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Maedi Visna Virus (MVV) is a prototypic lentivirus that causes infection only in
cells of macrophage lineage, unlike the primate lentiviruses which infect both
CD4+ T lymphocytes and macrophages. In primates, the earliest viral invasion
is associated with the ability of the virus to infect and activate T cells which
convey virus to the brain. Infected monocytes in blood rarely cause CNS
infection in absence of activation of CD4+ T cells. In the face of lack of infection
or activation of T cells by MVV in sheep, the question arises, how does MVV
gain access to the brain to cause the classical lesions of visna? In previous
studies on experimental induction of visna, sheep were inoculated with virus
directly in the brain. In this study, we asked whether neuroinvasion by MVV
would occur if sheep were inoculated with virus in a non-neural site. Nine
sheep were inoculated intratracheally and all developed systemic infection
when examined 3 weeks later. At this time, ®ve were injected intramuscularly
with brain white matter homogenized in Freund's complete adjuvant to induce
EAE. None of the four animals inoculated with virus alone developed CNS
infection despite typical lentiviral infection in lungs, lymphoid tissues and
blood-borne mononuclear cells. In contrast, all ®ve of the sheep injected with
brain homogenate developed infection in the brain. Virus was produced by
macrophages associated with the EAE lesions. This study illustrated that both
activated T cells speci®c for antigen in the CNS and infected macrophages are
essential for lentivirus neuropathogenesis.
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Introduction

Visna is a wasting paralytic disease that occurred as
a complication of progressive dyspnea which broke
out among sheep in Iceland during the 1950s
(Sigurdsson, 1954; Sigurdsson et al, 1957). Histolo-
gically, the disease complex was characterized by
chronic-active in¯ammation with mononuclear
cells and activated macrophages which, in the
CNS, was associated with destruction of myelinated
tracts and in the lung, with obliteration of alveoli
(Sigurdsson, 1954; Sigurdsson et al, 1957; Gudna-
dottir, 1974). The viral etiology of the disease

complex was established by Sigurdsson (1954) and
the lentiviral etiology by Lin and Thormar (1972).
Virus could always be obtained from cell-free
homogenates of affected lung or brain tissues where
it was produced almost exclusively by macrophages
(Narayan et al, 1982; Gorrell et al, 1992). Experi-
mentally, maedi was reproduced by intratracheal
inoculation of virus but such animals rarely
developed neuropathological changes in the brain
(Lairmore et al, 1987). Visna lesions were repro-
duced only after intracerebral inoculation of the
virus (Sigurdsson et al, 1957; Petursson et al, 1976;
Narayan et al, 1984; Kennedy et al, 1988; Georgsson
et al, 1989). The pathogenesis of this neurological
disease has never been studied following exposure
of sheep to the virus via a natural route.

Neurological disease is common in lentiviral
infections of humans and macaques and more than
60% of HIV-1 infected individuals develop neuro-
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logical syndromes of varying severity (Price, 1994).
The discovery that maedi-visna virus (MVV) is
prototypic of the lentiviruses and that both MVV
and HIV cause neurological disease in which virus
in brain is produced mainly by microglia and
perivascular macrophages, reopened the question
of the mechanism of neuropathogenesis of visna as a
model of HIV disease. Early studies had shown that
animals with visna never developed cell-free
viremia and that the virus caused infection only in
cells of macrophage lineage (Gendelman et al, 1985;
Gorrell et al, 1992). Therefore, infected monocytes
or dendritic cells in blood were the only source of
virus in the brain. On the other hand, early
pathogenesis on HIV infection showed that the
virus caused viremia and had tropism for both CD4+

T cells and macrophage-lineage cells (Rosenberg
and Fauci, 1989). Therefore, any or all of these three
could be the source of virus for the brain. However,
infected monocytes have been favored by many as
the primary source because of productive replica-
tion of the virus in brain macrophages (Gendelman
et al, 1989; Kure et al, 1990). Speculation on the
monocytic source of brain virus was even more
attractive because the ovine-caprine lentivirus
model had shown that latently infected monocytes
in blood matured into virus-producing macro-
phages in culture and probably in tissues (Narayan
et al, 1982; Gendelman et al, 1985).

The SIV-macaque model of HIV-disease proved to
be a more accurate analog model of HIV disease
than MVV infection in sheep, since plasma viremia
and dual tropism of the virus for T cells and
macrophages are all part of SIV pathogenesis as it
is in HIV pathogenesis (Sharer et al, 1988;
Chakrabarti et al, 1991; Lackner et al, 1991; Sharma
et al, 1992). However, use of molecular clones of
SIV that were predominantly lymphocyte-tropic or
macrophage-tropic, respectively, produced para-
doxical results. SIVmac239 is a lymphocyte-tropic
virus that replicates poorly in macrophages (Shar-
ma et al, 1992; Anderson et al, 1993; Mori et al,
1993; Stephens et al, 1995). This virus caused
activation of infected T cells in vivo and these cells
disseminated to various tissues including the brain
where the virus caused wide spread infection as
indicated by PCR on brain DNA. However, it was
incapable of replicating in brain because the brain
has resident macrophages but not T cells. On the
other hand, SIVmac239/17E or SIVmacLG1 which
caused a lytic infection in macaque macrophages,
similar to MVV infection in sheep macrophages,
failed to cause activation of T cells and was poorly
neuroinvasive even though the virus was geneti-
cally capable of replicating in brain macrophages
(Joag et al, 1995a; Stephens et al, 1997). These
experimental data suggested that activated infected
T cells may cause the initial seeding of virus in the
brain and simultaneously produce chemotactic
factors for bringing in infected monocytes later.

Extending our experience with the SIVmac infec-
tion in macaques, in the present study we reex-
amined the question of neuropathogenesis of visna
virus from the perspective that the neurological
disease is a complication of systemic infection. The
results showed that intratracheally-inoculated MVV
caused widespread systemic infection character-
ized at the cellular level by infection in macro-
phage-lineage cells in the lungs and lymphoid
tissues. Animals developed interstitial pneumonia
but there was no virus invasion in the brain.
However, injection of infected sheep with a
homogenate of uninfected brain emulsi®ed in
Freund's complete adjuvant, resulted in induction
of experimental allergic encephalomyelitis (EAE)
with neuroinvasion by activated T cells presumably
sensitized to myelin antigen as described by Panitch
et al (1976). This was accompanied by appearance
of macrophages infected with visna virus in the
in¯ammatory perivascular cuffs in the brain.

Results

Nine sheep were inoculated intra-tracheally with
MVV strain OvLV 85/34. Four were inoculated with
virus alone and the other ®ve were injected
intramuscularly with a homogenate of sheep brain
white matter emulsi®ed in Freund's complete
adjuvant three weeks later. Macrophage cultures
from each animal were derived from peripheral
blood mononuclear cells (PBMC) at 3 weeks after
inoculation and cocultured with GSM cells. Cul-
tures from all nine animals developed syncytial
cytopathic effects (CPE) indicating that all nine
animals had developed systemic infection with the
virus. All of the animals were observed for 3
months following inoculation with virus and
examination for development of clinical signs of
lentiviral-induced pneumonia and/or neurological
disease. Among the ®ve animals inoculated with
brain homogenate, only one (sheep 235) developed
clinical neurological disease. Approximately 3
weeks after injection with brain material the animal
developed ataxia of the hind legs and its condition
deteriorated within 24 h to complete paralysis at
which point it was euthanized. The other four
animals inoculated with brain did not develop any
signs of neurological impairment during the 3
month observation period. At necropsy, only the
spinal cord from sheep 235 had macroscopically
visible lesions. The other animals had no gross
signs of neuropathological change.

Productive virus replication in lung of all nine
infected sheep and in the CNS of brain-inoculated
animals
Following necropsy of each animal in this study,
explant macrophage cultures were derived from
samples of lung, lymph node, thymus, spleen and
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multiple regions of the CNS. GSM cells were added
to all of the macrophage cultures. Examination of
these cultures 7 days later showed that macrophage
cultures derived from lung, spleen, lymph nodes
and blood from all nine animals caused CPE.
However, there was a sharp disparity in virus yield
from CNS macrophages. None of the brain macro-
phages from the virus (only) animals caused CPE,

whereas cultures containing macrophages from
brain of all ®ve animals that were injected with
brain developed CPE (Table 1). These ®ndings
correlated with histological assessment of CNS
since none of the animals receiving virus alone
had histological abnormalities in the brain and
spinal cord. Examination of lung tissue from eight of
the nine animals showed multiple focal interstitial
and peribronchial accumulations of in¯ammatory
cells comprising monocyte-macrophages and lym-
phocytes (Figure 3d) and a follicular hyperplasia of
tracheo-bronchial lymph nodes. Sheep 235 had
severe maedi lesions in the form of areas of
consolidation. Thus, these animals had typical
signs of interstitial pneumonia. Interestingly, sheep
235 which had the most severe EAE response also
had the most severe lesions in lung.

Histologically, the brains and spinal cords from
the ®ve infected animals inoculated with brain had
multiple lesions of variable severity in the CNS
(Table 2). These lesions were consistent with those
of EAE and consisted of compact perivascular cuffs
of mononuclear in¯ammatory cells (Panitch et al,
1976) (Figure 1a ± d, Figure 2a and b) made up of
lymphocytes and monocyte-macrophages. In the
cerebral hemispheres, white matter involvement
was more pronounced than the grey matter, with
evidence of focal perivascular myelin pallor (Figure
2c) and axonal damage (Figure 2d) in two of the ®ve
animals inoculated with brain homogenate. In
sheep 235, which had the most severe EAE reaction
among the ®ve animals, the intense in¯ammatory

Table 2 Distribution of CNS lesions (EAE) and virological data on sheep inoculated with OvLV-34 and brain homogenate/Freund's
adjuvant.

Regions Sheep 230 Sheep 231 Sheep 232 Sheep 235 Sheep 236

Pre-frontal
Mid-frontal
Parietal
Temp/Pyriform
Occipital
Deep white
Basal ganglia
Thalamus
Midbrain
Pons
Medulla
Cerebellum
Cerv cord
Thor cord
Lumb cord

Explant Virus
%regions positive

Severity of EAE*

+
+
+
+
7
7
7
7
7
7
7
7
7
7
7

6 of 14
(43%)

Mild

+
++
++
7
7
7
+
+

+++
7

+++
7
+
+
7

4 of 15
(27%)

Mild

+
7
++
7
7
++
++
++

+++
+++
+++
7
++
7
++

3 of 15
(21%)

Moderate

++
++
++
++
++

+++
+++
+++
++
++
++
++
++
++
++

6 of 12
(50%)

Severe

+
+
+
+

+++
+++
+++
+++

+
7
+
+
+
+
+

7 of 14
(50%)

Moderate

7: no perivascular mononuclear cell in®ltrates; +: >50% of lesions show Grade 1 intensity i.e. 1 ± 3 layers of perivascular
mononuclear cell in®ltrates. ++: >50% of lesions show Grade 2 intensity i.e. 4 ± 6 layers of perivascular mononuclear cell in®ltrates.
+++: >50% of lesions show Grade 3 intensity i.e. >6 layers of perivascular mononuclear cell in®ltrates. See methods section for full
criteria for the assessment of EAE severity based on topography of disemination and morphological grading. Note: Regions
considered positive for replicating virus showed CPE within 10 days after cocultivation with GSM cells.

Table 1 Recovery of infectious cytopathic virus from explanted
macrophage cultures.

Lungs L Nodes Thymus Spleen CNS*

EAE
Sheep 230

231
232
235
236

+
+
+
+
+

+
+
+
+
+

+
+
+
7
+

+
+
+
+
+

+
+
+
+
+

Non-EAE
Sheep 227

228
233
234

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

7
7
7
7

Note: Explant cultures were derived from the indicated tissues
of the EAE (230, 231, 232, 235, 236) and non-EAE (227, 228,
233, 234) sheep were derived immediately following necropsy.
Cultures considered positive for replicating virus showed
typical CPE with 10 days after the addition of GSM cells.
*Explant cultures were derived from 15 regions of brain and
spinal cord (Table 2). Animals were considered positive for CNS
virus if any of these regions produced cytopathic virus in
culture.
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response was associated with focal perivascular
hemorrhage (Figure 1d). Sections from the mid-
brain, pons and medulla all had pathological
changes with varying degrees of severity, except
for the cerebellum which showed severe changes
only in sheep 235. The lesions in the spinal cord
were similar to those of the brain, with the bulk of
the pathologic changes being restricted to white
matter tracts (not shown). This was clearly observed
in sheep 235, in which the intensity and distribu-
tion of the spinal cord lesions correlated with the
severity of clinical signs terminally.

Localization of virus expression
To determine the cellular localization of virus in
lung and CNS tissues, we performed in situ
hybridization using a cloned PCR product of the
OvLV 85/34 env gene as a probe and immunocyto-
chemical stains. Viral RNA was identi®ed in a
portion of the large cells that had lysozyme
(muramidase) within the perivascular cuffs (Figure
3b and c) indicating infection in macrophages. The
more severe the in¯ammatory response, the more
were the cells that expressed viral RNA. Most of the
in¯ammatory cells were T lymphocytes (Figure 3a)
that lacked (as expected) viral RNA. We did not ®nd

evidence of virus expression in any other cell type
within the CNS, suggesting that at least at this stage
of the experiment the perivascular macrophages
were the only cells that had signs of productive
infection with the virus.

Correlation between the severity of disease and
virus dissemination
To con®rm the correlation between the severity of
the EAE response and dissemination of the virus in
different regions of brain as well as lungs, we
performed quantitative PCR on DNA from lung,
midbrain and deep white matter tissues of sheep
230, 236 and 235. These animals had different
degrees of EAE-induced in¯ammation (Table 2 and
Figure 1a, b and c). Interestingly, sheep 235, which
had the most severe EAE response had the highest
viral DNA load in the three tissues examined
compared to animals 230 and 236, which had mild
and moderately severe EAE responses respectively
(Figure 4). These results suggested that the severity
of the cellular EAE responses correlated with the
extent of viral dissemination in both the CNS and
lung tissues. Viral DNA was not detected in the
brains of the four animals that were inoculated with
virus alone.

Figure 1 (a) Grade 1 EAE lesion showing 1 ± 2 perivascular layers of mononuclear cells in the cerebral white matter of a sheep which
was inoculated with brain homogenate (H&E stain.6266). (b) Grade 2 EAE lesion showing a 3 ± 6 perivascular layers of mononuclear
cells (H&E stain.6266). (c) Grade 3 EAE lesion showing a dense perivascular in®ltrate (46 layers) of mononuclear cells (H&E
stain.6266). (d) Grade 2 EAE lesion in white matter of sheep 235 with focal perivascular extravasation of red cells (H&E stain.6266).
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Discussion

In this report, we show that intra-tracheal inocula-
tion of sheep with maedi-visna virus resulted in
establishment of a typical low-grade infection
which, at the cellular level, consisted of restricted
expression of the virus in cells of macrophage
lineage in lymphoid tissues and blood as reported
previously (Gendelman et al, 1985; Narayan et al,
1983). However, latently infected cells in blood did
not cross into the brain, thus sparing the organ from
infection. This however was overcome by induction
of EAE in the animals. Whereas no neuroinvasion
occurred in any of the four infected virus control
animals, neuroinvasion occurred in all ®ve of the
infected animals injected with brain homogenate.
Presumably, speci®cally sensitized T lymphocytes
in®ltrating the neuropil provided chemotactic
signals that promoted migration of latently infected
monocytes and/or dendritic cells into the brain
where further signals promoted differentiation and
activation of the cells into macrophages in which
the virus life cycle now went to completion. These
data contrast with SIV and HIV infected macaques
and humans, respectively, in whom the lentiviruses

themselves cause activation and infection in T
cells and thus provide the mechanism for neu-
roinvasion (Joag et al, 1995b). The use of macro-
phage-tropic ovine lentivirus which does not infect
or activate T cells illustrated the obligatory need
for brain-bound activated T lymphocytes to pro-
vide the signals for promoting the migration of
infected monocytes into the brain and the sub-
sequent differentiation of these cells into virus-
producing macrophages. Both cell types therefore
seem equally important for neuropathogenesis of
lentiviruses. These results agreed with our pre-
vious ®ndings in the SIV-macaque system in which
molecularly-cloned SIV that is macrophage-tropic,
similar to MVV, failed to cause activation of T
cells and was poorly neuroinvasive (Joag et al,
1995a). All previous studies on attempts to induce
visna in sheep were performed by intracerebral
inoculation of the animals with either infectious
brain homogenate or infectious virus. Earlier
studies had shown that the encephalitic lesions
developing after IC inoculation of MVV were
immune-mediated and were similar in histological
characteristics to those of EAE (Nathanson et al,
1976; Panitch et al, 1976). Further, the lesions

Figure 2 (a) Severe disseminated EAE lesions in sheep 235 including in¯ammatory cell in®ltrates in the leptomeninges (H&E.
stain6133). (b) EAE lesion in the periventricular region of the brain in the same sheep shown in a (H&E. stain6133). (c) Focal myelin
pallor in relation to EAE lesion in the deep white matter of sheep 235 (LFB stain.6133). (d) Serial section of the same lesion shown in
c demonstrating poor staining in peri-lesional regions and few silver-stained axonal spheroids (arrow-heads) indicating focal axonal
damage (Sevier-Munger stain.6133).
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were prevented by treatment of the animals with
cyclophosphomide, a drug commonly used to
prevent clonal expansion of speci®cally sensitized
T lymphocytes. Subsequent studies on pathogen-

esis of visna showed that neuro-adaptation of visna
virus by rapid passage of the virus intracerebrally
resulted in a more rapid onset of neurological
disease (Petursson et al, 1989) but such viruses

Figure 3 (a) Dense in®ltrate of CD3+ T lymphocytes in EAE lesion of sheep 236 (immunohistochemical staining with anti-CD3
antibody; color of reaction product: red; nuclei: light purple.6532). (b) Fewer cells of monocyte-macrophage lineage within serial
sections of the same in®ltrate shown in a (immunohistochemical staining with anti-muramidase [lysozyme] antibody; color of reaction
product: red; nuclei: light purple.6532). (c) Serial section of the same lesion shown in a and b demonstrating positive hybridization
signals (arrow-heads) for OvLV env mRNA. Note that the number of positive cells are roughly proportional to the number of monocyte-
macrophages present in the lesion depicted in b (in situ hybridization using an OvLV 85/34 env probe; color of reaction product: blue-
black; nuclei: red.6532). (d) Dense interstitial pneumonia in sheep 235 (H&E stain.6266).

SHEEP

230

236

235

1     2    3    4     5    6    7    8 1     2    3    4     5    6    7    81     2    3    4     5    6    7    8
LUNG                                    MID BRAIN                                    DWM

393 bp

393 bp

393 bp

270 bp

270 bp

270 bp

Figure 4 Quantitation of viral DNA by PCR. Total cellular DNA was extracted from lung, mid brain and deep white matter (DWM)
tissues of EAE sheep 230, 236, and 235. Serial tenfold dilutions of the total DNA, ranging from 10 mg (lane 1) to 1 pg (lane 8), was
prepared and subjected to two rounds of PCR using primers speci®c to the cellular b-actin gene and the env region of OvLV 85/34. The
expected sizes of the b-actin and env PCR products are 393 bp and 270 bp respectively (Indicated by arrows on the right).
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lacked neuroinvasive properties when inoculated
peripherally (Zink et al, 1997, submitted). Since
neuroinvasion is an obligatory step of viral
neuropathogenesis, failure of virus to invade the
brain from non-neural sites would abrogate all
claims for neurovirulence of the agent provided
that neurological disease is considered as one of
the complications of the systemic infection.

In the intratracheally-inoculated sheep, the fail-
ure of the infected cells to cause infection in the
CNS of the sheep agrees with the world-wide
epizootiology of maedi-visna which is character-
ized predominantly by pneumonia and mastitis and
only rarely by encephalopathy (Narayan and Cork,
1985). In retrospect, the classic CNS disease
observed in natural outbreaks of maedi-visna in
Iceland could have been initiated by T cells that
were induced by other neuropathogens. In our
studies reported here, EAE provided the surrogate
inducer of the activated T cells.

It is well established that cell mediated immunity
plays a signi®cant role in the induction of EAE. In
normal healthy mammals, T cells are rarely found
in the CNS and expression of MHC class II by
microglia in the brain is expressed at very low levels
(Barker and Billingham, 1977; Hickey and Kimura,
1987). In contrast, it is also well known that during
immune-mediated illnesses such as multiple sclero-
sis, post-infectious incephalomyelitis, viral ence-
phalitis and EAE, lymphocytes and MHC II-
expressing macrophages are found commonly in
the CNS (Paterson et al, 1981; Hickey et al, 1985;
Lassmann, 1991). Whereas resting T cells rarely
enter the brain, activated T cells are neuroinvasive
and recent studies have shown that such activated
cells enter brain regardless of their speci®city for
antigen, their phenotype, or their recognition of
antigen being expressed by activated macrophages
in the brain (Hickey et al, 1991). Activated
lymphocytes which enter the CNS from blood exit
within 1 to 2 days, but when they locate their
antigen, they persist at the site and produce
lymphokines and chemokines that attract and
activate other mononuclear cells in the blood
vessels to extravasate into the neuropil. Monocytes
are one such cell type that, responding to such
signals, migrate and mature on site into macro-
phages. Thus, both activated T cells and activated
macrophages are important for development of
encephalitis. An intriguing observation from this
study was that the severity of EAE-induced immune
responses in the brain correlated not only with
increase in virus load in the brain, but also that
severe EAE/visna correlated with severe interstitial
pneumonia and a corresponding increase in virus
burden in the lungs. A possible mechanism for this
phenomenon involves the non-speci®c principle of
dissemination of activated T cells throughout the
body. In the lungs containing infected alveolar
macrophages, this presence of such activated T

cells with their chemokine-producing capacity
could have provided the signals to enhance the
in¯ammatory process. Such autocrine and para-
crine signals could have caused ampli®cation and
acceleration of onset of lesions with concurrent
increase in virus production by increasing numbers
of invading susceptible macrophages, the outcome
of which was more severe pneumonia in the virus/
EAE animals.

Materials and methods

Virus
The Maedi Visna virus (MVV) strain OvLV 85/34
used in this study was originally isolated from a
sheep that had lymphoid interstitial pneumonia
(LIP) (Lairmore et al, 1987) and was kindly provided
by Dr Jim DeMartini, Colorado State University.
This virus was plaque puri®ed and expanded in
goat synovial membrane (GSM)-derived cell cul-
tures. Virus stock had an infectivity titre of 106

TCID50/ml.

Animals
One year old Dorset lambs were purchased from
local ¯ocks in the Kansas City area. Four criteria
were used to ensure that these sheep were free of
lentiviral infection. First, blood monocyte-derived
macrophages matured in vitro were co-cultivated
with indicator GSM cells and observed for the
development of typical lentivirus-induced syncy-
tial cytopathic effects (CPE) (Narayan et al, 1980;
Chebloune et al, 1996b). Second, culture medium
and cell lysates from parallel macrophage cultures
were analyzed for the presence of viral proteins by a
radio-immunoprecipitation assay (RIA) using a goat
hyper-immune serum against MVV and caprine
arthritis-encephalitis virus (CAEV) (Chebloune et
al, 1996a). Third, serum from each animal was
examined for the presence of antibodies to MVV
and/or CAEV using a similar RIA. Fourth, DNA
extracted from the cultured macrophages was
subjected to PCR using oligonucleotide primers
speci®c to sequences in the CAEV gag gene
(Chebloune et al, 1996a). All of the animals used
in this study were negative by the above criteria and
were thus considered free of endogenous lentiviral
infection.

Inoculation of animals with OvLV-85/34 and
induction of EAE
One ml of stock virus containing 16106 TCID50 was
diluted in 5 ml RPMI and inoculated intra-trache-
ally. Three weeks later, ®ve of the sheep were each
injected intramuscularly with a 2 ml suspension
containing 1 ml of a 10% homogenate (wt/vol) of
normal sheep brain white matter emulsi®ed in 1 ml
of complete Freund's adjuvant (CFA) (Difco Labora-
tories).
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Derivation of macrophages from peripheral blood
mononuclear cells and tissue explants
Blood collected in EDTA from each animal was
sedimented to remove plasma (saved for antibody
detection) and the buffy coat cells suspended in
Hanks balanced salt solution (HBSS) were centri-
fuged on Ficoll-Hypaque gradients to obtain mono-
nuclear cells (PBMC) as previously described
(Narayan et al, 1983). Approximately 108 PBMC
were resuspended in 30 ml of macrophage differ-
entiation medium (MDM) consisting of RPMI
supplemented with 10 mM Hepes buffer (pH 7.3),
50 mg/ml gentamicin, 561075 M 2-mercaptoetha-
nol, 2 mM glutamine and 20% heated lamb serum,
and cultivated in Te¯on bottles at 378C for 2 weeks
with a complete medium change at the end of the
®rst week. This method yielded suspensions of
macrophages which when seeded into tissue culture
dishes, became adherent and differentiated into
typical esterase-positive cells, fully capable of Fc
receptor-mediated endocytosis of antibody-coated
RBC at 378C within 4 h. Mature macrophages were
transferred from Te¯on bottles to tissue culture
dishes and maintained in MDM for another 2 weeks.
Samples of lung, lymph node, thymus, spleen, and
CNS regions were aseptically removed from animals
and placed in ice-cold HBSS. Portions of the tissues
were subsequently minced, suspended in MDM and
explanted in 2 ml of MDM in 25 cm2 tissue culture
¯asks. After 5 ± 7 days at 378C, adherent macro-
phages were washed and incubated an additional
10-days in fresh MDM. The macrophage cultures
derived by explantation were then analyzed for
presence of virus as described below.

Two dishes of PBMC-derived macrophages or
two ¯asks of tissue explant-derived macrophages
were maintained and examined for degenerative
changes (cytolysis) and/or syncytial CPE after
cocultivation with indicator GSM cells as pre-
viously described (Chebloune et al, 1996a, b). Some
of the macrophage cultures were also used for
detection of viral proteins by immunoprecipitation
and for detection of viral DNA by PCR as described
below. Selected tissue samples were homogenized
and examined for viral DNA or infectious virus.

Indicator cell line
Derivation of goat synovial membrane (GSM) cell
culture from explanted carpal synovial membrane
of colostrum-deprived, newborn goats has been
described previously (Narayan et al, 1980). These
cells were expanded by cultivation in Minimum
Essential Medium+10% fetal bovine serum, pas-
saged at 1 : 3 split ratios and used for 7 ± 10 passages.

Necropsy
Sheep were anesthetized by administration of
Rompum at a concentration of 0.1 mg/kg followed
by laparotomy and exsanguination via the abdom-
inal aorta. Portions of the apical, middle and

diaphragmatic lobes of the lungs, spleen, mesen-
teric and dorsal tracheal lymph nodes, and brain
and spinal cord were removed aseptically for
virological and histopathological analyses.

Brain dissection and neuropathological methods
The brain was bisected and the right half was
transferred into 10% buffered formalin. The left half
of brain and spinal cord were sliced and dissected
into 15 anatomically distinct regions as indicated in
Table 2. Samples intended for virus or viral DNA
assays were free of contamination with meninges or
choroid plexus. Portions of all samples were snap-
frozen over dry ice and saved at 7708C for PCR
analysis of viral DNA. Other portions were ex-
planted into culture to obtain macrophages and
others homogenized to yield 10% cell-free extracts
(wt/vol) in MEM+1% serum. The remaining por-
tions of the left half of the brain and spinal cord
were ®xed in 10% buffered formalin for 3 ± 4 days.
Blocks taken from areas adjacent to the previously
sampled parts of the ®xed left half of the brain, and
from identical parts of the right half were embedded
in molten paraf®n wax and processed according to
established procedures. A preliminary screening for
morphological abnormalities was performed on
paraf®n sections stained with hematoxylin and
eosin (H&E). Serial sections were stained with
Luxol Fast Blue (LFB) and Sevier Munger stains
respectively, for the assessment of suspected
myelin and axonal abnormalities in relevant parts
of the central nervous system. The remaining
sections were set aside for immunostains and in
situ hybridization.

All visceral tissues examined were ®xed in 10%
formalin and blocks from selected areas were
embedded in paraf®n. These were processed for
routine histological examination and sections
stained with H&E.

Evaluation of histopathological changes in the CNS
We graded the EAE lesions semi-quantitatively on
a 4-point scale (0 ± 3) based on the number of
layers of mononuclear in¯ammatory cells in the
perivascular compartment of each lesion (Traugott,
1989). Absence of a cellular in®ltrate was graded
as 0; lesions with one to three layers were scored
as grade 1; four to six layers were scored as grade
2; and the presence of more than four layers of
perivascular mononuclear cells was scored as
grade 3. Hematoxylin and eosin stained sections
from each CNS region were examined under a 106
objective lens, and the lesions were scored within
40 contiguous microscopic ®elds in the case of
larger CNS sections (i.e. cerebral hemispheres),
and within 20 microscopic ®elds in the case of
smaller sections (i.e. brain stem and spinal cord).
Presence of grade 1 lesions in over 50% of the area
examined in each section would be given a
composite score of (+) for that particular CNS
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region; presence of grade 2 lesions in over 50% of
the area an overall score of (++); and the presence
of grade 3 lesions in over 50% of the area, a score
of (+++). This data from each CNS region was
analyzed in conjunction with the extent of dis-
semination of lesions within the ®fteen CNS
regions examined, and the overall severity of the
EAE reaction in each animal was assessed as: Mild-
550% of the CNS regions were affected and fewer
than 50% of the regions involved had a composite
score of (+); Moderate-450% of the CNS regions
were affected and the majority of regions involved
had composite scores of ++ or +++; Severe-all CNS
regions were affected and all received composite
scores of ++ or +++.

Immunohistochemistry
Paraf®n sections were reacted overnight with
primary antibodies including, rabbit-anti-human-
CD3 (Dako, 1 : 50 dilution) used to stain T-cells,
rabbit-anti-muramidase (Dako, 1 : 750 dilution) to
stain macrophages, and rabbit anti-GFAP (Dako,
1 : 50 dilution) for staining astrocytes. After re-
peated washing, the sections were incubated with
biotinylated goat anti-rabbit antibody [Vector,
1 : 200 dilution]. The reaction product was de-
tected using avidin-biotin-peroxidase enzyme
complex [Vector] followed by the substrate AEC
[Biomeda].

In situ hybridization
Paraf®n sections were digested with pepsin [Boeh-
ringer], and hybridized overnight with a digoxigen-
in labelled OvLV-env DNA probe. The probe was
prepared from a 1.6 kb PCR fragment isolated from
the env gene of OvLV 85/34 (Joag et al, 1995b). After
post-hybridization washes, the hybridization pro-
duct was detected by treating the sections with
alkaline phosphatase conjugated anti-digoxigenin
fragments [Boehringer], followed by incubation
with NBT/BCIP alkaline phosphatase substrate
[Pierce] to obtain a blue-black product.

DNA extraction and quantitative PCR
Minced frozen tissues were homogenized into a
lysis buffer containing 50 mM Tris, 5 mM EDTA

and 7 mM SDS, and proteins were digested follow-
ing incubation with 100 mg/ml of proteinase K. The
lysates were then phenol/chloroform extracted and
DNA ethanol precipitated using standard methods.
Puri®ed DNA was resuspended in sterile distilled
water and the concentration was determined by
spectrophotometry. Two sets of oligonucleotide
primers speci®c for the env gene of OvLV 85/34
were used detection of viral DNA. Primers 5'34B
914-CAATTGTACTAGGTCAGGCAATCACTT - 940
and 3'34A 1511-ATTAGCAACACCGAGTCCAGCT-
CCT-1487 were used for ®rst round PCR, and
primers 5'D34 1158-CTATGGACATACTCGGCCC-
GAAGAA-1182 and 3'34C 1419-GCTGTAGCTCGG-
TGGATCTCTTCTTC-1394 were used for nested
PCR as previously described (Chebloune et al,
1996a; Karr et al, 1996).

To quantitate the amount of viral DNA relative to
the total cellular DNA, tenfold serial dilutions of
each sample ranging from 10 mg to 1 pg DNA were
subjected to PCR using the viral env primers and
primers directed to the cellular b-actin gene
(Stephens et al, 1995; Joag et al, 1995a). PCR
reactions were performed as previously described
(Chebloune et al, 1996a; Karr et al, 1996). Following
the second round of ampli®cation, 10 ml aliquots of
each reaction were electrophoresed on 1.5% agar-
ose gels. Speci®c PCR products were visualized by
staining with ethidium bromide.
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