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The dynamics of Theiler’s murine encephalomyelitis virus (TMEV) RNA replication in the central nervous
systems of susceptible and resistant strains of mice were examined by quantitative real-time reverse tran-
scription-PCR and were found to correlate with host immune responses. During the acute phase of infection
in both susceptible and resistant mice, levels of viral replication were high in the brain and brain stem, while
levels of viral genome equivalents were 10- to 100-fold lower in the spinal cord. In the brain, viral RNA
replication decreased after a peak at 5 days postinfection (p.i.), in parallel with the appearance of virus-specific
antibody responses; however, by 15 days p.i., viral RNA levels began to increase in the spinal cords of
susceptible mice. During the transition to and the persistent phase of infection, the numbers of viral genome
equivalents in the spinal cord varied substantially for individual mice, but high levels were consistently
associated with high levels of proinflammatory Thl cytokine and chemokine mRNAs. Moreover, a large
number of viral genome equivalents and high proinflammatory cytokine mRNA levels in spinal cords were only
observed for susceptible SJL/J mice who developed demyelinating disease. These results suggest that TMEV
persistence requires active viral replication beginning about day 11 p.i. and that active viral replication with
high viral genome loads leads to increased levels of Thl cytokines that drive disease progression in infected

mice.

Theiler’s murine encephalomyelitis virus (TMEV) is a natu-
rally occurring enteric pathogen of mice that belongs to the
Cardiovirus genus in the Picornaviridae family (39, 41). Low-
neurovirulence strains, such as BeAn and DA, produce per-
sistent infections in the central nervous systems (CNS) of sus-
ceptible strains of mice that result in mononuclear cell
inflammation and largely immune system-mediated demyeli-
nation, providing an experimental analog for multiple sclerosis
(MS) in humans (6, 13, 19, 44). While only small amounts of
infectious virus (100 to 1,000 PFU/spinal cord) are recovered
during the persistent phase of infection (11, 29), very high
levels of viral genome equivalents have been reported (49),
suggesting that widespread and persistent TMEV infection
involves continuous viral replication with restricted infectious
virus production.

Viral antigens and RNA are largely found in neurons in the
brain and spinal cord during the acute phase of infection (2,
16), whereas macrophages or microglia containing viral anti-
gen(s) and RNA predominate in the spinal cord during chronic
infection (3, 30). The spread of infection to oligodendrocytes
and astrocytes is also seen (3, 9, 44, 47, 51). TMEYV replication
in macrophages is highly restricted at the levels of RNA rep-
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lication and virion assembly, consistent with mechanisms of
persistence of cytolytic RNA viruses (23, 49). The mecha-
nism(s) underlying TMEYV transition from an acute neuronal
infection in the gray matter to a chronic macrophagic and glial
infection in the white matter is not well understood.

One possible explanation for the difference between acute
and chronic viral tropism may be the virus-specific host im-
mune response. Ostensibly, the immune response is able to
clear TMEV from the gray matter (brain and spinal cord) but
not from the white matter (spinal cord) (38). Members of our
laboratory previously reported very high infectious virus titers
and large genome copy numbers for brains of BeAn virus-
infected C.B-17 SCID mice after the acute phase of infection,
in contrast to small genome copy numbers and reduced virus
titers for brains of immunocompetent susceptible mice at sim-
ilar time points (49). While those findings suggested the ability
of host immunity to control infections in the brain, the similar
levels of viral genomes found in the spinal cords of both per-
sistently infected C.B-17 SCID and immunocompetent suscep-
tible mice argue against the ability of the host immune re-
sponse to control viral replication in that CNS tissue (49).

For the present study, we analyzed TMEV RNA replication
in the brains, brain stems, and spinal cords of susceptible SJL/J
and resistant C57/B6 (B6) mice by using real-time reverse
transcription-PCR (RT-PCR) during the acute (days 1 to 11
postinfection [p.i.]) and transitional (days 13 to 33 p.i.) phases
of CNS infection leading to viral persistence (>day 30). RT-
PCR provides a large dynamic range of values and is a more
sensitive measurement of TMEV persistence in the CNS than
standard plaque assays. We show that the kinetics of viral RNA
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FIG. 1. Kinetics of BeAn viral RNA replication in cerebrums (A and D), brain stems (B and E), and spinal cords (C and F) of susceptible SJL/J
(A, B, and C) and resistant B6 (D, E, and F) mice. Data are plotted as numbers of viral RNA copy equivalents per microgram of total RNA, with
each open circle representing one mouse. Linear regression of the increase in viral RNA copies between days 11 and 33 p.i. in SJL/J mice is shown
with dark lines (note the logarithmic scale of the y axis). Insets in the lower left corner of some panels show arithmetic plots of the acute kinetics
of viral RNA growth (10° for A and E; 10° for B and E). The detection limit of the assay was >100 viral RNA copy equivalents.

replication and the levels of RNA produced are similar for
SJL/J and B6 mice during acute infection, but that the levels
become high only in the spinal cords of susceptible SJL/J mice
after 13 days p.i. Moreover, the copy numbers of viral RNA in
the spinal cords of mice correlate with the levels of proinflam-
matory cytokines, suggesting that viral replication levels are a
critical determinant for inducing virus-specific T-cell-mediated
immune responses and proinflammatory mediators leading to
demyelinating disease.

MATERIALS AND METHODS

Animals and viral inoculations. Female SJL and B6 mice were purchased from
Jackson Laboratory (Bar Harbor, Maine) or Harlan Laboratories (Indianapolis,
Ind.) and were caged and maintained according to the American Association for
Accreditation of Laboratory Animal Care standards. Six-week-old mice were
anesthetized intraperitoneally with pentobarbital and were inoculated in the
right cerebral hemisphere (i.c.) with 2 X 10° PFU of BeAn virus. Clinical disease
scores were assigned as follows: 0, no clinical signs; 1+, mild waddling gait; 2+,
severe waddling gait; 3+, severe waddling gait and impaired righting due to
extensor spasms; and 4+, complete hindlimb paralysis.
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FIG. 2. Virus-specific antibody titers in sera from SJL/J mice. Ti-
ters were assayed by ELISAs for the same SJL/J mice that were used
to generate the data shown in Fig. 1. Anti-TMEV antibody titers in
mouse sera at each time (n = 4) are plotted as means * standard
deviations (SD).

Total RNA isolation. Spinal cords and brains were removed from mice as
described previously (49, 50). Briefly, brain stems were separated from the
cerebral hemispheres, and along with the spinal cords, were snap-frozen in liquid
nitrogen and stored at —80°C. Tissue pieces were placed in Trizol solution
(Gibco) and homogenized (Polytron; Beckman Instruments), and total RNAs
were purified according to the manufacturer’s recommendations. The quality of
the total RNAs was assessed by either RT-PCR for mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA or RNase protection assays for
mouse GAPDH and L32 mRNAs. Total RNAs were quantitated by spectropho-
tometry (absorbance at 260 nm) and verified by denaturing agarose gel electro-
phoresis.

Real-time RT-PCR. Real-time RT-PCRs were performed with mouse total
RNAs by use of the Applied Biosystems 5700 sequence detection system as
described previously (50). The total RNA from an uninfected mouse brain or
spinal cord was used as a control. In vitro-transcribed BeAn virus RNA was used
to construct a standard curve for the quantitation of viral RNAs in tissue sam-
ples.

RNase protection assays. RNase protection assays were used to determine the
relative abundance of specific cytokine and chemokine mRNAs in infected and
uninfected mouse tissues. 3°P-labeled RNA probes were synthesized by use of a
RiboQuant in vitro transcription kit and a RiboQuant multiprobe template set
(BD Pharmingen). Probe set 1 allowed the synthesis of radiolabeled probes
specific for cytokine mRNAs encoding interleukin-12 (IL-12) p35, IL-12 p40,
IL-2, IL-4, IL-6, tumor necrosis factor alpha (TNF-a), and gamma interferon
(IFN-v) as well as mRNAs encoding the mouse housekeeping proteins GAPDH
and L32. Probe set 2 enabled the synthesis of probes for RANTES, IL-10,
macrophage inflammatory protein 18 (MIP-1B), MIP-1a, IFN-B, IL-18, and
MCP-1 (CCL-2) along with mouse GAPDH and L32. The probes were mixed
with 40 pg of total RNAs from cerebral hemispheres or mouse spinal cords,
heated to 90°C for 1 min, slowly cooled to 56°C over a period of 1 h, and
incubated overnight at 56°C. RNA-probe mixtures were treated with RNases
according to the RiboQuant RPA kit protocol. RNase-treated samples were
electrophoresed in 5% polyacrylamide-8 M urea sequencing gels at 35 W for
approximately 1 h, and the gels were dried and analyzed with a Molecular
Dynamics Storm phosphorimager.

Antibody determinations by ELISA. An enzyme-linked immunosorbent assay
(ELISA) was used to determine the antibody titers in sera as described previ-
ously (28). Briefly, the wells of microtiter plates (96 wells) were coated with a
BeAn virus-infected BHK-21 cell lysate in 0.05 M NaHCOj; buffer, pH 9.6, for
2 h at 24°C, washed with PBS containing 0.02% Tween 20 (PBS-T), incubated
with PBS-5% bovine serum albumin overnight at 4°C, and washed again with
PBS-T. Duplicate serial twofold serum dilutions were applied to wells, which
were then incubated for 1 h at 24°C, washed three times with PBS-T, incubated
with goat anti-mouse-horseradish peroxidase (Pierce) at a 1:4,000 dilution in
PBS for 1 h at 24°C, washed again, and developed by the use of SigmaFAST OPD
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reagents according to the manufacturer’s recommendations. The plates were
read at 490 nm with a Molecular Devices Vmax kinetic microplate reader.

Statistics. The numbers of BeAn virus RNA genome equivalents over time
(days p.i.) were analyzed by linear regression and plotted on a log,, scale for
virus genomes to obtain the best-fit linear regression line. Cytokine and chemo-
kine mRNA expression levels over time for mice with viral genome levels above
the threshold were analyzed by the use of Pearson’s correlation coefficient. The
paired Student’s ¢ test was used to compare groups, and differences were con-
sidered significant at P values of <(0.05.

RESULTS

Kinetics of active BeAn RNA replication in the CNS of
susceptible SJL/J mice leading to viral persistence. In contrast
to the low infectious virus titers of TMEV, viral RNA equiv-
alents are present at extremely high levels in the spinal cords of
mice during persistence (49). To analyze in detail the temporal
progression of viral RNA replication during the acute phase of
infection leading to persistent infection, we inoculated SJL/J
mice i.c. with 2 X 10° PFU of BeAn virus and measured the
numbers of virus genomes in their cerebral hemispheres, brain
stems, and spinal cords by real-time RT-PCR on alternate days
from days 1 to 33 p.i. (Fig. 1A to C). Viral replication was
detected in the cerebral hemispheres on day 1 p.i., peaked on
day 5 p.i., and declined 1,000-fold by days 11 to 13 p.i. (Fig.
1A). From day 11 p.i. at the end of the acute phase to the
persistent phase, there was a trend of increasing RNA viral
genome levels, as evidenced by linear regression analysis, that
was not significant (P > 0.05). However, a substantial variabil-
ity among individual mice, including four mice with undetect-
able levels, was observed; the inset in Fig. 1A shows a linear
plot of the kinetics of virus growth. On day 33 p.i., viral RNA
levels in the cerebral hemispheres of SJL/J mice ranged from
undetectable (<100 copies) to 8 X 10° copies/pg of total RNA
(Fig. 1A). Similar but slightly delayed kinetics with fivefold
lower viral genome levels were observed for the brain stems;
however, much more variability was seen among individual
mice (Fig. 1B). The increase in viral RNA levels in the brain
stems on days 11 to 33 p.i. was significant (P < 0.03).

Compared to the viral RNA levels in the cerebral hemi-
spheres and brain stems, those in the spinal cords were lower
and even more variable between days 1 and 11 p.i., with un-
detectable amounts of viral RNA in one-third of the specimens
(Fig. 1C). From days 11 to 33 p.i., the viral RNA copy numbers
increased some 50- to 100-fold (P < 0.005), and in >80% of
the specimens there were detectable levels of viral RNA.
These results indicate an active process of viral RNA replica-
tion in the spinal cord, and to a lesser extent, in the brain stem;
nevertheless, for some mice, the viral RNA levels remained
relatively low (<10* genomes/ug of total RNA), even as late as
day 33 p.i. (Fig. 1C).

Kinetics of BeAn RNA replication in the CNS of resistant B6
mice. TMEV-induced demyelinating disease has a strong ge-
netic component, with some inbred mouse strains showing
marked resistance to the disease (8, 29). Thus, resistant B6
mice were also infected, and the viral RNA copy numbers in
their tissues were determined. The acute viral RNA growth
kinetics in the cerebral hemispheres of B6 and SJL/J mice were
similar (compare Fig. 1A and D). In contrast to the kinetics in
SJL/J mice, viral RNAs in B6 mice declined to low levels after
day 11 p.i., with 50% of the mice having undetectable levels
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FIG. 3. Proinflammatory cytokine and chemokine mRNA expression levels in brains and spinal cords of BeAn-virus infected SJL/J mice at the
indicated times. RNase protection assays revealed an acute increased expression of cytokine and chemokine mRNAs in brains and spinal cords.
Both cytokine and chemokine mRNA expression levels decreased in the brain thereafter. While the expression of selective cytokine mRNAs
increased, chemokine expression decreased in spinal cords during the transition phase.

between days 27 and 33 p.i. On day 100 p.i., viral RNAs were
undetected in the cerebral hemispheres of four B6 mice (not
shown). Similar results were observed for the brain stems of B6
mice (Fig. 1E). In the spinal cords, the viral RNA copy num-
bers were more variable among individual mice, with higher
levels of viral RNA at some early times (Fig. 1F). Viral RNA
levels seemed to plateau after day 11 p.i., and at day 100 p.i.,
only two of four mice had detectable viral RNAs in their spinal
cords, both of which contained <1,000 viral genomes/pg of
total RNA (not shown). Together, these data indicate that
there is active viral RNA replication during the transition from
the acute to the persistent phase of infection only for suscep-
tible SJL/J mice, not for resistant B6 mice, in which TMEV
does not persist.

Virus-specific serum antibody responses were similar for all
mice. The wide variation in viral genome levels among individual
mice after day 11 and the importance of antibody clearance in
picornavirus infections suggested that infected mice with high
viral genome levels may have mounted less brisk virus-specific
antibody responses. Thus, the production of TMEV-specific an-
tibodies was determined for sera from TMEV-infected SJL/J
mice by the use of ELISAs (Fig. 2). TMEV-specific antibody
titers were first detected on day 7 p.i. (mean titer, ~1:100) and
increased steadily until reaching a plateau by day 19 p.i. (mean

titer, ~1:10,000) (Fig. 2). The rise in antibody titers corresponded
to the fall in viral RNA levels observed for the cerebral hemi-
spheres and brain stems of infected mice (Fig. 1A and B). Virus-
specific antibody titers were similar for all mice tested at each
time point p.i. and did not correlate with the viral genome load.
Antibody responses to TMEV infection were robust in all mice,
suggesting that antibody responses play a lesser role in suppress-
ing viral replication in the spinal cord.

Proinflammatory cytokine mRNA expression levels increase
in SJL/J spinal cords during the transition to CNS viral per-
sistence. Since acute viral replication was similar in both resis-
tant and susceptible mice, the transition from the acute to the
chronic phase of TMEYV infection appears to be critical for the
development of demyelinating disease. To provide insight into
this process, we assessed the expression of several proinflam-
matory cytokine mRNAs (5, 46) by performing RNase protec-
tion assays with the SJL/J brains and spinal cords used to
generate the data shown in Fig. 1 and with additional SJL/J
spinal cords collected on days 60, 107, and 145 p.i. In the brain,
both SJL/J and B6 mice displayed similar patterns of cytokine
mRNA expression (Fig. 3; also see Fig. S1 in the supplemental
material). On day 107 p.i., cytokine expression was low in
resistant B6 brains but remained high in some susceptible
SJL/J brains (not shown). TNF-a and IFN-y were the most
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highly expressed cytokines in the spinal cords of SJL/J mice,
with even higher levels observed at later times p.i. (Fig. 3).
These are the cytokines that are expected to be elevated for a
CD4" Thl T-cell-mediated immunopathology, as previously
reported (5, 46). In addition, the levels of IL-6 mRNA pro-
duced by macrophages were also high (20). For semisuscep-
tible SJL/J mice, variability in cytokine mRNA expression in
the spinal cord was observed (Fig. 3). B6 spinal cord cytokine
mRNA expression levels were studied previously (12), reveal-
ing similar acute profiles for both SJL and B6 mice. For that
study, cytokine levels were only assayed on day 107 p.i. and
were low (not shown). The major difference between resistant
and susceptible mice was not the individual cytokines ex-
pressed (the same cytokine mRNAs were up-regulated), but
rather the levels of expression.

Cytokine mRNA expression is correlated with a threshold
viral genome load. Variability in proinflammatory cytokine
mRNA expression was observed for SJL/J mice, even at late
times p.i. (Fig. 3). We therefore compared the cytokine expres-
sion levels to the viral genome loads in the spinal cord samples
of the individual SJL/J mice used to generate the data shown in
Fig. 3. For mice with viral genome loads of >2.6 X 10° RNA
copies per pg of total RNA, there were significant increases in
IFN-y and TNF-a (r = 0.62, P < 0.001) as well as IL-6 (r =
0.48, P < 0.01) expression levels over time (Fig. 4). The viral
genome threshold was determined by finding mice with the
lowest viral RNA copy numbers but with high cytokine expres-
sion levels, e.g., one mouse with high cytokine mRNA expres-
sion had a viral genome load of 9.6 X 10°, while another with
low cytokine mRNA expression had a viral genome load of 2.6
X 10°. It turned out that all mice with viral genome loads of
>9.6 X 10° had high cytokine mRNA expression levels while
all mice with viral genome loads of <2.6 X 10° had low mRNA
expression levels. However, there was no discernible correla-
tion between cytokine mRNA levels and genome loads, i.e.,
cytokine expression levels were always high when viral genome
loads exceeded the threshold but were not directly proportion-
ate to the actual viral load. Those mice with genome loads of
<2.6 X 10° copies had low cytokine expression levels regard-
less of the time p.. This finding suggested that increasing
IFN-vy, TNF-a, and IL-6 mRNA levels were driven by persis-
tent infections.

Chemokine mRNA expression only parallels proinflamma-
tory cytokine mRNA expression acutely. Chemokines are sol-
uble, activation-inducible, proinflammatory molecules that are
chemotactic for different cell types and are up-regulated dur-
ing TMEYV infection (21, 34, 42). RNase protection assays were
performed to determine the expression levels of chemokine
mRNAs during BeAn infections of SJL/J and B6 mice. The
chemokine RANTES, which is chemotactic for monocytes and
memory T cells, showed the largest increase in mRNA expres-
sion levels in the brains of both SJL/J and B6 mice, with its
expression being elevated early but decreasing to very low
levels after days 7 to 9 p.i. (Fig. 3; also see the supplemental
material). A similar temporal trend in expression was observed
for MIP-1B, MIP-1qa, and MCP-1, although their mRNA levels
were lower than those for RANTES. In SJL/J spinal cords, the
expression of these chemokines was highest during the acute
phase of infection, with lower expression levels after day 9 p.i.
(Fig. 3). Previously, chemokine expression was reported to be
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FIG. 4. IFN-y and TNF-a mRNA expression in spinal cords of
BeAn virus-infected SJL/J mice with high and low viral genome levels.
A threshold of 2.6 X 10° viral RNA copy equivalents per pg of total
RNA was determined by visual inspection of RNase protection results
compared to viral genome copy levels for each sample (see the text).
Percentages of IFN-y (A) and TNF-a (B) expression relative to that of
GAPDH on the indicated days p.i. are shown. Mouse spinal cords
contained viral genome loads that were higher (O) or lower (@) than
a threshold value of 2.6 X 10° genome copy equivalents per pg of total
RNA. Each circle represents one mouse.

low in resistant C57BL/10 and B6 cords after the acute phase
of infection (34, 42), and the B6 spinal cords were therefore
not assayed for this study. Thus, an increase in chemokine
expression was not observed in SJL/J cords during the transi-
tion to persistent infection, as was seen with cytokine expres-
sion.

Demyelinating disease is correlated with large genome loads
and high cytokine mRNA expression levels. Although the per-
centage of BeAn virus-infected SJL/J mice (n = 27) that de-
veloped demyelinating disease increased with time, approxi-
mately 50% of the animals remained clinically normal even at
late times p.i. (see Fig. 6). We therefore compared viral ge-
nome loads, proinflammatory cytokine expression levels, and
clinical disease for nine healthy and five diseased mice (clinical
scores, 1+ to 3+) on day 107 p.i. Each of the five diseased mice
had a viral genome load in excess of 2 X 107 per pg of cord
total RNA, whereas all but one of the nine healthy infected
mice had genome loads that were under the threshold of 2.6 X
10° per pg of total RNA (Fig. 5). The proinflammatory cyto-
kine level in each mouse was correlated with disease, with an
elevated expression of IL-12 p40, TNF-«, IL-6, and IFN-y
mRNAs observed for diseased animals and low levels of these
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FIG. 5. Viral genome equivalents (copy numbers) in spinal cords of
BeAn virus-infected SJL/J mice that were healthy (» = 9) or had
developed clinical demyelinating disease (n = 5) when sacrificed on
day 107 p.i. All diseased mice had viral RNA copy numbers of >2.6 X
10° (threshold level; horizontal line), and with one exception, all
healthy mice had copy numbers of <2.6 X 10°. The detection limit for
this assay was 100 genome copy numbers per pg of total spinal cord
RNA.

cytokines observed for healthy animals (Table 1). These results
indicate that high levels of viral RNA replication in the spinal
cords of mice are associated with the expression of high levels
of IL-12 p40, TNF-a, IL-6, and IFN-y mRNAs and, in turn,
disease progression.

SJL substrains show differential susceptibilities to TMEV-
induced demyelinating disease. SJL/J mice are usually highly
susceptible to TMEV-induced demyelinating disease (10).
When SJL/J mice are inoculated i.c. with >10° PFU of BeAn
virus, the progression of demyelinating disease in individual
mice is variable, but most animals develop clinical disease by
90 days p.i. (13, 29). During the course of the present study, we
found that SJL/J mice were less susceptible to TMEV-induced
demyelinating disease than was previously observed. To com-

TABLE 1. Correlation of demyelinating disease with cytokine
expression level in BeAn virus-infected SJIL/J mice on day 107 p.i.

% Cytokine expression

(mean * SD)" Fold increase in

Cytokine - diseased mice ¥ value®
Unaffected Diseased
mice” mice”

IL-12 p35  0.075 £.001  0.013 = .012 0.2 NS
IL-12 p40  0.025 £.012  0.221 = .030 8.8 <0.0001
TNF-a 0.119 =.102  2.882 = .892 24.2 <0.0002
IL-6 0.112 = .056  1.154 = .379 10.3 <0.005
IFN-y 0.037 =.029  0.876 = .361 23.8 <0.001
1L-2 0.102 =.007  0.145 = .047 1.4 NS

“ Cytokine expression levels were calculated as percentages of GAPDH
mRNA expression.
> NS, not significant.
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FIG. 6. Comparison of SJL/J and SJL/H mice for susceptibility to
TMEV-induced demyelinating disease. Mice from Jackson Laboratory
(SJL/J; n = 27) (A) and from Harlan Laboratories (SJL/H; n = 18)
(B) were inoculated i.c. with 2 X 10° PFU of BeAn virus, and clinical
disease was assessed weekly until day 100 p.i. The incidence of clinical
disease (left axis [[J]) was plotted as the percentages of mice with signs
of clinical demyelinating disease. The incidence of disease severity
(right axis [@]) was plotted as mean clinical scores for all animals on
each day p.i.

pare the susceptibility of the SJL/J substrain (from The Jack-
son Laboratory) with that of the SJL/H substrain (from Harlan
Laboratories), we infected mice from both vendors and mon-
itored the disease onset and severity. Figure 6 shows the per-
centages of mice who were affected and clinical disease scores
for mice from both vendors over time. SJL/J mice were clearly
less susceptible than SJL/H mice to demyelinating disease,
displaying a lower incidence, delayed onset, and less severe
clinical scores when monitored until day 100 p.i. Figure 7
shows the viral RNA copy numbers in the brains and spinal
cords of the two SJL substrains on days 11 and 33 p.i. Although
the mean viral RNA copy numbers in the spinal cords of SJL/H
mice were approximately threefold larger than those in SJL/J
mice on day 33 p.i., the difference was not significant (P < 0.05)
due to the variability in viral genome loads among individual
animals. In any case, the 30- to 40-fold increase in viral copy
numbers in the spinal cords from both substrains between days
11 and 33 p.i. supports the observation of active viral RNA
replication during the transition to TMEV persistence (Fig.
1C). Although the reason for the difference in susceptibility of
the SJL substrains is unknown, the larger variability among
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FIG. 7. Comparison of viral genome copy equivalents per micro-
gram of total RNA in the brains and spinal cords of SJL/J and SJL/H
mice, as determined by quantitative real-time RT-PCR. The time
points shown represent the approximate end of the acute phase of
virus infection (day 11 p.i.) and the early persistent phase (day 33 p.i.),
when viral genome loads are elevated in spinal cords. Data shown are
means = SD.

individual SJL/J mice allowed an analysis of the association of
the viral genome load with the expression of proinflammatory
mediators as well as clinical demyelinating disease.

DISCUSSION

We used real-time RT-PCR and RNase protection assays to
quantify the numbers of viral genome copy equivalents and the
levels of cytokine and chemokine mRNA expression in the
cerebral hemispheres, brain stems, and spinal cords of suscep-
tible SJL/J and resistant B6 mice inoculated i.c. with the BeAn
virus strain. Our aim was to characterize in greater detail the
acute (days 1 to 11 p.i.) and transitional (days 13 to 33 p.i.)
phases of TMEYV infection of the CNS leading to viral persis-
tence (>day 30 p.i.). SJL/J mice, which turned out to be less
susceptible to TMEV-induced demyelinating disease than was
previously reported, were also examined at later times for
comparisons of viral genome loads and cytokine mRNA ex-
pression levels with the presence of clinical disease. The prin-
cipal findings of this study were as follows: (i) there is an
association between TMEV CNS infection and increasing viral
RNA copy numbers during the transition to persistent infec-
tion, suggesting that viral persistence is not merely due to
incomplete viral clearance; and (ii) there is an association
between high cytokine mRNA expression levels and clinical
demyelinating disease.

J. VIROL.

For acute infections, the kinetics and levels of viral RNA
replication in the cerebral hemispheres of susceptible SJL/J
and resistant B6 mice were similar (Fig. 1A and D), as were the
types and levels of proinflammatory cytokine and chemokine
mRNAs (Fig. 3) (12, 34, 42, 46), although after day 11 mRNA
expression in brains for both virus strains decreased to low
levels (Fig. 7). The similarities in viral RNA replication and in
cytokine and chemokine expression profiles in the brains of
both susceptible SJL/J and resistant B6 mice suggests that
TMEYV RNA replication in the brain, while necessary for initial
amplification and spread of the virus from the site of inocula-
tion to the spinal cord, is not sufficient for the development of
TMEV persistence and demyelinating disease.

It was previously found that TMEV RNA copy numbers rise
to extremely high levels (10° per pg of total RNA) during
persistent infections (>day 30 p.i.), while infectious virus titers
fall to very low levels in the spinal cords of SJL mice (49). Most
animals in that study were sacrificed after day 30 p.i. and had
clinical signs of demyelinating disease, but relatively few mice
were examined during the acute phase of infection (49). With
this study, we have shown that the numbers of viral genomes in
the spinal cords of some SJL/J mice increased to levels com-
parable to those observed in the earlier study, while viral RNA
levels in some mice remained low, even as late as day 33 p.i.
(Fig. 1). Since BeAn virus-infected SJL/J mice were not clini-
cally diseased by day 33 p.i., no correlation between the viral
genome load and disease could be discerned. Instead, we an-
alyzed the expression levels of proinflammatory cytokine and
chemokine mRNAs to gain insights into the relationship be-
tween viral replication and virus-specific cellular immune re-
sponses. For all mice tested, whether they were resistant or
susceptible, similar cytokine and chemokine mRNAs were up-
regulated. The major difference between individual animals
was the respective level of mRNA expression. Mice with high
viral genome loads expressed the highest cytokine mRNA lev-
els. Quantitation by real-time RT-PCR identified a threshold
level of 2.6 X 10° viral genome copies per ug of total RNA
from the spinal cord; mice with viral genome levels in the
spinal cord that were higher than the threshold had high proin-
flammatory cytokine expression levels, while mice with genome
levels at or below the threshold had low chemokine expression
levels. These results support a direct link between the level of
CNS viral persistence, the virus-specific T-cell response, and
the synthesis of proinflammatory mediators.

Recently, Ransohoff et al. (42) reported that TMEYV persis-
tence (measured in infectious virus titers) is the major deter-
minant for chronic chemokine expression in wild-type as well
as CD4 ™/~ and CD8 /™ resistant B6 and susceptible PLJ mice.
RANTES, IP-10, and MCP-1 levels were elevated, according
to real-time RT-PCR, in mice with virus persistence in the
spinal cord. Previously, Karpus et al. (21) had found that
MIP-1a and MCP-1 levels were increased, according to
ELISAs, in persistently infected SJL mice. In the present study,
mice with low chemokine mRNA expression levels often
showed detectable viral RNA copy numbers in the spinal cord,
indicating that viral persistence alone was not sufficient to
induce high levels of chemokine expression. However, the level
of viral genomes in the cord appeared to be critical for maxi-
mum cytokine mRNA expression.

TMEYV persistence occurs as a result of active viral RNA
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replication and a concomitant incomplete clearance of the
virus from the CNS (Fig. 1). TMEV persists even in the pres-
ence of a strong virus-specific immunoglobulin G2a (IgG2a)
antibody response (40) and in the absence of RNA mutations
that would allow the virus to escape neutralization (45). For
the transition from an acute to a persistent infection in SJL/J
mice, we found no correlation between virus-specific ELISA
titers and viral genome loads (Fig. 1 and 2). Although virus-
specific T-cell responses were not examined in this study, pre-
vious analyses demonstrated that virus-specific CD8* cytotoxic
T lymphocytes (CTLs), especially those specific for an immu-
nodominant VP2,,, 5, epitope, account for acute TMEV
clearance in resistant B6 mice (7, 18, 32). In contrast to the
early appearance and rapid increase in CTL activity in resistant
B6 mice, such activity appears late in susceptible SJL mice and
remains at low levels (17), suggesting that viral persistence in
SJL mice is due to insufficient virus-specific CTL activity. Ge-
netic studies have also shown that resistance to TMEV-in-
duced demyelinating disease is linked to the H-2D major his-
tocompatibility complex class I locus (14, 29, 43), further
suggesting that altered CTL responsiveness is a contributor to
susceptibility. However, Kang et al. (24, 25) more recently
demonstrated not only that SJL mice generate virus-specific
CD8™"-T-cell responses equivalent to those of B6 mice, but also
that CNS-infiltrating CD8™" T cells in SJL mice are fully func-
tional virus-specific effector cells. Thus, TMEV CNS persis-
tence may not be due to a lack of virus-specific CTL activity.
Alternatively, major histocompatibility complex class I-re-
stricted T cells may influence susceptibility through a CD8*-
T-cell regulatory activity (36, 37). In that case, susceptible SJL
mice should generate less efficient CD8" regulation of virus-
specific CD4 ™" T cells than that generated by resistant B6 mice,
which in fact has been shown for susceptible versus resistant
BALB/c substrains (26). Thus, reduced CD8*-T-cell regula-
tion may lead to increased virus-specific CD4™-T-cell delayed-
type hypersensitivity and the recruitment of monocytes into the
CNS, continuously providing macrophages that are susceptible
to infection (leading to higher viral RNA genomes in the
present study) and effector macrophages that damage myelin.
Consistent with this hypothesis, Aubagnac et al. (1) found by
Northern hybridization that DA virus-infected SJL/J mice with
an inactivated p2m gene (SJL/J B2m ') had significantly in-
creased amounts of spinal cord viral RNA on day 45 p.i. com-
pared to wild-type mice (SJL/J 2m™*/"). Increased persistence
in the CNS would also explain the enhanced susceptibility and
more severe demyelinating pathology seen for CD8-deficient
mice than for wild-type SJL mice (4).

TMEV provides a highly relevant experimental animal
model of the human demyelinating disease MS. A viral infec-
tion in individuals who are genetically predisposed to MS is
believed to trigger autoimmune myelin damage (31, 48). It is
not known whether an acute infection suffices or whether the
infection must be chronic. Miller et al. (33) detected epitope
spreading in the Theiler’s virus model system, in which virus
damage led to the activation of autoreactive T cells that were
specific for myelin protein epitopes. For this infection, virus-
specific CD4"-T-cell responses are observed within 7 days p.i.,
increasing to high levels by day 30 p.i. and persisting for >300
days p.i. (13), while myelin-specific CD4" Th1 T-cell responses
are not detected until 50 to 60 days p.i. (27, 33), or about 40
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days after demyelination is first observed (15). Thus, myelin
breakdown in TMEV-induced demyelinating disease in mice is
initiated by bystander damage from virus-specific, CD4* Th1
T-cell-mediated delayed-type hypersensitivity (13), and auto-
immunity arises after myelin damage has already occurred (27,
33). The role of TMEV persistence after the onset of autoim-
munity has not been addressed. Although autoimmunity may
be an epiphenomenon, i.e., not responsible for tissue damage,
Neville et al. (35) found that tolerance induced between days
23 and 70 p.i. by peripheral administration of a fusion peptide
of myelin basic protein and proteolipid protein immunodom-
inant epitopes significantly reduced TMEV-induced clinical
and demyelinating disease during that period. Thus, autoim-
munity may account for at least a portion of spinal cord dam-
age (25% reduction in clinical disease scores compared to
those for control mice who were made tolerant by the use of
bovine serum albumin) (35).

In a recent study, a transient inhibition of CD154 in BeAn
virus-infected SJL mice beginning on day 21 p.i. that reduced
demyelinating disease was associated with increased virus titers
in the brain and spinal cord (40- and 12-fold compared to titers
for control antibody-treated mice) at one time point (day
70 p.i.) (22). Higher infectious virus titers in the brain than in
the spinal cord would be expected when immunosuppression
of the host affects TMEV clearance (38, 49), suggesting that
the CD154 blockade may have affected viral clearance. The
results of the present study suggest that high viral genome
loads during TMEV persistence, together with high levels of
proinflammatory cytokines, are required to “drive” demyeli-
nating disease. Evidence that autoimmunity can be self-per-
petuating over many months in this model is still lacking. It will
be important to determine whether antiviral agents are more
effective than immunomodulatory ones, i.e., those inducing
tolerance to myelin protein epitopes, for treating TMEV-in-
duced demyelinating disease in mice. However, such studies
await the availability of efficient inhibitors of cardioviruses.
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