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Short Communication

Rinderpest and peste des petits ruminants viruses
exhibit neurovirulence in mice
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Members of the morbillivirus genus, canine distemper (CDV), phocine distem-
per virus (PDV), and the cetacean viruses of dolphins and porpoises exhibit
high levels of CNS infection in their natural hosts. CNS complications are rare
for measles virus (MV) and are not associated with rinderpest virus (RPV)
and peste des petits ruminants virus (PPRV) infection. However, it is possible
that all morbilliviruses infect the CNS but in some hosts are rapidly cleared
by the immune response. In this study, we assessed whether RPV and PPRV
have the potential to be neurovirulent. We describe the outcome of infection,
of selected mouse strains, with isolates of RPV, PPRV, PDV, porpoise morbil-
livirus (PMV), dolphin morbillivirus (DMV), and a wild-type strain of MV. In
the case of RPV virus, strains with different passage histories have been exam-
ined. The results of experiments with these viruses were compared with those
using neuroadapted and vaccine strains of MV, which acted as positive and
negative controls respectively. Intracerebral inoculation with RPV (Saudi/81)
and PPRV (Nigeria75/1) strains produced infection in Balb/C and Cd1, but not
C57 suckling mice, whereas the CAM/RB rodent-adapted strain of MV infected
all three strains of mice. Weanling mice were only infected by CAM/RB. In-
tranasal and intraperitoneal inoculation failed to produce infection with any
virus strains. We have shown that, both RPV and PPRV, in common with other
morbilliviruses are neurovirulent in a permissive system. Transient infection
of the CNS of cattle and goats with RPV and PPRV, respectively, remains a
possibility, which could provide relevant models for the initial stages of MV
infection in humans. Journal of NeuroVirology (2002) 8, 45–52.

Keywords: rinderpest virus, peste des petits ruminants virus; measles virus;
neurovirulence

Introduction

There is considerable variation among the members
of the morbillivirus group of viruses, classi�ed as a
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separate genus within the Paramyxoviridae , with re-
gard to central nervous system (CNS) complications,
following infection in their natural hosts. Canine dis-
temper virus (CDV) leads in many cases to a fatal out-
come as a result of CNS infection (Summers et al,
1984). Similarly, phocine distemper virus (PDV) and
the cetacean viruses of dolphins (dolphin morbil-
livirus, DMV) and porpoises (porpoise morbillivirus,
PMV) also exhibit high levels of CNS infection, which
appears to be the main cause of death (Kennedy
et al, 1988a, 1988b; Domingo et al, 1990). In contrast,
rinderpest virus (RPV) and peste des petits ruminants
virus (PPRV) are not associated with CNS complica-
tions in their respective hosts, cattle and goats.

Measles virus (MV) appears to occupy the mid-
dle of this spectrum, as under normal circumstances,
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infection in childhood produces an acute self-
limiting infection, but occasionally CNS compli-
cations arise, namely, postinfectious measles en-
cephalitis, measles inclusion body encephalitis, and
subacute sclerosing panencephalitis. Nevertheless, it
has been shown that pleocytosis in the cerebrospinal
�uid occurs in 10% and electroencephalographi c
changes in 50% of children with normal measles
infection (Hanninen et al, 1980), which suggests that
transient infection of the CNS may be a normal occur-
rence. It is also possible that RPV (which is the most
closely related morbillivirus to MV and from which
MV may have entered the human population) and
PPRV may also infect the CNS but be rapidly cleared
by the immune response. Alternatively, features of
the viruses may render them incapable of produc-
tively infecting neural tissues. Answers to these ques-
tions are crucial to our understanding of neuroviru-
lence within the morbilliviruses. However, studies in
the natural hosts of RPV and PPRV are both dif�cult
and expensive to carry out and small animal mod-
els provide a means to initially assess whether these
viruses have the potential to be neurovirulent.

A great deal of work has been published on MV
and CDV infections of the CNS, using different
virus isolates in a wide variety of rodents, including
inbred mouse strains (Van Pottelsberghe et al, 1979;
Rammohan et al, 1980, 1983; Lyons et al, 1980;
Gilden et al, 1981; Bernard et al, 1983, 1991, 1993;
Yoshikawa et al, 1983; Niewiesk et al, 1993). It has
been reported for both viruses that virus origin,
including passage history, host age, and genetics
(particularly the major histocompatibility complex
(MHC)) haplotype) affect the outcome of infection
(Lyons et al, 1980; Yoshikawa et al, 1983; Morikawa
et al, 1986; Niewiesk et al, 1993; Liebert and Finke,
1995).

There is only one report of RPV infection of suck-
ling mouse brain (Imagawa, 1965). The Nakamura
III strain of RPV, a lapinised vaccine subsequently
adapted to tissue culture, was adapted over several
passages for intracerebral growth in suckling mice by
Imagawa (Imagawa, 1965), but adult mice were not
susceptible to this neuroadapted RPV. Similar stud-
ies have not been carried out for PPRV, PDV, PMV,
and DMV. Here we describe the outcome of infection,
of selected mouse strains, with isolates of all known
morbilliviruses, including wild-type strains of MV
and RPV. No attempt was made to adapt these viruses
to mice prior to these experiments being carried out.
The results were compared with those obtained for
a neuroadapted and a vaccine strain of MV, which
acted as positive and negative controls, respectively.

Results

Intracerebral infection of suckling mice
Suckling mice were inoculated intracerebrally with
the Hu2, CAM/RB, and MVP strains of MV, the

Saudi/81, RBOK, and Kabete “O” strains of RPV, the
Nigeria75/1 vaccine strain of PPRV, PDV, PMV, and
DMV (details of these viruses are given in the Ma-
terials and methods). Animals were observed daily
for clinical signs of infection and once apparent
(between 4–8 d.p.i.) the mice were sacri�ced. The
remaining healthy mice were sacri�ced from 10 to
22 d.p.i. Sections were examined by H&E for evi-
dence of in�ammation, and by immunohistochem-
istry for the presence of viral antigen.

Balb/C and Cd1, but not C57 suckling mice,
showed signs of infection with RPV (Saudi/81
laboratory passaged), and the vaccine strain of PPRV
(Nigeria75/1) (Diallo et al, 1989) Intracerebral in-
fection with RPV produced clinical signs in 75% of
Balb/C and 74% of Cd1 suckling mice. Intracerebral
infection with PPRV produced clinical signs in 25%
of Balb/C and 24% of Cd1 suckling mice. The clinical
signs in RPV- and PPRV-infected mice occurred by
8 d.p.i. All three of the suckling mice strains exam-
ined showed clinical signs of infection with CAM/RB
and all mice were dead by 4 d.p.i. Initial signs in mice,
infected with CAM/RB, RPV, and PPRV, were hyper-
activity, which was followed by disorientation, awk-
ward gait, and �nally, hind leg paralysis. The mice
became moribund and death followed soon after-
wards. Virus titres from selected, whole brains were
between 103 and 104 TCID50. Inoculations with all
other virus strains (detailed in the materials and
methods section) in suckling mice did not produce
clinical signs.

All suckling C57, Cd1, and Balb/C mice, which
exhibited clinical signs, suffered an acute infection
with similar areas of the brain being involved. Balb/C
suckling mice infected with CAM-RB, RPV Saudi/81,
or PPRV Nigeria75/1 showed minimal perivascular
in�ammation (Figure 1A), yet Cd1 suckling mice
showed foci of quite pronounced perivascular in�am-
mation throughout the brain sections examined. Only
CAM/RB produced clinical and pathological changes
in C57 mice, which were similar to those seen in the
Cd1 strain. In the case of each virus type, viral antigen
was found in neurones and neuronal processes in the
temporal, frontal, and olfactory cortices in both hemi-
spheres (Figure 1B). Viral antigen was also found
in neurones and their dendrite processes in the te-
lencephalon layer of the hippocampus (Figure 1C).
Virus-infected cells in the subpendymal layers were
observed but the ependymal cells of the ventricle re-
mained negative for viral antigen (Figure 1D). Virus
was not detected in the cerebellum, meninges, or
choroid plexus, but was observed in the neuronal cy-
toplasm and along the whole length of cortical axons
(Figure 1E).

In some foci, viral antigen was detected along
the entire length of the processes that connected
two adjacent neurons (Figure 1F). Other cells, such
as oligodendrocytes, astrocytes, microglia, and en-
dothelial cells were consistently negative. Sections
from antigen-positive brains gave no staining when
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Figure 1 Histology and immunohistochemistry of brain sections from mice after intracerebral infection with morbilliviruses. Sec-
tions were formalin-�xed and antigens detected with an anti-(N) monoclonal antibody (measles) or an anti-RPV polyclonal antibody
(other morbilliviruses); positive virus staining appears brown. (A–G) Suckling mice at 4 days postinfection. (A) Minimal in�ammation;
(B) extensive viral antigen throughout the cortex; (C) abundant viral antigen in the neurones and neuronal processes of the hippocampus;
(D) virus in subependymal neurons. However, the ependymal cells lining the ventricle are negative (arrow); (E) the entire process of a
neuron contains viral antigen (arrows); (F) two infected neuron cell bodies are connected by viral positive processes; (G) foci of perivas-
cular in�ammation; (H) pronounced viral antigen staining is present in neurons and processes in weanling mouse at 7 days postinfection.
Sections were photographed on slide �lm and digitized with a Kodak RFS 2035 Plus Film scanner. The �nal resolution of all scanned
images was 300 dots per in.
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Table 1 Immunocytochemical results after CNS infection by dif-
ferent morbilliviruses in different murine strains

Nigeria75/1
Saudi/81(laboratory (PPRV) CAM-RB

passaged RPV) Days postinfection (MV)
4–8 10–22 4–8 10–22 4–8 10–22

C57s ¡ ¡ ¡ ¡ C C C C C NS
C57w ¡ ¡ ¡ ¡ C C CC NS
Cd1s C C CC ¡ C C C ¡ C C C C C NS
Cd1w ¡ ¡ ¡ ¡ CC¤ C¤

Balb/Cs C C C ¡ C C CC ¡ C C C C C NS
Balb/Cw ¡ ¡ ¡ ¡ C¤ C¤

The Hu2 and MVP strains of MV, PDV, PMV, DMV, and the
RBOK and Kabete “O” strains of RPV were negative for viral
antigen in the brain of all mice examined. Suckling (s) and
weanling (w) C57, Cd1, and Balb/C mice were infected with the
different morbilliviruses and viral antigen in the brain was de-
tected by immunocytochemistry and results scored as follows:
NS D non-surviving, ¡ D no virus present, C D 1–2 foci of virus-
infected cells, C C D 3–4 foci of virus-infected cells, C C C D 6-
many foci of virus-infected cells, C C C C D many discrete foci of
virus-infected cells, C C C C C D widespread virus-infected cells,
and ¤ D only a few virus-infected cells in each focus.

the primary antibody was omitted. The level of viral
antigen staining in the brains of mice showing acute
disease from 4 to 8 d.p.i. is indicated in Table 1. RT-
PCR analysis of RNA from the brains of inoculated
animals was carried out. Representative PCR prod-
ucts are shown in Figure 2.

The negative results for RPV Saudi/81 and PPRV
Nigeria 75/1 in C57 mice (Figure 2a, 2b) and for Hu2
and MVP in all mouse strains at 4 to 8 d.p.i. (results
not shown) were con�rmed.

A beta actin cDNA product was ampli�ed in all
cases (Figure 2c), indicating that RNA isolation and
reverse transcription was successful. The RPV, PPRV,
and MV primers sets ampli�ed products from in-
fected mouse brains that were also positive for vi-
ral antigen (Figures 2a, b, c). All healthy surviving
mice, including mock-infected and those inoculated
with Hu2, MVP, PDV, PMV, and DMV, showed no evi-
dence of viral antigen in the brain. However, perivas-
cular in�ammation, not related to trauma at the in-
jection site, was observed in 50% of mice inoculated
with RPV Saudi/81 and PPRV Nigeria 75/1, from 10
to 22 d.p.i. (Figure 1G). This was not observed in ani-
mals inoculated with the other viruses under test but
these occasionally showed in�ammation at the injec-
tion site. RNA was detected in the brains of surviving
Cd1 and Balb/C sucklings at 10 to 22 d.p.i., in mice
infected with RPV Saudi/81 (Figure 2a, lane 6) but
not those infected with PPRV (Figure 2b, lane 7).

Intracerebral infection of weanling mice
Only the three strains (CAM/RB MV, RPV Saudi/81,
and PPRV Nigeria 75/1), which exhibited neuroviru-
lence in suckling mice, were assessed for their ability
to infect weanling mice. Balb/c mice were inocu-
lated with the Hu2 strain of MV to act as an ad-
ditional control to mock infection. Inoculated mice

Figure 2 RT-PCR analysis of RNA derived from brains of mice
after intracerebral inoculation with morbilliviruses. (a) Lane 1, ¸
DNA markers; lanes 2 to 6, RPV F primers: lane 2, water; lane 3,
mock-infected C57 mouse; lane 4, mock-infected Balb/C mouse;
lane 5, C57 mouse (6 d.p.i.) with RPV Saudi/81; lane 6, Balb/C
mouse (20 d.p.i.) with RPV Saudi/81. (b) Lane 1, ° DNA markers;
lanes 2–9, PPRV F primers: lane 2, water; lane 3, mock-infected
Cd1 mouse; lane 4, mock-infected BalbC mouse; lane 5, mock-
infected C57 mouse; lane 6, Balb/C mouse (20d.p.i.) with PPRV
Nigeria 75/1, lane7, Cd1 mouse (20 d.p.i.) with PPRV Nigeria 75/1;
lane 8, Cd1 mouse (8 d.p.i.) with PPRV Nigeria; lane 9, C57 mouse
(6 d.p.i.) with PPRV Nigeria 75/1. (c) lane 1, B actin primers, Balb/C
mouse (6 d.p.i.) with CAM /RB MV; lanes 2–4, MV P primers; lane
2, Balb/C mouse (6 d.p.i.) with CAM/RB MV; lane 3, water; lane 4,
mock infected Balb/C mouse; lane 5, ° DNA markers.

were observed daily for clinical signs of infection
and, once apparent, the mice were sacri�ced. Healthy
mice were sacri�ced between 10 to 22 d.p.i. Brain sec-
tions from these mice were analysed in the same way
as those prepared from the suckling mice. C57 mice,
infected with the CAM/RB strain of MV, developed
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acute encephalitis at 6 to 8 d.p.i., with similar clin-
ical signs to that produced in suckling mice. Virus
titres of between 103 and 104:5 TCID50 were isolated
from selected, whole brains. None of the weanling
mice inoculated with RPV, PPRV, or Hu2 showed
clinical signs and only the brain sections from Cd1
and Balb/c mice, infected with the CAM/RB strain
of MV, showed positive viral antigen staining. The
distribution of the viral antigen in these weanling
mice brains was the same as described for the suck-
ling mice. However, brain sections showed minimal
perivascular in�ammation and there were only a few
virus positive neuronal bodies. Staining of neuronal
processes was observed (Figure 1H). Control sections
where the primary antibody was omitted showed no
virus antigen staining. No infectious virus was recov-
ered from these mice.

Intranasal and intraperitoneal infection in Cd1
suckling mice
The three viruses that were found to be neurovirulent
by i.c. infection were tested for infection by periph-
eral routes in CD1 mice. C57 mice were also exam-
ined after inoculation with CAM-RB. Intranasal inoc-
ulation of suckling mice with the CAM/RB strain of
MV, the Saudi/81 laboratory passaged strain of RPV,
and the Nigeria75/1 vaccine strain of PPRV produced
no clinical signs. There was no viral antigen staining
and no evidence of in�ammation in the brain sections
taken from these mice. Intraperitoneal (i.p.) inocula-
tion of groups of C57 and Cd1 mice with CAM/RB and
Cd1 mice with RPV Saudi/81 or PPRV Nigeria 75/1
also produced no clinical signs or evidence of CNS in-
fection. Peripheral organs (lungs, spleen, liver, intes-
tine) from 2 C57 mice inoculated i.p. with CAM/RB
were examined by immunohistochemistry and found
to be negative.

Discussion

Neurovirulence of a virus for its host may depend
on a number of different factors, including the pres-
ence of the necessary receptors and/or intracellu-
lar factors in CNS cells, the ability of the virus to
cross the blood–brain barrier and the effectiveness
of the immune response in clearing virus from the
brain. In this study, the ability of a number of differ-
ent morbilliviruses, not previously adapted to mouse
brain, to replicate in the murine CNS was compared
to that of a virus known to replicate ef�ciently in
the mouse brain (CAM/RB neuroadapted MV) and
one that was shown previously not to infect mouse
brain (Hu2 MV). Following i.c. inoculation, the same
clinical signs were observed in suckling mice in-
fected with MV (CAM/RB), RPV (Saudi/81 labora-
tory passaged strain), and PPRV (Nigeria75/1). All
three strains showed similar viral antigen distribu-
tion in the mouse brain to that described in previ-
ously published studies of CDV and MV infections in

mice (Imagawa, 1968; Van Pottelsberghe et al, 1979;
Rammohan et al, 1980, 1983; Bernard et al, 1991,
1993). These morbilliviruses were found to prefer-
entially infect neurones of the limbic system, espe-
cially in the hippocampus. The predilection for spe-
ci�c brain regions may either re�ect localisation of
receptor(s) or more likely spread along common neu-
ronal pathways. However, which of these alternatives
is the case cannot be decided until a neuronal recep-
tor for at least one of the viruses has been identi�ed
and speci�c monoclonal antibody to this molecule is
available.

The RBOK and virulent Kabete “O” strains of RPV,
the Hu2 and MVP strains of MV, PDV, DMV, and PMV
did not infect any of the suckling mice strains. Fur-
thermore, only Balb/C and Cd1, but not C57, suck-
ling mice were susceptible to infection with RPV
Saudi/81 and PPRV/Nigeria, while CAM/RB pro-
duced acute disease in all three mouse strains. It is
possible that C57 mice lack neuronal receptors for
Vero cell–adapted RPVSaudi/81 and PPRV Nigeria
75/1, but have the receptor for neuroadapted MV.
However, this does not explain why the RBOK vac-
cine strain of RPV, which was derived from the Kabete
“O” wild-type strain (Plowright and Ferris, 1962) did
not infect the CNS of Balb/C and Cd1 mice, as this
virus was also passaged many times in Vero cells.
Growth in Vero cells evidently does not adapt MV
strains for the murine CNS. On the contrary, only
the rodent adapted CAM-RB and hamster neurotropic
(HNT) strains of MV are neurovirulent for mice and
not the Edmonston vaccine or Edmonston-derived
Hu2 strain, both of which have been extensively pas-
saged in Vero cells. The MVP strain that is a wild-
type isolate has also been given a number of pas-
sages in Vero cells and is also not neurovirulent for
mice. We have shown recently that the haemagglu-
tinin (H) gene of the CAM/RB strain confers partial
neurovirulence for mice to the Edmonston vaccine
strain (Duprex et al, 1999). Vero cell adaptation could
alter the H protein, allowing infection of the murine
CNS by some strains of RPV and PPRV but other de-
terminants of neurovirulence (perhaps on other viral
proteins) may also be necessary. The situation may
be different to that of MV as our initial results indi-
cate that RPV does not use the same receptor as MV
in Vero cells (Galbraith et al, 1998).

The outbred strain of Cd1 mice appears to be the
most susceptible to RPV and PPRV, as suckling mice
showed more extensive in�ammation than Balb/C
mice. It is possible to adapt MV and CDV strains
to growth in weanling mice by passage in suckling
rodent brains (Bernard et al, 1983; Liebert and ter
Meulen, 1987). The Nakamura III vaccine strain of
RPV, adapted to growth in suckling mouse brains,
did not produce signs of infection in CFW wean-
ling brains (Imagawa, 1965). However, these workers
did not carry out a pathological study of the brains.
Therefore, it is possible that some replication did
occur. Further virus passage in suckling Cd1 mice
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would have to be performed to determine if it is pos-
sible to select for replication of RPV and PPRV in
weanling mouse brains.

Intraperitoneal (i.p.) inoculations, with the
CAM/RB MV, RPV Saudi/81 laboratory-passaged
and the PPRV Nigeria75/1 strains, did not cause CNS
infection. Immunohistochemical examination of
peripheral organs of mice inoculated with CAM-RB
MV by the i.p. route showed that no infection had oc-
curred, in agreement with a previous study (Liebert
and Finke, 1995). Similarly, inoculation of mice with
CAM-RB, RPV Saudi 81, or PRPV Nigeria 75/1 by
the olfactory route did not cause infection. Olfactory
neurones in the nasal cavity are connected to limbic
and monoaminergic cells in the brain and olfactory
pathways are an important route for infection of the
murine brain with other viruses (Tyler and Fields,
1996). In this study, no antigen was detected in
olfactory neurones. It has been previously shown
that intranasal inoculation with the HNT strain of
MV causes encephalitis in suckling hamsters, with
viral antigen being detected in lung and brain tissue
(Parhad et al, 1981), however it does not infect mice
by this route.

The degree of neurovirulence for mice shown by
the morbillivirus strains tested ranges from acute en-
cephalitis, with virus production, to what appears
to be total refractivity to infection/replication. How-
ever, between these two extremes there is evidence
of subacute infection with viral antigen production.
As was found in previous studies, the outcome of
infection is dependent on many factors, including
the strain of virus and the genetic background and
age of the mice. Although neurovirulence in mice
does not correlate with the ability of the virus to
cause encephalitis in the natural host (the naturally
highly neurovirulent phocine and cetacean viruses
did not exhibit this property in mice), we have shown
that both RPV and PPRV, in common with the other
morbilliviruses can be neurovirulent in a permissive
mouse model. In this study, no viral antigen was de-
tected in the brains of surviving mice between 10 and
22 days d.p.i., inoculated with RPV Saudi/81 (25%)
and PPRV Nigeria 75/1 (75%), However, low levels of
perivascular in�ammation were detected in approxi-
mately half of the animals (as well as RNA in the case
of RPV Saudi/81). Because this was not observed with
the other test viruses, it is possible that virus infects
the brain but is rapidly cleared from the CNS in these
surviving animals. A similar situation may occur in
the natural host. Although �nding low levels of virus
replication in young cattle or goats, as previously sug-
gested (Bergeon, 1952; MacOwen, 1956; Plowright,
1964) would not have any practical implications with
regard to RPV and PPRV, it may give insight into the
events during the initial stages of measles virus in-
fection in humans. These experiments are currently
underway and may help to determine why certain in-
dividuals, including those with a defective immune
response, are susceptible to CNS complications.

Materials and methods

Cells and viruses
Vero cells were grown in DMEM-Hepes contain-
ing 5% (v/v) FCS, 100 U/ml benzylpenicillin and
100 U/ml streptomycin. B95a cells were obtained
from Professor Kobune, National Institute of Health,
Tokyo, Japan, and grown in RPMI-Hepes contain-
ing 5% (v/v) FCS, 100 U/ml benzylpenicillin , and
100 U/ml streptomycin (Kobune et al, 1990). Pri-
mary bovine skin �broblast cells were prepared from
super�cial bovine skin biopsies as previously de-
scribed (Lund and Barrett, 2000), and grown in fresh
DMEM containing 20% FCS, 200 U/ml benzylpeni-
cillin, 200 U/ml streptomycin, 3% fungizone, and
2 ng/ml EGF.

The Human 2 (Hu2) strain of MV was derived
from the Edmonston vaccine strain (Mawhinney et al,
1971) and propagated in Vero cells. The rodent-
adapted neurotrophic CAM/RB strain of MV was
the kind gift of Dr UG Liebert, Würzburg, Germany
(Liebert and ter Meulen, 1987). This virus was
further adapted to growth in the murine CNS by
two passages in suckling mouse brains. The MVP
strain of MV was isolated from a child with pri-
mary measles (Rima et al, 1983) and was subse-
quently given several passages in Vero cells. The
Saudi/81 strain of RPV was originally isolated from
infected bovine tissues, using primary bovine kid-
ney cells and subsequently passaged on both B95a
and Vero cells to produce laboratory-passaged stocks.
The RBOK (rinderpest bovine old Kabete) vaccine
strain of RPV (Plowright and Ferris, 1962) was de-
rived from the virulent Kabete “O” strain of RPV,
which was attenuated by 95 passages on primary
bovine kidney cells and for laboratory use it was
adapted to growth on Vero cells. The Kabete “O”
wild-type strain of RPV (Plowright and Ferris, 1962)
was maintained by animal passage. The viruses
used in these experiments was isolated from freeze-
dried lymphoid tissue on primary bovine skin
�broblast cells and a high-titre virus stock was pre-
pared on B95a cells (Lund et al, 2000). The Nigeria
75/1 vaccine strain of PPRV was attenuated by mul-
tiple passages on Vero cells (Diallo et al, 1989).
PDV (Cosby et al, 1988), PMV (Kennedy et al, 1988b)
and DMV (Domingo et al, 1990) isolates were grown
on Vero cells.

Mice
C57 and Balb/C mice were obtained from in-house
breeding colonies in the Laboratory Service Unit,
Medical Biology Centre, Queens University Belfast
and from breeding colonies at the Small Animal Unit,
the Institute for Animal Health, Pirbright Laboratory.
Cd1 mice were obtained from breeding colonies at
the Institute for Animal Health, Pirbright Laboratory.
The mice were kept in a barrier system with light,
negative pressure and 12-h day (arti�cial light). They
had a plentiful supply of food and water and air
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conditioning kept the temperature at 22±C § 2±C and
the humidity at 50% § 5%.

Virus infections
Routinely, at least 10 mice were inoculated with each
virus strain. Suckling mice (3–5 days) and wean-
ling mice (21–25 days) were injected under mild
halothane anaesthesia, either intraperitoneally or in-
tracerebrally, in the temporal region of the right cere-
bral hemisphere, with approximately 104 TCID50 of
each virus in 2-¹l (suckling mice) or 50-¹l (weanling
mice) volumes. Virus was introduced intranasally by
inhalation of a 50-¹l volume. Control mice were in-
oculated, using each of the preceding routes, with
equivalent volumes of tissue culture medium. Mice
were sacri�ced under ether narcosis at the time points
shown in Table 1. Brain tissue was removed from
the skull immediately following death and frozen
at ¡70±C for isolation of virus and RT-PCR or �xed
in 5% formal saline at room temperature for 24 h
and then embedded in paraf�n wax for immunohis-
tochemistry. RNA was extracted from at least two
mouse brains for RT-PCR analysis (for MV, RPV, and
PPRV inoculated suckling mice) and two for assay of
infectious virus at 4 to 8 days and in surviving mice
at 10 to 20 days. At least three mice were examined
by immunohistochemistry at each of the two time
points (suckling and weanling mice). A minimum of
three sections at each of two levels through the brain
was examined in each case. Foci of infected cells (de-
termined by immunohistochemistry) were scored in
each section with average values shown in Table 1.

Virus isolation and titration
Virus was isolated by homogenisation of brain tissue
and collection of the supernatant, following centrifu-
gation at 2000 rpm in a bench centrifuge. The super-
natant was titred on Vero cells, by TCID50 assay, using
the method of Reed and Muench (1938).

Immunohistochemistry
Except where speci�ed, all of the secondary an-
tibodies and normal sera for blocking nonspeci�c
immunoglobulin binding were obtained from Dako
(Denmark). Sections were dewaxed through two
changes of xylene and rehydrated through graded al-
cohols. Endogenous peroxidase was blocked by 10-
min incubation in 3% H2O2 in methanol. Immunore-
activity was enhanced by microwaving at 700 W for
30 min in 0.01 M sodium citrate at pH 6.0. Normal
rabbit serum (NRS 5%, MV) or normal swine serum
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