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I guess T should have kept a record of which sperm sample was which.
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 ABSTRACT

Thé objecﬁi&eé.éf‘this theéis inclﬁdé charactefizatibn of sperm-
atozo# écéordiﬁg to sévéralbéhyéiCal properties (mofpholbgy, size,
eléctfophofetic>moﬁi1ity, sedimentation rate and séeéific gravity),
correlatibﬁ of these ﬁfoperties wi;h-sevérai bidlogicél properties
(viabilify, intrinsic ﬁdtilityz'fertilizing capacity, antigenicity and
genetic cémpééition) and'aﬁ evaluation of interrelatioﬁships among
thésé.properties and with sélected_experiméﬁtal variébieé. The ma jor
.effort wgsv&evoted to Stéble-fldw free;bouhdary (Staflq)'Sedimentation
“and eiectrééﬁoresis studies and the use of the iﬁtrinsic motility of
the séé:matozoa to aéhieVé‘relative.or absdlute enriéhﬁent.of éperm
: sﬁbépobﬁlatidns. A S§eciai micfoscopic optical-system ﬁas dévelbped
tb'facilitate these studiés. | |

Anéiyticél (théqretical) methods were developed.to diarify the
requirement$ for optimﬁﬁ fréctionétion of cell pqpulafioﬁs and to
alloﬁ'separéte determinatioﬁ'of tW§ or more of thé properties -
sediméntaﬁion raﬁe,belectrophofetic mobility and intrinsic ﬁotility -
.when’they may all contribute simﬁlﬁaneously to a given migfatioh
process, & a

Temperatures of 3°C or lower were found necessary to eliﬁinate
the effééts of intrinsic motility. At 3°C in low density-low viédbéity
buffers, fhe best measured values of physical propertieé (normalized
to conditions of 1% sucrose) are as follows: _AQerége sediﬁéntation
:rate, rabbit: <0.53 x 10-4‘cm/3ec/cm/sec%- Average electrophoretié
 mobiIity, rabbit: 0.85 + 0.10 x 107% cm/sec/V/cm; fowl: 1.65 i
0.10 x 10-4 cm/séc/V/cm{ At these low temperatures no éignificant

differences were found among sedimentation or electrophoresis collection



fractions with respect to morphology, mqtility or'viébility of sperm-
aﬁozoa. | | |

AboVe 4°C, the relative éontriﬁutioh of intrinéic motility became
Significaﬁt in both sedimentation aﬁd eiecfppphofetic-étudies,’and
depended upon both the temperature and the initial quality of the
ejaculatef The relative (fowl) and absolute (rabbit) enrichment of
sperm subpopulatidns with”regard ﬁo motility, Viability and fertiliiing
capacity achieved above 400 was attributed to the intrinsic motility
vector. |

A separate'étudy was ﬁéde on Ehe quality of rabbit ejaculates.
This revealed an apparent differentialnsensitiviﬁy of cells in various
stages of spermatogenesis to elevated environmental temperatures, with
some deleterious effects seen és long as 7-8 weeks after particularly
hot days.

fn equilibriﬁm denéity gradiént centrifugation experiments using
sodium idthalamate gradients, rabbit sperm formed three or more bands
ranging from sbecifiéngravityv1.19 to 1.37. Absolute enrichment was
obtained in the low density band (1.19-1.21) with regardrto 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 distributioé of motile sperm (greatest motility at low density |
border).

In the limited fertilify £rials,.the "low resoiution" fractionation
of rabbif ejacuiates did not give a clear separation of X- and Y-
chromdsome-bearing spermatozoa. Perhaps morelsignificant, 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 electrophqretic and éedimentation
methodé. The present wqu'does show that high resolution experiments
are feasiblé and would give a much better test of the ability to
sebarate X-jand Y-sperﬁ according to one or more of the properties

enumerated above.



I. INTRODUCTION

Although ﬁan's.interest in Spefmatozoﬁ as cells.dates from the
initiél reﬁort-by Hamm and Leeuwénhoek in i677, his interest in the
pfdcésées contro11ing>the séx of offspring far precedes their discovery.
Gordon92 pfésents an excellent review of the 1itérature of foiklore oﬁ
thé subjeCﬁ. 'fhat the félklore:is not just ancient hiétory was evident

from the‘Ann Landéré columh of the June 17, 1969 Berkeley (Califofnia)

Gazette in which a reader recdmmended a method used successfully td
coﬁtfol thé'éex of her children - "sléeping on the left side as soon as
pregnancy>i§ suspeéted yields a boy and vice versa." |

Tﬁe possibility of sex control has genérated iﬁterest among
sogiolégisﬁs, scientists and otﬁers concerned Qith genétics, animal
husbaﬁdry and reproduétive biolégy in general. Etzioni, in an article
entitled ﬁSex,chience andeqéiety", sUggésts that sex'éoﬁﬁrol is only
one of many'soéial ?foblems:afisiﬁg‘from scientific invéstigation that
should be §f cond;;n to everyone253. More recently in Life magazine,
Rdsenfeid_focused on the subject272; For the more interested reader,
Rorvik and Shettles have recently published a quk presenting their
ideas on sex contr01274. An important obvious consequence of the ability
to control sex would be the possibility of eliminating sex-linked gen-
etic disorders such as color biiﬁdness, diabetes insipidus, and hemophilia
A and B frqm the populaﬁion.‘ A simple means of selecting the_sex of
éfféprihg might also encourage the voluntary reduction of family.size
'thereby‘aésisting in the limitation of population growth. Many of the
Qidéspread social concerns related to the»lattef problem are sqmmarized
by Kieferzss.

Spermatozoa per se are of great scientific interest. Reasons



includé their dramatic morphological changes duriné spermatogenesis,
their property of intrinsic motility and its relatioﬁship to fertil-
i;ation and;their significancé iﬁ éenetiés; | o
The phrposé of this project waé to studj fhe’ﬁﬁyéicai proberties

of éﬁermafoioa, aﬁd their relationships tb bidlogicél feétures, including
possible sex Control; utilizing some newer éxpefimental.methods of
charactérizing and fractibnatihg cell populations. The.étable-flbw
f;ee-bbuﬁdary.(Staflo) me thod proved particﬁlarly useful in thiévregard.v
The rabbit was selected és the dbnor of mammaiian spefmatoioa for
reasons sumﬁarized in AppendixiA. For comparison, fowl ;pérmatozoa
werellater added to the study. o

| Despite the reputation of féﬁbits for fecuhdity, a persistent and
perplexiﬁg problem encountered w;s the variable'initiai qﬁaliﬁy and
durabilifj of ejaculate spermatozoa,. Attempts to understand the
dependence of this initial quality sf spérmatoéoa on‘environmental
variabies, and fo iﬁterpfet the subsequent deterioration of spermatozoa
in tefmé of experimehtél factofs, béﬁame an imﬁbrtaﬁf part of the study
and illustrate ﬁany of the difficulties encountered in work with
spermatozoa. It was eventually possible'to deVelo§ 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 spermatozoa 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



interréiationshipsvgmonglfﬁéégvpfoﬁerpiés and‘selécted éxpéfimental o
vériables“ .: o ‘ . .‘ oo _ L

o Chagterklii deécfibes therbaéic’Staflovﬁethod and additional
ancilléry eéuipmeﬁt developéd during-thig'study. It also includes a
detailed analysis of Staflo ﬁigration-fréctionation prihciples which
significéntly extends the limits of énalytical pfeéisionvfor this
me thod énd for other felated'fragtionatidn me thods.

| Chéptéfs iﬁ throuéh ﬁIII describe fhé evolution of the expefimental

work. Chagter IV presents tﬁe results of early SﬁafloQéedimentation
experimenfé.dufing which prbce&ufeérfor‘handling spermatozoa ﬁefe'
déveloped. The temperature-dependent effects of motility on the
sedimeﬁtétion of rabbit spéfm&ﬁéiéa are draﬁatically illustrated;‘
Chapter V reports on the electrophoretic properties ofbrabbit and fowl
sPermatOZQa as well as on the effects of temperaturé and sperm quality
on eleétrophoretic migraﬁidn. Chag;er Vi presen;s the evaluation of
media for use with foWi spérmatozoa'and the resulﬁs of electrophoresis
and électrophoreéisuenrichmént experiments with these media. Chapter
V1T 16 devoted to eddilibrium density gradieht.céntrifugation 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
spéfmatozoa, exploring their separate and combined sedimentation and
electrophoretic properties. This work also explicitly demonstrates
ché importance of the initial sperm quality for eyentual fertilization.
ChaEter IX discusses differencés in measured sperm quality
: according to the method used for evaluation, and also shows significant

prolonged and intermittent'effects of elevated environmental tempera-



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 g;eat interegt iﬁ studyipg maﬁmalian speématozoa undoubtedlyvarises
from the acfivé.role of_that.cell type in reérqductipn, especially in the
control of sex by Qirtpe‘of the pfesence of\either an X- or Y-chromosome in
the individual spérmatozoon. In addition, its property of intrinsic mot-
ility ﬁékes the spermatozoon an exciting object to study and provides a

practical biological assay system,

Iﬁ‘reviéwing the literature oﬁ work with spermatozoa, it is convenient
to consider the physical and biological properties separately, even though
the purpose qf ;his thes1s 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 discues, in a separate
section, Fhé interrelationships aﬁong these prdperties and the many exper-
imental variables (also listed iﬁ Table I) was abandoned in favor of em-
phasizing the interrelationships when appropriate in Sections B and C.

The importance of these interrelationships. is illuStrgted in many of the

subsequent chapters.

Appendix B containe additional information oﬁ work witﬁ germ célls
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,




..Table I. Interrelationships Among Physical and Biological Properties of

Spermatozoa and Important Experimental Variables

Physigal Properties
Morphology and Size
Elect;ophoretié Mobility
Sedimentation Rate

Specific Gravity

Experimental Variables

Dilution Medium

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

Spermatozoa Concentration

.Temperature

Time
External Forces
Light, stress, electric

field, gravity, and
centrifugation.

. Biological Properties

" Viability

Intrinsic Motility

Fertilizing Capacity

~ Antigenicity

Genetic Composition




2) sedimentation and froth flotation and 3)vdiffergntial and equilibrium
density gradient centrifugation. The phyéical propertieé upon which these
téchniques depend include mOrphology and size, electrophoretié mobility,
sedimentaﬁibn rate, and specific gravity. Each of these properties is

considered separately below.

1. Morphology and Size.

vIﬁermation on spermatogenesis and the morphology of mammalian sperm-—

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

13

and by Austin™~, and on fowl spermatozoa in the works by Loren2140 and by

Sfurkiezzo.

A detailed discussion of the fine structure of the rabbit
spermatﬁzooﬁ is given by Bedférdzs. The discussion in this section is
reétricted to considerations of certain aspects of the.morphdlogy and
size of fowl.an& rabbit spermatozoa primarily, and to the relatiénships of

these features to the physical and biologicél properties of spermatozoa

" and experimental parameters.

Rabbit Spefmatozoa. Figure 1 is a composite drawiﬁg of é fabbit spermato-
zoon prepéfed from both light and electron micrbséopy observations.v The
overali length of the rabbit spefﬁatozoon varies from 60-70 microns with
head énd.midpiece lengths of approximately 8-10 and 10 microns, respect-
ively. The head is flat with alwidth of 4-5 micfons and a thickness of
approximately 1 micron; The average head lengths of spermatozoa from the
vas defefens and the ejaculate are about the samezz. The breadth and area
méasurements of‘heads of.spermatozoa vary little among malesvof the same
litter, but vary markedly among the means of 1itterszz. The weight of
the raﬁbit and the environment have little influence on these parametersl79

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

stained spermatozoa all vary markedly, while the variations among the litter
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Fig. 1. Structure of the rabbit spermatozoon.
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means is small . There is a positive association between the head length

of normal, unstained spermatozoa and fertilityl70.

Shettles213 describes 2 populations of human spermatozoa distinguished
by ellipticai an& concentric configurations of»light diffraction patterns
in small and large heéds, respectively, under phase contrast microscopy.
He hypothesizes tﬁat the Y-chromosome is found in the smaller head and
the Xfchrdmésome in the 1arger head. This observatioﬁ is questioned by
Rothschi1d®7 and by Bishop®l. | |

Gordon observed head length dimorphism of the rabbit spermatozoa
populations he studied but found n§ correiétion of<thé’size dimorphism
with the sex ratio of offspring from the insemination of 2 groups of
spermatozoa obtained by electfophoretic fractionationgz. Bhattacharya
reports that the length and breadth measurements of the heads are less

for_spermatozoa~obtained from the top than from the bottom fractions of

o 3
his gravity sedimentation device.

Iversen deécribes é surface reflection interference microscopy tech-
nique whigh may provide more accurate measurements of the.size of sperm-
atozoa121. Bahr and Zeitler describe a method éf quantitative electron
microscopy permitting the recérding of the mass cross-section (total mass
~per unit length) of an object, making possible determinations of the dis-
tribution of the total mass of very long and narrOW’sﬁructuresl7. They
' estimaﬁe'that the distribution of mass in the bull spermatozoon among the
.head, tail andvmidpiéce are 63.7 + 3.1%, 36.3 + 1.0%Z and i7.3 + .05%,

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

of bull spermatozoa structures from the 1iterature17.

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

10



membréne which.appears to Be continuous over the midpiéce and.over most
" of the length of the tall. The plasma membrane appeérs to be épplied more
loosely and to have greater stickiness over the acrosomal cap region than

25. The continuity of the plésma membrane

over fhe post—nuc1ear cap region
over mostxof the spermatozoon is an important consideratidn.with-regard to
surféce charge, which is considered in another section. The anterior por-
.tion'Of the nuclear.material is surrounded by a dense acrdsoméi cap which
has'its'éwh innefvand outer cytoplasmic membranes. The integrity of the
acrosomal .cap appears to be essential for the maintenance of fertilizing
capacity and is»a‘keyvmorphological feature in assessing viability of
spermatozoada. Hereditary abnormalities of the acrosomal cap are associated

with sterility in bulls®’o.

Bedf@rd has shown that during passage of spermatozoa through the epi-
didymis, there is a decrease 1n 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 midpiece26. This reduc-
tioh'in écrosome.size appears to be related to the acquisition of fertiliz-
iﬁg ability, as shown by a significantly higher conception rate with the
iﬁsemination of spermatozoa from the eaudé epididymis thanbfrom the caput
‘epididym1526. ‘The histology of the epididymis is describéd'very well by

Nicanderl75.

Austin found no morphological difference between epididymal spermatozoa

13. Bedford suggests that the

and sperm recovered from the fallopian tube
plasma membrane may be separated more easily from the anterior and lateral
edges of the underlying acrosomal'cap in uterine sperm than in spermatozoa

ufrom the ejaculatezs. Uterine spermatozoa also showed the presence of small

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

11
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acrosome. He suggest that this adhesiveness may help to keep the sperm-
atozoa attached to the ovumzs.' In disintegrating spermatozoa, the inner
acrosomal membrane and the apical body always remained intact. The apical

body was observed to persist in spermatozba penetréting the zona pellucida

: 1
at which time the material of the acrosomal cap had almost disappeared 3.

The molecular structure of spermatozoa is being elucidated by studies

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

pholipid and hyaluronidase between the heads and tails of bull spermatozoa147

(2) the distribution of ATP activity in ram and bull spermatozoalgl,v(B)

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

111, (5) the

the chemical_composition of the acrosomes of ram spermatozoa
chemical composition of bull spermatozoa33, (6) free amino acids in the

semen and'sﬁermatozoa of fhe fowl.and turkey6, and (7) free carbohydrates
in the seminal plasma and sperm of fow17. Microspectrophotometric tech-

niques have been used to determine the DNA composition of rabbitas'and

417241, 242

b spermatbzoa and biochemical techniques'have been usedjto study

the DNA composition of fowl spermatozoalo'6

Welch, Hanly and Guest found a significant cor;élation between the
DNA content of spermatozoa measured microspectrbphotometriéélly'and the
motility’and sperm count, and, to a lesser extent; the morphology of the
semen spermatozoa from bullszaz; Compared to bulls showing the greatest
variation in DNA content, bulls showing the least vériation had higher
quality spermatozoa samples judged by the degree éf motiiity; morphoiogy
and sperm countzaz. Baker and Salisbury found that cytophotométrically
determined Feulgen DNA values in fresh bovine spe:matozoa.were distributed

268

normally Spermatozoa stored for 11 days at 5°C in an egg yolk—bitrate

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



énd‘a laféer standard aeviation than the fresh sperﬁatozoa. Assﬁming an
equal confribution of individual chromosomes to the Feulgen stained mat-
erial and an equal brobability of nondisjunction among all chromosomal
pairs,-lOZ'hondisjunction is needed to explain all of the observed within-
vsémple Feplgen DNA biologigal variance. ‘Because 10% nondisjunction is

. unacceptably high, they concluded that anéuploidy.contributes-1ittle to
..normal Féulgen—DNA variance in spermatozoa and that the major sources of
biological DNA variénce~ambng épermatozoa in single, normal ejaculates
are related to variations in sperm age and to the exfent of autolysis of

deéd and dying cellszég.

Bouters and coworkers attributed the variab1e Feu1gen-DNA content
of in&iVidual ejaculated spermatOZOQ'to'varying”peréentages of older éperm
cells in the ejaculatésAs. -They found no significaﬁt différences among
3 consecufive ejaculates, with respect to_Feulggn—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 élong the male tract

results frdm structural changes in pNa®?,

Fowl Spérmétozoa. Fowl spermatozoa, illustrated in Figure 2, are approxi-
mateiy.léo microns long. The cylindrical sperm head is approximately,l4
microns in length and 0.5 microns in diaﬁeter, while the midpiece is
approxiﬁately 4 microns long.

‘Acc;fding to Lorenz, the‘cytoplasmic membrane over the héad is con-
tinuous over abou;‘two—thifds of the midpiecelao. The acrosomal cap ‘is

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

is covered by an amorphous sheath which gradually becomes thinner distally
' | | 140

‘énd ends about 2 microns from the tip of the tail . As shown in Figure 2,

13



Acrosome cap

Perforatorium

Cytoplasmic membrane

Nuclear membrane

™~ Tail sheath

& A T=Tail fibrils

DBL 7011 5967

Fig. 2, Structure of the fowl spermatozoon.
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fowl spermatozoa have a small acrosomal cap. Trypsin completely removes
the cytoplasmic membrane around the head, permitting disorganization and
at 1east‘part1a1’digestibn of the contents, while the head is little

: - 140
affected by pepsin treatment

2. Electréphoretic Mobility.

Schroder reported electrophoretic separation of rabbit spermatozoa
iﬁto two pépulatiOns using a sperm dilution‘of-l:IS in a glycine-Ringer
buffef atpr_7;10 in*évU-shéped-electrophoreéis céllzos., Ingsemination
of sperﬁétozoa which migrated toward the anode gavé predomiﬁaﬁtly female
offspring, whereas cathode spermatozo§ gave predominantly male offSpring.v

The number.of‘Y—chromoeoma bearing spermatdzoa obtained from the cathode

- . 206 ' v
was a maximum at 10°C . Biochemical and immunological studies tended

to confirm the biological results??’,

Gordon tested Schroder's experiments, using a similaf'U—shapéd electro-

91,92
.  The

phoreéis ¢e11'wi£h a glycine-Ringer buffef at pH 7.10 and 15°C
electréphofesis ﬁime was 45-50 minutes, and, for any one experiment, sperm~
atozoa éould be obtained only from one eiectrode. InSeminaﬁion of sperm-
atozoa'rec°vered‘from the anode and cathode gave predominantly female and
male offépring, respectively. Upon applying the eléctric field, he ob-
served immgdiate and passive orientation ofvprevidusly active and randoﬁly
orignted spermatozoa such that they mo&ed téil first toward the anode’?.
Lewin alsé reported two-way électrofhoretic 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 .

Ves;elinovitch reported that immotile bovine spermatozoa, when sus-
_.pended in Krebs-Henseleit-~Ringer buffer or modified Schrdder buffer

o % ' 2
always migrated electrophoretically towards the anode 33. He concluded

15



that bovine semen does ndt représenf'a mixture of spermatézoé of two
distinct gle;tricél densities‘wﬁich would‘migrate to opposité poles when
suspended in buffervsolution-of a pH intermediate to their isocelectric
points;v'He'oBsérved also that with an electric‘fieldkbf the pfOper mag-
nitudé; spérmatozoa arévrecoVeréd from both the anode and.the cathode due
to: 1) electtophdretic movement of immotile sperﬁatozoa toward the anode,
2) active.sWimming of spermafozoa 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 strenéth
of the electric field would be reflected primarily 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 bei&g X~ or Y-chromosome
bearing-sﬁermatozoa, Vegselinovitch belieﬁes that the sex ratio will
depend upon the ratio of X- to Y-chromosome bearing spefmatozoa in the
initial sample233. MacPherson and Vesselinovitch obtained no significant
difference in the sex ratio of offspring from cattle inseminated with

spermatozoa from anodic and cathodic electrophoretic fraction5146.

Nevo, Michaeli.and Schindler stressed the importance of immobilizing
spermatoz&a prior to making electrophoretic measurementsl74. They inac-
.tivated spermatozoa by the use of low temperature (4-5°C) or by the use
of 5% CO, at room temperature. Neither method had adverse effects on thev
spermatozoa. Using a Northrop-Kunitz micrdelectrophoresis appafatus, 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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sﬁfface.charge were.reﬁdvéd from the sufface of the cells byvthe washings
or were adsofbéd.from the égg yolk—glyéine—citraté buffgr.  Their obser-
vations shéwe& that both before é;d after dilution and wasﬁing, originally
immotile sp;rﬁatoéoa and those inactivated by‘the low temperature were

511 negatiﬁely'éhargEd and that they had essentially the same electrophor-
etic proéérties. The isoelectric point was approximately pH 3.5 for both
imﬁotile.and.reversibly immobilized spermatozoa. vAdditional'wérk with |
rabbit épermétozoabshowed.an isoelectric point of aﬁpt&ximately pH 3.5.

- They saw‘no'two—ﬁay’migratian with either specieS'between pH 2.5 and pH
8.5 in any of the buffers used. They obtained elecfréphoretic mobilities
for bull spérmatozoa suspended in seminal plaSma and in diluent, after
4vwashings; of 0.89 and 0.88 x 10—4(cm/sec)/(volt/cm),'réspectively, with

an electric field strength of 5.4 V/cm at 4-5°C174.

 Bangham étﬁdied the electrobhoretic'characteristics of ram and rabbit
spérmatoéoa-over a wide range of pH and ionic strengthls. In a solution
conéisging of 1 ﬁﬁ NaCl éﬁd 277vﬁM fructdsevatban.electfic field strength
of appro#imately'12 V/cm,‘he obsérved (l) that motionless (deéd) faﬁ
spérmafézoa éhGWEd no particular ofientation in the elecfric fieid and
‘moved as.thopgh they had a uniform negative charge over their entire
v surface,.(Z),that certain spermatozoa had a greater negative charge den-
gity on their tails than onvtheix heads (which ériented Eheir tails toward
the an§de), and, depending upon the magnitude of the electrophoretic )
componenf réiative to their intrinsic forward velocity, the spermatozoa
swam_tbward_the catﬁodé_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 apd, therefore, moved toward the anode at a rate

determined by their intrinsic forward velocity and the electrophoretic



c&mponent in tﬁe samé difection.' In this I_mM NaCl:mediﬁm from pH 4.8—7.5,
the bercenﬁage of head anodé spermatozoa was 75%vor greater, wheréas.an.
incréase in’NéCl concehtration to 10 mM led to a féduction in-the percen-
tage of heéd'anode spérmatozﬁa frém-70% at pH 4.6 to.less'thanvloz at pH
5.8 In'theblb mM NaCl solution at pH 4.9, approximately équaivnumbersbof
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 Qaried only slightly over the raﬁge pH 4 to 7. 1In 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 spermatézoa at inter-
mediate temperatures. Aﬁ 8°C when spermatozoa are reversibly immobilized,
all spermatozoa were tail anode type. At 25°C, the sperm appeared to be
of th'tYPeS, but Bangham expiains.this by the relative effects of the

electric‘field and the intrinsic movement of the spermatozoéls.

Banghém concluded that separation of cooled, motionlesé spermatozoa
would be impractical because of the small difference in the magnitude of
the negative charge on the tails and the heads,vbut that separation would
"be enhaﬁced if swimming spermatozoé were.uSed énd;the contrasting effect
of the eleétrophoretic component on the tail and héad exploited. .Thué,
by a suitabie 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 anode;s.

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 10—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 microelectrophore31s

chamber similar to that used by Gordonlzg'

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 viabilitynof the sperm-
'atoaoa at the endkof the'experiheut was extremely poor at both‘poles of
the}electrophoresis chamber.'>Spermatoaoa reooveredvfrom the ahode were
Ilonger thah.those'recovered'from'the cathode, butiboth categories of,sep-
arated spermatozoa were shorter than the unseparated sperm. He concluded‘
‘that the spermatoZOa migrated in two'different directions in the electric
fle1a*?®, .

| Therchange 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 10 /ml in a 0.145 M

NaCl solution (pH not given) at 4°c2%.  He obtained mobilities of 0.3468

x 10"4'andh0l5363 3“10_4(cm/sec)/(V/cm)vfor spermatozoa from the caput

aud corpus epididpmis, respectively; and 0.5371 x 10-4(em/seo)/(v/cm) for
spermatozoa'from the cauda epididymis, vas deferens or washed, matureﬂsperm'
from an ejaoulate. Spermatozoa from the caput'epididymis were primarily
head anode_with some random orientation and 1ess_than 107% tail anode.
Spermatozoa from the corpus epididymis were primarily tail-anode; however,
therevwas-some random orientation and, occasionally, head anode spermatozoa.
. The orientation of spermatozoa from the cauda epididymis and the ejaoulate
. 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



field of spermatozoa. The reorientation of spermatozoa from the corpus
epididymis took 2-4 minutes for individuals and 34 minutes for the entire

field. Both individual and the entire field of sperma#ozoa from the cauda

epididymis, vas deferens and ejaculate took only 1-1.5 minutes to reorient24

Inra éblution of 6% fructose, cytoflasmic droplefs a?pear to possess
electrophoretic properties similar to those of spermatozoa ﬁeads, both
of which afe more strongly attracted to the anode than is the distal paft
of'ﬁhe tai1%?.

Bey reports that, after washing fresh spermatozoa 3 times with iso-
tonic NaCl at 4°C, most bﬁll, boar, rabbit and cock spermatbzoa:had lost

their ihtrinsiC'motility251

. In‘a low ionic strength buffer in a rectan-
gular electrophoresis chamber, she obtained electrophoretic mobilities
as follows: (units of 10—4cm/sec/V/cm) bull, 1.302 t.0.03l; rabbit,

251
1.121 + 0.022 and cock,1.545 + 0.020 .

Seving (1968) observed.tWOrwéy migratidn of rabbit spermatozoa using
an intefmittenﬁ electric field and motile.spermatozoé at temperétufes of
29 and 30°C at pH 7.1 in 3 andv7 chaﬁbered electrophoretic cells210. In
one experimént usingv3 different buffers, the insemination of spermatozoa
recovered from the énode gave 19 bffspfing, 15 (79%) of whiéhhwére.ﬁéie:
while inseminationvof spermatoéoa recovered from thé cathode gave 68 qff—
spring, 26 (38%) of which were males. The difference between the expected
normal 8e$ ratio and the sex ratios of the offspring obtained in this
experiment'was highl& significant. However, in 3 subsequent experiments,
only a SIightly higher percentage of male offspring was born following
the insemination of spermatbzoa which migrated both to the anode and to

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

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

separating the X- and Y-chromosome bearing spermatozoa by this technique.
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From the description of the apparatus given, it does not appear that
observétioné_of the sperﬁatozoa'in the electric field could be made. With
the'medialand'chditions he uéed, he achieved excellent fertility and a

high offspring per litter ratio.

3. SediméntatioﬁvRate.

Usiﬁg.a.sedimehtatibn'apparatds consisfing of a 10 ml burette with
a i.1 cm:aiémétér,'Bhattachérya obéérved that nearly 30%Z of the spermatozoa
ﬁiaéédvét:tﬁé top of the burette Sedimentedva diéténéé ofle cm in 24 hours
at 0°C through a medium of specific gravity 1.0012 aﬁd viscosity 17.956
centip&ises (cp)3§; Approiimately 70Z of the spefmatoéoa.éedimented the
same distance in 24 houfé_at 0°C thrOugh a medium of specific gravity
1.0025‘and viscosity 13.436 cp. The épecific gravities and viscosities
df the medié‘were determined at 21°C. The "light" and "heavy" media con-
tained 5% glycine solution plus 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
‘ﬁi;of the colﬁmn of high dénsity medium contained from 9.7% to 14.4% and
the top12 ml contained 5% to i6.5%_of the total numBer of spermatozoa.
Insemination of the spermatézoa from the bottom 2 ml resulted in 22 off-
spring, 17 K77.3%) of which were females and spermatozoa from the top 2 ml
gave a total of l4roffépring, 12 (85.7%) of which werevmales. Insemination
of spermatozoa recovered near the middle of the sedimentation column gave

approximately 507% of each sex36

- Bhattacharya repeated his sedimentation experiment, using a medium
consisting of 42.57% egg yolk in a glycine~citrate buffer with a specific
gravity of 1.0304 and a viscosity of 75 cp35; Approximately 200 x 106

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

hours at 0°C, spermatozoa were distributed over.the top 6 cm of the column.



Inseminatibn of 1-20 x 106 spermatozaa from the toﬁ 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_sek ratios.; All inseminations resulted in a low pe;cen—
age fertilization. The dimorphism observed by Bhattacharya suggested that
the spérmatozoa with the greater volume sédimehted.at é’faétér'rate‘and

gave a predomiﬁance of female offspringBS.

Bhattacharya3 reported a partial bimodal distribution of rabbit and
bull spermatozoa and a unimodal distributibn ofgfowl spermatozoa in the
sedimentation apparatus35; The sedimentation rate of fowl spermatozoa
was significantly less than that of the rabbit or bull spérmatozoa. He
had not yet investigated the relationship of sédimentation rate to specific

gravity or to the DNA content of the spermatozoa35.

Bhattacharya, Bangham, Cro, Keynes and Rowson applied Bhattacﬁarya's
sedimentation technique to the separation of bull spermatozoa. Eighty-four
of 173 (48!6%) offspring obtained in 3 groups of inseminations were males,

or neérly’a 1:1 sex ratio37.

thilling 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 gravity‘ranging from 1.037-1.044

and a viscosity ranging from 7-10 CPZOS-

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 migratipn 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




of ‘spermatozoa from the lowest fractioné'resulted.ih’86vca1ves, 60 (69.8%)
of which were females compared to the'normalbrafiovof cattle of 123 males

to 100 fémalés (44.8%) -in artificial inseminationzos.

Be&ford and Bibe#u.found no difference in the sex.ratid of rabbifs
'resulfiﬁg'fréﬁ the ihseminétion of spefmatozba fractionated by gravity"
sedihentatipﬁ usihg a dévice and medium similar_fo tﬂose used by Schillingz?
The speéific gfavity_and viscosity of the medium at 2°C were l.048vand

6.7 cp, féspectively. Thé totél'height of fhe medium in the burette was

19 cm.: Spermatozoa in 1.0 ml of the mediuﬁ were layered dn top of the
éoiumn énd fwénty fractioné of 1 ml each were recovered from the column

at the cbnclusion of the‘se&iméntéﬁion time. In one series of e#periments
with a 2-hoﬁf'sédiméntation 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 l1-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
 recdvered after 2 hours of sedimentation resultéd in 15 male and 19 female

?. In a figure showing the distribution of spermatozoa through-

offs‘pring2
out the sedimentation column in §‘trials, one profile suggested a unimodal
distribution, 1 or 2 a biqual 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 émploying a differential
‘centtifugation téchnique143. His observations showed nb significant dif-
ference in the sex of offspring obtained by insemination of spermatozoa

samples fractionated by this technique. His results suggested a possible

23



dimorphism in measurements of head lengths. HOWevér,fthe difference was
very small and he could not show a relationship between differential mi-

v 143

gration rate and head length .
Lindahl and Kihlstrom studied alterations in the specifié gravity'
of bull spermatozoa during ripening138. Spermatozoa from 3 ejaculates

collected from each bull in immediate succession were éentrifﬁged for 10

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

trations of the methy}glucamine salt of umbradil (umbradilic acid). The
pércehtagé of uﬁripe Spérmatozoa 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 sﬁermatozoa

increases during ripeningl38.

Usihg test solutions of umbradilic acid in water, Kihlstrom found
the specific gravity of the tail and middle pieces of bull spermatozoa

to be from 1.035-1.056 and that of the heads to be greater than 1.276124.

Liﬁdahl attempted to separate the X- and Y-chromosome bearing sperm-
atozoa in bull ejaculates by counter-streaming centrifugationl37. Insem—
ination of "heavy" spermatozoa gave a total of 63 offspring, 27 (42.9%)
of which were male. The fertility from spermatozoa subjected té-a rota-
tional speed of 1,000 rpm was 53.67%Z compared to 35.67% at 1,100 rpm. Hé

obtained 24.3% males from pooled samples giving greater than 50% fertility
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compared to 69.2% males from those giving less than 50% fertility. From
these data, he suggested that it may be possible to select viable female
determiﬁingvspermatozoa by‘rﬁnning the counter-streaming centrifuge at

' 37
moderate speed (1,000 rpm)1 .

""Insémination of the '"light'" spermatozoa gave 27 males (58.7%) out
of a total of 46 offspring. This series of’inséminationS»Was divided into
pooled sémples with more or less than 407 fertility for analysis. The
grdup'of inseminations resultihg-in an average fertility rate of 47.4%
gave 40.7% males, while the group with an average fertility rate of 29.7%
gave‘84.2Z male offspring.. The averége sex ratio of 58.7 for the 2 grdups

: ' o 137
did not differ significantly from the control sex ratio of 59.8 .

Lindéhl and Thunqvist centrifuged intact epidid&mal and ejaculate
spérmétpzoa and their cdﬁponent parts for 12-15 minutes at 1,000 g in ,
specific weight;gradients composed of tﬁe syﬁthétic polysaccharide Ficolll3?
They observed specific gravitieé of 1.10-1.125 for unfragmented epididymal
spermatoéoa, 1.240-1.334 for ejaculatevsPermatééoa, 1.045 for midpieces
wifh tails and 1.276 for heads from ejaculate spermatozoa not treated with
ultragoﬁiCS. After uitrasonic tréatment,'specific gravities observed were
as follpWs: unfragmented epididymal and ejaculéte spermatozoa, lf100—1.120
| and 1.210-1.330, respectively; midpieces with tails from both type of
spermatozoa, 1.040-1.070; heads of epididymal spermatdzoé, 1.12-1.140; and
heads of ejaculate spermatozoa, 1.250-1.350. fhe authors concluded thap
the markea difference in specific gravity 6f epididymal and ejéculate 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

centrifugation of mammalian spermatozoazo. Rabbit spermatozoa remained



fertile after exposure for up to 2 héurs in bovine plasma albumin (257%

in either Qf45 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 957 of
the spermatbéoa were in the range 1.09-~1.18, and 50% were in the range

: 20
1.11-1.14. The mean was 1.132 .

Benediét, Schﬁmaker and Davies32 evaluated_sodium chloride, sodium
nitrate, potassium tartrate, potassium'iodide, cesium chloride, glycerol,
sucrose, Fiboll, bovine serum albumin, a colloidal silica solution (Ludox),
and the méthnglucamine salt of 3,5¥di—iodo-h—pyridone—N—acetic acid (MGU)
as gradient materials for equilibrium centrifugation studies. With allv
solutions éxcept Ficoll, glycercl and potassium iddide, they observed a
low density class of bull spermatozoa with a buoyant densityvof 1.16-1.19
g/ml and, depending upon thé solute, a high density group ranging from
1.25—1.32 g/ml, which, on many occasions, divided into sﬁbclasses over
a narrow range. Motility was preserved in the bovine serum albumin, Fi-
coll, Ludox and MGU solutions. Because of the undesirable effects of the
high viséosity of albumin and Ficoll solutions, and because 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,‘i5 and 30 minutes at rotor speeds of 5?000, 15,000 and 30,000 rpm
at temperatures of 5, 25 and 37°C. Undér all conditions of tiﬁe, centri-
fugal force and temperature, apparent buoyant densities were 1.170 + 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. Recentrifugation of the

26




27
upper band‘géve Both'an upper band aﬁd’a lower band, the development of
which appearéd to be related to time. Recentrifugation of the lower bands
prodﬁced-diffﬁéé bands in the COrreSPOnding density range. They observed
a splitting -of thé low density band into 2 sub-bands only at 5°C and a
rotor épeéd'of 30,000 rpm. No sigpificant 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'techniqﬁe, they observed a lower
éercentégé of eosin-positive cells in the low density fraction tham in
the high‘dénsity fraction in all expgrimentsSz. With fresh spermatozoa,
the low density (top) fraction had a slightly highér‘percentage of eosin-
positive cells than did uncentrifuged spermatozoa from the same sample.
Howevér; when uging aged and mixed (aged and fresh) spermatozoa, the low
density (top) fraction had a lower peréentégevofveoain-positive~cells
than did ﬁbe nncentrifuged samp1e32.

Insémination of rabbit spermatozoa from the different bands gave
fertility rates of 36% from the upper band, 117 from thé middle band, 4%
from eédh of 2'bottom bands, and 67 from combined bottom bands compared
to 58% fértility with uncentrifuged (control)vspermatozoasz, However, no

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

Lavon and co-workers determined the specific 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 tubesl33. The average specific gravities of spermatozoa

from the mediastinum testis, caput epididymis and cauda epididymis were

'esﬁimated 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. 1In another report, the'specific gravity of bull



spermatozoa in the first ejaculate was 1.0760 + 0.003132. 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-

164. The apparent buoyant densities of com—

sity of parts of spermatozoa
pOnents rangéd from approximately 1.25 g/ml for tails to greater than
1.347 g/milfor heads only. Midpieces were slightly more dense than tails
and the apparent buoyant density of combinations of heads with midpieces

- 164
were less for the fragments with the larger midpieces

C. Biological Propertiés»

Because of the close relationships among the biological properties
of spermatozoa, any arbitrary division of them is artificial. However,
for coﬁvénience'of discussion, they will be divided into 5 main categories
as follows: (1) viability, (2) intrinsicbmotility, (3) fertilizing cap-

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

1. Viability.

Among the criteria by which the viability of sparmatoéoa is judged
are the staining properties and their relationship to morphology, motility,
fertilizing capécity, and metabolic rate. 1In addition, one is interested
in the effects of the age and breed of the rabbit, the.frequency of ejac-
ulation and the season of tﬁe year on the quality of the spermatozoa.

a. Vital Staining. Beatty and Napier found a great difference between
22

the percent capless and the percent stained spermatozoa in ejaculates
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. He found the mean litter size to be related

of stained spermatozoa
- . . o 171 e

to the mean spermatozoan head length of the sire . Among strains the
incidence of stained spermatozoa varies markedly,bindicating the possibi-

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

the percentage of capless spermatozoa is not significant23.

In studies with bull spermatozoa, Munro saw no difference among
samples=with visual observation of motility, but found a 10% difference

_ o ' 165
with vital staining

.- Conception rates were approximately 65% for
sampleé with over 70% live spermatozéa by staining. Fertility was re- .
duCéd.an_unusual degree when either the incidence of live spermatozoa
fell below 70% or the incideﬁce of primary and secondary abnormal sperm-
atozoa rose above 23%. Head defects appeared to be the most important
abnormalitiesl65. Napier reports that, in samﬁles’cbntaining'a high per-

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

of low Viability169.

The percentages of stained and caéless spermatozoé increased signifi=-
céntiy affér incubatibn at 38.5°beor 5 hours in 0.9% saiine, while in-
cﬁbatién for the same period of time in a suspension of 50% seminal fluid
and 50% saline did not significantly change the mean percentage of stained

169

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

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

2 different males affects the viability of the sﬁermatozoalég.

Stress, such as centrifugation, causes the same absolute change in
‘the percentage of stained or capless spermatozoa in all samples, regérdless

of the initial viability. Thus, with initially low viability, the per-
centage change 1s greater than with high viability spermatozoa, indicating
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that the apparently normal spermatozoa in a 1arge'population of abnormal

"low quality" sperm are less viable .

b. Metabolism. Work by Murdoch and White has shown that rabbit sperm-
atozoé oxidize glucose faster than acetate and oxidize lactate at a faster
rate than glucose, fructose,\pyruvate or acetate166. FrUCtoée is the
predominant sugar found in the semen 6f most mammalian species, including
the rabbif,,while glucose is the sugar found in the semen of the domestic

166

cock . Salisbury reported that the”optimum'oxygen uptake by ejaculated

bull spermatozoa in semen occurred only when co, in amounts normally re-

201 : '
Wales and O'Shea reported that the

spired (about 5%) was present
presence of respired CO2 during incubation of bull spermatozoa had no
effect on oxygen uptake or substrate oxidation, but increased lactate

237

accumulation . Hamner and Williams reported that 2.36 x 10"3 M NaHCO3

in equilibrium with 2% €O, at pH 7.0 is the optimum CO2 level for ﬁaximum

metabolic activity of rabbit spermatozoa107.

Salisbury states that, during a 3 hour period of incubation at 37°c, .
both optiﬁﬁm oxygen COnsumption and optimum aerobic glycolysi#'by bull
spermatozoa occurred in a NaCl solution of approximately 280 mosm201
(The osmolarity of seminal plasma is approximately 285 mosm). The effect
of osmolafity was less obvious when a potassium chloride solution was
used. He suggesté that the oﬁﬁimum osmolarity for the preservation of
spermatozoa and conseryation'of intracellular.reéerveS"wouidébespﬁoéidea.
by a medium with an osmolarity of 350 mosm, which is approximately that

found in the epididym18201.

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

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

spermatozoa236. Fowl spermatozoa had the lowest rate of metabolism, and
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dog spermatozoa had the highest:respiratory activit&Q Washing bull, dog
and rabbit épefmatozﬁé greatly reduced thé oxidation of substrates other
than fructoée, while ﬁashing had little effeci on fowikspermatozoa. Phos-
phafe ioné:geheraliy depressed the réspiration of»buil spermatozoa and
stimulatéd.;heir aerobic fructolysis. It stimulated the respiration of
unwashed dbg spermatozoa, but had no important inflﬁehce on the metabolism
of rabbit and fowl spermatozoa. Potassium'stimulafed some aépeéts of
metabolism of sperm of all speéiés, but had its greatest‘effect upbn the
reSpifétion-of dog spérmatozoa. It stimulated the oxidation of fructose
by-rabbit spermatozoa. Magnesium depressed.the-fespiratioh_of bull and
fowl spermatozoa. Calcium apparently had no effect on any of the sperm-
.atozoa. ‘They observed few significant interactions among the ions tested23§
vThe injufibué effects of high concentrations of phosphate on the.oxida—
tive metabolism of bull spermatozoa has also been reported by other in-
vestigatorslgs.

vNévo studied.thé déﬁendéncébbf motility and respiration of bull,

173. Both motility and

ram and cock spermatozoa on oxygen concentration
respiratorergte were constant in the range of Qkygen”cdncentrAtion from
that in air to that at a p0y of 4-5 mm Hg, below which there ﬁas a marked
‘reduction.in regplratory rate and inactivation'of most of the spermatozoa.
Motility and oxygen consumption ceased below an oxygen partial pressure
of 1 mm Hg. The critical 0, values were similar for all 3 spegieél73.
They are Qonsidgfably below the.poé of 60 mm Hg in the fallopian tube
| of the uﬁaﬁeétheSized rabbit befére, and for 3 days after, the induction

149

of ovulation with HCG . If the minimum 0, pértial pressure requirement .

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

c. Factors Affecting Spermatozoa Production and Quality. The volume

and humber of spermatozoa in an ejaculate depend upon the age and breed



of the rabbit and upon characteristics of_individna1 ma1gs. - For mature
rabbits volumes range from 0.4-0.7 ml and concentrations range from

8—2 x'log s?ermatozda/mll. The variation in ‘the fertility of semen

1'% 10
samples is attributed to (1) thé'inhergnt quality of the épermatozoa,
(2) the caﬁposition of the seminal fluid and (3) the interaction of sem-

inal'fluid and spermatozoalég.

Amann and Lambiase studied the changes in semen characteristics and
sperm output between puberty and one year of age in New Zealand White
BUCksg; Daily épéfm output doubled Between 20 and 32 weéks of age, reach-
ing an average of 148 + 11 x 106 spermatozoa per day and did not increase
after that'fime, suggesting that these rabbits reach se#ual matufity at
about 32 weeks of age. The mean ejaculate volume was 0.56 ml with a sperm-

atozoa concentration of 301 x 106/m19.

The effect of the frequency of ejaculation upon the viability of
spermatozba'was evalﬁated by Gregoire, Bratton and Foote who cbmpared
the spermatozoa from 2 groups of 4 Dutch Belt rabbits each, ejaculated
at daily or weekly intervalsga. The average nﬁmber of métile spermatozoa
decreased from 243 x lO6 to 55vx i06 per ejaculate for the bucks ejaculated
| daily, and from 138 x 106 to 97 x 106 for the bucks ejaculated at weekly
intervals. The weekly output of motile spermatozoé was 385 x 106 com-
pared to 97 x 106 for the bucks ejaculated at daily and weekly intervals,
respectively. There was no significant difference in the size of the
litteré'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 weeks 4.

Amann evaluated the effect of ejaculation frequency and breed on

semen characteristics and sperm output of Dutch and New Zealand White
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rabbits usiné ejééulation frequencies of 1 x 12 hours, 1 x 24 hours,
~and 2 x 48 hours with the 2 collections separated by about 15 minutesg.
Each ejaculationlfrequency was imposed for 36 days;'thé last 30 of which
-constitutéd thexexperimentél’périod. No significanivdifferences were
observeﬁiamong‘the daily-spefm outputs at the 3 different collection fre-
quencies. The“avéréges were 88 x 106 and- 123 x'106 spermatozoa/day for
_the Dutcﬁ‘and New Zeaiand White rabbits, respectivelys. Amaﬁn did not dis-
' cussvthé duélity of'spermétozoa from the differeﬁt‘fabbits at the dif-
fereﬁt colléction frequencies.

Aﬁothervétﬁdy‘bfbthe>spérﬁ output ofbfabbifs'at various ejaculation
: frequenéies was coﬂdﬁcte&'by Desjardins, Kirton and Hafs ﬁsiﬁgv9 butch
Belt and 3 New Zealand White rabbits, approximately 12 months of ag’e64
Eééh ofvthé rabbitsvwas>subjected to 4 ejaculation frequencies impoéed
for 5 Weék“peribdé, coﬁsisting of frequencies of once a week (1 x F),
.4_timeé on Frida& (A'x F);.twice on Monday, Wednesday and Ffiday (2 x MWF)
énd once daiiy, exéept Sunday (i X M—S). Thej ébserved no significant
differéncés'amoﬂgvﬁhe'first”ejaculétes at all 4 frequencies. Despite
a decreése'in‘volumé(in thevsééoﬁd ejaéulate of the 4 x F_aﬁd 2 x MWF
groups, an increase in the spermatozoa conéentration gave‘a higher total
sperm”ouﬁput_in those ejaculates. Inbthe third énd fourth ejaculates
of the A_x.Fvgroup, both the volumes and concentrations decreased. There
were.n§:sigﬁifi§ant differences in the total numbér of spermatozoa per
week from ﬁhe 4xF, 2 x MWF and 1 x M—S,groups64. No observations on
the quality of tﬁé séermatozoa in the differen; ejaculates were reported.
An analysis of the protein, fructose and citric acid content of the eja-
 -cu1ate§ show§d both an absolqte decrease in successive gjaculates in the

4 xF éndjz x MWF groups, and a decreasexih concentration of those sub-
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strates, which was most prominent in the third and fourth ejaculates in

the 4 x F group64.

Orgebin-Crist observed that, when rabbits were eéjaculated only twice
weekly, the daily sperm output was approximately 50% of the estimated
testicular sperm production, indicating that a high percentage of the

spermatozoa produced were absorbedlsl.-

Doggett showed that the toﬁal‘sperm count of rabbits ejaculated
daily for pfoldnged periods rose to a definite peak‘every 2-7 days with

an average of 3.16 days68

The low values usualiy were about 50% of the
preceding peaks. In mature animals, the peaks were fairly consistent
and similér among individual animals. Sperm motility and the volume of

liquid semen rose and fell with the total daily sperm production68.

Degermén and KihlstrSm have shown a cyclic variation in the body
temperature of the male rabbit which correlates statistically with the
volume of'Semeanroduced daily.”‘Cycles vary in length from 3-9 days with

63

a mean value of 7 -days The authors did not report the quality of the

spermatozoa during the cycles.

El Jack and Lake evaluated the effect of resting foosters from
éjaculation on thevquality of spermatozoa by subdividing the roosters into
5 groups77. One group was kept as a control, while the other 4 groups
were'rested‘for 2, 4, 6 and 8 weeks, respéctively, between ejaculations.
Semen was collected from the control group throughout the 10 week experi-
mental period at intervalé 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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collectionxschedule;* 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 befejaculated:regularly,topinsure‘the availability of uniformly
good_samples77; | |

Eliasson showed that frequent ejaculations reduced the volume of
human seminal plasma, but did not significantly change the relative amounts
-ofvconstituents.from the seminal vesicles and prostate gland, EJaculates
were obtained from individuals atv24, 12 and 8 hour»intervals76.

Freund and Wiederman evaluated the influence'of~3permatozoa nuality
“on storage‘and fertilityge. They found that'dompared:to'hiéh quality
spermatozoa, the motility of spermatozoa of poor quality ejaculatesbwas
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 spermatoaoass,

d. Seasonal Variations in Spermatozoa Quality _The seasonal variation

in the reproductive traits of New Zealand White rabbits from 1943-1960
was evaluated by Sittman_and co-workers at the United States Rabbit Ex~ -
periment Station, Fontana,‘California216,, The maximum average daily
temperature increased from 63 to 75°F from January through May, increased
to above 80°F in June,lwas approximately 90°F from July through September,
_decreased to about 80°F in October, and was about 75°F and 70°F in Nov-
embervand December, respectively. ;The animals were housed in sheds cooled
by sprinhlers during the hot, dry summer months‘ The monthly conception

rate was 77 AA from January through May, 62% from June through November,v

' with a 1ow of 527 in September, and was 72% in December. In addition to

'the decrease in the conception rate during the hot months, the follOW1ng



also were observed at that time: (1) a decrease ih-the number of litters
born per month, (2) a decrease in the average number of of fspring born
alive per litter per month,»(B) a decrease in the éverage 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 appearedvto be more de-

pendent upon changes in temperature than upon changes in light conditions

Orgebin-Crist evaluated the effect of environmehtal'iight on the
gonadal'and_epididymal sperm reserve and the daily sperm production in
rabbits. Rabbits exposed ﬁo'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 yield
of 21.4 x 106 sperm/day/gm compared to an average sperm output of 147.4
X 106/day and a testes yield of 26.5 x 106 sperm/day/gm for bucks exposed
to 14 hours of light for only 6.9 + 8 weeks. This suggests that a con-

stant photo-period is deleterious for sperm productionl8l.

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 -

(temperatufe and stage of maturation of the spermatozoa). In addition,
observations on the fluctuations in swimming rates of individual bull

spermatozoa are presented.

a. Spermatozoa Concentfation. Emmens énd Swyer observed that rabbit.
spermatozoa from most ejaculates, when suspen&ed in Baker's solution at .
a concentfation of 0.4 x 106/ml, became completely immotile within 2 or
3 hoursao. 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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'tké fapid~im@obilization may be prevehted ﬁy suspension in Ceil—frée
sﬁperﬁéfénté ffbﬁ'oéher:mdré‘coﬁéenirﬁfed'su5§eﬁéions ofirébbit‘semen,
by'accessory.secfetions from a vasectomiied buék,.and By the addition
oflageh£§ su§h‘as gum arabic, starch, glycogen, and serum proteins to
Baker's'sélﬁtidn. In no case was the action of the additives as effect-
ive in preserving motility as more concentrated suspensions of spermatozoa
in Baker's.361utioh. Washihg with'B#ker's'soluﬁion did not cause im-
mdbilizatiéévbf spermatozba at concentrations of 20 x 106/ml at a stage
‘when the concentration of seminal plasma had been reduced tdxthé equiva-
lent of dilution to 0.4 x 106/m1. ‘However, 6 washings did iﬁmobilize
fhé sperﬁatozoé and was interpreted by the_authors as evidence that the
dilutibﬁ pheﬁomeqon is caused by the loss 6f intracellular or paracellu-
lar material®0. .

éwyér>(as noted in the discﬁssion foliowing Kok's report) observed
avsigﬁifiéanf»decfease in the motility of rabbit spermatozoa when the
concentration fell béiow aﬁproximétely 4 # 166'spermatozoa/m1125. Emmens
éndeﬁyéfBO dbéef§ed'thét a concentfafioﬁ_&f 20 x 106'sperﬁatézoa/ml ﬁain—
tainéd as‘ébbd, or néariy.aé good,.a degree of motility as higher.concen—
.trationé; | |

Freund and Wiederman, using human épermatOZQa, observed that with
dilutiéns of 1:1, 1:5, 1:25 and 1:125 in.Normaanohnson Soiution,:éeminal

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

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

in thé percentagé of motile sperm at all dilutions appeared to be approxi--

mately the same in the Norman-Johnson-1 (NJ-1)Solution. The decrease in the:

pércentagé of motile sperm in raw semen appeared'té be greater than in

semen‘diluted.l:l and 1:5 in the NJ-1 Soiution88. The éctual 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

193. They ob-

"spermatozoa using an atomic absorption spectrophotometer
served'én 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 iﬁ the éoﬂcentration of those
cation; was observed over a 3 hour period. At dilutiomns of 1:100 and

after washing 4 times, they observed a similar but more severe influx of

sodium. This was accompanied by a marked intracellular depletion of potas-
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sium which tended to worsen over the 3 hour period. This exchange of sodium v

and potassium increased with increasing pH193.

b. pH. Emmens studied the effect of pH on rabbit spefmatozoa using a
diluent containing 3% dextrose, 0.2-0.4% sodium chloride and sufficient
buffer to bring the solutions to a tonicity équivalent to 0.9-1.0% sodium
chloride79. Suspénsions of 10-60 x 1.06 spermatozoa/ml were prepared only
from active ejaculétes with high counts. All observations were made at
room temperéture. Baker's solution at approximately pH ?.3 was uséd as
a control. Observations included the folloWing: (i) Rabbit semen had
a pH between 7.0 and 8.2 with a mean of 24 samples being pH 7.6. (2)
Spermatoéoa 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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(S) For very short exposures to pH's between 4 4 and 5 4, motllity could
be restored by the addition of Baker's solution to the medium. In these .
eeees, the duration of exposure was limited to 1 hour-or_less. (6) At
pH_9.S-IQ;0, spermatoéoa remeined metile and -survived for several hours,

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

the sperm'tails tended to stainzbefore the,heads79.

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 v1ab111ty and
intrinsic motility is time dependent and therefore of great significance

invdesigning.experiments uSing.spermathoa.

The reietionship'of these IN VITRO observetions to the naturai environ-
mentvof.spermatozee‘ih the female genitel tract is illustrated by the
’following observations. Moghissi observed that human spermatozoa were
v imﬁdﬁilieed 1n acid mucus while alkaline mucus enhanced motility161.
'Aécording-to.Stevens, Hafs and Kirton, the uterine fluid of rabbits is
in buffering uterine fluids

219 ' C v . :
pH 7.64 . They stress the importance of CO2

for'they observed a rapid rise in pH upon removal of the fluids from the
219 ' -

uterus -

In addition 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 Osmelarity of the Medium. items related to ionic
'vetrengthfﬁhieh_hare‘beén eeptiohed'previously include the net surface cherge,
the?reietiﬁetsurface charge.bn the heads and tails of the spermatozoa,

and the effects of ionic strength oﬁ the.type of agglutination_ef'éperﬁ—

atozoa populations.

Qbservatidns'by Emmens on the effects of osmotic pressure and eleetro—



lyte concentration on the motility of rabbit spermatoéoa at different
hydrogen ion concentrations included the following? (1) At bH 5.8~

6.6, spermatozoa were less motile than at pH 7—8,_wefeﬁvery sensitive to
pH changes,.and were more éenéitive to Bypotonicity.than to hypertonicity.
Motility was affected little or not at all by substitution of dextrose
for part or all of a sodium chloride solution. (2) At pH 7-8.7, sperm-
atozoa were felatively insensitive to changes in pH, bﬁt hypo- and hyper-
tonicity, whether caused by alteration ip godium chloride or in dextrose
concentration, were about equally deleterious to motility. The replace-
ment of SOdium chloride by dextrbse.in hypertonic,diluents tended to lower
initial motility but this level of motility was maintained with little
fall ofer 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.
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The latter may even have been favorable to motility under certain conditions.

(4) The replacement of éodium chlofide by dextfose enhanced preservation
of motility in isotonic media, but made little différence in hypo- or
Hypertonic solutionsf The favorable effect of hypotonicity was expressed
if it involved a reduction in the sodium chlofide-content of the diluent,‘
bﬁt not if it involved a reduction in the dextrose content. The character-
istic action of dextrose was a lowering of the'iate of decline of motility,
not the maintenance of a high initial motility. (5) In alkaline suspen-
sions, rabbit spermétozoa were affected adversely.By a sodium chloride
concentration greater than approximately 0.2%. Motility was better in

a hypotonic medium of less than 0.27% sodium chloride content than in an

isotonic medium containing more than 0.27% sodium chloride78.

d. Temperature. As noted earlier, the use of low temperatures is a
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convenient way to reversibly immobilize spermatozoa. - Bhattacharya ob-
served that the degree of motility of rabbit spermatozoa at low tempera-

tures depended upon thé‘medium in which the sperm were suspendedBS,

The,deletérious effect of sudden exposﬁre of mammalian spermatozoa
to low tempEratufes (cold shock) has been known for some.time. Epidi-
dymal gpgrﬁatozoavfrom'ram, boar and bull apparéntly are more resistant
t0'cold sho§k.than are'spermétozoa,from-the'ejaéulatoryvductSAB. Quinn
and WhifeArecently ﬁéve'shownxthat cold shocking and deep freezing bull
and ram semen caused an influx of sodium and an efflux of potassium and
magnesiumifrom the spermatozoa. They did not observe any significant
‘.cﬁanges in fhe éation,éontent of human, 'dog, rabbit or fowl spermatozoav
after ccld'shockinglgz..

Af'the other extieme} a temperature of 48°C for 30 seconds caused

2
-a loss of motility of rabbit spermatozoa IN VITRO 65.

e. Stége of Maturation. Blandau and Ruméry have also shown thaﬁ rat
spermétbzo# éuspensions prepared from the cauda-epididymis.and.inseminated
into the left uterine horn gave a 93% fertilization rate, whereas only 8%
of ov# were fertilizéd'by‘sdspensions of sperﬁatbzoa.from the caput epi-
| didymis when injected into the right uterine horn of the same animalsa3.
Most spermatozoa from the caput epididymis weré_actively motile but swam
in circles because.éf retroflexion of the héad énd stiffness in the
ﬁeck piece of the flagellum. They attributed the iower fertilization rate
‘by thesélspermatdzoa to fﬁe circular swimming'pattarh and suggestéd that

it interfered 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 and that this fluid production is the major faétor in the transport
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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-df fluctuations in the éwimming rates of individual bull sperma-
tozoa at 37°C, Tampion reported that spermatozoa from some bulls swam at

226. The mean swimﬁing

a rate greater than 150 M/sec in sperm extract
rate of'straight and circling spermatozoé in 4 ejaéulates were estimated
to be 133.4 M/gsec and 134.0 ar/sec, respectively. In a series of 4
experiménts,-56~902 of the spermatozda swam straight over a distance of
more than 310 microns, while 4-10% of the Sperﬁatozoa swerved to the.
righﬁ or left. The remainder of the spermatozoa swam in pbiygohal pat—
terns. .Spermatozoa diluted to a concentration of 5,000/m 1 with saline
had swimming rates ranging from 57.4 to 103.3m/sec. Variations within
individuai groups ranged from 15—40'}L/éec. Iﬁ addition to differences
in swimming rates among spermatozoa, individuai spermatozoa changed ve-

locity considerably from time to timezzﬁ.

Tampion studied the effects of drugs and hormbnes oﬁ the swimming
pérforménce of bull spermatozoa and showed that.the mbsf‘satisfactory
medium for achieving and ﬁaintaining a high rate of motility was ‘135 mM
'Na01227.» The addition of fructose in concentrations of 5.0, 0.5 and 0.05
mg/ml to 135 mM NaCl had no significant effect on the swimming rate or on

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

ranged from 130.8-158.0 A+/sec. Despite the greater viscosity of both
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fresh and frozen seminéi“plésma, thé swimming ratea[aftérf5'minutes of
incubation in these media were still 110.2 + 4.6 and 99.0 + 12.6 pu/sec,
,respectively} compared to 139.2 + 4.7 and 136.2 1 7.2)u/sec in.115 mM NaCl
controls.. Thﬁs, there does not:appear to be a significant inhibitory

effect of fresh seminal plasma on motility.

3. Fertilizing bapacit§'f“'

 The fergiliziﬁgléapacity of épermatozoanis acqﬁired during passage
‘th;bﬁgh ;he éﬁididymis. loféébin—Crist found th#t spermatozoa from thé |
cabut'and thevprokimal‘corpus epididymis wétevinfértiié when inseminated
sptgically'idto the uterus of'doe518o. Insemination of does in a simiiér
manner with spermatozoa from the distal corpué épididymis, and from the
.proximal and the distaivcauda epididymis, gave feftiiization fa;es of
57%, 92.7%'§nd 95%, respectively. Compared to control ova fertilized
witﬁ surgically inseminated ejéculated spermatozoa, the fertilization
of ova ﬁaévdelhygd siénificantiy when distal corpus spermatozoa were
iﬁseminate&; Another interesting observation was fhat spermatozoa iso-
lated dufgiéally in the proximal caput epididymis for 3—8_dayé developed

o : 180
_their capacity. for motility but did not develop fertilizing ability .

In another paper, Orgebin-Crist réported that, in does inseminated
with apermatozoa.from the lower corpus epididymis, only 52% of the ova
that ultimateiy would be fertilized had been penetrated 16 hours after
the injection of HCG;82. In about half of thesé ova, .the fertilizing
spefmatozoon was just benefratiﬁg the ovum at that time. Approximately
vloquf bﬁa_fertilized with epididymal spermatozoa were polyploid. This |
was attriﬁuted to the delayed fertilization because the fertilization

L | 182,212
of aged rabbit ova is known to lead to polyploidy . = .

Af;er-separation of epididymis and testis, the fertilizing capacity
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of rabbit spermatozoa lasted for 8-10 days, while mofility‘lasted for
14-38 dayé, indicating that mature sperm can remalin 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-
rently norma1228. However, it was reduced greatly after 4 weeks and
was completely lost after 7 weeks. Incregsed embryo mortality was ob-

: 228
served before a significant failure in fertilization was detected

Bgdford compared the interaction between ova and spermatozoa taken
from the vas deferens and the cauda epididymis by inseminating sperm-
atozoa of each group into opposite Fallopian tubes in the same rabbits28
He found a significantly greater number of spermatozoa from the vas de-
ferens than from the epididymis in association with ova. Hé suggested
that, in the rabbit, capacitaﬁion invests spermatozoa with the competence
to establish contact with the surface of the zona pellucida and to

penetrate ova during the fertile life of the ovum28.

Burfening and Ulberg incubated portions of split ejaculates at 38°C
or 40°C for 3 hours and found no difference in the fertilizing capacity
L ' 47 |
of rabbit spermatozoa incubated at the 2 temperatures . -However, the

embryonic survival rate was higher in the uterine horns inseminated with

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

incubated at 40°C47. Asdell and 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 showed‘increasing deter-
joration with time due to the higher temperature in the abdomenlz. Thus,
the short incubation period used by Burfening and Ulberg, aithough 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.

SbermatoZoa of normal rabBits retained their full fertilizing
capécity in the femaie genital tract forvonly abodf 25 hours beforevov—
ulatioﬁ énd had lost fertilizing capacity after 32'hour554. McGaughey,
Marston and Chang found the fertilizing life of ﬁouse spermatozoa in
" the fémale genital tract to be approximately 12 hourslsa. According
to the authors, 'a review of 1itérature-gives sufvivél times of sperm-
atozoa bf éther species in the réspectivg'femalés as follows: 14 hours
in the rat, 22 hours in the guinea pig, 30 hours in the rabbit, 126
hours iﬁ'the ferret, and 144 hours in the hofselSQ. 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

daysl4°’229.

The number of spermatozoa required for fertilization varies from one

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

.2;0003_spérmatozoa 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 achieve optimum fertilization results. In
poultry husbandry, the usuéi minimum number of spermatozoa inseminated
is 1 x 108 in a volume of approximately 0.1 m1140' With.both species,
high percentageé of fertilization have been achieved with lower numbers

56,140,262

of spermatozoa . Additional considerations concerning artifi-

cial insemination in the rabbit are given in Appendix B.

4, Antigeniéity.

The antigenicity of spermatozoa hés been studied with regard to
the significance.of auto-antibodies against spermatozoa in the blood of
men with obstructed vas deferenslsé;;the presence of sperm agglutinins

244

in human semen and blood ; a comparison of the specificity of antigens
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in semen on spermatozoa and in blood of humansl60'and'bullsll7§ the

‘failure of the control of fertility in the rabbit by iscimmunization
with seminal'plasmazao, and success in_the mouselss’zso;rand the induc-
tion of antibodies against spermatozoa in female rabbits by intravaginal
or iﬁtramuécular injections of rabbit.semen and bull semen73. Edwards,
Fergusoq and Coombs found human A and B blood group isovantigens on the
spermatozoé of secretors but not on the spermatozoa of non—secretdrs75.
The presence of the isoantigens M, N and Tja was established. However,
the sex-linked antigen Xga could not be shown on the Spermatozoa75
Boettcher found ABO antigens on seminal épermatozoa from secretors but

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

4
. gens are adsorbed from the seminal plasma4 .

Although studies such as those mentioned invthe above paragraph
are of great interest and may eventually be incorporated into the ex-
perimental pfogram in progress in ﬁhis laboratory, the problem of anti-
génicity.is of importance in current work only with regard to agglutin?
ation in experimental procedures. Because clumps of spermatozoa behave
quite differently from individual spermatozoa during sedimentation and

electrophoresis, it is ‘desirable to avoid agglutinationlss.

In a study of the agglutination of mammalian spermatozoa, Bedford

- found a tendency for washed ejaculate oi epididymal spermatozoa of sev-
eral mammalian species to agglutinate by the head region in physiological
media such as Ringer's and Tyrode's solutions, 0.97Z sodium chloride,

and especially in either normal heated isologous, homoiogous, or heterp—,
logous sera27. In these aggregates, the sperm tails remained quite free
and showed persistent, vigorous activity. He stated that tail-tail
agglutination was never observed between mature rabbit spérmatozoa in

electrolyte solutions or in normal homologous or non-specific hetero-
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logous séré. Tail-tail agglutination did occur readily'when raBbit
or other é#ermatozoa were suspended in specific hetefdlogohs antisera.
He attributed tﬁis to antibodies against tail and head specific antigens
giving possible combinations of head-head, head-tail and tail-tail agglu-
tiﬁation...Thus, tail—fail agglutination in homologous and, especially,
isologousvsera was éonsidéréd to.be due to specifi¢ antibodies against
tail aﬁtigen827§ ' |

Whehvmatufe rabbit'spermatozbé were suspended in isotonic solﬁtions
of'sué:ose; glucoée or fructose at 3756, the aggregation of motile sperm-
atozoa by the tail region similar to tail-tail agglutination seen in
specific antisera occurred rapidly27. In isotonic media of low electro-
lyte concentration, the surfaces of the sperm -tails became attracted
ndt only to other tail surfacgs, but also to partiéuiate matter in the
medium. Materials that adhered to the surface of the tail never did so
to the surféce of the sperm head. Addition of increasing amounts of
Rihger's éoiution to a suspension of motile spermatozoa in an isotonic
solution of sucrose or glucose caused a transition from the tail-tail

agglutination to head-head agglutination27.

The agglutination properties of rabbit spermatozoa changed during
'passage through the epididym1527. 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
,cqrpué epldidymis showed somé tgndency for head-head agglutination, but
much less so than spermafozoa from tﬁe cauda epididymis. Spermatozoa
.frbm'theucauda epididymis, vas deferens and mature, washed spermatozoa
from_the‘ejaculate tended to agglutinate by the head region in homolo-

o 2
‘gous heated serum or in 0.145 M NaCl but showed no tail-tail agglutination



Bedford concluded that the orientation of many caput'spérmatpzoa

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

existence of a relatiﬁely high net surface charge:over the head region24
The changé to tail anode orientation and thg relatiQely higher electro-
phoretic mobility and speea of re—ofiéntation of cauda spermatozoa.under
the_same conditions reflected an absolute increase in the net negative
sﬁrface chargé over the tails during maturation of the spermatozoa. He
raised the question of whether or not an absolute feduction in the neg-
ative surface charge density of the head region occufred during epidi-
dymal passage of the sperm} Spermatozoa failéd to exhibit head-head
agglﬁtination in media giving'heéd anode orientation in a microelectro-
phbresie cell using media of low ionic strength. This éuggested that
the increaéed net surface‘charge over the head region in all epididymal
spermatozoa might exert a repulsive force great enough to negate any in-

24

herent attractive forces on the sperm surface However, the failure

of caput spermatozoa to agglutinate and their weak head anode orientation

response in high ionic strength media suggested that the failure to
agglutinate also may be due eqﬁally to the abséhce'of attractive forces
over tﬁe immature sperm surface?4, Bangham showed that with isotonic
reduction in ionic strength of the surrounding»medium, the increase in
sperm surface potential was distinctly non—-uniform in character and that
the ofientation of spermatozoa in the electric field changed from pre-
dominantly tail-anode to head-anode18. 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,

27

with solute molecules in the medium“’. This occurred to a greater .extent

over the head region emphasizing the different characteristics of the

sperm surface over the two region527.
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5.‘ Genetic Cdﬁposition.'

- Somatiévcells of the rabbit, buli and domestic cdck normally con-
tain 44; 60'énd 78bdhromoéomes,>feépectively} Chiarelli, De Carli and
Nuiéo présent excellent pictures of the chromosémes of the rabbit in
which it appears that the f-chromosome is approximapély one-quarter to
one-third of the'length of the X—chromosoﬁe57. Gustavsson presents
photographs of chromosomes from cattle.showing thé normal patterns for
both’malé and female with 60_chfomosomesgé.. In additioﬁ, abnormal
‘pétterhs‘with 59 and 58 chromosomes, show the replacement of 2 telocentric
chromosomes by a long, sub-telocentric chromqsome,:and the replacement
qf 2 teloééntric chromosome pairs by a sub-telocentric chromosome pair,
fespectively96. 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
differenées in the genetic composition of spefmatozoa'are reflected in
vdifferences in physical properties which could be detected by experimental
techniques;' The most obvidus and most‘interes;ing difference in genetic
»compbsition is that betﬁeen the X- and Y4chfomosome 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 spermatozoé in the domestic fowl normally bear X-chromo-

‘ someé,>there is no dpbortﬁnity‘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'spermétozoa, some of
_which have a translocation whiéh was produced by X-irradiation with 4,000 r

at the Departmeht of PoultryHusbandry in Berkeley, California. The trans-



locatién,.TN IV, has'been demonstrated genetically and cytologicallylzo
The semi-sterility of the translocation heterzygotes furnishes a simple
and practical means of detecting tbe translocation in spermatozoa. The
spermatozoa carrying the translocation apparently aré motile. and capable

of fertilizing ova, which, however, will give non—ﬁiable 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 reéapitulate 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
viabilit&, intrinesic motility, fertilizing capacity and agglutination

of spermatozoa. In certain experimental systems, the spermatozoa con-
centration can jeopardize electrophofetic'mobility and sedimentation
rate measurements and 18 also a critical factor in preserving the viabi-
lity, intrinsic motility and fertilizing capacity of spermatozoa. The
ionic strength, viscosity, and, ﬁo a lesser 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, 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.

Finallf;‘the external forces are &eterﬁined priﬁarily by the physical
properties'of\the spermatozoa, and, in turn, influence the preservation
of fhe‘vital-fuﬁcfions‘of spermatozoa génerally in a deleterious manner.
Tﬁus, as Will become evident in the subsequeﬁt chapteré, these inter-
relationShibs remind the author of one's attempting to put one too many

"marbles into a dish: 'for every marble put in, oneAPOPS'out”.

In the review of the physical and biological'propertiéé in Sections
B aﬁd C above, mény possible methods were presented by which spermatozoa
pbﬁulatibns might be fractionated into gfbups Qith interesting biological
differencéé} Gordonvrepofted a partial dimorphism in the rabbit sperm-
‘a;ozog pbpulétions he studied, but found no correlation with the sex
ratio df’offspring from the insemination of electrophoretically fraction-

92

ated samples”“. Shettles reported differences in the size of human

spérmatozoé and speculated that the larger contained the X—chromosome214
Laifdvreported a corfelatioﬁ bétween the morphéiogigal features of bull
spermatdéoa ﬁith two-way electrophoretic migration in an apparatus similar
to that used by Gbrdonlzg. However, only:Bhéttacharya has reported a

correlation of the size of spermatozoa with the sex of offspring there-

from (large sperm give female offspring)35.

Thevelectfophdretic separation of X- and Y-chromosome bearing rabbit .
06,207

V ‘ L1} . 9
spermatozoa reported by Schroder and by Gordon has not been

confirmgd by other investigators. ‘In fact, Baﬁgham and others have shown
. . C 18,174,233
. that above pH 4, all spermatozoa have a net negative charge .

Bangham has shown slight differences in the eiectrophoretic'mobility of

head anode and tail anode ram and rabbit spermatozoa under extreme conditions
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of pH and ionic strengthls. 'The latter differences have not been studied
with regard to sex ratio of offspring. There are éhanges in the electro-
phoretic ptoperties of rabbit spermatozoa during maturétionza, but these,
again, do nét appearvreléted to the'broéerties of spermatozoa'in the
ejacuiateg

Bhéttacharya showed that the faéfer sedimenting rabbit spermatozoa
gave pfedominantly female offspring after insemingtion35. Schilling,
workingVWith bull spermatozoa, obtained slightly more female than male
of fspring from the insemination of the faster sedimentingvgroup of spefm—
atoZoazqsirlending support to Bhattacharya's hypothesis. However, Bhatta-
charya épd co;wdrkefs,'in a study.similér to’thét by Schilling, foﬁnd
no difference in the éex ratio from the insemination of fast and slow
sedimenting groups of bullISpermatozoa37. Recently, Bedford and Bibeau
found no correlatioh between the sedimentation rate of rabbit spermatozoa
apd the‘sex ratio of offspringzg. Thus, Bhattacharya's results with
rabbit‘spermatozoa and Schiiling's work with bull spermatozoca have yet
to be duplicated.

Lindahl and Thungvist have shown a‘diffefenée between the specific
graviﬁies'of épididymal and ejaculate spermatozoa that does notnhave
: much.relationship to the fractionation of mature spermatozoa in the
ejaculatelBg. Benedict and co-workers have found light and heavy groups
of mature rabbit spermatozoa using a hypertonic equilibrium density gradiéntB?
Therg is a suggestioh that dead spermatozoa have a higher apparent buoyant -
densify in this hypertonic medium than do live spermatozoa32. 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

'Ih the previous chapter,veiectrobﬁoretic mobility, sedimentation rate
and intrinsic mdtility'were conéidered among the phyéical and biological
properties,by which seﬁen spefmétozoa.might bé fraétiohated; One purpose
of thisvsection is to describe the stable-flow free-boundary (Staflo) ap-
paratus.and ancillary eqﬁipment used in fﬁis study. In so doing, the
flexibilitonf use of the Staflo éppafatus, which makes it‘poséible'tb,‘
investigaté_the propertiés of sperma#dzoa.menfionéd above, either indivi-
duglly ﬁr innvéribué combinations, will be iliustrétéd. The other objec~
tive of this section is to present a new.apprgach to quantitate the design
and.interbretatibh of Staflo éxperimenté, includiﬁgiequations for deter—
miningkmigfatioﬁ diSfahces and rates for pafticles in each collection
fraction_in Staflé;sedimentation'and ~gedimentation-electrophoresis experij
ments.

Excépt for the interes;ing ramifications of migrétion patterns caused .
by the int&insic-ﬁotility of spermatozoa, and conceivably by-othervcells
or organisms with signifiéant motility, the discussidn pf"the Staflo method
and fractionation principles.applies to ail ﬁigrating species. In addition,
the fractionation principles, with slight modification? may serve as a
model for the analysis of component parts of migrationvpatterns'in other

fractionation devices.




B. The Staflo Method

156-158 and

'Ihe theory of the Staflo method has been described by Mel
amplified recently with regard to the three dimensional aspects of flow
S - 263 . s T s . ., 229 s . .

by Tippetts™ = and by Tippetts, Mel and Nichols . This section describes
the different models of the Staflo apparatus ana'ahcillary equipment used
in the studies reported in subsequent chapters. In addition, a partial

listing of the tybes of experiments which can be conducted with the Staflo

apparatus is presented to demonstrate the versatility of the apparatus.

1. The Staflo Appératus.”

'Figuré 3 is a photograph of the 3 x 16 Staflo apparatus in a refri-
.geraféd room. Thé.leftersvon.Figure 3 correspond ﬁo those in Figure 4
which.is a schematic drawing of the Staflo apparatus. -The essential fea-
tures of ﬁhé Staflo apparatus are as follows: kA)‘ A:multi—syringe pump-
‘ing system for introducing solutions into the flow-cell, (B) the flow-cell

proper,ahd (C) a multiple-tube collection system for solutions exiting

the flow-cell. Ancillary equipment includes the electrical system consist-

ing of elégtrode compartments, an electrode wash flow system (D),an
electric power suﬁply 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. Fléw—Célls., Thé key feature of the Staflo apparatus is the-fldw—cell
proper, 3~types of which were used in the expefiments discussed in subse-
quent chaptefs; 'Avfldw—cell éOhsists of a flow (migratioh)—chamber and
. upper and iowarveleétrode chambers separated by-cellophang.membranes
(dialysis tubing). They are distinguished by the design bf the inlet and
odtlet:floﬁ di§iders. Greater importance is attached to the latter because

it determines the extent of fractionation of the migration profile. The
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XBB 689-5751

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 cm high layers in the 1.5 and 2.0 cm 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-
pected to cause a differential downward migration of the cellslsg. This
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 of 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



Table II. Characteristics of Staflo Flow-Cells

Design Features Flow-Cell Type
(Number)
1x 12 3 3 12 3 x 16
(VITI C) (XIII) (X1)
Flow-Chamber:
Length (cm) - 30 30 30
width (cm) 0.7 0.7 0.8
Height (cm) 1.5 1.5 2.0
Inlet array:
Horizontal (no.) 1 3 3@
Vertical layers (no.) 12 12 16
Layer height (cm) 0.125 0.125 0.125
Outlet array:
Horizontal (no.) 1 3 3
Vertical layers (no.) 12 12 16
Wall thickness (cm) 1.33 0.8 0.8
Electrode chamber:
Height (cm) 0.25 0.25 0.25
Number of electrodes L 6 6
Electrode length (cm) 29.5 4.95 4.95
Electrode spacing (cm) 0 0.05- 0.05

a. In practice, solutions were introduced only in the center inlet in each
of the 16 layers.
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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. Ench éyétem consists of'airack'of plastic syringes containing
solutions for the respective inlets on the flow-cell (see Figure 3). The
rack is dri&én.by a variéblé speed motor which allows a wide range of ac-
curately éontrolled solution flow rates. The pnmpingasystem used with

the 1 x 12 flow-cell consisted of a linear rack containing twelve 20 ml°
piaétic syringes'(TOMAC Disposable Syringe, American Hospital Supply.Corp.,
Evanston, I11.). It is similar in design to fhat nsed with the 3 x 16
flow-cell which is describéed 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 F1gure 3 (A) and
has holders for a linear array of sixteen 50 ml plastic syringes (PLASTIPAK
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, I11.),
witn a vériable;speed power supply (Minarik Electric Co., Los Angeles,
Calif., Mddel Sh-14). The low speed drive rate is cnntrolled by a variable
speed Zero—Man Torque Convertér (Revco Incorporaﬁed Minneapolis, Minn.,
Model 14 Standard) giving a solution flow rate range of 0.075-2.62 ml/minute/
inlet w1th 50 ml syringes. The pump rack can be driven in reverse to fill

the syringes from solution reservo%rs.

The sample suspension can be introduced into the flow-cell with one
“of the syringes on the pump rack giV1ng a sample stream 0.125 cm. hlgh In
~ order to preserve the viability of many biological species, it is desirable j
to reduce the length of inle; tubing by mounting the sample syiinge 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




_the height_oflﬁﬁe'samplé'streém.by usihg é syfinge size smaller than that
used for tﬁe other'lS’inlet5263; For‘insténce, 10>§nd 20 ml plastic sy-
_riﬁges give éblutioﬁ flow rétes_épproximately 37% and 52% that of the 50
ml plastic syfinge, respectively. The corresponding”sample streams would
be 0.046 and 0.065'Cﬁ'ﬁigh compéred to 0.125 cm in’fheiother layeré. This
a:rangemeht is.shéwn in Figure 7 where syringe #8 on the rack.has been
;replaced by a 20 ml plastic syringe.whiéh drives tﬁe 20 ml sample syringe
mounted on the right side of the:floﬁ-éell near the inlet. Géherally,
magnetic stirfing:is used -to maintain a uniforﬁ éuspension in the sample

syringe throughout the experiment.

.

Ac.k;Cbllectibn Syétémé. An adequate Eolléétion system for tﬁe outlet
éoiutions ffom.the flbw4chémbér ié a lévél piatform Holdiﬁg-one plastic
syfingé'ﬁarrelv(with plﬁgged-tip) fo;jeach outlet tuBiﬁg} This system

" has the sho:test possible outlet tubing and was used effectiveiy with the
3 x 12 and 3 # 16 flow—ceilsrwith 10 ml and 20 ml'plésfic_syringe barrels,
respectiveiy. o | | |

If use of longer tubihg is compafible with the type'of partiéle being
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_ studied, opefatién of the Staflo apparatus is simplifiéd by a valved collec-

tioﬁvéystemisﬁch és that shown for the 3 x 16 flow-cell in Fiéute 3. 1In
this dual.cbllection'éystém, the outlet flow can be directed to either of
the two éets of forty-eight 26 ml collection containers (plastic syringe
barrels). Oﬁe set is used for setting up ("SET UP" side) and the other

for collection ("COLLEéTION" side) of the fractionated sampie. Prior to
introducing  the éample'éuspension, density gradient solutions are run to

both the SET UP and COLLECTION sides to establish steady state conditions

in the fldw—chamber._ This condition is ascertained by observing the level .

:6f 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 sidé.to insuré‘steady stéte conditions in order -
to minimize the volume of sélution in the collectionNCOntéiﬁéfs.v Flow is
switched to the SET UP side for the introduction éf the sample sﬁspension.
After the'saﬁplé stream has attained the desired'migﬁétion pattern across
the flow-cell and ﬁas been maintained for 1/6 of the average transit time
across the flowécell,,the outlet flow is switched to fhevCOLLECTION side.
.Thué, an&'initial instability can be corrected without»contaminating the
final collection fractions. - Generally, only the-center fraction of each
layér is saved for evaluation, e.g;, thét coming from the middle outlet

channel of the three horizontal ones in each layer.

Both sides of the collection syétem can be emptied rapidly by 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. Electrode/Eleéﬁrical System. - The electrical system for;electrophoresis

experiments:coﬁsists of eléctroaes.in.tﬁe‘electrode éﬁémbers, a power supply‘
unit and aﬁ,éleétfode wash system. As noted above, the electroae chambers
are.seéaraféd from the flow-chamber by dellophéﬁevmémbfénes (dialysis tubing)l
The electrode chambers are10.25 cm deeﬁ and have the séme length and widﬁh

as the flow-chamber. On the 3 x 16 flow—céli,'thére are 6 plétinum elec-
trodes 0.8.cm wide and 4.95 cm long, leaving spaceé of approxim;tely 0.05

.cm between adjaéent electrodes. The 6 sections of elecffode érea can be
contrdlled”individually, giving the flexibility_of a p:ogrammedkelectric

263,229

field . As discussed by Tippetts, a bubble forms in each of the

0.05 cm 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 currenfs and without lethal polarization. Power is supplied to the
electrodes by a regulated DC power supply (Power Designs, Inc., Model 5015S)

monitored by a General Electric voltmeter and ammeter.

The electrode waéh>flow.systeﬁ éonsiéts of two 2;000 ml sepératory
funnefé,‘aétihg“;s‘reserVOiré, connected to the éleétrdde chambers by plastic
tubing. 'éblﬁgibns floWing iﬁ tﬁé top and bbttom electrode chambersigen—
erally are the same as the.éolutions in layers 1 and 16, respectively, of
ﬁhé floﬁ—éhamser} The fldw’fétes can bé regulated over thé range 0-34
mllmin.with floating—béll 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 dincreasing the electrode wash flow rate (EWFR) with-
out excess hydrodynamic shock. |

Temperéture measurements were made in the 3 x 16 flow-chamber with.
a.Vérian Teﬁperature Recorder connected to a probé.at the ‘level of layer
5’approximafe1y 3 ém from the outlet. The results Showed that the tempera-
ture rise in fhe flow-chamber depends upon the electric field strength,

the solution flow rate and especially the EWFR.:

With rdom and solution temperatures of 4-6°C, én_average transit time
of 21 minutes, an electric field over the last 25 cm of the flow-chamber
‘gilving a heat production of.l,200 watt-sec, and an EWFR of 20 ml/min, the
méximum and average changeé in temperature in the flow—chamber would be
+ 1.0°C and + 0.5°C, respectively. With rare exceptions, &he operating
conditibns usea-in this stud& gave temperéture fiées of this or lesser
mégnitqdé; | |

e. Optical Equipment. The slit lamp technique was used for observations
' 229,263

and measurements of the gross migration pattern and profile

‘The acquisition of several long working distance objectivesand a



reduction of flow-cell wéli.thickness made microScopié observations éf
cells invthe fl§w-chambér possibie; Initiaily, the micrbééopic.syétem
consisted of a horizontally mounfedbﬁicroscopg and an,indepeﬁdentvlight
sourcé}> Because difficulties iﬁ éligﬁmeﬁt resulted inlpoor obserQation
and were time consuming, the microscopé showvn in Figures 9 and 10 was
constructed specificaliy for use with the Staflo apparatus. An adjustable
light source, a condenser and the microscope were aligned on a carriage
which can move léterally the lengthvof 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 movemént. Although excellent Qiewing was possible at
magnifications up to 640 X, a magnification of 320 X with dark field

illumination was generally-uséd 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

interchangéable with all current Staflo apparatuses.

2. Modes of Operation

The Qersaﬁility of use bf the Staflo apparatus in electrophoresis,
sedimentation and sedimentation-electrophoresis experiments has been des- .
cribed by Méllss. With only a change in the medium used in the flow—chémber,
a varlety of studies can be conducted for either analytical or preparative
purposes. The experimental design considerations presented in Chapter -

IT 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 6812-7722

Fig. 9. Closeup of Staflo microscope mounted on Staflo apparatus.



Fig. 10.
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Photograph

XBB 689-5752

of Staflo microscope showing component parts.



a.'-Tyfesvof.Experiments. The.types ofFStéflo éxpefiments which can be
conducted ﬁith popuiations of dells'ofvparticies inclﬁdé:
(1) 1g éedimentafion
(é) Electrophorééislwith upwérd and/or downward migration
(a)..Single pH
(b) .Two or three pH regionswithin the Staflo chamber
(c) pH gradient |
- (d) " Conductivity gradient
(3) Sedimentation-upwar&—electfophoresis (SUE)
4y Seaimentatioﬁ—doanard—electrophorésis_(SDE)
(5) Exploitation of intrinsic motility, alone or 'in combination with

sedimentation, electrophoresis, or both.

b. Experimental Variables. Experimentél variables and the ways in which

71

they influence each of the above groups of Stéflb,ekperiments are as follows:

(1) .Traﬁéit time: Under a fixed set of céﬁditioﬁs, fhe migration dis-
tance.wiil be’propéftional to the transiﬁ time in all typesbof experiments.
The appropiiate transit time for any one experimént will depend upon the
spécific_migréfion properties and the requirements for the preservation of
vital functions of thé species being studied.

(2) Staflo medium: The specific gravity of the medium will determine

whether one‘gets sedimentation and/or flotation of pérticles and the de-
gfee thereof depending upon the difference between the spécific gfavities
of the medium and the paxticles. Because of thé limited height of the
flochhamber; large'differénces between the specific gravities of the
pafticles and the medium would give high migration rates for all particléé,
and conseqﬁently; pbor regolution in fractionation. Ideally, an inter-
ﬁediate specific gravity would give flotation of the light particles and

_Sedimentation of the heavy particles in the population. The osmolarity

i



of the medium may'influenée the'spécific gravity of.cells fhrbugh changes
in hydration. | |

| Increases in viscosity of .the medium will decrgase all migration
rates, thereby requiring longer transit times, especialiy in sedimentation
experiments. Results from experiments.with media of different viscosities

can be normalized for comparison.

In aqueous solutions, the effects of'changes iﬁ temperature are pri-.
marily reflected in changes of viscosity and conductivity; relatively
smaller changeé occur .in specific gravity. The changes in'conductivity
are very important-in-electrophoresis:experiments so the temperature and .

the ionic strength of the medium must be known.

Fo: ﬁiéroscopic obéérvations in the flow—chgmbér, a clear medium
must be uéed. |

The pH of the medium primarily affects the electrophoretic mobility
of the migrating species and the qonductivity of the medium and thus, is
impértant in electrophoresis and sedimentation-electrophoresis experiments.

Its effect on the vital functions of cells should be considered, also.

(3) Dénsitygg;adient:. Méfe?iéls added to the medium in low concentra-
tions to give a density gradient usually do not.éause significant changes
in the specific gravity. Sucrose,.a common density gradient constitﬁent,
increases osmolarity with little effect on Qiscosity, while dextran has
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 giQe 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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gradientl§7;

In sedimentation-upward-electrophoresis experiments, large density
gradient incremants may maintain the differential migration achieved

against gravity by preventing.convection263.

(45 Iemperature: ,in addition to its effects onvthe medium as noted
above, the temperature has,é_strong influence on the intrinsic motility
of spermatozoa and other motile organisms. As the temperature approaches
0°c, spermafozoan motility ceases. vLow temperatures.alsq 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:migrationiand dictates ‘the transit time. "It also

affects the temperature in the flow-chamber. A programmed electric field

, . 229,2¢
can be used for special purposes 9’263.

c. Intéfrelationships-Amon37Variab1es. As noted in Chapfer II, the
viability; motility and fertiliéing éapacity,of spermatozoa are affected
stroﬁgly bybthé characteristics of the medium. If a migrating species
has both'a.éignificant sedimentation rate and electrophoretic mobility,
the'relative contributions of each can be controlled most readily by
variatidns in the electric field strength. If it is desired to minimize
or eliminate the sedimentation comﬁonent of migration in electrophoresis
experiménts,-one can increase the specific gravify and viscosity of the
medium, increase the dénsiﬁy gradient or redﬁce the transit’time;' To do
the latter, thg éleétfié field strenéth may have to be incfeased to get
sufficient migration of the particles.

In experimenté combining electrophoresisvand/or sedimentation, and/or

v 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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sﬁecies andron the physical stability of the experimeﬁtal systém. These

interreiatidnships are illustrated in Chapters IV, V, VI and VIII.

C.. Staflo’Migratioﬁ—Fractionation Principleé.

As noted aboVe, the Staflo migration profile is fraé;ionated at the
outlet flbw divider into 0.125 cm high layers Which are collected separ-
ately; In addition to evaluatihg the paiticles in each colieétioh fraction
for differences'in morphology, size aﬁd biéiogicél activity, it is often
desirable to'éharaéterize éaéh fraction By an avérage an&nrange‘of éedi;
mentatioﬁfrates or ele&tfophorétic mobilities. The limitsvof migrétion

can be measpred with the slit 1am§ technique229

and intermediate measuré—
ments are célculated froﬁ the known positions of ﬁhé outlet flow dividers.
The figures presented in this section show the raﬁge and distfibution of
migration distances in the flow—chamber and the interplayvof various com-
biﬁatidnsbof sedimentation,Aeiécprophoresis and intrinsic>motility._ Ex-
pressions for caléulétiﬁg fhe minimum and maximum migfation distan?gs for
particles in each layer in sédimeﬁtation and sedimentatioﬁ—eleétrOphoresis
experiméntsﬂare developed beipw.: in ad&ition, equations for calculating
the average»migration fateé for particles.in eachrlayer-are presented'for
populafioﬁs having a uniform distribution of migfation rates. These equa-
tions are applicable_to the fractionation of all ﬁyﬁes of particles in
the Staflo apparatus within the limitatiqns upon which they are based.
Only migration profiles exiting the flow-chamber in 2 or 3 adjacent layers
are considered but the'équations can be reédily extended to 4 or more |
adjacent layers. The.special problem of the effect of the intrinsic moti-
lity of spermatozoa on sedimentation and sedimentation—electrdphoreéis
migration patternsAis considered separately.

1. Sedimentation Experiments.




75

Figures il{and‘lZ are schematic diagrams of-Spaflo-sedimentation
ﬁigration pafterns spfeading over 2 an& 3 adjacént layers, réépectively.
Figures 1l1A and 12A depict sedimenting particles exiting from the layexr
in which they enter and 1 or 2 adjacent layers bélow, respectively.
FigureS'ileand 128 show general conditions in which the particles exit
the rowfchamber in any 2 or 3 adjacent layers below the inlet iayer,
respectively. The following discussion develops equations for calculating
(1)'the;fange‘and distribution of sedimentation.migration distances, (2)
the ave;ége migration distances for the appropriaté collection fractions
and (3) the weighted average sedimentation distance for the migration

pattern as a whole for eéch 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
minimuﬁ'and naximum migration distances, eXpr9SSions for these distances
willrbé déveloped for migratioﬁ patterns spreading.ove: 2 or 3 adjacent
layérs."Then expressions for the average migrafiqn.distances will be

developed for the same migration patterns.

Assumﬁtiéns applicaﬁleyto both 2- and 3-layer migration ﬁatterns
‘are as follows: (1) The bottom of the inlet sample.stfeam is a£ the
bottom of'fhe inlet layer ﬁnder stead& state conditions. (2) The maxi=
© mum migrationvdistance 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) Thevleéding.(bottom) edge of
the migration pattern is defermined by the fésteét migrating particles,
éqme of which were at the lower border of the sample stream at the inlet.»
(5) The top edge of the'migration éattern is determined by the slowest

migrating particles, some of which were at the upper border of the sample
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STAFLO ""MIGRATION PATTERNS"’
Sedimentation and sedimentation-downward-electrophoresis

A. Two layers; 1 and 2

Migration distance

of leading edge

-

ih - (mm)

— 1.25

—1.25 + h
—(n—3) x 1.25

—(n-3) x1.25 + h
—(n-2) x 1.25

| (n—2) x 1.25 + h

B. Two layers; n—7 and n

A,

— 1.25

—1.25 + h

ird {n=3) x 1.25

—(n—-3) x 125 + h
—{n-2) x 1.25

| (n-2) x 125 + h

DBL 689-5473

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-l and n,
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STAFLO ”MIGRATION PATTERNS”
Sedlmentatlon and sedimentation- downward eIectrophoresns

Collection A- Three layers; 1, 2 and 3  Migration distance
fraction - | o ___ of leading edge

h - {mm)

- 1.25

RS

, |

oy

_[_ 125 + h
— —— e — —TF (n-3) %125

n-1 , R | , L (n—3) x 1.25 + h
———————— — — —— — (n-2) ¥ 125

n : - - (n—2) x 1.25 + h

B. Three layers; n—2, n—1 and n

. ‘T* _ | ‘.I:h

2 X
£$ — 1.25
n—2 P (n-8)x125 +h
-y A —— - (n—-3) x 1.25
n-1 < L (n—3) x 1.25 + h
————— e — (n—2) x 1.25
oy L (n=2) x1.25 + h

DBL 689-5474
‘ 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,



stream at the inlet.

(1) Minimﬁm and Maximum M;gratibn Distances. Rgfefring to Figure 114,
the'miniﬁuﬁ migratién distance for both collection ff%ctions in the 2—léyer
migration pdttérn is x. The maximum migration distanée in.both fractions
aepends upon the distance the éarticleé migrate into layer 2 since, by
reasdnuof:aésumption (&), this is the maximum sedimentation distance for
the populétion of particles. Thus, if‘y <h,y isvfhe 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 collectidn frac~
tions of the 3flaygr migra;ion pattern shown in Figure 12A are determined
as followé: |

Fraétion 1: The minimum and maximum migration distances are x and h,
respectively.

'Fraétioﬁ.iz The minimum migratipn disfance is x. :As in the case of
frgction 1 for a 2—1ayer migration'pattern, fhe maximumvmigration distance
for particles ih ffaction 2 dépends ﬁpon the relationship between the dié-
'tances h.and y. | | |

If (y - 1.25) < h, A, =ym. If (y-1.25) >.h, x, = 1.25+hm.
max _ max :

Fraction 3:  The minimum and maximum’migrétion distances are 1.25 mm
and y mm,_;espectively.

These migration distanées are summarized in Appendix E2.

The same prihciples apply to the determination of the minimum and
maximum migrétion disfanées for particles exiting in layers n~1 and n in
"Figure 11B and n-2, n-1l and n in Figure 12B. _These_expreséidns are also

summarized in Appendices El'andbEZ, respectively. '
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(2) Range and Distribution of Migration Distances. An understanding

ofbfhe~rangé and diétribution of sedimentation diéfanéeszcharacterizing
eacﬁ 6f-the”¢ollecfion fractioﬁs 1s helpful in de?élbfing»equations for
the averégé migration distances. In Figures 13 aﬁd 14, the abscissa
represénts fhe tofallrangé of migration distances and thé‘brdinate repre-
sehfé thé'migratiép distahce of the léading edge éf the migration pattérﬁ
starfing at the bdttom.df thé sampie stream at thevinlet (see assﬁmption
(i)'), Thus, éssuhiné a homogeneous distfibution_of particles in the
sample stream at the inlet, particies characterized by a épecific migra-
tion distance will be found in a column "h'" mm high wifh the bottom of

the column at the intersection of the lines represgntingjthat migration
‘distance drawn from bofh the ordinate and the abscissa. For example, tefer;
ring to Eigure 13A, particles characterized by a sedimentétion velocity
tﬁat gives.a maximum sedimentation distance of 1.25 mm will be distributed
throughout the bottom h mm of iayer 2. It should'bé noted that in Figures
13 apd 14, the migfationvdistances x and y are both drawn from the origin

(o) even through they are measured differently in Figures 11 and 12.

Figufe 13A shows that the particles chafacteriéed by‘thé slowest
sedimentatibn velocity (migratioﬁ distance x') are distributed between
layers 1 and 2 in inverse p;oportion to the ratio %f. If x' = 0, all of
the particles will be in layer 1; whereas, if x' = h, all of the particles
will.be in 1ayef 2. For 0 < x' ¢h, the percentage of particies in layer 1
éharacterized by a sedimentation velocity giving a migration distance x'
is (1_—5%'5 * 100% and in layer 2,n%l + 1007%. This.relatioﬁship.is more
obvious in Figure 15 which presents the same i