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introduction 

semen represents the suspension of spermatozoa in the 

seminal plasma. Spermatozoa are produced by the testicles, and 

the seminal plasma by the secretion of the accessory glands. The 

amount of ejaculate, the concentration of spermatozoa, and the 

chemical composition of seminal plasma varies among species, depend-

ing mostly upon the anatomy and physiology of the accessory glands. 

extensive biochemical studies have broadened our know-

ledge of the great variety of chemical constituents of semen. The 

pioneer work of Mischer on salmon spermatozoa opened the door for 

the investigation of nucleic acid chemistry and consequently of the 

chemistry of hereditary material. Enzymologists established the 

existence of a number of enzymes in seminal plasma, the role of 

some of which ia known and of others ia dubious. Fructose, instead 

of a more generally occurring glucose, was found to be the energy-

supplying carbohydrate. 

The characterization of the proteins of seminal plasma 

has not been fully investigated in species other than man. only 

one worker has investigated the proteins of bovine seminal plasma. 

Introduction of artificial insemination as the preferen-

tial method of insemination in cattle emphasized the importance of 

selecting bull donors with regard to both their genetic quality and 

their fertilizing capacity. Also, the long-time hope of sex control 

became revived in respect to the potential possibility of treating 
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semen prior to its use and consequently increasing the incidence 

of the desired sex. Many methods have boon tried, of which the 

moving-boundary electrophoresis appeared to oe the moat promising. 

Recent developments in electrophoretic methods resulted 

in the introduction of electrophoresis in stabilised media as 

superior to the moving-boundary type for the separation of protein 

mixtures. The two most frequently used media in this type of el-

ectrophoresis are filter paper and starch gel. 

Both the proteins of seminal plasma and spermatozoa lend 

themselves to electrophoretic studies by either electrophoresis in 

stabilized media or moving-boundary electrophoresis. For this 

reason the studies presented here have been divided into (l) the 

characterization of proteins of seminal plasma by means of filter-

paper and starch-gel electrophoresis and (2) the electrophoretic 

study of spermatozoa by moving-boundary electrophoresis. The latter 

study was primarily concerned with the development of the type of 

electrophoretic cell suitable for electrophoresis of spermatozoa 

and the selection of a buffer which would have no adverse effect 

on the fertilizing capacity of spermatozoa. Only preliminary ob-

servations on the sex ratio of the offspring of cattle that were 

inseminated with the Electrophoretically treated semen are reported 

here because this aspect of the problem constitutes another and a 

long term project by itself. 
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REVIEW OF THE LITERATURE 

Gray and Huggins (28) ware the first to analyse the proteins 

of human semen Electrophoretically. On the basis of their results 

these authors concluded that seminal-plasma proteins correspond 

Electrophoretically to globulins of blood in 

the relative amounts of 21. 3, 39. 6 and 19. 1 per cent respectively 

and to serum albumin in the relative amount of 19. 9 per cent. Ross 

(50) and Ross gt (51, 52) came to similar conclusions, using 

both immunological and electrophoretic metHODs. They also noted 

that the main protein constituents of seminal plasma are Similar 

to blood globulins and serum albumin. 

Larson and Salisbury (35) studied proteins of bovine sem-

inal plasma by means of moving-boundary electrophoresis. Their 

electrophoretic patterns indicated the heterogeneous nature of in-

vestigated proteins and indicated the presence of three major and 

several minor components. According to these authors, even at pH 

8. 6, a component migrated toward the positive polo, indicating its 

relatively high basic character. The best electrophoretic separa-

tion of components was achieved when the veronal buffer of pH 8. 6 

with an ionic strength of 0. 1 was used. Larson and Salisbury also 

made a comparison between the electrophoretic patterns of various 

seminal-plasma protein samples and normal bovine serum proteins. 

They observed that the major components of seminal plasma exhibit 

mobilities similar to those of -globulins of 
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blood. A component with the mobility of serum albumin was either 

absent from the seminal plasma or present at a very low concentra-

tion. 

It is worthy of mention that Larson and Salisbury empha-

sized the fact that "the major electrophoretic components of bovine 

seminal plasma possess mobilities close to each other" and that 

therefore "motilities were calculated from the more distinct patterns 

of the ascending limb by correlating them as closely as possible 

with those of the descending limb". This fact and the existence of 

recently developed filter-paper (10, I8, 25, 75) and starch-gel (59, 

59) electrophoretic methods stimulated further study of seminal 

plasma proteins. It was anticipated that a better resolution of 

proteins might be achieved by these methods, which would result in 

a better quantitative and qualitative characterization. 

In 1941 Vera Schroder (55) reported on electrophoresis of 

spermatozoa, showing that the offspring of rabbits artificially in-

seminated with anode-migrating spermatozoa were 80 per cent females, 

and those of rabbits inseminated with cathode-migrating spermatozoa 

80 per cent males. A number of investigators repeated Schroder's 

experiments with rabbits and also applied them on other mammalian 

species. 

Kordts (34) performed a series of experiments very similar 

to those of Schroder, however, his results were at variance with 

those she tmd reported previously. Schroder, using microelectrophoretic technique, observed the electrophoretic migration of an 
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equal number of spermatozoa toward each electrode, while Kordts was 

unable to do so. Both Schroder and Kordts obtained cathode- and 

anode-migrating sperm samples when using a macroelectrophoretic 

cell with a potential difference of 80-90 volts. However, while 

Schroder obtained a significant difference in the sex ratios of 

offspring resulting from females inseminated with the different 

electrophoretic fractions, Kordts did not observe any such differ-

ence. For these reasons, Kordts concluded that there was little 

likelihood of the possibility of controlling sex ratio by electro-

phoretic separation of spermatozoa. 

Pilz (47) did not succeed in separating spermatozoa elec-

trophoretically and therefore did not undertake any biological ex-

periments. He investigated rabbit, bovine, and human spermatozoa 

and observed that, rabbit and bovine spermatozoa migrate in an 

electrical field toward the cathode, and that human spermatozoa mi-

grate to the anode. He also observed that only inactive and dead 

spermatozoa migrate, sometimes to the cathode and sometimes to the 

anode and electrophoresis of spermatozoa would, therefore, under 

certain conditions, separate active from inactive spermatozoa. He 

then concluded that this method could not separate X- from Y-

chromosome-bearlng spermatozoa under any condition. 

More recently, Gordon (24) appears to have successfully 

duplicated Schroder's experiment. However, his data indicate that 

the results are either excellent or not significant at all. It 
e 

should be mentioned that the electrophoretic cell that he used was 



- 6 -

constructed in such a way that only one pole was accessible at the 

time for the withdrawal of a treated sample. Also, the amount of 

material collected was sufficient only for one insemination, exclud-

ing the possibility of control trials. These factors may account 

in part for the unsuccessful results. 

The type of cells used by Kordts (34) and also by Pilz 

(47) were presented schematically in their reports, examination of 

them suggests that the cause of the unsuccessful biological results 

obtained by Kordts might be partly due to the impossibility of pre-

venting a streaming flow originating from the introduction of semen. 

It would be inconvenient to collect samples for biological testing 

if the Pilz's type cell was used. 

This literature review indicates that further experiments 

are necessary before a definite answer can be given as to whether 

or not electrophoresis of spermatozoa can influence the sex ratio 

in animals. However, before this final question can be answered, 

certain other problems present themselves and should be solved 

first. Of these, the first prerequisite appeared to be the develop-

ment of an electrophoretic cell *which would allow concurrent collec-

tion of sufficient amount of sample from both poles to inseminate 

a large number of animals and to evaluate their biological effects. 

Also, this should be built in Such a way that no streaming flow 

would occur after the introduction of semen. The second prerequisite, 

important from the viewpoint of applicability of method to the 

artificial insemination of livestock, is that the treatment should 
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not lower the fertilizing capacity of semen. Kith these two import-

ant prerequisites in view, the work presented here was mostly con-

cerned with their solution, although electro-kinetic characteristics 

of spermatozoa were also studied concurrently, being both of theo-

retical and applied importance. 



- 8 -

BASIC PRINCIPLES OF ELECTROPHORESIS 

The electrophoretic method offers an excellent approach 

to the study of protein mixtures and cell surface charges. Elec-

trophoresis may be defined as the migration of macro ions in an 

1 

electrical field. This phenomenon was observed first by Reuss in 

1812, only a few years after Volta introduced his galvanic cell. 

This method was first applied by Lodge in 1886 (39). Tiselius (62), 

in 1937, successfully improved the electrophoretic cell in such a 

way that it was possible to make precise measurements on purified 

proteins, and naturally occurring protein mixtures such as in blood 

plasma. Since that time electrophoresis as a method of quantita-

tive analysis of colloid mixtures such as proteins, polysaccharides, 

nucleic acids, etc. has proved to be a very important scientific 

tool in clinical chemistry (23, 36, 57), physiology (54), pathology 

(13, 60, 61), bacteriology (19, 20), virology (14), and immunology 

(17, 29, 63, 64, 65, 66, 68), not to mention other fields. 

The net electrical charge of macro ions under standard 

conditions is constant and quite specific for the protein. This 

compound physico-chemical characteristic enhanced and Justified the 

use of electrophoresis aa the tool of qualitative identification. 

A short discussion on some of the aspects of protein chemistry is 

necessary in order to explain the existence of their electrostatic 

and consequently electrophoretic phenomena. 

1. Quoted by Abramson et a^. (5). 
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The complex protein molecule is built up of & great 

number of amino acids which are characterized by an amino group in 

the o( position to the carboxyl group. These acids are amphoteric, 

exhibiting to a certain degree the basic properties of amines (amino 

group) as well as the characteristics of acids (carboxyl group). It 

is assumed that the hydrogen ion of the carboxyl group shifts in the 

aqueous solution to the amino group since the nitrogen of that group 

has a pair of unused electrons. The result of such a shift is the 

formation of a zwitter or dipolar ion because it carries both posi-

tive and negative charge. A dipolar ion is affected by both acids 

and bases, especially if the reagent is highly ionized. <With strong 

acids the ionization of a weak amino acid is repressed and the ion 

reacts positively. If a base releases many hydrogen ions it represses 

the ionization of the weaker amino acid base, and the ion is nega-

tively charged. "hen the positive and negative charges on a di-

polar ion are balanced, the ion will not migrate if exposed to an 

electrical field. The definite pH value at which acid and base 

ionizations are equal is called the isoelectric point or isoelectric 

pH (pi) . Since amino acids are united through their amino and car-

boxyl groups to form the long polypeptide chains of proteins, it 

follows that most of these groups must be blocked. However, each 

peptide chain may have a beginning and an end. The few amino and car-

boxyl groups thus located account for a minor part of the charged 

groups on proteins. The side-chain groups are doubtless of more im-

portance. Thus, amino acids which contain three titrable groups 
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(e. g. glutamic) can be linked to other amino acids in a peptide 

chain through their -amino and carboxyl groups and still have 

an unblocked group projecting out to the aide. For this reason it 

is possible for protein molecules to exist in aqueous solutions as 

positively or negatively charged macro ions or as dipolar ions, de-

pending upon their om pi and the pH of the solvent phase. The 

numerical value of the pi is characteristic for each individual 

protein. Since proteins differ in their isoelectric points, they 

will bear charges of either different qualities or different intens-

ities or both when exposed to the solvent of a given pH. The result 

will be that the individual components of a mixture of proteins 

will migrate at different velocities when exposed to an electric 

field enabling their separation and electrophoretic characteriza-

tion. 

Living cells when exposed to an electrical field also 

show electro kinetic phenomenon. A microelectrophoretic type of 

cell (1, 2, 4) is preferred to the Tiselius one for the quantita-

tive estimation of mobilities of microscopic particles or living 

cells because of relative simplicity and ease of operation and the 

possibility of direct observation of the motion of the particles or 

cells under the microscope. 

The intensive use of these methods resulted in theoretical 

physico-chemical explanations of the electrokinetic phenomena. So 

it has been established that the electric charge of the surfaces 

of various colloidal systems of biological interest is intimately 
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related to both the chemical nature of the cell constituents and 

the biological processes themselves. Therefore, electrophoretic 

studies have contributed to our better understanding of some of the 

basic biological processes. 

Proteins, being an integral part of living cells in general 

and of the surfaces of the cells in particular, are largely although 

not exclusively responsible for the electrophoretic behaviour of 

living cells. When the cells are suspended in a buffer solution, 

a distribution of the positive and negative electrostatic charges 

takes place between the surface of cells and the solution with which 

they are in contact. The surface of the cell becomes oppositely 

charged in relation to the adjacent fluid layer, so that an electric 

double layer occurs, giving rise to a potential difference between 

the two phases. This potential is called -potential. The surface 

charge of suspended cells forms the basis of the electrophoretic 

phenomenon which occurs and may be observed when an electric current 

is applied to the suspension. 

Basically there are two main causes of the formation of 

such an electric double layer at the border between cell surface and 

the aqueous medium: 

1. Ionization. A dissociation of the polar groups on the 

surface of the cell will give the surface a charge of opposite sign 

to the free ionized groups. Thus the charge of dissolved proteins 

and consequently of cell surfaces depends largely on a dissociation 

of amino and carboxyl groups. The intensity of the charge and its 
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sign depend on the hydrogen ion concentration of the solvent, as 

has already been mentioned. 

2. Adsorption. Ions which lack or have few polar groups 

and consequently have slight hydration will be adsorbed to the surf-

ace. Because anions are less hydrated than cations, the former 

would be adsorbed preferentially, whereby the hydrophobic surface 

would become negatively charged. 

The electric double layer was presented by Helmholtz as 

two concentric shells - an inner, localized at the actual surface 

of the cell or particle, and an outer at a molecular distance from 

the former, with a charge of opposite sign and held by an inner 

layer. The work of Gouy, and later of Debye and Huckel, has made 

it necessary to replace Helmholtz' theory with the assumption of a 

diffuse outer layer. This is conceived as a dense cloud of ions 

around the charged particle without distinct border lines toward 

the water phase. These ions are of opposite charge to that of the 

particle surface and free to move in relation to it . In an electric 

field this ion cloud moves in the direction opposite to that of the 

particle and thus retards it . It has been demonstrated that the 

thickness of the diffuse, electric double layer is a variable which 

depends on the valence and concentration of ions in the suspension 

(buffer) - in other <*words on its ionic strength. The -potential 

may therefore be defined more precisely as the potential between 

the immobile layer and mobile layer of ions. This zeta or electro-

kinetic potential is of primary Importance in connection with the 
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properties of colloids. Thus, when this potential is lowered to a 

certain value, called the "critical potential, " by the addition of 

electrolytes, the double layers collapse, and the colloidal particles 

or cells aggregate and precipitate. Consequently, cells so aggre-

gated do not manifest any electrophoretic characteristics when ex-

posed to an electrical field. 

It is obvious, therefore, that exogenous factors may pro-

foundly affect and sometimes completely abolish the electrokinetic 

character of investigated material. For this reason, when present-

ing electrophoretic data of any kind, the specific conditions of 

the electrophoresis should be stated in order to evaluate properly 

data of electrophoretic trials. 

Three general methods are available for study of the elec-

trophoretic behaviour of charged particles in a liquid. The already 

mentioned "classical" moving-boundary method of Tiselius has been 

found to be particularly useful in the study of protein systems. 

The apparatus consists of a U-tube system in which buffer solution 

can be layered carefully over a protein-buffer dispersion. Upon 

application of an electric field, protein molecules of the same kind 

move at the same rate and form sharp boundaries in the solution. 

After a time the different types of proteins become further separat-

ed into zones marked by more or less distinct boundaries. The re-

fractive index within a zone and boundary varies from point to point 

in the tube with variations in protein concentrations. These re-

fractive index variations may be recorded photographically, which 
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offers the possibility of determining the relative rates of migra-

tion and the relative amounts of the various components present. 

A photographic record of certain protein components is called the 

electrophoretic pattern. 

The microscopic method allows direct determination of the 

mobilities of the particles because they can be seen with the micro-

scope. These measurements are generally made in a small horizontal 

cell which fits on the stage of a microscope. Abramson (1) has de-

scribed a cell of rectangular cross section which is a modification 

of the cell of Morthrop (45) and Morthrop and Kunitz (4b). In this 

narrow and closed microelectrophoretic cell there is an electro-

osmotic streaming of buffer along the walls of the cell and a flow 

back through the center of the cell in the opposite direction. If 

the velocity of electro-osmotic flow is equal to that of electro-

phoresis, particles adjacent to the wall will have zero velocity. 

This fact was demonstrated in a number of experiments (3, 44). The 

theory for the laminar streaming of viscous liquids between parallel 

walls shows that if the ratio of cell width to depth is greater than 

20, the buffer is stationary at levels 0. 21 and 0. 79 of cell depth; 

and therefore, that correct values for mobility are obtained only 

at these levels. 

During the past few years a third electrophoretic method 

has been developed. This technique, the origin of which dates back 

about seven decades, depends on the electromigration of charged 

particles, either ions or colloidally dispersed substances, through 
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conducting solutions which have been stabilized with certain media. 

The extent of movement and the identification of components are de-

termined by such procedures as developing coloured derivatives, in-

corporating radioactive tracers, and using light-absorptive char-

acteristics, or determining changes in other physical or chemical 

properties of the stabilized media. The method appears to be more 

flexible than the microscopic and moving-boundary techniques. Lodge 

(39), in 1886, used gelatin-stabilized media while studying electro-

phoretic mobilities of a number of inorganic ions. A great variety 

of materials has been used since at different times as stabilizing 

media. In 1948 Wieland and Fischer (75) published the first account 

of their work in which paper stripe were used as a stabilizing medium. 

In 1950 several investigators throughout the world independently de-

scribed the various experimental techniques in which filter paper 

was used as support. Of these the following reports are particular-

ly worthy of mention: Cramer and Tiselius (lb) in Sweden; Durrum 

(18) in the United States; Biserte (9) in France; and Grassmann 

and Hannig (25, 26, 27) and Turba and Knenkel (67) in Germany. 

Since that time this simple procedure has become an important tool 

in biochemical and clinical chemical research (10, 11, 12, 31, 43, 

b9, 70, 74). 

Next to paper itself, one of the most promising stabiliz-

ing media is starch gel as recently introduced by Smithies (58). 

This technique, in the last few years, has proven to be more effici-

ent in resolving protein mixtures into their components than either 
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moving-boundary or filter paper electrophoresis techniques (8, 3b, 

48, 49). It appears that this greater resolving power is chiefly 

a result of the use of a supporting medium, the pore size of which 

approaches the molecular dimensions of some of the proteins involv-

ed. It is found that proteins which appear to have similar inabili-

ties when other electrophoretic methods are used may have widely 

different mobilities when the starch gel method is used. Also the 

sequence of protein migration may be reversed under later conditions. 

This suggests that proteins of larger size or greater dissymmetry 

might be slowed down in their electromigration. According to 

Smithies "the starch-gel electrophoretic method thus appears to 

combine resolution by 'true' (free solution) mobilities, with reso-

lution according to molecular dimensions. " 
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METHODS AND MATERIALS 

I . FILTER-PAPER ELECTROPHORESIS 

The electrophoretic chamber and the procedure used in the 

present studies were very similar to the ones previously described 

by the author (72). However, because certain changes have been 

made in the method, a detailed description is presented here. 

The electrophoretic chamber (Figure I ) was made of 4-inch-

thick plexiglass with 34 x 34 x 10 cm. inside dimensions. Five par-

titions are dividing the lower half of the chamber lengthwise into 

six equal compartments (B, B^, C, C^, D, iP-). These compartments 

hold the buffer. Platinum strip electrodes (A) are fixed to the 

central compartments, and a bridge of facial tissue connects each 

of these to the adjacent vessels, which are in turn connected like-

wise to the outer vessels. A plexiglass tray (B) supports the 

filter paper stripe. This type of support allows minimal contact 

between the paper and the support, decreasing in that way heat ac-

cumulation and consequently diffusion, endo-osmosis, and electro-

osmosis. This paper support is held in position by two parallel 

rails. The whole chamber is closed during the run by a 1/4-inch-thick 

glass plate. 

PROCEDURE 

Stripe of Whatman Mo. 1 filter paper^ (3b x 4 cm. ) are 

saturated with barbiturate buffer, pH 8. b, with an ionic strength 

1. W. & K. BalSton, Ltd., England. 
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of 0. 075. Excess buffer is removed by laying the strips on a paper 

towel for a few seconds (until the shine is lost) before they are 

placed on the support with their ends hanging free. The support, 

which should be kept horizontal, ia transferred to the chamber so 

that the overhanging end a of the strips are submerged a few milli-

meters into the buffer in the side vessels. 

Seminal plasma obtained as described below, is now evenly 

applied by means of a micro pipette along a line which runs across 

the strip 2 cm. from its center towards the negative pole. The 

chamber is then closed and the current (2 ma. per strip) switched 

on for a period of three hours, after which time the strips are re-

moved with the support atxi dried at room temperature. Dried strips 

are then transferred to an oven heated to 100°C. and are left there 

for a period of 15 minutes. 

The staining method used is a modification of the tech-

nique of Durrum (IB). Dried strips are first stained for 5 minutes 

with the 1% bromphenol blue in ethanol saturated with mercuric chlo-

ride. The stripe are washed by immersion in repeated changes of tap 

water until such time as no further trace of blue colour appears in 

the wash. 

Colour bands are evaluated then in a photo volt electronic 

transmission densitometer. ̂ * The observed density extinctions are 

plotted against the length of the strip for one-millimeter distances. 

After the individual plots are connected and curves are obtained, 

the areas under each peak are measured by an OTT planimeter. 

1. Photovolt Corporation, Mew York lb, N. Y., U. S . A. 
2. Hughes Owens, Germany. 
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The area under each peak is taken as the relative amount of this 

fraction of the total protein. 

I I . STARCH-GEL ELECTROPHORESIS 

Preparation of starch-gel for this type of electrophoresis 

was performed as described by Smithies (58). The starch was obtain-

ed from Connaught Laboratories^ and both the concentration of the 

buffer and the concentration of the starch were made as specified 

on the label. However, to allow concurrent starch-gel electrophoresis 

of different protein mixtures under identical conditions, in order 

to observe better qualitative differences or similarities, a type 

of plexiglass mold different to that described previously was used. 

Figure II presents such a mold schematically. This type of mold 

2 

was suggested by Smithies. 

The mold is set up in a horizontal position with the sides 

closed and the top open. Heated and air-bubble evacuated starch is 

poured into it until it fills both vertical and horizontal parts. 

The mold is now covered with a l/lb-inch-thin plexiglass sheet which, 

on its lower side, has a "comb" containing 10 teeth (1. 0 x 0. 2 x 0. 5 

cm. ) . This "comb" is inserted into the gel across the breadth, 0. 5 

cm. from one end. In order to keep the cover in position and to 

prevent it from banding, a certain weight is put over it. After the 

gel had solidified (about 2 hours), the cover is carefully removed, 

leaving 10 compartments corresponding to the "comb" teeth. Samples 

1. Starch-hydrolysed for gel-electrophoresis (Smithies), Connaught 
Medical Research Laboratories, University of Toronto, Toronto, 
Canada. 

2. Personal communication. 
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are now introduced into these compartments by means of Pasteur 

pipettes, and care is taken not to overfill them so that any spil-

ling of the material on the free surface of the gel is avoided. 

White oleum petrolatum^* is then poured over the whole gel surface 

to enclose the samples in their corresponding compartments. Plexi-

glass covers of the vertical parts of the mold are now removed 

leaving these sides of starch-gel exposed. The whole mold is now 

turned so that the longer axis of the central part of the mold 

assumes a vertical position after being introduced into the buffer 

vessel, the bottom of which has been lined with a few paper towels. 

These towels secure good contact between the buffer solution and 

the exposed gel. The opposite part of the exposed gel is now cover-

ed with two paper towels, of which the free ends enter another 

buffer vessel. Each of the buffer vessels are in turn connected by 

paper towel bridges to the electrode vessels which contain the sat-

2 1 
urated solution of potassium chloride in which Ag-Ag CI electrodes*^ 

are immersed. 

After these contacts are made the current (potential dif-

ference: 3. 5) is applied for a period of 16 hours, after which 

time the central portion of the gel is removed and cut lengthwise 

into two halves in a manner similar to that described by Smithies 

(58). Both halves with their cut sides uppermost, are now trans-

ferred into a staining dish. A saturated solution of Buffalo black^* 

1. J. P. Hart it Co. Ltd., Toronto, Canada. 
2. Fisher Scientific Company, Pair Lawn, N. J . , U. S. A. 

3. Fisher Scientific Company Ltd., Toronto, Canada. 

4 . Allied Chemical & Dye Corporation, Mew York, N. Y. , U. S. A. 
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in methanol^: water: acetic acid^ (50: 50: 1 V/V) la used for the stain-

ing of proteins (60 seconds). The background stain is then remov-

ed by repeated washing of the starch gels in the methanol: water: 

acetic acid (50: 50: 1 V/V) solution. 

I I I . MICROELECTROPHORESIS 

Electrophoresis Cell 

The apparatus used for the microelectrophoretic studies 

presented here was a flat horizontal cell developed by Abramson 

(1). Such a cell is show in figure 3. It is constructed with 

fused glass in such a way that rapid cleaning with NaOH and dilute 

acid is easily accomplished. This type of cell has a number of 

other advantages, a few of which are mentioned below: 

1 . It is made of one piece of glass so that handling of 

the cell is simplified. 

2. Due to the solid construction the troublesome vibra-

tion that is noticed with some other cells is eliminated. 

3. If desired, the cell may be inverted during use. 

4 . The central chamber is constructed with the greatest 

precision of "Pyrex" glass flats about 0. 0 mm. thick separated by 

strips of "Pyrex". 

5. The construction of the side arms permits the intro-

duction of plaster-of-paris plugs to prevent precipitation of 

proteins by diffusion of the Cu SO^ from the electrode compartments 

into the center of the cell. 

1 . Allied Chemical & Dye Corporation, New York, n. Y . , U. S . A. 
2 . Kastman Organic Chemicals, Rochester, N. Y. , U. S. A. 

3 . Klett Manufacturing Co., New York, N. Y. , U. S . A. 
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Electrodes 

The Abramson cell requires the use of "non-polarized" 

Cu CuSO^ electrodes. The electrodes used in these experiments 

were made of copper wire of 1 mm. diameter. To obtain large surface 

area electrodes, one end of the wire was closely coiled in such a 

way that its final length was 15 mm. The uncoiled end of the elec-

trode was inserted through a small rubber cork, the insertion being 

from the inside to the outside so that after the rubber corks were 

placed in position at the ends of the electrode vessels, the coil-

ed ends of the wire were inside the vessel. The electrode vessels 

were filled with a saturated CuSO^ solution after they have been 

separated from the rest of the cell by plaster-of-paris plugs. 

Optical System 

A Bausch and Lomb monocular microscope was used in these 

investigations. It was equipped with an 25X occular and with an 

16 am. objective, n. a. 0. 25 (lCOU. This optical system gave sufficient magnification for the visualization of spermatozoa, 

Electric Equipment 

2 

Three radio batteries 45 volts each in series were used 

aa the source of potential. Figure 4 presents diagrammatically the 

type of resistance unit that was constructed in order to allow the 

control of the current. The available voltage ranged from 0 to 135 

Volts. By means of a reversing switch the polarity of the electrodes 

was reversed without affecting the ammeter. When higher voltage was 

1. Fisher Scientific Company, Fairlawn, N. J . , U. S. A. 
2. National Carbon Company, Canada. 
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required a rectifier was used (72). 

Adjustment of the Focus on the stationary Layers 

Due to the charge which walls assume relative to water, 

an electro-osmotic streaming is created in this narrow electrophore-

tic cell. The flow of liquid proceeds along the walls and back 

through the centre of the cell. It follows that there are two sta-

tionary levels where this streaming does not occur. Without making 

any significant errors it was found that the stationary layers may 

be regarded as lying at 0 . 21 and 0. 79 of the total chamber depth. 

The internal cross-section of the central chamber was measured by 

means of the fine adjustment of the microscope where each division 

corresponds to 2 u and a whole revolution to 100 u. The observations 

presented in this dissertation were recorded only after the focus 

had been adjusted to either the upper or lower stationary layer. 

Cleaning of Cell 

It is very important to clean the microelectrophoretic 

cell after its use. Any impurities inside the central chamber may 

easily affect the electro-osmotic streaming, which in turn can shift 

the level of the stationary layers. Also any electrolytes that are 

not fully removed from the cell prior to the introduction of the 

buffer may change the qualities of the latter in regard to either 

its ionic strength or pH. For these reasons the cell was washed 

in the following way: 

1 . Rinsed with about 300-400 ml. of distilled water. 

2. Filled with a 10-per-cent solution of NaOH in 70-per-

cent alcohol and left to stand for 5 to 10 minutes. 
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FIGURE IV POWER SUPPLY 

A - Three radio B batteries. 

B - Toggle switch. 

C - 10. 000 - OHM fixed resistance. 

d - 10. 000 - OHM radio potentiometer. 

e - D. P. D. T. spring switch. 

f - Ammeter. 

G - Range adjuster. 
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3. Rinsed with a little distilled water. 

4 . Rinsed with 50 ml. of a 1-per-cent solution of HC1. 

5. Rinsed with 1000 ml. of distilled water. 

IV. BUFFERS 

A number of different buffers were used throughout these 
* 

studies. The type, ionic strength, and pH of these buffers depend-

ed both on the electrophoretic method used and the material that 

was exposed to the electrophoresis. The list of all buffers that 

were used will be presented here while the specific reference to 

them will be made correspondingly. 
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10. "Treated Milk" Buffer 

Pasteurized homogenized whole milk was heated in the top 

half of a pyrex double boiler for a period of twenty minutes. The 

milk was kept covered while being heated and until it cooled in 

order to prevent excessive loss of water. The milk was placed in 

its container into the refrigerator to speed up its cooling. When 

the milk reached a temperature of approximately 5°C., it was filter-

ed through Whatman filter paper Mo. 2 in order to remove the coagu-

lated particles. 

V. PREPARATION OF SEMINAL PLASMA FOR FILTER-PAPER ELECTROPHORESIS 

After the semen was collected it was centrifuged for a 

period of 15 minutes at 2500 r.p.m. Supernatant was then either 

transferred into small vials for immediate use or stored in a deep 

freeze. Prior to the electrophoretic run, a sample of seminal 

plasma was mixed with an equal volume of buffer, after which it was 

applied to the filter paper strip in the fashion described above. 

VI. PREPARATION OF SEMINAL PLASMA FOR STARCH-GEL ELECTROPHORESIS 

Preliminary investigations on the electrophoretic separa-

tion of the seminal-plasma proteins by the use of the starch-gel 

method had shown that the absolute level of these proteins was not 

sufficiently high to allow their detection. For this reason it was 

necessary to concentrate proteins of seminal plasma before submitting 
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than to starch-gel electrophoresis. After the seminal plasma was 

separated from the spermatozoa, aa described above, it was "freeze-

dried"^ for a period of 4 hours. The volume of seminal plasma sub-

mitted to freeze-drying was recorded. After the material was dried 

it was dissolved in distilled water (1/4 of the original volume). 

The concentrated seminal plasma was then dialysed for 24 hours 

against the buffer used, and then submitted to starch-gel electro-

phoresis. 

Vll. TREATMENT JF THh SEMEN PRECEDING ELECTROPHORESIS 

Semen was diluted immediately after collection with the 

buffer that was found to have no adverse effects on the viability 

of the spermatozoa. The ratio of semen to diluent was of the order 

of 1: 3 to 1: 6 in the case of the macroelectrophoretic studies and 

of the order of 1: 6 to 1 : 20 in the case of the microelectrophoretic 

studies. 

Electrophoretic cells used in the former case were develop-

ed in the course of this study and are a part of it ; they will be 

described later. 

VIII. ME*SUitRHMtT OF Mh electrophoretic MOBILITY OF SPERMATOZOA 

Electrophoretic mobilities of spermatozoa were measured 

in Abramson's microelectrophoretic cell. An eyepiece micrometer 

was introduced into the eyepiece of the microscope. The distance 

between the successive lines of the micrometer was 250 microns under 

1. Virtis Co. Inc., Yonkers, M. Y . , U. S. A. 
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the experimental conditions. Potential difference was applied 

across the electrodes after the focus has been adjusted on the 

stationary layer. The migration time was measured by means of a 

stopwatch^ graduated in 1/5 seconds. 

1. Fisher Scientific Co., Toronto. 
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I . characterization OF THE seminal-plasma PROTEINS BY 

FILTER-PAPER ELECTROPHORESIS 

During the preliminary trials, it was established that the 

barbiturate buffer of pH 8 . 6 and ionic strength of 0. 075 afforded 

the best electrophoretic separation of components. Therefore this 

buffer system was used in all electrophoretic experiments presented 

here. Under these conditions it was found that bovine seminal-

plasma proteins consist of at least seven different components, two 

major and five minor ones. Figure V presents several electrophore-

tic patterns of the seminal plasma proteins. To each component a 

number is assigned in order to facilitate further discussion. Com-

ponent 1 represents the fastest moving protein, and number 5 desig-

nates the component which did not migrate under the given conditions 

and therefore stayed at the origin. Components 2 and 3* which 

follow component number 1 respectively, represent the two major com-

ponents. Components 6 and 7 migrated even at PH 8. 6 toward the 

cathode, indicating their relatively basic character. Fifty samples 

of bovine seminal plasma were subjected to electrophoresis and the 

relative concentrations of the various protein components were es-

tablished. Table I lists the mean values and standard deviations 

of these. Component 1 was always present although in small amounts, 

and the cathode-migrating component 7 manifested the greatest varia-

tion in its relative amounts, being totally absent in 8. 8 per cent 

of investigated samples. 
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In order to characterize seminal-plasma proteins qualita-

tively in relation to the serum proteins, the electrophoretic pattern 

of the normal bovine-serum proteins was obtained under electrophore-

tic conditions identical to the one used for nominal plasma proteins. 

The electrophoretic diagram of the serum-protein pattern so obtain-

ed was superimposed on the electrophoretic diagram of the Seminal-plasma proteins. Two of those diagrams are presented in figures 

Via and VIb. It is obvious from these figures that seminal-plasma 

proteins do not coincide Electrophoretically with serum proteins. 

Component 1 appears to have a slightly higher mobility than serum 

albumin. Component 2 has a mobility higher than -globulin, and 

component 3 migrates faster than t oo that the former 

component appears between albumin and and the latter 

component between and . Component 4 migrates 

slightly slower than . Component 5, as mentioned 

above, does not migrate under experimental conditions although 

globulin does so slightly. Components 6 and 7 migrate toward the 

negative electrode but none of the serum proteins show the same char-

acteristic. 

While albumin represents the major blood serum-protein 

component (45 per cent), components 2 and 3, which Electrophoretically appear within - and -globulins, dominate the seminal 

plasma-protein pattern (20. 4 and 29. 5 par cent respectively). Rela-

tive amounts of individual components fluctuated not only from animal 

to animal but also from sample to sample within the same animal. 
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Table I I shows that the latter is the case. This, however, can be 

explained by the fact that seminal plasma represents the secretion 

of several glands which are not necessary at the same secretory 

cycle at any given time. 

Seminal-plasma proteins from either sterile bulls or from 

bulls of low fertility were also studied. Mine such samples were 

analysed electrophoretically, of which four electrophoretic patterns 

are presented in figure V. The relative amounts of proteins of in-

vestigated samples were not at variance with values observed in 

normal samples. 
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TABLE I I . 
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I I . characterization OF THE SEMINAL-PLASMA PROTEINS BY 

STARCH-GEL electrophoresis 

Seminal plasma was exposed concurrently with normal bovine 

serum to starch-gel electrophoresis. Three different buffers 

(buffers 1, 2 and 3) were used. The best resolution of seminal-

plasma proteins in this type of electrophoresis was achieved with 

Borate buffer of pH 8. 58. A potential difference of 3 . 63 V/cm. 

was applied for a period of 14 hours. 

1) Evaluation of the electrophoretic pattern by diect visual inspsection Under the above conditions the front of the serum-albumin 

band reached a distance of 73 *m. from the origin, and the fastest 

migrating seminal-plasma protein component moved to a distance of 

105 am. Figure VII illustrates diagrammatically the appearance of 

the starch-gel electrophoresis patterns of the serum proteins and 

of the proteins bovine seminal plasma. Solid bands indicate intense-

stained components and cross-hatched bands medium-stained components. 

Table I I I presents the mean migratory distances of individual com-

ponents. The range of their spread is also given. Both of these 

represent the values in millimeters. Serum-protein components are 

designated by small letters in their alphabetical order starting 

with the component with the highest migratory characteristic. 

Seminal-plasma protein components are numbered in order of their 



decreasing anodic mobilities. Capital letters were assigned to 

cathode-migrating components in alphabetical order beginning with 

the alow-migrating protein. Starch-gel electrophoresis of seminal 

plasma revealed at least twelve protein components on visual in-

spection, of which 8 migrated toward anode (components 2, 3* 4 , 

6, 7, 9 and 11) and 4 toward cathode (A, B, C and D). Three major 

anodic components (7, 9 and 11) were electrophoretically similar 

but not identical to the and (from e 

to 1 ) . Corresponding to serum albumin (b), which appears as a 

single band, four separate seminal plasma components (4, 5, 6 and 7) 

were observed. Of these four components the fastest (4) was present 

in the largest amount. Two components (2 and 3) had migratory char-

acteristics higher than serum albumin (b), of which the slower (3) 

waa electrophoretically similar to the acidic (a), 

while the faster moving and more diffuse component (2) had no counter 

component in the serum-protein spectrum. 

phoretic pattern as a single but diffuse cathode-migrating band, 

which suggests that there is in this serum fraction a distribution 

of protein components with an essentially continuous range of mo-

bilities. However, the seminal-plasma protein pattern reveals at 

least four bands that do migrate toward the cathode. Component A 

ia the major and the slowest moving one. Component B immediately 

precedes component A and both of them appear within the range of 

the serum . The last two components manifest higher 

The serum appears in the starch-gel electro-
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TABLE I I I . 
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migratory characteristics than serum . While compon-

ent C appears as a relatively sharply defined band, component D is 

more diffuse in character. 

It is obvious that starch-gel electrophoresis yields 

better separation of the protein components from their mixtures 

than paper electrophoresis. Also, the comparative electrophoretic 

study has shown more convincingly the differences that exist between 

blood-serum* and seminal-plasma proteins. 

2) Photometric evaluation of electrophoretic pattern. 

The opacity of the starch-gel electrophoresis strips ex-

cludes the possibility of direct quantitative evaluation of separat-

ed proteins, which is achieved both by the filter-paper and moving-

boundary electrophoresis. This problem was successfully solved re-

cently by Fine and Waszcsenko (21), who presented a method of render-

ing stained starch-gel strips transparent and consequently suitable 

for direct quantitative evaluation by means of transmission photome-

try. In order to achieve quantitative evaluation of seminal-plasma 

proteins separated by starch-gel electrophoresis, a simpler and leas 

time-consuming method for obtaining transparency of the starch-gel 

electrophoresis strips was developed in the course of this study 

(71). For this reason this method will be presented first. 

At the end of the run, the standard ^-inch-thick starch-

gel strip is transferred into a 3/l6-inch-deep slicer of tho type 

described by Smithies (53). This is then covered with a 1/16-inch-

deep slicer, and the cutting is performed lengthwise between these 
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two. In this way thw upper portion of the strip is removed and 

then discarded. The rest of the strip is transferred into a 2/16-

inch-deep slicer, then covered and sliced in the manner described 

above, except that this slice is transferred into a staining dish. 

In a similar manner, another slice is cut in a I/lb-inch-deep slicer 

and is also transferred into the staining dish. By this procedure, 

two l/l6-inch strips of the central portion of the original strip 

are obtained. 

Staining of the strips is performed in saturated solution 

of Buffalo black in a methyl alcohol: water: acetic acid (50: 50: 1 V/V) 

solution for a period of two minutes. The same solution, but with-

out dye, is used for removal of the background stain, which is 

achieved after the stripe have been left in the last washing solu-

tion for 12 to l6 hours. Stripe are now transferred to a tray con-

taining a 10-per-cent solution of acetic acid, and boiled for a 

half-minute period, after which the whole content is cooled to room 

temperature. Such a procedure renders the stained stripe transpar-

ent. The stripe should not be removed from the acetic acid solution 

before cooling because they are very fragile. The transparency of 

the stripe so treated is greater than that of the freshly formed 

gels, although their consistency is of the same order. 

It is worth mentioning that certain protein fractions 

which are present in minute amounts are more readily visible after 

the strips have been made transparent, as will be seen below. 

In order to evaluate these stripe photometrically, they 



- 58 -

are transferred into a l/lb-inch-deep slicer and covered by a plex-

iglass strip. Care should be taken not to trap any air bubbles be-

low or above the strip. This can be achieved by carefully laying 

the strip on the slicer and delivering a sufficient amount of 

acetic-acid solution around and on top of the starch-gel strip prior 

to its covering. 

Figure VIII presents electrophoretic diagrams of both 

serum proteins (above) and seminal-plasma proteins (below) of starch-

gel electrophoretic stripe. It is obvious that such an evaluation 

has advantages over the direct visual inspection of stripe. First 

it offers the possibility of a better quantitative evaluation of 

components, and second it reveals a number of components t^iich 

otherwise would not be detectable. Thus, direct inspection reveal-

ed 12 serum-protein fractions and 12 seminal-plasma proteins, while 

photometric evaluation indicated 20 components in the former and 16 

in the latter. By this method a serum-protein component (a) was 

observed with more than double the mobility of the one observed for 

albumin. Also, a small peak (c) was seen to migrate slightly fast-

er than the albumin (d). A similar peak has been observed by other 

workers using the filter-paper and moving-boundary electrophoresis 

method in conjunction with the borate buffer. The otherwise homo-

geneous band indicated at least 5 peaks (p, q, r, s and 

t ) . Additional seminal-plasma proteins, designated 1, 8, 10 and 12, 

were detected photometrically. 

Table IV lists the mean relative values for all individual 

fractions. It may be seen that this method also indicates, as did 
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DISCUSSION 

The results presented in this study establish the hetero-

geneous nature of seminal-plasma protein. information obtained 

by filter-paper electrophoresis fully agrees with that obtained by 

starch-gel electrophore8ia. Both these methods indicate that the 

major protein components of seminal plasma have electrophoretic mo-

bilities similar but not identical to thoae of -serum 

globulins. Larson and Salisbury (35) in their moving-boundary elec-

trophoretic studies made a similar observation. The fact that the 

results of all three methods are parallel is quite significant be-

cause it minimizes the possibility that certain protein components 

may be artifacts due to the manipulation. Starch-gel electrophore-

sis allowed a better protein fractionation than did either filter-

paper or moving-boundary electrophoresis. It also demonstrated 

clearly the existence of qualitative differences between blood-

serum proteins and seminal-plasma proteins. 

The electrophoretic studies have revealed, not only a 

considerable fluctuation of relative amounts of different components 

between the samples obtained from different animals, but also between 

the samples collected from the same animal at different times. Mo 

correlation was observed between the relative levels of protein 

components and the age of bulla. Also, the electrophoretic patterns 

of the seminal plasma obtained from the sterile bulla that were 

investigated did not vary from those of fertile ones. This observations 
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parallels the results obtained by Gray and HUGGINS (28) and Hose 

et aJ,. (52), who investigated human seminal plasmas electrophoratic-

ally. These authors did not observe any difference between the 

electrophoretic patterns of normal and pathological samples either 

in their electrophoretic mobilities or in their relative amounts. 

It may be worthwhile mentioning an observation made in 

this study which is not entirely pertinent to work on the proteins 

of seminal plasma, when evaluating photometrically starch-gel 

electrophoretic strips, certain serum-protein fractions were observ-

ed that either had not been observed beforehand by direct visual 

evaluation of these strips or had not oean noticed when other types 

of electrophoresis were used. For example, component a (Figure IX) 

had mobility twice that of albumin and was not visible until after 

the starch-gel strips were made transparent. The extreme position 

of this component on starch-gel as well as its non-visibility on 

opaque starch-gel may account for the fact that it has not been de-

scribed by previous authors. Its extremely high electrophoretic 

mobility through starch-gel suggests that this fraction is very 

acidic in nature and of relatively small size and symmetric shape. 

Fraction c (Figure IX) appeared just in front of albumin 

(d) and was also detectable after photometric evaluation of starch-

gel electrophoretic strips. This observation is in agreement with 

the recently published work of Cooper (15). This author used borate 

buffer in his filter-paper electrophoretic studies of bovine-serum 

proteins. He observed "a less-intense band migrating Just faster 
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SUMMary 

1. Proteins a of the bovine-seminal plasma were studied 

electrophoretically by means of filter-paper and starch-gel electro-

phoresis. 

filter-paper electrophoresis revealed 7 protein com-

ponents, of which only 2 migrated to the cathode. 

3 . Starch-gel electrophoresis detected lb protein com-

ponents, four of which migrated to the cathode. 

4. Both methods indicated that the major components had 

mobilities similar but not identical to . 

5. A method was developed which permitted quantitative 

evaluation of starch-gel electrophoretic patterns. 

b. Relative amounts of individual proteins fluctuated 

within broad limits not only between samples from different animals 

but also between different samples from the same animal. 

7. no difference was observed between the electrophoretic patterns of samples obtained from animals of normal fertility 

and those from infertile animals or those of low fertility. 

8. No qualitative or quantitative relationship was found 

between seminal-plasma proteins and blood-serum proteins. 

Comparative starch-gel electrophoretic studies reveal-

ed certain additional blood-serum protein components and proved 

superior to filter-paper electrophoresis. 
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PHOTOGRAPH I - FRONT VIEW OF THE U-TUBE TYPE OF THE MACROELECTROPHORETIC CELL. 
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PHOTOGRAPH II - SIDE VIEW OP RiR U-tube, TYPE OP THE macroelectrophoretic CELL. 
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PHOTOGRAPH I I I - OBLIQUE view OF THci U-TUBE TYPE OF THE macroelectrophoretic CELL. 
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THE DEVELOPMEMT UF ELECTROPHORETIC CELLS SUITABLE PUR THE 

MICROELECTROPHORESIS UP SPERMATOZOA 

After reviewing available literature, it became obvious 

that the existing electrophoretic cells were not suitable for the 

microelectrophoresis of spermatozoa. One group of cells, being of 

small size, did not allow the collection of material in a volume 

sufficient for a large number of artificial inseminations. Others 

were so constructed that only one pole was accessible for the with-

drawal of migratory material. Also, most of the cells did not allow 

control of the hydrostatic potential which reduced the reliability 

of the results obtained. For these reasons the cells described 

here were developed (73). 

two types of electrophoretic cells are presented here, 

one of the U-tube type and the other a combination of the U- and 

horizontal types. Each has certain advantages. 

Photographs 1, 2 and 3 show different views of the U-tube 

type of cell. For better understanding, figure X presents the same 

cell schematically. 

The cell is divided into three compartments: one central 

compartment (1) and two side compartments (2). Each of the latter 

communicates with the central compartment on one aide via ground-

glass stop-cocks (3) and on the other with the electrode vessels 

via side-arm ground Joints (4). 

The bottom of the electrode vessel consists of 2-inch-
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diameter cups (3) which are filled with a saturated solution of 

potassium chloride in which silver-silver chloride electrodes (6) 

are immersed during the run. The electrode vessels as well as the 

aide compartments are closed during the run in order to prevent the 

development of an hydrostatic difference. The central compartment 

also communicates at its lowest point with the tube (7) through 

which the sample is introduced. A stop-cock is provided on this 

tube (8). The side compartments are Joined by a two-way stop-cock 

(9), which enables levelling prior to the start of a run. The in-

side diameter of this cell is 10 mm. 

The cell is filled and operated in the following manner: 

1. Prior to the introduction of material into the cell, 

all stop-cocks are turned so that the inside of the cell communi-

cates freely with the atmosphere. 

2. The sample is introduced into the cell via the filling 

tube (7) in such a way that it reaches the upper limit of the stop-

cocks connecting the central part with the side compartments. 

3 . The compartment-connecting stop-cocks (3) and the fil-

ling-tube stop-cock (8) are closed. 

4 . The rest of the cell is filled with buffer solution. 

5. The bottom portion of each of the electrode vessels 

(5) is filled with a saturated solution of potassium chloride. 

6. The electrodes are introduced into the electrode 

vessels, which are then closed to the atmosphere (10). The side 

compartments are closed (11) after levelling has been achieved, at 
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which time the levelling stop-cock (9) ia also closed. 

7. The compartment-connecting stop-cocks (3J are then 

rotated to 90°, which connects the whole cell; the electric field 

is now applied. 

At the and of the run the side stop-cocks (3) ere rotated 

to 90°, which separates the cell compartments. The side compart-

ments are opened to the atmosphere ( U ) , and polyethylene tubing 

connected to a syringe is introduced into the compartment so that 

a given cell fraction can be collected. This procedure may be re-

peated several times after the buffer has been changed in the whole 

cell except in the central com part merit. In this way fractions can 

be collected, as they come to the side compartments. The operator 

decides, depending on the type of experiment, at what time-intervals 

fractions should be removed. 

The first-constructed cell is presented schematically in 

figure XI. This cell consists of a central compartment (1), two U-

shaped compartments on each side, of which only those adjacent to 

the central compartment are presented (2), and electrode vessels 

(3). The central compartment at its mid-point has a filling tube 

(4) at the ceiling as well as a draining stop-cock (5). Each of 

the side compartments has an air-releasing vent (6) and a draining 

stop-cock (7J. The air-releasing vents may be closed by pulling 

rubber tubing over them and then putting clamps in place. Two-way 

stop-cocks (8) divide the whole cell into compartments. The cell 

is held in position by clamps fixed to a frame support. 
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This cell la filled and operated in the following way! 

1. All vents and stop-cocks except the draining ones 

are arranged in such a way that the interior of the cell can free-

ly communicate with the atmosphere. 

2. The buffer is introduced into the cell by the filling 

tube of the central compartment. 

3 . Whan the whole cell is filled all vents are closed. 

4 . A suspension of cells is now introduced through the 

same route, by means of a syringe with polyethylene tubing in suf-

ficient amount to fill the bottom part of the central compartment. 

This is done very carefully to minimize the streaming flow. 

At the end of the run stop-cocks separating the compart-

ments are turned to 90°, and than all the vents are opened. Col-

lecting tubes are placed under the draining devices so that samples 

can be collected from the central and aide compartments. Cells 

possessing greater electrophoretic mobilities will be found at a 

distance from the central compartment, while those cells of lower 

motilities will migrate only to the compartments adjacent to the 

central one. It is obvious that the time required for a run will 

be of relatively long duration in order to allow cells to migrate 

differentially. 



- - CONCLUSIONS 

The above-described cells have given satisfactory results 

in macroelectrophoretic studies of spermatozoa (41). 

The first cell is characterized by its compactness, sim-

plicity of assembly, and ease of operation. The elimination of any 

rubber joints facilitates its cleaning. Sharp boundaries along the 

interfaces are achieved readily. As the whole cell is made complete-

ly of glass, it can be immersed into a water-bath so that the 

temperature may be controlled. 

The second cell is easily filled, and no change of buffer 

is required during the lAole length of the run, as may be the case 

when the first cell is used. A sharp boundary along the interfaces 

is not so readily obtained, and great care should be exercised in 

attempting to achieve this. The draining devices facilitate collec-

tion of fractions. 

When fast moving fractions and short exposure of the mater-

ial to the electric current are desired, use of the first-described 

cell is preferred. In the case of longer current exposures which 

might be without adverse effects on the investigated material, the 

second type of cell may be used to advantage. 
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SUMMARY 

1. Two types of macroelectrophoretic cells which enable 

fractionation of mixed cell population are presented and their oper-

ation described. 

2 . Certain characteristics of each are presented in con-

clusion. 
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I . ELECTROPHORETIC BEHAVIOUR OF SPERMATOZOA AS OBSERVED IK 

A MACROCELL 

In this part of the study 6 different buffers were used. 

The U-tube type cell, as described in part II of this dissertation, 

was utilized in the studies presented below. At the end of the 

electrophoretic run, samples were collected from the anode, cathode, 

and central parts of the cell for microscopic evaluation. The 

density, morphology, and motility of samples were estimated. Also 

the pH of each sample was recorded. Electrophoresis was performed 

either at 6-10°C. or at 20-22°C. Observations made with different 

buffers will be presented here in turn. 

1) Schroder Buffer 

This buffer was used successfully by Schroder in her ex-

periments with rabbit spermatozoa. t*hen used, however, with bovine 

spermatozoa, it proved to be incompatible. Spermatozoa when dilut-

ed with this buffer behaved in the same manner as in a hypotonic 

solution. Table V presents the results observed at 22°C., and 

Table VI gives those seen at 6°C. 

from these results it may be seen that (a) the anodic 

fraction had the higher density of spermatozoa regardless of the 

temperature at which the electrophoresis was performed and that (b) 

the lower temperature had a protective effect on the life of spermatozoa. 

2) Krebs-Henseleit-Ringer Buffer 

Although it appeared to be a satisfactory diluent, this 



TABLE V 

t 
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TABLE VI. 
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buffer did not Justify use as an electrophoretic buffer medium, at 

18°C. 4 times as many cells migrated to the cathode as to the anode. 

However, all cathode-migrating spermatozoa were dead, while the 

anode-migrating spermatozoa and those in the central part of the cell 

were adversely affected by the electrophoretic treatment, and on mi-

croscopic inspection moved as if they were "going nowhere", spermato-

zoa in the central part were affected in the same way. At 10**C., the 

density of spermatozoa was reversed, that is to say, 4 times as many 

spermatozoa were recovered from the anodic side of the electrophoretic cell than from the cathodic. Both the density and mobility of 

the anodic sample were satisfactory. Also, a good sample was ob-

tained from the central part of the electrophoretic cell. The 

cathodic sample was very thin, the majority of cells being dead. 

3) t. gg-Yolk Citrate-Acid buffer 

This buffer gave very poor samples of about equal density 

from both the anode and tho cathode when run at However, at 

lO^C. all spermatozoa that migrated were recovered from the anodic 

aide, samples being of very good density and motility, samples ob-

tained from the central part of the cell were excellent for insemin-

ation purposes. 

4) SKIMMED Milk 

Ho spermatozoa were recovered from either pole although 

high potential gradients (up to 400 V) were applied for relatively 

long periods of time (up to 2oO minutes) when skimmed milk was used 

as a buffering diluent. 
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Modified Schroder duffer 

This buffer has proved to be a satisfactory diluent be-

cause spermatozoa did not appear to be adversely affected but stay-

ed very motile for long periods of time. Upon electrophoresis, 

live spermatozoa of good motilities and good densities were consist-

ently recovered from the anodic side of the cell. The cathodic frac-

tion revealed either none or only a few live and a majority of dead 

spermatozoa. The ratio of live and dead spermatozoa in the cathodic 

fraction depended mostly upon the length of the electrophoretic 

run. duly high potential difference was electrophoretically effec-

tive (Table VIIJ. 

0) "Treated" Milk Buffer 

Table VIII lists the electrophoretic conditions as well 

as the anodic and cathodic spermatozoa densities of I8 electrophore-

tic runs selected at random. It may oe seen that there were no 

great dissimilarities between the anodic and cathodic spermatozoa 

densities in any of the presented electrophoretic runs. Uh the aver-

age, the anodic density of spermatozoa was 8. 5+, ̂ * and the average 

cathodic density was 7. &+. However, in 50 per cent of the presented 

cases the density of spermatozoa was higher on the anodic than on 

the cathodic side. Only in 11. 11 per cent of cases was the cathodic 

above the anodic density. In 38. 89 per cent of cases no difference 

was observed between the anodic and the cathodic spermatozoa densi-

ties. 

1. Arbitrary value. 
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table VII. 
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The mean electrical current per unit of potential gradi-

ent was 1. 108 ma. with an average running time of 53 minutes. The 

pH of the medium had a mean of 0. 7 with a standard deviation of 

0. 097. Thus electrophoretic conditions were readily reproducible 

in spite of using a naturally occurring diluent (milk) instead of 

artificial ones. It appears that the variations observed in diluent 

had no effect on the distribution of the anodic and cathodic spermato-

zoa densities. 
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TABLE VIII. 
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I I . ELECTROPHORETIC BEHAVIOUR OF SPERMATOZOA AS OBSERVED 

IN A MICRO CELL 

Abramson's microelectrophoretic cell was used in the 

electrophoretic studies presented here. Both whole semen and semen 

diluted in various buffers was exposed to different potential gradi-

ents, and observations were made of the electrokinetic characteristics of the spermatozoa. All the electrophoretic runs were per-

formed at room temperature since no facilities were available for 

electrophoresis studies at low temperatures. 

1) Krebs-Henseleit-Ringer Buffer 

The first effect of low voltage (up to 30 volte) on sperma-

tozoa observed was an increase in motility. There was some indica-

tion of direct relationship between the intensity of the current ap-

plied and the motility of the spermatozoa. However, at the higher 

potential gradients (above 190 volts), spermatozoa motility began 

to decrease and it ceased completely at the potential of 250 volts. 

Non-motile as well as dead spermatozoa migrated towards the cathode 

as soon as the applied potential reached 30 volts. However, at that 

potential, no orientation of spermatozoa in respect to the electrical 

field took place. All immobile spermatozoa kept their position in 

space as observed at the beginning of the experiment but began to 

migrate passively towards the negative pole due to tne electrophore-

tic drag. The potential gradient (30 volts) at which the first 
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cathodic migration was observed has been called by us the "migra-

tory threshold potential". At about volts, some of the spermato-

zoa start to orient themselves, while migrating cathodically, in 

such a way that their tails are directed towards cathode and there-

fore in the direction of their migration (galvanotaxis (30)). As 

the current was increased (140 to 180 volts), more and more of the 

motile spermatozoa lost their motility and began to migrate towards 

* < 

cathode. Those spermatozoa which, at a given potential difference, 

are still barely motile, are also oriented in the electrical field 

(tail towards cathode) and appear to attempt movement towards anode. 

When these two oppositely acting forces are balanced, motile but 

oriented spermatozoa are seen in the 3ame location in the optical 

field. At the moment of reversal of the current, these spermatozoa 

"swim" immediately out of the optical field in the direction of 

what was the anode prior to the reversal of the current. In other 

words, the very moment the cathodic drag ceases spermatozoa swim 

away in the direction of their orientation. However, in a short 

while they slow down and are reoriented according to the new 

direction of the current. Spermatozoa whose motilities are such as 

allow their orientation in the electrical field but at the same 

time are of sufficient intensity to overbalance the cathodic elec-

trophoretic drag actively swim towards the anode. However, up to 

180 volts the great majority of spermatozoa that possess very high 

motilities do not undergo any orientation in the electrical field, 

and move actively at random in all directions regardless of the 
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direction of the current. As the potential is further increased 

and the motilities of the spermatozoa begin to decrease, more and 

more spermatozoa undergo electrophoresis. 

2) "Treated Milk Buffer" 

The presence of fat globules did not allow enough visi-

bility to observe the electrophoretic behaviour of spermatozoa 

directly, however, it was observed that an increase in current re-

sulted in a higher motility of spermatozoa. The active random move-

ment of spermatozoa was not affected by the current. It should be 

mentioned that the fat globules migrated towards the anode. 

3) Undiluted Semen 

Due to the high density of spermatozoa in undiluted samples 

of semen, the observations were not so clear as in samples diluted 

by different buffers. However, one may state that immotile spermato-

zoa migrate tail foremost in the direction of cathode as soon aa a 

"migratory threshold potential" is applied (30-40 volts). The elec-

trophoretic migration of these is constantly upset by the active 

movements of motile spermatozoa. This latter motility waB increas-

ed by the application of current and, because of the high density 

of spermatozoa, manifested itself in the form of "waves". There 

was no way of specifying the direction of the movements of these 

"waves" in regard to the electrodes since no difference was observed 

at the reversal of the current. It may be assumed, therefore, that 

in this case the currant also had no effect on the direction of the 
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actively moving spermatozoa. 

Potential difference of 350 volts was lethal since no mo-

tility of spermatozoa was observed after the current of that poten-

tial was switched off. After such a treatment, all spermatozoa mi-

grated tail foremost towards the cathode. Their mobilities were di-

rectly proportional to the current applied. It is of interest that 

quite a number of agglutinated spermatozoa were observed. In moat 

cases the agglutination occurred in pairs. In all instances agglutin-

ation took place by the heads and not by the tails. 

4) Modified Schroder Buffer 

Observations with this buffer were made at four different 

pH (7. 2; b. 8; 0. 45; 5. 0 ) . Results were very similar to those 

presented above. The "migratory threshold potential" ranged from 

20 volts at pH 7. 2 to 30 volts at pH 5. 0. The first orientation of 

spermatozoa is observed between 30 and 45 volts. In one instance 

the time necessary for the orientation of all immotile spermatozoa 

(100%) after reversal of the current was estimated for several poten-

tial gradients starting with 2. 98 and ending with 7. 4o. Table IX 

presents this "orientation time"-potentlal gradient relationship. 

It may be seen that a reciprocal relationship exists between the 

potential gradient and the time necessary for 100n of the immotile 

spermatozoa to re-orient themselves after the reversal of the current. 

At any pH of tne buffer used all immotile spermatozoa mi-

grated towards the cathode. The motility of spermatozoa was direct-

ly proportional to the intensity of the applied current up to a 
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certain level (about 160-180 volts), above which the opposite was the 

case, as was observed in the experiments with the Krebs-Henseleit-Ringer buffer. 

Table X presents the observations made on samples obtain-

ed from 10 bulls with normal fertilizing capacities. In this series 

of experiments, a modified Schroder's buffer of pH o. d was utilised. 

It may be seen that the "migratory threshold potential" (column III ) 

was Just about the same regardless of the intensity of the original 

motility of spermatozoa. However, the voltage at which the first 

oriented "swimming" of the spermatozoa waa noted ("swimming thres-

hold voltage") paralleled the state of their original motility. In 

three instances (bulls 8, 9 and 10) in which the original motility 

was very high the "swimming threshold voltage" was very close to the 

voltage which was effective in immobilizing all spermatozoa. 

At 250 volts (36 ma. ) all live spermatozoa move head fore-

most towards the anode but only for a split second; they then come 

immediately to a standstill, and then migrate passively tail fore-

most toward cathode. When the current was switched off after 10 

seconds only about 20 per cent of the spermatozoa resumed motility. 

The switching on and off of the current was repeated several times, 

but no head-foremost anodic movement waa observed again. Thia ex-

periment was repeated several times, but only when this potential 

gradient waa applied for the first time on a given sample was the 

above-described phenomenon observed. 

In general, it may be said that, beside chemical compoal-
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tion of the suspending medium (buffer or diluent solution), the man 

ifestation of direct electrical current on spermatozoa depends pri-

marily upon the motility of spermatozoa in the given medium of any 

current level. 



table X 
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I I I . ELECTROPHORETIC mobilities Of spermatozoa 

In this part of the study the electrophoretic mobilities 

of spermatozoa wore estimated. Thirty-eight samples were collected 

from bulla which had normal fertilizing capacities. Modified 

Schroder's buffer of pH 0. 8 was utilized in all instances. The 

results revealed that, under these experimental conditions, the 

mean electrophoretic mobility of normal bovine spermatozoa was 

6. 02 x 10**^ cm. ̂ /sec. x volt with the standard deviation of 0 . 86 x 

S 21 

10 cm. /sec. x volt. At the same time several samples with a 

very low percentage of live spermatozoa were studied. Table XI 

presents the electrophoretic mobilities of the latter group of 

samples. Also, electrophoretic mobilities of several normal samples 

are included in the same table in order to allow a comparison 

between the two groups. Direct inspection of the values presented 

in this table as well as a statistical analysis of the results fail-

ed to reveal the existence of any significant difference between the 

electrophoretic mobilities of spermatozoa from normal and abnormal 

samples. 
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DISCUSSION 

The electrophoretic studies presented here indicate that 

bovine spermatozoa may be separated into two fractions in a macro — electrophoretic cell, one that can be collected from the anodic and 

the other from the cathodic part of the electrophoretic cell. A 

similar observation with rabbit spermatozoa was made by Schroder 

(55), Machowka and Schegaloff (42), Siljander^, Kordts (34), Pilz 

(47) and Gordon (24), although the interpretation of this observa-

tion and its significance varied, sometimes markedly, from author 

to author. 

Schroder (55) assumed that spermatozoa migrate in an elec-

trical field either to the positive or negative pole depending on 

whether they possess one or the other of two different electrical 

charges. According to this author, spermatozoa that carry X or Y 

chromosomes differ also in their respective electrical densities. 

Therefore, this interpretation carries the assumption that the iso-

electric point of X-bearing spermatozoa differs from the isoelectric 

point of Y-bearing spermatozoa. For that reason X- and Y-bearing 

spermatozoa would migrate differentially (to opposing poles) when 

suspended in buffer solution of pH intermediate to their isoelectric 

points. 

Gordon (24) in general agrees with Schroder's interpreta-

tion, although he does not exclude a number of other factors that 

1. As reported by Gordon (24). 
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night influence and condition this phenomenon. 

Machowka and Schegaloff (42) completely reject Schroder's 

interpretation as entirely paradoxical because according to them 

all live cells should bear a negative charge. It is only under ad-

verse conditions that destroy the lipid component of the cellular 

membrane that the ceils adsorb oppositely charged ions on their 

surface, becoming thus positively charged. In order to explain the 

fact that spermatozoa may be found both in the anodic and the 

cathodic part of the macro — electrophoretic cell, they undertook 

both macro- and microelectrophoretic studies. Their micro-

electro phoretic observations are quoted here. "At the high poten-

tial, spontaneous mobility of spermatozoa stops as soon as the 

current is applied, a paralysis takes place and the spermatozoa mi-

grate passively towards the anode. At the lower potential difference 

Inactive and dead spermatozoa will be also carried to the anode, 

while all alive and active spermatozoa showed in contrast an obvious-

ly negative galvanotaxis - when the current was switched on all 

spermatozoa were arranged with their heads towards cathode and mov-

ed rapidly through the optical field in that direction. At the 

average potential gradient, slow moving spermatozoa could not over-

come the electrophoretic pull and therefore were drawn towards the 

anode, while all the active spermatozoa gathered at the cathode due 

to negative t a x i s . . . . Under a definite average potential difference, 

a picture will be formed in which half of the spermatozoa move ac-

tively in one direction while the other half are carried passively 
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in opposite direction". From these observations the authors con-

cluded that the Migration of spermatozoa towards both poles when 

exposed to direct current results from two different processes: 

first, passive electrophoretic migration and second, active negative 

galvanotaxis. 

I 

Siljander also disagreed with Schroder's interpretation 

and put forward explanations similar to the ones presented by 

Machowka and Schegaloff. 

Kordts (34) in his microelectrophoretic studies was unable 

to observe any two-directional migration of spermatozoa. However, 

when spermatozoa were exposed to microelectrophoresis, he recovered 

spermatozoa both from the anodic and cathodic part of the Macrocell. 

He gave no explanation of those observations. 

Pilz (47), although not presenting enough evidence, con-

cluded that the existence of a differential charge of spermatozoa, 

as put forward by Schroder, can not be established. He, however, 

accepted in general the interpretation put forward by Machowka and 

Schegaloff. But, according to him, inactive and dead spermatozoa 

may migrate electrophoretically both to the anode and the cathode. 

Our observations and consequently our conclusions are at 

variance with most of the presented work. As we never observed 

two-directional migration of immotile spermatozoa we could not accept 

the explanation given by Schroder and more recently by Gordon. The 

reason Schroder observed the migration of spermatozoa in both an 

1. As reported by Gordon (27). 
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anodic and cathodic direction regardless of the type of buffer she 

used may oe that the type of microelectrophoretic cell used was un-

suitable. This author used the Kross-Zuelzer microelectrophoretic 

cell. Electro-osmosis is very prominent in this type of electrophore-

tic cell, which makes it difficult to locate stationary layers. 

For this reason it is easy to observe the migration of suspended 

particles in two opposite directions, only one of which would be 

due to electrophoretic migration, the other one would be due to 

passive electro-osmotic flow. This phenomenon is also visible in 

Abramson's type of microelectrophoretic cell if the focus occupies 

a level of either about 0. 33 or 0 . b5 of the inside thickness of the 

cell. In the former case (at 0. 35 ratio level) particles are ob-

served migrating electrophoretically in one direction above the 

focal level and below that level particles migrating electro-

osmotically in the opposite direction. At ratio level 0. b5, electromigration takes place below and electro-osmosis above the focal 

level. Abramson's type of cell allows easy adjustment of focus at 

the stationary levels while the Kross-Zuelzer microelectrophoretic 

cell does not; therefore, the misuse of the latter cell may easily 

lead to erroneous conclusions, also, the fact that Schroder did 

not mention anything about the orientation of spermatozoa in regard 

to the electrical field adds more weight to this explanation of the 

differences existing between her observations and ours. 

The same explanation may be put forward for Gordon's in-

terpretations, although his description of methods was not given 
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In sufficient detail to allow a reasonable discussion to be made. 

Machowka and SCHEGALOFF (42), as mentioned above, believe 

that cathodic migration of spermatozoa in a Macrocell is the result 

of the active negative galvanotaxis. On the basis of our observa-

tions, we may accept this explanation but only in part. According 

to our observations only spermatozoa that possess motility of such 

an intensity that when exposed to a current they can undergo galvanotactic orientation without losing that motility could manifest 

galvanotaxis. We were never able to observe galvanotactic orienta-

tion of the majority of motile spermatozoa as long as the potential 

gradient was below 5. RANDOM motility of the majority of spermato-

zoa was not affected by the current until the potential gradient 

had approached the value of 7 (lethal level). Machowka and Schegaloff 

(42) used the Michaelis open type of microelectrophoretic cell, 

which does not allow any control of the hydro dynamic flow that might 

develop during electrophoresis. It is also knotti that spermatozoa 

do manifest positive rheotaxis. The hydrodynamic flow may be the 

reason for the cathodic migration of the actively motile spermato-

zoa observed by those authors. If this is so, then the cathodic mi-

gration of spermatozoa might represent a combination of negative 

galvanotaxis and positive rheotaxis. 

Hie fact that Machowka and Schegaloff observed anodic mi-

gration of inactive and dead spermatozoa while we observed the 

cathodic one may be due entirely to the difference between the ionic 

balances between the buffer systems used. 
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The above-mentioned explanation holds true also in regard 

to Siljander's work. 

Both Kordts (34) and PILZ' (47) used very unreliable 

methods in their microeluctrophoretic studies. Kordts in the first 

part of his work used platinum electrodes that were directly intro-

duced into the microcell which consisted of a microscopic slide and 

coverslip. Under these conditions electrolysis readily took place 

and thus any reasonable interpretation of the observations made is 

impossible. The same author in the second part of his study used a 

modified Kross-Zuelzer microelectrophoretic cell. Although the 

electrolytic effect was removed by this new arrangement, the depth 

of the cell was too small (100 ̂ i) to allow the differentiation of 

the electrophoretic from the electro-osmotic flow, Pilz in his 

studies used a microelectrophoretic cell similar to the one Kordts 

used in the second part of his study. 

From the above discussion it may be seen that the value 

of some of the observations made by earlier workers is limited due 

to certain deficiencies in the methods used, viz. : (1) no control 

of the hydrodynamic flow, (2) poor estimation of the location of 

the stationary layers, and (3) presence of electrolysis. The uee 

of Abramson's microelectrophoretic cell of the closed type enabled 

ua to achieve, (1) complete exclusion of the hydrodynamic flow, 

(2) easy location of the stationary layers and consequent eaay sep-

aration of the electrophoretic from the electro-osmotic flow, and 

(3) avoidance of electrolysis. 
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AI30, for our macroelectrophoretic studies we developed 

an electrophoretic cell which appeared to he superior to the ones 

used by the other authors in this particular field of investigation. 

Schroder (55), Machowka and Schegaloff (42) and Pilz (47) used in 

their macroelectrophoretic studies the so-called Michaelis macro-

electrophoretic cell. This cell is unsatisfactory for macroelectro-

phoretic studies for a number of reasons: 

First, the absence of a sample-introducing arm and a level-

ling stop-cock does not allow the establishment of a sharp boundary 

between the sample and the buffer diluent. 

Second, its open system does not exclude hydrodynamic flow. 

Third, the use of platinum instead of AgCl-Cl electrodes 

induces electrolysis, i<hich in turn creates a hydrodynamic and 

thermic potential between the electrodes. 

Fourth, the inaccessibility of the electrode arms makes 

difficult the ready collection of corresponding samples. 

All those factors were readily controlled when the U-tube 

type of the MACROCELL was used. Once the existence of all these 

factors is understood, it is clear that it is very hard to know to 

what extent, under given conditions, any of them contributes to the 

migration of the spermatozoa. The same holds true to an even great-

er extant for the experiments done by Kordts, who used an even more 

disadvantageous macroelectrophoretic cell than did the other authors. 

The facts presented above should suffice to explain the 

occasionally opposing observations made by different authors. However, 
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we do not believe that even if the above mentioned factors are 

controlled, the migration of spermatozoa towards both electrodes 

is exclusively electrophoretic in nature. Only inactive and dead 

spermatozoa follow the electrophoretic drag with their tails fore-

most in the direction of the migration. The direction of the mi-

gration of the spermatozoa depends on their net charge, which in 

turn is a result of both ionization and adsorption phenomena. For 

that reason not only tho pH but also the ionic balance of the di-

luting medium may change the intensity and the sign of the net 

charge. This latter fact explains the divergent reports on the 

electrophoretic behaviour of the spermatozoa. 

Actively motile spermatozoa respond to the current in 

several ways depending upon the intensity of their original motil-

ities and the potential difference applied. The intensity of the 

motility of spermatozoa may be classed as low, medium, or high. 

The effect of the current of a given intensity varies from group to 

group. Both low- and medium-motile spermatozoa will orient them-

selves in an electrical field parallel to the current flow. The 

low-motile spermatozoa will, through their motility, balance the 

oppositely directed electrophoretic drag and thus not progress 

either cathodically or anodically. Spermatozoa with a motility of 

medium intensity will overbalance the electrophoretic drag and con-

sequently actively move to the pole opposite to the electrophoretic 

migration. The original motility of the high-motile spermatozoa 

will increase as the current is applied. This motility-increasing 
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effect of the current works with all groups, but it is most promin-

ently manifested on the high-motile spermatozoa. The low-, medium-, 

and high-motile groups of spermatozoa are not static. Increase of 

the current or the length of time of the electrophoresis may shift 

the distribution. This means that a certain fraction of the high-

motile spermatozoa may become medium-motile, some of the medium-

motile spermatozoa may become low-motile, and also some low-motile 

spermatozoa may completely lose their activity and consequently under-

go an electrophoretic drag. A sufficiently high current will make 

all spermatozoa lose their active movements and undergo electro-

phoresis. A slightly lower current, when switched off, may leave 

a certain fraction of spermatozoa of low motility, which indicates 

that at this given current there were only two groups of spermatozoa 

- inactive and low-motile. 

From the above discussion it appears that "electrophoretic" separation of spermatozoa into anodic and cathodic fractions 

in the course of macroelectrophoretic depends upon several distinct 

but closely related phenomena. These are as follows: 

1. electrophoresis. 

2. Galvanotaxis. 

3. Motility of the spermatozoa. 

If the Michaelis type of cell is used instead of the one 

described here, at least three additional factors may occur: 

Hydrodynamic flow. 

5. Temperature convection flow. 

6. Rheotaxis. 
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If the diameter of the cell ia much below 10 mm. another 

intervening factor may appear: 

7. Electro-osmosis. 

It ia therefore obvious that even if the macroelectrophoretic cell of the type presented here iB utilized in the electrophoretic 

treatment of spermatozoa, electrophoreai8 ia not the only phenomenon 

that occurs. In addition to electrophoresis, both galvanotaxis and 

active motility of spermatozoa take place. Lhly if a potential grad-

ient high enough to immobilize all spermatozoa is utilized, is elec-

trophoresis the only factor to influence the migration of the sperma-

tozoa. However, in that case, first, all spermatozoa would migrate 

to one pole, and second, the per cent of spermatozoa to recover from 

the treatment would be very low. 

When the potential difference of the average intensity ia 

applied, spermatozoa will be recovered both from the anodic and 

cathodic part of the electrophoretic cell. This occurs in the fol-

lowing way: 

1. Immotile spermatozoa are carried electrophoretically 

towards one pole. 

2. Medium-motile spermatozoa swim actively, after under-

going galvanotaxis, towards the opposite pole. 

3. High-motile spermatozoa swim actively towards both 

poles penetrating the respective surface-tension barriers existing 

between the semen sample and the diluent. 

However, when the relatively low potential difference is 
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applied across electrodes of the macroelectrophoretic cell, no elec-

trophoresis and galvanotaxis take place; therefore, it can be said 

that the application of a current only increases the active motility 

of spermatozoa. If the current is of high enough degree for the 

spermatozoa to overcome the surface-tension barrier spermatozoa will 

be recovered at the end of the electrophoretic run from both the 

anodic and the cathodic part of the cell. However, if the motility 

of spermatozoa was not increased in sufficient degree, no spermato-

zoa would oe found in either part of the electrophoretic cell. 

The finding that no significant difference was observed 

between the electrophoretic mobilities of spermatozoa from normal 

and abnormal samples parallels the observations made in the human (32). 
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SUMMARY 

1. Bovine spermatozoa were studied electrophoretically 

both in macro- and microelectrophoretic cells. 

2. Under certain conditions spermatozoa were recovered 

both from the anodic and cathodic part of the macroelectrophoretic 

cell. 

3 . Microelectrophoretic studies suggest that "electrophoretic" separation of the spermatozoa depends at least upon (a) 

electrophoresis, (b) galvanotaxis, and (c) spermatozoa motility in 

conjunction with (d) the intensity of potential gradient. 

4 . Interrelation existing between these and other addition-

al factors (temperature, pH, ionic balance) have been discussed. 

5. Electrophoretic mobility of spermatozoa from normal 

bulls has been determined. 

6. The electrophoretic mobility of spermatozoa from 

several abnormal bulls did not differ significantly from that ob-

served for normal bulls. 



PART IV 

THE EFFECT OF ELECTROPHORESIS OH THE BIOLOGICAL 

CHARACTERISTICS OF SPERMATOZOA 
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I . FERTILIZING CAPACITY OF ELECTROPHORETICALLY TREATED semen 

The experiments presented in Pert III indicate that the best 

"separation" of bovine spermatozoa were obtained when the "treated milk" 

was used as suspension medium. It is obvious, however, that even if 

sex control could be achieved by electrophoresis, the procedure would be 

impractical if the conception rates obtained were low (37, 38). For this 

reason a number of cows were inseminated with different electrophoretic 

fractions and fertilizing capacity of semen so-treated was estimated on 

the basis of the number of 60-90 day non-return cows. Two groups of ex-

periments were performed. In the first electrophoresis was performed 

in both types of cells described in Part I I . Potential gradient varied 

from 3 to 5 with the running time ranging frcm 1 to 3 hours. In the 

second only the U-tube type electrophoresis cell was utilized. Potent-

ial gradient of approximately 2. 15 V/cm. was applied for periods of 45 

to 60 minutes. 

All samples were examined microscopically before and after 

electrophoresis. The good recovery samples were maintained overnight at 

5° C. and used the following day for insemination purposes. Only in two 

cases (Experiment I) were samples processed and frozen (40) and used for 

insemination after storage for periods up to two months. 

EXPERIMENT I 

Table III illustrates the results obtained with inseminations 

performed with samples from 5 bulls. The average conception rate ob-

served was 78. 04 per cent. This value is not at variance with one ob-
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tained with untreated semen. Statistical analysis of the results indic-

ated that there was no difference in fertilizing capacities between the 

fractions regardless of their migratory characteristics. In the case 

of one bull from which three different ejaculates were treated electrophoretically, no difference in fertilizing capacity waa observed between 

the successive ejaculates or the various portions of the same ejaculate 

even though the collections were made three months apart. 

Of 26 cows which were inseminated with semen frozen after 

electrophoretic treatment 18 were assumed pregnant (a rate of 69. 22 per 

cent). 

EXPERIMENT II 

Table XIII shows the results observed in the second group of 

experiments. The average conception rate (74. 10 per cent) did not differ 

significantly from the one obtained in the experiment I (78. 04 per cent). 

Statistically no significant difference waa observed between the concep-

tion rates of the anodic and the cathodic electrophoretic fractions. 

However, when the conception rate obtained from the cathodic electro-

phoretic fraction waa compered with that from the central electrophoretic 

fraction a significant difference was observed (P-^-0. 05). No such 

difference waa observed between the fertilizing capacity of the anodic 

and the central electrophoretic fractions. None of the electrophoretic 

fractions when tested against controls differed significantly in their 

fertilizing capacities. 
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TABLE xII 
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TABLE XIII 
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DISCUSSION 

Gordon (24) t In his electrophoretic studies of rabbit spermat-

ozoa, observed a very low conception rate. From 201 inseminations, only 

15. 42 per cent were successful. This very low conception rate was also 

observed by Siljander^. Both these authors used similar buffer systems 

and dilutions as suggested by Schroder (55). The letter author did not 

give any information on conception rates observed in her experiments. 

Kordts (34) using the same type of macroelectrophoretic cell 

as well ss the buffer system of Schroder observed in two independent 

electrophoretic experiments conception rates of 56. 3 and 47. 4 per cent 

respectively. These percentages were lower than those observed in the 

control group (70. 9 per cent). 

The results presented here indicate that under electrophoretic 

conditions used (potential gradient, diluent, pH and tine) there is no 

reduction of fertilizing capacity of treated semen. It may be stated 

that in both experiments the conception rate was quite high (78. 04 and 

74. 10 per cent). 

The fact that in the second experiment the fertilizing capacity 

of the cathodic electrophoretic fraction has been significantly lower 

than the one observed for the central fraction agrees with the observat-

ions presented In Part I I I . It was mentioned there that only immotile 

spermatozoa and those of low motility migrate electrophoretically to the 

1 As reported by Cordon (24). 
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cathode. For that reason, under certain conditions, the cathodic fract-

ion should have more spermatozoa of lev nobility than would the anodic 

fraction. Consequently a lower conception rate may be expected from 

cathodic than from the anodic electrophoretic fraction. 

Kordts (34), studying the effect of different diluents on the 

viability of spermatozoa, concluded that Schroder's buffer itself had 

quite an adverse effect on the rabbit spermatozoa. This author suggested, 

therefore, that artificial insemination should take place ae soon aa 

possible after the semen has been diluted. It la possible that the use 

of that buffer in earlier experiments waa the main cause of low concept-

ion rates observed by Cordon and Siljander. However, it ia known that 

"treated milk* represents one of the best diluents for bovine semen be-

cause of its capacity to protect spermatozoa against a variety of exo-

genous damaging factors and agents (6, 7 , 22, 33, 40, 53). It may be assumed 

that this protecting quality of milk diluent haa been manifested in the 

presented electrophoretic studies. 
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SUMMARY 

1. Samples of semen were treated Electrophoretically in two independ-

ent groups of experiments. 

2. "Treated milk" was used as diluent. 

3. Fertilizing capacity of so-treated semen was estimated on the 

basis of the number of 60-90 day non-return cows. 

4 . From 442 cows Inseminated with electrophoretically treated semen, 

334 (75. 56 per cent) did not return. 

5. From 25 cows inseminated with untreated semen 20 did not return 

(80. 00 per cent). 

6 . No decrease in fertilizing capacity of electrophoretically treat-

ed semen was observed under conditions of the experiment. 

7 . These observations were compared and discussed with those reported 

by other authors. 
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I I . PRELIMINARY OBSERVATIONS ON THE SEX RATIO IN CATTLE 

RESULTING FROM THE ELECTROPHORETICALLY TREATED SEMEN 

At present only limited information is available on the sex 

ratio of the offspring of cattle inseminated with the electrophoretically treated semen. It should be emphasized, however, that the electrophoretic conditions under which the semen was treated were not as 

good as it were established later in the course of this investigat-

ion. For that reason the results presented should be taken with 

caution. The second type of electrophoretic cell was used at the time 

of the electrophoretic treatment of the semen samples used in these in-

seminations. Other electrophoretic conditions were as follows! 

Diluent: "Treated milk" (pH 6 . 7-6. 8 ) . 

Potential Difference: 5. 0V/cm. in the first and 3. 5 

V/cm. in the second and third run. 

Time: 120 minutes in the first and 180 minutes in the 

second and third run. 

o 
Temperature: 67-68 F. 

Table XIV and Table XV show the results of sex ratios ob-

served frcm the anodic and cathodic electrophoretic fraction respect-

ively. These results show that artificial insemination of cattle with 

the anodic or cathodic fraction did not result in deviation of sex 

ratio from the theoretical value (0. 5). A test of homogeneity also 

revealed no significant difference between the individual runs. 
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TABLE XIV 
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DISCUSSION 

The limited number of observations excludes any extended dis-

cussion regarding the relationship between electrophoresis of the semen 

and the sex ratio of the offspring. The results presented sre in agree-

ment with those of Kordts (34) and at the variance with reports by 

Schroder (55) and Cordon {24). These authors reported that both anodic 

and cathodic fraction of semen gave 8ignificantly higher or lower pro-

portion of males respectively. Siljander^, however, repeating Schroder's 

experiments, observed no alteration of sex ratio after inseminating 

rabbits with one electrophoretic fraction, but did 80 when inseminating 

with the opposite electrophoretic fraction. At present it may be stated 

that further observations are necessary in order to establish the effect, 

if any, of the electrophoresis of semen on the sex ratio of the offspring. 

1 As reported by Cordon (24). 
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SUMMARY 

1 . sex ratios of the offspring of cove inseminated with the electro-

phoretic fractions of semen are presented. 

2. ho effect of anodic or cathodic electrophoretic fraction on the 

sex ratio vaa observed. 

3. The importance of further studies in 8olving this problem is 

emphasis zed. 



GENERAL SUMMARY 
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GENERAL SUMMARY 

1. BOVINe seminal proteins and spermatozoa were studied 

electrophoretically. 

2 . Filter-paper and starch-gel electrophoresis revealed 

7 and 16 seminal-plasma proteins respectively. 

3 . Relative amounts for these proteins were established 

and were found to fluctuate within broad limits. 

4 . !-o qualitative or quantitative relationship was found 

between seminal-plasma proteins and blood-serum proteins. 

5. Two types of macroelectrophoretic cells for the elec-

trophoresis of spermatozoa were developed and their operation de-

scribed. 

6 . Electrophoretic conditions under which viable spermatozoa 

were recovered both from the anodic and cathodic part of the macro-

cell were established. 

7 . Microelectrophoretic studies suggest that the "elec-

trophoretic" separation of the spermatozoa depends upon (a) electro-

phoresis, (b) galvanotaxis, (c) motility of spermatozoa, and (c) po-

tential gradient. 

8. ho decrease in fertilizing capacity of electrophoretic-

ally treated semen was observed when "treated milk" was used as the 

diluent. 

9. i preliminary biological experiments did not indicate a 

positive effect of electrophoretic treatment of bovine semen on the 

sex ratio of the offspring. 
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