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The Mahoney strain of poliovirus type 1 (OM) is generally unable to cause paralysis in mice. We isolated a
mouse-adapted mutant, PV1/OM-SA (SA), from the spinal cord of a mouse that had been intracerebrally
inoculated with OM. SA showed mouse neurovirulence only with intraspinal inoculation, and the infected mice
developed a flaccid paralysis, which was indistinguishable from that observed in poliovirus-sensitive transgenic
mice inoculated with OM. SA antigens were detected in neurons of the spinal cords of the infected mice.
Nucleotide (nt) sequence analysis revealed 9 nt changes on the SA genome, resulting in three amino acid (a.a.)
substitutions, i.e., one each in the capsid proteins VP4 and VP1 and in the noncapsid protein 2C. To identify
the key mutation site(s) for the mouse neurovirulence, virus recombinants between OM and SA were con-
structed by using infectious cDNA clones of these two viruses and tested for their mouse neurovirulence after
inoculation via an intraspinal route. The results indicated that a mutation at nt 928 (replacement of A with G),
resulting in a substitution of Met for Ile at a.a. 62 within VP4, was responsible for conferring the mouse
neurovirulence phenotype of the mutant SA. The mutation in VP4 may render the virus accessible to a molecule
that acts as a virus receptor and is located on the surfaces of neurons of the mouse spinal cord. This molecule

appears not to be expressed in the mouse brain.

Poliovirus (PV), the causative agent of poliomyelitis, is a
human enterovirus that belongs to the Picornaviridae family
and is classified into three stable serotypes, 1, 2, and 3. The
poliovirion is an icosahedral, nonenveloped particle that is
composed of 60 copies each of four capsid proteins, VP1, VP2,
VP3, and VP4, and a single-stranded RNA genome of positive
polarity. The study of the three-dimensional structure has re-
vealed that the three larger capsid proteins, VP1, VP2, and
VP3, form the outer surface; the smallest one, VP4, is confined
to the inner surface and is in contact with the viral RNA (11).
A deep depression, called a canyon (30), on the surface of the
virion has been suggested to be an attachment site for the PV
receptor (PVR) on the surface of permissive cells.

PV infection is initiated by oral ingestion of the virus fol-
lowed by its multiplication in the alimentary mucosa. After
extensive multiplication in tissues including tonsils and Peyer’s
patches, the virus moves into the blood. If viremia becomes
established, the virus invades the central nervous system (CNS)
and paralytic poliomyelitis occurs as a result of destruction of
neurons in the CNS, especially motor neurons in the anterior
horn of the spinal cord (3).

Strains of PV infect only primates and cannot infect mice,
with the exceptions of the PV type 2 (PV2) wild strains, the
Lansing and MEF-1 strains, which were isolated by serial pas-
sages in cotton rats (2, 32). These PV2 strains, however, do not
cause the typical syndrome of poliomyelitis, although they may
kill mice when injected intraspinally or intracerebrally (9). The
predominant molecular determinant of species specificity of
PV is the PVR, a cell surface molecule with three immuno-
globulin (Ig)-like domains expressed only by primate cells (14,
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20). Transgenic (Tg) mice expressing the human PVR are
susceptible to infection with all three serotypes of PV, and
when these mice are inoculated with PV they show clinical
symptoms similar to those observed in humans and monkeys
(13, 29).

After PV infection of the CNS of Tg mice, PV antigens or
genomic RNA are detected only in neurons and not in vascular
endothelial cells or glial cells (12, 13, 15, 27). In situ hybrid-
ization experiments using Tg mice have demonstrated that the
PVR mRNAs are also detected only in neurons of the CNS.
Thus, the expression of human PVR may confer cell tropism to
PV in the CNS of Tg mice. However, Western blot analyses
have shown that PVR are expressed in a wide range of human
and Tg mouse tissues, including tissues that are not targets of
PV infection (7, 14, 15, 20, 24). These observations indicate
that PV tissue tropism is governed neither merely by expres-
sion of the PVR gene nor solely by accessibility of cells to the
virus.

To clarify the molecular basis of PV tropism, attempts have
been made to obtain mouse-adapted PV type 1 (PV1) mutants
by serial passages in the mouse CNS (5, 22), by genetic ex-
change of gene segments between PV1 and mouse-virulent
PV2 (18, 19, 23), and by selection of persistently infectious PVs
in human neuroblastoma (6). The molecular studies of mouse-
adapted mutants have revealed that determinants of mouse
neurovirulence phenotype are located either at the surface of
the viral capsid, i.e., at residues 94 to 102 (BC loop) and
residue 160 of VP1, residue 142 of VP2, and residue 60 of VP3,
or inside the viral capsid, i.e., at residues 22, 40, and 54 of VP1,
residue 31 of VP2, and residue 62 of VP4 (5, 6, 18, 22). All
these mutant viruses show mouse neurovirulence after inocu-
lation via an intracerebral route.

Here we isolated a mouse spinal cord-specific mutant of the
PV1 Mahoney strain. Non-Tg mice intraspinally inoculated
with this mutant developed paralysis, which was indistinguish-
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able from that in Tg mice inoculated with wild-type PV, but the
mice intracerebrally inoculated with this mutant did not show
any symptoms under the conditions used. The genomic deter-
minant was found to be nucleotide (nt) 928, located within the
VP4 capsid protein-coding region. Our results suggest that PV
with this mutation recognizes a surface molecule of neurons in
the mouse spinal cord, which is possibly not expressed in the
brain, as a receptor.

MATERIALS AND METHODS

Cells, viruses, and mice. African green monkey kidney (AGMK) cells were
grown in Dulbecco modified Eagle’s medium supplemented with 5% newborn
calf serum and used for the transfection experiment with infectious cDNA
clones, plaque purification of viruses, and plaque assays. Suspension-cultured
HeLa S3 cells were grown in RPMI 1640 medium supplemented with 5% new-
born calf serum and used for preparation of PV.

The PV1 Mahoney virus strain (OM) was recovered from AGMK cells trans-
fected with RNA transcribed from the infectious cDNA clone, pOM (33). The
light-sensitive OM virus was prepared by using neutral red as described previ-
ously (17).

The Tg mouse line ICR-PVRTg21 (13), at the hemizygous stage, and mice of
the IQI line, an inbred strain of ICR mice, at the age of 6 to 10 weeks, were used
for mouse neurovirulence tests. Other inbred mouse strains (C3H/he, C57BL/6,
BALB/c, and DBA/2) were purchased from Japan SLC, Inc. All mice used had
been maintained under specific-pathogen-free condition before use.

Antibodies. Hyperimmune anti-PV1 serum was prepared by injecting OM
virus into a rabbit and used for tissue staining. Rabbit hyperimmune sera specific
for PV1/Mahoney, PV2/Lansing, and PV3/Leon, generous gifts from the Japan
Poliomyelitis Research Institute, were used for virus type identification tests.
Anti-glial fibrillary acidic protein (GFAP) monoclonal antibody (clone 2.2B10)
was purchased from Zymed Laboratories, Inc. Goat anti-rabbit IgG conjugated
with fluorescein isothiocyanate (FITC) and goat anti-rat IgG (H+C) conjugated
with Texas red were purchased from Medical & Biological Laboratories, Co.,
Ltd., and Vector Laboratories, Inc., respectively.

Viral RNA preparation. Genomic RNA of mutant virus was isolated from
DEAE Sepharose CL-6B-purified virions (16) by three extractions with 1 volume
each of phenol and chloroform—isoamyl alcohol (24:1) followed by one extraction
with chloroform-isoamyl alcohol. RNA was then precipitated with ethanol.

Construction of infectious cDNA clones. The cDNAs corresponding to the 5’
proximal portion of the genome of the mutant PV1/OM-SA (SA) were prepared
by reverse transcriptase (RT) PCR of the mutant genome RNA; oligonucleotides
5'-CTGAGAATTCGTAATACGACTCACTATAGGTTAAAACAGCTCTGG
GGTTG-3' (nucleotide sequence of EcoRI site, T7 phage 10 promoter, and nt 1
to 20 of PV RNA) and 3'-CCACCACCTTCAACGGACTA-5" (antisense se-
quence for nt 1182 to 1201 of PV RNA) were used as sense and antisense
primers, respectively. The RT PCR product was digested with EcoRI and Sphl
and inserted into the EcoRI and Sphl sites of pBR322. This plasmid was named
pBR5'T7.

Double-stranded cDNA complementary to the genome of the mutant was
prepared by using the cDNA synthesis system Plus (Amersham) (33). The cDNA
with EcoRI adapters at both ends was inserted into the EcoRI site of the plasmid
vector pSVA14 (10). Plasmid carrying cDNA nearly equivalent in length to
full-length PV RNA was chosen. This plasmid was called pSVA-SA. An infec-
tious cDNA clone of mutant SA was constructed by replacing the AarIl frag-
ments of pSVA-SA with the corresponding fragments from pBR5'T7. The re-
sulting clone was designated pSA.

Nucleotide sequence analysis. To identify the key mutation site(s) in the
genome of SA virus, the nucleotide sequence of cDNA containing the entire SA
genome was determined by using a Pharmacia LKB ALFRed DNA sequencer.
The sequence determination was also performed to confirm the mutation sites of
various recombinants made by exchange between OM and SA viruses.

Construction of recombinant ¢cDNAs. Infectious recombinants of cDNAs from
OM and from SA were constructed by using infectious cDNA clones of these
viruses, pOM and pSA. Allele replacement experiments were carried out on
these two plasmids with the restriction enzymes Banll, Pvul, Nhel, Nrul, and
Spel under conditions recommended by the manufacturers. The digestion prod-
ucts were separated by gel electrophoresis on 1% agarose. Ligations and trans-
formations were performed by standard methods (31). The plasmid designation
pOM/SA-cap denotes a plasmid that carries the capsid protein-coding region of
pSA in the background of the pOM sequence. Other recombinants were also
named by using similar terminology.

Construction of single point mutant. A single point mutation at nt 926 (re-
placement of A with G), resulting in substitution of Val for Ile at amino acid
(a.a.) 62 within the VP4 capsid protein, was introduced into the OM genome by
RT PCR by using oligonucleotides 5'-CTGAGAATTCGTAATACGACTCAC
TCATAGGTTAAAACAGCTCTGGGGTTC-3" (corresponding to nt 900 to
940; the site of substitution [nt 926] is underlined) and 3'-CCACCACCTTCAA
CGGACTA-5" (nt 1182 to 1201) as sense and antisense primers. The 267-bp
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BanlI-Nrul fragment was used to substitute the corresponding fragment of pOM.
The infectious cDNA clone thus obtained was designated pMah-VP4V62.

Transfection. RNA transcripts were synthesized from Pvul-linearized cDNAs.
AGMK cells on a 60-mm-diameter dish were transfected with 1 to 5 ug of RNA
by a DEAE-dextran method (10, 33). The viruses recovered from the cells
transfected with pSA, pOM/SA-cap, pSA/OM-cap, pOM/SA-VP4, pSA/OM-
VP4, pOM/SA-VP1, pSA/OM-VP1, pOM/SA-VP3, pSA/OM-VP3, and pMah-
VP4V62 were designated SA, OM/SA-cap, SA/OM-cap, OM/SA-VP4, SA/OM-
VP4, OM/SA-VP1, SA/OM-VP1, OM/SA-VP3, SA/OM-VP3, and Mah-VP4V62,
respectively.

Mouse neurovirulence test. Mice, at the age of 6 to 10 weeks, were intrace-
rebrally and intraspinally inoculated with 30 and 5 pl of PV suspensions, respec-
tively, and the animals were observed daily for 14 days for paralysis and mortality.
The 50% lethal dose (LDs) of each virus was calculated by the method of Reed
and Muench (26).

Recovery of viruses from tissues. The spinal cords and brains were removed
from paralyzed mice and homogenized in phosphate-buffered saline (PBS) (10
mM phosphate buffer [pH 7.0], 137 mM NaCl, and 2.6 mM KClI) to prepare a
10% emulsion of the tissue. The homogenates were centrifuged to remove the
debris, and the supernatant containing virus was subjected to plaque purification
or a plaque assay.

Preparation, storage, and sectioning of tissues. Mice were intraspinally inoc-
ulated with PV suspensions as described above. Mice that became moribund
after infection were anesthetized and perfused with PBS through the left ven-
tricle. The spinal cords were removed by dissection, and 1-cm-long pieces were
immediately frozen in O.C.T. compound (Miles, Inc., Elkhart, Ind.) in a dry
ice—acetone—cold hexane bath. The blocks were stored in plastic bags, to prevent
dehydration, at —80°C. Sections (thickness, 8§ um) were prepared by using a Jung
CM 3000 cryostat (Leica Instruments GmbH), mounted on 3-aminopropyltri-
ethoxysilane (APS)-coated slides (Matsunami Glass Ind., Ltd.), and air dried. As
a negative control, frozen sections of the spinal cords collected from IQI mice 5
days after the intraspinal inoculation with OM virus were prepared.

Immunofluorescence assay. All the reactions for immunofluorescence assay
were carried out at room temperature except for the primary antibody incuba-
tion. Sections were fixed in 2% paraformaldehyde for 10 min and rehydrated in
PBS. Nonspecific staining was blocked by incubation in 10% normal goat serum
for 30 min. Primary antibodies were overlaid on the slides at 4°C overnight, and
secondary antibodies conjugated with FITC or Texas red were overlaid on the
slide for 1 h. The sections were examined with a confocal laser scanning micro-
scope (Bio-Rad).

RESULTS

Isolation of a mouse-adapted PV1 mutant. To investigate
the molecular basis for host restriction of PV1 in mice, we
isolated a mouse-adapted PV1 mutant. A total of 53 IQI mice
were inoculated intracerebrally with 107 PFU of light-sensitive
OM virus, in which mutations should accumulate during the
repeated replication in a medium containing neutral red. Of
these, 6 mice showed signs of paralysis. The spinal cord and
brain were removed from one of these paralyzed mice and
homogenized as described in Materials and Methods. The ho-
mogenates were used for plaque assay. Plaques of at least two
size ranges were detected, although these plaques were much
smaller than those of OM virus. The smaller plaques were
detected mainly in homogenates of the spinal cord, and the
larger ones were detected mainly in those of the brain. These
results suggested the presence of distinctive variants within the
CNS homogenates. Three rounds of plaque purification were
performed on these viruses in AGMK cells. Viruses from
smaller plaques, but not those from larger plaques, caused
paralysis in IQI mice following intraspinal inoculation. A
smaller plaque variant was propagated in HeLa S3 suspension
cells and designated PV1/OM-SA (SA) (Fig. 1). As shown in
Fig. 1, a small population of viruses that formed larger plaques
appeared during the propagation, suggesting low stability of
the SA phenotype in in vitro-cultured cells.

To verify that the mutant was a PV1, we carried out neu-
tralization tests by using rabbit hyperimmune sera specific for
PV1/Mahoney, PV2/Lansing, or PV3/Leon. Only the anti-PV1/
Mahoney serum could neutralize the mutant. Therefore, the
mutant was serotypically identical to PV1 (data not shown).
The smaller-plaque phenotype may be indicative that the SA
infection cycle in AGMK cells is less efficient than that of the
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FIG. 1. Plaque phenotypes of OM and SA. AGMK cells grown in the 60-mm-diameter dishes were infected with OM or SA, respectively. Cells in the dishes were

incubated at 37°C for 72 h, fixed, and stained with 1% crystal violet.

parental OM virus. In fact, the titers of virus harvested from
AGMK cells infected with SA virus were about 10 times lower
than those of virus harvested from cells infected with the pa-
rental virus (data not shown).

An infectious cDNA clone, pSA, was prepared as described
in Materials and Methods. The viruses recovered from AGMK
cells transfected with RNA transcribed from the infectious
cDNA clone showed SA phenotypes, that is, very small plaque
phenotype and mouse neurovirulence phenotype, after the in-
traspinal inoculation. Accordingly, the virus derived from pSA
was used as SA virus in the following experiments.

Mouse spinal cord specificity of mutant SA. IQI mice were
infected with OM or its mutant SA via various inoculation
routes (Table 1). Interestingly, SA caused paralysis in IQI mice
only when delivered by the intraspinal inoculation route. IQI
mice intraspinally injected with SA developed a flaccid paral-
ysis and death in a dose-dependent manner, and the LD5, was
calculated to be 1.25 X 10° PFU. The first clinical symptoms
observed were those affecting their limbs, at 3 to 5 days after
the intraspinal inoculation, and progression to death occurred
within 5 to 7 days. Some mice survived with paralysis in one or
both hind limbs. These clinical signs were indistinguishable
from those for Tg mice injected with OM virus. Intracerebral,
intravenous, and intramuscular inoculation of 107 PFU of SA
did not produce neurovirulence for IQI mice (Table 1). OM
virus did not cause paralysis of mice when delivered by any
inoculation routes used. The neurovirulence of SA was also
tested by using other inbred mouse strains, such as C3H/he,

TABLE 1. Neurovirulence test of PV1 in IQI mice

LDs, (PFU) of PV1 inoculated via various routes:

Virus

Intraspinal Intracerebral Intravenous Intramuscular
oM >10° >107 >107 >107
SA 1.25 x 10° >107 >107 >107

C57BL/6, BALB/c and DBA/2. Intraspinal inoculation with 10°
PFU of SA caused paralysis and death in 8 to 10 of 10 injected
mice of these strains (data not shown). Furthermore, no neu-
rovirulence was observed for any inbred mouse strains used
after intracerebral inoculation of 107 PFU of mutant SA. Thus,
the manifestation of neurovirulence only with intraspinal inoc-
ulation of mutant SA appears to be a phenomenon common in
these mouse strains.

To confirm that the SA virus does not replicate in the mouse
brain, virus titers in the brains of IQI mice were measured at
various times after the intracerebral inoculation (Fig. 2). The
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FIG. 2. Time course of virus titers in the mouse brain. IQI mice were intra-
cerebrally inoculated with 10° PFU of virus suspensions (30 pl) of OM and SA,
respectively. Cerebrums of infected mice were removed at the indicated times
and homogenized as described in Materials and Methods. The homogenates
were centrifuged at low speeds, and the supernatants containing viruses were
subjected to plaque assays. Error bars represent the standard errors of three
experiments.
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FIG. 3. Distribution of PV antigens in spinal cords of mice intraspinally infected with PV1. Frozen sections were prepared from the spinal cords of IQI mice infected
with 10* PFU of SA virus (A through D), Tg mice infected with 10> PFU of OM virus (E through H), and IQI mice infected with 10° PFU of OM virus (I through
L). Sections were stained with anti-PV antibodies (green), and the astrocyte marker GFAP antibody (red). Lumbar spinal cords of SA-infected IQI mice and
OM:-infected Tg mice are shown in panels A and E, respectively. PV antigens were detected in both the ventral and dorsal horns. Panels B through D show the left
dorsal horns of the lumbar spinal cords of SA-infected IQI mice. Overlap of staining for anti-PV antibodies (green) with that for GFAP antibody (red) was not observed
in the sections. Panels F through H show left ventral horns of lumbar spinal cords of OM-infected Tg mice. PV antigens were detected both in the cell body and in
axonal and dendritic processes. Staining for anti-PV antibodies (green) did not overlap with that for GFAP antibody (red). Panels I through L show lumbar spinal cords

of OM-infected IQI mice. PV antigen was not detected in the sections.

time profile of virus titers of mutant SA is almost identical to
that of the parental OM virus in IQI mice, suggesting that SA
virus does not replicate in the brain. Thus, SA virus appears to
adapt only to the mouse spinal cord.

PV antigens in the spinal cord. The cervical, thoracic, and
lumbar spinal cords of PV-infected mice were examined for the
presence of viral antigens. Frozen sections of the spinal cord
were reacted with rabbit anti-PV1 hyperimmune serum fol-
lowed by FITC-conjugated second antibody. In both the ven-
tral and dorsal horns of the lumbar spinal cords of SA-infected
IQI mice PV antigens were seen only in neurons (Fig. 3A).
Similar observations were obtained for the cervical and tho-
racic spinal cords (data not shown). These results resemble
those obtained for OM-infected Tg mice (Fig. 3E), suggesting
that in IQI mice mutant SA, like OM virus in the Tg mice,
multiplies to a level of approximately 107 PFU in the spinal
cord. PV antigens were scarcely detected in the spinal cords of
OM-infected IQI mice (Fig. 3I).

To investigate whether glial cells also have PV antigens, rat
anti-GFAP antibody (Fig. 3C, G, and K), which reacts only
with astrocytic cells, and rabbit anti-PV1 hyperimmune serum
(Fig. 3B, F, and J) were employed to stain frozen sections of
the spinal cords as described in Materials and Methods. PV

antigens appeared not to be present in astrocytic cells (Fig. 3D,
H, and L). This further supports the idea that both the OM
virus and its mutant virus SA replicate mainly in neurons and
not in astrocytes.

Mutation site determining SA phenotype. To identify a mu-
tation site(s) that influences the mouse neurovirulence pheno-
type, we determined the entire nucleotide sequence of the SA
genome. Comparison with the nucleotide sequence of the ge-
nome of OM virus disclosed a total of 9 nt changes. The
mutation sites are shown in Fig. 4. Three of them appeared to
result in amino acid substitutions, one each located within the
capsid proteins VP4 (Ile62 to Met) and VP1 (Ala232 to Thr)
and within the non-capsid protein 2C (Lys270 to Asn), respec-
tively.

It has been reported that mutations in the capsid protein-
coding region could confer PV1 mouse neurovirulence pheno-
type (5, 6, 22). We also considered that mutations found in the
capsid protein-coding region might be responsible for the
mouse virulence phenotype of SA virus. Accordingly, allele
replacement was carried out on the capsid protein-coding re-
gions of the OM and mutant SA viruses. The recombinant
viruses were designated OM/SA-cap and SA/OM-cap, respec-
tively (Fig. 5). The phenotypes of OM/SA-cap and SA/OM-cap
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FIG. 4. Nucleotide and amino acid substitutions in the genomes of SA compared with the sequences of OM. The PV genome is shown at the top of the panel. P1
denotes the viral capsid protein region. P2 and P3 denote the viral non-capsid protein regions. UTR, untranslated region of RNA. Nucleotide and amino acid differences

between OM (closed boxes) and SA (open boxes) are indicated in boldface.

were compared with those of OM and SA mutant. OM/SA-cap
showed a small-plaque phenotype in AGMK cells (data not
shown) and a neurovirulence phenotype in IQI mice (Fig. 5).
Thus, OM/SA-cap has phenotypes similar to those of mutant
SA. On the other hand, SA/OM-cap showed phenotypes sim-
ilar to those of OM. These results suggest that the mouse

virulence phenotype of mutant SA is due to mutations in the
capsid-coding region of the viral genome.

To identify the key mutation(s) in the capsid region, the sites
of mutation of the VP4-, VP1-, or VP3-coding regions in the
OM and SA viruses were replaced with each other. The no-
menclature for and structures of the resulting recombinant

(— tdp““—)(—— non- capmd——)’
VP4 VP2 VP3 VPl :7A 2B 2C 3AB3C 3D

L i poly A
o, L3 value (PFU)
S-UTR 3-UTR
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'] L
SA —j ] ] ] 1.25x 103
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Banll 905 Banll 3519
OM/SA-cap [ ae— ] 7.5% 107
BanlIl 905 Banll 3519
SA/OM-cap C —— ] >100
Nrul 1172
OM/SA-VP4 I:— 3.1x103
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SA/OM-VPL — r 1.89x103
Nrul 1172 Nhel 2470
OM/SA-VP3 -:— >106
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SA/OM-VP3 ] 3103

FIG. 5. Structures of the genomes of recombinant viruses. The genome structures of the recombinant viruses are shown as combinations of OM (closed boxes) and
SA (open boxes) sequences. Nucleotide sequence differences that resulted in amino acid differences between OM and SA are shown on the OM and SA genomes.
Cleavage sites of restriction enzymes used for allele replacement experiments are denoted by the names of the enzymes with the relevant nucleotide positions. The
nomenclature for virus strains indicated on the left is explained in Materials and Methods. The LDs, (PFU) of each virus obtained from mouse neurovirulence testing
following inoculation via the intraspinal route is shown on the right. P1, P2, P3, and UTR are defined in the legend for Fig. 4.
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viruses are shown in Fig. 5. The neurovirulence of these re-
combinant viruses was tested by using IQI mice. All the re-
combinant viruses that had a mutation at nt 928 showed a
neurovirulence phenotype in IQI mice similar to that of the
mutant SA virus (Fig. 5). These results indicate that a mutation
at nt 928 (replacement of A with G) (Ile62 to Met) within the
region coding for the capsid protein VP4 is the key mutation
for the mouse neurovirulence phenotype shown by the mutant
virus SA.

A mutation at nt 926 (A to G), resulting in substitution of
Val for Ile at a.a. 62 within the capsid protein VP4, has been
identified in the genome of the mouse-neurovirulent PV1 mu-
tant (6). We constructed a single-point mutant of OM carrying
a G at nt 926, Mah-VP4V62, as described in Materials and
Methods, and the mouse neurovirulence was compared with
that of the mutant SA (Fig. 6). When 10° PFU of Mah-
VP4V62 was inoculated intraspinally, three of five IQI mice
showed mild paralysis 6 to 8 days after the inoculation. The
mild paralysis did not progress toward severe paralysis or
death. On the other hand, IQI mice inoculated with 10° PFU
of SA showed severe paralysis and died. Thus, the degree of
mouse neurovirulence of Mah-VP4V62 delivered via an in-
traspinal inoculation appears to be much less than that of
mutant SA. Intracerebral inoculation of 2.25 X 10”7 PFU of
Mah-VP4V62 did not cause paralysis in IQI mice (Fig. 6),
although 107 PFU of intracerebrally inoculated virus caused
paralysis in three of six OF1 mice (6). This discrepancy may be
due to the different mouse strains used or possible differences
in the nucleotide sequences of the genomes of PV1/Mahoney
laboratory strains between the two laboratories. In any event,
a.a. residue 62 of VP4 must play an important role in host
range determination of PV, and mutation of Ile to Met at a.a.
62 within VP4 seems to be especially important for the mouse
spinal cord-specific neurovirulence of SA.

DISCUSSION

A mouse-adapted PV1 mutant (SA), that replicates specif-
ically in the spinal cord, was isolated. This is the first report
describing a mouse-adapted PV that shows mouse neuroviru-
lence only when delivered via an intraspinal inoculation route.
Mutants of this type might have previously been missed, be-
cause an intracerebral neurovirulence test has usually been
employed to assess mouse adaptation of PVs. In fact, the
replication rate of SA in the mouse brain was similar to that of
the parental OM virus (Fig. 2). Our data suggest that PV
replication in the brain is required for spread of the virus from
the brain to the spinal cord. Since the mutant SA was isolated
from the spinal cord of a mouse intracerebrally inoculated with
OM virus, it is likely that a certain mutant(s) in a light-sensitive
OM virus preparation replicates in the brain first and then
spreads to the spinal cord, where an additional mutation(s)
occurs during the viral replication, resulting in loss of the
capacity for replication in the brain.

Mutant SA can replicate in the brain of the PV-sensitive Tg
mouse (data not shown). The observation indicates that all the
processes of replication of mutant SA are active after the virus
entry into the brain cells and that the defective replication of
SA in the brains of non-Tg mice is due to the lack of a cell
surface molecule that serves as a receptor of the mutant virus
SA. This, in turn, leads to a possibility that mutant SA becomes
a mouse-adapted virus by acquiring the capacity to recognize a
surface molecule of neurons of the spinal cord as the virus
receptor. This molecule may not be expressed in the mouse
brain.

The key mutation for the mouse adaptation of mutant SA
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FIG. 6. Neurovirulence test of Mah-VP4V62 in mice. IQI mice were inocu-
lated intraspinally (A) or intracerebrally (B) with the Mah-VP4V62 virus or
intraspinally with SA (C) as described in Materials and Methods. The amount of
virus inoculated per animal is expressed in log,, PFU at the bottom of each
graph. The height of each vertical bar represents the survival period of a mouse.
Hatched bars and filled bars indicate portions of the survival period without any
clinical symptoms and with paralysis, respectively.

was identified as a single mutation at nt 928 (A to G) of the
genome, that results in substitution of Met for Ile at a.a. 62 of
the viral capsid protein VP4. Mutation of Ile to Val at residue
62 of VP4 has been identified as a determinant for mouse
adaptation, although this mutant showed mouse neuroviru-
lence when via an intracerebral inoculation route (6) and via
an intraspinal inoculation route (Fig. 6). These observations
suggest that the a.a. residue 62 of VP4 has an important role in
determination of host range of PV. It is not known at present
how the amino acid substitution within VP4 functions in mouse
adaptation of PV. It is possible, however, that Ile62 of VP4
contributes to maintenance of the canyon structure on the
virion surface. Substitution of the amino acid residue, there-
fore, may result in recognition of molecules in addition to
PVR. The mutation may also affect the efficiency of release of
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VP4 from the virion particle during receptor-mediated virion
conformational change (1, 4, 21). Thus, mutant SA may be able
to recognize a new mouse molecule in the spinal cord as the
receptor, allowing the virion to undergo conformational alter-
ation.

The mutant virus SA showed smaller plaques in AGMK cells
(Fig. 1) and less-efficient growth in the brains of Tg mice
compared with those of OM virus (data not shown). The effi-
ciencies of early events in PV infection, such as PVR recogni-
tion and the virus uncoating process, are possibly altered in SA
virus infection. As a result, in AGMK cells, the particle-to-
PFU ratio of SA may be higher than that of the parental strain,
OM. Indeed, the titer of SA virus recovered from the infected
AGMK cells was lower than that of OM virus, as mentioned
above. It is also possible that a mutation in VP4 lowers the
efficiencies of virus replication processes, such as virus assem-
bly and protein processing. The RNA sequence itself around nt
928 may also have an unknown important role in PV replica-
tion.

It is of interest that IQI mice are resistant to 10’ PFU of
intramuscularly inoculated SA (Table 1). Intramuscularly in-
oculated PV was shown to be transported through the axon as
an intact 160S particle and cause paralysis of Tg mice (8, 25,
28). This pathway is known to be the neural pathway which is
dependent on PVR expression. Although the precise mecha-
nisms of development of paralysis mediated by the neural
pathway are not known, PVR is thought to have roles in pro-
cesses including PV incorporation at synapses, PV transporta-
tion through the axon, and PV uncoating in the neural cell
body (25, 28). Our data on the mutant virus SA, therefore,
suggest that a putative new receptor molecule for SA present
on the surfaces of neurons in the spinal cord is defective in
functions involved in at least one of the processes required for
development of the disease by the neural pathway.

Viruses that form larger plaques are readily obtained from
preparations of SA during the viral replication in cultured
cells. These viruses are no longer mouse neurovirulent (data
not shown). To obtain insight into the molecular mechanisms
of PV adaptation to mice, several revertants are now being
characterized.
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