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SUMMARY

This thesis presents morphologic studies of naturally acquired

Bovine virus diarrhoea-mucosal disease (BVD-MD) virus infections
of cattle and naturally acqulred and experimental Border disease
(BD) virus infectlon of sheep. The distribution and cellular
localisaton of sélected immunohistochemical central nervous system
glial cell markers 1s described for the normal sheep. Using two of
these markers and a monoclonal antibody to BVD-MD virus: a double
immunoenzyme labelling technique was used to determine the cellular
localisation of BD virus for the persistently viraemic fetal and
neonatal sheep. The wultrastructural features of the peripheral
nervous system (second muscular branch of sclatic nerve) of a viraemic

fetus and neonate 1s also described.

Field studies of BVD-MD virus infection and BD virus infection showed
that lesions 6f hydranencephaly, porencephaly, cerebellar dysplasia
and atrophy, and retinopathy occur following pestivirus infections of
both cattle and sheep. The infectlon status (presence of wvirus or
serum neutralising antibody) of affected animals suggests a relation-
ship between the gestational age of infection and the nature of

lesions.

Animals infected early in gestation are viraemlic and show either no
significant histopathological changes or, mild retinopathy and/or
mild granuloprival cerebellar dysplasia. These lesions are probably
caused by virus induced degeneration Of proliferating neuroblasts.
Viraemic sheep may also show central nervous system hypomyelinogenesis
(classical BD). Ultrastructural observations suggest that a deficlency
of myelin may also be a feature of the peripheral nervous system of

newborn lambs persistently infected with BD virus.



Animals with cystic cerebral or cerebellar cavitation are 1infected
around midgestation and are {invariably non-viraemic, most show a
serological response. One experimentally infected lamb with porenc-
ephaly was shown to have viral persistence in white matter of the
central nervous system but virus was not demonstrated 1n viscera or
blood. These features suggest that cavitating lesions of the central
nervous system following pestivirus infection may have an immunologic-

al basis.

Immunohistochemical markers of gllial cells are widely wused in
‘neurobiology generally and have been particularly useful in elucidat-
ing gllal cell differentiation pathways. Such markers are potentially
useful for studles of the effect of pestivirus on the developing
central nervous system. The results of experimental Iimmunoperoxidase
studies of selected glial cell markers show that gllal fibrillary
aclidic protein, carbonic anhydrase II, myelln basic proteln and
galactocerebroside are conserved 1Iin the sheep. Glial f£fibrillary
acidic proteiln 1s expressed in cells which were defined by topography
and morphology as protoplasmic astrocytes, fibrous astrocytes,

Bergmann glial cells, a sub-population of ependymal cells (including
possibly tanycytes), amphicytes of spinal ganglia and some Schwann
cellss In the 90 day ovine fetus gllal fibrillary acldic protein
expression was also seen in sub-plal glia. The processes of some of
these cells were continuous with myelin basic protein expressing
myelin shéaths. Such cells are morphologically and biochemically

similar to transitional cells.

In the neonatal lamb brain myelin basic protein 1s expressed in myelin
sheaths and in the cytoplasm of presumed myelinating oligodendroglia.

These cells are found throughout the neuraxis and in all funicull of



the spinal cord. Myelin basic protein expression, as determined by
the immunoperoxidase method, was found to be a more precise and
sensitive method of demonstrating initial stages of myelination than
conventional histological stains. However, thls method offered no
advantage over tinctorial methods for examination of the subsequent

advancement of myelination towards maturity.

Galactocerebroside expression was seen on frozen sections of spinal
cord in populations of subplal glial cells but it was not demonstrated

in fixed, paraffin wax embedded tissues.

Carbonic anhydrase II was expressed 1n chorold plexus epithelium and
in glial cells of white matter. Double immunoenzyme labelling showed
that these latter cells also expressed glial fibrillary acldic protein

and were thus 1ldentified as fibrous astrocytes.

Using monoclonal antibodies ralsed to BVD-MD virus the immuhoperoxi—
ase method demonstrated widespread neuronal, glial cell and ependymal
cell Infection of the spinal cord of fetal and newborn lambs. Cells
within the peripheral nervous system were also infected. Double
immunoenzyme labelling showed that gllal fibrillary acidic protein
expressing cells and myelin basic protein expressing cells were
infected with virus. On morphological and biochemical character-
i1stlcs the infected cells were identified as astrocytes, oligodendro-
cytes and transitional cells. Morphometric studies of glial fibrill-
expressing cells and
ary acidic ’ﬁtheiJleyelin basic protein expressing cglls show an
astrocytoslis and a deficiency of myelinating oligodendroglia in the
90 day fetus. These results suggest that myellin deficiency of BD is

caused by defective differentiation of oligodendroglia or oligodendro-

glial precursor cells.



CHAPTER ONE. INTRODUCTION

Historical Perspective

Border Disease (BD) or 'B' disease was first described as a distinct
clinical entity in lambs born in the border counties between England
and Wales (Hughes et al., 1959). 1It is a congenital viral infection
of sheep (Gardiner et al., 1972) and goats (Loken et al., 1982)
characterised by embryonic and fetal death which may result in
abortion, mummification, or still bilrth and by birth of small lambs
of low viability with nervous symptoms and abnormally hairy, pig-
mented birth coats. Following its original descriptions the disease
has been reported from many other European countries, (Alenius et al.,
1986; Barlow & Dickinson, 1965; Hamllton & Donnelly, 1970; Leiss
et _al., 1982; Loken et al., 1982) and from New Zealand (Manktelow et
al., 1969), Australia (Acland et al., 1972), the USA (Jackson et al.,
1972), Canada (Physick-Sheard et al., 1980) and Syria (Willsmore &

Roeder, 1984).

Two distinct clinical syndromes of cattle, bovine virus dlarrhoea
(Olafson et _al., 1946) and Mucosal Disease (Ramsey & Chivers, 1953)
were eventually shown to be caused by the pestivirus bovine virus
diarrhoea-Mucosal disease virus (BVD-MD). Since the earliest

descriptions of the disease abortion and neonatal death has been
assoclated with infection of susceptible pregnant cattle. Experi-
mental infections subsequently established that the virus 1s terato-

genic (Ward et al., 1969).

Mucosal disease 1s invarlably fatal and occurs in cattle which have a

persistent BVD-MD viraemia acquired as fetuses (Roeder & Drew, 1984;

Steck et al., 1980). The pathogenesis of Mucosal dlsease remalns



controversial but most authors agree that post-natal exposure to
another pestivirus ("super infection'") is important for the onset of
clinical signs (Littlejohns & Walker, 1985). Not all persistently
infected calves, however, dle shortly after birth and some may survive
for a number of years as clinically healthy but persistently viraemic
animals (Coria & McClurkin, 1978). Most post=-natal infectlons of

BVD-MD naive cattle are probably inapparent (Roeder & Drew, 1984).

Aetiology

BVD-MD and BD are caused by closely simlilar Pestiviruses (family
ERToggyiridae )e In sheep experimentally infected with BD virus it has
been shown that recipricating, neutralising and complement fixing
antibodies develop to BVD-MD (Huck et al., 1975) and sera from one
natural outbreak of BD possessed higher neutralising antibody tiltres
to the NADL strain of BVD-MD than to BD (Vantsis et al., 1979). The
physical properties (hydrodynamic) of BD virus and BVD-MD virus are
indistinguishable (Laude, 1979). With the exception of one report
which describes viral 1ike particles 1in turbinate epithelium of an
experimentally Iinfected cow (Chasey & Roeder, 1981) the morphology
of the viruses has not been described as viruses are difficult to
visualise by means of transmission electron microscopy (Scott et al.,
1977). Recently, Gray and Nettleton (1987) described structures which
appeared to be virlons derived from modified endoplasmic reticulum in
cell cultures infected with BD virus or BVD-MD virus. BD and BVD-MD
are also distantly related to Hog Cholera (syn. Classical Swiné

Fever) virus.

Originally BD and BVD-MD were regarded as distinct specles -~ specific
entities but the antigenlc heterogenclity that exists between strailns

of BD virus and BVD-MD virus 1s probably no greater than the anti-



genic differences found among BVD-MD virus strains (Terpstra, 1985).
Furthermore, infection of cattle with BD virus causes abortion and
cerebral cavitation (Gibbons et al., 1974) and BD has been reproduced
in sheep following infection with BVD-MD (Barlow et al., 1980b;
Terleckl et al., 1980). Marked differences In pathogenicity for the
ovine fetus have been observed with various BVD-MD virus stralns
(Snowdon et _al., 1975). 1In this thesis, therefore, the designation
BD virus or BVD-MD virus indicates that the 1isolate 1is respectively

of ovine or bovine origins.

Transmission

Experimentally BD has been transmitted by several inoculation routes
(sub-cutaneous, intramuscular, intraperitoneal, intravenous, intra-
nasal) but 1t is likely that oral and intranasal routes are the most
important in natural cases. Transmission of BD (Gardiner & Barlow,
1981) and BVD-MD (McClurkin et al., 1979; Meyling & Jensen, 1988)
may occur by infected semen and, in persistently infected dams, there
may be transovarian infection of the fetus (Barlow et al., 1980a;
Westbury et al., 1979). Recently perslstent viraemla has been detect-

ed in calves derived from embryo transfers (Liess et al., 1987).

Extensive outbreaks of disease have also been reported followlng the
use of BVD-MD virus infected vaccines (Lohr et al., 1983). Inter—
specles infectlon occurs (French et al., 1974) and infected cattle may

be a source of infection for sheep (Physick-Sheard et al., 1980).

Persistently infected lambs shed virus from all body secretlons
(Terpstra, 1978 & 1981). Such sheep may not show overt signs of
disease (Terpstra, 1981; Westbury et al., 1979) and are a potent

source of infection for in-contact animals.



Lateral transmission of infection after abortions in the first half
of gestation may occur but spread is probably limited when sheep are
kept at pasture (Plant et al., 1977). Experimental studies have

shown that BD virus may persist in intra—abdominal cells of flies for
up to 72 hours after blood sucking viraemic sheep and it is, therefore,
theoretically possible that mechanical transmission of virus may occur

under conditions of natural infection (Al-Muarrawi, 1986).

Pathogenesis

Fetal infectlon occurs following BD or BVD-MD viraemia and subsequent
virus replication in the placentome where it multiplies to high titres
(French et al., 1974; Snowdon et al., 1975). This maternal infectilon
usually runs a subclinical course. Following BD virus infection of
sheep vascular endothelial necrosls and epithelial degeneratlon of
the maternal placentae (caruncle) has been observed (Barlow, 1972).
Necrotic maternal tissue 1s subsequently phagocystosed by fetal
trophoblast epithelium and it has been suggested that virus may pass
to the fetus within cellular debris (Barlow, 1972). Other studiles,
however, indicate that virus may also pass the placental barrier
without causing leslons (French et al., 1974; Parsonson et al., 1979).
In view of the 1inconsistent nature of the lesions described by
Barlow (1972), it 1is 1likely that placental necrosls 1s not of major

importance for transmission of infection to the fetus.

Once the virus galns access to the fetus a generalised infection is
established and virus and antigen may be demonstrated in most organs

(Ohmann, 1982; Terpstra, 1978).

The ultimate outcome of infection is dependant upon a number of as

yet incompletely defined factors which include the strain and dose of



virus, the genotype of the host and the developmental age of the
fetus. Virus straln differences cause variable clinical signs and

teratogenic defects of both cattle and sheep.

Plant et al. (1983b) described clinical variations of BD according to
the source of the inoculum. Lambs born to ewes Infected with inocula
obtained from a lamb showing a halry birth coat delivered lambs with
a similar fleece but lambs born to ewes infected with tissue from a
lamb with tremor and hairyness delivered lambs which also had both
nervous dlsease and a halry fleece. The BD virus strain BP-77 causes
hypomyelinogenesis but strain H=-77 produces hydranencephaly and
arthrogryposis in the same breed of sheep (Barlow et al., 1979). 1In
fetal calves older that 100 days gestation the NADL strain of BVD-MD
did not cause significant lesions (Kendrick, 1971) but the Holmes

strain caused cerebellar hypoplasia and occular lesions.

The dose of virus wused may influence the outcome of infection
(Richardson et _al., 1976) and there is also some evidence to show that
host genotype may affect the nature of disease. Following experi-
mental infections with the same virus strain Barlow et al., (1979)
described typical BD in lambs born of two breeds of sheep but no
disease in lambs born to two other breeds. The numbers of animals
used in thils experiment were small and further corroboration of the

effects of host genotype are required.

The gestational age of infection is also important in determining the
outcome of infection. Early gestational infectilons prior to the
onset of immune competence cause persistent Iinfections of both cattle
and sheep and result in persistent viraemia. Such persistently

viraemic states may be induced by infections of cattle from approxi-



mately 40 to 125 days gestation (McClurkin et _al., 1984; Orban et al.,
1983). Persistent viraemlc states have been caused 1in lambs by
vertical transmission and from maternal infections occurring between
21 and 72 days gestation (Barlow et al., 1980a; Gard et al., 1976;
Plant et al., 1976a&b; Plant et al., 1983a; Sweasey et al., 1979;

Terpstra, 1981).

Teratogenic Effects

Reproductive Loss

Since the earliest descriptions of disease abortion and reproductive
loss, of both cattle and sheep, have been one of the most consistent
features of the disease. Reduced conception rates have been observed
in seronegative cows exposed to BVD-MD virus at the time of breeding,
either experimentally by intrauterine administration of virus suspen-
sion (Whitmore et al., 1981) or naturally by venereal contact with a

virus shedding bull (McClurkin et al., 1979).

Cattle did not conceive to a persistently infected bull until after
seroconversion occurred (McClurkin et al., 1979). Prolongation of the
oestrus cycle was not observed and experimental 1intrauterine infec-
tlons of cattle at oestrus showed reduced collection rates for fert-
ilized ova (Grahn et al., 1984). This suggests that fertilization
failure is the principal manifestation of reproductive loss following

BVD-MD virus infection of seronegative cattle at oestrus.

Abortions, which are thought to be the result of fetal infections
since maternal infection 1s usually asymptomatic, are probably most
common in early gestational infectlons (Kendrick, 1971; Lewis et al.,

1970; Manktelow et al., 1969).



Neuropathology and Neurochemistry

The morphologic teratogenic defects of pestivirus infection of the
CNS are protean. The principle central nervous system (CNS) defect
of classical BD 1s a deflclency of stainable myelin (Markson et al.,
1959). Ultrastructural examination of such cases show that axons
are invested with abnormally thin myelin sheaths composed of dispro-
portionatly few myelin lamellae for a given axon dliameter (Cancilla &
Barlow, 1968). Splitting of myelin lamellae at the intraperiod line,
persistence of abaxonal tongues of oligodendroglial cytoplasm and
formation of lamellar 1ipid profiles within the myelin sheath are

also reported (Barlow & Storey, 1977b; Cancilla & Barlow, 1968).

In surviving BD affected lambs myelination proceeds and clinical
recovery is observed. Formed myelin sheaths thicken and, 1in one
study resolution of hypomyelinogenesls was complete by six months
(Cancilla & Barlow, 1971). Myelin deflcits and neuroglial changes
are found 1n lambs not showlng clinical signs of tremor which
suggests that the cause of neurological signs 1s unrelated to the
observed histopathologlical changes (Barlow & Dickinson, 1965; Plant

et al., 1976a).

Morphologically abnormal glilal cell nuclei, 1lying Iin clusters or in
dense chains, particularly around blood vessels, (sometimes referred
as "hypergliosis of myelination": Osburn et al., 1972) are also fre-
quently present. The nature of these cells 1s unclear. They have
been variously categorised as being of microglial origin (Barlow &
Dickinson, 1965); showing ultrastructural characteristics of astro-
cytes (Cancilla & Barlow, 1968) and resembling the "third neuroglial
cell type" (Barlow & Storey, 1977a). These latter cells are con-

sidered to represent a multipotential glial cell. Although Barlow
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and Storey (1977b) showed that a normal density of gllal cell nucletl
is present in spinal cord of BD fetuses they suggest that a diminished
number of mature oligodendroglia are present, and it 1s suggested
that the abundance of Type III glial cells represents a deviation in
the normal differentiation pathways. Instead of small glioblasts
differentiating to olligodendroglia, Type III glial cells are formed
instead (Barlow & Storey, 1977b). However, the classification of
Vaughn and Peters (1968) upon which the interpretation of thils excell-
ent morphologic study 1s based 1s no long wldely accepted and the
Type III glial cell 1is now considered to be a resting microglial cell

(Peters, Palay & Webster, 1976).

Intrafascicular 1ipid 1s consistantly reported by workers at Moredun
Research Institute (Barlow & Dickinson, 1965; Storey & Barlow, 1972)

but is not reported by other authors.

Neurochemlcal analyses of spinal cord in BD affected lambs, have
shown myelin dysgenesis. The neurochemical abnormality found, how=
ever, was shown to differ with clinical signs. Spinal cords of
"Hairy" lambs are deficlent in cerebroside and other 1liplds but
spinal cords of '"Shakers'" were characterised by the presence of
cholesterol esters. A deficiency of 1lipids was not an 1nvariable

feature of "shakers" (Patterson et al., 1971).

Detailed studies of "Hailry-Shakers" spinal cord show deficlencies in
DNA, indicéting a sub-normal total of cells, and the constituent long
chaln fatty acids of cerebrosides were deranged. Fewer than normal
unsaturated long chain fatty aclds were present. This form of myelin
is probably unstable and may break down readlly (Patterson et al.,

1975). Myelination 1is normally a biphasic process. with early
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myelin being richer in copper than mature myelin. The concentration
of copper in myelin in BD affected lambs 1s abnormally high and it
suggested that the myelin laid down in BD is immature and there-

fore unstable (Patterson et al., 1975).

Thus, neurochemical studies of "hairy-shaker" spinal cords showed that
deficlences of stainable myelin are accompanied by a reduced total
number of cells and myelin dysgenesls assoclated with a complex
remodelling process of demyelination and remyelination. Myelin formed

during fetal development 1in BD 1s probably 1inherently unstable.

Restricted evidence of hypomyelinogenesis with traces of inter-
fascicular 1lipid have been reported in newborn lambs whose dams were
inoculated at up to 120 days of gestation (Gardiner & Barlow, 1972).
The response to Iinfection at stages of gestation later than 90 days
and even Iin newborn lambs may result in nodular perlarteritis (Zak-
arian et al., 1975 & 1976). These lesions principally affect the
arteries and arterloles of the meninges but are also present in other
tissues. Lymphocyte and macrophage infiltration of adventitia and

mild subendothelial and medial degeneration 1s present.

Although myelin dysgenesls occurs frequently with BD virus of sheep
there are few reports of abnormalities of myelination following BVD-

MD virus infection of cattle.

Done et al. (1980) described neurochemical evidence of dysmyelination
in nine of ten calves experimentally infected at 100 days gestation
and in two of these calves deflclencles of stainable myelin were
demonstrated histochemically. Neurochemical abnormalities consisted
of low total 1lipids, low cholesterol and low 1lipid hexose but the

presence of cholesterol esters indicative of myelin degeneratlon was
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not seen. Although not presented in this thesis the author has also
seen deficiencles of stainable myelin in calves experimentally infec-
ted in-utero at 80 days gestatlon with a mixture of nine field stalns
of BVD-MD virus (Harkness et al., 1987). As with BD of sheep such
lesions are assoclated with a persistent viraemla in affected calves.
Deficiencles of myelln, abnormal glia and the presence of intrafasci-
cular sudanophilic 1ipid have also been seen in five calves following
naturally acquired infection (Binkhorst et al., 1983). BVD-MD antigen
was demonstrated in tissues from four of five of these calves (Straver
et _al., 1983). Clinical neurological signs diminished with age but,
unlike BD, deficlencles of stainable myelin persisted and moderate
hypomyelination was found in a bull necropsied at 18 months of age

(Binkhorst et al., 1983).

In recent years 1t has become 1ncreasingly recognised that bovine
fetuses exposed to BVD-MD virus infection may show a complex of severe
CNS and ocular lesions. The evaluatlion of the effects of BVD-MD has
been inhibited by use of inappropriate terms to describe CNS defects.
Nevertheless severe and moderate CNS 1lesions occur often with
surprisingly little clinical effect. Hydranencephaly (defined as a
lesions occurring as a consequence of a prenatal process which results
in a reduction of the cerebral hemlspheres to membranous sacs; Innes
& Saunders, 1962) and porencephaly (defined originally as a defect
extending from the cerebral hemispheres into the subjacent ventricle
but now used to describe any excavation or cyst occurring in a young
individual; Greenfield, 1959) are described followiﬁg naturally
occurring disease (Axthelm et al., 1981; Badman et al. 1981; Markson
et al., 1976). Microencephaly and hydrocephalus are also reported

infrequently (Done et al., 1980).
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Cerebellar atrophy, dysplasia or hypoplasia may be induced following
experimental (Brown et al., 1973 & 1974) or field infections (Axthelm
et al., 1981; Markson et al., 1976). Experimental 1infections

show granuloprival cerebellar hypoplasia which 1s characterised
by severe granule cell 1loss and Purkinje cell heterotopia. More
severe cortical destruction and cavitation of folial white matter
was also present. Following experimental 1infection and surglcal
removal of fetuses Brown et al. (1974) described inflammation of
meninges, folial oedema and necrosis of external granule cells.
These observations led Brown et al. (1974) to conclude that the
resldual lesions should be classed as cerebellar atrophy as the
process involves degeneration of preformed tissues. Not all strains
of virus cause severe cerebellar atrophy. In at least some naturally
occurring cases of BVD-MD infectlion lesions are mild and restricted
to a reductlion of molecular layer and internal granule cell layer

and displacement of Purkinje cells (Ohmann, 1984).

Although cystlic cerebral cavitation and cerebellar dysplasia are
frequently recognised with BVD-MD infection simlilar leslions have not
previously been recorded following naturally occurring BD virus
infection of sheep. Several investigations, however, have described
such lesions following experimental infections (Barlow, 1980; Plant
et al., 1976a&b). The cerebral lesions are essentially the same as
those described for BVD-MD infection with the exceptlion that cysts of
septum pellucidum were frequently encountered. Severe hydrocephalus
was recorded 1n one case (Barlow, 1980). With the exception of one
report (Plant et al., 1983b) myelin deficits have not been found in
association with hydranencephaly but are seen along with porencephaly

and cysts of the septum pellucidum. Lissencephaly (literally "smooth
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brain"; a brain without convolutions) and white matter degeneration
consisting of bllateral cerebral leucomalacla has also described
following experimental infections from 19-72 days gestation (Plant et
al., 1983b). These lesions were also associated with hypomyelino-
genesls. Occasionally cystlc cavitation of cerebellar white matter
was also found in BD affected sheep. The principal cerebellar lesion
1s, however, cortical dysplasia consisting of rudimentary folia con-
taining islands of germinal cells surrounded by rosettes of Purkinje

cells and granule cells (Barlow, 1980).

Contradictory evidence of the pathogenesis and morphogenesis of these
lesions is reported. Barlow (1980) suggests lesions are the result
of necrosis in germinal cells and subtle developmental deviatlons but
Clarke and Osburn, (1978) propose widespread inflammatlion and post
inflammatory changes. The pathogenesis of these leslions has not yet

been resolved.

Ocular lesions.

The developing eye 1s also susceptible to BVD-MD virus infection. 1In
cattle ocular abnormalities of optic neuritis, cataract microph-
thalmia and retinal dysplasla have been described following experi-
mental infections from 79-150 days of gestation (Bistner et al., 1970).
The location of cataracts 1s variable and 1s recorded as equatorial,
anterior and sub-capsular (Bistner et al., 1970; Ohmann, 1984).
Milder lesions occurring with or without cataract or severe multi-
focal or total retinal atrophy have also been described (Barlow et al.,
1986; Brown et al., 1975; Ohmann, 1984). Brown et al. (1975) studiled
the development éf ocular lesions in fetuses infected at 90 and 150
days gestatlion. Acute retinal lesions were seen from 17 days post

infection and were characterised by mononuclear cell infiltration,
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retinitls, choroidits and proliferation of retinal pigment eplthelium.

In one naturally occurring outbreak of BVD-MD infection in Germany
hypochromasia of the 1irils was observed 1in association with hydran-

encephaly and cerebellar dysplasia in five calves (Brentrup et al.,

1985).

Lesions of other tissues and organ systems.

Radiographically the skeletal system of newborn calve animals shows
radio-opaque lines which are non-specific indications of fetal insult
and growth retardation (so-called "growth arrest lines") (Terlecki et
al., 1973; Done et al., 1980). Brachygnathia and arthrogryposis are
rare sequels to both BD virus and BVD-MD infection (Ohmann, 1984;

Plant et al., 1983 a & b; Vantsis et al., 1980).

Visceral lesions are not a consistent finding but in cattle myocard-
itis (Brown et al., 1974) and glomerulonephritis (Cutlip et al., 1980)
have been reported. Persistently viraemic cattle may show enlargement
of renal glomerular mesangium with IgM and C3 deposits (Hewicker et
al., 1987). Renal hypoplasla was present in a small number of experi-
mentally produced BD lambs (Barlow & Gardiner, 1969). Axthelm et al.
(1981) also recorded the presence of birefringent crystals in renal
cortex of BVD-MD affected cattle. The nature of these crystals was
not determined. Studies of congenitally deformed calves have shown
that oxalate, which is also a birefringent crystal, is found in renal
tubules of- newborn calves following a wide range of teratogenic
defects particularly those which involve much remodelling of skeletal
elements (Gopal et al., 1978). It is 1likely that the crystals descri-

bed by Axthelm et al. (1981) are of a similar composition.

Abnormalities of skin and hair occur in both cattle and sheep. In BD
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hair follicles are enlarged and an increased frequency and degree of
primary hair fibre medullation 1s present (Derbyshire & Barlow,
1976). This 1is the cause of the "hairyness" seen in classical BD.
Skin and hair leslons of cattle are rare but alopecla and hypotrichosis

(Casaro et al., 1971) and dermatitis have been described (Kendrick,

1971).

Nature of Iinvestigations and relevance of principal observations

Previous studlies have shown that naturally acquired infectlons of
pregnant cattle with BVD-MD may cause ocular and cerebral malform-
ations or, more rarely, hypomyelinogenesis of the newborn calf.
Naturally acquired Iinfections of pregnant sheep with BD may cause
hypomyelinogenesis. The morphogenesis of cerebral cavitation has
been described {in the fetal calf (and also for sheep following
experimental Infections with selected strain(s) of pestivirus) and
the morphogenesis of spinal cord hypomyelination 1is described for
the sheep. However, the pathogenesis of these lesions is 1ittle
understood. This thesls presents observations of naturally acquired
BVD-MD and BD virus infections and experimental BD virus infection

lesions
of sheep which explore the pathogenesls of cerebral and ocularﬁpf
cattle and sheep and hypomyelination of sheep. A hypothesils to
explain the protean manifestation of pestivirus infections of the CNS

1s suggested. The possibility of peripheral nervous system (PNS)

hypomyelination 1s also investigated.

Chapters two and three describe the epldemiology, pathology and
infection status of animals from naturally occurring outbreaks of BVD-
MD of cattle and BD of sheep. A survey of the infection status
(presence of virus or serum neutralising antibody) of animals with

lesions of cerebral cavitation, cerebellar dysmorphogenesis, retino-
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pathy or cataract selected from accession material presented to the
diagnostic pathology unit at the Central Veterinary Laboratory {s
described in chapter four. These studles show that ocular and
cerebral lesions may be seen following naturally acquired BD virus
infection of sheep. Hence, naturally acquired infections with the
viruses of BD and BVD-MD produce the same range of lesions in their
respective hosts, albeit the frequency with which specific lesions
are found differs between them. A novel photoreceptor cell atrophy
of cattle 1is described. The studies also show that transmission of

infection through a flock or herd may be rapid.

Few prevlious studles have detalled both the infection status and CNS
pathology of individual animals. The studies reported here show that
animals with gross cavitation of the cerebrum have usually responded
immunologically and are 1invarlably non-viraemic. At least some such
animals show preservation of virus 1in CNS white matter at birth.
Viraemlic animals may show no significant changes, mild lesions of the

cerebellum or eye or, in sheep, hypomyelinogenesis.

Immunohistochemical markers of glial cells of CNS are widely employed
in neurobiology generally and some are commercially avallable. Theilr
possible application for study of the developing CNS in pestivirus
infections prompted a review of the literature to identify potentially
sulitable markers. Subsequently, an Iimmunohistochemical investigation
of the distribution and cellular localilsation of four selected markers
in sheep was performed. These studles showed glial fibrillary acidic
protein is expressed 1n ;strocytes and related cell fypes; myelin
basic protein is expressed in myelinating oligodendroglia and myelin;
carbonlc anhydrase II 1s expressed iﬁ fibrous astrocytes and chorold

plexus epithelium; galactocerebroside 1s expressed in some sub-pial
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glial cells of the fetal lamb spinal cord.

Two of these markers, GFAP and MBP, were used to study glial cells of
fetal and neonatal lamb brains whose dams were experimentally infected
with BD virus. Using a double immunolabelling technique BD virus wés
shown to 1infect astrocytes and oligodendrocytes of persistently
viraemic animals and of a porencephalic, seropositive, non-viraemic,
newborn lamb. Translitlonal cells were infected in fetuses. Quantit-
ative analysis of GFAP expressing and MBP expressing cells of viraemic
sheep show an astrocytosis and a deficiency of myelinating oligodendro-
glia. These results conflict with those of a previous morphometric

study.

There are only two reports in the literature of the effect of BD
virus on the PNS and both of these were performed on formalin fixed
material. One of these studles suggested that myelin defects might

also occur in the PNS.

An ultrastructural study of the PNS of a BD virus infected fetus and
newborn lambs 1s presented. The results obtalned are ambiguous but
some evidence to suggest that there may be deficiencles of PNS myelin

was found.

General materials and methods

Animal accommodation and disease security.

Persistently infected sheep and calves were housed in enclosed dis-
ease secure accommodation at the Central Veterinary Laboratory or
Worcester Veterinary Investigation Centre. At the Central Veterinary
Laboratory staff attending infected animals did not attend unin-
fected groups but at Worcester, where only one animal attendant was

available, care was taken to prevent transmission of infection by
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examining and sampling infected sheep last.

Sampling methods.

Five millilitres clotted and EDTA treated blood samples were obtained
from jugular or cephalic velns using evacuated tubes. Fetal blood
samples were taken following euthanasia of the dam and hysterotomy.

For each fetus the umbilical veln was exposed and 1incised and blood

collected into a sterile universal container.

Samples of nasopharyngeal mucosal cells were obtained by using Belmont
brush swabs 1n yearling and adult cattle and laryngeal swabs were used
for young calves. For transport, harvested cells were transferred to
five ml of Eagle's minimal essential medium supplemented with 10 per
cent fetal calf serum (BVD-MD virus and antibody free) and anti-

bioticse.

Virus antigen detection.

Nasopharyngeal cells were washed in 0.0IM phosphate buffered saline
pH 7.6 and resuspended in 5ul of buffered saline. Fifty ul aliquots
of the cell suspensions were dried on to the wells of Teflon coated
slides. The cell preparatlons and, where sampled, 6 pm thick sec-
tions of frozen tissues were fixed in cold acetone, exposed to fluor-
escine isothliocyanate~conjugated bovine antiserum to BVD-MD virus and

counterstained with Evans's blue staln.

Virus isolation.

Tissues and blood clots were ground with sterlile sand, suspended in
tryptose phosphate broth with antibiotics and clarified by centri-
fugation. Buffy coat cells, harvested from EDTA treated blood sam-
ples were suspended in sterile Dulbecco phosphate buffered saline

containing antibiotics.
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Duplicate Lelghton tube cultures of calf kidney cells were established
by seeding simultaneously 1.2 ml aliquots of cell suspension with
200 ul aliquots in inoculum. After four or five days in culture the
coverslips were removed, washed briefly in phosphate buffered saline,

fixed in acetone and stained with conjugated antiserum.

Serology.

Sera were tested in a mlcrotitre serum neutrallsation test against
100 median cell culture 1infectlous doses of NADL strain BVD-MD virus.
Sera were stored at -20°C prior to analysis and were inactivated by

heating for 30 mlnutes at 56°C in a water bath before belng tested.

Fization and tissue processing.

At necropsy tlssue samples were taken from a full range of tilssues
and in each case the brain, spinal cord and eyes were fixed in toto.
Eyes were fixed in Zenker's solution for two hours at full strength,
two hours at ﬁalf strength, washed in running tap water for 12 to l4
hours and placed in 70 per cent ethanol until processed further.
All other tissues were fixed I1n neutral phosphate buffered ten per
cent formalin. Following fixation CNS tissue was sampled in the
standardised fashion used routinely at the Central Veterinary Labor-
atory. Half coronal sections of the left side of cerebrum were
taken from the frontal cortex at the level of the head of the caudate
nucleus, parietal cortex at the optlc tract; occipital cortex at the
hippocampus; midbrain at the rostral collicull; medulla at the
cerebellar peduncles and obex and spinal cord was sampled at segments
C3, Ty and Lg_g. A saggital slice of cerebellum was also removed
In addition to these samples, sectlions were also taken from lesion
sites. Tissues were processed to paraffin wax sectioned at 5 um and

routinely stained with haematoxylin and eosin. Luxol fast blue
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cresyl violet (LFBCV) was used for histochemical staining of myelin.
Detalls of other speclalised fixation, tissue processing and staining

processes are given 1ln their relevant chapters.
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CHAPTER TWO

AN INVESTIGATION OF NATURALLY OCCURRING PESTIVIRUS
FETOPATHOGENICITY IN CATTLE :

CHANGING SEQUELAE WITH FETAL MATURATION
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INTRODUCTION

Of the viruses known to cause reproductive failure in cattle the
pestivirus, BVD-MD virus, 1s now widely considered to be the most
important viral pathogen of the bovine fetus in Britain (Done et al.,
‘1980; Roeder & Drew, 1984). Studies of natural and experimentally
induced disease have reported a wide range of teratogenic defects.
Attention has usually been drawn to naturally occurring outbreaks by
the arresting nature of the pathological leslons. Classically some
combination of ocular defects (Bistner at al., 1970; Brown at al.,
1975), cerebellar dysplasia (Brown et al., 1973, and 1974) and por-
encephaly or hydranencephaly (Axthelm et al., 198l; Badman et al.,
1981; Horvath, 1976; Markson et al., 1976) is described. The factors
influencing the pathogenesis of the widely differing clinical and

pathological abnormalities are, however, not wunderstood clearly.

In naturally occurring outbreaks of BVD-MD virus infection informa-
tion relating to the source of infection, rate of spread and gest—
ational age of infection have not usually been available. Presented
here are the results of an investigation of one incident of a repro-
ductive disorder in which the relationship between the gestational
age of fetuses at the time of introduction of infection and the
characteristics of the ensuing lesions 1indicated that dincreasing

fetal maturity modulated the fetopathogenicity of BVD-MD virus.

MATERIALS AND METHODS

The cattle and their history
The herd comprised 60 Ayrshire milking cows calving throughout the
year after artificial insemination or service by a bull for persis-

tent repeat breeders. The only addition to the herd in 1982 was a
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down—-calved heifer which was introduced to the milking herd on
October 10th. The heifer did not milk well and in March 1983 devel-
oped diarrhoea progressing to dysentery and death ten days later.
Abomasal ulceration was seen at necropsy by the farmer's veterinarian.
Although no examination of this animal was possible it is suspected
that she was persistently infected with BVD-MD virus and was the
source of infection for the herd. All gestational ages quoted in
this chapter were calculated from the presumptive date of the intro-

duction of infection.

A reproductive problem was first indicated by five abortions in
December 1982; a further three abortions occurred between February
and July 1983. Cows 1inseminated between January and March 1983
returned to service several times and calves conceived between April
and July 1982 were noticed by the farmer to be small and lacking in

vigour when born between February and 1 April 1983.

Investigations Performed

In June 1983 a detailed examination of herd records was initiated to
determine when infection might have occurred; subsequently the
serological and virological status of calves which had been in utero
at the time of arrival of the suspect heifer was examined. In
July 1983 blood samples and nasal swabbings were collected from all
calves born between October 1982 and June 1983 (and, thus conceived
between January and October 1982) to explore their infection status
by examining for neutralising antibody and the presence of infectious
virus. Four calves were selected for necropsy examination on 1l6th
August on the basis of putative gestation age at infection and

infection status. The farm was revisited in November 1983 to gather
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information on events occurring in the herd and to sample all addition-

al calves born after July 1982 so that their infection status could

be examined.

Examination of purchased calves

On arrival at the laboratory the four calves, identified as JCl, 103,
93 and 94, were examined clinically, blood sampled and killed by
barbiturate anaesthesia. At necropsy samples were taken from a full
range of tissues. Tissue sampling and virological techniques were
as outlined 1in general materials and methods. Additional specilal
staining techniques of von Kossa, phosphotungstic acid—-haematoxylin
for astrocytes and a trichrome staln were used as required. Tissue

samples from the right globe of calf 93 were also embedded in araldite

(Ciba=Geigy), sectioned at 1 pum and stained with toluidine blue.

RESULTS

Overt sequelae to infection

Abortions occurred only in cows which were at less than 100 days of
gestation, or, conceived soon after the introduction of infection to
the herd (Table l. and Fig. la & b). The group of calves which
were reported stunted and lacking in vigour were between 81 and 168
days of gestation when infection of their dams is likely to have been

initiated (Fig la-lc).

Infection status of the calves

The fate éf each fetus conceived between January and November 1982
and the infection status of each surviving calf are recorded in Table
1 together with the gestational age at the putative time of intro-
duction of infection. Figure 1 represents graphically the relation-

ship between introduction of the suspect heifer and fate of calves
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born subsequently.

Viraemia and excretion of virus was detected in five calves which
were all presumed to have been infected before 100 days of gestation.
No serological or virological evidence of infection was found in
seven calves conceived between January and February 1982, and two
calves conceived in October 1982. All the remaining 19 calves were
seropositive with titres ranging from 1/10 to 1/480. Examination of
the progeny of another 12 cows which conceived between November 1982
and January 1983 (and therefore after the introduction of infection)

revealed no evidence of abnormality.

Two of the calves selected for necropsy were persistently infected
(JC1 and 103) having been at 25 and 31 days of gestation respectively
at the putative time of introduction of infection. BVD-MD virus was
isolated from leucocytes and antigen was visualised in the kidney and
thyroid cells of both these seronegative calves in confirmation of
thelr earlier identification as persistently infected. 1In contrast
all virus 1solation and antigen detection attempts were negative in
seropositive calves 93 and 94 which had been at 153 and 146 days of

gestation respectively at the time of introduction of infection.
Clinical Signs and Gross Examination of Purchased Calves

Persistently infected calves JCl and 103 were both small and dis-
played muscular tremor which was most clearly visible around the

head while calves 93 and 94 only exhibited stuntinge.

Gross examination of viscera was unremarkable in all calves with the
exception of congestion and collapse of the antero-ventral lobes of

the lungs in calf JCl as is commonly seen in calves necropsied rout-
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inely at this laboratory.

Abnormalities of the globes were seen only in calf 93 in which multi-
focal areas of retinal thinning (0.1 to 0.8 cm diameter) were present

throughout the tapetal and non-tapetal retinas of both globes (Fig.

2).

The cerebellar whole brain weight percentage of calves 93 and 94 were
low at 8.4 and 7.8 per cent respectively compared to more than 10 per
cent for each of the other two calves. The only other grossly visi-
ble abnormality was flattening and distortion of the dorsal cere-

bellar vermis in calf 94.

Histopathology

Histological examination revealed mild cerebellar dysplasia in calves
93 and 94 with multifocal areas of rarefaction and narrowing of the
internal granule cell layer. Small cysts centred in the white matter
of the peripheral folia of cerebellar lobules VII (Fig. 3) and VIIL
of calf 94 corresponded to the areas of distortion seen at gross
examination and were lined by astrocytes. Focal glial scars were

also present 1n folia unaffected by cysts.

In calf 93 much of the retina was histologically unremarkable with a
photoreceptor nuclear layer 7 to 10 cells deep. However multifocal
areas of photoreceptor cell atrophy sometimes accompanied by thinning
and rarefaction of the inner nuclear cell layer were present. In the
most severe lesions the photoreceptor layer was replaced by glial and
connective tissue plaques (Fig. 4). Invasion of the sensory retina
by retinal pigmented epithelial cells, foci of retinal disorganis—
ation (rosette) (Fig. 5), minute foci of mineralisation and multi-

focal depigmentation of the retinal pigment epithelium in tapetal
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zones were also present.

No significant histological lesions were detected in calves JCI and

103. The correlation between pathological and virological findings

is summarised in Table II.
DISCUSSION

The source of infection in this outbreak cannot be established with
certainty but the history of poor productivity and death from dysen-
tery after protracted illness of the introduced down-calved heifer
suggests strongly that this animal was persistently infected with
BVD-MD virus. The proposition that she was the source of the infec-
tion for other cattle is further supported by the temporal relation-
ship between her introduction, the abortions and the subsequently
demonstrated persistent infections in calves which had been in utero
at the time. This helfer also represented the only introduction of
new stock to the farm 1in the preceeding year. Previous studies have
shown that persistent infections are generated only by infection of
the fetus at up to 125 days of gestation (Liess et al., 1984;
McClurkin et al., 1984) and in the present study only the cows which
had been pregnant for 81 days or less at the time of introduction of
the suspect heifer subsequently produced viable persistently infected
progeny. Abortions only occurred in fetuses which were less than 99
days old at the time of introduction of infection. This is in agree-
ment with previous studies which suggest that abortions following
pestivirus infections of both cattle and sheep are most frequent in

the first trimester of pregnancy (Barlow & Gardiner, 1969; Kendrick,

1971).
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The precise time of infection of the fetus cannot be determined
exactly because transmission to individual cows and transmission
within them to the fetuses would have involved an unpredictable
delay. However, the 1indications are that transmission occurred
rapidly and fetuses became infected within a very short time of
introduction of the heifer; other studies have shown that approxi-
mately seven days are required for transplacental transmission to
occur in sheep (Hadjisavvas et al., 1975; Parsonson et al., 1979).
Assessments of the gestatlonal ages of the fetuses at exposure are
therefore approximate but are none-the-less of value in interpreting
the events which occurred in this herd. The apparent rapid spread

of infection through the herd in this case is in contrast to the much
slower rate of spread (two and a half years) of infection reported by

Barber et al., (1985).

These findings 1llustrate the serious consequences of introducing
infection to pregnant cows in the first 100 days of gestation. Of 18
cows in this category seven aborted, five produced persistently
infected progeny, and six appeared to have escaped obvious damage.
In all, 39 cows were pregnant at the time of introduction and the
progeny of 18 were clearly damaged. Apart from one abortion affec-
ting a cow which conceived 23 days after the introduction of infec—
tion all the progeny of cows which conceived later appeared to have

escaped damage and probably infection.

It is of considerable diagnostic significance that the persistently
infected calves 1in this study lacked macroscopic and microscopic
lesions as did those reported by other workers (Binkhorst et al., 1983;
Done et al., 1980). The lesions reported by Binkhorst et al.,
(1983) to accompany persistent infection in calves, namely hypo-

i
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myelinogenesis and the presence of abnormal glia, closely resemble
those occurring in BD of sheep. Myelin defects detectable at birth
by relatively insensitive histological techniques resolve rapidly and
quickly become undetectable. By 20 weeks of age there 1is almost
complete neurochemical recovery (Sweasy & Patterson, 1979). Thus,
the failure to detect deficiencies of stainable myelin in the two
trembling calves necropsied at three months of age was not unexpected
and did not imply that such lesions were not present, at least at
birth. Indeed the clinical sign of tremor indicated that a neuro-
muscular defect was present. Evaluation of cholesterol esters which
correlates with the clinical sign of shaking in lambs with BD

(Patterson, 1982) may have been more rewarding.

In contrast, in the calves which were able to eliminate infection
after infection 1in the second trimester, presumably by an active
immune response, the lesions were more severe and were characterised
by atrophy and degeneration in neural tissue. It 1s well established
that calves infected in utero via their dams from as early as 94 but
more commonly 100 days of gestation can respond immunologically
and clear themselves of infection (Braun et al., 1973; Done et al.,
1980; Duffell et al., 1984; Kendrick, 1971; 1Liess et al., 1984)
Orban et al., 1983; Ward et al., 1969). The pattern is seen in

many other studies of BVD-MD virus fetopathogenicity (Braun et
al., 1973; Brown et al., 1973, 1974 & 1975; Scott et al., 1973) from
which it z;xay be concluded that dysplastic central nervous system
lesions are a common sequel to maternal infections occurring at
between 94 and 150 days of gestation, whereas persistent infections
accompanied occasionally by lesions of dysmyelinogenesis (Done et

al., 1980) are generated by i{nfection in early gestation at up to
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125 days. Thus, it would appear that the degenerative dysplastic
or atrophic lesions encountered after infection are associated
temporally with, and conceivably induced by, even 1if only in part,

the early immune response of the fetus to the virus infection.

Previous studies of ocular lesions caused by BVD-MD show two types
of lesions. The first ocular changes attributed to BVD-MD infection
were severe florid lesions which resulted in phthysical eyes charact-
erised by cataract and retinal dysplasia (Bistner et al., 1970;
Scott et al., 1973). The second type of lesion is more subtle and
consists of chorioretinopathy and may also sometimes by accompanied
by cataracts (Brown et al., 1975; Ohmann, 1984). The lesions

described here are much less marked than those of previous studles
and is the first report to describe multifocal selective photo-

receptor cell atrophy.

The cerebellar lesions are likewise mild and in this instance had no
clinical counterpart. Granule cell loss was mild and cystic cavities
of cerebellar white matter small. These lesions did not result in
the extensive destruction of folia previously described but neverthe—
less such lesions are typical of midgestational BVD-MD infection

(Brown et al., 1973).

In conclusion the results of this study show that the introduction
of cattle persistently infected with BVD-MD to susceptible herds
probably-results in rapid spread of infection through the herd and
may cause considerable economic loss to individual farmers. The
study further describes a novel pathological feature of BVD-MD infec-
tion, namely selective photoreceptor cell atrophy and indicates the

subtlety of pathological lesions which may occur following infection
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with some strains of BVD-MD virus. The relationship between gesta-

tional age and outcome of infection also shows that infections occur-
ring before approximately 100 days may cause abortions and persistent
viraemia. Infections between approximately 100-150 days gestation

result in elimination of infection, a serological response and ocular

and or cerebral dysmorphogenesis.
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TABLE 1

Gestational outcome and status of the progeny of pregnant

cows exposed to infection at differing stages of gestation.

DAM/CALF CONCEPTION GESTATION DAY OUTCOME ANTIBODY TITRE
on 10.10.82 it

cow A 2.11.82 CL abortion
calf 106 13.10.82 CL - <10
calf 105 4.10.82 6 - <10
cow B 15.9.82 25 abortion

*calf JCI 15.9.82 25 PI <10
calf 104 11.9.82 29 - 80

*calf 103 9.9.82 31 PI ' <10
cow 12 6.9.82 34 abortion
cow 103 6.9.82 34 abortion
calf 102 5.9.82 35 - 15
calf 101 26.8.82 45 - 60
calf 100 20.8.82 51 - 80
calf 99 17.8.82 54 PI <10
cow 89 12.8.82 59 abortion
calf 98 7.8.82 64 - 60
calf 97 1.8.82 70 PI 15
cow 76 27.7.82 75 abortion
cow 104 21.7.82 78 abortion
calf 96 21.7.82 81 PI, ST <10
heifer 10 3.7.82 99 abortion
calf 95 21.6.82 111 ST 30
*calf 94 17.5.82 146 ST 160
*calf 93 10.5.82 153 ST 240
calf 92 8.5.82 155 ST 10
calf 91 2.5.82 161 ST 10
calf 90 25.4.82 168 ST 160
calf 88 8.4.82 185 - 10
calf 87 16.3.82 208 - 40
calf 84 28.2.82 224 - <10
calf 83 25.2.82 227 - 240
calf 80 18.2.82 234 - <10
calf HC3 18.2.82 234 - <10
calf 78 16.2.82 236 - : 120
calf 77 14.2.82 238 - <10
calf 76 14.2.82 238 - <10
calf 74 30.1.82 253 - <10
calf 70 18.1.82 265 - <10
calf 69 16.1.82 267 - 240
calf 68 11.1.82 272 - 60
calf 67 8.1.82 275 - 480
calf HC2 4,1.82 279 - 480

CL conceived later
- not viraemic

ST stunted PI persistently infected
*# gelected for necropsy
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TABLE ITI Summary of findings in the four calves necropsied.

CALF GESTATION CEREBELLUM HISTOLOGICAL VIRUS ANTIBODY
DAY at WHOLE BRAIN EXAMINATIONS INFECTION TITRE
10.,10.82 WEIGHT cerebellar ocular et
Percentage lesions lesions

JC1 25 10.4 - - + <10

103 31 10.0 - - + K10
93 153 8.4 + + - 240
94 146 7.8 + - - 160
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FIGURE la Figure showing insemination dates of dams and date of
birth of calves. Dates o