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Semliki Forest virus (SFV) provides an experimental model of acute virus
encephalitis and virus-induced demyelinating disease. Two marker viruses
expressing fluorescent proteins as part of the replicase or the structural open
reading frame were used to evaluate virus replication in cells of the adult
mouse brain. Both marker viruses established a high-titer infection in the
adult mouse brain. As determined by location, morphology, and immunos-
taining with neural cell type�specific phenotypic markers, both viruses
infected neurons and oligodendrocytes but not astrocytes. Determination of
eGFP expression from either the replicase or the structural open-reading
frame coupled with immunostaining for either the virus structural protein or
the virus nonstructural protein-3 readily distinguished cells at early and late
stages of infection. Neurons but not oligodendrocytes rapidly down-regulated
virus replication. Rapid down-regulation of virus replication was also
observed in mature but not immature primary cultures of rat hippocampal
neurons. This study demonstrates for the first time that in vivo central
nervous system (CNS) cells differ in their ability to suppress alphavirus
replication. Journal of NeuroVirology (2009) 15, 57�70.
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Introduction

Arboviruses, particularly in the virus families
Togaviridae, Flaviviridae, and Bunyaviridae, are
major causes of viral encephalitis. These viruses
are spread to vertebrates by arthropod vectors,
primarily mosquitoes and ticks. Important exam-
ples include Venezuelan equine, Japanese, West
Nile, and California encephalitis viruses. Alpha-
virus (family Togaviridae) infections of rodents
have been extensively studied as models of virus
encephalitis. Alphaviruses have a positive-strand
RNA genome of approximately 12 kb, which

contains two open-reading frames encoding the
nonstructural, or replicase, and the structural
polyproteins (Strauss and Strauss, 1994). The
pathogenesis of alphavirus encephalitis depends
upon virus and host genetics, which determine the
central nervous system (CNS) cell types infected,
restricted or productive infection, and whether
infected cells and animals die, clear the infection,
or become persistently infected (Atkins et al, 1999;
Fazakerley, 2002; Griffin, 2005).
In the mouse, all strains of the encephalitic

alphavirus Semliki Forest virus (SFV) that have
been studied to date infect both neurons and
oligodendrocytes (Pathak and Webb, 1983; Gates
et al, 1985; Fazakerley et al, 2006). All strains of
SFV replicate efficiently in immature cells of the
developing mouse brain and infection of neurons is
productive and results in apoptotic death, panen-
cephalitis, and rapid death of the animal (Oliver
et al, 1997; Allsopp and Fazakerley, 2000). In
contrast, the course of CNS infection in the adult
mouse depends on virus strain and ranges from
fulminant encephalitis with the L10 strain to a

The authors are grateful to Dr. Eva Zusinaite for her help with
the biochemical analyses. This work was funded by the EU
SFVECTORS (www.sfvectors.ed.ac.uk) programme.

Address correspondence to John K. Fazakerley, Virology,
Centre for Infectious Diseases, College of Medicine & Vet
Medicine, University of Edinburgh, Summerhall, Edinburgh
EH9 1QH, UK. E-mail: John.Fazakerley@ed.ac.uk

Received 30 April 2008; revised 16 July 2008; accepted
3 September 2008

Journal of NeuroVirology, 15: 57�70, 2009
# 2009 Journal of NeuroVirology
ISSN 1355-0284 print / 1538-2443 online
DOI: 10.1080/13550280802482583



subclinical demyelinating encephalomyelitis with
the A7(74) strain (Pusztai et al, 1971; Fazakerley
et al, 1993). The SFV4 strain is generated by in
vitro transcription and transfection of RNA from an
infectious cDNA clone (pSFV4) derived from the
virulent prototype strain (Liljestrom et al, 1991).
SFV4 is neurovirulent; adult mice rapidly die of a
fulminant encephalitis following intracerebral in-
oculation (Fazakerley et al, 2002). However, follow-
ing intraperitoneal or intranasal inoculation of
adult mice, SFV4 is only virulent at very high
doses (Glasgow et al, 1991; Tarbatt et al, 1997;
Tuittila and Hinkkanen, 2003). Low doses fail to
establish a high-titer viremia and virus does not
enter the CNS (Fragkoudis et al, 2007). The A7(74)
strain is efficiently neuroinvasive even when in-
oculated at low doses, but infection of neurons in
the adult mouse brain is restricted (Fazakerley et
al, 1993). Restricted replication in neurons is not
dependent upon the type I interferon system but
intriguingly can be alleviated by treating mice with
gold compounds (Scallan and Fazakerley, 1999;
Fragkoudis et al, 2007). If SFV A7(74) virus is
inoculated directly intracerebrally, at least at early
time points, in contrast to the restricted replication
in neurons, oligodendrocytes appear to be permis-
sive for productive virus replication and virus
spreads in white matter tracts (Fazakerley, 2002;
Fazakerley et al, 2006). Restriction of virus replica-
tion in mature neurons is also observed with other
viruses, including lymphocytic choriomeningitis
virus and measles virus (Oldstone and Buchmeier,
1982; Liebert et al, 1986, 1990). Given that re-
stricted infection may be related to the differentia-
tion state of the cell, studying this phenomenon is
particularly difficult as cells of neuronal or oligo-
dendroglial origin in continuous culture in vitro
may not be reliable models of events in postmitotic
cells in vivo.
We have previously described the construction

and characterization of SFV4(3H)-eGFP in which
eGFP is cloned into the SFV4 replicase open-reading
frame between nonstructural protein (nsP)-3 and -4.
Processing of the translated polyprotein releases free
eGFP with a very short half-life (Tamberg et al,
2007). In this study, in order to monitor expression
of the structural open-reading frame, we have con-
structed and characterized a second recombinant
virus with eGFP cloned between the capsid protein
and the glycoproteins of the structural open-reading
frame of SFV4. We have then used these two marker
viruses to study virus replication directly in vivo in
cells of the adult mouse brain. As expected from
previous studies, both viruses infected neurons and
oligodendrocytes but virus replication differed in
these two cell types; neurons but not oligodendro-
cytes rapidly shut down expression of the virus
replicase, demonstrating that these two cell types
have a different course of virus infection.

Results

Construction and characterization of a
recombinant SFV expressing eGFP from the
virus structural open-reading frame
We have previously described construction and in
vitro characterization of SFV4(3H)-eGFP (Figure 1a),
this correctly processes the replicase polyprotein
and releases eGFP, which has a very short (B2 h)
half-life (Tamberg et al, 2007). This short half-life is
useful for virus infection studies because fluores-
cence intensity closely reports protein synthesis. To
generate a virus expressing eGFP from the structural
open-reading frame (ORF), eGFP was cloned into the
SFV4 structural ORF between the capsid and E2
sequences (Figure 1b). This new icDNA was desig-
nated pSFV4-steGFP. SFV4-steGFP, SFV4(3H)-eGFP,
and SFV4 were generated from their respective
icDNAs by electroporation of in vitro transcribed
RNAs into BHK-21 cells. Immunoblotting studies on
lysates from BHK-21 cells infected with these
viruses (Figure 1c) demonstrated that the structural
polyprotein of the newly constructed SFV4-steGFP
was processed to release both free capsid and free
eGFP. Low levels of a series of high-molecular-mass
proteins containing eGFP, most notable one corre-
sponding to an eGFP-2A-p62 fusion protein, were
also apparent. In contrast to eGFP derived from
SFV4(3H)-eGFP, the half-life of eGFP derived from
SFV4-steGFP was in excess of 16 h (Figure 1d).
To determine the viability of SFV4-steGFP and

compare its replication to SFV4(3H)-eGFP and
SFV4, one-step growth curves were carried out in
BHK-21 cells (Figure 1e). As with SFV4(3H)-eGFP,
SFV4-steGFP replicated less well than SFV4, titers
of both viruses were significantly lower (PB.05;
paired t test) than SFV4 at all time points; never-
theless both recombinant viruses replicated to high
titers, indicating that insertion of eGFP had no major
effect on virus viability. In BHK-21 cells infected
with SFV4(3H)-eGFP, fluorescent signal was de-
tected as early as 2 h, this increased until 6 h and
then rapidly decreased. Late in infection these cells
had a dull green fluorescence. In cells infected with
SFV4-steGFP, fluorescence, first clearly visible at 5
h, reached its peak between 10 and 12 h
and remained high over 48 h. Cells in all three
virus-infected cultures were rounded up and dead
by 48 h.
To investigate the distribution of eGFP relative to

that of virus replication complexes, cells were
immunostained to visualize the nsP3 protein. As
expected, nsP3 was detected in the cytoplasm of
cells infected with SFV4 and both marker viruses.
nsP3 staining was always punctate and predomi-
nantly perinuclear, a staining pattern consistent
with the known distribution of virus replication
complexes on cytopathic vacuoles (Lemm and Rice,
1993; Kujala et al, 2001; Salonen et al, 2003). The
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distribution of eGFP differed between the two
marker viruses (Figure 2a and b). In SFV4(3H)-
eGFP infected cells, fluorescence was observed
throughout the cytoplasm and the nucleus and was
most intense in the nucleus. The absence of coloca-
lization between eGFP and nsP3 indicated that eGFP

was cleaved efficiently from the replicase polypro-
tein. Immunostaining for virus structural proteins
(data not shown) demonstrated many double-
labeled cells but some eGFP-positive cells were
immunostain-negative; these were presumably cells
at the early stage of infection. In SFV4-steGFP�
infected cells, eGFP fluorescence was predomi-
nantly cytoplasmic and perinuclear but clearly
separate from nsP3. Cells at early (nsP3-positive/
eGFP-negative) and late (nsP3-positive/eGFP-posi-
tive) stages of infection were evident. Immunostain-
ing for virus capsid or envelope glycoproteins (data
not shown) demonstrated, as expected, immunos-
taining of all eGFP-positive cells.
To determine if the eGFP marker viruses remained

competent to infect and express eGFP in mosquito
cells, continuous cultures of C6/36 mosquito cells
(Aedes albopictus) were infected with the marker
viruses. In C6/36 cells, as in BHK-21 cells, infection
with SFV4(3H)-eGFP resulted in both cytoplasmic
and nuclear eGFP expression and punctate cyto-
plasmic nsP3 staining (Figure 2c). In C6/36 cells
infected with SFV4-steGFP, eGFP was expressed to
high levels but in contrast to BHK-21 cells, eGFP
was distributed throughout the cytoplasm and nu-
cleus; some of the nuclei were brighter than the
surrounding cytoplasm (Figure 2d). Again nsP3-
specific staining of these cells showed the charac-
teristic punctate cytoplasmic pattern observed
previously. Over 5 days of study, no cytopathic

Figure 1 (a) Schematic representation of the construction of
SFV4(3H)-eGFP. The coding sequence for eGFP was flanked by
nsP2 protease-recognition sites (¡) and inserted between nsP3 and
nsP4; Tamberg et al (2007). (b) Schematic representation of SFV4-
steGFP; eGFP was inserted between the capsid protein and p62
(E2/3). The first three amino acids of p62 (SAP) were inserted after
the capsid and 2A to ensure correct processing. The FMDV 2A
sequence and the preceding three amino acids from the FMDV 1D
protein and the following proline from the FMDV 2B sequence are
shown in full. (c) Western blotting on cell lysates of BHK-21 cells
infected for 6 hours with SFV4(3H)-eGFP (1), SFV4-steGFP (2), or
SFV4 (3) (MOI 20) or mock-infected (M; PBSA) and immunos-
tained as indicated above each panel. Specific bands of the
appropriate molecular weight for nsP1, nsP3, and eGFP are
indicated with solid arrows. The eGFP size difference (�2 kDa)
between SFV4(3H)-eGFP and SFV4-steGFP results from different
processing of the nonstructural and structural ORF which
respectively adds 37 and 22 amino acids to eGFP. The nature of
the upper eGFP band in lane 1 is not clear and is not always
apparent (Tamberg et al, 2007). The band corresponding to capsid
is indicated by an arrowhead. The open arrow highlights a band
with the size of an eGFP-2A-p62 fusion protein. (d) Stability of
eGFP; replicate cultures of BHK21 cells were infected with SFV4-
steGFP (MOI 10). Six hours post infection, cells were pulsed with
35S-Met/Cys. Cells were lysed after 45 min pulse (0) or after chase
for 1, 3, or 16 h and immunoprecipitated eGFP was run on an
SDS-gel. (e) Monolayers of BHK-21 cells were infected in
triplicate with SFV4 (m), SFV4(3H)-eGFP (k), or SFV4-steGFP
(%) at an MOI of 10 to compare growth kinetics. Each point
represents the mean of three samples; the bars represent the
standard deviation. Values at each time point were compared
using paired t test. At all time-points, recombinant viruses had
significantly (PB.05) lower titers than SFV4.

Figure 1
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effect was observed in C6/36 cells infected with
SFV4, SFV(3H)-eGFP or SFV4(3H)eGFP.

Genetic stability in BHK-21 cells and mice
To determine the genetic stability of the marker
viruses, each virus was passaged five times through
BHK-21 cells at a multiplicity of infection (MOI) of
0.01 or five times through adult mouse brains. After
each passage, 96 plaques were transferred to mono-
layers of BHK-21 cells on 96-well plates and
screened for eGFP expression. RNA was also iso-
lated from an aliquot of each cell passage and
assessed by polymerase chain reaction (PCR) ampli-
fication using primers spanning the site of eGFP
insertion (data not shown). Table 1 shows the
phenotypic stability of the two viruses. Upon
passage in BHK-21 cells, SFV4(3H)-eGFP was con-
siderably more stable than SFV4-steGFP but both
viruses showed good stability upon in vivo passage
through mouse brains.

Course of infection in adult mice
In adult mice, irrespective of the route of inocula-
tion, the two most studied SFV strains, SFV L10 and
SFVA7(74), are virulent and avirulent, respectively.
In adult mice, SFV4 is virulent if given at high dose
intranasally or intracerebrally but is avirulent when
inoculated intraperitoneally, at least at 5000 plaque-

forming units (PFU) (Glasgow et al, 1991; Fragkou-
dis et al, 2007). To assess the virulence of the eGFP
marker viruses, groups (n�6) of adult (4- to 5-week-
old, female) Balb/c mice were inoculated intraper-
itoneally with 5000 PFU of SFV4, SFV4(3H)-eGFP,
SFV4-steGFP, SFV L10, or SFV A7(74) or mock-
infected with PBSA (PBS containing 0.75% of
bovine serum albumin [BSA]). Mice infected with
SFV L10 were dead or had reached clinically

Figure 2 BHK-21 cells infected (MOI 10) with SFV4(3H)-eGFP for 6 h (a) or with SFV4-steGFP for 12 h (b) and immunostained for nsP3
(red) had a punctate cytoplasmic distribution (arrows) of nsP3. In SFV4(3H)-eGFP�infected cells, eGFP was observed in both cytoplasm
and nucleus (*). In SFV4-steGFP infected cells, fluorescence was predominantly cytoplasmic and perinuclear (arrowhead). C6/36 cells
infected (MOI 10, 16 h) with SFV4(3H)-eGFP (c) or SFV4-steGFP (d) had both cytoplasmic and nuclear eGFP; high power images are
shown in the insets. This figure is reproduced in colour in Journal of Neurovirology online.

Table 1 Phenotypic stability of SFV4(3H)-eGFP and SFV4-steGFP

after each of five passages (P1 to P5) through BHK-21 cell cultures

(in vitro) or through adult mouse brain (in vivo)

P1 P2 P3 P4 P5

In vitro
SFV4(3H)-eGFP 100% 100% 98.9% 95.2% 93.6%
SFV4-steGFP 100% 96.9% 78.6% 2% 0%

In vivo
SFV4(3H)-eGFP 100% 100% 100% 100% 98.9%
SFV4-steGFP 100% 100% 100% 100% 94.8%

Note. After each passage, culture supernatant or brain homo-

genate was plaqued on BHK-21 cells and eGFP fluorescence of 96

plaques was assessed by transfer of each onto a monolayer of

BHK-21 cells in a 24-well plate. The indicator monolayers were

observed by fluorescence microscopy. The percentage of plaques

giving rise to eGFP-positive monolayers is shown.
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defined terminal end points, indicative of fatal
encephalitis by day 3. Mice infected with the other
viruses were monitored for 2 weeks and remained
healthy with no clinical signs of infection. A repeat
experiment using 100-fold more virus produced the
same result.
To compare virus replication in adult mice, groups

of mice were inoculated intraperitoneally with 5000
PFU of SFV4, SFV4(3H)-eGFP, SFV4-steGFP, SFV
L10, or SFVA7(74) or mock-infected with PBSA and
mice were sampled at each of days 1 and 4, or days 1
and 3 for the more virulent SFV L10. Day 1 blood
and day 4 or 3 half brains were titrated for virus and
the other half brains were screened by fluorescent
microscopy for eGFP-positive cells. In the blood at
24 h, virus was detectable in all mice in all groups
except for mock-infected mice and mice infected
with SFV4-steGFP (Figure 3a). There was no sig-
nificant difference (paired t test) in blood virus titer
between SFV4 and SFV4(3H)-eGFP (P�.05), but
titers of both these viruses were significantly lower
than those of both SFV L10 and SFV A7(74)
(PB.05). The results indicate that relative to SFV4,
in adult mice, extraneural replication of SFV4(3H)-
eGFP was not attenuated but extraneural replication
of SFV4-steGFP was strongly attenuated. It is also
apparent that SFV4 and viruses derived from it
replicate less efficiently, at least outside the CNS,
than SFV A7(74) or SFV L10; this is consistent with
our previous results (Fragkoudis et al, 2007).
High titers of infectious virus were present in the

half brains taken for virus titration from mice
infected with SFV L10 or SFV A7(74) but no
infectious virus was detectable in the brains of
mice infected with SFV4, SFV(3H)-eGFP, or SFV4-
steGFP (Figure 3b). Examination of frozen brain
sections (�18 sections per brain) from the other
half brains of the mice infected with SFV(3H)-eGFP
or SFV4-steGFP showed no eGFP expression at day
4. Together, these results indicate that following
intraperitoneal inoculation, SFV4-based viruses did
not cross the blood-brain barrier or at least had not
done so by 4 days post infection, or alternatively
that they had the capacity to cross the blood-brain
barrier but not to replicate in the brain.
To determine whether the recombinant eGFP mar-

ker viruses were capable of replicating in the brain,
groups of mice were infected intracerebrally with
1000 PFU of the different viruses or mock-infected

Figure 3

Figure 3 Groups (n � 12) of 4- to 5-week-old, female, Balb/c
mice were infected (5000 PFU) intraperitoneally with SFV4 (m),
SFV4(3H)-eGFP (k), SFV4-steGFP (%), SFVA7(74) (^), SFV L10
(j) or were mock-infected with PBSA (I) and sampled (n � 6) at
24 h or at 4 days (3 days for SFV L10). Virus titers in the blood at
24 h (a) and the brain at 3 or 4 days (b). (c) Groups (n � 6) of 4- to
5-week-old, female, Balb/c mice were infected (1000 PFU)
intracerebrally with the same viruses and sampled upon reaching
clinically defined terminal end points. In all panels, each point
represents a single mouse; the horizontal lines indicate the
means, the dashed lines indicate the limit of detection. Titers
were determined by standard plaque assay.
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with PBSA. All animals infected with SFV L10,
SFV4, and SFV4(3H)-eGFP reached clinically de-
fined terminal end points, indicative of substantial
disease by 48 h, and were killed and the brains
sampled. The course of infection in SFV4-steGFP�
infected mice was slower, but all mice reached
clinically defined terminal end points by 72 h. The
SFV A7(74)�infected mice showed no clinical signs
but were also sampled at 72 h. Half brains were
titrated for virus and half were processed for histo-
pathological study. All animals infected with each of
the viruses had high levels of infectious virus in the
brain (Figure 3c), indicating that these SFV4-based
viruses were not attenuated in their ability to repli-
cate and spread in the adult mouse brain. SFV4 and
SFV4(3H)-eGFP reached statistically significantly
higher titers than SFV4-steGFP (P B .05). It can be
concluded that in vivo in the mouse brain, SFV4-
steGFP was slightly attenuated relative to SFV4.

eGFP expression and virus tropism
in the adult mouse brain
Histopathological study of brains infected with
SFV4(3H)-eGFP demonstrated few eGFP-positive
cells. Positive cells, which were generally dull
green, were most frequently observed in white
matter tracts (Figure 4a and b). Immunostaining for
nsP3 demonstrated, as expected, that all eGFP-
positive cells were nsP3-positive. As with cells in
culture, nsP3 immunostaining was punctate and
cytoplasmic. Except in white matter tracts, nsP3-
positive eGFP-negative cells greatly out numbered
double-labeled cells (Figure 4c and d). Many cells
clearly identifiable as neurons by their anatomical
location and morphology, for example pyramidal
neurons of the hippocampus, and many other cells
with a neuronal morphology were nsP3-positive but
eGFP-negative (Figure 4c). Dull green, eGFP-posi-
tive cells clearly identifiable by location or morphol-
ogy as neurons were observed but only rarely
(Figure 4d). Small double-positive cells were often

observed adjacent to larger nsP3-positive cells with
a neuronal morphology (Figure 4c and d). The
position and morphology of these double-labeled
cells was consistent with their being satellite oligo-
dendrocytes. Additional sections were immunos-
tained with an antibody to the virus structural
proteins. As with nsP3 staining, this demonstrated
large numbers of virus structural protein�positive
cells that were eGFP-negative (Figure 4e and f). In
contrast to nsP3 staining, only a small proportion
(1% to 5%) of the eGFP-positive cells was also
positive for structural proteins (Figure 4f). This is
consistent with early expression of the nonstruc-
tural ORF and late expression of the structural ORF.
Taken together, these studies demonstrate that
whereas virus replication complexes (nsP3) were
long-lived and present in both neurons and oligo-
dendrocytes, eGFP expression indicative of repli-
case synthesis was observed only at low levels and
only rarely in infected neurons but was common in
infected oligodendrocytes, suggesting that neurons
but not oligodendrocytes rapidly shut down synth-
esis of replicase proteins. As determined by immu-
nostaining, virus structural proteins were
synthesized in both cell types.
In brains infected with SFV4-steGFP, there was

extensive eGFP expression with widespread infec-
tion of the corpus callosum and other white matter
tracts and large foci of eGFP-expressing cells scat-
tered throughout the brain (Figure 4g). There was
considerable variation in the level of eGFP expres-
sion. Some cells had very bright fluorescence and
most cells were brighter than cells infected with
SFV4(3H)-eGFP. In contrast to SFV4(3H)-eGFP in-
fection, cells with locations and morphologies
consistent with both neurons as well as oligoden-
drocytes were eGFP-positive. In neurons, eGFP was
present throughout the cell body, nucleus and axons
(Figure 4g). In putative oligodendrocytes, eGFP
fluorescence was concentrated in the cytoplasm
(Figure 4h). Immunostaining for nsP3 demonstrated

Figure 4 Distribution of infected cells in the brains following intracerebral inoculation with SFV4(3H) (a�f) or SFV4-steGFP (g�n). (a)
eGFP expression in cells in white matter (wm) tracts (apparent as areas of brighter background staining). The chain-like arrangement of
cells (dashed line) is characteristic of oligodendrocytes. (b) Higher power showing eGFP-positive cells in the white matter (brighter
background area lower right). These cells were generally dull green. Occasionally bright green cells (arrow) were also observed. (c)
Section from the dentate gyrus of the hippocampus containing large numbers of neurons showing the extent of infection as determined
by nsP3 immunostaining. Most nsP3-positive cells were not eGFP-positive. The arrows and the higher power inset show that many eGFP-
positive cells were small and consistent with satellite oligodendrocytes. (d) In some areas of infection, double-labeled cells were
observed (arrows). (e) Immunostaining for virus structural protein (red) also showed that the majority of infected cells outside white
matter tracts did not express eGFP; cells in the white matter (to the right of the dashed line) were generally eGFP-positive. (f) Occasional
cells in the grey matter were eGFP-positive but had no or low levels of structural protein (arrowheads), some of these were perineuronal,
consistent with satellite oligodendrocytes (arrow), occasional cells were double labeled (*). Many infected cells were eGFP-negative. (g)
eGFP expression in oligodendrocytes in the white matter of the corpus callosum (cc) and the pyramidal neurons (P) of the hippocampus.
In the latter, eGFP is present in the nucleus, cytoplasm, and neurites. (h) eGFP expression in oligodendrocytes in a white matter tract.
These cells show the characteristic chain-like distribution (dashed line) of oligodendrocytes. eGFP was present in both the nucleus and
cytoplasm. (i) A focus of infection in the cortex showing eGFP and nsP3 staining (red); (j and k) separate red and green channels for the
lower half of i. Together these panels demonstrate that the cells around the expanding edge of this focus of infection were nsP3-positive
but eGFP-negative (arrowhead), consistent with recent infection, whereas others (arrow) were strongly eGFP-positive but also nsP3-
positive consistent with later stages of infection and long-life of the replicase complexes. (l) Two foci of infection in the cortex showing
eGFP and immunostaining for structural virus proteins (red); (m and n) separate red and green channels for the lower half of l. All
infected cells were double labeled. The bar in b, d, f, and h represents 20 mm and in all other panels 100 mm. This figure is reproduced in
colour in Journal of Neurovirology online.
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Figure 4 (Continued)
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that the majority of eGFP-positive cells were also
nsP3-positive but nsP3-positive eGFP-negative cells
were also observed. The latter were most common
around the expanding edge of foci of infection
(Figure 4i to k). An inverse relationship was some-
times apparent between the intensity of nsP3-stain-
ing and eGFP fluorescence; eGFP-dull cells stained
strongly for nsP3 whereas eGFP-bright cells stained
weakly for nsP3. This inverse staining and the
presence of nsP3-positive eGFP-negative cells
around the edge of foci are both consistent with a
switch from replicase to structural protein synth-
esis. Staining for virus structural proteins was
coincident with eGFP expression (Figure 4l to n).
Rarely, eGFP-positive structural protein�negative
cells were observed. These were presumed to be
cells that had just started to translate the structural
ORF in which eGFP detection was more sensitive
than the immunostaining. Taken together, these
studies demonstrate that both neurons and oligo-
dendrocytes switch to structural protein synthesis.
SFV4-steGFP provides a reliable marker of infected
cells, detecting all infected cells except those most
recently infected.
To investigate virus tropism in greater detail,

sections from brains infected with the eGFP marker
viruses were stained with antibodies to brain cell
phenotypic markers. Neurons were stained with
antibody to the neuron-specific protein NeuN, pre-
sent in the nuclei and perikarya of most CNS
neurons; oligodendrocytes with an antibody
to 2?3?-cyclic nucleotide 3?-phosphohydrolase
(CNPase) and astrocytes with an antibody against
glial fibrillary acidic protein (GFAP). In SFV4(3H)-
eGFP�infected brains, many eGFP-positive oligo-
dendrocytes were observed but again eGFP fluores-
cence was only rarely observed in neurons and
never in astrocytes (Figure 5a, c, d, g, and i). In
SFV4-steGFP�infected brains, eGFP fluorescence
was observed in both oligodendrocytes and neurons
but not in astrocytes (Figure 5b, e, f, h, and j). These
observations are consistent with those based on cell
morphological and anatomical identification of cell
phenotypes.

Infection of postmitotic hippocampal
neurons in vitro
To investigate whether the rapid shut-off of the virus
replicase could be also be observed in neurons in
vitro, mature (19 days in culture), replicate cultures

of postmitotic rat hippocampal neurons were in-
fected with SFV4(3H)eGFP or SFV4-steGFP. Cul-
tures infected with SFV4(3H)eGFP had low levels of
eGFP expression at 4 h post infection but were
eGFP-negative by 16 h (Figure 6a). In contrast, from
around 8 h, rat hippocampal neurons infected with
SFV4-steGFP maintained high level eGFP fluores-
cence that was evenly distributed throughout the
cytoplasm, including axonal processes and the
nucleus (Figure 6b). To quantitate events, viruses
in which eGFP was replaced with Renilla luciferase
(RLuc) were constructed. These viruses, SFV4(3H)-
RLuc and SFV4-stRLuc, were used to infect replicate
cultures of immature or mature hippocampal neu-
rons and RLuc activity was measured at 4, 8, and 16
h post infection (Figure 7). RLuc reported levels of
virus replicase increased with time in immature
neurons. At 4 and 8 h, mature neurons showed
similar levels of virus replicase to immature neurons
but thereafter no increase in replicase levels was
observed and levels in mature neurons were 20-fold
lower than in immature neurons by 16 h (Figure 7a).
As expected, given the power of the alphavirus
subgenomic promoter, Rluc-reported levels of virus
structural protein were much higher than those of
virus replicase protein; nevertheless, a similar but
more rapid shut-off of structural protein synthesis
was observed in mature neurons with a �100-fold
difference at 16 h (Figure 7b).

Discussion

Relative to SFV4, the delay in replication of
SFV4(3H)-eGFP and SFV4-steGFP in the one-step
growth curves in BHK-21 cells could be due to the
increased time required for replication and tran-
scription of these longer genomes. Alternatively, or
in addition, delay in infectious virus production
could result from reduced efficiency of polyprotein
processing. Immunoblotting of SFV4-steGFP�in-
fected BHK-21 cell lysates showed that although
most eGFP was present in the molecular weight
band corresponding to free protein, some was
present in higher molecular weight products, in-
cluding an eGFP-2A-p62 fusion protein (Figure 1c).
Aberrant processing of the structural polyprotein,
presumably due at least in part to failure of cleavage
after 2A in a proportion of polyproteins, could have
interfered with protein trafficking or virus assembly.

Figure 5 eGFP expression in brains of adult mice infected intracerebrally with SFV4(3H)-eGFP (a, c, g, and i) or SFV4-steGFP (b, e, h,
and j) and immunostaining (red) for CNS cell phenotypes; NeuN for neurons (a, b, d, and f), CNPase for oligodendrocytes (g and h), and
GFAP for astrocytes (i and j). In SFV4(3H)-eGFP�infected brains, NeuN-positive cells were generally eGFP-negative (a) or, rarely, had low
levels of eGFP expression (c and d, arrow). In contrast, in SFV4-steGFP�infected brains, many NeuN-positive cells were eGFP-positive
(b, arrows), including cells with clear neuronal morphology as illustrated by these pyramidal neurons (e and f, arrows) in the
hippocampus; eGFP was present in the cytoplasm, nucleus, and neurites. In white matter tracts in both SFV4(3H)-eGFP (g) and SFV4-
steGFP (h) infection, there were many double-labeled oligodendrocytes (arrows and inserts); the area shown in g spans the corpus
callosum (cc) and cingulate gyrus (cg). (i and j) Despite the presence of many astrocytes in the areas of infection, no eGFP expression was
observed in these cells; j shows eGFP-positive hippocampal pyramidal neurons (arrow) with eGFP-positive neurites. The bar in each
panel represents 20 mm. This figure is reproduced in colour in Journal of Neurovirology online.

SFV replication in CNS cells

64 R. Fragkoudis et al



Figure 5 (Continued)
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Termination of translation after the 2A sequence
could also be an issue. Generally, proteins encoded
before 2A are found in greater abundance than
proteins encoded after 2A (Donnelly et al, 2001).
In BHK-21 cells infected with SFV4-steGFP, the

eGFP signal was cytoplasmic and mostly perinuc-
lear, whereas in BHK-21 cells infected with
SFV4(3H)-eGFP, eGFP was distributed evenly
throughout the cytoplasm and the nucleus, a dis-
tribution also observed in SFV4-steGFP infected C6/
36 cells in vitro. Interestingly, BHK-21 cells infected
with the very similar SV GFP/2A also exhibit
predominantly cytoplasmic fluorescence (Thomas
et al, 2003), whereas both cytoplasmic and nuclear
fluorescence is seen in cells infected with SFV or SV
where eGFP is expressed under the control of a
duplicated subgenomic promoter (Lundstrom et al,
2003; Frolova et al, 2006; Atasheva et al, 2007).
Inefficient 2A cleavage could explain the predomi-
nantly perinuclear distribution in this cell type.
Widespread eGFP signal observed in other cell
types, including C6/36 cells, presumably results
from more efficient functioning of the 2A sequence
in these cell types.
Previous studies have shown that 106 PFU SFV4

inoculated intraperitoneally into adult Balb/c mice
kills 60% to 90% (Glasgow et al, 1991; Tarbatt et al,
1997; Tuittila and Hinkkanen, 2003). In the present
study, intraperitoneal inoculation of 5000 PFU
SFV4- or SFV4-eGFP�expressing viruses resulted
in no clinical signs or evidence of brain infection.
This same dose of SFV L10 or SFV A7(74) produced
high levels of viremia and encephalitis. The inabil-
ity of SFV4-based viruses to invade the brain can be
attributed to the low plasma viraemia. In mice with
no type-I interferon response, 5000 PFU SFV4 or
SFV4-steGFP produces a high-titer plasma viremia
and virus spreads in the brain (Fragkoudis et al,
2007). Whereas the ability of SFV4-based viruses to
replicate in peripheral tissues and establish neu-
roinvasion is strongly curtailed by type-I interferon,
these viruses replicated well when inoculated di-
rectly into the brain. That the eGFP marker viruses
infected neurons and oligodendrocytes but not
astrocytes is consistent with studies with other
strains (Gates et al, 1985; Balluz et al, 1993;
Fazakerley et al, 2006). SV also infects neurons,
whereas Eastern and Venezuelan equine encephali-
tis viruses infect neurons, oligodendrocytes, and
astrocytes (Schoneboom et al, 1999; Del Piero et al,
2001). As with other marker neurotropic viruses
(Ludlow et al, 2007), these SFV marker viruses
showed strong eGFP and good microscopic resolu-
tion of infected cells in brain tissue sections.
As with SFVA7(74) (Fazakerley et al, 2006), direct

intracerebral inoculation of eGFP marker viruses
resulted in widespread infection of white matter
tracts. This included many cells with a location and
distribution characteristic of oligodendrocytes.
Many eGFP-positive cells in white matter tracts, or

with a location characteristic of satellite oligoden-
drocytes, were immunostained with the oligoden-
drocyte-specific marker CNPase. Infection of
oligodendrocytes with SFV4(3H)-eGFP or SFV4-
steGFP consistently demonstrated both cytoplasmic
and nuclear eGFP localization. As expected, given
the higher level of expression from the subgenomic
promoter and the rapid degradation of replicase
expressed eGFP, eGFP expression was stronger in
SFV4-steGFP�infected cells than in SFV4(3H)-
eGFP�infected cells. As judged by immunostaining
for both nsP3 and structural protein, most oligoden-
drocytes infected with SFV4(3H)-eGFP expressed
eGFP, suggesting ongoing replicase translation in
this cell type.
In the mouse brain, both marker viruses infected

many neurons and oligodendrocytes. Following
infection with SFV4-steGFP, eGFP signal was ap-
parent later than nsP3 and was strong in all infected
cells. In contrast, following infection with
SFV4(3H)-eGFP, strong eGFP signal was observed
only in oligodendrocytes; eGFP signal was very low
or absent in nearly all infected neurons. The eGFP
derived from SFV4(3H)-eGFP has a very short
(B2 h) half-life (Tamberg et al, 2007) and thus
reports ongoing replicase protein synthesis; its
very low level or absence in infected neurons
indicates that replicase protein synthesis was ra-
pidly suppressed in neurons. A similar suppression
was also seen in SFV4(3H)-eGFP� and SFV4(3H)-
Rluc�infected primary cultures of mature neurons.
The in vitro studies demonstrated that mature
neurons also rapidly down-regulated structural pro-
tein synthesis. It is likely that this also happened in
vivo but was not observed due to the very high levels
of eGFP expressed from the subgenomic promoter
(SFV4-steGFP) and the much longer half-life of this
eGFP relative to that of eGFP expressed from the
genomic promoter (SFV4(3H)-eGFP). These marker
viruses provide powerful tools to dissect virus
pathogenesis and they clearly distinguish cells at
early and late stages of infection in the mouse brain
and demonstrate that the course of infection differs
between neurons and oligodendrocytes; neurons
down-regulate virus replication much faster than
oligodendrocytes.

Materials and methods

Construction of SFV4-steGFP
Using site-directed mutagenesis and oligonucleotide
duplex insertion, a polylinker containing Apa I and
Bam HI restriction sites followed by the sequence for
the foot-and-mouth disease virus (FMDV) 2A pep-
tide were inserted in frame between the regions
encoding the capsid and the p62 protein (Figure 1).
This construct was designated pSFV4-st and is
similar to that described for Sindbis virus (Thomas

SFV replication in CNS cells

66 R. Fragkoudis et al



et al, 2003). The efficiency of the 2A peptide is
affected by amino acids at its N- and C-termini (Ryan
et al, 1991); the 16 amino acids of 2Awere therefore
flanked by 3 from the C-terminus of the FMDV 1D
protein and proline from the N-terminus of the
FMDV 2B protein. Previous studies indicate that
the proteolytic activity of the alphavirus capsid
protein is independent of downstream sequences
(Sjoberg et al, 1994; Frolov et al, 1996). However, to
ensure proper processing of the capsid protein from
the rest of the structural polyprotein, the first three
amino acids of the p62 protein were duplicated
between the capsid and the polylinker. The eGFP
gene was amplified with primers incorporating Apa
I and Bam HI restriction sites and cloned into
pSFV4-st to generate pSFV4-steGFP. pSFV4(3H)-
eGFP and pSFV-steGFP were also modified to re-
place eGFP with the Renilla luciferase gene (RLuc)
to generate pSFV4(3H)-RLuc and pSFV4-stRLuc.
Construction of SFV4(3H)-eGFP (Figure 1) and the
short half-life of eGFP expressed in the replicase
polyprotein of this virus have been described pre-
viously (Tamberg et al, 2007).

Viruses
SFV4, SFV4(3H)-eGFP, SFV4-steGFP, SFV4(3H)-
Rluc, and SFV4-stRLuc were generated from their
respective icDNAs by electroporation of in vitro
transcribed RNAs as described previously for SFV4
(Liljestrom et al, 1991; Tamberg et al, 2007). SFV
A7(74) and SFV L10 were derived from natural
isolates and have been well-characterized as
avirulent and virulent, respectively, in adult mice
(Bradish et al, 1971; Fazakerley, 2002).

Cell culture studies
BHK-21 cells were used to propagate and titrate
viruses as described previously (Fazakerley et al,
1993). C6/36 Aedes albopictus cells were purchased

from the European Collection of Cell Cultures and
maintained in L-15 medium (Leibovitz) containing
10% fetal calf serum (FCS), 10% tryptose phosphate
broth, and l-glutamine (2 mM) at 288C without
additional CO2. To passage the cells, medium was
removed, the cell monolayer rinsed with fresh L-15
medium, and the cells dislodged with a scraper and
resuspended in fresh media in new flasks. Rat
hippocampal neurons were isolated from rat pup
brains and plated (�150,000 cells/well) onto poly-
d-lysine�coated coverslips in 6-well plates. Cells
were maintained using neurobasal-A/B-27 growth
medium containing 10% horse serum, l-glutamine
(0.5 mM), B-27 supplement (1 ml of 50� per 50 ml),
penicillin, and streptomycin (125 U/ml). Plates were
maintained in a humidified environment with 5%
CO2. Cells were maintained in culture for 5 or 19
days before infection.

Biochemical analyses
Western blotting on cell lysates of infected BHK-21
cells was carried out as described previously (Tam-
berg et al, 2007). Stability of SFV4-steGFP�ex-
pressed eGFP was determined by infection (MOI
10) of BHK-21 cells followed by pulse-chase label-
ing. At 5 h post infection, cells were washed with
phosphate-buffered saline (PBS) and incubated with
methionine- and cysteine-free medium for 45 min.
Cells were then pulsed for 45 min with methionine-
and cysteine-free medium containing 50 mCi S35-
labeled methionine and cysteine (Easytag Protein
labelling mix; Perkin Elmer). Cells were then
washed with PBS and collected or incubated with
complete medium containing 10-fold excess of
unlabeled methionine and cysteine for 1, 3, or
16 h. eGFP was immunoprecipitated and analyzed
as previously described (Lulla et al, 2006; Kiiver
et al, 2008).

Figure 6 Mature hippocampal neurons infected (MOI 10, 16 h) with SFV4(3H)-eGFP (a) or SFV4-steGFP (b); phase contrast with eGFP
signal. Neurons infected with SFV4(3H)-eGFP had no detectable eGFP at this time point. Neurons infected with SFV4-steGFP had high
levels of eGFP in the cytoplasm, neurites and nucleus. This figure is reproduced in colour in Journal of Neurovirology online.
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Luciferase assays
Immature (5 days in culture) or more mature (19
days in culture) primary rat hippocampal neuron
cultures were infected with SFV4(3H)-RLuc or
SFV4-stRLuc at an MOI of 10 for 4, 8, or 16 h. Cells
were lysed in 200 ml Passive Lysis Buffer. Renilla
luciferase activity was measured using a Dual
Luciferase assay kit (Promega) on a GloMax 20/20
Luminometer. To verify the efficiency of infection
parallel cultures were immunostained with an anti-
nsP3 antibody.

One-step growth curves
In triplicate, BHK-21 monolayers were infected with
virus at a multiplicity of infection (MOI) of 10 in
Glasgow’s Minimal Essential Medium (GMEM) in a
humid chamber at room temperature with constant
gentle shaking. After 1 h monolayers were washed
3�with PBSA to remove unbound virus and fresh

prewarmed 10% GMEM was added. This was time
point 0. Thereafter, every 2 h, 200 ml of virus
containing supernatant was collected and replaced
with an equal amount of fresh medium.

Assessment of virus genetic stability
Virus phenotypic stability was assessed by passage
through BHK-21 cells or mouse brains. After each
passage the percentage of plaques giving rise to
eGFP-positive cells was determined; 96-plaques
were picked and transferred individually into wells
of 24-well plates seeded with BHK-21 cells.

Infection of mice
Mice were maintained in the CID animal unit,
College of Medicine and Veterinary Medicine, Uni-
versity of Edinburgh, under pathogen-free condi-
tions, with environmental enrichment, a 12-h light/
dark cycle and food and water supplied ad libitum.
All experiments were carried out under the author-
ity of a UK Home Office license. Mice were
inoculated with virus in 0.75% PBSA (PBS contain-
ing 0.75% of bovine serum albumin [BSA]). Mice
were checked twice daily and euthanized at defined
times post infection or upon reaching clinically
defined terminal end points indicative of terminal
disease (Fragkoudis et al, 2007). Mice to be sampled
were deeply anesthetized with halothane/O2 and
exsanguinated. Heparinized blood was collected.
Brains were removed, bisected sagittally down the
midline. Half brains were snap frozen on dry ice for
virus titration, submerged immediately in 2 ml
RNAlater to preserve RNA and stored at 48C or
processed for histology.

Histopathology studies
Tissues were immersion fixed for �24 h in 4%
neutral-buffered formaldehyde, processed through
graded sucrose solutions, embedded in OCT, and
stored at -808C. Tissues were sectioned (12 mm)
onto poly-lysine�coated slides. For immunostain-
ing, cryosections were dried and either treated with
0.3% Triton-X100 for 15 min at room temperature
or with proteinase K (20 mg/ml) for 15 min at 378C,
followed by a 5-min inactivation step using EDTA/
Glycine/PBS. Following membrane permeabiliza-
tion, slides were washed and treated with CAS
block. Primary antibodies were diluted in CAS
block and incubated for 2 to 16 h. Slides were
then washed and incubated (1 to 3 h) with a
biotinylated secondary antibody diluted in CAS
block. Sections were washed and streptavidin
conjugated Alexa Fluor 594 diluted 1:1400 in H2O
was added (45 min). The slides were then washed
and mounted. Sections of uninfected brains and
sections of infected brains with no primary or no
secondary antibody were used as controls. All
washes were 3� 15 min with PBS. At least three

Figure 7 Levels of RLuc activity in primary cultures of rat
hippocampal neurons at 5 (j) and 19 (j) days post culture
following infection with SFV4(3H)-RLuc (a) and SFV4-stRLuc (b).
Each bar represents the mean of triplicates and the error bars
show the standard deviation of these means.
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sections from at least three different, noncontigu-
ous, areas of each brain were examined microsco-
pically.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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