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INTRODUCTION

In recent years, consliderable attention has been
directed to a newly recognized group of dilsease syndromes
occurring in cattle which have somewhat similar clinical
and pathological manifestations. The first syndrome observed
was given the name "virus diarrhea." Later, a more severe
clinical manifestation of this syndrome was designated
"mucosal disease." Today, the syndrome is usually referred
to as the bovine viral diarrhea-mucosal dilsease complex.

Even though the etiological agents involved in this complex
are serologically related, it appears that the terms viral
diarrhea and mucosal disease can best be used in describing
the clinical manifestation of the disease complex as it
occurs in the field.

The disease syndrome probably has been present for a
number of years and has not been recognized or undoubtedly
mis-diagnosed in the field. The significance of thils disease
complex 1s not fully known, but undoubtedly it plays a major
role in economic loss to the cattle industry. At the present
time, the disease is known to have world-wide distribution.

At the National Animal Disease Laboratory in 1962, a
clinical case of mucosal disease occurred in the experimental
herd. A cytopathogenic virus was 1solated from various
tissues collected at necropsy, which was designated the

NADL-MD strain of bovine viral diarrhea-mucosal disease virus.




The objectives of this study are to characterize the
NADL-MD virus and to partially elucidate the disease
syndrome in the involved herd by virological and

serological procedures.
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REVIEW OF LITERATURE

In 1946, Olafson et al. (45) described the occurrence
of a highly contagious disease of cattle in New York
characterized by high morbidity, fever, nasal discharge,
erosions of the alimentary canal and diarrhea. They could
experimentally transmit the disease to calves, and noted
that certain clinical signs of illness resembled those
caused by rinderpest. They termed this disease syndrome
"bovine virus diarrhea" (BVD) of cattle (46).

Later, Walker and Olafson (63) in 1947 proved con-
clusively by both cross-immunity and neutrallzation tests
that there was no antigenic relationship between rinderpest
virus and the causative agent of the new disease syndrome.

Ramsey and Chivers (50) in 1953 and Ramsey (49) in 1954
reported the occurrence in Iowa and surrounding states of a
newly recognized syndrome in cattle. They named the syndrome
:mucosal disease" (MD) of cattle because it mainly affected
the mucosal surfaces. Thelr description of the disease differs
from that reported for BVD by more pronounced lesions 1in the
alimentary tract, greater differences in morbidity and
mortality rates, and the epizootiology of the syndrome.
However, they were not able to reproduce the typical disease.

In 1954, Baker et al. (3) isolated two strains of virus
from field cases resembling those described by Olafson

et al. (45). They designated these isolates New York 1 (NY 1)




and Maine 2 (M 2). When calves were inoculated intravenously
or intranasally with infective blood or splenic emulsion, a
diphasic temperature response accompanied by leukopenia and
general malaise occurred. Diarrhea occured in about half of
the inoculated calves, but oral lesions were observed only
in an occasional animal. By cross-protection tests in calves,
they found both viruses to be antigenically related and con-
cluded that these isolates were similar to Olafson's isolate
even though the original material was not available for
comparison. They were unable to detect neutralizing anti-
bodies by injecting calves with mixtures of splenic emulsion
and serum from inoculated calves. Likewise, they found no
fixation of complement when using the infective splenic
preparations as antigen in the complement-fixation test. The
infective agents would not grow in embryonating eggs or gulnea
pigs, but could be transferred in rabbits. After 75 serilal
passages in rabbits, the NY 1 virus became modified and only
produced a slight decrease in leukocytes and mild temperature
elevation when inoculated into calves. The modified virus
immunized the calves against fully virulent virus challenge.
In 1956, Pritchard et al. (48) described the widespread
occurrence in Indiana of a syndrome which closely resembled
BVD as reported by Olafson (45). They isolated a virus from
a field case and were able to reproduce the syndrome experi-

mentally in calves. They named the agent Indiana 143 and
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found immunological differences when compared to the reference
NY 1 virus by quantitative cross-protection tests in calves.

Lee and Gillespie (41) in 1957 were able to grow and
maintain the NY 1 strain isolated by Baker et al. (3) for 20
consecutive passages in bovine embryonic skin-muscle tissues
prepared in roller tubes by the plasma-clot method. The virus
was maintained for an additional 15 transfers in bovine
embryonic kidney cell cultures. The concentration of virus
in fluids from these tissue-cultured cells were virulent for
calves at dilutions of 10'5 to 10-7. However, the NY 1 strain
did not produce any evidence of cytopathic effect (CPE) in the
tissue culture systems.

Underdahl et al. (62) in 1959 were the first to isolate
and propagate cytopathogenic viruses from field cases of MD.
They isolated and cultivated in bovine embryonic kidney cells
two cytopathogenic viruses from separate herds which they
designated M-833 and ISC-1. Cytopathic changes in the tissue
cultures were observed 7 to 10 days following inoculation, with
small vacuoles forming within the cells and increasing in size
until the cell layer was completely destroyed by 10 to 14 days.
The viruses were lnactivated by temperatures above 50 C for
15 minutes and would pass an 03 Selas filter. Both viruses
stimulated formation of neutralizing antibodies in sheep,
but they failed to determine if their viruses would produce

the experimental disease 1in calves. Subsequent studies by




Gillesple et al. (24) in 1961 have shown that Underdahl's
isolates are immunologically related to the reference NY 1
virus.

Noice and Schipper (44) in 1959 also isolated a cyto-
pathogenic virus in bovine kidney cell cultures from field
cases diagnosed as MD, Intravenous inoculation of two calves
produced a mild syndrome characterized by a single temperature
elevation 6 to 10 days postinoculation (PI). The calves
developed neutralizing antibodies to the virus in approxi-
mately 15 to 25 days. This virus has been referred to as
the North Dakota agent. As far as can be determined, the
North Dakota virus is similar or identical to infectious
bovine rhinotracheitis as reported by Tyler (60).

In 1959 Gillespie and Baker (22) demonstrated by
reciprocal immunity tests in calves that NY 1 virus and the
Indiana 46 virus were immunologically related and produced
similar syndromes in experimental calves. They propagated
both strains 1in tissue cultures but observed no evidences of
CPE.

The isolation of a cytopathogenic virus by Gillespie
et al. (23) in 1960 was one of the first major advances in
the study of this disease syndrome. The virus was 1solated

from splenic tissue from a calf which had succumbed to a

syndrome similar to BVD. The agent was designated Oregon C24V.

After several passages in tissue cultures, CPE appeared in 2
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or 3 days but was much more pronounced in 6 to 8 days.

Affected cells became rounded and gradually detached from
the glass surface, with complete detachment by the 1l2th to
15th day. Stained cells showed homogeneity of the cyto-
plasmic vacuoles of varying size were commonly seen 1n
infected cultures. Reciprocal cross-immunity tests in
calves showed that the agent was immunologically related
to NY 1 strain. Serum neutralization tests using tissue-
cultured Oregon C24V virus indicated not only a relationship
with NY 1 but also with the Indiana 46 strain of virus.
Since this time numerous cytopathogenic and non-
cytopathogenic BVD-MD viruses have been lsolated and there
is serological evidence of the dlsease throughout the world.
Robson et al. (53) in 1960 studied the correlation
between a neutralization test and immunity to BVD in 59
experimentally infected calves. All calves were serologically
negative at the time of the first inoculation, and all
developed "typical signs of BVD." The calves were sero-
logically positive 2 to 4 weeks following the first inocula-
tion. Following challenge with virulent virus, none of the
calves showed signs of illness. They concluded that the
neutralization test for immunity was at least 95% accurate
in the determination of the immune status of the animal.
Even though they did not indicate, it is assumed the

neutralization tests utilized the Oregon C24V virus.



In 1964 Coggins (9) studied the neutralization test
for BVD using Oregon C24V tissue-cultured virus. He found
that from 30 to 300 TCID50 units of virus would give con-
sistent results and yet permit maximum sensitivity. 1In
the neutralization test, an increase or decrease of 1 log
unit of virus would result in an inverse change of 0.44
log unit in the serum titer. He concluded that the neutra-
lization test was accurate within a 3-fold dilution if
procedures were followed which controlled variables.

Kniazeff and Pritchard (39) in 1960, used the plaque
assay procedure to conduct neutralization tests on various
BVD-MD antiserums against Oregon C24V virus. Antiserums
used in this study were obtained from experimental animals
exposed to known viral isolates, Fourteen antiserums
against NY 1 strain of BVD were obtained from Florida,
Indiana and New York, and an additional antiserum from
an unidentified isolate was obtained from Nebraska. A
total of 45 calf antiserums to MD agents were obtained
from Indliana, Iowa, North Dakota and England. All of the
preinoculation serums were found to have no detectable
neutralizing antibodies when tested against Oregon C24V
virus. They found an antigenic relationship between
Oregon C24V virus and all of the anti-BVD and anti-MD
serums tested. They concluded that the BVD-MD agent are

members of an antigenically related group. The Oregon C24V
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virus was also utllized in the neutralization test agalnst
serums obtained from cases of bluetongue, hog cholera,
infectious bovine rhinotracheitis, bovine infectious
ulcerative stomatitis, winter dysentery, malignant catarrhal
fever, sporadic bovine encephalitis and bovine mycotic
stomatitis. Even though these diseases have some similarity
in their pathogenesis to the BVD-MD syndrome, no antigenic
relationship was found by neutralization.

Kniazeff et al. (38), in 1961, reported that Oregon
C24V virus was also neutralized by antiserums against BVD-MD
viruses from Scotland and West Germany. They therefore
concluded that BVD-MD agents occurring in various parts of
the world are antigenically related.

In 1961, Gillespie et al. (24) compared different
strains of BVD-MD viruses by neutralization tests using
antiserum against NY 1 virus. The viruses tested were
Oregon C24V, a Nebraska BVD strain, a Nebraska MD strain,
and three strains of BVD isolated in New York and designated
as C55F, CO60OF and C80K. All of the viruses showed an anti-
genic relationship when compared by the neutralization test.
They suggested that serological tests should be used before
new and different disease entities are postulated on the
basis of clinical and pathological findings.

Darbyshire (14), in 1962, investigated the agar double

diffusion technique as a method of diagnosis for MD. A
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total of 1323 tissues of varlous types were tested against
immune MD serum from 223 clinically affected cattle. Of
these, tissues from 85 of the animals reacted with the
immune serum and 14 additional animals gave a doubtful
reaction. The tissues from 20 healthy cattle did not

show any lines of precipitation. He concluded that the
agar double diffusion technique would be useful in the
diagnosis of MD.

Gutekunst and Malmquist (30), in 1963, separated a
soluble antigen from infective virus particles by ultra-
centrifugation of infective tissue culture flulds. They
showed that by concentrating the soluble antigen, a single
line of precipitation would occur when tested in the agar
double diffusion plates against immune serums. The
infective virus "pellet," however, failed to show a
precipitin line.

In 1964, Gutekunst and Malmguist (29) reported a
complement-fixation test for BVD-MD using soluble antigen
prepared from infective tissue culture fluids. They were
able to detect complement-fixing antibodies in experimentally
infected animals, and demonstrated that the soluble
antigen alone was antigenic in calves.

Gratzek (28), in 1962, reported on a virus interference
test which he used to detect noncytopathogenic BVD viruses

in tissue cultures. In this system, tissue culture cells
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infected with either NY 1 or Indiana 46 viruses were
temporarily resistant to superinfection with vesicular
stomatitis virus.

In 1962, Gillespie et al. (25) reported a plaque
inhibition assay method for detecting noncytopathogenic
BVD viruses in tissue cultures. They found that cell
cultures became resistant to 50 plaque-forming units of
cytopathogenic CO60F virus if noncytopathogenic strains of
BVD viruses had been inoculated at least 3 days earlier.
This cellular resistance was neutralized by BVD antibodies.
They suggested that this cellular resistance was explained
by the principle of interference.

Gutekunst and Malmquist (29) using a modification
of the interference test described by Gillespie et al. (25)
found that tissue cultures infected with noncytopathogenic
strains of BVD viruses would show almost 100% interference
when the cultures were challenged with 103 TCID5O of
cytopathogenic NADL-MD virus. They were able to do neutrali-
zation tests with the noncytopathogenic viruses by the use
of this interference principle.

In 1963 Inaba et al. (36) described the use of the END
method to detect noncytopathogenic strains of BVD. They were
able to titrate noncytopathogenic viruses in bovine testicular

cells by the "exaltation" of CPE by newcastle disease virus as
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compared to its effect in non-infected cultures. They also

described a neutralization test using this technigque.

Fernelius (21) in 1964 was able to detect and titrate
noncytopathogenic BVD viruses by the use of immuno-
fluorescence. He found that fluorescein-conjugated serum
globulins against either a cytopathogenic or noncytopatho-
genic BVD-MD virus would stain infected cells of various
noncytopathogenic BVD-MD viruses. Titration of noncytopatho-
genic viruses by immunofluorescence correlated with the
results obtained by the interference technique described by
Gutekunst and Malmguist (29).

In 1962 Malmquist* observed that animals which succumb
to MD failed to develop either neutralizing or complement-
fixing antibodies. He demonstrated a viremia in clinical
cases for a period of 4 months prior to the animals' death.
In each case, no antibodies against the virus were found,
whereas other "healthy" animals in the herd developed
significant levels of antibodies. He suggested that the

inability of the clinical cases of MD to develop antibodies

resembles the "immune tolerance or paralysis" phenomenon.
Dinter et al. (18) in 1962 and Borgen (5) in 1963

reporting on virological and serological studies of herds

“*Malmquist, W. A., National Animal Disease Laboratory,
Ames, Iowa. Observations on immune tolerance associated
with the bovine viral diarrhea-mucosal disease syndrome.
Private communication. 1962.
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with evidence of MD, found no antibodles present in animals
from which they isolated MD viruses. Other animals in the
herd had no clinical signs of the disease but had high levels
of neutralizing antibodies. Thomson and Savan (59) in 1963
also observed in several cases that animals which became
diseased and died were serologically negative. They
suggested that the animals may have been incapable of an
antibody response. They observed clinical signs 1n one case
for over 2 months and the animal was still serologically
negative immediately prior to death, at which time 1t still
yielded virulent virus.

The first evidence of a possible relationship between
the causative agents of BVD-MD and hog cholera (HC) was
reported by Darbyshire (15, 16) in 1960 and 1962. Using
tissues from infected animals as antigens, he observed a
line of identity in agar double diffusion plates when the
antigens were tested against either HC or BVD-MD immune
Sserums., In absorption experiments, he found that the HC
antigen removed the antibodies from anti-hog cholera serum
as well as the BVD antibodies in the bovine serum. Likewise,
the MD antigen removed the precipitating antibodies from
both types of antiserums. Normal tissues did not remove
the precipitating activity of either antiserum and further-
more, the antigens were not affected by normal serums.

Neither antiserums nor tissue antigens from infected animals
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with canine distemper, canline hepatitis, myxomatosis,

rabbit fibroma, swine pox, vaccinia, rinderpest, teschen
and foot-and-mouth diseases showed any serological relation-
ship with BVD-MD or HC in the agar double diffusion plates.,

Bechenhauer et al. (4) in 1961 reported that pigs
inoculated with Oregon C24V BVD virus were resistant to
challenge with virulent HC virus 14, 24 and 37 days later.
‘They found that two other isolates, Nebraska BVD and
Nebraska MD, did not protect against subsequent challenge
with virulent HC virus. Serial passage of Oregon C24V virus
every 7 days in pigs did not cause it to increase in virulence,
but the pigs were susceptible to HC after 2 to 3 passages.
They "hyperimmunized" 2 pigs with Oregon C24V virus and found
that large doses of the antiserum would protect pigs against
challenge with virulent HC virus. They concluded that the
immunity produced in pigs by the BVD virus was related to
antibody formation rather than some type of blocking
mechanism.

In 1962 Sheffy et al. (56) found that SPF pigs inoculated
with NY 1 or Oregon C24V BVD viruses would withstand challenge
with virulent HC strain A virus. No signs of illness were
noted following inoculation of BVD viruses and the pigs
developed a low level of neutralizing antibodies against
BVD virus, but no neutralizing antibodles against HC virus.

Seven days after challenge with HC virus, high levels of
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neutralizing antibodlies were present against both BVD and
HC viruses. After challenge with HC virus, the control
pigs developed signs of illness and died in 8 to 15 days,
whereas the pigs initially given BVD viruses showed a
lesser elevation of temperature for 1 to 2 days and returned
to normal. Likewise, a simllar pattern was observed when
calves were inoculated with HC virus and subsequently
challenged with BVD virus. Serums which contained BVD
antibodies did not neutralize HC virus and, in recilprocal
tests, serums that contained HC antibodies would not
neutralize BVD viruses. They concluded that since BVD and
HC viruses fall to cross-neutralize, the mechanism of pro-
tection appears to be related to an accelerated secondary
response induced by prior exposure to a heterotypic virus.
Kumagai et al. (40) in 1962 investigated the antigenic
relationshlip between BVD and HC viruses by cross-neutraliza-
tion tests. They found the two viruses were antlgenically
different when convalescent serums were used in the neutrali-
zation tests. However, they detected a slight cross-neutrali-
zation when hyperimmune serums were used in the test. They
concluded that the two viruses share common "minor" antigens
and the secondary response reported by Sheffy et al. (56)
might be partly, if not entirely, due to the booster effect

of these minor antigens common to both viruses.
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In 1963 Gutekunst and Malmquist (30) separated a
soluble antigen and infective virus particles from tissue
culture fluids of NADL-MD and C24V viruses. They found
that the soluble antigen of the BVD viruses would form a
single line of identity in the agar double diffusion plates
when reacted with anti-hog cholera and anti-BVD serums.
However, infective virus particles failed to form precipitin
lines with either type of antiserum. No neutralizing
antibodies were found in the anti-HC serums when tested
against the BVD viruses except in a commercially prepared
serum. They suggested the relationship between BVD and HC
viruses was due to the sharing of a common soluble antigen.

Gutekunst and Malmquist (29) in 1964 demonstrated that
the soluble antigen of BVD viruses could be used to assay
complement-fixing antibody levels in anti-HC serums. Normal
swine serums failed to fix complement when tested with the
BVD soluble antigen.

Mengeling et al. (43) in 1963 demonstrated the antigenic
relationship between BVD-MD and HC viruses by immunofluoresc-
ence. By using fluorescein-conjugated serum globulins
against either BVD or HC viruses, they were able to stain
infected tissue cultures of either BVD or HC viruses. They
found the staining to be specific and no fluorescence was

observed when normal bovine or swine serum was used.
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In 1963 Dinter (17) reported HC and BVD-MD viruses to
share similar physical and chemical properties. They were
both approximately 50 mp in size, ribonucleic acid (RNA)
type, sensitive to ether and chloroform, moderately
sensitive to trypsin and were not stabilized 1n cationic
solutions. In reciprocal neutralization tests he found
some cross-neutralization if the antiserums were "very high"
in titer, however, some would show no neutralization toward
the heterologous virus.

Coggins and Seo (10) in 1963 using rabbit antiserums
against HC and BVD viruses, found no cross-neutralization.
Inoculation of either virus followed by challenge with the
other produced a secondary response to both. They suggested
this to be additional proof of "heterotypic" relationship.

In 1962 Gratzek (28) reported the adsorption rate of
Oregon C24V virus in calf testicular cells to proceed
rapidly and is essentially complete in 10 minutes. He
noted a tendency towards accelerated adsorption at 37 C
over 26 C but suggested these differences were within the
confidence limits of the plaque assay method. A multicyclic
growth curve of this virus in embryonic bovine kidney cells
revealed maximal titers to occur from 3 to 7 days PI. Using
calf testicular cells, he could detect cell-associated virus
as early as 8 to 10 hours PI and found infective virus in

the extracellular fluid approximately 4 hours later. He
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suggested that the testicular cells were more susceptible to

this virus than were the kidney cells.

Gillespie et al. (26) in 1963 obtained maximum viral
infectivity of C24V or C60F virus in extracellular fluids
72 to 96 hours PI, with a marked decline in the titer
following subsequent incubation. They found the virus in
the fluid phase to exceed that of the cell-associated phase
by at least one log during the growth of these viruses. In
contrast, Coggins (9) reported the growth and release of
C24V virus in tissue culture to be very gradual and reaching
a maximum titer only after 6 days' incubation.

In 1949 Andrewes and Horstmann (2) were the first to
observe that different viruses varied in their sensitivity
to ethyl ether. Since this time, sensitivity to ether has
been one of the major criteria used in the classification
of viruses, Several workers have studied the susceptibility
of BVD-MD viruses to ether. Hermodsson and Dinter (32) in
1962 and Gillespie et al. (26) in 1963 reported C24V virus
to be sensitive to 20% ether when incubated at 4 C for 18
hours. However, Taylor et al. (58) in 1963 reported C24V
virus to be stable in the presence of ether.

In 1961 Feldman and Wang (20) found that viruses which
were sensitive to ether were also sensitive to the action of
5% chloroform when incubated at room temperature for 10

minutes. They suggest that chloroform is more efficient
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than ether because of its greater polarity as a lipid
solvent, and offers the advantage of being readily separable
by sedimentation. Hermodsson and Dinter (32) have reported
that C24V BVD virus is inactivated by chloroform.

The type of nucleic acid of viruses has been investi-
gated by the use of inhibitors of deoxyribonucleic acid (DNA)
synthesis. In 1960 Salzman (54) found the growth of vaccinia
in tissue culture to be inhibited by the addition of 5-fluoro-
deoxyuridine (FUDR), whereas poliovirus was resistant.
Herrmann (33) in 1961 reported that the addition of 5-iodo-
deoxyuridine (IUDR) or 5-bromo-deoxyuridine (BUDR) would
inhibit the plaque formation of vaccinia and herpes simplex
viruses, but had no effect on the RNA-containing viruses,
West Nile and newcastle disease. Hermodsson and Dinter (32)
and Ditchfield and Doane (19) found C24V BVD virus to multiply
in tissue culture in the presence of IUDR or BUDR. They
concluded that the BVD-MD viruses were RNA in type.

Since the development of the collodion membrane filters
by Elford in 1929, many workers have used various types of
filters to estimate the size of virus particles. Hermodsson
and Dinter (32) using millipore filters found C24V virus to
readily pass the 100 mp filter and reduced amounts of
infective virus passed the 50 mp filter. Taylor et al. (58)
reported C24V virus would pass millipore filters or graded

asbestos filter pads having a porosity of 100 mu. However,
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they were unable to detect any infective virus in the

filtrate when the 50 mp filters were used.

Hermodsson and Dinter (32) using the electron micro-
Scope observed spherical particles with a diameter of
approximately 40 mp from ultra-thin sections of concentrated
C24V virus pellet. However, they thought the éoncentration
of infective virus in the pellet was too low to permit an
identification of the spherical particles as BVD viruses.
Ditchfield and Doane (19) observed particles in electron
micrographs of ultra-thin sections of tissue culture cells
infected with C24V or MAC-A BVD viruses. The particles were
approximately 150 to 250 mp in size with periodic projections
of 10 mp. The internal component was in a form of a helix
and had a diameter of 18 mp. On this basis, they suggested
that the BVD viruses belong to the myxovirus group.

In 1962 Wallis and Melnick (64) described a new
property for enteroviruses. They found that high concentra-
tions of cations would stabilize enteroviruses whereas they
would enhance the thermal inactivation of certain viruses
in the other major groups. They suggested that this
characteristic is a key criterion in the differentiation
of enteroviruses from others with similar properties.

Dinter (17) in 1963 found that the thermal inactivation of
C24V BVD was enhanced in molar solutions of Ca++ or Mg++

as compared to the control. Ditchfield and Doane (19)
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reported C24V to be completely inactivated in both the molar
Ca++ solution and the control when incubated for one hour at
a0 Q.

A number of investigators have reported the results of
thermal inactivation tests of BVD viruses under a variety
of temperatures, times of exposure and other conditions not
stated. Gratzek (28) found the titer of infective C24V BVD
virus would decrease approximately one log in 24 hours when
held at elther 37 C or 27 C. Thermal inactivation of the
virus at 58 C resulted in a two-component curve which
indicated the possibility of heat resistant variants. He
found a small amount of infective virus remains following
1 hour's incubation. Taylor et al. (58) reported C24V virus
to be completely inactivated by 96 hours when incubated at
37 C. They found the virus to survive at 56 C for only 20
to 35 minutes. Coggins (9) reported no appreciable loss in
titer when C24V virus was held at 25 C for 24 hours.

In 1958 Cheng (8) found that trypsin, chymotrypsin or
papain would lnactivate both the hemagglutinin and infectivity
of the group B arboviruses, whereas they had no appreciable
effect on the group A arboviruses. He suggested this
characteristic would aid in the differentiation of the
group A and B arboviruses. Dinter (17) found C24V BVD

virus to be moderately sensitive to the enzymatic action
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of trypsin, and thought this virus to resemble the group B
arboviruses 1in this characteristic.

In 1956 Peterson and Sober (47) and Sober et al. (57)
first described the preparation of DEAE- and ECTEOLA-
cellulose ion exchangers and their use in column chroma-
tography of proteins. Hoyer et al. (35) were the first
to use DEAE- and ECTEOLA- cellulose anion exchangers for
column chromatography and purification of animal viruses.
Since this time, numerous workers have used chromatographic
separation techniques to purify viral preparations and in
the separation of viral components.

In 1951 Brakke (7) described a new separation
technique, density gradient centrifugation. Using
different densitles of sucrose layered in a centrifuge
tube, he was able to purify and separate potato yellow-
dwarf virus from other debris on the basis of thelr bouyancy
in sucrose solutions during high speed centrifugation.
Since that time, various modifications of this technique

have been used to separate and purify viral components.

il
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PART I. VIRUS CHARACTERIZATION
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MATERIALS AND METHODS
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Since a variety of tissue culture media and buffer i
solutions were utilized in this study, a description of

each is included in the appendix.

Tissue Culture System
Primary bovine embryonic kidney (BEK) cell cultures
were used throughout this study. Cell cultures were pre-

pared by the general method of Youngner (65). Kidneys were

collected aseptically from selected 6-9 months bovine fetuses

and placed in a sterile container of Hanks' balanced salt
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solution (HBSS). The capsule was removed from the kidney,

and the cortical region separated from the medullary region.

3

The cortical tissue was minced until approximately 1 mm

pleces were obtained. The minced cortical tissue was washed pil |

3 times with cold GKN solution, with the washing fluids A
being discarded. The tissues were placed 1ln a sterille =i§
trypsinization flask* containing a sterile teflon-covered |
magnetic stirring bar. Sterile trypsin solution (0.25%) ]
chilled to 4 C was added to the trypsinization flask and
incubated at 4 C for 4 to 6 hours. After incubation the 1
supernatant fluid which contains toxic debris was discarded .

and fresh cold trypsin was added. Trypsinization was

*Bellco Glass Company, Vineland, N. J.
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continued for an additional 18 hours at 4 C. Following

trypsinization, fibrous tissue was separated from the
trypsinized cells by filtration through sterile cheesecloth.
The cells were sedimented by centrifugation at 1,000 x g
in a refrigerated centrifuge and the supernatant fluid was
discarded. The cells were then washed 3 times with cold
GKN and diluted in HBSS containing 10% specific pathogen-free
(SPF) calf serum to give a final cell concentration of
approximately 1 x lO6 cells/ml. The BEK cells were pro-
pagated in sterile tissue culture tubes, 4-oz prescription
bottles or Blake tissue culture bottles depending on the
requirements for the experiments. The cells were planted
in medium containing 89.5% HBSS, 0.5% lactalbumin hydrolysate,
10.0% SPF calf serum, and penicillin and streptomycin at a
concentration of 100 units and 100 pg/ml, respectively.
After 3 days' incubation at 37 C, the medium was changed
to 89.5% Earles' balanced salt solution (EBSS), 0.5%
lactalbumin hydrolysate, 10% SPF calf serum, and also
contalning antibiotics.

After complete monolayers had formed in approximately
5 days, the medium was removed and the cultures were washed
3 times with warm phosphate buffered saline solution (PBS).
Depending on the experiment, the cultures were washed with
warm PBS following inoculation and adsorption period and

Eagles' basal medium (EBM) containing 2.0% SPF calf serum
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was added for maintenance. The cultures were incubated in
statlonary racks at 37 C and observed twice daily for the

duration of the experiment.

Viruses Used

The bovine viral diarrhea (BVD) virus used for
characterization in this study was isolated from a clinical
case occurring in a group of yearling Holstein heifers at
the National Animal Disease Laboratory, and was designated
NADL-MD strain of BVD virus. The virus was isolated from
the following tissues: oesophageal mucosa, abomassal mucosa,
Peyer's patch, mesenteric lymph node, spleen, bone marrow,
rectal and nasal swabs. Primary isolatlions were made in BEK
cell cultures. Virus neutralization tests and typical
cytopathic effect (CPE) demonstrated that all isolates
were identical.

The virus was purified by 3 terminal endpoint dilutions,
and virus passaged 8 or 9 times in primary BEK cell cultures
was used throughout the experiment unless otherwlise stated.

Since most research on BVD viruses has been with
Oregon C24V strain, isolated by Gillespie et al. (23), this
virus was used in certain experiments as a control and to

compare it with the test NADL-MD virus.
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Assay Procedures

Infective virus

Cytopathogenic viruses were titrated in BEK cell tube
cultures. The infective flulds were separated from cellular
debris by centrifugation for 30 minutes at 2,000 x g in a
refrigerated centrifuge. Serial 10-fold dilutions of the
clarified tissue culture fluids were prepared in cold HBSS.
Two-tenths ml of each dilution was inoculated into 5 BEK
tube cultures. The cultures were incubated in a stationary
rack at 37 C and observed twice daily for evidence of
cytopathic effect (CPE).

Noncytopathogenic viruses were titrated using the
principle of viral interference described by Gillespie
et al. (25) and modified by Gutekunst and Malmquist (29).
Serial 10-fold dilutions of noncytopathogenic viruses were
prepared in cold HBSS, and 5 BEK cell tube cultures were
inoculated with 0.2 ml of each dilution. The cultures were
incubated in stationary racks at 37 C for at least 72 hours
to allow time for the higher dilutions to completely infect
the culture. Following 72 hours' incubation, the medium
was aspirated and the cultures were washed twice with warm
PBS. One ml of EBM containing approximately 103 TCID50 of
cytopathogenic NADL-MD virus was then added to each culture.
The cultures were incubated at 37 C and observed twice

daily for evidence of CPE. If the noncytopathogenic virus
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had propagated in the cultures there was almost 100%
interference with the challenge cytopathogenic virus. Like-
wise, typical CPE of the challenge virus could be observed

if the noncytopathogenic virus was not present in the culture.
Fifty percent infective virus endpoints were calculated by

the method of Reed and Muench (51).

Serum neutralization

The beta method of constant virus-varying serum dilutions
was the procedure of choice for neutralization tests in this
study. Test serums were heat inactivated in a 56 C water bath
for 30 minutes. Serial 2-fold dilutions of each serum were
prepared in HBSS, then an equivalent amount of HBSS containing
approximately 100 TCID50 per 0.1 ml of cytopathogenic virus
was added to the serum dilutions. The mixtures were incubated
at 37 C for 30 minutes, and 0.2 ml of each dilution was
inoculated into each of 5 BEK cell tube cultures. The
cultures were incubated at 37 C and observed twice daily
for evidence of CPE.

For neutralization tests involving noncytopathogenic
viruses, the principle of interference as described pre-
viously was employed. Serial 2-fold dilutions of test serums
were mixed with equal amounts of HBSS contailning approxi-

mately 100 TCID o Per 0.1 ml of noncytopathogenic virus.

5
The mixtures were incubated at 37 C for 30 minutes, and

0.2 ml of each dilution was inoculated into each of 5 BEK




Y . o

29

cell tube cultures. After 96 hours' incubation at 37 C,
the flulds were removed and the cultures washasd twice with
warm PBS. The medium in each tube was replaced with 1 ml

EBM containing approximately 103 TCID cytopathogenic

50
NADL-MD virus. The presence of unneutralized noncytopatho-
genic virus could then be detected by its interference with
the cytopathogenic challenge virus. Fifty percent neutrali-
zation endpoints were calculated by the method of Reed and

Muench (51).

Complement fixation

The complement source for the complement fixation (CF)
test was prepared from pooled guinea plg serum by the pro-
cedure of Kabat and Mayer (37). Blood was collected in
individual sterile containers from approximately 50 guinea
pigs and allowed to clot for 1 to 2 hours at room temperature.
Any natural hemolytic antibodies were removed by absorbing
twice with sheep erythrocytes. One-hundred ml of ice-cold
guinea pig serum was mixed with 3 ml of packed sheep
erythrocytes which had been washed 4-5 times in isotonic
saline. The mixture was kept at O C for ten minutes, then
centrifuged at 2,000 x g for 10 minutes at O C and the serum
removed. The absorbed guinea pig serum was distributed into
chilled ampules and promptly frozen at -60\C.

Hemolysin was prepared by inoculation of rabbits with

boiled sheep erythrocyte stromata as described by Kabat and
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Mayer (37). One liter of sheep blood was collected in 250 ml
of 3.8% sodium citrate with continuous mixing. The blood was
filtered through sterile cheesecloth to remove clumps, and the
erythrocytes were sedimented by centrifugation at 4 C. The
erythrocytes were then washed in two volumes of isotoniec
saline. Erythrocytes were "laked" by slowly adding the
erythrocytes, with constant vigorous mixing, to 10 liters

of ice-cold acidified distilled water (4 ml glacial acetic
acld to 10 liters distilled water). The mixture was stirred
for approximately 10 minutes and allowed to stand at 4 C over-
night to permit the stromata to settle. The supernatant fluid
was discarded and the stromata were washed 4-6 times with cold
0.001 M acetate buffer, pH 5. After each washing, the stro-
mata were sedimented by centrifugation at 2,000 x g at 4 C.
Following the final sedimentation the stromata were suspended
in an equal volume of cold 0.15 M NaCl. After washing three
times in 0.15 M NaCl, to remove the acetate, the stromata

were suspended in 0.15 M NaCl to a total volume of 300-400 ml.
The stromata were heated for 1 hour in a 100 C water bath.

The mixture was allowed to cool, then stirred by a magnetic
stifring apparatus until a smoothly dispersed suspension was
obtained. Rabbits were immunized with this suspension by
intravenous inoculations according to the following sequence:
One injection of 0.1 ml, five injections of 1 ml, and five

injections of 2 ml, each. The series of 11 injections covered
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a period of about 2 weeks, with not more than 2 consecutive

days between any two injections. The rabbits were bled 4 to
5 days following the last inoculation. The serum collected
was inactivated at 56 C for 30 minutes and stored at -20 C.

The sheep erythrocytes used in the CF test were obtained
by collecting the blood in an equal volume of sterile,
modified Alsever's solution. The sheep blood was stored at
4 C and allowed to age for at 1least 1 week prior to use.
After this stabilization period, a volume of blood sufficient
for a day's work was withdrawn aseptically and centrifuged.
The plasma and buffy coat were carefully aspirated and the
sedimented cells were washed 3 times with 10 volumes of
veronal-buffered saline containing Ca++ and Mg++. Following
the final washing, the erythrocytes were suspended in
veronal-buffered saline to a final concentration of 2%.

The CF technique was essentially the same as described
by Schmidt and Lennette (55) and modified by Gutekunst and
Malmquist (29). The specific soluble antigen used in this
study was prepared as previously described by Gutekunst and
Malmguist (30). The soluble antigen was prepared from tissue
culture fluids of NADL-MD virus and clarified of cellular
debris by centrifugation for 30 minutes at 2,000 x g in a
refrigerated centrifuge. Clarified tissue culture fluids
were centrifuged for é 1/2 hours at 98,500 x g in a Spinco

Model L preparatory ultracentrifuge. Following centrifugation
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the supernatant fluid was carefully decanted and concentrated
approximately 100-fold by pressure dialysis at 4 C using
cellulose casing under nitrogen pressure. Chloroform was
added to the resulting concentrated soluble antigen to a
final concentration of 5% to ilnactivate any remaining
infective virus particles. This emulsion was gently mixed
for 30 minutes at room temperature and the excess chloroform
was removed by centrifugation at 2,000 x g for 20 minutes in
a refrigerated centrifuge. The supernatant fluid was dialized
against frequent changes of veronal-buffered saline at 4 C
for 4 to 5 days then stored at -40 C.

The dose of soluble antigen to be used in the CF test
was determined by "block" titration, with several dilutions
of antigen concurrently titrated against successive dilutions
of bovine anti-NADL-MD serum. One unit of antigen was taken
as the highest dilution which would give 50% lysis with the
highest dilution of antiserum. Two units of antigen con-
tained in 0.2 ml were utilized in the test. The antigen was
also tested for non-specific hemolytic or antlcomplementary
activity. Control antigen consisted of tissue culture fluilds
from normal BEK cell culture and prepared in the same manner
as described for the specific soluble antigen.

The guinea pig complement was titrated 1in the presence

of soluble antigen and 2 exact units in a volume of 0.2 ml

R T T
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were used in the test. The incubation period for the
titration was 1 hour at 37 C.

The ability of normal bovine serum to enhance the
fixation of complement to certain virus-antibody complexes
has been noted by numerous workers. In this study, unheated
SPF bovine serum was added to optimally diluted complement
at a concentration of 5% as described by Boulanger et al. (6).
At this concentration, the normal bovine serum had neither
anticomplementary nor non-specific activity with the soluble
antigen.

Hemolysin was titrated using 2 units of complement in
0.2 ml containing 5% SPF bovine serum and 0.25 ml of a 2%
sheep erythrocyte suspension. Two units of hemolysin in
0.25 ml were used in the CF test.

Sensitized erythrocytes were prepared by mixing equal
volumes of a 2.0% suspension of washed sheep erythrocytes
and a dilution of hemolysin containing 2 hemolytic units
in a volume of 0.25 ml. The mixture was allowed to stand
at room temperature for 10 minutes to become optimally
sensitized.

All test serums were heat lnactivated at 56 C for 30
minutes prior to testing. Serial 2-fold dilutions of each
serum were prepared in cold veronal-buffered salin. Two-
tenths ml of each dilution was dispensed into test tubes

placed in an ice bath. Two units of complement in 0.2 ml
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containing 5% normal bovine serum was then added, followed
by 2 units of antigen in a volume of 0.2 ml. Antigen,
control antigen, serum, complement and hemolytic controls
were added to the system to determine the presence of any
non-specific activity of the reagents or test serums.
Fixatlon was allowed to proceed at 4 C for approximately

18 hours. Following the fixation period, the tubes were
warmed in a 37 C water bath for 10 minutes, then 0.5 ml

of sensitized erythrocytes was added to each tube, and
secondary incubation at 37 C was continued for 20-30 minutes
depending on the complement controls. The CF titer of the
serums tested was expressed as the highest initial dilution

of serum showing 50% lysis.

Growth Cycle

The growth cycle of NADL-MD virus was determined in
primary BEK cell cultures. Thirty 4-oz prescription bottles
containing monolayers of BEK cells were washed 3 times with
warm PBS. Each culture was inoculated with 1 ml of NADL-MD
virus (3 x 100 TCID5O/m1). After 1 hour of adsorption at
37 C, excess flulds were removed and the cultures washed
3 times with warm PBS. These fluids were pooled and
titrated for unadsorbed virus. Fifteen ml of EBM contain-
ing 2% SPF calf serum was added to each culture for

maintenance, then further incubated.
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Two cultures were removed from incubation at 3-hour
intervals for the first 12 hours and at 6-hour intervals
for the next 96 hours. The supernatant flulds were har-
vested and clarified of cellular debris by centrifugation
at 2,000 x g in a refrigerated centrifuge. The fluids
were stored at -80 C until assayed for extracellular virus.

The cells which remained attached to the glass were
washed twice with warm PBS and disrupted in 15 ml of HBSS
by several cycles of freezing and thawing in an alcohol-dry
ice bath. The cellular debris was sedimented by centrifuga-
tion at 2,500 x g for 1 hour in a refrigerated centrifuge
and the resulting supernatant fluids titrated for cell

associated virus.

Ether and Chloroform Sensitivity

The procedure for determining the ether sensitivity of
the virus was essentially the same as described by Andrewes
and Horstmann (2). Absolute diethyl ether* was added to
infective tissue culture fluids to a final concentration
of 20% and allowed to react for 18 hours at 4 C. Following
the refrigeration period, the mixture was centrifuged at
2,000 x g for 20 minutes and the other layer removed.

Residual ether was removed by vacuum. Oregon C24V virus

*Mallinckrodt Chemical Works, St. Louls, Milssouri
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was also tested for ether sensitivity in the manner
described above. Controls consisted of both viruses to
which 20% PBS replaced the ether in the procedure. Both
the ether treated and control preparation were assayed
for infective virus.

Sensitivity of NADL-MD and C24V viruses to chloroform
was determined by the method described by Feldman and
Wang (20). Sufficient analytical reagent grade chloroform#*
was added to infective tissue culture fluids to make a
final concentration of 5%. Following 10 minutes of con-
tinuous shaking at room temperature, the mixture was
centrifuged at 500 x g for 5 minutes. The sedimented
chloroform appeared at the bottom of the tube and the
clear supernatant fluld was removed and titrated for

infective virus.

Nuclelc Acid Type
The type of nucleic aclid possessed by NADL-MD virus
was investigated by the procedure of Hermodsson and Dinter
(32) which employed two inhibitors of deoxyribonucleic
acid (DNA) synthesis, 5-iodo-deoxyuridine (IUDR)** and

#*Mallinckrodt Chemical Works, St. Louils, Missourl.

**Nutritional Biochemicals Corporation, Cleveland, Ohio.
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5-bromo-deoxyuridine (BUDR)*. A known DNA virus, vaccinia**,
as well as a known ribonucleic acid (RNA) virus, para- |
influenza 3%¥#*, served as controls. Each DNA inhibitor was
asepticallyré&ded to EBM containing 2% SPF calf serum at a
concentration of 50 pg per ml of medium. The medium was
removed from 3 racks (64 tubes per rack) of BEK cultures

and replaced with EBM containing IUDR in first rack, BUDR

in the second rack, and no inhibitors in the remaining rack.
Following 2 hours' incubation, 0.2 ml of each virus (approx-
imately 103 TCIDy/ml) was inoculated into 15 BEK cultures
of each of the 3 sets of media. The supernatant fluids of

5 replicate tubes from each of the 3 viruses in the 3
different media were pooled immediately after inoculation
and assayed for virus content. The remaining cultures were
incubated at 37 C and observed twice daily for evidence of
CPE. Sampling procedures were repeated at 3 and 6 days PI

in order to determine the effect of the inhibitory chemicals.

Ultrafiltration
Tissue culture virus suspensions of NADL-MD and C24V

viruses were passed through Millipore filters” of different

¥Nutritional Biochemlcals Corporation, Cleveland, Ohio.
**Smallpox vaccine, Lederle Laboratories.
**¥%¥Obtalined from Shipping Fever ProJect, NADL, Ames, Iowa.

7[M1111pore Filter Corporation, Bedford, Massachusetts.
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pore size to estimate the size of the infective virus
partlicles. The following filters sizes were used in this
experiment: 220 + 0.2 mp, 100 mp + 8 mp, 50 mp + 3 mp and
10 mp £ 2 mp. The filters were used directly from the
sterile packages to avold possible damage by autoclaving.
Nitrogen pressure was used to facilitate filtration when
the smaller pore size filters were used. The original
virus sample and the filtrates were assayed for infective

virus.

Cationic Stability

Since thermal stabllization by the addition of high
concentrations of cations 1s a property of the enteroviruses,
an experiment was conducted to test the cationic stability
of NADL-MD virus by the procedure of Wallis and Melnick (64).
Two molar solutions of MgCl2 and of CaCl2 were prepared 1in
distilled water and sterilized by autoclaving. Two ml of
tissue culture virus was added to equal volumes of each
cation solution making a final 1 molar solution. Equal
quantities of sterile water and tissue culture virus served
as controls.

Immediately after mixing a portion was removed for
assay and the remaining was placed in a 50 C water bath

and titrated for infective virus following 30 and 60

minutes' incubation.

e s el e | Sk ik e e bt |
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PH Stability at 56 C

The sensitivity of NADL-MD virus to thermal inactivation
at 56 C was determined in isotonic veronal-acetate buffer
solutions at various pH values, This buffer system was
chosen because of its' wide range of pH values and elimina-
tion of possible specific ilon effects when using different
buffer systems. Since precipitates formed in buffers stored
at 4 C for periods of 24 hours or longer, it was necessary
to prepare buffers fresh each day. Buffer solutions ranging
from pH 3 to 9 were sterilized by filtration through a 220 mp
Millipore filter. The pH of freshly prepared buffers was
stable throughout the thermal inactivation period of 56 C.

NADL-MD virus for this experiment was prepared in BEK
cultures containing EBM alone since serum proteins have
buffering activity. To faclilitate the adjustment of the
pH of the virus preparation, the infective tissue culture
fluids were dialized against frequent changes of 0.005 M
phosphate buffered saline (pH 7.0) at 4 C for 3 days. The
dialyzed virus was dispensed in 1 1/2 ml volumes into vials
and stored at -80 C.

Two volumes of isotonic veronal-acetate buffer (3 ml)
were added to 10 vials of virus material for each pH value.
A preincubation sample was Iimmediately adjusted to pH 7.0
by the addition of 3 ml of appropriate isotonic veronal-

acetate buffer and titrated for virus content. The
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remaining vials were placed in a 56 C water bath. Samples il
were removed from the water bath at 15 minute intervals and i i
Immediately placed in an ice bath. The pH of the same was ;j
adjusted to 7 by the addition of 3 ml of appropriate buffer 'F
and then the samples were titrated for infective virus. |

The thermal stability of NADL-MD virus at 56 C was
determined in buffers at pH's of 3, 4, 5, 6, 7, 8 and 9. ,
The pH of the buffers were checked during thermal inactiva- ].
tion and found to vary not more than 0.2 pH units from |

the original pH value.

Trypsin Sensitivity
The sensitivity of NADL-MD and Oregon C24V viruses to

the enzymatic action of trypsin was determined by the pro-

cedure of Dinter (17). Three times crystallized trypsin*
was dissolved in 0.02 M phosphate buffered saline, pH 7.8,
at a concentration of 1.0 mg per ml. The trypsin solution i
was sterilized by passage through a 220 mp Millipore filter.

Infective tissue culture fluids were dialized agalnst

frequent changes of 0.02 M phosphate buffered saline, pH 7.8,

at 4 C for 3 days. Equal volumes of trypsin solution and

virus preparation were mixed and additional samples of virus

were mixed with equal volumes of the same buffer to serve

as controls. Portions were removed for assay prior to

*Nutritional Biochemicals Corporation, Cleveland, Ohlo.
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incubation and the remaining placed in a 37 C water bath for

1 hour. Prior to assay, the trypsin activity in each sample

was inhibited by the addition of 0.2% 5X crystallized soybean
trypsin inhibitor* in 0.02 M phosphate buffered saline,

pH 7.0. The samples were placed in an ice bath and titrated

for infective virus in BEK cultures.

Hemagglutination Procedure

To determine if NADL-MD virus material possessed pro-
perties of hemagglutination, a procedure was used according
to the general method described by Cunningham (13). Three
different preparations of viral antigens were used in the
hemagglutination (HA) test: 1) infective tissue culture
virus, 2) infective tissue culture fluids concentrated
approximately 100 times by pressure dialysis followed by
dialysis against frequent changes of PBS at 4 C, and
3) concentrated soluble antigen as prepared for the CF
technique.

Erythrocytes from various specles were used in the HA
test. Blood was collected aseptically into an equal volume
of Alsever's solution from the following species: Dbovine,
chicken, day-old chlcken, gulnea pig, rabbit, mouse, sheep,

Swine, hamster and human type 0.

*Nutritional Biochemical Corporation, Cleveland, Ohio.
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The erythrocytes were washed 3 to 4 times in 10 volumes
of PBS. Following the final washing, a 0.5% suspension of
each species of erythrocytes was prepared in sterile PRBS.

Duplicate sets of serial 2-fold dilutions of each
antigen preparation were made in PBS. An equal volume of
each dilution was added to 0.25 ml of PBS followed by 0.25
ml of erythrocyte suspension. One set was incubated at room
temperature for 2 hours and the other was refrigerated at
4 ¢ for approximately 18 hours. Patterns of sedimented

erythrocytes were observed for evidence of hemagglutination.

Chromatographlic Separation
Chromatographic procedures have been useful in

separating various components from crude virus preparations.
In this experiment, an anion exchange cellulose column was
utilized to separate NADL-MD viral antigens by increasing
the molarity of NaCl in a buffer solution as described by
Hoyer et al. (35). Ten grams of diethylaminoethyl (DEAE)-
cellulose (0.91 meq/g)* were washed in 250 ml of sterile
water. The cellulose was allowed to settle at 4 C and the
fine particles were aspirated with the supernatant fluilds.
The washing process was repeated 3 times. Following the

last washing, the DEAE-cellulose was equilibrated with

*Bio-Rad Laboratories, Richmond, California.
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several changes of 0.01 M tris(hydroxymethyl)aminomethene-
HCL*, pH 7.4 at 4 C. A slurry of DEAE-cellulose in tris
buffer was added to a 1 cm chromatographic column and care-
fully packed to a depth of 7.5 cm by the aid of nitrogen
pressure. The column was further equilibrated by allowing
approximately 250 ml of tris buffer to pass through the
column.

NADL-MD virus material for chromatographlc separation
was prepared in BEK cultures in EBM medium without serum or
phenol red indicator. The infective tissue culture fluids
were concentrated at least 100 times by pressure dialysis
at 4 C, then dialyzed against frequent changes of tris
buffer for 3 days.

The chromatographic procedure was conducted at 4 C.
The previously equilibrated DEAE-cellulose column was loaded
with 1 ml of concentrated virus material. The column was
then eluted stepwise with 4 ml aliquots of tris buffer con-
taining increasing molarities of NaCl. The flow rate through
the column was adjusted to approximately 20-30 drops per
minute by the use of nitrogen pressure. Eluates were
collected dropwise in 2 ml volumes. The infectivity of

each sample was determined by titration in BEK cultures.

*Sigma Chemical Company, St. Louls, Missouri.
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The complement-fixing activity of each sample was
determined by the CF technique.

Sucrose Density Gradient Centrifugation

Sedimentation in a density gradient has been a very
useful technique for separation and purification of viral
components. The sucrose density gradient technique was
used in this experiment for separation of NADL-MD virus
components by a procedure'described by Brakke (7).
Analytical reagent grade sucrose* solutions were prepared
in sterile distilled water at concentrations of 15, 30, 45
and 50% respectively. Gradient columns were prepared by
carefully layering 1 ml of each aqueous sucrose solution
in a sterile centrifuge tube. The gradient tubes were
allowed to equilibrate at 4 C for at least 24 hours. The
viral material was prepared in the same manner as for the
chromatographic separation procedure except the material
was dialyzed against frequent changes of sterile saline at
4 ¢ for 2 days. After the gradient tubes had equilibrated,
0.5 ml of concentrated virus material was carefully overlaid
on the sucrose gradient. An additional gradient column was
overlaid with 0.5 ml of crystallized bovine albumin (10 mg

protein nitrogen/ml)** to serve as a control. The gradients

*Mallinckrodt Chemical Works, St. Louils, Missouri.

**Armour and Company, Chicago, Illinois.
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were centrifuged in a SW-39L swinging bucket rotor of the
Spinco Model L ultracentrifuge for 18 hours at 35,000 rpm.
Rapid acceleration with non-braking deceleration was used
to minimize convection and stirback.

Various techniques were investigated for collecting
samples from the gradient tubes. The technique which gave
clear-out separation of the samples with the least amount
of mixing was used in this study. It consisted of individual
0.5 ml pipettes held in a fixed vertical position and
connected to a 2 ml syringe with non-collapsible tubing.
Gradient tubes were held 1n a glass receptacle affixed to
an adjustable stage for vertical positioning of the sample
in reference to the fixed pipettes. Successive 0.5 ml
aliquots were carefully collected from just below the
meniscus by slowly elevating the gradient column. Each
aliquot was assayed for infective virus in BEK cultures
and for soluble antigen in the CF test. Protein nitrogen
determination of each sample containing bovine albumin was

made by the biuret method (27).

Relatlonshlip of NADL-MD Agent to other Bovine Viral Dilarrhea
Viruses
The relationship of NADL-MD virus to other viruses of

the BVD-MD complex was determined by neutralization tests.
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The cytopathogenic viruses, NADL-MD and Oregon C24V (23)*
were combared by the use of anti-NADL-MD serum prepared in
an SPF calf. The following noncytopathogenic viruses were
titrated and compared in the neutralization test by the
principle of interference: NY 1 (3)*, Indiana 46 (48)*,
Merrell (61)*, Sanders (52)* and CG-1220 (29).

The soluble antigens of NADL-MD, Oregon C24V and
CG-1220 viruses were compared in the CF test. Two CF units
of each were used to titrate the complement-fixing antibody
content in anti-NADL-MD and anti-CG-1220 serums prepared in

SPF calves.

Relationship of NADL-MD Agent to other Virus Groups

Reciprocal cross-neutralization tests with other viruses
and their antiserums were performed to determine possible
relationship with NADL-MD virus. The following viruses and
antiserums were tested; infectious bovine rhinotracheitis
(IBR) virus and antiserum**, parainfluenza-3 and antiserum**,

vesicular stomatitis***, vaccinia, anti-hog cholera

*Obtained from Doctor D. E. Tyler, Iowa State University,
Ames, Iowa.

*%¥Obtained from Shipping Fever ProJject, NADL, Ames, Iowa.

*%%0Obtained from Doctor L. O. Mott, NADL, Ames, Iowa.

i
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serum*, anti-transmissible gastrointerititis serum (TGE)*,
anti-group B arborvirus serum*¥*, and antil-Lymphocytic
choriomeningitis (LCM) serum¥**%,

The antiserums listed above were also tested against
the soluble antigen of NADL-MD in the CF test. Procom-
plementary activity of the anti-hog cholera and anti-TGE
serums were removed by the procedure described by Cowan (12).
One ml of each test serum was heat inactivated at 56 C for
30 minutes. The serum was allowed to cool at room tempera-
ture, then 0.2 ml of a 1:80 dilution of formalin was added
to each test serum. The mixture was incubated for 45
minutes at 37 C. Immediately after 1lncubation, the serum
was serlal 2-fold diluted in cold veronal-buffered saline

and used in the CF test.

Animal Experimentation
An SPF calf was inoculated with NADL-MD virus to
study and characterize the experimental disease.

Experimental animal

A Holstein calf was procured by ths animal quarantine

section at the National Anlimal Disease Laboratory under

*Obtained from Doctor A. L. McClurkin, NADL, Ames, Iowa.

**¥0Obtained from Doctor T. H. Works, Chief, Virology
Section, Communicable Disease Center, Atlanta, Georgia.

**¥¥Diagnostic Reagents Section, Communicable Disease
Center, Atlanta, Georgia.
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conditions which approximated SPF production methods as
described by Edward et al.* The calf was deprived of

colostrum and held approximately 5 months in a unit com-

pletely separated from other animals. Subsequent neutraliza-

tion tests with preinoculation serum against the agent under

study proved the complete absence of antibody to the NADL-MD
virus., Dally observation and establishment of basal

temperature and leukocyte counts were performed over a

4-day period preceding artificial exposure.

Inoculum and exposure

NADL-MD virus was passed twice in BEK cultures then 5
ml tissue culture fluld containing approximately 106 TCID50
were inoculated intravenously into the calf. Twelve weeks

following the first inoculation, a second intravenous injec-

tion of 5 ml NADL-MD virus was given.

Collection of data

Beginning 24 hours PI and continuing daily for approxi-
mately 3 weeks, blood samples were obtained for total and
differential leukocyte counts. Serums recovered from
weekly bleedings were used for neutrallization and CF tests.
Citrated blood was collected for buffy coat cultures each

day for 1 week and at weekly intervals thereafter, with the

*Edward, A. G., Miles, G. D. and Calhoun, J. R.,
National Animal Disease Laboratory, Ames, Iowa. Production
of colostrum deprived specific pathogen-free calves. Private
communication. 1962,
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exception of the 4th day PI when a pre-scapular lymph node
biopsy was performed. Swabs were used to collect material
from intestinal contents and nasal secretions at the same
time as the blood for the buffy coat cultures. Rectal
temperatures and clinical signs were recorded 3 times daily.

Virus 1isolation technique

Buffy coat cultures were prepared by a procedure
similar to that described by Malmquist and Hay (42) for the
propagation of swine leukocytes. Approximately 25 ml of
blood was collected aseptically from the experimental calf
into 5 ml of a 10% sodium citrate solution. Citrated blood
samples were centrifuged at 2,000 x g for approximately 30
minutes and the plasma aspirated. Recovered buffy coat cells
were washed 2 to 4 times in a Ca free salt solution (GKN),
care being taken to exclude as many erythrocytes as possible
from each recovery. Four washings were used when the
presence of antibodies was anticipated. Buffy coat cells
were planted with a growth medium containing 80% EBM and
20% isologous serum., In most instances paired sets of
cultures media were prepared, one incorporating preinocula-
tion serum and the other with serum collected at the same
time as the buffy coat cells. After 5 to 7 days' incubation
at 37 C the buffy coat cultures were reinoculated into BEK
cultures. Rectal and nasal swabs were washed out in EEM

which was clarified by centrifugation and inoculated into
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BEK cultures. The pre-scapular lymph node biopsy material
was minced with sterile scissors after which it was distri-
buted 1nto tubes of growth medium and incubated as explant
cultures. After the lymph node cells had formed monolayers,
they were then subcultured into BEK cell cultures. The
production of a CPE in the cultures similar to that pro-
duced by the original virus inoculum served as criterion

of successful recovery of the virus. The isolates were
further identified by virus neutralization tests.

Serum neutralization and complement fixation

Serums collected at weekly intervals from the experi-
mental calf were inactivated at 56 C for 30 minutes and
serial 2-fold dilutions of each were prepared. The serums
were tested against infective NADL-MD virus in the
neutralization test and against the soluble antigen in
the CF test.

Necropsy

The calf was necropsied 16 weeks following the first
inoculation. Various tilssues were aseptically collected
for virus isclation and buffy coat and bone marrow cultures
were also prepared. A thorough search for gross lesions

was made and those observed were described.
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RESULTS

Growth Cycle

Ninety-two percent of the virus in the inoculum was
adsorbed to the BEK cells during a 1 hour incubation at
37 C. The first appreclable cell associated virus was
detectable at 9 hours PI and reached a peak at 18 hours
PI when the first evidence of CPE was observed. Over 99%
of the total virus yield was released into the supernatant
fluids by the time the cultures evidenced 50% CPE. The
release of virus into the extracellular fluids appears
to be by gradual release, rather than by "burst," as
occurs with bacteriophages. The complete cell layer was

destroyed within 48 hours PI (Figure 1).

Ether and Chloroform Sensitivity
NADL-MD and Oregon C24V viruses were completely
inactivated by treatment with 20% ether for 18 hours
at 4 C, and no detectable infective virus remained in
the fluilds following the removal of ether (Table 1).
Both viruses were sensitive to chloroform at a con-
centration of 5% when incubated at room temperature for

10 minutes (Table 1).



Figure 1.

Growth cycle of NADL-MD virus in bovine embryonic kidney cell cultures
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Table 1. Ether and chloroform sensitlvity of NADL-MD and
Oregon C24v

Ether? ChloroformP
Virus control treated control treated
NADL-MD 5.8¢ <1.0 6.2 €1.0
Oregon C24V 5.5 <1,0 5.8 €1.0

820% ether for 18 hours at 4 C.
b5% chloroform for 10 minutes at room temperature.

Criters expressed as 1oglOTCID50/m1.

Nucleic Acid Type
Inhibitors of DNA synthesis, IUDR and BUDR, did not
inhibit the replication of NADL-MD virus in BEK cultures
at a concentration of 50 pg per ml of medium. However
vaccinia, a DNA virus, was inhibited by both IUDR and
BUDR. The RNA virus, parainfluenza-3, showed a normal

replication in the presence of the 2 DNA inhibltors

(Figure 2).

Ultrafiltration
Both NADL-MD and Oregon C24V viruses readily passed
through the 220 mp and 100 mp millipore filters. A small
fraction of both viruses passed the 50 mp filter, but no
infective virus was present in the filtrate when the 10 mu

filter was used (Table 2).
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Flgure 2. Nucleic acid type determination of NADL-MD using DNA inhibitors,
IUDR and BUDR, in BEK cell cultures
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Table 2. Ultrafiltration studies of NADL-MD and Oregon C24V

viruses
NADL-MD Oregon C24V
Filter size control filtrate control filtrate
220 my 5.0% 5.8 5.5 4.8
100 mp 6.2 4.5 55 3.8
50 myp 6.2 1.2 BB 1.2
10 mp 6.2 <1.0 55 <1.0

aTiter expressed as loglo TCIDSO/ml.

Cationic Stability
The thermal inactivation of NADL-MD virus was enhanced
when incubated at 50 C 1n the presence of 1 M solutions of
either Ca++ or Mg++ as compared to inactivation of the virus
in equal quantities of water (Table 3). Ca++ appeared to
have a greater effect on the therma inactivation of the

virus than the Mg++.
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Table 3. Cationic stability of NADL-MD virus to thermal in-
activation at 50 C in presence of 1 M Ca++ or Mg++

Incubation time (minutes) Mgcl,2 Ca012b H,0
0 6.2% 6.0 6.2
30 4.5 4.2 5.8
60 3.2 2.8 4.5

@0ne molar solution at 50 C.
bOne molar solution at 50 C.

PH Stability at 56 C
NADL-MD virus was relatively stable to thermal inactiva-
tion at 56 C in buffer solutions of pH 6 to 8, with a small
amount of infective virus remaining after 2 hours' incubation.
A two component lnactilvation curve at these pHs 1indicate
possible heat resistant variants. The inactivation of the
virus at 56 C was greatly enhanced at pH 5 or below

(Figure 3).

Trypsin Sensitivity
Both NADL-MD and Oregon C24V viruses were moderately
sensitive to the enzymatic action of trypsin. Ninety-nine
percent or more of each virus was inactivated when incubated

for 1 hour at 37 C in the presence of trypsin (Table 4).

o \



Figure 3. Thermal inactivation of NADL-MD virus at 56 C in buffer solutions
at various pH values
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Table 4. Sensitivity of NADL-MD and Oregon C24V viruses to
the enzymatic action of trypsin for 1 hour at 37 C

Virus Control Trypsin Treated Difference
NADL-MD 5.2% 2.5 2.7
Oregon C24v 4.8 2.8 2.0

a8riter expressed as log,, TCIDso/ml.

Hemagglutination Test
No hemagglutination was detectable when either of the
3 antigens were tested in the HA test with the erythrocytes

of various species and incubated at room temperature or at

4 ¢ for 18 hours (Table 5). |

Table 5. Hemagglutination tests of NADL-MD viral antigens
with various species' erythrocytes

Tissue culture Concentrated Soluble

virus virus antigen

Erythrocytes 25 C Ao 25 C 4 ¢ 25 C 4 ¢
Bovine - - - - - -
Chicken - - - - - -

Day-old chicken - - - - - -
Guinea pig - - - > & &
Rabbilt - - - - - -

Mouse - - = - - =
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Table 5 (Continued)
Tissue culture Concentrated Soluble
virus virus antigen
Erythrocytes 25 C 4 ¢c 25 C L ¢ 25Cc 4