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The high-neurovirulence Theiler’s murine encephalomyelitis virus (TMEV) strain GDVII uses heparan sul-
fate (HS) as a coreceptor to enter target cells. We report here that GDVII virus adapted to growth in HS-
deficient cells exhibited two amino acid substitutions (R3126L and N1051S) in the capsid and no longer used
HS as a coreceptor. Infectious-virus yields in CHO cells were 25-fold higher for the adapted virus than for the
parental GDVII virus, and the neurovirulence of the adapted virus in intracerebrally inoculated mice was
substantially attenuated. The adapted virus showed altered cell tropism in the central nervous systems of mice,
shifting from cerebral and brainstem neurons to spinal cord anterior horn cells; thus, severe poliomyelitis, but
not acute encephalitis, was observed in infected mice. These data indicate that the use of HS as a coreceptor
by GDVII virus facilitates cell entry and plays an important role in cell tropism and neurovirulence in vivo.

Theiler’s murine encephalomyelitis viruses (TMEV) are
divided into two groups based on neurovirulence following
intracerebral (i.c.) inoculation of mice. High-neurovirulence
strains, such as GDVII, produce fatal encephalitis in mice,
while low-neurovirulence strains, such as BeAn and DA, in-
duce early poliomyelitis followed by persistent infection in the
central nervous system (CNS) and demyelinating disease in
mice (26, 28). Members of both neurovirulence groups are
90% identical in nucleotide sequences, 95% identical in amino
acid contents, and differ only slightly in their overall three-
dimensional structures (31). Despite their close genetic and
structural relatedness, these viruses differ significantly in their
mode of binding to mammalian cells (35, 39) and in their as-
sociation with intracellular membranes during replication (8).

TMEV use at least two molecules for attachment and cell
entry (19). Recent studies have shown that low-neurovirulence
strains bind �2,3 sialic acid moieties on N-linked oligosaccha-
rides (7, 39, 42), while high-neurovirulence strains attach to the
proteoglycan heparan sulfate (HS) (35). Brain-derived stocks
of GDVII virus bind HS (35), indicating that this interaction is
not an artifact of cell culture adaptation of the virus. Since
TMEV are picornaviruses, nonenveloped viruses which are
unable to fuse with the lipid bilayer of cells, internalization is
believed to require a specific protein entry receptor. Viruses of
both TMEV neurovirulence groups have been shown to bind
an as yet unidentified sialylated 34-kDa protein in a ligand
(virus) protein overlay assay (21, 27).

To gain further insight into cell entry by TMEV, we focused
on the interaction between high-neurovirulence GDVII and
HS by using GDVII virus adapted to proteoglycan-deficient
cells. The adapted virus, designated GD-A745, acquired two
mutations, both on surface loops in the capsid. GD-A745 no
longer used HS for binding and entry, and its neurovirulence in

mice was attenuated compared to parental GDVII. Neuronal
tropism in GD-A745-infected adult mice changed from cere-
bral and brainstem neurons to spinal cord anterior horn cells,
resulting in flaccid paralysis typical of poliomyelitis but no signs
of encephalitis. Thus, the clinicopathologic phenotype of GD-
A745 infection more closely resembles that of the low-neuro-
virulence TMEV.

MATERIALS AND METHODS

Viruses. The origin and preparation of the TMEV BeAn and GDVII stocks as
clarified lysates in BHK-21 cells were described previously (37).

Cells. BHK-21 cells were maintained in Dulbecco’s modified Eagle medium
supplemented with 2 mM L-glutamine, 100 mg of streptomycin/ml, 100 U of
penicillin/ml, 7.5% fetal bovine serum, and 6.5 mg of tryptose phosphate broth
(Gibco-BRL)/ml at 37°C in a 5% CO2 atmosphere. CHO and sialic-acid-defi-
cient Lec-2 cells were maintained in minimum essential medium supplemented
with 100 mg of streptomycin/ml, 100 U of penicillin/ml, and 10% Dulbecco’s
modified Eagle medium. Proteoglycan-deficient pgsA-745 and pgsD-677 CHO
cell lines were maintained in Dulbecco’s modified Eagle medium–F-12 medium.
Mouse neuroblastoma cells (Neuro-2A) were maintained in Eagle’s minimum
essential medium supplemented as described above. Murine macrophage M1-D
cells were derived from M1 myelomonocytic precursor cells and maintained in
culture as described previously (17).

Reagents. HS from bovine kidney and anti-HS antibody F58-10E4 conjugated
to fluorescein isothiocyanate (FITC) were purchased from Seikagaku America
Inc.; goat anti-rabbit immunoglobulin G-FITC, the MTT reagent 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and neuraminidase (Clostridium
perfringens; type V) were from Sigma; and TriZol reagent was from Life Tech-
nologies (Rockville, Md.). Rabbit polyclonal antibody to BeAn virus was pre-
pared as described previously (29).

Virus titrations. The virus titers of clarified cell lysates and 10% clarified
homogenates of mouse brains and spinal cords were determined by standard
plaque assay in duplicate on BHK-21 cell monolayers in six-well plates as de-
scribed previously (37).

Dideoxynucleotide sequencing. Total RNA isolated from GD-A745 virus-in-
fected cells using TriZol reagent was reverse transcribed (1.2 �g of RNA in a
25-�l reaction mixture) using Thermoscript reverse transcriptase (Life Technol-
ogies) in the presence of specific primers (1.8 �M). Two microliters of each
cDNA reaction mixture was PCR amplified in a 50-�l reaction mixture using
negative-strand and positive-strand primers in the GDVII genome to produce
PCR products between 1.5 and 2.0 kb in length. Gel-purified PCR products were
sequenced using the ABI Prism 310 genetic analyzer (Perkin-Elmer Applied
Biosystems) and analyzed using MacVector software.
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Cell death assay. Virus was adsorbed to cell monolayers in quadruplicate with
uninfected cells as controls in 96-multiwell plates, and cell viability was deter-
mined by MTT assay as described previously (5). Cell death was calculated as a
percentage of uninfected-cell controls. For inhibition, virus was preincubated
with soluble HS at 37°C for 1 h before adsorption to cells for 45 min at 24°C,
which were then washed with phosphate-buffered saline (PBS), pH 7.4, and
incubated with the appropriate medium. Inhibition of cell death was calculated
as a percentage of untreated cells.

Mice, inoculations, and acute LD50 assay. CD-1 mice were obtained from
Charles River Laboratory (Portage, Mich.) and maintained in a biocontainment
room according to Association for Assessment and Accreditation of Laboratory
Animal Care standards. Five- to 6-week-old CD-1 mice were anesthetized intra-
peritoneally with pentobarbital and inoculated in the right cerebral hemisphere
with 30 �l of virus. The 50% lethal dose (LD50) was determined in i.c.-inoculated
mice using four adult mice per 10-fold dilution of virus. Endpoints were calcu-
lated by the method of Reed and Muench (36).

Histology and fluorescent-antibody staining. Control and infected CD-1 mice
(GDVII, n � 5; GD-A745, n � 12) were anesthetized and sacrificed by perfusion
with PBS and 10% buffered formalin. Tissues were fixed in 10% formalin,
embedded in paraffin, cut into 6-�m-thick sections, and stained with hematoxylin
and eosin. For immunofluorescence, brains and spinal cords (GDVII, n � 5;
GD-A745, n � 15) were quick frozen, cut into 5-�m-thick sections with a
cryostat, air dried, fixed in acetone for 10 min at 24°C, and stained for TMEV
antigens with polyclonal rabbit anti-BeAn serum and goat anti-rabbit immuno-
globulin G-FITC as described previously (29).

Statistics. Comparisons of values between two groups were analyzed by the
paired t test.

RESULTS

GDVII virus adaptation to proteoglycan-deficient CHO
cells. To generate a high-neurovirulence TMEV that did not
require binding to HS for infection, GDVII virus was passed in
CHO mutant pgsA-745 cells deficient in xylosyl transferase (1),
an enzyme required for attachment of the tetrasaccharide
linker to the protein core and for glycosaminoglycan synthesis.
Unlike the complete cytopathic effect (CPE) at 48 h postinfec-
tion (p.i.) observed in parental CHO cells at a multiplicity of
infection (MOI) of 10, CPE of the passed virus was observed
only after day 3 p.i. and did not even progress to completion by
day 5 p.i. at the same MOI. Two additional passages were
required for �90% CPE to develop within 24 h, i.e., at passage
3 (P3) (Fig. 1A), and a stock of the adapted virus, designated
GD-A745, was prepared for further use. GDVII adaptation to
pgsA-745 cells was progressive, as measured by cell death at
24 h p.i. in each passage (Fig. 1B). While GD-A745 and the
GDVII parent showed essentially the same titers (3.0 � 108

and 3.5 � 108 PFU/ml, respectively), plaque size was signifi-
cantly (P � 0.001) larger in the adapted virus (3.63- � 0.6-mm
diameter; n � 31) than the parent (2.78- � 0.8-mm diameter;
n � 31). Sequencing of the complete GD-A745 genome iden-
tified only two point mutations in the capsid, N1051S and
R3126L (Fig. 1C). N1051S is on the first corner of VP1 and
exposed on the virion surface, while the R3126L mutation,
resulting in loss of a positive charge, is in the VP3 	E strand
and is also exposed on the virion surface.

GD-A745 does not use HS for infection. Soluble HS (100
�g/ml) completely inhibited parental GDVII virus plaque for-
mation (3 days p.i.) (Fig. 2A) and CPE after infection at an
MOI of 10 (24 h p.i.) in BHK-21 cells (Fig. 2B), consistent with
the use of HS by this virus as a coreceptor (35). In contrast,
GD-A745 virus plaque formation and cell death were mini-
mally inhibited under the same conditions (Fig. 2). Flow cy-
tometry using an anti-HS monoclonal antibody (MAb) (F58-
10E4) previously shown to partially inhibit GDVII infection in

BHK-21 cells (35) indicated that murine M1-D macrophages
and murine Neuro 2A neuroblastoma cells were also deficient
in the HS epitope recognized by this MAb (11) (Fig. 3B and
C). GD-A745 produced significantly (P � 0.0005) more CPE
than the parental GDVII in the HS epitope-negative cells (Fig.
3E and F), whereas equivalent levels of CPE were observed in
BHK-21 cells (Fig. 3D). These results indicate that GD-A745
does not use HS for infection and that entry reflects either the
use of another coreceptor or the ability of the virus to access
the protein entry receptor directly.

GD-A745 has a replicative advantage in CHO cells. Parental
CHO cells are relatively resistant to infection by GDVII virus,

FIG. 1. Adaptation of GDVII virus to proteoglycan-deficient pgsA-
745 cells. (A) pgsA-745 cells were infected with GDVII (MOI, 10) and
allowed to progress to maximal CPE, which was reached at 5 days p.i.
(P1). Lysates were passed twice more in pgsA-745 cells until 
90%
CPE was obtained within 24 h p.i. (P3). (B) CPEs induced at different
passages determined in a cell death assay, with cell death calculated as
a percentage (mean plus standard deviation of four independent ex-
periments) of uninfected controls. (C) Mutations in GD-A745 on the
GDVII asymmetric icosahedral unit (protomer) in a space-filling
model generated with RasMol software. The GD-A745 pentamer is
shown in the inset.
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even at MOIs as high as 50, and express only low levels of HS
on the cell surface (35). Analysis of CHO compared to pgsA-
745 cells infected at an MOI of 10 showed that while GDVII
and GD-A745 bound CHO cells with similar efficiencies, GD-
A745 expressed 20-fold-higher levels of intracellular virus
antigen at 24 h p.i. as assessed by flow cytometry (data not
shown). Consistent with that finding, CPE for GD-A745 was
fourfold higher than for GDVII virus in these cell lines (Fig.

4A). Single-step growth experiments further demonstrated the
contrasting infection profiles of the viruses (Fig. 4B); GD-
A745 infection was characterized by higher titers postadsorp-
tion (0 h), more rapid replication, and higher virus yields per
cell in CHO cells than in parental GDVII (500 versus 20 PFU/
cell), apparently due to more efficient entry. The more rapid
logarithmic growth of GD-A745 in pgsA-745 cells raises the
possibility that HS may even hinder GD-A745 entry into CHO
cells.

GD-A745 virus does not use sialic acid as a coreceptor.
Receptor use by TMEV was further analyzed in CHO and
sialic acid-deficient CHO (Lec-2) cells infected with GDVII,
GD-A745, or a low-neurovirulence TMEV strain (BeAn),
which uses sialic acid as a coreceptor. BeAn virus did not
produce CPE in Lec-2 cells, whereas GDVII virus infection
was associated with a fourfold-higher extent of CPE in Lec-2
than in CHO cells (Fig. 5A). In contrast, GD-A745-induced
CPEs were comparable in the two cell lines (Fig. 5A). Thus,
GD-A745 did not appear to use sialic acid for entry, consistent
with failure of the sialic acid mimic siallylactose to inhibit CPE
in BHK-21 cells (data not shown).

In a single-step growth experiment in Lec-2 cells, GDVII
and GD-A745 viruses were similar in attachment, eclipse, and
virus yields (1,000 PFU/cell), although GD-A745 had a slightly
higher rate of replication (Fig. 5B). These results, together
with single-step growth kinetics in CHO cells (Fig. 4B), indi-
cate that there is no block in the viral life cycle after entry in

FIG. 2. Soluble HS does not competitively inhibit GD-A745 virus.
GDVII (solid bars) and GD-A745 (shaded bars) viruses were incu-
bated with either PBS or HS (100 �g/ml) for 1 h at 37°C before
adsorption to BHK-21 cells. Inhibition of plaque formation (A) and
cell death (B) by soluble HS were calculated as percentages (mean plus
standard deviation of three independent experiments) of uninfected
cells and mock-infected controls.

FIG. 3. Efficiency of GD-A745 infection of mammalian cells correlates with cell surface HS expression. Cell surface expression of HS on
BHK-21 (A), M1-D (B), and Neuro-2A (C) cells was detected by flow cytometry (see Materials and Methods) using the anti-HS MAb F58-10E4.
Infection of BHK-21 (D), M1-D (E), and Neuro-2A (F) cells by GDVII and GD-A745 viruses (MOI, 10) was determined in a cell death assay.
Percent cell death (mean plus standard deviation of four independent experiments) was calculated using uninfected cells as controls.
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CHO cell derivatives. Instead, entry is governed by the expres-
sion or lack of expression of HS.

GD-A745 acute CNS virulence is attenuated and the disease
phenotype is changed. Disease pathogenesis was analyzed in 5-
to 6-week-old CD-1 mice inoculated i.c. with 100 PFU of
GDVII or GD-A745. LD50 determinations indicated that GD-
A745 virus was fivefold less virulent than GDVII virus (LD50s,
32 and 6 PFU, respectively) (Fig. 6). GDVII virus-infected
mice developed signs of encephalitis by day 5 p.i. (hunched
posture, circling, ruffled fur, and inactivity), and all animals
died by days 9 to 11 p.i. (Fig. 7A and C). In contrast, GD-A745
virus-infected mice developed flaccid-limb paralysis without
signs of encephalitis, and 
40% of the mice survived to day
20 p.i. (Fig. 7B and C). All mice infected with 1,000 PFU of
GD-A745 virus died by day 15 p.i. with flaccid paralysis but
without signs of encephalitis (data not shown).

Virus growth in the brain peaked on day 7 p.i. in mice in-
fected with 100 PFU of either virus; however, titers were 
20-
fold higher in GDVII virus- than in GD-A745 virus-infected
mice on days 7 and 9 p.i. (Fig. 8A). Initial kinetics of virus
growth in the spinal cords of mice infected with either virus were
similar, with peak titers on day 7 p.i. (Fig. 8B). Note that spinal
cord virus titers plateaued after day 7 p.i. in GD-A745-infected
mice, in contrast to brains, where the titers steadily declined.

Immunofluorescent staining for virus antigen in the brain
revealed numerous focal areas of positive cells (largely neu-
rons by morphology) in the neocortex, hippocampal pyramidal
cell layer, and brainstem in GDVII-infected mice (Fig. 8C), but
there were at most only rare positive cells in the brainstem and
none in the cerebral hemispheres in GD-A745-infected mice

on days 7 to 9 p.i. In the spinal cords of mice infected with
GDVII virus, there were large numbers of virus antigen-con-
taining neurons in both the anterior and posterior gray matter,
whereas infected neurons, generally fewer in numbers, were
observed only in the anterior gray matter of GD-A745-infected
mice (Fig. 8D and E). Histopathology sections revealed con-
sistently more severe pathological changes (neuronophagia,

FIG. 5. Sialic acid-deficient CHO (Lec-2) cells are equally permis-
sive to GDVII and GD-A745 infection. (A) Infection of Lec-2 cells by
GDVII and GD-A745 (MOI, 10) was analyzed by a cell death assay at
24 h p.i. Percent cell death (mean plus standard deviation of four
independent experiments) was calculated using uninfected cells as
controls. (B) Single-step growth kinetics were compared using lysates
of infected Lec-2 cells harvested at 2-h intervals (0 to 12 h) and at 24 h
postadsorption. Virus yields were quantitated by plaque assay in du-
plicate on BHK-21 cells.

FIG. 6. GD-A745 virus is attenuated in neurovirulence in vivo.
Adult CD1 mice were inoculated i.c. with serial 10-fold dilutions of either
parental GDVII or adapted GD-A745 virus (four mice per dilution) to
determine the LD50. The results are representative of two experiments.

FIG. 4. Infection of CHO cells by GDVII virus is limited by lower
HS expression. (A) CHO cells were infected with either GDVII or
GD-A745 at an MOI of 10. The CPE was determined by a cell death
assay 24 h p.i. and is expressed as a percentage (mean plus standard
deviation of four independent experiments) of uninfected controls.
(B) Single-step growth kinetics of both viruses in CHO cells. Cells were
infected (MOI, 10), and the lysates were harvested at 2-h intervals (0
to 12 h) and at 24 h postadsorption. Virus yields were quantitated by
plaque assays in duplicate on BHK-21 cells.
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astrocytosis, microglial proliferation, and mononuclear cell
infiltration in perivascular sites and leptomeninges) in the neo-
cortex, hippocampus, and brainstem in GDVII- than in GD-
A745-infected mice on days 7 to 9 p.i. (data not shown). How-
ever, in spinal cord gray matter, such changes were more severe
in GD-A745- than GDVII-infected mice (data not shown). Po-
liomyelitis in GD-A745 spinal cords progressed between days
9 and 13 p.i.

Together, these results indicate that GDVII, no longer using
HS as a coreceptor, shows attenuated neurovirulence and
changed cell tropism, limiting infection to neurons in the an-
terior gray matter of the spinal cord. Attenuation of infection
in the brain allowed host survival past day 11 (the longest sur-
vival of parental-virus-infected mice) and expression of clinical
poliomyelitis in GD-A745-infected mice. All of the analyses
described above were also carried out using GDVII adapted to
growth in another proteoglycan-deficient cell line, pgsD-677,
which lacks only HS but not other glycosaminoglycans. The
adapted GD-D677 virus was virtually identical to GD-A745
with respect to capsid mutations, virus yields in BHK-21 and
Lec-2 cells, and attenuation of neurovirulence in mice (data
not shown).

DISCUSSION

In the present study, we show that the use of HS as an
attachment factor by GDVII virus affects the efficiency of in-
fection in CHO cells and is linked to neurovirulence in mice.

Previously, we found that binding of high-neurovirulence GD-
VII virus to mammalian cells involves sequential attachment to
two components: HS, a carbohydrate coreceptor, and another
receptor, possibly the protein entry receptor. The restoration
of infectivity in HS-deficient CHO cells by neuraminidase
treatment and removal of cell surface sialic acid (35) suggested
that direct access to another receptor required for infection
was hindered by sialic acid.

GDVII virus adapted to growth in proteoglycan-deficient
cells completely ceased using HS as a coreceptor (Fig. 1 to 3).
Comparison of GDVII and the GD-A745 adapted viruses in
vitro and in vivo highlighted several aspects of the interaction
of GDVII virus with its receptors for infection: (i) the low level
of HS on CHO cells is a major block to parental GDVII
replication (20 PFU/cell at 24 h p.i.), which was overcome by
the adapted virus (500 PFU/cell at 24 h p.i.) (Fig. 4); (ii) the
absence of cell surface sialic acid on CHO-derived Lec-2 cells
compensated for this block (Fig. 5), consistent with our previ-
ous finding that neuraminidase treatment of proteoglycan-de-
ficient cells facilitated infection by allowing direct access to
another receptor; and (iii) the loss of use of HS by GD-A745
for entry led to attenuated neurovirulence and altered virus
tropism from neurons in the brain to neurons in the spinal
cord, resulting in a poliomyelitic instead of an encephalitic
phenotype (Fig. 6 to 8).

Viruses that use HS for attachment and entry may interact
with HS through heparin-binding domains (HBDs) consist-
ing of at least two major HBD consensus motifs (4). Analysis
of the 12 TMEV gene products revealed a putative HBD,
YKKMKV, in VP1. The amino acids YKKMKV are conserved
in all high- and low-neurovirulence TMEV (33) and are lo-
cated in the VP1 C terminus, the highest elevation on the
virion surface (31); however, low-neurovirulence TMEV do
not use HS as a coreceptor, so HS binding is probably confor-
mation- and not HBD-dependent. Interaction of viruses, such
as foot and mouth disease virus and Sindbis virus, with HS (9,
22) is also thought to be conformational in nature, despite the
presence of HBDs. The detection of only two mutations in the
GD-A745 genome and none in the potential HBD supports
this thesis.

One of the mutations in GD-A745, R3126L, is a leucine
residue in all low-neurovirulence TMEV and is responsible
for loss of a positive charge, whereas in high-neurovirulence
TMEV, this residue is arginine. The substitution in GD-A745
may also have affected exposure of existing HS-interacting
motifs, since arginines reportedly bind more tightly to glycos-
aminoglycans (15), which might underlie loss of HS binding by
GD-A745. The effect of the N1051S substitution is less clear
but might be more global, altering the conformation of the
capsid and, in turn, the virus-protein entry receptor interac-
tion. Recently, Jnaoui et al. (20) adapted GDVII virus to CHO
cells that express low levels of HS, giving rise to a virus that
produced complete CPE at a low MOI in CHO cells. N1051S
was one of five substitutions in the capsid of their adapted virus
and was believed to be solely responsible for the adaptation of
the virus. When N1051S was introduced as a 
0.5-kb restric-
tion endonuclease fragment from their adapted virus into the
wild-type GDVII genome, the virus grew more efficiently in
CHO cells (20). However, in contrast to our results, their
adapted virus was completely attenuated and did not produce

FIG. 7. GD-A745 is attenuated in acute CNS virulence and induces
an altered disease phenotype. (A) GDVII virus-induced encephalitis
(hunched appearance and ruffled fur). (B) GD-A745 virus-induced
poliomyelitis (flaccid-limb paralysis). (C) Percent survival (mean �
standard deviation of three independent experiments) of mice inocu-
lated with GDVII or GD-A745 and followed for 20 days.
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disease in mice infected with 104 PFU. Since relatively few
mice were infected and they were observed for only 10 days p.i.
in that study, the later-onset paralysis that we observed may
have been overlooked.

HS is a branched polysaccharide chain composed of a re-
peated disaccharide sequence. Multiple chains are covalently
linked to a protein core, resulting in a proteoglycan. Sulfate
groups are N and O linked to the sugar residues, conferring
a net negative charge on the HS molecule. The positions at
which sulfates and other moieties (N-acetyl groups) are linked
determine the large diversity of HS found in nature (34). Bind-
ing of viruses to HS can involve far more than simple nonspe-
cific ionic interactions, i.e., binding depends not only on the
electrostatic interactions between positively charged amino ac-
ids on the proteins and the negative HS clusters but also on the
specificity of side chains, as demonstrated for herpes simplex

virus (6, 14, 30, 40). Moreover, the monosaccharide sequences
of HS from different tissues are distinct, indicating that HS has
tissue-specific biological functions. These structural distinc-
tions in HS might also underlie the tissue specificity of viral
binding, thereby regulating cell tropism. The absence of the HS
F58-10E4 epitope (which contains an N-sulfate moiety) in mac-
rophages and neuroblastoma cells limited GDVII infection in
our study (Fig. 3), suggesting a requirement for a specific HS
structure for interaction with high-neurovirulence TMEV.
Since GD-A745 did not use HS for entry, this structural re-
quirement was no longer limiting for the virus.

Our finding that propagation of GDVII virus in proteogly-
can-deficient cells leads to loss of HS use for entry and to
attenuation of virulence in vivo contrasts with most other re-
ports indicating the converse, i.e., that adaptation to cells re-
sults in the gain of HS use for entry and attenuation of viru-

FIG. 8. Attenuated neurovirulence of GD-A745 in mice. (A and B) Virus growth kinetics in brains and spinal cords of GDVII- or GD-A745-
infected mice (mean � standard deviation; n � 3). (C) Two clusters of virus antigen-containing neurons in the lowest cytoarchitectonic layer of
the parietal neocortex in a GDVII-infected mouse on day 7 p.i. Virus antigen was detected with indirect immunofluorescent staining using a poly-
clonal rabbit antibody to TMEV and goat anti-rabbit-FITC and was counterstained with Evans blue dye. Such clusters of infected cells are typical
of those found scattered throughout the neocortex; in contrast, no infected cells were seen in the cerebral hemispheres of GD-A745-infected mice.
The inset shows the locations (asterisks) in the neocortex in a hematoxylin- and eosin-stained section. (D) Virus antigen in cells, including anterior
horn cells, in the anterior gray matter of a GDVII-infected mouse on day 7 p.i. The inset is the entire coronal section, showing many infected cells
in the posterior, as well as the anterior, gray matter. (E) Virus antigen-containing cells, including anterior horn cells, in the anterior gray matter
of a GD-A745-infected mouse on day 7 p.i. The inset shows the entire coronal section with infected cells only in the anterior gray matter.
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lence (Table 1). In these cases, the route of inoculation was
peripheral (to the CNS) (Table 1), and HS binding may have
resulted in more rapid clearance of viremia (2, 3). Two excep-
tions are a recombinant Sindbis virus and a naturally occurring
mutant of murine leukemia virus, both of which became more
neurovirulent after gaining a positive charge and HS binding
ability (18, 25), a phenotype similar to that of the parental
GDVII virus. In both these instances (Table 1), virus was
inoculated i.c. into the animal host (18, 25). This points to a
greater role for HS coreceptor use and cell tropism after i.c.
inoculation. Because there is an indication of regional differ-
ences in expression of HS in the CNS (11, 12), it is possible that
GDVII infection of distinct sets of neurons, e.g., those in the
lower layers of the neocortex, the hippocampal pyramidal
layer, the brainstem, and the posterior spinal cord gray matter,
is more dependent on specific HS binding than infection of
anterior horn cells. Other uninfected neurons may not express
HS. Further studies to precisely elucidate the role of HS use in
GDVII infection in specific brain regions will help to address
this possibility.
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