosomes, respectively. Chiarelli, De Carli and 

Nuzzo present excellent pictures of the chromosomes of the rabbit in 

which it appears that the Y-chromosome is approxima~·ely one-quarter to 

57 one-third of the length of the X-chromosome . Gustaveson presents 

photographs of chromosomes from cattle showing the normal patterns for 

. . 96 
both male and female with 60 chromosomes . In addition, abnormal 

patterns with 59 and 58 chromosomes, show the replacement of 2 telocentric 

chromosomes by a long, sub-telocentric chromosome, and the replacement 

of 2 telocentric chromosome pairs by a sub-telocentric chromosome pair, 

. 96 
respectively Thus, even though the organization of the chromosomes 

has changed, the total genetic composition is.unchanged. 

In regard to this paper, the interesting question is whether or not 

differences in the genetic composition of spermatozoa are reflected in 

differences in physical properties which could be detected by experimental 

techniques. The most obvious and most interesting difference in genetic 

composition is that between the X- and Y-chromosome bearing spermatozoa 

of mammals. Many attempts to segregate these 2 types of spermatozoa 

have been mentioned in Section B. As noted above, the sex-linked antigen 

Xga has not been shown to be present on spermatozoa. 

Because all spermatozoa in the domestic fowl normally bear X-chromo-

somes, there is no opportunity to effect a fractionation of fowl sperm-

atozoa based on sex chromosomes. Work with fowl spermatozoa was moti-

vated by the availability of a line of cocks with spermatozoa, some of 

which have a translocation which was produced by X-irradiation with 4,000 r 

at the Department of PoultryHusbandry in Berkeley, California. The trans-
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120 
location, TN IV, has been demonstrated genetically and cytologically 

The semi-sterility of the translocation heterzygotes furnishes a simple 

and practical means of detecting the translocation in spermatozoa. The 

spermatozoa carrying the translocation appa.rently are motile and capable 

of fertilizing ova, which, however, will give non-viable zygotes. 

D. Summary 

The interrelationships among the physical and biological properties 

of spermatozoa and the important experimental variables, listed in Table 

I, are too numerous to recapitulate in detail. It is sufficient to say 

that the characteristics of the dilution medium affect the electrophor-

etic mobility, sedimentation rate and specific gravity as well as the 

viability, intrinsic motility, fertilizing capacity and agglutination 

of spermatozoa. In certain experimental systems, the spermatozoa con-

centration can jeopardize electrophoretic mobility and sedimentation 

rate measurements and is also a critical factor in preserving the viabi-

lity, intrinsic motility and fertilizing capacity of spermatozoa. The 

ionic strength, viscosity, and, to a lesaer extent, the specific gravity 

of the medium are affected by temperature and consequently influence 

the results of electrophoresis and sedimentation experiments. Temper-

ature also influences the preservation of the vital functions of sperm-

atozoa IN VIVO and IN VITRO. 

The time-dependence of the preservation·of viability 7 intrinsic 

motility and fertilizing capacity of spermatozoa is a primary considera-

tion in the design of experiments. If one is trying to exploit small 

differences in sedimentation rate, electrophoretic mobility or specific 

gravity among spermatozoa, relatively more time for experiments might be 

necessary to achieve satisfactory resolution of the components. Thus, 
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the selection of media, spermatozoa concentration, temperature and ex-

perimental operating conditions are.all related by time. 

Finally, the ·external forces are determined primarily by the physical 

properties of the spermatoz.oa, and, in· turn, influence the preservation 

of the vital functions of spermatozoa generally in a deleterious manner. 

Thus, as will become evident in the subsequent chapters, these inter-

relationships remind the author of one's attempting to put one too many 

marbles into a dish: "for every marble put in, one pops out". 

ln the review of the physical and biological properties in Sections 

B and C above, many possible methods were presented by which spermatozoa 

populations might be fractionated into groups with interesting biological 

differences. Gordon reported a partial dimorphism in the rabbit sperm-

atozoa p6pulations he studied, but found no correlation with the sex 

ratio of offspring from the insemination of electrophoretically fraction

ated samples92 . _Shettles reported differences in the size of human 

. 214 
spermatozoa and speculated that the larger contained the X-chromosome 

Laird reported a correlation between the morphological features of bull 

spermatozoa with two-way electrophoretic migration in an apparatus similar 

129 
to that used by Gordon . However, only Bhattacharya has reported a 

correlationo£ the size of spermatozoa with the sex of offspring there-

35 from (large sperm give female offspring) . 

The electrophoretic separation of X- andY-chromosome bearing rabbit-

b h "d 206,207 d 91,92 spermatozoa reported y Sc ro er and by Gor on has not been 

confirmed by other investigators. In fact, Bangham and others have shown 

18,174,233 
that above pH 4, all spermatozoa have a net negative charge 

Bangham has shown slight differences in the electrophoretic mobility of 

head anode and tail anode ram and rabbit spermatozoa under extreme conditions 
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18 
of pH and ionic strength The latter differences have not been studied 

with regard to sex ratio of offspring. There are changes in the electro

phoretic properties of rabbit spermatozoa during maturation24 , but these, 

again, do not appear related to the properties of spermatozoa in the 

ejaculate. 

Bhattacharya showed that the faster sedimenting rabbit spermatozoa 

gave predominantly female offspring after insemin:ation
35 Schilling, 

working with bull spermatozoa, obtained slightly more female than male 

offspring from the insemination of the faster sedimenting group of sperm

atozoa205, lending support to Bhattacharya's hypothesis. However, Bhatta-

charya and co-workers, in u study similar to that by Schilling, found 

no difference in the sex ratio from the insemination of fast and slow 

37 sedimenting groups of bull spermatozoa Recently, Bedford and Bibeau 

found no correlation between the sedimentation rate of rabbit spermatozoa 

d h i f ff 
. 29 

an t e sex rat o o o spr1ng Thus, Bhattacharya's results with 

rabbit spermatozoa and Schilling's work with bull l::ip~.L'illatoz:oa have yet 

to be duplicated. 

Lindahl and Thunqvist have shown a difference between the 'specific 

gravities of epididytnal and ejaculate l::ipt:n·matozoa that does not huve 

much relationship to the fractionation of mature spermatozoa in the 

. 1 139 
eJaC\l ~te Benedict and co-workers have found light and heavy groups 

52 

of mature rabbit spermatozoa using a hypertonic equilibrium density gradie·nt 3~ 

There is a suggestion that dead spermatozoa have a higher apparent buoyant 

32 
density in this hypertonic medium than do live spermatozoa Thus, the 

heavy group may be an artifact due to uptake of the density gradient 

material. The use of small, heavy molecules to prepare high specific 

gravity density gradients may account for the great discrepancies in 

the apparent buoyant densities of· rabbit and bull spermatozoa mentioned above. 
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A. Introduction 

In the previous chapter, electrophoretic mobility, sedimentation rate 

and intrinsic motility were considered among the physical and biological 

properties by which semen spermatozoa might be fractionated. One purpose 

of this section is to describe the stable-flow free-boundary (Staflo) ap-

paratus and ancillary equipment used in this study. In so doing, the 

flexibility of use of the Staflo apparatus, which makes it possible to 

investigate the properties of spermatozoa mentioned above, either indivi-
.. 

dually or in various combinations, will be illustrated. The other objec-

tive of this section is to present a new approach to quantitate the design 

and interpretation of Staflo ·experiments, including equations for deter-

mining migration distances and rates for particles in each collection 

fraction in Staflo-sedimentation and -sedimentation-electrophoresis experi-

Except for the interesting ramifications of migration patterns caused 

by the intrinsic motility of spermatozoa, and conceivably by other cells 

or organisms with significant motility, the discussion of the Staflo method 

and fractionation principles applies to all migrating species. In addition, 

the fractionation principles, with slight modification, may serve as a 

model for the analysis of component parts of migration patterns.in other 

fractionation devices. 
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B. The Staflo Method 

156-158 d 
The theory of the Staflo method has been described by Mel an 

amplified recently with regard to the three dimensional aspects of flow 

263 . 229 by Tippetts and by Tippetts, Mel and N1chols . This section describes 

the different models of the Staflo app~Tatus and ancillary equipment used 

in the studies reported in subsequent chapters. In addition, a partial 

listing of the types of experiments which can be conducted with the Staflo 

apparatus is presented to demonstrate the versatility of the apparatus. 

1. The Staflo Apparatus. 

Figure 3 is a photograph of the 3 x 16 Staflo apparatus in a refri-

gerated room. The letters on Figure 3 correspond to those in Figure 4 

which is a schematic drawing of the Staflo apparatus. The essential fea-

tures of the Staflo apparatus are as follows: (A) A multi-syringe pump-

ing system for introducing solutions into the flow-cell, (B) the flow-cell 

proper and (C) a multiple-tube collection system for solution~ exiting 

the flow-cell. Ancillary equipment includes the electrical system consist-

ing of electrode compartments, an electrode wash flow system (D), an 

electric power supply unit (E) and the Staflo optical system, (F) shown 

only in.Figure 3. Each of these features and its modifications during 

the course of the study is discussed below. 

a. Flow-Cells. The key feature of the Staflo apparatus is the flow-cell 

proper, 3 types of which were used in the experiments discussed in subse-

quent chapters. A flow-cell consists of a flow (migration)-chamber and 

upper and lower electrode chambers separated by cellophane membranes 

(dialysis tubing). They are distinguished by the design of the inlet and 

outlet flow dividers. Greater importance is attached to the latter because 

it determines the extent of fractionation of the migration profile. The 
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Fig. 3. Photograph of 3 x 16 Staflo apparatus. Letters correspond 

to components similarly designated in Figure 4. 
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characteristics of the 3 flow-cells used in this study (designated numbers 

VII C, XI and XIII), are presented in Table II. The flow-cells, includ-

ing the flow dividers, were machined from lucite. On the newer flow-cells, 

a wall thickness of 0.8 mm was used to provide better observation with 

the microscope described below. Figures 5 and 6 show flow-cell number 

XI in place with and without the Staflo microscope, respectively. Figure 

7 is a close-up photograph of the 3 x 16 flow-cell on its mount showing 

the flow-chamber, inlet and outlet tubing and wires to the top and bottom 

electrodes. 

The inlet and outlet openings are arranged vertically giving 12 or 

16 horizontally flowing 0.125 em high layers in the 1.5 and 2.0 em high 

flow-chambers, respectively. The flowing layers are stabilized by hydro-

dynamic feedback principles rather than by use of a solid supporting 
156,157 

medium The average horizontal flow rate is the same in all layers. 

If a heterogeneous suspension of cells is introduced into one of the upper 

layers, the gravitational force acting in a vertical direction can be ex-

158 pected to cause a ditterential downward migrat:ion of Lhe ct!ll~ . Tlll~ 

is illustrated in Figure 8 where a cell suspension introduced into layer 8 

of the 3 x 16 Staflo apparatus gives a downward migration pattern over 

3 layers. 

The 1 x 12 flow-cell (No. VII C) was used in all of the early sedi-

mentation experiments (Chapter IV) and some uf the eArly electrophoresis 

experiments (Chapter V). The 3 x 12 flow-cell (No. XIII) was used only in 

2 sedimentation experiments discussed in Chapter VIII. In all other Staflo 

experiments, the 3 x 16 flow-cell (No. XI) was used. 

b. Pumping System and Sample Introduction. Different pumping systems 

were used with the 3 types of flow-cells described above. Although dif-

fering in design, the principle of operation is the same for all pumping 
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Table II. Characteristics of Staflo Flow-Cells 

Design Features Flow-Cell Type 

Flow-Chamber: 

Length (em) 

Width (ern) 

Height (ern) 

Inlet array: 

Horizontal (no.) 

Vertical layers (no . ) 

Layer height (em) 

Outlet array: 

Horizontal (no.) 

Vertical layers (no.) 

Wall thickness (ern) 

Electrode chamber: 

Height (em) 

Number of electrodes 

Electrode length (em) 

Electrode spacing (em) 

l X 12 
(VII C) 

30 

0.7 

1.5 

l 

12 

0.125 

1 

12 

1.33 

0.25 

1 

29.5 

0 

(Number) 

3 X 12 
(XIII) 

30 

0.7 

1.5 

3 

12 

0.125 

3 

12 

0.8 

0.25 

6 

4.95 

0 . 05 

3 X 16 
(XI) 

30 

0.8 

2.0 

3a 

16 

0.125 

3 

16 

0.8 

0.25 

6 

4.95 

0.05 

a. In practice, solutions were introduced only in the center inlet in each 
of the 16 layers. 
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CBB 6812-7720 

Fig. 5. Photograph of Staflo flow-cell and mount with microscope in 

place. 
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Fig. 6. Photograph of flow-cell and mount with microscope removed. 
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Fig. 7. Closeup of flow-cell showing flow-chamber and part of wiring 

to electrodes. 
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systems. Each system consists of a· rack of plastic syringes containing 

solutions for the respective inlets on the flow-cell (see Figure 3). The 

rack is driven by a variable speed.motor which allows a wide range of ac-

curately controlled solution flow rates. The pumping system used with 

the 1 x 12 flow-cell consisted of a linear rack containing twelve 20 ml 

plastic syringes (TOMAC Disposable Syringe, American Hospital Supply Corp., 

Evanston, Ill.). It is similar in design to that used with the 3 x 16 

flow-cell which is described in more detail below. The pumping system 

used with the 3 x 12 flow-cell holds thirty-six 20 ml plastic syringes. 

The pump rack for the 3 x 16 flow-cell is shown in Figure 3 (A) and 

has holders for a linear array of sixteen SU. ml plastic syringes (.I:'LAS'l'l.I:'AK, 

Discardit, 50 ml, Becton, Dickinson and Co., Rutherford, N.J.). The sy-

ringes are connected by three-way valves to the flow-cell inlets and to 

solution reservoirs. The pump rack is driven by a 1/70 horsepower, 0 to 

1725-rpm shunt-wound electric motor (Bodine Electric Co., Chicago, Ill.), 

with a variable-speed power supply (Minarik Electric Co., Los Angeles, 

Calif., Model Sh-14). The low speed drive rate is controlled by a variable 

speed Zero-Max Torque Converter (Revco Incorporated, Minneapolis, Minn., 

Model 14 Standard) giving a solution flow rate range of 0.075-2.62 ml/minute/ 

inlet with 50 ml syringes. The pump rack can be driven in reverse to fill 

the syringes from solution reservoirs. 

The sample suspension can be introduced into the flow-cell '"i th one 

of the syringes on the pump rack giving a sample stream 0.125 em. high. In 

order to preserve the viability of many biological species, it is desirable 

to reduce the length of inlet tubing by mounting the sample syringe near 

the inlet and controlling its flow rate from the pump rack. For greater 

resolution of the migrating particles, often it is desirable to reduce 
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the height of the sample stream by using a syringe size smaller than that 

used for the other 15 inlets263 . For instance, 10 and 20 ml plastic sy

ringes give solution flow rates appr-oximately 37% and 52% that of the 50 

ml plastic syringe, respectively. The corresponding sample streams would 

be 0.046 and 0.065 em high compared to 0.125 em in the other layers. This 

arrangement is shown in Figure 7 where syringe #8 on the rack has been 

replaced by a 20 ml plastic syringe which drives the 20 ml sample syringe 

mounted-on the right side of the flow-cell near the inlet. Generally, 

magnetic stirring is used to maintain a uniform suspension in the sample 

syringe throughout the experiment. 

·c, Collection Systems. An adequate collection system for the outlet 

solutions; from the flow-chamber is a level platform holding one plastic 

syringe barrel (with plugged tip) for each outlet tubing. This system 

has the shortest possible outlet tubing and was used effectively with the 

3 x 12 and 3 x 16 flow-cells with 10 ml and 20 ml plastic syringe barrels, 

respectively. 

If use of longer tubing is compatible with.the type of particle being 

studied, operation of the Staflo apparatus is simplified by a valved collec

tion system such as that shown for the 3 x 16 flow-cell in Figure 3. In 

this dual. collection system, the outlet flow can be directed to either of 

the two sets of forty-eight 20 ml collection containers (plastic syringe 

barrels). One. set is used for setting up ("SET UP" side) and the other 

for coll.ect:ton ("COLLECTION" side) of the fractionated sample. Prior to 

introducing the sample suspension, density gradient solutions are run to 

both the SET UP and COLLECTION sides to establish steady state conditions 

in the flow-chamber. This condition is ascertained by observing the level 

of entrance and exit of fluid in one layer. This is facilitated by intro

ducing a blue dextran solution in the sample layer. Only enough solution 
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is run to the COLLECTION side to insure steady state concl.i.t i.ons in order 

to minimize the volume of solution in the collection containers. Flow is 

switched to the SET UP side for the introduction of the sample suspension. 

After the sample stream has attained the desired migration pattern across 

the flow-cell and has been maintained for 1/6 of the average transit time 

across the flow-cell, the outlet flow is switched to the COLLECTION side. 

Thus, any initial instability can be corrected without contaminating the 

final collection fractions. Generally, only the center fraction of each 

layer is saved for evaluation, e.g., that coming from the middle outlet 

channel of the three horizontal ones in each layer. 

Both oidco o£ th~ collection s~y~tem Ga'li Lt~ elli!JI,.,I.~u l.'<;iv.luly 1Jy a 

vacuum system to facilitate cleaning in place. The central row of containers 

on the COLLECTION side can be removed for more thorough cleaning and for 

working with the fractionated samples. 

d. Elec·trode/Electrical System. The electrical system for electrophoresis 

experiments consists of electrodes in the electrode chambers, a power supply 

unit and an electrode wash system. As noted above, the electrode chambers 

are separated from the flow-chamber by cellophane membranes (dialysis tubing). 

The electrode chambers are 0.25 em deep and have the saine length and width 

as the flow-chamber. On the 3 x 16 flow-cell, there are 6 platinum elec-

trades Q.8 em wide and 4.95 em long, leaving spaces of approximately 0.05 

em between adjacent electrodes. The 6 sections of electrode area can be 

controlled individually, giving the flexibility of a programmed electric 

263,229 
fielrl , As discussed by Tippetts, a bubble forms in each of the 

0.05 em gaps due to extreme polarization at those sites and effectively 

insulates the shorted-out electrodes from the active electrophoresis elec-

263 trodes . Thus, one can get a time average uniform electric field with 
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high currents and without lethal polarization. Power is supplied to the 

electrodes hy a regulated DC power supply (Power Designs, Inc., Model 5015S) 

monitored by a General'Electric voltmeter and annneter. 

The electrode wash flow system consists of two 2,000 ml separatory 

funners, acting as reservoirs, connected to the electrode chambers by plastic 

tubing. Solutions flowing in the top and bottom electrode chambers gen-

erally are the same as the solutions in layers 1 and 16, respectively, of 

the flow-chamber. The flow rates can be regulated over the range 0-34 

ml/min with floating-ball flow meters (Fischer and Porter Co., Holbord, Pa.). 

Changes in pH and temperature in the flow-chamber due to the electric field 

can be· controlled by ·increasing the electrode wash flow rate (EWFR) ,.,ith-

out excess hydrodynamic shock. 

Temperature measurements were made in the 3 x 16 flow-chamber with 

a Varian Temperature Recorder connected to a probe at the ·level of layer 

5 approximately 3 em from the outlet. The results showed that the tempera-

ture rise in the flow-chamber depends upon the electric field strength, 

the solution flow rate and especially the EWFR. 

With J;oom and solution temperatures of 4-6°C, an average transit time 

of 21 minutes, an electric field over the last 25 em of the flow-chamber 

giving a heat production of 1,200 watt-sec, and an EWFR of 20 ml/min, the 

maximum and average changes in temperature in the flow-chamber would be 

+ 1.0°C and + 0.5°C, respectively. With rare exceptions, the operating 

conditions used in this study gave temperature rises of this or lesser 

magnitude. 

e. Opti~l Equipment. 

and measurements of the 

The slit lamp technique was used for observations 
229,263 

gross migration pattern and profile 

The acquisition of several long working distance objectivesand a 
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reduction of flow-cell wall thickness made microscopic observations of 

cells in the flow-chamber possible. Initially, the microscopic system 

consisted of a horizontally mounted microscope and an independent light 

source. Because difficulties in alignment resulted in poor observation 

and were time consuming, the microscope shown in Figures 9 and 10 was 

constructed specifically for use with th.e Staflo apparatus. An adjustable 

light source, a condenser and the microscope were ali~ned on a carriage 

which can move laterally the length of the flow-chamber. Complete vertical 

movement and depth focusing makes it possible to observe and locate cells 

anywhere in the flow-chamber within the accuracy of the millimeter scales 

on all 3 axes of movement. Although excellent viewing was possible at 

magnifications up. to 640 X, a magnification of 320 X with dark field 

illumination was generally used for observing spermatozoa. 

The stand to which the microscope carriage is attached can be fastened 

by set screws to the Staflo mount to prevent inadvertent movement and is 

interchangeable with all current Staf1o apparatuses. 

2. Modes of Operation 

The versatility of use of the Staflo apparatus in electrophoresis, 

sedimentation and sedimentation-electrophoresis exper:i.ment~;; h::1s be.en des-

158 
cribed by Mel . With only a change in the medium used in the flow-chamber, 

a variety of studies can be conducted for either analytical or preparative 

purposes. The experimental design considerations presented in Chapter 

II with regard to studies on spermatozoa are applicable to, and place 

many restrictions upon, Staflo experiments with those biological cells. 

This section presents general experimental design considerations pertain-

ing to different modes of operation of the Staflo apparatus without regard 

to the type of cell being studied. 
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CBB 681 2 -7722 

Fig. 9. Closeup of Staflo microscope mounted on Staflo apparatus. 
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XBB 689-5752 

Fig. 10. Photograph of Staflo microscope showing component parts. 



a. Types of Experiments. The types of Staflo experiments which can be 

conducted with populations of cells or particles include: 

(1) lg sedimentation 

(2) Electrophoresis with upward and/or downward migration 

(a) Single pH 

(b) Two or three pH regionswithin the Staflo chamber 

(c) pH gradient 

(d) Conductivity gradient 

(3) Sedimentation-upward~electrophoresis (SUE) 

(4) Sedimentation-downward-electrophoresis (SDE) 

(5) Exploitation of intrinsic motility, alone or in combination with 

sedimentation, electrophoresis, or both. 

b. Experimental Variables. Experimental variables and the ways in which 

they influence each of the above groups of Staflo experiments are as follows: 

(1) Transit time: Under a fixed set of conditions, the migration dis

tance will be proportional to the transit time in all types of experiments. 

The appropriate transit time for any one experiment will depend upon the 

specific migration properties and the requirements for the preservation of 

vital functions of the species being studied. 

(2) Staflo medium: The specific gravity of the medium will determine 

whether one gets sedimentation and/or flotation of particles and the de

gree th_ereof depending upon the difference between the specific gravities 

of the 1llP.t.ii11m ::~nci the particles. Because of the limited height of the 

flow-chamber, large differences between the specific gravities of the 

particles and the medium would give high migration rates for all particles, 

and consequently, poor resolution in fractionation. Ideally, an inter

mediate specific gravity would give flotation of the light particles and 

sedimentation of the heavy particles in the population. The osmolarity 
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of the medium may influence the specific gravity of cells through changes 

in hydration. 

Increases in viscosity of the medium will decrease all migration 

rates, thereby requiring longer transit times, especially in sedimentation 

experiments. Results from experiments with media of different viscosities 

can be normalized for comparison. 

In aqueous solutions, the effects of changes in temperature are pri-. 

marily reflected in changes of viscosity and conductivity; relatively 

smaller changes occur in specific gravity. The changes in conductivity 

are very important in electrophoresis experiments so the temperature and 

the :f.onic strength of the medium must be known. 

For microscopic observations in the flow-chamber, a clear medium 

must be used. 

The pH of the medium primarily affects thA Ale~trophorQtic mobility 

of the migrating species and the conductivity of the medium and thus, is 

important in electrophoresis and sedimentation-electrophoresis experiments. 

Its effect on the vital functions of cells should be considered, also. 

(3) Density gradient: Materials added to the medium in low conc.entra-

tions to give a density gradient usually do not cause significant changes 

in the specific gravity. Sucrose, a common density gradient constituent, 

increases osmolarity with little effect on vis~osity, while dextran hA~ 

the opposite effect. These substances and other common density gradient 

materials have little effect on conductivity and pH other than through 

volume changes. Too large an increment between layers can give a density 

shelf which acts as a barrier to migration of particles. However, diffusion 

of the density gradient molecules tends to minimize this problem, especially 

if a low molecular weight substance such as sucrose is used for the density 
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157 
gradient 

In sedi-mentation-upward-electrophoresis experiments, large density 

gradient increm~nts may maintain the differential migration achieved 

i i b t
. . 263 aga nst grav ty y preven 1ng convect1on 

(4) Temperature: In addition to its effects on the medium as noted 

above, the temperature has a strong influence on the intrinsic motility 

of spermatozoa and other motile organisms. As the. temperatur·e approaches 

0°C, spermatozoan motility ceases. Low temperatures also aid in the 

dissipation of heat generated by the electric field. 

(5) Electric field: The strength of the electric field determines the 

rate of electrophoretic migration and dictates the transit time. It also 

affects the temperature in the flow-chamber. A programmed electric field 

229,263 
can be used for special purposes 

c. Interrelationships Among Variables. As noted in Chapter II, the 

viability, motility and fertilizing capacity of spermatozoa are affected 

strongly by the characteristics of the medium. If a migrating species 

has both a significant sedimentation rate and electrophoretic mobility, 

the relative contributions of each can be controlled most readily by 

variations in the electric field strength. If it is desired to minimize 

or eliminate the sedimentation component of migration in electrophoresis 

experiments, one can increase the specific gravity and viscosity of the 

medium, increase the density gradient or reduce the transit time. To do 

the latter, the electric field strength may have to be increased to get 

sufficient migration of the particles. 

In experiments combining electrophoresis and/or sedimentation, and/or 

intrinsic motility, all of these variables must be considered in terms 

. of, their effects on the physical and biological properties of the migrating 
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species and on the physical stability of the experimental system. These 

interrelationships are illustrated in Chapters IV, V, VI and VIII. 

C. Staflo Migration-Fractionation Principles 

As noted above, the Staflo migration profile is fractionated at the 

outlet flow divider into 0.125 cm.high layers which are collected separ-

ately. In addition to evaluating the particles in each collection fraction 

for differences in morphology, size and biological activity, it is often 

desirable to characterize each fraction by an average and range of sP.di-

mentation rates or electrophoretic mobilities. The limits of migration 

can be measured with the slit lamp.technique229 and intennedi.1t:P. me-asure-

menta are calculated from the known positions of the outlet flow dividers. 

The figures presented in this section show the range and distribution of 

migration distances in the flow-chamber and the interplay of various com-

binations of sedimentation, electrophnr.esis and intrinsic motility. Ex-

pressions for calculating the minimum and maximum migration distances for 

vaL LlL:les in eac'h layer in sedimentation and sedimentation-electrophoresis 

experiments are developed below. In addition, equations for calculating 

the average migration rates for particles in each layer are presented for 

populations having a uniform distribution of migration rates. These equa-

tions are applicable.to the fractionation of all typ~s of par.tirlPs in 

the Staflo apparatus within the limitations upon which they are based. 

Only migration profiles exiting the flow-chamber in 2 or 3 adj at.:t:mt layers 

are considered but the equations can be readily extended to 4 or more 

adjacent layers. The special problem of the effect of the intrinsic moti-

lity of spermatozoa on sedimentation and sedimentation-electrophoresis 

migration patterns is considered separately. 

1. Sedimentation Experiments. 
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Figures 11 and 12 are schematic diagrams of Staflo-sedimentation 

. I 
migration patterns spreading over 2 and 3 adjacent layers, respectively. 

Figures llA and 12A depict sedimenting particles exiting from the layer 

in which they enter and 1 or 2 adjacent layers below, respectively. 

Figures 11B and 12B show general conditions in which the particles exit 

the flow-chamber in any 2 or 3 adjacent layers below the inlet layer, 

respectively. The following discussion develops equations for calculating 

(1) the range and distribution of sedimentation migration distances, (2) 

the average migration distances for the appropriate collection fractions 

and (3) the weighted average sedimentation distance for the migration 

pattern as a whole for each of the conditions shown in Figures 11 and 12. 

a. Migration Distances. Because the average sedimentation migration 

distance for most collection fractions is not a simple average of the 

minimum·and maximum migration distances, expressions for these distances 

will be developed for migration patterns spreading over 2 or 3 adjacent 

layers. Then expressions for the average migration distances will be 

developed for the same migration patterns. 

.. Assumptionli applic.abl e ·t.n hnth 2- and 3-layer migration patterns 

are as follows: (1) The bottom of the inlet sample stream is at the 

bottom of the inlet layer under steady state conditions. (2) Themaxi-

mum migration distance in layer 1 is less than or equal to h, the height 

of the sample stream at the inlet. (3) Upon entry into the flow-chamber, 

the sample suspension is homogeneous. (4) The leading (bottom) edge of 

the migration pattern is determined by the fastest migrating particles, 

some of which were at the lower border of the sample stream at the inlet. 

(5) The top edge of the migration pattern is determined by the slowest 

migrating particles, some of which were at the upper border of the sample 



STAFLO "MIGRATION PATTERNS" 
Sedimentation and sedimentation-downward-electrophoresis 
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DBL 689-5473 
Fig. 11. Schematic diagram of sedimentation or sedimentation-downward-

electrophoresis migration pattern;. two-layer spread. A. Exit in 

layers 1 and 2. B. Exit in layers n-1 and n. 
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STAFLO "MIGRATION PATTERNS" 
Sedimentation and sedimentation-downward-e I ec t ro ph ores is 
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Fig. 12. Schematic diagram of sedimentation or sedimentation-downward-

electrophoresis migration pattern; three-layer spread. A. Exit 

in layers 1, 2 and 3. B. Exit in layers n-2, n-1 and n. 
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stream at the inlet. 

(1) Minimum and Maximum Migrati~n Distances. Referring to Figure llA, 

the minimum migration distance for both collection fractions in the 2-layer 

migration pattern is x. The maximum migration distance in both fractions 

depends upon the distance the particles migrate into layar 2 since, by 

reason of assumption (4), this is the maximum sedimentation distance for 

the population of particles. Thus, if y < h, y is the maximum migration 

distance for both fractions. If Y> h, the maximum migration distances 

are h and y for particles in fractions 1 and 2, respectively. These mi-

gration distances are summarized in Appendix El. 

The minimum and maximum migration distances for the collection frac-

tions of the 3-layer migration pattern shown in Figure 12A are determined 

as follows: 

Fraction 1: The minimum and maximum migration distances are X and h, 

respectively. 

Fraction 2: The minimum migration distance is x. As in the case of 

fraction 1 for a 2-layer migration pat.tern, the. maximum migration distance 

for particles in fraction 2 depends ·upon the relationship between the dis-

tances-h andy. 

If (y - 1.25) < h, ~ 2 = y mm. 
max 

If (y - 1.25) > h, ~ 2 max 
1.25 + h mm. 

Fraction 3: The minimum and maximum migration distances are 1.25 mm 

and y mm, respectively. 

These migration distances are summarized in Appendix E2. 

The same principles apply to the determination of the minimum and 

maximum migration distances for· particles exiting in layers n-1 and n in 

Figure llB and n-2, n-1 and n in Figure 12~. These expressions are also 

summarized in Appendices El and E2, respectively. 
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(2) Range and Distribution of Migration DiStances. An understanding 

of the_range and distribution of sedimentation distances characterizing 

each of the collection fractions is helpful in developing equations for 

the average migration distances. In Figures 13 and 14, the abscissa 

represents the total range of migration distances and the ordinate repre-

sents the migration distance of the leading edge of the migration pattern 

starting at the bottom of t:h~ sample stream at the inlet (see assumption 

(1) ). Thus, assuming a homogeneous distribution of particles in the 

sample stream at the inlet, particl~s characterized by a specific migra-

tion distance will be found in a column "h" mm high with the bottom of 

the column at the intersection of the lines representing that mi.er::~ti nn 

distance drawn from both the ordinate and the abscissa. For example, refer-

ring to Figure 13A, particles characterized by a sedimentation velocity 

that gives a maximum sedimentation distance of 1.25 mm will be distributed 

throughout the bottom h mrn of layer 2. It should be noted that in Figures 

13 and 14, the migration distances x and y are both drawn !rom the origin 

(o) even through they are measured differently in Figures 11 and 12. 

Figure 13A shows that the particles characterized by the slowest 

sedimentation velocity (migration distance x') are distributed between 

x' layers 1 and 2 in inverse proportion to the ratio -
1 

. If x' = 0, all ·of 
. l 

the particles will be in layer 1; whereas, if x' = h, all of the particles 

will be in layer 2. For 0 < x' (h, the percentage of particles in layer 1 

characterized by a sedimentation velocity giving a migration distance x' 

x' is (1 - --· ) 
h 

x' · 100% and in layer 2, h · 100%. This relationship is more 

obvious in Figure 15 which presents the _same information as Figures 13 

and 14 in a different manner. The area of the distribution band falling 

within each collection fraction in Figures 13 and 14 i.s shown in Figure 
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RANGE AND DISTRIBUTION 
OF STAFLO MIGRATION DISTANCES 

Sedimentation and 
sedimentation-downward-electrophoresis 

A. Two layers; 1 and 2 
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DBL 7011 5968 

Fig. 13. Range and distribution diagr,am for migration distances in 

sedimentation and sedimentation-downward-electrophoresis 

experiments; two-layer spread. A. Exit in layers 1 and 2. 

D. . Exit in laye~s n-1 and n. 
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RANGE AND DISTRIBUTION 
OF STAFLO MIGRATION DISTANCES 

Sedimentation and 
sedimentation- downward -electrophoresis 

A. Three layers,· 1, 2 and 3 

Migration distance (mm) 
(n-1) (n-2) 

Collection x 1.25 x 1.25 
fraction .--..--.....;.;.::..;.,---r::.;;...~:.:...:;..;;_,.....-.,.--.....,-.,.-, 

2 

3,··· 

n-1 

n 

y' y x' 

R Three /ayer.r;: n-2, n-1 and n 
(n-1) (n-2) (n-3) 
X 1.25 X 1.25 X 1.25 . 1.25 h 

2.··· 

n-2 

n-1 

n 

y' y x' x 

limits of migration profile 

1.25 

1.25 + h 
2.50 

(n~3) x 1.25 + h 

(n-2) x 1.25 

(n-2) x 1.25 + h 

1.25 

(n-4) x 1.25 + h 

(n-3) x 1.25 

(n-3) x l25 + h 
(n-2) x 1.25 

(n-2) x 1.25 + h · 

DBL 7011 5969 
Fig. 14. Range and distribution_diagram for migration distances in 

sedimentation and sedimentation-downward-electrophoresis 

experiments; three-layer spread. A. Exit in layers 1, 2 and 3. 

B. Exit in layers n-2, n-1 and n. 
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RANGE AND DISTRIBUTION 
OF STAFLO MIGRATION DISTANCES 

Sedimentation and 
sedimentation-downward-electrophoresis 
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Fig. 15.· Alternative range and distribution di~gram-for migration 

distances in sedimentation and sedimentation-downward-electro

phoresis experiments; two- and three-layer spread. Dots show 

thecenters of gravity of the respective areas. 
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15 in such a way that the relative height of the geometrical figure re-

presents the fraction of particles characterized by a specific migration 

distance found in that collection fraction. 

Figure 15 shows that the extent of the overlap in the distribution 

of migration distances among the collection fractions for z~ and 3-layer 

migration patterns depends upon the relationships among the distances h, 

x and y. Figure 15A shows that, for 2-layer migration patterns, Case 1 

(layers n-1 and n) and Case 3 (layers 1 and 2) give· similar average 

migration distances for the e~amples shown. I.f the mAilinm) i!PnF,;ity 

gradient and operating conditions are selected to give the maximum dis-

tributiou o..( migration dist:ances (represented by the entire area shown 

in Figure 15A), the overlap is relatively less and the difference between 

the average migration distances is much greater. 

Figure 15B showo that the extreme collet:tiuu fractions of a 3-layer 

migration pattern have completely different ranges of migration distances 

while the center fraction overlaps the other 2. Conditions that give the 

widest spread of the 3-layer migration pattern will give the greatest 

number of particles in the top and bottom fractions. This would make 

available for analysis the largest number of particles with distinctly 

different migration properties. 

(.1) Average Migration Distances. The basic assumption uf Lh~ center 

of gravity method of calculating the average migr~tion distance is that 

the cells are uniformly distributed throughout the migration band. For 

this to be true, the range of sedimentation velocities characterizing 

the particles must be distributed uniformly throughout the population of 

particles. With thi.s assumption, the fractional area of the migration 

band in each layer is equal to the fraction of the total number of particles 
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exiting in that layer. In the absence of specific information about the 

characteristics of the population of particles, this method is believed 

to give a good approximation of the average migration distance. This 

assumption is discussed in Chapter VIII in regard to the results of a 

specific Staflo sedimentation experiment. 

Using Figures 13 and 14 and the center of gravity principle, 

equations can be derived for the average sedimentation migration distance 

for particles in each collection fraction. In fractions with 2 or 3 

different geometrical areas representing particles with different ranges 

of sedimentation velocities, the average migration distance for the 

fraction as a whole is calculated as follows: 

have= 
A"-+A"!o. +A-.. 

1 1 2~2 '3~3 
A +A +A 

1 2 3 

(1) 

where A
1

, A
2 

and A
3 

are the areas for ranges of sedimentation distances 

such as 0-+ h, h _. 1.25 and 1.25 .... (1.25 + h) nnn for collection f.raction 

2 in Figure 14A. "- , ~ and )..
3 

are the migration distances to the cen-
1 2 

ters of gravity of the respective areas. 

Equations for 2- and 3-layer migration patterns are given in 

Appendices El and E2, respectively. 

(4) Weighted Average Migration Distance. In experiments for which 

migration profile measurements and the distribution of particles· among 

. r.n]]ection fractions are available, the weighted average sedimentation 

distance ( ~5) is determined as follows: 

(2) 

where fi is the fraction of the total sample in collection fraction 11 i"; 

and )w
8

i is the average sedimentation distance for particles in collection 
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fraction "i". 

(5) Correction of Sedimentation Migration Distances for Temperature 

and Viscosity. The viscosity.of solutions used in the Staflo 

apparatus changes significantly with temperature, whereas the change in 

specific gravity is relatively small and generally can be ignored. For 

the purpose of these calculations, it is believed adequate to correct the 

sedimentation migration distances (~5 ) solely for changes in viscosity 

as follows: 

(3) 

where rt,= viscosity at temperature k°C or roc, as appropriate. 

An additional refinement can be made by correcting for differences 

in viscosity among the solutions in different layers in the flow-chamber. 

For instance, if the sedimentation rate (dx/dt)k0 C is determined from 

measurements made in layers 8, 9 and 10, a correr.ti.on :Ia nE~cess.ary with 

upward electrophoresis where the sedimentation would take place in layers 

6, 7 and 8. Depending upon the CO'tnponent of the migration pattern for 

which the calculation is being made, it may be appropriate to correct 

(A. 95 )koC to (~7S~oc' This is done by using the viscosities of the 

medium for the appropriate solutions and temperatures in equation (3). 

b. Calculation of Sedimentation Velocity. The sedimentation velocity 

(dx/dt) is calculated by dividing the sedimentation distance ("}to.. c-) hy thP. 

minimum transit time (~ i ) for the experiment: 
m n "'-s 

(dx/dt)i = i 
t'm:fn 

.... 

(4) 

where i indicates that the equation is general and can be used to calculate 

the minimum, maximum or average sedimentation velocities for individual 

collection fractions or the entire migration pattern as desired. 
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2. Sedimentation-Electrophoresis F.xPer:lm,nts. 

The relative contributions of sedimentation and electrophoresis to 

the net migration of particles in the flow-chamber depend primarily upon 

the particle sedimentation rate, the average transit time and the strength 

and length of the electric field. Additional .factors were considered in 

Section 1 above. A general formula for relating the observed sedimentation

electrophoresis migration distance (~ ) to the true electrophoretic 
· OBS 

(~ ) and sedimentation (~) migration distances is: 
E S 

>voBs = ~E ± ~s (5) 

where (+.) applies to downward electrophoresis (.,. = .,. ) • and (-) 
~OBS ""SDE ' 

applies to upward electrophoresis ("-OBS ="-suE). 

General statements with regard to equation (5) include the following: 

1) It is applicable only if the migrating species has no intrinsic mot-

ility under the conditions of the experiment. 2) As "-s -t 0, "-o:ss _. ~E' 

i.e., true electrophoresis is achieved only when the term~ approaches zero. 

Inasmuch as a finite time is required for transit across the flow-chamber, 

one must reduce~8 in order to approach true electrophoresis. This can 

be done by increasing the specific gravity and/or the viscosity of the 

medium. 3) ~ can be cal~ulated from sedimentation experiments. Thus, 
s 

if one assumes that the electrophoretic mobility and sedimentation rate 

of individual particles are independent,~E can be calculated from equation 

(5) if ""s is known •. 

a. Sedimentation-Downward-Electrophoresis Migration Distances. The mi

gration pattern in sedimentation-downward-electrophoresis (SDE) experiments 

is similar to that shown in Figures 11 and 12 for 2 and 3-layer patterns, 

respectively, except the electric field generally starts 1/6 or 1/3 of 

the way across the flow-chamber. The range and distribution of migration 
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distances a·re as shown in Figures 13, 14 and 15. The equations presented 

in Appendices El and E2 apply to SDE experiments, also. The calculation 

of electrophoretic mobilities is discussed below. 

Figure 16 shows the relationships between the sedimentation and electro-

phoretic components of the migration pattern in a SDE experiment in which 

there is a significant sedimentation component. The minimum and maximum 

sedimentation distances,~S . and~ , respectively, which would have 
mJ.n Smax 
. . 

been observed in the absence of an electric field. are shown in Figure 16. 

The minimum and maximum SDE migration distances, )..SDE · :mrl)'.:::;uc a.re 
min max 

given by x and y, respectively. The minimum electrophoretic migration 

distance (~F. . ) is equal to the minimum observed migration ( ~SDE . ) 
. lmJ.n mJ.n 

less the expected minimum sedimentation distance ( "-s . ) • The. maximum 
mJ.n 

electrophoretic migration distance (~F. ) is equal to the maximum ob-
-max 

served migration distance (~SDEma:x)· less the expected maximum sedimenta-

tion distance (~s ). These relationships are summarized in equations 
max 

(6) and (7) below. 

The lines in· Figure 16 labelled s and S represent the expected dis-

tribution of the slowest and fastest sedimenting spermatozoa in the ab-

sence of .im electric field and are equal in hP..i.ght to "h". The lines 

labelled E·S, e•s, E·s and e·S represent the expected distribution of the 

fastest electrophoresing-fastest sedimenting, slowest electrophoresing-

slowest sedimenting, fastest electrophoresing-slowest sedimenting, slow-

est electrophoresing-fastest sedimenting populations of spermatozoa, 

respectively. 

b. Sedimentation-Upward-Electrophoresis Migration Distances. In electro

phoresis experiments, the electric field generally is applied over the 

last 20-25 em of the flow-chamber to allow density gradient stabilizing 
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Fig. 16. Schematic diagram of sedimentation-dowm-1ard-electrophoresis 

migration pattern showing separate components. 
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157 
diffusion to take place. The upward migration is illustrated in Fig-

ures ·17 and 18 which represent a vertical plane in the centerline through 

the long axis of the flow-chamber in.2- and 3-layer sedimentation-upward-

electrophoresis (SUE) migration patterns, respectively. In addition to 

the assumptions given above for sedimentation experiments, it is assumed 

that the leading and trailing edges of the migration pattern determine. 

the maximum and minimum SUE migration distances, respectively. 

(1) Minimum and Maximum Migration Distances. Figure 19 shows the 

relationships among the various migration distances in a SUE expe~iment 

in which th.ere is a significant sedimentation component. The minimum and 

maximum sedimentation distances (~S . and~~ ) which would have been 
m1n '11lax · 

observed in the absence of an electric field are shown in Figure 19. The 

distances x and y are the minimum and maximum SUE migration dj_stances, 

~SUE and~SUE , respectively. 
-min max 

The minimum electrophoretic migration distance is equal to the sum 

of the maximum sedimentation distance and the minimum SUE distance. The 

maximum electrophoretic migration distance is equal to the sum of the mini-

mum sedimentation distance and the maximum SUE migratlon distance. These 

relationships are summarized in equations (8) and (9) below. 

In Figure 19 the lines labelled s, S, E·S, E·s, e·S and e·s have the 

same meaning as in Figure 16 which was discussed above. 

(2) Range and Distribution of Migration DiRtances. The same general 

principles, discussed in relation to sedimentation, concerning overlapping 

ranges of migration distances and the need for special equations depend-

ing upon the relationships between the location of the sample stream at 

the inlet and the limits of the migration pattern at the outlet apply to 

SUE experiments. Because the sample stream is at the bottom of the inlet 
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F:f.g. 17. s·chematic diagram of sedimentation-upward-electrophoresis 

migration pattern; two-laye~ spread. A, Exit. in layers 1 and 2. 

B. Exit in layers n-1 and n. 
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Fig. 18. Schematic diagram of sedimentation-upward-electrophoresis 

migration pattern; three-layer spread. A. Exit in layers 1, 2 
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Fig. 19. Schematic diagram of sedimentation-upward-electrophoresis 

migration pattern showing separate components· •. 
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layer under steady state conditions, the distribution of SUE migration 

distances can have any 1 of 4 different patterns. These are shown in 

Figures 20 and 21 which are diagrams of the possible ranges of SUE mi

gration distances. The relationships among the possible distributions 

for 2- and 3-layer migration patterns are summarized mathematically in 

Appendices E3 and E4, respectively. Note that x and y in Figures 20 and 

21 are both drawn from the origin (o) even though they are measured 

differently in Figures 18 and 19. 

In Figures 20 and 21~ the migration distance of the trailing edge 

of the column of particles is plotted on the ordinate against the same 

migration distance on the abscissa for migration patterns spreading 

over the 2 and 3 layers, respectively. For example, when those particles 

at the bottom of the sample stream at the inlet, which are characterized 

by an electrophoretic mobility (~ ) giving a migration distance of 1.25 mm, 

reach the bottom of the next layer, the remainder of the particles char

acterized by that value off' will be found in the lower part of that 

layer up to height "h" as shown in Figures 20 and 21. 

The geometry of the upward migration pattern makes it possible to 

write general expressions for the minimum, maximum and average SUE migra

tion distances regardless of the outlet layers. These equations are pre

sented in Appendices E3 and E4 for 2- and 3-layer migration patterns, 

respectively. 

Figures 22 and 23 illustrate all 4 combinations of minimum and 

maximum migration distances for 2- and 3-layer upward migration patterns, 

respectively. For each migration distance, the relative heights of the 

figures represent the fraction of particles in each collection fraction 

characterized by that migration distance. As shown in Figure 22 for a 

2-layet migration pattern, Case 2 gives the least overlap and the great-

91 



RANGE AND DISTRIBUTION OF 
STAFLO "SUE~' MIGRATION DISTANCES 

A. Two layers; 1 and 2 
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Fig. 20. Range and distribution diagram for sedimentation-upward 

electrophoresis migration distances; two-layer spread. A. Exit 

in layers 1 and 2. B. Exit in layers n-1 and n. 
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RANGE AND DISTRIBUTION OF 
STAFLO "SUE" MIGRATION DISTANCES 

A. Three layers; 1, 2 and 3 
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Fig. 21. Range and distribution diagram for sedimentation-upward

clcotrophore&iSI migration. M.stancP.s; three-layer spread. A. Exit 

in layers 1, 2 and 3. B. Exit in layers n-2, n-1 and n. 
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RANGE AND DISTRIBUTION OF 
STAFLO "SUE" MIGRATION DISTANCES 
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Fig. 22. Alternative range and distribution diagram -for migration 

distances in sedimentation-upward-electrophoresis experiments; 

two-layer spread. Dots indicate centers of gravity of the 

respective areas. 
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Fig;. 23. · Alternative range and distribution diagram for migraticn 
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three-layer spread. Dots show centers of gravity of the 

respective areas. 

94a 



est difference between the average migration distances of the 2 collection 

fractions. Case 3 gives the least difference. Figure 23 shows that Cases 

2 and 3 give the largest and smallest numbers of particles, respectively, 

in the extreme fractions of.the 3-layer migration pattern. 

c. Comparison of Sedimentation-Downward and -Upward-Electrophoresis. 
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The relationships among the sedimentation, electrophoresis and sedimenta-

tion-electrophoresis migration distances are as follows: 

'-'snE = ~E i + ).s i min mn m n (6) 

"'sn~ax 
... 

).Emax + ), 
8max (7) 

~ :z ~ - ), 
SUEmin Emin 8max (8) 

.).SUEroax = ),Emax - ~ 
Smin (9) 

).SDE = ~E + ),s 
ave ave ave (10) 

~SUE · ave 
= '--E ave 

- ~s 
ave (11) 

These equations apply to individual collection fractions or to the mi-

gration pattern as a whole. 

For spherical objects and for non-spherical particles if the value 

of ~Save is not changed by a reorientation of particles upon changing the 

direction of the electric field, the average electrophoretic migration 

distance can be determined from a combination of upward- and downward-

electrophoresis experiments. Adding equations (10) and (11) gives 



"- E ~ l / 2 ( ').., SDE + ;>.., SUE ) 
ave ave ave 

(12) 

The lines labelled s, S, E·S, E·s, e·S and e·s in Figures 16 and 19 

were explained above. With particles having a significant sedimentation 

rate, a transit time can be selected to give a partial separation of the 

slowest and fastest sedimenting particles shown by lines s and S in Fig-

ures 16 and 19. There will be overlap between the 2 groups as discussed 

in relation to Figure 15. If a downward electrophoretic migration is 

superimposed upon the sedimentation pattern as shown in Figure 16, the 

extreme fractions will contain predominantly e·s and E·S groups. With 

upward electrophoretic migration as shown in Figure 19, the extreme 

fractions will contain primarily E·s and e·S groups. In table form, the 

distribution would be as follows: 

Collection 
Fraction 

Top 

U.I:Jpt::r' M.lddle 

Lower Middle 

Bottom 

SDE 

e·s 

E·S 

SUE 

E·s 

E·S 

e·s 

e·S 

Thus, by conducting SDE and SUE experiments one can get e·s, E·S, E·s and 

e·S groups of particles for evaluation. Because of the overlap of migra-

tion distances discussed above in rel8tion to Figur&s 15, 22 and 23, it 

may be desirable to shave the top or bottom of the migration pattern at 

a flow-divider to get a more homogeneous population of particles for study. 

It should be noted that only if the sedimentation rate and electrophoretic 

mobility of the particles are independent, would the segregation of the 4 

groups of particles occur as described. 

d. Calculation of'Electrophoretic Mobility. The minimum, maximum and 

96 

. I 



average electrophoretic·migration distances ()..E) can be calculated from 

equations (6)-(11) as appropriate. Using these migration distances, the 

electrophoretic mobility ( f4 ) can be calculated as follows: 

')>... E/t'Emin 

I/A· a-
(em/sec) 

(V/cm) 

,.,. 

(13) 

where ~ is the particle migration rate (em/sec) and E is the electric 

field strength (V/cm) 0 I is the electric current (amps), A is the electrode 

R is the resistance of the medium 

(ohms) and 1.46 cm-1 is the cell constant for the conductivity meter in 

our laboratory. 

38 According to Bier , "because nearly all the effect of temperature 

on mobility is due to the change in viscosity of H20, the following re

lationship can be used to correct the mobility to any temperature as 

long as is riot too large: ¥1 1 fll = ~ 2 ft 2." This relationship can be 

used to normalize electrophoretic mobilities determined at different 

temperatures in the same medium or in different media if the viscosities 

are known. 

3. Effects of Motility on Migration and Fractionation. 

In early Staflo experiments conducted at temperatures of 6-7°C, motile 

spermatozoa were observed in the flow-chamber with a microscope. At these 

temperatures and with pH 6 or greater, the orientation of all spermatozoa, 

including the motile spermatozoa, appeared to be predominantly vertical 

with tails upward in the sedimentation and SUE experiments regardless of 

the electric field strength in the latter. In SDE experiments, the orien-

tation was uniformly vertical with tails pointing downward at pH 7 with 

high electric field strengths only. In SDE experiments with low electric 

field strengths, the spermatozoa asslooed a variety of orientations as dis-

CU~ied in Ch~pt~r VTTT. 
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In order to quantitate the effect of intrinsic motility of spermato-

zoa in Staflo experiments, one must know the true range of sedimentation 

velocities and/or of electrophoretic mobilities in the medium and density 

gradient.. These can be obtained in experiments conducted at or below 

3°C depending upon the medium. Then if the temperature is controlled to 

eliminate random swimming, the orientation of the spermatozoa is determined 

by gravity and/or the electric field, and the motility vector is parallel 

to the sedimentation and/or electrophoretic vectors. 

a. Sedimentation Experiments. Figure 24 is a schematic diagram of a 

Staflo sedimentation experiment with an intrinsic motility component show-

ing minimum and maximum spermatozoa migration distances, X and y, respect-

ively. The expected maximum sedimentation distance,~~ , is assumed to 
. '11lax 

have been determined in experiments at very low temperatures. Then, from 

Figure 24, the maximum contribution of motility to the net migration is 

given by the expression: 

)..MOT 
max 

= Y - "-s 
max 

(14) 

In Figure 24, one must be careful to interpret the maximum migration 

distance attributable to motility as the distance from ")... r to y and not 
· ~max 

from zero to y. The sample rarely has 100% motile spermatozoa, but if ·it 

did, the minimum contribution of motility (~MOT . ) would be observed as 
. m1n 

a displacement of x from the expected minimum sedimentation distance 

(~ 8 ) which it represents in Figure 24. The relationship between these 
min 

components :l .. s: 

')\.MOT 
.min 

(15) 

b. Sedimentation~Electropho~esis -E~er±ments. Unfortunately, the dif

ferential orientation ·of spermatozoa in an electric field under varying 
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Fig. 24. Schematic diagram of a sedimentation migration pattern 

showing the effect of intrinsic motility on migration. 
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conditions of pH and ionic strength is further complicated by the random 

orientation of strongly swimming spermatozoa if their intrinsic motility 

is sufficient to overcome the polarizing effects of the electric field 

as mentioned by Bangham18 , and Vessilinovitch233 However, one can control 

the head-tail orientation by proper selection of pH and ionic strength 

and can control the.random swimming by using a temperature at which the 

intrinsic motility is insufficient to change the orientation imposed by 

gravity and/or the electric field. 

Figures 25 and 26. show a motility component to the net migration in 

addition to the electrophoretic and sedimentation migration distances for 

~u~ and ~u~ experiments, respectively. In both downward- and upward-

electrophoresis under conditions of pH and ionic strength which cause the 

sperm to be tail anode, the direction o.f the motility c·omponent is opposite 

that of the electrophoretic component. Because most spermatozoa samples 

contain a significant number o.f immotile spermatozoa which would exper-

ience the maximum electrophoretic migration, the observed migration pRttP.rn 

would extend from x to y in both figures. The minimum expected electro-

phoretic migration distance (~R ) in both cases is reduced by the intrinsic 
""'IIlin 

motility component 1\. l-10T . Thus, if intrinsic motili.ty ;mel P.l ertrophoretir. 
max 

mobility are independent, one would get an enrichment of the lower collec-

tion fractions with regard to motility in upward-electrophoresis a?d of 

the upper collection fractions in downward-electrophoresis experiments. 

With a range of intrinsic velocities one would expect to find a range of 

degrees of intrinsic motility among thP. spermato.zoa in: the collection 

fractions with the least motile sperm having migrated the greatest distance 

in the directions shown in Figures 25 and 26. 

Expressions relating intrinsic motility to sedimentation-electrophoresis 
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Fig. 25. Schematic diagram of a sedimentation-downward-electrophoresis 

migration pattern showing the interrelationships among the 

sedimentation, electrophoresis and intrinsic motility components. 
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Fig. 26. Schematic diagram of a sedimentation~upward-electrophoresis 

migration pattern showing the interrelationships among the 

sedimentation~ electrophoresis and intrinsic motility components. 
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migration distances are as follows: 

Sedimentation-downward-electrophoresis (Figure 25): 

?t.. MOT = ~ li' (expected) - x + ')... ~ . 
max . "11lin '"'lll~n 

(16) 

Sedimentation-upward-electrophoresis (Figure 26): 

?-..MOT = 7\..E . (expected) - x -)., s 
max m~n max 

(17) 

4. Significance of This Method of Analysis. 

From the several theoretical analyses developed in this chapter, 

certain conclusions can be drawn. 

Figure 15B shows that for most particle populations, a 3-layer 

spread of the migration pattern is the minimum from which one can obtain 

collection fractions with completely different populations. Thus, if 

possible, one should attempt to achieve at least a 3-layer spread of the 

pattern. However, Figure lSA shows that the difference between the 

collection fractions in· a 2-layer spread can be quite meaningful if the 

pattern is spread over the entire 2 layers. This is determined largely 

by the relative height of the sample stream at the inlet (h) compared 

to the layer thickness. Therefore, if the physical or biological proper-

ties of the sample limit the spread to 2 layers, one should use the "thin 

263 
sample technique" and select operating conditions that will give the 

widest spread within those 2 layers. 

Figures 16 and 19 show that, in sedimentation-electrophoresis experi-

ments, the sedimentation and electrophoretic migration components can be 

separately identified if one of the 2 properties is known. Similarly, 

Figures 24-26 demonstrate the interrelationships among the intrinsic 

motility and sedimentati.on and/or electrophoretic migration vectors. The 
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effects of motility on sedimentation and on sedimentation-electrophoresis 

experiments are discussed in Chapters IV and VIII, respectively. 

Separation of the fastest electrophoresing-slowest sedimenting (E·s) . . . 

particles and of particles possessing the other combinations of sedimen-

tation-electrophoretic properties (E·S, e·S and e·s) from a population are 

discussed in Section C2c. An initial attempt to use this analysis to 

separate these sub-populations of semen spermatozoa is reported in 

Chapter VIII. 

The most important assumption in deriving the equations presented 

in Appendix E is that the distribution of migration properties among the 

population is uniform. Migration distance range and distribution diagrams 

of the form shown in Figures 15, 22 and 23 provide a visual method.for 

comparing actual and hypothetical distributions of properties among popu-

lations. Such a comparison is made in Chapter VIII, where the actual dis-

tribution.of spermatozoa among the collection fractions in Sedimentatio~ 

Experiment 12-26-67 is compared to .the expected distributions of (hypo-

thetical) uniform, bimodal and normal populations of cells with the same 

range of sedimentation velocities. 

Within their stated limitations, the equations in Appendix E provide 

an accurate method of calculating Staflo migration distances. Representa-

tive calculations using these eq\lations and the iUideline in sub-sec.ti ons 

1 and 2, above, for sedimentation and sedimentation-electrophoresis 

experiments are given in Appendices F and G, respectively. 

A computer program, using tilt! t!quat:lons in the text and irt Appendix 

E would greatly simplify calculations of the sedimentation velocities or 

electrophoretic mobiliti.es of individual collection fractions and of the 

average for the migration pattern as a whole. The equations in Appendix E 
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can be extended to migration patterns encompassing 4 or more adjacent 

layers. In addition, the equations for patterns extending over 2, 3 or 

more adjacent layers can be generalized· so that the inlet position need 

not be specified as it was in the assumptions in this chapter. Both of 

these extensions should be made in adapting the equations to a computer 

program to give even greater flexibility and simplicity in quantitating 

the migration properties of particles studied in Staflo experiments. 

This method of analysis of the migration properties of a hetero-

geneous mixture of particles should also be applicable to a variety of 

fractionation techniques; for eXample, the sedimentation column used by 

35 205 29 Bhattacharya , by Schilling and by Bedford and Bibeau . Other appli-

cable techniques ·include rate and zonal centrifugation, and column, paper 

and starch-gel electrophoresis. 

D. Sunnnary 

In addition to describing the Staflo apparatus and its many modes 

of operation, this chapter significantly extends the Staflo method in the 

direction of quantitation of design and interpretation of experiments. 

It presents the concept of range and distribution diagrams for particle 

migration distances (e.g. Figures 13 and 15). These diagrams are used 

in developing the equations in Appendix E. The alternate form for pre-

senting the range and distribution information (e.g •. Figures 15, 22 arid 

23) clatifies the requirements for optimum fractionation of migration 

patterns and provides 8 method of analyzing the distribution of migration 

properties among particle populations. The remaining contribution is a 

method of identifying individual components of complex migration patterns 

involving separate identification of 2 or more of the properties of sed-

imentation rate, electrophoretic mobility and intrinsi.c motility, when 

they occur together in various combinations. 
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A. Introduction 

The first Staflo study of spennatozoa was a series of sedimentation 

experiments with rabbit spermatozoa using the 1 x 12 flow-cell. The in-

terest in the sedimentation properties of rabbit spermatozoa was stimulated 

by Bhattacharya's report of significant control of the sex ratio of off- i 
. I 

spring from the insemination of rabbit spermatozoa fractionated in a column I 
I 

I 
I 
I 

I 



sedimentation device35 . In addition, Gordon reported dimorphism of sperm-

atozoa ejaculate populations which was not related to the electrophoretic 

properties of the spermatozoa92 • At the time of these studies, Schilling's 

report of the partial control of the sex ratio of offspring from the in-
. 205 

semination of ~ractionated bull spermatozoa and the report by Bedford 

and Bibeau showing no difference in the sex ratio from the insemination 

29 of fast and slow sedimenting rabbit spermatozoa had not been published. 

Ancillary purposes of ·these early experiments were to develop and 

improve procedures for handling spermatozoa in all phases of Staflo experi-

ments and to explore the effects of the numerous experimental variables 

(Table I) affecting biophysical studies of spermatozoa. At the same time, 

an evaluation of media for the preservation of motility and fertilizing 

capacity of spermatozoa was being conducted (Appendix D). 

As will be evident in the results, the maintenance of motility and 

fertilizing capacity was very poor in most of these experiments. Thus, 

the most interesting biological assay system, the sex ratio of offspring, 

could not be correlated with other biological results and the physical 

prop~rtieR i.n.these studies. However, these experiments demonstrate a 

number of important interrelationships among the biological and physical 

properties of spermatozoa and the numerous experimental variables listed 

in Table I. Of special interest is the effect of the intrinsic motility 

f II d . II o spermatozoa upon se !mentation -migration rates. 

B. Materials and Methods 

1. Sample Preparation 

S~ermatozoa samples were obtained from mature Dutch Belt rabbits 

using the artificial vagina described in Appendix C. Each ejaculate 

was diluted immediately by adding 2.0 ml of medium (see below) at 37°C 
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to the collection vial. The suspension was cooled to room temperature 

in an insulating nest of glass wool. A 0.1 ml aliquot of this sample 

was diluted 1:10 for counting and for evaluation of the perc~ntage and 

degree of motility. While the sample was being cooled slowly to the 

temperature of the experiment, it was diluted in several stages to the 

desired concentration. In order to obtain a minimum of 15 ml containing 

20 x 10
6 

spermatozoa/ml, it was usually necessary to pool ejaculates from 

2 or more rabbits. After cooling and dilution, the spermatozoa suspension 

was subjected to Staflo sedimentation. 

2. Staflo Apparatus 

The 1 x 12 flow--cell (designated No. VII C), described in Chapter 

III, was used in this series of experiments. The spermatozoa suspension 

was introduced into inlet 4, using the same size syringe (20 ml) as used · 

for the other inlet solutions. Thus, the height of the sample stream at 

the inlet was 1.25 mm. A typical migration pattern for this series of 

experiments is illustrated in Figure 27, where the spermatozoa suspension 

enters via inlet 4 and spreads over layers 4-7. ~n all experiments a 

set-up period equivalent to 2 times the average steady-state transit time 

through the flow-cell was allowed before collection of the f~actionated 

spermatozoa was begun. 

3. Medium and Density Gradient 

A sucrose density gradient was used in 4 of the 7 sets of experiments 

described in this chapter and a dextran density gradient was used in the 

other 3. These experiments are hereafter referred to as "sucrose" or 

"dextran" experiments, respectively. In the sucrose experiments, the pri-

mary medium (medium S) consisted of 1/3 Hank's' solution and 2/3 isotonic 

saline supplemented with 0.1% fructose. The flowing layers, numbered 1-12 
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Fig. 27. Schematic diagram of Staflo flow-cell showing typical rabbit 

spermatozoa sedimentation migration pattern at 7°C; sucrose density 

gradient. 



from top to bottom, contained sucrose in weight/volume percent as follows: 

Nq. 1, 0% (distilled water); Nos. 2 and 3, 0% (mediumS); No. 4, 0% (sperm-

atozoa suspended in mediumS); No. 5, 0.800%; No. 6, 0.875%; No .. 7, 0.950%; 

No. 8, 1.025%; No. 9, 1.100%; Nos. 10-12, 3.0%. The viscosity, osmolarity 

and specific gravity of the solutions in layers 3-9 are shown in Figure 

28 for both the sucrose and dextran density gradients. Under the conditions 

employed in these experiments, few spermatozoa migrated below the seventh - . 

(at rc) or ninth (at l5°C) outlets. The "density barrier" in layers 10-12 

was des~gned to stop spermatozoa or other particles that migrated that 

distance in order to minimize contamination. of the membrane over the bottom 

oloctrodo comportmont. 

In the dextran experiments, the primary medium (medium D) consisted 

of a mixture of 10% 0.154 M glycine and 90% medium S. The layers contained 

dextran· (MW 73,000) in weight/volume percent as follows: No. 1, 0% (dis-

tilled water); Nos. 2 and 3, 0% (medium U); No. 4, 0% (spermatozoa suspended 

in medium D); No. 5, 0.70%; No, 6, 0.75%; No. 7, 0.80%; No. 8, 0.85%; No. 

9, 0.90%; Nos. 10-12, 3.0%. 

4. Temperature Control 

In the experiments conducted at 4uc or above, the temperature of the 

solutions in the syringe on the pump rack was controlled by enclosing the 

pump rack in a plastic canopy and cooling with dry ice. The flow-cell 

was cooled with dry ice in a doorless refrigerator in the sucrose experi-

·menta and in a lucite box in the dextran experiments. 

The experiments at 2.5°C were conducted in a newly constructed 

refrigerated room which was large enough for the entire apparatus, acces-

sory equipment and several investigators. 

5. Observation and Evaluation of Spermatozoa 
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The migration pattern was observed with the "slit lamp technique" 

and observations of individual spermatozoa and the microscopic steady-state 

' pattern were made with a portable microscope at magnifications up to 640 X. 

This portable microscope was a prototype for the Staflo microscope described 

in Chapter III. After collection, the spermatozoa concentration and moti-

lity in each fraction was determined with a hemocytometer and the viability 

was evaluated by nigros:f.n-eosin staining as described in Appendix B. The 

categories of spermatozoa in the nigrosin-eosin stained preparations are 

as follows: unstained (U) or viable, morphologically normal but sta:i.nen 

(MNS) and stained (S) or non-viable. 

C. Results 

1. Fractionation in a Sucrose Density Gradient. 

Experiments were conducted at 4 temperatures in the following sequence: 

in section D. 

a. 7°C. The results of a typical experiment (10-21) at 7°C with a sucrose 

density gradient and a spermatozoa concentration of 20 x 106 /ml· are shown 

in. Figure 29. The most striking feature is the absolute enrichment in 

fractions 5, 6 and 7 with regard to viable spermatozoa relative to the 

unfractionated sample both before and after the experiment. The curve 

for stained spermatozoa is almost a mirror imRgP. of the curve for viable 

spermatozoa. The determination of motility was made 90 minutes after 

collection stopped and shows an increase from fraction 4 to fraction 5. 

The concentrations shown in Figure 29 for collection fractions 4 - 7 re-

present 35 .. 6%, 50. 4%, 12.7% and 1. 3% of the collected spermatozoa, respect-
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ively. It may be helpful to refer to Figure 27 to visualize the spermatozoa 

migration pattern. 
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Fig. 29. ·Results of Sedimentation Experiment. 10-21 with rabbit 
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spermatozoa at 7 C; sucrose density gradient. Also shown are the 

characteristics of the unfractionated sample before (••••••·) and 

after (---) the experiment. 
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The results of this experiment and 1., others run at rc with the same 

sucrose density gradient and spermatozoa concentrations ranging from 19-

26 x 106/ml are shown in Figure 30. The spermatozoa samples consisted 

of an ejaculate from rabbit H in all experiments mixed with ejaculates 

from rabbit G in 3 experiments and from rabbits 0 and P in 1 experiment 

each. Sampies were of approximately equal initial viability and motility. 

Despite great changes in spermatozoa viability durin~ the course of some 

experiments, the corresponding curves for viable and stained spermatozoa 

in Figure 30 show the same qualitative features seen in Figure 29. A 

consistent feature of the motility curves is th~ir.qualitative similarity 

to their respective total sperm distribution curves. The viability con-

sistently increases from fraction 6 to 7 while both spermatozoa concentra-

tion and motility decrease. Included among and. indistinguishable from. 

the curves of total sperm distribution is the result ofone experiment 

(shown by the arrow) conducted under the same conditions with a sperma-
. 6 . 

tozoa concentration of about 20 x 10 /ml, all .of which were immotile upon 

ejaculation. 

The general features of the sets of curves in Figure 30 are clearly 

seen in Figure 31 which shows the averages for all 5 experiments. The 

relative composition of stai~ed spermatozoa (U, MNS and S) in each fraction 

can be determined from this figure. 

Nominal sedimentation rates can be calculated for the spermatozoa 

in each collection fraction using a layer thickness of 1.25 mm and an 

average steady-state transit time of 23.3 minutes. Al.l spermatozoa entered 

the main chamber via inlet 4. Spermatozoa leaving via outlet 4 must have 

sedimented between 0 and 1.25 mm. For these cells, the average extreme 

sedimentation rate is approximately 1.08 mm/hr. This and sedimentation 
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Fig. 30. Individual results of five sedimentation experiments with 

rabbit spermatozoa at 7°C; sucrose density gradient. Key for 

experiments; 9-15 (·---); 9-22 (- - -); 10-5 (- -); 

10-12 <~-·); 10-21 (·······). 
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rabbit spermatozoa at 7°C; sucrose density gradient. 
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rates for spermatozoa in the other collection tubes were calculated with 

the equations in Chapter III and Appendix E. They are summarized in Table 

III.The percentages of spermatozoa in collection fractions 4-7 ranged from 

31.5-38.6%; 47.6-55.9%, 11.4-12.7% and 0.9-1.4%, respectively, in the 5 

experiments, demonstrating good reproducibility. 

Microscopic observations in the flow-cell showed that about 90% of 

the spermatozoa sedimented vertically with heads down and the remainder 

were obliquely oriented with their heads below the horizontal. 

The evaluation of motility generally was made 60-90 minutes after 

collection stopped. At this time, 5-10% of the spermatozoa in fraction 4 

showed vigorous forward motion, whereas the remainder of the motility was 

primarily tail-wagging. Even though the spermatozoa in fraction 5 gener

ally had a higher percentage of motility, the degree thereof was less than 

in fraction 4. 

b. l5°C. The average composition of the collection fractions in two ex

periments and the percentage of motile spermatozoa in each fraction for one 

experiment are shown in Figure 32A. Again, the curves for viable and 

stainedspermatozoa change in opposite directions. Because of the limited 

data on motility, there is probably no significance to the second peak in 

.motility in fraction 8. In Figure 32B, the average distribution of sperm 
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in these 2 experiments at l5°C is shown trlth the average for the 5 experiments 

at 7°C· (from Figure 31). There is a significantly greater number of sperm 

in fractions 6, 7 and 8 at lSuc than at 7°C. The cell concentrations at 

l5°C were 25 x 106 and 28 x 106 spermatozoa/ml and were mixtures of ejacu

lates from rabbits G, 0 and P. Slight "cluster sedimer1tation" was observed 

in both experiments. Actively swimming spermatozoa were observed micro

scopically in layers 4 through 10 during the collection period in both 



Table III. Average Migration Velocities: Intrinsic Motility-Sedimentation, for 

Rabbit Spermatozoa; Sucrose Density Gradient; 2.5, 4, 7 and 15°C 

Temp Collection Percent of Avr. Migration Velocity Avr. Migra~ion 
Fraction Sperm Collected Rate 

(em/sec x 10-4) (mm/hr) 

2.5°C 4 55.7 0.30 1.08 0.31 
(3 runs) 

5 42.0 0. 71 2.56 0.73 

6 2.3 1.02 3.67 1.04 

4DC 4 43.7 0.30 1.08 0.11 

(1 run) 5 47.9 0.90 3.24 0.92 

6 7., l.SJ 5.51 l. S6 

7 o.s 1.84 6.62 1. 88 

7°C 4 34.0 0.30 1.08 . 0.31 
(5 runs) 

s. 52.5 0.90 3.24 0.92 

6 12.3 1.71 6.16 1. 75 

7 1.2 1. 91 6.87 1. 95 

15°C 4 19.2 0.30 1.08 0.31 
(2 runs) 

5 42.4 0.90 3.24 0.92 

6 23.3 1. 79 6.44 1. 83 

7 10.8 2.69 ·9.68 2.74 

8 3.4 3.32 11.9 3.39 

9 0.9 3.63 13.1 3.70 

a. units of 6 10 Svedbergs; 1 Svedberg -13 10 seconds 
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0 Average results of two sedimentation experiments at 15 C and 

a comparison of the average total rabbit spermatozoa distribution 

at 15°C with that from five experiments at 7°C; sucrose density 

gradient. 
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experiments. 

c. 4°C. The results of a single experiment at 4°C are shown in Figure 

33. Comparing Figure 33 with Figure 31, it is seen that at 4°C, a greater 

proportion of spermatozoa remained in layer 4 and fewer reached layer 6. 

As at 7°C, a higher percentage of spermatozoa were motile and viable in 

fraction 5 compared to fraction 4. 

d. 2.5°C. The individual results of 3 experiments at 2.5°C with a sucrose 

density gradient are shown in Figure 34 and the average values for all 3 

experiments are shown in Figure 35. At room temperature, there were no 

motile spermatozoa in the initial samples in Experiments 12-17-66 and 

12-18-66. · In Experiment 12-19-66, only 20% of the spermatozoa initially 

showed moderate tail-wagging with no forward progress. As shown in Figure 

34, only 2% of the total spermatozoa were in fraction 6 and they were of 

lower viability than those in either fraction 4 or 5. Even though no 

motility was observed microscopically in the flow-cell in Experiment 

12-19-66, the total spermatozoa distribution for that experiment differs 

from the. 2 others in Figure 34 and is similar to that observed in ex

periments at 4°C and 7°C. Figure 35 shows a slight rise in viability 

going from fraction 4 to 5, as in experiments at higher temperatures, 

and a marked drop in viability from fraction 5 to· 6. 

e. Calculation of Sedimentation Velocities. Using the fractionation

migration principles outlined in Chapter III, the intrinsic motility

sedimentation velocities were calculated for the rabbit spermatozoa in 

each of the c~llection fractions in the experiments at 2.5°C, 4°C, and 

l5°C. These results are presented in Table lll with the values for the 

experiments at 7°C. 

2. Fractionation in a Dextran Density Gradient 
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Fig. 33o Results of one sedimentation experiment with rabbit sperm

atozoa at 4°C; sucrose density gradient. Characteristics of the 

unfractionated sample: before (---) and after (· • • • • • •) the 

· experiment. 
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Fig. 34. Individual results of three sedimentation experiments with 

0 rabbit spermatozoa at 2.5 C; sucrose density.gradient. 
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Fig. 35. · Average results of three sedimentation experiments with 

.. 0 
rabbit spermatozoa at 2.5 C; sucrose density gradient. 
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Experiments were conducted only at temperatures of 7°C, 4°C and 2.5°C 

in this density gradient. 

a. 7°C. The results of 2 experiments at 7°C using a glycine supplemented 

medium and dextran density gradient with a 27 minute steady-state transit 

time are shown in Figure 36. Ejaculates from rabbits Chi, 0 and P were· 

. 6 . 6 
diluted to concentrations of 18 x 10 and 22 x 10 spermatozoa/ml for 

Experiments 1-4 and 1-14, respectively. In Figure 36A, there is an increase 

in viability from fractions 4-6. In contrast, the percent motili.ty de-

creases from fraction 5 to 6, again showing that ,the loss of motility 

precedes the loss of viability. The curves for total spermatozoa distri-

buti.on and motility in Figure 36 are qualitatively similar. A high per-

centage of the spermatozoa in the flow-cell showed slight tail-wagging. 

In both experiments, over 25% of the spermatozoa· in fraction 4 and a few 

percent in fractions 5 and 6 showed vigorous forward movement. The 

activity of the spermatozoa in the collection fractions ·in this glycine 

supplemented medium was much greater than ever observed in the collection 

fractions in the sucrose experiments. 

b. 4°C .. A single eXperiment was conducted with the glycine-dextran medium 

at 4°C with a spermatozoa sample of f,;;tit' initial. quality. Eighty pP.rf".P.nt 

of the spermatozoa exited the flow-chamber from layer 4 (the inlet layer), 

19% exited from layer 5 and only 1% of the spermat'ozoa exited in layer 6. · 

c. 2.5°C. After construction of a refrigerated room, 2 experiments were 

conducted at 2.5°C using the same dextran density gradient, a spermatozoa 

concentr'ation of 20 x 10
6 

/ml an.d an average transit time of 66 minutes. 

A 10 ml syringe was used to introduce the spermatozoa suspensi~n; thus, the 

sample stream at the inlet was only 0.75 mm high. At the outlet, the 

sample stream was 1.55 mm high but spermatozoa were observed with amicro-
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SPERM SEPARATION 
2 runs (7°C, Dextran-glycine) 
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Fig. 36. Individual results of two sedimentation experiments with 

r~bbit spermatozoa at 7°C; dextran density gradient. Initial 

sample values are also given. Key: Exp. 1-4 (---); Exp. 1-14 

(- - - -). 
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scope to be in the bottom 0.95 mm only. Thus, the minimum migration 

distance of the spermatozoa was 0.60 mm and the maximum migration distance 

from the bottom of the sample stream at the inlet to the bottom of the 

sample stream at the outlet was 0.80 mm. Using these migration distances 

and the average transit time of 1.1 hours, calculations give minimum, 

maximum and average sedimentation rates of 0.82, 1.09 and 0.97 mm/hr, 

respectively. Because the spread of the spermatozoa migration pattern 

was less than the thickness of 1 Staflo layer, the fractionation was not 

meaningfu~ in these 2 experiments. 

d. Calculation of Sedimentation Velocities. Using the fractionation-

migratlort principles discussed in Chapter III, the average intrinsic 

motility-sedimentation rates were calculated for the spermatozoa in each 

of the collection fractions in the experiments at 2.5°C, 4°C and 7°C. 

-4 These rates are presented in Table IV in units of em/sec x 10 , mm/hr 

and Svedbergs. 
i 

J. At Llflclal TnseminatiOiL I 
Despite inseminating a large number of rabbits with spermatozoa 

from the collection fractions in many of the experiments presented above, I 
only 4 litters were obtained. In the 4°C sucrose experiment, both rabbits 

inseminated with spermatozoa from fraction 4 gave litters, one of 4 males 

I 
and 3 females, and the other, 1 male and 4 females. Insemination of I 

'I 

spermatozoa from fraction 5 in that experiment gave no offspring. In 2 

dextran experiments, one each at 4°C and 2.5°C, with 80% and 95% of.the 

spermatozoa in fraction 4, respectively, insemination of spermatozoa from 

those collection fractions gave 2 litters of 3 females and 2 m~les each. 

This small number of offspring from several different experiments was in-

sufficient for correlation with the physical results. 



Table IV. Average Nigration Velocities: Intrinsic Notility-Sedimentation, for 

Rabbit Spermatozoa in a Dextran Density Gradient at 2.5, 4 and 7°C 

Temp Collection Percent of Avr. Migration Velocity Avr. Migration 
Fraction Sperm Collected Rate a 

-4 (em/sec x 10 ) (mm/hr) 

2.S°C. 100 0.27 0.97 0.27 
(2 runs) 

4°C 4 80 0.22 0.78 0.22 
(1 run) 

5 19 0.48 1. 73 0.49 

6 1 0. 71 2.56 0.73 

7°C 4 32.7 0.26 0.94 0.27 
(2 runs) 

5 51.3 o. 77 2. 77 0.79 

6 14.1 1. 34 4.82 1. 37 

7 1.3 1.60 5.76 1.63 

a.units of 106 Svedbergs; 1 Svedberg lo-13 seconds 
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D. Discussion 

The similarity of the shapes of the curves in Figure 30, and the 

small range of values for the average distribution of spermatozoa among 

the collection fractions are demonstrations of experimental reproducibility 

under specified conditions. However, this series. of experiments has 

shown that: in the multi-variable Staflo system, a large number of para

meters influence the sedimentation-migration pattern of spermatozoa. These, 

in turn, affect the biological results and must be considered in planning· 

experiments. Variables of importance include the initial sample quality 

.(the ratio of viable to stain~d I?Pe:r:mgto~oa and the degree of motility) 

and durability (a measure of the loss of viability and motility during the 

experiment), the spermatozoa concentration, and the temperature. Related 

factors include the average steady-state transit time, and the mediu~ and 

density gradient. Afte~ considering the influence of these variables on 

the experiments, a comparison will be made with the results of other in-

vestigators on the sedimentation of rabbit spermatozoa. 

1. · Variables Affecting Sedimentation Experiments. 

a. Quality of the Spermatozoa Sample. In addition to great variations 

in the initial quality of ejaculates from the same rabbit on different days·, 

or different rabbits on the same day, ejaculates of the same apparent 

initial quality varied in their ability to withstand the stresses in .Staflo 

experiments. This unpredictability of spermatozoa quality is discussed 

in more detail in Chapter IX. 

In this series of experiments, the variable durability of spermatozoa 

samples is illustrated in the sucrose experiments using the percentage of 

viable (unstained) spermatozoa for comparison. In Experiments 9-15 and 
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9-22 (Figure 30) and in the 2 experiments at l5°C (Figure 32), the percentages 
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of viable spermatozoa in the collection fractions were approximately 

20% ·less than in the corresponding initial samples. In the other sucrose 

experiments, there was essentially no degradation of spermatozoa quality 

during the experiment as judged by nigrosin-eosin staining. 

Using the degree of motility after collection relative to the initial 

sample as a criterion, the durability of the spermatozoa sample in all of 

the sucrose experiments was poor. The relatively higher degree of motility 

of the spermatozoa in the collection fractions in the dextran experiments 

may have been a result of (1) a beneficial effect of the glycine or dextran, 

or {2) more durable spermatozoa samples obtained at a different time of 

year. 

The poor results· from the insemination of spermatozoa from the 

collection fractions in this series of experiments is believed to be due 

primarily to dilution in media not suitable for the preservation of motility 

and fertilizing capacity. In retrospect, in most experiments, the sperm-

atozoa in the collection fractions had such a poor degree of motility that 

insemination was not warranted. 

b. Spermatozoa Concentration. The spermatozoa concentration affects 

both the migration p~ttern and the quality of spermatozoa in the collection 

fractions at the termination of the experiment. Based upon the results 

of the 7°C-sucrose experiments, the migration pattern appears independent 

6 of concentration over the range 19-26 x 10 spermatozoa/ml. In the l5°C-

sucrose experiments, slight "cluster sedimentation" was observed with 

6 6 spermatozoa concentrations of 25 x 10 and 28 x 10 /ml. The critical con-

centration of yeast cells referred to in Mel's discussion of "cluster" 

158 6 
sedimentation is 26-27 x 10 /ml. suggesting a similar threshold for the 

2 types of cells in similar low density-low viscosity media. 
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Other experiments in which there is a suggestion that "cluster sedimenta-

tion"occurred are the experiment at 7°C with immotile sperm (arrow in 

Figure 30) and Experiment 12-19-66, at 2.5°C, where. the total sperm dis-

tribution resembles that at higher temperatures. In the latter experiment, 

it is unlikely that there was sufficient motility to explain the increased 

migration~ 

The effect of low spermatozoa concentrations (dilution effect) on 

the quality of the spermatozoa at the termination of the experiment is 

also illustrated in this series of experiments. In all sucrose experiments 

at 7°C, the percentage of motile spermatozoa decreased from fractions 5-7 

6 
with changes in concentration from over 8 x 10 /ml in fraction 5 to about 

2.x 106 and 0.5 x 10
6

/ml in fra~tions 6 and 7, respectively. A similar 

loss of motility was also observed in the 7°C dextran experiments (Figure 

36) in suspensions of less than about 4 x 106 spermatozoa/ml and is 

attributed primarily to dilution. This dilution effect has been reported 

by others to occur at concentrations of less than 4 x 10
6 

spermatozoa/ml 

l:i!~ and to be prevented by certain macromolecules such as gum-arabic The 

recent studies by Quinn, White and \tlirrick showed that dilution of ram and 

bull spermatozoa caused an influx of sodium and an efflux of potassium, 

calcium and magnesium from the cells, and was associated with loss of moti-

lity
l93. 

_ The macromolecule dextran may have had a beneficial effect in 

the dextran ·density gradient experiments as noted in "a", above. 
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Because the spermatozoa concentrations in fractions 4 and 5 were greater 

than 4 x 106/ml in all experiments except in the Dextran Experiment 1-4, 

there was no dilution effect in those fractions. The percentage of motile 

spermatozoa in fraction 5 was greater than in fraction 4 in all experiments; 

however, the spermatozoa in fraction 4 had a higher degree of motility in 
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all cases. The presence of seminal plasma in fraction 4 is the most 

likely explanation for the higher degree of motility in that fraction. 

In all of the sucrose experiments at temperatures of 4°C or higher, 

and in all the dextran experiments at 7°C (except for fraction 7 in 

Experiment 1-14), the percentage of viable spermatozoa increased with in

creasing migration distance below layer 5. This is in contrast to the 

loss of motility observed with decreasing spermatozoa concentrations in 

those same fractions. This shows that at least during a minimum period 

averaging 36 minutes at low concentrations, the loss of motility preceded 

the loss of viability, judged by nigrosin-eosin staining. It is postulated 

that at these temperatures, the best spermatozoa judged by degree of in

trinsic motility swam downward, thereby giving an increase in the percent

age of unstained (viable) spermatozoa in the lower fractions. 

c. Temperature and Motility. The temperature affects the sedimentation 

migration pattern primarily through its influence on motility. Figure 37 

is a comparison of the total spermatozoa distribution for sucrose experi

ments at 2.5°C, 4°C, rc and l5°C. It shows a significant increase in the 

percentage of the total number of spermatozoa appearing in the lower 

collection fractions at the higher temperatures. Because.the spermatozoa 

used in the 3 experiments at 2.5°C were of poor initial quality and no 

motility was observed in the flow-chamber, the migration patterns observed 

in those experiments are believed to be free of a motility component. In 

the experiment At 4°C, spermatozoa were ob.served to have a rolling motion 

in the flow-cell and had sufficient motility to move forward slightly in 

a hemocytometer at that temperature. No motility was observed microscopi

cally in the flow-cell during the 7°C sucrose experiments, but the optical 

system was in a very preliminary stage of development at the time of those 
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Average distribution of rabbit spermatozoa among the 

collection fractions in sedimentation experiments at 2.5°C, 4°C, 

7°C and 1S°C; sucrose density gradient. 
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experiments. Thus, motility could have contributed to the migration 

patterns in the 7°C experiments. A high percentage of actively swimming 

spermatozoa was observed microscopically in the flow-cell in both ex

periment~ .at l5°C. Thus, even though there was slight "cluster sedimen

tatiorr'in both experiments, the greater migration at l5°C is attributed 

primarily to the intrinsic motility of the spermatozoa at that temperature. 

Figure 38 is a comparison of the different-temperature sucrose exper

iments using the migration distance diagrams discussed in Chapter III. I 

believe that the eXperiments at 2.5°C represent true sedimentation. Thus, 

the observed and expected distribution of spermatozoa at that temperature 

would be the same. As shown in Figure 28, the viscosity of the sucrose 

density gradient changes from 1.675 centipoises at 2.5°C to 1.175 centi

poises at l5°C. Using these differences in viscosity and the distribution 

at 2.5°C, the expected distributions at 4°C, 7°C and l5°C were calculated. 

They are shown in Figure 38 along with the actual distributions of sperm

atozoa in the 4 sets of experiments. Even though the decrease in viscosity 

contributes more to the distribution of the spermatozoa than one might 

expect, the migration is much greater than can be explained by viscosity 

alone. Therefore, the greater migration is attributed to the intrinsic 

motility of the spermatozoa at the respective temperatures. 

The effect of motility upon the distribution of spermatozoa in the 

dextran experiments is similar to that observed in the sucrose experiments. 

In both dextran experiments at 2.5°C, the spermatozoa were of poor initial 

quality and the migration pattern was not influenced by motility. Thus, 

the observed and expected migration distances are considered to be the same 

at 2.5°C. At 4°C, a small percentage of the spermatozoa showed a slight 

degree of tail-wagging in the flow-cell. At 7°C, a high percentage.of 
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Fig. 38. Comparison of expected and actual distributions of rabbit 

spermatozoa in sucrose density gradient sedimentation experiments 

at various temperatures. 

134 



spermatozoa in the flow-cell showed gentle rolling or tail-wagging. The 

effects of the motility on the migration distances are'shown in Figure 39. 

Using the known differences in viscosity at the 2 temperatures, the ex-

pected distributions of spermatozoa at 4°C and 7°C were calculated and 

are shown in Figure 39 with the respective observed migration distances. 

The contribution of motility at the higher temperatures in the dextran 

experiments is even more pronounced than in the sucrose experiments. 

The observations of motility of varying degrees in the flow-cell at 

4°C and at the higher temperatures supports the hypothesis that the differ-

ence between the expected and observed migration distances in Figures 38 

and 39 are due to motility. However, as noted earlier, one experiment 

conducted at 7°C with immotile spermatozoa gave a distribution similar 

to the average of the 5 experiments conducted with spermatozoa samples 

of fair initial quality. This suggests that with migration distances as 

small as those achieved in most of these experiments, "cluster sedimenta-

tiorr'can have a significant relative influence on the migration pattern. 

2. Comparisons with Results of Other Investigators. 

In the sucrose densit.y gradient at 2.5°C, the sedimentation velocity 

ranged from 0-3.86 mm/hr assuming that the 2.3% of spermatozoa in fraction 

6 had sedimented a maximum distance of 1.50 mm (this is probably a generous 

estimate). At this temperature, the viscosity and specific gravity of 

the medium in layer 5 are 1.70 cp and 1.010, respectively. 

35 Calculations based upon the data reported by Bhattacharya give a 

"sedimentation velocity" range of 0-5 mm/hr for rabbit spermatozoa in his 

apparatus at 0°C. The medium had a viscosity of 75 centipoises and a 

specific gravity of 1.0304. This estimate of the sedimentation velocity 

of rabbit spermatozoa in his medium is greater than that in my sucrose 
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density gradient even though the specific gravity and viscosity, in par-

ticular, .were much higher in his apparatus. 

Schilling reported large sedimentation distances for bull sperm-

atozoa in a similar device in 60 minutes at 0°C, in a medium with a 
205 

viscosity of 7-10 centipoises and a specific gravity of 1.037-1.044 

If interpretation of his report is correct, the maximum "sedimentation 

velocities" in his apparatus would have been 50-60 mm/hr. 

Bedford and Bibeau reported rabbit spermatozoa sedimentation experi-

ments at 2°C in a medium with a viscosity of 6.7 cp and a specific gravity 

of 1.04829 . The sediment~tion distances are not reported but the apparent 

"sedimentation velocfties" appear to be comparable to those in Schilling's 

experiments even though rabbit and bull spermatozoa were used in the re-

spectiv~ studies. 

Compared to Bhattacharya's results, the proportionate increase in 

sedimentation velocity in the experiments by Schilling and by Bedford and 

Bibeau is consistent with the lower viscosity.of their media. Thus, the 

relative differences between the sedimentation velocities observed in my 

experiments and those of the three other groups of experiments are com-

parable. All three are incompatible with my results and suggest that more 

than true sedimentation occurred in their experiments. 

The other investigators layered spermatozoa at concentrations of 

6 200-300 x 10 /ml on top of their media in a burette. Even though the 

greater viscosities and specific gravities of their media would raise the 

threshold for "cluster sedime~tation" above the 25-30 x 10
6 

spermatozoa/ml 

threshold of my sucrose density gradient, that phenomenon is considered 

the most likely explanation of the higher "sedimentation velocities" in 
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their experiments. Because of the low temperatures used by those in-

vestigators, there should have been no contribution of motility to the 

migration. 

As noted in Chapter Il, Bhattacharya obtained a significant differ-· 

ence in the sex of offspring from the extreme fractions of his column 

35 . 205 
sedimentation device . Schilling had less success and Bedford and 

Bibeau reported none29 . It is interesting to speculate that "cluster 

sedimentatiorl'accentuated the sedimentation of the faster migrating 

. 158 h'l h ti i i f 1 hi h di t t' species , w 1 e at t e same me g v ng a a se g se men a 1on 

velocity for the spermatozoa. Even though this phenomenon may have 

given a differential distribution of slow and fast sed~mentin~ sp~rmatozoa 

the separation of the X- and Y-chromosome bearing spermatozoa by Bhatta-

charya and by Schilling is more likely related to the. aqueous polymer 
270 

two-phase. system described by Albertsson or to some undefined cell-cell 

interactions related to certain constituents of the medium. 

E. summary and Conclusions 

The 7 oc sucrose experiments demotistra.te good .reproducibility under 

the same operating conditions (e.g., medium, pH, density gradient and 

average transit time) with spermatozoa concentrations ranging from 19-
6 . 

26 x 10 /ml. The differences among the different-temperature experiments 

with both sucrose and dextran density gradients are attributed ·primarily 

to the intrinsic motility of the spermatozoa. In ·addition to this variable, 

the spermatozoa concentration is an important factor, especially at temp-

eratures below 2.5°C where motility is negligible in the sucrose and dextran 

media. 

In these low density-low viscosity media, the upper limit of the cell 

concentration is approximately 25 'X 106/ml, above which "cluster sedimen-
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tation"w.as observed with the slit lamp technique. Examples were given 

where it is believed that "cluster sedimentation~ in ~ertain experiments 

at 2.5°C and 7°C, gave distributions similar to those expected with 

motile spermatozoa. Thus, depending upon the medium and density gradient, 

the threshold for "cluster sedimentatiorl'will determine the maximum de-

sirable spermatozoa concentration. At the other extreme, the motility and 

fertilizing capacity were not preserved adequately at concentrations below 
6 . 

4 x 10 spermatozoa/ml in these media. In certain fractions the presence 

of diluted seminal plasma enhanced the preservation of motility, but not 

of fertilizing capacity. In view of the dilution inherent in multi-layer 

fractionation of any kind, the "dilution effect" dictates using an initial 

sample of the highest possible concentration. Thus, one is faced with the 

contradictory objectives of maintaining the vital functions of the sperm-

atozoa without compromising the ideal migration pattern. The resolution 

of these problems is described in later chapters. 

At the higher temperatures, "cluster sedimentatiorl'still should 

generally be avoided but the key factors are the direction and magnitude 

of the intrinsic motility vector, which depend upon the temperature, medium 

and quality of spermatozoa. Since the microscopic optical system available 

for the 7°C and l5°C sucrose experiments was very primitive and unreliable, 

the degree of motility in the flow-chamber in those experiments was not 

'well_ defined. The orientation of spermatozoa at both temperatures appeared 

to be primarily downward. In the later dextran experiments at temperatures 

of 7°C ·arid lower, the spermatozoa were seen to be oriented primarily 

downward which suggests that the same was the case for.the 7°C sucrose 

experiments. 

The relative enrichment of the lower collection fractions in many 

139 



140 

experiments, with respect to motility and viability, is attributed to 

intrinsic motility. This interpretation of the differential distribution 

was made difficult by the fact that motility was lost prior to viability. 

However, in the 2.5°C sucrose experiments, where there was no motility in 

the flow-chamber, there was no difference between the two "high concen-

tration" fractions with respect to viable spermatozoa. This suggests that 

the differential fractionation of viable spermatozoa at higher temperatures 

was due to motility. This is consistent with Bhattacharya's report that 

there was no difference in the relative distribution of live and dead 

spermatozoa in his "sedimentation" device. 

Figures 31 and 38 are 2 ways of displaying temperature-dependent 

migration information. The range and distribution diagram (Figure 38) 

indicates a clear distinction between the expected and actual spermatozoa 

distributions at these temperatures and demonstrates the feasibility of 

quantitatively defining the intrinsic motility of spermatozoa as a function 

of temperature, for the population as a whole. This would be of particular 

interest in fractionations with media capable of preserving both motility I 
and fertilizing capacity. Under these conditions, the temperature dependence 

of the degree of motility could be correlated with the migration distance. 

In addition, it would also be possible to determine the fertilizing capacity 

of the spermatozoa, and the sex ratio of offspring derived therefrom, e.g., 

I 
I 

as a function of the relative degrees of intrinsic motility. I 
The difficulty of dealing quantitatively with "cluster sedimentation" I 

I 

argues for modifying the cell concentration, medium and/or density gradient I 

to avoid the Probleml58;263• Th h II di i 1 i • II e muc greater se mentat on ve oc t1es 

observed by other investigators are no doubt due to "cluster sedimentation" 

or sedimentation processes other than sedimentation of individual cells. 
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It does not appear that the separation of X- and Y-chromosome bearing 

35 205 
rabbit (Bhattacharya ) and bull (Schilling ) spermatozoa is a simple 

function of differential sedimentation of the two types of spermatozoa. 
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A. Introduction 

Studies by others of the electrophoretic properties of spermatozoa 

were summarized in Chapter II. 
.. 206,207 

This included the work by S~hroder 
91,92 

and by Gordon showing a variation from the normal sex ratio upon the 

insemination of anodic and cathodic fractions of spermatozoa-separated in 

an electrophoretic apparatus. However, their work was not confirmed in 

18,174,233 
studies by many other investigators • Bedford demonstrated changes 

24 in the electrophoretic properties of spermatozoa during maturation , while 

Bangham showed changes in the relative surface charge distribution between 

heads and tails of spermatozoa. i.n media of different ionic strength and 

18 
at different pH's . He· also found differences in the electrophoretic 

. 18 
mobility under·varying conditions of pH and ionic strength 

This chapter is devoted to a series of experiments conducted during 

a transition phase in the development of improved Staflo equipment and 

techniques. While experiments with the 1 x 12 flow-cell were providing 

knowledge on the Staflo electrophoresis properties of spermatozoa and the 

requirements for handling spermatozoa IN VITRO, work was in progress con-

currently, on the following: (1) the construction of a 3 x 16 Staflo 

apparatus to provide greater resolution in fractionation; (2) the develop-

ment of new buffers to preserve the viability, motility and fertilizing 

capacity of the spermatozoa, as well as giving greater pH stability in the 

Staflo apparatus; (3) the design and construction of a microscope to be 

used with the Staflo apparatus for better observation of spermatozoa within 

the flow-chamber and (4)' the construction of a refrigerated room to provide 

accurate temperature control during experiments. 
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Because many of the spermatozoa samples used in ·the ser.ies of 

1 x 12 flow-cell experiments had high initial quality, these experiments 

demonstrate many of the interrelationships among the biophysical proper-

ties of spermatozoa and the experimental variables, especially the effects 

of motility and temperature on the distribution of spermatozoa in the flow-

chamber. Subsequent experiments provide information on the characteristics 

of the 3 x 16 Staflo apparatus, the orientation of spermatozoa in the 

flow-chamber, and the electrophoretic mobility of both rabbit and fowl 

spermatozoa during electrophoresis in upward and downward directions. 

B. Materials and Methods 

1. Sample Preparation 

Spermatozoa samples were obtained from mature Dutch Belt rabbits using 

the artificial vagina described in Appendix C. Each ejaculate was diluted 

immediately by adding 2.0 ml of medium (see 'below) at 37"C to the collec-

tion vial and then was allowed to cool to room temperature in an insulating 

nest of glass wool. A 0.1 ml aliquot of this sample was diluted to 1.0 ml 

and evaluated for percent and degree of motility as described in Appendix 

B. After the sample had been cooled slowly in a water bath to the experi-

ment 6 temperature, it was diluted to approximately 20 x 10 spermatozoa/mi. 

In order to obtain a sample suspension of at least 15 ml at that concen-

tration, it was usually necessary to pool ejaculates from 2 or more rabbits. 

The cooled, diluted spermatozoa suspension then was subjected to Staflo 

electrophoresis. All work with the spermatozoa was accomplished using 

minimal lighting in order to reduce the deleterious effects of visible 

176 
light 

2. Staflo Apparatus 

144 

The 1 x 12 and 3 x 16 flow-cell experiments were conducted with flow-cell 

I 
I 
1 

I 
I 

.I 

I 
I 

I 
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number VII-C and XI, respectively. The characteristics of these flow-cells 

and the Staflo microscope are described in Chapter III. 

3. ·Media and Density Gradients 

a. 1 x 12 Flow-Cell Experiments. The 1 x 12 flow--cell experiments were 

conducted with a Hanks-glycine primary medium using a dextran density grad-

ient. The Hanks-glycine electrophoresis medium consisted of 100 ml of Hanks 

solution, 10 ml of 0.35% NaHC03 , 9.25 g glycine and 25.0 g glucose diluted 

to 1,000 ml with distilled water, including adjustment of pH with 1.0 N NaOH. 

The density gradient consisted of dextran ~. 73,000, Sigma Chemical Company) 

in weight/volume percent in the Staflo layers as follows: No. 1, 0%; No. 2, 

0.1%; No. 3, 0.3%; No. 4, 0.6%; No. 5, 0.7%; No. 6, 0.8%; No. 7, 0.9%; No. 8, 

1.0%; No. 9, 1.0%; Nos. 10-12, 2%. The top electrode compartment contained 

Hanks-glycine medium without dextran, while the bottom electrode compart-

ment contained ·the same medium with 2% dextran. Even though this density 

gradient supported a suspension of up to 30 x 106 spermatozoa/ml in layer 9, 

lower cell concentrations were used to avoid "cluster sedimentatiorl'des-

cribed in Chapter IV. 

b. 3 x 16.Staflo Exp~riments. Low ionic strength glycine-phosphate and 

glycine-"citrate buffers were used in this series of experiments. 

(1) Glycine-phosphate buffer. The glycine phosphate buffer consisted 

of 2.20 g Na2HPo4 .12 H2o, 0.20 g NaCl, 0.20 g NaHC0 3, 0.016 g KH2Po4 , 

6 
9.25 g glycine, 23.0 g fructose, 10 units of penicillin G, all diluted 

to l,OOO·ml with distilled water. pH adjustments were made with concen-

trated HCl. 

(2) Glycine-citrate buffer. The glycine-citrate buffer consisted of 

2.0 g sodium citrate dihydrate, 9.25 g glycine, 3.0 g fructose, 0.25 ml 

6 10% citri~ acid solution, 48.6 g sucrose, 10 units penicillin G diluted 



to 1,000 ml with distilled water. pH was approximately 6.94. 

Different density gradients consisting of dextran (MW, 73,000, Sigma 

Chemical Company) or sucrose were used in the 3 x 16 flow-cell experiments, 

and, therefore, are described in the appropriate sections below. 

4. Temperature Control 

In the 1 x 12 flow-cell experiments conducted at 4°C or above, the 

temperature of the solutions in the feed syringes ~as controlled by en-

closing the pump rack in a plastic canopy and cooling with dry ice. The 

flow-cell was housed in a lucite box and also cooled ~ith dry ice. The 

experiments at 2.5°C were conducted in a newly constructed refrigerated 

room which was large enough for the entire apparatus, accessuL·y ~l{UiJ:Juiel"tt 

and seve!al investigators. 

All experiments with the 3 :x 16 Staflo apparatus were conducted in 

the refrigerated room. Measurements with a temperature recorder (Varian 

Associates) showed that under the maximum electric field conditions used 

in this series of experiments, the average and maximum temperature rises 

near the outlet of the flow-cell were 0.5°C and 1.0°C, respectively. 

5.· Observation and Evaluation of Spermatozoa 

The gross electrophoresis pattern was observed by eye using the slit 

229,263 
lamp technique Observations of individual spermatozoa and the 

microscopic steady-state pattern were made with the optical equipment 

described in Chapter III. After collection, the concentration and degree 

of motility of the spermatozoa in each co'llection fraction were determined 

by counting with a hemocytometer. Vital staining of spermatozoa in each 

fraction was accomplished with the nigrosin-eosin staining technique des- · 

cribed in Appendix B. 
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C. Results 

1. 1 x 12 Flow-Cell Experiments. 

The characteristics of the spermatozoa sample and Staflo operating 

parameters for the 1 x 12 flow-cell upward-electrophoresis experiments are 

presented in Table V. Except for Experiments 12-21-6S-l & 2, which were 

conducted at 2.S°C in a refrigerated room, all experiments were conducted 

with marginal temperature control. In all experiments, spermatozoa were 

introduced into layer 9 with electrophoresis in an upward direction. Be-

cause geometrical considerations prevented the use of the slit lamp, 

quantitative measurements of the migration pattern were not made. 

a. Experiments at S, 6.25 and 7.S V/cm. 

(1) S V/cm. Figure 40 presents the individual results of the first 

4 experiments in Table V. As shown in this figure, the total sperm distri-

bution was upward out of layer 9 except in Experiment 4-29-6S. In that 

experiment, the higher percentage of spermatozoa remaining in layer 9 might 

be attributed either to "cluster" sedimentation, because the spermatozoa 

6 concentration was 30 x 10 /ml,and/or to a high degree of intrinsic motility 

at 7°C; The upward distribution was most pronounced in Experiment S-6-6S 

which was .conducted at S°C with the poorest quality spermatozoa sample. 

The distribution of spermatozoa in Experiment 5-13-6S at 5°C was similar to 

that in Experiment 5-6-6S. The upward distribution in Experiment S-20-6S 

at 7°C was less than in the 2 experiments at S°C, also suggesting that 

·there is less upward migration at the higher temperature. 

With regard to the distribution of viable spermatozoa, the least 

difference among the collection fractions was observed in Experiment 
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S-6-65 at 5°C. In Experiment 4-29-65 at 7°C, using high quality spermatozoa, 

there was a higher percentage of viable spermatozoa in fractions 8 and 9 



Table V. s2ermatozoa Sam2le and Staflo 0Eerating Parameters for 

- x 12 Flow-Cell U2warj-ElectroEhoresis Experiments 

Experiment No. S ermatozoa Sa le 
Rabbit(s) Initial Quality Initial Sperm 

"t-ave 1'£ ""' Concentration . pH Temp. L E 
(Units of 106 /ml) i (oC) (min) (min)· (em) . (V /em) 

4-29-65 0 & Psi 70"1. motile 30 6·.5 7 20 13.3 20 5 

5-6-65 p & Psi 40% motile 23 6 .• 5 5 20.5. 13.7 20 5 

5-13-65 p Excellent 22 6-.5 5 20 13.3 20 5 

5-20-65 0 & Chi Excellent 22 6·.5 7 20 13.3 20 5 

7-28-65 0 lio Psi 80% motile 16 7.0 5 20.5 13.7 20 6.25 

8-4-65 0 & Chi Excellent 15 7.0 3.5 20.5 13.7 20 6.25 

6-23-65 Chi 80% motUe 14 6.5 6 17 11.3 20 7.5 

7-14-65 p 60% motUe 13 6.5 4 17 11.3 20 7.5 

7-21-65 Psi Very popr 13 6.5 4 17 11.3 20 7.5 
\) G 

7-23-65 p 85:t motUe 13 6 . .5 5 17 11.3 20 7.5 

12-21-65-1 Chi . Very poor 11 7. 10 2.5 20 13.3 20 6.25 
. c 

12-2-1-65-2 . Chi Very poor 9 7.0 2.5 18 12.0 20 7.5 

___ .. _______ _ 
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compared to fraction 7. In the other 2 experiments with samples of 

comparable initial quality, the distribution of viable spermatozoa was 

similar despite the difference in temperature (5 vs. 7°C). The distri-

bution of stained spermatozoa was essentially a mirror image of that of 

the viable spermatozoa. 

Except for a lower percentage of motile spermatozoa in fraction 7 

compared to fractions 8 and 9, Figure 40 shows no definite pattern in the 

distribution of motile spermatozoa among the collection fractions. In 2 

experiments, the percentages of motile spermatozoa in fractions 8 and 9 

are approximately the same, while in the other 2 experiments, there is a 

higher percentage of motile spermatozoa in fraction 8. In Experiment 

4-29-65., approximately 5% of the total number of spermatozoa migrated 

downward into layer 10 against the electrophoretic force, suggesting a 

strong intrinsic motility component. This variability in the distribution 

of motile spermatozoa and the influence of intrinsic motility on the dis-

tribution of other categories of spermatozoa are considered in detail in 

the discussion. 

In E~periment 5-6-65, a few spermatozoa in the flow-cell were oriented 

horizontally, while over 95% were oriented with head down and tail upward 

in the direction of the positive electrode. A high percentage of the 

spermatozoa had vigorous tail-wagging, but the significance of this degree 

of motility in terms of migration against the electric field could not be 

assessed with the microscope. At the conclusion of the experiment, the 

degree of motility of the spermatozoa in the collection fractions was re-

latively poor. Thus, the degree of motility observed in the collection 

fractions at the end of the experiment does not correlate well with the 

apparent interaction between the intrinsic motility and electrophoretic 

150 

i 
I 
I 

• I 
I 

I 
I 



force in the flow-cell. This illustrates the need for microscopic obser

vations in the flow-chamber during experiments. 

(2) 6.25 V/cm. Figure 41 presents the results of 2 experiments at 6.25 

V/cm. The distribution of the various categories of spermatozoa is similar 

in the 2 experiments des.pite the difference in temperatures (3.5°C and 

5.0°C). Despite the lower percentage of viable spermatozoa in fraction 

9 compared to 8, in both experiments, there is an unequivocal increase in 

the percentage of motile spermatozoa going from fraction 7 through 10. 

In Experiment 7-28-65, observations with the microscope showed that 

in layer 7, all spermatozoa were oriented vertically with the tail toward 

the top (positive) electrode and that some spermatozoa had tail-wagging. 

In layer 9, most spermatozoa were oriented vertically, while a few were 

in a horizontal position. Nearly all spermatozoa in layer 9 showed some 

degree of motility at 5°C. In both experiments, seminal plasma was dis

tributed primarily in layers 7 and 8 with only large "blobs of junk" in 

layer 9. 

(3) 7.5 V/cm. Figure 42 presents the individual results of 4 experiments 

at 7.5 V/cm. There is a slightly· greater upward total sperm distribution 

in Experiments 7-14-65 and 7-21-65, both of which were conducted at 4°C 

with poorer quality spermatozoa samples than in the other 2 experiments • 

. The least migration was observed in Experiment 6-23-65 conducted at 6°C 

with the spermatozoa sample having the highest percentages of viable and 

motile spermatozoa at the conclusion of the experiment. 

There is little reproducibility in the distribution of viable and 

motile spermatozoa among the collection fractions. Despite the low cell 

concentrations, viable spermatozoa were observed in fractions 6 and motile 

spermatozoa were observed in fractions 6 and 5. There is some similarity 
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between the distribution of viable and motile spermatozoa in the respective 

experiments. The distribution of stained spermatozoa mirrors that· of viable 

spermatozoa. 

(4) Experiments at 6.25 and-7.5 V/cm and a Temperature of 2.5°C. After 

construction of a refrigerated room, upward electrophoresis experiments 

were conducted at 6.25 and 7.5 V/cm at a temperature of 2.5°C. In both 

· ~.xperiments, the initial quality of the spermatozoa samples was poorer than 

in previous experiments ana the degree of motility obs.erved in the collection 

fractions. at the termination of the experiments was extremely poor. The 

results are presented in Figure 43 and show a slightly greater upward total 

migration of spermatozoa at an electric field strength of 7.5 V/cm. 

As shown in Figure 43, there is a slight increase in the percentage 

of viable spermatozoa going from collection fraction 7 to 9, while the dis-

tribution of stained spermatozoa is a mirror image thereof. In both experi-

ments, there is a higher percentage of motile spermatozoa· in fraction I than 

in either fraction 8 or 9. This distribution of motile spermatozoa is the 

opposite of that observed in the series of experiments at higher temperatures 

at both electric field strengths as shown in Figures 41 and 42. 

In the experiment at 6.25 V/cm, essentially 100% of the spermatozoa. 

near the wall in the single cell suspension were oriented vertically with 

their tails towards the top (positive) electrode. The spermatozoa showed 

a slight degree of twisting at the lowest levels of the migration pattern. 

Spermatozoa in the collection fractions initially had a fair degree of 

motility which was observed to decrease rapidly over a period of 30 minutes. 

In the experiment at 7.5 V/cm, swaying spermatozoa were observed in the 

lower part of the migration pattern. Before the experiment started, only 

12 of 900 spermatozoa showed feeble tail-wagging in a hemocytometer at 2°C. 
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The swaying motion is attributed to the slightly higher temperature in the 

flow-chamber due to the electric field. 

b. Comparison of Different-Field Strength Experiments. Figures 44, 45 

and 46 present average values for the total distribution, and the distri-

bution of several ~ategories of spermatozoa among the collection fractions 

for the upward-electrophoresis experiments at 5, 6.25 and 7~5 V/cm shown 

in Figures 40, 4l.and 42, respectively. Compared to the experiments at 

5 V/cm, there is a slight increase in the upward distribution of spermatozoa 

among the collection fractions at 6.25 V/cm and a definite upward shift 

at 7.5 V/cm. There is little difference among the collection fractions 

with regard to the di~tribution of viable spermatozoa at 5 and 7.5 V/cm, 

while at ~.25 V/cm, there is a higher percentage of viable spermatozoa in 

fraction 8 than in 7 or 9. In Figures 44-46, the percentage of motility 

in fraction 7 is lower than in fractions 8 and 9. The differential distri-

bution of motile spermatozoa is most pronounced in the experiments at 

6.25 V/cm where a much higher percentage of motility was found in fraction 

9 compared to 8. In all 3 figures, there are marked differences in the 

distribution of viable and motile spermatozoa. The distribution of mor-

phologically normal but stained (MNS) spermatozoa is essentially the same 

in all collection fractions at 5 and 7.5 V/cm but is slightly higher in 

fractions 7 and 9 at 6.25 V/cm, thereby accentuating the differential dis-

tribution of viable spermatozoa in that group of experiments. 

In many of the early electrophoresis experiments·, the quality of 

spermatozoa at the end of the experiment appeared to be adequate for arti-

ficial insemination. However, only one insemination of dozens resulted 

in offspring. In Experiment 7-28-65, the migration pattern for which is 

shown in .Figure 41, insemination of spermatozoa from fraction 8 gave 

4 male offspring from the same female. Insemination of spermatozoa from 
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fraction 9 gaye. no ofispring. 

2. 3 x 16 Flow-Cell Experiments . 

. As mentioned in Chapter III; greater. resolution in the fractionation 

of migration patterns is achieved ·with the 3 X 16 flow-cell. This section 

reports the results of several preliminary experiments using the 3 x 16 

flow-cell and new electrophoresis media providing greater pH stability and 

better preservation of the vital functions of spermatozoa. The availability 

of a refrigerated room facilitated the use of the slit lamp technique for 

macroscopic observations and the Staflo microscope for the observation of 

individual spermatozoa in the flow-chamber. 

In addition to the preliminary evaluation of the 3 x 16 flow-cell~ 

results ·are presented below for: (1) upward electrophoresis of rabbit 

spermatozoa at 8 V/cm with a dextran density gradient in a glycine-phos-

phate buffer, (2) downward electrophoresis of rabbit and fowl spermatozoa 

with a dextran density gradient in the glycine-phosphate buffer, and en 
upward electrophoresis of rabbit and fowl spermatozoa with a sucrose den-

sity gradient in the glycine-citrate buffer. 

a. Preliminary Flow-Cell Evaluation. Figure 47 shows the average dis-

tribution of the total number and different categories of spermatozoa among 

the centerline collection fractions in 2 experiments at 8 V/cm. 3.5°C, pH 7, 

an average transit time of 21.5 minutes, and an average concentration of 

6 
25 x 10·/ml. The density gradient, prepared in glycine-phosphate-buffer, 

consisted of dextran (MW, 73,000) in weight/volume percent in the Staflo 

layers as follows: No. 1, 0%; No. 2, 0.1%; No~ 3, 0.2%; No. 4, 0.3%; No. 5, 

0.4%; No. 6, 0.5%; No. 7, 0.6%; No. 8, 0.7%; No. 9, 0.8%; No. 10, 0.9%; 

No. 11, 1.25%; No. 12, 1.5%; ~os. 13 and 14, 1.75% and Nos. 15 and 16, 2.0%. 

The top and bottom electrode compartments contained the same medium and 

percent dextran as layers 1 and 16, respectively. 
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SPERM ELECTROPHORESIS. 3 x 16 STAFLO 
AVERAGE OF 2 RUNS AT 8 V/cm. 3.5°C 
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Fig. 47. Average re$Ults· for t:liO upward-electrophoresis experiments 
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With rabbit spermatozoa at 8 V/cm; 3 x 16 Staflo app~ratus. 
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In both of these experiments, the spermatozoa were introduced into 

layer 10 with electrophoresis in an upward direction causing approximately 

75% of the spermatozoa to migrate from layer 10 through layer 9 into 

layers 8, 7 and 6. The highest percentage of viable spermatozoa was found 

in fraction 9, one layer below that having the highest spermatozoa concen-

tration. This is the direction in which motile spermatozoa would have been 

expected to swim against the electric field. However, the initial degree 

of motility of the spermatozoa was relatively poor, and the difference in 

motility among the spermatozoa in the collection fractions was not signi-

ficant. The. distribution of stained spermatozoa is a mirror image of the 

distribution of viable spermatozoa, while that of MNS spermatozoa is essen-

tially constant from fractions 7-10. 

In both experiments, all spermatozoa within th& region of the electric 

field were oriented vertically with the tail towards the top (posit~ve) 

electrode. Table·VI shows the differential distribution of mature sperm-

atozoa, spermatozoa with cytoplasmic droplets, heads, and tails among the 

centerline collection fractions in one of the two experiments. The average 

migration appears to be greatest for tails and least for heads, and to be 

slightly greater for mature spermatozoa than for those with cytoplasmic 

droplets. The distribution of the spermatozoa with the cytoplasmic drop-

lets appears to be slightly more unifo~ than that of the mature spermatozoa. 

The vertical and horizontal distributions of spermatozoa in the 3 x 16 

flow-chamber are given in Table VII. Table VII A gives the spermatozoa 

concentrations in all 3 horizontal channels of layers 7-10. As shown in 

Table VII B, the horizontal distribution of spermatozoa in the layers is 

somewhat symmetrical. 48.4% of the spermatozoa exited the flow-chamber in 

the centerline. This is slightly lower than the prediction by Tippetts 
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Table VI. Differential Distribution of Mature Sperm, Sperm 

with Cytoplasmic Droplets (CPD), and Sperm Heads and Tails 
in Upward-Electrophoresis Experiment 2-28-66, 3.5°C. 

Collection Hature 
Fraction Spermatozoa Sperm with CPD Sperm Heads Sperm 

a % 
a 

% No. a 
% No. a 

No. No. 

6 0.7 0.03 0 0 0 0 5.0 

7 396 17.0 26.7 18.9 7.0 13.5 31.5 

8 1160 49.9 58.7 41.5 18.3 35.3 33.4 

9 475 20.4 32.1 22.7 16.5 31.9 12.5 

lOb 294 12.6 23.8 16.9 10.0 19.3 5 .. 5 

11 0 0 0 0 

a. in units of 104 sperm/ml; b. sample inlet layer 
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Tails 

% 

5.7 

35.9 

. 38 .o 

14.2 

6.2 



A. 

B. 

c. 

Table VII. ~vo-Dimensional Distribution of Spermatozoa in 
Upward-Electrophoresis Experimept 2-28-66 in the 3 x 16 

Staflo Flow-Cell, 3.5°C. 

Staflo Layer Collection Fraction 

Lett Centerline Kight 

Sperm Concentration 
(units of 106/ml) 

ti 0 0 0 
7 1.24 1. 78 1. so 
8 1.77 5.21 1.77 
9 1. 24 /.I)) 1 • '14 
10 0.60 1.32 0.58 
11 0 0 0 

Perce·nt of Sperm 
in Rows (Horizontal) 

7 27.5 39.4 33.1 
8 20.3 59.4 20.3 
9 25.8 42.1 32.1 
10 24.0 52.8 23.2 

Average 24.4 48.4 27.2 

Percent of Sperm 
in Columns (Vertical) 

7 25.6 17.3 27.8 
8 36.5 50.4 32.8 
9 25.6 19.5 28.6 
1.0 1. ~. 3 l? .R lO.R 

Total 100 100 100 
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that 62% of particles should exit from the central channel of each layer 

The vertical distribution given in Table VII C shows less variation on the 

2 sides of the flow-chamber than in the centerline. A slightly higher 

percentage of spermatozoa is found on the sides of layer 7 than in the 

centerline of that layer. This would be expected from the parabolic migra-

tion pattern giving a slower longitudinal flow of the medium along the 
229,263 

sides of the flow-chamber. 

The pH stability of the glycine-phosphate buffer under the conditions 

of these 3 x 16 flow-cell upward-electrophoresis experiments was excellent. 

With an electric field strength of 8 V/cm, an average transit time of 21 

minutes, and at 3.5°C, the maximum pH change in the layers of interest 

(4-11) was 0.1 pH units or less. 

b. Downward-Electrophoresis: Rabbit and Fowl Spermatozoa 

(1) Rabbit Spermatozoa: Two downward-electrophoresis experiments using 

the glycine-phosphate buffer were conducted with rabbit spermatozoa intro-

duced into layer 6 over 1% dextran, with increments of 0.2% dextran in 

successively lower layers constituting the density gradient. The operating 

conditions were an electric field strength of 10 V/cm using the last 25 em 

6 
of the flow-chamber, a spermatozoa concentration of 15 x 10 /ml, a chamber 

temperature of 6°C and average transit times of 22 and 34 minutes. As 

shown in Table VIII, the longer transit time resulted in both a greater 

spread of the migration ·pattern and a greater downward distribution of the 

total number of spermatozoa. In both experiments, there is a suggestion 

of a normal distribution of electrophoretic mobilities, the averages of 

-4 -4 
which are calculated to be 0.62 X 10 and 0.60 x 10 (cm/sec)/(V/cm) for 

the 22 and 34 minute transit times, respectively. When the electrophoretic 

38 
mobilities are corrected,as suggested by Bier , to that expected at 3°C 
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Table VIII. Distribution of Rabbit Spermatozoa in Centerline Collection Fractions 

with Downward-Electrophoresis in a Dextran Density Gradient, Average Transit 

Times of 22 and 34 Minutes, 10 V/cm; 6°C. 
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in this glycine-phosphate buffer, with a sucrose concentration of 1%, one 

gets mobility values of 0.82 x 10-4 and 0.79 x l0-4 (cm/sec)/(V/cm), respec-

tively. Because the sedimentation rate of rabbit spermatozoa in a medium 

containing· 1% or greater dextran is very low, the contribution of sedimenta-

tion to these values is believed to be very slight. 

Observations with the Staflo microscope showed almost all spermatozoa 

to be oriented vertically with the tail pointing downward in the direction 

of the bottom (positive) electrode. Becaus·e the initial quality· of the 

spermatozoa sample was very poor, no motility was observed in the flow-

chamber. After warming to room temperature, the sperma·tozoa in the col lee'-

tion fractions showed less than 10% tail-wagging. The migration profile 

in both experiments was parabolic and the mild degree of "cluster sedi-

mention'observed at both transit times is not believed to have affected 

the distribution of spermatozoa significantly. 

In another experiment using the same density gradient, a severe degree 

263 
of convection was observed . At 15 em from the inlet, the migration pro-

file was a neat parabola. At 20 em, migration of the spermatozoa downward 

along both sides of the flow-chamber and then into the centerline formed 

a tube-like profile. At 25 em, the profile again was essentially parabolic 

with marked central sharpening and it remained that way over the last 5 em 

of the flow-chamber. These changes in the migration pattern illustrate 

the impo.rtance of examining the migration profile at frequent intervals 
229,263 

throughout the chamber length by the slit lamp technique 

(2) Fowl Spermatozoa. A downward-electrophoresis experiment using the 

glycine-phosphate buffer was conducted with fowl spermatozoa introduced 

into layer 5 over 2% dextran with increments of 0.2% dextran in successively 

lower layers constituting the density.gradient. With an electric field 
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strength of 12 V/cm, an average transit time of 21 minutes and a flow-

chamber temperature of 6.8°C, the spermatozoa were ·distributed over layers 

9-12 as follows: No. 9, 4.3%; No. 10·, 24.6%; No. 11, 62.1% and No. 12, · 

8.7%. Approximately 50% of the -spermatozoa in each collection fraction 

were motile with Grade II motility in fraction 11 and Grade I in the other 

3 fractions. At this time, the initial sample had Grade III motility. 

Under the conditions given above, the average electrophoretic mobility 

-4 of fowl spermatozoa was calculated to be 1.14 x 10 (cm/sec)/(V/cm) at 

6.8°C. When a correction is made for viscosity, the average electrophoretic 

mobility is estimated to be 1.68 x l0-4 (cm/sec)/(V/cm) in this glycine-

phosphate buffer with a sucrose concentration of 1% at 3°C. 

c. Upward-Electrophoresis: Rabbit and Fowl Spermatozoa. In one pair 

of separate experiments using the glycine-citrate buffer, rabbit and fowl 

spermatozoa were introduced into-layer 12 in 3.3% sucrose and were electro-

phoresed upward through a density gradient formed by decrements of 0.3% 

sucroBe por lGyor. Operating conditions included an electric field strength 

of 12 V/cm over the last 20 em of the flow-chamber, an average transit time 

of approximately 21 minutes, a temperature of 6°C, and spermatozoa concen

tr-ations of 20 x 106 /ml and 30 x 106 /ml for rabbit and fowl spermatozoa, 

respectively. Under these conditions, the electrophoretic mobilities for 

rabbit and fowl 
. -4 4 

spermatozoa were 0.99 x 10 and 1.75 x 10- (cm/sec)/(V/cm), 

respectively. When corrected for viscosity, the electrophoretic mobilities 

-4 at 3°C in the same primary medium with only 1% sucrose were 0.95 x 10 and 

1.68 x 10-4 (cm/sec)/(V/cm) fo·r rabbit aud fowl spermatozoa, respectively. 

With the microscope, it appeared that all spermatozoa of both species 

were oriented vertically with the tails pointing toward the top (positive) 

electrode. Most fowl spermatozoa had a significant degree of motility in 
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the flow-chamber and, therefore, the motility may have given a decrease 

in the net migration distance observed for those spermatozoa. The initial 

quality of the rabbit spermatozoa was very poor and the effect of intrinsic 

motility on the migration of that species is believed to be negligible in 

this experiment. 

In another pair of separate experiments, using the glycine-citrate 

buffer, rabbit and fowl spermatozoa were introduced into layer 12 in 3.8% 

sucrose and electrophoresed upward through a density gradient with deere-

ments of 0.5% sucrose per layer. Operating conditions included an electric 

field strength of 12 V/cm over the last 20 em of the flow-chamber, an 

average transit time of 19.3 minutes, and pH 6.94. Under these conditions, 

the average electrophoretic mobility of the rabbit spermatozoa was 0.78 

x l0-4 (cm/sec)/(V/cm) at 5.4°C and that of the fowl spermatozoa was 1.58 

x l0-4 (cm/sec)/(V/cm) at 4.3°C. When corrections for viscosity were made, 

the estimated electrophoretic mobilities at 3°C in the same medium with 1% 

-4 -4 sucrose were 0.76 x 10 and 1.58 x 10 (cm/sec)/(V/cm) for the rabbit and 

fowl spermatozoa, respectively. 

Table IX shows the distribution of tail-wagging·and capped rabbit 

spermatozoa among the collection fractions in this experiment. Although 

there were no significant differences among the percentages of capped 

spermatozoa in the fractions, a much higher percentage of tail-wagging 

was observed among the spermatozoa in fraction 9 than in 10 or 11. The 

initial sample had been stored in egg yolk and had a high percentage of 

tail-wagging, but extremely poor forward motion, even at room temperature. 

These results suggest a greater electrophoretic mobility for tail-wagging 

rabbit spermatoz~a than for viable spermatozoa without that property. 

Approximately 90% of the fowl spermatozoa in this experiment exited 
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Table IX. Distribution of Tail-Wagging and Capped Rabbit Spermatozoa 

in Upward-Electrophoresis Experiment 5-14-67; 5.4°C. 

Collection 
Fractinn 

10. 

11 

a.,Sample inlP.t: layer 

Total 
Sperm 

Collected 
(%) 

24.5 

59.0 

16.5 

0 

Tail-Wagging Capped 
(%) (~0 

so 90 

40 ~5 

32 94 

168 
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the .flow-chamber in layer 7. The spermatozoa in this layer had a very 

high percentage and high degree of motility, whereas approximately 99% of 

the spermatozoa in fraction 6 (concentration 10 ~ 106/ml) were immotile. 

At 4.3°C, a "sea of motion" was observed in the flow-chamber with the 

microscope. Thus, the separation of motile and immotile fowl spermatozoa 

is believed to be due primarily to intrinsic motility. This may explain 

the slight difference in the average electrophoretic mobility observed 

in the 2 upward-electrophoresis experiments with fowl spermatozoa. The 

average electrophoretic mobility of the immotile fowl spermatozoa which 

exited the flow-chamber in layer 6 is estimated to be 1.67 x 10.,..4 (em/sec)/ 

(V/cm) compared to an average of 1.58 x 10-4(cm/sec)/(V/cm) for the sample 

as a whole. at 3°C iri a 1% sucrose solution. 

D. Discussion 

1. Factors Influencing the Distribution of Spermatozoa in the Flow-Chamber 

The most important lesson to be gained from the experiments reported 

in this chapter is an understanding of the factors influencing the dis

tribution of spermatozoa in the flow-chamber. The lack of reproducibility 

among the 1 x 12 flow-cell experiments introduces many of the problems . 

related to that apparatus and to work with spermatozoa. For convenience, 

this section of the discussion is divided into sections concerned with the 

Staflo apparatus and the intrinsic motility of spermatozoa. 

a. Staf1o Apparatus. The characteristics of the 3 x 16 flow-cell, 

which underwent its initial evaluation in this series of experiments, were 

discussed in the Results section. The following remarks pertaining to den-

sity gradient stability, pH stability and the magnitude of the electric 

field pertain equally Well.to both the 1 X 12 and J xl6.flow-cells . 

. Because of the limited means for observation in the flow-chamber during 
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the 1 x 12 flow-cell experiments, the role of "cluster sedimentation"in 

those experiments could not be assessed, but is believed to be slight. 

In several of the later expe.riments, a few small clumps of spermatozoa 

were observed with the microscope in the lower part but not the upper 

part of the migration pattern. Similar observations were made in the 

sedimentation experiments reported in Chapters IV and VIII. A specific 

example of convection, in which spermatozoa migrated from the sides of the 

migration profile into the center of the flow-chamber, was'described in 

the results. Because this increases the apparent net migration in the 

centerline of the flow-chamber, this phenomenon, as well as that of "cluster 

sedimentation~ distorts the migration profile. By influencing the net 

migration of the spermatozoa, both of these processes interfere with the 

interpretation of the fractionation. Thus, heterogeneity of the population 

could be masked by these irregularities in migration. 

The excellent pH stability of the glycine-phosphate buffer was 

demonstrated in the 3 x 16 flow-cell experiments. Because of the effects 

of pH on electrophoretic mobility and on the viability and intrinsic motility 

of spermatozoa, it is essential to have good pH stability in the Staflo 

apparatus. Within limits, changes in the flow-cell temperature and in the 

pH of the medium due to increased electric field strength can be compensated 

for by increasing the electrode wash flow rate. pH changes were greater 

with the medium used.in the 1 x 12 flow-cell experiments than with the 

glycine-phosphate buffer and also may have influenced the distribution of 

spermatozoa slightly in those experiments. No temperature measurements 

were made in the 1 x 12 flow-eel~ and it is probable that the poor repro-

ducibility in that series of experiments, especially at 7.5 V/cm, is also 

due in part to temperature differences among experiments. 
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b. Intrinsic Motility. With the same medium, density gradient and pH, 

the effect of intrinsic motility upon the distribution of spermatozoa in 

the Staflo apparatus is influenced by temperature and by the orientation 

and quality of the spermatozoa. Many examples of these interrelationships 

are presented in Section C.l.a above. 

(1) Temperature. The magnitude of the intrinsic motility of individual 

spermatozoa can be controlled by temperature regulation. The degree of 

motility at any specific temperature depends strongly upon the suspension 

. 35 0 medium as reported by Bhattacharya At temperatures of 2 C or lower, 

there was no motility in any of the low ionic strength buffers used in this 

series of experiments. In the experiments at 6.25 and 7.5 V/cm, at 2.5°C, 

the initial quality of the spermatozoa was quite poor, and motility should 

have played no part in the distribution of the spermatozoa. Thus, in those 

2 experiments, there was not a higher percentage of motile spermatozoa in 

the lower collection tubes as observed fn the experiments at higher temper-

atures (e.g., Figure 41) under the same conditions of electric field strength. 

On the contrary, at 2.5°C, spermatozoa in the upper collection fractions 

had a higher percentage of motility (Figure 43). 

(2) Orientation. In all of the electrophoretic media used in the 

experiments reported in this chapter at pH 6-7, and at an electric field 

strength of 5 V/cm or greater, all spermatozoa were oriented vertically in 

the electric field with the tails pointing toward the positive electrode. 

·The orientation was not affected by the direction of migration. The 

differential distribution of the component parts of spermatozoa in one of 

the early 3 x 16 flow-cell experiments confirms the pre~ence of a relatively 

greater net negative charge on the tail of the spermatozoa. The suggestion 

in Table VI of a lesser migration for the spermatozoa with cytoplasmic 



droplets, which are considered a sign of the final stage of maturation, is 

consistent with Bedford's report of a lower electrophoretic mobility for 

24 
epididymal than for mature spermatozoa 

Under the proper conditions of temperature and .electric field strength, 

one can use the tail anode property to orient the intrinsic motility vector. 

As shown in·Experiment 4-29-65 at 5 V/cm (Figure 40), the conditions of 

temperature and electric field were such that 5% of the spennatozoa migrated 

into layer 10, the layer below the inlet stream. 

As reported in Chapter IV, the spermatozoa generally assume.a head-
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down orientation in a lg field. Because of the similar conditions of transit 

time and temperature in the 1 x 12 flow-cell experiments, the contribution 

of sedimentation to the migration should have been approximately the same 

in all experiments. The dextran density gradients used in some of the 

3 x 16 flow-cell experiments greatly retarded the sedimentation of sperma-

tozoa and, therefore, the sedimentation component can probably be ignored 

in those experiments. 

(3) Quality. 'l'he ability to control the magnitude and orientation of 

the intrinsic motility vector is hypothetical unless the initial spermatozoa 

quality is excellent. The same protocol was followed in ejaculate collection 

and handling in all of the experiments in this series, and, therefore, should 

not have caused unnatural differences in the initial quality of spermatozoa 

samples. ·The characteristics by which quality is defined include the per-

centage of motility, the degree of motility of individual spermatozoa and 

the durability of the spermatozoa. The latter implies the survival of the 

vital functions (motility, viability and fertilizing capacity) during the 

e:&periments. 

It is rare to obtain an ejaculate in which all of the spermatozoa have 
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forward motion. Therefore, in electrophoresis experiments, a certain 

percentage of the sample will undergo the maximum electrophoretic or 

sedimentation-electrophoretic migration. In order to observe significant 

effects on the net migration of the sample, a substantial fraction of the 

population must have a high degree of forward motion. Some of· the dif-

ferences among the 1 x 12 flow-cell experiments can be attributed to the 

variable percentages of motile spermatozoa in the initial samples. The 

degree of motility is important for an initial sample with only taii-wagging 

at room temperature is going to have no motility at lower temperatures. 

In Experiment 4-29-66 in the 1 x 12 flow-cell series, the spermatozoa had 

a high degree of intrinsic motility and a significant downward migration 

of motile spermatozoa was evident from the distribution thereof. 

The importance of the durability of spermatozoa, or the preservation 

of intrinsic motility, viability and fertilizing capacity, was well illus-

trated in . these experiments. As obse·rved in the early sedimentation experi-

ments, the spermatozoa lost their intrinsic motility prior to losing viabi-

lity, judged by a nigrosin-eosin staining technique. In most cases, there 

was a great difference between the initial quality of the spermatozoa sample 

and the quality of spermatozoa in the collection fractions immediately 

after the experiment. When the spermatozoa in the collection fractions 

initially did have some degree of motility, it was often lost within 30 

minutes after termination of the experiment. Unfortunately, this loss of 

motility prevented analysis of the interrelationships among the motility, 

temperature and electric field strengths in the flow-chamber. In addition, 

the rapid loss of motility was associated with an irreversible loss of 

fertilizing capacity, demonstrated by the poor fertilization rate achieved 

in the 1 x 12 flow-cell experiments. Because the spermatozoa were ins em-:-:· -. 
. J 

inated 1-2 hours after the female was mated with a vasectomized buck, the 



spermatozoa would have had to remain motile IN VIVO for 8-9 hours in order 

to fertilize ova. However, the loss of fertilizing capacity was observed 

6 with spermatozoa samples in concentrations greater than 4 x 10 /ml in the 

1 x 12 flow-cell experiments, suggesting a deficiency in the medium rather 

than a dilution effect. Thus, the loss of fertilizing capacity may not 

be just a simple reflection of the loss of motility. 

The presetvatiort Of the motility and viability of apermatozoa was 

greatly enhanced by the glycine-phosphate buffer. Observations on the 

evaluation of this buffer are presented in Appendix D and in Chapter VI. 

In the early.sedimentation experiments, there appeared to be an enhance-

ment o£ motility and viability by tha seminal plat:~llla lu l:ullec.tiot'l. frnction 

4. There is a suggestion of a similar effect in many of the 1 x 12 flow-

cell experiments in which the seminal plasma migrated into layers 8 and 7. 

Although seminal plasma may be beneficial from the point of view of pre-

serving vital functions of the spermatozoa, in high concentrations it 

would, unfortunately, change the ionic strength of the :medium. 

2. Electrophoretic Mobility Comparisons 

The results of the upward and downward-electrophoresis experiments 

with rabbit and towl spermatozoa using the 3 x·l6.flow-cell are summarized 

in Table X. In all of the experiments with rabbit spermatozoa, the intrin-

sic motility was very poor and should not have aftected t:he electrophureLl~.; 

mobility measurements. .Fowl spermatozoa, however, had a high pt:::rc:entage· 

and degree of motility at room temperature in all experiments, and the 

calculated average electrophoretic mobility, thereforu, Utay ue slightly 

low. 

In Table X, it is seen that under similar experimental conditions, 

the electrophoretic mobility of fowl spermatozoa is approximately 2 times 
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· Table X. Average Electrophoretic Mobilities of Rabbit and Fowl 

Spermatozoa Normalized to a Density Gradie;'.t of 1'7. Sucrose at 3°C. 

Medium and 
Density Gradient 

Electrophoresis 
Direction Temp 

Glycine-phosphate buffer; Downward 6°C 

dextran de~sity gradien~ Downward 6°C 

Downward 6.8°C 

Average 

Glycine-citrate buffer; Upward 6°C 

sucrose density gradient Upward 5.4°C 

Upward 4.3°C 

Average 

Electrophoretic Mobility 
(Units of 1Q-4(cm/sec)/(V/cm)] 

Rabbit Fowl 

0.82 

0.79 

0.81 

0.95 

o. 76 

0.86 

1.68 

1.68 

1.68 

1. 58 

1.63 
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that of rabbit spermatozoa. Additional measurements of electrophoretic 

mobility of both rabbit and fowl spermatozoa are reported in subsequent 

chapters and confirm this impression. 

Considering the use of different buffers and different density grad-

ient materials, the average values of the electrophoretic mobility for 

rabbit spermatozoa in upward and downward directions agree within the limits 

of the measurement in the Staflo apparatus. Although only one downward 

electrophoresis experiment was conducted with fowl spermatozoa, the 

agreement between that value and the average of the 2 upward-electrophoresis 

experiments, as shown in Table X, is also very good. These values are 

normalized to that expected in a density gradient containing 1% sucrose 

at 3°C for comparison with other electrophoresis .and sedimentation results 

reported in Chapter VIII. 

E. Summary and Conclusions 

The· different-electric field groups of 1 x 12 flow-cell upward 

electrophoresis experiments were characterized by a lack or reproducibility 

which is explained, in part at least, by variations both in temperature 

and in the quality of spermatozoa in individual experiments. Because the 

6 
initial spermatozoa concentrations were 20.5 x 10 /ml or less in all experi-

ments except one (Experiment 4-29-65), there should have·been no "cluster 

sedimentation"with this one possible exception. 

The lack of reproducibility within, and differences among, groups of 

experiments prevented drawing firm conclusions about the distribution of 

viable spermato"zoa among the collection fractions as judged by nigrosin-

eosin staining. As was also observed in the early sedimentation experiments 

(Chapter IV), the rapid loss of motility before loss of viability further 

complicated interpretation of the distribution of viable spermatozoa. 
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Still prior to development of a good Staflo microscopic system, this loss 

of motility. also prevented understanding the possible interplay between 

intrinsic motility and electric field, in the flow-chamber. As before, 

the very poor results of artificial insemination suggest that the loss of 

motility was irreversible. Thus, the Hanks-glycine medium used in these 

experiments was highly unsatisfactory for biological work. As also noted 

in Chapter IV, the presence of diluted seminal plasma appeared to enhance 

the relative preservation of motility in the respective fractions. 

The differences among the 5, 6.25 and 7.5 V/cm groups of experiments 

are consistent with the known relationships between the intrinsic motility 

and electrophoretic mobility of spermatozoa. Even at temperatures of 5-6°C, 

there was a significant decrease in the net electrophoretic migration be

cause of the oppositely directed intrinsic motility vector. The most 

highly motile spermatozoa showed very little net migration in the electric 

field, and, either through "exhaustion" or because of subsequent dilution, 

lost their motility before or shortly after the runs were completed. Rela

tive enrichment of the lower collection fractio~s with regard to motile 

and viable spermatozoa was demonstratedinthe 6.25 V/cm experiments at 

3.5°C and 5°C. 

The 1 x 12 flow-cell experiments further demonstrated the need for 

accurate temperature control which later became possible upon construction 

of a cold room. With temperature control, the glycine-phosphate and 

several greater-increment density gradients, good reproducibility was 

achieved in predominantly electrophoresis experiments. 

The 3 x 16 flow-cell and ancillary equipment were t~sted in a series 

of upward- and downward-electrophoresis experiments with both rabbit and 

fowl spermatozoa. The horizontal and vertical distributions of spermatozoa 
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in the· flow-chamber appro~imated those predicted for "ideal" migration 

patterns by Tippetts263. The glycine-phosphate buffer used in the 3 x 16 

flow-cell experiments, in addition to being far superior to the Hanks-

glycine medium for the preservation of spermatozoa, also· demonstrated ex-

cellent pH stability (less than 0.1 pH unit change during an experiment). 

This was without the "high conductivity" barrier used in subsequent experi-

ments (Chapters VI and VIII). 

The Staflo microscope and slit lamp technique were both used to 

measure migration distances in the flow-chamber. The slit lamp was more 

practical for observing aberrations of the gross migration profile, whereas 

the microscopic system gave the additional capability of observing the 

orientation and degree of motility, and cell-cell interactions such as 

microscopic "cluster sedimentation". Several experiments in this series 

illustrated the need for such observations if proper interpretation of the 

net migration was to be made. 

All rabbit and fowl spermatozoa had a net negative ~harge from 

pH 6-7 _in all buffers used and, at temperatures of 2-7°C, had a tail-

anode orientation in the electric field regardless of the direction 

of electrophoretic migration. With both upward and downward migration, 

the total spermatozoa distribution suggested a unimodal distribution of 

electrophoretic mobilities, the averages of which are summarized in 

Table X. The values have been normalized as described in Chapter III to 

those expected in the glycine-phosphate buffer with 1% sucrose at 3°C 

in order to make some subsequent comparisons. 

The electrophoretic mobility of fowl spermatozoa in these experiments 

was seen to be approximately twice that of rabbit spermatozoa. Additional 

electrophoretic determinations are given in Chapter VI and VIII for fowl 

and rabbit spermatozoa, respectively. 
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A. Preservation of Motility and Fertilizing Capacity Under Conditions of 

Low Temperature and Low Spermatozoa Concentrations 

1. Introduction 

It is well recognized that knowledge of the biophysical properties 

of many types of cells has contributed greatly to an understanding of their 

role in biological systems. In this regard, the properties of spermatozoa 

should be of great interest in the biology of reproduction. In the study 

and practice of mammalian reproduction, considerable flexibility is pro

vided in work with a number of species by the ability to store spermatozoa 

for weeks or longer at low temperatures, with maintenance of their vital 

functions,_prior to artificial insemination. In contrast, for fowl sperm-

atozoa, such success has not been achieved and the common practice is to 

inseminate concentrated semen spermatozoa immediately after collection. The 

inability of fowl spermatozoa to survive l.ow temperature storage conditions 

also severely limits the feasibility of conducting many biophysical studies 
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on these cells. This section is concerned with the preservation of the 

motility and fertilizing capacity of fowl spermatozoa not only at low 

temperatures, but in low concentrations and in low ionic strength media. 

A convenient means of reversibly controlling motility is through the 

control of temperature. For.complete immobilization·of spermatozoa, de-

35 
pending upon the suspension medium, temperatures near 0°C are required 

Varying specified degrees of motility,can be achieved by selection of 

suitable temperatures above 0°C. 

Even though the biological qualities of spermatozoa are most easily 

.preserved at high sperm concentrations, for certain purposes, it is de-

sirable or essential to work at low concentrations and still maintain 

these properties. For example, in both analytical and preparative electro-

phoresis, the requirements for observation of individual spermatozoa and 

for hydrodynamic stability demand spermatozoa concentrations ranging from 

156-158 
about 1/300 - 1/30 of those in undiluted ejaculates . Many electro-

phoresis experiments further require media with ionic strengths much less 

than those of physiological solutions. The inability to preserve motility 

and fertilizing capacity under such extreme conditions severely limits 

the possible kinds of experimental manipulations of spermatozoa. 

Many investigators interested primarily in artificial insemination 

have studied the effects of cooling or dilution of fowl spermatozoa but 

not combinations of the two factors as noted above. With regard to temper-

ature, Van Wambeke observed almost no loss of fertilizing capacity of fowl 

spermatozoa diluted with equal volumes of either of two diluents containing 

231 
skimmed milk and stored at 2-5°C for 24 hours . Even though the semen 

was diluted 1:2, the tell concentration is very high .in the sense used 

in this paper. Lorenz, in his review, mentions work by others at room 
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temperature which. showed the following: (1) 1:3 dilution with seminal 

plasma gave a slight de.crease in fertility but no additional loss with 

dilutions of up to 1:63, provided that the same number of spermatozoa was 

inseminated; (2) dilutions of up to 1:50 in an artificial medium resulted 

8 
in only a slight loss of fertility for inseminations of at least 10 sperm-

atozoa; poor results were obtained with greater dilutions or with insemina-

tion of fewer spermatozoa and (3) 1:1250 dilution in saline or in Tyrode's 

140 
or Baker's solutions produced immediate irreversible immobilization 

Thus, from the above, it is seen that the fertilizing capacity of 

fowl spermatozoa has been maintained for brief periods in media of high 

ionic strength during storage under conditions of (1) low temperature-high 

concentration, or (2) room temperature-low concentration. In this section, 

we report a significant extension of the limiting experimental conditions 

of this kind, namely, preservation of motility and fertilizing capacity 

under the combined conditions of low temperature and low sperm concentra-

182 

tion, in 2 low ionic strength media suitable for electropho~~sis experiments. 

In additiori, 2 high ionic strength media were evaluated for storage of 

spermatozoa at low temperature and high concentrations. 

2. Materials and Methods. 

a. Characteristics of Ejaculates. The characteristics of the ejaculates 

from the White leghorn roosters used :i,n these experiments were as follows: 

volume, 0.4- 1.0 ml; spermatozoa concentration, 2.5- 3.0 x 109/ml; moti-

lity, 80%-90%; fertilizing capacity, 85%-95% with insemination of 0.1 ml 

of normal, undiluted semen at 4-5 day intervals. 

b. Evaluation of Spermatozoa. The customary evaluation scale was used 

for high concentration populations of spermatozoa. It ranges from Grade I 

(extremely poor motility) to Grade VI (a "vigorous swarming pattern"). In 
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addition, with low concentrations it was possible to estimate the percent-

age of individually motile spermatozoa and to utilize a scale of degrees 

of motility as follows: (1) immotile, (2) feeble tail-wagging, (3) vigorous 

.tail-wagging, (4) feeble forward motion and (5) vigorous forward motion. 

c. Cooling Spermatozoa. Initial cooling of spermatozoa in all experiments 

was accomplished by adding an equal voltmle of dilution med.ium to pooled 

ejaculates in a 15 ml glass centrifuge tube which then was capped and placed 

in the center of a 2 lb coffee can full of sawdust. The coffee can was 

covered and immersed to the brim in ice water. Cooling curves determined 

with a temperature recorder (Varian Associates) showed a temperature de-

crease from 29°C to 2.5°C in 120 minutes, with a maximum cooling rate·of 

0.30~C per minute. 

d. Media. 

(1) Egg yolk medium. The egg yolk-glycine-citrate medium is a modifica

tion of that used by ·Bhattacharya35 : 40% by volume.whole egg yolk and 60% 

glycine-citrate solution consisting of 20 g sodium citrate dihydrate, 20 g 

glycine, 5 g fructose, 0.25 g citric acid, 1.5 x 106 units penicillin G, 

diluted to 1000 ml with distilied water; a "high" ionic strength medium. 

of 

(2) Vitalizing medium. The glucose vitalizing medium is a modification 

35 
the Krebs-Henseleit-Ringer solution used by Bhattacharya 0.9 g NaCl, 
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0.05 g KCl, 0.05 g Na2HPo4 . 12H20, 0.04 g MgS04, 0.03 g NaHC0 3, 0.5 g glucose, 

105 units penicillin G, diluted to 100 ml with distilled water. pH adjusted 

to 7.0 with HCl; a "high" ionic strength medium. 

(3) Glycine-citrate buffer. A "low" ionic strength solution consisting 

of 2.0 g sodium citrate dihydrate, 9.25 g glycine, 3.0 g fructose, 0.25 ml. 

of 10% citric acid solution, 48.6 g sucrose, 10
6 

units of penicillin G, 

diluted to 1,000 ml with distilled water; pH 6.94. 

(4) Glycine-phosphate buffer. A "low" ionic strength solution consisting · 



of 2.2 g Na2HPo4 . 12H2o, 0.20 g NaCl, 0.20 g NaHC0
3

, 0.016 g KH2Po4 , 

9.25 g glycine, 23 g fructose, 106 units penicillin G, diluted to 1,000 

ml with distilled water. pH adjusted to 7.1 with HCl. 

As mentioned in the text, dextran (MW 73,000; Sigma Chemical Company) 

or sucrose was added to the glycine-citrate and glycine-phosphate buffers 

in some instances to simulate density gradientconditions for electrophor-

esis experiments. 

3. Results. 

a. Comp§rison of the two "high" ionic strength media. Egg yolk medium and 

vitalizing medium, both of which have been found useful in work with rabbit 

spermatozoa35 w~re evaluated for use in the initial dilution and cooling 

of fowl spermatozoa and for the temporary storage of these spermatozoa 

reconcentrated after dilution in low ionic strength media. Semen was ob-

266 tained by abdominal massage It was pooled and then diluted with equal 
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volumes of either egg yolk medium or vitalizing medium and placed in separate 

15 ml glass centrifuge· tubes. Both samples were cooled continuously from 

room temperature to 4°C in 2 hours and were held at that temperature for 

2 additional hours. The tubes then were removed from the cooling contain-

er and allowed to warm naturally to room temperature. After warming there 

were no apparent differences in morphology or in the high degree of motility 

of the spermatozoa in the 2 samples. Two groups of 2 chickens each were 

inseminated with 0.1 ml of the respective samples. The procedure was re-

peated twice with fresh spermatozoa at 4-day intervals and eggs were collected 

from the day after the first insemination until 4 days after the third insem-

ination. The results are ·presented in Table XI. Only 9.1% of the eggs 

were fertilized by spermatozoa stored in the egg yolk medium compared to 

80% fertility in the vitalizing medium. 
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Table XI. Preservation of Fertilizing Capacity of Fowl Spermatozoa 
Diluted 1:2 and Stored in "High" Ionic Strength Media at 4°C. 

Egg Yolk Medium · Vitalizing Medium 

Total number of eggs :33 40 

Number of fertile eggs 3 32 

Percentage of fertile eggs 9.1 ....__, 80 
~ 

b. Comparison of the two "low'' ionic strength media. 

185 

(1) Motility. The preservation of motility at .3°C in "low" ionic strength 

glycine-citrate and glycine-phosphate buffers was evaluated in solutions of 

each adjusted with sucrose to 310, 368 and 427 mosm. Pooled semen was di

luted 1:.2with vitalizing medium and cooled from room temperature to 3°C 

in 2 hou~s. Aliquots were then diluted in each of·the 6 iolutions, to con

centrations ·of 80 x 106 spermatozoa/mi. Additional dilutions were made on 

each of the suspensions resulting in concentrations of 40, 27, 20, 13 and 

8 x 106 spennatozoa/ml, giving a total of 36 samples. 

After 1 hour.at 3°C, aliquots of selected 310, 368 and 427 mosm solu-

tions of both buffers were allowed to warm to room temperature. Spermatozoa 

in the 310 and 368 mosm solutions showed no change from their initial motility 

(80%-90% vigorous forward motion). On the other hand, those in all of the 

427 · mosm solutions exhibited a marked decrease in motility with approximately 

10% having feeble forward motion and 15%-20% feeble tail-wagging. Inter-

mittent observations made over the next 5 hours established a continuous 

trend.of loss of sperm quality in some solutions, and a relative constancy 

in others.. These were culminated by the final observations at room temperature 
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following storage for 6 hours at 3°C. In the 310 mosm solutions of both 

buffers, and at all 6 concentrations, approximately 70% of the. spermatozoa 

had vigorous.forward motion. In all 368 mosm solutions of both buffers, 

approximately 50% of the spermatozoa had vigorous forward motion and 20% 

exhibited vigorous tail-wagging. Moderately severe tail-tail agglutination 

occurred in·all 368 mosm solutions whereas agglutination was rare in the 

310 mosm solutions. For the 427 mosm solutions of both buffers, less than 

5% of the sperm had either tail-wagging or forwar~ motion. In summary, 

no qualitative differences were found between any of the corresponding 310, 

368 or 427 mosm solutions of "low" ionic strength gly.ciile-citrnte and 

glycine-phosphate buffers. Furthermore, both 310 mosm solutions gave 

excellent preservation of motility; i.e. less than a 15% decrement from 

6 the initial values was observed, in concentrations ranging from 8-80 x 10 /ml 

after 6 hours storage at 3°C. 

(2) Fertilizing capacity. The glycine-citrate and the glycine-phosphate 

buffers were also compared to each other and to ~italizing medium with 

regard to preservation of fertilizing capacity after dilution and brief 

storage. Pooled semen was diluted 1:2 with vitalizing medium and cooled· 

to 3°C in 2 hours. One-third of the sample was. diluted in vitalizing medium 

6 
to approximately 250 x 10 spermatozoa/ml and stored at 3"c for 2 l/2 hours. 

The re~ainder of the sample was divided between the two 40 ml glass centri-

fuge tubes. One suspension was diluted with glycine-citrate and the other 

with glycine-phosphate buffer to spermatozoa concentrations of approximately 

350 x 106/ml. After 1 hour, these samples were further diluted to 80-90 

x 106/ml and held at 3°C for an additional 1 1/2 hours. This dilution-

stor{lge protocol was repeated in 4 and 8 days. For each of the 3 trials, 

the same 3 groups of 6 hens each were inseminated. Eggs were collected 

from the day after the first insemination until 4 days after the third 

I 
.! 
! 

i 
I 

I 
.I 

I 



insemination. In the first trial, reconcentration of the diluted spermato-

zoa was not attempted because the 2% dextran, which was used to simulate 

density gradient conditions, interfered with the c~ntrifugation process. 

Each hen was inseminated with approximately 1.0 ml of suspension contain-

6 
ing a total of 86-100 x 10 spermatozoa as indicated in Table XII A. In 

trials 2 and 3, where sucrose was used to simulate the density gradient 

conditions, reconcentration of the spermatozoa in all 3 suspensions was 

accomplished by centrifugation (50-minutes at 400 gin trial 2, 30 minutes 

at 1,'500 gin trial·3). The volumes and total number -of spermatozoa insem-

inated in trials 2 and 3 are shown in Table XII B. 

The results of trial 1 are shown in Table XII A. It is seen that a 

much higher percentage of eggs was fertilized by spermatozoa diluted and 

stored in the glycine-citrate buffer than in either of the 2 other media. 

'l'l:le differences between the fertilizationrate of 56.3% with glycine-citrate 

buffer and the rates of 15.8% (glycine-phosphate) and 27.2% (vitalizing 

medium) are s~gnificant at the P < 0.01 and P = 0.07 levels, respectively, 

in a one-tail test90 • 

The pooled results of trials 2 and 3 are shown in Table XII B. The 

largest difference among the fertilization rates, i.e. that between the 

41.9% in vitalizing medium and 26.5% in glycine-citrate buffer, is signi-. 

ficant only at the P = 0.10 level. The spermatozoa used in trials 2 and 3 

did exhibit increased evidence of ·certain morphological changes following-

centrifugation, the most common of which was severe bending of the sperm- . 

atozoa to give apposition of head and proximal tail segments. 

The average results of all 3 trials are given in Table XII C. There 

is no difference between the fertilization rates with glycine-citrate 

buffer and vitalizing.medium (P ~ 0.10). The fertilization rates with 
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Table XII. Preservation of Fertilizi~g Capacity of Fowl Spermatozoa Diluted 1:30 

and Stored in "High" and "Lo...," Ionic Strength Media at 3°C. 

A. Trial 1: (no recentrifugation) 

Inseminate: 

Volume (ml) 

Total Spermatozoa 

Total Number of Eggs 

Low Ionic St.reng th 

Glycine-Citrate 
Buf::era 

1.0 

86 X 106 

16 

Glycine-Phosphate 
Buffer a 

1.0 

95 X 106 

19 

High Ionic 
Strength 

Vitalizing 
Medium a 

1.0 

100 X 106 

11 

Number of Fertile Eggs 

----~~!f~~!eg~-2!-~~!!!!~_§gg~--------------
B. Trials 2 and 3: (recentriiugation) 

9 3 3 

Inseminate: 

Volume (ml) 

Total Spermatozoa 

~-------------------~----------------------~--

0.2 

220 X 106 
0.2 

21c x io6 
0.1 

150 X 106 

Total Number of Eggs 34 30 31 

Number of Fertile Eggs 9 9 13 

----~~E~!~!~~~~f_FeEE!~~-~~~~-----------------~--------~----------~-------------------------~-
c. Average of Trials 1, 2 and 3 

Total Number of Eggs 50 49 42 
Number of Ferti~e Eggs 18 12 16 

Percentage of Fertile Eggs 3E ~ 38.1 
~ ,..,.,_. 

a. 6 hens in each group 

- ~ _ .... _______ -- ----·--·-···-- --------------- -------- --·-·· ---·· 
--··· ·---- -·· --- - -----· ---- ····-- . -·-.-. ·-· ----- ---. -·-------·--- -··- ----------



the glycine-citrate and glycine-phosphate buffers differ only at the 

P = 0.12 level while the latter and the vitalizing medium differ at the 

P = 0.08 level. Thus, any advantage of using the glycine-citrate buffer· 

must be considered slight. 

c. Comparison of best "high" and "low" ionic strength media at 1:30 

dilutions. The effects of moderate dilution in vitalizing medium 

and in glycine-citrate buffer on the fertilizing capacity of fowl sperm-

atozoa were compared, using a 1:2.dilution control. Pooled semen was di-

luted 1:2 in vitalizing medium and cooled from room temperature to 3°C in 

2 hours; One-third of the sample (the control) was stored at this temp-

erature without further dilution. The remainder was divided equally be-

tween two 40 ml glass centrifuge tubes and diluted 1:30 with either 

vitalizing medium or with glycine-citrate buffer. After 1 hour, the 

diluted spermatozoa were reconcentrated by centrifugation for 50 minutes 

at 250 g. Recovery was approximately 85%-90%. After removal of the 

supernatant, both samples of spermatozoa were resuspended in vitalizing 

medium •. This dilution-storage protocol was repeated 3 days later. On 

each occasion, the same 3 groups of 6 chickens each were inseminated with 

0.20 ml of suspension containing approximately 200 x 106 spermatozoa. Eggs 

were collected from the day after the first insemination until 7 days after 

the second insemination. The results. are shown in Table XIII. There are 

no significant differences among the 3 fertilization rates. 

4. Disc"~.JSsion. 

a. Effectiveness of various media. The poor preservation of fertilizing 

capacity by media containing egg yolk, despite maintenance of motility, 

140 . . 
has been reported by others • In addition to its superiority in preserv-

ing fe~tilizing capacity_, vitalizing medium is a clear, colorless solution 

of low viscosity.· In contrast, egg yolk medium exhibits decreased light 

189 



Table XIII. Effects of Dilution and Media on the Preservation 

of the Fertilizing Capacity of Fowl Spermatozoa Stored at 3°C. 

Total number of eggs 

Number of Fertile Eggs 

Percentage of fertile 
eggs 

"Low" 

Glycine-Citrate 

(1: 30 dlluLluu) 

34 

20a 

58.8 ,.,..,...,., 

Ionic Strength 

"High" 

Vitalizing Medium 

(l;JO dilution) 

46 

23 

50 ,..,... 

Vitalizing Medium 

(1:2 dil\.ltion) 

38 

24 

63.2 ,..,.,..,.., 

a.3 of iO eggs contained dead embryos whereas all ·.oth~r [t!alle egg~ contained 
viable embryos on the 17th day of incubaLluLl. 
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transmission, a high viscosity and a potential for coating equipment with 

a protein film - all undesirable properties in certain experimental systems. 

For the preservation of motility, no difference was found between the 

"low" ionic·strength glycine-citrate and glycine-phosphate buffers. For 

the preservation of fertilizing capacity, the data in Table XII C suggest 

a possible slight advantage to using the glycine-citrate buffer. Conse

quently, that medium was selected for subsequent dilution studies and for 

electrophoresis experiments to be reported in Section B. 
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In the study summarized in Table XIII, the fertilizing capacity of 

spermatozoa diluted 1:30 in "low" ionic strength glycine-citrate buffer, 

stored for 1 1/2 hours at 3°C and reconcentrated by centrifugation is com

parable to that obtained for spermatozoa diluted 1:2 in vitalizing medium 

and stored under the same time-temperature conditions without centrifugation. 

This·suggests that fowl spermatozoa can withstand the stresses expected in 

Staflo electrophoresis experiments: low ionic strength, low temperature, 

moderate dilution and reconcentration by centrifugation. 

Comparison of the data in Table XIIi for the 1:30 dilution (with 

centrifugation) and the 1:2 dilution (no centrifugation) in vitalizing 

medium reveals no difference (P ::::> 0.10). Thus, if use of a "high" ionic 

strength medium is indicated, vitalizing medium could be used for studies 

with fowl spermatozoa under conditions of moderate dilution. 

b. Factors Affecting Fertilization Rates. 

· (1) Artificial insemination. The fertilization rate of 80% achieved 

with spermatozoa diluted 1:2 in vitalizing medium (Table XI) hardly differs 

from the optimum range of 85%-95% expected with our flock. If there is 

a slight difference, it might be due entirely to the cooling to 4°C (2 hours) 

and storage at 4°C (2 hours). 
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The difference between the fertilization rates of 80% (Table XI) and 

63.2% (Table XIII), with 1:2 dilutions in vitaliz1ng medium and storage 

under the same conditions, is attributed primarily to using young hens 

of unknown fertility in the latter study. Thus, it is expected that a 

fertilization rate approaching 80% would have been obtained if hens of 

proven fertility had been available. Likewise, a comparable improvement 

could be anticipated in. the 58.8% fertilization rate for spermatozoa diluted 

1:30 in the "low"·ionic strength glycine-citrate buffer (Table XIII). 

(2) Osmolarity. For the preservation of motility, the 310 mosm solutions. 

of both the glycine-citrate and glycine-phosphate buffers were far superior 

to the 368 and 427 mosm solutions, with storage at J°C for 6 hours in con-

· 6 6 I . centrations from 8 x 10 - 80 x 10 spermatozoa ml. In other studies, 

using 310 mosm solutions of both buffers, the fertilizing capacity was pre-

served for 2 hours at 3°C at 1:30 dilutions. Even though the preservation 

o:f this property was not evaluated in the 368 mosm solutions, the more 

rapid loss of motility therein suggests that a corresponding loss of ferti-

lity would.also occur. Other investigators, using different media, have 

reported different optimum osmolarities for the preservation of motility 

and fertilizing capacity 140 300 and 350 mosm, respectively Our obser-

vations favor use of the lower (310) mosm solutions for sustaining both 

biological properties. 

The marked decrease in motility, after 1 hour at 3°C, for all sperm-

atozoa concentrations in the 427 mosm glycine-citrate and glycine-phosphate 

buffers is in contrast with the excellent preservation of motility for 4 

hours in the 415 mosm egg yolk medium. Thus, egg yolk has an important 

protective effect on motility in overcoming otherwise adverse effects of 

high osmolarity. Other observations in this study indicated excellent pre-

servation offowl sperm motility in egg yolk medium for more than 24 hours. In 
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spite of this, the observed loss of fertilizing capacity (Table XI) suggests 

that irreversible damage was done to the spermatozoa during the 4-hour 

exposure to egg yolk medium. (The probable dilution and/or absorption·of 

the medium in the female genital tract should have largely eliminated the 

influence of the medi~ shortly after artificial insemination). It is 

recognized ti\at these IN VITRO observation times are short considering that 

good fertility is maintained in chickens for 5-6 days after mating and that 

some fertile eggs may be obtained as late as 35 days thereafter220. Never-. 

theless, these results point to a probable differential vulnerability of 

fowl spermatozoa with respect to the 2 key biological characteristics! 

motility and fertilizing capacity. 

(3) Dilution and Reconcentration. Because the usual practice with fowl 

is to inseminate 0.05-0.10 ml of highly concentrated spermatozoa (undiluted 

or 1:2 dilution), immediately after collection, dilute suspensions of 

spermatozoa in this study were generally reconcentrated by centrifugation· 

prior to.insemination. An important question is whether or not the mor

phological changes seen following the centrifugation process negate the 

advantages of inseminating small volumes. Comparison of the fertilization 

rates in Table XII for dilute (56.3%) and reconcentrated (26.5%) spermatozoa 

suggests that, at least for the glycine-citrate buffer, centrifugation is 

detrimental (significant at the P = 0.02 level). Although the reverse 

appears to be true for the spermatozoa in vitalizing medium and in glycine

phosphate buffer, the diffcroncca•nro not oignificant (P >0.10). 

The results of this part of the study indicate that successful insem

ination of low concentrations of spermatozoa is possibls in glycine-citrate 

buffer. Furthermore, if centrifugation is required to achieve a high 

concentration sample, insemination with a moderately dilute sample actually 
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6 
appears to be preferred provided that at least 80 x 10 spermatozoa can 

be inseminated in a volume of 1 ml or less. 

c. Additional Studies. Because the 415 mosm ''high" ionic strength egg 

yolk medium preserved the motility of the fowl spermatozoa much better 

than did the 427 mosm "low" ionic strength glycine-citrate and glycine-

phosphate buffers, the preservation of both motility and fertilizing 

capacity in an egg yolk medium adjusted to 310 mosm should also be evaluated. 

This would shed light on the question of whether osmolarity or some other 

property was responsible for the loss of fertilizing capacity in media con-

taining egg yolk. 

The excellent preservation of motility in the JlO mosm 11 low" ionic 

strength glycine-citrate and glycine-phosphate buffers at concentrations 

6 
as low as 8 x 10 spermatozoa/ml shows that meaningful analytical electro-

phoresis studies can be conducted. The analytical information is of inter-

est on 2 accounts: (1) in providing physical characterizations of spcrma-

tozoa populations and (2) in revealing optimum conditions for preparative 

electrophoresis separations. It is expected that information obtained in 

analytical studies can be exploited in preparative experiments. 

lt was seen that the "low" ionic strength glycine-citrate buffer ex-

cellently preserved both motility and fertilizing capacity. In view of 

the fertilization results achieved with different media by others at room 

temperature with dilutions of 1:50 and 1:63
140

; successful insemination 

may be possible after even greater dilutions at low temperature in glycine-

citrate buffer. Furthermore, one can speculate that this buffer might be 

an even better diluent than vitalizing medium for storage of spermatozoa 

at high concentrations. For this reason, it would be useful to extend the 

present study to a comparison of the 2 media at 1:2 dilutions with longer 



storage times at 3°C. Effective extension of successful spermatozoa 

storage, as well as insemination at lower concentrations, could be of 

considerable practical benefit for work in poultry husbandry and genetics. 

B. Electrophoresis Experiments 

1. Introduction 

In contrast to the abundance of information concerning the electro-

phoretic properties of mammalian spermatozoa, there have been few such 

reports on fowl spermatozoa. Undoubtedly, major rea·sons for the greater 

interest in mammalian spermatozoa are the economic and sociological con-

sequences of finding a way to separate genetically differing, e.g. X- and 

.. 206 
Y-chromosome bearing, spermatozoa. Despite the work of Schroder and 

of Gordon91 , it is uncertain that apparent differences in the.electro-

phoretic properties of rabbit spermatozoa can be attributed to different 

18,174,233 
chromosomal composition • Because all fowl spermatozoa contain 

X-chromosomes, the sex control incentive is lacking in the study of this 

species. However, in addition to basic knowledge about the properties of 

fowl spermatozoa, electrophoretic studies are motivated by the availability 

of cocks with a translocation heterozygote producing spermatozoa with 

120 differing chromosomal composition and fertilizing capacity . It would 

also be of interest to compare the electrophoretic properties of sperm-

atozoa from cocks of lines of poor fertility with those from normal cocks. 

The stable-flow free-boundary (Staflo) method has been used to charac

terize cell populations such as rat bone marrow159 and rabbit spermatozoa 

(Chapters IV, V and VIII). The flexibility of this method provides an 

opportunity for either analytical or preparative studies using sedimentation 
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or electrophoresis or a combination of the two. In addition, one can achieve 

a fractionation of spermatozoa populations using differing degrees of 



intrinsic motility at specified controlled temperatures. 

In Section A, it was shown that fowl spermatozoa, which were subjected 

to cooling, dilution and storage at 3°C for 1 1/2 hours in low ionic 

strength glycine-citrate medium at concentrations expected in Staflo 

electrophoresis experiments and then reconcentrated by centrifugation, 

gave a fertilization rate of 58.8%, as compared to a control value of 63.2%. 

Thissection reports a series of experiments which 1) confirm the conclusion 

from Section A that the fertilizing capacity of svermatozoa could be main

tained during Staflo electrophoresis experiments; 2) characterize the sperm-

atozoa populations with regard to average and extreme values of electrophor-

etic mobility~ and 3) partially fractionate and relatively enrich the 

spermatozoa populations by utilizing a combination of electrophoresis and 

intrinsic motility. 

2. Materials and Methods 

a. Sample Preparation. Ejaculates were collected from mature White Leg

:lo6 horn cocks by abdominal massage and pooled until 2.0 ml or more of 

undiluted semen was obtained. A 0.5 ml aliquot of pooled semen was diluted 

1:2 with modified Krebs solution for a control specimen and the remainder 

was diluted 1:2 with glycine-citrate buffer. A 0.10 ml aliquot was diluted 

1:100 in a solution of 1% formalin in normal saline for counting in a hemo-

cytometer.. Both samples were cooled from room temperature to 2°C in 45 

minutes. The glycine-citrate sample then was diluted to a spermatozoa 

. 6 
concentration of approx1mately 250-300 x 10 /ml and subjected to Staflo 

electrophoresis. 

b. Staflo Apparatus. The essential features of the Staflo apparatus 

employed in these experiments are ·a 3 x 16 channel flow-cell (designated 

No. XI), duplicate 48-channel collection systems and a 16-channel, multi-

syringe pumping system. Sixteen 50 ml plastic syringes on the pump rack 
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contain the density gradient solutions which are delivered by polyethylene 

tubing to the respective inlets on the flow-cell. A variable speed drive 

allows a wide range of accurately controlle~ solution flow rates. A 20 ml 

syringe is often used for the spermatozoa sample suspension in order to 

achieve an initial sample stream thickness approximately 1/2 that of other 

fluid layers with resulting greater resolution of the migrating species 

229 
("thin sample technique" ). The spermatozoa suspension is stirred 

magnetically to maintain a uniform concentration throughout the experiment. 

The inlets to the flow-chamber are arranged vertically as shown in 

Figure 48, thereby forming flowing layers, each 0.125 em high, 0.80 em 

wide and 30 em long. The multiple, horizontally flowing layers are 

stabilized by hydrodynamic feedback p~inciples, rather than by use of any 

156,159 
solid supporting medium • The fluid in each of the 16 layers exits 

the flow-cell through 3 horizontal channels, thereby allowing separation 

of the faster moving fluid in the central region from the slower moving 

fluid near each sidewall. In this study, only the collection fractions 

from the central channel of the flow-cell were evaluated. 

In these experiments. only 4 of the 6 electrode segments were activated 

giving an ·electric field across the downstream 2/3's (20 em) of the flow-

cell as shown schematically in Figures 48 and 49. 

c. Medium and Density Gradient. Using the low ionic strength glycine-

citrate buffer described in Section A, a sucrose density gradient was es-

tablished by weight/volume percent in the flowing layers as follows: No. 4, 

1.0%; No~ 5, 1.5%; No. 6, 2.0%; ~o. 7, 2.5%; No. 8, 3.0%; No. 9, 4.5%; No. 

10, 4.8%; No. 11, 5.1%; No. 12, 5.4%; and No. 13, 5.7%. Layers 1-3 con-

tained a higher conductivity medium resulting from a glycine-citrate con-

tent approximately 3 times that of layers 4-12. Layers 14-16 contained the 
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Fig. 48. Schematic diagram of Staflo Elov.'-cell illustrating fowl spermatozoa upward-electrophoresis 

migration pattern. 
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Fig. 49. Schematic diagram showing ideal three-dimensional Staflo 

upward-electrophoresis migration pattern of fowl spermatozoa. 
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same medium.with 6% sucrose. The resulting top and bottom "conductivity 

barriers" buffer the intermediate layers against changes in pH during the 

experiment and confine the migrating species to the intermediate layers 

of the flow-ce11159 . Initial discontinuities between layers are smoothed 

by gradient-stabilizing diffusion of sucrose during the first 1/3 (10 em) 

of the flow-chamber prior to reaching the region of the "progranuned" 

229 
electric field • The spermatozoa suspension was introduced into layer 

8 and was initially supported by the "density shelf" provided by the sucrose 

increment from layer 8 to 9. 

d. Temperature Control. All experiments were conducted in a refrigerated 

room with good temperature regulation. Temperature measurements inside 

the flow-chamber during electrophoresis have shown the average temperature 

rise to be less than 0.5°C under the operating conditions used in these 

experiments. 

e. Observation and Evaluation of Spermatozoa. The gross electrophoresis 

pattern was observed by eye, using the "slit lamp technique"229 • Individual 

spermatozoa and the microscopic steady-state pattern were observed with a 

special microscopic optical system developed for use with the Staflo appar-

atus (Chapter III). Immediately after each run, the spermatozoa concentra

tion in each collection container was determined with a hemocytometer. The 

spermatozoa in each fraction were reconcentrated by centrifugation in the 

cold room and subsequently evaluated at room temperature for motility and 

viability (nigrosin-eosin staining109). The quality of motility was judged 

on a scale of I-VI ranging from essentially no motility (I) to a vigorously 

swarming pattern (VI). The nigrosin-eosin stained spermatozoa were cate-

gorized as unstained (vi.able) or stained (non-viable). The spermatozoa 

from each fraction and from the control sample were inseminated into sep~ 

arate groups of White Leghorn hens between 1300 and 1500 hours on the 
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day of the experiment. 

3. Results 

Two groups of electrophoresis experiments are reported. The first 

group was conducted at 4°C or lower to minimize the effect of intrinsic 

motility on migration. The second group of experiments was conducted at 

5.5°C in a deliberate attempt to achieve enrichment of one collection 

fraction with regard to motile spermatozoa. Figure 48 illustrates the 

migration pattern (overall side-view appearance of a continuously flowing 

sample stream in the flow-chamber) observed in both sets of experiments. 

The paraboloid migration profile (cross-section of the migration pattern) 

observed with the "slit lamp technique" is illustrated in Figure 49. Ver

tical migration distances measured in the longitudinal centerline by this 

technique were used to calculate the electrophoretic mobility values. 

a. Electrophoresis Experiments. General observations during the series 

of experiments at temperatures of 4°C or lower indicated that 1) the 

migration patterns determined by the "slit lamp technique" were essentially 

the same at spermatozoa concentrations of· 25 x 106 and 250 -x 106/ml; 2) in 

all experiments, the height of the migration profile at the outlet in 

the centerline of the flow-chamber was less than 2.0 mm, thereby giving 
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a 2-layer fractionation of the sample; 3) at pH 7.0 and with the top electrode 

positive, all spermatozoa were oriented vertically with heads down and tails 

upward; and 4) at a flow-chamber temperature of 4°C, a high percentage of 

ind;l.v.idual· spermatogoa showed a moderate degree of tail-wagging. 

Despite an attempt to effect an even division of the sample between 

the 2 layers at the outlet, the upper collection fraction generally had 

a lower spermatozoa concentration than did thebottom one. In all experiments, 

the percentage and degree of motility in the.bottom fraction were consistently 
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greater than in the upper one (though less than in the control sample). 

In one experiment, the upper fraction, containing only 10%of the sperm-
. . 6 

atozoa, at a concentration of 10 x 10 /ml had only 1-2% motile spermatozoa 

as compared to about 70% motility in the bottomfraction. When comparable 

numbers of spermatozoa were collected in the 2 fractions, for experiments 

at 4°C or lower, there were no significant differences in viability 

(staining) among the 2 fractions and the control spermatozoa. Even though 

the spermatozoa fractions in several experiments had Grade II or !II-
6 . 

motility, insemination of 150-200 x 10 spermatozoa in 0.15 ml failed to 

give any fertile eggs. Control inseminations with Grade III or IV sperm

atozoa did give fertile eggs. Possible reasons for the loss of fertilizing 

capacity of the spermatozoa in the collection fractions in this first group 

of experiments are considered in the Discussion. 

The average and ranges of apparent electrophoretic mobilities for 

one pair of electrophoresis runs at 4°C with the same Staflo operating 

conditions but differing spermatozoa concentrations are shown in Table 

XIV. 

Table XIV. Apparent Electrophoretic Mobilities of Fowl 

Spermatozoa at 4°C. 

Spermatoz-oa 
Concentration 

25 x 106/ml 

250 X 106/ml 

Apparent Elec-trophoretic Mobility 
[Units of 10-4(cm/sec)/(V/cm)] 

Average Ranae 

. 1.56 1. 50 - 1. 61 

1.69 1.50 - 1. 79 

b. Electrophoresis-Enrichment Experiments. Two enrichment experiments 

were conducted using upward electrophoresis at 5.5°C. Figure 50 is a photo-

graph of the steady-state migration pattern during one of these experiments. 

' ' 
I 

I 

I 
I , 

I 
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XBB 7011 - 5006 

Fig. 50. Photograph of upward-electrophoresis migration pattern with 

fowl spermatozoa in a 3 x 16 Staflo apparatus enrichment experi-

0 
ment at 5.5 C. 



Again, because the pattern spread was small, only 2 fractions were obtained 

(containers 5 and 6). The spermatozoa in the fractions were reconcentrated 

by centrifugation for 5 minutes at 1,400 g at 5°C prior to evaluation at 

room temperature, and artificial insemination. The same 3 groups of 6 

hens each were inseminated on each occasion with the respective collection 

fractions ·or control spermatozoa. Eggs were collected from the day after 

the first insemination until 4 days after the second insemination (a total 

of 8 days). The fractionation results with respect to spermatozoa distri-

bution,·motility, viability, fertility and hatchability are summarized in 

Table XV. 

In Table XV, it is seen that fraction 6 has both a higher concentration 

and a·better quality of spel'lllatozoa than fraction 5, judged by motility 

and ~iab~lity. In addition, the percentages of fertility and hatchability 

for fraction 6 are significantly higher than those for fraction 5 (P '0.01 

in a one-tail test90). There was no difference between fraction 6 and the 

control with regard to motility, viability, fertility or hatchability. 

Following one of these experiments, which used a concentration of 250 x 10
6 

spermatozoa/ml, a comparison run was made using 1/10 the initial concentra-
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tion. Although the pattern spread was slightly greater for the higher concen-

tration, the average migration distances were the same. The mobility, 

calculated from the average migration distance was slightly gre~ter (~2 x 

10-4 cm/sec/V/cm at 5.5°C) than in Table XIV. However, the measurements 

in Table XIV are considered more reliable ~ecause the migration distances 

involved were greater. 

4. Discussion 

a. Technical Considerations. In view of the report by Proudfoot and 

189" Stewart that the fertilizing capacity of fowl spermatozoa did not appear 



Table XV. Average Enrichment-Fractionation and Artificial Insemination 

Results of Two Electrophoresis Experiments with Fowl Spermatozoa at 5.5°C. 

Fraction 5 Fraction 6 Control 

Sperm Cone. 
. 6 

(units of 10 /ml) 87 140 1500 

Percent of Sperm Collected: 

Average 38.3 61.7 

Range 36.2-39.8 60.2-63.8 

Nvt..!..l,I.l,.y (~~due) u: IV IV 

Viability (unstained) (%) 77 90.5 91.8 

Artificial Insemination: 

Volume (ml) 0.15 0.15 0.10 

No. of Sperm (units of 106) 145 170 150 

Evaluation of Eggs: 

Total Number 39 46 46 

Number Fertile 5 26 25 

Percent Fer tile 12.8 56.6 54.4 ................. .............. '\ ~""' 
Number Hatchable 3 19 21 

Percent Hatchable 7.1 41.3 45.7 
~ """"~'! f'J\J\..1 
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to be affected by a rapid temperature fall during collection, cooling 

from room temperature to 3°C was accomplished in .45 minutes in these 

experiments as compared to 2 hours in Section A.· ·The fertilization rates 

in Table XV are comparable to those in the dilution experiments in Section 

A and confirm the report that rapid cooling is not detrimental. 

Another consideration to bear in mind in comparing the results of 

Sections A and B is the 25 - 45 minute shorter centrifugation time used 

in the present exper.iments. This reduction was possible in part because 

the collection fractions contained only 8 - 10 ml compared to the 15-20 ml 

volumes used in Section A. 

It was noted that for several of the earlier "electrophoresis experi-

ments" no fertile eggs were obtained following insemination of adequate 

numbers of reconcent-rated spermatozoa of Grade II or III motility. Control 

inseminations, however, gave fertile eggs. Furthermore, in the subsequent 

"electrophoresis enrichment experiments"; a fertilization rate of 56.6% 

was achieved from Staflo collection fraction 6 as compared with the 54.4% 

control value. It is possible that the loss of fertilizing capacity (but 
;.. 

not motility) in the early experiments was due to trace contamination of 

the apparatus either by Roccal (benzalkonium chloride) used in cleaning 

or by a toxic substance associated with new polyethylene tubing. 

b. Electrophoretic Mobility Measurements. Even though there was good 

agreement between the average values of electrophoretic mobility for the 

similar pairs of high and low concentration runs, the range of mobilities 

was somewhat greater for both high concentration experiments. The greater 

spread in the steady-state migration pattern of the high concentration 

runs may reflect a small degree of density gradient instability. (Alter-

natively, this may be a consequence of the relative difficulty in defining 



the limits of the low concentration migration pattern). Only having a 

6 
slight instability at a concentration as high as 250 x 10 spermatozoa/ml 

is remarkable in view of the threshold for instability of 25 x 106/ml for 

rabbit spermatozoa in other density gradients (Chapters IV, V and VIII). 

The increased stability in the fowl spermatozoa experiments may be attri-

buted to 1) a larger increment in the density gradient between layers 

(0.5% sucrose/layer vs. 0.10 - 0.15% sucrose/layer for rabbit spermatozoa 

35 experiments) and 2) a lower sedimentation rate for fowl spermatozoa 

I ddi · h 1 h i hili of 1.69 x 10-4 
n a t~on to t e apparent e ectrop oret c mo ty 
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cm/sec/V/cm for the 250 x 1061m1 spermatozoa sample shown in Table XIV, 

-4 an average value of 1.52 x 10 cm/sec/V/cm was obtained in ~nother experiment 

under similar conditions, at 4°C. When these values are normalized to con

ditions of a 1% sucrose density gradient at 3°C, they become 1.75 x 10-4 

and 1.57 x 10-4 cm/sec/V/cm, respectively. These latter values compare 

favorably with the 1.68 x l0-4cm/sec/V/cm observed in a downward electro-

phoresis experiment using the glycine~phosphate buffer described in Section 

A, corrected to i% sucrose at 3°C (Chapter V). They also agree well with 

the value of 1.55 X l0-4cm/sec/V/cm reported by Bey, also in a low ionic 

. 251 
strength medium 

It is difficult to evaluate precisely the relative electrophoretic 

mobilities of live and dead spermatozoa because even at 4°C, a mild degree 

of tail-wagging was observed in the flow-chamber. It was noted that in 

such low temperature experiments, where substantial numbers of spermatozoa 

were found in both collection fractions, there was no difference between 

them in staining properties. In contrast, in the enrichment experiments 

at 5.5°C, a significant difference in viability was observed between fractions 

5 and 6 as shown in Table XV. This difference probably results from the 



greater degree of intrinsic motility of (viable) spermatozoa at 5.5°C. 

The electrophoretic mobility of immotile (non-viable) spermatozoa at 

4°C can be estimated from the experiment in which the upper collection 

fraction contained 99% immotile spermatozoa, at a concentration of 10 x 

6 
10 /ml. Because it was shown in Section A that concentrations as low as 

6 
8 x 10 /ml could be tolerated for up to 6 hours at 3°C, it is probable 

that the spermatozoa were immotile at the beginning of the experiment. 

The average electrophoretic mobility of these immotile spermatozoa was 

1.67 x l0-4cm/sec/V/cm compared to average and minimum apparent mobility 

values of 1.52 x 10-4 and 1.36 x 10-4cm/sec/V/cm for the whole sample. 

Theoretically, at least, the minimum value represents the slowest electro-

phoresing-fastest swimming spermatozoa. In order to define the true con-

tribution of motility to the-net migration, experiments should be conducted 

at temperatures ranging from less than l°C to about l5°C, and with lower 

spermatozoa concentrations to insure that the migration is not influenced 

by any kind of density gradient instability. 

c. Relative Enrichment. Because of the superior quality of the initial 

spermatozoa suspensions (Table XV), absolute enrichment of a collection 

fraction-, compared to the control sample, was not achieved. However, with 
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an initial sample of about 50% motile spermatozoa rather than 90%, especially 

if a siightiy higher temperature and/or greater migration distance is used, 

absolute enrichment would be expected. Such enrichment has been obtained 

in experiments with rabbit spermatozoa (Chapter IV). It is significant 

that despite the additional stresses of dilution, electrophoresis and cen-

trifugation, the spermatozoa in collection fraction 6 were as_ good as the 

control sample by all of the criteria in Table XV. 

Because the minimum.spermatozoa concentration encountered in the en-

I 

I 
i 
! 



richment experiments was comparable to those at which motility and 

fertilizing capacity were shown to be maintained in Section A, all of the 

differences between fractions 5 and 6 in Table XV are most likely a con-

sequence of intrinsic motility.. Thus, at 5.5°C in the glycine-citrate 

medium, the downward oriented intrinsic motility vector is believed to 

have been of sufficient magnitude to give the depletion in layer 5 and 

the relative enrichment in layer 6 with regard to all of the criteria 

enumerated in Table XV. 

The fertilization rate of 56.6% obtained with spermatozoa from 

collection fraction 6 in the enrichment experiments is essentially the 

same as the 58.8% from spermatozoa diluted 1:30 .in glycine-citrate buffer, 

stored at 3°C for 1 1/2 hours and reconcentrated by centrifugation prior to 

insemination (Section A, Table XIII). The difference between the respective 

control fertilization rates of 54.4% and the 63.2% in the 2 studies was 

also not significant (P>') 0.10). Therefore, it can be said that Staflo 

electrophoresis has not adversely affected the motility and fertilizing 

capacity of the spermatozoa. 

The combined results of Sections A and B have shown that analytical 

experiments can be conducted at 3°C using spermatozoa concentrations as low 

6 
as 8 x 10 /ml, and that the results cari be exploited in Staflo electro-

phoresis or electrophoresis-enrichment experiments. A natural extension 

of the present fractionation studies is the evaluation of the fertilizing 

ability of sub-populations of spermatozoa characterized by differing degrees 

of intrinsic motility, obtained by differential fractionation in Staflo-

electrophoresis-motility o.r sedimentation-motility experiments. With 

regard to fowl spermatozoa, this extension would be of particular interest 

in studying the "translocation heterozygote" spermatozoa. F:or mammalian 
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spermatozoa, there is the additional possibility of obtainlng information 

on the relationship of motility to the sex ratio of offspring. 

C. Summary and Conclusions 

Although both egg yolk medium and vitalizing medium preserved the 

motility of fowl spermatozoa during storage for 2 hours at 4°C, v~talizing 

medium was far superior in preserving the fertilizing capacity (80% vs. 

9.1% for egg yolk medium). 

310 mosm solutions of low ionic strength glycine-citrate and glycine-

phosphate buffers were far superior to 368 and 427 mosm solutions in the 

preservation of motility during storage at 3°C for spermatozoa concentra-

. 6 
tions of 8-80 x 10 /ml. After storage for 6 hours in the 310 mosm solutions, 

there was only a 15% decrement from·initial motility values at all concen-

trations. The percentages of motility were much lower in the 368 and 427 

mosm solutions. 

In regard to the preservation of fertilizing capacity there was no 

ditterence between the glycine-citrate and glycine-phosphate buffers aflt:n: 

storage at 1:30 dilutions for 1 1/2 hours at 3°C. In a second study, the 

preservation of fertilizing capacity of spermatozoa after storage at 1:30 

dilutions in glycine-citrate medium for 1 1/2 hours at 3°C, followed by 

reconcentration by centrifugation, was the same as that of spermatozoa 

diluted 1:2 in vitalizing medium and stored under the same time-temperature 

conditions without further handling. This suggested that fowl spermatozoa 

could be subjected to the stresses of low temperature, low concentration 

and centrifugation expected in Staflo electrophoresis experiments, with 

low ionic strength media, and still maintain their vital functions. This 

was confirmed in the enrichment-electrophoresis experiments where a fer-

tilization rate of 56.6% was obtained with spermatozoa in the lower collection 
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fraction, compared to .54.4% for the control. 

The electrophoresis experiments showed the same average electrophor-

6 etic mobilities for fowl spermatozoa at concentrations of 25 x 10 and 

250 x 106 iml and showed compa.rable mobilities for upward and downward 

electrophoresis. The higher concentration gave an apparently slightly 

greater spread of the migration pattern with associated greater range of 

electrophoretic mobilities. The average apparent electrophoretic mobility 
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. -4 
for fowl spermatozoa in these experiments is about 1.6.x 10 (cm/sec)/(V/cm). 

This value compares favorably with those obtained in Ch.fip):et·' 'V (Table X) . 
.... :.· 

At a flow-chamber temperature of 5.5°C, relative enrichment in the 

lower of 2 collection fractions, with an upward-electrophoresis migration 

pattern, was obtained with regard to motility, viab:i..'iity, fertilizing 

capacity and hatchability. The enrichment is attributed to the intrinsic 

motility of the spermatozoa at that temperature~ Because of the high 

quality of the initial spermatozoa sample, the lower fraction did not 

differ from the control, according to these criteria. 

These studies showed that the motility of fowl spermatozoa could be 

well preservf!d after storage for 6 hours at 3°C i:n concentrations as low 

as 8 x 106/ml in low ionic strength media- conditions desirable for 

analytical electrophore.sis studies. Furthermore, the excellent fertiliza-

tion .results with "Staflo spermatozoa" in the enrichment experiments show 

that information learned in analytical studies can be exploited in preparative 

electrophoresis experiments using the Staflo apparatus. 
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A. Introduction 

The review of the literature on the centrifugation of spermatozoa 

in Chapter II, A, 4, summarizes the work by many investigators to deter-

mine the apparent buoyant density of bull and rabbit spermatozoa. Th~re 

were marked differences in the·reported specific gravities determined.in I 

different density gradients. In order to better understand the behavior 

of rabbit and fowl spermatozoa in Staflo sedimentation and sedimentation-

electrophoresis experiments, the work in this chapter was done to deter-

mine the magnitude and range of specific gravities of both rabbit and 



fowl spermatozoa. At the time this work was done (summer, 1966), the 

reports by Benedict, Schumaker and Davies32 , and by Lavon, Volcani, Amir 

132 133 and Danon ' had not been published. 

This chapter presents results of equilibrium density gradient centri-

fugation experiments with rabbit and fowl spermatozoa using both dextran 

and sodium iothalamate density gradients. The studies showed both simi-

larities in the specific gravity of fowl and viable rabbit spermatozoa 

and marked differences in the properties of the spermatozoa of the 2 

species when under the influence of osmotic stress. 

B. Materials and Methods 

1. Media and Density Gradients 

Bovine serum albumin (BSA), dextran (Sigma Chemical Company, MW 

15-20,000; 73,000 and 215,000), Ficoll and several radiographic contrast 

media were evaluated for use in equilibrium density gradient centrifuga

tion. In general, sufficiently dense solutions of BSA, Ficoll and dextran 

could not be prepared without encountering limiting degrees of viscosity. 

The work reported below was accomplished with density gradients prepared 

with dextran or sodium iothalamate (Angio-Conray or Conray-400) in 0;3% 

or 0.9% NaCl. Because the motility of both fowl and rabbit spermatozoa 

was not maintained well in 0.3% saline-sodium iothalamate solutions, 0.9% 

saline solutions were used for most experiments. The effects of raqio- · 

graphic contrast media on the motility of fowl spermatozoa and on the moti-

lity and fertilizing capacity of rabbit spermatozoa are reported in Appendix 

D. 

2. Centrifugation 

Linear density gradients were preformed at room temperature with a 

gradient machine using dextran or sodium iothalamate in normal saline. 
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The centrifuge tubes then were cooled to approximately 3°C in a refriger

ated room. Spermatozoa, which had been coll~cted and cooled slowly to 

3°C as described in Chapter III, were suspended in a gradient material 

solution slightly less dense than the top of the linear density gradient. 

The suspension was layered on the density gradient and the boundary was 

stirred carefully to eliminate the interface. Centrifugation was accom

plished at 4°C with the Beckman Model L Ultra-centrifuge using the SW39 

swinging-bucket rotor. After centrifugation, the tubes were examined in 

the cold room where the migration bands were measured, photographed and 

fractionated by pipetting. After removal from the centrifuge tubes, 

spermatozoa in the separate bands were resuspended in approximately 25 ml 

of a 0 •. 5% glucose-normal saline solution and were centrifuged for 15 

minutes at 3,300 rpm in a clinical centrifuge. The pellet of spermatozoa 

was resuspended in egg yolk medium (see Chapter VI) and evaluated for 

motility and vital staining characteristics. The total time of exposure 

of the spermatozoa to the sodium iothalamate, when it was used, ranged 

from 2~-J.) minutes, approximately 20 minutes longer than the centrifugation 

time. 

3. Evaluation of Spermatozoa 

Spermatozoa were evaluated by phase contrast microscopy and by 

nigrosin-eosin staining as described in Appendix B. No artificial insem

ination studies were done in the experiments described in this chapter. 

C. Results 

1. Dextran Gradient Experiments 

a. Fowl Spermatozoa. In preliminary experiments using a linear density · 

gradient of 15-20,000 MW dextran and a force of 1,500 g in an International 

Centrifuge, a centrifugation time of nearly 60 minutes was required for 
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fowl sperma.tozoa to reach equilibrium. Fowl red blood cells, on the other 

hand, reached equilibrium in 15 minutes or less. The apparent specific 

gravities for_spermatozoa and red blood cells were 1.15-1.17 and 1.14, 

respectively. 

b. Rabbit Spermatozoa. Centrifugation of 2 samples of rabbit spermatozoa 

in linear density gradients of 15-20,000 MW dextran in a phosphate buffered 

medium gave low-density bands corresponding to a specific gravity range 

of 1.16-1. 21. Spermatozoa also were found at the bottom of the centrifuge 

. tube which corresponded to a specific gravity of 1.23. Because some 

spermatozoa appeared to have a specific gravity greater than the maximum 

specific gravity of the solution (1.23) and the viscosity of this dextran 

solution was very high, sodium iothalamate was used in subsequent studies. 

2. Sodium Iothalamate Gradient Experiments 

a. Fowl Spermatozoa. The results of the centrifugation of fractions 

of individual ejaculates from White Leghorn cocks are presented in Figure 

51 and Table XVI. Figure SlA shows that, with centrifugation times of 5, 

9, and 15"minutes at 5,800, 6;600 and 6,700 g, respectively, the apparent 

specific gravity of spermatozoa from the same ejaculate increased pro

gressively to a maximum range of 1.19-1.21 at the 15 minute centrifugation 

time. the last 4 ranges of apparent specific gravities shown in Figure 

51 A agree within the accuracy of measurements in these experiments. Figure 

51 B shows the results of 3 cen-trifugation runs with the same fowl sperm

atozoa sample using a density gradient prepared with sodium iothalamate in 

0.3% saline. ~he 0.3% saline was used to reduce the osmolarity of the 

linear density gradient. There appears to be a slight increase in the 

apparent specific gravity with an increase in centrifugation time from 

6 1/4 to 10 3/4 minutes but no further increase with time. The maximum 

range of specific gravities is 1.19-1.20, slightly less than in the gradient 
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RANGES OF APPARENT SPECIFIC GRAVITIES OF FOWL SPERMATOZOA 

MEDIUM 
CENTRIFUGATION SPECIFIC GRAVITY 
(min) g (avg) 1.14 1.16 1.18 1.20 1.22. 

A. Normal saline 5 5,800 
+ sodium 9 6,600 . 
iothalamate 

15 6,700 

10. 8,000 

11 10,000 -
16 10,000 ' -

B. 1/3 normal saline 6~ 8,900 -
+ sodium 10% 9,100 -iothalamate ... 

l5% 9,100 -
• 2 tubes 

Fig. 51, Ranges of apparent specific gravities of fowl spermatozoa in sodium iothalamate density 

gradients in A) normal saline an:l B) one-:hird normal saline background solutions. 

DBL 689-5469 
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Table XVI. Ranges of Apparent Specific Gravities of Fowl Spermatozoa 

in Sodium Iothalamate Density Gradients. 

Centrifugation 

Time (min) g (av.) 

.A. Normal Saline 

5 5,800 

9 6,600 

'15 6,700 

10 (2) 8,000 

.. 11 10,000 

16 10,000 

B. 1/3 Normal Saline 

6, 1/4. 

10 3/4 

15 3/4 

8,900 

9,100 

9,100 

Specific Gravity 

Range Average 

1.158-1.189 1.174 

1.176-1.197 1.187 

1.192-1.210 1.201 

1. 201-1. 212 1.207 

1.195-1.205 1.200 

1.195-1.205. 1. 200 

1.187-1. 196 1.192 

1.192-1.200 1.196 

1.192-1.201 1.197 
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using 0.9% saline. 

Fowl spermatozoa gave a continuous band in the density gradient, 

generally 2-4 mm wide. The narrowest bands were obtained with the high-

est quality ejaculates and, after centrifugation and washing, most sperm-

atozoa still were intact and had a high degree of motility. With poor 

quality ejaculates, a differential distribution of spermatozoa and com-

ponent parts thereof was observed. Above the top of the discrete band, 

there were sperm tails. In the top of the band, spermatozoa were intact 

and had excellent motility. In the bottom of the band, spermatozoa showed 

signs of deteriorating and had either a poor degree of motility or were 

i'DiJllotile. At th~ bottom margin n.f the band nnd olightly below, all l:IJ,J~twa-

tozoa were deteriorating or were represented by tails with remnants of 

heads. Deterioration was manifested first by swelling of·the sperm head 

to 2-3 times its normal width, later by the formation of bead-like masses 

of nuclear material and finally by scattering of the bead-like material, 

leaving the tail with a knob projecting toward the former head region. 

~,..r.eu•• of thw f.r.u~ility cf c·lltl luwl spermatozoa heads, no intact heads 

were ever observed separated from tails. Swelling and disintegration of 

fowl spermatozoa heads was also observed after stu·rage for 24 hours or 

more in egg yolk and other media, suggesting that this deterioration is 

a general phenomenon. Distortion of this differential distribution was 

observ~d in the presP.nr.e of clumping for it appeared tbaL vlable sperm-

atozoa were carried to the lower margin of the band by clumps. No clumps 

were ever observed in the upper part of the band. 

In fresh ejaculates of poor quality, several percent of the sperma-

tozoa were bent in the vicinity of the neck piece, giving a hairpin 

shape. In centrifuged samples, the frequency of this abnormality was 



greatly increased. Despite this damage, many such individual spermatozoa 

often had a high degree of motility. 

b. Rabbit Spermatozoa. The results of rabbit spermatozoa experiments 

are summarized in Figure 52 and Table XVII. Three or more discrete bands 

were observed in each experiment. Spermatozoa from the same ejaculate 

were used in the first 3 experiments in Figure 52 (and Table XVII). It 

is seen that the apparent specific gravity of the upper band increases 

with increasing centrifugation time until a range of 1.195-1.210 is 

reached. This range was observed even with centrifugation for 90 minutes 

at 27,000 g. The middle band appears to plateau at a specific gravity 

range of 1.26-1!29. There is a suggestion that the apparent specific gra

vity of the lower band continues to increase over the range 1.31-1.3'7, 

but the formation of sub-bands in that range complicates interpretation 

thereof. 

In addition to the differences in specific gravity, there was a marked 

difference in the quality of the spermatozoa in the 3 bands. Table XVIII A 

summarizes the results of one experiment in which the upper and lower bands 

were at·the top and bottom of the density gradient. There is a dramatic 

decrease in the quality of the spermatozoa, judged by vital staining, 

morphology and motility, from top to bottom. By all criteria, the upper 

band was enriched with regard to the initial sample. This differential 

distributi.nn i.s confirmed by the phase contrast observations of morphology 

8nd motility for a second experiment, as shown in Table XVIII B. Again, 

there is a marked difference between the upper and lower bands and absolute 

enrichment of the upper band. 

D. Discussion 

The results of the experiments reported above are considered in terms 

215 



. 

RANGES OF APPARENT SPECIFIC GRAVITIES 
OF RABBIT SPERMATOZOA 

CENTRIFUGA TJON SPECIFIC GRAVITY 

(min) g (avg) 1.15 1.20 1.25 1.30 1.35 
I I I 

UPPER BAND M/D!JLE BAND LOWER BAND 

5 5,800 - -
9 6,600 - -

15 6,700 - - -
11 40,000 - ·- -

90 . 27,000 - -······ 

DBL 689-5468 
Fig. 52. Ranges ::>f appa:t:ent specific. gravitie.s of rabbit spermatozoa in a sodium iothalamate 

density gradient. 



Table XVII. Ranges of A~2arent S2ecific Gravities of Rabbit S~ermatozoa in a 

Sodium Iothalamate Densitr Gradient in 0. 9% Saline. 

Centrifugation Specific Gravity 
Time g (av.) Upper Band Middle Band Lower 

(minutes) Rang.e Average Range Average Range 

5 5,800 1.176-1.189 1.183 1. 258-1.294 1. 276 1.322-1.330 

9 6,600 1.183-1.197 1.190 1. 262-1.285 1. 274 1. 323-1.337 

15 6,700 1. 204-1. 211 1.208 1. 267-1.293 1.280 1.312-1.322 

1.335-1.350 

11 40,000 1.195-1. 206 1. 201 1. 283-1.290 1.287 1.320-1.330 

1. 342-1. 366a 

90 27,000 1. 195-1. 208 1. 202 1. 270-1. 286 1. 278 1.332-1.358
8 

1. 290-1.310b 1.300 

a. A very small number of .spermatozoa were slightly lower in the gradient. 

b. Second part o.f band was tUnly scattered. 

Band 
Average 

1.326 

1. 330 

1. 317 

1.343 

1.325 

1.354 

1.345 

N 
...... 
-...J 

• 



A. 

B. 

a. 

Table XVIII. Viability and Morphology of Rabbit Spermatozoa 

in a Linear Density Gradient. a 

Nigrosin-Eosin Staining Phase Contrast 
sample Percent of 

Sperm u MNS s c CL FM 
(%) (%) (%) (%) (%) (%) 

SJ2ecimen f/1 
UJ.)per band 44.0 911. s 4.5 1.0 94 6 11.6 

Int-band 1) 3.4 65.5 18.2 16~3 68.2 31.8 0 

Int-band 2) 2.5 22 16 b:l 5.3.2 46.8 0 

Lower band 50.1 6.0 13.5 81.5 15.5 84.5 0 

Initial 100 37 12 51 65.2 34.8 7.5 
Sample 

SJ2ecimen 112 
Upper·band 51.2 99 1 0 

Int-'band 18.2 31 69 0 

Lower band 30.6 7 93 0 

Initial 
Sample 100 62 38 5-10 

See Glossary for-explanation of abbreviations 

21R 

TW 
(%) 

29.5 

1 

0 

0 

17.5 

90 

8 

3 

50-60 

i 
I 
I 
I 

I 
I 

I 
i 

I 
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of (1) technical aspects of equilibrium density gradient centrifugation, 

(2) a comparison of fowl and rabbit spermatozoa centrifugation results, 

(3) a comparison with Staflo sedimentation results and (4) a comparison 

with the work of other investigators. 

1. ·Technical Considerations 

As shown in Figures 51 and 52, when sufficient time and centrifugal 

force are used to assure that equilibrium is reached, reproducible results 

are obtained with both rabbit and fowl spermatozoa. There were no signi-

ficant variations in results using spermatozoa from different male rabbits 

ur fruru c.llff~::~LI::!UL cuck.~. 

The mechanical preparation of the linear density gradient was uncom-

plicated with the low viscosity contrast media, but difficult with high 

concentrations of dextran because of the increased resistance to flow 

through the small bore tubing of the gradient former. The high viscosity 

of dextran density gradients also significantly increased the time required 

for fowl spermatozoa to reach equilibrium. This is due primarily to the 
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extreme axial ratio (f/f0 ) from the length of approximately 150 microns 

and thickness of 0.5 microns. The high viscosity also made it difficult to 

remove spermatozoa fro~ the centrifuge tubes. Iri addition to these problems 

due to viscosity, the dextran density gradient did not give a sufficiently 
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high specific gravity to study the most dense rabbit spermatozoa. Therefore, 

sodium iothalamate was used for the equilibrium centrifugation of both rabbit 

and fowl spermatozoa because ~elutions of high specific gravity and lowvis-

cosity could be prepared readily: 

2. Comparison of Fowl and Rabbit Expetim~nts 

The most striking difference between the results of equilibrium cen-

trifugation of fowl and·rabbit spermatozoa in the sodium iothalamate 

density gradient is the formation of a single band with the former compared 



to 3 or more bands with the latter. As shown in Tables XVI and XVII, 

the apparent specific gravity of fowl spermatozoa ranges from 1.192-1.212 

which is approximately the same as the range of 1.195-1.211 .for the low-

density band of rabbit spermatozoa. Thus, the similarity applies only to 

the highest quality rabbit spermatozoa. 

Even though there was only 1 band of fowl spermatozoa in the centri-

fuge tube, the difference in the quality between the top and the bottom 

of that band suggested a differential distribution 9f viable and non~viable 

cells. Th¢ observation of deteriorating fowl spermatozoa at. the high den-

sity border of the band suggests that either (1) disintegration occurs 

before further migration takes place or (2) swelling decreases the specific 

gravity and arrests migration. The finding of tails slightly below the 

band, as well as above it, suggests that non-viable spermatozoa incorpor-

ated some sodium iothalamate, migrated to the lower margin of the band, 

remained intact (although swollen) during· centrifugation and then disinte-

grated during the pipetting and washing of the fractions of the migration 

band. These observations show that fowl spermatozoa are quite fragile 

compared to rabbit spermatozoa, which maintain their physical integrity, 

except for loss of the acrosomal cap, even after loss of viability. 

In all experiments using the sodium iothalamate density gradients, 

rabbit spermatozoa segregated into at least 3 major bands characterized 

by different ranges of specific gravities. The marked differ~nces in the 

quality of the spermatozoa in the 3 bands, as shown in Table XVIII, sug-

gests that their formation is dependent primarily upon the relative 

viability of the spermatozoa. Inasmuch as the spermatozoa were immobil-

ized both by the low temperature and by the high concentration of sodium 

iothalamate, there was no influence of motility on the distribution. It 

is easy to postulate a low-density group consisting of viable spermatozoa 
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which are affected uniformly to a slight degree, or not at all, by the 

sodium iothalamate, and a high-density group consisting of non-viable 

spermatozoa which experience a marked increase in apparent specific 

gravity due to the hyperosmolar environment. 

Mechanisms by which hyperosmolar solutions of low molecular weight 

substances used in density gradients might modify the apparent spec~fic 

gravity of spermatozoa include the following: (1) simple dehydration, 

(2) attachment of the molecules to the membranes of both viable and non

viable cells and (3) selective penetration of the cells depending upon 

their ·relative viability. In regard to dehydration, the estimated dif

ference of about 100 mosm between the 0.3% and 0.9% saline-iothalamate 

solutions gives a.difference in the average specific gravity of only 

0.004 in Table XVI. This is much less proportionately (2%) than the 

15-20% change in the osmolarity and suggests a non-linear relationship 

of the 2 factors. There is a suggestion of dehydration also because of 

the difference in the apparent specific gravity range of 1.190-1.210 in 

the sodium iothalamate gradient compared to the range of 1.15-1.17 ob

served in the dextran density gradient. 

The formation of a discrete intermediate'band of rabbil sve1~atozoa 

suggests the loss of 1 or more selective mechanisms functioning in the 

viable cells to exclude iothalamate, but not a state of complete penetrance 

as in the spermatozoa in the lower band. This phenomenon may be related 

to the observation in nigrosin-eosin stained preparations of morphologi

cally normal but stained spermatozoa in which the post-nuclear cap region 
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is stained, while the remainder of the head is unstained. It is· possible 

that attachment of or penetration by the iothalamate molecules in that · 

region of.the spermatozoancould give a population of cells with a relatively 

t •• t:~ 



discrete intermediate range of specific gravities. The an~legy with 

vital staining is not complete for vi~ble rabbit spermatozoa take up 

eosin at 4°C, whereas, if they do take up some iothalamate, they are more 

selective than non-viable cells. Benedict and co-workers report no dif-

ference in the apparent specific gravity at 5°C and 37°C, suggesting that 

the influence of certain low molecular weight substances on the specific 

32 
gravity of rabbit spermatozoa is not temperature dependent • 

3. Correlation with Staflo-Sedimentation Studies. 

In Staflo-sedimentation experiments reported in Chapter .VTTT, a 

-4 range of sedimentation velocities from 0-1 x 10 em/sec was observed for 

rabbit spermatozoa in a sucrose density gr~dient. The nistribution of 

spermatozoa observed in those experiments suggested a uniform distribution 

of sedimentation velocities among the spermatozoa population. This is in 

contrast to the suggestion of a trimodal distribution of sedimentation 

velocities in these equilibrium centrifugation experiments. Be~ause of 

the short migration distances in the Staflo-sedimentation experiments. 

uvcrlap ~ong &ev~ral different-density groups of spermatozoa could have 

occurred, g,iving the appearance of a uniform distribution. Nevertheless, 

the formation of 3 discrete bauds in the linear density gradient is attri-

buted to a differential vulnerability of viable Ann nnn-vi ~bh cQllo to 

penetration by sodium iothalamate rather than to distinct e:rnnps of sperm-

atozoa with different specific gravities. 

Bhattacharya reported parcial bimodal distributions of rabbit and 

bull spermatozoa and a unimodal distribuUnn of fowl spermatozoa in sedi-

i . i 35 mentat on exper menta • Bedford and Bibeau observed a suggestion of a 

bimodal distribution of rabbit spermatozoa using a similar apparatus, but 

29 most distributions could be interpreted as unimodal or uniform . Schilling 
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observed a unimodal distribution of bull spermatozoa us~g a similar device 

205 
but dffferent.medium from that used by Bhattacharya The disagreement 

among many investigators using similar equipment shows that there is still 

some question as to the sedimentation properties of both rabbit and bull 

spermatozoa. The results of these centrifugation experiments illustrate 
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a need for considering the effects of the medium on the sedimentation as well 

as centrifugation properties of rabbit and o.ther spermatozoa. 

4. Comparison with Work by Other Investigators 

Table XIX summarizes the wide range of specific gravities of rabbit 

and bull spermatozoa reported by other· investigators and also includes my 

results. As shown in Table XIX, Benedict, Schumaker and Davies obtained 

3 bands of· rabbit spermatozoa _in a linear density gradient prepared with 

32 
umbradilic acid • They observed a wider low-density band which overlapped 

the one I obtained. The intermediate bands were very similar and I ob-

served a greater specific gravity for the higher density spermatozoa. I 

did not observe a splitting of the low-density band of rabbit spermatozoa, 

as reported by Benedict and co-workers, in any of my experiments. 

The range of 1.09-1.18 for the specific gravity of rabbit spermatozoa 

reported by Beatty using high molecular weight dialyzed colloidal silica 

20 or dextran solutions , is significantly less than the· range observed by 

. 32 
Benedict, et al and me with low molecular weight substances. As noted 

earlier; using a density gradient prepared with 15-20,000 ~ dextran, I 

observed a specific gravity range of 1.16-1.21 for the low-density band 

of rabbit spermatozoa. Inasmuch as many spermatozoa formed a pellet at 
the bottom of .the centrifuge tube, it appears that some spermatozoa had a 

specific gr.wity greater than 1. 23. Unfortunately, the viability of the 

spermatozoa in the bottom of the centrifuge tube was not evaluated to see 



Sperm 
Source 

Bull 

Bull 

Bull 

Bull 

Rabbit 

Bull 

Rabbit 

Rabbit 

Rabbit 

Table XIX. Comparison of Specific Gravity Measurements on Rabbit and Bull 

Spermato·::oa in Different Density Gradients .. 

Speci[ic Gravity 
Range Mean 

1.24-1.35 

1.10-1.125 

1. 150-1.226 
1.255-1 •. 318 

1. 286-1.324 

1.150-1.210 
1.273-1.306. 
1.280-1.313 
1.037E-!..0927 

1.09-L 18 

1.195-1.211 
1. 26 7-1.310 

1. 312-1. 330 
1. 332-1.366 
1. 155-1. 215 

> 1.23 

1. 2867 
1. 2897 
1. 2668 

1.18:' 
1.283 

1.303 

1.185 
1. 283 
1.29·~ 

1.132 

1.203 
1. 288 

1. 321 
1. 3S1 

Sub-Grc:.ps 

First eja·:ulate 
Second ej~cJlate 
Third eja:ulate 
Heads 1.216; 
tails & midpieces, 
1. 035-1. Co 56· 

Main Constitue~ts of Density Gradient 

~ethyl glucamine ~a1t of umbradil 
(2,5-diiodine-4-p~ridone-N-acetic acid) 

II 

Epididymal sperm Ficoll (synthetic polysaccharide) 

Low density b~nd 
High densd.t:y sub
band 
High density sub
band 
Low density band 
High density band 
High density band 

Low dens!l.t~ band 
Intermediate 
density band 
Bot tom band IH 
Bottom band /,"2 
Upper ba.d 
Bottom band (s) 

~ethyl glucamine salt of 3,5-di-iodo-4-
pyridone-N-acetic ~cid (umbradilic acid) 

II 

II 

II 

II 

Di-N-butyl phthalate, di-ethyl-phthalate, 
di-iso-butyl-phthalate 
Dialysed colloida: silica, dextran 

Sodinrn Iothalamate 
II 

II 

II 

Dextran (20,000 ~. Sigma) 
II 

--·-··-·-------·-·--··-·----------·-----· ·-·--· __ , .. __________________ _, --· ·-- -----

Reference 

Lindahl and 

Kihlstrom138 

Kihlstrom124 

Lindahl and 
139 

Thunqvist 

Benedict, Schumaker 
and Davies 32 

II 

II 

II 

II 

Lavon, Volcani, Amir 

and Danon132 
Beatty20 

Pistenma - this report 
" 
II 

II 

" 
II 
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if they were non-viable as expected from the sodium iothalamate density 

gradient experiments. The dextran gradient values of the apparent specific 

gravity of rabbit spermatozoa are higher than those reported by Beatty 

yet lower than those obtained with the sodium iothalamate density gradients. 

These differences illustrate the need for further study of the effect of 

osmotic pressure on the apparent specific gravity of spermatozoa and other 

cells. 

Similar differences in Table XIX are found in the reported apparent 

specific gravities of bull spermatozoa which vary from a range of 1.0376-

. 1.0927·, reported by Lavon and co-workers using a density gradient of di

n-butyl phthalate and di-ethyl-phthalate133 to a range of 1.24-1.35 re

ported by Lindahl and Kihlstram using MGu138
.' 

The differences in quality of the spermatozoa in the several bands 

observed in my experiments, examples of which are given in Table XVIII, 

appear 32 
~o be greater than that observed by Benedict and co-workers . 

Spermatozoa from the high-density band in my experiments had almost no 

motility and very low viability, suggesting that the fertilizing capacity 

was negligible. My impression is that any viable and motile spermatozoa 

in the high-density band reached that level in the centrifuge tube by 

droplet sedimentation or by being in a clump with udeadu spermatozoa. 

Thus, I. am surprised that Benedict and co-workers were able to get offspring 

from the insemination of spermatozoa from the high-density bands even though 

the fertility rate was only 4-6%. 

E. Summary and Conclusions 

For physiological reasons, it is desirable to use dextran density 

gradients rather than hyperosmolar solutions of radiographic contrast media 

or similar substances. However, in addition to severe technical problems 
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with high concentrations of dextran, a 65.87o (weight/volume) solution of 

15-20,000 MW dextran (specific gravity 1.23 at 4°C) was not sufficiently 

dense for isopycnic centrifugation of all of the rabbit spermatozoa. In 

this linear density gradient, the lightest band of rabbit spermatozoa had 

a specific gravity range of 1.16-1.21 while that for fowl spermatozoa 

ranged from 1.15-1.17. 

In a linear density gradient of sodium iothalamate in saline, centri-

fugation for approximately 10 minutes at 9,000 g was .required to reach 

equilibrium with both fowl and viable rabbit spermatozoa. !:<'owl spermat:o-

zoa gave a single band in the density gradient with an apparent specific 

gravity range of 1.19-1.21. Under the same conditions, rabbit spermatozoa 

always gave 3 or more bands, the lightest of which had this same apparent · 

specific gravity range of l.i9-1.21. The two other bands formed by rabbit 

spermatozoa generally were in. the ranges of 1.2.6-1.29 and 1.32-1.36. There 

was a suggestion that the apparent specific gravity of non-viable rabbit 

spermatozoa increased with increasing centrifugal :('orce and centrifugation 

time in this density gradient. 

The discrepancy between results using dextran and sodium iothalamate 

density gradients are similar t:o chose summarized in Table XIX. Possible 

mechanisms were examined for the apparent high specific gravity in the 

sodium iothalamate density gradient. 

There was a marked differential distribution of viable and non-viable 

rabbit spermatozoa among the 3 bands with unequivocal absolute enrichment 

of the upper band in regard to viable and motile spermatozoa. All sperm-

I 
I 



atozoa in the lowest band were essentially non-viable. Thus, with 

equilibrium density gradient centrifugation in a sodium iothalamate gradi-

ent one can obtain a population of high quality rabbit spermatozoa from 

a lesser quality starting sample. The homogeneity of the most dense (non-

viable) band of rabbit spermatozoa can be modified by clumps which tend 

to carry viable cells into the higher density regions of the gradient, 

along with ·the non-viable ones. 

A differential distribution of fowl spermatozoa within the single, 

continuous band was also found. The highest quality spermatozoa were on 

top and deteriorating cells were on the bottom. The disintegration of non-

viable fowl-spermatozoa is in marked contrast to the morphological integrity 

of non-viable rabbit spermatozoa except for the latter's loss of the aero-

somal cap. Thus, the diecreteness of the band of fowl spermatozoa in the 

density gradient is an indication of the quality of the sample. 

It was shown (Appendix D) that for rabbit spermatozoa, neither the 

motility nor fertilizing capacity was affected by exposure to low concen-

trations of sodium iothalamate at 2-4°C for many hours. Fowl spermatozoa 

experienced only a mild loss of motility after exposure for about 30 

minutes .to high concentrations of several contrast media. The preservation 

of vital 'functi~ns in these media suggests that they might be .useful for 

the separation of viable and non-viable cells with other cell systems, 

as well. 

. . . . ·.· ..... . 
, .... · ·.·· 
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A review of work by others on the sedimentation and electrophoretic 

properties of spermatozoa is presented in Chapter·II. The results of early 

Staflo-sedimentation and -electrophoresis studies on rabbit spermatozoa 

are reported in Chapters IV and V, respectively. These early studies 

suggested a poorly defined heterogeneity in the sedimentation and electro

phoretic properties approximately resembling a normal distribution. In

teresting observations included a near-vertical orientation of the sperm

atozoa with the head down and tail up in sedimentation experiments, and a 

vertical orientation in sedimentation-electrophoresis experiments with the 

tail pointing toward the positive electrode, irrespective of the direction 
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of migr.ation. In addition, a significant effect of motility on the fraction

'ation of the spermatozoa in the Staflo apparatus was observed at temperatures 



of 4°C and above where some spermatozoa had sufficient intrinsic motility 

to overcome the force of the electric, field. Some of the influences of 

the pH and ionic strength on the electrophoretic properties of spermatozoa, 

18 as reported by Bangham , were also observed in these early studies. 

The purpose of the experiments reported in this chapter was to explore 

the relationships among the sedimentation rate, electrophoretic mobility 

and intrinsic motility of r~b'bit spermato.zo.a utilizing the flexibility of 

the Staflo method. A series of sedimentation and sedimentation-electrophor-

esis experiments, the possible types of whtch were discussed in Chapte~ 

III, was conducted, using the same medium and density gradient. The "low" 

ionic strength glycine-phosphate buff~'!: ev.aluatad in Chapters V anti VI was 

selected because of its good pH stability in electrophoresis experiments 

and its excellent preservation of motility. A sucrose density gradient 

was selected to minimize discontinuities between layers and to enhance 

the sedimentation of spermatozoa. 

B. Malt!dals and Methods 

1. Sample Preparation 

Spermatozoa samples were obtained from mature Dutch Belt, Californio 

or New Zealand White rabbits using the artificial vagina described in 

Appendix C. Each ejaculate was diluted immediately by adding 1.0 ml of . 

the glycine-phosphate buffer ~t 37°C to the collection vi.nl. The liic&mple 

then was allowed to cool to room temperature in an insulating nest of glass 

wool. A 0.05 ml aliquot of this sample was then diluted to 1;0 ml in egg 

yolk medium and was used for the initial evaluation of forward motility, 

for the initial estimate of the spermatozoa concentration in the sample, 

and for control inseminations. Further cooling to the experimental temp-

erature was accomplished as described in Chapter III. 
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After the spermatozoa had been cooled to the temperature of the 

experiment, the sample was diluted to a concentration of approximately 

6 . 
20 x 10 /ml. Even though the density gradient used in these experiments 

supported a suspension of up to 30 x 106/ml, low~r concentrations were 

used to avoid "cluster sedimentatiorl'discussed in Chapter IV. Generally, 
. 

a single ejaculate provided sufficient spermatozoa for an experiment. 

If it was necessary to pool ejaculates from 2 or more rabbits, only sperm-

atozoa from rabbits of the same breed were used. 

6 A 1.0 ml aliquot of the 20 x 10 /ml suspension, called the initial 

sample (IS)., was set aside for immediate evaluation and for later comparison 

with the fractionated spermatozoa. The remainder of the initial sample 

was introduced into layer 8 in all experiments. over the small density 

shelf between layers 8 and 9, and was subjected to Staflo sedimentation 

or sedimentation~electrophoresis, as desired. The aliquot of the initial 

sample which had been set aside then was evaluated in the hemocytometer 

to determine the motility or lack thereof at the temperature of the experi-

ment, and was characterized with regard. to the percentage of capped and 

capless spermatozoa by phase contrast microscopy. 

2. Staflo Apparatus 

The Staflo apparatus, characteristics of operation and accessory 

equipment· are described in Chapter III. Therefore, this section makes 

note only of the equipment used in the multi-characterization studies. 

a. Flow-Cells. The 3 x 16 flow-cell (No. XI) was used in 1 sedimentation 

experiment and in all sedimentation-electrophoresis experiments discussed 

below. The 3 x 12 flow-cell (No. XIII) was used only for 2 sedimentation 

experiments. The principles of operation of the 2 flow-cells are the 

same in <:~11 respects, 
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b. Optical Accessories. The gross migration patterns were obs.erved 

229 263 . by eye, using the slit lamp technique ' . Observations of indiv~dual 

spermatozoaand the microscopic steady-state migration pattern were made 

with the microscopic system described in Chapter III. 

Using dark field illumination, observation of individual spermatozoa 

was possible up to magnifications of 640 X. In addition to observing the 

orientation and ~ovement, if any, of spermatozoa, the microscope was used 

to measure the vertical migration distances in the centerline of the flow-

chamber. 

3. Media and Density Gradient 

a. Glycine-:-Phosphate Buffer (GPB). This buffer is t·he primary medium 

for the density gradient solutions used in this series of experiments. 

The composition and initial evaluation, and additional studies on the 

glycine-phosphate buffer are reported in Chapters V apd Vl, ~espectively. 

b. Sucrose Density Gradient·. The density gradient contains sucrose by 

weight/volume percent in the flowing layers numbered 1 through 16 from top 

to bottom, as follows: Nos .. 1-3 contained no sucrose. A higher conduc-

tivity solution with 3 times as much modified Baker's medium was used in 

these layers and also in the· top electrode wash. compartment ar:~ a "c.onduc-

b 
11229 '

2 
G.3 4 0 0 " 5 0 20" 6 . "' N 7 tivity arrier ; No. , . 5%; No. , . %; No. ~ 0.35~; o. , 

0.5%; No~ 8, 0.65%; No. 9, 1.0%; No. 10, 1.15%; No. 11 •. 1.3%; No, 12, 1.45%; 

No. 13, 1.60%; Nos. 14-16, and the bottom electrode compartment contained 

the same high conductivity medium used in the top electrode wash compartment 

plus 2.0% sucrose. 

Figure 53 shows the following characteristics of the glycine-phosphate 

buffer and this density gradient at 3°C: specific gravity, viscosity and· 

osmolarity. 
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density.gradient:: fqr nrulti-characterization studies of·rabbit 
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c. Egg Yolk Medium (EYtQ. The egg yolk medium used in these experiments 

was the same as described in Chapter VI. Because of the ability of the 

egg yolk medium to maintain the viability, motility and fertilizing capa-

city of rabbit spermatozoa, the spermatozoa in the collection fractions 

were reconcentrated by centrifugation and resuspended in egg yolk medium. 

This eliminated the necessity cfor immediate artificial insemination (AI) 

and provided more time for evaluation of the spermatozoa prior to AI. 

4. Temperature Control. 

All experiments were conducted in a refrige·rated room 'Which was 

large enough for the entire Staflo apparatus, accessory equipment and 

several investigators. In the sedimentation-electrophoresis experiments 

with high electric field strengths, the average· and maximum temperature 

rises in the flow-chamber were 0.5°C and 1.0°C, respectively. For 

sedimentation-elec:trophoresis experiments with low electric fie1d strengths 

there was essentially no change in temperature. Flow-chamber temperatures 

reported below are corrected for the estimated temperature rise depending 

upon the electric field strengths and other operating conditions. 

5. Evaluation of Spermatozoa 

a. Morphology, Motility and Viability. Immediately after completion 

of the Staflo fractionation phase of the experiment, the suspensionsin 

the central row of collection containers were evaluated in a hemocytometer 

for spermatozoa concentration and for percentage of capped and c.apless. .... -~ 
' . . , - . ··~\ 

spermatozoa by phase contrast microscopy. Each collection fraction, the 

1.0 ml initial sample and any remaining stirred suspension (SS) then was 

concentrated by centrifugation for 5 minutes at 1,400 g in a clinical 

centrifuge in the refrigerated room. The supernatant was removed and the 

spermatozoa were re-suspended in egg yolk medium to a concentration of 

234 



6 
approximately 20 x 10 /ml. The re-suspended spermatozoa then were eval-

uated at room temperature for motility, percent capp$d and capless by 

phase contrast microscopy and for vital staining characteristics by a 

nigrosin-eosin staining technique. The stained spermatozoa were cate-

gorized as unstained (U), morphologically normal but stained CMNS) and 

stained (S). All work with spermatozoa was accomplished using minimal 

lighting in order to reduce the deleterious effects of visible light176 

b. Fertilizing Capacity. If 10% or more of the spermatozoa in each 

collection fraction had a high degree of motility at room temperature, 

artificial insemination was attempted. OVulation was induced by an intra-

venous injection of 0.5 mg/kg of luteinizing hormone (ovine or bovine), 

generally less than 1 hour prior to insemination. A 0.5-1.0 ml aliquot 

of each suspension, containing 10-20 x 106 spermatozoa, was inseminated 

in as many rabbits as there was susp~nsion, using a plastic pipette 

(Falcon Plastics, Division of B-D Laboratories, Inc.), on which the tip 

had been rounded. A control insemination was made with 0.5 ml of the 

spermatozoa suspension initially diluted and stored in egg yolk medium. 

C. Results 

The order of presentation of the results is as follows: (1) sedimen-

tation experiments, (2) sedimentation-upward-electrophoresis (SUE) experi-

menta with high electric field strengths, and (3) sedimentation-upward-

electrophoresis (SUE) and sedimentation-downward-electrophoresis (SDE) 

experiments with low electric field strengths. 

Because the migration distances were small in all experiments, the 

migration pattern shown in Figure 54 (SUE with low electric field strength) 

is representative of that encountered in all 3 series of experiments. The 
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Fig. 54.  Photograph of the migration pattern in a sedimentation-

upward-electrophoresis experiment with rabbit spermatozoa using a

low electric field strength in the 3 x 16 Staflo apparatus.
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orientation of the paraboloid migration profile {e.g. Figure 49) de-

pended upon the direction of net migration. 

1. Sedimentation 

Table XX is a summary of the characteristics of the spermatozoa 

sample and Staflo operating parameters for 3 sedimentation experiments. 

The quality of the spermatozoa samples was high initially only in Experiment 

8-10-67 and that sample deteriorated rapidly during the course of the ex-

periment. Consequently, motility is considered to have contributed little, 

if anything, to the migration patterns in this series of experiments. 

There was no opportunity for artificial insemination at the conclusion of 

any of the 3 experiments because of the poor quality of the spermatozoa. 

Experiment 12-26-67 was conducted with the 3 x 16 flow-cell. The 

sample stream initially was 0.7 mm high at the bottom of layer 8, which is 

the desired location for downward migration, as discussed in Chapter III. 

The 3 x 12 flow-cell, in which the inlet solutions are provided by thirty-

six 20 ml syringes, was used for the other two experiments. The sample 

was introduced into layer 6 with a single 20 ml syringe, giving a 0.4 mm 

high sample stream which was in the middle of layer 6 at steady-state 

conditions. Thus, even though technically acceptable migration patterns 

were observed in both experiments with the 3 x 12 flow-cell, three-layer 

fractionation was not achieved because the spermatozoa had to sediment 

through part of layer 6 and all of layer 7 before reaching layer 8. If 

the sample migration had started at the bottom of layer 6, a significant 

number of spermatozoa would have been recovered in collection fraction 8. 

a. Three Individual Experiments. 

(1) Experiment 12-26-67. Immediately after collection, the ejaculate 

had less than 50% forward motion and tail-wagging combined at room temperature 



Table XX. Spermato:o:oa Sample and Staflo Operating Parameters for 

Multi-Characterization Sedimentation Experiments 

Characteristics of Spermatozoa 3ample General Staflo Operating Parameters 

Experiment 
Number Rabbi-: 

12-26-67 Karl 

7-29-67 Ottc· 

8-10-67 Psi 

Breed 

Dutch 
Belt 

Dutch 
Belt 

Dutch 
Belt 

Medium 
for 

Cooling a 

GPB 

GPB 

EYM 

Quality 
Initial Final 

Ind.tial Sperm 
Conc.~units 
af 10 /ml) pH 

Less Very 
than 5Cii. Poor 
tail-wag-
ging and 
forward 
motion. 

Less tr.an Poor 
40% ta:ll
waggin~ 

and 
forward 
motion 

20 

17 

607. fo~- Poor 26 
ward (ques-
motion tion of 

toxin in 
apparat
us), 

7.1 

7.1 

7.1 

a. See Glossary for explanation of abbz:eviatio11s, 

-------------- --------- - -- -----

T~mperature 

Roon Staflo 
(

0 C) CC) 

3 

c ... 

3 

5 

~ave 
(min) 

43 

34 

34 

t'min 
(min) 

28.7 

22.7 

22.7 

Remarks 

Sample 0.7 mm 
high at inlet 
in bottom of 
layer 8. 
(3 x 16 flow-cell) 

Sample 0.4 mm 
high at inlet 
in mipdle of 
layer 6. 
(3 x 12 flow-cell) 

Sample 0.4 mm 
high at inlet 
in middle of 
layer 6. 
(3 x 12 flow-cell) 

---- ---------------------------

N 
w 
00 



in GPB. No motility was observed at 3°C in a hemocytometer. After steady-

state conditions had been reached, there was no change in the migration 

pattern. The migration profile was paraboloid throughout the experiment. 

Observations in the flow-chamber with the Staflo microscope showed 

the following: (1) spermatozoa were at the top of the migration pattern 

but at a .lower concentration than in the middle; (2) there was no rolling, 

tail-wagging ·or other indication of intrinsic motility; (3) there were a 

small number of microscopic streamers, in which spermatozoa were spread 

well apart, at the bottom of the migration pattern only; (4) spermatozoa 

were oriented rauuuwly from a horizontal t-n ;~ vertic~! position with the 

head down and the tail up. (Most tails were oriented within 45° of the 

vertical position and no spermatozoa were seen with the tail down and·the 

head up.) and (5) there was no effect of location within the flow-chamber 

upon the.orientation of the spermatozoa. 

Table XXI summarizes the distribution of spermatozoa among the collec-

tion fractions and the phase contrast observations and results of nigrosin-

eosin staining thereof. Despite the range of concentrations from 0.72-

6 : 
2.91 x 10 /ml, there were no significant differences among the 3 fractions 

with regard to the distribution of capped spermatozoa immediately after 

collection. Deterioration of the' spermatozoa sample at a concentration of 

20 x 106/ml is show by the change from 79.2% capped 1n the initial sample 

(IS) to 52.4% capped in the stirred sample (SS) at the conclusion of the 

experiment; After reconcentration and suspension in egg yolk medium, no 

motile spermatozoa were observed at room temperature. There were no signi-

ficant differences in the nigrosin-eosin staining results. 

(2) Experiment 7-29-67. As shown in Table XXI, there was no siguHi-

cant difference between the 2 collection fractions with regard to the per-
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Table XXI. Phase Contr<:.st Observations· and Nig:.osin~Eosin Staining 
of Spernatozoa in Sedimentation Experiments. 

Experiment Spermatozoa ~ Spe<m Ooilected 
(%) 

Temp. Phase :ontrast 
Observationsb 

Nigrosin-Eosin 
Number Sample a Concentration (oC) 

units of 10~/ml) c CL TW FM u MNS 
("'' (%} (%) (% (%) (%) h; 

12-26-67 IS 3 79.2 20.8 0 0 29.4 1.6 
CF 8 1.09 23.1 3 4l.5 55.5 0 0 31 9 
CF 9 2.91 6L.6 3 4i.2 52.8 0 0 26 5 
CF 10 o. 72 1.5. 3 3 4E.7 51.3 o. 0 25 1 
ss 3 52.4 47.6 0 0 

7-29-67 IS 5 85.16 14.4 0 0 
CF 6 1.90 60.7 5 90 10 0 0 

23 5.2 2.0 21.5 7 
CF 7 1.23 39.3 5 92.1 7.9 0 0 

23 10.5 2.3 29 7 
Control 23 45 2 

8-10-67 IS 6 43.0 14.7 3.8.9 0 
23 11.5 19.1 48.2 21.2 90 1 

CF 6 5.62 88.7 6 "73.3 25.2 1.5 0 
23 n.1 29.9 56.5 0.5 93 2 

CF 7 0. 71 11.3 6 70.:> 27.5 2.5 0 
23 11.!! 57.6 28.6 2.0 92 3 

a. CF: Coll~ction Fraction; IS: Initi:ll Sample; SS: Stirred Sus!j)Cns ion; 

b. See Gloss:1ry for explanation of abbr=viar.:lons. 

__________ ..._ __________ -------------------------·----·--·---· --- ---· 

Staining 0 

s 
(%) 

68.7 
60 
69 
74 

71.5 

64 
53 

9 

5 

5 



centages of.capped spermatozoa at S°C or of forward motility at room 

temperature. ·. There were slightly higher percentages of both tail-wagging 

and unstained spermatozoa in fraction 7 relative to 6. The large differ-

ence between the percentage of capped spermatozoa at S°C and the percent-

age of unstained spermatozoa at 23°C is attributed primarily to deteriora-

tion during centrifugation. In the control sample, 53% of the spermatozoa 

stained by the nigrosin-eosin technique, indicating that the initial quality 
. . . 

of the sample was poor. 

(3) Experiment 8-10-67. Despite the 8-fold difference in spermatozoa 

concentration, there was no significant difference between the 2 fractions 

with regard to the percentages of capped spermatozoa at 6°C or of unstained 

spermatozoa at room temperature. Although the preservation of motility 

and viability was better in this experiment than in either of the other 2 

sedimentation experiments, the motility was almost all tail-wagging. The 

lower percent tail-wagging in fraction 7 is probably due to the lower con-

centration in that fraction. 

b. Calculation of Sedimentation Velocities. A sample calculation of 

sedimentation velocities for Experiment 12-26-67 is presented in Appendix 

F. This experiment was selected as a sample for the calculations because 

the spermatozoa suspension entered the flow-cell at the bottom of the 

inlet layer, satisfying the requirements for the formulae discussed in 

Chapter III. Table XXII presents the minimum, maximum and average sedimen-

tation velocities for the spermatozoa in each collection fraction. The 

weighted average sedimentation velocity at 3°C was cal.culated to be O.S3 

x 10-4 em/sec. 

Table XXIII presents the minimum, maximum and weighted average sedi-

mentation velocities, normalized to 3°C, for all 3 experiment·s. The maxi

mum sedimentation velocity ranges from 0.87-1.24 x 10-4 em/sec and the 
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Collection 
Fraction 

8 

9 

10 

Tab!::: XXII. Sedimentation Velocities for Spermatozoa in Collection Fr:ictions; 

Sedimentati•:>n Experiment 12-26-6 7, 3 °C. 

Percent. Sedimei1tation Velocities an:l Rates (in units of) 
of M1n1mum Maxi:rwm Average 

Sperm a b Velocitya b Vebcity a 
Velocity Rate Rate 

Collected 

23.1 0 0 0.465 0.475 0.157 

61.6 0 0 0.987 1.01 0.530 

15.3 0. 725 0.74 0.987 1.01 0.9) 

-4 ern/sec; b. in units of 106 Svedbergs a. in units of 10 

- --... ----·-----------·· ------· ------·------ ---···-- ----·- -----···---

Rate b 

0.161 

0.593 

0.918 

N 
.p.. 
N 



Experiment 
Number 

12-26-67 

7-29-67 

8-10-67 

Table XXIII. Summary of Calculated Sedimentation Velocities 
Normalized to Values Expected at 3°C. 

1emperature t'min !sedimentation Velocity 1units of lO.:z; em/,.,.,., 
(minutes) Minimum Maximum .Weighted Ave. 

3.0°C 28.7 0 0.99 0.53 

5.0°C 22.7 0 1.24 0.43 

6.0°C 22.7 0 0.87 0.44 

• 

.Average 
Sedimentatiog Rate 
(units of 10 Svedbergs) 

0.54 

0.44 

0.45 



weighted average sedimentation velocity from 0.43-0.53 x 10-4 em/sec. 

2. Sedimentation-Upward-Electrophoresis: High Electric Field Strengths 

The characteristics of the spermatozoa sample and Staflo operating 

parameters for this series of experiments are given in Table XXIV. In 

all eXperiments in this series, the spermatozoa sample stream initially 

was 0.7 mm high and, during steady-sta~e conditions, usual~y was at the 

bottom of layer 8 at the inlet. Most experiments were conducted near 

pH 6.6 or pH 7.1; one was conducted at pH 6.0. Generally, the upward 

migration pattern spread over l layers and exited the flow-chamber in 

layers 6 and 7. 

Unless it was desired to use the intrinsic motility of spermatozoa 

as a downward migration vector against the upward electrophoretic force, 

the experiment was conducted as close to l°C as possible. on many 

occasions, the lowest temperature ~aintained by the cold room was from 

4-6°C, which was higher than desired. Table XXV summarizes the distri-

bution of spermatozoa among the collection fractions and the phase contrast 

observations and results of nigrosin-eosin staining thereof, in all experi-

mente of· this series. Offspring were obtained after artificial insemina-

tion of spermatozoa from the collection fractions in the 4 experiments 

listed last in Tables XXIV and XXV. Individual experiments, including 

the results of artificial insemination, will be considered in the order 

listed in those tables. The calculation of electrophoretic mobilities 

will be considered separately. 

a. Ten Individual Experiments 

(1) Experiment 10:-2-67; This experiment was conducted.at pH 6.0 with 

a spermatozoa sample having a high initial quality. Observations with the 

Staflo microscope showed no motility in: the flow-chamber and that, . after 
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. Table XXIV. Seermatozoa Samele and Staflo Oeerating Parameters for Sedimentation-

UEward-Elect roEhoresfs Exeeriments Us.ing High Electric Field Strengths. 

Experiment Characteristics of Spermatozoa Sample General Staflo Operating Parameters 

Number Rabbit Cooling Quality Initial pH Temp. ~ave 1;'min 1:E L ·~ 

Medium a Sample Cone. RT Staflo (min) (min) (min) (em) (VI em) 

Name Breed Initial Final (units (oC) (oC) 

of 106 /ml) 

10-2-67 Psi Dutch GPB Excellent Poor 24 6.0 2.4 3.3 20 13.3 8.84 20 7.6 

8-18-67 Otto Dutch EYM Fair Poor 20 6.60 3.5 4.1 20.5 13.7 9.10 20 6.2 

7-26-67 Otto Dutch GPB Fair Poor 18.5 7.05 4.5 4.9 21.7 14.5 9.64 20 5.4 

7-29-67 Larry Calif. GPB Excellent Fair 22.8 7.05 5.0 5.4 21.3 14.2 9.48 20 5.4 

8-10-67 Psi Dutch EYM Excellent Poor. 26 7.10 6.0 6.4 20.5 13.7 9.10 20 5.3 

9-22-67 Sam NZW GPB Fair Poor 23.0 7.10 7.0 7.2 20 13.3 8.87 20 4.0 

8-29-67 Otto Dutch GPB Excellent Good 22.8 6.63 3.5 4.2 20.7 13.8 9.10 20 6.3 

9-13-67S Snoopy Calif. GPB Superior Excellent 21.1 6.55 2.1 2.8 20.5 13.7 9.10 20 8.7 

9-13-67P Psi Dutch GPB Excellent Fair 20.8 6.55 2. 7 3.1 20.5 13.7 9.10 20 5.1 

9-18-67 Psi Dutch GPB Excellent Fair 25.6 7.15 2.8 3.2 20.5 13.7 9.07 20 5.5 

a. See Glossary for explanation of abbreviations. 



Table XXV. Summary of Distribution, Phase Contrast Observations and Niarosin-Eosin Staining 

of seermatozoa in Sedimentation-U~ward-3lect:ro~horesis ExEeriments Using High Electric Field Strengths. a 

Experiment pH Spermatozoa Spero: Temp. Phase Contra.st Observations Nigrosin-Eosin Staining 
Number Sample Collect.~d (oC) c CL TW FM u MNS s 

Conc.b (%) (%) (%) (%) (%) (~(.) (%) (%) 

10-2-61 6.C CF 6 0.5 3.3 3.3 50 50 0 0 
23 13.5 83.( 3.5 0 30.5 0.6 68.9 

CF 7 6.0 9L.7 3.3 79.7 20.~ 0 0 
23 38.1 40.l 21.7 0 66.5 0 33.5 

IS 3.3 91.5 8.5 0 0 
23 41.1 36.5 22.1 ~1.0 68 0.5 31.5 

8-18-67 6.EO CF 5 1.36 30.5 3.8 67.5 32.5 0 0 
22 Poor Poor 29 2 69 

CF 6 3.10 59'. 5 3.8 62.2 37.~ 0 0 
22 Poor Poor 45.5 0 54.5 

IS 3.8 67.7 32. ~; 0 0 
22 Poor Poor 44.5 ll.5 44.0 

7-26-67 7.05 CF 5 0.70 .11.6 
CF 6 4.0 56.2 4.5 86.5 13.5 0 0 

22 23.9 51.8 10.8 13.5 
CF 7 1.34 22.2 4.5 84.5 15.5. 0 0 

22 21.0 48.9 11.3 18.8 
IS 4.5· 92.5 7.5 0 0 

7-29-67 7.05 CF 6 5.04 58.6 5.4 65.4 10.:' 23.9 0 
23 26.9 16.:.. 48.7 8.3 47 3 50 

CF 7 3.53 41.4 5.4 57.0 6.6 36.4 0 
23 32.2 26.2 24.3 17.3 45 1 54 

IS 5.4 64.8 4.4 30.7 0 
23 46 6 48 
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Table XXV. ~Continued) 

Experiment pH SJ>ermatozoa Sperm Temp. Phase Contrast Observations Ni~rosin-Eosin Stainin~ 
Number Sample Collected CUe)· c CL TW FM u MNS s 

Cone. b (%) (%) (%) (%) (%) (%) (%) (%) 

8-10-67 7.10 CF 6 5.0 99 6 71.8 28.2 0 0 
23 11.7 34.1 50.0 4.2 91 1 8 

IS 6 43.0 14.7 38.9 0 
23 11.5 19.1 48.2 21.2 90 1 9 

9-22-67 7.10 CF 6 3.42 47.9 7 7l 29 0 0 
23 32.2 63.5 4.3 0 34 1.5 64.5 

GF 7 3.72 52.1 7 74 26 0 0 
23 34.8 58.7 6.5 0 35 0.5 64.5 

IS 7 68 28.2 3.8 0 
23 25.3 71.5 3.2 0 32.5 4 64.5 

8-29-67 6.63 CF 6 1.71 23.4 4.2 96.3 3.7 
23 40 59 3 38 

CF 7 5.60 76.6 4.2 97.5 2.5 
23 60 75 3.5 21.5 

lS 4.2 93.8 6.2 
23 >50 64 1 35 

9-13-67S 6.55 cF· 6 1.9 19.2 2.8 92.8 7.2 
22 >so 87 1.0 12 

CF 7 8.0 80.8 2.8 97.0 3.0 
22 :;>50 72.5 6 21.5 

IS. 2.8 96.3 3.7 
22 >SO 67 4 29 

9-l3-67P 6.55 CF 7 
.. 

4~25 45.0 3.1 88.3 11.7 
22 ""'30 52.5 1.5 46 

CF 8 5.20 55.0 3.1 92.5 7.5 
22 " 59.5 1.5 39 

IS 3.1 
22 " 51 0 49 

9-18-67 7.15 CF 6 2.5 35.2 3.0 80 20 
23 24 61.5 0 38.5 

CF 7 4.6 64.8 3.0 91.5 8.5 
23 40 75.5 0.5 24 

IS 3.0 87.4 12.6 
23 '}0 66.5 2 31.5 

a. See Glossary for explanation of abbreviations; b. in units of 106 sperm/ml. 
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passing into the region of the electric field, essentially all spermatozoa 

were oriented vertically with their tails pointing toward the top (positive) 

electrode. The migration pattern was difficult to control and only 8% of 

the spermatozoa (0.5 x 106/ml) exited in layer 6. In Table XXV, it is 

seen that the percentage of capped spermatozoa at 3.3°C and the percentages 

of tail-wagging and unstained spermatozoa at 23°C were significantly less 

in CF 6 than in 7. This is·attributed primarily to the low spermatozoa 

concentration in CF 6.· Although the percentage of capped spermatozoa at 

3.3°C was slightly less in CF 7 than in the initial sample, the percen

tages of tail-wagging and unstained spermatozoa after centrifugation were 

essentially the same in those 2 samples. There were no motile spermatozoa 

at room temperature in CF 6 or 7 and less than 1% in the initial sample. 

Because there was little change in the control sample which had been stored 

in egg yolk medium, the deterioration of the spermatozoa in the Staflo 

apparatus and in the initial sample is believed to be due to an irrever

sible loss of motility at pH 6.0. 

(2) Experiment 8-18-67. This experiment was conducted with a sperma

tozoa sample of poor initial quality. The migration pattern was highly 

acceptable throughout the experiment with 30.5% and 69.5% of the sperma

tozoa recovered in fractions 5 and 6, respectively. As shown in Table 

XXV, there were no significant differences between the percentages of 

capped spermatozoa in fractions 5 and 6 and among those fractions and the 

initial sample at 3.8°C. After centrifugation, too little supernatant 

was removed and the addition of the egg yolk medium resulted in a preci

pitate which hindered the evaluation of the low percentage and poor·degree 

of motility present. CF 6 had a much higher percentage of unstained 

spermatozoa than CF 5 and was comparable to the initial sample. 
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(3) Experiment 7-26-67. Because inlet syringe No. 6 was left off in-

advertently, the inlet sample stream reached a steady-state position at 

the boundary between layers 8 and 9. Otherwise, the migration pattern 

was technically acceptable. No observations were made with the Staflo 

microscope. The spermatozoa were distributed among fractions 5, 6 and 7, 

but fraction 5 was not evaluated. There was no significant difference 

between fractions 6 and 7 with regard to the percentage of capped sperma-

tozoa at 4.5°C or the percentages of capped, tail-wagging and motile 

spermatozoa at 22°C. The large increases in the percentages of capless 

spermatozoa between the observations at 4.5°C and 22°C in fractions 6 and 

7 are attributed to damage during centrifugation. 

(4) Experiment 7~29-67. Immediately after collection of the ejaculate, 

the spermatozoa swam in very small circles, but eventually straightened 

out. Because a 3 x 12 sedimentation experiment was being conducted 

simultaneously, no microscopic observations were made 1.n the flow-chamber. 

The migr~tion pattern was stable throughout the experiment and the concen

Lrations of spermatozoa recovered in fractions 6 and 'i were 5.04 x 10°lml 

and 3.53 x 10
6

/ml, respectively. At 5.4°C, 23.9% and 34.6% of the sperm-. 

atozoa in fractions 6 and 7, respectively, had tail-wagging. The 5% and 

20% increases in capless spermatozoa in fractions 6 and 7, respectively, 

because of centrifugation were less than usually encountered in this series 

of experiments. At room temperature, after centrifugation, the spermatozoa 

in CF 6 had a higher percentage of tail-wAgging, but a lower percentage of 

forward motion than CF 7. With regard to nigrosin-eosin staining results, 

there was no significant difference between the 2 fractions or between 

those fractions and the initial sample. However, the percentages of stained 

spermatozoa were much greater than the percentages of capless spermatozoa 

for both collection fractions, suggesting deterioration during·the staining 
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procedure. 

(5) Experiment 8-10-67. Inlet syringe No. 6 was turned off because 

. of mechanical. difficulty and, therefore, the sample stream at the inlet 

was high in layer 8. After steady-state conditions had been reached, 

the migration pattern remained stable. Essentially 100% of the spermatozoa 

were oriented vertically with the tails toward the top (positive) electrode. 

A low percentage of the spermatozoa showed slight rolling and tail-wagging 

at a temperature of 6.4°C. Approximately 99% of the intact spermatozoa 

exited in layer 6 while fractions 5 and 7 contained many tails and heads, 

respectively~ At 6°C, 3~.9% of the spermatozoa in the initial sample 

showed tail-wagging but no motility was observed at that temperature in 

CF 6. After centrifugation and re-suspension in egg. yolk medium, the 

initial sample had about the same percentage of tail-wagging as CF 6, but 

had a higher percentage of motile spermatozoa. However, the percentages 

of unstained spermatozoa we.re essentially the same in the 2 samples. 

(6) Experiment 9-22-67. This experiment was conducted at 7.5°C with 

the intention of separating the highly motile spermatozoa from the remainder 

of the sample by allowing downward swimming of the spermatozoa against the 

electric· field. The initial percentage and degree of motility ot the 

spermatozoa was excellent, but the sample deteriorated markedly during 

the course of the experiment, both in the GPB and in the egg yolk medium. 

No motility was observed in the flow-chamber at 7.4°C and essentially all 

sperma~ozoa were oriented vertically with the tail pointing toward the top 

(positive) electrode. Only 3.8% of the spermatozoa in the initial sample 

had tail-wagging at 7°C and all samples had less than 7% tail-wagging at 

room temper.ature. After collection, there were no differences among the 

samples. The centrifugation resulted in a 33%-43% increase in capless 

spermatozoa. 
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(7) Experiment 8-29-67. Inlet 6 did not flow because of mechanical 

difficulty. However, after reaching equilibrium conditions, the migration 

pattern appeared stable and resulted in concentrations of 1.71 x 106 and 

6 
5.60 x 10 spermatozoa/ml in fractions 6 and 7, respectively. No observa-

tions were made in the flow-chamber. Evaluation in a hemocytometer at 

3.5°C showed no motile spermatozoa in the initial sample. As shown in 

Table XXV, there were no significant differences among the samples at 

4.2°C. After centrifugation and resuspension in egg yolk medium, the 

spermatozoa in fr-actions 6 and 7 had 40% and 60% forward motion, respect-

lvt!ly, as compared to slightly greater than 50% in the initial sample. 

Thus, CF 7 was slightly enriched with regard to motile sperm. · The percen-

tage of unstained spermatozoa was greater in CF 7 than in either CF 6 or 

the initial sample, again, suggesting absolute enrichment. The insemina-

tion of spermatozoa from CF 6 and the control sample resulted in no off-

spri11~. Huwever, as shown in Table XXVl, the insemination of spermatozoa 

from CF 7 resulted in 2 litters with a tot~] of 5 off~pring. 

(8) Expt!riment 9-13-67s. The initial quality of the spermatozoa sample 

used in this experi~ent was superior. ~o observations were made in the 

flow-chamber with the microscope; however, at 2°C, no motile spermato~oa 

were observed in a hemocytometer in GPB. Even though the spermatozoa con-

6 6 centrations were 1.9 x 10 and 8.0 x 10 /ml in fractions 6 .ann 7, r~!ilplilt;:t"' 

ivlilly, thero w~re no eigniflcauL differences among the fractions and the 

initial sample with regard to capped spermatozoa at 2.8°C aou motile 

spermatozoa at room temperature. The percentage of unstained spermAto7.o~ 

was greater in CF 6 than in CF 7 and both were greater than the initial 

sample. Having both fractions better than the initial sample suggests 

an artifact of staining. 
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Table XXVI. Swmnary of Artificial Insemination (AI) Results. 

Experiment Spermatozoa Artificial Insemination Insemination Results 
Number 

. a 
No. of Sperm Comments Litters Sample 
FemalEs per Female (#) Total Males Fe.males 

8-29-67 CF 6 1 8 X 106 Good AI 0 0 

CF 7 2 8 X 106 Good AI 2 5 4 :0 

Control 1 16 X 106 Good AI 0 0 

9-13-67 CF 6 1 5 X 106 ·urinated 0 0 
s during AI 

CF 7 3 8 X 106 1 urinated 
during AI 0 0 
2 partial 
loss of in- 2 8 4 4 

106 
seminate 

Control 1 15 X Good AI 1 1 1 0 

9-13-67 :· CF 7 1 14 X 106 Re-insemin- 1 3 1 1 
p ation after 

sample was 

25 X 106
(?) 

squirt out 
CF 8 1 Entire sam- 0 0 

ple squirt 
out by fe-

106 
male. 

Control 1 15 X Good AI 0 0 

9-18-67 CF 6 2 7 X 106 Lost 1/2 Of 0 . 0 
1 inseminate 

CF ... 2 13x 106 . Good AI 1 2 1 1 ' 
Control 1 14 X 106 Good AI 0 0 

a. CF: Collection fraction 

Comments 

One eaten. 

One eaten. 

Pseudopregnant 

N 
Ul 
t-' 

.. 
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Five rabbits were inseminated with spermatozoa of the highest quality 

seen in any collection fractions in any Staflo experiment. As shown in 

Table XXVI, the single insemination with spermatozoa from CF 6 gave no 

offspring. However, two of the three inseminations with spermatozoa from 

CF 7 gave 2 litters with a total of 8 offspring; 4 males and 4 females. 

The single control insemination gave 1 male offspring. 

(9) Experiment 9-13-67!_. The initial quality of the spermatozoa sample 

used in this experiment was excellent, but not quite so good as that used 

in Experiment 9-13-678. Because the electric field strength was lower 

than that used in Experiment 9-13-678, the spermatozoa were distributed 
6 6 

between fractions 7 and 8, iri concentrations of 4.25 x 10 and 5.20 ~ lO /ml, 

respectively. No observations were made in the flow-chamber. There were 

no motile· spermatozoa in either of the 2 fractions at 2.6°C at the termin-

ation of the experiment. However, it cannot be stated that there was no 

motility in the flow-chamber where the average temperature was 3.1°C. 

There was no significant difference between fractions 7 and 8 with regard 

to capped spermatozoa at 3.1°C, or unstained spermatozoa at room temperature. 

Because of slight precipitation of the egg yolk medium in the phosphate 

buffer, it was difficult to assess the motility of the spermatozoa at room 

temperature. Because only about 30% of the spermatozoa in each fraction 

and in the initial sample had an excellent degree of motility, ~nly 1 rabbit 

was inseminated with spermatozoa from each sample. ~e.sp;i.te_ .difficulty .. ln.

insemination, 1 litter of 3 offspring was obtained from CF 7. No offspring 

were obtained from the control sample or CF 8; however, both samples were 

rejected by the females during insemination. 

(10) Experiment 9-18-67. The spermatozoa sample used in this experiment 

initially had approximately 60% forward motion at room temperature, but had 

I 
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no motility at 2.8°C in GPB. No observations were made in the flow

chamber with the microscope. 'The percentage of capped spermatozoa in 

CF 7 was slightly higher than in either CF 6 or the initial sample. At 

room temperature, the spermatozoa in CF 7 had approximately 40% motility 

compared to 24% in CF 6 and 50% in the initial sample. CF 7 had a higher 

percentage of unstained spermatozoa than CF 6 or the initial sample. Thus, 

CF 7 contained higher quality spermatozoa than CF 6 by all criteria, and 

was almost as good as the initial sample. 

Two rabbits were inseminated with spermatozoa from each fraction and 

one from the control sample. The only litter was obtained from the insem

ination of spermatozoa from CF 7 and consisted of 2 offspring, 1 male and 

1 female. 

b. Calculation of E~ectrophoretic Mobilities. Table XXVII presents the 

minimum, m~imum and average observed and theoretical electrophoretic 

mobilities for the SUE experiments with high electric field strengths. 

Appendix G is a sample calculation of the electrophoretic mobilities for 

Experiment 7-29-67,·using the formulae presented in Chapter III. All values 

in Table XXVII have been normalized to 3°C to facilitate comparison within 

this. series and with other experiments. The observed minimum, maximum 

and average electrophoretic mobilities are calculated from the minimum 

and maximum SUE migration distances. Thus, they are not corrected for 

the ccntribution of sedimentation to the net migration. 

The theoretical electrophoretic mobilities are corrected for the 

expected sedimentation component to the migration pattern. The corrections 

were. made using the sedimentation velocity range of 0-0.99 x 10-4 em/sec 

and the weighted average sedimentation velocity of O.S3 x 10-4 em/sec from 

Experiment 12-26-67. As shown in Figure 19, (Chapter III), the minimum 

electrophoretic migration distance is equal to the sum of the minimum SUE 
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Table XX\'11. Observed (Uncorrected) and Theoretical Electrophoretic Mobilities of Rabbit 

Spermatozoa; Sedimentation-Upward-Electrophoresis Experiments Using High Etectric Field Strengths. 

Experiment Flow-·Chamber Electrophoretic Mobilit at 3°C [units of 10-4(cm/sec)/(V/cm)] 
Nurr:ber pH Temperature OBSERVED THEORETICAL 

CC) Minimum M.:~x:fimum Minimum Maximum Average Average 
(?-..su~in)a (')...SlE ) ( "-suEave> (")..SUEmi +"'s.nax) (').SUE +~S ) ("-SUE +"-Save) max n max max ave 

10-2-67 6.0 3.3 0.24 0.56 0.40 0.44 0.76 

8-1e-67 6.60 4.1 0.83 1.04 0.93 1.08 1.28 

7-2E-67 7.05 4.9 0.32 0.88 0.60 0.60 1.16 

7-29-67 7.05 5.4 0.56 0.90 0. 71 0.84 1.18 

. 8-10-67 7.Hl 6.4 0. 72 0.84 0.78 1.00 1.13 

9-2.L-67 7.10 7.2 0.87 1.25 0.98 1.20 1.59 

8-29-67 6.63 4.2 0. 33 0.63 0.40 0.57 0.87 

9'-13-"-67S 6.55 2 8 0.42 0.54 0.46 0.59 0. 71 

9-13-67P 6.55 3 1 0. 32 0. 53 0.40 0.61 0.82 

9-18-67 7.15 3 0 0.61 0.83 0.6.9 0.86 1.06 

a,Migration dis:ances used in calculations are shown in parentheses. 

·---·--- --···----·--------------·----- ·-·-· -------- ·-----·--···· -·-------·---------·----

0.51 

1.06 

0. 75 

0.86 

0.94 

1.18 

0.53 

0.55 

0.55 

0.89 



and maximum sedimentation migration distances. The ma~imum theoretical 

electrophoretic migration distance is equal to the sum of the maximum SUE 

and maximum sedimen_tation migration distances, assuming independence of 

the 2 properties. The weighted average electrophoretic migration dis-

tance is equal to .the sum of the weighted average SUE and weighted 

average sedimentation distances. 

The effect of motility is not considered in the calculations of either 

the observed or the theoretical electrophoretic mobility. A comparison of 

the electrophoretic mobilities and an interpretation of the results are 

presented in the Discussion. 

3. Sedimentation-Electrophoresis: Low Electric Field Strengths. 

Table XXVIII is a summary of the characteristics of the spermatozoa 

sample and the Staflo operating parameters for sedimentation-upward- and 

-downward-electrophoresis experiments with low electric field strengths. 

Table XXIX summarizes the distribution of spermatozoa among the collection 

fractions and the phase contrast observations and results of nigrosin-eosin 

staining thereof, in those experiments. 

a. Up~_!lrc;! ___ Electrophoresis 

(1) Experiment 7-9-67. The spermatozoa sample used in this experiment 

initially had a fair degree of forward motion at room temperature and a 

slight degree of tail-wagging in a hemocytometer at 3.5°C. Observations 

with the Staflo microscope showed that after the spermatozoa entered the 

electric field, all had a vertical orientation with head down and tail up. 

Mild twisting and rolling of spermatozoa was observed in the lower part of 

the migration pattern only. The migration pattern at pR 7.1, 3.9°C and an 

electric field strength of 1.2 V/cm was stable throughout the experiment 

6 6 and gave spermatozoa concentrations of 4.32 ~ 10 and 2.65 ~ 10 /ml in 
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Expe:riment 
Number 

A. ~UE 

7-9-E7 

10-3-67 

B. SDE 

9-29-67 

(2 expts.) 

Table XXVIII. Spermatozoa Sample and Staflo Operating Parameters for Sedimentation
Electrophoresis Expe::-i~t.ents llsing Low Electri:: Field Strengths. a 

Characteristics of Spermatozoa Sa1t.ple 
Rabbit 

Nane 

Larry 

Snoo;?Y 

Old 
Man 

Breed 

NZW 

Calif. 

Cooling Qua lit? 
Medium 

Initial :?ir_al 

EYM Fair Pocr 

GPB Poor Poc·r 

GPB Good :?a:lir 

Initial 
Sample Cone. 

(units 
of 106/ml) 

20.5 

21.7 

19.6 

Gemeral Staflo Operating Parameters 
pH Temp. t' a~e 't' m!n t"E 

RT Stano (min) (min) (min) 
(oC) (oC) 

7.Ul 3.8 3.9 30.7 20.5 17.1 

6.6() 2.2 . 2.3 37 24.7 20.6 

7.05 2.7 2.7 30.0 20.0. 16.7 

a, See Glossary for explanation of definitions. 

-L E 
(em) (V/cm) 

25 1.2 

25 1.7 

25 0.6 

------- ------- _;__-----------------~---------------· ------- ·-··- ----------- -·· ---· -- -- ·- ------



Table XXIX. Summar~ of Distribution 1 Phase Contrast Observations and Nigrosin-Eosin 
Staining.of SJ:!ermatozoai Sediu:entation-ElectrOJ:!horesis Ex2eriments Using Low Electric Field Strengths. a 

Experiment pH Spermatozoa Sperm Teinp. Phase Contrast Observations Nigrosin-Eosin Staining 
Number Sample Collected (oC) c CL TW FM u MNS s 

no6/m1) ('Y.) . (7.) (X) (%) (%) (%) ('Y.) (%) 

A. SUE 
7-9-67 7.10 CF 7 4.32 61.8 3.9 86.5 13.5 0 0 

22 36.4 1.0 74 1.5 24.5 
CF 8 2.65 38.2 3.9 88.7 12.3 0 0 

.. 22 31.2 1.0 75 7 18 
IS 3.9 86 14 0 0 

22 41.7 3.0 79.5 2 18.5 

10-3-67 6.60 CF 8 5.45 83 2.2 76 24 0 0 
23 32.0 56.4 10.5 1.0 65 4 31 

CF 9 1.05 17 2.2 77.5 22.5 0 0 
23 36.0 47.5 10.2 6.3 68 2.5 29.5 

IS 2.2 83.6 16.4 0 0 
23 39.4 46.8 10.5 3.3 57.0 1.5 41.5 

B. SDE 
9-29-61 7.05 CF 8-1 3.44 49.2 2.7 56.8 43.2 0 0 

(Two Parts) 22 -so 63 0.5 36.5 
CF 9-1 3.55 50.8 2.7 .58.0 42.0 0 0 

22 -so 66 0.7 32.3 
CF 8-2 1.5 37.5 2.8 47.2 s2.8· 0 0 

22 ~so 64.5 0.5 35 
CF 9-2 2.5 62.5 2.8 48.3 51.7 0 0 

22 ,._50 72.5 1.0 26.5 
IS 2.7 83.6 12.2 O.:l c 

22 ,.... 50 70.5 0 29.5 

a. See Glossary for explanation of abbreviations. 



fractions 7 and 8, respectively. At room temperature, the spermatozoa 

in CF 7 had a slightly higher percentage of tail-wagging than CF 8, and 

a slightly lower percentage than in the initial sample. There were no 

other differences among the spermatozoa samples at room temperature or 

at 3.9°C, as shown in Table XXIX A. 

(2) Experiment 10-3-67. This experiment was conducted at pH 6.6, 2.3°C 

and an electric field strength of 1.7 V/cm. Even though the sample stream 

at the inlet was in the same location as in EXperiment 7-9-67, the migra

tion pattern was lower and gave spermatozoa concentrations of 5.45 x 106 

. . 6 . 
and 1.05 x 10 /ml in fractions 8 and 9, respectively. In the region of 

the electric field, spermatozoa were oriented vertically with the tail up 

and head down. No motility was observed in the flow-chamber or in a 

hemocytometer at 2.2°C. 
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There were no significant differences among the collection fractions 

and the initial sample with regard to the percentages of capped spermatozoa 

at 2.2°C or capped and tail-wagging spermatozoa at 23°C. Because of the 

extremely poor motility, the differences among the samples is not believed 

to be significant. The slightly higher percentages of unstained spermatozoa 

in the fractions compared to the initial sample are probably due to ·the 

staining procedure. 

The differences between Experiment 7-29-67 and 10-3-67 are considered 

in the Discussion. 

b. Downward-Electrophoresis. Experiment 9-29-67 consisted of 2 separate 

Staflo fractionations using the same spermatozoa sample and the same op-

erating conditions. Even though there was no change in the location of 

the sample stream at the inlet during the second experiment, there is a 

slight possibility of a change in the migration pattern during that experiment 

because of the very slow rate at which equilibrium is re-established in 

! 
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in the flow-cell after emptying the collection containers. This may ex

plain the slight difference in distribution of spermatozoa between the 

2 collection fractions in the 2 experiments as shown in Table XXIX 13. 

Approximately 50% of the spermatozoa had a high degree of forward motion 

at room temperature before the initial cooling, but no motility was ob

served in a hemocytometer at 2.7°C. Except f~r a slightly higher percen

tage of unstained spermatozoa in CF 9-2 compared to CF 8-2, there were no 

differences between the respective fractions in the 2 parts of the experi

ment at 2.8°C or at room temperature. 

In the region of· the electric field, with the bottom electrode posi

tive, there was a slight differential orientation of the spermatozoa in 

the top and bottom of the migration profile. Near the top, the orienta..: 

tion ranged from nearly horizontal to a 45° angle from the horizontal with 

the tail angled downward. Near the bottom, the orientation ranged from 

the last mentioned 45° angle to just beyond the horizontal so that the 

head was in a slightly downward position. A higher percentage of sperm

atozoa was obliquely or horizontally oriented than in any other type of 

Staflo experiment reported in this thesis. 

The expected average sedimentation migration distance is greater than 

the observed average SDE migration distance. This unexpected result and 

the quantitative aspects of the experiment are considered in the Discussion. 

D. Discussion 

1. Sedimentation 

a. Comparison of Three Experiments. As shown in Table XXI, there were 

no significant differences among the collection fractions in individual 

experiments with regard to the distribution of capped spermatozoa at low 

temperatures or of unstained spermatozoa at room temperature. Insufficient 
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observations were made to evaluate fractionation with regard to motility. 

Thus, within the limitations of the two- and three-layer fractionations 

of spermatozoa samples in this series of experiments, there does not appear 

to be any influence of morphology or of viability on the sedimentation 

velocity. Because the quality of the spermatozoa was inadequate for arti~ 

ficial insemination, the relationship between sedimentation velocity and 

chromosomal content of the spermatozoa could not be evaluated. 

In Experiment 12-26-67, the minimum sedimentation velocity was esti-

mated to be 0 em/sec inasmuch as some spermatozoa were observed in the top 

part of the migration pattern. The maximum sedimentation velocity for the 

three experiments :ranges from 0.8'7-1.24 x 10-4 em/sec. This wide range 

may be a partial reflection of the difficulty in accurately measuring small 

migration distances in the flow-chamber. The minimum and maximum sedimenta-

tion velocities calculated for the 2.5°C sucrose series of early sedimen-

tation experiments (Chapter IV), in a similar medium, are 0 and 1.07 x 

-4 . 
10 em/sec, respectively, indicating good agreement between the two series 

of experiments. As expected, the weighted average sedimentation velocity 

range of 0.43-0.53 x 10-4 em/sec for the three experiments at 3°C, encom

passes the average of 0.49 x 10-4 em/sec for the 2.5°C sucrose experiments 

(Chapter IV). The agreement between the two sets of sedimentation experi-

menta in the low density-low viscosity media strengthens the impression 

stated in Chapter IV that the apparent'sedimentation velocities in the 

experiments by Bhattacharya35 and by others29,205 are high. 
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In Experiment 12-26-67, the average sedimentation velocity calculated 

from the mini~um and maximum sedimentation distances is 0.523 x 10-4 em/sec 

compared to the weighted average sedimentation velocity of 0.53 x l0-4 ·cm/sec. 

The excellent agreement between these 2 methods of calculating the average 
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sedimentation velocity suggests a uniform distribution in the migration 

pattern. However, the small migration distance is a limiting factor in 

this interpretation of the results. 

b. Migration Comparison: Actual vs. Hypothetical Spermatozoa Populations 

' Figure 55 is a comparison of the actual distribution of spermatozoa in 

Experiment 12-26-67 with the expected distribution of hypothetical sperm-

atozoa populations characterized by uniform, bimodal and normal (Gaussian) 

distributions of sedimentation velocities over the range 0-0.99 x 10-4 em/ 

sec. As shoWn in Figure 55, the observed distribution of spermatozoa among . 

collection fractions 8, 9 and 10 was 23.1%, 61.6% and 15.3%, respectively. 

With a uniform population, one would expect 23.6%, 68.9% and 7.5% of the 

spermatozoa in fractions 8,9 and 10, respectively, under the same Staflo 

operating conditions. The 2 distributions compare favorably except for 

the higher percentage of spermatozoa in fraction 10 in Experiment 12-26-67. 

This might be due either to the observed mild degree of microscopic stream-

ing, or to a skewed distribution of the actual sedimentation velocities 

toward the. maximum. 

Comparison of the actual and the hypothetical bimodal distributions 

in Figure 55 shows good agreement in fraction 10 but not in fraction 8 

where there is a higher percentage of spermatozoa in the bimodal distribu-

tion. A diffezence of the same magnitude, but in the opposite direction, 

is seen in fraction 9. In Figure 55, spermatozoa are shown distributed 

evenly throughout layer 9 because a sperm count in that collection fraction 

would not give information on the differential distribution of spermatozoa 

in the 0.125 em high layer represented by that fraction. 

As shoWn in Figure 55, the expected distribution of spermatozoa 

among the collection fractions in the case of a population with a normal 
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COMPARISON OF ACTUAL SPERM DISTRIBUTION 
AND HYPOTHETICAL POPULATIONS 

Sedimentation velocity 
(em/sec x 10-4) 
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Fig. 55. Distributions of rabbit spermatozoa for actual, and three 

hypothetical distributions of sedimentation velocities. 
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distribution of sedimentation velocities differs widely from the actual 

distribution. This is the least likely possibility of the three hypothe-

tical distributions considered. Even recognizing the limitations of a 

3-layer fractionation of the spermatozoa population in the actual experi

ment, the comparison of the normal distribution with the actual distribu

tion is very u~favorable. 

Of the three hypothetical distributions in Figure 55, the uniform 

distribut.ion compares most favorably with the actual experiment. A 

better evaluation of the type of distribution of sedimentation velocities 

in a population of spermatozoa would be possible if the sedimentation 

migration pattern spread over 5 or 6 layers, thereby allowing a more 

quantitative comparison of actual and hypothetical distributions. 

2. Sedimentation-Upward-Electrophoresis (SUE): High Electric Field 

Strengths. 

As shown in Table XXIV, the spermatozoa samples and Staflo operating 

conditions differed considerably.among the experiments in this series. 

The migration profile generally spread from ·an inlet sample thickness 

of 0.7 mm to a final height of 2.0 mm or less in the centerline of the 

flow-chamber. Except for one experiment, in which essentially all of the 

spermatozoa exited the flow-chamber in one layer, the fractionation was 

between two layers. The ten experiments will be evaluated in terms of 

(1) the distribution of categories of spermatozoa between the collection 

fractions; (2) the effects of pH, egg yolk medium, breed of rabbit and 

temperature on the electrophoretic mobilities; and (3) the relationships 

between the concentration of spermatozoa and biological results. 

a. Comp_a_t~.sp~ of EXperiments. The distribution of capless, tail-wagging, 

highly motile and viable (unstained) spermatozoa in 9 experiments was 
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evaluated using a difference of 10% between the 2 collection fractions 

as an arbitrary level of significance. In 7 of the 9 experiments, there 

was no difference with regard to the distribution of capless spermatozoa 

immediately after collection (at the low temperature). In the 2 other 

experiments, there was a lower percentage of capless spermatozoa in the 

lower collection fraction. Thus, the presence of the acrosomal cap appears 

to have little influence on the distribution of spermatozoa between the 2 

collection fractions. 

In 8 of the 10 experiments, there are nigrosin-eosin staining results 

on 2 fractions. In 4 experiments, there was a higher percentage of un-

stained spermatozoa in the lower of the 2 collection fractions. ·In 3 ex-

periments; there was less than a 10% difference between the 2 fractions, 

and, in 1 experiment, the bottom fraction contained a lower percentage of 

unstained spermatozoa. Although not conclusive, these results suggest 

that the lower of the 2 collection fractions contained spermatozoa of 

slightly better quality. 

In 8 of the 10 experiments, there was sufficient tail-wagging and/or 

forward motion to assess the relative distribution of these properties. In 

Experiment 10-2-67, one of 2 experiments in which there was no forward 

motion, the percentage of tail-wagging spermatozoa at 23°C was 18.2% 

higher in the lower collection fraction. In Experiment 9-22-67, the per-

cent tail-wagging was less than 7% at room temperature, and there was no 

significant difference between fractions 6 and 7. Both tail-wagging and 

forward motion were evaluated in Experiments 7-26-67 and 7-29-67. As 

shown in Table XXV, there was a slightly higher percentage of spermatozoa 

with forward motion in the lower fraction (CF 7) in both experiments. In 

contrast, CF 6 in Experiment 7-29-67 had 24% more tail-wagging spermatozoa 

than did CF 7. There was no difference in Experiment 7-26-67 in regard to 
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the distribution of tail-wagging spermatozoa. 

In 4 expe.riments with high quality spermatozoa, only forward motion 

was evaluated. In Experiments 8-29-67 and 9-18-67, there was a signi

ficantly higher percentage of motile spermatozoa in the lower of the 2 

collection fractions whereas there was no difference in Experiments 

9-l3-67S and 9-13-67P. The temperature in the flow-chamber was approxi

mately 4.2~C in Experiment 8-29-67 compared to 2.8 and 3.1°C in Experiment~? 

9-13-67S and 9-l3-67P, respectively. This could explain the differences 

among those experiments; however, there was relative enrichment of the 

lower fraction in Experiment 9-18-67 even though the flow-chamber temper

ature was only 3.2°C. 

Therefore, the strongest statement that one can make w:i,th regard to 

the distribution of motile spermatozoa is that there is a tendency for 

the lower of the 2 collection fractions to have a higher percentage of 

spermatozoa with forward motion. This is consistent with the idea that 

in these experiments the intrinsic motility vector is directed downward 

against the upward force of the electric field. With spermatozoa samples 

of the same initial quality, the important variable then becomes the flow

chamber temperature which determines the magnitude of the intrinsic moti

lity vector. 

b. Inte!Pretation of Electrophoretic Mobilities. It is seen in Table 

XXVII that the theoretical average electrophoretic mobilities (Coiumn 9) 

are significantly greater than the uncorrected (observed) average SUE 

electrophoretic mobilities in column (6). As shown in Appendix G, the 

correction for sedimentation in the calculation of the weighted average 

electrophoretic migration distance in Experiment 7-29-67 is 20.8% of the 

observed.~verage migration distance. In other experiments, this correction 

ranges from 12~28%. As expected, the average, uncorrected electrophoretic 
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mobility (6) calculated from the observed migration distance lies be- · 

tween the minimum (4) and maximum (5) observed electrophoretic mobilities. 

With regard to the theoretical electrophoretic mobility calculations, 

the minimum (7) is greater than .the average (9) in 7 of the 10 e~eriments. 

The theoretical minim\DD electrophoretic migration distance was assumed to 

be equal to the sum of the minimum observed SUE migration distance and 

the e~ected maximum sedimentation distance. The discrepancy between 

columns 7 and g· suggests that the maximum sedimentation velocity from 

Experiment 12-26-67, which was·used in the calculations, is too great. 

The small degree of microscopic streaming observed at the bottom of the 

sedimenta:'tion migration pattern in that e~eriment may have given a false 

maximum sedimentation velocity. This supports the suggestion that the 

difference between the actual and uniform distributions of spermatozoa in 

Figure 55 is due to a small degree of microscopic streaming. 

. -4 
The theoretical electrophoretic mobility ranges from 0.51 x 10 (em/ 

sec)/(V/cm) at pH 6 to 1.18 x 10-4 (cm/sec)/(V/cm) at pH 7.l0. Thri!l! uf 

4 electrophoretic mobilities determined at pH 6.6 range from 0.53-0.55 x 

10-4 (cm/sec)/(V/cm), while one measurement at that pH gave a value of 
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1.06 x 10-4 (cm/sec)/(V/cm). Similarly, 4 of the 5 values of electrophore

tic mobility determined at pH 7.05-7.15 range from 0.75-0.94 x 10 4 (em/sec)/ 

(V/cm), while the fifth value is 1.18 x 10-4 (cm/sec)/(V/cm). Inaccuracy 

in measuring the migration distance may explain some, but not all, of the 

discrepancy in the 2 values of electrophoretic mobility which appear to 

be somewhat higher than other values in the series of measurements. Other 

variables to consider are pH, the effect of egg yolk medium, the breed 

of the rabbit and temperature. 

(1) Effect of pH. The two apparently ~igh values of electrophoretic 



mobility in Experiments 8-18-67 and 9-22-67 were obtained at pH 6.6 and 

pH 7.1, respectively. The agreement among the other experiments.at each 

of those pH's was quite good. There is no question about the pH of the 

medium in those 2 experiments. 

Experiments 10-2-67, 9-13-67P and 9-18-67 were conducted with sperm-

atozoa from rabbit Psi at pH 6, pH 6.55 and pH 7.15, respectively. The 

calculated theoretical average electrophoretic mobilities for these 3 ex

periments are 0.51, 0.55 and 0.89 x 10-4(cm/sec)/(V/cm), respectively. 

The 3 experiments were conducted at temperatures ranging from 3.1°C-3.3°C, 

and, therefore, the normalization to 3°C was a minor correction. A 

similar increase in the electro~horetic mobility with increase in pH was 

observed in the other experiments in this series. Because only one exper-

iment was conducted at pH 6, the small increment in electrophoretic .mobi-

lity from pH 6 to pH 6.55 compared to the increment between pH 6.55 and 

pH 7.15 is of questionable significance. 

(2) Effect of Egg Yolk MediUm. Spermatozoa from rabbit 0 were used in 

Experiments 8-18-67, in which egg yolk medium was used for the initial 

dilution and cooling, and in 8-29-67, in which .the initial dilution and 

cooling was with the glycine-phosphate buffer. Both experiments were con-

ducted at approximately pH 6.6 and gave electrophoretic mobilities of 1.06 

and 0.53 x 10-4 (cm/sec)/(V/cm), respectively. This suggests an increased 

electrophoretic·mobility for spermatozoa cooled and diluted in egg yolk 

medi.um. However, compari.son of the electrophoretic mobility of the sperm-

atozoa from rabbit Psi in Experiment 8-10-67, using egg yolk medium, and 

in Exper~ent 9-18:-67, using glycine-phosphate buffer for cooling shows 
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. -4 
only a difference between 0.94 and 0.89 x 10 (cm/sec)/(V/cm), respectively. 

In Experiments 7-26-67 and 9-22-67, the epennatozoa were cooled in glycine

phosphnte buffer and electrophoretic mobilities of 0.75 and 1.18 x 10-4 



(cm/sec)/(V/cm), respectively, were obtained at pH 7.10. Therefore, 

factors.other than egg.yolk.medium are responsible for the two high 

values of electrophoretic.mobility observed in this series of experiments. 

As noted in Chapter. II, Nevo did not observe any influence of .egg yolk 

174 
medium on the electrophoretic mobilities of rabbit and bull spermatozoa 

(3) Effect of Breed of Rabbit. In Experiments 9-13~675 and 9-13-67P, 

identical Staflo operati.ng conditions except for the strength of the 

electric field were used with spermatozoa from S, a California rabbit, 

and Psi, a Dutch Belt rabbit. The calculated average theoretical electro

phoretic mobilities were 0.55 x l0-4(cm/sec)/(V/cm) at pH 6.55 for the 

spermatozoa from both rabbits. Experiment 7-29-67~ at pH 7.05 with sperm-

atozoa from L, a California rabbit, and Experiment 9-18-67, at pH 7.15, 

with spermatozoa from Psi. gave electrophoretic mobilities of 0. 86 and 0. 89 

-4 x 10 (cm/sec)/(V/cm), respectively. The .agreement between these two 

sets of experiments at different pH's with spermatozoa from California 

and Dutch Belt rabbits suggests that there is no differential electro

phoretic mobility because: of breed, at le;~Rt wit'tdn the range of ac:cu;raoy 

of these measurements. 

(4) Effect of Temperature. In approximately une-half of these experi-

menta, there was a higher percentage of motile and/or tail-wagging sperm-

atozoa and of unstained spermatozoa in the lower of the two collection 

fractions. Experiment 9-22-67 was conducted at 7°C in a deliberate attempt 

to enrich the lower collection fraction with regard to motile spermatozoa. 

However, because the spermatozoa sample as a whole lost motility rapidly 

dur~ng the experiment, no enrichment was obtained. Inadvertent enrichment 

with regard to both forward motion and unstained spermatozoa was obtained 

in Experiment 8-29-67 •. At 4.2°C, 60% of the spermatozoa in CF 7 had for-
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ward motion compared to only 40% in CF 6. A similar differential distri-

bution of motile spermatozoa was observed in Experiment 9-18-67 at 3.2°C. 

The role of intrinsic motility in the latter experiment is questionable 

because observations in a hemocytometer initially at 2.8°C and later at 

3°C showed no motility. Also, there was no enrichment of the lower 

collection fraction in Experiments 9-13~67S and 9-13-67P, at 2.8°C and 

3.l°C, respectively, in which the spermatozoa were of extremely high ini-

tial and final quality. These observations suggest that with electric 

field strengths of about 6 V/cm, the intrinsic motility of spermatozoa 

becomes a significant factor at temperatures of approximately 4°C and above. 

In addition to temperature control, it is necessary to have high quality 

spermatozoa in order to achieve enrichment of collection fractions. 

c. Concentration of Spermatozoa: Effect on Artificial Insemination. The 

higher quality'of spermatozoa in the lower of the two collection fractions 

is also demonstrated by the relatively greater number of successful in-

seminations with spermatozoa from that fraction. As shown in Table XXX, 

4 ·of 5 inseminations with spermatozoa .from the upper collection fraction 

were adequate technically, but only 1 resulted in a litter (3 offspring). 

Six of 8. inseminations with spermatozoa from the lu·wer fraction were 

adequate and 5 resulted in litters with a total of lS_offspring. All 4 

control inseminations were good but only 1 resulted in a litter • 
. -~=~~~·.t . 

On further analysis, all of the inseminations with,"Staflo sperma-

tozoa'whi~h resulted in offspring were from collection fractions in which 

6 the spermatozoa concentration was always greater than 4 x 10 /ml, even in 

the Staflo apparatus. In Experiment 9-13-67, in·which the only litter 

resul1::ed from thl!'l 1.nsemination of spermatozoa from the upper collection 

fraction, the concentration in the collection container was 4~25 x 106/ml 

:: 
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Table XXX. Analysis .of Artificial Insemination Results 

by Spermatozoa Sample Source. 

Sperm Number of Inseminations 
Offspring Sample Litters 

Total Good (No.) d' ~ Unk 

Uppl7'r Fra~t:ion 5 4 1 1 1 1 

Lower Fraction 8 6 5 9 5 1 

Control. 4 4 1 1 0 0 

Totals 17 14 7 11 6 2 

(No.) 
Total 

3 

15 

i 

19 
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--· 

before centrifugation.~ In· the other 3 experiments, no 'offspring were ob-

tained from the insemination of spermatozoa from the upper colle~tion 

fractions which had pre-centrifugation conc.entrations ranging from 1. 71-

2.5 x 106 /ml. In the 3 experiments in which insemination of spermatozoa 

from the lower collection fraction resulted in offspring, the concentrations 

6 in the fractions prior to centrifugation were 4.6, 5.6 and 8.0 x 10 /ml. 

In the fourth experiment, the spermatozoa concentration in the lower frac-
··.· 

6 tion was 5.2 x 10 _/ml. Unfortunately, the inseminate in the_ 'latter experi-
. • • . : ~ ' J: :' . ... . ,· . • 

ment was rejected by the- female and no litt~t: ·wa~ .9btained·. In s~ary, 6 
. . . ·' . . . .· ..... ·: .. 

·.· . 
of the 7 inseminations with spermatozoa from collection :l;r.actions having 

initial concentrations of greater than 4 x 106/ml gave lit~ers and the one 

insemination that did not was rejected by the female rabbit. Inasmuch as 

only 1 of 4 control inseminations, in which the spermatozoa had been stored 

in egg yolk medium, gave litters, the success rate of inseminations with 

the "Staflo spermatozoa'is considered excellent. Thus, it appears that 

the minimum concentration of spermatozoa in a Staflo collection fraction 

at which fertilizing capacity is preserved is approximately 4 x 106/ml. 

The loss of fertilizing capacity at concentrations of less than 4 x 

10° spermatozoa/ml in the collection fractions is in marked contrast to 

the preservation of motility at concentrations as low as 1.71 x 106/ml 

(Experiment 8-29-67). In addition, in Experiment 9-13-678, a superior 

degree of motility wa,s preserved.in fraction 6 at a spermatozoa concentra

tion of 1.9 x 106/ml for over 2 hours. 

As noted in Table XXX, 14 of the 17 inseminations in the 4 experiments 

with high quality spermatozoa were considered to be technically adequate. 

Litters were obtained in 7 of the 1~ good inseminations (50%) but the 

number of offspr~ng was disappointingly low. This is believed to be a:· 

'• ·.·'prtA,. "C " 
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reflection of the anestrous condition of many female rabbits which had 

not littered in the preceding year. 

3; Sedimentation-Electrophoresis: Low Electric Field Strengths 

a. Upward Electrophoresis (SUE). The operating parameters and distribu-

tion of spermatozoa among the collection fractions in Experiments 7-9-67 

and 10-3-67 are presented in Table XXXI. Despite the higher electric field 

strength and longer electrophoresis time in Exp&rimant 10-3-67, the mi-

gration pattern was. significantly lower in the flow-chamber than in 

Experiment 7-9-67. The diff~nmt;~ .lt:; not completely CJrplninod by the lowP.:r 

electrophoretic mobility of spermatozoa at pH 6.6. Even though no abnor-

mality in the migration pattern was observ~d, .l'L: ls probable that a alight 

shift in the pattern accounts for the discrepancy in these results. Thus, 

these experiments illustrate the necessity for unequivocal steady-state 

conditions in the Staflo apparatus, particularly when the migration dis-

tances are very small. In addition, in experiments such as these, it would 

be desirable to fractionate the samples with greater resolution than Lh~ 

1.25 mm layer height in current flow-cell models. 

In Experiment 7-9-67, the estimated average sedimentation distance was 

approximately 42% of the total estimated electrophoretic migraL:iul'1 c.llstance. 

In Experiment 10-3-67, the estimated average sedimentation distance was 

significantly greater than the weighted average SUE migration distance. 

This confirms the impression that steady-state conditions did not prevail 

in the flow-chamber during the experiment. 

The strength of the electric field required to balance. the sedimenta-

tion of spermatozoa in the Staflo apparatus has been calculated under con-

ditions of a temperature of 3°C using an average transit time of 28 minutes, 

an electrode length of 25 em, and a weighted average sedimentation velocity 
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Table XXXI. Comparison of Staflo Operating Parameters and 

Results of Sedimentation-Upward-Electrophoresis Experiments 
Using Low Electric Field Strengths. 

Parameter 

rv 
E (V/cm) 

pH 

Temperature (°C) 

Electrophoresis Time (min) 

Motility in Staflo 

Distribution 

Collection fraction 7 

Collection fraction 8 

Collection fraction 9 

Calculated Electrophoretic 
Mobility (cm/sec/V/cm) 

7-9-67 

1.2 

7.1 

3.9 

17.1 

Slight 

61.8% 

38.2% 

0 

1. 23 X 10-4 

Exper,iment Number 

10-3-67 

1.7 

6.6 

2.3 

20.6 

None 

2% 

82% 

15.8% 

0.49 X 10-4 
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-4 of 0.53 x 10 em/sec. The weighted average electrophoretic mobilities 

used in the calculations are 0.55 and 0.90 x l0-4 (cm/sec)/(V/cm), at pH 6.6 

and pH 7.10, respectively. The electric field strengths required under 

these conditions are 0.96 and 0.59 V/cm at pH 6.6 and 7.10, respectively. 

b. Downward Electrophoresis (SDE). The differences in the migration 

pattern and in the distribution of the various categories of spermatozoa 

among the respective collection fractions in the 2 parts of Experiment 

9-29-67 are not remarkable. They may be due to a delayed return to 

steady-state conditions in the second part of the experiments ~ft~~ 

emptying the collection containers between runs, as mentioned earlier. 

the expected average sedimentatlun distance of 0.064 em is greater 

than the observed average SDE migration distance of 0.046 em in part 1 

of Experiment 9-29-67. Inasmuch as the electrophoretic migration was in 

the same direction as sedimentation, one would have expected a greater 

combined (SDE) migration distance than with either the sedimentation or 

electroph?retic component alone. lt is believed that the change from the 

prtmarily vertical orientation seen in the sedimentation experiments to 

the more horizontal orientation observed in this experiment significantly 

changed the hydrodynamic properties of the migrating spermRtn~na. Thu&, 

the increased frictional force due to the "broadside" orientation of the 

spermatozoa to the direction of migration may have reduced the net migra-

tion rate to less than that expected with either sedimentation or electro-

phoresis in a more vertical orientation. 

4. · Orithitation ·Of Spermatozoa 

The differential orientation of spermatozoa in the flow-chamber 

under conditions of different electric field strength and direction of 

migration is shown in ligure ·s6. ~n SUE experiments with both high and 
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ORIENTATION OF SPERMATOZOA IN STAFLO EXPERIMENTS 
(3-5°C) 

f'oJ 

Direction of electric E Orientation of spermatozoa 
Experiment field and migration (v/cm) pH Predominant Range 

7-26-67 + t 5.4 7.05 1 1 
7-9-67 + t 1.2 7.10 1 l 
12-26-67 none 0 7.10 I \II 

Top \I· ~1 
9-2 9-67 + 0.6 7.05 --co-- C:.$1 Bottom 

7-14-66 + 6.3 7.10 r i 

DBL 7011 5994 

Fig. 56. Orien~ation of rabbit spermatozoa in Staflo sedimentation and 

sedimentation-electrophoresis experiments at 3-S0c. 



low electric field strength, essentially all .of the spermatozoa were 

oriented in a vertical direction with the tail pointing toward the top 

(positive) electrode. An orientation different from this was extremely 

rare at low temperatures, even when there was a slight degree of twisting 

or other expression of intrinsic motility of spermatozoa in the flow-

chamber. No difference in orientation was observed at different locations 

within the migration pattern in the region of the electric field. 

In sedimentation experiments, the spermatozoa were oriented with the 

heads down and tails upward, ranging up to 45° on either side of the ver-

tical position. Usually the head pointed in the direction at the flow 

with the tail trailing slightly. 

In SDE experiments with high electric field strengths, the spermatozoa 

were oriented vertically with the tail pointing toward the bottom (positive) 

electrode. In SDE experiments with low electric field strengths, however, 

the orientation of the spermatozoa differed slightly at the top and bottom 

of the migration profile. At the top, it ranged from a horizontal position 

to primarily a 45° angle with the head up and the tail pointing obliquely 

toward the botto~ (positive) electrode. Very few spermatozoa were observed 

in positions outside of this range. At the bottom of the profile, some 

spermatozoa heads were pointing slightly downward as shown in Figure 56. 

Because SDE experiments were not conducted with electric field strengths 

between 0.6-6.0 V/cm, the minimum electric field strength required to give 

a vertical orientation with the tail pointing downward toward the bottom 

(positive) electrode was not determined. 

The partially horizontal position assumed by spermatozoa in the SDE 

experiments with low electric field strengths, shown in Figure 56, is be-

lieved to result from the competition between the force of gravity acting 
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on the very dense head and the electrophoretic force on the tail which 

has a relatively greater negative charge than the head at pH~. This 

orientation is believed to explain the discrepancy between the expected 

SDE migration distance and the observed migration distance in that series 

of experiments. Thus, it appears that in order to test the hypothesis 

presented. in Chapter III with regard to the separation of spermatozoa 

characterized by the fastest sedimenting-fastest electrophoresing and 

alternate combinations of these properties, it will be necessary to deter-

mine the minimum electric field strengths at which the spermatozoa assume 

a vertical orientation in SDE experiments. 

5. Quality of Spermatozoa 
' 

On many occasions, spermatozoa initially had a high percentage and 

degree of forward motion which was lost shortly after starting the ex-

perimant~ The effect .of the environment and other factors on the initial 
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quality of spermatozoa and factors influencing the preservation of viability, 

motility and fertilizing capacity are considered in Chapter IX. 

The effects of spermatozoa concentration on the preservation of 

viability, motility and fertilizing capacity were discussed in 2,c above. 

In experiments of this series, with concentrations as different as 1.05 
6 . 6 

x 10 and 5.45 x 10 spermatozoa/ml, there was no difference between the 

2 collection fractions with regard to the percentage of capless and un-

stained spermatozoa. In Experiment 9-13-67S, spermatozoa in CF 6 with a 

concentration of 1. 9 x 1061m1 had essentially the same percent.age and 

degree.of motility as the spermatozoa in CF 7 with a concentration of 

8 x 106/JDl. Iri Experiment 8-29-67, CF 6 with a concentration of 1. 71 x 

106/ml had the·same percentage oJ capped spermatozoa as CF 7 with 5.60 

x 10
61m1. However, after reconcentration and suspension in egg yolk medium, 



CF 6 had a lower percentage of motile and unstained spermatozoa, suggesting 

that the stress of centrifugation was more detrimental to the spermatozoa 

which had been exposed to the .lower concentration. Thus, morphology, 

viability and motility appear to be preserved in the Staflo apparatus at 

spermatozoa concentrations above 1 x 106/ml. This is considerably '!ower 

than the concentration of 4 x 106/ml apparently required for the preserva-

tion of fertilizing capacity. 

In several SUE experiments with short averase transit times, the per-

centage and degree of motility of the spermatozoa in the collection frac

tions was essentially the same as in the initial sample which had been 

stored at a concentration of approximately 20 x 106/ml. The longest time 

during which spermatozoa were exposed to low concentrations in the Staflo 

apparatus and maintained their motility was approximately 6 hours. This 

was observed in Experiment 9-13-67S in which the spermatozoa quality was 

superior. In 4 experiments with high quality spe·rmatozoa, artificial in-

semination of "Staflospermatozoa" gave litters with viable offspring. 

Thus, this series of experiments shows that glycine-phosphate buffer pre

serves the. motility and fertilizing capacity of rabbit spermatozoa for 

several hours during Staflo sedimentation-electrophoresis experiments if 

the initial quality of the spermatozoa is excellent. 

Reconcentration of the spermatozoa in the collection fractions by . 
centrifugation prior to insemination resulted in 5-40% increases in the 

percentages of capless spermatozoa with the greatest increases occurring 

in the samples of poorest quality. This confirms the general observation 

that a spermatozoa sample of high initial quality remains good throughout 

the procedure involved in Staflo experiments, whereas spermatozoa of 

poor initial quality deteriorate rapidly. This observation is discussed 
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in more detail in Chapter IX. 

Clumping rarely was a problem in sedimentation or sedimentation-

electrophoresis experiments. No clumping was observed in th~ glycine-

phosphate buffer at any temperature, or in the _egg yolk medium at cold 

room temperatures. In Experiment 9-29-67, after resuspension in egg yolk 

medium, the spermatozoa were not clumped in the cold room but clumped 

immediately upon warming to room temperature. The spermatozoa used in 

that experiment were from an old New Zealand White rabbit whose sample 

happened to be the h~ghest quality on that particular day. Such clumping 

was not observed in any other experiment. 

E. Summary and Conclusions 

The glycine-phosphate buffer evaluated in Chapters V and VI was used 

in all of these experiments. In a 3-layer sedimentation-fractionation of 

rabbit spermatozoa at 3°C with concentrations in the collection containers 
. 6 . 

ranging from 0. 72-2.91 x 10 /ml, there \<Tere no. differences among the 

fractions with regard to morphology (evaluated by phase contrast micro-

scopy) or viability (judged by nigrosin-eosin staining). The distribution 

of the spermatozoa among the collection fractions compared favorably to 

that expected with a hypothetical population of cells having a uniform 

distribution of sedimentation velocities. The slight difference between 

the actual and hypothetical distributions may be due to a small degree of 

microscopic "cluster sedimentatiorl' observed in the flow-chamber. · Compari-

son of the actual with hypothetical bimodally or normally distributed pop-

ulations showed poor agreement. 

For J·experiments, the minimum sedimentation velocity was 0 em/sec, 

the ave~age ranged from 0.43-0.53 x 10-4 CJTI/sec, and the maximum from 

0. 87-1·. 24 x ·10-4 em/sec a~ 3°C. Average valut\s for all 3 experiments were 
( 

. . . ~ 
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0, 0.48 x 10-4 and 1.06 x lo-4 em/sec, respectively. Within the limits 

of measurement in the Staflo apparatus, these averages are the same as 

those obtained in the 2.5°C sucrose experiments in a similar low density

low viscosity medium (Chapter IV): 0, 0.49 x 10-4 and 1.07 x 10-4 em/sec, 

respectively. 

In these particular experiments, the calculation of electrophoretic 

mobilities included a correction for sedimentation which was estimated to 

be 12-28% of the average "true" electrophoretic migration distance. After 

making these corrections, the average electrophoretic mobilities of rabbit 

. -4 
spermatozoa at pH 6.0, 6.6 and 7.10 are 0.51, 0.54 and 0.86 x 10 (em/sec)/ 

(VI em), respectively, corrected to 3 °C. The latter value is ess'entially 

the same as that obtained in Chapter V for both upward- and downward-

electrophoresis. The numerical values of electrophoretic mobility were 

not influenced by the breed of the rabbit or by prior exposure of the 

.spermatozoa to egg yolk medium. 

In 7 of 9 sedimentation-upward-electrophoreeis (StJE) experiments 

with high electric field strengths, no differences were found in percentages 

of capped spermatozoa between the different fractions from a given experi-

ment, evaluated immediately after c;ollection. The evalur~tinn At room tern-

perature suggested that the lower collection fraction was better with 

respect to morphology, viability, motility and fertilizing capacity. As 

was previously suggested in Chap.ter VI, this may be a reflection of motility 

in the flow-chamber and/or generally higher spermatozoa concentrations 

therein. No differential distribution of mnti.le spermatozoa between 

fractions was found where the averagli'l flow-chamber temperature was 2.8°C, 

even with l:mperior quality spermatozo<i. However, at an average temperature 

of 4.2°C, absolute enrichment of the lower fraction was achieved. Thus, 
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intrinsic motility appears to become a significant factor at about 4°C 

and becomes increasingly important at higher temperatures. 

Although motility was well preserved in this glycine-phosphate buffer 

at concentrations of 1 x 106 sper.matozoa/ml for 2-3 hours during Staflo 

runs, fertilizing capacity was lost at concentrations of less than 4 x 1061 

ml. Because of this loss, the number of offspring was too small to attach 

any significance to the slightly greater number of males resulting from 

the insemination of lower-fraction spermatozoa. 

In the low electric field strength sedimentation-upward-electrophoresis 

(SUE) and sedimentation-downward~electrophoresis (SDE) experiments, no 

difference_s were found between the respective collection fractions with re

gard to capped, ~iable, tail-wagging or highly motile spermatozoa. In the 

SUE experiments, all spermatozoa were oriented vertically. The calculated 

electric field strengths needed to exactly balance the average contribution 

of sedimentation to the observed migration at 3°C were 0.96 ru1u 0.59 V/cm 

at pH 6.6 and 7.1, respectively. 

In the low electric field strength SDE experiments, the observed 

average migration distances were less than either of the expected average 

sedimentation or electrophoretic migration distances. This discrepancy is 

attributed to the more horizontal orientation of the spermatozoa in these 
"~ 

experiments (Figure 56) as compared to the orientation observed in sedimen
--: .~· 

tation experiments or SDE experiments with high electric. field strengths. 

Because ·of the small spread of the migration pattern in bc;>th the SUE 

and SDE experiments, it was not possible to obtain sub-populations having -.... 

the combinations of sedimentation and electrophoretic properties (E·S, E·s, 

e ·s and e ·s) discussed in Chapter III. Furthermore, the apparent influence 

of spermatozoa orientation on SDE experiments indicates that in such experi-

ments, a sufficiently high electric field mus·t be used to orient all sperm-

atozoa "tail down" to eliminate the differential migration effect of 

orientation. 

. "' ... .. . . ;, ·' "0 
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IX. THE QUALilY OF RABBIT SPERMATOZOA POPULATIONS: 
A CRITICAL DISCUSSION 
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A. Introduction 

One of the most perplexing and frustrating problems encountered 

in this study o± sperw~luzo~ has been the unpredictability of the quality 

of ejaculates from different rabbits on the same day, of ejaculates from 

the same rabbit on different days and of consecutive ejaculates from the 

same rabbit on the same day. Observations over a year suggested that the 

quality of ejaculates was consistently good during the winter.and early 

spring, and was extremely variable in the summer and autumn months. In 

addition, spermatozoa samples which initially appeared to be of high quality 
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with regard to percent-as and degree of motility, demonstrated variable 

resistance.to the stresses encountered in Staflo experiments. This 

variable durability of spermatozoa samples contributed to many unhappy 

days because spermatozoa which initially appeared to be adequate for an 
~ . . . 

experiment lost their motility before the completion of the experiment. 

Thus, they were inadequate for artificial insemination and the biological 

assay system of most interest was lost. The purpose "of this section is 

to review the many factors which influence the quality of spermatozoa, 

and, insofar as possible, to draw conclusions from the many observations 

of spermatozoa quality made in this study, most of which were opportunis

tic in conjunction with s'taflo experiments.' In the review of the biolog-
.. 

ical properties of spermatoJoa presented in Chapter II, ·much information 

pertinent to the subject of this chapter was presented. It is appropriate 

at this time to refer to or present additional information from those 

studies~ 

Doggett found a cyclic variation of and correlation between the ejacu-
. 68 

-late volume and the concentration and motility of spermatozoa therein • 

The total sperm co~t varied approximately ± 50% from the mean with an 

apparent correlation of good and poor motility with high and low sperm 

counts, respectively. With maturation of the rabbit, the periods generally 

shortened and showed a predominan~e of 3 an~ 4-day intervals. The timing 

of the peaks ~ppeared to be an inherent characteristic of the rabbit and 

not related to the environme~t.68. 

Degerman and Kihlstrom found cyclic variations in the body temperatures 

of male rabbits. The cycles varied in length from 3-9 days with a mean of 

7 days, and were correlated with variations in the daily semen volume63 • 

The motility of the spermatozoa was not reported. 
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Asdell and Salisbury studied the duration of spermatogenesis in the 

rabbit by observing the regeneration of the spermatogenetic process in 

testes which had been damaged by exposure to the relatively higher temp-

12 erature of the abdominal cavity, by anchoring testes therein, for 1-7 days . 

Although their technique was not so precise as current methods using tri-

tiated thymidine, their studies are enlightening. The effect of exposure 

of testes to the intra-abdominal temperature for periods less than 1 day 

was not reported. After exposure for 1 day to the elevated intra-abdominal 

temperature, testes showed clumping and detachment of spermatids, some de-

rangement in lacunae formation in spermatocytes and cessation of spermato
A 

genesis even in the spermatogonial layer. ln testes exposed to th~ ~l~vat&d 

temperature for 7 days, there were no spermatozoa or spermatids, sperrnato-

cytes were clumped and the layers of spermatogonia showed some signs of 

damage, The rate of recovery of the spermatogenic process after return of 

the tez:;teJS lu the scrotum was roughly proportional to the length of stay 

in the abdominal cavity. They P.Rtimated that 35 daye were necessary to 

observe·new spermatozoa in thP- testes12. RamembGring thut the male raLLlL 

can, and often does, pull his testes into his abdomen when handled or 

frightened, the significance of exposure to intra-abdominal temperatures 

as noted above is of great concern in regard to animal care. 

The influence of the environment on the .rP.prnrlHrt-ivli perfonn::mog of 

bbi h , d. b Si d k 216 · d ' di d . ra ts as ue~::u Lt!porte y · ttman an co-wor ers an 1s sr.11sse. ~n 

Chapter. II. It is interesting to note that Ruffl:lr has observed a marked 

decrease in the percentage of litters obtained from rabbits m~ted from 

early morning to late afternoon on very hot days; however, he experienced 

d 
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fair success with matings in the evenings of those same ays A major 
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section which follows presents observations during this study on the effects 
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of the environment on sperm quality. However, the first section is con-

cerned.with differences among several methods of evaluating the quality 

of spermatozoa. 

B. Comparison of Optical-Cytological Methods Used to Evaluate Spermatozoa 

In the experiments reported in Chapter VIII, spermatozoa in the 

collection fractions and the initial sample were evaluated in the cold 

room immediately after collection, and again at room temperature after 

re-concentration by centrifugation. Evaluation in the cold room and at 

room temperature, by phase contrast microscopy, determined the percentages 

of capped (C), capless (CL), tail-wagging (TW) and highly motile (FM) 

spermatozoa. At room temperature, the reconcentrated sperinatozoa were 

also evaluated by the nlgrosin-eosin vital staining technique. By light 

. microscopy; stained spermatozoa preparations were categorized as unstained 

(U), morphologically normal but stained (MNS), and stained (S). It was 

assumed that capless spermatozoa would take up the vital stain, and, there-

fore, thatthe percentage of capless (CL) spermatozoa by phase contrast 

microscopy would be approximately equal to the percentage of stained (S) 

spermatozoa (e.g., CL • S). However, differences ranged from S being 

33.9% greater than CL (CF 6, Experiment 7-29-67, Table XXV) to S 52.6% 

less than CL (CF 7, Experiment 8-10-67, Table XXI). In the former, the 

6 6 . 
spermatozoa concentration was 5.04 x 10 /ml and in the latter, 0.71 x 10 /ml~ 

suggesting a differential effect of concentration. However, in another 

experiment (CF 6, Experiment 8-10-67, Table XXV), S was 22.1% less than 

6 
CL even though the spermatozoa concentration was 5 x 10 /ml. Thus, there 

was a marked lack of correlation between the 2 methods of evaluating sperm-

atozoa and it was not explained, solely at least, by differences in cell 

concentration. Further evaluation of these discrepancies includes(!) a 

comparison of scoring niarosin-eosin stained preparations by both ordinary 
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light and phase contrast microscopy, and (2) a comparison of phase contrast 

observations of unstained spermatozoa and nigrosin-eosin stained p_reparations. 

1. Comparison of Scoring Nigrosin-Eosin Preparations with Ordinary Light 
and Phase Contrast Microscopy. 

As noted above, scoring of nigrosin-eosin stained preparations by 

light microscopy led to 3 categories of spermatozoa (U, MNS and S), where-

as scoring by phase contrast microscopy gave 4 categories of spermatozoa 

as follows; (1) unstained and capped (UC), (2) unstained and capless (UCL), 

(3) morphologically normal but stained (MNS) and (4) stained and capless 

(SCL). One would expect agreement between the unstained categories on 

slides assayed by both techniques, (e.g., U = UC + UCL). This hypothesis 

was teste·d by comparing light microscope and phase contrast scoring of 

23 pairs of slides with 100 spermatozoa ·being scored on each slide by each 

method, or 200 spermatozoa per sample. The results are shown in Table XXXII. 

Columns 10 and 11 compare the percentages of unstained spermatozoa repre-

senting the "U" category (3) from light microscope scoring and the "UC + 

UCL 11 categories (6+t!)- trom the phase contrast scoring, re!:lpecti'itely. ·using 

a one-tail test90 , the differences were significant at the P~ 0.01 level 

in only 3 (13.6%) of the 22 samples, whereas thero wus no difference 

(P > 0.10) in 16 (72.7%) of ~he samples. In the 3 other samples, the 

differences were significant at the P • 0.03-0.05 level. 

Generally, there was a higher percentage of MNS spermatozoa by phase 

contrast scoring. This is consistent with the better observation of the 

acrosomal cap region with ·this method. Despite these differences, there 

is fair agreement between the 2 methods of scoring in regard to determining 

the percentage of unstained spermatozoa in the sample. 

2. Comparison of Phase Contrast Observations of Unstained and Nigrosin

Eosin Stained Spermatozoa. 

1 

I 
l 
I 

I 
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Table XXXII. Comparison Light and Phase Contrast Hicroscopy 

Scoring of Nigrosin-Eosin Stained Rabbit Spermatozoa.a 

(1) (2) 

Experiment 
Number. Sample 

9-13-67S CF 6 

CF 7 

. IS 

9-13-67P . CF 7 

CF 8 

IS 

9-18-67 CF 6 

CF 7 

IS 

9-22-67 CF 6 

CF 7 

IS 

9-29-67 . CF8-1 

CF8-2 

CF9-1 

CF9-2 

IS 

10-2-67 CF 6 

CF 7 

IS 

10-3-67 CF 8 

.CF 9 

IS 

(3) (4) (5) (6) (7) (8) (9) (10) (11) 

Ordinary Light Phase Con·trast Unstained 
(3) (6+8:::-:-) U MNS S UC MNS UCL SCL 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

87 1.0 

72.5 6 

67 4 

52.5 1.5 

·s9.s 1.s 

51 0 

61. s 0 

75.5 0.5 

66.5 2 

34 1.5 

35 0.5 

32.5 4 

63 0.5 

66 0.7 

64.5 0.5 

72.5 1.0 

70.5 0 

30.5 0.6 

66.5 0 

68 0.5 

65 4 

68 2.5 

57.5 1.5 

12 24.3 2.3 63.4 10 87 87.7 

21.5 21 3 44 32 72.5 65 

29 30.5 4 30 35.5 67 60.5 

46 18 11 30 41 52.5 48 

39 31.5 3 33 32.5 59.5 64.5 

49 28 9 21 42 51 49 

38.5 38 . 15.5 23 23.5 61.5 61 

24 63 12 12.5 12.5 75~5 75.5 

31.5 67 3 16 14 66.5 83 

64.5 8.5 10.5 22 59 34 30.5 

64.5 14.5 9 26.5 50 35 41 

64.5 17.5 2.5 25 55 32.5 42.5 

36.5 24.5 6.5 44.8 24.2 63 69.3 

32.3 32.6 4 36.4 27 66 69.0 

35 25.4 8.2 40.7 25.7 64.5 66.1 

26.5 35 7.7 37.4 20 72.5 72.4 

29.5 34.5 11 30.8 23.7 70.5 65.3 

68.9 7.3 22.6 37 33.1 30.5 44.3 

.33.5 44.5 16 24.5 iS 66.5 69 

31.5 39 8 30 23 68 69 

31 13.5 13.5 43.5 29.5 65 57 

29.5 15 10.5 53 21 68 68 

42 14 9.5 42 34.5 57.5 . 56 
a. See Glossary for explanation of abbreviations. 
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Twelve ejaculates were diluted 1:2 with modified Baker's medium. 

In less than 1 hour, both unstained and stained preparations were eval-

uated by phase contrast microscopy. As noted above, with phase contrast 

scoring one gets 4 categories of spermatozoa in fresh specimens (C,CL,TW 

and FM) and 4 categories in nigrosin-eosin preparations (UC, UCL, MNS and 

SCL). The results of scoring the 12 specimens are given in Table XXXIII. 

In this table, capped spermatozoa are represented by columns 3, 5 and 

6 in phase contrast observations and columns 7 and 8 in the nigrosin-eosin 

stained preparations. Capless spermatozoa by phase contrast are listed 

in column 4 and by the nigrosin-eosin staining technique in columns Y and 

10. For convenience, a comparison of the percentages of capless spermatozoa 

is given in columns 11 and 12. The same difference would be observed be-

tween the total percentages of capped spermatozoa. 

The percentages of capless spermatozoa determined by.the 2 methods 

agre~ Within 4% in 9 of the first 10 ejaculates listed in Table XXXIII. 

~n the. first 10 ejaculates, the percentages of tail-wagging and forward 

motion· were very low. In the last 2 ejaculates listed in Table XXXIII, 

the percentages of capless spermatozoa b~ ph?S~ contrast microscopy (11) 
' ~ .. 

are mtich less than those of the capless spermatozoa by"-nigrosin..:.eosin 

staining (12). The percentage and degre.e of motility in the last 2 

ejaculates was considerably better than all but 1 of the 10 previous 

ejaculates. Thus, agreement between the 2 methods of evaluation appears 

to be good only for poor spermatozoa samples. 

The question of correlation between the quality of spermatozoa 

samples, judged by motility alone, and the discrepancy between the per-

centages of capless spermatozoa determined by the 2 methods of evaluation 

was explored by analyzing 61 ejaculates. A difference of ± 5% between 

the percentages of capless spermatozoa determined by the 2 techniques 



Table XXXIII. Com2!rison of Phase Contrast Observations of Unstained s2ermatozoa 

and Nisrosin-Eosin Stained SEermatozoa. a 

( 1} {2) (3) (!A) (5} {62 (Z) (8) (9) (lQ) (l]) {12) 
Date Rabbit Phase Contrast Observations Nigrosin-Eosin Staining Cap1ess 

c CL TW yt.l uc MNS UCL SCL (4) (9+10) 
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

9-22-67 .Chi 10 90 0 0 3.5 15.5 4j,5 37.5 90 81 

9-22-67 Larry 5.(1 92.8 '2 .2 0.5 4.5 4 0.5 90.5 92.8 91 

9-22-67 Old Man 11.5 84.5 ,. 
t"' 

1 3 2.5 10.5 0.5 86.5 84.5 87 

9-22-67 Otto 11.9 83 1.7 3.4 9.5 6.5 32.5 51.5 83 84 

9-22-67 Snoopy 3 96 1 0 5.5 1.5 0 93 96 93 

9-27-67 Chi· ~ 20.:' 78.8 0.5 0 19 6 8.5 66.5 78.8 75.0 

9-27-67 Otto 26.4 67.3 5.3 1.0 18.5 14 28 39.5 67.3 67.5 

9-27-67 Psi· 16.3 80.8 2.2 0.7 8 8.5 2 81 :s 80.8 83.5 

10-:-2-67 Otto 16.7 71.0 2.4 10.3 22.6 5.3 48 •. 6 :23.3 71.0 71.9 .. • . 

.. 
10-6-6.7 Otto 17.2 53.1 8.1 21.6 36 9 40 .15 53.1 55 

~--~·:; 

9-22-67 Sam ~}$ 17 .s 47.8 4.7 30 26.5 6.5 35 32 47.8 67 

10-2-67 Psi 
. ... _.fi; 

9.9 29.6 5.0 55.5 43 7.5 30.5 19 29.6 49.5 

a. See GlosJ>ary for explanation of abbreviations. 
·----



was considered to be within the accuracy of counting. Three relationships 

between the 2 evaluation techniques are presented in Table XXXIV. In the 

first, the percentage of caplees spermatozoa by phase contrast observation 

is less than.the percentage of capless spermatozoa by the nigrosin-eosin 

staining technique. Twelve of 61 ejaculates or 19.7% fell within this 

category, 8 (66.7%) of which had 20% or more motile spermatozoa. Twenty

two of the 61 ejaculates fell into the classification of approximately 

equal percentages of caplees spermatozoa by both methods. Of the 22, 6 

(27.3%) had 20% or more motile spermatozoa. Of the 27 ejaculates falling 

into the third category (CL~ UCL + SCL), only 1 (3.7%) had more than 20% 

motile S}'ermato:r:oa. 

The conclusion from this comparison is that, if the spermatozoa 
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sample is of good quality judged by forward motion, the percentage of 

capless spermatozoa by. phase contrast observation of unstained spermatozoa 

is less than by phase contrast scoring of nigrosin-eosin stained spermatozoa. 

This is illustrated by the last 2 ejaculates listed in Table XXXIII, both 

of which had a fair percentage of spermatozoa with forward motion. This 

suggests that staining has a detrimental effect, possibly mechanical, 

which causes some unstained spermatozoa to lose their acrosomal caps, 

thereby increasing the UCL category. When the spermatozoa are of very poor 

quality, a higher percentage appears to be capless by phase contrast obser

vation of unstained spermatozoa. 

~· Environmental, and Procedural Factors Affecting Spermatozoa Quality 

1. Miscellaneous Factors 

a. Animal Care. The environment, illness, feeding and type of pellet, 

unnecessary moving while cleaning and possibly other peculiarities of animal 

care can influence the initial quality of ejaculates. Even when all of these 
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Table XXXIV. Correlation of Scoringof Caplessness by Phase Contrast Observations 
. . a 

of Unstained (CL) and Nigrosin-Eosin Stained (UCL+SCL) Spermatozoa. 

Relationship of Categories 
of Spermatozoa 

CL. < UCL + SCL 

CL ~ UCL + SCL 

CL > UCL +· SCL 

Totals 

Samples 
(No.) (%) 

12 19.7 

22 36 

27 44.3 

61 100 

a. See Glossary for explanation of abbreviations.· 

Samples with 20% or 
. More ~iotile Sperm 
(No.) (%) 

8 67 

6 27.3 

1 3.7 

15 100 
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items were under close supervision, variations in the quality of sperm-

atozoa in ejaculates were observed. 

b. Sperm Collection. Polge reported that rabbit spermatozoa will not 

regain motility if more than approximately 2.5% glycerol is introduced 

rapidly into the semen188 Inasmuch as I used glycerol as a lubricant 

in the artificial vagina in most experiments, it is conceivable that 

excessive lubri-cation contributed to the deterioration of spermatozoa 

samples early in the study.. However, later on, a standard number of drops 

of glycerol was used to lubricate each lumen, thereby eliminating the 

possibility of excess glycerol. 

A constant danger in the collection of spermatozoa is too high a 

temperature in the artificial vagina. Brackett, Weinman and Williams 

observed a decrease in motility after exposure of spermatozoa to 48°C 

265 
temperature for only 40 seconds . The artificial vagina shown in 

Appendix C was generally-used with a temperature of 40-42°C. Temperatures 

below 38°C discouraged the bucks, but did not appear to affect the sperm-

atozoa. ·occasionaliy, temperatures as high as 4S°C were used, but, 

unfortunately, no correlation of that temperature and the quality of the 

sample was made. However, Walton recommended using a temperature of 

45oC239. 

Because of the w·ell known phenomenon of "cold shock", which occurs 

with rapid cooling of some mammalian spe1~atozoa, great care was taken to 

avoid this problem. Since the same procedure was used for all samples 

(see Appendix B), the great variability in sample quality noted above does 

not appear to be attributable to the cooling procedure. 

c. Staflo Handling Procedures. An attempt was made to avoid low sperm-

atozoa concentrations, because of the deleterious effects thereof on moti-

lity, viability and. fertilizing capacity. Dilution was accomplished slowly 

292 



293 

and in several stages. The medium generally was prepared by the same 

individual and; whenever there was a question of contamination of glass-

ware, it was washed by the author. 

In numerous Staflo experiments, spermatozoa which initially had a 

high degree of motility lost essentialiy all motility before the end of 

the experiment. At the conclusion of other Staflo experiments, both fowl 

and rabbit spermatozoa appeared to have motility suggestive of good fer-

tilizing capacity but insemination produced no offspring. During the 

period in which these experiments were conducted, other Staflo experiments 

in this laboratory,·using bone marrow cells, showed a marked loss of colony 

formation using procedures which previously had led to a high percentage 

of colony formation. Studies conducted with the bone marrow cells showed 

that exposure to a very short segment of new polyethylene tubing resulted 

in a marked decrease in colony formation. Other observations by me showed 

that spermatozoa suspended in egg yolk medium, when stored for several 

hours in new polyethylene syringes, lost essentially all motility. In 

contrast, spermatozoa from the same ejaculate stored in the same medium 

in a clean glass vial maintained a high degree of motility for over 48 hours. 

These problems with polyethylene tubing and syringes were avoided by using 

old tubi~g and old syringes which apparently had lost the toxic substance. 

Another toxin, ~occal (benzalkonium chloride) could have caused 

deterioration of spermatozoa samples on occasion. It was used to prevent 

bacterial growth in '.the Staflo apparatus between experiments. Evaluation· 
I . . . 

of its effects in saline solutions showed.that a··t:l,OOO concentration of 

Roccal caused immobilization of all sp.~rmatozoa -within 45 seconds. In 

a 1:2,500 concentt'ation, after 10 minutes, epermato~oa showed reduced 

degree of motility. After 80 minutes, a high percentage of spermatozoa 



had only a poor degree of tail-wagging. After 90 minutes, only 27% of 

the spermatozoa were unstained (nigrosin-eosin stain) compared to 64% 

of the control sperm. At a Rocca! concentration of 1:5,000, after 80 

minutes, the percentage and degree of motility was less than in the saline 

control suspension. After 90 minutes, 50% of the spermatozoa were un

stained (viable) compared to 64% of the control sperm. At concentrations 

of 1:10,000 and less, there appeared to be no effect of Roccal within 

90 minutes. The fertilizing capacity of spermatozoa exposed to Roccal 

was not studied. 

2. Frequency of Collection. 

A desire to have the best possible spermatozoa for an experiment 

led to the collection of a second ejaculate within an hour, on some 

occasions, or the next morning from rabbits which had given the best 

spermatozoa sample on a particular day. Hopes of obtaining an abundance 

of excellent spermatozoa for experiments were shattered by the results 

shown in Table XXXV. It is seen that there were marked variations in 

the quality of consecutive ejaculates from the same rabbit collected at 

intervals of 24 hours or of 15-60 minutes during the summer and early 

autumn. 

Table XXXV A shows a striking difference in the quality of conse

cutive ejaculates with an interval of 15-60 minutes between collections. 

All rabbits were housed in outdoor hutches with a sprinkler system for 

limited temperature control. Even though the percentage of motile 

spermatozoa in the first ejaculate ranged frum 13.6%-85%, there were no 

motile spermatozoa in any of the second ejaculates. The absolute increases 

in the pe~centages of capless spermatozoa in 4 of the pairs of ejaculates 

ranged from 26.4%-82.5%. 
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Table ~XXV. Variations in the Quality of Consecutive 

Ejaculates from the Same Rabbit. 

Interval 
Between Percent Forward Motion Percent CaEless 

Collections . Rabbit Ejaculate Difference (2-1) ·Ejaculate Difference 
and Date 1st 2nd 1st 2nd 

A. 15-60 Min. 

6-24-67 Whitey 65 0 -65 

7-7-67 Bill 41 0 -41 

7-7-67 Otto 13.6 0 -13.6 24.4 50.8 +26.4 

7-8-67 Larry 85 0 -85 7.5 90 +82.5 

7-8-67 Robert 73.4 0 -7:3.4 15.7 91.5 +75.8 

7-15-67 Red 24 (Th')a 0 -24(TW) 48.2 86 +37.8 

B. 15-60 Min. 

10-13-'67 Otto so so 0 25 22.5 -2.5 

10-26-67 Psi 85 17.5 -67.5 10.5 37.5 +27 

c. 24 Hours 

8-30...:.67 Otto 60.0 16.0 -44.0 18.4 45.0 +26.6 

9-18-67 Larry 16.7 1.0 -15.7 50.0 77 .o +27.0 

9-18-67 Otto 67.2 16.5 -50.7 11.6 39.1 +27 .5 

9-18-67 Psi 59.4 18.8 -40.6 27.1 47.1 +20.0 

a. TW: Tail wagging. 
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The pairs of ejaculates listed in Table XXXV B were collected approx

imately 2 months after the rabbits had been placed jn an air-conditioned 

room. The second ejaculate collected from rabbit Otto less than 1 hour 

after the first was essentially unchanged, whereas the second ejaculate 

collected from Psi showed a 67% decrease in the percentage of motile 

spermatozoa and a ·27% increase in the percentage of capless spermatozoa. 

In the 2-week interval between the collection of the ejaculates from Otto 

and Psi, there was a transient temperature rise of about l3°F in the air

conditioned room when the air-conditioner was inadvertently turned off. 

The spermatozoa samples from other rabbits in the air-conditioned room 

on 10-26-67 showed a decrease in quality which suggests that relative, 

as well as absolute, temperature changes are important. Thus, it is 

believed that the relative temperature rise on 10-17-67 was the primary 

cause cf the difference in the quality of the 2 ejaculates from Psi on 

10-26-67. 

Table ~ C shows that the absolute loss of forward motion ranged 

from 15.7%-50.7% and the relative loss ±rom 68.4%-~4% in 4 pairs of eja

culates collected from rabbits on consecutive days. The absolute increase 

in the percentage of capless spermatozoa ranged from 20-27.5%. At the time 

of collection, rabbits Otto and Psi had been in an air-conditioned room 

for about 5 weeks, whereas Larry was in an outdoor hutch cooled by a 

sprinkler system. Thus, although being in the cool room did appear to 

improve the quality of the first ejaculates from Otto and Psi, even 5 

weeks in a controlled environment did not prevent a significant decrease 

in the quality of the second ejaculates. 
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The.se observations shQwed that in hot weather there was a marked de

crease in the quality of the s·econd ejaculate collected from a rabbit within 



one hour after the first, and that there was a significant decrease in 

the quality of ejaculates collected approximately 24 hours later. This 

suggests that there is a selective process within the genital duct system 

of the male rabbit enhancing the migration of the highest quality sperm-

atozoa toward the distal portion of the duct. This may be related to 

the observation by Orgebin-Crist that, during epididymal passage, young 

181 
and old sperm cell populations are mixed Consequently, the first 

ejaculate is of the best possible quality. In view of the frequent dev-

elopment of pseudo-pregnancy in female rabbits following a sterile mating, 

. one might speculate that "getting off a good first shot" so to speak, 

is very important t'or the survival of the species,· especially in hot 

weather. However, one could offer a counter-argument to the effect that 

such a phenomenon is designed to minimize the reproductive rate in the 

rabbit population, at least in the summer. Under these ·circumstances, an 

overly energetic young.buck, despite his ambitions, could fertilize only 

1 female a day, if that often. 

3. Centrifugation. 

As noted in Chapter VIII, the percentages of capped, capless and motile 

spermatozoa in each collection fraction were determined by phase contrast 

microscopy, immediately after Staflo operation ceased. In order to have 

a sample with a high concentration of spermatozoa for artificial insemina-

tion, each collection fraction was centrifuged for 5 minutes at 1,400 g 

in a ciinical centrifuge in the refrigerated room. After the supernatant 

was removed and the spermatozoa resuspended in egg yolk medium, they were 

warmed to room temperature for evaluation which included a second deter-

mination of the percentages of capped, capless and motile spermatozoa, 

and nigrosin-eosin vital staining. 

In most experime~ts, it was observed that the percentage of capless 
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spermatozoa increased significantly between the evaluations prior to and 

after centrifugation, a period of approximately 30 minutes. Because the 

spermatozoa were in egg yolk medium for about half of that interval, the 

deterioration is attributed solely to centrifugation' •. Even though the 

centrifugation tfme and speed were the same in all experiments, the changes 

in the percentages of capless spermatozoa were not constant from sample 

to sample. As shown in Table XXXVI, the increases in the percentages of 

capless spermatozoa in selected experiments ranged from 4.4%-43.3%. In 

assessing these changes in the initial samples (IS), it should be noted 

that the first determination of 'the percentages of capless spermatozoa 

was ~de. shortly after the initial dilution which was generally 2-3 hours 

pr:f,.~r =to centrifugation. Therefore, some det,erioration could have occurred 

·in,.· th~- initial sample prior to centrifugation, whereas the collection frac-

tio~s were assayed immediately prior to and after centrifugation. 

With regard to Table XXXVI, the following observations on individual 

e~eriments are pertinent: 

a. E"xperiment '1-26-6/. Despite the much lower spermatozoa concentration, 

CF 7 had a slightly smaller increase in capless spermatozoa. This suggests 

that with a spermatozoa sample that undergoes significant deterioration 

during centrifugation, there is no differential effect of concentrations 
6 

as low as 1.34 x 10 /ml. Even though the cold room temperature was 4.5°C. 

no motile spermatozoa were seen in the collection fractions.. Thus, it is 
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unlikely that CF 7 was enriched by motile spermatozoa during electrophoresis. 

b. Experiment 7-29-67. In this experiment, both collection fractions 

had relatively high spermatozoa concentrations. Thus, the greater increase 

in capless spermatozoa in CF 7 is not believed to be related to the slightly 

lower sperm concentration in that fraction. 

c. Experiment 8-10-67. The increase in capless spermatozoa was less 
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Tab.le XXXVI. Effect of Low Temperature Centrifugation for 5 Hinutes 

at .1400 g on the Norphology of Rabbit Spermatozoa. a 

Experiment Flow-Chamber Sample 
Number Temp? 

(oC) 

7-26-67 4.9 CF 6 

CF 7 

7-29-67 5.4 CF 6 

CF 7 

8-10-67. 6.4 CF 6S 

CF 7S 

IS 

CF 6EP 

9-22-67 7.2 CF 6 

CF 7 

IS 

10-2-67 3.3 CF 6 

CF 7 

IS 

10-3-67 2.3 CF 8 

CF 9 

IS 

Initial 
Concentration 

(units of 106/ml) 

4.0 

1.34 

5.04 

3.53 

5.62 

0. 71 

20 

5.0 

3.42 

3.72 

20 

0.5 

6.0 

20 

5.45 

1.05 

20 

a. See Glossary for explanation of abbreviations. 
b. Room temperature was 0.5°C lower. 

Capless Spermatozoa 
After Before Increase 

(%) (%) (%) 

51.8 13.5 38.3 

48.9 15.5 33.4 

16.1 10.7 5.4 

26.2 6.6 19.6 

29.9 25.2 4.7 

57.6 27.5 30.1 

19.1 14.7 4.4 

34.1 28.2 5.9 

63.5 29 34.5 

58.7 26 32.7 

71.5 28.2 43.3 

83 50 33 

40.2 20.3 19.9 

36.5 8.5 28.0 

56.4 24 32.4 

47.5 22.5 25.0 

46.8 16.4 30.4 



than 5.9% for 3 samples with spermatozoa concentrations equal to or 

greater than 5 x 106/ml prior to centrifugation. There was a 30.1% in

crease in CF 7S which had an initial concentration of only 0.71 x 106/ml, 
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suggesting that, in this experiment with relatively high quality spermatozoa, 

the low concentration was detrimental. 

d. Experiment 9-22-67. Even though the concentrations of spermatozoa 

in the collection fractions prior to centrifugation were 3.42 and 3.72 

x 106/ml, the absolute increases in the percentage of capless spermatozoa 

were very large, 34.5% and 32.7%, respectively. A slightly greater change 

was observed in the initial fraction, part of which may be explained by 

the time difference between evaluations. 

e. Experiment 10-2-67. In addition .to a greater increase during 

centrifugation, CF 6 also had a higher pre-centrifugation percentage of 

capless spermatozoa than did CF 7. This suggests a detrimental effect 

of a concentration of 0.5 x 1061m1 even with the highest quality spermatozoa 

of any experiment listed in Table XXXVI. 

f. Experiment 10-3-67. As observed in Experiment 7-26-67, the lower 

collection fraction had a smaller increase in capless spermatozoa, despite 

a lower concentration. The sample as a whole experienced a significant 

increase in capless spermatozoa, suggesting poor spermatozoa quality. 

6 Thus, with poor quality sperm, a concentration as low as 1.05 x 10 /ml 

is not detrimental. The flow-chamber temperature of 2.3°C was too low 

for the spermatozoa to have had any intrinsic motility, thereby ruling 

out enrichment in CF 9 w:i.th regard to motility. 

Conclusions from these results, pertaining to the centrifugation of 

spermatozoa under the conditions specified above, are as follows: (1) With 
. 6 

spermatozoa concentrations of less than 1 x 10 /ml, there is a dispropor-



tionate increase in the percentage of capless spermatozoa compared to 

samples of higher concentrations if the initial quality of the sample 

as a whole is good. (2) With spermatoz~a concentrations of 1.05 x 106 

and 1.34 x 106/ml, there is no differential increase in capless spermatozoa 

as compared to higher concentrations if the quality of the sample as a 

whole is poor. This ·observation appears unrelated to possible effects 

of intrinsic .motility on spermatozoa distribution. (3) With spermatozoa 

concentrations ranging from 3-6 x 106/ml, the increases in the percentage 

of capless spermatozoa were generally comparable in the 2 collection 

fractions and ranged from 4.4%-38.3%. The magnitude of the increase is 

believed to reflect the quality of the spermatozoa. (4) The changes 

in the percentages of capless spermatozoa do not appear to be related 

to the initial percentages thereof or to the temperature over the range 

2.3°C-7.2°C. 

4. Environmental Temperature 

Ohservations over several swmners showed a marked variation of 

ejaculate quality from extremely good to very poor in an irregular 

manner until well after cool weather had returned. This variation in 

quality persisted even when a roof sprinkler W<'!S U!!!Ad to cool the rabbit 

hutches. In an attempt to improve the quality of spermatozoa available 

for Staflo experiments and to gain information concerning the effect of 

environmental temperature on sperm quality, a study was designed with 6 

rabbits divided between 2 subgroups matching breed and history. Three 

rabbits remained out-of-doors in the hutches cooled by the sprinkler, and 

hereafter are referred to as·the "outside" group. The other 3 rabbits, 

the "inside" group, were moved into an au-conditioned room with controlled 

artificial lighting and 1 ·small window without direct sunlight. The 

temperature was recorded continuou11ly in both locations. Insofar as 
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possible, ejaculates were collected from matched pairs on the same day, 

usually within minutes of each other. 

Prior to August 15, all 6 rabbits were housed out-of-doors and 

experienced the same temperatures to that date. ·From the period July!

August 15, significantly elevated temperatures were as follows: 87°F 

on July 3; 9l°F on July 11; 83°F on July 20,·26 and 28, and 90°F on 

August 14, the day before the "inside" group was moved into the air-

conditioned room. Ejaculates were collected from each of the rabbits on 

August 15 prior to moving the "indoor" group into the air-conditioned 

room. FQr administrative reasons,.the "outdoor" group was moved into the 

air-conditioned room on October 14. 

All ejaculates were evaluated by phase contrast microscopy for 

percentages of capped, capless, tail-wagging and highly motile spermatozoa 

and by the nigrosin-eosin vital staining technique described in Appendix 

B. Figures 57 and 58 show the percentages of motile and capless sperma-

tozoa, respectively, for individual rabbits of the "indoor" and "outdoor" 

groups.· 'fhe curves for Otto in Figures 57 and 58 will be discussed in 

detail and then generalizations will be made with reference to the infor-

mation on the other rabbits in both groups. 

Before discussing the figures, it is necessary to know the relative 

lifespan ~f each of the stages of spermatogenesis. Swierstra and Foote 

arbitrarily divided the cycle of seminiferous epithelium of the rabbit 

into 8 stages and .determined the relative duration of each stage 
222 

They 

observed that the Type A spermatogonia divided to produce 2 Ty~~ A sperm-

atogonia, 1 of which remained the starting cell for the next gP.neration, 

·while the other underwent 4 spermatogonial divisions to give (theoretically) 
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16 primary spermatocytes and, in turn, 64 spermatids. However, they esti

mated ~hat, because of degenerative processes, only 15.6 primary spermatocytes 
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222 
and 47.5 spermatids were produced . Subsequently, they studied the 

duration of spermatogenesis and of spermatozoa transport in the male 

223 
rabbit using tritiated thymidine The estimated life span of the 

different cells in· the spermatogenetic process are given in Table XXXVII. 

After formation from spermatids, spermatozoa spend approximately 5.6 

days in the lumen of the seminiferous tubule and then 8-10 days in 

transport through the ducts. As noted by the authors, the estimate of 

the total duration of spermatogenesis depends upon the point chosen as 

the onset of the process. If it is considered to begin with the first 

of the series of spermatogonial divisions leading to the production of 

primary spermatocytes, the duration is approximately 43.6 days. If it 

is assumed that spermatogenesis starts with the formation of spermatogon-

ial stem cells, and that the life span of these cells is 1 cycle of the 

seminiferous epithelium, then spermatogenesis would extend over approxi-

mately 51.8 days. Thus, adding 10 days for transport in the duct system 

·~ou~d ~ake the total time from the onset of spe~~togenesis to the 
·, 

, .. ~~~·~ranee of spermatozoa in the ejaculate ·either. 54 or 62 days. Figure 

59 R is a linear representation of the time scale for spermatogenesis and 

SJ?erm transport on the same scale as Figures 57 and 58. When the right 

border of the time scale is placed at the date on which an ejaculate was . ·,.. 

~oile·cted, one can visualize the relationship between individual environ-

mental temperature peaks and the corresponding stage of development of 

the spermatozoa in that particular ejaculate. 

Swierstra and Foote found that the first labeled spermatozoa appeared 

223 
in the ejaculate from 39-42 days after injection of tritiated thymidine 

.The eariiest observation of labeled spermatozoa in the testis by Orgebin

Crist was 30.6 days after thymidine injection181 • Adding time for sperm-

atozoa release and transport in the duct system to the 30.6 days would 
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Table XXXVII. Estimated Lifespan of Rabbit Spermatogenetic Cells 223 

~ Estimated Lifespan 
·{pays) 

Spermatogonia 

A 3 .·4 

Intermediate-1 0.6 

Intermediate-2 2.8 

B 1.1 

Primary Spermatocytes 16.5 

Secondary Spermatocytes 0.8 

Spermatids 10.0 

Spermatozoa 

In Testes 5.6 

In·Transport 10.0 

50.8 
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give a time of appearance in the ejaculate similar to that observed by 

Swierstra and Foote. Takeda, Lutwak-Mann and Mann labelled mammalian sperm-

atozoa with 32 pin order to study the so-called leakage of intracellular sperm 

d h 
. 225 

compoun s w ich is known to accompany sperm aging or senescence The 

level of radioactivity in rabbit spermatozoa separated from seminal 

plasma by centrifugation and washed 3 times with Finger's solution re

mained low until 40-42 days after the injection of p32 , at which time the 

radioactivity rose steeply225 • This time span corresponds favorably to the 

results reported by other investigators. 

Refer~ing to Figures 57 and 58, the ejaculate from Otto on August 

15, the day after th.e temperature was 90°F, contained less than 4% motile 

spermatozoa and 80% capless spermatozoa. Ejaculates collected from then 

until September 6 contained from 25-60% motile spermatozoa and from 18-52% 

capless spermatozoa. Spermatozoa appearing in the ejaculates from August 

15-29 should have been in the spermatogonial stage at the time of the 

91°F temperature on July 11 and in varying primary spermatocyte stages 

during the 83uF days on July 20, 26 and 28. The spermatozoa appearing in 

ejaculates from August 29-September 6 would have been in spermatogonial 

stages during the 83°F days in the latter part of July; therefore, the 

91°F temperature on July 11 would have had no effect. 

On September 9, the quality of Otto's ejaculate was very poor, with 

less than 4% motile spermatozoa and 87% capless spermatozoa. Most of the 

spermatozoa in that ejaculate would have been undergoing the second 

maturational (meiot:i.:c) division on August 14 when it was 90°F and in the 

sperma~ogonial division stages on July 26 and 28 when it was "83°F. The 

effects o! increased environmental temperatura on either of these stages 

could have contributed to the. decreased 111otility and hi'gh percentage of 

capless spermatozoa in that ejaculate. This suggests that spermatozoa 
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and spermatids are relatively resistant to increased environmental temp-

eratures. It appears that spermatozoa in the intra-abdominal part of the 

duct system are damaged, thereby demonstrating the importance of the lower 

scrotal temperatures in sperm survival. 

After slight improvement in the next 2 ejaculates, the ejaculate 

on September ·18 contained 72% motile spermatozoa and only 10% capless 

spermatozoa. The decrease in quality on the following day to only 22% 

motile and 40% capless spermatozoa is probably an example of the second 

ejaculate phenomenon discussed in subsection 2, above. The spermatozoa 

in this transient peak of high motility would have been in the middle 

stages of primary spermatocyte development on August 14 (90°F) and may 

well have started their development after the elevated temperatures on 

July 26 and 28. This suggests that elevated environmental temperatures 

during the intermediate stages of primary spermatocyte development have 

little effect on the subsequent motility of the spennatozoa. 

The downward trend observed on September 19 continued such that 3 

ejaculates between September 22-27 had less than 6% motile spermatozoa 

and from 55-84% capless spermatozoa. Spermatozoa appearing in those 

ejaculates would have been in the early spermatocyte and late spermatogonial 

division stages of development on August 14 when it was 90°F. This suggests 

that the spermatogonial and early spermatocyte stages of development are 

very sensitive to increased environmental temperature. 

The improvement in the quality of the ejaculates after October 5 

reflects the appearance of spermatozoa which started their spermatogonial 

development after August 14. One can speculate that the failure of the 

quality of .the spermatozoa to reach a superior level, e.g., approaching -----
90% motile, reflects a prolonged influence of that particular high environ-

mental temperature on the stem cell layer. 

·. 
,. ,1 

,·;. 



Although the curves for Psi and Snoopy in ~igures 57 and 58 are not 

identical to those for Otto, the similarity is evident and analyses of 

those curves lead to similar conclusi~ns. 

Spermatozoa samples collected from the "indoor'' group on November 4 

showed a significant decrease in quality with an aveTage of 8% motile 

spermatozoa and an increase in peTcentage of capless spermatozoa to 80%. 

This is attributed to a transient relative temperature rise to 79°F in 

the air-conditioned room, which was generally kept at 66°F, due to an 

error on the part of the caretaker. On the 79°F day {October 17), the 

spermatozoa would have been in the final stages of morphogenesis from 

spermatid&. 

In general, the quality of the ejaculates from the rabbits in the 

"outdoor" group was extTemely poor until after they had been moved into 
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the air-conditioned room on October 14. Shortly thereafter, there was a 

marked increase in the quality of the ejaculates from Ted and Larry, whereas 

those from Chi remained poor. However, the average quality of the ejaculates 

increased considerably and did not show a drop on November 4, as did the 

ejaculates from the "indoor" group. It is probable that the relative 

temperature rise of l3°F did not seem significant to the rabbits in the 

"outdoor'; group which had been exposed to much higher temperature ranges 

prior to coming into the air-conditioned room 3 days previously. This 

in.t~oduces the concept of relative, as compared to absolute, temperature 

changes. Thus, for rabbits acclimatized to consistently low temperatures, 

a Telative temperature rise can be significant. In contrast, rabbits 

accustomed to wide daily temperature variations are not affected by moderate 

elevations of temperature. 

In Tetrospect, this anci.llary study on the influence of the environ

~ental temperature on the·quality of spermatozoa is one of the most interest-



ing and most important parts of this thesis. Putting rabbits in an 

air-conditioned room greatly improved the quality of spermatozoa available 

for Staflo experiments. In addition, the observations strongly suggest 

that a very high environmental temperature for part of one day can cause 

marked variations in the quality of spermatozoa of rabbits, kept there

after in a controlled environment, for 7-8 weeks and probably to some 

degree for several weeks longer. There were no changes in animal care 

or sperm collection to explain the variations in quality. The probable 

differential effects of the environmental temperature on the stages of 

sp·ermatogenesis explain the random variation in spermatozoa quality pre

viosly observed in warm weather. 

Within the obvious limitations of this study, it appears that several 

stages of spermatogenesis are sensitive to increased testicular and 

abdominal temperatures secondary_to elevated environmental temperatures. 

It is probable that the spermatogonial divisions are critical periods 

considering the improvement in sperm quality of the "indoor" group after 

October 5. However, it is difficult to separate that phase of development 

from the early primary spermatocyte stage in this study because of the 

several hot days to consider. The maturational division stages and the 

very early (and possibly very late) phase of spermatid development appear 

to be sensitive to elevated temperat"ures. Whereas late spermatids and 

immature spermatozoa appear to be protected.to some degree in the scrotum, 

mature spe·rmatozoa in the intra-abdominal duct system are very sensitive 

to temperature changes. For instance, nearly comp1ete disintegration of 

spermatozoa was observed in many ejaculates coliected the morning after 

a day with a 90°F or ~igher temperature. 
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The difficulty in dissecting the effects of various temperature peaks 

during the period shortly after the rabbits were moved into the air-conditioned 



room-emphasizes the need for a controlled study. In general, it should 

include the following: (1) establishing a steady-state baseline with 

regard to sperm quality and collection frequency in a controlled low 

temperature (60-65°F) environment, (2) exposure of the experimental group 

to a temperature of 85-90°F for 6-10 hours on one day only, and (3) daily 

collection of ejaculates from both control and experimental groups until 

full reproductive performance returns or at least for ~0 days. Daily 

spermatozoa collection is necessary to avoid the second ejaculate pheno-

menan which would mask less dramatic actual changes in sperm quality. 

Such a study would give a comparison of the differential sensitivity of 

the stages of spermatogenesis to temperature, determined in this manner, 
. . - . 

and also to external radiation of the testes. 

D. Summary and Conclusions 

Even after eliminating obvious possible adverse factors in animal 

care and sperm handling, the quality of ejatulates showed marked and un-

predictable variability in warm weather. In addition to differences in 

the quality of ejaculates from different rabbits, a dramatic decrease in 

the quality of consecutive ejaculates from ·the same rabbit was observed 

·if the interval between collections was 60 lninutes or less.. Only partial 

·recovery was observed after an interval of 24 hours, suggesting a selective 
··. 

. ' pro.ces.s in the genital duct system favoring ejaculation of the highest 

qual~ty spermatozoa with the first emission. 

Sub'stantial differences in measured sperm quality were found, accord-

ing to the methods used for evaluation. F9r example, there was a lack of 

correlation between the percentages of capless (CL) spermatozoa determined 

by phase contrast microscopy and of stained. (S) spermatozoa from light 

microscopy scoring of nigrosin-eosin stained preparations. Capless 
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percentages ranged from 33.9% less than to 22.1% more than "stained" 

percentages, with the differences apparently unrelated to spermatozoa 

concentration. 

Subsequent studies showed fair agreement between phase contrast and 

light microscope scoring of nigrosin-eosin stained spermatozoa. Comparison 

of phase contrast scoring of unstained spermatozoa wi.th nigrosin-eosin 

stained preparations of the same sample showed differences related to 

spermato~oa quality. With poor quality ejaculates, the unstained samples 

showed a higher percentage of capless spermatozoa than did the nigrosin-

eosin preparations (e.g., CL ~UCL + SCL in Table XXXIV). The reverse 

was true for high quality samples. The deterioration of spermatozoa 

samples during centrifugation is a function of the inherent quality of 

6 the sample even at con·centrations above 4 x 10 /ml. It does not appear 

to be related to the initial percent of capless sperm in the sample or 

to temperature, over the small range of 2.3-7.2°C. 

It was shown in this chapter that elevated environmental temperatures 

caused marked variations in sperm quality for 7-8 weeks (and possibly 

longer) after exposure, even if the rabbits were placed in an.air-condi-

tioned room at 66°F right after the high temperature exposure. Therefore, 

the relatively sensitive stages of spermatogenesis would appear to be the 

spermatogon:f.al divisions • the maturational divisions and the early 

spermatid stage (Figure 57 and 59). The late spermatid and spermatozoa 

stages appear relatively resistent to elevated body temperatures except 

for the mature spermato~oa in the intra-abdominal part of the genital 

duct system. Tha latter spermatozoa und~rgo l!larked deteri.oration as 

evidenced by loss of ~otility and increased percentages of caplessness 

in the ejaculate. The delayed and intermittent e~ression of the effects 

of environmental temPerature on spermatozoa quality explains, at least 
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partially, the observations mentioned in previous chapters and in the 

first paragraph of this section. 

. '~ . . . . 

----------, 
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X. SUMMARY 

Since a number .of detailed conclusions and recommendations were 

presented in the individual chapters, only the most important are 

recapitulated here, along with some summary findings. 

The motility and fertilizing capacity of rabbit spermatozoa were 

preserved for several hours during separation experiments at 3°C at 

concentrations of approximately 1 x 106 and 4 x 106 /ml, respectively. 

These experiments were carried out in low ionic strength glycine-

phosphate buffer. Fowl spermatozoa motility was preserved at concen

trations as low as 8 x 106 /ml for 6 hours at 3°C in 310 mosm solutions 

of both low ionic strength glycine-citrate and glycine-phosphate 

buffers. Under the same media and temperature conditions, fertilizing 

capacity was preserved for about 2 hours at concentrations down to 

6 
90 x 10 sperm/ml. The establishment of these conditions rendered 

it possible to conduct analytical biophysical experiments on low 

concentration preparations of rabbit and fowl spermatozoa, and to 

exploit the results of such studies at higher concentrations in 

preparative Staflo experiments with maintenance of vital cellular 

functions, especially the fertilizing capacity. 

In Staflo experiments at 3°C or lower, migration was not signif-

icantly influenced by intrinsic motility and there was no differential 

distribution of live and dead rabbit spermatozoa among collection 

fractions in three-layer sed~mentation and two-layer electrophoresis 

migration experiments. Under these temperature conditions a most 

important variable in experiments using low density-low viscosity 

media :i.s the cell concentration. For instance, concentrations above 

25 x 10
6 

rabbit sperrnatozoa/ml may result in "cluster sedimentation", 
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i.e., cooperative rather than individual cell sedimentation. 

At 4°C and higher, the intrinsic motility vector may have a 

significant contribution to the migration pattern. Sperm orientation 

was influenced by gravity'in all Staflo experiments and by the strength 

and direction of the electric field in electrophoresis experiments. 

By proper selection of the medium, pH, density gradient, temperature 

and electric field strength (if used), the intrinsic motility vector 

of both rabbit and fowl spermatozoa was controlled so as to give 

enrichment of certain collection fractions with ~Pgar~ to motility, 

viability and fertilizing capacity. 

The best values obtained for sP.l~~tPn physical propertico of rabbit 

and fowl spermatozoa are given in Table XXXVIII. The sedimentation 

and electrophoretic values were determined in Staflo experiments, the 

specific gravities in sodium iothalamate gradient. Within the single 

(specific gravity) band of fowl sperm, a higher percentage and degree 

of motility were found in the top of the band. Among the different 

bands of rabbit spermatozoa, there was a marked differential viability 

distribution with the low density band containing nearly all of the 

viable sperm. Thus centrifugation in a sodium iothalamate density 

gradient provides a ready means for separating live and dead rabbit 

spermatozoa. Although there was no evident bimodal distrihution of 

viable sperm in the low density band, (as suggested by others) i. t i.s 

possible that, with an expanded density gradient of physiological 

osmolarity, different groups of spermatozoa might be found in thi.s 

band. The high density band, containing essentially only non-viable 

sperm, appeared to migrate farther with increasing centrifug~tion 

time suggesting a non-constant effective density. 
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Table XXXVIII. 
a Best Values of Physical Properties of Rabbit and Fowl Spermatozoa. 

Sperm Property Medium £!! Avs. Value 

Sed. Rate GPBb 7.0 0.53 X 10-4 em/sec/em/sec 
2. 

Elect. Mobil. ( j) c GPB 6.6 0,54 X 10-4 cm/sec/V /em 

Rabbit Elect. Mobil. ( j) GPB 7.1 0.85 X 10-4 em/ sec IV I em 

Elect. Mobil. C.L) GPB 7.1 0.81 X 10-4 em/ sec IV I em 

Specific Gravity SI 1.19-1.21 (upper band: viable sperm) 

1. 26-1.29 (middle band: mixed quality) 

1.33-1.37 (lower band: poor quality sperm) 

Elect;. Mobil. (j) GCB 7.0 1,65 X 10-4 cm/sec/V /em 

Fowl Elect. Mobil.(_) GCB 7.0 1.68 X lo-4 cm/sec/V /em 

Specific Gravity SI 1.19-1.21 ·(single band: all sperm) 

a) normalized to conditions of 3°C and 1% sucrose. 

b) GPB; glycine-phosphate buffer; GCB= glycine-citrate buffer; both of resistivity 960 ohm em. 

SI = sodium iothalamate density gradient. 

c) i = upward migration. ~= downward migration. 
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The number of offspring obtained from the artificial insemination 

of separated rabbit spermatozoa was insufficient for the correlation 

of physical properties with the X- and Y-chromosome content of the 

spermatozoa. Observations in these experi~ents strongly suggest that 

the partial separation of the two types of spermatozoa reported by 

other investigators is not a simple function either of differential 

sedimentation rates or of differing electrophoretic mobilities. Thus 

the partial separation of X- and Y-chromosome bearing spermaLozoa in 

their sedimentation experiments must have been influenced by "cluster 

sedimentation" or some process other than individual cell sedimentation, 

such as an aqueous polymer two phase separation as described by 

270 Albertson . My observation of a significant effect of motility on 

electrophoretic migration, at temperatures as low as 4°C depending 

upon the medium, suggests that the X-Y separations reported by 

Schro"der206 and by Gordon91 · . . 11 10 15°C us~ng temperatures genera y - , were 

most likely a consequence of a differential swimming rate of, rat.her 

than an opposite charge on, the two types of spermatozoa. 

A frequent obstacle to obtaining offspring from separated sperm-

atozoa was the marked variability and unpredictability in the quality 

of rabbit ejaculates, especially during warm weather. The effects of 

elevated environmental temperatures appeared to be intermittent over a 

7~8 week period. Relative as well as absolute elevations of tempera-

ture may be important in this regard. The most sensitive phases of 

spermatogenesis appeared to be the spermatogonial and maturational 

divisions, and the early spermatid stage. In addition, mature 

spermatozoa in the intra-abdominal part of the genital duct system 

appeared to. undergo marked deterioration because of elevated 
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environmental temperatures, as evidenced by the immediate loss of 

motility and increased caplessness of ejaculate sperm. 

Several theoretical analyses applicable to free solution zonal 

migration and fractionation processes were made. Range and distribution 

diagrams for particle migration distances were developed which make 

possible visualization of the requirements for optimum fractionation, 

and subsequent quantitation thereof. The diagrams also provide a 

means for analyzing the distribution of migration properties among 

particle populations. They emphasize the fact that migration patterns 

~\\~~~ .. \ 
spreading over only two adjacent layers can be meaningful but that a· .. : .. ~ ... 

three-layer pattern is the minimum that will give distinct sub-popula-

tions in the extreme fractions. 

As in all investigative fields, each project generates innumerable 

ideas for additional work. Many suggestions for expanding the differ-

ent methods of studying spermatozoa used in this thesis are made in 

individual chapters. It is hoped that some of the suggestions will be 

implemented in the near future. 
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Symbol 
or Term 

GLOSSARY 

Meaning 

AI Artificial insemination 

C Capped (spermatozoa) 

CF Collection fraction. The 
cells or particles in an 
individual collection 
container 

CL Capless (spermatozoa) 

Collection Receptacle in collection 
container syste~ for outflow from 

one outlet channel 

Units 

cp Cantipoioc (via~oaity) ( g )x 10- 2 
em• sec 

CPD 

dx 
dt 

E 

e·S 

E•S 

EWFR 

EYM 

Flow-cell 

Flow
chamber 

Cytoplasmic droplet (sperm) 

Sedimentation velocity em/sec 

Electric field strength V/cm 

Slowes·t electrophoresing
:slnwest sedimendng (particle) 

Slowest electrophoresing
fastest sedimenting (particle) 

Fastest electrophort:!sing
slowest sedimenting (particle) 

Fastest electrophoresing
fastest sedimenting (particle) 

Elcctrodcwash solution 
flow rate 

Egg yolk medium 

Consists of flow-chamber 
and upper and lower 
electrode chambers 

Chamber in which electro 
phoretic and/or sedimen
tation migration occurs 

ml/min 

Where First 
Used 

p 234 

Table XVIII, 
p 218 

p 65 

Table XVIII, 
p 218 

P n'i 

p 21 

p 161 

Eq (4), p 84 

Fig 16, p 87 

p 86 

p 86 

p 86 

p 86 

p 67 

p 234 

p 55 

p 55 
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Symbol 
. or Term 

FM 

Fraction 

g 

GCB 

GPB 

h 

IS 

L 

Layer 

MBM 

Migration 
pattern 

Migration 
profile 

MNS 

NH-1,2 

NZW 

s 

s 

Meaning 

Forward motion (spermatozoa 
motility) 

Short for 11 collection frac
tion11 

Units 

Acceleration of gravity 980 cm/sec
2 

Glycine-citrate buffer 

Glycine~phosphate. buffer 

Height of sample stream 
at inlet 

Initial sample. Sample 
suspension that is intro
duced into Staflo inlet 
layer 

em 

Length of flow-chamber ·em 

Horizontally flowing fluid 
layer in S taflo flow-chamber 

Modified Baker's Medium 

The overall. side view appear
ance of a continuously flow
ing sample migrating in the 
flow-chamber 

The appearanc~ or shape 
of the cross section of 
a migrating sample 

Morphologically nont~l but 
stained (spermatozoa) 

Norman-Johnson Solutions 
1 or 2 

New Zealand White (rabbit) 

Slowest sedimenting 
(particle) 

Fastest sedimenting 
(particle) 

Where First . 
Used 

Table XVIII, 
p 218 

p 66 

App F, p 381 

App D, p 358 

p 232 

p 75 

p 231 

Table V, 
p 148 

p 58 

App D, p 358 

p 58 

p 67 

p 112 

p 37 

Table XXIV, 
p .245 

. Fig 16, p 87 

Fig 16, p 87 
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Symbol 
or Term 

s 

s 

SCL 

SPE 

SI 

ss 

Staflo 

SUE 

'l'W 

u 

uc 

UCL 

v 

v 

Meaning 

Sedimentation coefficient 

Stained (spermatozoa) 

Stained, capless 
( spermatozoa) 

Sedimentation-downward
electrophoresis 

Sodium iothalamate (medium) 

Stirred sample. Suspension 
that remains in Staflo 
sAmple (feed) syringe at 
conclusion of experimenc 
(usually stirred magnet
ically throughout experi
ment) 

Short for "Stable-flow 
free-boundary'' 

Sedimentation-upward 
electrophoresis 

Tail~wugglug ( upl!L'UW:i Lu:=.u~ 
motility) 

Unstained (spermatozoa) 

Unataincd; capped 
(spermatozoa) 

Unstained, capless 
( sper111a tu:wa) 

Particle migration rate 

Volts 

Absolute viscosity 

Migration distance 

Units . 

Svedbergs 
(:;;lo-13sec) 

em/sec 

Volts 

poise( g ) 
em-sec 

em 

Where First 
Used 

Table III, 
p 117 

p 112 

p 286 

p 85 

Table XXXVIII, 
p 317 

p 234 

p 2 

Toh1o XVIII, 
p 218 

p 112 

p 286 

Eq (13)., 
p 97 

Eq (13), 
p 97 

Eq (3), 
p 84 

p77 
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Symbol 
or Term 

. \ 

A 9SUE-min· 

T 
nun 

T 
av 

Meaning 

Migration distances: 
E (electrophoresis), 
S (sedi~ntation), 
SDE (sedimentation-downward
electrophoresis), SUE 
(sedimentation-upward
electrophoresis) 

Minimum A for spermatozoa 
in collection fraction 9 
in sedimentation-upward
electrophoresis 

Electrophoretic mobility 

Micron 

Minimum residence time; 
the time any given volume 
element resides in the 
flow-chamber 

Average residence time; 
time required to pump a 
volume of fluid equal to 
the volume of the flow
chamber 

MinimUm residence time for 
electrophoresis 

Units, 

em 

sec•volt 

sec 

sec· 

sec 

Where First 
Used 

Eq (2), p 83 

p 86 

p 91 

p 42 

Eq (4), p 84 

Table v, 
p 148 

Eq (13), 
p 97 
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APPENDIX A 

Considerations in Selecting the Rabbit 

as a Sperm Donor 

1. Rabbit spermatozoa have been studied extensively with regard to both 

physiology and attempted separation of X- and Y-chromosome bearing 

sperm. 

2. The rabbit is large. enough to work with conveniently. Sperm can be 

3. 

collected with an artificial vagina, allowing reuse of the animal. 

Rats and mice generally are sacrificed to get sperm. 

Rabbit' semen does not coagulate92 as does that of the rat168 . Guinea 

pig spermatozoa agglutinate more rapidly than ~perm from other opeeies 

in all media, including saline52 . 

4. Rat spermatozoa survive only 2-3 hours in saline, whereas spermatozoa 

f h i 11 i . f 1 i . d 52 rom ot er spec es genera y surv ve or onger t.me per~o s . 

5. The rabbit is usually in estrus if there is sufficient light. Ovula-

tiort can be induced in thP. rabbit, while the mouee anu lte:u.11ster ovulate 

RflO!'!ta'OiiOUEly. 

6. Normal ovulation in the rabbit yields an average of 10.2 ova. More 

can be obtained with superovulation. 

7. Fertilized rabbit ova spend about 3 days in the oviduct and implant 

in the uterus in the morula (3 day) stage or blastula (4 day) stage. 

This is also true for rat and mouRP. ova. 

8. The gestation period of the rabbit is 30-32 days; ·Slightly greater 

than those of the rat, mouse and hamster which ar~ 22, 19 and. 16-19 

days, respectively. 

9. The litter size of the rabbit averages from 4.0-8.1 offspring, compared 

to 6.1-11.1 for the rat and 4.5-7.4 for the mouse . 

. . · .. 

t i~ ... . 
'I 
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APPENDIX B 

Supplemental Information on Work with Germ Cells 

Contents 

1. Spermatozoa •. 

a. Collection 

b. Cooling. 

c. Counting . . . . .. 
d. Evaluation • 

2. Ova. • • • 

a. Normal Fertility of the Female Rabbit. 

b. Inducing Ovulation 

c.. Obtaining Ova ..•• 

d. Cultivating Ova IN VITRO 

e. Storage of Ova . • 

f. Transplanting Ova. 

3. Fertilization ••.. 

a. Fertilization IN VIVO. 

1) · Capacitation of Spermatozoa. . 

2) . Spermatozoa Transport in the Female •. 

3) 

4) 

Penetration of Ova by Spermatozoa. 

Effects of Female Hormones 

b. Fertilization IN VITRO • 

1) Parthenogenesis .•. 

2) Example of Procedure Used for IN VITRO Fertilization 

of Rabbit Ova . 

4. Artificial Insemination. 

a. Time of Insemination 

· b. Place and Number of Spermatozoa; . 
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337 

340 

340 

341 

342 

343 

343 
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348 

349 

349 

349 

350 

351 

351 

351 
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5. Sexing Offspring. 352 

a. Gonads. . . • 353 

b. Chromosomes •• 353 

c. Sex Chromatin • 354 

L Spermatozoa 

a. Collection. Designs of artificial vaginas which have proved success-

. d 'd d 92 . 239 . 46 ful are iscusse by Gor on ; Walton ; Bredderman, et al ; and Pis-

tenma (Appendix C) . · 

Foote used glycerol ·as a lubricant in an artificial vagina, and 

found a large percentage of bull spermatozoa adherent to the rubber sur~ 

face 81 •. Using silicon as a lubricant did not decrease the tendency for 

81 adhesion of spermatozoa to the lumen • Polge observed that rabbit sperm-

atozoa did not regain motility if more than approximately 2.5% glycerol 

188 
is rapidly introduced into the semen Thus, it is conceivable that 

liberal lubrication of the lumen of the artificial vagina with glycerol 

could be detrimental to the sperm. Kll jelly and similar sterile lubti-

cants have been used ~y me with no observable effect on the spermatozoa. 

Fox collected rabbit semen between ~:~U and }:~U A.M. when distracting 

noises and influences were minima185 • He evaluated the semen for motility, 

6 concentration (rejected if less than 100 x 10 /ml) and live: sperm, using 

a differential (live-dead) fast-~reen FCF and Eosin B stain and rejected 

. ' 85 
the sample if less than 50% were viable. 

Williams and Hamner used a glackened Warburg flask for collection, 

243 centrifugation and washing spermatozoa • They observed a transient in-

crease in respiration of rabbit spermatozoa with a 5-30 second exposure 

to white light and observed almost a 4-fold increase in respiratory rate 
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243 
after a 3 minute exposure to white light (100 watt bulb at 20 em) . 

Norman and Goldberg showed that a wave length of 4400 A0 produced the 

greatest effect which is believed to be a photosensitized oxidation176 . 

Impairment of motility is exponential with exposure as if the light 

initiated an autocatalytic reaction. Brief exposure to light initiates 

a reaction which ,continues at a slower rate in the dark. The red end of 

176 the spectrum had little effect on the spermatozoa 

Brackett and Williams observed that the temperature of the artificial 

vagina used in semen collection changed the effect of light ori respiration. 

Exposure to 48°C for 40 seconds reduced motility. Heat stimulated respir-

ation in the absence of light and depressed respiration upon exposure to 

265 
light later Walton239 suggested a temperature of 45°C for the arti-

ficial vagina. In view of Brackett and Williams' observation, I would 

recommend staying well below 45°C in order to avoid the possibility of 

heat damage to spermatozoa. Male rabbits are not very happy if the temp-

erature of the artificial vagina is below 38°C, so a temperature of 40-42°C 

appears to be a good compromise. 

b. Cooling_. The loss of viability and motility of spermatozoa after 

sudden cooling has been described for many mammalian species, including 

the rabbit92 and the bull
101

'
109

• 

Tanaka and Okamoto have shown that rapid cooling of fowl spermatozoa 

from 25°C to 5°C has no effect on fertility of undiluted and diluted sperm

atozoa269. Rapid cooling of spermatozoa to 0 and -2~C resulted in 

lowered fertility with undiluted semen, but no change in motility with 

4-fold dilution of the semen with Wilcox's buffer. Cooling to -2°C at 

a rate of Q.5°C/minute resulted in no significant decrease in fertility 

269 of diluted or undiluted semen • 
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Cooling curves determined for 2 ml of buffer in a 15 ml centrifuge 

tube in the center of 1 and 2 pound coffee cans filled with :sawduse and 

immersed in ice water have shown maximum cooling rates of less than 0.4°C/ 

min. Cooling from room temperature (23°C) to 3°C takes approximately 90 

and 110 minutes in the 1 and 2 pound coffee·cans, respectively. This is 

a simple and convenient way to cool spermatozoa gradually. 

c. Countin_g_. Rothschild197 and Maude150 observed nonrandom distributions 

of spe~atozoa in a Hawksley hemocytometer. Rothschild observed that 

gravity did not affect the distribution of the spermatozoa and that bull 

spermatozoa appeared to be attracted to the large glass surfaces of the 

cover slip and microscope slide197 • Freund ~d Carol reported that in a 

study of the variance in counts by different technicians using a hemo-

cytometer, pipetting accounted for 22% of the variance, and handling of 

the chamber 26%87 • 57.4% of the variance in hemotytometer technique was 

due to variance among technicians, and 42·. 6% was due to variance among 

duplicate hemocytometer determinations by the same technician86 . The 95% 
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contiden.ce interval for hemocytomete'r counts among technicians on a single 

' 86 87 specimen was ± 52% ' • 

Segal and L~urenc;e analyzed hUI!lan spermatozoa using a Coulter C:nnnt

er209 The addition of 1 m1 of 1% saponin/100 ml of diluted semen to 

prevent clumping caused immediate loss of motility of the spermatozoa 

without an observable change in morphology. Estimates of the spermatozoa 

concentration, manually, with a hemocytometer, and by counting in the 

Coulter Counter gave agreement within 25% in approximately 1/2 of the 

samples counted. The variance in counts ranged from 25-50% in approximately 

28% of the samples and was greater than 50% in approximately 22% of the 

209' 
samples • 

I have found a 1% solution of formalin in saline to be excellent 

i 
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for counting spermatozoa. The solution stops all motility immediately 

and does not change the morphology of the spermatozoa, so that differential 

counts of capped and capless spermatozoa can be made conveniently. 

d. Evaluation. 

(1) Motility. The motility of spermatozoa can be evaluated quantita-

_tively -in low concentrations or qualitatively in high concentrations. The 
•! 

quan'tita~ive evaluation can be done with either a light microscope or phase 

_contr-ast microscope. The degrees of motility of individual spermatozoa 

are categorized as follows: a) immot:Ue, b) feeble tail-wagging, c) vigorous 

tail-:-w~gging, d) slowly progressive forward motion, and e) vigorous forward 

motion. 

It is customary to evaluate fowl spermatozoa in high concentrations 

on a scale of I to VI corresponding to essentially no motility (Grade I) 

and a vigorous swarming motion (Grade VI), respectively, in the specimen 

under iow or intermediate power in the microscope. 

(2) Phase Contrast Observations. Ul;ling phase contrast microscopy, 

individual spermatozoa in a sample can be categorized as follows: a) im-

motile spermatozoa: capped (C) and capless (CL); b) tail-wagging (TW); 

and, c) forward motility (FM). The tail-wagging and forward motion. are 

assessed degrees as noted in sub-paragraph (1) above. All spermatozoa 

with tail-wagging or forward motility observed by the author were capped. 

However, the possibility of motile capless spermatozoa is not doubted 

for motile tails with midpieces but no heads have been observed. 

(3) Nigrosin-Eosin Staining. 

a) Procedure. I used the stain recommended by Hancock which is 

prepareu by dissolving 5 grams of water sob.1ble _ Eosin Y (Gurr) in 300 

- 109 
ml of 10% aqueous Nigrosin (Gurr) • One drop of spermatozoa suspension 

is placed in 8 drops of the stain for 5 minutes. It is then smeared on 



a glass slide and allowed to dry in air. Other methods of differential 

staining of spermatozoa are presented in references 21, 58~131 and 152. 

b) Scoring Stained Spermatozoa. Stained slides can be scored by 

either light microscopy or phase contrast microscopy, but there is a dif

ference in the 2 methods with nigrosin-eosin stained samples. The correla

tion of the scoring by the 2 methods is discussed in Chapter IX. 

With the light microscope~ 3 categories of stained spermatozoa are 

observed as follows: unstained (U), morphologically normal but stained 

(MNS) and "stained" (S) spermatozoa. These are illustrated in Figure 60 

which shows the acrosomal cap present on the unstained and on the MNS 

spermatozoa. The MNS s~ermatQZQ~arcstained only in the post-nuclear 

cap region, whereas the "stained" spermatozoa have no acrosomal cap and 

the entire head is stained homogeneously. 

Four categories of spermatozoa are observed with phase contrast micro

scopy as follows: unstained and capped (UC), unstained and capless (UCL), 

morphologically normal but stained (MNS) and stained and capless (SCL). 

This categorization differs from the light microscope scoring of the nigro

sin-eosin.stained spermatozoa by the division of the unstained spermatozoa 

into capped and capless groups. 
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(4) Signs of Deterioration or Damage of Spermatozoa. ~igns of deteriora

tion of mammalian spermatozoa in order of increasing severity are loss of 

motility; loss of the acrosomal cap; bending of the tail, usually at the 

neck; and complete severance of the tail from the head. The heads of mammal

ian spe~tozoa remained intact despite considerable stress. 

The deterioration of fowl spermatozoa is somewhat simila1· to that 

of mammalian spermatozoa. However, in addition to the loss of motility 

and bending of the tail (resembling a hairpin in many instances), the heads 
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SPERM STAINING WITH NIGROSIN-EOSIN 

· .. · 
·>X 

a. b. c. 

DBL 7011 5996 

Fig. 60~. S.chematic diagram of categories of rabbit spermatozoa 

observed with light microscopy scoring of nigrosin-eosin prepara-

tiona: unstained (u); morphologically normal but stained· (MNS) 

and stained (S). 



of fowl spermatozoa undergo complete disintegratiort. Thib change in 

morphology is characterized initially by m~rked swelling of the· head to 

2-3 times the normal diameter• This is followed by a beady appearance 

and finally complete disintegration of the head with small beads of 

chromatin-appearing material scattered in the medium. 

(5) Fertilization Capacity·. The ultimate test of the spermatozoa of 

any species is their ability to fertilize ova. This is discussed in other 

sections below. 

2. Ova 

a. Normal Fertility of the Female Rabbit. Rabbits are practically 

160% fertile when mated 1-4 days after parturition if the offspring 

have been removed from the nest. They remain in heat up to 36 days after 

105 
parturition but the fertility is less than days 1-4 thereafter . If 

the young are to .be removed from the nest, they· should be removed immediate-

ly after birth. The slightest delay may allow letting down of milk and 

lead to caked .b~easts in the mother. 

Rabbits mated at the end of pseudopregnancy (approximately day 20) 

have a very low percentage of infertile matings, whereas one gets an average 

31% 1 . bbi h' h h b - - lOS of inferti e matings in ra ts w 1c ave not een pregnant recently 

Foote and coworkers observed that a high proportion of does, even though 

not pseudopregnant, may refuse to copulate82 • 

The age of the female is important for the following reasons: (1) 

170 Females less. than 100 days give few offspring . (2) The age of the 

female at the first fertile coitus varies according to season of birth: 

Month of Birth Age at First Coitus 

March-April 8.5 months 

Oct.-Dec. 5.2 months 

Natural copulation is more likely from April through July, whereas anoestrum 
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normally prevails in late fall and winter105 • (3) Young does give 

an average of 55% normal offspring, whereas 19 month old does give only 

105 36% normal offspring • 

Staples and Holtkamp found a positive correlation between the number 

of Dutch Belt does with corpora lutea and increasing weight of the fe-

218 
males It is interesting that 1 doe weighing. only 1.05 kg maintained 

2 fetuses. They suggested that if the age of Dutch Belt does is unknown, 

it is important to use does that weigh 1.75 kg or more for reproduction 

218 
studies .·• 

There is a positive correlation between the number of eggs released 

170 . 
from the left and the right ovaries . The fertilizability of the ovum 

is greatest up to 4 hours after ovulation and after approximately 8 hours 

4 
is not fertilizable • This may be related in part to the furmation of a 

mucin coat around the ovum from 5-14 hours after ovulation if the rabbit 

is mated normally. Formation of this mucin coat is delayed until about 

the 17th hour if ovulation is artificially induced and no mating occurs15 . 

4 
Fertilization of ag~d ova gives a higher mortality rate of the embryos 

Shaver and Carr found a marked decrease in the number of blastocysts 

recovered when mating of the rabbits took· place more t~an 10 hours after 

212 injection of gonadotropin They found 7 blastocysts with chromosome 

abnormaiities from mating 6 or more hours after gonadotropin injection 

and 6 blastocysts with chromosome abnormalities with mating 2 hours or 

less after injection. 35 d212 Al-A total of 1 blastocysts were examine . 

though not specified, it is believed that the 2 groups had approximately 

the same number of blastocysts. 

Chang and Bedford showed that the cumulus oophorus does not play a 

part.in fertilization but the corona radiata is important in protecting 

the fertilizability of ova55 Dickmann discusses the morphology of the 
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. 66 
zona pellucida of the rabbit ovum Szollosi and Ris discuss the dis-

appearance of most of the cortical granules found within the plasma mem-

224 
brane after sperm penetration Austin presents a thorough review of all 

. 15 
aspects of the mammalian egg 

Thirty hours after insemination of the doe, eggs should be approach:. 

170 
ing the 4-cell stage • Additional information on cleavage rates may be 

found in reference 15. The rate of development of fertilized ova is re-

lated to the number of eggs fertilized, the number shed and to the age 

. ·170 and weight of the female, in that order of 1mportance 

Hafez and Rajakoski have studied the effects of many maternal factors 

on the growth and survival of blastocysts in the domestic rabbit 103 . The 

ovulation rate tended to increase with increase in·parity. The number of 

degenerating blastocysts per doe increased in all superovulated groups 

and the percentage of viable blastocysts among the total number recovered 

103 did not vary in- normally ovulated groups and in one superovulated group 

Hafez showed that salpingectomy, unilateral ovariectomy, subtotal ovariec-

tomy or administration of progesterone in intact rabbits had no significant 

effect on the viability and size of blastocysts or on the diameter of the 

100 
embryonic disk 

Maurer, Hunt, Van Vleck and Foote studied the developmental potential 

of superovulated rabbit ova after transfer to recipient females. They found 

that fertilized ova from the donors exhibited a normal appearance at the 

time of transfer,revealed no subsequent defects or deficiences and were 

as capable of developing into viable young as ova obtained by routine 

ovulation264 • 

McGaughey and Daniel have shown that a concentration of 25pg/ml of 

estradiol inhibits cleavage of single-cell rabbit eggs IN VITRO while most 
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153 
eggs are apparently unaffected by an estradiol concentration of S~g/ml . 

Equimolar concentrations of progesterone ap·pear to be antagonistic to the 

effects of estradiol153 . 

Dukelow showed that the lambing percentages of mated ewes increased 

by 12.9% and the number of ewes lambing by 7 .. 6% after oral administration 
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of extracted wheatgerm oil over 2 breeding seasons 69 He observed no effect 

in Guernsey cows given the wheatgerm oil 
69 He did not evaluate its effect 

on rabbits; however, this is an interesting possibility to improve results 

of reproductive studies .• 

b. Inducing Ovulation. Two apparently satisfactory means .of inducing 

ovulation are the use of a vasectomized buck and the use of hormones. 

1) Using a Vasectomized Buck. The advantages of using a vasectomized 

buck are that it simulates natural mating and no injection is needed. In 

addition, the doe can be mated immediately after parturition without con-

cern about the development of immunity to induction of ovulation by hor-

mones, which is noted below. 

The disadvantages of using a vasectomized buck are: (a) The timing 

and control of the experiment are subject to an expression of love by the 

rabbits and sometimes as many as 50% of the does refuse to mate. (b) One 

must check the vasectomized buck often in order to insure that there are 

no sperm in the ejaculate. Gordon recommends careful checking for the 

first 3 weeks and periodic checks thereafter (Telecon with Mel, March 11, 

1964) •. 

2) Use of Hormones. Because a high percentage of does may refuse to 

copulate with a vasectomized buck, Foote recommends the use of luteinizing 

hormone as a means for carrying out an experiment with sound statistical 

82 
design • However, the use of luteinizing hormone to ir.duce ovulation is 



reliable only if the female rabbits are maintained in estrus by natural 

or artificial mating when not being used in experiments. If there is a 

question as to whether or not a doe is in estrus, Foote has found that a 

doe that accepts a vasectomized buck will ovulate. Host does that refuse 

to mate with the vasectomized buck will not ovulate:'2 . The use of LH 

avoids the possibility of inadvertent fertilization by an incompletely 

vasectomized buck. 

Foote, et al., used supplemental lighting to i tsure 12 hours of 

simulated daylight to minimize seasonal effects of t!ndogenous hor~one 

d 
• 82 pro uctJ.on 0.5 mg/kg of pituitary luteinizing hormone (PLH), (Armour), 

in 0~9% NaCl .• was injected i.n a marginal ear vein. This was followed im
.6 

mediately by artificial insemination of greater than 3 x 10 sperm in a 

0.1-0.2 ml vol. Normal ovulation rates and numbers of offspring were 

obtained. With injection of a total of 2.5 mg PLH, 91% of 57 does 

. H:l 
~indled . Following a second injection, 16 does snowed normal fertility 

and gave a normal litter size. Up to 4 injections over a 2-year period 

did not affect fertility 02 

Even though Foote observed no decrease in fertility with successive 

injections of luteinizing hormone, there is evidence that repeated injec-

tiona of LH leads to immunity in the rabbit. Adams observed a failure 

of does to produce litters with continued use of LH., as shown below: 

Failure of Does to Produce Litters 
With Continued Use of LHl 

Attempted number: 1st 2nd 3rd 4th 5th 6th 

Days between 
injections: 0 87 91 40 37 102 

Females failing to 
produce litters (%) 8 0 20.8 43.5 87.0 100 
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Some does were mated naturally at the time of the 5th injection of lutein-

1 
izing hormone and all conceived despite immunity to the hormone 

Adams and Chang injected 25 iu of luteinizing hormone (LH)(Lutormone 

or Follutein), mated does naturally from 5 hours before to 2 hours 'after 

ovulation and evaluated results by removing Fallopian tubes and examining 

4 ova . They observed from 7 to 15 ovulations (mean of 10.3) per doe and 

estimated that ovulation occurred 9.5 to 13 hours after ·LH injection. 

With mating at 8 hours after LH injection, 85% of the does conceived and 

74% of all eggs (including the eggs in does having no fertilized eggs) 

were fe.rtilized4 . 

Adams injected 20 iu of Pregnyl (Organon Laboratories) intravenously 

6 and inseminated 20 x 10 fresh spermatozoa in 0.5 ml from 3 hours before 

to 6 hours after injection of the hormone1 83.6% of the does kindled 

1 
with an average litter size of 7.3, which is normal . 

In .order to induce superovulation, Foote, et al, injected 0.2 mg 

FSH (Armour) subcutaneously twice daily for 5 days prior to injecting 

82 PLH the morning of the 6th day . Napier gave 2 mg horse anterior pitui-

tary extract for 5 days subcutaneously and, on the 6th morning, he insemin

ated spermatozoa and injected 25 iu of chorionic gonadotropin 170 . The 

results at 30 hours showed the mean number of eggs shed and fertilized 

to be 32.6 and 21.8 per doe, respectively. 15 of 72 does gave no fertilized 

eggs. He obtained 75% and 88% conception rates with homospermic and hetero-

170 
sperrnic inseminations, respectively • 

Mauer, Hunt and Foote studied the development of refractoriness to 

induction of ovulation by exogenous hormones in Dutch-Belted rabbits using 

brief adminJ~;~tratian of FSH-LH or PMSG-HCG at three 16-week intervals 

151 
fallowed by one 8-week interval . LH injections were used as a control. 

_The number of ovulation paints per doe decreased with both regimens but 
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the refractoriness was most pronounced in the PMSG-HCG group 151 

c. Obtaining Ova. Most workers usually remove the oviducts and uteri, 

15 
and flush with Krebs-Ringer bicarbonate solution 2-3 hours after ovulation 

Chang has a good discussion of this procedure53 . Moricard discusses re

moval of ova but does not say that the animal is alive163 . Avis and 

Sawin used a surgical technique in order to use the does over again. 81% 

of ova they transplanted gave normal offspring16 • ~his is a feasible 

technique for g~tting blastocysts. 

In larger animals, such as the cow, a .multipl~ 1\lmina tube can he 

used to flush the eggs from the uterus. 

d. t.:ulturing Ova IN VitRO. Gwatkin and Biggers used mouse Fallopian 

tubes to culture mouse eggs through the morula stage (3rd day) and b1asto-

97 cyst stage (4th day) . Biggers, Gwatkin and Brinster_showed that develop-

ment of blastocysts IN VItRO occurs in the normal time span. 39 

Ch~:mg used diluted blood serum to study the maturation of rabbit ova 

53 
IN VITRO . Bigge.rs, Gwatkin and Brinster found that mouse embryos dev-

eloped for 4 days IN VITRO in a chemically defined medium containing Fal-

. 39 
lopian tubes, but did not develop in the chemically defined medium alone 

The presence of the ovary had no influence on the development of the em-

39 
bryos Daniel and Olson found that the first cleavage of the fertilized 

rabbit ovum will occur in an amino acid-free medium, but that the second 

and subsequent cleavages require the addition of certain amino acids59 . 

Ahlgren transferred fertilized tubal rabbit eggs to millipore filter 

chambers and compared the effect of emplacement for 48 hours in the ab

dominal cavity or in the uterus5 • Development was significantly retarded 

in the abdominal cavity. He suggests that a tubal factor is necessary 

for the eggs to develop5 . 
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e. Storage of Ova. Several different media are discussed by Hafez in 

conjunction with work primarily related to storage of 2-16 blastomere stage 

lo oc99,101,102 
ova at . . Some observations were that: (1) Serum was in-

.dispe11sible for survival of ova and whether the serum was autologous or 

101 102 heterologous did not change the implantation or survival rates • • 

(2) co2 c;lid not improve the survival rate of ova102 • . (3) The survival 

of ova was not affected when stored in media having antibiotics in the 

.following concentrations or lower: streptomycin, 7.5 mg/ml; chloromycetin, 

4 mg/ml; paramomycin, 6.5 mg/ml or penicillin G, 23.9 mg/ml. However, 

at higher concentrations, the survival was partially or completely in-

99 
hibited . 

With a 1:1 serum-saline basic solution, Hafez found that 1% and 7% 

102 
gelatine were better than .S% gelatine and that 2% glycerol proved more 

101 
helpful than 7% glycerol The gelatine medium was better for storage 

than plain liquid and he recommends addition of 1% gelatine even though 

102 embryo survival is about the same for gelled or liquid media 

1 i i hi h f 11 d h f 1 . 'd d' 102 p antat on rate s g er or ge e t an or ~qu~ me ~a 

The im-

The importance of temperature control in the survival of ova is 

illustrated by the following: (1) Unfertilized ova are more resistant 

f . d h i h f '1' d 53 
to reez1ng an t aw ng t an are ert1 1ze ova . (2) Slow cooling of 

ova in a yolk-buffered medium is the best method of preventing temperature 

101 
shock • (3) Slow warming of stored ova is harmful as shown by an 8% 

implantation rate for ova warmed slowly after_storage for 144 hours at 

i0°C. In contrast, a rate of 31% was achieved with fast warming (insertion 
. W2 

directly into recipient female) . 

Hafez discusses changes observed in fertilized ova during storage in 

references 101 and 102. Some of the observed abnormalities are believed 
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102 
secondary to faulty fertilization or aging of gametes The mucin coat 

on fertilized rabbit eggs may enhance their survival IN VITRO. Most other 

mammalian ova of interest do not have this coat102 . The implantation rate 

of abnormal eggs determined at 8 days is similar to that of normal ova; 

however, .the survival rate at 15 days is lower101 . Cleavage is arrested 

in rabbit ova stored at 25°C but at 37-39°C one sees 2-16 cell ova develop 

101 to the blastocyst stage Other observations on abnormal development 

of ova are· found in reference 99. 

It appears that the ability of stored ova to implant IN VIVO cannot 

be measured accurately by their ability to cleave IN VITRO. This may be 

due to the requirement for correlation between endometrial growth and ovum 

102 
development at the time of transplantation . 

f. Transplanting Ova. Chang showed that there is little or no chance 

for a transplanted ovum or blastocyst to develop into young when trans-

ferred to the genital tract of the recipient female 1 or 2 days before or 

50 . after the corresponding corpus luteal stage . Staples has shown that the· 

via.bility of .5-day rabbit t.Hastocysts was lnaintait\ed during culture IN 

VITRO for at least 16 hours, as judged by development of viable fetuses 

218 after subsequent transfer to recipient females • There was no significant 

difference in the percentage of viable fetuses developing from 5-day blasto-

cysts cul.ture~ for at least 8 hours at 37°C compared to the development of 

218 
noncultured blastocysts . 

Pavlak has reported some improvements in the fertilization IN VITRO, 

184' cultivation and transplantation of mouse ova In some cases, normal 

. 184 
embryos were obtained after transplantation . Hunter, Polge and Rowson 

achieved moderate success in transplanting 7 and 8-day-old pig blastocysts 

to unmated recipients118 
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3. Fertilization 

a. Fertilization IN VIVO. In natural mating, owlation is induced 

in_the rabbit by the act of copulation and occurs from 9.5 to 13 hours 

thereafter. The time of ovulation after the injection of luteinizing 

hormone is approximately the same. Fertile mating requires coordination 

of the capacitation of the spermatozoa, ·the maintaining of fertilizability 

of the ovum and spermatozoa, and the transport of an adeql!ate number of 

spermatozoa to the site of fertilization15 . Spermatozoa capacitation, 

transport of spermatozoa in the female rabbit and penetration of ova by 

spermatozoa are discussed below. Reference 15 contains an excellent dis-

cussion of the mammalian egg and the details of oogenesis. 

Roche, Dziuk and Lodge evaluated the effectiveness of fertilization 

of rabbit eggs by fresh and aged spermatozoal95. Spermatozoa aged by 

storage for 24 hours at 5°C in a diluent composed of 0.5% f_ructose and 

2.9% sodium citrate in distilled water fertilized a significantly smaller 

proportion of eggs than fresh spermatozoa. However, the decreased effect-

iveness of aged spennatozoa, in competition with fresh spermatozoa, does 

not appear to be due to a lack of capacitation, transport or fertilizing 

195 
capacity, or to embryonic losses • 

Dzuik, by double mating does to 2 different bucks which were distin-

guishable from each other, showed that when the interval be tween serving 
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the does to the bucks wa~ 2 hour~, the fi~st buck sired_86% of the offspring7~ 

When the interval betwP.en males was shortened, the first male sired the 

majority of the offspring, but the proportion was less than after a 2-hour 

interval. Thus, it appears that spermatozoa which have resided in the 

genital tract of the doe for up to 10 hours have a distinct competitive 

advantage over newly inseminated spermatozoa72 . 



1) Capacitation of Spermatozoa. Spermatozoa must be in the genital 

tract of the female rabbit for approximately 6 hours before they are capable 

of fertilizing eggs 4 . Estimates range from 3-6 hours for the time it takes 

4 247 rabbit sperm to reach the site of fertilization • . This slowness of 

transport compared to other species may be related to capacitation4 

Capacitation in the uterus is more efficient than in the Fallopian 

tube. This was shown by a higher fertilization rate from deposition of 

semen into the uterus 10 hours before ovulation than from deposition in 

the Fallopian tube at the same time3 • Noyes, Walton and Adams have shown 

that spermatozoa can be capacitated in the spayed female, in the intact 

177 male and in organs unrelated to the genital system A 41% fertilization 

rate was achieved with spermatozoa capacitated in an excised rabbit uterus 

maintained in a .saline medium. Small numbers of sperm (2,000-10,000) were 

inseminated surgically and the evaluation of capacitation was judged by 

fertilization of ova IN vrvo177 . 

Chang showed that seminal plasma is beneficial to both motility and 

fertility as a medium for artificial insemination49 . However, after capa-

citation of spermatozoa in the female genital tract, seminal plasma is 

detrimental both to motility and fertilizing capacity49 Dukelow, Chernoff 
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and Williams showed that seminal plasma from the bull, boar, stallion, rabbit 

and monkey all contained a decapacitation factor, but human, rooster and 

dog seminal plasma did not contain this factor 70 . The authors suggested 

that the presence, or absence, of decapacitation factor in the seminal 

plasma is indicative of the need for or lack of capacitation in that species. 

They also discussed the properties of the decapacitation factor 70 . 

Hamner and Williams showed that rabbit spermatozoa respire at a greater 

108 
rate in oviduct fluid than in calcium-free Krebs-Ringer phosphate solution . 



They suggested that the stimulating factor was bicarbonate and that it 

stimulated maximally at a concentration of 2. 36 x .10-3 M.. It appears to 

stimulate respiration by increasing the concentration of TCA cycle inter

lOB 
mediates . 02 uptake by sperm increased 4 times after incubation in a 

rabbit' uterus and gave a fertilization rate of 18% compared to 0% for 

107 
freshly ej~culated sperm . Murdoch and White showed that the metabolism 

of labelled glucose by rabbit spermatozoa after incubation in the uterus 
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167 was significantly higher than the rate of metabolism by fresh spermatozoa . 

The time required for the developm~nt of those metabolic changes was similar 

. 167 
to that required for the capacitation of rabbit spermatozoa 

Howarth, Alliston and Ulberg found no significant difference in ferti-

lization capacity of spermatozoa recovered from females maintained at 21° 

116 and 32°C during 6-8 hour capacitation period in the uterus . There was 

a significant reduction, however, in pre-implantation embryo survival as 

116 a result of uterine environment on spe~ . 

Dukelow and Williams showed that spermatozoa incubated for 12 hours 

in the uterus and inseminated into the rabbit oviduct 4 hours before ovula-

tion gave a fertilization rate of 4.5% compared to a rate of77% when the 

spermatozoa had been incubated in the uterus for 16 hours and inseminated 

at the time of ovulation71 . This observation and others, using different 

time factors, suggest that the oviduct has a det.rimental effect upon capa-

citated spermatozoa. 

Bedford and Shalkovsky evaluated the species-specificity of rabbit 

31 sperm capacitation using the cat, ferret, guinea pig and rat . Sperma-

tozoa did not survive for more than 12 hours in the cat, ferret and guinea 

pig, and spermatozoa removed .from these species prior to. that time did not 

fertilize any rabbit eggs when deposited in the oviducts soon after ovula-

tion. Rabbit spermatozoa survived up to 48 hours in the uterus of estrous 



rats, and spermatozoa which had been in the uterus of the rat for more 

than 14 hours fertilized a s_ignificant proportion of tubal rabbit ova. 

Although some phases of capacitation appear to occur in the uterus of the 

rat, it appears that functional capacitation involves another phase which 

is species specific and possibly may be restricted to the female tract of 

the rabbit 31 . 

It appears that capacitation has a two-fold effect: (1) alteration 

of the acrosome, releasing hyaluronidat>e and thus. enabling the spermatozoon 

to pass through the cumulus and (2) the removal of the acrosome, thus 

exposing. the perforatorium, which is apparently the organelle directly 

14 15 concerned in sperm penetration of the zona pellucida • . The rate of 

capacitation may vary under different environmental conditions, indicating 

the probability of a chemical or physicochemical process which need not be 

. 3,107 
acrosome·r~moval . The correlation between the acrosome removal and 

capacitation is questioned .because the decapacitation by seminal plasma 

3 does not replace the acrosome 

2) Spermatozoa Transport in the Female. Spern1atozoa seldom reach the 

oviduct of the rabbit in less than 1 hour after mating and 5-6 hours may 

be required before sufficient spermatozoa enter the oviducts of all rabbits 

to fertilize all of the eggs shed247 . The mechanism of transport of sperm-

atozoa in the female is attributed to muscular contractions of the vagina 

and uterus and/or to the intrinsic motility of the spermatozoa. 

Krehbiel.and Carstens reported the transfer of methylene. blue, janus 

green B .and iodochlorol through the reproductive systems of estrous rabbits 

after artificial stimulation of the vulva to simulate the copulatory reflex 

(erection of vulvar tissue) 128 . The dyes reached the tubal end of the 

uterine horns 2-5 minutes after the initiation of stimulation of the vulva 

which resulted in combined muscular contractions of t.he vagina and uterus. 
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It was necessary to place fluids beyond the vaginal sphincter. In the 

absence of a response to vulvar stimulation, no oil passed into the uterine 

128 
horns . 

Noyes, Adams and Walton placed radiopaque oil in the vaginas of 

rabbits and, even though they observed vaginal contraction upon vulvar 

stimulation, they did not observe filling of the uterine horns with oil at 

any time178 ; They even experienced difficulty filling the uterine horns by 

means of ·a catheter placed within the uterine lumin;:1, After vaginal in-

34 7 

semination of a mixture of 90% dead and 10% motile bpermatozoa, an increasing 

number of ·spermatozoa in the uterine horns over a pe.riod of 4 hours was 

noted when insemination preceded mating with a vasectomized buck. The 

percentage of motile spermatozoa decreased from 90-100% in tile first hour 

to 75-85% at the end of 4 hours. When mating preceded artificial insemina-

tion, the percentage of motile spermatozoa in the uterine horns ranged from 

67-91%. They concluded that living spermatozoa passed through the cervical 

barrier as a result of intrinsic motility and that the point at which the 

rate of progress is first influenced by muscular contractions of the female 

genital tract remains to be identified178 . 

Moghissi and coworkers studied the relationship between the motility 

161 
of spermatozoa and migration through the mucus of the human cervix . 

In summary, their observations were as follows: (1) Spermatozoa penetrate 

clear, clean, watery, mid-cycle mucus readily and rapidly. (2) With in-

r.reasing viscosity of the cervical mucus, the degree of sperm penetration 

was found to decrease. (3) Acid mucus immobilizes spermatozoa and alkaline 

mucus enhances migration. (4) Incompatible proteins in mucus may cause 

death or agglutination of sperm. (5) Proteolysis of cervical mucus by 

seminal plasma enzymes may play a.role in sperm migration. They suggest 

that an IN VITRO test of the compatibility of mucus with sperm and seminal 



plasma may provide clues in infertility problemsl61. 

3) Penetration of Ova by-spermatozoa. Observations on sperm penetration 

are provided by Szollosi and Ris for the rat224 , by Yanagimachi for the 

245 119 haiD,E;;ter , and by Hunter and Dzuik for the pig . Sperm penetration, 

the immediate reactions of the mammalian egg upon penetration and the 

cytology of fertilization are dicussed in reference 14. 

Austin reports that the corona radiata cells need not be off to get 

. - . i 14 sperm penetrat on . Rabbit eggs IN VITRO generally cannot be denuded by 

treatment with sperm suspension or hyaluronidase solution alone, suggest-

-ing that a uterine secretion complements the hyaluronidase released by 

h . 14 t e:sperm • The importance of the corona radiata in egg fertilizability 

is shown by the fertilization of about 85% of ova. with an intact corona 

· radiata but only about 50% without the corona radiata from 2-4 hours after 

ovulation55 . At 6 hours after ovulation, the percentages were 60% and 

. . 55 
12%, respect1vely 

Dickmann describes 2 distinct concentric layers in the zona pellucida ,, 
of the rabbit ovum · The 11 outer zona11 appears granular and the "inner 

zona" appears fairly homogeneous. The width of the "outer zona" varies 

relative to the thickness of the "inner zona". Sometimes one can distin-

guish 2 or more concentric layers in the "inner zona". Radial striations 

66 are also seen in this layer on occasion It has been postulated that 

the zona pellucida of the mammalian egg secretes a substance ("fertilizin") 

which has the primary purpose of enhancing attachment of the spermatozoon 

to the zona pellucida, thereby aiding penetration
14 

This "fertilizin" 

also causes agglutination of sperm IN VITRO but not IN VIVO where it may 

be neutralized by a secretion of the female genital tract ("antagglutin") 1~ 

For IN VITRO fertilization, it is necessary to wash freshly ovulated eggs 
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14 before introducing the sperm Soupart has shown that the acquisition 

of the ability to penetrate the zona pellucida is associated with a 

217 shortening of the life span and fertilizing ability of rabbit spermatozoa . 

It is estimated.that the fertilizing spermatozoon takes 1/2 hour to 

cross the peri-vitelline space14 . With fertilization IN VIVO, the rabbit 

egg usually shows ·several spermatozoa in the peri-vitelline space14 . How

ever, Adams·piaced as many as 17.6 X 106 sperm at the site of fertilization 

and got no~al fertilization, thereby leading to the belief that a normal 

3 egg can prevent polyspermy The percent.age of eggs fertilized is not 

. 14 proportional to the sperm concentration . 

4) Effects of Female Hormones. McGaughey and Daniel have observed that 

estrogens cause tubal locking IN VIVO and also cause fragmentation of 

fertili~ed ova.IN VITRo153 . One-stage cells are most susceptible to 

fragmentation by this treatment. Subsequent stages of development are 

less susceptible as the number of cells increasesl53. Psychoyos has shown 

that estrogen is necessary for the dissolution of the zona pellucida in the 

rat190 • His results suggest also that delayed implantation is not related 

190 to the persistence of the zona pellucida . 

b. Fertiiization IN VITRO. The main difficulty, in effecting fertilization 
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IN VITRO is the initiation (penetration) which appears to involve the capaci-

tation of the spermatozoa and the removal or neutralization of egg fertili-

14 
zin Difficulties in confirming fertilization IN VITRO arise from tech-

nical errors, misinterpretation of artifacts and accidental induction of 

parthenogenesis. 

1) Parthenogenesis. Reportedly, during culture IN VITRO, rabbit eggs 

can be activated by heat shock and by treatment with hypo- and hypertonic 

14 solutions and solutions of butyric acid • Upon sperm penetration, one sees 



the contraction of the vitellus, the expulsion of the second polar 

body, the formation of 2 pronuclei and the initiation of cleavage. With 

a few exceptions, the expulsion of the second polar body occurs only with 

activation by ~perm entry. ·When activation occurs by other means, the 

second polar body is not expelled and the cells resulting from division 

are d . 1 'dl4 l.p Ol. Incubation of ova in the presence of spermatozoa increases 

the chance of ·activation without sperm penetration, whereas incubation of 

unfertilized ova with Fallopian tube.mucosa reduces the incidence of 

h . 4 part enogenes1s . Austin s~ggests that incomplete vasectomy may account 

4 
for some reports of pa~thenogenesis 

2) Example of Procedure used for IN VITRO.Fertilization of Rabbi.t Ova. 

A procedure used with some success is as follows: 31 

(a) Eggs were 'obtained from the Fallopian tube and placed in a 

capacitated sperm suspension in a flask and incubated for 3-4 

hours at 38uc on a rocking device. 

(b) Eggs were removed after 3-4 hours and transferred to an 8 ml 

C.H 11el flat~k. l!Uulululng fn:~h humulogous serum which earlier 

had been heated to 55°C for 20 minutes. 

(c) Following an 18-hour incubation period at 38°C in the Carrel 

flasks, the eggs were removed and examined. 

(d) Of 266 eggs recovered, 55 appeared to have cleaved to the 4-cell 

·stage, 36 Of the 55 fertilized eggs we.re tr.::~nsfP.rrP.cl tn n fpm.::~l PS 

iiiunediately after examination. Four females gave 15 living young; 

2 females did not become pregnant. 

(e) Capacitation of sperm was the most important factor; 02 partial 

pressure, the suspending medium and the redox potential appeared 

to be less important31 • 

In the last few years, investigators have been capacitating spermatozoa 
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in the female rabbit for fertilization IN VITRo 30 •
221

. One method for 

recovering spermatozoa is to flush the uterine horns with Krebs-Ringer 

. bicarbonate solution giving a recovery rate of about 10%15 . Using sperm-

atozoa capacitated in this manner, Bedford and Chang achieved an IN VITRO 

fertilization rate of 54% compared to a normal rate of 94%30 . 

4. Artificial Insemination 

The technique of artificial insemination in the rabbit is discussed 

by Adams
1

'
2

. The advantages and disadvantages of using a vasectomized 

buck and hormones to induce ovulation were discussed in Section 2.b. above. 

a. Time of Insemination. Ovulation occurs 9.5-13 hours atter LH injection 

and 10-12 hours after mating with a vase~tomized buck. The fertilizability 

of the ovum is greatest the first 4 hours after ovtilation. It takes 6 

hours in the female genital tract for the sperm to be capacitated and sperm 

penetration stops about 6-9 hours after ovulation when the ovum becomes 

coated with a mucin layer
65

. Fox inseminated 15-30 minutes after using a 

84 vasectomized buck to stimulate ovulation . Using LH and natural ma~ing 

as a function of time after injection, Adams observed that 90-100% of the 

does yielded fertilized eggs when mated 8-12 hours after LH injection and 

that no fertilization of eggs occurred when mating took place 14 hours after 

LH injection4 Thus, in the rabbit, successful inseminations can be made 

from several hours before inducing ovulation to 8-12 hours thereafter. 

b. Place and Number of Spermatozoa. Most workers deposit spermatozoa 

at the anterior end of the vagina. Because the rabbit has a primitive 

reproductive tract (a separate cervix to each horn of the uterus) and it 

is easy to inject sperm into the abdominal cavity rather than the uterine 

hom when trying to inseminate directly into the latter, it appears best 

. 105 
to use th~ conventional procedure . With regard to sperm concentrations 
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required in artificial insemination, Foote, et al, got good results by 

depositing 3 x 106 motile sperm (in 0.1 or 0.2 ml, either undiluted or 

diluted with a few drops of 0.9% saline) in the anterior part of the 

vagina82 Napier inseminated 10 x 106 sperm in 0.5 ml of 0.85% saline 

170 
solution . Adams obtained good results with 0.5 n:l inseminate containing 

20 x 106 sperm1 Both Napier and Adams placed the f.perm in the anterior 

part of the vagina. 

Adam8 and Chang compared the effects of depositing spermatozoa 

3 
either in the uterus or in the Fallopian tube They assessed fertiliza-

tion by examining ova recovered from excised Fallopian tubes. They in-

seminated at 3 different times after inducing ovulation with 30 mg of LH 

(Follutein, Squib). The results were as follows: 

Time after· 

3 Effect of Site of Deposition of Spermatozoa 

Ova FertV~zed Sperm Uterine a lopian Tube 
LH Injection Insemina~ed Insemination Insemination 

(hour&) X lO (%) (%) 

3/4 0.12-.8 88.5 27.3 

6 0.8 . 100 16.7. 

8 0.33-0.65 71 10.0 

! . 

The same low pe~centage fertilization with insemination into the Fallopian 

tube was observed with higher sperm concentrations, thereby demonstrating 

that capacitation takes longer in the tubes 3 • 

5. Sexing Offspring 

Methods of determining the sex of offspring· in mammals include examina-

tion of the external genitalia, gonads, chromosomes or sex chromatin at 

appropriate stages of development. Bhattacharya describes a method of 
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determining the sex of rabbits from the external genitalia at birth 

without sacrificing them35 • In order to get feedback on the success of 

experiments with rabbits, it is desirable to determine the sex of offspring 

prior to the end of the 31-day gestation period. Thus, determining the 

sex by studying either the sex chromatin or chromosomes as soon as possible 

after conception with accuracy and without loss of ova or offspring is a 

method of reducing this waiting period. 

a. Gonads. Bhattacharya found the gonads of fetal rabbits after 18 days 

35 could be sexed by staining techniques Gonads can be fixed, sectioned 

and stained, either by a periodic acid-Schiff-hematuxylin technique222
, or 

by Delafield's hematoxylin and counterstained with eosin92 . 

Lush reported that the sex of rabbits at birth could be determined by 

143 visual examination of the gonads . Neonatal testes could be distinguished 

by a very conspicuous epididymis wrapped around one end of the testis and 

the testis was usually attached to a very ·thick gubernaculum. The neonatal 

ovary was generally attached to a less conspicuous ligament and had no 

structure resembling the epididymis. The location of the gonad within the 
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143 abdominal cavity did not correlate very well with the sex of the offspring . 

Comparison of the 2 methods by me showed 100% agreement in th~ sex of 

51 offspring determined by evaluation of gross morphology and by microscopic 

examination of stained sections of the gonads. 

b. Chromosomes. Vickers describes a method for the direct measurement 

of the sex ratio in mouse blastocysts by looking at chromosomes of the 

cells of th~ blastocysts which have been arrested in the metaphase stage 

234 
of mitosis with colchicine . 

Two methods which might be of assistance in gaining access to the 

cella of rabbit bJR~tncysts have been reported. Edwards describes a method 



74 
for removing the zona pellucida of 1- and 2-celled rabbit eggs IN VITRO . 

Mastroianni and Ehteshamzadeh discuss the role of fluid from rabbit ovi-

ducts in loosening the cells of the corona radiata of recently ovulated 

ova, pretreated with hyaluronidase148. 

c. Sex Chromatin.. Vickers has found sex chromatin in 67-90% of ecto-

dermal cell nuclei in the female mouse amnion and in 2-15% of such cells 

235 
in the male . She considers that criterion a reliable indicator of the 

235 
sex of the fetus from the eleventh day of gestation onward 

Gardner and Edwards have been able to sex intact, living rabbit 

blastocysts by identifying sex chromatin in trophoblast cells approximately 

89 5. 75 days after m.a.t:f.ng 

The methods described by Vickers and by Gardner and Edwards would 

make available information on the sex ratio of offspring 3 weeks earlier 

than waiting for the .full gestation period to elapse. 
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APPENDIX C 

A New Artificial Vagina for Collecting 

Rabbit Spermatozoa 

The·versatility of Teflon has been extended from facilitating the 

frying of eggs in the kitchen to simplifying the collection of spermato-

zoa with a Teflon artificial vagina. After the rabbit was selected as 

the animal to be used in this study of the biophysical properties of 

92 
spermatozoa, the designs of artificial ·vaginas used by Gordon and by 

239 
Walton were reviewed. With the assistance of Mr. John Begovitch, the 

artificial vagina shown in Figure 61 was constructed. A recent communica

~ion by Bredderman, Foote and Yassen
46 

presents a number of considerations 

in the design and use of an artificial vagina for collecting rabbit semen. 

The salient features of this artificial vagina are the Teflon shell 

connected to a removable base by a watertight junction. The base has 

inlet and out]et water conduits and an 0-ring lined hole in its center, 

which holds a one dram shell vial (15 x 45 mm, No. 60930-L, Owens, Illinois, 

U.S.A.). The closed end of a tissue finger cot (Latex, 610 Large, Bitner 

Brand, U.S.A.) is incised and secured around the mouth of the one dram 

vial with masking tape. The open end of the finger cot is secured to the 

opening of the artificial vagina with a rubber band as shown in the pho'to-

graph. The space around the rubber lumen and upper part of the shell vial 

is filled with water at a temperature of 40-42°C. Filling via one of the 

conduits connected by rubber tubing to a faucet facilitates control of 

both temperature and pressure in the shell. If desired, the rubber lumen 

and vial can be washed and autoclaved prior to insertion into the artificial 

vagina. The rubber lumen and vial are rinsed with sterile saline after 

assembly. Glycerol, KY Jelly, or another acceptable lubricant is spread 

over the mouth and into the artificial vagina with a small thermometer · 
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Fig. 61.  Photograph of two Teflon artificial vaginas showing one

assembled apparatus and the component parts of another.



which is also used to measure the temperature in the lumen. 

Because Teflo·n is a good insulator, the. temperature change in the 

artificial vagina at room temperature is 0.5°C/min for the first 8 minutes. 

This rate of cooling is compatible with collecting spermatozoa some dis

tance from the source of warm water if necessary. 

Among the advantages of this artificial vagina are the following: 
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(1) Ejaculation is close to the mouth of the shell vial reducing the loss 

of spermatozoa by adhesion to the lumen. In addition, the lumen can be 

washed with a small volume of diluent to enhance the recovery of spermatozoa. 

(2) Because the vial is kept at approximately the same temperature as 

the water in the chamber, the spermatozoa are not subjected to cold shock 

during collection. (3) Between collections, the Teflon shell can be washed 

with alcohol or hot water to minimize the chance of passing infection from 

one rabbit to another. (4) The shell vials and tissue finger cots are 

inexpensive and can be discarded after using once. {5) Many lumens (vial 

+ finger cot) can be prepared in advance, thereby facilitating the collect

ion of large numbers of ejaculates consecutively. Using this artificial 

vagina, one individual can collect ejaculates from rabbits at a rate of 

one every 5 minutes or less without assistance. 
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Evaluation of Media 
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(1) Staflo Density Gradient Materials. 366 

(2) Equilibrium Centrifugation Density Gradient Materials 367 

1. Introduction 

The ability to prese.rve the fertilizing capaclLy uf .~:~p~rlll.CiLu:wa for 

long periods of time has been of great benefit in the field of mammalian 

reproduction and genetics. In poultry husbandry, it is a much d~sired, 

but at present relatively unavailable, tool. Consequently, the voluminous 

literature on the subject attests to the tremendous effort that has been 

devoted to the evaluation of media for the long-term storage of both 

mammalian and fowl spermatozoa. 
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In regard to mammalian spermatozoa, both natural and artificial 

media have been evaluated. Napier showed that adding seminal fluid to 

the suspending medium enhanced the preservation of rabbit spermatozoa. 

He obtained better fertilization results with a medium consisting of 50% 

169 saline and 50% plasma than with saline alone . Even though blood serum 

usually is an excellent medium for the IN VITRO culture of many animal 

cells, including rabbit ova, Chang found a spermocidal factor in fresh 

. 52 
human, bovine, rabbit, guinea pig and rat sera . In addition, Bedford 

observed a great tendency for agglutination of rabbit spermatozoa in media 

27 
containing serum 

Gulyas reported excellent maintenance of motility of rabbit sperm-

atozoa at room temperature for up to 6 days using Norman-Johnson Solution 

No. 2, a completely artificial medium. During this period, the percentage 

of live spermatozoa decreased from 89% to 69%, the percentage of motility 

from 91% to 72% and the quality of motility from 4.9 to 1.8 on a scale of 
95 

5 

Foote and coworkers found that sperm survival in all buffers was 

83 improved by the addition of egg yolk . Bhattacharya describes an egg 

yulk-glycine-citrate medium ·that maintained the fertilizing capacity of 

rabbit spermatozoa at temperatures near 0°C for over 24 hours. He put 

the spermatozoa in a glucose vitalizing medium at room temperature for 

i 1 2 h i i 
. . . 35 approx mate y ours pr or to nsem~nat~on Other reports on the use 

of additives include those by Davis, Bratton and Foote concerning the 

successful use of tris-buffered and citrate-buffered yolk-glycerol media 

60 61 for the preservation of bovine spermatozoa • , by Sawada and Chang on 

the use of dimethyl sulfoxide in the storage of rabbit spermatozoa at 

203 
temperatures below 0°C , and by Roussel and Austin on the preservation 

of primate spermatozoa during storage in an egg yolk~sodium glutamate-
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. 199 
glycerol medium at or near -79°C . 

Another common class of additives is antibiotics even though Sharma 

211 
found only a slight benefit with them Adams reports that adding 1,000 

units/ml of penicillin to a diluent consisting of physiologic saline or 

1 
Ringer's solution is not detrimental with sperm dilutions up to 1:10 . 

However, a high concentration of antibiotics is harmful to the survival 

233 
of spermatozoa Bhannasiri, Bogart and Krueger studied the effects 

of antibiotics on semen production in rabbits and concluded that any 

effects noted during the treatment of the disease were probably due to 

the disease and not to the antibiotics. They evaluated oxytetracycline 

(Terramycin), Chlortetracycline, Aureomycin and streptomycin 34 . 

In regard to the storage of high concentrations of fowl spermatozoa, 

Rowell and Cooper observed reductions in fertilizing capacity from 61.3% 

to 32.1% and from 31.1% to 12.5% with the insemination of equal volumes 

of undiluted and 1:3 dilutions of fowl spermatozoa in seminal plasma and 

200 
in a solution of glycine and distilled water, respectively Van Wambeke 

observed almost no loss of fertilizing capacity of fowl spermatozoa diluted 

with equal volumes of either of 2 diluents containing skimmed milk and 

stored at 2-5°C for 24 hours. Fertilization results were based upon eggs 

231 
collected from days 2-8 after insemination Polge diluted cock semen 

1:3 with either of 2 diluents containing egg white or milk and observed 

ave~age fertility rates of 89% and 53% after storage at 5°C for 1 and 24 

hours, respectively, based upon eggs laid from days 2-7 following insemina

tionl40. 

Lorenz, in his review, mentions work by others at room temperature 

showing that (1) 1:3 dilution with seminal plasma gave a slight decrease 

in fertility but no additional loss occurred with dilution of up to 1:63 

360 



provided that the same number of spermatozoa was inseminated; (2) dilution 

of up to 1:50 in an artificial medium resulted in only a slight loss of 

8 fertility with insemination of at least 10 spermatozoa; poor results we.re 

obtained with greater dilutions or with insemination of fewer spermatozoa 

and (3) 1:1,250 dil.ution in saline or in Tyrode's or Baker's solutions 

produced immediate irreversible immobilization140 • 

Recent studies have analyzed the fluids secreted in the female genital 

238 
tract in fowl and epididymal fluid in mammals , organ systems in which 

the motility and fertilizing capacity of spermatozoa are preserved for 

long periods of time naturally. 

The purpose of this appendix is to consolidate all of my observations 
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on the evaluation of media where the information is of a supplemental nature. 

In addition, this appendix is a .directory to the presentation of additional 

information on, or the evaluation of, media when it is an integral part of 

the experiments presented in the main body. Requirements peculiar to special 

experimental systems are discussed in the appropriate parts of the .text. 

2. Results and Discussion 

a. 11High11 Ionic Strength Media. 

(1) Egg Yolk Medium (EYM). This medium is described in Chapter VI A 

in conjunction with an evaluation of the preservation o~ the fertilizing 

capacity of fowl spermatozoa by "high" ionic strength media. 

In regard to the preservation of rabbit spermatozoa in EYM, there 

was essentially no loss of motility after storage for 48 hours at 2~C in 

concentrations ranging from 1.5 x 106-88 x 106/ml in one study. The ·results 

of another study using an egg yolk and glycine-citrate m~dium in 25%-75% 

proportions, respectively, are shown in Table XXXIX. It is seen (Column 6) 

that there was no change in the quality of the spermatozoa after storage 



Table XXXIX. Preserva·:ion of Mo:tilit·,r of Rabbit Spermatozoa in Mcdified Bak-:!r' s Medium (MBM), 

Egg Yolk Medium (EYM) 4 and Varying Proportions of the 1wo Media a: 2°C. 

(Jl 

Storc.ge 
Time 

(hours) 

2 

40 

(2) 

lO:J% MBM 

15% ~. 70% ':'W 
15% i:nmotile 

0% FN:, 2-3% :w 

0% FM, 0% TW 

(3) 

90% MBM - 1m:: EYM 

> 75% FM 

14% FM, 60.r. T'"..J 
26% immeJtile 

2-3% 1'W 

(4) 

75% MBM - 25% Enf 

> 75% FM 

257, FM, 357. 'Thi. 
40% immotile 

2-Ji. FM, 5-6% TW 

a.25% Egg Yolk- 75% Glycine-Cil.trate Medlu:n b-y .vobme. 

(5) 

~0% MBM - 5l% EYM 

> 75% FM 

40% FM, 30r. TW 
:Bad Clumping · 

2-3% FM, 5-6% TW 

(6) 

100% EYM 

> 75i. FM 

> 751: FM 

"'- 501: FM of 
high degree 
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for 17 hours and only a slight change after 40 hours. The difference 

between these results and those of the previous study suggests that 40% 

egg yolk is better than 25% egg yolk in the egg yolk-glycine-citrate medium. 

Despite this excellent preservation of motility, the EYM has many 

undesirable features which militate against its use in the Staflo apparatus. 

They are: (1) It is an opaque medium and observations are impossible. (2) It 

coats the ·entire apparatus with an opaque film and makes cleaning difficult. 

(3) It pre-cipitates with almost every medium mentioned in this report except the 

glycine...:citrate buffer. (4) The method of malting an optically clear egg 

194 
yolk medium .described by Rikmenspoel involves a tremendous amount of 

work and is not justified for routine Staflo experiments. (5) The use 

of EYM for the initial cooling requires additional centrifugation (washing) 

to get the spermato~ua out of EYM before starting the experiment. 

Th.e EYM has a very important use after Staflo or centrifugation experi

men~a :· ·: If the spermatozoa are reconcentrated and suspended in EYM, they 

can -;be left for many hours ·before insemination, thereby allowing greater 

flexibility in the conduct of the experiment and artificial insemination 

(2) ·.Modified Baker 1 s Medium (MBM). This modification of Baker's medium 

consists o~ 22.0 g Na2HPo4 .12H20, 2.0 g NaCl, 2.0 g NaHC0 3, and 0.155 g 

KH2Po
4 

diluted to 1,000 ml with distilled water. pH adjustments are made 

with concentrated HCl. 

Table XXXIX compares the effectiveness of modified Baker 1 s medium, 

25% egg yolk-glycine-citrate medium and mixtures of these 2 media in main-

taining the motility of spermatozoa over extended time periods at 2°C and 

at a concentr.ati·on of 6 x 106/ml. A!ter 2 hours at 2 °C in MBM, an aliquot 

was warmed to room temperature and evaluated. The marked decrease in motility 



was much greater than observed in the "low" ionic strength glycine-citrate 

and glycine~phosphate buffers as reported in Chapter VI. As shown in 

Table XXXIX, the· addition of a small amount of EYM to the MB:t-1 greatly 

enhanced the preservation of motility. No difference was observed among 

the media containing egg yolk at 2 hours; however, at 17 hours, the sperm-

atozoa stored in the 100% e.gg yolk-glycine-citrate medium had a much higher 

percentage and degree of motility than those in any of the mixtures of 

MBM and EYM. 

(3) Norman-Johnson Solutions (NJ-1, NJ-2). Evaluation of Norman

Johnson Solutiorts 1 and 2 (NJ-1,2) 95 shoved that they wArP nnl~ AO iOQQ 

for preserving motility at room temperature as the egg yolk-glycine-

citrate medium. Both NJ-1 and NJ-2-solutions were inferior to the egg 

yolk-glycine-citrate and to the "low" ionic strength glycine-phosphate 

buffer for preservation of spermatozoan motility at temperatures of 2-5°C. 

(4) Vitalizing Medium. This medium is described and evaluatP.d in 

Chapter VI in regard to use with fowl spermatozoa. 

b. "Low11 Ionic S t't'eng th Media. 

d d· (1) Gtycine-Ring Z Solution. The glycine-Ring Z solution used by 

Schroder206 and Gordon92 was evaluated for use in Staflo-electrophoresis 

experiments. Equivalent portions of the same ejaculates were diluted sim

d ultaneously in normal saline and in glycine-Ring Z solution at room temp-

erature. AfLtf!' 30 minutes, spermatozoa in the saline solution had an 

average of 45% motility and in the glycine-Ring zd solution, only 1.5% 

motility. Using a nigrosin-eosin vital staining technique, the percentage 

of viable spermatozoa agreed with the observed motility in the saline 

solution. The percentage of viable spermatozoa in the glycine-Ring Zd 

.solution was approximately 1/3 that in the saline solution, but was still 

higher than the percentage of motility noted above. It should be noted 
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that because the spermatozoa sample had a fairly low percentage of 

. motility initially, :i.t could be expected to deteriorate more rapidly than 

a good specimen. 

(2) 5% Dextrose in Distilled Water. 5% dextrose and glycine-Ring Zd 

solutions were compared at room temperature in regard· to the preservation 

of motility .using a normal saline control. Whereas there was essentially 

no change after 50 minutes in the control sample from the initial values 

of 50% forward motion and 65% viability (nigrosin-eosin stain), all sperm

atozoa were immotile in less than 15 minutes in .the glycine-Ring zd 

solution. After 20 minutes in 5% dextrose, there was only 30% forward 

_motion. After 22 minutes, the percentages of viable (unstained) spermato

zoa in th~ glycine-Ring zd and 5% dextrose solutions were 21% and 29%, 

respectively. Thus, neither of these 2 "low" ionic strength media preserved 

motility as well as normal saline at room temperature. 

(3) Glycine-Citrate Buffer (GCB). This "low" ionic strength buffer 

is evaluated in Chapter VI A. 

(4) Glycine-Phosphate Buffer (GPB). ·The properties of this "low" ionic 

strength buffer are evaluated in Chapter V and .its ability to preserve 

the motility and fertilizing capacity of fowl and rabbit spermatozoa are 

discussed in Chapters VI and VIII, respectively. 

The addition of 1 part of egg yolk medium to 9 parts by volume of 

the "low" ionic strength glycine-phosphate buffer (GPB) preserved a high 

degree ·of motility for 24 hours at 2 °C at spermatozoa conc.entrations ranging 

from 105-106/ml. After storage at such low concentrations in GPB alone 

for several hours, the spermatozoa would have lost all motility. 

(5) Lower Ionic Strength Glycine-Phosphate Buffers. Fowl spermatozoa 

of high initial motility were used to evaluate the effect of varying 
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the amount of modified Baker's medium (MBM) mixed with an isotonic glycine-

dextrose buffer. The spermatozoa were diluted 1:10 in duplicate vials 

containing the follow~ng percentages of MBM: 80%, 10%, 6%, 3% and 0%. 

After storage for 6 and 1/2 hours at 2°C in these media, the spermatozoa 

were warmed to room temperatures for evaluation. The spermatozoa in the 

medium containing 80% MBM had very poor motility, while those in the sol-

utions containing 10% and 6% MBM had both a high percentage and degree 

of motility, comparable to their initial values. The spermatozoa in the 

3% and 0% 'MBM solutions may have had a slightly lower percentage of motile 

spermatozoa but the degree of motility was as great as in the 67. and 10% 

solutions. In conclusion, the preservation of the. motility of fowl sperm-

atozoa was excellent in solutions containing from 0-10% MBM atter 6 1/2 

hours at 2°C. In contrast, the preservation of motility in the 80% MBM 

solutions wa~ poor. 

c. Density Gradient Mat~riol~. 

(1) Staflo Density Gradient Materials. Dextrose, fructose and sucrose 

' 
wer.;~ P.valuated for use as Staflo density gradient constituents by comparing 

the preservation of motility in 1% ·solutions of each sugar in normal saline 

at concentrations of 8 x 106 and 80 x 106 spermatozoa/ml. After 4 hours 

at room temperature, there was no difference in motility among the spermato-

zoa at high concentration in all 3 solutions. At the lower concentration, 

the degree of motility was greater in the fructose solution than in either 

of the other solutions. 

Dextran (MW 73,000) was also evaluated for use in Staflo density 

gradients. In one study, with an initial sample having greater than 50% 

forward motion and 65% viability by vital staining, there was no difference 

in the motility of spermatozoa stored in saline or saline + 6% dextran 

after 50 minutes. In Chapter IV, it was shown that a high percentage and 
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degree of motility is preserved in Staflo sedimentation experiments using 

a glycine-dextran medium. As shown in Chapter .VI, 2% dextran did not 

affect the fertilizing capacity of fowl spermatozoa. 

{2) Equilibrium Centrifugation Density Gradient Materials. Among the 

materials evaluated for use in equilibrium density gradient centrifugation 

of spermatozoa were dextran (Sigma Chemical Company), Ficoll, bovine serum 

albUmin (BSA), and the radiographic contrast materials listed in Table 

XL. The high viscosity of large weight % solutions of dextran, Ficoll 

and bovine serum albumin is an important disadvantage in the use of those 

materials. Radiographic contrast materials can be used to prepare solutions 

of high specific gravity and low viscosity. Another advantage of the 

contrast media is that when used in a clear solution such as saline or 

phosphate buffer, they add no color, thereby enhancing observation and 

photography. The disadvantage of these compounds is the hyperosmolarity 

of high concentrations due to their small size compared to dextran, Ficoll 

and BSA. The knowledge that the contrast media could be used in humans 

without deleterious effects gave encouragement for their use with sperma

tozoa. 

The initial evaluation of the effect of cont-rast media on spermatozoa 

consisted of exposure of rabbit spermatozoa to 4.5% Diodrast in egg yolk 

medium for approximately 4 hours, 2 hours of which were at 4°C. After 

6 
this period, 5 female rabbits were inseminated with approximately 15 x 10 

sperm each. These inseminations resulted in 4 litters with 22 offspring. 

There was no change in the motility or staining characteristics of the 

spermato~oa after 6 hours in the egg yolk-Diodrast medium. 

A longer term study of the effect of Con.ray 400 was conducted by ex

posing spermatozoa to 7.5% and 3.5% Conray 400 in a 25% egg yolk-glycine-
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Table XL. Radiographic Contrast Solutions Evaluated for Use as Density 

Gradient Constituents in Equilibrium Centrifugation Studies of Spermatozoa. 

Perc.ent 
Brand Name Chemical Name Solution Specific Holecular 

~e Gravity Weight 

by Weight 
(%) 

Angio-Conray Na 5-acetamido-2,4,6- 80~ 1.508 614 
triiodo-N-methyliso- ~ 

pht:halamic acid 59.07 

Conray-400 II 66.8 1.422 614 

~ 
Cholografin bis ~-meglumine salt 52 1552 
meglumine of N,N' adipyl-bis ~ 

(3-amino-2,4,6-trii- 64.3 
odobenzoic acid) 

Diodrast 3,5-diiodo 4-pyridone 35 ......... 305 
N-acetic acid ~ 
dicthanolomina 49.8 

- --
Hypaque Na 3,5-diacatamido- so 636 

2,4,6-triiodobenzoate ~ 
59.87 

Renografin Methylglucamine 3,5- 60 or_)-9 797 
60 or 76 diacetamido-2,4,6- t;j triiodobenzoic acid 

Cardiografin II 85 797 
~ 
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citrate medium at 2°C. Table XLI summarizes these results. It is seen 

that 3.5% Conray 400 in .. the egg yolk medium had only a slight effect on 

the survival of spermatozoa over a period of 48 hours. The initial quality 

of the spermatozoa used in this evaluation was relatively poor. However, 

because poor spermatozoa·generally tolerate stress less well than high 

quality spermatozoa, the observation that poor spermatozoa tolerated ex

posure t~ low concentrations of Conray 400 for extended periods of time 

was encouraging. 

The effect of high concentrations of contrast media on fowl spermato

zoa was evaluated as follows: 0.1 ml of pooled cock semen, which had been 

diluted and cooled in egg yolk medium to a temperature of 3°C, was placed 

in each of four 1 ml vials containing 30% Angio-Conray, 45% Cholografin, 

30% Diodrast or 40% Renografin, all in normal saline. At 3°C, the sperm

atozoa had a moderate degree of motility in the egg yolk medium but.lost 

this motility in less than 2 minutes in all of the media except Cholografin, 

in which the motility was lost within 5 minutes. After 10 minutes, at 

3°C, the 1.1 ml suspension was placed in 5 ml of a saline~glucose medium 

and centrifuged to reconcentrate the spermatozoa. The supernatant was re

moved and the spermatozoa were resuspended in egg yolk medium at 3"C. All 

of the spermatozoa which had been exposed to the contrast media showed a 

.Percentage and degree of motility that ·was comparable to that in an egg 

yolk·medium control sample. This suggested that there was no detrimental 

effect on the motility of fowl spermatozoa for exposures of up to 32 minutes 

in any of the contrast media. The fertilizing capacity of the spermatozoa 

was not evaluated in this study. 
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These studies showed that the motility of fowl spermatozoa is maintained 

during exposure to high concentrations of radiographic contrast materials 

for 30 minutes or less and that the fertilizing capacity of rabbit sperma-



Table XLI. Effect of Sodium Iothalamate (SI) in Egg Yolk 

Medium (EYM) on the Notility of Rabbit Spermatozoa. 

Egg Yolk 3.5% SI 7.0% SI Storage 
Time (Hours) Medium a in EYM in EYM 

Sam2le II 1 

48 Fair FM, High % TW · Same as 25% Egg Yolk Few % FN and TIJ 

68" 30-40% FN, 30% TIJ 5% FM, 20% TW 1% TW 

1,44 3% F}[, "'~0% TW 2% FM, 20% TW 1 motile sperm 

Sam2le II 2 

28 20% FM, so~ TW 5% FH, 10% m 5% fi!, 5% TW 

96 2-3% FM, 50% TW 2% rn, 15% TW <1% TW 

a.25% Egg Yolk, 75% glycine-citrate medium by volume. 
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tozoa is preserved after exposure to low·concentrations of Diodrast 

for at least 4 hours. Thus, these materials can be used in either Staflo 

or equilibrium centrifugation density gradients. 

\ 

,., ' 
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APPENDIX E 

Expressions for Minimum, Maximum and Average Migration 

Distances for Particles in Staflo Collection Fractions 

The expressions presented below were derived by using Figures 13 and 

14 for Staflo sedimentation and sedimentation-downward-electrophoresis 

(SDE) experiments and Figures 20 and 21 for Staflo sedimentation-upward 

electrophoresis (SUE) experiments. The expressions could be shortened. 

However, this would eliminate the ability to compare parts of the expres-

sions with the respective parts of the range and distribution diagrams 

from which they were derived. As the equations are written, the migra-

tion distances are given in millimeters. 

The restriction that the bottom of the sample stream at the inlet 

coincide with the bottom of that layer, as discussed in the text, results 

in restric.tions in the use of the equations for sedimentation and SDE 

experiments when the top of the migration pattern remains in the inlet 

layer. From Figures 13 and 14, it can be seen that in Lhis case, there 

iS only One range Or ValueS for the minimum migratiOn distanc~, U!dug 

x' in Cases 3 and 4. 

In the expressions, n is the number of layers from and including 

the inlet layer to the layer of exit for the particles that have migrated 

the greatest distance. 

1. Two-Layer Migration Pattern in Sedimentation and Sedimentation
Downward-Electrophoresis Experiments. 

a. Possible Distributions: 

Case 1: ([n-3] x 1.25 + h) < x < (n-2) x 1.25; 

(n-2) x 1.25 <y < ([n-2] x 1.25 +h) 

Case·2: ([n-3] x 1.25 +h) <.x <(n-2) x 1.25; 

([n-2] x 1.25 + h) < y' <. (n-1) x 1.25 
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Case 3: (n-2) x 1.25 < x' < y 

x' < y <([n-2] x 1.25 +h) 

Case 4: (n-2) x 1.25 < x' < ([n-2] x 1.25 +h); 

([n-2] x 1.25 + h) < y' < (n-1) x 1.25 

b. Restrictions: For n = 2 or n = 3 use Cases 3 and 4 only. 

c. Case 1: 

~(n-1) . = x rom m1n 

.,.._ 
(n-1) = y mm 

max 

).~in ~ (n-2) x 1.25 mm 'b =ymm max 

).( 1) h ([n-2] x 1.25- x)([n-2] x 1.25 + x) n- ave = x 2 h ([n-2] x 1.25 - x) 

)..N 
ave 

d. Case.2: 

+ (y ~ [n-2] x 1.25)([n-2] x 1.25 + 2h 
+ ( y - [n-2] x 1.25) 

1 
3 ( y + [n-1] x 1.25) 

([n-2] x 1.25 + 2 h - y) mm 

(n-2) x 1.25 + l (y - [n-2] x 1.25) mm 
3 

y) 
X 

)w(n-1) i = x mm_ 
m n 

)w(n-1) = (n-2) x 1.25 + h mm 
max 

~nmin = (n-2) x 1.25 mm )..n = y' mm -max 

"-<n-1) = ( [n-2] x 1. 25 - x) ([n-2] x 1. 25 + x) 
ave 2 ([n-2] x 1.25 - x) x 

+ h ([n-2] x 1.25 + ~ 
+h mm 

~nave = h ([n-2] x 1.25 +-¥-

h X 

+( y' - [n-2] x 1.25- h)( y' + [n-2] 1.25 +h) mm 
+ 2 (y' - [n-2] x 1.25 - h) 

e. Case 3: 

),;(n-1) = x' mm . min 

~nmin = x' mm 

~ 
(n"':'1)ave "' x' + .!. (y - x' ) mm . 3 

~(n-1) == y mm max 

), nmax = Y mm 
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~n 
ave 

f. Case 4: 

2 
= xl +-3 (y - X 

1
) UIDl 

~(n-l)min = x 1 mm ~(n-1) = (n-2) x 1.25 + h mm max 

).on = x 1 mm min 
?vn = y 1 mm max 

"'<n-1) = X 1 + _! ave 3 ([n-2] x 1.25 + h- x 1
) mm 

"'nave- (h + [n-2] x 1.25- x 1 )(h- [n-2] x 1.25 + x 1
) 

(h + [n-2] x 1.25 - x 1
) x 

2 
(x 1 + 3 [h + (n-2) x 1.25 - x 1

]) 

(h - [n-2] x 1.25 + x 1
) 

X 

+ h (y 1 
- [n-2] x 1.25 - h)(y 1 + [n-2) x 1.25 +h) 

+ 2 h (y 1 
- [n-2] x 1.25 - h) 

mm 

2. Three-Layer Migration Pattern in Sedimentation and Sedimentation
Downward-Electrophoresis Experiments. 

a. Possible Distributions: 

Case 1: ([n-4] x 1.25 +h)< x < (n-3) x 1.25 

(n-2) x 1.25 <. y <:. ([n-2] x 1.25 + h) 

Case 2: ([n-4] x 1.25 +h) < x < (n-3) x 1.25 

(n-2) :x: 1.2.5 +h)< y 1 <: (n-1) x 1.25 

Case 3: ([n-J] x l.l~ < x' <: ([n-3] x 1.25 + h) 

(n-2) x 1.25 <. y < ([n-2] x 1.25 +h) 

Case 4 : ( [ n- 3] x 1. 2 5 < x 1 < ( [ n-3 ] x 1. 2 5 + h) 

([n-2] x 1.23 +h)< y 1 < (n-1) x 1.25 

b. Restrictions: For n c 3, use Cases 3 and 4 only. 

c. Case 1: 

)w 
(n-2)min • x_Iwn ~(n-2) = (n-3) x 1.25 + h mrn max 

').(n-1) . = (n-3) x 1. 25mm 
m1.n 

)w(n-1) = v IlDll max .;. 

)wnmin = (u-2) .x. 1. 25 ~ ).n =. Y mrn 
max 

), 
(n-2) ave = ([n-3] x 1.25- x)([n-3] x 1.25 + x) 

2 ([n-3] x 1.25- x)([n-3] x 1.25 + x) 

+ h ([n-3] x 1.25 +} ) 
--------~--------~-mm +h 

X 
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,.. 
(n-1) 

ave 
2 2h = h ([n-3) x 1.25 + :3 ) 

h2 
X 

+ h (1.25- h)([2 n-5) x 1.25 +h) 
+ 2 h ·(L 25 - h) X 

+ (y - (n-2] X 1.25) X ((n-2) X 1.25 + 
+ (y - [n-2) x 1.25) 

1 
([n-2) x 1.25 + j (y - [n-2) x 1.25) 

([n-2] x 1.25 + 2 h - y) 

)wnave = (n-2) x 1.25 + i (y - [n-2] x 1.25) mm 

d. Case 2: 

2 h - y) 
X 

) 
mm 

). 
(n-2) i = x mm m n 

)v(n-2) = max (n-3) x 1.25 + h mm 

1'-(n;....1) .., (n-3) x 1. 25mm 
min 

~(n-1) ,. 
max (n-2) x 1.25 + h mm 

~~- = (n-2) x 1.25mm m1.n 
'}\on - y I 

max mm 

'-<n-2) = ([n-3] x 1.25 - x)([n-3] x 1.25 + x) · ave -

,.,_, 
(n-1) 

ave 

2 ([n-3] x 1.25- x)([n-3) x 1.25 + x) 

h 
+ h ([n-3] x 1.25 + 3 

mm + h 
1 . 

= 2 ([2 n-5] x 1.25 +h) mm 

~ 2h 
'lnave = h ([n-2] x 1.25 + :f ) 

2 yl 
X 

X 

+ (y 1
.- [n-2] x 1.25- h)(y 1 + [n-2] x 1.25 -h) 

- 2 (n-2) x 1.25 - h 

e. Case 3: 

mm 

~(n-2) "" x'mm 
min 

~(n-2) = (n-3) x 1.25 + h rnm 
ma.x 

~(n-1)min = x'DJIH "' (n-1)max y rnm 

~1 . '-0; (n-2) :x 1. 25tm:V 
min " 

"-n .. y Wl1l max 

"'< 2) I . 1 n- = x x --3 ([n-3] x 1.25 + h - x') mm ave 

)..(n-1) 
ave 

= (h + [n-3] x 1.25- x')(h- [n-3] x 1.25 + x 1
) 

( h + [n-3] x 1.25 - x 1
) x 

2 
(x 1 + 3 ([n-3] x 1.25 + h - x') ). 

(h - [n-3] x 1.25·+ x' x (continued) 
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+ h (1.25 - h) X ((2 n-5) X 1.25 + h) 
+ 2 h (1.25 - h) X 

+ (y- [n-2] x 1.25)(2 h- y + [n-2] x 1.25) 
+ (y - [n-2] x 1.25) 

1 ([n-2] x 1.25 + J (y - [n-2] x 1.25) ) 

(2 h - y + [n-2] x 1.25) mm 

~n = (n-2) x 1.25 + 13 (y - [n-2] x 1.25) mrn ave 

f. Case 4: 

X 

)v(n-2) i = x' rrnn mn '-<n-2) = (n-3) x 1.25 + h rrnn max 

~ (n-l)min = x' mm )v(n-1) = (n-2) x 1.25 + h mm 
max 

).nmin = (n-2) x 1.25mm )vn = y' nnn 
~~ . 

).(n-2) 
ave 

x' + l ((n-3] x 1.25 + h - x') mm 
3 

), 
(n-l)ave (h + [n-3] x 1.25- x')(h- [n-3] x 1.25 + x') 

(h + [n-3] x 1.25- x') x 

2 
(x• + 3 ([n-3] x 1.25 + h- x') ) 

(h- [n-3] x 1.25 + x') X 

+ h (l._~t=~ -~~-4 li-~(t.;-r1.:?tr+ ,h) ][ 

+ h2 ([n-2] x 1.25 + ~ ) 
+ h 

~ 2h n = h ([n-2] x 1.25 + --3 ) 
ave 

X 
2 y' - 2 (n-2) x 1.25 

mm 

+ (y' - [n-11 x 1.25 ~ h)(y' + [n-2] x 1.25- h) mm 
.f. h 

3. Two-Layer Migration Pattern in Sedimentation-Upward-Electrophoresis 
Experiments. 

a. Possible Distributions: 

Case 1: (n-2) x 1.25 <.x ( ([n-1] x 1.25- h); 
([n-1] x 1.25- h) ( y ~([n-1] x 1.25) 

Case 2 : ( n-2) x 1. 2 5 < x <.. ([ n -1 ] x 1. 2 5 - h) ; 
(n-1) x 1.25 < y' < (n x 1.25 - h) 
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Case 3: ([n-1] x 1.25 - h)< x' <. y 

x' < y < ([n-1] x 1.25) 

Case 4: ([n-1] 1.25- h)< x' < (n-1) x 1.25; 
(n-1) 1.25 <y' < (n x 1.25- h) 

b. Restrictions: None. 

c. Case 1: 

,_,(n-1) 
min 

= x mm 

)-n i = (n-1) x 1.25 - h mm mn 

')l.(n-1) . = y mm 
max 

~n = y mm max 

'-cn-1) = h ([n-1] x 1.25- h- x)([n-1] x 1.25- h + x) . ave - x 
2 h ([n-1] x 1.25 - h - x) 

+ (y- [n-1] x 1.25 + h)([n-1] x 1.25 + h- y) 
+ (y - [n-1) X 1.25 + h) X 

2 
( } ([n-1] x 1.25 - h) + f ) 

([n-1] x 1.25 + h - y) 
mm 

~nave = j ([n-1] x 1.25 - h + 2 y) mm 

d. Case 2: 

~(n:...1) = ·. min x mm 
~ 

(n-l)max = (n-1) x 1. 25 mm 

~nmin = (n-1) x 1.25 - h mm "-n y' mm 
max 

~(n.:..1) = 
ave ([n-1] x 1.25- h x)([n-1] x 1.25- h + x) 

n x 1. 25 

+ h ([n-1] x 1.25 - 2h ) 
3 

h - 2 X 
mm 

~n . = h ([n-1] x 1.25 - .£
3 

) ave 
--------------~~ X h 

+ (y' - [n-1] x 1.25)(y' + [n-1] x 1.25) 
mm + 2 y' - n x 1.25 

e. Case 3: 

).(n-1) i = x' mm 
mn 

).n .. = x' mm 
.min 

). 
(n-1) = y mm 

max 

~n = y mm max 

X 
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"-<n-1) = x' 
1 

(y - x') +- mm ave 3 

)on x' +~ (y - x') mm ave 3 

f. Case 4: 

~ = x' (n-1) mm min ~(n-1) =· (n-1) x 1.25 mm 
max 

~Il.utin = X I mm ~n = y' mm 
max 

),(n-1) = x' + l ([n-1] x 1.25 - x') mm 
ave 3 

)wn = ([n-1] x 1.25- x')(2 h + x' - [n-1] x 1.25) 
ave ([n-1] x 1.25 - x') 

(x' + ~ [(n-1) x 1.25- x']) 3 -
(2 h + x' - [n-1] x 1.25) X 

+ h (y' - [n-1] x 1.25)(y' + [n-1] x 1.25) 
+ 2 h (y' - [n-1] x 1.25) 

X 

mm 

4. Three-Layer Migration Pattern in Sedimentation-Upward-Electrophoresis 
Experiments. 

a. Possible Distributions: 

Case 1: (n-3) x 1.25 < x ~([n-2] x 1.25- h) 

((n-1] x 1.25 - h) <.. y < (n-1) Jt 1.25 

Case 2: (n-3) x 1.25 <.x <.([n-2] x 1.25- h) 
(n-1) x 1.25 < y' ~(n x 1.25- h) 

Case 3: ([n-2] x 1.25 - h) < x' <. (n-2) x 1.25 
([n-1] x 1.25 - h) < y < (n-1) x 1.25 

Case 4: ([n-2] x 1.25 - h) < x' < (n-2) x 1.25 
(n-1) x 1.25 < y' < (n x 1.25 - h) 

b. Restrictions: None. 

c. Case i: 

),(n-2) . = x mm "'<n-2) = (n-2) x 1. 25 mm 
m1n max 

~(n-1) . = (n-2) x 1. 25 - h ram ),(n-1) = y mm m1n max 

~nmin = (n-1) x 1. 25 - h mm 1'vnmax = y mm 
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2h + h ([n-2] x 1.25-:3 )· 

- h - 2 X 
mm 

~(n~1) · = h 2 ([n-2] x 1.25 -!! ) + h (1.25 - h) ([2 n-3] x 1.25 - h) 
ave -----------------3~------------~----------------- x 

2.50 h - h 

+ (y- [n-1) X 1.25 + h)(h + (n-1) X 1.25- y) X 
+ (y - [n-1] x 1.25 + h) 

( ~ [(n-1) x 1.25 -h) + 1) 
(h + [n-1] x 1.25 - y) 

'-n =.! ([n-1] x 1.25 - h + 2 y). mm ave· 3 

d. Case 2: 

mm 

).{n-2) i x nun 
m n 

?v(n-2) = (n-2) x 1.25 mm max 

~(n-1) = (n-2) x 1.25 - h rnm 
·min 

)w(n-1) = (n-1) x 1.25 mm 
max 

)wnmin = (n-1) x 1.25 - h mm ~ = y' mm 
max 

~ . 
(n-2) 

ave 
([n-2] x 1.25- h- x)([n-2] x 1.25- h + x) 

n X 1. 25 X 

+ h ([n-2] x 1.25 - ~ ) 

- h - 2 X 

~(n-1) = -2
1 ([2 n-3] x 1.25 - h) nun 

ave 

~n = h ([n-1] x 1.25 - !!3 ) 
~e x 

h 

mm 

+ {y' - [n-1] x 1.25)(y 1 + [n-1] x 1.25) 

+ 2 y 1 
- n X 1. 25 

e. Case 3: 

mm 

~(n~2) = x' mm 
min 

~(n-2) = (n-2) x 1.25 mm max 

'), 
(n-1)min = x' mm 

~ (n-1) = y nun ma:x 

"-nmi = (n-1) x 1.25 - h mm n . 
~n - y mm 

max 

). . 1 
(n-2)ave = x' + 3 ([N-2] x 1.25 - x') mm 



~(n-i) = ([n-2] x 1.25 - x')(x' - [n-2] x 1.25 + 2h) 
ave ([n-2] x 1.25- x') X 

x' 2 (:3 +- [n-2] x 1.25) + h (1.25- h)([2 n-3] x 1.25- h) 

(x' - [n-2] x 1.25 + 2 ij-+{1.25 - h) ·2h 

+ (y- [n-1] x 1.25 + h)(h + [n-1] x 1.25- y) 
X 

+ (y - [n-1] x 1.25 +h) 

2 . 1.. ( 3 [(n-1) x 1.25 - h] + 3 ) 
(h + [n-1] x 1.25 - y) 

nun 

~n = -
3
1 · ([n-1] x 1.25- h + 2 y) rom 

·ave 

f. Case 4: 

').(n-2) i = x' mm mn 
~(n-2) = (n-2) x 1.25 mro 

max 

~(n-1) = x' mm 
. min 

~(11.·-1) = (n-1) x 1. 25 JTlm 
wax 

~n = (n-1) x 1.25 - h mm 
. min 

')vn = y' mm 
max 

~ 1 
(n-2) = x' + -3 ([n-2] x 1.25 - x') mm 

ave 

~(n-1) - {[1h2] x 1.25 - x')(x' - (n-7] x 1.25 + 2 h) 
ave ([n-?] x 1.25- x') x 

(....!.' + £ 
3 3 [n-2) x 1.25) + h (1.25- h)([2 n-3] x 1.25- h) 

(h + [u-2] ;,.. 1.25 x') + :?..SO h 

+ h2 ([n-1] x 1.25 - ~ ) 
- h2 

mm 

~n = h ([n-1] x 1.25 h
3 

) 
ave 

h 
X 

+ _,(..._y_' ---l[:..;;;n;_-..;;:;1~] ....;x~1;;_;"..;;:;2..;:;.5.<..) ..:..(y._'--::+--:-[.::;.n-....;1;;:;.,]'--...::.x:;__:::;l..:..' 2::.:' 5~) mm 
2 y' - n x 1.25 
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APPENDIX F 

Sample Calculation of Sedimentation Velocities and Rates for 

Staflo Sedimentation Experiment 12-26~67 

1. Summary of Measurements 

h = 0.08 em; x = 0 em; y = 0.17 em 

2. Sedimentation Migration Distances 

The sedimentation migration distances (~S) are calculated in accord

ance with the discussion in Chapter III and the equations in Appendix E 2. 

They are as follows: 

Collection Sperm Sedimentation Distance < ~s) 
Tube Collected Minimum Maximum Aver are 

(%) (em) (em) (em 

8 23.1 0 0.080 0.027 

9 61.1 0 0.170 0.10 

10 15.3 0.125 0.170 0.155 

3. Sedimentation Velocities and Rates 

Using a minimum residence time (~min) of 28.7 min. (1,722 seconds) 

and the expression 
dx 
dt = "-s 

1;'min 
(em) 

(sec) 
(18) 

one gets minimum, maximum and average sedimentation velocities of 0, 0.465 x 

10-4 and 0.157 x 10-4 cm/sec for collection fraction 8. 

The sedimentation velocities can be converted to sedimentation co-

efficients by the expression 

s 1 dx = -g dt (sec) (19) 

where g = 980 cm/sec2 
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Using the average sedimentation velocity of 0.157 x 10-4 em/sec for 

collection tube 8, one gets 

= -7 0.161 x 10 sec 

Converting to Svedberg units ( 1 Svedberg l0-13 sec) gives 

S = 0.161 x 106 Svedbergs 8ave 

The results of similar calculations for other sedimentation distances 

and collection fractions are summarized in Table XXII. 

4. Weighted Average Sedimentation Velocity 

The weighted average sedimentation velocity (~~ ave) for spermatozoa 

in Experiment 12-26-67 is determined as follows: 

(1) (2) 
Collection Fraction of 

Fraction Spermatozoa 

ts 0.231 

(3) 
(dx ) 
dt. av!:! 

(em/sec) 

(4) 
(2) X (3) 

O.OJG2 X 10-4 
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9 ·o. 616 

10 0.153 

O.l.J7 .x. 10-" 

0.580 X 10-4 

0.90 ~ 10-4 

0.3570 X 10-4 

0.1380 X 10-4 

0.5312 x lo-4cm/sec 

The weighted average sedimentation velocity for rabbit spermatozoa is 

0.53 x 10-4 em/sec at 3°C in a 1% sucrose solution in glycine-phosphate 

buffer. 



APPENDIX G 

Sample Calculation of Electrophoretic Mobilities·for Staflo 

Sedimentation-Upward-Electrophoresis (SUE) Experiment 7-29-67 

1. Summary of Measurements 

h = 0.07 em; x = 0.190 em; y = 0.305 em 

2. SUE Migration Distances 

The SUE migration distances (~SUE) are calculated in accordance 

with the discussion in Chap~er III and the equations.in Appendix E 3. 

They are as follows: 

(1) 
Collection 

Tube 

6 

7 

(2) 
Sperm 

Collected 
(%) 

58.6 

41.0 

(3) (4) 
SUE Migratiori Distances 

Minimum Maximum 
(em) (em) 

0.190 0.305 

0.190 0.250 

3. Weighted Average SUE Migration Distance 

(5) 
<"-suE) 

Average 
(em) 

0.259 

0.210 

The weighted average SUE migration distance (~SUE ) is the sum of 
ave 

the products of columns (2) and (5) above divided by 100 as follows: 

~ 
SUE ave 

58.6 X 0.259 X 41 X 0.210 
100 

= 0.238 em 

4. Weighted Ave.rage Electrophoretic Migration Distance 

The weighted average electrophoretic migration distance (~Eave) 

is given by equation (ll)from Chapter III: 

(11) 
~E = ~SUE + "'s ave ave ave 

The value of ). SUE· was determined in paragraph 3. 
ave 
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~S is determined by correcting the value of the weighted average ave 

sedimentation velocity of 0.53 x 10-4 em/sec calculated in Appendix F 

for 3°C and 1% sucrose to that expected at 5.4°C and 0.5% sucrose using 

the formula of Bier38 : 

rz1 = 
(20) 

This gives (dx ) 5.4°C = 
dt ave 

-4 0.58 x 10 em/sec. Then, using a minimum 

residence 'time of 14.2 min. (852 sec.), one gets a weighted average sed-

!mentation distance at 5.4°C of 0.050 em. 

Thus, = 0.238 + 0.050 = 0.288 em 

5. Weighted Average Electrophoretic Mobility 

In this experiment, the weighted average electrophoretic mobility 

(~ave) is calculated using equation 13 from Chapter III with the fol

lowing values: ), = 0.288 em, ~ = 569 sec, I= 0.088 amps, and R = 
E . ~E · 

1,430 ohms. This gives }1- = 0.94 x 10-4 cm/sec/V/cm aL .J.4°C. 
ave 

6. Normalization of-~~ to 3•c 

The formula of Bier38 is used to normalize the value of ~ rave at 

5.4°C to that 'expected in the same density gradient at 3°C. The corrected 

value is 0.852 x 10-4 cm/sec/V/cm. 

Similar calculations have been done for the other SUE experiments in 

this series and are summarized in Table XXVII. 
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