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The rabies virus glycoprotein (G) gene of the highly neuroinvasive and
neurotropic strains SHBRV-18, CVS-N2c, and CVS-B2c was introduced into
the non-neuroinvasive and less neurotropic SN-10 strain to provide further
insight into the role of G in the pathogenesis of rabies. Phenotypic analyses of
the recombinant viruses revealed, as expected, that the neurotropism of a
particular rabies virus strain was a function of its G. Nevertheless, the
pathogenicity of the recombinant viruses was, in every case, markedly lower
than that of the wild-type viruses suggesting that while the G dictates
neurotropism, other viral attributes are also important in pathogenesis. The
low pathogenicity of the recombinant viruses is at least in part due to a strong
increase in transcription activity. On the other hand, the production of
infectious virus by the R-SHB18 recombinant virus-infected cells was
signi®cantly delayed by comparison with SHBRV-18 wild-type virus infected-
cells. Replacement of the R-SHB18 G cytoplasmic domain, transmembrane
domain, and stem region with its SN-10 G counterparts neither results in a
signi®cant increase in budding ef®ciency nor an increase in pathogenicity.
These results suggest that an optimal match of the cytoplasmic domain of G with
the matrix protein may not be suf®cient for maximal virus budding ef®ciency,
which is evidently a major factor of virus pathogenicity. Our studies indicate
that to maintain pathogenicity, the interactions between various structural
elements of rabies virus must be highly conserved and the expression of viral
proteins, in particular the G protein, must be strictly controlled. Journal of
NeuroVirology (2000) 6, 373 ± 381.

Keywords: rabies virus; glycoprotein; pathogenesis; reverse genetics

Introduction

Neuroinvasiveness is the predominant characteris-
tic of rabies virus, but the mechanisms of rabies
neuropathogenesis remain unclear. The virus is
usually transmitted through broken skin by bite or
scratch, spreading by retrograde axonal transport
and replicating exclusively in neurons with the

exception of acinar cells of salivary glands (Charl-
ton et al, 1979). Several studies indicate that the
rabies virus glycoprotein (G) plays a crucial role in
the pathogenesis of rabies. The pathogenicity of
®xed rabies virus strains correlates with the
presence of a determinant located in antigenic site
III of G. Several virus variants with an Arg?Gln
mutation at position 333 affecting antigenic site III
of G completely lose their ability to kill adult
immunocompetent mice (Dietzschold et al, 1983;
Seif et al, 1985). On the other hand, it has been
shown that some Arg?Gln variants can kill adult
immunocompetent mice when infected by stereo-
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taxic inoculation (Yang and Jackson, 1992). The
reduced spread of these antigenic site III mutants
within the nervous system indicates that Arg 333 of
G is important for the axonal/transsynaptic spread
of a lethal rabies virus infection in adult animals.
However, the signi®cance of these ®ndings for the
natural history of rabies is questionable because the
mutants were obtained from highly attenuated
tissue culture-adapted strains. Although most of
these tissue culture-adapted strains have an intact
antigenic site III, their ability to invade the nervous
system from a peripheral site is far less than that of
street rabies virus strains (Lawson et al, 1989).
Thus, it appears that the pathogenic phenotype of a
particular rabies virus strain is determined not only
by the determinant located in antigenic site III, but
also by other G determinants and probably by other
viral proteins. In this context, we have recently
shown that the pathogenicity of different rabies
virus strains correlates with the level of G expressed
on the surface of infected neurons (Morimoto et al,
1999). High G expression leads to apoptosis of the
infected neuron and it was concluded that the
axonal/transsynaptic spread of the infection is
inhibited by apoptosis (Morimoto et al, 1999).
Although pulse-chase experiments suggest that
pathogenic rabies viruses regulate G expression
via proteolytic degradation (Morimoto et al, 1999),
it seems likely that the overall rate of viral RNA
transcription/replication also plays a major role in
determining virus pathogenicity.

In addition to regulation of viral RNA transcrip-
tion and G expression, virus assembly and budding
ef®ciency might also represent critical steps in the
pathogenesis of rabies. The rabies virus matrix
protein (M) plays a major role in virus budding by
targeting the ribonucleoprotein complex (RNP) to
the plasma membrane as well as incorporating G
into the budding virions (Mebatsion et al, 1999). To
reexamine the role of G in the pathogenesis of
rabies, we introduced the coding region of the G
genes from highly neuroinvasive rabies virus strains
into a non-pathogenic strain and compared the
properties of the rescued recombinant viruses with
those of the wild-type viruses.

Results

Phenotypic characterization of rabies virus strains
Four virus strains which differ considerably from
each other in both pathogenicity and neuroblastoma
cell speci®city (Table 1) were characterized for their
neuroinvasiveness in adult mice and their ability to
infect neuronal and non-neuronal cells. Two para-
meters relevant to the biology of rabies virus were
evaluated: (1) pathogenicity index, a measure of the
capacity of the virus to cause lethal disease, and (2)
neuroblastoma cell speci®city index, a measure of
the relative susceptibility of neuroblastoma cells
versus BHK cells. This analysis revealed that the

CVS-N2c and SHBRV-18 strains were approxi-
mately 13 times and 1585 times more pathogenic,
respectively, than the CVS-B2c strain, whereas the
SN-10 strain was virtually non-pathogenic. How-
ever, there was no obvious correlation between
pathogenicity and neuroblastoma cell speci®city.
For example, the neuroblastoma cell speci®city
index of CVS-N2c was 12.5 times higher than that
of SHBRV-18, but its pathogenicity index is 126
times lower than that of SHBRV-18.

Neurotropism and pathogenicity of rabies
recombinant viruses
To examine the contribution of G in determining the
pathogenicity of the different rabies virus strains,
recombinant viruses were generated in which the G
gene of the non-pathogenic SN-10 was replaced
with the G genes of CVS-B2c, CVS-N2c, and
SHBRV-18 (Figure 1). Comparison of the recombi-
nant and parental viruses for neuroblastoma cell
speci®city (Figure 2) showed that while SN-10
infected neuroblastoma cells and BHK cells to a
similar extent, the speci®city of the recombinant
viruses for neuroblastoma cells was markedly
increased. The neuroblastoma cell speci®city in-
dices of the recombinant viruses were similar to
those of the parental viruses from which the Gs were
derived. Thus, the neurotropism of a particular
virus strain is largely determined by its G.

Pathogenic viruses were obtained by replacement
of SN-10 G with G of CVS-N2c or CVS-B2c (Figure
3). However, the pathogenicity of the R-N2c and R-
B2c recombinant viruses was 63 and 32 times lower,
respectively, than that of the corresponding par-
ental viruses CVS-N2c and CVS-B2c. Unexpectedly,
the recombinant R-SHB18, which contains the G of
the virus with the highest pathogenicity index, was
non-pathogenic for adult mice.

In vitro growth of recombinant viruses
To determine whether the reduced pathogenicity of
R-B2c and R-N2c, and the lack of pathogenicity of R-
SHB18 might be due to reduced production of
infectious virus, the time course of parental and
recombinant virus production in NA cells was
compared. R-N2c and R-B2c had similar rates of

Table 1 Pathogenicity and neuroblastoma cell speci®city in-
dices of rabies virus strains

Virus strain
Pathogenicity

indexa
Neuroblastoma cell
speci®city indexb

SHBRV-18
CVS-N2c
CVS-B2c
SN-10

1072.7

1074.8

1075.9

<<1078.5

101.4

102.5

100.7

100.1

aPathogenicity index=log i.m. LD50/ml7log virus titer/ml in NA
cells, bNeuroblastoma cell speci®city index=log virus titer/ml in
NA cells7log virus titer/ml in BSR cells.
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virus production compared to the parental strains
CVS-N2c, CVS-B2c, and SN-10 (Figure 4B, C). In
contrast, virus titers of R-SHB18 were at 24 and 48 h
p.i. 833 and 41 times lower, respectively, than those
of wild-type SHBRV-18 (Figure 4A).

Viral RNA transcription and cell surface expression
of recombinant virus G
To examine whether the greatly reduced replication
rate of R-SHB18 corresponds with a low rate of viral
transcription, the synthesis of viral N mRNA in NA
cells infected with parental or recombinant viruses

was compared using Northern blot analysis (Figure
5). The content of viral RNA inversely correlated
with the pathogenicity index of the virus, with
highest N mRNA levels observed in SN-10 infected
cells (Figure 5D) and lowest levels observed in
SHBRV-18-mediated cells even at 3 days after
infection (Figure 5A). The content of mRNA was
markedly higher in cells infected with recombinant
viruses, in particular R-SHB18, compared to the
corresponding wild-type strains (Figure 5E ± G).
Thus, the limited virus production in R-SHB18-
infected cells was not due to an impairment of viral
RNA transcription/replication.

Flow cytometry to measure the relative cell
surface expression of each G revealed at 24 h p.i.
even higher expression of G on the cell surface of R-
SHB18 infected NA cells than on SHBRV-18 wild-
type infected cells (Figure 6). This excludes the
possibility that the reduced virus production in R-
SHB18-infected cells re¯ected a defect in matura-
tion and transport of G that would result in lower
accumulation of G on the cell surface.

Budding ef®ciency and pathogenicity of
recombinant viruses with a modi®ed G cytoplasmic
domain, transmembrane domain, and stem region
Interaction between the cytoplasmic domain (CD) of
G and the RNP-M complex is crucial for virus
budding (Mebatsion et al, 1999). In addition to the
CD, the membrane-proximal stem region (GS) also
contributes to ef®cient virus assembly (Robinson
and Whitt, 2000). Comparison of the amino acid
sequences indicates that the primary structure of
the CD, the transmembrane domain (TM), and the
GS of SHBRV-18 G differ markedly from those of

Figure 1 Schematic representation of SN-10 and recombinant
rabies virus genomes. The glycoprotein (G) gene of SN-10 strain
was replaced with the G genes of SHBRV-18 (diagonal stripes),
CVS-N2c (vertical stripes), or CVS-B2c (horizontal stripes) strain
resulting in the recombinant viruses R-SHB18, R-N2c, and R-
B2c. R-SHB18T was obtained by replacing the cytoplasmic
domain of its G with the corresponding amino acid sequences of
SN-10 G.

Figure 2 Neuroblastoma cell speci®city index of recombinant
(gray bars) and parental rabies virus stains (black bars).
Neuroblastoma cell speci®city index de®ned as log virus titer
determined in mouse neuroblastoma (NA) cells minus log virus
titer determined in BSR cells. Error bars indicate the standard
error of the mean of six virus titer determinations.

Figure 3 Pathogenicity index of recombinant and parental
rabies virus strains. Pathogenicity index was de®ned as log
intramuscular LD50 minus log virus titer determined in NA cells.
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SN-10 G (Figure 7). The differences in the CD
domains suggest a possible mismatch between the

CD of SHBRV-18 G and the corresponding binding
domain of the RNP-M complex of SN-10 which
could, at least in part, account for the decreased
budding ef®ciency of R-SHB18. Analysis of virus
production in NA cells infected with R-SHB18T1, in
which the R-SHB18 G CD was replaced with that of
the SN-10 G revealed no signi®cant increase in virus
production compared to R-SHB18-infected cells at
24 and 48 h p.i. (Figure 8). Furthermore, replace-
ment of the TM and GS domains of the R-SHB18T1
G also did not have any effect on the production of
infectious virus particles (R-SHB18T2 and R-
SHB18-T3, Figure 8).

Discussion

Even though rabies virus has a simple genome
coding for only ®ve proteins, numerous aspects are
involved in determining the pathogenicity of the
virus, including regulation of transcription and
replication of the viral RNA as well as differential
expression of viral proteins (Morimoto et al, 1999;
Thoulouze et al, 1997). Furthermore, optimal
interaction of viral proteins with each other
(Mebatsion et al, 1996a,b) and with host cell
molecules that mediate internalization, replication,
and egress of the virus are important in rabies
pathogenesis.

Figure 4 Rate of virus production of recombinant and parental
rabies virus strains in NA cells. NA cells were infected with an
m.o.i. of 1. The virus titer for m.o.i. was determined on NA cells.
Viruses were harvested at days 1, 2, 3, and 4 after infection, and
titrated by a ¯uorescent staining method. Error bars indicate the
standard error of the mean of six virus titer determinations.

Figure 5 Production of virus mRNA. Total RNA of NA cells
infected with recombinant and parental rabies viruses strains at
an m.o.i. of 1 isolated at days 1, 2, and 3 after infection,
electrophoresed on a 1% agarose gel, transferred to a nylon
membrane, and hybridized with a probe speci®c for each N gene
or G3PDH gene as a control.
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A large body of evidence points to rabies G as a
major contributor to the pathogenesis of the virus.
For example, during virus uptake by the host cell, G
must interact ef®ciently with cell surface receptors
(Lentz et al, 1987; Thoulouze et al, 1998; Tuffereau
et al, 1998) that can mediate rapid internalization of
the virus. Changes in the structure of G such as an
Arg?Gln exchange at position 333 signi®cantly
delay virus uptake, resulting in a marked reduction
of virus spread in the CNS and complete attenuation

of the pathogenicity of the virus (Dietzschold et al,
1985; Kucera et al, 1985). Since rabies virus spreads
primarily by the neuronal network, expression of
viral proteins, especially that of G, must be strictly
regulated to prevent functional impairment of the
neurons due to toxicity, which would severely
compromise the viral life cycle. One mechanism
by which pathogenic rabies regulate G expression in
neurons is proteolytic degradation (Morimoto et al,
1999).

To further examine the role of the rabies virus G
in the pathogenesis of rabies, we exchanged the G
genes of the non-neuroinvasive SN-10 strain with
the G genes of neuroinvasive virus strains that differ
in their pathogenicity as well as in their neurotrop-
ism. Phenotypic characterization of the resulting
recombinant viruses clearly demonstrated that the
ability of a rabies virus to infect neuroblastoma cells
versus BHK cells is a function of its G. However, the
pathogenicity of a rabies virus strain did not
necessarily correlate with its neurotropism; only
the recombinant viruses R-N2c and R-B2c, which
contain the Gs of the CVS variants CVS-N2c and
CVS-B2c, were pathogenic for adult mice after
intramuscular inoculation. On the other hand, the
R-SHB18 recombinant, which contains the G of the
highly neuroinvasive SHBRV-18 strain, was com-
pletely non-pathogenic. Even in the R-N2c and R-
B2c recombinants, the pathogenicity was markedly
reduced as compared to that of the parental wild-
type virus from which the Gs were derived,
indicating that pathogenicity is not only determined

Figure 6 Cell surface expression of G. NA cells were infected
with recombinant and parental rabies virus strains at an m.o.i. of
1 (determined in NA cells). At 24 h after infection, cells were
removed from the dish and incubated with a rabies virus G-
speci®c antiserum, followed by FITC-conjugated anti-rabbit
antibody. Surface expression was determined by ¯ow cytometry.
Bars show the mean ¯uorescence intensity of the different
groups of infected in non-infected cells. Error bars indicate the
standard error of the mean ¯uorescence intensity.

Figure 7 Amino acid sequences of the stem regions (GS), the
transmembrane domains (TM), and the cytoplasmic domains
(CD) of SN-10 and SHBRV-18. Amino acids different from those
of SN-10 are shown in bold face.

Figure 8 Effect of replacement of the CD (R-SHB18T1), the
CD+TM (R-SHB18T2) and the CD+TM+GS (R-SHB18T3) on virus
production. NA cells were infected at an m.o.i. of 1. Production
viruses were harvested at days 1, 2, 3, and 4 after infection, and
titrated by a ¯uorescent staining method. Error bars indicate the
standard error of the mean of six virus titer determinations.
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by G but also by other factors. Since the transcrip-
tion levels of viral mRNA in recombinant virus-
infected cells were much higher than in cells
infected with pathogenic wild-type viruses, it is
possible that the reduced pathogenicity observed
with R-N2c and R-B2c is at least in part due to an
increase in transcription activity of these viruses
which could lead to apoptosis. In this context, we
have recently shown that the ability of a virus strain
to induce apoptosis in neuronal cells is inversely
correlated with pathogenicity.

The ®nding that the R-SHB18 is non-pathogenic
was unexpected because this recombinant virus
contains the G gene of a highly neuroinvasive wild-
type virus. Flow cytometry analysis demonstrated
that G expression is actually greater on R-SHB18
recombinant virus-infected cells than on SHBRV-18
wild-type virus-infected cells. This data indicated
intact synthesis, maturation, and transport of the R-
SGB18 G. Comparison of the growth characteristics
of the R-SHB18 recombinant virus and the SHBRV-
18 wild-type virus revealed a signi®cant delay in
the production of infectious R-SHB18 virus parti-
cles, which could be due to a defect in virus
budding arising from inef®cient interaction of G
with the RNP-M complex (Mebatsion et al, 1996a,
1999). The amino acid sequence of the SHBRV-18 G
CD differs by 43% from the amino acid sequence of
the SN-10 G CD and these structural differences
could be responsible for this inef®cient interaction.
However, virus titers produced by cells infected
with R-SHB18T1 containing a homologous SN-10 G
CD were not signi®cantly higher than those ob-
served with the R-SHB18 recombinant virus,
suggesting that an optimal interaction of G with M
alone is not suf®cient for ef®cient virus budding.
Furthermore, virus production in cells infected
with R-SHB18T3 containing homologous SN-10
GS, TM, and CD did not markedly differ from that
of R-SHB18T1-infected cells. Therefore, the de-
creased budding ef®ciency of R-SHB18 most likely
rests in differences in the three-dimensional struc-
ture of the G spikes of SHBRV-18 and SN-10. The
amino acid sequences of the SN-10 and SHBRV-18
G ectodomains differ by 10% and these structural
differences might affect the spacing of the CD of the
R-SHB18T G spikes which are sterically precluded
from appropriate interaction with the SN-10 RNP.

Our data support the notion that rabies virus G
is a contributor to the pathogenicity of the virus.
However, to invade the CNS from a peripheral
site and to cause a lethal encephalitis, G must
interact effectively with cell surface molecules
that can mediate rapid internalization of the
virus, and expression levels of G must be
controlled by either regulation of viral RNA
transcription or by proteolytic degradation. Final-
ly, G must interact optimally with M and the RNP
for ef®cient virus budding and probably also for
transsynaptic spread of the virus.

The delineation of pathogenic mechanisms is
relevant for the design of safe and effective live
virus vaccines. Gene technology now enables
controlled stepwise attenuation of the pathogeni-
city of a rabies virus strain by modifying the
structure of the G CD, by introducing point
mutations that affect antigenic site III (Arg333),
and by increasing the transcription/replication
activity of the virus. Reverse genetics allow the
development of live attenuated rabies viruses that
confer optimal protective immunity against infec-
tion with particular street rabies virus strain (e.g.,
raccoon rabies virus) and may represent potent
vaccines for the immunization of wildlife.

Material and methods

Cells and viruses
Neuroblastoma NA cells of A/J mouse origin were
grown at 378C in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum
(FBS). BSR, a cloned cell line derived from BHK-
21 cells, and BSR-T7, a cell line derived from BSR
cells which constitutively express T7 RNA poly-
merase (Buchholz et al, 1999), were grown at 378C
in Dulbecco's modi®ed Eagle's medium (DMEM)
supplemented with 10% heat-inactivated calf ser-
um.

CVS-N2c and CVS-B2c are subclones of the
mouse-adapted CVS-24 rabies virus (Morimoto et
al, 1998). SHBRV-18 virus is a silver-haired bat-
associated street rabies virus strain isolated from a
human rabies victim in the USA. This isolate was
subjected to a single passage in newborn mice and a
virus stock was prepared from brain tissue of these
mice. SN-10 is a non-pathogenic virus strain
derived from SAD B19 (Schnell et al, 1994).

Virus titration
To determine the virus yield, monolayers of NA
or BSR cells in 96-well plates were infected with
serial 10-fold dilutions of virus suspension and
incubated at 348C as described (Wiktor et al,
1984). At 48 h postinfection, cells were ®xed in
80% acetone and stained with ¯uorescein iso-
thiocyanate (FITC)-labeled rabies virus N protein-
speci®c antibody (Centocor Inc. Malvern, PA,
USA). Foci were counted using a ¯uorescence
microscope. All titrations were carried out in
triplicate.

Pathogenicity studies in mice
Groups of ten 6 ± 8 week old Swiss Webster mice
were injected in the gastrocnemius muscle with
100 ml of ®ve- or 10-fold serial dilutions of each
recombinant and the parental strain. Mice were
observed for 4 weeks and the 50% lethal virus dose
(LD50) was calculated from the mortality rates
obtained with the different virus dilutions as
described (Habel, 1996).
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Plasmid constructions
Recombinant rabies viruses were constructed using
pSADL16 (Schnell et al, 1994). A SmaI site was
introduced upstream of the G gene and a NheI site
upstream of the C gene by site-directed mutagenesis
(GeneEditorTM Promega Inc.) using the primers
RP11, 5'-CCTCAAAAGACCCCGGGAAAGATGGTT
CCTCAG-3' (SmaI site, in bold face) and RP12, 5'-
GACTGTAAGGACYGGCTAGCCTTTCAACGATC-
CAAG-3' (NheI site, in bold face), resulting in the
plasmid pSN.

To construct recombinant virus cDNA clones
containing the G gene of CVS-N2c, CVS-B2c, or
SHBRV-18, a SmaI (or DraI) and a NheI restriction
site upstream and downstream, respectively, of the
G gene cDNAs was introduced by PCR performed
with Vent polymerase (New England BioLabs, Inc.).
CVS-N2c and CVS-B2c G gene cDNAs were
ampli®ed using the forward primer CVS-Sma5, 5'-
CCCCCCG GGAAGATGGTTCC TCAGG TTCT TTG-
3' (SmaI site, in bold face; start codon, underlined),
and the reverse primer CVS-Nhe3, 5'-GGGCTAGCT-
CACAGTCTGATCTCACCTC-3' (NheI site, in bold
face; stop codon, underlined). SHBRV-18 G gene
cDNAs were ampli®ed using the forward primer
Bat18-Dra5, 5'-CCCTTTAAAAAGATGATCCCC-
CAGGCTCTTCTG-3' (DraI site, in bold face; start
codon, underlined) and the reverse primer Bat18-
Nhe3, 5'-G G GCTA GCTCACA TC CC GGT CT C AC
TTT-3' (NheI site, in bold face; stop codon, under-
lined). The PCR products were cloned into the SmaI
and NheI sites of pSN. The resulting plasmids were
designated pR-N2c, pR-B2c and pR-SHB18.

To construct recombinant virus cDNA clones
containing replaced sequences of G cytoplasmic
domain, a cDNA fragment corresponding to the
ectoplasmic stem region, transmembrane domain,
and cytoplasmic domain of SHBRV-18 G (from start
codon to A¯III restriction site) was ligated to a
cDNA fragment corresponding to the cytoplasmic
domain of SN-10 G (from A¯III site to stop codon),
and ampli®ed by Vent polymerase using the Bat18-
Dra5 primer and RP8-Gtail3 primer, 5'-CCTCTA-
GATTACAGTCTGG TCTCACCCCC-3' (XbaI site, in
bold face; stop codon, underlined). The PCR
product was cloned into the SmaI and NheI sites
of pSN, and the resulting plasmid was designated
pR-SHB18T1.

To construct recombinant virus cDNA clones
containing replaced sequences of G transmembrane
and cytoplasmic domain, a cDNA fragment (A
fragment) corresponding to the ectoplasmic and
stem region of SHBRV-18 G was ampli®ed by using
Bat18-Dra5 primer and SHB-Sal3 primer, 5'-
AAGGTCGACATCCGAGACCTG-3' (SalI site, in
bold face; underlined nucleotide mutated to intro-
duce SalI recognition site). A cDNA fragment (B
fragment) corresponding the transmembrane and
cytoplasmic domains of SN-10 G was ampli®ed by
using SN10-Sal5 primer, 5'-GGAGTCGACTTGGG

TCTCCCG-3' (SalI site, in bold face; underlined
nucleotide mutated to introduce SalI recognition
site) and RP8-Gtail3 primer. A fragment (from start
codon to SalI restriction site) and B fragment (from
SalI site to stop codon) was ligated and ampli®ed by
Vent polymerase using the BAT18-Dra5 primer and
RP8-Gtail3 primer. The PCR product was cloned
into the SmaI and NheI sites of pSN, and the
resulting plasmid was designated pR-SHB18T2.

To construct recombinant virus cDNA clones
containing replaced sequences of G stem region,
transmembrane and cytoplasmic domains, a cDNA
fragment corresponding to the ectoplasmic domain
of SHBRV-18 G (from start codon to BspEI restric-
tion site) was ligated to a cDNA fragment corre-
sponding the stem region, transmembrane and
cytoplasmic domains of SN-10 G (from BspEI site
to stop codon), that was ampli®ed by using SN10-
Bsp5 primer, 5'-CCTTCCGGATGTGCACAATCA-3'
(BspEI site, in bold face, underlined nucleotide
mutated to introduce BspEI recognition site) and
RP8-Gtail3 primer, and ampli®ed by Vent polymer-
ase using the Bat18-Dra5 primer and RP8-Gtail3
primer. The PCR product was cloned into the SmaI
and NheI sites of pSN, and the resulting plasmid
was designated pR-SHB18T3.

Recovery of recombinant rabies viruses
Recombinant viruses were rescued as described
(Buchholz et al, 1999; Schnell et al, 1994). Brie¯y,
BSR-T7 cells were grown overnight to 80% con-
¯uency in 6-well plates in DMEM supplemented
with 10% FBS. One hour before transfection, cells
were washed twice with serum-free DMEM. Cells
were transferred with 2.5 mg of full-length plasmid,
2.5 mg of pTIT-N, 1.25 mg of pTIT-P, 1.25 mg of pTIT-
L, and 1.0 mg of pTIT-G using a CaPO4 transfection
kit (Stratagene, La Jolla, CA, USA). After 3 h, cells
were washed twice and maintained in DMEM
supplemented with 10% FBS for 3 days. The culture
medium was transfected onto NA cells and incu-
bated for 3 days at 348C. NA cells were examined for
presence of rescued virus by immuno¯uorescence
assay with FITC-labeled rabies virus N protein-
speci®c antibody. The supernatant of positive cell
cultures was injected into suckling mouse brain,
and 3 ± 4 days later, brains were removed and
prepared as a 20% suspension in phosphate-
buffered saline (PBS) for virus stock in further
experiments. Rescued viruses generated from full-
length plasmids; pR-N2c, pR-B2c, pR-SHB18, pR-
SHB18T1, pR-SHB18T2, and pR-SHB18T3 were
designated R-N2c, R-B2c, R-SHB18, R-SHB18T1,
R-SHB18T2, and R-SHB18T3, respectively. Se-
quences of recombinant viruses were con®rmed by
sequencing of RT ± PCR fragments.

RNA extraction and Northern blot analysis
Total RNA was isolated from NA cells at days 1, 2,
and 3 after infection using the RNAzol B method
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(Biotex Laboratories, Inc., Houston, TX, USA)
according to the manufacturer's instruction. Five
mg of RNA were electrophoresed on a 1% agarose gel
containing 2.2 M formaldehyde and 0.1 M MOPS
buffer (pH 7.0), blotted on Nytran nylon membrane,
and hybridized with a nick-translated [a-32P]dCTP-
labeled probe. PCR products of the N gene of CVS-
N2c, CVS-B2c, SHBRV-18, and SN-10 were sepa-
rately prepared by ampli®cation using the primer
set N5-a (5'-ATGGATGCCGACAAGATT-3') and
N589-3 (5'-TACTCCAATTAGCACACAT-3'). As an
internal control, the PCR product of glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH) (sense
primer, 5'-TGCCAAGGCTGTGGGCAAGGTCAT-3';
antisense primer, 5'-GGCCATGAGGTCCACCACCC
TGTT-3') was used.

Flow cytometry
NA cells were infected with recombinant rabies
viruses or parental strains at an m.o.i. of 1 and
incubated for 24 h at 348C. Cells were suspended in

PBS containing 50 mM EDTA, pelleted at 1306g for
5 min, resuspended in 50 ml of PBS, and ®xed in
suspension by addition of 500 ml of 4% paraformal-
dehyde solution. After 20 min, the cells were
washed twice with PBS containing 10 mM glycine
and 1% BSA (PBS-glycine-BSA), and incubated
with rabbit anti-rabies G-speci®c antiserum (1 : 400)
followed by FITC-conjugated af®nity-puri®ed goat
anti-rabbit antibody (1 : 200). Flow cytometry was
performed on an EPICS pro®le analyzer. Error bars
indicate the standard error of the mean ¯uorescence
intensity.
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