


ABSTRACT

STUDIES ON GNOTOBIOTIC PIGS

PART ONE., A TECHNIQUE FOR REARING GNOTOBIOTIC PIGS

PART TWO. A COMPARISON OF BODY WEIGHTS, ORGAN WEIGHTS, AND
SOME HISTOLOGICAL FEATURES OF GNOTOBIOTIC AND FARM-RAISED PIGS

by Glenn L. Waxler

Part One describes the technique used in L experiments to ob-
tain and rear young pigs to the age of approximately 3 weeks in the ab-
sence of bacteria or in the presence of known species of bacteria., A
hysterectomy was performed on the anesthetized sow, and the pigs were
removed from the uterus inside a sterile, vinyl-film isolator.

The diet, steriligzed with steam under pressure, consisted of
pasteurized, homogenized milk with mineral and vitamin supplements,

The technique was found to be successful in that 2 pigs were
raised in the absence of any demonstrable bacteria, Four animals were

raised in the presence of Staphylococcus aureus, 3 in the presence of

Bacillus sp., and L in the presence of Achramobacteriaceae and an un-
identified organism, .

Part Two describes the comparison of body weights, organ
weights, and the histology of selected tissues of the 13 pigs from Part
One, 5 pigs raised in open cages on the sterilized diet, and 11 animals

raised by the sow to the age of 3 weeks under farm conditions,
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The farm-raised pigs were significantly heavier at the end of
the 3e-week period than were the artificially-raised animals, When the
organ weights were expressed as relative weights, the mandibular lymph
nodes of the farm-raised pigs were significantly heavier than those of
the germfree pigs. This did not hold true for the other groups of
lymph nodes studied. The kidneys of all artificially-reared animals
were relatively heavier than those of the farﬁ-raised animals, The
relative adrenal weights of the germfree pigs and those animals raised

in the presence of Staphylococcus aureus were greater than those of the

farm-raised pigs.

Light—centered nodules, corresponding to the usual germinal
or reaction centers were found in the lymph nodes of the germfree ani-
mals, but these did not appear as large or numerous as in the farm-
raised pigs. The germfree pigs usually displayed more solid-centered
primary nodules than did those animals raised under farm conditions,
Numerous immature eosinophils, neutrophils, and small, intensely-
staining cells resembling hematopoietic cells were found in the lymph
nodes of all groups of animals, The histological picture of the lymph
nodes seemed to be influenced more by the diet and rearing conditions
under which the animals were kept than by the presence or absence of
bacteria in the enviromment,

No significant differences were found in the histology of the
spleens of the various groups of animals, except for the fact that the
artificially-reared animals appeared to have more iron-containing pig-

ment in this organ,
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The hepatic interlobular septa of the artificially-reared ani-
mals were less well-developed than in the farm-raised pigs, and in many
cases the only indication of the borders of the lobules was a lining up
of the hepatic cells and reticular fibers in this area.

Two germfree pigs left in the germfree enviromment 3 and 5
days, respectively, after death showed no gross evidence of post-mortem
degeneration, However, dehydration was noted. Histological examina-
tion fevealed less degenerative changes than would be expected under
conditions in which the animals were in contact with bacteria. Of the
tissues examined, the myocardium and erythrocytss showed the least de-

generation, the lymphatic tissue and the adrenals the most.
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PART ONE

A TECHNIQUE FOR REARING GNOTOBIOTIC PIGS

I. INTRODUCTION

Gnotobiotics, the science of rearing organisms by themselves
or in the presence of specifically known associates, has received much
attention during the past several years, Most investigations have in-
volved the rearing and use of lab 'y animals. , germfree
chickens have been produced quite extensively, and a few attempts have

been made to utilize larger domestic mammals in this type of research.
The size of the equipment necessary to house the larger animals and
the volume of diet required have been among the factors limiting the
usefulness of these species in gnotobiotic research.

The specific fields of research in which germfree animals
have been used include, among others, the arsas of nutrition and in-
fectious diseases, Investigative work in the area of nutrition is
made difficult by the various interrelationships which exist among the
numerous nutritional factors. In like manner, the infectious agents
often exert an influence on one another, and it has been demonstrated
that interrelationships exist between nutrition and infectious agents.
By using germfree animals it is possible to control the environmental
conditions of the experiment more rigidly and thus more thoroughly
delineate some of the above-described interrelationships.

In the field of swine diseases it is recognized that there
is a need for much basic research. Diagnosis of many diseases is made

1






quite difficult by the vast array of microorganisms which may be iso-

lated from affected individuals, This is especially true in some of
the enteric disturbances of young animals, It is felt that adequate
prevention and control of these conditions in swine will be accom-
plished only when it has been found possible to clearly define the
roles played by the various microorganisms involved,

The research on these problems will be greatly enhanced and
the results made more reliable if a dependable, practical technique
for obtaining and rearing young pigs free from microorganisms can be
developed, It will then be possible to introduce lmown species of
bacteria and study their ability to produce pathological changes in
the animal,

In preliminary work at this institution, using pigs derived
by Caesarean section as a source of experimental animals for various
studies, it was found that certain factors often complicated the re-
sults, One of the most common of these was the appearance of bac-
terial infections, usually manifested by enteritis, in the young
colostrun-deprived animals, In an attempt to control these compli-
cating factors, work was begun in 1959 to investigate the possibili-
ties of adapting gnotobiotic techniques to the rearing of young pigs.
It was hoped that this would result in the obtaining of more reliable
experimental data in the field of research utilizing young pigs. The
attempts to obtain germfree pigs as reported in this manuscript were
made from the period of May, 1960, to Jamuary, 1961.

Part One of this manuscript includes a description of the
oquipment, sterilization techniques, surgical procedures, diets,
rearing methods, and bacteriological techniques used in a series of







i experiments designed to investigate the feasibility of obtaining and

raising gnotoblotic pigs to an age of approximately 3 weeks. Part Two
includes some phases of a morphological characterization of the animals
obtained in these l experiments., This includes a study of the body
weights, weights of variocus organs, and the histology of selected lymph
nodes, the spleen, and the liver of these animals as compared to the
sams observations made on pigs of comparable age raised under ordinary

farm conditions.



II. REVIEW OF LITERATURE

A. Gnotobiotic Techniques
1. Terminology

Reyniers et al. (1549b) have reviewed the various terms used
to describe the technique of working with animals in an environment
free from detectable microorganisms and the terms applied to these
animals themselves. They point out that such designations as "pure",
"germ-free", "sterile", "aseptic", and "bacteria-free" have appeared
in the literature from time to time. More recently the term "germ-
free" has by most authors been changed to one word and now appears as
#gernfree®”. Baker and Ferguson (1942) suggested the term "axenic"
which is derived from the Greek and means "free from strangers®.
According to these workers, "axenic" organisms are individuals of a
species free from any demonstrable life apart from that produced by
their own protoplasm, Just (1959) suggested the term "bion" which
refers to an organism that is morphologically and physiologically in-
dependent, a condition satisfactorily met by germfree animals, Under
this system of nomenclature "biontology" refers to the field of re-
search dealing with germfree forms. A "holobiont" is an organism free
from microorganisms, a "monobiont" is raised in contact with a single
species and a "dibiont® with 2 species of microorganisms.

Reyniers et al. (1949b) and Reyniers (1956) have suggested
the term "gnotobiotics™ to describe the conditions and concepts in-
volved in this type research, This term is derived from 2 Greek words,
one meaning "known" and the other "life", and it may be used to

L



indicate the field of investigation concerned with growing living

things by themselves or in an association with other completely known
kinds of organisms, The animal grown under these conditions may then
be referred to as a "gnotobiote", and the environment may be referred
to as a "gnotobiotope".

Trexler (1960b) has suggested the grouping of "gnotobiotes"
upon the basis of the certitude with which their specific content can
be defined, He described "alpha-gnotobiotes"™ as those maintained in a
secure enviromment and subject to extensive examinations requiring re-
production to furnish the necessary specimens. The "beta gnotobiotes"
include animals maintained under the same rigid security but unable to
reproduce under germfree conditions, The "gamma gnotobiotes" are
gnotobiotic animals as used at the present time in which the status of
each isolator is determined by rather extensive analysis by competent
microbiologists, He also described "delta gnotobiotes"™ as those re-
quiring the least reliable control procedures, such as simple micro-
scopic observations of fecal smears combined with a few culture media.
Jenkins (1960) has suggested a similar classification of laboratory
animals on the basis of associated organisms,

2, Chronological Survey
Credit for the first attempts to cultivate complex organisms
in the absence of bacteria is generally given to Duclaux (1885) who
was able to grow peas and beans in an enviromment free of bacteria.
The seeds were sown in a sterile soil moistened with milk, and Duclaux
observed that after one or 2 months the milk was still intact with no

coagulation, Pasteur (1885) in a preface to Duclaux's publications,



expressed an interest in the question of whether or not it would be

possible to raise animals in an environment and on a diet both free of
the ordinary microbes., It was Pasteur's firm belief, however, that
life under these conditions would become impossible.

Schottelius (1899), who studied under Pasteur, expressed the
opinion that it is inconceivable that the relationship between the in-
testinal mucosa and the intestinal flora should not have developed
into some sort of symbiosis. If the normal flora is not allowed to
establish itself at birth, as would be the case in the germfree ex-
periment, he concluded that life would not be possible., The interest
of Schottelius in the possibility of germfree life was followed by
several attempts to obtain germfree chickens (Schottelius, 1899, 1902,
1908, 1913), and the failure of these birds to grow seemed to
strengthen the contentions of both Pasteur and his student., These
chickens were below their initial weight at the end of the 30-day ex-
perimental period, Control animals on the sterilized diet developed
normally, When the germfree chickens were infected with pure cultures
of Bacterium coli from hen feces or milk, they developed almost as

well as the control chickens, A study of the diet used by Schottelius
suggests that it was probably poor in aceoécory nutritive substances
as compared to diets used for chickens in later successful trials
(Gustafsson, 1948).

Nencki (1886) from Switserland was opposed to the theories
presented by Pasteur and Schottelius and belonged to the group of
those believing that the bacterial flora has the ability to produce
more of less poisonous substances which would impair the health of the
animal host, A few years later the German workers Nuttal and







Thierfelder (1895-1895, 1896-1897) demonstrated that guinea pigs could

live in the absence of bacteria.

Metchnikoff (1903), who, like Pasteur, never actually per-
formed a germfree experiment, clearly lined up with the Nencki-Nuttal-
Thierfelder forces in believing that the bacterial flora can assume
the role of the fighting antagonist against the host. Cohendy (1912a,
1912b), a student of Metchnikoff, was quite successful in rearing
gernfree chickens and raised 17 such birds, same of them to the age of
4O days. In some cases the physical condition and growth of these
germfree chickens compared favorably to control animals, Cohendy con-
cluded that (1) life is possible for vertebrates (chickens) in the
germfree state and (2) germfree life does not cause any breakdown in
the organism, Cohendy and Wollman (191kL) reared germfree guinea pigs
to ages varying from 16 to 29 days and also used these animals in
studying cholera infection (Cohendy and Wollman, 1922).

Kiister (1912, 1913, 1915s, 1915b) a student of Schottelius,
was the first to work with larger mammals under germfree conditions.
He raised 2 germfree goats, and one of these lived to the age of
35 days.

Excellent reviews of these early efforts in the field of
gerafree research have been presented by Gustafsson (1948), Reyniers
et al. (1949a), Reyniers (1956), and Gordon (1960).

Balzam (1937) conducted 3 experiments, using germfree
chickens, to study the correlation between the digestibility of food
and vitamin requirements of normal chickens, From the results of
these experiments, Balsam concluded that (1) the intestinal flora of
the chicken does not exert an appreciable influence on the






digestibility of food and (2) the lack of an intestinal flora has no

effect on the need for vitamins by germfree animals.

Much of the recent research in gnotobiotic techniques has
been conducted at the Lobund Institute, University of Notre Dame,
Notre Dame, Indiana, No attempt will be made at this time to review
extensively the many reports published by this group. However, the
following references may be cited as covering, in a general way, the
research work conducted: Gordon (1959), Phillips et al. (1959),
Reyniers (1959a, 1959b), Reyniers and Trexler (19i3), Reyniers et al.
(1546, 1949a), Trexler (1959), and Trexler and Reynolds (1957). The
Lobund group has successfully reared germfree rats, mice, guinea pigs,
chickens, rabbits, monkeys, turkeys, dogs, and other animals (Reyniers,
1959b).

The Swedish workers (Glimstedt, 1936, 1959; Gustafsson,
1946-1947, 1948, 1959a, 1959b) have utilized germfree rats and guinea
pigs in their research. In Japan, Miyakawa (1959a, 1959b) and
Miyakawa et al. (1957) have worked with the germfree guinea pig. In
addition numerous other groups have conducted research involving germ-
free laboratory animals (Lev and Forbes, 1959; Horowitz et al., 1960;
Phillips et al., 1960; Hickey, 1960; Snow and Hickey, 1960).

The interest in obtaining and rearing germfree farm animals,
first evidenced by Kiister (1912, 1913, 1915a, 1915b) has been dormant
until quite recently. Smith and Trexler (1560) have obtained a germ-
free lamb and 2 germfree goats, The lamb was reared under germfree
conditions for L months, Luckey (1960) also reported the successful
rearing of germfree lambs, In addition to the present work, at least
one attempt has been made to rear germfree pigs (Trexler, 1960d).







3. Techniques and Equipment

According to Reyniers (1956) the ideal germfree animal would
be one resulting from the removal of all contaminants from a conven-
tional animal, This animal, 1left with the "experience but not the
cause of this experience”, would then be comparable to the conventional.
This goal of complete decontamination has never been accomplished, al-
though much work has been done in this direction. As a result, it has
been necessary to rely on techniques designed to obtain young animals
before they become associated with microorganisms.

The probability of obtaining germfree mammals and birds is
closely associated with the contention that these animals are free
from microorganisms during their embryonic development. Reyniers and
Trexler (1943) have expressed it in this manner: "That a placental
animal may be obtained germ-free is based on the theory of its being
free from contaminating microorganisms while in utero. This, of
course, is the case with normal parent animals, The reasons for this
theory are partially based on anatomical and membrane protection,
germicidal activity of the amniotic fluid, self-sterilisation of the
developing embryo, and chance factors.® Reyniers et al. (1949a) have
also shown that only a small percentage of the eggs available to them
were contaminated before incubation, and they suggested that the de-
fensive mechanism of the developing chick is effective in preventing
the growth of the few microorganisms which find their way through the
shell, In the case of both mammals and birds advantage is taken of
this freedom from microorganisms during embryonal development to pro-

cure the germfree young.
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The equipment used by Nuttal and Thierfelder (1895-1896,
1896=1897, 1897) for rearing germfree guinea pigs and chickens con-
sisted of a cylindrical glass jar with a volume of 6 liters, This
jar was supplied with air filtered through cotton at both the intake
and outlet, A rubber glove for handling the animals was attached to
an opening in the side of the jar, and a rubber nipple was attached to
a second opening, The lower portion of this apparatus was placed in a
water bath to help maintain the proper environmental temperature.

This equipment was sterilized with a combination of sublimate solu-
tion, alcohol, ether, flaming, and autoclaving. Using a protective
tent, surgery was performed on the pregnant guinea pig with the onset
of milk secretion. The young were transferred into the rearing
apparatus by opening the cylindrical jar quickly at its ground-glass
surface. |

Schottelius (1899, 1902, 1908, 1913) used a sterile room in
his efforts to rear germfree chickens, This room, constructed of
metal and glass, was entered through an anteroom provided with a
germicide tray containing sublimate solution, The caretaker, wearing
steam-sterilized cap, mask, gown, rubber gloves, and shoes, entered
through this anteroom. A small hatching campartment, built into the
room, was separated from the room by a sliding door and gause curtain,
The temperature of this hatching compartment was regulated by a water
bath, Air circulation to the sterile room took place by gravity
through cotton filters. The room was prepared by washing with subli-
mate and lysol solution. This was followed by treatment with formal-
dehyde gas. All utensils used were sterilised by autoclaving. Eggs
which had been incubated for 20 days were cleansd with mercuric
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chloride solution, rinsed, and transferred into the hatching compart-
ment, where they were left to camplete incubation and hatching.

Cohendy (1912a, 1912b), in his efforts to rear germfree
chickens, used a glass cylinder with metal end plates., Air entering
and leaving the cylinder was forced through cotton filters. A coil of
cold water was used for drying and cooling the air in the rearing
unit, and at the same time the water condensing on this cold coil
served as a source of drinking water for the birds, A hatching com-
partaent was constructed in one end of the glass cylinder. The entire
apparatus was sterilized with steam under pressure., The surface of
the egg shell was sterilized with mercuric chloride before it was
placed in the hatching compartment.

The apparatus used by Kiister (1912, 1913, 1915a, 1915b) in
rearing germfree goats consisted of a rearing room and a sterile lock.
Air from a compressor was passed through a cotton filter and was then
dried by being passed successively through concentrated sulfuric acid
and potassium hydroxide. An electrical heating unit was inserted in
the air flow before it'entered the unit. The rearing room was sup-
plied with rubber gloves for handling the animals., The sterile lock
was equipped with 2 heavy doors, Before beﬁg sterilized, the rearing
room was painted with a "germicidal®™ paint., It was then washed with
lysol solution and treated with formaldehyde gas, The lock was
sterilized with steam under pressure or with formaldehyde gas. Preg-
nant goats near term were subjected to surgery inside a protective
tent, The young goat was then transferred by way of the sterile lock
into the rearing room.
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The equipment used by Balzam (1937) in rearing germfree
chickens consisted of a double box equipped with cotton filters for
sterilising the air. The apparatus was sterilised with formaldehyde
vapor for 3 days, with the exception of the filters which were steri-
lised separately by autoclaving., Food and other materials were steri-
lised in a metal box which was then placed in the outer compartment of
the unit, and the surface of the box was sterilized with a combination
of condensing steam and mercuric chloride solution. The fertile eggs
from which chickens were to be hatched within the isolator were intro-
duced after the shells were sterilized with mercuric chloride.

The equipment used by Reyniers et al. (1949a) in their early
work on rearing germfree chickens consisted of a simple glass churn
jar fitted with a cotton filter and attached to a flask of sterile
water, This unit was sterilized with dry heat at 180° C. for onme hour,
The fertile egg, whose surface had been previously sterilized with
mercuric chloride, was placed in the glass jar inside a sterile hood.
At the same time, a supply of steam-sterilized food was added.

The Notre Dame group also described a germfree apparatus of
the bell-jar type with the bottom of the glass jar being supported in
a germicidal trap. A rubber glove attached to this trap allowed
manipulation of the animals and materials within the unit. Air en-
tering the unit was sterilized by passing through glass wool or cotton
filters, The entire unit was sterilized before use by completely
filling it with germicide, A modification of this unit was also con-
structed of metal,

The more elaborate isolation equipment designed by the Notre
Dame group was first described by Reyniers (1943) and Reyniers and
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Trexler (1943). Since these reports, numerous descriptions of this
equipment and its use in germfree studies have appeared in the litera-
ture, Among these the following may be listed: Reyniers (1956, 1957,
1959b), Reyniers et al. (1946, 1949a), Horowits et al. (1960), and
Hickey (1960). The basic Reyniers germfree isolator has been de-
scribed as a heavy metal cylinder, usually constructed of stainless
steel and varying from 28 to 36 in. in diameter and up to 12 ft. in
length, To this isolator were attached a window, one or more pairs of
shoulder-length rubber gloves, a supply lock (which was essentially an
autoclave opening into the isolator), inlet and outlet filters con-
taining glass fibers, and outlets for attaching a steam supply. The
units were sterilized by steam under pressure, each isolator simply
acting as its own autoclave,

Four specialized isolators were described by Reyniers
(1959b). These were rearing isolator, examining isolator, transport
unit, and surgical isolator. These units could be attached to each
other for transferring animals, food, etc, The surgical unit was sepa-
rated into upper and lower units by a metal shelf with an opening in
it. This opening was covered with sterile cellophane, At the time of
surgery, the abdomen of the anesthetized full-term mammal (rat, mouse,
guinea pig, or rabbit) was brought into contact with this cellophans
froa below, Using cautery, the operator was then able to cut through
both the cellophane and abdowinal skin, bring the uterus inside the
isolator, and remove the young. The animals were then passed to the
rearing unit, A special attachment has been described for bringing
fertile eggs into the rearing isolator through a germicidal trap

(Teah, 1960).






Reyniers (1956, 1957) has also described a large, colony-

type isolator suitable for rearing large numbers of animals, The
attendant, wearing a plastic suit, entered this unit through a germi-
cidal trap.

The Japanese workers (Miyakawa, 1959a) have also utilized the
heavy steel cylinder in designing an isolator patterned somewhat after
the Reyniers unit. However, the animals, diet, cages, etc., inside ‘
the isolator were manipulated with a remote control device. This
allowed the isolator to be made larger since the arm's reach of an in-
dividual was not the limiting factor., The air entering the isolator
was sterilised by filtration and was also heated to 40O° C. and cooled.
The humidity of the air was also carefully controlled.

Gustafsson (1946-1947) has described an isolator constructed
of a metal cylinder on end with a large petri dish on top as the 1lid,
A sluice tank containing iodine was used to transfer the young rats
taken by Caesarean section from the surgical isolator to the rearing
unit, In a later publication (Gustafsson, 1959a) he described a larger
unit constructed of thin stainless steel in a square, angled design.
The top of the isolator was covered with thick glass, and heavy duty
surgical gloves were fastened to rubber sleeves which were, in turn,
secured to openings in the side of the isolator. The young animals
were passed into this unit through the sterile food autoclave or
through a germicide trap, Both these isolators were sterilized within
an autoclave which was evacuated to 0.05 atmospheres before steam was
introduced, Air to be passed into the isolator was first cooled and
dehunidified. It was then preheated and passed through a carborundum
column heated by an electrical element to 300° C,, after which it was
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filtered through glass-wool filter material. A heat exchanger was
used to cool the air after sterilization. The outgoing air was also
sterilized by heat.

The construction of an isolator from rigid transparent plas-
tic has been described by workers at Syracuse University (Phillips
et al., 1960). The walls were made of 3/8-in. Plexiglas type R (Rohm
and Hass Company, Philadelphia, Pennsylvania), and were cemented to-
gether. The air entering and leaving the isolator was filtered
through commercially-available filters attached to the unit, Neoprene
gloves were attached to openings in the walls of the isolator., Fertile
eggs, sterilized diet, water, etc., were passed into the unit through
a germicidal lock containing mercuric chloride. A series of chemicals
was used in the sterilization of this equipment. Included were a de-
tergent, an iodine compound, a quaternary ammonium solution, formalde-
hyde, and ethylene oxide.

Trexler (1959, 1960a) and Trexler and Reynolds (1957) have
described isolators constructed of flexible plastic film. The air for
these isolators was sterilized by passing through glass-wool mat, and
the flow of air leaving the unit was controlled by an outlet trap
which was a variable orifice relief valve with a liquid seal. This
outlet trap maintained a back pressure equivalent to 1/4 to 3/8 in. of
water in the isolator. Shoulder-length rubber gloves, attached to the
wall of the unit by means of aluminum rings, allowed access to the in-
terior. The flexible plastic isolators were ordinarily sterilised
with an aerosol of peracetic acid, Materials could be passed into the
isolator by connecting it directly to an autoclave, Steam-steriliszed
materials in containers could also be passed through a lock in which
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the outside of the container was sterilized with an aerosol of pera-
cetic acid, It was also possible to use a germicidal dip bath in in-
troducing materials into the isolator. Work has been conducted
(Trexler, 1959, 1960c) on the use of a large plastic-lined rooa for
rearing germfree animals, This room was chemically sterilized and was
serviced by an attendant wearing a plastic garment which was also
chemically steriliszed.

Hickey (1960) has made a comparison of the apparatus cur-
rently in use for obtaining and earing germfree animals.

L. Diets

According to Wostmann (1959a) the main difficulty facing the
nutritionist when working with germfree animals is that, while much may
be known about the requirements of the host-flora complex, virtually no
quantitative knowledge is available about the nutritional requirements
of the host per se., It is therefore nscessary to use the known require-
ments of the normal stock animal as a base line., In using these, cor-
rection must be made for the absence of possible intestinal synthesis
(mostly of vitamins) and for the effects of the necessary sterilisza-
tion, which results in loss of vitamins and of nmutritional value of
protein.

Nuttal and Thierfelder (1895-1896, 1896-1897) fed their
germfree guinea pigs a diet consisting of undiluted milk which had
been obtained by milking cows under precautions of surgical sterility.
This milk was boiled and bottled in a steam bath for 1/2 hour on 3 con=

secutive days.
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Schottelius (1899, 1902, 1908, 1913) fed his chickens a diet
consisting of millet seed, chopped egg white, and egg shells., This
diet was sterilised by autoclaving.

Cohendy (1912a) used different combinations of a number of
ingredients in preparing diets for germfree chickens, These ingre-
dients included egg albumin, bread crumbs, cracked corn, potatoes,
rice, barley, lettuce, milk, dead flies, millet, chicory, sand, and
Sprat's flour. These ingredients were sterilized with steam under
pressure.

Kister (1912, 1913, 1915a, 1915b), after repairing the
mother following the Caesarean section, used the animal as a source of
milk for his germfree goats. The milk was stored in bottles and
sterilized by steam under pressure within the sterile lock attached to
the rearing unit. In addition, sterilized oataeal was fed.

The diet fed to chickens by Balzam (1937) consisted of corn
meal, corn, meat and bone flour, fish meal, cod-liver oil, brewer's
yeast, sodium chloride, and calcium carbonate, This diet was also
steam sterilized. This is the first recorded investigation in which
vitamins were purposely added as part of the diet.

In the early work on rearing germfree chickens at Lobund
Institute (Reyniers et al., 1949a), commercial starting rations, sup-
plemented in some cases with cod-liver oil, brewer's yeast, and milk,
were used, Somewhat later this same group used a number of synthetic-
type diets, These diets varied quite widely in their component parts.
Steam sterilization at 120° C., for 25 minutes was used for liquid and
solid diets, dry heat at 170° C. for one hour was used for oils , and

heat-labile substances were passed through a Seits bacteriological
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filter., These workers also investigated the destruction of vitamins by
steam sterilization and reported that the loss of thiamin could be held
to 30 per cent if the proper pH was maintained, About 25 to 30 per
cent of the pantothenic acid was destroyed by autoclaving.

Luckey (1959) has reported further work on the preparation of
diets for germfree chickens and described a mumber of practical and
synthetic-type diets. He also investigated the nutrient loss in syn-
thetic-type diets and found an 11 per cent loes of both fat and protein
due to steam sterilization at 17 1lbs. per sq. in. for 15 minutes and
storage at room teamperature for one week. Under the same conditions,
the loss of vitamins ranged from 3 per cent for choline up to 92 per
cent for thiamin, Iuckey also found considerable loss of some nu-
trients due to the mixing procedure., In addition to steriligzation by
steam under pressure, Luckey stated that filtration, intermittent
heating, gamma rays, and ethvlene axide may all be used for steriliza-
tion of various diets.

A description of some of the early diets used by the Lobund
group in attempting to rear germfree rats was given by Reyniers et al.
(1946). The 1liquid diets included such raw materials as rat milk,
stomach contents of suckling rats, and milk from cows, dogs, rabbits,
and sows, Various synthetic-type diets were also formulated. The most
successful liquid diet contained casein, lactalbumin, a salt mixture,
raw cream, sodium hydroxide, and distilled water. This was sterilized
with steam at 15 1bs. per sq. in. for 20 minutes. A vitamin supplement
was also fed to the animals, The solid diet consisted of a commercial
rat diet or a synthetic-type diet, both supplemented with vitamins.
These workers described the steam steriliszation of dry food. Their
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procedure consisted of evacuating the supply lock to 29 in. of mercury,
allowing steam to flow freely for 10 minutes, building up the steam
pressure to 15 to 20 1lbs. per sq. in., holding this pressure for 20 to
45 minutes, and finally evacuating the lock to 29 in. of mercury for
about 45 minutes to help dry the contents, The initial evacuation be-
fore the introduction of steam helped to insure the circulation and
penetration of steam into the solid food.

Pleasants (1959) has recently described various synthetic-
type diets used at Lobund Institute for rearing germfree rats, mice,
and rabbits through weaning, He also described the rubber nipples and
forced-feeding techniques used for the young animals, Wostmamn(1959a)
has listed both liquid and solid diets successfully used in rearing
gerafree laboratory mammals, He stated that steam sterilization
(123° C., 17 1bs. per sq. in. for 25 minutes) is the most satisfactory
method for sterilizing diets. Wostmann also stated that steam sterili-
sation may cause loss of dietary thiamin of 80 to 90 per cent, Losses
of other vitamins do not usually exceed 4O to S50 per cent., The nmutri-
tional value of protein is also affected by steam sterilization, with
the availability of lysine especially being affected. Phillips et al.
(1959) have investigated a number of liquid, dry, and semisolid diets
auitable for rearing germfree guinea pigs.

Miyakawa (1959b) reported the use of a liquid synthetic-type
diet for rearing guinea pigs for the first few days of life. The diet
was then gradually changed to a synthetic-type solid diet so that only
the solid diet was fed after the first month.

The liquid diet used by Glimstedt (1936) for his germfree
guinea pigs consisted of cows' milk to which was added either blood
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plasma or cream and plasma. This diet was sterilized by steam at

110° C. for 3/4 of an hour on 3 successive days. The various solid
diets used were sterilized by steam at 110° C. for 2 hours. The vita-
min supplements used were sterilized by filtration.

Gustafsson (1948) reported the use of a milk mixture made
with enzymatically digested casein as a source of protein. Gustafsson
(1959b) used a stock diet composed of casein, wheat starch, arachis
oil, a salt mixture, and a vitamin supplement, This diet was steri-
lized by steam at 121° ¢, for 30 minutes.

Phillips et al. (1960) sterilized solid diets for chickens by
electron beams, using radiation doses of 4 to 5.5 megarads without
visible alterations in the diet.,

Luckey (1960) used a diet containing casein, glucose, corn
oil, salts, roughage, acetate, and vitamins in his attempts to rear
germfree lambs,

5. Use of Germfree Animals

Much of the early work with germfree animals was concerned
with the development of techniques suitable for rearing the various
species of animals free from contamination. Kuster (1912), however,
realized the promising scientific field of research opened by these
germfree rearing attempts and suggested that animals raised under such
conditions might be suitable for studying such things as digestion and
absorption, development of natural and artificial immunity, wound
healing, and destruction of pharmaceutical and therapeutic prepara-

tions,
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One of the areas of particular interest in germfree research
has been the anatomical comparison of germfree and conventional animals.
This has involved primarily the intestinal tract (Gordon, 1959; Gordon
and Bruckner-Kardoss, 1958-1959) and the lymphatic system (Glimstedt,

1936; Thorbecke, 1959; Thorbecke and B raf, 1959; Thorbecke et al.
1957; Miyakawa, 1959b; Miyakawa et al., 1957).

Germfree animals have also been used quite extensively in
nutritional studies, especially in attempts to define the role of the
intestinal synthesis of certain vitamins, The following may be men-
tioned as contributions of the germfree techniques in the study of the
nutrition of monogastric animals: Gustafsson (1959b), Wostmann
(1959a), Luckey (1959), Reyniers (1946, 1956), and Luckey et al.
(1955a, 1955b). In addition, Smith and Trexler (1960) and Luckey
(1960) have introduced the use of germfree animals into the study of
the process of ruminant digestion.

The serologic aspects of germfree life have also been in-
vestigated, Wostmann (1959b) has studied the serum proteins in germ-

free vert as have W and Gordon (1958), The formation of

antibodies in germfree animals has been investigated by Springer et al.
(1959), Wostmann (1959b), and Wagner (1955, 1959).

Germfree and gnotobiotic animals have proved to be of value
in a study of the mode of action of antibiotics in growth promotion.
Most evidence (Luckey et al., 1956; Wagner and Wostmann, 1958-1959;
Forbes and Park, 1959; Lev and Forbes, 1959; Forbes et al., 1959;
Gordon et al., 1957-1958) points to the fact that conventional
chickens fed antibiotics show an increased growth rate because of the

inhibiting action of the antibiotics on certain undesirable bacterial
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species, These same workers in general found no growth promoting
action when antibiotics were fed to germfree chickens., Luckey et al,
(1956), however, found that low levels of certain antibiotics produced
growth increments in germfree chickens,

Phillips and Wolfe (1959) and Phillips et al. (1955) have
studied the relationship between bacteria and infection with Entamoeba
histolytica. They were unable to produce lesions in the germfree

guinea pig when the parasite alone was given. When certain species of
bacteria were also given, lesions were produced. Newton et al. (1959)
and Phillips (1960) have also studied the development of helminths in
germfree animals,

Germfree animals have also been used in studying diseases
caused by bacteria. Orland et al. (195L) were unable to demonstrate
dental caries in germfree rats fed a diet which consistently led to the
production of caries in conventional rats. Later work (Orland et al.,
1955; Orland, 1959) demonstrated that Enterococcus in pure culture,

combined with the cariogenic diet produced caries in germfree rats,
Taylor (1959) has discussed the use of germfree animals in virology.

Among the miscellaneous areas of research utilizing germfree
animals may be listed studies involving tumors produced in chickens by
the injection of methylcholanthracene (Taylor et al., 1959; Reyniers
and Sacksteder, 1959), liver necrosis (Luckey et al., 195L), hemor-
rhagic shock (Zwiefach, 1959), and otolaryngic experimentation
(Kelemen, 1960).
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B. Artificial Rearing of Pigs

Early attempts to rear baby pigs without the aid of colostrum
often met with failure. Bustad et al. (19L8) reported that pigs re-
moved from the mother at birth and placed on a synthetic milk con-
taining all known vitamins and with plunu or serum as colostrum sub-
stitutes failed to survive longer than 22 days. When no colostrum
substitute was fed, the pigs died shortly after birth., These workers
concluded that colostrum and serum or plasma contain something which
is necessary for the survival of the pig. A severe diarrhea developed
in all animals fed the synthetic milk, The apparently critical need
for colostrum in the diet of the young pig was further emphasized by
the numerous reports of successful artificial rearing of pigs weaned
at an early age. Wintrobe (1939) successfully reared pigs weaned at
2 to 23 days of age on a diet of casein, lard, sucrose, minerals, and
vitamins, Becker et al. (195L4), however, working with pigs allowed
access to colostrum for 2l hours, concluded that the baby pig was une
able to utilize sucrose as a source of carbohydrate. A synthetic-type
diet with glucose as the carbohydrate did produce satisfactory results,
Johnson et al. (1948) reported the rearing of pigs weaned at a minimum
of 2} hours on a diet of casein, cerelose, lard, salts, and vitamins.
Other successful attempts to rear pigs weaned at one to 2 days of age
have been reported by Reber et al. (1953), Schendel and Johnson (1953),
and McCrea and Tribe (195L, 1956).

It is now recognized that young pigs, along with the young
of other farm mammals are incapable of producing antibodies themselves
for some considerable time after birth and that they derive their im-
Tunity from the mother through the colostrum (Brambell et al., 1951).
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Rutqvist (1958) was unable to detect gamma globulin in the serum from
pig fetuses and newborn pigs. Large amounts of gamma globulin appeared
in the serum shortly after nursing., It has been shown that gamma
globulins form the chief component of circulating antibodies (Wostmann,
1959b). This definite correlation between the ingestion of colostrum
and the level of antibody in the young pig has also been noted by
Hoerlein (1957), Straub and Boguth (1956), and Wellman and Heuner
(1958). Work by Hoerlein (1957), Asplund (1960), and Speer (1957) in-
dicated that the ability to absorb gamma globulins from the colostrum
is lost in the young pig after approximately the first 2l hours.

Young and Underdahl (1951), in discussing the rearing of
colostrum—-deprived pigs, stated that it is of vital importance to pro-
tect the young and vulnerable pig from infections that may be enzootic
within the herd, even though such infections are not apparent in older
swine or in pigs that have had colostrum. These workers caught pigs
in sterile bags at the time of birth and raised them in an isolated
room heated to 80 to 90° F,, using a diet based on milk. This same
group has developed a technique for removing the pigs from the sow by
means of hysterectomy (Young et al., 1955). The full-term sow was
anesthetiszed with carbon dioxide, and the entire gravid uterus was re-
moved and passed into a hood previously treated with formaldehyde
(Underdahl and Young, 1957a). Here the pigs were removed from the
uterus, the umbilicus was ligated and cut, and the stump was treated
with tincture of iodine. The young animals were then traasported in a
previously sterilized wooden box to the rearing room. Here the pigs
were placed in individual isolation units in a room previously treated
with formaldehyde (Young and Underdahl, 1953; Young et al., 1955).
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The isolation units were kept at 90 to 100° F. for the first few days,
and then the temperature was gradually lowered.

The diet described by Underdahl and Young (1957b) for
starting the young pigs consisted of one quart of homogenized milk,
one whole egg, and 5 ml, of a mineral mixture containing ferrous sul-
fate, copper sulfate, manganese chloride, and potassium iodide.

The pigs were transferred at one week of age to an isolation
brooder (Underdahl and Young, 1957b) large enough to hold 12 pigs.
They were continued on the same diet and gradually changed to a com-
mercial pig starter feed. The pigs at L weeks of age were transferred
to a clean area, The use of these "disease-free" pigs to repopulate
herds affected with atrophic rhinitis and virus pneumonia of pigs has
been described by Young et al. (1959).

Whitehair and Thompson (1956) reported the rearing of
Caesarean-derived pigs in individual metabolism cages on a diet of
casein, fat, lactose, minerals, and vitamins, Others successfully
rearing colostrum-deprived pigs have included Haelterman (1956),
Hoerlein et al. (1956), and Shuman et al. (1956).  Catron et al. (1953)
described a practical synthetic milk formula for baby pigs receiving
no colostrum.

In attempts to improve the diets for rearing young pigs,
various workers have studied the composition of sows' milk. Work has
been reported by Heidebrecht et al. (1951) and Davis et al. (1951).
The British workers (Braude et al., 1947) have found that sows' milk
contains a higher percentage of total solids, solids-not-fat, protein,
ash, calcium, and phosphorus than the milk of cows and goats and about
the same percentage of lactose, Bellis (1957) also compared the com-
position of the milk of various mammals.






III. EXPERIMENTAL

A. Procedures
1. Equipment

The equipment used in ) experiments on collecting and
rearing gnotobiotic pigs was similar to that described by Trexler
(1959, 1960a) and Trexler and Reynolds (1957) for rearing laboratory
animals, Two principal pieces of equipment were used, one being the
surgical isolator and the other the rearing unit. Both these isola-
tors were constructed of vinyl film which was 8 mils (0.008 in.) in
thickness.

The surgical isolator (Figure 1) measured 36 x 36 x 72 in.
and was mounted on a sheet of plywood slightly wider and longer than
the unit, The top of the plywood was covered with one layer of paper-
packing material to help cushion and protect the bottom of the isola-
tor. At one end of the sheet of plywood was fastened a fiber-glass
ring 16 in, in diameter and approximately 12 in., in length., This ring
served as an opening into the isolator, and it extended about 2 in.
above the top of the plywood. A circular piece of the vinyl film
about 12 in, in diameter was cut out of the bottom of the isolator,
and the resulting opening was stretched over the top of the fiber-
glass xing, The film and fiber glass were fastened together by 3 com-
plete turns of Scotch Brand Tape No, 471 (Minnesota Mining and
Manufacturing Company, St. Paul, Minnesota). At the opposite end of
the isolator were attached the air filter and air-outlet trap to be
described in more detail later.
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Figure 1. Surgical isolator

A.
B.
C.

D.

16-in, fiber-glass ring
Air filter

Air-outlet trap

30-in. dry-box gloves
12-in, fiber-glass ring

Outer door
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Three pairs of 30-in., dry-box gloves (Charleston Rubber
Company, Charleston, South Carolina) were attached to the sides of
this surgical unit. Two pairs, both 25 mils thick, were attached
opposite each other on the end nearest the fiber-glass ring in the
bottom of the isolator. The third pair, 15 mils in thickness, was
attached on one side near the opposite end. The gloves were attached
to the isolator by a method differing somewhat from that described by
Trexler and Reynol&s (1957). A circular opening approximately 7 in.
in diameter was cut in the vinyl film at the place where the glove was
to be attached, The cuff of the glove was cemented to the film and
both were held in place in the outer, concave surface of a spun-
aluminum ring approximately 9 in, in diameter.

Directly opposite the third pair of gloves was attached
another fiber glass ring which was 12 in, in diameter and 6 in. in
length. This ring was placed vertically. Both this and the larger
ring were provided with flanges for securing the rings to the plywood
base. The vinyl film was attached to the smaller ring in the pre-
viously described manner. Inner and outer doors or covers for this
ring were constructed of 20-mil vinyl film with the door being made
slightly smaller in diameter than the fiber-glass ring. The inner
door was stretched over the interior opening of the ring and held in
place with a large rubber band cut from a truck inner tube. The outer
door was held in place with 3 turns of Scotch Brand Tape No, 471. This
outer door was provided with 2 openings constructed of Tygon flexible
tubing (U. S, Stoneware Company, Akron, Ohio) 1 in, in diameter and
3 1/2 in, long. These were either sealed to the vinyl film by use of
a Callanan Dielectric Sealer (J. A. Callanan Company, Chicago,
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I1linois) or were taped in place in much the same manner as the fiber-
glass rings, Three such openings were provided in the isolator itself,
one each for receiving the air filter and air-outlet trap, and the
third for use during steriliszation of the isolator. These openings
were closed with rubber aioppera when not in use.

The rearing isolator (Figures 2, 3) measured 24 x 24 x 72 in.,
and it was attached to a plywood base with the ends and part of the
sides built up to give added support. An air filter (Figure L) and
air-outlet trap (Figure 5) were attached to one side of the unit, along
with a 12-in, fiber-glass ring fitted with inner and outer doors as
previously described. On the opposite side one pair of gloves was
attached, The floor of both the surgical and rearing units was covered
with a sheet of ribbed polyethylene to prevent cages and sharp objects
from perforating the vinyl film.

In the first 2 experiments no satisfactory method of weighing
the pigs inside the isolator was found. In Experiments III and IV a
hook was installed in the top of the rearing unit by cutting a small
t;olo in the vinyl film. A piece of Tygon tubing 1/2 in. in dismeter
and spproximately 3 in. long was taped into this hole as has been pre-
viously described. A length of small stainless steel rod was then
forced through a hole drilled in a small rubber stopper. A hook was
bent on either end of the rod, and the stopper was taped securely into
the upper end of the tubing, This allowed the upper end of the hook to
be attached to a spring-type milk scale, This scale, in turn, was sus-
pended from the ceiling of the room. The pig was suspended from the
lower hook in a small cloth bag or by means of a loop of string around

the hock J omto




Figure 2, Rearing isolator viewed from filter side

A, Air filter
B, Air-outlet trap
C. Sterile lock

D. Rearing cage






Figure 3., Rearing isolator viewed from glove side

A. 30-in, dry-box gloves

B. Spencer Turbo Compressor



Figure 4. Air filter attached to rearing isolator

A. Air filter
B, Sterile lock
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Figure 5. Air-outlet trap attached to rearing isolator

A. Air-outlet trap
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The sterile lock (Figure L) for the introduction of liquid
diet, vitamins, minerals, etc., into the isolator consisted of a tubu-
lar piece of 20-mil vinyl film 12 in, in diameter and 2} in. in length,
This lock had 2 Tygon-tubing openings, one near either end. The outer
door was removed from the rearing isolator and one end of the lock was
fastened to the fiber glass ring with 3 turns of Scotch Brand Tape
No. LT1. A fiber-glass ring 12 in, in diameter and 2 3/L in. in
length was taped on the other end of the lock, and the outer door was
also taped to this ring. This formed a chamber which could be loaded
from the outside and whose contents could be brought into the rearing
isolator through the inner door.

The air filters were constructed with a core of wire mesh or
expanded metal having solid ends (Figure 6). On the top end, a metal
tube, 1 in, in outside diameter, was welded. This core was wrapped
with four 1/2-in. layers of FG 50 glass-wool mat (American Air Filter
Company, Louisville, Kentucky)(Figure 7) which were held in place by
several ~t.ux'na of small stainless-steel wire., This amount of filter
material has been found sufficient to retain a dried aerosol of washed
bacterial spores at velocities encountered during use (Trexler, 1959).
A cover of 8-mil vinyl film was held in place over the filter material
by 2 radiator hose clamps (Figure 8). In actual use the air entered
through a short piece of Tygon tubing attached to the cover, went
through the 4 thicknesses of filter material, and left through the
metal tubing attached to the filter core. This tubing was secured in-
side one of the Tygonetubing outlets of the isclator by means of a
small radiator hose clamp.
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Figure 6, Air-filter core



Figure 7. Wrapped air-filter coi‘e

A. Air-filter core

B. Glass-wool mat
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Figure 8. Assembled air filter

A. Vinyl cover

B. Radiator-hose clamp

C. Adjustable-clamp

D. Tygon tubing for attachment to air source
E. Metal tube for connecting to isolator
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Air filters of similar construction have been shown by
Trexler and Reynolds (1957) to pass 2 to 3 cu. ft. of air per minute

at an air pressure of S lbs, per sq. in.
The air-outlet trap (Figures 9, 10) was made of fiber glass,

The trap was attached to the isolator by slipping the small side arm
inside one of the short pieces of Tygon tubing forming one opening into
the isolator and attaching it with a small radiator hose clamp., The
lower end of the small fiber-glass tubing, covered with a short length
of Tygon tubing sealed on one end, acted as a reservoir to prevent
£luid spilled from the trap from running into the isolator. The upper
end of this tube rose above the level of the liquid in the trap. The
eond of this tube was covered by an inverted plastic tumbler with 2
openings in its wall, These openings were at such a level that they
were approximately 1/4 in. below the surface of the 1liquid when the
‘T umbler was at its lowest position. A wire ring was mounted inside
the large opening of the tumbler, and a short piece of wire was

Cemented to the upper surface., These both acted as guides, A wire

Screen covered the top of the trap to shut out insects, The air- ‘
outlet trap was filled to the proper level with Cellulube (Celanese
Coxrporation of America, New York, N. Y.).

The air leaving the isolator entered the side arm of the
trap, traveled into the upper end of the fiber-glua tube, raised the
invexr-ted tunbler, and escaped through the holes in the wall of the
lattex, Any decrease in pressure within the isolator, caused, for
SXample, by withdrawing one's arms from the gloves, caused the tumbler

to dl‘ep 80 that the outlet openings were below the surface of the
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Figure 9. Air-outlet trap, disassembled

A. Side arm

B. Reservoir

C. Upper end of fiber-glass tubing
D. Fluid level

E, Plastic tumbler

F. Opening in wall of tumbler

G, Wire-screen cover
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Figure 10, Air-outlet trap, assembled
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liquid, This prevented a back-flow of contaminated air into the iso-

lator,
In Experiment I the air-outlet trap of the rearing isolator

consisted of a 6-in. length of vinyl film tubing 1 in, in diameter.
One end of this tubing was attached to the Tygon tubing opening of the

isolator, The other end, with a small metal weight attached, floated

on the surface of a 1-liter beaker 3/ filled with mineral oil, The
&ir flow caused this tubing to float on the surface of the liquid. .A
<Adescrease in pressure caused the end of the tubing to sink, and the
back-flow was prevented,

Outlet traps of this design have been shown by Trexler

(1959) to maintain a pressure equivalent to 1/L to 3/8 in. of water

within the isolator.
Air flow was provided either by small individual electric

blowers of the squirrel-cage type (Universal Electric Company, Owosso,
M1ichigan) or by a Spencer Turbo Compressor (Spencer Turbine Company,
Haxtford, Connecticut). The latter provided enough air flow for

S8e&veral isolators at one time and was fitted with a "rough® filter for

removing dust and other extraneous material from the air. The air

S8couxce and the filter on the isolators were connected by lengths of
Vacuum-sw<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>