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ABSTRACT

ELECTROPHORETIC AND IMMUNOELECTROPHORETIC ANALYSES
OF SERUMS FROM NORMAL COWS AND COWS EXPERIMENTALLY
AND NATURALLY INFECTED WITH MYCOBACTERIA

by George Leonard Wright, Jr.

Apparatus and techniques for starch-gel electrophore-
sis and for the rapid staining and destaining of both starch
and disc gels were developed. This facilitated the mechan-
ical manipulation of starch-gels during the preparation and
slicing procedures and eliminated handling of gels during
the staining and destaining processes.

Serums from normal and tuberculous cattle were
analyzed by various electrophoretic procedures. A modified
polyacrylamide gel electrophoretic procedure, tentatively
named differential disc electrophoresis, was the most sensi-
tive single procedure. Thirty to thirty-eight fractions
were detected in normal bovine serum by this technique. A
nomenclature was proposed for the fractions separated by
cellulose acetate electrophoresis, starch-gel electrophore-
sis, and immunoelectrophoresis.

. A hypergammaglobulinemia and a decrease in albumin
were detected by all electrophoretic procedures in the

serums from calves inoculated with M. bovis, virulent



George Leonard Wright, Jr.

Group III's and serums collected from naturally infected cows
prior to tuberculin testing. No changes were detected in the
electrophorograms of serums from calves inoculated with M.
avium or avirulent Group III, or from tuberculin negative
cows.

Changes in the albumin/gamma globulin (A/G) ratio
calculated from cellulose acetate electrophorograms were
differential for cattle inoculated with virulént mycobacteria
(except one virulent Group III, strain 51C).

Starch-gel, differential disc electrophoresis, and
immunoelectrophoresis detected an increase in an alpha2
globulin fraction in serums 7 to 28 days after injection of
virulent mycobacteria (including strain 51C) and in serums
collected prior to tuberculin tests from tuberculin-positive
gross-lesion and no-gross-lesion cows. This fraction was
unchanged in serums from calves inoculated with M. avium and
avirulent Group III mycobacteria. The fraction has been

tentatively named the alpha,-V (virulence) fraction and was

2
most reliably detected by starch-gel electrophoresis.
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PREFACE

Tuberculosis occupies a peculiar place in the
history of medicine. By the end of the nineteenth
century, more was known of its clinical manifesta-
tions and pathological characteristics than was
the case for any other important infectious dis-
ase. Yet, the genesis of its lesions and the
factors which influence their course constitute
today one of the most obscure chapters of pathol-
ogy. Similarly, while the tubercle bacillus was
one of the first pathogenic microorganisms to be
isolated and extensively studied both in vivo and
in vitro, knowledge of its pathogenic determinants
has hardly advanced during the past two decades.
Factual information concerning its metabolism and
composition, its immunological behavior, and the
properties responsible for its virulence is so
deficient that it contributes but little to the
understanding of the disease. In other words,
the study of tuberculosis, which was in the fore-
front of medical sciences fifty years ago, now
lags several decades behind that of many other
human infections.

Rene J. Dubos (52)

The paradox of tuberculosis is also apparent from
the attempt to eradicate bovine tuberculosis. Enough was
known about the mode of transmission, and methods of detec-
tion such as the tuberculin test that the incidence of the
disease was reduced in the United States from 4.5 percent
in 1917 to 0.2 percent in 1940. Since 1940 the incidence
has decreased only 0.1 percent. The disease continues to
exist at a surprisingly high incidence in geographic pockets

in spite of the eradication program. Why does the organism
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persist in animals in these areas where the eradication
program is as vigorously pursued as in areas where the dis-
ease has essentially been eradicated? A logical answer to
this provocative question has been made by Dr. W. L.
Mallmann (119), Department of Microbiology, Michigan State
University:

It is apparent that our knowledge of bovine
tuberculosis is inadequate. Otherwise the pro-
cedures in use to detect and eliminate bovine
tuberculosis would have continued to reduce the
incidence and the disease should have disappeared.
Certainly the uses we have made of the procedures

for eradication were good. Thus, the faults lie
in lack of knowledge.

Because a large number of tuberculin positive cfttle
failed to show any gross lesions indicative of tuberculosis
upon slaughter, the United States Department of Agriculture
decided that a rigorous investigation of this problem was
needed. Research was initiated at the College of Veterinary
Medicine, in the Department of Microbiology and Public
Health and the Department of Pathology at Michigan State
University in 1959 by means of a contract with Animal Dis-
ease and Parasite Research Division and a Cooperative Agree-
ment with the Animal Disease Eradication Division (now the
Animal Health Division), United States Department of Agric-
culture.

The research at M.S.U. was designed primarily to

investigate the so-called no-gross-lesion (NGL) cattle. The

initial investigations were concerned primarily with methods
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of isolation and identification of acid-fast organisms from
tissues of gross-lesion and no-gross-lesion tuberculin

positive cattle. Mycobacterium bovis was isolated from some

of these NGL cattle. A large number of the isolants from
NGL cattle and some from gross lesion cattle were "atypical"
acid-fast organisms. They were identical or very closely
related to those isolated from tuberculosis-like disease in
man.

The isolation of the "atypical" acid-fast organisms
from tuberculin positive cattle presented new problems: Do
they cause tuberculosis or tuberculosis-like disease? Do
they cause tuberculin sensitivity without disease? Their
relative virulence in cattle, swine, guinea pigs, rabbits,
and chickens, and the routes by which calves were suscepti-
ble to these "atypical" organisms were investigated. Many
of the atypical organisms were Runyon Group III (slow grow-
ing, nonpigmented and nonphotochromogenic) and varied mark-
edly in infectivity in guinea pigs and calves. Some pro-
duced a generalized progressive disease similar to the
disease caused by M. bovis, some were of low virulence and
produced only a primary complex and some produced no disease
in experimental calves. Those which were infectious usually
induced a tuberculin reaction of both mammalian and avian
tuberculins. The response varied depending largely upon the

extent of the disease, whether the disease was progressive
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or nonprogressive, and whether it was generalized or
localized.

Investigations were initiated to evaluate specific
sensitins and serologic tests as aids in differential diag-
nosis of mycobacterial infections. Serologic tests such as
the hemagglutination (HA), complement fixation, and immuno-
diffusion tests were found to yield false negative and false
positive reactions. 1In some cases, a false positive re-
sponse was attributed to an anamnestic-like reaction elic-
ited by tuberculin. A recent epidemiologic study indicates
that on a herd basis, the cervical skin test and 640 HA
titer are supportive tests for M. bovis infection.

The ambitious effort at M.S.U. has contributed
greatly to our knowledge of bovine tuberculosis but con-
tinued study is required before the eradication program can
be effectively modified. Time is a critical factor as indi-
cated in the field of human tuberculosis by Dubos (53):

All biologic experience indicates that we are
working against time in the campaign to erad-
icate tuberculosis. The period of time may be
ten years or more, but it has very definite
limits. Chemotherapy has a chance of fulfilling
its full potential effect in tuberculosis control,
only if the public health attack is made before
the current irregular and disorganized treatments
have swelled the number of drug-resistant bacilli
to the danger point. It is for this reason that

the time for a campaign of eradication of tuber-
culosis is now . . . lest it be never.



The need still exists to differentiate between tuberculous
infection and disease, progressive or nonprogressive, that
is to detect the animals which are of potential hazard to
man and other animals. A single specific serodiagnostic
test and/or specific sensitins for each species of myco-
bacteria is needed to accurately detect bovine tuberculosis
and tuberculosis-like disease in the herd. Because some-
thing is now known about the kinds of mycobacteria which
exist, studies of antigen-antibody reactions can make direct
or indirect meaningful contributions toward the ultimate
goal of tuberculosis eradication. Such studies are under

investigation at M.S.U.
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INTRODUCTION

Many attempts have been made to use serologic tests
to diagnose tuberculosis in man and animals. Various anti-
gen preparations and serologic techniques such as agglutina-
tion, precipitation, complement fixation, and hemagglutina-
tion with its various modificaticns, have been investigated.
No test has reliably differentiated tuberculosis, tuberculo-
sis-like disease caused by "atypical" acid-fast organisms,
or nontuberculosis.

Electrophoretic studies of the serum proteins in
tuberculous and nontuberculous humans and animals have
been made to find specific changes that might be of diag-
nostic or prognostic significance. Although scme success
has been achieved, most of the changes detected reflected
the nonspecific physiologic change in the body rather than
a change specific for tuberculosis. Moving boﬁndary or
paper electrophoretic methods were generally used. They
lack the sensitivity of gellified media tests, such as
starch—-gel electrophoresis, acrylamide electrophoresis, and
immunoelectrophoresis. It is possible that specific frac-
tions, antibody or non-antibody proteins, or both, could be

detected and isolated with improved fractionation precedures.



Considerable emphasis has been placed on the need to
isolate specific mycobacterial antigens. To utilize specific
antigens in a serodiagnostic test, antiserums must be exam-
ined to demonstrate the fractions that contain any diagnostic
specific antibodies or antigen-antibody complexes. The
failure to demonstrate specific antibodies from some tuber-
culous individuals may not be the failure of the animal to
produce antibody, but failure in the design of the test
procedure. Also the mechanisms of antibody production
against mycobacterial antigens and natural resistance mech-
anisms in the animal must be investigated. According to
Seibert (167), there may be little progress in the develop-
ment of serologic tests for tuberculosis because of the
interplay between antigens, antibodies, and lysozyme in vivo.
More understanding of the interactions is needed before diag-
nostic procedures for the detection of tuberculosis and
tuberculosis-like disease can be devised for the practicing
physician and veterinarian.

This is a report of the studies made of serums from
ncrmal cattle and from infected cattle. Various separatory
procedures were used for the fractionation of normal bovine
serum proteins: cellulose acetate electrophoresis, starch-
gel electrophoresis, acrylamide electrophoresis, and immuno-
electrophoresis. A standard nomenclature is proposed for

the electrophoretic and immunoelectrophoretic patterns of



normal bovine serum components. Results are presented of
the electrophoretic and immunoelectrophoretic evaluations
of serial changes in serum proteins from naturally infected
cattle and from cattle experimentally infected with various

strains and species of mycobacteria.



HISTORICAL REVIEW

There are numerous methods available for analyses of
serum proteins. Electrophoresis, the separation of ionic
mixtures in an electrical field, is one of the most impor-
tant analytical techniques presently available to the

research and clinical scientist.

Zone Electrophoresis

Zone electrophoresis refers to a number of tech-
niques in which the electrophoretic separation is carried
out in a solid or semisolid support medium which is a modi-
fication of the liquid system employed in the classical
moving boundary or free solution electrophoretic method
(190). 1t offers the advantage that particular zones may be
stabilized and stained or isolated for further investigation.

Various stabilizers as solid supporting media have
been employed such as: glass beads, sands, resins, powdered
cellulose, asbestos, sponges, filter paper, cellulose ace-
tate membranes, and various gels (103). The supporting
medium is ideally inert and the separation of components
results from their electrophoretic mobility. Gel filtration
can be an additional separatory technique in some types of

zone electrophoresis such as starch—gel and acrylamide gel.



The basic design of all zone electrophoretic systems
consists of two electrode vessels with the electrolytic
bridge (supporting medium) between them. A potential dif-
ference applied across the two vessels of electrolyte will
cause a current to flow across the electrolytic bridge. The
flow of electrons is toward the anode. An ionizable sub-
stance separates into its different electrophoretic compo-
nents because of variation in charge, molecular weight, or
both (46, 54, 103). A number of factors influence the
electrophoretic separation: the concentration, constituents,
consistency, and pH of the buffer; isoelectric points of
the sample; temperature; and electroosmotic flow.

The main functions of the buffer solution are to
conduct current and maintain pH of the sample. Since the
majority of serum proteins have their isoelectric points
between pH 4 and pH 8 the electrolyte solution is usually
buffered between pH 8.2 and pH 8.6 (46). Above pH 8.0,
most, if not all, serum proteins react as anions in an
electrical field (33). The ionicity of the electrolyte
solution must be sufficient to provide adequate buffering
capacity. The maximum permissible ionicity is determined
by the amount of heat due to resistance that can be toler-
ated. Because of the heating effect of currents the
ionicity, temperature, voltage and pH must be carefully
regulated, particularly when gellified media are used.

Excessive current can cause drying of the supporting medium,



PH changes as a result of electrolysis of buffer salts, and
increased ionic mobilities (54, 196). To avoid depleting
the buffer capacity of the electrolyte solution due to
electrolysis of buffer salts during electrophoresis, a
buffer solution with low ionicites between 0.075 and 0.1 is
used (106).

The constituents of the buffer solution may also
influence the separation of an ionic mixture. A buffer con-
sisting of tris (hydroxymethyl) aminomethane (tris),
ethylenediaminetetraéetic acid (EDTA), and boric acid was
described by Aronson and Gronwal (l1). Human serum proteins
were separated into 9 fractions which Qas superior to the
separation in the barbital buffer commonly used in paper
electrophoresis.

A discontinuous buffer system in which tris-EDTA-
borate buffer is applied to paper, and barbital buffer in
the buffer vessels was described by Goldberg (63). Resolu-
tion of abnormal hemoglobulins was superior to that in
barbital or tris-EDTA-borate single buffers. The addition
of either calcium or magnesium salts to barbital buffer
facilitates the separation of the beta globulins (107, 108).

Water tends to move toward the cathode during elec-
trophoresis in alkaline solutions because of negatively
charged carboxyl groups on many of the supporting materials
(97, 103, 180). The movement of the water is called electro-

osmotic flow. It is greater in buffers which are less



concentrated or at a pH which increases the ionization of
the carboxyl group of the supporting material. Little
electroosmosis occurs in filter paper and cellulose acetate
relative to that which occurs in agar gel (46). These and
other factors regulating the separation obtained by zone
electrophoresis have been discussed (15, 16, 43, 109, 125,
157, 196, 211).

The greatest impetus to zone electrophoresis was the
introduction of filter paper as a supporting medium, It
afforded many advantages: complete separation of individual
components; storage for a permanent record; required only a
small sample volume; facile; many analyses performed simul-
taneously; no prior dialysis of sample required; and analy-
ses made at room temperature (157). Despite its great use-
fulness and many applications, interest in paper electropho-
resis as a clinical tool has diminished in the last several
years. Because of albumin tailing, the added background
color causes the percentage of albumin to always be low
while the globulin values are correspondingly increased (166).

Cellulose acetate waé introduced as a supporting
medium for zone electrophoresis by Kohn (94). The strips
are used the same as paper strips but it offers some notable
advantages. The background is transparent and colorless,
and the definition of the protein bands are much sharper
(42, 94, 97). An investigation of the effect of buffer

composition, ionicity, and pH, electrolyte volume, strip



length, voltage, sample size and position, and migration
time, on the sample separation obtained with this medium
was reported by Brackenridge (24). A microadaptation using
cellulose acetate has been developed by Graham and Grunboom
(66) which permits separation of serum proteins within 15
minutes. This medium may also be used for immunoelectro-
phoresis (95, 97, 165).

Agar gel electrophoresis is a widely used technique,
particularly the method of Wieme (207) utilizing agar coated
microscopic slides. A recent modification employs movie
film leader strip (Cronar strips) which is firm yet flexible
enough to fit into some of the commercial equipment orig-
inally made to accommodate paper strips (38). 1In agar, as
with cellulose acetate, there is not tailing of the albumin
and the bands are sharply delineated from the background (43,
45, 64). The chief disadvantage is that considerable elec-
troosmosis occurs (101, 103).

Starch-gel (179, 180) and acrylamide gels (132, 153)
are finely porous and act as sieves as the protein molecules
migrate through them. Thus, the proteins are separated not
only by differences in electrophoretic mobility but also by
their molecular size (179). The substantial increase in
resolving power of sieving gel matrices over that of con-
ventional filter paper electrophoresis is effectively demon-

strated with a complex protein mixture such as human serum.



In a single electrophoretic analysis, a filter paper tech-
nigque commonly resolves 5 to 7 protein fractions; starch and
acrylamide gels resolves 20 to 30 fractions. The separating
power of these gels has been thoroughly discussed by Smithies
(181, 182); Raymond (152, 154); and Ornstein (132).
Starch—gels can be used in horizontal (179) or ver-
tical systems (180). 1In either method, starch-gel is made
into a block and the sample inserted into a slot in the gel.
Electrophoresis proceeds for 18 hours. Several layers are
cut from the block. One layer is usually stained for pro-
tein and the others are stained for specific components of
serum. The vertical method permits the sample to be inserted
into the gel without any supporting substance, reduces elec-
trodecantation, improved the resolution of serum proteins
considerably, and reduced the difficulties of obtaining
reproducible results. A discontinuous system of buffers in
starch—gel medium permitted higher voltage gradients,
reduced the time required for electrophoresis and increased
resolution of toxins, enzymes, and human serums (141).
Starch—gel electrophoresis permitted the separation
of certain serum proteins, such as the haptoglobins, which
had not been possible with the standard electrophoretic pro-
cedures (183, 185). As a result, starch—gel has been
employed extensively in investigation of serum proteins,

enzymes, hemoglobins, transferrins, and haptoglobins.
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It has also been employed to demonstrate the para-
proteins found in cases of myeloma (14), and for separation
and characterization of LDH isoenzymes (87, 212).

Starch—gel electrophoresis has not become popular in
the routine diagnostic laboratory because it is technically
quite difficult. However, Marsh et al. (121) have described
a modification of the conventional technique which makes it
simple to perform, flexible, more rapid, and more adaptable
to routine clinical usage.

Difficulty in correlating findings of paper and
starch—gel electrophoresis stimulated development of a two-
dimensional electrophoretic analysis combining migration
first in filter paper and second at right angles in starch
gel (143). The protein components common to both the whole
serum and the serum fraction obtained from filter paper
electrophoresis can be identified as uninterrupted bands
across the entire width of the gel. Ashton (6) found bands
not detected by agar or starch-gel singly by using agar in
the first direction and starch-gel in the second direction.
The chief advantage of this method is to correlate bands
detected in starch with those separated in a classical sys-
tem (paper, cellulose acetate or agar).

The utilization of polyacrylamide gels for zone
electrophoresis wés reported independently by Raymond and

Weintraub (155) and Davis and Ornstein (50). The vertical
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slab procedure separates and resolves serum proteins and
hemoglobin qualitatively similar to that seen in starch—gels
(152, 155). The properties and preparation of acrylamide
gels and applications was reviewed by Raymond (150). There
is no retrograde migration of gamma globulin due to elec-
troendosmotic flow as occurs in starch-gels (149, 153).
Heremans et al. (76) described a two-dimensional technique
employing paper in the first direction and cyanogum gel in
the second direction. Raymond and Aurell (151) employed

a low concentration acrylamide gel in the first direction
followed by a high-concentration gel in the second direction
to produce separations analogous to those obtained in two-
dimensional paper chromatography.

Disc electrophoresis (50, 132) employs polyacryla-
mide gel in narrow glass cylinders. The salient character-
istics of this technique reside in (1) the controlled varia-
tion of the pore size for the purpose of increasing the
resolution of ions based on dimensional differences and
(2) an electrophoretic step for concentrating the sample
ions into a narrow starting zone prior to electrophoretic
separation. Human serum proteins, in particular, have been
extensively examined by this method with over 20 protein
zones demonstrated (49, 122, 214). However, the number of
protein bands are so numerous that the system is of no
benefit to the routine diagnostic laboratory because satis-

factory interpretation of the complex patterns is not yet
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possible. Furthermore, the gamma globulins are not ade-
quately separated. They migrate as a broad zone from point
of origin to the transferrin band which makes the background
gel hazy (49). The greatest use of this technique presently
is with special histochemical stains particularly for the
study of enzymes. Because a very small quantity of protein
is required it is particularly effective for separation of
proteins in body fluids with low protein content (49).

Electrophoretic separation of serum proteins in
starch and acrylamide gels is technically far more advanced
than our knowledge of the significance and characteristics
of these substances. Until these are understood, the sepa-
rating power of starch and acrylamide gels will not be fully
utilized.

Measurement of Proteins Separated
in Solid Media

After proteins are separated in solid media, the
methods for measuring are generally grouped as chemical or
densitometrical. For clinical purposes, scanning is a more
convenient and simple procedure. The amount of dye that
binds to a protein will vary with the dye and the protein.
Errors in measuring protein by bound dyes are inherent since
the binding capacity of many proteins is unknown.

If given systems are standardized, and automatic
scanners used the errors can be negligible (4, 25, 31, 35,

91, 97, 136).
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The densitometric analyses of proteins separated in
starch-gels are more difficult. Before making transmission
measurements of the starch—-gel, the translucent destained
gel must be made transparent by heating the gel slowly in 5
to 10% acetic acid or glycerol (67, 136, 160). Glycerol is
preferable because no dimensional changes occur during the
prolonged period of the gel manipulation. Heating in acetic
acid makes the gels more fragile, and due to drying shrink-
age may reduce reproducibility. Slicing the starch—gel
introduces another error because the gel is too elastic and
soft to cut at a uniform thickness (123). The use of acryla-
mide gels eliminates the need of treatment before scanning
because of their transparency. Densometric analyses of
proteins separated in gels are discussed in the following
papers (73, 136, 160, 195, 213).

The elution of proteins from starch-gels is diffi-
cult but can be done by: (1) digesting the starch with
amylase (2) freezing and thawing the gel which breaks the
structure and leaves a sponge-like substance followed by
centrifugation and (3) by electrodialysis (17). The latter
is the most satisfactory method and is detailed by Moretti
et al. (126).

Elution of stained bands from cellulose acetate
strips is very satisfactory and rapid, more so than filter
paper. Ponceau S stained bands can be eluted with sodium

hydroxide followed by the addition of acetic acid (58, 97).
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Immunoelectrophoresis

Immunoelectrophoresis (IE) is a sequential combina-
tion of electrophoretic separation and double diffusion in
the same agar (65). The resolution is markedly increased.
It resolved more than twenty distinct antigenic components
in human serum. Scheidegger (164) used microscope slides
which reduced the amount of reagents required and shortened
the periods of electrophoresis and immunodiffusion.

Supporting materials other than agar have been used
for IE: paper (59, 140, 205); starch—gel (3, 99, 142);
cellulose acetate (94, 96, 98); and polyacrylamide gels (86).
Agar was the most useful because it is negatively charged,
has a high gel strength, is nearly transparent, is soluble
in an aqueous medium, has few ionized groups, and undergoes
little nonspecific reactions with proteins (46, 208). Starch-
gels were opaque so that relatively high concentrations were
required which increased the possibility of nonspecific
interactions with proteins (99, 142) and reduced the rate
of diffusion.

Highly purified agar is used to decrease electro-
osmosis and extraneous salts (46, 80, 10l). To insure
reproducibility of results, agar should be prepared in a
single batch (46).

Procedure for IE essentially consists of covering
glass plates or slides with 1-2% agar dissolved in an appro-

priate buffer. After solidification, a well is cut in the
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agar and filled with sample. It is connected to the two
buffer vessels with filter paper, and electrophoresed as
for zone electrophoresis (p. 5). Following electrophoresis,
a trough is cut in the agar parallel to the axis of migra-
tion. Antibodies specific for the antigen constituents of
the sample are added. The plates or slides are incubated
in a moist chamber at a predetermined température. The
antigens and antibodies diffuse radially from their respec-
tive centers and form visible bands of precipitates which
can be stained (46). Other identification procedures can
be used such as special staining techniques, enzymatic
reactions, or radioimmunoelectrophoresis (45, 64, 209).

The same variables influencing the separation of
ionic mixtures in zone electrophoresis (described on page
5) also influence IE. 1In addition, the electrophoresis and
immunodiffusion must be carried out in the same environment.
The required buffer system for electrophoresis may not be
the optimum conditions for antigen-antibody precipitation.
The low ionic strength used in agar electrophoresis will
not support specific precipitation by some antiserums (46).
The ionicity, pH, and type of salts used in the buffer have
to be determined empirically, and frequently it is a com-
promise.

Low ionicity increases the rate of migration of

fractions but broadens their zones and lowers resolution.
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Increasing the ionicity causes overheating and decreases

the diffusion rate of macromolecules. A pH should be
selected which maintains the negative charge on the anti-
genic constituents to prevent their absorption to the gell-
ing medium. Barbital buffers at pH 8.2 to 8.6 with low
ionicities of 0.025 to 0.1 are generally used (46). It is
not without its limitations. The barbital precipitates some
non-antibody components of human serum (100), probably the
alpha lipoprotein (46).

Optimal conditions for immunoprecipitation follow-
ing electrophoresis are the same as those for gel double
diffusion tests. At least three other problems may occur.
First, electrophoresis can separate antigens from each other,
and one may depend upon the other for their solubility in
agar gels. When the protective substance, probably an

alpha,-liproprotein (194) is removed, the unprotected

2
molecules may form irregular precipitin arcs in the agar
which are not due to specific antigen-antibody reactions
(46) . The addition of gelatin or glycine to the agar may
act as protective agents (46). Second, the slopes of pre-
cipitin arcs in immunoelectrophoresis are governed by more
factors than those in double diffusion plates primarily:
mobility, electrophoretic heterogeneity, slope of the anti-

gen diffusion fronts, the diffusibility of the antigens, and

the relative preparations of the reactants (46, 64, 80, 92).
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Third, and probably most important, a molecule or complex
with two different determinant groups may be split by
electrophoresis or denatured during electrophoresis.

The probability of two or more antigens forming
superimposed precipitates is decreased by IE because the
electrophoretic mobility as well as the diffusibility and
reactant ratios would have to be identical or very closely
similar. The probability of the simultaneous occurrence of
all those factors, during IE, however, is very slight (81).

One of the more important reagents and chief limit-
ing factor of IE is the antiserum. Variations occur due to
the differences in antigenicity of the various constituents
in the test sample and the qualitative and quantitative dif-
ferences in the antibodies elicited (22, 46, 147, 206). The
quantity, quality, and kind of precipitating antibodies can
be influenced by route of injection, physical state of anti-
gens, and variability in the immunologic responsiveness of
individual animals of the same and different species.

Crowle (46, p. 93) states:

The dynamics of single and double diffusion tests
and of immunoelectrophoresis are sufficiently
complex to call for a great deal of caution in
interpreting results obtained from those tests,
but this very complexity contributes to their
ability to yield remarkably varied information
involving antigen-antibody precipitations con-
sequently, efforts made by users of these tests

to understand their intricacies will be rewarded
with a generous return of knowledge.
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Electrophoresis a

a Diagnostic Tool

One of the most significant contributions of elec-
trophoresis has been the identification of different hemo-
globulins (88) and haptoblobulins (180). However, the
analyses of serum and plasma requires that normal patterns
be established. Patterns have been established for several
animal species but the changes in pattern due to disease and
nutritional deficiency have rarely been of direct diagnostic
value. They are more frequently a general index to the
physiologic condition of the patient (111).

To interpret changes in electrophoretic patterns it
is essential to know the site of production, half life, and
site of destruction of serum proteins in vivo. It is gen-
erally believed that albumins, fibrinogen and alpha globu-
lins are produced in the liver. Gamma globulins and possi-
bly some beta globulins are probably produced by plasma
cells in splanchnic bed, bone marrow and lymph nodes (55).
Some protein, primarily albumin, is filtered and reabsorbed
in the kidney which maintains normal colloidal osmotic pres-
sure (72, 137). ©Under certain pathological conditions,
large amounts are lost. Significant changes in protein
pattern may be encountered in liver disease, in disorders
of the reticuloendothelial system, or when abnormal amounts
are lost through the kidney. Non-specific, stress patterns
and bacterial infections (13, 137) can cause a hypoalbumin-

emia, decreased beta globulins and increased alpha and gamma
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globulins. Alpha globulins, particularly alpha increase

27
in high fever and tissue destruction. Alpha2 increases
markedly in the nephrotic syndrome. Beta globulins are
often increased in conditions in which increased serum
phospholipid and cholesterol are associated. Hypergamma-
globulinemia occurs in chronic infection, in liver disease
and collagenous disorders. Hypergammaglobulinemia was
usually indicative of increased antibody production (11, 69,
190) although some gamma globulins may be serologically
"inert" (12). Heremans (75) found that the gamma A, gamma
M and the gamma G globulins of the human system possessed
antibody activity. In most bacterial diseases, the gamma
globulin concentrations did not parallel resistance (13).
Specific patterns have been described for relatively
few diseases. Many of the disease-induced alterations that
have been detected in the plasma constituents of men and
animals, are noted in the following reviews (13, 32, 36, 37,
55, 69, 71, 89, 100, 105, 110, 111, 114, 115, 134, 137, 146,

156, 166, 186, 187).

Electrophoresis of Bovine Serum

With the moving boundary electrophoretic technique
of Tiselius, bovine plasma were separated into five major
fractions--albumin, alpha, beta, and gamma globulin and
fibrinogen (84, 162). Alpha globulin was separated into

two and gamma globulin into three subfractions (26, 27, 138).
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Some differences are reported in the number of com-
ponents separated in bovine serum by paper electrophoresis
but, in general, the same major fractions were obtained
with the moving boundary technique. Rooney (159, personal
communication) tould not separate the components in bovine
serum as satisfactorily as those in human serum. Individual
components diffused more and the alpha globulin did not
separate with any of the phosphate or veronal buffer systems
utilized. With paper electrophoresis bovine serum separated
into more than six components (18, 19, 47, 93, 138). The
beta fraction was difficult to separate by paper electropho-
resis in veronal buffer (47). Tris-buffer increased the
resolution of more globulin fractions (Czernicki, personal
communication) .

The various amounts of protein found in bovine serum
by electrophoretic techniques was reviewed by Nilssen (130).
The results obtained by various authors are not necessarily
comparable. It is essential to consider the different
apparatus, buffer solutions, etc. which were used (198).

Cellulose acetate has not been employed as a medium
for the separation of bovine serum, and agar gel has been
used only in a few cases (Cornelius, personal communication)
with similar problems in separating the globulin fractions.

Bovine serums have been studied with starch—gel
electrophoresis to detect serum protein polymorphism. The

polymorphism is associated in the beta-globulin region of
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the electrophoretic pattern. Cattle serums on the basis of
the variation in the beta-region, can be divided into five

groups (6, 184); a sixth group was subsequently recognized

(8).

Whole bovine serum was separated up to 25 components
(7, 104, 184) by one directional starch—-gel electrophoresis
and into 24 components by two-dimensional agar or starch-gel
electrophoresis (7). Brummerstedt-Hansen (30) studied
transferrin types in cattle with starch-gel electrophoresis
and immunoelectrophoresis. Disc electrophoresis produced
more discrete and more easily analyzed transferrin bands
than starch-gel electrophoresis (148).

The more sophisticated gel electrophoretic proce-
dures have had limited use in evaluating various diseases of
cattle. Most reports have been on the use of moving boundary
or paper electrophoresis. San Clemente and Huddleson (162)
analyzed serums from cows infected with brucella by the mov-
ing boundary method. Moving boundary method detected hyper-
beta- and hypergammaglobulinemia one and three weeks, respec-
tively, after cattle were experimentally infected with the
virus of foot-and-mouth disease (26, 27). Rooney (159)
studied seven bovine disorders by paper electrophoresis:
Ramsey-type mucosal disease (hyperalpha-globulinemia);
lymphomatosis (double alpha peak, hypoalbuminemia and hyper-
gammaglobulinemia); vegetative endocarditis (hypoalbuminemia

and hyperalpha- and hypergammaglobulinemia); traumatic
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reticulitis and hydronephrosis, amyloidosis (hypoalbuminemia
and hypergammaglobulinemia); foot rot (hypoalbuminemia and
hypergammaglobulinemia). A hyperalpha-, hyperbeta- and
hypergammaglobulinemia was found by paper electrophoretic
analyses of cows experimentally infected with anaplasmosis
(51, 158).

Brown (28, 29) used agar electrophoresis, immunoelec-
trophoresis and paper electrophoresis of normal serums and
serums from cows and guinea pigs experimentally infected
with the virus of foot-and-mouth disease. The mobility of
the precipitating antibodies altered considerably during

convalescence was of prognostic value.

Electrophoresis in Human Tuberculosis

Many attempts have been made to find specific anti-
gens, antibodies or other components in the blood which
could be of diagnostic or prognostic value for tuberculosis.
Measurement of erythrocyte sedimentation rate, blood volume,
PH, non-nitrogenous protein content and inorganic ion con-
tent have been examined (113, 127). No single test or com-
bination of tests is conclusively specific for tuberculosis.
Some of the changes aid in determining the extent and activ-
ity of the disease and the prognosis.

The electrophoresis of the serum proteins from
tuberculosis individuals has been studied extensively and
with similar results. Early studies of serum by moving

boundary electrophoresis revealed changes that roughly
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parallel the extent and activity of the disease. Hypoalbu-
minemia and a reduction in the normal albumin/globulin ratio
(A/G) were common (168, 169, 172). Increase in the alphal,
alphaz, and gamma globulins and decrease in albumin occurred
in the serum as the disease progressed (12, 102). Similar
changes have been shown by paper electrophoresis (20, 39,
41, 62, 74, 117, 124, 139, 197). Starch—gel electrophoresis
detected no specific quantitative change in serums from 25
patients with active tuberculosis (90).

These electrophoretic results clearly demonstrate
that there are definite departures from normal values in
serum proteins in active human tuberculosis. An increase in

alpha, globulin occurs in all forms of disease. Nymen (131)

2
and Hever and Kalnai-Hever (77) reported that haptoglobins

contributed most to the rise in the alpha, globulins.

2
Bovornkitti (20) believed that the increase in alpha2
globulin occurs as a result of hypersensitivity reactions
and is not due to tissue destruction as previously suggested
by others. However, changes in other components are related
to liver impairment. Because of the relationship between
hyperalpha 2-globulenemia and disease activity, some workers

believe that the albumin alpha, globulin ratio is more valu-

2
able and specific than the A/G ratio (139, 174). McCuiston
and Hudgins (124) found that the alpha2 globulins were not

elevated in the serums of patients with tuberculosis caused

by nonphotochromogenic atypical mycobacteria. They
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emphasized (1) the diagnostic value of the pattern rather
than the quantitative values and (2) that the results
obtained are important only when evaluated with the total
clinical picture.

Grigorieva and Livshitz (68) interpreted the change
in the beta globulins as being the most significant change
during tuberculosis. The rise in beta globulin was propor-
tional to severity and extent of disease and to the degree
of amyloidosis. There was no definite pattern of relation-
ship between the character of the disease and Fhe gamma
globulins.

The relationship between clinical progress and
hypergammaglobulins often observed in advanced and far
advanced tuberculosis is controversial. Some workers have
found a rising or high gamma globulin level to be a good
prognostic sign (163, 172, 215, 216, 217). Others have
failed to find consistent relationships (135, 178).
Freigang et al. (57) found as improvement occurred the

albumin alpha., goes up and gamma decreases.

2
Significant changes in serum glycoprotein levels in
human tuberculosis (171, 172, 193) suggest that glycoprotein
determinations might be useful in diagnosing tuberculosis.
However, electrophoretic patterns of carbohydrate distribu-

tion in serum from tuberculosis patients were of no diagnos-

tic value (79).
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Price (144) used disc electrophoresis to examine the
seromucoid patterns in patients with a variety of different
diseases, including tuberculosis. Intensive work on normal
individuals and tuberculous patients indicated a typical
pattern for normal and another for active tuberculosis.
However, the significance of the seromucoid pattern and the
nature of their association with different disease states
is not known.

Value of Electrophoresis in
Experimental Tuberculosis

Paper has been the principal medium used in the
electrophoretic analysis of the serum protein changes that
occurs during experimental tuberculosis.

Serum from tuberculous guinea pigs examined by paper
electrophoresis showed a reaction very similar to those that
occurred in man (203): moderate hypoalbuminemia and hyper-
globulinemia. However, in contrast to man, a moderate
hyperproteinemia accompanied the latter stages of the
disease due to an increase in the concentration of all the
globulin fractions (85, 175, 176).

An increase in the alpha globulins and alpha2
glycoproteins was present within eight days following sub-
cutaneous inoculation of guinea pigs with 0.1 mg of M.

tuberculosis (200, 201, 202, 204). Hypoalbuminemia was

common after the 15th day and hyperglobulinemia after the

19th day. Maximum alteration had occurred in all of the
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fractions except the gamma globulins of the 15th day. Sher
et al. (176) using paper elctrophoresis showed that the
principal mucoprotein alterations occurred in the alpha2
globulin region and that the serum lipids and lipoproteins
remained unaltered during tuberculosis in guinea pigs. 1In
spite of this intensive study plasma protein or glycoprotein
patterns of diagnostic significance for tuberculosis have
not been found.

Besides paper electrophoresis, immunoelectrophoresis
has been used to study serum protein changes in tuberculous
mice and guinea pigs. Williams and Wemysis (210) found an

increase in the alpha, globulin which was haptoglobin.

2
After 3 weeks post-inoculation all infected mice showed a
marked increase in gamma globulin levels and the presence
of a low mobility gamma globulin.

Hyperalpha,-globulinemia was detected by cellulose

2
acetate electrophoresis in serums from tuberculous guinea
pigs 14 days after inoculation (48). Coincident with the
hyperalphaglobulinemia was the detection by  immunoelectro-

phoresis of an additional alpha, globulin which increased

2
from sub-detection amounts in normal serums to detectable
amounts in serums from tuberculous guinea pigs sometime
between the eighth and fourteenth day after inoculation and
remained increased until death. The hyperalphaglobulinemia

did not occur in guinea pigs which were tuberculin hyper-

sensitive but not infected.
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Starch—gel electrophoresis and disc electrophoresis
have not been used to study the serum protein fluctuations
during experimental tuberculosis.

Serums from cows experimentally infected with tuber-
culosis have not been analyzed by electrophoretic procedures.
However, there was one investigation which employed paper
electrophoresis to study serum protein alterations in
naturally infected tuberculin positive cows (199). A mild
infection produced only small changes in the fractions, but
animals with generalized disease éhowed a hyperalbumenia and
a hypogammaglobulinemia. The same fractions were also
altered, but to a lesser degree, after the animal was

tuberculin tested.



MATERIALS AND METHODS

Cultures for Inoculation

The cultures used to inoculate experimental calves
were isolated from cattle, swine and chickens in this labora-
tory. 1Isolants 50B, 51C, and 68C were selected for study
because they were isolated from bovine tissues, had Group
III culture and biochemical characteristics, but differed in
their virulence for laboratory animals.

Isolant 50B was from thoracic lymph nodes of a no-
gross-lesion, tuberculin positive cow. It caused no lesions
in guinea pigs, rabbits or chickens except at the site of
injection if injected intradermally. The virulence did not
increase with indirect animal passage and it appeared to be
identical with P39, a well-studied Group III of human origin.
Subsequent studies indicated that all antigens of 50B and
P39 were not identical (Flavin, unpublished data).

Isolant 51C was from lesions in mesenteric lymph
nodes from a tuberculin positive cow. It caused no gross
lesions in laboratory animals except at the site of injec-
tion and the regional lymph node when 0.1 mg was injected
intradermally. This isolant increased in virulence for
guinea pigs and rabbits by indirect passage in guinea pigs

but was not equal to that of M. bovis or M. tuberculosis.

28
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Isolant 68C was obtained from mesenteric lymph nodes
from a tuberculin positive cow and its virulence was similar
to that of 51C.

Besides the Group III organisms, calves were inocu-
lated with four strains of M. bovis and three strains of
M. avium (Table 1).

The inoculums were prepared from cultures seeded in
1.0 ml quantities of Dubos broth (Difco) containing 0.5%
dextrose (no tween 80 or enrichment) and incubated at 35 C
for 14-21 days. The supernatant fluid was removed and the
cells resuspended in Dubos medium to 10 mg wet weight per
ml. Each calf was inoculated intradermally with 0.1 ml

unless indicated otherwise.

Experimental Animals

Serum was obtained from animals that were being
used in other experiments. Inasmuch as serum was collected
routinely from these animals, the selection of the animals
serum to be used were made on the basis of the degree of
pathogensity in each animal as judged by the gross and
microscopic pathology at slaughter.

Serums collected at autopsy from two cows experi-

mentally infected with Brucella abortus were also examined

(Pathology Department, College of Veterinary Medicine,

Michigan State University).
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Table 1. List of animals inoculated with viable mycobacteria

Culture No. Source Mycobacterium Route3 Animal No.
1 . 2
130-0 Cattle M. bovis ID 6
81-0 Swine M. bovis ID 20
sC 81
310-2 Cattle M. bovis ID 113,116,128
278-3 Cattle M. bovis iD 135
Lab strain Chicken M. avium ID 21
131-4 Chicken M. avium ID 114,115,118,
138
51Cc-0 Cattle III ID 43,59,60,104
105,106,107,
108,109,127,
136
IU 75,77
A 84,91
68C-0 Cattle IIT ID 64,137
IU 70,71
A 86
50B-0 Cattle III ID 66,67,126
IU 80
A 88, 89
1

The letters following the culture number refer to
the tissues from which the strain was isolated: B=thoracic
lymph nodes, C=mesenteric lymph nodes. The number following
the letters refers to the year in which the culture was iso-
lated: 0=1960, 1=1961, 2=1962, 3=1963, and 4=1964.

2Where species is not indicated, organisms are
atypical mycobacteria. The Roman numberal indicates the
Runyon Group.

3ID=intradermal: 1.0 mg; IU=intrauterine: 1.0 mg;
SC=subcutanious: 1.0 mg; and AE=aerosol: 15 ml of culture
medium containing approximately 1 x 108 organisms per ml
were sprayed into the aerosol chamber during a one hr expo-
sure for each calf.
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Naturally Infected Animals

Serum samples were obtained from 38 cattle in 17
infected herds. Cattle in these herds included gross- and
no-gross-lesion reactors, as well as 4 tuberculin-negative
cows. In most cases, a sample was obtained before and after
tuberculin testing.

Single serum samples were collected at autopsy from
a cow with actinomycosis, one with brucellosis, one with

leptospirosis, and one case of Johnes disease.

Normal Animal and Bird Serum

A number of normal animal and bird serums (sheep,
pig, guinea pig, human, dog, horse, mouse, rabbit, duck, and
chicken) were obtained from various projects under investiga-
tion in the Department of Microbiology and Public Health,
Michigan State University. These serums were used primarily
for evaluating the differential disc electrophoresis pro-
cedure.

Collection of Serum from
Experimental Calves

Blood was collected by venipuncture prior to inocula-
tion and at various post-inoculation times. After clotting,
serum was removed, distributed in 1 ml amounts, and used
immediately or stored at -20 C. Fresh frozen normal serum
was examined periodically by cellulose acetate and starch-

gel electrophoresis.
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Rabbit Antiserum Specific for
Normal Bovine Serum

Portions of the pre-inoculation serums from each of
the calves were pooled. The mixture was precipitated with
alum as described by Proom (145). The inoculums were pre-
pared by mixing 12.5 ml of the pooled normal serum, 40 ml of
distilled water and 45 ml of 10% aluminum potassium sulfate.
The mixture was adjusted to pH 6.5 with 5 N sodium hydroxide
and centrifuged at 4,000 Xg for five minutes. The sediment
was washed twice with isotonic saline solution containing
0.01% merthiolate and resuspended to 50 ml in saline solu-
tion. It was stored at 4C for no longer than 14 days.

Eighteen Dutch Belted rabbits approximately 6 months
of age were inoculated with alum precipitated normal bovine

serum and bled according to the following schedule:

Day Operation Amount Route
1 Bled 10.0 Cardiocentesis
14 Injected 6.0 Intramuscular
24 Injected 1.0 Intramuscular
34 Bled 10.0 Cardiocentesis
48 Injected 6.0 Intramuscular
62 Injected 6.0 Intramuscular
72 Injected 1.0 Intramuscular
77 Bled 10.0 Cardiocentesis
91 Injected 6.0 Intramuscular
105 Injected 6.0 Intramuscular
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