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Virus tropism, distribution, persistence and pathology in the corpus callosum of the Semliki Forest

virus-infected mouse brain: a novel system to study virus–oligodendrocyte interactions

 

The temporal course of  cellular pathology in virus-
infected oligodendrocytes 

 

in vivo

 

 is not well defined. Here
we study these events in the mouse brain using a novel
system in which large numbers of  oligodendrocytes can be
reproducibly infected. In the mouse, following extraneural
inoculation, the A7(74) strain of  the alphavirus Semliki
Forest virus (SFV) is efficiently neuroinvasive and central
nervous system (CNS) infection leads to predominantly
perivascular lesions of  immune-mediated demyelination.
This study demonstrates that direct intracerebral inocula-
tion with SFV A7(74) or the SFV1 vector results in dra-
matic, selective and widespread infection of  the major
white matter tract of  the brain, the corpus callosum.
Mature oligodendrocytes are the predominant cell type
infected. Subsequent events are complex; early virus-
induced necrotic death of  infected cells is followed by apo-

ptotic death of  adjacent apparently uninfected cells. A
strong inflammatory response and considerable myelin
loss are evident from 10 days and virus-positive cells are
not observed after this time. In contrast, in athymic 

 

nu/nu

 

mice, in the absence of  T-cell responses, no inflammatory
infiltrates are observed and virus-infected cells persist for
over 30 days with extensive vacuolation but less demyeli-
nation. The change from an early destructive to a poten-
tially persistent infection of  oligodendrocytes is likely to
reflect activation of  innate immune responses. Activation
of  peripheral innate defences by inoculation of  poly I : C
prior to CNS virus infection abrogates the widespread cor-
pus callosum infection. This widespread infection of  the
corpus callosum provides a novel 

 

in vivo

 

 system in which
to study virus–oligodendrocyte interactions.
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Introduction

 

In humans, central nervous system (CNS) demyelination
is a prominent feature in progressive multifocal leucoen-
cephalopathy and subacute sclerosing panencephalitis
(SSPE), caused, respectively, by JC and measles viruses. In

animals, CNS demyelination is a feature of  the neuropa-
thology of  canine distemper and sheep visna, caused,
respectively, by canine distemper and maedi-visna viruses.
Multiple sclerosis is the most common neurological dis-
ease of  young adults in the developed world but its aetiol-
ogy remains enigmatic; it may be initiated by infection,
with a virus being the most likely candidate. Over many
years this latter possibility has driven research into under-
standing the interactions between viruses and glial cells
and a number of  rodent models of  demyelinating disease
have been established and studied. Prominent among
these are Theiler's virus, mouse hepatitis virus (MHV) and
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Semliki Forest virus (SFV) infections of  the laboratory
mouse [1,2].

Semliki Forest virus infection of  the laboratory mouse
has been extensively studied as a model system not only to
study virus-induced demyelination but also to understand
the pathogenesis of  viral encephalitis [3,4] and the inter-
actions between viruses, CNS cells and immune responses.
SFV has the major advantage that, following extraneural
inoculation, it is efficiently neuroinvasive. The course of
infection and pathology are therefore generally studied
following an intraperitoneal (ip) inoculation. Following ip
inoculation SFV replicates in a number of  tissues includ-
ing the muscles and the exocrine pancreas resulting in a
high titre plasma viraemia from which virus crosses the
cerebral endothelial cells to establish foci of  perivascular
infection [5]. In the case of  the avirulent A7(74) strain,
infection of  CNS cells is restricted and these perivascular
foci do not enlarge with time. In the case of  the virulent
L10 strain, the perivascular foci rapidly enlarge to produce
a panencephalitis that is fatal within a few days. Both
strains of  virus infect cells which, by their location and
morphology, are clearly neurones. By electron micros-
copy, oligodendrocytes have also been observed to be
infected [6,7].

Semliki Forest virus, being efficiently neuroinvasive,
has enabled study of  blood–brain barrier changes [8,9]
and the course of  CNS immune responses in the absence of
direct CNS trauma. In the case of  SFV A7(74) infection,
strong interferon, antibody and T-cell immune responses
are generated in the periphery and are observed in the
CNS starting at 4 days. These responses rapidly eliminate
infectious virus, by 7 days, from the brain but they are also
pathogenic and mediate lesions of  inflammatory demyeli-
nation [4]. As observed by studies in mice with selective
immune dysfunctions, antiviral antibodies are protective
whereas T-cells, particularly CD8

 

+

 

 cells, are required to
generate the lesions of  demyelination [10–12]. In immu-
nocompromised athymic (

 

nu/nu

 

) mice, or mice with
severe combined immunodeficiency, the A7(74) strain of
virus persists in the brain [11,13]. During this persistent
infection there is little evidence of  pathology and no
lesions of  demyelination. It appears that the mature differ-
entiated cells of  the adult brain can survive for long peri-
ods of  time when infected with the A7(74) strain of  SFV.

Here we report the serendipitous finding that intracere-
bral (ic) inoculation of  SFV A7(74) and SFV virus-like par-
ticles (VLP) result in dramatic, selective and widespread
infection of  the major white matter tract of  the brain, the

corpus callosum. This provides a novel new system in
which large numbers of  oligodendrocytes in a known loca-
tion and at a known time are reproducibly infected. We
exploit this finding to study the outcome of  oligodendro-
cyte infection. Oligodendrocytes are readily infected by
SFV A7(74) but they do not readily undergo apoptosis. For
the first few days after infection oligodendrocytes main-
tain a normal morphology, they then become enlarged,
vacuolated and die with no evidence of  apoptosis. In the
presence of  a mononuclear cell inflammatory response,
infectious virus is eliminated from the corpus callosum;
however, in the absence of  a mononuclear cell inflamma-
tory response, a persistent infection of  the corpus callo-
sum is established.

 

Materials and methods

 

Virus and virus-like particles

 

As described previously [5], the A7(74) strain of  SFV was
grown and titrated in BHK-21 cells and aliquots were
stored at 

 

−

 

70

 

°

 

C. For mouse inoculation, stocks were
diluted in PBS containing 0.75% BSA (PBSA). SFV VLP
were prepared using the SFV split-helper system [14]. The
replicon encoding plasmid pSFV1-d1EGFP, along with
pSFV-helper-spike and pSFV-helper-capsid was a kind gift
from Professor Peter Liljeström (Microbiology and
Tumour Biology Centre, Karolinska Institute, Stockholm,
Sweden). Subcloning efficiency DH5

 

α

 

 chemically compe-
tent 

 

Escherichia coli

 

 cells (Invitrogen Life Technologies,
Paisley, UK) were used for transformation in accordance
with the manufacturers' instructions. Maxi-preparations
of  endotoxin-free DNA were prepared using the Endofree
plasmid maxi kit (Qiagen, Crawley, UK). DNA quantity
and quality were ascertained spectrophotometrically.
Plasmids were linearized with Spe1 (New England Biolabs,
Ipswich, MA, USA), and cleaned up using the Wizard DNA
system (Promega, Madison, WI, USA) prior to 

 

in vitro

 

 tran-
scription. Each linearized plasmid was transcribed 

 

in vitro

 

to produce capped RNA transcripts for electroporation
using the following RNase-free reagents: cap analogue
M7G(S

 

′

 

)ppp(S

 

′

 

)G (Amersham Pharmacia Biotech, Chal-
font St Giles, UK), dithiothreitol (Sigma, Chalfont St Giles,
UK), rNTP mixture (Amersham Pharmacia Biotech),
recombinant RNasin ribonuclease inhibitor (Promega),
SP6 RNA polymerase (Amersham Biosciences, Chalfont St
Giles, UK). RNA transcripts were stored at 

 

−

 

70

 

°

 

C under
RNase-free conditions prior to electroporation into BHK-
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21 cells (European Collection of  Animal Cell Cultures,
Porton Down, UK).

BHK-21 cells were cultured using Glasgow Minimum
Essential Media supplemented with 5% heat-inactivated
foetal calf  serum, 10% tryptose phosphate broth, 2 mM 

 

L

 

-
glutamine and penicillin/streptomycin solution (100 U/
ml penicillin and 100 

 

µ

 

g/ml streptomycin) and 20 mM
HEPES buffer. The cells were cultured and maintained in
175 cm

 

2

 

 flasks at 37

 

°

 

C in a humidified atmosphere con-
taining 5% CO

 

2

 

. Prior to electroporation, BHK cells were
resuspended in PBS to a density of  5 

 

×

 

 10

 

6

 

 cells per 0.4 ml.
A mixture containing 1 

 

µ

 

g of  transcript pSFV1-d1EGFP,
pSFV-helper-spike and pSFV-helper-capsid was electropo-
rated using 4 mm cuvettes and the preset protocol (140
volt square wave pulse with a pulse length of  25 ms) on a
Gene Pulser X cell™ Electroporator (Bio-Rad Laboratories
Inc, Hemel Hempstead, UK). The electroporated cells were
cultured as described above in T175 flasks at 33

 

°

 

C for
48 h. The supernatants were removed from each flask,
clarified four times by centrifugation at 40 000 

 

g

 

 for
15 min, followed by ultracentrifugation (Beckman L8–
70 M; SW28 rotor) at 140 000 

 

g

 

 for 90 min at 4

 

°

 

C
through a 20% sucrose cushion. The VLP pellets were
resuspended in tris sodium chloride EDTA (TNE) buffer,
pH 7.4 for 2 h on ice prior to aliquoting, snap freezing and
storing at 

 

−

 

70

 

°

 

C. VLP titres were determined microscopi-
cally by counting d1EGFP-positive BHK-21 cells.

 

Mice

 

Female Balb/c or Balb/c 

 

nu/nu

 

 mice were kept in specific
pathogen-free conditions with access to water and food 

 

ad
libitum

 

 in the Centre for Infectious Diseases Animal Unit
(University of  Edinburgh, UK). Cages were provided with
environmental enrichment. All experimental procedures
were performed using aseptic techniques, were approved
by the University of  Edinburgh ethical review committee
and were carried out under the authorization of  a United
Kingdom Home Office Animal Licence (Animals Scientific
Procedures Act, 1986).

 

Intraperitoneal and intracerebral inoculations

 

Four- to five-week-old mice were inoculated ip with
5000 PFU SFV A7(74) in 0.1 ml PBSA. For ic inoculation
of  virus, 4- to 5-week-old mice were anaesthetized with
halothane and inoculated with 0.02 ml of  virus in PBSA

at the approximate intersection of  the interaural and ros-
tro-caudal midlines. Mice treated with poly-inosinic, poly-
cytidylic acid (poly I : C) received 200 

 

µ

 

g ip in 100 

 

µ

 

l of
PBS.

 

Histopathology

 

Mice were euthanized by CO

 

2

 

 inhalation followed by
exsanguination and perfusion with cold 10% neutral buff-
ered formalin (Surgipath, Richmond, IL, USA). Brains
were removed and either bisected sagittally down the
midline or cut transversely into three sections using a
Herschowitz brain slicer and immersion fixed in 10%
neutral buffered formalin at 4

 

°

 

C. Tissues were processed
into 5-

 

µ

 

m paraffin sections, sectioned at 50 

 

µ

 

m using a
vibratome or processed through a series of  graded sucrose
solutions in PBS (5% 1 h, 10% 1 h, 25% overnight at 4

 

°

 

C)
snap-frozen and cut into 10- or 15-

 

µ

 

m-thick  sections  on
a cryostat. As required, paraffin wax-embedded sections
were stained with luxol fast blue and cresyl violet to
observe myelin loss [15] or with haematoxylin and eosin
to observe inflammatory changes.

 

In situ

 

 hybridization

 

Virus RNA in paraffin sections was detected by 

 

in situ

 

hybridization using a 35S-labelled riboprobe (derived from
pSFV1) complementary to the virus genomic RNA, as
described in detail previously [5]. After hybridization,
sections were dried, placed on high-resolution 

 

β

 

-max-
photographic film (Amersham, Chalfont St Giles, UK),
dipped in photographic emulsion (LM2, Amersham),
developed and stained with haematoxylin and eosin to
allow microscopic visualization of  infected cells or immu-
nostained for 2

 

′

 

, 3

 

′

 

-cyclic-nucleotide 3

 

′

 

-phosphohydrolase
(CNPase).

 

Immunocytochemistry on frozen sections

 

To detect virus proteins, frozen sections (15 

 

µ

 

m) were
thawed, blocked for 30 min in CAS Block (Zymed Labora-
tories, Paisley, UK) at room temperature and then incu-
bated with primary antibody (1 : 1000) in CAS Block for
1.5 h at room temperature. The primary antibody, a kind
gift from Tero Ahola (University of  Helsinki, Finland), was
a rabbit polyclonal against the virus nsP3 protein [16].
Sections were then washed (PBS), incubated with a biotin-
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conjugated goat anti-rabbit secondary antibody (1 : 200)
(Vector Laboratories, Burlingham, CA, USA) for one hour
at room temperature, rinsed in PBS and finally incubated
for 30 min with an Alexa Fluor 488 streptavidin conju-
gate (1 : 300) (Cambridge Bioscience, Cambridge, UK).

For double-labelling of  virus and oligodendrocytes or
virus and activated caspase-3, a mouse monoclonal anti-
body to the virus E1 envelope glycoprotein (UM8.64;
[17]) followed by an Alexa Fluor-594-conjugated goat
anti-mouse was used to detect SFV. For oligodendrocytes,
the primary antibody was a rabbit anti-bovine CNPase, a
kind gift from Dr A. McMorris, Wistar Institute Philadel-
phia [18]; for activated caspase-3 the primary antibody
was an affinity-purified rabbit IgG raised against the p17
cleavage product of  human caspase-3 (Calbiochem,
Darmstadt, Germany). In each case, this was followed by a
biotinylated goat anti-rabbit IgG and Alexa Fluor-488-
conjugated streptavidin. For double-labelling of  oligoden-
drocytes and activated caspase-3, the rabbit anti-CNPase
was replaced with a mouse anti-CNPase (Stratech Scien-
tific, Soham, UK) and detected as for the mouse anti-SFV.
Details of  the double-labelling technique were as
described previously [19].

 

Immunocytochemistry on 
paraffin-processed sections

 

Prior to immunostaining for either virus or activated
caspase-3, paraffin-embedded sections were dewaxed,
hydrated through graded alcohols, pretreated by micro-
waving in ‘antigen unmasking solution’ (Vector Laborato-
ries) and then digested with 20 

 

µ

 

g/ml proteinase K in Tris
buffer pH 7.8 with 2 mM Ca

 

2

 

+

 

 for 15 min. To visualize
virus-infected cells, sections were stained with a rabbit
polyclonal antibody against SFV. A rabbit antibody (Calbi-
ochem) was used to stain for activated caspase-3. In both
cases, the secondary antibody was a biotinylated goat
anti-rabbit immunoglobulin and the signal was amplified
using peroxidase-labelled avidin–biotin complexes (Vector
Laboratories) and visualized using diaminobenzidine as
substrate (Sigma). As required, sections were lightly coun-
terstained with haematoxylin QS (Vector Laboratories).

 

TUNEL staining

 

TUNEL staining combined with immunostaining for viral
antigens was carried out on paraffin-processed sections.
Sections were dewaxed, hydrated through graded alco-

hols, digested for 15 min in 5 mg/ml proteinase K (in
20 mM Tris, 2 mM CaCl

 

2

 

, pH 7.0) and equilibrated for
20 min in Tris buffer pH 7.2 (30 mM Tris, 140 mM
sodium cacodylate, 4 mM MgCl

 

2

 

, 1 mM CoCl

 

2

 

). Sections
were then placed in a humid chamber and 40 

 

µ

 

l of  termi-
nal deoxynucleotide transferase (TdT) buffer added to
each section [0.6 U/ml TdT (Boehringer, Ingelheim,
Germany) and digoxigenin-11-dUTP (Boehringer) at
20 mM in Tris buffer] and the sections incubated at 37

 

°

 

C
for 2 h. The reaction was stopped by transfer to 0.3 M
NaCl, 0.03 M Na Citrate. After washing in PBS, labelled
nuclei were detected using an alkaline phosphatase-
conjugated sheep antidigoxigenin antibody (Boehringer)
followed by nitroblue tetrazolium and X-phosphate as sub-
strate. Positive nuclei were blue. Sections were then
washed in PBS and immunostained for SFV antigens as
described above.

 

Results

 

Intracerebral inoculation of  SFV results in 
widespread infection of  the corpus callosum

 

Groups of  3-, 4- and 5-week-old Balb/c mice were inocu-
lated either ic or ip with 5000 PFU of  SFV A7(74) and
sampled at post inoculation day (PID) 4. The distribution
of  virus RNA in the brain was determined by 

 

in situ

 

 hybrid-
ization and autoradiography (Figure 1

 

A

 

,

 

B

 

). Intraperito-
neal inoculation resulted in small, scattered, perivascular
foci of  virus RNA-positive cells as described previously [5].
In contrast, ic inoculation resulted in a striking white mat-
ter tract infection which was most prominent in the cor-
pus callosum. On sagittal sections, the infection was
observed throughout the entire rostro-caudal length of
the corpus callosum and extended rostrally towards the
olfactory bulbs. On transverse sections, infection of  the
corpus callosum extended laterally from the midline to
include all but the most distant regions of  the corpus cal-
losum. Microscopy studies using immunostaining for
virus proteins confirmed that the majority of  infected cells
were within the white matter. In many cases infected cells
were distributed in chains, a distribution characteristic of
oligodendrocytes (Figure 1

 

D

 

). To determine the pheno-
type of  these cells, sections were double-labelled using 

 

in
situ

 

 hybridization for virus RNA or immunostaining for
virus protein and immunostaining for CNPase, a marker
of  mature oligodendrocytes. Many of  the virus RNA- or
virus protein-positive cells were also CNPase-positive con-
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Figure 1.

 

Comparison of  virus distribution and tropism, 4 days after ip or ic inoculation of  virus. (

 

A

 

 and 

 

B

 

) Autoradiograph showing 
distribution of  virus RNA-positive cells in the brain following ip (

 

A

 

) and ic (

 

B

 

) inoculation of  SFV A7(74); sagittal 5-

 

µ

 

m paraffin sections cut 
close to the midline, 4 days post infection. In (

 

A

 

) the foci are perivascular as shown in (

 

C

 

). In (

 

B

 

) the infection is predominantly in the white 
matter tracts of  the corpus callosum (cc) and the internal capsule (ic). The infection has also spread rostrally from the corpus callosum towards 
the olfactory bulb along the line of  the rostral migratory stream (*). The arrow indicates the presumed site of  virus inoculation and points to 
a large but contained focus of  virus RNA-positive cells in the thalamus. The boxed area is shown microscopically in panel 

 

F

 

. (

 

C

 

 to 

 

H

 

) Microscopic 
images from paraffin wax-embedded sagittal sections. (

 

C

 

) Immunostaining for virus proteins (brown) demonstrating a small perivascular focus 
of  infected cells; blood vessel (bv), 4 days after ip inoculation of  virus. (

 

D

 

) Immunostaining for virus proteins (brown) demonstrating the extent 
of  infection in the corpus callosum following ic inoculation. Virus protein-positive cells (brown) aligned in contiguous chains can be seen 
(arrow); this distribution is characteristic of  oligodendrocytes. (

 

E

 

 and 

 

G

 

) Following ip inoculation, virus RNA-positive cells are found scattered 
in small foci throughout the brain. (

 

E

 

)Image showing two virus RNA-positive cells (black silver grains) by 

 

in situ

 

 hybridization, one is CNPase-
negative and one is CNPase-positive (brown; oligodendrocyte). (

 

G

 

) A higher power magnification of  a virus RNA-positive (silver grains) 
oligodendrocyte (brown staining for CNPase). (

 

F

 

 and 

 

H

 

) Following ic inoculation, double-labelling for virus RNA (black silver grains) and 
CNPase (brown immunostaining) demonstrates many virus-infected oligodendrocytes (arrows in 

 

H

 

) in the corpus callosum; images are from 
the section in panel 

 

B

 

. (

 

F

 

) Image from the splenium corpus callosum, the area boxed in panel 

 

B

 

.

A

ic
*

cc

bv

B

C

E

D

F

HG

 

firming them to be oligodendrocytes (Figures 1

 

E

 

–

 

H

 

 and
2

 

A

 

,

 

B

 

). RNA-positive, CNPase-positive, isolated oligoden-
drocytes were also observed in the foci of  perivascular
infection which resulted from ip inoculation of  virus
(Figure 1

 

E

 

,

 

G

 

) but widespread infection of  white matter
tracts was never observed following this route of  inocula-
tion. Following ic inoculation (Figure 1

 

F

 

,

 

H

 

), cells with a
neuronal morphology adjacent to the white matter tracts
were also infected but it was notable that infection did not
spread beyond the first layer of  neurones into more distant
layers in the cortex, hippocampus or striatum. This and
failure of  the small perivascular foci observed in this study

to enlarge with time, confirm our previous observation
that replication of  the A7(74) strain of  SFV in mature neu-
rones is restricted and does not spread [5].

 

Cells of  the corpus callosum are permissive for SFV 
replication following intracerebral inoculation

 

To determine whether the widespread white matter distri-
bution observed following ic inoculation resulted from a
synchronous early infection of  many cells or from spread
of  virus along white matter tracts, groups of  mice were
inoculated with different doses of  virus and the temporal
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spread of  the infection determined. Groups of  six mice
were inoculated with 10, 100 or 1000 PFU, SFV A7(74)
and three mice from each group were sampled at each of
18 and 72 h post infection. The extent of  virus distribution
was determined by immunostaining (Table 1; Figure 2

 

C

 

).
The extent of  infection at 18 h was proportional to the
PFU inoculated and for each inoculation dose the infec-
tion was more widespread by 72 h. These results demon-

strate that the virus spread with time in the white matter
tracts and did not establish the observed white matter
tract distribution directly from the original inoculum.
Cells in the white matter tract therefore appear to be per-
missive for replication of  the A7(74) strain of  SFV, at least
within the first 72 h following direct ic inoculation.

To rule out the alternative possibilities that virus from
the original inoculate was slowly spreading distally from

 

Figure 2.

 

(

 

A

 

 and 

 

B

 

) Confocal micrographs from frozen sections of  the corpus callosum at day 4 post infection. Virus protein-positive cells (red) 
and CNPase-positive oligodendrocytes (green). (

 

A

 

) Many virus protein-positive cells are also CNPase-positive (arrows) indicating infection of  
mature oligodendrocytes. (

 

B

 

) Oligodendrocyte (green) containing several discreet areas of  virus protein staining (red; arrows) within the 
cytoplasm. (

 

C

 

) Composite image from frozen sections demonstrating distribution of  SFV protein-positive cells (green) in the corpus callosum 
following ic inoculation of  virus. (

 

D

 

–

 

F

 

) Merged bright-field and EGFP images of  sagittal vibratome sections, 3 days post ic inoculation with SFV-
EGFP VLPs; infected areas were readily observed without immunostaining. (

 

D

 

) Strong positive signal (green) is observed in the corpus callosum 
(cc) and internal capsule (ic), adjacent to the needle tract (arrow). (

 

E

 

) As with infectious virus, the corpus callosum (cc) is discretely infected. 
(

 

F

 

) d1EGFP-positive cells (arrows) between the corpus callosum (cc) and the underlying striatum (s); a distribution consistent with infection 
of  the rostral migratory stream. (

 

G

 

–

 

I

 

) Sagittal frozen sections showing d1EGFP-positive cells with a morphology indicative of  oligodendrocytes 
in the corpus callosum. These cells have parallel d1EGFP-positive processes (arrows in 

 

I

 

) characteristic of  the myelinating processes which 
extend from oligodendrocyte cell bodies around neurites. (

 

J

 

 and K) Confocal micrographs from the corpus callosum at day 4 post infection. (J) 
Virus protein-positive (red) and activated caspase-3-positive (green) cells are separate, indicating that apoptotic cells are not virally infected. 
(K) Double fluorescence immunostaining for CNPase (red; arrow) and activated caspase-3 (green, arrowhead), indicating that apoptotic cells 
are not mature oligodendrocytes.
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the inoculation site or that virus material, for example
RNA, was spreading between connected cells; SFV VLPs
encoding the gene for the short half-life (d1) isoform of
green fluorescent protein (EGFP) were inoculated ic into
the mouse brain. SFV VLPs are structurally the same as
virus but have a modified genome. In the d1EGFP-VLPs
the genomic sequences coding for the virus structural pro-
teins is replaced by the d1EGFP gene. These VLPs can rep-
licate within the cells they originally infect; however, as
they lack the virus structural genes, they cannot assemble
new virus particles and cannot propagate the infection by
infecting new cells [20].

Groups of  mice were inoculated ic with 800 or 800 000
SFV d1EGFP-VLPs and three mice from each group sam-
pled at each of  18 and 72 h. After dividing the brains
down the midline they were examined on a fluorescent
(EGFP filter) stereomicroscope. Areas of  infection were
immediately visible on the cut sagittal surface and again
demonstrated infection of  the corpus callosum
(Figure 2D–F). The distribution of  infection was seen more

clearly on 50-µm vibratome sections. The extent of  infec-
tion was proportional to the dose inoculated, with many
more cells infected following inoculation of  800 000 VLP
than with 800 VLP. Analysis of  the extent of  infection
demonstrated that in contrast to infection with virus, the
extent  of  the  VLP  infection  in  the  corpus  callosum did
not change for either dose inoculated between 18 and
72 h  (Table 1).  On  10-µm  cryostat  cut  sections,  cells
with a morphology consistent with oligodendrocytes were
readily observed (Figure 2G–I).

In Balb/c mice SFV infection results in 
necrotic cell death, inflammatory infiltrates 
and myelin loss

To observe the course of  infection and pathological
changes over a longer time course, groups of  4- to 5-week-
old Balb/c mice were inoculated ic with either 5000 PFU
virus or PBSA (control). Brains from each of  three mice
from each group were sampled at days 2, 4, 6, 10, 18 and
31. Paraffin-processed sagittal sections (5 µm) were dou-
ble-immunostained for virus protein and TUNEL (Table 2);
the TUNEL stain is indicative of  the DNA fragmentation
which occurs in apoptosis [21]. Adjacent sections were
stained for activated caspase-3, or double-stained for virus
protein and activated caspase-3 (Table 2). Additional sec-
tions were stained with luxol fast blue and cresyl violet or
haematoxylin and eosin, to observe myelin integrity and
inflammatory infiltrates. Control mice inoculated ic with
PBSA only, had no virus-positive cells, no TUNEL-positive
cells, no inflammatory infiltrates (apart from a few leuco-
cytes directly around the needle tract at days 2, 4 and 6)
and no demyelination.

At 2 and 4 days post inoculation, immunostaining for
virus proteins showed many infected cells in the white
matter tracts (Table 2). At these time points, virus protein-
positive cells had a normal appearing and compact mor-
phology (Figure 3A). The cytoplasm of  infected cells
stained positive for virus proteins and small-unstained
nuclei were apparent. This is consistent with the known
cytoplasmic localization of  the viral proteins for this RNA
virus. Few TUNEL-positive or activated caspase-3-positive
cells, and no inflammatory infiltrates or demyelination
were apparent at these time points (Table 2).

By day 6, many virus-immunostained cells were swol-
len and contained large, clear vacuoles (Figure 3B,C). In
some cases the vacuoles were outlined by immunostain-
ing and dense aggregates of  immunostained material,

Table 1. Distribution of  virus and VLP-infected cells in the corpus 
callosum is dependent upon dose and time and can be abrogated by 
prior activation of  innate immune responses

Inoculum (ic)

Time post inoculation

18 
h

72 h

10 PFU A7(74) 0.3 2.7
100 PFU A7(74) 1.0 4.7
1000 PFU A7(74) 1.3 3.7
80 d1EGFP-VLP 1.3 1.0
800 000 d1EGFP-VLP 2.3 2.7
Poly I : C* + 30 PFU A7(74) ND 0.3
PBS* + 30 PFU A7(74) ND 2.7

*Administered ip 3 h prior to virus.
Three mice were sampled in each group at 18 and 72 h. For each
brain inoculated with virus or VLPs, a series of  at least three sagittal,
frozen (virus, 15 µm) or vibratome (VLP, 50 µm) sections cut close
to the midline were immunostained for SFV proteins (e.g. Figure 2C–
F) and scored 1–5 for the extent of  rostro-caudal infection along the
corpus callosum. All sections were coded prior to scoring. The table
shows the mean score for the three mice in each group at each time
point. 0, no observable virus-positive cells; 1, occasional, generally
scattered or small foci of  virus-positive cells; 2, several individual
virus-positive cells or more than two foci of  virus-positive cells; 3,
several foci of  virus-positive cells scattered over some distance indic-
ative of  spread; 4, widespread distribution with many virus-positive
areas; 5, extensive infection with few uninfected cells within the
main area of  infection and only a few cells remaining uninfected.
VLP, virus-like particles; ic, intracerebral; intracerebral; ND, not
done; SFV, Semliki Forest virus.
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possibly condensed cytoplasm, were present at the mar-
gins of  these vacuoles. TUNEL-positive pycnotic nuclei
were observed scattered throughout the areas of  the white
matter tract infection. Nuclei staining for TUNEL were
observed far less frequently than cells staining for virus
protein (Table 2; Figure 3C) and only very rarely were cells
both TUNEL-positive and virus protein-positive. To inves-
tigate events further adjacent sections were stained for the
presence of  activated caspase-3, a marker of  apoptotic cells
continually present from early time points after the initia-
tion of  apoptosis [22]. Activated caspase-3-positive cells
with cytoplasmic staining and pycnotic nuclei were
observed scattered throughout the areas of  infection at
about the same frequency as the TUNEL-positive nuclei
(Table 2; Figure 3D). Unlike the SFV-positive cells, the acti-
vated caspase-3-positive cells were neither swollen nor
vacuolated (Figures 2J and 3D). Confocal imaging of
double-fluorescence immunostaining for virus protein
and activated caspase-3 clearly demonstrated that the
apoptotic, activated caspase-3-positive cells were not
virus-positive (Figure 2J). Confocal imaging of  double-
fluorescence immunostaining for CNPase and activated
caspase-3 showed that the apoptotic cells were not mature
oligodendrocytes (Figure 2K). An inflammatory response
and myelin loss were first apparent from day 6 onwards
(Figure 3E; Table 2).

In Balb/c mice, by day 10, few virus protein-positive
cells remained and many areas of  the corpus callosum
were highly vacuolated with moderate to extensive disso-

lution of  the tissue architecture. Occasional TUNEL-
positive and activated caspase-3-positive cells were
observed in these areas; again these apoptotic cells
were not virus protein-positive or CNPase-positive. There
were extensive inflammatory infiltrates and considerable
myelin loss (Table 2; Figure 3G–I). By day 18, no virus
protein-positive, no TUNEL-positive and no activated
caspase-3-positive cells were observed but the tissue
remained vacuolated and inflammatory; myelin loss was
again clearly visible. A similar picture was observed on
day 31 but by this time the inflammatory response had
started to resolve (Table 2).

A mononuclear inflammatory response is not 
required for death of  infected cells or myelin loss 
but is required to eliminate virus

To determine whether the vacuolation, swelling and death
of  infected oligodendrocytes and the subsequent demyeli-
nation observed following ic inoculation in the Balb/c
mice were dependent or independent of  adaptive immune
responses, the course of  infection was determined in athy-
mic Balb/c nu/nu mice. Athymic nu/nu mice have no
functional T-lymphocytes and can mount only limited
antibody responses. These mice were chosen for study as
previous investigations of  ip infection of  nu/nu mice with
SFV A7(74) demonstrated that the mice survived the
infection but had no inflammatory infiltrates in the CNS
infection and furthermore virus persisted in CNS cells

Table 2. Time course of  infection and neuropathology in the corpus callosum in Balb/c and Balb/c nu/nu mice following intracerebral 
inoculation of  5000 PFU SFV A7(74)

PID

Balb/c Balb/c nu/nu 

SFV VAC T C3 IFL DEM SFV VAC T C3 IFL DEM

2 ++ − − − − − ++ − − − − −
4 ++++ − + + − − ++++ − + + − −
6 ++++* ++ ++ ++ ++ + ++++* ++ ++ ++ − +
10 +* +++ − − ++++ +++ ++* +++ + + − +
18 − ++ − − ++++ +++ ++* ++++ + + − +++
31 − ++ − − ++ +++ +* ++++ + + − ++

Groups of  three mice were sampled at the indicated time points. Serial paraffin sections were screened to determine the areas of  infection. In
the area of  greatest infection, three sections from each brain were stained for virus (SFV) and TUNEL (T); activated caspase-3 (C3); luxol fast
blue (LFB) and cresyl fast violet or haematoxylin and eosin (H&E). All sections were coded and examined without bias to origin. Immunostained
sections were scored from + to ++++ for the extent of  infection, TUNEL and activated caspase-3 staining; with + representing a few cells to
++++ representing many positive cells.
*The majority of  immunostained cells were swollen with large intracellular vacuoles. LFB- and H&E-stained sections were scored from + to
++++ for the extent of  vacuolation (VAC), demyelination (DEM) and inflammation (IFL).
SFV, Semliki Forest virus; PID, post inoculation day.
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[1,23]. As with Balb/c mice, ic inoculation of  virus
resulted in a white matter distribution of  virus-infected
cells (RNA and protein), predominantly in the corpus cal-
losum and internal capsule. Virus protein-positive cells

clearly included mature oligodendrocytes as determined
by double-labelling for CNPase. As in the immunocompe-
tent mice at days 2 and 4, virus protein-positive cells
showed no morphological changes but by day 6 these cells

Figure 3. Infection and pathology in the corpus callosum (cc) of  Balb/c and athymic Balb/c nu/nu mice inoculated ic with SFV A7(74). (A–
C) Double-immunostaining of  5-µm paraffin sections for virus proteins (dark brown) and TUNEL (blue) in Balb/c mouse brain. (A) Virus protein-
positive cells with a normal morphology (arrowheads) at PID 4. The cytoplasm of  infected cells stained positive for virus proteins (brown). 
Nuclei were unstained (no virus proteins or TUNEL staining). Similar staining patterns were observed in Balb/c nu/nu mice at PID 4. (B and C) 
By PID 6 many swollen virus-positive cells were observed in both Balb/c (B) and nu/nu (C) mice. Some virus-positive cells contained large 
vacuoles (*). At a low frequency, TUNEL-positive nuclei (blue, arrowhead in C) were scattered throughout these areas. (D) Cells immunostained 
for activated caspase-3 (brown) often had pycnotic nuclei but were not vacuolated or swollen and were frequently adjacent to large swollen 
(*), presumed virus-positive cells (D). The section in D is counterstained with haematoxylin. (E) In Balb/c mice, in areas of  infection with many 
swollen vacuolated cells, an inflammatory response, evidenced by mononuclear cell infiltrates and perivascular cuffing (arrowheads), was 
present from PID 6 onwards; haematoxylin and eosin staining, PID 6. (F) No perivascular cuffs or mononuclear cell inflammatory infiltrates 
were observed in Balb/c nu/nu mice, even where the tissue was highly vacuolated with many swollen cells; haematoxylin and eosin staining 
PID 6. (G–I) Luxol fast blue staining demonstrating areas of  myelin loss (dotted ellipses) in the corpus callosum, Balb/c mouse, PID 10. 
Perivascular cuffs (arrowheads) can be observed in these areas. (I) A large perivascular cuff  bordered by a zone of  demyelination (dm). (J) In 
Balb/c nu/nu mice, tissue vacuolation (arrowheads) and myelin thinning were apparent from 6 days; luxol fast blue, PID 10. (K) Balb/c nu/nu 
mouse at PID 31 showing virus protein-positive cells (dark brown) and vacuolation along the rostro-caudal axis of  the corpus callosum 
(indicated by dotted parallel lines). (L) Higher power magnification of  an area taken from K (PID 31 nu/nu), showing virus protein-positive cells 
with normal morphology (arrow). The area contains many vacuoles, some of  which were associated with virus protein-positive material 
(arrowheads, cf  panel B).

cc

cc

cc

dm

*

*

*

*

*
*

A B

*

C D

E F

HG

I J

K L



406 A. Graham et al.

© 2006 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 32, 397–409

had became highly vacuolated and swollen (Table 2).
Virus protein-positive, swollen cells declined in number
after day 6 but strikingly they remained detectable
throughout the study, up to and including day 31
(Figure 3K,L). This was in contrast to the immunocompe-
tent Balb/c mice where virus-positive cells were not
detectable after day 10 (Table 2). As with the Balb/c mice
at day 6, occasional TUNEL-positive pycnotic nuclei or
activated caspase-3-positive cells, were scattered through-
out the areas of  infection but again these were separate
from virus protein-positive cells. These apoptotic cells
remained detectable at days 10 and 18 but were not
observed at day 31. At no time were mononuclear cell
inflammatory infiltrates observed, though cells which
were either blood-derived macrophages or activated
microglia were present within the areas of  infection. The
areas containing virus protein-positive cells were highly
vacuolated; this vacuolation was more extensive than that
seen in the Balb/c mice (Table 2). Loss of  myelin was
apparent from day 6 onwards but was less extensive than
that seen in the Balb/c mice.

Priming of  innate immune responses prior to 
intracerebral inoculation of  virus prevents virus 
spread in the corpus callosum

One hypothesis for the difference in the patterns of  infec-
tion, focal and perivascular following ip and a white matter
distribution following ic inoculations, is that CNS virus rep-
lication following ip inoculation is curtailed by prior acti-
vation of  innate immune responses. To determine whether
peripheral activation of  innate immune responses can
affect virus spread in the CNS, poly (I : C) a known inducer
of  innate immune responses, including interferons was
inoculated ip prior to ic inoculation of  virus. Groups of
3-, 4- and 5-week-old mice received PBS or 200 µg of  poly
(I:C) in PBS ip 3 h prior to infection with 30 PFU SFV
A7(74). At 3 days post infection, the extent of  infection was
determined by immunostaining a series of  sagittal brain
sections for SFV proteins. Inoculation (ip) with PBS prior to
ic virus infection resulted in widespread white matter tract
infection whereas ip inoculation with poly (I : C) prior to
ic virus infection prevented this (Table 1).

Discussion

Infection of  oligodendrocytes has previously been reported
following ip inoculation of  SFV [6,7], but the predominant

CNS cell type infected is the neurone. The striking differ-
ence between widespread infection of  oligodendrocytes in
the corpus callosum following ic inoculation and the pre-
dominantly neuronal infection of  scattered perivascular
foci following ip inoculation is a novel finding. As demon-
strated by comparison of  virus and vector inoculations,
virus infection is productive and rapidly spreads along the
corpus callosum. Productive virus infection was abrogated
by prior inoculation of  poly I:C, a known inducer of  innate
immune responses, most notably interferons. As interfer-
ons can cross the blood–brain barrier [24], a likely expla-
nation is that prior exposure to interferon renders the
corpus callosum oligodendrocytes refractory to productive
virus infection. Following ip inoculation, SFV enters the
brain sometime between 24 and 48 h whereas interferons
are detectable in the blood within 24 h [5,25]; this would
explain why widespread white matter tract infection is
never observed following ip inoculation of  virus.

After ic inoculation of  virus, many oligodendrocytes in
the corpus callosum were infected. For at least the first
4 days after infection, these cells maintained a normal
morphology and no cell death was apparent. This con-
trasts with the rapid apoptotic cell death observed within
48 h following SFV infection of  cells in continuous culture
[26,27]. Death of  infected oligodendrocytes was evident
from 6 days post infection and was characterized by swell-
ing and vacuolation; changes characteristic of  necrosis
not apoptosis. Loss of  infected cells at this time in both
Balb/c and nu/nu mice indicates that this required neither
T-cells nor (T-cell dependent) IgG antibodies. This necrotic
oligodendrocyte cell death is likely to have resulted from
the direct effects of  virus replication.

TUNEL staining and activated caspase-3 staining dem-
onstrated relatively few apoptotic cells. In the areas of
infection, TUNEL-positive nuclei and activated caspase-3-
positive cell bodies were only rarely virus-positive. Cells
double-labelled for CNPase and virus proteins were fre-
quently observed but cells double-labelled for CNPase and
activated caspase-3 were never present. Taken together
these observations indicate that there were two popula-
tions of  cells (i) swollen and vacuolated, virus protein-
positive, CNPase-positive, non-apoptotic (TUNEL-negative
and activated caspase-3-negative) cells, i.e. infected
mature oligodendrocytes dying of  necrosis; and (ii)
condensed cells with pycnotic nuclei which were TUNEL-
positive and activated caspase-3-positive but virus
protein-negative and CNPase-negative, i.e. uninfected,
non-oligodendrocyte, apoptotic cells. These two popula-
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tions were intermixed and scattered throughout the
infected and damaged areas of  the corpus callosum.
Mature oligodendrocytes are highly specialized cells and
as such, like mature neurones, may be relatively resistant
to apoptosis [28,29]. The population of  apoptotic cells was
not defined though these cells were not positive for glial
fibrillary acidic protein (data not shown), a marker of
astrocytes. In Balb/c mice some of  these cells may have
been infiltrating mononuclear cells but apoptotic cells
were also observed in the nu/nu mice with no obvious
inflammatory infiltrates.

Many viruses have been shown to infect oligodendro-
cytes in vivo, including measles, JC, maedi-visna, Theiler's,
MHV, vesicular stomatitis, Ross River and SFV [2,30]. In
many of  these infections, oligodendrocytes are destroyed.
In some cases, for example JC virus infection, oligodendro-
cyte cell death is generally considered to be a direct effect of
the virus and, based on TUNEL and activated caspase-3
staining, appears to be apoptotic [31]. Apoptotic cells with
the morphology of  oligodendrocytes have also been
observed in SSPE brains though interestingly, as in the
present study, these apoptotic cells were not positive for
virus [32]. Following ic inoculation of  mice with avirulent
strains of  Theiler's virus, some early loss of  oligodendro-
cytes is attributable to direct virus effects, but most oligo-
dendrocyte loss is attributable to immune responses [33–
35]. The frequency and mechanism of  oligodendrocyte cell
death following Theiler's virus infection remain controver-
sial [36], though TUNEL-positive, carbonic anhydrase-
positive cells, putative oligodendrocytes, have been
observed [37]. As with SFV and measles, these apoptotic
cells are virus-negative. In the rat brain, ic inoculation of
the JHM strain of  MHV results in an early necrotic death of
oligodendrocytes followed by an apoptotic death of  unin-
fected cells [38]. In mice infected with MHV, demyelination
is predominantly immune-mediated [1,39]. At early times
following ic inoculation of  B6 mice with MHV JHM, virus-
positive cells with a distribution and morphology charac-
teristic of  intrafascicular oligodendrocytes are observed;
TUNEL-positive cells are present in these same areas but
again these apoptotic cells are not virus-positive [40].

Whereas, Balb/c mice cleared virus-infected cells before
day 18, virus-positive cells were consistently present in
nu/nu mice at all time points, including the last sampling
time point at day 31, indicating that in the absence of  spe-
cific immune responses virus can persist. Many of  the sur-
viving cells were swollen and vacuolated. During CNS
virus infections, oligodendrocytes are inducible for MHC-I

expression and are thus targets for CD8+ T-cells [41]. CD8+

T-cells have been shown to be required for oligodendrocyte
cell death and demyelination in the scattered focal lesions
of  demyelination observed following ip inoculation with
SFV [12]. It seems likely that in Balb/c mice inoculated ic,
oligodendrocytes which do not reach a threshold for
necrotic cell death are destroyed by invading CD8+ T-cells.
Death of  oligodendrocytes and demyelination, predomi-
nantly as a result of  immune responses, are also observed
in Theiler's virus and MHV infections of  the CNS [1,2,39].

The nature of  the persistent infection in the corpus cal-
losum of  nu/nu mice remains less clear. One possibility is
that, in the absence of  cytotoxic T-cells, those infected cells
that do not reach a threshold for necrotic death survive.
This could happen, for example, in cells which become
infected after a first wave of  infected cells have produced
interferon. As discussed previously, cells infected after
activation of  innate immune responses (poly I : C) are
refractory to productive infection and these cells may not
reach a threshold for necrotic cell death. A dynamic per-
sistent infection may then be established. In this scenario,
all infected cells would eventually die from direct effects of
the infection, as opposed to immune-mediated death and,
in the absence of  antibodies, new cells would become
infected. This would result in a slowly progressive or
smouldering infection and would be consist with the
increasingly extensive vacuolation of  the corpus callosum
seen at the late time points in the nu/nu mice. In the
absence of  in vivo techniques to observe the same cell at
serial time points, it is difficult to precisely determine
events. What is clear is that in the absence of  T-cell
immune responses, SFV persistence can be observed for
many months [11].

This study demonstrates for the first time that mature
oligodendrocytes are the predominant cell type infected in
the mouse brain following ic inoculation of  SFV A7(74) or
the SFV1 vector. Subsequent events are complex with
early virus-induced necrotic death of  oligodendrocytes fol-
lowed by immune-mediated clearance of  infected cells; in
the absence of  T-cell responses, virus-infected cells persist.
This widespread infection of  a large and defined white
matter tract provides a novel system for the study of  virus–
oligodendrocyte interactions.
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