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Measles virus (MV) is the causative agent for acute measles and subacute sclerosing panencephalitis
(SSPE). Although numerous mutations have been found in the MV genome of SSPE strains, the mutations
responsible for the neurovirulence have not been determined. We previously reported that the SSPE
Osaka-2 strain but not the wild-type strains of MV induced acute encephalopathy when they were
inoculated intracerebrally into 3-week-old hamsters. The recombinant MV system was adapted for the
current study to identify the gene(s) responsible for neurovirulence in our hamster model. Recombinant
viruses that contained envelope-associated genes from the Osaka-2 strain were generated on the IC323
wild-type MV background. The recombinant virus containing the M gene alone did not induce neurological
disease, whereas the H gene partially contributed to neurovirulence. In sharp contrast, the recombinant
virus containing the F gene alone induced lethal encephalopathy. This phenotype was related to the ability
of the F protein to induce syncytium formation in Vero cells. Further study indicated that a single T461I
substitution in the F protein was sufficient to transform the nonneuropathogenic wild-type MV into a
lethal virus for hamsters.

Measles virus (MV) is a member of the Morbillivirus genus in
the Paramyxoviridae family, and its genome is a nonsegmented
single-stranded RNA of negative polarity. The MV genome
contains N, P, M, F, H, and L genes. The genome is covered
with the nucleocapsid (N) protein, which is transcribed from
the N gene. The P gene encodes the phospho-protein (P),
which forms the replicase complex with the large (L) polymer-
ase protein encoded by the L gene. In addition to encoding the
P protein, the P gene encodes accessory C and V proteins,
which counteract antiviral host defense. The envelope of the
virion consists of the two transmembrane glycoproteins, fusion
(F) and hemagglutinin (H), which are transcribed from the F
and H genes, respectively. The M gene encodes the matrix (M)
protein, which associates with nucleocapsids and with the cy-
toplasmic regions of the F and H proteins (25). The signaling
lymphocyte activation molecule (SLAM, also designated
CD150) is the primary receptor for wild-type MV (22, 27, 69),
and specific amino acid changes (N481Y or S546G) in the
MV H protein present in some MV strains are required for
interaction between the H protein and CD46 (23, 26, 39, 42,
46, 56, 62).

MV is the causative agent of measles and, on very rare

occasions, causes subacute sclerosing panencephalitis (SSPE).
SSPE is a fatal degenerative disease caused by persistent MV
infection of the central nervous system (59). On rare occasions,
MV has been isolated from brain cells of patients with SSPE by
cocultivation with cell lines susceptible to MV (48). Genetic
analyses revealed that these viruses derived from SSPE pa-
tients (SSPE strains) contain numerous mutations, and the
existence of characteristic or frequently found mutations com-
mon to SSPE strains was suggested (3, 14). The M gene of
SSPE strains seems particularly vulnerable to mutation, and its
expression is restricted. In many SSPE strains, an A-to-G-
biased hypermutation occurred in the genome and destroyed
the M protein-coding frames. In some cases, translation of the
M protein is complicated by a transcriptional defect that leads
to an almost exclusive synthesis of dicistronic P-M mRNA (4,
12, 13, 61). Elucidation of the mechanism of the aberrant
read-through transcription at the P-M gene junction revealed
that a single deletion or mutation at the P gene end was
responsible (5). Another characteristic change of the structural
protein found in SSPE strains is located in the F protein (8, 16,
47, 57). A mutation in the termination codon of the F protein
in some strains resulted in an elongated cytoplasmic domain.
Another type of mutation created a premature termination
codon in the F protein-coding frame and resulted in a short-
ened cytoplasmic domain. In some strains, including the SSPE
Osaka-2 strain, one mutation did not change the length of the
cytoplasmic domain, but multiple mutations in the reading
frame caused nonconservative amino acid substitutions. Some
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of the mutations developed in this domain can be explained by
the biased hypermutation that is more frequently and exten-
sively found in the M gene, as mentioned above (15, 16).
However, the effects of these hypermutations as well as of
other sporadic mutations in the genome of SSPE strains have
been poorly understood.

The ability to induce syncytia in Vero cells is one of the
characteristic features of SSPE strains in vitro. Triggered by the
binding of the H protein to the cellular receptor, the F protein
plays a central role in virus-cell and cell-to-cell fusion. We
previously demonstrated that the F protein of three SSPE
strains (Osaka-1, Osaka-2, and Osaka-3 strains) induced syn-
cytia in Vero cells when coexpressed with the H protein from
any MV strain, including the wild-type MVs (6). In addition,
the region responsible for the enhanced fusion was further
narrowed to the extracellular domain of the F protein.
Whether the enhanced fusion activity is related to the neuro-
virulence is still unclear.

MVs generally do not induce neurological disease in exper-
imental small animals. Brain-adapted strains can replicate in
newborn animals, but neurovirulence is reduced as the animal
ages (1, 7, 9, 24). Transgenic mice expressing human CD46 or
SLAM were established and observed for MV infection (19,
37, 45, 50, 52, 60). In a transgenic line which expresses SLAM
ubiquitously (60), infection of the central nervous system was
examined, and this revealed that MV could induce an acute
neurological syndrome in mice less than 3 weeks old. In con-
trast, SSPE strains show strong neurovirulence and can induce
lethal neurological disease in immunocompetent, genetically
unaltered animals (2, 31, 32, 33, 64, 70). We previously re-
ported that the SSPE Osaka-2 strain induced acute encepha-
lopathy in 3-week-old hamsters several days after intracerebral
inoculation (29). Therefore, it is important to analyze the dif-
ferential roles of the mutations found in the genome of SSPE
strains to understand the molecular mechanism of MV persis-
tence in the brain and the pathogenesis of SSPE. Cathomen et
al. described the role of mutations found in SSPE strains by
adapting the recombinant MV system (10). In a similar system,
Patterson et al. also described the role of the mutation in the
M gene (52). These results indicated that expression of the
defective M protein or defects in the cytoplasmic tail of the en-
velope glycoproteins resulted in the attenuation of MV neu-
rovirulence in mice, but enhancing factors responsible for MV
neurovirulence have not been determined. Because genetically
unaltered young adult hamsters are highly susceptible to infec-
tion with SSPE strains, show clear symptoms, and tolerate
infection for 2 or 3 days and because, practically, a higher titer
of virus stock can be inoculated into brain, we have been using
hamsters for the analyses of MV neurovirulence. The recom-
binant MV system (53, 58, 65) was adapted for the current
study to identify the gene(s) responsible for neurovirulence in
our hamster model.

We found that mutations in the F and H protein-coding
genes of the SSPE Osaka-2 strain were responsible for neuro-
virulence. Further investigation demonstrated that a single
amino acid substitution in the F protein transformed the non-
neuropathogenic wild-type MV IC323 strain into a lethal virus
similar to the SSPE Osaka-2 strain in hamsters.

MATERIALS AND METHODS

Cells and viruses. CHO cells expressing CD46 (CHO/CD46) cells (a gift of Y.
Murakami, Department of Pharmaceutical Sciences, Hokkaido University) (30)
were cultured in RPMI 1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan)
supplemented with 5% heat-inactivated fetal calf serum (FCS) and 0.7 mg of
hygromycin (Nacalai Tesque, Tokyo, Japan) per ml. CHO/SLAM and Vero/
SLAM cells (gifts of Y. Yanagi, Department of Virology, Graduate School of
Medical Sciences, Kyushu University) (51, 69) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Nissui Pharmaceutical) supplemented with 10%
FCS and 0.5 mg of G418 (Nacalai Tesque) per ml. B95a cells (34) were grown in
RPMI 1640 medium supplemented with 10% FCS. Vero, 293T, CHO, IMR-32,
SK-N-SH, A172, and U-251 cells (63) were cultured in DMEM supplemented
with 10% FCS.

Isolation of sibling viruses (Osaka-2/FrV and Osaka-2/FrB) of the SSPE
Osaka-2 strain was described previously (48). These sibling viruses were
neurovirulent when they were injected into hamster brains (29).

Plasmids. Plasmids were cloned in the mammalian expression vector pME18S,
which contained genes encoding the entire F or H protein region, as described
previously (6). Plasmids encoding chimeric F proteins, OSA2-ext and OSA2-cyt,
were previously described as Osa2/Toy and Mas/Osa2, respectively (6). The
nucleotide sequences of the M, F, and H genes of the Osaka-2 strain were
reported previously (4, 23, 47). Plasmids encoding mutant F proteins were con-
structed by a PCR-based method with synthetic primer pairs, and the inserts
were confirmed by sequencing. Plasmids encoding the mutant MV genome were
based on p(�)MV323, which encodes the antigenomic full-length cDNA of the
wild-type IC-B strain (65). For construction of plasmids to prepare recombinant
viruses containing the M gene, SalI and BstEII sites located in the 3� noncoding
regions of the P and M genes, respectively, were used for cloning. Because the
BstEII site is found in the coding region but not in the 3� noncoding region of the
M gene of the Osaka-2 strain, synthetic primers were used to destroy the BstEII
site in the coding region (5�-3997CCTTCAACCTGCTAGTGACC4016-3� and
5�-4016GGTCACTAGCAGGTTGAAGG3997-3�) and to create a BstEII site in
the 3� noncoding region (5�-4820GCGGTTGGGTCACCTCGACCGC4799-3�).
To construct plasmids for preparation of recombinant viruses containing the F
and H genes, BsmBI and SpeI sites and SpeI and PacI sites were used for cloning,
respectively.

Transient expression of F and H glycoproteins and indirect immunofluores-
cence microscopy. Cells grown on Sonic seal slide wells (Nalge Nunc Interna-
tional, Rochester, NY) were transfected with 0.5 �g of F-containing plasmids
and 0.5 �g of H-containing plasmids per well using Lipofectamine LTX trans-
fection reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s pro-
tocol.

Transfected cells were incubated at 35°C for 24 h. The cells were washed once
with phosphate-buffered saline (pH 7.4), air dried, and fixed with a 1:1 acetone-
methanol mixture at room temperature for 2 min. Monoclonal antibody to the H
protein was used for the immunofluorescent staining as described previously (6).

Preparation of recombinant MV that expresses proteins derived from SSPE.
Recombinant MVs were generated from cDNAs by using CHO/SLAM cells and
the vaccinia virus carrying T7 RNA polymerase, vTF7-3, according to a previ-
ously described procedure (66). To obtain cell-free virus stock, infected B95a
cells were treated with cytochalasin D (CD; Sigma, St. Louis, MO) as previously
described (28), and the resulting virus-like particles (CD-VLP) were stored at
�85°C. Infectivity titers of the virus stock were determined by determining the
number of PFU in B95a cells or in other cell lines such as Vero or Vero/SLAM
cells.

Virus inoculation into and recovery from hamsters and histopathological
examination. Three-week-old female Syrian golden hamsters (SLC-Japan,
Shizuoka, Japan) were gently anesthetized with ether, and 50 �l of properly
diluted CD-VLP stock was inoculated into the right hemisphere of the brain.
Selected hamsters from each group were sacrificed, and the brains were
removed and subjected to either virus rescue or histopathological examina-
tion. Virus was recovered from brain cells by cocultivation with B95a cells.
Total cellular RNA was extracted from the recovered virus-infected cells or
directly from the brain according to a previously described method (4). The
RNA was reverse transcribed, and the regions containing the M, F, or H gene
were amplified by PCR and sequenced. Removed whole brains were fixed
with 10% formalin (Wako Pure Chemicals, Osaka, Japan). Sections were
prepared and stained with hematoxylin and eosin and evaluated histopatho-
logically. All animal experiments were performed according to the Guide for
Animal Experimentation, Osaka City University, in the infected-animal room
at the biosafety level 2 Laboratory Center of the Medical School.
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RESULTS

The M gene of the SSPE Osaka-2 strain is not a determi-
nant of neurovirulence. Many mutations are found in the MV
genome from SSPE strains, and the M gene is the most af-
fected. To test the consequences of M gene mutation on neu-
rovirulence in our hamster model, we generated recombinant
viruses in which the M gene of the IC323 strain was replaced
with that of the SSPE Osaka-2 strain (Fig. 1). Because the
difference in the P gene end sequences of the two sibling
viruses (Osaka-2/FrB and Osaka-2/FrV) of the strain (29) af-
fected transcription of the M gene (5), the P gene end region
of each sibling virus was included in the constructs. The result-
ing recombinant IC/OSA2FrBM virus produces almost exclu-
sively dicistronic P-M mRNA, whereas the IC/OSA2FrVM
virus produces monocistronic P and M mRNAs.

The recombinant viruses were propagated on B95a cells, and
CD-VLP were prepared and stored as described in Materials
and Methods. The CD-VLP stock was titrated on B95a cells
(Fig. 2A). The titers of the recombinant viruses containing the
M gene derived from both sibling viruses were similar when
viruses were titrated in B95a cells. The CD-VLP stock was also
titrated on Vero/SLAM cells, and the titers were higher than in
B95a cells and comparable between the two viruses. In con-
trast, no detectable cytopathic effects such as syncytium for-
mation were observed in CD-VLP-infected Vero cells.

Infectious cell-free virus production was assayed by B95a
cell culture (Fig. 2B and C). Wild-type IC323 virus produced
significant amounts of cell-free virus particles, whereas the
IC/OSA2FrBM and IC/OSA2FrVM viruses produced mini-
mum amounts of both the extracellular and intracellular cell-
free virus particles. This suggested that the defective expres-
sion of the Osaka-2 M gene affected virus particle production,
probably during the budding process, which was demonstrated
by another nonproductive SSPE strain (52).

The recombinant IC/OSA2FrBM and IC/OSA2FrVM vi-
ruses were inoculated intracerebrally into 3-week-old ham-
sters, and neurovirulence was evaluated (Table 1). No hamster

developed any neurological signs during the course of obser-
vation. In the same manner, no hamster that was inoculated
with the IC323 virus (850 PFU/brain or 11,500 PFU/brain)
showed any symptoms during the course of observation.

FIG. 1. Schematic diagram of the genome of the recombinant
MVs. The protein-coding regions (N, P, M, F, H, and L) of the IC323
strain are shown as open boxes. The M, F, and H protein-coding
regions derived from the Osaka-2 strain are shown as filled boxes. The
sequence of the P gene end of the two sibling viruses (OSA2FrBM and
OSA2FrVM) of the Osaka-2 strain and the extents of the transcrip-
tional read-through at the P-M gene junction are indicated.

FIG. 2. (A) Plaque titration of the CD-VLP of recombinant MV
containing the M gene of either OSA2FrV (IC/OSA2FrVM; black
bars) or OSA2FrB (IC/OSA2FrBM; gray bars). Three different kinds
of cell lines were used for the titration. The means � standard devi-
ations for triplicate samples are shown. (B and C) Growth kinetics of
the recombinant MVs containing the M gene. B95a cells were infected
with each recombinant MV at a multiplicity of infection of 0.01 PFU/
cell. At indicated time points, culture fluids were collected, an equal
volume of medium was added, and cells were frozen and thawed once,
clarified by centrifugation, and then titrated. Filled circles, IC323; open
triangles, IC/OSA2FrBM; open circles, IC/OSA2FrVM. Data shown
are for infectious cell-free viruses released into the culture medium
(B) and cell-associated viruses prepared by the freezing and thawing of
infected cells (C).
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Recombinant MV containing the F or H gene of the SSPE
Osaka-2 strain was defective in infectious cell-free virus pro-
duction. Genes coding for the two envelope glycoproteins are
also frequently mutated in most SSPE strains though the ex-
tent of the mutation occurring in the F and H genes is less
significant than that occurring in the M gene. To ascertain the
effects of the mutations developed in the F and H genes on the
functions of their proteins, we prepared recombinant viruses
containing either the F or H gene or both genes of the SSPE
Osaka-2/FrV strain (Fig. 1). The recombinant viruses were
prepared by a method similar to that described above for the
viruses containing the M gene. B95a cells were infected with
the CD-VLP stock, and the culture medium was harvested at
72 h p.i. and titrated to quantify infectious cell-free virus pro-
duction (Fig. 3). The production level of virus carrying the F
or H gene (IC/OSA2F and IC/OSA2H, respectively) was
8.3% � 2.4% or 14.7% � 4.6%, respectively, of that of the
parental IC323 virus. Cell-free virus production by the IC/
OSA2FH virus, the F and H double mutant, was further
restricted and decreased to 3.3% � 20.6% of that produced
by the IC323 virus. The yield of intracellular viruses pre-
pared by freezing and thawing of infected cells was also low
(Fig. 3). The results indicated that the amino acid substitu-
tions developed in the Osaka-2 F and H proteins affected
virus particle production.

Recombinant MV containing the F gene of the SSPE
Osaka-2 strain infects cell lines of neural origin. To determine
whether the recombinant viruses containing the F or H gene of
the Osaka-2 strain have different cell tropisms, a series of cell
lines of different origins were used, including cell lines of
neural origin, IMR-32 and SK-N-SH from human neuroblas-
toma, A172 from human oligodendroglioma, and U-251 from
human astrocytoma (Table 2). As expected, all the viruses
infected SLAM-positive cell lines such as B95a and CHO/
SLAM cells and induced syncytia, whereas no virus infected
CD46-positive CHO/CD46 cells. Recombinant viruses con-
taining the F gene of the Osaka-2 strain (IC/OSA2FH and
IC/OSA2F) infected Vero, IMR-32, and SK-N-SH cell lines
and induced syncytia. A172 cells were also positive, but U-251
cells were negative by the immunofluorescence test. In con-
trast, recombinant viruses containing the H gene of the

Osaka-2 strain (IC/OSA2H) had a similar cell tropism to the
wild-type IC323 virus. These results suggest that the F protein
of the Osaka-2 strain played a key role in the tropism and
syncytium formation of some types of cells of neural origin.

The F and H genes of the SSPE Osaka-2 strain are deter-
minants of neurovirulence. To test the neurovirulence of the
recombinant viruses, IC323-based viruses containing either the
F or H gene or both genes of the SSPE Osaka-2 strain (IC/
OSA2F, IC/OSA2H, or IC/OSA2FH, respectively) were inoc-
ulated into hamster brains (Table 3). All the hamsters inocu-
lated with the IC/OSA2FH virus (4,250 PFU/brain as assayed
by B95a cells) developed neurological signs such as hyperac-
tivity and seizures 3 or 4 days postinfection (p.i.). The symp-
toms observed in the hamsters were similar to those of animals
inoculated with the parental Osaka-2 strain. All of these ham-
sters died or became moribund within 2 days after the onset of
symptoms. The hamsters inoculated with the IC/OSA2F virus
(2,450 PFU/brain as assayed by B95a cells) also showed neu-
rological signs within 4 days p.i. and died or became moribund
within 3 days after the onset. Smaller amounts of the IC/
OSA2F virus (245 or 25 PFU/brain as assayed by B95a cells)
induced the disease in three out of four hamsters, but one or
two of the hamsters recovered.

The hamsters inoculated with the IC/OSA2H virus (2,900
PFU/brain as assayed by B95a cells) also showed neurological
signs, and two of the four hamsters died; the minimum amount
of the IC/OSA2H virus that could kill a hamster was 29 PFU/
brain. However, the incidence of neurovirulence was much
lower than that of the hamsters inoculated with the IC/OSA2F
virus, and the incubation period was longer and varied.

Recombinant MVs containing the envelope genes of the
SSPE Osaka-2 strain affected pyramidal cells in fields CA1
through CA3 of the hippocampus. Some of the hamsters in-
oculated with the recombinant MVs were sacrificed on the
verge of death or at the endpoint of the observation, and
hematoxylin and eosin-stained sections of the brains were
prepared (Fig. 4). Hamsters inoculated with the IC323 virus

FIG. 3. Infectious cell-free virus production by the recombinant
MVs. B95a cells were infected with each recombinant MV at a mul-
tiplicity of infection of 0.01 PFU/cell. At 72 h p.i., the virus released
into the culture fluid (cell-free) or the cell-associated virus prepared by
the freezing and thawing of infected cells (cell-associated) was titrated
on B95a cells. The virus titer in cells infected with the IC323 strain was
set to 100%. Bars indicate the means with standard deviations for
triplicate samples.

TABLE 1. Inocula of recombinant viruses containing the M gene of
the SSPE Osaka-2 strain and neurovirulence in hamsters

Virus Expt no.

Titer (PFU) by cell
typea Incidence of

diseaseb

Vero B95a

IC323 1 �0.5 850 0/6
2 �0.5 11,500 0/4

OSA2FrVM 1 �0.5 3,150 0/5
OSA2FrBM 1 �0.5 2,250 0/5

a Titer (PFU) of the inoculated virus (50 �l/brain) was determined either on
Vero cells or on B95a cells.

b Number of diseased hamsters/number of inoculated hamsters. Hamsters
showed no symptoms of disease onset after intracerebral inoculation until the
time of death or sacrifice at the terminal stage, with one exception. Hamster 216
died 16 days after intracerebral inoculation without any neurological symptoms
except for continuous weight loss, and the death was considered unrelated to the
recombinant virus infection.
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had no lesions throughout the brain (Fig. 4A), whereas
severe lesions were found in fields CA1 through CA3 of the
hippocampi of hamsters inoculated with the IC/OSA2FH
(Fig. 4B) or IC/OSA2F (Fig. 4C) virus. The regions were
equally affected in both hemispheres, and the pyramidal
cells showed necrosis. The hamsters inoculated with IC/
OSA2H (Fig. 4D) that developed neurological signs and
were sacrificed showed minimal lesions with necrotic neu-
rons in the CA1 field of the hippocampus. These histopatho-
logical observations and the incidence of neurovirulence
indicate the relative importance of the F gene for the effec-
tive spread in the brain.

The extracellular domain of the F protein is responsible for
neurovirulence in hamsters. We previously demonstrated syn-
cytium formation in Vero cells when the F protein from the

SSPE strain was coexpressed with the H protein from any MV
strain (6). The region of the F protein responsible for syncy-
tium formation was assigned principally to the extracellular
domain though the cytoplasmic domain also played a role to
some extent in the enhanced fusogenic activity. To investigate
the differential effects of the amino acid substitutions in each
domain in the infected cells, additional recombinant viruses
were prepared. Recombinant viruses (IC/F:OSA2-ext and IC/
F:OSA2-cyt) were recovered (Fig. 5) from full-length plasmids
containing a chimeric F gene either of the extracellular or
cytoplasmic domain, respectively, of the Osaka-2 strain. The
IC/F:OSA2-ext virus infected and induced syncytia in Vero
cells at a rate similar to that of the IC/OSA2F virus, whereas
the IC/F:OSA2-cyt virus did not infect Vero cells (data not
shown). Both the IC/F:OSA2-ext and IC/F:OSA2-cyt viruses

TABLE 2. Susceptibility of various cell lines to recombinant MV

Cell line

Detection of virusa

IC323 IC/OSA2FH IC/OSA2F IC/OSA2H

Syncytia IFA Syncytia IFA Syncytia IFA Syncytia IFA

B95a � � � � � � � �
Vero � � � � � � � �
IMR-32 � � � � � � � �
SK-N-SH � � � � � � � �
A172 � � � � � � � �
U-251 � � � � � � � �
CHO/CD46 � � � � � � � �
CHO/SLAM � � � � � � � �

a Determined by the presence (�) or absence (�) of syncytium formation and of immunofluorescent staining. IFA, immunofluorescence assay.

TABLE 3. Inocula of recombinant viruses containing the F or H gene of the SSPE Osaka-2 strain and neurovirulence in hamsters

Virus Expt no.
Titer (PFU) by cell typea

No. of days to onset of disease
(survival time �days�)b

Incidence of
diseasec

Vero B95a

IC/OSA2FH 1 25 4,250 3 (2), 3 (2), 3 (2*), 4 (1*), 4 (2*), 4 (2*) 6/6
IC/OSA2F 1 150 2,450 3 (2*), 3 (2*), 3 (3), 3 (3*), 3 (3*), 4 (2) 6/6

2 150 2,450 3 (3), 3 (3*) 2/2
15 245 5 (2), 5 (2*), 20 (�), � (�) 3/4
1.5 25 5 (121), 6 (�), 7 (3), � (�) 3/4

IC/OSA2H 1 �0.5 750 9 (8*), 26 (1*), � (�), � (�), � (�),� (�) 2/6
2 �0.5 2,900 7 (4*), 11 (3*), � (�), � (�) 2/4

�0.05 290 15 (3), � (�), � (�), � (�) 1/4
�0.005 29 23 (3), � (�), � (�), � (�) 1/4

IC323 1 2,000 � (�), � (�), � (�), � (�), � (�), � (�) 0/6
IC/F:OSA2F 1 122 2,000 3 (3*), 3 (3*) 2/2
IC/F:OSA2ext 1 12 2,000 3 (1), 3 (2), 3 (2), 4 (2) 4/4

IC/F:OSA2cyt 1 0.16 2,000 � (�), � (�), � (�), � (�) 0/4
2 2.0 25,000 � (�), � (�), � (�), � (�)d 0/4

IC/F:L197I 1 0.1 2,000 � (�), � (�), � (�), � (�) 0/4
IC/F:Y442D 1 5 2,000 4 (�), 4 (�), 4 (�), 5 (41), 5 (�),� (�) 5/6
IC/F:T461I 1 110 2,000 4 (2*), 4 (4), 4 (5), 4 (�), 5 (1*), 5 (4) 6/6
IC/F:E478G 1 �0.01 2,000 � (�), � (�), � (�), � (�) 0/4

a The titer of the inoculated virus (50 �l/brain) was determined in either Vero cells or B95a cells.
b Number of days from intracerebral inoculation to the onset of the disease is shown (�, no symptoms). In parentheses, the number of days from onset of disease

to death or sacrifice at the terminal stage, indicated by an asterisk, is shown (�, animal did not die).
c Number of diseased hamsters/number of inoculated hamsters.
d Hamster 248 died 21 days after intracerebral inoculation without any neurological symptoms, and the virus was not recovered; the death was considered unrelated

to the recombinant virus infection.
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FIG. 4. Histopathological findings of the hippocampus. Neuronal loss and degenerated neurons were observed with different extents of severity
in fields CA1 through CA3 of hamsters inoculated with the IC/OSA2FH, IC/OSA2F, IC/OSA2H, IC/F:OSA2F-ext, IC/F:T461I, and IC/F:Y442D
(B to E, G, and H), whereas no lesion was detected in the brain of the hamsters inoculated with the wild-type IC323, IC/F:OSA2-cyt, IC/F:L197I,
or IC/F:E478G virus (A, F, I, and J). In hamsters inoculated with the IC/OSA2H virus (D), neuronal damage was restricted to the CA1 field of
the hippocampus. Proliferation and activation of astroglia and microglia were also noted in the affected areas. Inoculated viruses were the
following: IC323 (hamster 262; showed no symptoms and was sacrificed at 70 days p.i.) (A); IC/OSA2FH (hamster 290; showed symptoms at 4 days
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produced infectious cell-free virus at approximately 5% of the
IC323 virus level (data not shown).

The IC/F:OSA2-ext and IC/F:OSA2-cyt viruses were inocu-
lated into hamster brains at a titer of 2,000 PFU per brain
(Table 3). Hamsters inoculated with the IC/F:OSA2-ext virus
developed neurological signs such as general seizures 3 or 4
days p.i. and died 1 or 2 days after the onset of seizures,
whereas hamsters inoculated with the IC/F:OSA2-cyt virus
showed no symptoms. In a further study, four hamsters that
were inoculated with the larger amount of the IC/F:OSA2-cyt
virus (25,000 PFU per brain) did not develop the disease.
Therefore, the extracellular domain of the F protein of the
Osaka-2 strain is responsible for neurovirulence in hamsters.

A single amino acid substitution in the extracellular domain
of the F protein is responsible for enhanced fusogenicity in
Vero cells and neurovirulence in hamsters. Because I10V, an
isoleucine-to-valine substitution at amino acid 10 in the N-
terminal region of the F protein, is included in the signal
peptide that is deleted after synthesis, only four amino acids,
L197I, Y442D, T461I, and E478G, are different between the
IC323 and the Osaka-2 strains in the extracellular domain of
the F protein. We then prepared four additional mutant plas-
mids that expressed the F protein with a single amino acid
substitution. The resulting F plasmids were individually coex-
pressed with the IC323 H protein in B95a or Vero cells, and
the ability to induce syncytium formation (Fig. 6) was exam-

ined. As expected, all four mutants induced syncytia in B95a
cells within 24 h posttransfection, indicating that these F mu-
tant proteins were functionally expressed on the cell surface
(data not shown). On the other hand, only the T461I mutant
efficiently induced syncytia in Vero cells at 24 h posttransfec-
tion (Fig. 6C). The Y442D mutant also induced syncytia, but it
took 72 h or more to make small ones (data not shown).

Four recombinant viruses containing the F gene that ex-
pressed the F protein with a single amino acid substitution
found in the extracellular domain of the Osaka-2 F protein
were recovered (Fig. 5) and inoculated into hamster brain.
Hamsters inoculated with the virus containing the T461I F
protein mutation (IC/F:T461I) developed neurological signs 4
or 5 days p.i. and died 4 or 5 days after the onset of signs (Table
3). Hamsters inoculated with the IC/F:Y442D virus also devel-
oped neurological signs 4 or 5 days p.i. but recovered and
survived for at least 24 weeks. Two other mutant viruses (IC/
F:L197I and IC/F:E478G virus) did not produce any neurolog-
ical signs.

Some of the dead or dying hamsters were subjected to his-
topathological examination (Fig. 4). As found in the brains of
hamsters inoculated with the IC/OSA2FH or IC/OSA2F virus,
severe lesions were found around the CA1 field of the hip-
pocampus of the brains from the hamsters inoculated with the
IC/F:OSA2-ext or IC/F:T461I virus (Fig. 4E and G). Old le-
sions with neuronal loss and astrogliosis were documented in
the CA1 field of the hippocampus of the brain from hamsters
inoculated with the IC/F:Y442D virus (Fig. 4H). In contrast,
no lesion was found in the brains of hamsters inoculated with
the IC/F:OSA2-cyt, IC/F:L197I, or IC/F:E478G virus (Fig. 4F,
I, and J). Therefore, the severity of the lesions correlated with
neurovirulence.

DISCUSSION

SSPE strains of MV contain numerous mutations, especially
in the M, F, and H genes, which result in structural alterations
of the proteins encoded by these genes. It is important to
ascertain whether these changes are simple accumulations dur-
ing long-term persistence of the virus or changes necessary for
effective virus spread in the brain. Because SLAM, the primary
entry receptor for wild-type MV, is not expressed on neural
cells and because basically SSPE strains do not use CD46 as an
alternative receptor (28, 63), it is reasonable to speculate that
changes or adaptations that use an unidentified receptor are
introduced in the envelope proteins. The recent development
of MV rescue system technology allowed us to identify the
molecular determinant(s) of MV responsible for the pheno-
typic change in vitro and for neurovirulence. Cathomen et al.
first described the role of mutations found in SSPE strains by

p.i. and was sacrificed at 6 days p.i.) (B); IC/OSA2F (hamster 176; showed symptoms at 3 days p.i. and was sacrificed at 6 days p.i.) (C); IC/OSA2H
(hamster 187; showed symptoms at 7 days p.i. and was sacrificed at 12 days p.i.) (D); IC/F:OSA2-ext (hamster 237; showed symptoms at 3 days
p.i. and died at 5 days p.i.) (E); IC/F:OSA2-cyt (hamster 245; showed no symptoms and was sacrificed at 280 days p.i.) (F); IC/F:T461I (hamster
275; showed symptoms at 5 days p.i. and was sacrificed at 6 days p.i.) (G); IC/F:Y442D (hamster 268; showed symptoms at 4 days p.i. and was
sacrificed at 168 days p.i.) (H); IC/F:L197I (hamster 258; showed no symptoms and was sacrificed at 70 days p.i.) (I); IC/F:E478G (hamster 278;
showed no symptoms and was sacrificed at 70 days p.i.) (J). CA1, CA2, CA3, and DG (dentate gyrus) fields are indicated in panel A. Scale bar,
500 �m. Panels A, B, and G to J show the hippocampus area of the left hemisphere, and panels C to F show the hippocampus area of the right
hemisphere of the brain. The arrows indicate the abnormal appearance of fields CA1 through CA3 due to the necrosis of pyramidal cells.

FIG. 5. Schematic diagram of the MV F protein and constructs.
HRA and HRB, two highly conserved heptad repeat domains, are
shown; regions of signal peptide and fusion peptide are indicated as
shaded boxes. TM, transmembrane domain (black box). Arrows indi-
cate amino acids different from the those of the IC323 strain. For the
F and H coexpression experiments by transfection, the fragments were
inserted into a eukaryotic expression vector, pME18S. For the recom-
binant MV constructions, plasmids were prepared by replacing the
whole F gene fragment from the basic plasmid containing the IC323
viral genome.
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adapting the recombinant MV system (10, 11). In a similar
system, Patterson et al. also described the role of the mutation
in the M gene (52). However, these experiments used a recom-
binant MV system based on the Edmonston strain (10, 11, 52)
and CD46 transgenic mice (10, 52), and hence CD46 would be
used as the receptor for the infection. Therefore, we generated
recombinant viruses containing SSPE genes from a vector plas-
mid based on the wild-type MV IC323 strain (65). In this study,
we analyzed the functional alterations of the envelope-associ-
ated proteins both in vitro and in vivo.

As previously reported (10, 52), recombinant MVs in which
the M gene was deleted or replaced by the hypermutated M
gene from SSPE strains were infectious but showed reduced
productivity of the extracellular cell-free virion. We also gen-
erated infectious recombinant viruses containing the M gene of
the Osaka-2 strain, and the virus-infected cells showed a non-
productive nature. Although the hypermutation of the M gene
resulting in the defective expression of the M protein is the
most characteristic feature in the genome of many SSPE
strains, including the Osaka-2 strain, replacement of the M
gene alone did not confer a neurovirulent phenotype in ham-
sters. Rather, it is possible to consider the M gene mutation as
a contributing factor to attenuation. It should be noted that a
matrix-less MV lost acute pathogenicity but penetrated more
deeply into the brain parenchyma than the Edmonston MV in
mice expressing the human receptor CD46 and defective for
the interferon type I system (10); and the recombinant MV
containing the biased hypermutated M gene of the Biken
strain, from which the defective M protein was produced, in-
duced prolonged infection occurring as long as 30 to 50 days
after that caused by MV (52). We do not exclude the possibility

that the defect of the M protein in the Osaka-2 strain makes
some contribution to its persistence in the brain.

Experiments using the transient coexpression of the F and H
proteins demonstrated that the extracellular domain of the F
protein was responsible for efficient syncytium formation in
SLAM-negative Vero cells as well as in cell lines expressing
SLAM or CD46 (6). The region responsible for the enhanced
fusogenicity was further narrowed to the level of a single amino
acid in the current study. Substitution of a single amino acid
(T461I) was sufficient for enhancement of fusion activity. This
residue is located in the heptad repeat B (HRB) domain, which
is adjacent to the transmembrane domain (20, 35). The HRB
domain is thought to be involved in the conformational change
during the fusion process to make a six-helix bundle structure
with the heptad repeat A (HRA) domain, which is adjacent to
the fusion peptide (reviewed in reference 36). Although fuso-
genic activity was lower than that caused by the T461I substi-
tution, another amino acid change, Y442D, also induced syn-
cytia in Vero cells. Doyle et al. (17) reported the alteration of
fusogenic activity of mutant F proteins with amino acid substi-
tutions at positions 94, 367, and 462. Okada et al. (49) also
described the enhanced fusogenicity resulting from a single
G464W substitution in the F protein, which was developed in
a Vero cell-adapted wild-type T11 strain. These results sug-
gested that the conformational change of the F protein due to
an amino acid substitution at a different site could result in a
similar enhancement of fusion activity. We previously de-
scribed the effects of amino acid substitutions in the F protein
from three SSPE strains (Osaka-1, Osaka-2, and Osaka-3) on
syncytium formation in Vero cells. These three SSPE strains
replicate and induce syncytia in Vero cells, and the SSPE F

FIG. 6. Syncytium formation induced by a different kind of mutant F protein. Vero cells were cotransfected with plasmid DNA encoding the
H and F proteins of MV. The H gene was derived from the IC323 strain while the F gene was from one of the mutant F genes. At 24 h p.i., cells
were fixed and stained with a monoclonal antibody to the H protein and fluorescein isothiocyanate-conjugated anti-mouse antibody. (A) IC/F:
L197I. (B) IC/F:Y442D. (C) IC/F:T461I. (D) IC/F:E478G. Arrows in panel C indicate syncytia formed in cells cotransfected with the F gene
containing the T461I substitution. No syncytia were found in cells cotransfected with other F genes.
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protein was responsible for syncytium formation. The T461I
substitution was found in the F protein of the Osaka-3 strain as
well as in the Osaka-2 strain. However, substitutions found in
the F protein of the Osaka-1 strain do not overlap with those
in the Osaka-2 strain. It is possible that other substitution(s) or
combinations could induce similar conformational changes in
the protein and could result in the same phenotype, i.e., en-
hanced fusion. We are currently preparing recombinant viruses
containing the F and H genes from the Osaka-1 strain to verify
the idea suggested by the results obtained from the analysis of
the Osaka-2 strain.

A series of recombinant viruses containing mutations in the
F gene were generated on the IC323 wild-type strain back-
ground. Expression of the F gene with a single T461I substi-
tution in the F protein (IC/F:T461I virus) was sufficient to
induce lethal encephalopathy in hamsters. Expression of the F
gene with a Y442D substitution in the F protein (IC/F:Y442D
virus) also induced severe neurological symptoms though these
hamsters recovered quickly from the disease. Considering that
the Y442D substitution induced syncytium formation less ef-
ficiently than the T461I substitution in the F and H cotrans-
fection experiments, there is a good correlation between the
extent of the fusion activity in vitro and the severity of neuro-
virulence in hamsters. As previously described (10, 11), MV
bearing an F protein with a shortened cytoplasmic tail induced
enhanced cell fusion. The virus lost acute pathogenicity but
penetrated more deeply into the brain parenchyma than the
Edmonston MV in the CD46-transgenic, interferon type I-de-
ficient mice. The result indicated that defects in the cytoplas-
mic tail of the F protein resulted in attenuation of MV neu-
rovirulence in mice. The role of the F gene in neurovirulence
of other viruses has been reported. The F gene of rodent
brain-adapted mumps virus was a major determinant of neu-
rovirulence in neonatal Lewis rats (40). Lemon et al. showed
that expression of the F gene alone of the neurovirulent strain
was sufficient to induce significant levels of hydrocephalus in
the animals. However, there was no correlation between fuso-
genicity and neurovirulence, and the mechanism whereby the
mumps virus F protein modulates neurovirulence remains un-
known. The direct correlation of enhanced fusogenicity and
neurovirulence of the Osaka-2 strain will be evaluated by sim-
ilar experiments with the Osaka-1 strain, the F protein of which
has different substitutions, as discussed above.

In addition to the F protein, the H protein contributed to
neurovirulence to some extent. Some (30 to 50%) of the ham-
sters inoculated with the recombinant virus expressing the H
protein of the Osaka-2 strain (IC/OSA2H virus) developed the
same neurological symptoms as those inoculated with the virus
containing the Osaka-2 F gene (IC/OSA2F virus). The inci-
dence was much lower in hamsters inoculated with the IC/
OSA2H virus than in those inoculated with the IC/OSA2F
virus, and the onset was delayed. This minor but definite con-
tribution of the H gene to neurovirulence was masked by the
major contribution of the F gene in the hamsters inoculated
with the IC/OSA2FH virus. Further study will be needed in
order to differentiate the role of the H protein in neuroviru-
lence. Duprex et al. described the role of the H gene of the
CAM/RB strain, a rodent brain-adapted MV, in neuroviru-
lence in newborn mice (18). Further study revealed that the
combination of two amino acid substitutions (R195G and

N200S) in the stem 2 region of MV H protein determined
neurovirulence (44). However, these two amino acid substitu-
tions are unique to the CAM/RB strain and are not found in
SSPE strains. Therefore, the role and mechanism of the
Osaka-2 H protein in neurovirulence could be different. It
should be noted that the recombinant virus containing the
CAM/RB-H gene replicated in the brains of mice to a lesser
extent than the parental CAM/RB virus, indicating the re-
quirement of other genes for full neurovirulence. This is con-
sistent with our result of minimum neurovirulence in the re-
combinant virus expressing the Osaka-2 H protein in hamsters.
Further investigation is required to address the question of
which amino acid substitution(s) is responsible for neuroviru-
lence.

The mechanism of the restricted production of infectious
cell-free virus by the SSPE F- and H-containing virus is largely
unknown. It is possible that the interaction between the F and
H proteins with the M protein is restricted because of the
alteration of the cytoplasmic domain of the envelope glycopro-
teins. Cathomen et al. suggested the association of M with the
cytoplasmic tails of the glycoproteins might negatively influ-
ence their fusion efficiency (11). However, the restricted pro-
duction of infectious cell-free virus by the mutant F protein
that contained only the extracellular domain of the Osaka-2
strain cannot be explained by this mechanism. Our preliminary
data indicated that even a single substitution in the extracel-
lular domain could greatly alter cell-free virus production (un-
published observations). The F protein is highly conserved,
and only one or two amino acid differences are found among
wild-type MV strains. This implies the elimination of viruses
containing a mutant F protein that affects the production of
infectious virions. It is possible that such mutations found in
SSPE strains are allowed or selected in a specific environment
such as the brain.

The mechanism of the spread of MV in the brain is poorly
understood. A hypothesis of transsynaptic spread of MV in
neurons without interaction between the H protein and the
host cellular receptor was proposed (38). Further investigation
suggested that neurokinin-1 (NK-1), a member of the neuro-
tachykinin family of G protein-coupled neurotransmitter re-
ceptors, served as a receptor for the MV F protein (43). Be-
cause the fusion-inhibitory peptide (FIP; z-D-Phe-L-Phe-Gly) is
known to inhibit fusion by paramyxovirus (54, 55) and because
the tripeptide sequence is identical to the active site of sub-
stance P, a ligand for NK-1, it is possible that the SSPE F
protein is more effective for microfusion at the synaptic cleft.
However, it is equally possible that the virus spreads by micro-
fusion via a specific interaction between the H protein and an
unidentified host cellular receptor at the synapse. It should be
noted that syncytium formation was observed in the CA1 field
of one hamster brain that was inoculated with the Osaka-2
strain (29). In a study of MV spread in neurons using rat
hippocampal slice culture (21), MV showed a retrograde
spread from CA1 to CA3 pyramidal cells. This observation is
consistent with the result we observed in the hippocampal
region, which showed that the CA1 field was the most affected
and that the CA2 and CA3 fields were also affected in severe
cases. The apparent target region of the recombinant virus
containing the SSPE H gene was also the CA1. Because bind-
ing of the H protein with the host cellular receptor is usually
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required for the induction of a conformational change in the F
protein, the differential role of the H protein in virus spread in
the brain should be clarified. To understand this, substitutions
appearing in the SSPE H protein should be evaluated individ-
ually in relation to the interaction with the yet unidentified
receptor(s) on Vero cells (5), epithelial cells (41, 67, 68), and
neural cells, as well as the known receptors SLAM and CD46.

In conclusion, our findings indicate that the F gene of the
Osaka-2 strain of MV is a major determinant of neuroviru-
lence, regardless of whether a specific interaction between the
H protein and the host cellular receptor is involved. A single
amino acid substitution in the F protein is sufficient for neu-
rovirulence. Studies of recombinant viruses containing the F
gene with mutations found in different SSPE strains are nec-
essary to understand the relationship between the increased
fusogenicity and neurovirulence. In addition, identification of
an unidentified alternative receptor in Vero and neural cells
will provide new insights into the mechanism of MV spread in
the brain and the pathogenesis of SSPE and open a way to
develop a novel therapy.
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