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Susceptibility to a neurotropic virus and its changing
distribution in the developing brain is a function of

CNS maturity

Kevin R Oliver, Martina F Scallan, Heather Dyson and John K Fazakerley

Department of Pathology, University of Cambridge, Tennis Court Road, Cambridge, CB2 1QP, UK

Many major physiological changes occur within the rodent central nervous
system (CNS) during the first few postnatal weeks. These include axonogenesis,
synaptogenesis and myelination. Concomitant with CNS development over this
period, there is a decrease in susceptibility to many neurotropic virus infections
in that infection of suckling animals results in lethal encephalitis whereas
infection of weanling animals is not lethal. The events underlying this dramatic
change in susceptibility have been unclear. Here we demonstrate that age-
related virulence of the neurotropic alphavirus, Semliki Forest virus is
dependent upon ability of the infection to spread in the CNS. This is not
determined by maturity of interferon, or specific immune responses or the
blood brain barrier, but by maturity of neuronal systems. Detailed study of the
course of infection in the cortex, hippocampus and cerebellum during their
postnatal development indicates that as these and other neuronal systems
mature they become resistant to spread of the virus and the pattern of infection
changes from widespread to focal.
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Introduction

It has been known for a long time that in rodents
there is a marked change in susceptibility to
neurotropic virus infections during the first few
postnatal weeks (Sigel, 1952; Johnson et al, 1972;
Fleming, 1977; Ogata et al, 1991). This age-related
susceptibility has been documented with numerous
viruses including St Louis encephalitis, West Nile,
Sindbis, Japanese encephalitis, Yellow Fever, Sem-
liki Forest, measles and Herpes viruses (Theiler,
1930; O’Leary et al, 1942; Lennette and Kowprows-
ki, 1944; Melnick et al, 1951; Sigel, 1952; Johnson
et al, 1972; Fleming, 1977; Swoveland and Johnson,
1989; Ogata et al, 1991). In all of these cases,
infection of suckling mice results in a lethal
encephalitis, whereas infection of weaned animals
is not lethal. Although well-documented, the events
underlying this dramatic change in susceptibility
have for many years remained unclear. Many early
investigators considered the phenomenon to be
linked to maturity of immune responses. Where
this has been investigated it has been found not to
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be the case (Johnson et al, 1972; Griffin, 1976;
Fleming, 1977; Fazakerley et al, 1993; Schneider-
Schaulies et al, 1989; Swoveland and Johnson,
1989; Sharpe et al, 1990).

One of the most intensely studied examples of
age-related neurovirulence is Semliki Forest virus
(SFV), an alphavirus of the Togaviridae (Bradish et
al, 1971; Bradish and Allner, 1972; Pattyn et al,
1975; Fleming, 1977; Woodward et al, 1978).
Neonatal mice inoculated intraperitoneally (ip)
with the A7(74) strain of SFV rapidly die from a
fulminant encephalitis. In contrast, ip infection of
3—4 week old mice results in a subclinical
encephalitis. Following ip inoculation of mice of
all ages, a plasma viremia is established from which
virus is seeded across cerebral capillaries into the
CNS initiating small, perivascular foci of infection
(Pusztai et al, 1971; Fleming, 1977; Fazakerley et al,
1993). In suckling mice these foci rapidly enlarge
resulting in a panencephalitis. In 3—4 week old
mice the perivascular foci do not enlarge with time,
and by 10 days post-infection (PI) no virus can be
detected in the brain by infectivity assay or in situ
hybridization (Fazakerley et al, 1993). Clearance of
infectious virus from the CNS and the demyelinat-
ing encephalomyelitis which develops in 3 —4 week
old mice are dependent upon specific immune



responses (Jagelman et al, 1978; Fazakerley and
Webb, 1987a, b; Subak-Sharpe et al, 1993). How-
ever, the age-related difference in virus spread and
virulence cannot be attributed to maturity of
specific immunity since, in 3 -4 week old athymic
nu/nu mice (with no T-lymphocytes) or in 3-4
week old mice with severe combined immunodefi-
ciency (SCID, with no T or B lymphocytes), CNS
infection does not become widespread and virus is
able to persist in small foci (Fazakerley and Webb,
1987a; Fazakerley et al, 1993; Amor et al, 1996).

An alternative explanation for SFV age-related
neurovirulence is a differential interaction between
virus and CNS cells in developing and mature
mouse brain. Evidence in support of this comes
from electronmicroscopic studies of virus replica-
tion which have consistently demonstrated absence
of complete replication in infected neurons and
oligodendrocytes from 3 —4 week old mice, whereas
all stages of virus replication are readily detected in
infected neurons of neonatal mice (Pathak et al,
1976; Pathak and Webb, 1978; Fazakerley et al,
1993). In this study we have investigated changes in
the mortality, spread, distribution and pathology of
SFV A7(74) infection in mouse brain from birth (P0)
to 4 weeks of age (P28).

Results

Mortality study

The birth dates of litters were carefully noted and
recorded as postnatal day 0 (P0). Litters were
inoculated intraperitoneally (ip) with SFV A7(74)
at P5, P9, P10, P11, P12, P13, P14, P15 and P25. All
mice were given 500 plaque forming units (PFU) of
virus. One or more litters were inoculated at each
age point, each litter contained three to nine mice.
Figure 1 shows the percentage mortality. There was
a marked transition in mortality between P12 and
P14, from 100% mortality to 100% survival.
Between P2 and P12, increasing age at infection
correlated with an increase in average day of death.

Age-related changes in the spread and distribution
of virus in the brain

P2, P4, P6, P8, P10, P12, P14, P16, P18, P20, and 3 —
4 week old mice were inoculated ip with 5000 PFU
SFV A7(74). Animals were sacrificed at various
times post-infection (PI) and the brains removed
and processed for in situ hybridization to determine
the distribution of virus infected cells. Determina-
tion of viral RNA-positive cells was considered
preferential to detection of virus protein-positive
cells since it is clear that replication of RNA viruses
in CNS cells may be restricted leading to virus RNA-
positive, virus protein-negative cells (Cash et al,
1985). At least three brains at each sampling time
point for each age at inoculation were studied. The
results were highly reproducible. Representative
autoradiographic images from each sampling point
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Figure 1 Age-related mortality resulting from SFV A7(74)
infection. Note pronounced change from 100% survival to
100% mortality between postnatal days 12 and 14.

for mice infected between P2 and 3 —4 weeks of age
are shown in Figure 2. SFV RNA was detectable in
the brain as early as 16 h in mice inoculated at P2,
P4, P6 and P8. Initial foci of infection were often
observed in submeningeal regions, commonly in
the olfactory bulb and cerebellum. Interestingly,
these are amongst the most immature regions of the
CNS in the early postnatal period. The time taken
for virus to reach the brain increased with age, thus
virus could not be detected in the brains of mice
inoculated at P20 until 48 h.

An overview of Figure 2 shows that for mice aged
P12 or less at inoculation, the original foci rapidly
enlarged to produce a widespread infection which
was apparent by 36 h to 48 h. In mice aged P14 or
greater at time of infection, many small foci of
positive cells were apparent in the brain, but
generally these did not disseminate into wide-
spread, confluent areas of infection as seen in the
younger mice. In addition to this major change in
the overall pattern of infection, age-related changes
in spread and distribution were observed in several
specific systems, particularly the cerebral cortex,
hippocampus and cerebellum.

Cortex

It is widely accepted that during development of the
cerebral cortex, neuronal progenitors generated in
fetal life migrate outward from the ventricular zone
along radial glia to their specifically determined
final positions (Rakic, 1972, 1988). Successively
generated cells push through cells already present
in the fetal neocortex and come to lie in more
superficial layers (Angevine and Sidman, 1961;
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Berry et al, 1964; Rakic, 1972, 1974; Tan and Breen,
1993). This radial inside-out formation results in
least mature neurons in layer II and most mature
neurons in layer I and VIin a cortex which is largely
composed of its ontogenic columns (Rakic, 1988).
Age-related changes in the cortex can be seen in
Figures 2 and 3. Figure 3 shows representative
images from the cortices of animals inoculated at
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P4, P8, and P12. Virus was detected with a
digoxigenin-labeled RNA probe and sections coun-
terstained with haematoxylin and eosin. In animals
infected at P2 and P4, viral RNA-positive cells
showed distinct columnar infection patterns. The
number of columnar foci of infection increased with
time post-infection and were predominantly in
layers II and III and tapered towards the deeper

Figure 2 Representative autoradiographic images of sagital sections all cut at the level of the caudate, illustrating the
neuroanatomical distribution of SFV RNA-positive cells during mouse brain development. Viral RNA is indicated by black signal.
Postnatal age at inoculation (P) is indicated on the left, whilst sampling times post-infection are indicated in the upper left corner.
Note the overall change in pattern of infection from widespread to focal between P12 and P14, and the columns of infected cells in the
cortices of mice inoculated at P4, sampled at 24 h, and inoculated at P8 or P10 and sampled at 40h.
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HIPPOCAMPUS CEREBELLUM

Figure 3 Microscopic analysis of sagittal sections detailing age-related changes in virus distribution in cortex, hippocampus, and

cerebellum, as detected by in situ hybridization using a digoxigenin-labeled RNA probe. Cortex: Bar indicates approximate division of
frontal and fore- and hindlimb regions of the cortex and the occipital cortex (left (rostral) of line, and right (caudal) of line,
respectively). Note at P4, the numerous columns of virus-positive cells, which are wider in the frontal and narrower in the occipital
cortex. These are reduced in number by P8. By P12, only cells in deep layer VI, the cingulate gyrus and the corpus callosum are
consistently infected (arrowheads). Hippocampus: At P4, note infection of the external limb of the dentate gyrus (DG), CA3, and
caudal CA1/subicular neurons consistent with spread of virus along connected pathways. Spread of infection is progressively curtailed
with age and is completely absent by P12. Cerebellum: There is widespread infection of external and internal granule cell layers (egl,
igl), molecular layer (ml), white matter (wm), deep nuclei (N) and Purkinje neurons (P). This is reduced with age (e.g. P10) and

confined in older mice (e.g. P20) to occasional scattered Purkinje cells and cells of the connected deep cerebellar nuclei.

layers. Foci in layers V and VI tapered from the
corpus callosum towards the outer layers. Columns
tended to be broad and overlapping in the pre-
frontal, frontal, fore- and hindlimb cortical areas
and narrow in the occipital cortex (Figure 3). SFV
RNA was present in apical dendrites of neurons,
passing from layer V and layer III towards layer I
(Figures 3 and 4a). There were few infected cells in
layer IV.

Animals inoculated at P8 and sampled at 40 h
showed much reduced levels of infection and fewer
columns of infection. Mice inoculated at P12, and to
a lesser extent, P14 showed infection only in the
deepest regions of layer VI (Figure 3) and in the
underlying cingulate gyrus and corpus callosum.
Barrels of infection were apparent only rarely. In the
corpus callosum, small cells, possibly oligodendro-
cytes, were infected. Animals inoculated at P16 and
above showed individual or small foci of RNA-
positive cells late in infection which were appar-
ently randomly scattered in any cortical layer.

Unlike Japanese encephalitis virus (Ogata et al,
1991), the temporal changes in the pattern of SFV
RNA distribution did not directly correlate with
neuronal ontogeny. The columnar distribution of
infection in the cortex, prominent in animals
inoculated between P2 and P8, correlates well with

the known columnar interconnectivity between
neurons in layers II, IIT and V and the functional
organisation of the cortex (Purves et al, 1992;
Malach, 1994) and indicates that virus spreads
along neuronal processes (Figure 4a). The charac-
teristic broad banding of the frontal, fore-and
hindlimb cortical areas, and the narrow banding of
the occipital cortex (Figure 3), reflect the respective
broad and narrow bandings characteristic of motor
and sensory neuronal groupings (Purves et al,
1992). Infection patterns in P2 and P4 mouse brains
are consistent with spread along developing con-
nections during the widespread axonogenesis and
synaptogenesis occuring at this time, particularly
formation of thalamocortical afferents, other con-
nections to and from subcortical regions and
cortical axon collaterals (Eayrs and Goodhead,
1959; Altman, 1971, 1972a; Rees et al, 1976; Kristt,
1978; Landis, 1983; Agmon et al, 1993).

With increasing age (P4 to P10) fewer columns of
infected cells were observed (Figure 3). During this
period, cortical connectivity is largely completed
and drammatically sculpted by axonal loss (Ivy and
Killackey, 1982; Stanfield et al, 1982; Bates and
Killackey, 1984; Thong and Dreher, 1986). For
example, projections to the superior colliculus and
spinal cord from layer V neurons in the neonate are
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Figure 4 SFV RNA-positive cells with neuronal morphology within a columnar focus of infection in the occipital cortex, 24 h after
inoculation of a P4 mouse. Field of view encompasses cortical layers I-IIl. Note that neuronal processes are positive, particularly the
apical dendrites (arrowheads). The blood vessel (BV) present may have been the site of entry of virus into this area with subsequent
spread within the barrel along local neuronal connections. (b) Pyknotic nuclei (arrowheads), in the cerebellar internal granule cell
layer (igl) of a mouse inoculated at P8 and sampled at 48 h. Purkinje cells (P) and cells in the molecular layer (ml) were also infected.
egl, external granule cell layer. (c) Single SFV RNA-positive cell with neuronal morphology adjacent to a blood vessel (BV) in the
cortex of a SCID mouse infected at 3—4 weeks of age, sampled at 28 days. Note that the infection has not spread from this to adjacent
cells. Note also that virus cannot be detected in the processes of this mature neuron. This pattern of infection is also representative of
normal 3—-4 week old BALB/c mice and was observed in athymic nu/nu mice months(>6) after infection.

distributed along the entire rostrocaudal axis of the
cerebral cortex but with increasing age these
connections are progressively reduced through
axonal loss, so that in the adult they are largely
limited to the visual or sensorimotor cortex,
respectively. In several of the sections examined
this network demonstrated spread of virus along
subcortical neuronal pathways. Layer V neurons
project to, and receive projections via the internal
capsule from, the midbrain, hindbrain and spinal
cord (O’Leary and Koester, 1993). This system also
demonstrated spread of virus with cells within the
internal capsule and connected nuclei, such as the
pontine/olivary nuclei (nearby) and the superior
colliculus (distant) all positive for viral RNA.

Hippocampus

With increasing age at infection, distinct and
reproducible changes in distribution of virus
infected cells were observed in the hippocampus
(Figure 3). Mice inoculated at P2 and P4 and
sampled at 36 h showed almost identical patterns
of infection, with granule cells of the external limb
of the dentate gyrus, pyramidal neurons of CA3,
CA2 and the most caudal part of CA1 and neurons of
the subiculum infected (see, for example, P4 mouse
in Figure 3). Granule cell processes reaching into
the molecular layer, and also processes in the hilus,

presumed to be collaterals and mossy fibre projec-
tions to the CA3 region, were positive for SFV RNA.
Likewise, CA3 pyramidal neuron tufts reaching into
the radiatum and lacunosum moleculare layers, as
well as the stratum oriens were positive. In contrast,
widespread infection of the CA1 region was
uncommon, despite infection of the adjacent
subicular complex.

Mice inoculated at P6 and sampled at 40 h
showed a similar distribution of infection to that
seen in mice inoculated at P2 or P4 and sampled at
36 h. In mice inoculated at P8 and sampled at 40 h,
intensely SFV RNA-positive cells were much less
numerous and usually confined to one defined area
with little or no spread. Figure 3 shows strongly
SFV RNA-positive cells in the CA1/subiculum, with
a small number of weakly positive cells in the
connected CA3 region. With the exception of rare,
single neurons, cells positive for viral RNA were
never observed in the hippocampus in animals
inoculated at P12 and older.

The change in infectivity of this system correlates
with the time of its maturation. The hippocampal
cortex is unique in that most of the afferent inputs
and synapses have been described in the rodent
(Bayer, 1985; Brown and Zador, 1990). Direct and
indirect pathways connect the hippocampal forma-
tion and the subiculum with the septal nuclei,



hypothalamus, thalamus, and widespread regions
of the cerebral cortex and midbrain reticular
formation. In mice inoculated at P2, P4 and to a
lesser extent P6, viral RNA-positive cells could be
seen in each of these regions and infection extended
into the processes of these cells. As the animals
aged and the system matured, spread of virus along
hippocampal pathways was progressively reduced
such that by P8 infected cells were often seen only
in initial afferent entry points. This corresponds to
the time by which hippocampal connectivity is
mostly complete.

Cerebellum

Mice inoculated at P2 to P6 showed infection of
cells in all layers of the cerebellum (P4 shown in
Figure 3), including Purkinje cells, external and
internal granule cells, cells within the forming
white matter tracts and molecular layer, and
pyramidal neurons of the deep cerebellar nuclei.
In mice sampled 48 h after inoculation at P10, most
granule cells had migrated from the external to the
internal granule cell layer. Completion of the
maturation of this system was associated with a
dramatic reduction in the number of infected
granule cells. The predominant cell types infected
at this time were Purkinje neurons, and cells in the
white matter tracts and deep cerebellar nuclei. Mice
inoculated at P12 showed further limitation of
infection with occasional RNA-positive Purkinje
cells and cells of the deep cerebellar nuclei and
rarely small foci of granule cells. In mice infected at
P20 and older the only cells positive for viral RNA
were isolated Purkinje neurons and pyramidal cells
in the deep cerebellar nuclei (Figure 3).

The cerebellum is a region of the brain which is
one of the last to differentiate. As with granule cells
of the dentate gyrus and olfactory bulb, cerebellar
granule cells are still actively being produced at
birth (Altman, 1972a, c). In the first two postnatal
weeks these cells migrate from the external to the
internal granule cell layer. During this period of
migration in which the cells are also undergoing
differentiation and synaptogenesis, these cells
remained infectable. After completion of migration
and establishment of connections by P10, granule
cells were rarely infected. Again indicating that
change in the ability of these neurons to support
virus replication is associated with their matura-
tion.

Purkinje cells receive input from mossy fibres
(via granule cells) and climbing fibres (directly). In
the mature cerebellum, Purkinje cells receive input
from only one climbing fibre originating in the
contralateral inferior olive. In the neonate there are
inputs from several climbing fibres which are
progressively lost in the first few weeks of postnatal
life. Coincident with this is a reduction in Purkinje
cell apical cone and dendrite growth at P12 and
reduction in synaptogenic rate between mossy

SFV and CNS maturity
KR Oliver et al

fibres and granule cells (Larramendi, 1969; Altman,
1972b; Crepel et al, 1976; Mariani and Changeux,
1981). In parallel with the maturation of this system
the extent of virus infection of Purkinje cells is
progressively reduced from infection of the majority
of cells in neonates to infection of only a few in 3—4
week old mice. In the latter, infection of small
groups of neurons in the deep cerebellar nuclei was
a consistent finding. Purkinje cells project to these
deep nuclei suggesting that this pathway continues
to transmit virus even in older mice.

Infection in 3-4 week old animals

In 3—-4 week old animals, cells including neurons
remained infectable as evidenced by individual
scattered infected cells (Figure 2d). These cells
were generally perivascular and infected as a
result of virus in the plasma crossing cerebral
endothelial cells (Pathak and Webb, 1974; Faza-
kerley et al, 1993). In contrast to spread of
infection in neonatal and suckling mice, virus
was unable to spread out from these initial foci of
CNS infection in these older mice. To rule out the
possibility that this in any way reflected changes
in the access of virus to the CNS, a group of 3—-4
week old mice were inoculated intracerebrally
with 5000 PFU of virus. The infection did not
spread but remained focal in neurons and the
animals survived the infection.

Discussion

The present studies show that following infection
with the avirulent A7(74) strain of SFV, mouse age
at time of infection determines whether it will
succumb to a panencephalitis and die, or survive.
The transition between death and survival is sharp.
Mice inoculated intraperitoneally (ip) with SFV
A7(74) at P12 or below die. Mice inoculated at
P14 and above survive and with increasing age
show reduced dissemination of virus in the brain
until, in 3—4 week old mice infection is confined to
the first CNS cells that the virus reaches resulting in
small, scattered, predominantly perivascular foci of
infection. This age-related susceptibility is not due
to maturity of the immune system, as infection of
3—4 week old mice given 8.0 Gy total body
irradiation, 3—4 week old athymic nu/nu mice or
SCID mice, all with impaired specific immune
responses, does not result in widespread infection
(Fazakerley and Webb, 1987a, b; Fazakerley et al,
1993; Amor et al, 1996). It is also independent of o/
f interferon since the pattern of CNS infection
remains unaltered upon infection of 3—-4 week old
mice with no functional type-I interferon system
(Fazakerley et al, manuscript in preparation).
Spread of SFV to the CNS along the olfactory
nerve has previously been demonstrated (Kaluza et
al, 1987). The present study demonstrates that this

43



SFV and CNS maturity
KR Oliver et al

44

virus can spread along neuronal connections within
the CNS. Clear and consistent changes in the
neuroanatomical distribution of the virus were
observed with increasing age at infection and the
results outlined in some detail the changes occuring
in three systems in which neuronal maturation
patterns have been extensively studied, the cortex,
hippocampus and cerebellum. Whereas, in the
youngest mice, each of these systems showed
evidence of virus transmission along neuronal
connections, transmission was progressively re-
duced as these pathways matured with age. This is
the most detailed characterisation to date of age-
related changes in CNS distribution of a neurotropic
virus and demonstrates a clear correlation between
maturity of neuronal systems and the ability of a
virus to spread. Previous studies on lymphocytic
choriomeningitis virus have demonstrated that
infection of neonatal rats can result in cerebellar
hypoplasia depending upon age at infection and
that in this system there is an association between
neuronal proliferation and virus replication (Mon-
jan et al, 1973). In Japanese Encephalitis virus,
infection of mouse cerebral cortex neurons corre-
lates with neuronal ontogeny (Ogata et al, 1991).

Many changes in both neurons and glial cells
occur in the developing rodent brain between PO
and P14. Axonogenesis, synaptogenesis and myeli-
nation are mostly completed during this time
(Larramendi, 1969; Altman, 1971, 1972b; Rees et
al, 1976; Landis, 1983). Although a change in
susceptibility of glial cells to productive infection
could reduce local amplification of the infection
and result in a slower spread, the observed changes
in SFV distribution must involve changes in
neurons, since even in the absence of glial cell
amplification, continued productive replication in
neurons would still result in widespread infection,
particularly in immunodeficient mice. There must
therefore, be changes in virus-neuron interactions.
These changes could be at the level of virus entry,
replication, maturation or release.

One possible explanation is a developmentally
regulated change in expression of the virus receptor
molecule on neurons. The receptor for SFV remains
unknown. The virus has been reported to bind to
major histocompatibility molecules (Helenius et al,
1978), though this finding remains controversial.
The neuronal receptor for the closely related
Sindbis virus has been suggested to be developmen-
tally regulated (Ubol and Griffin, 1991). Alterna-
tively, virus may be able to enter immature
developing neurons by a non-specific mechanism.
Extensive endocytosis occurs at developing post-
synaptic membranes (Altman, 1971; Pathak et al,
1976; Rees et al, 1976; Vaughn and Sims, 1978;
Helenius et al, 1980). This process ceases upon
neuronal maturation and entry thereafter could
depend upon specific receptor mediated endocy-
tosis. In this regard it is worth recalling that the

A7(74) strain of SFV was derived by serial passage
through suckling mouse brain. In the absence of
appropriate selective pressures the virus could have
lost its ability to bind or, to bind efficiently to its
receptor on neurones. Indeed, it is interesting to
speculate that non-specific uptake of viruses by
developing neurons could explain the ability of the
suckling mouse brain to replicate a wide-range of
viruses.

Electronmicroscopic studies indicate that SFV
A7(74) can infect neurons in the adult mouse brain
but that this infection is rarely productive (Pathak
and Webb, 1978, 1988; Fazakerley et al, 1993). A
second stage at which a developmentally related
change could act would be in the ability of neurons
to replicate virus. As with many viruses, replication
of SFV RNA, maturation and budding are intimately
associated with, and demonstrate an absolute
requirement for continual smooth membrane pro-
duction and phospholipid synthesis as has been
demonstrated both by electronmicroscopical and
biochemical studies (Acheson and Tamm, 1967;
Grimley et al, 1968, 1970, 1972; Friedman et al,
1972; Pathak et al, 1976; Froshauer et al, 1988;
Pathak and Webb, 1978, 1988; Peranen and Kaar-
ianen, 1991; Perez et al, 1991; Fazakerley et al,
1993). This requirement is also observed with
several other viruses (Dales and Siminovitch,
1961; Amako and Dales, 1967; Caliguri and Tamm,
1970; Schlesinger and Malfer, 1982; Katoh et al,
1986; Kuge et al, 1989; Guinea and Carrasco, 1990).
Membrane synthesis is actively ongoing in imma-
ture neurons undergoing axonogenesis and synap-
togenesis, processes which primarily occur in the
first two postnatal weeks (Altman, 1971, 1972b;
Rees et al, 1976; Landis, 1983). The virus may be
able to utilise for replication and, or maturation the
smooth membrane vesicles or associated biochem-
ical pathways involved in axonogenesis/synapto-
genesis resulting in complete virus replication.
With neuronal maturation this process ceases (Alt-
man, 1972b; Rees et al, 1976). The absence of
suitable membranes or associated biochemical
pathways could restrict virus replication or matura-
tion resulting in the observed switch from wide-
spread to focal infection.

Whether neuronal maturation changes act at the
level of viral entry, replication or maturation on
membranes or at some other point, the mechanism
clearly does not apply to the virulent L10 strain. The
L10 strain of SFV replicates completely and
productively and spreads rapidly in the brains of
both neonatal and adult mice (Pathak and Webb,
1976, 1978, Fazakerley et al, 1993). There are many
base changes between these two viruses both in the
nonstructural and more frequently the structural
genes (Garoff et al, 1980; Takkinen, 1986; Glasgow
et al, 1994; Santagati et al, 1994, 1995). Studies of
recombinant viruses should be able to genetically
map this difference.



Materials and methods

Mice

BALB/c mice of various defined ages and pregnant
females were obtained from OLAC (UK) or the
Department of Pathology Animal Unit (University
of Cambridge, UK). Pregnant mice were checked
twice daily to determine the time of birth of litters.

Virus

The A7(74) strain of Semliki Forest virus (SFV) was
as described previously (Fazakerley et al, 1993). For
use, virus was diluted in phosphate buffered saline
with 0.75% bovine serum albumin (PBSA). Stocks
were stored at —80°C.

In situ hybridization

To determine virus distribution in the CNS, mice
were sacrificed and brains rapidly removed, di-
vided sagittally then immersion-fixed in 10%
phosphate-buffered formal saline. Fixed brains
were embedded in paraffin wax and 5 ym sections
cut onto BioBond (British BioCell International)
coated slides and processed for in situ hybridization
to determine distribution of viral RNA.

The in situ hybridization method was based on
that previously published (Fazakerley et al, 1991,
1993). Briefly, sections were dewaxed in xylene,
dehydrated and treated sequentially with 0.2 M HCI
(20 min), 1% Triton X-114 (1.5 min), 10 pg/ml
proteinase K in 20 mM Tris, 2 mM CaCl,, pH 7.0
(30 min, 37°C) and 0.25% acetic anhydride in 0.1 M
triethanolamine, pH 8.0 (10 min). Sections were
then dehydrated and prehybridized for 1 h at 55°C
in hybridization solution containing no dextran
sulphate. The hybridization solution consisted of
50% deionised formamide, 5 x Denhardt’s solution,
10% dextran sulphate, 0.1% SDS, 250 pg/ml
sonicated salmon sperm DNA, 200 pg/ml yeast
tRNA, 10 U/ml heparin, pH 6.8. Slides were
drained of prehybridization solution and 25 pl
hybridization solution containing 2 x 10° cpm/ul of
**S-labeled riboprobe and 10 mM DTT was added to
each slide. For in situ hybridization with digox-
igenin-labeled probes, 25 pl of hybridization solu-
tion were added to each slide at a 1/100 dilution of
purified transcription product.

The probe was an **S- or digoxigenin-labeled
RNA produced by in vitro transcription from
pGEM1-SFV (a kind gift of Dr H Garoff, Karolinska
Institute, Sweden). This construct, which contained
the wviral structural genes was linearised at the
Hincll site, 5" of the capsid gene, and transcribed
from the T7 promoter, 3’ of the E1 gene. *S- or
digoxigenin-labeled transcripts were produced
using a riboprobe Gemini kit (Promega), or a
digoxigenin RNA labelling kit (Boehringer-Man-
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nheim). The resulting negative sense transcripts of
approximately 4 kb were alkaline hydrolysed to
smaller fragments in 0.04 M NaHCO, buffer
(30 min, 60°C). Probes were ethanol-precipitated
and resuspended in water.

Hybridization was carried out overnight at 55°C.
Sections were washed in 0.5 M NaCl, 10 mM Tris,
1 mM EDTA, pH 7.6 (20 min, 37°C), and then in
fresh buffer containing 20 ug/ml RNAase A (30 min,
37°C). Sections were rewashed in the above buffer
(4 x 15 min, 37°C), then in 2 x SSC, (SSC is 0.15 M
NaCl, 0.015 M Na citrate) (2 x 15 min, 37°C) and
finally in 0.2xSSC (2 x 15 min, 55°C). Sections
were dehydrated and air dried, and for those
hybridized with 2°S-labeled probes, autoradio-
graphic images were produced by exposure to
Hyperfilm fmax (Amersham, UK).

After the final dehydration, sections hybridized
with digoxigenin-labeled probes were placed in
0.3% H,0, in methanol (30 min) to quench any
endogenous peroxidase activity, rehydrated, and
washed in PBS. Slides were then blocked in 2%
Normal Rabbit Serum (NRS) in 0.3% Triton X-114
in 0.1 M Tris, 0.15 M NaCl, pH 7.5 (30 min).
Hybridized probe was detected using a sheep anti-
digoxigenin antibody (Boehringer Mannheim), fol-
lowed by a biotinylated rabbit anti-sheep antibody
amplified with avidin-biotin-peroxidase complexes
(Vector Laboratories) and visualised using diami-
nobenzidine. Slides were counterstained with
haematoxylin and eosin and mounted.

Control sections from infected brains were
hybridized with *5S- or digoxigenin-labeled ribop-
robes specific for the 1D gene of the BeAn strain of
Theiler’s murine encephalomyelitis virus, another
neurotropic positive sense RNA virus used in the
laboratory. These probes did not give any signal on
sections of SFV infected brains, and SFV-specific
probes did not give any signal on sections of
Theiler’s virus infected tissues.
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